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HapeXHOCTb CNaBHbIX BOJIOKOHHbIX KOMMO-
HEHTOB B BOJIOKOHHO-ONTUYECKMX J1a3epHbIX
cucTemax obecneymBaeT BbICOKUI YPOBEHb MOLL-
HOCTU U3/ly4eHus. B cTaTbe onucaHbl OCHOBHbIE
npo6sieMbl CO34aHUS BOJIOKOHHbIX 06beguHUTE-
JleVl U MeToAbl UX peLeHns a1 MUHUMU3auum
3HepreTMYecKuX NoTepb U COXpPAHEHMS KayecTBa
nyyka.

BBEAEHUE

Bo/OKOHHBIe JIa3epbl BBICOKOM MOIIHOCTH HaxXOHST
IIPUMeHEeHHEe B CAMBIX Pa3HOOOPA3HBIX ITPOMBILUIEH-
HBIX ITpoLieccax: 06paboTke MaTepHasioB, MAPKHUPOBKE
JleTaller U U3[eIHH, pe3ke U cBapke. biaromaps BbICo-
Komy KIIJI ¥ ITpeBOCXOJHOMY Ka4yeCTBY €ro BBIXOLHOI'O
Jy4a B COUYETAHHM C KOMIIAaKTHOK KOHCTPYKIIHEH BOJIO-
KOHHBIE JIa3epsl 00pesiH MOy pPHOCTb.

B HacTosIee BpeMs CYLIeCTBYeT JBa THUIIA aKTHB-
Horo BojokHa - GTWave u DoubleClad. Ctpykrtypa
BojlokHa CTWave MMeeT CBeTOBOJ, C aKTHMBHOHM Cepa-
LIeBUHOM U CBETOBOZBI, IIpefHa3HaueHHBbIE AJISI pac-
IIPOCTPAaHEeHUS H3/yYeHMs HaKadKH. CXema TaKoro
BOJIOKHA M306paskeHa Ha puc.l.

H3BecTHO [1], 9To mpu wucnons3oBaHuU GTWave
BOJIOKHA YHaJIOCh JOCTHYb M3JIyYeHMsI MOIIHOCTEIO 5,2
KBT. OCHOBHBIM He[OCTaTKOM TaKHUX BOJIOKOH SIBJISI-
eTCs CJIOKHOCTh BBOJA M3/Iy4YeHMsl HaKauKu. BolokHO
MMeeT MaJjioe KOJIHMYeCcTBO TOYeK BBOAA M OrPpaHHYH-
BaeT II0JIBOAUMYIO MOLIHOCTb HAKauYKH BBUAY BBICOKOK
BEPOSITHOCTH BO3TOPaHHUS.

Hawmbornee momynsipHBIMH K BOCTpPebOBaHHBIMH
Ha CerONHSIIHUN [eHb SBJISIOTCS BOJOKHA THIIA
DoubleClad. DoubleClad BomoxkHo rMeeT gBe 060/I0UKHM:
repBasi obecriedmBaeT PacIpPOCTPaHEHHE II0/Ie3HOr0
M3JIy4eHHsI B CepAlleBHHe, BTOpas — paclpocTpaHe-
HHe H3JIy4eHHs] HaKa4dKH. [lollepedHbIN Cpe3 BOJIOKHA
C IBOFHOI 060/I0UKOM ITPe/ICTaBIIeH Ha PUC.2.
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The reliability of fused fiber components in laser
systems provides a high level of radiation power.
The article describes the main problems of
creating fiber combiners and methods for their
solution to minimize energy losses and preserve
beam quality.

INTRODUCTION

High power fiber lasers are used in various industrial
processes: material processing, marking of parts
and products, cutting and welding. Due to its high
efficiency and excellent qualities of its outgoing beam
in combination with the compact design, fiber lasers
have gained popularity.

Currently, there are two types of active fiber -
GTWave and DoubleClad. The structure of the GTWave
fiber has an optical fiber with an active core and optical
fibers intended for the propagation of pump radiation.
The scheme of such a fiber is illustrated in Fig. 1.

It is known [1] that by using GTWave fiber, it was
possible to achieve the radiation power 5,2 kW. The
main disadvantage of such fibers is the difficulty
in input the pump radiation. The fiber has a small
number of input points and limits the input pumping
power due to the high probability of ignition.

The most popular and demanding today are fibers
like DoubleClad. DoubleClad fiber has two clads: the
first provides the propagation of useful radiation in the
core, the second - the propagation of pump radiation.
The cross-section of a double-clad fiber is shown in Fig.
2.

From the literature it is known that at the
manufacture of lasers with an output power of
10 kW [2], radiating in a few-mode regime, DoubleClad
fibers are used. Considering the value of the fiber
breakage threshold of 10 W/pm? we receive that the
admissible diameter of the mode field must be at least
36 pm. Thus, [3] indicates that the fiber with a core
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M3 nuTepaTypHBIX MCTOYHMKOB M3BECTHO, YTO
[IPH M3TOTOBJIEHHH JIa3ePOB C BBIXOLHOL MOIIHOCTBIO
Ha ypoBHe 10 KBT [2], u3ny4aromux B MaJIOMOAOBOM
pexkuMe, ucronb3oBanbl DoubleClad BomokHa. YUuThI-
Basl Be/TMYHHY [I0pOra pa3pyIleHHs BOJIOKHA 10 BT/MKM?,
Iojly4aeM, 4TO AOIMYCTUMBIK AUAMETP II0/1s1 MOZBL IO
SKeH COCTaB/IsITh He MeHee 36 MKM. Tak B paborte [3]
yKa3aHo, 4YTO B BOJIOKHE C AUAMETPOM CepALIeBUHBL 50
MKM M C YHCTIOBOM amepTryport NA=0,06 Obli1a DOCTHT-
HyTa MOIIHOCTB 8 KBT, ITpK 3TOM IapameTp M? cocTas-
771 IPUMEPHO 4YeThIpe efHUHHIIBL. [a/lbHerIlee Hapa-
IIMBaHHEe MOIIHOCTH TpebyeT yBelHueHHUS AHaMeTpa
CepALeBUHBI U IIPUBeeT K IlepeXoy B MHOTOMOJOBbIL
pPeskHMM. B CyIIecTBYIONIMX BOJIOKOHHBIX Ja3epax MOII-
HOCTBIO BhIIIe 10 KBT HCIIO/IBb3yeTCS OIITOBOJIOKOHHOE
obbeMHEHHEe H3/y4eHHs OT HECKOTbKHX JIa3epoB.
Pe3ynsTHpYyIOLIee U3/Ty4YeHHe OKa3bIBAETCS MHOTOMOJIO-
BBIM, HO COOTBETCTBYeT TpeOOBaHHSIM IIPOMBIIIIEHHBIX
CTaHKOB I10 06paboTKe MaTepHaJIOB.

Ecnmu paccMOTpeTh CXeMy BBICOKOMOIIHOTO JjIa3epa
(puc.3), TO MOXHO YBHJETb, YTO OCHOBHBIMH 3/IeMeH-
TaMH J1a3epa SIBJSIIOTCS OINTOBOJIOKOHHBIE OOBeTHHU-
TeJlb HaKAa4KM, aJAIITepsl IIOST MOABI, QUIIBTPEL 060-
JIOYKH ¥ BOJIOKOHHbIE HAKOHEUHUKHU.

[Ipu paspaboTke ONTOBOJOKOHHBIX KOMIIOHEHTOB
HeoOX0[ MO YyUUTBIBAaTh MHOXKECTBO JieTajiel, obecre-
YHBAIONIUX HAJIEKHYIO paboTy 37IeMeHTOB B YCIOBHSIX
BBICOKOM MOILIHOCTH M3/1y4eHHUs. Hampumep, mnorepu
B KOMIIOHEHTaX, KOTOpble OOBIYHO CUMUTAIOTCS HOP-
MaJIbHBIMU [IJIS1 TeJIeKOMMYHUKAIIMOHHBIX IIPHMeHe-
HMI, MOTYT IIPUBECTH K Pa3pyLIeHHIO0 BBICOKOMOIIIHON
7a3epHOM CHCTeMBl K3-3a CHJIBHOIO IleperpeBa. Kak
IIpaBH/I0, Haubolee Ba’KHBIM 3/IeMEHTOM MOIIHOIO
BOJIOKOHHOTO j1a3epa SIBISIeTCSI 00beAMHUTENb H3/Y-
YeHHUs HaKadyKH, 00ecrieurBaIONIUH BBOJ, U3/Ty4YeHUSs
B BOJIOKHO.

