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Pure-quartic soliton molecules in normal fourth-order dispersion
regimes based on spectral filtering effect

Han-Yang Shen(H #BH), Rui-Bo Lan(i#i%1#), Hong-Bin Hu(FA#H), Yang Li(ZEFH),
Rui Zhou(f& %), and Zu-Xing Zhang(5KH3%)"

Advanced Photonic Technology Laboratory, College of Electronic and Optical Engineering & College of Flexible Electronics (Future Technology),
Nanjing University of Posts and Telecommunications, Nanjing 210023, China

(Received 14 November 2024; revised manuscript received 27 December 2024; accepted manuscript online 31 December 2024)

Recent theoretical verification of self-similar and dissipative pure-quartic solitons (PQSs) emphasized the similarity
between PQS lasers and conventional fiber lasers, but the unique equilibrium mechanism hinders the formation of PQS
molecules in normal fourth-order dispersion (FOD) regimes. In this paper, we investigated the effect of filters on shaping
PQSs in normal FOD based on a passively mode-locked fiber laser model. A bandpass filter eliminates the time pedestal
of dissipative PQSs, thus realizing a multi-pulsing state. When the filter bandwidth is appropriate, the effective spec-
tral filtering effect can lower the pulse splitting threshold and enable the coherent restoration from chaotic PQSs to PQS
molecules. Additionally, changing the central wavelength of the filter can generate PQSs and PQS molecules with asym-
metric intensity distributions. These results are important guides for the manipulation of PQSs and the construction of high

repetition-frequency fiber lasers.

Keywords: pure-quartic soliton, soliton molecule, spectral filtering effect, mode-locked fiber laser
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1. Introduction

Optical solitons in passively mode-locked fiber lasers
(PMFLs) are self-localized wave packets, whose discovery
has been applied to many novel optical applications, including
ultrafast laser technology,'=3! optical frequency combs,[#-6]
and telecommunications and signal processing.!’=! Initially,
the formation of solitons was thought to be balanced between
anomalous dispersion and nonlinear effects. However, lim-
ited by the soliton area theorem, the energy of conventional
solitons is only on the order of pico-Joules. The dispersion
management method of arranging the fibers with positive and
negative dispersion alternately can be used to obtain soliton
outputs with different energies at different locations in the
cavity, i.e., dispersion-managed solitons.!'" Inspired by dis-
persion management, self-similar and dissipative solitons in
the positive dispersion region have been successfully realized,
which breaks through the energy limitations by balancing the
dispersion, nonlinearity, gain, loss, spectral filtering, and other
effects, thus increasing the soliton energy by several orders
of magnitude. Traditionally, dispersion engineering regulates
second-order dispersion (SOD) in the cavity. Due to the devel-
opment of fiber optics and spatial dispersion engineering, this
concept has been extended to fourth-order dispersion (FOD)
or higher even-order dispersion./!!! After the first discovery of
pure-quartic solitons (PQSs) in photonic crystal waveguides
in 2016,1"?! they have been widely investigated because of the
significant enhancement of energy for ultrashort pulses and the
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unique equilibrium mechanism. Then, not only were conven-
tional PQSs realized in PMFLs, 13! but also self-similar and
dissipative PQSs were obtained at normal FOD regimes,[!4-16]
which exhibited similar output patterns to conventional PM-
FLs.

The formation of multiple pulses is a well-known phe-
nomenon in PMFLs. Affected by the peak clamping effect,
the unstable modulation of the noise seed at high pump power
causes soliton splitting.!!”) When the splitting solitons are
tightly bound through interactions, they form bound-state soli-
ton molecules or even molecular complexes, exhibiting prop-
erties similar to those of matter molecules.!'®! If the soliton
separation is appropriate, harmonic mode-locking may occur,
which greatly increases the repetition frequency of the PMFL.
Therefore, soliton splitting is desired for studying soliton in-
teractions and constructing high repetition frequency PMFLs.
Compared to conventional solitons, although the PQS has a
higher splitting threshold because the pulse tails can create

191 it can

potential barriers to provide strong repulsive force,!
still split to form PQS molecules under the overdriven nonlin-
ear effect. The additional interactions of the pulse tails ren-
der the evolution of PQS molecules both intriguing and com-
pelling, thus triggering related studies about pulsating PQS
molecules, 2 vector PQS molecules,? and PQS molecular
interactions. 2 However, the above studies of PQS molecules
were carried out at net anomalous FOD. The multiple soliton

states at normal FOD have not yet been obtained, since self-
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similar and dissipative PQS exhibit resonance or asymmetric
features rather than splitting at high energies. !>

