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ABSTRACT

An actively mode-locked (AML) fiber laser is widely applied in fields such as optical communication,
optical frequency comb, and broadband signal processing due to its advantages of simple structure, good
controllability, and easy integration. However, the development of visible AML fiber lasers has stagnated
due to the immaturity of visible devices and the challenges in splicing visible fluoride gain fibers. In this
work, we demonstrate the direct generation of AML pulses at red (635 nm), orange (602 nm), and green
(546 nm) wavelengths in rare earth ion-doped fluoride fiber lasers using an acousto-optic modulator (AOM).
For the first time, we obtained orange and green AML pulses with average powers of 11 mW and 102 mW,
respectively, while achieving a red AML pulse with an average power of 275 mW, representing a two-order-of-
magnitude improvement over previous results. The narrowest mode-locked pulse widths for red, orange, and
green wavelengths are 448 ps, 12 ns, and 19 ns, respectively, at repetition frequencies of 8.56 MHz, 1.25 MHz,
and 4.06 MHz. This work is an important step in applying AML technology to fiber lasers covering the visible

spectral region.

1. Introduction

Visible ultrafast lasers, as ideal light sources for a variety of cutting-
edge scientific research, have received extensive attention from re-
searchers in recent years [1-4]. The conventional method for generat-
ing visible ultrashort pulses is nonlinear frequency conversion technol-
ogy [5-7], including optical parametric oscillators and amplifiers, fre-
quency doubling, sum-frequency generation, and Cherenkov radiation.
In contrast, mode-locked rare-earth fiber lasers, with their advantages
of low cost, excellent performance, good flexibility, and compact struc-
ture, enable the direct generation of visible ultrashort pulses and are
regarded as a novel and promising technology. In the past few decades,
the development of compact mode-locked fiber lasers in the visible
wavelength region has been a significant focus in laser technology.

The core technologies of visible mode-locked fiber lasers mainly
include two categories: passive mode-locking and active mode-locking.
Currently, visible fiber lasers primarily generate laser emission by
pumping rare-earth-doped ZrF,-BaF,-LaF;-AlF;-NaF (ZBLAN) fibers
with laser diodes (LDs). Among them, various research achievements

related to passively mode-locked fiber lasers based on nonlinear polar-
ization evolution (NPE) and nonlinear optical loop mirrors (NOLMs)
have been frequently reported [8-16]. In 2018, Zou et al. success-
fully developed a 96 ps Pr3* fluorine-doped fiber laser with NOLM
mode-locking at 635 nm [8]. Subsequently, Luo et al. used nonlinear
polarization rotation (NPR) technology to obtain yellow mode-locked
pulses in Dy3*: ZBLAN fiber, with the narrowest pulse width reaching
83 ps [9]. They also used artificial intelligence technology to assist
in exploring the optimal mode-locked polarization state of green light
in Ho’*: ZBLAN fiber, thereby obtaining green mode-locked pulses
of 27.9 ps [10]. In 2023, Marie-Pier Lord et al. and Zou et al. used
NPR and phase-biased nonlinear amplifying loop mirror (PB-NALM),
respectively, to successfully obtain femtosecond mode-locked pulses at
635 nm [11,13]. Researchers have recognized that these passive mode-
locking schemes can obtain high-performance mode-locked pulses in
multiple visible wavelengths through a universal structure. However,
the passive mode-locking scheme is difficult to control externally and
is highly susceptible to environmental influences. Thus, alternative so-
lutions are often needed in some research and applications of ultrafast
lasers.
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Unlike passive mode-locking, which relies on adjusting the po-
larization state in the cavity, active mode-locking is an alternative
technology that generates laser pulses by applying intensity or phase
modulation to match the frequency with the cavity length [17-19].
The switch for active mode-locking operation is controlled by external
electrical signals, resulting in a mode-locking state with high resistance
to interference and excellent self-starting characteristics [20-22]. Due
to the simple structure and low cost of active mode-locked fiber lasers,
they have become commercial light sources in various applications.
Since researchers first observed unstable mode-locking and Q-switching
states at 650 nm in 1990, active mode-locking in the visible spectrum
has remained an active area of research. In 2000, the first report on
visible mode-locked fiber lasers was published, which utilized a fiber
phase modulator to generate an active mode-locked pulse of 550 ps
in Pr3*/Yb3*-doped ZBLAN fiber at 635 nm [23]. However, because
this fiber phase modulator is matched to the few-mode Pr3*/Yb3*-
doped ZBLAN fiber (with core and cladding diameters of 3.5 pm and
125 pm, respectively, and a numerical aperture of 0.16), the output
power of this laser is only 3 mW. To the best of our knowledge, no
reports indicate that this fiber phase modulator is suitable for visible
gain fibers with large core diameters (such as Ho’*: ZBLAN fiber and
Dy**: ZBLAN fiber) to generate other visible wavelengths, driving re-
searchers to seek a universal alternative. In recent years, the continuous
development of visible gain fibers and modulators has provided strong
support for active mode-locking schemes. For example, double-clad
Pr3*: ZBLAN fiber, which supports high-power operation, and novel
acousto-optic modulators (AOMs) in the visible spectrum have laid a
solid foundation for AML operation in visible wavelengths [24-27].
Since the 21st century, the development of visible AML fiber lasers
has experienced significant stagnation. Therefore, addressing this long-
standing challenge has become a highly significant and passionate
scientific pursuit.

