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BBEAEHWE

B HacTosillee BpeMs OLHOMOIOBBIE BOJIOKOHHEIE
JIa3epsl MOLTHOCTBIO bosee 1 KBT CTanu 04eHb BOCTpe-
60BaHHBIMH BO MHOTHX OTPAC/ISIX IIPOMBIIUIEHHOCTH
(MeTannoobpaboTka, agAUTHUBHbBIE TeXHOJIOTMH, 00B-
eflMHeHHe M3/y4eHUS U Ap.). Bo MHOroM 3To cTasio
BO3MOKHBIM 6J1arofiaps HUX IMpPeHMyIlecTBaM: KOM-
MaKTHOCTh, BbICOKUM KIIJl 1 1p. OGHOMOJOBBIE BOJIO-
KOHHBIE JIa3ephl C KaYeCTBOM ITy4Ka M?<1,3 MoIIHO-
cThio 6oee 500 BT MOIamaroT MO, CAHKILIUK KU BBECTHU
X B POCCHIO He IIPeACcTaBasgeTCs BO3MOKHBIM, a IIPo-
M3BOJCTBA TaKHX Jia3epoB B Poccuu Het. [ToaToMy pas-
paboTKa U MPOU3BOACTBO OTEUECTBEHHOTO OZHOMOZO-
BOT'0 BOJIOKOHHOT'0 JIa3epa MOIHOCTEIO 1,5 KBT 1 6oee
SIBJISIeTCSI AaKTyaJIBHOM 3a/iadell.

Hacrosimas pabora mocBsilieHa pa3paboTrke u co3-
JaHHUIO OJHOMOJOBOTO OIITOBOJIOKOHHOIO Jia3epa
C BBICOKMM KayeCTBOM H3JIyYeHHSI M MOIIHOCTHIO
1500 BT, KOTOPBIM MOXKET HCIIOB30BAThCA KaK CaMO-
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INTRODUCTION

At present, the single-mode fiber lasers with a power
of more than 1 kW have become very popular in many
industries (metalworking, additive processes, radia-
tion combining, etc.). In many respects, this became
possible due to their advantages: small size, high
efficiency, etc. The single-mode fiber lasers with
a beam quality of M?<1.3 and a power of more than
500 W are subject to the sanctions, thus it is not pos-
sible to import them into Russia. There are no pro-
duction facilities for such lasers in Russia. Therefore,
development and production of a domestic single-
mode fiber laser with a power of 1.5 kW or more is
a crucial task.

This paper is devoted to the development and imple-
mentation of a single-mode fiber laser with the high
radiation quality and a power of 1500 W that can be
used both independently and as a part of various laser
stations and systems.

1. EXPERIMENTAL PROCEDURE
As it is known, an increase in the beam output power
can lead to the nonlinear effects in the fiber, the
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CTOSATE€JIBHO, TaK KM B COCTaBe€ DPA3/IMYHBIX JId3€PHBIX
KOMIIJIEKCOB M CHUCTEM.

1. SKCNEPUMEHTAJIbHAA YACTb

Kak H3BeCTHO, C HapallMBaHHEM BBIXOJHOMW MOIIL-
HOCTH M3JIy4eHHSI B BOJIOKHE MOTYT IIPOSIBJISATBCS
He/lHHeNHble 3QPeKTbl, IOPOrH BO3HUKHOBEHMUS
KOTOPBHIX 3aBMCSAT OT [JIMHBI BOJIOKHA M OHaMeTpa
cepaleBHHBI [1]. Jlydlllee coueTaHHe AHUaMeTpa Cepa-
LIeBUHBl BOJIOKHA W €ro YHCJIOBOM aIepTypsl, obe-
cnevuBamomee mapamerp M? < 1,3 (MOKHO CUHUTATh
6MM3KUM K AUGPAKLHMOHHOMY) M BBIXOAHYIO MOII-
HOCTB 2-3 KBT [2-4], 3T0 3HaueHUd 20 MKM C YHCIOBOM
aneprypou NA=0,06.