JlaHHasl CTaTbs IIOCBAILlEHA OLHOMY M3 BasKHEHITHX
BHU/IOB KOMIIOHEHTOB, HCIIOJIb3YeMBIX B BOJIOKOHHBIX
Na3epax, — BOJIOKOHHBIM OOBeTUHUTENSIM, HCIIOIb3ye-
MBIM B Ka4decTBe 3JIeMeHTHOM 6a3pl BOJIOKOHHBIX J1a3e-
POB U YCHUIHTeNIel. BolOKOHHbIE 06beIMHUTETH MOKHO
pas3gennuTh Ha HeCKOIBKO TUIIOB:

+ OOBemMHHUTENHN HaKauKU CTPYKTYphl Nx1. YcTpoii-
CTBa IAHHOTO THUIIA 00beIUHSIIOT HECKOIBKO HCTOY-
HUKOB M3/1y4yeHHs HaKauKH B OJJHO BOJIOKHO (pHC.4).

e OO6BemMHUTENN HAKAYKH C LIeHTPAJIBHBIM CUTHAIb-
HBIM KaHaJIOM CTPYKTYPpbl (N+1)x1. [JaHHBIe yCTPOH-
cTBa 06BbeIUHSIOT HECKOIBKO UCTOUHUKOB H3JTyue-
HHS HaKauyKH B OJHO BOJIOKHO M JOIIOJIHHTEILHO
B LIeHTpe HUMEeIOT KaHa/I, B KOTOPBII II0JAeTCs CHUI-
HaJI JI/1s1 Ia/IbHEeHIero0 YCH/IeHU S (pHC.5).

e O6begUHHUTENTN MOUIHBIX CHUTHAJIOB CTPYKTYPHI
SNx1. OHU mpenHa3HaueHbl OJs1 06BeIUHEHUS

Puc.1. Cxema GTWave 8010KHa
Fig. 1. GTWave fiber scheme

diameter of 50 pm and a numerical aperture of NA =
0,06 demonstrated power reached of 8 kW, where the
parameter M2 was about four units. A further increase
in power requires an increase in the diameter of the
core and leads to a transition to a multi-mode regime.
In existing fiber lasers with a power higher than 10 kW,
fiber-optic combination of radiation from several lasers
is used. The resulting radiation is multimode, but it
meets the requirements of industrial machinery for
material processing.

If we consider the scheme of a high- power laser
(Fig. 3), then it can be seen that the main elements of
the laser are the fiber-optic radiation pump combiners,
mode field adapters, cladding power strippers and fiber
end caps.

When designing fiber-optic components, it is
necessary to takeintoaccounta lot of details thatensure
reliable operation of the elements in the conditions
of high radiation power. For example, losses in

3alnTHOE. NOKpbLITHE
Protective coating

CepAueBuHa
Core

Mepsas obonoyka
First clad

BTopas nonvmepHas
obonoyka
Second polymer clad

Puc.2. Cmpykmypa ceemoeoda c 080lHoU 060A04KOU
no nonepe4Homy ceyeHuo

Fig. 2. Structure of the optical fiber with double clad in
cross-section
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9. Ka6enb BbIBOAA U3NTy4eHUS
1000-1500BT 8o 10 KBT
Radiation output cable
1000-1500 W up to 10 kW

8. YCTpoWCTBO O0TBOAA
MOLLHOCTM C 060/104KHU
CPS 300 BT
Cladding power
stripper CPS 300 W

° [ ] [ 2. BbICOKOMOLLHbIV 4. AKTUBHOe UTTepbueBoe 5. CPS yCTPOMCTBO OTBOAA MOLYHOCTHU
06beAMHUTENDb HAKAYKK 6x1 BOJIOKHO c 060n104KkK 200 BT
High-power pump Active ytterbium fiber Cladding power stripper 200 W
combiner 6x1
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3. BbICOKOMOLLHbIE
° ° o BOJIOKOHHbIe pewieTku 2000 BT ® ®
High-power fiber gratings 2000 BT ° °
TeraXion
° °
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1. BbICOKOMOLLHbIE ANOAbl HAKa4Ku 976 HM, 200 BT ) °
High-power pump diodes 976 nm, 200 W o o

6. BbICOKOMOULHbIN 06beguHUTENb
Hakaukm (6+1)x1, 200 BT B nopT
High-power pump combiner
(6+1)x1,200 W to the port

-
_—

4. AKTUBHOe uTTepbuesoe
BOJIOKHO
Active ytterbium fiber

L 1 L

Puc.3. Cxema mouH020 80N0KOHHO20 Ad3epa
Fig. 3. High-power fiber laser scheme

HeCKOJIbKHUX BOJIOKOHHBIX JIa3ePHBIX UCTOYHHKOB
BBICOKOH MOITHOCTH B OTHO BOJIOKHO C 0611e cyM-
MapHOM MOLIHOCTBIO 10 KBT u 6osee. CTpPyKTypa
CXoXka C OOBeIUHUTENSIMU HaKauyku Nx1, pas-
HHUIA 3aKJII0YaeTCs B TOM, YTO Ka’kJoe BOJIOKHO
SIBJISIETCSI CUTHAJIBHBIM (PUC.0).

METO/bl PACHETA CIrJ1IABJIEHUSA BOJTOKOH

B OBbEANHUTENAX

B obbenquHUTensAX HakKadkyd TUIla Nx1 u (N+1)x1
KCIIONIb3yeTCs HEeCKOJIbKO MHOIOMOJOBBIX BOJIO-
KOH, II0 KOTOPHIM pacCIpOCTpaHseTCs H3JIy4YeHHe
HaKadyKHU. [IpyM H3TOTOBIEHHU TAaKUX OOBeAHUHHUTE-
7ey NPUMEHSIOT TeXHOJIOTHUI0 TeHIIHUPOBAHUS, IIPHU
KOTOPOM BOJIOKHA BBITATHBAIOTCS C YMEHBbIIeHHEM
KX JyaMeTpa U Jajiee CBApUBAIOTCS C COOTBETCTBYIO-
IIMM BBIXOZHBIM BOJIOKHOM. TeMIIMpOBaHMe Xapak-
TepusyeTcs Ko3QPUIIMEeHTOM KOHYCHOCTH (TR). OH
ompezmesnsieTcsa KaK OTHOIIeHHe 3PbeKTUBHOLO IHa-
MeTpa BXOAHOTO BOJIOKHA K JHaMeTPy BBIXOLHOIO.
ITom 3¢ PeKTUBHBIM AHAMETPOM BXOLHOI'O BOJIOKHA
NPUHHUMAETCSI JUaMeTpP BOJIOKHA, KOTOPBIM AaeT
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components that are normally for telecommunications

applications can lead to the destruction of a high-

power laser system due to a strong overheating. As

a rule, the most vulnerable element of a high-power

fiber laser is the pump combiner, which provides for

the input of pump radiation into the fiber.

This article deals with a one of the most important
types of components used in fiber lasers - fiber
combiners, used as the element base of fiber lasers and
amplifiers. Fiber combiners can be divided into several
types:
« pump combiners of Nx1 structure. Devices of this

type combine multiple pump radiation sources into

one fiber (Fig. 4).

e pump combiners with a central signal channel
of the (N+1)x1 structure. These devices combine
several sources of pump radiation into one fiber,
and additionally have a channel in the center into
which a signal is fed for further amplification
(Fig. 5).

« combiners of powerful signals of the SNx1
structure. They are designed to combine several
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Puc.4. ObveduHumenb HaKa4xu
cmpykmypbl N x 1

Fig. 4. N x1 pump combiner
structure
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Puc.5. O6veduHumenu HaKa4ku ¢ UeHMpanbHbIM CU2ZHAAbHBIM KAHANOM CMPYK-

Fig. 5. Pump combiners with the central signaling channel structure (N+1)x1

5KBHMBAaJeHTHYIO ILJIOIIAAb IIONEPEYHOr0 CeYeHHS
PaBHYIO CyMMe IIJIOIIaiel BXOOAHBIX BOJIOKOH.

