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Abstract

This study investigates the transient mode-locking dynamics and parameter-sensitive pulse
evolution in a ytterbium-doped mode-locked fiber laser under near-zero net-dispersion con-
ditions. The influence of gain saturation energy Es, modulation depth T0, saturation power
Psat, and non-saturable loss Pns on transient pulse evolution and mode-locking buildup is
comparatively analyzed using the complex Ginzburg–Landau equation. Numerical results
indicate that increasing the gain saturation energy Es weakens the gain saturation effect
and prolongs the transient buildup process of stable mode locking, while simultaneously
promoting intracavity energy accumulation and spectral broadening through enhanced
nonlinear phase evolution. Increasing the modulation depth T0 accelerates mode-locking
initiation through enhanced nonlinear transmission contrast, whereas saturation power Psat

mainly affects the transient intracavity energy accumulation process during pulse evolution.
Increasing the non-saturable loss Pns suppresses low-intensity fluctuations during pulse
buildup and contributes to faster gain–loss stabilization inside the laser cavity. Under near-
zero net-dispersion conditions, stable picosecond pulse evolution with consistent spectral
and temporal characteristics is numerically obtained. The present results provide useful
physical insight into gain–loss interaction mechanisms and transient dissipative-soliton
dynamics in ultrafast fiber lasers.

Keywords: ytterbium-doped fiber laser; passive mode-locking; SESAM; dissipative soliton;
transient mode-locking dynamics; complex Ginzburg–Landau equation

1. Introduction
Ytterbium-doped passively mode-locked fiber lasers have been widely investigated

due to their high efficiency, broad gain bandwidth, and compact all-fiber configuration [1,2].
Extensive studies have focused on cavity design, mode-locking mechanisms, and pulse gen-
eration, enabling stable picosecond and femtosecond operation through various dispersion-
management strategies [3]. Among them, semiconductor saturable absorber mirrors
(SESAMs) combined with chirped fiber Bragg gratings (CFBGs) have become a standard
platform for dispersion control and stable mode locking [4].

Although emerging artificial saturable absorbers such as graphene and MXene have
been widely explored, SESAMs remain highly relevant due to their well-defined modulation
response, high damage threshold, and long-term stability [5,6]. The fundamental operation
principles and design methodologies of SESAMs for ultrafast lasers were systematically
established in early pioneering works [7–9], forming a mature theoretical basis for pulse
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shaping and mode-locking stabilization [10,11]. In addition, their predictable nonlinear
response makes SESAMs particularly suitable for numerical investigations of intrinsic pulse
formation dynamics. The underlying physics of SESAM-based mode locking has been
extensively studied, and such systems enable stable pulse generation through the interplay
of dispersion, nonlinearity, gain saturation, and saturable absorption [12].

From a physical perspective, pulse evolution in mode-locked fiber lasers is governed by
the balance between dispersion and nonlinearity, which determines the formation dynamics
of dissipative solitons [13,14]. Because this balance is strongly dependent on the dispersion
regime, transient dynamics observed in anomalous- and all-normal-dispersion systems
cannot be directly extended to near-zero-dispersion operation without further verification.
Consequently, the parameter sensitivity of pulse buildup dynamics may differ under near-
zero-dispersion conditions. To date, a unified multi-parameter comparative framework
that simultaneously considers transient pulse buildup and steady-state characteristics in
SESAM-based near-zero-dispersion fiber lasers has not yet been well established.

Most existing studies on transient mode-locking dynamics have focused on anomalous-
or all-normal-dispersion fiber lasers [15–17], where both buildup dynamics and steady-state
properties exhibit strong parameter sensitivity [18,19]. In contrast, representative studies
on near-zero-dispersion SESAM fiber lasers have mainly focused on steady-state operation
and long-term stability, whereas transient pulse buildup dynamics and their dependence
on key cavity parameters were not systematically examined in these studies [20,21].

In this work, transient mode-locking dynamics in a SESAM-based Yb-doped fiber
laser operating under near-zero net-dispersion conditions are numerically investigated
using the complex Ginzburg–Landau equation. The effects of four key parameters, namely
gain saturation energy, modulation depth, saturation power, and non-saturable loss, are
systematically compared in terms of both pulse buildup dynamics and steady-state charac-
teristics. The results provide additional insight into parameter-dependent pulse evolution
and the formation of stable mode locking in near-zero-dispersion fiber lasers.

