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Typical researches on high power fiber laser oscillators in recent years
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Table 1

Year Organization Power /kW Beam quality Fiber parameter Configuration  Ref.
2004 University of Michigan 0.81 M*=1.27 20/400 pm Spatial [34]
2004 University of Southampton 1.0 M'~~3. 4 43/400 pm Spatial [35]
2004 University of Southampton 1.36 Ma=1.4 40/400 pm Spatial [36]
2009 Tampere University of Technology 0.6 M’<1.08 Tapered fiber Spatial [37]
2010 Tampere University of Technology 0.75 M*=1.7 Tapered fiber Spatial [37]
2012 Alfalight Inc. 1.0 M*~1.3 20/400 pm All-fiber [38]
2012 JDSU 1.2 M*<1.2 20/400 pm All-fiber [39]
2012 Rofin 2.0 M1 3 20/400 um All-fiber  [40]
2014 NUDT 1.5 M<1.2 20/400 pm All-fiber [41]
2014 Coherent Inc. 3 M=1.15 Spatial [42]
2015 Tianjin University 1.6 M*<1.1 20/400 pm All-fiber [43]
2016 Fujikura Inc. 2.0 M=~<1.2 Mode area: 400 pm® All-fiber [44]
2016 NUDT 2.5 M~1.3 20/400 pm All-fiber [45]
2017 Fujikura Inc. 3.0 M’~=1.3 Mode area: 400 pm* All-fiber [46]
2018 NUDT 3.05 M*~1.3 20/400 pm All-fiber [47]
2018 NUDT 5.2 M'~2.2 25/400 pm All-fiber (48]
2018 Fuyjikura Inc. 5.0 M*=~1.3 Mode area: 600 pm® All-fiber [49]
2018 NUDT 5.07 M~1.6 25/400 pm All-fiber [50]
2018 University of Jena 4.8 M~1.3 20/400 pm All-fiber [51]
2019 Laserline Inc. 10-17.5 4-8 mmemrad  Core diameter: 50-90 pm Spatial [52]
2020 Fujikura Inc. 8.0 0.5 mmemrad Mode area: 600 pm® All-fiber [53]
2022 NUDT 7.9 M'~2.5 30/600 pm All-fiber [54]
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Fig. 1 Bidirectional-pumped fiber laser oscillator™. (a) Structure schematic; (b) experimental results
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Fig. 2 Fiber laser oscillator in spatial configuration developed by University of Southampton””. (a) Structure schematic;

(b) experimental results
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Fig. 3 Tapered ytterbium-doped fiber laser oscillator in spatial configuration””. (a) Structure schematic; (b) output laser beam profile
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Fig. 4 3 kW fiber laser oscillator developed by Coherent Inc. ™. (a) Structure schematic; (b) experimental results
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Fig. 5 Schematic of 10 kW extreme large mode area fiber laser oscillator in spatial configuration developed by Laserline Inc. ™.
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(a) Single-end pump; (b) dual-end pump
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Fig. 7 5kW all-fiber laser oscillator in Fujikura Inc."”. (a) Structure schematic; (b) output power; (c) spectra
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Fig. 12 Schematic of 5 kW all-fiber laser amplifier and G T-wave fiber in CAEP"". (a) Amplifier structure; (b) G T-wave fiber
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2 AR5 kW K DL iSOG E O A Y R 2h
Table 2 Typical researches on fiber laser amplifiers over 5 kW in recent years
Year Organization Power /kW Beam quality Fiber parameter Configuration Ref.
M*==2.3 (3+1) GTwave )
2016 CAEP 5.07 ) . All-fiber [97]
(@4.1kW Fiber
2017 Tianjin University 5.01 M'~1.75 30/600 pm DC-YDF All-fiber [99]
2018 Tsinghua University 6.02 [=~=2.21 25/400 pm DC-YDF All-fiber [99]
2019 CAEP 11.23 (8+1) PIFL All-fiber [103]
30/900 pm .
2019 CAEP 10.6 DC-YDF All-fiber [105]
30/600 pm )
2019 SIOM 10. 14 DC-YDE All-fiber [112]
, Mode area: ~700 pm’* 4
2020 CAEP 5.1 M==1.3 DC-YDF All-fiber [110]
, Mode area: ~700 pm’ .
2021 CAEP 5.07 M==1.3 All-fiber [111]
DC-YDF
X 25/400 pm .
2021 NUDT 6.02 M=1.3 All-fiber [107]
DC-YDF
2021 NUDT 6.02 M~1.9 Tapered-YDF All-fiber [126]
, 20/400 pm )
2021 NUDT 4.92 M=1.2 DC-YDF All-fiber [117]
s 20/400 pm .
2022 NUDT 6.12 M=1.4 DC-YDE All-fiber [114]
, 20/400 pm .
2022 NUDT 5.0 M*=~1.35 DC-YDE All-fiber [127]
) 30/600 pm !
2022 NUDT 13 M=2.85 All-fiber [128]
DC-YDF
. Single MFD: ~20 pm )
2023 OFS Lab. 5.0 All-fiber [129]
mode DC-YDF
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¥
L(18+1) X1 1
combiner CPS L M2=1732; ¢
-— ¥ M,2=1.779; ¥
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Fig. 13 5 kW all-fiber laser amplifier in Tianjin University””. (a) Structure schematic; (b) laser beam quality
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Fig. 14 6 kW all-fiber laser amplifier in Tsinghua University!”. (a) Structure schematic; (b) laser beam quality
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Fig. 15
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6 kW all-fiber laser amplifier in NUDT"*". (a) Structure schematic; (b) laser beam quality
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Fig. 16 13 kW all-fiber laser amplifier in NUDT", (a) Structure schematic; (b) laser beam quality
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Fig. 17 Output power and spectra of 5 kW all-fiber laser amplifier in CAEP"". (a) Output power; (b) output spectra
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Fig. 18 5 kW narrow linewidth all-fiber laser amplifier in CAEP™. (a) Structure schematic; (b) mechanical structure of YDF winding;

