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Theidea of temporal solitons in optical fibres as a means to compensate
for the chromatic dispersion-induced temporal broadening of pulses via

the intensity-dependent refractive index of silica (the Kerr effect) was
introduced by Hasegawa and Tappertin a paper that was submitted on

12 April 1973. In this Perspective we present a brief historical overview of
how this prediction developed in light of other technological developments
made through the decades, followed by an extensive forward-looking
discussion on the most exciting opportunities in soliton research.

Theideaoftemporalsolitonsin optical fibres, asameansto compensate
for the chromatic dispersion-induced temporal broadening of pulses
viatheintensity-dependent refractive index of silica (the Kerr effect),
was introduced by Hasegawa and Tappert in a paper that was submit-
ted on 12 April 1973". At that time, the first generation of fibre-optic
transmission systems operating near 800 nm was yet to arrive, and
fibre losses were hoveringaround 20 dB km™, that is, 100 times larger
than in fibre links of today. However, the authors made a remarkable
visionary prediction: “if the absorptionis small and the nonlinear term
can be made comparable to the dispersion term”—which meant 1W
of peak power for a1 ps pulse—“one can expect to obtain a significant
modification of the pulse shape”, since the pulses could propagate
unchanged for indefinite distances in the form of an optical soliton.
Earlier, Zakharov and Shabat had discovered that one of the key math-
ematical models for fibre optics and nonlinear science, that is, the
nonlinear Schrédinger equation (NLSE), isintegrable using the power-
fulinverse-scattering transform method, and they found analytically
single- and multi-soliton solutions of this equation’®. With abackground
in plasma physics, Hasegawa knew about the existence of solitons in
the analogous context of self-focusing that was considered inref. 2—see
Hasegawa’s personal perspective on the discovery of optical solitons’.
This led him to make the imaginative and inspiring prediction that,
onedayinthe future, solitons could transport information across the
globe at terabitrates. We now provide a brief historical overview of how
this prediction evolved, and aim not at acomprehensive review of the
field but instead provide a brief illustration of how optical temporal
solitonresearch has transformed over the decadesin conjunction with

other technological breakthroughs. For recent historical overviews of
temporal optical solitons during the past 50 years, we refer the reader
to afeature article® and to the latest edition of Agrawal’s Nonlinear
Fiber Optics’.

Solitonsinoptical fibres were first observedin 1980 by Mollenauer,
Stolenand Gordon at1.55 pm (ref. 6). In addition to unperturbed propa-
gation in the fundamental soliton regime, their paper reported the
observation of higher-order soliton dynamics at higher powers, intro-
ducing a new application of solitons, that is, nonlinear optical pulse
compression (with afactor of -3.5-fold). Three years later, Mollenauer
and colleagues demonstrated acompression factor of 27 with solitons
of order N =13, transforming 7 ps pulses into 260 fs pulses’. By the
end of the 1980s, pulses with only a few cycles had been achieved via
higher-order soliton compression—see the personal perspective from
Taylor on this achievement?®.

Tenyears after the first demonstration of temporal solitons, it was
realized that optical solitons can survive periodic loss-gain variations
of power and be transmitted over ultralong distances if they are peri-
odically amplified, making path-averaged propagation approximately
equivalent to the lossless propagation’. Fast forward 20 years from
the paper of Hasegawa and Tappert: fibre loss in the third window
around 1.55 pm is now reduced to 0.2 dB km™™. This, in combination
withtheinvention of the erbium-doped fibre amplifier (EDFA), virtually
eliminated the loss limitation to the transmission distance. The focus
thenbecame alleviating the optical noise introduced by EDFAs. Noise
randomly perturbs solitons: specifically, the frequency, and hence the
arrival time of fundamental solitons, is affected by the Gordon-Haus
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timing jitter'®. Research on the suppression of timing jitter using
dispersion-compensating fibres led to the experimental discovery
and theoretical description of the dispersion-managed soliton' >,
The soliton pioneers of Bell Laboratories—Linn Mollenauer and Pavel
Mamyshev—assessed the potential to transmit massive amounts of
data over transoceanic distances by combining wavelength-division
multiplexing (WDM), EDFAs and dispersion-managed solitons™.