2. Numerical Model and Simulation Setup
2.1. Numerical Model

The pulse propagation dynamics in the YDF and SMF sections are described using
the complex Ginzburg–Landau equation (CGLE) [22,23], which is commonly employed for
modeling pulse evolution in passively mode-locked fiber lasers [24]:

∂u
∂z

= − i
2

β2
∂2u
∂t2 + iγ|u|2u +

g
2

u (1)

where β2 is the group-velocity dispersion coefficient, γ is the nonlinear coefficient, g denotes
the gain coefficient, and u(z,t) represents the slowly varying pulse envelope, where t is the
retarded time and z is the propagation distance.

The transmission function of the saturable absorber (SA) is expressed as [7]:

T = 1 − T0

1 + |u|2/Psat
− Pns (2)

where T0 is the modulation depth, Pns represents the non-saturable loss, and Psat is the
saturation power.

The initial signal is represented by a Gaussian pulse function:

ux = 1 × 10−9· exp
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where ux denotes the initial optical field amplitude, t is the retarded time coordinate, and t0

is the initial pulse-width parameter.

2.2. Numerical Implementation

Figure 1 shows the schematic configuration of the ytterbium-doped fiber laser. The
cavity consists of a semiconductor saturable absorber mirror (SESAM), an ytterbium-doped
fiber (YDF) segment, a wavelength division multiplexer (WDM), a pump source, a chirped
fiber Bragg grating (CFBG), and single-mode fibers (SMFs). Pump power is coupled into
the cavity through the WDM. The YDF provides optical gain, while the SESAM acts as
the passive mode-locking element. The pulse characteristics are monitored after the CFBG
section throughout the simulation. The cavity propagation path is defined as: 0.6 m YDF
→ 1.25 m SMF1 → SESAM → 1.25 m SMF1 → 0.6 m YDF → 1.25 m SMF2 → CFBG →
1.25 m SMF2.

Figure 1. Schematic configuration of the simulated ytterbium-doped fiber laser cavity. SESAM:
semiconductor saturable absorber mirror; SMF: single-mode fiber; YDF: ytterbium-doped fiber;
WDM: wavelength division multiplexer; Pump: Pump Source; CFBG: chirped fiber Bragg grating.

The key simulation parameters we used are followed: For SMF, LSMF1 = LSMF2 =
1.25 m, β2,SMF = 24 × 10−27 s2/m, γSMF = 3.5 × 10−3 W−1m−1. For YDF, g0 = 250 dB/m,
Esat = 30 pJ, β2,YDF = 24 × 10−27 s2/m, γYDF = 3.5 × 10−3 W−1m−1, LYDF = 0.6 m. For
CFBG, β2,CFBG = −0.25 × 10−24 s2/m.

Dispersion management is realized by balancing the positive dispersion of SMF
segments against the negative dispersion from the CFBG [22], which helps maintain stable
pulse operation inside the cavity. The gain saturation (Es), modulation depth (T0), saturation
power (Psat) and non-saturable loss (Pns) are treated as tunable parameters to explore their
effects on pulse evolution, spectral features and mode-locking behavior.

2.3. Limitations of the Numerical Model

It should be noted that the present simulations are based on an idealized cavity model,
and deviations between numerical results and practical laser systems mainly arise from
two categories of factors.

First, additional intracavity losses originating from fiber splices, component insertion
losses, and fabrication tolerances will introduce deviations in the absolute values of steady-
state pulse energy, pulse duration, and spectral bandwidth. In general, increased losses
reduce the net gain of the cavity, leading to lower steady-state pulse energy and a slight
broadening of the pulse duration, while the overall spectral profile remains qualitatively
unchanged. From a dynamical perspective, these additional losses moderately accelerate
the intracavity gain–loss equilibration process, thereby reducing the number of cavity
roundtrips required for mode-locking stabilization. Importantly, such effects primarily
modify the timescale of pulse formation, while the relative sensitivity ordering among the
investigated parameters remains unchanged.

