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We demonstrate, for the first time, to the best of our knowledge, an all-fiber figure-of-9 double-clad Tm-doped
fiber laser operating in the dissipative soliton resonance (DSR) regime. Stable mode-locked rectangular pulses are
obtained by using the nonlinear amplifying loop mirror (NALM) technique. A long spool of high-nonlinearity
fiber (HNLF) and a segment of SMF-28 fiber are used to enhance the nonlinearity of the NALM loop and to
obtain a large all-anomalous regime. Output power and pulse energy are further boosted by using a three-stage
master oscillator power amplifier (MOPA) system. At the maximum pump power, average output power of up to
104.3 W with record pulse energy of 0.33 mJ is achieved with a 2 μmDSR-based MOPA system. ©2019Chinese
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1. INTRODUCTION

Mode-locked pulsed fiber lasers have become a hot topic in
scientific research because of their significant application value
in many fields, such as material processing [1,2], medicine
[3,4], remote sensing [5,6], and nonlinear optics [7]. A mode-
locked pulsed fiber laser can generate a conventional negative-
dispersion soliton, a stretched pulse, a self-similar pulse, and a
dissipative soliton under different intracavity dispersion charac-
teristics. In addition to a dissipative soliton, the energy of other
pulses is often limited to 0.1–13.8 nJ [8–11]. A dissipative
soliton can withstand higher nonlinear effects, which can effec-
tively avoid pulse splitting, thus achieving a high-energy pulse
output.

In 2008, Akhmediev et al. theoretically predicted the gen-
eration of extremely high energy directly from a mode-locked
laser oscillator based on the cubic-quintic Ginzburg–Landau
equation [12]. Subsequently, Chang et al. proposed the concept
of dissipative soliton resonance (DSR), which indicates that the
energy of a soliton can increase indefinitely under suitable con-
ditions [13]. They also proposed that DSR can be produced in
either the normal dispersion or the anomalous dispersion re-
gion [14–16]. Due to its superiority in obtaining large pulse
energy and a tunable pulse width, more and more researchers
have been conducting a lot of experimental research on DSR.

In a 1 μm band, Liu et al. first observed the DSR operation in
an Yb-doped ring cavity fiber laser with the nonlinear polari-
zation rotation (NPR) technique [17]. The duration of the
rectangular pulses increased with rise of pump power. At maxi-
mum output power of 12.65 mW, the corresponding pulse en-
ergy was 3.24 nJ. Then, Li et al. reported similar experimental
results and increased the pulse energy to 54.6 nJ with a high
optical-to-optical conversion efficiency of 46% [18]. Cai et al.
obtained a high peak power of 1.1 kW and pulse energy of
160 nJ in an Yb-doped figure-of-8 laser, which was operating
in the DSR regime [19]. In a 1.5 μm band, Wu et al. observed
an Er-doped DSR mode-locked fiber laser in an all-normal-
dispersion regime for the first time [20]. Mode-locked square-
profile dissipative solitons were realized by the NPR technique
in a ring cavity. The pulse energy of the square-profile dissipa-
tive solitons increased to 281.2 nJ without pulse breaking or
distortion. Later, Li et al. first reported high-energy rectangular
DSR in an anomalous dispersion regime [21]. A rectangular
pulse with pulse energy as high as 715 nJ was realized in a long
ring cavity. Wang et al. demonstrated DSR in a figure-of-8
laser, which was mode-locked by using the nonlinear amplify-
ing loop mirror (NALM) technique [22]. Their experimental
results revealed that the cause of the DSR pulse is independent
of the specific mode-locking technique. At present, it is
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reported that the average output power and pulse energy of a
DSR mode-locked fiber laser can reach the W level and μJ level,
respectively. Krzempek et al. focused on the DSR mode-locked
double-clad Er:Yb fiber laser with different cavity structures
such as figure-of-8 and figure-of-9, and scaled the DSR pulse
energy to 1.011, 2.13, 2.3, and 6.5 μJ [23–26]. By employing
two amplifiers in a figure-of-8 double-clad Er:Yb fiber laser,
Semaan et al. demonstrated that a DSR mode-locked Er:Yb
fiber laser has potential to generate pulse energy at the 10 μJ
level [27]. It is worth noting that there are few reports on the
2-μm-band DSR mode-locked fiber laser, until Xu et al. dem-
onstrated DSR mode-locked rectangular pulses of 19.51 nJ in a
figure-of-8 Tm-doped fiber laser (TDFL) with net normal
dispersion in 2015 [28]. In our previous report, we proposed
and realized DSR operation in a figure-of-8 double-clad TDFL,
and pulse energy was further scaled up to about the 100 μJ level
[29]. Recently, figure-of-9 and σ-shaped oscillators were also
designed to generate a DSR mode-locked single-clad TDFL,
and energy of up to 400 nJ could be extracted directly from
the oscillator [30,31].

