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The possible development of a soliton ring laser
with the hybrid harmonic mode locking that
provides the generation of a multi-GHz pulse
sequence in combination with a high level of
supermode noise suppression and low time jitter,
is demonstrated. The mode locking is based on
the effect of intracavity frequency shift. The
development is based on the assumption that,
under certain conditions, an acousto-optic
frequency shift, supplemented by the spectral
filtration, can lead to stabilization and an
increase in the quality of a high-frequency pulse
sequence.
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INTRODUCTION

It is well-known that the laser sources of high-fre-
quency pulse sequences are required in a wide range
of applications of modern photonics, in particular, in
the problems of optical communications, spectros-
copy, metrology, etc. [1, 2]. One of the most popular
designs of such sources in recent decades are the soli-
ton fiber lasers with harmonic mode locking (HML),
in the cavity of which many pulses are located peri-
odically [3]. This approach to the implementation of
high-frequency pulse generators combines the pos-
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BBEOEHUE

VI3BeCTHO, YTO JIa3epHble UCTOUHHUKH BBICOKOYACTOT-
HBIX MMIIYJIBCHBIX I10C/IeOBATeIBHOCTEN HeobXo-
OVMBL B IIHPOKOM PSAy IPHJIOKEHHH COBPeMeHHOU
GOTOHHMKY, B YACTHOCTH B 33fja4¥ax OIITHUECKOM CBSI3HU,
CIIeKTPOCKOIIMM, MeTPOJIOTUH U T.7 (1, 2]. OnHUM U3
Haubosee BOCTpeOOBAaHHBIX B IIOCIENHME [ecsSTHIIe-
THSI BAPHAHTOB HCIIOIHEHUS IT0OOHBIX HCTOYHHKOB
SBJISIIOTCS COMHUTOHHBIE BOJIOKOHHEBIE jIa3ephl C TapMo-
HUYeCKON CHHXpoHu3anuen mox (CCM), B pe3oHa-
TOpe KOTOPBIX MHOXKECTBO MMIIYJIBCOB PacIloyaraeTcs
neproauyecky [3]. DTOT MOAXOA K peain3aliuy BBICO-
KOYACTOTHBIX HMIIYJIbCHBIX TeHepaTOpOB COeJUHSeT
BO3MOXKHOCTb JOCTHIKEHHSI MYJAbTH-TTI] YacTOTHl Cile-
NOBaHHUSI HMIIY/IbCOB C NPUHLMIIHAJIBHBIMHU IIpeH-
MYyILeCTBAMH BOJIOKOHHBIX JIa3epOB: KOMIIAKTHOCTEIO,
COBMECTUMOM C BBICOKUM (o 30 nB u BhImIe) KO3ddu-
LIMeHTOM YCH/IEHHSI, BBICOKUM KadeCTBOM BBIXOJHOTO
Ily4yKa, FHOKMM BOJIOKOHHBIM BBIBOZOM, HAIeKHO-
CTBIO U [TIPOCTOTOM B 3KCIUIyaTalluH [4].

CyIiecTByeT HeCKOJIbKO BApHAHTOB KIACCUPUKALILH
BOJIOKOHHBIX J1azepoB ¢ ICM. Haubornee odeBHUIHBII
B KayeCTBe OCHOBHOIO IIPH3HAKa MCIIONB3yeT CII0C06
NOCTHKEHUSI CHHXPOHHM3ALIMKU MOJ, - IIPU IIOMOIIU
HeJTMHENHOIo BpallleHUs nonspusauuu (HBII) [5, 6]
K60 CrIeIUaNbHbIX HACHIIIAIIUXCS TIOJIOTUTENEHN Ha
OCHOBe YITIepOIHbBIX HAaHOTPYOOK, rpadeHa u T.11. [7, 8].
ITo cniocoby mmmeMeHTalMu ['CM-MCTOYHUKA MOIYT
OBITH pasfeneHbl Ha ABe Oonbllre TPyHIIbl. B mepBoi
13 HUX [CM IIpOMCXOJMT 3a CUeT BCTPaUBaHMUS B Pe3o-
HATOp [OIIOHUTEIBHOIO BBICOKOLOOPOTHOrO QruibTpa
€O CBOOOIHBIM CIIEKTPAIIBHBIM I1aPAaMeTPOM, KPaTHBIM
CBOOOHOMY CIIEKTPaJIbHOMY I1apaMeTpPy OCHOBHOIO
pe3oHaropa (9], mpruyeM CeleKTUBHOCTb 3TOr0 GUIbTpa
JOOMKHA OBITh [TOCTAaTOYHOH [JIS1 BBIIENEHHUS OTHENb-
HBIX MOJI pe3oHartopa [10, 11]. Jla3epbl BTOPOM I'PYIIIIBL
IIPHBJIEKATeNIBHBl TeM, YTO HE0OXOZHUMOe IIepHOLH-
YecKkoe PaCIoNoKeHHe HMMIIYIbCOB JOCTUTAeTCs B HHUX
aBTOMAaTHUeCcKHd 32 CYeT B3aMMHOIO OTTaJIKUBAHUS
[12]. MexaHHU3M B3aHMOLEMNCTBHUS HMIIY/IbCOB B KaXK-
JOM KOHKPeTHOM CJIydae He BCerfa OueBHIeH, B TAKOM
KaueCcTBe MOIYT BBICTYIIaTh B3aKMOJEMCTBHe 4epe3
HaCBIIAOIIMeECS U PelaKCUPYIONIKe NHUCCUIIATHBHBIE
nmapametpsl [13, 14], B3anMoIeNCTBHE IIOCPECTBOM
OUCIIEPCHOHHBIX BOJTH H/IM HENPepBIBHOM KOMIIO-
HeHTSI [15], depe3 aKycTHYecKHe BOTIHBI, ITI0CPeACTBOM
37IeKTPOCTPUKLMHU [16] U T. . OBLIMM CBOFICTBOM BCEX
yKa3saHHBIX B3aHMOJEMCTBHUI SBJSEeTCSl HUX BecbMa
He6oIbIIIast HHTeHCUBHOCTb, BO MHOTHUX C/Ty4asiX JIKIIb
HEMHOTO ITpeBBIIIAIONIAs YPOBEHb IIYMOBBIX BO3MEH-
CTBUH (CBSI3aHHBIX, HAIIpUMep, C IIYMaMH B aKTHB-
HOU Cpefie, TEIUIOBBIMHU 3pdeKTaMu, BHOpALIHUSIMU
M T.II.) HA HMIYIbCHI. ITH IIyMOBBle BO3[EHCTBHS
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sible achievement of a multi-CHz pulse repetition
rate with the fundamental advantages of fiber lasers,
namely the compactness compatible with the high
(up to 30 dB and higher) gain value, high quality of
the output beam, flexible fiber output, reliability and
ease of operation [4].

