Kypnaa Besopycckoro rocyiapcrseHHOro yuusepcurera. ®usuxa. 2025;3:14-23
Journal of the Belarusian State University. Physics. 2025;3:14-23

VIIK 53.082.5, 681.7.068

KBA3UPACITPEAEAEHHBIN OITTOBOAOKOHHBIN
N3MEPUTEAD TEMIIEPATYPBI HA OCHOBE
BOAOKOHHBIX BPIOITOBCKHX PEHIETOK
C METAAANMYECKUM I1IOKPBITUEM

M. A. KCEHO®OHTOBY, A. B. 10JIIKOB?

1)thcmumym npuxnaoueix guzuueckux npoonem um. A. H. Ceguenxo BI'Y,
yi. Kypuamosa, 7, 220045, . Munck, Berapyco
D Benopycckuii 2ocyoapemeentwiti yrusepcumen, np. Hesasucumocmu, 4, 220030, 2. Munck, Benapyce

Annomayusn. Bonokonnas Oparrosckas peurerka (BBP) B kauecTBe MHOrO(YHKIIMOHAIBHOTO ONITUYECKOTO 4yBCT-
BUTEJIBHOTO 3JIEMEHTA UMEET Pl MPEUMYILECTB, TAKUX KaK HEUYBCTBUTEIBHOCTh K 3JIEKTPOMarHUTHOMY BO3/€HCTBHUIO,
BBICOKAsl TOYHOCTh M MaJIblii 00beM, 4TO oOecreunBaeT NIMPOKUH CIIeKTp ee nmpuMeHeHus. Ha ocHoBe paspaboranHoON
MaTeMaTHYeCKOW MOJENN UCCIIe0BaHa YyBCTBUTEILHOCTh BEP ¢ MeTammndeckuM MOKpPBITHEM W3 HUKEJIS, aTFOMUHUS
1 MeM B nHTepBaie temieparyp oT —140 xo +200 °C. YcTaHOBIEHO, YTO TeMIepaTypHas TyBCTBUTEIHHOCTH BBP He sB-
JISIETCS TOCTOSTHHOM. DTO 00CTOATENHCTBO 00YCIOBICHO HEMMHEHHON 3aBUCHUMOCTRIO 3(h()EeKTHBHOTO ITOKA3aTeNs mpe-
JIOMJICHHSI BOJIOKHA U KOA((HUIMEHTa TEIIOBOT0 paclInpeHus MeTallla OT TemMieparypbl. HanGonbimii ciBUr LieHTpasib-
HOM JITMHBI BOJHBI oTpaxkeHHOro oT BBP nznyuenus 3apukcuposan miast BBP ¢ amomunanessiv nokpsitieM. [lokaszano,
41O B Ianaszone remreparyp ot —140 1o 0 °C uyBCTBUTENEHOCTS MeTAJUTM3UPpOBaHHbIX BBP nossimanacsk ot 6 10 37 mvm/°C,
B nuarnaszoHe Temiepatyp ot 0 10 +200 °C ona yBenmuusaiack ot 37 10 59 nv/°C. YV BBP ¢ MeTamummaecKiuM IOKpBITHEM
YyBCTBUTEIHHOCTH B 3,5—4,0 pasa Brimie, 4eM y BBP ¢ monmnMepHbIM mokpeITHEM. BRIABICHO, 9TO 1 3 PEeKTHUBHOTO
YBEIMUYCHUS YyBCTBUTEIBHOCTU JaT4YMKa TOJIIMHA MeTalIndeckoro nokpeituss BBP He nomkna npessimars 200 MKM.
Jst popMupoBaHMs KBa3UPaCHPEIeICHHOIO BOJOKOHHO-ONTHYECKOTO JaTYMKa C HCIOIB30BAHUEM LINPOKOIIOIIOCHOIO
OINTHYECKOTO YCUIIUTEIIS CO CHEKTPaIbHON Monocoll ycuueHus 80 HM BO3MOXKHO Ha OJJHOM BOJJOKOHHOM CBETOBOJIE UHTET-
PHUPOBATH [0 MIECTH MeTaIM3UpoBaHHbIX BEP mpu ycnoBuy, 4To ciekTpaabHbIl HHTEpBaJl CABUTA [IEHTPAIbHOMN JUTMHBI
BOJIHBI OTPAKEHHOTO OT Kax10ii BBP u3myuenust He OyaeT HaKiIagpIBaThCsl B TEMIIEPATYPHOM MHTEpBaJle N3MEPEHH.
CriocoOGHOCTh JaTyrKa paboTaTh B OOJBIIOM IHAITa30HE TEMIIEPaTyp OTKPHIBACT IIMPOKHE BOSMOKHOCTH JUIS €T0 MPH-
MEHEHUS B PA3IUYHBIX OTPACISX MTPOMBIIUICHHOCTH U PELICHUS MPUKIAJHBIX 3a]ad, €CIH JEKTPUIECKUE U3MEPCHNUS
HelenecooOpa3Hbl WM HeOe30MacHBI.

Knrwuesvie cnosa: KBaBHpaCHpeﬂeHGHHHﬁ JaT4YUK; BOJIOKOHHAaA 6p3rr01301<a$1 peUICTKa; METANIMYCCKOC MMOKPBITHUC,
TeMureparypHasa 4yBCTBUTCIbHOCTD.
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Abstract. The fiber Bragg grating (FBG) as a multifunctional optical sensing element has a number of advantages,
such as insensitivity to electromagnetic effects, high accuracy and small volume, which provides a wide range of appli-
cations. Based on the developed mathematical model, the sensitivity of FBG with metallic coating of nickel, aluminium
and copper over a temperature range from —140 to +200 °C was studied. It was established that the temperature sensiti-
vity of the FBG is not constant. This is due to the non-linear dependency of the effective refractive index of the fiber and
the thermal expansion coefficient of the metal on temperature. The greatest shift in the central wavelength of radiation
reflected from the FBG was recorded for the FBG with an aluminium coating. It was shown that in the temperature range
from —140 to 0 °C, the sensitivity of metallised FBG increased from 6 to 37 pm/°C, and in the temperature range from 0
to +200 °C, it increased from 37 to 59 pm/°C. The sensitivity of FBG with metallic coating is 3.5-4.0 times higher than
sensitivity of FBG with polymer coating. It was found that to effectively increase the sensor’s sensitivity, the thickness
of FBG metallic coating should not exceed 200 pm. To form a quasi-distributed fiber-optic sensor using a broadband
optical amplifier with an 80 nm spectral gain bandwidth, it is possible to integrate up to six metallised FBGs on one
fiber-optic, provided that the spectral interval of the shift in the central wavelength of radiation reflected from each FBG
do not overlap within the temperature measurement range. The sensor’s ability to operate over a wide temperature range
opens up wide possibilities for its application in various industries and the solving of practical problems, where electrical
measurements are impractical or unsafe.