I/ WUCKIIOUeHHUS] SHEePreTHYeCcKUX II0Teph IIPU
repefade CBETOBOTO CHMI'HAJIA B ITPSIMOM HaIlpaB/IeHUU
HeoOXOIUMO COXPAaHUTH SIPKOCTH Jiy4da. CorlacoBaHUe
SIPKOCTH JIy4da BXOZHOro (in) W BBIXOZHOro (out) BoOJO-
KOH C COOTBETCTBYIOIIMMH YHCJIOBBIMH aIlepTypaMU
NA;, 1 NA,,, BBIIIOJTHSETCS M3 pacyeTa, 4YTO KO3ddu-
LIMeHT KoHycHocTH (TR) ymoBieTBopsieT CilefyioIleMy
YCJIOBUIO:

TR-NA;,<NA_. @

Ha mpakTuKe, [jisi YyMeHbIIeHHS IIOTeph IIPH CBa-
PHMBAaHHUU BOJIOKOH Pa3JIMYHBIX THUIIOB I[IPHMEHSIOT
reomerpuueckrie U AUPy3sHOHHBIE TeHIephl (pHC.7).
TeoMeTprUecKHe TEHUIIepbl H3TOTABIMBAIOTCS IIyTeM
BBITSITMBAHUSI BOJIOKHA C OOJBLIIMMHU TeoMeTpHUye-
CKHMH pa3MepaMH, IPU 3TOM AHaMeTp 000104KHU
U CepALeBHHBl H3MEHSIOTCS JIMHEHHO. BBITSHYyTOe
10 HeoOXOMMMOro 3HAa4YeHHs AHUAMeTPa CeprALieBHHBI
BOJIOKHO CKaJIBIBAeTCsl, IIOC/Ie Yero IIPOM3BOLMTCS
cBapka. [Juddy3sHoHHBIe TeHIIepbl M3rOTaBIMBAIOTCS
[IpY HaTpeBaHWH BOJIOKHA, B pe3yJ/bTaTe Yero IIPOrCXo-
ouT 1uddy3Hs Terupyomux 1o6aBok K3 cepALeBUHBL
B 060510uKy. Juddysurs IPUBOAUT K YBeIHUeHHUIO IHa-
MeTpa CepALeBUHBl U K YMEHBIIeHHUIO Pa3HULIBI KO3d-
dULIMeHTa IIpe/IOM/IeHUS MeXKIY

high-power fiber laser sources into a single fiber
with a total power of 10 kW or more. The structure
is similar to the Nxlpump combiners, the only
difference being that each fiber is a signal one
(Fig. 6).

CALCULATION METHODS

OF FIBER FUSION IN THE COMBINERS

In the pump combiners of the Nx1 and (N+1)x1
multiple multimode fibers are used, which propagate
the pump radiation. In the manufacture of such
combiners, the tapering technology is used, when
the fibers are drawn out with a decrease in their
diameter and further are spliced to the corresponding
output fiber. Tapering is characterized by a tapering
coefficient (TR). It is defined as the ratio of the
effective diameter of the input fiber to the diameter
of the outlet one. Under the effective diameter of the
input fiber, a fiber diameter is adopted which gives an
equivalent cross-sectional area equal to the sum of the
areas of the input fibers.

To avoid energy losses during the transmission of a
light signal in the forward direction, it is necessary to
preserve the brightness of the beam. Harmonization of
the brightness of the input beam (in) and output (out)
fibers with the corresponding numerical apertures
NA;, and NA_, is carried out from the calculation that

MaTepualaMU CEepALIEBUHBI U 060-
JIOUKH, YTO B CBOI O4depefib, IIPH-
BOOMT K yBeJIMYeHHIO OHaMeTpa
mons mopbl. CROpOCTh OUGOY3HH
3aBUCUT OT TeMIIepaTyphl, a TAKKe
OT XMMHUYECKOI0 COCTaBa MaTPHLIbI
CepAlLieBHHBI, COZepsKalller 3ie-
MeHTH Ge, Al, F, penxoseMesibHbIE
371eMeHTHl Yb, Er, Tm U T. 1.

Jnsi MHUHHMH3ALHUKA I10TEPb
M COXpaHeHHsS KadeCcTBa IIy4Ka
BaKHO Y4YeCTb BIMSHHE IIepexof-

Puc.6. O6veduHuUmenu Mo HbIX Cu2Hano8 cmpyxkmypbl SN x 1
Fig. 6. Combiners powerful signals SN x 1 structure
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HBIX XapaKTepUCTUK 060KX BUOB TeiIepa. IIpu orpe-
Ne/leHHOM JIMHe TeMIlepa HauWHAeT BbIIIOIHSITHCS
yc/IoBHe aiiabaTHyecKoro pacuIMpeHHus], U pyHIaMeH-
TaJIbHAas MOZIA PACIIPOCTpPaHseTCs: 6e3 3HAYHTeTbHBIX
IIOTepPb, CBSI3AHHBIX C BO30OY>KAEHHEM BBICIIMX MO[.
[ToaToMy 151 BOJIOKOHHBIX OOBeqUHHTeNel 061acTh
Iepexofia MOJIbL O/I’KHA OBITh aIabaTHIeCcKoH, a Ioje
MOZIbl Ha BBIXOfIe JIOJIKHO COBIAJATb C II0JIeM MOJBI
BBIXOJTHOT'O BOJIOKHA.

IToTHOe KOMWYeCTBEHHOe OIIHCaHHe PacIpocTpa-
HEeHHs OIITHYeCKOro II0JISl Yepe3 IIepexofHyI0 0b/1acTh
TpebyeT pellleHHs ypaBHeHHI MakcBesUla C COOTBET-
CTBYIOLIIMMHU I'PAaHUYHBIMH YCIOBUSIMH Ha OCHOBe daK-
THUYEeCKOT0 BOJIHOBOJHOIO CBOMCTBA BOJIOKHA M OITH-
YeCKHX XapaKTepPUCTHK IIepexofiHoH obnacTu. Korma
M3/Ty4YeHHe PaCIIpPOCTPaHSeTCs B CepALieBHHe Cl1aboro
BOJIHOBOZIA, TO IIapaMeTphl IO B BOJIOKHE OIlpeje-
NSI0TCSL ypaBHeHHeM lenbmrosblia [4]. B3ammonen-
CTBHE MeXIY MOISIMU B 06/1aCTH Mepexofia MOKeT 6bITh
OIMCAHO TeOPHeH CBS3aHHBIX MOJ. DBOJNIOLIKS IO
IpeicTaBiseT Co60M CyNepro3sUIMI0 COOCTBEHHBIX
Mof, [5, 6]. B YKC/IeHHOM BBIPasKeHHUH ypaBHeHHe [enb-
MTOJIBIIQ MOSKET OBITh pellleHO MeTOIOM PacCIIpoCTpaHe-
HHSI KOHEUHOT'0 JIy4a C UCIIO/Ib30BAaHHEM KOMMePYecKH
TOCTYITHOTO ITPOrpaMMHOr0 obecrieueHHsi, HaIIpUMep
BeamProp Software [7] Ha OCHOBe OIITHYECKUX CBOVCTB
BOJIOKHA IIPH COOTBETCTBYIOUIMX [PAaHHUYHBIX YCJIO-
BHUSIX. Korza BOJIOKHO IIofBepraeTcs TepmoobpaboTke,
Jerupyiomas IIpuMech B cepaleBrHe TUGOYHOUPYET
B 060/I04UKY, YTO ITPUBOAUT K M3MEHEHHIO OIITHYECKUX
CBOMCTB BOJIOKHA. [Judy3HOHHBIE IlepeMelleHUs
JIETUPYIOMINX IIPUMecell B BOJIOKHE MOYKHO PacCUHTaTh
o 3axkoHy ®uKa (8], mpeABapUTeNbHO YUMTHIBASI Pac-
Ipefie/ieHHe JIeTHpYIOIler IIPUMeCH B BOJTIOKHe Iepe,
nudoysuer.

Korga nmBa BOJIOKHA COeAMHEHBI APYr C JPyroM
C IIOMOILIBIO CBAPHOT'O COeMHEHH I, B 3TOM MeCTe BO3HH-
KAIOT IIOTepH IIpHU Ilepefiayue H3TydyeHHUs (transmission
loss), KoTopble MOrYT MOSIBNISATCS K3-3a HECOITIACOBAH-
HOCTH TIOJISl MOJ, CBapHMBaeMBIX BOJIOKOH HJIM BO3HHK-
HYTb B IlepeXofqHoM obnactu (transition loss). Ilotepu
B IIepexXOJHOM 0067acTH BO3SHHUKAIOT, KOTZA MOJO-
Boe ITpeobpa3oBaHHe IPOUCXOAUT CIHIIKOM OBICTPO,
T.e. IIO OIIpefie/leHHI0 He SB/SeTCs afrabaTH4ecKUM.
[loTepy PaccOINacoBaHMsl MO, MOTYT ObITb OLleHEHBI
Ha OCHOBe HMHTerpaja IepeKphITHS aMIUIUTY[, I0/ek
BOTHOBOZHBIX MOJ, C HCIIOJIb30BAaHHEM CJIe[lyIOIIero
yPaBHEHHSI:

Loss(dB)=-10log,, [ff @4 (1,0)- ¢, (r,0)drd 6]2, ®)

rme @,(r,0) u @g(r,0) - HOpMHUPOBaHHBIE AMIUIUTYABI
MOJIOBBIX IT0JIEH 151 IBYX BOJIOKOH A U B.
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FeomMeTpu4eckmi Tennep

Puc.7. Tunbl 80n10KOHHbIX Melinepos
Fig. 7. Types of fiber tapers

the tapering coefficient (TR) satisfies the following
condition:

TR-NA;,<NA_,,. @

In practice, to reduce losses when welding fibers
of different types, geometric and diffusion tapers
are used (Fig. 7). Geometric tapers those produced
by drawing the fiber with large geometrical
dimensions, the diameter of the core and cladding
are changed linearly. The fiber drawn to the required
core diameter is cleaved, after which splicing is
performed. Diffusion tapers are produced when the
fiber is heated, resulting in diffusion of dopants
from the core to the clad. Diffusion leads to an
increase in the diameter of the core and to a decrease
in the difference in the refractive index between the
materials of the core and the clad, which in turn
leads to an increase in the diameter of the mode
field. The diffusion rate depends on the temperature,
as well as on the chemical composition of the core
matrix containing the elements Ce, Al, F, rare earth
elements Yb, Er, Tm, etc.

