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NCCNEQOOBAHUE NMAPAMETPOB ANCCUNATUBHbDbIX
BKP-COJINTOHOB, TEHEPUPYEMbIX BBJIU3U 1,7 MKM

B paboTe npoOeMOHCTPMPOBAHO MWCCReaoBaHWe XapakTepUcTUK auccunaTMBHbiX BKP-
CONMNTOHOB Ha AnMHax BorH 1,6—1,7 MKM B 3aBUCHMOCTMW OT S3HEPrUM UMMYIIbCOB HaKaykv 1 4O6POTHOCTM
BHeLUHero pe3oHaTtopa. B npeacraBneHHon cxeme reHepaTtopa Obiny NofyyYeHbl UMMYNbCbl C YacTOTON
nostopeHus 6,54 MI'y, B gnanasoHe aHeprum 4,3—7,2 nx. QuddepeHumanbHasn adekTMBHOCTb nepe-
Kayku aHeprum B guccunatuBHble BKP-conutoHbl coctaBuna nopsigka 83 % Ha anvHe BOmHbl 1,66 MKM.
BbINnonHeHo YncneHHoe MoAenupoBaHue BHELLHEro pe3oHaTopa 1 NpoBeAeH aHanna cxxaTusi UMNynbCoB
B ONTMYECKOM BOJIOKHE C aHOMarnbHOW Aucnepcueit. okasaHo, YTo yBenuyeHne [onu OTBOAMMOrO 13-
nyyeHus ns BHelwHero pesoHaTtopa ¢ 50 10 80 % MoOXeT yBenUUUTb Ka4eCTBO reHepUpyeMbIX UMMYbCOB.

KnioueBble crnoBa: BOMOKOHHbI Nasep, ONTUYECKoe BOSIOKHO, AMCCUNATUBHbLIA COMUTOH, Bbl-
HYXXAEeHHOe KOMBUHALMOHHOE paccesiHue.

V.M. Volosi'?, I. Zhdanov', N.A. Koliada'%3, D.S. Karenko'2, S.A. Babin'

"Institute of Automation and Electrometry SB RAS,
Novosibirsk, Russian Federation
°Novosibirsk State University, Novosibirsk, Russian Federation
3Institute of Laser Physics SB RAS, Novosibirsk, Russian Federation

INVESTIGATION OF RAMAN DISSIPATIVE SOLITONS
PARAMETERS GENERATED NEAR 1.7 MM

This work demonstrates a study Raman dissipative solitons parameters at wavelengths of 1.6-
1.7 uym as a function of pump pulse energy and external cavity quality factor. In the presented scheme of
the Raman dissipative solitons generator, pulses with a repetition rate of 6.54 MHz, an energy in range
of 4.3-7.2 nJ, and slope efficiency of about 83% at a wavelength of 1.66 ym were obtained. Numerical
simulation of an external cavity and analysis of pulse compression in an optical fiber with anomalous
dispersion are presented. It is shown that an increase in the fraction of diverted radiation from the external
cavity from 50% to 80% may allow increasing the quality of generated pulses.

Keywords: fiber laser, optical fiber, dissipative soliton, stimulated Raman scattering.
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BBeaenue

BonokonHbIe a3epbl 00J1a1aI0T MHOKECTBOM MPEUMYIIECTB Ha (oHE
CYILIECTBYIOIIMX JIa3€PHBIX UCTOYHUKOB, B YACTHOCTH, BBICOKUM Ka4eCTBOM
TeHEPUPYEMOT0 U3ITyUYEHHUs, YCTOMUNBOCTHIO K BHEIITHUM BO3JICHCTBUSM, OT-
CYTCTBHEM OOBEMHOH OINTHKH M, KaK CIEJICTBUE, HE TPEOYIOT JONOTHHUTEb-
HOM rocTHUpOBKH [1]. biarogapst 3ToMy OHM ITOJIy4MIIM pACIIPOCTPAHEHUE KaK
B MPOMBIIUIEHHOCTH, TaK U B HAYYHBIX HCCIIEA0BAHUSAX, I/Ie 0COObII HHTEpEC
MPOSIBIISIICS K UCCIEAOBAHUSIM OMOJIOTUYECKUX OOBEKTOB C MPUMEHEHHEM
HenuHENHHBIX (P dekToB [2]. BomokoHHBIE J1a3ephl MO3BOJSIOT Peain30BaTh
HEMHBA3UBHBIE UCCIICOBAHUS METOJaMH MHOTO(OTOHHOH (DIIyopecieHTHOH
MUKpOCKOMHUH [3], ONTUYEeCKON KOrepeHTHON ToMorpacduu [4], a Takxke Ko-
TepEeHTHOW aHTHUCTOKCOBOM paMaHOBCKOW CIIEKTPOCKONUH [5] M CIEKTPOCKO-
MUY BBIHYKJICHHOTO KOMOWHAIIMOHHOTO paccesHus [6]. B uccnemoBaHmsx
OMooTHYeCKNX 00BEKTOB BAXKHO YUHUTHIBATh TPeOOBaHME HA IIEHTPAIBHYIO
JUIMHY BOJIHBI UCIIOJIb3YEMOT0 U3JTy4Y€HUs1, KOTOPOE CBSI3aHO C HAJIMYUEM TaK
Ha3bIBa€MbIX «OKOH Mpo3padHoCTH Boab» — 1,3 u 1,7 MM [7, 8]. Ha aTux
JUIMHAX BOJIH CBET MOIJIOIIAETCS BOAON B HAUMEHbILIEH CTEIIEHH, YTO MO3BO-
JSeT JOCTUTAaTh 3aMETHO OOMNbINeH TyOWHBI MPOHUKHOBEHUS H3ITYYCHHUS
BHYTpb uccienyemoro odpasna. Ha Tekymiuii MOMEHT eCcTh HECKOJIbKO aK-
TUBHO Pa3BUBAIONINXCS METOJIOB MOJYYEHHUS HMITYJIbCOB B JAHHBIX CIIEK-
TpaJIbHBIX 00JIACTAX: MpsAMas TeHepalys ¢ UCIOJIb30BaHUEM ONTHYECKUX BO-
JIOKOH, JIETMPOBaHHBIX MOHAMU PEIKO3eMEIbHBIX MeTaiuoB [9, 10], u rene-
pauus U3Iy4eHHUs] C TPUMEHEHUEM HelMHEWHbIX npoueccos [11-13]. Crour
0COOEHHO OTMETUTH METO/IUKY T'eHepaluu auccunatuBHeix BKP-conutoHoB,
SBIISIOLLYFOCS 3¢ heKTUBHBIM
HHCTpyMEHTOM B oOsiactu 1,3 Mkwm [14] 1 coBceM HETaBHO MPOJEMOHCTPH-
poBaHHY!0 B o0nactu 1,7 mxm [15].