Keywords: quasi-distributed sensor; fiber Bragg grating; metal coating; temperature sensitivity.

BBenenune

Pa3BuTHE COBpEMEHHBIX TEXHOJIOTHI 00YCIOBIMBAET BCE BO3PACTAIONIYIO MOTPEOHOCTH B TOYHBIX, HAIEK-
HBIX ¥ YCTOWYMBBIX K BHEIIHHM BO3ACHCTBHAM CHCTEMaX M3MEPEHUS Pa3IMYHBIX (QU3NUECKUX TapameTpoB.
B HacTosmiee BpeMsi IepCIEKTHBHBIM SIBIISIETCS] HCITOIB30BAHNE BOJIOKOHHO-ONTHYECKUX TEXHOJIOTHH, KOTO-
pBI€ TIO3BOJISIIOT CO3/1aBaTh BHICOKOYYBCTBUTENEHBIE M KOMITAKTHBIE AaT4nku. Cpenu HUX 0co0oe BHUMaHHE
yaemsieTcs: pa3padoTKe BOJIOKOHHO-ONTHYECKUX AaTuuKoB Temreparypbl (BOIT), mockonbKy TeMIieparypHbIi
KOHTPOJIb UTPAET BAIKHYIO POJIb MPAKTHYECKH BO BCEX OTPACISX HAYKH, TEXHUKH, IIPOMBIIIIICHHOCTH, METUITH-
HBI 1 T. 1. TaKkue naT9uky OCHOBAaHBI HA N3MEHEHHUH ONTHYECKUX CBOMCTB CBETOBOTO CHTHAJIA, TPOXO/IAIIETO 110
BOJIOKHY, B 3aBUCMOCTH OT U3MEHEHHs TEMIIepaTyphl OKpysKkatoiien cpe/sl. [1o cpaBHeHHIO ¢ TpaUIIMOHHBIMU
tepMomeTpamu U Tepmonapamu BOIT uMeroT psii NpenMyIEecTB: OHU SIBJISIOTCS YCTOMUMBBIMH K BO3ZEH-
CTBUIO AJIEKTPOMATHUTHOTO M3JTy9EHUS, HCIIONB3YIOTCS Ha OONBITNX PACCTOSHHUSAX, pab0TalOT B arpeCCUBHBIX
Y B3PBIBOOTIACHBIX cpeiax, GOPMHUPYIOT pactpe/ielieHHbIC H3MEPHUTEIIbHBIE CHCTEMbI, OXBATHIBAIOIIIE JICCATKH
KUJIOMETPOB, U 001aJat0T IIMPOKUM CIIEKTPOM NPUMEHEHHS (OT MOHUTOPHHIA COCTOSHHS YHEPreTHYECKOrO
000pyIOBaHUS 10 KOHTPOJIS TEMITEPATYPHI B MEMUITUTHCKUX U OMOTEXHOIOTUIECKUX CHCTEMAX).

B nacrosiiee Bpems r1aBHOM TeHACHIIMEH B pa3paboTKe U KOHCTPYHPOBAHUH BOJTIOKOHHO-ONTHYECKHX JIaT-
YHUKOB SIBJISIETCS] NCIIOIb30BAHNE BOJIOKOHHOTO CBETOBO/IA KaK B KaYECTBE UyBCTBUTEJIBHOTO DJIEMEHTA, TaK U
B Ka4eCTBE KaHayIa nepenadn uHpopmarmu. Ha manrom npuniune 60a3upytorcs pactpeneneaasie BOIAT na
OCHOBE BBIHY)KJICHHOTO KOMOMHAIIMOHHOTO paccesiHus [ 1—4] 1 BBIHYKJCHHOTO paccestHus MaHaenbiTamMa —
Bpumrosna [5—8], a Takke kBasupacmnpesenernnbie BO/T Ha 0CHOBE BOJIOKOHHBIX OP3TTOBCKUX PEIIETOK
(BBP) [9-12]. /laTunky Ha OCHOBE BBIHYKICHHOTO KOMOMHAIIMOHHOTO PACCESHUS XapaKTEPU3YIOTCS MaJIOi
BEIIMYMHOM TeMITepaTypHOro K03 GHUIHMeHTa PAMaHOBCKOTO PACCEsIHUS, UTO TpeOyeT IPUMEHEHHS JUTUTEIEHOTO
HAKOIUICHHS CUTHAJA U MCIIOJIb30BAHMSI M3IYyUCHUSI HAKaYKH ¢ MOIIHOCTBIO Oonee 0,8 BT, mpu aToM morper-
HOCTB n3MepeHwuit coctapisieT 1 °C. OCHOBHBIMH HETOCTAaTKaMH BOJIOKOHHBIX pACIIPEICIICHHBIX TaTYNKOB MaH-
JesbIITamMa — bpuinirosHa sIBASIOTCS OTHOCUTEIHHO HEBBICOKAsi TOYHOCTH M3Mepenus (oxoio 1 °C) u 10BOIBHO
OonbIoe BpeMs I3MEpeHHH (0T IECSITKOB CEKYHT A0 AECATKOB MUHYT). [lorpemHocts n3MepeHnii KBa3upacipe-
JIeTIEHHBIMU BOJIOKOHHO-ONITUYECKUMH JIaTYuKaMHu Ha ocHOBe BBP orpannunBaeTcss mupuHO#M ClieKTpaibHOM
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JIMHUU OTPaKeHHOTO OT BBP u3nyueHus, 4yBCTBUTEIBHOCTBIO CIIEKTPOAHAIN3ATOPA WIIN NPELHU3HOHHOCTBIO
MepPEeCTPOUKH JIA3ePHBIX HICTOYHUKOB n3nydenus. KommuectBo ucnons3yembix BBP onpeaensiercs cnekrpanbHOi
IIMPUHON UCTOYHUKA M3ITYYCHHUs, IyBCTBUTEIHHOCTEI0O BBP 11 TpeOyeMbIM fpiaria3oHOM TeMIieparyp.

