CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Comprehensive analysis of pure-quartic soliton dynamics in a passively mode-locked

fiber laser

Lie Liu(X1J%41), Ying Han(&#i #), Jiayu Huo(E f3:[¥),Honglin Wen(SCZLHk), Ge Wu(5 ), and Bo Gao( /= 1)
Citation:Chin. Phys. B, 2023, 32 (11): 114209. DOI: 10.1088/1674-1056/acc451
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Adiabatic evolution of optical beams of arbitrary shapes in nonlocal nonlinear media

Jiarui Che(Z=1EH), Yuxin Zheng(EBMi-C»), Guo Liang(F ), and Qi Guo(FEJif)
Chin. Phys. B, 2023, 32 (10): 104207. DOI: 10.1088/1674-1056/acd689

Adjusting amplitude of the stored optical solitons by inter-dot tunneling coupling in

triple quantum dot molecules

Yin Wang(F Jil), Si-Jie Zhou(F HU7), Yong-He Deng(XE 7k 1), and Qiao Chen([%:#7)
Chin. Phys. B, 2023, 32 (5): 054203. DOI: 10.1088/1674-1056/ac8f3d

Coupled-generalized nonlinear Schrodinger equations solved by adaptive step-size

methods in interaction picture

Lei Chen([%:7#%), Pan Li(Z=8%), He-Shan Liu(XIJ¥] 1), Jin Yu(£3 %), Chang-Jun Ke(1# %), and Zi-Ren Luo(®¥ 1 \)
Chin. Phys. B, 2023, 32 (2): 024213. DOI: 10.1088/1674-1056/ac76a8

Spatio-spectral dynamics of soliton pulsation with breathing behavior in the anomalous

dispersion fiber laser

Ying Han(¥:%), Bo Gao(/=1#), Jiayu Huo(ZE M), Chunyang Ma(5#FH), Ge Wu(5% X)), Yingying Li(Z % %),
Bingkun Chen(F&J#4&), Yubin Guo(Fl M), and Lie Liu(xX1%1))
Chin. Phys. B, 2022, 31 (7): 074208. DOI: 10.1088/1674-1056/ac4023

Sequential generation of self-starting diverse operations in all-fiber laser based on

thulium-doped fiber saturable absorber

Pei Zhang(5K i), Kaharudin Dimyati, Bilal Nizamani, Mustafa M. Najm, and S. W. Harun
Chin. Phys. B, 2022, 31 (6): 064204. DOI: 10.1088/1674-1056/ac3ba9


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc451
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc451
https://doi.org/10.1088/1674-1056/acc451
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acd689
https://doi.org/10.1088/1674-1056/acd689
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac8f3d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac8f3d
https://doi.org/10.1088/1674-1056/ac8f3d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac76a8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac76a8
https://doi.org/10.1088/1674-1056/ac76a8
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4023
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac4023
https://doi.org/10.1088/1674-1056/ac4023
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac3ba9
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac3ba9
https://doi.org/10.1088/1674-1056/ac3ba9

Chin. Phys. B 32, 114209 (2023)

Comprehensive analysis of pure-quartic soliton dynamics in a
passively mode-locked fiber laser

Lie Liu(XI%1)!, Ying Han(##)!, Jiayu Huo(ZE /)7,
Honglin Wen(SCZEHK)!, Ge Wu(RX)?, and Bo Gao(& #)!

lCollege of Communication Engineering, Jilin University, Changchun 130012, China

2College of Electronic Science and Engineering, Jilin University, Changchun 130012, China

(Received 19 January 2023; revised manuscript received 13 March 2023; accepted manuscript online 15 March 2023)

The understanding of soliton dynamics promotes the development of ultrafast laser technology. High-energy pure-
quartic solitons (PQSs) have gradually become a hotspot in recent years. Herein, we numerically study the influence of
the gain bandwidth, saturation power, small-signal gain, and output coupler on PQS dynamics in passively mode-locked
fiber lasers. The results show that the above four parameters can affect PQS dynamics. Pulsating PQSs occur as we alter
the other three parameters when the gain bandwidth is 50 nm. Meanwhile, PQSs evolve from pulsating to erupting and
then to splitting as the other three parameters are altered when the gain bandwidth is 10 nm, which can be attributed to the
existence of the spectral filtering effect and intra-cavity fourth-order dispersion. These findings provide new insights into

PQS dynamics in passively mode-locked fiber lasers.