B nannoit paboTe npeacTaBaeHo SKCIIEPUMEHTABHOE U YUCIICHHOE HC-
clieIoBaHUE 3aBHCUMOCTH XapaKTepUCTHK AuccunatuBHbIX BKP-conmntoHoB,
TEeHEpUPYEMBIX BO BHELITHEM BOJIOKOHHOM PE30HATOPE, HA AJIMHAX BOJIH 1,6—
1,7 MKM B 3aBUCUMOCTH OT 3HEPTUU UMITYJIbCOB HAKAUKU U JIOJIU U3JIy4YEHUS,
OTBOJMMOTO U3 BHEILIHETO PE30HATOPA.

Onucanue 3KcepUMeEHTa

I'enepatop nuccunaruBHbix BKP-conMTOHOB cOCTOST U3 TPEX OCHOB-
HBIX 4aCTEH: 334a0IETr0 TeHepaTopa, KOMMEPUECKOro 3pOUEBOro yCHUIINTENsS
C JABYXIPOXOAHBIM PACTSIKUTEIIEM HMITYyJbCOB HAKAYKH M BHEIIHETO
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pe3onaropa (puc. 1). B xagecTBe 3amaromiero Jjiasepa BBICTYIAJ reHepaTop
CHJILHOYMPIIOBAHHBIX AuccUNaTUBHBIX conuToHOB (CYUJ/IC) ¢ cuHxpoHM3a-
el MO Ha OCHOBE HEIMHEWHOTO BpalleHUs MNoJspuzanuu. MMmyiabcsl
HaKauku uMenu cpennioro MmoutHocTs 0,6 MBT (0,1 H/[X) 1 reHepupoBanuch
¢ yactoroil mosTopeHus 6,54 MI'n. IlonpoGHoe omucaHue XapaKTEPUCTUK
JAHHOTO MCTOYHHMKA MPUBOJUTCS B cTaThe [16]. DHEprus UMITyICcOB OblIa
yBEJIMYEHA 110 METOIMKE YCUIICHHUS YHPIIOBaHHBIX UMITYJIbCOB (chirped pulse
amplification — CPA). HMcnonb30Bajcs ABYXNPOXOIHBIN PACTSHKUTENb HM-
MyJIbCOB, COCTOSIIINI U3 MOJSPU3ALMOHHOTO aenuTens nydka (PBS2), onTu-
YecKOro BOJOKHAa ¢ HopMmainbHOM gucnepcuerd  ThorLabs PM DCF
(B2 = 128 nic*/xm) u 3epkana Papazes (FM), 4To 103B0IUI0 06ECIEUUTE J10-
CTaTOYHOE YUIMPEHHE UMITYJIbCOB M JOCTUYb BHICOKHX DHEPIHid OCTE YCH-
nenus [17]. YcunenHble UMITyIbChl UMENU JUIUTENBHOCTh 18,8 1ic u cpen-
HIOI0 MOIIHOCTH 710 180 MBT (27 u/lX).
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Puc. 1. CxeMa sKCHEepUMEHTaJbHOW YCTAaHOBKM JUIsl TeHepauuu auccunatuBHbix BKP-

COJIUTOHOB, rae LD —nasepHblil quon Hakaukd, EDF — akTuBHOE ONTHUYECKOE BOJIOKHO,

nerupoBaHHoe dpoueM, PC — konTposmep noispuzanun, SMF — omHOMOI0BOE ONTHYECKOE

BoslokHO, PM SMF — onThueckoe BOJOKHO C coxpaHeHueMm mnoispusanuu, PBS;;—

MOJISIPU3AMOHHBIA AenmuTens mydka, [SO — wmzomsarop, Filter — cmektpaipHBIA QHUIBTP,

WDM,,—  CHeKTpaabHO-CEICKTHBHBIH  OTBeTBUTEHb, Coupler;, —  OTBETBHTEIbD,
PM DCF, PM Raman — crieriuajibHbIC ONTUYECKHE BOJIOKHA, Ampl — yCHIUTENb

