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Fig. 1

Schematic diagram of dissipative soliton formation in fiber mode-locked lasers. (a) Dissipative soliton generation requires double

balance between dispersion and nonlinearity as well as gain and loss; (b) the formation of conventional soliton relies on the

balance between anomalous dispersion and self-phase modulation (SPM); (c) the formation of dispersion-less soliton relies on the

balance between spectral filtering and self-phase modulation; (d) the dispersion in the process of formation of spatiotemporal

dissipative soliton includes chromatic dispersion and intermode dispersion (steady propagation of spatiotemporal dissipative

solitons in multi-mode fiber lasers needs delicate balance between gain, nonlinear loss, linear loss, nonlinearity and dispersion)
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Fig. 2

Schematic diagram of second-order dispersive soliton formation in fiber mode-locked lasers. (a) Self-phase modulation (SPM)

and anomalous dispersion can be balanced in the cavity, resulting in stable solitons; (b) both normal and anomalous dispersion

exist, and the pulse undergoes periodic broadening and compression by the combined effect of dispersion and nonlinearity,

forming near-zero dispersion solitons; (c) in an all-normal-dispersion laser cavity, both normal dispersion and nonlinearity result

in pulse broadening, and pulse width broadening is minimized by the addition of a spectral filter to reduce the pulse broadening,

thus ensuring the self-consistency of the pulse transmission; (d) optical spectra and pulse trains of anomalous dispersive soliton

(left), near-zero dispersive soliton (middle), and all-normal dispersive soliton (right)
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Fig. 3

Higher even-order dispersive solitons. (a) Schematic diagram of fourth-order dispersion soliton formation in fiber lasers. The

anomalous fourth-order dispersion leads to a temporal broadening of the pulse but no change the spectral shape, while the self-

phase modulation leads to a broadening of the spectrum without disturbing the pulse in time domain. The two effects together

ensure that fourth-order dispersion solitons are produced . (b) Spectrum (left) and pulse train (right) of a fourth-order dispersive

soliton with an exponentially decaying periodic oscillatory tail near the center of the pulse, and the center of the pulse exhibits an

approximately Gaussian shape™. (c) Spectra of high-even-order dispersive solitons and temopral characterization in linear (left)

and logarithmic (right) coordinates, where blue, red, green, and black curves denote the time domain and spectra of numerically

computed sixth-, eighth-, tenth-, and sixteenth-order dispersive solitons, respectively”
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Fig.5 Spatiotemporal dissipative solitons in multimode fiber lasers.
formation of spatiotemporal dissipative solitions relies on the intracavity effects that balance intermodal dispersion,
nonlinear and dissipative effects. (b) Refractive index distributions and light propagation trajectories in graded-index fiber (top)
and step-index fiber (bottom). (c) Schematic diagrams of pulse reactions for three mechanisms as intermode dispersion increases:
Pulses for different spatial modes can bind together through Kerr nonlinearity under weak intermode dispersion (top). Pulses
slightly walk off under intermediate intermode dispersion. Spatiotemporal saturable aborser can reset the walk-off by saturable
absorbing weak modes and redistributing energy among modes (middle). And under large intermodal dispersion, spatial coupling
can attenuate the weak mode pulses and redistribute energy from the mother-mode to the child-modes and align the modal pulse

timing (bottom)
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Fig. 6 Spatiotemporal dissipative solitons with large intermode dispersion. (a)-(c) Beam profile, pulse trance, and optical spectrum of

the output pulse in the multi-transverse-mode spatiotemporal mode-locking state; (d)-(g) beam profiles (far-field and near-field),

pulse trains, and optical spectra of near-single-transverse-mode (LP11 mode) locking; (h) simulation results of the evolution of

modal walk-off in the cavity
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Fig.7 All step-index fiber spatiotemporal mode-locked laser. (a) Pulse trains and radio-frequency spectra (i), beam profiles (ii), optical

spectra and spectral filtering results (iii) of spatiotemporal mode-locking. (b) Evidence of picosecond of large intermode pulse
walk off. (i) Optical spectra of the output pulses with different fiber lengths, all showing some modulation. (ii) As a result of the
modulation, additional peaks appear in the Fourier transform of the spectra, and the positions of the peaks generally follow the
net intermodal dispersion, indicated by the solid lines. (iii) For the 3.9 m long fiber laser, mode-locking without strong spectral
modulation can be observed by adjusting the spatial coupling. (iv) Output beam profile for the state in panel (iii) and white curves
are horizontal and vertical slices, which are Gaussian-like. (v) Second-order autocorrelation trace of the input pulse and of the
pulse sampled at the four positions shown in panel (iv). Since the mode lock contains negligible higher order modes and
intermodal walks, the trace is smooth. (c¢) Optical spectrum, beam profile , first-order autocorrelation curve, and second-order
autocorrelation curve of mode-locking output pulses obtained from simulation. (d) Intracavity change of the mode-resolved pulse

center position , and the right panel is an illustration of the mother-child coupling picture
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Abstract

