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AHHOTANMS

Ha npumepe cBHHIIOBO-(TOPHIHON HAHOCTEKIOKSPAMHUKH IPOBEICHO UCCIICOBAHNE U CPABHEHUE IBYX METOIOB H3MEPEHUS
TeMIeparypsl B auamnazone ot 317 no 423 K ¢ 1enpio OLEeHKH BOZMOKHOCTH MX MOCJIEAYIOIIEro MPAUMEHEHUS B TEMIIEpaTyp-
HBIX JaTynkax. VccrnenoBansl METOA H3MEPEHHS TEMIIEPATyPhI IO PETPECCHH Ha JIATEHTHBIE CTPYKTYPBI CIIEKTPOB alTKOHBEP-
CHOHHOH (ryopeclieHIMN B (h)HOJICTOBOMH, 3€I€HOH M KpacHOH MmojiocaXx M METOA M3MEPEHHUs! TeMIIepaTyphl IO OTHOIICHUIO
HMHTEHCUBHOCTEH J[BYX IOJIOC (IyOpECIEHINH B 3elIeHoH obnactu criekrpa. [loka3aHo, 4TO ONTHMAIbHEIM, C TOYKH 3PCHUS
TOYHOCTH W3MEPEHHs] TEMIEPATYPHI, SBISIETCS YETBIPEXMEPHOE MIPOCTPAHCTBO JIATEHTHBIX CTPYKTYP, IO3BOJISIOLIEE C TIOMO-
b0 00yuarolero Habopa crektpo ¢uyopecueniuu ¢ marom 10 K onpenensats Temmneparypy Boimie 340 K ¢ otHOCHTENB-
HO#t morpenHocTsio He 6onee 0,15%. MeTon u3MepeHust TemMIeparypbl o0 OTHOILICHUIO HHTEHCUBHOCTEH 1ByX mosioc duiyo-
PECLEHINHU B 3€JIEHOM 00aCTH CIIEKTpa YCTyMaeT 1Mo TOYHOCTH. CyIeCTBEeHHBIM IPEUMYIIIECTBOM BTOPOTO METO/IA SBIIAETCA
OTCYTCTBHE 3aBUCHMOCTH TOYHOCTH OT (IyKTyal[ii MOITHOCTH M3ITyYeHHs HaKa4yKd. J{JIs peanu3anuy IpeuMyIecTB MEpBO-
TO METO/Ia HeOOXOOMMO MPUMEHEHUE CTaOMIN3alNy YPOBHS HaKadykd. Pe3ynbrarsl paboThl MOTYT OBITH MCIIONB30BAHEI MIPH
CO3aHHU TEMIIEPATYPHBIX ONTHYECKHX CEHCOPOB C JIYYIIMMH 3KCIUIyaTallHOHHBIMH XapakKTepUCTHKaMH (110 TOYHOCTH M
JIMana3oHy M3MEPEHHs) M0 CPAaBHEHHIO C CYIICCTBYIOIIMMH Ha CETOIHSLIHUN JCHb JaTYMKaMH, HCIONb3YIOMINMHU TeMIlepa-
TYpHOE IepepacipeieliecHie HHTEHCUBHOCTH JJFOMHHECIICHIIMH B OJIN3KO PACHOIOKEHHBIX MOJIOCAX WM H3MEHEHUE BPEMEHHU
3aTyXaHWsl JTIOMHHECLCHIUN.
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Abstract

The study and compare of two temperature measurement methods is performed for the case of a lead-fluoride nano-glass-
ceramics in the range from 317 to 423 K with a view to their application to temperature sensors. A method of temperature
measurement by means of violet, green and red upconversion fluorescence spectra regression on latent structures and a
method of temperature measurement by two fluorescence bands intensity ratio in green range are considered. It is shown that
a four-dimensional space of latent structures is an optimum one in terms of temperature measurement accuracy. It made
possible temperature determining with a relative error not larger than 0.15% at temperatures higher than 340 K by making
use of fluorescence spectra training set with the step of 10 K. The method using two green bands fluorescence intensity ratio
is inferior by the accuracy. Independence of pump power fluctuations is a significant advantage of the second method. To
take advantage of the first method a stabilization of the pump power is necessary. The results of the work can be taken into
account while developing optical temperature sensors with a better performance (in relation to accuracy and measurement
range) compared to existing ones which utilize temperature redistribution of fluorescence intensities in two closely-spaced
bands or temperature dependence of fluorescence lifetime.
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BBenenue

