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We demonstrate a 2080 nm long-wavelength mode-locked thulium (Tm)-doped fiber laser operating in the
dissipative soliton resonance (DSR) regime. The compact all-fiber dumbbell-shaped laser is simply constructed
by a 50/50 fiber loop mirror (FLM), a 10/90 FLM, and a piece of large-gain Tm-doped double-clad fiber pumped
by a 793 nm laser diode. The 10/90 FLM is not only used as an output mirror, but also acts as a periodical
saturable absorber for initiating DSR mode locking. The stable DSR pulses are generated at the center wave-
length as long as 2080.4 nm, and the pulse duration can be tunable from 780 to 3240 ps as the pump power is
increased. The maximum average output power is 1.27 W, corresponding to a pulse energy of 290 nJ and a nearly
constant peak power of 93 W. This is, to the best of our knowledge, the longest wavelength for DSR operation in

a mode-locked fiber laser.

OCIS codes: 060.3510, 140.4050, 140.3410.
doi: 10.3788/COL201917.030602.

Mode-locked (ML) Tm-doped fiber lasers (TDFLs)
operating in the eye-safe spectral region of 2 pm*¥ have
attracted intense research interests due to their advan-
tages for medicine”, mid-infrared generation?, material
processing?, gas sensing, and so on. At present,
ML-TDFLs have been widely reported using a semicon-
ductor saturable absorber mirror®y), carbon nanotubes?,
and two-dimensional materials®>¥. However, the pulse
energy obtained by these techniques is typically limited
to 0.1-10 nJW. Fortunately, dissipative soliton resonance
(DSR) was theoretically predicted by Chang et al. and
Akhmediev et al. in an ML fiber laser by solving the
complex cubic—quintic Ginzburg-Landau equation®2,
enabling an almost infinite boost of pulse energy without
wave breaking22/. They further predicted that DSR op-
eration can be obtained in both normal and anomalous-
dispersion regions®2), implying that large-energy DSR
pulses could be obtained at any desired wavelength.

In 2009, Wu et al. observed the DSR operation for the
first time, to the best of our knowledge, in a 1.56 pm
normal-dispersion Er-doped ML fiber laser by the nonlin-
ear polarization rotation technique®. Li et al. further
obtained the DSR operation in an anomalous-dispersion
ring fiber laser with a pulse energy of 79.5 nJ and a pulse
width of 155 ns2. The ultra-wide tunable square-wave
pulses in an Er-doped ML fiber laser were reported in
20122%,  Subsequently, some research groups have
reported DSR, operation of ML fiber lasers based on the
nonlinear optical loop mirror (NOLM) or nonlinear
amplifying loop mirror (NALM) technique in a linear
figure-eight or figure-nine cavity. Wang et al. success-
fully demonstrated the generation of DSR pulses in a
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figure-eight Er-doped fiber laser with a rectangular pulse
width of 73.7 ns and pulse energy of 3.25 nJZ/. In 2016,
Krzempek et al. realized microjoule-level DSR pulse gen-
eration from a figure-nine Er:Yb double-clad fiber laser'2.
Semaan et al. further increased the DSR pulse energy to as
high as 10 pJ in a figure-eight double-clad Er:Yb co-doped
fiber laser?. Our research group proposed a short-length
NOLM to significantly boost the peak power of the DSR
pulse and realized the generation of 200 W peak power in a
figure-nine Yb-doped fiber laser and 700 W peak power in
a dumbbell-shaped Er:Yb co-doped fiber laser®:2Y
respectively. It should be noted that most of these reports
focused on 1 and 1.5 pm, but few works have been done in
2 pm wavelength DSR operation.