In this paper, we propose and present three types of visible actively
mode-locked fiber lasers in red (635 nm), orange (602 nm), and green
(546 nm). Firstly, the gain fibers we selected are double-clad Pr3*-
doped ZBLAN fiber, Pr*/Yb**-doped ZBLAN fiber, and Ho**-doped
ZBLAN fiber, as they exhibit strong gain capabilities at red, orange,
and green wavelengths, respectively. Subsequently, we utilize self-
made fiber dielectric mirrors (FDMs) and plane mirrors to construct the
resonators for red, orange, and green lights. Finally, we achieve active
mode-locking operation by inserting a spatial acousto-optic modulator
(AOM) for intensity modulation. The Gaussian actively mode-locked
pulses with central wavelengths of 635 nm/602 nm/546 nm have
spectral bandwidths of 2.12 nm/0.42 nm/1.02 nm and pulse durations
of 448 ps/12 ns/19 ns, respectively. The stable mode-locking operation
has signal-to-noise ratios (SNRs) of 61 dB/63 dB/48 dB and repetition
rates of 8.56 MHz/1.56 MHz/4.06 MHz, respectively. Additionally, we
measured the beam quality and output powers (275 mW, 11 mW,
102 mW) of the three actively mode-locked fiber lasers in red, orange,
and green. Among them, the actively mode-locked fiber lasers in orange
and green wavelengths are reported for the first time, and the output
power of the red actively mode-locked fiber laser is enhanced by
approximately two orders of magnitude compared to previous works.
Compared with the relatively mature passive mode-locked visible fiber
laser technology, this work represents a novel paradigm that is simple,
active, and maneuverable, with multiple potential applications. This
indicates that the AML technology with AOM as the core can be
applied to various visible wavelengths and has numerous potential
development possibilities.

