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AnHorannug

IIpenmert ucciaenoBanus. BoJIOKOHHO-OIITUYECKUN JaTUUK TeMIlepaTyphl Ha OCHOBE pereHeprupOBaH-
HO¥ BOJIOKOHHOIT OParToBCcKOM perteTku. Ileas pa6orsl. PaszpaboTka maTumKa BHICOKMX TEMIIEpATyp Ha
OCHOBE PereHepUpPOBAHHON BOJIOKOHHOII pelreTKU Bpasrra u mpoBeieHUe ero TeMIepaTypHOTO UCCIeI0-
BaHusa 10 temepatypsl 1000 °C. Mertoa. PerenepupoBanHas BOJOKOHHAsSI OPITTOBCKAS pPeIleTKa MOJIy-
YyeHa B Pe3yJIbTaTe OTKUTa B BBICOKOTEMIIEPATyPHOI My(desbHOM Imeun «3aTPaBOYHON» BOJOKOHHON pe-
meTKu Bparra, 3anrcaHHOI HA HATPYKEHHOE BOJOPOIOM onTHUYecKoe BoJIoKHO SMF-28, mpu HenpepsIBHO
mogHUMAaloIelica TeMepaType oT KoMmHaTHOU 10 920 °C (TeMiepaTypa pereHepaiuu B CIydae BOJOKHA
SMF-28). KosduiimeHT oTpaskeHUA «3aTPABOUHOI» PeIeTKN MaKcuMaJibHO 0au3oK K 100% , miuHa
cTpyKTyphl 15 MmMm. Cropocts HarpeBa 500 rpaza/gac. OcHoBHBIe pe3yabTaThl. B X01€e mpoBemeHUs pa-
00T U TeMIIepPaTyPHBIX MCCJEIOBAHUN B AuamnasoHe temiepatyp ot +25 go +1000 °C c marom B 100 °C
paspaboTaH BOJOKOHHO-OITUUYECKUN JATUMK TEeMIIEPATyPhl HA OCHOBE PEreHePUPOBAHHOU BOJIOKOHHOM
OpPAITOBCKOI PEIIeTKY ¢ KOd(P(PUIMeHTOM oTpakeHus nopaska 50% , remieparypHasi 49yBCTBUTEIbHOCTD
KoToporo coctaBuia 14,9 nm/rpas. IlpakTuueckas 3HaYUMOCTb. [IpeT0sKeHHbIH MEeTO ] M3TOTOBJIEHUA
pereHepupPOBaHHBIX BOJIOKOHHBIX PEIETOK Bparra mo3poJisgeT UCI0Ib30BATh UX B KAUECTBE YYBCTBUTEb-
HOTO 9JIeMeHTa JaTyhKa TeMiepaTypbl. Ero crmoco6HOCTs paboTaTh MPU TAKUX BBICOKUX TeMIlepaTypax
OTKPBIBAET IIINPOKKE BO3MOKHOCTH I10 IIPUMEHEeHUIO B OPOMHOM CIIEKTPe IPUKJIATHBIX 3a1a4, cdep Ipo-
MBIIIJIEHHOCTY (HaIIpUMeDp, B ra30TyPOMHHBIX IBUTATEIAX, HA BJIEKTPOCTAHIINAX, CTAJIEIJIABUJILHBIX 32~
BoZax u np.). IIpocToTa ero peanmsany H03BOJAET IOIYUIUTH BOJTOKOHHO-OIITUUECKUH NaTUNK TeMIepa-
TypHI 6€3 IPUMeHEeH!A JOIOJIHUTEIHFHOTO 000PYIOBAHNSA 1 MaTePUaJIbHBIX 3aTparT.