Significance Fiber-mode-locked lasers play an important role in generating ultrashort pulses of picosecond or even femtosecond
durations, featuring high peak power and broad spectral characteristics. These pulses have important applications in precision
machining, spectroscopic measurements, high-capacity optical communications, terahertz technology, and nonlinear optical imaging.
Ultrashort pulses generated by fiber-mode-locked lasers result from a double balance between dispersion and nonlinearity, as well as
between gain and loss. Grelu es al. extended the concept of dissipative solitons to include ultrashort pulses generated in
nonconservative systems such as fiber-mode-locked lasers. These stable dissipative solitons exist in a continuous exchange of energy
with the environment and a dynamic energy redistribution between the components of the soliton. In a mode-locked fiber laser, the
process of mode phase-locking to produce periodic short pulses is known as mode locking, and the resulting pulses are generally
termed optical dissipation solitons. A comprehensive understanding of the mechanisms underlying dissipative soliton generation holds
great promise for advancing mode-locked fiber lasers in both scientific and practical applications, offering greater innovation and
possibilities across a wider range of fields.

The peak pulse power generated by single-mode fiber mode-locked lasers approaches its limitations in the megawatt (MW ) order,
which are limited by the number of modes and the mode-field area of the single-mode fibers. To further enhance the performance of
mode-locked fiber lasers, it is essential to consider higher dimensions (i. e. , introducing spatial dimensions) and explore the impact of
increasing the spatial modes (i. e. , transverse modes) on soliton mode-locking in multimode fiber lasers. Consequently, mode-locked
fiber lasers have evolved from traditional single-mode to multi-mode configurations, and mode-locking mechanisms have transitioned
from one-dimensional (1D) temporal dissipative soliton mode-locking to (34 1)D spatiotemporal dissipative soliton mode-locking. The
expansion of spatial dimensions results in complex nonlinear spatiotemporal interactions and rich physical spatiotemporal phenomena.
Spatiotemporal dissipative solitons not only exhibit periodic pulse output in the time domain but also show the distribution
characteristics of multiple transverse modes in the space domain. Spatiotemporal dissipative solitons achieved using multimode fiber

lasers have potential applications in precision ranging, laser processing, nonlinear spectroscopy, optical tweezers, and scattering
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medium imaging, offering new possibilities in information transmission and imaging.

Progress In this review, we focus on the study of dissipative soliton generation mechanisms in fiber mode-locked lasers, trace the
development of fiber mode-locked lasers, and review the principles of generating one-dimensional temporal dissipative solitons in
single-mode fiber lasers to generate three-dimensional spatiotemporal dissipative solitons in multimode fiber lasers. First, we explore
the generation mechanisms of temporally dissipative solitons in single-mode fiber lasers with different chromatic dispersions.
Temporal dissipative solitons can form when the positive chirp (owing to self-phase modulation) balances the negative chirp (owing to
an anomalous even-order dispersion). Early studies generally considered the case in which self-phase modulation balances second-
order dispersion, resulting in the formation of a second-order dispersion soliton (Fig. 2). Higher-order even-order dispersive solitons
can also be levelled with self-phase modulation and form the corresponding solitons, which are referred to as higher-even-order
dispersive solitons (Fig. 3). Notably, stable temporally dissipative solitons can be generated even in the absence of dispersion, and
this type of soliton is referred to as a dispersionless soliton (Fig. 4). The different types of solitons have different properties, and their
formation involves various physical processes.

Subsequently, we delved into the latest achievements in spatiotemporal dissipative soliton mode-locking in multimode fiber
lasers. In contrast to temporal dissipative solitons in single-mode fiber lasers, spatiotemporal dissipative solitons in multimode fiber
lasers add spatial dimensions by incorporating multiple transverse modes. In this case, the dispersion consists of both chromatic
(intramode) and intermode (modal) dispersions. Therefore, balancing the modal dispersion is important to generate spatiotemporal
dissipative solitons in a multimode fiber laser. We discuss compensation methods for modal dispersion (Fig. 5) and reveal their rich
spatiotemporal mode-locking mechanisms and potential application scenarios. Finally, we provide an outlook on the research
prospects for mode-locked fiber lasers.

Conclusions and Prospects In this paper, we present the research history from the traditional single-mode temporal dissipative
soliton to a more complex multimode spatiotemporal dissipative soliton and summarize the generation mechanisms of various
dissipative solitons in fiber lasers. Through this development, we aim to summarize the differences between temporal and
spatiotemporal dissipative solitons, emphasize the significance of understanding the mode-locking mechanism for conducting research
and the application of fiber-mode-locked lasers, and show the potential application scenarios of fiber-mode-locked lasers in the future.
In summary, focusing on temporal/spatiotemporal dissipative solitons in fiber lasers not only enhances our understanding of the
principle of fiber mode-locking lasers but also opens up more opportunities for fiber laser applications. With the continuous progress of
technology and theoretical improvements, we believe that fiber-mode-locked lasers will continue to play an important role in the future
and provide more possibilities for applications in optical frequency combs, material processing, medical diagnostics, and other fields.
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