W3nydyeHrne HaKauKy 3aBOJIMIIOCH BO BHELIHMN PE30HATOP Yepe3 CIeK-
TpanbHO-ceNeKTUBHBIN oTBeTBUTENb (WDM2). B cxeme ucnonb3yercs ontu-
YeCKOe BOJIOKHO C BBHICOKMM K03 duumenrom BKP-ycunenus (gr ~ 2,5 BT~
"'xm™") 1 HOpmanwHO# aucnepcueit PM Raman mapku OFS 1 BEIXOAHOM OT-
BeTBUTENb (Coupler2) ¢ koaduuuentrom nenenns 50 nm 80 %. lns ananusza
MOJYYEHHBIX MMITYJIbCOB MCIIOJB30BAJICS ONTHUYECKUH aHAIM3aTop CIEKTpa
OSA (Yokogawa 6370), paguo4acToTHBI aHanmm3aTop crekTtpa (Agilent
N9010A) u uzmepurtens moutHocTd ThorLabs PM100 ¢ repmanneBoii n3me-
putenbHOi rooBkoit S122C. JInMUTenbHOCTh UMITYJIBCOB OblIa H3MEpEeHa Mo
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METOAY YacTOTHO-Pa3pelIeHHOTO ONTHYECKOro cTpobupoBanus (frequency
resolved optical gating — FROG) ¢ mocnenyrorieit uHTEpIpeTannei TaHHbIX
C TIOMOIIIBI0 000OIICHHOTO AJITOPUTMA PEKOHCTPYKIIMU UMITYJIHCOB (COmMmon
pulse retrieval algorithm — COPRA), peanu3oBanHoro B OuOIHOTEKE
PyPRET [18].

Pe3yabTaTnl

Jlna nomydenust renepanuu nauccunatuBHbeix BKP-conmutonoB Tpebo-
BaJIOCh TOYHOE COIJIACOBAHUE YAaCTOT NOBTOPEHMSI HMITYJIbCOB HAKAUKH C Ya-
CTOTOM BHEIIHETro pe3oHaropa. JlaHHast HacTpoiKa OCYIIECTBISIACH 32 CUET
MOATOHKH JJIMH ONTHYECKUX BOJIOKOH BO BHEIIHEM PE30HATOPE W MOCIENy-
IOILEeN MPEU3UOHHON MOJICTPOMKHM YaCTOThI MOBTOPEHUS 33IA0IIETO IeHe-
paropa. [To u3MepeHHBIM PaJOYaCTOTHBIM CIIEKTpaM Ha0JII0JaJI0Ch COBIIA-
JIEHUE YaCTOThI TOBTOPEHUS UMITYJIbCOB 33JAI0IIET0 reHepaTopa 1 IMccua-
tuBHBIX BKP-comuronoB, xotopas cocrtaBuser 6,54 MI'n. Takxke Obu1oO
MPOJIEMOHCTPUPOBAHO BBICOKOE COOTHOIIIEHHE CUTHaJ/1ryM B 60 n1b mpu pas-
pemennn 1 I'm ans cnexTpa 4acTOThl MOBTOpPEHMs auccunatuBHbIX BKP-
COJIUTOHOB (puc. 2).
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Puc. 2. Pagnouacrorsiii cnektp CHJIC u nuccunaTUBHBIX
BKP-conuTtonoB, pa3peuienue 1 '

Ha puc. 3, a mpencraBieHsl ONTHYECKHE CIEKTPHI JIHCCHITATHBHBIX
BKP-conutonoB mist koHburypauuu ¢ ko dunuentom Beioga 50 %. C po-
CTOM MOIIHOCTH JIa3€pHOTO M3IIyYEeHHS HAa BXOJE BHEIIHETO PEe30HaTopa
HAOIOIAeTCs YITUPEHUE ONTHYECKUX CIEKTPOB. CpenHsss MOIIHOCTh MM-
MyJIbCOB HA BBIXO/I€ BHEIITHETO PE30HATOPA BapbUPOBAJIach B AuanazoHe 28—
47 mBrT (4,3-7,2 u]lx), a tuddepennmanbaas 3QpGheKTHBHOCTH TpeoOpa3oBa-
Hug B nuccumnatuBHele BKP-comutons!l cocraBuia =~ 83 %. MakcuMalibHOE
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3HaYCHHE OTPAHWYHMBAIIOCH MEPEXOJOM B T€HEPAIMIO HIYMOIIOIOOHBIX UM-
IIyJIBCOB, KOT/IA CIIEKTP MOJHOCTHIO TEPSJ BHYTPEHHIOKO CTPYKTYPY U CTAHO-
BUJICS TJIAJIKMM, a TaK)K€ NEPEKAYKON HEPruu B CTOKCOBBI UMITYJIbChI BTO-
poro mnopsaka. FROG-cnektporpamma u AK®, npencraBieHHble Ha
puc. 3, 6, 6, OKa3bIBAIOT, YTO MMITYJIbChl CHJIBHO YUIMPEHBI, UX JJIUTEIb-
HOCTb COCTaBJIAET Nopsijaka 44 nc. A HaIM4YKE y3KOTO MUKa Ha IIUPOKOM MOI-
noxke B AK® mMmmynbca CBHIETEIBCTBYET O T'€HEpPALlUM YaCTUYHO-KOTe-
peHTHBIX UMIybcoB [19, 20]. I1o u3MepeHHBIM TaHHBIM CIEJIaH BBIBOJ, YTO
U3-32 U30BITOYHOTO HAKOIUICHHs HeIMHEHHOro Halera ¢a3bl CeKTpaibHas
dopma nuccunatuBHbix BKP-conmuToHOB cHIbHO HCKaXeHa.
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Puc. 3. Ontryeckue cnekTpsl quccunaTiBHBIX BKP-cONMMTOHOB npH pa3nnyHbIX 3HAYSHUAX

motHocTH HakaukH (a); FROG-cniekrporpamma (6) 1 aBToKoppesnsiiuonHast GyHKIus (),