KaroueBrie c1oBa: BOJTOKOHHAA GPITTOBCKAA PEIleTKA, pereHepanusd, JaTUNK TeMIepaTyphl, BHICO-
KOTeMIIepaTypHbIe U3MePEHUA, TeMIIepaTypHasa YYBCTBUTEJIHHOCTD
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Subject of study. Fiber-optic temperature sensor based on a regenerated fiber Bragg grating. Aim
of study. Development of a high temperature sensor based on a regenerated fiber Bragg grating and
conducting its temperature study up to a temperature of 1000 °C. Method. The regenerated fiber
Bragg grating is obtained by annealing in a high-temperature muffle furnace with a “seed” fiber Bragg
grating recorded on hydrogenated optical fiber SMF-28, at a continuously rising temperature from
room temperature to 920 °C (regeneration temperature in the case of SMF-28 fiber). The reflection
coefficient of the “seed” grating is as close as possible to 100% , the structure length is 15 mm. Heating
rate 500 °C/hour. Main results. During the work and temperature studies, which were carried out in
the temperature range from +25 to +1000 °C in steps of 100 °C, a fiber-optic temperature sensor was
developed based on a regenerated fiber Bragg grating with a reflectance of about 50% , the temperature
sensitivity of which was 14,9 pm/°C. Practical significance. The proposed method for manufacturing
regenerated fiber Bragg gratings makes it possible to use them as a sensitive element of a temperature
sensor. Its ability to operate at such high temperatures opens up wide possibilities for use in a huge
range of industrial applications (for example, gas turbine engines, power plants, steel mills, etc.).
The simplicity of its implementation makes it possible to obtain a fiber-optic temperature sensor
without the use of additional equipment and material costs.

Keywords: fiber Bragg grating, regeneration, temperature sensor, high-temperature measu-
rements, temperature sensitivity
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BBEOEHUE

BoslokoHHO-OIITHUYECKWE OATYUKH, CIIOCOOHBIE
U3MePATH BLICOKIE TeMIIePaTyPhl, ABISIOTCSA OJ-
HUM U3 KJIIOUEBBLIX 3JIEMEHTOB BO MHOTHUX IIPO-
MBIIIJIEHHBIX IIPOIleccax, TPeOyIomnuxX padoThI
B YCJIOBUAX BBICOKUX TeMmireparyp. Orpakaio-
m1asa CIIOCOOHOCTh BOJIOKOHHBIX OPATTOBCKUX pPe-
mretox (BBP) cylmecTBeHHO yXyAIlIaeTcs B ye-
JIOBUAX BBICOKOM TeMIIEpaTyphbl OKpPY KaloIei
cpenbl, UTO OTPAHUYMBAET UX IIPUMEHeHNe B ra-
30TypOMHAX ABUTATENSIX, Ha DJIEKTPOCTAHIIUAX,
OPEeAIPUATUIX, IPOUSBOAAIINX YEePHBIE U IIBET-

HBbIe MeTaJLJIbl, KOCMIUUECKUX MCCIeN0BATEIbCKIX
MOIYJIfAX, B He(TerasoBoil M aspOKOCMUUECKOU
ITPOMBIIIIJIEHHOCTH. 3a IIOCJeIHUE IBa EeCATHU-
JIeTUA IPeJJIoKeHO TOCTaTOUYHO MHOTO pelreHul
IS TIOBBINIeHUs paboueii TemmepaTyphl BEP,
BKJIIOUAA T'MIEPCEHCUOMIN3AIIUIO Ty TEM IIpPeBa-
PUTEJILHOTO OOJIyUeHU s, ONTUMUI3AIUI0 COCTAaBa
CTeKJIa 1 U3roTOBJeHue pereTok Tunos II u ITA
C MICIIOJIE30BAHMEM (DEMTOCEKYHIHBIX Ja3eposB [1].

OpHUM U3 pereHni ABIAETCA UCIIOIB30BaHUIE
pereHepupPOBAHHBIX BOJOKOHHBIX OpP3TTOBCKUX
pemerox (PBBP). Ha cerogusamiuuii 1eHb He Cy-
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IITeCTBYEeT OOIEIIPUHATON TeOPU, KOTOPas MOT-
Ja Obl O0BACHUTL Bce HaOJOZaeMble SIBJICHUS,
cBs3aHHLBIE ¢ 3 eKToM peremepariuu [2].

IIpomecc wmsroroBiaenuss PBBP oTHOCuTennh-
HO IIPOCT U IITUPOKO OOCYKIAaeTcsa B JUTEpaType
[3—15]. O6brurO0 BEP 3ammchiBaoTCsI B BOJIOKHO,
HATpy:KeHHOe BOJIOPOIOM, C IIOMOIIBLIO YJIbTpa-
(uoseroBoro (YP) nazepa u pa30Boil MacKu, KO-
TOpPOE 3aTeM OT:KUTAETCA IIPU OIIPeIeIeHHON TeM-
neparype (ot 500 1o 1000 °C). OTsxur TaKoro Tuma
OPUBOAUT K MHOJIHOM Aerpamganuu mcxomHoi BBP
(T.e. «3aTpaBouHoii» BBP) u mocaenymoinemy po-
cty HoBoii BBP (t.e. PBEP).

