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Table 1 Some high results from recent studies of high-power 1018 nm fiber lasers
Year Power / Brighlpess / SAR / Optical-optical YDF: length / Coil OC rile. / Other features
w [We(pum®esr) '] dB efferency /% (pm: m)  diameter /m %

2015 200 155 75 10/130: 2 28.9
20155 403 171 30 66 25/250: 3.1 12 15.5 Not all fiber
20161 220 155 75 10/125: 2.5 30 2-direction pumped
20179 805 240 35 65 30/250: 3 14.9
201757 307 216 54 76 15/130: 1.1 15
20185 1150 289 80 30/250; 3.2 10 13.6  2-direction pumped
20181 472 333 16 20/400: 2.8 12 10
mo et TR e T e e
2020""% 1330 1121 60 78 GTwave: 17 15—20 2-direction pumped

(Note: ‘P-” means linearly-polarized; SAR means signal/ ASE ratio; OC rfle. means reflectivity of the OC FBG)
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Fig. 1 High-power 1018 nm fiber lasers ( I ). (a) Non-wavelength-stabilized LD pumped 805 W and 240 W/(um® *sr)
1018 nm fiber laser using 30/250 pm YDE"® ; (b) bidirectionally pumped 1150 W and 289 W/(pum®+sr) 1018 nm
fiber laser using 30/250 pym YDEF™

BP(1018nm)

M1

(a) Seedui M4
Output Signal
L1 L2 M3
Output Signal
< ———— — - Pump
Transmitted pump In-house Yb doped fiber Dhrolc
— M1 Dichroic 32/260 ym ot
Transmitted Pump and ASE T ’
A3
L, Rotator —— Seed Signal %
s — Signal at 616 W 996 3
.4 Ybdoped fiber ) 90,04 g
ichroic 10/125 ym BP(1018) M3 = o
(b) §. 99,92 S!:’»
b T o ’ s 2
5 2w 003
o O = Soww o2
T 5 —o— 1 3UW 0,01
%-:g "1010. 1018 1020 1038, 1080 1095 1040 1048 1080] 1088 1000
£-20 :
=,
.% gg \ Delivery
b Eed3 L Termination Fiber
€ -35 ‘ \ Fiber
W0
20 | \\ Y% ,
Z soELITIITE [ WA v I EENE HR Output  Stripper Lc-8
e 3 g M FBG FBG Connector
55F \ \
-60 ‘
-65 - -
960 980 1000 1020 1040 1060 1080 1100

/i 4

Bl 2 @3 1018 nm L HOEH (). () RAFEN 32/260 pm HTEBINE 2 KL TR F F ML mR 616 W,
491 W/ (pm® eso) i 55 () 823 1330 WLk F 1100 W/ (um® » s i 111
Fig. 2 High-power 1018 nm fiber lasers (Il ). (a) Linearly polarized 616 W and 491 W/ (um”+sr) 1018 nm fiber laser
using specially made 32/260 pm ring-up-doped YDF™ ; (b) 1330 W and >>1100 W/ (pum”+sr) 1018 nm fiber laser™

Wavelength, nm

15010044



#4835 £ 15 H/2021 £ 8 B/ E# ¢

AR i OGRS B i TR BE, 1018 nm
fLFi% ASE K5 22 1A bz & S 3 8 1Y i
WA AR 1) S S AT 5 PRI T AR OG  # H, 1018 nm
A WA 1035 nm BE I IR i A Sl B T O i T
TE R B R R B, XA ASE F12F 4 3R ¥ 7F
IR 1018 nm LR HOEA R N B3,