Keywords: pure-quartic soliton, pulsating soliton, erupting soliton, passively mode-locked fiber lasers

PACS: 42.65.Tg, 42.65.5f, 42.55.Wd, 42.60.Fc

1. Introduction

High-energy soliton fiber lasers have been a research
hotspot due to their wide range of applications.!'"="] For soli-
tons which are produced by the balance between second-order
dispersion (f;) and the self-phase modulation (SPM) effect,
energy is proportional to the first power of the inverse pulse
duration (7) : E = 2|B|/(y7),®! which limits the increase in
energy. Third-order dispersion (f33) will cause solitons to be
unstable; however, the existence of negative fourth-order dis-
persion (f34) will make solitons stable. In 1994, researchers
found quartic soliton solutions with oscillating tails and a flat-
spectrum center of nonlinear Schrédinger equations (NLSEs),
which consider both negative 8, and f4,!°'?! Quartic soli-
tons originate from the balance between the negative 3, and
the SPM effect but are modified by ;.
20 years of stagnation in the research of quartic solitons, in
2016, Blanco Redondo er al.
(PQSs) that originate from the balance between the negative

After more than
found pure-quartic solitons

B4 and SPM effect in photonic crystal waveguides.!!3!4] The
energy of PQSs is proportional to the third power of inverse
T : Epgs = 2.87|B4|/(y7?),['>) which means the narrower T
leads to higher energy. The conditions required to obtain
PQSs require platforms to have a large negative B4, wide
bandwidth, and sufficient nonlinearity. In addition, B3 at the
central wavelength must be close to zero.!'®! Photonic crys-
tal waveguides, ['31416 silicon-based waveguides,!!” and op-
tical Kerr microcavities!!®2%! can meet the above conditions
to achieve PQS output.

The research on PQSs in fiber and fiber lasers began in
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2018; Blanco Redondo et al. designed the microstructured
fiber supporting the generation of PQSs, laying a foundation
for PQS fiber lasers.[>!1 Subsequently, they proved that the co-
existence of 3, and B4 can improve the performance of NLSE-
based fiber lasers.[>>?3] The above numerical results provide
theoretical support to the building of PQS fiber lasers.?4-26]
Later, they achieved PQS output from dispersion-managed

27281 and numerically analyzed their oscillation
129
.

fiber lasers!
characteristics.!*”! Luo et al. employed the same theoretical
model to investigate pulsating PQSs.!*% Other researchers
have used NLSE-based fiber lasers dominated by fB4 to theoret-
ically study vector quartic-solitons. 3! Research on the perfor-
mance and dynamic characteristics of PQS fiber lasers needs
to be carried out.

In this work, we numerically investigate the pulsating and
erupting dynamics in PQS fiber lasers. We study the effects of
the saturation power, small-signal gain, and output coupler on
PQS dynamics under different gain bandwidths (£2;). The re-
sults show that PQSs experience several stages, including sta-
tionary PQSs, pulsating PQSs, and creeping PQS molecules
with modulated parameters under £, = 50 nm conditions.
Meanwhile, when we consider the influence of high-order dis-
persion and the spectral filtering effect on eruption characteris-
tics, PQSs experience stationary PQSs, pulsating PQSs, erupt-
ing PQSs, periodically erupting PQSs, and PQS molecules
with modulated parameters when €2, is 10 nm. PQSs exhibit
similar dynamic characteristics under three modulated param-
eters, in which the small-signal gain corresponds to the pump
power in experiments and is a more extensive research object.
This paper therefore uses the influence of small-signal gain as

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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an example to analyze PQS dynamic characteristics. These
results will provide a physical mechanism for PQS dynamics.

