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AHHOTANMS

Beenenue. IIpencraBiaensl pe3yabTaThl HCCIEJOBAHHS ONTHUECKUX CBOMCTB TOHKUX TJIEHOK HAa OCHOBE OKCHJIOB
unaust u onosa (Indium Tin Oxide, ITO) ¢ 0AHOCTEHHBIMU yIIEPOAHBIME HaHOTPYOKamu. Meton. ToHKHE TICHKH
ITO HambusIIHCH HA MOMIOKKK cTekna K8 MeTomoM na3epHO-OpHEeHTHPOBAHHOTO OCAXKICHUS. DTHM k€ METOJOM Ha
noBepxHOCTh ITO HaHOCHINCH OTHOCTEHHBIE YIIEPOJHbIE HAHOTPYOKH. [l BapbHpPOBAHHS ITapaMeTPOB IPaHUIIBI
pazzerna NpUMEHSUIach IepecTpoiKa CpeJHeH HAPSHKEHHOCTH IEKTPUISCKOTO OIS B IIPOIECCe OCAKICHHS B IMANa30He
100-600 B/cMm. MpenTndukanus cTpyKTyp NPOU3BOJMIACE METOZOM JIIHIICOMETPHH B CIIEKTPAILHOM JHaIla30He
200-800 uMm. [l uHTEpIIpETalUU PE3YJILTATOB AIUIUIICOMETPUN TOHKHX TUIEHOK ITO Ha crexssHHbIX nmomiokkax K8
MPUMEHSUTACH coBMecTHO Mozenu Ko (st moamoxek) u Jlopenna (mist ITO). Ananus rpanuis! pasaena ITO ¢
YIIIEPOTHBIMU HAaHOTPYOKaMH MPOBOAMIICS METOOM AMNPOKCUMAIMU CIUIOHIHON CPEeZIbl U C MCIOIb30BAHUEM MOJEIN
JlopeH1ia ¢ HECKONBKUMHU OCHUIIIITOpaMu. OCHOBHBIE pe3y abTaThl. [loka3aHo, 4To MpH Ja3epHO-OPUEHTHPOBAHHOM
OCaKICHNUHU YITIEPOAHBIX HAHOTPYOOK HA MOBEPXHOCTh TOHKUX MeHOK ITO, cormacHO MeTomy anmmpoKCHMALuu
CIUTOIITHOM Cpefbl, TONIMHA rpaHunbl pazaena [TO—yrieponHsie HAHOTPYOKH BapbUpyeTcs B Auana3oHe 23—-36 HM
TIpU COAEPKaHUH YIIIEPOIHBIX HAHOTPYOOK B amanazone 30-64 % Ha rpanune pasngena. Poct qaHHBIX mapamMeTpoB
KOPPEIHPYET C yBEIMIEHHEM CpeHel HaNpsHKEHHOCTH SJIEKTPUIECKOTO OIS B MPOLECCe OCAXKIACHUS yIIePOTHBIX
HaHOTPYOOK. B cooTBeTcTBHU ¢ Monenbio JlopeHiia HabmonaeTCs JITMHHOBOIHOBBIN CABHUT MAKOB KOA()(HUIIUECHTOB
SKCTHHKIMH U CHIKSHHE MOKa3aTesisl IPETOMIICHHS TPaHUIIBI pa3ziesia B BUAMMOM obnactu. JlaHHb 23 dexT MoXHO
00BACHUTH UMILIAHTALMEH yIIepoaHbIX HaHOTPYOoK B ITO. IIpu yBennueHUH HANPSHKEHHOCTH IEKTPHYECKOTO OIS
TIOBBIIIAETCS BKJIAJ JIA3€PHO-0CAKACHHBIX YITIEPOIHBIX HAHOTPYOOK B rpanuity paszaena ITO—yriepoaubie HAaHOTPYOKH,
KOTOPBIH COMPOBOXKIACTCS] yMEHBIIIEHHEM TTOKa3aTelIsl IPEIOMIICHHUSI B BUIMMON 00TaCTH U ATMHHOBOTHOBBIM CJIBUTOM
muKoB Kod(durmentos sxctuHKIH. O0cy:kaenue. [TorydeHnsle pe3yabTaThl CBUACTEILCTBYIOT O ()OPMUPOBAHUN
KOMITO3UTHOM CTPYKTYphI Ha ocHOBe ITO ¢ ymiepomHbIMu HaHOTPYOKaMH, ONITHYECKUMH CBOHCTBAMHU KOTOPOH MOYKHO
YIPABILTE IyTeM U3MEHEHUsI CPEIHEeH HaNPsHKEHHOCTH AIEKTPHIECKOTO MOJIS B IIPOLECCE JIA3ePHO-OPHEHTHPOBAHHOTO
OCaXJCHHs. YKa3aHHBIE CTPYKTYpPHI MOTYT OBITh UCIIOJIB30BAHEI MPH MPOSKTHPOBAHUU 3JIEMEHTOB ONTHYECKON
ANIEKTPOHUKH B CIydasiX HEOOXOIMMOCTH ONTHYECKOTO COIIACOBAHUS C COCETHUMH (DYHKIIMOHATBHBIMU CIOSIMH.
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Abstract

The results of a study of the optical properties of thin films based on indium tin oxides (ITO) with single-walled carbon
nanotubes are presented. ITO thin films were deposited onto K8 crown glass substrates using laser-oriented deposition.
Using the same method, single-walled carbon nanotubes were deposited onto the ITO surface. To vary the parameters
of the interface, the average electric field strength in the range of 100-600 V/cm was adjusted during the deposition
process. Identification of the structures was carried out by ellipsometry in the spectral range of 200—800 nm. To interpret
the ellipsometry results of ITO thin films on K8 crown glass substrates, the Cauchy (for substrates) and Lorentz (for
ITO) models were used together. The ITO—carbon nanotubes interface analysis was carried out by effective medium
approximation and the Lorentz model using several oscillators. It has been shown, that in laser-oriented deposition of
carbon nanotubes onto the surface of ITO thin films, according to the effective medium approximation, the thickness
of the carbon nanotubes-1TO interface varies in the range of 23—-36 nm with the percentage of carbon nanotubes in the
range of 30-64 % at the interface. The increase in these parameters correlates with an increase in the average electric field
strength during the deposition of carbon nanotubes. In accordance with the Lorentz model, a long-wavelength shift of
the extinction coefficient peaks and a decrease in the refractive index of the interface in the visible region are observed.
This phenomenon is caused by the implantation of carbon nanotubes into ITO. As the electric field strength increases, the
contribution of laser-deposited carbon nanotubes to the ITO—carbon nanotubes interface increases, which is accompanied
by a decrease in the refractive index in the visible region and a long-wavelength shift of the extinction coefficient peaks.
The data obtained indicate the formation of a composite structure based on ITO with carbon nanotubes, the optical
properties of which can be controlled by the average electric field strength during the laser-oriented deposition. These
structures can be used in the design of optical electronics elements problems in cases where optical matching with

adjacent functional layers is necessary.
Keywords

ITO, single-walled carbon nanotubes, interface, laser-oriented deposition method, ellipsometry, optical properties
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BBenenue

Oxcuapl uuaaust u ososa (Indium Tin Oxide, ITO) —
MPO3pavHbIi B BUAMMOM U ONKHEH nHppakpacHoii oba-
CTSIX MOJYIPOBOJHUK C OTHOCUTEILHO HU3KUM Y/IEIbHBIM
AIIEKTPUUECKUM cornpoTuBienueM [ 1]. biaronapst Bo3amox-
HOCTH TIEPECTPONKH TaKUX apaMETPOB, KaK KOHIICHTpA-
[Us ¥ MOABMKHOCTh HOCHUTEIEH 3apsna [2], cBoOoaHas
MTOBEPXHOCTHAS YHEPTHUS, CPOJICTBO K ICKTPOHY, TOHKUE
mwieHKr Ha ocHoBe ITO sBisArOTCS BOCTpEeOOBAaHHBIM Ma-
TEePHUAJIOM JIJISl IPO3PAYHBIX AIIEKTPHUSCKAX KOHTAKTOB B
OTITORJIEKTPOHHBIX yCTPOHCTBax [3].

B xoHTeKCTE paccMoTpeHus onTHaeckux cBoicTB ITO,
HEO0OXOIMMO HCCIIeIOBATh MPOOJIeMYy COITIaCOBAHUS MTOKa-
3arests npenomiieHns U kodhpuuuenta sxctuakuun [TO ¢
TpaHUYAIIUMHU CIOSIMU JIJIS yMEHBIIIEHUS TIOTEPh HA OTpa-
xkerue [4]. Mero perieHus: TaHHOW MPOOIeMbI 3aBHCHUT
oT paboueii criekTpaibHOM oOnacTu. Tak, Harpumep, npu
ONTHMU3AINH BOTU3U Kpasi COOCTBEHHOTO MOTIONMICHUS,
3¢ (HEeKTHBHBIM CIIOCOOOM SIBIISIETCS MEPECTPOHKA OITH-
YECKOH IIMPHUHBI 3allPEUICHHON 30HBI IPU BapHHUPOBAHUU
koHUeHTpauuu Hocurenel. [lockonbky ITO siBisiercs BbI-
POXICHHBIM ITOYIIPOBOJHUKOM 71-THIIa, U3MEHEHHUE OTI-

TUYECKOU LIUPUHBI 3alIPEILIEHHON 30HBI, IIPU pealu3aluu
3¢ dexra bypmreiina—Mocca, MOXKET JOCTUTATh J0JICH
2JIEKTPOHBOJIET [5]. BappupoBaHue onTHUECKUX CBOMCTB B
nH]ppaxkpacHOW 00JIaCTH CHEKTPA MOXKET OCYIIECTBIATHCS
MyTeM M3MEHEHUS NTapaMeTpoB IIa3MOHHOTO PE30HAHCa,
KOTOpBIE 3aBHUCAT OT KOHIICHTPALMN U TTOJBIKHOCTEH HO-
cureneii 3apsna [6]. CymecTBeHHBIX pe3ylbTaToOB B H3Me-
HEHMH (PU3MUECKHUX CBOWCTB TOHKHX IMJICHOK Ha OCHOBE
ITO ynaercst moIy4YnTh MPU UCTIONL30BAHUN HAHOYACTHIIL.
B pabote [7] ymydieHbl 4aCTOTHBIE CBOWCTBA TP JICTH-
posanuu ITO nHanouactunamu oxcuga meau (CuO). Ilpu
ucnosnb3oBanun okcuaa nepus (CeO,) B kKauecTBe JIETHPY-
tfoiero marepuana ITO yBenuueHsl onTHUeCKas MIUPHUHA
3aMpelieHHol 30Hbl U MPONyCcKaHue B ylIbTpaduoero-
BOW 1 BUAMMOM obOnacTsix crekrpa [8]. B padote [9] ITO
CTPYKTYpUPOBaHbI yriiepogHsiMu HaHoTpyOkamu (YHT)
30JIb-T€JIb METOJIOM, B pE3yJIbTaTe yBEINIECHBI ONITHYCCKAs
MIMPYHA 3aMPEIIEHHON 30HbI M ONITHYECKOE MPOITYCKAHUE
otHocutenbHo uncroro ITO.

Hacrosimas paboTa ABISETCS MPOLOKEHUEM [IUKIIA
PadoT 10 MCCIIeIOBAHUIO JTA3€PHO-0CAXK/ICHHBIX OJJHOCTECH-
Heix YHT Ha cBoiicTBa ToHKHX TuIeHOK 1TO. Panee [10]
OBLIIO TIOKA3aHO YBEIMUYEHHE MEXaHNYECKON M JTa3epHOM
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MPOYHOCTH, YMCHBIIICHUE COIIPOTHUBIICHUS, U3MCHCHHE ME-
XaHU3MOB CMauUBaHUsI, & TAK)KE OCOOCHHOCTH MIPUMCHCHUS
TOHKHX IIeHOK Ha ocHoBe ITO ¢ YHT B sxuakokpucramiu-
YECKOH ONTHKE M MUKPOMITFOUTHBIX MTPHUI0KCHUSIX.

Lenp pabOTHl — BEBISBICHUE ONTHYCCKUX CBOHCTB H
TEOMETPHUYCCKHX MapaMeTpoB cucteM: ciost Y HT, rparutist
pasmena YHT c ITO, a taxxke [TO, momydeHHBIX METOIOM
JIa3epHO-OPHUEHTHPOBAHHOTO OCAKACHHS. MOTHBAIHS TIPO-
BOJIMMOTO HCCJICIOBAHHS O0YCIIOBICHA HEOOXOIMMOCTHIO
MpeIBapUTEIBLHOI0 pacuera ONTHYECKUX CBOWCTB ONTO-
JJIEKTPOHHBIX YCTPOUCTB € UCIIOIb30BAHUEM TOHKUX ILJIE-
Hok Ha ocHose ITO ¢ YHT.

MarepuaJjbl M MeTOAbI

®opmupoBanne TOHKUX TUIeHOK [TO Ha CTEKISTHHBIX
nojnoxkax K8 ocymecTBiieHO METOIOM J1a3epHO-0pH-
enTupoBanHoro ocaxaeHus (Laser oriented deposition,
LOD) [11] c ucnonb3oBanuem CO,-nazepa (A = 10,6 MKM;
HENpPEePBIBHBINA PEKUM ¢ MOITHOCTHIO 30 BT u aamerpom
My4ka 5 MM), KOTOPBII 9KCIIOHUPOBAJ OCAXKIAEMbIN Ma-
Tepual.

HUctounukom ITO sBnanuce rpanynst Mapku Cerac. Inc.
¢ cocraBoM (Iny03) —(Sn0,), ;. 3arem nHa mienku ITO
LOD-meronom Hanocuiuchk oguoctreHHble YHT mapku
Aldrich (No. 7041211, npenmyIiecTBeHHas XMPAIbHOCTD
(7,6), cpenanii nuametp 0,83 HM).

IIpu sToMm B npouecce ocaxaenus Y HT ucnonszoBano
YTPAaBIISIOLIEE TI0JIE CO 3HAYCHUSAMHU CPEAHEH HarpsKeH-
Hoctu E paBueiMu 100, 200 u 600 B/cMm, koTopoe ObL10
HAIlPaBJICHO MEPHEHIUKYISIPHO MIOCKOCTH 00pa3IoB.
Juis cpaBHeHUsT MOP(OJIOTHUH TTOBEPXHOCTEH HCCieye-
MBIX CTPYKTYP HCIIOJIb30BAaH CKAaHUPYIOUIUHA 3JIEKTPOHHBII
mukpockon SU7000 (Hitachi) ¢ qerekTopomM BTOPUYHBIX
anekTpoHoB. VccnenoBanne pedpakTUBHBIX CBOWCTB BBI-
nosHeHo Ha ammuncomerpe J.A. Woolam M-2000RCE.
st atoro B nuanazone 200-800 HM 1 yrax naaeHus o,
paBHbIX 65°, 70°, 75° OTHOCUTEIILHO HOPMAJIH K TIOBEPXHO-
cTH 00pa31oB, OB U3MEPEHBI KOMIUIEKCHBIE TTOKA3aTEN
OTPaXCHHUsI [UISL - U p-TIONSIPU30BAHHOTO H3IyYCHHUS (77, U
rg) B9 TOUKax ¢ OTCTYIIOM 5 MM OTHOCHUTEIILHO APYT ApyTa.
Jlnis uHTepIpeTanny pe3yabTaToB MUIUIICOMETPHUN IPHMe-
HeH 1oaxo/ [KoHca, T1e KOMITIEKCHbIe K03 (OUIIMEeHTHI
OTPAXKCHUS 1), U Iy CBSI3AHBI C KOMIUICKCHBIMH [10Ka3aTelst-
MU MPEIOMJICHUS TPAHNYALINX cpell N U IIIUICOMETPU-
4yecKUMHU nmapameTpamu y u A [12]:

Nicosa — Nycosp
7p  Njcosa + Nycose

2
= = tan\|/elA
rs  Njcosa — Nycos@

Nycosa + Nicos@

T7Ie 7 — T0Ka3aTelb MpeIoMIeHHs; kK — Kod(hdunneHt
9KCTUHKIINU.

Wsnydenne nmoctymaet u3 cpeasl «0» Mox yriioMm ma-
JICHUSI 0, 9aCTh CBETOBOTO TIOTOKA OTpa)kaeTcst ¢ kKoaddu-

I [Dnekrponnsiii pecype]. Pexum nocryna: https://www.
sigmaaldrich.com/RU/en/product/aldrich/704121 (nara o6pare-
aust: 02.05.2024).

LHCHTAMH 7, U Fg, OCTaBLIAsICS — MPEIOMISICTCS B CPELy
«1» mox yriioMm o.

B macrosimie#t paboTe 3amavya 3JIUIICOMETPUU MO~
nokek K8 u tonkux miaeHok ITO 3akmrouaeTcst B HOMCKE
TaKUX 3HAYCHUH ONTUYCCKHUX MapaMEeTPOB M TOIIIUHBL,
MIPU KOTOPBIX AJUTUIICOMETPUUYCCKIE MTapaMeTpsl Y U A,
TIPEJIOKECHHBIC B MOJIENH, OyayT HanOojIee CHIIBHO COOT-
BETCTBOBATh SKCIIEPUMEHTANBHBIM 3HaueHUSAM. Kputeprem
COOTBETCTBHS ABIISACTCS CPEIHEKBAIpATHICCKAs OMNOKa
(MSE) [12]:

1 !
MSE = 1000\/ 3—2 [(\M”lt —yEP)2 + (Afil - Alg‘xp)z],
n—mj=

rie [ — xonmuectBo urepanuii (B nuanazone 200-800 HM,
n =378); m — KONMYECTBO MapaMeTpoOB 3arloJHEeHUs (7,
k, 1IEpOX0OBATOCTh, TOJIIIMHA); | — HOMEP UTCPALUH; «fit»
U «exp» — JaHHBIC Ha OCHOBE MOJICIIHA U SKCIICPUMCHTA.

BBIMOIHUM arpoOKCUMAIIHIO ONTUYECKUX CBOWCTB ITOI-
noxku K8 ¢ momomero moaenu Komu [12]:

B C
n(?»)=A+;+E ’

kO") = kampexp[g(}“ - kedge)]

rae A, B, C, g — napaMeTpsl 3all0IHeHus; k,, p — AMILIH-
Ty/a SKCTUHKIUH; A, — Kpal TOTTIOIIEHUS; A — JJIHHA
BOJIHBI.

Paccunraem nucniepeuto k ITO, YHT n ux nmpon3BoHbIX
B COOTBETCTBUHU C OCIHMJIIATOPHOM Mojienbio Jlopenna [ 12]:

edge

Amp,;BrEn;
(ho) =, + T—
j En;— (ho)” - iBr;

i (o) = Va(ho) = n(hio) + ik(ho)

I1e € U /I — KOMIUICKCHBIC JTUAJICKTPHYECKas IPOHUIae-
MOCTh ¥ TIOKa3areb npeioMmyIeHus; Amp u Br — aMiuim-
Ty/la ¥ YIINPEHHE OCIMILIATOPA; £n — SHEeprusi, COOTBET-
CTBYIOII[Aasl PE30HAHCHOM YacTOTe; /1) — 3HEPIrHs KBAHTA
(mepemenHas); i — MHUMasI eAUHUIA; HHACKC j — TOPSII-
KOBBII HOMEP OCLMJUIATOPA.

Jlnst uccnenoBanus rpanuibl pazaena [ITO-YHT no-
CcleAoBaTeNIbHO onpeaeauM napameTrpst 1 K8, cios ITO,
cnost YHT na nosepxunoctu ITO. {5 uHTEpIpeTaliuy -
JIUIICOMETPUHU CTPYKTYp, conepxkamux YHT, ucnonszyem
JIBa HE3aBHCHMBIX TI0/IX0/1a: PUOIMKEHNE CIUIONIHON cpe-
1ol (Effective Medium Approximation, EMA) Bprorremana
[12], a Takxke paccmoTpenue rpanunsl pazaena YHT-ITO ¢
HCTIONIb30BaHNEM CYTIEPIIO3HUIINH OCIIMIUIITOPOB B MOJICTIH
Jlopenna.

Pe3y.l'll>TaTl>l u oﬁcymelme

Haumensmemy 3nauenuro MSE = 0,452 B criekTpaib-
HOM Juanazone A = 200—-800 HM IpHu anmpoKCUMAaINH
Kowmn ans nomnoxex K8 coorBeTcTBYIOT mapamerpsl
A=1,511, B=0,00385, C=7,4006-10"7, g=4,270 u
Aegge = 1,4446. JlaHHbIe mapamMeTphl MOMIOKKHA yIUThI-
BAIOTCS IIPU JATbHEHUIINX WHTEPIPETALUSIX PE3yIbTaToB
anuricomeTpun. st cuctembl «I TO/MOmToKKay IUTATITH-
yeckue napamerpsl ¥ u A mpenctaBieHs! Ha puc. 1.
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OnTuryeckne cBOMNCTBA rpaHnLbl pasgena TOHKUX MNJIEHOK OKC1AoB MHOUA 1 OJ10Ba...
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Puc. 1. CiekTpanbHbIe 3aBUCHMOCTH IIHITHIECKIX
TapaMeTpOB JUIsl CHCTEMBI IUICHKA OKCHJIOB MHUS U 0JIOBa/
TOJUTOXKKa TIPH PA3HbIX yIIax HajeHus: y = 65° (kpusast /);
y = 70° (xpuBas 2); y = 75° (xpuBas 3); A = 65° (kpuBas 4);

A =70° (xpuBas 5); A= 75° (kpusas 6)
Fig. 1. Spectral dependencies of elliptical parameters for system
“ITO/substrate” under the various incidence angles: y = 65° (1);
v =70°(2); y=75°(3); A= 65° (4); A=T70° (5); A="75° (6)

WHTtepnperanus pe3ysbTaToB JUIUIICOMETPUH JUIs JaH-
HOM cUCTeMbI TPOXO/nia B /1Ba dTana. Mcxons u3 gomyue-
Hus, yTo TieHka ITO ogHOpoaHA M ONTHYECKUE CBOMCTBA
€e CJI0EB He 3aBHUCSAT OT PACIOIOKEHUS OTHOCUTEIBHO
TIOJJIOXKKH, OBLTH YCTAHOBJICHBI CJIEIYIONIUE TTapaMeTphbl
€, =3,049, Amp = 3,124, En = 6,494 3B u Br=2,112 3B
npu MSE = 4,174. Jlannsle napameTpsl s miaenku [TO
COMIACYIOTCS C MOJyYSHHBIMH B paboTax [13, 14], kak mo
BEJIMYMHAM [TapaMeTPOB, TaK M MO MOJIYYCHHOH TOYHO-
ctu uaTepnpetanny (MSE). OnHako HEOOXOIUMO YIeCTb,
YTO YCIOBHS OCAXKICHHS U MOCT-00pabOTKH MPUTIOBEPX-
HOCTHBIX U mepudepuituneix cioeB ITO ornuyarorcs.
CrneoBaTenpHO, CyIIECTBYET TPaUeHT IO MOpQOIoTrnie-
CcKUM ¥ onrtudeckuM cBorictBam ITO Brons TommuHb. [Tpu
HCIOTB30BaHUM AByXcioiHON Mozxenu [TO onpeneneHs
JTAaHHBIC JUTUTICOMETPUH ¢ OOJIbIIICH TOUHOCTRIO. B ciiyuae
JIa3epHO-OPUEHTUPOBAHHOTO ocaxkeHus [TO, namnydinas
TouHOCTh MSE = 2,967 nonydeHa B c1ydae HUKHETO CII0s
IIpu napameTrpax €, = 3,065, Amp = 3,113, En = 6,324 5B
n Br=2,067 3B n BepxHero (NpUnoBEpXHOCTHOTO) —
€, = 3,409, Amp = 2,428, En = 7,059 3B u Br = 2,006 5B.
[Tpn 3TOM cpemHss TONIIMHA HIYKHETO M BEPXHETO CIIOEB
ITO cocrasuna hy, = 68,2 uM u hy,, = 82,4 um. Jlnst Ha-
IVIATHOTO CPAaBHEHUsI JUCIIEPCHOHHBIC 3aBUCUMOCTH 1 U k
MIPECTaBICHBI HA PUC. 2.

a
= ] OHOCIIONWHAsT MOJIENThb
22204/ N\ ITO
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g 1

22004 0 TS

g ]

g

Z 1,90 1

=
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Ha ocHoBaHMYM CHIEKTpajbHBIX 3aBHCUMOCTEH (puc. 2)
BUJIHO, 4TO BOMM3M noanoxku miieHkn ITO onTuuecku
Oosiee MIIOTHBIE, YTO TAK)KE MPOSBIISIECTCS B yBEIMUCHUH
€. DTO COMIACYETCsl C HATMUUEM ILIEPOXOBATOCTEN, U CO-
OTBETCTBEHHO, BO3/IyIIIHBIX 3230POB B IPUIOBEPXHOCTHBIX
citosX. OTHOCHUTEJIFHO BBICOKAs aMIUTUTY/A OCHMIIISITOpa
B TIPUIIOBEPXHOCTHOM CJIOE€ CBHJETEIBCTBYET O BBHICOKOH
JaTepaIbHO MPOBOAUMOCTH, YTO cBoWicTBeHHO ms [TO.
Takum 00pazoM, ONTHIECKUE CBOMCTBA CIIOEB B JIA3epHO-
ocakaeHHBIX TeHkax ITO 3aBHUCAT OT KOOPIAUHATHI BIOIH
TOMIIUHBL. J{7151 mocenyonel nHTepnpeTauy pe3yibTra-
TOB OyJeT UCIIOJIb30BaThCsl BYXCIOHHAsT MOJIENb CIIOEB
ITO u3-3a onTUMaNbHON TOYHOCTH.

IIpu ananuze crpykryp « YHT-ITO-nonnoxka» He-
00xomauMo yuecTbh, uto YHT ocakmarorcs He CILIONTHBIM
clloeM, a MPEUMYILEeCTBEHHO B BUJe KiactepoB [10].
IIpu cpaBHEeHUN npoduiIe CKAHUPYIOMICH AIEKTPOH-
HOM MuKpockormuu (COM) MOXKHO 3aMETHTH, UTO C PO-
CTOM HAIPSHKEHHOCTH 3JIEKTPHUECKOTO TIOJIS B TIPOIIECCE
ocaxaenus YHT, moBepxHOCTH cTaHOBUTCA Ooinee o1
HOponHOU (puc. 3). JInsg uyncieHHoro cpaBHEHHs ObLIa
MOCTpOEHAa THCTOrpaMMa Yuciia obiactei N, UMEIOIINX
UHTEHCUBHOCTb [g;. VICXOOHBIMHM NaHHBIMH CILYKHUIH
COM-CHUMKH, KOTOPbIe KOHBEPTUPOBAIHUCH IO OTTECH-
KaM Ceporo B ILIKaje, I1ne OTTeHKu /gy = 255 — OGeoro,
a Igz = 0 — uyepHoro. B kayecTBe mapaMeTpoB cpaBHe-
HUS UCIIOJIb30BaHbl MaTeMaTudeckoe oxunanue M(Igp) u
gucnepcus 6(/gy) MHTEHCUBHOCTH BTOPUYHON YMUCCHU.
B ciryuae nosepxuoctu ITO 6e3 YHT, M(Ig;) = 116,4
u o(lgp) = 41,8. pn ocaxnennn YHT M(Igp) = 93,4;
113,8; 117,1 u o(lgp) — 45,3; 44,1; 43,3 npu E paBHOii
100, 200, 600 B/cm coorsercTBenHo. Poct M(/g;) cBune-
TEJICTBYET 00 yBEIMUCHUN MHTEHCUBHOCTH CUTHasa (3a
cuet ocaxkaenust YHT), a cnan g, xapaktepusyer 6oinee
paBHOMepHOe ocaxxaenue YHT npu yBennueHuu Hamps-
JKeHHOCTH TIOJISL.

Panee 6but0 ycranosieno [11, 12], uto ¢puzuko-xu-
MHUUYECKHE CBOMCTBa CTpyKTyp Ha ocHoBe ITO ¢ YHT
00yCIIOBIICHBI HE TOJBKO MHIMBHUAYaJIbHBIM BKJIAJOM
YHT u ITO, no u obmactamu ITO ¢ Buenpenusivn YHT—
«uHTepdeiicom». [lapamerpamu uHTEpdeiica MOXKHO
YTIPABIATH MIPU TOMOIIN HAMPSDKEHHOCTH JIEKTPHUIECKOTO
nonst £ B npouecce ocaxaenuss YHT, kortopast B HacTo-

b

=
o0
J

OHOCIOWHAS MOICIIb

' — ITO

\ JIByxcinoiiHast MOeIb

\ - -~ - ITO (HmxHUi cioit)

______ ITO (BepxHuii CIIO¥)

Kos¢ppuuneHt skcTHHKINT

JlmmHA BOJTHBI, HM

Puc. 2. CniextpanbHble 3aBUCUMOCTH 7 (@) 1 k (b) IIICHOK OKCHJIOB MH/IUSI U 0JI0BA, MOJTYYSHHBIX METOJIOM
J1a3epHO-OPUEHTHPOBAHHOTO OCAXK/ICHHUSI B 3aBUCMOCTH OT BBIOPAHHOI MOJIEITH

Fig. 2. Spectral dependencies of n (a) and & (b) of ITO films, obtained by laser-oriented deposition method depending on the selected
model
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Puc. 3. CHUMKHU CKaHHMPYIOIICH IEKTPOHHOH MUKPOCKOITMU U THCTOrPAMMBI PACIIPEICICHNS] HHTEHCHBHOCTH CHI'HAJIA BTOPHYHOI
IMUCCHH [OBEPXHOCTEH OKCH/IOB HHAMS U 0JI0BA: O€3 yIIIepOIHBIX HAHOTPYOOK (@) U € yIIICPOIHBIMHI HAHOTPYOKAMH, OCaXACHHBIMU
IIPU HANPSDKEHHOCTSIX AlekTpuyaeckoro noist: 100 B/eum (b), 200 B/ewm (c), 600 B/em (d)

Fig. 3. Scanning electron microscopy images and secondary emission histogram distribution of ITO surfaces: without CNTs (a) and
with CNTs, deposited under various electrical field strength: 100 V/em (b), 200 V/em (c), 600 V/em (d)

smei pabore m3MeHsachk B auanaszone 100-600 B/cwm.
CrenoBarenbHO, 1711 Oosiee AETaNbHONM OLEHKH BIUSHHS
YHT #na cBoiictBa ITO He00X0OIUMO y4eCTh, YTO YACTh
YHT ¢ nogobpaHHOl XUPaIbHOCTHIO UMILIAHTHPYETCS B
peuterky 1TO. J[jst onleHKy TyOUHBI UMIUIAHTAIIMHA OBLT
HCIIONIB30BaH MeTo[ 3uiuncomeTpun ¢ EMA-mMonensio.
Onnuncomerpuueckue napamerpsl Y u A crpykryp ITO ¢
YHT 3aBucst ot napametpa E (puc. 4).

[Ipu cpaBHEHMH NaHHBIX Ha pHUC. 1-2 MOXKHO 3aMETUTh
nHTEpEPEHIIMOHHBIEC CIBUTH, KOTOPBIE 00YCIIOBIICHHI yBe-

500

JIMYEHUEM ONTUYECKOH JUIMHBI yTH I1py ocaxkaenun Y HT.
st nHTEpIpeTanuy pe3yabTaToB, MPEACTABICHHBIX Ha
puc. 4, cHayana Oblia ucmoib3oBana Moaenb EMA. Croit
ocaxxaenubix YHT menurtcs va nse oodmactu. [lepsast 00-
JIaCTh COOTBETCTBYET Ipanulie paszena (uurepdeiicy) [TO
¢ YHT, uto 00ycioBneHo cortacoBanueM auamerpoB YHT
¢ pemtetkoit ITO u ux mocnenyroued UMIUIaHTaUEH B
oobsem ITO; Bropas — conepskutr ¢parmentsr YHT, koto-
pBIE HIMEIOT KOHTAKT C BO3IYXOM U 00pa3yroT IIepOXOBa-
TOCTh TIOBepXHOCTH. ONITHYECKUE CBOICTBAa HHTEpdeiica
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Puc. 4. CriexTpaibHble 3aBUCHMOCTH DJUIUNITHYECKHUX TTAPaMETPOB CTPYKTYP OKCHJIOB MH/IUS U 0OJIOBA C yIVIEPOJHBIMI HAHOTPYOKaMK
Ha noyutoxkkax K8 mpu BapbupoBaHny HanpspKEHHOCTH AnekTpryeckoro noist £: 100 B/em (kpussie /-6), 200 B/cm (kpusbie 7—12),
600 B/cm (kpuBble /3—18) n yriax nageHust o

Fig. 4. Spectral dependencies of elliptical parameters for structures ITO with CNTs on crown K8 substrate under the various electric
field strength £ and incidence angles o
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«YHT-ITO»
JIMHENHOH aIm

(> kiny), B Momenn EMA, onmchIBaroTcs

MIPOKCUMALUEH:

i = Nipo(l = p) + nyprp,

k.

it = Mro(1 = p) + kyymp

rae p — conepxkanne YHT B oObeme unrepdeiica.
B coorBercTtBun ¢ MuHnmu3aiueir MSE yunTeiBaeTCs

TOJIIIUHA UHTEpdeiica i

int M LLIEPOXOBATOCTD R

T Ycenosus,

cooTBeTCTBYyIOIIME MUHUMYMY MSE B pasHbIx oOnactsix
CKaHUPOBAHMUS TIPH Pa3HBIX PEKMMaxX OCAXKIACHUS Ipel-

cTaBlieHbI Ha puc. 5. Pedepentrric napamerpst mis YHT
OBLTH B3STHI U3 PabOTHI [15].

W3 puc. 5 MOXKHO 3aK/IIOUUTH CIEIYIOIIEE: C POCTOM Ha-
MPSKEHHOCTH IEKTPUYECKOTO MOl B IIPOLECCE OCaxke-
Hust YHT E yBennuuBaercs nryonHa uMruianranun Y HT,
KOTOpasl CBsI3aHa ¢ TONIIMHOI uHTepdeiica h;,,, a TakKe
conepkanne YHT B o6peme mHTEpdEtica p, 9TO CBA3AHO C
POCTOM BEpPOSTHOCTH UMITIaHTAIH. HecMoTps Ha To, 9TO
MoJientb EMA T03BOJISIET C BBICOKOW CTEMEHBIO TOCTOBEP-
HOCTH MHTEPIIPETUPOBATHCS PE3YNBTAThl IUIUIICOMETPUHI
MSE < 4, B HEll He yUUTBIBAIOTCS CBOMCTBA IPAHUIIBI Pa3-

o A A
60 = E=100Blem R 23w & dy &R LA
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Z 1  AE=600Blu - 0
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£ 50 4 ITO-VYHT B ceueHuun
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Puc. 5. 3aBUCUMOCTB TOJIITUHBI I'paHulBbI pa3jicia yIriiepoaHbIX HaHOpr60K C OKCHUJaMU UHUSA U 0JIOBA U COACPIKAHUSA YTIICPOAHBIX
HaHOpr6OK oT chonL3yeM0171 HaIPsKEHHOCTH SJIEKTPUYCCKOI'O I1OJISL B IIPOLECCE OCAKICHUA

Fig. 5. The dependence of CNTs-ITO interface and CNTs content versus applied electric field strength during deposition of CNTs

Tabnuya. Anmpokcumarys ontrudeckux mapameTpos cioeB ITO, YHT u rpanuns! paznena ITO-YHT mo moxenn Jlopenna
B crniekTpainbHoM auarnazone 200—-800 am

Table. Approximation of optical parameters of ITO and CNT layers and the interface between ITO and CNT using the Lorentz model
in the spectral range 200-800 nm

TopsmkoBetii Howep €, Amp; En;, 5B Br;, B h, HM Ry, uM MSE
OCLIILISITOpA
ITO (ogHOCTHOIHAST MOZIEITB)
1 | 3.049 3024 | 6494 | 2112 | 1503 35,9 4,174
ITO (aByxcnoitHast MOzIEINb)
1 (Bepx) 3,409 2,428 7,059 2,006 82,4
35,6 2,967
1 (au3) 3,065 3,113 6,324 2,067 68,2
YHT [15]
1 | Lo 2,070 4563 | 2304 | X X 0.113
I'pannma pasnena YHT-ITO (£ = 100 B/cm)
1 2,530 5,717 1,709
1,909 19,0 29,3 2,465
2 3,275 4,714 2,857
I'panuna pasnena YHT-ITO (£ =200 B/cm)
1 3,232 6,127 2,672
1215 21,8 25,4 3,048
2 3,396 4,202 0,576
T'panuna pasnena YHT-ITO (E = 600 B/cm)
1 3,576 6,301 2,366
1,007 18,6 27,2 1,865
2 3,551 4,239 0,581

Tpumeuanue. X — 4UCICHHOTO ONMUCAHUS JJAHHOTO ITAPAMETPa IPU yKa3aHHbIX YCIOBHAX HE TPEOyeTCsl.
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Puc. 6. CriektpasbHble 3aBHCUMOCTH II0Ka3aTesst IperomiieHus (a) u koadduimenta skcTunkuun (b) nurepdeiica mieHoK OKCHI0B
MHJIUS U 0JI0Ba C YIJIEPOJHBIMU HAHOTPYOKaMHM, OCaXKICHHBIMU IIPHU PA3HON HANIPSHKEHHOCTH dekTpuyeckoro nons (100, 200 u
600 B/cm)

Fig. 6. Spectral dependences of the refractive index (a) and extinction coefficient (b) of the interface of ITO films with CNTs
deposited at different electric field strengths (100-600 V/cm)

nena ITO-YHT, ontudeckue cBOWCTBA KOTOPBIX OTJINYA-
1oTcst 0T uHAUBUAYanbHBIX cBOUCTB ITO u YHT. JlanHble
o0 xoa(dunuenTax 3anonHeHus 1o moaenu Jlopenna s
ITO u YHT, tonmune rpanunst pasnena YHT-ITO u co-
nepxannn YHT, nonyuennsie panee (puc. 1-5), Obun uc-
TI0JTb30BAHBI B Ka4eCTBE pehepeHTHBIX ISl TTOCIIEYIOIIETO
MTOMCKA TTapaMEeTPOB 3AMOIHEHMS /ISl TPAHUIBI paszeia
YHT-ITO. CornacHo yka3aHHOMY MOIXOXy, HHTepderic
ITO-YHT MOXHO OnFIcaTh CyIepIIo3UIUeH OCIIIIATOPOB
(Tabnwuma).

OtmernuMm, uto npu ocaxaeHnu YHT Benuuuna €,
CHIDKACTCS, YTO MOXKHO 00BSCHUTD 3(pekrom mpocBetiie-
Hust 3a cyer YHT. HaOnromaeTcst Takke poCT aMILIUTY/IbI
OoCHMIIATOPOB Tpu ocaxkaeHuu Y HT, 4To MoXeT ObITH
CBSI3aHO C YBEJIMUYEHHEM KOJIMYECTBa HOCUTENEH 3apsa.
CrexTpanbHble 3aBUCUMOCTHU MOKa3aTeIei npeloMIIeHUs
1 k03()(UIMEHTOB SKCTUHKINH, TTOJyYCHHBIC HA OCHOBE
JTAHHBIX TaOJIUIIBI TOKA3aHbI HA pHC. 6.

[Ipu cpaBHEHUN MAaHHBIX pHC. 5 (ONTHYECKHUE CBOM-
ctBa otnenbHO B3gToro ITO u YHT), 3ametHo, 9to mpu
ncnons3oBarny E = 100 B/cm uatepdeiic [ITO-YHT ompe-
nensercst npeumymiectsenHo [TO, a nmpu £ =200 B/cm u
E =600 B/cm — YHT, uto comacyercs ¢ pe3y/ibTaraMu,
HOJIyYEHHBIMH [IPU UCIIOIBb30BAaHUHU MPUOIIVKEHUSI CILIOLI-
HOU cpenbl (puc. 5). AHaIU3 CIEKTPaIbHbIX 3aBUCHMO-
cteit ko3 dunmenra sxctTuHKIMU (puc. 6, b) uHTepdeiica
YHT-ITO, a Takye conocTaBlieHUE MOJTYYSHHbBIX JaHHBIX
¢ 3aBucumoctsamu st [TO 6e3 YHT (puc. 2, b), cBune-
TENBCTBYET O 0ATOXPOMHOM C/BHTE CIIEKTPOB SKCTUHKIINT
(mportyckanwust) npu ocaxkaennu Y HT, kotopsiii Bo3pacraer
C YBEJIMUYCHHEM HANPSIKCHHOCTH 3JIEKTPUIECKOTO OIS
B npouecce ocaxaeHuss YHT. [lonyueHnHble pe3ynbrarhl
COINIACYIOTCS C MPEATOIOKEHHEM O (POPMHUPOBAHUN KOM-
TIJIeKCa ¢ IepeHocoM 3apsiza [ 16] mpu BBeICHHH MEKMOJIe-
kyssipHoro noHopa (YHT) B cucremy «aknentop (In,O5)—
JoHOp (SnO,)». 3amMeTuM Takxke, 4To, Kak ObLIO IIOKa3aHO

panee [17], YHT MoryT nposiBIsATh Kak aklENTOPHbIE, TaK
U JIOHOPHBIE CBOWCTBA.

3akaouenue

Ha ocHOBe mosrydeHHBIX 3JUIMIICOMETPUYECKUX JIaH-
HBIX BBITIOJIHEH JCTANbHBIH aHATN3 ONTUYECKUX CBOMCTB
TPaHMIIBI pa3aesna: OKCHIOB MHIUS U 0JIOBA C YIIIEPOIHBI-
MU HaHOTpyOKamH. YCTaHOBIICHO, YTO IPH JIa3epHO-OPH-
SHTHPOBAHHOM OCAXK/ICHUH YIJIEPOAHBIX HAHOTPYOOK Ha
MOBEPXHOCThH IUIEHOK OKCHJIOB MHJUSI U 0JI0Ba (hOpMHU-
pyeTcs rpaHUIa pasjena, KoTopasi MpeiCTaBiIsieT co00i
KOMIO3UTHBII MaTepua, ONTHYECKHE CBOMCTBA KOTOPOTrO
OTIIMYAIOTCS OT UCXOTHOM MaTpuiHOM CTPYKTyphl. B HOBOM
KOMIIO3UTE HAOIIOAaeTCsl YMEHBIICHNE ITOKa3aTess mpe-
JoMIICHUS ¥ (puKcHpyeTcst 0aTOXPOMHBIN CIBUT CIIEKTPOB
K03((HUIMEHTOB SKCTUHKIUH U MOTIOLICHNS, BETUUNHA
KOTOPOTO yBEIMYIUBACTCS B 3aBUCUMOCTH OT POCTA HaIpsI-
KEHHOCTHU 3JIEKTPHUUECKOTO ITOJIS B TIPOIIECCE OCAXKICHUS
YITIEpOIHBIX HAHOTPYOOK. IIpu ncmonb30BaHnn Moaenu
CIUIOUIHOW Cpe/ibl IAHHBIH (PEHOMEH MOYKHO CBSI3aTh C PO-
CTOM COZIEpKaHUs YIIIEPOHBIX HAHOTPYOOK B MHTEpdetice
«YTJIEPO/IHbIE HAHOTPYOKHU—OKCUIBI MH/NS U 0JOBa» U
YBEJIMUYCHUH TOJLIMHBI CII0S1 ¢ HHTep(eiicoM pu pocte £
¢ 100 no 600 B/cwm. ITomydenHble pe3ynbTaThl MO3BOJISIOT
MIPOTHO3UPOBATh CBOMCTBA KOMITO3UTHBIX MaTepHalioB Ha
OCHOBE OKCHJOB MHJUS M OJIOBA C YIJIEPOAHBIMH HaHO-
TpyOKamM# 7SI MOCTEAYIOINX 3a/1ad B ONTOIEKTPOHHBIX,
MUKPOQIIOUAHBIX 1 OMOMEINIMHCKUX TIPUIOKCHUAX.
Be100op onTuManbHOro pexuMa OCaKICHUS YIIIEPOIHBIX
HaHOTPYOOK Ha MOBEPXHOCTh IUICHOK OKCHJIOB MH/MS U
0JIOBA 3aBUCHUT OT 00JIACTU NMPUMEHEHHSI KOMITO3UTHBIX
CTpyKTyp. Tak, Harpumep, IpH pazpadboTKe KUIKOKPUCTAII-
JIMYECKHUX YCTPOMCTB, pabOTAIONIMX Ha TIPOCBET, PEXKUM C
E =600 B/cwM siBiisiercst 60iiee TpeANOYTHTEIBHBIM BBHILY
CHIDKEHMSI TOTEPb HA OTPa’KEHUE.
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AHHOTaNMS

Beenenne. B pabote paccMOTpeHbI BOIPOCH! IPUMEHEHUSI KCAHTEHOBBIX (WIYOPECLEHTHBIX KpacHTeleil, JOCTYITHbIX
IIMPOKOMY KPYTy HCCIEI0BATENbCKUX 1a00paToOpuii Ui 0OHApyKEHHs MHUKPOIUIACTHKA CO CPEAHEH JUTMHOW JacTHI]
157 + 59 MM B mouBe M MpOBeNEHUS (PUTOTECTOB C MCIOIB30BaHUEM (DIyOpPECIIEHTHO-MEUEHOTO MUKPOIUTACTHKA.
Metoa. [Ipn nmpoBeneHnn nccieT0BaHNs HCIOIB30BATHNCE TIOUBEI C cofepikanueM rymyca 1,59 £ 0,15 % (I11) u
6,74 £ 0,11 % (I12), a Taxke cycniensnonusli nomusuHIIXIOpHa (OO0 «PycBuanmy», 157 + 59 MxM, Genoro mBeta).
B 1ensx u3yueHnst BO3SMOXKHOCTH M30MPATEIEHOTO OKPAIINBAHHS MUKPOILUIACTHKA B MIPUCYTCTBUH MOYBEHHBIX YaCTHI
MHUKPOUYACTHUIIBI MOTUBUHUIXIOpHIA, TIouB [11 u 12, a Takke cmecu moussl [11 u monuBuHmIxIopuaa (5 % mo macce)
okpamuBanuck pogramuaamu C u K, dayopecnenrom u 203uHoM H B m3omponuiioBom cnupre (KOHIEHTPALUs
kpacutesst — 200 mr/n, Temmeparypa — 100 °C, Bpemst okpaiuBaHusi — 2 4 [PU MOCTOSIHHOM MepeMelInBaHIH
Ha MarHUTHON MeIIanke) ¥ MPOMBIBAIUCH AUCTHIIIUPOBAHHON BOmoH Ha OymaxkHOM ¢uibTpe. s uccieqoBaHus
XUMHYECKOH CTPYKTYpBl MHKPOUYACTHI] MOIUBHHUIXIOPH/A JI0 U MOCTE OKpPANIMBAHUS MPUMEHSIAch HH(PpaKpacHas
CIIeKTpOoCKonHsA ¢ npeobpasoBanneM Pypbe HApYIICHHOTO TOJHOTO BHYTPEHHEro OTpakeHus (crekrpomerp Tensor
37 (Bruker, I'epmannst) ¢ mpuctaBKoi HapyIICHHOTO IOJTHOTO BHyTpeHHero orpaxenns MIRacle Pike ¢ kpucramiom
n3 ZnSe ¢ aJIMa3HBIM HaIblIeHHEM). J{JIs ompesieseHnss BO3MOKHOCTH BBIMBIBAHHS KPACHTENST U3 MUKPOYACTHUI]
MOJIMBUHIIIXJIOPU/IA TTOCJIE MHOTOKPATHOTO NMPOMBIBAaHHS BOIOH MCIIOJIB30BAIUCH CIEKTPO(YOTOMETPHUS M aHATIH3
mMukpodoTorpaduii ¢ npumeHenneM nporpammsl ImagelJ. J{ns npoBenenus 1abopaTOpHOro dKCIEPUMEHTA 110
00HapyKEHNI0 MUKPOTIIACTUKA B TOYBE MPHUTOTOBISIACH CMECh MOUBHI 11 M MUKpOYACTHIl TONMBUHUIXIOPHIA
(0,1 % mo macce) 1 MPOBOAMIOCH OKpammBanue pogamMuHoM JK. [l yMeHbIIeHNsT KOMNYeCcTBa MUHEPAIbHBIX JaCTHUI]
1 KOHIEHTPUPOBAHMS MHKPOYACTHI] MOTMBHHIIXIOPHIA HCIONB30BANACh TEXHUKA Pa3/leNIeHNsI 33 CUET PA3HUILI B
IUIOTHOCTH ¢ ToMotbio 6uHaprHoro pactsopa NaCl u Ca(NOs),. ITonydens: Mukpodororpaduu ¢ HCIOIb30BaHUEM
OIITUYECKOTO MHKPOCKOIIA C JIONOJHUTEIFHBIM NCTOYHUKOM yibTpaduonera (A = 365 um). Mzmepenus miomaneit
n300pakeHni MPOoeKIui 00HAPY)KEHHBIX MUKPOYACTHUI], HEOOXOUMBIX IJIs pacyeTa OPUEHTHPOBOYHOH MacChl
3arps3HATENS, IPOM3BOIMIINCE ¢ HOMOIIIBI0 Image). Bo3aMoykHOCTB NprMeHeHH s (ITyopeCIieHTHO-MEUEHBIX MUKPOYACTHIT
IMOJIMBUHUJIXJIOpUAA JIsI ITPOBEACHUA (I)I/ITOTGCTOB yCTaHaBJIMBaJIaCh C IIOMOLIBIO TECTA HA IPOpAlIMBAHUE CEMSAH
B 3arpsi3HEHHON MOYBE M U3YUEHHs NMPOPOCTKOB C MCIOIb30BAHUEM ONTHYECKOTO MUKPOCKOIA C JOMOIHUTENbHBIM
HCTOYHHUKOM ynbTpaduoneta. OcHOBHBbIE pe3yJbTarhl. [lokazano, uro mocne okpamuBanus poxamuHamu C u XK
(myopecrieHnus HaOIIOAeTCs y MUKPOYACTHUII ITOTMBHHAIXIOPHAA KaK OTACNBHO, TAK M B CMECH, TaK KaK YaCTHUIIBI ITOUB
11 n I12 aHaOTUYHBIX CBOWCTB HE IPUOOpeTatoT. B ciydae nmprMeHeHus ¢ayopeciierHa 1 203uHa H MUKpodacTHITb
MTOJIMBUHMIIXJIOPH/IA U TT0YBA NMPAKTHUYECKU HE (PIyopecHHUpyIOT. YCTaHOBIEHO, YTO OKpaIlNBaHHUE HE BIMSET Ha
XHUMUYECKYIO CTPYKTYPY MOJMBHHMIXIOpHAA. KpacuTenn He BHIMBIBAIOTCS M3 MHKPOYACTHIL TTOJUBHHIIXJIOPHUIA
IPU MHOTOKPATHOM IPOMBIBAaHMH BOJIOH. B abopaTopHOM sKcnieprMeHTe MOKa3aHo, YTO BO3MOXKHO OOHApyKeHHE
1 KOJIMYECTBECHHOC ONPECACIICHUE MUKPOYACTHUI] ITOJIMBUHUIIXJIOPUJIA B ITIOYBE B KOHLCHTPALIUH 0,1 % 10 Macce ¢
OTHOCHTEJILHOW MOTPEeIIHOCTbI0 0K0i10 30 %. Bo3MoxkHO npumeneHue ¢iyopecleHTHO-MedeHbIX pogamunamu C u
2K MuKpoYacTHI TOMMBUHWIXJIOPHAA IPH NpoBeaeHnn GurorectoB. QObcysxkaenune. B Hactosmeil padbore BiepBbie
TOKa3aHa BO3MOXKHOCTH M30upaTenbHoro okpamuBanns popamuHamu C n XK MHKpOYacTHIl TOMTUBHHUIXIOPHIA B
CMECH C TIOYBOH, X 0OHAPYKEHHS 110 IPUINHE HAOIIOHaeMoil (IyopeceHINH 1 KOJTNIECTBEHHOTO OIPE/ICNICHUS B
xoHnenTpanuu ot 0,1 % 1o macce. [TomydeHHBIe pe3y/IbTaThl PACIIUPSIIOT 3HAHUS B 00JaCTH KOHTPOJISI MUKPOILTACTHKA
B nouBe. Tak Kak Ha CEroAHSNIHMIT IeHb He CYNIeCTBYeT CTaHAAPTH3UPOBAHHBIX METOANK 110 OOHAPYKEHUIO TAHHOTO
3arpsi3HUTENIS, PE3yNIBTaThl MOTYT HAalTH ITPUMEHEHHE IIPU pa3paboTKe HOBBIX METOAHK. DIyopecreHTHO-MeYeHbIe
poaaMruHaMu CuX MHUKPOYACTULBI TTOJIMBUHWIXJIOPUAA TNIAHUPYETCS UCIIOJIb30BaTh IPU IMPOBEACHUN d)HTOTCCTOB
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Abstract

The paper examines the xanthene fluorescent dyes questions available to a wide laboratories range in order to detect
microplastics with an average particle length of 157 + 59 um in soil samples and conduct phytotests using fluorescently
labeled microplastics. For the research, soils with a humus content of 1.59 +0.15 % (P1) and 6.74 £ 0.11 % (P2) as
well as suspension polyvinyl chloride (RusVinyl LLC, 157 £+ 59 pum, white) were used. In order to study the possibility
of selective staining of microplastics in the presence of soil particles, polyvinyl chloride microparticles, soil P1 and
P2, as well as a mixture of soil P1 and polyvinyl chloride (5 % by weight) were stained with rhodamine B, rhodamine
G, fluorescein and eosin Y in isopropyl alcohol (dye concentration — 200 mg/L, temperature — 100 °C, staining
time — 2 hours with constant stirring on a magnetic stirrer) and washed with distilled water on a paper filter. To study
the chemical polyvinyl chloride microparticles structure before and after staining attenuated total reflectance-Fourier
transform infrared spectroscopy was used (spectrometer Tensor 37 (Bruker, Germany), attenuated total internal reflection
MIRacle Pike attachment with a diamond-coated ZnSe crystal). Spectrophotometry and microphotograph analysis
using ImagelJ software were used to determine whether dye could be leached from polyvinyl chloride microparticles
after repeated washing with water. To conduct the laboratory experiment to detect microplastics in soil a mixture of P1
soil and polyvinyl chloride microparticles (0.1 % by weight) was prepared and stained with thodamine G. In order to
reduce the amount of mineral particles and concentrate polyvinyl chloride microparticles, a separation technique was
used due to the difference in density using binary solution of NaCl and Ca(NOs),. Microphotographs were obtained
using an optical microscope with an additional ultraviolet source (A = 365 nm). Image areas measurements of detected
microparticles projections, that are necessary for calculating the approximate mass of the pollutant, were carried out
using ImageJ software. The possibility of using fluorescently labeled polyvinyl chloride microparticles for phytotests
was established using the seed germination test in contaminated soil and studying seedlings using an optical microscope
with an additional ultraviolet source. It was shown that after staining with rhodamine B and rhodamine G, fluorescence
is observed in polyvinyl chloride microparticles both separately and in a mixture, since soil particles P1 and P2 do not
acquire similar properties. When fluorescein and eosin were used, polyvinyl chloride microparticles and soil practically
did not fluoresce. It has been established that coloring does not affect the polyvinyl chloride chemical structure. Dyes
are not washed out of polyvinyl chloride microparticles after repeated washing with water. The laboratory experiment
showed that it is possible to detect and quantitation polyvinyl chloride microparticles in soil at the 0.1 % concentration
by weight with a relative error of about 30 %. It is possible to use fluorescently labeled polyvinyl chloride microparticles
with rhodamine B and rhodamine G when conducting phytotests. This research demonstrates for the first time the
possibility of selective staining of polyvinyl chloride microparticles with rhodamine B and rhodamine G in a mixture
with soil due to the observed fluorescence and their detection in a concentration of 0.1 % by weight. The results obtained
expand knowledge in the field of monitoring microplastics in soil and, since today there are no standardized methods for
detecting this pollutant, it can be used in their development. Fluorescently labeled polyvinyl chloride microparticles with
rhodamine B and rhodamine G are planned to be used in phytotests as part of experiments on the hygienic justification
of the maximum permissible concentration of the pollutant in the soil.

Keywords

microplastic, xanthene dyes, soil, microscopy, fluorescence, rhodamine B, rhodamine G, eosin Y, fluorescein
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BBCZ[eHl/Ie 1M BO BCC C(i)epLI JKHU3HH YCJIOBCKA. 3aMeTI/IM, YTO IUPpO-

KO€ HCIIOJIb30BAHUE TUIACTMACCHI B COUCTAHUU C OTCYTCTBU-

Bbonee TMOoJIyTOpa BEKOB IMMPOILIO C MOMEHTA IMOJTYYCHU A €M Ha,HHG)KaIIICﬁ €C nepepa60TKH " yTUWJIn3aluu MMPUBEIIO
nepBoﬂ IJ1aCTMacCChl — IMapKe3nuHa. C Tex nop 6J1aro;lap51 K HOABJICHUIO HOBOTO 3arpsA3HUTCIIA — MHUKPOILIACTUKA.
CBOMM CBOMCTBaM IIACTMACCOBEIC MaTtepuajibl IPOYHO BO- I[aHHBIﬁ 3arpsA3HUTCIIb 06pa3yeTcsl, KOTZ1a IpH IonaJgaHnuu
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MNprMeHeHVe KCaHTEHOBBIX (PIIYOPECLLEHTHLIX KpacuTeneln ons 06HapyXXeHNs MUKPOMIacTmKa. ..

B OKPYIKaIOIIYIO CPey KPYIHbIE IIACTMACCOBBIE 00BEKTHI
TIO/IBEPTraloTCsl HEMPEPBIBHBIM MporieccaM (hparMeHTauu 1
JIeTpa/Ialiiy M3-3a BO3IEHCTBHUS COJTHEYHOTO CBETa, BETPA,
BOJIbI, MEXaHUUECKOTO MCTUPAHUS U APYTUX (PaKTOpOB
okpy>xaroieit cpeabl [1]. MUKpOIIacCTUKOM NMPUHSTO Ha-
3bIBATh COBOKYIHOCTD ITACTUKOBBIX YACTHI[ Pa3IMIHOTO
XIMHYECKOTO COCTaBa M pa3mepa oT | MkM g0 5 mm [2].
[lepBble nccne0BaHUS O MUKPOIUIACTUKOBBIX YaCTHIIAX
Havalu MosABIAThCA B 1970-X romax, a caMm TEPMHH «MH-
KporutacTuk» ObLT npeioxker B 2004 rogy Mopckum OHO-
sorom Pudapaom Tommconom [3, 4]. B HacTosimiee Bpems
OITyOJIMKOBAHO OOJIBIIOE KOJIMYECTBO HCCIIEIOBAHUM, pe-
3yJIBTaThl KOTOPBIX ITOKa3bIBAIOT HEraTHBHOE BO3/ICHCTBUE
Pa3JIMYHBIX TUIIOB MUKPOIUIACTHKA, B TOM YHCJIE U Ha Xa-
PaKTEepUCTHKH MOYBBI, TOUYBEHHBIX KHBOTHBIX, MUKPOOHBIC
coo0miecTBa U OMOTCOXMMUICCKIE UAKITBI [S]. YIuThIBasK
TO, YTO HIOUBBI MOTYT OBITH 3arpsi3HEHbI HAMHOTO CHIIbHEE,
YeM MOPCKHE KOCHCTEMBI, H3yUYeHHE BOTIPOCOB, CBS3aH-
HBIX C COBEPIICHCTBOBAHNEM METOJIOB KOHTPOJIS, SIBIISIETCSI
aKTyaJIbHBIM, TaK KaK ONPECICHNUE YPOBHS COAEPKaHUS
MHKPOIIITACTHKA MOXKET OBITh OJHUM U3 OCHOBHBIX (paKTo-
POB JIJIsl OLIEHKH DKOJIOTHIECKOTO pucKa [5, 6].

IIpexmeTt uccaenoBanust

ITouBa siBiIsIETCS CIOKHOM CUCTEMOM, TaK KaK COCTO-
UT U3 MUHEPAIbHBIX YaCTHIl, OPraHMYECKNX BEIIECTB U
Pa3IUYHBIX XUMHYECKHX KOMIIOHEHTOB. Ha maHHBIN MO-
MEHT HE CYIIECTBYET CTaHAAPTU3UPOBAHHBIX METOINK
oOHapy>KeHUs MHUKPOIUIACTHKA B ITOYBE, OJTHAKO HCCIIe-
JOBATENSIMHU MPEIIararoTcss MHOT00Opa3Hble METOMIBI K
pelIeHuio faHHoro Bomnpoca. Hanpumep, npeanaraercs
MIPUMEHEHHUE ONTUYECKONH MHUKPOCKONHHU, CKaHUPYIOIEH
aNeKTpOHHOM MuKpockonun (COM), nndpaxpacuoii (MK)
CIIEKTPOCKOIINH ¢ npeodpa3oBanueM Dypbe n pamaHoB-
CKOH CHEKTPOCKOIINU U TEPMUYECKUX METOJIOB aHAJIN3a,
TaKWX Kak TepMorpaBumerpuueckuit anamus (TTA), aud-
(bepennnanpHas ckanupyromas xagopumerpus ([JCK),
MUPONIM3-TA30Basi XpoMarorpausi — Macc-ClieKTpoMe-
TpHsI, TEPMHUUECKAs SKCTPAKIIMOHHO-1ECOPOIIMOHHAs Ta-
30Bas XpoMaro-macc-cekTpoMetpust [6]. BoabmmmHCTBO
13 TIEPEUNCIICHHBIX METOI0OB OTHUMAIOT MHOTO BPEMEHH,
TpeOyIOT BHICOKOW KBAJIM(pUKALMHU [IEPCOHANA U JIOPOTO-
CTOSIIIIET0 000PY/IOBaHMUs, MOITOMY CYLIECTBYET MOTPEO-
HOCTb B JJOCTYITHOM HIMPOKOMY KPYTYy HCCIEA0BaTENb-
ckux Jaboparopuii Metoze [7]. K Takomy MeToIy MOKHO
OTHECTH BU3yaJIbHOE OOHApy>KEHHWE MHUKPOIUIACTHKA C
MIPUMEHEHHEM ONTHYECKOI0 MUKPOCKOTIIA, OIHAKO, SCITH
KJIacCH(UIIMPOBATh MUKPOYACTUIIBI KAK IJIACTMACCOBBIC
TOJILKO 110 HEECTECTBEHHOH OKpacke WiH (opme, BBICO-
Ka BEPOSITHOCTH OMMOOYHON HIeHTH(HUKAINH, 0COOCH-
HO IIIs MEKpoYacTHIl pazMepoMm menee 500 mxwm [8, 9].
Jl1st TOTO 4TOOBI MOBBICUTH HA/IE)KHOCTH TOIYIaeMbIX pe-
3yJIBTaTOB JIIsl OOBEKTOB MEHBIIMX Pa3MEpOB, BOZMOXKHO
UCIIOJIb30BAaHUE PA3IMUHBIX KPacHUTENEH, MO3BONISIOMNX
Oosiee TOUHO MACHTH(DUIIMPOBATH MUKPOIUIACTHK 32 CYET
N30MpaTebHOTO OKpaluBaHus. JJaHHBIH METO IUPOKO
MIPUMEHUM, OJJHAKO €CTh BEPOSTHOCTb MOJIYUYCHMS JIOXK-
HOTIOJIOXKUTEIILHBIX PE3yNbTaToB (OKpaIlnBaHUE OpraHu-
YECKUX YaCTHI] TOYBEI) [6]. OOMH U3 CaMBIX MMOMYJISPHBIX
KpacuTenei — KHUPOPacTBOPUMBIN (hIyopeCIeHTHBIN

HWJIBCKUH KPACHBIH, MIPUMEHEHHE KOTOPOrO CHUKAET Be-
positTHOCTh OomMO0K [7]. CTOUT OTMETUTH, YTO CTOUMOCTh
JTAHHOTO KpacuTellsl KpaliHe BHICOKA, TOATOMY aKTyaJbHBIM
SBIISIETCSI BOIIPOC MCCIICAOBAHUS IIPUMEHUMOCTH OoJee
JOCTYIHBIX BemiecTB. KcanTeHoBbIe (hryopecueHTHbIe
KPAaCUTEIN — OPraHWYECKHE JTIOMHUHO(OPHI, THITUIHBIMH
MPE/ICTAaBUTENSIMA KOTOPBIX SIBIISTFOTCSI THIPOKCHKCAHTEHO-
BbIe ((ryopecuens, 303uH H) 1 aMmrHOKCaHTEHOBBIE (PO-
namuH C, pogamun XX) kpacurenu [10, 11]. Ux ctoumocTh
SHAYUTCIIBHO HUKC B CPABHCHUH CO CTOUMOCTBIO HUJIb-
ckoro kpacHoro. OxpalinBaHue BO3MOKHO IPOU3BOIUTH
nyteM auddy3ur KpacuTelsi B yCIOBUSIX Harpesa, Mpu
KOTOPOM MaKpOMOJIEKYJISIpHAs Llelb MOJIMMepa 0CiIadis-
ercs [12]. B paborax [12—14] u3y4eHsl pa3Hble BapHaH-
ThI KCAHTEHOBBIX KpacHUTeJeH, HanpuMep M30THOIMOHAT
(ryopecuenna, pogamur C. Pabotsr [12, 13] mocssimieHs
pa3paboTKaM TEXHOJIOTHI OKPAIIMBAHUS MUKPOIIIIACTHKA,
[14] — mpeaBapuTEeTbHOMY OKPAIIMBAHUIO MUKPOYACTHIL
TIBX mist ucrionb30BaHus B OMOJIOTMUECKUX MCCIIEN0BA-
HUX. [ MnoreTnyeckn, BO3MOKHO MIPUMEHEHHE TaHHBIX
KpacuTeneil Uit n30upaTeIbHOr0 OKpaIluBaHMs, 1OCIIe-
JIYIOIIETO 0OHAPYKEHUS U KOJTMYECTBEHHOTO OTIPECTICHIUS
MHKPOIUIACTHKA B 00pa3iax no4ysbl. OHAKO TAKOH BOIIPOC
HC U3y4aJics. B cBs3u ¢ BBINICU3JI0OKCHHBIM, UCCJIICJOBAHNC
BO3MOYKHOCTH IIPUMEHEHHsI KCAHTEHOBBIX KpacHTeNeH Juts
oOHapy>xeHunst MUKporuiactuka Mexee 500 MkM B oOpasie
TIOYBBI BBI3BIBACT MHTEPEC, TAK KaK MOJyUYCHHBIE Pe3yiib-
TaThl MOTYT PACIIMPHUTH 3HAHUS M BOSMOJKHOCTH B 00JIaCTH
KOHTPOJISI MUKPOIUTIACTHKA B MIOYBE.

Takoke aKTyalnbHOW 00IaCTHIO MCCICIOBAHMI SIBIIS-
€TCsl U3YyUYEeHHE MEXaHU3MOB B3aWMOJAEHCTBUS pacTEHUN
M MUKPOIUTACTHKA U BO3MOXXHOCTH TPAHCIIOKAIlUU €T0 B
pactenns [15]. 3BecTHO, 9YTO KpyIHBIE MUKPOYACTHUIIHI
IJ1aCTMacChl HEC UMCIOT BO3MOKHOCTH ITPOHUKATH B TKAHU
paCTeHHﬁ, OTHAKO MOT'YT 3aXBaTbIBATHCsI KOPHEBBIMU BOJIO-
ckamu [16]. Mcnonp3oBanue npu npoBeieHHH (PUTOTECTOB
(iryopeceHTHO-MEUEHbIX MUKPOYACTHIL 3arPsI3HUTEIIS
MO3BOJISIET OBICTPO OOHAPYKMBATh U OOJIEe HATYISTHO BU3Y-
aJM3UpoBaTh UX Jiokanuzauuto [17]. OnHako aBTopamu He
00OHAPYKEHO HMCCIIeIOBAaHNUH, B KOTOPBIX OBI JUISl TIPOBEIe-
HUS (PUTOTECTOB MCIIOIB30BAJICS MUKPOILIACTUK, MEYEHBIH
KCaHTCHOBBIMH KPACUTEISAMHU.

Lenpb HacTOsIIIEH pabOTHI — HCCIIEIOBAaHNE BO3MOYKHO-
CTH IPUMEHEHHSI KCAaHTEHOBBIX Kpacuteneii (¢myopecien-
Ha, so3uHa H, pogamuna C, pomamuna JK) 11t n30upareib-
HOT'O OKpalIruBaHUA MHUKPOIIJIACTHUKA B ITOYBE 0€3 BIMSIHUSI
Ha XMMHYECKYIO CTPYKTYpPY MOJIMMEpa, OOHApYKEHHUs
3arpsi3HUTENIS 3a cueT HabIrogaeMoil (uryopecueHun u
€ro KOJIMYECTBEHHOTO OMPE/EICHNUS, a TAKXKe MOJITOTOBKU
(hiryopecLieHTHO-MEUEHBIX MUKPOYACTHI] IIACTMACCHI JIIS
NPOBEJICHUsI PUTOTECTOB (Ha IPUMEpPE MOIUBUHIIIXIIOPHIA
(ITBX)).

MarepuaJjbl M MeTOAbI

Jlnsa uccinenoBaHus MCIONIB30BANNUCh JiBa 00pasia
MOYBHI ¢ cojaepkanueM rymyca 1,59 £ 0,15 % (IT1) u
6,74 £ 0,11 % (I12), cycnienzuonnsiii [IBX Gernoro nsera
npoussoacTBa OO0 «PycBunun» co cpenneil nnuHoi
gactull 157 £+ 59 MkM (YCTaHOBIICHO B pe3ybTaTe H3Mepe-
HUH ¢ TIOMOIIBI0 MporpaMmbl ImageJ u crarucTuaeckoro
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aHaJM3a) B Ka4eCTBE MUKPOIUIACTHKA U KpacuTesu: (iryo-
pecueuH, 303uH H, ponamunsl C u K.

C nenbio onpeesieHns, BO3MOXKHO JIH N30HpaTeIbHOe
okpammnBanne Mukpouactul [1BX ¢umyopecreHTHRIMA
KpacuTesiMH B 00pasiie MOUBbI, IPOLEypa OKPAIINBAHUS
YETBIPHMSI KPACUTEISAMH BBITIOJTHEHA OT/IEIBHO JUIST MUKPO-
gactur [I1BX, o6pa3noB unctoii moussr [11 u [12, a Taxoke
cmecu noussl [11 u IIBX (5 % mo macce). ITapamerpst
OKpAIIMBAHUSA: KPACUTENb ObII PACTBOPEH B M30IPOIH-
JIOBOM CIIHUPTE, KOHIEeHTpauus kpacurens — 200 mr/i,
temneparypa — 100 °C, Bpems okpammBaHus — 2 49 IpU
MOCTOSIHHOM TIepEeMEIIMBaHUN Ha MarHUTHOM MeIajkKe.
Janee oOpasisl MHOIOKpPAaTHO MPOMBIBAIIMCH JTUCTHILTHPO-
BaHHOMW BOJIOHM Ha (UIIbTPE (CHHSS JIGHTA) JJIsl BBIMBIBAHUS
OCTaTKOB KPAaCHUTEIsl ¥ CyLIMIINCH ITPU KOMHATHOM TeMIiepa-
Type. 3areM 00pasibl ObUTH N3YYEHBI U TIOJTyYEHBI MHKPO-
(oTorpaduu ¢ NCTIONBE30BaHNEM ONTHYECKOTO MUKPOCKOIIA
STM6 (OLYMPUS, SInoHus1) ¢ AOMOJTHUATEIBHBIM HCTOY-
HUKOM yabsTpaduoneta (YO) (A = 365 Hm).

OmnpeneneHo BINSHUE MPOLEAYPHI OKPAITMBAHNS Ha
xumuueckyro crpykrypy [IBX u nonydenst MK cniekrpbl
¢ nomoipio UK ¢ypre-cnexkrpomerpa Tensor 37 (Bruker,
I'epmanmst) Ha TPUCTABKE HAPYIICHHOTO MTOJTHOTO BHYTPEH-
Hero orpaxkenus: (HIIBO) MIRacle Pike ¢ kpucrasiom n3
ZnSe ¢ anMa3HbIM HambiieHneM. UK ciektpsl peructpupo-
Banick B auanasone ot 4000 no 600 cm—! ¢ pasperennem
2 em ! u yepennenuem 1o 32 CKAaHUPOBAHUSIM.

[Ipy MHOTOKpPaTHOM NMPOMBIBAaHUH TUCTHUILINPOBAH-
HOH BO0OH oKkpateHHbIX MUkpouacTul] [IBX BbirnonHeHo
HCCIIEeIOBAaHNE BO3MOKHOCTH BBHIMBIBAHUS KpacHUTEICH.
[IpoBeneHo cpaBHEHNE MHTCHCUBHOCTH MONTYyYCHHBIX MH-
KkpodoTtorpaduil, HCTIONB3ysd YO HCTOYHUK C TOMOIIHIO
ImageJ, n n3MepeH nokas3arenb «CpeiHee 3HaUYCHUE Cepo-
ro» («mean grey value»), KOTOPBIi MpeCTaBIsIeT cOO0M
CPEAHIOI0 HHTEHCUBHOCTH MMUKCEIOB B BBIACTICHHON 00a-
ctu [18]. U3mepenus nmpoBoauiuch st S0 MUKpPOYACTHIL
Ha KaXA0H MUKpogoTorpaduu 10 U 1ociie NpOMbIBAHUSI.
JIONONHUTENBHO MTPOaHATU3UPOBaH (GUIBTPAT C UCIIOJb-
3oBaHneM crnekrpoporomerpa UNICO 2100 (UNITED
PRODUCTS & INSTRUMENTS, CIIA).

[IpoBenen nabopaTopHBIN 3KCIIEPUMEHT 110 00HAPY-
KEHUIO0 MUKPOIUIACTHKA B IIOYBE U €TI0 KOJHUYECTBEHHOE
ompeneneHue. beum moaroToBnen obpasern mouss (1 1),
3arpsi3HeHHON Mukpodactuuamu [1BX B KoHLEHTpauuu
0,1 % mo macce (0,001 T) (1711 KOHIIEHTpAIMIA BEIIIE BO3-
MOYKHO HCTIONIb30BaHNE MEHEE TPYA03aTPaTHBIX TepMHUUe-
CKUX METO/I0B aHaim3a [ 19]) 1 moaBeprHyT OKpaIIiBaHHUIO.
Jliss yMEHBIICHHUST KOJIMYECTBA MUHEPAJIbHBIX YACTHIL U
KOHILIeHTpupoBanus Mukpouactun [IBX ucnons3oBana
TEXHHMKa Celapaluu ¥ pasJesIeHHus 3a CYeT Pa3HUIbI B
TUIOTHOCTH YaCTHI] C MOMOIIbIO OuHapHoro pactBopa NaCl
u Ca(NO3), (p = 1,55 r/em3). [ust oT0oro 6bLT 106aABICH
pacTBOp K 00pasiaM 1 MoTyYeHHbIH cOCTaB TIIATEIBHO Ie-
pemerieH. MUKpOYaCTHIIBI, BCIUIBIBIIIME Ha TOBEPXHOCTb,
OBUTH TIEpEHECEHBI HA (PMITBTP, TIPOMBITHI IUCTHILINPOBAH-
HOH BOAOH M BbICYLIEHBI. JlaHHas mpoueaypa MoBTOPEHA
TprKabl. Jlanee GUIABTPBI M OCTATKH TOYBbI ObIIIN N3Y4EHBI
C UCTOJIb30BaHHEeM MHUKpockorma STM6 ¢ TOoTOTHATETEHBIM
YO ucrounukom (A =365 HM) npu yBenuuenusx 5, 10
wiu 20%. Tlonyuens mukpodororpaduu Becex ¢uryopec-
LUPYIOIUX MUKpodacTHil. Jjist Toro 4ToObl paccyuTaTh

UX OOIIYI0 OPUCHTUPOBOYHYIO MACCy, HCOOXOAMMO HMETh
nHpopManuo 00 00beMax MUKPOUYACTHUI] M TUIOTHOCTH
marepuaia. OHaKO TOJIBKO 00BEKT cheprueckoid (hOopMBI
MOJKET OBITh OXapaKTEepH30BaH OJAHUM YHCIOBHIM 3Ha-
YEeHHEM — JMaMeTPOM, B TO BPeMsI KAK MHKPOYACTHIIBI
[IBX, mprMeHEHHbIE B TAaHHOM HCCIIEA0BAHUM, HE HMEIN
naeambHON ceprueckoil pOpPMBL, TOITOMY HCIIONB30BATh
WX JUIUHY UIS pacdeTa MpUOIH3UTEIHFHOTO 00BheMa, OpH-
€HTUPOBOYHOW MAacCCOBOI KOHILEHTPAIIMU U OLEHKH T10-
TPEITHOCTH HE TPEICTABIIOCH BO3MOKHBIM [20]. B Takmux
clIydasdx OJHUM M3 NPUEMOB JIA HaJ’ILHeﬁLHPIX pacueToB
SIBJISIETCSI 3aMEeHa PeajbHON YaCTHIbl HA SKBUBAJICHTHYIO,
NpaBUIIbHON (OPMBI M ONpe/ieNIeHHE ee SKBHBAJICHTHOTO
JMaMeTpa.

d, = . (1

[To sToit mpuunHEe IS Kaka0i oOHapyKEHHOW MU-
KpOYacTHIIbl ¢ IOMOILBIO Imagel onpenensuiack miomaib
MPOEKIINH U PACCUUTHIBAJICS IKBUBAJICHTHBINA CPEIHUH
MIPOEKTUPOBAHHBIN Anamerp d,, cornacHo (1), npexacras-
TS0 cO00# TuamMeTp Kpyra, TUIoIaIs» KOTOPOro paBHa
IUIOIIAIU U300pakeHust mpoekuun yactuupsl S, [20]. ITocne
3TOTO PaCCUUTHIBAINCH OPUEHTHPOBOUHBIE 00bEM KaKIOH
MUKpovacTHLb (110 Gopmyine oObema mapa [21]) n macca
[20] (¢ ucnonb3oBanueM mioTHoCTH 1,4 r/cM3, Kak cpen-
Hero mokazaresst wiotHoctr [IBX). B urore, cymmupys
TMIOJTyYCHHBIE 3HAUYCHHSI MaCC, TIOJTyHIalIi OOILyI0 OPUEHTH-
poBouHyt0 Maccy Mukpouactui [1BX.

B mensx ompeneneHus BO3MOKHOCTH HCTIOJIB30BAHUS
(hiryopecrieHTHO-Me4eHBIX MUKpodacTuI] [IBX mpoBeneHb
(huToTECTHI CeMsH ropuuilsl Oernoii (Sindpis alba), koTopsie
ObUTM MOMEIIEHB] B YBIAKHEHHYIO [I0YBY, 3arPsA3HEHHYIO
MpeABAPUTCIIbHO OKPAIICHHBIMHU MHUKpOYaCTUIAMU, IJIA
npopamuBanug. Ha 4eTBepThIil 1€Hb NPOPOCTKH OBLIH
U3BJICUEHBI U THIATEJIBHO MPOMBITH B JUCTHUIUIMPOBAH-
HOM BOZI€ Y HCCJIEIOBAHBI C UCIIOJIb30BAHUEM MUKPOCKOIA
STM6 ¢ nononanTenbHBIM Y® ncrouynnkom (A = 365 Hm).

IKCcHepHMeHTAJIbLHbIE Pe3yJIbTAThI

[Tocne mpenBapuUTEILHOTO OKPAITUBAHUS KPACUTEIIMH
(bnyopecuenna, s03una H, ponamuna C, pogamuna )
mukpovacTull [1BX, ouBsl 1 MX cMecH, ObUIN TOJTyYEHBI
mukpogororpaduu (puc. 1) ¢ ucnonpzoBanuem YO rcrou-
HUKa (Bpemst axcniozuimu 200 Mc).

Muxkpouactunsl [IBX ObUH yCTIemHo OKparieHs! po-
nmamuHaMu C 1 K 1 MX IBET U3MEHMJIICS Ha SPKO-PO30BBII
n opamxeBbld. [Ipu BozaeiicTBuM Ha HUX YO u3NydeHus
MIPOSIBIIIACH 3aMeTHas (PITyOopecIeHINS OPAHKEBOTO U JKell-
TOTO TIBeTa. MUHUMAIBHBIN pa3mep (IryopecIupyONx
MHUKPOYACTHUI] COCTAaBMII OKOJIO 15 MKM. YacTHIlbl TOUBBI
IT1, ast KOTOPBIX ObLIA TPOBEICHA AHATIOTUIHAS TIPOIIEITY-
pa OKpalMBaHusi, HE ITOMEHSUIH LBET U (IyOpeCUpYIOIIIX
00BEKTOB 3aMeueHO He ObUI0. B cMecH ¢ 4acTuiiamu mouBbl
Mukpouactuiipl [IBX ceaekTuBHO OKpacUIUCh U CTAIU
3aMEeTHBI U OTIIMYUMBI 110 Y.

MMUKpPOYaCTHIIBI, OKPAIICHHbBIE (IyOpPECIEHHOM U J0-
3uHOM H, 3amMeTHOI (uryopeclie Iy He IPOSIBIIIN, OHAKO
BH3YaJIbHO HECKOJIBKO OTIIMYainch. HU3Kyl0 MHTEHCHUB-
HocTh (yopecuennnu [1BX nccnenosareny Habmoqamm
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MNprMeHeHVe KCaHTEHOBBIX (PIIYOPECLLEHTHLIX KpacuTeneln ons 06HapyXXeHNs MUKPOMIacTmKa. ..

-
‘

500 MKkM

Cwmech

500 MKkM

Puc. 1. MukpopoTtorpapun MUKPOIACTHIL TTOJTUBHHIIXIOPH/IA, TIOUBHI C coaepkanueM rymyca 1,59 + 0,15 % u ux cmecu,
OKpalleHHbIX paznnunabiMu kpacutenamu (PXK — pomgamun XK, PC — pomamun C, @ — ¢myopecuienn, O — s03uH H) nox
HCTOYHHMKOM ynbTpaduoiera, Bpems sxcnosuimn 200 mc

Fig. 1. Microphotographs of polyvinyl chloride microparticles, soil with a humus content of 1.59 + 0.15 % and their mixture, stained
with various dyes (PXX — rhodamine G, PC — rhodamine B, @ — fluorescein, 3 — eosin Y), under an ultraviolet source, exposure
time 200 ms

1 JUTSL IPYTOTO TIPOU3BOAHOTO (hIIyopeclieHa — KPACHUTEIS
FITC (dnyopecnienn 5(6)-u3ornonmanar) [11].

Taxoke mporeypa oOkpalnBaHus OblUTa IPOBEIeHA IS
o0Opa3sia noussl [12 ¢ Oosee BEICOKUM COIEpKAHUEM IyMYy-
ca JUIsl TOTO, YTOOBI ONPEAETIUTh, OyAyT U OKPALITHBATHCS
u iryopecuypoBaTh OpraHn4eCcK1e HeIIacTMACcCOBBIE Ya-
CTHIIBI TTOYBBI, TEM CAMBIM BIIHSIS Ha TIOJTy4aeMBbIC PE3Yiib-
tarel. B urore nabmonanacek ananornynas [11 kapruHa:
B OKpaIICHHBIX 00pa3max (uryopecuupyommux 00beKToB
3aMe4YeHO He OBUIO.

B npakTuke 00HApYKEeHHUsI MUKPOTUIACTHKA B CIIydae
HEOOXOIMMOCTH TOYHO HICHTH(UIHUPOBATH THII IIACTMAC-
bl yacTo ucnoin3yercs UK ¢ypbe-crekTpockomnus, B TOM

YHCIie B KOMOMHAINH ¢ (PIIyOPECIICHTHBIMHU KPACHTEIISIMU.
ITo 3T0i1 MpuuMHE Ba)XHO, YTOOBI IPH OKPAIITMBAHUH 00pa3-
I[OB XUMHUYECKasl CTPYKTypa MaTepuana He MOJBeprajiach
cubHBIM n3MeHeHusM [22]. [Ipumenus npuctasky HIIBO
6butn oydeHs! MK criekTpbl HEOKpallIeHHbBIX U OKpaIIeH-
HbIX Mukpouactui [IBX (puc. 2).

OtmeTuM, 4TO INpHU Ucnonb3zoBaHuu mertona MK
¢dypwe-criekrpockonuu ¢ npucraskoit HIIBO, ocHoBan-
HOTO Ha MHOTOKpaTHOM oTpaxxennn VK sryua Ha rpanunie
pasznmena nByx a3z — kpuctammia HIIBO u uccnemyemoro
00pa3na, ¥ peruCTPaliy €r0 HHTEHCHBHOCTH Ha BBIXOJIC 3
kpucramia, moryauM MK ciexrpsr HITBO B oTHOCHTENB-
peIx eaquaunax: HIIBO = AB x X/1000, roe X — miuHa
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Puc. 2. UndpakpacHble CICKTPBI HEOKPAIIICHHBIX
M OKPAILICHHBIX MUKPOYACTHUIL TIOJUBHHIIIXIIOPHIA
Fig. 2. Infrared spectra of unstained and stained polyvinyl
chloride microparticles

BOJIHBL; AB = log(TR) — noromenue, TR — MpoIycKaHue
[23, 24].

[Tocie oxparmBaHus Bce XapaKTepHbIE MOJIOCHI TTOIJIO-
wenus [IBX coxpansitorcsi. MOXXHO NPEAnoaokKuTh, YTO
KPacUTEIH HE CBSI3BIBAIOTCS C TIOTMMEPAMH KOBAJIEHTHO U
IIpoLeypa OKPAIINBAHMS CYIIECTBEHHO HE BIMSACT Ha XU-
MuIecKyto cTpykrypy [IBX, uTo mo3Bomsier mpu HeoOXomm-
MOCTH HJICHTU(HUIIUPOBATh TUI MaTepuana. IlomydeHHbie
JIAHHBIE COITIACOBBIBAIOTCS C YK€ N3BECTHBIMHU PE3yJIbTaTa-
MU B OTHOIIICHUH JPYTUX Kpacutenew [25].

Tax xak 1o pe3ynbraTraM HCIOIb30BaHUS (Iryopec-
nerHa u 203uHa H Bu3yasnbHO diyopecueHuus He Ha-
Oirofasiach, BO3MOKHOCTh BBIMBIBAHHS KpacuTelst Oblia
npoBepeHa ais Mukpouactur [1BX, okpameHHbix poja-
munamu K u C. Tlokaszarenb «cpeqHee 3HaYEHUE CEpPo-
r0» MHKPOYACTHII, OKpALIEHHBIX pogamMuHoM XK 1o mpo-
MbIBaHus, coctaBmia 141,9 + 1,7, mocne — 141,0 £ 1,5,
pomamuaOM C — 1437 £ 0,9 u 142,0 £ 0,8. [Tokazarenn
OIITHYECKOHN INIOTHOCTH (PUIIBTPATOB (MCIIOIb3YyEMBbIE [UTH-
HbI BoTH — 530 M (pomamun XK), 600 am (pomamun C))
B CPAaBHEHUH C YUCTOM JUCTUIUIMPOBAHHOW BOJION HE U3-
MeHMJIHUCh. [losTydeHHbIE TaHHbIE MTO3BOJISIIOT BHICKA3aTh
HPE/NOJI0KEHHE O TOM, YTO TP MHOTOKPATHOM IPOMBI-
BaHHMH BOJIOW KpacHTeIb HE BEIMBIBAETCSI U3 MHUKPOYACTHUI]
1 OKpallvBaHNe yCTOWYNBO.

st mpoBeieHHsI SKCIIEPUMEHTA 110 00HAPYKESHHIO
mukpouactur] [IBX B mouse, B kauecTBe KpacuTess ObLI
BBIOpaH ponamuH JK, kak HanOosee yIOOHBIN IS BH3Y-
JIFHOTO HAOIIOACHHS MUKPOUYACTHII 110/] Y HCTOUHHKOM.
[Ipumep mukpooTorpaduu gactu GpuiabTpa ¢ OOHAPYKEH-
HOW MUKPOUYACTHIICH ITOKa3aH Ha puc. 3. BeImomHeH ananmms
¢unprpa (P1), Ha KOTOPOM TTPOMBIBAJICS OKPAIICHHBII
obpasern, punpTpa (DP2), HA KOTOPBIA MEPEHOCHINCH OT-
JICTICHHBIE TI0 TUIOTHOCTH MUKPOYACTHIIBI, H YacTh 00pas-
1ja, KOTopasi MpH pa3/IeJICHUN OCTajlach Ha JHE CTaKaHa
(O). Nocne nposenenus nuamepenuit B Imagel paccunrana
OpHeHTHpOBOUYHas Macca Mukpodactull [1BX, pe3ynbrars
pacdera KOTOPOi Ipe/ICTaBICHBI B TaOIHIIE.

Y4uThIBast, 4TO MPU MOATOTOBKE 00pasna K | T 1mouBbI
osut0 mobasieno 0,1 % (0,001 r) mukpouacturn [IBX mo

200 MM

0 MM Bes Kpacurels Puc. 3. MHKpO‘IaCTI/IHa NOJIMBUHUIIXJIOpU A U3 OKPAICHHOTI'O

pomamurom K 06pasia Ha GuiIbTpe (BpeMst SKCIIO3UIINH
200 mc)
Fig. 3. Polyvinyl chloride microparticle from the rhodamine
G-stained sample on a filter (exposure time 200 ms)

Macce, OTHOCUTENbHAs MOTPEIHOCTh COCTaBMIIA OKOJIO
30 %, 9TO, BO3MOKHO, 00YCIIOBIIEHO HECKOJIBKUMHA (hak-
TOpaMu. Bo-1iepBbIX, BEPOSITHBI HETOUHOCTH MIPU PYIHOM
BBIJICJICHUH IpaHUI] 00beKkTOB B Image] 1 onpeneneHus
IUIOIIAIM POEKINH, II03TOMY B IIEPCIIEKTHBE aKTyallbHa
pa3paboTka MeTo/ia aBTOMAaTH3MPOBAHHOTO OIPE/ICIICHUs
IpaHuIl MUKPOYACTHIl Ha MUKpodoTorpaduu u pacuera ux
iomaay npu MUHUMaJIbHOM Y4aCTUU UCCIICAOBATEIA. 10
TIO3BOJIMT CJIeIaTh METO/ OOHAPYKEHUs OOJiee TOYHBIM U
MEHee TPy/J03aTpaTHbIM. Bo-BTOpBIX, B pealbHOCTH 4acTH-
bl HE UMEIOT MJICAJIbHO IJIOCKUX MOBEPXHOCTEH, TaK Kak
Ha HUX UMEIOTCS U BIIA/INHBI, U BO3BBIIICHHUS, YTO CIIOXKHO
ydecTh Ipu 00paboTKe N300paKEeHUH U pacdyeTax.

Taxxe pomamuasl C u XX OBUTH HCTIOTB30BaHBI IS
okpammBanus Mukpodactur [1BX u mpoBenenns ¢purore-
CTa Ha MMPOpAIINBaHUE CEMSH TopunIlsl Oemoi. [To pe3yns-
TaTaM MUKPOCKOIIMH C JIOTIOTHUTENbHBIM YD HCTOUHUKOM
noy4ueHsl MukpodoTorpadhun Mmukpouyactun [1BX, npu-
KPETUBIIUXCSI K KOPHSM ITPOPOCTKOB C IMOMOIIBIO Pa3BH-
BAIOIIMXCS HA KOPHSAX BOJIOCKOB (puc. 4). Mcmonb3oBanue
IIPU MIPOBEJCHUHU (PUTOTECTOB (MIIyOPECIIEHTHO-MEUEHOTO
MHUKPOIIJIACTHKA ONPECIIEHHOTO I[BETa IMO3BOJIMIIO ObI-
CTpee OIpe/eIUTh MECTOIOIOKEHHE MUKpOJacTul 0e3
HE0OXOUMOCTH MOCJIECAYIONIETrO MOATBEPKIACHUS THITA
marepuaina. [Ipi 3ToM 10mycTHMO IPUMEHSITh KaK POAaMUH
C, tak u pomamuH JK I IpeaBapUTEIHHON MOATOTOBKHI
MHKPOYACTHUII, ¥ 3TO BO3MOYKHO HCIIOIB30BaTh, K IPUMEPY,
IIPU MTOCTAHOBKE HKCIIEPUMEHTOB C Pa3INYHBIMU THIIAMH
IUIACTMACCHI.

Tabnuya. Pe3ynabTaThl ONpeIeNICHUs] OPHEHTHPOBOYHON MacChl
MHKPOYACTHII IIOJMBUHIIIXIIOPU/IA B JJAOOPATOPHOM IKCIIEPH-
MEHTE

Table. Results of determining the approximate mass of
polyvinyl chloride microparticles in a laboratory experiment
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Homep O6pazen Kommgectso Paccunrannas
MHKPOYACTHIIL macca, T
1 0] 7 0,00006
2 D2 561 0,00118
3 (6] 8 0,00020
Hroro 0,00144
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MNprMeHeHVe KCaHTEHOBBIX (PIIYOPECLLEHTHLIX KpacuTeneln ons 06HapyXXeHNs MUKPOMIacTmKa. ..

a

Pomamun C

b
Pomamun JK

Puc. 4. OGHapy>keHHBIE IO pe3ynbTaTaM (GUTOTECTa MUKPOYACTHIIB MOIMBUHUIXJIOPUAA, OKpamieHHble poramuaamu C (a)
u XK (b), mpuKpenuBIIFecs K KOPHSIM MIPOPOCTKA TOPYHLIBI OEIOH (B CBETIIOM I10JI€ — BEPXHHUHU P, IO HCTOYHUKOM
yasTpaduoneTa — HIKHHAN psijt, Bpemst skcro3unuu 200 Mc)

Fig. 4. Polyvinyl chloride microparticles, stained with thodamine B (@) and rhodamine G (), found according to the results of the
phytotest, attached to the roots of a white mustard seedling (in the bright field — top row, under an ultraviolet source — bottom row,
exposure time 200 ms)

3akJjoueHne

B nacrosteid pabote BBIITOJIHEHO HCCIeIOBaHHE BO3-
MOXXHOCTH TIPUMEHEHHSI KCAHTCHOBBIX (PIyOPECLEHTHBIX
KpacuTenel Juist n30MpaTesIbHOTO OKPAITMBAHUS MUKPO-
TUTACTHKA B TTOYBE, €T0 OOHAPYKEHHUS  KOJIMIECTBEHHOTO
OTIpEIENICHNS, a TAK)KE MOATOTOBKU (DIIyopeclieHTHO-Me-
YEHBIX MUKPOYACTHI] IJIACTMACCHI JUIsI MPOBEEHUS (hu-
TOTECTOB (Ha MpUMepe MOTUBHHHUIXIOPHAA). Briepsrie
MOKa3aHa BO3MOXKHOCTbh M30MPATEIILHOTO OKpAIINBAHUS
ponamunamu C n JK MHKpOYaCTHUI] TOJTUBHHIIXJIOPUAA CO
cpenHeit nmuHoN yactuil 157 £ 59 MKM B cMecH ¢ TIOYBOH
1 ¥X oOHapyxeHust B koHueHnTparmu ot 0,1 % o macce ¢
OTHOCHTEIBHOH norpenHocTbio 30 % 1o npuyrHe HaOIro-
JaeMoii (uryopeceHIY. YCTaHOBIIEHO, YTO KPACUTENN HE
BBIMBIBAIOTCS] U3 MHUKPOYACTHUI] TIPY MHOTOKPATHOM ITPOMBI-
BaHUM BOjoH. OKpamnMBaHue HE BIMSCT HA XUMUYECCKYIO
CTPYKTYpY MaTepHaja, 4To IO3BOJISICT B AaJIbHEHIIIEM, TIPH
HeOoOXOANMOCTH, HACHTU(UIINPOBATH THII TIACTMACCHI.
INTokazaHo, 9TO B 1EJIsIX OBICTPOTO TIOMCKA U BU3YaJTH3AIIUH
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muHaMmu C u XK. [lonydeHHbIe pe3yabTaThl pacIIUpPSIOT
3HAHMS B 00JIACTH KOHTPOJISI MUKPOILJIACTHKA B ITOYBE H,
TaK KaK Ha CETOMHSIIHUN JI€Hb CTaHAapTH3UPOBAHHBIX
METOMK 0 00HAPYKEHUIO TAHHOTO 3aTrPSI3HATENS HE CY-
IIECTBYET, MOTYT HalWTH MPUMEHEHHUE MTPH UX pa3zpaboTke.
OyopecueHTHO-MeueHbIe pogamMuHamu C u XK Mukpoda-
CTHIIBI MOJMBUHUIXJIOPH/IA MIAHUPYETCSI UCTIONb30BaTh
IPH IPOBEJCHUN (PUTOTECTOB B PaMKaX HKCIIEPHMEHTOB 10
TMTHEHUYECKOMY 000CHOBaHHIO TPENIENIbHO JIOMYCTUMOM
KOHIICHTPALIMM 3arpsi3HUTENS B Mo4YBe. B mepcnexTuse,
aKTyaJIbHO UCCIIEOBaHHE BO3MOKHOCTU OOHAPYKEHUS
L[BETHBIX U YEPHBIX MUKPOUYACTHI] PA3IMYHOTO TUIIA IJIACT-
Macchl C HCIOJIb30BAaHUEM OKpAIINBaHUS JJAHHBIMU (iryo-
PECLEHTHBIMH KpacuTEIsIMHU, a TaKkKe pa3paboTka MeTosa
ABTOMAaTHU3UPOBAHHOTO aHAJIN3a N300paKeHNH 171t 0OHapy-
JKEHHSI MUKPOYACTHII ¥ I3MEPEHUSI MX MTApaMeTPOB B LEIISIX
YMEHBIICHUS TPYAOEMKOCTH U TTOTPEIITHOCTH.
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AHHOTaNMA

BBenenue. V3BecTHO, 4TO NMPU NPOXOXKACHUH ONTHUYECCKOTO HM3IydeHHS depe3 (a30BBIH MOAYISATOD
MHOTO()YHKIIMOHATBHON WHTETpaibHO-onTHYecKoi cxeMbl (MUOC) Hapsany ¢ Moayssiueld (pa3sl CBETOBOI BOJHBI
TIPOUCXOIUT N3MEHEHNE MOIIHOCTH ONTUYECKOTO N3ITyIeHHNs Ha BBIXO/IC COCTHIKOBAHHOTO BOITHOBO/A. Takast MOTYISIHs
SIBIISICTCSI TTAPA3UTHOM, a €e BEJIMUMHA 3aBUCUT OT YIPABIISIOIIETO HAPSDKEHHS Ha 3JIeKTpoax Moy astopa. Hamrane
AMIUTHTY/THOH MOJTYJISIIMY TIPUBOJIUT K BOBHUKHOBEHHIO OIINOKH B BHIXOJHOM CHI'HAJIE BEICOKOYYBCTBHTEIBHBIX (Da30BBIX
JIaTYMKOB, B YACTHOCTH, B BOJIOKOHHO-OIITHYECKOM THpocKkone. B nanHO# paboTe npecTaBieHo SKCIepUMEHTaIbHOE
HCCIIeJOBaHNE W3MEHEHHMS! IPOCTPAHCTBEHHOTO PACIIpe/ie/IeH s THTEHCUBHOCTH (MOZOBOTO MOJIs) HA TOPIIE KaHAIBHBIX
BoiHOBO10B MMOC mon neiicTBHEM NMPUIOKEHHOTO HanpsukeHns. MeToa. DKcriepuMeHTalbHas YCTaHOBKA BKITIOYasa
WCTOYHUK M3TY4EHH B BUie oqHodacToTHOTO j1azepa RIO ORION c neHTpanbHON IMHOM BOIMHBI H3mydeHus 1550 Hm.
B kxagecTBe onTHdeckoro npueMHUKa mpuMeHeHa HHppakpacHas kamepa SP503U-1550 ¢ perucrpanneit uzmydeHus
B Iuarna3oHe JutiH BoH 1440-1605 aM, pasmepamu mukcena 9,9 x 9,9 MM u matpuisl 640 x 480 nmukcenos. MUOC
Obl1a BBITIOJIHEHA 110 TeXHonoruu anddy3un TuTaHa B HOMIOKKY Kpucraiia Huobara mutus (Ti:LINbO;) X-cpesa. Ha
aneKTpob! GazoBoro moxymsitopa MUOC nogaBazock NOCTOSIHHOE yIIpaBIsIoLee HanpspKeHne B auarnasone ot —10 B o
+10 B. PacnpesiesieHre HHTEHCUBHOCTH ONTUYECKOro U3irydeHus B BosiHoBogax MMOC u B 01HOMOZOBOM ONTUYECKOM
BOJIOKHE C 3JUTUITHYECKOH Hampsiraroieii 06oo4koit ESC-4 ananu3npoBaiocs MyTeM pacueTa HHTerpaja MepeKkphITHs.
OcHoOBHBIE Pe3yJIbTaThl. DKCIIEPUMEHTATBHO MOKa3aHO BO3AEHCTBIE 3MEKTPUUECKOTO 10T HA ONTUYECKOE U3ITydeHNE
B BomHOBOaX MHOC. IIpogeMOHCTpUPOBAHO, YTO MPH IMOCTOSTHHOM HANpsDKEHUU Ha YNPABISIONINX JIEKTPOgaxX
(azoBoro MomyaATOpa HAOMIOAAETCS N3MEHEHHE PacIpeIeNIeHNs] HHTCHCHUBHOCTH M3TyUeHUS] HAa BBIXOJE KaHAIBHBIX
BOJTHOBOZIOB. HalbmromaemMble H3MEHEHHST KOPPEIUPYIOT € NMAPAa3UTHOH aMIUINTYHOH MOIYISINel, BOSHHKHOBEHHE
KOTOPOM CBSI3aHO C PaCIPOCTPAHSHUEM MAPA3UTHOTO ONTHIECKOTO H3ITyYEHHs [0 BOJHOBOY. JTO SIBTIEHHE 00YCIIOBICHO
BBIXOJIOM OKCHJA JIHUTHUS ¢ moBepxHOCTHOTO ciosi LiNbO; B rasoByro a3y B xo[e TEXHOJIOIHYECKOTo Ipolecca
b dys3nn Tntana. Odcyxkaenne. [IpoBeeHHbIC HCCIIEOBAHNS O3BOJISIIOT JIyYIIe MOHITH MEXaHH3Mbl BOSHUKHOBEHHS
napasuTHOW aMIUTUTYIHOH Moaymsiuu B pazoBom moxyisitope MUOC u pazpaborars MpakTHYECKHE PEKOMEH/IAlNH
0 uX ycTpaHeHuto. [lomyueHHbIe pe3ynbTaThl MOTYT OBITh MOJE3HBI CTIENNATNCTaM, 3aHIMAOIIUMCS UCCIIEIOBAHHAMH
B 00J1aCTH CO3/1aHHSI BEICOKOYYBCTBHTEIBHBIX (ha30BBIX JaTYHKOB Ha ocHoBe MUOC.

KirwueBble ciioBa
TapasuTHAs aMIUTUTYAHAS MOIYJSINS, KaHAIBHBIA BOIHOBOI, MOIOBOE MoJe, (azoBbiil Mmoxynarop, MUOC, Hruobar
JIUTHUS
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ViccneposaHuve BNVMSHUA ynpasagowero HanpsxxeHna ¢GasoBoro MoaynaTopa Ha OCHoBe Hnobata NnUTuS...
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Abstract

It is known that when optical radiation passes through the phase modulator of a multifunctional integrated-optical chip
(MIOC), along with the modulation of the phase of the light wave, there is a change in the power of optical radiation
at the output of the coupled waveguide. This modulation is parasitic, and its magnitude depends on the control voltage
at the modulator electrodes. Amplitude modulation leads to an error in the output signal of highly sensitive phase
sensors, in particular, in a fiber optic gyroscope. This paper presents an experimental study of the change in the spatial
intensity distribution (mode field) at the end of channel waveguides of a multifunctional integrated-optical chip under
the action of an applied voltage. The experimental setup was assembled with a radiation source in the form of a single-
frequency laser RIO ORION with a central emission wavelength of 1550 nm. The optical receiver was an infrared
camera SP503U-1550 with radiation registration in the wavelength range 1440—-1605 nm, pixel size 9.9 x 9.9 um and
matrix size 640 x 480 pixels. The multifunctional integrated-optical chip was fabricated by titanium diffusion technology
in Ti:LiNbO3 X-cut lithium niobate crystal substrate. A constant control voltage in the range from —10 V to +10 V
was applied to the electrodes of the MIOC phase modulator. The distribution of optical radiation intensity in MIOC
waveguides and in a single-mode optical fiber with an elliptical ESC-4 straining sheath was analyzed by calculating the
overlap integral. The effect of electric field on optical radiation in MIOC waveguides is experimentally demonstrated.
It is demonstrated that at constant voltage at the control electrodes of the phase modulator change in the radiation
intensity distribution at the output of channel waveguides is observed. The observed changes correlate with parasitic
amplitude modulation. The occurrence of parasitic amplitude modulation is due to the propagation of parasitic optical
radiation along the waveguide. This phenomenon is caused by the escape of lithium oxide from the surface layer of
lithium niobate into the gas phase during the technological process of titanium diffusion. The studies have allowed us
to better understand the mechanisms of parasitic amplitude modulation in the phase modulator of MIOC and to develop
practical recommendations for their elimination. These results can be useful for specialists working on research in the
field of highly sensitive phase sensors using integrated optic circuits.
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residual amplitude modulation, channel waveguide, mode field, phase modulator, MIOC, lithium niobate
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BBenenue

OnexrpoonTryeckue (HhazoBbIe MOLYISITOPHI IHPOKO
HCTIONB3YIOTCS B chepe MHEPLUOHHONW HaBUTAINH, B 4acT-
HOCTH, B BOJIOKOHHO-ONITHYECKOM HHTEP(HEPOMETPHUIECKOM
rupockore. COBpeMEHHbIE EKTPOONTHIECKHE MOIYIATO-
PbI 4AaCTO NPUMEHSIOTCS B COCTABE MHOTO(DYHKIIMOHAIBHOH
nHTerpanbHo-ontudeckoit cxemsl (MUOC), koTopas BBI-
HOJNHSET (QYHKIMU MOJISIPU3ATOpa, JIEIUTENsI ONTHYECKOH
MOIITHOCTH U NIEKTPOONTHYecKoro Moaynsatopa [ 1, 2]. Kak
MIpaBuiI0, 0CHOBOM 1 co3nanus MUOC ciyXuT KpUcTasl
nuoOara nutus (LiINbO3), xoTophlil 001a1aeT BHICOKUMU
MEKTPOOIITHYECKUMH XapaKTepPUCTUKAMH, Oi1aroyiapst uemy
IIMPOKO MPUMEHSETCS] B 00J1aCTH HHTETPaJIbHON (OTOHH-
ku [3]. HecMOTpst Ha psii IPEeUMMYLIECTB UCIOIb30BaHUS
LiNbOs;, uccienoBanus 10Ka3bIBaOT, YTO JAAaHHbIH Kpu-
CTaJUT IMEET Mapa3uTHbIC 3()PEKTHI, KOTOPBIE TIPUBOIAT K
CHMYKEHHIO TOYHOCTHBIX XapaKTEPUCTUK (DAa30BBIX AATUH-
kOB [4—6]. [Tapa3uTHbic (ha30BbIC U AMILUTUTYAHBIC HCKAXKe-
Hus ontudeckoro curnana B MUOC MoryT OBITh BBI3BAHBI

pa3nuIHBIME (D PEKTaMH, TAKUMH KaK 0OpaTHBINA MTBE303-
JIEKTPUUYECKUH, IIEKTPOONTHUECKUN, MUPOITEKTPUUECKUI
u nap. [lapasutHas ammumatyaaas Moxyisiiust (ITAM) siBst-
eTCs MOIYJISIINEH HHTCHCHBHOCTH ONITHYECKOTO M3y YCHUS
B BOJIHOBO/IaX (pa30BOro MoylsiTopa. B Hacrosiiee Bpemst
MEeXaHU3M BO3HHMKHOBEHHUS U MeTojbl noaasneHus [TAM
aKTUBHO ucciuenyrotcs [7—12]. MckaxxeHue onTuyeckoro
curnaia B MUOC HakaipIBaeT orpaHMueHHe Ha TOYHOCT-
HBIE XapaKTEPUCTUKU HHTEPPEPOMETPUIECKUX TaTUHKOB,
B YACTHOCTHU Ha BOJIOKOHHO-ONTHYECKUH rupockon [8].

B HacTosimie#t paboTe paccMOTPEHBI TPUYHHBI BO3HUK-
HoBeHUs [IAM B MUOC, BOITHOBOZIBI KOTOPOIA BBITIOTHE-
HBI TI0 TexHOonoruu aud¢ys3un turana (Ti) B mommoxky
LiNbOs;. IIpogemoHCcTpHpOBaHa 3KCIEPUMEHTAIbHAs 3a-
BHUCHMOCTb HHTETPajia IePEKPHITHS MOJOBBIX MOJIEH ONTH-
YECKOTO JIBYTYYEIPEIOMIISIONIETO BOJIOKHA C JUTUITHYC-
CKOH Hampsraromiei 000104Koif ¥ KaHAJHHBIX BOJTHOBOIOB
MUOC npu nosnaue NOCTOSHHOTO HANPSIKEHUS Ha yIpaB-
JISIFOIIUE DIIEKTPOABI (Pa30BOTO MOJIYNIATOPA B JHANa3oHe
or—10 B 10 +10 B c marom 1 B, rie Ha KaxxJ1oM 3HAUCHUHU

358

Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3


mailto:79213040490@ya.ru
https://orcid.org/0000-0001-6898-3400
mailto:shulepov_vladimir@mail.ru
https://orcid.org/0000-0003-2168-8046
mailto:vstrglv@mail.ru
https://orcid.org/0000-0002-7151-9235

A.B. WWynenosa, B.A. Lynenos, B.E. Ctpuranes

HapsyKCHUA (l)I/IKCI/IpOBaJ'IOCL pacnpeacicHue MHTCHCUBHO-
CTHU OINITUYCCKOI'0O U3JTYy4YCHHs Ha TOpLAX KaHAJIbHBIX BOJIHO-
BOJIOB. Taxxe mokazaHa Koppeiaauuda MEKAY UHTCTPpaIoM
NEPCKPLITUA U IIAM B 3aBHCHUMOCTH OT MPUITOKCHHOT'O
HaIMps>KCHUS.

OcHOBHbIE NPHYMHBI, BJUSIOIINE HA BOSHUKHOBEHHE
U BeJTHYMHY NAPA3UTHONH aMIIUTYIHOH MOXY/ISIUU

Kak Opu10 oTMeueHno B pazjiene «Bsepenne», [IAM
BHOCHT HCK@)KCHUS B TIOJIC3HBIN CUTHAII, IPU ITPOXO3K/IC-
HUM ONTHYECKOTO M3IIydeHUs yepe3 (a30BbId MOIYIATOP
MHUOC. K 0CHOBHBIM IPUYHHAM, BAHUSIOLIMM Ha BEINUUHY
ITAM oTHOCAT: TOTEpU B MECTAX CTHIKOBKH ONTHIECKOTO
BOJIOKHA ¥ KaHAJILHOTO BOJIHOBOJIA; OTPAXKEHHE ONTHYE-
CKOTO M3JIy4eHUs OT HIKHEH rpaHu noanoxku LiNbOs;
HEPaBHOMEPHOE PACIPEAEICHUE AIEKTPHUUECKOTO TIOJIS B
CEUCHHUHU KaHaJibHOTO BoHOBOoAa MUOC, uto sBusercs
NPUYMHON HEpaBHOMEPHOTO M3MEHEHHUs MoKa3aTens mpe-
JIOMJICHHSI B OTITHYECKOM BOJTHOBO/IE (pa30BOTO MOJYJIATOpa
[5,6]uT n.

Ha puc. 1 npencrasnena cxema ucciexyemoro MMOC
X-cpe3a, B KOTOPOIl BOIIHOBOJI, PAaCIOJIOKEHHBIH MEXY
JIEKTPO/IAMH, TTOTIAJaeT O/ ACHCTBUE AIIEKTPHUECKOTO
TI0JIs1, TIPUKJIAJBIBAEMOTO BIOJIb KPHCTAIIOTpauIecKoi
Z-ocu LiNbO5 111 ToCTHKEHUsI MakCUMalbHOR dddek-
TUBHOCTH MORynsnuu. [lepexppITie Mexay MosieM Ofl-
THYECKOI MOJIBI BOJIHOBOJA M TIOJIEM 3JIEKTPOIOB IPUBO-
JTUT K (a30BOW MOIYISIIIAKM CBETOBOM BOJIHBI. V3MeHeHMe
MOKa3aTess MPeTOMIICHUS, HHIYIIMPOBAHHOE BHEITHUM
AEKTPUUECKHUM TI0JIEM, OTIPEEIIIETCS] COOTHOIIeHHEM [3]:

An, , = —1/2(n3,erikE),

TIe 7y, — DIEKTPOONTHUECKNH ko3 duiuent, ¢ yuetom
BBIOpaHHOH KpUCTAIOrpaguecKoif ocn; £ — HampspKeH-
HOCTb JIIEKTPUYECKOTO MOJISL; 71, , — TIOKA3ATEINb MPEIOM-
JIeHUs! OOBIKHOBEHHOTO ¥ HEOOBIKHOBEHHOTO Jyuei. [list
JUTMHBI BOJIHBI A = 1550 HM snekrpoonTudeckue kodddu-
nuenTs! [12] MUOC X-cpesa coctaBisioT 733 = 30,9 nvm/B
ury3=9,6 nmM/B.

Ha ITAM BO MHOIrOM BJIHSIOT HapaMeTPhbl CTHIKOBKHU
MOABO/AIIUX ONTUYECKUX BOJIOKOH. ANIEPTypbl ONTHYECKO-
ro BojoKHa ¥ BonHOBOA0B MU OC paznuyHel, 03TOMY IpU
COIVIACOBAHHMM Ha CTHIKOBKE JIBYX CBETOBOJIOB, ITPOUCXOJISIT

[Tonstpusarop
OneKkTpoasl

Puc. 1. MHOrO(YHKIMOHAIBHASI HHTETPAILHO-ONTHYCCKAS
cxema. KpacHble cTpenku onpenessoT HalpaBieHne BEKTopa
HaIMpsDKEHHOCTH 3JIEKTPUYECKOTo MoJst £

Fig. 1. Multifunctional integrated-optical chip. Red arrows
show the direction of the vector electric field £

MOTEPU B BUJIE TOMAAHUs YaCTH U3JTyUCHUS B TOIOXKKY
LiNbOj;. Taxxe B MecTaXx COEIUHEHUS ONTUYECKUX BO-
JIOKOH ¢ KaHanbHbIMU BonHOBogamMu MHUOC Bo3HuKaOT
oOparHbIe (PEHENTEBCKUE OTPAKECHUS M3-32 PA3HBIX MOKa-
3areneit npenomnenus [ 1, 5, 10, 13]. O6parHble oTpaskeHUs
YaCTUYHO BBIBOAATCS B OUIOKKY LiNbO3, OGnaronaps cos-
nmaauro ckocoB Ha Topuax MUOC. [Ins JOTOTHUTEIEHOTO
nojasieHus [TAM onTuyeckoro u3yyeHust KOHCTPYKLHS
MUOC npenycmarpuBaeT pa3BeICHUE BOITHOBOIOB APYT
OTHOCHTEJIBHO JIPyTa Ha MaKCUMaJIbHO BO3MOXKHOE pac-
crosHue [1]. B HayunbIx paboTax mo JaHHOU TeMaTHKe
OCHOBHBIMHU MeTofaMu 60ps0b! ¢ [TAM sBnsiercs co3nanue
AQHTHOTPAXKAIOIIUX HOKPHITHH Ha HIbkHEeH rpanu LINbO,
[14] 1 obnyueHue yasTpadHoICTOBBIM U3IIyUYSHUEM TIPH-
noBepxHoctHOro ciost MUOC. OnHako TaHHBIE CIIOCOOBI
He Tokaszainy AP(PEeKTUBHOCTh B YMEHBIICHUN BEIHYHHEI
ITAM.

O¢ddexr [TAM sBusercs GpyHKIHEH MOITHOCTH OT II0-
CJIE/IOBATETIHLHO MPUKIIAABIBAEMBIX HATPSHDKEHUH K YIpaB-
JAIOMIUM 3JIeKTpoaaM ¢a3oBoro moxaymstopa [3, 15].
Hanmnuane nepuognunocTr B 3aBUCUMOCTsIX [TAM ot mipu-
JIO’KEHHOTO HAIPSDKEHUsI yKa3bIBaeT Ha MHTEP(EpeHIIH-
OHHBIN XapakTep 3Toro sBieHnsA. COrTacHO UMEIOIUMCS
JTAHHBIM, MOJKHO CJI€JIaTh BBIBOJ, YTO UMEET MECTO HH-
TepdepeHIHst OCHOBHOM MOJIbI KaHaJIbHOTO BOJIHOBOJA C
BOJIHOH, PacIpoCTPaHSIOMIENHCS TOMUMO OCHOBHOM MOJIBL.
OTO NPUBOAUT K U3MEHEHHUIO MOJOBOTO MOJI HA TOPIE
KaHaJILHOTO BOJIHOBOZIA M, COOTBETCTBEHHO, K M3MEHEHHIO
3¢ PEeKTUBHOCTH BBO/Ia CBETa B BOJOKHO IPH M3MEHEHNH
YTIPABIISFOIIETO HAIPSKEHNUSI.

Jna dopmuposanus Ha nopepxsoct LiINbO; BostHOBO-
JIOB CYIIECTBYIOT /]Ba HANOOJIEE PACIIPOCTPAHEHHBIX METO-
na: mudysun Ti n mpoTorHOTO 0OMEHa. B mannoii pabote
paccMoTpeHbI 00pasibl ¢ BOIHOBOAAMH, BBITIOJIHEHHBIMU
M0 TeXHOJNOTUH AU Qy3UH TUTAHA B MOJIOKKY KPHCTAI-
na Ti:LiNbO;. [1, 16, 17]. CylecTBeHHBIM HEAOCTATKOM
JTAHHOTO TEXHOJIOTHYECKOTO Ipoliecca SIBJISETCS HaIn4Ke
obparHoii Audy3un, n3-3a 4ero MPOUCXOANUT U3MEHEHHUE
npoduIIst mokazarelist IPeIOMIICHNST KaHAIBHBIX BOJIHOBO-
JIOB 32 CYET BBIXO/Ia aTOMOB Li C MOBEPXHOCTH KpHCTaLIa
LiNbOj; B rasosyto da3zy [17].

Taxum 00pa3oM, [ BBISBICHHUS MEXaHU3MOB BO3-
HukHOBeHUs [IAM u ee 3aBUCMMOCTH OT YNPaBIISIIOIIETO
HalpspKeHNsT ObLT IPOBEAEH PsiJl SKCIIEPHUMEHTOB: IO pe-
TUCTpPAIMU paclpeielIeHuii THTEHCUBHOCTEN Ha TOpIax
KaHaJbHBIX BOHOBO0B MMOC mpu mojiaue mocTossHHOTO
HaIPSDKEHUS Ha YIPaBJISIOIINE AIEKTPObI (ha30BOro MOJIY-
JISITOpa U OTHOMOJIOBOTO ONTHYECKOTO BOJIOKHA C AJTUIITH-
4yecKoil Hampsratomiei odonoukoir ESC-4; peructpanuu
3HaueHuit [TAM.