RN 6l ASE 5HERG Y TFBEAZ, K
A 5T HUR AT RE BE B 4 1 BB OB AT R SE BN Y
ASE, T4 5 25 A2 4R 35 1 D) R B {E . (R0 F X 52
JEA B TR 1018 nm JELF oL % . B E 1 B 5
HLF 5T 976 nm T OE W WA F E . F 806
SRR BRI T O & B R H O RCR ST, i
T2 KM 10/130 pm BAEEEL 15/130 pm D
BEOCA M EW 1018 nm RS, OCT K FEEELE
2~T7 m A5, PR BCRWMAEELE 700U F ., R
HRMT 20/130 pm.25/250 pm #HFE 30/250 pm K
S LB 2R E B LA I A T A —
RGO A5 10 5 B A T 5 S SR 28 0% 1 R e
O HRBEZE AL 30%9) 2 5 ML K B 4B 8ok
LF A BRAH B AF A R . 9 AN AR SCAE 3 AT A 1Y
30/250 pm BEOCLF I R BGLAF] 7 6.3 dB/m,
BCA 3.2 m MR EE LUK 2 13. 6 20 i i th #4506
W R R AR T 2 82, 900 . I AT AR A IS 1Y
LR B A ARG I A RS A B TR R R
FEBEOCLF MO L AL RE ) JF R 58 ASE, SR, X
FAL G KA B B 2R EF 1T 5 $2 T 0 A L A
PR e 25 O R T TR, Bk, T
ARARSEBE BT 3 UL LU L Z5 L 3G T 52 B i 11 2
R BRAR R A O TR BT A R A
2.3 #—%ME ASE MFERFHAE

J T AR E A 1018 nm S L 0 —
A ASE FaF A 4835 1 e A LR R sT B
SAEXFHER B TILEEENHEAR TR,

207 IR R AUE B BOL Bt 7R IR
5 VT R A A ) P AR 1018 nm B9 EE I 5, B TG 410 4
ASE 53R . — Rt B R ik T R
(9 1018 nm JEHRAE = A 2 J5 IS 48 0 B B ok
BEAT I B A o DA /0 i W e, IR R 3R OR 9% N
YIERFSE BT AE 2019 AEBEHRY IR IE B 24 6 47 IE 2
— PPy . TR A G DE L 1 1B G AT B
WO R R vk R AT 5 ORE T A S R A
[ 3Ca) ], (45 i Pr 5 30 21 038 0 AU B A% 1 48
TR AR S H AN R E B m A T, X
FEERY™ KT 3 WIS 58 IR (B 3G KA 5

G AR AR B i . 7EMOEEF T, 1018 nm fF
SRR T 1R B T R BE A ER Y Y 7R AL OF T S
R 1 A 1 A S R AR B R R B Y 2R AL
1T £ 55 8 48 B8 ok BEAIG B % b+ 05 » 1018 nm
WO B 2, PR TT N 43 1 35 980 ASE i R, U
HLTE 32/260 pm B R EF I R AR T )R HUAR
I ARAT TS R IR B AR T, Bk S99
R G3 AT AR A G U e 2 17 22 07 7 5 1k RE 1 25 O £F 1Y I
THAE A5 4 b ) TR B 5 e A1 B 2020 4E 4R
[ 50/400 pm J7 BL Y0k 3T [ P2 645 th SR R
TS T A R S S K 3 (b
FARTE AT 3 300 A o 45 3 TR 0[5 5ot o™ A s
ey i NN ES O G N R o T =
DIRE AR SO0 5 WA B 0 IE 4 1k 5 n AR
H S BN 32 ohs 2 BN (SRS) 4%