There are several classification options of the fiber
lasers with HML. The most obvious one uses the
mode locking achievement method as the main fea-
ture, namely the nonlinear polarization rotation
(NPR) [5, 6] or special saturable absorbers based on
carbon nanotubes, graphene, etc. [7, 8]. According
to the HML implementation method, the sources
can be divided into two large groups. In the first of
them, the HML occurs due to the incorporation of an
additional high-Q filter into the cavity with a free
spectral range (FSR) that is a multiple of the FSR of
the main cavity [9], while this filter selectivity should
be sufficient to select the individual cavity modes
(10, 11]. The lasers from the second group are distin-
guished by the fact that the required periodic pulse
arrangement is obtained automatically due to the
mutual repulsion [12]. The pulse interaction mecha-
nism in each particular case is not always obvious;
it can be the interaction through the saturable and
relaxing dissipative parameters [13, 14], interaction
through the dispersive waves or a continuous com-
ponent [15], through acoustic waves, through elec-
trostriction [16], etc. A common property of all these
interactions is their very low intensity, in many cases
only slightly exceeding the level of noise impact (for
example, related to the noise in the active medium,
thermal effects, vibrations, etc.) on pulses. These
noise impacts cause fluctuations in the pulse position,
namely the time jitter, and its value is much higher
than that of the lasers operating at the fundamental
frequency [17]. Reduction in the time jitter and stabil-
ity improvement of the pulse sequences generated by
the HML lasers will significantly increase their attrac-
tiveness in the applications, in particular, in the prob-
lems of comb spectrum generation that are especially
important at the moment.

Recently, the fiber lasers with hybrid harmonic
mode locking, where the saturable absorption effect
is accompanied by a frequency shift performed by an
optical modulator [18-20], generate the considerable
interest, while the modulator frequency being much
lower than the pulse repetition rate, i. e., there is not
active, but passive mode locking with a frequency
shift of the soliton pulse. A number of results show
that this approach has not only a local effect, lead-
ing to a single pulse generation, but also affects the
entire pulse sequence, while changing the interpulse
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BBI3BIBAIOT QUIYKTYALIMM II0JIO’KEHHS MMITyJIbCa — Bpe-
MeHHOH [KUTTep, NpHYeM ero BeJH4YHMHa Cylle-
CTBEHHO BBIILIe, YEM Y JIa3€POB, OIEPUPYIOIIHX Ha QyH-
JaMeHTaJIbHOM dyacToTe (17]. CHM’KeHHe BpeMeHHOIO
IPKUTTEPA U IIOBBHINIEHHe CTAaOMIBHOCTH HMITY/IBCHBIX
II0C/IeloBaTe/IBHOCTEH, reHepHpyeMblx [CM-/1a3epamH,
3HaYMTE/IbHO IIOBBICUT MX IIPUBJIEKATEIBHOCTh B IIPU-
JIO’KeHHUSIX, B YACTHOCTH B 0C060 BasKHBIX B HACTOSIIIHI
MOMEHT 3aJjauyax reHepalu rpebeHYaToro CrieKkTpa.

3HaUMTeIbHBIM HHTEPeC B II0CeHee BpeMs BbI3BI-
BAaIOT BOJIOKOHHBIE JIa3ephbl C THOPUIHOM IapMOHHYe-
CKOM CMHXPOHH3aLlMeH MOJ, B KOTOPBIX 3pdeKT HACHI-
IIAIOLIEro IIOIJIOIIEeHHs COIIPOBOKIAETCS CABHUIOM
YaCTOThI, OCYILECTB/IIeMbIM IIPH IIOMOIIH OIITUYECKOr0
Mopynaropa [18-20], mpruyeM 4acToTa MOAYIATOPA 3Ha-
YMTEeIbHO HMKe YaCTOTHI CJIeJOBAHHSA UMIIY/IbCOB, T. €.
[IPOMCXOJUT He aKTUBHAsl, a UMEHHO I[1aCCMBHAas CHH-
XPOHH3ALMUA MOJ CO COBUIOM YacCTOThI COTHMTOHHOIO
HMIIy/IbCa. PSif pesy/bTaToB I1OKA3bIBaeT, YTO TAKOH
[IOAXOM, OKa3blBaeT He TOJIBKO JIOKaJIbHOE [eHCTBHe,
IIPUBOIS K POPMHPOBAHMIO OTAEIBHOIO UMIIY/IbCa, HO
1 BO3[eHCTBYeT Ha BCIO II0C/Ie[0BaTe/IbHOCTh MMIIYJIb-
COB, M3MeH$sl MHTeHCHUBHOCTb MEXHMIIY/IbCHOIO B3a-
HMOJEHCTBUS [21-25]. DTU pe3yabTaThl IMOCTY>KHIU
MOTHBALIMeHN MAJIs HacTosel paboTel - paspaboTKu
COJTMUTOHHOTO KOJIBLIEBOTO Jla3epa C THOpUAHOIM Tap-
MOHMYEeCKOM CHHXPOHM3allMel MOJ, HCIIOJIb3YIOIIen
3p}exrT BHYTPHUPE30HATOPHOrO CABHUIa YacTOTHI. Omu-
PasCh Ha IIPeAIIoIOKeHHe 0 TOM, YTO B OIlpelle/IeHHbIX
C/Iydasix aKyCTOOIITHYeCKHUH COBHUI YaCTOTHI, HOIOJI-
HeHHBIH CIIeKTPaJbHOM QUIbTpalitel, MOXKeT IIPUBO-
OUTh K CTAaOM/IM3aLIMK U IIOBBIIIEHHIO KauecTBa BbICO-
KO4YaCTOTHOM UMITY/IbCHOK ITOCIef0BaTe/IbHOCTH,, ObLIa
IIOCTaB/eHa 3afiadya pa3paboTKU M [AeMOHCTpalUH
BOJIOKOHHOIO JIa3epa C TapMOHHYECKOM CHHXPOHH3a-
IIHMel Moj, obeCIleuHBAIOIIEr0 TeHePALHI0 MYJIbTH-
T HMHyanHofI I10C/IeIOBATE/IBHOCTU B COYETAHHU
C BBICOKMM YPOBHEM II0AABIeHH S MEeKMOZA0BOTO IIIyMa
Y MajIbIM BpeMeHHBIM KU TTEPOM.

DKCMNMEPUMMEHTAJIbHAA YCTAHOBKA

PaccmaTpuBaeMasi cxema BOJIOKOHHOIO Jjia3epa IIpef-
CTaBleHa Ha puc. 1. KosblleBoM pe30HATOpP BKIIO-
4aeT B cebs Er-nernpoBarHoe BonoKHO (EDF - EY-305)
c pucnepcuer D=+9 nc/(HM KM) IMHOM 5,75 M,
HaKa4yMBaeMOIO [ByMS JIa3€pHBIMU JHOJAMH C Mak-
CHUMAaJIBHOM MOIIHOCTBIO 550 MBT C AJIMHOM BOJIHBI
1480 M, yepe3 nBa WDM 1480/1550. Obmas mainHa
pesonartopa cocraisia L=64,92 M, 4YTO COOTBETCTBYeT
byHIaMeHTa/IBHOM YacToTe IMOBTOpeHHUs 3,19 MITI.
Bce BOJIOKOHHBIE 3/I€eMEHTHI BBIIIOJHEHBl M3 CTaH-
IAPTHOrO BOIOKHAa SMF-28 (D=+17 mic/(HM KM) mis
1550 HM). OZHOHAIIpaBIeHHBINM PeKHUM PaCIIpoCTpa-
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Fig. 1. Layout of a fiber laser with harmonic mode locking:
PC - polarization controller, FS — acousto-optic modulator in
the frequency shift mode, TBPF - tunable filter, OC - output
coupler

interaction intensity [21-25]. These results have moti-
vated the present paper, namely the development
of a soliton ring laser with the hybrid harmonic
mode locking using the intracavity frequency shift
effect. Based on the assumption that, in certain cases,
an acousto-optical frequency shift, supplemented by
the spectral filtration, can lead to the stabilization
and increase in the quality of high-frequency pulse
sequence, the task was set to develop and demon-
strate a harmonic mode-locked fiber laser capable of
generating a multi-CHz pulse sequence in combina-
tion with a high level of supermode noise suppression
and low time jitter.

