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Table 1 Typical research results of single frequency/narrow linewidth fiber laser based on single-tapered gain fiber

Fiber parameter

Year

Fiber core/cladding Fiber core/cladding

diameter at small end diameter at large end

NA

Power Linewidth Beam quality Reference
Fiber length

2008  ~5.6 pm /174 pm 27 pm /834 pm 0. 15(in core) 10.5 m 10 W 100 kHz M*=~1.07 [77]
0.11(in core)/ M =1.05
2013 7.5 pm /120 pm 44 pm /700 pm ) . 18 m 160 W 3 MHz [83-84]
0.40 (in cladding) Mi =1.20
M:=1.25
2016 20 pm /237.1 pm 46.9 pm /579.9 pm 0.06( in core) 7 m 53 W 20 kHz ) [85]
M =1.20
9 —22 pm (fiber )
2017 2.5m 120 W <<30 kHz M°=~1.1 [86]
core diameter)
50—400 pm(fiber )
2018 2.7m 200 W <30 kHz M’~1.2 [87]
cladding diameter)
M*=1.03
2018 13 pm /110 pm 96 pm /792 pm 70 W 8 kHz ) [88]
M, =1.08
2018 20 pm /237.1 pm  46.9 pm /579.9 pm  0.06 (in core) 7.2m 260 W 2 GHz M* =2, 27 [89]
2020 36.1 pm /249.3 pm  57.8 pm /397.3 pm 0. 064 (in core) 1.27m 550 W ~20 kHz M*=~1.47 [90-91]
2021 30.3 pm /245 pm 49.3 pm /404 pm 0. 06 (in core) 2.2m 400 W - M*~1.29 [92]
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Fig. 9 Experimental results of tapered Yb-doped all-fiber single frequency amplifer™® .
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Fig. 10 Femtosecond pulsed laser system based on tapered fiber™'?
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Fig. 11 Laser beam quality using non-tapered Yb-doped
fiber or tapered Yb-doped fiber!""
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Fig. 12 Characteristics of panda-type polarization-maintaining fiber

194 (a) Cross-section of panda-type polarization-

maintaining tapered Yb-doped fiber; (b) fiber cladding diameter versus fiber length
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SMIJREARM 10 pm/100 pm HENE] 50 41m/100 pm
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Fig. 13 Output characteristics of linearly polarized laser™"

. (a) Extinction ratios at different output powers; (b) beam

qualities at different output powers
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HIRE— L1 F, MIIRASG S/ NEZEEEN
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F0.74 MW 556 R 13,5 dB G i iE M2 /N T
1.2 B 1 UG ) R 4 D B B2 #0 ik o 3806
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#h 35 pm/280 pm, K ¥ & /W )2 HRBREN
100 pm/800 pm, LS EE AL 0. 1., FIHZOG 2R
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WOt
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[105]

Fig. 14 Characteristics of spun tapered Yb-doped fiber

. (a) Cladding diameter of spun tapered Yb-doped fiber versus length

with fiber end face shown in inset; (b) spun pitch versus cladding diameter with side view of spun tapered fiber shown

in inset
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Table 4 Typical research results of high power single-frequency/narrow linewidth pulsed fiber laser with variable fiber

core diameter

Fiber parameter

Year Fiber core/cladding I.:iber core/cladding NA Fiber length Beam quality
diameter at small end diameter at large end
_ 0. 064 (in core)/ ,
0 . A
2019 36 pm/250 pm 58 pm /560 pm 0. 5(in cladding) 0.74 m M =~1.2
2019 17 pm/170 pm 49 pm/490 pm 0.08( in core) 1.2 m M*<1.08
2021 10 um/70 pm 59 um/432 pm 2.5m M’ ~1.11
Output parameter
Repetiti A Reference
Wavelength Linewidth epetition Pulse width  Pulse energy verage/ PER
frequency peak power
282.1 MHz 80 kHz 3.8 ns 110 ] 8.8 W/30 kW 16 dB [106,120]
2.2 kW
1053 nm 10 MHz 10 kHz 130 ns 288 p] 18.7 dB [115]
(peak power)
170 kW
1053 nm 167 pm 5 kHz 3 ns [113]