Second, higher-order dispersion, higher-order nonlinear effects, and other experimen-
tal imperfections not included in the present model may lead to deviations from an ideal
sech2 pulse profile. These effects mainly affect fine temporal and spectral structures, but do
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not alter the fundamental balance among dispersion, nonlinearity, gain saturation, and sat-
urable absorption that governs dissipative soliton formation and mode-locking dynamics.

In addition, the present simulations are seeded with a deterministic Gaussian pulse
rather than quantum noise. While this simplifies the analysis of intrinsic dynamics, it
may affect the quantitative details of the initial buildup stage in real lasers, where the
mode-locking is initiated from ASE fluctuations.

From the perspective of transient dynamics, these non-idealities act primarily as
perturbations to the intracavity energy evolution, rather than modifying the underlying
mechanism of pulse buildup. Therefore, while quantitative values such as pulse energy
and buildup time may vary in experiments, the key conclusions of this work—namely,
the strong parameter dependence of transient buildup and the relatively weak influence
on steady-state characteristics—are expected to remain robust in typical SESAM-based
Yb-doped picosecond fiber lasers. In particular, the ranking of parameter sensitivity across
Es, T0, Psat, and Pns is preserved under realistic perturbations, ensuring the validity of the
comparative trends reported in this study.

3. Results and Discussion
3.1. Influence of Gain Saturation Energy (Es) on Mode-Locking Dynamics

Using the CGLE-based numerical model and the simulated ytterbium-doped fiber
laser cavity illustrated in Figure 1, we first obtained stable mode-locked pulse evolution
under the baseline parameters: T0 = 0.3, Es = 30 pJ, Psat = 30 W, and Pns = 0.4.

Figure 2 shows the pulse evolution dynamics under these baseline conditions.
Figure 2a illustrates the temporal pulse evolution during cavity roundtrips, where a stable
pulse profile gradually forms after approximately 50 roundtrips. Figure 2c presents the
steady-state temporal pulse profile at the 300th roundtrip, showing a near-sech2-shaped
pulse envelope with a full width at half maximum (FWHM) of approximately 0.96 ps.
Figure 2b shows the corresponding spectral evolution during cavity roundtrips, where
gradual spectral stabilization and broadening can be observed as the pulse evolves toward
a steady operating state. Notably, the secondary peaks appearing in the early evolution
stage are transient intermediate states during mode-locking buildup, arising from the simul-
taneous amplification of multiple weak seed components under initial gain. As roundtrips
increase, the dominant pulse suppresses these competing components through combined
action of gain saturation and the intensity discrimination provided by the SESAM, finally
forming a stable single-pulse mode-locked state. Figure 2d shows the steady-state optical
spectrum at the 300th roundtrip, exhibiting a spectral FWHM of approximately 3.57 nm
with stable characteristics throughout the evolution process.

The formation of stable pulse evolution is associated with the dynamic interplay
among dispersion, nonlinear phase accumulation, and gain saturation effects within the
laser cavity [13,14]. This operating condition in the near-zero-dispersion regime serves as
the baseline for all subsequent parameter investigations.

To investigate the influence of gain saturation energy on transient mode-locking
dynamics, Es was varied from 10 pJ to 50 pJ while keeping all other parameters fixed at the
baseline values defined above. Figure 3a shows the temporal evolution of the pulse during
cavity roundtrips for different Es values. As Es increases from 10 pJ to 50 pJ, the number of
roundtrips required to reach a stable mode-locked state increases from 54 to 224, indicating
that higher gain saturation energy prolongs the pulse buildup process. This behavior may
be associated with the ability of the gain medium to sustain higher intracavity energy
before gain saturation sets in.
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Figure 2. Simulated pulse evolution dynamics in the ytterbium-doped fiber laser cavity: (a) temporal
evolution during cavity roundtrips; (b) spectral evolution during cavity roundtrips; (c) steady-state
temporal pulse profile; and (d) steady-state optical spectrum.

Figure 3. Influence of gain saturation energy (Es) on (a) mode-locking stabilization roundtrips,
(b) pulse energy, (c) spectral bandwidth, and (d) pulse duration.