ATKOHBEepCcHOHHAs! (DIIyopecleHIns aKTHBATOPa, T.€. QIyOpeCeHIMs ¢ IJIMHON BOJIHBI, MEHBILICH JUTHHEI
BOJIHBI HAKa4KH, IPOJEMOHCTPUPOBAHA Ui OOJBIIMHCTBA PEOKO3EeMENbHBIX meMenToB [1]. MuTepec k sTomy
SIBJICHUIO 00YCIJIOBJICH BO3MOXXHOCTBIO €TI0 HCIIONb30BaHUs IS IPeoOpa3oBaHus YacTOTHl ONTHYECKOTO H3JTyde-
HUS B CONTHEYHBIX (oToameMenTax [2] u poroBonbrandeckux ycrpoiicteax [3], aucmiesx, cencopax [4] u apy-
THX YCTPOWCTBAaX, B MUKPOCKOIIMH OHONOTHYECKHX 00heKkTOB [5], a Takke st a3epHOit reHepaiuu [6, 7]. Ak-
TYaJIbHBIM SIBIISICTCSl UCCIICMOBAHUE (IIYOPECHCHIIMHA aKTHBATOPOB B PAa3IMYHBIX MaTephaiax, B TOM YHCIC B
HaHOCTPYKTypHupoBaHHBIX [8, 9]. [Ipu 3TOM OIHO# U3 BOZMOXKHOCTEH NPHUMEHEHHUS HOBBIX MaTEPHAIIOB SBIISACTCSI
UX HCIIOJIb30BaHKE B KAYECTBE aKTUBHOM Cpe/ibl JaTYMKOB TeMmepatypsl [4, 10, 11].

Cpenn MaTepuanoB JJisl ONTHYECKUX TATYMKOB TEMIICPATyphl CIEAYET, B MEPBYI0 OYEPelb, YIOMSHYTh
AKTUBHPOBAHHBIC HOHAMH EI WK APYrux penKo3eMeNbHBIX IeMEHTOB cpenbl [12, 13], KoTopbie SBISIOTCS LIH-
POKO MCHOJIB3YEMBIM M aKTHBHO HCCIICIYeMBIM KJIACCOM JIa3ePHO-ONTUYECKHUX CPel OJarofapsi BEICOKOMY KBaH-
TOBOMY BBIXOAY (IIyOpECIECHINH, MEXaHWYECKOW MPOYHOCTH U XOPOLISH TEINIONPOBOXHOCTH. [ NprMeHeHHUs
B BOJIOKOHHO-ONTHYECKHUX JATYHKAX HEOOXOAMUMBI MAaTepHAIIBI, JUII KOTOPBIX JIETKO OCYIISCTBISETCS BBITSKKA
ONTHYECKOTO BOJIOKHA. TakMMH cpelaMu SIBIAIOTCSA CTEKIAa M HaHOCTEKJIOKEPaMHUKH, MpecTaBisiomue coboi
CTEKIITHHYIO MaTpHLy, B 00beMe KOTOPOil MMEIOTCS HaHOKPUCTA/UIBl. AKTHBHPOBAHHBIE HAHOCTEKIOKEPAMHUKU
Onarojapsi HaJMYMIO HAHOKPHUCTAIMYECKOH (pa3pl MOTEHIMANbHO OONANAIOT XOPOIIMMH (IyopeCLeHTHBIMH
CBOIICTBaMH H, MOJOOHO CTEKJIAM, TO3BOJISIFOT OCYIIECTRIIATh BBITSXKKY OMTHIESCKOTO BOJOKHA.