EXPERIMENTAL SETUP

The considered layout of the fiber laser is shown in
Fig. 1. The ring cavity includes an Er-doped fiber (EDF -
EY-305) with a dispersion of D=+9 ps/(nm km) and
a length of 5.75 m, pumped by two laser diodes with
a maximum power of 550 mW at a wavelength of 1480
nm, through two WDM 1480/1550. The total cavity
length is L=64.92 m that corresponds to a fundamen-
tal repetition frequency of 3.19 MHz. All fiber elements
are made of standard SMF-28 fiber (D=+17 ps/(nm km)
for 1550 nm). The unidirectional propagation mode
is provided by an optical insulator; a 90/10 coupler
is used to output the radiation. The cavity includes
an acousto-optic modulator (MT80-IIR30-Fio-SMO)
operating in the frequency shift mode Av=80 MHz.
This cavity element is sensitive to the polarization of
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HeHUs 00eCIIeunBaICs OIITHYECKIM U30/ISITOPOM, [ISI
BBIBOJIA M3JIy4eHMS MCII0Ib30BaH 90/10 OoTBeTBUTeIb.
B pe3oHaTOp BKJIIOUYEH aKyCTOOIITHYECKUE MOIY/ISITOP
(MT80-IIR30-Fio-SMO0), paboTaroLIuil B peSKUMe CABUTA
4acTtoTel Av=80 MTIL. [aHHBIM 3/7IeMeHT pe3oHaTopa
YYBCTBUTE/IEH K IIOJNISIPU3ALIMH M3JIYYeHUs — I10JIs-
PHU3aLMOHHBIN KOIQOULIMEHT SKCTUHKIUU COCTaB-
ngeT ~-20 n15. TakKe B CTAaHAAPTHYIO CXeMy pe30HaTopa
KOJIBLIEBOTO BOJIOKOHHOIO Jla3epa BK/IIOYEH [OIIOIHHU-
TeJIBHBIN 371eMeHT YIIpaBlIeHMs — IepeCTparBaeMbIH
dunbTp OZ Optics (BTF-11-11-1525/1570), T103BOSIOLIHEI
OCYLIeCTB/IATh QUIBTPALIMI0 CHUTHAjIa C IIepecTpou-
KOI HIMPUHBI I10JI0CHI IIPOIYCKaHUS U LIeHTPaIbHOMN
YaCTOTHI B I10j10Cce 1525-1570 HM. B Xofe 3KCIIepruMeH-
TOB IIMpHHA GUIbTpa OblIa yCTAaHOBJIEHA Ha 3Hade-
HUH, 6IU3KOM K MUHHUMAJIbHOMY (4yTh boree 1 HM).
OcobeHHOCTBIO QUIIBTPA SIBISETCS OTCYTCTBHUE YYB-
CTBUTE/IBHOCTH K IIOJIIPHU3ALIMH,

[ “U3MepeHHU CIIeKTpa MCIIONb30BAJICS OITHYe-
CKUI aHanu3aTop crekrpa Ando AQG6317B, paspele-
HueM 0,02 HM. [/ig UHOUKALUU BY cUrHamia UCIO/Ib-
30BTHCh aHanU3aTop BU-criektpa Tektronix RSA607A
¢ dorozmerexkropom Ha 15 I'T1y UPD-15-IR2-FC (i1t 4acToT
CJIeOBaHUS UMITY/IbCOB 10 7,5 T I'1) u 20 IT11 oCLIMILIO-
rpad Keysight UXR0204A ¢ poromerexTopoMm Keysight
Ha 33 I'T1 (Iy1g 4acToT cyiemoBaHus cBbie 7,5 [TI).

PE3YJ/IbTATbI DKCNEPUMEHTA

Pe3ynpTaThl 3KCIIEPHMEHTa QUKCHPOBAIMCh B I10/10Ce
nepecTpouku GuIbTpa oT 1528 no 1548 HM. Bo Bceu
mosioce IePeCTPOMKMU CHHXPOHH3AIMs MO Ha OQyH-
JaMeHTaJIbHOM YacToTe pe30oHaTopa (3,19 MI11), cooT-
BeTCTBYIOIAs ONHOMMIIY/ILCHOMY PEKHMY FeHepalitu,
IIPOMCXOAMIIA IIPU JOCTHKEHUH MOIIHOCTH HAaKa4KHA
~200 MBT. ITpH yBe/THYeHMH MOLIHOCTH HaKaYKHU ja3ep
[IepeXofUT B MHOTOMMIIY/IBCHBIM PesKMM TeHepaluy
C OOHOPOLHBIM pacIipefie/ieHreM OTAE/IbHBIX MMIIYJIb-
COB IO Pe30HATOPY, T.e. B PE&KUM TapMOHHYECKOH
CUHXPOHM3aLIMHU MOZ,.

PaccMaTpHBaeMBbIH JHAIla30H II€PECTPOMIKU MOXKET
OBITH pa3meneH Ha ABe ITOJIOCHI: KOPOTKO- M JIMHHO-
BOJIHOBYIO (pHC. 2). B mepBo¥ (1528-1535 HM) CUHXPOHHU-
3aIIMsl MOJ, XapaKTepH3yeTCsl BBICOKOM YCTOMUHBOCTBIO.
CHUHXPOHH3alIUs MO, IIONydeHHasl B 3TOH I10JI0Ce IIPH
IIOMOIIM IOACTPOMKH KOHTpOJJIepa MONSpHU3alluK Ha
MaJIOM 4acToTe C/IelOBAaHUS, COXPAHSeTCs IIPU IIOBHI-
IIeHWH YPOBHS HaKauKH. B 3ToM ciydae yacroTa cje-
JOBaHMs, UMIIY/IbCOB, TaK K&, KaK M BBIXOAHAs MOIII-
HOCTb, BO3pacTaeT IIPOIIOPLIMOHAIBHO HaKkauke (pHc. 3),
IIPH 3TOM Ba’XKHO 3aMeTHTbh, YTO JOIIOIHUTe/IbHAS 10"
CTPOYIKA IOIIPHU3aLIUU He IPOU3BOIUTCS.

