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N 3R Y B Al o B T AR A T B SR T
JERY AT AL - 1D SR HDGEF BOL R 1 2004 2
RIS 3 2) R TR A 4548 5 3) TR 2 1 44 4590
BE B R CEr i th PO 1070 nm CH A T DL
SF 2L e D) A R s O O R B A
FOAE T H 7 3 T B TR P A e R R (i
O TS &5 s tr. T, A
FP ok BRI 3RGS54 L O

[33]

S8 SN F7 R 6 A0 02 4K DA BB 4 5
DAL WO R B
3 FMT A N —EmZI0

0 VR O 2T WO 3R 4 i S A B
FIALIE 2 — . Bk SR RO AR R LT
WOE T2 %R S R ROE + B 5 0L 2 e 2R
— SR B AT WOR R G M0 bR HE R L 1 1K

2000001-2



§F 48 % 5§ 20 H9/2021 £ 10 B/ EEx

WOEAE N — A EEA M, B TR R A R 2 A
JLTF A HAL T RE . #E— BERd 30 9 L ok AR O 52
JEE (10 418 T 8 — B TG T G 1R DR O B & R
TR UG AN B A T BB ST R R
UEAE R L B 1 AR O 22 B B TR AR T DL ROH
Bl 2 n) A0 2 B, 6 2T B0 10 5 v Oy =X 38 7 i R
SRR — T e W £ T, IS T
FABOLH AR L.
3.1 ¥EHEBEXRENSHERALTHN

R PR B M 52 B — B R IR DR 2T ok )
LT BB BRI 2 PR BOEHE AR I AR 5 AR
L — BRI LAE R B T Rk LR
IS H, & 3 Ca) FE 3 (h) 43 J2 nlight 23 & #1
IPG Photonics 2> A 3 5T 4 fb i 52 B £ T 1l A B
MBI . T LUE 13 T4k 2 RO Y 52
BT — AR LA AR T E R, X o

T SR VO A & DROL A BGOSR TR
W0 251

AR, T AR OGS O R RO
U)RFFE R TE . 2015 4, [H B BF 4 R 27 8 4] 4l
T TP T RO R R 4t A HBDE A Ok
3.15 kW 4 07, 2017 48, 8 [ 5S4 k2 iR
MZARIE T 3 T2 M5 4.3 kW BB 27 3
U AR, KR IR R T et s
5 kW mEH T f Y, 2018 4F, i E TR B
MR BT AW CLF LB T2 SRR WL ot
7 kW G R YRR S T L 8 kW gk
YR Y 1 2019 AERISK, B IR A £ K L S
BT T TR OR Z 0 A6 A R R A Ot
10 kW DRk -, BRRE A S RPN TE S
RIS S B T L JT FL T R A L AE M SRR
T PS5 K F i PR T i B B AT — 25 HE

6 Million -| ®
L]

Diode Chips Produced

10Mi|1ionj ..o
. W cost "
|

12 Million ‘ 9
|
|
|
II
|
|
|
|
T ’ 0%

| ..
| L
4 Million - .
! \
2 Million | I
0 Million 1_- . .

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

m Tested Chip Production ® » » o Cost/Watt Decrease (2009 Base Year)

B 3 T4k RO K BEUE (5] B nlight 24 ® Al IPG Photonics 2 7 E T o (a) 4% B 5 5 () A T B 5
Fig. 3 Development data of diode laser in recent years from homepages of nlight Inc. and IPG Inc. (a) Brightness

increment data; (b) cost decrement data

3.2 RERBEEAMIZER

AR FEREOCR RO BOCE 258 T
27 LRI R AR X IE AN R PO R
T AN R T 5 A B, R A3 AR 1 g T 3 B 22k
REGEota . — . R HORER T RE
PR A N = i TR SR
T BN 4 25 0 22 L 26 K )R EF 28
TR I AR A BT RO R
T3 —J7 M JT AR R, F IR BOEHOR 15 B W & e,
FEIEH TR B EOLLF 1 900~1000 nm i1 B2
FRBOE A T AR B B K H A A 550
21 1%) 790 ~800 nm I Bt Fl 1100~1200 nm 3 Bt 1Y
e SR PO B 5 B T AH X0, BRI R R S
WA R KT R T BELT, EEE %
T A 2 TR 2 ] S R A R L A 3 A

T RFIRBAL  DSO B K L5 = it i dl, b 6 R}
2 B 1 GRS LB AE 55 BT | v R TR A BT 5T
B AR K 2F L T 33 KA AR R A N E B
BHH KA IR 3 7 8 T 3 T IO T 1 = D %
LR HOEE AR IO [ B R K A R 4 i
SEELT TGO A BALE 10 kW SR O R A
B R 4 kW RS R SR AT OB (RG4S
PN 4 FF /R0 i A K R A G ST B T
BT PR RIS R LR O 3 kW TR A
WAL A TR 2 R R IR T R OB A Y
5.4 kW it

Xif At 288 80 ) 1 25 A 5T, N AMB A 2 R
PLHF R T G 0 H AR5 L LA AR SR 10 45
A INE K Laval K25 AR 1535 nm G
AR AL BORLF AR5 T 264 W 1Y 1585 nm 4

2000001-3



.
PM WDM 1SO1
e [l IRV combiner ____ ... ;
P-Alll
1018 nm YDFL { i i
YDF-II1 modules 4 H
endcap+ '

collimator CLS

(6+1)x1
combiner

L
@+1)x1 1502

§F 48 % 5§ 20 H9/2021 £ 10 B/ EEx

1SO3 (2+1)x1
combiner

B4 SETFHPRRH RN 4 kW BLTF B R G451

Fig. 4 Structural diagram of 4 kW narrow linewidth fiber laser based on tandem pumping scheme
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Table 1

Types of fiber lasers according to spectra and main application fields

Type Linewidth

Main application field

Single frequency laser

Narrow linewidth laser <1 nm
Common laser 1-10 nm
Broadband laser 10-50 nm

Super-broadband laser =>50 nm

<100 MHz(corresponding to
~0.3 pm@1 pm)

Coherent detection, sensing, etc.

