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We report a high-average-power noise-like pulse (NLP) and dissipative soliton (DS) pulse fiber laser. Average power
as high as 4.8 W could be obtained at the fundamental mode-locked repetition rate. The NLP can also be transformed into
a more powerful DS mode-locking state by optimizing the polarization and losses of intra-cavity pulses in the nonlinear
polarization evolution regime. The operation mode between the NLP and DS can be switched, and the laser output perfor-
mance in both modes has been studied. The main advantage of this work is switchable high-power operation between the
NLP and DS. In comparison with conventional single-mode NLP fiber lasers, the multi-function high-power optical source
will greatly push its application in supercontinuum generation, coherence tomography, and industrial processing.
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1. Introduction

With the development of ultrashort pulse lasers continu-
ally moving in the minimization, portable and flexible direc-
tion, mode-locked fiber lasers have attracted considerable at-
tention and have been thoroughly researched in the past. In
addition to nonlinear systems that are used to generate coher-
ent pulses'!! for fundamental science and application fields,
passively mode-locked fiber lasers can be treated as ideal plat-
forms to research and explore various unstable phenomena and
soliton dynamics.>**! Typically, under the guidance of the
complex Ginzburg-Landau equation, various intriguing non-
linear processes, such as soliton rain,!! soliton molecules, ¢!
soliton resonance,!’! soliton explosion,® and rogue wave!®!
have been extensively experimentally investigated in conven-
tional single-mode fiber lasers.

In scientific research, power-scaled and energy-enhanced
mode-locked fiber lasers are very favorable for suppression
of amplified spontaneous emission (ASE), and simultaneously
beneficial for improvement of the signal to noise ratio (SNR)
in reduced-repetition-rate energetic laser systems. However,
there are some difficulties associated with directly obtaining
such laser performance. In mode-locked fiber lasers, the ob-
tainable maximum average power and pulse energy are rele-
vant to dispersion and nonlinear phase accumulation. As a
result, fiber-based mode-locking pulses have been forced from
the conventional soliton in the anomalous dispersion domain
to the dissipative soliton (DS) in the all-normal-dispersion
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domain, bypassing stretched-pulse and similariton regimes.
Therefore, all-normal-dispersion mode-locking is one of the
most promising schemes to support more powerful and ener-
getic ultrashort pulse generation due to a chirped-pulse spec-
tral filtering-based DS shaping mechanism.!!") Beyond this,
there is also another type of operational behavior in mode-
locked fiber lasers that can extend the average power/pulse en-
ergy, namely, noise-like pulse (NLP) generation. Due to the
potential to possess higher average power and larger pulse en-
ergy, NLP operation in the all-normal-dispersion domain has
been a significant research subject in recent years.[!!]

Since they were first demonstrated,!!?! different wave-
length NLP fiber lasers (1030 nm, 1550 nm, 2000 nm) have
been intensively studied.!'>~1% Due to their unique forms and
inherent laser characteristics, such as quasi stable packets,
double-scale temporal behavior, and low temporal coherence,
most of the research works on NLP generation mainly focus on

[17,18

the realization methods, ! generation mechanisms,!1%-2!]

and nonlinear dynamics. (22231 1 contrast, the related research
works on high-power NLP generation are relatively rarely
reported. However, in some potential applications, such as

(241 material processing,*! and

[26

supercontinuum generation,
optical coherence tomography,[?®! power-scaled and energy-
increment NLP mode-locked seed sources are greatly desired.
Therefore, research on high-power NLP fiber lasers has im-
portant practical significance. It is well known that in conven-

tional core-pumped single-mode lasers, the NLP is limited in
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average power and pulse energy due to low pump power.!?’! In
addition, intense nonlinear phase-accumulation-induced pulse

splitting is a key restriction factor for power scaling and energy

t.[28] For example, pump power less than 1 W will

29]

enhancemen
induce pulse splitting for a cavity length as short as 9 m.[
As a result, for most of the reported single-mode NLP mode-
locked fiber lasers, the output power is less than 1 W in nor-
mal dispersion mode at 1 um with an NPE-based fiber cavity.
Based on an Yb-doped 10/125 double-clad gain fiber, average
power up to 1.4 W has been realized in a nonlinear optical
loop mirror mode-locked oscillator.*%! Therefore, reasonably
increasing the mode-field diameter is an effective method for
scaling the average power and pulse energy, and alleviating

[3132] Moreover, combiner fused spliced cladding

nonlinearity.
pumping employing high-power multimode laser diodes has
also been proved to be a viable method to significantly en-
hance the pump capacity and laser gain factor. 33!

Therefore, in consideration of its inherent performance
advantages and potential application prospects, we conduct
research on the generation of a high-average-power mode-
locked NLP in a large-core-diameter flexible fiber-based laser
configuration, in which a cladding pumping scheme with a
high-power multimode laser diode has been utilized to sig-
nificantly promote the power increase. With such enhanced
performance construction, the average power up to 4.8 W
at ~ 63.28 MHz repetition rate has been experimentally ob-
tained. Meanwhile, the recorded power fluctuations are better
than 3% RMS over 8 hours. Further, by optimizing the polar-
ization and losses of intra-cavity pulses in the nonlinear po-
larization evolution regime, the power-scaled NLP operation
state can also be switched to stable DS mode-locking. The
detailed laser performance has also been studied.

