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Abstract: High power continuous-wave ytterbium-doped fiber lasers have unique advantages such as high
electro-optical efficiency, excellent beam quality and good thermal management. For these reasons, these

fiber lasers are widely used in industrial processing, national defense and military, and scientific research.
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However, their non-linear and thermal effects at high-power conditions limit the further improvement of their

output power. In this paper, the formation mechanism and corresponding suppression methods of stimulated

raman scattering and thermally induced mode instability are analyzed. We hope that these analyses can

provide some reference for the design and integration of high-power fiber laser systems. The research results

for overcoming these limited factors introduced since 2015 are then discussed in detail. This paper is con-

cluded by predicting the development prospects of high-power continuous-wave ytterbium-doped fiber lasers.

Key words: high power fiber laser; master oscillator power amplifier; stimulated raman scattering; mode in-

stability

1 31 &

AN F HA R A HOGRR, YELT B RR LAY
f WLV R 3 25 0 BT, IR A ADGER O S BR
A Z OB LS Gk, FSLm 2 — Rl
b 35 K A RO G 0 R R B OG5 BB 2R
PR LA BRI & | R i 4| 4540 B L
Ko 5y TGS PR RRYE, TR Tl in T, 425
IR ARk oE S T OGRS

H 1964 4 Snitzer % N1 WAEICEF th S8
TR LAAM, SEEFBOGH AR T 38 Wi iR 27 40 55
IR . BT AR e iRl 5 2
il AR K e, EH) 1999 4ESCLF O S )
AT 100 WP, 2004 45, e [ g 228 K2 1)
Jeong B YK B % 22O i fn s D R AR T =
1.36 kWL, I, YEAFROLas A RER A R B B,
i R HE k2 | 351 JDSU 2 Al M 2 6 SPI A Al
A AR AR ST EL T T RO LA L A SO o R e,
K[ IPG 722 Al 5L T [ 22 1 B AR A 43 A ) 1w
AR, 75 2009 4EF1 2012 4E 43 5] 52 P BAGLF
AR 9.6 kW 1 20 kW OBLF 3otk ), 3[R
F) 35 B IR SEHG % 1Y J.W . Dawson!” D) K% 7 ] HfS &=
K2#1 Hans-Jiirgen Otto ¢ A" FEAN [R50 i
TR, 45 R TR, OB BEO ORI
REIR B AR BR i 1 2253518 36.6 kW Al 70 kW,
H A ) R e WA TR B — A

ARk, 19 25 T K #5237 I F1 ( Large Mode
Area, LMA)YEEE AT HOR | B2 B SRR
NIRRT iR v N Ui 2a W A B G v 2 N}
) 5 B RYPR R R k. fE5

YPGB T4, JBEF OGRS B 32 Fh 2
&+ (Stimulated Raman Scattering, SRS) #4213 4
K AFaE (Mode Instability, MI) U DL K #4109
S5, EH ATAT 2 PR o o 3 i — 2D AR F2
PRIZ . X SERR | PR 2R AR E5 G B OGEF OB
R 1 B IO T 2308 AR T AR 1 B A7 oy 1
o JCLF B O C Y 2% B & HDOGER AR S
FOCH AR HBE A, 2P S U 2
A7 HEL PR RO S5 A 2 AR LA S i KDL
TR AR Aar 7 | G LR T S 238 A8 Ak RO 27 #4007
BT B S . E N Ah
AHOCAHF T BN S XT3k S S i ] 24 D)) 38 e Al R 1)
FR I PRI, PEB NS 35 Y6 2F 81t SeeF ot AR
Fa A5 75 T8, AP0 AT D -5 40 ST A A T
AT T R S NS IR pF9E, S 52 90 v 1)
RAPCA O PRt T B R BRI . AL
ARG T e PR S B RO Ot 5
BUIR, 23 Hr 1 S8 B v D) F3ROG AR O ) S B
HoR, I BAEICERT R THOCERBO G & s,

2 @A EFERTH B LS
&

YIRS RO BOGE T, BEEDCLF AR I
JEARLAERLN LB N U AHRCEF £ T
BUN SEEF SHOCH AR IR, SEEF PRI
R EHO LRI R B T ARZEPER) . SRS 2
B WAL Ot A h i E A ARLAERY, 4
FOE B TR MO R 2 7 — R T
AIEOL IR b, TR T 15 S HOL R DR ke
B, JF B kit e ot S ik £ 5