B OCHOBHOM Ha OrpaHHYeHHe BBIXOLHOI MOIIHO-
CTH BOJIOKOHHOIO jla3epa OKa3bIBAIOT BJIHSIHHE CIle-
ayioomye GaKkToOphl, IIPOsIBJIeHHe KOTOPBIX 3aBHCUT
OT AxaMeTpa CepALleBHHBI U JJIHHBL KCII0/Ib3YeMOro
BOJIOKHA: COBOKYITHOCTb TePMaJbHbIX U HeJMHEHHBIX
3ddeKToB; OnTHUeCKUH IIPoOOM; SPKOCTh AHOLOB
HaKa4yKH; MoAoBas HecTabuapHOoCTb (TMI).

CepalleBHHA AuaMeTpoM 20 MKM C YHCI0BOM amep-
Typor NA=0,06 maeT nyd4llee co4eTaHHe, obecrieuu-
Balollee rmapamerp M?<1,3 (MOSKHO CYUTATh OIU3KUM
K IUOPAKIIMOHHOMY), U BBIXOJHYIO MOITHOCTB 2-3 KBT.
[TIOpOroBy0 MOIIHOCTh OIITHYecKoro mnpobos mis
TaKOI'0 BOJIOKHA MOXKHO OLIeHUTb 1o Gopmyite [1]:

plamage _ [ damage ™ 6))
Ihe a — paguyc o MOLBL, Idamage- [IOpOroBasi MHTeH-
CHUBHOCTb. M IPU Ijgpq4~13 BT/MKM? [5] moporosas
MOIIIHOCTh cocTaBUT ~4000 Bt. Takum 06pa30M, HnMme-
€TCS BO3MOXKHOCTb IIOJIYYHTh OJHOMOJOBOE H3/Iyye-
HHe B IIOJIHOCTBIO BOJIOKOHHOM CXeMe MOIIHOCTBIO
0 4 kBT. TeM He MeHee HCC/IeJOBAHUH II0 OIpefie-
JIEHUIO IIOPOrOBOM HWHTEHCHUBHOCTH ITpPo6OM KBaplia
IUISL HenpepbieHo20 U3JIy4YeHUsI He IIPOBOOHJIOCH U 3TOT
BOITPOC OCTAeTCS OTKPBITBIM.

B cly4yae pacrmpocTpaHeHMs H3JIy4YeHHs C IIHMPO-
KHM CIIEKTPOM CPefH HeTHHEeNHBIX 3QPEeKTOB CaMBbIH
HU3KUI [IOPOT BO3HUKHOBeHUS OyneT uMeTh 3ddeKT
BBIHY)KIEHHOI0 KOMOMHAIMOHHOTO PaccesHUSs
(BKP). Ero IIOPOTOBYIO MOIITHOCTh MOKHO OLIEHHTH (1]
1o popmyie:

o _ 25na?
out gRL ’

roe L - JyIMHA OIITHYEeCKOro Tpakra, g,=10"3 m/Br [6].
B coorBercTBHH C QOpMYIOH (2) IIOCTPOEHHI Ipa-
duxku HOPOI‘OBOI;I MOIIIHOCTH BKP B 3aBHCHMOCTH
OT AJIMHBI BOJIOKHA IS PAa3HBIX OHAMeTPOB I10JIS
Mozl (puc. 1). PUCYHOK WIIIIOCTPUPYeT TOT GaKT, UTo
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Fig. 1. Threshold SRS power

thresholds for which depend on the fiber length
and the core diameter [1]. The best combination of
the fiber core diameter and its numerical aperture
that provides the parameter M?<1.3 (to be consid-
ered close to diffractive one), and an output power
of 2-3 kW [2-4] is 20 pm with a numerical aperture
NA=0.06.

Basically, the following factors have an impact on
the limitation of the fiber laser output power the man-
ifestation of which depends on the core diameter and
the length of the fiber used: a combination of thermal
and nonlinear effects; optical breakdown; pump diode
brightness; mode instability (TMI).