2. Numerical method

Figure 1(a) presents the scheme of a PQS fiber laser,
which contains a pump source, a wavelength division multi-
plexer, Er-doped fiber, a fiber polarizer, a polarization con-
troller, an isolator, a saturable absorber (SA), a pulse shaper,
single-mode fiber, and an output coupler (OC). Pulse transmis-
sion in the fiber is simulated by NLSE

JA  iBp0*A 1B3d°A i Bid*A
dz 2 9T?2 6 JT3 24 OT#
+§+iyA|A|2, )

where A is the pulse slowly varying complex envelope. Here,
Y, B2, B3, and B4 represent the nonlinear coefficient, and the
second-order, third-order, and fourth-order dispersion coeffi-
cient of the fiber, respectively, and T is the time coordinate.
Meanwhile, g is the gain of the Er-doped fiber, written as

g(0) = 3 ,
1+ (w/Qg) +Epulse/Esat

2

where go, £, and Egy represent the small-signal gain, gain
bandwidth, and saturation energy, respectively. Here,
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is the pulse energy, where T is the roundtrip (RT) time. The
SA is modeled by

R(t)=1— — D 3)

Az, )|/ Peat”
where g, Py, and |A(z, T)|? are the modulation depth, satura-
tion power, and instantaneous pulse power, respectively.

The fixed parameter values in this simulation are given
The
pulse shaper, which can compensate for intra-cavity 8, and 33

in Table 1, and the other parameters are variables.

while providing a large negative B4, is modeled by multiply-
ing the electric field by the phase in the frequency domain in
simulation. '3 This means f3,, B3, and B of the pulse shaper in
Table 1 can fully compensate for intra-cavity f3,, B3 to nearly
zero and provide sufficient 84 to obtain PQSs. The time reso-
lution is 50 fs and the center wavelength is set near 1550 nm.

Table 1. Parameter values used in the simulation.

Element Parameter Value
EDF Length Im
Second-order dispersion f3, —21.4 ps’/km
Third-order dispersion f33 0.12 ps*/km
Fourth-order dispersion By~ —0.0022 ps*/km
Nonlinear coefficient y 0.0016 W 'm™!
SMF Length 204 m
Second-order dispersion 3, —21.4 ps?/km
Third-order dispersion 33 0.12 ps*/km
Fourth-order dispersion By~ —0.0022 ps*/km
Nonlinear parameter y 0.0013 W~ 'm™!
Pulse shaper ~ Second-order dispersion f3, 21.4 ps®/km
Third-order dispersion f33 —0.12 ps?/km
Fourth-order dispersion 5 —80.0022 ps*/km

103

10?

Intensity (dB)

-2 -1 0 1 2

100 (¢)

Spectral intensity (dB)

1010}
B4=—60 pstkm~!
— B4=—80 ps*km~!
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10-15 i . — B4=-120 ps"km~! \
-2 -1 0 1 2
Frequency (THz)

Fig. 1. (a) A scheme of the PQS fiber laser. (b) Logarithmic scale time profiles (inset: time profiles) and (c) the spectrum of stationary PQSs obtained
with different 4. Evolution of (d) the time profiles and (e) spectrums when f34 of the pulse shaper is set to —80.0022 ps4/km (inset in (e): energy).
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The Eg, P, 80, and output ratio of the OC (Ryy) are
set as 300 pJ, 200 W, 3.45 m~!, and 50%, respectively, to ob-
tain stationary PQSs. The PQS logarithmic scale time pro-
files shown in Fig. 1(b) present oscillating tails. Figure 1(c)
exhibits that the change in the spectrum intensity is less pro-
nounced but becomes flatter. Figures 1(d) and 1(e) present
the time profile evolution and spectrum evolution of PQSs to
demonstrate their stability. Typically, traditional solitons ex-
hibit pulsating dynamics or erupting dynamics with modulated

system parameters; 323!

it is therefore interesting to exam-
ine whether PQSs have similar dynamics with altered system
parameters. Therefore, we comprehensively study the effects
of Py, g0, and Roy on PQS dynamics. It was found that
there are pulsating single PQSs to creeping PQS molecules
with the changes in Py, g, or Roy under different gain band-
widths (50 nm, 40 nm, 30 nm, 20 nm). However, pulsating
PQSs, erupting PQSs, periodically erupting PQSs, and PQS
molecules appear when £, = 10 nm. The above results are
analyzed in detail below. It should be noted that the PQS dy-
namics with modulated Py, go, and Ry are qualitatively con-
sistent when £, = 50 nm, 40 nm, 30 nm, and 20 nm; we have
therefore taken £, = 50 nm and 10 nm as the examples in this
paper. Meanwhile, due to the importance of small-signal gain,
it is taken as an example for analysis in this paper.