Onucanne 3KCNePUMEHTAIbHON YCTAHOBKHU

Jlng mpoBeieHNs MCCIIeTIOBAHUS PETUCTPAIIH PacIpe-
JIeJICHUSI MHTEHCUBHOCTH Ha TOPIIAX KaHAJIbHBIX BOJHO-
BooB MUOC 6buta cobpaHa cxema, MpeicTaBICHHas Ha
puc. 2. 3nyueHue oT UCTOYHHUKA MPOXOJUT MO BOJIOKHY
4yepe3 BOJIOKOHHBIHM MONSIPU3aTOp U BBOAUTCS B «MEJUIEH-
HYIO» MOJISIPU3aLOHHY0 ochk BoHOBosta MU OC (mopt A).
3arem B paszserBuresnie MUOC ontuueckoe usnydeHue
neautcs B cootHomennn 50/50 M BBIBOOMTCS U3 BBIXOII-
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HcTounnxk
OINTHYECKOTO
W3ITY9CHUS

+

OOBEKTHB

HK-kamepa

ITonspuszaropst

HcTounux
HaTpsHKEHUS

Puc. 2. Onruyeckas cxeMa yCTaHOBKH MO PETHCTPALMU PACIIPEIeICHNs] HHTEHCUBHOCTH Ha TOPLIAX KaHAJIbHBIX BOJIHOBOJOB
MHOTO(YHKIMOHAIEHON HHTETpaIbHO-onTHYeCKOi cxembl (MUOC)

Fig. 2. Optical scheme for registering the intensity distribution at the end of the channel waveguides of the multifunctional
integrated-optical chip (MIOC)

HbIX opToB C u D. [ToouepeaHo K BBIXOAHBIM IMOPTaM
MUNOC nonBonuTcsi MUKPOOOBEKTUB, (POKYCHPYIOLTHI
U3JTy4eHHE Ha MaTPHUIly KaMepbl HHPPAKpPaCHOTO JHaria-
30Ha (UK-kamepsr). [Ipu 5TOM ympaBisitoniue MeKTpOoIbl
¢azoBoro moayastopa MUOC coeqrHEHBI ¢ HCTOUHUKOM
HanpsikeHus. Topergy MUOC co cTOpoHBI BXOJHOTO IOpTa
umeet ckoc 10° st cHukeHust oTpaxennit @peners, a co
CTOPOHBI BBIXOTHBIX TIOPTOB TTOJIIUPOBKA TOPIIA TPOU3BEIC-
HAa TIEPICHINKYISIPHO BOIHOBOIAM.

B nacrosmieii pabote B Ka4eCTBE HCTOUHHIKA H3ITyICHUS
WCTIOTBR30BaH ogHOYacTOTHEIHN Ja3ep RIO ORION c men-
TPaJIbHOW JUTMHOW BOJTHBI B CIIEKTpe M3MydeHus 1550 am.
Peructrpuposanock ontuueckoe uznyuenue MK-kamepoit
Ophir Spiricon SP503U-1550 ¢ pabo4yum crieKTpaib-
HbIM guana3zonom 1440-1605 um, pazmepamMu MUKcena
9,9 x 9,9 mxkm u marpunsl 640 x 480 nukcenos. K Topiy
MUOC noasoauics mukpoodbekTre MU 90 x 1,25 mst
(hOKyCHpOBaHUS BRIXOASIIETO CBETOBOTO MTy4YKa HA MaTpH-
ny UK-kaMepsl U yBeIMYCHHS pa3Mepa MOJOBOTO MOJIs.
[IpueMHUK U3Ty4YCHUS MOAKITIOYAICS K IEPCOHATBHOMY
KOMITBIOTEPY, ¥ C TIOMOIIBIO TIPOTPAMMHOTO 00CCTICUCHHUS
BeamGage mpou3BoamiIach perucTpamnus pacipeIeIeHus
WHTEHCHBHOCTH HA TOPIIaX KaHAIBHOTO BoHOBOa MM OC
B pexumMe peanbHoro BpeMean. MUOC skecTKo 3aKperuis-
JIaCh HA ONTHYECKOM CTOJE I CTaOMIM3aIMH KapTUHBI
WHTEeHCUBHOCTH Ha Marpuie MK-kamepsr. C nctounmnka
HaIpsHKEHUSI Ha YIPABISFOLIHUE AJIEKTPO/IbI Pa30BOro Mo-
nynsitopa MUOC nonaBaioch MOCTOSSHHOE HANPSKEHUE B
nquanaszone oT —10 B 1o +10 B ¢ marom 1 B, u peructpu-
POBAJICS KaYK/IbIii MOMEHT U3MCHCHUS PACTIPEICICHUS UH-
TEHCHUBHOCTH B KaHaJIbHBIX BosiHOBogax MUOC.

OxkpyKaronife NCTOYHUKH CBETAa MOTYT 3aCBEYHBATH
Marpuiry MK-kaMepbl 1 yMEHBIIATh €€ 9yBCTBUTEIFHOCTh
K UCCIIeIyeMOMY ONTHYECKOMY Tot0. 1o 3Toi mpuanHe

MIPUEMHHK U3Ty4EeHHUS OBUT IOMEIIeH B 3aTeMHEHHBII KO-
P00, KOTOPHIN OrpaHUYUBAI IOTOK U3TYYCHUS OT CTOPOH-
HuX UCTOYHHUKOB. [Tockonbky MK-kamepa Ophir Spiricon
SP503U-1550 siBnsiercst kBa3u-uH(pakpacHOH, B KOTOPOU
UCTIOJIB3YIOTCSI JIIOMUHO(OPBI U Jpyrue MarepHajbl JUIs
npeoOpa3oBaHusl JIHMHBI BOJIHBI, TO, YTOOBI CKOPPEKTHPO-
BaTh HEJIMHEHHBIN OTKIIUK KaXXIOTO ITHKCENa, YCTaHABIIU-
BaJICSl KOG PHUIIMEHT raMMa-KOppeKInU Ha yposHe 1,87.
Kak mpaBmiio, B ONITHYECKUX CXeMaX BXOIHBIC U BBIXOI-
HbIe TopTel M OC CTBIKYIOT C BOJIOKHAMH C COXPaHCHUEM
noJsipu3anun. [l HHTepIpeTaiy MOTyYeHHBIX Pe3yIThb-
TaTOB HEOOXOIMMO TIONyYUTh paclpeieIeHne NHTCHCHUB-
HOCTH M3JIy4CHHS Ha BBIXO/EC OJHOMOJOBOTO BOJIOKHA C
COXpaHEHHEM MOJSIPH3ALUH THIIA C ITUIITHYECKON Hamps-
raroreit ooonoukoit (ESC-4) [18]. Ha puc. 2 MUOC 3ame-
HeHa Ha uccieayeMoe BoJokHo. [Ipu ycnoBun, uro ¢assl
OINTHYECKOTO U3TyUSHHUS Ha TOPLaX KaHAJIbHOIO BOJTHOBOZA
MMUNOC u onTu4ecKoro BOJIOKHA CYUTAIOTCS TOCTOSIHHBIMH,
noiay4yuM (GOpMyITy JUIs pacueTa HHTEeTpajia MePeKPhITUS:

_WWVL G VI (v, y)dxdy?
018, ce, w)loxdty 1112, y)lebxdy”

rae Iy — pacipe/e/iecHHe HHTCHCUBHOCTH BOJIHOBOJHOM
MO/IbI OIITUYECKOT0 BOJIOKHA; /,,, — HMCCIIE/lyeMOe pacipe-
JIeJIeHNe UHTEHCUBHOCTH BOJTHOBO/IHOM MOJIbI KAaHAJIBHOTO
BOJIHOBO/I.

3areM paccuMTaeM MHTErpal nepekpbITus [ 16] Mexty
MPOCTPAHCTBEHHBIM PACIpE/ICICHNEM HHTCHCUBHOCTH Ha
BBIXOJ[aX ONTHYECKOTO BOJIOKHA M KaHAJIBHOTO BOJIHOBOJA
MUOC npu nosiade NOCTOSIHHOTO HAMPSDKEHMS HA YIIPaB-
JISTOIIHE 3IEKTPoAb! PasoBoro Moxyastopa MUOC.

B skcnepumente mo msmepenuio [TAM (puc. 3) us-
JTydeHHE OT MCTOYHUKA MOCTYMAJO 10 ONTHYECKOMY BO-

®doronpuemMHoe
YCTPOICTBO

Hcrounnk [
OINITHYECKOTO
U3ITy4eHUs
[Tonsipuszaropsl

Hcrounuk HaIpsiKCHUsL

biox resepanuu u 06pa6OTKI/I CUrHalia

Puc. 3. Cxema u3MepeHuid TapasuTHON aMIUTUTYJHON MOIYJISIINN

Fig. 3. Scheme of parasitic amplitude modulation measurements
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JIOKHY 4epe3 BOJOKOHHBIHN MONSIPU3aTOp BO BXOJHON MOPT
BostHOBOAA. BeixonHo#t nmopr MHMOC 06but cortacoBaH co
BTOPBIM OTPE3KOM ONTHYECKOTO BOJIOKHA, KOTOPBIH, B CBOIO
ouepe/Ib, ObUT MOIKITIOUEH K OJIOKY TeHepary 1 00paboTKH
curnana. Ha anexrponst MUOC nogaBaincst MOgyIupyto-
Uil CUTHAJ TakXke ¢ JaHHoro O1oka (puc. 4). BxomgHoi
A u BeixomHo# C WOPTHI, a 3aTeM MOpPT D CTHIKOBAINCH
C OZHOMOJOBBIM BOJIOKHOM. KOcTHpOBKa MpoBOAMIAC
110 MAaKCUMaJIbHOMY YPOBHIO ONTHYECKOW MOIIHOCTU U
COTJIACOBAHMIO MO TMOJSAPHU3AINNHU, TTOCIE YETO BOJOKHA
npukiaenBainch K MUOC Ha kiieil yibpTpaduoaeToBOro
otBepxkaeHus. Jlanee 6butH IpoBeieHb! n3MepeHus [TAM.

Omnpenenenne [TAM 3akmtodaercs B U3MEPEHUN UHTEH-
CHUBHOCTH ONTHYECKOT0 n3IydeHus Ha Beixoge MMOC npu
T10/1a4e Ha AJIEKTPOIBI HCCIEAYEMOTro 00pasia MOAY ISIIUI
B Iuana3oHe HanpsokeHuid ot —10 B 1o +10 B (puc. 4).

B pesynbrare u3aMepeHusi CUrHaJ, NOITyYeHHBIH (OoTO-
MIPUEMHBIM YCTPOHCTBOM, COJAEPKUT MHTEP(PEPEHINOH-
HBIe NCKakeHUs, Ber3BaHHBIC [IAM. Koapdumment [TAM
(K1iapm) paccunrTaeMm uepe3 OTHOIIEHHE HHTEHCHBHOCTH
ONTHYECKOTO M3Iy4eHHs Ha BBIXozae BomHOBoga MUOC
IIPU TIPUIIOKEHUN yTIpaBiisitomnero Hanpsbkenus (/(Uy,.))
K uHTeHcuBHOCTH MUOC B OTCYTCTBUM yHPaBISIONIETO
Hanpsoxenus (/(Uy)) [5, 6, 13, 14, 19]:

I(U,,._
KI'IAM(U):( S

IUy)

PesyabTarsl 1 UX 00CyXK/AeHUE

B pesynbrare npoBeaeHHON CepUU IKCIIEPHUMEHTOB
ObUIN 3aperuCTPUPOBAHBI KAPTHHBI MPOCTPAHCTBEHHOTO
pacrpeseneHns HHTEHCUBHOCTH Ha TOPIaX KaHAJIBHBIX
BostHOBO10B MM OC npu nopade moCTOSHHOTO Hampsixke-
HUS Ha YIIPABIISIONINE IIEKTPOABI (ha30BOTO MOYISTOPA
(puc. 5). Paccuntana sKcriepuMeHTaIbHAS 3aBHCHMOCTD
MHTETrpaia MEepeKpbITUs JIJI KaKJOTO M3 BOJTHOBOJOB

MMUOC. TIpoaeMOHCTPUPOBAHO, YTO TOIyUYEHHBIE IKCIIe-
pPUMEHTAJIbHBIC JIaHHBIE KOPPEIUPYIOT C U3MEPEHHBIMHU
3HaueHusiMu [TAM.

OO0Hapy’keHO, YTO NpHU Togade Kak NpSIMOro, TaK H
00paTHOTO HANPSKEHUH Ha YHPABISIOIINE HIIEKTPOJIBI
MUOC npoucxoqut u3MeHeHne (GopMbI MOTOBOTO TIOJIA,
a HanOonpIee yumpeHne Habmogaercs npu =6 B n £5 B.
Ha puc. 6, B kauecTBe nmpumepa, MOKa3aHO, YTO MPH MO-
Jlade TOCTOSTHHOTO HANpsDKEHHS K IEKTpoJaM (pa3oBoro
MoxynsaTopa BenuanHoi U =+5 B B mopty D MUOC pe-
THCTPUPYETCsl HanOOoJIblIIee YBEIMYEHHE HHTEHCUBHOCTH
B IIeHTpe MozoBoro nosist. Oxauaxo B nopty C MUOC, npu
T0/1aue MOCTOSHHOTO HAIPSDKEHUS Ha EHTPAJIbHBIN JJIeK-
Tpox BennunHoi U = +6 B, perucrpupyercst HaubosbIiee
YMEHBIIEHHE HHTEHCHUBHOCTH B LIEHTPE MOJIOBOTO IIOJISI.
Taxoxe ObUTO 0OHAPYKEHO, YTO pacUIMpEeHHUe ITydKa Ipeu-
MYIIECTBEHHO ITPOUCXOUT B TMArOHAJILHOM HaIlpaBJICHHH.
Ha puc. 7 nokasan xapakrep pacuInpeHus Mydka IpH IMoaa-
ye HarpspKeHus Ha snexTpoas MUOC. M3menenune nosmsip-
HOCTH TIPHUKJIA/(BIBAEMOTO HANPSKEHUSI CMEIAET ITy4YOK B
MIPOTUBOIIOJIOKHBIE HAIIPABICHNSI B COOTBETCTBUU C K-
TPUYECKHUM TOJIEeM BHYTPH KpHCTaJUIa. YIIUPEHHE MydYKa
COXpaHAETCS 710 TEX IOp, MOKa AEHCTBYET NMPHIOKEHHOE
HanpspkeHue. [Ipu OTKIIOUeHUH TOJauM HANPSKSHUS
MOJIOBOE MSATHO BO3BPAIla€TCs B UCXOJHOE COCTOSIHUE.

Ha puc. 8, a, ¢ mokazansl rpaku co 3HaYCHHUSIMHU
MHTErpaja NepekpuITHi. BuaHo, 4To n3MeHeHne pacnpe-
JIENICHNs] MOJIOBOTO MOJIS B KaHATIBHBIX BonHOBogax MHUOC
TaKke, kKak u [IAM, 3aBUCHT OT BEJIMUUHBI IPHIIOKEHHOTO
HanpspkeHUst Ha (a3oBoM MomayisiTope. M3 skcriepumMeH-
TAIBHBIX PE3YyNIBTATOB CIEAYET, UYTO PACCUNTAHHBIE WHTE-
TpaJIbl TIEPEKPHITUS IEMOHCTPHUPYIOT KOPPEIISLIHIO C U3Me-
peHHbIMH 3HaueHusIMU [TAM B KaxJ0M 11ede Gpa3oBOTO
moxaynsatopa MUOC.

[Tony4yeHHble pe3ysbTaThl JEMOHCTPUPYIOT, YTO MPH
Tofiaue MOCTOSHHOTO HAMPsDKEHUS Ha YIPABISAIOMINE dJIeK-
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Puc. 4. Momynupyromuii CUrHas, KOTOPbIA MOAaeTCs Ha IEKTPOALI MHOTO(QYHKIIMOHAIBHON HHTETPaIbHO-ONTHYECKOM CXEMBbI

Fig. 4. The modulating signal that is applied to the electrodes of a multifunctional integrated-optical chip
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Puc. 5. TIpocTpaHCTBEHHOE pacIpe/ieieHie HHTEHCUBHOCTH B IIPOQHIIE TOMEPEYHOTO CEUCHHUS BOTHOBOIHON MOJIbI 0€3 HAIIPSDKEHHST
Ha anektponax moptoB D (a) u C (b)

Fig. 5. Spatial intensity distribution in the cross-sectional profile of the waveguide mode without voltage at the electrodes: port D (a);

port C (b)
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Puc. 6. TIpocTpaHCTBEHHOE PACIIPE/ICIICHIE HHTCHCUBHOCTH B IIPOQHIIC TTONIEPEYHOr0 Z-CEUCHHUs KaHaIbHOTO BOJIHOBO/IA
MHOTO()YHKI[MOHAJIBHOH HHTETrPaIbHO-ONITHYECKOIT CXEMBI TIPU BO30YKACHUH BOIHOBOIHOM MOJIBI B TIOPTY A M PErHCTPALUK
n3Tydenust, Bexozsmiero u3 nopros D (a) u C (b)

Fig. 6. Spatial intensity distribution in the profile of the transverse Z-section of the channel waveguide of a multifunctional
integrated-optical chip when a waveguide mode is excited and radiation coming out of ports D (a) and C () is registered

[opr D [opt C
= | [T | =

=1 [+ 1 =
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Puc. 7. I3menenue GopMbl MOIOBOTO ITOJIST BOJTHOBOJIOB MHOTO()YHKIIMOHAILHOW HHTETIPATbHO-ONTHYECKON CXeMBI TIPH Pa3IUUHBIX
HOMMHAJIaX HAIMpPSOKEHUS Ha SIIEKTPOaax

Fig. 7. The change in the shape of the mode field of the waveguides of a multifunctional integrated-optical chip at different voltage
ratings on the electrodes
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Fig. 8. Plots of the overlap integral (a, ¢) and parasitic amplitude modulation (b, d) for the MIOC channel waveguide at excitation of
the waveguide mode in port A and registration of radiation coming out of ports D (a, b) and C (c, d) is detected

Tpozs! hazoBoro momynsitopa MUOC m3mensiercst addex-
THBHOCTb CBSI3U KaHAJIBHBIH BOJIHOBOJ — ONTHYECKOE BO-
J0KHO. [IpH 5TOM HaOIIOACTCS HATMYHE TEPUOTHIHOCTH
TIPH TI0/1a4e HAPsDKEHHsT 00SHX MOJISIPHOCTEH.

OO0cy:xneHne pe3yJibTaToOB

B pabore nomyuena skcriepuMeHTaIbHAS 3aBUCHMOCTb
MHTEerpaja MePeKpbITUS MOAOBBIX MOJIEH ONTHYECKOTO
JIBYJTy4EIPEIOMIISIONIEr0 BOJIOKHA C 3JUIMITUYECKON Ha-
npsAraonie 060I09KoH 1 KaHAIBHBIX BOITHOBO10B MMOC
IIPY 1ojja4ye MOCTOSHHOTO HaNpsDKEeHHs Ha YIPaBIISIONUe
3IEeKTpoAbl (pazoBoro Moxyisropa. Ilokazano, uyro npu us-
MEHEHUH MOJIIPHOCTHU MPUIOKEHHOTO HAMPSKEHUS ITPOHC-
XOZMUT NU3MEHEHHUE PACIIPE/ICIICHUS] MOIOBOTO ITOJISI B 000MX
edax (pa3oBOro MOYISATOPA, YTO MIPUBOIUT K BO3HUKHO-
Benuto [IAM. TlonyueHHble pe3ynbTaThl OTINYAIOTCS OT
OITyOJIMKOBAHHBIX JaHHBIX, IJI€ AMIUIUTYAHBIE NCKAKECHHS
HAOTIONATNCH TONBKO MPU MOJ0KHUTEIBHON MOISIPHOCTH
Hanpspkerust!. OObACHIETCSA ITO TEM, YTO [PH T101a4e T10-
JIOXKUTEIFHOTO HAPSHKEHNUS YBEINYUBaeTCA Kod(duienTt
IpeIOMJICHUS B BOJIHOBOJIHOM KaHaie. IIpu sTom B030Yy-

1 iXblue Photonics & Space / Residual Amplitude Modulation
of optical phase modulator

JK/TaeTCs TOTIOTHUTENbHAST MO/Ia KaHAJILHOTO BOJTHOBO/IA,
MMEIONIAsl OTIIMYHBIA OT OCHOBHOTO 3(h()eKTHBHBII MOKa-
3aTelb MPETOMIICHHUS. DTO TPUBOAMUT K MHTEPPEPEHINH
Ha TOpIE KaHAJIBFHOTO M MPUCTHIKOBAHHOTO BOJIOKOHHOTO
BOJIHOBOJIOB, YTO ¥ HAOJIIOAAETCs B paboTe?, B BUJIE 3aBH-
cumoctH ITAM 0T BeM4IMHBI IPHIIOKEHHOTO HAIIPSKEHHUSI.
B T0 e Bpewmsi, Ipyu OTPUIIATEILHOM HAIIPSHKCHUH BEJU-
gnHa [IAM mMeeT CyIecTBEeHHO MEHBINYIO 3aBUCHMOCTh
OT MPHJIOKEHHOTO HANPSHKEHUS ¢ MEHBILUM HIEPHOJIOM 110
BEJIMYMHE YIPABISIONIETO HATPSDKEHUS, KOTOPBIH MOYKHO
00BSICHUTH Napa3suTHbIM HHTEphepomerpom Dadpu—Ilepo.

B nacrosmieii padore 3aBucumoctu ITAM ot npukita-
JIBIBAEMOTO HAIPSDKEHHS B JIBYX MOJISIPHOCTSIX OIMHAKOBEIE.
W3ydeHo npearnosaokeHue, 9To OAHUM 13 TOIOTHATEIEHBIX
MyTeH pacnpoCTpaHEHHsI ONTHYECKOTO M3Ty4eHHMS 110 IO/
JIOXKKE SIBISIETCS] CYIIECTBYIONINIA TIIIaHAPHBIA BOJIHOBO/,
KOTOPBIH BO3HUKAET MPH MCTIOIb30BAHUU TEXHOJIOTHH AN-
(y3un THTaHa 3a CYET BBIXOJA OKCH/A JIUTHS C TOBEPXHOCT-
Horo ciost LINDO; B razoByto ¢azy (oOparnast nuddysus).
Takum 00pa3om, yMeHbIIIEHHUE TeMIIepaTypbl BO BpeMs
g dysun Ti Benet k MeHbIIEMy yXoay okcua sutust [17],
4TO, B CBOIO OYEPE/lb, [IO3BOJIUT CHU3NTH BenmurHy [TAM.

2 iXblue Photonics & Space / Residual Amplitude Modulation
of optical phase modulator
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ViccneposaHuve BNVMSHUA ynpasagowero HanpsxxeHna ¢GasoBoro MoaynaTopa Ha OCHoBe Hnobata NnUTuS...

3akJjoueHne

IIpoBeneHHbIe HCcCen0OBaHMs MOKA3ald, YTO TPHUIIO-
JKCHUE TTOCTOSIHHOTO HAIPSDKCHUSI K YIIPABIISIONIMM DJICK-
TpomaM (pa30BOTO MOIYIISATOPA, BXOJSIIETO B COCTaB MHO-
ropyHKIIMOHAIBHOW WHTETPATbHO-ONTHYECKOW CXEMBI,
BBI3BIBACT YMCHBIIICHIE COTIACOBAHUS MEXKTy KaHATbHBIM
BOJIHOBOZOM U OITHYCCKHUM BOJOKHOM. HaOmromaeMblit
3¢ deKT 00yCIOBICH MOMYIANNEH HHTEHCUBHOCTH ITOJIE3-
HOT'O U NIapa3sUTHOI'O ONTHYECKUX U3JIyYEeHUH 10/ BO3IEH-
CTBHEM 2JIEKTPHUECKOTO mojisl. Takke OBLIO YCTaHOBIICHO,
YTO 3aBUCHMOCTH MMAPA3UTHON aMITUTYTHOW MOTYIISITII
oT HpI/IKHa)II)IBaeMOFO Hal'IpH)KeHI/IH OAWHAKOBBI IJIs 066-
WX TOJSIPHOCTEH, @ UX BHJ FOBOPUT 00 MHTepdepeHIu-
OHHOM xapaKTepe SABJICHUS. PeSyJ'II)TaTI)I HCCIICAOBAaHUS
YKa3bIBAIOT Ha CYIIECTBOBAHUE PACIPOCTPAHSIOIIETOCS
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U3JIYUYCHUS B MJIAHAPHOM BOJNHOBOAE. Takol BOITHOBOJ
obpaszyercst u3-3a 00paTHON 1U(Py3UN OKCHIA JINTHS TIPU
TEXHOJIOTMH U3TOTOBIICHHS KAHAJIBHOTO BOJHOBOJA MHOTO-
(YHKIHMOHATBEHON HHTErPaIbHO-ONTHYCSCKOM cXxeMbl. st
CHID)KCHUS! BEJIMYMHBI aMIUTUTYIHBIX HCKOKSHUH HE00Xo-
JMMO BHECEHHE H3MEHEHHH B TEXHOJIOTMYECKHH IIpoLecc,
a IMEHHO, YMCHBIIICHHE TeMIlepaTypsl 1uddy3nu THTaHa
JI0 MUHUMaJIBHO BO3MOKHOU (0okosio 1000 °C), mus on-
TUMAaJIBHOTO COIJIaCOBaHMS ONTHYECKUX KaHAJIBHOTO U
BOJIOKOHHOT'O BOJIHOBOJIOB U YMCHBIICHUSA Mapa3vuTHBIX
OTNITUYECKHUX KaHaNoB. [IpoBeneHHOE HccienoBanue Oymer
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s¢dekTa mapa3sUTHON aMIUTUTYIHONH MOIYIISIIMU B BBICO-
KOUYBCTBHUTEIIBHBIX (Da30BBIX JATYNKAX, HCIIOIb3YHOLINX B
CBOEM COCTaBe MHOTO(YHKIHOHAIbHBIC HHTETPAIbHO-OII-
THYECKUE CXCMBI.
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AHHOTALUA

BBenenmne. Ilpennoxxen MeTox JUIsl ONpeelIeHUs] KOHIEHTPAINH aKTHBHBIX KOMIIOHEHTOB B MHTHOHTOpE
TEePMOAMHAMHYECKOTO THIA JEHCTBUS MO €ro HHPPAKPACHOMY CIIEKTPY. AKTyalIbHOCTh MeTOJa 00yCIIOBICHA €T0
9KCIIPECCHOCTHIO M BBHICOKOH CTEIEHBIO CEJIEKTUBHOCTH B CPABHEHHHU C TPATMIMOHHBIMHU MOAXOAAMH OIPEICIICHHS
KOJINYECTBEHHOI'O COCTAaBa PACTBOPOB OpraHUYecKux coeauHeHuil. Meroa. B paboTe npeanokeHo UCIOIb30BaTh
MeTo MH(paKpacHOU CHeKTpoMeTpuH ¢ npeodpazoBanuem Dypbe. MeToa MO3BOJSIET ONPEALISTh KOHIEHTPALUH
BelIeCTB B pacTBopax. OgHAKo onpeeneHne KOHIIEHTPAIUil BEIIECTB B CMECsX, CoAepKamux Ooyee Tpex
KOMITIOHEHTOB, yCIIOXKHAETCSI 0COOEHHO B PAaCTBOPaX OPraHMYECKUX COETMHEHUI B CHITy HAJIUYHS MEPEKPHIBAIOIINXCS
obmacreil konebaHui XapaKTepUCTHUSCKUX TPyn. [ pemeHns 3a1aqy ONpeaeIeHUs] KOHIIGHTPAI[NH BEIIECTB B
MHOTOKOMITOHEHTHBIX PACTBOPAX MCIHOJIB30BaH PETPECCHOHHBIA METO/] MPOSKIUY Ha JTaTEHTHBIE CTPYKTYPBI, KOTOPBIH
OTHOCHTCS K XeMOMETPHUECKAM METOJaM aHaIH3a U IOJIy4HJ PaclpoCTpaHEHHE KaK METOJ KOJINIECTBECHHOTO
MIPOTHO3UPOBaHUs. BeIOOpKa AJIsl TOCTPOEHMS KAIMOPOBOYHBIX 3aBUCHMOCTEH B paMKax HCIIOJIb3yeMOro METo/a
BKJIIOYaJsia B ce0sl CIIEKTPBI PACTBOPOB, MOJYYCHHBIC B PEKUME HApPYIIEHHOI'O IOJHOTO BHYTPEHHEIO OTPaXKCHUS.
OcHOBHbBIE pe3yiibTarhbl. HOCTpOCHbl MOJECIIN MJIst OTIPEACIICHUSA KOHLIGHTpaLIl/Iﬁ BCUIECTB B YCTHIPCXKOMIIOHEHTHOM
BOJIHO-CITUPTOBOM pacTBope. OmnpesensieMble BENIECTBA: BOJA, METAHOI, 3TaHOM, 3TUieHIHKob. [loaTBepxkaeHa
3¢ pexTUBHOCTE pabOTHI MOCTPOCHHBIX MOJeNeH ¢ o0yyarouieil BBIOOPKOH, BKIIOUAIONIEH CIIEKTPBl 00pa3LoB ¢
MHUHHMAaJIBHOH TpeIBAapUTEIbHON 00paboTKO — KOPPEKTUPOBKOH 0a30Boil quHUN. ONpeaesieH ONTHMAalbHbBIH
Habop oOyuaromielf BEIOOPKH [UISl MOTyYSHUS Pe3ynbTaTa ¢ MHHIMAJILHO BO3MOKHON MOTPEITHOCTBIO MPU YCIIOBHU
KOMITOHEHTHOCTH 00pa3noB B 00ydaromieif BEIOOpKe, He MpeBbIIaronell # — 1, rae n — omnpenesieMoe KOIHIecTBO
BemiectB. O0yueHHe MOJIeIN Ha BBIOOPKE, COCTOSANICH M3 MH(PPAKPACHBIX CIIEKTPOB JBYX- M TPEXKOMIIOHEHTHBIX
pacTBOpoB, obecreunBaeT NpeJcKa3aHue KOHLEHTPALUHU BELIECTB ¢ NOrpemHocTbio 10 10 %. Obcyxaenue.
Hpe)lf[o)l(eHHblﬁ METO/] IMMO3BOJUT IMPOBOJAUTH SKCIIPECC-aHAIN3 COCTaBa TCPMOAUHAMUYECCKUX I/IHFI/IGI/ITOpOB
ruaparooOpa3oBaHus. Pe3ynbraTsl paboThl MOI'YT HAWTH MPUMEHEHUE B HE(TEIPOMBICIOBOH XUMUH ISl OLCHKH
MHTUOUpYIOIel cCHoCOOHOCTH HHIHOUTOPOB THAPATOOOPA30BAHUS, HCIONB3YEMBIX [UIS IPEAOTBPALLECHHS 00pa30BaHUs
Ta30TH/IPATOB MIPH 100bBIUE, TIOATOTOBKE MIIN TPAHCIIOPTHPOBKE YIIIEBOJOPOJHOTO CHIPHSI.

KanioueBbie c10Ba
MHTHOUTOPBI THIPATOOOPa30BaHNUs, Ta30THIPATH, HHPPAKPACHAs CIEKTPOCKOMHS, METO/] MPOEKINH Ha JIATEHTHBIE
CTPYKTYPBI, XeMOMETPHIECKIE METO/IbI aHAIH3a
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Abstract

An approach is proposed to determine the concentrations of active components in a thermodynamic type inhibitor
based on its infrared spectrum. The relevance of the proposed method is due to its expressiveness and high degree
of selectivity in comparison with traditional approaches for determining the quantitative composition of solutions of
organic compounds. It is proposed to use the method of infrared spectrometry with Fourier transform. The method
allows you to determine the concentrations of substances in solutions. However, the determination of concentrations
of substances in mixtures containing more than three components is complicated, especially in solutions of organic
compounds due to the presence of overlapping oscillation regions of characteristic groups. To solve the problem of
determining the concentration of substances in multicomponent solutions, the regression method of projection onto
latent structures was used, which belongs to chemometric analysis methods and has become widespread as a method
of quantitative forecasting. The sample for the construction of calibration dependencies within the framework of the
method used included the spectra of solutions obtained in the mode of disturbed total internal reflection. Models have
been constructed to determine the concentrations of substances in a four-component aqueous alcohol solution. Substances
to be determined: water, methanol, ethanol, ethylene glycol. The effectiveness of the constructed models with a training
sample, including spectra of samples with minimal preprocessing — correction of the baseline, has been confirmed. The
optimal set of training samples has been determined to obtain a result with the minimum possible error, provided that
the component content of the samples in the training sample does not exceed n — 1, where 7 is the determined amount
of substances. Training the model on a sample consisting of spectra of two- and three-component solutions provides
prediction of the concentration of substances with an error of up to 10 %. The proposed method will allow rapid analysis
of the composition of thermodynamic inhibitors of hydrate formation. The results of the work can be used in oilfield
chemistry to assess the inhibitory ability of hydrate formation inhibitors used to prevent the formation of gas hydrates
during the extraction, preparation or transportation of hydrocarbons.

Keywords

hydrate formation inhibitors, gas hydrates, Fourier-transform infrared spectroscopy, projection on latent structures,
chemometric methods of analysis
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BBenenune

[TpuponHblie Ta3bl, BXOSIIME B COCTaB J00BIBAEMOTO,
repepadaTbIBAEMOTO U TPAHCIIOPTUPYEMOTO YIJIEBOO-
POJICOIEPIKAIIETO CHIPhs, UMEIOIINE pa3Mepbl MOJIEKYII
0,38—0,7 HM, B COCAMHECHUU C BOJOW CIIOCOOHBI 00pa3o-
BBIBaTh CHEronoJ00HbIE CKOIJICHUS B MPOMBIIUICHHOM
000pyIOBAHNH — I'a30BBIC I'HPATHI.

Brenpssch B OTOCTH pemIeTKH, 00pa30BaHHON MO-
JeKyJIaMH BOJBI IPH KOHKPETHBIX TePMOOapUIEeCKHuX yc-
JOBUSIX, COMPOBOXK/IAIONIUX TPOMBICIOBBIE TPOIECCHI,
MOJIEKYJIbI Ta3a CTAOMIM3UPYIOT KPUCTAIITMUECKYIO pe-
HIETKY, BCJIEJICTBHE YEero 00pa3yeTcsi CMeCh, BbLIENsIEMast
B BuJe TBepaoro ocanaka [1—4]. IIpeBeHTHBHBIE MEPHI B
4acTH 00pa30BaHUsl M OTJIOKECHHS THAPATOB OCHOBAHBI
Ha MpUMEHEHUN (PU3UYECKUX U XUMUYECKUX METOJIOB.
Obecrnieuenre TeMIepaTypHoro 1 0apuuecKkoro pexknMoB
B 00ylacTH HeCTaOWJIBHOCTH THAPATHON (ha3bl, H30JIs-
LIMOHHBIE TTOKPHITHA 000PyJ0BaHMS U TPyOOIPOBOJIOB,
yCTaHOBKa T'PEIOMNX KabeseH, yajJeHne BOIbl U3 MOTOKa
KHUJIKAX WM Ta30BbIX YITIEBOJOPOIOB OTHOCST K (U3NU-
4ecKuM MeToaaM [5]. XuMudeckue BemiecTBa, IPUMEHS-

eMble JJIsl yOaJeHUs] WM MPeloTBpallleHusl TUIPaTHBIX
OTJIOKCHHM, HHTHOUTOPHI THAPATOOOpa30BaHUS, BBOISAT
B IIOTOK YIJIEBOJOPOJOB ISl CMELIEHUS YCIOBUN TpeX-
(ha3HOTO paBHOBECHS — YCTOHYMUBOTO CYIIECTBOBAHUS
THIIPATOB B CTOPOHY 00JIee HU3KHUX TEMITEpaTyp 1 BEICOKUX
JTABJICHUH (B CIIydae MPUMEHEHHS TePMOINHAMHYECKIX Pe-
areHToB). KnHetnueckne HHrHOUTOPHI B3aNMOICHCTBYIOT
C TIOBEPXHOCTHIO THIPaTa M MPEJOTBPAIIAIOT CYIIECTBEH-
HBII POCT KPUCTAJIJIOB HA MIEPUOJI, TPEBBIIIAIOIINI CPOK
CYILIECTBOBaHMUsI CBOOOIHOM BOABI B TpyOomnposoze. 1o
MPUYMHE HU3KUX MPUMCHSICMBIX JTO3UPOBOK HHIHOUTOPHI
HE OKAa3bIBAIOT BIUSHUS Ha TEPMOAMHAMHUUECKUE YCIOBUS
00pa3oBaHus Ta30BbIX TUparoB. OHU 3aMEUISIOT MTPoLiece
HYKJICALIUH 3apOJIbIILIEH ra30BbIX TUAPATOB U KPUCTAILIN3a-
UM y’KEe 00Pa30BABIIUXCS KPUCTAIUIOB THIPATOB 3a CUET
afcopOIMu Ha TPAaHUIIE pa3jesia BOJa-THAPAT B TCUCHUE
Teproaa BpEMEHH, 00yCIOBICHHOTO TEPEOXITaKICHIEM
pactBopa. Takxke H3BECTEH KJIACC aHTUAVIOMEPAHTOB, Ipe-
MATCTBYIOMINX CKOIICHUIO C(HOPMHUPOBAHHBIX KPHUCTAJI-
7108 TUApaToB. COOTBETCTBEHHO, Pa3HbIC THIIHI JEHCTBUSA
MHTUOUTOPOB MPECTABICHBI Pa3IMYHBIMH BEIIECTBAMHU
[6]. DddexTrBHOCTD ACHCTBHUS HHTMOUTOPA OILICHUBAIOT
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OueHka KOJIMYECTBEHHOIO COCTaBa MHIMOUTOPOB rmapaToobpasoBaHns Mo UX MHGPaKpPaCHbIM CNeKTPaMm

10 TOMY, KaK B €ro IPUCYTCTBHH U3MEHSIOTCS ITapaMeTphI
ruzparoo6pasoBanus. Kak npaBuio, ais onpeneaeHus
3G PEKTUBHOCTH WHTMOMPYIOLIETO JCHCTBHSI PEareHToB,
TMIPEIOTBPAIIAIONINX I'HPAaT000pa30BaHNE, PACCUNTHIBAIOT
BEJIMYMHY CHIKEHHS TEMIIepaTypbl Havyaia ruaparooopa-
30BaHUs WIN CTETEHb NepeoxiaxaeHus [7]. Bozpacranue
JAHHOW BETMYMHBI TOBOPUT 00 yBEIMUCHUU dPPEKTHUB-
HOCTH WHTHOWTOpa ruapatoobpazoBanus. [Ipu ycmoBun
pPaBEHCTBA JABICHUI B MCXOIHON CUCTEME U B CUCTEME C
WHTUOMTOPOM BENMYMHA CHU)KEHHS PAaBHOBECHOW TemIIe-
parypbl THIPaTo0OPa30BaHus 3aBUCUT TOJILKO OT KOHIIEH-
TpallMu aKTUBHBIX BEIIECTB B COCTaBE MHTHOMPYIOIIETO
pearenTa [8]. B npoMbInuieHHBIX MaciTabax KOHIEHTpa-
LIUM aKTHBHBIX BEIECTB B KOMMEPUECKHX COCTABaX MHIHU-
OUTOPOB I'MPATOOOPA30BAHUS ONPEICISIOTCS ITUPOKUMH
JMara3oHaMHy, a He TOYHBIMU 3HadeHHsIMHU. Benencteue
9TOTO OIEHHUTHh MHTHOUpPYROMmHI 3G (deKT pearcHTa 3a-
TPYAHUTEIBHO. J{JIsl €10 OIEHKH MPOBOASTCS [UTUTEIbHBIC
nmabopaTopHbIC HCIBITAHUS, TPEOYIONIE TPUBICICHUS
BBICOKOKBAJIN(DUIIUPOBAHHOTO MEPCOHANIA U JOPOTOCTO-
amero ooopynosanus. [loToMy akTyaabHO HMpUBIEUYEHHUE
9KCIIPECCHBIX METOAMK ONPEICICHUsI KOHLICHTPAIMH JIeH-
CTBYIOIIMX BELIECTB B MHTUOUTOpAx ruparoo0pazoBaHus
JUIsl BO3MOYKHOCTH TTPOBEJICHUSI OLIGHKU MX WHTHOHUPYIO-
et cnocoOHoCTH. B cityyae npuMeHeHus TepMOMHAMU-
YECKUX MHIMOUTOPOB I'MIPaTO00Pa30BaHUs IIPOBOIUTCS
KOJIMYECTBEHHAsI OIIEHKA COCTaBa MHOTOKOMITOHEHTHBIX
BOJIHO-CITUPTOBBIX pacTBOPOB. Cpeayn M3BECTHBIX METO-
JIOB KMJIKOCTHOTO aHaJM3a IIUPOKOE PACIpOCTpaHEHHUE
TIOJTYYHITH ONITHIECKNE METO/IBI, [UISl PEaTn3aIii KOTOPBIX
3a4acTylo TpeOyeTcsl MEHbIIIee KOIMUECTBO MAaTePHUATbHBIX
pecypcoB, 4eM, HallpuMep, ISl XpoMarorpaduiaeckoro
ananmm3a [9]. [y HaOmoneHust XapaKTepUCTHUECKUX TI0I0C
KOMITOHEHTOB HCCIIE/IyeMbIX BOJJHO-CIIUPTOBBIX PaCTBOPOB
noaxonut nnppakpacuas (UK) dypbe-crexkrpockornsi.
Haubonee noaxoxsmum meronom UK cnextpockonun
JUISL aHAJIM3a BOJIOCOJEPIKAIINX CMECEH SBISETCS METOJ
HapyIIECHHOTO TOJIHOT0 BHyTpeHHero orpaxenus (HIIBO).
[onyuenue UK cnexrpos HITBO no3BossieT oTka3arscst OT
mporecca mpoOONOATOTOBKH.

OOmen3BeCTHEIMI METOAAMH OIIPE/IeICHHsT KOHIICHTpa-
LUK BelecTBa B pacTBope 1o ero MK criekTpy sBisroTcst
METOJIBI TPalyHPOBOYHOTO TpaduKa, 100aBOK, CPAaBHEHNSI.
[epeuncneHHbIe METOBI OTPAHUYEHBI B YACTH MHOTOKOM-
MIOHEHTHOCTH, a TaKXkKe TPeOyIOT JOMOIHUTEIbHBIX HU3Me-
penuii. [locnennee Bpems MpuoOPETAIOT MOMYISIPHOCTH
XEMOMETPHUECKHE PErPECCHOHHBIE METO/IbI AaHAJIN3A CIIEK-
TPaJIbHBIX JIAHHBIX C IIEJIBIO ONPE/CICHUS] KOHIIEHT ALt
BEIIECTB B PA3JIMYHBIX CUCTEMax. [3BecTHO MpUMEHEHHUE
XEMOMETPHUYECKUX AJITOPUTMOB JJIsl aHAJIN3a JIEKapCTBEH-
HbIX npenapatos [10, 11], a Tak:xke MOHUTOpPUHTA CONEP-
JKaHUs ra3000pa3HBIX 3arps3HSIONINX BEIIECTB B aTMOC-
¢deprom Bozayxe [12]. B padorax [13, 14] mpemiokeHbI
CIIocO0bI 00PabOTKM CIEKTPATIBbHBIX IAHHBIX, BBIACICHHS
IIEJIEBBIX CUTHAJIOB, (POPMUPOBAHUS 00yUJAIOIINX BEIOOPOK
JUISL TIOBBIIIIEHUS] TOYHOCTH PE3YJIbTaTOB IPUMEHEHNUS Xe-
MOMETPHUYECKUX aJITOPUTMOB B aHAJIN3E JIEKAPCTBEHHBIX U
MOJIMBUTAMUHHBIX NIPEMAPaToOB JI0 IECTH COCTABIISIONIUX.

Ienbio HacTosAIIEH PabOTHI SIBIASETCS BO3MOKHOCTH
(bopMHpPOBaHHUS KOJIMYECTBEHHOTO COCTaBa MHOTOKOMIIO-
HEHTHBIX BOJIHO-CIIMPTOBBIX PACTBOPOB C IPUMEHEHUEM

06paborku nx UK criekTpoB XeMOMETpUYECKUMH METO/1a-
MU 6€3 TIPOOOIIOITOTOBKHU U JIOTIOIHUTEIBHON 00padoTKH/
aHaJIM3a CIIEKTPAIBHBIX JaHHbIX.

MarepuaJjibl M MeTOAbI

Ja nocTuKeHus MOCTaBIeHHOM LIeJId B paMKax pa-
0O0TBI 6bIJ'II/I IPUTOTOBJICHBI BOAHLIC PACTBOPLI METAHOJIA,
9TaHOJIA U TUJICHIIIMKOIIA, @ TAaKXKe UX cMecell. YKa3aHHbIe
BEIIIECTBA OTHOCSITCS K BOJOPACTBOPUMBIM IMOJIIPHBIM Op-
TaHUYECKUM COEJUHEHMSIM, 3TO TUIIHUYHBIE KOMIIOHEH-
THl HHTHOUTOPOB T'HAPATO0OpPA30BAHUS TEPMOJANHAMH-
YeCKoro JeicTBUsA. B ocHOBe mporiecca HHrHONPOBaHUS
JISKUT HapyIICHNUE KUIKOKPHUCTAITHYECKON CTPYKTYPHI
BOJIBI ¥ N3MEHEHHE YHEPTUN MEKMOJCKYISAPHBIX CBSI3CH.
B IBYXKOMITOHEHTHYIO CHCTEMY Ta3—BOJa BBOIUTCS Tpe-
TUH AKTUBHBIM KOMIIOHEHT, KOTOPBII U3MEHSET yCIOBUS
TePMOAMHAMHYECKOTO PAaBHOBECHS MEXKIY MOJIEKyJIaMu
BOJBI U ra3a. [Ipu aToM nmeeTcst onpeaeneHHas 3aBUCH-
MOCTb MKy KOHIICHTpAIMEl pacTBOpa MHTMOUTOP—BO/IA
W TeMIIepaTypoil ruaparoodpasoBanus. Pacteop yrieso-
JIOPOJTHOTO Ta3a B BOJE MPEACTABISCT COOON THITMYHBIN
IIPUMEpP PacTBOPA HEMOISIPHOIO BELIECTBA B CUIBHONONIAP-
HOM pacTBopuTene. BzanmoznelicTBre MeXay MOJIEKYIaMu
ra3a u BOIBI O0YCIIOBICHO CIIA0BIMH BaH-ICpP-BaalbCOBBI-
MU CHIIaMHU. MOJIEKYITbI Ta3a pacIoiaraloTcsl B MyCTOTaX,
00pa30BaHHBIX CTPYKTYPOH KUAKOW BOIBl. BBOJ MHTH-
O6uTOpa B BOAY, HACKHIIIEHHYIO Ta30M, PE3KO YMEHBIIAeT
PacTBOPUMOCTH T'a3a B BOJE, UTO OOBSICHACTCS CTPYKTYPOI
MOJICKYJIbI I/IHFI/I6I/ITOpOB. OcCHOBHEBIE MMPUMCHACMBIC WH-
ruOUTOPHI IrUApaTooOpa3zoBaHmsl TEPMOAMHAMHUYECKOTO
JIEHCTBUS MOKHO pa3/ieluTh Ha JBa Kjacca: HEOPTaHU-
YeCKUe CONHU (JEKTPOIIUTHI) U OpraHUYECKHe BEllecTBa
[15]. B Hacrosmieit paboTe moapoOHO pacCCMOTPEHBI Op-
FaHUYECKUE BEIEeCTBA, KAK aHTUTUAPATHBIE KOMIIOHEHTBI
TEPMOIMHAMHYECKUX HHIMOMTOPOB I'MpaTo00pa3oBaHHs,
KOTOpBIC Yallle BCETo MPUMEHSIOTCS Ha mpaktuke. Comu
B YHCTOM BHJIE, KaK MPABUIIO, HE MIPUMEHSIOTCS IS WH-
THOMPOBAHUS THAPATOB MPUPOIHBIX Ta30B, TaK KaK yKe
cofeprkaTcs B COCTaBe MOy THOMOOBIBaeMBbIX Box [16—18].
OpraanyecKue BEIIecTBa, NCIONIb3yeMbIe B KaUeCTBE Tep-
MOJIMHAMHYECKUX WHTHOUTOPOB THAPATOOOPa30BAHMS,
MPEACTaBICHbBI B OCHOBHOM CIIMPpTaMH (OL[HO- " IByXaToM-
HbeIMHU). CyIIHOCTH IpoIiecca HHIHOMPOBaHUS CIIUPTaAMU
00pa3oBaHus THIPATOB I'a30B MMOJJ00HA, KK U TIPU WHTHOU-
POBaHUM MEKTPOIUTAMH, T. €. U3MEHSIOTCS CTPYKTypHBIE
COOTHOIIEHHS] YUCTON BOJIbI M SHEPTUU MEKMOJIEKYIIIPHBIX
CBs3eil Kak B 0OBbEME BOJBI, TAK M B MEPEXOJAHOM CIIOC
Ha MTOBEPXHOCTH paszielia PacTBOP-Ta3 U, KaK CIEACTBUE,
YMEHBIIAETCS YIPYTOCTh MapoB BoAbsl. OMHAKO BIHSHUC
CTIIMPTOB HECKOJIBKO OTIIMYACTCS OT BIMSHUS dJIEKTPOIIHTOB.
Ecnu »nekTpoauTsl B 110001 KOHIEHTPAIIMH MOHMKAIOT
TeMIeparypy THAPATO0Opa30BaHNUS, TO CIIUPTHI IIPH OTIpe-
JCJICHHBIX TaBJICHUAX U MAJIBIX KOHIECHTPpAIUAX YBEJIUYHN-
BAIOT 3Ty TEMIIEPATYPY, a IIPU BLICOKUX KOHIICHTPALIAAX €€
MIOHIDKAIOT. BeposTHO, HAET YacCTUYHOE 3aMEIIeHHUE TyCTOT
B CTpYKType Boabl pagukanom —CH3, ¢ 0HOBpeMEHHBIM
YCHJIEHHEM KJIaTparooOpa3oBaHus ¢ MOJIEKYIaMH ra3a 1o
COCETHMM BaKaHTHBIM ITycToTaM. Bo3aMokHO, 3TOT AphexT
UMeeT KOONepaTUBHbINA XxapakTtep. U3BecTHO, 4TO POCT
THIPATHOH IIETIH CIIOCOOCTBYET OpraHU3allH JIbIOTOI00-
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HOMW CTPYKTYpBI 10 COCEACTBY C OPraHMUYECKOIl MOJIEKyI0MH
[15]. B psane padot [19-23] Takxke OTMEUEHO YCKOPCHHE
THJPaTo00pa30BaHus MIPU COAEPKAHUH CITUPTOB B BOJHBIX
pacTtBopax B koHUeHTpanusax 0,5-3 mon.%. Oquu ucciue-
JIOBATEJIN TPEIIONATAIOT, YTO ATOT 3(PPEKT MPOSBIIETCS
B pe3yibTare yCHWICHHs B3aUMHOU pacTtBopuMocTH [20],
JpyrHue OOBSICHAIOT 3TO TEM, YTO MOJICKYJIBI CIIPTA SIBJISI-
FOTCS 3apOBIIIaMH THAPATHOH cTpyKTypsI [21]. CoracHo
[24], ¢ pocTOM KOHIIEHTpAITUHU CIIUPTA B BOJHOM PacTBOPE
YBECIUYUBACTCA KOJIUYECTBO BOAOPOAHBIX CBsI3CH MCXKOY
Mosiekyiaamu. C yBeJIHMYeHHEM KOHIEHTPALUU CIIUPTOB B
BOJIE HAOJIOAeT sl HAPYILIEHUE CTPYKTYPHOM OpraHn3aiuu
BOJIbI M KJIATPATO0OPa3yoIIMX arperaToB u, Kak ClIe/ICTBHE,
YMEHBILIEHUE BEPOSITHOCTH TuiparoodpasoBanusi. C yBenu-
YEHHEM KOHIICHTPAIMHU CIIUPTa CTPYKTypa CIIMPTOBOIO pac-
TBOpa MpHOIIKaeTesl K Hanbosee ynpoYHEHHOM CTPYKType
camoii Bozibl. C MOBBINIEHNEM KOHIIEHTPAIUH YHCIIO Pa30-
PBAaHHBIX BOJJOPOAHBIX CBA3EH COKPAIIAECTCS U B CTPYKTYpe
pacTBOpa OTCYTCTBYIOT BaKaHCUH IS THAPO(OOHBIX MOJIe-
Ky rasa [15]. CroupTsl 00pa3yroT ¢ Bogoi Oolee mpodHbIe
KOHIJIOMEPAThl ¥ MPEMATCTBYIOT B3aUMOACHCTBHIO BOIbI
C YIJIEBOJIOPOJIAMH, T. €. SIBJSIFOTCSI KOHKYPEHTaMHM ra3a B
yactu popmupoBanus ruaparoB. COUPTHI U BOJA B3aUMHO
pacTBOPSIIOTCS, CHIYKAs COAEpPIKaHNe CBOOOIHOM BOJIBI B
rase, B pe3y/IbTare 4yero MPOUCXOIUT CIABHUI' PABHOBECHBIX
yCIIOBHH 00pa30BaHMs TUAPATOB B 00J1aCTh UX HEYCTOM-
YHMBOTO COCTOSIHUS. B nTore nodasienne TepMouHaMuye-
CKOTO MHTMONTOPA B BOAHBIN PACTBOP COKpAIIAeT 001acTh
TEeMIIepaTyp M AABJICHHH, IIPH KOTOPBIX MOXET 00pa30BbI-
BarbCs ruapar. B TakoM cirydae 1y1st 00pa3oBaHMs THIPATOB
B BOJZHOM PacTBOpE MHTHOMTOpa TpebyeTcs coueTaHue
0oree BBICOKMX JaBICHUN M Ooee HU3KUX TEMIEpaTyp,
YeM B pacTBOpPE, HE COJEPrKaIeM HHTHOUTOP.

I/ISBCCTHO, YTO ONTUYCCKUC MCTOAbI ITO3BOJIAKOT Ka4dc-
CTBEHHO M KOJIMYCCTBCHHO OLUCHUTH COCTAB UCCIIEYEMbIX
BEIIECTB, K KOTOPBIM, B YaCTHOCTH, oTHOcUTCs MK criek-
TPOCKONHS, MO3BOJISIONIAs PErUCTPUPOBATh YHUKAIBLHBIC
JUISL KaK/I0TO BeIllecTBa KosiebaresbHble crieKTpbl. OaHUM
13 METOJIOB aHaJM3a 00pa3loB IPU NPOBEACHUN CIICK-
tpockonuu B MK oGmactu ¢ npeobpazoBanuem dypoe
sBisiercs cnekrpockonuss HIIBO — meron, koTopslii mo-
3BOJISIET HOJTYYNTh ITAHHBIE O COCTaBE M CTPYKType 00BEeKTa
HCCIE0BaHus. B oimane oT MeToaa MpoIryCKaHus THHA
OIITHYECKOTO ITyTH HE 3aBUCHUT OT TOJIIIMHBI 00pas3ia.

B pamkax mannHO# paboTel ObuH 3anucanbl UK criek-
TPbI BEHICCTB, BXOAAIINE B COCTaBbl TCPMOAMHAMUNYCCKUX
I/IHFI/I6I/ITOpOBI MCTaHOJIa, 3TaHOJIa, STUJICHIJIMKOJIA U BOAbI,
a TAaKXKC JIBYyX- U TPEXKOMIIOHCHTHBIX BOAHBLIX PaCTBOPOB
yKa3aHHBIX BelecTB ¢ KoHueHTpanuei 20-80 % mo oObe-
My. Beero 0bu10 3anmcano 35 criekTpoB. 3anuch CeKTpoB
nposoauiack B cpeanem MK amamazone 4000-600 cm!
B pexxume HIIBO na ®ypre-cnekrpomerpe BRUKER
Tenzor 37 na kpucraiuie KBr ¢ aama3HbIM HalblJICHUEM.
KonnuectBo ckanupoBanuii — 16, cnekrpanbHoe paspe-
menue 2 cM .

B npouecce peructpauuu MK crieKTpoB IpUroToBiIeH-
HBIX COCTaBOB YUHTHIBAJIACh UX BBICOKAsS CTETICHb JIETy4e-
ctu. C 1enblo MojJep)KaHusl HEeM3MEHHOH KOHIIEHTPALUH
JIETY4HX KOMIIOHEHTOB B M3MepsieMOoM 00pasiie B porecce
3aIliCU CHEKTpa MCCIeyeMblil 00pasel] HelpepbIBHO MO~
CTyMaJl Ha MOBEPXHOCTh KpHucTamia npuctasku HIIBO.

Jlna Bcex 3anucansbix MK cnexTpos B mporpaMMHOM Ma-
kere OPUS 7.5 Obu1a npoBeicHa KOPPEKTHPOBKA 0a30BOI
JIMHUM, & TAK)Ke BEKTOPHOE HOPMHUPOBAHUE.

3ajaua onpeseseHUs] KOHIIEHTPAlMK BEIIecTBa B pac-
tBOpe 1o MK criekTpy siBisieTcs: CTaHAapTHON XMMHUYECKON
3amadeil. OTHAKO OIpeneeHre KOHIIEHTPaNnii BEIECTB B
CMeCsIX, COZIEpKaIINX OoJiee TPeX KOMIIOHEHTOB, yCIIOXKHI-
eTcs 0COOEHHO B PACTBOPAX OPraHUYECKUX COCTUHEHNH B
CHITy HAJIMYWA TEePEKPBIBAIONINXCS 00IacTel koiaeOaHuit
XapaKTepUCTUYECKUX TPYII. B 3ToM ciayyae BO3MOXKHO
MIPUMEHEHHUE CIEAYIONIET0 XeMOMETPHUECKOTO MOIX0a:
PaccMOTPUM CMECh U3 MHOTHX COCTABIISIOLINX — CMECh,
COCTOSIIIYIO U3 TIOJI€3HOTO CUTHAJA, T. €. BEIeCTBa, KOH-
LEHTPALMIO KOTOPOTO HEOOXOMMO OIPE/IEUTh, U IITyMa —
BCEX OCTAJIbHBIX BELIECTB, COCTABIISIIOLINX cMeCh. J{i1st mo-
JIE3HOTO CHT'HAJIAa TOCTPOUM KaJIHOPOBOYHYIO 3aBHCHMOCTh
OT BCEBO3MOXHBIX COUETAHNWH BCEX BEILIECTB, BXOSIINX B
IIyM, C TIOMOIIBIO PETPECCHOHHOTO METO/A MPOECKINI Ha
nmareHTHBIe CTPYKTYpHI (IIJIC1), momydas perpeccrHoHHyI0
3aBUCHMOCTB JJIsl OZIHOTO BEIeCTBA. TaK MOCTYNUM C Ka-
KoM cocrapisronieit cmecu. [Ipu Takom nojxose k onpe-
JICJICHUIO KOHIICHTPAINH BEUIECTB B CMECH KOJIMYECTBO
9THUX COCTABIISIFOLIMX MOXET OBITH JFOOBIM.

B pabore Obuta coznana Beioopka UK criekTpoB juis
UCIIOJNIB3YIOIIMXCS B HACTOSIIIEE BPpeMsi HHI'MOUTOPOB TH-
JparooOpa3oBaHus, NpecTaBisiomas codoit Habop u3
geTeIpex Bemiects. Jlist Bemects metomom [TJIC1 bt mo-
CTPOCHBI KAJIMOPOBOUHBIE 3aBUCHMOCTH. Kaxast kannopo-
BOYHAS 3aBUCHMOCTH OIPEeIIIeT KOHIICHTPALMIO OTHOTO
13 YETHIPEX BEIIECTB, COCTABISIONINX CMECh, pacCMaTpu-
Basi OCTAJIbHBIC B KaUeCTBE IIyMa. TakuM oOpa3oM, nmes
UK cnekrp pacTBopa U3 YEThIPEX COCTABJIAIOIINX U MPO-
Be/Is eT0 00pabOTKy C TOMOIIIBIO YEeTHIPEX PErPECCHOHHBIX
MoIeNei ONpeieM KOHIIEHTPAIIMIO BEIIECTBA B PACTBOPE.

Beimonnum aHanmus 00paboTaHHBIX CIIEKTPaIbHBIX JaH-
HBIX B iporpamMmmuoM rtakere The Unscrambler 9.7 perpec-
cuoHHbIM MeTosoM [TJIC1. [laHHBIN MeTOJ SIBISIETCS Xe-
MOMETPHYECKHUM M TOJIyYHJI PaCpOCTPaHEHNE KaK METOJ
KOJIM4YeCTBEHHOro nporuosuposanus. Merox ITJIC1 ocHo-
BaH Ha PA3JIOKEHUHN JIBYX MaTpPHIL: MATPUIIBI TApaMeTpoB X
(IpeAnKTOPOB), ONMCHIBAIOIIEH HAOOP AAHHBIX, HATIPUMED,
UK cnexTpoB, a Takke MaTpULIbl C HEKOTOPOH 3aBUCUMOI
BEJIMYMHON Y, 3HAUEHHE KOTOPOH HYKHO IPOTHO3UPOBATD,
HarpuMep, ¢ KOHIEHTPAIMEH KaKoro-I1M00 KOMIIOHEHTA B
uccuexyemMom pactsope. IlepBas mareHTHast mepeMeHHas
BBIOMpaETCs Tak, YTOOBI KOBapHAIis BRIOpAaHHON Tepe-
MEHHOU C BEJIMUUHAMH MPEJMKTOPOB ObllIa MAKCUMAJIbHA.
Wudopmanus, cBsi3aHHasi ¢ IEPBON JIATEHTHON MepeMEeH-
HOM, BBIYUTAETCS] KaK M3 NCXOAHBIX MPEAUKTOPOB, TaK U
13 3aBUCUMOM BeJTMUUHBI. BTOpas naTeHTHas nepeMeHHast
BBIOMPACTCSI OPTOTOHAIBHO TIEPBO M TPECTaBISIET COOO0H
HarpasJeHNEe MaKCHMaJIbHON KOBapHaIlMK MEXIy OCTar-
KaMH MPEAUKTOPOB M OCTATKAMHU 3aBHCHMOW BEJITMYMHBI.
Bericokast 10511 00BSICHEHHON ANCIIEPCUU CONICPIKUT Kade-
CTBEHHYIO MH(OPMAIINIO O KOBapHAIIMU MEXTy MaTpHIIa-
MM, B TO BpeMsI KaK HU3Kast OObSCHEHHAs TUCHIEPCHST MOXKET
yKa3bIBaTh Ha CIydaiiHble M3MEPEHHs U LIyM B IaHHBIX.

DTOT METOZ OOBEAUHSET B ce0€ TTOAX0ABI METO[A TVIaB-
HBIX KOMIIOHEHT 1 MHOJKECTBEHHOH perpeccun. Takum 00-
pasom, Ha niepBoMm dtarne [1JIC] Bbinensier HabOp CKPBITHIX
(haxTOpOB, KOTOpPBIE OOBSCHSIOT MAKCHMAJIEHO BO3MOYKHOE
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KOJIMYECTBO KOBapualUi MEX]y He3aBUCUMBbIMU X U 3a-
BUCHUMBIMU ! TIEPEMEHHBIMH, Jlajiee Ha ATAle Perpeccuu
MPEICKa3bIBAIOTCS 3HAYEHUS 3aBUCUMBIX [IEPEMEHHBIX C UC-
T10JIb30BAHUEM JIEKOMITO3ULIMU HE3aBUCUMBIX IIEPEMEHHBIX.

PesyabTarsl 1 00cyxkaeHue

Jast nonmyuenHsix UK criekTpoB BOJHO-METaHOIBHBIX
PAcTBOPOB C yBEJIUYEHHUEM KOHLEHTpPALMU METaHOIa Ha-
OmofaeTcsi yMEHbIICHUE MHTEHCHBHOCTH T10JI0C BaJICHTHBIX
Kostebanuii ruapokcmibHbIX OH-rpynm B 1uana3oHe BOJI-
HOBBIX yncen 3600-3060 cvm~! (muk B o6mactu 3300 cm1)
n nedopmanmonHbIx Konebanuil cBa3anubix OH-rpynn
MOJIEKYI BOIbI B 00macT 1650-1637 cm!. Banentnble
KoJIe0aHUs THAPOKCHIIBLHOM Ipymibl B oonactu 3300 cm!
HE SIBIISIFOTCSI XapaKTEPHBIMH TOJIBKO ISl BOZIBI, TaK Kak 3TH
TPYIIIBI UMEIOTCS M B MOJIEKYJIaX CIIUPTOB, M B MOJIEKYIIax
BOJIbI. IIpH 3TOM COOTBETCTBEHHO yBEIHMUHBAETCS UHTCH-
CHBHOCTH IPYIIbl NUKOB B uHTEepBajie 3000-2800 cm!
(2950 cm1, 28402830 cm 1), koTopast cooTBETCTBYET Ba-
JICHTHBIM KoJieObaHusim cBsizeit C—H, a Tak)ke MMKOB IpH
BosiHOBOM umciie 1110 em! nedopmaronnbix KoseGanuit
THJIPOKCHIIBHOM TPYIIBI CIUPTOB; IPH BOJTHOBOM YHCIIE
1023 cml, cooTBeTCTBYIOMIEH MTOIOCE TIOTIIONMICHHUS Ba-
JIEHTHBIX Konebanuii cBsizu C—O. B obmactu nedopmary-
onHbIX Konebanuii ceszeit C—H (14501400 cm!) Taxke
HaOIo1aeTes yBeMMUeHNEe MHTEeHCUBHOCTH. {71s mpuMmepa
nory4yeHHble MK crnekTpel BOJHO-METaHONBHBIX PACTBOPOB
MIPE/ICTABIICHBI HA PUCYHKE.

CHexTpsl BOIHO-3TaHONBHBIX PACTBOPOB UMEIOT aHa-
JIOTUYHYIO TCHJICHIMIO K YBEJIMUYCHHIO MHTCHCUBHOCTH
nosoc BajeHTHbIX Kosebanuii (3300 M 1) ruapoKcuIbHbIX
OH-rpynn u nedopManmoHHBIX KoieOaHUI CBSI3aHHBIX
OH-rpynn mosekys Boast (1640 cm1) u ymenbieHuo
WHTEHCUBHOCTH B OOJIACTSIX MPOSIBICHUS BaJICHTHBIX KO-
nebanmit CH,-rpynmuposok (2970-2880 cm!). Ongnako
B OTJIMYHE OT METaHOJBHBIX PACTBOPOB, 3/1€Ch MOSBIIS-
1otcst kosebanust rpymmsl —CHy B obmacTu criekTpa okoo
2920 cm 1. Tepopmannonnsie kojiebanus rpymmsl —OH B
JTAHHOM CITy4Jae 3apeTHCTPHUPOBAHBI IIPU BOJIHOBOM YHC-
ne 1088 cm!, Banentubie konebanus cszu C—O — npu
1040 cmL. Takxke y 5TaHONBHBIX PACTBOPOB, B OTJANYHUE OT
METaHOJIBHBIX, TTOSBIIAIOTCS KOJIeOaHUs yIIICBOAOPOIHOTO
CKeJieTa TIpH BoHoBOM uncie 880 cm1 [25].

['muKoM OTHOCATCS K IBYyXaTOMHBIM CIIUPTaM, IO3TOMY
B CIIEKTPax MX BOJHBIX PACTBOPOB MHTEHCHBHOCTH BBICO-
KO4acTOTHOM 1monockl 3300 cm! BlIlE, YeM METAHOIBHBIX
1 9TaHOJBHBIX pacTBopax. C yBeandeHHeM KOHICHTPauu
STHJICHIIIUKOJIS, KK B CIIy4asiX C METAaHOJIOM U 3TaHOJIOM,
YMEHBIIIACTCS] HHTCHCUBHOCTD B CIIEKTPAIBHBIX 00JIacTIX
3600-3060 cm ! u 1650-1637 cm1. CooTBETCTBEHHO, YBE-
JIMYMBACTCS MHTEHCUBHOCTD JABYX YETKO BBIPAKEHHBIX I10-
noc kosnebanuii rpynn —~CH B CH; (2935 cm ! u 2875 em 1),
Jae(GOopMalMOHHBIX KOJeOaHUH THAPOKCUILHON TPYIIIIEI
cuproB (1080 cm 1), Banentusix konebanuii csazu C—O
(1030 cm1) u nepopmanmonnsix (880 cm—L, 860 cm1).

CrHexTpsl BOJHBIX PACTBOPOB TIIMKOJIb-METAHON OT
20 110 60 % 00. ¢ yBeNIW4YEeHHEM CIHPTOBOH YacTH UMEIOT
CXOJTHBIH C ONMCAHHBIM BBINIE XapakTep U3MeHeHus. [Ipu
KOHLeHTpauuu Bojbl 20 % 00. ¢ yBeJIMUEHNEM KOHIICH-
TpalUK METaHOJIA U COOTBETCTBEHHOM YMEHBIICHUH KOH-
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—— Boma—40 % 06./Meranona—60 % 006.
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Pucyrok. IH(ppaKkpacHbIC CIIEKTPbI BOAHO-METaHOIBHBIX
PacTBOPOB C Pa3INYHON KOHIIEHTpPAIHE MeTaHoIa
Figure. Infrared spectra of water-methanol solutions with
different methanol concentrations

LEHTPAIMX STHJICHIIHKOISA ¢ aroM B 20 % 00. B paiioHe
3300 cm~! HabmromaeTcst paBHOMEPHOE YMEHBIIEHUE UH-
TEHCUBHOCTH ¥ OJJTHOBPEMEHHOE CMEIIEHHE TTHKA B KOPOT-
KOBOJIHOBYIO 00J1acTh puMepHo Ha 16-20 cvm1.

Takke MHTEHCHBHOCTB MHUKOB CIIEKTPA YMEHBINACTCS
IIPY BOJIHOBBIX YHCIIAX, COOTBETCTBYIOIINX CHMMETPHY-
HbIM KosieOanusam rpynmsl —CHs (2880 cm 1), nedopma-
IIHOHHBIM KOJIEOAHUAM THAPOKCHILHOM TPYIIIBI CITHPTOB
(1088 cm1) u yrepoanoro ckesnera (880 em—1, 860 cm1).
WurencuBHOCTH TMKOB nostydeHHbIx MK criekTpoB HaOmo-
JlaeTcst B 00JIaCTH BOJHOBBIX YMCEJ, COOTBETCTBYIOIINX
acuMMeTpruHbIM KoseGanusiM rpyms —CHj (2830 em 1),
BaseHTHBIX Kosiebanui csizu C—O (1020 cm ). B obnactu
BOIHOBBIX uncen 2950 cm!, 1650 cm~! uHTEHCUBHOCTD
UK cnexrpos ogunakoBas. ¥ MK criekTpoB BOAHBIX pac-
TBOPOB IJIMKOJb-3TAHOJ OTIIMYaeTcs obmacts 2950 cm!:
PaBHOMEPHO YMEHBIIIAETCSI MHTEHCHBHOCTD C YBEJIMUCHHEM
KOHIIeHTpanuu Tanona. OOparHast 3aBUCHMOCTD TTOSIBIIS-
eTcs pu BoaHOBOM vucie 2880 cm!, a npu 2830 cm!
Koje0aHusg OTCYTCTBYIOT B oTiuune ot MK crextpoB mu-
KOJIbHO-METaHOJIBHBIX BOAHBIX PACTBOPOB.

[Ipennaraemas METOAMKA W3MEPEHUS KOHIEHTPALUU
KOMIIOHEHTOB B MHOTOKOMIIOHEHTHOM PacTBOPE COCTOUT B
MOCJIEJOBAaTEIbHOM ONPE/IeNIEHNH KOHIIEHTPALH KasK0r0
u3 Hux Metogom I1JIC1. CrenoBarennbHo, AT KaXKI0I0 U3
OTIpeIeIIIEMBIX KOMITOHEHTOB ObLIa TOCTPOSHA PErpeccu-
OHHasl MOJIEJIb, TJIE B KaUECTBE HE3aBUCHMBIX IEPEMEHHBIX
MCTIONB30BAJICSt HAOOp BOTHOBBIX umncen MK criekTpos Bcex
00pasIoB, a B Ka4eCTBE 3aBUCHUMBIX (TIPOTHO3UPYEMBIX)
BEITMYHMH — 3HAUCHUE KOHIIEHTPAIMH JAHHOTO KOMITOHEHTa
B oOpa3iie.

[TocTpoeHbI U MPOaHAIN3UPOBAHBI MOJICTH C Pa3Ind-
HBIMHU COCTaBaMHM 0Oydaroiiei BEIOOPKH:

Mogienb | — BrimodeHsl MK criekTpbl Kask0ro U3 uc-
CJIelyeMbIX BEILECTB: BOAbI, METaHOJA, 3TAHONA U ATUJICH-
TJTMKOJISE;

Moaenb 2 — MK cnexTpbl ABYXKOMIIOHEHTHBIX
pacTBOPOB: BOJHBIX PacTBOPOB BBHIOPAHHBIX CIIUPTOB
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¢ xouneHtpanueit 20-90 %; MK crnexTpsl TpexKoMIo-
HEHTHBIX PAaCTBOPOB: BOJHBIX PACTBOPOB CIUPTOB C CO-
nepxkanueM Boasl 20—60 % u comeprkaHueM KaKIOro U3
koMItoHeHTOB B kosmdectse 40 % nim 20 % ot oObema
pacTBopa;

mozenb 3 — UK cnekTpsl 01HO-, IBYX- M TPEXKOMIIO-
HEHTHBIX COCTaBOB.

C nenpio nccnenoBanus BiusHUA o0padorku MK crek-
Tpa Ha KaueCTBO PaOOThI MOCTPOCHHBIX MOJEIEH BBIIOJI-
HUM aHaJIN3 TTapaMeTPOB KadecTBa MOJICTICH, CoMlepKaIIIX
UK criekTpsl, y KOTOpBIX ObLIa CKOPpEKTHpOBaHa Oa3zoBast
TUHAA U Mojieneit, coneprxkamux UK criekTpsl co ckoppek-
THUPOBAHHOH 0a30BOM JIMHNEH M TIPOBECHHBIM BEKTOPHBIM
HOPMHPOBAHUEM.

KauecTBO cO31aHHON MOAEIN OLEHUM 110 METPUKAM
RMSEP (Root Mean Square Error of Prediction) — cpen-
HEKBaJpaTHYHOE OTKJIOHEeHHe nporaoza, RMSEC (Root
Mean Square Error of Calibration) — cpenaexBaapaTnaHoe
OTKJIOHEHHE TpajyupoBkH U R-Square — pmosst nucnep-
CHUHM 3aBHCHMBIX TIEPEMEHHBIX Y, 00BsSICHSIEMast MOJIEIBIO.
B mannoi1 paboTre B KauecTBE METPHK TSI OLIEHKH MOJICIN
6sun B3aTel RMSEP 1 R-Square.

[TapameTpbl MOCTPOEHHBIX MOJETIEH ISl KaXK0TO U3
BEIIECTB ¢ KOPPEKTUPOBKOH TOJIbKO Oa3oBoit muuaun MK
CIIEKTPOB ¥ C KOPPEKTUPOBKOH 0a30BOM JIMHUM U BEKTOP-
HBIM HOPMHPOBAHHUEM IIpE/ICTaBICHBI B Ta0I. 1.

[To nanHbIM Tab1. 1 MOXKHO C/IeNaTh BBIBOJ, YTO Kave-
CTBO MOJIEJICH, HCTIONIB3YIOMINX 00YYaIOIIy 0 BHIOOPKY M3

Tabnuya 1. IlapameTpbl HOCTPOSHHBIX Mojiesel ¢ oOyuatomei Beibopkoit n3 MK criexrpos

Table 1. Parameters of the constructed models with a training sample from IR spectra

BemecTna B cocTabe TlpoueHT 00BACHEHHON /CTIepCHHt RMSEP R-Square KonuyecTBo KOMIOHEHT
cMecH o X mo Y B MOJEIH
CO CKOPPEKTHPOBAHHOI 6a30BOM JIMHHUECH
Mogens 1
Bona 95 100 0,05 0,99 2
Meranon 93 98 7 0,97 2
DTUICHIIINKOIb 94 100 0,43 0,99 2
DraHon 93 96 8 0,96 2
Mopens 2
Bona 92 98 1,48 0,99 4
MeraHon 91 98 0,8 0,99 10
DTUIICHIIINKOIb 92 98 1,45 0,99
DraHon 89 98 1,54 0,99
Mogens 3
Bona 93 98 1,63 0,99 7
Metanon 91 97 0,97 0,99 11
DTUICHITIUKOIb 93 98 23 0,99 5
DraHon 90 98 1,18 0,99 7
C KOPPEKTUPOBKOI 6a30BOM JTMHUU U BEKTOPHBIM HOPMHUPOBAHUEM
Mopens 1
Bona 86 99 29,59 0,53 2
MeraHon 89 97 55,35 —0,63 2
DTUICHITIUKOJIb 64 98 68,03 -1,47 2
DraHon 81 93 92,97 -3,61 2
Mopens 2
Bona 84 95 2,16 0,99 4
MeraHon 87 96 0,54 0,99 10
DTUICHIIINKOIb 75 92 1,95 0,99
DraHon 71 89 2,58 0,99
Moyens 3
Bona 83 91 1,66 0,99 7
MeraHon 87 95 1,18 0,99 11
DTUICHIIINKOIb 73 90 3,1 0,99
DraHon 80 84 33 0,98 7
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UK criekTpoB 00pa3ioB TOIBKO C KOPPEKTUPOBKOM 6a30BOIt
JINHUH — BBIIIE, YEM MOJICJICH, Y KOTOPBIX CIIEKTPHI B 00-
y4aromieil BEIOOpKe OBUIH JTOTIOTHUTEIBHO MTOIBEPTHYTHI
BEKTOPHOU HOPMHUpPOBKE. TakmM 00pa3oMm, JOTIOTHUTEIb-
Has HopMupoBka MK cIiekTpoB MPUBOIUT K YXYAIICHUIO
MIpeCcKa3aTeIbHBIX XapaKTEPUCTHK MOJICIICH, IOATOMY IS
JAIBHEHINET0 paccMOTPEeHHS B paboTe BEIOPAHBI MOJIEINH,
TJI€ CTIEKTPBI CKOPPEKTHPOBAHBI TOJIBKO 110 6A30BOM JIMHHH.

B nporniecce o0yuenuns Mozeneii onpeesneH OnTuMaib-
HBIH HaOOp 00pa3ioB B 00ydaromieil BEIOOPKE, KOTOPBI
MO3BOJIIET PACCUMTHIBATh KOHIIEHTPALMIO COCTABJISIO-
LIMX BEIICCTB C OTHOCUTEIBHOM MOTPEHIHOCTRIO HE OoJiee
10 % o6wema. Jlist 3TOro y MoJIeTici, BKITIOUAIOIIUX CIICK-
TPBI CO CKOPPEKTUPOBAHHOW 0a30BO# JTMHHEH, OI[CHIBA-
suck Metpukn RMSEP u R-Square. 3arem nposonunacek
MPOBEPKa KOPPEKTHOCTH PabOTHI MMOCTPOCHHBIX MOJIEIEH
10 JTaHHBIM, MTOJTYYCHHBIM B XOJIC BBIYMCIUTEIBHOTO JKC-
MIepUMEHTA. BRIYUCTUTETHHBIN SKCTIEPIMEHT IIPOBOIUIICS
HE TOJIBKO UISl COCTABOB, COICPIKAIIHNX ABYX- H TPEXKOMITO-
HEHTHBIE PACTBOPEI, HO U [UIS pACTBOPOB, COAEPIKAIIIX BCE
YeThIpe KOMITIOHEHTa, HECMOTPS Ha TO YTO B 00yYaIOIINX
BBIOOpKAX CHEKTPHI YETHIPEXKOMIIOHEHTHBIX COCTABOB
OTCYTCTBOBAJIH.

BhIsICHEHO BIUSIHHE COCTaBa 00y4arolieii BHIOOPKU Ha
Mpe/ICKa3aTeIbHY0 CIIOCOOHOCTh MOCTPOCHHBIX MOJICIEH
JUISL ONIPE/IETICHUS] KOHLEHTPAILIUU B YETHIPEXKOMIIOHEHTHOM
pactBope 1o ero K cnekrpy.

Bbein npurorosnen tectoBbiit pacTBop 1 cocraBoM:
Boga — 40 %, metanon — 20 %, sTunenriukois — 20 %,
stanon — 20 % u cust ero UK crektp. Korrentparmm te-
CTOBOTO YETHIPEXKOMITOHEHTHOTO PacTBOpa | ompeneeHs

C MOMOIIIBIO MOJIEJIEH C PA3JIMYHBIM COCTABOM O0yUaroIUX
BbIOOpPOK. [TomyueHHbIe 3HaYeHHs IPUBE/ICHBI B Ta0I. 2.

AHaJOTUYHO ONpeeIeHbl KOHIEHTPALUU TECTOBOTO
YETBIPEXKOMIIOHEHTHOI'O PAcTBOpa 2, UMEIOLIETO COCTaB!
Boma — 40 %, meranoa — 10 %, stunenrukois — 20 %,
starorn — 30 % (tabm. 2).

ITo pesymbTaram, MOTy4eHHBIM HA OCHOBAHWH Ta0II. 2,
BBITIOJTHEH aHAJIN3 COCTaBa 00ydarome BEIOOPKHU, KOTOPBIi
JTaeT BO3MOXXHOCTB IIOCTPOUTH MOJIENb, OMPEIEIISIONIYI0
KOHIICHTpAIMIO ¢ HauTy4lieil TouHocThI0. [Ipu BKITtoueHun
B 00yuatonryto BeIOOpKY MK crieKTpoB TOJIBKO Kax10T0
U3 MCCIEyeMbIX BEIIECTB MOJENb | ompenenser KoH-
LEHTPAIUIO C OTHOCUTEIBHOI MOrPEIIHOCTHIO B CPETHEM
10-35 %. B cnyuae, ecnu oOy4aromiasi BEIOOPKa COCTOUT
U3 JIByX- M TPEXKOMIIOHEHTHBIX PacTBOPOB (MOJEINb 2),
ONpeeNeHNe KOHIEHTPAIUi TPOUCXOAUT C TOUHOCTBIO,
He npesbimaromieit 10 %. [Ipu aTom oOyuaromas BeIOOpKa,
cocrosimas u3 MK cmekTpoB Ka)KIOTo U3 MUCCICTyeMBIX
BEIECTB, a TAKKE U3 JABYX- U TPEXKOMIIOHEHTHBIX pac-
TBOPOB (MOzETh 3), obecreunBaeT pe3ylbTaT ¢ TaKOH ke
TOYHOCTHI0. OUEBHUIHO, YTO BKIIOYCHUE B OOYUAIOIIYIO
BBIOOpKY MK CHekTpoB Ka)ao0ro U3 MUCCICAYEMBIX Be-
IIECTB B CIy4ae ONpeesIeHUs] KOHIIEHTPAIMI BEIIEeCTB B
YETHIPEXKOMIIOHEHTHOM PACTBOPE HE MOBBINIAET TOUHOCTh
OTpe/IesIeHNs] 3HaUeHUH KOHIIeHTpauuu. B cBs3u ¢ atuMm, a
TaKOKe YYUTBIBAs TOT (DAKT, YTO HA NPAKTHKE KOHIICHTPALUS
TEPMOJMHAMHUYECKUX HHTMOUTOPOB B TEXHOJIOTHYECKOM
000py/I0BaHUH HE JOCTUTACT KpaHHUX 3HAYCHUH (OIM3KMX
K Hy;ro u K 100 %), onTHMansHO UCTIONB30BaTh MOJEIH C
oOyuJaromell BEIOOPKOH U3 IBYX- U TPEXKOMITOHCHTHBIX
KOMITOHEHTHBIX PaCTBOPOB.

Tabnuya 2. PaccunTaHHBIC KOHIIEHTPAIMN TECTOBBIX PACTBOPOB | U 2, TIOIyYEHHBIE ¢ IPUMEHEHNEM Mojieei, 00ydeHHBIX
Ha Pa3IMYHBIX COCTaBaX 00ydYaroNIUX BEHIOOPOK

Table 2. Calculated concentrations of test solutions No. 1 and No. 2 obtained using models trained on various compositions

of training samples

Coras | e | Koot | onyonumenn | My [ Komerans | omocmsm
TCCTOBOTO pactBope, % 06. | 1o moxenu, % 00. MOrpEHIHOCTE, % pactBope, % 00. | 1o mouenu, % 00. NOTPEIIHOCTE, %
pacteopa TecTtoBslit pacTBOp 1 TecroBslit pacTBOp 2

Mopens 1
Bona 40 51 27,5 40 51 27,5
Mertanon 20 18 10 10 12 20
DTUICHIIIUKOJb 20 13 35 20 13 35
DraHon 20 18 10 30 27 10
Mopens 2
Bona 40 40 0 40 40 0
Mertanon 20 20 0 10 11 10
OTUJICHIIMKOIb 20 20 0 20 20 0
OraHon 20 18 10 30 28 6,7
Mopnens 3
Bona 40 40 0 40 40 0
Metanon 20 20 0 10 11 10
DTUIICHIIMKOJIb 20 20 0 20 20 0
Orta”on 20 18 10 30 28 6,7
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10.C. KoxeBuHa, T.H. HoceHko, M.B. YcneHckas

3akJjoueHnne

[TokazaHa BOBMO)XHOCTB OIPEAEICHHs KOHLIEHTPALUH
KOMITOHEHTOB B YETBIPEXKOMIIOHEHTHOM BOJIHO-CITMPTOBOM
pacTBope 1o HH(PPAKPACHOMY CHEKTPY, HOITyUYCHHOMY Me-
TOZIOM HapyILIEHHOT'O MOJHOTO BHYTPEHHET0 OTPAXKCHUSI.
[MonrBepxaeHa 3¢ (HheKTUBHOCTH PaOOTHI MOCTPOCHHBIX
MoJIeTIeii ¢ 00ydaroIieii BEIOOPKOH, BKITIOYAIOMICH CIICKTPHI
00pasmoB ¢ MUHIMAIBHON TPEeIBapUTEIHHON 00padboT-
KO — KOPPEKTUPOBKO# Oa30Boi mrHUH. OnpeeNieH ONTh-
MaJbHBIA Habop o0ydaromieil BEIOOPKHU IS SKCIIPECCHOTO
OIIpEJeNICHNUs] COCTaBa TEPMOJUHAMUYECKUX HHTHOUTO-
poB — nipu moctpoeHnu Moaenu metonoM IIJICI ncmons-
30BaHKE 00yUaroIIeii BEBIOOPKH, COCTOsIIEH 13 HH(ppaKpac-
HBIX CIIEKTPOB JIBYX- U TPECXKOMIIOHCHTHBLIX PAaCTBOPOB,
Ipe/ICKa3aHne KOHIIEHTPAIMH KOMIIOHEHTOB OCYIIECTRIISI-
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ercs ¢ norpemHocThio 10 10 %. [Ipeanaraemslii MeTo
OIPE/ICTICHUS] KOHIICHTPAIUH CIIUPTOB B MHOTOKOMITOHCHT-
HOM BOJTHOM PacTBOPE [0 CPABHCHHUIO C aHAJIOTAMHU SIBJISI-
eTcs 6oJiee IKCIIPECCHBIM 3a CUCT CHATHUS MHPPAKPACHBIX
CIEKTPOB METOAOM HAPYIIEHHOTO ITOJHOTO BHYTPEHHETO
OTpakeHUs (OTCYTCTBYET IMPOOOIOATOTOBKA) M MPHUMe-
HEHHSI MUHUMAIbHON 00paOOTKM CIIEKTPaTbHBIX JaHHBIX
nepes] BKIIFOYEHNEM WX B 00YyYaronIyro BEIOOPKY IUISA TIO-
CTPOCHHS XEMOMETPHUIECCKON MOsien. AHAJIOTHYHAS TIPO-
eIy pa MoJroTOBKK MH(YPAKPACHBIX CIIEKTPOB BHIOIHEHA
JUTsE 00pas3IOB C eI OCYIIECCTBICHHS MPESIUKTHBHOIO
aHaJIN3a KOHLUEHTPAIMi BXOJSIINUX B UCCIEIYyEMbIN pac-
TBOP KOMIIOHEHTOB. Pe3ysbTaThl TaHHOW pabOThl MOYXKHO
UCIIOJIb30BATh IS IKCIIPECC-aHAIN3a COCTaBa TEPMO/IHHA-
MHUYCCKUX HHTHOUTOPOB TUAPATO00PA30BAHIS ISl OLICHKU
WX UHTUOHMPYIOMICH CTIOCOOHOCTH.
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Abstract

The magneto-optical properties of atmospheric air molecules describe how air molecules interact with both magnetic
fields and light. Studying these properties is crucial for understanding atmospheric dynamics, enhancing remote
sensing for environmental monitoring, developing new materials for sensors and optical devices, refining medical
imaging techniques like Magnetic Resonance Imaging, and advancing fundamental scientific knowledge with potential
practical applications. The objective of this study is to investigate the magnetic optical properties of air within a weak
magnetic field ranging from 0.122 T to 0.986 T using experimental methods. The analysis focuses on the variations
in transmittance across the visible spectrum with changes in magnetic field intensity. Results indicate a decrease in
transmittance with increasing wavelength, demonstrating a direct correlation between transmittance and magnetic
field strength. The magneto-optical properties, specifically transmittance, exhibit a decreasing trend with increasing
wavelength, with minimum and maximum transmittance values recorded at 460 nm and 664.755 nm, respectively.
Additionally, the transmittance of air spectrum is directly influenced by the applied magnetic field. Moreover, the
intensity ratio associated with Raman spectra shift decreases with increasing Raman spectra shift, with higher intensity
ratios observed in the presence of a magnetic field compared to non-magnetic conditions. Furthermore, the magneto-
optical response tends to shift towards higher wavelengths with increasing magnetic field strength.
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magneto-optical properties, weak magnetic field, transmittance, visible spectrum, air molecules, Raman spectra
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AHHOTAIUA

MarHuToonTH4YeCKHe CBOMCTBA aTMOC(EPHOro BO3/yXa ONUCHIBAIOT B3aUMOACHCTBHE MOJIEKYJI BO3/yXa KaK C
MarHUTHBIMH HOJISIMHU, TaK U CO CBETOM. M3ydeHHe 3TUX CBOMCTB UMEET BaXKHOE 3HAUCHHUE AT IOHUMAHHS AUHAMUKI
arMoc(epsl, COBEpPIIEHCTBOBAHNS AUCTAHIIMOHHOTO 30HANPOBAHHS [UIsI MOHUTOPHHTA OKPYXKAIOIIEH CPenbl, pa3paboTKu
HOBBIX MaTepPHAIIOB IS JATINKOB U ONTHYECKHUX YCTPOICTB, COBEPIIEHCTBOBAHHUS METO/IOB MEIUIIHCKON BU3yaTU3aIHH,
TaKNX KaK MarHUTHO-PE30HAHCHAsT TOMOTpadust, U JUTs IPOJBIKEHHS (DyHAAMEHTAIBHBIX HayYHBIX 3HAHUH C BO3MOKHBIM
MIPAaKTUYECKUM IIPUMEHeHHeM. B paboTe mcciie[oBaHBl MarHUTOONTHYECKHE CBOMCTBA BO3yXa DKCIIEPUMEHTATEHBIMA
METOAaMH B CIa0bIX MarHUTHBIX MoJisiX oT 0,122 no 0,986 Ti. M3yuensl m3meneHns: kodGGUIUEHTA MPOITyCKaHUS B
BUJIIMOM CIIEKTPE NPU Pa3HOIl MHTEHCHBHOCTU MAarHUTHOTO 1oJis. [lomydeHHbIe pe3ybTaThl HOKa3ail yMEHbIICHHE
k03 GULIMEHTa NPONYCKAHUSA C YBEIMYCHUEM [UIMHBI BOJIHBI, YTO YKa3bIBAeT Ha MPAMYIO KOPPEIALHUIO MEXKIY
KO3(GUIIMEHTOM MPOIYCKAHUS U BETMYMHOW MAarHUTHOTO 110J11. OTMEUYEHO CHUKEHHE MarHUTOONTHYECKHX CBOMCTB,
B YaCTHOCTH KO3 (PHUIHUEHTA MPOIYCKAHUS, IPH yBEINYCHNU JUIMHBI BOJIHBI. 3a()MKCHPOBAHBI MHHUMAIbHbBIE U
MaKCHUMaJIbHbIe 3HaYEHHS KO PUIIEHTa ITPOITyCKaHUs IPH JTTHMHAX BOJH 460 HM 1 665 HM COOTBETCTBEHHO. 3aMEUCHO,
YTO OTHOIIECHHE HHTCHCUBHOCTEH, CBA3aHHOE CO C/IBHIOM CIIEKTPOB KOMOMHAIIMOHHOTO PACCESHIS CBETa, YMEHBIIAeTCs
¢ yBeJNMueHneM ero cMenienus. [Ipu aTom Gosee BEICOKHE OTHOIICHNST HHTCHCHBHOCTEH HAOIIONAIOTCS B IPUCYTCTBAN
MarHUTHOTO IOJISI TI0 CPAaBHEHMIO ¢ HEMarHUTHBIMH YCJIOBHSAMH. MarHUTOONTHYECKHH OTKIMK UMEET TeHJCHIIUIO
CMEIAThCS B CTOPOHY OOJBIINX JUTHH BOJIH C YBEJIMYEHHEM HAIPSHKEHHOCTH MarHUTHOTO TTOJISL.
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MArHuTOOIITHYCCKHUEC CBOﬁCTBa, cna6oe MAarHuMTHOC I10J1C, nponycxa}me, BM)IHMbIﬁ Cl'leKTp, MOJ'leKyJ'[]:I B03}1yX3., Cl'[eKprI
KOMOMHAIIMOHHOTO paccesHHs CBEeTa

baaronapuocTu

ABTOpBI BBIPAXKAIOT OIAr0JapHOCTh YUPEKJIEHHUAM, KOTOPBIE ChITPAIN BaXXHYIO POIIb B MOJAEPKKE BHITOTHEHHBIX
uccnenoanmii. @akynpreT Gusznku B kammyce Patan Multiple Campus Yausepcurera Tpubxysan, Jlamurmyp-44700,
Hemnau, nmpenocTaBml HEOIIEHIMBIE PECYPCHI U PEKOMEHTAallNH. ABTOPHI IPH3HATEIBHEI 32 BKJIA KOMITaHUHU [nnovative
Ghar Nepal n Henanbsckoit akaieMin poOOTOTEXHUKH, pacoiIokeHHbBIX B Jlamutiryp-44700, Heman, mognepikka KOTOPBIX
ChITpaJia PenIaloIylo poilb B HacTosIIeH paboTe. ABTOPHI LEHAT MOMOIb U PECyPCEL, IpefocTaBieHHble Hemambekoit
akazieMuelt Hayk u TexHostoruit, Xymanrap Jlanurmyp-44700, Henan.

Ccpuika qist nutapoBanus: J[xoou C.X., Hakapmu JI.J1., Sna K., I'ynra C.I1. Marauroontiudeckue cBOicTBa
MOJIEKyYIT aTMochepHOro Bo3ayxa // HayuHo-TeXHUUEeCKUiT BECTHUK MH(OPMAIIMOHHBIX TEXHOJIOTHI, MCXaHUKH U ONITHKH.

2024. T. 24, Ne 3. C. 375-383. (na anni. 513.). doi: 10.17586/2226-1494-2024-24-3-375-383

Introduction

The presence of oxygen in air shows air has a spectrum
paramagnetic and hence air buoyancy accounts for roughly
3 % of the diamagnetic force while for pure oxygen gas,
the buoyancy increases by 15 % [1]. Since the magnetic
field affects the different properties of air and water the
dielectric constants for air is €, equal to 1 and water is €y,
equal to 80 [2]. The polarization occurs when atoms and
molecules are exposed to external electric/magnetic fields
are applied. The polarization of constituent molecules in a
mixed-element gas-like air can be difficult to understand. In
general, for gas the effective electric field (E) can be used
to calculate the average dipole moment of the medium (p)
as, (p) = €oYmolE".

Where € denotes the permittivity of free space, and
Ymol denotes the molecular polarizability of the gas [3].
The composition of air primarily comprises oxygen (O2),
nitrogen (N»), carbon dioxide (CO;), and water vapor
(H>0). Oxygen (Oy) is notably paramagnetic, while N>,
CO3,, and H,O are diamagnetic [4-6]. This distinction in
magnetic properties results from the molecular structures
of these constituents: O; possesses unpaired electrons,
leading to its paramagnetic behavior, whereas N, CO,, and
H,0 have all electrons paired, rendering them diamagnetic.
Thus, when exposed to a magnetic field, O is attracted to
it, while N, CO», and H,O are weakly repelled [7].

Paramagnetic materials exhibit positive magnetic
susceptibility, whereas diamagnetic materials display
negative susceptibility. Among common atmospheric gases,
carbon dioxide, nitrogen, and most combustion byproducts
are diamagnetic, whereas oxygen possesses paramagnetic
properties [8]. This distinction implies that when subjected
to an external inhomogeneous magnetic field, oxygen tends
to be attracted to certain areas while combustion products
are repelled from these regions. However, the impact of
relatively low magnetic field strengths on combustion
enhancement is primarily attributed to the paramagnetic
nature of oxygen. This is because diamagnetic materials
typically exhibit only a weak magnetic dipole moment
[9]. Early investigations by Ueno and Esaki [10] laid the
foundation for such studies, focusing on the effects of
magnetic fields on the combustion of methanol catalysis.
They noted significant fluctuations in combustion
temperature with varying frequency and amplitude when
magnetic field strengths exceeded 0.9 T. These fluctuations
were attributed to the paramagnetic characteristics of oxygen
and the forces exerted on air by the magnetic field [11].

The research gap identified in this study is the limited
understanding of the combined behavior of air molecules
in the presence of magnetic fields and their consequent
optical properties at Standard Temperature and Pressure
conditions. While some research has investigated the
magnetic properties of individual molecules in magnetic
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fields ranging from 0.1 to 1 T, there is a notable absence
of studies focusing on the optical effects. Despite
knowledge about the paramagnetic nature of oxygen and
the diamagnetic properties of nitrogen, carbon dioxide,
and water vapor, there remains a gap in comprehensively
understanding their collective behavior under magnetic
influence. Addressing this gap is crucial for gaining insights
into fundamental air behavior under magnetic fields and
unlocking potential applications across various disciplines.

Literature Review

Oxygen and nitrogen molecules are paramagnetic
or diamagnetic, with a permanent or induced magnetic
dipole moment, respectively. The electromagnetic force
experienced by molecules with an induced magnetic or
electric dipole moment is substantially weaker than the
force experienced by paramagnetic or polar molecules,
which have a permanent dipole moment. As a result, only
induced dipole moments affect the mobility of molecules.
Unpaired electron spins produce a magnetic dipole moment
is Wy = Va(n + 2)p,, where n is the number of electrons
(unpaired). Because an oxygen molecule, O, has two
unpaired electrons, n = 2, the p for oxygen is 2.8 p,. The
oxygen molecule has paramagnetic characteristics due
to its nonzero magnetic dipole moment value [12]. The
effects of a crossing magnetic field on nanosecond pulsed
corona discharge show that corona discharge creates more
routes and develops uniformly in space. The application of
a magnetic field to the discharge can also impact discharge
uniformity. Due to frequent particle collisions and a small
energy difference between rotational levels, a dynamic
equilibrium between the rotating motion of N3 and the
translational motion of O, and Ny is easily attained in
atmospheric air. As a result, the rotational temperature of
N7 is nearly identical to the temperature of the gas. As the
airflow velocity increases, the intensity of Optical Emission
Spectrum (OES) increases, which correlates to an increase
in discharge [13].

The lack of symmetry between left and right circularly
polarized spectrum in the presence of a magnetic field
causes Magneto-Optical (MO) phenomena. In two-
dimensional monolayers, optical excitations in the presence
of a magnetic field allow manipulation of valley pseudospin
degrees of freedom. Although wave functions in the
presence of even a small magnetic field differ dramatically
from those in the absence of the magnetic field, the
density matrix gauge-invariant counterpart changes
perturbative. While the position operator in responses to
electric fields can be replaced by a derivative with respect
to the wave vector in the modern theory of polarization
the description of magnetic fields is more complicated
because it introduces vector coupling to electron dynamics
and leads to non-perturbative changes in wave functions
[14]. The electromagnetic fields produced by the induced
electric and magnetic dipoles can be thought of as the
optical response of a single spherical Si particle of specific
size. The spectra of reflection and transmission for arrays
with particle spacing is less than the wavelength of incident
spectrum. It has been observed that the condition of
negligibly modest reflection generated transparency exists.

The spacing between the particles must be greater than
several particle diameters for studying the optical response
of particle arrays. The optical response and local field
distributions are greatly influenced by particle shape and
size, particle interaction, and the polarization of incident
spectrum, whereas electromagnetically coupled pairs of
gold nanoparticles have a substantial magnetic response at
visible-spectrum frequencies [15].

A large number, approximate 102 of single-domain
magnetic nanocrystallites can be found in the characteristics
of the static magnetic response of multicore magnetic
nanoparticles. An external magnetic field causes the
magnetic moments of a multicore particle to change.
The key point is that the internal rotation of the magnetic
moment within each nanocrystallite determines a multicore
particlemagnetic response.

Due to random orientations of the core easy axes,
the weak-field magnetic response of a multicore particle
seems to be independent of anisotropy energy [16].
Total scattering, elastic scattering, momentum transfer,
excitations of rotational, vibrational, and electronic states,
dissociation, ionization, and attachment are some of the
processes that are included in the cross sections for electron
and photon collisions with oxygen molecules (O;). Photon
impact is calculated using ionization and dissociation
processes. Collisions of photons and electrons with oxygen
molecules have been examined far less than those with
nitrogen molecules because oxygen molecules rapidly
disintegrate [17]. The mechanism of molecules absorbing
quanta of energy to alter vibrational and rotational states
causes molecule absorption. Although nitrogen, oxygen,
and argon dominate the terrestrial atmosphere, species
with low quantities but active vibration-rotation bands,
such as water vapor, carbon dioxide, ozone, and nitrous
oxide, dominate infrared absorption. A spectrum ray
passing through the atmosphere bends due to changes in
molecule density and the associated gradient in the index
of refraction [18].

Method and Materials

Spectrum forces on small particles are often described
using the dipole or gradient force as well as the radiation
pressure or scattering force. In response to a spectrum
magnetic field, small particles form a magnetic dipole
moment. To draw the induced dipole, field intensity
gradients compete with radiation pressure owing to
momentum transfer from photons in the beam. Intense
spectrum fields can cause significant forces between
particles. The induced electric and magnetic dipole
moments, p and m, are generally represented in terms of
the particle electric and magnetic polarizabilities, o, and a,,,
respectively, proportional to the external (polarizing) fields,
E and B. The relationship is described as follows [19]:

1
p = €o€;0.E, m = —a,,B = o, H,
Mo

omn 67 . . .
where o, = i;a 1, Oy = i;bl. Here e index is for electric

and m is for magnetic field, k is wavenumber, a; and by are
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two Mie coefficients, € is relative dielectric permittivity,
€o 1s dielectric permittivity. The scattering, o, and particle
extinction, ot cross-sections are written in terms of the
polarizabilities [20]:
k4
s = _{|ae|2 + ‘am|2},
61

oot = Xt + 65X = kIm {0, + 0y} .

Here 6%t is the sum of cross-section due to electric and
magnetic field and also known as imaginary sum (Im) of
polarization due to electric and magnetic field.

The Raman effect is the idea of polarizability of a
molecule, and it is derived from classical theory. When a
molecule is exposed to a static electric field, the electronic
cloud is drawn to the positive pole of the field, whereas
positively charged nuclei are drawn to the negative pole.
The magnitude p; is determined by the intensity of the
electric field E as well as the molecule deformability or
polarizability (o).

Wi = akE.

When a sample of molecules is subjected to a beam of
radiation of frequency v;, each molecule in it experiences
an electric field which varies according to the equation [21]

E = Eosin(2nvif).

A time dependent dipole moment is therefore induced
in the molecule

Wi = aFEosin(2mv;t).

An oscillating dipole emits radiation with the same
frequency as its oscillation frequency according to
electromagnetic theory. Furthermore, if the molecule
undergoes any motion, such as vibration or rotation, which
affects the polarizability on a periodic basis, the dipole
(which oscillates at the frequency of the applied field) will
have vibrational or rotational oscillation overlaid on it.
Consider the case of a vibration of frequency v, that alters
the polarizability. The polarizability can be expressed as for
tiny deviations from the equilibrium distance as

o = og + Bsin(2mvt),

where ay is the polarizability in the equilibrium position
and [ represents the change in polarizability during the
vibration. Consequently, the induced dipole moment is
given by

W = oE = (0g + Psin(2nvor))Epsin(2mv;t).

I 1
The Raman shift is calculated by using (X_ - k_) cm1,
where A is laser wavelength and A, is scattered wa\l/elength
T[] - T10]
and the MO response are calculated as TO] Here
T10] is transmittance without field and 77¢] is transmittance
after applying the field.

Experimental setup

The experimental setup began with the establishment of
a magnetic field using a solenoid. The sample under study
was positioned within the magnetic field generated by the
solenoid. The intensity of the magnetic field was measured
using a gauss meter ensuring accurate calibration. The
overall arrangement of the experimental setup, including
the solenoid, sample placement, and measurement
instruments, is depicted in Fig. 1. Following the setup of
the magnetic field, the experiment proceeded by connecting
a detector, specifically a web camera, to the Theremino
spectrometer software for data collection and analysis.

Phenomena of the Experimental Setup and
Experimental Observation

The experimental setup depicted in Fig. 1 facilitated
data collection under varying magnetic field conditions.
Initially, the magnetic field was established using an
electromagnetic induction device directing the current to
the solenoid. The intensity of the magnetic field generated
by the solenoid was accurately measured using a gauss
meter. Subsequently, the prepared sample was positioned
within a tube stand. An unpolarized white spectrum was
then passed through the sample, and a detector placed
opposite to the spectrum source captured the data. Finally,
the collected data was transmitted to a computer using the
Theremino spectrometer software for analysis.

Result and Discussion

Transmittance of Visible Spectrum through Air
Molecules at Normal Atmospheric Condition

Fig. 2 illustrates the investigation into the MO
properties (transmittance) of air molecules. The study
reveals that under very weak magnetic fields, transmission
primarily occurs in the low wavelengths of the spectrum
(400 nm to 550 nm), while absorption becomes more
prominent in the higher wavelengths (beyond 550 nm to
700 nm). The magnetic field induces a dipole moment in
the air molecules impacting their size and vibration [1]. As
air is slightly paramagnetic due to the presence of oxygen, it
tends to be pulled towards the center of the magnetic field,
with a greater effect observed at higher field strengths.
Consequently, the transmittance is higher in stronger
magnetic fields compared to weaker ones. Notably, the
influence of the magnetic field is more pronounced in the
higher wavelength region, where the size of air molecules

Fig. 1. Experimental arrangement
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Fig. 2. Transmittance of spectrum through air at 0.986 T (@) and 0.122 T ()

is significantly affected. In the magnetic field range of
0.349 T to 0.703 T, fluctuations in transmittance and
absorbance occur due to molecular randomness. However,
beyond this range (0.720 T to 0.986 T), transmittance
exhibits a plateau-like curve, indicating a stable magneto-
optic influence on wavelength-dependent transmittance and
absorbance. Additionally, the transmittance curve displays
several Gaussian peaks within specific wavelength ranges,
as depicted in Fig. 2.

The study results reveal that under magnetic
fields ranging from 0.143 T to 0.194 T, the maximum
transmittance of air molecules is 0.7 % at a wavelength
of 460 nm, higher than in the absence of applied field.
Conversely, peak absorbance occurs at multiple
wavelengths, including 593.59, 648.36, 655.97, 678.12, and
689.85 nm, with a maximum absorbance of 0.7 % compared
to the non-applied field condition. In stronger magnetic
fields (0.720 T to 0.986 T), the maximum transmittance
increases to 1.7 % at a wavelength of 664.755 nm,
exceeding that observed without magnetic field.
Simultaneously, the maximum absorbance decreases to
0.6 percent at 544.55 nm compared to the non-applied field.
Additionally, within the magnetic field range of 0.720 T
to 0.880 T, the highest absorbance value is recorded at a
wavelength of 431.34 nm. Overall, the greatest absorption
occurs at 544.55 nm within the magnetic field range of
0.918 T to 0.986 T. These findings demonstrate that both
the wavelength of light and the strength of the magnetic
field influence the transmittance and absorbance of air
molecules. The observed variations underscore the intricate
interplay between magnetic fields and the optical properties
of air molecules, suggesting the potential for magnetic field
control to guide transmittance and absorption, offering
opportunities for MO guidance [22].

Raman Spectra Shift with Intensity Ratio for Air
Molecules

Fig. 3 illustrates the relationship between the Raman
shift and the intensity ratio. In the low Raman spectra shift
zone, the intensity ratio is observed to be high, whereas
in the high Raman spectra shift region it decreases.
Notably, the intensity ratio exhibits larger variations in
strong magnetic fields compared to low magnetic fields.
For instance, with the greatest Raman shift measured

at 10643.4 cm! in a low magnetic field, the minimum
intensity ratio is found to be 0.645. Conversely, under the
same magnitude of Raman shift, the minimum intensity
ratio in a high magnetic field is determined to be 0.657 T.

This observed phenomenon can be attributed to the
vibration of molecules in the presence of air, leading to the
formation of a dipole moment. As the size of molecules
increases from low to high magnetic fields (0.122 T to
0.986 T), the dipole moment also increases. The incident
spectrum energy is transmitted to the molecules, causing
them to vibrate more and become more polarizable.
Consequently, this results in a modest amount of
transmittance and a decrease in the ratio of transmitted
to incident spectrum intensity, ultimately leading to the
observed Raman shift effect on air molecules. Additionally,
the MO effects on the air molecules contribute to a higher
Raman shift as the magnetic field strength increases.

Magneto-Optical Response in the Presence of
Magnetic Field in Air Molecules

The MO response of air at normal atmospheric
conditions, as depicted in Fig. 4, demonstrates notable
variations across different magnetic field strengths.
In the low magnetic field range of 0.122 T (Fig. 4, a)

1.00 - — 0986 T
4 —_—0T
0.90 4 .
. '
0.80 1 :
0.70 4 ]
0.60 T L) T T T L]
0 4000 8000 12,000

Raman Shift, cm™!

Fig. 3. Raman shift versus ratio of intensity of transmitted and
incident spectrum (//1p)
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Fig. 4. Observation of the MO response of the air at 0.122 T (a) and 0.986 T (b)

and 0.986 T (Fig. 4, b), the MO response decreases
with increasing wavelength of the incident spectrum.
Specifically, the maximum and minimum values of the
MO response are observed at wavelengths of 541.9 nm
and 689.4 nm, respectively. However, in the magnetic field
range of 0.194 T to 0.703 T, a significant fluctuation in
the MO response is observed. Here, the maximum MO
response values exhibit larger variations across different
wavelengths, with the highest values recorded at 663.9 nm.
Conversely, the minimum values of the MO response also
show fluctuations across various wavelengths, with the
lowest values observed at 661.1 nm. In contrast, under
magnetic fields ranging from 0.720 T to 0.986 T, the MO
response increases with increasing wavelength of the
incident spectrum. The maximum MO response values
are observed at high wavelengths, particularly at 652.5 nm
and 663.9 nm, while the minimum values occur at lower
wavelengths such as 431.2 nm. Comparing the cases of
0.0, 0.122, and 0.986 T, it is evident that the MO response
is significantly influenced by the strength of the magnetic
field. In the absence of a magnetic field (0 T), the MO
response exhibits relatively stable behavior across different
wavelengths. However, as the magnetic field strength
increases to 0.122 T, there is a noticeable decrease in the
MO response, particularly at higher wavelengths. This
suggests that a weak magnetic field has a suppressive effect
on the MO response of air molecules. On the other hand,
at a higher magnetic field strength of 0.986 T, the MO
response shows a significant increase, especially at high
wavelengths. This indicates that a stronger magnetic field
enhances the MO response of air molecules, likely due to
increased interactions between the magnetic field and the
air molecules. Findings highlight the intricate relationship
between magnetic field strength and the MO response of
air molecules, with potential implications for understanding
MO phenomena and their applications in various fields.

Effect of Magnetic Field on Transmittance of
Spectrum

Fig. 5 demonstrates the correlation between magnetic
field strength and air transmittance, with notable

implications for understanding the MO behavior of air
molecules. As the magnetic field intensity increases, a
corresponding rise in air transmittance is observed,
particularly evident at a constant wavelength of 541.9 nm.
This phenomenon can be attributed to the influence of
the magnetic field on the molecular vibrations of air
molecules. The gradual increase in magnetic field strength
induces a dipole moment in the molecules amplifying
their vibrations. This amplification process results in
enhanced transmittance of the air, signifying the heightened
interaction between the magnetic field and the molecular
structure of air. However, as the magnetic field continues
to increase, the molecular vibrations become more random
leading to a temporary decrease in transmittance before
reaching a sharp peak. This decline can be attributed to the
disruptive effect of increased particle randomness on the
transmittance of the spectrum. Ultimately, the elevation
of transmittance in high magnetic fields can be elucidated
by the heightened particle randomness, which increases
entropy and polarizability within the air molecules. Thus,
the observed trends underscore the intricate interplay

94.6 T T T T T
At 541.9 nm
4 = Experimental .
. Polynomial fit
= 94.2- -
3]
g ]
E
5 93.84 ]
=
93.4 T T T T T
0.0 0.4 0.8

Magnetic Field, T

Fig. 5. Magnetic field effect on the transmittance in the air at
541.9 nm
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between magnetic field strength, molecular vibrations,
and air transmittance, offering valuable insights into the
underlying mechanisms governing MO phenomena.

The fitted equation with polynomial 9 degrees for Fig. 5
is obtained as

T=109.48 —402.12B + 4503.87B% — 2587283 +
+89019.34B4 — 191831.45B5 + 260613.49B6 —
—216503.43B7 +100332.12B% — 19857.0348°.

Here T is transmittance in % whereas B is applied
magnetic field.

Nature of Maximum and Minimum Transmittance
at same Wavelength and same Magnetic Field

Fig. 6 provides a detailed illustration of transmittance
variations showcasing distinctive patterns of minimum
dips (Fig. 6, a) and maximum bumps (Fig. 6, b) across a
spectrum of incident wavelengths. As depicted in Fig. 6, a,
there is a consistent trend of decreasing transmittance
with increasing wavelength across all magnetic field
intensities (0.122 T to 0.986 T). This trend signifies that
longer wavelengths tend to yield lower transmittance
values, evident in the lowest minimum transmittance
observed across each magnetic field case and the highest
maximum transmittance observed among each magnetic
field case in Fig. 6, b. Notably, at a wavelength of
431.2 nm, the transmittance reaches a minimum of 95 %
across all magnetic field strengths. Conversely, the lowest
transmittance value of 76.7 % is observed at a wavelength
of 649.7 nm. Furthermore, the maximum transmittance
peaks consistently at 98.1 % at a wavelength of 414.1 nm
across all magnetic field cases. This consistency in peak
transmittance underscores the robustness of air molecules
in response to fluctuations in magnetic field strength
emphasizing the importance of these findings in elucidating
the optical behavior of air under diverse magnetic field
conditions.

The article investigates the behavior of air molecules
under weak magnetic fields, with a focus on their MO
properties. Through experimental methods, the study
observes changes in transmittance across the visible
spectrum with varying magnetic field strengths. Findings

reveal that transmittance decreases with increasing
wavelength, while it also varies with magnetic field
strength. Notably, the research demonstrates that the MO
response of air molecules is directly proportional to the
applied magnetic field, with intensity ratios in Raman
spectra shifting towards higher wavelengths under magnetic
influence.

The practical implications of this research are
significant spanning diverse fields, such as optical
sensing, environmental monitoring, material science, and
potential applications in medical and biological contexts.
Understanding these MO properties offers insights
into fundamental air behavior and opens avenues for
technological advancements across various disciplines.

Magneto-Optical Properties of Air Practical
Application

Understanding the MO properties of air molecules
holds significant implications across diverse fields. In
atmospheric science, the effect of magnetism on light and
air molecules is crucial. Understanding how magnetic fields
influence both light and air molecules aids in unraveling
atmospheric phenomena and refining remote sensing
techniques for accurate environmental monitoring. In
medicine, this knowledge contributes to refining Magnetic
Resonance Imaging technology, improving diagnostics.
Additionally, it fosters advancements in material science,
facilitating the creation of novel materials with tailored
properties for sensors and optical devices. Hence this
studying MO properties of air molecules fosters innovation
and progress in multiple scientific and technological
domains.

