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Abstract: We demonstrate the generation of noise-like pulses (NLPs) and soliton rains in a graphene saturable absorber mode-
locked erbium-doped fiber laser. Typical NLPs are obtained at a proper pump power and in a cavity polarization state. The soliton
rain operation with multiple solitons can be achieved by finely adjusting the cavity polarization state. In addition, distinctive
multi-soliton interactions are observed and investigated, including the fundamental mode-locking and multiple pulses. The ex-

perimental results can help further understand nonlinear pulse dynamics in ultrafast optics.
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1 Introduction

Over the past decade, passively mode-locked
fiber lasers (MLFLs) have been extensively investi-
gated, and there have been remarkable advances in
scientific and industrial applications. Different from
active mode-locked techniques, the passive mode-
locked scheme is simple, compact, and low cost,
without using complex and costly active modulators
and drivers in the laser cavity. Typically, passively
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MLFLs can be implemented based on nonlinear po-
larization rotation (NPR) (Chouli and Grelu, 2010;
Jeong et al., 2014; Liu et al., 2015; Ma R et al., 2019),
nonlinear amplifying loop mirror (NALM) (Niang
et al., 2014; Ning et al., 2014; Luo AP et al., 2015),
semiconductor saturable absorber mirror (SESAM)
(Tang PH et al., 2015), novel two-dimensional mate-
rial saturable absorbers (SAs) like graphene and
graphene oxide (Bao et al., 2009; Ng et al., 2020),
topological insulator (Zhao et al., 2012; Luo ZC et al.,
2013), transition metal sulfide (Zhang et al., 2014;
Woodward et al., 2015), black phosphorus (Ahmed
et al., 2016; Song et al., 2016), MXene (Li J et al.,
2019; Ma CY et al., 2020), and tellurium (Shi et al.,
2020). Among them, graphene is now believed to be a
promising SA, and has been widely used in mode-
locking (Zhang et al., 2009; Martinez et al., 2010;
Meng et al., 2012; Song et al., 2013; Popa et al., 2017;
Yun, 2017; Pawliszewska et al., 2018) and
Q-switching (Popa et al., 2011; Tang YL et al., 2014;
Ahmad et al., 2017; Li D et al., 2017; Kasim et al.,
2018; Liu J et al., 2021) because of its excellent
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saturable absorption effect.

As one kind of special soliton state, noise-like
pulses (NLPs) can be frequently observed in the pas-
sively mode-locked erbium-doped fiber lasers (ED-
FLs), and are characterized by a broad pulse with a
smooth and wide spectrum as well as an autocorrela-
tion trace featuring a narrow peak on a broad pedestal
(Wang et al., 2016). Because of their unique features
such as high pulse energy, wide optical bandwidth,
and low coherence, NLPs are attractive for several
important applications including supercontinuum
generation (Zaytsev et al., 2013), nonlinear frequency
conversion (Kobtsev et al., 2014; Smirnov et al.,
2014), sensing (Goloborodko et al., 2003), and mi-
cromachining (Ozgoren et al., 2011). Systematic in-
vestigation on NLPs in NPR based mode-locked
EDFLs (Jeong et al., 2014; Liu J et al., 2015) and
figure-eight fiber lasers (Niang et al., 2014; Ning et al.,
2014) has been carried out. In addition to NLPs, the
soliton rain phenomenon can be observed in passively
MLFLs. This occurs in the transition region between
the conventional soliton pulse and continuous-wave
operation state (Chouli and Grelu, 2010). The pulse
state of soliton rains is composed of two parts, the
soliton flow part and the soliton condensed part,
where solitons are constantly moving from the flow
part to the condensed part. This is similar to the pro-
cess of rain droplet formation in nature (Song et al.,
2013). Although NLP and soliton rain phenomena
have been observed in the passively MLFLs by many
researchers, switchable operation regimes between
them in the same laser cavity, especially in the two-
dimensional materials based mode-locked EDFLs,
have been rarely reported. Clearly, compared to the
single operation state, lasers that can switch between
NLPs and soliton rains have more advantages.
Moreover, it would be beneficial for understanding
nonlinear pulse dynamics in ultrafast optics to sys-
tematically investigate this switching process.