OnTrMaabHBEIM BapHAHTOM TI0 COUYCTAHHUIO METPOJIOTHICCKUX XapaKTePUCTHK, TPOCTOTHI U HAACKHOCTH
SIBJISTFOTCST U3MEPUTEIFHBIC CUCTEMBI Ha 0CHOBE KBasupacnpeaeneHubix BOT, koTopsie mpeacTaBisItoT co00i
MaCCHB TOUCUHBIX CEHCOPHBIX AJIeMEHTOB B Bujic BBP, 00benHEeHHBIX OTHUM OOIIUM BOJIOKOHHBIM CBETOBO-
noM. baronapst ceonm cBoiicteam BO/IT Ha ocHoBe BEP npumensitores B aspokocmuueckoit orpaciu [13; 14].
[Ipu BpameHnu mo opouTe BOKPYT 3emii ocBetieHHas COTHIIEM CTOpOHA alapara | €ro 3aTeHeHHas CTOpOHa
WCTBITHIBAIOT 3HAYUTENILHBIC TIEPETIa bl TEMIICPATYPHhI, YTO TPEOYET MOCTOSHHOTO TEMIIEPATypHOTO MOHUTOPUHTA
KOCMHUUECKOTO 00BEKTA MPH IKCILTyaTaliy. B 3ToM CBA3M MCCIIeI0BaHUE TEMITEPaTypHOU 4yBCTBUTEIbHOCTH BEP
npenm3noHHBIX BOJT siBisiercs akTyanpHOH 3a/1a4eil. B O0ONbIIMHCTBE COBPEMEHHBIX MCCIIEIOBAHHMA, TIOCBS-
MIEHHBIX TEMITePaTypPHBIM XapaKTepUCTHKaM 00bIYHBIX BBP, paccmarpuBaioTcst orpaHmueHHBIC TEMITEPaTypHBIC
nuana3oHsl. Llens HacTosme paboTsl — TeopeTrueckoe n3ydeHue kBazupacnpeneneaasix BOAT Ha ocHoBe
kBapueBbix BBP ¢ MeTaminueckuM MOKPHITHEM B IIMPOKOM JHMANA30HE MOJOKUTEIBHBIX U OTPHUIATEIBHBIX
TeMreparyp. B paMkax uccienoBaHus ¢ Onopoil Ha pa3pabOTaHHYI0 MaTeMAaTHYEeCKY0 MOJIENb IPOBOAUIIOCH
YUCJIEHHOE MOJICIMPOBAHKUE XapaAKTEPUCTUK U3MEPUTEIS TEMITEPATYPHhI.

CrpykTypa KBasupacnpeaeJeHHOH BOJIOKOHHO-ONITHYeCKOM
U3MEPHUTEJIbLHOM cucTeMbl HA TU(PpakiIMOHHbIX BBP

BBP nipeacrasisier co0oi yIacTOK ONMTHYECKOTO BOJIOKHA, HAa KOTOPOM TI0Ka3aTelTh MPEJIOMIICHUS CEPAICBUHBI
MIEPUOMUECKU N3MEHSIETCS B HAIIPaBJICHUH TPOJIOIBbHOM 0CH. MOy TTOKa3aTeNsl PETOMIICHHS CBA3bIBAeT
OCHOBHYIO MOJIy BOJIOKOHHOTO CBETOBOJIA C MOJIOH, paciipoCTpaHsIoIIeicsi B 00paTHOM HampaBlieHUH. B pe3yib-
TaTe U3Iy4eHUE Ha ONPE/ICIICHHON JUTHHE BOJIHBI, PACIIPOCTPAHSIOIIEECS 110 ONITHYECKOMY BOJIOKHY, MOXKET OBIThH
otrpakeHo ot BEP. Koaddumment orpakenns n3mydaenns ot BBP 3aBUCHT OT TITyOMHBI MOTYJISAIIAN TTOKa3aTENs
TIPEIOMJICHUSI, @ IIEHTpaTbHAs JUTMHA BOJHBI OTpakeHHOTO oT BBP m3nydenws 3anaercs ycinouem bpoarra [12]

Mg =2ng (T)A(T), (1)
e A — LIEHTpalbHas OPAITOBCKAs JUIMHA BOJIHBL; 71 g — 3O (DEKTUBHBIN TOKA3aTeIb IPEIOMICHUS CEPLIEBUHEI
BOJIOKHA JUTA IIEHTPAIBbHOI Op3rTOBCKOM JUIMHBI BOJHBI; 1 — BO3/AeHCTBYIomIas Temneparypa; A — nepuoa BBP.

W3znydenne Ha APYTUX JUIMHAX BOJH Mpoxoaut yepe3 BEP mpaktuuecku 6e3 noreps. XapakTepuCTUKH OTpa-
YKEHHS 3aBUCST OT apameTpoB peeTku. [Ipunnun padorst BOAT na ocHoBe BBP 6a3upyercs Ha 3aBUCHMOCTH
HM3MEHEHMSI CIIEKTPAJIbHBIX CBOMCTB OTPAKEHHOTO U3JIyUEeHHUs 1101 BO3AeiicTBUEM TemnepaTypsl. [Ipu ucnosns-
3oBannu BBP ¢ paznuuneiMu mapameTpaMu MOYKHO MYJIBTHILIEKCHPOBATH OOJIBIIIOE YUCIIO JATIYHKOB, TPOBOJIS
OZHOBPEMEHHBIC U3MEPEHNS B Pa3IMYHBIX TOYKAX BOJIOKHA HA Pa3HBIX OPATTOBCKUX JJMHAX BOJH.

