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B paAopOTOHMKeE Nasepbl ABAAIOTCA
reHepaTopamu, aHaJIorNYHO 3/IEKTPOHHbIM B
paAno3neKTpoHMKe. 15 reHepauum HecyLen
B POTOHHbIX UHGOPMALIMOHHbIX CUCTEMAX
MCMO/b3YIOTCA Nasepbl C CMHXPOHM3aLuen
Mop. CTaTbs NOCBSLLEeHa pe3y/bTaTam
nccnefoBaHUs AMOAHOM HaKavykuy As nasepa
C CUHXPOHU3aLMeN MOA, U NX CPAaBHEHUIO

C pesy/ibTaTaMy BOJIOKOHHOM HaKayKM.

KnioueBble cI0BA: AMOAHAA HAaKayka, nasep

C CUHXPOHM3aLMeEN MO, BbICOKOYACTOTHAS
noc/e0BaTeNbHOCTb UMMY/bCOB, KEPPOBCKas
JIH3a, HACbILAIOLLMNCA MOrN0TUTENb

CTaTbs noctynumna: 20.08.2021
Cratbs npuHaTa: 02.09.2021

BBEALEHWE

3a mocieguue 10 et 06veM IepefaBaeMor HHPoOpMa-
nuu BeIpoc B 50 pas. IloTpebHocTH B CBY-ycTporiCTBax
IpreMa, Nepefadd M 06paboTKH CHUTHANIA HEeYKIOHHO
BO3PaCTalOT. BHICTPOAENCTBYe KPEMHHEBBIX UHTETPalb-
HBIX CXeM 3aMepio Ha oTMmeTke 3,5 IT1i. B mpoleniiee
JecaTU/IeTHe yBelMYeHWe ITPOM3BOLUTE/BHOCTA IIPO-
HCXOOUT IPeHMYIIeCTBeHHO 33 CYeT peajd3allih MHO-
FOIIOTOYHOCTU BBIYUCIIEHUM, B LIeJIOM psfe obnacTer
3JIeKTPOHKKA MPUOIU3NUIACh K QU3HUIECKOMY IIpefieny.
B XXI Beke panrioQOTOHMKA CTAHOBUTCS IIPHOPUTETHBIM
HaIlpaBjleHHeM HCCIefoBaHUH. K HacTosieMy Bpe-
MeHH paspaboraHa 6orartas 3nmeMeHTHas 6asa HHTe-
TPAIBHOM OIITO3eKTPOHUKH, CBSI3aHHAs ¢ 06paboTKOM
CUTHAJIa B ONITOBOJIOKOHHBIX JMHMUSIX CBS3H: Pa3BeTBU-
TeJIM U CyMMAaTOPbl, CIIeKTPaJIbHbIE, MOLOBbIE U IIOJIS-
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Investigation of
Mode Locking of the
Diode-Pumped Laser
for the Generator

of a Carrier Train in
Photonic Circuits

P.O.Yakushenkov, E. A. Cheshev, I. M. Tupitsin
Lebedev Physical Institute of the RAS, Moscow, Russia

Lasers are used in radio photonics as a generator,
like an electronic one in radio electronics. Mode-
locked lasers are used to generate a carrier train
in photonic circuits. The report is devoted to the
study of the diode pumping for the mode-locked
laser and its comparison with the results fiber

pumping.
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INTRODUCTION

Last 10 years the volume of the transmitted infor-
mation has increased 50 times. The need of SHF
devices of detection, transmission and processing
the signal is increasing. The operating speed of the
silicon integrated circuits has stopped at 3.5 GHz,
and last 10 years increasing by realizing the parallel
calculations, in a number of areas electronics has
approached the physical limit. In the 21-st century
the radio photonics becomes the priority direction of
the development. Now, the large element base of the
integrated optics has been developed, associated with
signal processing in fiber-optic communication lines:
splitters and combiners, spectral, mode and polariza-
tion filters, modulators, switches, deflectors. Laser in
photonic integrated circuits is serving as a generator,
as the signal-to-noise ratio is very important in pho-
tonic information systems, then, due to spontaneous
emission and spikes, mode-locked lasers are used,
generating ultra short powerful pulses with a high
repetition rate.
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pHU3alMOHHbBIe QMIBTPEI, MOAY/ISATOPEl, KOMMYTATOPHI,
Ied/IeKTOphL U ApYyIrHe SJIeMeHThI.

FeHepaTOpoM CHTHAaJIOB B HHTEIPAa/JIbHBIX OITHYe-
CKHX CXeMaX CIY>KHUT jiasep. II0CKONMBKY st GOTOHHBIX
MHQOPMALIMOHHBIX CHCTEM O4YeHb BaKHO OTHOLIEHHe
CUTHAaJI/IIyM, TO K3-3a CIIOHTAHHOI'O U3/Iy4YeHHUs U IIHY-
KOB HCIIOJIB3YIOT JIa3ephl, paboTaomye B PeKKMe CHH-
XPOHM3aIllMM MOJ M TeHepUpYIIIHe YIbTPAaKOPOTKHE
MOILHBIE HMITY/IbCBI C BEICOKOK CKBaSKHOCTBIO.