In 2015, Xu et al. reported the generation of DSR, pulses
in a 2 pm all-fiber TDFL with a 19.51 nJ pulse energy and a
6.19 ns pulse width®2. Most recently, they demonstrated
1.96 pm DSR with a tunable pulse width from 3.74 to
72.19 ns and a peak power of 0.56 W, and two-stage am-
plifiers were used to increase the power and pulse energy2.
Kharitonov et al. achieved a 2 pm figure-nine DSR ML fiber
laser with an average output power of 670 mW, pulse en-
ergy of 400 nJ, and peak power of 7 W2, Recently, our
group has demonstrated a 2 pm all-fiber compact o-shaped
DSR ML fiber laser, which delivered an average output
power of 1.4 W, a maximum pulse energy of 353 nJ, and
a maximum peak power of 84 W2, However, all of the pre-
viously reported DSR fiber lasers£2 are operating around
2 pm, and there is still strong motivation to extend longer
wavelength DSR pulses directly from an ML fiber laser.

In this Letter, in order to obtain long-wavelength DSR
pulses beyond 2 pm, we designed an all-fiber compact
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dumbbell-shaped TDFL based on the NOLM technique.
The laser can stably emit DSR pulses with the center
wavelength of 2080.4 nm, a maximum average output
power of 1.27 W, a maximum pulse energy of 290 nlJ,
and a peak power of 93 W. These are, to the best of
our knowledge, the longest wavelength DSR pulses in
an ML fiber laser.

Our experimental setup is shown in Fig. 1. The laser
cavity simply consists of a 10 m double-clad Tm-doped
fiber (TDF), a 793 nm laser diode (LD) together with
a 793/2000 nm combiner and two fiber loop mirrors
(FLMs). The TDF (Coractive, DCF-TM-6/128) as a
high-gain medium has an absorption coefficient of
~1.5 dB/m at 790 nm and a group-velocity dispersion
Bo = —81 ps?/km around 2000 nm. The two FLMs are
used as the cavity mirrors to form the laser cavity.
FLM1 is made of a 50/50 optical coupler (OC) as a highly
reflective mirror, and FLM2 is constructed by a 10/90 OC,
11 m SM-1950 fiber, and an in-line fiber polarization con-
troller (PC). The in-line PC in FLM2 is used to optimize
the mode-locking operation. The reflectivity R of FLM2 is
calculated to be ~36%, which can extract ~64% of the
intra-cavity power22. FLM2 is not only used as an output
mirror, but also acts as a periodic saturable absorber for
initiating high-peak-power DSR. The modulation depth is
~36%, and the saturation power is about 94 W, which can
be favorable in initiating self-started mode-locking at a
low-pump-power level2Y. The cavity round-trip length is
about 47 m for a fiber loop length L of 11 m, and the
net cavity dispersion is about —3.78 ps?.

The output optical spectrum is measured by a 1.3-5 pm
laser spectrum analyzer (721B, Bristol Inc.). The charac-
teristics of the DSR pulse trains and radio frequency (RF)
spectrum are recorded by a 12.5 GHz photo-detector
(ET-5000F, Electro-Optics Technology, Inc.) together
with a 20 GS/s high-speed digital storage oscilloscope
(Agilent Infiniium DSO9404A) or an RF spectrum ana-
lyzer. The output power is recorded by an optical power
meter (Coherent, Field MaxII-TO).

In our experiment, the continuous-wave (CW) lasing
threshold of the TDF laser was about 1.14 W. The self-
starting ML state was observed when the pump power
was increased over 2.5 W. The characteristics of the
ML spectrum were summarized in Fig. 2. As seen in
Fig. 2(a), the spectra were recorded under different pump
powers of 2.63, 3.20, 4.35, and 5.49 W. The center wave-
length of the ML laser did not move, and the spectral
width never changed during the test. The optical spectra
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Fig. 1. Schematic of the compact dumbbell-shaped ML-TDFL.
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Fig. 2. (a) Optical spectral evolution under the pump powers of
2.63, 3.20, 4.35, and 5.49 W. (b) Optical spectra of both mode
locking and CW at the pump power of 5.49 W.

of the mode locking maintained a Gaussian profile, while
the pump power increased. As shown in Fig. 2(b), the CW
lasing at 2082.1 nm has a narrow linewidth of 1.1 nm.
Compared with the CW optical spectrum, the ML spec-
trum is significantly broadened, while the pump power
is over 2.5 W and has a 3 dB bandwidth of 18.3 nm.
The long-wavelength oscillation in the laser cavity could
be mainly attributed to the uses of the long-length double-
clad TDF and low cavity loss.