(¢) output laser spectra; (d) beam quality

2021 4%, [ B BHE K2 Yang 84 3E T 6 kW ik
PARGAF R RS, R MOPA 458, 30O #e 25 an 4] 19

FroR o A 150 W B35 20/400 pm 5835 OB IR
Pt R GCR F 25/400 pm 4B 8OG LT, IE A8 E 8

1714005-10



#4335 F 17 8/2023 £ 9 B/RF¥EHR
981 nm LD XL [] 2 ¥ 45 & 18 B L £ 19 25 il 45 28 ok 1 il Fe i), S B e g 6. 01 kKW OG5 8, 65 vhRr 2 H ) Eb
PR N AR AR N o 38 G Ak T 1) S T FE 244 20 dB, i OGO R T M2 R 1. 3,

@

BeamSquared

PM

Seed laser CLS QBHCO HR BS PD

oscillator

(b) B0—— © < Beam Width X Mx:1.308
——6.01kW 200 v \Beam WidthY M?y:1.228
40
E 50 E 1601
z £
z 3
2 60 £ 1201
£ &
704
80
80
950 1000 1050 1100 1150 1200

398 400 402 404 406 408 410 412 414 416
Z Location (mm)

Wavelength (nm)

K19 R K6 kW & JEEF o o () S5 MR B R (b) i 63 s (o) G aR i &
Fig. 19 6 kW all-fiber laser amplifier in NUDT"". (a) Structure schematic; (b) output spectrum; (c) laser beam quality
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Fig. 20 6 kW narrow linewidth all-fiber laser amplifier in NUDT"™". (a) Structure schematic; (b) output spectra; (¢) beam quality
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Fig. 21 5 kW narrow linewidth all-fiber laser amplifier in NUDT™, (a) Structure schematic; (b) output power and laser beam quality;

(c) output spectra
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Fig. 22 4.3 kW broadband fiber laser in University of Jena". (a) Structure schematic; (b) output spectra; (c) laser beam quality

@ Yb-doped
fiber under
test
7+1/1 25/400
pump/ signal 20/400 cladding-light delivery AR-coated,
combiner fiber stripper fiber angled end cap
— Y
pump combiners

(b) ©

5000 ° o

[ J
P 10 ——9 m gain fiber length

4000 Y ——7.5 m gain fiber length
2 e} =20
e [=:]
g 3000 ° =
g o) 230
E 8
2000 o

PS -40
1000 .
® 4
o Ll
: |
0 -60 | |
0 1000 2000 3000 4000 5000 6000 1000 1050 1100 1150 1200

pump power (W) wavelength (nm)

23 KB OFS LK% 5 kW BBGLF UK ™ (a) G5 My BLIET 5 (b) i Hh 2 %65 (o) i k3%
Fig. 23 5kW single-mode fiber laser amplifier in OFS Lab. ", (a) Structure schematic; (b) output power; (c) output spectra
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Fig. 24 Schematic of oscillating-amplifying integrated fiber laser""
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Fig. 25 Schematics of oscillating-amplifying integrated fiber laser in co-pumped and bi-pumped configurations""". (a) Co-pump;

(b) bi-pump
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Abstract

Significance  High power fiber lasers with high beam quality have been widely adopted as laser sources in many
applications, such as laser cutting, laser welding, manufacturing, and military defense. The advantages of high conversion
efficiency, good beam quality, compact structure, and reliable stability, are favored by the consumers. There has been a
remarkable increase in the output power of fiber lasers, and the business consumption of high power fiber lasers in the
market shows a remarkable increase in recent years. High power and high beam quality are essential aspects of many
manufacturing and defense applications.