B cBs3u ¢ 3TUM TPEACTABISET MHTEPEC HCCICAOBAHUE CIEKTPAIbHO-(PITyOPECIICHTHBIX CBOWCTB HAHO-
CTEKJIOKEPAMHK C IIEJIBI0 OLCHKH BO3MOKHOCTH MX TIOCICYIONIET0 TPHMEHEHHUS B TEMIIEPATYPHBIX TaTUYHKAX.

N3 nByx paccMaTrpuBaeMbIX METOIOB IPHMEHEHHE PErpecCHU Ha JATCHTHBIC CTPYKTYpPBI OBLIO BIICpPBbIC
npeiokeHo Hamu B [14], a menpro HacTosIIeH paboThl ABISETCS CPABHEHHE 3TOTO MOAXO0AA C LIMPOKO MpUMe-
HSIEMBIM METOJIOM M3MEPEHHs TeMIePaTyphl MO OTHOIICHHIO MHTEHCUBHOCTEH JIBYX MOJOC (IIyOPECIUCHIUH dp-
6us [4, 13].

MeToa n3MepeHusi TeMIepaTyphl 10 perpeccuy Ha JaTeHTHbIe CTPYKTYPbI
CIEKTPOB ANIKOHBEPCHOHHOM (hiryopecneHnn

PaccmoTpuM MeTon M3MepeHHs TeMIIepaTyphl IO CIEKTpaM alKOHBEPCHOHHOH (iryopecleHIInH HaHOC-
TEKJIOKEPAMUKH, aKTHBUPOBAHHON MOHAMM 3pOMs, C NOMOIIBIO0 PErpecCUH Ha JIATEHTHBIE CTPYKTYPBI IIHMPOKO-
HOJIOCHBIX CIIEKTPOB (iryopectieHimu [14].

B kauyectBe oOpa3ua Oblia UCIONB30BaHA MPO3padHasi CBUHIIOBO-(PTOPHIHAS HAHOCTEKIIOKEpaMHKa Clie-
nytorero cocrasa: 30Si0O,, 18PbF,, 15Al,0;, 29CdF,, 5ZnF,, 2,5YbF;, 0,5ErF; mo1.% [15]. Creknokepamuka
ObUTa MOJIBEprHYyTa BTOPHYHOI TepMooOpadoTke B Teuenue 10 u npu temneparype 793 K. J{ns Hakadyku cTekio-
KepaMHUKH MpUMeHsiIcs JazepHblid auox ML-151 («Mwunon», Poccus) ¢ BOJTOKOHHBIM BBIBOJIOM, T€HEPHPYHOLIHI
npu Toke 1,5 A HemoisApu30BaHHOE M3TyYCHHE ONTHYECKOH MOITHOCTBIO 1 BT, criekTp KOTOpOro MMeeT CIIoX-
HYIO CTPYKTYpY ¢ MakCUMyMoM okojio 967 HMm. Temmeparypa obpasua W3MeHsIach ¥ KOHTPOJIMPOBAIACH C TOY-
nocteio 0,1 K ¢ momomsio ieun PV10 («Coversion Ltd», Armmust) u temMneparypHoro koutpoiutepa TS-200
(«Thorlabs», CIIIA). CriekTpbl (TyOpeCIeHITH HOHOB 3pOusi perucTpupoBaiuch crnekrpomerpom S-100 («Co-
aap JIC», benapycs) ¢ ycpeanenuem mo 100 oTcyeram MIUTENBHOCTBIO 7 MC B PEXHME BBIYUTAHUS TEMHOBOTO
mryma. OiryopecueHuus Obula 3aperHCTPHpOBaHAa B TpPeX IMojocax. (uoyieToBas B CIEKTPaIbHOM IHAIla30HE
403,8-414,3 um ¢ 2H9/2 YpOBHSI PHEPIUM MOHA 3pOws, 3eneHas B nuamazoHe 517,1-555,2 um ¢ nByx (2H11/2 i
*S31,) ypoBHeii u kpacHas B ronoce 645,0-670,7 um ¢ ypoBHst “Fg. B nanbHeiiiem s MHOTOMAapaMeTPHIECKO-
TO aHaJIi3a MCIOJIb30BAIKMCH TOJIBKO 3TH TPU CIEKTPalIbHBIE TOJIOCHL. TeMreparypa CTeKIOKepaMUKH MEHSIACh
or 317 no 423 K ¢ marom 2 K. 13 54 cnexrpoB ¢uryopecuennnu 11 ¢ marom 10 K Obn oToOpans! aist mo-