A core with a diameter of 20 pm and a numerical
aperture of NA=0.06 leads to the best combination,
providing the M?<1.3 parameter (to be considered
close to the diffractive one) and an output power of
2-3 kW. The threshold power of optical breakdown
for such a fiber can be assessed using the following
formula [1]:

i <1>
where a is the mode field radius, Ijp,, is the
threshold intensity, and at I ;g ~13 W/pm? [5] the
threshold power is ~4000 W. Thus, it is possible
to obtain single-mode radiation in an all-fiber cir-
cuit with a power of up to 4 kW. Nevertheless, the
studies to determine the threshold intensity of the
quartz breakdown for continuous radiation have not
been performed, therefore the question remains
open.

In the case of radiation propagation with a wide
spectrum among the nonlinear effects, the stimulated
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Puc. 2. PacnpedeneHue u3Ay4yeHus HaKa4ku no dAuHe 80A0KHa (d, b); pacnpedeneHue nozAoLEeHHO20 U3AYYeHUs HaKa4Ku
no dAuHe 80A0KHa (C); menAosas Hazpy3Ka, 8bI38AHHAS KBAHMo8bIM depekmom (d)
Fig. 2. Pump radiation distribution along the fiber length (a, b), distribution of absorbed pump radiation along the fiber
length (c), thermal load caused by the quantum defect (d)

JJIMHA ONTHYeCKOT0 TPaKTa BOJOKHA C AHaMeTpoOM
I10J1s1 MOABI 18 MKM [J1 AOCTHKEHHUS JIa3epHOM MOIII-
HocTH 1500 BT He HO/KHA MpPeBBLILNIATh IIPUMEPHOIO
3Ha4yeHusd B 47 M.

MopoBass HecTabUIBPHOCTb IIPOSIBIISIETCS B Ilepe-
KauKe SHepIHMU U3 OCHOBHOK MO/IBI B BBICIIKE I MOXKET
IIPUBOAUTL K (IYKTyallMIM BBIXOLHOK MOIIHOCTH
U yXy[AUIeHWUI0O KayeCcTBa H3/Iy4eHHUSs], UTO CBSI3aHO
C HaBeJleHHBIMH M3MeHeHUSIMH I10Ka3aTess IIpeioM-
JeHHUs BOJOKHA. KaK IToKasalu Ppe3y/ibTaThl HcCCIle-
IOBaHHUA [7], MoZoBas HeCTabHU/IbHOCTb BO3HHKaeT
IIpY CpefiHEeHN TeIlsIoBoM Harpyske Q=34 BT/M. TakuM
obpaszom, HeobxommMO 0bOecIIeumuTh YCIOBHSI IeHepa-
LMK J1a3epPHOT0 M3/Iy4eHHUs] C MeHbIIeH TeIlIOBOH
Harpy3KoH. 37ech KII0OUeBBIMH GaKTOPaMHU SIBISIOTCS
KO3)OUIIMEHT IIOTJIOMEHUSI U KBAHTOBBIM IedeKT.
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Raman scattering (SRS) will have the lowest threshold
of occurrence. Its threshold power can be assessed
using the following formula [1]:

2
P = 25na

out — QRL ’

@)

where L is the length of the optical path,
g,=108m/W [6].

In accordance with formula (2), Figure 1 shows the
SRS threshold power charts depending on the fiber
length for various mode field diameters. This figure
illustrates the fact that the optical path length of
a fiber with a mode field diameter of 18 pm shall not
exceed approximately 47 m to achieve a laser power
of 1500 W.
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Mopaynu HaKayKu
Pump modules

QBH - fiber cable with the OBH optical connector
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HRFBG OCFBG Laser radiation QBH
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HaKa4Ky 1 HaKa4yKH 2
Pump Pump
combiner 1 combiner 2