Figure 3b presents the evolution of pulse energy. The steady-state pulse energy
increases slightly with Es, ranging from approximately 30.2 pJ (Es = 10 pJ) to 30.9 pJ
(Es = 50 pJ), corresponding to a relative variation of about 2.3%. The gradual rise in intra-
cavity energy during the early buildup stage reflects the influence of gain saturation on
transient dynamics.

Figure 3c shows the spectral evolution. The spectral bandwidth exhibits mild broaden-
ing during the transient buildup process, with steady-state FWHM varying from 3.50 nm
to 3.57 nm. This relatively small spectral variation may be related to the balance between
nonlinear phase evolution and the near-zero net-dispersion condition of the cavity.
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Figure 3d presents the temporal pulse width at steady state. Increasing Es slightly
broadens the pulse, with FWHM increasing from 0.95 ps to 0.97 ps. The effect on pulse
width is modest, indicating that Es mainly affects the buildup dynamics rather than the
steady-state pulse characteristics.

These results indicate that gain saturation energy primarily modulates the rate of
pulse buildup, with only minor effects on the final steady-state pulse characteristics under
near-zero-dispersion conditions. This decoupled sensitivity between buildup dynamics and
steady-state performance reflects a characteristic feature of near-zero-dispersion operation.

3.2. Influence of Modulation Depth (T0) on Pulse Buildup Dynamics and Steady-
State Characteristics

To investigate the influence of the saturable absorber modulation depth (T0) on tran-
sient mode-locking dynamics, T0 was varied from 0.2 to 0.5 while keeping all other pa-
rameters fixed at the baseline values defined in Section 3.1. Figure 4a shows the temporal
evolution of the pulse during cavity roundtrips for different T0 values. As T0 increases from
0.2 to 0.5, the number of roundtrips required to reach stable mode locking decreases from
119 to 39. This behavior reflects the stronger amplitude discrimination provided by the
SESAM at larger T0: the transmission difference between high-intensity pulse components
and low-intensity background fluctuations becomes more pronounced, which accelerates
the suppression of noise components and allows the main pulse to dominate the intracavity
energy distribution within fewer roundtrips.

Figure 4. Influence of modulation depth (T0) on (a) mode-locking stabilization roundtrips, (b) pulse
energy, (c) spectral bandwidth, and (d) pulse duration.

Similar tendencies have been reported in previous studies of mode-locked fiber
lasers [15–17], and the present results show that comparable behavior can also be observed
under near-zero-dispersion conditions.

Figure 4b shows the evolution of pulse energy with varying T0. During the early
buildup stage, a larger T0 accelerates the rise in intracavity pulse energy by reducing losses
experienced by the growing pulse due to enhanced saturable absorption. At steady state,
the pulse energy increases slightly from 30.4 pJ (T0 = 0.2) to 30.7 pJ (T0 = 0.5), corresponding
to a relative variation of less than 1%. This weak dependence may be related to the balance
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between gain saturation and intracavity dispersion under near-zero-dispersion conditions,
which limits further energy accumulation.

Figure 4c presents the corresponding spectral evolution during cavity roundtrips. The
spectral width gradually broadens as the pulse evolves toward the steady state, with the
steady-state spectral bandwidth increasing slightly from 3.48 nm (T0 = 0.2) to 3.62 nm
(T0 = 0.5). This weak dependence suggests that T0 mainly affects the rate of pulse buildup
rather than the spectral characteristics of the steady-state pulse. The spectral broadening is
moderated by the near-zero net-dispersion condition, leading to only a slight increase in
spectral bandwidth over the investigated T0 range.

Figure 4d shows the temporal pulse width at steady state. Increasing T0 from 0.2 to 0.5
reduces the pulse width slightly from 0.98 ps to 0.94 ps, corresponding to a relative variation
of approximately 4%. Such a small change confirms that T0 has only a limited influence
on steady-state pulse shaping, consistent with the general operational characteristics of
SESAM mode-locking. The slight pulse shortening observed at higher T0 may be associated
with the stronger intensity discrimination provided by the saturable absorber. This weak
dependence suggests that the steady-state pulse characteristics are relatively insensitive to
T0 under the near-zero-dispersion conditions considered here.