458 Hay4Ho-TexHu4ecKknii BECTHUK MHAPOPMALIMOHHbBIX TEXHOSOMMIN, MEXaHUKN U ONTUKK,
2015, Tom 15, Ne 3



B.A. Acees, HO.A. Bapakca, E.B. Kono6kosa, I'B. CuHuubiH, M.A. Xogaceswd, A.C. ActokeBuy

crpoenust Monenu (oOydaroruii Habop), OCTaBIIMECs — IS €€ TecT-Banuaanuy (MpoBepoUHBIil Ha0bop). Takum
00pa3oM, [Uisl aHAJIK3a MCIOJIb30BAJIKMCH JIBE MATPHIIbI CIIEKTPAIBbHBIX JaHHBIX pazmepamu 11x284 u 43x284, rne
284 — 4uCciO OTCYETOB B KAXIOM criekTpe. Hamu ObUT MPMMEHEH OMMH W3 MHOTOMApPAaMETPHUYCCKUX METOIOB
aHanM3a — perpeccus Ha JaTeHTHbie cTpykTyphl [16] (partial least squares regression wim projection on latent
structures — PLS). D10 OuinHEHHBIH CTATHCTHYCSCKUIA METOI, MPOCIUPYIONINIl OJJHOBPEMEHHO MPEAUKTOPHI (B
HallleM Clly4ae IIHPOKOIOIOCHBIE CIIEKTPhI (IYOPECIICHIIMK) M OTKIMK (Temreparypa o0pasiia) B HOBOE MaJio-
Mepﬂoe HpOCTpaHCTBO JIATCHTHBIX HepeMeHHbIX. BI)IJ'IO onpe}leneHO, YTO OINTHUMAJIBHBIM C TOYKH 3peHI/IH npe;[-
CKa3aHMs TeMIepaTypsl saBisiercss 4D-mpocTpancTBo NAaTeHTHBIX CTPYKTYp. Ha puc. 1, 2 npeacTaBieHsbl pe3yiib-
TaTBl MOJICTUPOBAHUS C MPUMEHEHHEM KPOCC-BAMIAIMK 00yYaronieil BHIOOPKH METOIOM HUCKIFOUEHUS €IHHCT-
BeHHOTrO criekTpa. O0yuaromnias BEIOOpKa 0003HaYEHa KPYTaMy, TPOBEPOYHAsT — KPECTHKAMH.
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Puc. 1. CooTBeTCcTBME M3MEPEHHOW TeMnepaTypbl 1 TeMnepaTypbl, NPEACKa3aHHOM C MOMOLLbIO perpeccum
Ha NnaTeHTHble CTPYKTYpbl (pe3ynbraThl ANt obyyatoLle BbIOOPKM CnekTpoB 0603HaYeHbI Kpyramu,
N1 NPOBEPOYHON — KpecTuKamu)

