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Abstract. Although visible femtosecond lasers based on nonlinear frequency conversion of Ti:sapphire
femtosecond oscillators or near-infrared ultrafast lasers have been well developed, limitations in terms of
footprint, cost, and efficiency have called for alternative laser solutions. The fiber femtosecond mode-locked
oscillator as an ideal solution has achieved great success in the 0.9 to 3.5 yum infrared wavelengths, but
remains an outstanding challenge in the visible spectrum (390 to 780 nm). Here, we tackle this challenge
by introducing a visible-wavelength mode-locked femtosecond fiber oscillator along with an amplifier. This
fiber femtosecond oscillator emits red light at 635 nm, employs a figure-nine cavity configuration, applies
a double-clad Pr3*-doped fluoride fiber as the visible gain medium, incorporates a visible-wavelength
phase-biased nonlinear amplifying loop mirror (PB-NALM) for mode locking, and utilizes a pair of
customized high-efficiency and high-groove-density diffraction gratings for dispersion management. Visible
self-starting mode locking established by the PB-NALM directly yields red laser pulses with a minimum pulse
duration of 196 fs and a repetition rate of 53.957 MHz from the oscillator. Precise control of the grating pair
spacing can switch the pulse state from a dissipative soliton or a stretched-pulse soliton to a conventional
soliton. In addition, a chirped-pulse amplification system built alongside the oscillator immensely boosts the
laser performance, resulting in an average output power over 1 W, a pulse energy of 19.55 nJ, and a dechirped
pulse duration of 230 fs. Our result represents a concrete step toward high-power femtosecond fiber lasers
covering the visible spectral region and could have important applications in industrial processing,
biomedicine, and scientific research.
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1 Introduction become one of the mainstream technologies for generating fem-
tosecond laser pulses.”'* However, their operating wavelengths
have been predominantly limited to the range between 0.9 and
3.5 um near-infrared and mid-infrared spectral region,'”"* which
has, in turn, restricted their applicability in numerous applica-
tions that require light sources at the visible wavelengths (390 to
780 nm). Over the past decades, the expansion of compact fem-
tosecond fiber oscillators into the previously uncharted visible
wavelength range has always been a challenging but passionate
pursuit in laser science.

Visible femtosecond lasers stand as pivotal light sources,
offering distinct advantages in special material precision
processing, high-resolution fluorescence microscopy, optical
*Address all correspondence to Zhenggian Luo, zqluo@xmu.edu.cn atomic clocks, and other applications.'>™" Generation of visible
These authors contributed equally to this work. femtosecond lasers was predominantly based on Ti:sapphire

The emergence of ultrafast laser pulse generation, a milestone in
laser science, has triggered incredible progress across a wide
array of disciplines, encompassing industrial applications, en-
ergy technologies, life sciences, and beyond.'” Cutting-edge
innovations, such as robust laser ignition systems,” vibrant laser
3D printing, mind-boggling attosecond science,” and high-
resolution microscopic imaging,® are effectively powered by
ultrafast lasers. Among the various laser platforms that have
been developed, fiber oscillators, esteemed for their compact
design, outstanding performance, and cost-effectiveness, have
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femtosecond oscillators® or harnessing the nonlinear frequency
conversion (e.g., frequency doubling,”’ sum frequency,” and
optical parametric process®) until recently. Ti:sapphire femto-
second oscillators and parametric amplifiers are renowned for
their capability of producing high-performance femtosecond
lasers, as well as notorious for high costs, intricate maintenance
requirements, and unwieldy dimensions. On the other hand,
nonlinear frequency conversion, though widely used to generate
visible femtosecond lasers at multiple wavelengths, faces chal-
lenges, such as system complexities, high cost, and a compro-
mise in laser performance (e.g., stability and noise) stemming
from nonlinear conversion processes. Fiber laser oscillators
are often regarded as an attractive solution to overcome these
limitations. While direct generation of femtosecond pulses from
mode-locked fiber oscillators operating in the infrared range
(0.9 to 3.5 um) has seen substantial advancements in the past
decades, it has not yet been realized in the visible spectrum
(390 to 780 nm).

