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1. Introduction

The ultrafast fiber laser is one of the important development
directions in laser technology. It has been widely used in scien-
tific research and industries thanks to the superior characteris-
tics of its compact structure, its ease of manufacture, and its high
conversion efficiency!'*!. Researchers have proposed soliton
fiber lasers'®!. However, pulse energy for a single soliton is lim-
ited to about 0.1 nJ, due to the influence of soliton energy quan-
tization!”). To achieve a higher peak power to match the actual
demand in different fields, it is usually necessary to manage the
nonlinearity in fibers. In 2007, Chong et al. reported an all-
normal-dispersion (ANDi) fiber laser that produced dissipative
solitons!®). Due to the interaction of dispersion and nonlinearity,
and the balance of gain and loss, the dissipative solitons can
maintain a single-pulse state at high peak power with a pulse
energy output of about 20 nJ'). This type of laser increases
the energy by many orders of magnitude compared to typical
soliton lasers. Since then, the ANDI system has attracted much
attention.

However, with the rapid development of spectroscopy, optical
communication, sensing, medical, and industrial processing, the
ultrafast laser with a single fixed wavelength cannot satisfy the
increasing demands for multiple wavelengths light sources'™).
The ANDI fiber laser with a tunable output wavelength has
become a hot topic of research. The broad fluorescence spec-
trum of Yb-doped fiber makes it more advantageous in a tunable

© 2023 Chinese Optics Letters

061402-1

We report a Yb-doped mode-locked fiber laser based on a nonlinear amplifying loop mirror (NALM), which is all-normal-
dispersion (ANDi), and allows the output wavelength to be tunable. The laser can generate a stable femtosecond dissipative
soliton with a maximum output power of 196 mW. Its repetition rate is 112.4 MHz, and the final pulse duration is 236 fs.
By adjusting the angle of the reflective diffraction grating, the mode-locked fiber laser was realized to tune the output
with a tuning range of 54 nm from 1011.8 nm to 1065.6 nm. To the best of our knowledge, this is the widest tuning range
of an ANDi Yb-doped mode-locked fiber laser based on NALM.

Keywords: all-normal-dispersion; wavelength tuning; mode-locked fiber laser.

ultrafast pulse source. In 2010, Kong et al. constructed an ANDi
fiber laser using the principle of nonlinear polarization rotation
(NPR), which realized 46.3 nm spectral tuning from 1024.5 nm
to 1070.8 nm. However, increasing the pump power leads to a
“blueshift” of the central wavelength of the dissipative soliton!"!).
Since then, the ANDi systems using NPR to generate a multi-
wavelength dissipative soliton have also been proposed. In the sin-
gle-wavelength state, the wavelength tuning range of dissipative
solitons is relatively narrow!">™*!. Because NPR is extremely sen-
sitive to external disturbances, such as mechanical stress and tem-
perature variation, the biggest problem of this type of laser is its
poor stability"®. On the other hand, due to the incompatibility
between the polarization-maintaining (PM) fiber and NPR
mechanism, it is difficult to solve these disturbances!”).

In 2014, Huang et al. reported a tunable and switchable multi-
wavelength dissipative soliton generation in a graphene-oxide
mode-locked Yb-doped fiber laser. In the single-wavelength
mode-locked dissipative soliton state, continuous tuning can be
achieved only by adjusting the polarization controller (PC), and
the tuning wavelength range is 16.4 nm!"®!. There are many
real saturable absorbers used for the mode-locked device!'*?"),
but the deficiencies are obvious. First, the preparation of mate-
rials goes through a series of complex processes. It will greatly
increase the experimental workload if commercial finished
products are not used. Second, the ultrashort pulse power
obtained with the material mode-locked device is always main-
tained at a low level, and once the threshold is exceeded, the
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material will be damaged. It is worth noting that many saturable ~ (Col) are placed in turn. The reflective grating has a linear den-
absorbers suffer from potential degradation over time, which is  sity of 300 lines/mm, a blaze angle of 8°36’, and a reflection
detrimental to the long-term operation of the laser. Therefore, efficiency of 80% at 1030 nm, with the actual efficiency depend-
the commercialization of a saturable absorber is limited'>'??.  ing on the different polarization states'*”. The pigtails in the
Li et al. designed a figure-of-eight cavity ANDI fiber laser with ~ whole system are single-mode fibers (HI1060) with a GVD of
a tuning range of 20 nm based on NALM'?*!, Although its long- 23 ps?/km. Therefore, the total cavity net dispersion can be
term stability is improved, the nonlinear effects will expand with  conveniently calculated to be approximately 0.029 ps®.