5 28 7 52 W2 R AR 3 A iR 35 T 1 R L
WH O R A F, a4 T R TR 1018 nm ok
RO A AR 0 RSO UR T L B, S T
il 25 AR T o 2 R AR O £F 1% 42 P BT A T BE B P
5t TR AT BB A 2R 58 9 1 A & 4 S0 AE SRR A o
WG GE ASE P2, 2020 4L AR SOME & ARk ik
AT TR FE A R A5 K R G
1018 nm #6061 558 BE X ASE e i 58 B A9 5 Mt
(ASE i O AR5 1E 50 dB 1922 2K LL b, 2h %5
15 B AR L7 R G5 % ASE i B i 3 10 B2 45 2 i 76
10" LA s W% G2 5256 72 40 v (9 AH B S 151 3 B
LI 3Co) Jiltfr b #r . & AL Ge e 4F Bt 45+ Jp
A SR T S 1 VAR £ Ak B AT HE DR A R L R
AT S BB i 5 5K . AR U, AR SCAE A BAAR T ) )
AR (5] S0 i) 2 [ 3 (e ]yl e A il R e {5
5 AR A AV 1 000 TR 2 3 5 OR L Pl 4l B (R 2R -
A2 DX 43 25 K 6 £ i) B 1) A5 J2 06 it T 4 LA % i T
RHA T2 [ 5O L £ W b RIS AL i i) ASE
JEAR DA 58 4t U » S5 R0 T R 5t LY A% B 25 R AR A
K g, g S AR A9 ASE S 5, WA 1 410 1 25 2R
P% . WNSCE R A, 348 T 500 W i it F ASE
b 51,3 dB, HOGERORIEH] 85. 6%, LB T 1%
GEWAL LA O 5 ASE il 8OR — 38 2%
1 835 S ) i Hh P RE

WK RMEMHESENREME, K2
BR TR 1018 nm JEET HOL AR I I 4 50 HOR
W5 o LB M A A 27 OB 2% 5 1
MOPA 2544 3% £ ZA R R Z BT MOPA 4545 11
3 25 O 2747 R 1Y T A EE 1018 nmlt Y 1 W%

1501004-5



E48% F 15 H1/2021 &£ 8 A/HEMNA

S o 0.0025 |-
& An=0.0018
kS 0.0020 - NA-0.072
8 0so] 5 00015 !
-§ 0.0010
=¥ 0.0005
3
= 0
0,00 4
—00005L— Y .
B e A T P T < TR ~70 -50 -30 -10 10 30 50 70

Radius /pm

Radius (pm)

1018-nm signal power / W

© M . (2)%% . veﬂef;d lionte: " mo 1?0 2('10 30 «30 50: 976 1018
| 0 it H : H H i H
vomaé\a Wﬁ EE w00 ] H :
rs (4 cladding S gm
! 3 3
o signal fiber (x1"fiben 8= :8
N YOF g 70
- P, R! T r 5% 653
;1)00!1!9:- - @ courw —’(S)reﬂeﬁtgeﬁ—’ Mneﬂeﬁgg - é
o V7 >
20/12 > 2 -
opostn , g g
(ional g, " 3lorn-sig N €15 e ;
fﬂm / /‘n,\:» p 105/125-um § 1015 1016 1017 1018 1019 1020 1021
| . fibers 14 -55
cladd o oy
- {“1):1Pc -804 ()
€
8° step (i) ) = 160 -65 R
s & ¥ e 2 140 =704 e MM "
:?'“" 2120 75 1S
. Posaguint ey 21254m 2 100 -80 -
step (IV) light 5 . B + + T
cl81 %M{,ﬂ' 0 100 200( 300 400 500 1025 1030 1035 1040 1045 1050
Tiber) 1018-nm signal power / W Wavelength / nm
Launched pump power / W Wavelength / nm
@  gaggEgmme et SO oot oniok’ S S i S~
! J - o8 ump 101130 201130 - Ty [Sewed o7 vt ol pove]
K Ovpet ﬁmﬁizzﬁﬁiiij_ of fielon s -3
& &z = 205W
7x1 combiner HR oc g E u | —o—a | . - :,,,_,""’,__,":, 3001W
&s n/u\g/n/omﬂlwlmm * tenesssreilit Y o
26 ~{—Setup A 20 i =
.l ..IISHG nm LD s ?DF s —9-SenpB d & SwB . nsew
LLLLLY | Pump —#—Setup C 2w o 130.7 W J
e oo 1 L) E
—*— S k=91.1 2 o E
7x1combiner HR oc § Signal power k=86, = 2 m ‘
. o I 1Y S—— M -
g_zoo : Somp; 3 B Ak=T70.7% 2% -
Setup —a
976 nm LD 26m & e SetpC 8o s O —1002W
(11]]]] 20130 YOF g 8 0 B R i Tl
Tl ! Pump 3 o v
M a Q . mnew
SSSNY e B N PO o
7x1 combiner HR oc ° 0 l::, 20 ﬁ i 20t o | (h -
ched /
un pump power 975 ‘x;gv“"m ;:sn 1050