CyLIecTByIOT MHOXKECTBO CII0COB0B OOUTBCS CHHXPO-
HHM3aLUK MoOJ. IIpM aKTHUBHOM CHHXPOHH3ALUMK MOJ
HCIIOJIB3YIOT BHELTHHI reHepaTop (4acToTa c/lefloBaHUs
HMIMIIY/IbCOB I10Jy4YaeTcs okojiao 5 ITi M JIMTeIbHOCTh
umMmnynabca 48 mc) [1, 2]. IIpyu MacCHMBHOM CHHXPOHU-
3anuu mon - KLM - meton (meton CHHXPOHH3aLHUH
MOJI M3/IyYeHHMs C IIOMOIIBI0 HeJTHMHEeHHO-OIITHYeCKOro
apdexra Keppa, anea. - Kerr Lens Mode-locking) (mmu-
TeJIBHOCTh MMITy/Ibca 82 ¢C M 4YacToTa CjIeJ0BaHMS
4 T'T1) [3]; acelarommecs MorIOTUTeNN (OIUTeIbHOCTD
HMIIyIbCa 20 IIC M YacToTa ciefoBaHusg 10 ITw) [4];
SESAM - Semiconductor saturable-absorber mirror
(AMUTEBHOCTD MUMITY/IbCA 3 IIC M YacTOTa C/Iefl0BAHMUS
160 ITu) [5, 6]; Ti:sapphire (camas KopoTKasi ATHTeNb
HOCTb UMIIy/bca 6 ¢C U 4YacToTa cnefoBaHusg 86 MI )
u MIXEL - Modelocked integrated external-cavity
surface emitting laser (mnutenpHOCT UMITyIBCA 500 dC
M 4actoTa cremoBaHusa 100 ITrr). Bce oHu pegHasHa-
YeHBI JIJI1 TOTO, YTOOBI JOOUThCS CO3MAHMS OOUHAKOBON
$aspl y pasHbIX MOJ, IOSBJISIONIMXCS B Pe30HATOpe, TO
eCTb cda3supoBaTh MOJBI FeHepaliiy J1asepa.

[ HUHTerpalbHBIX (QOTOHHBIX CXeM TeHepaTOpOM
MOKeT C/IYKHUTb ITOJYIIPOBOJHUKOBBIM J1a3ep. MOosKHO
BBIPAIIIMBATh [ETEPOCTPYKTYPY C IIONYIIPOBOAHHUKOBBIM
J1a3epoM U AYOOOM HaKauyKH HeIlOCPeICTBeHHO Ha UHTe-
rpasbHON cxeMe. TorAa M3aydeHHe OT IOIYIIPOBOIHM-
KOBOTO J1a3epa bymeT cpasy IomajgaTh B IIOMIAAATh B IIa-
HapHbIe BOJIHOBOABI, CGOPMHUPOBAHHbBIE Ha IIOMJIOXKKE.
JIubo u3nydeHHe MOKHO 3aBOJUTH B CXeMy W3 BHeII-
Hero MCTOYHHKA C JIYYIIMMHK XapaKTepUCTHKaAMH,
HO ¢ 6OJIBIIMMU TIOTEPSIMU, HAIIPUMeP U3 BOJIOKOHHOTO
nasepa. CyInecTBYIOT O4YeHb KayeCTBeHHBIe BHENIHHe
BOJIOKOHHBIE HCTOYHHKHK JIA3€PHBIX MMIIYJILCOB /K-
TEJIBHOCTBIO ITOpsZiKa GeMTOCeKYH/, U C YaCTOTaMH Clie-
IOBaHMS MOPSIAKA COTeH rurarepr. Takke BOJIOKOHHAs
HaKayKa I103BO/IAeT COOPMHPOBATh XOPOILIYIO KeppoB-
CKyI0 NHH3y 6maromaps 6oyee ONTHMaIBHOMY pacIpe-
JeJIeHUI0 MHTeHCUBHOCTH 10 TUIOIIAAU MSITHA HAKAYKU.
Mozsl MOIyT CHHXPOHH30BBIBAThCsL 61arogapst apdexry
BO3HUKHOBEHHUSI KE€PPOBCKOM JIMH3BI, IOSIB/SIOLIEHCS
B KPHUCTaj/Ule B pe3yjabTaTe IIOIVIOLIEHUS SHEpPruu
HaKa4yKH 3a c4eT GOPMHPOBAHUS TePMOJIMH3HL.

KeppoBckasi nHMH3a MOZEIHPYeT TeM CaMBIM IIOKa-
3aTe/Ib IIPeIOMJIeHHs, YTO 3aCTaBJIsieT MOIBL PacCIIpo-

=

There are many ways to achieve mode locking: active
mode locking, uses an oscillator [1, 2], pulse repetition
rate 5 CHz, pulse duration 48 ps; passive mode locking -
Kerr Lens Mode-locking (KLM), mode-locking, using the
nonlinear-optical Kerr effect, pulse duration 82 fs, pulse
repetition rate 4 GHz [3]; saturable absorbers with pulse
duration 20 ps, pulse repetition rate 10 GHz [4]; SESAM
(Semiconductor saturable-absorber mirror) pulse dura-
tion 3 ps, pulse repetition rate 160 GHz [5] the shortest
pulse duration 6 fs, pulse repetition rate 86 MHz (Ti: Sap-
phire) [6]; and MIXEL (Modelocked integrated external-
cavity surface emitting laser) pulse duration 500 fs, pulse
repetition rate 100 GHz. All of them are to achieve the
same phase for different modes.