Jns mocTpoeHHOM MOoAenu mapameTp Rz, MIPECTaBIISAIONMA CO00W Pa3HOCTh €IMHUIIBI M OTHOIICHHS
CyMMBbI KBaJIpaTOB pa3HOCTEN MpEACKa3aHHOW M W3BECTHOM BEJIMYUH K CyMME KBaJpaTOB Pa3HOCTEN M3BECTHOM
u cpenneii BennunH, paseH 1,0000 mis oGyuaromreid Beibopku u 0,9999 s nmpoBepouHoii. OnuckiBaeMast Mojie-
nbto paucnepens aaHHbix cocrasiusier 1,0000 mis otkimuka u 0,9998 nnst npenukropoB. BuHO, 4TO OTHOCUTEINb-
Hasl TMOTPENIHOCTh TPeCKa3aHHOM TemmepaTypbl He npeBocxonut BennunHbl 0,15% npu Temneparypax Bblile
340 K (puc. 2). Bonbmas norpeniHocts (< 0,3%) npu Gosiee HU3KUX TEMIIEPATYpax MOXET ObITh CBA3aHA C MPU-
OOpHOIi peanu3aleil IKCIePUMEHTa U IPaJUCHTOM TEMIIEPATyPhl B UCIIONB3YEMON MEUH.
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Puc. 2. OTHocuTenNbHbIE OCTaTKKN (Pa3HOCTb MexXay NPeACcKa3aHHOW 1 M3MEPEHHOW TeMnepaTypon)
B 3aBMCUMOCTM OT nocregHen (pesynsratel AN obyyatoLlen BbIOOpkM cnekTpoB 0603Ha4YeHbl Kpyramu,
AN NPOBEPOYHON — KpecTuKamu)
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TakuM 06pa3oM, MPU MPUMEHEHUH PETPECCHH Ha JIATEHTHBIE CTPYKTYPHI K ITHPOKOTIONOCHBIM CIIEKTPaM
AIMKOHBEPCHOHHOH (DITyOopecIeHInE UCCIeayeMOi HAaHOCTEKIOKEPAMHUKH TIOTPEITHOCTh U3MEPEHHs TEMIIEpary-
pot He nipeBbiniaet 0,3% B auanazone 310-340 K u 0,15% B quanazone 340-420 K.

Metoa u3MepeHHsi TeMIepaTyphbl 0 OTHOLIEHHIO NHTEHCUBHOCTEI IBYX M0JI0C (h1yopecueHIun
B 3eJIeHOi 00J1aCTH cleKTpa

JlpyruM paccMOTPEHHBIM HAMH METOJIOM M3MEPEHHS TEMIIEPATYPhI SBISETCS ONpeNeICHHe TeMIepaTyp-
HOHM 3aBHCHMOCTH BEJIHYHHBI OTHOIICHUS MHTEHCHBHOCTEH MOJNOC ankoHBepcuoHHOW ¢uyopecueHunu (FIR —
fluorescence intensity ratio) ¢ aByx (*Hyiy, i “Sy,) 6IHM3KO PACIIONOKEHHBIX yPOBHEH sHepruu >poust [4]. s
FIR-naTunkoB XapakTepHa HE3aBUCUMOCTh OT (DIYKTyaluid ypOBHSI HAKAYKH, 00JIee BHICOKAs YyBCTBUTEIBHOCTh
1 GoIee mpoCTask CXeMOTEXHUKA IETCKTHPYIOIICH JICKTPOHUKH 110 CPABHEHHIO C JAaTYMKaMH IPyrux Tumos [11].
FIR-martauku He CO3/AIOT SIEKTPOMATHUTHBIX MOMEX, MOTYT HCIIOJB30BAaThCS B HEONArONPHUATHBIX YCIOBHSIX,
HaIllpUMep, B YCTPOMCTBAaX, MCIIBITHIBAIOIINX IIOCTOSHHOE BO3ICHCTBHE CHIIBHBIX JJIEKTPOMAarHUTHBIX MOJICH, B
YaCTHOCTH, B MOIIHEIX TpaH(OpMATOpax, a TAKKe B XMMHYECKU arpecCHBHBIX Cpeax.

Jlns viccnenoBaHys OTHOIIECHHMS MHTEHCHBHOCTEH MOJIOC (IIyopeclieHIMH BBIOMPAINCh JIBa Y4acTKa CIHeEK-
TPOB C MHTEHCUBHOCTbIO, MpeBbIaroniell yposens 0,1 0T MakcuMyma HOPMUPOBaHHBIX criekTpoB: 517,6-533,0 um
u 535,4-557,6 um. Ha puc. 3 mpeacTaBiacHO YCPEAHEHHOE MO MATH U3MEPEHHSIM OTHOIICHHE MHTCHCUBHOCTEH
(yopecieHInE KOPOTKOBOJIHOBOW MOJIOCH! K WHTCHCHBHOCTH JUTMHHOBOJHOBOW TOJIOCHI B 3aBUCHMOCTH OT
TEeMIIEPATyphl B TICYH.