(peak power)
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Fig. 15 Structural diagrams of laser based on saddle-shaped fiber™ . (a) Structural diagram of laser; (b) structural diagram
of saddle-shaped fiber
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Fig. 16 Output spot morphologies of fiber laser under different conditions™ . (a) Without saddle-shaped fiber; (b) with
saddle-shaped fiber
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Table 5

5T IHETR 1 g O 2T 1 S8 5 T AOL 2R O # Y S AT 5E 45 2R

Typical research results of wide-spectrum high power fiber laser based on single-tapered gain fiber

Fiber parameter

Beam

Year Fiber core/cladding F"‘iber core/cladding VA Fiber length Power quality Reference
diameter at small end diameter at large end
2008  ~5.6 pm/174 pm 27 pm/834 pm 0. 15(in core) 10.5 m 84 W M*=~1.07 [77]
0. 114 (in core)/ N
2008 6.5 pm/200 pm 27 pm/834 pm 12 m 212 W M*=1.04 [9]
0. 21(in cladding)
0. 07(in core)/
2009 10.8 pm/145 pm 65 pm/835 pm 24 m 600 W M’=1.08 [14,121]
0. 22(in cladding)
0.11(in core)/
2010  ~17.7 pm/320 pm ~51.6 pm/930 pm 23.5m 750 W M*=1.7 [76,122]
0. 22(in cladding)
0. 11(in core)/ ;
2012 ~7.5 ;Lm/lzo pm 44 ;Lm/700 pm 18 m 110 W M*=~1.06 [123]
0. 4(in cladding)
2017 35 um/250 pm 56 um/400 pm 0.07(in core) 2.8m 100 W M*~1.15 [96]
0. 06(in core)/ )
2017 21.2 pm/417.3 pm 30.4 um/609. 6 pm 33 m 1470 W M’~1.8 [124-125]
0. 46 (in cladding)
0. 06(in core)/ Fundamental
2018 20 pm/400 pm 30 pm/600 pm 33 m 260 W [126]
0. 46(in cladding) mode
2019 ~20 pm/400 pm ~30 pm/600 pm 0. 065(in core) ~33m 1700 W  M?=2.1 [127]
0. 065(in core)/ X
2019 ~20 pm/400 pm ~30 pm/600 pm ~22 m 2170 W M?=~2.2 [16]
0. 46(in cladding)
2020 31.2 pm/400 pm 52.5 pm/400 pm 0.065(in core) 7 m 364 W M*=1.63 [79,128]

AR 2 A ST HETE 4B B O AR OK B B A SR B R R
RIS, FEUEAT TR BIIE AT ST L 2018 4R LA
PR ZH 5 T RN A 23 BFSE ARG AE BRI T K
H33 m A/ NALZ EAM 21,2 pm/417. 3 pm 34
JnE] 30. 4 pm/609. 6 pm. £/ WAL EBEFLE N
0.06/0. 46 [ 54T B BOG L5 s R FZ O£ 16 i K
PEAYBE S AL SE I T 1470 WO I BBEIEOE R O
R E M R 1.8, i th DR A A BEE S i 17
7R BT 0 25 O 7 306 25 10 B I R R
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----- fitted curve
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Fig. 17 Output power versus pump power with beam

pattern at 1.39 kW output power shown in inset"?"
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T RER T MR EOE A, Y TR S 1500 B
M* Hy 3.2 ZeA i B 18 Ca) TR s SR R HEE S &7 ik,
Y E R 1200 ~1980 W I &4 F L 0% %8 O
W M B E 2l AA. RSN ER
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Fig. 18 Beam quality versus output power for different fiber amplifers"™ . (a) Based on uniform core fiber; (b) based on

tapered fiber
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Fig. 19 Characteristics of Yb-doped fiber with variable core diameter™*® . (a) Refractive index profile of Yb-doped fiber

preform; (b) core diameter versus gain fiber length
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Fig. 20 Output charateristics of tapered fiber amplifier™ . (a) Powers and efficiencies of laser when large end and small end

are output of amplifier ; (b) spectra of laser when large end and small end are output of amplifier
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Table 6 Typical research results of wide-spectrum high power fiber lasers based on spindle-shaped and saddle-shaped gain fibers