For integrated photonic circuits, such a laser can be
a semiconductor one; it is possible to grow a heterostruc-
ture with a semiconductor laser with a pumping diode
directly on an integrated circuit, the radiation from
which will immediately go out into the waveguides on
it; or the radiation can be fed into the circuit from an
external source with better characteristics, for example,
from a fiber laser, but with high losses. There are very
high-quality external fiber sources of laser pulses with
a duration of the order of femtoseconds and with rep-
etition rates of the order of hundreds of gigahertz. Also,
fiber pumping can form a better Kerr lens due to a more
optimal intensity distribution along the spot radius. The
modes can be synchronized by the Kerr lens effect, in
which a thermal lens is formed due to absorption.

The Kerr lens is making the refractive index so, that
the modes are in the same phase on the same part of
the optical path, generating a higher intensity, that
enhances the effect till the modes are synchronizing. This
is a third-order nonlinear effect similar to self-focusing.
The effective focal length of the Kerr lens can be roughly
estimated as f=r?/4n,I, where r is the spot radius, n, is the
nonlinear refractive index, I is the intensity, since this is
a thermal lens, then the law is parabolic; it can be more
accurately estimated as [7]:

Al . z
T(z,t)==24at -ferf | —— |,
@8= f(\/llat)
where A is the absorption capacity of the medium;

I, is the intensity of the incident radiation;
a=A/pc is the thermal conductivity, the probability inte-

gral function ierf (x):f:erf (y)dy, the error function
erf =i_[yexp(—t2)dt. In this case, the radius of the

\/E ’ 14 14
mode spot can be calculated as yA/x-(Lf)" /(1-L/f)"",

where L=1/n is the effective length, lis the length of the
nonlinear crystal. In one of the works [8], due to such
self-focusing, the spot size varied from 0,2 to 0,05 mm.
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CTPAHATLCS HA OJHOM H TOM >Ke Y4acTKe OIITHYeCKOIo
IyTH B OOHOM U TOM Xe (ase, reHepupys 60iblyo ?‘ u
MHTEHCUBHOCTh M3/1y4eHHsS. MHTeHCHUBHOCTb YCHJIH- m
BaeT 3¢dexT KLM [0 Tex Iop, IOKa MOABI 6yJ:LyT CHH- ang e
XPOHH3HPOBATHCS. ITO HeTHHEHMHBIN 3QdeKT TpeThero £
[IOPSLIKA, aHA/JIOTHYHBIM SIBIEHHUIO CaMOQOKYCHPOBKH.
dddexTrBHOEe GOKYyCHOe PACCTOSHHE KeppPOBCKOM
JIMH3Bl MOKHO IIPUMEPHO OLIeHHUTb Kak f=r/4m,l, rae
r — paguyc ISTHA, n, - HeIMHeHHBIM I1I0Ka3aTesb IIpe-
JIOMJIeHUs | - UHTeHCUBHOCTb. IIOCKOJIBKY 3TO TepMO-
JIMH3a, TO paclpefereHye TeMIIePaTyphl IOTYUHSETCS

32

Puc. 1. I3amepumenbHas ycmaxoska: TY — mepmoynpas-
AeHue, J14 — nazepHobili 0u0d, /11 - LuAUHOpUYECKas AUH3da

u J12 = auH3a, 31 - 2ayxoe 3epkano Ha akmusHoOM 3nemeHme,
32 - cpepuyeckoe 3epkano paduycom 300 mm U ompake-
Huem 95%, dnuHa pesoHamopa L=15cm, Nd:YVO, - akmus-

napabonudeckoMy 3aKkoHY, Oojlee TOYHO ero MOSKHO
OLIeHUTH KaK [7]:

T(z,t)= %Jﬁierf[ﬁ),

rme A - TOIJIomATeNbHAs CIIOCODHOCTB  Cpefsl;
I, - MHTEHCUBHOCTb IaJIAIOIIEr0 H3IyueHHUs; a=A/pc -
TeMIIepaTypOIIPOBOAHOCTb,  QYHKLUS  HHTerpaia

BEPOSITHOCTH  ierf (x):J:erf (y)dy, oynkums ommbox
erf :%J.Oyexp(—tz)dt. [Ipy 3TOM PajilyC MSATHA MOMIBI
MOXeT GbITb BBIYMCIEH, Kak yA/m-(Lf )1/4 / (1-L/f )1/4, e

L=1/n - 3ddexTrBHAs MIKHA, | - [UIMHA HeTHHEHHOIro
KpHUCTa/ia. B omHOI 13 pabot [8] 61aromapst Takok camo-
$oKycHMpoBKe pasMep IISTHa wu3MeHsica ot 0,2
10 0,05 mMm.