To minimize losses and preserve the quality of
the beam, it is important to take into account the
effect of the transient characteristics both types
of tapers. In certain taper length, the condition of
adiabatic expansion is fulfilled, and the fundamental
mode propagates without significant losses due
to excitation of higher modes. Therefore, for fiber
combiners, the frequency of the mode transition
must be adiabatic, and the mode field at the output
must coincide with the field of the mode of the
output fiber.
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HPI/I COr'JiaCOBAHHMH MOJOBBIX

IIOJIel Ba’KHO YUYMTBIBATh, YTO
IIPOCTOE COBIIA/IeHHe [IHAMeTPOB
monst moxmel (MFD) BoBce He O3Ha-

yaeT Ha/JKM4uHe HYJIeBbIX IIOTepb.
I[ToMHMO 3TOrO HO/IKHBL COBIIALATh
bOpMBI MOIOBOTO 0TS, 1 IIepexof,

MOIBI [IOJIKeH ObITh anmabarmdye- tapering

Puc.8. M3meHeHue duamempa cepouesuHbl 60A0KHA 8 CAy4ae UCNOAb308AHUS
Memodd bUKOHUYeCK020 melinuposaHus
Fig. 8. Changes in the fiber core diameter in the case of using the method biconical

CKUM, T.e. BBIIIOJIHSITBCSI C MUHU-
MaJIbHBIMU IIOTEPSIMHU. B KOHeYHOM
c4eTe, THIATEJIBHBIN aHAIN3 paclpeneneHus Npoduis
II0Ka3aTesIsl [IpeJIOMJIeHHUS BIOJIb AJIMHBL COeUHEeHUS
BOJIOKOH OIIpefiesisieT OIITUMAJIBHYIO CBSI3b MO,

Pazbepem nonpobHee MeTOX COITIACOBAHMS IIOJIS
MOZL U SIPKOCTH Ha IIpHMepe 00beIMHUTeIeN HaKauKH,
BBIITYCKaeMBIX KoMIIaHHeH Lightcomm

[Ipy TepMH4YeCKOM PpacClIMpPeHHH CepALieBHHBI,
KpoMe ee OuaMeTpa M IIOKasaTesls IIpe/IoOM/IeHHS,
TaK’Ke M3MeHSeTCsd YHCIO MO, PacIpOoCTPaHII0-
IIMXCS B BOJIOKHE. A 3TO O3HadaeT, 4YTo Iocie nudoy-
3UHM BOJIOKHO M3 OLHOMOIOBOIO MOMKET IIPeBPaTHUTHCS
B MHOromozmosoe. Ho 3T0 yTBep)KIeHMe He OTHOCHTCS
K MeTOAy CIUIABHOIO OMKOHHYECKOTO TEeHUITHPOBAHMS
(FBT - Fused Biconical Tapering). B 3Tom ciy4ae Ioka-
3aTesIb IIpeIOMJICHUS U YMC/IOBasl allepTypa OCTAOTCS
HeM3MeHHBIMH, a CJIefOBaTeIbHO, YHC/IO PAacIIpoCTpa-
HSIIOIIHXCS MOZ OCTAaeTCSI HeM3MEeHHBIM — H3MeHSeTCs
JIMIIB TUAMETP CepALieBUHEI (prc.8).

Jl1si BOJIOKHA CO CTYIeHYaThIM MpodreM IIoKa3a-
TejleM IIpeJIOMJIeHMs pacIipefie/ieHHe IPOGUIIS MOABL
MOkeT OBITH OIIpefe/leHO aHAIUTHYeCKH. Ha puc.9
[I0Ka3aHO M3MeHeHHe OraMeTpa IOoJIs MOIOBL U3Jyye-
Husi (A=1064 HM) B 3aBHCHMOCTH OT pa3Mepa Cepalle-
BHHBI JIS1 PAa3HBIX QUKCHUPOBAHHBIX 3HAUYE€HUM YHCIIO-
BOH aIlepTyphL.

JJ1s1 Ka>KIOro 3HaYeHHMsl YMC/I0BOM aIlepTyphl Cylle-
CTBYeT OIpefe/leHHOe 3HauyeHHe AUaMeTpa Cephlie-
BHHEBI, [IPX KOTOPOM JHaMeTP I10/1s1 MOAbI MUHHMMaJIeH.
JIroboe manpHeHIee yMeHBbIIEHHe pa3Mepa CepAlie-
BHMHBI BbI3bIBaeT (PaKTHUYECKH YyBe/IMYeHHe JHhaMeTpa
osst Monbl. Hampumep, ecyiv BoJIOKHO gramMeTpom 400
MKM C CepALeBHUHON 20 MKM K YMC/IOBOH aIlepTypoH
0,06 mepeTAruBaeTCs B BOJIOKHO C JHAMeTpoM 125 MKM
(TR=3,2), TO JHaMeTp cepALeBHUHbBL YMeHBIIUTCS 10 6,25
MKM. A IHaMeTp IOl MOAbl IpH 3ToM OymeT octa-
BaTbCs MPUOTH3UTENBHO TAaKHUM 3Ke, TO eCTh 18 MKM
(puc.10).

Ba>kHO OTMETHUTH, UTO €C/JM ABa BOJIOKHA HMEIOT
ONMHAKOBOE 3HaUYeHHUe AraMeTpa I10/151 MOIBL, TO 3TO He
BCeraa O3Ha4vaeT, YTO 3TU ABa BOJTOKHA MMEIOT HOeallb-
Hoe cornacoBaHue MoA. OHH MOT'YT UMeTh Pa3/IMYHbIe
IIpOoGUIN MOJ M, C/IeJ0BaTe/IbHO, BHOCUTh 3HAYHTE/Ib
Hble [I0TepPH, YKa3aHHbIe B ypaBHEeHUH (2).

A complete quantitative description of the
propagation of the optical field through the transition
region requires the solution of Maxwell’s equations
with the corresponding boundary conditions based
on the actual waveguide property of the fiber and
the optical characteristics of the transition region.
When the radiation propagates in the core of a weak
waveguide, the parameters of the field in the fiber
are determined by the Helmholtz equation [4]. The
interaction between the fields in the transition region
can be described by the theory of coupled modes.
Evolution of a field is a superposition of the eigen
modes [5, 6]. In numerical terms, the Helmholtz
equation can be solved by a method of propagation
of the finite beam using commercially available
software, e.g., BeamProp Software [7] based on the
optical properties of the fiber with the corresponding
boundary conditions. When the fiber undergoes heat
treatment, the dopant in the core diffuses into the
clad, which leads to a change in the optical properties
of the fiber. The dopant diffusion moves of the alloying
impurities in the fiber can be calculated from the Fick
law [8] taking into account the distribution of the
dopant in the fiber before diffusion.