Fiber parameter

Year  Fiber  Fiber core/cladding  Fiber core/cladding

Fiber core/cladding

Beam
Fiber Power Reference

quality

type diameter at small end diameter in middle diameter at large end length

2020  SPF 20 pm/400 pm 30 pm/600 pm 20 pm/400 pm 31lm 1836 W M’ =~1.65 [130]
2020 SPF 24,08 pm/400 pm 31 pm/400 pm 23.36 pm/400 pm 25 m 2023 W M’=~1.65 [131]
2020  SPF 24,08 pm/400 pm 31 pm/400 pm 23.36 pm/400 pm 25 m 3420 W M*=~1.7  [72,132]
2020  SPF 20 pm/400 pm 30 um/600 pm 20 pm/400 pm 30.5m 3004 W M°=~1.3 [15.133]
2021  SPF 22 pm/413 pm 32 pm/600 pm 22 pm/413 pm 21m 4000 W M*=~1.33 [134]
2021  SPF 27 pm/410 pm 39.5 pm/410 pm 27 pm/410 pm 21m 5008 W  M’~1.9 [135]
2020  SAF  30.77 pm/400 pm  23.28 pm/400 pm  30.77 pm/400 pm  22.8 m 1300 W M°=~2.0 [136]
@ ® 21—

inner cladding

core
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Fig. 21 Structure and output characteristic of spindle-shaped fiber
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[130]

. (a) Profile of spindle-shaped gain fiber; (b) beam

quality characteristics under different powers
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Fig. 22 Structure and output characteristics of spindle-shaped Yb-doped fiber

151 (a) Fiber core/cladding diameter of

spindle-shaped Yb-doped fiber versus fiber length; (b) beam quality and beam profile at 3004 W output power
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Fig. 23 Structure and output characteristics of spindle-shaped Yb-doped fiber™* . (a) Cladding diameter of spindle-shaped Yb-

doped fiber versus fiber length; (b) output power and beam quality versus pump power with beam profile at 4006 W

output power shown in inset
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Fig. 24 Structure and output characteristics of spindle-shaped Yb-doped fiber

131 (a) Schematic of core diameter and cladding

diameter of spindle-shaped Yb-doped fiber versus fiber length; (b) output power and efficiency versus pump power
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Fig. 25 Structure and output characteristic of saddle-shaped Yb-doped fiber

b3l (a) Core diameter of saddle-shaped fiber

versus length; (b) beam quality and bem profile at 1312 W output power
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Fig. 26 Powers of each order Stokes light and residual pump

light of random fiber laser based on tapered fiber

with dependence of effective mode field area on fiber

length shown in inset™*"
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Fig. 27 Principle diagram of 976 nm fiber laser based on tapered fiber
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Abstract

Significance

In the power scaling process of fiber lasers, nonlinear effects are one of the most important limiting

factors. In order to suppress the nonlinear effects in high power fiber lasers, researchers have proposed to use a gain fiber

whose core diameter is variable along the length direction (called core-diameter-variable gain fiber) as the laser gain

medium. Core-diameter-variable gain fibers mainly includes single-tapered fibers, spindle-shaped fibers, and saddle-

shaped fibers. Core-diameter-variable gain fibers have many advantages over the ordinary gain fibers. This type of fiber

2100001-28



=k E49% £ 21 #1/2022 5 11 A/HEHN

used in lasers can make the laser have the capabilities of maintaining beam quality, suppressing mode instability, and
mitigating amplified spontaneous emission (ASE) simultaneously, and has a broad application prospect in the field of high
power lasers. In particular, the spindle-shaped gain fiber with an asymmetric structure may become the key device that
breaks through the power limitation of the traditional gain fibers with uniform core diameters and obtains a high power
laser output.