At the turn of the twenty-first century, the concept of the optical
soliton became acommercial reality, when the team of Marconi Solstis,
led by Nick Doran, installed a 5,745-km-long terrestrial fibre-optic sys-
tem based on dispersion-managed soliton technology in Australia®.
However, in the early 2000s, the introduction of phase-shift keying'®
and coherent communications for ultralong-haul WDM transmission,
which enabled electronic compensation of transmission impairments
via digital data processing, as well as machine-learning techniques,
dramatically reduced commercial interestin on-off-keying modulation
solutions, including soliton-based communication systems".

Nevertheless, the original optical soliton concept was aug-
mented and reinforced by expansion to new applications, such as,
for example, supercontinuum generation'®, frequency combs” and
mode-locked fibre lasers®, where solitons and dispersion-managed
solitons spontaneously form from optical noise, animpressive example
of self-organizationin nature. Indeed, itis in the context of ultrashort
pulse lasers that optical solitons have found their undisputed realm
over the past 20 years: aleap forward in this direction was provided by
extending the soliton concept to dissipative systems, where not only
does nonlinearity balance dispersion, but also gain balances linear
and nonlinear loss mechanisms*%, thus expanding soliton theory well
beyond the path-average gain-loss dynamics studied inref. 9. Indeed,
dissipative solitons represent the true spatiotemporal eigenmodes
of nonlinear optical cavities; hence, they are expected to provide the
building blocks for a number emerging photonic technologies and
applications, as we will discuss in the next sections. Figure 1 shows
examples of the already emerged and emerging soliton technologies
and applications, as well as some of the currently investigated novel
soliton concepts.

The future of solitons in ultrafast laser
technology

Soliton lasers are, arguably, the simplest and most efficient kind of
mode-locked laser, since the fibre itself acts as a pulse-shaping mecha-
nism by balancing (anomalous) dispersion and nonlinearity, negating
the need for arecompressing stage to achieve transform-limited short
pulses”. However, the soliton area theorem imposes a fixed relation
between the width of the soliton pulse and the energy it carries. For
NLSE solitons, the energy E scales as the inverse of the pulse duration
T:E~=1/T.Althougharbitrarily short pulses canlead to very high ener-
gies, in practice this regimeis hard to achieve. Thisis sobecause when
the characteristic nonlinear length (whichisinversely proportional to
the pulse peak power) becomes comparable to the length of the laser
cavity, the periodic variation of power during round-trip makes the soli-
tons unstable. This leads, first, to the generation of spectrally dispersive
resonantsidebands and then to the destruction of the pulses. Research
on high-energy solitons in lasers requires a modification of the initial
concepts, and we anticipate that new soliton techniques, including,
forexample, new types of dissipative solitons, adiabatic in-cavity pulse
dynamics and more complex nonlinear Poincaré mapping-based laser
designs will advance soliton laser technology further. In particular,
dissipative laser solitons, which are not limited by the conventional
soliton area constraint, are excellent candidates for achieving high
pulseenergies®*”, The fundamental NLSE soliton results fromabalance
between dispersionand nonlinearity; therefore, by changing either the
nonlinear or dispersive properties of the medium, one can scale the
soliton characteristics. An exciting avenue for overcoming fundamental
soliton energy limitations is through solitons with a fundamentally

different energy-width scaling. Recently, there has been growing inter-
estin solitons (or solitary waves) that arise from a balance of the Kerr
effect and high even orders of dispersion (k=4,6,8...), for which the
energy scales as F < 1/7% (refs. 26-28), entailing animportant energy
advantageinthe ultrashort regime with respect to NLSE soliton lasers.
Advances in the engineering of dispersive properties of waveguides
and materials may make these novel solitons a promising approach
for tackling the fundamental energy limitations of soliton lasers?*?***
while maintaining the principles of simplicity, efficiency and robust-
ness that made soliton lasers interesting to begin with.