Takum 06pa3oM, ITeJIbI0 TaHHON PAOOTHI IBJIA-
eTcs paspaboTKa JaTunKa BLICOKUX TEeMIIepaTyp
Ha ocHOBe PBBP m mmpoBenmenme ero remmneparyp-
HoOro uccaemoBauusa go remmnepatypsl 1000 °C.

METO/[, PETEHEPALI/ BOJIOKOHHOW
BEP3rTOBCKOW PELLIETKU

B macrosieii pabore noayuernue PBBP ocymiect-
BJISJIOCH C IPMMEHEeHNeM BbBICOKOTeMIIepaTypPHOM
My(desbHON Imeun, Kyda MpeaBapuUTebHO IoMe-
II1aJIOCh HarpPy:KeHHOe BOJOPOAOM OIITUYECKOe
BoJsiokHO SMF-28 ¢ 3ammiicaHHOI B HETO «3aTPaBOyY-
Hoii» BBP, Kos(duiimeHT oTpaskeHuA mocae THer
IIpU 9TOM MaKcuMaJbHO 630k K 100%, nauHa
CTPYKTYpPHI 15 Mm. [is ¢hopMUPOBAHUA CTPYK-
TYPbI B BOJIOKHE NCIOJIb30BAJINICEH CXeMa C IIpuMe-
HeHueM uHTepdepomeTrpa TanbboTa 1 dKCUMED-
Had JjasepHad cuctema Optosystems CL-7500.
CxeMa yCTaHOBKHU JJis IPOBEIEHN’ IIpoliecca pe-
reHepaliuy IpeacTaBjaeHa Ha puc. 1.

B xone mpoBeseHHO paboThI ObLIA OIpeaeIeHa
Haunbosiee s(pPeKTUBHAST TeMIepaTypa pereHepa-
muu BBP. [[;15 aToro 6 KoMIiljieMeHTapHBIX 00pas-
moB BBP moouepenHo moMeIiajiuch B BEICOKOTEM-
epaTypHYIo My(eJbHYI0 eUb, Te ITPOBOAUIICS
WX PAaBHOMEPHBIN OT?KUT. YCTAHOBJIEHO, UTO HaU-
b6osee s(dpderTuBHaa peremeparius BBP (xoap-
¢uruent orpamxenus 99,9%, nauna 15 mm) Ha-
omromasacek upu Temieparype 920 °C, kosdpuiiu-
eHT orpa:kenusa PBBP cocraBun 53%. Ha puc. 2
IIpeficTaBjIeHa 3aBUCUMOCTD KOa(uIimeHTa oTpa-
skeHus PBBP or TemnepaTypbl pereHepaluu.

B cBs3u ¢ HEOOXOAUMOCTHIO HMOBBIMIIEHUST (PO-
TopedPaKTUBHOCTU OIITUYECKOTO BOJIOKHA TIepe]
HAuaJioM ITpoIlecca pereHepalvy CTaHIapTHOE
BoJIoKHO SMF-28 BhIZep:xuBajioch B Kamepe C
BOJOPOJIOM B TeueHUe 2 HeIeJb IIPU TeMIepa-
Type 60 °C. Ilocse sTOTO B HETO 3aMIMCHIBAJIACH

BBP c¢ kosd@puiimeHTOM OTpaKeHUsd IIOPIgKa
99,9%, mamHa CTPYKTYyphl 15 mm. CmexTp oT-
pakeHus «3aTpaBouHO» BBP mpexacraBjen Ha
puc. 3. HepoBHOCTU CcIIeKTpa 00 bACHAIOTCA He00-
XOJINMOCTBIO AJIUTEJIbHON 3aIUCU PEIeTKU IJIA
OOJyUYeHUA MaKCUMAaJbHOTO KO3(pUIiueHTa OT-
paskeHua. Kak BugHO U3 pUCYHKA, O Ipoliecca
pereHepanuy MOIITHOCTh OTPaKeHHOTO CHUTHAJAa
BBP cocraBuna 54,1 HBT 1pu KOMHaTHOH TeMIe-
parype.