COOTBETCTBYIOIINE TeHepauu YaCTHYHO-KOTE€PEHTHBIX HMITYJIbCOB JUIst
3Ha4YeHUs cpenneit momuoctu 47 MBT (7,2 B/1X)

Jln1s coxaTus UCIOJIb30BaATIOCh ONITUYECKOE BOJIOKHO C aHOMAJIbHOM JIUC-
Hepcuei, XapaKTepUCTHKH KOTOporo cooTBeTcTBoBayM Fujikura SM15-PS-
U25D, npucyTcTByolieMy BO BHEIIHEM pe3oHaTope. OnTuMaibHas IJIMHA
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BOJIOKHA MOJI0Mpaach 3KCIepUMEHTaIBHO 1 coctaBmia 40 M. Kak uror, Ha
puc. 4, a—6 TOKa3aHO CPaBHEHUE M3MEPEHHBIX U BOCCTaHOBIEHHBIX FROG-
CIIEKTPOTrpaMM, pacCUUTaHHbIX 110 HUM AK® 1 onTHYecKux CIEKTPOB 10 U
nociue cxkatus Ui quccunatuBHbix BKP-conuronos. M3 pesynpraToB cxka-
THUS CJIEyeT, YTO UMIIYJIbC PaclaJaeTcs Ha CEpUi0 CyOUMITYJIbCOB C MEHb-
el SHEPTHUEH, YTO SBHO BUIHO MO BOCCTAHOBJICHHOM BpeMEHHOU (opme,
MpEeACTaBICHHON Ha puc. 4, 2.
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Puc. 4. IlonHoe cpaBHEHHE U3MEPEHHBIX M BOCCTAHOBIEHHBIX AaHHBIX, BKmMouas FROG-

CHEKTPOrpaMMbl (@), aBTOKOPPEISLHOHHBIE (GYHKIMH (6), ONTHYECKHE CHEKTPHI (8)

U BpeMeHHYyI0 dopmy cxkatoro muccunariBHoro BKP-conurona (2) mnst koHurypamuu
¢ 50%-Hoii 06paTHOM CBA3BIO

B cooTBeTcTBUM C H3MEPEHHBIMU MTapaMeTPaMU HAKaYKU U XapaKTepH-
CTUKaMHM BHCIIHETO pE€30HATOpPa OBLIO BBIIOJIHEHO YUCIECHHOE MOACIINPOBaA-
Hue ¢ ucnoip3oBanueM 6udauoreku PyOFSS [21]. [To u3MepeHHbIM Xapak-
TEPUCTHKAM UMITYJIbCOB HAKAUKU ObLI M0A00paH aHATUTUYECKUI UMITYJIbC B
dbopMe TUCCUNIATUBHOIO COJMTOHA C COOTBETCTBYIOLIMMHM IapaMeTpaMu:
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JUINTEIBHOCTD, YUPI U IIMPUHA ONTHYECKOIO CIeKTpa. Mojenb OCHOBBIBA-
Jach Ha peUICHMH HenuHeWHoro ypasHeHus lllpeaunrepa mmis onTHYecKux
UMITYJIbCOB B OZJHOMOJZIOBOM ONTHYECKOM BOJIOKHE [22]. Pacuér ObL1 BbINOIN-
HeH npu yuére ¢ynkiuu BKP-oTkinka, oCHOBaHHOW Ha MOJENH MHOXe-
CTBEHHBIX KOJIeOaHUN MOJI Ui KBapleBbIX CBETOBOAOB [23]. Habmonanoch
Ka4eCTBEHHOE COIVIACOBAHUE DKCIIEPUMEHTAIBHBIX M PACYETHBIX ONTHYE-
CKHX CIIEKTPOB, KaK IIOKa3aHO Ha pHuC. S.
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Puc. 5. MonenupoBanue nuccunatuBHbiXx BKP-comnTonoB
JUTS Pa3IMYHBIX KOH(QUTYPAUil BHENIHETO pe30HaTopa

[Tockonbky B KOH(Urypauuu BHeUIHero pe3oHaropa ¢ 50%-HbIM OT-
BETBUTEJIEM ObUTH MOTYUYEHbl YACTUYHO-KOT€PEHTHBIE UMITYJILCHI U B PE3YJIb-
TaTe CXKATHUsI BpeMeHHasi (hOpMa MMITYJIbCOB paclagaiach Ha CEpUI0 CYyONM-
MyJICOB, OBUT MPOBE/ICH YUCIICHHBIN aHan3. Bapeupyst Benmmuuny k03 du-
UeHTa OOpaTHOM CBsI3U, OBLJIO BBISABIEHO, YTO C YBEIMYEHHUEM JI0JIU
OTBOJUMOTO M3ITyYeHHUs YIy4lIaeTcs KauyeCTBO T€HEPUPYEMBIX HMITYJIbCOB.
Haubonee mogxoasimuM ObLT BBIOpaH OTBETBUTENH ¢ KOIPPUIIMESHTOM BbI-
Boza 80 %.