[Ipumensemas B KauecTBE YyBCTBUTEIBLHOIO 2JIEMEHTA TeMIieparypHoro aarunka BBP nmoasepraercs 6o pac-
HIMPEHUIO, OO0 CHKATUIO TIPH H3MEHEHNH TeMIIepaTyphl, 4TO IPUBOAUT K U3MEHEHHIO d()(EKTUBHOTO TIOKa3aTels
MPEJIOMJIEHUS U TIEpUoJia PEIETKHU. B pe3ynbTrare AjiMHa BOJIHBI ONITUYECKOTO CUTHaja, oTpaxaemoro ot BBP, uz-
MeHsieTcsi coriacHo Gopmysie (1). 3Mepsist crieKTpanbHbIE CABUT JTTMHBI BOJHBI OTPAKEHHOTO U3ITyYESHUSI, MO’KHO
ONpeeNTh BETMYMHY TEMIIEpaTypHOro BO3IecTBU Ha qaTurk. Ha puc. 1 npeacTasnena GyHKIMOHATbHAS CXeMa
HCCIIEAYEMOM KBa3UpacIpeIeIeHHON BOJIOKOHHO-ONTHYECKON U3MEPUTENILHON cucTeMbl Ha ocHOBe BBP ¢ MeTan-
JTUYECKUM TOKPBITHEM, YBETHUNBAIOIINM €€ YyBCTBUTEIHHOCTE. MeTauIndeCcKoe MOKPHITHE TAK)KE 3aTUIIACT
BEP ot BHeNIHMX MOMepeyHbIX AeopMaliii i '3MEHEHHs1 AaBlIeHUs. B kauecTBe IMHUPOKOIIOIOCHOTO ONITHYECKOTO
n3nyyarens (LLIOW) yamie Bcero ucnonb3yeTcst CBeTOANO ¢ IUpHHOHN criekTpa S0—100 HM B OKPECTHOCTH ITHHBI
BONHEI 1550 HM, T/1€e HAOMIOMAIOTCSl MUHIMATbHBIE ONITHYECKUE TIOTEPH, C MAKCUMAITBHON MOTITHOCTHIO M3ITyYeHHUS
10 0,5 MBT. Huzkast MOIITHOCTB U3ITydeHUS OTpaHUIHUBACT JJIMHY BOJIOKOHHO-ONITHYECKOH TuHuU. O0manatoniie
TaKHUM K€ IIUPOKHUM CTIEKTPOM HM3IIyUEHHUS CYNEPIIOMUHECLIEHTHBIE CBETOMO/IbI MIMEIOT MOIIIHOCTb U3Ty4YeHUs,
CPaBHUMYIO C MOIITHOCTBIO U3JTyYEHUs TOTYIPOBOAHUKOBBIX J1a3epoB [ 15; 16], onHako X HeOCTaTKaMu SIBIISIFOTCS
BBICOKAsI UyBCTBUTEJIBHOCTb K OTPAKEHHOMY HU3JIyYEHHIO U CHJIbHASL 3aBUCUMOCTh MOIIIHOCTHBIX, CIIEKTPAJIbHBIX
Y TIOJIIPU3AIMOHHBIX XapaKTEePUCTUK OT TeMmeparypbl. CUTHAJ OT HICTOYHHKA ITPOXOAHT Yepe3 psa BbP ¢ pazmny-
HBIMH [CHTPAJILHBIMHA OPIITOBCKUMH JUIMHaMU BOJIH. OTpaskeHHoe oT BBP n3inyuenue ycunuaercs 5pOoreBbIM
BOJIOKOHHBIM ONITHYECKUM ycunureneM (erbium doped fiber amplifier, EDFA), oGecrieunBaromym yBenuueHue
JUTMHBI BOJIOKOHHOTO cBeToBOoa (BC), 1 peructpupyercst ontoanekTpoHHbIM 0:10koM (ODB), cocTostiim u3 orr-
Tndeckoro cnekrpoananuzaropa (OCA) u poronpuemuuka (PI1). BennunHa cMerenns HeHTpabHBIX OPATTOB-
CKHX JUUIMH BOJIH C TOMOIIBIO iepconanbHoro kommbiotepa (I1K) npeodpazoBbiBaeTcsi B U3MEHEHUE TEMITEPaTyPhI
BEBP 1o oTHOIIEHUIO K HCXOTHOH TeMIepaType KIMOPOBKU U 0TOOpaxaeTcst OJIOKOM 0TOOpaKeHHsI ¥ perucTpa-
un (BO). [Iutanue 21eMeHTOB YCTaHOBKH OCYIIECTBIISIETCA € ToMOIIbIo 0oka mutanus (BI1). [l moseimenns
YYBCTBUTEIBHOCTHU cucTeMbl Ha BEP HaHOCHTCS MeTamumyeckoe NokpbiTie. MUHMMAaIIbHOE PACCTOSHUE MEXKITY
MUKaMU OTPAKEHUM n3nydeHuit or BBP 1o 1mikase Jy1MH BOJIH OIPEAEIIseTCsl UCXOS U3 YCIIOBUS, 3aKIIF0YAOILIe-
rocsi B OTCYTCTBUM HAJIOKEHUS 3TUX MTUKOB JUI 33[JaHHOTO IMara3oHa TEMIIEPATyp.
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Puc. 1. DyHKIIMOHAIbHAS CXeMa KBa3UpaCIpeAeIeHHON BOJIOKOHHO-ONTUYECKON
M3MEPUTEIBbHON crcTeMbl Ha ocHOBe BBP: / — nudpaknmonnsie 1aTunky; 2 — ONTHYECKUI pa3beM;
3 — BOJIOKOHHO-ONTHYECKUE COCAMHUTENHN; 4 — pa3BETBUTEIIb

Fig. 1. Functional diagram of a quasi-distributed fiber-optic measuring system
based on fiber Bragg gratings: / — diffraction sensors; 2 — optical connector;
3 — fiber-optic connectors; 4 — splitter

B tabn. 1 MPUBEACHBI TCXHUYCCKUE XAPAKTECPUCTUKN HEKOTOPBIX CIIEKTPOAHAIN3AaTOPOB, ITOCKOJIBKY HUX
paspceuiaronias CITOCOOHOCTH MOKET OrpaHn4iuMBaTb TOYHOCTbH BCeH I/I3MepI/IT€J'ILHOﬁ CHUCTCMBI.

Tabnuma 1
OnTHyecKre CNEKTPOAHAIN3ATOPHI U HX XAPAKTEPUCTHKU
Table 1
Optical spectrum analysers and their characteristics
Mopnens onTHYecKoro | T — Jwnanazon JnHamuueckuit Paspemaromas
CIIEKTpOaHAIN3aTOpa JUTAH BOJIH, HM JMara3oH, 1bM CIIOCOOHOCTB, M
FTB-5235 Or 1250 10 1650 Ot —65 o +23 20
OSA20 Ot 1250 5o 1700 Ot —-80 o +25 20
FFTT%’;?;;S; EXFO (Kanaja) Or 1250 10 1650 | OT—80 10 +18 10
ggfgjgg;; 011250 10 1650 | OT—8010+18 | Or 10 10 50
MS9710A Ot 600 mo 1750 Ot -90 10 +20 30
Anritsu (SInoHust)
MS9740A Ot 600 1o 1750 Ot —90 no +23 70
AQ6370D Yokogawa (SImonwus) Ot 600 10 1700 Ot —90 10 +20 20
BOSA-400 Aragon Photonics (Ucnanus) Ot 1265 no 1607 Ot -70 no +13 0,08
ID OSA ID Photonics (I'epmanus) Or 1528,5 no 1567,5 Ot —-50 mo +23 2,5
T71A Bristol Instruments (CIIA) Ot 375 10 1700 Ot 40 0,2

Ipumeuanue. 3HakOM * OTMEUEHBI MOJYIIH ONITHYECKUX CHEKTPOAHAIM3aTOPOB.