2. Experiment setup

The cladding-pumping-based dual-mode fiber laser is
schematically shown in Fig. 1. In the configuration, the po-
larization beam splitter (PBS) acts as the main output port for
the power-scaled NLP and DS lasers, and the ejection port
from the polarization-dependent optical isolator (PD-ISO) acts
as the mode-locked monitoring port. The gain medium is a
1.2 m long Yb-doped double-clad fiber (YBDCF) with 10 um
core diameter and 125 um cladding diameter. The nominal
peak cladding absorption is 7.4 dB/m @976 nm and the max-
imum launched pump power from the available multimode
laser diode is 29 W. The rest of the components in the ring
cavity all have 10 pm core diameter and 125 pm cladding di-
ameter (Nufern: LMA-GSF-10/125-M) and the total passive
fiber length in the experiment is 1.8 m. Enough laser gain can
be obtained by cladding coupling the multimode pump into
the YBDCF through a (24 1) x 1 pump combiner. The PD-
ISO ensures intra-cavity pulse unidirectional operation along

the ring oscillator in the clockwise direction, which is formed
by a pair of reverse-placed fiber collimators. The polarization-
dependent spectral filter is formed by sandwiching the bire-
fringent plate (BFP) between the PD-ISO and the PBS. The
experimentally utilized BFP is 3 mm thickness, and thus the
estimated filtering bandwidth is about 20 nm. To obtain stable
NLP mode-locking operation, the quarter-wave plate (QWP)
and half-wave plate (HWP) need to be respectively properly
adjusted. With such structure improvement, including the en-
hancement of pump capacity and reasonable control of non-
linearity, the laser performance on the NLP, especially aver-
age power, has been elevated to the utmost extent in terms
of the current parameter settings. Furthermore, due to the fact
that the transmittance of the NPE varies with the orientation of
the wave plates, when most of the instantaneous power of the
intra-cavity laser reaches the saturation threshold of the cavity-
parameter-related NPE, the NLP operation state can also be
easily switched to conventional DS mode-locking. In contrast
with the previous reported research on NLPs, in addition to
the direct high-average-power output, the switchable opera-
tion mode between the NLP and DS is the main advantage of
this work.

L QC

YBDCF

QWP BPF PBS QWP

- 4 —
PD-ISO HWP

Fig. 1. A schematic of the proposed dual-mode mode-locked fiber laser.
QWP: quarter-wave plate; HWP: half-wave plate; PBS: polarizing beam
splitter; BFP: birefringent plate; PD-ISO: polarization-dependent isolator;
YBDCEF: Yb-doped double-clad gain fiber; LD: laser diode.

3. Results and discussion

With the presented experimental configuration, both
power-scaled NLP and DS pulses can be achieved. These
two kinds of different operation modes are carefully studied
in terms of power tendency, spectral characteristics, tempo-
ral distribution and power stability over 8 h. Initially, the
stable and self-started mode-locked NLP is obtained under a
pump power of 5.9 W. During the process, besides manipu-
lation of the polarization of intra-cavity pulses, the coupling
efficiency between these two reverse-placed fiber collimators
needs to be optimized to regulate the intra-cavity losses and
match the NLP generation conditions. Figure 2(a) shows the
stable mode-locked pulse train, which is characterized using a
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fast photodetector (EOT3000, 2 GHz bandwidth) coupled to a
600 MHz oscilloscope (RIGOL MSO8064). The pulse train
features equal-amplitude and uniformly-spaced temporal dis-
tribution, and demonstrates the mode-locked stability.
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Fig. 2. (a) The mode-locked NLP pulse train; (b) pump power depen-
dence of NLP output power and pulse energy at 63.28 MHz fundamental
repetition rate.

In the studied pump-power range, the experimentally
obtainable maximum output powers at the main port from
the PBS and ejection port from the PD-ISO are 4.8 W and
432 mW, respectively. For NLP mode-locking, to initiate
pulsed operation, the intra-cavity saturable losses are larger
due to its wider pulse widths and weaker peak power. Fig-
ure 2(b) indicates the NLP increased output power and pulse
energy at the main port at ~ 63.28 MHz repetition rate. With
the increment in pump power, the energy of the NLP contin-
uously increases from 16 nJ (1.02 W) to 75.8 nJ (4.8 W) and
without pulse splitting. The spectra are centered at 1072.7 nm
and the resulting 3 dB spectral bandwidths are 29.6 nm. Fig-
ure 3(a) shows the measured spectra with 0.2 nm resolution on
linear and logarithmic (inset) scales, respectively. The spec-
tral characteristics are measured using an optical spectrum an-
alyzer (Yokogawa AQ6370C). The spectra profiles are promi-
nently distinguished from that of the conventional DS with
steep-edge spectral distribution. The reason for this can be
attributed to the inadequate pulse-shaping of the intra-cavity
laser and reverse saturable absorption of the NLP. Adopting
an intensity autocorrelator (APE PulseCheck), we measure the
autocorrelation traces of the NLP under the maximum output