When the two fibers are connected to each other by
splicing joint, there is a loss in transmission at this
point (transmission loss), which can appear because
of the inconsistency of the mode field of the fibers to
be welded and whether arise in the transition region
(transition loss). The loss in the transition region
occurs when the mode conversion is too fast or, by
definition, is not adiabatic. The loss and error modes
can be estimated based on the overlap integral of the
amplitudes of the waveguide mode fields using the
following equation:

Loss(dB)=-10log,, [ff @4 (1,0)- ¢y (r,0)drd e]z, )

where ¢,(,0) and ¢g(r,0) are the normalized
amplitudes of the mode fields for two fibers A and B.
When negotiating the mode fields, is important
to consider that just a coincidence of the mode field
diameters (MFD) does not mean the presence of
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Puc.9. 3asucumocmsp usmeHeHust duamempa noAst Moobi

om pasmepa cepouesuHbl 0 GUKCUPOBAHHbIX 3HA4EHUL
yucnosoli anepmypoi [9]

Fig. 9. Dependence of the mode field diameter of the core size
for a fixed value of the numerical aperture [9]

CraHgapTHoe
OAHOMOJ0BOE BO/IOKHO

BOIOKHO C yBEIMYEHHOW
06/1aCTbi0 MOAOBOIO NMons

Puc.10. CoxpaHeHue duamempa noAsi Modbl Npu YMeHbeHuU
duamempa
Fig. 10. Save mode field diameter with a decrease in diameter

HeobxoqMMO TIATeJbHO KOHTPOJIHPOBATH TeH-
IIMpOBaHUe, YTOOBI OHO IIPOHCXOAUIIO anuabaTuye-
cKU. Ob6Ilee S>MIHPUYECKOe ITPABUIO [MIACHUT: AJIS
TOro 4Tobbl He BO36YKAAaTh MOABI Hoslee BBICOKOIO
Iopsiika, HaKJIOH TeHIepa L0/KeH ObITh JOCTATOUHO
IIOJIOTUM, a €ro napaMeTpsl (r “pafuyc CepaLieBUHEI
Cy>kaeMOT0 BOJIOKHA, [; U [, KOHCTAaHTHI IIPOXOK-
OEHUS IJIAaBHOM MOABl U MOJI BBICIIHX IIOPSAKOB
B CepAlLieBHHEe BOJIOKHA) —~ COOTBETCTBOBATH YCIIOBUIO
HepaBeHCTBa (3).

dr r

E<Z(51—Bz)' 3)

9TO 03HadaeT, 4YTO AJs obecredeHHUs Iepexofa
Mon 6e3 moTepp TpebyeTcs ompeneneHHass MHUHU-
MajbHas JJIMHA KOHYca. Bojplluve AJIUHBI KOHYyCa
obecrieurBaOT HHU3KHe IIOTEPH, HO HX H3TOTOBJIe-
HHe MOXeT IOoTpeboBaTh CJIIOKHOM M T'POMO3JKOK
OCHAaCTKHU. Ilo3TomMy TpebyeTcsi ONTHMM3HUPOBATh
IJIMHY Ternepa. YToOsl olleHUTH TpebyeMyio AITHHY
TeHIlepa [/ Pa3sHBIX BOJIOKOH, HCIIONb3yeTCsl IIpo-
rpaMMHoe obecrmedeHue BeamProp [7] mns pac-
4yeTa MOTepb. B MomenlHpOBaHUU TeHUIIMPOBaAHHOE
BOJIOKHO HMeeT [Be CeKLIUH: KOHHYeCKylo M IIps-
Mmywo. IIpu pacyeTe H3MeHsIach JJHHA KOHHYe-
CKOM CeKLIMH IPHU 33afaHHOM Ko3ddulireHTe Tel-
nupoBaHus (TR), a AJMHA IPSIMOH CEeKLMH BO BCeX
C/ly4asiX COCTaBisijaa 5 MM. Pe3ynbTaTel pacueToB
nns oboux cinydaeB (BomokHO Nel: 20 mkm/0,06
HA ¢ TR3 u BosokHO Ne 2: 10 mxkM/0,08 NA ¢ TR2)
IpeJCcTaB/JeHb Ha puc.8. MX aHa/IM3 II0OKa3aJ, 4TO
MHUHHMAaJIbHAS [UIMHA CYy>KeHH S JOJIKHA COCTABIISATh
0K0J10 12 MM.
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zero-loss. Furthermore, the forms of the mode field
must coincide, and the mode transition must be
adiabatic, i.e. run with minimal loss. Ultimately, a
thorough analysis of the distribution of the profile
of the refractive index along the length of the fiber
connection determines the optimal mode coupling.

Let us examine in more detail the method of
matching the mode and brightness fields, using the
example of pump-combiners by Lightcomm

When thermal expansion except of the core
except for its diameter and the index of refraction,
the number of mode propagating in the fiber also
changes. And this means that, after diffusion, a
single-mode fiber can turn into a multimode one. But
this statement does not apply to the fused biconical
tapering method (FBT). In this case, the refractive
index and, accordingly, the numerical aperture
remain unchanged, and therefore the number of
propagating modes remains unchanged, where only
the diameter of the core changes (Fig. 8).

For fibers with a stepped refractive index
distribution profile mode can be determined
analytically. Fig. 9 shows changes of the diameter a
of the radiation mode field (A=1064 nm), depending
on the size of the core for different fixed values of the
numerical aperture.

For each value of the numerical aperture there is a
definite value of the diameter of the core, where the
diameter of the mode field is minimum. Any further
reduction of the core size is actually the increase in
the mode field diameter. For example, if the fiber
diameter of 400 pm with a core of 20 pm and a
numerical aperture of 0,06 is dragged over in the fiber
of diameter 125 pm (TR=3,2), then the core diameter
will decrease to 6.25 pm. A mode field diameter thus
will remain approximately the same, i.e. 18 pm
(Fig. 10).
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Kpome Toro, HeobxomrMo cob/101aTh aKKYPATHOCTD
IIpU I[IPOBeIcHUN TeHIHPOBaHs. MHaue MOILYT BO3-
HUKHYTb IIOTePH Ha JepeKTaxX, MaKpo- I MHUKPOH3-
rubax, a 9To IpHBeZeT K yXY/AIIeHUIO0 Ka4eCTBA BBIXO-
HOT'0 JIy4a 1 K YBeTHUeHHUIO II0TePb.

OBbEANHUTE/IN BbIXOAHOIO CUTHANA
Ha3snaueHue 00beJUHUTENS BBIXOSHOIO CUTHAJIA OT/IH-
YaeTcs OT Ha3HAuyeHHs oObeIHMHMTeNIsI HaKauyKu. Ero
3ajavya - 06beIUHUTD HECKOJIBKO BOJIOKOHHBIX J1a3ep-
HBIX BBIBOZIOB (BOJIOKOHHBIX J1a3epoB). OHHU MOTYT OBITH
obbenyHeHB! TH60 HEKOIrepeHTHO - KaK 00beJiHeH e
HEeCKOJIbKHX BBIXOJHBIX BOJIOKOH B OJHO BOJIOKHO, MU
KOTepPeHTHO — IIyTeM COIVIaCOBAHUS (a3bl KasKIOro
KaHaJa. B ;aHHOM paboTe BOIIPOCHI KOT€PEHTHOI'O CJI0-
SKeHH S U3/TyYeHHsI 3aTParuBaThCs He OyayT.

B 11e/I0M METOJ CO3aHU A 00beIUHUTETeH CXOK 115
BCeX TUIIOB U BKJIIOYAET C/IeAYIOIIMe [Iaru: CoeluHe-
HHUe B KI'YT, TEUIINPOBAaHIe, CKAJIbIBAHKE U CBapKa.

OnHHM u3 Hauboee ymobHBIX CII0COOOB coeqHHe-
HHS BOJIOKOH B JKTYT SIBJISIeTCSI HCIIO/NIBb30BAHHE KBap-
LIeBBIX KAIH/IISPOB. IIpoliecc coequHeHHSI HadyMHA-
eTCsI C YIIAKOBKH HY>KHOI'O YKC/Ia BOJIOKOH B KAITHJUISIP
C BHYTPeHHUM AraMeTpoM (ID) He MeHbllle BHELITHETO
IHaMeTpa >KI'yTa BOJIOKOH. B manpHelnieM JaHHBIN
Y4YaCTOK KAITHJUISIPa C BOJIOKHOM B 0007104Ke Oy/ieT KOH-
CTPYKLIMOHHBIM 3/leMeHTOM oObpefuHHUTeNns. Puc.12
WJUTIOCTPUPYET 3Ty KOHIIENIIHIO Ha IIpuMepe obbenu-
HuTend 7:1. Ha cienymomiem mare KalW/ISgp HepeTs-
THUBAaeTCsl C IOAy4YeHHeM IIPSIMOrO Y4acTKa BHYTpeH-
Hero JraMeTpa PaBHOTO BHeIIHEeMY JHaMeTPy KIyTa
BOJIOKOH, OYHINEHHBIX OT IIOJIMMEPHOH 0OO0JIOUKH.
Jlanee caMH BOJIOKHA OUYMINAIOTCS OT 0DOTIOUKH, IIPO-

i g

It is important to note that if two fibers have the
same value of the mode field diameter, this does
not necessarily mean that these two fibers have the
perfect coordination of events. They can have different
mode profiles and therefore make a significant loss
specified in the equation (2).