2. Experimental setup

Fig. 1(a, c, e) presents the experimental setups of the AML laser at
635 nm/602 nm/546 nm, while Fig. 1(b, d, f) presents the correspond-
ing photographs. As depicted in Fig. 1(a), the red laser consists of a
443 nm diode laser, a 10 m double-clad Pr3*-doped ZBLAN fiber as
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the gain fiber, and a red highly reflective FDM (M,). A dichroic mirror
(M,) forms a red resonator, along with a free-space AOM serving as the
active mode-locking switch. The double-clad (DC) Pr3+-doped fluoride
fiber, manufactured by Le Verre Fluoré, has the following attributes:
a core diameter of 7.5 pm, a double D-shaped inner-clad profile with
dimensions of 115 pm by 125 pm, and an outer cladding diameter of
180 pm [28]. Additionally, it has an inner-clad NA of 0.45, a core
numerical aperture (NA) of 0.08, and a Pr’* doping concentration of
8000 ppm (wt.). The FDM (M, ) connected to this gain fiber is coated on
an MMF-S105/125 fiber (Coherent, with core and cladding diameters
of 105 pm and 125 pm, respectively, and NA of 0.22). To achieve low-
loss connection between gain fiber and FDMs, high-performance FC/PC
fiber connectors must be prepared at both ends of the double-clad
Pr3*-doped ZBLAN fiber. However, the fragile mechanical properties
of fluoride fibers often lead to end-facet damage during conventional
polishing processes, which limits the damage threshold and impedes
high-power operation. To address this challenge, we developed a novel
fluoride fiber end-facet processing technique. This method employs a
commercial fiber cleaver (CT104+, Fujikura) for precise fiber cutting,
followed by butt-coupling with other fiber components via ceramic
ferrules. The approach not only minimizes end-facet damage but also
enables angle-cut end facets, effectively suppressing Fresnel reflection-
induced laser self-excitation effects at the other end of the gain fiber.
The pump source is a multi-mode blue laser diode (LD) with a max-
imum continuous wave(CW) power of 12 W at 443 nm, coupled to
the FDM (M,) via a 7.5 mm focal length aspherical lens (L), and
the FDM (M,) is connected to the gain fiber. The other end of the
gain fiber guides the fluorescence beam into the AOM through the
collimator and then reflects to the gain fiber through the M, mirror
at the rear end to form a closed resonator. The homemade FDM (M,)
and a free-space dichroic mirror construct the linear cavity feedback
for red-light oscillation. All the mirrors (M,, M,) within the cavity were
coated with the same SiO,/Ta, 05 multilayer dielectric films, and their
transmission spectrum in Fig. 1(h) exhibits a 95% high transmittance
at 443 nm and a 92% high reflectivity at 635 nm. The visible spatial
AOM with an RF operation frequency of 100 MHz can operate in
the wide visible range of 530-640 nm. The AO medium measures
10 x 16 x 5 mm?, has a 16 mm light transmission length, and the
maximum light aperture is 1.5 mm. To achieve stable active mode-
locking operation, the AOM must be placed in the resonator, and the
AOM must maintain a specific diffraction angle with the optical path in
the cavity. The modulation frequency of the AOM was determined by
the formula (f = ¢/2nL), where n is the refractive index of the gain fiber
and L is the cavity length. This ensures precise matching between the
modulation frequency and the cavity resonance, enabling stable mode-
locking operation. To avoid additional insertion losses from external
output couplers, the laser output was extracted solely through the
first-order diffracted light of the AOM. The output coupling ratio was
controlled by adjusting the duty cycle of the pulsed signal from the
signal generator driving the AOM. Experimental observations revealed
that a lower output coupling ratio significantly enhances the intracavity
power density, facilitating more robust and stable mode-locking ini-
tiation. This approach eliminates the need for auxiliary components
while maintaining precise control over the energy extraction efficiency.
This design ensures efficient power extraction while maintaining the
stability of the mode-locked state. The first-order diffraction efficiency
at 635 nm is approximately 88%, and the insertion loss is 0.5 dB.
Specifically, at 635 nm, the feedback of the entire resonator has a high
reflectivity, and the output is only extracted by a free-space binary
mirror (M;) of the first-order diffractive light of AOM, with an output
coupling ratio of approximately 8%.

As shown in Fig. 1(c), the orange AML laser uses a 5 cm Pr3*/Yb3+-
doped ZBLAN fiber (Le Verre Fluoré, with core and cladding diameters
of 3.5 pm and 125 pm, respectively, and NA of 0.16) as the gain fiber
based on the structure of the red laser. Due to the strong absorption of
this gain fiber at 443 nm, a shorter length is necessary, which results in
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Fig. 2. (a—c) Pump spectrum and absorption coefficient corresponding to 635 nm, 602 nm and 546 nm AML fiber laser. (d-f) Pump source power stability corresponding to
635 nm, 602 nm and 546 nm AML fiber laser.