Conclusion

The investigation into the MO properties of atmospheric
air under normal conditions revealed variations across
magnetic field strengths ranging from 0.122 T to 0.986 T.
Notably, the magneto-optical property demonstrated
an increasing trend with rising magnetic field strength,
while exhibiting a decrease with increasing spectrum
wavelength. The minimum transmittance recorded was
0.7 %, observed at a wavelength of 460 nm, whereas the
maximum transmittance of 1.7 % was noted at 664.755 nm
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spanning the magnetic field range from 0.122 T to 0.986 T.
Additionally, the transmittance of the spectrum through
atmospheric air displayed a direct, albeit nonlinear,
proportionality to the applied magnetic field, indicating that
higher magnetic fields corresponded to higher transmittance
levels. Investigations into the intensity ratio with Raman
spectra shift revealed a decreasing trend with increasing
Raman shift spectra. The magneto-optical response
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AHHOTANMA

Beenenne. ccnenoBano BIMAHHE MOMAPU3aLUN (EMTOCEKYIHOTO Ta3epHOTO U3IMyueHUs: Ha (GOPMHUPOBAHUE
QIITAIICOUIHBIX HAaHOYACTHI cepebpa (Ag) M MX OPUEHTALUIO B 30Jb-TeJIb TUIEHKaX okcuna nuHKa (ZnO). Biamsane
MOJIIPU3ANNH SBISCTCS MPUINHOW BOSHHUKHOBEHHS AMXPOW3Ma B IUIEHKAX Hocie obmydeHus. B otnnume ot
cepeOpocoepKaIiX CTEKOI, IIe TOT MEXaHW3M BIEpBBIC ObII OOHAPYXKEH, B TOHKHUX 30JIb-TelIb IUICHKAX JaHHBII
3¢ eKT NpakTHIECKH He HCCIIEI0BaH, YTO OIPEeeIsieT akTyalbHOCTh paboTel. MeTtoa. Yipasienne GpopMoii, pasmepamn
1 OpHEHTAlMel HAaHOYACTUI Ag OCYILIECTBISUIOCH ITyTEM BO3ACHCTBHS Ja3epPHBIMH (DeMTOCEKYHHBIMU HMITYIbCAMU
C BBICOKOW 4acCTOTOH MOBTOPEHUS U JIMHEHHOH Mojspu3anneii, OpUeHTUPOBAHHON BJIOJIb U MOIEPEK HallpaBlIeHUH
ckaHHpoBaHusL. 7151 BOSHUKHOBEHUSI AUXPOU3Ma TPEOOBANIOCh 00ECIIEUNTh BBICOKOE MOMIOIIEHHE J1a3ePHOTO U3y YeHHUsI
HAHOYACTUIIAMH U OTCYTCTBUE Norommenus B Marpuuie ZnO. uxponsm B mieHkax ZnO ¢ HaHouacTHIaMu Ag (ZnO:Ag)
HCCIEN0BANICS METOJaMH ONTUYECKOH MUKPOCKONIUH U CIIEKTPO(OTOMETPHHN B MPOXOJAIIEM CBETE. AHAIN3 pa3Mepa,
KOHIICHTpAH, (OPMBI ¥ OPHEHTANH HAHOYACTHIL B IVIEHKE MPOBOJHJICS C IPHIMEHEHHEM JIEKTPOHHOH MUKPOCKOIIHH.
OcHoBHBIE pe3yJbTaThl. [l0ka3aHO, YTO BO3HUKHOBEHHE JAUXPOU3Ma MPOHCXOIHUT B pPe3ylabTaTe BO3JACHCTBUS Ha
IUICHKH JIA3€PHBIM U3IyYEHUEM C TUIOTHOCTHIO dHEprun OT 43 10 99 M/k/CM? 32 MMITYJIBC TIPU CKOPOCTH CKAHUPOBAHHS
1 Mm/c. BbIsiBIIeHO, 4TO NMpH JQHHBIX 3HAUCHUSX IUIOTHOCTH DHEPIUU MPOUCXOANUT (HOPMUPOBAHUE DILUTUIICOMTHBIX
HaHO4YaCTHII, OoJIbIIIast OCh KOTOPBIX MPEUMYIIECTBEHHO OPUCHTHPOBAHA BAOJIb JIMHUU NOJIAPU3aALIUNA (beMTOCGKyH}lHOFO
U3JTy4eHUsl BHE 3aBUCUMOCTH OT HAIPABJICHUs CKAHUPOBaHUsL. B pesynbrare j1a3epHOro o0imy4eHus Moau(puIIpoBaHHbIC
obnmactu mIeHKH npuodbpenu auxpousm. Ilpn mapaniaeabHOM pacloIOKEHUH OCH TOSPU3AIMN MAJAI0IIEr0 CBEeTa
C HampaBJICHUEM JIMHEHHOU MOISIpU3anuu (PEMTOCEKYHAHOTO U3ITyUEHH, C TIOMOIILI0 KOTOPOTO OCYIIECTBISETCS
3aMHCh, IPONUCXOUT CMEIEHHUE MTHKa IIa3MOHHOTO Pe30HaHCa B JUIMHHOBOJIHOBYIO 001acTh criekTpa. I1pu moBopote
MoAU(UIMPOBAHHBIX 00acTeil Ha 90° MUK ITa3MOHHOTO Pe30HAHCA CMEIIAETC sl B KOPOTKOBOJIHOBYIO 00IACTh CIIEKTPA.
[pu roTHOCTH dHEprUU BhIimie 99 MJIK/cM2 TUXpOU3M COXpaHseTcst, HO dQHEKT AUXPOM3MA CHHKAETCS, pa3Mep
HAHOYACTHI] YMEHBIIAETCsl M HAYMHACTCS IOCTENIEHHOE pa3pylIeHHe MaTPHULIbI IVIEHKU ¢ 00pa30BaHHEM HaHOPa3MEPHBIX
nop u tpeuH. O6cy:xaenue. [lonydeHHble pe3ynbTaThl MOI'YT HAHTH NPUMEHEHHE NPU 3alUCH HOJISIPU3aLMOHHO-
YyBCTBUTEBHBIX IEMEHTOB MAJIbIX Pa3MEPOB, CIIEKTPAIIbHOE MIPOITYCKaHHE KOTOPBIX 3aBHCUT OT OPHEHTAINU BEKTOpa
JIMHEMHOM MOJsIpU3aluy Nalalolero Ha HUX cBeTa. [IpennoKeHHbli 01X0 ] O3BOISIET KOPPEKTUPOBATH MOJI0KEHUE
MHKa TUIa3MOHHOTO PE30HAHCA B CHEKTPaJbHOM Auama3oHe oT 450 mo 650 HM ¥ MOKET HalTH MPUMEHEHUE IS
TIOBBIIICHHS TyBCTBUTEILHOCTH (DOTOIETEKTOPOB B TPEOyEeMOM CIEKTPAILHOM JIHAIa30HE.

KiioueBble c10Ba
(heMTOCEeKyH/THBIC JIa3EPHBIC UMITYJIbCHI, TUXPOU3M, 30JIb-TeIb IUICHKH, TNICHKH OKCH/Ia [IMHKA, HAHOYACTHIIBI cepedpa,
ITa3MOHHBIN PE30HAHC, Jla3epHast MOAU(UKAIIAS
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Abstract

Polarization of femtosecond laser radiation influence on the windings of ellipsoidal silver nanoparticles and their
orientation in zinc oxide sol-gel films was studied, which caused the appearance of dichroism in the films of the
irradiation field. Unlike silver-containing glasses, where this mechanism was discovered, it has hardly been studied in
thin sol-gel films before. Femtosecond laser pulses with a high degree of repetition and linear polarization controlled
the shape, size and orientation of silver nanoparticles which was oriented horizontally along and across the direction.
For dichroism to occur, it is necessary to ensure high-quality separation of laser transducers by Ag nanoparticles and the
absence of differences in the zinc oxide matrix. Dichroism in such ZnO:Ag films was investigated by optical microscopy
and spectrophotometry away from light. Analysis of the size, content, shape and location of nanoparticles in the film
was conducted taking into account electron microscopy. It has been shown that the relationship between dichroism as
a result of exposure of the film to laser radiation with energy density ranging from 43 to 99 mJ/cm? per pulse and flow
velocity of 1 mm/s. It was investigated that at given fluence, the interruption of ellipsoidal nanoparticles, most of which
are simply oriented along the polarization line of the femtosecond transformation, occurs depending on the direction of
the transformation. As a result of laser treatment, modified areas of the film acquired dichroism. When the polarization
axis of the incident light was parallel to the direction of linear polarization of the femtosecond radiation with which the
regions were recorded, the plasmon resonance peak shifted to the long-wavelength deflection region. When the changed
zones were rotated by 90°, the peak of the plasmon resonance shifted to a shorter wavelength region relative to. At
fluence above 99 mJ/cm?2, dichroism remained, but it decreased sharply, the size of nanoparticles decreased and began
to gradually destroy the film matrix with the formation of nanoscale pores and cracks. Obtained results can be used to
register polarization-sensitive elements of small sizes, the spectral transmission of which will depend on the orientation
of the linear polarization vector of the light incident on them. The proposed method allows adjustment of plasmon
resonance peak position in the spectral range from 450 to 650 nm, which can also be used to increase the sensitivity of
photodetectors in the specified spectral range.

Keywords

femtosecond laser pulses, dichroism, sol-gel films, zinc oxide films, silver nanoparticles, plasmon resonance, laser
modification
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Beenenne I0TCSI B KQUECTBE CJIOEB, IONIOIIAIOIINUX CBET, B (hoToneTeK-

TOpax yasrpaduoseToBoro nainyuenus [2]. Jlobasnenne B

INomynpoBogHHUKOBEIE MJIEHKU OKcuaa HuHKA (ZnO) ¢ cocTaB IUIEHOK METAJUINYECKUX HAHOUACTHIL YBEIINUUBACT
IIMPOKOH 3aNpelieHHo# 30H0M (Eq > 3 5B) [1] mpuMens-  3(pdeKTHBHOCT JETEKTUPOBAHMUS U3ITydEHHUs], UTO CBA3AHO
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demToCeEKYHOHAA nadepHas MoanudurKaLms 30b-refb nneHok ZnO:Ag ¢ NPosiBNIEHMEM AMXPOM3Ma

¢ 3 exToM JIOKAITN30BAaHHOTO MOBEPXHOCTHOTO IJ1a3MOH-
Horo pe3onanca (JIIIITP) BoiHBI majaroiero cBera ¢ Me-
TaJUIMYECKUMHU HaHo4yacTHLaMH. 3a cuet 3¢ ¢exra JITITIP
TIEPUOINYECKUE CTPYKTYPHI M3 HaHOUACTHIl cepedpa (Ag)
paccenBaloT Majarollee U3JIydeHne U NepeHanpaBisioT
ero B Marpuny ZnO, TeM caMbIM yBEIMYIHUBast OIJIOLICHHE
[3]. Oddext JITIIIP Tarxke MOKET TPUBOANUTH K HHIKEKITHH
TOPSIYUX JIEKTPOHOB M3 HAHOYACTHUIEI B OKPYKAIOIIYTO
rwieHKy [4]. IIpu pe3oHaHCHOM BO30YX/ICHUH HAHOYACTHIIBI
M3ITy4eHHEM C JIOCTATOYHO OOJNBIION MHTCHCHUBHOCTHIO,
BOS6y)K)IeHHI)IC OJICKTPOHBI M3 HAHOYACTUIBI ITOINMagaroT
B 30HY IIPOBOJUMOCTH I10JIyIIPOBOAHUKOBOW MAaTpHUIIbL,
YTO TIPUBOJUT K YBEJINYECHHIO KOHLEHTPALUH CBOOOIHBIX
HOCHUTeNeH 3apsaa B Hell U, ClIeI0BaTeNbHO, K MOBBIIIEHUIO
¢dororoxka [5].

Ucnons3zoBanue nanouactun c¢ JIIIP na paznnu-
HBIX JUTMHAX BOJIH MO3BOJISICT KOHTPOJIMPOBATH ANUAIA30H
CHEKTPaJbHON YyBCTBUTEIBHOCTH (hoTOmETEKTOpa [6].
[onoxxenne nuka JITIIIP 3aBucuT oT QPopM™mEI, pazmepa,
COCTaBa HAHOYACTHI], & TAK)KE OT TOKA3aTEJIs PEITOMIICHHS
OKpY’Karoulel IIeHKU. BaykHO TexHOIorn4ueckou 3anauei
ABJIACTCA YIIPABJICHUEC ITOJIOXKEHUEM TTHNKA U, KaK CJICICTBUE,
YIIPpaBJICHUE JUAITA30HOM YyBCTBUTCIIBHOCTU (I)OTOZ[CTCKTO-
pa. OqauM 13 Hanbosee pacpoOCTPAHEHHBIX JII 3TOTO Me-
TOfia SIBTISIETCS] TEPMUUYECKUI OTKUT B reud [7]. B kauecTBe
aJbTePHATUBHON TEXHOJIOTUH MPe/1araeTcs UCIIOIb30BaTh
MeTOoJ JiazepHOTro oomydeHus [§]. OH O3BOJIET OBICTPO U
JIOKAIbHO MOAN(HUINPOBATH CTPYKTYPY M CBOWCTBA MaTe-
puaia, B TOM YHCJIE YIPaBIATh nosokeHueM nuka JITTTP
B criektpe. IIpn 3TOM, B 3aBUCUMOCTH OT JUTMHBI BOJHBI
N3ITy4eHUs], MOTYT PEaIN30BBIBATHCS Pa3INIHbIC MEXaHN3-
MBI TIOTTIOIIEHHMS B MaTepuaine. M3BecTHO, 4TO ¢ TOMOIIBIO
(heMTOCEeKyHIHOTO U3JIyUCHHUs C ATMHOW BOJHBI, OJIM3KOH
x JITITIP, Bo3MoXkHA MOTU(HUKAINS ONITHIECKUX CBONUCTB
U CTPYKTYPBI IJICHOK JUOKCU/A TUTaHA C HAHOYACTULAMU
3omota [9, 10]. B aTOM ciyuyae morjioneHue u3ny4eHus
MIPOUCXOIMIIO HEMOCPECTBEHHO Ha HAHOYACTHUIAX, KOTO-
pBI€ 3aTeM MepeAaBaiy TEeIIo B OKPYXKAIONIYI0 HOITyIpo-
BOJJHUKOBYIO MaTpuiy. OJJHaKO IIPH TOM Maj0 BHUMaHUS
OBIIO YJIETICHO aHN30TPOITHBIM CBOHCTBAM TICHOK C HAHO-
yacTuamu. JlazepHO-nHIyIUPOBAHHAS AHU30TPOITHS Pop-
MBI HAHOYACTHUI] MOJKET NMPUBOANTH K TOSBICHHUIO AUXPO-
n3Ma B Marepuaie. Takoi ekt nccmemnoBan B paborax
[11, 12] nmsa cirydas HaHOYACTHIl Ag B CTEKJIaX MPH BO3-
JelcTBUN (PEMTOCEKYHIHBIM PE30HAHCHBIM N3ITy4EHHEM.
Bo3HnukHOBEHHE AUXPOU3MA MPH Ja3epHON MOTUPHUKALINT
TOJIYITPOBOAHUKOBEBIX IJIECHOK IMMPUBOAUT K 3aBUCUMOCTHU
MOMIOIICHNS MaTepuaia OT MOJAPHU3ALUU U3JIYYCHHUS U,
KaK CJEJICTBUE, K MOJSPU3ALIOHHON 4yBCTBUTEIBHOCTH
(oTozeTekTopa Ha OCHOBE IICHOK. [JIs1 YCHENHOro npu-
MEHEHUSI J1a3epHOl 00pabOTKH B Ka4ECTBE OIHOM U3 TEXHO-
JIOTUYECKUX OIIEPalnii IpH N3rOTOBICHUH (POTOAECTEKTOPOB
TpeOyeTcst U3yUNTh BIMSHHE MOSIPU3aLUH (EeMTOCEKYH/I-
HOTO M3JTy9IeHHs Ha SBJICHHUE JUXPOU3Ma, BOSHUKAIOIIETO B
ZnO:Ag mIeHKax B pe3yabTraTe X OOIydeHUs.

B HacTostmieii paboTe mcciietoBaHo SBICHHE TUXPOr3Ma
B tuieHKax ZnO:Ag, BOSHUKAIOIIETO B PE3yIIbTaTe BO3ACH-
CTBUS (beMTOCCKyH}IHBIM JIa3€PHBIM U3ITYYCHUEM C JIMHEH-
HOU nossipusanueil. B uccenoBanny UCnonb30Ballach 1J1d-
Ha BOJIHBI JIA3€PHOTO U3Iy4eHUs, OJU3Kas K JAJIHHE BOJIHBI
JITITIP HaHOuYacTHIl B UCXOAHOM MJICHKE U PACTIONOKEHHAS

B OKHC ITPO3pavYHOCTHU ZnO. B Xoae pa6OTLI N3Yy4YCHO BJIM-
SAHUE IUIOTHOCTU SHEPIrun (I)CMTOCCKyH[[HLIX HUMITYJIbCOB U
HaIpaBJICHUS BEKTOPa JIMHCHHOU MOJISIpU3aliuu JIa3€PHOI'0O
H3JIYy4YCHUS Ha CBOCTBA IUICHKH IIOCJIC O6J'Iy‘leHI/I${.

MarepuaJjibl M METOAbI HCCIEI0BAHUM

B skcnepuMeHTax Mo U3y4eHHIO Ja3epHO-UHAYIUPO-
BAHHOTO JUXPOU3Ma UCIOIb30BATNCH TOHKUE MOJIUKPU-
cTajuindeckue mieHku ZnO:Ag, N3roToBIEHHBIE 30JIb-Telb
merogoM [13]. Marpuna rtenku ZnO ObLia MojydeHa U3
pactBopa anerara nuaka (Zn(O,CCH3),) B 2-MeToKCH-
sranone (C3HgO») ¢ xonnenTpanueit 0,2 M. B xauectBe
crabunmsaropa pacTBOpa MPUMEHEH MOHOAITAaHOIAMIH
(C2H7NO). MonspHoe OTHOIIEHHE CTabmIH3aTopa K
Zn(O,CCH3); coctaBuio 1:1. Inenka ZnO ocaxaanach
CJIOH 3a CII0OeM Ha IUIACTHHY KBapIIEBOTO CTEKJIa TOJIIHU-
HOW | MM ¢ MOMOIIBIO TEXHOJOTUH IEHTPUDYTHpOBa-
Hus. [locne kaxa0ro ocakaeHus oOpaser CyLIHIcs Mpu
temneparype 300 °C B TeueHue 5 MUH JAJi BBIIIApUBa-
HUst pacTBopuTens. st opMupoBaHust HaHOUACTUI] Ag
OBUT IPUTOTOBIIEH pacTBOp HHUTpara cepedpa (AgNO3) B
C3HgO; ¢ xonuentpanueit 0,03 M. Crnoii HaHouacTul] Ag
BHYTpH ZnO OblT 00pa30BaH IMOCIEI0BATEILHBIM HaHE-
CEHHEM II0 IATh CI0eB Kaxkaoro pactsopa: ZnO, AgNO;
u oBTopHO ZnO. Ilocne HaHECSHUS BCEX CIIOCB IUICHKA
MOJIBeprajiach OTXKUTY B My(QeIbHON TeYH pH TeMIepa-
Type 570 °C. B mporecce TemnoBoit 00paboTku B meun
MPOMCXOINI CHHTE3 HAaHOYACTHUI] Ag, PaCIOJIOKCHHBIX
BHyTpH Marpuibl ZnO. TonmuHa MOTyYeHHOHN MICHKH
coctaBuia 120 = 5 Hm.

Jns MonuuKamuyu ONTUYCSCKUX CBOMCTB IMJICHKH
ZnO:Ag 1 U3y4eHus sIBICHUS JUXPOM3Ma HAHOUACTULl Ag
B 00pas3Iie NCIIOIb30BaIach SKCIIEPUMEHTAIbHAS yCTaHOBKA
Ha 0a3e BOJIOKOHHOTO HTTEPOHEBOrO ()EMTOCCKYHIHOTO
nmazepa ANTAUS-20W-20u (OOO «Agecrta», Poccus),
OCHAIEHHOTO TeHEepaTOPOM TapMOHUK, U TPEXKOOPIHU-
HatHOTO cTojia (kommaHus «Thorlabsy, CIIIA), cocTos-
IIETO U3 IBYX CEPBONPUBOAHBIX IMHEHHBIX TPAHCIISITOPOB
DDSM50 nns mepeMemenus B IIIOCKOCTH M IIarOBOTO
nuHelHoro Tpanciasiatopa MTS50M-Z8 — mo BeicoTE.
JlazepHble UMMyIbCHI ¢ TMHEHHON MoJisipU3anueit u ra-
YCCOBBIM TPOQHIIEM HHTEHCUBHOCTH, KAY€CTBOM Iy4Ka
M2 < 1,2, 1auTenpHoCThIo 224 ()¢, 9acTOTOM MOBTOPEHUs!
200 kI, anunoit BonHkl 1030 HM ¥ SHEPTUEH B UMITYJIbCE
10 20 Mk /I, mpeoOpa30BEIBAIIICEH C TOMOIIBIO KPUCTAILIA
2-oii rapmonukH (2I7) 1o unHBI BONHEI 515 HM 1 sHEprun
B uMmnyinsce 5,5 MxJx (puc. 1, a). B sxcnepumenTax nc-
TTOJTE30BANIACh 2-51 TAPMOHHKA JIA3EPHOTO U3ITYICHHUS, TaK
Kak 3Ta JuIiHa BOJHBI Onu3ka k muky JIIITIP manogactuiy
Ag, 9T0 00ecTeyrnBano MaKCHMaIbHOE TOTJIOMICHUE UMHU
sHepruu nnyderus (puc. 1, b). C TOMONIBIO MIIOCKOBBI-
NykJIoi cepudeckoil JIMH3bI ¢ POKYCHBIM PACCTOSHUEM
f=8 MM u uncioBoii aneptypoit NA = 0,5 BbInonHs1ach
(hoxycupoBKa Jla3epHOro Myyka ¢ auaMmerpom 2,0 MM, a
TaKOKe BU3yaJIM3a1Hsl 30HbI 00pa0OTKH ITPU €€ COBMELIICHUU
C OKYJpHOI KaMepoil u cucteMoii ocBemienus (puc. 1, a).
JlazepHast 00padboTKa TICHOK OCYIIECTBIISIIACH B TIOCKO-
CTH M300pa)KeHHs OKYJISIPHOW Kamephl, KoIjia Ha oOpaser
TnaJlaJl pacxXoJIsIeHcst JIa3epHbIi MydoK ¢ pazmepoM olIia-
CTH BO3JeUCTBUS 0KOJI0 46 MKM. CKOPOCTbH CKAHUPOBAHUS
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B TIOCKOCTH 00paboTKu cocTtaBmia v = 1 MM/c ¢ TOUHO-
CTBIO Mo3unuoHupoBanus 0,5 MKM Ha rosie 00paboTKH
50 x 50 mm. [l u3yueHus BAMSHUS NOJISIPU3ALUU Ja3ep-
HOTO M3JTy4EHHsI Ha TUXPOM3M TIeHOK ZnO:Ag, BO3HHKa-
IOLINH 1Tociie 00TyYeHUs B PeXKUME CKaHWPOBAHUS, TIEpe]
00BEKTHBOM yCTaHaBIMBaJIach (a3oBast MOJYyBOITHOBAS
mnacTuHKa (A/2). Bpamenuem A/2 TUTacTHHKA JTWHEHHAS
MIOJIIPU3ALUS JIA3EPHOTO M3JIy4YE€HUs OPUEHTHPOBAIACh
BJIOJIb TPEKA, KOT/IA YTOJI MEXkK/Ly BEKTOPOM MOJISIPU3ALIUH 1
HarpaBJjeHUeM CKaHHpOBaHus ObUT paBeH 0° (Tak Ha3bIBa-
emasl s-ToJIsipu3anus, puc. 1, b), U monepex Tpeka — Mpu
90° (Tak Ha3bIBaeMas p-mnonspusanus). B pesynsrare Ha
ruieHkax ZnO:Ag Oblia 3anucana cepust TPEKOB C pas3iind-
HOW OpHUeHTaluel JUHEHHON MoaapU3aluu U3ydeHUs!
OTHOCHTEIILHO HANpaBlICHUS CKAHUPOBAHUS IIPHU Pa3HBIX
3HAUCHMSX TIOTHOCTH MOIIHOCTH JIa3epHBIX HMITYJIbCOB,
BapbupyembIx 0T 1,36 10 5,85-10!1 Br/cm2.

Onruueckass MUKPOCKOIHUS TIJICHOK TOCIE Ja3epHOH
00paboTKN 1 M3y4YEeHUE SBICHUS TUXPOW3Ma HAHOYACTHIL
B HHUX IPOU3BOJMINCE C TIOMOIILIO ONTHYECKOTO MUKPO-
cxoma Carl Zeiss Axio Imager (kommnanus «Carl Zeissy,
I'epManusi) B CBETIIOM TOJIE TIPOXOJISIIIETO CBETA C JIMHEH-
HOU nossipu3anueil. Mop@osorus moBEpXHOCTH TIEHOK
HCCIIEIOBAJIACH C MOMOIIIBIO CKAHUPYIOIIETO AEKTPOHHOTO
Mukpockorna Zeiss Merlin (COM), ocHaleHHOTO 1eTeKTO-

OxynspHas
Kamepa

OcBeTHTeIbHAS CHCTEMa

CBeTonenuTeNbHas
JIacTuHa

1030 aM 515 um

;
i
i
i
A2 miactuHKa !
i
i
i
;

JusnexTpuyeckoe
3epkaso Ha 515 HM

o

i 7

JIunza
f=28,00 mm
NA =0,50

IInenxa ZnO:Ag

TpexKkoopIUHATHBINA CTOJ

POM 00paTHO paccestHHBIX AIEKTPOHOB AsB 1 nerekropom
BTOPUYHBIX eKTpoHOB InLens. CriekTpaabHOE MpoITycKa-
Hue 7(A) mieHoK B quarazoHe miuH BoiH 400-800 HM 1
pa3mepoM (oromerpuueckoi odmactn 30 MKM perucTpu-
POBaJIOCH C MTOMOIIBI0 MUKPOCKOIIA-CTIEKTpodoToMeTpa
MC®Y-K (AO «JIOMO», Poccus). CriektpanbpHOE Mpo-
myckauue 7(A) u orpakeHne R(L) eCTECTBEHHO-TIOIAPH30-
BAaHHOTO CBETA OT UCXOAHOM tuieHkn ZnO:Ag B Auama3oHe
350—-1100 HM E3MEPSUITOCH C TIOMOIIBIO CIIEKTPO(hOTOMETPA
CD-56 (OO0 «OKB CITEKTP», Poccus), mocie dero
oleHuBaJIOCH noriorteHue wieHku A(A) =1 —T(L) — R(L)
(puc. 1, ¢). Ilpu peructpanuu CeKTPaIbHOTO MPOMYyCKa-
HUS MCTIOJIB30BAJICSI KaK €CTECTBEHHO-OJSPU30BAHHbIN
CBET, TaK ¥ JITHEIHO-TIOJSIPHU30BaHHBIN IIPH yIax 3 MEKIy
OCBIO TIOJISIPU3AaTOPa U TpeKaMu. BekTop mosisipuzanuu
OPUEHTHPOBAJICS aHAIOTHYHO TMOJSPU3AINHI JIa3EpPHOTO
usnydenus (puc. 1, b).

AHann3 KOHIEHTpPAIMH, pa3Mepa, (OPMBI 1 OPHEHTa-
IIMY HAHOYACTHI] TIPOBOAMIICS C UCTIONB30BaHNEM N300pa-
JKeHHSA TUICHKH pa3smepoM 7,33 x 5,05 MKM, TOTy9eHHOTO
C ITOMOIIBIO IETEKTOPa AIEKTPOHHOTO MUKpockona AsB
1 00paboTaHHOTO B porpaMMHOM obecrieueHun Imagel
(puc. 2). Jlns noBbleHHUs: KOHTpAcTa MpH 1U(poBoi 00-
paboTKe MaHHBIX UCXOJHOE H300paXKEHUE MEPEBOANIOCH
B 4epHO-0eJblii popmart, rae GpoH, COOTBETCTBYIOIINH Ma-

100 T T T T

343 um

N 1030 am
515 uMm T

60 | E

T,R, A, %

400 600 800 1000

A, HM

p-TIONSIpU3anus

X
S-noJjiIpu3anus

Puc. 1. DxcriepruMeHTaIbHAs yCTAaHOBKA (a); CIIEKTPaIbHBIC XapaKTepuCTUKY IeHkn ZnO:Ag (b); opueHTanus BeKTopa
MOJSIpU3AINY (PEMTOCEKYHJHOTO H3ITyYSHHUs] OTHOCHTEIBHO HAIPaBJICHHs] CKAaHUPOBAHHUS (C)

Fig. 1. Experimental setup (a); spectral characteristics of the ZnO:Ag film (b); orientation of the femtosecond radiation polarization
vector relative to the scanning direction (c)
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demToCeEKYHOHAA nadepHas MoanudurKaLms 30b-refb nneHok ZnO:Ag ¢ NPosiBNIEHMEM AMXPOM3Ma

p-TIONSpU3anus

S-TIOJIApU3ans

Puc. 2. AHaNu3 KOHIIEHTPAIIMHU, pa3Mepa U OPUCHTAIIMY HAHOYACTHII B IJIeHKe ZnO:Ag: MCXOHOE U YBEIMYCHHOE H300paKCHUS
TUICHKH, MOTyYEHHBIC C TOMOIIBIO eTekTopa AsB (@); n300pakeHne ¢ MOBBIIICHHBIM KOHTPACTOM (b); SIUTUIICKHI MTOCTE
anmpoKcUManny (c); aHaIM3upyeMble apaMeTpsl Autnica (d); TPEeKH ¢ pa3IHIHON OpueHTalueH (e)

Fig. 2. Analysis of the concentration, size and orientation of nanoparticles in the film ZnO:Ag, where: the original image of the film
obtained using the AsB detector (a); image with increased contrast (b); ellipses after approximation (c); analyzed ellipse parameters (d);
tracks with different orientations (e)

Tpune ZnO, CTaHOBUIICS YEPHBIM, @ HAHOYACTHUIIBI B HEH —
6enbiMu (puc. 2, a, b). 3aTeM Bce HAHOYACTHUIIHI HA CHUMKE
aIrmpPOKCHMHUPOBAITHCH IUTUIICAMH (PHC. 2, ¢), T KOTOPBIX
OLICHUBAJIUCH CIICIYIONIHE apaMeTpsl (puc. 2, d): Komude-
CTBO YaCTHII, pa3Mepsl OombIeit (d,) u Manoi (dp) ocel,
OpHMEHTAllMs HAHOYACTHUIl B BHJE yIla MEXIY OOJbIIeH
ocwio U OX (ay) (puc. 2, e).

Pe3y.11 bTaThbl U 06cy>1<)1e}me

Onrnyeckass MUKPOCKONHS M CIIEKTPOCKOMUS MO-
aupuuupoBaHHbIX obaacteil. B pe3ynpraTte sazepHoit
00pabOTKH ¢ pa3THMIHON YHEPTHUEH UMIIYIIECOB B PEKUME
CKaHMPOBAHUS C §- U p-TIOJIApU3anneil N3IydeHus: Obun
3anucanbl Tpeku anuHoi 500 mxm. [TomyueHHbIe MOIU-
¢durnupoBanHbie obmacT ¢ pasmepoM ot 20 10 56 MKM B
TIOTIEPEYHOM CEYEHUH HMCCIIEIOBAIHNCH C TOMOIIBIO ONTH-
YeCKOr0 MHKPOCKOIIA B JIMHEHHO-TIOJISIPU30BAaHHOM CBETE
(puc. 3). Ocb nonsipu3aropa MUKPOCKOIIa, yCTAHOBJICHHOTO
niepes 00pasioM, pacrojaraiack napajuiensHo (puc. 3, a)
1 TIepIIEeHKYJIIpHO (puc. 3, b) TpekaM, Korjna odpaser] no-
BopauuBaiics Ha 90° nmpoTuB yacoBoii cTpenku. B nepsom
CITydae yroJl MKy OChIO MOJISIPH3ALNH U HAPABICHUEM
ckaHmpoBaHUs coctaBua B = 0°, Bo BTopom — 3 = 90°.
Tpexw, 3anucanHble B PeXKUME p-TIONSIPU3ALUN U OPHEH-
THUPOBAHHbIE NMAPAJUIEIIBHO OCH TOJSIPU3aTOPa ONTHIECKOTO
MHKPOCKOIIA, UMEITM CHHHUE OTTEHKH 1[BETA U OBbLIN MEHEe
APKUMH, YeM HeoOmydeHHas ruieHka. C apyroi CTOpOHHI,
TPEKU, 3AIIMCAHHBIC B PEKUME S-TIOJISAPpU3AIUN U OPUCHTH -

POBaHHBIE TAKXKe MAPAJUICIIFHO OCH MOJISIPU3aToOpa, UMENN
JKENThIe OTTCHKH I[BeTa M Obun Oojiee SIPKUMH, YeM He-
o0imy4yeHHas ieHka. OTYETIINBO BUIHO, YTO IIPH TOBOPOTE
TpekoB Ha 90° HX IBeTa U APKOCTh MEHSIMCH MECTaMHu,
YTO yKa3blBaeT Ha aHM30TPOIHIO ONTHYECKUX CBOHCTB
MonupUIIMPOBaHHBIX obnacTeil (puc. 3, b). SprocTs mc-
XOIHOHU IUICHKH IPU BpalleHHH o0paslia ocTaBajgach IMo-
CTOSIHHOH. YeM BbIIlIe SHEPTHsl JIa3ePHBIX UMITYIILCOB MPH
3aIUCH TPEKOB, TeM OOJIbIlIe CTAHOBUIIACH UX SIPKOCTH B
JIMHEHHO-TIONSIPU30BaHHOM cBeTe. OHAKO C yBEINYEHHEM
9HEPruu (PEeMTOCEKYHTHBIX UMIYJIHCOB B IIEHTPAIbHOM
YacTH 3alMCaHHbIX 00JIacTel pomnaaio N3MEHEHHE 11Be-
Ta MPU UX IOBOPOTE, T. €. ABJICHUE JUXpou3Ma. Takum
oOpa3omM, Gosee spKoe M300paKEHHE TPEKOB C JKEJITHIM
OTTEHKOM I10JIy4alioCh B TOM CJIydae, Korja 0Ch MOJsIpH3a-
oM ObUIA COHAIIPABJICHA C HAIPABJICHHEM IOJISPU3ALUH
(heMTOCEeKyHIHOTO U3ITyYCHHS, C TIOMOIIIHIO KOTOPOTO OBLITH
3amrcaHsl MOAM(HUIMPOBaHHBIE 00TacTh. B ciywae mx mep-
HEHAUKY/ISPHON OPHEHTANH IPKOCTh TPEKOB CHIKAJIACh,
a OTTEHOK M3 KEJITOTO MEePEXO/III B CHHUIA.

Jist Gosee AeTaIbHOTO aHAIM3A CIEKTPAIbHBIX XapaK-
TEPHUCTUK ITUICHOK B O0JIACTSIX JIa3epHON MOIU(pUKALIUH
UX CTPYKTYpBI OBUIN M3MEPEHBI CIIEKTPhI IPOMYCKAHHUS B
€CTECTBEHHO-TIOISIPU30BaHHOM (pHC. 4) U TUHEHHO-TIO-
JSIPU30BAaHHOM CBETE C MOMOIIBIO MHKPOCKOIIA-CHEKTPO-
(oromerpa (puc. 5). B nuHElHO-TIONIPU30BAaHHOM CBETE
W3MEHEHUS MPOBOAMIIKMCE IIPH Pa3MEIICHUH TPEKOB I1a-
pamrensHo (P = 0°) u nepnenaukysipao (B = 90°) ocu
noysipu3anud. Ji1s nanpHeiero ucciejoBaHus BEIOpaHO
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el p-110OAPU3ALHSA

S-TIOJIApU3aIusg

S-TIOJISIPU3ALIUSI

p-TIOJIApU3ALUS

200 MM

—

y

- B =90°

Puc. 3. Ontrdeckast MUKPOCKOMHUsI MOTU(DUIIMPOBAHHBIX 00JacTel mpu ux moBopote Ha 90° B MPOXOsIIeM JTHHEHHO-
MOJIIPU30BAHHOM CBETE CBETIOTO TIOJISI, YO 3 MEeX/Iy TPEKaMU M OCBIO MOJsipU3anun (KpacHas cTpernka ciesa) cootercTsyer 0° (a)
n 90° (b)

Fig. 3. Optical microscopy of modified areas when they are rotated by 90° in transmitted linearly polarized light field, the angle
between the tracks and the polarization axis (red arrow on the left) corresponds to 0° (a) and 90° (b)

HECKOJIBKO TPEKOB ¢ Hanbojee SpKo BBIPaKEHHBIMH OIITH-
YECKUMU CBOICTBAaMH, 3aIIUCAHHBIE C INIOTHOCTHIO SHEPIUU
B nuanasone 43—131 mJ/x/cm2. Ha ciekTpax mporycKanus
€CTECTBEHHO-TIOSIPU30BaHHOTO CBETA, IIPOILIE/IIEr0 Yepes
HEOOIy4YCeHHYO TIeHKY ZnO:Ag, HaOIH0IaICs MUHIMYM B
obmactu 600 HM, KOTOpBIH cBsi3aH ¢ Hanmyuem JIIITIP Ha
Hanouactunax Ag [14]. IIpu oOmydyeHnu B pexxnume p-11oss-
PpH3aIMU 3HAYCHUE 3TOT0 MUHUMYMa B CIICKTPaXx MPOITyCKa-
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Puc. 4. CrekTpanbHO€ MPOITyCKaHHE €CTECTBEHHO-TIOIIPU30BaHHOTO CBETA, TPOLIEIIIEr0 CKBO3b IIeHKY ZnO:Ag 10 (4epHas KpuBas)
u nocie (IBETHBIE KPUBBIE) OOIYUEHHUs ¢ TUIOTHOCTBIO dHepruu oT 43 1o 131 mJx/cM2 B pexxumax p- (a) u s-nonspusaunu (b)

Fig. 4. Transmission spectra of naturally polarized light passed through the film before (black curve) and after (color tracks)
irradiation with an fluence from 43 to 131 mJ/cm? in the p- (a) and s-polarization mode (b)
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HHUE KPYIHBIX HaHOUacTUIl Ag B TPEKe C POCTOM IJIOTHOCTH

SHEPruu PeMTOCEKYHIHOTO U3ITyYEHHSI.

Ipu nnotHoCTH dHEpruu Bhie 74 mJx/cM2 B Criek-
Tpax MPOITyCKaHUs TTOSBISLICS BTOPOH MUHUMYM B 00J1aCTH
440-460 HM, KOTOPBIU C YBEIMYEHUEM IJIOTHOCTU SHEPTUHU
cTaHoBWIICs OoJiee 3aMeTHBIM. Hanudne BTOpOro MuHU-
MyMa B KOPOTKOBOJHOBOW YacCTH CIIEKTpa yKa3bIBaeT Ha
(opMHupOBaHKE B TPEKE HOBBIX HAHOYACTHI] Ag MEHBILIETO
pasmepa. [Ipudem, yBenuueHue s3Hepruu HeMTOCEKyH -
HOTO U3Iy4eHHUS MPUBOAUT K IMOCTEIICHHOMY HCYE3HO-
BEHHIO MUHHUMYyMa B JITHHHOBOJIHOBOH YaCTH CIIEKTpa,
T. €. BBIPOKJCHUIO KPYIIHBIX HaHOYacTHIl Ag, u Oojee
SIBHOMY (DOPMHPOBAHUIO MUHHMYMa B KOPOTKOBOJHOBOW
€ro 4acTH, a 3HaYUT BO3ZHUKHOBEHUIO HAHOYACTUI] MAJIOIo
pa3mepa. It NoATBEPKACHHS JaHHOU TUIOTE3bl B pasfese
«MccnenoBanue CTPYKTypbl MIEHOK METOIOM JIEKTPOH-
HOW MHKPOCKOITUH» ITPOBEICHO HCCIII0BAHNE TUICHOK C
nomo1sio COM. CrieKTpasbHble U3MEPEHHMS ITPOITY CKaHUs
TUICHKH, O0JTyIEHHOH B PEXXHUME S-TIOJSIPU3AIINHN, TOKA3aIH
CXOKuit pe3ynbrar (puc. 4, b). C yBenmueHneM IIOTHOCTH
9HEPIUH TaKKE COXPAHSUIACh JUHAMUKA HCUC3HOBEHHS MU-
HUMyMa B JUTHHHOBOJIHOBOMW YacTH crekTpa (625—-640 M)
1 TIOSBJICHE MUHUMYMa B KOPOTKOBOJHOBOM €ro 4acTu
(440455 uM). OT™METUM PSLIT OTIMYUTEIBHBIX 0COOCHHO-
CTeH MEeXY pPexXUMaMU MOIIpU3aLnii:

— MHHUMYM, cBsi3aHHbIH ¢ nukoM JITIIIP, B pexxume s-mo-
nsipu3anuu Oonee y3Kuii;

— pocr nporryckanus Bomu3u JIITIP (MuarMyM Ha criek-
TPaJbHBIX KPUBBIX) C YBEJIMUCHHEM IUIOTHOCTH HEp-
THH BBIIIE JUIS PEKUMA S-TIOJSIPU3aLNH;

— MakCHUMaJIbHOE 3HaYCHHE MHUHHMYMA, CMEIIEHHOTO
B JUINHHOBOJHOBYIO 00JIACTh CIIEKTPA, AJIS PEKUMa
S-TIOJSIPU3AIANA COCTABMIIO 635 HM, a JUTsl p-TIOJsipr3a-
muu — 660 HM;

— TOSABJIEHHE BTOPOTO MUHHMYyMa B KOPOTKOBOJTHOBOM
o0nacTu crnekTpa B pekUMe S-IOJISpU3alud HaunHa-
JIOCh TIPU TUIOTHOCTH dHepruu 74 MI[K/CM2, a B peKiMe
p-nossipuzaimi — 1pu 99 mJx/cm?2.

W3 Teopun 3p(heKTUBHBIX Cpet U3BECTHBI CIECAYIOIINE
B3aMMOCBSI3U MEX/y HAHOUYACTHIIaMU Ag W ONITHYCCKUMHU
CBOMCTBaMU MOJTYYEHHBIX IUIEHOK C HUMHU [15]: ueM MeHb-
e pa3Mep HaHOYACTHI, TeM OOJIbIIE CMEIICHUE MHKa
JITITIP B KOPOTKOBOJTHOBYIO O0JIACTh CIEKTPa; YeM MEHBIIIE
pa30poc HAHOYACTHI] IO UX pa3Mepy B TPEKE, TEM yXKe ITOT
MHUK; 9eM OOJIbIIIe KOHIICHTPANHS HAHOYACTHUI Ag, TEM
MeHbIne mponyckanne Bomusu JITIIIP.

B pesynbpraTe MOXKHO 3aKIIOYUTh, YTO OPUEHTALNS JIH-
HEMHOM Monspu3aluy BIOJIb HAIIPABICHUS CKAHUPOBAHUS
(s-mosstpu3anusi) okasbiBaeT Oosee 3(h(HEKTHBHOC BIHSHUC
Ha MEXaHW3M MOAM(UKALUU HAHOYACTUI] Ag B IUICHKE,
4YeM B Cllydae UX HonepeyHoi opueHTtauuu. M3 ananmusa
JTAHHBIX MOKHO 3aMETUTb, UTO ITPU OOJIYUECHHH B PEXKUME
S-TIOJISIPU3AIMY TICHKA CTAHOBHUTCS 00JIee 4yBCTBUTEIILHON
K U3MEHEHHIO TTIOTHOCTH SHEPTHH.

Jist ncciieloBaHUST aHU30TPOIUN CIEKTPAIBHOTO
MIPOMYCKAHNS B MOIU(DHUIIMPOBAHHBIX 00JIACTAX MICHKH
BBINOJIHEH aHAJIN3 ONTUYECKUX XapaKTePUCTUK B JIMHEH-
HO-TIOJIIPU30BAHHOM CBETE MPHU PA3IHYHBIX YIJIaX MOBO-
poTta moJsipu3aTopa B MUKPOCKOIE-CIeKTpodoToMeTpe
(puc. 5). 13 ananu3a ceKTpajbHBIX KPUBBIX BUAHO, YTO
IIPY MTOBOPOTE OCH TOJISIPU3AIMU U3 TToNIokeHus 3 = 0° B

B =90° MUHUMYM TIPOIYCKaHHS B TPEKaX, 3alIMCAHHBIX B
peXHUMe p-TOISIpU3aliU, CMEIIAJICS B JIIMHHOBOJIIHOBYIO
00yacTh CIeKTpa, T. e. u3 obmactu 445-530 um (puc. 5,
CHHHE CIUIONIHEBIE KpUBBIE) B 001acTh 630665 HM (puc. 5,
KpacHbIE CIUIONIHbIE KpuBble). Korma ock monsipuzaropa
OblTa cCOHampaBiIeHa ¢ JIMHEHHON mossgpu3anueii emMroce-
KyHIHOTO M3JTyYCHHUs, KOPOTKOBOJIHOBAS YACTh B CHEKTPE
MPOITyCKaHMS CHIKAJIAach, U TPEKH MPUOOPETAITH JKENThIE
orreHku. [locie moBopora mosspu3aTopa ero och CTaHo-
BUJIACH MEPIICHMKYIISIPHA JIMHEWHOH Tossipu3aiiuu heMTo-
CEKyHJHOTO M3JTy4eHHs, JITUHHOBOJIHOBAS YaCTh CIEKTpa
MPOIYCKaHUsI CHU)KAJach, a TPEKH NPUOOPETAIN CUHHE
orreHkn. Hao0opoT, B Tpekax, 3alMCaHHBIX B PEXKHUME
S-TIOJISIPU3ALANY, TIPU aHAJOTMYHOM IOBOPOTE MOJSApU3a-
TOpa NPOUCXOAMIIO CMEIIEHHEe MUHMMYyMa MPOIMYCKaHUS
B KOPOTKOBOJIHOBYIO 00JacTh CHEeKTpa: u3 odmactu 640—
690 M (puc. 5, cHHUE TYHKTHPHBIC KPUBBIC) B 00JIACTh
445-560 1™ (puc. 5, KpacHBIE TyHKTHPHBIC KPUBBIE).

Taxoke U3 aHaIM3a CIEKTPATbHBIX KPUBBIX CIIEIYET,
YTO MOBBILIEHUE TIOTHOCTH dHEPTHUH ¢ 43 10 66 MJ[x/cMm?
MPUBOJAUT K NMOCTETICHHOMY TOBBIIICHHUIO MPOIYCKAHUS
U HMCYE3HOBEHHMIO MUHMMYyMa, a HauMHAs CO 3HAYCHHS
74 MJk/cM? IOSBJIEHUIO MUHUMYMa B KOPOTKOBOJIHOBOI
oOsacTu criekrpa. JIMXpousm IpU 3TOM COXPaHSETCS BO
BCEX MOAN(HIIMPOBAHHBIX 00JIACTSIX, BKIIOUAst 3aITCAHHbBIC
npu wiotHoctu sHepruu 131 m/lx/cm2. Hanuuue auxpo-
U3Ma B JINHEHHO-TOJISPU30BAaHHOM CBETE U yCTOHYMBAs
CBSI3b €€ C HAITPABJICHUEM TOJISIPU3AINH (PEMTOCEKYHIHOTO
M3JTy4eHHs], C TIOMOIIBIO KOTOPOTO IPOUCXOIUT JIa3epHast
Moan(UKALMS TUICHKH, YKa3bIBACT HA W3MECHEHHE (DOPMBI
HAHOYACTHIl Ag ¥ X OPHEHTALNIO B MIIOCKOCTH TIJICHKH.
IIpu sToM HampaBieHWE TUHEHHOW MOIAPH3AUNA (PEeMTO-
CEKYH/IHOTO M3JTy4€HHMs OKa3bIBAET HA 3TOT IPOLECC OTHO-
3HaYHOE BiUsiHUE. ECiu yuecTs TOT (haKt, 4To yBelnueHne
pasMepa HaHOYACTHUIl Ag MPUBOIUT K CMEIICHHUIO TTHKa
JITITIP B qIMHHOBOJHOBYIO YacTh CHEKTPa, TO OOJbIIas
0Ch HAaHOYACTHIL DIUTUIICOUHON (pOPMBI BHE 3aBHCUMOCTH
OT peXKHMMa 3alMCH TPEKOB Beer/a Oy/ieT OpUeHTHPOBATHCS
BJIOJIb MTOJISIPU3AIMH (PEMTOCEKYH/THOTO M3ydeHus. J{is
TIOATBEPIKICHUSI JAHHON T'MITOTE3bI MOAN(UIIMPOBAHHEIC
obOJracTu OBUIM MCCaeN0BaHbI ¢ moMolsn COM.

HccienoBanne CTPYKTYPBI MUIEHOK METOI0OM dJIeK-
TPOHHOH MUKPOCKONUM. V3 aHanu3a JaHHBIX ONTHYE-
CKOM MHKPOCKOITHH ¥ CHEKTPOCKOINH BBISIBIICHO HAJIMUHUE
auxponsMma B obnacTax mwieHkn ZnO:Ag, CTPyKTypa u
CBOMCTBA KOTOPBIX ObLTH MOAU(DUIIMPOBAHBI JIA3EPHBIM
(heMTOCEeKyHIHBIM JIMHEHHO-TIOJISI PU30BAHHBIM H3JIyYCHH-
eM. J[nXpou3M CTEeKOI U MIICHOK, COIEpXKAIINX HAaHOUaCTU-
1B, TPAJANUIIMOHHO CBSI3BIBAIOT C aHU30TPOITUEH HX (DOPMBI
[16]. Beimonaum ananu3 pasmepa, GOpMbl 1 OpUEHTALN
B MPOCTpPAHCTBE HaHouacTUul Ag ¢ nomoiso COM 10 u
MOCJIE JIA3ePHOTO Bo3eicTBus (puc. 6). Spko-Oernbie obma-
ctu Ha COM-CHUMKaX UCXOAHOM IJIEHKHM COOTBETCTBYIOT
HaHOYAaCTHIAM Ag, aTOMHBIH HOMEP KOTOPBIX BBIIIE, YEM
y OKpy>katorieid ux marpuisl ZnO (puc. 6, a—c).

C TOMOIIIBIO IETEKTOpa BTOPHYHBIX AIeKTpoHOB InLens
MO>KHO 3aMETHUTb, YTO HAHOYACTHIIBI PACIIONIATAIOTCS BHY-
TPU MaTPUIBI U HE BBIXOASAT HA MOBEPXHOCTH IJICHKH, a
cama MaTpulla UMeeT MOIUKPUCTAIIMYECKYIO CTPYKTYPY
(puc. 6, b, ¢). [locne 1a3epHOro BO3NCHCTBUS MPOU30-
[IJI0O U3MEHEHHUE pa3Mepa U KOHIEHTpAIlM¥ HAaHOYACTHUIL.
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Puc. 5. Tlpomryckanne ZnO:Ag IJIEHOK B €CTECTBEHHO-TIOJSIPH30BAHHOM CBETe (e-pol, 3eNIeHbIe KPUBBIS) U B JIMHEHHO-
MOJISIPU30BAHHOM CBETE IPU OPHEHTALIMU OCH IOJsipu3aruy napauiesisHo (f = 0°, cuHue KpuBbIe) U nepreHuKysipHo (f = 90°,
KpacHbIE KPUBBIC) TPEKaM, 3alIMCAaHHBIM B PEeXXUMaX p- (CIUIOLIHAS KPUBAsi) U S-TIOJSAPU3ALMHU (IIyHKTUPHAs KpUBas)

Fig. 5. Transmission spectra of ZnO:Ag films in naturally polarized light (e-pol, green curves) and in linearly polarized light with the
polarization axis oriented parallel (§ = 0°, blue curves) and perpendicular (f = 90°, red curves) to tracks recorded in p- (solid curve)
and s-polarization (dashed curve) modes

[MoBbllieHrE TIOTHOCTH dHeprud 10 74 mJ[x/cm? cyiie-
CTBEHHO HE M3MEHMJIO TOTIOJIOTHIO TUICHKH, HE ObLIO OOHa-
PY’KEHO HHU BBIXO/Ia HAHOYACTHI] HA TOBEPXHOCTD IUICHKH,
HH ee paspyueHus (puc. 6, d). HaunHas ¢ IIoTHOCTH SHep-
ruu Bbiiie 74 MJ[K/cM2 IPOUCXOMUT BBIXOJ HAHOUACTHIL HA
MIOBEPXHOCTH IUICHKH, CBSI3aHHBIN C YIUIOTHCHHEM MaTpH-

el ZnO BOKpyT HaHOuYacTHIl (puc. 6, €). AHAJIOTUYHBIH
a¢pdext HabmonaNcs Mocie TPaJAUIMOHHOTO OT)KUTA B
neun U onucal B padore [13]. [TockoabKy MInHA BOJTHEI
(heMTOCeKyHTHOTO M3ITyUeHHS JIOKHUT OKoJo ruka JIITITP
HaHOYACTHIl Ag U JJaJIeKO OT COOCTBEHHOTO MOTJIOICHUS
Matpuis! ZnO, TO MONIOMIEHNE U3y IEHNS IPH HEBBICOKHX
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Puc. 6. COM-cuumku: meHkd ZnO:Ag /10 1a3epHOro BO3ISHCTBUS B PEKUME 00paTHO pacCestHHBIX AEKTPOHOB AsB (a)
1 BTOPUYHBIX 271eKTpoHOB InLens (h—g), a Takke mocie o0aydeHus Mpy IWIOTHOCTX dHeprun 66 M x/cm? (d), 99 M x/cm? (e)
n 131 mIx/cm2 (f; g) B pexumax s- (d, e, f) u p-nonsipusanuu (g).

HY — HaHOYaCTULBI, CTPCJIKAMU ITOKa3aHO HAIIPpaBJICHUEC TIOJIApHU3alluU (beMTOCCKyHI[HOI‘O H3JTy4CHUs

Fig. 6. SEM images: ZnO:Ag films before laser irradiation in the mode of backscattered electrons AsB () and secondary electrons
InLens (h—g) as well as after irradiation at an fluence of 66 mJ/cm? (d), 99 mJ/cm?2 (e) and 131 mJ/cm? (f, g) in the s- (d, e, f)
and p-polarization (g) modes; arrows indicate the direction of polarization of femtosecond radiation

wIoTHOCTAX dHepruu (1o 111 Mk/cM?2) IpeuMyILEeCTBEH-
HO IPOHMCXOIUT Ha HAaHOYACTHLAaX. Momu(pHKaLys MaTpULIbI
IUIEHKH B TAKOM CJIy4ae OCYIIECTBIISIETCS HE HANPAMYIO
JIa3epHBIM N3JIyUCHUEM, a B PE3yJbTaTe Tepeiaull TeIia oT
HarpeThIX HAHOYACTHUL], YTO MOXKET MPUBOIUTH K €€ YIUIOT-
HEHHIO U NepekpucTamm3anny. Takoi GpororepMudecknit
MEXaHM3M Tepe/lady Terula OT HarpeThIX HAaHOYaCTHIl Ag
MarpHuLe ¢ rnocienyromeid Moaudukanuei ee CTpyKTypbl
paccMotpeH B paborte [9].

Ha COM-cHnmMKax obiacreit, Monqu(UIMpOBaHHBIX Ja-
3€PHBIM M3JIyY€HUEM C IIOTHOCTBIO SHEPrun 99 MJIK/cM2,
OTYETJIMBO BUIHBI HE TOJIBKO BBIXOSIINE HA TIOBEPXHOCTD
HAHOYACTHIIBI, HEKOTOPbIE M3 KOTOPBIX NMEIOT BBITSHYTYIO
(dbopmy, HO ¥ HAHOpAa3MEPHbIE TTOPbI BOJIM3H HAHOYACTHII
(puc. 6, e). IlpmunHO TOABICHHUS TIOP CTAJIO JIOKAJIBHOE
YCHJIGHHE BIIEKTPUYECKOT0 IO, BO3OYKACHHOTO Jia-
3epHBIM MMITY/IbCOM, Ha I'PaHHIlE HAHOUACTHLA-TICHKA.
B pesynbrarte noriomeHust SJHEPruu UMITyJIbca BO3HHUKa-
et JIIIIP, npuBoAsimuii kK MHXXEKIUN IEKTPOHOB U3 Ha-

HOYACTHUIIBl B MaTPHILy C MOCIEAYIOUINM €€ HarpeBOM U
oOpazoBanueM mopsl. [10]. doroTepMuUdecKuii MEXaHU3M
Ja3epHOI MOIM(UKALMHI IUICHKH B 9TOM CJIydae yCHIINBa-
eTcs MHXKEKIMeH IEKTPOHOB U3 HAHOYACTUI] B MaTPHILY,
YTO MPUBOIUT K HAIPEBAHUIO IJICHKH 10 Oosiee BHICOKHX
TeMIeparyp.

Tosbuuenue wiotHocTH sHepruu 10 131 m/hx/cm?2 pu-
BEJIO K YBEJIMYECHHIO YHCIIA TAKKX 10D,  TAKKe K 00pa3oBa-
HUIO HEPETYJISIPHBIX HAHOPA3MEPHBIX TPELIMH POIOITOBa-
TOI (hOPMBI, OPHEHTUPOBAHHBIX TIEPIICHANKYIISIPHO JIMHUAM
TOJISIpU3auy (PEMTOCEKYHTHOTO H3ITy4deHus (puc. 6, f, g).
®dopMupoBaHHe TPEIIUH 00YCIIOBICHO BO3ICHCTBUEM Jia-
3epHOTO UMITYJIbCA BBICOKOH MHTEHCHBHOCTH Ha MATPHILY
IUICHKH, KOIZIa B pe3ysIbTaTe MHOrO()OTOHHOIO MOIJIONIe-
HUS M3JIy4eHHUs] 00pa30BBIBAIOTCS IPOMOIYINPOBAHHbBIE
CBETOBOIi BOJIHOH TIeproyeckre 00s1acT BO30YKACHHS
IUIa3Mbl, IJ€ ¥ IPOUCXOOUT BIOCIEICTBUN 00pa3oBaHUe
TpeuuH [17]. JlanbHeliiee NOBBIIICHUE TNIOTHOCTH 3HEP-
THHY TPUBOANT K YBEIIMUCHUIO KOJIMYECTBA TAKUX HAHOPA3-
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MEpPHBIX TPEIINH, YTO TOCTENEHHO MEPEXOANII0 K B3PhIBHO-
My Pa3pyIICHUIO [UICHKU U aKTUBAIIUH MPOIecca aOIIsIHH.

Ecnu paccmarpuBarh KiltoueBble POLECChI, BO3HUKA-
I0ILKE B pe3yJIbTare BO3ACUCTBUSA Ja3€PHOI0 UMITYJIbCa Ha
IUICHKY, TO MOXKHO Pa3/IeNTh UX Ha «OBICTPBICY U «MeJ-
nerHbiey». K ObicTpbiM otHOCsTCs: JITITIP B HaHOwacThIax
Ag, BOSHUKAIOIINH MPH MOTJIOMICHAN SHEPTHH (heMToce-
KYHJZHOTO UMITYJIbCA, HHKEKITHS AJIEKTPOHOB U3 HAaHOYA-
CTHUIl B MaTPHILy U BO30YXKICHUE TTPOMOIYINPOBAHHOMN
CBETOBBIM TOJIEM TITa3MbI B MAaTPHUIIE TPU MHOTO(GOTOHHOM
nornomeHuu. OpUeHTUPOBOYHOE BPEeMs ITPOTEKAHMSI dTUX
MPOIECCOB COM3MEPUMO C JJIUTEIHHOCTHIO UMITYIIbCA.
HarpeB HaHOYACTHUI U MATPUIIBI B PE3yJIbTaTe PCKOMOU-
HaIlM{ 1JIa3Mbl B HUX cocTtaBisieT oT 5 1o 10 mc. 3a ato
BpEMsl OTAEIBHO JPYT OT ApPYyra HarpeBaroTCsl HAHOUACTHULIBI
¥ MaTpUIa 0 Pa3INYHBIX 3HAYCHHUA TEMIEPaTyphl, IIe
TeMIIepaTypa HaHOYACTHUI] 3HAUUTEIIHHO BEIIIE TEMIIePaTy-
pet Matpurs [10]. K MeaneHHBIM mporieccaM OTHOCSATCS:
YCTaHOBIICHUE TEMIIEPATYPHOTO PABHOBECHS TIPH OXJIaK-
JCHAU «TOPSYNX» HAHOYACTHIL I HATPEBAHIH «XOJIOTHOW»
MAaTPHIIBI 32 CYET TEIUIoNepeadn, N3MEHEHHE Pa3MePOB 1
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(hopM HaHOUACTHI] B MPOIIECCE X OCTBIBAHMSI, 00pa3oBa-
HUE 0P U TPEIIUH B MaTpHlle, TEPMOMH/YLINPOBAHHbIE
CTPYKTYpHO-(a30BbIC IPEBPAILCHUS MATPHULIBI, TAKHUE KaK
YIUIOTHEHHUE W peKpucTaum3anus. JJIMTenbHOCTh ITHX
MIPOIIECCOB 3aBUCUT OT TEMIIEPaTyPHl TICHKH, 3HAUCHUE
KOTOPOH JOJDKHO OBITH BEITIIE TEMIIEPATyPhl aKTHBAI[UU
(hazoBBIX TpeBparieHnii, u coctasisger oT 1 1o 100 HC U
Oonee [18].

ITo narabIM COM-CHHMKOB, TTOCIIE 00PaOOTKH U aHa-
nu3a ObUIa MOJyuYeHa 3aBHCHUMOCTh KOHIIGHTpAIUU Ha-
HOYacTUI[ Ag U MX pa3Mepa OT IUNIOTHOCTH DHEPTUH Jia-
3€pHOT0 u3iayueHus (puc. 7). BugHo, 4To KOHIEHTpAIIHs
HAHOYACTHI] IPAKTHYECKH HE M3MEHSUIACh JI0 TIOTHOCTH
sueprun 66—74 MJx/cM2 U PE3KO CHIIKANACH MIPU 3HA-
yeHusx, Boime 74 mJx/cM2 (puc. 7, a). DTO CHUKEHUE
00BsICHSIETCST IBYMSI TIpOIlECCaMy: pa3pylIeHHEM HaHO-
YACTHI[ U UX arioMepanuell B 4aCTHUIIBI Ooiiee KPYITHBIX
pa3mepoB (puc. 7, b). KpynmHBIX 110 pa3mMepy HaHOYACTHIL B
TpeKe ObITO Ha MOPSIIKA MEHBIIE, YeM MalleHbKIX. CaMble
OonpIIIe OTKIOHEHHSI KOHIICHTPAIINHA HAHOYACTHI] MEKITY
PEKUMaAMH S- U p-TIONAPU3AINY HAOTIOJAINCH TIPU ITOPO-
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Puc. 7. Ilonyuyennsie u3 anannza COM-CHUMKOB JIaHHBIE KOHIIEHTpaImy (a) U pa3Mepa (¢, d) HaHouacTHIl Ag B 3aBUCHMOCTH
OT IUIOTHOCTH SHEPTHHU B PeXUMax s- (a, ¢) u p-noisipuzanuu (a, d), KoHTpactTHoe n3o0paxenne COM-CHUMKA IUICHKH TOCIIe
JIa3€PHOTO BO3AEHCTBHA C IIOTHOCTBIO oHeprun 121 mx/cm? (b)

Fig. 7. Concentration (@) and size (c, d) of silver nanoparticles obtained from the analysis of SEM images depending on the fluence in
the s- (a, ¢) and p-polarization mode (a, d), contrast SEM image of the film after laser irradiation with the fluence of 121 mJ/cm?2 (b)
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roBoM 3HaueHud 74 M/[K/cM2 ¥ MAKCHMAIbHOM 3HAYECHUH
131 mJTx/cm2.

B muienke 10 1a3zepHOro oOIy4eHHs CYNIECTBOBAIH
HAHOYACTHIEI Ag pa3nmuyHoil popMbl, B ToM umcie cde-
PUYECKOH U JUTUTICOUTHOMN, IOATOMY OICHUBAIICS CPE-
HECTAaTHCTHYCCKUN pa3Mep HAaHOYACTHUI[ B TPEKE, KOTO-
perit coctaBmsn 37-40 HM (cepas U KpacHast IpsIMbIE HA
puc. 7, ¢, d). Ilo »T0i1 mpuurHe OTKIOHEHNE (POPMBI HAHO-
YACTHIL OT CPEPUIECKO, KOT/Ia X pa3Mep BIOJIb OOJbITIeH
U MaJloif oceit He mpeBwIan 3 HM, T. €. |dp — dy| < 3 HM,
CYMTAJIOCh HOPMAJIBHBIM U HOCUJIO CTOXAaCTHYECKUH Xa-
paktep popMUPOBAaHMS HAHOYACTHUIL IIPU U3TOTOBJICHUH
IUICHKHU U ee mocieaytomem odinydennn. [IpeBbimenue
9TOro 3Ha4YCHUs, Koraa |dp — d,| > 3 HM, yKa3bIBaeT Ha IO-
SIBIICHHE HAHOYACTHII DIUTATICOUTHOMN POPMBI, KOHIICHTpa-
[UsT KOTOPBIX MPEBBIMIACT KOHIICHTPAITUIO CPEPUICCKUX
HaHouactull. M3 ananuza COM-CHUMKOB C yYE€TOM 3THUX
OTpaHWYCHUN OTMETHM, UTO TMOSIBICHUE DIUTHIICOUTHBIX
HaHOYACTHIl Ag, KOTHYECTBEHHO MPEBHIIIAIOIINX B TPe-
ke chepudueckre HaHOYACTHUIIB, HAYMHAIOCH TIPH IIJIOT-
HOCTH SHepruu 66 MJ[K/cM2 U BBILIE IS PEKUMOB S-
p-nossipuzanuu (puc. 7, ¢, d). Ilpu o0ydeHUr B PeKIME
S-TIOJIIPU3ALMK Pa3Mep HAHOYACTHIl YMEHBIAETCS CTy-
neHyaro: cHayana B auamnazone ot 49 mno 111 m/x/cm2,
satem ot 121 mo 131 mIx/cM2. Eciiu B iepBoM cityuae
pedb UeT 0 HeOOJIBIIOM CHIKEHUH pa3Mepa HaHOYACTHI
(oxo0110 5—-10 HM), TO BO BTOPOM ClTy4ae pa3Mep HaHOYACTHI
yMeHbmuics Ha 15 £ 5 HM. B pexumMe p-noaspusanuu
YMEHBIICHHE pa3Mepa HAHOYACTHIl IPOUCXOIUT TIABHO
BMECTE C YBEIHUCHHEM TUIOTHOCTH SHEPTHUH.

C ydJeToM MaHHBIX ONMTHYECKOH CIEKTPOCKONHNH U
AIEKTPOHHON MHKPOCKOIHUH MOYKHO 3aKJIIOYHTH, 9TO B
pesynprarare (peMTOCEeKYHIHOTO BO3ICHCTBHUA C IJIOT-
HOCTBIO dHEPrun 10 66 MJIK/cM2 TIoydeHo HEGONIbIIOE
yBEIMYCHHE KOHLIEHTPAIMK KPYIIHBIX HAHOUACTHUI Ag 1
YMEHbBUICHUEC KOHIECHTPAIUU MAJICHBKUX, YTO B COBOKYII-
HOCTH COXPaHWIJIO 00lee ux Koim4decTno (puc. 7, a, ¢, d).
B nmnanasone ot 66 10 86 MJ[/cM2 IPOU30IIIO PE3KOE
CHIDKCHHE KOHIICHTPAIUU HAHOYACTHII, UX pa3Mep BIOJIb
Gonpliel ocH d, NPaKTUYECKH HE M3MEHWICS, 1 hopMa
CTaJla IPEUMYIIECTBEHHO JUIATICOMIHON. DTO yKa3bIBaeT
Ha HAYall0 pa3pyIIeHUs KPYIMHBIX HAHOYACTHUI[ IIPHU MIPO-
JIOJDKAIOLIEMCS] COKpallleHUU MajeHbKkuX. JlanpHeliee
HOBBILIEHUE [IOTHOCTH 3HEPrHH 10 99 MJIK/cM2 1 BbllLe
HE MPUBEJIO K e1lie OOJIbIIIeMy YMEHBIIICHHIO KOHIICHTPAIN
HAaHOYACTHI], HO UX pasMEp MPOAODKNUTT YMEHbBIIATHCA, a
(dbopma — ocranach UIMICOUIHON. B aTOM pexume yxe
HAUYMHAJIKNCh NPOIECChl MOAN(DUKALINN CAMON MaTpPHIIBI
ruteHkd. Hanboree GnaronpusTHEIMU YCIIOBUSIMU 17151 hOp-
MHUPOBAHHUS DJUIUIICOUTHBIX HAHOYACTHIL ObLIa MJIOTHOCTh
sHEpruu ot 56 10 99 mJbx/cm2. B 10T qManasoH nonana
NOTPaHUYHAs! TIOTHOCTE dHEprun 56 MJK/cM2, Tak Kak
KOHIICHTPAIMSI HAHOYACTHUI[ B HEM OCTaeTcs 0e3 M3MeHe-
HUW, HO pa3Mep yKe HauMHAaeT yMEHBIIAThCs, a opMa
YaCTHI] CTAHOBUTCS JUTHIICOMTHON. OTMETHM, 4TO TIPHU
MeHbLIeH m1oTHOCTH Hepruu (o1 31 go 49 mlx/cm?2)
s dexT quxpounsma Taxke HaOIIOMAETCS, HO KOHIIGHTpa-
WA DJUIUIICOUIHBIX HAHOYACTHIL Ag B OTOM PEKHUME HE
[IPEBBIIAET KOHIIEHTPALXIO chepriyecKux HaHOYACTHII.

Janpreitmumit ananuz COM-CHUMKOB 110 pacIioyioike-
HUIO 3JUINTICOUTHBIX HAHOYACTHUIl, OTHOCUTEJIBHO 3aIli-

CaHHBIX TPEKOB, ITO3BOJIMII OICHUTH BIUSHHUE JINHEHHOM
noJsipu3anuu (PEMTOCEKYHITHOTO U3JIy4eHHs Ha IPOLEecC
n3MeHeHust ux Gopmsl (puc. 8). s 3TOro BHINOIHEHA
OIIEHKA 3HAYEHUH yIiia MeX1Iy OONbIIei 0Chbl0 HaHOUA-
ctunbl 1 OX, KOTOpast NepleHANKYIIpHA HAPABICHHUIO
ckaHupoBaHus (puc. 1). 3areM ObBUIH TTOCTPOCHBI TUCTO-
TpaMMBI pacIpeieeHus HAHOYACTHII 110 yIJIaM ITOBOPOTa
ux OompIreii ocu. B omeHke ObUIM YITEHBI HE TOJBKO Ha-
HOYACTHIIBI DIITUTICOUTHON (POPMBI, HO B cPepruecKoi,
KOTOpbIE€ BHOCHJIM BKJIJ] BO BCE CTOJIOMKHU THCTOTPAMM.
B kadecTBe MOpOroBbIX 3HAYEHHUI ISl aHAJIN3a BBIOPAHBI
I0THOCTHU 3Hepruu 43 u 49 mJIx/cM2, Tak Kak Npu HHUX
HAUMHAJCSA aKTUBHO MPOSBIATHCA MPOLECC TUXPOU3MA.
[Tpu MeHbIIIel TITIOTHOCTH SHEPTUH HaIlpaBJICHHAS! OPUEH-
TaIysl JUIMIICONIHBIX HaHO4YacTuI] He HaOmonanack. Ha
rucrorpammax (puc. 8, a, ¢, d, ) OTYETINBO BHIHO, YTO
B PEKNME p-TIOJIIPU3ANNNA MaKCUMAIbHOE KOJIUYECTBO
HAHOYACTHUL OPUEHTUPOBAHO 110 yriiaM o, = 0° u o, = 180°.
[IpryewM, ¢ yBenm4eHNEM TUIOTHOCTH dHEpPruu ¢ 49 mo
56 mJI/cM2 UX KOJMYECTBO BO3pacTaeT. IMEHHO B 3TOM
HanpaBJICeHUU ObLII OPUEHTUPOBAH BEKTOP MOJISAPU3ALUH
(heMTOCEeKyHTHOTO M3ITyUICHHUS.

C npyroii CTOPOHBI, B PEKUME S-TIOJISIPU3AIUN MaK-
CHUMAaJIbHOE KOJINYECTBO HAHOYACTHI] OPUEHTHPOBATIOCH
neprneHaukynspHo ocu OX, T. e. yroia o, = 90°. imenHo
B TaKOM HallpaBJICHUH OIpPEJIEIEH BEKTOP MOJISIPU3ALIH
(heMTOCEKYH/THOTO M3ITy4eHH sl (BIOJIb TPEKa) IIPH Ja3epHOH
MOAN(UKALNY TIIICHKH B PeXKUME s-TIossipu3anuu. Takum
00pa3oM, Kak B peKHME p-TIOISPU3AINH, TAK U B S-TIOJISIPH-
3a1un (PeMTOCEKYHIHOTO U3ITyHIEeHHsI OPUCHTANNS HaHOYa-
CTHI] BCET/IA TIPOMCXO/IUT BJIOJIb BEKTOpA MOJISIPU3AINH BHE
3aBUCHMOCTH OT HalpaBJIeHHsI CKAHUPOBAHMA. DTOT TPO-
LE€CC HAYMHAETCS TIPY TIIOTHOCTH dHEprun 43-49 mJTx/cm2,
YCUIIMBAETC NMPH 3Ha4eHnu 56 MJK/cM2 U mocTUraeT
akTuBHOU (asbl npu 99 mJIx/cm2. Haunuas ¢ ioTHO-
ctu sueprun 111 mJlx/cm? u Bitots 1o 131 M x/cm?
MIPOUCXOAUT MOCTENIEHHOE CHIDKEHUE KOHIEHTpAIlUU Ha-
HOYACTHUII, @ UX OPUEHTAIMs B IPOCTPAHCTBE BHOBb MPH-
oOperaer ciy4aiHbli xapakrep (puc. 8, ¢, f). [Ipu sTom
IIIUIICOUAHAs (OopMa HAHOUACTHUI] MPOJOIIKAET COXpa-
HATBCA (pUc. 7, ¢, d). BriomHe BeposTHO, YTO P BEICOKOI
IUIOTHOCTH YHEPTUH Ha MPOoIiecc 00pa30BaHUsI HAHOYACTHI
IUTATICOMTHON (DOPMBI OKA3BIBACT BIUSIHHE MPOILECC MO-
muukanmy MaTpunsl wieHkd. [Totomy cBA3b opueHTannN
UIUIICOMIHBIX HAHOYACTHUI ¢ TOIsIpU3anueii emroce-
KyHIHOTO M3 Ty4eHHs HapyIuiack. B ntore, Ha OCHOBaHUH
npoBefaeHHoro ananuza COM-caumkoB (puc. 7 u puc. 8),
MOYKHO OIIPEIENIUTh, YTO aKTUBHAs (aza (HOpMHUPOBAHUS
SJUTUTICOUIHBIX HAHOUACTHIl Ag, OPUEHTHPOBAHHBIX BIOJIb
HOJSIPU3AUH (PEMTOCEKYH/IHOTO U3ITyUSHHUsI, TPOUCXOIUT
IIPU TWIOTHOCTH 3Hepruu oT 43 10 99 mJIx/cm2. Tpu MeHb-
el TUIOTHOCTH SHEPTHH JUIMIICOUTHBIC HAHOYACTHIIBI
(hopMupoBannCh, HO UX J0JIs1 B TPEKe OblIa HE 3HAYH-
TEIBHOW 10 CPABHEHHIO C KOJMYECTBOM C(HepuiIecKux
nHanovactuil. I[Ipu miorHoctu sueprun 111 M x/cM? u
BBIIIE KOJMYECTBO HAHOYACTHUI] HAUMHAET CHUKATHCA,
OPHMEHTALUSI AIUTUIICONIHBIX HAHOYACTUI] CTAHOBUTCS Xa-
OTHYHOM, KPOME TOTO, HAYMHACTCS MOAU(PHUKAIUS CaMOn
MaTpHILIbI IUIEHKH, B TOM YHCJIe 00pa30BaHIE HaHOpa3Mep-
HBIX TPEILHH.
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dopmupoBanre HaHOYACTUIL Ag AIUIMTICOMTHOM (Bop-
MBI B CTEKJIE MOJ] IEHCTBUEM YIIBTPAKOPOTKUX Ja3ePHBIX
HMIIYJIbCOB U UX OPUEHTALMs BJI0Jb BEKTOpA MOISpU3aLuu
JIA3EePHOTO M3ITyUYCHHS HccienoBana B padote [12]. Cesazb
Mekty popMOIi HAHOYACTHIL, X OPUEHTALMEH U HOIsIpH3a-
LUEH JIA3EPHOTO U3ITy4YEHUs], TI03BOJISIET CO3/1aBaTh JIOKANb-
HBIE 00JIACTH ¢ U3MEHEHHBIMH ONTHYECKUMH CBOMCTBaMH,
JUTA KOTOPBIX XapaKTepHO sBIEHHE Auxpousma [16]. Oto
CYLIECTBEHHO PACIIUPAET BO3MOKHOCTH 3alIUCH MUKPO- 1
HaHOPA3MEPHBIX 00JacTe ¢ YHUKAIbHBIMUA ONTHYECKU-
MH, B TOM YHCII€ MOJIAPU3aIMOHHBIMHY, cBoiicTBamu. Ilpn
MepexoJie OT 3alMHCH OAMHOYHBIX TPEKOB K MOCTPOYHOMY
CKaHMUPOBAHMIO B OyayIieM MoTpedyeTcss KOppeKTUPOBaTh
PEKUMBI J1a3epHOTO 00Iy4eHHs ¥, BO3MOXKHO, IIEPEUTH OT
HCIOJB30BaHMsI FayCCOBBIX ITyYKOB K JIa3€PHBIM ITy4KaM C
TUTOCKUM ITPOQHIEM HHTEHCUBHOCTH. JTO MO3BOJIHT TOU-
Hee KOHTPOJIMPOBATh PABHOMEPHOCTH OOTyUCHHS TUICHKH
IIPU NOCTPOYHOM CKaHHPOBAHUH.

Mexanu3m 00pa30BaHUS HUINICOUIHBIX HAHOYACTHIL
Ag B cTeKJIe M0 AeHCTBUEM JIMHEHNHO-TOISIPU30BAHHOTO
(heMTOCeKyHHOTO M3IIydeHHs CBsi3aH C sBieHueM JITITIP
Ha HuX [12]. B pe3ynbrare B3aumomeicTBus pemroce-
KyHJIHOTO JJa3epHOT0 UMITyJIbCa C HAHOYACTHUIIEH Ag mpo-
ucxonur ee nossipusanus. [Ipu nocratoyHol IIOTHOCTH
SHEPTUU AIEKTPOHBI MPHUOOPETAIOT BHICOKYIO YHEPTHIO,
JIOCTaTOYHYIO ISl ipeojosenust 6apbrepa 1loTTkn 1 BbI-
X0J/la M3 HAHOYACTHUIBI B MaTpuIly (IIPOIECC SMUCCUN).
Hanouactuna B pe3ynbTare 3TOr0 CTAaHOBHUTCS MOJIOXKHU-
TEIbHO 3apsHKEHHON. Ecnu sHeprus 9TUX 3J1€KTPOHOB HE
BBICOKAs, TO OHM BHOBb 3aXBaTbIBAIOTCSI HAHOYACTULEH.
Ho ecny ux sHEprust 10CTaTOUHO BBICOKAs, TO MIEKTPOHBI
HE BO3BPAILlAIOTCs B HAHOYACTUILY, KOTOpas, OCTABIIUCH
TIOJIOXKUTEIBHO 3aPSKEHHON, HAYMHAET MPOLECC PacTBO-
penns. Ha 3Toli cTaguu HOHBI 1 MOHOMEPHI Ag YXOIAT U3
HAHOYACTHIIBI B MAaTPHUILy IUICHKH, YMEHBINAs TEM CaMbIM
ee pasmep. [Iponomkaercs 310 10 TeX Mop, MOKa cymmap-
HBIH 3apsi]l HAHOYACTUI[BI BHOBb HE CTAHET HEHTPaIbHBIM.
[Tpu nocTaTtoyHo OGOIBIIOH IIOTHOCTH SHEPIHH JIA3€PHOTO
M3JIy4eHUsl IPOLECC PACTBOPEHUS MOXKET MPUBOJUTH K
MOJIHOMY pa3pylLICHHI0 HAHOYACTULBI U €€ pachaay Ha
¢bparmenTel. Ecniu Ha HaHOYAaCTHIYy NEWCTBYeT JTUHEH-
HO-TIOJIIpU30BaHHOE u3inyuenue, To JIIIIP, 3amyckatommii
MIPOLECC MONSAPU3AIMY HAHOYACTULBI U DMHUCCHIO DIIEK-
TPOHOB M3 HEE, MIPOUCXOIUT HE IO BCEH MOBEPXHOCTH,
a TOJIBKO Ha IOJIOCAaX HAHOYACTHIIBI, IIOJI0KEHHE KOTO-
PBIX COBIAJIACT C OPUCHTAIIUCH MTONAPU3AIIUHN U3y UYCHHS.
CrnemoBaTenbHO, BEIXOA HOHOB Ag Tak)Ke MTPOUCXOIUT UH-
TEHCUBHEE B 3TOM HaIpaBlICHUU. B ompeneneHHoM aua-
Ma30HE 3HAUCHUH MIOTHOCTU 3HEPTUU MPOIECC IMUCCUU
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JJICKTPOHOB MPOUCXOANUT HE CTOJIb AKTUBHO, U HOHBI Ag
BBIXOJISIT Ha MOJIFOCAaX HAHOYACTHUIIBI HA HEOOJIBIIIOE PAaCcCTO-
SIHUE OT HEe ¥, B TIOCIICIYOIIEM, 3aXBaThIBAIOTCS] HAHOYA-
CTHIICH BHOBB. DTO MPUBOIMT HE K paciiajly HAaHOYACTHUIIHI,
a K U3MCHEHUIO e (OPMBI U, B OOJIBITHHCTBE CIy4aeB, K
YMEHBIIICHUIO B pa3Mepax. Ecimu cpaBHUTE 00beM chepu-
yecKkoll HaHouacTuusl V= 4d3/24, tne d = 37 HM, ¢ 00be-
MOM SJUIMICOMAHON HaHoYacTHUbl V, = (d,dy?) 4/24, tne
d, =38 um, djp = 30 um (puc. 7, ¢, 66 mJx/cM?2), TO UX OT-
HoleHue Oyaer cocTaBisth Vy/V, = 1,48. Takum oOpaszom,
B Ipoliecce M3MECHEHHs (POPMBI CPEAHECTATHCTHYCCKON
HaHOYacTHIbl Ag co chepuueckoil Ha IUTUIICOUIHYIO ee
00bEM YMEHBIIUIICS TIPUMEPHO Ha 48 %o.

3akiaouenne

B pabote nccnenoBaHbl ONTHYECKHE CBOKWCTBA 30J1b-
TeNb TUICHOK OKCHIa ITMHKA C HaHO4YacCTHUIIaMH cepebdpa,
MOIM(HUIUPOBAHHBIX (PEMTOCEKYHIHBIMHU JIA3EPHBIMU UM-
myJibCaMu BBICOKOM Y4aCTOTBI TIOBTOPCHUA. I[J'II/IHa BOJIHBI
M3JIy4YeHUs! BbIOMpaach, OIM3Kas K JJIMHE BOJIHBI JIOKa-
JIN30BaHHOI'O IIOBEPXHOCTHOTO TIa3MOHHOTO PE30HaHca
HAHOYACTHIl cepedpa 1 Aajekast OT opora COOCTBEHHOTO
TIOTJIONICHUS] MaTPHUIIBI OKCH/A IMHKA. B pesynbrare mpo-
BEJICHHBIX MCCIIEZIOBAHMH OBUT BBISIBIICH JUXPOU3M MOJIH-
(bUIMPOBAHHBIX JIA3EPHBIM M3JIyYCHHEM IIJICHOK U CBA3b
9TOTO SIBJICHNUS C OPHEHTAIMEH HAHOUACTHI SIUTUTICONTHOM
(hopmsl B TuteHKe. Ha oCHOBaHWMM MaHHBIX CKaHUPYIOMIESH
3NEKTPOHHON MUKPOCKOIIMH BBITIOJTHEH aHAJIN3 N3MECHEHUS
KOHIICHTpAIINHU, pa3Mepa U (popMbl HAHOUACTHIL cepedpa B
IIJICHKE B 3aBUCUMOCTH OT IJIOTHOCTU DHEPIrUn (I)CMTOCG-
KyHHOTO u3iy4enus. [lokasaHo, 4To akTHBHOE (OPMHPO-
BaHUE HAHOYACTHI AJUTHIICOMIHON (POPMBI IPOMCXOHUT MPH
IWIOTHOCTSIX SHEpruu oT 43 10 99 m/Ix/cm2. [pesbinenne
9THX 3HAYCHUI TNIOTHOCTH SHEPTUH IIPUBOANT K YMEHbIIIE-
HUIO pazMepa M XaoTHYECKON OPHUEHTAIINH AIUTUIICONTHBIX
HAHOYACTHII, a TaKke K 00pa30BaHNIO HAHOPA3MEPHBIX TT0p
U TPEILIMH B CAaMOH MaTpHIle OKCH/IA IINHKA.

W3 ananu3a JaHHBIX CKAaHUPYIOLIEH IEKTPOHHON MHU-
KPOCKOITUH MOKA3aHO, YTO JUIMIICOUIHBIE HAHOYACTHIIBI
OPHEHTHPYIOTCS BJIOb HAIIPABICHUSI JINHEHHON MOJISIPH-
3aluu (beMTOCCKyH}IHOFO H3JTYy4YCHHS BHE 3aBUCUMOCTHU
OT HamnpaBleHus cKkaHupoBaHUA. [Ipu moBopoTe BekTOpa
MOJISIPU3AIMH MEHSIETCS U MOJI0KEHHE OO0JIbIeit ocH 3J1-
JUTNCOUAHBIX HAHOYACTHI. B HMccieqoBanuu nokasaHo,
YTO MOJISIPU3AIIMOHHO-3aBHCHMAas (PEMTOCEKYHIHAS MOJIN-
¢ukanus GopMbI M pazMepa HAHOYACTHIL cepedpa MOXKET
MPOUCXOIUTH B TOHKMX TOJIYTTPOBOTHUKOBBIX TIJICHKAX.
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Abstract

The study of plasma generation in liquids is relevant for many applications, especially for increasing the efficiency of
terahertz radiation generation. This work investigates the relationship between the laser excitation wavelength and the
plasma electron density in liquid water in the near-infrared spectral range. Using numerical simulation methods based
on the Keldysh theory, patterns of changes in the ionization rate and changes in the plasma electron density depending
on the excitation wavelength are analyzed. The results show the mutual influence of above-threshold ionization and
tunneling effects when the Keldysh parameter is close to one. A decrease in plasma electron density with increasing
excitation wavelength has been shown. However, in certain wavelength ranges a local increase in plasma electron density
was observed. The theoretical results obtained are consistent with the experimental data of other scientific groups. This
theoretical study provides valuable information on the modulation of plasma electron density by changing laser excitation
wavelengths, which is important for increasing the efficiency of terahertz radiation generation.
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Insights from Keldysh theory to plasma electron density in liquid water under excitation wavelength scaling

OmkHeM HH(paKpacHOM Juarna3oHe criekrpa. MeToa. MeTosaMu 4MCICHHOTO MOCIPOBAHNUSI, OCHOBAaHHOTO Ha TEOPHU
Kefl}lbl]_[_la, BBITNIOJIHEH aHAJIN3 3aKOHOMEPHOCTHU M3MEHEHHU I CKOPOCTHU MOHM3AIMU U TUIOTHOCTH IJIa3Mbl OT JJIMHBI BOJTHBI
Hakaykyu. OCHOBHBIE Pe3yJIbTaThl. [loTyueHHbIe pe3ynbTaThl MOKA3a11 HATMYNE B3aUMHOTO BIHAHHS CBEPXIIOPOTOBOI
HMOHU3ALUH U TyHHETbHBIX 3()(EeKTOB, MPEMMYIIECTBEHHO B CIydae, Koraa napameTrp Kenabira OIU30K K eJHHUIIE.
IToxazaHo CHI)KEHME IIOTHOCTH IUIA3MBI NIPH YBEINUEHUN UTMHBI BOJTHBI U3ITydeHHs Hakadku. OJHAKO TMPH 3TOM
OBbLIO BBIABIICHO JIOKAJBHOE YBEIMUIEHHE IIOTHOCTH IIa3MBbI B ONPe/IeTICHHbIX JUaa3oHax JUIHH BoiH. Obcy:kaeHue.
[Tomy4yeHHbIe TeOpETHUESCKHE PE3YIIBTaThl CONIACYIOTCS ¢ SKCIIEPHMEHTAIBHBIMHE JJAHHBIMU ITOTOOHBIX HAyYHBIX PaboT.
B pesynbraTe TEOPETHUECKOTO MCCIIEI0BAHUS MOJTydeHa BaxkKHAs MH(OPMAIMS O MOIYIISIIMU TUIOTHOCTH IIa3MbI C
MOMOIIbIO U3MEHEHUsI JUTMH BOJIH JIa3ePHOTO BO30Y)KACHUs, YTO UMEeT 3HAUCHUE JJIsl TTOBBILEeHUS YQ(HEKTHBHOCTH
reHepali TePareploBOro U3TyYeHHUs.
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Introduction

Enhancing the efficiency of terahertz (THz) generation
has become a significant goal for the scientific community,
given its crucial role in various applications, including
material science, radiation sources, optical coatings, and
more [1, 2]. Liquids, as a dense medium, allow for more
energy transfer and confinement compared to gases [3].
This can be a plus for obtaining faster and higher ionization
giving plasma-based applications in liquids an advantage
[4]. Plasma-based THz radiation in liquids is among the
most efficient sources achieving optical-to-THz conversion
efficiency of a few percent [5]. Further investigation is
needed for ongoing development. Prior data on liquid-
based THz sources highlights the impact of various pump
parameters on THz generated emission but is limited to the
central wavelength of 800 nm. However, in [6], the THz
generation process was experimentally observed under
long-wavelength excitation (1200-1500 nm). The results
indicate that in a water liquid jet at pump pulse energy
of 0.27 mJ, the THz field enhances with the excitation
wavelength increasing. Additionally, a theoretical study
[7] demonstrated that THz efficiency increases with the
excitation wavelength in the mid-infrared region. Earlier
[8] it was demonstrated that by gas ionization, at a specific
focusing conditions dependent on the wavelength at
1800 nm, the efficiency of THz generation enhances by
30 times relative to the excitation wavelength of 800 nm.

Given that different excitation wavelengths result in
varying plasma electron densities and frequencies, these
findings have captured our attention in the context of
plasma physics behind the THz generation process in liquid
jets. Recent studies [9, 10] on laser-induced plasma-based
THz generation, conducted in the presence of an external
electrical field, have revealed a proportional relationship
between plasma electron density and THz efficiency. It has
been observed that the vertical component of THz radiation
is directly proportional to the plasma electron density
along the laser filament. This highlights the pivotal role
of plasma electron density and frequency in determining
the efficiency of THz generation. Therefore, further

investigation into plasma electron density is imperative
to deepen our understanding of this crucial aspect. Many
works have already investigated the relation of plasma
electron density and the wavelength of excitation. There
seems to be a decreasing trend of plasma electron density
when increasing the excitation wavelength [11-13].

In this study, we will investigate the plasma electron
density dependency on the excitation wavelength within
the Near-Infrared (NIR) range in liquid water based on
the general Keldysh theory [14-16], which has revealed
unexpected behavior of plasma electron density increasing
for specific wavelength ranges when taking into account
the Above-Threshold Ionization (ATI), differing from the
overall continuously decreasing plasma electron density
trend occurs with increasing excitation wavelength [11—
13]. We will provide a comprehensive explanation of the
obtained results and confirm them based on existing works
[11, 17].

Theoretical Background

Keldysh theory predicts rates of multiphoton and
tunneling ionization under strong laser fields enabling the
calculation of plasma electron density. The crucial Keldysh
parameter y defining the ionization process as tunneling or
multiphoton depends on the ratio between the ionization
energy of the medium ion A, and the ponderomotive energy
of the laser field Up [16, 18].

B A _m\lmeA )
v Vou, e F

e2F2

4m o>

Up 2

Where o is the angular frequency of the laser field, F'is
the laser electric field amplitude, m, is the electron mass,
and e is the electron charge. If the ponderomotive energy
which is the average kinetic energy of a free electron under
the influence of the laser field surpasses the ionization
energy vy << 1, electron liberation from the parent ion can
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occur without reliance on resonant processes, such as
multiphoton absorption, in this case tunneling and over-
the-barrier ionization occurs.

Otherwise, if A >> Up, then y >> 1, the laser field
may lack sufficient strength to expel electrons from
their ions allowing multiphoton processes to potentially
play the dominate role. In this context, there is a case
wherein absorbing multiple photons surpasses the
ionization potential by more than one photon to access
the ionization continuum. This phenomenon is known as
ATI which extends beyond multi-photon ionization [18].
It occurs when the ionization energy surpasses both the
ponderomotive energy and photon energy A > Up > fio,
where 7 is reduced Planck’s constant. While the Keldysh
parameter aids in identifying the dominant process as
multiphoton ionization when y >>1 or tunneling ionization
when y << 1, it may not always distinguish between
the two regimes, especially when vy is close to 1 where
both multiphoton and tunneling ionization can occur
concurrently resulting in a blend of both effects [19].

At high power intensities, liquids exhibit quasi-metallic
transient optical properties and are treated within the
framework of a non-parabolic band model. In this case,
the widely recognized full Keldysh ionization rate Wy
for non-parabolic band model that accounts for both the
tunneling and the multiphoton ionization is applied [14,

Eq. (37)]:
. sof mo\¥?
V= o\ Oy, x)
_ 3)
X exp (n(x + 1)—K(Yg o f(y'))
2

guided by the respective y values obtained.

In Eq. (3), v, =y/V1 +y2 and y, =y,/y, @ is the angular
frequency of the laser field, K and E are the complete
elliptic integrals functions of the first and second kind
respectively. O(y, x) is a function pertaining to the structure
of the spectrum which is associated with the discreteness of
the absorbed photon count given by the formula [14, 15]:

g [exp<_ MK(m—E(vl)) .

09 =\ 2k E(y)

2
“ (D<\/n ((x+1)y—x+ n))
2K(2)E(Y2)
Here 7 is the number of absorbed photons and ® can be

defined by @(z) = [ “*dy, x = A*/ho where (x + 1) is the

minimum number 0of photons needed to be absorbed by the
ion to ionize, and A* is the effective ionization potential
given by A* = 2AE(y,)/my; [15].

The primary parameters that pertain to the medium,
namely the ionization energy (A) and refractive index (n)
described by the effective ionization potential formula. For
low pump frequencies and a strong laser field (y << 1), the
ionization probability described by Eq. (3) simplifies to
the pure tunneling effect formula given in [14, Eq. (40)]:

27 (m AN enF )P
e e\ ) \mia)

- mY2A3? 1 m,w*A
x exp|——= 1 -——= .
2 ehF 8 &F?

On the other hand, in case of week laser field (y >> 1),
the ionization probability described by Eq. (3) simplifies
to the pure multi-photon effect formula given in [14,
Eq. 41)]:

4)

W 4o ", 3/2(1) m AF? (x+1)
- +1) - — x
AN < ) x) 16m,m°A

. eF? ®)
2{x + 1)(1 - 4mem2A>

X = A/ho)~where the ionization potential in this case takes
the value A = A+ (e2F2/4m ,0?).

Eqgs. (3)—(5) describe the average ionization probability
over a time much larger than the period of the external
field (2n/®). They represent the number of free electrons
generated per unit volume per unit time. To calculate
plasma electron density p,, one should integrate Eqs. (3)—
(5) the average ionization probability over the period during
which the laser field interacts with the medium [20]. After
calculating the plasma electron density p,, the plasma
electron frequency can be obtained by ©p = Vp,e2/m,g,
[10,21].

X exp

>

Results

In our simulation, the selection of the pump parameters
is predicated upon their widespread utilization in numerous
experimental investigations focusing on plasma-based THz
generation in liquids. We are considering the ionization in
a water liquid jet excited by a femtosecond laser with a
pulse energy of 300 pJ, pulse duration of 150 fs, FWHM
of 100 pm, resulting in a peak power density of /., =
=2.54-1013 W/cm?2.

Having the ionization potential of water in hand A =
=11.67 eV = 1.869-10-18 J, then, in the wavelength ranging
from 0.8 pm to 2.2 pm, Keldysh parameter y took the
values presented Fig. 1, a according to Egs. (1), (2).

Analysis of the provided data in Fig. 1, b, ¢ suggests
that the condition for ATT is satisfied since the ionization
energy of liquid water 1.87-10-18 J exceeds both the
ponderomotive energy and photon energy values, whereas
the ponderomotive energy is higher than the photon
energy values in the studied wavelength range, as shown
in Fig. 1, b, ¢, where (A > Up > hw). In this case, one should
conduct the simulation using Eq. (3). Fig. 2, a represents
the plasma electron density calculated based on Eq. (3)
as a function of the excitation wavelength accompanied
by a miniature representation of the logarithmic scale in
the upper right corner to better illustrate the decrease in
values.

In Fig. 2, the plasma electron density initially registers
9.58-1019 cm3 at a wavelength of 0.8 um, subsequently
peaking at 0.83 um for the minimum value of (x + 1) = 8§,
and it reaches 2.56-1012 cm3 at a wavelength of 2 um.
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Fig. 2. Plasma electron density p, as function to the excitation wavelength with a miniature representation of the logarithmic scale
in the upper right corner (a). The dependency of (x + 1), the minimum number of photons needed to ionize the ion, on the excitation
wavelength (b)

We observe an initial trend: for each (x + 1) considered
independently, the plasma frequency increased with the
excitation wavelength until reaching saturation. However, a
counteracting effect occurred as the wavelength increased.
Simultaneously, the minimum number of photons
(x + 1) also increased leading to an overall decrease in
the plasma electron density. In essence, as evident in the
representation of the logarithmic scale of Fig. 2, a, the
plasma electron density tends to decrease with an increase
in excitation wavelength. This gradual decreasing trend
can be elucidated by the relationship between excitation
wavelength and photon energy. Increasing the excitation
wavelength leads to a decrease in pump photon energy.
Consequently, when photon energy is weaker, a greater
number of photons is required to ionize an ion, as shown
by the increasing value of (x + 1). However, the increase
in (x + 1) implies that greater number for pump photons is
needed to ionize one ion, ultimately leading to a reduced
number of ionized ions within the medium. This decrease
in ionization consequently lowers the free electron density
as the excitation wavelength increases [20, 21]. Besides,
the plasma defocusing behavior observed in [11] for longer
wavelengths, along with the effect of pump light diffraction
when using higher wavelengths, also contribute to this
phenomenon.

On the other hand, the increase in the plasma electron
density corresponding to each (x + 1) appears analogous to
the peaks observed in ATI [18, 22], wherein electron kinetic
energies manifest a distinct peak at the minimum photon
energy required for ionization. Generally, as the wavelength

of the laser pump increases, the ponderomotive force of the
laser field Up enhances while the photon energy decreases.
Consequently, as the wavelength increases, the disparity
between Up and photon energy widens.

For the lowest value of (x + 1), this disparity is
initially small. In this scenario, Up contributes to the
resonant progression of ATI, this imparts higher kinetic
energies to ions, extending ionization and augmenting
free electron density. However, as the disparity between
the ponderomotive force Up and photon energy increases,
the Up becomes much higher and then, its role transitions
into a predominant pushing effect, resulting in tunneling
ionization as can be seen in Fig. 2, a, the peaks start to
become less pronounced after 1.2 um for higher (x + 1)
values where the influence of ATI diminishes. Notably,
multiphoton ionization does not impact our scenario since
the ponderomotive force Up, consistently surpasses the
photon energy within the studied wavelength range.

The enhancement in plasma electron density could
significantly enhance the efficiency of THz generation,
since in [13], it was found that the relationship between
the power of THz generation and the wavelength of the
excitation is determined by two main factors, primarily
the plasma electron density and the energy of electron
oscillation, which increases in proportion to A2.

Fig. 3 displays the calculated plasma electron density
values derived from Eq. (4) under the assumption of
complete ionization via tunneling effect accompanied by
a miniature representation of the logarithmic scale in the
upper right corner to better illustrate the decrease in values.
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It is evident that the plasma electron density exhibits a
continuous decrease consistent with findings from previous
studies [11-13]. The values obtained in Fig. 3 using
Eq. (4) surpass those acquired through Eq. (3), since the
current pump parameters inadequately achieve tunneling
ionization required for Eq. (4). However, we opted to utilize
Eq. (4) to demonstrate the overarching trend of decreasing
plasma electron density under the influence of tunneling
ionization.

Overall, the analysis of the presented pump parameters
using the Keldysh model reveals an intriguing phenomenon
that has not been observed in other works: in the context
of ATI, the plasma electron density for specific wavelength
ranges increases with the excitation wavelength. These
ranges are delineated by the minimum number of absorbed
photons required for ionization of the ion (x + 1). This
contrasts with the typical trend observed in tunneling
ionization where plasma electron density generally
decreases. Consequently, when dealing with wavelengths in
the NIR, it becomes essential to account for both tunneling
and ATT processes.

To the best of our current knowledge, the phenomenon
of increased plasma electron density for specific ranges
of excitation wavelengths has not been discovered
theoretically prior to this study. However, experimental
results presented in [17] demonstrate this effect. In
[17], spectra of noble gas atoms were analyzed under
ATI in the Mid-Infrared wavelength range. Excitation
wavelengths were varied at A= 0.8, 1.25, 1.5, and 2 pm. It
was observed that the photoelectron count increased with
longer excitation wavelengths. This observation supports
the hypothesis that ATI plays a significant role in the
observed increase in plasma electron density as excitation
wavelength increases.

Furthermore, in [11], despite adjusting pump parameters
for each excitation wavelength, resulting in decreasing
pump intensity as wavelength increased within the range of
1.2 to 2.3 um, measured plasma electron density (Fig. 1, a
in [11]) exhibited an increase in specific wavelength
ranges: (1.2-1.3 um), (1.5-1.8 pm), and (2.1-2.2 um). This
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increase in plasma electron density would become more
pronounced at fixed pump intensity. These experimental
findings align with theoretical predictions derived from the
Keldysh model utilized in this study.

Conclusion

In conclusion, a theoretical study has been conducted
utilizing Keldysh theory to analyze the relationship
between plasma electron density and the increasing
excitation wavelength in dense media. Unlike the typical
trends observed in tunneling ionization, the general formula
of Keldysh model demonstrates that, under specific
parameters, where v is close to 1, both ATI and tunneling
effects can influence the ionization process. We have
explained the observed trend and inferred that theoretically,
the plasma electron density can increase with wavelength
increments within specific wavelength ranges. Moreover,
the study offers insights into how to adjust plasma electron
density for practical applications by selecting specific
excitation wavelengths tailored to the desired plasma
electron density.
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AHHOTANMA

BBenenue. lccrienoBano noBeeHNe ONTHYECKUX U KOJOPUMETPHUECKUX CBOMCTB MOKPHITHIX 00OJTOUKON JHOKCHIA
KPEMHHS TTOTYIPOBOAHUKOBBIX KOJUIOMHBIX KBAaHTOBBIX Todek Temrypunaa kaamus (CdTe/SiO,, sapo/obomouka) Bo
BHEIITHEM MOCTOSIHHOM DJIEKTPUYECKOM 1ojie. V3BeCTHO, UTO BHEIIHEE IEKTPHUECKOE 10JIe IIPUBOIUT B OCHOBHOM
K TYLICHHUIO JIOMHHECICHIINY KBAaHTOBBIX TOYEK M KPACHOMY CMEIIEHUIO CHEKTPOB JIOMHHecHeHInu. OQHako B
OOJIBIIIMHCTBE UCCIIEIOBAHNI PAaCCMaTPUBACTCS TOIBKO JTFOMHHECIICHIIUSI, 00YCIIOBICHHAsI MEX30HHBIMH IEPEX0/IaMU.
B ominume oT U3BECTHBIX pabOT B IAHHOM HCCJICIOBAHUH JIOTIONHUTENILHO PACCMOTPEHA JTIOMHHECHEHIIS C yIacTHEM
JIOBYIIIEK B KBAHTOBBIX TOUYKaX, MOKPBITHIX 000TOUKON, ¥ MOKA3aHO BIMSAHNE HA HEE BHELIHETO 3JIEKTPUUECKOTO
nons. Meton. IlonynpoBogaukossie HanokpucTamiel CdTe/SiO, cuaTe3upoBaHBl METOJAMH KOJUTOMIHOW XUMUH.
ToToBas cmech mpeacTaBisiia co00il pacTBOp KBAaHTOBBIX TOYEK B BOTHOU cpene. [y mcciaeoBaHus ONTHYECKUX
coiictB Hanouactury CdTe/SiO) BO BHEMIHEM MOCTOSTHHOM AJICKTPUYECKOM MOJIe M3TOTOBJIECHA Cepusi 00pa3IoB
Ha OCHOBE ONTHYECKHU NMACCUBHON IIEJUTIONO03HOI IUICHKH, B IIOPHI KOTOPOH OBUIM BHEIPEHEI KBAHTOBBIE TOUKH.
ToToBEIN 00pa3ser; npeacTaBisul OO0 MOMEIIEHHYI0 MEXAY JBYMS CTEKIAMHU C IPO3PAauHBIMU JIEKTPOJaMHU Ha
OCHOBE OKCHJa MHJUSI-0J0BA LEUIIOJIO03HYIO MJICHKY ¢ KBAHTOBBIMHM TOYKaMu. HampsokeHHOCTb MOCTOSIHHOTO
ANEKTPUYECKOTO OIS, IPUKIIAIBIBAEMOr0 K TAKUM CTPYKTypam, cocTtaBiia 140 kB/cM. CriekTpbl (OTONOMUHECIICHIIN
UCCIIeyeMbIX HAHOCTPYKTYP PErHCTPUPOBAINCE ¢ MOMOIIbI0 BodokoHHOTro I13C-cnekrpomerpa. OcHOBHBIE
pe3yabTaTbl. OOHAPYKEHO, YTO YBEIUUEHNE BHEIIHETO AEKTPUIECKOTO MO MPUBOAUT K TYIIEHHIO HHTEHCUBHOCTH
JFOMHHECIICHITNH, 00YCIIOBICHHOM KaK MEK30HHBIMH TTEPEX0OAaMH, TAK M IEPEX0AaMH ¢ ydacTreM JoBymiek. [Tokazano,
YTO MPH 3HAYEHUN HANpsDKEHHOCTH 1oyt 60 kB/cM mponcxomuT HeOobIIoe yBeTMIeHHe HHTET PATbHONH HHTEHCHBHOCTH
(hOTOIOMUHECIIEHIINY. YCTaHOBJIEHA CTAOMIBHOCT KOJOPUMETPHUECKUX XapAKTEPHCTHUK C(HepHISCKNX HAaHOYACTHUI]
BO BHEIIHEM dJIeKTprueckoM none. O6cyxaenne. CHIKEHNE HHTCHCUBHOCTH CBEUEHHSI KBAHTOBBIX TOUEK BO BCEM
CIIeKTpe OOBSCHAETCS YMEHBIICHHEM MHTErpaljia HepeKpBITHs MEXIy BOJTHOBBIMU (DYHKIHMSMH JIEKTPOHA U JBIPKU
noa ﬂeﬁCTBHeM DJICKTPUYCCKOTO IT1OJIA. B cBoro o4epeab, HAJIMYMUE B 3aBUCUMOCTH l/IHTeraJ'IbHOf/i HHTCHCUBHOCTH
JIOMUHECHEHIIMN OT BEITHUMHBI BHEITHETO IEKTPUUECKOTO MO JIOKAJTbHOTO MAKCHMyMa MOXET OBITh CBSI3aHO C
OITOKMPOBKOH MPOIIECCOB 3aXBaTa JIOBYIIKaMH HOCHUTeNeH 3apsaa. [IporeMoHCTprpoBaHHOE TyIIEHHEe HHTEHCUBHOCTH
TIOMHHECICHITNH TAaK)Ke COTIAacyeTcsl ¢ pe3ylIbTaTaMH MOJ00OHBIX pPadoT, MOKA3aBIINX CHIDKEHUE MOTIOMICHNUS
KBAaHTOBBIX TOUEK BO BHEIITHHX JIEKTPHUESCKUX MOJSIX. Pe3ynbTaTsl paboThl MOTYT OBITH HCIIOIB30BAHBI IIPU CO3AAHUN
OIITOZNIEKTPOHHBIX YCTPOHCTB Ha ocHOBe HanowacTur CdTe/SiO,.

KimoueBnble c1oBa
(hOTOFOMUHE CIICHITUS, TSIUTYPHT KaJIMHUSL, THOKCH]] KPEMHHUSI, KBAHTOBBIC TOYKH, JICKTPHUYCCKOE TIOJIC, KOJIOPUMETPHUS
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Abstract

The study concerns the behavior of optical and colorimetric properties of cadmium telluride semiconductor colloidal
quantum dots covered with silica shell (CdTe/SiO,, core/shell) in an external constant electric field has been studied.
To date, the electric field is known to lead mainly to quenching and red shift of the luminescence spectra of quantum
dots; however, in most of the corresponding studies only the behavior of band-edge luminescence is considered. In this
work, in addition to the luminescence due to interband transitions, the effect of the electric field on the trap-related
luminescences of core/shell quantum dots is studied. Semiconductor nanocrystals were synthesized by colloidal
chemistry methods. The product mixture was a solution of quantum dots in an aqueous medium. To investigate the optical
properties of CdTe/SiO, nanoparticles in an external electric field, a series of samples was fabricated on the basis of an
optically passive cellulose film, in the pores of which quantum dots were embedded. The final sample was a cellulose
film with quantum dots sandwiched between two glasses with transparent indium tin oxide electrodes. The strength of
the constant electric field applied to such structures reached 140 kV/cm. Photoluminescence spectra of the investigated
nanostructures were recorded using a CCD spectrometer. As a result of the experiments it was found that the presence
and subsequent increase of the external electric field leads to quenching of the intensity of both band-edge and trap-
related photoluminescence of quantum dots. This fact is associated with a decrease in the overlap between electron and
hole wave functions under the action of the electric field. It is also shown that at moderate field strength there is a slight
increase in the total photoluminescence intensity. This observation can be related to impeded charge carrier trapping. The
demonstrated quenching of luminescence intensity is also consistent with the results of other authors who have shown
a decrease in the absorption of quantum dots in external electric fields. The stability of colorimetric characteristics of
the spherical nanoparticles in an external electric field has been demonstrated. The results of the study can be used for
development of optoelectronic devices based on CdTe/SiO, nanoparticles.
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BBenenue

C MOMEeHTa CBOEro MepBOro yCHEIHOTO CUHTe3a KOJ-
JOUJHBIC HAHOKpHCTALIHI [1, 2] U, B 9acTHOCTH, che-
pruueckue HaHOYACTHIIH! (Wi kBaHTOBBIE ToUkH (KT))
[3—8] BBI3BIBAIOT MTOCTOSIHHBINM HHTEPEC ONarojapsi CBOMM
HCKITFOYUTEFHBIM ONITHYECKAM U HEJTMHEHHBIM CBOHCTBAM,
a Take XUMH4Ieckoi ctabmimsHoCTH [9—13]. JlansHekmme
yCTIeXH B KOJJIOWAHON XUMHUH TPUBENN K TIOSBICHUIO Ya-
CTHI] C pa3IuIHON Mopdonorueii: HaHocTep kHH [ 14], Ha-

HOIIACTUHEI [15, 16], KOTOpbIE MOTYT CBOpauMUBaThCS B
HaHoCBUTKU [17-20]. Hapsiay ¢ opraHu4ecKuMu 1 MeTall-
JIOOpTraHUYECKUMHE JTFoMIUHO(popamu [21-25], KomtonaHbe
HaHOKPHCTAIUTBI YaCTO MCIIOIB3YIOTCS B CBETONMOAAX [26—
28], mazepax [29, 30] u poTtonmerexropax [31]. MuaTepec
MOJTYTIPOBOAHUKOBBIM KOJIJIOMIHBIM HAHOYACTHIIAM TAKKe
BBI3BAH BO3MOKHOCTBIO YIIPABICHHS UX TIOMHHECIICHTHBI-
MU U, KaK CJIE/ICTBUE, KOJIOPUMETPUUECKUMH CBOIICTBaMU
C TOMOIIBIO BAPHHPOBAHUS CPEHETO pa3Mepa 4acTHUI] BO
BpeMs cuHTe3a [32], a Takxke Y3KUMHU THHUAMU U3ITYIEeHUS
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JI'OMVHECLIEHTHBIE 1 KONTOPUMETPUYECKME CBONCTBA NOKPbITbIX o6ono4Kkon gnokcuaa KpeMHu4...

U BBICOKUM KBaHTOBBIM BBIXOJIOM WX JIOMHHECIICHIIUH.
KBaHTOBBIH BBIXOJ] KOJJIOMJIHBIX HAHOKPUCTAJIIOB, T10-
KPBITBIX BHEIIHEH 000JI0YKOH M3 MOJIYNPOBOIHUKOBOTO
Marepuana, MoxeT aocturatb 85-95 % [33]. [lokpeiTue
000JIOYKOH KOJUTOMIHBIX HAaHOYACTHI] CIIOCOOCTBYET yBe-
JTUYEHNIO (OTOCTAOMIBHOCTH M YBEIMUCHNIO KBAHTOBOTO
BBIXO/1a 3a cueT 3(h(hEeKTUBHOHN JOKATM3aINN YKCUTOHA Ha
OIPEIETIEHHOM PACCTOSHHUHN OT MOBEPXHOCTH HAHOKPHUCTATI-
na [34, 35]. OmHako 06009Ka He BCETAa TIO3BOJISIET MOTHO-
CTBIO M30aBUTHCS OT PA3IMYHBIX HEraTUBHBIX 3()(EKTOB B
HaHokpHcTayuiax. OHUM U3 TakuX dPPEKTOB MOKET OBITH
(doTozerpaganus JIOMUHECHEHIIMHN KOJUIOM/THBIX HaHOUa-
crur [36]. Takke cymecTBYIOT BHEIIHIE (DaKTOPBI, KOTO-
pBI€ MOTY BJIHSTH Ha ()OTOJFOMHUHECIEHIINIO KOJUTOMTHBIX
HAaHOKPHCTAJIOB, TAKHE KaK TEMIIepaTypa M dJIeKTpuye-
CKoe TosIe. YMeHbIIeHHE (MOBBIIIEHNE) TEMIIEPaTyphl MO-
KET NPUBECTH K CHHEMY (KPaCHOMY) CMEIIECHHIO CIIEKTPOB
¢dotomromunecuennnu [37, 38], a BHemIHee dIEKTpUYe-
CKOe TIoJie — Kak K Tymernto [39, 40], Tak ¥ K yCHICHHIO
[41, 42] maTeHCHBHOCTH (hOTOMIOMUHECTIEHIINH. Takoe 1mo-
BeJIeHHE (DOTONFOMUHECIIEHIINH MOYKET OBITh HCTIONB30BaHO
B KaueCTBE MHCTPYMEHTA JJIsl YIIPABICHHS U3Ty4YCHHEM H
pa3paboTKu HOBBIX (DYHKIIMOHAJIBHBIX YCTPOUCTB. Takum
00pa3oM, HccieI0BaHKe MTOBE/ICHUS JTIOMHHECLIEHIIUH KOJI-
JIOMJTHBIX HAHOKPHUCTAJIJIOB ITPU BHEIIHUX BO3/1EHCTBH-
SIX SIBJISIETCSI TIEPCIIEKTHBHBIM HAlPaBJICHUEM, ITOCKOJIbKY
MOHNUMaHue (PU3NIECKUX MPOLECCOB, NPOTEKAIOIINX B
HUX, CIIOCOOCTBYET IMOBBIMICHNIO d(PPEKTUBHOCTH OTTOd-
JIEKTPOHHBIX YCTPOIMCTB HA OCHOBE ITOJIYIPOBOTHUKOBBIX
HaHovactul. Llens HacTosme paboTel — HCCIIEAOBAThH
onThyeckue U Kosopumerpuueckue cBoiictsa KT nmokpei-
TBHIX 000JI0UKOI JMOKCHIA KPEMHHUS TOJTYTTPOBOIHHKOBBIX
KOJUTOMTHBIX KBAaHTOBBIX TOUEK Teurypuaa kaamus (CdTe/
Si0,, siapo/00os0uKa) BO BHEITHEM AIIEKTPHYECKOM I10JIe
U [IPOAHAJIM3UPOBATH €r0 BIHMSHUE HA KOJIOPUMETPUUECKUE
xapaktepuctuku KT.

TexHHKa JKCIIEPUMEHTA

[Momynposoxuaukossie KT CdTe/SiO, Opimn cuHTE3M-
POBaHbI METOJIaMH KOJUTOMIHONH XMMHUH CIEAYIOINM 00-
pasom. B kadecTBe UCTOYHMKA KaJMHUsI U OPraHUYECKOTO
nmuranaa Beictynanu opomun kaamus (CdBrp) u 3-mep-
karnronponuoHoBas kuciota (3-MPA). B 50 mi Bozb! pac-
TBOpsn 1 Mmons CdBr; u 2,7 mmoss 3-MPA nipu nocro-
SITHHOM TI€PEeMEIINBAHIY MAarHUTHOW MEIIAJIKOW ¢ 4acTOTON
250 muH"! B peakimOHHOHN KOJIOE IIPU KOMHATHON TeMIIe-
parype. Bogopoanslii nokazarens nosoauics 1o pH = 10.
B pesynbraTe mosrydasncsi pacTBOp NMpeKypcopa KaaMHus
(Cd/3-MPA). [lnst momydeHus: pacTBopa mpeKypcopa Tell-
mypa 0,25 mmonps oporika okcua temrypa (TeOsz) Hach-
TIaJId B TEPMOCTATHPYEMYIO CTEKIISTHHYIO KOJIOY, B KOTOPOI
HaXOAMIOCH 25 MJI BOABI, M IIEPEMEIINBAIH C OMOUIBIO
MarHUTHOW Memanku. 3ateM B koi0y ¢ TeOs moOaBisuin
nopouok 6oporuapuaa Harpusi (NaBH,4) B uzobiTKE 10
TEX MOp, MOKa [[BET MOJIYYUBILETOCs PacTBOpa He MpHoO-
perai npo3payHo-po30BbIii oTTeHOK. [Tocie sToro pacTsop
peKkypcopa Tesurypa pobdasisuin B pactBop Cd/3-MPA.
[Monyuennsie KT ocaxknanu aneToHOM M nEeHTpU(YTrHpo-
BaJIM JUIsl YAAJICHUSI PACTBOPUMBIX MTPOIYKTOB PEAKINU U
He TIPOB3aMMO/ICHCTBOBABIIHX IPEKypcopoB. IlomydeHnbIit

0CaJI0K TIOBTOPHO PAacTBOPSIM B Boje. OUNCTKY MOBTOPSUTH
Tpu paza. ®opmupoBanue odonouku SiO; Ha nHTEPPEN-
ce KT CdTe ocymiecTBisiin B paMKax BOIHOTO CHHTE3a.
[Ipouenypa ocHOBaHA HA BHECEHNH B KOJUIOWJTHBIH PacTBOP
KT CdTe 1 Mmoib 3-MepKanToIpoIiiI-TPHMETOKCHCHIIAHA,
KOTOPbIN 3ameHsu1 uran 3-MPA 1 o3Bosisu1 B 1abHEH-
IIeM YBEJIIMYHUTE TONIUHY 000m09ku SiO, mpyu BHECEHUHT
B KOJIJIOMIHBII pacTBOp mopiun 50 MMOJIb METacHIINKATa
Hatpus. Bueapenue komtonaaeix KT CdTe/Si0; B nen-
JIFOJIO3HYIO MATPHILy TPOUCXONIIO IyTEM BBIICPKUBAHUS
B TEUEHHE JIBYyX JHEH B TeMHOM noMeriernnn pacteopa KT
B 00beMe 10 MIT, B KOTOPBI TIOMEIIIAIH IOPUCTYIO MeMOpa-
HY, U3TOTOBJICHHYIO U3 PEreHEePUPOBAHHOMN LIEJUTIONIO3BI C
pa3mepoM mnop nopsijka 4 HM.

Pacnpenenenne KT no pa3mepam onpenensanocs ¢ no-
MOIIBIO MIPOCBEUNBAIOIICH AIIEKTPOHHOW MUKPOCKOITHH
(IT9M). Ucnons3osancs mukpockorn JEOL JEM-2100 ¢
yckopsitouMm HarnpspkenueM 200 kB.

Criextp mporryckanust Bogaoro pactsopa KT CdTe/SiO;
PETHCTPUPOBAJICS C TIOMOIIBIO crieKTpodoToMeTpa Specord
M40 B nuamnazone obmacteit jmH BojH 200-900 M. s
3TOTO PacTBOP HaHOKPHCTAIIOB 06bemMoM 100 MK B KBap-
LIEBOW KIOBETE C JUIMHON ONTHUYECKOro myTu 1 cm pa3das-
ssuics 1600 MKIT TUCTUIUTHPOBAHHOM BOJIBI.

OO0pa3supl st HCCIIEJOBAHNS CHEKTPAIbHBIX Xapak-
TEPUCTUK KOJUTOMIHBIX ceprudeckux Hanoyactun CdTe/
SiO, BO BHENIHEM 3JIEKTPHUUECKOM I10JI€ U3TOTOBJICHEI B
COOTBETCTBHUH C TEXHOJIOTHCH, OMTUCaHHOW B padote [43].
Ha nepByo CTEKJISTHHYIO TIOJUIOXKKY C IPOBOASAIIINMH 3JIEK-
TpOJaMH1 M3 OKCHAA MHIHSA U OKCHA OJI0BA METOAOM IICH-
TpuyrupoBaHuss HAHOCWIIACH JUAIEKTPHUCCKasl TUICHKA
u3 cmecu xiest B7000 ¢ ToxyomoM B cooTHOmeHnn 1:2.
Bropas cTexisHHas MOATI0KKA aHAIOTHYHBIM 00pa3oM Mo-
KpbIBaJIach TIeHKOU u3 cmecu nosmctupona (0,09 1) u to-
nyona (1000 mxi). Mexay AByMs CTEKJIAMH ITOMEIATNCh
KT CdTe/SiO; B nemttono3noit marpuie. [1pu atom ar1ekT-
POABI pacnonaraiich BHyTpHU cTpyKTypsl. Ha anexrponpo-
BOJSILIMI KJICH MPUKIIEUBAIMCH KOHTAKTHI B BUJIE ME/IHBIX
npoBosiodeK. ToJIIMHA aKTUBHOTO CJI0s (TUIEHKA U3 Kiles—
CdTe/SiOy—nieHKa U3 TOIUCTUPOIIA) COCTaBMIA 25 MKM.