It is necessary to carefully control the tapering,
so that it occurs adiabatically. The general rule of
thumb is that in order not to excite higher-order
modes, the taper pitch should be sufficiently flat, and
its parameters (r is the radius of the core of the fiber
to be narrowed, B, and B, transmission constants
of the main mode and higher order modes in the
core of the fiber) shall correspond to the inequality
condition (3).

dr r

E<Z(51—Bz)- ©)

This means that to ensure the transition of modes
without losses, a certain minimum length of the
taper is required. Large taper length provides low loss,
but their manufacturing may require complicated
and cumbersome equipment. Therefore, it is required
to optimize the lengths of taper. To estimate the
required length of the taper for different fibers, use

1,05
S
& 10O Fiber #1
£ TR=3
E 0,95 Fiber #2
— TR=2
[}
z
3 0,90
v
>
S
2 0,85 |
=
0'80 L L L L L
4 6 8 10 12 14 16

AnuHa cyxxeHns, mm / Taper length, mm

Puc.T1. [Tomepu Ha nponyckaHue 8 3a8ucumocmu om OAUHbI
cy>xeHus [9]

Fig. 1. Loss in transmission depending on the restriction
length [9]

CnnaBHOW BbIBOA,
Fused output

ObbveanHsiowas Tyba
Cappilary tube

CepauesunHa O60/104Ka BOJIOKHA
Core Fiber coating

Puc.12. Cxema cnnasneHHo20 0NMmMo8oA0KOHH020 06Be0u-

Humens 7x1u19x1u 8ud mopu,08 08yx ONMOBONOKOHHbIX
o6veduHumeneli [9]

Fig. 12. Scheme of fused fiber combiner7x1and 19 x1and
form the ends of two fiber optic combiners [9]
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Puc.13. /lazepHbie ycmaHos8Ku 0As melinupo8aHust U c8apKu 80A0KOH
Fig. 13. Laser installation for tapering and splicing

THPAIOTCSl U 3arpy’KaloTCsl B IIOJITOTOBJIEHHBIN paHee
Kanu/nsap. Eciu HeobXoquMo HCI0/b30BaTh CUTHATIb
HOe BOJIOKHO, TO €ro c/leflyeT Ha JAHHOM 3Talle YCTaHO-
BUTb CTPOTO B LIeHTPe KI'yTa. BoJIOKHA B KaIlHUJIISIpe
B MecTe 6e3 0060/10UKH IIepeTITUBAIOTCS 0 HeobXomu-
Moro 3HaueHHs TR ¢ Hy>KHOM IJIMHOM KoHYca (aauaba-
THUYeCKUH Terrep). YacTo a1 yaobcTBa CKaIbIBAHHS
ocyie Terrepa fgobaBseTcs: He6OBIIOM IIPSIMOK y4a-
CTOK. CKOJIOTBIM BOJIOKOHHBIM >KI'YT IIPHUBAapHUBaeTCS
K COOTBETCTBYIOLIEMY BBIXOJHOMY BOJIOKHY C BO3MOMXK-
HBIM MOJIOBBIM COIVIACOBAaHHEM. B HU’KHeH YacTH
puc.12 mpencTaBieHbl $OoTOrpadui TOPLIOB OIITOBO-
JIOKOHHBIX 06bemuHUTeNer 7:1 1 19:1, co3maHHBIX Ha
ycTaHOBKe Vitran GPX 3400.

[ToTepu u3nydeHHUS] B 0ObeAUHHUTENSIX HAKAUKHU
OOJKHBI OBITh MHUHHMAJIBHBL (3TO BefeT K MHUHU-
MaJIbHOMY HarpeBy obbelUHUTeNs). B TakoM ciy-
yae TeMIlepaTypa HarpeBa 3aBUCHUT OT KOPPEKTHOIO
pacmpefiefleHHs] YHCI0BOK alepTyphl B 30He CyxKe-
HUS. EC/IM BOJIOKHO MJIM IY4YOK BOJIOKOH CY>KAIOTCSI
TaK, YTO HapyIIaeTCs 3aKOH IIOTHOIO BHYTPeHHEero
OTPa’keHHs, TO IIPOUCXOAUT Pe3KUH POCT IOTEpb.
[To3TOMy OYeHb BasKHO IIPAaBHJIBHO PACcCUMTATh pac-
npefeeHHe YMCJIOBOM aIlepTyphl IPH CYyXXeHUHU
BOJIOKHA. IIpu 3ToM Heob6XoAHMMO MHUHHMH3HPO-
BaTh KO3)PHUIIMEHT KOHYCHOCTH, a TakKe yMeHb-
IIUTh IJIOMIAb "TEMHOrO BoJIoKHA". IloJ TepMUHOM
"TeMHOe BOJIOKHO' HMMeIOT B BHAY J0bple 061acTH
II0IIepevyHOro CeYeHHU s, CKBO3b KOTOPble He IPOXOLUT
H3/1ydeHHe, - 000704Ka BOJOKHA MM KallM/JIsSpHAs
TpybKa. [I/Isl yMeHBbIIEHUS TAKUX IIOTepb IIPHMeHS-
eTCs TPaBJIeHHe 30H 'TeMHOT0 BOJIOKHA" GTOPHUCTOBO-
nopopHou kuciaoron (HF).
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the BeamProp software [7] to calculate the losses. In
the simulation the tapered fiber has two sections:
a taper and a straight line. During the calculation,
the length of the taper section was changed for
a given tapering coefficient (TR), and the length
of the straight section in all cases was 5 mm. The
results of the calculation for both cases (fiber No. 1:
20 m/0.06 NA TR3 and fiber No. 2: 10 pm/0.08 NA
with TR2) are shown in Fig. 8. Their analysis showed
that the minimum length of constriction should be
about 12 mm.

Furthermore, care must be taken when conducting
tapering. Otherwise, you may experience losses due
to defects, macro- or micro-bending, and this will
lead to worsening quality of the output beam and to
loss increase.

SIGNAL COMBINERS

The purpose of the output signal combiner is different
from the purpose of the pump combiner. Its task is to
combine several fiber laser outputs (fiber lasers). They
can be combined either incoherently, as the union of
several output fibers into one fiber, or coherently, by
matching the phase of each channel. In this paper,
the questions of coherent addition of radiation will
not be considered.

In general, the method of creating combiners
is similar for all types and includes the following
steps: combining in a bundle, tapering, stripping and
splicing.

One of the most convenient ways of combining
fibers in a bundle is the use of quartz capillaries.
The joining process begins with the packing of the
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HeMaJioBaskHYIO POJib UTPAIOT YCTAHOBKH, Ha KOTO-
PBIX BBIIIOJIHSIETCS TeHIIMPOBAHHE K CBapKa BOJIOKOH.
CyILecTBYIOT YCTAHOBKH C yTOBOM, TEIIJIOBOH U Jla3ep-
HOM CBapkoH. CKa3aTh, KaKHe YCTAHOBKH JIydlle,
a Kakye HeT, OOHO3HAYHO Heb3s, Ho 3aMeTHO, 4To
Bce OOJIbIIEel IIOIYISPHOCTHIO IIOJIB3YIOTCS JTa3epHbIe
YCTaHOBKH (puc.13).

3AKJTKOMEHUE

B 3ak/o4eHHe MoAYepKHEM OCHOBHBIE MOMEHTHI IIPO-
eKTHUPOBaHMS U IIPOU3BOJCTBA BBICOKOMOILHBIX BOJIO-
KOHHBIX 00beJUHUTe/Ner. BbICOKOMOIIHBIE BOIOKOH-
Hble 00beIMHUTETH HaKauyKy KoMrnaHuH "Lightcomm"
paspaboTaHbl Ha 0a3e TeXHOJIOTHH CIIABHOIO OHKO-
Hu4eckoro TernupoBaHus (FBT - Fused Biconical
Tapering) Bo/IOKHa.

IIpy K3TOTOBJIEHHMU BBICOKOMOILIHBIX BOJIOKOHHBIX
obbelMHUTeNeN HaKauKHd C CUTHAJIBHBIM KaHAJIoOM
MOJOBO€e II0JIe BXOLHOIO M BBIXOAHOIO CHUIHAJIBHBIX
BOJIOKOH OIIpefesieTcsl IepBOHAYa/IbHO, 3aTeM pac-
CUHUTBIBAETCS pacllpefie/leHre MOIIHOCTH H3Jyde-
HHUS QyHAAMEHTA/IBHOM MOIBI II0 AJIMHE IIepexofa.
IIpy 3TOM HHTerpajl MepeKpbhITUS MOIOBBIX IIOTeH
IBYX BOJIOKOH (bopMysia 2) NOoJIKeH CTPeMUThCS K efu-
Hu1le. TakuM 06pa3soM MHUHHUMU3HUPYIOTCSI BHOCUMbIe
[IOTEePH.