Jist onpernesieHust BEIMUMHBI CIIEKTPAIbHOTO CIBUra LICHTPAIbHON Op3ITOBCKO AJTMHBI BOJIHBI B KAYECTBE
CHEKTPOAHAIN3aTOPa MOXKET MPUMEHATHCS cKaHupytommid ¢puistp ®adbpu — Ilepo [17], obnanaromuii pas-
pemaromeii cnocodHocThio 2,5-10,0 M B 3aBUCUMOCTH OT KOHCTPYKUUH. [Ipy CKaHWPOBaHWU ONTHYECKUM
(UIBTPOM € TOBOJILHO Y3KHM ITUKOM MTPOTTYCKaHMsI CUTHAJ Ha (POTONIPUEMHHKE BOZHUKACT KaXKAbIH pa3, Koraa
JUIMHA BOJIHBI MPOMYCKaHus (QUIIbTpa COBMAJAET C JJIMHON BOJIHBI OTpaxkeHHOro ot BBP manyuenus. C wuc-
10JIb30BAaHMEM JIaHHBIX O BPEMEHU CKAaHWPOBAHUS HAXOAUTCS AJIMHA BOJIHBI IPOMYCKAaHUS (PUIBTPAa B MOMEHT
BpPEMEHHU OOHapy>KeHMs. 3aTeM ONPEACISIIOTCS BEJIMYMHA CABUTA LEHTPAIbHON Op3ITOBCKOM JUIMHBI BOJIHBI
1 COOTBETCTBYIOILIEE 3HAUYEHHE TEMIIEPATYPBI.
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YuciieHHOE MOeTMPOBaHUE
XapaKTepPUCTHK U3MepHUTe/Isl TeMIIepaTypbl

[TockonbKy 4yBCTBUTEIBHBIC 3JIEMEHTHI JaTUYMKA, BKIIOYAOIIIE BOJIOKOHHBIM cBeTOBO U Habop BBP, mox-
BEPTalOTCsl 3HAYUTEIBHBIM TEMIIEPATypHBIM BO3JICHCTBUSAM MPH dKCILTyaTalluy, HEOOXOIUMO MPOBECTH HC-
CJIEZIOBAHUS BEITMYMHBI CIBUTA LEHTPAJIHHONW Op3TTOBCKOM JUTMHBI BOJHBI B [Uara3oHe temmneparyp ot —140
1o +200 °C. CaBur meHTpabHOW OPITTOBCKOM JUTHMHBI BOJHBI B 3aBHCHMOCTH OT W3MEHEHUS TeMIIepaTyphl
3amaercs BolpakeHueM [ 18]

Ahy= (0 +8) dy (T~ Ty,), o)

TJIe O — PE3YIBTUPYIOIINH TeMIIepaTypHbIi K03 (QUIINEHT THHEHHOTO pacIINPEHNS CTPYKTYPBI METAJLT — BOJIO-
KOHHBII CBETOBOJ; & — TEPMOONTHYCCKHIT KOXPYHUIMCHT; Ay — LEHTpabHas OPIrTOBCKask JUIMHA BOIHBI IIPU
Ha4yaJlbHOM KOMHATHOM TeMIIepaType (7‘80 = 1550 um); T, — HauanpHas Temneparypa kaaubposku (7, =20 °C).
TepmoonTHyecKkuii KOAPPHUIUEHT OMUCHIBACTCS POPMYITOH

E=

Laneff
Nep OT '

BOnu3u koMHaTHOU TeMIepaTypbl 3HAYCHUS! Pe3YABTHPYIOILET0 TEMIIEpaTypHOro ko3 uireHTa TMHeHHOTO
pacIIupeHus CTPYKTYPbl METaJT — BOJIOKOHHBIA CBETOBOJ U TEPMOOIITHYECKOTO KO PHUIIMEHTA SBISIFOTCS
MTOCTOSTHHBIMH, YTO 00ECTIeYNBACT JINHEHHYIO 3aBUCUMOCTD MEXIY LIEHTPAIbHON OpP3TTOBCKOM UTMHOM BOJTHBI
U TEMIIEPATypoOH, a TAKKE NPEANOoJIaraeT MOCTOSIHHYIO TEMIIEPaTypHYI0 4yBcTBUTENbHOCTS BBP. OnHako nist
LIMPOKOTO JMana3oHa TeMIeparyp HeoOX0IUMMO YUUTHIBATh HEJIMHEHHYIO 3aBUCHMOCTD Ha3BaHHBIX K03 du-
LIMEHTOB, T. €. yyBcTBUTENbHOCTE BO/IT Takke siBisieTcs mepeMeHHOH.

st monoxwurenbHbIx Temmeparyp ot 0 1o 200 °C 3aBucuMocTb d3PPEKTUBHOTO [TOKA3aTeNs IPEIIOMIICHUS
CEep/IIeBUHBI BOJIOKHA IS IIEHTPATbHON OpATTOBCKOMN JITMHBI BOJHBI OT TEMITEPATYPhI OTIMCHIBAETCS BhIpaxKe-
Huem [19]

3)

ne=ny+a,T +b,T 4)

e n,— 3beKTUBHBIN NoKa3aTens npenomiaeHus npu remmneparype 0 °C; a, u b, — kod3uIMeHTs! anmnpokcu-
manui (@, = 1,090 - 10° °C™; b,=1,611" 107 °C™2). Jl1s1 OTpHLATEIBHBIX TEMIIEPATYP, BILIOTH 10 KPHOTCHHBIX,
JTaHHAs1 3aBUCUMOCTb alIpOKCUMUpYyeTcs B Buze [18]

n.=0,00194exp _Tr +1,463 96. 5)
205,885
B dopmyne (5) Tekyuryto TemiepaTypy HEOOXOJMMO MOJCTABISITh B KEIIbBHHAX.
[MockonbKy KOG GUIMEHT TMHEHHOTO TETUIOBOTO PACITUPEHHS METaIlIa 3HAYUTEIILHO IPEBBIIaeT Ko du-
LMEHT JMHEHHOTO TEIJIOBOIO PAaCLIMPEHUS KBapLa, TO PE3YJIbTUPYIOmNil K03 GULIUEHT TMHEHHOrO pacIMpeHHs
CTPYKTYPBI METAJLT — BOJIOKOHHBIN CBETOBO]] PACCUUTHIBAETCS 110 clieaytomiei hopmyie [20]:

Y SE
o=

i=1,2,3, (6)

rae S, — miuomany cedenus; £, — momynu FOHra; o, — k03 puIreHTs! TMHEHHOTO TEeIIOBOTO PaCIMPEHHs KOHC-
TPYKTHBHBIX 3JIEMEHTOB; HHJIEKC [ = | COOTBETCTBYET CEP/ILIEBHHE, HHJIEKC [ = 2 — 000I0UKe, MHAEKC i = 3 —110-
KPBITHIO.