Overall, modulation depth exerts a stronger influence on the speed of mode-locking
initiation than on steady-state pulse properties. These observations provide insight into
how SESAM amplitude discrimination shapes transient pulse evolution, suggesting that
modulation depth primarily governs transient buildup dynamics rather than steady-state
pulse shaping in near-zero-dispersion cavities.

3.3. Influence of Saturation Power (Psat) on Transient Mode-Locking Dynamics

To examine the effect of the saturable absorber saturation power (Psat) on transient
mode-locking dynamics, Psat was varied from 10 W to 50 W while keeping all other
parameters fixed at the baseline values defined in Section 3.1. Figure 5a shows the temporal
evolution of the pulse during cavity roundtrips for different Psat values. As Psat increases
from 10 W to 50 W, the number of roundtrips required for stable mode locking decreases
moderately from 76 to 54. Figure 5b presents the evolution of pulse energy. The steady-
state pulse energy decreases slightly from 30.96 pJ to 30.59 pJ, corresponding to a relative
variation of approximately 1.2%. Figure 5c shows the corresponding spectral evolution.
The steady-state spectral bandwidth remains nearly constant across the investigated Psat

range, with only minor differences observed during the transient buildup stage. Figure 5d
presents the temporal pulse width at steady state. The temporal pulse width is almost
unaffected by Psat, indicating that Psat mainly affects the transient buildup process rather
than the steady-state pulse characteristics.

The observed variation in pulse buildup time may be associated with differences in the
nonlinear transmission characteristics of the saturable absorber. Changing Psat modifies the
intensity required to reach saturation and therefore affects the transient energy evolution
during pulse formation. This dependence of pulse buildup time on saturation power is
consistent with general SESAM mode-locking theory [7,10], and is confirmed here for
the near-zero-dispersion regime. This insensitivity of steady-state characteristics is likely
related to the balanced dispersion–nonlinearity interaction in the near-zero-dispersion
regime, which stabilizes the pulse profile against variations in absorber saturation power.
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Figure 5. Influence of saturation power (Psat) on (a) the number of roundtrips required for stable
mode-locking, (b) pulse energy, (c) spectral bandwidth, and (d) pulse duration.

Within the investigated parameter range, saturation power affects the transient intra-
cavity energy accumulation process, while its impact on steady-state pulse characteristics
remains negligible. This result highlights the role of absorber saturation dynamics in
near-zero-dispersion cavities, where steady-state pulse profiles exhibit weak sensitivity to
variations in saturation power.

3.4. Influence of Non-Saturable Loss (Pns) on Transient Mode-Locking Dynamics

To investigate the effect of non-saturable loss (Pns) on transient mode-locking dynam-
ics, Pns was varied from 0.1 to 0.45 while keeping all other parameters fixed at the baseline
values defined in Section 3.1. Figure 6a shows the temporal evolution of the pulse during
cavity roundtrips for different Pns values. As Pns increases from 0.1 to 0.45, the number
of roundtrips required for stable mode locking decreases from approximately 160 to 60.
Figure 6b presents the evolution of pulse energy. The steady-state pulse energy decreases
slightly from 33.4 pJ to 30.4 pJ, corresponding to a relative variation of approximately 9%.
Figure 6c shows the corresponding spectral evolution. The steady-state spectral bandwidth
exhibits only minor changes over the investigated Pns range. Figure 6d presents the tem-
poral pulse width at steady state. The temporal pulse width remains nearly unchanged,
indicating that Pns mainly affects the transient buildup process rather than the steady-state
pulse characteristics.

The observed variation in pulse buildup time may be associated with changes in the
intracavity loss balance introduced by different Pns values. Changing Pns modifies the
overall intracavity loss, which may contribute to differences in transient energy evolution
during pulse formation. The accelerating effect of non-saturable loss on mode-locking
stabilization has been noted in prior theoretical studies [15,16], and is observed here
under near-zero-dispersion conditions. The robust steady-state performance observed here
indicates that the near-zero-dispersion regime effectively buffers the pulse against changes
in intracavity non-saturable loss.
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Figure 6. Influence of non-saturable loss (Pns) on (a) the number of roundtrips required for stable
mode-locking, (b) pulse energy, (c) spectral bandwidth, and (d) pulse duration.