the connection of a 79 m extension fiber (630-HP fiber, with core and at the rear end of the gain fiber to adapt to the cavity length required by
cladding diameters of 3.5 pm and 125 pm, respectively, and NA of 0.13) the maximum modulation frequency of the AOM at 602 nm. Fig. 1(h)
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Fig. 3. Characteristics of the red AML pulse operation at 635 nm. (a) Output optical
spectrum. (b) Single pulse. (¢) The typical oscilloscope trace. (d) RF output spectra.

shows the transmission spectrum of the mirrors of an orange resonator
with a 95% high transmittance at 443 nm, a 92% high transmittance
at 635 nm, and a 92% high reflectivity at 603 nm. Because red light
(635 nm) has the largest emission cross section in Pr3*/Yb3*-doped
ZBLAN fiber (i.e., the red gain is much stronger than that of orange
light) and is very close to orange light (~30 nm), the homemade orange
FDM (M,) can suppress red self-excitation under high orange light gain.
Due to the relatively weaker gain at 602 nm in the Pr3*/Yb3*-doped
fiber, a stronger feedback (corresponding to a 3% output coupling ratio)
was required to achieve optimal performance.

Similarly, the green AML fiber laser selects the Ho’*-doped ZBLAN
fiber (Le Verre Fluoré, with core and cladding diameters of 7.5 pm
and 125 pm, respectively, and NA of 0.23) as the gain fiber and a
12 W 450 nm diode laser as the pump source in a similar structure
shown in Fig. 1(f). A 24.6 m extension fiber (Corning, SMF 1950,
with core and cladding diameters of 7 pm and 125 pm, respectively,
and NA of 0.2) is inserted into the cavity to match the acousto-
optic modulation at the maximum frequency in the green band. The
transmission spectrum of the green resonator’s mirrors (M;, Mg) is
shown in Fig. 1(i), with a transmittance of up to 95.8% at 450 nm and
a high reflectivity of 99.77% at 546 nm. To achieve the best output
characteristics, the output coupling ratio of the green AML fiber laser
was set to 10%. This configuration ensures a balance between efficient
energy extraction and the preservation of desirable mode-locked pulse
properties. The output performance of visible AML fiber lasers in the
spectral domain is characterized by a 350-1750 nm optical spectrum
analyzer (AQ-6315E, Ando) with a 0.05 nm resolution. The pulse train
and radio-frequency (RF) spectrum are recorded by a 12.5-GHz pho-
todetector (ET-4000F, Electro-Optics Technology, Inc.) in conjunction
with a 12-GHz, 40 GS/s oscilloscope (DS081204 A, Agilent Infiniium)
or an electrical spectrum analyzer (N9020 A, Agilent). The signal
generator is the AFG31000(150 MHz) model from Tektronix. Power
measurements are conducted using a 350 to 1100 nm optical power
meter (S142C, Thorlabs, Inc.). Calibration certificates and related docu-
mentation can be accessed through the manufacturers’ official websites.
Therefore, we consider the performance of these devices to be reliable,
and our experiments did not perform additional calibration of these
instruments.

To ensure clarity in the experimental process, we conducted detailed
tests on the pump sources for the three AML fiber lasers. For the red
AML fiber laser, which utilizes a double-clad gain fiber, a 20 W fiber-
coupled LD at 443 nm was employed as the pump source, with a center
wavelength of 443.8 nm and an absorption coefficient of 2.1 dB/m for
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spectrum. (b) Single pulse. (c) The typical oscilloscope trace. (d) RF output spectra.

double-clad Pr3+-doped ZBLAN fiber (Fig. 2(a)). Pump source power
stability was measured (Fig. 2(d)), and at the typical operating power
of 8 W, the pump source exhibited a power fluctuation of 12 mW
with a root-mean-square error (RMSE) of 0.15%. For the orange AML
fiber laser, which employs a quasi-single-mode gain fiber, a high-beam-
quality 2 W single-emitter LD at 443 nm was used as the pump source.
The LD with a central wavelength of 443.5 nm and an absorption
coefficient of 2.1 dB/cm for Pr3*/Yb3*-doped ZBLAN fiber, as shown
in Fig. 2(b). We measured the pump source power stability, as depicted
in Fig. 2(e). At the typical operating power of 1 W, the pump source
demonstrated a power fluctuation of 1.8 mW, with an RMSE of 0.18%.
For the green AML fiber laser, which utilizes a multimode single-clad
gain fiber, a 12 W multi-emitter LD at 450 nm was selected as the
pump source. The pump source has a center wavelength of 451 nm
and an absorption coefficient of 2.9 dB/cm for Ho’*-doped ZBLAN
fiber, as shown in Fig. 2(c). We measured pump source power stability,
as depicted in Fig. 2(f). At the typical operating power of 4 W, the
pump source showed a power fluctuation of 5 mW, with an RMSE of
0.2%.
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the pump power corresponding to 635 nm, 602 nm and 546 nm.