M3MeHeHMs ONTHYeCKHUX CIIeKTPOB IIPU YBelrude-
HMM HaKa4yKH U COOTBETCTBYIOLIEM POCTe YaCTOTHI Clle-
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radiation, and the polarization ectinction coefficient
is ~ -20 dB. Moreover, the standard layout of the ring
fiber laser resonator includes an additional control
element, namely a tunable filter OZ Optics (BTF-11-
11-1525/1570) that allows the signal filtration with
tuning of the bandwidth and center frequency in the
band of 1525-1570 nm. During the experiments, the
filter width is set to a value close to the minimum one
(slightly more than 1 nm). A feature of the filter is the
lack of sensitivity to polarization.

For spectrum measurements, an Ando AQ6317B opti-
cal spectrum analyzer with a resolution of 0.02 nm is
used. To indicate the RF signal, a Tektronix RSA607A
RF spectrum analyzer with a 15 GHz UPD-15-IR2-FC
photodetector (for the pulse repetition rates up to
7.5 GHz) and a 20 GHz Keysight UXR0204A oscilloscope
with a Keysight 33 GHz photodetector (for the repeti-
tion rates over 7.5 GHz) are used.
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Puc. 2. Onmuyeckue cnekmpbl 2eHepupyembiX UMNYAbCHbIX
nocnedosamenbHocmel 8 3agucuMocmu om obaacmu npo-
nyckaxus nepecmpausaemozo Gpuabmpa. Cnekmpbl NoKa-
3aHbl 0151 YKA3AHHbIX MAKCUMAAbHbIX YACMOM NOBMOpPeHUSI,
NoAyuYeHHbIX 8 Kaxkdol obaacmu nponyckanus: 1-9 Iu;
2-NTTy;3-4,5Mu,4-6,5Iy,5-1,6ITy,6-4,71Tu,
7-0,71Tu;8=131Tu; 9-121Ty

Fig. 2. Optical spectra of generated pulse sequences
depending on the transmission region of the tunable filter.
The spectra are shown for the given maximum repeti-

tion rates obtained in each transmission band:1-9 GHz;
2-1GHz;3-4.5GHz,4-6.5GHz;5-1.6 GHz, 6 -4.7 GHz,
7-0.7CHz; 8 -13 GHz, 9-12 GHz
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npu ueHmpanbHol 0AUHe 80AHbI NPONYCKAHUS puabmpa
Ag=1533,7 Hm

Fig. 3. Output power and pulse repetition rate depending on
the pumping power at the central transmission wavelength
of the filter \y=1533.7 nm

DOBaHMS /ISl ABYX Pa3IHYHBIX 3HAUeHUH LIeHTpallb-
HOM JUIMHBI BOJIHBI IIepeCTpanBaeMoro QHIbTpa A,
TIOKa3aHBI Ha PHC. 4.

YCTOMYHBOCTh TeHepHPYeMbIX MMIIY/IbCHBIX ITIOCIIE-
IOBATEILHOCTEN MOKET ObITb OXapaKTepH30BaHA IIPHU
IIOMOIIY PaZHXo4YacTOTHBIX CIIeKTPOB. Ha puc. 5 moka-
3aHBl paguodacToTHble (PY) CHeKTpHl, II0Iy4YeHHbIe
IJIsL II0C/Ief0BaTeIbHOCTH C YaCTOTOM C/IefJOBAaHHUS
4,5TT1 IpY LeHTPaIbHOM JJ/IMHEe BOTHBI IPOITyCKaHUS
dunpTpa \j=1532,7 HM.

[TocnemoBaTeIbHOCTh MMeET [OCTAaTOYHO BBICOKHH
YPOBEHbD [10JIaB/IEHH S MEXKMOOBOI0 IITyMa (>351B). Ha
PY-crieKTpe BBICOKOTO paspelleHHs B JUala3oHe JecsT-
KOB KHJIOTepI] TaK’Ke MOXKHO OTMETHTb BBICOKHH yPO-
BeHb (>60 1B) OTHOIIEHMS CUTHA/I/IIYM. M3MeHeHHUe
YPOBHS IIOAAB/IEHHS CYII€PMOJOBOrO IIyMa M OTHOIIe-
HHS CUTHAJI/IIYM IIPHU POCTe HAKa4KH K COOTBETCTBEH-
HOM IIOBBIIIEHHM YaCTOTHI CJIeJOBAaHHA II0Ka3aHO Ha
puc. 6. Kak MOKHO BHZETh, BO BCeM JHaIla3oHe Iiepe-
CTPOMIKM IIYMOBBle XapaKTepPUCTHUKH MMIIYJIbCHOM
II0C/Ie/IOBATEIBHOCTH OCTAIOTCS ITPHUOIH3UTEIBHO Ha
OJHOM YypOBHe, IIPH 3TOM elle pa3 OTMe4YaeM, 4YTO
IIpY IIepecTPOMKe BapbHPOBAa/JIaCh TOJIBKO BeTHYHHA
HaKadK{, a JOIOJHUTeIbHAsl IOACTPOMKA IIONSIpH3a-
LIMH He IIPOM3BOAUIACE.

ITocnemoBaTeIbHOCTH, TeHepUpyeMble B JJIMHHOBOI-
HOBOI (1535-1548 HM) 0671aCcTH I1epecTpOHKH QHIBTPA,
B obIieM c/ydae XapaKTepH3YIOTCSI MeHBIIEeH YCTOM-
YMBOCTBIO. [IpM HEKOTOPBIX 3HAYEHHMAX LIeHTpajb-
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EXPERIMENTAL RESULTS

The experimental results are recorded in the filter tun-
ing band from 1528 to 1548 nm. In the entire tuning
band, the mode locking at the fundamental capac-
ity frequency (3.19 MHz) relevant to the single-pulse
generation regime, occurs when the pumping power
reaches ~200 mW. As the pump power increases, the
laser switches to the multipulse generation mode with
a uniform distribution of individual pulses over the
cavity, i.e. to the harmonic mode locking regime.

The tuning range under consideration can be divided
into two bands: short-wave and long-wave (Fig. 2). In
the first one (1528-1535 nm), the mode locking is speci-
fied by high stability. The mode locking obtained in
this band by adjusting the polarization controller at
a low repetition rate is retained as the pumping level is
increased. In this case, the pulse repetition rate, as well
as the output power, are increased proportionally to the
pumping (Fig. 3), while it is important to note that no
additional polarization adjustment is performed.

Any changes in the optical spectra with an increase
in pumping and a relevant growth of the repetition
rate for two different values of the central wavelength
of the tunable filter A, are shown in Fig. 4.