JluaMeTp MSATHA MOJISI MOZIbI BEIOMPAeTCsl B 3aBUCH-
MOCTH OT AHaMeTpa CepALIeBUHBI BOJIOKHA B COOTBET-
CTBHH C CeJI/IOBUIHON KPHUBOH (CM. pHUC.9).

Hcxonst U3 CONoCTaBIeHU s JHaMeTPOB IISITeH oIS
MOJBl MeXXAY BXOIOM K BBIXOLOM, BBIYHC/ISETCSI COOT-
BeTCTBYIOIIIMH PasMep cepALieBHHBI BOJIOKHA.

CornacoBaHue SIPKOCTH BBIYMC/ISETCS B 3aBHCHMO-
CTH OT COOTHOIIEHHU I AHaMeTPa CepALIeBUHBI BXOLHOIO
BOJIOKHA (a), KOJIMYeCcTBa BXOAHBIX BOIOKOH (N), BBIXOMI-
Horo auaMeTpa (b) M YMCIOBOM aIlepTypsl BXOLHOIO
1 BBIXOJHOI0 BOIOKOH (NA,, NA). IToc/e BEIUMCIEHUS
HeoOXOAMMBIX I1apaMeTPOB BOJIOKHA IIO[BEPraloTCs
BBICOKOTEMIIEPATyPHOM 06paboTKe.

3aK/II0OYUTE/IbHBIM 3TallOM B M3TOTOBJIEHUH BBICO-
KOMOIIHBIX 0OBeIUHUTeNeN HaKadKHU SIBJISITCS. IIPO-
H3BOACTBO KopIyca C 3¢PeKTHBHBIM OTBOAOM TeIlaa
(puc.15). B 3aBUCHMOCTH OT MOIIHOCTH M CTPYKTYPBL
0bbeJUHHNTeIS KOPIlyca OTIMYAITCA 110 TabapUTHBIM
pasMepaM, T.K. UeM BBbIIIe TeMIlepaTypa Harpesa, TeM
bosnbIne KO/KHA OBITH AJIMHA 151 TEMITEPATYPHOH IHC-
cunauuy. TakuM o06pas3oM, IepefioBble TeXHOTIOIHHU
IIPOM3BOJCTBA II03BOJISIIOT PaboTaTh C MOIIHOCTSIMH
oKkosno 10 kBT, 4TO sIB/IsieTCsl abCOMIOTHBIM PeKOPLOM.
EsxeMecssuHO KoMITaHHeH Lightcomm mpom3BopuTcs
6ostee 7000 eqUHULL, POAYKIMH. CYLIeCTBYIOT pa3inuy-
Hble BapHAIlUM CTPYKTYphl OOBeJUHHUTENEH, TaKHe
Kak Nx1, (N+1)x1, ecTb BEPCUH C COXpaHEHHEM II0JIs-

i1

desired number of fibers into a capillary with an
internal diameter (ID) of not less than the outer
diameter of the fiber bundle. In the future, this part
of the capillary with the fiber in the clad will be the
structural element of the combiner. Fig. 12 illustrates
this concept using the example of a 7:1 combiner.
In the next step, the capillary is drawn to obtain a
straight portion of the inner diameter equal to the
outer diameter of the fiber bundle cleaned from the
polymeric clad. Further, the fibers themselves are
cleaned of the clad, wiped and loaded into a previously
prepared capillary. If it is necessary to use a signal
fiber, then at this stage it shall be installed strictly in
the center of the bundle. Fibers in the capillary in a
place without a clad are dragged to the required value
of TR with the required length of the taper (adiabatic
taper). Often, for ease of cleavage, a small straight
line is added after the taper. The discarded fiber
bundle is welded to the corresponding output fiber
with possible modulation matching. The lower part of
Fig. 12 shows photographs of fiber combiner ends 7:1
and 19:1 created on installation Vitran GPX 3400.

The losses in the pump combiners should be
minimal (this leads to minimum heating at the
combiner). In this case, the heating temperature
depends on the correct distribution of the numerical
aperture in the tappering zone. If the fiber or fiber
bundle narrows so that the law of total internal
reflection is violated, then a sharp increase in losses
occurs. Therefore, it is very important to correctly
calculate the distribution of numerical aperture
when the fiber is tapered. In this case, it is necessary
to minimize the tapering coefficient, and also to
reduce the area of "dark fiber". The "dark fiber" is any
cross-sectional area through which radiation does not
pass: a fiber clad or a capillary tube. To reduce these
losses, dark fiber zones are etched with hydrofluoric
acid (HF).

An important role is played by installations where
tapering and fiber splicing is performed. There are
installations with arc, heat and laser splicing. It is
hard to say which of the are better ones, but laser
apparatuses are much more popular (Fig. 13).

CONCLUSION
In conclusion we would like to emphasize the main
points of design and production of high-power
fiber combiners. High power pump combiners of
"Lightcomm" are developed on the basis of the fused
biconical tappering technology (FBT).

When manufacturing high-power fiber pumping
combiners with a signal channel, the mode field of the
input and output signal fibers is determined initially,
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MpoduMb BXOAHLIX BOIOKOH

Puc.14. CoomHouweHue duamempos u 4UcA08bIX anepmyp
BX00HbIX U 8bIXOOH020 BONOKHA

Fig. 14. Ratio of the diameters and numerical apertures of the
input and output fiber

Puc.15. O6veduHumenu 8 Kopnycax ¢ 3pdekmuesHbiM 0meo-
dom menaa
Fig. 15. Packages with effective heat dissipation

pH3aLIMH, KOTHYeCTBO 06beIMHIeMbIX BOIOKOH MOXKET
OOCTHUIaTh 61.

Ha maHHBIN MOMeHT Haubosee BOCTpeOOBaHHBIMH
CTPYKTYypaMH siBisitoTcs 7x1, 19x1, (6+1)x1 u (18+1)x1
(cM. puc.12), T. K. KIMeHHO IIPU TaKOM KOJHUeCTBe BOJIO-
KOH JIOCTUTAeTCs MaKCHMaJsbHasl IIOTHOCTb 06belu-
HeHHMSsI, a CJIe[l0BaTe/IbHO, YBelIH4YHBaeTcad 3GdeKTUB-
HOCTb HaKa4uku. TaKkHe CTPyKTYphl, Kak 37x1, (36+1)x1
1 (60+1)x1, UCIIONB3YIOTCS PeAKO, BBUAY UX He CaAMOH
BBICOKOM 3KOHOMHYECKOH 3PPeKTUBHOCTH (COBOKYII-
HOCTb YPOBHSI BBIXOZHOM MOIIHOCTH, CTOMMOCTH
CaMoro o6beJUHUTEISI U BCeX JIa3epHBIX JHOMIOB H3Me-
psieTcsl B KOJIMYeCTBe e[JMHHUII JOJI/IapoB Ha BaTT). OHU
BOCTpPeOOBAHBI B OCHOBHOM B BOEHHOK ITPOMBIIIIEH-
HOCTH WJIM B UCCJIeJ0BaTe/IbCKUX MHCTUTYTaX. CTPyK-
Typhl (1+1)x1 1 (2+1)x1 MCTIONIB3YIOTCS B MAJIOMOIIHBIX

and then the distribution of the fundamental mode
radiation power along the transition length is
calculated. In this case, the overlap integral of the
mode fields of two fibers (formula 2) should tend to
unity. Thus, the insertion losses are minimized.

The diameter of the spot of the mode field is
chosen depending on the diameter of the fiber core in
accordance with the saddle curve (see Fig. 9).

Based on the diameter comparison of the mode
field between input and output, the corresponding
fiber core size is calculated.