There are two strategies to achieve high power laser beams, which are multi-laser beam combinations and power
scaling of single fiber laser. The single fiber laser with high power can be directly employed as a laser source in the
manufacture or serve as an element in multi-laser beam combinations. However, the power scaling of high brightness
monolithic fiber laser oscillators is limited by the manufacturing techniques of fiber laser components, stimulated Raman
scattering (SRS) effect, and transverse mode instability (TMI) effect. In order to achieve a monolithic fiber laser with high
power and high beam quality, the SRS and TMI effects in the fiber lasers have to be effectively mitigated based on the
current power handling ability of the laser components. In this paper, three strategies to achieve high power fiber lasers are
respectively reviewed and discussed, which correspond to the fiber laser oscillators, the fiber laser amplifiers, and the

oscillating-amplifying integrated fiber lasers.

Progress First, the progress of kW-level fiber laser oscillators is reviewed. The published reports on high power fiber
laser oscillators are reviewed in respective spatial configurations and all-fiber configurations. In the spatial configurations,
reflection mirrors serve as cavities mirrors, and the coupling of pump and signal lasers are achieved by the lens. In the all-
fiber configuration, the fiber Bragg gratings serve as cavity mirrors, and the pump/signal fiber combiners are packaged in
all-fiber format. The all-fiber configurations have the advantages of compact structure and reliable stability. The research
on high power fiber laser oscillators in recent years is outlined, and descriptions of the typical results are respectively
reviewed. With the optimization of the pump scheme, fiber Bragg grating (FBG) parameters, and gain fiber parameters,
the all-fiber laser oscillators are scaled to over 8 kW, and further power scaling is mainly limited by the fiber nonlinear
effect and TMI effect. The development of femtosecond laser inscription of FBGs also enables the high quality FBGs for
the high power fiber laser oscillators.

Second, the progress of high power fiber laser amplifiers is reviewed. Without the limitation components of FBGs,
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the fiber laser amplifiers can be scaled to kW-level with enough pump power and appropriate large mode area ytterbium-
doped fiber. There have been many reports on kW-level fiber laser amplifiers in the last decade around the world.
However, open reports on high power fiber laser amplifiers over 5 kW-level are still in a small quantity. We focus on
reviewing the typical results of over 5 kW with good beam quality, which are outlined and described in detail. Output laser
power of 13 kW with beam quality M* of 2. 9 is reported in the few-mode region. While in the nearly single mode region,
an output laser power of 6 kW with M” of about 1. 3 is reported. Further power scaling is also mainly limited by the fiber
nonlinear effect and TMI effect. Similarly, ytterbium-doped fibers with large mode areas and specially designed mode
discrimination techniques are promising in further power scaling of the high power fiber laser amplifiers.

Third, a new conception of the combination of advantages of fiber laser oscillators and amplifiers is proposed, which
is called oscillating-amplifying integrated fiber laser. Physically, it is a master oscillation power amplification (MOPA)
structure with no cladding light stripper (CLS) or isolator between the seed and power amplifier. Technically, it enjoys the
advantages of high anti-reflection ability and simple control logic, similar to typical fiber laser oscillators. Many
researchers have investigated the new structure, and the results are diverse, especially in the application of narrow
linewidth laser amplification. Reports show that the new structure also has encountered the limitations of SRS and TMI in

the power scaling, which have to be mitigated in future studies.

Conclusions and Prospects In this work, three strategies for achieving high power fiber lasers are reviewed. The recent
progress and typical results are outlined and described. In the section on fiber laser oscillators, the results are described in
respective spatial and all-fiber configurations. In the section on fiber laser amplifiers, results with over 5 kW are outlined
and discussed. In the section on oscillating-amplifying integrated fiber laser, recent results are described. No matter which
strategy is chosen, the high power scaling encounters the limitations of fiber nonlinear effect and TMI effect. The most
promising techniques to settle the limitations lie in the new design and manufacture of large-mode area ytterbium-doped

fibers.

Key words ytterbium-doped fiber; high power; fiber laser oscillator; fiber laser amplifier
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