These results show that non-saturable loss mainly accelerates the stabilization of the
intracavity gain–loss balance, with limited influence on final steady-state pulse parame-
ters. This behavior indicates that non-saturable loss primarily modulates pulse stabiliza-
tion dynamics in near-zero-dispersion cavities, while leaving steady-state characteristics
largely unaffected.

3.5. General Discussion

A consistent trend emerges across all four investigated parameters: each key gain or
saturable absorber parameter exerts a marked influence on the transient pulse buildup
dynamics, yet exerts only a limited impact on the final steady-state pulse characteristics.
Specifically, increasing the gain saturation energy Es prolongs the number of roundtrips
required to achieve stable mode locking, whereas increasing the modulation depth T0,
saturation power Psat, or non-saturable loss Pns accelerates the stabilization process. Within
the examined parameter ranges, the maximum relative variation in steady-state pulse
energy remains below 10%, while the variations in spectral bandwidth and pulse duration
are even smaller. This clear decoupling between transient sensitivity and steady-state
robustness constitutes a defining feature of the near-zero-dispersion regime.

This behavior contrasts sharply with previous studies on anomalous-dispersion [15,16]
and all-normal-dispersion cavities [18,19], where steady-state pulse characteristics typically
exhibit pronounced sensitivity to variations in gain and absorber parameters. In near-
zero-dispersion cavities, however, the near-balance between dispersion and nonlinearity
plays a stabilizing role: it anchors the final dissipative soliton state against moderate
parameter fluctuations, while leaving the transient gain–loss equilibration process highly
responsive to parameter tuning. Such regime-dependent behavior underscores the critical
role of dispersion management in shaping both the transient evolution and the steady-
state attractor of mode-locked fiber lasers, and it contributes to a more comprehensive
understanding of dissipative soliton formation mechanisms [13,14].

From a practical perspective, these results offer clear engineering guidance. The
parameter-dependent buildup dynamics provide quantitative references for SESAM se-
lection and gain matching in real laser construction, enabling faster and more reliable
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self-starting mode locking. Meanwhile, the robust steady-state performance observed
under near-zero net dispersion implies a high tolerance to device fabrication tolerances,
component insertion losses, and splicing variations—factors that often complicate practical
laser implementation. This distinct operational characteristic complements the existing
empirical framework, which has been largely established for anomalous- and all-normal-
dispersion systems, and provides targeted insights for the design and optimization of
near-zero-dispersion picosecond fiber lasers.

Quantitatively, the present results complement earlier steady-state investigations of
near-zero-dispersion SESAM fiber lasers [20,21], which primarily addressed stable opera-
tion regimes without systematically examining multi-parameter transient pulse buildup
dynamics. The observed weak sensitivity of steady-state pulse parameters is also con-
sistent with previous experimental and numerical studies on SESAM-based Yb-doped
fiber lasers [25,26]. Within the parameter space explored here (Es = 10–50 pJ, T0 = 0.2–0.5,
Psat = 10–50 W, Pns = 0.1–0.45), the parametric trends in transient dynamics remain con-
sistent: a shorter buildup time correlates with lower Es, while higher T0, Psat, and Pns

tend to accelerate the establishment of stable mode locking. In contrast, steady-state pulse
characteristics remain comparatively insensitive across the entire investigated range.

Based on these observed trends rather than global optimization, a representative pa-
rameter region associated with faster transient response can be identified as Es ≈ 10–20 pJ,
T0 ≈ 0.4–0.5, Psat ≈ 30–50 W, and Pns ≈ 0.3–0.45. Relative to the baseline configuration
(Es = 30 pJ, T0 = 0.3, Psat = 30 W, Pns = 0.4), the mode-locking buildup time can be re-
duced by up to approximately 60% under the representative cases studied here, while
the variations in steady-state pulse energy and spectral bandwidth remain within 10%. It
should be emphasized that these values represent trend-consistent parameter selections
derived from numerical simulations and should be interpreted as qualitative guidance
for parameter tuning in SESAM-based near-zero-dispersion fiber lasers, rather than as an
absolute optimum.