3aBUCUMOCTh KOA(QPHIIMEHTA JIMHEHHOTO PACHIMPEHUSI BOJIOKOHHOTO CBETOBOAA OT TEMIepaTypbl UMEeT
cnemyroruii Bua [19; 21]:

a=oy+c,T+d,T (7)

e o, — K03 duImenT TMHEHHOro pacmupeHns BOJIOKOHHOTO cBeToBona npu temneparype 0 °C; ¢, u d, —
kodddunmeHTs anmnpokcuManun. CoritacHo ucrounukam [19;21] nnsg temneparypHoro amanazona ot 0
10 900 °C 3HaueHus ko3()HUIHUEHTOB COCTABIAIOT O = 5,36 - 1077 oC_l, c,= 1,24 - 100 °C?u d,=0 °C_3,
a JyIs TemIeparypHoro auanasoHa ot 196 no 0 °C BeauuuHbl K03ppUIUEHTOB paBHbI ¢, = 1,20 - 107 °oC™?
nd,=-195-10""°C".

Hust remneparyp ot 0 10 +200 °C 3aBUCUMOCTD KO PHUIIMEHTA JIMHEHHOTO PaCITUPEHHS METAITHIECKOTO
MTOKPBITHSI OT TEMIIEPaTyPhl IMEET BU/

oy =a,+ bl(T—TH), )
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rae a, 1 b; — k03 GUIHESHTH aNPOKCUMAINN, ONPEICICHHBIC U3 YKCIEPHUMEHTAIBHBIX 3aBUCHMOCTeH [22].
st remmepatyp ot —140 10 0 °C 9Ta 3aBUCUMOCTH OIUCHIBACTCS BRIPAKCHUEM
2
oy=ay+by(T-T,)—co(T-T,), )
rae b, u ¢, — K0O3QPUIHEHTHI alIPOKCUMAIINH, ONPEIEICHHBIE U3 SKCIIEPUMEHTAIBHBIX 3aBUCUMOCTEN [22].
JlaHHbBIe U1 pacdeToB MpHUBECHBI B Ta0MI. 2 1 3.
Tabnuma 2

3HayeHus Ko3QpuuueHTA JIMHeiiHOro pacmupenus 1 MoayJist FOnra
KBaplUeBbIX BOJOKOH, JIETHPOBAHHBIX PA3THYHBIMU OKCHAAMHU

Table 2

Values of the linear expansion coefficient and Young’s modulus
of quartz fibers doped with various oxides

Cocras Ey 1.0 I'Tla O (1,2 oc™!
Si0, 65 5,50-1077
13,5 moi. % GeO,, 86,5 mon. % SiO, 72 25,86 - 107"
9.1 mox. % P,0s, 90,9 mon. % SiO, 75 25,55 - 1077
13,3 mon1. % B,0;, 86,7 mor1. % SiO, 77 18,10-1077

Ipumeyanue. Uumeke 1 cOOTBETCTBYET CEPALICBUHE, HHICKC 2 — 000TOUKE.

Tabnuuma 3
ITapaMeTpbl MeTANIMYECKUX NOKPBITHI
Table 3
Parameters of metal coatings
ITokpeiTHe ay, oCc! by, °oC? by, °oC? Co» °oC3 E;, TTla

HuxkesneBoe 13,4-10°° 52-107° 1,7-107% 1,4-1071° 204
Amomunnesoe | 22,90 -107° | 8,90-107° 3,0-107° 1,63 -107"° 69
Mexnroe 16,5-10° | 7,70-107° | 9,70-107° | 1,37-107"° 110

CornachHo cranaaptam [TU-T qist THDMYHOTO BOJIOKHA 3JUIMIITUYHOCTh CEPALIEBUHBI HE MPEBBIIACT 5 %,
HEKPYIJIOCTh 000JIOUKH COCTaBISACT <2 %, MMO3TOMY MOYKHO MOJISITMPOBATh BOJIOKOHHBIN CBETOBOJ] KaK COBO-
KyIHOCTb KOHLIEHTPHYECKHX OKpY>KHOCTEH. JIJIs1 0lIHOMOZOBOIO CBETOBOA AMAMETP cepaLeBHHEI (D,) paBeH
9 MkM, Tuametp obonouku (D,) cocrasisier 125 mxM. CrienoBarenbHo,

2
D D,—D
_ 1 _ _ _th 1
Sl—nT,S =1(D+ hy) hy, Sy=1(D,+ hy) hy, hy=—2—1L. (10)

3aBucuMocTh Moayns FOHra oT TemnepaTypsl Jiisl CepALEBUHBI BOJOKHA UMEET claeayromuil Bus [23]:
2
E,=Ey+B(T-T,)-B,(T-T,), (11)

rae E, — moxyns FOHra npu HauansHo# Temneparype kanuOposky, I1a; B, u B, — napaMeTpsl alnpoKCUMaLuH
9KCIIEPUMEHTANIBHBIX 3aBUCUMOCTEH, HIMBHIYAIbHBIE IS KaXKI0TO THIIA BOJIOKHA. J{J1sl pacyeToB ObUIH B3STHI
sHauenns B, = 1,59 - 10" Ma/°C ™' u B,=9,97 - 10° ITa/°C ™.

[Ipennoxenusle aHamuTHYECKHE BoIpaxkeHus (2)—(11) mo3BOJSAIOT YCTAaHOBUTD 3aBUCHMOCTD CIBUTa LICHT-
pasibHON OPATTOBCKOM AJTMHBI BOJIHBI OT TeMIieparypsl A5t BBP ¢ paznuyHbiMu THIIaMU METaJIIIMYECKOTO MO-
KPBITHS.

[ockonsky BOAT na ocnose BEP MoryT ncrnosnb30BarsCst B KOCMUUYECKUX aniaparax, BaXXKHBIM (akTopoM
SIBIISIFOTCSL MaccorabaputHsle mapaMeTpbl. Ha puc. 2 npencrasieHa 3aBUCMMOCTD CABHUIa LIEHTPAIbHON Opar-
TOBCKOM JJIMHBI BOJIHBI OT TOJIIMHBI aIFOMUHHEBOTO MOKPBITHA IJIi HECKOJIBKMX 3HAYCHUN TEMIIEPaTyphl.
W3 nosy4eHHBIX TpaUKOB CIIEYET, YTO TOJIIMHA METAIMYECKOr0 HOKPHITHS He JOJKHA peBbaTh 200 MKM,
HOCKOJIbKY JajIbHEHIIIee YBEJIMUCHHE TOJIIMHBI HE TPUBOAUT K 3HAYUTEIILHOMY [TOBBILICHHUIO YyBCTBUTEIBHOCTH
JaT4MKa, HO CIIOCOOCTBYET POCTY €r0 MACCHI.