OnTHvecKye CBOKCTBA TBepOTeNIbHOIO jla3epa B IIPo-
LlecCe TeHepalluM M3/1y4yeHHs 3HAUMUTeIbHO H3MeHs-
I0TCSL H3-32 II0SIBJIEHHSI TepMOOIITHYeCKHX HEeOJHO-
PONHOCTeN NP HepaBHOMEPHOM HarpeBe B IIpoLiecce
HaKayku. IlogB/eHHe TepMOTHMH3bl MOXXHO MOJENIH-
poBaTh JHMH30H, ONTHYecKasl CHIa KOTOPOHM 3aBUCHT
OT MOILITHOCTH HaKauKH.

B CBSI3M C 3THUM Lie/IbI0 IAHHOM PaboThl CTAIO HCCTIe-
IoBaHHe reHepallMH BbICOKOYACTOTHOH (ITL) mocimeno-
BaTe/IbHOCTH HMIIY/IbCOB Ha HeJMHEHMHOM KpPHCTajlle
Nd:YVO, c AMOmHOM HAKAYKOM.

ANOAHAA HAKAYKA

JlJI TIONy4eHUsI BBICOKOUACTOTHOM II0C/Ief0BATEIbHO-
CTH HMIIY/JIbCOB Ha HeJMHEHHOM Kpuctauie Nd:YVO,
C IMOJHOKM HAaKa4uKOM KCII0/Nb30Ba/Iach CXeMa, [IPefiCTaB-
JIeHHas Ha puc. 1.

[IuTaHMe /1a3epHOro AHOAA ILIIO OT 6JI0Ka yIIpaBiie-
HHSI, KOTOPBIM TaKKe MOIAEeP>KUBAL 3aJaHHYIO TeMIle-
PaTypy C IOMOIIBIO TepMoOJaTUMKa U 37eMeHTa Ilenb-
The. Ha quon Hak/IerBanach DUIXHAPUYecKas 1uH3a /1,
a nnH3a JI2 oKycHpoBa/ia HaKauKy Ha aKTHBHBIM 37Ie-
MeHT. II1ockoe 3epkano 31 6bIIO PACIIONOXKEHO BILIOT-
HYI0 K aKTUBHOMY 3JIEMEHTY; cbepryeckoe 3epKajio 32
KMMeJI0 pajuyc KpHUBH3HEL 300 MM M oTpakeHHe 95%;
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Hbll 3nemeHm 0AUHbI 0,5 MM u ¢ yposHem nezuposaHnus 0,5%,
[Mp - npuemHuk, On - ocuuanozpag

Fig.1.TY - thermal control, J1J - laser diode, /11 - cylindrical
lens and /12 - lens, 31~ deaf mirror on the active element, 32 -
spherical mirror with a radius of 300 mm and 95% reflec-
tion, cavity length L =15 cm, Nd :YVO, - active element of
length 0,5 mm and with a doping level of 0,5%, Ip - receiver,
On - oscilloscope

The optical properties of the solid-state laser in the
process of generating radiation are significantly changed
due to the appearance of thermopotic inhomogeneities
during uneven heating during the pumping process.
The appearance of the thermo lens can be simulated by
a lens, the optical force of which depends on the pump
power.

So, the purpose of this work was to study the gen-
eration of a high-frequency (CHz) pulse train on a diode-
pumped Nd : YVO, nonlinear crystal.

DIODE PUMPING

To obtain a high-frequency pulse train on a diode-pumped
nonlinear Nd:YVO, crystal, the scheme on fig. 1 was
used.

The laser diode was powered from a control unit, which
also maintained a given temperature using a temperature
sensor and a Peltier element, a cylindrical lens JII was
glued to the diode, and lens JI2 focused the pump on the
active element. Mirror 31 was flat and located close up to
the active element, mirror 32 was spherical with a cur-
vature radius of 300 mm and 95% reflection, the cavity
length was 15 cm, and the frequency corresponding to its
round trip time was 1 GHz. The Nd:YVO, active element
had a length of 0,5 mm and a doping level of 0,5%, the
signal from the receiver was analyzed on an oscilloscope,
a laser pointer was used to align the elements along the
optical axis, and the spectrum of the output radiation
of the diode and laser was analyzed separately using
a spectrometer. The threshold current of the diode was
1.7-1.8 A, for pumping the active element, the spectrum
of the diode was tuned to the maximum absorption of
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JUIMHA pe30HaTopa COoCTaBuja 15 CM; 4acToTa, COOTBET-
CTByIOIasl BpeMeHU obxozia pe3oHaTopa, 1 IT1. AKTHB-
HbIH 371eMeHT Nd: YVO, umen gyiuHy 0,5 MM U ypoBeHb
nerrupoBaHus 0,5%. CUTHaJI ¢ IPUeMHHUKA aHAJIHU3HPO-
BaJICA Ha ocuusuiorpade. s BBICTAB/IIEHHS 3I€MEHTOB
I10 OIITHYEeCKOM OCH MCII0Ib30BajIach Ja3epHasl YKasKa,
a TaKkKe OTHE/NbHO aHA/JIM3UPOBAJICS CIIeKTP BBIXOLHOTO
U3Ty4eHMsT OHOAA W Jia3epa C IIOMOINBIO CIIeKTpOMe-
Tpa. IIOporoBBIM TOK AHOAA COCTaBnsn 1,7-1,8 A. [ns
HaKa4yKy aKTHBHOIO 3JIeMeHTa CIIeKTp AHOoJa HacTpa-
MBaJICI HAa MaKCHMAaJIbHOE IIOIVIOIIEeHME 3JIeMEHTOM -
Ha JIMHY BOJIHEI 808 HM, U1 3TOr0 TeMIlepaTypa JHoaa
HoAAepsKuBaiach Ha ypoBHe 28 °C.