B mporecce Tepmuueckoit perenepanuu BBP
OT!KUTraJjach B BBICOKOTEMIIEPATYPHOU MyQdesb-
Hoi#t meuu (LOIP LF-9/13). TemmnepaTypa oTskura
HEIIPEePLIBHO yBeJIMUUBAJIaCh (CKOPOCTH Harpe-
Ba 500 rpajg/dac) oT KOMHATHOH IO TeMIeparTy-
puI peremepamnunu (B ciyuae SMF-28 cocrasiser

Puc. 1. Cxema ycTaHOBKH AJId IIPOBENEHUA IIPoIlecca
pererepanuu BBP. I — IIIMPOKOIOJI0CHBIN HCTOUHUK
u3JyuyeHus, 2 — AaHaJIW3aTop CHeKTpa, 3 —
BBICOKOTEMIIepaTypHasa MydeabHasd Ieub, 4 —
ONTUYECKUI N30JIATOP, 5 — Y-OTBETBUTEJID

Fig. 1. Schematic representation of the installation
for carrying out the process of regeneration of the
fiber Bragg grating. (1) Broadband radiation source,
(2) spectrum analyzer, (3) high-temperature muffle
furnace, (4) optical isolator, (5) Y-coupler
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Puc. 4. Temmneparypubie 3aBucumMocTu crieKTpos BBP
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Fig. 4. Temperature dependences of the fiber Bragg
grating spectra at temperatures (1) 25, (2) 200,
(3) 400, (4) 600, (5) 800, (6) 912, (7) 920 °C

npuMepro 920 °C), mpm KOTOpPOH OTpaKkaTesb-
HAas CIIOCOOHOCTD PeIreTKH OBICTPO MaJaeT 0 TeX
TIOp, IOKa GPITTOBCKOE OTPaKeHne He IIepecTaeT
PEerucTpUpPOBATHCA aHAJIU3ATOPOM OIITHUYECKOI'O
cmeKTpa. PerieTka oTeKuUraJjach Ipu 9TOI TeMIe-
paType IO 3aBepIIeHUs IIPOIlecca pereHepalinm.
Becs mporiecc 3ausaa npumepuo 145 mun.

B nporecce ot:xura BBP 3ameren (puc. 4) pes-
KHUH CIIaJ OTPaKaeMOi MOIIHOCTHU IPU TeMIlepa-
Type okojio 908 °C. B 5TOT MOMEHT IPOUCXOIUT
TaK Ha3bIBaeMOe CTUpPaHue «3aTpaBouHoii» BBP,
a uepe3 HEKOTOPOEe BPeMA HAUMHAETCS ITPOIECC
pereneparnuu upu 920 °C.

IIpu pocru:xenuun temmeparypsl 912 °C Ha-
YHHAaEeTCA POCT Ko PureHTa OTPaKeHUI U CO-
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oTBeTCcTBeHHO mosaBjJaeHne PBBP. 9tor mporiecc
MIPOJOJIMKAeTCs BILIOTE 40 TeMiepaTypbl 920 °C,
nocJie uero PBBP BeIep:kuBaeTCs IIpu 9TOU TEM-
nepatrype okoso 30 muH. Ha puc. 5 mpexacras-
JIEHBI TeMIIepaTypHbIe 3aBUCHUMOCTHU IT€HTPAJIb-
HOU IJIMHBI BOJTHBI 1 KO3 GUITMEeHTa OTPAKEH U
BBP Ha BceM IPOTaKeHUM IIPOIecca pPereHe-
pamumn.

ITocse oxoHuaTebuOM cTadbuansanuyu PBEP ko-
apunmenT orpakenus coctaBuy 53% . CIeKTpbI
oTpaskeHusa «zarpaBouHoii» BBP u PBBP mnpen-
CTaBJIEHBI Ha puc. 6.
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Fig. 5. Temperature dependences of (1) changes in
the central wavelength of reflected radiation and (2)
reflection coefficient of a fiber Bragg grating during
the regeneration process
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Fig. 6. Reflection spectra of (1) a “seed” fiber Bragg
grating (reflection coefficient about 99.9%) and (2)
a regenerated fiber Bragg grating (reflection
coefficient about 53%)
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TEMIMEPATYPHbIE NCCNEQOBAHUSA
PETEHEPUPOBAHHOWU BOJIOKOHHOM
BP3rrOBCKOU PELLIETKU