Analternative research path to address the energy limitation of a
solitonlaserinvolves areduction of the nonlinearity, using either alarge
modeareaor hollow-core fibres. The soliton energy isinversely propor-
tional tothe nonlinear parameter y =2mn,/AA.of the waveguide, where
n,isthe material nonlinear coefficient, 1is the wavelength, and A is the
effective mode-field area. By either increasing the effective mode-field
area A, or reducing the material nonlinearity n,, soliton energies can
be scaled up by several orders of magnitude in higher-order mode
fibres?’, photonic crystal rods*® and hollow-core photonic bandgap
fibres®. Soliton generation in anti-resonant hollow-core fibres* and
large-core hollow capillary fibres® can reach beyond microjoule and
millijoule levels, respectively. Further to this, the use of these fibres
has enabled higher-order soliton compression to subcycle pulses™.

The approach of scaling up the energy of pulses from fibre lasers
by increasing the fibre diameter leads naturally to the multimode
fibre soliton laser. The beauty of solitons is that they may not only
survive inmultimode fibres but even lead to the compensation of both
chromatic and modal dispersion via the Kerr nonlinearity, as again
predicted by Hasegawain his visionary 1980 paper**. Stimulated by the
revival ofinterestin multimode fibres for space-division-multiplexing
communications, it took as long as 33 years until multimode fibre
solitons were experimentally observed by Renninger and Wise™.
The nonlinearity-induced locking of different transverse modes of
afibre laser leads to a practical platform for total or spatiotemporal
mode-locking®®, which may enable orders-of-magnitude increases
in the pulse energy from mode-locked lasers, with respect to their
single-mode counterparts. This is a somewhat remarkable property
of multimode fibres, because in abulk medium the multi-dimensional
NLSE features self-focusing, wave-collapse and unstable solitons.

We anticipate that soliton-based technologies such as dissipative
solitons, supercontinuum generation and the soliton self-frequency
shift (SSFS) will play important rolesin further advancesin pulsed laser
systems, both in single- and multimode fibres, expanding light emis-
sion to new spectral bands (for example, to the mid-infrared region®)
and enhancing the control over lasing through machine-learning
methods™.

The future of solitons in microresonator
frequency combs

Kerr microcombs are arguably one of the most important modern
practical applications of the soliton concept®. Compact, chip-scale
microresonators, operating at low power in the dissipative soliton
regime with microwave-to-terahertzrepetitionrates, are already used
widely inarange of applications, including metrology, optical commu-
nications, microwave devices, biomedical applications, high-resolution
spectroscopy and others*, Frequency-comb technology is under-
pinned by soliton theory, and in more general terms by nonlinear sci-
ence that governs the formation of coherent structures to ensure the
phase locking of spectral modes in optical combs.

Although the progress in soliton Kerr microcombs has been out-
standing over the past decade and various new concepts, such assoliton
crystals*®, have arisen in the past few years, some important roadblocks
remain for the practical exploitation of microcombs, for instance, the
need for self-starting operation (see, for example, the discussion in
ref. 41) and power efficiency for conversion of the continuous-wave
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Fig.1|Soliton concepts, technologies and applications. Examples of soliton theoretical concepts, technologies, as well as the current and potential future domains

of application.

pump laser to the soliton comb. New materials, for example, quad-
ratic nonlinear materials, have the potential for self-starting and
ultralow-pump-power soliton frequency combs**. Note that an effective
quadratic nonlinearity could also be introduced in a cubic nonlinear
material, via thermal/optical poling, or by applying a static field.

In relation to the trend of leveraging high-order dispersion for
improving performance discussed in the previous section*%, it has
been suggested that building soliton Kerr microcombs based on quartic
dispersion rings can lead to a flattened spectrum, and hence to lower
variations between frequency lines, abroader bandwidth and evenan
increased pump-to-comb conversion efficiency*’. Although a soliton
Kerr resonator based solely on high even-order dispersion has not yet
been experimentally realized, there are already promising designs
available*** suggesting that this field may be destined to produce
some disruption in an already well-established soliton microcomb
community.