CriekTpbl (OTOIOMUHECIICHIINN PErUCTPUPOBAIHCH
¢ momomeio [13C-cnekrpomerpa Ocean Optics Maya
2000Pro mpu KOMHATHOM TeMIieparype. B kagecTBe ncTod-
HUKa BO30YKJIEHUS NCIOIb30BAJICS UMITYJIbCHBIN J1a3ep
PicoQuant LDH-C 400 (mnwHa BoiHBI n3aydeHus 405 um;
yacTtoTta nmosropeHus 40 MI'1; IIUTETbHOCTh UMITYIIbCA
75 1c; cpeaHsis MOIMHOCTh u3nydeHus: S MBT). OGpaserny
OBLJT MOJAKIIIOYEH K MCTOUYHHUKY TOCTOSIHHOT'O HarmpsiKe-
Hust TESLA TV-2 ¢ nuana3zoHoMm pabouero HanpsKeHHUs
0-1500 B.

PesyabTarsl

B pesynbraTe sKcrieprMeHTa BBISABICHO, UTO B CTIEKTPE
npomyckanust koyutonaubix KT CdTe/SiO; (puc. 1) mpucyr-
CTBYET CJIA00BBIPAKEHHBIH MUHUMYM (456 HM), KOTOPBIH
00y CIJIOBIICH AJIEKTPOHHBIMH IIEPEXOJAMH MEXKITY BaJICHTHOH
30HOU U 30HOMI MpoBoguMOCTU. C TOMOUIBIO 3aBUCHUMO-
CTH, IIPEJICTABICHHOH B padote [44], paccunTaH cpeaHui
paguyc HCCIeayeMbIX KOJUIOUAHBIX HAHOKPUCTAIIOB —
1,76 HM, 4TO KOppENUpPYET C pe3yibTaramu ananuza [[19M-
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Puc. 1. Cnextp nporyckanus u [I9M-n3zo0paxenue (BcTaBka)
kBaHTOBBIX Touek CdTe/Si0;

Fig. 1. Transmittance spectrum and TEM-image (inset) of CdTe/
Si0; quantum dots

n3obpaxenus (BcraBka Ha puc. 1). Kpait npomyckanus
nccnenyeMblx KT cMmenieH B KOPOTKOBOJIHOBYIO 00JIacTh
CTICKTPa OTHOCHUTEIIHHO Kpasi portyckanus oobemuoro CdTe,
9TO 00yCIIOBIICHO KBAaHTOBO-pa3MepHBIM dhdexrom [44].

B cnextpe ¢oromromunecuennnu KT CdTe/SiO;
(puc. 2) mabmromaeTcs moioca ¢ MAKCHMYMOM Ha JITHHE
BOJHBI 520 HM W MIMPUHON HA MOJyBBICOTE 54 HM, 00Y-
CJIOBJIEHHAsI MEK30HHBIMHU TI€PEX0JIaMH U3 30HBI IPOBO-
JMMOCTH B BaJICHTHYIO 30HY. B JUIMHHOBOIIHOBO# 00s1acTi
HaOIoaeTcst HeOOIbIIOE YIIMPEHHE CIIEKTpa (POTOTOMHU-
Hecuenmu KT, kotopoe 00yciioBieHo cinaboit JTroMUHEC-
LeHIuel 1e(eKTHBIX cocTossHUN. OCHOBHAS 4acTh CIEKTpa
(hOTONIOMUHECIIEHIINN HAXOAUTCS B BUANMOM JIHaIla3oHe,
YTO MO3BOJISIET PACCUUTATH KOJIOPUMETPHUIECKHE XapaKTe-
puctuku uccienyemoix KT.

Hanmane BHENTHETo 31€KTPUYECKOTO IO MPUBEIIO K
YMEHBIIEHUIO HHTEHCHBHOCTH JIIOMUHECIICHIIUH (TyIlIe-
Hue doTomoMHuHECeHIINN). JanpHeHee yBeTnIeHne
HaMPSHKEHHOCTH AJIEKTPUYECKOTO TOJIsl TaKXkKe CIoco0-
CTBYCT YMCHBUICHUIO UHTCHCUBHOCTHU JIIOMUHCCIICHIINH,
00yCIIOBIIGHHOM KaK MEX30HHBIMH NEepeXoJaMH, TaK U
TIepexo/iaMy ¢ ydacTreM JioByIek. CTOUT TakKe OTMETHUTB,
YTO BONPEKH OXKHJAEMOMY KPACHOMY CMEILEHHIO CIEK-
TpOB (oTOMOMHUHECTIEHIINH 13-3a d(dekra [lITapka [40],
HUKaKUX U3MEHEHUH, KpOME TYIICHUSI HHTEHCUBHOCTH
(hOTOFOMUHECIICHITMH T10T BO3/ICHCTBHEM BHEIIHETO JJICK-
TPHUIECKOTO MOJIs, He 00Hapyx)eHo. OTCYyTCTBHE KPacHOTO
CMEIIEHHS CIIEKTPOB (DOTOTIOMHHECIIEHIINT NCCIEAYEMBIX
KT CdTe/SiO; o0ycnoBieHO TeM, 94TO MOJIOKCHHUE MTHKA
(hOTOIOMUHECIICHIINH, BBI3BAHHOE MEK30HHBIMU TIEpe-
X0JaMH, B pacCMaTpuBacMoOM CiIy4a€ HECUYYBCTBUTCIIBHO
K DJIEKTPUYECKOMY TOJI0. DTO CBSI3aHO C TE€M, 4TO JIs
KT masoro paauyca u3MeHEeHHE ITAPKOBCKOTO CIBHUIa B
3aBHCHMOCTH OT HalpsDKEHHOCTH TIOJISI MEHee BhIpake-
HO, yeM B KT Oosnbiiero pajguyca, u3-3a CHIIBHOTO MPO-
CTPaHCTBEHHOTO OIpaHMUYEHHUs HOcuTenel 3apsaa [45].
JUts KONMMYecTBEHHOH OIEHKH HAOJII0IaeMOT0 TyIICHUS
WHTEHCHBHOCTH (DOTOJIIFOMHHECICHIIMN ObLIa paccunTaHa
MHTETPAJIbHAS HHTEHCUBHOCTD CIEKTPa ()OTOTIOMHUHECIICH-
uuu (puc. 2, BctaBka). [Ipn yBenmueHNN HANPSKEHHOCTH
anektpudeckoro moins ot 0 mo 140 kB/cM nHTEHCHBHOCTH

(oromomuuectenimn uccrenyembix KT nanaer va 22 %.
[Tpu 3HaUeHNU HANPSHKEHHOCTH BHELIHETO 3JIEKTPUYECKO-
ro nois 60 kB/cm Habmonaercst HeOOMBIIOE YBETHUCHNE
MHTEHCHBHOCTH (JOTOJIFOMUHECIEHIINN. DTO MOXKET OBITH
CBSI3aHO C OJIOKUPOBKOH MPOIECCOB 3aXBaTa HOCHUTEIEH
3apsna noBymkamu [46, 47]. Ecau cooOmaemast 3axBa-
YEHHBIM JIOBYIIKAMH HOCHTEIISIM 3apsijia HIEKTPHIECKUM
TIOJIEM YHEPTHSI JOCTATOYHO BEJINKA, TO MOKET IPOU30UTH
0CBOOOXK/IEHNE HOCHUTENEH 3apsaa, y KOTOPBIX 10CTaTOU-
HO HU3Kasl DHEePTHUs aKTHBAIHMU. DTOT MEXaHU3M MOXKET
obecrieunTh HaONOAAEMOE YBEJINYCHHE UHTErPAIbHOM
uHTeHCUBHOCTH. [IpH 3HaUeHUM HANPSHKEHHOCTH BHEIIHETO
anextpuyeckoro noms 150 kB/cm nmponcxoan anekrpuye-
CKHX ITp0o0oii oOpasua.

Ha ocHoBe nonmy4eHHBIX CIIEKTPOB (DOTOITIOMUHECIICH-
UK OBIITM ONpe/iesIeHbI KOJOPUMETPUIECKHE XapaKTepH-
ctukn nnydenns KT CdTe/SiO,. LiBeToBbIie KOOpIMHATEI,
KOppeIMpoBaHHas [[BeToBast remreparypa (7,), JOMAHHPY-
TOIIast JUTHHA BOJTHBI ¥ yrcToTa IBeTa (CP) pacCUYNTaHBI 110
METOJIMKE, OIIICAaHHOH B padoTax [48—50], ¢ mcronp30BaHm-
eM ucTouHuka 6emnoro ceta D65. U3 puc. 3 BUAHO, 4TO TIpH
YBEJIMUYCHNH HAMPSHKEHHOCTH BHEILIHETO 3JIEKTPUYECKOTO
TIOJISI [{BETOBBIEC KOOP/IMHATHI TPAKTHYECKH HE M3MEHSIOTCSI
U, KaK CJISJICTBHE, OCTAIOTCSI IIOCTOSIHHBIMHU JJOMUHUPYIOILAs
JutnHa BostHbl, CP u T, (Tabnuna). 3Ha4eHus KOJIOPUMETPH-
YECKHUX [1apaMeTPOB, COOTBETCTBYIOIINE IIPOMEKYTOUHBIM
JEKTPUUECKHUM TI0JISIM, HaXOJSTCS B AMANa30HE MEXKIY
3HaYEHUSIMH, KOTopble cooTBeTcTBYIOT 0 1 140 xB/cwMm,
U MPAKTUYECKH HE OTIIMYAIOTCS MEXIy COO0OM, Mo3TOMy
Ha XpOMAaTHUYECKOH JuarpaMMe OHU HE MPEICTaBICHBI.

[TocTostHCTBO KOsTOpUMeTpUYeCKUX XapakTepucTuk KT
CdTe/SiO, mpu HATUYXAN MEKTPHUUECKOTO TIOJIS, & TAKKe
JIOCTATOYHO BBICOKAsl YMCTOTA LBETa (DOTOIFOMUHECIICH-
IIUHM CBUJICTENLCTBYIOT O MOTEHIMAILHONH BO3ZMOKHOCTH
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Puc. 2. CriexTpsl pOTOIIOMUHECIIEHIIMN KBAHTOBBIX TOUEK
CdTe/SiO; npu 3HaYSHUSIX HAMPSHKEHHOCTH BHEIIHETO
anekrpudeckoro nosst: 0 (kpusas /), 20 (xpuBas 2),

40 (xpuBas 3), 60 (kpuBas 4), 80 (kpusas 5), 100 (kpuBas 6),
120 (xpuBas 7) u 140 xB/cm (kpuBas §) 1 3aBHCUMOCTH
MHTErpabHOW HHTEHCUBHOCTH (POTOIFOMUHECIICHIIUN
nHanokpucTamioB CdTe/SiOy oT BHENIHETO IEKTPHIECKOTO
noJtst (BCTaBKa)

Fig. 2. Photoluminescence spectra of CdTe/SiO; QDs
in external electric field with amplitudes of 0 (curve 7),
20 (curve 2), 40 (curve 3), 60 (curve 4), 80 (curve 3),
100 (curve 6), 120 (curve 7) and 140 kV/cm (curve 8)
and the electric field dependence of the total photoluminescence
intensity of CdTe/SiO; nanocrystals (inset)
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Tabnuya. KomopuMeTpuiecKnue XapakTepuCTHKK (HOTONMOMUHECIICHITNH KBaHTOBBIX Touek CdTe/SiO; npu pa3invHbIX 3HAUCHHUIX
BHEIITHETO 3JIEKTPHYECKOTO OISt

Table. Colorimetric characteristics of photoluminescence of CdTe/SiO, QDs at different values of the external electric field

HanpsukeHHOCTD IIEKTPHIECKOTO LIBeTOBBIC KOOPIMHATI JloMuHUpYOIIAs Yucrora cBera LiBeroBast
nouis, KB/cm x y JUTMHA BOJHBI A¥, HM CP, % temneparypa 7., K
0 0,3094 0,5919 551 73,51 5912
140 0,3019 0,5917 549 71,60 6046

A 0 xB/cm

v 140 xkB/cMm
e D65

540

620

Puc. 3. Xpomatnyeckas AuarpaMma: CIUIONIHAS JIUHUS —
JIMHUS [IBETHOCTH a0COTIOTHO YepHOTOo Tena (kpuBas [1nanka);
T., K — xoppenupoBaHHas BeTOBast Temrieparypa; D65 —
CTaHAAPTHOE U3IIydYeHHE
Fig. 3. Chromaticity diagram: solid line is chromaticity line of a
black-body radiator (Planck curve); 7., K is the correlated color
temperature; D65 is the standard illuminant

HCIIOJIB30BaHUS TAaHHBIX HAHOKPHUCTAJUIOB B CBETOAMOAAX
B Ka4€CTBE MaTcpuraja n3Jyqaromero Cios.

Obcy:xaenune

OOcynnuM MeXaHHW3M TYIUIEHHUS WHTEHCHUBHOCTH (o-
TOJIIOMUHECHEHIINH KOJUIOUIHBIX MOJIYIPOBOAHUKOBBIX
cepuaecknx HaHOokpucTamioB CdTe/SiO,, BHEPEHHBIX B
LIEJUTIONO3HYI0 MaTPHILY, IO ICHCTBHEM BHELTHETO JJIeK-
TpUUYECKOTo Mo, PaccMoTpuM cHagana ciydait (poToIro-
MHHECLEHINH, 00YCIIOBICHHON MEK30HHBIMH TTEPEXOAAMH.
DJeKTPOH JIBUTAETCs NMPOTUB HAIPABICHUS IOJIS, a AbIp-
Ka — 110 HampasieHuto nousd. CiegoBaTeabHoO, SIEKTPOH
noKaigu3yercst okojo onHoil crenku KT, a npipka Bosine
npyroit (puc. 4). Ilpu stom crenku KT mpensaTcTByroT auc-
COIIMALIUY KCUTOHA MO AEHCTBUEM JIEKTPUUECKOIO OIS,
TaK KaK HOCHUTEJH 3apsijia B 2JIEKTPOHHO-ABIPOYHON Tape
BCE eIlle HAaXOATCs Ha OJIM3KOM PACCTOSHUH, MEHBIIEM
6opoBckoro paauyca. Jlokanuzanus y IpoTHBOIIOIOKHBIX
cteHoK KT a1ekTpoHa u JIBIPKH TMPUBOJIUT K yMEHBIIIE-
HUIO WHTETpasia MePEeKPBITUS MEXTy BOJTHOBBIMU (PyHK-
uusMu snextpona We u apipku W, 4To, B CBOIO O4YepElb,
YMEHBIIIAET BEPOSITHOCTh W3Ty4aTeIbHOW PEKOMOMHAIINN
skcuToHa [51, 52]. AHanOrmuHbIM 00pa3oM OOBSICHSIETCS
TYyHICHUE MHTCHCUBHOCTHU q)OTOJ'[}OMI/IHCCHeHHI/II/I C y4JacTu-
€M JIOByILIEK. Bo BHEIITHEM 27IeKTpHUYECKOM MOJIe 3aXBadeH-
HBI€ JIOBYIIKaMH 3JeKTpoHBI Ve HE ABUraroTCs, a JbIPKU
¥}, mepemeInaroTces o HalpaBJIeHUIO MOJIA. DTO aHaJIo-
TMYHO TIPUBOJUT K YMEHBIICHUIO UHTETPajIa MEPEKPHITUS
MEXIy BOJIHOBBIMHU (yHKIMS dnekTpoHa Ve u apipku .

Puc. 4. Jlokanu3zauus HocuTenel 3apsijia B KBAHTOBOU TOUKE B
OTCYTCTBHH (@) U MPUCYTCTBHU (b) BHELIHETO IEKTPHUIESCKOTO
nosst (E); We — BonHOBast QYHKIMS AIIEKTPOHA (CHHSISI KpHUBast);
W}, — BonmHOBas (pyHKUUS ObIpKH (KpacHast KpuBasi). Mexmy
BaJICHTHOH 30HOH (CHU3Y) M 30HOH MPOBOIUMOCTH (CBEPXY)

HAXOJMTCSI JIOBYIIKA C 3aXBAYEHHBIM JJICKTPOHOM
Fig. 4. Localization of charge carriers in a quantum dot in the
absence (a) and presence (b) of an external electric field (E);
Y. is the wave function of an electron (blue curve); Wy, is the
wave function of a hole (red curve). Between the valence zone
(bottom) and the conduction zone (top) is a trap with a trapped
electron

ITponemoHCTpUpPOBaHHOE TYIIEHHE HHTEHCUBHOCTH JIFOMH-
HECIICHIIMHU TaK)Xe COMIACYyeTCsl U C Pe3ylibTaTaMu 1mo100-
HBIX MCCJICIOBAaHUMN, ITOKA3aBIINX CHUKCHHUE TTOTIIONICHUS
KT Bo BHEHIHMX 3lIeKTpUUECcKUX MoJisix [53].

3akaouenune

B pabore moka3aHo, 4TO Ha MOBeACHHE (HOTOTOMU-
HECIICHIINH, 00YCIIOBIICHHON MEX30HHBIMU MTEPEX0aMH U
MePEXoaMu C YIaCTHEM JIOBYIIICK, BO BHELTHEM JICKTPHU-
YECKOM TI0JIe OKa3bIBAIOT BIUsHUE N1Ba (hakTopa. [leprbiit
(hakTOp — TYyIICHHE HMHTCHCUBHOCTH JIFOMUHECIICHITUU
KBaHTOBBIX TOUYCK (MIPUMEPHO Ha 22 %) 3a CYCT yMEHbIIIe-
HUS MHTETpaia MePEKPBITHS MEXKTy BOIHOBBIMU (DyHKITH-
SIMH DJIEKTPOHA U JIBIPKHU 10]] BO3JIEHCTBUEM DIIEKTpUYE-
cKkoro moJst. Bropoii haktop — OGIOKHPOBKA MPOIIECCOB
3axBara JIOBYIIKAMH HOCHUTEJICH 3apsiia, KOTOpasi PUBOIUT
K HE3HAYUTEIHbHOMY YBEIHUCHHIO HHTETrPAIbHON WHTEH-
CHUBHOCTH (hOTOTIOMHHECIICHITNHN, HAOII0OaeMOMYy TIPH
60 xB/cwm. TToka3aHo, 94TO KOJOPUMETPUUYCCKUE XapaKTe-
pI/ICTHKI/I KBAHTOBBIX TOYCK HpaKTI/I‘{eCKI/I HC U3MCHIAKOT-
Cs BO BHCIIHEM 3HeKTpI/I‘-IeCKOM II0JIC, YTO MOXCT 6I)ITI)
MEPCIICKTUBHO ISl CO3MAHMS M3JTyYaroIIuX YCTPOMCTB cO
CTaOMJIBHOM LBETOIEPEIaYcii Ha OCHOBE HCCIICYEMbIX

CTPYKTYDP.

410

Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3



[.C. danbare, C.A. AmM6po3sesud, M.A. 3axapuyk, A.B. OcagueHko, A.C. CeniokoB

11.

12.

13.

Jluteparypa

Bamenko A.A., Buryxunosckuii AT, Jledenes B.C., Cemoxos A.C.,
Bacuses P.b., Coxomukoa M.C. Opranndeckuii CBeTOM3IyYalONIHi
JIMOZT Ha OCHOBE IUIOCKOTO CJIOS TTOTYNPOBOAHUKOBBIX HAHOILUIACTH-
Hok CdSe B xauectBe amurrepa // [Tiucema B JKypHan sKkCrepuMen-
TanpHOH H TeopeTnueckoil dusuxm. 2014. T. 100. Ne 2. C. 94-98.
https://doi.org/10.7868/S0370274X 14140045

Korolev N.V., Smirnov M.S., Ovchinnikov O.V., Shatskikh T.S.
Energy structure and absorption spectra of colloidal CdS nanocrystals
in gelatin matrix // Physica E: Low-dimensional Systems and
Nanostructures. 2015. V. 68. P. 159-163. https://doi.org/10.1016/].
physe.2014.10.042

Amnnpromkus B.B., JIparynosa A.C., Komapos C./1., Hagrounii A.M.,
Inapsimes A.T., babuue A.B., YBapos A.B., Hosukos 1.U.,
Kononesuwrit E.C., Kapaunuckuii JI.5., Kpeixkanosckas H.B,
Hesenomckuii B.H., Eropos A.1O., byrpos B.E. Bausinue Hu3Kkux
TeMIIepaTyp U TePMUYECKOTO OTHKUIa Ha ONTHYCCKHUE CBOMCTBA KBaH-
ToBBIX Touek InGaPAs // Hayuno-Texuuueckuil BeCTHHK HH(pOpMa-
IIUOHHBIX TEXHOJIOTHH, MeXaHUKH U onTHkH. 2022. T. 22. Ne 5.
C. 921-928. https://doi.org/10.17586/2226-1494-2022-22-5-921-928
JHaii6are /J1.C., Am6pozesuu C.A., Ilepenennma A.C., 3axapayk U.A.,
Ocanuenko A.B., bessepxusist J[.M., ABpamenko A.U., CemokoB A.C.
CriektpalibHble ¥ KHHETHYECKHUE CBOMCTBA KBAHTOBBIX TOUYCK CyIlb-
¢una cepedbpa BO BHEIIHEM JJIeKTpUueckoMm moise // HayuHo-
TEeXHHYECKUH BECTHHK HH(OPMAIIMOHHBIX TEXHOJIOTHI, MEXaHHKHU U
ontuku. 2022. T.22. Ne 6. C. 1098-1103. https://doi.
org/10.17586/2226-1494-2022-22-6-1098-1103

OgunnnukoB O.B., Cmupuos M.C., llarupo b.U., Hlarckux T.C.,
Jlarpime A.H., Xait M.®.T., Xoxsos B.1O. CnekrpanbHblie nposs-
JICHUS THOPHUTHO# acCOLMaliy KOJUIOMIHBIX KBaHTOBBIX Touek CdS
C MOJIEKYJIAMH METHJIEHOBOTO roiyooro // ONTHKA U CIIEKTPOCKOITHSI.
2013. T. 115. Ne 3. C. 389-397. https://doi.org/10.7868/
S0030403413090195

Ahmad A.K., Mohammed A.H., Skaptsov A.A. Luminescence
technique for studying the growth of AgInS, quantum dots // Hayuno-
TEXHUYECKHIT BECTHUK HH()OPMAIHOHHBIX TEXHOIOTHI, MCXaHUKH H
ontuku. 2022. T.22. Ne 6. C. 1078-1084. https://doi.
org/10.17586/2226-1494-2022-22-6-1078-1084

Ganeev R.A., Boltaev G.S., Kim V.V., Zhang K., Zvyagin A.L,
Smirnov M.S., Ovchinnikov O.V., Redkin P.V., Wéstmann M.,
Zacharias H., Guo C. Effective high-order harmonic generation from
metal sulfide quantum dots // Optics Express. 2018. V. 26. N 26.
P. 35013-35025. https://doi.org/10.1364/OE.26.035013

Derepko V.N., Ovchinnikov O.V., Smirnov M.S., Grevtseva 1.G.,
Kondratenko T.S., Selyukov A.S., Turishchev S.Y. Plasmon-exciton
nanostructures, based on CdS quantum dots with exciton and trap
state luminescence // Journal of Luminescence. 2022. V. 248.
P. 118874. https://doi.org/10.1016/j.jlumin.2022.118874
Konnparenko T.C., I'peBuesa W.I", 3sarun A.W., OBunuuukos O.B.,
CwmupHoB M.C. JIIOMUHECLIEHTHbIE U HETMHEHHO-ONTHYECKHE CBOW-
CTBa THOPHU/IHBIX aCCOLMATOB KBAHTOBBIX TOUCK Ag)S ¢ MOJICKyIaMu
THa3MHOBBIX Kpacuredneil / OnTuka u ciekrpockonus. 2018. T. 124.
Ne 5. C. 640-647. https://doi.org/10.21883/0S.2018.05.45945.310-17

. Norris D.J., Bawendi M.G. Measurement and assignment of the size-

dependent optical spectrum in CdSe quantum dots // Physical Review
B. 1996. V. 53. N 24. P. 16338-16346. https://doi.org/10.1103/
PhysRevB.53.16338

Alivisatos A.P. Semiconductor clusters, nanocrystals, and quantum
dots // Science. 1996. V. 271. N 5251. P. 933-937. https://doi.
org/10.1126/science.271.5251.933

Burda C., Chen X., Narayanan R., El-Sayed M.A. Chemistry and
properties of nanocrystals of different shapes / Chemical Reviews.
2005. V. 105. N 4. P. 1025-1102. https://doi.org/10.1021/cr030063a
Ganeev R.A., Zvyagin A.l., Ovchinnikov O.V., Smirnov M.S.
Peculiarities of the nonlinear optical absorption of Methylene blue
and Thionine in different solvents // Dyes and Pigments. 2018. V. 149.
P. 236-241. https://doi.org/10.1016/j.dyepig.2017.09.063

. Manna L., Scher E.C., Alivisatos A.P. Synthesis of soluble and

processable rod-, arrow-, teardrop-, and tetrapod-shaped CdSe
nanocrystals / Journal of the American Chemical Society. 2000.
V. 122. N 51. P. 12700-12706. https://doi.org/10.1021/ja003055

. Ithurria S., Dubertret B. Quasi 2D colloidal CdSe platelets with

thicknesses controlled at the atomic level // Journal of the American
Chemical Society. 2008. V. 130. N 49. P. 16504-16505. https://doi.
org/10.1021/ja807724¢

10.

11.

12.

14.

15.

References

Vashchenko A.A., Vitukhnovskii A.G., Lebedev V.S., Selyukov A.S.,
Vasiliev R.B. Sokolikova M.S. Organic light-emitting diode with an
emitter based on a planar layer of CdSe semiconductor nanoplatelets.
JETP Letters, 2014, vol. 100, no. 2, pp. 86-90. https://doi.
org/10.1134/50021364014140124

Korolev N.V., Smirnov M.S., Ovchinnikov O.V., Shatskikh T.S.
Energy structure and absorption spectra of colloidal CdS nanocrystals
in gelatin matrix. Physica E: Low-dimensional Systems and
Nanostructures, 2015, vol. 68, pp. 159-163. https://doi.org/10.1016/j.
physe.2014.10.042

Andryushkin V.V.,, Dragunova A.S., Komarov S.D., Nadtochiy A.M.,
Gladyshev A.G., Babichev A.V., Uvarov A.V., Novikov LI,
Kolodeznyi E.S., Karachinsky L.Ya., Kryzhanovskaya N.V.,
Nevedomskii V.N., Egorov A.Yu., Bougrov V.E. Influence of low
temperatures and thermal annealing on the optical properties of
InGaPAs quantum dots. Scientific and Technical Journal of
Information Technologies, Mechanics and Optics, 2022, vol. 22,
no. 5, pp. 921-928. (in Russian). https://doi.org/10.17586/2226-1494-
2022-22-5-921-928

Daibagya D.S., Ambrozevich S.A., Perepelitsa A.S., Zakharchuk L.A.,
Osadchenko A.V., Bezverkhnyaya D.M., Avramenko A.l.,
Selyukov A.S. Spectral and kinetic properties of silver sulfide
quantum dots in an external electric field. Scientific and Technical
Journal of Information Technologies, Mechanics and Optics, 2022,
vol. 22, no. 6, pp. 1098-1103. (in Russian). https://doi.
org/10.17586/2226-1494-2022-22-6-1098-1103

Ovchinnikov O.V., Smirnov M.S., Shatskikh T.S., Latyshev A.N.,
Khokhlov V.Y., Shapiro B.I., Mien P.T.H. Spectral manifestations of
hybrid association of cds colloidal quantum dots with methylene blue
molecules. Optics and Spectroscopy, 2013, vol. 115, no. 3, pp. 340—
348. https://doi.org/10.1134/S0030400X1309018X

Ahmad A.K., Mohammed A.H., Skaptsov A.A. Luminescence
technique for studying the growth of AgInS, quantum dots. Scientific
and Technical Journal of Information Technologies, Mechanics and
Optics, 2022, vol. 22, no. 6, pp. 1078-1084. https://doi.
org/10.17586/2226-1494-2022-22-6-1078-1084

Ganeev R.A., Boltaev G.S., Kim V.V., Zhang K., Zvyagin A.L,
Smirnov M.S., Ovchinnikov O.V., Redkin P.V., Wostmann M.,
Zacharias H., Guo C. Effective high-order harmonic generation from
metal sulfide quantum dots. Optics Express, 2018, vol. 26, no. 26,
pp. 35013-35025. https://doi.org/10.1364/OE.26.035013

Derepko V.N., Ovchinnikov O.V., Smirnov M.S., Grevtseva 1.G.,
Kondratenko T.S., Selyukov A.S., Turishchev S.Y. Plasmon-exciton
nanostructures, based on CdS quantum dots with exciton and trap
state luminescence. Journal of Luminescence, 2022, vol. 248,
pp. 118874 https://doi.org/10.1016/j.jlumin.2022.118874
Kondratenko T.S., Grevtseva 1.G., Zvyagin A.I., Ovchinnikov O.V.,
Smirnov M.S. Luminescence and nonlinear optical properties of
hybrid associates of Ag;S quantum dots with molecules of thiazine
dyes. Optics and Spectroscopy, 2018, vol. 124, no. 5, pp. 673-680.
https://doi.org/10.1134/S0030400X 18050090

Norris D.J., Bawendi M.G. Measurement and assignment of the size-
dependent optical spectrum in CdSe quantum dots. Physical
Review B, 1996, vol. 53, no. 24, pp. 16338-16346. https://doi.
org/10.1103/PhysRevB.53.16338

Alivisatos A.P. Semiconductor clusters, nanocrystals, and quantum
dots. Science, 1996, vol. 271, no. 5251, pp. 933-937. https://doi.
org/10.1126/science.271.5251.933

Burda C., Chen X., Narayanan R., El-Sayed M.A. Chemistry and
properties of nanocrystals of different shapes. Chemical Reviews,
2005, vol. 105, no. 4, pp. 1025-1102. https://doi.org/10.1021/
cr030063a

. Ganeev R.A., Zvyagin A.I., Ovchinnikov O.V., Smirnov M.S.

Peculiarities of the nonlinear optical absorption of Methylene blue
and Thionine in different solvents. Dyes and Pigments, 2018,
vol. 149, pp. 236-241. https://doi.org/10.1016/j.dyepig.2017.09.063
Manna L., Scher E.C., Alivisatos A.P. Synthesis of soluble and
processable rod-, arrow-, teardrop-, and tetrapod-shaped CdSe
nanocrystals. Journal of the American Chemical Society, 2000,
vol. 122, no. 51, pp. 12700-12706. https://doi.org/10.1021/ja003055
Ithurria S., Dubertret B. Quasi 2D colloidal CdSe platelets with
thicknesses controlled at the atomic level. Journal of the American
Chemical Society, 2008, vol. 130, no. 49, pp. 16504—16505. https://
doi.org/10.1021/ja807724¢

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

411


https://doi.org/10.1016/j.physe.2014.10.042
https://doi.org/10.1016/j.physe.2014.10.042
https://doi.org/10.17586/2226-1494-2022-22-6-1098-1103
https://doi.org/10.17586/2226-1494-2022-22-6-1098-1103
https://doi.org/10.7868/S0030403413090195
https://doi.org/10.7868/S0030403413090195
https://doi.org/10.17586/2226-1494-2022-22-6-1078-1084
https://doi.org/10.17586/2226-1494-2022-22-6-1078-1084
https://doi.org/10.1103/PhysRevB.53.16338
https://doi.org/10.1103/PhysRevB.53.16338
https://doi.org/10.1126/science.271.5251.933
https://doi.org/10.1126/science.271.5251.933
https://doi.org/10.1021/ja807724e
https://doi.org/10.1021/ja807724e
https://doi.org/10.1134/s0021364014140124
https://doi.org/10.1134/s0021364014140124
https://doi.org/10.1016/j.physe.2014.10.042
https://doi.org/10.1016/j.physe.2014.10.042
http://L.Ya
http://A.Yu
https://doi.org/10.17586/2226-1494-2022-22-5-921-928
https://doi.org/10.17586/2226-1494-2022-22-5-921-928
https://doi.org/10.17586/2226-1494-2022-22-6-1098-1103
https://doi.org/10.17586/2226-1494-2022-22-6-1098-1103
https://doi.org/10.1134/S0030400X1309018X
https://doi.org/10.17586/2226-1494-2022-22-6-1078-1084
https://doi.org/10.17586/2226-1494-2022-22-6-1078-1084
https://doi.org/10.1364/OE.26.035013
https://doi.org/10.1016/j.jlumin.2022.118874
https://doi.org/10.1134/S0030400X18050090
https://doi.org/10.1103/PhysRevB.53.16338
https://doi.org/10.1103/PhysRevB.53.16338
https://doi.org/10.1126/science.271.5251.933
https://doi.org/10.1126/science.271.5251.933
https://doi.org/10.1021/cr030063a
https://doi.org/10.1021/cr030063a
https://doi.org/10.1016/j.dyepig.2017.09.063
https://doi.org/10.1021/ja003055
https://doi.org/10.1021/ja807724e
https://doi.org/10.1021/ja807724e

JI'OMVHECLIEHTHBIE 1 KONTOPUMETPUYECKME CBONCTBA NOKPbITbIX o6ono4Kkon gnokcuaa KpeMHu4...

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

. CemoxoB A.C., Butyxnosckuit A.I',, Jlebenes B.C., Bamenko A.A.,

Bacuinbes P.b., Cokonrkosa M.C. DlIeKTpOIIOMHUHECIIEHIINS KOJUIO-
WJTHBIX KBa3HIBYMEPHBIX [TOJIYIIPOBOJHHKOBBIX HaHOCTPYKTYp CdSe
B rHOPUIHOM CBEeTOM3ITy4aroiieM auoze // JKypHai sxcriepumMeHTab-
HOIl u Teopernyeckoit pusuku. 2015. T. 147. Ne 4. C. 687-701.
https://doi.org/10.7868/S0044451015040035

. Bouet C., Mahler B., Nadal B., Abecassis B., Tessier M.D., Ithurria S.,

Xu X., Dubertret B. Two-dimensional growth of CdSe nanocrystals,
from nanoplatelets to nanosheets // Chemistry of Materials. 2013.
V. 25. N 4. P. 639-645. https://doi.org/10.1021/cm304080q

Hutter E.M., Bladt E., Goris B., Pietra F., Van Der Bok J.C.,
Boneschanscher M.P., de Mello Donegéa C., Bals S.,
Vanmaekelbergh D. Conformal and atomic characterization of
ultrathin CdSe platelets with a helical shape // Nano Letters. 2014.
V. 14. N 11. P. 6257-6262. https://doi.org/10.1021/n15025744

. Daibagya D.S., Zakharchuk I.A., Osadchenko A.V., Selyukov A.S.,

Ambrozevich S.A., Skorikov M.L., Vasiliev R.B. Luminescence and
colorimetric properties of ultrathin cadmium selenide nanoscrolls //
Bulletin of the Lebedev Physics Institute. 2023. V. 50. N 11. P. 510~
514. https://doi.org/10.3103/S1068335623110118

Bacunses P.b., CokonukoBa M.C., ButyxuHoBckuii A.T.,
Ambposesnu C.A., Cemokos A.C., Jlebenes B.C. Onrrka cBEpHYTHIX
B BUJIC CBUTKOB KOJUIOUHBIX KBAaHTOBOPA3MEPHBIX HAHOCTPYKTYP
CdSe // KBanToBas snexrponuka. 2015. T. 45. Ne 9. C. 853-857.
Corréa Santos D., Vieira Marques M.F. Blue light polymeric emitters
for the development of OLED devices // Journal of Materials Science:
Materials in Electronics. 2022. V. 33. N 16. P. 12529-12565. https://
doi.org/10.1007/s10854-022-08333-3

Vashchenko A.A., Osadchenko A.V., Selyukov A.S.,
Ambrozevich S.A., Zakharchuk I.A., Daibagya D.S., Shliakhtun O.,
Volodin N.Yu., Cheptsov D.A., Dolotov S.M., Traven V.F.
Electroluminescence of coumarin-based dyes // Bulletin of the
Lebedev Physics Institute. 2022. V. 49. N 3. P. 74-77. https://doi.
org/10.3103/S106833562203006X

Luo J., Rong X.-F., Ye Y.-Y., Li W.-Z., Wang X.-Q., Wang W.
Research progress on triarylmethyl radical-based high-efficiency
OLED // Molecules. 2022. V. 27. N 5. P. 1632. https://doi.org/10.3390/
molecules27051632

Ho C.-L., Li H., Wong W.-Y. Red to near-infrared organometallic
phosphorescent dyes for OLED applications // Journal of
Organometallic Chemistry. 2014. V. 751. P. 261-285. https://doi.
org/10.1016/j.jorganchem.2013.09.035

Ocanuenko A.B., Bamenko A.A., 3axapuyk U.A., [daiibare 1.C.,
Amb6poszesuu C.A., Bonogun H.1O., Yenmos /I.A., Jonotos C.M.,
Tpasens B.®., ABpamenxo A.U., Cemenosa C.JI., CemoxoB A.C.
OpraHn4ecKkye CBETOU3IYUAIONINE AUOBI C HOBBIMH KPACHTEISIMU
Ha OCHOBE KyMapHHa // HayuyHO-TeXHUUECKHI BECTHUK HH(OpMAIH-
OHHBIX TEXHOJIOTHIA, MeXaHUKHU U onTuku. 2022. T. 22. Ne 6. C. 1112~
1118. https://doi.org/10.17586/2226-1494-2022-22-6-1112-1118
Chen Z., Nadal B., Mahler B., Aubin H., Dubertret B. Quasi-2D
colloidal semiconductor nanoplatelets for narrow electroluminescence
// Advanced Functional Materials. 2014. V. 24. N 3. P. 295-302.
https://doi.org/10.1002/adfm.201301711

Vitukhnovsky A.G., Lebedev V.S., Selyukov A.S., Vashchenko A.A.,
Vasiliev R.B., Sokolikova M.S. Electroluminescence from colloidal
semiconductor CdSe nanoplatelets in hybrid organic—inorganic light
emitting diode // Chemical Physics Letters. 2015. V. 619. P. 185-188.
https://doi.org/10.1016/j.cplett.2014.12.002

Fan F., Kanjanaboos P., Saravanapavanantham M., Beauregard E.,
Ingram G., Yassitepe E., Adachi M., Voznyy O., Johnston A.,
Walters G., Kim G., Lu Z., Sargent E.H. Colloidal CdSel-xSx
nanoplatelets with narrow and continuously-tunable
electroluminescence / Nano Letters. 2015. V. 15. N 7. P. 4611-4615.
https://doi.org/10.1021/acs.nanolett.5b01233

Grim J.Q., Christodoulou S., Di Stasio F., Krahne R., Cingolani R.,
Manna L., Moreels I. Continuous-wave biexciton lasing at room
temperature using solution-processed quantum wells // Nature
Nanotechnology. 2014. V. 9. N 11. P. 891-895. https://doi.
org/10.1038/nnano.2014.213

Guzelturk B., Kelestemur Y., Olutas M., Delikanli S., Demir H.V.
Amplified spontaneous emission and lasing in colloidal nanoplatelets
// ACS Nano. 2014. V. 8. N 7. P. 6599-6605. https://doi.org/10.1021/
nn5022296

Lhuillier E., Dayen J.F., Thomas D.O., Robin A., Doudin B.,
Dubertret B. Nanoplatelets bridging a nanotrench: a new architecture

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31

. Selyukov A.S., Vitukhnovskii A.G., Lebedev V.S., Vashchenko A.A.,

Vasiliev R.B., Sokolikova M.S. Electroluminescence of colloidal
quasi-two-dimensional semiconducting cdse nanostructures in a
hybrid light-emitting diode. Journal of Experimental and Theoretical
Physics, 2015, vol. 120, no. 4, pp. 595-606. https://doi.org/10.1134/
S1063776115040238

. Bouet C., Mahler B., Nadal B., Abecassis B., Tessier M.D., Ithurria S.,

Xu X., Dubertret B. Two-dimensional growth of CdSe nanocrystals,
from nanoplatelets to nanosheets. Chemistry of Materials, 2013,
vol. 25, no. 4, pp. 639-645. https://doi.org/10.1021/cm304080q

. Hutter E.M., Bladt E., Goris B., Pietra F., Van Der Bok J.C.,

Boneschanscher M.P., de Mello Donega C., Bals S.,
Vanmaekelbergh D. Conformal and atomic characterization of
ultrathin CdSe platelets with a helical shape. Nano Letters, 2014,
vol. 14, no. 11, pp. 6257-6262. https://doi.org/10.1021/n15025744

. Daibagya D.S., Zakharchuk I.A., Osadchenko A.V., Selyukov A.S.,

Ambrozevich S.A., Skorikov M.L., Vasiliev R.B. Luminescence and
colorimetric properties of ultrathin cadmium selenide nanoscrolls.
Bulletin of the Lebedev Physics Institute, 2023, vol. 50, no. 11,
pp. 510-514. https://doi.org/10.3103/S1068335623110118
Vasiliev R.B., Sokolikova M.S., Vitukhnovskii A.G.,
Ambrozevich S.A., Selyukov A.S., Lebedev V.S. Optics of colloidal
quantum-confined CdSe quantum nanoscrolls. Quantum Electronics,
2015, vol. 45, no. 9, pp. 853-857. https://doi.org/10.1070/
QE2015v045n09ABEH015827

Corréa Santos D., Vieira Marques M.F. Blue light polymeric emitters
for the development of OLED devices. Journal of Materials Science:
Materials in Electronics, 2022, vol. 33, no. 16, pp. 12529-12565.
https://doi.org/10.1007/s10854-022-08333-3

Vashchenko A.A., Osadchenko A.V., Selyukov A.S.,
Ambrozevich S.A., Zakharchuk I.A., Daibagya D.S., Shliakhtun O.,
Volodin N.Yu., Cheptsov D.A., Dolotov S.M., Traven V.F.
Electroluminescence of coumarin-based dyes. Bulletin of the Lebedev
Physics Institute, 2022, vol. 49, no. 3, pp. 74-77. https://doi.
org/10.3103/S106833562203006X

Luo J., Rong X.-F., Ye Y.-Y., Li W.-Z., Wang X.-Q., Wang W.
Research progress on triarylmethyl radical-based high-efficiency
OLED. Molecules, 2022, vol. 27, no. 5, pp. 1632. https://doi.
org/10.3390/molecules27051632

. Ho C.-L., Li H., Wong W.-Y. Red to near-infrared organometallic

phosphorescent dyes for OLED applications. Journal of
Organometallic Chemistry, 2014, vol. 751, pp. 261-285. https://doi.
org/10.1016/j.jorganchem.2013.09.035

Osadchenko A.V., Vashchenko A.A., Zakharchuk I.A., Daibagya D.S.,
Ambrozevich S.A., Volodin N.Yu., Cheptsov D.A., Dolotov S.M.,
Traven V.F., Avramenko A L., Semenova S.L., Selyukov A.S. Organic
light-emitting diodes with new dyes based on coumarin. Scientific
and Technical Journal of Information Technologies, Mechanics and
Optics, 2022, vol. 22, no. 6, pp. 1112-1118. (in Russian). https://doi.
org/10.17586/2226-1494-2022-22-6-1112-1118

Chen Z., Nadal B., Mahler B., Aubin H., Dubertret B. Quasi-2D
colloidal semiconductor nanoplatelets for narrow electroluminescence.
Advanced Functional Materials. 2014, vol. 24, no. 3, pp. 295-302.
https://doi.org/10.1002/adfm.201301711

Vitukhnovsky A.G., Lebedev V.S., Selyukov A.S., Vashchenko A.A.,
Vasiliev R.B., Sokolikova M.S. Electroluminescence from colloidal
semiconductor CdSe nanoplatelets in hybrid organic—inorganic light
emitting diode. Chemical Physics Letters, 2015, vol. 619, pp. 185—
188. https://doi.org/10.1016/j.cplett.2014.12.002

Fan F., Kanjanaboos P., Saravanapavanantham M., Beauregard E.,
Ingram G., Yassitepe E., Adachi M., Voznyy O., Johnston A.,
Walters G., Kim G., Lu Z., Sargent E.H. Colloidal CdSel—-xSx
nanoplatelets with narrow and continuously-tunable
electroluminescence. Nano Letters, 2015, vol. 15, no. 7, pp. 4611—
4615. https://doi.org/10.1021/acs.nanolett.5b01233

Grim J.Q., Christodoulou S., Di Stasio F., Krahne R., Cingolani R.,
Manna L., Moreels I. Continuous-wave biexciton lasing at room
temperature using solution-processed quantum wells. Nature
Nanotechnology, 2014, vol. 9, no. 11, pp. 891-895. https://doi.
org/10.1038/nnano.2014.213

Guzelturk B., Kelestemur Y., Olutas M., Delikanli S., Demir H.V.
Amplified spontaneous emission and lasing in colloidal nanoplatelets.
ACS Nano, 2014, vol. 8, no. 7, pp. 6599-6605. https://doi.
org/10.1021/nn5022296

Lhuillier E., Dayen J.F., Thomas D.O., Robin A., Doudin B.,
Dubertret B. Nanoplatelets bridging a nanotrench: a new architecture

412

Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3


https://doi.org/10.7868/S0044451015040035
https://doi.org/10.1021/cm304080q
https://doi.org/10.1021/nl5025744
https://doi.org/10.3103/S1068335623110118
https://doi.org/10.1007/s10854-022-08333-3
https://doi.org/10.1007/s10854-022-08333-3
http://N.Yu
https://doi.org/10.3103/S106833562203006X
https://doi.org/10.3103/S106833562203006X
https://doi.org/10.3390/molecules27051632
https://doi.org/10.3390/molecules27051632
https://doi.org/10.1016/j.jorganchem.2013.09.035
https://doi.org/10.1016/j.jorganchem.2013.09.035
https://doi.org/10.17586/2226-1494-2022-22-6-1112-1118
https://doi.org/10.1002/adfm.201301711
https://doi.org/10.1016/j.cplett.2014.12.002
https://doi.org/10.1021/acs.nanolett.5b01233
https://doi.org/10.1038/nnano.2014.213
https://doi.org/10.1038/nnano.2014.213
https://doi.org/10.1021/nn5022296
https://doi.org/10.1021/nn5022296
https://doi.org/10.1134/S1063776115040238
https://doi.org/10.1134/S1063776115040238
https://doi.org/10.1021/cm304080q
https://doi.org/10.1021/nl5025744
https://doi.org/10.3103/S1068335623110118
https://doi.org/10.1070/QE2015v045n09ABEH015827
https://doi.org/10.1070/QE2015v045n09ABEH015827
https://doi.org/10.1007/s10854-022-08333-3
http://N.Yu
https://doi.org/10.3103/S106833562203006X
https://doi.org/10.3103/S106833562203006X
https://doi.org/10.3390/molecules27051632
https://doi.org/10.3390/molecules27051632
https://doi.org/10.1016/j.jorganchem.2013.09.035
https://doi.org/10.1016/j.jorganchem.2013.09.035
http://N.Yu
https://doi.org/10.17586/2226-1494-2022-22-6-1112-1118
https://doi.org/10.17586/2226-1494-2022-22-6-1112-1118
https://doi.org/10.1002/adfm.201301711
https://doi.org/10.1016/j.cplett.2014.12.002
https://doi.org/10.1021/acs.nanolett.5b01233
https://doi.org/10.1038/nnano.2014.213
https://doi.org/10.1038/nnano.2014.213
https://doi.org/10.1021/nn5022296
https://doi.org/10.1021/nn5022296

[.C. danbare, C.A. AmM6po3sesud, M.A. 3axapuyk, A.B. OcagueHko, A.C. CeniokoB

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

for photodetectors with increased sensitivity / Nano Letters. 2015.
V. 15.N 3. P. 1736-1742. https://doi.org/10.1021/n1504414g

Hohng S., Ha T. Near-complete suppression of quantum dot blinking
in ambient conditions // Journal of the American Chemical Society.
2004. V. 126. N 5. P. 1324-1325. https://doi.org/10.1021/ja039686w
Shim H.S., Ko M., Nam S., Oh J.H., Jeong S., Yang Y., Park S.M.,
Do Y.R., Song J.K. InP/ZnSeS/ZnS quantum dots with high quantum
yield and color purity for display devices // ACS Applied Nano
Materials. 2023. V. 6. N 2. P. 1285-1294. https://doi.org/10.1021/
acsanm.2c04936

Dabbousi B.O., Rodriguez-Viejo J., Mikulec F.V., Heine J.R.,
Mattoussi H., Ober R., Jensen K.F., Bawendi M.G. (CdSe)ZnS core—
shell quantum dots: synthesis and characterization of a size series of
highly luminescent nanocrystallites // The Journal of Physical
Chemistry B. 1997. V. 101. N 46. P. 9463-9475. https://doi.
org/10.1021/jp971091y

Ovchinnikov O., Aslanov S., Smirnov M., Perepelitsa A.,
Kondratenko T., Selyukov A., Grevtseva I. Colloidal Ag,S/SiO, core/
shell quantum dots with IR luminescence // Optical Materials Express.
2021. V. 11. N 1. P. 89-104. https://doi.org/10.1364/OME.411432
Malashin I.P., Daibagya D.S., Tynchenko V.S., Nelyub V.A.,
Borodulin A.S., Gantimurov A.P., Ambrozevich S.A., Selyukov A.S.
ML-based forecasting of temporal dynamics in luminescence spectra
of AgsS colloidal quantum dots // IEEE Access. 2024. V. 12.
P. 53320—53334. https://doi.org/10.1109/ACCESS.2024.3387024
Achtstein A.W., Schliwa A., Prudnikau A., Hardzei M.,
Artemyev M.V., Thomsen C., Woggon U. Electronic structure and
exciton—phonon interaction in two-dimensional colloidal CdSe
nanosheets // Nano Letters. 2012. V. 12. N 6. P. 3151-3157. https://
doi.org/10.1021/n1301071n

Wauister S.F., de Mello Donega C., Meijerink A. Luminescence
temperature antiquenching of water-soluble CdTe quantum dots: role
of the solvent // Journal of the American Chemical Society. 2004.
V. 126. N 33. P. 10397-10402. https://doi.org/10.1021/ja048222a
Bozyigit D., Yarema O., Wood V. Origins of low quantum efficiencies
in quantum dot LEDs // Advanced Functional Materials. 2013. V. 23.
N 24. P. 3024-3029. https://doi.org/10.1002/adfm.201203191
T'ypunosuy JI.W., Jliotnu A.A., Crynak A.I1., [Tpucnonckuii C.51.,
PycaxoB E.K., AprembeB M.B., T'anonenko C.B., Jlemup X.B.
JIFOMUHECLICHIIMsI KBAHTOBO-Pa3MEPHBIX HAHOKPUCTAIUIOB M HAHO-
CTEPXKHEIl CeICHH/Ia KaJMUs BO BHCIIIHEM 3JICKTPUUCCKOM moie //
dusuka U TexHHKa moiaynpoBogHukoB. 2009. T. 43. Ne 8.
C. 1045-1053.

Wang Z., Huang Z., Liu G., Cai B., Zhang S., Wang Y. In-situ and
reversible enhancement of photoluminescence from CsPbBr3
nanoplatelets by electrical bias // Advanced Optical Materials. 2021.
V. 9.N 15. P. 2100346. https://doi.org/10.1002/adom.202100346
T'ynses /1.B., XKypasnes K.C. MexaHI3M BO3I€HCTBHS DIEKTPHIECKO-
IO T0JIsl TOBEPXHOCTHOM aKyCTHYECKOM BOJIHBI Ha KUHETHKY HU3KO-
TEMIIePaTypHOii (HOTOIIOMUHECIICHIINK CBEPXPEIICTOK BTOPOTO Pojia
GaAs/AlAs // ®u3uka u TexHUKA NOIynpoBogHukoB. 2007. T. 41.
Ne 2. C.211-216.

[aiibare /1.C., AmOpo3esuy C.A., [Tepenenuna A.C., 3axapuyk U.A.,
Cwmunos M.C., Opunnnnkos O.B., Acmanos C.B., Ocaguenko A.B.,
Cemoko A.C. BimsiH¥e 371€KTPHYECKOT0 MO Ha peKOMOMHAIIHOH-
HYIO JIIOMHHCCLCHIMIO KOJUIOHHBIX KBAaHTOBBIX TOYCK CYIb(HIa
cepebpa // Bectauk MI'TY um. H.O. baymana. Cep. EcrectBeHnbIC
Hayku. 2023. Ne 3(108). C. 100-117. https://doi.org/10.18698/1812-
3368-2023-3-100-117

Badawi A., Al-Hosiny N., Abdallah S., Negm S., Talaat H. Tuning
photocurrent response through size control of CdTe quantum dots
sensitized solar cells // Solar Energy. 2013. V. 88. P. 137—-143. https:/
doi.org/10.1016/j.solener.2012.11.005

Wau S., Xia W. Exciton polarizability and absorption spectra in CdSe/
ZnS nanocrystal quantum dots in electric fields // Journal of Applied
Physics. 2013. V. 114. N 4. P. 043709. https://doi.
org/10.1063/1.4816559

Rabouw F.T., Van Der Bok J.C., Spinicelli P., Mahler B.,
Nasilowski M., Pedetti S., Dubertret B., Vanmaekelbergh D.
Temporary charge carrier separation dominates the photoluminescence
decay dynamics of colloidal CdSe nanoplatelets // Nano Letters. 2016.
V. 16. N 3. P. 2047-2053. https://doi.org/10.1021/acs.
nanolett.6b00053

Rabouw F.T., Kamp M., van Dijk-Moes R.J., Gamelin D.R.,
Koenderink A.F., Meijerink A., Vanmaekelbergh D. Delayed exciton
emission and its relation to blinking in CdSe quantum dots // Nano

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

for photodetectors with increased sensitivity. Nano Letters, 2015,
vol. 15, no. 3, pp. 1736-1742. https://doi.org/10.1021/n1504414¢g
Hohng S., Ha T. Near-complete suppression of quantum dot blinking
in ambient conditions. Journal of the American Chemical Society,
2004, vol. 126, no. 5, pp. 1324-1325. https://doi.org/10.1021/
ja039686w

Shim H.S., Ko M., Nam S., Oh J.H., Jeong S., Yang Y., Park S.M.,
Do Y.R., Song J.K. InP/ZnSeS/ZnS quantum dots with high quantum
yield and color purity for display devices. ACS Applied Nano
Materials, 2023, vol. 6, no. 2, pp. 1285-1294. https://doi.org/10.1021/
acsanm.2c04936

Dabbousi B.O., Rodriguez-Viejo J., Mikulec F.V., Heine J.R.,
Mattoussi H., Ober R., Jensen K.F., Bawendi M.G. (CdSe)ZnS core—
shell quantum dots: synthesis and characterization of a size series of
highly luminescent nanocrystallites. The Journal of Physical
Chemistry B, 1997, vol. 101, no. 46, pp. 9463-9475. https://doi.
org/10.1021/jp971091y

Ovchinnikov O., Aslanov S., Smirnov M., Perepelitsa A.,
Kondratenko T., Selyukov A., Grevtseva I. Colloidal Ag,S/SiO, core/
shell quantum dots with IR luminescence. Optical Materials Express,
2021, vol. 11, no. 1, pp. 89—104. https://doi.org/10.1364/OME.411432
Malashin I.P., Daibagya D.S., Tynchenko V.S., Nelyub V.A.,
Borodulin A.S., Gantimurov A.P., Ambrozevich S.A., Selyukov A.S.
ML-based forecasting of temporal dynamics in luminescence spectra
of AgsS colloidal quantum dots. /EEE Access, 2024, vol. 12,
pp. 53320-53334. https://doi.org/10.1109/ACCESS.2024.3387024
Achtstein A.W., Schliwa A., Prudnikau A., Hardzei M.,
Artemyev M.V., Thomsen C., Woggon U. Electronic structure and
exciton—phonon interaction in two-dimensional colloidal CdSe
nanosheets. Nano Letters, 2012, vol. 12, no. 6, pp. 3151-3157. https://
doi.org/10.1021/n130107 In

Wauister S.F., de Mello Donegé C., Meijerink A. Luminescence
temperature antiquenching of water-soluble CdTe quantum dots: role
of the solvent. Journal of the American Chemical Society, 2004,
vol. 126, no. 33, pp. 10397—10402. https://doi.org/10.1021/ja048222a
Bozyigit D., Yarema O., Wood V. Origins of low quantum efficiencies
in quantum dot LEDs. Advanced Functional Materials, 2013, vol. 23,
no. 24, pp. 3024-3029. https://doi.org/10.1002/adfm.201203191
Gurinovich L.I., Lutich A.A., Stupak A.P., Prislopsky S.Y.,
Gaponenko S.V., Rusakov E.K., Artemyev M.V., Demir H.V.
Luminescence in quantum-confined cadmium selenide nanocrystals
and nanorods in external electric fields. Semiconductors, 2009,
vol. 43, no. 8, pp. 1008—1016. https://doi.org/10.1134/
S1063782609080090

Wang Z., Huang Z., Liu G., Cai B., Zhang S., Wang Y. In-situ and
reversible enhancement of photoluminescence from CsPbBr3
nanoplatelets by electrical bias. Advanced Optical Materials, 2021,
vol. 9, no. 15, pp. 2100346. https://doi.org/10.1002/adom.202100346
Gulyaev D.V., Zhuravlev K.S. Mechanism of the effect of the electric
field of a surface acoustic wave on the low-temperature
photoluminescence kinetics in type-II GaAs/AlAs superlattices.
Semiconductors, 2007, vol. 41, no. 2, pp. 205-210. https://doi.
org/10.1134/S1063782607020170

Daibagya D.S., Ambrozevich S.A., Perepelitsa A.S., Zakharchuk L.A.,
Smirnov M.S., Ovchinnikov O.V., Aslanov S.V., Osadchenko A.V.,
Selyukov A.S. Electric field influence on the recombination
luminescence of the colloidal silver sulfide quantum dots. Herald of
the Bauman Moscow State Technical University, Series Natural
Sciences, 2023, no. 3(108), pp. 100-117. (in Russian). https://doi.
org/10.18698/1812-3368-2023-3-100-117

Badawi A., Al-Hosiny N., Abdallah S., Negm S., Talaat H. Tuning
photocurrent response through size control of CdTe quantum dots
sensitized solar cells. Solar Energy, 2013, vol. 88, pp. 137—143.
https://doi.org/10.1016/j.solener.2012.11.005

Wu S., Xia W. Exciton polarizability and absorption spectra in CdSe/
ZnS nanocrystal quantum dots in electric fields. Journal of Applied
Physics, 2013, vol. 114, no. 4, pp. 043709. https://doi.
org/10.1063/1.4816559

Rabouw F.T., Van Der Bok J.C., Spinicelli P., Mahler B.,
Nasilowski M., Pedetti S., Dubertret B., Vanmaekelbergh D.
Temporary charge carrier separation dominates the photoluminescence
decay dynamics of colloidal CdSe nanoplatelets. Nano Letters, 2016,
vol. 16, no. 3, pp. 2047-2053. https://doi.org/10.1021/acs.
nanolett.6b00053

Rabouw F.T., Kamp M., van Dijk-Moes R.J., Gamelin D.R.,
Koenderink A.F., Meijerink A., Vanmaekelbergh D. Delayed exciton

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

413


https://doi.org/10.1021/nl504414g
https://doi.org/10.1021/ja039686w
https://doi.org/10.1021/acsanm.2c04936
https://doi.org/10.1021/acsanm.2c04936
https://doi.org/10.1021/jp971091y
https://doi.org/10.1021/jp971091y
https://doi.org/10.1364/OME.411432
https://doi.org/10.1109/ACCESS.2024.3387024
https://doi.org/10.1021/nl301071n
https://doi.org/10.1021/nl301071n
https://doi.org/10.1021/ja048222a
https://doi.org/10.1002/adfm.201203191
https://doi.org/10.1002/adom.202100346
https://doi.org/10.18698/1812-3368-2023-3-100-117
https://doi.org/10.18698/1812-3368-2023-3-100-117
https://doi.org/10.1016/j.solener.2012.11.005
https://doi.org/10.1016/j.solener.2012.11.005
https://doi.org/10.1063/1.4816559
https://doi.org/10.1063/1.4816559
https://doi.org/10.1021/acs.nanolett.6b00053
https://doi.org/10.1021/acs.nanolett.6b00053
https://doi.org/10.1021/nl504414g
https://doi.org/10.1021/ja039686w
https://doi.org/10.1021/ja039686w
https://doi.org/10.1021/acsanm.2c04936
https://doi.org/10.1021/acsanm.2c04936
https://doi.org/10.1021/jp971091y
https://doi.org/10.1021/jp971091y
https://doi.org/10.1364/OME.411432
https://doi.org/10.1109/ACCESS.2024.3387024
https://doi.org/10.1021/nl301071n
https://doi.org/10.1021/nl301071n
https://doi.org/10.1021/ja048222a
https://doi.org/10.1002/adfm.201203191
https://doi.org/10.1134/S1063782609080090
https://doi.org/10.1134/S1063782609080090
https://doi.org/10.1002/adom.202100346
https://doi.org/10.1134/S1063782607020170
https://doi.org/10.1134/S1063782607020170
https://doi.org/10.18698/1812-3368-2023-3-100-117
https://doi.org/10.18698/1812-3368-2023-3-100-117
https://doi.org/10.1016/j.solener.2012.11.005
https://doi.org/10.1063/1.4816559
https://doi.org/10.1063/1.4816559
https://doi.org/10.1021/acs.nanolett.6b00053
https://doi.org/10.1021/acs.nanolett.6b00053

JI'OMVHECLIEHTHBIE 1 KONTOPUMETPUYECKME CBONCTBA NOKPbITbIX o6ono4Kkon gnokcuaa KpeMHu4...

Letters. 2015. V. 15. N 11. P. 7718-7725. https://doi.org/10.1021/acs.
nanolett.5b03818

48. McCamy C.S. Correlated color temperature as an explicit function of
chromaticity coordinates // Color Research & Application. 1992.
V. 17.N 2. P. 142—144. https://doi.org/10.1002/c0l.5080170211

49. JMaiibare /I.C. CrexTpanbHble U KHHETHIECKHE XapaKTePHCTHKH
CBEPHYTHIX B BUJIC CBUTKOB YJBTPATOHKHX HAHOIUIACTHH CEJICHU/IA
kaamust // HayqHo-TeXHUYECKUil BECTHUK MH(POPMALMOHHBIX TEXHO-
noruii, Mexanuku u onrtuku. 2023. T. 23. Ne 5. C. 920-926. https:/
doi.org/10.17586/2226-1494-2023-23-5-920-926

50. JKbanosa B.JI. Cuctema 1BeToeeHHs HA OCHOBE LBETOBOTO TpEY-
TOJIBHUKA [UIsl KOJIOPUMETPHYECKUX HCCIICIOBAHHI B MHKPOCKOIINH
// Hay4HO-TEXHHYECKUI BECTHUK MH(OPMALMOHHBIX TEXHOIOTHH,
MexaHuku u ontuku. 2023. T. 23. Ne 2. C. 236-244. https://doi.
org/10.17586/2226-1494-2023-23-2-236-244

51. Miller D.A.B., Chemla D.S., Damen T.C., Gossard A.C.,
Wiegmann W., Wood T.H., Burrus C.A. Electric field dependence of
optical absorption near the band gap of quantum-well structures //
Physical Review B. 1985. V. 32. N 2. P. 1043—-1060. https://doi.
org/10.1103/PhysRevB.32.1043

52. XieY., CuiY., Zhang L., Yang M. Effect of electron-hole separation
on the spectral diffusion of small-sized CdSe quantum dots under an
external electric field // The Journal of Physical Chemistry C. 2023.
V. 127.N 5. P. 2603—2611. https://doi.org/10.1021/acs.jpcc.2c07402

53. Achtstein A.W., Prudnikau A.V., Ermolenko M.V., Gurinovich L.I.,
Gaponenko S.V., Woggon U., Baranov A.V., Leonov M.Y.,
Rukhlenko I.D., Fedorov A.V., Artemyev M.V. Electroabsorption by
0D, 1D, and 2D nanocrystals: A comparative study of CdSe colloidal
quantum dots, nanorods, and nanoplatelets // ACS Nano. 2014. V. 8.
N 8. P. 7678—7686. https://doi.org/10.1021/nn503745u

ABTOpPBI

Haiioare Januna Caw30Bu4 — MIIQAMUNA HAayuyHbIH COTPYIHUK,
duznyeckuii nuctutyt uMm. I[1.H. Jle6enesa PAH, Mocksa, 119991,
Poccniickas @enepanus; accuctenT, MOCKOBCKUI FOCYJapCTBCHHBIN TeX-
Huueckuil yausepcuret uM. H.O. baymana, Mocksa, 105005, Poccuiickast
Deneparus, s¢ 57673090900, https://orcid.org/0000-0003-1944-1546,
daibagya@mail.ru

AmOpo3eBuy Cepreii AjlekcaHIPOBUMY — KaHIUIaT (PU3UKO-MaTeMa-
TUYECKUX HayK, CTApILUi HAyYHbIH COTPYAHUK, DUIMYECKUI UHCTUTYT
um. I1.H. Jle6eneBa PAH, Mockga, 119991, Poccuiickas denepanus;
JOLIEHT, MOCKOBCKHUI IrOCYAapCTBEHHBIH TEXHUYECKHI yHUBEpCH-
ter uM. H.D. baymana, Mocksa, 105005, Poccuiickas ®enepanus,
sc 12789274600, https://orcid.org/0000-0002-3906-0735, s.ambrozevich@
mail.ru

3axapuyk MBaH AjleKcaHIPOBUY — MIIAJIIINIA HAy4YHBIH COTPY/IHUK,
Ousnyeckuit uacTUTYT M. [1.H. JleGenesa PAH, Mockgsa, 119991,
Poccuiickas ®enepanys, s¢ 57672815700, https://orcid.org/0000-0002-
1502-6460, zakharchukia@yandex.ru

Ocaguenko AHHa BiiaiumMupoBHa — accuCTeHT, MOCKOBCKHIA TOCY-
JTapCTBEHHbIH TexHuueckuil ynusepcurer uM. H.D. baymana, Mockga,
105005, Poccuiickas ®enepauus; MIaani HaAyuYHbIH COTPYIHUK,
Ousnyeckuit uacTUTYT M. [1.H. JleGenesa PAH, Mockgsa, 119991,
Poccuiickas ®enepanys, s¢ 57439684100, https://orcid.org/0000-0001-
9556-4885, osadchenkoav@student.bmstu.ru

CenioxoB Ajnexcanap CepreeBu4 — KaHaugar GU3NKO-MaTeMaTH-
YECKUX HayK, MJIaJMINN HaydHbll cOTpYIHUK, DU3UUECKUI HHCTUTYT
um. I1.H. Jle6eneBa PAH, Mocksa, 119991, Poccuiickas ®eneparus,
sc 55787344500, https://orcid.org/0000-0002-4007-6291, selyukov@
lebedev.ru

Cmamws nocmynuna 6 pedakyuio 27.02.2024
Ooobpena nocne peyenzuposanus 22.04.2024
Ipunama x newamu 28.05.2024

QOO

emission and its relation to blinking in CdSe quantum dots. Nano
Letters, 2015, vol. 15, no. 11, pp. 7718—7725. https://doi.org/10.1021/
acs.nanolett.5b03818

48. McCamy C.S. Correlated color temperature as an explicit function of
chromaticity coordinates. Color Research & Application, 1992,
vol. 17, no. 2, pp. 142—144. https://doi.org/10.1002/co0l.5080170211

49. Daibagya D.S. Spectral and kinetic characteristics of ultrathin
cadmium selenide nanoscrolls. Scientific and Technical Journal of
Information Technologies, Mechanics and Optics, 2023, vol. 23,
no. 5, pp. 920-926. (in Russian). https://doi.org/10.17586/2226-1494-
2023-23-5-920-926

50. Zhbanova V.L. Color triangle color separation system for colorimetric
research in microscopy. Scientific and Technical Journal of
Information Technologies, Mechanics and Optics, 2023, vol. 23,
no. 2, pp. 236-244. (in Russian). https://doi.org/10.17586/2226-1494-
2023-23-2-236-244

51. Miller D.A.B., Chemla D.S., Damen T.C., Gossard A.C.,
Wiegmann W., Wood T.H., Burrus C.A. Electric field dependence of
optical absorption near the band gap of quantum-well structures.
Physical Review B, 1985, vol. 32, no. 2, pp. 1043—1060. https://doi.
org/10.1103/PhysRevB.32.1043

52. XieY., CuiY., Zhang L., Yang M. Effect of electron—hole separation
on the spectral diffusion of small-sized CdSe quantum dots under an
external electric field. The Journal of Physical Chemistry C, 2023,
vol. 127, no. 5, pp. 2603—-2611. https://doi.org/10.1021/acs.
jpce.2c07402

53. Achtstein A.W., Prudnikau A.V., Ermolenko M.V., Gurinovich L.I.,
Gaponenko S.V., Woggon U., Baranov A.V., Leonov M.Y.,
Rukhlenko I.D., Fedorov A.V., Artemyev M.V. Electroabsorption by
0D, 1D, and 2D nanocrystals: A comparative study of CdSe colloidal
quantum dots, nanorods, and nanoplatelets. 4CS Nano, 2014, vol. 8,
no. 8, pp. 7678—7686. https://doi.org/10.1021/nn503745u

Authors

Daniil S. Daibagya — Junior Researcher, Lebedev Physical Institute of
the Russian Academy of Sciences, Moscow, 119991, Russian Federation;
Assistant, Bauman Moscow State Technical University, Moscow, 105005,
Russian Federation, s¢ 57673090900, https://orcid.org/0000-0003-1944-
1546, daibagya@mail.ru

Sergey A. Ambrozevich — PhD (Physics & Mathematics), Senior
Researcher, Lebedev Physical Institute of the Russian Academy of
Sciences, Moscow, 119991, Russian Federation; Associate Professor,
Bauman Moscow State Technical University, Moscow, 105005, Russian
Federation, s¢ 12789274600, https://orcid.org/0000-0002-3906-0735,
s.ambrozevich@mail.ru

Ivan A. Zakharchuk — Junior Researcher, Lebedev Physical Institute of
the Russian Academy of Sciences, Moscow, 119991, Russian Federation,
s¢ 57672815700, https://orcid.org/0000-0002-1502-6460, zakharchukia@
yandex.ru

Anna V. Osadchenko — Assistant, Bauman Moscow State Technical
University, Moscow, 105005, Russian Federation; Junior Researcher,
Lebedev Physical Institute of the Russian Academy of Sciences, Moscow,
119991, Russian Federation, s¢ 57439684100, https://orcid.org/0000-
0001-9556-4885, osadchenkoav(@student.bmstu.ru

Alexandr S. Selyukov — PhD (Physics & Mathematics), Junior
Researcher, Lebedev Physical Institute of the Russian Academy of
Sciences, Moscow, 119991, Russian Federation, s¢ 55787344500, https://
orcid.org/0000-0002-4007-6291, selyukov(@lebedev.ru

Received 27.02.2024
Approved after reviewing 22.04.2024
Accepted 28.05.2024

Pa6oTta gocTynHa no nmueH3um
Creative Commons
«Attribution-NonCommercial»

414

Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3


https://doi.org/10.1021/acs.nanolett.5b03818
https://doi.org/10.1021/acs.nanolett.5b03818
https://doi.org/10.1002/col.5080170211
https://doi.org/10.17586/2226-1494-2023-23-5-920-926
https://doi.org/10.17586/2226-1494-2023-23-5-920-926
https://doi.org/10.17586/2226-1494-2023-23-2-236-244
https://doi.org/10.17586/2226-1494-2023-23-2-236-244
https://doi.org/10.1103/PhysRevB.32.1043
https://doi.org/10.1103/PhysRevB.32.1043
https://doi.org/10.1021/acs.jpcc.2c07402
https://doi.org/10.1021/nn503745u
https://orcid.org/0000-0003-1944-1546
mailto:daibagya@mail.ru
https://orcid.org/0000-0002-3906-0735
mailto:s.ambrozevich@mail.ru
mailto:s.ambrozevich@mail.ru
https://orcid.org/0000-0002-1502-6460
https://orcid.org/0000-0002-1502-6460
mailto:zakharchukia@yandex.ru
https://orcid.org/0000-0001-9556-4885
https://orcid.org/0000-0001-9556-4885
mailto:osadchenkoav@student.bmstu.ru
https://orcid.org/0000-0002-4007-6291
mailto:selyukov@lebedev.ru
mailto:selyukov@lebedev.ru
https://doi.org/10.1021/acs.nanolett.5b03818
https://doi.org/10.1021/acs.nanolett.5b03818
https://doi.org/10.1002/col.5080170211
https://doi.org/10.17586/2226-1494-2023-23-5-920-926
https://doi.org/10.17586/2226-1494-2023-23-5-920-926
https://doi.org/10.17586/2226-1494-2023-23-2-236-244
https://doi.org/10.17586/2226-1494-2023-23-2-236-244
https://doi.org/10.1103/PhysRevB.32.1043
https://doi.org/10.1103/PhysRevB.32.1043
https://doi.org/10.1021/acs.jpcc.2c07402
https://doi.org/10.1021/acs.jpcc.2c07402
https://doi.org/10.1021/nn503745u
https://orcid.org/0000-0003-1944-1546
https://orcid.org/0000-0003-1944-1546
mailto:daibagya@mail.ru
https://orcid.org/0000-0002-3906-0735
mailto:s.ambrozevich@mail.ru
https://orcid.org/0000-0002-1502-6460
mailto:zakharchukia@yandex.ru
mailto:zakharchukia@yandex.ru
https://orcid.org/0000-0001-9556-4885
https://orcid.org/0000-0001-9556-4885
mailto:osadchenkoav@student.bmstu.ru
https://orcid.org/0000-0002-4007-6291
https://orcid.org/0000-0002-4007-6291
mailto:selyukov@lebedev.ru

HAYYHO-TEXHUYECKMI BECTHUK MH®OPMALIMOHHBIX TEXHOIOM I, MEXAHVKI 1 OMTUKN

° Mari—-uioHb 2024 Tom 24 N2 3 http://ntv.ifmo.ru/ HAYYHO-TEXHMYECKMM BECTHMK
I IITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX ]EXH“"“[““' MEXAH“K“ “ “"T“K“
May-June 2024 Vol. 24 No 3 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

ABTOMATUNYECKOE YMNPABJIEHUE NN POBOTOTEXHNKA
AUTOMATIC CONTROL AND ROBOTICS

10.17586/2226-1494-2024-24-3-415-423
VJIK 62-503.57

Cunre3 HabmoaaTe sl 3JIEKTPOABUKYIIEH CHIIbI BpallleHusl
CHMHXPOHHOI'0 ABHMIaTe s ¢ BO30Y:KIeHHEeM OT MOCTOSHHbIX MATHUTOB
C MepeK/IIYaeMoil CTPYKTYPOi H CAMOHACTPAUBAIOLIUMUCS MOJACHCTEMAMHU
GuabTPaUMU ¥ OLIEHKH YIJIOBOTO MOJI0KEHUSI
Outer Buxropoenu Hoc!™, Tamapa Banepnesna IyakoraZ, Haranbs Ueanosna Hoc3

I ' HoBocuGupcKuil rocyiapCcTBEHHbIN TeXHUYeCKHH yHUBepeuTeT, HoBocubupcek, 630073, Poccuiickas exneparius
2 Cankr-IlerepOyprekuii ropusiit yansepeurert, Caukt-IletepOypr, 199106, Poccuiickas deneparust

3 HoBocHOMPCKHI TOCYIapCTBEHHBII YHUBEPCHTET SKOHOMUKH U yripasienns « HUHX», HoBocubupcek, 630099,
Poccuiickas ®eneparus

1 nos@corp.nstu.ru*d, https://orcid.org/0000-0001-5737-5354
2 pudkova_tv@pers.spmi.ru, https://orcid.org/0000-0002-0192-9490
3 nnatalyanos@yandex.ru, https://orcid.org/0000-0002-3981-4082

AHHOTAIUA

BBenenne. B xauecTBe OCHOBHOTO MCTOYHHKA MEXAHUYECKOTO JIBIDKEHHS YaCTO MPUMEHSIOTCS] CHHXPOHHbIE IBUTATEIIN
¢ BO30YKIEHHEM OT MOCTOSHHBIX MarHUTOB. OHM HAXOAAT MPUMEHEHHE B COCTABE BHICOKOTOUHBIX MPELU3HOHHBIX
CHCTEM CIIEKEHUSI, aBTOHOMHBIX CPEICTBAX MEPEABIKEHHS, MPOMBIIUIEHHBIX pOOOTaX, CHIOBBIX TATOBBIX YCTAaHOBKAX
MOPCKOTO IIPUMEHEHNS, OCCITMIIOTHBIX JIETATENbHBIX annaparax. OTo 00bsICHAETCS MPEUMYIIeCTBaM1 JAHHOTO Kilacca
9NEKTPUUECKNX MAIIUH M0 CPAaBHEHHIO C APYTUMH THIAMHU JIEKTPOMEXaHHUECKHX Ipeobpa3oBareneil SHeprHH,
BKJIIOYAsi aCHHXPOHHBIE JIBUTATEIN ¢ KOPOTKO3aMKHYTEIM POTOpoM. C IeNbI0 CHIDKEHHS CTOMMOCTHBIX MOKa3aTreei
9JIEKTPOMEXAaHNUECKHUX CHCTEM IEPEeMEHHOT0 TOKA JKeJATebHO OTKA3aThCsl OT YCTAHOBKM HA By KaKUX-JIHOO
JaT4nKoB. B aTOM ciydae (popMupoBaHME YIPaBISIIONIMX BO3ACHCTBHI Ha OOBEKT OCYIIECTBISIETCS HA OCHOBAaHHU
M3MEPEHHUS TOJILKO JEKTPHYESCKUX BEIMYUH — Tpex(aszHbIX TOKOB M HanpsbkeHuid. Mertoa. B pabote mpemaraercst
peleHre 3aaui CHHTe3a 0e3/aTYMKOBOr0 alropuTMa BEKTOPHOTO YHPABJIEHHUS! HEBHOMOIIOCHBIM CHHXPOHHBIM
JBUTATEIEM C MAarHUTOXJIEKTPUUECKON cHcTeMoi Bo30yxaeHus. CuctemMa MoCTpOeHa Ha OCHOBE HaOIrogaTeNs
COCTOSIHHS TIOJTHOTO MOPSIZIKA € IIPeTHAMEPEHHOM OpraHu3aIieil CKoIb3AIIero pexxnma. B pesynsrare obecrneunBaeTcst
MaJtast 9yBCTBUTEIBHOCTD BBIXOJa K HETaTHBHOMY JEHCTBUIO BHEIIHIX CHTHAIBHBIX U BHYTPEHHHUX MapaMeTPUIeCKIX
BO3MyIIEHHMH. [l HCKITIOUCHNS! BIUSIHUS BEICOKOYACTOTHBIX TAPMOHHK B OLICHKAX HJIEKTPOABIIKYIIECH CHIIBI BPAIICHUS
CTaToOpa Ha Ka4eCTBO M TOYHOCTH BBHIYUCIICHHS YIJIOBOTO ITOJIOKEHHS Bajla MPEUIOKEHO HCIIOIb30BaTh IOJI0COBOIT
(UIBTP C aBTOMAaTHYECKHUM CIIE)KEHUEM PE30HAHCHOI 9acTOTHI 3a 33/Iaf0IINM BO3JCHCTBHEM HA YIIIOBYIO CKOPOCTD BaJla.
C nenblo MOJTyueHus TeKyIiei HHGOpMAIMK 0 HeN3MepsIeMBbIX MEXaHNIECKUX KOOP/IMHATAX CHHXPOHHOMN AJIEKTPUYECKOI
MallMHbI IPUMEHAETCS CIelHaIbHas JUHAMUYECKas IOJACUCTEMa BOCCTAHOBICHUS TEeKylled MHpOpManuu ¢
caMOHaCTPauBaIOMIEHCs] CTPYKTYPOH MOCIEe0BAaTEIbHOTO MPONOPIHOHAIBHO-UHTEIPATbHOTO KOPPEKTUPYIOIIETO
ycrpoiictBa. OcHOBHBIE pe3yabTaThl. D(PHEKTUBHOCTS H pabOTOCIIOCOOHOCTH METOAA MOATBEPKICHA PE3yabTaTaMHt
MOJIETUPOBaHUs B IporpaMMHoM npuinokeHurn MATLAB/Simulink. MoznenupoBaHue BBIIIOTHEHO B PEKUME ITyCKa
CHHXPOHHOM 3JIEKTPHUECKON MAIIMHEI C HYJIEBHIX HAYaJIBHBIX YCIOBHI MO HArPy3KOll «BEHTHISTOPHOTO» THIIA.
PesynbpraTsl MOIENINPOBAHUS OKA3aJIM, YTO CHHTE3UPOBAHHEIH 3aKOH 0€37aTYMKOBOTO BEKTOPHOTO YHPABICHHUS
obecrieunBaeT BHICOKOE OBICTPOAEICTBIE B COBOKYITHOCTH C MaJIBIM OTKJIOHEHHEM OIIEHKH yIJIa TOBOPOTa POTOpa OT
TEKyIEro 3HaUYeHNUsI KaK B IEPEXOHOM, TaK U B yCTaHOBHBIIEMCs nporeccax. Odcy:xaenne. [IpeaioxeHHoe penieHne
B paMKax 0€371aTYMKOBOIO BEKTOPHOTO yIPaBICHNS CHHXPOHHBIM JJBUTIaTeIeM ¢ OCTOSIHHBIMM MarHUTaMU MO3BOJISIET
pacUIMpHTh JHANa30H PEryIUpOBAHUS MEXAaHUUECKUX KOOPAMHAT EKTPHUECKON MamuHbl. ['apaHTHpyeTcs Manas
YYBCTBUTEIBHOCTH MPOLECCOB OLEHKH YITIOBOTO TOJIOKEHUS POTOPA K MHTEPBAILHOMY M3MEHEHHIO TTapaMeTpoB
cuctembl. ObecednBaeTCsl BRICOKOKauYeCTBEHHOE MOaBICHUE MyIbCAIUI BCIEACTBHE PAa3pBIBHOTO XapaKTepa
nponeccoB. TakuM 00pa3oM pacHIHPSIOTCS 00JIACTH MPAKTHIECKOTO NMPUMEHEHHUSI YaCTOTHO-PEryITHPYyEeMOro
CHHXPOHHOTO JIEKTPOIPUBO/Ia O€3 YCTAaHOBKH JaTYHKa Ha BaITy.
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Abstract

More recently, permanent magnet synchronous motors (PMSM) have been widely applied to power source for different
applications, such as high precision tracking systems, standalone electric and unmanned aerial vehicles, industrial
robotics, marine propulsions, etc., due to their advantages to conventional competitors for example induction motor with
squirrel-cage rotor. In order to reduce the cost of AC drive, the removal of the mechanical sensors is required. Hence,
the sensorless motor control is more preferable and is based on electrical measurements, namely, three-phase currents
and voltages. The paper is devoted to sensorless field-oriented control design procedure for a non-salient PMSM. The
proposed control strategy is employed on full order sliding-mode observer which provides the output insensitivity to
parameter changes and disturbances. In order to reduce the high-frequency chattering and enhance the rotor position
estimation quality and accuracy, the band-pass filter with tracking of the central frequency to the speed reference is
applied. To obtain actual information about the unmeasurable rotor position and speed, the phase-locked loop with
cascade connection of adaptive proportional-integral controller is employed. A simulation of the dynamic starting mode
of a PMSM under zero initial conditions has been performed by MATLAB/Simulink environment. As can be concluded
from the simulation results, proposed sensorless field-oriented control strategy provides quick response as well as low
rotor position estimation error both transient and steady-state behavior. The research significance of proposed PMSM
sensorless field-oriented control strategy is to provide the wide range of motor speed operation, strong robustness of
estimated rotor position to parameter perturbations as well as quality suppression of high frequency chattering effect
owing to the switching attribute and the internal control discontinuity of sliding mode, whereby the practical application
of a sensorless variable-frequency synchronous electric drive is expanding.
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For citation: Nos O.V., Pudkova T.V., Nos N.I. The sliding-mode observer for PMSM field-oriented sensorless control
with adaptive filter and PLL. Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024,
vol. 24, no. 3, pp. 415-423 (in Russian). doi: 10.17586/2226-1494-2024-24-3-415-423

BBenenune

Kak ormeueHo B paborax [1-5], Bce Gombiiee konnye-
CTBO COBPEMEHHBIX AJIEKTPONPUBOIOB MEPEMEHHOTO TOKA
peanu3yroTcs Ha 0a3e CHHXPOHHOTO JIBUTATEIIS ¢ BO30YXK-
JCHHEM OT MoCTOSTHHBIX MarauToB (CAIIM). D10 00bsc-
HSETCSA BBHICOKHM KO3(DPHUIIMEHTOM TOJIC3HOTO MeHCTBUS
mporiecca mpeodpa3oBaHUs YHEPTUHU 32 CUET UCKITIOYCHHUS
aKTHBHBIX MTOTEPh HA HAMAarHWIWBAHHE, OBICTPOIf 0TpadoT-
KO BHEIIHMX BO3MYLIAKOIINX BO3AEHCTBUNH CO CTOPOHBI
Harpy3KH, BCIEICTBUE OTCYTCTBHS KaKOW-THOO JOMHHH-
pYIOIIEeH HHEPITMOHHOCTH TIPY OPMUPOBAHUN MAarHUTHOTO
MOTOKa, U T. 1. [6, 7].

ImyOokue nuarna3oHbl M3MEHEHHsS YaCTOThI BPAICHHSI
CIIIM B COBOKYITHOCTH C ’K€1a€MbIM KaueCTBOM TepPeXO/-
HBIX TIPOIIECCOB M CTATHYCCKOM OMIMOKOHN peryaupoBaHus
JOCTHTAFOTCSI B paMKaX MPHUHIIHAIIA BEKTOPHOTO YIIPaBICHUS
[3]. Texuuueckas peannzanus JaHHOTO MOAXO/1A OCYILIECT-

BIISIETCS], €CJIU U3BECTHBI CBE/ICHUS O TEKYILIEM MOJIOKEHUI
pOTOpa U €ro yroBoH CKOPOCTH, MOTy4aeMble IIPH IOMOIIH
COOTBETCTBYIOILETO AATYNKA UM OPraHU3AIUN CIIeUAIIb-
HOW JTMHAMHYECKOH MOACHUCTEMBI OLIEHKH HEU3MEPSEMBIX
nepeMeHHbIX. [[ppuMenenne nepBoro Noaxoaa yBeInduBaeT
CYMMapHBII MOMEHT HHEPIIMU U MacCOTradapuTHBIE TIOKa3a-
TEJM BCEH AIeKTpoMexaHudeckoit cucreMsl [ 1, 2, 8-10], a
TaKXKe MPUBOAUT K CHIIKCHHUIO €€ Ha/Ie’KHOCTHU BCIICICTBHE
BBICOKOW YyBCTBUTEIBHOCTH M3MEPHUTEIBHBIX YCTPOHCTB
K BUOpaluy U BIMSHUIO BHEIIHe# cpenbl. [1o aToii npu-
yrHe B OOJIBIIMHCTBE PEasIbHBIX YaCTOTHO-PETrYIHPYEMBIX
CHUHXPOHHBIX 3JIEKTPONPUBOAOB NPUMEHSIOTCS BBIUUC-
JIUTEJBHBIE aJITOPUTMBI BOCCTAHOBJICHUSI HH(POPMALINHU O
MeXaHM4YeCKUX KoopauHarax [7, 11, 12], kotopsle noapas-
JIEIIAIOTCS. HA JIBE YKpyNHEeHHble rpynnsl. [lepsas rpynmna
UCIOJNb3YET BEICOKOYACTOTHBIE CUTHAJIBI FAPMOHUYECKOM
WJIN TIPSIMOYTOJIbHOM MTHOBEHHOW (pOpMBI, 10OABIIsIEMbIE
K 33/1aHMAM Ha HAaNpsDKEHHS CTaTopa B HETIOJBIKHOM a, f3
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WJIM CHHXPOHHO-BpAIIaloencs d, ¢ cucTeMax KOOpAMHAT,
C MOCJIEAYIOLIMM aHAIM30M OTKIIMKA B YaCTOTHOM 00JIacTH
[13]. Bropas rpymma 0a3upyeTcsi Ha HAOTFOIATEISIX Mar-
HUTHOTO TI0TOKA [ 14] witu anekrponsrkyieit cuist (C)
BpauieHus cratopa [2, 6, 7, 15].

[IpucyTcTBHE BEICOKOYACTOTHBIX TAPMOHHUK B (ha3HBIX
tokax C/I[IM npuBOAUT K YBEITWMICHUIO aKTUBHBIX ITOTEPb,
TTOBBIIICHHBIM ITYIBCALINSAM IEKTPOMATHUTHOTO MOMEHTA
W CHIDKEHHUIO TIOMEXO03aIMUIIEHHOCTH MUKPOIIPOIIECCOp-
HOH cucTembl ynpasieHus. B cBoio ouepenb, 1UHAMU-
YECKHE TOACUCTEMBI OIICHKH, JTUIICHHBIC TaHHBIX HEIO-
CTaTKOB, CTPOATCSA B paMKax aJalTUBHOTO YIPABICHUS C
stasionHo# Mojeinbio (Model Reference Adaptive System,
MRAS) [16], pactumpenHoro ¢uistpa P. Kanmana [17] nim
Ha OCHOBE IPEJHAMEPEHHON OpraHU3aluU CKOJIB3SIINX
pexumos [13, 15, 18]. Anropurmuyeckas peanu3anus
¢unbTpa P. Kamvana TpeOyeT BRICOKOTIPOM3BOAUTEIEHBIX
MIPOTPaMMHO-aITIaPaTHBIX CPECTB BCIEACTBHE OOIBIIOTO
o0beMa BBIYUCIICHHH, a KaYeCTBO MPOLIECCOB HAOMIONCHUS
B MRAS-cucTemMax CyImecTBEHHO 3aBUCHT OT aliPHOPHBIX
W TeKymux cBeneHuit o mapamerpax C/AIIM [1]. B cBoro
odepesb, HabTIOAATEeNh COCTOSIHNS Ha OCHOBE CKOJIB3AIINX
pexxumoB (HCP) nocratouno npoct, o0nagaeT Majaoi yyB-
CTBUTEJIBHOCTBIO K JICHCTBHUIO BHEITHUX BO3MYIIAIOIINX
(aKkTOpOB M NPOSIBIICHUIO HECTAIIMOHAPHOCTH, a TaKXkKe
HUMEECT BbICOKOE ObicTposeicTre [6].

Ha ocHoBaHMM MaTeMaTH4eCKOi MOJIENH JIeKTpoMar-
HUTHBIX IIpoueccoB HesiBHonomocHoro CAIIM, B HacTos-
et pabore npescrasieHsl pesynsrarsl cuaTe3a HCP c ca-
MOHACTPaNBAOIICHCSI TIONICHCTEMON (PUITBTpaIliy BRIXO/IA U
BBIYUCIICHHUS OIICHOK YTJIOBOTO MTOJIOKEHHS H CKOPOCTH PO-
Topa. DpdexTuBHOCT U pabOTOCTIOCOOHOCTH MOIEIH MO~
TBEpIKJCHA PE3YIBTaTAMU MOACTUPOBAHUS B TPOTPAMMHOM
nputokeHnn MATLAB/Simulink B pexume mycka CuH-
XPOHHON JIEKTPUUYECKON MAIIMHBI C HYJIEBBIX HAdallb-
HBIX YCJIOBUU IIOJl HArpy3KOH «BEHTUJIATOPHOIO» THUIIA.

Maremarnueckast MOIEJIb 3JIEKTPOMATrHUTHBIX
npoueccos craropa CAIIM

[Tpn o6IENPUHATHIX AOMYIIEHUAX BEKTOPHO-MaTpHU-
Hoe auddepeHnuanbHoe ypaBHEHUE IEKTPUIECKOTO PaB-
HOBeCHs Tpex(a3HbIX 0OMOTOK CTaTOPa HEBHOMOMIOCHOTO
CJIIIM B a, B KOOpIUHATAX COCTOSIHUS HMCET CJICAYFOIIUI
Bua [1, 9, 19]

dl;
Us =Rl + Ls; + Es, (D

rae Ry u Ly — aKTUBHOE CONPOTHUBIICHNE U UHAYKTUBHOCTh
¢asznoit oomotku; U u Iy — nBymepHbie anreOpanyueckue
BEKTOPBI HAMIPSKEHUH U TOKOB CTAaToOpa BUAa

X = [xa xpl”,

3neck T — cUMBOJ TpaHcroHnpoBanus; E; — anreOpanue-
ckuii Bektop DJIC Bpamenus cratopa [8, 10, 15]

dye .
E; = [eq eﬁ]T = E\Vr[*smYe COSYe]Ta ()

e Y, = const — MOTOKOCIHETJICHHE POTOpPa OT ICHCTBHS
MMOCTOSTHHBIX MAarHUTOB; Y, — JJIEKTPUYECKUH Yo, Ipe-

CTaBJISIIOLIMH COOOI NPOU3BE/ICHHE YITIOBOTO TOJIOKEHHS
BaJla Y HA YUCJIO Map IOIIOCOB Z,.

Haomronareas 3JIC BpalieHusi craTropa HAa OCHOBe
CKOJIB3SIIIMX Pe;KUMOB. [1J1s mocTpoeHus 6e31aTINKOBOM
CHCTEMBI BEKTOPHOTO YIIPABICHUS YaCTOTOW BPAIICHUS
potopa HesiBHOToMocHOTo CIIIIM BOcmomp3yeMcst MaTe-
MaTudeckoit monenbio Buaa (1). Ha ocHOBaHmuM Momenn
opranmsyeM Habmonarens JlroeHGeprepa MoIHOTO MOPsIIKa
JUTSL OLIEHKH TEKYIIMX 3HAYCHUH KOOPIMHAT anredpande-
CKOTO BEKTOpa TOKOB cTaTopa [20]

S

dt - sil(Us - Rsis - Es) + G(S), (3)

IJIe «°» — BEPXHUU MHJIEKC, YKA3bIBAIOIUIMI HAa OIICHKY
Hem3MepseMoit nepeMeHHo; G(g) — cTabunm3upyromas
nobaBka B (pyHkmmu ommoku Habmonenus [1, 7, 9, 19]

eg()=1I— is-

[Tonyyennas moOaBKa MpenHa3HAYCHA JIJIsI OTPAOOTKH
HEHYJIEBBIX HauaJbHBIX YCIOBHUH C KeTaeMbIM KaueCTBOM
MIEPEXOIHBIX TPOIIECCOB.

Yutewm, 4To mperHaMepeHHas OPTaHU3alHs CKOIb3sI-
IIIETO PEKMMA TTO3BOJIHUT 00ECTICYUTH MATYIO YYBCTBHUTEIb-
HOCTB BBIXOJIA Iy K BIMSHHIO TapaMeTPUYECKHUX U CUTHAIb-
HBIX BO3MYLIAOIIMX Bo3aeicTBuil. IIpu 3TOoM nocneanuii
4JIeH B IpaBoii yactu (3) chopMupyem B CICAYIONICM BHIE
[7,8]

G(e) = Hsign(I, — i), 4)

rne H = diag(k; = const)lf:] — JIMaroHajbHas MaTpHIA
pasmepHOcThI0 dimH =2 X 2, cocTosimas 13 moCTOSHHBIX
K03 PUIIEeHTOB k| U kp; sign(:) — KyCOYHO-TIOCTOSIHHAS
(DyHKIMSI 3HaKa BEIIECTBEHHOTO apryMeHTa, IPUHUMAI0-
I1ast TUCKPETHBIC 3HAUCHUS +1.

[penmonoxum, uto anredpamueckuii Bektop Eg BBICTY-
IaeT B KaUeCTBE BHEIIHETO HEKOHTPOJIMPYEMOTO BO3MYILIE-
HUSI B COBOKYITHOCTH C TIOJTHOM MH(OpMAIei o Gpa3HbIX
tokax craropa CIAIIM. Torma, mocne monctaHoBku G(g)
Buma (4) B Beipaxenue (3), momydum [2, 19]

j =Ly \(Us - Rsis) + Hsign(I; - is) (%)
dt

Ha ocuoBanum (4) u (5) MOXXHO 3aKITIOYUTh, YTO y4a-
CTOK CKOJTLKeHUs Habmromarens Jlroenbeprepa mo kaxaomy
13 IBYX KQHAJIOB B OTACIBHOCTH MIPEACTABIISACT COOO0H mpsi-
MY, OTPAHUYCHHYIO 110 a0COTFOTHOMY 3HAYCHUIO PEeCyp-
coM mpeoOpa3oBaresis 4acToThl. [loyueHHas npsMast mpu
paBeHCTBE MAcIITa0OB 110 MPOIOJIBHOM U TIOMEPEUHON 0CIM
JIByMEpPHOTO (ha30BOTO MPOCTPAHCTBA, 00Pa30BAaHHOTO CO-
OTBETCTBYIOIIMM H3MEPCHHBIM 3HAYCHHEM rapMOHUYECKO-
TO TOKa CTaTopa U ero OLECHKOI B KOOPAWHATAX COCTOSTHUS
o, B, TPOXOIUT Yepe3 Havasio KOOPAWHAT U PaCIIONIaraeTcs
mox yritom 45° B [ u 111 kBagpaHTaxX TIIOCKOCTH.

J11s KOHKpeTHOTO BEIOOpa MapaMeTpoB CTaOWIH3HPY-
TomIei 100aBKM BOCTIONB3yeMCs THHAMHYECKO MOACTHIO
omMOKY HaOMoneHus €(f), TOIy9aeMO IMyTeM BBIYUTAHUS
u3 (1) BeKTOpHO-MATPUIHOTO Ar((epeHIINATBHOTO ypaB-
HeHus Habmromarens (5) [15]

£(1) = —Ls 'Rye(f) + Eg — Hsigne(?). (6)
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3amMeTuM, 4TO U3 ypaBHeHus (6), 11 aCUMITOTHYE-
ckoii ycroitunBoctu HCP u noctukeHus: KOHEUHOU 11esn
HaOroneHus Buja [20]

limeg(7) =0,

t—0
TpebyeTcst, 4To0bI ommdKa €(¢) U ee repBasi MPOU3BOIHAS
£(f) IMENU TIPOTUBOTIOIOKHBIE 3HAKH. J[AHHOE YCIIOBHUE IO~
JIy4HM TIpU TpeHedpeKeHnn nepBbiM wieHoM —Lg 1 R&(7) B
(6) mytem BBIOOpA 1eMenTOB MaTpuibl H n3 yemosws [15]

ky = ky = max(leq| |ep|) > 0,

TIE |eq), |ep| — aOCcoMoTHbIEC 3HAYEHUS KOOPAUHAT anredpa-
nyeckoro Bekropa Eg.

B utore mmaroHambHas MaTpulla CTaOUIH3UPYIOMICH
J00aBKH OKOHYATEIBHO MIPUMET BUJI:

ki 0
H= .
0 k

Bonee noapo6HsIit ananu3 ycroitunsoct HCP Ha oc-
HOBe mpsimoro mMeroaa A.M. JlsmyHoBa npuBeicH B pabore
[7].

[Tpu nonaganun n300pakaroiel TOYKH Ha y4acTOK
CKOJIbXKEHHS BBIMIOJIHACTCS paBeHCTBO £(f) = &(f) = 0 mo
cpenHuM 3HaueHusM [ 18]. B pesynbraTe cripaBeaanBo co-
oTtHotenue [19]

E,= _Hsjgng(t) = Hsign(is - 1),

KOTOPOE MOJKET BBICTYIATh B KauecTBE 0a30BOTO AJISI BbI-
ancienns B Buna (2).

J171st MCKITIOUEHMS BIMSIHUS Pa3phIBHOTO XapaKkTepa po-
LIECCOB HAOJIOACHHS Ha TOYHOCTh OL[EHKH airedpanvecko-
ro Bekropa DJIC Bpamenus craropa C/IIM, Ha Bbixozae
HCP ycranaBnuBaeTcs anepuoindecKuil GUiIbTp HU3KUX
yactor (PHY) ¢ enuHnuHBIM K03 (hULIMEHTOM TIepeaauy 1
nepeaaTouHor GyHkuumel una [6, 10, 11]

1

Weon(p) = ——
oHu(p) Tp+1

(7

rie p — oneparop auddepenmposanus; Ir— MOCTOSHHAS
BPEMEHHU.
Ha ocnoBanuu Beipaxxenust (7) moimydum

Es = W@Hq(p)HSign(is —1I).

Puc. 1 nemoHCTpHUpPYET MOTYyUYEHHYIO CTPYKTYPHYIO
cxemy HCP [15].

QuibTpauus MyJbCalMOHHOW COCTABISIONIEH MPU
nomomr OHY BEI3BIBaCT aMIUTUTYIHBIC NCKAXKCHHUS U
YIIOBOE CMEIICHHE B CHTHAIIAX OLICHOK &q U g OTHOCH-
TEIBHO TapMOHHUYECcKoTo BXxonma Hsigng(?), uTo mpuBoanT
K HAJTMYHI0 KOHEIHOW OMmUOKW HaOmoaeHus [2, 16]. s
UCKJTIOYCHUS TaHHOTO HETOCTAaTKA B PEabHBIX CHCTEMAax
BekTtopHoro ympasinenns CIIIM mprMeHnM IOoI0COBO
(hUIBTp, KOTOPHIH MOTy4aeTcs MyTeM 3aMeHHI B (7) omnepa-
Topa auddepeHuupoBanus p Ha p — jog [7]. B pesyasrare
nepenarounast GyHkuus Wepy(p) npuMer B

Wnao(p —joo) = (8

Typ —jooT; + T

rae oo = (kTp)~! — pesoHaHcHas dYacToTa o,
kr=10,5— 5,0 — ko> uimenT pasjeneHus, oT KOHKPETHOM
BEITMYMHBI KOTOPOTO 3aBUCAT KaK AWHAMHYECKHUE TIOKa3aTe-
JIM, TaK ¥ KaueCTBO MPOLIECCOB (PUIIBTPAIINH.

Kak ormeueHo B padore [19], mpu O0bIINX 3HAYCHUSIX
ky yxyamaiores: (pUIbTpaLMOHHEIE CBOICTBA I10I0COBOIO
¢unbTpa, 0OHAKO IIPU 3TOM UMEET MECTO BBICOKOE ObI-
CTpOACHCTBHE, IO MPUYMHE YETO JaHHBIN Mapamerp, Kak
MIPaBWIIO, TIPUHUMACTCS PABHBIM 2.

BeImomHuM repexos OT BEIeCTBEHHBIX KOOPIMHAT all-
rebpandeckux BekTopoB HCP k (QyHKIINI KOMITIIEKCHON
[IEPEMEHHOMN

X, = Rexq + jImxg.
Torma cTaHOBHTCS ClipaBeNIUBLIM [ 15] BeIpaskeHue:

B, =&y +jeg = — ——— Hsigni(s).
s = et jep Tp— o+ 1 gne()

ITocie HECTOKHBIX MaTEMAaTHIECKUX TPE0Opa30BaHUit
MOJyYUM BBIPAKCHUE 7SI OT(hUIBTPOBAHHBIX OLICHOK all-
reOpanyeckoro BekTopa Eg B o, B koopIuHaTax coCTOsIHUS

PE =Ty \(kisigne, — eq — krleg) +
+ T (kasignep — eq + k7leq),

WM OKOHYATEIbHO MPU 00PAaTHOM Iepexojie K BEKTOp-
HO-MaTpuyHOU hopme 3anmcu [7]

E, = Wonu(p)Hsign({; - L) + k7 Waomnu(p)DE,,

OHY

>

R

Waonu(p)

Puc. 1. CprKTypHaSI cxema Ha6HIOZ[aTeH$I COCTOSHHA Ha OCHOBE CKOJIB3SAIIUX PEIKUMOB

Fig. 1. Schematic of the sliding-mode observer
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0 -1
TIie &, ¥ €3 — OMMOKH Habmoaenus; D = 1 0 l — op-

TOTOHAJbHAsI KOCOCHMMETpPHYECKash MaTpHIla IOBOPOTa
BEKTOpA Ha IJIOCKOCTH ITPOTUB YaCOBOW CTPEJIKM Ha Yroi
/2 [3].

Otmetnm, gto kpome @HY n monmocoBoro GuisTpa,
CHUIKEHUE IYJIbCALlMOHHON COCTAaBJISIIOLIEN B FapMOHHU-
YECKUX CHTHAIIAX € M g MOXET OBITh JOCTHTHYTO HPH
IMOMOIIN CKOJB3AINX PEIKMMOB C KOHCUHBIM BPEMEHEM
nporeccoB [8, 10], a Takxke 3aMeHOIt sign(+) m1a Ko MOHO-
TOHHO-BO3PACTAIONICH HEIMHEWHOI (DYHKIINEH «CUIMOU/I)
[2, 9] nim runepOonnUYeckuM TaHrencom [1].

CamoHacTpauBawuuecs MoacucTeMbl GUILTPA-
HHU U OUeHKH. [ yIydIeHus: KauecTBa MpoLeccoB
¢unsrpanum Beixoga HCP ocymecTBuM aBTOMaTnieckyio
MIOAICTPOWKY PE30HAHCHOM YaCTOTHI (¥( MOJIOCOBOTO (DHIIb-
Tpa BuJa (8) B COOTBETCTBHH CO CIEAYIOIINM PABEHCTBOM

0 = zp®*,

rae ®* — 3ajaroriee BO3JICHCTBHE HA YITIOBYIO CKOPOCTh
poropa CJIIIM (puc. 2). B pesynbrare Oyaer odecrieueHo
BBICOKOE Ka4eCTBO (DMIIBTPALUU MYJIBTUTaPMOHHYECKUX
mynbcanuil B onenkax OJIC Bpamenus cratopa CAIIM B
COBOKYITHOCTHU C BBICOKHM ObIcTpozericTBreM [15].

Ha ocHoBauuu aByMepHOTo Bektopa K Ha Bhxone HCP
¢ (GUIBTPOM, OLIEHKY AIEKTPHUYECKOTO yIyia IOBOPOTA PO-
Topa C/IIIM ¢ y4eToM HE4eTHOCTH TPUTOHOMETPHUECKON
(hyHKINU apKTaHTCHC BHITOTHUM B Buze [6, 11]:

?@ = _tgkl(éﬁiléu)n

oTkyna nocie nqupdepeHupoBaHms yIiioBas CKOPOCTh
onpezaensercs mo Gopmymne

. &y 4y
= zp—]— i
dr dt

[TomgepkueM, 4T0 MHPOPMALIUIO O TEKYIINX 3HAYCHHIX
MEXaHUYECKUX KOOPIMHAT CUHXPOHHOU JIEKTPUUECKOMI
MAaIINHbBI TAK)K€ MOXHO MOJIYYUTh HPU MOMOIIN OPraHHu-
3aIMY CTICIMATbHON TUHAMHYECKON TTOICUCTEMBI (Pa30BOit
aBTomnozacTpoitku gyactoTsl (PAIIY) [7], koTopas MHpPOKO
UCIIOJIB3YETCsI B TPEX(ha3HbIX CHCTEMAX IMEPEMEHHOTO TOKa
paznuuHoro (yHKIMOHAIBHOTO Ha3HaueHus. [lpu nuHea-
pH3aIMY TPUTOHOMETPHYECKOH (DYHKIMY CHHYCA Pa3HOCTH
JIBYX YIJIOB ¢ noMolsto psiaa b. Teitnopa, koppekTupyro-
1[ee YCTPOICTBO B COCTaBE MOACUCTEMBI OLIEHKU MPUMET
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Puc. 2. DyHKIHOHAIBHAS CXEMa CAMOHACTPANBAFOIIETOCS
10JI0COBOTO (hrutbTpa

Fig. 2. Schematic of the adaptive band-pass filter

BUJI IPOMIOPIIHOHANIBHO-HHTErpasibHOTO ([TN)-perymnsitopa
¢ mepenaroyHo QyHKImen [21]

ki kp+k
Woa(p) = ky +—=—"—"),
P P

rae ky u kj — ko3 QUIMEnHTE! Mepefaul MPonopLUHOHATb-
HOW ¥ MHTETPaJIbHOI cocTaBisiomux. YucaeHHble 3Haue-
HUS K03 QHIIMEHTOB TIepeiauy ONpe/IeINM U3 TPeOOBaHHS
JKEITAeMOTO PacIpe/IeIICHUs] KOPHEH XapaKTepPUCTUICCKOTO
ypaBHeHust DAY B 3aMKHYTOM COCTOSIHUH

k[ = Qyz, kp = AYQY’

e Qy u Ay — CpefHereoMeTpUIECKuii KopeHb 1 ko3 u-
meHT dopmsr [20].

AHAJIOTHYHO ONpeAeauM OJM3K0e K MUHUMAJIBHOMY
BpeMs OTpabOTKH HEHYJIEBBIX HAUQJIBHBIX YCIOBHH B CIIYy-
qae CIekKEHUs £y 3a yCTaBKOH z,m*. IlpakTHdeckas pea-
JM3aIHs TTOJTyYEHHs IaHHOTO [TapaMeTpa OCYIIEeCTBISIETCS
MTyTEM COOTBETCTBYIOMICH KOPpEeKIHH KO3 (DHUIIESHTOB
nepenaqu ky u ky (puc. 3) [15].

%
Z,0

——> 0,7-0,85

Puc. 3. OyHKIMOHAITBHAS CXEMa CaMOHACTPAUBAIOIIETOCS TPOIIOPIIMOHATBHO-HHTETPATBHOTO PEryisTopa (pa3oBoii aBTOMONCTPOUKH
4acTOThl AQ)y — HavalbHOE CMEIIEHUE [T HCKIIOUEHHs eJIeHHs Ha Hyllb; A — omuOka 1o yriy; PO — perynarop dazosoit
ABTOIOJICTPOUKH YaCTOTHI

Fig. 3. Schematic of the adaptive PLL proportional-integral controller
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OTMeTHM, YTO B OTJIIMYHE OT aJIallTUBHON CTPYKTYpBI
OJI0COBOTO (DUITBTPA, OMMMCAHHOM B [7], TIIe aBTOMOACTPOM-
Ka PE30HAHCHOW YacTOTHI () BBIITOIHSICTCS B (YHKIIUU
TeKyIIeN OLUEHKH YIIIOBOM ckopocTu poropa CJAIIM o,
epexo] K HOMUHAJIFHOMY 33Jal0IIeMy BO3ICHCTBUIO M
MTOHIKACT MOPSATOK JHHAMHYECKOH IMOJICHCTEMBI (PHITb-
Tparmu Beixoga HCP. Takum 00pa3om, BEIIOTHEHO YIIPO-
IICHNE MTPOTPAMMHON pean3alliy MOICUCTEMB, a TaKKe
YBEJWYCHBI 3aachl YCTOHYMBOCTH 1I0 MOIYJIIO U (aze B
Pa30MKHYTOM COCTOSIHHH.

Hudposoe moaenupoBanue 6e31aTYUNKOBOI CHCTEMbI
BeKTOpHOro ynpasJjenns CAIIM

s monTBep K IeHHsT pabOTOCITIOCOOHOCTH M BBICOKOM
3¢ PEKTUBHOCTH MPEATTIOKEHHBIX AITOPUTMUIECKUX Pere-
HUM, B iporpamMmMHoM npuiiokennn MATLAB/Simulink
BBINOJIHUM HU(PPOBOE MOJICIHPOBAHUE PEKUMOB PAOOTHI
YaCTOTHO-PETYINPYEMOT0 CHHXPOHHOTO 3JIEKTPOTIPHBOA
¢ HCP u camoHacTpanBaromMHUCs 1OJI0COBBIM (PHIIBTPOM
n OAIY (puc. 4).

B xoze Bepugukanuy npoBeieHo HCCIeJOBaHNE JIBYX-
KOHTYPHOM 0€3aTYMKOBON CHCTEMBI BEKTOPHOTO YIIpaBIIe-
Hus HesiBHONOMIOCHBIM CIITIM ¢ msThio mapamMu MoJI0CcoB
tuna CIAIM7,5 HOMUHaJILHOU MOIIHOCTHIO 7,5 KBT, ya-
croroii Bpamenus 3000 06/MuH, NEHCTBYIOIINM 3HaYe-
HHeM (a3Horo ToKa ctaropa 19 A U 2IeKTpOMarHUTHON
MTOCTOSTHHOW BpPEMEHH (f) cTaropa 8 MC B peKMMe ITycKa
TOJT «BEHTUIISITOPHOW» HATPY3KOH M3 COCTOSHUS TTOKOS
C NPUBEJCHHBIM K Bally CyMMapHbIM MOMEHTOM HHEp-
My nekrponpuBoa, pasusiv 0,0025 kr-m2. B kayecTse
CHJIOBOTO Ipeo0pa3oBaTesIbHOTO YCTPOHCTBA BBICTYIAI
Tpex(dazHbIii MOCTOBOW aBTOHOMHBII HHBEPTOP C Ueab-
HBIM 3B€HOM ITOCTOSTHHOTO TOKa M MOJIYIPOBOJHUKOBBIMHU
KIIFo4aMu, (PyHKIIMOHUPYIOIIMMH C YaCTOTOH MepeKIoye-

HUS IIUPOTHO-UMITyNbCcHOM Monynanuu (IHWUM) 10 I
IIpononpHas cocraBnsmolas BEKTOpa TOKOB CTaTopa 10
ocu d crabuin3npoBaiach Ha HYJIEBOM 3Ha4eHUH [3].
BHemHii KOHTYp PeryJMpOBaHHs CKOPOCTH C arepruoaun-
YecKHM (DHIIBTPOM Ha BXOJIE ISl KOMIICHCAIINN «JICBOTO»
HyJISl IepejaTOuHON (DYHKIIMN B 3aMKHYTOM COCTOSIHUM H
OTPHIIATENBHON 0OPATHOMN CBA3BIO TI0 OIEHKE () HACTPaH-
Bajics Ha mojocy mnpomyckanus 30 ['m mpu orpaHuYeHuH
MHTErpaibHON cocTapistoniei u Boixona [IM-perymsitopa
13 YCIIOBHS IBYXKpPAaTHOMU MEperpy304HOi CIIOCOOHOCTH 110
MOMEHTO00PAa3yIOLIEMY TOKY.

Kax BugHO U3 puc. 5, oTpaboTKa CTYNEHYaTOro HO-
MHUHAJIBHOTO 3aJIal0IIero BO3ACUCTBUS ®©F BO BHEIITHEM
KOHType uacToThl BpamieHus poropa C/AIIM npotexaet
0e3 Kakoro-mbo nepeperyaupoBaHusi B COOTBETCTBHU C
JKenaeMod HacTpoiikoi. [Tpu aTom quHaMHueckoe pac-
coryacoBaHue (puc. 6) Mexy NMpsIMBIMH HU3MEPEHUSIMHU
MEXaHHYECKUX KOOPJIMHAT U UX OIEHKAMHU B MEPEXOTHOM
Tporiecce SBIAETCS] HE3HAUNTEIbHBIM, a4 B CTATHKE MpaK-
THYECKH OTCYTCTBYET.

[IpuBeneM rpapuuecKkyro MILUIIOCTPALUIO IPUHIIUIIA
(YHKIIMOHUPOBAHUSI aJTOPUTMOB aBTOIMOJCTPOIKH, pe-
allM30BaHHBIX B COOTBETCTBUHU ¢ puc. 2 u 3. Ha puc. 7
NoKa3aHbl rpaduuecKkre 3aBUCUMOCTH JMHAMHYECKOTO
M3MEHEHUS] PE30HAHCHOM YacTOThI MOJIOCOBOTO (QHUIIBTPa
1 K03 (UIMEHTOB Iepenadyn nocyuenosareiabHoro M-
koppekropa @AITY B pexxume nycka CIAIIM.

W3 puc. 7 BUIHO, YTO caMOHACTpanuBaIOIIMECs Mapa-
METPBI, ABISIOMHEcs GYHKINEH BpeMEHH, TOIBEPTraloTCs
IUIABHOMY JMHAMHYECKOMY M3MEHEHHIO, (hopMHUpyeMOMy
Ha BBIX0oZE (pHC. 4) BXOIHOTO aNepUOIMIECKOTO (HDHIBTpa
Prefilter, oGecrieunBaeTcs BRICOKOE KaueCTBO (PHIBTPAIIHN
BBICOKOYACTOTHBIX COCTABIIAIOMINX B TAPMOHUYECKOM CO-
crase orieHok JJIC BpaieHus ctaTopa B COBOKYITHOCTH C
JKeJIaeMBIM OBICTPOZICHCTBHEM ITPOIIECCOB BOCCTAHOBICHHUS

P Input

»
>

3.1409e+002

Ialf/bat lalfibet

A 4

w

»{Ualfibet

Inverse R.H. Park Transformation

]

Reference isd

4

Obesrver and PLL

= e
»
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4

W
:
:
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>
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=
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Puc. 4. Cxema Habopa B MATLAB/Simulink 6e31aT4nKoBOT0 4aCTOTHO-PETYIHMPYEMOr0 SIEKTPOIIPUBO/IA Ha 6a3e CHHXPOHHOTO
JIBUTATENIs ¢ BO30YKJICHHEM OT TIOCTOSHHBIX MAarHUTOB

Fig. 4. Simulation model of variable-frequency synchronous motor drive based on sensorless field-oriented control
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Puc. 5. IlepexonHoii mpouecc 1no yrioBoi ckopocTu
poTopa B 6e3/1aTINKOBOM CHCTEME BEKTOPHOTO YIPaBICHHS
CUHXPOHHBIM JIBUTATEJIEM C IOCTOSHHBIMU MarHUTaMU

Fig. 5. Speed instantaneous waveform of permanent magnet
synchronous motor
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TEKyIeH HHPOPMAIMK O MEXaHUYCCKUX KOOPIMHATAX
potopa C/IIIM. I1o 3T0ii npuunHe CHHTE3UPOBAHHBIH 0e3-
JIATYUKOBBIM aJrOPUTM BEKTOPHOTO YIIPABIEHUS 11€JIeCO-
00pa3HO MPUMCHSTH B 3JICKTPOMEXaHUYCCKUX CHUCTEMaX
MIEPEMEHHOTO TOKA, (DYHKIIMOHHUPYIOMIHUX OOIBIIYIO YaCTh
BPEMEHHOTO ITMKJIA B CTATHYECKOM PEKUME pabOoThI C MeIT-
JIEHHO M3MEHSIOIIEH sl Harpy3KOoH MPpH MOJI0CE MPOITyCKa-
HHUSI BHEIIHETO KOHTYpPA YacTOThl BPaLIEHUs B AECATKU
repu.