Paguyc mATHa MOABL PACCYMTHIBANICA II0 GOpPMY-
nam aas TaycoBa myuka. IIpu BeIOpaHHOM [JISl 9KIle-
PHUMEHTa pe30HaTope OH COCTaBIsAI OKouo 200 MKM
(puc. 2). Hakauka Ha aKTHBHBIA 3/eMeHT QOKYCHPO-
BaJIacCh B IIATHO JHaMeTpOM OKoyo 150 MKM (13 ormbITa
H3BECTHO, 4TO 151 3bPeKTUBHOM IepeKauKU SHeprhuH
B MOJy M3/1y4YeHHs GOKYCHPOBATh U3/TyYeHHe HaKauKU
Jydllle B MSTHO, YyTh MeHbIIEro pajiyca MOAbI, 4T00O
He CO03JaBaTh JIMIIHHUX TEePMOOIITHYECKUX 3ddek-
TOB). JUIMHA BOJIHBI TeHepalluy u3aydeHus - 1064 HM.
Ha ocuumnorpade (puc. 3) Habmromanach BBICOKOYA-
CTOTHAs I10C/1e[0BaTe/IbHOCTh MMITY/IbCOB C YacTOTOM
1 ITh, COOTBETCTBYIOINAs BpeMeHH 00xolna pe3oHa-
Topa. Ha puc. 4 Habnomanuch MeXMOJIOBEe OHeHus,
COOTBETCTBYIOIIMEe YaCTHUYHOM CHHXPOHH3ALHMU MOJ,.
BrimonHUB mpeobpasoBaHue Pypbe TAKOrO CHUTHANA,
MBI 3aMeTHJ/IM, YTO YacTh MOJ, OKa3ajach cpasupo-

i g
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Puc. 2. Paduyc ny4ka 6 3agucumocmu om 0AUHbI
pe3oHamopa

the element - 808 nm, for this the diode temperature was
maintained at 28 °C.

The mode spot radius was calculated using the for-
mulas for a Gaussian beam, with such resonator as in
the experiment, it was about 200 pm (Fig. 2), pump-
ing to the active element was focused into a spot of
about 150 pm (from experience, it is known that for
efficient energy transfer to the radiation mode, it is
better to focus the pumping into a spot slightly less
than the mode radius, so as not to create unnecessary
thermopotic effects). The laser emission spectrum
was 1064 nm. On the oscilloscope (Fig. 3) we observed
a high-frequency pulse train with a 1 CHz frequency,
corresponding to the cavity round-trip time. Fig. 4
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Puc. 3. eHepauus sbicokouacmomHol nocaedosamenb-
Hocmu umnyabcos 11 Tu, coomgemcmeytouieli peMeHu
06x00a pe3oHamopa.
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Puc. 4. Mexxmodosble bueHusi, coomaemcmeayrujue
UacmuyHoU CUHXpOHU3ALUU M0d
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BaHHOM, B OTIMYHe OT CHUIHala 6e3 CMHXPOHH30BaH-
HBIX MOJ, C Pa3HBIMH C/Iy4alHBIMH $asaMu, I7e MBI
Habmromany 661 paBHOMEPHBII besbIE myM. Jlanee MbI
BapbUPOBAIIM AJIMHY pe30HaTopa B 06TIaCTH YCTOMYHU-
BoCTH OT 15 cm 1o 30 cMm (misg pacdetra obnmactu yCToﬁ-
YUBOCTH Ppe30HATOpa MCIIONb30Basach IIporpaMMma
reZonator).

IIpu pnuHe pe3oHaTopa 22 ¢M (BiHsKe K pacCuHTaH-
HOH TIpaHHILle 0671aCTH yCTOMYHUBOCTH) Takke Habmroma-
J71ach YacTUYHAs CHHXPOHM3aIMs Mo, (puc. 5). YacToTa
C/Ie[lOBAaHMS HMIIYJIbCOB COOTBETCTBOBAaja BpeMeHH
obxozma pesoHaTopa - oKoyo 800 MILi. ITpy TaKkoH ANMHHe
pesoHaTopa IIOJTHOW CHHXPOHH3ALIMK MOJ, JOCTHI-
HYTb He yJaJ0oCh Ja’Ke IIPHM PasHBIX YPOBHAX MOIIHO-
CTH HaKayKy, IIOTOMY YTO He YHAeTCA CHHXPOHH30BATh
HecTabM/IbHBIe MOJBI, KaK U B C/Iy4ae C Pe30HaTOPOM
IJIMHOM 15 cM.