Currently, the majority of visible fiber lasers leverage rare-
earth-doped fluoride fibers (e.g., Pr3t,>* Ho®",® Dy3*+,* and
Er3*?) as the efficient gain medium. Over the years, significant
progress has been made in achieving wavelength-tunable,*°
high-power,*' " Q-switched,”** and mode-locked" ™ visible
rare-earth-doped fluoride fiber lasers. Although it has been very
well demonstrated in the near-infrared, femtosecond mode lock-
ing in visible fiber lasers remains extraordinarily challenging
and has not yet been reported, except for one related work
on 1.6 ps visible fiber oscillator compressed to 168 fs duration
outside the oscillator by a grating pair.*® This challenge arises
from several factors: (1) The underdevelopment of ultrafast
optic components designed for the visible-wavelength range;
(2) the limited availability of high-performance fast optical
modulators or mode lockers at visible wavelengths; and (3) the
extreme positive dispersion presented in visible fiber laser
cavities, which hinders the initiation of stable femtosecond
mode locking. In recent years, mode-locked femtosecond fiber
oscillators in the near-infrared regions using a phase-biased
nonlinear amplifying loop mirror have gained considerable
attention.””* These laser oscillators employ a phase-bias
mechanism, often realized through a phase shifter, to get rid of
the long intracavity fibers for nonlinear phase shift accumula-
tion. This innovative approach typically not only facilitates
higher mode-locking repetition rates, enhanced tuning flexibil-
ity, and long-life operation'®’ but also provides a chance to
manage the total cavity dispersion in a larger parameter space
from the normal to the abnormal regime. When implementing
such a mode-locking mechanism in visible rare-earth-doped
fiber lasers, the dominant normal dispersion in the entire cavity
mainly originates from the gain fiber, which should be feasible
to compensate if a short and high-gain fiber is used. In this case,
a low-loss dispersion compensation component at visible wave-
length becomes a key element to adjust the net cavity dispersion
for successful initiation of solitons.

In this paper, we present an experimental demonstration of
a visible-light mode-locked femtosecond fiber oscillator based
on a high-gain Pr3*-doped fiber and a pair of customized
diffraction gratings for dispersion management. The oscillator
achieves remarkably stable self-starting mode locking, building
upon the phase-biased NALM, yielding laser pulses with a
central wavelength of 635.5 nm, a widest 3-dB bandwidth of
5.4 nm, a minimum pulse duration of 196 fs, and a repetition
rate of 53.957 MHz. By manipulating the intracavity dispersion
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and polarization, we have observed multiple mode-locking
states, including conventional solitons, dispersion-managed sol-
itons, dissipative solitons, and bound-state solitons. To further
enhance the laser performance to fulfill more general application
purposes, we have constructed a visible chirped-pulse amplifi-
cation (CPA) system and improved the average power >1 W
while maintaining a compressed pulse duration of 230 fs.
This laser architecture with dispersion management capabilities
thus serves as a testbed to explore complex ultrafast soliton
dynamics in the visible-wavelength region and paves the way
for implementing miniaturized visible fiber femtosecond laser
sources with broader spectral range, narrower pulse width, and
higher power, enabling a wide range of applications.