Ha ocHoBaHMM MONYYEHHBIX B PE3YJIBTATE HCCIEI0BA-
HUS BpPEMEHHBIX 3aBUCUMOCTEH MOXKHO 3aKJITIOUHUTh, YTO
MIPE/JIOKCHHBIC B Pa0OTE aJIrOPUTMBI BEKTOPHOTO YIIPaB-
nerns C/AIIM B 6e31aTYNKOBOM HCIIOJTHCHUU MO3BOJISFOT
JIOCTUYh MAJIOTO BPEMEHHU OTPaOOTKHU 3aar0IIUX BO3/CH-
CTBUM C YUYETOM MMEIOIIUXCS OrpaHuueHuil. Takxke BO3-
MOYKHO JTOOMTBHCSI BEICOKOTO KauecTBa (PUIBTPAIIMH BBICO-
KOYACTOTHBIX COCTABIISIIOILIMUX B FAPMOHUYECKOM COCTaBe
oreHok DJIC BpameHus cTaropa.

b
© — @, pax/c
2 4
14
0 12
,C
n 0,02 ¢

Puc. 6. Bpemennas 3aBUCUMOCTb PaccoIaCOBaHUsI MKy TEKYIIUM 3HAYCHUEM U OLEHKOH JIEKTPUYECKOTro yriia I0BOPOTa POTOpa
(a) u yrioBo# ckopocTH Baia (b) B mporecce mycka Moj «BEeHTHISITOPHOI» HArPY3KOU C HYJICBBIX HAYaJIbHBIX YCIOBHI

Fig. 6. Time-domain curves of rotor angle error (a) and rotor speed error (b)
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Puc. 7. I'padyiku H3MEHEHHUS PE30HAHCHOHN YaCTOTHI ITOJIOCOBOTO (GHIBTPa () ¥ Kod()(HUIHUESHTOB Mepeaady MpOHOPIHOHATEHO-
HMHTETPaIEHOTO KOPPEKTOPa MOJCUCTEMBI (ha30BOil aBTONOICTPOHKH YacTOTHI (b) B IIpoliecce aBTOMOACTPONKH K 3a/Iaf0IeMy
BO3/ICIICTBUIO HA YIVIOBYIO CKOPOCTb POTOPA CUHXPOHHOIO JABUTATENIsl C IIOCTOSIHHBIMU MarHUTaMu

Fig. 7. Instantaneous waveforms of adaptive band-pass filter central frequency m (a). Instantaneous waveforms of PLL proportional
gain k, and PLL integral gain k; ()
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3akJjoueHne

B pabote npezcraBieHbl pe3yiabTraTbl aHaIM3a U CHH-
Te3a AMHAMUYECKON MOJCUCTEMBI BOCCTAHOBIIECHHUS Te-
Kyued napopmManuu 0 HeM3MEPSIeMbIX MEXaHUYECKUX
KOOpPJMHATaX CHHXPOHHOTO JIBUraTessl ¢ BO30YKICHUEM
OT TIOCTOSIHHBIX MarHUTOB B COCTaBE YaCTOTHO-PETYIIH-
PyEeMOTO 3JIEKTPOINPUBOAA C BEKTOPHBIM yIIPaBICHUEM
Ha OCHOBE HAONOIaTeNsl COCTOSHUS C MpeIHAMEPCHHON
OpraHU3alMel CKOMB3SIMIETO PeKUMa, a TaAKKEe CaMOHa-
CTPaMBAIOIINXCS TIOJIOCOBOTO (QMIBTPa U KOHTYpa (azo-
BOI aBTOMOJCTPOMKHU YacTOThI. Pe3ynbTaTel UG POBOTO
MOJICITUPOBAHUS TTOKA3aJIH, YTO MPAKTUYECKOE TPUMEHE-
HHUE OIIMCAaHHBIX B pa60Te TEXHUYCCKUX peI_HeHI/Iﬁ I103BO-
JIUT 00€CIeYUTh MaJIyl0 YyBCTBUTEIBHOCTH IIPOLIECCOB
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Abstract

The effective functioning of modern production systems is impossible without using of methods for processing and
analyzing data continuously generated during operation. Limitations imposed on the speed and precision of determining
the required indicators lead to the need of optimizing the algorithms used. Multisensor systems, as a rule, have an
excessive number of cross-sensitive sensors, and their signals can be used to determine various indicators of a similar
physical nature. The purpose of the study is to improve the algorithm for processing multidimensional data from
multisensor systems. Principal component analysis was applied as part of the developed algorithm for the formation of
informative features. Partial least squares regression was used to build regression models. The data set for approbation
of proposed approach was obtained through potentiometric measurements using a digital mV-meter. An experiment is
described using a multisensor system called “electronic tongue”, consisting of 12 cross-sensitive potentiometric sensors.
In the experiment, real samples of vegetable oils acted as analyzed objects. Regression models were built to determine
three quality indicators of vegetable oils: peroxide value, para-anisidine value and total tocopherol concentrations. The
results of the study were compared with known scientific works. A comparative analysis allowed us to conclude that
using of the most informative sources selected according to the proposed algorithm can significantly reduce the root
mean square error of prediction. The results obtained can be used both in systems for identifying deviations in production
processes in “Industry 4.0” enterprises, and for expressly identifying counterfeit products.

Keywords
quantitative analysis, quality control, vegetable oils, potentiometric sensors, multisensor system, time series, principal
component analysis
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CoBeplieHCTBOBaHME AJITOPUTMA 00pPa0OTKH JAHHBIX OT MYJIbTHCEHCOPHOI
CHCTeMBbI B 3a/1a4aX oMpee/ieHUs MoKa3aTe/ieil KauyecTBa PACTUTEIbLHbIX MaceJl
Buxrop BukropoBuu Cemenop™

Cankr-IlerepOyprekuii denepanbHbIi HecIen0BaTeNbCKHIA IEHTpP Poccuiickoit akagemun Hayk, CaHkT-IletepOypr,
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v.semenov(@spcras.ru™?, https://orcid.org/0000-0002-7216-769X

AHHOTaNMA

Bgenenne. DpdexTnBHOE QYHKINOHUPOBAHUE COBPEMEHHBIX TIPOM3BOJICTBEHHBIX CHCTEM HEBO3MOKHO O€3 TPIMEHEHNUS
MeTOZI0B 00pabOTKH M aHaJIN3a, HEMPEPBHIBHO (HOPMUPYEMBIX B MPOIECCE IKCIUTyaTallnl JaHHBIX. OrpaHnYeHus,
HaKJIQJbIBAEMbIC HA CKOPOCTh M TOYHOCTH OTPEAENICHUsI HCKOMBIX ITOKa3aTelneil, MpUBOIAT K HEOOXOIMMOCTH
ONTHMU3AINH NPUMEHIEMbIX alTOPUTMOB. MyYJIETHCEHCOPHBIE CUCTEMBI, KaK IPAaBUIIO, 00I1aal0T H30BITOYHBIM
KOJIMYECTBOM IEPEKPECTHO-TyBCTBUTEIBHBIX CEHCOPOB, PH ATOM X CHUTHAJIBI MOTYT MPUMEHSTHCS JUIS OTPEIeICHHS
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V.V. Semenov

Pa3IMYHBIX CXOXKHUX MO (U3MUECKOH MpHUpose mokasareneil. Llenpro cciaenoBanms sSBISIETCS COBEPIICHCTBOBAHHE
anropuT™Ma oOpabOTKH MHOTOMEPHBIX JaHHBIX OT MYJIBTHCEHCOPHBIX cucteM. Meton. B cocraBe pazpaboTanHOrO
anroput™a (GopmMupoBaHHs MHOOPMATUBHBIX MPU3HAKOB MPUMEHEH METOJ TNIaBHBIX KOMIOHEHT. [l mocTpoeHus
PETPECCHOHHBIX MOJENEH NCTIOIb30BaH METO/ PETPECCUH YaCTHYHBIX HAaMMEHBIIHNX KBAaJApaToB. MacCHB JaHHBIX JUIS
TIPOBEPKH TIPETOKEHHOTO MOIX0/[a TTOTyUYEH B XOZI€ MOTEHIIHOMETPUUECKIX N3MEPEHHUH C HCTIONB30BAaHIEM IIH(POBOTO
MIJITHBOJIBTMETpa. [IpoBe/ieH IKCIIepUMEHT ¢ HCIONIB30BaHNEM MYJIBTHCEHCOPHOH CHCTEMBI THIIA «IJIEKTPOHHBIN
SI3BIKY, COCTOSIIIEH 13 12 MepeKkpecTHO-9yBCTBUTEILHBIX TOTCHIIMOMETPHIECKHX CEHCOPOB. B aKcreprMenTe B kadecTBe
AQHATM3HPYEMBIX OOBEKTOB BBICTYIIAIN PeasibHble 00pa3Iibl pacTUTENBHEIX Macel. OcHOBHBIE pe3yabTaThl. [locTpoeHb!
perpecCuoHHbIe MOZIEIH IS OIPEJIENICHHs TPEX MOoKa3aTeleil KadecTBa PaCTUTEIIbHBIX MACel: IIEPEKHCHOTO YUCIIa, apa-
AHW3MAMHOBOTO YHCIIa U OOLIEro coaepkaHust TOKo(eposioB. Pe3ysbraTsl HCCIIe10BaHMs COMIOCTABICHBI C U3BECTHBIMU
Hay4yHBIMH padoTamu. O0cy:kaeHue. CpaBHUTEIBHbBIN aHAIM3 MO3BOJIMII CAENATh BHIBOA O TOM, YTO HCIIOIb30BaHHUE
0TOOPaHHBIX MO MPEIOKEHHOMY aITOPUTMY Hanbosee HH(OOPMATUBHBIX HCTOYHUKOB ITO3BOJISET 3HAYNTENHHO CHU3HUTD
CPeIHEKBAIPATHIHYIO0 OMMNOKY MPOTHO3MPOBaHUs. [lomydeHHbIe pe3yabTaThl MOTYT MIPUMEHATHCS KaK B CHCTEMax
BEISIBJICHHSI OTKJIOHEHHH NTPOM3BOJCTBEHHBIX NPOIecCOB Ha mpeanpuatuix «Mugyctpun 4.0», Tak U Ui SKcrpecc-
BEISIBIICHUS (DaTbCH(UKATOB MPOITYKIIUH.

KiioueBrble c10Ba
KOJIMYECTBEHHBIN aHAIIN3, KOHTPOJIb KaueCTBA, PACTUTEIbHBIC MAcia, [IOTEHIIMOMETPUYECKHUE CEHCOPBI, MYJIETUCEHCOPHAs
CUCTEMa, BPEMEHHbIE PsIJIbl, METOJI IVIABHBIX KOMIIOHEHT

Ccpliaka nuis nutupoBanus: Cemenos B.B. CoBepieHcTBOBaHHE aropiT™Ma 00padOTKH JaHHBIX OT MYJIBTHCEHCOPHOM
CHCTEMBI B 3ajadax ONpeJIeNIeHHs MmoKasaTeyeil kauecTBa pacTHTENbHBIX Maces // HaydHo-TexHHUYecKHit
BECTHUK MH()OPMALMOHHBIX TEXHOJIOTHH, MexaHuKu u ontuku. 2024. T. 24, Ne 3. C. 424-430 (ua auri. s3.). doi:

10.17586/2226-1494-2024-24-3-424-430

Introduction

“Industry 4.0” involves a new approach based on
the mass introduction of information technology into
industry [1]. Cyber-physical systems (CPS), in turn, are the
basis for the implementation of many modern innovative
solutions [2].

Monitoring and control components [3] connect
the CPS with the physical world through sensors and
transducers for monitoring physical components and
actuators for controlling them [4]. Fig. 1 shows the general
model of the CPS which includes monitoring and control
units.

The data array from the monitoring system characterizes
a specific production process or analyzed object. In both
cases, from the entire set of sensors, it is important to
select a fixed set for the required monitoring or analysis
purposes, which determines the relevance of the problem
being solved. The improvement of multisensor systems,
in particular systems such as “electronic tongue” and
“electronic nose”, makes it possible to effectively use them
as an array of sensors for CPS.

The modern development of sensor technologies, the
emergence of new and improvement of existing methods

Wireless connection

Other CPS
Control center
Other networks

Wired connection

and measuring instruments leads to increased precision and
sensitivity of object analysis. At the same time, the growing
amount of signal information coming from monitoring
systems requires modernization of methods for processing
multidimensional data in order to optimize computational
costs and increase the speed of their processing. In this
regard, the development of models and methods that make
it possible to select the most informative ones for the goals
and objectives of analysis from the available number of
sensors is of particular relevance.

Problem statement

The initial feature space H represents the entire set
of sensors (mechanical, electrical, acoustic, optical,
physicochemical, and others) available for a given CPS
configuration that record certain system parameters.
Obviously, it is extremely important to identify features
that allow achieving maximum precision and recall of
the analysis at acceptable computational costs. In the
case of large industrial productions implementing
“Industry 4.0” technologies, the number of such sensors
can reach hundreds and even thousands for each link of
the system.

Wireless sensor

Wired sensor

Physical
component

Control
block

Actuator

Fig. 1. General model of CPS
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Improving the algorithm for processing data from multisensor system...

It is required to transform the original feature space
H=(f1,/5 ..., [,) into the space:

H* =(f1. /5, ..., f;), wherein Inzlp=>... 21

where n is the number of gradations of the attribute
(dimension of the original data space); s — number of
selected most informative features; fi, /5, ..., f, — selected
most informative features; /; — informativeness of the
i-th feature.

Proposed approach

This research continues the implementation of the
approach proposed in [5] and shows the possibility of its
application in other types of CPSs.

Principal Component Analysis (PCA) is widely used
to reduce the dimensionality of source data [6]. In most
studies, PCA is used as preprocessing [7], in these cases the
original multidimensional feature space is transformed into
the space of principal components (PC). In this study, in
contrast to well-known works, PCA is proposed to be used
to calculate the informativeness of each feature (source of
information about the analyzed objects).

Data matrix X represents the results of measuring some
object parameters over time:

X1 X122 - X
xZ’l ijz e XZ,n

= b
xm,l Xm2 - xm,n

where m is the number of data vectors (number of rows);
n — initial dimension of the data space (number of
columns).

Before using PCA to analyze the training sample,
it is necessary to perform autoscaling (centering and
normalizing) of the data [8]. Each line of the matrix X in
this case — are the values of preprocessed data, composed
of parameters obtained from the system sensors at a discrete
point in time.

The decomposition of the matrix X in the form of a
matrix equation using the principal component analysis
method can be represented as follows:

X=TPT+E,
where index “7” is a transposition operation, as a result of

which the matrix is rotated relative to its main diagonal,
T is the matrix of scores:

tl,l t1,2 tl,k
| By hbp o by
Zm,l tm,2 tm,k

Each row of the matrix T is a projection of the
preprocessed data vector onto k principal components,
number of rows — m (number of time series), number
of columns — & (number of PC vectors selected for
projection) [9]. P — loadings matrix:

Piq P12 - Pk
Pr1 P22 - Pk

pn,l Pn2 - pn,k

Each column of the matrix P is a vector of principal
components, the number of rows is 7 (the dimension of
the original data space), the number of columns is £ (the
number of PC vectors selected for projection) [9]. The
loadings values p belong to the range [-1; +1] and reflect
the influence of a specific source variable on a given PC.
E — errors of residuals matrix: E = X — TPT.

Before calculating the informativeness of features, it
is necessary to solve the problem of choosing the number
of PC (k). To do this, sequentially, starting from unity, the
values of explained residual variance (ERV) are calculated
for each value of & using the formula:

m n m n
ERV=1-Y Ze,ZJ/Z >,
==l ==l
where e, ; are elements of the matrix E;; x, ; — elements of
matrix X,.

Decision rule for choosing k: ERV); > €, where € is
chosen empirically depending on the specific CPS. Then
the informativeness of the i-th feature with k principal
components is calculated using the matrix P according to
the formula:

I;= Zpiz,j' (1)

Source identifiers are ordered by informativeness
Iy z1p = ... 2 I, and according to Guttman-Kaiser
criterion [10], s sources are selected whose informativeness
is bigger than the average informativeness:

1n
Ip>=21p
ni=1

n
where [ is the informativeness of the i-th source; %Zlﬁ —
average informativeness of all sources under considé:rgtion;
i=1,..,n

The scheme of the algorithm for the formation of
informative features in problems of quantitative analysis
of objects is presented in Fig. 2.

Experiment

In the experiment, real samples of vegetable oils were
used as analyzed objects. Using the methods described
in [11], an array of twelve cross-sensitive potentiometric
sensors was manufactured. The composition of the sensors
is given in Table 1.

Fig. 3 shows the appearance of the sensor array.

Potentiometric measurements were carried out in the
following galvanic cell:

Cu |Ag | AgCl, KClg,qurated | analyzed
emulsion | membrane | solid contact | Cu.
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The process of forming informative features begins

: N

Based on information from sensors. time series are
formed from the values of measured parameters over
a long period of time

Formmation of training
sample X

v

Data preprocessing for
applying PCA

v

Principal component
decomposition
X=TP +E
k=1
Calculation of the

explained residual
variance (ERV)

Autoscaling (centering and normalizing) of each
time series of source data X

Applying PCA to preprocessed data

The number of PCs is selected based on the decision
rule when the specified ERV value is reached

k=k+1 =1 ﬁ
Calculation of the
informativeness of the

i-th feature /, fi

Ordering f; by
informativeness

Output: | The identifiers of s most informative sensors are
sensor IDs ~ fee i entered into the database and participate in further

¢ training of the PLS model

C

Fig. 2. Algorithm for the formation of informative features

The reference electrode was an ESr-10101
(Izmeritelnaya technika, LCC, Moscow, Russia) silver
chloride electrode filled with a saturated solution of

Table 1. Composition of the array of sensors used in the

experiment

idseerfﬁf?lrer Membrane material
A7 Polycrystalline mixture AgCIl-Ag,S
Al4 LaF; ceramic membrane doped with Eu
A25 Polycrystalline mixture Agl-Ag,S
A26 Polycrystalline mixture AgBr-Ag,S
A27 Polycrystalline mixture Ag,S
Gl Metal electrode Au
G2 Metal electrode Sb
G4 Chalcogenide glass membrane Cu-Ag-As-Se
G5 Chalcogenide glass membrane Cu-Ag-As-Se-Te
G10 Chalcogenide glass membrane Cdl,-Agl-As,S;
Gl11 Chalcogenide glass membrane PbS-Agl-As,S;
G13 Chalcogenide glass membrane Ag,S-As,S;

potassium chloride. Electrode responses were recorded
after 3 min of equilibration in each analyzed emulsion
on high input impedance multi-channel digital mV-meter
KHAN-11 (Sensor Systems, LLC, St. Petersburg, Russia)
connected to the personal computer for data acquisition
and processing. Between measurements, the electrodes
were stored in air.

Fig. 3. Appearance of sensors
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The composition of the analyzed objects and the
measurement technique are described in detail in [12]. The
analyzed parameters were peroxide values, para-anisidine
values and total tocopherols concentrations. Knowledge
of these parameters can serve as an important indicator of
the quality of vegetable oils and their possible falsification
[13, 14]. For all samples, reference data were obtained
for each of the above parameters based on standard
methods. Multivariate data processing was performed using
MATLAB R2023b (The MathWorks, Inc., USA) software.

Results and discussion

The model for the formation of informative
features was applied to time series consisting of sensor
responses immersed in vegetable oil samples of different
compositions. The specified ERV value corresponded to the
number of PCs k = 5. For clarity, Fig. 4 shows a graph of
loadings for PC1 and PC2, which have a large impact on
the final value of informativeness. As the absolute values
of the coordinates of a point increase, the informativeness
of the corresponding sensor increases.

The informativeness of the features according to the
developed algorithm is calculated using formula (1) and is
presented in Fig. 5. The average informativeness (/) was
0.611. The most informative features are highlighted in
blue on the histogram. Red-ox sensitive sensors carry the
most information about the composition of the analyzed
samples, which is consistent with the operating principles
of the above sensors.

Of the twelve sensors in the array, the informativeness
of five turned out to be higher than the average
informativeness, which made it possible to significantly
reduce the number of features used to build a classification
and regression model. Reducing the computational costs of
processing a data array has made it possible to increase the
speed of response to production incidents.

Interpretation of multisensor system response was
performed using partial least squares regression (PLS) [15].
The root mean square error (RMSECV) [16] was calculated
according to the following formula, full cross-validation
was used to calculate the indicator:

w

_ 2
RMSECV: l(ya,pred yo,real) ,

o=

w

where y, . — predicted value for the o-th oil sample;
Yoreas — Vvalues for the o-th oil sample obtained based on
the reference methods; w — total number of samples.

PC2 (p;2) ® G13
0.4
®as e a1
0 PCI (py)
0 0.2 0.4 0.6
LX)
® G5
G10
® G111 g A7
026
® A%
® A7
0.4 ® Al4

Fig. 4. Principal component analysis loadings plot for sensors
used in the experiment
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Fig. 5. Informativeness values for each sensor. / — average
informativeness

Table 2 provides a comparative analysis of PLS models
obtained using the developed algorithm for generating a list
of the most informative features and without it.

Thus, when using the developed method, due to the
removal of noise sources of information, the root mean
square error is noticeably reduced. The values of the R2
metric tell us that the predictor variables in the model
(sensor signals) after applying the method are able to
explain 91-99 % of the fluctuations in the measured
technological indicators.

Table 2. Results of applying PLS models with and without the developed method

Parameter (it range) Method Slope Offset RMSECV R2
Peroxide value (0-4), mEq/kg Developed method 0.99 0.01 0.1 0.99
Result from [12] 0.97 0.05 0.5 0.89

Para-anisidine value (0.5-3.8) Developed method 0.97 0.17 0.2 0.91
Result from [12] 0.76 0.43 0.8 0.67
Total tocopherols content (37-100.7), mg/100 g | Developed method 0.96 3.71 4.7 0.95
Result from [12] 0.80 11.50 10.0 0.83
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V.V. Semenov

Conclusion

This research proposes a method and describes an
algorithm for the formation of informative features in
problems of quantitative analysis of objects using vegetable
oils as an example. The developed method makes it possible
to increase the precision, recall and speed of multiclass
classification and regression at subsequent stages. The
proposed method is invariant to the dimensions and orders
of magnitude from which the time series fed to the input of
the algorithm are composed.

The method was tested on a data set obtained during an
experiment with real samples of vegetable oils. The paper
describes the composition of the sensors of the multisensor
system used and the potentiometric measurement technique.
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AHHOTALUA

BBenenue. BriroHeHO Hcce10BaHNE TFIOMUHECHICHTHBIX CBOMCTB TKAHEAKBHBAICHTHBIX JETCKTOPOB, H3TOTOBICHHBIX
Ha OCHOBE TeTpadopara JINTHS, JISTHPOBAHHOTO MarHHEM, MapraHIleM U OJIOBOM. AHAJIN3 MOJTyYCHHBIX PE3yIbTaTOB
MO3BOJISIET MOATBEPIUTH KOMIUIEKCHOCTh IEHTPOB CBEUEHUS B TeTpabopaTe JIUTUS O3 HCIIOIb30BAHUS METOLOB
CTPYKTYPHOI'O aHaju3a. BriepBbie MPOIEeMOHCTPUPOBAHO U OOBSICHEHO BIMSHUE ClIOCO0a M IOPSIAKAa BBEICHHUS
npUMecei Ha 3amacarolne CBOWCTBA MCCACIOBaHHBIX MaTepuanoB. Meroa. CHHTE3 OCHOBBI TeTpabopara JIUTHS
BBIMIOJIHEH MPU PEAKLHK OOPHON KUCIOTHI U KapOoHata auTHst. CBA3YIOMINM MaTePHUAIOM SIBIISUICS OKCHJL KPEMHHSI.
Jlo6aBieHne Maruusi, Mapraaua 1 OJIOBO MPOUCXOAMIO KaK IPU CHHTE3€¢ CaMOW OCHOBBI, TAK U METOJIOM BTOPHYHOTO
nerupoBaHus. KoHedHO cTanneil cHHTe3a CTajo CIPeCCOBBIBAHME MOPOIIKA B TaOIETKU U cniekanue mpu 1158 K
B atMocdepe aprona. Peructpanust curHana GOTONIOMHHECIICHIINE U KaTOAOJTIOMHHECIICHIINHN OCYIIECTBICHA C
TOMOIIBIO crieKTpoMeTpoB ¢ [13C-marpumamu. st BO30YyKICHHS KaTOIOIIOMUHECIICHIIUH TIPUMEHSUICS TIOPTATUBHBIN
HMITYJIbCHBIH YCKOPHUTENb NICKTPOHOB. TepMHYECKH CTHMY/INPOBAHHAS JTIOMUHECICHIUS PErHCTPUPOBaIach Mocie
HPEeBApUTEIBEHOTO BO30YKACHHS IEKTPOHHBIM ITyYKOM C HOMOIIBIO TEPMOJIIOMUHECIIEHTHOTO JI03UMETPHYECKOTO
CUUTBIBATENIsI C HarpeBareseM U (OTOIEKTPOHHBIM yMHOXKHUTeJIeM. OCHOBHBIE pe3yJbTaThbl. [10ay4eHbl CIeKTPbI
(OTOTFOMUHECIICHIINH, KATOIOTIOMUHECLEHIIMU U KPUBBIE TEPMUUYESCKU CTUMYIMPOBAHHON JTFOMUHECLEHIIUN VIS [ISITH
00pasoB Terpabopara JUTHS C Pa3TUYHBIMH IPUMECSIMU B BHJIC MAarHUs, MapraHiia U 0JI0Ba. BBIONHEHO cpaBHEHHE
TIOJTyYCHHBIX PE3yJIbTATOB C IIETIbI0 BBISBICHUS 3aKOHOMEPHOCTEH 3aBHCUMOCTH MHTEHCHBHOCTH JIFOMUHECIICHIIUT
OT COCTaBa JICTHPYIOUIMX KOMIIOHEHT U MOPSAKA X N0OaBICHNs. YCTAHOBJICHO, YTO METOANKA CHHTE3a U MOPSIOK
BXOXKJICHHS IIPUMECH B OCHOBY TeTpabopara JIMTHUs BIUSET Ha JIIOMHHECIICHTHBIC CBOMCTBA BEIECTBA. BrIABHHYTO
MIPEAIOIOKEHHE, YTO OJJHA U3 IpUMecel BCTpanBaeTcsi B OOPOKHCIOPOIHBIN KapKac, a BTOpasi pacrojiaraercst Ha
no3unuy KatuoHa. CyIecTByIOIas KOHKYPEHIHs IpUMecel 3a KaTHOHHYIO MO3UIHUIO IPHUBOAUT K CIICAYIOIEMY
pe3yinbrary. JlerupoBanue ojioBa o0ecreurBaeT yBeINUeHHE KOINYEeCTBA [IGHTPOB CBEUCHNS MAapraHIa U B 3HAYNTEIILHON
Mepe CEHCUOMIU3UPYET €ro JIIOMUHECLICHIIHIO, B TO BPeMs KaK JErHPOBaHUE MarHus NPUBOAUT K OOPaTHOMY pe3y/bTaTy.
O0cyxnenune. Ha ocHOBe ncClieIOBAaHHBIX MaTEpUAIOB BO3MOKHO CO3/IaHUE MEPCHEKTHBHBIX TKAHEIKBUBAICHTHIX
JIETEKTOPOB C KapAMHAIBHO PAa3IMYHBIMU JIIOMHHECIICHTHBIMH CBOMCTBAMH: B 3aBHCUMOCTH OT /103 HOHU3HPYIOIIECTO
M3JTy4eHHs TPeOyeTCs NCTIOIb30BaHNE MaTepHaa ¢ pa3HON YyBCTBUTEIBHOCTHIO U PAJHAIIIOHHON CTOHKOCTBIO. Takum
00pa3oM, M3rOTOBJIICHUE JETEKTOPOB HAa OCHOBE TeTpabopara JIMTHS M OMHCAHHBIX IPHIMEcel B OyIyIieM MO3BOIHUT
CO3/1aTh MEPCIIEKTHBHYIO IPYIITY AETEKTOPOB HOHN3UPYIOIIETO N3ITyYSHUsSI C PA3TMIHBIMH CBOHCTBAMH.

KiioueBrble c10Ba
(hOTOFOMUHECIICHITHSI, KATOTOTFOMUHECIICHIINS, TSPMUICCKHA CTUMYIHPOBAHHAS TFOMUHECIICHIINS, TETPadOpaT JIUTHS,
JIETUPOBaHUE, TKAHEIKBUBAJIIEHTHOCTh
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Abstract

Luminescent properties of tissue-equivalent detectors have been studied. The detectors are made of lithium tetraborate
and doped with magnesium, manganese, or tin. Analysis of the results obtained makes it possible to confirm the
complexity of luminescence centers in lithium tetraborate without using structural analysis methods. For the first time,
the effect of the method and order of introducing impurities on the storage properties of the studied materials was
demonstrated and explained. The synthesis of the lithium tetraborate host occurred through the reaction of H;BO5 and
Li,COj5. The binding agent was SiO,. Magnesium, manganese, or tin dopants were introduced during the synthesis of
the host or later. The final stage of the synthesis was pressing of the powder into tablets and sintering in argon at 1158 K.
The photoluminescence and pulsed cathodoluminescence signals were recorded by CCD-spectrometers. Portable pulsed
electron accelerator was used for excitation of cathodoluminescence. Thermally stimulated luminescence was recorded
by a special dosimetric reader with a heater and photo muliplier tube after exposure of the samples to an electron beam.
Photoluminescence spectra, cathodoluminescence spectra, and glow curves were obtained for five samples of lithium
tetraborate with various impurities, namely, magnesium, manganese, and tin. A comparison of the results was made to
identify how the intensity signals depend on the amount of impurities and order of their introduction. It was found that
the synthesis procedure and the order of introducing the dopants affect the luminescent properties of the materials. It has
been suggested that the impurities take different positions in the lithium tetraborate structure. Predominant introduction of
a particular impurity at a particular site leads to the following result. Doping with tin provides an increase in the number
of luminescence centers of manganese and significantly sensitizes its luminescence, while doping with magnesium leads
to the opposite result. The results indicate that it is possible to create advanced tissue-equivalent detectors with tailored
luminescent. Depending on the dose of ionizing radiation, the use of material with different sensitivity and radiation
resistance is required. Thus, the production of detectors based on lithium tetraborate and the described impurities in
the future will give an opportunity to create a promising group of ionizing radiation detectors with various properties.

Keywords

photoluminescence, cathodoluminescence, thermally stimulated luminescence, lithium tetraborate, doping, tissue-
equivalence
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BBenenune

B Hacrosimiee BpeMst IPUHIIUIIBI OTI0KEHHOHN peru-
CTpAIIUU JIIOMHHECIIEHIIMU UCTIOIb3YIOTCS BO MHOTHX 00-
JIACTSIX: [PU BU3YAIN3AIMU OHOJOTMYECKUX TPOIECCOB B
TKaHSX, EPCOHANBLHON JTO3UMETPUHN, U3YUCHUHU MYyYKOB
YACTHIl B YCKOPHUTEIISX, IPU PAJUALMOHHOM YIIPOUHEHUH
H30JISITUY TIPOBOJIOB U 00pabOTKe pa3IMIHBIX MOJIME-
poB [1-4]. OcTaeTcs HEIOCTATOYHO M3YyUYEHHBIM BOMPOC:
«CymiecTByeT i Marepuan, KOTopblid OyaeT o0aaaTh Bee-
MU HeO6XOI[I/IM])IMI/I IJId peIICHUA NMEPEUYUCICHHBIX 3a1a4
CBOWCTBaMH, TAKMMHU KaK TKaHEIKBUBAJICHTHOCTH (CBOH-
CTBO JIETEKTOpa pajinallii UMUTHPOBAThH YEJIOBEYECKYIO
TKaHb C TOYKH 3PEHHS B3aUMOCHCTBYSI C HOHU3HUPYIOLIUM
M3IIYYCHUEM ), paIHalliOHHAsT CTOMKOCTh W OJWHAKOBAs
BOCIPHUUMYHUBOCTD K JI03aM HOHU3UPYIOIIETO U3TYICHUS

pa3NuIHON BenmInHbI?)» KaxIp1id 13 yKe CyIIeCTBYFOIINX
JTIO3MMETPUICCKIX MaTepHaioB 00IagaeT KaKiuM-I100 He-
JTOCTaTKOM, KOTOPBIA OTPAaHWYUBACT €r0 MCIIOIb30BAHNE
B TOM WJIM MHOH c(epe: AeTeKTOphl Ha OCHOBE (PTOPHUCTO-
T0 JUTHUA JErPaUpPyIOT MO/ BO3EHCTBUEM BBICOKUX /103
u3nydenus [5, 6], Al,O3-geTekTopsl MacCOBOTO MPOU3-
BOJICTBA 00JIaJJAlOT KaK TKAHEIKBUBAJICHTHOCTHIO, TAK U
paJMalluOHHON CTOMKOCTHIO, OTHAKO TPEOYIOT BBEICHUS
MHOKECTBa MOMPABOK B 00JIACTH MOMIOIICHHBIX 703 10
100 I'p, 4TO 3HAUUTEIBHO YCIOXKHAET MPOLECC CUUTHIBA-
Hud [7]. Opnako terpabdopar nutus Li,B,O, (JITB) nu-
IIIeH STHX HEIOCTATKOB. JIaHHBII MaTepuall OTHOBPEMEHHO
MMEeT BBICOKYIO PaIHAIlHOHHYIO CTOHKOCTH, TMHEHHOCTH
JI030BOTO OTKIMKA B 06mactu 1-150 I'p [8], TkaHeokBHBa-
JeHTHOCTh [9], a dheaunr (oTEps 1030BOH MHPOPMAITHH,
T. €. IPY €€ CYUTHIBAHUH METOOM ONTHYECKOW WU Tep-
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MUYECKOH CTUMYNSIIIUM WHTEHCUBHOCTbH JTIOMUHECILIEH-
LUK IO MPOUIECTBUM BPEMEHH U JJISI CBEXKEOOIYyUSHHBIX
00pa3noB OyJeT OTINYAThCs) MPAKTUIECKH OTCYTCTBYET
[10]. Jleruposanue ocHoBbl JITH pasnuunbiMu npumecs-
MU ITO3BOJISET MOJTYYUTh MaT€PHUaIIbl ¢ OTIINYAIONIMMUCS
JTIOMUHECIICHTHBIME cBoiicTBamMu. IIpu 3TOM pesynbrar
3aBUCHT OT TOTO, Ha KaKyO MO3UIIMIO BCTPOUTCSI IPUMECH!
KaTHOHHYIO (TTO3UIIHIO JTUTHS) WK B OOPOKHUCIOPOTHBIN
kapkac [11, 12]. B mepBoM cirydae marepuai moIyqdnuTcs
YyBCTBUTEIBHBIM, C BHICOKOH MHTCHCUBHOCTBHIO JTIOMHU-
HECIICHIIUN U PETUCTPUPYEMBIM CUTHAJIOM JIEKTPOHHOTO
MapaMarHUTHOTO PE30HAHCA, BO BTOPOM, PE3YJIbTaT MOXKET
ObITH HemnpenckazyeMm. B ocnoBHom JITH mozasepraercs
JISTHPOBAHMIO MeJbI0, cepeOpom u Mapranuem [13, 14].
LlenTpaMu TFIOMUHECLIEHIIUN B TAKOM MaTepHalle sIBISIOTCS
nedeKThl KpUcTaInIeckoil pemetku. Jedexrsr MmoryT
OBITH KaKk COOCTBEHHBIMH, TaK U MPUMECHBIMHU, KOTOPbIC
TIOSABIISIIOTCS B PE3yJIbTaTe BHEAPEHUS NpUMecH B O0po-
KHUCIOpoAHBIN Kapkac [12, 15]. UmeHnHO 3TiM 00yciioBiIeHa
Ba)XKHOCTb IPAMOTHOTO BBIOOpA IPUMECH.

Takum 00pa3oM, HECMOTPS HA OOJBIIOE KOTHIECTBO
Hay4HBIX pa0OT B 00acT U3rotoBineHus Ha ocHoBe JITH u
Pa3IMYHBIX IPUMECEH AeTEKTUPYIOIUX MaTepHalioB, 00b-
SCHEHMIO MEXaHN3MOB BCTPANBAHUS NIPUMECEH B CTPYKTY-
py JITB ynensanoch Mano BHUMaHHUS.

Lenb HacTosIIIeH pabOTHI — aHAJIU3 JTIOMHHECLEHTHBIX
csoiict JITB, nerupoBannoro marauem (Mg), Mapraniem
(Mn) u osoBoM (Sn) ¢ pa3IMYHBIMU IIPUMECSIMH, UTO B
JlaJIbHEHIIIEM MTO3BOJIUT CO3/aTh JAETEKTUPYIOIINIT MarTe-
pHa C HKCILUTYyaTAIIMOHHO THOKMMH 1 HaCTPauBaeMbIMHU Ha
CTaJUH CHHTE3a CBOMCTBAMHU.

MeTtoanka IKCIIepUMEHTa

HUccnenyemsle o6pasust JITh u3rorasnmmsanmcs corac-
HO METOJIMKE, MMOIPOOHO OMUCaHHOH B pabdorax [16, 17].
OcnoBa JITb — npoaykr peakuun OOpHON KHCIOTHI
(H3;BO;) u xkapbonara murus (Li,CO;), B kauecTBe CBA3YIO-
IIIEro BEIIECTBA BEICTyNaeT okcnua kpeMHus (Si0,), 00pazyst
ruapo(oOHYIO MIICHKY Ha TIOBEPXHOCTH MHUKPOKPHCTAIIIOB
Terpabopara. JlernpoBaHue 1 OCIEIYIONINE ITAIbI CHHTE-
3a 00pas3noB Ha ocHoBe JITH BO3MOXKHBI B IByX BapHaHTax.
Cunres nepBoro tumna (C1) moapazymeBaeT HEMPEPLIBHOE
Jno0aBiIeHUE Kallellb PacTBOpa BEIECTBA, COJEPIKAIIETO
MIPUMECh, B PEaKI[MOHHBIN COCYy/ ellle BO BpeMs MPOTeKa-
Hus peakuun H;BO; u Li,CO;5. 3atem o6pasen nojasepra-
ercs cyuke npu temneparype 378 K B Teuenue 12—-15 g
n omxury npu 873 K B armocdepe aprona B Tedenue 2 4.
Taxue o6pa3ier OynyT manee obo3Hadarhes kak JITH:A
nnu JITh:A,b, B ciydae, eciu JIETUPYIOLUX NpUMECEH
Heckonbpko. CuaTe3 BTOoporo THma (C2) oTanYaeTcs TeM,
gyto yucteiii JITh, nu6o JITh:A nerupyercs mocne ot-
JKHTa, 3aTEM HPOIEAypa CYIIKH U OTKUTa TOBTOPSETCSI.
Taxue o6pasisl o6o3naqarorest JITh + A wnu JITh:A + b,
B ClydYae, €CJIU JETHPYIOUIUX IpUMeceil HeCKOJIbKO.
duHanbHAs CTaaUsl U3TOTOBJICHUST 00PA3LOB OJUHAKOBA
B 000MX ciryyasix. OCTBIBIIMI MTOPOIIOK CIPECCOBBIBACT-
csl B TaOJIETKM W MOJBEpraeTcs CIeKaHuio B arMocdepe
aproHa npu Temneparypax 1153—-1173 K B teuenue npo-
JIOJDKUTEILHOTO BpeMeHH. Ha ocHOBaHNMHM JaHHOTO TTOJI-
XO0JIa ¥ THTIOB CHHTE3a OBLIN M3TOTOBJIEHBI IISITh 00Pa3IIoB:

JITB:Sn + Mn (C1 + C2), JITb:Mn (C1), JITb:Mn + Mg
(C1+C2), JITB + Mn (C2) n JITB:Mn,Mg (C1).

CriekTpbl (OTONIOMHHECIIEHIIMN U3MEPEHbI IIPH KOM-
HATHOU TemIiepaType mpu BO30YKICHUU a30THBIM Ja3e-
pom JI'N-21. Cpeanss MOIIHOCTb J1a3epHOrO U3Iy4YEeHUs
cocTtaBuia 2,5 MBT co cpenHel IMTEIbHOCTBIO UMITYb-
coB 10 HC, 9acToTa moBTOpeHus UMIyIbcoB — 100 I
W3nydyenne na3epa OBIIIO HAIPaBICHO B KOHJEHCOPHYIO
JUH3Y Yepes3 3epKano, (HoToIoMIHeCeHIHS 00pasma ¢o-
KyCHPOBAJIaCh aHAJIOTMYHOW JIMH301 U uepe3 CBETO(UIIBTD
morajaia B mpueMHoe OKHO criektpomerpa Ocean Optics
52000 ¢ xoMIbIOTEpHBIM yIIpaBieHueM. Pabounii quana3on
JuinH BosH cnektpoMerpa 300-900 um. C nensto noapa-
BJICHHSI ITYMOB OBIJIO YCTAHOBJIEHO BPEMs HAKOILJICHHS
CUTHAaJIa 5 MUH.

Jliis BO30YKACHHS KaTOIOIIOMUHECIICHIIMN HCIIONb-
30BaH WMITYJIbCHBIN MIOPTaTUBHBIA YCKOPUTEIb dJIEKTPO-
HOB «PamaH-3KcmepT» ¢ UIHTENEHOCTHIO HMITYTBCOB 2 HC
1 MaKCHMaJIbHOW dHeprueit amekTpoHos 260 k3B [18].
CHexTpsl KaTOIOIIOMHHECIICHITNN PETHCTPHUPOBAIIUCEH C
nomotipio criekrpomerpa Ocean Optics Maya 2000 Pro
¢ pabounm auamazonom JuH BoaH 200—1100 uM, Bpems
HakorieHus coctaBuiio 50 mc [19, 20].

TepMI/I‘-IeCKI/I CTUMYJIMpOBaHHAsA JTIOMUHCCIUCHII A
(TCJI) 0Opa3ioB perucTprpoBagach ¢ MOMOIIBIO CUUTHI-
Batenst [IBI-2M ycranoBku «Jloza-TJI/]» mpu ckopoctu
Harpesa | K/c. [Tonyuenue curnania mpoucxoamsio mocie
BO30Y)KJICHUS DIICKTPOHHBIM ITYYKOM B BHIC ABYX HUM-
MyIBCOB yCKopuTens «Paman-skcrepT» U may3sl B 30 c,
CBSI3aHHOM C PYYHOH 3arpy3Koil B 6apabaH CUHTHIBATEIS
Ka)XIoro o0Opasiia mociie BO3/ICHCTBH Ha HETO HOHU3U-
pytomero m3nydenus. CpenHss MOTIOMICHHAsS 1032 s
obpasna guamerpom 4 MM pasHa 250 I'p.

Pe3y.]'leaT])l H UX oﬁcyme}me

Ha ocHOBaHMHM MOJTYYEHHOTO CHEKTpa (POTOTFOMHUHEC-
nennuu (puc. 1) B oomactu 500—700 HM HabIrOMACTCS Xa-
PaKTepHBII MUK CBeYCHUS AByX3apsaHoro Mn [21], coot-
BeTcTBYyOIIHNHI nepexony 4T (*G) — °A,(°S).

Bo30yxnenne Ha januHe BOJHBI 337,1 HM HaXOIUTCS
BHC FpaHI/ILI NHBIX BO36y)KlleHI/II‘/’I, BbBI3BAHHBIX HpOHeCCﬁMI/I

= JITh:Sn + Mn
—=—JITh:Mn

— - JITb:Mn+ Mg =
q1..... JITB + Mn.

_ _.-HTB:Mn,}\/Ig

. /

HHTCHCI/IBHOCTL, OTH. €1.

600 700
A, HM

Puc. 1. CrieKTpbI (pOTOIFOMUHECIEHIIUN TSI HCCIETYEMBIX
00pasmoB

Fig. 1. Photoluminescence spectra for the studied samples
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riepesiady SHEPTUH OT JF000TO M3 U3BECTHBIX CEHCHOMIIN-
3atopos [17]. B Takom ciydae Oyaer crpaBeyIMBBIM CUH-
Tarb, YTO HAOIIOaeMasi ”HTEHCHBHOCTB MIPONIOPIIMOHAIBHA
BECOBOMY MPOLEHTY AByX3apsiiHOro Mn, BOIIEAIEMY Ha
O3UIHI0 KaTroHa B cTpykrype JITB. Bumgno (puc. 1), uto
WHTEHCHBHOCTH (hotomomunectenin JITh:Sn + Mn B ve-
ThIpe pa3a Beie, ueM y JITh:Mn. Takum 06pazoM, MOKHO
clienaTh BBIBOJ, YTO THUI CHHTE3a U MOCIIEA0BATEIHLHOCTD
JIETUPOBAHUS BEPOSATHO OKA3BIBAIOT BIUSHNE HAa KOJIH-
YECTBO ONTHYECKH akTHBHOro Mn. OmHako, cpaBHUBAs
crnektpsl JITh:Mn u JITh + Mn, MO)XHO 3aMeTUTb, UTO
HMHTEHCUBHOCTH (hoTomoMuHecteHIuu oopasiia JITh + Mn
B JBa pa3a MeHblue, yeM y JITh:Mn. B TakoMm citydae yBe-
JINYEHHE KOJIMYECTBA ONTUYECKU aKTUBHOTO Mn Henb3s
OOBSICHUTh METOJMKON CHHTE3a. BeposTHO, KIIIOUEBYIO
pOJIb UrPAET COAKTUBATOP B BUAE Sn, KOTOPBIN yBEIUYH-
BAET KOJIMYECTBO IIEHTPOB cBeueHust Mn2*. OTMeTHM, 410
HCIIONIb30BAaHKE B KQUECTBE COAKTHBAaTOpa Mg MPUBOIANT K
TIPOTHBOIIOJIIOKHOMY Pe3yIIbTaTy. IHTEeHCHBHOCTB ()OTOIIO-
muHecueHuuu JITb:Mn + Mg B 1Th pa3 HUXKE HHTEHCUB-
HocTtH (potomomunectennny JITh:Sn + Mn, a nHTeHCHB-
HOCTh (oTtomomunecteniuu JITh:Mn,Mg B 8,5 pa3 Hike
uHTeHcuBHocTH (ortomomunecuenuun JITH:Sn + Mn.
Takum 00pa3om, JierupoBanue Mg yMEHbIIAeT KOJIMIEeCTBO
LEHTPOB cBeueHust Mn2™,

[Ipu cpaBHEHUU CHEKTPOB MUMITYIbCHOM KaTOAOIIOMU-
HECIIEHIIMH, HanOOJIbIIas HHTCHCUBHOCTD HAOIIOIaeTCsl y
ob6pasma JITh:Sn + Mn (puc. 2).

Takoke 3aMeTHM, YTO UCIIOIB30BAHHE COAKTUBATOPA B
BHJE SN OKa3bIBaeT HAa KATOAOJIOMUHECICHIINIO 3HAYH-
TENBHO OoJIee CUITbHOE BIMSAHNE. VIHTEHCHBHOCTD CBEYEHUS
obpasma JITh:Sn + Mn B 7 pa3 OoJblie HHTEHCUBHOCTH
obpasna JITb:Mn. Takum oOpasom, JIerupoBaHue Sn He
TOJBKO YBEITMYMBACT KOJUYECTBO LIEHTPOB CBEUCHHS, HO
1 obecrednBaeT nepeaady YHeprun Bo3OyKICHHUS K IIeH-
TpaMm cBeyeHust Mn2", Takoll pe3yiabrar MOJTBEPKIAECT
WJICIO O TOM, YTO OJIHA U3 IIPUMECe BCTpanBaeTcsi B 00po-
KHUCIIOPOJIHBIN KapKac, a BTOpasl pacroyiaraeTcst psiioM Ha
MIO3MIIMK KaTHoHA. BMecTe ¢ TeM MeXay CeHCHOMIH3aTo-
poM 1 Mn2* He0OXOAUMO 00ECTIEYNTh TECHBINA KOHTAKT, B
MIPOTUBHOM CJIydae SHEprus He OyAeT IepeiaBaThCst n3-3a
Haymunsl y Mn 3anpemeHssx nepexonos. O0o3HavaThCs

= JITB:Sn + Mn i
5 T AR MM 7\
o 1..... TR+ Mn 7
£ 08——- J'ITB:Mn,MgI \
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nccieayeMbIX 00pa3IoB

Fig. 2. Pulsed cathodoluminescence spectra for the studied
samples

Takasi CTpykTypa OyzneT kak Me;0,—Mey; [11]. OOb1uHO
B OOpPOKHCIIOPO/IHBIN KapKac BCTPanuBaeTCs Ta IPUMECH,
KOTOpasi cnocoOHa 00pa3oBaTh MPOYHYIO XUMHYECKYIO
CBSI3b C KHCJIOPOJIOM B TETpadIpuieckoil KoH(Urypamuu
(MeO,), a menovHbIe U MIEIOYHO3EMEIbHBIC METAJIBI
BBICTYMAIOT B KaUueCTBE KOMIIEHcaTopa 3apsia. OtmeTnm,
YTO B HAy4YHBIX paboTax MMeeTcss HHYOPMAIHS O CIrydasx
BCTpaMBaHUs MIPHMECEH B pereTky 6opatoB [22]. B Takom
Clly4ae MOJIy4aeTcsi, YTO Sn BEINTPBIBAET KOHKYPEHIINIO 32
MO3UIHIO B OOPOKUCIOPOJHOM KapKkace y Mn, TeM caMbIM
YBEJIMYHMBasi KOJIWYECTBO JByX3apsiiHOr0o Mn Ha 1MO3ULNMU
katuoHa. bonee Toro, kommiexcsl Sn;O,~Mn; ; obecre-
YUBAIOT YPPEKTUBHYIO Iepeaady YHEPTUu BO30YHKICHHS
Ha JBYX3apsyIHbId Mn, TeM caMbIM CYIIECTBEHHO YBEIH-
yuBast 3PPEKTUBHOCTH KaTOJOJIOMUHECIICHIIU. Mg ke
JIeCTBYeT, HA000POT, BCTPAaUBAsICh Ha TIO3ULINH KaTHOHA 1
3aHMMas MO3UIMK Mn, TeM caMbIM 3HaYUTEIILHO CHHXKAsS
WHTEHCUBHOCTD JTIOMHUHECICHIIIH.

IIpencrasnennsie kpussie TCII (puc. 3) momy4deHs Ipu
BBICOKOH [103e oOirydeHus it omgHoro obpasna (250 I'p),
OJIHAKO paJinallMOHHAs JEeTpajalys Marepuana Obuia He-
3HAUUTENIbHA.

MO’XHO 3aMEeTHTb JBE TPYIIIBI TUKOB B o0macTsax 310—
370 K 1 405-550 K. [1epBas rpynmna cTpeMuTcst K GeauHry
Y HE UCIIOJIL3YETCs JUIsl TOTy4eHHsI I030BOM HHPOpMALIUK
[23] mpu cunThiBaHUM MaTepHuana. TeM He MEHee MEXKIY
WHTCHCUBHOCTSIMH JIIOMUHECLEHIIMN 3TOH TPyIIbI MHU-
KOB 1 KaTOJJOJIIOMHHECIIEHIIMN 3aMETHO CXOZCTBO: B 000-
nx ciaydasx oopaszen JITh:Sn + Mn umeer HanbombIyro
MHTEHCUBHOCTb, a JITb:Mn,Mg — nHaumenbiyto. s
OCTaJIFHBIX 00pa3I0B HAOMIOMAIOTCS CXOKUE 3aKOHOMEp-
HocTH. Takas KOppesnsiysi HHTEHCUBHOCTH UMITYJIbCHOM
karogomromuuecreHmu 1 TCJI amxe 400 K B Tom unc-
Jie TIOATBEP)KAAET PAHEE BBIABUHYTHIE MPEATIOTIOKEHUS O
CTPYKTYpE LIEHTPA CBEUSHHUS B PACCMATPUBACMOM MaTepH-
ane. Pabounit makcumym TCJI, Haxopsimmiics Boime 400 K
W y4acTBYIOILIMI B MOJYYEHUHU J1030BOI MH(pOpMALINU C
obOpa3ua (xaeTekropa), moiydaercs Onaromapst 0CB0oOO-
JKJICHHIO JIBIPOYHBIX HOCUTEJIEH 3apsiia ¢ Oonee NTyOoKux
LeHTpoB 3axBara. [locienyromas pekoMOnHaNuUs 0CBOOO-
JUBILEHCS IBIPKH C JIEKTPOHOM, HAXOISIIUMCS BOJTH3U
Mn2+, obecnieunBaer Bo30yxaenne Mn2" npu TCIT [24].

= =JITB:Sn + Mn
1 - —JITb:Mn
=--JITb:Mn + Mg
....... TITH + Mn

0841 1\ — - JITB:Mn,Mg
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I
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Puc. 3. KpuBble TepMUUECKH CTUMYIMPOBAHHON
JIOMHHECIICHIIMH IS HCCIIELyeMBIX 00pa3iioB

Fig. 3. TSL curves for the studied samples
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BaxHO OTMETHUTB, YTO HOCHUTEIIU 3apsijia, YIaCTBOBABIIINC
B (DOPMHUPOBAHUU HU3KOTEMIICPATYPHOT'O MUKA, HE OYIyT
y4acTBOBAaTh B ()OPMHUPOBAHUH BBEICOKOTEMIICPATYPHOTO,
TaK Kak Imepe3axpar 0oJyiee TTyOOKMMHE MO YHEPTHSIM JI0-
BYIIIKAMU HEBO3MOKeH. TakuM 00pa3oM, B ciydae, Korua
TpeOyeTcst MONYYUTh ACTEKTUPYIOIIUN MaTepHal ¢ BbICO-
KO 4yBCTBUTEILHOCTBIO, HEOOXOIMMO JTOOUTHCSI TIOHMKE-
aust natencuBHocTy nuka TCJI Hmke 400 K 1 moBbIIIIEHNST
Breimre 400 K.

3akarouenne

HccnenoBaHbl CIEKTPHI POTOTIOMUHECIICHITUN, UM-
MYyJIBCHON KaTOAOIIOMUHECIIEHIINN U KPUBBIE TEPMUUECKH
CTUMYJIMPOBAaHHOM JitoMuHecleHumy. Ha ocHoBaHuu noiy-
YCHHBIX PE3YJIBTATOB YCTAHOBJIEHO, YTO COBMECTHOE JIETHU-
poBaHMe TeTpadopaTa JUTUSI MapraHleM M OJIOBOM, JIHOO
MapraHiieéM U MarHueM MPUBOAUT K COBEPIIEHHO pa3HbIM
pesynbsraram. OJ0BO, BCTpanBasich B Kapkac Terpadbopara
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AHHOTaNMS

Beenenune. IIpencraBiens! pe3ynbTaTsl pa3pabOTKH U UCCIEOBAHHS TEXHOIOTHUECKOTO MPOIEcca N3rOTOBICHHUS
cdeprudecknx ra3oBbIX Adeek. [10omo0HbIe SIeHK MPUMEHSIOTCS] B KBAHTOBBIX MPUOOPax, TAKMX KaK MarHUTOMETPHI,
THPOCKOMBI U aTOMHBIE Yachl. VX paboTa ocHOBaHA HA ONTHYECKOH HAaKauke M JETEKTHPOBAHWU COCTOSHHS MapoB
IIEJIOYHBIX METAJUIOB, B YaCTHOCTH, Ne3Hs. [ yBeNWIeHNs] BpEMEHN KU3HH CIIHH-TIONIIPU3ANNH [E3Us TUeHKY
3aMOIHSIOT Oy(epHBIM HHEPTHBIM ra30M. KadecTBO H3roTOBIEHHMS STUSHKN HAIPSIMYIO BIIUSIET HA TAKHE XapaKTePUCTHKI
prOOPOB KakK MIMPHHA JMHNI PE30HAHCOB M JOCTHKMMOE OTHOIICHHE CUTHAI/IIyM. [IpeioxkeHHas TEXHOIOTHs
H3TOTOBJICHUS STYEEK TT03BOJISIET YIIPOCTUTH TEXHOJIOTHYECKHUI TPOLIECC, NCKIIF0UaeT IPUMEHEHHE CIIeHaTn3HPOBAHHOTO
06opy1103aH1/m, TMOBBIIIACT BOCIPOU3BOAUMOCTH PE3YJILTATOB, CBA3AHHBIX C XUMHUYCCKUMU PEAKIUSAMU LIEJTIOYHOI'O
MeTajula ¢ IOCTOPOHHUMH TpUMecsiMU B Oy(epHOM raze. DT0 JOCTUraeTcs MyTeM JCTeKTUPOBaHHUS (POPMHUPYEMBIX
COEIMHEHUH M X UCKITIOUEHNS U3 COCTaBa ra30BOH CPe/ibl siYeeK 3a cueT BBIOOpa 000CHOBAHHOM ITOCIEI0BATENFHOCTH
TEXHOJOTHYECKUX OINepanuii B NHUKJIe U3roToBIeHHs sueek. Meroa. [IpuMeHeHne TpaANIHOHHEIX METOI0B
peHTreHo(a3oBOro aHaJIN3a CBA3aHO C HEOOXOIMMOCTBIO pa3repMEeTH3aINH CTEKJITHHOM KarcCyisl ¢ Me3HeM U
Hen30eKHOU peaknuel 1e3ns ¢ KOMIIOHSHTaMH BO3IYIIHOH cpesibl. B paboTe mpe/ioskeHa IByXdTaHast aHATHTHIECKast
OIICHKA COCTaBa ra3oBoii cMecu. Ha mepBoM srarie onpeznessieTcst TepMOMHAMHUYECKast pa3peIeHHOCTh BCEX BO3MOXKHBIX
peakiuii B cucteMe 1e3uii-a30T-NpUMeCHBIi knuciopoa. Ha BropoM srtare corocTapiseTcs IIBETOBasi raMMa CIIEKTPOB
OKCIEPUMEHTAJIBHO MOJYUYEHHBIX ITPOAYKTOB peakunﬁ C OBETOM IPOAYKTOB TEPMOAMHAMUYECCKU Pa3pelICHHBIX
B3auMOJeUCTBUH. OCHOBHBIE Pe3yIbTaThl. TepMOIMHAMIYECKUI aHATTN3 HA OCHOBE JIBYX3TAIHOTO MOIX0/a TTO3BOJIMIT
BBIABUTH (DOPMUPOBAHNE CyOOKCH/IOB II€3MsI B TA30BOM AUEHKe MpU HarpeBe B MHTepBasie Temmeparyp 273—700 K. s nx
WCKITIOYEHHS U3 COCTABA STUYCHKH MPEIOKEHA MOCIIIOBATEILHOCTD onepanuii. OHa BKIFo4aeT B ceds hopMooOpazoBaHue
CTEKJIOAYBHBIM METOJIOM aMITyJIbl, UMEIONIeH TeXHOIOTHIECKYIO MININHAPUIECKYIO YacTh, U COCIHHEHHYIO C HEl
MepeTsHKKOH cheprdecKyro sueifky. B TeXHoIorHuecKylo 4acTh aMITyINbl 3aKIaJbIBaeTCsl KalCyInpOBaHHBINA B
CTEKJISTHHYIO 000JIOUKY 11€31i BEICOKOH YHCTOTHI, TOCIIE YETro IPOBOUTCS BAKYyMUPOBAaHKE aMITyIibl. [Tociie BCKphITHS
KariCyJIbl C Ie31eM OCYIIECTBISIETCS TeMIIepaTypHast IeperoHKa YHCTOro 1e3usl B ChepHIecKyro 30Hy. TeXHOIOrHIecKHit
MPOIIECC 3aBepIIACTCs 3aNOJHEHUEM stueiikK Oy(epHBIM ra3oMm, ociie 4ero oHa orrnansaetcs. O6cyxaenue. OTcyTcTBHE
Harpesa MpH 3aM0JHEHUH a30TOM CYIIECTBEHHO yNpPONIAeT TEXHOIOTUUECKHH MPOIecC 1 MUHUMU3UPYET B Ta30BOM
CMeCH KOJIMYECTBO TIOCTOPOHHHX MPUMECEH B BUIE CyOOKCHIOB IIE€3HI.

KiroueBsle ciioBa
ra3oBas sueiika, nesnii, cyooKcuIbI ne3us, OypepHslil ra3, sHeprus [ m66ca, Xummdeckas TEpMOANHAMUKA, JIa3epHast
CIICKTPOCKOTIHSI
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Abstract

The results of the development and research of the technological process for manufacturing spherical vapor cells are
presented. Such cells are used in quantum devices, such as magnetometers, gyroscopes, and atomic clocks. Their work is
based on optical pumping and detection of the state of alkali metal vapors, in particular cesium. To increase the lifetime
of cesium spin polarization in the vapor cell, it is filled with a buffer inert gas. The quality of cell manufacturing directly
affects such device characteristics as the width of resonance lines and the achievable signal-to-noise ratio. The proposed
cell manufacturing technology simplifies the technological process, eliminates the use of specialized equipment, and
increases the reproducibility of results associated with chemical reactions of an alkali metal with foreign impurities
in a buffer gas. This is achieved by detecting the formed compounds and excluding them from the composition of the
gaseous environment of the cells through the selection of a reasonable sequence of technological operations in the cell
manufacturing cycle. The use of traditional methods of X-ray diffraction is associated with the need to depressurize
the vapor cell with cesium which leads to the inevitable reaction of cesium with components of the air environment.
The work proposes a two-stage analytical assessment of the composition of the gas mixture. At the first stage, the
thermodynamic resolution of all possible reactions in the cesium-nitrogen-impurity oxygen system is determined. At the
second stage, the color spectrum of the spectra of experimentally obtained reaction products is compared with the color of
the products of thermodynamically allowed interactions. Thermodynamic analysis based on a two-stage approach made
it possible to identify the formation of cesium suboxides in a vapor cell when it was heated in the temperature range of
273-700 K. To exclude them from the composition of the vapor cell, a sequence of operations was proposed. It involves
the formation of an ampoule using the glass blowing method which has a technological cylindrical part and a spherical
cell connected to it by a constriction. High purity cesium encapsulated in a glass shell is placed into the technological
part of the ampoule, after which the ampoule is evacuated. After opening the capsule with cesium, thermal distillation of
pure cesium into a spherical zone takes place. The technological process is completed by filling the cell with buffer gas,
after which it is sealed off. The absence of heating during filling a vapor cell with nitrogen significantly simplifies the
technological process and minimizes the amount of foreign impurities in the form of cesium suboxides in the gas mixture.
Keywords

vapor cell, cesium, cesium suboxides, buffer gas, Gibbs energy, chemical thermodynamics, laser spectroscopy
Acknowledgments

Authors express their gratitude to Michel A.G. for manufacturing ampoules using the glass blowing method, Dementyev M.M.
for assistance in vacuamizing and filling ampoules with nitrogen as well as carrying out spectral measurements.
For citation: Yulmetova O.S., Shcherbak A.G., Reshetnyak P.E., Zavitaev A.S., Shevchenko A.N., Yulmetova R.F.
Analysis of chemical interactions during filling a cesium vapor cell for a quantum magnetometer. Scientific and
Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no. 3, pp. 438—447 (in Russian).
doi: 10.17586/2226-1494-2024-24-3-438-447

BBenenue

CrpemMuTenbHOE pa3BUTHE 3a TOCIEIHNAE TO/bl KBAaH-
TOBBIX TEXHOJIOTUI BBI3BIBAET BO3PACTAIOIIMN UHTEPEC
K HCCJEeIOBAaHUAM B 00JaCTH B3aMMOACHCTBHUSA (POTOHOB
CBETOBOTO M3JIy4EHUs] U aTOMOB IAPOB ILEIOYHBIX METAII-
JIOB, KOTOPBIC TMOMEIIAIOTCS B MIPO3PAYHBIC CTCKIISTHHBIC
ra3oBble SUCHKU. S[ueliku, cofepKalliye nappl WEI0YHbIX
METaJUIOB, TAKMX KaK KaJui, pyouanii u nesuit (Cs), BBUILY
MIPOCTOTHI UX DJIEKTPOHHOH KOHPUIYPALUH YXKE CETOHS
HMMEIOT IMUPOKUI CIIEKTP NMPOMBIIUIEHHOTO MPUMEHEHUS

B aTOMHBIX THpockomax [1-3], marauTtomerpax [4, 5] u
aTOMHBIX 4yacax [6] Mpu CO3JaHUM AIIEMEHTOB KBAHTOBOM
namsATH [7, 8] 1 KaHATOB KBAaHTOBOMW CBA3M [9], a Takxke
B (yHIaMeHTaJIbHBIX Qu3HUecKuX uccienoanusx [10].
Bce nepeunicieHHble TPUMEHEHUS HANPSMYIO 3aBUCST OT
BPEMEHH KU3HU CIIUH-TIOJSIPU3AIIMU Ta30B0 sueiiku [11].
B aroii o0nacTn Ha CETOAHSIIHUN JIEHb MPOCIEKNBACTCS
TEHJICHIINS PA3BUTHS NCCIIEI0BAHNH 0 IBYM HAIIPABJICHU-
aM [11, 12]: HaHeceHne B IpoLecce N3rOTOBIEHUS aHTHPE-
JAKCAIIMOHHBIX MTOKPHITHH Ha BHYTPEHHUE MTOBEPXHOCTH
STYEUKN W TIPIMEHEHHE TIPH 3aIT0JTHEHUH SUeHKH Oy(pepHBIX
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ra3oB, B Ka4eCTBE KOTOPBIX MOTYT BhICTynarhb a3oT (Nj),
aproH, HEOH WM CMeCh I'a30B.

OueBuIHO, YTO (PYHKIIMOHAIBHBIC TTAPAMETPHI SUCHKH
BO MHOT'OM ONPENIENISIOTCS MPOLECCaMH, POTEKAIOIUMHU B
paboueii cpezie ra30BOM SIMEHKH HA CTAANH €€ 3al0JHeHUS
TIapaMH MIETOYHBIX METAIIIOB U Oy(hepHBIMH ra3aMH, BKIIIO-
Yast KOMITJIEKC TOMOTE€HHBIX M T€TEPOT€HHBIX XUMHUYECKUX
B3aUMOJEHCTBUM MEXKy KOMIIOHEHTAMH Ia30BOH CMECH.

IlocTanoBka 3aga4u

B nacrosmieil paboTe paccmMarpuBaeTcs Mporece us-
TOTOBJICHHUS TA30BOW SIUEHKH HA IpuUMepe cheprudecKoit
sMeWKu MarHuToMmerpa [13], 3amorHeHHONW TapaMu Iie-
JIOYHOTO MeTaia u OydepHoro rasa, B Ka4ecTBe KOTOPBIX
BeIOpanb! Cs 1 N».

Iens paboTel — pa3zpadoTKa TEXHOIOTHYECKOTO MPO-
1iecca 3arnojiHeHHs Ta30BeIX gueek mapamu Cs u No. Jlms
JOCTHIKEHUS STOH 11eJId HEOOXOAMMO PEIICHUE TaKUX 3a-
Ja4, Kak OornpeaAcicHUEC BO3MOXHBIX XUMUYCCKUX B3aNMO-
JICUCTBUH, KOTOPBIE MOTYT IPOTEKATh B paccMaTpUBaEMOK
CHCTEME JUIsl YKa3aHHOTO COYETaHHUsI KOMIIOHEHTOB Ira30BOH
Cpelbl; BBISBICHHE KPUTEPUEB OILICHKH BO3MOXXHOCTH H
TIPEATIOYTUTEIBHOCTH MTPOTEKaHNsI KOHKPETHBIX PEaKIINii;
OIIpe/ieIeHNe METOIOB U CPEJICTB AHAIM3a U 0OBEKTHBHO-
TO KOHTPOJISl IPOLIECCOB, MPOTEKAIOIINX B paboueii cpene
ra3oBOM SSYEHKHU Ha CTAJUU €€ 3allOJTHEHUS.

MaTepl/laJ'lbl W METObI UCCaeT0BaAHNMH

[Ipu pa3paboTKe TEXHOJOTHH U3TOTOBJICHUS SUCHKH
JUTSL ICCTICTIOBAHUS TIPOLICCCOB, MPOTEKAFOIINX B 3aMKHYTOM
Y M30JTUPOBAHHOM OT BHEITHEH CPEIIB CUCTEME, TIPEUTOMKE-
HO WCTIONIb30BaTh HHCTPYMEHTApUi TEPMOIMHAMUYECKOTO
aHaJ3a XUMHUIeCKUX B3aumoneiicteuii [ 14]. [Ipumenenne
AQHAINTHYECKUX METOZOB OOYCIIOBIEHO TEM, UTO MPSIMOE
HCIIOJIb30BaHNE PEHTIeHO()A30BOT0 aHAIN3a WM PEHTIe-
HO-3JIEKTPOHHOM CIEKTPOCKOIINU 3aTPyAHUTEIBLHO BBUIY
BBICOKOW peaklnoHHOi criocooHoctn Cs. A perainbHOe
NMOHWUMAaHUEC U BBIABJICHUE MCXAaHU3MOB HNPOTCKAIOIIUX
MIPOIECCOB HEOOXOAMMO ISl pa3pabOTKK yNpaBisieMOi
TEXHOJIOTHH U3TOTOBIICHHUSI STYCCK.

B kadecTBe 00BCKTa MCCICIOBAHUI BBICTYHAIOT CTE-
KIISTHHBIC aMITYJTbI, TOTYYCHHBIC CTCKIIOYBHBIM METOIIOM,
MMEIOIINE IBE YaCTH: TEXHOJIOTHUCCKYIO MHUIUHIpHYIC-
CKyI0 / M COCMHEHHYIO MePeTsHKKON 2 ¢ paboueii cdepu-
YyecKoit 30H0M 3 (puc. 1).

B umnunapryeckoil yacTu pazMeniaeTcs Kamcyna 4 ¢
Cs, manee MpOM3BOIUTCS OTKAaYKa BO3AyXa, 3aIIOTHEHUE aM-
mynbl Np, pa3pylieHne Kancyiasl 1 BBICBOOOXK/ICHHE Karcy-
mupoBanHoro Cs. [leperonka Cs B chepruueckyro siueiky
OCYHICCTBJIACTCA HAIPABJICHHBIM TCTIJIOBBIM BOSﬂeﬁCTBHeM
Ha [WJINHAPUYECKYIO YacTh aMIIyJbl ¢ epeMeneHueM
30HBI HATPEBA B CTOPOHY SUYCHKH.

[IpemMeToM HCCIIeIOBaHUS SIBIISICTCS TEXHOJIOTHUS H3-
TOTOBIICHHS CPEPUUCCKOI ra30BOM SUCHKH, OnpeesieMast
COBOKYITHOCTBIO M TIOCJIEIOBATEIIFHOCTRIO OTIEpalnil ee
M3TOTOBJICHUS, BKJIIOYAs MPOLECC 3aMlOTHEHUS TICUKU
razosoii cmecbio Cs u Nj.

J11s1 BBISIBIIEHHS BO3BMOKHBIX B3aUMOJEICTBUI B ITpe.I-
CTaBJICHHON CHCTEME MCIIOJIb30BaH MHCTPYMEHTApPUH XH-

Bydepnsiii raz

Baxyymubrit
—>  Hacoc

Puc. 1. CrexnsinHas amiyna: /[ — UWIMHIPUYECKas 4acTh
amInyiibl; 2 — MepeTsikka; 3 — chepryeckas 9acTh aMITyJIbl
(stuciika); 4 — karcyina ¢ nesuem (Cs); 5 — naper Cs;

6 — xonaencupoBanublii Cs (kujkas ¢asa); 7 — a3ot1 (Np)
Fig. 1. Glass ampoule. / — cylindrical part of the ampoule;
2 — waist; 3 — spherical part of the ampoule (vapor cell);
4 — capsule with cesium; 5 — cesium vapor; 6 — condensed
cesium (liquid phase); 7 — nitrogen

Muueckor TepmonuHamuku. Kak uzBectno [15], onenka
TEPMOIMHAMUYECKON BEPOSTHOCTH M PA3PEIICHHOCTH XHU-
MHYECKHX PeaKIni Py 3aaHHOM TeMIepaType OCyIIecT-
BJISIETCS] HA OCHOBE pacyeTa M300apHO-N30TEPMHUECKOTO
norenmana AGY (aneprun I'mb6ca) paccmaTpruBaemMoro
B3aHMOJICHCTBHSI.

Pacuer AG% ONpEAEIIAOIEH IPOTEKaHUE B3aUMOIEH-
CTBUS C yYETOM I'a30BOM CpeJibl, BEIIIOJIHEH B COOTBETCTBUH
C BBIPQXKCHUEM:!

T
AG? = AHS9s — TASS0g + [ Cpdt —
298

T (M
— T | 1tACydt + RTInPg*,
298

e AHY — TemoBoit addekT nporecca (M3MEHEHHE JH-
TaIbIUN); ASTO — M3MEHEHHE DHTPOIMH CUCTEMBI; C) —
TEIIOEMKOCTh; T'— TeMmrneparypa; Py — OTHOCUTENBHOE
napluuagbHOE AABJIEHHE YYaCTBYIOLIEr0 B PEAKIMH KOM-
MIOHEHTa g Ta30BOM cpejibl; R — yHUBepcalibHasl Ta30Bast
MOCTOSTHHAS; k — CTEXNOMETPHYECKHUN KOI(DPUINEHT.

Jlnist BBISIBIICHUSI XUMHUECKUX COCIMHEHHH, 00pa3yio-
IUXCs IIPH 3aMOTHEHUHN STIEHKH, HEOOXOMMO PacCMOTPETh
cucrteMy «iesnit-azor-kuciaopon» (Cs-N»-O3). [lannas
crcTeMe BbIOpaHa B CBSI3M C TEM, YTO XUMUYECKasi aKTUB-
HOCTh CS HACTOIBKO BBICOKA, YTO OH pearupyeT ¢ O, B yc-
JIOBHSIX TITyOOKOTO Bakyyma, U ¢ Or, KOTOPBIH KaKk MPUMECh
npucyTcTBYeT B No, BHITIOIHSIONINM POJib Oy(epHOro rasa.

[ ananu3a mporecca oOpasoBaHust coequHeHuil Cs
HCTIOJIb30BaH METOJI OLIEHKHU ABOIOLNH IIBETOBOI raMMBl,
anpoOMpOBaHHBIN Ha MpuMepe GOpMUPOBaHUS PaCTpPoO-
BBIX PHCYHKOB M3 OKCHJOB THUTaHa [16] u Huobus [17]
Pa3IMYHON CTEXHOMETPHH HA TIOBEPXHOCTH CHEPHUECKIX
pOTOPOB AMeKkTpocTaTuueckoro [18] u kpuorenHoro [19]
rupockonoB. OCHOBAaHHEM CITYKHT TO, YTO COCAMHEHUS
Cs ¢ Oy u Ny UMEIOT MHUPOKYIO IIBETOBYI0 Tammy [20],
YTO TO3BOJISIET AENaTh MPEINOI0KEHHS O MOTydaeMBbIX
COCIMHEHUSIX.

Ipormecc nccnenoBaHus 3aKII0YANICSA B COTTOCTABICHUH
[[BETOBOW TaMMBbI, TIOTy4YE€HHOH! MPH 3aIOJHEHUN aMITYyIIbI
Cs u Ny, ¢ Hanbosee BEpoSTHBIM COYETAaHUEM XUMHUUECKHX
peaxiuii, IpOTEeKAONIUX B aMITysle U s4eike, 1 COOTBET-
CTBYIOIIMX yKa3aHHOM 1[BETOBOI ramme. JlanbHeiiiee Bbl-

440

Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3



0O.C. lOnbmeToBa, A.T. LLepbak, M.E. PeweTHsk, A.C. 3aBuTaes, A.H. LLleByeHko, P.d. lOnbmeToBa

JICJIEHUE U3 COYETaHUs peakluil TeX, KOTOpble OTBEYAIOT
YCJIOBHUIO OTPHUIATENbHBIX 3HaUeHUN AG7T ¢ ydyeToMm ee
BEJIMYMHBI, OIPEACIUT MEXaHU3M HanboJiee BEpOSTHBIX
MIPOIIECCOB, MPOUCXOSIINX B 3aMKHYTOH CHCTEME «aM-
nyJja-stuerikay.

KoHTponb (QyHKIIMOHATBHBIX ITapaMETPOB SUCHKH
MTO3BOJIUT BBISIBUTH HEXKEJIATEIbHBIC B3aMMOICHCTBHS, a
TIPEe/ICTaBICHHAs CXeMa 00ECIIEUUT BO3MOXKHOCTD CO3/IaHMUs
YIPaBIIIEMON TEXHOJIOTHH IPOLIECCA U3TOTOBJICHUS STUEHKH.

Hanbonee 00beKTHBHBII CIIOCOO KOHTPOIIS TapaMeTPOB
Ta30BbIX AYECK — PETUCTpALU JTMHHUU MOITIOMICHUA aTO-
MOB III€JIOYHOTO METaljla METOJI0M JIa3epHON CTIEKTPOCKO-
nuu [21]. [yis 5TOM 1emu Jiyd JIa3epHOTro U3Iyvarelis ¢ -
HOM BOJIHBI 894 HM, COOTBETCTBYIOIEH dHEPreTUUECKUM
niepexofaM aroMoB Cs, IPOCBEYMBAET LIEHTPAIBHYIO YacTh
nuccienyemMoi sueiiku. Cxema HCIonbp3yeMoil B padbore
9KCTIEPUMEHTAIIBHOM yCTaHOBKH IIPE/ICTAaBICHA HA pHC. 2.

Kaxk rokazaHo Ha puc. 2, B COCTaB SKCTIEPUMEHTAIBEHOMN
YCTaHOBKH BXOJIAT: JIA3CPHBIHN W3Nydarens /, portoguon 2,
HarpeBaresb 3 I CTaOWIM3any TeMITepaTyphl 1azepa u
STUEHKY 4, a Taroke ocuuiutorpad 5. B padore mpubopa st
ra30BbIX sueek ¢ Cs MOYKHO BBIACTHTH CIISTYIONIHE AUara-
30HBI pabounx Temneparyp sueek: 313-333 K [22, 23] n
333-393 K [24, 25].

Ha ocummiorpamme HaOntogaercss KOHTYp ONTHYE-
CKOT'O PE30HAHCHOTO IMOIJIOIIEHUS 6, IMUPUHA U CABUT
KOTOPOT'0 MO3BOJISIIOT OLEHUTH Kau€CTBO U3TOTOBICHHOMN
sTMeKH 1 JaBiieHne Oy(epHOTro rasa BHyTpH Hee. B ciryuae
OTKJIOHEHUS JaBJeHust OydepHoro raza oT HOMHHAJILHOTO
3HAYEHMs] KOHTYpP PE30HAHCHOTO MOMIOIIEHNUS Oy/IeT 3HaYN-
TEITBHO PACIIMPEH MITH CYKEH 110 CPABHEHHUIO C PACUETHBIM
3HaueHueM. IlpucyrcTBue npumeceil B ra3zoBoil cmecu
MIPOSIBIISIETCSI B YIIMPEHUU JIMHUU TTOTJIOIIEHMS.

IKCNepUMeHT U 00CyKIeHHe

O0pa3zoBaHNe BOZMOKHBIX XUMHUYECKUX COCTUHCHHH
ripu 3arnonHeHny sdekn Cs u OypepHBIM Ta30M OICHHUM,
paccmotpeB cuctemy Cs-No-Oj 1 BXOZSIIIHME B HEE CHUCTe-
MbI Cs-Nj, Cs-O; 1 N»-O;. B nanHOM ciyuae npu O4eBuI-
HbIX peareHTax — Cs 1 Ny — yuutsiBaercsa u O, KOTO-
pBIH KaKk IpUMech NPUCYTCTBYET B Np 0COOOH YHCTOTHI,
HCHOJIB3YyeMOM B KauecTBe OydepHoro raza. Hampumep,
quia nasnenus Np nopsiika 100 Topp napruanbHOE aBie-
nue O, cocrasisier nopsiaka — 5104 Topp. TTockobKy
XUMHYECKasl akTUBHOCTh Cs BBICOKA, OH OYEHb OBICTPO
pearupyet ¢ Oy 1 criocoOeH MOMIONIATh €ro MayeiIme
CIIebl U B YCIIOBHSX IITyOOKOTO Bakyyma. Mcxons u3 atoro,
nake Maible kommdectBa Oy, OypHO pearupyrormero ¢ Cs
[20] c oOpazoBaHueM pazTMIHOTO pofa OKCHI0B Cs, MOTYT
BJIHSITH Ha paboune mapameTpsl siueiiku. HeoOxomumocTs
aHau3a peakiuii B cucreme No-O, 00yciioBiieHa Temiiepa-
TYPHBIM BO37ieficTBHEM NpH nieperonke Cs n3 MUIHHApUYe-
CKOM yacTH amItyisl B cpepudeckyro (puc. 1) B ycioBusx,
Korna cdepuyeckas siueiika ¥ aMIysa npeaBapuTebHO
ObLTH 3anoMHEeHb! Ny,

B Tabn. 1 mpuBeneHs! peakuy U coeMHEHNUs, 00pa-
30BaHUE KOTOPBIX BO3MOXKHO B cucrteMax Cs-Nj, Cs-Op u
N»2-O.

Hnst cuctembr N>-O) B MHTepBaje TeMIIEpaTyp
298-772 K 3nauenus AG} Bcex peakmuii o0pazoBaHU

Puc. 2. Mopens cTeHa st KOHTPOJISI TapaMeTPOB sUEeK:
1 — na3epHsblii n3nydarens; 2 — ¢oroauon; 3 — HarpeBarels;
4 — cdepuyeckas sueiika; 5 — ocumiuiorpad; 6 — KOHTYp
OIITUYECKOTO PE30HAHCHOIO OMIOLCHUS

Fig. 2. 3D-Model of a stand for monitoring vapor cell
parameters: / — laser emitter; 2 — photodiode; 3 — heater;
4 — spherical vapor cell; 5 — oscillograph; 6 — optical
resonant absorption line

okcunoB Ny (Tabm. 1) Oompmre HyIs: 98 K K/MONb 15
N>O, 175 xJx/mMons mis NO, 105 kJx/monb mist NO;,
143 xJx/moinb mutst NoO3 u 116 kJ[x/mMoms st NoOs.

Takum 00pa3oM, pacdeTsl MOKa3aal HEBO3ZMOXKHOCTD
00pazoBaHMsI yCTOMYMBBIX OKCHIOB N, B 3aMKHYTOH aMITy-
ne ¢ mapamu Cs. J[s yka3aHHOM CHCTEMBI C TOYKH 3PEHHUS
TepMOAMHAMHUKH paspemiensl peakuuu Cs ¢ Ny u Oy ¢
o0Opa3oBaHHEM HHUTpaTa, HUTpUTA U OKCUIOB Cs.

Hcxonst n3 u3BecTHbIX nctounukos [20], Cs He BCTy-
naet B peakuuio ¢ Ny 1pu OOBIYHBIX YCIOBHUSIX, OAHAKO
OTMEYaeTCs BO3MOXKHOCTD B3aUMOJICHCTBYSI ITPH HAarpese,
MIPUYEM yKa3bIBaeTCsl Ha HECTaOMIBHOCTE coequHeHni Cs
¢ Nj. Peakuus CsN3 TepMOIMHAMUYECKH 3allpelleHa, 4To
coryacyercsi C JaHHBIMH Pa0oTHI [26].

PaccmoTpuM BO3MOKHOCTH 00pa3oBaHUsS HUTPHUTA
CsNO; n auTpara ne3ns CsNO3, 94To 0CyIIeCTBIICTCS IPH
y4acTHM TpeX KOMIIOHEHTOB II€3Usl, a30Ta M KUCIOPO/a:
2Cs +207 + Ny — 2CsNO;, u 2Cs + 30, + Ny — 2CsNOs.

JI1st coeTuHeHuiA, MPUBEICHHBIX B Ta0u. 1, u peakuuit
oopaszoBanuss CsNO; u CsNO3, UCTIONB3Ys 3aBUCUMOCTh
(1), paccuntaem 3HauEHUS AG} npu 727 n 772 K — tem-
neparypsl [27] mapoodpazosanust Cs ipu 50 u 100 Topp
COOTBETCTBEHHO, IIPH KOTOPBIX OCYILECTBISIETCS IEPETOHKA
Cs 13 aMIyIbl B TYEHKY.

3nauenust AG727 k, AGaog k 1 AG772 k UTsl peakuui B
cucremax Cs-Oy u Cs-0,-N», a Taxke XapaKTepUCTUKH 00-
pasyronIuxcst OKCHAOB, HUTPUTA M HUTPATa TPE/ICTABICHBI
B Tabm. 2. [lna pacdera AG?Y ucnionb3oBaHbl CIIPaBOYHBIC
marepuansl [20, 26-28] u sHumkIonEAuUs L.

Ha puc. 3 npencraBnens! rpaduyeckre 3aBUCUMOCTH
n3MeHenus AGr ot Temiiepatypsl B uHTepBaie 250-750 K

I Xumuueckas sHUMKIONEAUS: B 5 T. MockBa: Bonbmias
Poccuiickas sunukiaoneaus, 1999. T. 5. 783 c.
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Tabnuya 1. Coenunenus B cucteme Cs-Np-O»

Table 1. Compounds in the system Cs-N»-O;

Coenunenns B cucreme Cs-Ny Coemunenus B cucreme Cs-Or Coenunenust B cucreme Nr-On
aszun 1e3ust (CsN3) Haanepokcus 1esus (CsOo) okcua auazora (N,O)
2Cs + 3Ny — 2CsN3 Cs + 0y — CsOy 2N, + Oy — 2N,O
Hutpun 1esus (Cs3N) okenp nesus (Cs;0) MoHookcu] azota (NO)
6Cs + Ny — 2Cs3N 4Cs + Oy — 2Cs,0 N, + 0y — 2NO
niepoken nesus (Csy07) nuokeun azora (NO3)
2Cs + Oy — Cs0n N> +207 — 2NO,
o3onu] 1e3us (CsO3) okenp azora (111) (N2O3)
2Cs + 30, — 2CsO3 2N, + 30, — 2N,03
cyookenn nesus (CssO) neHTaokeua auazora (N2Os)
8Cs + Oy — 2Cs40 2N, + 505 — 2N;05
cyookeun nesus (Cs70)
14Cs + 70, — 2Cs70
oxcup tpunesns (Cs30)
6Cs + O — 2Cs30
Tabnuya 2. 3Hauenus AG% s cucteM Cs-Or u Cs-0,-N»p
Table 2. AG% values for systems Cs-O; and Cs-O,-N»
AGros K, AG77 K, AG72 K,
Coenunenne Peaxius o e K T/MOTD KT/ MOTD Onucanue 1BeTa
Coenunenus B cucreme Cs-O;
Csy0 4Cs + O — 2Cs,0 -203,6 -137,63 -130,73 KopudaHeBo-KpacHEIi, IpU HarpeBa-
HUH KAPMHHOBO-KPACHBII IIBET, 3aTEM
YepHbII
Csy05 2Cs + Oy — Cs70, -240,00 -159.36 -150,89 CBeT0-)KENThII, KOPUYHEBBIH, BBIIIE
923 K paszmnaraercs
CsO, Cs + 0y — CsOy -291,01 —188,63 -177,89 KenTblil, opaH)KeBBIH, 30JI0TUCTO-KO-
puuHeBbli, Bbie 623 K pasnaraercs
CsO3 2Cs + 30, — 2Cs0;3 -259,26 -114,06 -98,83 OpamxkeBo-KkpacHblif, mpu 343 K pasz-
Jlaraercs
Cs40 8Cs + O — 2Cs40 -128,14 -80,87 -75.91 KpacHoBaTto-kopuuHeBbIH
Cs70 14Cs + Oy — 2Cs70 -94,64 -51,32 —46,78 Bpon30BbIii
Cs30 6Cs + O, — 2Cs30 —153,58 -101,02 -95,51 UepHbll, TEeMIIepaTypa pasioKeHUs
439 K
Coenunenus B cucreme Cs-0,-Ny
CsNO», 2Cs + 20, + Ny — 2CsNO;, -371,96 -275,64 -265,54 BbrenHo-kenToiii
CsNOj3 2Cs + 30, + Ny — 2CsNO3 -451,60 -321,44 -307,79 BecuserHbIit

JUTS TEPMOIMHAMHUYECKH Pa3peIeHHBIX B3aNMOICHCTBHH,
MIPUBEICHHBIX B TA0M. 2.

BrinonHuM sKCcriepUMEHT, OCHOBaHHBIM Ha COMOCTaB-
JICHUH I[BETOBOI TaMMBbl, 00pa30BaHHON B aMITyJIax MOCIe
BCKPBITHS B HUX Karcyn ¢ Cs, U pa3IUYHbIX COCTOSHUIN
3aMKHYTOH CHUCTEMBI, OIpEesieMbIX CO3/1aBaeMoil B aM-
nyJax cpeoi, U NpoTeKaHUEM KOHKPETHBIX TePMOUHA-
MHUYECKH pa3pelieHHbIX peakuuil B cucreme Cs-Njy-Oa, B
pe3ysbTare KOTOPhIX 00pa3yroTcs COCAMHEHUS] COOTBET-
CTBYIOIIIETO IIBETA.

Tpu CTEKIISTHHBIC aMITYITBI, U3TOTOBJICHHBIC TPAIHIIHOH-
HBIM CTEKJIOTYBHBIM METOIOM (pHC. 4), BKIIOYAIOIINE IIH-
JTUHIPUYECKYIO 30HY U C(HEePUIECKYIO YaCTh, IPEACTABIS-
OITYI0 cO00M sueiiky (puc. 1), moaBepraauch XUMUIeCKON

TIPOMEBIBKE, CyIIke U TepmooOpadotke [11]. B xaxmayro u3
TPEX aMILyJl IOMEIIAJICs KalCyINPOBAHHbINA B CTEKIHHYIO
00010uky Cs BeICOKOH 9rcTOTHI (99,999 %) B KONMHUECTBE
5 mr. Jlanee nByxcekunonHas ammyna / (puc. 4) BakyyMmu-
poBasiach 10 aasienus 7,510~ topp, amiyna 2 3amoiHs-
nack Ny ¢ naBnenuem 50 topp u amnyna 3 — N ¢ aaBie-
nueM 100 Topp. Ha cienyromem sTane npou3BoAUIOCH
BCKpbITHE Karcyi ¢ Cs, HarpuMep, ylapHbIM BO3/IeHCTBHEM
TTOMEIIEHHOTO B TEXHOJIOTMYECKYIO aMITyJly MarHUTHOTO
METaJUINYECKOTO MAPUKa-MOJIOTOUKa B CTEKJISTHHOM 000-
nouke [29], ¥ meperoHka TeIUIOBBIM BO3ICHCTBHEM MTapoOB
Cs B c(hepHdIecKyIo 4acThb.

Ha puc. 5 mpuBenens! npu 15-kpaTHOM yBeaude-
Huu dororpaduu amimyi. [lopsgok pazmereHus: aMmmys
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Fig. 3. The dependence of the change in Gibbs energy vs.
temperature for the formation of compounds in the Cs-O,-N»
system

Puc. 4. AMIyniel ocie 3amoHeHUs e3ueM: / — BaKyyM
7,5-10-2 Topp; 2 — 50 Topp azora; 3 — 100 Topp azora

Fig. 4. Ampoules after filling with cesium: / — vacuum
7.5:1079 torr; 2 — 50 torr of nitrogen; 3 — 100 torr of nitrogen

Puc. 5. Cpepuueckas yacth amryit: Bakyym 7,5-10-2 topp (a); 50 Topp asora (b); 100 Topp aszora (c). I{unungpudeckas yactb
ammyit: Bakyym 7,5-10-9 topp (d); 50 Topp asora (e); 100 Topp azora (f)

Fig. 5. Spherical part of ampoules: vacuum 7.5-10- torr (a); 50 torr of nitrogen (b); 100 torr of nitrogen (c). Cylindrical part of the
ampoules: vacuum 7.5-1079 torr (d); 50 torr of nitrogen (e); 100 torr of nitrogen (f)
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aHajorudeH puc. 4 (Ha puc. 5, a—c MOKa3aHbl STYEUKH,
puc. 5, d—f — nunauHApUYecKas 4acTh aMITyll).

OueBUAHO, YTO aMITyia /, B KOTOPOH MpeaBapuTeNbHO
ObuI co3man BakyyM 7,5+ 102 Topp u orcyrcTBoBan Oydep-
HbIH ra3 — N, 3anonHeHa yuctbM Cs. Cs B )KUAKOM arpe-
TaTHOM COCTOSTHMM MMEET XapaKTePHBIM METaTMICCKUH
30JIOTUCTBIN IBET.

Bcexkpritre kamncyn ¢ Cs, 3anmoaHeHHBIX Nj, PUBEIIO
K (opmupoBanmio coenuHerni Cs B cucteme Cs-Njp-Os.
[Tpuuem npu napumansHoM aaeiaeHur Ny 50 Topp (amiry-
7a 2) UBET COCAMHEHUI KOPUYHEBATO-30JI0THCTHIN, a IPH
100 Topp amnyna ¢ Cs uMeeT MeHee BhIPaKEHHBIN KOpUY-
HEBAaTbIli OTTEHOK.

[TomyueHHyI0 pa3HUIly B IBETE MOXKHO OOBSCHHUTH TEM,
yTO npu gasieHuu Ny 100 Topp nmapuuanbHOe JaBleHUE
O, B ammyne cocrasiusiet 5-10~4 Topp, T. €. B 1Ba pasa
OoJIbIIIe IO CPABHEHUIO C aMITyJIOH, B KOTOPOH JaBiIeHue
Ny — 50 TOpp, 4TO BAMSET HA CKOPOCTh BO3MOXKHBIX B3a-
nmogpeiicteuit [30]. KonmryecTBeHHO 3aBUCHMOCTD MEKIY
CKOPOCTBIO PEaKIMU 1 MOJISIPHBIMH KOHIICHTPAIUAMH pe-
arupyroInX BEIIECTB ONMMUCHIBAETCS OCHOBHBIM 3aKOHOM
XUMHMYECKOM KHHETUKH — 3aKOHOM JIEHCTBYIOIIMX Macc
[31], ompenensronum, 94T0 CKOPOCTh XUMUUECKOW peaKInu
MIpU TIOCTOSHHOM Temmeparype IpsMO MPONOpIHOHATbHA
MIPOU3BEICHUIO KOHIIEHTPAIUil pearupyonux BeuecTs.
MoyHO NpeAnonoKuTh, 4yTo 1ist peakiuit Cs ¢ O,, mpen-
CTaBJICHHBIX B Ta0M. |, BIMSHUE N3MEHEHHS OTHOCHUTEIb-
Hol KoHIeHTpaK Oy Ha CKOPOCTh OyJeT Pa3INnIHBIM.

[Tockonbky B ammynax, B KOTOPBIX JaBieHne Nj co-
crasmsuio 50 u 100 Topp, mpoucxoauT GopMUpOBaHUE KO-
pUYIHEBO-OYpHIX 00pa30BaHMM, TOTJA KaK HUTPAT ME3HUs
CsNO3z — 6ecuBetHbIi, a HUTPUT CSNO, — OneaHO-Ke-
TBIH, 110 I[BETOBOMY NPHU3HAKY 00pa30BaHNE HUTPUTOB U
HUTPATOB Ha CTaJUN 3al0JHEHNS sTdeiKi Cs NCKITIoYaeTcsl.

Taxkum o6pa3om, pa3nuyus B I[BETOBOI ramme o0y-
CJIOBJICHBI MapIUaIbHBIMU JABICHUSIMHU B aMIylax Kak
O,, Tak u N».

ITo COBOKYITHOCTH MPU3HAKOB — L[BET U OTPHIIATEIb-
HOE 3HaueHue YHepruu ['mddbca — MOKHO CUMTATH, UTO
HauOosee BeposiTHO obpazoBaHue CspO, U3 KOTOPHIX 00-
pazyemMoil iBeTOBOM ramMmMme cooTBeTcTBYIOT Cs70, Csr02,
Cs03, CsO3 u cybokenmpl Cs4O u Cs;70. HckimodaeHneM 1mo
LBETOBOMY TIpH3HAKY sBisgeTcs Cs30O, nMeromuii 4epHbIit
1BeT. Hanbompryro TepMOIHHAMUIECKYIO Pa3pEIIEHHOCTD
obpazoBanms umeet CsOy;.

Harpes ammyn 0 temneparyp napooOpasoBanus Cs!
npu 50 u 100 Topp, cocrasmsiromux 727 K u 772 K, He
BBISIBIJI PA3JIOKEHUH HAXO/SIIIUXCS B aMITyJIe COCIMHEHHH,
4yTO cormacHo pabdote [20], cBotictBeHHO Csy0s u CsOs.
Mertox UCKITIOUSHHIT 10 IIBETOBON raMMe, a TAKXKe OIICHKa
PEaKINM COCMHEHNS, HAXOAAIIECTOCS B aMITyJe, Ha yclIo-
Bl HarpeBa MOKa3aJid, YTO €AMHCTBEHHO BO3MOXHBIMH
coequaeHusAME ocTarotrcs Cs4O u Cs70, nmeromue 6poH-
30BO-KOPUYHEBBIN OTTEHOK (pHC. 5, €).

Ha puc. 6 nmpencraBiaeHbl THHUH TOMIOIIEHHS IIeI0Y-
Horo Metaiuia (Cs) AJst TpeX SKCIEePUMEHTAIBHBIX 00pa3-
OB stueek: BakyyMm, S0 Topp u 100 Topp N».

W3 puc. 6 BUAHO, 4TO BO BCEX TPEX sUeHKax HaOIo-
JlaeTCsl pe30HaHCHOE MorIoleHne ceera aromamu Cs, 4To
CBUJICTEIILCTBYET O NMPUHLUIHAIBHON BO3MOKHOCTH HC-
TIOJTb30BAaHMS IAHHBIX SYEEK B COCTABE KBAHTOBBIX MPHOO-
POB, TAKMX KaKk MarHUTOMETpbl. OJJHAKO PUCYTCTBYIOT SIB-
HbIE pa3n4us B (popmMe JIMHNI pe30HAHCHOTO MOTIIOIECHHSI.

B BakyyMHOM siueiike BMECTO 0XKHMIAEMBIX YETBIPEX Y3-
KHX ITUKOB TTOIVIOIIEHHUSI, COOTBETCTBYIOIINX YETHIPEM KOM-
MIOHEHTAaM CBEPXTOHKOH CTpyKTyphI xyornera D1 B atome Cs,
BUIHBI TOJIBKO JIBa HIMPOKHUX IHKA. C YBEIIMYCHUEM J1aBJIC-
Hust OyepHoro raza Ny IpOUCXOAUT AajbHelliiee yiupe-
HUE JIMHUI TorIomeHus, ¥ ipu nasneHuu 100 Topp ueTbipe
nepexoja CIMBAIOTCS B OJHY OOIIYIO IINUPOKYIO JIMHUIO.

DT10T 3P PEeKT 00YCIOBICH CTOIKHOBUTEIBHBIM YIITHU-
penunem, xorna aroMbl Cs HCIBITHIBAIOT COYIApEHHs C aTo-
MaMH Oy(epHOTo ra3a, NpUBOSIINE K PAa3MBITHIO YHEP-
TETHYECKUX YPOBHEH U COOTBETCTBYIOLIEMY YBEIMUCHUIO
CIEKTPAJIBbHBIX JTMHUH MOTIIONMIEHNS. YeM BhIIe JaBiIcHUC
OydepHOTO Ta3a, TEM HHTCHCHBHEE CTOIKHOBCHHUS M CHITh-
Hee P PEeKT YIUPEHUs TNHIH.

OnHaKo cTeneHb YMUPEHHUS B 9KCIEPUMEHTATbHBIX
sTUEHKaxX 3HAYUTEIBHO MPEBBINIACT TCOPETUUCCKH OXKH-
naemyto. Eciu ucrnonb3oBaTh KOAQQGHUINEHT CTOIKHOBHU-
TeNbHOTO yimpenus st cucrembl Cs-Ny 15,82 MI'/Topp,
NpUBE/ICHHBIH B padote [32], To mosyyaercs, 4To Hadro/1a-
€MBI B 9KCIIEPUMEHTE CIIEKTP JUIsl SYCHKH C HOMUHAIGHBIM
naBiaeHueM Ny 100 TOpp COOTBETCTBYET (PaKTUUECKOMY
Jasienuto He menee 200 Topp.

[TpranHa cTONIBH 3HAYUTENHFHOTO MTPEBBIICHNUS YKCIIEPH-
MEHTAJIFHO HAOJIIOaeMOT0 YIINPEHHS HAJl TEOPETHUECKH

I Xumudeckas sHOMKIoneaus: B 5 T. Mocksa: Bounpbias
Poccuiickas sanukmoneaus, 1999. T. 5. 783 c.
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Puc. 6. Jluaum nornomeHus nesust: Bakyym (a); 50 Topp azora (b); 100 Topp azora (c)
Fig. 6. Absorption lines of Cs: vacuum (a); 50 torr of nitrogen (b); 100 torr of nitrogen (c)
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1. ®opmoobpazoBanue
aMITYJIbl CTEKJIOYBHBIM
METOZIOM

4. BekpbITHE KaIlCyIbl 5. Tleperonka nesus
B CpeZie BaKyyMa

2. IpombIBKa/ 3. BaxyymupoBanue 6. 3aroJHeHHE a30TOM,
obe3raxuBaHue aMITYJIbI C [IE3UCBOM oTnaiika cepraecKoi
Karcynoi PN

Puc. 7. TexHogorndeckasi cxema U3roTOBJICHHS Ta30BOM SUCUKH

Fig. 7. Technological process for manufacture of a vapor cell

0XXHMJIaEMBIM 3aKJII0OYAeTCsl B HAJIMYUU B ra30BOH CMECH
JPYTHX KOMITOHEHTOB, KpoMme OydepHoro raza. Kak 0bu10
MTOKA3aHO TEOPETUYECKUM AHAIM30M U MOJATBEPKIEHO
9KCTIEPUMEHTAILHBIMU HAOIIOCHUSIMU [[BETOBOH T'aMMBI,
BO BpeMs 3aIroJHeHus staeiku nmapamMu Cs MpOUCXOIUT
o0Opa3oBaHNe IPUMECHBIX CyOOKcHIoB Cs, KOTOPBIE BHO-
CSIT BKJIAJl B CTOJIKHOBUTENBHOE YIIUPEHUE CIIEKTPAIbHBIX
JUHAN, YCHIINBas 00U A GEeKT ymupeHus.

Takum 00pa3om, CIIPOrHO3UPOBAHHOE TEOPETHYECKH U
MO/ITBEPIKICHHOE IKCIIEPUMEHTAIBHO 00pa30BaHUE TPH-
MecHbIx Cs40, Cs70 B mpoliecce 3anogHeHns SYeiKk Tpe-
OyeT yuera npu pOpMHUPOBAHUHU TEXHOJIOTHUECKOH CXEMBI
M3TOTOBIICHUS Ta30BOW sSYelKkH. MOXKHO IpeIosiararh,
4TO 00pa30BaHNE HEXKENATENbHBIX COeTMHEHHUH B OOIBIIICH
Mepe MPOUCXOIUT B ra3oBoii cmecu Cs ¢ Ny Ha cTaun Ha-
TIPaBJIEHHOTO TEIIOBOTO BO3/ICHCTBHS HA IIMITNHPHIECKYIO
YacTh aMITyJIbl. TeXHIUEeCKOe perIeHne PoOIeMBbl 3aKITIO-
YaeTcst B TOM, YTO BHaYaJIe aMITyiry 3arnoissioT Cs u ocy-
LIECTBISIIOT €ro MEPEroHKy B siUeiiKy, HCKIIIoUas KaKue-
MO0 XUMHUYECKHE B3aHMOHeﬁCTBHH B 3aMKHyTOI71 CHUCTEMC
(ammyna / Ha puc. 3). 3aTeM 3aMoNHAIOT aMITylTy U sS9ei-
Ky N2, MUHUMU3UPYSL BO3MOXKHOCTb B3aUMOACHCTBUM.

[pemnaraemas ycoBepIIeHCTBOBaHHASI CXeMa TEXHOJIO-
THYECKOTO Tporecca ¢ yuetom oopasosanus Cs40, Cs70 u
Mep 110 UX MUHUMH3ALUK IPUBE/ICHA Ha pHcC. 7.

CornacHo mpe/ICTaBICHHON CXeMe, CHavyala OCyIIecT-
BisieTcst popmMooOpa3zoBaHUE CTEKIOLYBHBIM METOIOM
CTEKJISTHHOM aMITyJIbl, UMEIONIeH HUINHIPUICCKYIO H
cthepugeckyro 30HBI. Claexyroniuii mar — IpPOMBIBKA H
obe3rakuBaHKe aMITyIbl. Jlanee ciaemayeT BakyyMHpPOBaHHUE
aMITyJIbl ¢ Le3UeBoH Karncynoi. [Tocie yero mpousBoaures
BCKPBITHE KaIICyJIbl B CPE€ BaKyyMa B LIWJIMHIPHUUYECKOM
30He ammyibl. Creyromas onepamus — TeMIeparypHas
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time quantum control of spin-coupling damping and application in
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N 2. P. 101832. https://doi.org/10.1016/j.xcrp.2024.101832

3. LiR., Quan W., Fan W,, Xing L., Fang J. Influence of magnetic fields
on the bias stability of atomic gyroscope operated in spin-exchange

nieperonka Cs U3 IIJIHHIPUICCKON YaCTH B CPEPHUCCKYIO.
DUHUIIHON onepanyel IBIsieTCsl 3aoIHeHUe aMITyJibl Np
M OTIaMKa.

3akJ/iouenne

Pa3paborana MeToMKa aHaTU3a MPOIIeCCca 3arOTHCHHSI
ra30BbIX SYCCK MICIIOYHBIM METAJUIOM U Oy(hepHBIM ra3oM
Ha MpUMepe LEe3Usl U a30Ta, OCHOBAHHAS HA COMOCTaBICHUH
LBETOBOM raMMbl, OJTYYEHHON MPHU 3al0JIHEHUN aMITYJIbI
[[e3MEeM W a30TOM M COBOKYITHOCTH TE€PMOJHMHAMHYCCKHU
Pa3peIICHHBIX XUMHUYECKUX PEaKIUil B CHCTEME «IIC3Hi-
A30T-KUCIIOPO» C TIOCIEAYIONINM BEIICTICHHEM PEaKIni,
MIPOIYKTHI KOTOPBIX COOTBETCTBYIOT YKa3aHHOM IIBETOBOI
ramMmme.

JI71st 0OBEKTUBHOTO KOHTPOJIST PYyHKIIMOHATBHBIX TIapa-
METPOB U3TOTOBJICHHBIX I'a30BbIX sIUYCCK OBbLI UCIIOIB30BAH
METOJ] JIa3€pHOU CMEKTPOCKOMUHU TOTIOIMIECHUS, 3aKIII0-
YAIOUIUIICS B PETUCTPALUU CHIEKTPAIbHON JIMHUU TIOTIIO-
IIEHUS CBETa aTOMaMHM I€3Ms Ha JJIMHE BOJHBI 894 HM,
OlICHKE €€ IIMPUHBI U CPAaBHEHUU C TEOPETUUYECKUM 3Ha-
yeHreM. OOHApY)KEHHOE YIIHMPEHUE JTHHUU TTOTIOIICHUS
CBHJICTEIBCTBYET O IPHUCYTCTBUU JOMOIHUTEIHHBIX CO-
SIMHCHUI 1Ie3Hs B Ta30BOM Cpeie STYCHKH, YTO COTTIACYETCS
C pe3yJbTaTaMH TEPMOAMHAMUYECKOTO aHaIN3a BO3MOXK-
HBIX XUMHYECKHUX PEaKIUil B CHCTEME «IIE3Mii-a30T-KHC-
JIOPOII».

[IpennokeHa TEXHOJIOTHYECKasi CXeMa, BKITIOYArOIIast
MOCJIEIOBATENHHOCTD OTEPAIUil PY U3TOTOBIICHUH STUEEK
MarHuTOMeTpa, OCHOBaHHAsI HA KOMIUJIEKCHOM aHAIHM3e U
OIIEHKE MPOIIECCOB, B TOM UUCJIE TEPMHUUECKU aKTUBUPY-
€MBIX, MPOTEKAIOIIUX MPH 3aMIOJHEHUU SUEHKHU 1Ie3UeM U
a30TOM.
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AHHOTaNMA

Bgenenne. B paboTe HU3KOTEMIIEpaTypHBIM HOJIUMEPHO-COJIEBBIM METOAOM CHHTE3HPOBAHBI JUCIEPCHBIE TTOPOIIKH
amomoutTpueBoro rpanara (AUI), momuduupoanHoro BaHagueM (V) U MPOBEICHO COMOCTABICHUE X CTPYKTYPBI
C MOHOKPHUCTAJUIAMH, BBIPAIIEHHBIMH TPaJUIMOHHEIMU BEICOKOTEMIepaTypHbIMH MeTonamu. Mertoa. CTpykrypa,
MOpP(OTOrus U XUMHYECKHH COCTAaB MAaTEpPHAIOB HCCIEIOBAHBI METOJaMHU PEHTITEHO()A30BOTO, AIEKTPOHHO-
MHUKPOCKOIIMYECKOTO ¥ YHEPTOJUCIEPCHOHHOTO aHaIn30B. Ha ocHOBaHMM MaHHBIX PEHTIeHO()A30BOTO aHAIH3a
BBITIOJIHEHBI PAcyeThI TapaMeTPOB IEMEHTapHBIX sTueek KprcTauioB AU B MoydeHHBIX OPOIIKaX ¥ MOHOKPHCTAILIAX
U OLICHKA CPEIHEro pazMepa KpUCTaJUIOB B OpOLIKax. Pe3ynbraTel Hcciae0BaHU CTPYKTYPbI OTy4YEHHBIX [TOPOIIKOB
COIOCTaBIIEHbI C JaHHBIMU MOHOKpHCTa/I0B AWI':V, BbIpallleHHBIX BEICOKOTEMIIEpaTypHbIMH MeToiaMu. OCHOBHBIE
pe3yasbTarsl. [loka3aHo, 4To AUCTIEpCHBIE TOPOIIKH, MOTYYEHHBIE BO BpeMs TepMooopadoTku mpu 1000 °C B xome
CHHTE3a, COCTOST U3 MUKPOCKOITMYECKHUX arperaroB HaHokpuctamioB AUI:V, umeromux cpexnuii pasmep 43 HM u
KPHUCTAINTNIECKYIO CTPYKTYPY, XapaKTepHYI0 JUIst MOHOKprcTauioB AUIT. YeTaHOBIEHO, 9TO BXOXK/ICHIE HOHOB BAaHAINS
B CTPYKTYpy Kpuctauio AWUD u 3amenienne umu HoHOB A3 conpoBoskiaercs neopmanueii sneMeHTapHoi stueiku.
[ToxazaHo, 4TO 3TO sIBJIICHHE HAOMIONaeTCs Kak B MOHOKpucTamuiax AVI:V, BEIpaleHHEIX BEICOKOTEMITEPATYPHBIM
METOJZIOM, TaK M B JHCHEPCHBIX ITOPOIIKAX, N3TOTOBICHHBIX HU3KOTEMIIEPATypPHBIM ITOJIHMEPHO-COIEBBIM CHHTE30M.
DKCIepUMEHTAIbHbBIE PEe3YJIbTAThl, MOJYyYSHHbIE METOAOM HH(PPAKPACHONW CIEKTPOCKOINH, MTOKa3aau OJIU30CTh
CTPYKTYpBbl HAHOMIOPOIIKOB U MOHOKpHucTaioB AUI:V. O0cy:xnenne. CuHTe3upOBaHHbIE JUCIIEPCHBIC TOPOLIKU
MOTYT OBITh HCTIOIB30BAHBI AT CO3AAaHMs CBETOMOIIONIAIONIE ONTHUECKON KEPaMHUKN HITH OPraHO-HEOPTaHNUECKHX
KOMIIO3HTOB.
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Abstract

Nanoscaled YAG:V powders were synthesized using low-temperature polymer-salt method. A comparison of their
structure with monocrystals structure was performed. Structure, morphology and chemical composition of materials
were studied using XRD, SEM and energy-dispersive X-ray spectroscopy. Estimation of average sizes of nanocrystals
and crystal cell parameters was performed based on XRD data. The results were compared with the results obtained
earlier for YAG:V monocrystals. Nanopowders synthesized at 1000 °C consist from microscopic aggregates of YAG:V
nanocrystals with average size of 43 nm and crystal structure characteristic for YAG monocrystals. It was found that
V3* incorporation and their substitution of aluminum ions leads to distortion of crystal cell. It was shown that this
phenomenon is observed both in YAG:V monocrystals and nanopowders synthesized using low-temperature polymer-salt
method. The infrared spectroscopy data shows the similarity of the monocrystal and nanopowders structure. Obtained
powders can be applied for fabrication of light-absorbing optical ceramics and organo-inorganic composites.
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BBenenue

Amromounttpuesbsiii rpanat (AUDN), monudunuposaH-
HBbIH BaHameM (V), IpUMEHSIETCs B JIA3EPHOM TEXHUKE TS
CO3MaHMA MTACCUBHBIX 3aTBOPOB [1-6]. 1 MX M3rotose-
HUS 9aCTO UCTIONB3YIOTCAS MOHOKprcTamisl AUL:V [2, 5],
HO pa3paboTaHa U ONTHYECKast KepaMUKa Ha OCHOBE 3TOTO
Marepuana [2].

Wons! V B kpuctamnax AUI" MoryT HaXoAuThCs B pas-
JMYHBIX BAJCHTHBIX (POPMax, COOTHOLICHHE MEX/Y KO-
TOPBIMU 3aBUCUT OT OKHCIUTEIbHO-BOCCTAHOBUTENIBHBIX
YCIOBHI T€XHOJOIMUYECKUX MPOLECCOB POCTa U MOCIETy-
IOLIET0 OTKHUra KPUCTAIoB [2]. DTH HOHBI B T€TPadIpU-
4yeCcKol KOOpAMHALINY 3aMelatoT B kpucTtayuiax AT noHst
A" ¥ XapakTepU3ylTCs HaTHYHEM HECKOJIBKUX MOIOC
ToTyIonIeHNs B BUIuMon u ommkaelt UK (mHdpakpacHoif)
00ITacTAX CHeKTpa ¢ MAaKCUMyMaMH{ Ha JUTHHAX BOJH 424,
598, 822, 1098 u 1282 um [1, 7]. ITomock MOTIOIIEHHS TIPH
makcumymax 1098 u 1282 Hm cBszanbl ¢ HoHamu V37, a
424 uM — ¢ nonamu V4 B TeTpasapuyecKuX KOOPAMHALM-
ax. [Tomoca 598 HM siBNAETCA pe3yabTaToOM MEPEeHATIOKEHUSA
I0JIOC TIOIVIOIIEHHUsI MIOHOB V3T B OKTasupuueckoii u V4T B
TeTpa’dpuieckoi koopanHanusax [1].

Jis nomydenus MmoHokpuctamuios AUI:V npumenstor-
sl TPQAULIMOHHBIE BEICOKOTEMIIEPATYpHbIE MeTOAHI [ 1, 5].
Bwmecre ¢ TeM Ui cuHTE3a JIIOMHHO(GOPOB M MOPOIIKOB
AUT ucrnionb3ytoTest Gosiee MpOCThie B SKOHOMUYHBIE JKHU/I-

KoCcTHBIE MeTobl [8—13]. Jlns cuHTe3a Hanodactui AWT
YacTO MPUMEHSIOTCS HU3KOTEMIEpaTypHBIE METOABI (CO-
OCaXJIeHHe U3 pacTBopoB [2, 14], 3omp-rens [11, 12, 15],
MOJIMMEPHO-CcosIeBor MeToA [9, 13] u npyrue).

[Tomy4eHHbIe HU3KOTEMIIEpaTypPHBIMU METOIaMH HaHO-
nopoiukn AW ucrosp3yroTest B KauecTBe JJIOMHUHO(OPOB
[8-10, 12, 16] u ay1g moayueHUs: ONTUUYECKON KepaMUKH
[4, 14, 17, 18]. CBeTonoromnaroiias kepaMruKka Ha OCHOBE
AMUI nepcriekTuBHA AJ1s1 IPUMEHEHHUS] B MOLHBIX JIA3E€PHBIX
cucreMax [4, 17, 18]. Ilotomy pa3paboTka METOIOB MOTY-
YeHHsI HAHOMIOPOIITKOB, COMEPKAINX MOAH(DHUIINPYIOIHE
KOMIIOHEHTEI, SIBIIICTCS 3afadeld 1 HeOOXOAUMBIM 3TaTlOM
pa3paboTKH CBETOMOTJIONIAIOIICH ONTHYECKOH KepaMUKN
n3 AUL.

Ienp HacTosmIet paboThl — pa3zpaboTKa METOAUKH
MOJTMMEPHO-COJIEBOTO CHHTE3a M MCCIIEIOBAHNE CTPYKTY-
PBI HAHOTIOPOILIKOB MOIU(HIIMPOBaHHOTO BaHaauem AU
B COIMOCTAaBJICHUH C aHAJIOTMYHBIMA MOHOKPHCTAJJIAaMHU,
BBIPAICHHBIMU TPAJUIMOHHBIM BBICOKOTEMIIEPATyPHBIM
METOJIOM.

MarepuaJjbl M MeTOAbI

B nmacrostme#t padore mist cuatesa yactuiy AUV uc-
MIOJIH30BaH KHIKOCTHOH MOJMMEPHO-COTIEBOI METOI, OTIH-
caHHbIi B padote [9]. B kauecTBe ncxoqHOro mMarepuaina
JUIsL CUHTE3a IPUMEHEH BOJHBIN pacTBOP, COJECPIKAILUI HU-
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MoNMMEPHO-COIEBO CUHTES 1 UCCIe0BaHNe CTPYKTYPbl HAHOMOPOLLKOB. ..

Tpatsl anroMuHust (2,98 macc.%) u urtpus (2,31 macc.%),
Banazar ammonwust (0,02 macc.%), NONMMBUHWITUPPOIHAIOH
(M =25 000 r/monb, 2 Macc.%) U COISTHOKHCIIBIA THapa-
3uH (0,04 macc.%). Jlo6aBka MOTMBUHUIIIHPPOITHIOHA
WCITIOJIb30BaHA JJIsI CHHTE3a U3 PACTBOPOB HAHOYACTHI]
AWT, MmonnuImpoBaHHBIX PEIKO3EMEIbHBIMA HOHAMHI
[9, 11, 13]. ConssHOKHCIBII THAPa3WH T00aBICH B PACTBOP
JUTSL BOCCTAaHOBJICHHSI HOHOB V. PacTBop OBLT BEICYIICH
npu 70 °C, 3aTeM MOTyYEeHHBIH KOMIO3UT MOIBEPTHYT
TepmooOpadoTke pu 1000 °C B Teuenwue 2 4. [TomyueHHbII
B pe3yJibTare TepMooOpabOTKH MaTepuaj MpeaIcTaBisi
c000i1 OHOPOAHBIN AUCTIEPCHBIN MOPOIIIOK 3€JIEHOBATOTO
OTTEHKA.

MoHOKpHCTAIUIBI BBIpAIleHbl MeToiaMi YoXpasibCKoro
1 BEpPTUKAJILHOM HalpaBieHHOW KpucTammu3anny. [1lnxra
nonydena u3 Al,O3, Y,03 n V,05, B3STBIX B CTEXHOME-
TPUYECKOM COOTHOLIEHHUH ISl ToyueHus Kpucraimia AUT,
coxeprkarmiero 1,25 at.% V.

HccenenoBanne CTpyKTypbl, MOP(OIOTHH 1 XUMHUYECKO-
'O COCTaBa MOIYUYEHHOIO MaTepHaa MpOBOAMIOCH METOA-
MH PEHTTeHO0(]a30BOTO, AEKTPOHHO-MUKPOCKOIIUIECKOTO
1 SHEPTOIUCIIEPCHOHHOTO aHANMN30B. Marepuai cozepxan
1,25 ar.% V u npencrapisut co00# AUCIICPCHBII MOPOIIOK,
COCTOSIIIMI M3 YaCTHIl MUKPOHHOTO pa3Mmepa.