Beam combination, nonlinear
frequency conversion, etc.

Laser processing, etc.
Fiber gyro, laser pumping, etc.

Spectral analyzation, imaging, etc.
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Abstract

Significance

High-average-power fiber lasers have many important applications in advanced manufacturing, energy

exploration, and national security benefit from the advantages of compact structure, high electro-optical efficiency,

and flexible operation. In 2009 and 2010, IPG Photonics demonstrated a single-fiber single-mode laser with an output

power of 9.6 kW and 10.5 kW, respectively, two important milestones in the field of fiber lasers. In the past 10

years (2010-2020), high-average-power fiber lasers and systems of various operation bands have developed rapidly

and moved towards large-scale applications. In this paper, the research progress of high-average-power fiber laser

technology in the past decade is reviewed.

Progress

Firstly, the realization history and parameter analysis of 10 kW single-mode fiber laser are given, and

the important characteristics of 10 kW single-mode fiber laser is summarized. Specifically, the first one is the

2000001-25
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tandem-pump technology, the second one is the amplifier structure, the third one is ytterbium ion as the gain
medium of the amplifier stage, the fourth one is that the relatively moderate laser output linewidth, and the fifth one
is continuous wave operation.

Second, the pump technology of high-average-power fiber lasers shifts from single to multiple. The pump source
is one of the most critical and costly components in a high-average-power fiber laser system. With the development of
semiconductor laser technology and double-clad fiber laser technology, semiconductor laser and ytterbium-doped
double-clad fiber are once more the essential configurations in a high-average-power fiber laser system. For a period
of time, the brightness of semiconductor lasers is unable to meet the development of high-average-power fiber
lasers, so researchers begin to introduce new solutions such as tandem-pump technology. In recent years, with the
rapid increase in the brightness of semiconductor lasers and the continuous discovery of new scientific issues, the
pumping technology of high-average-power fiber lasers has gradually diversified, which has promoted the
development of fiber laser technology.

Third, the system structure of high-average-power fiber lasers expands from the amplifier structure to the
resonant cavity structure and cavity-free structure. In recent years, with the development of passive devices and
semiconductor lasers, the output power of fiber lasers with resonant cavity structures has increased rapidly. In
addition, new concepts such as fiber lasers without cavity structures have also been proposed and quickly realized.
The high-average-power fiber laser system structure has entered a stage in which various system structures develop
parallelly.

Fourth, the operation wavelength of high-average-power fiber lasers begins to expand from a short wavelength
region to a long wavelength region, and from visible lasers to mid-infrared lasers. Although the radiation spectrum of
ytterbium-doped fibers covers 0.96 pm to 1.2 pm, the net gain of the sidebands is relatively small and it is difficult
to achieve a high-average-power output directly. Due to the traction of important applications, significant results
have been achieved in the above fields. In addition, other new gain media including doped fibers and passive fibers
have also been applied to realize a high-average-power output, which enables the operation wavelength of high-
average-power fiber lasers to cover from shortwave to longwave, and from visible to mid-infrared.

Fifth, the laser linewidth of high-average-power fiber lasers could cover from ultra-narrow linewidth to
supercontinuum regions, and high-average-power pulsed fiber lasers have also been realized. The limiting factors for
high-average-power fiber lasers with different laser linewidths are different. As for the single-frequency fiber lasers
and narrow-linewidth fiber lasers, the stimulated Brillouin scattering (SBS) effect is one of the main issues in the
power scaling. As for the broadband fiber lasers, the stimulated Raman scattering (SRS) effect is one of the main
issues in the power scaling. In addition, the newly discovered mode instability (MI) effect becomes a technical
bottleneck in the power scaling of high-average-power fiber lasers, which has also shown an obvious correlation with
laser linewidth. Due to the high peak power of pulsed lasers, the nonlinear effects are more critical in high-average-
power pulsed fiber lasers. Therefore, there still exists a gap in magnitude between the highest average power of
pulsed fiber lasers and the highest average power of continuous-wave fiber lasers.

Prospects In future work, the high-average-power fiber laser technology is moving toward the stage of
controllable, which is specifically manifested in three areas. The first one is the controllable pulse characteristics,
including repetition rate, pulse width, and waveform. Researchers have achieved an early control of repetition rate
and pulse width of high-power fiber lasers. The second one is the controllable spectral characteristics, including
center wavelength, linewidth, and spectral shape. With the continuous discovery of phenomena such as the influence
of spectral characteristics on nonlinear effects, the ability of scientific researchers to control the spectral
characteristics of high-average-power fiber lasers is continuously enhanced. The third one is the controllable spatial-
mode characteristics. Mode-controllable high-average-power fiber lasers are currently a hotspot in the advanced
manufacturing, which may bring important technological innovations.
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