Ha puc. 6, a, 6 npuBOUTCS CpaBHEHHE U3MEPEHHBIX U BOCCTAHOBJICH-
HbeIX FROG-cnekrporpamm u AK®. Taxxe Ha puc. 6, 6 mpeIcTaBICHO CpaB-
HEHHE U3MEPEHHOTo 1 BoccTaHoBIeHHOro 1o FROG-cnekTporpamme onTu-
YeCKHX CTeKTpoB. [1o BoccTaHOBIECHHOM BpeMEHHOM orubaroiieit Ha puc. 6,
2 BUJIHO, YTO TMOJIy4€HHbIE UMITYJIbChl UMEIOT AnuTenbHOCTh 300 e u muko-
BYI0O MOIIHOCTh Tnopanka 1,5 kBt. Ouneprus auccunatuBabix BKP-
COJINTOHOB, FTEHEPUPYEMBIX BO BHEIIHEM pe3oHaTope ¢ 80%-HbIM OTBETBUTE-
JeM, BapbupoBanack B obnactu 3HaueHui 0,5-3,6 ullx ¢ quddepennmans-
HOM  3ddexTuBHOCTBIO TpeoOpazoBanus 57 %. Takum  oOpaszom,
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HKCIEPUMEHTAIBHO OKAa3aHO, YTO MIPEJCKA3aHHOE B MOJIEIIN YJIy4lIeHNE Ka-
YecTBa NeHEpUPYEMbIX UMITYJIbCOB, 00eCIIeYMBaeMoe YMEHbIIEHHEM 00paT-
HOM CBSI3M BHEILIHETO PEe30HATOPA, ACHCTBUTEIBHO MOATBEPKAAETCS Ha IPaK-
tuke. [TogpoOGHOe uccnenoBanne JaHHOM KOH(UTYpaIlK BHEIITHETO Pe30Ha-
TOpa IMPEJICTaBICHO B cTaThsX [17, 24].
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Puc. 6. [lomHOE cpaBHEHHE W3MEPEHHBIX M BOCCTAHOBJICHHBIX JaHHBIX, BKIouas FROG-
CHEKTPOrpaMMbl (&), aBTOKOPPENSIMOHHBbIE (GYHKIUU (), ONTHYECKHE CHEKTPhI (6) U
BpeMeHHYI0 (opMy cxkatoro auccunatiusHoro BKP-conmurona () s 80 % xoHurypamun

3akarouyenue

[lo utoram sKcrepuMEHTOB MO reHepanuu auccunatuBHbix BKP-
COJINTOHOB BO BHEITHEM pe3oHaTope ¢ 50%-HbIM OTBETBUTENIEM H CIKATHUIO
B ONITUYECKOM BOJIOKHE C aHOMAaJILHOM Jucriepcuei Obl c/esiaH BBIBOJI, YTO
TeHEepUpPYyEMbIe UMITYIbChI SBISUIUCH YaCTUYHO-KOTEPEHTHBIMU U pacraja-
JUCHh Ha CEpUI0 CYOMMITYJIbCOB MPHU UX CXKATUU. B HaHHOW KOH(UTYparuu
ObLTH oTyueHsl nuccunatuBHbie BKP-conmutons! ¢ sneprusamu 4,3—7,2 ulx
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u muddepennnansaoil dpdexTuBHOCTRIO TOpsinka 83 %. M3 uyucieHHOTrO
MOJIEJIMPOBaHMs OB CIEJIaH BBIBOJ, YTO YMEHBLIEHHE OOpaTHOM CBSI3U BO
BHEILIHEM PE30HATOpPE IMO3BOJISET 3HAUYUTEIBHO YIYUIIUTh KayeCTBO TEHEpH-
PYEMBIX HMITyJIbCOB. BBIIBHHYTOE MpPEAINOIOKEHHE OBUIO TOATBEPHKICHO
B 9KCTIEPUMEHTAX 110 TeHepaIyu aquccunatuBHbIX BKP-comMToHOB BO BHEIITHEM
pe3onarope ¢ 80%-HbIM OTBETBUTEJIEM, SHEPIHs KOTOPBIX JOCTUrajla YPOBHS
4 uJIX Ha IIEHTpAIbHON IMHE BOJIHBI 1,66 MKM ¢ muddepeHtnansHoil dhdex-
TUBHOCTBIO TipeoOpazoBanust 57 %. C Touku 3peHust pyHIaMeHTATbHBIX HCCIIe-
JIOBaHUi 1aHHasi paboTa MOKa3bIBaeT YHUBEpCcaIbHOCTH 3 dexra BKP s re-
Hepalyy MMITYJIbCOB Ha JUTMHAX BOJIH, COOTBETCTBYIOUIMX IIETIEBOW 00JacTh
npUMeHeHus. JJaHHBII HCTOYHUK U3Ty4€HHs MIMEET NEePCIEKTHBbI JJIs1 aKTUBHO
Pa3BUBAIOLIEHCS HA CErOIHSIHUI 1eHb 00JacTH OMOMEULIMHCKON BU3yaln3a-
I[IUH C IPUMEHEHNUEM HeTMHEHHBIX 2P EKTOB.

Cnucok JuTepaTypsbl

1. Fiber lasers and their applications / W. Shi [et al.] // Applied optics. —
2014. — Vol. 53, no. 28. — P. 6554—6568.

2. 1700 nm optical coherence microscopy enables minimally invasive,
label-free, in vivo optical biopsy deep in the mouse brain / J. Zhu [et al.] //
Light: Science & Applications. —2021. — Vol. 10, no. 1. — P. 145.

3. Yamada M., Lin L.L., Prow T.W. Multiphoton microscopy applica-
tions in biology // Fluorescence microscopy. — Academic Press, 2014. —
P. 185-197.

4. Noninvasive, in vivo imaging of subcortical mouse brain regions
with 1.7 um optical coherence tomography / S.P. Chong [et al.] // Optics let-
ters. —2015. — Vol. 40, no. 21. — P. 4911-4914.