678 HE A

P13 %

H DGR, BN DG LT O G A ARUE A AT
Efl.i';‘ri[l7-]8]o

Xt T BN BEOLAHOLAR, JEL 2 i
Wt v O ERE LT O B A A mT AR

dl,
— =g -al, (1D
dz

Ko, 1, B ASHOE G, 1 e s bR,
g (Q) SR P2 25 R, O=0,~0, WA FHHOEH
WrHE e O CAR 22, o AT e W TE G LR h
AFEREL . P72 25 g.(Q2) 7F 40 THz HYHIH
TN ESE 53, BAE 13 THz BHEA — M550
Vg, TnE 1 TR, EBEM O PR R
Bl g2 M 1.06x107° m/W, I B 1Y $i7 8 45 #2 N
13.4 THz,

ol 6 /Nl

£ = ) / |

: £ / ‘I.

sS2r S %

M > / f\\__jn.\

0 ' N N L N
0 5 10 15 20 25 30 35 40

Frequency/THz

BT RERSCET B 8 15 1

Fig. 1 Raman gain spectrum of silica fibers™”

JCEFEF 0 T A SO G R EF 7 B 1) 284k ]
R R
dI,

p (,U,
& O @LL~a,l, 2
dz w,

K, @, T, 7351 9 ASHCHITHE s oty
TR, oy, FIIHE SEHOCAEICET P AOIFE R L

BRaraC (1), 30 Q), FHERBH 23 il ik fe
ZEIC I, AT LISt S U A2 e S B A0 )
{ERZIESVR

P, = 164, (3
! 8x(Q) L '

K, Ao FOCEF ARG MR, Lo A ROEELT
K. Sk g2 U BIE R, ASHOEdRMm
A BRI . WERIE s e s
FROE IR, Mo UR S PO e oL, B
A 3 U R R T FE S TG . AR SRS Y
T SHLEE K B (255K, SRS B ] 77 3% 32

A LVT JLF:

(1) 38 1 625 450 B 138 KOG A A R
THIAR

KNG A 557 TH AR A0 ] 52 0 2 U
A RGERARR, SRS HH 5 GEF A 50537 TH ARk
1E L, SR KA ARG EF RE NS BEAR LT o b A S
WOCH D2 E, 4T+ SRS B{E™, HHEI3E
15 KA THI PR #5 GEF AT 8
HRES HAED, b+ ML EF (Photonic Crys-
tal Fiber, PCF), it I i i YL £F (Leakage Chan-
nel Fiber, LCF)®!, £ {4 il J%; 4F (Multi Trench
Fiber, MTF)2 45

(2) 38/ N CEFA B AR S0 A EAE I S

HEEFFOEAR I SRS BIE 5 M 4F A 3K B Al
S He, SRS J& ASHHOCTE ML fn i B b 5O ET A A
YT P A2 FF ORI, 3K B AR ELAE AT B 25 i
FHG5R SRS RN PN, — AT LU o i v £ et
4 NG Y e WS R U2 S/ SISl AN e N
A P, ZEORUENE 25 GEF XSG 5 73
WY R B R TT B b 4 AR AF K B, m] LA SRS ot
EABIEROIOR, IEETH T SRS A

(3) I FH 't 15 42 i) 2 A 0 ) 32 8 2 /o
R

TR AR GIE 2 IO LR R
Tt HOGIE T ER B BOR, EEAFEE
T2 S P20 TR T R Ay = O
PP S MR SOk [28-32] R BRI B R S
IRASY, ik B R BE R A A58 SRS Wit
oty AR, I B R KRB HG s oG 7E Ot
FEh 555 HOLRYIYS 45 55 %, X SRS H{HEA W]
WA THER

(4) 3 3ok o5 2 B30 4 1 32 Bchr 2 U
RN

B LB LRI SRS (97650, B N SMRHt
NG A Z A5 ST T 5200 SRS BI{E 1)
K2, FEAFFRHOGE A ZEH2 Fhr%
G R 4 1 B DA R LA S R Rh - S0 U 1 3
PR LGB OEIRD) & . FECAHOLR &
FRECR BT IE b, BERE 5 IE 2 M R 2R 15200, 1%
FEA G B CEF HOEHFD IR S5 4 TS 5Lk 2 3
il SRS I H .