Jnst uccereoBanus KpUCTAITMYECKON CTPYKTYPbI CHH-
TE3UPOBAHHOTO TIOPOIIKA TPUMEHEH METO/ PeHTIeHO]a30-
BOTO aHAIIN3a, UcToNb3yst tudpakromerp Rigaku Ultima IV
(Rigaku Corporation). Cpennnii pasmep d KpHcTaJUIOB

AUI":V paccuntaH Ha OCHOBAaHUH IOJYUYEHHBIX JaHHBIX
o hopmyuie lleppepa.

Mophororust 1 XUMHUECKHI COCTaB MarepuaioB U3y-
YEeHBI METO/IAMH CKaHUPYIOIIEH 3JIEKTPOHHOH MHKPOCKO-
MUK U SHEPTrOJUCIIEPCHOHHOTO aHalln3a Ha MHUKPOCKOIIE
TESCAN VEGA3, caabxennom mnpuctaBkoir Advanced
Aztec Energy (Oxford Instruments).

WK crnexkTpsl NOMIOUIEHNS OTyYEeHHBIX MAaTepHaIOB
M3MEpEeHBI pH moMomu ¢ypse-crnexkrTpomeTrpa Bruker
ALPHA.

Pe3yJ'll)TaTbI )/ 06cymz[elme

Ha puc. | mpuBeneHs! pe3ynbTaTel peHTTeHO(ha30BOTO
aHaJIN3a CUHTE3UPOBAHHOIO MOPOIIKA U MOHOKpHUCTAJ-
mmaecknx obpasnos uucroro AU uw AUT:V. Ha mpuse-
JIEHHBIX PEHTI€HOI'PAMMax XOPOLIO BUIHBI IIMKHU, Xapak-
tepubie a1 AUL. JletaabHOE pacCMOTPEHHE TOJIOKECHUS
nukoB AWI:V mokaszaso, 4To, MO CPaBHEHUIO C YUCTHIM
AU, HabmronaroTcst HEOOJBIINE CIBUTY TIMKOB B CTOPOHY
MEHBIINX 3HaY€HHH OpPArrOBCKOTO yIa, YTO CBUJIETEIb-
CTBYET O HEKOTOPOM PACIIUPEHUH 3JIEMEHTapHON siueiKu
KpHUCTaLIOB. J[aHHOE SIBIICHHE HCCIIEC0OBAHO B pabore [2]
MIPU CONOCTABIIEHUU CTPYKTYpbl MOHOKpucTamuioB AU u
AUT':V, BbIpalieHHbIX METOIOM Y0XpabcKoro.

B Tabn. | npuBeIeHBI MONOKEHHS HA PEHTTCHOT paMMax
TTOJTyYCHHBIX MaTepHajIoB HanOoJee MHTEHCUBHBIX MTHKOB
AW [Ins cpaBHEHHS B TaOJHIIE IPUBEICHBI CTAHAAPTHBIC
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Puc. 1. Pearrenorpammer: MoHOKprcTaiuioB AUI (a); AUL:V (b); mopommka AWUIL:V, momy4eHHOTO MOTUMEPHO-COIEBBIM METOIOM (C)
Fig. 1. XRD patterns of YAG (a), YAG:V (b) monocrystals and YAG:V powder synthesized by polymer-salt method (c)
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Tabnuya 1. Tlonoxenue Hanboliee MHTCHCHBHBIX ITMKOB Ha AM(PPAKTOrpaMMax MaTepHalioB M MapaMeTphl DJIEMEHTAPHON sTYeHKN
kpucramioB AU

Table 1. Positions of the most intense peaks on XRD patterns and YAG crystal cell parameters

Marepuan
CrangapTHbIe TapaMeTpbl M AT Monokpucramn AUT
Marepuajios OHOKpIEI;(”;jiJ] 1 (TOITy4eHHBIH B HACTOSIIEH Momnoxkpuctamt AUV | Ilopomoxk AUV
pabote)
Meron nonyuenus Marepuana
« JCPDS 01-
(hk) 075-6655 - . ITommmepHo-
YoxpaabCKoro BeprukanbHOI HalIpaBICHHOW KPUCTAIITU3ALINI .
COJEeBO
(321) 27,76 27,88 27,90 27,82 27,50
(400) 29,72 29,92 29,84 29,78 29,45
(420) 33,32 33,48 33,45 33,40 33,05
(422) 36,61 36,77 36,75 36,70 36,30
(521) 41,11 41,33 41,25 41,20 40,85
(532) 46,55 46,83 46,70 46,60 46,30
(444) 52,74 52,99 52,90 52,80 52,55
(640) 55,07 55,38 55,20 55,15 54,90
(642) 57,33 57,87 57,46 57,41 57,10
(842) 71,97 72,32 72,10 72,04 71,70
a*, HM 1,2000 1,1954 1,1989 1,2028 1,2096
7%, um3 1,7294 1,7082 1,7234 1,7401 1,7698

Ipumeuanue. (hkl)* — obo3HaueHus KpucTaLIOrpadpuIeckux miockocTeil (MHAekes Musiepa); a* — mapameTp KpUCTaUTHUeCKOn

peweTky; V* — 00beM KpUCTAITHYECKOH PeIeTKH.

JaHHBIC O moyiokeHuu dTuX ko AT (JCPDS 01-075-
6655) Ha mudpaxrorpamme MoHokpucramia AWUI, Beipa-
HIEHHOTO MeToZIoM Y0oXpaibCKOTOo U JaHHbIe padoThI [19].

W3BecTHO, YTO BXOXK/IEHHE MOAN(DHUIMPYIONINX HOHOB
B KpUcTanueckyto pemerky AUI gacto conmpoBoxaa-
eTcst Jedopmanreit IeMEeHTapHOH SYeHKH KPUCTAJUIOB
[10, 14, 15, 19]. B pabore [4] moka3aHO, 4TO IIpHU BHEAPE-
HUU HOHOB V B KpucTamuyeckyro pemerky AUID B mpo-
[[ecce POCTa ero MOHOKPHCTAIIIIOB HAOIIOMAeTCs YBEIH-
YEHHUE Pa3MePOB AIEMEHTAPHOU slUeHKU KpUCTaILIOB. Tak,
rapameTp a KPUCTAIITMIECKON PEIIETKH MOHOKPHCTAIIIIOB
AWT, BeIpameHHbx B [2] meTogom YoxpaibCKoro, cocTa-
Bua 1,2005 uwM, a mpu BBenenun V (0,8 at.%) B cocras
AWT yBenmuuuics o 1,2006 um. [Tocneayrommii oTKUT
B BaKyyMe MOJy4eHHOro MoHokpuctania AUI:V He us-
MEHUJI [1apAMETPOB €ro JIEMEHTAPHOM SYEHKHU, a TEPMO-
o0OpaboTka B cpejie BOIOpO/a MpHUBEA K JOMOTHUTEb-
HOMY PAacCIIMPEHHIO JIEeMEHTapHOHN SYEHKH KpHcTaia
(a=1,2008 HM).

W3MeHeHne napaMeTpoB 2JIEMEHTAPHON AUYEHKU KpHU-
crasioB AU cBsizaHo ¢ paziuuueM pa3MepoB V u 3a-
MelIaeMbIX UMU MOHOB. Monbl V 3amewmaror Al3* B kpu-
cramax AUT [1, 5]. Mounsie paguycsl Al3T (VI), V4*
(VI) m V3* (VI) cocrasmsitor 53,5, 58,0 u 64,0 M, coort-
BeTcTBeHHO [20]. Paznuume B pazMepax TpeXBaJICHTHBIX
MOHOB QJIIOMUHUS U V 3HAYUTEIHHO M MPH BXOKICHUH
V3* B kpucTamnuyeckyro pemerky AUT Habmonaercs ee
3aMeTHast e opMaIiusi.

OueHounble pacueTsl o Gopmyste Hlleppepa nokazanu,
4TO CpefHuil pazmep kpuctamioB ANUL:V B cunte3npoBan-

HOM TIOPOIIKE COCTABIAET 43 HM, UTO 3aMETHO MPEBBIIIAECT
pasmepsl kpuctamuioB AU :Yb, monayueHHbIC aHATOTHY-
HBIM MeTosIoM B [13].

Ha pentrenorpamme nopomka AUI:V kpome nukos
AWT nabmromaroTcs Takke HEOOJNbIINE TUKKH BaHAIaTa
urtpus Y VO, ¢ MakcuMyMamu okoiio 25 u 50° (puc. 1, ¢).

VX mosiBjieHHE HAa PEHTIeHOrpaMMe MOXKET OBITh CBS-
3aHO C TPOSIBJICHUEM JIC(HUIINTA ATFOMUHHUS B TIOJTyYCHHOM
TIOPOIIKE U TEM, YTO TepMO0OpabOTKa MaTepHAIIOB B TIPO-
I[ecce MOIUMEPHO-COJIEBOTO CHHTE3a OCYIIECTBISIIACH
B BO3AYIIHOH aTMocdepe, 9TO MOTIO CIIOCOOCTBOBATh
OKHUCIICHUIO HOHOB V. OTMETHM, YTO 3aMEeTHBIN AePHUINT
AIIOMHHUSI M U30BITOK UTTPHSI 110 CPABHEHUIO C PACUESTHbI-
MU CTEXHOMETPUYECKMMH COOTHOILICHUSIMU B MOHOKPH-
crajuiax u kepamuke AUL:V Habmonancs B padore [2].

Ha puc. 2 npuBeneH 3MeKTPOHHO-MUKPOCKOTNYECKHH
cHUMOK mopoika AUI:V, nomyueHHOro noimmMepHo-coe-
BBIM METOJIOM. BH/IHO, 4TO MOJTy4eHHBII OPOIIOK COCTOUT
W3 YacCTHIl HENPaBHILHON (POPMBI pa3aMyHOTO pasmepa.
Hapsny ¢ cyOMUKpOHHBIMU YaCTHIIAMHU B CTPYKTYpe Ma-
Tepuasa HaONIOMal0TCs arperaTsl, UMEIOIINe MUKPOHHBIC
pa3Mephl.

Ha puc. 3, a npenctasnenst UK ciekTpsl MOHOKpH-
cramuoB AU u AUT™:V, a va puc. 3, b — moporka AUT:V.

B criekTpax HaOIIOIAIOTCS MHTEHCHBHbBIE TIOJIOCHI T10-
MIOIIEHUs ¢ MakcumyMamu 511, 566, 694, 725 u 789 cm!,
xapakTtepHble 15 kpuctammoB AUT [10, 12, 13, 15] u
COOTBETCTBYOIIKE KojiebaHusM cBs3zeid Al-O u Y-O B
crpykrypHbIx rpynmnax [AlO,], [AlO¢] u [YOg]. Tak, nuku
¢ Makcumymamu 511, 566 u 725 cm~! wacto oTHOCAT K
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Puc. 2. DneKTpOHHO-MUKPOCKONMYECKH CHUMOK noporka AWV, CHHTe3upOBaHHOTO MOJIMMEPHO-COJIEBBIM METOIOM U
Tepmoobpadorannoro mpu 1000 °C

Fig. 2. SEM image of YAG:V powder synthesized by polymer-salt method at 1000 °C
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Puc. 3. UndpakpacHble CIIEKTPHI ONIOLICHUS CHHTE3UPOBAaHHBIX MaTepuanoB: MoHOkpuctamioB AUI (kpusas /) u AUV
(xpuBas 2) (a) u mopomka AUV (b)

Fig. 3. Infrared absorption spectra of synthesized materials: YAG (curve /) and YAG:V (curve 2) monocrystals (a); YAG:V powder (b)

xonebanusiMm Y—O cBsizu [16, 21, 22], a OIOCH ¢ MAKCUMY-
MaMu 694 u 789 cm! k konebanusm cesizu Al-O [16, 19].
BwmecTe ¢ TeM 0030p MHOTOUMCIICHHBIX HAYYHBIX JIAHHBIX
no UK cnexrpam kpucrtamnos AWI, npuBeneHHsIN B pa-
6ote [16] MoKa3bIBaeT, 4TO OTHECEHUE ITMKOB ITOTVIOICHHS
K KoJieOaHMsM KOHKPETHBIX CBSI3€H MOKET OBITh HEOTHO-
3HAYHBIM.

IIpu conocraBineHnU CIEKTPOB MOHOKPUCTAILIA H T10-
pomka AUV 3aMeTHO pa3nndne B COOTHOIICHUN HHTCH-
CHUBHOCTEH I0J0C MOMIOUIEHUST PA3INYHbIX CTPYKTYPHBIX
rpyni. OTMETHM TaKKe, 4To (opMa CIEeKTpa HONIOCHUS
nopoika ATV ananorndna gopme crieKkTpa IMOpOIIKOB
AUT:YD, npuBeneHHBIM B [23]. MOXHO MIPEANIOIOKHNTS,
4yro Habmogaemoe Heboubiioe pazianune B MUK criekrpax
TIOTJIONICHUSI MOHOKPUCTAILIOB (pHC. 3, @) M HAaHOMOPOIIKa
(puc. 3, b) cBs3aHO ¢ HE3aBEPIICHHOCTHIO MPOIECCOB (Hop-
MUPOBAaHUH KPUCTAIIMYECKON CTPYKTYpPBI OCIEIHETO B
IIPOLECCE €r0 HU3KOTEMIIEPATypPHOrO CHHTE3A.

3akJjoueHnne

B pabote skcriepruMeHTanbHO MTOKa3aHa BOSMOKHOCTh
tdhopmupoBarus HuzKoTemmnepatypHsiM (1000 °C) monu-
MEPHO-COJIEBBIM METOAOM JHMCIIEPCHOTO MOPOIIKA aJfo-
MOHUTTPHEBOTO IpaHara, MOAU(PHUIUPOBAHHOTO BaHAHEM.
ITosryueHHbli IOPOLIOK COCTOUT U3 HAHOKPUCTAILIIOB, UMe-
IOIIUX cpeHuit pa3mep 43 HM. Pesynbrarsl conocraBieHus
JMAaHHBIX PEHTTeHO()a30BOTO aHAIN3a U MHPPaKPaCHOU
CIEKTPOCKOITMY MOHOKPHUCTAJIJIOB aJIOMOUTTPUEBOTO
rpaHara, MOAX(UIIMPOBAHHOTO BaHAJMEM, BBIPAIICHHBIX
METOJIOM HaITpaBICHHOW KPUCTAJUTM3alUK U MOITy4YSeHHOTO
MTOPOIIKA, TTOKa3aJId CXOXKECTh KPUCTAIUINIECKOH CTPYK-
TypBI 3TUX MaTepuanoB. Ha ocCHOBaHWHM JaHHBIX PEHT-
reHo(a30BOTO aHANM3a MOKAa3aHO, YTO MPHU BXOKICHUU
HWOHOB BaHA/INS B CTPYKTYPY IFOMOUTTPUEBOTO TpaHaTa u
3aMeIIEeHUN UMH HOHOB aJTFOMUHHS TIPOUCXOUT HEKOTOPOE
YBEIMUYEHUE Pa3MEPOB IIEMEHTAPHON SUEHKU KpUCTaILIa.
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Abstract

The primary idea of this paper is the implementation of the Optimal Key-Tuned Rivest Shamir Adelman technique, a
dual authentication approach for effective data sharing in the cloud within hospital data management. The system begins
with user registration with the Trusted Center where user details are provided. An authentication scheme utilizing the
Caesar cipher and the Secure Hashing Algorithm 512 ensures integrity. The encryption process employs the Optimal
Key-Tuned Rivest Shamir Adelman scheme for secure file transmission. To enhance key creation procedures in the Rivest
Shamir Adelman model, the Improved Butterfly Optimization Algorithm technique is utilized to maximize throughput.
Finally, dual authentication is conducted on the receiver side for file access and downloads from the cloud server. This
additional layer of authentication fortifies the system resilience against unauthorized access, ensuring that only legitimate
users can interact with the healthcare data stored in the cloud. The results indicate that the system outperforms other
state-of-the-art systems enabling secure sharing and downloading of health data in cloud environments.
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AHHOTaNMsA

IpencraBiaeHbl pe3ynbTaThl pealn3alud MeTOAa ABOWHOW ayTeHTHukaunu Pusecta [llamupa AnenbmaHa
C ONTHUMAaJBHON KII0OYEBOI HAaCTpoOiikoil s 3 heKTHBHOTO 0OMEHa JaHHBIMH B 00Jake B paMKaX yNpaBICHUS
MEANIIMHCKUMH JaHHBIMH. PaboTa cucTeMbl HaYMHAETCS ¢ PETUCTPAIMH MONTH30BaTENs B JOBEPEHHOM IICHTPE U
3alloJIHEeHUs ero JaHHBIX. CxeMa ayTeHTH(HKanuu, ucrnonbsytomas mudp Lle3aps n arropuTM 3amiumeHHOro
xemmpoBaHus 512, obecneunBaeT 1eIOCTHOCTh CUCTEMBI. B mponecce mudpoBanus nmpuMmensiercs Metoq Pusecra
[lamupa Anenpmana (RSA) ¢ onTHManbHON HACTPOIKOM KITFOUeH st 6e30macHoi iepenaun daitnos. /s yaydieHus
MIPOLIEYP CO3MaHUs KIIoUuel 3aJeHCTBOBaH METO/I YIIy4IIIEHHOTO aITOPUTMa ONITHMHU3ALNH «0a004Kay, MO3BOJISIOIITH
MAaKCHMH3UPOBATh IPOITYCKHYIO CIIOCOOHOCTB. B pesynbrare nob30BaTellb BBIIOIHACT JIBOWHYIO dy TEHTH(OHUKALIUIO JUIs
Joctyna K (aiinam 1 ux 3arpy3ku ¢ 00J1a4HOTO cepBepa. JTOT AOTOIHUTEIIBHBIH YPOBEHb ayTEHTH(HUKALMN OBBILIACT
YCTOIUYMBOCTB CHCTEMBI K HECAHKIIMOHUPOBAHHOMY JIOCTYILY, TAPAHTHPYS, YTO TOIBKO 3aKOHHBIE MOJIB30BATEIIH MOTYT
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H.A. Aravindakshan, P. Rengasamy

B3aMMOJICHCTBOBATh C MEJUIIMHCKUMH JTAHHBIMHU, XpaHsIMMUCs B obnake. [lonmyueHHbIe pe3ysbTaThl OKa3au, 4TO
Hpe/UIoKeHHAsi CHCTEMa MPEBOCXOUT APYTHe COBPEMEHHbIE CHCTEMBbI, oOecriedrnBasi 0e30nacHbli 00MEH U 3arpy3Ky
JIAHHBIX B 00JauHbIE CPEBI O COCTOSHHUM 3/10POBbS MAI[HEHTOB.

KiioueBbie cjioBa

0e30MacHOCTb 3/ipaBOOXPAaHCHHUs, [BOWHAs ayTeHTH(]UKauus, Oe30macHas nepegaya AaHHBIX, IWH(GPOBaHUE,

JemrppoBaHUe, TOBEPEHHBIH HIEHTP

Ccplaka 1Js uutupoanus: Apasuaaakman X.A., Pearacamu I1. IloBsimenne 0e30macHOCTH MEAUIMHCKUAX JaHHBIX
B O0JTa4HBIX Cpefax ¢ TMOMOIIBIO JBOMHON ayTeHTH(HUKAUN H ONTUMAIBHOTO MH(POBAaHHS ¢ HACTPOHKOM Kitoueit //
Hayuno-Texnuduecknii BECTHUK HH)OPMAIIHOHHBIX TEXHOJIOTHH, MexaHUKH u onTtuku. 2024. T. 24, Ne 3. C. 456463

(na anm. 513.). doi: 10.17586/2226-1494-2024-24-3-456-463

Introduction

Due to the importance of healthcare in everyone’s life,
it is now crucial to diagnose patients and preserve them
for future use to protect healthcare data like medications
and past health records. This medical information was
initially converted from paper records into electronic
format. This approach provided various opportunities for
tampering and data loss. By providing tasks that other
forms of records cannot provide, Electronic Health Records
(EHRs) are one such option to help healthcare facilities
of all levels and sizes improve patient care [1, 2]. EHRs
are producing enormous amounts of data owing to the
development of digital information [3] and handling these
high volumes of data requires an effective processing
system [4]. So, cloud networking is growing in significance
in this process [5]. Conventional EHR systems pose
several privacy and security challenges despite their use
and dependability. Medical data cannot be shared with
scientific organizations due to patient privacy concerns,
which hinders medical advancement [6]. Researchers
commonly define a cybersecurity attack on healthcare
information as information that has been misplaced, lost,
stolen, compromised, or transmitted to unofficial recipients
without their consent. According to reports, the medical
records of 150 million patients were compromised between
2009 and 2014, and 94 % of healthcare organizations
have reported experiencing at least one incident [7]. So,
it is required to consider the privacy and security of the
medical data when evaluating a decentralized and trust-
based strategy [8, 9].

The best defences against hackers for EHR data are
authentication and encryption [10]. The authentication
process is employed to protect the identity of the data. The
server can identify legitimate or registered users and reject
unauthorized, unregistered, or fake users. The technique
of transforming regular information into unreadable text
is known as encryption. Both asymmetric and symmetric
encryption techniques are available. Although symmetric
encryption is computationally faster, it offers less protection
to the system and makes data corruption by hackers easier.
Asymmetric encryption employs two public and private
keys making it challenging for hackers to break the code.
This motivates us to propose an asymmetric encryption
scheme called Rivest Shamir Adelman (RSA), and the key
is optimally chosen using Improved Butterfly Optimization
Algorithm (IBOA) and dual authentication to provide an
additional level of security. The main objectives of the
proposed work are outlined as follows:

— The current study applies dual authentication methods
such as Caesar cipher and SHA512 to achieve effective
authentication that protects the data from unauthorized
users and permits only legitimate users to access cloud
services.

— A novel Optimal Key-Tuned RSA (OKTRSA) is
proposed to ensure the privacy and confidentiality of
patient data in the cloud in which the IBOA algorithm is
used to generate the keys for enhanced secure medical
data transmission optimally.

Related works

Mehedi Masud et al. [11] presented a lightweight
access control scheme for a cloud-assisted e-healthcare
system. The system authorizes the users by generating
the hash value for their credentials, such as patient ID,
doctor ID, and nonce value. Once approved, their data was
securely stored in the cloud to provide secure access to
the user’s data. The scheme attained better outcomes than
the existing models for secure cloud storage of e-health
data. Mohan Naik Ramachandra et al. [12] introduced a
Triple Data Encryption Standard (TDES) to secure cloud
data storage. The system attained a lesser encryption
and decryption time of 360 ms and 475 ms, which was
better than the existing schemes. Hong Zhong et al. [13]
suggested an attribute-based access control scheme for
edge-enabled innovative healthcare. The authorization
of the users was done based on trusted authority which
generated the public and master keys for data encryption.
In contrast, the private key was generated using the key
generation model that was used to perform decryption. The
system achieved lower computational time than the existing
models. Sherif Abdelfattah et al. [14] presented a secure
data storage scheme for medical data in the cloud. Initially,
the secret keys were generated using the key distribution
centre and distributed to the patients and doctors. Then, the
patient’s medical records were encrypted and transferred
to the cloud. Finally, the doctor decrypted the encrypted
data and performed further processes. K. Ambika and
M. Balasingh Moses [15] proffered an Advanced Flexi
Twister Secret Block Encryption Standard (AFT-SBES)
algorithm for secure cloud data storage. The patient’s data
was partitioned into several data blocks, and the encryption
and decryption procedures were done over the portioned
blocks. The system achieved a computational cost of
820 KB for 500 users in cloud simulation, which was better
than previous models.
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The works mentioned above provide satisfactory
outcomes but have some areas for improvement. Some
studies use symmetric encryption algorithms (TDES, AFT-
SBES, etc.) to encrypt the patient data for secure storage
which uses the same key for encrypting and decrypting
the message. The possibility of attacking the data in an
unsecured channel is high. Asymmetric encryption is more
secure than symmetric encryption. Herein also, we adopt
an optimal version of RSA in which the critical generation
process is done optimally using the IBOA. In addition,
some surveys are manually registered to a trusted authority.
However, this manual registration provides less security to
the system, and threat actors can break into your accounts
more efficiently. Herein, the proposed system develops
dual authentication methods such as Caesar cipher and the
SHAS512 algorithm to provide high-level security.

Proposed methodology

The proposed methodology addresses the critical need
for a robust framework in the transmission of electronic
healthcare data within cloud environments emphasizing
confidentiality, integrity, and accessibility. In response to
the call for specificity and depth, we present an enriched
version that provides a more detailed and nuanced
approach aligning with the intricacies of EHRs and the
cloud environment. EHRs, in their digital manifestation,
play a pivotal role in consolidating patient data, medical
histories, and treatment plans. However, the transition
from traditional paper records to electronic formats
brought forth new challenges, especially concerning
data security and privacy. This paper recognizes the
nuanced nature of EHRs emphasizing the sensitivity
and diversity of medical information they encapsulate.
Issues, such as patient privacy, secure data access, and the
seamless interoperability of EHR systems, underscore the
significance of robust security measures.

Cloud Environment in Healthcare

The adoption of cloud computing in healthcare has
introduced unprecedented opportunities for efficient data
storage, processing, and accessibility. Nevertheless, the

unique demands of healthcare data, characterized by
its sensitive nature, necessitate a bespoke approach to
security within cloud environments. Understanding the
intricacies of cloud infrastructure, resource allocation,
and data transmission protocols becomes imperative to
mitigate risks associated with unauthorized access and data
breaches. This paper converges on the synergy between
EHRs and cloud environments acknowledging the necessity
of a security framework tailored to their specific demands.
The proposed methodology aligns with the intricacies of
healthcare data offering a dual authentication approach,
encryption techniques, and optimization algorithms to
fortify the system against potential threats. By doing so,
it not only addresses the pressing challenges in EHR and
cloud security but also strives to set a benchmark for a
more comprehensive and specific approach in safeguarding
healthcare information.

Fig. 1| shows the workflow of the proposed
methodology. Initially, the user must register with the
Trusted Center (TC) by providing their details. Then, TC
generates the cipher values for the user ID and password
using Caesar cipher, and TC generates the hash values
using SHAS512 by combining the user’s name, user ID, and
timestamp. Then, these cipher and hash values are stored
in the Cloud Server (CS) for authentication. After that, the
user is directed to the login page by providing their login
details. Herein, the TC verifies the login credentials against
registered credentials. If the verification is successful,
the TC grants the users to upload the file in the cloud;
otherwise, it rejects the user request. After successful
validation, the user can upload a file encrypted by
OKTRSA in which IBOA optimally chooses the public key.
Finally, on the receiver side, authentication is performed
for data downloading, which enhances the system security.
The proposed methodology aims to ensure the secure
transmission of healthcare data in a cloud environment
addressing the critical issues of authentication and
encryption. Below is a detailed algorithmic representation
of the key steps involved in our proposed approach.
The advent of EHRs revolutionized healthcare data
management providing opportunities for improved patient

Cloud Environment

Cloud Services

Proposed Methodology
User Registration
Electronic Health Records (EHR)
Authentication EHR Data Management

//‘
-

Receiver Authentication

. ‘-r --------
Secure Data Transmission

Fig. 1. Workflow of the proposed methodology
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care. However, the transition from paper to electronic
records also introduced security challenges necessitating
robust defenses against cyber threats. Authentication and
encryption stand as paramount defenses to safeguard EHR
data against unauthorized access and tampering. This
proposed methodology focuses on dual authentication
using the Caesar cipher and SHA512 algorithm, coupled
with the OKTRSA encryption technique. The IBOA
optimizes the RSA key generation process, ensuring an
enhanced level of security for healthcare data transmission
in cloud environments. The proposed algorithm forms the
cornerstone of our contribution, employing a combination
of the OKTRSA encryption technique and the IBOA for
key generation.

Algorithm: Secure Healthcare Data Transmission in
Cloud Environment
1. User Registration
Input: User details (Name, User ID, Gender,
Password, Date of Birth, Timestamp, Address, Medical
History)
Output: Ciphered and Hashed Information stored in

CS
1.1. GenerateCipher(User ID, Password)
Shift = Random value
CipheredText = CaesarCipher(User ID, Password,
Shift)

1.2. GenerateHash(User’s Name, User ID, Timestamp)
HashValue = SHAS512(User’s Name + User ID +
Timestamp)
1.3. StoreCipherAndHashInCS(CipheredText,
HashValue)
1.4. VerificationAtLogin(User ID, Password)
ProvidedCipher = CaesarCipher(User ID,
Password, Shift)
Compare ProvidedCipher with StoredCipher
If Match, user is authenticated
2. Secure Data Transmission
Input: Patient’s Sensitive Data
Output: Encrypted Data stored in CS
2.1. OKTRSAEncryption(Patient Data)
Public Key = IBOAForRSAKeyGeneration()
EncryptedData = RSAEncrypt(Patient Data, Public
Key)
2.2. StoreEncryptedDatalnCS(EncryptedData)
3. Authentication at Receiver Side
Input: Read/Download Request from User
Output: Decrypted Data for Early Diagnosis
3.1. First Level Authentication(User ID, Password)
Send Read Request along with User ID and
Password to TC
Verify with StoredCipher in CS
Permit if authenticated for reading files
3.2. Second Level Authentication(User’s Name, User
ID, Timestamp)
If Read and Download Request,
Send Request along with User’s Name, User ID,
and Timestamp to TC
Calculate HashValue using SHA512(User’s Name
+ User ID + Timestamp)
Check with StoredHashValue in CS

If Matched, user is authenticated for download
3.3. DecryptData(EncryptedData)
Use RSA Private Key to decrypt the data for early
diagnosis

Set up Phase

To begin, the User must register with the Cloud
Service Provider (CSP) to prove their authority. In this
registration phase, the User providing details is ciphered
and hashed using a combination of Caesar cipher and
SHAS512 algorithm because the security of patient details
can be more awake the authenticity of the data. Herein,
the patients initially register demographic information like
User’s name, user ID, gender, password, date of birth,
current timestamp, address, and medical history to TC.
After registration, TC generates a cipher and hash value for
the information provided by the User using Caesar cipher
and SHAS512 to store in the database. These are explained
as follows:

First, the TC generates cipher value for the user
provided details by Caesar cipher by combining the user
ID (Dp) and password (Dpy). One of the well-known
methods is the Caesar cipher, a kind of substitution cipher
that transforms each letter in the plaintext to a new letter
with a certain number of positions down the alphabet. It can
be mathematically expressed as follows:

T1= ((Dp/IDpy) + @)mod26.

Here, a refers to the shift and ?, denotes the cipher text
for the corresponding user providing details (i.e., user ID
and password). These ciphertexts are maintained by the CS
for authentication purpose.

Next, the TC also generates the hash value by
combining the user’s name (Dy), user ID (Dp;), and
timestamp (S7) by using SHA512 algorithm to provide
additional level of security. The SHAS512 hash function
produces message digests with 512-bit sizes and 1024-bit
block lengths. Any message can be submitted using the
SHAS12 algorithm, and it will produce a hash result with a
set length of 512 bits. The SHAS512 hash code is displayed
as follows:

H .= hy(D\IDp/|IS).

_ Where, i . indicates the hash code that is generated and
hyrefers to the hash function. These generated hash values
also stored in CS for authentication purpose. At the login
time, the patients must provide the user ID and password
for authentication when they log into the system. Then,
the TC takes the cipher value using Caesar cipher and
compared it to the stored ciphered value. If it matches, then
the user starts to upload the files to cloud.

Secure Data Transmission

Once the user has verified, they can start uploading
files to CSP. The patient’s sensitive data must be encrypted
before being transferred to the cloud to maintain security.
A lightweight encryption scheme must be implemented
because the acquired data is sparsely and frequently shared.
Here, we use OKTRSA to encrypt the patients’ medical
data to provide higher cloud data security. The most used
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public key cryptosystem is RSA, and its crucial component
is the production of private and public keys. The RSA
encrypts the medical data with a sender’s public key and
decrypts the encrypted data at the receiver end using a
receiver’s private key.

The public key is chosen randomly from the two
huge prime integers in this key generation procedure,
and the private key is computed using the public key.
The key generation procedure is slowed down because
the randomly chosen public key requires more time to
execute. Additionally, it compromises system security
while encrypting and decrypting data. Therefore, the
IBOA is used to tune the RSA algorithms key generation
process optimally. As a result, OKTRSA is the name given
to the best public key generation procedure integrated
with the traditional RSA. Key generation, encryption, and
decryption are the three primary phases.

The encryption and decryption processes are done
using the public and private keys. Only the private key
is employed to quickly decrypt messages that have been
encrypted with the public key. RSA algorithm first selects
two distinct large random prime numbers X and y. After
that, it computes E =5%x ¥, where, E is employed as the
private and public keyHmodulus. Next, compute the Euler

totient function n* of £ using the following:
nHE)=G-1)x@-1).

Random Key Generation
Then randomly chose the public key in the range of

1 to n*(E ), but these randomly chosen key increases the
computational time and, if they are not chosen optimally,
they generate infinity values. Hence, IBOA is utilized in the
current study to choose the public key optimally. Butterfly
Optimization Algorithm (BOA) is a novel nature-inspired
method that primarily relies on the foraging approach
of butterflies which use their sense of smell to locate a
source of nectar or a mating partner. Although, it resolves
the challenging optimization problem and suffers from
early convergence and inadequate use of the close to ideal
solutions. The Wedding Dance Coefficient (WDC) is used
to update the butterfly location and improve the capability
of global search to address these shortcomings. IBOA is
the name given to these position updates in traditional
BOA centered on the WDC. Initially, the IBOA creates an
initial population randomly using a uniform distribution.
Next, compute the fitness of the individual by using the
following formulas.

Fitness = Max(Throughput)

Throughput = —
T

Where, RS refers to the resource that is created when
completing the task and t refers to the time it takes to
transmit data from the sender to the receiver. Next, it
moves to the iteration phase, where the candidates from
the population use two phases called global phase and local
phase. It is mathematically expressed as follows:

‘“—wc+zb+(r x S* —Z1) x Ry,

Zy' =2yt (< Z,~Z) <Ry,

where, Zt[, indicates the solution for vector Z, for b-th
butterfly in iteration number ¢, S* denotes the best position
in the searchmg space, r2 refers the random number in
[0, 17, Z and Z represents u-th and v-th butterflies
chosen randomly from the solution space, R, indicates the
fragrance of the butterflies, and W refers to the WDC.
This coefficient enhances the global search ability of
the algorithm by linearly decreased with the number of
iterations. It is computed as follows:

We=WD, xJ,, 0<J,<1,

where, J, signifies the WDC at iteration ¢. The iteration
process continues until the stopping criteria match. Upon
completion of the iteration phase, the algorithm output
generates the best solution (i.e., optimal public key (P;)))
found with its best fitness. Next, in the key generation
process, the private key is computed by these optimal
public keys obtained from IBOA.

Py=(Pyy tmodn*(E).

Where, Py indicates the private key and P, refers to the
optimal public key.

Encryption

Next, the encryption takes place after generating keys
for encryption and decryption. It transforms the information
into a code that is only known to a select few, hence
concealing the information actual meaning. To encrypt the

patient data (TPD) using a public key (ISU) that has been
generated at key generation process to generate the cipher.
It is defined as follows:

87": (7PD)ﬁUm0dEH.

In this equation, T pp indicates the input patient data to
be transmitted to the cloud and C r denotes the ciphertext
for the corresponding input. These encrypted ciphertexts
are securely stored in the CS for further processing.

Decryption

Decryption is converting data that has been encrypted
back into its original form. In most cases, decryption is
simply the reverse procedure of encryption. It decodes
the encrypted information so that only a user with the
appropriate authorization decrypts the data. The decryption
process is mathematically expressed as follows:

7 pp = (C pPrmodE . (1)

Authentication

When the user wants to download their encrypted
healthcare data from the CS, authentication first occurs
on the receiver side. On this receiver side, two levels of
authentication are done to enhance the system security.

Level 1. Initially, if the user wants to read the files from
the hospital CS, the level 1 of authentication is performed.
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At this level, the user sends a read request along with the
ID and password to TC. TC verifies it with the stored cipher
value in the cloud to check whether it is an authenticated
user. The TC permits the users to read the files from the CS
if they are authorized.

Level 2. After successful completion of the level 1 of
authentication, if the user wants both read and downloads
the file from the CS, the user sends a read and download
request along with their user’s name, user ID, and
timestamp to TC. Next, the TC takes hash values for the
user providing details and is checked with the stored hash
values. If matched, the user can read and download the files
from the CS. Finally, the receiver decrypts the downloaded
file using equation (1) for early diagnosis.

Results and discussion

Here, the efficiency of the proposed dual authentication
and optimal encryption scheme for secure cloud storage
is analyzed by comparing their outcomes with the
existing methods regarding some evaluation indicators.
The suggested task uses Python on a computer with a
6 GB GPU, 16 GB of RAM, an i7 Core processor, and a
Windows 10 operating system. The dataset descriptions
and the proposed work performance evaluation are shown
in the following sections.

Dataset Descriptions

The proposed system uses the New York State
Department of Health dataset to test and verify the
effectiveness of the proposed work!. Researchers, public
health professionals, media members, and community-
based organizations can benefit significantly from these
data sets. This dataset contains 34 columns and about 10
thousand data records. The data is split into 80:20 ratios
for training and testing, respectively. The input data varied
between 1000-10,000 records.

Performance Analysis

This section shows the outcomes of the proposed
OKTRSA and the existing methods like RSA, Digital
Signature Algorithm (DSA), Advanced Encryption
Standard (AES), and Blowfish algorithm. The evaluation
is carried out by some indicators such as Encryption Time
(EXT), Decryption Time (DCT), Key Breaking Time
(KBT), and reliability metrics.

The evaluation procedure was conducted with a detailed
examination of the implementation of alternative solutions,
ensuring transparency and a comprehensive understanding
of the comparative analysis. Each cryptographic method
(RSA, DSA, AES, Blowfish) was intricately integrated into
the proposed framework, with explicit details on their roles
in encryption, decryption, and key generation.

For instance, in RSA, the encryption process was
governed by the formula:

C = PemodN,

I New York City Department of Health and Mental
Hygiene. Data sets and tables. Available at: https://npin.cdc.
gov/organization/new-york-city-department-health-and-mental-
hygiene-2 (accessed: 22.03.2024).

where patient data P was encrypted using the public
key e to generate ciphertext C. DSA contribution in
digital signature generation was explained concerning
authentication during file retrieval. AES and Blowfish
played pivotal roles in secure data transmission, defining
the encryption and decryption steps for enhanced security.

In the computation of performance metrics, KBT took
center stage. Calculation is using the formula:

R P
KBT = esources roduced.

Time

KBT provided insights into cryptographic strength,
considering key size and complexity. Reliability metrics,
assessing system integrity, confidentiality, and accessibility,
underwent detailed calculations based on established
criteria:

Resources Created

Reliability =
Time

The training process of the algorithm involved
meticulous steps, including the selection of a representative
training dataset, iteration processes, and any fine-tuning
procedures. During training, the algorithm adapted to the
dataset, optimizing parameters for improved performance.

Table demonstrates the outcomes of the proposed and
existing frameworks regarding EXT and DCT by varying
the number of data records from 1000 to 10,000. EXT
refers to the time the encryption model utilizes to create a
ciphertext from plain text. It is computed as the difference
between the encryption ending and starting times. DCT is
computed as the difference between the decryption ending
and starting times. The existing RSA, DSA, AES, and
Blowfish take 81.77 s, 102.48 s, 119.79 s, and 129.48 s
time to encrypt the records and 56.25 s, 78.86 s, 96.15 s,
and 106.17 s time to decrypt the records, which are higher
than the OKTRSA, because it takes 57.48 s and 33.85 s
time to encrypt and decrypt the records, respectively, for
the identical 1000 records. Likewise, the proposed one
achieves superior outcomes for the remaining number of
records (2500-10,000) than the existing methods. Hence,
it is concluded that the proposed system is faster and more
efficient than other methods. Fig. 2 shows the outcomes
of the techniques concerning the KBT and reliability for
1000-10,000 records.

Fig. 2 shows that the proposed OKTRSA has enhanced
security in medical image transmission regarding KBT and
reliability.

— KBT Analysis (Fig. 2, @): The proposed OKTRSA
exhibits improved security, with an average KBT of
87.33 ms for 10,000 records. This is 1.83 %, 3.81 %,
20.19 %, and 36.98 % less than RSA, DSA, AES, and
Blowfish, respectively.

— Reliability Analysis (Fig. 2, ): The proposed OKTRSA
achieves higher reliability (98.76 %) compared to
existing methods (RSA: 95.98 %, DSA: 92.92 %, AES:
90.88 %, Blowfish: 86.04 %) for 1000—10,000 records.
When considering the KBT for a maximum of 10,000

records, the proposed OKTRSA takes an average of

87.33 ms, which is 1.83 %, 3.81 %, 20.19 %, and 36.98 %

lesser than RSA, DSA, AES, and Blowfish. Thus, the
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Table. EXT and DCT analysis, s

Metrics No of Records Proposed OKTRSA RSA DSA AES Blowfish
EXT 1000 57.48 81.77 102.48 119.79 129.48
2500 55.61 79.49 101.77 117.84 127.51
5000 58.52 82.64 103.47 120.77 130.51
7500 60.57 84.82 105.81 122.54 133.57
10,000 67.77 91.59 112.57 129.92 138.54
DCT 1000 33.85 56.25 78.86 96.15 106.17
2500 31.97 53.86 80.92 97.95 104.86
5000 35.02 57.25 83.32 107.99 115.98
7500 36.86 58.86 96.17 117.88 123.89
10,000 43.92 69.22 108.86 129.33 144.02
a b
120 100
0 i X
€ 80 2
E 40 S
4 ~ %0
0- ]
1000 2500 5000 7500 10,000 1000 2500 5000 7500 10,000
No of Records No of Records
mProposed OKTRSA =RSA mDSA =AES mBlowfish mProposed OKTRSA = RSA mDSA = AES mBlowfish

Fig. 2. Analysis based on KBT (@) and reliability (b)

overall KBT time of the proposed method is lesser than
the existing methods. Next, reliability is essential to
check the system efficiency and security level. Reliability
is concerned with the integrity, confidentiality, and
accessibility of systems. Herein, the existing RSA, DSA,
AES, and Blowfish algorithms averagely have reliability
of 95.98 %, 92.92 %, 90.88 %, and 86.04 % for the
1000-10,000 records, which is lesser than the OKTRSA
because OKTRSA has average reliability 98.76 % for the
same number of forms. So, from the overall evaluations,
it could be found that the proposed one achieves superior
performance than the existing methods. The reason is
that the proposed one utilizes IBOA to generate the RSA
key optimally, decreasing the EXT and DCT. And dual
authentication by combining Caesar cipher and SHAS512
is introduced to provide high-level reliability to the system.

Conclusion

This paper proposes dual authentication and secures
encrypted electronic healthcare data transmission

in the cloud. The proposed system mainly consists
of authentication and secure data transmission. The
experimental results were carried out using the New York
State Department of Health dataset. The outcomes of the
proposed Optimal Key-Tuned Rivest Shamir Adelman
technique are investigated against the existing Rivest
Shamir Adelman, Digital Signature Algorithm, Advanced
Encryption Standard, and Blowfish algorithms in terms
of Encryption time, Decryption time, Key breaking time,
and Reliability metrics. The input is varied from 1000 to
10,000 records. In these experiments, the proposed system
takes minimum average encryption, decryption, and Key
breaking time of 57.48 s, 33.85 s, and 87.33 ms. Also,
the proposed system archives a maximum reliability of
98.63 % for 5000 records. Thus, the findings reported
the considerably better performance of the Optimal Key-
Tuned Rivest Shamir Adelman technique over the existing
methods. Therefore, the proposed technique can be utilized
as an effective tool for enhancing security in the cloud. In
future, the security performance can be improved by the
design of the blockchain method.
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AHHOTaNMA

Beenenne. PaccMOTpeHbI METO/IbI U aJITOPUTMbI BOCCTAHOBIICHHSI CMa3aHHBIX U 3aIIyMJICHHBIX H300pakeHUil myTemMm
YHUCIICHHOTO PEIICHHS MHTETPAIbHBIX YpaBHEHUH. [IpHMEHEHHE alropuTMOB MOKAa3aHO Ha IPUMEPE BOCCTAHOBICHUS
HCKa)KCHHBIX M300paxkeHU HebecHbIX Ten — Carypra, IOnuTepa u ux cyTHHKOB Ha (hOHE 3BE3THOTO Heba.
W3o6pakenns: 00bEKTOB MOTYT OBITH HEUSTKHMH, YTO IPHU aHAIH3e TPeOyeT YBEIHMUCHUS IKCIIO3HUIMH. DTO MOXKET
MIPUBECTH K HECOOTBETCTBUIO BPAIICHUH 3eMIIM 1 TeJIEeCKONa M K CMa3bIBaHUIO (Pa3MBITHIO) W300paxeHHs1 00beKTa.
B pabore npemiaraeTcst ycTpaHsITh cMa3 IIyTeM MaTeMaTHUECKOl M KOMIBIOTEPHONH 00paboOTOK MCKaKEHHOI'O
1/1306pa>1<eH1/m. Hpu OTOM THII U MapaMe€Tpbl cMasa MOI'yT 6]>IT]> NPaKTUYCCKU HEU3BECTHBI UJIM U3BECTHBI HETOYHO.
HoBu3Ha npeuiaraemMoro peLieHus 3aKiI4aeTcs B TOM, YTO TUII M [APaMeTPbl HCKaXKEHNU, a, CIEI0BaTEIbHO, AP0
MHTErPaIbHOTO YPaBHEHUsI WK (QYHKIMS PACCESHHS TOYKH, ONPEACIISIOTCS OPUTHHAIBHBIM «CIIEKTPAIBHBIM METOZIOMY.
Mertoja. B npsimoii 3aade MoJeIMpoOBaHHE cMa3a M LIyMa Ha NPHEMHHUKAX (TEIECKONax) OCYLIEeCTBISECTCS yTeM
BBIYMCIICHUS] MHTETPAJIOB THIIA CBEPTKH. B 00paTHOI 3a/1a4e yCTpaHCHUE CMa3bIBAaHUs H300PaKEHHS BBITIOIHSICTCS C
TIOMOIIBIO PEIICHUS] MHTETPAILHOTO YPaBHEHHS METOJIOM apaMeTpHIecKoi GrisTpanuy Bunepa ¢ ncnons3oBaHueM
HOBOTO «CIIEKTPAJILHOTO METO/Aa» ONpPEeNICHNUs sipa HHTErPaIbHOTO YPaBHEHHUS, a TakKe (QHUIBTPAIlUY IIyMa
MeMaHHbIM QrIETPoM ThIOKH M HOBBIM MOIH(HIIMPOBAHHBIM (DUIBTPOM. [10ITydeHbI OLCHKH ITOrPEIIHOCTH VIS KaXKI0H
onepanuu. Hpe}lﬂo)KeHa METOAMKA, MMO3BOJJIANOLIAsA IIYTEM IIPUMEHECHUS MAaTEMATUYCCKUX U ITPOTPAMMHBIX CPEICTB
YCTPAHUTh UCKKECHUS M300paXKeHUH IUIaHET, €CTECTBEHHBIC U HHCTPYMEHTAIIbHBIE LIYMbI, Pa3MbITOCTb N300paKeHHUI, a
TaKkKe MOIY4nTh YeTKkre n3o0paxenusa Carypha, lOnurtepa u ux crytHukoB. OCHOBHBIE pe3y/abTaThl. HenckaxeHHsie
n300paKeHMs TUIAHET BHIOPAHbI M3 aCTPOHOMUYECKHX KaTajnoros. ITyTeM MOJAEIMPOBAHMS MONYYECHO CMa3aHHOE U
3aIymiieHHOe n300paxenne CaTypHa ¢ 3aJlaHHBIMH [TapaMeTpaMu MCKakeHus (yriiom 0 U BeaudnHOM A cMasa), a
TaKoKe HaTypHOE HCKaXXeHHOe n3odpaxkenue Onurepa ¢ HEM3BECTHBIMH MTapaMeTPaMU HCKaXKSHHs, ONPEICIICHHBIMU
«CIIEKTPaJIbHBIM MeTOA0M». [IpogeMoHCcTpHpOBaHO BOCCTaHOBICHNE H300paxkeHust CaTypHa ¢ €ro CIlyTHUKaMHU
IyTeM peLIeHHs HHTErpajlbHOro ypaBHeHus. [lokazaHbl pesynbraTel 00padoTku n3odpakenus FOmnuTepa, korna s
yCTpaHEeHHUs] cMa3a N300PaKeHUS OCPEACTBOM PEIICHUS] HHTErPAIbHOTO YPaBHEHUS UCIIOIB30BaH «CIIEKTPaIbHBIN
METOJ» OIPeeICHUS IapaMeTPOB Pa3MBITHS, a CJICJOBATENILHO, (DYHKIIMU PACCESHUS TOYKH U S/Ipa HHTErPAIbHOTO
ypaBHEHUs. Pab0TOCIOCOOHOCTB IPEICTABICHHOTO METO/Ia ONPE/Ie/ICHa Iy TEM BU3YyalbHOW OLEHKHM BOCCTAHOBICHHOTO
M300pakeHUs U IyTeM pacyeTa ommMOKH BoccTaHOBIeHUA. O0cyxaenue. [IpennoxxeHHas METOANKA MO3BOISACT
YCTPAHATh HAa H300PKEHHUSX PA3IMYHBIX KOCMHYCCKUX OOBCKTOB €CTECTBEHHbIN MM HHCTPYMEHTAJIBHBIH IIIyM, 4 TAKKE
cMa3 H300paKeHUsI, BBLICISATE cIa0ble 00BEKTHI (CITyTHUKU U HHBIE OOBEKTHI) Ha ()OHE 3BE3I.

KuioueBble ciioBa
cMasbIBaHKe (Pa3MBITHE) U 3aIIyMJICHHE H300paKeHHUs], ONPEICIICHHE TTapaMETPOB HCKAKEHHSI H300paKeHUS, YIaICHHEe
cMasa, GUIBTpanus ryMa
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Abstract

Methods and algorithms for restoring smeared and noisy images by numerically solving integral equations (IE) are
considered. The algorithms are illustrated by the restoration of distorted images of celestial bodies using the example of
images of Saturn, Jupiter and their satellites against the background of the starry sky. Images of objects may be weak,
which will require increased exposure and may lead to a mismatch between the rotations of the Earth and a telescope,
and then a smear image of the object will occur. The article proposes to eliminate smear by mathematical and computer
processing of the distorted image. In this case, the type and the parameters of a smear may be practically unknown or
known inaccurately. The novelty of the proposed solution lies in the fact that the type and the parameters of a distortion,
and therefore the kernel of an IE or the point spread function (PSF), are determined by the original “spectral method”.
In the direct problem, modeling the smear and noise in receivers (telescopes) is performed by calculating convolution-
type integrals. In the inverse problem, image smearing is performed by IE solving with the Wiener parametric filtering
method using the new “spectral method” for determining the kernel of the IE as well as filtering the noise by the Tukey
median filter and the new modified filter. Error estimates for each operation are obtained. A technique has been proposed
that makes it possible to eliminate, through the use of mathematical and software tools, images of planets, natural and
instrumental noise, image smear, and also to obtain the clear images of Saturn, Jupiter and their satellites. Undistorted
images of Saturn and Jupiter with their satellites were taken from astronomical catalogs. By modeling, we have obtained
a distorted (smeared and noisy) image of Saturn with given distortion parameters (smear angle 6 and smear value A)
and a truly distorted image of Jupiter with unknown distortion parameters determined by the spectral method. Next,
the image of Saturn with its satellites was restored by solving the IE. Image processing of Jupiter was also carried out,
in which, to eliminate image smear by solving the integral equation, the “spectral method” was used to determine the
smear parameters, and therefore the PSF and the kernel of the integral equation. The performance of the proposed
method is determined both by visual assessment of the reconstructed image and by calculating the reconstruction error.
The proposed technique makes it possible to eliminate in images of various space objects, in particular, Saturn and
Jupiter, the natural or instrumental noise, as well as image smear, and to highlight faint objects (satellites, etc.) against
the background of stars.
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image smearing and noising, determination of image distortion parameters, smear removal, noise filtering
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BBenenune

O0paboTka n300paKeHU aCTPOHOMHYCCKIX 00BEKTOB
(maHeT, TajakTUK M JIp.) OTIIMYAeTCs TEM, YTO 4acTo Tpe-
OyeTcst OoJIblIast SKCIIO3UNNUS U3-3a ciabocT (Mol sp-
KOCTH) H300paKeHHi1. 3a BpeMsi HACTPOUKH 000PyI0BaHUS
3eMJIs 3aMETHO TTOBEPHETCS U, YTOOBI HE MOTYYHIIOCH CMa-
3bIBAaHUE M300PAKEHUS, TEIECKOII JIOJDKEH BBITIOJIHHUTB I10-
BOPOT CHHXPOHHO B CTOPOHY, IPOTHBOIIOJIOKHYIO Bpale-
Huto 3emud. [Ipu 3TOM CHHXpOHM3ALNS BpaIIeHNH 3eMiin
1 TEJIECKOIIa MOXET OBITh HETOYHOH M TOIZA BO3HHKHET
cma3 uzobpaxenusi 00bekra. CMa3 M300paKeHHUsT MOKET
BO3HUKHYTh TaK)K€ M3-32 HECOTIACOBAHHOCTH YaCTOTBI
CUMTBIBAHHUSI MaTPHIIBI IPUOOPA C 3apsiJOBOM CBS3BIO U
ckopocTH JBKeHus Teneckona [1]. Kpome Toro, Ha cma3
MOXET HaJOKUTHCS armnaparypHblii HMIYJIbCHBIH IIyM B
pe3ysbTare BBIXO/A U3 CTPOS psijia CEHCOPOB (JaTYNKOB)
MaTpHLBI IPHOOpa € 3apsA0BOM CBA3BIO.

[Tono6Has 3amaga yxe pemanack B padorax [1-4]. [Ipu
9TOM I10JIATaJI0Ch, YTO SIIPO MHTEIPAILHOTO ypaBHEHUS
(NY) (umu pyukmus paccesaus Touku (OPT)) uzsecrt-

HOo. OntHAKO, eciu U3Iy4YeHne 00beKToB ciraboe, To OPT
TPYAHO ONpenenuTh. B HacTosmed pabore pa3BUBaCTCS
«CHEKTpaNbHbBII METO ONPEEIICHNUS TUIIA U TaPAMETPOB
HCKakeHUsI n300paxxeHus, a 3HaunT OPT, uTo moBrImaeT
TOYHOCTH peweHust 1Y 1 BOCCTaHOBIEHMSI UCKAKEHHOTO
M300paKeHHUS.

B pabote nocTapnena 3a1a4a OnpeaeTuTb CMa3 U IIyM,
T. €. siapo MY (nnmu @PT) marematnyeckuM M KOMIBIOTEP-
HBIM CTIOCO0aMM, U UCTIONB30BaTh IO ISl pernenus MY
1 BOCCT@QHOBJICHHSI M300payKECHUSL.

3ajaua periaercsi Ha IpuMepax n3oopakenuit CarypHa
u IOnurepa u ux cnyrHukos. IIpencraBieHHOe pelieHue
ommyaercsi ot pador [5, 6] Tpems ocodbeHHocTsIMU. Bo-
MIEPBBIX, 00PadATHIBAOTCSI U300paXKCHHSI C MAJIOH SPKO-
CTBIO ACTPOHOMHYECKUX OOBEKTOB C UX CHEIU(PUKOMH,
BO-BTOPBIX, ITapaMeTpsl cMasa, a 3HauuT, O®PT wmnm sapa
MY onpenenstorcsi «CHEKTPaJbHbIM METOIOM» U, B-Tpe-
TBUX, YIUTHIBACTCS BIMSHUE 3BE3THOTO HeOa, KaK IIOMEXH.

[{enp paGOTHI — COBEPIICHCTBOBAHNE METOIUKH MO-
JIEJTUPOBAHMS CMa3bIBaHUS M 3alIyMJICHUsI H300paxe-
HUHI aCTPOHOMHYECKHX 00beKTOB Ha mpumepe CarypHa,

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

465


mailto:sizikov2000@mail.ru
https://orcid.org/0000-0002-4618-8753
mailto:rushchenko@mail.ru
https://orcid.org/0000-0003-1230-5410

YcTpaHeHne nckaxeHunii cnabdbix M300paxeHnin aCTPOHOMNYECKMX OOBEKTOB. ..

IOnuTepa u ux cryTHUKOB (TIpsiMas 33/1a4a) U yCTpaHEHUE
HCKa)KeHUH M300pakeHnit (oOparHas 3aga4a). [Ipu saTom
rapamMeTpbl cMasa I10JIararoTcsi HEM3BECTHBIMU U OIIpejie-
JISIFOTCS «CTIEKTPAITEHBIM METOZIOM.

Hpumep 1. [TocTanoBka 3ana4n

IlycTh naHo HeuckakeHHOE (MCXOJHOE) HATypHOE
n3obpaxenue CarypHa c¢ ero 16 cnytHukamu (puc. 1).
Heunckaxennoe n3o0paxxceHue BHIOPAHO M3 KaTajlOroB
actpoHoMuyeckux o0bekToB (Messier, NGC, Caldwell
(Kommyamra) u ap.)!.

OtMeTnM, 9TO Ha pUC. | IPUCYTCTBYIOT H300paKeHHS
3Be3] (3Be3HOE He0o). HecMoTpst Ha TO, YTO HaHHBIE H30-
OpaskeHHsI MaJoOil SPKOCTHU, UX CIETYeT yIAIUTh HEKOTO-
PBIM crtocoO0M, HHAaYe OHU MOTYT IOBIHUATH Ha 00paboOTKy
cmadpIx cryTHHKOB CarypHa.

[Ipenmnonoxum, 9To H300pakeHNe Ha pUC. | MoOTy4nIo
cMa3bIBaHHE (ITapaMeTphl cMa3a HEM3BECTHHI U UX TpeOy-
eTcs ONpeNeNIuTh) U 3amymieHne. Tpedyercst ycTpaHuTh
MareMaTHYeCKH CMa3bIBaHHE U 3allyMIICHHE, a TAKKe HC-
KIIIOYHTH BIMSHUE N300paskeHNH 3BE3.

I https://en.wikipedia.org/wiki/Saturn, https://en.wikipedia.
org/wiki/Moons_of Saturn (zata oOpamenus: 15.05.2024).

Puc. 1. HenckaxxenHoe (rcxoznHoe) m3obpaxenne CarypHa

Fig. 1. Undistorted real image of Saturn

Bapuant 1 (00padoTka cMa3aHHOT0 U300paKeHUsI
U ycTpaHeHHEe HeCMAa3aHHOIO IIyMa)

Juis ceemiu CaTypHa U €0 CITyTHUKOB TEJIECKOTIOM C
HEJIOCTATOYHON CBETOCUIION MOXET MOTPeOOBaThCs OOITb-
I1asi SKCIO3MIINSA. ITO MOXKET BbI3BAaTh HEKOTOPOE Pacco-
[J1aCOBaHHME ACMHXPOHHOTO BPAIIECHHS TEJIECKOIa, CHUMA-
formero CartypH, 1 HeOecHOH cepbl ¢ 00beKTaMu Ha Helt
U, KaK CII/ICTBUE, TIOIYUYUTh CMA3bI6AHUE N300paKEHHS
CarypHa, ero CIyTHUKOB | 3Be3] (puc. 2, a).

Puc. 2. I306paxxenns CarypHa, ero CIyTHUKOB U 3Be371 (BapuaHT 1): cMa3aHHOe M300paxkeHne (a); HaJoXKeHHe Ha CMa3aHHOe
n300paXkeHNe anmapaTypHOro MOCIeIYIOMEero HeCMa3aHHOTO UMITYJILCHOTO IiyMa (b); ycTpaHeHue IrymMa GUIbTpaMu ThIOKH,
T'oncaneca, HapasiHana 1 HOBBIM MOJM(HUIMPOBAHHBIM QHIBTPOM (c); yCTpaHEHHE cMa3a METOJaMH ITapaMeTpHIecKoil QHIbTpanm
Bunepa u perysispuzaiuu TuxoHosa (d)

Fig. 2. Images of Saturn, satellites and stars Images of Saturn, its satellites and stars (option 1): blurred image (a); superimposition
of hardware subsequent non-blurred impulse noise onto the blurred image (b); noise elimination with Tukey, Gonzalez, Narayanan
filters and a new modified filter (c); removal of blur by methods of parametric Wiener filtering and Tikhonov regularization (d)
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IMpennaraemslii MeTox

IIpsamas 3anaua cmaspiBanus. Cma3 n300pakeHUs
(puc. 2, @) onuIeM AByXMEPHBIM BBIPRKCHUEM:

o0 00
g, )= | T h(x-&y-mwEmndédn, (1)
—00—00
riae x u & — oCH, HalPaBICHHBIC TOPU3OHTAIBHO; V U 1|
— OCH, HAIPABJICHHbIC BEPTUKAIBHO BHU3; W U g — pac-
npe/iesIeHie HHTEHCUBHOCTH 110 HEUCKOKEHHOMY U CMa3aH-
HOMY H300pa’keHHSIM COOTBETCTBEHHO; /i — DPT.
OnumieM cMa3 Takke HaOOPOM OJHOMEPHBIX TTOCTPOY-
HBIX )-BBIpOKEHUH THIA CBEPTKH [7—15]:

g/0) = [ h(x — Ew,(©)dE, 2)

rae x ¥ & — ocH, HalpaBJICHHbIE BAOIb CMa3a o[ YIJIOM
0; y — ocb, HarpaBieHHas MePHEHANKYISIpHO cMazy. OPT
B CJIyyae PaBHOMEPHOIO ¥ MPSIMOJIMHEHHOI0 CMa30B 3allu-
meM B (2) Kak:

1A, -A<x—-E£<0,

h(x—8&)=
0, unaue, 3
/A, -A<x <0, )
i h(x) =
0, unaue,

rae A — Bean4nHaA cMasa.

[Ipencrasnenne aByMepHOii 3anaqdu (1) B Bume Habopa
OJHOMEPHBIX 3a7a4 (2) clieayeT U3 MOBOPOTa ABYMEPHOI
CHCTEMbI KOOPJIMHAT Ha Yroi O Tak, 4ToObl HaIpaBIeHHE
cMasa coBmajo ¢ ocbio X B (2). Torna Beruucienue OPT
MOXKHO YIIPOCTHUTB, U MOTPeOyeTCs MEHbIIE aMsITH, YeM
py AByMepHOM BbipaskeHn (1). OnHaKko nepexos oT BbI-
paxenus (1) k (2) cBsi3an ¢ onpezenenueM yria 0, a ato
MOJKET BBINOJHUTHCS C MMOTPEIIHOCTHIO O M NPUBECTH K
TIOTPEITHOCTH Gye], KOTOpAsi OyJIeT onucaHa aajiee.

JJ1s KOMIIBIOTEPHOH peann3anuu BapuanTa 1 (psimMoit
3a7a9d B BUze cooTHOIIeHn# (2) u (3)) aBTOpamu pazpado-
taHa MATLAB-mporpamma Saturn_bigl.m. Cma3biBanne
BBINIOJTHEHO TAaK)XK€ HAa OCHOBE JIBYMEPHOTO BBIPAKEHUS
(1) ¢ momompro BcTpoeHHBIX B MATLAB m-dynkmumit
fspecial.m u imfilter.m.

Ha puc. 2, a nokazaHo cMa3aHHOE U300paKeHHE
CarypHa, CITyTHHKOB U 3Be3]1 coriacHo (2) u (3).

OTmMeTuM, uTO mapaMeTpsl O 1 A U3BECTHBI TOJBKO B
MO/JICJIBHBIX TpUMepax. B CBsI3u ¢ ATUM NPEAIONIoKUM,
YTO 3HA4YEHUsI O, A M /I HEU3BECTHBI M JUIS MX OTIPE/ICIICHUS
HCHOJb3YEM «CIIEKTPAIBHBII MeToay [5, 6].

Morpemnocts onepanuu. OTHOCUTEIBHYIO MTOTPEIl-
HOCTB JIFO00H oTreparuu (cMasa U Jp.) BEIYUCINM 110 (op-
MyIIe:

bW M N M N
Grel_w_\/z 1(VT’ji—VT’ji)z \/Z Y wi, (@)

Wz, A= p=t=

IJle W — MCKaXEHHOE N300pakeHne (cMasaHHoe, 1edoKy-
CHPOBaHHOE, 3alTyMJIEHHOE U T. 11.); W — TOYHOE H300pa-
JKeHre (0OBITHO UMEETCsI B CTAaHIAPTHBIX HA0Opax HEUCKa-
JKEHHBIX M300paKEHHI aCTPOHOMHUYECKHX OOBEKTOB); j U
i — HOMEpa CTPOK U CcToNO010B; M U N — 4HCIO CTPOK U

cTonb1oB. Pacuet o dopmyse (4) siBisieTcst Oosee ynoo-
HBIM U HATJISJIHBIM, 9eM I10 u3BecTHOH (opmyine PSNR
(TMKOBOE OTHOIIEHUE cUrHAN/TIyM, the peak signal/noise
relation):

PSNR = 101g(Winax MN/|[W — W|[7,).

B pesynbrare norpenHocTs cMa3aHHOTO U300paKeHHst
Ha puc. 2, a paBHa G| = 0,229 (1. €. = 23 %).

®dopmyia (4) MOXKET OBITh UCIIOJIb30BaHA TAKXKE IS
BBIYHCIICHUSI IOTPEITHOCTH Grel, O0OYCIIOBIEHHOI! MOrper-
HOCTBIO OIIpE/IeJICHHs yIiia 6 Ipy Iiepexosie OT ABYMEpHOM
3agaun (1) ¢ m300paykeHUEM W K OJHOMEPHOH 3amade (2)
c—w.

3amymienne. BEIIIOTHUM aHaNIU3 HAJIOKCHHS Ha
cMa3aHHOe M300paKeHrne Ha pHC. 2, @ HECMa3aHHOTO UM-
MyTbCHOTO IryMa Tuma ‘salt & pepper’ (puc. 2, b). Takoit
IIYM MOT BO3HUKHYTbh B Pe3yJibTaTe BbIXOJa M3 CTPOs
psizia CeHCOPOB MaTPHIII IPUOOpa C 3apsIOBON CBS3bIO
B Tesneckorie. HecMmazanHbli 1yM — annapamypuoiii (MH-
CTPYMEHTAJIBHBIN) wyM U OTIMYACTCS OT IlIyMa B Cpejie.
HazoBem HecMazaHHBIH IIYM 1n0CIE0VIOWUM ULYMOM, TaK
Kak OH (pHuc. 2, b) HaJIOKEH Ha N300pAKEHNE noCe cMa3a
n3o0paxxenus (puc. 2, a).

[ocne HajgOXEHUs NIyMa IPOrPaMMHO C MOMOIIBIO
BCTPOCHHON M-(QYyHKINH imnoise.m MOTPEenIHOCTh Ha
puc. 2, b moBeicHIAch: Gre] = 0,355.

Penienue o6paTHoii 3a1a4M ycTpaHeHUsI LIyMa
U cMa3a

IlepBasi oOpaTHas 3a1a4a — 3aJa4a yCTPAHEHUS UM-
MYJILCHOTO IIyMa. [IpuMeHnM 1t GUIbTpauy myMa Me-
JaHHbIA QrIbTp THIOKH, aTalTUBHBIA METUAHHBIA (DHIBTP
Toncaneca, nreparmonusiii puiasTp HapanssHana, HOBBIN
MOIU(HUIMPOBAHHBIN MenuaHubIil puistp [7, C. 146; §].
Yoeaumcs, 9To QUIBTpALNs UMIIYIBCHOTO ITyMa (IIIb-
TpoM ['OHCaseca BBINOJIHSASTCS IPUMEPHO B 2 pasa TOUHee,
yeM (uibTpoM ThioKH, @ MOAH(DUIIMPOBAHHBIM (DUIIBTPOM
NpUMEpHO B 5 pa3 TouHee, yeM QuibTpoMm [oHCcaneca.
Tem He menee, Gunbrp ThlokM AJIsi paccMaTpUBaEMOTro
npuMepa JaeT NpueMIIeMble pe3yiabTarsl. PaccMoTpum
Ppe3yabTarhl, MOJy4YeHHbIe MeTUanHbIM (QribTpom ThIoKH.
Ha puc. 2, ¢ — n3o0pakeHHe 1mocie ycTpaHSHUs] UMITYJTb-
cHoro 1ryma ¢puinstpoM Teroku ¢ okaoM [3 311 [12, 14, 16].
ITorpemHocTh yMEHBIIMIACK: Grel = 0,229.

Bo BTOpoii o6paTHoii 3a1a4e (ycTpaHCHHE CMa3a) pac-
cmoTpuM Beipaxenust (1) u (2) kax Y Tuma cBepTKH, B KO-
TOPBIX g — 3aJaHHast QYHKIMSA (CMa3aHHOE N300pakeHNE),
w — uckomast GyHKIMs (HEUCKaKEHHOe 300paxeHue), a
h— ©OPT wnu siapo NV.

Paccmorpum MY (1). 3amaya ero pemeHus sBisieT-
cs HekoppekTHoit (ill-posed problem) [2, 12, 17-21] u
TpeOyeT MpUMEHEeHHs CIeIHNAIbHBIX YCTOHYNBBIX METO-
JIOB — MeTo/a apameTpuieckoit puiasrpaunn Bunepa
(MII®B) [1, 10, 12—-14, 21], perynspuzanuu TuxoHosa
(PT) [2, 9-14, 16-23], MakCHMaITFHOTO TIPABIOTIOAOOUS

! Bpumn ucnonb30Banbl Takxke Okua [5 5], [7 7], HO manu mo-
TPEIIHOCTH Gre| 0OTBIIYIO, UeM ¢ OKHOM [3 3].
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Jlrocu—Puuapacona [10, 12—14], «cnemnoii 1eKOHBOIIOIMN
[13, 14, 24-26] u ap.

B Hacrtosmeit pabore B kadecTBe 3 PEKTUBHOTO
(ycroitunBoro) Meroia ycrpaneHus cmasa Beiopan MITOB
[1, 10, 12—14, 21], commacHO KOTOPOMY BOCCTaHOBJIEHHOE
n3obpakenue B pesyasrare pemierus MY (1) [7, C. 206]
UMEET BUJ

1 o0 o0
wi&m) =] | (w1, 0) x

4T[32—oo—oo
. (5)
x exp[—i(w1§ + om)]dwidemy,
rme
H*(®,, ®,)G(0,, ®
Widor, o) = (01, ©)G(0, 2)’ ©)

[H(w1, o) + K

npuueM W, Hu G — cnextpsl Oypbe QyHkunit w, h u g;
K >0 — napamerp MII®B, naromuii olleHKY OTHOILIECHUS
ITyM/CUTHAI 110 MOIIHOCTH [13, 14]; @1, 0y — 9acTOTHI
®Oypbe; H* — conpshkeHHBIN criekTp Dypre.

Bri0op napamerpa K. [lapamerp K urpaer Baxuyro
posib B MII®B, Tak xak onpenessier CTeneHb NIaJKOCTH
pemerns wg. OH COBNAAAET C MAapaMETPOM PETYIISpHU3a-
uu o B MeToje peryisipusannu 0-ro mopsiaka TuxoHoBa
[2] u BBIOMpaeTcs, HarTpuUMep, 0OOOIIIEHHBIM TPUHIIUIIOM
HeBsa3ku [3, 7] u ap. 3HaueHue napamerpa K (4 o) 3aBUCUT
OT LIyMa, mapameTpoB A, 0 ¥ 1mara JUCKpeTH3alu 1 He
SIBJISIETCSI YHUBEPCAIBHBIM, TaK KaK JJIsl KaXJI0ro 1300pa-
JKEHMSI MTOJTydaloTcs pasHble 3HaueHus K u o. B nanHoi
paboTe mpeIaraloTes JBa NPOCTHIX, HO (P ()EKTHBHBIX
«BU3VAILHBIX Y cnocoba ébibopa napamempa K [1, 7).

1. Beibop K Ha 0CHOBE BU3YaIBHOTO BOCIIPUATHS U30-
OpaxeHus wi(&, 1) Ipu pa3nTUIHBIX 3HadeHUIX K. [Ipu
9TOM Oy/IeM HCXOAWUTH U3 TOTO, YTO NPH 3aBBIIICHHOM K
n3obpakeHue wg(&, 1) moaydaercs 3arIaXXeHHBIM, a TIPU
3aHIKEHHOM K — CIUIIKOM KOHTPACTHBIM (HEYyCTOHYH-
BbIM). [logbepem «ymeperHoe» K 1o BU3yaJbHOMY BOC-
npuaTuio wi(&, n).

2. Eciiv U3BECTHO TOUHOE U300paXkeHue W (B MOJIEIb-
HOH 3azmade), To ompenenuM K U3 yCIOBHUS MHHHMYyMa
OTHOCHTEIIEHOW MOTPEIIHOCTH: Ore](K) = min, T71e

K

= olls,

MN MN_,
orel(K) = > 2 Ovgji —wii)? \/ > Y wii

W, VAA As

[Mocnennee BeipaxkeHne — (opmyna (4) IPUMEHUTEIb-
HO kK MIIDB, npu w = wg.

3ameTuM, 4TO B pabdore [1] Takke HCHOIB3YyeTCS
¢unsTp Bunepa ¢ xonctanToit £ (ananoruuHoit K), KoTo-
past TakKe «1o0dUPaemcst UCX00s U3 HAUTYHULEe20 Kayecmad
u300padicenus», a He ¢ TTOMOIIIBI0 HEKOTOPOTO YHCICHHOTO
criocoba. Anamorngso, B kaure [14, C. 184] koncranra K
(o0o3HaueHHAS KaK R) OMpENeNsieTcs «nymem ee usme-
HeHUs U HAONIOeHUs Pe3YIbmamos 80CCMAHOBIEHUS .
HecmoTpst Ha TO, 4TO MaHHBIE CIIOCOOBI BRIOOpa/To00pa
He 000CHOBaHbBI CTPOTO MaTeMaTHYECKH, OHHM TPOJAEMOH-
crpupoBaiu 3GHEKTUBHOCTh B 3a7a4e BOCCTAHOBICHHUH
M300paKEHUI 3a CUET MCIONIb30BAHUS alPUOPHOH (BU3Y-
anpHOI) nHpOopMaru 00 mu3odpakeHun w(&, 1).

Igk

Puc. 3. OTHOCHUTENIbHASI IOTPEIIHOCTh BOCCTAHOBJICHUS
H1300paXKEHUs Grel(K) METOIOM MapaMeTpUyuecKoil puibTpanun
Bunepa B npsiMoii 11 B 00paTHOH 3a1a4ax I HapaMeTPOB:
A=40,0=35,d4d=0,001 (xpusas /), A=41,5,0=33,d=0,01
(xpuBas 3), A=43,0=31,d=0,01 (kpuBas 4); B mpssmoit
3amade A =40, 0 =35, d = 0,001 u B oOpatHoii 3a1aue A = 41,5,
0=33,d=0,01 (kpuBas 2)

Fig. 3. Relative error of image reconstruction by the Wiener
parametric filtering method in direct and inverse problems
for parameters: A= 40, 0 =35, d=0.001 (curve /), A=41.5,
0=33,d=0.01 (curve 3),A=43,0=31,d=0.01 (curve 4); in
the direct problem A =40, 6 =35, d =0.001 and in the inverse
problem A=41.5,0=33,d=0.01 (curve 2)

Ha puc. 3 npuBeneHsl KpUBbIE Grel(K) morpentnocTeit
pa3nuyHbIX BapuaHTOB pemeHui. Iloa npsimoil 3ana-
yeil mojpazyMeBaeTcs BHECEHNE UCKa)KeHUH B n300pa-
JKeHHE ¢ TlapameTpamu: cMa3beiBanue A = 40 nkc; 6 = 35°;
d=0,001 = 0,1% — mons 3auryMJICHHBIX MTUKCENOB, a
B 00paTHOH 3a/1aue JaHHBIC NTapaMeTpbl HE U3BECTHBI U
UCHOJIb3YIOTCS IPUOIMKEHHBIE 3HAaUEHUs IapaMeTpoB,
Hanpumep, A=41,5;0=33;d=0,01.

MUHUMYMBI KPUBBIX Ha PUC. 3 MO3BOJSIIOT BBIOpATh
napamerp K.

B pesynbrare npu penieHnr 00paTHOM 3a1a4u ¢ rapa-
meTpamu A, 0 1 d TakuMU e, KaK B IPSIMOH 3a1a4e (Kpu-
Bast /), TIOJly4MM MEHBIIYIO MOTPEIHOCTD, YeM C TIapame-
TpaMH, OTJAMYHBIMH OT HCTUHHBIX, HAIIPHMEP, TT0 KPUBOH 2.

Ecmu sxe B mipsiMoi 1 B 00paTHOM 3a/1auax mapaMeTphl
OZIMHAKOBBIE, TO MOIY4YNM KpHBbIE 3 U 4, ONM3KKE K KpH-
BOM [/, maske eCIM MapaMeTpsl KPUBBIX 3 M 4 OTIUYHBI OT
nmapameTpoB KpuBoit /. [Tapamerp K B MUHUMyME KpHUBOH /
umeet 3HadeHue K = 1,2-10-3. D10 1aer yeTkoe BOCCTaHOB-
JICHHOE M300paxkeHue Ha puc. 2, d. B pesynbrare noixyueHa
OTHOCHUTEJIbHAS MTOTPEIIHOCTH Gl = 0,100.

U3 puc. 2, d BUAHO, 4TO BOCCTAHOBIICHBI BCe 16 cryT-
HUKOB CaTypHa ¥ yJajeH IIyM U 3Be3/Ibl, IPUYEM IIyM yria-
JIeH KaK MeJuaHHbIM (QriibTpoMm (puc. 2, ¢), Tak 1 MI1OB

(puc. 2, d).

BapuanT 2 (00padoTka cMa3aHHOIO LIyMa
M CMa3aHHOI'0 U300paKeHus1)

Crneunduka o6paboTkn M300pakeHns BapuaHTa 2
(puc. 4) COCTOHT B TOM, YTO B HEM HCIIOJIB30BaH MPUPOJI-
HBIH (peasIbHBIN) IIIyM, a B BapHaHTe | IIIyM CMOJIEIMPOBaH.
Kpowme Toro, B BapuaHTe 2 NIyM HaJOKEH Ha HECMa3aHHOE
n3o0pakenne CarypHa ¥ 3aTeM BBIITOJIHEHA CBEPTKA CyM-
MBI n300pakeHns U myma (puc. 4, b).
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Puc. 4. O6pabotka m3o00pakenus: CaTrypHa, ero CIyTHHKOB U 3Be3]l (BapUaHT 2): MPUPOIHBIA HMITYIBCHBINA IITyM Ha HECMa3aHHOM
n300paxeHu (a); cMa3aHHOE C ITyMOM H300paxkeHue (b); ycTpaHeHHE cMa3a METONIOM IapaMeTpruecKoil puipTpanmu Buaepa
W BOCCTaHOBJIEHHE ITyMa (c); yCTpaHEeHHe IIyMa MeIHaHHbIM QHiIbTpoM ThIoKH, azanTuBHEIM GuiIsTpoM [oHCaneca, TepaTHBHBIM
¢unsTpom HapaHbsiHaHa 1 HOBBIM pa3paboTaHHBIM MOTU(UIIMPOBaHHEIM GUIBTPOM (d)

Fig. 4. Image processing of Saturn, its satellites and stars (option 2): natural impulse noise on an unblurred image (@); blurred image
with noise (b); removal of blur using the Wiener parametric filtering method and noise restoration (¢); denoising by Tukey median
filter, Gonzalez adaptive filter, Naranyanan iterative filter and newly developed modified filter (d)

Ilpsamas 3apaya. /[ KOMOBIOTEpHON peanu3aluu
BapuanTa 2 pazpaborana MATLAB-nmporpamma Saturn
big2.m. Ha puc. 4, a npeacraBieHo HEMCKaKEHHOE H30-
OpakeHHe W HeCMa3aHHBIH MMITYJIbCHBIN IIyM THIa ‘salt
& pepper’ ¢ monei 3amymieHHbIX mukcenos d = 0,01;
MOTPEIIHOCTD Grel = 0,271.

Takoii nrymMm MOKeT BO3HUKHYTH B cpejie (TIbUTb, TyMaH,
KaIlIn, CHSKUHKH, JIBIUHKH U T. T1.) Mex 1y CarypHOM U Te-
neckorioM. byriem Ha3bIBaTh ATOT LIyM npedutecmeyrouum
wymom, Tak KaKk oH (puc. 4, @) HaJOKEH Ha M300pakeHHe
repen ero cMasbiBanueM (puc. 4, b) [4, 27, 28].

Ha puc. 4, b mpencraBieHo cMazaHHOE U300paskeHHE
CarypHa, ero CITyTHUKOB, UMITYJICHOTO IIIyMa U 3BE3, T. €.
CMa3 TIOKa3aHHbI Ha puc. 4, . CMa3pIBaHNE N300paKeHN,
Kak U B BapHaHTE |, CMOJEINPOBAHO COTIIACHO BBIpaske-
Huto (1) ¢ nomorko m-pyukuuit fspecial.m u imfilter.m;
cma3z A =40 nkc, yroa cmaza 0 = 35°. [TorpemHocTs
Grel = 0,233.

CMa3 criau UIMIYNbCHBIN HIyM. DTO — OpuUeUHalb-
HbLIl pe3yiibmam, TOCKOIILKY OOBIMHO HE MCIIONB3YIOT CMa3
JUTst QUITBTPAIINY HMITYJIBCHOTO IITyMa.

O6patusble 3agaun. PaccMoTpuM 1Be 0OpaTHEIE 3a-
JlaqH.

B mepBoii 3amaue ycTpaHuMm cmas Ha puc. 4, b
MII®B cornacuo (5) u (6). [Tapamerp K BEIOpaH paBHBIM

K=1,1-104 «BusyanbubiM» criocobom. IToaydena mo-
TPENIHOCTH Ore] = 0,238. Ha puc. 4, c — BOCCTaHOBJICHHBIE
M300pakeHus1 CIIyTHUKOB, CaTypHa U Iryma.

B tabnuiie 1aHbl pe3ysbTaThl PEIIeHNUs IEPBOM 3a1auu.

Bo BTOpOIi 3a1a4e yCTpaHUM MMITYJIbCHBIN LIYM Ha
puc. 4, ¢ menuanabM GuibTpoM Thiokn ¢ okHOM [3 3],
aJanTuBHBIM QuiIsTpoM [OHCaneca, UTepaTHBHBIM (DUIIb-
TpoM HapaHubsiHaHa 1 HOBBIM pa3paboTaHHBIM MOAU(DHUIIH-
POBaHHBIM (QHUILTPOM. Pe3ynbrarsl pasHbIMH QHIBTPAMHU
6mm3ku 1o 3HaUueHKAM. [TomyurM OKOHUATENBHYTO TOTpeT-
HOCTB Gre] = 0,0877 1 BoccTaHOBIEHHOE N300pakeHNe Ha
puc. 4, d.

IlocTanoBka 3agaun

PaccmoTpum mpumep co cMa3aHHBIM U 3aIlyMJICHHBIM
nzobpaxenuem KOmutepa u ero crytHIKoB Mo u ['anumen
(puc. 5, a).

HoBu3zHa pernreHns MOCTaBICHHON 3a/1aul COCTOWT B
TOM, YTO «CHEKTPATIBHBIA METOI» MIPUMEHEH K aCTPOHOMH-
geckoMy 00bekTy (Kak u kK CatypHy). OTimuue npumepa 2
oT 1 COCTOUT B TOM, UTO B MpuMepe | 3a1aBamich 3HAUYCHHS
napamMeTpoB cMa3a: BeIU4YrHA cMaza A u yrou 0, a B mpu-
Mepe 2 mapamMeTphl cMa3a OMpeesaoTCS MaTeMaTuyeCKu
«CTEKTpaIbHBIM METOZIOMY [5, 6, 28].
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Tabnuya. 3HaueHUs! Gre] ¥ K (IIyM HMITYJIBCHBIN; Macka 3 % 3)

Table. Values of o] and K (impulse noise; mask 3 x 3)

Bapunant JHelictBue Pucynox K Orel
[Mocnenyromee 3amymienue, amnmapa- | Cma3 n300pakeHus 2,a — 0,229
Typreti mywm (1) Hanoxenue myma 2,b — 0,354

YerpaneHue nryma MeMaHHbIM (QHUIIBTPOM 2,¢c — 0,229
Yerpanenue cmaza MITDB 2,d 1,2:103 0,100
[IpenmectByromniee 3amymieHue, npu- | Hanoxenue myma 4,a — 0,271
poAHBIA 1rym (2) Cma3 n300paxeHust ¢ IyMOM 4,b — 0,233
Verpanenue cmaza MITOB 4, ¢ 1,1-104 0,238
YerpaneHue mryma MeTManHbIM (QUITBTpOM 4,d — 0,087

YerpaHuM UMITYJIBCHBIN [IYM MEAMaHHBIM (QHIBTPOM
Trroku 1 MoTyuuM U300pakeHue 6e3 1yma, Ho Co CMa3oM
(puc. 5, b).

UToOB! ycTpaHUTh CMa3 M300paykeHus Ha puc. 5, b,
paccMOTpUM cooTHoUIeHne (2) Kak Habop OJHOMEPHBIX
WY Tuna cBepTKu B Kaxa0H y-CTPOKE:

_I h(x = Qwy(8)dE = gy(x), (7

IJIe Wy, — UCKOMAas HCTHHHAs MHTEHCHBHOCTD; &) — M3Me-
pPC€HHasA NCKaXXCHHAsA NHTCHCUBHOCTH B KaXKIOU )-CTPOKE;
h — ©PT nnu sapo NV, onuHakoBoe A7 BCEX y-CTPOK.
[Ipennonoxum, uto B npumepe 1 ®PT unu sapo UY
h HEW3BECTHO M HYXKHO €r0 ONpPEICIUTh — aKTyajbHas
3aJa4a. DTO MOXKHO CJIeJIaTh, HAIIPUMEDP, METOIOM «CIIENon
JIEKOHBOJIOIIUWY |13, 24, 25], BBINOJHSAIOIIMM JIB€ MUHH-
MU3annu (GyHKIHOHANA (CIOKHAsT ONepanis) TN «CIIeK-
TPaJbHBIM METOZOM» (MEHEE CIIOHBIM, HO JIOCTaTOYHO
TOYHBIM). BocIonb3yeMcst «CreKTpabHBIM METOIOM.
«CnekTpajabHbIil MeTOm» (cmocod) orpeaeeHus ma-
pametpoB 6 u A. Berancmnm |G(o1, ®2)] — MOZyns mpe-
obpasoBanus @ypre cMa3aHHOTO M300pakeHUs g(x, »)

(puc. 5, b). Ilokazano [2], uto |G(®1, ®2)| — HAOOP Tapal-
JIeNbHBIX JIUHUM B ciyyae cmasa (puc. 6).

ITpoBejieM JIONONHUTENBHbIE IMHUK Ha PUC. 6 U U3Me-
pum yron 0, a takxke § = 90° — 6. OxHAKO 3TO HE UCTHH-
HBle yribl O 1 y. Hailinem ucTiHHHBIC yIIBI IO opMylam
[5, 6, 28]:

v = arctg(tgy/r), r = MIN, 6 = 90° — v, 8)

rie M 1 N — KOIM4YECTBO CTPOK M CTOJIOLOB B H300PaKEHHH g.

TTosyunm paccuntanHble 3Hauenus: 0 = 37,8°; \ = 52,2°;
M=2817; N=843; r=0,969; v = 53°,1 u, kax creacTBue
(110 HECKONMBKUM peanu3anusim), 0 = 90° —y = 36°,9 + 0°,3.

Omnpenenum nmapametrp A. Cornacuo [5, 6,9, 29],
A = 2(®max/®1), TIE ©] ¥ Omax — MUHAMAJIbHASI 1 MaKCH-
MaJibHast 9acTOThl Dypbe, KOTOPhIC OMPEACIUM IO pHC. 0.
OpnHako 3Ta popMyria TacT 3aBhINICHHOE 3HaUCHHE A U3-3a
HEUYCTKOCTH (3aBBIIICHUS) Mpmax (PHUC. 6).

IIpuBenem Oosee TOUHYH MOIU(PHUIIMPOBAHHYIO (op-
MyITy JJIsl pacueTa napaMmerpa:

A =2(0max/o1)Y, ©)

rae y € [0, 1] — xoppexmupyrowjuii MHOMcCUmEND.

Puc. 5. CmazanHOe 1 3amrymieHHOe n3o0paxenue FOnmrepa u ero cmyTHUKOB (@) ¥ n300pakeHue g(x, y) mocine ycrpaHeHus uryma (b)

Fig. 5. Smeared and noisy image of Jupiter and satellites () and image g(x, y) after noise removal (b)
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B.C. Cuswnkos, H.I. PyuieHko

Crnoco0 onpenesieHus Y. MHOXXKUTENb Y ONPEAEINM
IyTeM 6U3yaibHo20 TToA00pa. 3aJaiuM psijl 3HaYECHUH 7,
JUIsl KOTOPBIX BerancsuM A coracHo (9) u ®PT 7 — (3),
BOCCTAaHOBHMM M300pakeHHe MmocTpodHo cornacHo (10).
Bribepem T0 3HaueHme Yy (Hapsany ¢ K), mpu KOTOpOM
n300pa’keHNe BOCCTAHABIMBACTCS HAMIYUIINM 00pa3oM
(puc. 7).

B pesymnbrare mogobpano: v = 0,85 mw A = 49,7 + 0,5.
TakuM 00pa3oM «CHIEKTPaTbHBIN METOI) Al CICTYIONIHe
3HAUYCHUS MapameTpoB cmasa: 0 = 36°,9; A= 49,7, a Tounbie
sHadeHust: 0 = 37°; A = 50 — 3HaueHHs TApaMETPOB CMa3a
0 1 A 1Oy 4eHBI «CIIEKTPATLHBIM METOZO0MY C TPUEMIIEMOM
TOYHOCTBIO.

Boccranosienne uzodpaskenus. [locne onenku napa-
MeTpoB 60, A, vy u, kak crenctue, onpeaencaust OPT mox-
HO BOCCTaHOBHTH H300pakeHue Omurepa u ero CrryTHHKOB
mytem perrenns MY (7). B xauecTBe ycToiunBoro merona
pemrenus MY Beiopan MIIOB [5, 14, 18].

Cornacao MII®B, BoccTanOBIEHHOE H300pakeHNE
mpu pemennn UY (2) nim (7) paBHO

1 “H0)G
wk(©) = —— [ TEDG(O)

eiode, (10)
210 |H(w)]? + K

rne H u G — ompHOMepHBIe TipeodpazoBanust Dypee sapa
WY h n uzobpaxenus g; K > 0 — napamerp MIIDB, ko-
TOPBIiA onpejielieH myteM nogdopa: K = 5-10-4. Ha puc. 7
MIPE/ICTaBICHO BOCCTAHOBJICHHOE M300payKeHUE COINIACHO
(10). Ero otHOCUTENBHAS TOTPEHIHOCTH (7) Grel = 0,092.
[Tpumep 2 nokasain ycrienHoe BOCCTaHOBJIEHHE N300pa-
skeHust w MII®OB ¢ ucnonb30BaHuEM CIIEKTPaIbHOTO Me-
TOZIa ¥ BU3YAJILHOTO BBIOOpA ITapaMeTpoB. ATpoONpOBaHbI
TaKKe IPyTHe TPAMEPHL: H300paKSHU JTFO/ICH, CaMOJIETOB,
rajakTuk [5, 6, 7, 28, 30], moarBepausmne 3¢(HexTus-
HocTh MII®B u cnekrpaibHOro METOoAa ONPEAETIEHHUS
mapameTpoB cMasza 0, A, K, y, ®PT u smpa V.

Puc. 6. IlpeobpazoBanue Oypbe 0 MOIYIIO (aMIUTUTYAE)
|G(®1, ®2)| cMa3aHHOTO N300paxeHus g(x, V)

Fig. 6. FT modulo (amplitude) |G(w1,w;)| smeared image g(x, )

Puc. 7. Momyis BOCCTaHOBIIEHHOTO N300pa)eHHsI [Wx| METOJIOM
napaMeTpudeckoil punsTpanny Bunepa

Fig. 7. Reconstructed image module |wg]| using the VPF method

B paGote paccMOTpeHBI peaibHbIe U CMOIETUPOBAH-
HbIE M300pakeHus1, HA puC. | U puc. 4, a PEICTaBICHBI
pealibHbIC U300paXeHusl, a Ha puc. 2, puc. 4, b, ¢, d, puc. 5
U 7 — CMOJICTUPOBAHHBIC H300PaKEHHUSL.

O0cy:xnenue

W3noxeHHas MeToka 00paboTKu M300pakeHUH MpH-
MEHEHa K peaJbHbIM HaHHbIM. Hanmpumep, B [29] npu-
BEJICHBI Pe3yJIbTaThl 00pabOTKH peanbHBIX NCKAKEHHBIX
M3MEPEHUH 3eMHOI TOBEPXHOCTH, MOTyYeHHbIE C CaMoJIeTa
n YepHOro Mops, NOIy4eHHbIe co criyTHHKA. C ydeToM
9THX pe3ylbTaToB 00padoTaHbl pearbHble H300paKEeHUS
Carypna (puc. 1) u FOnurepa (puc. 5), B3sTbIe U3 Karajiora
acTpoHOoMHYeCKUX 00bekTOoB NGC.

3akJiouenne

OmnwucaHa 3aj1a4a 00pabOTKU MCKaKEHHBIX CIIa0bIX
N300paKeHNI aCTPOHOMHUYECKNX O00BEKTOB Ha MpUMe-
pe peanbHbIX n300paxkenuit CarypHa u HOnmurepa ¢ ux
CIyTHHKaMH Ha (OoHE 3Be3JHOro Heba. B mpsimoii 3ana-
Yye BBINOJHCH aHalln3 cMa3a M300paKeHHs, BbI3BAaHHBII
BO3MO)KHBIM PacCOINIACOBAHUEM BPALICHNH 3eMIIH U Te-
JIECKOTIA, a TAKKE MMITYJIBCHBIN IIIyM IPUPOAHBIN U amma-
paTypHBIi (CMa3aHHBIA U HECMa3aHHBIH, TOCIISTYIONIHI 1
mpeamecTByiomuii). B obparHoii 3amaue ycTpaHeH cMmas
n3o0paxenuii Carypna u lOnmrepa, ux CIlyTHUKOB U 3B€3/1
MyTEM pelleHHs] HEKOPPEKTHOT0 HECTaHIaPTHOTO MHTe-
IpaJIbHOTO YPaBHEHHsI YCTOMYMBBIM METO/IOM MapaMeTpH-
yeckoll ¢puisrpanu Bunepa cortacHo Beipakenuto (10).
Takoxe BbInoIHEHA GUIIBTpanyst IymMa GuiasTpamMu ThIOKH,
loncaneca, HapanbsiHana u, pa3paboTaHHBIM aBTOPaMH,
HOBBIM MOJIU(QHUINPOBAaHHEIM (uinbTpoM. [Ipu 0OpaboTke
n3obpaxkenus: CarypHa mapameTpsl cmasa (yrox cmasa 6
u ero BennumHA A) 3a/1af0TCs, a B cirydae FOnmrepa mapa-
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YcTpaHeHune nckaxeHuii cnabbix M306paxeHnin acCTPOHOMUYECKMX OOBEKTOB. ..

METPBI CMa3a BBIYUCIISIIOTCS MOAN(DHUIINPOBAHHBIM «CIICK-
TPaJILHBIM METOJIOMY» coriacHO (8) u (9).

[Tony4ens! oneHku norpenrHoctei (4) u (7) kaxmoi
oneparmu. [IpeaoykeHHast METOIMKA MO3BOJISIET YCTPAHSITh
MaTeMaTHyecKy U IIPOrpaMMHO H300pakeHus 3Be3/1 (I1oJ1a-
raeMbIX IOMEXaMH ), IPUPOIHBIH U arlapaTypHBI IyMBl,
a TakKe cMa3 M300paXCHUS M MOTydaTh YeTKHEe n300pa-
xenus CarypHa u Onutepa u ux cnyTHUKOB. J{aHHas
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METOJIMKA JaeT BO3MOXKHOCTh OUHUINATh H300paKCHUE KaK
CarypHaa u FOnmrepa, Tak U APYrux KOCMUYECKUX OOBCK-
TOB OT BO3MO)KHOTO CMa3a H300paKCHUS U IIIyMa, a TaKKe
BBIJICTISAT Clla0ble OOBEKTHI (CIIYTHUKHU | T. A.) Ha (OHE
3BE3M, pasaeisis ciiadbie 0OBEKTHI U 3BE3Abl. JTa METO-
JIKA [O3BOJISIET MOBBINIATH PA3PEIIAOIIYI0 CIIOCOOHOCTh
TEJIECKOTIOB CPEIHEH CBETOCHIIbI IPUMEHHUTENILHO K CI1a00
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AHHOTALHUA

Bgenenmne. [TocTOSHHO BO3HHUKAIOMIAS TOTPEOHOCTH yBeINIeHHUS Y(h(HEKTUBHOCTH PELIeHHs 3a/1a4 KJIacCU(pUKauy 1
IIpeIcKa3aHusl OBEACHHST 00BEKTOB HaOIFOAEHNS BBI3bIBA€T HEOOXOANMOCTh COBEPIICHCTBOBAHNS METOJOB 00padOTKI
JaHHBIX. B pabote npesyiaraercst METO MOBBIIIEHHS ITOKa3aTelell kKayecTBa MOJIeNIeH MAaIIMHHOTO 00y4eHNs B 3a1a4ax
perpeccuu u npornosupoBanus. Mertoa. I[IpeninoxenHas 06padoTka HHYOPMAIIMOHHBIX MOCIIEA0BATEIbHOCTEH
MIpeJInoaraeT NIPUMEHEHHE CETMEHTAIMU BXOHBIX JaHHBIX. B pe3ynbTare pasaeneHus JaHHBIX 00pa3yIoTCsl CETMEHTBI
C pa3IUYHBIMU CBOMCTBAMH 00BEKTOB HaOmoaeHus. HoBu3Ha MeToz1a 3aKITt0qaeTcs B pasie/IeHu! MOCIe10BaTeIbHOCTH
Ha CETMEHTHI C UCIIONB30BaHNEM (PYHKIIMOHATIA Ka9eCTBA MOJIeNeii 00padOTKH Ha MOABBIOOPKAX TaHHBIX. JTO MO3BOJISIET
MIPUMEHSTH JIyqIINe 110 Ka4eCTBEHHBIM ITOKa3aTeNsIM MOJEIN Ha Pa3HbIX CeTMEHTaX NaHHbIX. [lorydeHHbIe CerMeHTH
SIBIITIOTCS OTAETEHBIMHA ITOABBIOOPKAaMH, Ha KOTOPBIe HA3HAYAIOTCSI JIYUIIIHE 110 Ka9e€CTBEHHBIM MOKa3aTelIsIM MOIEIHU 1
QIITOPUTMBI MAIIIMHHOTO 00y4yeHHs. OCHOBHBIE Pe3yJIbTaThI. J{JIs OIIEeHKH KadecTBa IIPeuIaraéMoro PEeIeHNsI BHITOIHEH
9KCHEPUMEHT C MCIIOJIb30BaHHEM MOJCIBHBIX JaHHBIX U MHOKECTBEHHOH perpeccuu. PaccunTaHHble 3HAYCHUS
nokasaresisi kauectBa Root Mean Squared Error (RMSE) 151 BEIOpaHHBIX aIrOpUTMOB Ha KCIIEPUMEHTAIBHON BEIOOPKE
1 TIPU PA3IMYHOM KOJIMUYECTBE CETMEHTOB MPOJIEMOHCTPUPOBAIIH MOBBIIIEHHE KaUeCTBEHHBIX MTOKa3aTeel OTAeIbHBIX
AJITOPUTMOB TIPY YBEINYEHNH KOIUYIecTBa cerMeHToB. [Ipenaraemplii MeTo O3BOISET MOBBICUTH MTOKa3zaTenn RMSE
B cpeiHeM Ha 7 % 3a cueT CerMeHTalluH ¥ Ha3HAuYeHHs MOZeNIel, KOTOpbIe MMEIOT HaMITydIIHe TTOKAa3aTeNH B OTACTBHBIX
cermenTax. O0cyxaenue. Pe3ynsraTsl MeTO1a MOTYT IPUMEHSTECS JIOTIONHUTENIBHO TP pa3paboTKe MOJEIeH 1 METOI0B
06paboTkn naHHBIX. [IpecTaBieHHOE pelieHne HAalpaBiIeHO Ha JalbHElIee yCOBEpPIICHCTBOBAHIE U pacINpeHHe
ancaMOIIeBBIX MeTos10B. DopMHUpOBaHIE MHOTOYPOBHEBBIX MOCIBHBIX CTPYKTYP, OCYIIECTBITIONMX 00paboTKy, aHaITH3
MOCTYTIAIOIINX HH(POPMAIMOHHBIX TIOTOKOB U Ha3HAa4Ye€HHe HanOoJee IMOIXOASIIeH MOJCTH ISl PeIleH s TeKyIen
3a/1a4M, MMO3BOJISIET YMEHBIIUTh CIOXKHOCTh M PECYPCOEMKOCTh KJIACCHUECKHX aHCaMOJIEBBIX METOOB. B pesynbrare
YMEHBLICHO BJIMSHHUE IPOOJIeMbI IepeoOyUyeHH s, CHIKEHA 3aBUCHMOCTh PE3YJIbTaTOB 00pabOTKU OT GA30BbIX MOZEICH,
TIOBBIIIIEHA ONEPATHBHOCTD HACTPOHKH 0a30BBIX AJTOPUTMOB B CiIydae TpaHC(HOPMAIMU CBOWCTB AaHHBIX U yIIy4IlIeHa
HHTEPIPETUPYEMOCTh PE3yIIbTaTOB.

KiwueBble ciioBa
“HPOPMALMOHHAS TTOCIIEI0BATENIFHOCTh JaHHBIX, MHOTOYPOBHEBAs MOZIENb OOPaOOTKY JaHHBIX, CETMEHTALUS JaHHbIX,
IIOBLIIICHKE ITOKa3aTelIcii KauecTBa
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Abstract

The constantly emerging need to increase the efficiency of solving classification problems and predicting the behavior
of objects under observation necessitates improving data processing methods. This article proposes a method for
improving the quality indicators of machine learning models in regression and forecasting problems. The proposed
processing of information sequences involves the use of input data segmentation. As a result of data division, segments
with different properties of observation objects are formed. The novelty of the method lies in dividing the sequence
into segments using the quality functional of processing models on data subsamples. This allows you to apply the best
quality models on various data segments. The segments obtained in this way are separate subsamples to which the
best quality models and machine learning algorithms are assigned. To assess the quality of the proposed solution, an
experiment was performed using model data and multiple regression. The obtained values of the quality indicator RMSE
for various algorithms on an experimental sample and with a different number of segments demonstrated an increase in
the quality indicators of individual algorithms with an increase in the number of segments. The proposed method can
improve RMSE performance by an average of 7 % by segmenting and assigning models that have the best performance
in individual segments. The results obtained can be additionally used in the development of models and data processing
methods. The proposed solution is aimed at further improving and expanding ensemble methods. The formation of
multi-level model structures that process, analyze incoming information flows and assign the most suitable model for
solving the current problem makes it possible to reduce the complexity and resource intensity of classical ensemble
methods. The impact of the overfitting problem is reduced, the dependence of processing results on the basic models is
reduced, the efficiency of setting up basic algorithms in the event of transformation of data properties is increased, and

the interpretability of the results is improved.
Keywords

information sequence of data, multi-level data processing model, data segmentation, improving quality indicators
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BBenenue

[ToBeIIEHNE KaYEeCTBEHHBIX [TOKa3aTeIe MoAeEIe 00-
paboOTKM HaHHBIX MPH PEIICHUN 3a7ad KIacCH(pUKAINH,
perpeccuu U npeicKa3aHus HOBEICHUS CHCTEMBI SIBIISIETCS
OIHUM U3 (PyHIAMEHTAIbHBIX BOIIPOCOB PA3BUTHSI METOIOB
MalIMHHOTO 00y4eHHs. DPHEKTUBHOCTH AITOPUTMOB 3aBH-
CHT HE TOJIKO OT BBIOpPaHHBIX CIIOCOO0OB 00paOOTKH, HO U
OT KauecTBa caMKX JaHHbIX. Hannune ommboK, IryMOBBIX
COCTABJISIIOIINX, BEIOPOCOB, TOSIBIICHUE M30BITOUHBIX M 3a-
BHCHMBIX IEPEMEHHBIX B BBIOOPKAX TPUBOISIT K CHUYKEHUIO
KaueCTBEHHBIX ITOKa3aTesell 00paboTKH NpH 3a1adax Ipo-
THO3RWPOBAHMUS, perpeccuu u knaccudukarmn [1]. B utore
BO3HHUKAET 3371a4a (POPMUPOBAHMS ONTHMAIIBHBIX BEIOOPOK
JAHHBIX JUIs1 O0y4YEeHUST MOJENIEH 1 MX TIOCIIETYIOIIEro Hc-
TI0JTb30BAHUSL.

C apyroil cTOpOHBI, HE MEHEe Ba)KHBIM JUISl JOCTH-
JKEHUS BBICOKHMX KaueCTBEHHBIX IOKa3aTeJIed SBISIETCS
UCIOJIb30BaHKEe dP(EKTUBHOW MOIEIH 00paOOTKH JaH-
HbeIX. B COBPEMCHHBIX UCCIICJOBAHUAX JId €€ ITIOCTPOCHUA
MIPUMEHSIIOTCSL KaK 0a30BbIE QJITOPUTMBI, TaK U pa3InuHbIe
HelpoceTeBble M aHcaMOIeBble CTPYKTYpHL. JlocTikenue
3aJJaHHBIX TIOKa3aTelel B 3TUX MeTojax B OOJIBIION cTe-
TICHU 3aBHCUT OT CBOMCTB BHIOOPKHM JTAHHBIX, TAKUX KaK
pactpesienieHue, pa3MepHOCTb, YaCTOTA TTOSIBICHHS 00b-
exToB HaOmoaenus [2]. Kpome Toro, B 3aBUCHMOCTH OT
MIPEAMETHON 00IaCTH HAa MOJICIIN HAKJIAQABIBAIOTCS Pa3HbIC
OTPaHUYEHHUSI, CBSI3aHHBIE C OBICTPOAEHCTBUEM M peCyp-

COEMKOCTbBIO, BO3MOKHOCTBIO a/IalTAallUX NIPU BO3HUKHO-
BEHHUH TpaHC(HOPMAIIUHN CBOUCTB JaHHBIX [3]. Pazmuunbie
MOJIEJT MOT'YT OBITh ONTUMHU3HUPOBAHBI TTO]T OJIHU CBOHCTBA
JIAHHBIX, HO TEPSTh CBOIO aJCKBAaTHOCTh NPU M3MEHEHUHU
BXOJIHBIX TAPAaMETPOB aHAIU3UPYEMO MOCIIe10BaTENbHO-
cTu. B cBsI3M ¢ 5TNM B HacTOsIIIEH paboTe paccMaTpHBaCTCSI
METOJI, UCTIOJIBb3YIOIIUI pa3/ieIeHue BXOAHOM Nocae0Ba-
TENLHOCTH JIAHHBIX ¥ Ha3HAYCHNE Ha OT/EIbHBIC CETMEHTBI
Mozeneil 00paboTKH, MMEIOMINX JTyYIINe KaueCTBCHHbIC
MIOKA3aTe ISl TOJyYCHHBIX MIPU CErMEHTANNH IO/BbI-
OOpOK TaHHBIX.

CyuiecTByI0IMe NOAX0AbI

[Ipouiecch! onTHMHU3aLMK METOIOB 1 MoJieseii 00paboT-
KU JJAHHBIX [TPOUCXOIAT 10 JABYM OCHOBHBIM HAIPaBJICHHU-
sM. Bo-IIepBBIX, OCYIICCTBISIOTCS TIPOLECCHI «ITOBBIIICHHUS
KayecTBa» 00pabaThIBAEMBIX JIAHHBIX, 4 BO-BTOPBIX, BBI-
TIOTTHSETCS TOCTpoeHHE YPPEKTHBHON Monmean 00padoT-
Kku [4].

K nepBoMy HanpapiIeHHIO OTHOCATCS METOIbI (hopMu-
POBaHHUsI POCTPAHCTBA NMPU3HAKOB. Cpein HUX MOXKHO
BBIJICJIMTh TTO/IXO/(I HA OCHOBE KJIACTEPU3AlNH, TOMCKA
TOYEK pa3JiaJ K BPEMEHHBIX PsI0B, OOHApYKEeHUs «apeiida
KOHIIETITa» NpH TpaHchopmayy CBOWCTB JaHHbBIX. B Ma-
IMIMHHOM OOYYECHHMHU TaKHe IMOJXO/bl HCIIOJIB3YIOTCS JUIS
pelIeHus paja 3a/1a4d pas/eseHus MoCIea0BaTelIbHOCTEH,
ABTOMATHUYECKOI reHEepaLiy JOTOIHUTEIBHBIX [IAPaMETPOB
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MeTopn, popmMmnpoBaHmMsa CEFMEHTOB MHPOPMALMOHHOM NOCNea0BaTENIbHOCTMU. ..

QJITOPUTMOB MAIIMHHOTO O0y4YEHUS], BHISIBICHUS HESIBHBIX
MH(POPMALMOHHBIX CTPYKTYP.

OcHoBormonararouue padoTsl [5—7] onpenenuin psia
rapaMeTPUYECKIX METOOB ITONCKA TOYEK, T/IC U3MEHSIOT-
cs cBoiicTBa. HecMOTpst Ha TOBOJIBHO JITUTEIBHOE BPEMs
CYIIECTBOBAHUS, TAKHE METOIIBI IPOIODKAIOT Pa3BUBATHCS.
Hanpuwmep, B [8, 9] npemiokeHs! 0aiieCOBCKUE MOIXOIBI
JUTSL pETPECCHid IO TOYKaM m3MeHeHusI. OJJTHaKo OHU UMEIOT
BBICOKYIO BBIYHUCIIUTENBHYIO CIOKHOCTD U TPEOYyIOT O0IIb-
1I0€ KOJINYECTBO UTEPALIUHI.

Jlist yckopeHust 00paOOTKH JaHHBIX, IIPHU OOJBIIOM
pasmepe NpoCTpaHCTBa MPU3HAKOB, JUJIsl CErMEHTAIMH B
[10—12] npennoxeHbl 2BOJTIOIUOHHBIE aNropuT™Mbl. B [13]
paccMOTPEH METOJI, UCTIONB3YIOIIHH IPOLEy Py pacTyIe-
T'O OKHA U IOCJIEJ0BATEIHLHOI0 CPABHEHUS CBOMCTB cer-
MeHTOB. B [14] npeacraBieHo penieHre, 0CHOBAHHOE Ha
OLICHWBAHNH XapaKTEPUCTUK U CBOMCTB WH(POPMAITHOHHBIX
MTOCIIEIOBATEIbHOCTEH.

CerMeHTHpPOBaHHE JAHHBIX — YACTO MCIIONB3YEMBIH
METOJ JUTs oCcTenyronero ananmsa. B pabore [15] Boime-
JIEH psAJl PEIICHUH ISl METOJIOB pa3/IesIeHUs: HacTpOonKa
CYLIECTBYIOIUX TPAJAULIHUOHHBIX aJrOPUTMOB Ha CBO¥i-
cTBa 00BEKTOB HAONIOJCHHUSI, IPEOOPa30BaHNE JaHHBIX
BPEMEHHBIX PSIJIOB B CTATUYECKUE BHIOOPKH JUIS J1ajlb-
Helield 00padOTKH aNropuTMaMK MaIIMHHOTO 00y4YeHus,
HCIIOJIb30BAaHKE MTaTTEPHOB Ha OCHOBE (POPMBI, IPU3HAKOB
1 MoyieNield, ¢ mocrneyronel nx o0paboTKoN alNropuTMamMu.

OCHOBHOH TETBIO ITHUX METOAOB SIBISICTCS CO3/IAHHC
CErMEHTOB HH(OPMAIOHHOM TTOCIICIOBATEIIHHOCTU U Bpe-
MEHHOTO ps/ia B IeTISIX YMEHBIICHHUS CIOKHOCTH 00padoT-
k1 1 aHanm3a. OHAKO TaKue MOAXOIBI IMEIOT TIPOOIIEMEI C
MacmTabuPyeMOCThIO, a HX IPOM3BOAUTEIFHOCTD 3aBUCHT
OT CBOHCTB 0OBEKTOB HAOMIOACHNS BHYTPH CETMEHTOB.

B ciydae OTHOCHTENIBHO «IIPOCTBIX» JAaHHBIX CETMEH-
THUPOBAHHE YACTO CTAHOBUTCS OJHUM U3 OCHOBHBIX peliie-
HHM, HAITPaBJICHHBIX HA ONTUMHU3AIIMIO HH(OPMAIIMOHHBIX
nocieoBaTeNbHOCTEN. Pa3enenne BHIOOPKH Ha CETMEHTHI
103BOJISIET ONPE/IENIUTh BHYTPEHHIOIO CTPYKTYPY JaHHBIX
JUISL TAJTbHEHINero aHam3a 1 00paboTKH, HCCIIeJ0BaTh Be-
POSITHBIE CBSI3U MEX1y oObekTamMu HadmroneHui [16, 17].
B HacTosimIee BpeMsi CeTMEHTUPOBAHUE CTAHOBUTCS BaXK-
HBIM HHCTPYMEHTOM ISl PEIICHUS Psia MPaKTHICCKUX
3a/1a4d TMoMcKa 3HaHWH, OOHapykeHus1 cO0eB W aHOMATNH
[18, 19]. B MeTomax MammHHOTO OOYYEHHST CETMEHTHI MO-
TYT UCTIOIB30BaThCS I (POPMUPOBAHUS METOK HH(DOP-
MalliH, CO/IepIKaIIelcsi B HEeMapKHPOBaHHBIX 00pa3iax,
MOJIBBIOOPOK JTaHHBIX, O0BCIMHEHHS CXOKUX 00BEKTOB
HaOJmoneHus, Bbioopa oobekros [20, 21].

Bropoe HamnpaBieHne CBsI3aHO C MOMCKOM HauboJee
a¢dexkTUBHOM MoaeTH 00pabOTKH MOCIICA0BATCILHOCTH.
B npocreiimmx cirydyasix pUMEHSIOTCsT 0a30BbIE allTOPHT-
MBI, HalpUMep: HaUBHBII OaliecoBCKUI KiaccudukaTop
(NB), muneitabrii muckpumuHaHT (LD), MeTo onmopHBIX
BekTopoB (SVM), nepess perenuii (DT). Jocturaemsie
MU 3HAYCHUS TTOKa3aTeseil kadecTBa 00pabOTKM 3aBHUCAT
OT CBOMCTB 00pabaThIBaeMbIX JaHHBIX. JIMHEHHBIE MOAETH
6oree yCTOWYMBHI K ITyMy, JIydIIe pabOTalOT Ha KPaTKoO-
CPOYHBIX TIEPHOJIAX, HO B CIy4ae HEJIMHEHHOCTH JIaHHBIX
HEMPUTOAHBI JUIsI TOJTOCPOYHBIX MPOTHO30B [22]. SVM
NIOKa3bIBaCT IJIOXHUE PE3YJIBTaThl IPU HAJTMYMU BEIOPOCOB U
urymoB [23]. LD uyBcTBHUTENEH K pacTpeAeIeHUIO JaHHbIX.

NB ucnonb3yer He BCerja KOPPeKTHOE MPENONI0KEHIE
0 HezaBucuMocTu npusHakoB [24]. DT noasep:keHbl He-
KOHTPOJIUPYEMOMY POCTY B Clydae HAJIWYUs OOJBIIOTO
KOJIMUECTBa BapuaHTOB [25, 26]. B uensx npeoaoieHus
0003HAaYCHHBIX MPOOIEMHBIX BOIIPOCOB UCIIOIB3YETCS
MHOTOMOJICITEHBIN TTOIXO/I, HallPaBICHHBIN Ha (GopMupo-
BaHWE aHCAMOIA MOJeNeld U alTOPUTMOB, COYCTAONTHI
HECKOJIBKO METOZOB MAaIllMHHOTO 0o0y4eHus. [Ipnmenenne
aHcamOJ1ell aJrTOpUTMOB HAIPaBJICHO Ha MOBBIIICHUE Ka-
YECTBEHHBIX TTOKa3aTeneil 00paboTKH BO MHOTHX 3aadax
aHanu3a JaHHeIX. OHO OCHOBAHO HA OIIEHKE PE3yJIBTAaTOB
Pa3IUYHBIX METOJIOB 00pa0OTKH, YTO 1a€T BO3MOKHOCTh
co371aTh 00JIee TOUYHYIO MOJICIIb, ATPETHPYIOILYEO BBIXOTHBIC
PE3YNBTaThL. DTO MMO3BOJISIET YIIYUIIUTh PE3yNbTaT NpeJicKa-
3aHUSl U1 YMEHBIINUTh 3aBUCUMOCTb MOJEIN OT KOHKPETHOTO
HaOopa paHHbIX [21]. B HacTosmee BpeMs TakoMy TIOIXOIY
yaensieTcss OONbIIOe BHUMAaHUE B HAyYHBIX padoTax I1o
TTOBBIMIICHUIO Ka4eCcTBa 00PaOOTKU TTOCIEI0BATEIEHOCTH.
AHcamO0JeBBIe METOIBI NCTIONB3YIOT Pa3HOPOIHBIE MOJIEe-
I, Pa3IMYHOE TIPEICTABICHUE TaHHBIX, TOIIPOCTPAHCTB,
MOABBIOOPOK, AaIMPOKCUMAIINI TapaMEeTPOB, UTO TaeT BO3-
MOXHOCTb TOOWBATHCS TIOBBINICHUSI KAY€CTBEHHBIX TO-
KasareJyiell MOJIHOThI U TOYHOCTH 00padoTku. Mojenu u
AJITOPUTMBI, 00bEAMHCHHBIC B TPYIIIIBI, JICTKO pacrapasuie-
JIUBAIOTCS, YTO MO3BOJISIET UX UCIIOIB30BATh B BBICOKOIPO-
M3BOJIUTENIbHBIX BHIUMCIICHUSIX. A Mapajurma ux npuMeHe-
HUS COYCTACT MPOCTHIC 3aPECKOMCH/IOBABIIIHE CEOsI MOICITH
¢ Oosee CIOKHBIMH MOJICIISIMH TITyOOKHX HEHPOHHBIX Ce-
Tel. Bee 3Ty MeTO/IBI B TOM MM MHOM CTENEHU yJydllatoT
OT/ICNTbHBIC Ka9eCTBEHHBIC TIOKA3aTeIH, OJJHAKO OCHOBHBIMHU
WX HEITOCTATKaMH SBISIOTCS CIOKHOCTH (POPMHUPOBAHU
BBIOOPKH Ut o0ydeHms. Kpome Toro, 9acTo BO3HHUKAIOT
CUTYyaIliH, KOT/Ia HePaBUIBHO TMOAOOPaHHBIC MOJACTH U
CIOCOOBI arperamnui uX pe3yabTaToB YXYIIIAT 00N
MPOrHo3. A B ciydae TpaHC(HOpMAIMK CBOHCTB JaHHBIX
MOTYT OBITh 3aTPYIHEHBI Ipoliecchl 00yueHus [27].

Takum 00pa3oM, cerMeHTaIus HHPOPMAIIHOHHBIX I10-
CJIeI0BaTeIbHOCTEN U PA3BUTHE METO/JI0B, YUUTHIBAIOLIUX
JIOKQJIbHBIC CBOWCTBA JAHHBIX, SBIISIOTCS aKTyaJIbHBIMU
MPOOJIEMHBIMU BOIIPOCAMH JIJISI METOIOB MAIIMHHOTO 00-
YYCHUSI.