5. Roy S., Gord J.R., Patnaik A.K. Recent advances in coherent anti-
Stokes Raman scattering spectroscopy: Fundamental developments and ap-
plications in reacting flows // Progress in Energy and Combustion Science. —
2010. — Vol. 36, no. 2. — P. 280-306.

6. Stimulated Raman scattering microscopy with a robust fibre laser
source / C.W. Freudiger [et al.] // Nature photonics. — 2014. — Vol. 8§,
no. 2. —P. 153-159.

7. Xu C., Wise F.W. Recent advances in fibre lasers for nonlinear mi-
croscopy // Nature photonics. —2013. — Vol. 7, no. 11. — P. 875-882.

8. Advances of mode-locking fiber lasers in neural imaging / S. Fan [et
al.] // Advanced Optical Materials. — 2023. — Vol. 11, no. 15. — P. 2202945.

75



B.M. Bonocu, U. Koanoe, H.A. Konsoa, /I.C. Xapenxo, C.A. Babun

9. Fiber chirped pulse amplification of a short wavelength mode-locked
thulium-doped fiber laser / C. Li [et al.] // Apl Photonics. —2017. — Vol. 2, no. 12.

10. Laser-active fibers doped with bismuth for a wavelength region of
1.6-1.8 um /S.V. Firstov [et al.] // IEEE Journal of Selected Topics in Quan-
tum Electronics. —2018. — Vol. 24, no. 5. — P. 1-15.

11. High power soliton self-frequency shift with improved flatness
ranging from 1.6 to 1.78 mkm / T.N. Nguyen [et al.] // IEEE Photonics Tech-
nology Letters. —2013. — Vol. 25, no. 19. — P. 1893-1896.

12. Ma X. Nonlinear effects-based 1.7 um fiber lasers: A review and
prospect // MATEC Web of Conferences. — EDP Sciences, 2023. —
Vol. 382. - P. 01028.

13. All-fiber high-power 1700 nm femtosecond laser based on optical
parametric chirped-pulse amplification / Y. Qin [et al.] // Optics express. —
2020. - Vol. 28, no. 2. — P. 2317-2325.

14. Generation of Raman dissipative solitons near 1.3 microns in a
phosphosilicate-fiber cavity / D.S. Kharenko [et al.] // Optics Express. —
2018. —Vol. 26, no. 12. — P. 15084—-15089.

15. T'enepanusi paMaHOBCKHX JHCCHUIATHUBHBIX COJINTOHOB BOJIM3H
1,7 mxM ¢ cunxpoHHO# Hakauko# / B.M. Bonocu, . XKnanos, /[.C. Xapenko,
H.A. Konsna, C.A. babun // Marepuanbsl 10-ro MexayHap. ceM. 1Mo BOJIO-
KOHHBIM J1a3zepam; HoBocubupck, 15-19 asrycra 2022 r. — C. 73-74.

16. Energy scaling of an erbium-doped mode-locked fiber laser oscil-
lator / I.S. Zhdanov [et al.] // OSA Continuum. — 2021. — Vol. 4, no. 10. —
P. 2663-2670.

17. Raman dissipative soliton source of ultrashort pulses in NIR-III
spectral window / I. Zhdanov [et al.] // Optics Express. — 2023. — Vol. 31,
no. 21.—P. 35156-35163.

18. Common pulse retrieval algorithm: a fast and universal method to
retrieve ultrashort pulses / N.C. Geib [et al.] / Optica. — 2019. — Vol. 6,
no. 4. — P. 495-505.

19. Three key regimes of single pulse generation per round trip of all-
normal-dispersion fiber lasers mode-locked with nonlinear polarization rota-
tion / S. Smirnov [et al.] // Optics express. — 2012. — Vol. 20, no. 24. —
P. 27447-27453.

20. Coherent artifact and time-dependent polarization in amplified ul-
trafast erbium-doped fibre lasers / M. Lopez-Ripa [et al.] / Optics & Laser
Technology. — 2021. — Vol. 140. — P. 107018.

21. Kharenko D.S. Pyofss: Python-based optical fibre system simula-
tor. — Github, 2022. — URL: https://github.com/galilley/pyofss.

76



Hccnedosanue napamempog ouccunamustvix BKP-conumonos, cenepupyemvix 6onusu 1,7 mxm

22. Evolution of dissipative solitons in a fiber laser oscillator in the
presence of strong Raman scattering / A.E. Bednyakova [et al.] // Optics ex-
press. —2013. — Vol. 21, no. 18. — P. 20556-20564.

23. Hollenbeck D., Cantrell C.D. Multiple-vibrational-mode model for
fiberoptic Raman gain spectrum and response function // JOSA B. — 2002. —
Vol. 19, no. 12. — P. 2886-2892.

24. UccnenoBanue mapaMeTpoB nuccunatuBHbX BKP-comuroHoB, Te-
Hepupyembix BOmu3u 1,7 mxm / B.M. Bonocu [u ap.] // ®oTton-3Kcmpece. —
2023. - Ne 6 (190). — C. 259-260.

References

1. Shi W. et al. Fiber lasers and their applications. Applied Optics,
2014, vol. 53, no. 28, pp. 6554-6568.

2. Zhu J. et al. 1700 nm optical coherence microscopy enables mini-
mally invasive, label-free, in vivo optical biopsy deep in the mouse brain.
Light: Science & Applications, 2021, vol. 10, no. 1, p. 145.