Puc. 3. Cxema nazepa: HR FBG - 2ayxasi 80n0KoHHaAs bpezzosckas pewemia; OC FBG — 8bIX00HASI B0N0KOHHAS bpe2208cKasl
pewemka; YB — akmugHoe ummepbuesoe 8010kHO; QBH — 8010KOHHbIL Kabeab C onmu4eckum KOHHeKmopom muna QBH
Fig. 3. Laser layout: HR FBG - blank fiber Bragg grating; OC FBG - output fiber Bragg grating; YB — active ytterbium fiber;

Mopaynu HaKayKu
Pump modules

Ha puc. 2 mpefcTaBieHO paciipefie/ieHre U3lydeHHs
HaKa4yK{ II0 [JIMHe BOJIOKHA, IIOIJIOLIeHHAas 4acTb
M3JIyUYeHHs HaKadyK{d M TeIUIOBas Harpyska, CBs3aH-
Has C KBAaHTOBBIM JIePeKTOM.

B COOTBeTCTBUH C IIONYYEHHBIMH Ppe3yJbTaTaMU
CpenHss TeIlJIOBas Harpy3Ka He IpeBbicuua 9 BT/M,
4YTO II03BO/ISeT B JAJIbHEHIIeM YBeIHYHUTbh MOLI-
HOCTb J1a3epa /10 Ipee/bHOM BeNHYHUHBI TEeIJOBOM
Harpysk 32 Bt/m.

CxeMma na3zepa (puc. 3) IIpocTa U IPUHIIUIIHAIBHO
He OT/IMYaeTcsd OT H3BeCTHBIX MUPOBBIX IIPOH3BOLU-
Tenew [2-4]. CrennanbpHO MOK0OpaHHBIE KOMITOHEHTEHI
C MUHHMAJIbHBIMU IIOTEPSIMU 00eCIIeYHBaIOT BBICO-
KyI0 3p$eKTHBHOCTh M HaJeKHOCTh ja3epa. Hakauka
AKTHBHOTO BOJIOKHA OCYILECTB/ISETCS C OBYX CTOPOH
JIa3epHBIMH JUOOHBIMH MOAY/ISAMH B KOJIMYeCTBe 7 IIT.
C IIMHOM BOJIHBI 915 HM U MaKCHUMaJ/IbHOM BBIXOIHOM
MOIIHOCTHIO 370 BT. Tako¥ criocob HaKauKU pacrperne-
JIeT TeIlJIOBYIO HarpPy3Ky II0 BOJIOKHY H CYIIeCTBEHHO
CHUKaeT Harpy3Ky C MeCT CBAPOK M OIITOBOJIOKOHHBIX
KOMIIOHEHTOB.

Pe3oHATOp J1a3zepa 06pa3oBaH I1apo BOJOKOHHBIX
OperroBckyx pelleToK IIpor3BoiacTBa AFR, moanep-
SKUBAIOIleN H3Jy4dYeHHe CHUTHala A0 3 KBT M H31Iy-
YeHHe HaKavyKH g0 1,5 KBT. AKTUBHOe uUTTepbueBoe
BOJIOKHO HMeeT OJUaMeTp CepILeBHHB 19,5 MKM
1 4ucaoBylo amepTtypy NA=0,065. IlornomeHue
M3JIy4eHHUs B aKTHUBHOM BOJIOKHE Ha [JIMHEe BOJIHBI
915 HM cocTtaBiaser 0,39 gb/M. JyiMHa aKTHBHOTO
BOJIOKHA B pe3oHaTope cocTaBuiaa 35 M. HM3nyuenue
HaKa4yK{ B aKTHBHOE BOJIOKHO BBOJMTCS C IIOMOIIIBIO
obrenuHUTeNeN Hakauku Lightcomm tuma (6+1)x1.
Co cTopoHBl rinyxox pemeTku HR FBG BBogMTCS
npuMepHO 1200 BT HU31ydeHHs] HaKa4KHU (HCII0JIB30-
BAaHO 4 IMONHBIX MOLY/S), & CO CTOPOHBI BBIXOAHOM
pemetrky OC FBC - mprumepHo 900 BT (MCII071b30BAHO