ITocTanoBka 3a1a4un

dopmMupoBaHue BpeMEHHBIX PSI0B U MH(POPMAIHOH-
HBIX TIOCJIEZIOBATEIBLHOCTEH OCYIECTBISIOTCS B LEISX
OIICHKH, KOHTPOJISI COCTOSIHUSI, PE)KUMOB paOOTHI U Xa-
PaKTEepUCTHUK CUCTEMBI. [Ipy BO3HMKHOBEHUH PA3IMIHBIX
BO3/ICICTBUII Ha aHATN3UPYEMBbIif OOBEKT B OLPEICIICHHBIC
MOMEHTBI BPEMEHH BO3MOKHO PE3KOE M3MECHEHHE 3HAYCHUI
OTCIIeKMBAEMBIX MTapamMeTpoB. OOHApY)KEHUE TAKIX TOYCK
JJaeT BO3MOXKHOCTB BBIJICJIUTH CETMEHTHI. J{JIs pereHus
9TOH 3a1a4M MOTYT OBITH HCIIONB30BAHBI PA3IMYHbIE METO-
JbI KJTaCTEpU3allu, CCTMCHTAlUN U Pa3aCIICHUA BI)I60pKI/I.

Pe3yJ'[I)TaTI)I TaKUX METOAOB 3aBUCAT OT HACTPOCK, MEC-
TPUK PAaCCTOSAHUA, TOUYHOCTHU BBIYUCIICHUA TOYCK pas3ia K1
B ITOCIIE/IOBATENBHOCTSIX. M3MeHeHre OTAeNbHBIX TapamMe-
TPOB NPHUBOJUT K pa3HbIM pe3yasraram. Kpome Toro, Bo3-
HUKAIOT TIPOOJIEMBI OIIPE/ICIICHUS KOJIMUECTBA CETMEHTOB.
CBoiicTBa 00BEKTOB HAOIIOACHHSI B CETMEHTAX OTIMYAIOT-
Csl, UTO IIPUBOJUT K TOMY, YTO Pa3IMYHbIC MOJIeIIH 00paboT-
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KM MOTYT MMETh Pa3HbIC 3HAYCHUS TIOKa3aTelcii KauecTBa
Ha CEerMCHTAaX, a YCPCIHCHHBIC 3HAYCHUS CYLICCTBEHHO
OTIIMYATHCS B 3aBUCUMOCTHU OT IPHUMCHICMBIX METOIOB
pa30HMeHUs M KOJTHMYCCTBA CCTMCHTOB.

B cBsI31 ¢ 9TUM BO3MOYKHO HCIOJIb30BAHHE TTOKA3aTEIIsI
KavyecTBa Mojeneil o0paboTKu It BEIOOpa crmocoda cer-
MEHTHUPOBAHHS U KOJIMYECTBA CETMEHTOB.

dopmanbHy0 OCTAHOBKY 33/1a4H [IPEICTABUM CIICY-
FOIIUM 00pa3oM.

Nmeetcs nHpopManmoHHasi MOCIEA0BATEIbHOCTD
00bekToB HabmomaeHus X. OnpeneseHbl Moaean odpa-
Ootku {aj, ..., ay} € A ¥ METOIbI CETMEHTALIUH JAHHBIX
{Mla cee HL} €.

Ienpro sBIsIETCS MOMCK METONA [L* U ero xapakre-
PHUCTHUK pas,ueneHI/m MTOCJICIOBATCIILHOCTH HAa CErMCHTHI
XY ={X1L, mm} IIpH KOTOpOM (DyHKIIMOHAI Kade-
CTBa KaXJ0U MO,I[eJ'II/I 00paboTkn a; € A, Ha3HAYCHHOI
Ha onpe;[eneHHLIﬁ CEerMeHT, UMEET Jyulliee 3HaYCHUE

O(afx), X [H*) —  max
a;€A4, p*ep

B pesynbrare Bo3HHMKaeT 3aj1a4a pa3pabOTKH METoJa
(hopMHpOBaHUS CErMEHTOB MH(OPMAIIMOHHO MOCIe10-
BaTEIbHOCTH. METO/| JOJDKEH OTIMYATHCSI OT M3BECTHBIX
HCIIONIb30BaHNEM (DyHKIIMOHAJA KadecTBa Mojeei 00-
paboTK! Ha TMONBHIOOPKAX MAaHHBIX, YTO TO3BONHUT cop-
MHUPOBaTh arperaioHHY0 MOAEIb, OCYIIECTBISIONLYIO
Ha3HA4YEHHE JIy4IINX [0 KaUeCTBEHHBIM MTOKA3aTEeNIsAM MO-
JleJIed Ha CETMEHTHI.

IlpennaraemMslii MeTOq

B kadecTBe Mozenel MOTYT BBICTyHaTh 6a30BbIE ajro-
PUTMBI 00PaOOTKH IaHHBIX, HAIIPUMED: JIMHEHHast perpec-
CHsl, JICPEBbsl PELICHUI MJIM MallnHa ONIOPHBIX BEKTOPOB.
MeTozbl CerMEeHTAIMU ONPEICIISIOTCS UCXO/Sl U3 CBOWCTB
ToCJIeI0BaTeNIbHOCTEH TaHHBIX. [lIst pemmenus perpeccu-
OHHBIX 3a/1a4 MOTYT OBITh, HAIIPUMEP, AIITOPUTMBI KJlacTe-
pH3aLUK WM TIOMCKa TOUeK pasianku. Beibop merona pas-
OVeHNs OTPAaHWINBACTCS BBIYNCIUTEILHON CIIOKHOCTBIO U
PECYpPCOEMKOCTBIO.

TTocinenoBaTenbHOCTh OOBEKTOB HAOIIOMEHUS CET-
MEHTHpPYETCSl MeTogamMu {[, ..., i} € L. Bce monenn
{ay, ..., ay} € A, obyuarorcs Ha Bcex cerMeHTax. Ha xax-
JbIi CErMEHT Ha3HAa4aeTCs MOZEINb d;, KOTOpas UMeeT JIyd-
HIMe 3HAYEHUs! BHIOPAHHOTO MoKa3arens kadectsa. s
MOJIyYEHHOT'0 Pa30MEHus! BBIOOPKH CTPOUTCS arperupo-
BaHHAsl MOJIeTb 00pabOTKH, COCTOSIIAsT U3 aJITOPUTMOB
{ay, ..., ay} € A, B KOTOpOIl anroput™ a; € A BeIOUpaeTCs
1 Ha3HAYaeTCsl Ha TOT CEIMEHT, KOTOPBIH MUMEeT JIydIine
3HAUCHUS [T0KA3aTeN sl KaYecTBa M0 CPABHEHHIO C IPYTHMHU
anroput™Mamu. B nanpHeiiiem a; 06padaTbiBaeT TONBKO
JJaHHBIC, TPUHAJISKAINE STOMY CETMEHTY.

Peanunzarust MeTona pennonaraeT BBIMOIHEHNE Clle-
JYIOIIUX IIIaroB.

[ar 1. ®opmupyercs TPEHUPOBOYHBIN AaTaceT X, co-
JIeprKalluil 00ydaroliyto MOCie10BaTeIbHOCTb.

Hlar 2. Onpenensercs L MeToas! {|y, ..., li;} € WL pas-
OueHust BHIOOpKHU X.
Hlar 3. Ompenensterca N monen {ay, ..., ay} € A 00-

pabOTKH JaHHBIX BBIOOPKH X.
[ar 4. 3amaercs ¢pynkunonan kagectsa Q(a(x), X).

[ar 5. Onpenensiercst M MakCUMalbHOE KOJIMYECTBO
CErMEeHTOB.
[ar 6. BemmonHsieTcs UK iepedopa METOI0B pa3ou-

enus Be1oopku /=1, ..., L.
[ar 7. BeinoaHseTCs LMK, YBEIMYUBAIOLIMNA KOJTHYe-
CTBO CETMEHTOB Ha KaxkjoM mare m =1, ..., M.

[ar 8. Berbopka X oOpabaTeiBaeTCsi METOIOM pazOu-
CHUS L.

Ilar 9. ®opmupyrotes cermentsr (X b X/ill

Xk } € X" s Texymero MeTona pa36HeHH51 L; ¥ KOJIH-
qecha CETMEHTOB /1.

[ar 10. BeimomHseTCsS MUK mepebopa CErMEHTOB
j=1,..,m.
lar 11.
i=1,

[ar 12. Bemmonzsaercst 00yueHne MOAEIH a; Ha Cer-
MeHTe X o

ey

BemmonuseTcs nuka mepebopa Moaenei

[Tar 13 OxuiaHre OKOHUAHMS ITUKJIIa Tiepedopa Mojie-
JeH (ecii HeT OKOHYAHHUS IMKIIA, TO Mepexo K mary 11).

[ar 14. Ha cermenTe X Y ompenensercs dydmas u3
mozenei {ay, ..., ay} € 4 110 $HAYCHHIO MIOKA3ATENs Kade-
cTBa a’w = arg maxQ(al.(x X Hi ).

a;€A

[ar 15. Oxumanue OKOHYAHUS IUKJIA Tiepedopa cer-
MCHTOB (GCJ'[I/I HET OKOHYaHUA IUKJIA, TO IEPEXOoA K 1Iary
10).

[Tar 16.
= {Xl’i[, L, X

T my,

W
Onpenenserca BbOOpka X,

[Iar 17. ®opmupyercst MOLEIb U3 MOJEIEH, onpelie-
JICHHBIX Ha mare 14 {alw, , @"w} € A, moKa3pIBaroImas
Jy4IUe pe3yabTaThl 0 3HAUEHMIO ITOKA3aTels KauecTsa,
nocie 00paboTKN METOIOM [1; M COAEpIKalLasi 71 CErMEHTOB
Ha BbIOOpKe X MY

alu(x, Xf:l), xeX
abti(x, XV
am(x, X, ,S:l]l), xeX r;l:l]

[ar 18. Oxumganue OKOHYAHUS ITUKJIA YBEIHICHUS
KOJTMYECTBAa CETMEHTOB (€CIM HEeT OKOHYAHUS IIHKIIA, TO
Tepexo K mary 7).

[Tar 19. OnpenensieTcsi KOIUIECTBO CETMEHTOB TIPHU
pa30ueHn METOJIOM L, HAa KOTOPOM OBUI JJOCTUTHYT Jyd-
Mii MoKasaresb KauecTsa m* = ar{glmax} O(ah (x, X11).

meql,...

IIar 20. Onpenensiercst BoiGopka X i, = {X i, ..

X Hz}

[ar 21. OnpenensieTcst MOACIH P Pa30UCHUH METO-
):[OM L, KOTOpast JOCTUTAET JIyUIlEero MoKa3aTes KadecTBa

e W
=(x, mw) =arg maxQ(a,, (x, X,')).
aed
m

[ar 22. OxunaHre OKOHYAHHS IHKIIA ITepedopa MeTo-
JTOB pa30HeHuUs BBIOOPKU (eCIM HeT OKOHYAaHUS ITUKIIA, TO
mepexo K mary 6).

[ar 23. Beibupaercss MeTon pa3OueHUsT BHIOOPKH,
TZie JOCTUTAETCS MaKCHMAaJIbHBIN MOKa3aTelb KauecTBa
l’l' arg maxQ(amu,(x mHz))

WER

[ar 24. OmnpenensieTcss KOJIUYECTBO CETMEHTOB

*
mt = arg max Q(amw(x mH/))

me{l,...M}

ml/ll
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MeTopn, popmMmnpoBaHmMsa CEFMEHTOB MHPOPMALMOHHOM NOCNea0BaTENIbHOCTMU. ..

Hlar. 25. Omnpenensorcs CerMeHTHl BBIOOp-
KM, 00pabOTaHHOW BBIOPAHHBIM METOJIOM pa30MeHUs
o u
X=X e, o X

[ar. 26. @opmMupyercs Moaeab 00padoTKN
aﬁl;*(x, Xﬁ;), XE€E X‘Lﬁ
aw(x, Xw) =

ab (e, XM, x e XM

[IpencraBneHHast alTOPUTMHYCCKAS MTOCIICIOBATEIh-
HOCTP JICHCTBUI TaeT BOSMOXKHOCTE OIPEICITUTD Ty Ui
13 3apaHee BRIOPAHHBIX METOJ] CETMEHTAIINN W KOJTHIECTBO
CEerMEeHTOB, C(hOPMHUPOBATH MOIENTb 00pabOTKH, TAe HA
KaXJIbIl CETMEHT Ha3HAYaeTCsl CBOM aJITOPUTM, MOKa3bl-
BaOIMI B Mpolecce 00yueHus JIydIInid pe3yabrar Ha
JTAHHOM CETMEHTE.

BKCHepHMeHTaJI])HOG HCCJICI0BAHME METOAA

Llesib mpoBeieHUs SKCIIEPUMEHTa COCTOsIa B OLICH-
KE TIOBBINICHUS KaUeCTBEHHBIX IMOKa3aTeneil 00paboTku
MH()OPMAIMOHHBIX MOC/IEIOBATEILHOCTEH TPU MPUMEHE-
HHUM paccMaTpHBaeMoro mMerona. Tak Kak OH MCHOJIB3YeT
CEIrMCHTAIlUIO BBI60pKI/I JaHHBIX, TO OBLIH PACCMOTPECHBI
JBa OCHOBHBIX IMOAXOAA K pa3/ICJICHUIO. HpI/I TMICPBOM I1OA-
XO0/I€ TIOCJIE/IOBATEIBHOCTh 00padaThBaliach allrOPUTMOM
knacrepuzanuu k-ommwkaiinmx coceneit (KNN), rpanuiibt
CErMeHTa OIpeNesUINCh PUHAJICKHOCTBIO KIIACTEPYy.
Bo BTOpOM — TIpUMEHEH HO/X0[, Pa3AesIONIiA mocIe-
JIOBAaTeNIbHOCTh Ha PaBHBIC 110 KOJIMYCCTBY HAOMIOICHUM
CETMEHTHI.

3HaueHHs MOKa3aTels KadecTBa 00padoTKU JaHHBIX
ompenensuuch MeTpukoit Root Mean Squared Error
(RMSE):

Ln
—2 0= (D

ni=1

I7ie y; — pealbHOE 3HAYEHHE; J; — MPEACKa3aHHOE 3Hae-
HHE; 11 — KOJIMYECTBO 0OBLEKTOB HAOIIONEHHUS.

Jlnist 00paboTKK AaHHBIX BBITIOJIHSIIOCH Pa3/ieieHHe Ha
TIOCJIEIOBATEIILHOCTH HA M 4acTe 000MMU MOAXO/IaMHU.
Ha kakJJoM cerMeHTe BBINOIHSUIOCH 00yYeHUE aIropuT™Ma
nuHelHo perpeccun. Ilocne 3Toro A BXOAHON mocie-
JIOBAaTEJILHOCTH ONpPE/eNsulach MPUHAICKHOCTh 00beKTa
HaOIONEHUS U 3HAYEHUE J; IPEICKa3bIBAJIOCh AITOPUTMOM,
Ha3HAYECHHBIM HA CETMEHT.

Ha puc. 1 nokasansl MOAeIbHBIE JAHHBIE SKCIIEPUMEH-
Ta: 3aBUCHMOCTbH JUIsl BCeW BBIOOpPKH; pa3OWeHNEe HA TPH
PaBHBIX 110 KOJMUYECTBY 00BEKTa HAOJIIONAEHUSI CErMEHTa
U CerMeHThl, onpezaeseHubie anroputMoM KNN ¢ tpemst
3aJaHHBIMH KJIACTEPAMU.

Ha puc. 2 npencrasiena quarpamma 3HaueHUH (yHK-
uu otepsb (1) st Beelt Beibopku nienukom (RMSE all) u
IIpY JIeJICHUU Ha TPH cerMenTa nByMs nojaxonamu (RMSE
seg, RMSE knn). Berancnenusie 3Ha4CHHS BBIPAKCHUS
(1) moka3pIBaIOT MPEHMYIIIECTBO MUCIIOIB30BAHUS METO/IOB

pazzeneHus NocieJ0BaTeNbHOCTH JaHHbIX. [Ipryem pazon-
€HME Ha PaBHBIE YACTH JJIsl PACCMaTPUBAEMOT0 ClTydasi OKa-
3aJ10Ch MIPEANOUTUTENbHEE UCTIONb30BaHus MeToga KNN.

BeImonHuM yBenuueHue m 4uciia CErMEHTOB IBYMsI BbI-
OpanubIMu noztxoiamu. Ha prc. 3 npuBeneHa 3aBUCHMOCTD
3HaueHnit RMSE nuHeWHOH perpeccui oT KOJIM4YecTBa Cer-
MEHTOB, TIOJTyYEHHBIX TIPU JICJICHUN TTOCIIE0BATEIBHOCTH
Ha PaBHbIE YAaCTHU U NpH Ucnonb3oBaHuu KNN.

W3 puc. 3 BUIHO, 9TO 3HaUeHUS (QYHKIUU TOTEPH
YMEHBIIAIOTCS MPH YBEIUYCHUN KOITNYECTBA CETMEHTOB.
[Ipudem Ha TpeaCTaBICHHBIX AAHHBIX pa3[eieHHe cer-
MEHTOB Ha paBHbIC YaCTH MPHU MaJbIX 3HAYCHUIX YHUCTIA
CErMEHTOB 711 TIO3BOJISIET MOJMYYUTh 3HAYCHHS (DYHKITHH
noreps Jyuine, yeM merogoM KNN. B nanpHeiiem npu
YMEHBIICHNH pa3Mepa Kilactepa BIOOp MeToja IOYTH He
BJIMAET HA PE3yJbTaT.

Jlanee 1u1st poOBEACHNUS SKCIIEPUMEHTA OBl BHIOpAH
Ha0Op JaHHBIX, MO3BOJSIOMINN pemaTh 3aJadd MHOXe-
CTBEHHOMW perpeccuu. B xauecTBe 6a30BBIX aITOPUTMOB
ompeneneHs! TuHelHas perpeccus (LR), perpeccus rayc-
coBa miporiecca (GR), mammHa onmopHbIX BekTopoB (SVM),
nepesbs pemrenuii (DT).

Ha puc. 4 npencrasnens! rpaguku RMSE (m) Beipaxe-
Hus (1) ang anroputmoB LR, GR, SVM, DT.

I'paduxu puc. 4 MOKa3bIBAIOT, YTO B psiJe CIydaes,
Hanpumep ans anroputmoB LR, SVM, GR ymensbiienue
pa3mepa cerMeHTa 0e3 ydera CBOMCTB cojepikaiieiics B
HeM nH(opManuy (HanpasieHne TPeHaa, pa3dpoc TaHHbIX )
MO’KET ITPUBOJUTS K YIIYUIIEHHIO KaY€CTBEHHBIX ITOKa3aTe-
neit 00paboTKH.

HecmoTpst Ha mosTydeHHBIE BHICOKHE PE3YIBTAThI IS
Pa3INYHBIX JaTaceTOB, /1€ IPUMEHEHNE MIPEIaraeMoro
METO/Ia TO3BOJISIET TIOBBICUTH KaueCTBEHHbBIE MOKA3aTEIH
OTACTHHBIX aJITOPUTMOB U YMEHBIIUTH BEIYUCIUTEIBHYIO
CIIO)KHOCTb, JUIS €T0 MCIIONB30BaHNSA HEOOXOINM TpeiBa-
PUTENBHBIN aHAIN3 JaHHBIX, HAIIPABJICHHBII Ha OLICHKY
penpe3eHTaTUBHOCTH, OJHOPOJHOCTU U aJ€KBAaTHOCTHU
BbIOOpKH. OTMETUM, 4TO HE JJISl BCEX MOJEJIEH MpeJyio-
JKEHHBII MeTO/l MOXKeT ObITh 3 dekrrBen. Hanpumep, Ha
anroput™ DT ymMmeHbIIeHne pa3Mepa KiaacTepa MOYTH HE
OKa3bIBaeT BIMSHUS, a 3HaUeHue rnokazarenss RMSE nis
HETro OCTAeTCs Ha OJJHOM YPOBHE.

Jlpyrast 0cOOEHHOCTB MTPEATIATaEMOT0 METO/Ia COCTOUT
B BO3MOXXHOCTH TTOCTPOEHUS arperaiioHHON (PyHKIUH
MPUMEHEHHUS PA3INYHBIX aITOPUTMOB Ha Pa3HbIX CETMEH-
Tax. B pamkax skcriepuMeHTa Ha BBIOPaHHOM JlaTaceTe Mpu
pa3znenenun Ha 10 paBHBIX 1O pa3Mepy CETMEHTOB — Ha
Ka)KJIOM CETMEHTE BBIOPAHHBIC aITOPUTMBI IOCTUTAIOT pa3-
HBIX pe3ynbTatoB. Ha puc. 5 npuBenens! 3HaueHus RMSE
aNropuTMoB Ha kaxzaoMm u3 10 cermentos. [Ipu ananuse
TUCTOTpaMM BHUJAHO, uTo anroput™M GR nemoncTpupyer
Jy4lllue 3HaueHus, HO Ha cerMeHTax Ne 3 u Ne 7 jryumiue
3HaueHMs NoKasbiBaeT anroput™ LR, a na cermenre Ne 9 —
SVM.

3aMeTHM, 94TO MOXKET OBITH IIeNIecO00pa3Ho B CiIydae
OTIPEJICJICHNs CBOMCTB JAAHHBIX BHYTPH CETMEHTOB pe-
IICHNE 3a/1a41 110 Ha3HAYCHMIO JIYUIIETO alropuT™Ma Ha
CETrMEHT, TJIe OH MOKAa3bIBACT JIyUIINe 3HAUYCHHS.
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Puc. 1. HazHaueHne MoJieTieii Ha CETMEHTBI: BCSI ITOCIICIOBATEIIEHOCTD LIEIIUKOM (); pa3/ielieHHIE TOCIIeI0BaTEIbHOCTH Ha PABHBIC
qacti (b—d) u meronom KNN (e—g)

Fig. 1. Assignment of models to segments: the entire sequence (a); sequence division into equal parts (b—d) and KNN method (e—g)
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Puc. 2. dynkmms norepsr RMSE Ha Bceit Beibopke (RMSE all)
U TIPH JICJICHUH Ha TPH CETMEHTA PABHBIM KOJIHYECTBOM
o6bexroB HaOmoneHust (RMSE seg) n metomom KNN
(RMSE knn)

Fig. 2. Loss function RMSE on the entire sample (RMSE all)
and when divided into three segments by an equal number of
observation objects (RMSE seg) and the KNN method (RMSE
knn)
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Puc. 3. 3aBucumocts 3HaueHnit RMSE ot xonudecTtsa
CErMEHTOB /7 JJIs1 JINHEHHON perpeccuu Mpu pas3ieaeHun Ha
paBHbIC YacTH MO KonudecTBy 00bekToB (LR seg) n meTomom
KNN (LR knn)

Fig. 3. Dependence of RMSE values vs. the number of segments
m for linear regression when divided into equal parts by the
number of objects (LR seg) and the KNN method (LR knn)
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Puc. 4. 3aBucumocts 3Hauennit RMSE pa3inuuHbIX aJropuTMOB OT KOJIMUECTBA CETMEHTOB M JUIsi MHOXKECTBEHHOM perpeccun
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Fig. 4. RMSE values dependence of various algorithms vs. the m segments number for multiple regression when segmented by
division into equal segments (a) and the KNN method (b)
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Fig. 5. RMSE values of LR, SVM, GR algorithms for different segments

3akJjoueHne

[IpemToXKeHHBII METO TI03BOJISICT COBEPIIICHCTBOBATh
arcamOreBbie MeTonbl. OH HaIPaBIICH Ha YITyUIICHHE MTOKa-
3aresnell kadecTBa 00pabOTKH HHPOPMAIIMOHHBIX TTOTOKOB
1 BBIOOPOK JIAHHBIX [TPU OTpaHuYeHHH pecypcoB. HoBu3Ha
METO/Ia 3aKJIF0YAeTCs B UCIIOIb30BaHNH (DYHKI[MOHAA Ka-
4ecTBa MoJeei 00pabOTKH MpH cerMeHTaIui HHpOopMa-
[HOHHBIX MOCIICA0BATEIIBHOCTEH, YTO MTO3BOJIACT (POPMHPO-
BaTh arperalyoHHYI0 MOJIENb, MCIIONB3YIOIYI0 Ha3HAYCHNE
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Abstract

A method has been proposed to eliminate slight motion blur in the image. The method is implemented in three stages.
Blur estimation is achieved by prior information on the distribution image gradient. The Gaussian Orientation Filter
(GOF) fits the prior information to find the regression coefficients. Order combines different estimate GOF parameters
to generate a removal blur filter. Estimation parameters are fixed and set blur on the image to produce an image without
boosting the noise and unwanted. The proposed model optimization solves the problem by minimizing the loss function.
The suggested method applies to outdoor and indoor video acquired by modern smartphones. The experiment result
display is accurate for the full regression motion blur model. The suggested model example on video dataset conditions
has 23 s video time long and 228 MP dataset size. Measurement evaluation established on time consumer, Structural
Similarity Index Measure and Peak Signal-to-Noise Ratio. Experimental results show that the image artifact phase is
less consuming computational time. The proposed model has a minimized cost function and generates image quality.
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smartphone platform, motion blur, gaussian orientation, blur filter, loss function
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MeTton ynajeHusi pa3MbITUSI BUAEOU300paKeHUus co cMapT¢oHa NPH IBUKEHUH
Pecen Anxaé Camtama™

I'maBHOE ynpaBieHue npodeccrHoHaILHOT0 00pa3zoBanus — npodeccronambHoe obpazosanue Mpaxka, barman, 10001,
Hpak
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AHHOTALUA

IIpennoxeH MeTO ycTpaHEHHS Pa3MBITHS BHJICON300paKEeHHsI IIPU IBIKCHUU. METO peanusyeTcs B TPU dTara.
OueHKa pa3MbITUS JOCTHTASTCs 3a CUCT MPeIBAPUTEIBHON HH(POPMAIMN O TPAIUSHTE paclpe/ieIeH s H300paKeHHUsI.
Opuenranuonnsiit punstp [aycca (Gaussian Orientation Filter, GOF) cooTBeTcTBYeT anpropHOil HHPOPMAIMU ISt
HaxoxeHust koddpuuuentos perpeccun. [IpencraBieHHblil MeTox 00beANHSET pa3InuHble napaMmeTpbl oueHkn GOF
U1t coszianus puibTpa pasmbltys. [lapamMeTpbl oLeHKH (QUKCHPOBAHBI M yCTAHABINBAIOT PAa3MbITHE BHICOM300PKEHHS
0e3 yBENMYEHHUS IIyMa U HEXeJIaTelbHbIX apTe(akToB. BrimonHeHHas onTUMH3anKs pemaeT npodaeMy 3a cuer
MHHUMHA3anu# QyHKIHN noTepb. [Ipeuiaraemplii MeTo MPIMEHNM K BUACON300PaKEHUM, TOTyUSHHBIM C TIOMOIIIBIO
COBPEMEHHBIX CMapT(OHOB Ha OTKPHITOM BO3IyXE H B IOMCIIICHUHU. Pe3ybTaThl SKCTIEpHMEHTA SIBIISTIOTCS] TOYHBIMH IS
MOJIEJH ITOJTHOTO PErPECCHOHHOTO Pa3MBITHS B ABIKCHUH. [IpOOIIKNTENEHOCTS THIIOBOTO KCIIEPUMEHTA 110 HAbopy
BH/ICOIaHHBIX 23 ¢, pazmep Habopa JaHHbIX 228 M. OneHka H3MepeHnil yCTaHOBIIEHA 10 BPEMEHH MOTPeOUTeIIs, 0
[I0KA3aTeJII0 MHEKCA CTPYKTYPHOIO CXOACTBA U IIMKOBOIO OTHOLICHUS CUTHAJI-UIYM. DKCICPUMEHTAJIbHbIE Pe3YJIbTaThl
MOKa3bIBAIOT, 4TO (paza ycTpaHeHHs apTe(akToB BUACON300paKeHUH TPeOyeT MEHBILE BBIYNCIUTEILHOIO BPEMEHH.
TpensnoxKeHHbli METOA UMEEeT MUHUMHU3UPYEMYI0 (DYHKIIMIO CTOMMOCTH ¥ ()OPMHUPYET Ka4eCTBEHHOE U300paKEeHHE.

KiioueBble cjioBa
miaropma cMapToHa, pa3MbITHE H300paKEHHS B IBIDKEHHU, OPUEHTALUS 110 ['ayccy, GUIbTp pa3MbITHst, QyHKIIHS
noTepb

© Sallama R.A., 2024
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Introduction

Many research approaches focus on Computer
vision area topics of visual objects, augmented reality,
object detection, tracking and recognition. Smartphone
platforms video and images have specific problems caused
by cameras. The main reason is sensor sizes which are
smaller than digital camera sensors. Pictures acquired by
smartphones have many problems, one of them is motion
blur. Almost every object or camera moves during time
capture of the source motion blur. Digital camera image
has more light than smartphones because a larger sensor
can receive more light. Sometimes, blur can result from
wrongly setting the camera focus or due to limited depth of
field when a large camera aperture is used. In Smartphone
images, there is a certain amount of intrinsic blur due to the
optics and time captured by the camera. Blur is a highly
complex regression due to many different sources causing
different types of blur which different mathematical models
represent. Image deblurring generates a high-quality image
with clean sharpness for a blurred image. The goal is to
recover a sharper version of the real original image by
removing the blur. A blurred image is an integration of
multi-image instances and sharp snapshots. The traditional
blurring method handles this problem by applying a blur
filter. A sharper version of the input blur image can be
recovered through a blur filter. The proposed method uses
blurred and sharp pairs to focus on a regression motion
blurring model. Ghosting artifacts were avoided and the
energy function was processed minimally with customized
image processing algorithms. This paper focuses on two
goals: deblur images with small blur and eliminate artifacts
results. The estimation parameters problem is the goal
to recover the latent clean signal. The model has been
designed to remove small motion blur and minimize loss
function to do denoising. The estimation blur parameters
method is simple to implement and avoids loss function
in the case of unidimensional vectors. Peak Signal-to-
Noise Ratio (PSNR) and Structural Similarity Index
Measure (SSIM) measurement evaluate the restoration
image compared with the target image in the smartphone
platform. The proposed method consists of three phases.
First, estimate image blur treats small noise. Second, apply
an improved blur estimation parameters blur filter and,
third, remove undesirable artifacts that may have been
introduced during the improved blur estimation parameters.
The blur estimation parameters have been improved by
combining gradient parameters. The operator blur filter was
extended to three order models to restore the image. Image
deblurring is an improved blur.

Related work

The image blur problem has been discussed in many
papers over the previous thirty decades [1]. In [2], Baptiste
Magnier works to reverse the heat equation. Improving
the sharpness of an image is related to image deblurring.

In [3] and [4], regression methods for non-blind and blind
combined priors and optimization energy functions have
been used. Model regression was used in the papers [5]
and [6]. Based on these two things, a space of high-quality
images and a solution to the restoration problem were
obtained. The common technique uses a large amount of
data and then applies deep training models for restoration.
In the paper [7], total variation can be seen. Later in the
[8] and [9], the latest tendencies started designing other
approaches to modeling high-quality signals. Wavelets or
sparse representation dictionaries help us to remove blur.
Many articles discussed extended other research types that
leverage ideas from other domains. For example, there
has been an attempt to use image denoisers as priors, as
in red or plan-and-play methods, and more recently, to
leverage genetic models learned from data as good image
priors. In [10], Generative Adversarial Networks variation
autoencoders or diffusion models as priors were used. The
model presents a different method that tries to solve this
deep learning problem in very specific conditions. Two
papers [11, 12] needed to focus on dataset real-world scenes
which vary color distributions and apply pre-pressing
operations to reduce varying distribution. Heavy-tailed
gradients have been used for small blur instead of Gaussian
distribution with adaptive scale. Paper produced sharp
reconstruction images versus time-consuming and complex.
Authors of [13, 14] proposed to approximate the inverse
operation to better control the noise amplification. They
designed a multi-degree blur deburring polynomial. In [12],
an approach involving different ordination distributions
is proposed, which makes this feature invariant to small
shifts and noise with an optimized loss function. The
classical methods model high-quality images degradation
and space and solve a restoration problem based on these
two things. The current trend is slightly different based on
using large amounts of data and training deep models. To
solve a restoration problem, the goal is to target a small blur
instead of trying to accurately estimate a full blur kernel.
The paper proposed a simple blending mask that blends the
de-blurred image and the input image, which removes small
motion bluer and artifacts.

Deblur modeling based on estimation blur parameter

Blur removal is modeled based on blur parameter
estimation. Previous methods processed blurred images
revealing unseen image details. The proposed methods
modeled priori information producing estimated image
blur based on the Gaussian Orientation Blur filter (GOF).
Filter parameters are modeled to satisfy a variety of
light distributions. The proposed model has three goals:
remove small blurs from camera shake and lens aberration.
Generate a sharper image without introducing any new
artifacts. Some limitations, such as object movement and
depth of field, might be unrealistic and it should be able
to run fast on smartphone platforms. The proposed model
goals would be achieved in three stages.
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Fig. 1. GOF parameters (a, 0, ®)

Stage 1: blur estimation.

Estimation bluer is based on parametrizing the space of
possible blur. GOF runs on small noise. GOF is defined by
three parameters (o, 0, ®), where ® is the main orientation
of blur while a, 0 are standard divisions at both principal
axes, as shown in Fig. 1.

These assumptions are accepted for small blurs to
parameterize the space of blurs using anisotropic Gaussian
functions defined by three parameters (a, J, ®). An angle
is the main orientation of the blur. The standard deviation
refers to both the principal axis and the orthogonal one.
Scan the gradient intensity at a discrete of image numbers
from 7 to n at different orientations. The minimum value
determines the direction of the blur at the maximum
gradient value and estimates the standard deviation of the
Gaussian blur, as shown in Fig. 2.

The image gradient is related to the Gaussian blur
standard deviation. The image gradient in different
directions can identify which direction is the blurriest.
Estimating the Gaussian parameters is shown in Fig. 2.
The Gaussian parameters obtained from the maximum
gradient values in that direction and the orthogonal one as
procedure below:

1. scan the gradient intensity at N different orientations
RmN;

2. compute the maximum gradient values R
........... R

3. find minimum R to determine the direction of the
blur receptive to the standard deviation value (c);

4. estimate the Gaussian parameters equation

Ro, Ry3

ol fto2>

(M

Max
gradient

The coefficient 4 in equation (1) is set to sense the blur,
leading to slightly noisier results. Scan the image gradient
in different directions to identify the blurry direction.
The maximum gradient values in that direction and the
orthogonal R, a,, 0, estimate the Gaussian parameters.

Stage 2: multi-order model improves bluer estimation.

The first phase output is an estimation of blur
parameters roughly under the assumption small blur is put
on to estimate GOF parameters. To solve the problem of
another blur, the paper proposed an approach associating
different blur parameters to detect missing estimation
blur. Expand the blur filter operator into three orders. The
operator is close to the identity when the blur is small. The
general filter to remove noise follows the equation:

v=u*k+n. 2)

Where: v is the captured image; u is the underlying
sharp image; & is the unknown blur kernel; n is additive
noise; (*) is convolution operation.

The equation (2) blind deconvolution is solved by
minimizing a function with constraints relative to the blur
kernel. The proposed approach with a functional maximum
gradient is to minimize the direction of the blur. The
order model adds and subtracts the value of the estimated
image blur. Multi-order equation combines estimate GOF
parameters to improve estimation bluer. Multi-order
model modified General filter to remove noise follows the
equation

h(kyv = k(kyu + h(k)n, 3)
where /(k) function equal to equation
h(k) = ak? + dk + c, 4)

where A(k) is the equation of the three-order deblur model;
a, d, ¢ the coefficients of the deblur model.

The equation order degree is three, and the coefficients
(a, d, c) are set independently of the blur and image. The
coefficients are chosen related to size, type and blur effect.
Coefficient ¢ is controlling the assumed linear relation
between the gradient feature and the level of blur while d
leads to sharper but slightly noisier results. Joint equations
(3) and (4) characterize proposed deblur modeling based
on estimation blur parameters. The model will force the
reconstruction images to be divergent, forming high-quality
images. The multi-order coefficients will be fixed and set

I

1

1 x
¢

i Estimation blur

Fig. 2. Blur Estimation

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3

Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

485


https://en.wikipedia.org/wiki/Standard_deviation
https://www.google.com/search?sca_esv=9f08a0c1847d6122&sca_upv=1&sxsrf=ACQVn0_unm869mxj6cmGpmp3tpIJKNv0Qw:1712175830489&q=convolution+operation&spell=1&sa=X&ved=2ahUKEwiP6ayB8KaFAxXeYPEDHdPiCXsQkeECKAB6BAgFEAI

Smartphone video motion deblur order model

independently of the blur in the image to generate appealing
results and avoid amplified noise.

Stage 3: deblur image (artifacts detected and removed).

Parameters extracted from the distribution of light
gradient are appropriate for high-frequency information
such as image sharpness. Using the distribution makes this
feature invariant to small shifts in noise and other small
changes presented in images. Artifacts are generated due
to mis-estimation or due to operator model mismatch. The
blur estimation is rough, and the model might introduce
artifacts that can be characterized as gradient reversal
pixels. Equation belowdisplays the treatment of the artifacts
problem:

M(x) = —Vv(x)*Vu(x). &)

Equation (5) is the final image of the reconstruction
M(x) which has opposite gradients, blurry image v and
restored image u. Generate a merger filter that balances
the de-blurred and input images, minimizing the gradient
reversal. This allows for the removal of the most of the
sharpening artifacts. The model is accepted for low and
high-quality images. The parameters model satisfies the
minimized loss function. The loss function shows the
mismatch between the prediction and the high-quality
reference target. The square pixel reconstruction error is
computed directly to measure the variance in image pixels.
Images de-blurring does not have a unique solution. An
infinite number of high-quality images leads to the same
low-quality target.

The predicted average of all possible solutions was
justified to optimize and minimize the loss function.
Through the best circumstances, it can minimize error
perfectly. The predicted image does not wholly de-blurry
due to being the average of many possible candidates.
Apply blur filter through the sharpen feature and the
integration to images.

Experiment results

Experiment results present the analysis evaluation and
cost of the processing. Motion deblur and noise removal are
implemented based on the estimation of blur parameters.
The model is implemented to eliminate slight image
blurring in a smartphone video. Smartphone platforms
capture dataset videos with specifications shown in Table 1.

Dataset designation recovers diverse motion blur
situations where results obtained from examining different
environment videos are as follows:

Scenario 1. Indoor in the daytime. One object includes
one moving object parallel with the smartphone camera
movement direction and both of them move slowly with
global motion central.

Scenario 2. Indoor in the daytime. Includes two moving
objects and the smartphone camera itself. Objects move
faster than the camera but both move in the same direction.
Another shot is taken of the same object but the object
walks in front of a static smartphone camera. Local motion
dominates in the video.

Scenario 3. Outdoors in the daytime. It includes
one moving object parallel with the smartphone camera
movement direction. The smartphone camera moves
quickly when facing an object so any change that occurs in
image intensity results from the camera movement.

Scenario 4. Outdoors at nighttime. The video includes
one moving object and a smartphone camera moving in the
same direction but slower than the object moves.

Scenario 5. Outdoors at nighttime. Include two objects
moving against the smartphone camera direction and
both objects have a slow move global motion dominates.
Another sense comes from the interference of two objects.

The video splits into 30 frames per second (fps). The
performance measured in each phase individually compares
the blur frame with the target. Experimental results are
examined in a variety of circumstances, as shown in Fig. 3.

In general, quality image measurement compares the
content loss by estimations of blur in frames. Estimation
was adjusted to maximize parameters precisely, controlling
blur detection from the low-quality input. Time-consuming
computing for the deblur model phases individually.
Proposed de-blur model exams on various moving objects;
each video reported the average of the results computed
10 times.

Deblur model average computing time in an 8 MP frame
on a modern mobile platform in 300 ms. Estimation blur
phase time expends a bigger processing time than another
phase. The estimation needs less time according to different
scene complexity. The main factor consuming time is
camera movement rate and video acquired in a shining
degree environment. Based on the results, an average value
of 30 fps for each video was calculated. Frame quality
characterizes the sharpness of the restoration frame.

Table 1. Smartphone specifications

Features Specification Details
Display type super retina xdr oled, 120 Hz, hdr10
resolution 1170 x 2532 pixels, 19.5:9 ratio
cpu hexa-core (2 x 3.23 GHz, 4 x 1.82 GHz)
gpu apple gpu (5-core graphics)
Main camera triple 12 MP, /1.5, 26 mm, 1.9 pm, dual pixel pdaf,
12 MP, £/2.8, 77 mm, 1.0 pm, 3 x optical zoom
12MP, /1.8, 13 mm, 1.0 pm 3d scanner (depth)
features dual-led dual-tone flash, hdr photo
video 4k@24/30/60fps, 1080p@30/60/120/240fps, up to 60fps
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estimation blur

multi order

artifacts removed |jia

Fig. 3. The phase deblurring model fits different states of the outdoor and indoor dataset at night (¢) and daytime (b)

Table 2. Time computing, ms

Dataset Blur Estimation Multi Order Parameter Model Removal Artifacts
Scenrio 1 66 13 9
Scenrio 2 203 94 14
Scenrio 3 235 35 16
Scenrio 4 61 19 3
Scenrio 5 152 75 20
Table 3. PSNR, dB

Dataset Blur Estimation Multi Order Parameter Model Removal Artifacts
Scenrio 1 25.345 27.471 26.457
Scenrio 2 27.681 29.356 25.395
Scenrio 3 29.426 28.910 28.921
Scenrio 4 29.168 30.001 29.041
Scenrio 5 26.534 27.325 27.375

Table 4. SSIM computing, dB

Dataset Blur Estimation Multi Order Parameter Model Removal Artifacts
Scenrio 1 0.958 0.681 0.429
Scenrio 2 0.953 0.654 0.579
Scenrio 3 0.947 0.708 0.558
Scenrio 4 0.950 0.595 0.403
Scenrio 5 0.955 0.789 0.432

SSIM is the similarity measurement, the resultant SSIM index is a decimal value between —1 and 1.

A distributed blur distance exists between the model phase
and the target image. Measurement of PSNR and SSIM
assessment frame data, which depends on the previous
stage, was done as illustrated in Table 3 and Table 4.
According to the dominant type of motion, whether
global or local, the obtained deblur frame is generated
from a phase model. SSIM and PSNR indicate sharp
grades after the removal of artifacts. Estimate the Gaussian
parameters of the blur using an empirical observation
that sharp images have more or less the same maximum
gradient intensity in every direction. The image gradient
is related to the Gaussian blur standard deviation. Fig. 4
displays the maximum gradient values in that direction,

and orthogonal ones estimate the Gaussian parameters.
Fig. 4 shows different multi-orders and shapes are affected
by the parameters a, 0, ® for 100 iterations. An infinite
number of high-quality images leads to the same low-
quality observation. This implies variables to minimize the
loss function to predict the average of all possible solutions.

Minimize error predicted image being the average of
many possible candidates the regression to the mean issue
as shown in Fig. 5.

The loss function measures the mismatch in image
pixels by computing the Mean Square Error between
the prediction and the reference target. Blur estimated
parameters error in Fig. 5 shows the relation between the
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Fig. 5. Blur model estimated error parameters (MSE)

estimated gradient (a,, a,) blur value. A threshold value
between (-1, 1) applies to detect the accepted noise result
and the rejected noise value. The estimation is close to the
real value. Multi-order can enhance bluer estimation results
as in previous stage to eliminate artifacts. Comparing the
results of Table 2 and Table 3, find that the removal of the
artifacts phase does not affect the process blur estimation
accurately. Scenarios have a high value of PSNR, and
SSIM reduces process time by about 50 %. The complexity
quantity of the estimation procedure is an important factor
that affects on performance and motion of the video.

Conclusion

Image deblurring is an improved blur estimation
parameters problem which is the goal to recover the hidden
clean signal. Modeling the variation of the gradient degree
and direction in the image was done. Models in three orders
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Abstract

Artificial intelligence has become widespread in image processing tasks. At the same time, the number of vulnerabilities
is increasing in systems implementing these artificial intelligence technologies (the attack surface is increasing). The
main threats to information security can be implemented by introducing malicious perturbations into the input data,
regardless of their type. To detect such attacks, approaches and methods have been developed based, in particular, on
the use of an auto-encoder or the analysis of layers of the target neural network. The disadvantage of existing methods,
which significantly reduce the scope of their application, is binding to the dataset or model architecture. This paper
discusses the issues of expanding the scope (increasing scalability) of methods for detecting Lj-optimized perturbations
introduced by unconventional pixel attacks. An approach to detecting these attacks using statistical analysis of input data,
regardless of the model and dataset, is proposed. It is assumed that the pixels of the perturbation embedded in the image,
as a result of the Ly-optimized attack, will be considered both local and global outliers. Outlier detection is performed
using statistical metrics such as deviation from nearest neighbors and Mahalanobis distance. The evaluation of each
pixel (anomaly score) is performed as a product of the specified metrics. A threshold clipping algorithm is used to detect
an attack. When a pixel is detected for which the received score exceeds a certain threshold, the image is recognized
as distorted. The approach was tested on the CIFAR-10 and MNIST datasets. The developed method has demonstrated
high accuracy in detecting attacks. On the CIFAR-10 dataset, the accuracy of detecting onepixel attack (accuracy) was
94.3 %, and when detecting a Jacobian based Saliency Map Attack (JSMA) — 98.3 %. The proposed approach is also
applicable in the detection of modified pixels. The proposed approach is applicable for detecting one-pixel attacks and
JSMA, but can potentially be used for any Lj-optimized distortions. The approach is applicable for color and grayscale
images regardless of the dataset. The proposed approach is potentially universal for the architecture of a neural network,
since it uses only input data to detect attacks. The approach can be used to detect images modified by unconventional
adversarial attacks in the training sample before the model is formed.
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artificial neural network, image processing, adversarial attack, pseudonorm L, malicious perturbation, one-pixel attack,
Jacobian Saliency Map Attack
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AHHOTALUA
BBenenne. VcKycCTBEHHBII MHTEIUICKT MOIYYHII IIMPOKOE PACIPOCTPAHCHUE B 3a/1a4aX 00pabOTKH M300paKeHUH.
Bwmecre ¢ Tem B cuctemax, peanu3youX TEXHOJIOTUU HCKYCCTBEHHOIO MHTEIIJICKTa, PACTeT KOJIUYECTBO YSI3BUMOCTEN
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(yBenMuMBaeTCs MOBEPXHOCTH ataky). OCHOBHBIE yTrPO3bl HH(POPMALOHHOI 6€3011aCHOCTH MOT'YT OBITh PEaT30BaHbI
MOCPEACTBOM BHECCHHA BPEAOHOCHBIX BOSMyLL[eHI/lﬁ BO BXOJHBIC JAHHBIC BHC 3aBHCHMOCTH OT UX THIIA. I[J'If[
0OHapyXeHHs TaKMX aTak ObLIM pa3paOdOTaHbl MOAXOABl U METOJbl, OCHOBAHHbIE, B YACTHOCTHU, HA MPUMEHEHUU
ABTOKOJIMPOBIIMKA WJI aHAJIN3E CII0EB 11E1€BOM HEWPOHHOH ceT. HenocTaTkoM CyIecTByIOIKX METO0B, 3HAUUTEIbHO
CHIDKAIOIIUX OONAaCTH MX MPUMEHEHUS, SBISETCS MPUBSI3KA K HA0OPY JaHHBIX WM apXHUTEKType Mozenu. B manHon
paboTe paccMaTpUBAIOTCSA BOIPOCH pAaCHIMPEHUs o0siacTeil mpuMeHeHHs (TOBBIIICHHS MACIITa0UPyeMOCTH)
METO/I0B OOHAPYKEHMs, ONTUMU3HUPOBAHHBIX T10 TICEBJOHOPME L HCKaKEHHI, BHOCUMBIX HEKOHBEHIIHOHAIbHBIMU
MTUKCEJIBHBIMY aTtakaMu. [IpesiokeH moaxon Kk oOHapy»KEHHIO MUKCEJIBHBIX aTaKk METOIaM1 CTaTHCTHYECKOro aHaIn3a
BXOJIHBIX JTAHHBIX HE3aBHCHMO OT MOJeH U Habopa naHHbIX. MeTtoa. [Ipeanonaraercs, 4To MUKCEIbl BOSMYIICHHUS,
BCTPOCHHBIC B N300paKeHNE MPU aApEeCcali aTaku, ONTUMH3UPOBAHHON 10 L), OyayT CUMTAThCA OJHOBPEMEHHO
U JIOKaJbHBIMH, U TINOOAJBHBIMH BbIOpocamu. OOHapyKeHHE BBIOPOCOB BBITIOJHACTCS C UCMOIB30BAHUEM TAKUX
CTaTUCTUYECKNX METPUK, KaK OTKJIOHEHHE OT ONMkalImmx coceneil u paccrosaue Maxananoouca. OneHka Kakaoro
nrKcena (OeHKa aHOMaJbHOCTH) MTPOU3BOIUTCS KaK MPOU3BECHHE CTATUCTHYECKUX METpUK. /g oOHapy KeHHs
aTakd MPUMEHSETCS allTOPUTM OTCEUYEHUsI 1o Topory. [Ipu oOHapykeHHH TIHKCeIa, I KOTOPOTO MOJTyYeHHAask OLCHKA
MPEBBIIIAET HEKOTOPEIH MOPOT, H300pakeHHe MpHU3HaeTcs NCKakeHHBIM. OCHOBHBIE pe3yabTaThl. Anpobdanus
mojxo/ia BeimoiHeHa Ha Habopax gaHHbIX CIFAR-10 u MNIST. PaspaboTaHHbIil METO/ TPOJIEMOHCTPUPOBAI BBICOKYHO
TOYHOCTh OOHapyxkeHus arak. Ha Habope manHbix CIFAR-10 TouHOCTH 0OHApPYKECHUS OMHOMHUKCEIbHOM aTaku
(accuracy) cocraBuia 94,3 %, a mpu 0OHApYKEHUH aTaku 10 KapTe 3HAYMMOCTH Ha ocHoBe SIkoOunana (Jacobian based
Saliency Map Attack, ISMA) — 98,3 %. [IpeacTaBineHHbIH 0X0] MOXKET ObITh HCIIOIB30BAH B 3a/1a4ax 00HAPYKEeHHs
HMCKKEHHBIX MUKCenoB. O0cyxaenue. [IpeanoxxeHHbIN MOIX0 TPUMEHUM ISl 0OHAPYKEHUS OJHOMUKCETbHBIX
arak 1 JSMA, HO NOTEHIIMAIBLHO MOKET OBITh MCIOIBb30BAH /LI TIOOBIX MCKa)KEHMH, ONTUMU3UPOBAHHBIX 110 L.
IToaxon mpuMEHNM K IIBETHBIM U300paKEHHUSAM M H300paKEHUSM B OTTEHKAX CEPOro HE3aBHCUMO OT Habopa JaHHBIX.
PaccMOTpeHHBIH TTOX0/] MOTEHIIMAIBHO YHUBEPCAICH K APXUTEKTYpe HEHPOHHON CETH, MOCKOIIBbKY ISl OOHAPYKEHHS
aTax MCHOJIb3yeT HCKITFOYNTEIILHO BXOAHBIE TaHHbIe. [101X01 MOKET OBITh NCIIONIB30BaH JUTsl 0OHAPYKEHHST NCKaKSHHBIX
HEKOHBEHIMOHAILHBIMY MUKCEIILHBIMH aTakaMH N300paXkeHui B 00y4arolieil BBIOopke 10 HOPMHUPOBAHUS MOJIESITH.

Kurouesblie ci10Ba

HCKYCCTBEHHAsl HelpOHHAas ceTh, 00paboTKa N300pakeHUii, cocTs3aTe/IbHas aTaka, BPEIOHOCHOE BO3MYILEHHE,
IICEBJOHOPMA BO3MYILCHUs L, OAHOIMKCEIIbHAS aTakKa, aTaka [0 KapTe 3HAYMMOCTH Ha OCHOBE SkoOuaHa

Ccpliaka nas nutupoBanusi: Ecunos /I.A. TTonxon k oO0Hapy)XeHHI0 HEKOHBEHI[MOHAIBHOW MUKCEIbHON aTaku
Ha HEHpOHHBIE CeTH 00pabOTKH M300paKEHUH METOJaMHU CTaTHCTHYECKOro aHanu3a // HaydHo-TeXHUYECKUI
BECTHUK MH(OPMALMOHHBIX TEXHOJIOTUH, MeXaHUKH 1 onTuku. 2024. T. 24, Ne 3. C. 490-499 (na anrn. s3.). doi:

10.17586/2226-1494-2024-24-3-490-499

Introduction

Artificial intelligence and machine learning have
become widespread due to its significant effectiveness
in solving a variety of applied tasks [1]. Neural networks
are used for image processing in medical diagnostics
[2, 3], biometric authentication [4-6] and in autonomous
vehicles [7-9].

At the same time, the use of machine learning and
artificial intelligence is associated with characteristic
threats. One of these threats is machine learning model
evasion!.

The phenomenon of neural network evasion as a
result of an adversarial attack was first demonstrated by
Szegedy C. et al. [10] in 2013. Attack methods based on
malicious perturbations on neural networks have been
continuously improved, methods of disrupting the operation
of neural networks in processing various types of data and
tasks of the target model have been proposed [1, 11, 12].
Attack algorithms with different characteristics of the
introduced perturbation have also been developed.

Attacks based on malicious perturbation. Attacks
based on malicious perturbation, including adversarial
attacks, involve machine learning model evasion or
embedding a backdoor into the specified model by
distorting the input data. Evasion involves introducing a

I MITRE. Adversarial Threat Landscape for Artificial-
Intelligence Systems (ATLAS). Available at: https://atlas.mitre.
org/, free access (accessed: 12.12.2023).

perturbation to the input data when using a trained model,
in order to embed a backdoor, perturbation of the training
dataset is necessary.

The attacks considered are based on the specifics of
image processing. Machine learning models, including
artificial neural networks, do not see in the understanding
familiar to humans. To process images, it performs certain
mathematical transformations based on the pixel values of
the image. In the learning process, to solve classification
tasks, models identify pixel patterns characteristic of a
certain class. Elements that have a greater correlation with
the target class have greater importance and greater weight.
Due to the described specifics of image processing, the
introduction of even small perturbations can lead to an
incorrect response of the model.

The perturbation introduced by the attack is
characterized by distance metrics or norms [1, 11, 12].
Along with such norms as Manhattan distance L, Euclid
distance L, and Chebyshev distance L ; the pseudonorm L
also used, characterizing the number of elements (pixels)
distorted by the attack regardless of the degree of deviation
from the original value. It should be noted that the model
evasion can be performed by changing only one pixel of
the image [13].

The algorithms of generating adversarial examples,
characterized by L, include one-pixel attack [13], Jacobian
Saliency Map Attack (JSMA) [14], Localized and Visible
Adversarial Noise (LaVAN) [15], etc.

A one-pixel attack [13] is a neural network evasion
attack by perturbating single pixel of the input image. The
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attack involves the use of Differential Evolution Algorithm
(DEA) [16] to determine the position and value of the
embedded pixel. The perturbation introduced by this attack
has the lowest value of L since the value of only one-
pixel changes. Modifications of the specified attack allow
modification of a larger number of pixels.

JSMA [14] is a neural network evasion by perturbating
a certain proportion of pixels of the input image. Pixel
positions and values are determined in accordance with
saliency map created using the neural network forward
derivative. This attack involves the distortion of a larger
number of pixels than a one-pixel attack; therefore it has a
greater impact on the statistical characteristics of the image.

In the current work, Lj-optimized attack algorithms will
be considered.

Related works. Due to the relevance of the threat
of machine learning model evasion, Lj-optimized attack
detection algorithms have been developed [17-21].

OPADA [17] assumes the use of the one-pixel attack
itself to protect target model against it. To do this, a set of
training data is generated, including both clean images and
adversarial examples. The generated set is used to train the
classifier based on logistic regression; the responses of the
protected neural network are used as predictors. It should
be noted that the specified algorithm achieves detection
accuracy of 100 % on some neural network architectures,
while on others it demonstrates 36.67 %.

Another option to protect against one-pixel attack is to
train a variational auto-encoder [18]. The specified defense
method involves passing the input data of the target model
through a variational auto-encoder trained on the data
processed by the model. At the same time, the malicious
perturbation introduced by the attack can be eliminated.
The considered method achieves 99 % detection and
elimination accuracy. However, the auto-encoder allows
organizing attack protection only on the dataset on which
it was trained.

Wang P. et al. [19] introduced a method for detecting
one-pixel attack by analyzing the layers of a neural network
and determining the most significant elements of the input
data (pixel positions) for each class. The definition of
such elements for each class forms a set of coordinates of
pixels potentially modified by the attack. Then detection
involves checking certain elements in each input image
and searching for outliers among the values of these
pixels. The presence of an outlier may indicate the fact
of an image attack. The accuracy of this method on real
data reaches 9.1 %. Since one-pixel attack is addressed in
black-box mode, the attacker does not have access to such
an investigation of the target of the attack. The position
and value of the distorted pixel is determined by the DEA
[16]. Then the final coordinates may allow model evasion,
but they do not match with those defined when organizing
protection. In addition, there may be more than one element
for each class that has a significant effect on the model
response. Then the attack can be successful if not the most
significant element is modified.

Grosse K. et al. [20] introduced an approach to detect
attacks by testing statistical hypotheses. Detection is
performed by extracting the characteristics of the statistical
distribution of image pixels and evaluating these parameters

by a trained classifier. This approach makes it possible to
detect various types of attacks, including those optimized
according to different norms (Fast Gradient Sign Method
[22], ISMA [14]). The classifier achieved a JSMA detection
accuracy of 83.76 %. One of the limitations of the proposed
approach is the strict dependence of the detection quality
on the training sample. Therefore, the proposed approach
does not allow detecting attacks that are not represented in
the mentioned dataset.

Guo et al. [21] used the difference in the response
of different models to detect the attack. The proposed
approach is based on the possibility of transferring attacks
among models due to the similarity of their decision-
making boundaries. At the same time, the responses of
models trained on the same data may differ in adversarial
examples due to differences in the boundaries of decision-
making. This phenomenon is called Transferability
Prediction Difference. Then the attack marker may be a
difference in the response of several models. This detection
method allows detecting various attacks. The JSMA
detection accuracy of the developed method reaches 97 %
on the MNIST! dataset and 94 % on CIFAR-102. It should
be mentioned that this approach to detection involves
significant redundancy, namely the use of several models.
Also, when using this method, there is a slight decrease in
the quality of the model on undistorted data.

Important disadvantages of existing defense methods
are its binding to the architecture of a neural network
[16], a dataset [17] or a particular model [18] due to
the specifics of the approaches used, which limits their
scope of application. Detection by means of mathematical
statistics [19] is more universal; however, the proposed
approach does not allow detecting various types of L-
optimized attacks. Then there is a need to develop a
more comprehensive approach to detecting the attacks
considered, which is the purpose of the current work. The
objectives to achieve this purpose are to determine the
essence of the proposed approach, develop the algorithms
used, design the experiment and evaluate the proposed
solution.

Proposed method

The proposed approach involves detection in two
stages: image preprocessing and attack detection. Image
preprocessing is aimed at calculating the pixel anomaly
score. The detection of an attack is assumed by analyzing
the data obtained at the previous stage.

The approach is based on the assumption that the pixels
of the perturbation will be both local and global outliers.
Then their detection consists in the intersection of the sets
of specified outliers.

Image preprocessing algorithm. To detect local
outliers, the use of deviation from the average of the nearest

I Kaggle. MNIST Dataset. Available at: https://www.kaggle.
com/datasets/hojjatk/mnist-dataset, free access (accessed:
02.02.2024).

2 Kaggle. CIFAR-10 — Object Recognition in Images.
Available at: https://www.kaggle.com/c/cifar-10/, free access
(accessed: 02.02.2024).
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neighbors was chosen. It is important to highlight that a
distorted pixel can differ significantly in only one of the
color components. Then the sum of deviations by color
components was chosen as the final deviation estimate:

k. Vij
c xi_/-zzl k
n=y———,
=1 255

where n — estimation of deviation from nearest neighbors;
i — color channel; ¢ — number of color channels; x; —
value of i-th channel of the pixel being tested; kK — number
of neighbor pixels; y; ; — value of i-th channel of j-th
neighbor pixel.

To determine global outliers, the Mahalanobis distance
m [23] from the pixel being tested to the image as a class
of pixels was chosen:

m=V(x-wS(x-p),

where x — the pixel being tested; p — mean pixel value;
S — image pixel covariance matrix.

Z-score (standard score) can also be used to detect
global outliers [24]. Since a pixel in a color image is a
vector of three elements (RGB component), Z-score is not
suitable for it. At the same time, the pixel of a grayscale
image has only one value x', so for such images, along with
the Mahalanobis distance, a Z-score z can be used:

xl_“r
z= ,
(&}

where z — Z-score; x' — the pixel being tested in grayscale;
p" — mean pixel value in grayscale; ¢ — standard pixel
deviation.

As an analogy for the intersection of sets of local and
global outliers, the product of the estimates obtained can
be used. Thus, the final evaluation of a pixel as modified
by an attack (anomaly score) is calculated as the product
of previously calculated values. Pixel anomaly scores are
recorded in a matrix according to their positions in the
image. An example of image processing is shown in Fig. 1.

Attack detection algorithm. A cut-off algorithm based
on a certain threshold can be used for detection. Then,
when a pixel whose anomaly score exceeds the specified
value is detected, the algorithm determines the image as
attacked. The value of the cut-off threshold is the only
parameter of the algorithm. It should be noted that for this

algorithm it is not necessary to have a complete matrix of
pixel anomaly scores. A comparison with the threshold for
each pixel can be performed immediately after calculating
its anomaly score. In the case of forming a complete matrix,
cutting off the threshold will show the positions of the
pixels distorted by the attack.

Further in the text, a combination of the above
algorithms will be used as the Lj-optimized attack detection
method. It should be noted that other attack detection
algorithm options can be used.

Design of the experiment

Attack algorithms. Two attack algorithms were chosen
as Ly-optimized attacks: one-pixel attack and JSMA. It
should be emphasized that the proposed approach is
potentially applicable to other Ly-optimized attacks.

An open access program code was used to address
the one-pixel attack!. JISMA was performed using the
advertorch? library of the Python programming language.

Datasets used. According to [13], one-pixel attack is
effective for low-resolution images (up to 65 x 65 pixels).
Therefore, three sets of images satisfying the specified
limitation were used to conduct the experiment.

CIFAR-103 contains 60,000 color images with a
resolution of 32 x 32 pixels, pertaining to 10 classes. The
specified dataset was used to evaluate the performance of
the proposed approach on color images.

MNIST# contains 60,000 grayscale images with a
resolution of 28 x 28 pixels, corresponding to numbers
from 0 to 9, that is, 10 classes. The specified dataset was
used to evaluate the approach performance on grayscale
images. It is important to note that the images in MNIST
have significant contrast, which is why they are close
to black and white images. At that time, the discolored

I Github. DebangLi / one-pixel-attack-pytorch. Available
at: https://github.com/DebangLi/one-pixel-attack-pytorch/tree/
master, free access (accessed: 30.09.2023).

2 Github. BorealisAl / advertorch. Available at: https:/github.
com/BorealisAl/advertorch, free access (accessed: 30.09.2023).

3 Kaggle. CIFAR-10 — Object Recognition in Images.
Available at: https://www.kaggle.com/c/cifar-10/, free access
(accessed: 02.02.2024).

4 Kaggle. MNIST Dataset. Available at: https://www.kaggle.
com/datasets/hojjatk/mnist-dataset, free access (accessed:
02.02.2024).

Fig. 1. An example of image processing: initial image («); matrix of Mahalanobis distances (b); matrix of deviations from nearest
neighbors (¢); matrix of pixel final evaluation (d)
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Table 1. Characteristics of the datasets used

Attack algorithm Number of elements
Dataset
name gamma, % total used for evaluation
One-pixel attack — 10,945 10,000
1 17,098 10,000
CIFAR-10
JSMA 3 38,991 10,000
5 48,709 10,000
One-pixel attack — 17,353 10,000
1 35,126 10,000
CIFAR-10-G
JISMA 3 39,778 10,000
5 44,106 10,000
One-pixel attack — 7472 2000
1 2081 2000
MNIST
JISMA 3 13,390 2000
5 24,404 2000

CIFAR-10 (CIFAR-10-G) was also used to evaluate the
approach on grayscale images.

The characteristics of the obtained sets of adversarial
examples are shown in Table 1.

The sets of perturbated images used in further
experiments, as well as the attacked neural networks, are
available on GitHub!.

Evaluation metrics. Accuracy shows the proportion of
correct responses of the algorithm, regardless of the type
of error. Precision shows the ability of the algorithm to
distinguish objects of a certain class from objects of other
classes, thereby taking into account only type-I errors.
Recall determines the possibility of identifying objects of a
certain class by an algorithm and takes into account type-II
errors. When detecting the fact of an attack, it is necessary
to consider both types of errors separately; therefore, the
F1-score was chosen to evaluate the algorithm. Accuracy
was also calculated for comparison with analogues.

Since the perturbation introduced by the attacks takes
up a small fraction of the pixels of the image, there will
be significant disparity of classes, which does not allow
the use of the accuracy metric. Then the metrics precision,
recall and F1-score can be calculated. The F1-score was
chosen for the final evaluation of the perturbation detection.

Then Fl-score and accuracy will be used as quality
indicators to detect an attack and Fl-score to detect a
perturbation.

Results and analysis

Determining the cut-off threshold for detecting an
attack on color images. To determine the value of the
cut-off threshold corresponding to the highest indicator
of the Fl-score of attack detection, the proposed method
with different values of the cut-off threshold was applied

I GitHub. iNDm3802 / LO-optimized_attack detection.
Available at: https://github.com/iNDm3802/L0-optimized
attack detection, free access (accessed: 01.03.2023).

to the formed dataset. Since the values of the Mahalanobis
distance and the deviation from the nearest neighbors are
non-negative, their product is also non-negative. Then the
values of the cut-off threshold were selected from the range
from 0 to 10 in increments of 0.01 (Fig. 2). The value of
the cut-off threshold at which the highest values of the
evaluation metrics are achieved is shown in Table 2.

According to Table 2, the Lj-optimized attack detection
method based on the proposed approach demonstrates
high quality indicators of one-pixel attack detection and
JSMA. The approach can also be used to detect other
similar attacks. It should be noted that for various attacks,
the maximum value of the evaluation metrics is observed
at different values of the cut-off threshold, which does
not allow detecting various attacks simultaneously. An
option to eliminate this shortcoming is to use a different
approach to detection. Then the statistical distribution of
the obtained pixel anomaly scores and the characteristics
of this distribution can be used.

Determining the algorithms used and the cut-off
threshold for detecting an attack on grayscale images.
Determining the threshold for detecting an L-optimized
attack on grayscale images was performed similarly to
the previous step. In addition to the values of the cut-
off thresholds, the application of various algorithms
for detecting global outliers, namely calculating the
Mahalanobis distance and Z-score, was also considered. The
obtained results of detecting attacks on the CIFAR-10-G
dataset are shown in Table 3, on MNIST — in Table 4.

According to Table 3, the choice of an algorithm for
detecting global outliers does not significantly affect the
quality of attack detection. The method also demonstrates
high detection quality indicators on the CIFAR-10-G
dataset.

According to Table 4, there is a significant decline
in quality indicators in high-contrast images, due to
limitations of global outlier detection algorithms. Then
the developed method and the proposed approach have a
limited scope of application in images with high contrast.

494

Hay4HO-TexHn4eckunii BECTHUK MHDOPMALMOHHBLIX TEXHONOMMIA, MeXaHUKN 1 onTukn, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3


https://github.com/iNDm3802/L0-optimized_attack_detection
https://github.com/iNDm3802/L0-optimized_attack_detection

D.A.Esipov

a b
1.0
0.9 1
0.91
5 2
=
Q T
£ 07 & 08
0.7 4
0.5 : . . .
0 4 0 4
Cut-off threshold Cut-off threshold
— One-pixel attack — JSMA1% —IJSMA3% —JSMAS5%
Fig. 2. Dependence of quality indicators on the cut-off threshold: accuracy (a); F1-score (b)
Table 2. The highest quality indicators for detecting attacks on color images (CIFAR-10)
Attack Cut-off threshold Accuracy, % Fl-score, %
One-pixel attack 5.05 94.27 94.27
gamma=1% 6.55 98.32 98.32
JSMA gamma =3 % 6.27 98.06 98.07
gamma =5 % 6.08 98.11 98.12

Table 3. The highest quality indicators for detecting attacks on grayscale images (CIFAR-10-G)

Attack Algorithm Cut-off threshold Accuracy, % Fl-score, %
) Mabhalanobis distance 1.07 88.67 88.76
One-pixel attack
Z-score 1.07 88.68 88.77
Mabhalanobis distance 1.44 94.10 93.96
gamma=1%
Z-score 1.43 94.09 93.95
Mabhalanobis distance 1.37 94.20 94.12
JSMA gamma =3 %
Z-score 1.38 94.21 94.12
Mahalanobis distance 1.35 94.10 94.04
gamma =5 %
Z-score 1.35 94.10 94.05

Table 4. The highest quality indicators for detecting attacks on grayscale images (MNIST)

Attack Algorithm Cut-off threshold Accuracy, % Fl-score, %
) Mahalanobis distance 2.00 80.05 80.53
One-pixel attack
Z-score 1.99 79.93 80.50
Mabhalanobis distance 1.40 62.25 69.81
gamma = 1%
Z-score 1.40 62.20 69.78
Mahalanobis distance 1.51 67.15 72.41
JSMA gamma =3 %
Z-score 1.51 67.15 72.42
Mahalanobis distance 1.35 62.95 71.42
gamma =5 %
Z-score 1.37 63.25 71.45
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Determination of the cut-off threshold for
perturbation detection. The determination of the threshold
for detecting the perturbation introduced by the considered
attacks was performed similarly to the previous sections
(Fig. 3, Table 5). It should be noted that the perturbation
detection was performed only on the attacked images,
which is possible only after determining the fact of the
attack. Both the initial value of the pixel anomaly scores
and the normalized value were also used. The CIFAR-10
dataset was used to detect the perturbation.

According to Table 5, the method also demonstrates
high quality indicators for perturbation detection in
color images. It should be noted that in order to detect a
perturbation characteristic of a one-pixel attack, a higher
value of the F1-score is achieved using normalized values
of the anomaly score. At the same time, to detect the
perturbation characteristic of JSMA, a greater value of the
F1-score is observed when using the initial values. It should
be noted that the difference in JSSMA perturbation detection
quality when using both types of values is limited. Then,
in order to detect a perturbation, an attack classification
should be performed, which is also possible by analyzing
the statistical distribution of the obtained pixel anomaly
scores and its characteristics.

0.8

Fl-score

0.0

7 !
Cut-off threshold

— One-pixel attack

Data on the detection of perturbation on other datasets,
as well as more complete information about the results of
the experiment, are available on GitHub!.

Performance evaluation. The preprocessing algorithm,
like the detection algorithm, has a linear computational
complexity of O(n), where n corresponds to the number of
pixels of the image taking into account the number of color
channels, that is, its shape.

Performance evaluation of the Lj-optimized attack
detection method based on the proposed approach is shown
in Table 6. Calculations were performed on the following
hardware:

— CPU: Intel(R) Core(TM) i17-10700 CPU @ 2.90GHz,

2904 MHz, cores: 8, logical processors: 16;

— RAM: 32.0 GB.

According to Table 6, the method demonstrated
processing speeds from 17.7 to 46.7 images per second for
CIFAR-10 and MNIST, respectively, depending on their
characteristics.

I GitHub. iNDm3802 / LO-optimized attack detection.
Available at: https://github.com/iINDm3802/L0-optimized
attack detection, free access (accessed: 01.03.2023).

b
0.8
o
= 0.4
0.0 ! ! !
0 0.4 0.8
Cut-off threshold
— JSMA1% —IJISMA3% —IJSMAS5%

Fig. 3. Dependence of F1-score vs. the cut-off threshold when using: initial values (a); normalized values ()

Table 5. The highest quality indicators for detecting perturbation on color images (CIFAR-10)

Attack Anomaly score value Cut-off threshold Fl-score, %
) Initial 6.06 91.10
One-pixel attack Normalized 1.00 98.24
camma = 1% Initial 2.00 88.23
Normalized 0.17 85.58
ISMA camma = 3 % Initial 1.46 85.43
Normalized 0.13 84.41
camma— 5 % Initial 1.30 83.64
Normalized 0.13 83.20
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Table 6. Performance evaluation of the method

Time, s
Dataset Count of images Image shape -
Total Per image
CIFAR-10 3 color channels, 32 x 32 pixels 564.966 0.056
CIFAR-10-G 10,000 1 color channel, 32 x 32 pixels 272.771 0.027
MNIST 1 color channel, 28 x 28 pixels 214.132 0.021
Table 7. Comparative analysis of Lj-optimized attack detection methods
Method Dataset Attack Accuracy, %
OPADA [17] CIFAR-10 One-pixel attack 36.67-100
Alatalo J. et al. [18] TUPACI16 One-pixel attack 99
Wang P. et al. [19] CIFAR-10 One-pixel attack 9.1
Grosse K. et al. [20] MNIST JSMA 83.76
Guo F. et al. [21] CIFAR-10 ISMA 94
MNIST 97
One-pixel attack 94.27
gamma =1 % 98.32
CIFAR-10
JSMA gamma =3 % 98.06
gamma =5 % 98.11
Developed -
One-pixel attack 80.05
gamma= 1% 62.25
MNIST
JSMA gamma =3 % 67.15
gamma =5 % 62.95

Discussion

A comparative analysis of the developed Ly-optimized
attack detection method based on the proposed approach
with analogues is shown in Table 7.

According to the comparative analysis, the developed
method demonstrates quality indicators comparable to
analogues. However, unlike analogues, the method and
the proposed approach is not bound to either a dataset or
the architecture of a neural network, or to the presence of
a trained model. Then it can be used to detect perturbated
images in the training sample [25]. In addition, it allows
detecting both the fact of an attack and the pixels modified
by the attack. The method and the approach are also
applicable to various Lj-optimized attacks.

The developed method has the following limitations:
different values of the cut-off threshold for different
attacks, the need to classify attacks in order to detect
perturbation. To eliminate these limitations, it is necessary
to develop another attack detection algorithm based on the
obtained pixel anomaly scores. Also, due to the use of the
Mahalanobis distance, the disadvantage of the developed

method and the proposed approach is a decline in attack
detection quality on contrasting images.

Conclusion

The proposed approach allows detecting the fact of
an attack based on Lj-optimized perturbation, as well as
the perturbation introduced by the specified attack. The
method based on the approach demonstrates high quality
indicators when detecting one-pixel attack and JSMA and
can be used to detect other similar attacks. The approach
is bound neither to a dataset, nor to the architecture of a
neural network, nor to the presence of a trained model,
which is why it can be used to detect distorted images in a
training sample.

The direction of further work is to develop an algorithm
for detecting attacks based on the obtained pixel anomaly
scores, namely by analyzing the statistical distribution of
the obtained values and its characteristics. Another direction
is to verify the applicability and possible modification of
the developed method for detecting an attack by embedding
an adversarial patch.
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AHHOTALUA

Ipeamer uccaenoanus. [IpencraBiaeHs! pe3yabTaThl HCCIISOBAHIS MAIIBIX ITONIEPEUHBIX KOIEOAHUH CTPYHBI U OaIKK
Beprymmu—Diinepa ¢ cocpeJOTOUCHHBIM BKIIIodeHnEeM. DU3HUecKie XapakTepUCTHKNA CTPYHBI M OaIKH CIHTAIOTCS
MTOCTOSIHHBIMHU BEIMYMHAMHU, a BKIIIOUYEHHE MOJEINPYETCs C MOMOIIBIO AeibTa-QpyHKIHN Jlpaka U OIHMCHIBACTCS
JByMsI TIapaMeTpaMH: MECTOIOJIOKeHNEM U Maccol. PaccMmarpuBaeTcst 3aada o0 onpesieleHHH STHX MapaMeTpoB
M0 M3MEPEHUIO C/IBUTa Pe30HAaHCHOW 4acToThl. MeToa. B kauecTBe OCHOBHOIO METOJA MCCIIEA0BAHUS MPEJIOKEHO
pasioxeHue GYHKIUH MepeMeleHus mo coocTBeHHbIM Gopmam. KoadduuneHTs! pa3inokeHus ONpeaensoTcs ¢
nomoeio Metofa I'punbepra. B ciydyae Toueunoro nedexra X MOACTAHOBKA B UCXOJHOE PA3IOKEHUE TO3BOISIET
MOy YHUTh XapaKTePUCTHUECKOE yPaBHEHNUE, OTIPEACIISIONIee BIUSHAE BKIIOYEHNS Ha COOCTBEHHBIC JaCTOTHI CTPYHBI U
6anxy. OCHOBHBIE pe3yIbTaThl. [IpeacTaBieHo aHaTUTHYECKOE PEeIIeHHe 3a/1ad! O MAJIBIX MOMEePEUHBIX KOJIeOaHUIX
cTpyHBI 1 6anku bepHymm—Jiinepa ¢ TodedHbIM BKITIOUeHUEM. [IpeuiokeH MeTo1 HaXOKIEHHS JaCTOTHBIX ypaBHEHHHA,
MIOJTHOCTBIO OTIPENENISIONINX ero BIMSHUE Ha CIeKTp KosiebaHnii. Ha ocHOBe MpeayioeHHOT0 METO/ia BHIBE/ICHBI
COOTHOIIICHHSI, TTO3BOJISIOIIHNE WICHTU(GUIIMPOBATE ITapaMeTPhl BKITIOYEHHSI, MOJIyYeHBI 3aBUCHMOCTH STUX MapaMeTPOB OT
CIIBUT'a PE30HAHCHOMN 4acToThI. [l0ka3aHa BO3MOXKHOCTH HE3aBUCHMOTO OMPEIeTICHHS MacChl M MECTOIONIOKEHHUsI iedeKTa
110 U3MEPEHHUIO CIBUra AByX cOOCTBEHHBIX 4acToT. O0cy:kaeHue. Pabora HanpaBieHa Ha pPa3BUTHE aHATUTHYECKUX
METO/I0B MOIEIUPOBAHUS ANHAMUKY KOHTHHYAIBHBIX MEXaHUUECKHUX CHCTEM C HEOIHOPOAHOI CTpyKTypoit. Onucanne
HX TUHAMHYIECKOTO OTKJIHMKA MPEJCTABIACT 3HAUHTENBHBIA MPAaKTHIECKUI HHTEPEC NMPH CO3AAHUN PAa3IHIHOTO THIA
JIATINKOB, TAKUX KaK aKCeJICPOMETPHI, TaTINKH CKOPOCTH, IaBIeHUs U Apyrue. [lomydeHHble pe3ynbraTsl MOTYT OBITh
HCTIONB30BaHbI IIPU pa3paboTKe AETEKTOPOB MACCHI, pad0Ta KOTOPHIX OCHOBAHA HA M3MEHEHHH COOCTBEHHOM YaCTOTHI
KoJeOaHui.
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Abstract

The results of a study of small transverse vibrations of a string and Bernoulli-Euler beam with a concentrated inclusion
are presented. The physical properties of the string and the beam are assumed to be constant, the inclusion is modeled
using the Dirac delta function and described by two parameters: location and mass. The problem of determining these
parameters by measuring the shift of the resonant frequency is considered. The basic method is the eigenfunction
expansion of displacement. Expansion coefficients are determined using the Greenberg method. Their substitution into
the original expansion in the case of a point defect allows us to obtain a characteristic equation that determines the
effect of inclusion on the string and beam natural frequencies. An analytical solution to the problem of small transverse
vibrations of a string and Bernoulli-Euler beam with a point inclusion is presented. A method for possesing frequency
equations that completely determine the influence of inclusion on the oscillation spectrum is proposed. Basing on
the proposed method, expressions for identifying the inclusion parameters are derived, and the dependences of these
parameters on the resonant frequency shift are presented. The possibility of independently determining the mass and
location of the defect by measuring the shift of two natural frequencies is shown. The work is aimed at developing
analytical methods for modeling the dynamics of continuum mechanical systems with a heterogeneous structure. The
description of their dynamic response is of significant practical interest for creating various types of sensors, such
as accelerometers, speed sensors, pressure sensors and others. The results obtained in this article can be used in the
elaboration of mass detectors, the operation of which is based on changes in the natural frequency of oscillations.
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BBenenue

CoBpeMeHHbIC MaTepPHAaJbl YaCTO 00TaAr0T CIOKHOU
MHOTOKOMIIOHEHTHOH CTPYKTYpOil, KOTOpasi BKIOYACT B
ce0s pa3HOOOpa3HBIC BKITIOUCHHUS U IS(PEKTHI, OTIINYAIOIIN-
ecsi IPYT OT JIpyTa 10 TEOMETPUIECKAM U SHEPTeTHUCCKUM
XapakTepucTHKaM. X mpHuCcyTCTBHE B MaTepHaiax Impo-
SIBIISICTCS. B 0COOOM TPOTEKAHUH JHHAMHYECKHUX MPOIIEeC-
COB, T. €. HE 0 KJIACCHYECKUM MOJIEIISIM CIIIOITHOM CPEeIbl
[1, 2]. Takum oOpa3om, Ha CETOMHINTHUHN JAEHb BaXXHON
3a/1aueit, UMeIoIIei 0OJbIIoe MPAKTHUECKOE 3HAYCHUE TSI
pa3pabOTKH METOIOB HEPA3PYILAOIIETO KOHTPOJIS, SIBIISCT-
Csl OIpE/ICIICHUE MTapaMeTPOB BKIIIOUCHUS 110 TUHAMHYC-
CKOMY OTKIIUKY Marepuana [3—5]. Euie oqHo HampaBneHue,
rlle JaHHAs TeMaTHKa HaXOJIUT IIMPOKOC MPUMECHCHUE,
CBSI3aHO C pa3pabOTKON Pa3TUYHOTO THUIIA JATYHKOB: aK-
CeJIEPOMETPHI, TATYHKH JABICHUS, IETCKTOPHI Macc U T. [I.
PaboTa 3THX DIIEKTpOMEXaHUIECKUX YCTPOWCTB OCHOBaHA
Ha SIBJICHUW MOJAJbHON JIOKaIHM3aIuu [6—8] nin u3MeHe-
HUH COOCTBEHHOH 4acTOTHI Konebanwmii [9—12]. Hampumep,
B pabore [12] paccmoTpeHa 3agada ONpeaeIeHIs] MacChl
TOYEYHOTO BKJIIOYCHHUS Ha CTPYHE IO CABUTY IEPBBIX ABYX
PEe30HAHCHBIX YacToT. B HacTosmel pabore paccMoTpeHa
MEXaHUYECKast CHCTEMa, COCTOSIIAst U3 OAJIKU HITH CTPYHBI
C COCPEIOTOYCHHBIM BKITFOUCHUEM, ITOJTHOCTHIO XapaKTepu-
3YIOIIUMCSI TOJIBKO IBYMSI ITapaMeTpaMy — MECTOTIOIOKE-
HueM jedeKTa U ero Maccoil. JlaHHas yrnporieHHas MOJIeITh
nedexTa mo3BOJISICT MOTYYUTh TOYHBIC aHAIIUTHYCCKUE
BBIPAKCHHSI [UISI €TO XapaKTCPUCTHUK B 3aBUCHMOCTHU OT
CMEILEHHs Pe30HaHCHOM yacToThl. B omnuue ot [12] npen-
JIOKeH OoJee OOIIMiT TOXO0M, CBI3aHHBIN C TIOTYYCHUEM
YaCTOTHBIX YPaBHEHUH, KOTOPBINA TTO3BOJISET HCIIOIB30BATh
JUTSL OTIPENICTICHHS TTapaMeTPOB BKIIOUEHHS JTIO0YIO mapy
COOCTBEHHBIX YacCTOT.

Ienb paboOThl — MOTYYHUTH HA OCHOBE YACTOTHBIX YpaB-
HEHUI TOYHbIE aHAJIMTUYECKUE BBIPAXKEHUS UL XapaKTepU-
CTHUK BKJIFOUCHUS B 3aBUCUMOCTH OT CABUTIA pe?’OHaHCHOﬁ
YaCTOTHL.

BbIBO YaCTOTHBIX YPaBHEHMIA /15l CTPYHBI U 0aJIKH
Bepuyun—Jiinepa ¢ cocperoTouYeHHbIM BKJIIOYEHHEM

PaccmoTpuM n3ruGHbIe KosiebaHusl IapHUPHO-3aKpe-
TwIeHHOM Oankn bephymimn—2iinepa [umHOI / ¢ TOueyHOH
Maccoi m, pacIoI0KEHHOH B TOYKE ¢ KOOPAMHATOH &,
OTCYHTHIBAEMOM OT JIEBOTO KOHIIA OallKW. YpaBHEHHE, OTIH-
CBIBAIOIICE AMHAMUKY JAHHOW CHCTEMBI, IMeeT BHT [13]

dw 1 &w  mdx—Ew n
o IJZ o PHZ ’
e w(x, f) — MmomnepedyHoe cMenieHne 06amKku; o(x) — Jeib-
EJ
ta-Qpyukuus Jupaka. [TapameTp pu? = — paBeH OTHOLIE-
p

HUIO H3TUOHOM KECTKOCTH OAJKH K €€ JTMHEHHOH MII0THO-
ctu p, e E — monyns FOnra marepuana; J — MOMEHT
HHEPIUH [TOTIEPEYHOTO CCUCHUSI.

PerieHre, COOTBETCTBYOIIEE CBOOOTHBIM KOJICOAHUSIM,
MOYET OBITh MPEJCTABICHO B BU/IC:

w(x, 1) = v(x)ei®?, 2)

TJIe ® — YacToTa; V(X) — aMIuuTygHast QyHKIHsI, orpesie-
nstrornas opmy kosiebanuii. [Tocse moncTaHOBKY BhIpaXKe-
Hus (2) B (1) momyuum oObIkHOBEHHOE U depeHIansHoe
ypaBHeHue 11t GYHKLIUH V(X), yIOBJIETBOPSIONIEH rpaHny-
HbIM yenoBusm: v(0) = v(I) = 0, v"(0) =v"(]) = 0,

v oy o’vmd(x - &) 3)
oxt oy T

IIpencraBum pemerne ypaBHeHHS (3) B BUIE pa3iioxKe-
HUSL B PSII IT0 COOCTBEHHBIM (hopMamM Oanku 0e3 BKIFOUCHUS

0
. ThX
v(x) = > v,sin—. “)
n=1 l
Torna, ucmonp3yst GUABTPYIONIEE CBOWCTBO JICIThb-
ta-pyHKIMH, ¢ ToMolbio Metoza ['punbepra [ 14] Haitiem
BBIPAKCHUE JUISI HCU3BECTHBIX KOAPPHUIINCHTOB
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2me?  WE) o
v, = s DIHLE". 5)
plowmin® 5 1
14

[Toncrasus (5) B (4) 1 TOMOXKUB X = &, MOTyYINM Xapak-
TEPUCTUYECKOE YPAaBHEHHUE

sin® i
2me*l? @ [
2,4 4 4 =L (6)
PUT p=11" —a
wl?
rae a2 = —, — napamerp, OTIPEACIISIFOLIMN CMEIIICHUE CO0-
Ty

CTBEHHOI 9acTOThI Oasku. UToObI mpuBecTH ypaBHEeHHUE (6)
K yIOOHOMY TSl BBIYHMCIICHUI BUJTY, 3AITUIIEM BBIPAKCHHE,
CTOsIIIIEE 110]1 3HAKOM CyMMbI, B BUJIE

Sin2n_n§
® / 1 (2 1 © 1
>———=—| 2 -2 -
i nt—at 2aP\min? —a* i+ a?
© 1 2 © 1 2 @
- cos LS + CcoS g .
n=1n*>— a* / =1 1>+ d’ /

CyMMupOBaHHE PSIOB B CKOOKax BhIpakeHUs (7) BBI-
TTOJTHUM C TIOMOIIIBIO (hOPMYI, MPUBEICHHBIX B paboTe
[15]. B pesynbrare mpeobpa3zoBaHUil XapaKTEPHCTHIECKOE
ypaBHeHHE (6) TPIMET BUI

R, 8)=1 )
4pl ’ ’

TJIe aHAMTHYECKOe IpecTaBieHne Gpyakun F(a, &) ompe-
JIeJIAM BBIPKCHUEM

cos(ma(l —2P)) — cos(na) N

Fa. 9= sin(ma) 0
. ch(na(1 —2p)) —ch(ra) ©
sh(ra) '

T. €. I3MEHEHHE CIIEKTPa KOJeOaHUIl 3aBUCHUT OT JIBYX Ia-
paMeTpoB: OTHOIIEHHS MAcChl BKJIFOUEHHS K Macce OanKu
m

0L =""H €ro OTHOCUTEJIHHOTO MOJIOKEeHNUS } = =
pl !

[Tpumep rpaduyeckoro pemenus: ypaBHeHus (8) npu
a=0,1 u B =0,5 s nepBeIX TPEX YaCTOT MPUBEJIEH Ha
puc. 1.

Vckomoe 3Ha4YeHue napameTpa ¢ HailileM B TOUKe Tepe-

. L 4
cedyenus rpaduka afF(a, ) c TOpU30HTAIBHON IPSIMOH —.
o
BepruxanbHble npsiMble Ha rpaduke, Ipu KOTOPBIX ¢ MPHU-

HUMAET LeJIble 3HAUYCHHS, COOTBETCTBYIOT COOCTBEHHBIM
yacToram Oankn 6e3 BkmoueHus. OTCyTcTBHE KOpHS BOIHN-
31 IPSIMOH @ = 2 0OBSICHSIETCSI TEM, YTO paccMaTpUBaeTCs
Clty4ai, Koraa 1e(eKT pactoIoKeH B y3J1€ BTOPOi (hOpPMBI
1 HE MOXKET OKa3aTh BIMSHUE Ha €€ YacTOTy.

OTMeTHM, 9TO ONMCAHHBIN MTOJXOA MPUMEHNM U JUIS
yYpaBHEHUS 2-TO TOPsAIKA, MOICIUPYIOLIETO MONEPEeUHbIe
KoJIeOaHMsI CTPYHBI C HHEPIIMOHHBIM BKITIOYCHUEM

Pw 1 Pw _ mdx -8

g 10
x> cg or T (10)

a0 Jasgissael iy AR o VR BRSO

20-....:..... . ..... . ..... .....

Puc. 1. Criextp xonebanwmii 6anku, o= 0,1, = 0,5

Fig. 1. Beam vibration spectrum, o=0.1, 3=0.5

T
rac T — cuna HaTsOKEHUS CTPYHBI; €y = |~ — CKOPOCTb
p

pacnpocTpaHEeHus! 3ByKa B CTPYHE.

BerimosmnuM aHanornvHele npeoOpazoBaHus Ul ypas-
Henus (10). B pesynbrare xapakrepucTHUECKOE ypaBHe-
HHe (8), onpesessoee CreKTp cCOOCTBEHHBIX KoJleOaHNH,
HAMeeT BUJ

wF =1 11
2p1 (aaé)f > ( )

ol cos(ma(l —2PB)) — cos(na)
mea=—uk(a,§=

TCoy sin(ma)
ciaraemoe ypaBHeHus (9).

CymiecTBeHHO OoJiee IPOCTON BHJ] ATOH (YHKIIMHU I10
CPaBHEHUIO C aHAJIOTMYHOM Juts Oanku beprynnmu—iinepa
MIO3BOJISIET HE TOJBKO HAWTH Maccy BKIIOYEHHS, HO U pe-
MIUTH 00OPATHYIO 3a/1ady: HAHTH MECTOIOIOXKEHHE JIe(eKTa
C 33J1aHHON Maccoil. PaccMOTpUM HECKOJIBKO MOJENIBbHBIX
HPUMEPOB.

— MepBoe

Onpez[e.nelme mapamMeTpoB COCPE€AOTOYCHHOI0
BKJIIOYCHHUSA

Ecnm n3BecTHO pactosiokeHne TOUSYHOTO BKITFOUEHHS
Ha Oainke, TO ypaBHEeHHE (8) MOXKET OBITH MCIIOIH30BAHO
JUTSL OTIPEJIETICHHS €70 MACCHI 110 N3MEPEHHOMY CABUTY TIep-
BOI PE30HAHCHOM YaCTOTbI, OLPEAEIISIOLEMY TapAMETP d.
3aBUCUMOCTD 0(@) TIPU PA3TMYHBIX 3HAYCHHUSX TTapamMeTpa
[ moxasana Ha puc. 2.

AHaJIOTHYHBIE KPUBBIE TIOJIYYAIOTCS IIPH BIOPAHHBIX
I'PaHUYHBIX YCIOBHUSX U TIPH CHMMETPUYHOM PaCTIONIONKe-
HUH JIe(PeKTa OTHOCUTEIIFHO [IEHTPa OaJIKH.

C nomouipto ypasHenust (11) Haiiziem He TOJIBKO Maccy,
HO U OTHOCHTEJIEHOE PACCTOSHUE MEXIY MOJOKECHHEM
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[.C. Basunos, B.B. lonosuHa, A.A. Kygopssues

=035 ——B=04

Puc. 2. 3aBucumocTb 0(a)
Fig. 2. Dependence a(a)

BKJIFOUEHHSI U LIEHTPOM CTPYHBI, T. €. OIIPE/IC/TUM BEITUYNHY
1
r=|——B| B pesynbrare peuieHus TPUroHOMETPUIECKOTO
ypaBHEHHSI 3aIHIIEM:
1 2sinna
r=——-arccos| cosma +——|. (12)
2na ona

OT™meTnM, 9TO 0051aCTh JOMYCTUMBIX 3HAYCHUH TTapame-
Tpa a PerylInupyeTcs BEIIOIHEHHEM HepaBeHCTBaA!

2sinma
cosma+———
ora

KpuBbie, cooTBeTcTBYIONINE BEIpaxkeHuto (12), mpen-
CTaBJICHBI HA pHUC. 3.

r

044

024

0,0 &

a=0,1

a=0,2

Puc. 3. 3aBucumocTs 7(a)

Fig. 3. Dependence r(a)

r

r

Puc. 4. 3aBucumoct 71(0) U 75(at)

Fig. 4. Dependence (o) and r,(ot)

OmHAaKo MPH MPOBEICHUH MCCICIOBAHUS Jalle CKIla-
JIBIBACTCSI CUTYAIIUs1, KOT/Ia HIMEETCsl OYeHb MaJlo alpHop-
HO MH(pOpPMAIHH O CBOHCTBAX Ae(PEKTa, T. €. HEU3BECTHEI
U Macca, U ero nojoxenue. [Tokaxem, 4TO BbIPAIKEHHE
(12) MoxeT OBITh MCITOJIB30BAHO /IS OTpeIesIeHUsT 000UX
napaMeTpOoB, €CJIH CYIIECTBYET BO3ZMOKHOCTh MTPOBECTH
M3MEpEeHHe He OJIHOM, a JIByX COOCTBEHHBIX YaCTOT, B Kaye-

a|TCy ATt
Hwy,=

CTBE KOTOPBIX IIPUMEM | = . Jnst aToro

3aMCTHUM, YTO JAHHOC BBIPAKECHHUEC OCTACTCA CIIPAaBECAINBBIM
HE3aBUCUMO OT HOMCpPA YaCTOTHI:

2sinma,
r; = ——arccos| costa; +— |;
2na, ana,
1 2sinma, (13)
Iy = ———arccos| cosma, +
2na, oana;

PaccmarpuBas B cooTHomeHmsX (13) o kak He3aBHUCH-
MBI TIapaMeTp, MOCTPOUM Ha OJHOM Tpaduke 3aBHCUMO-
ctu (o) u r5(o). Torga Touxa mepeceyeHus 3TUX KPUBBIX
OTPEICTUT OTHOCUTENBHYIO MacCy BKIIIOUEHHS O U €ro
paccTosiHUE 1 OTHOCUTEIBHO IIEHTpa cTpyHBI. [Ipumep mo-
cTpoeHus KpuBbIX pu a; = 0,788 u a, = 1,856 npusenen
Ha puc. 4.

3akaouenune

B pesynbrare NpoBEIeHHOTO UCCIECOBAHMS MOTYICHBI
YaCTOTHBIE ypaBHEHUs [Tl CTPYHBI U 0anku bepHymm—
Diinepa ¢ COCPeIOTOUEHHBIM BKIIIOUEHHEM, XapaKTepu3y-
IOLIUMCS €T0 MOoJoKeHHeM 1 Maccoi. C moMoIIbIo MOy~
YEHHBIX YPaBHEHHH MOXKHO OIPEIeNUTh Maccy aedekra
B 3aBUCUMOCTU OT U3MEHEHUS PE30HAHCHON YaCTOTHI.
Jlis cTpyHBI ynanoch pemnTh 00paTHYIO 3ajady omnpe-
JICTICHNST MECTOTIONIOKEHUs 1e(heKTa ¢ 3aaHHOH MacCou.
[Ipemioxen MeTox onpeaeneHnst 000X MapaMeTpoOB BKITIO-
YEHUS 110 C/IBUTAM JIBYX PE30HAHCHBIX YaCTOT.

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

503



O BAVAHMM COCPEOOTOYEHHOIO BKITIOYEHNS HA CNEKTP COOCTBEHHbIX KonebaHnii CTpyHbl 1 6anku bepHynnn-3inepa

Jluteparypa

1. Glazov A.L., Muratikov K.L. Generalized thermoelastic effect in real
metals and its application for describing photoacoustic experiments
with Al membranes // Journal of Applied Physics. 2020. V. 128. N 9.
P. 095106. https://doi.org/10.1063/5.0013308

2. Glazov A.L., Muratikov K.L. The influence of mechanical stresses on
the characteristics of laser-ultrasonic signals in the vicinity of a hole
in silicon nitride ceramics // Technical Physics Letters. 2021. V. 47.
N 8. P. 605-608. https://doi.org/10.1134/s1063785021060225

3. Axynenxo JI.JI., Hecrepos C.B. Bimnsinue neexra maccsl Ha 4acTo-
TBl U GOPMBI MPOIONBHBIX KoIeOaHuil crepxus // M3Bectus
Poccwuiickoii akanemun Hayk. Mexanuka TBepzoro tena. 2014. Ne 1.
C. 135-144.

4. Akulenko L.D., Baidulov V.G., Georgievskii D.V., Nesterov S.V.
Evolution of natural frequencies of longitudinal vibrations of a bar as
its cross-section defect increases // Mechanics of Solids. 2017. V. 52.
N 6. P. 708-714. https://doi.org/10.3103/s0025654417060103

5. Rabinovich D., Givoli D., Turkel E. Single-field identification of
inclusions and cavities in an elastic medium // International Journal
for Numerical Methods in Engineering. 2024. V. 125. N 1. P. ¢7364.
https://doi.org/10.1002/nme.7364

6. Thiruvenkatanathan P., Yan J., Woodhouse J., Aziz A., Seshia A.A.
Ultrasensitive mode-localized mass sensor with electrically tunable
parametric sensitivity // Applied Physics Letters. 2010. V. 96. N 8.
P. 081913. https://doi.org/10.1063/1.3315877

7. Pachkawade V. State-of-the-art in mode-localized MEMS coupled
resonant sensors: A comprehensive review // IEEE Sensors Journal.
2021. V.21. N 7. P. 8751-8779. https://doi.org/10.1109/
jsen.2021.3051240

8. Unpeiiues [[.A., Moxrosa H.B., JIykun A.B., [Tonos 1.A. Mozens
MHKPOMEXaHHYECKOT0 MOIATEHO-IOKAIH30BaHHOTO aKceIepoMeTpa
C YYBCTBUTEJIBHBIM HJIEMEHTOM B BU/I€ OaIKK C HAYAJIbHOM OTHObI0
// 3Bectus Poccuiickoit akagemMun Hayk. MexaHuKa TBEpPIOro Teja.
2023. Ne 3. C. 135-151. https://doi.org/10.31857/
S0572329922600645

9. Dohn S., Svendsen W., Boisen A., Hansen O. Mass and position
determination of attached particles on cantilever based mass sensors
// Review of Scientific Instruments. 2007. V. 78. N 10. P. 103303.
https://doi.org/10.1063/1.2804074

10. Schmid S., Dohn S., Boisen A. Real-time particle mass spectrometry
based on resonant micro strings // Sensors. 2010. V. 10. N 9. P. 8092—
8100. https://doi.org/10.3390/s100908092

11. Bouchaala A., Nayfeh A.H., Jaber N., Younis M.I. Mass and position
determination in MEMS mass sensors: a theoretical and an
experimental investigation // Journal of Micromechanics and
Microengineering. 2016. V. 26. N 10. P. 105009. https://doi.
org/10.1088/0960-1317/26/10/105009

12. Bouchaala A., Nayfeh A.H., Younis M.I. Frequency shifts of micro
and nano cantilever beam resonators due to added masses // Journal
of Dynamic Systems, Measurement, and Control. 2016. V. 138. N 9.
P. 091002. https://doi.org/10.1115/1.4033075

13. bugepman B.JI. Teopus MexaHndeckux kosnebanuii. M: Briciast
mkoja, 1980. 406 c.

14. CremnnxoB A.I%, Boromo6os A.H., Kpasios B.B. Jlekuuu o mare-
Marnueckoit ¢pusuke. M.: M3n-so MI'Y, 2004. 414 c.

15. Ilpynuukos A.Il., BpsrukoB FO.A., Mapuue O.W. Nnrerpanst u
psinbl. M.: dusmatiut, 1981. 798 c.

ABTOpBI

BasuiioB Imutpuii CepreeBud — Kananaat GU3MKO-MaTeMaTHICCKHX
HayK, JOLEHT, BoeHHO-KocMuyeckas akagemus nmeHn A.D. Moxaiickoro,
Canxr-IlerepOypr, 197198, Poccuiickas denepauns, s¢ 55939416900,
https://orcid.org/0000-0002-0137-152X, londr@yandex.ru

TosioBuna Bukrtopus BiagumMupoBHa — KaHIUIAT TEXHUYCCKUX
HayK, JOILICHT, TOLEeHT, BoeHHO-KocMHuYecKas akageMust nuMeHH A.D.
Moxaiickoro, Cankr-ITerepOypr, 197198, Poccuiickas denepanus,
sc 17434019700, https://orcid.org/0000-0002-2691-7680, victoria_gol@
mail.ru

KyapsiBueB Aslexceii AHpeeBUY — HHKEHEp-HccieoBarelb, CaHKT-
TlerepOyprckuii monurexuuueckuii ynusepcuret Ilerpa Benukoro,
Cankr-TlerepOypr, 195251, Poccuiickas denepanusi, s¢ 57208774821,
https://orcid.org/0000-0002-1228-8377, alex.18.11@yandex.ru

Cmamuws nocmynuna 6 pedaxyuto 06.03.2024
Ooobpena nocne peyensuposanus 01.04.2024
Ipunama x newamu 16.05.2024

References

1. Glazov A.L., Muratikov K.L. Generalized thermoelastic effect in real
metals and its application for describing photoacoustic experiments
with Al membranes. Journal of Applied Physics, 2020, vol. 128, no. 9,
pp. 095106. https://doi.org/10.1063/5.0013308

2. Glazov A.L., Muratikov K.L. The influence of mechanical stresses on
the characteristics of laser-ultrasonic signals in the vicinity of a hole
in silicon nitride ceramics. Technical Physics Letters, 2021, vol. 47,
no. 8, pp. 605-608. https://doi.org/10.1134/s1063785021060225

3. Akulenko L.D., Nesterov S.V. Mass defect influence on the
longitudinal vibration frequencies and mode shapes of a beam.
Mechanics of Solids, 2014, vol. 49, no. 1, pp. 104-111. https://doi.
org/10.3103/s0025654414010129

4. Akulenko L.D., Baidulov V.G., Georgievskii D.V., Nesterov S.V.
Evolution of natural frequencies of longitudinal vibrations of a bar as
its cross-section defect increases. Mechanics of Solids, 2017, vol. 52,
no. 6, pp. 708-714. https://doi.org/10.3103/s0025654417060103

5. Rabinovich D., Givoli D., Turkel E. Single-field identification of
inclusions and cavities in an elastic medium. International Journal
for Numerical Methods in Engineering, 2024, vol. 125, no. 1,
pp. €7364. https://doi.org/10.1002/nme.7364

6. Thiruvenkatanathan P., Yan J., Woodhouse J., Aziz A., Seshia A.A.
Ultrasensitive mode-localized mass sensor with electrically tunable
parametric sensitivity. Applied Physics Letters, 2010, vol. 96, no. 8,
pp. 081913. https://doi.org/10.1063/1.3315877

7. Pachkawade V. State-of-the-art in mode-localized MEMS coupled
resonant sensors: A comprehensive review. /[EEE Sensors Journal,
2021, vol. 21, no. 7, pp. 8751-8779. https://doi.org/10.1109/
jsen.2021.3051240

8. Indeitsev D.A., Mozhgova N.V., Lukin A.V., Popov [.A. Model of a
micromechanical mode-localized accelerometer with an initially
curved microbeam as a sensitive element. Mechanics of Solids, 2023,
vol. 58, no. 3, pp. 779-792. https://doi.org/10.3103/
S0025654422601355

9. Dohn S., Svendsen W., Boisen A., Hansen O. Mass and position
determination of attached particles on cantilever based mass sensors.
Review of Scientific Instruments, 2007, vol. 78, no. 10, pp. 103303.
https://doi.org/10.1063/1.2804074

10. Schmid S., Dohn S., Boisen A. Real-time particle mass spectrometry
based on resonant micro strings. Sensors, 2010, vol. 10, no. 9,
pp. 8092-8100. https://doi.org/10.3390/s100908092

11. Bouchaala A., Nayfeh A.H., Jaber N., Younis M.I. Mass and position
determination in MEMS mass sensors: a theoretical and an
experimental investigation. Journal of Micromechanics and
Microengineering, 2016, vol. 26, no. 10, pp. 105009. https://doi.
org/10.1088/0960-1317/26/10/105009

12. Bouchaala A., Nayfeh A.H., Younis M.I. Frequency shifts of micro
and nano cantilever beam resonators due to added masses. Journal of
Dynamic Systems, Measurement, and Control, 2016, vol. 138, no. 9,
pp. 091002. https://doi.org/10.1115/1.4033075

13. Biderman V.L. Mechanical Vibration Theory. Moscow, Vysshaja
shkola Publ., 1980, 406 p. (in Russian)

14. Sveshnikov A.G., Bogoliubov A.N., Kravtcov V.V. Lectures in
Mathematical Physics. Moscow, MSU Publ., 2004, 414 p. (in
Russian)

15. Prudnikov A.P., Brychkov Iu.A., Marichev O.1. Integrals and Series.
Moscow, Fizmatlit Publ., 1981, 798 p. (in Russian)

Authors

Dmitry S. Vavilov — PhD (Physics & Mathematics), Associate Professor,
Mozhaisky Military Aerospace Academy, Saint Petersburg, 197198,
Russian Federation, s¢ 55939416900, https://orcid.org/0000-0002-0137-
152X, londr@yandex.ru

Victoria V. Golovina — PhD, Associate Professor, Associate Professor,
Mozhaisky Military Aerospace Academy, Saint Petersburg, 197198,
Russian Federation, s¢ 17434019700, https://orcid.org/0000-0002-2691-
7680, victoria_gol@mail.ru

Aleksey A. Kudryavtsev — Research Engineer, Peter the Great St.
Petersburg Polytechnic University, Saint Petersburg, 195251, Russian
Federation, s¢ 57208774821, https://orcid.org/0000-0002-1228-8377,
alex.18.11@yandex.ru

Received 06.03.2024
Approved after reviewing 01.04.2024
Accepted 16.05.2024


https://doi.org/10.1063/5.0013308
https://doi.org/10.1134/s1063785021060225
https://doi.org/10.3103/s0025654417060103
https://doi.org/10.1002/nme.7364
https://doi.org/10.1063/1.3315877
https://doi.org/10.1109/jsen.2021.3051240
https://doi.org/10.1109/jsen.2021.3051240
https://doi.org/10.31857/S0572329922600645
https://doi.org/10.31857/S0572329922600645
https://doi.org/10.1063/1.2804074
https://doi.org/10.3390/s100908092
https://doi.org/10.1088/0960-1317/26/10/105009
https://doi.org/10.1088/0960-1317/26/10/105009
https://doi.org/10.1115/1.4033075
https://orcid.org/0000-0002-0137-152X
mailto:londr@yandex.ru
https://orcid.org/0000-0002-2691-7680
mailto:victoria_gol@mail.ru
mailto:victoria_gol@mail.ru
https://orcid.org/0000-0002-1228-8377
mailto:alex.18.11@yandex.ru
https://doi.org/10.1063/5.0013308
https://doi.org/10.1134/s1063785021060225
https://doi.org/10.3103/s0025654414010129
https://doi.org/10.3103/s0025654414010129
https://doi.org/10.3103/s0025654417060103
https://doi.org/10.1002/nme.7364
https://doi.org/10.1063/1.3315877
https://doi.org/10.1109/jsen.2021.3051240
https://doi.org/10.1109/jsen.2021.3051240
https://doi.org/10.3103/S0025654422601355
https://doi.org/10.3103/S0025654422601355
https://doi.org/10.1063/1.2804074
https://doi.org/10.3390/s100908092
https://doi.org/10.1088/0960-1317/26/10/105009
https://doi.org/10.1088/0960-1317/26/10/105009
https://doi.org/10.1115/1.4033075
https://orcid.org/0000-0002-0137-152X
https://orcid.org/0000-0002-0137-152X
mailto:londr@yandex.ru
https://orcid.org/0000-0002-2691-7680
https://orcid.org/0000-0002-2691-7680
mailto:victoria_gol@mail.ru
https://orcid.org/0000-0002-1228-8377
mailto:alex.18.11@yandex.ru

HAYYHO-TEXHUYECKMI BECTHUK MH®OPMALIMOHHBIX TEXHOIOM I, MEXAHVKI 1 OMTUKN

° Mari—-uioHb 2024 Tom 24 N2 3 http://ntv.ifmo.ru/ HAYYHO-TEXHMYECKMM BECTHMK
I IITMO SCIENTIFIC AND TECHNICAL JOURNAL OF INFORMATION TECHNOLOGIES, MECHANICS AND OPTICS "Hm“pMA““““HMX ]EXH“"“[““' MEXAH“K“ “ “"T“K“
May-June 2024 Vol. 24 No 3 http://ntv.ifmo.ru/en/
ISSN 2226-1494 (print) ISSN 2500-0373 (online)

doi: 10.17586/2226-1494-2024-24-3-505-512
VJIK 536.6

BoccTraHoB/IeHHE HECTALIMOHAPHOIO TEIJIOBOIO MOTOKA 0T AKKYMYJIATOPA
TeNJI0BOM YHEPIruu NMyTeM pellieHHsl 00paTHOIi 32/1a41 TeNJI0NPOBOIHOCTH

Huxomnaii Bacuinesuu [Mununenkol, [lasea AnapeeBna Ko.noz{m?iqylczg,
Buxropust FOpbeBna 3axaposa3, Padasis Onerosnu Daiizyuinn?

1.23.4 Yunpepeurer UTMO, Canxkr-IletepOypr, 197101, Pocceniickas denepamus

I pilipenko38@mail.ru, https://orcid.org/0000-0001-9328-3166

2 pkolodiychuk@jitmo.ru™, https://orcid.org/0000-0002-9984-1613
3 vizakharova@itmo.ru, https://orcid.org/0000-0002-8554-3260

4 rofaizullin@itmo.ru, https://orcid.org/0000-0002-3045-4447

AHHOTALUA

BBenenne. PaccMoTpena 3ajaua BOCCTaHOBICHHSI HECTAIIHOHAPHOTO TEIJIOBOIO IOTOKA OT XJIaJOHOCHTENS K
TEIIOAKKYMYJIHPYIOIEMY BEIIECTBY OTAEIBHOIO AJIEMEHTA TEeIIOBOTO akKyMyJsiTopa. Pemenne 3a1aqu no3BossieT
n30exarb omNOOK, CBI3AHHBIX C YCPEJHEHUEM TEINIOBOTO MOTOKA 10 BCEM aKKyMYJISTOPHBIM dJIEMEHTaM, U
HPEAOCTABISIET BOBMOXKHOCTh HAXOANUThH ONTHMAJIbHBIC pa3Mephbl U COCTAB HAMOIHHUTENS ISl KaXKJI0T0 dJIEMEHTA
aKKyMyJsTopa. 3ajaua 0COOEHHO aKTyallbHa Ul KaCKaJHBIX aKKyMYJIATOPOB, TJle OJHOBPEMEHHO MPUMEHSIOTCS
9MIEMEHTHI C pa3NInYHbIMU HanmodHuTenssMu. Mertoa. IIpoBeneno cpaBHeHHE JBYyX METOJOB PELICHHS 3aJaduu.
IlepBEIit METO OCHOBAH HA YHCICHHOM MOAETHPOBAHMUH MPOILECCa Pa3psIKN aKKyMyJsTOpa TEIIOBON YHEPTUH C
HCIIONIb30BaHNEM IporpaMmHoro mnakera Computational Fluid Dynamics. Bropoit MmeTon, pencTapieHHbIH B HACTOSIICH
paboTe, OCHOBaH Ha MapaMeTpHIecKoil HaeHTHUKAIMK TH((PEepeHIIHANTEHO-PAa3HOCTHOH MOIEIH IIepeHoca Telia ¢
perieHreM o0paTHOIT 3a1a4¥ TEIIONPOBOJHOCTH COBMECTHO CO CKBO3HBIM cueTOM. [Ipe/uraraeMelii MeTO/| O3BOJISIET
CIIAXKMBATh CKAaYKOOOPa3HO M3MEHSIOLINECS TEIIOPU3NIECKUE XapaKTePUCTUKN M YUUTHIBATh HOJBIDKHYIO IPaHUILY
pasnena das Bemecrsa. OCHOBHBIE pe3yJbTaThl. MeTON peleHnss 00paTHOM 3aJa4y TEIUIONPOBOJHOCTH AAeT
BO3MOYKHOCTb CYILIECTBEHHO YMEHBIIUTh BPEMSI BOCCTAHOBIIEHHS HECTAIIMOHAPHBIX TPAHUYHBIX YCIOBHH TerIooOMeHa
JUISL BCETO aKKyMyJaTopa. B pe3ynbrare cHIKaTCs TpeOOBaHMS K BBIYUCIUTETBHBIM PECYpCaM MPHU MPOESKTHPOBAHUN
1 ONTHMM3AIHNK aKKyMyJIsTOpa 3a cdeT oOJerdeHus SKCIepuMeHTanbHoro nepedopa. Brepsrie paccmoTpeno n
MIPEUIOKEHO MPUMEHEHNE METO/Ia MapaMeTpUIeCcKOil NASHTH(PHUKAINN U CKBO3HOTO CUeTa IPHU PEIICHUH 3a1aun
Crectana. Obcy:xaenne. [TlorydeHHbIE pe3yIbTaThl MOTYT OBITH HCIIOI30BAHBI ISl BBIYUCICHHS TEIIOBOTO IIOTOKA OT
OTJIENTLHOTO AJIEMEHTA aKKyMYJISITOPa TEIIOBOM SHEPTHH.
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by solving the inverse heat conduction problem
Nikolai V. Pilipenko!, Pavel A. Kolodiychuk?™, Victoria Yu. Zakharova3, Rafael O. Faizullin?
1.2.34 ITMO University, Saint Petersburg, 197101, Russian Federation

I pilipenko38(@mail.ru, https://orcid.org/0000-0001-9328-3166

2 pkolodiychuk@jitmo.ru™<, https://orcid.org/0000-0002-9984-1613
3 vizakharova@itmo.ru, https://orcid.org/0000-0002-8554-3260

4 rofaizullin@itmo.ru, https://orcid.org/0000-0002-3045-4447

Abstract

This paper considers the problem restoring a non-stationary heat flow from a coolant to a heat-storing substance of a
separate element of a thermal accumulator. Solving the problem allows avoiding errors associated with averaging the heat
flow over all battery cells, and provides the opportunity to find the optimal sizes and composition of the filler for each
battery cell. The problem is especially relevant for cascade batteries where cells with different fillers are simultaneously
used. A comparison is made of two methods for solving the problem. The first method is based on numerical simulation
of the thermal energy storage discharge process using the Computational Fluid Dynamics software package. The second
approach proposed by the authors is based on the parametric identification of a differential-difference model of heat
transfer with the solution of the inverse problem of heat conduction together with coefficient smoothing calculation.
The proposed method makes it possible to smooth out abruptly changing thermophysical characteristics and take into
account the moving phase boundary of a substance. The method for solving the inverse heat conduction problem can
significantly reduce the recovery time of non-stationary boundary conditions of heat transfer for the entire battery
and, thus, reduce the requirements for computing resources when designing and optimizing the battery by facilitating
experimental search. For the first time, the use of the method of parametric identification and calculation of smoothing
coefficients for solving the Stefan problem was considered and proposed. The results obtained can be used to calculate
the heat flow from an individual element of a thermal energy accumulator.

Keywords

thermal energy accumulation, mathematical modeling, heat flow restoration, inverse heat conduction problem, Kalman
filter
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BBenenue

YBenuueHue crpoca B MHPE Ha IEKTPOIHEPTHIO U
HCTOIICHHE NCKOMAeMbIX TIPUPOTHBIX PECYPCOB SBISIOTCS
KJIFOUEBBIMU (PaKTOpaMH pa3BUTHS SHEProdHPeKTHBHBIX
TeXHOJOTH [1].

COJ'IHC‘-IHBIC, MPUIIMBHBIC U BETPAHBIC DJICKTPOCTAHIINU
He 00J1a1al0T MOCTOSTHCTBOM T€HEPHUPYIOIIUX MOIIHOCTEH
[2] 1 Ge3 UCTIONTB30BaHMS TOTTOTHUTEIIBHOTO 000PYI0BAHHUS
HE rapaHTUPYIOT CTAOMIIBHOCT TIepeIayr ECKTPOIHEPTHU
norpeburento. st Gecriepe0OtHOT0 CHaOKECHUS IICK-
TPOIHEPTUCH MPUMCHSIIOTCS Pa3IHIHBIC CHCTEMBI HAKO-
IUICHUS TEIIOBOM SHEPTHH, KOTOPBIE MOTYT pa3MemaTbes
KaK Ha CTOPOHE KJIMEHTa, TaK  Ha CTOPOHE TOCTABIINKA.
OKcInTyaTanus aKKyMyJISTOPOB MOJTB30BATEICM CHIDKACT
MMUKOBBIE HATPY3KH Ha WHOPACTPYKTYpy MOCTABIINKA U
o0ecrieurBaeT 3aUIIEHHOCTh OT KPATKOBPEMEHHBIX COOEB
paboTsl ceTH [3].