Here, we study the experimental observation of
the dynamic generation processes of soliton NLPs
and soliton rains in a graphene mode-locked EDFL.
By adjusting the polarization controller (PC), we
observe the switching between NLPs and soliton rains.
Investigation on the transition between soliton rains
and other pulse states can promote the understanding
of the complex soliton dynamics in passively mode-
locked EDFLs.

2 Fabrication and nonlinear optical charac-
terization of a graphene saturable absorber

The structure of the graphene saturable absorber
(GSA) is depicted in the insert of Fig. 1, where a
tapered fiber with the tapered area covered by gra-
phene (5 mmx5 mm) is sandwiched by an MgF,
substrate and a polydimethylsiloxane (PDMS). The
tapered fiber with a diameter of 6 pm and a length of
5 mm is drawn from a standard single-mode fiber
(SMF) by flame-brushing technology. The MgF, and
PDMS have a refractive index of 1.376 and 1.413,
respectively. The small refractive index discrepancy
between the MgF, and PDMS means that they would
have a small effect on the evanescent field of the
tapered fiber.

After successful fabrication of the GSA, we fo-
cus on the characterization of its polarization-
dependent saturable absorption via a balanced twin-
detector measurement technique (Tang PH et al.,
2016). The experimental measurement configuration
is schematically shown in Fig. 1. A home-made
pulsed laser (central wavelength of 1560 nm, pulse
duration of 1 ps, and repetition rate of 21 MHz) am-
plified by an erbium-doped fiber amplifier (EDFA)
functions as the light source. A PC and a fiber polar-
izer are used to produce the linearly polarized incident
light with a tunable polarization state.

Pulse EpFa  Polarizer pc Attenuator Coupler

laser oS 90% 10%
Tapered fiber GSA

4 Power Power

MgF, Graphene meter B meter A

Fig. 1 Measurement of polarization-dependent absorp-
tion of the graphene saturable absorber (GSA)

Insert is the structure of the tapered fiber based GSA.
EDFA: erbium-doped fiber amplifier; PC: polarization con-
troller; PDMS: polydimethylsiloxane

Fig. 2 shows the measured nonlinear absorption
curves of the GSA for TE and TM modes. When the
incident light power increases from 1 to 30 mW, the
transmittance of the GSA for the TE mode increases
from 5.6% to 10.6%. For the TM mode, the
transmittance increases from 0.11% to 0.81%. The
corresponding modulation depth is about 5% and
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0.7% for TE and TM modes, respectively. These re-
sults indicate that both the insertion loss (IL) and
polarization-dependent loss (PDL) are extremely
large. We investigate IL and PDL wusing the
KEYSIGHT equipment (8184B, N7786B, N7744A,
Keysight, USA). Results are shown in Fig. 3. As
shown in Fig. 3a, IL is larger than 12 dB from 1500 to
1600 nm. Fig. 3b indicates that PDL is also large,
larger than 10 dB, which basically agrees with the
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Fig. 2 Nonlinear absorption of the graphene saturable
absorber for TE and TM modes
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Fig. 3 Insertion loss (IL) (a) and polarization-dependent
loss (PDL) (b) of the graphene saturable absorber

transmittance values of the two orthogonal modes
depicted in Fig. 2. The large PDL can be attributed to
the different interaction magnitudes for the TE and
TM modes with the tapered-fiber/graphene. In this
GSA structure, the electric field of TE mode is par-
allel to the graphene film. This means that they suffer
from a lower propagation loss than for the TM mode
(Sheng et al., 2013). The large PDL means that GSA
can be considered as a polarizer.