2 Experimental Setup and Operation
Principle

Figure 1 shows a detailed schematic of the visible-wavelength
femtosecond fiber oscillator and amplifier system. The fiber
used in the oscillator is a 2.3-m double-clad (DC) Pr3*-doped
fluoride fiber, which is manufactured by Le Verre Fluoré and
boasts the following specifications: a Pr3* doping concentration
of 8000 ppm (wt.), a core diameter of 7.5 um, a core numerical
aperture (NA) of 0.08, an inner-clad profile in a double
D-shaped configuration with dimensions of 115 ym by 125 um,
an inner-clad NA of 0.45, an inner-clad absorption coefficient of
2.1 dB/m at 443 nm, a core group velocity dispersion (GVD)
coefficient (f,) of +0.0708 ps’/m at 635 nm, and a core
nonlinear coefficient (y) of 0.0049 W~! . m~!. The gain fiber
is efficiently pumped directly by a 443 nm laser diode (LD)
through a collimator, generating a strong red-light gain. The
transition diagram is as below: (1) 3P, level is excited by ground
state absorption of the *H, level with the 443 nm LD, (2) non-
radiative relaxation ensues from 3P, to 3P, and (3) radiative
transition occurs from 3P to *F,, generating strong emission
at ~635 nm.** Other important components of the oscillator
include a homemade dichroic mirror (DM), five wavelength
plates, a polarization beam splitter (PBS), a homemade 10:90
beam splitter (BS), a Faraday rotator (FR), and a homemade
high-reflective coating mirror. The coating mirrors (DM, BS,
and mirror) are manufactured by coating on fused quartz
substrates with SiO, /Ta, 05 dielectric films using an ion beam-
assisted deposition system (DJ-800, Golden Vacuum). We have
also customized a pair of visible transmission gratings with
high efficiency (>93% at 635 nm) and high groove density
(1739.1 lines/mm) to minimize the cavity loss and manage total
dispersion. The gratings operate near the Littrow configuration,
featuring an incident angle of ~31.4 deg, and providing a GVD
coefficient of —5.116 ps?>/m at 635 nm. The intracavity net
dispersion is calculated to be +0.055 ps? with a grating spacing
of 21 mm. The red laser obtained from one collimator accumu-
lates an additional z/2 phase shift after traversing the phase
shifter comprising the FR and eighth-wave plate twice, and then
enters the other collimator, thereby facilitating self-starting mode
locking at a low threshold.'” The gratings are introduced stra-
tegically to regulate intracavity dispersion for initiating different
mode-locking operations (e.g., conventional soliton, dispersion-
managed soliton, and dissipative soliton). Furthermore, the
oscillator incorporates two half-wave plates and two quarter-
wave plates to fine-tune intracavity polarization. It is essential
to note that to achieve stable mode-locking operation in the few-
mode gain fiber, loops with a radius of ~2 cm are placed on
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Fig. 1

Visible femtosecond fiber oscillator

Schematic of visible femtosecond fiber oscillator and amplifier. The inset shows the photo-

graph of the visible femtosecond fiber oscillator. DM, dichroic mirror; HWP, half-wave plate; QWP,
quarter-wave plate; EWP, eighth-wave plate; PBS, polarization beam splitter; BS, beam splitter;
FR, Faraday rotator; Gratings, a pair of transmission gratings; Mirror, high-reflective coating mirror;
DSM, D-shaped mirror; HRPM, hollow roof prism mirror.

both sides of the fiber to suppress higher-order modes (see the
inset of Fig. 1), which bring very little additional loss to the
fundamental mode. To further obtain a high-power visible fem-
tosecond laser, the output laser of the oscillator is amplified by
the visible CPA system. The system comprises a 2.5 m DC Pr3*-
doped fluoride fiber, a 433 nm LD, a DM, two collimators, and
a grating pair compressor. The compressor includes a D-shaped
mirror, a hollow roof prism mirror (HRPM), and a pair of trans-
mission gratings with a groove density of 1398.6 lines/mm. In
the experiment, the optical spectrum is captured using a 350 to
1750 nm optical spectrum analyzer with a resolution of 0.05 nm
(AQ-6315E, Ando). The pulse train and radio-frequency (RF)
spectrum are recorded by a 12.5-GHz photodetector (ET-4000F,
Electro-Optics Technology, Inc.) in conjunction with a 12-GHz,
40 GS/s oscilloscope (DSO81204A, Agilent Infiniium), or
an electrical spectrum analyzer (N9020A, Agilent). The pulse
duration is determined by an autocorrelator (FR-103XL,
Femtochrome), and the power measurements are conducted us-
ing a 350 to 1100 nm optical power meter (S142C, Thorlabs,
Inc.). In addition, a DM is also used to filter out the remaining
pump power (443 nm) when measuring the output laser power
of the PBS.