i 4

OO, 5 R ELE BT BOL AR U R 679

3 S ERTBAE TR

1 USROG A PRV 2 RO 2h
PR 0 — D EE R, FRim Rl A%
PFT, L P AR R B P B th OGR4
T S R AT, SE AT T B S
SR WT TR o BEAk, SEREALRN Y| BELkIE]
(1 05 S R 2 MR R AR B O AE ) BE— 2 Tl

(2

>

Temperature

@
i

HOM £2

£ ."v"i 9
=
=

=

TOtEr s, JELF R A IR RES D
S Rl L SRR 7 U Ay B T B G £T S A
IR, [RIEEOC L 7 55 A s 2 Bt 30 A9 T s 2 A el
AR, M5 BCHRZ B AN ) SBT3 R
=L o T3 A, FEREA g BB 2T v A 3
25 AR PR, T T T
FEMDEIMCA 5, W AELTF 85 L S 3 R
PRI, fe 28 T SRS o R 2 [ AH R
SREARE, W& 2 R DU TR TR0 B

T

—~
o
=
ure

00 ' Temperat

-

z
' -
L]

I e SRR OV Meaf e | 1. FM M - -
«of == 1=~ HOM HOM = =f==4*= | ==} ===~ HOM HOM = = f == 4= =

Temperature
-

[N
=

Temperature |

Mo ee | ey FM M o efo o) -
HOM = =f=wdes | =ekesde= HOM HOM == == o=

B2 RET O R )

Fig. 2 Physical mechanism of thermally induced grating
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Fig. 11 (a) Refractive index profiles of a matched passive-active fiber couple; (b) slope efficiency of the laser power; (c) cor-

responding beam M? measurement™”

30/400 YDF CLS3
End cap

CO HR DM Lens

)

| |

| |

| _ 1 X Splice

I : == CLS: Cladding light stripper
: BQ, beam profiles |

| |

| |

L

Power, spcctra

The measuring system

Bl 12 e ota M AR R SR B e
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Tab.1 Recent advances in high power continuous-wave ytterbium-doped fiber lasers

Type of fiber laser Year Institution Power Active fiber parameter Pumping method
2016  Fujikura, Japan 2 kW A 7=400pm?, NA=0.07 915 nm bi-pump
2016 NUDT, China 2 kW D ore=21pm, NA=0.066 915 nm and 976 nm co-pump
2016 NUDT, China 2.5kW Dore=20um, NA=0.065 976 nm bi-pump
2017 NUDT, China 1.969 kW D ore=25um, NA=0.09 976 nm bi-pump
2017 NUDT, China 3.05 kW Dore=20um, NA=0.065 976 nm bi-pump
Monolithic fiber laser oscillator

2017  Fujikura, Japan 3 kW A7=400pm?, NA=0.07 915 nm bi-pump
2018 NUDT, China 3.96 kW Dore=25pm, NA=0.065 915 nm bi-pump
2018  Fujikura, Japan 5 kW A =600pm? 976 nm bi-pump
2018 Jena, Germany 5 kW Deore=20um, NA=0.06 976 nm bi-pump
2018  NUDT, China 52 kW Deore=25um, NA=0.065 915 nm bi-pump
2015 NUDT, China 2.14 kW Deore=30um, NA=0.06 1018 nm co-pump
2015 NUDT, China 3.15kW Deore=30um 915 nm co-pump
2016 HUST, China 3kW Dore=25um, NA=0.06 976 nm bi-pump
2016  XIOPM, China 3.5kW D¢ore=30pm, NA < 0.062 976 nm co-pump
2016 Jena, Germany 4.3 kW Deore=22um, NA < 0.04 976 nm counter-pump
2016 CAEP, China 5.07 kW Dore=30um, NA=0.066 976 nm bi-pump

MOPA monolithic fiber laser 2017  XIOPM, China 4.62 kW Dore=30um, NA=0.06 976 nm co-pump
2017  Tsinghua, China 3.12 kW Deore=25um, NA=0.06 976 nm bi-pump
2017 TJU, Chia 8.05 kW D¢ore=50pm, NA=0.06 976 nm co-pump
2018  Tsinghua, China 6.02 kW Deore=25um, NA=0.06 976 nm bi-pump
2018 CAEP, China 11.23 kW Dore=30um, NA=0.064 976 nm bi-pump
2019 NUDT, China 42 kW Deore=30um 976 nm co-pump
2019 SIOM, China 10.14 kW D ore=30um, NA=0.06 976 nm bi-pump
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