B3 ik— Ml ASE MAF ARG L. (2)32/260 pm FRIEIB ALY (b) S BT B4 32 6 £F OG5 i 50/

400 pum LR 9 B I 4T 91 35 435 5 (o) ASE (89 96 £F 9 J 1) B2 A5 ML ) 30 SRS 0 0 P9 S 0 2B DA R ST it AR
(DR A G55 1L Gl 55 45 45 F g X LE -
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Table 2 Results of high-power random fiber lasers with higher performance in recent years

Year POLZV‘:; / Efflm(;ncy / Waverlizglh / (Iga;lg\)}vji::n Pump Gain MOPA stages
20178 1.01 71.7 1080 0.212 1.15 LD@976 nm YDF 2
20175 1.105 78.5 1064 0.40 1.4 LD@976 nm YDF 1
20185 2.4 79.1 1064 0.23 1.28 LD@976 nm YDF 2
20195 919 78.9 1050 7 — FL@1090 nm GDF 0
20195 3.03 81.0 1080 3 1.68 FL@1018 nm YDF 3
20195 4.02 88.5 1064 0.99 2.52 FL@1018 nm YDF 1
20215 5.1 89.0 1070 1.3 2.62 FL@1018 nm YDF 3

(Note: for systems of MOPA stages >> 0, gain column shows the fibers of their main amplification stages)
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Table 3 Results of high-power Raman fiber lasers with higher performance in recent years

Power / Efferency / Wavelength /

Seed MOPA

Year kW % nm M Pump Gain quantity  stages
201454 1,28 70 1120 1.6 LD@976 nm YDF Dual 1
201550 0.73 — 1120 — LD@976 nm YDF Dual 1
201551 1,52 75.6 1120 — LD@976 nm YDF Dual 1
201651 3,89 70.9 1123 1.49 LD@976 nm YDF Single 1
20195 3.7 55.1 1124 2.18  FL@1018 nm+LD@976 nm YDF-+GDF Single 1

M
20207 3.083 78.7 1130 5.72 FL@1080 nm GE??\;E?::‘ Single 1
202057 0.763 31.5 1130 2.24 FL@1080 nm Triple-clad GDF  Single 1
2021 5.008 74.5 1120 2.92 FL@1018 nm YDF+ GDF Dual 1

(Note: for systems of MOPA stages™>0, gain column shows the fibers of their main amplification stages)
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hybrid bidirectional pumping 3.7 kW hybrid gain Raman fiber laser™ ; (b) structure, power, and spectrum of

1018 nm cascade pumped 5 kW hybrid gain Raman fiber laser
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Abstract

Significance Ytterbium-doped fiber lasers have gained rapid development in the past two decades. Since the
breakthrough of hundred-watt-level power at the end of the last century, nowadays the output power of the fiber
lasers can exceed ten-kilowatt level. Thanks to the waveguide nature of optical fibers and the laser diode pumping
techniques, high-power ytterbium-doped fiber laser owns several advantageous features, including high conversion
efficiency, high beam brightness, compact and flexible architecture, easy thermal management, and stable
operation. High-power ytterbium-doped fiber lasers have become preferred laser sources for many applications in
various fields, such as industrial manufacturing, biomedical treatment, scientific researches, and defense.

Technologies for improving the output characteristics of high-power ytterbium-doped fiber lasers, especially for
scaling output power, realizing more control of the output spectrum and expanding the range of output wavelengths,
have received considerable interests from the fields. The characteristics are influenced by pumping schemes of the
lasers, of which there are two major kinds as direct pumping and tandem-pumped. Direct pumping generally means
that fiber lasers are pumped by laser diodes, which usually emit at around 915 nm and 976 nm for ytterbium-doped
fibers (YDFs). In contrast, tandem-pumped means that fiber lasers are pumped by other fiber lasers, of which the
wavelength generally ranges from 1000 nm to 1030 nm. Both pumping schemes have demonstrated high capability for
realizing high-performance ytterbium-doped fiber lasers, and have realized outstanding advances in increasing power
and brightness, controlling output spectrum, and expanding the available range of output wavelength. Particularly,
tandem-pumped scheme has achieved increasing performance from recent studies. A few 20 kW fiber lasers have
been proposed in the last several years.