The brightness matching is calculated depending
on the ratio of the core diameter of the input fiber (a),
the number of input fibers (N), the output diameter (b)
and the numerical aperture of the input and output
fibers (NA,, NA}). After calculating the necessary

Ta6bauua 1. Tunbl 06begnHUTeNeR HaKauKm CTPYKTYPbl (N +1) x1
Table 1. Types of pump combiners of (N+1) x1structure

CTpyKTypa B0OJIOKHO Haka4ku B0/IOKHO BXOLHOTO CMrHana  BbixogHOe BOMIOKHO  [lonycTMMas MOLLHOCTb, BT/nopT
Structure Pump fiber Signal fiber Output fiber Permissible power, watts/port
2+1)x1 200/2200.22NA 20/400 DCF 20/400 DCF 500
20/400 DCF 20/400 DCF
G+1)x1 200/2200.22NA (nnun 30/250 DCF) (nnn 30/600 DCF) 1000
6+1)x1 300/3300.22NA 30/400 DCF 50/800 DCF 1300
6+1)x1 200/2200.22NA 20/400 DCF 20/250 DCF 500
105/1250.15NA
(18+1)x1 (171 106.5/125 0.22NA) SMF-28e 14/250 DCF 200
105/125 0.15NA
(60+1)x1 (11 106.5/125 0.22NA) 10/130 DCF 30/600 DCF 140

26 ®DOTOHUKA N21/69/2018



N8 LASERS & LASER SYSTEMS m
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN d

Ta6bauua 2. Cneumnburkaumns 06beanHUTeNs Hakaukm (6+1) x1
Table 2. Specification of pump combiner (6+1) x1

MapameTpbl/YCN0BMS 3KCnayaTaLmm . MpumMeyaHus
Parameters/Operating Conditions Notes
AnMHa BOJIHbI CUTHANA, HM 1000 1064 1100 _
Signal wavelength, nm
[N1HA BOJIHbI HAKAYKN, HM 800 _ 1000 _
Pump wavelength, nm
ﬂ.maMng CcepaLeBuHbI, MKM _ 200 220
Core diameter, pm O6paTnTeCh K KOAAM BOSIOKOH:
BONOKHO "140": 200/220 0.22NA
AvnameTp 060104KK, MKM "143":220/242 0.22NA
Hakaykm . ; = 220 242 .
pump fiber Cladding diameter, pm Refer to the fiber codes:
"140": 200/220 0.22NA
Yncnosas aneprtypa "143":220/242 0.22NA
i - 0,22 -
Numerical aperture
CUrHanbHOe BOIOKHO x/250 SCF(DCF) x=20. 25 °
Signal fiber x/400 DCF Bt
BbixogHOE BONOKHO 20/400 DCF _
Output fiber 25/400 DCF
S DEeKTUBHOCTb HAKa4YKn, %
. X N 95 98 = =
Pumping efficiency, %
C'VII'HaJ'IbeIe notepwu, Ab _ 0.4 05 _
Signal loss, dB
MouwHOCTb, BT _ _ 200 Kaxkabln nopT
Power, W Each port
M2 - 1,1 1,3 -
ObpaTHble onTuyeckme notepu, ob
40 = = —
Return losses, dB
OnTuyeckasa nsondauuns, ob 20 _ _ _
Opticalisolation, dB
A nHa BONOKHA, M 08 _ _ Kaxxablv nopT
Fiber length, m ' Each port
Paboyas Temnepartypa akcnayataymm, °C
. N -5 - 70
Operating temperature, °C
He pekomeHAyeTCs MCMONb30BaTb B YC/I0BUSX BbICO-
Pabo4as BNAXXHOCTb, % OTH. BIAXKHOCTb 5 _ 95 KOW BAAXHOCTW JONr0e BpeMs
Operating humidity, % rel. humidity Itis not recommended to use in high humidity
conditions for along time
TemnepaTypa xpaHeHus, °C —40 _ _ _
Storage temperature, °C
Kopnyc 7" -
Package

JluaMeTp cepALleBUHBI BXOJHOT0/CUTHAIbHOIO BOJIOKHA [0/IKeH ObITh MeHbIlle MK 3KBUBa/eHTeH THAMETPY CepJLeBHHBI BHIXOJHOIO
BonokHa / The diameter of the input/signal fiber core should be less than or equivalent to the output fiber core diameter

Kopmyc C7. TabapuTHbIe pa3Mephl COCTABISIOT 100x15x10MMm / Casing C7. Overall dimensions are 100x15x10 mm.
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HMMILY/IbCHBIX JIa3€PHBIX CHCTeMaX, Hampumep MOPA-
Jlasepax MM JIa3epax C MOLYISILIHel JOOPOTHOCTH.

B Tabn. 1 mpuBe/eHbl OCHOBHBIE THUIIBl 06BeJUHU-
Teqled HaKadKH CTPYKTypel (N+1)x1. B Tabn. 2 mpen-
CTaBJIeHBI XapaKTePUCTHUKHU Hanbosiee 4acTo UCIIOIb3Y-
eMoro oobefUHUTeNI HaKauKy (6+1)x1.

BOJIOKOHHO-OIITUYECKHEe CHUCTeMBl Pa3sBHBAIOTCSA
CTPeMUTe/NIbHO, W Bce Oosbllle OTpacier IpPHUMe-
HSIOT UX B KadecTBe TeXHOJIOTHYeCKUX PpelleHHH.
[IpaBUJIBHBINA IOAOOP KOMIIOHEHTOB 0OeCIIeuHT He
TOIBKO JJITUTEJBHBIN CPOK CIYKOBI, HO M CTabHJIb-
HOCTh CHCTeMBI, Kak HM3BeCTHO, JTHIEPOM B IIPOM3-
BOZICTBE OIITOBOJIOKOHHBIX JIa3€pOB M CHCTEM Ha HX
ocHoBe gBisercsa IPG Photonics. CienyeT OTMETHTD,
YTO AOCTHYbL ycIlexa B cpepe IIPOMU3BOACTBA J1a3epoB
U JIa3epHBIX CHCTeM MOXKHO 671arofgapsi HaTU4uHIO cob-
CTBEeHHOM 3/eMeHTHOM 6a3bl U YHHOHUKALINU pelle-
HUM. TakuM obpasom, Lightcomm obecmeunBaer
HeobxomrMble ITOTPEOHOCTH B ONTOBOJIOKOHHBIX 3JIe-
MeHTaX JI/151 CO34aHU I BOJIOKOHHBIX J1a3epoB 10 10 KBT
B MaJIOMO/JI0OBOM peKHMe U MeHee MOIIHBIX ~ B OIHO-
MomoBoM. IIprMeHeHHe CIelHaJbHBIX BOJTOKOHHBIX
obbelMHUTENeN CUTHAIa OTKPHIBAeT BO3MOKHOCTHU
JOCTHKeHHU S MOIHOCTH CBhIIIe 10 KBT 11 IpOMBIIII-
JIeHHBIX IIPUMeHeHHUH. YCIIeX B CO3JaHHUU MOIyjel
Hakauky KommaHum BWT u II VILaser Enterprise
IIOKPbIBAaeT MOTPe6HOCTh B MCTOUHHMKAX HaKauKH.
Takke B KuTae ecTh IMPOM3BOSUTEIM OIITOBOJIOKHA
U CO6CTBEHHO CaMHX JIa3epoB M CHUCTeM, KOoIlepa-
LIMsI KOTOPBIX OTKPBIBAET AJISI IIOTpebHTeer HOBhHIE
BO3MOKHOCTH.
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parameters, the fibers undergo high-temperature
processing.

The final stage in the manufacture of high-power
pump combinators is the production of a casing with
efficient heat dissipation (Fig. 1-5). Depending on the
power and structure of the combiner, the packages
differ in overall dimensions, because the higher the
heating temperature, the greater the length of the
thermal dissipation. Therefore, advanced production
technology allows to work with a power of about
10 kW, which is an absolute record. Every month,
Lightcomm produces more than 7,000 units. There
are different variations of combiners structures such
as Nx1, (N+1)x1, there are versions of polarization-
maintaining amount united fibers 61 can reach.

Are currently the most popular structures 7x1,
19x1, (6+1)x1 and (18+1)x1 (see. Fig. 12), as these are
the numbers of the fibers help to achieve maximum
combining density and, consequently, increasing
pump efficiency. Such structures as 37x1, (36+1)x1
and (60+1)x1 are rarely used, because of not very
high economic efficiency (the set output power level,
the cost of the combiner and all the laser diodes is
measured in the number of dollars per watt), mainly
in the military industry or research institutes.
Structures (1+1)x1 and (2+1)x1 are used in low-power
pulsed laser systems, e.g. MORA lasers or Q-switched
lasers.

Table. 1 shows the main types of pump structures
combiners (N+1)x1. Table. 2 shows the characteristics
of the most commonly used pump combiner (6+1)x1.

Fiber optic systems are developing rapidly,
and more and more industries are applying them
as technological solutions. Proper selection of
components will not only ensure a long service life,
but also the stability of the system. As is well known
leader in the production of fiber-optic lasers and
systems based on them is IPG Photonics. It should be
noted that to achieve success in the field of production
of lasers and laser systems can be by providing
their own element base and unify solutions. Thus,
Lightcomm provides required in optical elements
needs to create fiber lasers to 10 kW in single-mode
and less powerful in few-mode regime. The use of
special fiber signal combiners opens up the possibility
of achieving in excess of 10 kW power for industrial
applications. Success in creating pumping modules
companies BWT and II VI Laser Enterprise covers the
need for the pump sources. Also, in China, there are
manufacturers of fiber lasers themselves and the
actual and systems, co-operation which has opened
up new opportunities for consumers.