3 Experimental setup

The experimental setup of the passively mode-
locked EDFL based on the GSA is shown in Fig. 4. A
length of 8 m erbium-doped fiber (EDF) (EDFC-980-
HP, Nufern, USA) is pumped by a 980-nm laser diode
(LD) through a fused wavelength division multiplexer
(WDM). The EDF used in the experiment has an
absorption coefficient of (6+1) dB/m at 1530 nm and
a group velocity dispersion (GVD) of 15.5 ps*/km at
1550 nm. SMFs are used as the dispersion compen-
sation components with a GVD of —23 ps*/km at
1550 nm. A PC is used to adjust the cavity polariza-
tion state, and a polarization-independent isolator
(PI-ISO) is used to ensure the unidirectional trans-
mission in the ring cavity. The laser output is directed
through the 10% port of a coupler. The total cavity
length is 28.6 m, and the net dispersion of the cavity is
—0.35 ps®. The output spectra are measured by an
optical spectrum analyzer (AQ6370C, Yokogawa,
Japan). The autocorrelation trace is monitored by an

LD
\WDM

PC

10%

Fig. 4 Experimental setup of the GSA mode-locked
erbium-doped fiber laser

PC: polarization controller; WDM: wavelength division
multiplexer; EDF: erbium-doped fiber; SMF: single-mode
fiber; GSA: graphene saturable absorber; LD: laser diode;
PI-ISO: polarization-independent isolator
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autocorrelator (FR-103XL, Femtochrome, USA). The
output pulse train is detected by a 1-GHz, 5-GS/s
oscilloscope (DL9140, Yokogawa, Japan) together
with  a 1.2-GHz bandwidth  photodetector
(DETO1CFC, Thorlabs, USA).

4 Results and discussion
4.1 Noise-like pulses

When the pump power is set to 57 mW, we ob-
tain the NLP mode-locked state by adjusting the PC
appropriately. Results are shown in Fig. 5. As shown
in Fig. 5a, there are two peaks in the output spectrum,
with the center wavelengths locating at 1531 nm and
1557 nm. The front peak at 1531 nm with a relatively
weak intensity is induced by a large IL (Zeng et al.,
2015). Fig. 5b shows the mode-locked pulse train,
from which we can see that the fundamental repetition
frequency is about 7 MHz, which corresponds to the
total cavity length of the laser. The output power is
about 1.4 mW.
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The autocorrelation trace of NLPs is shown in
Figs. 5c and 5d, exhibiting a narrow coherent peak
with a full width at half-maximum (FWHM) duration
of 650 fs on a broad pedestal of 90 ps. The unique
characteristics of the autocorrelation trace together
with the broad and smooth optical spectrum indicate
that the mode-locked pulses obtained are NLPs, as
reported in Jeong et al. (2014) and Liu et al. (2015). In
addition, the operational state of NLPs can be main-
tained when the pump power changes from 57 to
520 mW by appropriately adjusting the PC. It should
be noted that the PC is slightly adjusted to optimize
the cavity polarization by changing the cavity bire-
fringence. The formation of the mode-locked NLPs in
our experiment may be greatly related to the cavity
polarization state as the PDL of the GSA exceeds
10 dB from 1500 to 1600 nm.

4.2 Soliton rains

Another distinct mode-locked state with multi-
ple solitons is observed by properly adjusting the PC
under the pump power of 57 mW. This state is known
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Fig. 5 Characteristics of the graphene saturable absorber mode-locked erbium-doped fiber laser operating in a noise-
like pulse state: (a) optical spectrum; (b) output pulse train; (c) autocorrelation trace; (d) magnified autocorrelation

trace in (c)
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as the soliton rain state (Chouli and Grelu, 2010).
Fig. 6a shows a typical temporal profile of the soliton
rain state on the oscilloscope. The temporal separa-
tion between adjacent pulse bunches is about 143 ns,

corresponding to the roundtrip time of the laser cavity.

It can be seen from Fig. 6b that several independent
solitons are preceding the main pulse, and that their
energy distribution is uneven, comprising only a

small proportion of the total energy of the pulse bunch.