Ha gnuHe pesoHaTopa oKoio 17 cM Habmomanack
[IOYTH IIOJHAas CHHXPOHM3ALMsS MOJ IIPH MOLIHOCTH
Hakauykd 2,7 A (puc. 6), a IpH MOLIHOCTH HaKadKH
3 A 6pUIa IoOTyvyeHa IOHAsl CHHXPOHM3alus (pUc. 7);
IIpY Hakauke 3,5 A omaTe Habmmomanack YacTHYIHAS
CUHXpOHM3aLMs (PUC. 8) B CBSI3U C MOSIBIIEHHEM HOBBIX
MOJI, KOTOpble He CHHXPOHU3UPYIOTCS. [IJIs TOro YToOb!
nobuThcst 6onbIlIer CHMHXPOHHU3ALMK MOJ, IUIAaHHPOBA-
JIOCh YBeJIMYMBATh MOIIHOCTh HakKauky. Ilo Hamemy
MHEHHIO, 3TO [T03BOJIUJIO 6bI yCHINUTH CAMOPOKYCHPOBKY
u 30derT obpasoBaHHS KEePPOBCKOM JTHH3BI. A /IS
TOro 4TOOBI 3PPEKT ITPOAOIKAT YCHIMBATHCS C IIOSIB-
JIeHWeM HOBBIX MOJ, IUIAHWPOBAJIOCh B34Th KPUCTaJLI
C MeHBIIUM JerupoBaHueM (0,2%), U COOTBETCTBEHHO
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M G vrtesl  Horigien

Ty Dok Cusor  Mesioe Ml Me kep LDt el

Butbers

Puc. 5. YacmuyHas cuHxpoHu3auus Moo Ha 0AUHE pe30Ha-
mopa 22 cm

shows intermode beats corresponding to partial mode
locking - by making the Fourier transform of such
signal, we will notice, that some of the modes are
in the same phase, in contrast to a signal without
synchronized modes with different random phases,
where we would observe uniform white noise. Next,
the length of the resonator in the stability region was
changed from 15 cm to 30 cm; the program ‘reZona-
tor’ was used to calculate the stability region of the
resonator.

Me G verdesl  Horigien
-y 3

Tiiy ODhnle  Cursom  Mesdss

Mmli Me kop Utitls el Buters

Puc. 6. [Toymu nonHas CUHXpoHU3auusi Mod, Npu MOWHO-
cmu Hakadku 2,7 A Ha 0AuHe pe3oHamopa 17 cm

M G vertesl  Forizlien

Ty Dholes  Curson | Meskae

Mmli M kop Utitle el Buters

Puc. 7. [ToAHas CUHXpoHuU3auust Mod, npu MowHoCcmu
Haka4ku 3 A Ha 0AuHe pe3oHamopa 17 cm
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Puc. 8. YacmuyHas cuHxpoHU3auus Mmoo, npu mMouyHocmu
Haka4ku 3,5 A Ha 0nuHe pezoHamopa 17 cm

Fig. 8. Partial mode locking, at the pump power of 3,5 A at
17 cm cavity length

Fir G vevesl Moo Tiig Omols  Cureom  Mesdse Ml Mel koo

mities  iele  Buters

Puc. 9. MNoAHOCMbIO CUHXPOHU308AHHble MOObI CO CMeKAOM
«KoHawuma»
Fig. 9. Full mode locking with Konashima glass

GONBIIMM HeTMHEeHMHBIM II0Ka3aTeleM IIPelOMIIeHHS.
ONTHMA/IBHBIE YPOBEHb JIETHPOBAHHUS 3aBUCHUT OT KOH-
durypanuu pesoHartopa, AHaMeTpa ISTHA HAKAYKU
U He TOJIBKO.

B35B KPUCTalII C MeHbIIeH KOHI|eHTPAlLlUel IIpH-
Mecu (obecrieunB OONMBIIME HETHHEHHBIN I1OKa3aTenlb
IIpeJIOMJIEHHSI), MBI IIOJIy4aIl MeHbllle FeHepHUPYeMBIX
MOJI, IIOTOMY YTO IIPH 3TOM IIOPOT F'eHepaLuK H3/Iyde-
HUS BO3PACTall. B OIBITe Bce reHepUpyeMble MOABL ya-
BAJIOCh IIOJTHOCTBIO CHHXPOHM30BaTh. OfIHAKO, KOIZIA BCe
MOZIbl yAABaNoCh CHHXPOHH3HPOBATh, ITPOLECC CAMO-
dOKYCHPOBKH 3aKaHUMBAJICS, IIOCKONBKY B OTIHYHE
OT KCIIOJIB30BAaHUSI KpUCTa/Ia C Gonee BBICOKUM JIETH-
POBaHMEM, B HallleM C/Iydae HOBBIX MOJI, He IIOSIB/ISeTCs.
MBbI Hab/TI0IA/IH TIOSIB/ISIIOIIHECS. M CPa3y ke IIOJTHOCTBIO
HCYe3alole CHHXPOHHU3UPOBAaHHBIE MOIBI.