3. Influence of system parameters on pure-
quartic soliton dynamics

3.1. Influence of small-signal gain under 50 nm
Modulated pump power in experiments corresponds to

a change g in simulation, which will cause different soli-
ton dynamics. In the simulation of this section, Qo, Egu,

1000

0] —————————

Wavelength (nm) Intensity

Piat, and Roye are 50 nm, 300 pJ, 200 W, and 50%, respec-
tively. The influence of g on soliton characteristics is inves-
tigated by linearly increasing g from 0.1 m~! with a step of
0.1 m~!. The fiber laser outputs stationary PQSs when g is
less than 28.1 m~!, but splitting occurs when g is increased
to ~ 1 m~! without the intra-cavity pulse shaper.[>>! PQSs
can endure large nonlinear phase shifts without splitting and
have large pulse energy.””! Pulsating PQSs appear when g
is in the range of 84.2 m~'-136.9 m~!.
the time profile evolution, spectrum evolution, energy varia-
tion, and single-shot spectrum of pulsating PQSs when g is
90 m~!. Figures 2(a) and 2(b) show that the time profile evolu-

Figure 2 reveals

tion of PQSs exhibits oscillation, while the spectrum evolution
exhibits breathing, and its energy also changes periodically.
Intensity exchange between sidebands and the center of the
soliton spectrums makes breathing appear during PQS spec-
trum evolution, which is also the cause of pulsating traditional
solitons:[?°! specifically, pulsating PQSs occur. Figure 2(c)
reveals the spectrum evolution of 10 RTs, and Figs. 2(d)-2(g)
show single-shot spectrums during one pulsating period to fur-
ther analyze the causes of the pulsation. The pulsating period
is about 5 RTs in Fig. 2(c), which means that the intensity ex-
change of the spectrum center with sidebands is within 5 RTs
and is restored to the original state after 5 RTs. Single-shot
spectrums of PQSs have high-intensity Kelly sidebands, sim-
ilar to traditional solitons, while PQS spectrums have multi-
low-intensity sidebands under the influence of fB4.1'3!>) This
makes it easier to produce energy exchange between sidebands
and the spectrum center, which makes it easier to obtain pul-
sating PQSs. Specifically, the intra-cavity large f4 is the cause
of pulsating PQSs.

i
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Fig. 2. Evolution of (a) the time profiles and (b) spectrums when gg = 90 m~! (inset in (b): energy). (c) The extracted spectrum evolution of
(b). (d)—(g) Single-shot spectrums at different RTs in one pulsating period.

The PQSs split into PQS molecules when gq is further
increased to 137 m~!, creeping PQS molecules occur when

g0 = 370.5 m~!, and the output of the fiber laser becomes

chaotic when g¢ reaches 475.7 m~!. When we compare Fig. 3
with the results in Refs. [37-39], it can be proved that the

double solitons we observed also exhibit similar snaking be-
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havior in the time domain, which is generally called creeping
solitons and belongs to a type of pulsating solitons. Specifi-
cally, PQS molecules creeping in the time domain (Figs. 3(a)—
3(f)) and breathing during spectrum evolution (Figs. 3(g)-3(1))
are induced by periodic attraction and repulsion between two
PQSs, which also induces the periodic variation of the pulse
energy. The creeping distance (period) of the PQS molecules
first decreases then increases, and the interval between them
also shows the same trend with the continuous increase in g.
The interval between two creeping PQSs attains the maximum
when go reaches a certain level, but its creeping distance is

400
300

200

RT

100

400

300

200

RT

100

1100 900
15601540 1550

1540 1550 13601540 1550

""15601540

minimum (Fig. 3(f)), which may be due to the fact that the
large pulse energy of the PQSs makes the energy exchange
and interaction between two PQSs easier at this time. It is
also easier to reach different equilibrium states (creeping). The
larger creeping distance makes spectrum breathing more obvi-
ous, i.e., it exhibits more obvious pulsation behavior. The 4

13,151 making it

leads to PQS spectrums with multi-sidebands,|
easier to produce energy exchange between the sidebands and
the spectrum center. Specifically, the appearance of creeping

PQS molecules is related to the intra-cavity large Bj.