The stability of the generated pulse sequences can
be characterized using the RF spectra. Fig. 5 shows the
radio frequency (RF) spectra obtained for the sequence
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Puc. 4. Onmuueckue cnekmpbl UMNYAbCHbIX NOCAEJ08aMeNb-
Hocmel npu pasAUuYHbIX 4aCMomax cAe008aHus 0As UeH-
MpaAnbHblX 0AUH 80AH NponyckaHus ¢puabmpa Ay =1532,7 Hm
u Ay=1533,7 Hm

Fig. 4. Optical spectra of pulse sequences at different repeti-
tion rates for the central transmission wavelengths of the
filter A,=1532.7 nm and A,=1533.7 nm
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HOIM [JIMHBl BOJHBI IIPOIYCKAHHUS YAAeTCS IOCTHYb
MMITYJIbCHOM TeHepalllu C BbICOKOM (>1 ITm) wacro-
TOIM CJIeflOBaHUS (IIpaBasi 4acTb PUC. 4), OMHAKO 3TH
PEKHMEBI He SBJISIOTCS YCTOMYMBBIMU II0 OTHOILEHHIO
K M3MEHEeHUIO YPOBHS HaKauKH. B oTiH4Me OT Ipeabl-
OyLIero ciay4as Ha HM3MeHeHHe HaKauKH Jjla3ep pearu-
pyeT He IIOACTPOMKOM YaCTOTHI CIeJOBAHH S HMITYJIbCOB,
a CpBIBOM CHHXPOHM3ALIUK MOZX. [ BOCCTAHOB/IEHUS
reHepallMM HMIYJIbCHOM II0C/IefOBAaTeNbHOCTH MAJIS
KaJKIOr0 YPOBHSI HAKAUKU HEOOXOOHMO OCYIIECTBIISATH
JOTIOJIHUTE/IBHYIO MOACTPOMKY IONSpHU3aliu. TeM He
MeHee MMEHHO B 3TOM JHalla3OHe IIepeCTPOMKHU yZa-
JIOCh [OCTUYb BBICOKMX YaCTOT C/IefOBaHUS, IIPeBbI-
maromux 10 [Tr (puc. 7). Ha LeHTpPaJbHOM IJIMHE
BOJIHBI ITPOITyCKaHHUs GUIbTpa Ay=1546,5 HM monydeHa
HMIIY/IbCHAS IOC/Ie0BaTeIbHOCTh C YaCTOTOM CJIefo-
BaHud 12 I'T1 ¢ BBICOKMM YPOBHEM ITOJABIEHHS MEXK-
momoBoro 1myma >40 nb. Ha mirHe BOJHBI IIPOITyCKa-
Hust uabTpa Ay=1545,5 HM 6bUIa JOCTUTHYTA YacTOTa
cremoBaHusa 13 ITh, omHako BUA, PY-crexrpa 3TOH
HMIIYJIBCHOH IIOCTe[0BAaTeIbHOCTY M 3HAYUTEIbHO
MEeHBIIHI YPOBeHb IIOJABIE€HUS MeKMOJOBOrO IIyMa
CBUJIETE/ILCTBYIOT O ee C/1aboM YCTOMYMBOCTH (pHC. 7,
BepPXHUM psift). I CpaBHEHMSI Ha PHC. 7 IIOKA3aHBI
Taloke OCLIMJUIOTpaMMa MU PY-CIIeKTp HMITY/IbCHOM
II0C/IeOBATeIBHOCTY C YacTOTOM cilemoBaHusa 9 ITir,
IIOJIy4eHHOM B KOPOTKOBOJTHOBOM 06/IacTH ITpOITycKa-
Hus duabTpa (Ay=1529 HM) (pUC. 7, HYSKHUH ).

OBCY>XOEHWE PE3YZIbTATOB VN BbiIBOA4bl

BaskHer e 0c06eHHOCTBIO PACCMAaTPHBAEMOTO Ia3epa
SIBJISIeTCSL YCTOMUMBAsl peasMn3alivs TFapMOHHYeCKOH
CUHXPOHM3alIMH MOJ, B MHOIOMMIIYJILCHOM peXHMe
reHepallMy. JaHHBIM PaKT O03HA4UaeT HaJU4YHe CTa-
OMIBHOM MEKHMITYJIBCHOM CHJIBI OTTAJIKKBAHUS, 0be-
CIleuyHBalolllell pABHOMEPHOe paclipefleleHHe HMITy/Ib-
COB II0 KOJIBLIEBOMY pe3oHaTopy. Mcxons U3 Toro, 4To
pe3oHaTop obnajaer CyIieCTBEHHOM AHOMAJIbHOM
OUCIIepCHeHr, T.e. TeHepHpyeT HMIIYIbCHl COMUTOH-
HOTro TUIIa 6e3 CyIecCTBEHHON YaCTOTHOM MOAY/ISILIUH,
[I0 IIMPHHE CIIeKTPa MOXKHO OLIeHUTb IJIUTE/IbHOCTH
OT[E/IbHOr0 MMIIyJbca. [JIMTEIBHOCTh HAa II0JIOBHHE
BBICOTBI COCTABJISIET OKOJIO Tpyppm 12,5 IIC, YTO COOTBET-
CTByeT miuTenbHOCTH sech-ummynbeca T~7 mc. TakuM
obpasoM, cpemHee MEKHMIIYJIbCHOE PACCTOSIHHUE AJIS
I10C/IeIOBATeILHOCTH C YaCTOTOM cemoBaHus ~1-10 I'T1y,
MHOTOKPAaTHO IIPeBBIIIAeT IIMTEIbHOCTh HMIIYJ/IbCA.
9TO HUCKIIOYaeT IIPIMOe MeKHMIIY/IbCHOe B3aHMMOJeH-
CTBHE M3 BO3MOXKHBIX IIPUYHH OTTUIKHMBaHUA. CMelle-
HMe YacTOThl C Moclenyomen QUIbTpaliken JO/DKHO
IIOAAB/IATE BO3MOKHYIO TeHEePalLMI0 Y3KOIIOJO0CHOM
HeIIpepBhIBHOK KOMITOHEHTHI M3/Iy4eHHs B pe30HaTope.
By OIITHYECKOro CIIeKTPa IIOATBEPsKOAET 3TO IIPefIIo-

with a repetition rate of 4.5 CHz at the filter’s central
transmission wavelength A, = 1532.7 nm.

The sequence has a fairly high level of supermode
noise suppression (>35 dB). In the high-resolution RF
spectrum in the range of tens of kHz, a high level
(>60 dB) of the signal-to-noise ratio can also be noted.
The change in the supermode noise suppression level
and the signal-to-noise ratio with the increased pump-
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Puc. 5. Xapakmepucmuku paduo4yacmomHoz20 chek-

mpa uMnyAbCHbIX NocAedosamenbHocmell, NOAYYeHHbIX

Npu ueHmMpanbHoU 0AUHe 80AHbI NPONYCKAHUS uAbMpa
Ag=1532,7 Hm: a) P4-cnekmp nocredosameAabHocmu

¢ 4acmomol credosaHus 4.49 Ty, PaspeweHue —1kIy;

b) RF-cnexmp c paspeuweHuem 30 Iy

Fig. 5. Specifications of the radio frequency spectrum of pulse
sequences obtained at the central transmission wavelength
of the filter A,=1532.7 nm: a) RF spectrum of the sequence
with a repetition rate of 4.49 GHz (resolution —1kHz); b) RF
spectrum with 30 Hz resolution
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JoxkeHUe., TakUuM o6pa30M, K3 IIPUYHH OTTAJIKMBAHH A
HMIIYJIBCOB MOXKET OBITh MCKIIOYEHO U B3aI/IMO,IIEI;I‘