Owing to the rapid development of light sources such as laser diodes, direct pumping has been the majority of the
adopted pumping schemes. However, for higher power levels, namely 10 kW level, direct pumping may be a
bottleneck to ensuring safe operation. Direct pumping offers usually low pump brightness [ typically <C0.2 W/ (pm’ *sr)].
For gaining a higher absorption, the available pump wavelength will be very limited, as it needs to be at around the
absorption peak of the gain media (for YDFs, ~976 nm). This causes a large quantum defect in the pump-to-laser
conversion process and thus severe heat management problem; for higher-power fiber lasers, the problem can be too
hard to controll. In contrast, in tandem-pumped scheme where pump brightness can be enhanced by 3 orders to even
>1000 W/ (pm”«sr), it is possible to use double cladding YDFs of much smaller cladding diameters while having a
good pump-gain overlap. In this way, it is possible to use longer pump wavelengths while having good pump
absorption, and the heat problem can be mitigated. In recent years, an increasing number of high-power fiber lasers
at from 1000 nm to 1030 nm has been proposed and demonstrated. There is an important landmark, as in 2009 when
the IPG company for the first time announced their 10 kW fiber laser that was pumped by combined 47 fiber lasers at
1018 nm. The news has pushed the studies of fiber lasers for tandem-pumped (including 1018 nm fiber lasers) to the
fast lane.

Progress This paper reviews the latest research progress about tandem-pumped high-power ytterbium-doped fiber
lasers. We discuss the key technologies in realizing the tandem-pumped high-power fiber lasers with leading
performances, and look forward to possible directions and challenges in future studies. In the second chapter, we
review recent development of high-power 1018 nm fiber lasers. The features and performance of the lasers are
introduced (Table 1, Fig. 1—3); the main problem, amplified spontaneous emission (ASE), that hinders further
power scaling and several promising methods to mitigate it are discussed. In the third chapter, the recent
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development of tandem-pumped high-power ytterbium-doped fiber lasers working at traditional wavelengths, which
have scaled the output powers, are introduced (Fig. 4—7). The fourth chapter discusses recent results of tandem-
pumped high-power random fiber lasers, which can offer more stable spectral characteristics (Table 2, Fig. 8—9).
The fifth chapter discusses tandem-pumped high-power Raman fiber lasers, which expands the range of output
wavelength of ytterbium-doped fiber lasers to around 1.2 pm (Table 3, Fig. 10—11).

Conclusions and Prospects The advances in high-power fiber lasers continues to be driven by novel concepts and
innovative techniques. Studies on high-power 1018 nm fiber lasers and the various tandem-pumped high-power fiber
lasers have contributed a lot of useful solutions for the future development of many fields. In scaling output power,
the application of the high-power 1018 nm fiber lasers in tandem-pumped high-power fiber lasers has been making
excellent results. However, development of the high-power 1018 nm fiber lasers, as well as the others for tandem-
pumped, is the key for further increasing the final performance. In controlling output spectral characteristics,
tandem-pumped high-power random fiber lasers have shown promising effects in stable time-domain characteristics
and can be used as seed in main oscillator power amplifier (MOPA) configuration for controlling the broadening of
laser bandwidth. In expanding the range of output wavelength, tandem-pumped high-power Raman fiber lasers have
exhibited outstanding performance in realizing high-power output at up to 1.2 pm. Meanwhile, it is further possible
to combine the merits of erbium-ytterbium-co-doped fibers to reach the output of >1.5 pum. The future of tandem-
pumped high-power lasers and the fiber lasers for tandem-pumped is bright and awaiting further studies.
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