3. Results and discussion

The typical output parameters of the red AML fiber laser operating
at a pump power of 6.5 W are presented in Fig. 3. As depicted in
Fig. 3(a), the mode-locked optical spectrum has a 3-dB bandwidth
of 2.12 nm and a center wavelength of 635.5 nm. We also provide
the spectrum in the continuous wave state, showing unstable multi-
wavelength lasing near the central wavelength. As shown in Fig. 3(b),
the single pulse envelope has a symmetrical intensity profile resembling
a Gaussian shape, and the pulse duration is 448 ps. The typical pulse
train with a 116 ns pulse interval and consistent pulse intensity is dis-
played in Fig. 3(c). Furthermore, as illustrated in Fig. 3(d), the output
RF spectrum has a signal-to-noise ratio of approximately 61 dB and
a fundamental frequency of 8.56 MHz. To ensure the accuracy of the
SNR measurements, all experiments were conducted in a professional
optical laboratory with strict environmental controls. The laboratory
is equipped with a 24-h air conditioning system to maintain a stable
temperature (with fluctuations of less than 1 °C), and the optical setup
was placed on a vibration-isolation platform (air-floating optical table)
to eliminate mechanical vibrations.

Fig. 4 summarizes the typical characteristics of orange active mode
locking operation at a pump power of 450.7 mW. As presented in
Fig. 4(a), the laser center wavelength is 602.4 nm, and its 3 dB
linewidth is 0.42 nm. The spectrum of orange light in the CW state
also shows unstable multi-wavelength lasing. Fig. 4(b) provides the
typical oscilloscope trace of the AML pulses. The single pulse enve-
lope has a symmetrical Gaussian-like intensity profile with a FWHM
of 12 ns. Unlike red picosecond active mode-locking lasers, orange
active mode-locking pulses are on the order of nanoseconds due to the
strong positive dispersion introduced by the 70 m extended fiber in the
cavity. The pulse trains with a period of 796 ns have a pulse-intensity
fluctuation as low as 5%. As shown in Fig. 4(c), the fundamental RF
peak (i.e., pulse repetition rate) is 1.2567 MHz, which agrees with the
pulse period of 796 ns. The RF signal-to-noise ratio is more than 62 dB,
comparable to those of passively mode-locked visible fiber lasers. These
results indicate that the orange AML laser is stable and could be suitable
for practical applications.

We experimentally investigated the characteristics of green AML
fiber lasers at 546 nm. Fig. 5(a) displays the green output spectra
with the 3-dB linewidth of 1.02 nm and the center wavelength of
546.85 nm. The single mode locked pulse envelope is depicted in Fig.
5(b). The pulse has a length of 19 ns and a Gaussian-like intensity
profile. A period of 246 ns corresponds to 4.06 MHz and a pulse-to-
pulse variability of 6%, as shown in Fig. 5(c). Fig. 5(d) displays the
RF spectrum of the output. With an RF signal-to-noise ratio greater
than 48 dB and a fundamental frequency peak at 4.06 MHz, the pulse
period of 246 ns is stable. Low noise near the fundamental frequency
is observed, which may result from the large spot emitted by the Ho?*-
doped ZBLAN fiber and the partial green light that exceeds the size of
the acousto-optic crystal and remains unmodulated.