In the present work, we realized PQS molecules in nor-
mal FOD regimes based on a PMFL model. The PMFL out-
puts dissipative PQSs without the filter. When adding a band-
pass filter to impose effective spectral filtering, the PMFL can
generate PQS molecules consisting of one to five PQSs. Fur-
ther optimization of the filter bandwidth allows the PMFL to
recover from chaotic PQSs to coherent multi-pulsing states.
Moreover, adjusting the central wavelength of the filter en-
ables PMFL to output PQSs that exhibit asymmetric shapes in
temporal and spectral domains. These outcomes highlight the
critical role of the spectral filtering effect in generating PQS
molecules in normal FOD regimes and provide new insights
for the dynamic control of multi-soliton states and the con-
struction of high repetition frequency PQS lasers.

2. Numerical method

Our results are based on a typical PMFL model, with
Fig. 1 illustrating its fundamental structure. The cavity con-
sists of Er-doped fibers (EDFs), a saturable absorber (SA), a
spectral filter, an output coupler (OC), and a spectral pulse
shaper (SPS). These elements are connected using single-
mode fibers (SMFs). The propagation dynamics of solitons
are described by the nonlinear Schrodinger equation (NLSE),

which is typically of the form!>*!
9A _ _ip2°A P 0’A  iBsd'A
dz 2 92 6 9P ' 24 Jrt
+ivlaPa+E2a, M

where A represents the slowly varying amplitude of the pulse
envelope, z is the propagation distance. 3, B3, and 34 symbol-
ize SOD, third-order dispersion (TOD), and FOD of the fiber,
respectively, ¢ is the time coordinate. 7 is the nonlinear coef-
ficient. g and ¢ are the gain and loss coefficients of the fiber,
respectively, where g is related to the pulse energy and can be

expressed as!>!

80
g= 7
L4 [ 1A (z0)] di /B + (0/24)°

(@)

where g is the small-signal gain coefficient and Eg is the sat-
uration energy of EDFs. @ is the angular frequency. £, is the
gain bandwidth of the EDFs.

The transmittance equation of the SA is related to the
pulse intensity, which can be written as

T—1— #2, 3)

1+1A(z,0)[" /Peat
where g and Py, represent the modulation depth and saturation
power of the SA, respectively. The OC is used to extract 20%

energy of the pulse to the output. The SPS can generate an

arbitrary phase distribution to fully compensate the SOD and
TOD in the cavity and introduce the desired FOD. The applied

phase function is!?’]

n

4 _
(@)= L p

“

The initial parameters used for the simulation are shown in
Table 1. The total SOD, TOD, and FOD of the fiber are
0.032 ps?, 0 ps®, and —0.0000044 ps*, respectively. By com-
pensating for the corresponding dispersion and introducing
0.15 ps* of FOD through the SPS, the PMFL can operate in
the normal FOD regime. In addition, the initial signal is weak
Gaussian white noise, beginning to circulate from the EDFs.
The NLSE is solved numerically by the split-step Fourier
method. The temporal and spectral information are recorded
at the OC for each roundtrip (RT).

EDF

Isolator Filter

Spectral pulse shaper

Fig. 1. PMFL model used for simulation.

Table 1. Simulation parameters.

Element Parameter Value
Length 2m
Bo—EpF 60 psz/km
B3—EpF 0 ps*/km
EDF Bi_EDF 0.0022 ps*/km
Y-EDF 0.006 W—l.m~!
g 1.5m™!
Eqy 10 pJ
Q, 30 nm
Length 4m
Br—smr —22 ps?/km
SMF Bs_smr 0 ps?/km
Ba_smF —0.0022 ps*/km
Y-SME 0.0015 W~ !.m™!
SA q 0.4
Peat 50 W
B —0.032 ps?
SPS Bs 0 ps?
Bs 0.1500044 ps*
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3. Result and discussion
3.1. Laser output without the filter