B CBSI3H C TAaKUM Pe3y/bTaTOM MBI PeIlHIH IS Tyd-
mer CaMOPOKYCHPOBKU ITOCTABUTH HACHIIAIONTHICS
IIOIJIOTUTENb (PHC. 9). B 3TOM C/lydae MBI CTaIH CBHJIE-
Te/lISIMH IIOSIBTIEHUS CTAOHJIBHBIX IIOTHOCTBIO CHHXPO-
HU30BaHHBIX MOJZ - Habofanach CTabHIIBHAS CaMo-
dokycrpoBka. B craTpe «Compact efficient multi-CHz
Kerr-lens modelocked diode-pumped Nd : YVO, laser» [8]
ABTOPBI OIMCATH 3KCIEPUMEHT C IIOJIy4YeHHeM CHH-
XPOHM3ALMU MOJ, IIPU HCIIONB30BAHUH BOJIOKOHHOM
HaKauKH.

Ha {OTOHHOM HHTETPAIBHOM CXeMe [JUOLHYIO
HaKayKy MOXHO OCYIIeCTBUTb HeIIOCPeJCTBEHHO
Ha CxeMe, OJHAKO BOJIOKOHHAsl HaKa4Ka C boee BBICO-
KHUMH IIOTePSIMH MOKET CHOPMHUPOBATH 60J1ee XOpOIIyIo
KePPOBCKyI0 NHH3y 6maromaps 6oree ONTHMaIbBHOMY

At 22 cm cavity length, closer to the calculated bound-
ary of the stability region, we also observed partial mode
locking (Fig. 5). The pulse repetition rate corresponded to
the cavity round-trip time - about 800 MHz. With such
cavity length, it was not possible to achieve complete
mode locking at different pump power levels, because
unstable modes cannot be synchronized, as in the case of
15 cm cavity.

At 17 cm cavity length, almost complete mode locking
was observed at a pump power of 2.7 A, and at a pumping
of 3A, there was complete synchronization; at a pumping
of 3.5 A, a partial synchronization was again observed
with the appearance of new modes that were not synchro-
nized. We planned to increase the pump power for better

1HC/ geneHue
1ns/div

i

Puc. 10. CuHXpoHu3auus Moo ¢ 80A0KOHHOU HAKAYKOL
Fig. 10. Fiber-pumped mode locking
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pacIpene/eHHUI0 MHTEeHCUBHOCTH II0 IUIOINAAX Ja3ep-
HOTO IIITHA HaKauKkyd. OHAKO aBTOPBl OTMEYaroT, YTO
IIpH BOJIOKOHHOM HaKauKe CHHXPOHU3aLMs MO, U reHe-
PaLKst CTaOUIBHBIX BEICOKOYACTOTHBIX HMITYJIBCOB ObITa
rOpasfo XyXXe, 4eM IIPH MCIIONb30BAHHUH [IHOLHOU
HaKa4yKH U HaCHIIIAIOIIEerocs MOrJIOTUTENIS .

3AKJ/TIOMEHUE

CpaBHI/IBaH Pe3y/bTaTbl 3KCIIEPUMEHTOB C HCIIO/Ib30Ba-
HHeM ,III/IO,E[HOI;I M BOJIOKOHHOM HaKa4KH, MBI IIPUXO-
AHM K BBIBOAY, YTO OCHOBHYIO DO/Ib AJi1 CMHXPOHH3d~
OHUK MO KU I'eHepallhur CTabMIBHBIX BRICOKOYACTOTHBIX
HMITYJIbCOB UI'PaeT HACBImaMMHﬁCH IIOTJIOTHUTEJIb, TaK
YTO pa3HHIA B Kepp03c1<01?1 JINH3e IIpU ILI/IOL[HOI:I H BOJIO-
KOHHOM HaKa4Ke He BHOHA.
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synchronization, we thought, that it would enhance self-
focusing and the Kerr lens effect. To continue increasing
the effect with the appearance of new modes, it was
planned to take a crystal with a lower doping (0,2%) and
accordingly a higher nonlinear refractive index. The opti-
mal doping level depends on the cavity configuration, the
pump spot and more.

Taking a crystal with concentration less, making the
nonlinear refractive index higher, we had fewer gener-
ated modes, because threshold increased. During experi-
ment all generated modes were completely synchronized,
but when all modes are synchronized, the self-focusing
process ends, since no new modes appear in this case,
in contrast to the case with a more doped crystal. We
observed appearing and immediately disappearing fully
synchronized modes.

Having such results, we decided to use saturable
absorber for better self-focusing (Fig. 9), then we began
to observe stable fully synchronized modes - self-focusing
was stable. In the article “Compact efficient multi-CHz
Kerr-lens modelocked diode-pumped Nd:YVO, laser” [8],
the authors wrote about the experiment in which they
observed mode locking using fiber-pumping.