The future of solitons in biomedical applications

The flexibility and convenience provided by waveguide solitons and
the SSFS have already found applications inbiomedicalimaging, such
as multiphoton microscopy and coherent Raman scattering imaging*®,
that rely on short-pulsed lasers. Although the advantages of a fem-
tosecond source based on solitons and the SSFS are well recognized
(for example, compact and low cost, among others), these sources

aremostly usedinresearchlaboratories, and many of them have been
used for proof-of-concept demonstrations rather than for routine
applications. Despite their high costs, until today, the workhorses of
multiphotonimaging are stillbulk mode-locked lasers and the recently
developed high-repetition-rate (several megahertz) non-collinear opti-
cal parametric amplifiers (NOPAs). For systems based on solitons and
the SSFSto have widespread biomedical applications, the performance
of future soliton-based systems must match or exceed that delivered
by mode-locked lasers and NOPAs. For example, commercial NOPAs
canroutinely produce wavelength-tuneable femtosecond pulses at
the microjoule level within long-wavelength spectral windows for mul-
tiphoton imaging of -1,300 nm and ~1,700 nm. Such a performance
is yet to be matched by systems based on solitons and the SSFS. At
wavelengths around 1,300 nm, the generation of energetic, widely
wavelength-tuneable solitons is even more challenging because of
the requirement of anomalous dispersion. Recently developed
anti-resonant hollow-core fibres have a large transmission band and
easily tailored dispersion properties. When pumped by afibre oscillator
orafibre chirped-pulse amplification systemaround 1,060 nm, soliton
generation and the SSFSinsuch afibre have the potential to achieve a
better performance than that of a NOPA at ~1,300 nm, for example, a
pulse energy of 1-10 pJ, broad wavelength tunability around 1,300 nm
and a multi-megahertz pulse-repetition rate*>¥. They may therefore
become a low-cost alternative to a NOPA system. Waveguide solitons
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and the SSFS provide a convenient platform for femtosecond sources
thatare compact, low cost and robust. Such a platform will be particu-
larly attractive in wavelength regions where no broadband gain medium
exists for wavelength-tuneable mode-locked lasers. With improved
understanding of nonlinear wave propagation and new innovations
inwaveguide design and fabrication, soliton systems are a promising
technology for a wide range of biomedical applications.

The future of solitons in telecommunications and
signal processing

Theinitialidea of information transmission with solitons was based on
using the return-to-zero, on-off-keying modulation format with direct
detection, which was fully sufficient for the optical network transmis-
sion capacities of the 1990s. The development, at the beginning of
this century, of practical coherent detection communication systems
enabled a transition to multilevel modulation formats using coding
over the optical phase, which leads to amuch higher spectral efficiency.
In coherent systems, the ability of the fundamental optical soliton to
balance dispersion by nonlinearity is less important than the limited
soliton spectral efficiency, when compared with Nyquist-type carrier
pulses. By contrast, the detection of both amplitude and phase at the
receiver opened the possibility of eigenvalue communications, as pro-
posed by Hasegawa and Nyu*®, which againis based on the integrability
of the NLSE”. The inverse-scattering transform method (also known
as nonlinear Fourier transform)***’ makes it possible to compensate
exactly for both dispersive and nonlinear transmission impairments via
electronic post-processing, and introduces fundamentally new modu-
lation formats for nonlinear fibre channels, including multi-soliton
signal coding and modulation.

In terms of signal processing, optical solitons could provide a
means of implementing the fundamental—but so far elusive—func-
tionality of all-optical information storage*. All-optical buffers are a
key building block of future transparent optical internet networks: the
payload data need to be stored for a short period of time during the
processing of the header at an optical switching node. Optical solitons
may recirculate for a long time in both active and passive fibre loops
with coherent continuous-wave pumping by a holding beam. This
was, in fact, the first proposed application of nonlinear Schrédinger
solitonsinaconfigurationthatleads to soliton-based optical frequency
combs™. Another exciting potential application of optical solitons may
be in optical computing. The use of solitons in the emerging area of
neuromorphic computing has been discussed in ref. 52.