3 Results and Discussion

3.1 Visible Femtosecond Fiber Oscillator

In the experiment, the threshold of the continuous-wave (CW)
laser is ~1.08 W. As the pump power is incrementally raised to
1.63 W, a notable transition occurs where self-starting mode-
locking pulses can be observed in the oscilloscope. At this stage,
the mode-locked pulse exhibits a multipulse operation, and
the transition to stable single-pulse mode locking is achieved
by reducing the pump power accordingly. Figure 2 shows the
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typical output characteristics of the red-light mode-locked fem-
tosecond fiber oscillator under 1.33 W pump power. As shown
in Fig. 2(a), the mode-locked optical spectrum manifests a cen-
tral wavelength of 635.5 nm, accompanied by a 3-dB bandwidth
of 4.1 nm. Figure 2(b) gives the typical pulse train with a pulse
interval of 18.5 ns, and their pulses have uniform pulse intensity,
as evidenced by the inset in Fig. 2(b), underscoring the excep-
tional stability of the mode-locking operation. Figure 2(c) shows
the intensity autocorrelation trace of the output pulses, aptly
fitted by a sech? function, revealing a pulse duration as short as
199 fs. In addition, as shown in Fig. 2(d), the output RF spec-
trum has a fundamental frequency of 53.957 MHz and a high
signal-to-noise ratio of ~78.7 dB. What the inset of Fig. 2(d)
shows is particularly noteworthy, as it demonstrates the absence
of spectral modulation within the 3 GHz-span RF spectrum,
which serves as a compelling testament to the stable mode lock-
ing of the oscillator. In addition, the beam quality parameter
(M,ZW) of the output laser was measured to be 1.43 and 1.47,
indicating the oscillator is almost a single-mode operation.

To better understand the mode-locking behavior of the fiber
oscillator, the mode-locked evolution with different pump
powers is further investigated. Figure 3(a) shows the progres-
sion of the optical spectrum versus the pump power. One can,
interestingly, see that when the pump power increases, the
spectral bandwidth emerges according to the law of recurrent
broadening and decreasing. This intriguing behavior could
potentially be attributed to the splitting of time-domain pulses
into the bound-state pulses with the increase of the pump power
[see Fig. 3(b)]. Figure 3(b) also reveals that the temporal sep-
aration of the bound-state pulses is about 18.9 ps, corresponding
to the spectral modulation of 0.071 nm. It is worth noting that
this spectral modulation remains undetected in the spectra due
to the low resolution (0.05 nm) of the optical spectrum analyzer.
To gain further insights, we meticulously documented the
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Fig. 2 Typical characteristics of visible mode-locked femtosecond fiber oscillator under the
dispersion of 4+-0.055 ps?. (a) Optical spectra of mode locking and CW operations. (b) Oscilloscope
trace of the pulse train (inset, a screenshot of oscilloscope trace). (¢) Autocorrelation trace of the
output pulses. (d) RF spectrum at the fundamental frequency [inset, a broadband RF spectrum
(3 GHz span)].
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Fig. 3 Evolution of visible femtosecond fiber oscillator with different pump powers under the
dispersion of 4-0.055 ps?. (a) Optical spectra output from the BS, (b) the corresponding autocor-
relation traces, and (c) a close look of autocorrelation traces (4-ps span).

corresponding narrow-range autocorrelation traces (i.e., single-
pulse envelope), as shown in Fig. 3(c). Remarkably, under a
1.28 W pump power, an impressive minimum pulse duration
of 196 fs is achieved. Furthermore, the pulse duration of these
single pulses shows the same trend as the spectral bandwidth,
with the pump power incrementally increasing. The results are
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also interesting and critical, as they show the potential to explore
complex soliton dynamics with this simple cavity via power and
polarization adjustment.

Figure 4(a) offers the average output power of the 635 nm
femtosecond laser concerning the pump power. Both the aver-
age output power of the BS (output 1) and the PBS (output 2)
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Fig. 4 Output characterization of 635 nm femtosecond fiber laser oscillator under the dispersion of
+0.055 ps?. (a) Average output powers from the BS (output 1) and PBS (output 2). (b) Power
stability curve of the femtosecond laser at the pump power of 1.53 W. (c) Stability measurement
of the mode-locked spectrum under 1.53 W pump power.