BumHo, 4To B paccMaTprBacMOM TEMIICPaTypHOM JAWAINAa30HE IOMyYCHHAs SKCIICPUMEHTAIbHAS 3aBHCH-
MOCTh OTHOILICHHUSI MHTCHCHBHOCTEH OT TeMIepaTrypbl OAHO3Ha4YHAa W Onu3Ka K JuHeWHO#. Takoil xapakrep
3aBHCUMOCTH HanboJee yno0eH IS ONpeeNICHUs] TEMITePaTyPhL.
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Puc. 3. OTHoLLEeHUe UHTEHCUBHOCTEN ABYX MOMOC 3ereHom (hryopecLeHUMn HAHOCTEKIIOKEPaMUKA
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Puc. 4. OTHocuTenbHas pasHOCTb MeXay npefAckasaHHon MetogoM FIR 1 u3aMepeHHol TeMnepatypoii
B 3aBMCMMOCTM OT nocreaHen (Kkpyramv o6o3HauYeHbl U3SMepeHusi, COOTBETCTBYIOLLE CreKTpaMm, UCMOMb30BaH-
HbIM 419 NOCTPOEHMUS annpPOKCUMAaLIMK, KPeCTUKaMM — peaynbTaTbl annpokcumaLmm)
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Jl1st OLICHKH TOYHOCTH M3MEPEHUS TEMIIepaTyphl JaHHBIM METOIOM OblIa IIOCTPOCHA JINHEHHAS arpoK-
cUManys SKCIIEPUMEHTAIBHOTO OTHOIIECHUSI HHTEHCUBHOCTEH METONOM HaMMEHBLIMX KBazparoB mo 11 Toukam
ot 323 K 10 423 K ¢ marom 10 K. C ucrnonp30BaHHEM 3TOH aNPOKCHMAIIMU 110 U3MEPEHHBIM OTHOIICHHUSIM HH-
TEHCHBHOCTH ObLIa HalifieHa IpelcKa3aHHas TeMIleparypa Ul KaKAOTo 3HAYCHHS W3MEPEHHON TeMIepaTyphl.
OTHOCHTENbHBIE Pa3HOCTH U3MEPEHHOM U Tpejcka3anHoi metonoM FIR-temneparyp nokasanst Ha puc. 4. Kpy-
ramMu 0003Ha4€HbI M3MEPEHHs, COOTBETCTBYIOIUE CIEKTPaM, HCIOIb30BaHHBIM JUIsl OCTPOCHHUS arpOKCUMa-
I[1H, KPECTUKAaMH 0003HAYEHBI OCTAIIbHBIC U3MEPEHUSL.

Bunno, 4to, B 0TIIMYKE OT MPEABIIYIIEro METoAa, OTHOCHTENbHBIE pa3HOCTH MOryT npeBbiiats 0,15% Bo
BCEM JMalla30He TeMIEparyp, XOTd MaKCUMaJbHbIE OTHOCHUTEIbHBIE Pa3HOCTH IMO-TPEKHEMY MPUMEPHO PaBHBI
0,3%.

3akauenne

Taxum 00pa3oM, MOXKHO ClIIeNIaTh BBIBOJ, YTO M3 JBYX PacCMOTPEHHBIX METOIOB ONpENeNeHUs TeMIlepa-
TYpBI perpeccusi Ha JIaTeHTHbIe CTPYKTYpPhI IIHMPOKOIIOIOCHBIX CIIEKTPOB (UIyOpPECHEHIIMH MOXKET aBaTh MEHb-
LIYIO HOTPEIIHOCTh, YeM H3MEpEHHe TeMIIePaTyphl 110 OTHOLICHHIO HHTEHCUBHOCTEH I10JIOC alKOHBEPCHOHHOMN
¢yopecuennuu. [Ipu 3TOM CylIECTBEHHBIM ITPEUMYIIECTBOM BTOPOTO METOJA SIBJISIETCS HE3aBHCUMOCTH OT
¢dykTyanui ypoBHsl Hakadku. [[jis peanuzanuy NperMMyIecTB IEPBOr0 METO/Ia HEOOXOAUMO NPHUMEHEHHUE CTa-
OuM3ay ypOBHS HaKadKH.
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