Mode instability is evident in the energy transfer
from the fundamental mode to the higher ones and
can lead to fluctuations in the output power and radia-
tion quality deterioration that is related to the induced
changes in the fiber refractive index. The studies have
shown [7] that the mode instability occurs at an aver-
age thermal load Q=34 W/m. Thus, it is necessary to
provide the conditions for the laser beam generation
with a lower thermal load. In this case, the key factors
are the absorption coefficient and the quantum defect.
Figure 2 shows the pump radiation distribution along
the fiber, the absorbed part of the pump radiation,
and the thermal load associated with the quantum
defect.

In accordance with the results obtained, the aver-
age thermal load does not exceed 9 W/m that makes
it possible to further increase the laser power to the
threshold thermal load value of 32 W/m.

The laser layout (Fig. 3) is rather simple and does
not fundamentally differ from those known in the
world [2-4]. The specially selected components with
minimal losses ensure high efficiency and reliability
of the laser. The active fiber is pumped from both sides
by 7 laser diode modules with a wavelength of 915 nm
and a maximum output power of 370 W. This pumping
method distributes the thermal load over the fiber and
significantly reduces the load on the welding points
and fiber optic components.

The laser cavity is formed by a pair of fiber Bragg
gratings made by AFR, supporting the signal emis-
sion up to 3 kW and pump radiation up to 1.5 kW.
The active ytterbium fiber has a core diameter of
19.5 pm and a numerical aperture NA=0.065. The radi-
ation absorption in the active fiber at a wavelength
of 915 nm is 0.39 dB/m. The active fiber length in the
cavity is 35 m. The pump radiation is introduced into

PHOTONICs vOL. 16 N23 2022 223



=

3 IMOOHBIX MOAY/IsI). BeIBOA H3nyueHUs obecredrBa-
eTcst KabesieM JJIMHOM 7 M C OIITHUYECKUM Pa3beMOM
tumna QBH.

Ocobyio ponb B CO3JAHUH MOIIHOIO BOJIOKOHHOTO
nazepa urpaer 3QPeKTUBHBIM TEIIOOTBOA,. Tak Ajis
OTBOZA TeIIa B pa3paboTaHHOM Ja3epe MCIIONb3Y-
I0TC CIleliMajIbHble BOLOOX/JIa’kKOaeMble aJllOMHHUe-
BbIe IIJIMTHI. [IjIs OTBOJA TeIljla OT aKTHBHOI'0 BOJIOKHA
IociefHee pasMmelraercs B V-KaHaBKax (puc. 4) u
3a/IMBAETCSA CIIeUHaJbHBIM TeIJIOOTBOSAIIMM KOM-
IayHAoM A1 QUKCAUMK U obecriedyeHUs TeIlIOBOTO
KOHTAKTa MEXAY BOJIOKHOM H TEHJ‘[OOTBOL[FIH_LEI;I
[IOBEPXHOCTBIO.

2. TONYYEHHDIE PE3YJIbTATDI

n NX AHAJIN3
Ha puc. 5 mpencraBieHa 3aBHCHMOCTb BBIXOJHOH
MOILHOCTH JIa3epHOr0 M3/1y4eHUs OT MOLIHOCTH H3J1y-
YeHHs HaKaykd. BUAHO, YTO 3QPEeKTHBHOCTb «CBET
B CBET» COCTaB/IeT IPpUMePHO 70%.

CIIeKTp BBIXOJHOIO M3/Iy4eHHUS [JIS Pa3sHOLM MOII-
HOCTH IIpefcTaBleH Ha puc. 6. M3 puc. 6 BUAHO,
YTO C YBeJIMYEHHEM MOIIHOCTH CIIEKTP YIIHPSeTCs.
IIMpuHa CIeKTpa Ha IIOJyBLICOTE I/ MOIIHOCTH
1500 Bt cocTtaBiseT mpuMepHO 3 HM, a s 500 Bt -
npumepHo 1 HM, 414 100 BT - 0,6 HM.