1200 900

5 1560

13601540 "15601540 15

Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 3. Evolution of (a)~(f) time profiles and (g)—(1) spectrums when go = 370.5 m~', 380.8 m~!, 394.6 m~!, 431.1 m~!, 4447 m~!, and

4757 m~! (inset in (g)—(1): energy).

3.2. Influence of small-signal gain under 10 nm

Limited by the size of the fiber core, soliton transmis-
sion is affected by many factors in passively mode-locked
fiber lasers; these are not only the pumping capacity but also
the nonlinear effect, group velocity dispersion effect, and £2,
caused by doped ions. The gain spectrum is related to the dop-
ing concentration, fiber length, and pump power in actual pro-
duction. It is necessary to explore the effect of £2, on soliton
dynamics. The influence of Py, g, and Roy on PQS dynamics
(£2; = 10 nm) is investigated. It is found that the parame-
ter value required for splitting is low, which may be related
to the narrow €. Fiber lasers have a significant impact on
amplification when the spectrum width of the soliton is close
to €. Solitons with a narrower pulse width (wider spectrum
width) have higher energy according to the energy-width scal-
ing law of PQSs: namely, £2; = 10 nm limits the amplification
ability of fiber lasers in this simulation. At the same time, the
change in spectrums upon amplification makes it act as a spec-
tral filter, resulting in erupting PQSs, similar to the results in
Ref. [40]. PQSs, pulsating PQSs, erupting PQSs, and PQS
molecules appear successively as altered system parameters.

The €, Esy, Psa» and Roy are 10 nm, 120 pJ, 50 W,

and 50%, respectively, in this section. The g is linearly in-
creased from 0.1 m~! in a step of 0.1 m™! to study the effect
of pump power on PQS dynamics. The fiber laser outputs sta-
tionary PQSs when g is less than 3.5 m~!; pulsating PQSs and
the phenomenon similar to that presented in Subsection 3.1
appear with the continuous increase in g. Figures 4(a)-4(d)
display the time profile evolution, spectrum evolution, and en-
ergy change of the process from pulsating PQSs to erupting
PQSs and then to PQS molecules. It can also be seen as the
build-up of PQS molecules, which is different from the exper-
imental results observed in mode-locked lasers with only f;.
The build-up of dissipative soliton molecules always involves
complex interactions among solitons,?>*!1 while the build-up
of traditional solitons has a big corner.!*?) The field autocorre-
lation trace of PQS molecules in Figs. 4(i) and 4(j) shows that
there is no complex interaction before the formation of stable
PQS molecules, but eruption exists, which may be related to
the intra-cavity large negative f4.

Figures 4(e)-4(h) present the single-shot spectrums, and
the single-shot time profiles of pulsating PQSs are presented in
Figs. 4(a)-4(d). The time-domain oscillating tail and breath-
ing spectrum at £2, = 10 nm are more obvious compared with
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pulsation at £, = 50 nm. Due to the fact that they are char-
acterized by successive or periodic time shifts, spectrum frag-
mentation, and energy improvement, some researchers clas-
sify erupting traditional solitons as pulsating, [34-36-41.43-461 byt
more researchers classify this as explosion.[*’-31 Also, the
time profile evolution of erupting PQSs in Figs. 5(a) and 5(b)
reveals the quartic time shifts of PQSs, i.e., one typical erup-
tion characteristic. It can be seen that although the pulsating
characteristics of the PQSs are similar under two values, their
eruption processes are significantly different. Also, the sec-
ond PQSs appear at different time delay positions, i.e., the
erupting direction of the PQSs is not fixed, but it will cause
an increase in pulse intensity and energy, laying a founda-
tion for subsequent splitting. The nonlinear phase shift that
is accumulated (related to intensity) after the solitons run one
RT will affect the shape of the soliton spectrums or time pro-

[52] The single-shot time

files, and even cause solitons to split.
profiles of the erupting PQSs in Figs. 5(a) and 5(b) indicate
that during successive eruption, the intensity may be continu-
ously increased (Fig. 5(a)), or there may be a tiny weakening
(Fig. 5(b)), resulting in the accumulation of different nonlin-
ear phase shifts, so that the second PQS after splitting appears
at different time delay positions. The fragmented single-shot
spectrum in Figs. 5(c) and 5(d) further proves the existence of
erupting PQSs after pulsating and different erupting intensities
caused different degrees of fragmentation. High-order disper-
sion and high-order nonlinearity have important influences on
erupting traditional solitons, 8] and proper pairwise conjuga-
tion of these high-order effects can eliminate eruption.[*7:4]
Therefore, erupting PQSs can be attributed to the intra-cavity

large negative B4 in this simulation.