As can be seen from above, DSR mode-locking is considered
an efficient way to generate nanosecond large-energy pulses
besides Q-switching and gain-switching techniques. Oscillators
such as a ring cavity, and figure-of-8, figure-of-9, and σ-shaped
cavities are widely used in the generation of DSR. However,
there is no report on a figure-of-9 double-clad TDFL working
in the DSR regime, and there is still a lot of room for further
improvement in pulse energy with this regime.

In this paper, we report, for the first time, on a figure-of-9
double-clad TDFL that is operating in the DSR regime.
Furthermore, we use a multistage master oscillator power ampli-
fier (MOPA) system to increase the average output power and
pulse energy to up to 104.3 W and 0.33 mJ, respectively. These
are, to the best of our knowledge, record power and pulse energy
based on a 2-μm-band DSR-based MOPA system to date.

2. SCHEMATIC OF THE EXPERIMENTAL SETUP

A. Schematic of the Figure-of-9 DSR Laser Setup
The experimental setup of the proposed DSR laser is depicted
in Fig. 1. The DSR laser oscillator is composed of a figure-of-9
configuration. A 793 nm multimode laser diode (LD) is uti-
lized to pump the gain fiber with a maximum power of 12 W.
The multimode pump light is coupled into the gain fiber via a
�2� 1� × 1 pump combiner. The gain fiber is a 4-m-long
double-clad Tm-doped fiber (TDF; Nufern, SM-TDF-10P/
130-HE) with cladding absorption of 3.0 dB/m at 793 nm.
The corresponding core/cladding diameter is 10/130 μm,
respectively, with a group velocity dispersion (GVD) of
−86 ps2∕km at 1.9 μm. A home-made cladding power stripper
(CPS) is utilized to strip the unabsorbed pump light. Then, a
150-m-long high-nonlinearity fiber (HNLF; YOFC, NL-
1550-ZERO) and a 470-m-long single-mode optical fiber
(Corning, SMF-28) are used to enhance the nonlinearity of the
NALM. The HNLF has a core/cladding diameter of 4/120 μm,
respectively, a nonlinear coefficient of 11.68 W−1 · km−1, and a
GVD of −20.31 ps2∕km at 1.9 μm. The SMF-28 has a core/
cladding diameter of 9/125 μm, respectively, and dispersion of
–71 ps2∕km at 1.9 μm. Although the core diameters of the

HNLF and SMF-28 are quite different, these two fibers can
be connected by fusion splicing and repeated arc discharges.
The splice loss measured in the low-power regime is about
0.8 dB. For changing the polarization states of the cavity, a
three-paddle fiber polarization controller (PC) is added into
the fiber loop. The NALM is connected to a high-reflection
mirror (HR) via a four-port fiber coupler, which exhibits a
beam splitting ratio of 35:65. An isolator (ISO) is spliced to
the output port of the DSR laser oscillator for preventing un-
wanted reflected light. Because the fibers used in the cavity are
all anomalous at 1.9 μm, the DSR laser oscillator should oper-
ate in an all-anomalous regime. The total length of the cavity is
about 629 m, corresponding to an estimated net anomalous
dispersion of −37.12 ps2.