In our simulation, the pump power is closely linked to
Egii. When Eg,; is set to 10 pJ and no spectral filter is em-
ployed, the laser outputs dissipative PQSs, as shown in Fig. 2.
Figures 2(a) and 2(b) show the temporal and spectral evo-
lutions over 1000 RTs, respectively, where stable dissipative
PQSs form from weak noise after short RTs. To further char-
acterize dissipative PQSs, the single-shot temporal and spec-
tral distributions at the 1000th RT are extracted. In Fig. 2(c),
the pulse exhibits a symmetric, broadening pedestal, and the
chirp increases linearly in the central portion, while it be-
comes almost constant near the pedestals on both sides. The
corresponding spectra show similar features under the linear
and logarithmic coordinates, i.e., rectangularly distributed at
the edges and significantly dropped in intensity at the cen-
ter, as shown in Fig. 2(d). These unique features stem from
the discrepancy of the phase shift caused by FOD and self-
phase modulation (SPM) at the tails, > which endow dissipa-
tive PQSs with a higher capacity for nonlinear phase shift.
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Fig. 2. Dissipative PQS output without the filter. Temporal (a) and spec-
tral (b) evolution over 1000 RTs; single-shot time profile (c) and spectra
(d) at the 1000th RT.

3.2. Laser output with the filter

In dissipative systems, multiple pulses and wave break-
ing are common phenomena. However, for dissipative PQSs,
current studies only found wave breaking under the over-
driven nonlinear effect, similar to the collapse of conventional
PQSs.?°! Due to the incomplete matching of the phase shift
between FOD and SPM, the formation of the pedestal broad-
ens the pulse and creates a potential barrier at the tails. Qian
et al. proved that when increasing the pump power, the dise-
quilibrium of the phase shift exacerbates the energy transfer
to one side of the pedestal, thus making the dissipative PQS
>l Zhang et al. indicated that
dissipative PQS resonance will occur if the reverse saturable

exhibit asymmetric evolution.!!

absorption of the SA is considered.[*’]

These two phenom-
ena suggest that the temporal pedestal hinders the formation
of multi-solitons.

To eliminate time barriers, suitable shaping techniques
are necessary. The spectral filtering effect is an important
mechanism for soliton stability, soliton-type transition, and
multi-pulsing formation in normal dispersion regimes. For
solitons with large chirp, the spectral filter will also affect the
time domain,!*”! thus narrowing the pulse in both the time
and frequency domains. For this purpose, a Lorentzian fil-
ter has been added to the cavity, whose transfer function is
F(0) = 1/{1+ (0 — o) /Aw]2}.
frequency and Aw is the filter bandwidth expressed in angular
frequency. A is setto 5 ps~!

@y is the center angular

, and the center wavelength at
which the filter operates is 1550 nm. As shown in Figs. 3(a)
and 3(b), the spectral and temporal evolution over 100 RTs
describes the transition process from dissipative PQSs to new
shaping solitons, where the filter was added at the 50th RT.
The whole shaping process lasts for about 10 RTs. During
this process, the spectral peaks on both sides are diminished,
and the spectrum is contracted into a shape with a strong cen-
ter and weak sides. The pulse is also compressed, and en-
ergy transfers from the low-intensity pedestal to the central
portion, forming a pulse with a narrower width and higher in-
tensity. Figures 3(c) and 3(d) exhibit the single-shot spectra
and time profiles before and after adding the filter, where the
purple dotted line represents the filter transmission curve. It
is observable that the filter has higher transmittance near the
center wavelength, guiding the spectral evolution in the cavity
toward a Gaussian-like profile. The intensity of the pedestal
is progressively attenuated and ultimately eliminated, which
culminates in the formation of a novel pulse.
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Fig. 3. Soliton transition with the filter. Spectral (a) and temporal (b)
evolution, the filter was added to the cavity at the 50th RT; single-shot
spectra (c) and time profile (d) at the specific RTs, the purple dotted line
represents the filter transmission curve.