3. Yamada M., Lin L.L., Prow T.W. Multiphoton microscopy applica-
tions in biology. Fluorescence Microscopy. Ed. A. Cornea, P.M. Conn. Aca-
demic Press, 2014, pp. 185-197.

4. Chong S.P. et al. Noninvasive, in vivo imaging of subcortical mouse
brain regions with 1.7 um optical coherence tomography. Optics Letters,
2015, vol. 40, no. 21, pp. 4911-4914.

5. Roy S., Gord J.R., Patnaik A.K. Recent advances in coherent anti-
Stokes Raman scattering spectroscopy: fundamental developments and appli-
cations in reacting flows. Progress in Energy and Combustion Science, 2010,
vol. 36, no. 2, pp. 280-306.

6. Freudiger C.W. et al. Stimulated Raman scattering microscopy with
a robust fibre laser source. Nature Photonics, 2014, vol. 8, no. 2, pp. 153-159.

7. Xu C., Wise F.W. Recent advances in fibre lasers for nonlinear mi-
croscopy. Nature Photonics, 2013, vol. 7, no. 11, pp. 875-882.

8. Fan S. et al. Advances of mode-locking fiber lasers in neural imag-
ing. Advanced Optical Materials, 2023, vol. 11, no. 15, p. 2202945.

9. Li C. et al. Fiber chirped pulse amplification of a short wavelength
mode-locked thulium-doped fiber laser. APL Photonics, 2017, vol. 2, no. 12,
p. 121302.

10. Firstov S.V. et al. Laser-active fibers doped with bismuth for a
wavelength region of 1.6-1.8 um. IEEE Journal of Selected Topics in Quan-
tum Electronics, 2018, vol. 24, no. 5, pp. 1-15.

77



B.M. Bonocu, U. Koanoe, H.A. Konsoa, /I.C. Xapenxo, C.A. Babun

11. Nguyen T.N. et al. High power soliton self-frequency shift with
improved flatness ranging from 1.6 to 1.78 um. IEEE Photonics Technology
Letters, 2013, vol. 25, no. 19, pp. 1893-1896.

12. Ma X. Nonlinear effects-based 1.7 um fiber lasers: A review and
prospect. MATEC Web of Conferences, 2023, vol. 382, p. 01028.

13. Qin Y. et al. All-fiber high-power 1700 nm femtosecond laser
based on optical parametric chirped-pulse amplification. Optics Express,
2020, vol. 28, no. 2, pp. 2317-2325.

14. Kharenko D.S. et al. Generation of Raman dissipative solitons near
1.3 microns in a phosphosilicate-fiber cavity. Optics Express, 2018, vol. 26,
no. 12, pp. 15084-15089.

15. Volosi V.M., Zhdanov 1., Kharenko D.S., Koliada N.A., Ba-
bin S.A. Generatsiia ramanovskikh dissipativnykh solitonov vblizi 1,7 mkm
s sinkhronnoi nakachkoi [Generation of Raman dissipative solitons near 1.7
um with synchronous pumping]. Proceedings of 10th International Workshop
on Fiber Lasers, 2022, pp. 73-74.

16. Zhdanov LS. et al. Energy scaling of an erbium-doped mode-locked
fiber laser oscillator. OSA Continuum, 2021, vol. 4, no. 10, pp. 2663-2670.

17. Zhdanov I. et al. Raman dissipative soliton source of ultrashort
pulses in NIR-III spectral window. Optics Express, 2023, vol. 31, no. 21,
pp. 35156-35163.

18. Geib N.C. et al. Common pulse retrieval algorithm: a fast and univer-
sal method to retrieve ultrashort pulses. Optica, 2019, vol. 6, no. 4, pp. 495-505.

19. Smirnov S. et al. Three key regimes of single pulse generation per
round trip of all-normal-dispersion fiber lasers mode-locked with nonlinear
polarization rotation. Optics Express, 2012, vol. 20, no. 24, pp. 27447-27453.

20. Lopez-Ripa M. et al. Coherent artifact and time-dependent polari-
zation in amplified ultrafast erbium-doped fibre lasers. Optics & Laser Tech-
nology, 2021, vol. 140, no. 14, p. 107018.

21. Kharenko D.S. Python-based optical fibre system simulator, avail-
able at: https://github.com/galilley/pyofss (accessed 2 September 2023).

22. Bednyakova A.E. et al. Evolution of dissipative solitons in a fiber
laser oscillator in the presence of strong Raman scattering. Optics Express,
2013, vol. 21, no. 18, pp. 20556-20564.

23. Hollenbeck D., Cantrell C.D. Multiple-vibrational-mode model for
fiberoptic Raman gain spectrum and response function. Journal of the Optical
Society of America B, 2002, vol. 19, no. 12, pp. 2886-2892.

78



Hccnedosanue napamempog ouccunamustvix BKP-conumonos, cenepupyemvix 6onusu 1,7 mxm

24. Volosi V.M. et al. Issledovanie parametrov dissipativnykh VKR-
solitonov, generiruemykh vblizi 1,7 mkm [Study of the parameters of dissi-
pative SRS solitons generated near 1.7 pm]. Foton-ekspress, 2023, vol. 6, no.
190, pp. 259-260.

Caenennst 00 aBTopax

BOJIOCH B.M.
e-mail: volosivm@jiae.nsk.su

AcmmupanT HoBocnOnpcKoro rocy1apcTBeH-
HOTO YHHMBEPCHUTETA, HHKECHEP-HCCIIEN0Ba-
Tenb JlabopaTopuu BOJIOKOHHOW OITHKH
(17) HCTHTYTa aBTOMATHKH U DJIEKTPOMET-
pun Cubupckoro oraeneHus Poccuiickoii
akajieMuu Hayk, T. HoBocrOupck.

