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Fig. 1 Visible laser sources and their available wavelengths'”!
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Table 1 Representative research achievements of up-conversion visible CW fiber lasers

Gain fiber Pump type Pump wavelength / Output wavelength / Output Slope efoflmency / Year
nm nm power /mW %
Ti:sapphire 840-850 635 20 10 199177
Ti:sapphire 860 635 300 52 1995
Ti:sapphire 850 635 1020 19 1997
Pr/Yb:ZBLAN
Ti:sapphire 850 491 165 12.1 1999
635 2060 45 )
LD 850 2002
520 320 17
635 ~180 -
Ti:sapphire 835, 1010 605 ~30 - 1991
Pr:ZBLAN
520 ~1 -
LD 830, 1020 492 ~1 ~1 19967
Kr' 647.1 550 10 20 1990
Ho:ZBLAN LD 643 ~549 38 24 1996
Solid-state laser 640 543.1 980 34.2 20217
Ti:sapphire 801 546 23 11 19915
Er:ZBLAN Ti:sapphire 970 544 50 15 1992
HeNe 633 470 0.04 3 2002
Kr' 676, 647 455, 480 0.4 ~0.2 1990
LD 1130 482 106 30 19957
Tm:ZBLAN )
Nd: YAG 1123 481 230 18.5 1997
Fiber laser 1120 784 5 0.7 2005
Nd:ZBLAN - ~590 412 0.5 1.5 1995
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Table 2 Representative research achievements of down-conversion visible CW fiber lasers

Pump

Output

Output

Slope

Gain fiber Pump type wavelength /nm  wavelength /nm  power /mW efficiency /% Year
715 25 30
635 250 64
Ar” 476.5 605 150 33 19911
520 2 1.03
491 6 9
Optically pumped semiconductor laser 497.7 635 94 41.5 2005
716 49 30
. 635 59 35 -
Pr:ZBLAN GaN s 521 43 31 2009
488 42 29
GaN 442, 448 521 322 53 2011
GaN (quasi-continuous wave) 443 634.5 1070 20.7 2020
GaN 444 635.5 2300 14 20211
GaN 443 521 3600 20.9 2022
GaN 443 717 4100 22.2 202317
GaN 443 491.5 97.5 23.7 2023
GaN 443 635.2 4920 25.7 2023
GaN 442 638 645.7 41.9 20117
Pr: AlF, GaN 444 522.2 598 43 20117
GaN 442 638 2000 36.1 2019
N 575 ~10 1.5 .
Dy:ZBLAN Ar T 478 2.3 0.9 2000
GaN 450 574.6 1120 33.6 20211
Dy:AlF, GaN 398.8 575 10.3 17.1 2010
Th:ZBLAN Ar” 488 542.8 1.6 8.4 2008
Ho:ZBLAN SSL 532 752.1 1640 50.2 20227
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Table 3 Representative research achievements of visible passively Q-switched fiber lasers
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Nanomaterial Gain fiber wavelength /nm energy /nJ kHz width /ps Year
) 6.4 (WS,) 67.3-132.2 0.43-1.10 (o)
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Transition metal dichalcogenides 28.7 (WS,) 232.7-512.8 0.2
(TMDs) Pr:ZBLAN 635 16.2 (MoS,) 240.4-438.6 0.22 2016
11.1 (MoSe,) 357.1-555.1 0.24
Pr:ZBLAN 635 0.43 90.9-203.2 0.80-1.47 2017
Pr:ZBLAN 635 14.3 164.5-454.5 0.24-0.86 2015
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Pr:ZBLAN 603 383 0.47 2014
Graphene Pr:ZBLAN 635 24.2 64.1-195.3 0.55-1.04 20161
Pr:AlF, 636 280 633 0.18 20181
Single-walled carbon nanotubes ~ PriZBLAN 716 18.3 32.6-86.5 2.3-7.8 2017
(SWNTs) Pr:ZBLAN 635 2.95 57.5-98.2 0.81-1.92 2018
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Au nanowires ~
Pr:ZBLAN 635 1.87 299.3-407.3 0.62-1.01 2019
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Fig. 12 Graphene orange passively Q-switched fiber lasers™. (a) Experimental setup; (b) Q-switched pulse train; (c) slope efficiency
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Table 4 Representative research achievements of visible passively mode-locked fiber lasers

loci/[e(zldfype Gain fiber wavél)eurfgrl: Jm ()utpur;}\);wer / Frequency /MHz Pulse width /ps Year
NALM Pr/Yb:ZBLAN 635 1.35 3.87 96 2019
NOLM Pr/Yb:ZBLAN 634 1.3 5.12 85 2020
Pr/Yb:ZBLAN 635 440 110.56 9 2021
Dy:ZBLAN 575 240 100.87 83 20221
NPR

Ho:ZBLAN 545 288 294.86 19.7 2022
Pr:ZBLAN 635 90 137 0.168 (compressed) 2023
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Abstract

Significance

Visible lasers, with wavelengths ranging from 380 nm to 780 nm, have important applications in the fields of display,

biomedicine, precision processing, precision spectroscopy, optical communication, and military defense. Among all the different

visible lasers currently available, the rare-earth-doped fiber ones attract considerable attention due to their advantages of high

efficiency, excellent performance, compact structure, and maintenance-free nature. In this study, different types of lasers, including

visible continuous-wave (CW) fiber lasers, visible Q-switched fiber lasers, and visible mode-locked fiber lasers, are discussed

0101001-18



158 LE IR ESTE S 18/2024 5 1 A/hEHA

comprehensively, along with their output characteristics. The latest research progress indicates that these lasers can cover the entire
visible wavelength range and present different colors, such as blue (~480 nm), cyan (~491 nm), green (~520 nm), yellow
(~573 nm), orange (~605 nm), red (~635 nm), and deep-red (~717 nm). The output power approaches 10 W for the all-fiber
visible lasers, and the pulse duration of the mode-locked pulse is less than 200 fs. Thus, the all-fiber visible lasers play an increasingly
important role in underwater optical communication, material processing, laser welding, and spatiotemporal super-resolution
imaging. This study summarizes the progress in the research on visible fiber lasers, which provides a strong basis for any future

research and application on visible fiber lasers.