B r1mporecce TeMIepaTypHBIX UCCJIETOBAHUMN
PBBP pasmerianack B BBICOKOTEMIIEpPATYpPHOM
MyQeJbHON Meun W IPU U3MEHEeHUU TeMIIepaTy-
PbI QUKCUPOBAJICA CIIEKTP ee oTpaskeHud. Cxema
YCTAaHOBKU aHAJIOTMYHA TOU, UTO IpUBeJEHA Ha
puc. 1. UccieqoBanusi IpOBOAUINUCE B TEMIIEpa-
TypHOM AmanasoHe oT +25 mo +1000 °C ¢ mrarom
B 100 °C. Ha pwuc. 7 mpencraBjieHa 3aBUCUMOCTb
U3MEeHEeHUA IeHTPAJbHONU AJMHBI BOJHBI OTpa-
skenHoro nsnyuenus PBBP or remmnieparypsl 1mo-
cJie yCpeqHEeHUs JaHHBIX D IUKJIOB Harpesa.

AHanusupys IOJTyUYeHHYIO 3aBUCUMOCTDH MOYK-
HO CKas3aTh, UTO TeMIEepaTypHas UYyBCTBUTEJb-
HOCTb TIOJTYUYeHHOrO oOpasiia BOJOKOHHO-OITHU-
YeCKOT'0 JaTunKa TeMIiepaTypsl Ha ocHoBe PBBP
cocraBuia 14,9 nm/rpan.

CIMNCOK UCTOYHUKOB

1. Dinusha S. Gu., On K.L., Zhengyong L., et al. Resur-
gent regenerated fiber Bragg gratings and thermal an-
nealing techniques for ultra-high temperature sensing
beyond 1400 °C // Opt. Exp. 2020. V. 28. Ne 7. P. 10595—
10608. https://doi.org/10.1364/0E.375421

2. Leonhard P., Franz J.D., Robert R.J.M., et al. Rege-
nerated fibre Bragg gratings: A critical assessment of
more than 20 years of investigations // Opt. Laser Tech-
nol. 2021. V. 134. P. 106650. https://doi.org/10.1016/
j.optlastec.2020.106650

3. Safari Yazd N., Chah K., Caucheteur C., et al. Compa-
rison of regenerated fiber Bragg gratings properties
in standard and B/Ge co-doped single-mode silica fi-
bers // IEEE Sens. J. 2020. V. 28. Ne 7. P. 10595-10608.
https://doi.org/10.1364/0OE.375421

3AKJTHOMEHUE

ChopMmupoBaHa KOHIIEIIIUSI KOHCTPYKIIMHU IAaT-
YMKa TeMIIepaTypbl Ha OCHOBe pPereHepupOBaH-
HOM BOJIOKOHHOM perneTku Bparra, a Tak:xe ms-
TOTOBJIEHBI MaKeTHBIe 00pasIbl BOJOKOHHO-OII-
TUYECKOT'0 JaTUNKa TEMIIEPATY PhI.

B xome wmcciemoBaHUA DpEIeHBI CJENYIONIIVE
3a1auu:

e VIzroToBieH MaKeTHBI 00paser] BOJIOKOHHO-
OIITHUYECKOT0 AaTUuMKa TeMIIepaTyphl Ha OCHOBE
PBEP c kosdduiiueHTOM OTpasKeHUA PeIneTKHN
nopsanxa 50%,

e [IpoBeeHbI TeMIlepaTypHbIE WCCJIEIOBAHUA
paspaboTaHHOr0o 00pasiia, B X04e KOTOPBIX IIOJIY-
YyeHa TeMIlepaTypHasa 3a BUCUMOCTD IIeHTPaJIbHOMN
IJIMHBI BOJIHBI oTpaskeHnsa PBBP nmpu marpese ot
+25 mo +1000 °C (b mumkios). TemmeparypHas
YYBCTBUTEJHLHOCTDH MOJYUYEHHOTO 00pasiia BOJIO-
KOHHO-OIITUYECKOTO JAaTUMKa TEeMIIepaTyphbl CO-
craBuja 14,9 mm/rpan.

IIpumenenne paspabOTAHHOTO BOJIOKOHHO-
OIITUYECKOTO JaTUMKA TeMIIepPaTyphbl ITO3BOJIUT
YIIPOCTUTH IIPOIecC 00pabOTKM JaHHBIX OTHOCHU-
TeJBHO CIIoco0a ompoca paHHee pa3padoTaHHOIO
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