[4a]

CTBHe 4epe3 HEIPephIBHYIO KOMIIOHEHTY M AHCIIep- 7 0 | | ° :
CHOHHBIE BOTHBI. B pe3ynbTaTe Haubosnee BEPOSTHBIM : o ; . * o S
KaHAMJATOM Ha POJIb [I€PeHOCUHMKA MEKHMITYJIBCHOTO g | ‘ 18
B3aMMOJIENCTBHS OCTaeTCsl HachlIAlolieecs M peak- § sl . 1so §[
cupyloliee ycuieHue [8, 9]. g g
[To XapaKTepy CHHXPOHU3AIUK MOJ Jia3ep MOXKeT § i b :;
6BITh OTHeCeH K IMOpUAHOMY THIy. HeobXomumbIM é I i e
IUTISL CHHXPOHM3ALIMK MOJ, MeXaHHM3MOM HAaChIIAIOIIe- S r . . . ° §
rocs IIOIVIOLIeHUS MOKeT ObITh Kak HBII, Tak U cMme- 5 30r 130 E
IleHHe YacTOThl M3/IydeHHS C IOCAenyroller (QHIb- (‘) ‘1 2‘ ; 4‘; s g

Tpallher, KOTOpoe JIeSKUT B OCHOBe CHHXPOHM3AIIUH
MOJI, TaK Ha3bIBaeMBIX JIa3epPOB C YaCTOTHO-CMeIlleHHOMN
obpaTHOM cBsi3pi0 (20, 26]. AHanMU3Kpys H3MeHeHHe
BBIXOAHOH MOIIHOCTH M YacTOTHI C/Ie0BAHUS UMITYJIb-
COB B KOPOTKOBOJIHOBOH 00JIaCTH IEepPecTPOMKU GHUIIb-
Tpa (pHC. 3), MOXHO IPHHTH K BBIBOAY, YTO POCT
HaKayKH{ IIPUBOOUT K IeHepalllH [OIOTHUTEeIbHBIX
MMIIY/IBCOB, IIPH 3TOM 3HepPrus Ka’KOOro OTHAeILHOIO
HMIIy/IbCa EP=W,M/ Vigp OCTAETCA IIOCTOSIHHOM. B 3ToM
Cjly4ae B JOCTATOYHO LIMPOKOM J[Halla3oHe 4YacTOT
C/IeflOBaHMS IIMPHUHA CIIeKTPa MMIIY/IbCa U3MEHSeTCs
He3HauUTenbHO (puc. 4), YTO TOBOPHUT O TOM, UTO
IIpY M3MEHEeHHHM HaKa4yKU OCHOBHBIE XapaKTepH-
CTHKH HUMIIY/IbCA (IJINTeIPHOCTD, IIMKOBASI MOIIHOCTB)
TaKKe OCTAIOTCS IPAKTUYECKH IMOCTOSHHBIMU. TaKUM
06pa3oM, MOKHO yTBEPKAATh, UYTO B HAHHOM Clydae
NIPOMCXOAUT CTAaHAAPTHBIM IIPOLIECC MHOILOCOTHTOH-
HOM reHepalliM, I[ie B KauecTBe MexaHKM3Ma CHHXPO-
HM3allMM MoJ BbicTymaeT HBII [27]. Hacelmaromeecs
1 peJIakCHUPYIoIlee YCHIeHHe IIPU 3ToM obecrieqrBaer
B3aMMHOEe OTTaJIKMBaHHEe KMMIIY/JIBCOB U PeaIM3alIUI0
FapMOHHMYECKOM CHHXPOHM3ALHUU MOJ [28]. YUHUTHI-
Basi HU3KHUI YPOBEHb IIYMa M BBICOKYIO CTaOHJIBHOCTb
[I0C/Ie0BATe/IbHOCTH, MOXKHO IIPedIlONIOKHUTh, YTO
COBUT U QUIBTPALIMS YACTOTHI CYKaT B 3TOM C/Iy4yae
DOITOJTHUTETBHBIM MeXaHHU3MOM CTabuiau3anuu, obe-
CIIeYHBAIOIINUM BBICOKHM YpPOBEHb IIOAABIEHHUS MEX-
MozoBoro myma [21]. HeobXoAMMBIM YCIOBHEM IT1006-
HOHM CTabMIM3aLluU SBISETCS MAaJIOCTh CMeEIIeHUSs
YaCTOTHI AV I10 OTHOLIEHHUIO K HeCyIllel 4acToTe V.
[IpoBogsa aHaAM3 CHHXPOHH3ALIMH MO IIPU CMe-
IMeHUH OJUIbTpa B [AJIHUHHOBOIHOBYIO CTOPOHY
(1535-1548 HM - CIIeKTpHI 5-9 Ha pHC. 2), MbI, B obImeM
c/y4ae, OTMedaeM MeHBINYIO0 YCTOMYHUBOCTb MMITY/IbC-
HBIX IIOC/IeA0BaTeNbHOCTEH. Kak MBI IIojaraem, 3TO
MOXKET OBITH CBSI3aHO C POCTOM BeJIHMYMHBI OTHOILE-
HUS Av/vy. IIpu JOCTHKEHHUHM UM HeKOTOPOIo IIOpO-
FOBOTO 3HAYeHHS AUCCHUIIATHUBHBIN OasaHC B cHcTeMe
CYLIeCTBEHHO YCIoXKHseTca. COBUT M QHUIbTpaLUs
YaCTOTHI M3 MaJIOTO BO3MYIlleHH A B cxeme HBII, obecre-
YMBAIOIIEro BEIPABHHUBAHHE SHEPrUl M YHUOHKALIKIO
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YacroTa , [T1g
Frequency, CHz

Puc. 6. Vi3meHeHue omHoweHus cuzHan/wym (KpacHole
Mpey20AbHUKU) U YpO8HS nodasneHus Mexxmodos8020 Wyma
(4epHble pom6bl) Npu pasAu4HbIX 4acmomax cAedo8anus

Fig. 6. Changes in the signal-to-noise ratio (red triangles)
and supermode noise suppression the level (black rhombuses)
at various repetition rates

ing and a relevant growth of the repetition rate is
shown in Fig.4(b). As can be seen, over the entire tun-
ing range, the noise specifications of the pulse sequence
remain approximately at the same level. We should
note once again that only the pumping value is varied
during tuning, and no additional polarization adjust-
ment is performed.