Increasing Eg, gradually enables the solitons after shap-
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ing to split and tightly bind to form PQS molecules, as shown
in Fig. 4. Figures 4(a) and 4(b) show the temporal and spec-
tral evolution of bound-state two-PQSs over 1000 RTs, with
Esy = 55 pl. The laser parameters constitute a fixed soliton
attractor, i.e., it evolves toward the same steady state regard-
less of random noise or initial state.?®! In the initial stage,
there are multiple weak noise evolutions, and the left soliton
is accompanied by dispersive wave emission. Driven by the
saturation absorption as well as the gain recovery effect, the
noise eventually evolves into two identical PQSs. By further
increasing Egy, the number of solitons becomes 3, 4, and 5
sequentially, and the corresponding evolutions are shown in
Figs. 4(c)—4(h). The intracavity energy determines the soliton

1000

(b)

500

50 1541 1550

Wavelength (nm)
(f)

Time (ps)
1000

RT

500 500

1000

1560 —50 0 50

1000

numbers that evolve from the background weak noise to sta-
ble states, which is a result of the soliton energy quantization
and gain transfer.?”! Figures 4(i) and 4(j) present the tempo-
ral and spectral distributions at the 1000th RT. As the num-
ber of pulses increases, the separation between them is not
strictly equal, and the spectrum manifests asymmetric distri-
butions, depending on the inter-pulse interaction forces. Fig-
ure 4(k) illustrates the relationship between Eg, and soliton
number, showing a stepwise increase in the number of pulses.
However, if Eg, is increased above 220 pJ, the intensified soli-
ton interactions and the accumulation of nonlinear phase shifts
will cause the collapse of PQS molecules.
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Fig. 4. Characterization of PQS molecules with different Egy. (a) Esar = 55 pJ, two pulses; (c) Esa = 70 pJ, three pulses; (e) Esa = 120 pJ, four
pulses; (g) Esar = 160 plJ, five pulses; the corresponding spectral evolutions (b), (d), (), and (h); time profiles (i) and spectra (j) of the 2-5 solitons

at the 1000th RT; (k) soliton number versus Egy,.

3.3. Influence of the effective spectral filtering effect on
chaotic PQSs

The growth of the soliton number is the consequence of
energy quantization that exceeds the splitting threshold, and
the critical threshold is clearly defined in a fixed laser sys-
tem. When the inherent gain bandwidth of the EDF is suf-
ficiently large, it fails to impose adequate constraints on the

spectral broadening caused by SPM, so that solitons like self-
similarity can broaden exponentially in gain medium with-
out splitting.’! Therefore, adding a bandwidth-limited fil-
ter to provide spectral loss is necessary for both the genera-
tion of multiple solitons'**?! and the management of pulse

[27,33

states. 1 When the saturation gain is large enough, the fil-

tering supplies extra loss for spectral bandwidth, which lowers
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the splitting threshold and has direct influence on the coherent
recovery of unstable states.**! For example, PQSs will col-
lapse into a chaotic state under high pump power and large
FOD conditions. By reducing the filter bandwidth to enhance
the effective spectral filtering effect, it can transition to multi-
pulsing states, as shown in Fig. 5.

Stable PQS molecules cannot be generated when the in-
tracavity pump power is high enough to accumulate a large
amount of nonlinearity, as shown in Fig. 4(k). While tak-
ing Eg = 250 pJ, the temporal and spectral evolutions are
depicted in Figs. 5(a) and 5(b), where a pulse collides after
being attracted to an adjacent pulse or a pulse recovered from
noise. This dynamic process continues incessantly, leading
to a chaotic evolution of multiple solitons. For large FOD,
the chaos stems from the inability of the filter to supply suffi-

1000 7 1000

1 1000

cient shaping effect to compensate for the imbalance between
FOD and nonlinearity. Figures 5(c) and 5(d) display the tem-
poral and spectral evolution, respectively, by reducing Egy to
120 pJ and increasing the intracavity B4 to 0.5 ps*. The tem-
poral oscillating tail becomes longer, accompanied by non-
periodic pulsating. To further investigate the impact of FOD
on PQS molecules, the variation of soliton number with B4
is shown in Fig. 5(e). Contrary to the effect of Eg,, contin-
uously increasing B4 leads to a stepwise decrease in soliton
number and eventual entry into the chaotic state. The spectra
with B4 = 0.1 ps?,
as shown in Fig. 5(f). It can be observed that the spectrum
of PQS narrows in the presence of large FOD, thus weakening
the filtering effect and causing chaos when the filter bandwidth
is fixed.

. 1000.