On a photonic integrated circuit, diode pumping can
be performed directly in the circuit, however, fiber pump-
ing with higher losses can form a better Kerr lens due
to better intensity distribution over the pumping spot
radius. However, the authors note, that with fiber pump-
ing, mode locking and generation of stable high-fre-
quency pulses were much worse than with diode pump-
ing and saturable absorber.

CONCLUSION

Comparing diode and fiber pumping, we come to
the conclusion, that the main for mode locking and
generation of stable high-frequency pulses is a saturable
absorber, so that the difference in the Kerr lens under
diode and fiber pumping is not visible.
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Me>KAYyHapOAHBIN GOpyM IO agJHTHBHBIM TEXHOJIOTHSIM H 3D-pelIeHHSIM

B pamkax BbicTaBku «TEXHOOOPYM-2021» B Mockse B LIBK «SkcrioueHTp»
Ha KpacHoii Mpecte ¢ 18 no 21 okTa6bps 2021 roga npoiget MexayHapoaHbIA
(GOpyM N0 aAANTUBHLIM TEXHONOTUAM W 3D-PELLEHNAM.

[naBHas Lenb Gopyma — 06beAMHUTDL BCEX YHACTHUKOB PbIHKA AAAUTUBHBIX
TexHonorui (AT): Npou3BOAMTENei, MHTErPaTOPOB, NOAb30BATENEM, MPOdeccH-
OHANOB W 3KCMEPTOB, Y4YEHLIX M HAY4YHbIX COTPYAHWKOB, NPOGECCOPOB M npeno-
[ABaTeNen HA eANHOM HE3ABMCUMOI MAOLLAAKE NpK NOAAEPKKE MPOGUNLHBIX

deziepanbHbIX OPraHoB BAACTW, MUHUCTEPCTB W accoLuamni. dopym npegocra-
BUT Ans npodeccoHanos AT-0Tpacan Poccun 1 Mupa yAobHLIN Gopmar ans
NPOABWKEHNS CBOMX PelLEHMiA, TEXHONOTUIA, CEpBICOB, MaTepUanos, 06paso-
BaTeNbHLIX MPOrpaMM 1 Hay4HbIX pa3paboTok. YyacTue B Gopyme — 310 npe-
KpacHast BO3MOXHOCTb 0bLLieH!s APy C APYroM 1 06CyXKAeHNS aKTyaNbHbIX TeM
no AT 1 3D-petueHusm.

CnuKepbl-3KCnepTbl B 061aCTU 3AANTUBHLIX TEXHONOTUA U3 Poccun u Apy-
TUX CTPaH MMPA MOAENATCH CBOUM OMbITOM W BLICTYNAT C AOKNAAAMU HA TEMY:
BHeapeHune AT 1 3D-pelweHunit B OTPACASX MeAULIHDI, OBEIMPHON MPOMbILL-
NeHHOCTH, MALWWUHOCTPOEHNUS, IUTbS U METPONOTMM. OHU PACcCKAKYT O CamblX
NOCAeAHNX COBLITUSIX W HOBMHKAX HA pbiHke AT W 3D-pelieHni. Y4acTHUKN
dopyma nonyyar BOIMOXHOCTb 06CYAUTL aKTyanbHbIe BOMPOCH, BOMHYIOLME
BCEX UrPOKOB PbIHKA.

Yyactve B dopyme «MHAYCTPUA-3D» npegnonaraet rubpuaHbIn Gopmar:
odnaiH - B naBnboHe Ne 1 LIBK «9KCnoLeHTp» 1 OHNanH-TpaHcnALus B MHTep-
HeTe Ha noptane web.Industry3D.ru ¢ BO3MOXHOCTbIO NPOCMOTPA B MPAMOM
3dwmpe. Mocne okoHYaHWs 3D-Gopyma BCe BLICTYNAEHUS ByaYT apXMBMPOBAHLI
W [OCTYMHbI K 06Liemy npocMoTpy. Y4acTHUKM GopyMa B XOfe TPaHCASILMK
CyMetoT 061WaThCa APYr C APYroM 1 y4acTBOBATD B ANCKYCCUU. B npamom 3dupe
MOXHO byAeT 33AaTb BOMPOC! CrIKepam.

PerucTpavms y4acTus [OCTynHa Ao 5 oktabps 2021 roga Ha canTe:
https://web.industry3d.ru.

https://web.industry3d.ru

9KCI0=BOJITA

} opraHusaTop BbicTaBok ¢ 1986 r

BbICTABKA 22-24 ceHtabpa 2021

MWHWCTEPCTBA = COK3A CAMAPCKOrO
MPOMBLIWNEHHOCTH RARMHOCTPORTENER PEFTMOHANBHOIO
¥ TOPTOBAY Pocom WA OCTRONTEREN OTAENEHUA
CAMAPCKOW OBNACTH onoraroccuy  «ONOPLI POCCHM»

r. Camapa, yan. Muuypuna, 23a

TeA.: (846) 207-11-24

19-me>l<n, yHapoaHas BbICTaBKa dopyM

www.expo-volga.ru
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