The sequences generated in the long-wave (1535-
1548 nm) region of the filter tuning are generally less
stable. For some values of the central transmission
wavelength, it is possible to obtained the pulsed oscil-
lation with a high (> 1 CHz) repetition rate (the right
part of Fig. 4), however, these regimes are not stable in
relation to changes in the pumping level. In contrast
to the previous case, the laser reacts to the changes in
pumping not by adjustment of the pulse repetition rate,
but by failure of the mode locking. To restore the pulse
sequence generation for each pumping level, it is neces-
sary to perform an additional polarization adjustment.
However, it is in this tuning range where it is possible
to achieve the high repetition rates exceeding 10 CHz
(Fig. 7). At the central transmission wavelength of the
filter A,=1546.5 nm, a pulse sequence with a repetition
rate of 12 CHz is obtained with a high level of super-
mode noise suppression >40 dB. At the filter transmis-
sion wavelength A\;=1545.5 nm, a repetition rate of 13
CHz is achieved, however, the RF spectrum type of
this pulse sequence and a significantly lower level of
supermode noise suppression indicate its weak stability
(Fig. 7 - top row). For comparison, Fig. 7 also shows the
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Fig. 7. Oscillograms (left) and RF spectra (right) of pulse sequences with the repetition rates of 8.95 GHz, 11.97 GHz and 13.01 GHz
at the central filter transmission wavelength A,=1529 nm, 1546.5 nm and 1545.5 nm (from bottom to top), respectively

HMIIY/IbCOB [26], CTAaHOBHUTCSI CAaMOCTOSITe/IbHBIM He3a-
BUCHUMBIM MEXaHM3MOM CHHXPOHH3aIMU Mop [19].
[Ipx pasIUYHBIX 3HAYEeHMIX IIapaMeTpPOB CHCTEeMBI
(BapualliM HaKa4yk{, OPHEHTAlLlMK KOHTPOJIEPOB
MONSIPU3aLMH, LIeHTPAJIBHOM [JIMHEe BOMHBI QUIBTpa
U T.[J.) JOMHHHpPYeT TOT WM HMHOM MeXaHH3M CHH-
XPOHHU3ALIMHU MOJI, 0becriedrBasi reHeparuio HMITY/IbC-
HBIX I10C/IeJOBATeJIbHOCTEH C PA3IUYHBIMU XapaKTe-
PUCTHUKAMU (IJINTENBHOCTBIO U 3HEpryer OTAeIbHOIo
HMIIyJIbCa, YaCTOTOM CIe[OBaHMS U T.H.). YKa3aHHbBIe
YCIOBUSI IIPUBOAST K BO3MOSKHOCTH Pe3KHX IIepecTpoeKk
CBOMICTB I'eHepalluy P Iepexose M3 061acTh JOMHU-
HHPOBaHMS OJJHOIO MeXaHHW3Ma CUHXPOHH3ALIUH MO
K 00/1acTH, Ife IVIaBHYIO POJIb HUIPaeT APYroM Mexa-
HH3M, a TaKkKe K BO3MOXXHBIM CpbIBAM CHHXPOHH3a-
LI MO/, IIPH HEKOTOPBIX IIPOMEKYTOYHBIX 3HAUEHUAX
rmapaMeTpoB. TeM He MeHee, COXpaHeHHe peXXHMa
TapMOHHYECKOM CHUHXPOHH3ALUKU MOJ, IOAJepPsKUBa-
€MOI0 HaCHIIAIMMNMCI M PeIaKCHUPYIOIIUM yCHIIe-
HHeM, U CTabHMIN3UPYeMOro CABUTOM YacTOTHI, IT03BO-
JII€T UMEHHO B 3TOM 06JIaCTH IIPU OIIpefeeHHOM
ypOBHEe HaKauKHU M HEeKOTOPBIX HACTPOMKax IIO/SIpH3a-
LIMH JOCTHUYb YaCTOTHI C/IefloBaHUs ~12 I'T1I IIpU ypoBHe
II0JaB/IeHH S MeXXMOI0Boro myma >40 ab.

B sakimmo4yeHHe, OTMETHM, YTO IIPeIIIOJIOKeHHe
0 TOM, YTO aKyCTOOIITHUYeCKHI COBHUI YacTOTBI, OCy-

oscillogram and RF spectrum of a 9 GHz pulse sequence
obtained in the short-wave region of the filter (\;=1529
nm) (Fig. 7 - bottom row).

DISCUSSION OF RESULTS

AND CONCLUSIONS

The most important feature of the laser under
consideration is the stable implementation of harmonic
mode locking in the multipulse generation mode. This
fact means availability of a stable interpulse repulsive
force that ensures a uniform pulse distribution over
the ring cavity. Based on the fact that the cavity has
a significant abnormal dispersion, i.e. it generates the
soliton-type pulses without any significant frequency
modulation, the spectrum width can be used to estimate
the duration of an individual pulse. The duration at half
maximum is about Ty, ~12.5 ps that corresponds to
the sech pulse duration of t~7 ps. Thus, the average
interpulse distance for a sequence with a repetition
rate of ~1-10 GHz is many times greater than the pulse
duration. It excludes the direct interpulse interaction
from the possible repulsion causes. The frequency shift
followed by filtration should suppress the possible
generation of a narrow-band continuous component of
the cavity radiation. The optical spectrum type confirms
this assumption. Thus, the interaction through the
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IIeCTB/ISIeMBIH B pe30HaTope KOJbLIEBOIO BOJIOKOHHOIO
7a3epa COBMECTHO CO CIIeKTPaJIbHOHM QHIbTpallHeH,
MOYKeT MPHUBOAUTH K CTAabOMIM3AaLIMK U IOBBIIIEHHIO
KadeCTBa BBICOKOYACTOTHOM KMMIIY/IBCHOM IIOCTIEeN0Ba-
TeJIBHOCTH,, 9KCIIePUMEHTAJIbHO ITOATBEPKIEHO. B yact-
HOCTH, Pe3yJIbTaThl 3KCIIePHMEeHTA I10Ka3bIBAIOT, YTO
[Ipell/IOKeHHasl CxeMa IIepClleKTHBHA I eHepaluy
CTabM/IBHBIX (C HU3KUM YPOBHEM MEXKMO0BOTO LITyMa)
BBICOKOYACTOTHBIX II0C/Ie0BATEIbHOCTEH HMITYIbCOB
C IIMPOKMMH BO3MOKHOCTSMH IIePeCTPOMKH YaCTOTHI
C/IelOBaHUS U JIOKAIBHOM ITOACTPOMKU JJIMHBI BOTTHBIL.
[IpuMeHeHHe I1epecTpanBaeMoro GMIbTpa ¢ Hebosb-
mor (~1 HM) IIOJIOCOM ITPOIYCKAaHHUS II03BOJISIET OCY-
IIeCTB/IATh TapMOHHMYECKYI0 CHHXPOHH3ALHUIO MO/,
C YacToTon cnemoBaHusg 10 ITho u 6oree, IIp1 3TOM
reHepalys HeIpephIBHOM KOMIIOHEHTBHI M JHCIIePCH-
OHHBIX BOJIH OKa3bIBaeTCsl IOJHOCTBIO I10[aB/IEHHOHM.
K HemocTaTKaM MeTOa MOKHO OTHECTH CPaBHUTEJIBHO
6obIIyI0 MIUTENBHOCTD (~10 IIC) U Malylo 3HEPrHIo
(~1,5 n/I>K) reHepUpyeMbIX HMIIY/IbCOB, OZHAKO IIpen:-
JIOKeHHBIM HMCTOYHHUK JIeTKO MOKeT ObITb BKJIIOUeH
B KaCKaJHbIe YCHUIUTeIbHbIE CXeMbI, Ha ITOPSIKH I10BbI-
IIAOIIHe SHEPrHIo KMITY/IbCOB [22, 29].