power of 4.8 W. The measured results are shown in Fig. 3(b).
From the results, we obtain the central coherent spike with a
pulse duration as short as 115 fs, which is located on the top of
a wide pedestal with 23 ps full width at half-maximum. The
femtosecond spike in the picosecond wave packets originates
from the lack of phase coherence across the pulse train with
randomly varying amplitude and phase fluctuations.
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Fig. 3. (a) Mode-locked NLP output spectra respectively shown on linear
and logarithmic (inset) scales; (b) measured NLP autocorrelation traces in
the scanning range of 150 ps. The inset shows the autocorrelation trace of
the central spike. The red dashed lines in (b) correspond to Gauss fitting.

Further, we also measure the NLP power stability with
regard to its importance in practical use. For instance, in most
fiber laser applications, power stability is one of the extremely
important performance metrics and determines the application
range of fiber lasers to a large extent. Therefore, to more
accurately reflect the operation performance of the cladding-
pumping-based NLP fiber laser operating in the all-normal-
dispersion domain, the stability over 8 hours was measured
and is shown in Fig. 4(a). The calculated root-mean-square
(RMS) fluctuations are 0.9% under 4.8 W output power. Al-
though the used gain fiber supports three modes, we obtain
strictly fundamental transverse mode distribution in the exper-
iment due to the fact that the fundamental mode has larger
peak power density and more intense nonlinear saturable ab-
sorption compared with higher-order modes.

After obtaining stable NLP mode-locking, for further op-
timization of waveplate orientations under a pump power of
8.77 W, the NLP operation mode then can be switched to DS
mode-locking. In contrast to the NLP, the generation of DS
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pulses is attributed to enough modulation in the temporal and
spectral domain as a result of NPE and the dissipative filter-
ing mechanism. Figure 5 presents the power and pulse energy
variations with increasing pump power. In the experimentally
studied pump range from 8.77 W to 29 W, a stable single DS
pulse can be constantly maintained, which is in accordance
with the NLP case. Under a pump power of 29 W, the obtain-
able maximum power and pulse energy are 4.86 W and 76.7 nJ
at the main port, respectively.

8

(a)

Average power (W)
S

00 2 4 6

Time (h)

Fig. 4. Power stability and beam profile measurement of the NLP under
4.8 W output power.
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Fig. 5. Increased DS power and pulse energy as functions of pump power
at ~ 63.28 MHz fundamental repetition rates.

The spectra are centered at 1074.9 nm and the 3 dB spec-
tral bandwidths are 28 nm. The chirped pulse widths are mea-
sured using an APE intensity autocorrelator and are shown in
Fig. 6(a). The pulse widths are 6.9 ps assuming Gauss fitting.
Pulse duration as short as 141 fs can be obtained as chirped
pulses pass through a 1000 lines/mm transmission grating-pair
compressor. The autocorrelation traces corresponding to com-
pressed pulses are shown in Fig. 6(b). The inset in Fig. 6(b)
corresponds to mode-locked DS spectra with a sharp steep-
edge as a result of dissipative spectral filtering.

In contrast to the NLP, in the DS mode-locked operation,
in addition to the 4.86 W power output at the main port, aver-
age power up to 3.2 W can be obtained from the ejection port
of the PD-ISO. For NLP mode-locking, the saturable losses
are larger than those of DS mode-locking due to wider pulse
widths and weaker peak power. In contrast, for DS mode-
locking due to enough modulation in the temporal and spec-
tral domain, the non-saturable losses are more than those of

NLP mode-locking. As a result, we obtain a total of 8.06 W
mode-locked output power at both the main port and the ejec-
tion port of the PD-ISO. Likewise, for the high-average-power
mode-locked DS laser, we measure the power stability over 8 h
at the main port. The measured RMS fluctuations are 0.9%,
demonstrating the excellent operational performance.
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Fig. 6. (a) Measured chirped autocorrelation traces at the main port and
shown by the blue solid line; (b) measured autocorrelation traces for com-
pressed pulses and shown by the blue solid line; the red dashed lines cor-
respond to Gauss fitting.
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Fig. 7. Power stability measurement for DS pulses from the main port
over 8 h. The inset shows the beam profile of the compressed DS pulses.

4. Conclusion

In summary, we experimentally demonstrate an effective
and viable method to generate a high average-power NLP laser
directly from a mode-locked fiber oscillator. By choosing a fil-
ter with suitable spectral bandwidth, and reasonable optimiza-
tion of polarization and losses of intra-cavity pulses, average
power up to 4.8 W is obtained based on a cladding-pumping
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scheme with a high-power multimode laser diode. Moreover,
NLP operation mode can also be switched to DS mode-locking
with a comparable power level. Benefiting from low nonlin-
earity and a powerful pump, the output power from the pre-
sented laser configuration is much greater than that of conven-
tional single-mode fiber lasers. The high-power dual-mode
(NLP and DS) optical source will greatly push its application
in supercontinuum generation, coherence tomography, and in-
dustrial processing.
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