As can be seen from Fig. 6¢, there are obvious quasi
continuous wave (CW) spectral components around
1530 nm, and Kelly sidebands exist. This shows that
the mode-locked fiber laser is operated in the anom-
alous dispersion regime (Nelson et al., 1997).
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Fig. 6 Output characteristics of the soliton rains:
(a) output pulse train; (b) magnification of the pulse train;
(c) optical spectrum

In the temporal dynamics of soliton rains, the
isolated solitons move towards the right-hand side,
finally flowing into the condensed soliton part. This is
similar to the process of rain droplet formation in
nature. With the increase of pump power, the velocity
of soliton flow increases and the amplitude of the
large peak changes abruptly. When the pump power
increases to 348 mW, the soliton will not flow and the
pulse train becomes stable. The characteristics of the
stable soliton state are shown in Fig. 7. As shown in
Fig. 7a, the soliton pulse is steady and the repetition
frequency is 7 MHz. The magnification of a single-
pulse profile shows that the soliton pulse is square-
shape (Fig. 7b), and the quasi-CW components on the
output spectrum (Fig. 7¢) are significantly weakened.
Fig. 7d gives the measured autocorrelation trace,
indicating a pulse width of 800 fs. All these results
demonstrate that the operational state is no longer one
of the soliton rains. From Figs. 6¢ and 7c, we can see
that the center wavelengths are around 1530 nm,
indicating the large cavity loss induced by IL and PDL
of the GSA at 1550 nm.

The presence of the CW components in the
spectra is a feature of soliton rains. In fact, through
their interactions, CW spectral components with a
large amplitude can produce severe fluctuations that
can form stable solitons when the pump power in-
creases to a certain point. The CW components can be
induced by various mechanisms, such as amplified
spontaneous emission and dispersive wave radiation
shedding from solitons (Gordon, 1992; Soto-Crespo
et al., 2003). However, the cavity dispersion, large
loss, and the saturable absorption characteristics of
the GSA can play important roles in the generation
process of soliton rains.

4.3 Dual-wavelength mode-locking

Under a pump power of 170 mW, we obtain an-
other mode-locked state by carefully adjusting the PC.
The recorded output pulse train is presented in Fig. 8a.
It can be seen that the fundamental repetition rate is
about 7 MHz, which corresponds to the roundtrip
time of the laser cavity. Fig. 8b shows the details of
the single-pulse bunch, in which there are many small
soliton pulses on the left side of the main pulse. The
optical spectrum and autocorrelation trace recorded
are displayed in Figs. 8c and 8d, respectively, exhib-
iting a measured pulse width of 610 fs and a spectrum
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with two primary peaks locating at 1532 nm and
1560 nm. In Fig. 8c, we can see that there are many
small sidelobes in the spectrum, corresponding to the
small solitons in Fig. 8b. The existence of small sol-
itons may be related to two mechanisms. On one hand,
the gain relaxation dynamics means that the gain of
the leading pulse is slightly higher than that of the
small soliton. On the other hand, the non-uniform
distribution of the background (apart from the soliton
radiation) plays an important role in establishing a
stable bound distance between the subsequent pulses
(Chouli and Grelu, 2010). When increasing the pump
power and keeping other parameters unchanged, the
positions of these two peaks also change. As seen in
Fig. 9a, with the increase of pump power, the relative
amplitude between two peaks of the output spectrum
varies, where the 1532-nm peak gradually weakens
and the 1560-nm one gradually strengthens. Fig. 9b
shows the pulse width under different pump powers,
from which we can see that the pulse width varies
considerably. The results can be related to the
switching between the generation of NLP and the
emission of multiple solitons (in the form of soliton
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Fig. 9 Output characteristics of the soliton mode-locked
state at different pump powers: (a) optical spectra;
(b) pulse width of the mode-locked pulse at different
pump powers (References to color refer to the online
version of this figure)

rain and dual-wavelength mode-locking) with the
increase of pump power.

5 Conclusions

We have experimentally studied the soliton op-
eration of a mode-locked fiber laser based on the GSA,
and observed various mode-locked pulse states, in-
cluding NLPs, soliton rains, and the particular mode-
locking at different wavelengths. Based on the ex-
perimental results on different soliton operations, we
have illustrated the soliton interaction induced by the
large cavity loss, the total dispersion, and the soliton-
soliton attraction induced by the GSA. We believe
that the research results can help better understand the
formation of solitons in passively mode-locked
EDFLs.
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