Additionally, we measured the beam quality and output powers of
the three AML fiber lasers in red, orange, and green. The M? factors
of the generated visible fiber laser beam were measured by a beam
quality analyzer (WinCamD-UCD12, DataRay), and the measurement
results are shown in Fig. 6(a—c). The measured M? x;y parameters of
the red AML laser are 4.15 and 3.44, respectively, indicating that the
red DC Pr3*-doped fluoride fiber laser operates in a multi-transverse
mode. According to the measurement results of the orange AML fiber
laser shown in Fig. 6(b), the measured M? x;y values of the major and
minor axes are 2.06 and 1.69, respectively. Therefore, the output laser
beam has a few-mode output in the Pr3*/Yb3* -doped ZBLAN fiber
laser. Since the Ho**-doped ZBLAN fiber in the green AML fiber laser is
a multi-mode fiber, M? x;y parameters of 4.86 and 4.23 are measured,
as shown in Fig. 6(c). Fig. 6(d) presents the laser output power of the
red AML fiber laser as a function of the injected pump power. Under
the repetition rate of 8.56 MHz, the threshold of the red AML laser
was ~1.6 W. A maximum output power of 275 mW was obtained at a
pump power of 8 W, corresponding to a maximum pulse energy of 32
nJ, and the slope efficiency is 4.01%. Through repeated measurements
of the power data, we conducted an error analysis and observed that the
red AML fiber laser exhibits power fluctuations (approximately 10 mW)
when operating at its maximum output power. These fluctuations are
attributed to minor thermal damage on the end faces of the fluoride
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Table 1
Output performance of visible pulsed fiber lasers based on active device modulation.
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Theory Device ZBLAN fiber Wavelength (nm) Power (mW) Frequency (MHz) Pulse width (ns) Year
Active mode-lockin: PFOM Pr3*/Yb3+ 635 3 239 0.55 2000 [23]
8 AOM DC Pré+ 635 275 8.56 0.44 This work
AOM Pr3+/Yb3+ 602 11 1.25 12 This work
AOM Ho%* 545 102 4.06 19 This work
Cavity-dumping AO Q-switch Ho%* 546 310 0.0001 116 2023 [29]
Frequency-shift-feedback AOM DC Pr3* 635 78 31.8 0.045 2024 [30]

fiber, which occurs under extreme power conditions. Notably, such
fluctuations are not significant when the laser operates within safe
power ranges. In Fig. 6(e), compared with the higher output power of
the red AML laser, the gain fiber of the orange light laser is a few-
mode fiber. As a result, the output power of orange light is 11 mW,
corresponding to a pulse energy of 8.7 nJ at a repetition rate of
1.256 MHz, with a slope efficiency of 3.1%. For the orange AML
fiber laser, power fluctuations near the maximum output power were
observed to be around 1 mW. The relatively low slope efficiency of
the orange mode-locked fiber laser is primarily attributed to the high
insertion loss (~27%) at the interfaces of the Pr3*/Yb3*-doped ZBLAN
fiber. This issue arises from the small core diameter of the gain fiber and
its poor concentricity during fabrication, which leads to core misalign-
ment. This problem can be mitigated by utilizing specially designed
eccentric passive fibers for splicing. Additionally, the intrinsic loss of
the 79 m 630 HP fiber at 602 nm is relatively high (~6.3%), further
reducing the output efficiency. In future work, replacing the 630 HP
fiber with passive ZBLAN fiber is expected to address these challenges
and improve overall performance. Fig. 6(f) shows the average output
power and pulse energy as a function of the pump power in a green
AML fiber laser. Under a pump power of 832 mW, the green AML fiber
laser generated a maximum output power of 102 mW, with a pulse
energy of 25 nJ and a slope efficiency of 14%. For the green AML
fiber laser, power fluctuations near the maximum output power were
observed to be around 3 mW. For the green mode-locked laser, the
splicing loss is relatively low due to the larger core diameter and better
concentricity of the Ho’*-doped ZBLAN fiber. At the same time, the
24.6 m SMF 1950 fiber contributed 0.04 dB, causing only 1.0% power
propagation loss. Indicating that quantum defect and AOM insertion
loss dominated its efficiency limitations. In summary, visible AML fiber
lasers operating at 635 nm and 546 nm with multi-mode gain fibers can
produce output powers exceeding 100 mW. However, this high output
power is achieved at the expense of beam quality. The orange AML
laser has achieved beam quality close to that of a single-mode laser,
but its output power needs to be further improved. In the future, visible
AML pulses with higher performance can be obtained by optimizing
beam collimation and using acousto-optic crystals with larger optical
apertures.