a relatively long cavity!**!. Therefore, the search for an ANDi When the pump power was set at 350 mW, a stable self-
fiber laser with a high output power, a wide tuning range,  started mode-locked cavity can be realized. The phase shifter can
and a long-term operational stability may provide a high-  provide an initial phase shift to the ring cavity, thereby im-
performance laser seed source for research in the field of optics. ~ proving the mode-locking capability of the cavity®*~>*], The

In this paper, a tunable ANDi Yb-doped fiber laser with  output spectrum was monitored by an optical spectrum analyzer
NALM is introduced. This NALM structure is without material (OSA, Yokogawa, AQ6370C), the width of the pulse was mea-
degradation issues. At the same time, compared with the tradi-  sured by an autocorrelator (FR-103WS, Femtochrome Research
tional figure-of-eight cavity, the cavity length is greatly short-  Inc.), the pulse train was observed by a digital oscilloscope
ened, and the structure is simplified. Using reflective grating ~ (MDO3054, Tektronix), and the signal-to-noise ratio (SNR)
as a filter and wavelength selective device, a stable dissipative =~ was obtained by a radio frequency (RF) spectrum analyzer
soliton output is achieved, and the maximum output power  (E4407B, Agilent Technologies Inc.).
of 196 mW can be obtained. The laser has a high repetition rate
of 112.4 MHz and can generate femtosecond dissipative solitons.

The pl'llse duration is 236 f§, which is a.chieved by a dechirped 3. Results and Discussion

operation. Wavelength tuning was achieved through the rota-

tion of reflective grating and variation of angle 6 between the A reflective diffraction grating was used as a filter and wave-
incident and reflected beams. We demonstrated a wavelength ~ length selector in the experiment. Figure 2 is the local amplifi-
tuning range of 54 nm, and to the best of our knowledge, this cation diagram of Fig. 1, which shows the principle of the grating
value is the widest wavelength tuning range among those used tuning. The grating adopts the Littrow structure, that is, the
in NALM as mode-locked devices. strongest diffraction light will return to the cavity as feedback
and form laser oscillation. At this time, the grating has the high-
est efficiency and also contributes to the high power output. For
incident polychromatic light, different incident wavelengths 4
have the same incident angle a, but the diffraction angles f
The laser configuration is illustrated in Fig. 1. The pump lightis  are different. The normal direction of the grating is changed
a fiber-coupled 980 nm laser diode, which is input to the cavity =~ by rotating the reflective grating, which will cause the variation
by a 980/1060 nm wavelength division multiplexer (WDM). The  of the incident angle a, the center wavelength A of the light enter-
total ring cavity length is only 1.25 m, including a 1.08 m fiber ~ ing the fiber collimator shifts, and the wavelength tuning is then
and a 0.17 m optical path in free space. In order to provide a  realized.

sufficient differential nonlinear phase shift, a 0.21 m Yb-doped Figure 3(a) depicts the relationship between the incident
fiber (LIEKKI Yb1200-4/125) is asymmetrically placed in the  angle @ and the center wavelength A that can be received when
nonlinear loop and acts as the gain medium of the laser. The  the angle 8 between the incident beam and the receiver is taken
group velocity dispersion (GVD) of the Yb-doped fiber is  asa series of discrete constants (the spatial distance of the adja-
24 ps? /km. One end of the fiber optical coupler (2 X 2, 50/50)  cent inscriptions D = 1/300 mm, diffraction order m = 1). It is
opens to form a linear arm in which the reflective diffraction ~ shown that the reflective diffraction grating can realize the tun-
grating (Thorlabs, GR13-0310), the polarization beam splitter ~  ing of the wavelength in the range of 1 pm within the range of
(PBS), the phase shifter (FR and 1/8), and the collimator  the receiving angle 8 from 0° to 90°. Meanwhile, as indicated
in Fig. 3(b), the distance between the grating and the colli-
mator determines the filtering bandwidth. It can be proved that

2. Experimental Setup

port1
980nm

Laser Diode
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Fig. 1. Schematic setup of the mode-locked fiber laser with NALM. Fig. 2. Principle diagram of the reflective grating.
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Fig. 3. (a) Relation between the incident angle a and the received center
wavelength A at different angle 0. (b) Variation in the filter bandwidth with
the distance between the grating and the collimator.

there is a wide filtering bandwidth at a short distance, so the
appropriate distance is fixed to ensure the feasibility of the
experiment. We fix the distance to 0.17 m, which is the mini-
mum distance for space devices to be placed.