Progress With continuous research on fluoride fibers doped with rare-earth metal ions like Pr'", Ho*", Er'", Dy, Tm’", and
Nd*", visible CW fiber lasers, visible Q-switched fiber lasers, and visible mode-locked fiber lasers have been actively developed.
After nearly 30 years of development, the outputs of blue, green, yellow, red, and deep-red fiber lasers have been scaled up to Watt-
level. Notably, the maximum output powers of red (~635 nm) and green (~521 nm) fiber lasers reach ~5 W and ~3.6 W,
respectively, as shown in Fig. 8 and Fig. 11.

Visible mode-locked fiber lasers have the advantages of higher peak power and shorter response time than visible Q-switched fiber
lasers. The development of visible mode-locked fiber lasers has been accelerated by the development of high-performance rare-earth-
doped fluoride fibers. In 2020, Zou ez al. reported the first all-fiber visible-wavelength (635 nm) passively mode-locked picosecond
laser with a pulse duration as short as ~96 ps. In the following two years, red-light mode-locked fiber lasers were further developed.
As shown in Fig. 15, a 635-nm spatiotemporal mode-locking (STML) picosecond fiber laser with the implementation of a Pr’"/Yb’"
co-doped few-mode fiber and nonlinear polarization rotation (NPR) technology was reported by Ruan es a/. in 2022. By further
incorporating a visible ultrafast fiber amplifier, the average power at 635 nm was boosted up to 440 mW , corresponding to a maximum
pulse energy and a peak power of 4 nJ and 280 W, respectively, while the pulse duration was shortened to 9 ps. This fills the
knowledge gap of STML in the visible fiber lasers. By integrating the NPR scheme into Dy: ZBLAN and Ho: ZBLLAN fiber lasers,
Luo et al. obtained dissipative soliton resonance pulses at ~575 nm and ~545 nm, respectively. The average output power at
575 nm reached a maximum of ~240 mW , which represents an improvement of almost two orders of magnitude compared to those
reported for the latest mode-locked visible fiber lasers. The minimal pulse duration at 575 nm is 83 ps as shown in Fig. 16.
Furthermore, by using a shorter gain fiber (Ho: ZBLAN), the smallest pulse duration of 19.7 ps is achieved for the ultrafast true-green
passively mode-locked fiber laser. The average output power at 545 nm reaches a maximum of ~288 mW, thus filling the “green
gap” of semiconductor materials. To obtain mode-locked femtosecond pulses in the visible spectrum, a team from the Laval
University reported a mode-locked fiber laser with a compressed external cavity that produced ultrafast pulses at 635 nm. The
passively mode-locked ring cavity is based on nonlinear polarization evolution in a single-mode Pr*"-doped fluoride fiber and runs in an
all-normal dispersion regime. The compressed pulses at 635 nm have a duration of 168 fs, a peak power of 0.73 kW, and a repetition
rate of 137 MHz (Fig. 17). Furthermore, the pulses directly emitted in a visible fiber oscillator by a phase-biased nonlinear amplifying

loop mirror have durations less than 200 fs.

Conclusions and Prospects In this study, we review the current progress in research on directly emitting visible fiber lasers
prepared from rare-earth-doped fluoride fibers. In summary, among the rare-earth-doped fluoride fiber lasers, the Pr’"-doped one is
particularly useful for fabricating visible lasers because it can efficiently produce blue, green, orange, red, and deep-red spectra,
pumped by GaN semiconductor laser. With fluoride fibers doped with rare-earth metal ions like Ho*", Dy*", Tb*", Tm’" and Pr’"/
Yb*", the wavelength can cover the entire visible spectrum. Significant progress has been made in the development of CW, Q-
switched, and mode-locked fiber lasers. However, there remain some unsolved problems associated with visible fiber lasers, such as
high power, large pulse energy, and femtosecond pulse generation. For visible CW fiber lasers, the highest possible output power is
~5 W at 635 nm. Further improvement of the output power, beam quality, slope efficiency, and ability to cover more visible
wavelengths is the key to promoting the development and application of visible CW fiber lasers. Therefore, the research and
numerical simulations of new visible rare-earth fibers with high damage thresholds, high-performance visible fiber devices, visible
beam combiners, etc. will be of great significance. For visible pulsed fiber lasers, the highest pulse energy that can be obtained is
~3.17 mJ at 543 nm, and the shortest pulse duration is 168 fs at 635 nm. The research on STML, femtosecond pulse generation, all-
fiber configuration operating in more visible wavelengths needs to be performed. Improving the pulse energy, average power and
stability, and realizing the visible femtosecond all-fiber lasers are key to promoting the development and application of visible pulsed
fiber lasers. Therefore, the new visible rare-earth-doped fibers, saturable absorber materials, and mode-locking technologies need to
be explored. Through the innovation of breakthrough technologies, we believe that the visible CW /ultrafast fiber lasers will find
widespread applications in the fields of biomedicine, optical communication, material processing, optical microscopy, and scientific

research in the future owing to their advantages of miniaturization, high performance, maintenance-free nature, and low cost.

Key words lasers; visible lasers; rare-earth-doped fiber lasers; continuous wave; Q-switching; mode-locking
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