0.3 ps*, 0.5 ps* are extracted sequentially,

H
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Fig. 5. Coherent recovery from chaotic PQSs to PQS molecules. Temporal [(a), (c)] and spectral [(b), (d)] evolution of chaotic PQS with high

pump power Egy =

250 pJ and with large FOD f4 = 0.5 ps*, respectively; (e) soliton number versus intracavity FOD fy; (f) spectral distributions

with different FOD; (g) soliton number versus A®; temporal [(h), (j)] and spectral [(i), (k)] evolution of coherent PQS molecules with high pump

power and with large FOD, respectively, after adjusting A@ from 5 ps™

The narrow filtering bandwidth is favorable for generat-
ing multiple solitons, provided that the filtering loss can be
balanced by gain recovery. Figure 5(g) displays the soliton
number versus the filter bandwidth Aw, and soliton molecules

1t03.5ps~!

and stabilizing solitons cannot be obtained when Aw is either
too small or too large. The former results from excessive filter-
ing loss, while the latter fails to create effective spectral filter-
ing due to the wide filtering bandwidth. By reducing A® from
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5 ps~! to 3.5 ps—!, the enhanced effective spectral filtering
effect favors the recovery of PQS molecules, i.e., the chaotic
PQS induced by high pump power can transform into coher-
ent 10 pulses, as shown in Figs. 5(h) and 5(i). Furthermore, the
chaotic PQS with large FOD can also be restored to the PQS
molecule consisting of three pulses, as shown in Figs. 5(j) and
5(k). This operation for the filter not only facilitates the coher-
ent restoration of chaotic PQSs but also markedly augments
the number of PQSs that the PMFL can support.

3.4. Influence of the filter characteristic on output

The transmission curve of the filter is pivotal for wave-
length selection and soliton shaping. In the case of dissipa-
tive PQSs, the spectra are symmetrically distributed around
the central wavelength. The applied bandpass filter can exert
equivalent loss on both sides of the spectral peaks and pulses.
One operation to investigate the impact of applying asymmet-
ric loss is to misalign the central wavelength of the filter from
that of spectra, as shown in Fig. 6(a). The central wavelength
o of the filter is 1548.9 nm, with the high-transmission region
shifted towards shorter wavelengths. Under the initial parame-

ter conditions, the laser emits PQSs with an asymmetric distri-
bution in both the time and spectral domains with Egy = 20 pJ.
While Egy is increased to 60 pJ, asymmetric PQS molecules
consisting of two pulses can be generated. The pedestal exists
on one pulse side as the filter selectively removes the spectral
peaks on the right side of dissipating PQSs. This distribution
feature resembles that of the dissipative PQSs in Ref. [14],
with the difference that PQS molecules with shifted evolution
can be generated when we further increase the pump power.
Figures 6(d) and 6(f) capture the temporal evolution of shifted
PQSs and PQS molecules over 1000 RTs, and the correspond-
ing spectral evolution is displayed in Figs. 6(e) and 6(g). The
pulses exhibit a certain degree of displacement during the evo-
lution, while the spectral stability illustrates the consistency of
the pulse structure. If wy is adjusted to a longer wavelength
over 1550 nm, the shifted direction is opposite to this result.
The splitting of PQSs conveys a crucial message that the asym-
metric characteristics are caused by the filter together with the
imbalance between FOD and nonlinearity, which emphasizes
the shaping effect of effective spectral filtering on dissipative
PQSs.
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Fig. 6. Output characteristics of changing ®: (a) filter transmission curve; temporal (b) and spectral (c) distribution of asymmetric PQSs and PQS
molecules; temporal evolution of asymmetric PQS (d) and PQS molecules (f) over 1000 RTs; (e) and (g), the corresponding spectral evolution,

respectively.

4. Conclusion

In conclusion, we numerically investigated the role of fil-
ters in shaping the PQS at normal FOD regimes. The spectral
loss filtering simultaneously acts on the time and frequency
domains, thereby eliminating the original temporal pedestal
that impeded dissipative PQSs from splitting. By increasing
the pump power, bound-state PQS molecules comprising 2 to

5 pulses can be sequentially obtained. In addition, under con-
ditions of large FOD and high power, the coherent restora-
tion of chaotic PQSs to multi-pulsing states can be facilitated
by reducing the filter bandwidth to enhance effective spectral
filtering. Finally, altering the central wavelength of the filter
to impose different transmission losses on shorter and longer

wavelengths enables the formation of shifted-evolving PQSs
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and PQS molecules. These results highlight the pivotal im-

pact of spectral filtering in manipulating PQSs in normal FOD,

which offers valuable insights into the flexible control of PQSs

and the construction of harmonic PQS lasers.
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