AHaJOTHYHBIN XapakTep UCIOIb30BAHUS UMEIOT CHU-
CTEMbI BEHTUWIAIUN U OXJIAXKACHUA: B JTHCBHOC BpEMA Ha-
OiroraeTcst MUK NOTPEOIICHNS, @ HOYbIO aKTHBHOCTh YMEHbB-
maetcs [4]. [lpuMeHeHue HakOMUTENEH X0JI0/1a SIBISIETCS
TIepPCIIEKTUBHOM ()OPMOi aKKyMyJIHpOBaHHUS SHEpTrun [5—7].
B paborax [8—12] onmcansl pe3ynbTraThl SKCIEPHUMEHTAb-
HBIX UCCJICIOBaHUI, B KOTOPBIX OTCYTCTBYIOT 3HAYCHUS
TEIJIOBOTO IMOTOKA OT aKKyMYJISTOPHOTO JIEMEHTA K Te-

mioHocurento. [Ipu sTom ObTH 3apUKCUPOBAHBI TEMIIE-
paTyphbl XJIaJIOHOCHUTEIsl Ha BXOJIE M BBIXOJIC M3 pe3epByapa
AKKYMYJIATOpA, C UCITIOJIb30BAHUEM KOTOPBIX ITPOBOJAUIICA
pacyer TerIoBOro MOTOKA. 3HAYEHHsI TEIUIOBOTO MOTOKA,
MOJY4YEHHBIE MTOJOOHBIM 00pa3oM, SIBJISIOTCS TPUOIU3U-
TEJIbHBIMH, IOCKOJIBKY BKITFOUAIOT B CE0s1 TCILIOMPUTOKH OT
OKpY’KaloIIel cpezibl uepe3 BHELIHNE CTCHKU pe3epByapa.
B ciryuae pacripeneneHus SIEMEHTOB B BHJIC 3aChINKH C
YHOPSIIOYCHHOM CTPyKTypoit (puc. 1) [13], BeIIOTHEHHBIE
pacueTsl XapaKTepu3yIOT YCPESIHCHHBIH TEIIOBOH ITOTOK
TTOCIIe TIPOXOXKICHHUS CII0S 3aCHINTKH, HE OMMMCHIBAS TETIIO-
BOI IOTOK OT OT/EJIbHBIX 3JIEMEHTOB. B sKcriepuMeHre,
MpuBeIeHHOM B paboTe [9], HabmomaeTcss HepaBHOMED-
HOCTbh CKOPOCTH TUIABJICHHSI B CJIO€ 3aCBIMKH, YTO yKa3bl-
BAeT Ha OTKJIOHEHUS 3HAYSHU I TEIJI0BOTO MOTOKA OT/IEJIb-
HBIX JIEMEHTOB. B pesynbrare cHmxaercst 5 peKTHBHOCTD
paboThl AKKYMYJISITOpa TEIUIOBOIM YHEPTHH, MOCKOIBKY
MaKCUMaJbHasi SJHEPTOEMKOCTh MPUXOJAUTCS HA TEILIOTY
(hazoBoro mnepexona, a YacTh aKKyMYJISITOpa yKe MPoInia
yepe3 (pa30BbIN ITepexo M HaXOUTCS B HEpaboueM pexu-
M€, B OTIMYHMH OT OCTABIIETOCS MACCHBA aKKyMYIIATOPA.
B cBSI3M ¢ 3TUM CTAHOBUTCS Ba)KHBIM OTIpECICHUE
HECTAIIMOHAPHOTO TETUIOBOTO TTOTOKA MEXKIY XJTaJOHOCH-
TEJIEM U OT/AEITBHBIM 3JIEMEHTOM B 3aCHITIKE. DTO ITO3BOJIHT
HE TOIBKO N30eKaTh OMMOOK, CBSI3aHHBIX C YCPETHEHUEM
TCIJIOBOTO IMMOTOKA IO BCEM aKKyMYJIATOPHBIM DJICMCHTAM,
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TemmoBoit mOTOK
TCIIOHOCUTEJIS

CrekJisiHHas KoJiba

MypaBbuHas Kuciora
(’KUIKOCTB)

, MypaBbHHas KHCIOTA
(TBEpIOE TETIO)

I'panuua paszena das

OxJ1aX1€HHbBIA
" TETUIOHOCUTEITb

AKKyMyISTOpHBIE
IIIEMEHTBI

lopsuuii TeruioHoCUTEIB
Ha BXofie

Puc. 1. Mopienb TEIIOBOr0 aKKyMyJIATOpa: TEIIOBasi MOJENb aKKYMYIISITOPHOTO 3JIEMEHTa — KarlCylibl (¢); pa3MeLieHHEe Karcyl
B akKymyssatope (b)

Fig. 1. Thermal accumulator model: thermal model of the battery element — capsule (a); placement of capsules in the battery (b)

HO TaKKe NPE0CTaBUT BO3MOKHOCTH HAaXOJUTh OITUMAJIb-
HBIE Pa3Mepbl X COCTAB HAITOJIHUTEIIS TS KXKIO0TO IEMEH-
Ta B Ipolecce dKcrepuMenTa. Pemenne janHol 3a1adu
0COOCHHO aKTyaJIbHO JUTsl KACKAIHBIX aKKyMYJISITOPOB, I1e
OZIHOBPEMEHHO TPHMEHSIOTCS DJIEMEHTBI ¢ Pa3InYHBIMH
JTaMeTpaMH Karcynl U uX HamoJdHuTesMu |14, 15].

IlocTanoBKa 321244 U LeJIb UCCAeT0BAHMI

Heo06x0a1M0 BOCCTaHOBUTH HECTAIIMOHAPHBIN TEIIO-
BOM ITOTOK OT XJIJIOHOCHUTEIS (BOJIBI) K TETIOAKKYMYITHPY-
IOIIEMY BEIECTBY (MypaBbHHOH KHCIIOTE) AJIsl OTAEIBHOTO
9JIEMEHTa aKKyMYJISITOpa TEIUIOBOI SHEPTUHU Yepe3 ero
CTEHKY (cTeKIn0). s TOCTIKEHUS eI HEOOXOIIMO pe-
LIUTH CIIEAYIOIHE 3a/1a4H:

— BBINOJIHNUTH MOJICTUPOBAHUE NIPOLIECCA PA3PSIIKU AKKY-
MYJISITOpa TEeIUIOBOH sHepruu B nakere Computational
Fluid Dynamics (CFD) mis nosy4eHus 3Ha4eHHid He-
CTAaLMOHAPHOTO TEIJIOBOTO MOTOKA M TEMIIEpaTyphl Ha
BHEIITHEW CTEHKE 2JIEMEHTa aKKyMYJIITOPa;

— Ha OCHOBE PAaCUETHBIX TEMIIEPaTyp OCYIIECTBUTH BOC-
CTAaHOBJIEHHE TEIUIOBOTO ITOTOKA C TIOMOIIBIO PEIICHHS
obparnoit 3aiaun tertonposoxHocT (O3T) meTogom
rapamMeTpruieckoi HaeHTH(GuKanny;

— BBITIOJHUTH CPAaBHEHHE PE3yJIbTATOB ONPECICHUS
TEIUIOBOTO TMOTOKA, IMOJYYeHHBEIX B pesynasrare CFD-
MOZIETHUPOBAHUS, U ¢ TToMonTbio perrerns O3T meTomom
rapaMeTpUiecKoil nACHTU(OUKALNH.

Jliist onpesienieHrst HeCTallMOHAPHOTO TETIOBOTO TIOTOKA
U TeMIleparyp Ha BHEUIHEH CTEHKe 3JIEMEHTa OCYIIECTBUM
MOJIEITUPOBAHKE MPOLIecca IUIABICHUS] MypaBbUHOM KHCIIO-
ThI, ncnonb3yst CFD-monenuposanue B mporpamme Ansys
Fluent 2021 R1.

C nenbto onTUMHU3aIUH cKopocTH pacueta B xone CFD-
MOJICJIUPOBAHNS POIECCOB TEITIOOOMEHA B aKKyMYIISITOpE
TEIJIOBON SHEPTUH BBEAEM CIEIYIOIINE JOIYIIEeHHS: Oce-
CUMMETpPUYHAS TOCTAHOBKA 3a/1a4M; MOBEPXHOCTH HJIe-

MEHTa NpeJICTaBIsIeT co00i naeatbHyto chepy; s onu-
CaHMsl KOHBEKTHBHBIX IOTOKOB MPUMEHEHO NMPHOIMIKEHUE
Byccunecka [16].

B mporpamme Ansys Fluent 2021 R1 moBenenue on-
HO(a3HOW HEN30TEPMHUUECKON KHUJIKOCTH OIUIIEM ypaB-
HEHUSIMH COXPAHEHHS JIBIKCHHUS, MAcChl U SHeprun. s
CKMMAaEeMOH >KUJIKOCTH ypPaBHEHHE COXPAHECHHS MACCHI
mpuMeT caexyrontuid Bux [17]:

@JFV(PV):O, ()
dt

Ie p — IUIOTHOCTB; T — BPEMsI; V — CKOPOCTb.
3anuieM ypaBHEHHE KOJINYESCTBA ABHKCHUSL:

d
_d (pv) +V(pv2)=-Vp + Vo + pg + F, 2)
t

I7ie p — JABJICHHUE; 6 — TEH30p HAINPSDKEHUI; g — yCKOpe-

HUe CBOOOIHOTrO MafeHus; F — BHEIIHME CUIIBL.
YpaBHEHHE COXPAHECHUS SHEPIHH MPEACTABISICT COO0i

3aKOH COXpPaHEHUs Teria JJIsl DIEMEHTApPHOH STYeUKH:

d
—(pE) + V(V(pE + p)) =
dt

= V(T Shdi + (6,4%)) + S,
: .

3)

2
meE=h-£+ ¥
p 2

T
+ | cpd T — ynenbHasi SHTAJIBINS SYEHKH 3a CUET TEIJI0eM-
T

— IOJIHAas dHeprus sueiku; i = h; +

KO(;TI/I; Aojp— dbbeKTHBHAS TEIIONPOBOIHOCTE CPE/BI €
YUETOM TYpOYIEeHTHBIX 3(h(HEKTOB TS KUIKOH (asbl; J; —
CKOPOCTH AH((Y3HOHHOTO TIOTOKA; 6,50 — TEH30P BSIZKUX
HAaIPSHKEHUH; S — MCTOYHMK TEMJIOThI, B TOM YHCIIE TETI0-
ThI TIJIABJICHU S, hj u T — HavaJbHBIC 3HAYCHUS DHTAJIBITNH
U CpeIHE00BEMHOI TeMIIepaTyphl STUEHKH; ¢, — YAelbHas
TEIII0EMKOCTb.
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VYpasuenus (1)—(3) oOpasyror cuctemy ypaBHEHUI
Haebe—CTtokca. [lyist omucaHus KOHBEKTHBHBIX 3P (EKTOB
HCIONB3yeTcs MpubIKeHne byccrHecka, 0cOGEHHOCTBIO
KOTOPOTO SIBIISIETCS 3aMeHa (PyHKIIMOHABHOH 3aBHCHMOCTH
[UIOTHOCTH OT TE€MIIEPaTypPhbl B YPABHEHHSAX COXPAHCHUSI
MMITYJIbCa, MAcChl U SHEPTUH Ha IIOCTOSHHYIO IIOTHOCTS,
3a UCKIIIOYEHHEeM UIICHA, OTBEUYAIOIIEeTO 3a MUIAByIeCTh B
YpaBHEHHUH UMITYJIbCA:

(P —po)g = —poB(T - Ty)g,

rae py U 1y — HauajbHbIE 3HAUYEHUS IJIOTHOCTH U TEM-
nepatypbl; f — k03 UIIHEHT TErI0BOro paciupeHus.
3T0 NpUOIIKEHUE SBISETCS TOYHBIM, TOKa N3MEHECHHUS
TUIOTHOCTH HECYIIIECTBEHHBI.

OHTaNBNUS MaTepHana sl KaKI0H SUeHKH BBIYUCIIS-
eTcst Kak CyMMa TETUIOTHI (pa30BOTO nepexona H 1 TeTIoThI
h, IOITyYEeHHOH 3a CUET TETIIOEMKOCTH:

H=h+H.

Tertory hazoBoro nepexona B s4eKe MOXKHO OIHCATh
KaK IPOU3BEICHUC TCIUIOTHI (Pa30BOT0 Mepexo/ia BemecTBa
L w 00beMHOM TOIN KUAIKOCTH -

H=vL.

Jig 3agau a3oBoro mepexoja ypaBHEHHE dHEPIHH
3aIUIleM B BHJE:

d
Z(pH) +V(pvH) =V(hyNT) + S. 4

B pesynbrare 3HaueHHE TeMITepaTyphl SBISETCS CIell-
CTBHEM UTEPAIMOHHOTO pacueTa ypaBHeHwui (1), (2) u (4).
Paccuntaem mIOTHOCTH TEIJIOBOTO MOTOKA OT TETIOHO-
CUTENS K MOBEPXHOCTH aKKyMYJATOPHOTO JIEMEHTA 110
3akony Hetorona—Puxwmana [18]:

q:a(TaiTs)a

Nukeﬁ-
Tae a =

— K03(1)(1)I/I].[I/IGHT TCIIOOTAAQYM OT TCILJIOHO-

CHTEJIS] K TOBEPXHOCTH aKKYMYJISITOPHOTO 31eMenTa; Nu =
0,825Re0:62; Re = D|v|/y; D — Hapy»KHBIi IMaMETP aKKy-
MYJISITOPHOTO 3JIEMEHTA; [l — KHHEMAaTH4IeCKas BI3KOCTb;
|V| — momynb BekTopa ckopoctH; 7, u T, — TemrmepaTypsl
TEIJIOHOCUTENS U BHENTHEN TTOBEPXHOCTH CTEKISHHOMN
KOJIOBI.

Juist poMOnYeCcKOl 3aChINKK KaIcyll TeIIOaKKyMYy-
JIMPYIOUIMX BEIlecTB ypaBHeHue Hyccenbra npuMeHuMo
[pH 3HAYCHUsIX Kputepus Peiironbica or 2-10% o 2-104.
®opmynsl Hyccenbra [uist Apyrux THIIOB 3aCBINOK MTPUBE-
IeHbI B padore [18].

AKKYMYJSTOp TEMJIOBOM YHEPIUH, COCTOSAIIMNN U3 He-
CKOJIbKMX 3JIEMEHTOB C M3BECTHBIM HAdaJbHBIM PAaBHO-
MEpPHBIM paclpeneieHHEM TeMIIepaTypbl, B HadalbHbIH
MOMEHT BPEMEHH TIOMEIIAETCSI B PE3epBYap € TEKyIIHM Te-
IJIOHOCUTEIIEM OCTOSHHOM Temneparypsl 7,,. HadanpHbie
Y TpaHUYHBIC yCIOBUA npuBeaeHs! B [15]. Ha BHemHeH
TIOBEPXHOCTH JIEMEHTA 33/1a€TCsl TPAaHUYHOE YCIOBHE 3-T0
pona. Temneparypa TEIJIOHOCUTEISI Ha BXOJIE pe3epByapa
paBHa 298,15 K, a k03 (HUIHEHT TEIUIOOTIaYH OT TOBEPX-

HOCTH dJIeMeHTa K Terionocureao — 390 Br/(m2-K),
3HAUEHHE KOTOPOTO JUIsl JAHHBIX apaMeTPOB KOHCTPYKIUU
U pacxoja paccuuTano B padore [19]. HauanbHas Tem-
neparypa akKyMyJIsiTOPHOTO aneMmeHTa paBHa 275,15 K.
Terutodusndeckne cBoOWCTBa CTEKIa M MyPaBbUHOHN KHC-
JIOTHI TIpUBe/ieHBI B [20].

Hacrpoiiku aaropurma

Jlist perieHnst MoCTaBIEHHOM 3a1a4u IPUMEHNUM aJIro-
putMm SIMPLE (Semi-Implicit Method for Pressure Linked
Equations) [21]. [list omrcanust gpa3oBoro mepexoyia TBep-
JI0€ TeJIO-)KUAKOCTh UCIOJIB3YEeM YHTAIBITMHHO-TIOPUCTHIN
nozaxo [22], mpu 3TOM KOHCTaHTa MOPUCTOW 30HBI PaBHA
107. TIpoCcTpaHCTBEHHYIO OLEHKY TPaJMEHTOB BbIYKCIsIE-
MbIX BeanunH onuirem cxemoii Green—Gauss Cell Based, a
rpaauent nasneans — PRESTO [21]. [{ns ypaBHEHHHA IM-
MyJIbCa ¥ DHEPTUH 33a]IUM 2-i MOPSIJIOK arpOKCHUMAIIHH.
Taxoke ISt OJIst CKOPOCTEl ipuMeHnM HeBsi3ku 1075, st
suepruu 10-6. Ilar no Bpemenu cocrasut 0,1 c. Pacuer
BBITIOJTHAM Ha paboueil CTaHIMU ¢ JIBYMsI IIPOLIECCOPaMHU
Intel® Xeon® E5-2680 v3 u 64 I'b oneparusHoii mamsity,
ucrnonb3ys 38 norokos. [Toyunm nToroBoe Bpemst pacuera
94 27 MuH.

YBesnm4eHne CKOPOCTH pacueTa MOXKHO TOIYYUTh 3a
CUET MCIOJIB30BaHNS CTPYKTYPHPOBAHHON PacueTHON CeT-
KH, pa3Mep U KaueCTBO KOTOPOH SBIAIOTCS apaMeTpaMH,
3HAUUTEIBHO BIUSIOMUMH Ha TOYHOCTb M CKOPOCTH pac-
yera. B kauecTBe 211€MEHTOB ObUIM BBHIOPAHBI BBITYKIIbIE
4eThIpexyroidbHUKH. C [EIbI0 ONpe/IeNIeHNs] ONTHMAIIbHOM
MPOCTPAHCTBEHHOH CETKH MPOBEJIEH Psijl PaCUeTOB, B KO-
TOPBIX pa3Mep ee Iara yMEeHbIIAeTcsl 710 TeX 1op, NOKa He
MepeCTaHeT N3MEHSTHCS 3HauCHHE TEIUIOBOTO MOTOKA OT
TEIUIOHOCHUTEJIS K DIIEMEHTY U 0OBbEMHOMW JIOJIN JKUIKOH
(ha3bl MypaBBHHON KHCIIOTEHI.

Pesyabrarsl CFD-MoneanpoBanus

Pe3ynbrarhl, MOMy4YEHHBIE C TOMOIIHIO KOMITBIOTEPHOTO
MOJICJIUPOBAHNUS, XOPOIIO COOTHOCATCS C AIMITHUPUUECKHU-
MU JaHHBIMU [20]. DKCriepUMEHTalIbHOE BpeMsl MOJTHOM
Pa3psiKU aKKyMyJATOpa COCTaBUIIO 33 MUH, B CITydasx C
ceTkaMu pazmepamu 16 Toic. U 20 THIC. 2IEMEHTOB BpeMs
paspsaxu — 31 MuH. JlaHHBIE, IOIy4YEHHBIE C TPUMEHE-
HHUEM PACUETHBIX CETOK pa3mMepoM B 16 Tbic. U 20 ThIC.
AIIEMEHTOB, MPAKTHYECKHU COOTBETCTBYIOT APYT APYTY. ITO
TOBOPHUT O TOM, YTO 3HaUYEHHE B 16 THIC. IIEMEHTOB SBIIS-
€TCsl ONTHMAIBHBIM U JIOCTHTaeT TOYHOCTh, CPABHIMYIO C
CeTKo# Oomblero pasmepa. [Ipu 3ToM cokpaiaroTcst BpeMst
pacuera 1 00beM UCTIOIB3yEeMOH ONepPaTHBHON MaMSITH.

OTmeTuM, 4TO MpUBEACHHBIN B pa3nerne «[loctanoBka
3a/1a44 ¥ LEJIb UCCIIEOBAHNIY YUCIEHHBIA METO/I PELICHUS
3aJ]a4M MO3BOJISIET MOAPOOHO MOACIMPOBATH TEMIIEPATYP-
HBIE TIOJISI BHYTPH 00BEKTa, HO €r0 HCIOIb30BaHUEe TpedyeT
OOJIBIION BHIYMCINTEILHON MOIITHOCTH M, COOTBETCTBEHHO,
BEJIET K MOBBIIIEHNIO BPEMEHH BBIIIOJIHEHUS pacyeTa.

PaccMotpennsiii B padote [23] MeTox mapaMerpuye-
CKOM MICHTH(UKAIINH, TIO3BOJISIET CYIIIECTBEHHO YIIPOCTUTH
pelIeHne B 9acTH pa3MEPHOCTH U ydeTa THAPOTUHAMUYC-
CKHX TIOTOKOB, MOJIYYUTh PEIICHHE HE TONBKO MPSIMBIX,
HO M OOpaTHBIX 3a7a4 TEIIONPOBOJHOCTH, IPUIEM HE
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rpuberast K OJIHOIIArOBBIM UTCPAI[MOHHBIM METOJIAM MUHH-
MU3AIUH HEBSI3KU UCCIICAYeMO BeIMYuHbL. [IpuBecHHAs
3a1a49a TeIUIOIPOBOTHOCTH aKKyMYJISITOpa TEIIOBOW SHEP-
THH TIPEJICTaBISICT co0oii 3amaqy CredaHa, OMMCHIBAIONIYIO
n3MeHeHHe (Da30BOr0 COCTOSIHUS BEIIECTBA C TOABIKHON
rpaHnnei pasnena (a3, 9To IeraeT MOCTAHOBKY 3aJauu
HenmHeHOH. [logo6HOTO poma 3amaun paHee CYUTAINCH
METOZOM MapaMeTpUIeCcKoil HACHTU(HUKAIIINH JTHOO C TO-
CTETIEHHBIM M3MEHEHHEM HadaJbHBIX YCIOBHH A ydeTra
JBIDKCHUS TPAHUIBI pasjieiia TBEPAOTO Tela U TeKyuel
Cpe/Ibl, YTO BBI3BIBAJIO Pa30HMEHNE aBTOMATHYECKOTO 3Tara
BI)I‘-II/ICJ'leHI/II‘/II Ha MHO>XCCTBO HpOMe)KyTO’-IHbIX iaros, J'II/I60
C BBCJICHHECM MCTOYHHMKA WJIM CTOKA TCIIOBOM SHEPTHH Ha
KpaifHUX SIIEMEHTAaX MaTeMaTU4YeCKOM MOJIEIH JJIs y4eTa
W3MCHCHHUS BHYTPCHHEH dHEprun 1pu Pa30BOM IEepexXoie.
[epeuncneHHbIe 0COOCHHOCTH MOTYT OBITh YCTPAaHCHBI
BBEJICHUEM METO/1a CKBO3HOIO cyeTa [24], KOTOpbIii sBIIsET-
CsI IEPCTICKTHBHBIM HAIIPABICHUEM JaTbHEHIIICTO Pa3BUTHS
METO/a TTapaMeTPUICCKON NACHTU(UKAIINN U TTO3BOJISET
pemats 3agaun Credana 6omee 3ppekTHBHO ¢ TOUKH 3pe-
HUS 3aHUMaeMOTO BPEMEHHU M aBTOMATU3alli1 pacyeTa.

IMapaMmeTpuyeckas naeHTHHUKALUS

B ob6mewm ciyuae pemenune O3T meronom mapame-
TPUIECKON MACHTU(HUKALNKN UMEET CICAYIOIIYI0 0COOCH-
HOCTbh — MHMHUMH3ANH (YHKINN HEBA3KH MTPOBOJUTCS
NTEPAIMOHHBIM OJJHOILIIArOBBIM METOZIOM, TPEOYIOIINM pac-
CMOTpeHHE OOJBIIOr0 MaccuBa AaHHBIX. [ yCKOpeHHs
pacueToB ObUT BHIOpaH peKyppeHTHbIH GuisTp Kanmana,
MIO3BOJISIIOLLMI [TPOBOAUTE MHOTOLIAroBoe pewenue. Ilpu
9TOM TEIUIOBOH MOTOK ¢ MPEACTABIIETCS B BUAE 0000ICH-
HOTO IOJIMHOMA, HEU3BECTHBIE KOA(PPHUIMEHTHI KOTOPOTO
ONPEEIIAIOTCS ¢ MOMOIIbI MaTeMaTHUYECKON MOAENN U
pe3ynbTaToB u3MepeHuit [25]:

-
q(1) = Y. q;9/(),
=1
e ¢;(t) — cucrema 6a3HCHBIX QYHKLHIA; ¢; — HEH3BECT-
HbIE KOA(Q(OHUIUCHTBI, COCTABISIONNE BEKTOP HCKOMBIX
apaMeTpoB; » — KOJHMYECTBO pa30OMEHHH BpeMEHHON
LIKAJIBL.

B Vuusepcutere U'TMO paspaborana mporpamma
«Heat Identification» [26], mo3Bossitomas pemars O3T
METOIOM HapaMeTPUUECKOH UICHTU(DHUKALIUH C TOMOIIBIO
kiaccudeckoro ¢uibrpa Kanmana. Penienue HaunHaeTcs
¢ mocrpoeHus quddhepeHIIaIbHO-Pa3HOCTHON MOJIENH,
KOTOpasi COCTOUT M3 CUCTEMbI OJJHOPOAHBIX MuddepeHnn-
QJIbHBIX YPAaBHEHHH C COOTBETCTBYIOIMMHU IPAaHUYHBIMH
YCIIOBUSIMH, OTHCHIBAIOIIMMHU MPOIECCHI TEIIIONEPEHO-
ca B uccieayeMoM tene. Takoi MoAenu JOCTaTOuHO JJIst
BOCCTAHOBJICHHUS HECTAIIMOHAPHOTO TEIJIOBOTO MOTOKA B
ncciexyemMom odbekre [23, 27].

MeToa CKBO3HOIO cUeTa

Pemenne 3anaun Credana METOOM CKBO3HOTO CUETa
3aKJIIOYAETCsl B TOM, YTO CKaYKOOOPAa3HO U3MEHSIOINECS
TeIIO(U3NUECKHIE XapaKTEPHUCTHUKH HCCIICyeMOTo Bellle-
CTBa CIVIAXKMBAIOTCS, YTO OOJIETYAET PEIICHNE 3aa4u Iie-
HOH noTepu nH(OPMAINU O TOYHOM HAXOKJICHUN TPaHHUIIBI

(hazosoro nepexona [24]. [Ipu atom pemerne O3T B omHO-
MEPHBIX KOOP/IMHATaX CBOAUTCS K PEIICHUI0 0000IEHHOTO
ypaBHEHHUsI TEIUIONPOBOIHOCTH [28]:

dr d dT
(ce(T) + HY(T - T*))E e M~ |,

dx
(T') Cl, T< T*,
c =
Co, T> T*,
NC T
Ay, T> T,

rne T — TeMrmepaTtypa UcciIenyeMoro tena; 7« — TeM-
neparypa (ha30BOro mepexosia BEIIEeCTBa; ¢; — yAeNbHas
TEIIOEMKOCTh; O — TOJIIMHA UCCIIETyeMOro Tena; A; —
TeIUIONPOBOAHOCTH BellecTBa; i — (a3a BemiecTna (MH-
JIeKCBI: | — TBepaoe Teno, 2 — JKUAKOCTD).

[Ipu mepexone K YUCICHHOMY PCHICHUIO METOAOM
CKBO3HOTI'O CUCTa pa3pbIBHLIC (I)yHKL[I/II/l CINIAXKUBAKTCA, a
(DYHKIUS TEIUIOEMKOCTH COACPKHUT TCIUIOTY IJIABJICHUS.
Tora ypaBHEHHE TEIIONPOBOIHOCTH IPEOOpazyeM K BHIY:

dT d dT
o(T, Ny—=— MT, A)— |,
dt dx dx

Cy, T< T**A,

C1+C2 H

oI, A= +— T —A<T<Ti+A,
2A

Co, T>Ts +A,
Ay T<Tu—A,

M+

ML, A) ={ 222 1 A<T<T.+A,
2

Ay, T> Ti + A,

rac A — TI0JIOBHHA HUHTCpBaJia Crila)kuBaHUA.

OTMeTI/IM, YTO CKa4YOK 3HAYCHHUA TCINIOECMKOCTH CTpPEC-
MUTCA K 6eCKOHelIHOCTI/I, TaK KakK TCIIJIOTA IJIaBJICHUSA BbI-
JIeISIETCSI WITH TIOTJIOIIAEeT s 03 U3MEHEHHSI TEMIIepaTyphl.
[IpumeHeHe MeTOAa CKBO3HOTO CU€Ta MO3BOJIMIIO OTpaHU-
YUTH 3HAUCHHE TEIJIOEMKOCTH ITyTEM PaCIIUPEHUs CKauKa
Ha KOPOTKUH MHTEpBaJl M3MCHEHNS TeMIieparypsl. B padore
[29] TemnoTa dazoBoro mepexoma paBHOMEPHO TPUOABIIS-
JIach K TEMIOEMKOCTH TEIIOAKKYMYIHPYIOILETO MaTeprana
B HEKOTOPOM MHTEpBaje TeMiieparyp. Takoi noaxox mo-
3BOJISUT OIMCHIBATH TMHEHHYIO MATEMATUYECKYIO MOJEID,
OJIHAKO ITPUBOJMII K TSKEJIO OLEHUBAEMBIM HEOIPENIEIICH-
HOCTAM. MHTepBan TemMmeparyp 3apaHee HEM3BECTEH U
€ro HeoOXOIMMO OBLIO PACCUMTHIBATH 3aHOBO JUIS KaXKIOH
HOBOM MOCTaHOBKH 3a71a4u. Kpaﬂ OTOro MHTEpBAJia JOJKHBI
COOTBETCTBOBATh HKCTPEMyMaM 3HAUEHHH TeMIepaTypsl B
TeUeHHEe IKCIIePUMEHTA, KOTOPhIE 3apaHee HEU3BECTHRI. B
CBOIO OY€pe/ib, MPEIOKEHHBII METO/] O3BOJISIET PELIATh
3ajgaqy CrepaHa ¢ KOPOTKMM MHTEPBAJIOM CTIIQ)KHBAHHS
CKaYKoOOpa3HBIX M3MEHEHHUH CBOWCTB MCCIIEyeMOro Be-
HIeCTBA.

IToquepkHeM, 4TO peleHre METOJO0M CKBO3HOTO CUETA
HE MO3BOJISIET TOYHO ONPENENUTh IPAaHUIly paszena ¢as.
Eciu Temneparypa B OIIpeeIEHHOM TOUKE yAOBIETBOPSIET
ycnoButo 7' < T, TO TEJIO UMEET TBEP/IOE arperaTHoe co-
crostHue, eciu 1> T« — To xuakoe. Takum odpazom, st
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paccMaTpuBaeMoM 3a7jaud KpUTEPHUEM 3aBEpIIEHUs Mpo-
1iecca pa3MOpPO3KH SIBJISIETCS YCIIOBHE, YTO B JIIO0O0H TOuKe
HCCIIEyeMOT0 Tela, I1e HaXOANUTCS MypaBbHHAS KHCIIOTA,
cobOmronaeTcst HepaBeHCTBO 1> T

Tak kak ¢usHyecKas MOEeJb UMEET MIapOBYIO CHMMe-
TPHIO, PELICHHUE BBITIOIHEHO B OJJHOMEPHBIX KOOPIMHATAX,
rae x = 0 — IeHTp AIIEMeHTa, a X = 33 MM — ero BHEIIIHSSA
MTOBEpXHOCTh. PazobbeM Monens Ha chepuueckne OIOKH
TOJIIMHON 2 MM JUTSI MypaBbUHON KUCIOTHI U 0,5 MM 1yis
ctekia. [Torpaanynbie 6J0KM UMEIOT TOJIINHY, PaBHYIO
TIOJIOBHHE OT TOJILIMHBI COCEIHETr0 OJIOKA, OIMCHIBAIOLIECTO
aHAJIOTHYHOE BEIIECTBO.

[TpyuHIMI TOCTPOCHUS CHCTEMBI TU(PPEepPeHIATBHBIX
yYpaBHEHUI1, ONMCHIBAIONINX TEIJIONEPEHOC B 00BEKTE C
reOMETPUYECKOW CUMMETpHEH, IpejicTaBlieH B paboTe
[27]. I3meHeHne TeMnepaTypbl IOBEPXHOCTH JIEMEHTA
BO BpeMeHH, KoTopoe OblI0 nomydeHo u3 pemenus CFD-
MOJEJIMPOBAHUS, MTOJAIOTCS HA BXoA nporpammbl «Heat
Identification». iToroBoe Bpemst pacueTa JaHHBIM METOZIOM
cocraisieT 14 MuH.

B ycnoBusix peajabHOTO 3KCHEPHUMEHTA 3HAYCHUS TEM-
riepaTypbl IPUHAMAIOTCS 10 TTOKa3aHUsIM Mpeodpa3zoBaresist
TEMIIEPaTyphl, IPUKPETIEHHOTO Ha TIOBEPXHOCTh UCCIETY-
€MOro 00BeKTa.

PesynbTaThl pemenus

Ha puc. 2 mpexncrasnens! pe3yasrars! pemenns O3T —
BOCCTAHOBJICHHS] HECTAIIOHAPHOT'O TEIJIOBOTO MOTOKA Me-
TOJIOM TTapaMETPHUECKON HICHTU(UKAIIUH U COTTOCTABIIC-
HBI C penieHneM, noryueHHsM npu CFD-monennpoBanun.
Bcenenctue pe3kux nepenagoB TeMIEpaTyp B HadadbHBIN
MOMEHT BPEMEHH Pe3yJIbTaThl ONPEAEICHHUS TEIIOBOTO
IIOTOKA METO/JO0M MapaMeTpU4YeCcKOl HIACHTH(QUKALNI
TIO/IBEP>KEHBI 3HAYNTEIILHBIM KOJIeOaHUsIM, /ISl OOpBOBI C
KOTOPBIMH BBIXO/IHBIC JIAHHBIC OBUTH AIIIPOKCHMHPOBAHbI
B-cnnaitnamu 1-ro nopsiika ¢ LIMPUHON anlpoKCUMAaII
30c.

3akJjoueHne

PaCCMOTpeHH JBa MCTOJZIa BOCCTaAaHOBJICHHSA HCCTalU-
OHAapHOI'0 TCIJIOBOI'O MOTOKA OT XJIAAOHOCUTCIIA K TCILIO-
AKKYMYJIHMPYIOMIEMY BCHICCTBY IS OTACIBHOIO 2JICMCHTA
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Puc. 2. TI10THOCTH HECTAIIMOHAPHOTO TEIIOBOTO MOTOKA HA
MOBEPXHOCTH aKKyMYIISITOPHOTO JJIEMEHTA TEeTIOBOH SHEPTUH
Fig. 2. Non-stationary heat flux on the surface of a thermal
energy battery element

AKKyMYJIITOpa TEILUI0BOM sHeprud. IlepBrlii MeToq — C 1o-
MOII[BIO YHUCJIEHHOTO MOJICINPOBAHMS MIPOIecca PaspsIKu
¢ ucnosibzoBanreM Computational fluid dynamics nakera.
BTtopoii — myTeM nmapameTpuuecKoil uaeHTHGHUKAIN
T depeHInaIbHO-Pa3HOCTHON MOJIENIH TEIIONepeHO-
ca MpH pelIeHuN 0O0paTHOH 3a/1aun TETIONPOBOIHOCTH
COBMECTHO CO CKBO3HBIM CUETOM, KOTOPBIH MO3BOJISIET
CIJIQKUBATh CKa9KO00pa3HO N3MEHSIOMHNECS TeTuto(pu3nde-
CKHE XapaKTEPUCTHKH U yUYUTHIBATH MOIBIKHYIO TPAHHILY
pas3zmena ¢a3 BemecTBa. [IpennokeHHBII METO PEIICHUS
00paTHOM 3a7auu TEIJIONPOBOJHOCTH 3HAUNUTENBHO CO-
KpamacT BPpEMs BOCCTAHOBJIICHHUA I'PaAaHUYHBIX yCJ'IOBI/II‘/’I
TerooOMeHa Jyisl dJIeMEeHTa akKyMmyssitopa ¢ 9 u 27 MuH
10 14 MuH 1, TakuM 00pa3oM, CyIIECTBEHHO YCKOPSIET
npoiiecc rnepedopa ONTUMHU3ALUOHHBIX TTAPAMETPOB MPH
MPOEKTUPOBAHNH U CHIKAET TPEOOBAHUS K BHIYUCIIHTEIb-
HBIM MOILIHOCTSIM. Takoro pesynprara yaaiaoch JOOUThCS
Giarogapst TOMy, 4TO METOJ TapaMeTpHUIECKON HIACHTH(DU-
Kalliy BOCCTAHABIIMBACT TEIIOBOM MOTOK HAIPSIMYIO, B OT-
JMYHE OT JPYTUX MTAKETOB IPOTPAaMM, KOTOPBIE AENAI0T 3TO
METOZIOM ITapameTpuueckoil ontuMusauuu. K Henocrarkam
MO>KHO OTHECTH PabOTy UCKIIIOUUTENBHO C OJHOMEPHBIMH
TEJIaMH, B TOM YHCIIE€ C CUMMETPHEH.
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AHHOTaNMA

Beenenne. CoBpeMmennsie paaunonokanunonnsie ctanuuu (PJIC) MoHUTOpHHTa KOCMHYECKOTO MPOCTPAHCTBA
OHOBPEMEHHO PEMIAIOT MO HECKOJIBKO PA3HOILIAHOBBIX 33/1a4 OOHAPYKEHUS M COIMPOBOXKACHUS OOJBIIOTO YHCIa
00BeKTOB. J[aHHOE 00CTOSTENTHCTBO 00YCIIABIMBACT AKTYaTEHOCTE ONTHMU3AIIMN PACIIPENEICHNSI BpeMEHHOTO pecypca
MEXIY 3a7a4aMH B YCJIOBHSX OOJBIIOTO ITOTOKAa 0OBEKTOB MOHUTOPHHTA. AHAJIHM3 MOTEHIIMAIBEHBIX BO3MOKHOCTEH
CYIIECTBYIOLINX METOIOB paclpe/eIeHns] BpEeMEHHOTO pecypca Mexy Tekymumu 3anadamu PJIC mokasai, 4Tto
pacrpeieieHe pecypca, OCHOBAHHOE Ha CTATHYECKH 3a1aHHOM CHCTEME IIPHOPUTETOB LENeH, He MO3BOJISAET ONTUMAIBHO
YNpaBIsATh BPEMEHHBIM pecypcoM. B paboTe mpeacraBieH OpUrHHAIBHBIN CIOCO0 pelIeHHs 3a1aul JHHAMUIECKOTO
pacrmpeeneHust BpeMeHHOTO pecypca Mexay 3agadamu PJIC, ocHOBaHHBIN HA MCIOIb30BAHUM TEOPUH HEUETKHUX
MHOXecTB. [loka3aHo, 9TO NCTIONB30BaHNE MAaTEeMaTHYECKOTO amlapaTa HeUYeTKOH JOTHKH MO3BOJISET yIUTHIBATH
BiaustHEe Ha ¢ynknuonuposanue PJIC ocobennocTei pexumoB padotsl PJIC, B ToM uucie Juist BEICOKOTOYHOTO
HU3MEpEeHNUs] KOOPJMHAT KOCMHUUECKOro 00beKkTa. TakiKe TeopHs HeUeTKHX MHOXKECTB YUHTHIBACT TEKYI[e 3HAUCHHUS
xapaktepuctuk PJIC u necTpykTHBHOE BIMSIHUE Psifia BHEITHNX ITapaMeTPOB B pealbHOM Macmtabe BpeMeHnu. MeTop.
3anava ynpasieHus: BpeMeHHBIM pecypcoM PJIC dopmannsyercss kak MOMCK ONTHMAIBHOTO paclucaHus padoThl
cTaHuuu B 3¢upe (pacnpeneseHus pecypca Mex/1y 3a/ilad4aMu) ¢ eIbI0 MUHUMH3AIMU KOJINYECTBA MIPOITYCKOB LeJIeH.
Jlnst pemieHust 3TOM 3aa4y IPUMEHSETCS] TEOPHSI HEUETKUX MHOMKECTB, UTO MO3BOJAET YUeCTh HEONPEIEIEHHOCTh U
JIMHAMUKY H3MEHEHUS KOJTMIECTBAa KOCMUYECKIX 00BEKTOB B cekTope 0030pa PJIC. OcHoBHble pe3yasrathl. [IpuBeneno
OIFCaHNe OCHOBHBIX OIepanuii anroputMma ymnpasieHus pecypcom PJIC, mpogeMOHCTPHPOBAaHB! Pe3ynbTaThl pabOThI
ITOPUTMa, 00ECTIeUNBAOIINE ONTHMAIBHOE pacipeielieHne Mex /Iy TeKymuMu 3anadamu. Oécy:kaenne. B onmane ot
H3BECTHBIX METOJIOB paclpe/ieeH s BpeMEHHOTO pecypca Mexay TekymumMu 3agadamu PJIC, cnons3oBanue Teopun
HEYETKHX MHO)KECTB IIPUMEHNTENBHO K 3a/1aue yrpapieHus: BpeMeHHbIM pecypcoM PJIC nmo3Bossier rudko pearnposarsb
Ha U3MEHEHHs] BHEIIHHUX yCJIOBHI BBIIIOJHEHUS 33/1a4 B YCIOBUSX BPEMEHHBIX OrpaHUYCHU. B nepcriekTuBe naHHBII
noaxoa MOXET OBITh aanTupoBaH U MPUMEHEH B JIPYTUX O6.]'laCTﬂX, e CymecTByeT HCO6X0}II/IMOCTB OIITUMH3ALIMU
PECYpCOB MPH YCIOBUH X OTPAaHUYEHHOCTH M HEONPEASICHHOCTH BHELIHUX (haKTOPOB.

KanroueBbie ci10Ba
PJIC, BpemeHHOI1 pecypc, MOHUTOPUHT KOCMUYECKOTO TPOCTPAHCTBA, HEYETKUE MHOKECTBA

baaronapuoctu
Pabota BemonneHa npu nopaepsxke [Iporpammsl pazsutus MI'Y, npoekt Ne 24-11101-04.
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Abstract

This paper addresses the problem of optimizing the use of temporal resources of a radar station (RS) under limited time
resources. Special attention is given to the necessity of considering a multitude of compensatory optimality criteria
when allocating the RS operating time. The proposed approach is based on the use of fuzzy set theory which represents
an innovative solution in the context of this task. The task of managing the RS temporal resources is formulated as the
search for an optimal work schedule among all potentially possible options. This schedule should minimize the values
of all partial optimality criteria. Fuzzy set theory is applied to solve this problem, allowing for the consideration of
uncertainty and variability in task execution conditions. An algorithm for managing the RS temporal resources was
presented. The review results confirm the probable increase in efficiency, especially in conditions of acute shortage
of temporal resources, ensuring their optimal distribution among current tasks. Furthermore, the algorithm enables
decisions to be made about the possibility of performing special or additional tasks without compromising the main
monitoring functions. The review of the proposed algorithm provides a basis for hypothesizing its advantages over
traditional methods of managing the RS temporal resources. In particular, the use of fuzzy set theory allows for more
flexible responses to changes in task execution conditions and enhances the overall adaptability of the system. In the
future, this approach could be adapted and applied in other areas where there is a need for resource optimization under
conditions of limitation and uncertainty of external factors.
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BBenenune

B mocnenHme roapl penieHUe 3a1ad MOHHTOPHHTA
OKOJI036MHOTO KOCMHYECKOTO IPOCTPAHCTBA CTallo Ooree
3aTPYAHUTEIHHO B CBS3H C YCIOKHEHHEM KOCMUYECKON
obctanoBku [1]. Hampumep, mo cpaBrenuro ¢ 2000 r. (o
nmaaaeIM Katajgora NORAD) B 2020 roxy Komn4ecTBO KOc-
Mugecknx 00bexToB (KO) yBemnumiocs B 1Ba pasa, U 10
NPOTrHO3aM B Oirkaiiime aecsTuieTus OyeT Bo3pacTarh ¢
erie Gonblieit uHTeHCHBHOCTRIO [2]. Kpome Toro, kinactep-
Hble 3anmycku KO, B TOM 4ncIie BBIBOJ Ha paboune opOuThI
CIlyTHUKOB cucTeMbl StarLink, a Taxke riaHUpYIOIUXCS
€BPOIEHCKOro, pOCCUIUCKOrO U KUTAlCKOro aHajioros [3],
B elie OOJbIIEH CTENeHN YCIOKHAT (PyHKIMOHUPOBAHUE
panuonokannoHHbIX craniwii (PJIC) MoHUTOpHHTA KOCMHU-
YECKOTO TIPOCTPAHCTBA, I TEM CaMbIM 3aTPYIHAT oOectie-
YeHne TpeOyeMBIX 3HAYCHUH HX XapaKTePUCTHK B [EIIOM.

Ha puc. | moka3zanbl 3a1a4n, perraeMbie GyHKIIHOHHU-
pyIoLLel paauoJ0oKallMOHHON CTaHIUEH.

OTMeTI/IM, YTO CTCINCHDb ACCTPYKTUBHOTO BJIUAHUA PE-
aIbHOTO KocMmuueckoro (ona Ha xapakrepuctuku PJIC B
3HAYUTEJILHON CTENEeHU OINPCACIIACTCA U OCO6CHHOCT$1MI/I

pexxnMa QynakmonupoBanus PJIC monuToprHTa KOCMH-
YECKOTO MPOCTPAHCTBA.

OCHOBHBIMHU IITATHBIMU PEKUMaMU (3a]1auaMu) sIBIISI-
I0TCSI: 0030p 6apbepHON 30HBI, XapaKTePH3YEMBbIH TTOMCKOM
0o0bekToB Kocmuueckoro npoctpancTBa (OKII); 3axsar,
COTIPOBOX/ICHHE I1eNIeH (C HAaKOIUIEHHEM TPAeKTOPHOM HH-
(hopmarueil, BBIYUCICHHEM ITapaMeTPOB JBIKESHUS U T10-
CJICAYIOIIMM COPOCOM C COIIPOBOXKICHMUSI) [4].

K crenuanabHBIM (JIOTIOTHUTENBHBIM) 3a/1a9aM MOXKHO
oTHecTH: nouck U conpoBokaeHue OKII, B Tom uncne u
BBICOKOCKOPOCTHBIX H MAHEBPUPYONIIX 00BEKTOB BO BCEM
CEKTOpE OTBETCTBCHHOCTH; OOHAPYKCHHE U COIIPOBOXKIC-
HHE BBICOKOOPOUTAIBHBIX KocMudecknx 00sexToB (BOKO)
IO TeNieyKazaHuto; paanomnoprperupoBarne KO.

JLis KaX1oi U3 MepedrCcIeHHBIX 3a1a4 TpeOyeTcsl BBI-
nenenue BpemeHHoro pecypca PJIC, xotoperii onpee-
JISeTCs KOJIMYECTBOM BpeMeHH, 3aTpadeHHbIM PJIC mis
pemieHust naHHOM 3amaun. Bpems pabots! PJIIC npu MoHU-
TOpUHTe 00BEKTOB CKJIAJBIBAETCSl U3 OTPE3KOB BPEMEHH
ukIoB padotel PJIC 1o kaxoMy 00bEKTY, COCTOSIIIX M3
Hepuoja N3Ty4eHUs, OKUIAHUS U IPUEMa OTBETHOTO CHT-
Hasa. Takolt BpemeHHOH nuki GyHKIoHHpoBaHus PJIC
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Puc. 1. nmoctpaiyst GyHKIHOHUPOBAHUS paJHOI0KaHOHHON
cra"uuy gansHero oonapyxenus (PJIC J10) npu pemennn
Pa3TUYHBIX 3a7a4:

] — NOMCK KOCMHUYECKHX 0OBEKTOB B KAPhEPHOIT 30HE M HX
COIPOBOX/ICHNE; 2 — MOMOIHATEIbHAS 30HA TOUCKA LIeIN
II0 YKa3aHUIO OT KOMAHIHOTIO IIyHKTa; 3 — CONMPOBOXKICHUE
0c000 BaKHBIX KOCMUYECKUX 00BEKTOB Yepe3 BeCh CEKTOP
OTBETCTBEHHOCTH; 4 — paboTa 1o BICOKOOPOUTATBHBIM
KOCMHYECKUM 00beKTaM

Fig. 1. lllustration of the functioning of the long range detection
radar station in solving various problems:
1 — search for space objects in the quarry zone and their tracking;
2 — additional target search area as directed by the command post;
3 — escort of particularly important space objects across the entire
sector of responsibility; 4 — work on high-orbit space objects

Ha30BeM 3asiBKoil. CyIecTByIOMHEe CIOCOObI YIIPaBICHUS
BpeMeHHBIMH pecypcaMu PJIC ocHOBaHBEI Ha COCTAaBICHUN
TAKTOBOT'O paClMCaHuAd MO NPUHOUITY OUECPCIU, I'IC Ka-
JK7ast 3as1BKa UMEET CBOM BEC U IIPUOPUTET, 3aBUCSLINMI OT
JJIATCJIBHOCTH OKUJaHUsA 3adBKHU B O4€PE€AN Ha UCIIOJIHC-
Hue u tuna KO. TakroBoe pacnucanue PJIC npencrasnser
co00if ToCIIeI0BaTENEHO BEICTPOCHHBIE B PsiJI TI0 BPEMEHH
3as1BKH.

JlanHbIe crI0cOOBI B COBPEMEHHBIX YCIOBHAX (PyHK-
unonuposanus PJIC manmpHero oOHapyXeHUS UMEET
CJIEAYIOMINE HEAOCTATKH: NPUOPUTETHI HeNel SABISAI0TCS
CTaTUYECKUMM; HE YUUTHIBACTCS TEKYIIas KOCMUYECKas
obcranoBka (kommaectBo KO B cextope peticteus PJIC),
tekymee coctostane PJIC u mpoune GpaxTopbl, HMEIOINe
BIIMSIHUE Ha TIPOIMYCKHYIO CIIOCOOHOCTB JIOKATopa.

BwmecTe ¢ Tem cymiecTByeT MOTEHIHAIbHAs BO3MOXK-
HOCTb TOBBIIIEHHS d3PPEKTUBHOCTH CUCTEMbBI KOCMHYE-
CKOT'O MOHUTOPHHIA B YCJIOBHSX KIIACTEPHBIX MyCKOB 32
CUET peaTU3ali1 JMHAMIYECKOTO YIIPaBICHUS BDEMEHHBIM
pecypcom PJIC Mexny pemaeMbIMM 3aa4aMy Ha OCHO-
Be UX npuopurera. OAHAKO pearn3anus TMHAMHYECKOTO
ympasieHust BpeMeHHbIM pecypcoM PJIC morpebyer orre-
PaTHBHOTO ¥ JOCTOBEPHOTO PELICHUS 3a/1a491 OTIPEACICHHS
TIPUOPHTETA 33189 (B 4aCTHOCTH, Tipu Habmonerann KO —
C y4YETOM OLICHKH ATIUTEIBHOCTH COTIPOBOXKICHNUS 00BEKTa,
OLICHKH TOYHOCTH TOJTy4aeMOii TPaeKTOPHO# HH(pOpMAIHH,

kiaccudukanum o0beKTa, (hakTa HACHTH(GUKAINN 00bEK-
Ta), a TakXKe BHEIHKUX (akropoB u coctosiHus PJIC dak-
THYECKH B PEaJbLHOM MaclITade BpEMEHH.

Takum 00pa3zoM, akTyaJdbHOW 3a7adeil sBIsETCS COo-
BEPIICHCTBOBAHNE CYIIECTBYIOMINX CIIOCOOOB yIpaBiie-
HUsI BpeMeHHbIM pecypcoM PJIC ¢ ydetom coBOKymHOCTH
(haKTOPOB: IPHOPHUTETHI 3a/1a4, KOCMHUYECKast 00CTaHOBKA
u cocrosinue PJIC.

AJjroputM ynpasJieHusi pecypcom PJIIC

Llemnpio paOoTHI SIBISETCS yIIPaBICHUE pacipe/ieiIeHHEM
BpemeHHOTO0 pecypca PJIC mexy 3amaqamu juist odecrneye-
HUSI ONITUMAITBHOTO PEIICHUS IITATHBIX U JOTIOTHUTEIHHBIX
3amad. g padotsl PJIC B ycimoBHSIX OONBIIOTO MOTOKA
Tenei M OrpaHUICHHUSI BPEMEHHOTO Pecypca ajlrOpUTM pac-
TIpe/IeIEHIsI BpEMEHHOTO pecypca, B yCIOBUAX €r0 HeXBar-
KH, JIOJKCH: 00CCIIEUUTh MUHUMHU3AIHIO POITYCKa IeIeit
Ipu MakcUMM3anuu xapaxkrepuctuk PJIC; mpuHuMats pe-
mienue o padore PJIC mo criennaibHbIM, TOTOTHUTEIIbHBIM
3aja4aM — (PaKTUUECKHU BBIACIATH WM COBCEM HE BBIE-
JISITH JUTSL pelIeHus 3a/1a4 TpedyeMblil 00beM pecypca.

B kauecTBe MCXOIHBIX JAHHBIX JJISI PELICHHUS 3a/1a41
ympasienus pecypcamu PJIC KocMHY€CKOro MOHUTOPHHTA
TIPUMEM CIICTYFOITNE BETHIMHEL:

— Tekyumme napameTpsl padbotsl PJIC mo mratHeIM 3a/1a-
gaM (KOMHYIECTBO OOBEKTOB HA COIIPOBOXKICHUH);

— (hbakTHUeckuii meprox 0030pa 30HBI IONCKA;

— mporHo3 xonugectBa KO B cexrope;

— KomaHbl oT komanaHoro nyHkra (KIT) Ha padoty mo

JOIIOJIHUTEJILHOM 3a1aue.

brok-cxema anroputma ynpasienus: pecypcom PJIC
MIPUBE/ICHA HA PUC. 2.

[TocenoBaTeIbHOCTH ATANOB AJITOPUTMA 3aKITIOYAETCSI
B CJIEAYIOIIEM.

Oran 1. Ha ocHOBe AaHHBIX O mapaMeTpax TEKYyLUX
3amad PJIC omeHmBaeTCs KOMMUYECTBO BPEMEHHOTO pecypcea,
TpeOyemMoe s peIIeHNs STHX 3a/1a4.

OO0muuii BU7 OIleHKH 00beMa BPEMEHHOTO pecypca IS
3a/1a4i UMeeT BUJ:

TJIe T — JUTUTEIFHOCTD PeaTi3alii UCIIOIh3yEeMOr0 CUTHA-
J1a 30HAUpOBaHUs; N, — KOJIMYECTBO OCMATPUBAEMBIX Ha-
TIpaBIICHAH; 6f — TIEPHOTMIHOCTD 30HANPOBAHUS. A TaKKe
METPUKH Ka4eCTBA BHITIOIHEHUS 3a71ad.

Otan 2. ®a33udukanus BXOAHBIX TepeMeHHbIX. Ha
OCHOBE 3a/IaHHBIX YETKUX 3HAYCHUH TEKYIICTO COCTOSHUS
pelIeH st 3a1a4 MPOBOIUTCS MPOIIEAYpa MPEOOPa30BaAHNUS
JIAaHHBIX B HEUETKHUE TIepeMeHHbIe (puc. 2).

Otan 3. ArperupoBaHue MONYyCIOBUN, aKTUBU3ALIUS
MOJI3aKJIIOUEHUH, arperupoBanue 3akiroueHunii. Ha qannom
JTare MPOBOIUTCS MPOIEAYPa JIOTUIECKOro BbIBoaa. Jliis
(hopMHPOBaHSI HEYSTKOTO JIOTHYESCKOTO BBIBOJIA OBLTA BBI-
Opana QyHKIH MamIaHu, ONICHIBAIOIIASCS BEIPAKCHIEM

—

l—kj(i=1,n;x,-=al»z/-p)=d~,

X,

1
e a;; = ) ujp(xl-)/x,- — He4eTKHil TepM Bxoza (IpuUHaj-
X

1
JIC)KUT MHOKECTBY YCIIOBHII); pjp(x) — ¢yHKIUSA TpH-
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Tekymee cOCTOsIHUE PEILICHUs 3a/1a4;
cocrostaue OKII;
xomanb! KII o crern. pexxumy

l

AJNTOPUTM OLICHKH
Tpebyemoro pecypca RY
JUTST KOKIO0U U3 3a/1a4

l_,

[IpuBenenue [Tapamerpsr i
K HEYETKOCTH —— dyHKIMI ‘
(dasz3uduxanus) MPUHAATIEKHOCTH |
A
. . baza npasun
Heuerkuit slornueckuii | (ycroBus Buaa |

BBIBOT ECTH ... TO ...») |

IpuBeNeHKE K YCTKOCTH
(medaszsudukarop)

\
// Pemenmue o pacnpenenennn
/  BpPEMEHHOro pecypca R;

/ MEXTy 3a7a4aMu

Puc. 2. bok-cxema ajqropurMa ynpasiIeHUS peCypcoM
PaHOI0KALMOHHON CTaHIHN.

R; — pacripesiesienue pecypea Io 3a1a4am; R? — pacrpezienieHue B
HYJICBOH TaKT BPEMEHHU

Fig. 2. Block diagram of the radar station resource management
algorithm.
R, — resource distribution among tasks; R? — distribution at
zero time step

HAJUICHKHOCTHA BXOJIA K HEUCTKOMY TEPMY @; 3 d; — HEUeTKHUIA
TePM BBIBO/IA; k; — BECOBOH Koafb(bnuneHT Qki=1);n—
KOJINYECTBO IIEPEMEHHBIX; X; — i-as BXOAHAas IEPEMEHHAsL.

Oram 4. Jledaszzudukariss T0rn4ecKoro BEIBOAA BbI-
MIOJTHSIETCS IO METOy IIEHTpa TSKECTH, ONMHCHIBAEMOTO
bopmynoii

Jx*p(x)dx
X=—— (1)
In(x)dx
rae x* — QUKCHpOBaHHOE 3HAaYEHHE U3 00JIaCTH OMpeere-
HUSI, TIOJ[yYEHHOE B Pe3yJIbTaTe HeUYeTKOrO BBIBOJIA.

Ha nanHoM sTare nponcxoanuT odparHoe nmpeodpaszosa-
HHE 1 HOPMHUPOBAHNE HEUCTKNX 3HAYCHNH K YIIPABIISIOIIAM
nepeMeHHBIM. Ha BeIxone omepanuu neda33uduranun
COZIEPKATCSI YMCIICHHBIC 3HAYEHHS BBIIEIISIEMOTO pecypca
st pernenns 3axad PJIC n pemenune o padote PJIC mo
CTELATIbHBIM 3a/1a4aM.

Wnes anropuT™a yrpasieHHs] BpeMEHHBIM PECypcoM
PJIC ocHoBaHa Ha AMHAMUYECKOIN MPUOPUTE3ALINH 3a]1a4u
U y4eTe OTHOCUTEIbHOTO M3MEHEHUs TAKTOBOT'O paciuca-
HU [5], 4TO MO3BOJISIET CTATUCTUYECKU ONTUMHU3UPOBATH
pacIMcanue Ha KaXJIOM ITOCIIeTyIOIIEeM JTarle Mo MOCTaB-

JeHHBIM 3a7a4aM. CraTucTuyeckas ONTHMHU3ANNS OCYy-
IIECTBIISIETCS ITyTEM U3MEHEHUsI BBIICIISIEMOTO pecypea JUIst
BBINOJHEHHS 33/1a4 B COOTBETCTBUU C YCTaHOBIICHHBIMH
npuopureramu. [loce kaxaoro sTana MpoucXoauT aHAIN3
OTHOCHTEJIBHOTO U3MEHEHHS KaueCTBA PACIUCAHMS, YTO
MO3BOJISIET AITOPUTMY AMHAMHYECKH aJallTHPOBATHCS K
M3MCEHSIOINMCS YCIIOBHSIM 1 TPEOOBAHMSAM.

Taxum 006pazom, pa3paOOTaHHBIN aITOPUTM C YIETOM
HEONPEEIICHHOCTH 1 U3MEHSIOIINXCS YCIOBUHM NMEET T10-
TEHIMAIbHYIO0 BO3MOXKHOCTB AP ()EKTUBHO ONTHMH3UPOBAThH
BpPEMEHHBIE PECYPChI Ui MHOTOQYHKIIMOHAIBHBIX PJIC
pazIUYHOrO Ha3HaYeHus [6—8].

HoBu3Ha npemiokeHHOTo MOAX0/a 3aKII0YaeTCs B
NPUMEHEHHUH anlapara HeUYeTKOH JIOTUKHU JUIs COCTaBlIe-
HUSI «TAaKTOBOT0» MAIIMHHOTO PAcIUCAHUs, YTO OTIINYACT
€ro OT OOJBIINHCTBA N3BECTHBIX METO/IOB HCIOJIB30BAHMS
HEYETKUX MHOKECTB. TpajMIIMOHHO HEYeTKas JIOTHKA U
TEOpHsl HEUETKUX MHOKECTB HAXO/AT HIMPOKOE IPUMEHE-
HHUE B 3aJ7[a9ax, CBA3aHHBIX C KIaccu(pukammeiir 00beKToB
[9], mpuHATHEM pelIeHwid B YCIOBHAX HEOMPEACICHHOCTH,
YIIPaBICHNEM U ONTUMU3ALUEN TPOLECCOB, [JIE KIIFOYEBBIM
ACTIeKTOM SIBIIsIETCs 00paboTKa HEeUeTKON MHpOpMaLuu o
CBOMCTBaX 0OBEKTOB HJIHM IIPOLIECCOB. DTH TOJXO/IbI 4ACTO
OPHEHTHPOBAHbI HA 00Pa0OTKY M MHTEPIIPETALNIO HEYeT-
KHMX JJaHHBIX, TOJTYYaeMbIX U3 BHEIIHUX MCTOYHUKOB, U
HCIOJIb30BaHNE HEUYETKOH JIOTHKH JUIsl MOJICITMPOBAHUS
HEOTNPEe/IeICHHOCTH BXOJHBIX JIAaHHBIX.

B orimume OT JAHHBIX MMOJXO0/0B, MCIIOJIb30BaHUE
HEUYeTKOU JIOTUKH /ISl COCTABJICHUS TAaKTOBOTO MaIllWH-
HOTO paclHCaHus OTKPBIBAET HOBBIC MEPCIECKTUBHI B
oOyacTy ynpaBlIeHHs MPONU3BOJACTBEHHBIMH IIpoOIiecca-
mu. [IpencTaBieHHBIN alTOPUTM MO3BOJSAET Oonee THO-
KO YYHTBIBaTh MHOXKECTBO (DPAKTOPOB NPOU3BOACTBEHHOM
Cpelpl, TAKUX KaK BPEMEHHBIC PAMKH, IPUOPUTET 3a/1ad,
JIOCTYITHOCTb PECYpPCOB M BO3MOXKHbBIE 3aJIePIKKHU, TIPHU-
MEeHsIsl HeYeTKUe MpaBuiia JJis ONTUMHU3ALUU Tpoliecca
rtaHupoBaHusi. Takum 00pa3oM, BMECTO CTaTHYECKOM
KJIacCU(UKALMK WM aHaJIM3a CBOMCTB OOBEKTOB, HEUET-
Kas JJOTMKa UCIOJIB3YETCs ISl TMHAMHYECKOTO yIpaBiie-
HUSI TIPOLIECCAMHU, YTO JIeJIaeT BO3MOXKHBIM OoJiee TOYHOE
1 3QPeKTUBHOE pacrpeielieHHe PecypcoB U BPEMEHH Ha
MIPOMU3BO/ICTBE.

OcHOBHBIE pPe3yJIbTaThl

[Tpenmonoxum, 4To IPH PEIICHNH 33/1a4H pacIipesiesie-
HUSI PECYPCOB IIPU OTPAHUYCHHOM 00IIIEM BPEMEHHOM pe-
Cypce UMEEeTCsl MHOJKECTBO KOMIICHCHPOBAHHBIX KPUTEPH-
eB. [{na PJIC TakuMu KpUTEPUSMH MOTYT CITYKUTH: IOTOK
KO uepes cexrop aetictsus, kommdectBo KO, Haxomsmmxces
Ha 00CIy’)KMBaHMH, a TAKKE PAJ] MOKa3aTenel, OTpaxkaro-
mmx coctostare padotel PJIC B peanbHoM BpeMeHH (cper-
Hee BpeMsi 0)KHJIaHUs UCIIONHEHNUSI 3as1BOK, KO duIueHt
TOTOBHOCTH U J1p.). [lepeunciieHHbIe KpUTEeprK MOT'YT OBITh
chopMynnpoBaHbl Kak TpeOOBaHUE K HEKOTOPOH IEIICBOM
bynxuuu fi(x), i =1, ..., n (x — ZOIyCTUMOE paclucaHue,
1 — YHCIIO KPUTEPHEB MOJAECIN), OTPAKAIOLIEH OTKIO-
HEHHE X OT ONITUMAIBHOTO pacnucanus. ONTHMaIbHBIM
pacicaHueM Ha3oBeM x* Takoe, uTo fi(x*) > f;(x**) nms
JOOBIX X** W3 MHOKECTBAa BOSMOYKHBIX PACIIMCAHUH IS
i-ro xputepus. O0IaCTh OMpENCTICHUS EIeBOI QYHKIINT
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fi(x) obo3HaunM yepe3 D, — MHOXKECTBO BCEX MOTEHIIU-
QJIbHO BO3MOXKHBIX PACIIUCAHUM.

3aja4y MOCTPOEHUS PACIHCAHUS PACCMOTPUM, KaK
HOMCK TAKOTo X € D, IPH KOTOPOM JOCTHIAeTCSl MUHUMYM
BCEX YaCTHBIX KPUTEPHEB OTNITHMAITBHOCTH.

—f{(x) > min,i=1,...,n

2
X€D, @

OpHako pa3Iu4Hble KPUTEPUHU YAaCTO MPOTHBOpPEUAT
IpyT Apyry (Hampumep, yeM OOoJIbIle pecypca Ha COIMpo-
BOXJIEHHE, TEM BBIIlI€ TOYHOCTh, HO IIPU ITOM MEHBIIIE
pecypca Ha nouck). Crie1oBaresbHO, penIeHusl, B KOTOPOM
OJTHOBPEMEHHO JIOCTUTACTCSI MUHUMYM BCEX KPHUTEpH-
€B, HE CYIIECTBYET MM OHO CYIIECTBYET KaK PEIKOE HC-
kirodenue. IlotoMy perreHre mogo0HbIX 3a4a9 BO3MOXKHO
HalTH B MHOXKecTBe P, € D, Tak Ha3piBaeMbIX IlapeTo-
onpeaeneHHbIX [10] pemeHuii, COCTOSIINUX U3 BCEX HEO-
MHUHHUPYEMBIX PACIIHCAHUH.

B koHTEKCTE MHOIOKPUTEPUAIBHON ONTHUMU3ALNY,
[MapeTo-onpeeseHHOE MHOXKECTBO MPEACTABISET COOOM
MHOXXECTBO BCEX pEICHUH, 1 KOTOPBIX HEBO3MOKHO
YAYYIIATh 3HAYEHUE OJHOTO KPUTepHs 0e3 yXyAlIeHHs
3HaueHus apyroro. Takue pemienus HasbiBatroTcs [lapero-
ONTUMAJIbHBIMU MM HEIOMUHUpPYEeMbIMH [11].

DopmaitbHO perieHre A He JOMUHHUPYET Hajl pelIeHHEeM
B, ecnu oHo He xyxe B no Bcem kpurepusim u syuiie B
X0Ts OBI M0 olHOMY KpuTepuio. [lapeTo-onpeneneHnoe
MHOKECTBO BKIIFOYAET B ce0sI BCE HEIOMHUHUPYEMBIE perle-
HUSI, KOTOPBIE MPEJICTABIISIOT ONTUMAJIbHBIE KOMIPOMHUCCHI
MEX]Ty Pa3INnIHBIMHA KPUTEPHSIMH.

Bo n3bexaHue HeolpeIelIeHHOCTH BEIOOpa KPUTEPUEB
3a4acTyl0 UCIMOJIb3yeTCs JUHEHHast CBepTKa, CBOAAIIAs
MHOTOKPUTEPUANIBHYIO 3a/1a4y K OJJHOKpUTepHUaibHoi [12].
PaccmoTpuM aByxkpuTepuanbsHelii noaxon [12] x onexke
pacnucaHus x, B KOTOPOM HapaBHE C IMHEHHON CBEPTKOM
YACTHBIX KpPUTEPHAIIbHBIX MOKa3aTelell paccMaTpuBaeTcs
MX OIEHKA CBEpXY. 3aj1a4a OIpEe/CICHUS X CTABUTCS B CIIe-
JIYIOIIEM BHIE

Fi(x) » min, k=1, 2,
Fi(x) = ;Wﬁ(X),
Fy(x)= max [W;f(x)],

i=1,...,n

x€D,

rne W, € [0, 1] — BecoBoil k03hpuUIMEHT, OTpaxaro-
M OTHOCUTENBHBIA MPUOPHUTET i-r0 Kputepus; Fi(x),
k=1,2 — JacTHbIe KpUTEpUAIIbHBIEC TIOKA3ATEIN 3a/1aUu:
F(x) — obmas oneHka pacnucaHus x; [5(x) — Makcu-
MasibHas (HauXy/Ias) WHAWBHUIYyalbHAasl OLEHKA pacliu-
CaHus X.

[Ipumem BO BHUMaHUE BUJ i-OM 4aCTHON LieJIeBOH
GbyHKIIH

i) = Zwi,q;,(0i=1, ..., n,

r€R

rae w; . € [0, 1] — BecoBoit ko3 dunmenT, orpaxaromuii
OTHOCHTENBHBII IPHOPUTET 7-T0 TPEOOBAHMS CPEIH BCEX
TpeOoBanuii i-ro Kputepus, € R; R — MHOXECTBO pac-

CMaTpPUBAaEMBIX B 3a/1a4€ TUIIOB TpeOOBaHMIA K pacruca-
Huio; g;,(x) € [0, 1] — dyHkuus, orpaxaromas creneHp
BBITTOJTHEHUS /-TO TPEOOBAHMS i-T0 CyObEKTa B paCIIMCAHUT
xq;(x) =0, q;{x) = f(x) , ecniu TpeGOBaHNE BBLINOIHEHO
MOJIHOCTBIO, U ¢;,(X) = 1 — He BbInoaHeHo. C yueToM BbI-
pakenuii (1) u (2) 3ajaua NpUHUMAET BU

Fi(x) — min, k=1, 2,
n
Fi(x) =% X v q;, %),

i=1 reR

4 Fy(x)= max | X v;, %‘,r(x)],
i=1,...,n"reR

Vi =w,W,i=1,...,n,r€R,
X € DX

B o6mewm cmydae TpeOoBaHUS MUHUMH3AIHUH MOKa-
3areneil F|(x) u Fp(X) MIpOTHBOPEUUBEI, HE TOMHHUPY-
10T APYyT HAaJ IPYTOM W MpUHAJIexaT ogHoMy Ilapero-
OTIPeIeICHHOMY MHOXECTBY. ISl BRIUMCICHHS OO
OLIEHKH pacnucaHusi F|(X) U OLIEHKH paclUCaHus o CTO-
POHBI KOMIIOHEHT F,(x) ObLIN BEIOPAHBI KPUTEPUH C YIETOM
TpeOOBaHMIA K U3/IENHUIO U pa3paboTaHa CHCTeMa JMHAMHYe-
CKOTO yTpaBJIEHHs HA OCHOBE armapaTa HeuYeTKOH JIOTUKH.

B pesynbrare kputepuu, Mo KOTOPHIM NPUHUMAETCS
pelleHue o pacnpezeneHue BpeMenHoro pecypcea PJIC,
MOTYT OBITH CIIC/TyIOIINMHU:

— Mepa 3arpyxkeHHoctu PJIC mo BpemeHHOMY pecypey
JUTS KaXKIOH U3 3a71a9;

— KOJIMYECTBO 1ieJIel Ha CONPOBOXKJIEHUM B JIaHHBIM MO-
MEHT;

— ampHopHAas OI[EHKA KOJTHMYECTBa OOBEKTOB B CEKTOPE
nevicteust PJIC o gmanaeiM karannora KO;

— KOMaHJIa U LeJleyKa3aHue OT KOMaHJHOTO MyHKTa s
pabotsl PJIC mo momoigHUTEIBHON 3amaue, a TaKKe
olleHKa TpeOyeMoro BpeMEHHOTO pecypca Juis ee pe-
HICHUSI.

Jlns kaX10r0 U3 KPUTEPHUEB, HA OCHOBE KOTOPBIX all-
TOPUTM TIPHHUMAET PEIIeHUE O BBIACICHUH TOH WIIH HHOM
3aauu TpedyeMoro BPEMEHHOTO Pecypca, COCTABISETCS
TaK Ha3pIBacMas PYHKIHS MPUHAIICKHOCTH. DYHKITHSA
MPUHAIICKHOCTH OMHUCHIBACT B MapagurMe HEUETKUX
MHOKECTB MPUHAIICKHOCTD JTUHTBUCTHIECCKON OIICHKH
KOHKPETHBIM YHCIIOBBIM XapaKTePUCTHKAM BBIOPAaHHOTO
nokaszatesns. JpyrumMu ciioBamMu, GyHKIIUN TTPHHAIEKHO-
CTH OIIMCBHIBAIOT CTCICHD MPUHAAJIC)KHOCTH YTBEPKIACHUA
(rHanpumep: 6osbioe komuuecTBo KO B cexTope neiicTBus
PJIC) xoHKpeTHBIM YnciaM (KOHKPETHOH BeJIMYMHE KOJIU-
gyectBa KO B cexrope aevicteus PJIC).

Ha puc. 3 npusezneH npumep GpyHKINH MPUHAUICKHO-
CTH JJISl KPUTEpHs «TpeOyeMblil pecypc JuIsi COIPOBOXK/Ie-
HUS LIETEn».

Ha ocHOBe HEYEeTKOW JTOTHKH OMpPEIEIEHO COOTBET-
CTBHUE JTUHTBUCTUYCCKONW OIEHKH KOJTUYECTBA Tpedye-
MOTO BPEMEHHOTO pecypca ISl BRITOJHEHHUS 3a0a49H 110
COTIPOBOXKJICHHUIO 1iefieli (TepM-MHOXKecTBO). [lomydeno
COOTBETCTBHUEC JIMHI'BUCTHUYCCKHUM ITOHATUAM: «J0CTATOYHOC
KOJIMYECTBO BPEMEHHOTO pecypca ISl COPOBOXKICHHUS 11e-
JIei»; «I0CTaTOYHOE KOTMUECTBO BPEMEHHOTO pecypca Juis
PabOThI TOJIBKO IO BAYKHBIM LIEIISIMY; «BPEMEHHOTO pecypca
PJIC HemomycTuMO Majio 1jIsl BBIIIOJHEHHUS 3a]a4 3axBara
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0,8 1

—— Henonyctumo maio
Jlocrarounoe koim4ectBo st pabotsl o OBKO
—— JlocTaTrouHoE KOJIUYECTBO

0,4

CreneHb TIPUHALJICKHOCTH

0,0 -

02 04 06 08 0
Pecypc st conpoBoxaeHus, %

Puc. 3. Tlpumep QyHKIIMN TPHHAIICKHOCTH IS [TOKA3aTeIs
«TpeOyeMblii pecypc ISl CONPOBOXKICHUS TIEICH»

Fig. 3. Resource for tracking the objects

U COTIPOBOXKJICHHSI, COOTBETCTBYIOIINM KOJIUYECTBEHHBIM
omeHKam». Takke ompeneleHbl QyHKIUH ITPUHAIITCK-
HOCTH JJII KPUTEPHUEB «KOIUYECTBO IIENIEl B CEKTOPE»,
«TpelyeMbIii 00beM BPEeMEHHOTO pecypca A padoTH Mo
BOKO» u ap.

baza npaBui siBisieTcss OCHOBOM JIJIs1 TPOBEICHUS OTIe-
pauuii reHepaly He4eTKoro BbiBozia. basa npejcrasisier
co00it Habop TpaBuI (YCIOBHUIT) COCTABICHUS PACTIHCAHHUS
pa6otsr PJIC mo 3amauam. [IpaBuia 1omKHBI OBITH OCHO-
BaHbI HAa NIEPEYHUCIIEHHBIX KPUTEPHUSIX paclpeaesIeH s Bpe-
MEHHOTO0 pecypca. B pamkax Hacrosiei paboThl mpaBuiia
MOTYT YCTaHABJIMBATh MOPSIOK BBIJICICHHSI BPEMEHHOTO
pecypca PJIC Ha 3amaun 0630pa, COIPOBOXKICHIS, a TAKKe
3aJ1aBaTh yCIOBHUS Havdasa/koHIa padotsl PJIC mo momomHu-
TENBHBIM 3a/1a4aM. [IpaBria JOKHBI COCTABISTHCS IS Ka-
xmoit PJIC mcxons u3 TpeGoBaHMH, KOMMIECTBEHHBIX OIIe-
HOK moToka KO "epe3 ceKTop OTBETCTBEHHOCTH, TIOPSIIKE
B3aMMOJICHCTBHUSA C BBIMIECTOSIINM KOMAHHBIM ITyHKTOM.

baza npaBuI COCTOMUT U3 JIBYX JIEMEHTOB: IPE/IIOCHI-
JI0K (YCJOBHI) U 3aKII0YeHUH (BBIBOJOB) BUJA: «ECHH. ..,
TO...». Korjaa Bce peanochuIKy ONpeeIeHHOTo paBuiia
BBITIOJIHSIIOTCS] WJTH SIBJISIIOTCSI HCTUHHBIMU, TO aKTHBUPYIOT-
Cs IO/I3aKITIIOUeHNUS (YKa3aHHbIC B 3aKJIIOYCHUH PaBHJIIA)
JIOTHYECKHUI BBIBOJIOM.
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[TpaBuiia TOIDKHBI ONPEIENSATh YCIOBHs Havdasia/KoHIa
pabotsr PJIC B criennanbHBIX pexXuMax, yCIOBHUS pacrpe-
JIEJIEHUsI pECYPCOB Mex Ay mTarHeiMu 3anadamu PJIC.

B kauecTBe BXOIHBIX MapaMeTPOB ONPEAEIUM CIEIY-
IOIME TTOKA3aTeH: TapaMeTphl U COCTOSIHNE PEIICHHS
tekymux 3anad PJIC, mo3Bomsionie OneHUTh KoIHude-
CTBO BPEMEHHOTO pecypca, KOTOpoe HEOOXOIMMO ISl UX
YCIIEUTHOTO BBITIONHEHUS Ha OMDKaHIINit OTPEe30K BpeMe-
HU; OIIEHKa ¥ MPOTHO3 Ha OMMKaHIINA OTPE30K BPEMEHH
TEKyIIeH CUTyallud B OKOJIO3EMHOM KOCMHMYECKOM IPO-
cTpancTBe (mporHo3 komuuectBa KO B cexTope aencTBUs
PJIC); xoMaH/ b1 U 1I€TIeyKa3aHUSI OT KOMaHJIHOTO IMyHKTa
qutst padotel PJIC B crienansaom pesknme (BOKO, paan-
OIOPTPETUPOBAHKE H JIP.).

Takum 0Opa3om, peleHne 3a1a41 YIpaBIeHNs BpeMeH-
HBIM pecypcoM PJIC MoxeT OBITh MOIYyYEHO C HCIONb30-
BaHMEM TEOPHH HEUETKHX MHOXKECTB. J[0JIs1 BpeMEHHOTO
pecypca, OTBOIMMAs HA peliaeMylo 3a1ady, OyJaeT orpe-
JIeTIeHa C y9eTOM TeKYyIIUX HPHOPUTETOB, N3MEHSIEMBIX B
COOTBETCTBUHM C YCTaHOBJICHHBIMU IpaBuiaMu. Oxugaercs,
YTO JaHHBIA MOJAXOJ MO3BOJIMUT y4YECTh AMHAMHUYECKHE
M3MEHEHHS KOCMUYECKON 00CTaHOBKH, U MUHUMU3HUPOBATH
HETaTHBHBIE TTOCIIEICTBHUS HEXBAaTKH BPEMEHHOTO pecypca.

B omiuumnm OT CcymecTBYIOMMX aIrOPUTMOB, B KOTO-
PBIX pacrpeneieHe BpeMEHHOIO pecypca OCHOBAHO Ha
COCTaBJICHUU TAKTOBOI'O PACIMCAHUS 3a CUET CTaTUYECKU
ONPEENIEHHBIX IPUOPUTETOB, MPEIAraeMblil aIrOPUTM
TMIO3BOJISIET: ONTUMU3HPOBaTh padoTy PJIC Ha ocHOBe HabO-
pa KpuTepHueB OleHKH 3P (PEKTUBHOCTH €€ pabOThI B IIETIOM;
npuHUMarth pemenne o padore PJIC no crienuaibHbIM 3a-
JlavyaM; pacCMOTPETh BIMSHHE MPEATIOKEHHOTO alITOpUTMa
Ha T0Ka3aTeld 0TKa30yCTOWYMBOCTH, BOCCTAHOBICHHE
paboTtocrnocobHOCTH cucTeMsl [13, 14].

3akiaouenue

[IpemnoxeH alropuT™ ynpasieHHs BDEMEHHBIM pecyp-
COM paJIOJIOKAIOHHOM CTaHIMH, KOTOPBII pelaeT 3aaqy
pacnpeniesieHnst BpEMEHHOTO pecypca paaroI0KallnOHHON
CTaHIMU MEXAY TEeKyIIUMH 3ajadaMu. PaccMOTpEeHHBIH
MOJXO0Jl OCHOBAH Ha HCIIOJIb30BAHUN TEOPUHU HEUETKUX
MHOKeCTB. CyTh alrOpuTMa 3aKJII0YACTCS B IPUHITHU
pelIeHus 0 BBIIEICHIN BPEMEHHOTO pecypca Juisi Hanbosee
MIPUOPUTETHBIX TEKYIIUX 3a7a4.
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AHHOTaNMS

BBenenue. PaccmoTpena meToamka pacueTa OMOMEXaHUYECKUX XapaKTEPUCTHK TOJICHOCTOIHOTO CyCTaBa: KeCTKOCTH
CyCTaBa 1 MOMEHTOB MHEPLHUH CTOIMBL. B OCHOBY HMCCIIeIOBaHUI TTOIOKEHBI SKCIIEPUMEHTAIbHBIC JAHHBIC CTUOAHUS-
pa3rubaHusA-poOTAIIUU TOJIEHOCTOHOTO CyCTaBa M PEaKLUH CTOMBI IPH XOIb0e, MOIyYeHHBIE B T1a00paTopuu
KHHE3UOJIOTUH 1 OroMexaHuku Tapryckoro yHuBepcutera Dctonun. Metoa. [Ipu pacdere MOMEHTOB MHEPIIUH CTOIIBI
MPUMEHEH 3aKOH COXPAaHEHUsI KWHETUYECKOTO MOMEHTA C UCIIOIb30BAHUEM JIAHHBIX O PEAKIUK CTOIBI U MOCIIeAyIomen
OIIEHKH HUMITYJIbCA PEAKTUBHON CHIIBL. J{JI OLIEHKH KECTKOCTH TOJICHOCTOITHOTO CyCTaBa MCIOJb30BaHbI JaHHBIE
JKcIeprMenTa B (hase repeHoca crorbl. OCHOBHBIE pe3yabTaThl. Ha 0CHOBaHUM SKCIIEPUMEHTANBHBIX JIAHHBIX PEAKIIAI
CTYITHH U IaHHBIX MapKEPOB 110 YIJIOBBIM IEPEMELEHUSAM PACCUUTAHBI MOMEHTBI MHEPLIMU CTOIBI OTHOCUTENIBHO ABYX
oceif TOIeHOCTOMHOTO cycTaBa. J{/is OL[EHKH JKECTKOCTH CyCTaBa HCIOIB30BaHbI IaHHbBIE dKCIIEPUMEHTA B (hase repeHoca
CTOIIBI C TMOCTEAYIONIMM MOJICIMPOBAHNEM €€ JBIKEHHUS B 3Toi (haze. OOcy:kaeHHe. Pe3ynpraTsl uccienoBanus
MOTYT TIOMOYb B pazpaboTke poOOTOB ¢ HIKHHUMH KOHEYHOCTAMHU. Kpome Toro, THHEHKY JaHHBIX 10 KECTKOCTIM
TOJICHOCTOITHOTO CyCTaBa MOYKHO HICIIOJIB30BaTh B KAYECTBE OCHOBBI IIPH Pa3pabOTKe MPOTOKOIOB PeaOMITUTAIINN CyCTaBa
JUIS1 KOHKPETHOTO Mal[ueHTa.

KiioueBnble c10Ba
TOJICHOCTOIIHBII CyCTaB, crubaHue/pasrudanne, poTanus, IepelaToqHbIe OTHOIICHHSI, MOMEHT HHEPIIHH, KECTKOCTh
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Quantification and modeling of ankle biomechanical characteristics
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Abstract

Calculation method for ankle joint biomechanical characteristics is developed: gear relation, ankle joint rigidity, foot
inertia moment. The basis of research is the experimental data on flexion-extension-rotation movement of ankle joint
and foot walking reaction obtained in the laboratory of kinesiology and biomechanics of the Tartu University, Estonia.
Conservation principles of angular momentum were used for foot inertia moments calculation. Angular momentum was
calculated according to foot reaction and further estimation of reactive force impulse data. The free transfer dynamics
method (FTD-method) was suggested that allowed assessing ankle joint rigidity. Ankle joint gear relation has been
calculated for the first time. Foot inertia moments in reference to two ankle joint axes have been calculated on the basis of
foot reaction experimental data and angular movement markers data. Experimental data in the phases of foot transfer with
further foot movement modeling in this phases have been used in order to assess ankle joint rigidity. Practical relevance
of this research is defined by the perspective of further researches and experiments, for example, with the usage of inertial
sensors for personalized walk data assessment for patients with remote condition monitoring and information transfer to
rehabilitation centers. The given assessments of angle joint rigidity are useful for biomechatronic systems engineering.
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ankle joint, flexion/extension, rotation, gear relation, inertia moment, stiffness
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BBenenue

HccnenoBanne OHOMEXaHUKHU CTOIIBI U TOJICHOCTOITHOTO
cycrasa (I'CC) BaxxHO Ju1st HOHUMaHMs! (DYHKIIMOHUPOBAHUS
HIDKHEW KOHEYHOCTH. B HacTosmet paboTe BBITOTHEH
rocnenoBareNbHbIN aHamu3 kuHematuku ['CC mpu xoas0e
o AWHAMOMeTpudeckoi mardopme. CHHTE3 CHIIOBBIX U
KHHEMAaTHIECKUX JTaHHBIX JJaJl OCHOBAHNE PAa3BUTHIO IO~
XOJIOB OTIPE/ICTICHNST MOMEHTOB WHEPIIUH CTYITHH, a TaKKe
s)ectroctr I'CC, kak KOMOMHUPOBAHHOTO COMPOTHBIICHHSI
MBI, KOCTeH 1 CBs130K. [Togo0HbIe HcciieqoBaHus CIo-
COOCTBYIOT OOHOBJICHHUIO SKCIIEPUMEHTAIBHBIX TaHHBIX U
Pa3BUTHIO TCOPETHUCCKON 0a3bl CHHTE3a OMOMEXaTpOH-
HBIX U POOOTOTEXHUYECCKHUX cUcTeM. [lomyueHHas Oa3a
oJie3Ha JUIsl CTeUaTuCTOB MEAUIIMHCKUX U CIIOPTUBHBIX
o0JacTell — Mpu CO3IaHUM MTPOTOKOJIOB peaOMITHTAINH, a
TaKXKe MMPH IUTAHUPOBAHHUHU JOCTIKAMBIX TpaBMoOe3ormac-
HBIX Noka3zaresnel [1-6], B ToM yuciie CKopocTel, yCuiuii,
JeCTBUI Yy NAMEHTOB U COPTCMEHOB. HayuHblil non-
XOJ[ TIO3BOJIMJT YCTAHOBUTH CBSI3M MEKIy KHHEMaTH4e-
CKHMH TIapaMeTPaMH OTIOPHO-ABUTATEIILHON CHCTEMBI 1
€€ BOBMOKHOCTSIMU KaK JUHAMHUYECKOH cuctemsbr [7—10].
Oco0oe BHUMaHMeE yieneHo uccienopanuto potammii ['CC.
JlaHHOMY BOIPOCY MOCBSAIICHBI paboThI [1, 2, 5], rme po-
Talus TapaHHOM W MATOYHOM KOCTEW MpeacTaBiIeHA Kak
npeoOpa3oBaHUE KPYTAIIETO MOMCHTA HIKHEH KOHCUHO-

ctr. Mcronp30Banue anmapaTHo-KOMITBIOTEPHBIX CPEJICTB
00paboTku nHopMaruu [11-14] mo3BonmIO EpEeHTH K
CHHTE3Y JTaHHBIX KHHEMATUKH 1 JTHHAMUKH C IIEJIbIO Oy~
YEHHS PACYCTHBIX (PH3UKO-MEXaHHIECKUX XapaKTEPUCTHK
I'CC u ompenenuts HampaBieHHE pabOT MO CO3IaHUIO
COOTBETCTBYIOIINX OMOMEXaTPOHHBIX cucTeM. Llens pado-
Thl — pa3BUTHE METOJIMKHU OMpEICICHHs OMOMEXaHnYe-
ckux xapakrepuctuk I'CC.

Kunemaruka rojieHoCTOIHOIO cycraBa

Jlnist nccneioBaHus MCIONB3yeM KCTIEPUMEHTAIBHBIC
JTAaHHBIE 110 MOAOIIBEHHO-THIIBHOMY Pa3rHOaHHIO-Crubda-
uuto (AnkleDorsiPlantarflex) u yrmoBoi#l poTanuu CTOIBI
(FootProgressionAngle) o6enx Hor: jieBoil u npasoid. Ha
puc. | n3o0pakeHa IUKJIOrpaMMa Iara.

Cucrema KOOpJUHAT MPEJICTABICHA B CATUTTAIBHOM
TUTOCKOCTH JIByMSI OPTOTOHAJIBHBIMHU OCSIMH, OJIHa U3 KOTO-
PBIX JKECTKO CBfA3aHA ¢ 0Cchio rojgeHu. OtMerum, uro 60 %
kI mara (puc. 1) 0003HavaroT TOIBKO MMOCIIE0BaTEIb-
HocTh KoH(urypauuit ['CC B ¢a3e KOHTaKTa ¢ ONOPHOH
MOBEPXHOCTHIO. [Ipy MATOUHOM KOHTaKTe HAOIIOJAeTCS
MOJIOMIBEHHOE pa3rubaHue — yrou \, Ipu HOCOUHOM
KOHTAaKT€ — TBIJIbHOE CTHOAHNE C OTCUETHBIM YTIIOM 5.
TpeTbst KOH(PUTypaIUs BIUCHIBACTCS B OPTOrOHAIBHBIE
OCH MPUHSITON CHCTEMbI KOOPANHAT — IIOJHOE OIMPAHUE
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KonuyecTtBeHHada oueHKa 1 MOAEeNMpOBaHne BrIoMexaHMYeCKNX XapakKTepUCTUK roneHoCTONHOro cyctasa

7 i
ol |

F
Qu Ay )_L 2

Doy,

40 % Q|

100 %

Puc. 1. uxnorpamma mmara: nonssii muki mara (100 %); moau nuknos mara mpu koHTakTe (60 %) n npu nepenoce cromsl (40 %).

| — TIATOYHBIN KOHTAKT; 2 — IOJIHOE OIMPAHKE CTOIBI; 3 — TOYKAa B MOMEHT II€pexo/ia Ha HOCOUHYIO ONopy; 4 — TOYKa HPEIeIbHOTO
HOCOYHOTO KOHTaKTa; 5 — TOYKa B MOMEHT Iepexo/ia B (ha3y mepeHoca cTorbl; 6, 7 — TOYKH B (pase nmepeHoca; § — TOo4Ka MSITOYHOTO
KOHTAaKTa B MOMEHT 3aBepiieHus (asel nepenoca; Q, ¥ — xonebaresibHble BHKEHUS B TOYKE O

Fig. 1. Step cyclogram: full step cycle (100 %); proportion of step cycles during contact (60 %) and during foot swing (40 %).

1 — heel contact; 2 — full support of the foot; 3 — point at the moment of transition to the toe support; 4 — point of extreme toe contact;
5 — point at the moment of transition to the swing phase of the foot; 6, 7— points in the transfer phase; § — point of heel contact at the end
of the swing phase; Q, ¥ — oscillatory movements at point 6

crombl. B nensix yno6cTBa 00pa3HOro npescTaBiIeH st dTH
KOH(HT'YpaIMy Ha PUCYHKE MPOCTPAHCTBEHHO PAa3HECEHBI.
[Tpu onope Ha WATKY BO3HMKAET BpAIAIOIIUIl MOMEHT B
CaruTTaJbHON INIOCKOCTH M COIyTCTBYIOIIMH Bpaliaro-
[T MOMEHT B OTIOPHOH IJIOCKOCTH. BBemem o6o3Hade-
HUSl COOTBETCTBYIOIINX YTJIOBBIX CKOpOCTei: Qf, Q,,
pan/c. IlepBbie HHAEKCHI COOTHOCATCSA C IIIOCKOCTSAMH,
BTOpBIE — ¢ 0003HaUeHUsAMH ToueK. [Ipu omope Ha HOCOK
TaKKe€ BO3HUKAIOT Bpalllalolliie MOMEHThl. B onopHoit
MIJIOCKOCTH MOMEHTY COOTBETCTBYET yTJIOBasi CKOPOCTh
Q,4, a B caruTTanabHoM muockoct — Q4. Paza nepeHoca
CTOIbI 0003HAYCHA YCIOBHOM JIyroi ¢ Toukamu 3, 6, 7, 8.
B atoii (pa3e cTymHs coBepIIacT KOJIeOATEIbHBIC IBUKE-
Hust: () — OTHOCHUTENBHO OCH, CBSI3aHHOM C TOJICHBIO U
Y(f) — B caruTTaJIbHOM INIOCKOCTH.

OTpe30k NpsIMOH ¢ TPaHUYHBIMU TOUKaMU 3, 8 oIpe-
JIeTsIeT JUIMHY mara. B paboTe ncronb30BaHbl CHHXPOHH-
3MPOBaHHBIE SKCIEPUMEHTAIBHBIC JAHHBIE CUCTEMBI JUIS
3axBara JABMWKCHHUH 110 MCCIIEOBAHUIO KHHEMATHKN XOABOBI
1 TUHAMOMETPHUYECKON CHCTEMBI.

Ha puc. 2 npencrasieHbl rpad)dKy YIJIOBBIX CTHOAHUI
(TBUIBHOTO U TIOJJONIBEHHOTO — CTOIIBI JUIs JIEBOW HOTH B
CaruTTaJbHOM TNIOCKOCTH ¥ POTAIIMOHHBIX MOBOPOTOB B
MIJIOCKOCTH OMOPHI OAHOTO U3 YYaCTHUKOB IKCHEPUMEH-
TajgbpHOTrO npoekra: m = 70 kr, » = 0,2 M (Macca UCIBITY-
€MOT0 1 pa3mMep ero crynHu). Touku / u 7 (puc. 2) coot-
BETCTBYIOT MOMEHTAM IOJIOLIBEHHOTO CTHOAHUS CTOIIBI 110
aHaJoruu ¢ puc. 1.

b————

0 20 40 60 80 100
Hukn, %

Puc. 2. Tpaduku THUIBHOTO M TTOJIOIIBEHHOTO YIJIOBBIX
cruOaHuit CTOMBI (CTUTIOIIHAS JIMHUS ) [T JICBOH HOTH
B CarUTTAJBHOM IMIOCKOCTH M POTALMOHHBIX TIOBOPOTOB
B TUTOCKOCTH ONOPBI (ITyHKTHPHAS JINHHSA)
Fig. 2. Ankle Dorsi-Plantarflexion: graphs of dorsiflexion and
plantar flexion of the foot (solid line) for the left leg in the sagittal
plane and rotational turns in the plane of support (dashed line)

B Tabmn. | mpencTaBieHs! 3HAYCHUS N3MEPEHHBIX BEITH-
4yiH. BenmnunHa ¢ T03BOMISIET OT MEpPhI LIMKJIA OCH a0CIIHCC
Mepexo/IuTh K Mepe BpeMeHu. Tak, Hanpumep, JJis JIEBOU
HOTH JIONIe IIUKJIA II1ara COOTBETCTBYET BEIUYMHA, PaBHAs
otHomenuro ¢ = 0,49/100. A s npaBoit HOTM — OTHO-
mwenuto ¢, = 0,44/100.

Vcnonp3yeMm A71st pacueToB OLIEHKH YITIOBBIX CKOPOCTEH
Q14 1 Q5. JIuHeapu3upyeM BeTBU KPUBBIX Ha (h)parMeHTax
mukia 40-60 % c ucnonp3zoBaHueM Mep 4 1 ¢,.. Toraa nomy-

Tabnuya 1. icxomaHbie JaHHBIC
Table 1. Initial date

M3mepeHHbIe BETMIUHbI
Hora
JlnmuHa cTOTEI 7', M CKOpOCTh JABMKEHUS HCIBITYEMOTO V, M/C Jnmna mara S, M Bpewms nukna mara ¢, ¢
JleBas 0,2 1,38 0,68 0,49
[paBas 0,2 1,45 0,65 0,44
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Tabauya 2. PacueTHble 3HAYEHHS YIIIOBBIX CKOPOCTEH U 4aCcTOT COOCTBEHHBIX KOJIeOaHH

Table 2. Calculated values of angular velocities and frequencies natural

PaccunTaHHbIE BEINYHHBI
Hora
Qg ¢! Qyy, ¢! /4 k,c! p,c!
JleBas 4,11 2,41 1,67 15,57 40,80
Ipasas 3,30 4,52 0,73 36,22 32,61

Puc. 3. BeckonrakTHast koyiebarenbHast (haza CTOIBI: THUIEHOTO
1 TTOJIOLIBEHHOT'0 YIIOBbIe CTUOAHMS CTOMBI (CIIJIOIIHAS JIMHUS )
JUISL IEBOM HOTH B CaTUTTANIbHOM TIIOCKOCTH 1 POTAIMOHHBIX
MOBOPOTOB B INIOCKOCTH OMOPHI (ITyHKTUPHAS JTHHUS)

Fig. 3. Non-contact oscillatory phase of the foot: dorsiflexion
and plantar flexion of the foot (solid line) for the left leg in
the sagittal plane and rotational turns in the plane of support
(dashed line)

YHMM IPH pacyeTe TAHTCHCOB YIJIOB HAKJIOHA MPSIMBIX — HC-
KOMBIE YIJIOBBIE CKOPOCTH. 3HAUYCHHS YIIOBBIX CKOPOCTEH
1 MepelaTOuHbIX OTHOIIEHNH W = Q,/Q,,4, IpeCTaBICHbI
B Tabm. 2.

@aza nepenoca cromsl 60—-100 % c yaeTom Mepsl Bpe-
MEHHU COOTBETCTBYeT 3HadeHusM oT 0 mo 0,176 c, mpen-
CTaBJICHHBIM Ha OTcYeTax ocu adciuce (puc. 3) uist IeBOi
Horu. BujHO, 4TO cTOma coBepmiaeT cBOOOIHBIE Koleha-
TCIBHBIC ABUXKXCHUSA C HaCTOTAMMU: k B CaruTTaJbHOM IIJI0-
CKOCTH; p B IINIOCKOCTH OIIOPbI, BEIYUCJICHHBIC 3HAYCHUA
KOTODBIX ITPUBEJICHBI B Ta0I. 2.

Ill/IHaMI/IKa TOJICHOCTOITHOI'0 CyCTaBa

PaccMoTpuM SKCIIEpUMEHTAIIBHBIE JTaHHBIE O COCTaB-
JIAIOUIMX OTMOPHBIX CHJI PEaKLMU: BEPTUKANbHON F| B ca-

a

120 . . . . .

80 1
X
<9

40 + |

O i " n n 1 "
0 20 29(0,0c) 40 58 (0,139 ¢)
Hukn, %

rutTanbHol miockoctu (VerticalForce) u F, B onopHOit
iockoctu (MedialLateralForce). Ha puc. 4 nmokazansl
3aKOHOMEPHOCTH U3MEHEHHs OMOPHBIX peakiuii B dasze
KOHTAKTa CTOIBI C OMOPHOI MOBEPXHOCTHIO JIJIS JIEBOH
HorH Jfois nukia mara 60 %.

LlenecoobpaszHoO MPOU3BOANTH COIOCTABUTENHHBIN aHa-
nu3 puc. 2 u puc. 4. OcTaHOBUMCS Ha aHaJIU3€ 4yacTel
rpaduxoB puc. 4 Ha nHTEpBaNe 29-58 % 1uKIa, 4TO COOT-
BETCTBYET MpoMexxyTKy BpemeHu 0-0,139 c. Dtu nnTep-
BaJbl 0003HAYCHBI METKaMH Ha OCH adcice VMmymbebt
paccMaTpuBaeMbIX CHJI B JaHHOM MHTEPBajIe KOHEUHBI.
BBeziem 0003HaueHNE UMITYJIBCOB B BHJIE:

0,139
0= [ Fdt
0

OTtMeTnM, 9TO Ha rpadukax puc. 2 BUIHO, 4TO HA STOM
K€ MHTEpBaJIe MPOUCXOUT HM3MEHEHHE YIIIOBBIX CKOPOCTEH
crubanus/pa3sru0aHus CTyITHU 110 BETUYHHE W HaIllpaB-
nenuto. Takum oOpa3om, HabIOHaeMoe sSBIEHUE, KaK C
TOYKH 3PEHUS TUHAMUKH, TaK ¥ KHHEMAaTHUKH OTHOCHT-
cs X ymapHomy siBienmio [15, 16]. Ha paccmarpuBaemom
MIPOMEXKYTKE BPEMEHH yAap COBEPILACTCS HOCKOM CTYII-
HU, BCJICACTBUEC YE€TO CBA3b CTYITHU C OHOpHOfI IMOBEPXHO-
CTHI0O MTHOBEHHO Pa3pyIIaeTcsi, a cama CTYIHS K TOMY JKe
MOJTY4aeT Mapy yIJIOBBIX CKOPOCTEH: YITIOBYIO CKOPOCTb
Q,4 BpallleHNs] BOKPYT OCH TOJCHHU B TOYKE 5 U YIJIOBYIO
CKOpOCTh BpameHust ;4 B pase ThIbHOTO CrudaHus B
CaruTTabHOU TUIOCKOCTH (puc. 1). B manpHeiimem Oymem
UCIIOJIb30BATh TOJBKO IEPBbIC HHICKCHI B 0003HAYCHHSX
paccMaTpUBaEMBbIX YITIOBBIX CKOPOCTEH.

B Tabmn. 3 npuBeieHb! BEIMHUCIICHHBIE 3HAUEHHUS NMITYIIb-
0,139 0,139

coB MoMeHTOB Q1 u Qy: Q1= [ Fidin Q,= [ Fadt
0 0

s uaTepBana 0-0,139 c.

b
41 ]
o |
<8
41 l
0 20 29(0,0c) 40 58 (0:139 c)
wuxi, %

Puc. 4. Cunbl peaknuu CTOIBI K Macce Tea UCIIBITYeMOro: /| — BepTHKaibHas cuna (a); [, — monepednast cuna (b)
Fig. 4. Ground Reaction Force: /| — Vertical Force; F, — Med-Lateral Force

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2024, Tom 24, N2 3
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2024, vol. 24, no 3

523



KonuyecTtBeHHada oueHKa 1 MOAEeNMpOBaHne BrIoMexaHMYeCKNX XapakKTepUCTUK roneHoCTONHOro cyctasa

Tab6ruya 3. 3HaYCHUS] UMITYJIBCOB CHJI U KHHETHYCCKHX MOMEHTOB

Table 3. Values of forces impulses and moments kinetic

I/IMHyJ'H;CLI MOMCHTOB

Kunetnueckrne MOMEHTBI

Hora
O, He 0,,Hc Ky, dlx-c Ky, Ix-c
JleBas 68,66 2,31 13,73 0,46
[IpaBas 70,00 3,84 15,61 0,77

B pe3synbrare pacueToB OblIa yuTe€Ha Macca UCIIBITye-
MOT0, IPU 9TOM MaciiTad ocu OpAMHAT ObLT yBEIUYEH B 7
pa3 ¢ y4eToM HOPMHUPOBAHUA JAHHBIX JUHAMOMETPHIECKON
raropmsl. [lepecuer moneit mukia ocu adcuuce B 0Tpes-
KU BPEMEHU OCYLIECTBIICH HA OCHOBAHUU BBIYUCIICHHBIX
paHee OTHOLIEHUH £, U f,.. OnpenenumM BeIMYMHY MOMEHTOB
OTHOCHTEIIFHO 0003HAYEHHBIX OCeil MMITYIILCOB CHIT (KHUHE-
THYECKUX MOMEHTOB): K| = O r; K, = Q,r. OT™MeTHM, UTO
TIpuBeICHHBIE B Ta0M. 3 3HadeHus K| 1 K, COOTBETCTBYIOT
MOMEHTY TIepexo/ia CTOIIBI B (ha3y mepeHoca mo ayre 4—6—8
(puc. 1). C npyroii CTOpOHSHI,

Ky =51Qy, Ky =/,

rae J; u J, — MOMEHTBI HHEPIIMU CTOIBI OTHOCHTEIHHO
0003HaYCHHBIX OCEH, a CTOIIA BEICTYIIAET B POJIN (hU3HIE-
CKOTO MasiTHHKA TPU CBOOOTHOM KoJIeOaTeThHOM IBIIKE-
HUU C YaCTOTaMH p U k.

B cooTBeTCcTBHM C 3aKOHAMHM KOJIE€0ATEIBHBIX CHCTEM
BBIYUCJIIUM KECTKOCTH:

Cl = lez, C2 = Jzkz.

3HaueHNST MOMEHTOB HHepIwH 1 skecTrocTeit ['CC mpu-
BEIEHEI B Ta0I. 4.

OO0cy:xkneHue pe3yJbTaTOB

Ha npumepe sKcriepuMeHTaNIBHBIX JAHHBIX OTHOTO M3
22-X UCIBITYeMBIX ObIIa pa3BUTa METO/IMKA pacuyera Ono-
mexannueckux xapakrepuctuk I'CC. OctaHoBUMCS Ha
0COOCHHOCTSIX MPEJIOKEHHOTO TTOIXO/1.

[Tpu ommcaHny KPUBBIX OTIOPHBIX PEAKIIMIA HCTIONb3yeM
MOJIMHOMBI 4-0# crenenu F(x; a, b). OTAENTbHO BBIICIHM
napameTpsl a, b Ipyu KBaApaTUUHOM U JIMHEHHOM UJIEHAX.
CHUMMETPUYHOCTD WJIM HECUMMETPUYHOCTh IKCTPEMallb-
HBIX (KPUTHUYECKUX) 3HAYEHUI MOTHOCTHIO ONpEAeseTCs
(ympasmnsieTcst) BennunHoM koaddunuenra b. Ha puc. 5
MIPECTABICHBI TPU JIBYTOPOBIX KPHUBBIX IPH PA3IUUIHBIX
3HAYCHUSIX Mapamerpa b.

CrutonHast IMHKS HA PUC. 5 COOTBETCTBYET 3HAYCHU-
SIM 9KCIIEPUMEHTAIbHBIX NaHHBIX. [IyHKTUpHAS TUHUSA
COOTBETCTBYET PaHHUM MOEISIM X0ab0bI [9] ¢ opueHTa-

e Ha CUMMETPUYHYIO IBYTOpOOBOCTh. TpeThsi KpuBas
(crutomHast) MOCTPOCHA B Ka4eCTBE MpUMEpa OJIU30CTH K
OZIHOTOpOOIt KPHBOM, KOT/Ia IPEIIOaraloTCs peiesIbHbIC
3HAUeHMs! yIpasisronero nmapamerpa 15,92< b <18,32. 3a
npeaesaMyd MHTepBaja HaOOIA0TCs JIeBasi WK TpaBast
omgHOropoocTh. OTMETHM, YTO UMEHHO B JJAHHOM TIpPEJIeTe
HaXOJISITCSI BELIIECTBEHHBIE KOPHH KYOHUECKOTO YpaBHEHHS,
OTIPEACIIAIONINE KPUTUIECKNE 3HAUCHNS (PyHKIINH:

F=-0,000287x* + 0,03124x3 — 1,176x2 + bx + 4,338.

KY6I/I"I€CKOC YpaBHCHHUE NOJTYUYUM MOCJIC ITPpUPABHUBA-
HUS HYJIIO HepBOﬁ HpOH3BOﬂHOﬁ 9TOT'0 YpaBHCHUS:

—0,001148x3 + 0,0942x2 — ax + b= 0.

MatemaTuyeckuil anmnapaTr Teopuu karactpod [17]
JaeT KJIFOYM K M3YUYCHUIO 3aBHCUMOCTHU Ka4eCTBCHHBIX
W3MCHCHUH B MOBEJICHUU UCCIICAYEMbIX MOJIUHOMOB OT
YOPaBJISIONINX TapaMETPOB.

Ha puc. 6 npuBeeHBl KPUTHYSCKHUE TOUYKH (DYHKITUH
F. CrimourHast TMHUSL COOTBETCTBYET 3HAUCHHSM TTapame-

110 ‘ )

Fl’%

20 40 60
x, %

Puc. 5. Mozaenu BepTHKaJIbHBIX peakuuit

Fig. 5. Models of vertical forces

Tabnuya 4. 3HaueHNUss MOMEHTOB MHEPLUH U KECTKOCTEH

Table 4. Values of inertia and stiffness

MoMeHTbI nHepIuu KecrkocTu
Hora
Jp, Kr M2 Jy, KP*M2 C,, Hu/pan C,, Hw/pan
JleBas 3,33 0,16 5543,11 1121,52
[paBas 4,72 0,16 176,45 220,41
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Puc. 6. Kputnaeckue Touku GpyHKIuu F

Fig. 6. Critical points of function F’

TPOB @, b, TOTy4EHHBIM MTPU 00PaOOTKE IKCTIEPUMEHTANb-
HbBIX JIaHHBIX.

Buano, uto rpadyk ¢ MyHKTUPHBIMH JIMHUSMH OIIpe-
JISISIET IPyTUe IPaHMIIBI BEIIECTBEHHOCTH M1apaMeTpoB b.
B To e Bpems mpaBasi JIMHUS IIOJTHOCTBIO OINpeEeisieT
KOMIIJICKCHBIC 3HAUYCHHUST KOPHEH.

[IpuBeeM HEKOTOpBIE 3HAYCHUS BEIIECTBEHHBIX KOP-
Heli (Tabm. 5).

B kauecTBe 0HOTO M3 CIEACTBHI MOIX0Aa 00paTUM
BHHMaHNE Ha CyMMY BEIIECTBEHHBIX KOPHEH — 3TO BCerna
HEKMI MHBApUAHT I KaX10T0 U3 3HAUEHUH rapamerpa a
B IIpeJiesiax U3MEHEHUs mapamerpa b.

ITonmyuennsie onenku sxectkocté I'CC oTmugaoTcs oT
OLICHOK, ITPE/ICTABICHHBIX B padorax [18-22]. Dro cBsizaHo
C YYBCTBHUTEJIBHOCTHIO OLIEHOK JKECTKOCTU K YCIOBUSIM
9KCIIEPUMEHTA, KaK TEXHOJIOTUUECKUM, TaK U (H3HOJIOTU-
yeckuM. OTIMYUTENEHOH 0COOCHHOCTBIO MPETIOKEHHOTO
MOJX0/a SIBJISIETCS OLIEHKA YKECTKOCTH B (pa3e mepeHoca
Horu. M, kak BUAHO U3 Tabil. 4, OIEHKH KECTKOCTH HaXO0-
nsTest B ipeaene 176,45-220,41 Hv/pan.

B Tabn. 6 mpuBeneH psx oueHok xectkocteir ['CC B
CaruTTAIbHON MIIOCKOCTH, HOMYYEHHBIX C HCTIOIb30BAaHNEM
TEeXHUYECKHX pereHni Ha ocHoBe Anklebot-cuctem.

IToka3aTenbHa CylIeCTBEHHAs pa3sHUIA B OLIEHKAX
JKECTKOCTEI, MOTy4eHHBIX MeTo/IaMu Ha ocHoBe Anklebot-
CUCTEM, U METOJIOM JMHAMHKH CBOOOJHOTO IepeHoca.
Hacrosiiee nccnenoBanme nokasano, 4To «y>KeCTOUCHHE»
I'CC nns pa3HBIX HOT Ha MOPAAOK HE SIBJISETCS HETOCTU-
YKMMBIM PE3YJIbTaTOM, TaK KaK KaK BO BPeMsl XObObI JIIO/IN
MOT'YT PETYJINPOBaTh )KECTKOCTh B CYCTaBax HOT, T. €. BKIIIO-
4aTh (PU3U0IOTHUECKOE (MO3rOBOE) YIPABICHHE KECTKO-
cthto ['CC. MOHO JjaTh peKOMEHJAIMI0 OPUEHTUPOBATb-
Csl Ha 3TH OICHKH NPHU NMPOCKTHPOBAHUH KIMHUYECKUX
WHCTPpYMEHTOB m3Mepenus xectkocteit [[CC. Cnenyer

Tabnuya 5. 3Ha4eHUs BEIIECTBEHHBIX KOPHEH

Table 5. Values of real roots

KopHuu BBIOOpOUHBIX ITapaMeTpoB b
HOMepf‘ JUIsl BELIECTBEHHBIX KOPHEH (a; b)
KOpHei
235:16,5 | —2,35:17,00 | —2,35; 18,00

1 39,122 40,697 42,754

2 31,133 28,664 24,057

3 11,800 12,694 15,244

> 82,055 82,055 82,055

Tabnuya 6. Psi1 OLICHOK YKECTKOCTEH TOJICHOCTOITHOTO CycTaBa

Table 6. Quantification of ankle stiffness

Kecrkocts, Hv/pan Ccbuika Ha 1y0IMKaLuio
5-26 [12]
99-220 [19]
9-34 [20]
55-67 [21]
26-64 (22]
176220 Hacrosiast pabora

OTMETHTb, UTO MPHU pacCUeTe KECTKOCTEH MBI MOCIEI0BA-
TEIBHO MCIIOJIb30BAJIM COOTHOIIEHUSI MEXKTY KPYTOBBIMH
M MUAKINYECKUMHU YaCTOTAMHU.

[lepcriekTHBEI OYAYUIUX HUCCICIOBAaHUMN, HATIPUMED,
ONPENIEIISIIOTCS MPUMEHEHUEM MHEPIHAIbHBIX CEHCOPOB
JUTSL TIEPCOHU(DUITMPOBAHHON OIICHKU NaHHBIX XOIbOBI B
JIOMAIITHUX YCIIOBUAX C Tiepenadcii mHdopmanmy B peadu-
JIMTAUMOHHBIN LeHTp [23, 24].

3akJ/ioueHnne

Pa3paborana mMeTonuka pacuera OMOMEXaHUYECKUX
XapaKTEepPUCTUK FOJIEHOCTONHOrO cycTaBa. Paccuuransl
BEJIMUMHBI NEePEeAaTOYHbIX OTHOLIEHUH TOJI€HOCTOMHO-
rO CyCTaBa, 3HAYEHMsI KOTOPBIX JJIs JIEBOM U MPAaBOM HOT
paBubl 1,67 u 0,73. Ha ocHOBaHMM HKCHEPUMEHTAIIBHBIX
JTAHHBIX PEAKIUI CTYITHH U IAaHHBIX MAPKEPOB IO YIIIOBBIM
MEPEMEIIECHUSIM PACCIUTAHBI MOMEHTHI HHEPIUU CTOTIBI
OTHOCHUTEJILHO ABYX OCEH T'OJIEHOCTOIIHOIO cycrasa. s
OLIEHKHU JKECTKOCTH TOJICHOCTOITHOTO CYCTaBa MCIOJIb30-
BaHBI JJaHHBIC DKCIIEPUMEHTa B (a3e MepeHoca CTOMBI C
MOCTIEIYIOIINM MOJICTHPOBAHUEM JIBIKCHHS CTOIIBI B ATOM
(hase, kak KosedaTeIbHOTO mporecca GU3MICCKOr0 MasiTHU-
Ka. B cpeHeM jkecTKOCTh TOJI€HOCTOMHOTO CyCcTaBa B ca-
IMTTanbHOI m1ockocty pasHa 103 Hw/pan. [lpuBenennbie
OLICHKH OMOMEXaHMYECKUX XapaKTePUCTUKH 1 METOAMKA X
pacyeTa peKOMEHAYIOTCS JUIsl HCIOIb30BAaHUSI IPH MPOEK-
THPOBAHUN OMOMEXAaTPOHHBIX CHCTEM.
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TPEBOBAHUS K O®OPMJIEHUIO CTATEN

KypHan nybnumkyeT HayyHble 0630pbl, MOHOTEKCTOBbLIE CTaTbU
1 KpaTkme coobLeHus.

[MonHOTEKCTOBAs CTaTbsl LO/MKHA MMETb HYETKYIO CTPYKTYPY, BKJIIO-
yaloLLyto B ce0s1 aHHOTaLMIO, KJloYeBbIE CI0BA, BBEAEHWE, HECKOJbKO
cozepXaTebHbIX PasfesioB U 3ak/Il0HEHME.

B aHHOTauum, paccynMTaHHOM Ha caMbll LUMPOKNI KPYTr YuTaTenen,
Heobxoammo B o6beme 200-400 cnos B popme kpaTkoro pedepara
(Abstract) nsnoxmTb Hay4yHOE COAEpXaHue cTaTbu: MPeameT, Lenb
paboTbl, METon, AN MEeTOAOSorns npoBedeHuss paboTbl, KpaTkoe
onMcaHne aKCNepUMEHTa, NOMYYEHHbIE Pe3ynbTaTbl, PEKOMEHAALINN
Mo NX NPUMEHEHUIO.

KnioyeBble cnoBa [O/KHbI OTpaxaTb MHdOpMaumio, npencraB-
NIeHHy10 B cTatbe. OCHOBHOE KJIIOHEBOE CNOBO YKa3bIBAETCS MEPBbLIM.

Bo BBeaoeHUM HeobxoouMMO MpPencTaBuUTb COLEPXaATENbHY Mo-
CTaHOBKY paccMaTpMBaeMOro BOMpPOCa, MPOBECTU KPaTKUA aHa-
JNIN3 U3BECTHbIX N3 HAYYHOW NUTEPATYypPbl PELUEeHUI (CO CCbIIKaMu Ha
VCTOYHUKW), AaTb KPUTUKY UX HELOCTATKOB, MOKa3aTb HAYYHYIO HOBU3-
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pe3ynbTaThl 9KCMEPUMEHTANIbHbIX NCCNEA0BAHNA N MaTeMaTnyec-
KOro MOAENVPOBaHUS, UNIIOCTPUPYIOLLME COENAHHbIE YTBEPXOEHUS.
OCHOBHOI TEKCT CTaTbM OOKEH OblTb Pa3buT Ha coaepXaTesbHble
pasgensl (2-3 paszena).

B 3aknio4yeHnn HeobxoaMMO KpaTko cOOPMYIMPOBATL OCHOBHbLIE
pes3ynbTaTthbl, NPOKOMMEHTUPOBATb UX 1, €CAIYM BO3MOXHO, YKa3aTb Ha-
npaBfAeHns AaNbHENLLX NCCNE0BAHNI 1 061aCTUN MPUMEHEHUS.

MpucTaTeliHbii CNUCOK NUTepaTypbl (pekomenayeTcs): ana 06-
30pHON cTaTb — He MeHee 50, ons NOSIHOTEKCTOBOWM CTaTbW — He
MeHee 15, ons kpaTkoro coobLleHnss — He MeHee 8 nuTepaTypHbIX
MCTOYHUKOB.

CcblfikM Ha CTaHAAPTbI Y UHBbIE HOPMATUBHbIE LJOKYMEHTbI, @ TakXe
Ha HENEPCOHUPULIMPOBAHHbBIE MHTEPHET-PECYPChI B CMNCOK NnTepa-
Typbl HE BHOCATCS, @ 0POPMASIOTCS B BUAE CHOCOK.

O6bemM 0030pHOM CcTaTbW NpenBapuTeNbHO COrNacoBbLIBAETCSH
C pefakumen.
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