[IpoBeneHb! pacyeTsl TEMIEPATYPHOTO CABUra LEHTPAJIbHON UIMHBI BOJIHBI N3IY4YECHUS, OTPAXKEHHOTO OT
BBP, koTopsie chopMUpoBaHBI B KBAPIEBBIX BOJOKOHHBIX CBETOBOIAX C TEPMAHOCHINKATHON CEepAIIEBHHOMN,
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CHJINKATHOM 000JI0YKOM ¥ IOKPBITHEM U3 HUKEJS, ATFOMUHNSA, MEIN U TIOJINMEPOB (aKpHiIaTa UiH MOJTUAMHUIA).
Ha puc. 3 u 4 Toukamu OTMEUeHBI 3HAYCHUSI CIIBUTA [IEHTPATBHOM OPITTOBCKOH JUTHHBI BOIHBI JIJISI BOJIOKOHHBIX
CBETOBOJIOB C MOJIMMEPHBIM MOKPBITHEM, TIOTYUYEHHBIE 10 JaHHBIM paboTh! [21].

Ha puc. 3 npezncraBneHs! pe3yabTaThl YUCISHHOTO MOCTHPOBAHNS CMEIIEHHUS IIEHTPATbHOI OpATrTOBCKON
JUTMHBI BOJIHBI B Juana3one temreparyp ot 0 go +200 °C gns BBP ¢ paznnunbsiM nokpeitTreM. 13 mannbix
rpaduKOB CIEAYET, YTO HAUOOJBINICH TyBCTBUTEILHOCTRIO 00anatoT BBP ¢ amtoMuHIEBBIM MOKPHITHEM. 3a-
BHCUMOCTH CJ[BUTA IICHTPAJIbHON OpIrTOBCKOW JITMHBI BOJIHBI OT TEMIeparypbl HOCUT HEIMHEHHBIN Xapak-
tep. UyBctBurensHocTh BBP ¢ amomuHneBbIM MOKphITHEM cocTaBisieT 37 mv/°C B Iuama3oHe TeMIieparyp
ot 0 10 100 °C, uro B 4,1 paza npeBocxoauT YyBcTBUTENbHOCTE BBP ¢ monmumepubsiM nokpsiTieM (9 m/°C),
u 59 nv/°C B nuanazone temmeparyp ot +120 mo +200 °C, uto B 3,4 pa3za mpeBOCXOIUT 4yBCTBUTEIHLHOCTh
BbP ¢ nomuMepHbIM TOKPBITHEM.

Pe3ynbTarsl 4ncIeHHOT0 MOJCTUPOBAHNS CMEIEHUS IIEHTPATbHON Op3rTOBCKON JUTMHBI BOJIHBI B IMANIa30HE
temnepatryp ot —140 1o 0 °C qiga BBP ¢ pasnudnbIM TOKpBITHEM OTpakeHbI Ha puc. 4. B aTom ciydae uyB-
CTBHTEJILHOCTh TaKXKe JIEMOHCTPHPYET HEJIMHEHHBIH XapakTep. OHa CyIIeCTBEHHO yMEHbIIAeTCsl B 001aCTH,
OJM3KOH K KpHOTEHHBIM Temneparypam. Hampumep, B quanazone Temmeparyp ot +25 go —40 °C uyBcTBU-
TeabHOCTh BBP ¢ ajqroMUHHEBBIM MOKpBITHEM cocTaBisieT oT 37 nm/°C, B auama3oHe temreparyp ot —120
1o —140 °C ona gocturaer 6 mm/°C.

A

s 40
2
3
° 35F
g Z
& = 3,0

w2
=
g5
2z 20
g =
E E 2,0 -
g =
o 1,5
=
= P
@) LOfF -

!
0 5 1 Il I 1 1 Il -
0 1 2 3 4 5 6
TonurHa MOKphITHUS, 10*m
-—=50°C 100 °C

Puc. 2. 3aBUCHMOCTb CIIBUTA IICHTPAILHON OP3rTOBCKOM UTHHBI BOJIHBI
OT TOJIIIMHBI ATFOMHUHUEBOTO OKPBITHS

Fig. 2. Dependence of the shift in the central Bragg wavelength
on the thickness of the aluminium coating
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Puc. 3. 3aBHCUMOCTH CIBHUTA IEHTPAIBHOI OPATTOBCKOM JJTHHBI BOJTHBI
OT U3MEHEeHHUs TeMneparypsl B auanazoHe ot 0 1o +200 °C anst BBP ¢ paznuyabiM HOKpbITHEM

Fig. 3. Dependence of the shift in the central Bragg wavelength
temperature changes in the range from 0 to +200 °C for FBG with different coating
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Puc. 4. 3aBuCUMOCTB C/IBUTa [IEHTPAILHON OPITTOBCKOIT IITMHBI BOJTHEI
OT M3MEHEHUsI TeMnepaTypsl B tuanazone ot —140 1o 0 °C g BBP ¢ pa3znuyHbIM NOKpeITHEM

Fig. 4. Dependence of the shift in the central Bragg wavelength
temperature changes in the range from —140 to 0 °C for FBG with different coating