4. Conclusions
This study numerically investigated the transient mode-locking dynamics of a SESAM-

based Yb-doped picosecond fiber laser operating in the near-zero-dispersion regime using
the complex Ginzburg–Landau equation. The influence of key gain and saturable absorber
parameters on pulse formation dynamics was systematically analyzed. The results indicate
that laser parameters primarily affect the transient buildup process, while steady-state
pulse characteristics remain comparatively stable, revealing a pronounced decoupling
between transient and steady-state behaviors in near-zero-dispersion cavities. These results
provide a physical reference for understanding parameter-dependent transient dynamics
in SESAM-based fiber lasers under near-zero-dispersion conditions.

Author Contributions: Conceptualization, J.Z. and C.L.; methodology, Y.M.; software, Y.Z.; validation,
J.Z. and C.L.; data curation, Y.M. and Y.Z.; writing—original draft preparation, Y.M. and Y.Z.; writing—
review and editing, J.Z. and C.L.; supervision, C.L.; funding acquisition, J.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Fujian Province (No.
2024J08081), Fujian Provincial Department of Education (No. JAT231108), Sanming University (No.
23YG08; SHE2412) and IOT Application Engineering Research Center of Fujian Province Colleges
and Universities.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/photonics13070651

https://doi.org/10.3390/photonics13070651


Photonics 2026, 13, 651 11 of 11

References
1. Haus, H.A. Mode-locking of lasers. IEEE J. Sel. Top. Quantum Electron. 2000, 6, 1173–1185. [CrossRef]
2. Haus, H.A.; Wong, S.S. Soliton lasers. IEEE J. Quantum Electron. 1990, 26, 1548–1557. [CrossRef]
3. Keller, U. Recent developments in compact ultrafast lasers. Nature 2003, 424, 831–838. [CrossRef] [PubMed]
4. Kärtner, F.X.; Jung, I.D.; Keller, U. Soliton mode-locking with saturable absorbers. IEEE J. Sel. Top. Quantum Electron. 1996, 2,

540–556. [CrossRef]
5. Fermann, M.E.; Hartl, I. Ultrafast fibre laser technology. IEEE J. Sel. Top. Quantum Electron. 2009, 15, 191–206. [CrossRef]
6. Orsila, L.; Gomes, L.A.; Xiang, N.; Jouhti, T.; Okhotnikov, O.G. Mode-locked ytterbium fibre lasers. Appl. Opt. 2004, 43, 1902–1906.

[CrossRef] [PubMed]
7. Keller, U.; Weingarten, K.J.; Kärtner, F.X.; Kopf, D.; Braun, B.; Jung, I.; Fluck, R.; Honninger, C.; Matuschek, N.; der Au, J.A.

Semiconductor saturable absorber mirrors (SESAMs) for femtosecond pulse generation in solid-state lasers. IEEE J. Quantum
Electron. 1992, 28, 2302–2312. [CrossRef]

8. Hönninger, C.; Paschotta, R.; Graf, M.; Morier-Genoud, F.; Zhang, G.; Gallmann, L.; Matuschek, N.; Sutter, D.H.; Baubeau, E.;
Keller, U. Mode-locking with semiconductor saturable absorbers. Appl. Phys. B 1999, 69, 3–17. [CrossRef]

9. Spühler, G.J.; Honninger, C.; Kärtner, F.X.; Keller, U. SESAM design for femtosecond solid-state lasers. IEEE J. Sel. Top. Quantum
Electron. 1999, 5, 1050–1058.

10. Kärtner, F.X.; Kopf, D.; Keller, U.; Bürgler, U.; Jäger, D.; Weingarten, K.J.; Brovelli, L.R.; Kampf, C.; Tanner, M. Femtosecond pulse
generation with SESAM mode-locked fiber lasers. IEEE J. Sel. Top. Quantum Electron. 2004, 10, 1147–1159.