B. Schematic of the Setup of the DSR-Based
MOPA System
In order to obtain high power output, the DSR mode-locked
signal is injected into a three-stage all-fiber MOPA system, as
shown in Fig. 2. The first-stage amplifier (1st-Amp) and
second-stage amplifier (2nd-Amp) have similar structures: both
have a 16 W, 793 nm multimode LD and a 4-m-long TDF.
The parameters of the TDF are the same as those in the figure-
of-9 DSR laser. In the third-stage amplifier (3rd-Amp), large-
mode-area (LMA) fibers are utilized for handling high-power
operation. A high-power mode-field adaptor is utilized for
mode-field matching between 2nd-Amp and 3rd-Amp. In

Fig. 1. Schematic of the proposed figure-of-9 DSR fiber laser.

Fig. 2. Schematic of the high-power DSR-based all-fiber MOPA
system.
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3rd-Amp, two 120 W, 793 nm multimode LDs are used as the
pump sources, which are connected to the gain fiber via a high-
power-handling �2� 1� × 1 pump combiner. The gain fiber is
a 3-m-long LMA TDF (Nufern, LMA-TDF-25P/250-HE),
which exhibits high cladding absorption of 9.5 dB/m at
793 nm, a core/cladding diameter of 25/250 μm, respectively,
and a first cladding numerical aperture of 0.46. After the gain
fiber, a high-power CPS is utilized to strip the unabsorbed
pump light. Then an 8° polish with an anti-reflection coating
end cap is used to deliver a high power output and avoid
unwanted Fresnel reflection. For better thermal management,
the whole 3rd-Amp is placed on a 5°C water-cooled heat sink.

In our experiment, the time-domain characteristic is
measured with a 20 GS/s high-speed digital phosphor oscillo-
scope with a 1 GHz bandwidth (Tektronix, Inc., DPO
7104C), combined with a high-speed 2 μm photodetector with
a bandwidth >12.5 GHz (Electro-Optics Technology, Inc.,
ET-5000); the rise/fall time is 28 ps. The output spectra are
measured with an optical spectrum analyzer of 0.05 nm reso-
lution (Yokogawa, Inc., AQ6375B). The frequency-domain
characteristic is measured with a wide-frequency-span radio fre-
quency (RF) spectrum analyzer (Agilent Technologies, Inc.,
E4407B), combined with the ET-5000 photodetector. The
output power is measured with a high-sensitivity power meter
(Coherent, Inc., Fieldmaster) and a high-power laser energy/
power meter (Coherent, Inc., EPM2000).

3. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 shows the output characteristics of the figure-of-9
DSR fiber laser. When the injected pump power reaches about