The following figure illustrates the characteristics of the out-
put pulses. All the results were measured at the pump power
of 350 mW. In addition, the reflective grating was fixed at
9.5° to meet the output center wavelength of 1030.0 nm. The
optical spectrum of ports 1 and 2 is shown in Figs. 4(a) and 4(c).
The full-width at half-maximum (FWHM) is 11.8 nm and
7.32 nm; and the central wavelength is 1030.00 nm (spectrom-
eter resolution: 0.02 nm). The autocorrelation trace of ports 1
and 2 is shown in Figs. 4(b) and 4(d). The corresponding auto-
correlation trace with a sech? fitting is plotted with a pulse dura-
tion of 2.09 ps and 2.77 ps, respectively. Compared with port 1,
the optical spectrum at port 2 is less smooth, which is induced by
the intracavity interference of two backward propagation beams
at port 2. Therefore, other characteristics of port 1 were observed
and analyzed, and it provided much better pulse quality. The
output spectrum of port 1 is a typical dissipative soliton with

)15

-
&
3

&

S

—Measurement

)
=

—Sechz-ﬁtting

Ae=1030nm

AR=11.8nm T=1.54x2.09ps

Intensity (dBm)
. i )
=

9
S

l

Normalized intensity

-60

1010 1020 1030 1040 1050 -20 -10 0 10 20
Wavelength(nm) Delay(ps)
(©) ()
-20 1.5
. —Measurement
~-30 £z 2 gu
) ] —Sech”-fitting
g 51
z-40 2c=1030nm | =
2 A=732m | 3 T=1.54x2.77ps
=-50 305
= £
s
60 z

-70
1010 1020 1030 1040 1050 =20 -10 0 10 20
Wavelength(nm) Delay(ps)

Fig. & Output characteristics of the fiber lasers. (a), (b) The output spectrum
and the autocorrelation trace at port 1. (c), (d) The output spectrum and the
autocorrelation trace at port 2.
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a cat-ear-like sideband and a time bandwidth product (TBP)
of 6.97 for the soliton.

Figure 5(a) shows the variation of the average output power
with the pump power. There is no continuous wave in the whole
mode-locked range of the pump power from 220 mW to
970 mW, and the mode-locked fiber laser can remain constant.
The maximum output power reaches 196 mW. The pulse train
of the oscilloscope is presented in Fig. 5(b). The repetition rate of
112.4 MHz matches well with the total length of the cavity, and
the pulse stability of the mode-locked fiber laser is confirmed by
the pulse train with a time range of 1 ps. The radio frequency
(RF) spectrum is shown in Fig. 5(c), with an SNR of 70 dB.
The reason for the high SNR may be the suppression of noise
by the equivalent saturable absorber and the effective excitation
of gain by power>. Figure 5(d) shows the harmonics in the
range of 80 MHz to 2000 MHz without modulation, indicating
that the laser mode-locked in an excellent stable state.

Since the ANDi Yb-doped fiber laser has excellent output
power, it is suitable for a dechirp operation to achieve femto-
second laser output. Therefore, we designed a grating pair com-
pressor. The out-of-cavity compression scheme is illustrated in
Fig. 6(a). The output laser from Col 1 enters the diffraction gra-
ting (LightSmyth Technologies, LSFSG-1000-3212-94, with lin-
ear density 1000 lines/mm) at an incident angle of 30° and a
power of 68 mW, where the gratings are spaced by 32.5 mm and
placed parallel to each other. After grating compression, the
laser is reflected from HR 1 into Col 2 with a power of 43 mW
and an overall compression efficiency of 63%. The autocorrela-
tion trace of the dechirped pulse is given in Fig. 6(b), assuming
the sech? pulse profile, the pulse duration of 236 fs, and the TBP
of 1.1. However, the calculated Fourier transform limit pulse
width is 94.467 fs, and the theoretical limit of the TBP is
0.315, which is different from the results obtained by us.
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Fig. 5. (a) Output power versus pump power. (b) The oscilloscopic pulse train.
(c) The RF spectrum of dissipative soliton, 5 MHz span with a 1 Hz resolution
bandwidth. (d) The RF spectrum in 2 GHz with a resolution bandwidth of 200 Hz.
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Fig. 6. (a) Schematic setup of the external cavity compression.
(b) Corresponding autocorrelation trace.