KJIAHOB H.
e-mail: zhdanovis@iae.nsk.su

Kangumat ¢u3nko-mMaTeMaTHUECKUX HAYK,
MIIAIIAA HAYYIHBIH coTpyaHuk JlabopaTo-
pun BosokoHHOM omntuku (17) UuCcTHTyTa
aBTOMATHKH | IeKTpoMeTpruu CUOMPCKOTo
otnenenus Poccuiickoil akageMuu Hayk, T.
HoBocubupck.

KOJISIJIA H.A.
e-mail: n.koliada@mail.ru

Kangunmar Qu3MKo-MaTeMaTnyeckux Hayk,
CTapIINil Hay4IHBIN COTPYyAHUK Jlaboparoprm
orrrrdeckux gacos (1.1) MHcTHTyTA NMa3epHoit
¢u3uku Cubnpcekoro otaeneHus Poccuiickoit
akaJieMun Hayk, T. HoBocuOupck.

XAPEHKO J.C.
e-mail: kharenko@iae.nsk.su

Kannupat ¢u3uko-mMaTeMaTnyecKux Hayk,
BeAyIIN HaydHbIH coTpyaHuk JlaGoparo-
pun BojokoHHOHM ontuku (17) Mucruryra
ABTOMATHKH U IeKTpoMeTprn CHOMPCKOTo
ornenenuss Poccuiickoil akageMuu Hayk,
r. HoBocubupck.

About the authors

V.M. VOLOSI
e-mail: volosivm@jiae.nsk.su

Postgraduate student, Novosibirsk State
University, Research Engineer, Laboratory
of Fiber Optics (17), Institute of Automation
and Electrometry, Siberian Branch of the
Russian Academy of Sciences, Novosibirsk.

I.ZHDANOV
e-mail: zhdanovis@iae.nsk.su

Ph.D. in Physics and Mathematics, Junior
Researcher, Laboratory of Fiber Optics (17),
Institute of Automation and Electrometry,
Siberian Branch of the Russian Academy of
Sciences, Novosibirsk.

N.A. KOLIADA
e-mail: n.koliada@mail.ru

Ph.D. in Physics and Mathematics, Senior
Researcher, Laboratory of Optical Clock
(1.1), Institute of Laser Physics, Siberian
Branch of the Russian Academy of Sci-
ences, Novosibirsk.

D.S. KHARENKO
e-mail: kharenko@iae.nsk.su

Ph.D. in Physics and Mathematics, Leading
Researcher, Laboratory of Fiber Optics (17),
Institute of Automation and Electrometry,
Siberian Branch of the Russian Academy of
Sciences, Novosibirsk.

79



B.M. Bonocu, U. Koanoe, H.A. Konsoa, /I.C. Xapenxo, C.A. Babun

BABUH C.A. S.A. BABIN
e-mail: babin@iae.nsk.su e-mail: babin@iae.nsk.su

Hoxtop ¢usmko-maTematndeckux Hayk, Doctor of Physical and Mathematical Sci-
4IIeH-KoppecioHieHT Poccuiickoit akazme- ences, Corresponding Member of the Rus-
MHUH Hayk, 3aBenyromunii Jlaboparopun Bo- sian Academy of Sciences, Head of Labora-
nokonHoit ontuku (17) UuctutyTa aBroma- tory of Fiber Optics (17), Institute of Auto-
TUKA U 31ekTpomerpun Cubupckoro otae- mation and Electrometry, Siberian Branch
nenus Poccuiickoit akamemun Hayk, T. of the Russian Academy of Sciences, Novo-
HoBocubupck. sibirsk.

®uHancupoBanne. PaGorta Oblia BEINOIHEHA MPU (PUHAHCOBOH MOAJIEPIKKE
roc3aganus MAud CO PAH (per. Ne 121030500067-5).

KoH}ukT uaTEpecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBUN KOH(IIMKTA HHTEPECOB.

Brutax aBTopoB. Bce aBTOpHI clienany S5KBUBAJICHTHBIN BKJIA]] B TOJITOTOBKY
myOIMKaIuy.

Hoayuena: 06.10.2023
Ono6pena: 09.10.2023
[punsara k myoaukanun: 11.10.2023

Financing. The work was carried out with financial support from the state
task of the Institute of A&E SB RAS (registration No. 121030500067-5).

Contflict of Interest. The authors declare no conflict of interest.

Author Contributions. All authors have made an equivalent contribution to
the publication.

Received: 06/10/2023
Approved: 09/10/2023
Accepted for publication: 11/10/2023

ITpocsba cchuIaThCs Ha 3Ty CTAaThl0 B PYCCKOSA3BIYHBIX MCTOYHMKAX CIEAYIOIIUM 00pasoM:
HccnenoBanue mapamerpoB auccunatiBHbIXx BKP-conmToHOB, reHepupyemsix BOMmM3u 1,7 MkM /
B.M. Bonocu, . Knanos, H.A. Konsna, [.C. Xapenko, C.A. babun // Ilpuknannas doToHuka. —
2023.—-T. 10, Ne 7. — C. 67-80.

Please cite this article in English as: Volosi V.M., Zhdanov I., Koliada N.A., Karenko D.S.,
Babin S.A. Investigation of Raman dissipative solitons parameters generated near 1.7 um // Applied
photonics, 2023, no. 7, pp. 67-80.

80