To better illustrate the advantages of our AML fiber laser over other
visible pulsed lasers based on active modulation devices previously
reported, Table 1 compares the output performance of current visible
pulsed fiber lasers modulated by active devices. It is worth noting that
visible actively Q-switched fiber lasers are also achievable, but they
typically suffer from limitations such as wide pulse durations (even
in the ps range) and narrow repetition rate ranges (in the kHz range),
resulting in less significant output performance advantages and conse-
quently fewer reports. In this study, we report three visible AML fiber
lasers operating at red (635 nm), orange (602 nm), and green (546 nm)
wavelengths. From Table 1, the following observations can be made:
(1) The only prior report on visible-wavelength active mode-locking
technology dates back to over two decades ago, where researchers
achieved 3 mW of 635 nm pulses with a pulse width of 550 ps using
an all-fiber phase modulator (PFOM) in Pr’*/Yb3*-doped ZBLAN fiber,
laying the foundation for active mode-locking. However, due to the
use of a custom few-mode fiber phase modulator, the output power
was extremely low, making it difficult to apply to multimode gain

fibers and limiting its potential for wavelength extension. (2) An AOM
was employed as the active mode-locking device in conjunction with
double-clad Pr3*-doped ZBLAN fiber, enabling high-power (275 mW)
red AML pulses. This approach increased the output power by two
orders of magnitude while achieving a narrower pulse width (448 ps).
(3) This work proposes a universal AOM-based active mode-locking ar-
chitecture for the visible wavelength range. Utilizing Pr3*/Yb3*-doped
ZBLAN fiber and multimode Ho3*-doped ZBLAN fiber, we have also
demonstrated, for the first time, orange and green AML pulses, filling
a critical gap in this field. (4) Other visible-wavelength pulsed lasers
based on active modulators include cavity-dumped lasers, which typi-
cally operate at very low repetition rates to achieve high pulse energy
but often exhibit broad pulse widths (116 ns). Additionally, frequency-
shifted feedback ultrafast fiber lasers usually operate at low power and
high repetition rates (37.1 MHz) to generate ultrafast pulses. However,
the stability requirements for mode-locking in such frequency-shifted
feedback systems are significantly higher than those for AML fiber
lasers. Therefore, visible AML fiber lasers, with their relatively narrow
pulse widths, simple structure, and strong stability, are better suited for
diverse application scenarios under varying environmental conditions.

Despite these advancements, our work has two main limitations
that need to be addressed in future studies: (1) The introduction of a
relatively long passive fiber within the cavity leads to pulse broadening
in both the green and orange wavelengths due to dispersion. In future
work, we aim to address this by optimizing the length of the passive
fiber and fine-tuning the modulation frequency of the AOM to further
compress the pulse width. (2) The output power of the orange laser is
lower than expected, primarily due to higher cavity losses caused by the
imperfect concentricity of the few-mode gain fiber. To overcome this,
we propose developing advanced splicing techniques for fluoride fibers,
which could significantly reduce cavity losses and improve output
power.

4. Conclusion

In summary, we demonstrated three AML fiber lasers of different
wavelengths by leveraging the visible down-conversion gain of three
rare-earth-ion-doped ZBLAN fibers and the intensity modulation of
AOM, providing a platform for the study of visible AML characteristics.
Three 635 nm/602 nm/546 nm AML lasers with pulse durations of
448 ps/12 ns/19 ns and maximum average powers of 275 mW/11
mW/102 mW were obtained. Through the analysis of their performance
parameters, significant optimization potential was identified, and an
optimization scheme was proposed. The system broke the stagnation
of AML technology in the visible range for more than twenty years.
For the first time, active mode-locking pulses were achieved in orange
and green wavelengths, while the output performance in red surpassed
that of similar products in previous studies. This work paves the way
for promising applications of visible AML lasers, such as visible fiber
communications and ultra-wideband signal processing.
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