BNATrOAAPHOCTDb
PaboTa mopmepkaHa POCCHEICKMM HAayYHBIM GOHIOM
(rpaHT 23-79-30017).

REFERENCES

1. HausH.A., & Wong W.S. Solitons in optical communications. Reviews of modern physics.
1996;68(2): 423.

2. Schliesser A., Picqué N., Hansch T.W. Mid-infrared frequency combs. Nature Phatonics.
2012;6: 440-449.

3. Fermann M.E., & Hartl I. Ultrafast fibre lasers. Nature photonics. 2013;7(11): 868.

4. Chernysheva M., Rozhin A., Fedotov Y., Mou C., Arif R., Kobtsev S. M., & Turitsyn
S. Carbon nanotubes for ultrafast fibre lasers. Nanophotonic. 2017;6(1): 1-30.

5. Lecaplain C. & Grelu P. Multi-gigahertz repetition-rate-selectable passive harmonic
mode locking of a fiber laser. Optics express. 2013;21(9):10897-10902.

6. TrikshevA.l., KamyninV.A., Tsvetkov V.B., & Itrin P.A. Passive harmonic mode-
locking in an erbium-doped fibre laser. Quantum Electronics. 2018; 48(12):1109.

7. Huang Q., Huang Z., Al Araimi M., Rozhin A. & Mou C. 2.4 GHz L-band passively
harmonic mode locked Er-doped fiber laser based on carbon nanotubes film. IEEE
Photonics Technology Letters. 2019.

8. Sobon G., Sotor ., & Abramski K. M. Passive harmonic mode-locking in Er-doped fiber
laser based on graphene saturable absorber with repetition rates scalable t0 2.22 GHz.
Applied Physics Letters. 2012;100(16): 161109.

9. FodilR.S., Amrani F.,Yang C., Kellou A. & Grelu P. Adjustable high-repetition-rate
pulse trains in a passively-mode-locked fiber laser. Physical Review A. 2016; 94(1): 013813.

10. MaoD., LiuX., SunZ., LuH., Han D.,Wang G. & Wang F. Flexible high-repetition-rate
ultrafast fiber laser. Scientific reports. 2013;3:3223.

1. Korobko D.A., Fotiadi A.A. & Zolotovskii I. 0. Mode-locking evolution in ring fiber
lasers with tunable repetition rate. Optics express. 2017; 25(18): 21180-21190.

12. Grudinin A.B. & Gray S. Passive harmonic mode locking in soliton fiber lasers. JOSA B.
1997:14(1): 144-154.

13. LiuX. & Pang M. Revealing the Buildup Dynamics of Harmonic Mode-Locking States in
Ultrafast Lasers. Laser & Photonics Reviews. 2019;13(9), 1800333.

14. Korobko D.A., Okhotnikov O.G., Zolotovskii I. 0. Long-range soliton interactions
through gain-absorption depletion and recovery. Optics letters. 2015; 40(12): 2862-2865.

15. Semaan G., Komarov A., Salhi M. & Sanchez F. Study of a harmonic mode lock stability
under external continuous-wave injection. Optics Communications. 2017; 387:65-69.

16. Dianov E. M., Luchnikov A.V., Pilipetskii A. N., & Starodumov A.N. (1990).

192 ®OTOHMKA TOM 17 N2 3 2023

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
NA3EPbI N TIA3EPHbBIE CUCTEMbI I—
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

continuous component and dispersive waves can also be
excluded from the causes of pulse repulsion. As a result,
the saturable and relaxing amplification remains the
most probable candidate for the role of the interpulse
interaction carrier [8, 9].

In terms of the mode locking type, the laser can be
referred to the hybrid type. The saturable absorption
mechanism required for mode locking can be either
HML or shifting the radiation frequency followed by
the filtration that underlies the mode locking of so-
called frequency-shifted feedback lasers [20, 26]. While
analyzing any changes in the output power and pulse
repetition rate in the short-wave region of the filter tun-
ing (Fig. 3), it is possible to conclude that an increase in
pumping leads to the generation of additional pulses,
while the energy of each individual pulse E,=W,,/v,,
remains constant. In this case, in a fairly wide rep-
etition frequency range, the pulse spectrum width is
changed insignificantly (Fig. 4) indicating that the main
pulse specifications (duration, peak power) also remain
almost constant with any changes in pumping. Thus, it
can be argued that in this case, a standard multisoliton
generation process is developed, where the HML is used
as a mode locking mechanism [27]. In this case, the
saturable and relaxing amplification ensures the mutual
pulse repulsion and implementation of harmonic mode
locking [28]. Having considered the low noise level and
high sequence stability, it can be assumed that in this
case the frequency shift and filtration are applied as an
additional stabilization mechanism that provides a high
level of supermode noise suppression [21]. A necessary
condition for such stabilization is the low frequency
shift Av in relation to the carrier frequency v,.

While analyzing the mode locking when the filter
is shifted to the long-wave side (1535-1548 nm - spectra
No.5-9in Fig. 2), in the general case, it is possible to note
the lower stability of the pulse sequences. We believe
that this may be due to an increase in the ratio Av/v,.
When it reaches a certain threshold value, the dissipative
balance in the system becomes much more complicated.
The frequency shift and filtration from a small perturba-
tion in the HML scheme that provides energy equaliza-
tion and pulse unification [26], becomes an independent
mode locking mechanism [19]. For various values of the
system parameters (pumping variations, polarization
controller orientations, central filter wavelength, etc.),
one mode locking mechanism or another is dominated,
providing the generation of pulse sequences with vari-
ous specifications (duration and energy of an individual
pulse, repetition rate, etc.). These conditions lead to the
possible sudden rearrangements of the generation prop-
erties upon transition from the region dominated by one
mode-locking mechanism to the region where another
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mechanism plays the main role, as well as to possible
mode locking failures at some intermediate parameter
values. However, maintenance of the harmonic mode
locking supported by the saturable and relaxing gains
and stabilized by a frequency shift, allows in this region
at a certain pumping level and certain polarization set-
tings to achieve a repetition rate of ~12 CHz with a super-
mode noise suppression level of >40 dB.

In conclusion, it should be noted that the acousto-
optical frequency shift implemented in the cavity of
aring fiber laser together with the spectral filtration can
lead to the stabilization and increase in the quality of
a high-frequency pulse sequence, and this assumption
has been experimentally confirmed. In particular, the
experimental results show that the proposed layout is
promising for generating the stable (with a low super-
mode noise level) high-frequency pulse sequences with
the wide capabilities of repetition frequency tuning
and local wavelength tuning. The use of a tunable filter
with a narrow (~ 1 nm) band width makes it possible to
implement the harmonic mode locking with a repeti-
tion rate of 10 GHz or more, while generation of the con-
tinuous component and dispersive waves is completely
suppressed. The disadvantages of this method include
a relatively long duration (~ 10 ps) and low energy
(~1.5 pJ) of the generated pulses. However, the proposed
source can easily be included in the cascade amplifica-
tion circuits that increase the pulse energy by orders of
magnitude [22, 29].
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