In order to further investigate the output characteristics
of the DSR operation, we recorded the evolution of the
DSR pulse, as seen in Figs. 3(a) and 3(b). The DSR pulse
duration monotonously increased from 0.78 to 3.24 ns, and
the pulse profile maintained a rectangular shape when the
pump power gradually increased from 2.29 to 7.75 W.
The optical spectral and pulse evolutions are in good
agreement with features of the DSR operation reported
previously’®¥, The calculated time-bandwidth product
is in the range of 989.4-4109.8. This indicates that the
pulse is largely chirped, which is a typical feature of
DSR. Moreover, it has been reported that the compression
of the DSR pulse is very difficult, because the DSR pulse
exhibits a unique chirp feature: a low chirp across the
center regime and large linear chirps at both pulse
edges”. In our experiment, we tried to compress it by
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Fig. 3. Output time-domain characteristics. (a) Single pulse
envelopes with different pump powers. (b) The pulse duration
as a function of the pump power. (c) Typical pulse trains at
the pump power of 5.49 W.
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a piece of dispersion compensation fiber, but we failed.
Figure 3(c) shows typical pulse trains at the pump power
of 5.49 W, where the pulse-to-pulse interval is 227.74 ns,
corresponding to the cavity round-trip time.

Figure 4 shows the characteristic of the DSR operation
in the frequency domain. As given in Fig. 4(a), the wide-
span RF spectra up to 500 MHz were recorded under
different pump powers of 4.35, 5.49, 6.61, and 7.75 W.
Interestingly, there is a modulation frequency period in
each widespan RF spectrum, which corresponds to
the pulse duration in the temporal domain by Fourier
transformation. To further demonstrate the characteris-
tics of the DSR pulses in the RF domain, the RF spectrum
up to 100 MHz and the typical RF spectrum around the
fundamental frequency are plotted in Figs. 4(b) and 4(c).
The fundamental frequency peak is locked at the cavity
repetition rate of 4.3652 MHz by using a 10 Hz resolution
bandwidth. The RF signal-to-noise ratio (SNR) is about
~57 dB, indicating CW mode-locking operation.

We also recorded the average output power, pulse
energy, and peak power as functions of the pump power.
As seen in Fig. 5, the average output power and pulse
energy linearly increased with the pump power. The
maximum average output power is about 1.27 W without
any saturation, and the maximum pulse energy is about
290 nJ at a pump power of 7.75 W, respectively. Due
to the peak power clamping effect induced by the periodic
saturable absorption of the 10/90 FLM, the peak power is
clamped at a nearly constant value of 93 W.

In conclusion, we have demonstrated a long-wavelength,
high-power, dumbbell-shaped ML-TDFL operating in the
DSR regime. A 10/90 FLM as the output mirror provided
the periodic saturable absorber that played a key role
in realizing mode locking. Self-started mode-locking at
2080.4 nm stably generated rectangular DSR pulses
with pulse duration tunable from 0.78 to 3.24 ns and a
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Fig. 4. Output frequency domain characteristics. (a) The RF
spectra evolution as a function of pump power. (b) The widespan
RF spectrum up to 100 MHz at the pump power of 5.49 W.
(c) RF output spectrum at the fundamental frequency at the
pump power of 5.49 W.
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Fig. 5. (a) Average output power as a function of pump power.
(b) Peak power and pulse energy as functions of pump power.

4.3652 MHz repetition rate. The DSR pulses have a
maximum average output power of 1.27 W, a pulse energy
of 290 nJ, and a nearly constant peak power of 93 W.
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