3.96 W, stable mode-locked rectangular pulses can be achieved.
Figure 3(a) shows the pulse duration broadens from 12 to 262 ns
with increase of pump power from 3.96 to 7 W; however, pulse
profile and intensity remain nearly unchanged. The correspond-
ing output spectra are shown in Fig. 3(b); with enhancement of
pump power, not only does the spectral intensity increase, but
also does the 3 dB spectral bandwidth, which increases from12.3
to 16.6 nm.Meanwhile, the central wavelength is always located
at∼1976 nm.We have furthermeasured the RF spectrum char-
acteristics of the figure-of-9 fiber laser when the pump power is
7.00W, and corresponding pulse duration is 262 ns. Figure 3(c)
shows the RF spectrum around the fundamental repetition
rate with a 50 kHz span using a resolution bandwidth
(RBW) of 1 Hz. The measured fundamental repetition rate,
fc , is 317.8 kHz and the signal-to-noise ratio is up to
∼70 dB. Figure 3(d) shows a typical RF spectral distribution
with a 20 MHz span using a 1 kHz RBW. It can be seen that
the RF spectrum exhibits a periodic frequency modulation of
fm � 3.81 MHz, which is equivalent to the reciprocal of the
corresponding pulse duration. Figure 3(e) plots the pulse param-
eters versus the average output power. It can be observed that the
pulse energy generated and pulse duration change almost lin-
early with average output power. However, peak power remains
at a relatively low level (0.26–0.49 W), mainly due to the peak
power clamping effect. The obtained maximum average output
power and pulse energy are 41.5 mW and 130.5 nJ, respectively.
To test the long-term power stability of the figure-of-9 fiber la-
ser, the output power is recorded continuously for 2 h at a pump
power of 7.00 W. As shown in Fig. 3(f ), the calculated mean
output and the root-mean-square error (RMSE) are 41.3 and
0.26 mW, respectively. And the relative variation is only
0.63%, confirming that the figure-of-9 fiber laser is operating
with high stability. The inset in Fig. 3(f ) shows the autocorre-
lation trace obtained with an autocorrelator (APE, pulseCheck
USB) for a wide scan range of 150 ps. It can confirm that the
rectangular pulse envelopes did not contain any fine structures,
and the figure-of-9 fiber laser is operating in the pure DSR
mode-locking regime [25,32].

One of the noteworthy features of the rectangular pulses is
that their pulse energy could be increased to a very high level
without pulse distortion or pulse fission. In our experiment, we
also boost the output power and pulse energy in a three-stage
all-fiber MOPA system. High power output is obtained with
the all-fiber MOPA system. For the amplifiers in the first
two stages, maximum average output power of 4.04 W can
be generated. Figure 4 shows that the intensity of the rectan-
gular pulse is gradually strengthened with increase of the 2nd-
Amp pump power from 6.78 to 15.40 W, although the pulse
profile and duration remain nearly unchanged. So the pulse
energy of the rectangular pulse can be further improved.

At 3rd-Amp, maximum pump power of up to ∼210 W is
launched into the LMA TDF and average output power at the
100 W level can be obtained. Figure 5(a) shows the average
output power of the system versus the pump power injected
into 3rd-Amp. The recorded maximum output power is
104.3 W, with a slope efficiency of ∼50% and pulse energy
of 0.33 mJ. The inset in Fig. 5(a) shows the maximum average
output power. Figure 5(b) plots the output spectra at different

Fig. 3. Characteristics of the figure-of-9 double-clad DSR fiber la-
ser. (a) Output pulse. (b) Output spectra. (c) RF spectrum at the fun-
damental repetition rate. (d) RF spectrum with a 20 MHz span.
(e) Pulse parameters versus average output power. (f ) Power stability.
Inset: autocorrelation trace.
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output powers. Due to the wide pulse duration, the peak power
of the system is much lower than that in Ref. [29]; no obvious
nonlinear effect is observed. The spectra obtained are slightly
broadened, with maximum 3 dB spectral bandwidth of
∼16.6 nm. As can be seen from Fig. 5, no power saturation
and significant spectral broadening occur, so further improve-
ment in output power is mainly limited by the available
pump power.

4. CONCLUSIONS

In conclusion, a figure-of-9 double-clad TDFL that is working
in the DSR regime and a DSR-based MOPA system are dem-
onstrated. Rectangular pulses from the figure-of-9 double-clad
TDFL are continuously tunable in the range of 12 to 262 ns
and the maximum power/pulse energy obtained is 41.5 mW/
130.5 nJ, respectively. The average output power and pulse en-
ergy are further scaled up to 104.3 W and 0.33 mJ, respectively,
with the help of a multistage MOPA system. To the best of our
knowledge, this is the first DSR operation of a figure-of-9
double-clad TDFL and the highest recorded power/pulse
energy of a DSR-based MOPA system in the 2 μm band. The
experiment proves that the DSR-based MOPA system has
potential to be a candidate for generating high power/pulse en-
ergy in the nanosecond regime.
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