11. Okhotnikov, O. (Ed.) Mode-Locked Fibre Lasers; IntechOpen: London, UK, 2012.
12. Akhmediev, N.; Grelu, P. Mode-Locked Lasers; World Scientific: Singapore, 2012.
13. Akhmediev, N.; Ankiewicz, A. Dissipative Solitons: From Optics to Biology and Medicine; Springer: Berlin/Heidelberg, Germany,

2008.
14. Grelu, P.; Akhmediev, N. Dissipative solitons for mode-locked lasers. Nat. Photonics 2012, 6, 84–92. [CrossRef]
15. Grelu, P.; Akhmediev, N. Transient dynamics of dissipative solitons. Phys. Rev. A 2007, 76, 033826.
16. Grelu, P.; Akhmediev, N.; Soto-Crespo, J.M. Transient dynamics of dissipative solitons in mode-locked lasers. Phys. Rev. A 2008,

77, 033818.
17. Bale, B.G.; Wabnitz, S. Dynamics of dissipative soliton fiber lasers. Opt. Lett. 2010, 35, 2466–2468. [CrossRef] [PubMed]
18. Chong, A.; Buckley, J.; Renninger, W.; Wise, F. All-normal-dispersion femtosecond fiber laser. Opt. Express 2006, 14, 10095–10100.

[CrossRef] [PubMed]
19. Renninger, W.H.; Chong, A.; Wise, F.W. Dissipative solitons in normal-dispersion fiber lasers. Phys. Rev. A 2008, 77, 023814.

[CrossRef]
20. Runge, A.F.; Broderick, N.G.; Monro, T.M. Near-zero dispersion mode-locked fiber lasers. Opt. Express 2012, 20, 20077–20088.

[CrossRef]
21. Runge, A.F.; Broderick, N.G.; Monro, T.M. Long-term stability of near-zero dispersion mode-locked fiber lasers. Opt. Express 2015,

23, 15827–15838.
22. Agrawal, G.P. Nonlinear Fiber Optics, 6th ed.; Academic Press: Cambridge, MA, USA, 2019.
23. Kutz, J.N. Modelling ultrafast mode-locked fibre lasers. In Ultrafast Mode-Locked Fiber Lasers; IOP Publishing: Bristol, UK, 2006;

Chapter 4.
24. Krogh, C. Mode-Locked Fibre Lasers: Theoretical and Experimental Developments. Ph.D. Thesis, Aarhus University, Aarhus,

Denmark, 2006.
25. Wang, S.; Tu, C.; Jamali Mahabadi, S.E.; Droste, S.; Sinclair, L.C.; Coddington, I.; Newbury, N.R.; Carruthers, T.F.; Menyuk, C.R.

Obtaining more energetic modelocked pulses from a SESAM-based fiber laser. Opt. Express 2020, 28, 21609–21624. [CrossRef]
26. Jauregui, C.; Eidam, T.; Limpert, J.; Tünnermann, A. High-energy SESAM-mode-locked Yb fiber lasers: Design and limitations.

Opt. Lett. 2018, 43, 2851–2854.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/photonics13070651

https://doi.org/10.1109/2944.902165
https://doi.org/10.1049/el:19900744
https://doi.org/10.1038/nature01938
https://www.ncbi.nlm.nih.gov/pubmed/12917697
https://doi.org/10.1109/2944.571754
https://doi.org/10.1109/jstqe.2008.2010246
https://doi.org/10.1364/ao.43.001902
https://www.ncbi.nlm.nih.gov/pubmed/15065719
https://doi.org/10.1109/3.159521
https://doi.org/10.1007/s003400050801
https://doi.org/10.1038/nphoton.2011.345
https://doi.org/10.1364/ol.35.002466
https://www.ncbi.nlm.nih.gov/pubmed/20634865
https://doi.org/10.1364/oe.14.010095
https://www.ncbi.nlm.nih.gov/pubmed/19529404
https://doi.org/10.1103/physreva.77.023814
https://doi.org/10.1364/oe.20.022669
https://doi.org/10.1364/oe.395857
https://doi.org/10.3390/photonics13070651

	Introduction 
	Numerical Model and Simulation Setup 
	Numerical Model 
	Numerical Implementation 
	Limitations of the Numerical Model 

	Results and Discussion 
	Influence of Gain Saturation Energy (Es) on Mode-Locking Dynamics 
	Influence of Modulation Depth (T0) on Pulse Buildup Dynamics and Steady- State Characteristics 
	Influence of Saturation Power (Psat) on Transient Mode-Locking Dynamics 
	Influence of Non-Saturable Loss (Pns) on Transient Mode-Locking Dynamics 
	General Discussion 

	Conclusions 
	References