Kak Ob10 OTMEYEHO BBIIIIE, TOTPEIIHOCTD M3MepeHuit mocpeactBoM BOAT 3aBUCHT OT LIMPHHBI CIIEKTPa
orpaxenust u3nydenus ot BEP. UroOw! morpemnocts n3mMepenuii He npespitiaia 1 °C B quana3zoHe reMneparyp
ot 0 10 +100 °C, caBuT 1IeHTpaTBHON OP3TTOBCKOM UTHHEI BOJIHBI U1t BBP ¢ monmmMepHBIM MTOKPBITHEM JOIDKEH
coctapysth 9 iM/°C (cm. puc. 3). Takoe ke pasperieHre JOKHO ObITh U Y ClieKTpoaHamn3aropa (cm. taom. 1). Co-
IJIACHO pe3yJbTaTaM MOJIETMPOBAHUS TSI TOCTHKEHUS TaHHOM MOTPEeLIHOCTH U3MEPEHUS TEMIIEpaTyphl K CIIEKT-
pasibHBIM Xapaktepuctrkam BBP u ciekrpoanannzaTopoB npenbsBIsSIOTCS JOBOJIBHO KECTKUE yCI0BUs. MeTai-
nm3anus BBP npuBoaut k yBenuaenuro uyBctButensHOocTH BO/T, 9T0 cCHMXKaeT TpeOoBaHMS K IIUPUHE CIIEKTPa
oTpakeHns n3ny4denus or BBP u k pa3pemmaromieii crtocoGHOCTH CIIeKTpOoaHaTu3aTopoB Aj1s morpemHocTty 1 °C,
a rpu coxpaneHuu napamerpoB BBP nocruraercs ymensienue norpemsocty B 3,5—4,0 pasa (10 Temmepary-
pst 0,30—0,25 °C). Pacmmpenue nuamna3zoHa cABUIa HEHTPaIbHON OpATTOBCKOM JUTMHBI BOJTHBI OTPayKEHHOTO OT
kax ot BEP m3imyuenns TpeOyeT BBIOITHEHNS YCIIOBHS, 3aKIIFOYAIOIIETOCS B OTCYTCTBHY HAJIOKEHHSI CTIEKTPOB
cocenHux BBP mmpu ux cMmeleHuu Bo BCeM U3MEpSieMOM UHTepBae Temueparyp. st cCoXxpaHeHus: KOIM4ecTBa
BEP B kBazupacmpeneieHHOM JaTurKe ObLT MCTIONIB30BaH ITUPOKOTIONOCHBIN ONTHYECKUH YCHIIUTENb C aKTHBHON
Cpeznoii B BUIe KOMOMHAIIMH BBHICOKOJIETUPOBAHHOTO 3pOMEBOr0 BOJIOKHA C JOOABICHUEM ABYOKUCH LIUPKOHHS
1 3pOHEBOr0 BOJIOKHA, PE3yNIBTUPYIOILIAs LINPUHA CIIEKTPA YCHIICHHSI KOTOPOTO COOTBETCTBYET IIMPHUHE FEHEPALIMU
ceeroauona (puc. 5) [24]. Koaddurment ycunenus nocrturan 35 nb, a mrym-gaxrop He npesbiman 11 a1b. B nanb-
HeWIIeM ONTUMH3aLus KOHCTPYKLIUH TaKUX YCHIIUTEIeH MO3BOJIMIIA YMEHBIIUTD myM-daktop 1o 3,1-5,2 nb
1u1s1 Bcel mosocsl yeusieHust 80 HM, Ipu 3 ToM ko3 dunmeHT yeunenus causuics 10 19,8 nb [25]. CymmapHbiit
C/IBHT LIEHTPAJIHHON OpITTOBCKOM IITMHBI BOJHBI st 0HOM BBP ¢ anfoMrHNEBBIM TOKPHITHEM B UCCIIEAYEMOM
TemmeparypHoM nHTepBaie coctaBui 13,1 aM. B aTom citydae konmmuectBo BBP, kKoTOpBIe MOXKHO HHTETPHPO-
BaTh Ha OJTHOM BOJIOKOHHOM CBETOBO/IE B MI0JI0CE YCHIJIEHUS ONTHYECKOTo yeunuTens 80 HM, paBHSAETCS IIECTH.
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Puc. 5. 3aBucumocTs K03(hHUINEHTA YCUICHHS U IIyM-(haKTopa
OT JUTMHBI BOJIHBI B IIMPOKOIIOJIOCHOM ONTHYECKOM YCHITHTEIIC

Fig. 5. Dependence of gain and noise factor on wavelength in a broadband optical amplifier
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[MockonbKy KOA(PQHUIMEHT JTUHEHHOTO TETIOBOTO PACHIMPEHUSI JIJIsl METaJJIa 3HAYUTEIILHO OOJTBIIIE, UeM JIJIST
KBapIEBOTO CTEKJIA, PH BO3PACTAHNWHU TEMIIEPATyphl BO3MOXKHO pa3pyIlIeHre BOJIOKOHHOTO CBETOBO/IA 32 CUET
MPOIOJIbHBIX jaedopmariuii. B nccnenoBanuu [26] yCTaHOBICHO, YTO TPU CTAIIMOHAPHBIX OJHOKPATHBIX Ha-
IpeBaHUsIX MaKCHUMaJbHO H3MepsieMas Temneparypa pasaaercs 500 °C, B To BpeMs Kak py JHHAMHUYECKHX
M3MEHEHMIX TeMIlepaTrypbl MaKCUMallbHbIe 3Ha4eHns He npeBbimany 315 °C npu cpoxke ciayx0s1 10 10 net.

3aKjaoueHne

YucneHHOe MOIEIMPOBAHHUE XapaKTEPUCTUK U3MEPUTEIISL TEMIIEPATYPBI C UCIIONIB30BAHUEM MAaTEMAaTHUECKOM
MOJIETIH TOKAa3aJyio, YTo B mHTEpBaje temmeparyp or —140 mo +200 °C 4yBCTBUTEIHHOCTh METAJUTM3UPOBAH-
HbeIX BBP, mpuMeHsieMbIX B KaueCcTBE TyBCTBUTEIBHBIX IIEMEHTOB B KBazupacnpeneiaeHusix BO/T, B 3,5—-4,0 paza
BBILIIE, YEM YYBCTBUTEIBHOCTh BBP ¢ monumepHbIM nokpsitueM. B pesynsrare cpaBHeHust BBP ¢ nokpsrtusimu
W3 HUKEIls, AIIOMUHNS U MeIM OBLIO BBISIBICHO, YTO HAUOOIBIIYIO YyBCTBUTENBHOCTh JIGMOHCTpUpPYIOT BBP
C QJIFOMUHHUEBBIM ITOKPBITUEM, ITPH STOM OIPEAEICHO, YTO JJIsl yMEHBIICHHUSI TOTPEIIHOCTH U3MEepeHHI AP dek-
TUBHO YBEJIMYHMBATh TOIIMHY MOKPHITHSA 10 200 MKM. YCTaHOBJIEHO, UTO TeMIIepaTypHas 4yBCTBUTEIbHOCTH BBP
HE SIBJIICTCS MOCTOSTHHOM. [laHHOE 00CTOSATENBCTBO 00YCIOBICHO HEJTMHEWHOM 3aBUCUMOCTBIO A ()EKTUBHOTO
MoKa3aTelisi PeIOMIICHUSI BOJIOKHA U KO3 (HUIIMEeHTa TEIUIOBOTO paclIMpeHHsl MeTajlla OT TeMIIePaTyphl, YTO
HEOOXOMMO YUYHUTBIBATh MPU NPOCKTUPOBAHNH M KaJTHOPOBKE JATYMKOB. YBEIHUYCHUE CIIEKTPAIBHOTO CABHTA
LEHTPaJIbHON Op3rTOBCKOM JUTMHBI BOJHBI IPU U3MEHEHUH Temreparypbl Ha 1 °C MpUBOAUT K YMEHBIIEHUIO
kosnyecTBa BBP, koTopble MOKHO MYJIBTUINIEKCHPOBATH B CIIEKTPATIbHOM II0JI0CE YCUIIEHUS ONITHYECKOIO YCH-
JIUTENS TIPH YCIIOBHH, YTO CIIEKTPHI OTIEeNbHBIX BBP He OymyT HakiaapIBaThCsl B TEMIIEPATYPHOM HHTEpBaJie
M3MEpPEeHHUH U YTO Ui CIIEKTPaJIbHOM Mosiockl ycuieHus: 80 HM BO3MOYKHO Ha OJTHOM BOJIOKOHHOM CBETOBOJIE
MHTErPUPOBATh J10 IECTH METAUIN3UPOBaHHbIX BBP.
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