Progress Core-diameter-variable gain fibers can effectively suppress nonlinear effects and maintain good beam quality,
and have been widely used in single-frequency and narrow-linewidth amplifiers. Commercial polarization-maintaining
tapered ytterbium-doped fibers are used in single-frequency fiber lasers with an output power of 550 W. They are also
used in pulsed fiber lasers to break through the peak power output. Since 2014, the lasers based on this type of fiber have
been extensively studied, and the power has been rapidly increased while maintaining the beam quality. In 2017, a
femtosecond pulsed laser with an output peak power of 22 MW was realized based on the ytterbium-doped tapered fiber
combined with the pulse compression technology. In 2021, the peak was increased to 97 MW with the diffraction limit
beam quality in a femtosecond pulsed laser system using an ytterbium-doped tapered fiber. After the non-polarization-
maintaining fiber technology matured, in order to achieve the high peak linear polarization, researchers began to study the
tapered gain fiber lasers based on the linear-polarization-maintaining characteristics. There are two types of double-clad
ytterbium-doped tapered fibers which can maintain the polarization: the Panda polarization-maintaining tapered fiber and
the spun tapered fiber. The comparison between the spun tapered double-clad gain fiber and the Panda polarization-
maintaining fiber shows that the spun tapered double-clad fiber has better extinction ratio retention characteristics. Based
on these fibers, a linearly polarized pulsed laser output with an average power of 72.5 W and an extinction ratio larger
than 17 dB was achieved. In 2021, based on the Panda polarization-maintaining ytterbium-doped tapered fiber, a linearly
polarized pulsed laser with an average power of 150 W, a peak power of 0.74 MW, and an extinction ratio of 13.5 dB was
realized. Narrow-linewidth pulsed lasers based on tapered gain fibers also attracted attention at the same time. In 2021,
a narrow-linewidth pulsed laser with a linewidth of 167 pm and a peak output of 170 kW at a pulse duration of 3 ns was
achieved. Core-diameter-variable gain fibers have also been widely used in the continuous-wave lasers. In 2020, the
spindle-shaped ytterbium-doped fiber was used to achieve a continuous-wave laser with an output power of larger than
5 kW, and the saddle-shaped ytterbium-doped fiber was also used to achieve a 1313 W continuous-wave laser output. With
the development of technologies, the application of core-diameter-variable ytterbium-doped fibers is becoming more and
more extensive. At present, the development of core-diameter-variable ytterbium-doped fiber lasers shows that the output
laser wavelength extends from the conventional wavelengths to some special wavelengths, the laser polarization
characteristics extend from non-linear polarization to linear polarization, and the fiber structure changes from single-
tapered to spindle-shaped and saddle-shaped. For new types of optical fibers, the concept of variable diameter has evolved
from core to cladding. With the development of fiber manufacturing processes, core-diameter-variable ytterbium-doped
fibers will be widely used in various fields of fiber lasers. The core-diameter-variable gain fibers have special requirements
for the drawing process. In order to realize the fabrication of core-diameter-variable ytterbium-doped fibers, the method
of preform form control and the method of drawing with a variable speed as well as the combination of these two methods
can be used. Many institutions in the world have mastered the manufacturing processes of polarization-maintaining and
non-maintaining core-diameter-variable fibers, and have launched some products. However, the domestic related
researches mainly began at around 2016, and until now many institutions have already preliminarily mastered the
manufacturing processes of non-polarization core-diameter-variable ytterbium-doped gain fibers.

Conclusion and Prospect The application of core-diameter-variable gain fibers in high power lasers has been widely
studied. With the progress of technologies and the traction of high power laser demand, core-diameter-variable ytterbium-
doped fibers have moved gradually from the laboratory to the market in recent years, greatly promoting the development
of high power fiber lasers. In the near future, based on the technologies of core-diameter-variable ytterbium-doped fibers
and new pumping sources, it can be expected that an industrial-grade, near single-mode fiber laser with an output power
larger than 10 kW, beam quality (M*) smaller than 2, and stable operation for long time can be realized.

Key words lasers; fiber lasers; core-diameter-variable fiber; nonlinear effect; mode instability effect
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