The reasons are analyzed as follows. On the one hand, the gra-
ting pair compression scheme used in the experiment can only
compensate for some of the linear chirps, while the nonlinear
chirps are not compensated in the dissipative soliton pulse,
which leads to the existence of chirps in the pulse so that it can-
not approach the theoretical limit. On the other hand, the
pulse width of the conventional soliton is usually close to the
Fourier transform limit pulse width, which is due to the mutual
compensation of the positive and negative chirps caused by the
self-phase modulation and the dispersion effect during the for-
mation of the conventional soliton in the anomalous dispersion
region®"). The chirp carried by the conventional soliton is very
low, so the nonlinear phase shift that can be tolerated is
extremely low. When the pulse energy is higher than the pico-
joule level, the conventional soliton is easy to split and produce
harmonics or bound states. But for the dissipative solitons, the
strong chirp is its characteristic. Therefore, dissipative solitons
can withstand large phase shifts and can achieve single pulse
output without splitting under high power conditions. Above
all, the pulse width of the dissipative soliton pulse cannot be very
close to the Fourier transform limit pulse width.

The tunability of the laser was investigated by rotating the
reflective grating. In Fig. 7, the entire tunable wavelength range
shows that the center wavelength was tuned from 1011.80 nm
to 1065.64 nm, and the whole process is continuously tunable.
The shape of the spectrum and the FWHM changed slightly
during the process, which is caused by the large rotation angle
that changes the nonlinear effects in the cavity®'. No signifi-
cant variation in pulse duration was observed for different cen-
tral wavelengths. Meanwhile, arbitrary tuning directions are
allowed. No matter whether it was going clockwise or anti-clock-
wise, for the rotation of the reflective grating angle (increasing 6
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Fig. 7. Typical mode-locked spectral tuning range diagram (1011.80-
1085.64 nm).
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Fig. 8. (a) The power fluctuations of the laser output. (b) The spectra
fluctuations of the laser output.

and decreasing 0), there was no significant difference in the per-
formance of the output pulse at the same wavelength.

In order to further analyze the stability of the mode-locked
laser, the relationship between the output power and the time
was measured. As shown in Fig. 8(a), which displays the stability
of the output power during 120 minutes, it can be seen that our
laser has a good stability. The calculated root-mean-square
(RMS) is approximately 0.352% at a pump power of 350 mW.
On the other hand, the stability of the output spectrum was
monitored. The laser spectrum at 1030 nm is depicted in
Fig. 8(b), and there is no obvious shift of central wavelength
or deformation during the two hours of observation, and a sim-
ilar characteristic was observed over the entire tunable range.

4. Conclusion

In conclusion, we constructed the dissipative soliton Yb-doped
mode-locked fiber laser. The laser operated in the ANDi regime,
and a stable performance was obtained at a dechirped pulse
duration of 236 fs, a repetition frequency of 112.4 MHz, and
an SNR of 70 dB. Meanwhile, the wavelength tunability of the
dissipative solitons was also investigated. Experimental results
confirm that wavelength tuning is achieved in the range of
54 nm, covering 1011.80-1065.64 nm. The FWHM and shape
of the output pulse spectrum do not change significantly
throughout the tuning range. The output power and spectral
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characteristics of the laser were monitored simultaneously, and
excellent stability was proved. Compared with the traditional
tunable ANDi Yb-doped fiber laser, the key advantages of our
device are a high output power, a wide wavelength tuning range,
and good stability. This laser will be an ideal choice as high-per-
formance light source for tunable laser setups and high-power
amplifiers.
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