exhibits a linear increase without any saturation. Impressively,
under a pump power of 2.23 W, we achieved maximum output
powers of 11.5 and 120 mW for the BS and PBS, respectively.
In addition, under a pump power of 1.48 W, the output powers
are 4.2 and 41 mW for the BS and PBS, respectively, with cal-
culated single-pulse energies of 0.078 and 0.76 nJ. Figure 4(a)
also shows the oscillator works in single-pulse mode locking
within the pump power range of 1.28 to 1.63 W, and as the pump
power further increases, the operation becomes bound-state
mode locking (also see Fig. 3). To assess the operational stabil-
ity of the mode-locked femtosecond fiber oscillator, as shown in
Fig. 4(b), we recorded the output powers and optical spectra
over 40 min under a pump power of 1.53 W. Notably, the
RMSEs in both BS and PBS output are 0.01 and 0.12 mW,
and the corresponding fluctuations are 0.26% and 0.23%, re-
spectively, illustrating the outstanding stability of the oscillator.
In addition, as shown in Fig. 4(c), both the central wavelength
and spectral bandwidth of the oscillator remained remarkably
stable during the entire 40-min test, displaying no discernible
drift or changes, which also indicates the excellent long-term
stability of the oscillator. Finally, the relative intensity noise (RIN)
is also measured by an RF spectrum analyzer (N9020A, Agilent)
together with a Si photodetector (PDA36A2, Thorlabs) for
>10 Hz Fourier frequency. The observed RIN shows a floor
between —120 and —90 dB/Hz for low frequencies, which is
attributed to the instability of free-space components and the
power and frequency fluctuations of the pump laser.

In addition, the pulse duration of the mode-locked laser is
intricately linked to the net dispersion, which can be finely
controlled by regulating the spacing of the intracavity gratings.
In our experiment, we systematically explored the influence of
various net dispersion regimes on the mode-locking perfor-
mance by tuning the grating pair interval under a pump power
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of 1.33 W. The outcomes are presented in Fig. 5 (also see
Video 1). Figures 5(a) and 5(b) show a comprehensive view
of the optical spectra and the corresponding autocorrelation
traces from the output of BS (output 1). When the net dispersion
is adjusted to +0.002 ps?, a broadest spectral 3-dB bandwidth
of 5.4 nm along with a pulse duration of 900 fs can be achieved.
The spectral bandwidth of 5.4 nm supports the Fourier trans-
form limit duration of ~79 fs for a sech? pulse. Notably, when
the net dispersion is set to +0.055 ps2, we attain the narrowest
pulse duration of 199 fs, accompanied by a spectral bandwidth
of 4.1 nm, and the time-bandwidth product (TBP) is calculated
as 0.61, close to the Fourier-transform limit of a sech? pulse.
Turning our attention to the output of the PBS (output 2), as
shown in Figs. 5(c) and 5(d), we observe a similar trend in
spectral bandwidth with varying net dispersion. Specifically,
the obtained widest spectral bandwidth is also at +0.002 ps?,
which is like the output of the BS. Intriguingly, the minimum
pulse duration is realized at a net dispersion of —0.057 ps?,
corresponding to a pulse duration of 460 fs, and the TBP is
calculated as 0.62. It can also be seen from Fig. 5(d) that with
the net dispersion from +0.087 to —0.0241 ps?, the TBP of
the mode-locked laser output from the PBS shows a decreasing
trend. Besides, it is noteworthy that adjusting the net dispersion
to either large net-anomalous or net-normal values results in
a narrowing of the spectral bandwidth, as is evident in
Figs. 5(a) and 5(c). Specifically, when the net dispersion is
set to —0.0241 ps? (pink curve) and +0.087 ps® (red curve),
the mode-locked spectra exhibit the typical peculiarities of tradi-
tional soliton and dissipative soliton, respectively. These find-
ings underscore the versatility of the oscillator in tailoring its
output characteristics through precise control of net dispersion,
offering opportunities for customizing laser performance for
specific applications.
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Fig. 5 Characteristics of visible fiber oscillator under different net dispersions at 1.33 W pump
power. (a) Optical spectra output from the BS (output 1), and (b) the corresponding autocorrelation
traces. (c) Optical spectra output from the PBS (output 2), and (d) the corresponding autocorre-
lation traces (Video 1, MP4, 3.96 MB [URL: https://doi.org/10.1117/1.APN.3.2.026004.s1]).