Emerging optical soliton concepts and new
science being unveiled with solitons

The general concept of the optical soliton as a stable, localized,
particle-like object thatis formed by nonlinear interactions of distrib-
uted light wavesis one of the fundamental ideas in nonlinear photonics.
These ‘particles’ can interact through their tails, thus attracting or
repulsing each other. This may lead to soliton molecules,**** in which
a bound state between two solitons is obtained when each soliton
resides in aminimum of the potential formed by the other soliton, so
that the effective mutualinteraction forces vanish. Soliton molecules
can form abound state that is robust to weak perturbations, to which
they respond through damped oscillations. More complex examples
include localized nonlinear waves with internal degrees of freedom,
that is, optical breathers*>*°. The interaction between multiple soli-
tons can lead to the formation of soliton crystals (see ‘The future of
solitons in microresonator frequency combs’) or spectrally periodic
solitons®. These canbe thought of as abound state between solitons,
with different spectrathat coincide in time. The overlap of solitons at
different frequencies leads to strong temporal oscillations, which in
turn enhances the nonlinear effects* %, Solitons play animportantrole
in the occurrence of optical rogue waves, that is, waves of extremely
highamplitude, whicharelocalized in both space and time. However,

owing to space limitations, the discussion of this emerging topic is
beyond the scope of the present article. Anincrease in the number of
solitons leads naturally to the concepts of an optical soliton gas and
soliton turbulence®**°. Interestingly, soliton gas theory may be relevant
tothe practical application of discrete eigenvalues (multi-solitons) to
signal transmission and processingin fibre-optic communications***°.
Moreover, many practically important physical systems, for example,
fibre lasers, may feature the coexistence of multiple solitons and dis-
persive waves, thus setting new challenges for the application of soliton
theory to optical wave turbulence®.

Using new materials with different natural or engineered non-
linearity and/or dispersion, fresh perspectives emerge for solitons.
Higher-order nonlinearity, more general types of dispersion, which
include pure-quartic dispersion and its higher-order variants (see
‘The future of solitons in ultrafast laser technology’), Bragg-type
structures®® and other engineered media can lead to new types of
soliton and different applications. We have barely scratched the
surface—there is no doubt that there are many other interesting
nonlinearity types and dispersion relations that could lead to solitons
withnovel properties.

A fascinating opportunity for optical solitons lies in
multi-dimensional systems. In particular, the study of highly mul-
timode optical systems and solitons is a new and exciting field of
emerging research:**** multimode solitons (see also ‘The future of
solitonsin ultrafastlaser technology’) represent a discrete (in the spa-
tial domain) version of the concept of a spatiotemporal light bullet®,
although this has been elusive so far because of its intrinsic tendency
to collapse. Because of the guiding parabolic refractive-index profile
in graded-index optical fibres, multimode solitons may propagate
over tens of thousands of dispersion lengths®®. Their propagation is
accompanied by spatiotemporal periodic oscillations, which lead to
the emission of high-intensity dispersive spectral sidebands well into
the mid-infrared domain®. From a fundamental point of view, the
theoretical description of multimode solitons will require an exten-
sion of the weak turbulence®® or thermodynamic®® approaches to the
strong nonlinearity regime, including the temporal dimension, which
remains an open problem.

Optical solitons offer fascinating opportunities for analogue
physics, enabling in optical laboratories the imitation of otherwise
inaccessible or hardly accessible physical phenomena, such as event
horizonsinblack holes, Hawking radiation, the Hawking temperature of
two-dimensional black holes’*”"and others. These unusual applications
of optical solitons are based on the observation that some physical
phenomena, for example, physics at the event horizon, resemble the
dynamics of waves in moving media. Optical solitons are easily acces-
sible and enable high-accuracy fibre-optic experiments, thus provid-
ing an excellent platform for a laboratory testbed of many complex
physical phenomena.

Inconclusion, the science and applications of optical solitons have
arichand distinguished history as well as abright future. Theinterplay
between dispersive and nonlinear effects, and between gain and loss,
potentially in multi-dimensional systems, is likely to raise intriguing
questions for physicists and mathematicians, and the robustness of
optical solitons to perturbationsis expected to remain highly attractive
for many engineering applications. Soliton theory paves the way for
mastering nonlinear dynamics, providing a platform for new technol-
ogy and devices, setting targets for the engineering of new materials
and structures, and, thus, bringing together the three main drivers of
photonics: materials science, optical engineering and new scientific
concepts.
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