1000 1000 1000 1000
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Fig. 4. Evolution of (a), (b) the time profiles, (c), (d) spectrums, and (i), (j) field autocorrelations when g = 9.1 m~!, 9.2 m™! (inset in (c), (d):
energy). Single-shot (e), (f) spectrums and (g), (h) time profiles at different RTs in one pulsating period.

For erupting traditional solitons, periodic eruption will appear when one adds high-order nonlinearity and high-order disper-

sion to equations to model soliton transmission.*’~*° The time profile evolution will show periodic time shifts. An intra-cavity

large negative 4 makes the PQSs exhibit similar periodic eruption in this simulation. An example is shown in Figs. 6(a)-6(c),

where PQSs first pulsate and then erupt periodically. The 3D time profile evolution of erupting PQSs shown in Fig. 6(d) shows
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that PQSs erupt periodically with two peaks as one period, making the spectrum evolution exhibit periodic changes (Fig. 6(e)).
Single-shot spectrums of the erupting PQSs will also be “broken” (Figs. 6(f)-6(i)), but they will return to the original spectrum
shape at the beginning of a new eruption period (Fig. 6(j)). The center of the time profiles moves slightly and the intensity of the
oscillating tails changes slightly during eruption (Fig. 6(k)), which is also important for periodically erupting PQSs.

60 60 i
(a) wis|| (b) LOF (o) | 7305 L0 (d) 410 308
bl . 0.8} 5% || 5446 . 0.8 i
2 40 | 2 40 2 ‘ \ £ e 373 M‘\“
‘0 | ‘A @w (. I 7] .6
2 a | 2 i ||| 436 g 06 3 /\f |
\ 550 \ = 04 E 04 |
Z 20 305 /|| ‘\/395 Z 20 305 ) \‘\j Z0 = 550 TIPS
\ | /\ 550 \/ IhEL 4410 02 “ 0.2 I 3, DY
0 /N AR\ 0 < NS 0 SN 0 al I
—30 —10 10 30 30 —10 10 3 1545 1550 1555 1545 1550 1555
Time (ps) Time (ps) Wavelength (nm) Wavelength (nm)
Fig. 5. Single-shot (a), (b) time profiles and (c), (d) spectrums at different RTs of eruption in Figs. 4(a)-4(d).
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Fig. 6. Evolution of (a) the time profiles and (b) spectrums when g = 7.1 m~L. () Energy. (d) The extracted 3D time profile evolution and (e)
spectrum evolution of (a), (b). Single-shot (f)—(j) spectrums and (k) time profiles at different RTs in one eruption period.

4. Conclusion

In conclusion, we numerically found that the gain band-
width, saturation power, small-signal gain, and splitting ratio
of the output coupler in passively mode-locked fiber lasers will
all affect PQS dynamics. Stationary PQSs, pulsating PQSs,
and creeping PQS molecules appear one after another with
modulated parameters when £, = 50 nm. The analysis of
single-shot spectrums and single-shot time profiles in one pul-
sating period proved that pulsating PQSs can be attributed not
only to its oscillating tail but also to an intra-cavity large neg-
ative 4. The £, is also a limiting factor for soliton transmis-
sion in passively mode-locked fiber lasers. PQSs appear as
pulsating, erupting, periodically erupting, and splitting in turn
with modulated parameters when £, = 10 nm, which is quite
different from the pulsating dynamics at 50 nm. This may be
due to the change in the soliton spectrum caused by the nar-
row gain bandwidth during amplification, which makes it act

as a spectral filter. At the same time, the influence of high-
order dispersion and high-order nonlinearity on erupting tradi-
tional solitons, erupting PQSs, and periodically erupting PQSs
in this simulation can also be attributed to the intra-cavity large
Ba. These results deepen our understanding of PQS dynamics,
such as high-energy erupting PQSs.
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