3.2 Visible Chirped-Pulse Amplification

Subsequently, in the pursuit of high-power visible femtosecond
laser output, a visible CPA system was used to amplify the
output laser pulses generated by the oscillator. To optimize the
amplification process and mitigate nonlinear effects and ampli-
fied spontaneous radiation, we strategically selected the laser
pulses originating from the PBS output, characterized by a net
dispersion of +0.087 ps?, as the seed laser. This choice was
driven not only by its highest output power but also by its
relatively wide spectral bandwidth (meaning the potential for
duration compression), also considering that dissipative soliton
is suitable to achieve larger pulse energy. In the experiment, the
laser pulses emanating from the oscillator undergo stretching
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from 2.6 to 8.6 ps when traversing the 2.5 m DC Pr’*-doped
fluoride fiber and then are subjected to amplification by the
red-light fiber amplifier. Subsequently, the amplified laser
pulses are compressed through the grating pair compressor. The
results of this amplification and compression are shown in
Fig. 6. Figure 6(a) gives the amplified spectra under different
pump powers. Notably, the spectral bandwidth narrows as the
pump power increases, which is attributed to gain narrowing
within the amplifier. Impressively, this amplification process
yields a maximum average power of 1055 mW, and the corre-
sponding pulse energy is counted as 19.55 nJ, as shown in
Fig. 6(b). Furthermore, the grating pair compressor effectively
dechirps the pulse duration to 230 fs, as showcased in Fig. 6(c).
There is no doubt that higher power is available through more

(b) 12— 30
- —@— Amplified power
; 1.04-—o—Pulse energy =
=~ ' ' ' S
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Fig. 6 Characteristics of visible fiber CPA. (a) Optical spectra under different pump powers.
(b) Amplified average power and pulse energy versus the pump power. (c) Autocorrelation traces

before and after amplification.
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stages of amplification. These results also underscore the effi- 3
cacy of the visible CPA system in significantly boosting the
power of the visible femtosecond laser while maintaining excel- 4.
lent pulse quality, making it a valuable tool for various appli- 5
cations, such as materials processing, biomedical research, and :
nonlinear optics. 6
4 Conclusion ;
In summary, we successfully demonstrated a 635 nm soliton
mode-locked femtosecond fiber oscillator built upon the 8.
phase-biased NALM. This oscillator achieves remarkably sta-
ble self-starting mode locking, which delivers laser pulses with 9.
a central wavelength of 635.5 nm, a broadest 3-dB bandwidth
of 5.4 nm, a minimum pulse duration of 196 fs, and a repetition 10.
rate of 53.957 MHz. With the precise tuning of the intracavity
gratings, we can easily manipulate the cavity in anomalous, 1
near-zero, and normal dispersion regimes. The dispersion man-
agement in this manner not only offers the opportunity to study
the fruitful soliton dynamics in the visible range but also 12.
allows versatile control over laser parameters, such as pulse
duration and spectral bandwidth. By implementing a chirped-
pulse fiber amplification system, we further promote the laser 13.
output from the oscillator to an unprecedented power exceed-
ing 1 W in the visible fiber lasers while maintaining excellent 14
pulse quality. The achieved laser source could already find '
enormous applications ranging from advanced materials
processing to biomedical and nonlinear optics. Due to the ex- 15.
ceptional heat dissipation of fibers, the whole laser system op-
erates with excellent long-time stability, characterized by a low
power deviation of <0.3% and negligible wavelength drift. 16.
Our soliton mode-locked fiber oscillator and amplifier system
bridges the gap in sourcing femtosecond laser pulses from vis-
ible fiber lasers, marking a substantial breakthrough in the 17.
realm of ultrafast laser technology. This architecture, featuring
by compact dt'esign, high-Performance output, reliable opera- 18.
tion, and flexible tunability, can be readily implemented to
broaden the mode-locking spectral range, covering the entire
visible spectrum. We anticipate immediate applications and 19.
stimulation to further activities of such femtosecond fiber
laser systems in scientific research, medicine, and biological 20.
imaging.
21.
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