3AKJTIOYEHUE

B xome paboThl 6pUTa Cco3maHA BBICOKOIPGEKTHBHAS
KOHCTPYKLIMSL CHUCTeMBl OXJIQKAEHHS, I103BOJISAIOIIAs
3¢ deKTUBHO OTBOAMTH TeILI0 OT KOMIIOHEHTOB Jla3epa,
B CBOI0O OYepelb AKTHBHOE BOJIOKHO YK/IAJBIBACTCS
B V-KaHaBKY C TEIUIOIIPOBOAAIINM MaTepHUaIOM.

B pe3synpraTe paboT ZOCTUIHYTA MOIIHOCTH 1500 BT
€ 3¢ GeKTUBHOCTBIO “CBET B CBeT» 70% U KO3POULIEH-
TOM KauecTBa Ily4uka He MeHee, ueM M?<1,3. IllupuHa
CIleKTpa Ha MaKCHMaJIbHOM MOIIHOCTH COCTaBMA
3 HM.

PazpaboTaHHass KOHCTPYKLHS II03BO/IsieT obe-
CIIeYKUTh MOILIHOCTh BBIXOZHOTO HM3/IYYeHHS 0 2 KBT
nobaBreHHeM MOJYy/eH HaKa4dKH C HCIIO0/Ib30BAaHHEM
TOM >Ke KOMIIOHEHTHOM 0aspl. [IpuMeHeHHe CIie-
LIMa/bHBIX METOOHUK I10 QUIBTPALIMK MOJ BBICIIErO
[IOpsiiKa II03BOJISIeT OOCTUYb MOIIHOCTH M3JIYYeHHS
o 4-5 KBT ¢ M2 He xyxe 1,3 [8, 9], uTo aBnsieTcs npen-
MeTOM C/lefyIollel pa3paboTKu.
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the active fiber using the (6+1)x1 type Lightcomm
pump combiners. Approximately 1200 W of pump
radiation is introduced from the HR FBC blank grating
side (4 diode modules are used), and approximately
900 W is introduced from the OC FBG output grating
side (3 diode modules are used). The radiation cou-
pling is provided by a 7 m cable with a QBH optical
connector.

The efficient heat removal plays a special role in
the implementation of a high-power fiber laser. Thus,
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heat removal in the developed laser is performed by
the special water-cooled aluminum plates. To remove
heat from the active fiber, the latter is placed in the
V-grooves, as shown in Fig. 4, and is filled with a spe-
cial heat-removing compound for fixation and provi-
sion of thermal contact between the fiber and the
heat-removing surface.

2. RESULTS OBTAINED
AND THEIR ANALYSIS
Figure 5 shows the dependence of the laser radiation
output power on the pump radiation power. It can be
seen that the light-to-light efficiency is about 70%.
The output radiation spectrum for various powers is
shown in Figure 6. It can be seen that the spectrum is
broadened with increase in the power. The spectrum
width at 50% for 1500 W is about 3 nm, for 500 W it is
about 1 nm, for 100 W it is 0.6 nm.

CONCLUSION

In the course of works, a highly efficient design of the
cooling system has been developed that makes it pos-
sible to effectively remove heat from the laser compo-
nents. In turn, the active fiber is placed in a V-groove
with a heat-conducting material.

As a result of the work, a power of 1500 W has been
obtained with a light-to-light efficiency of 70% and
a beam quality factor of at least M?<1.3. The spectrum
width at maximum power is 3 nm.

The developed design allows to provide an output
radiation power of up to 2 kW by adding the pump
modules using the same component base. The use of
special filtration methods for the higher-order modes
makes it possible to obtain a radiation power of up to
4-5 kW with M2 no lower than 1.3 [8, 9] that is the sub-
ject of the next development.
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