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Laser gains, provided by either stimulated emissions, stimulated scatterings, or nonlinear frequency
conversion, exclusively refer to the process in which pump waves transfer their energies to the emitted
light. In these cases, the laser field could never acquire gain at the expense of the energy dissipation of
itself. We introduce self-parametric amplification, a conceptually different gain mechanism for ultrafast
fiber lasers. A prototype ultrafast fiber laser of this kind is realized by combining a standard linear gain
with a nonlinear self-parametric gain that supports energy transfer from the spectral tails to the spec-
tral center within the laser field. Remarkably, the ultrafast fiber laser outputs three coexisting dissipative
solitons that periodically switch over consecutive round trips with quite different spectra. Our work pro-
vides a self-action gain mechanism conducive to developing advanced lasers and could shed light on the
Fermi–Pasta–Ulam paradox and breathing soliton dynamics.
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I. INTRODUCTION

Generally, stimulated emission in an active gain medium
provides the gain required to compensate resonator loss
for lasing. There are various gain media that contribute to
the development of many different lasers. Various nonlin-
ear optical effects that support energy transfer from pump
lasers to intracavity lasing fields can also provide gains,
which are widely used to extend the wavelength range
of a laser. For example, stimulated scattering processes
depending on molecular vibrations and density variations
of the medium are widely used as gain mechanisms in
Raman and Brillouin lasers, respectively. Recently, a mul-
ticolor dissipative-soliton fiber laser has been realized by
using double gain mechanisms consisting of stimulated
emission and stimulated Raman scattering [1]. Apart from
stimulated scattering processes, there is a separate class of
nonlinear phenomena called parametric processes in which
the energy of the interacting optical field is conserved.

An important class of parametric process refers to the
optical Kerr effect, that is, modulation of the refractive
index of a medium by light intensity. The Kerr effect relates
to a wide range of nonlinear phenomena, such as self-phase
modulation (SPM), modulation instability, and four-wave
mixing. Generally, these parametric processes can be sub-
divided into two categories: nonlinear interactions of light
requiring external waves (such as four-wave mixing) and
those generated by self-action of the propagating opti-
cal field, such as SPM and modulation instability [2].
Recently, a new self-action effect called self-parametric
amplification (SPA) was found in fiber optics, which
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manifests itself as optical spectrum narrowing in a passive
normal-dispersion fiber [2]. The spectral narrowing refers
to the amplification of the central part of the spectrum
by energy transfer from the spectral tails. This self-action
effect occurs in the continuous wave regime owing to
four-wave mixing. Accordingly, in the pulse regime, the
interplay between the Kerr effect and dispersion can also
give rise to similar spectrum-narrowing phenomena [3].
Although the detailed mechanisms leading to spectrum
narrowing are different in the two regimes, spectrum nar-
rowing also belongs to SPA in the pulse regime, as the Kerr
effect is involved and no external pump waves are required.
To date, SPA only occurs in passive fibers [2,3]. It remains
unclear whether it is possible to stimulate SPA gain in a
laser. If SPA is activated in an ultrafast fiber laser, an addi-
tive gain of the spectral center of the laser field could be
achieved at the expense of the spectral tails. This is intrin-
sically different from standard lasers in which there is no
energy transfer within the laser field.

In this work, we demonstrate that SPA-based nonlinear
gain can be activated in a mode-locked fiber laser, man-
ifesting itself via the generation of triple-state dissipative
solitons. In distinct contrast with standard mode-locked
lasers, which emit the same pulses over all round trips,
the outputs of the SPA laser periodically switch between
three distinctive dissipative solitons. The three dissipative
solitons are distinguished by the featured optical spectra,
including the double-peaked spectrum from SPM, a single-
peaked one from SPA, and a higher-power single-peaked
spectrum from erbium-doped fiber (EDF) gain. Recently,
switching between two distinctive dissipative solitons was
observed in a mode-locked fiber laser [4]. The outputs
of the laser periodically switch between two dissipative
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solitons with different central spectra. The origin of this
switching is different from our laser and refers to the
double-minima loss spectrum owing to the birefringent fil-
ter inside the laser. The SPA laser on the one hand provides
a solution for developing spectral brightness lasers without
employing a lossy filter. On the other hand, it refers to an
entirely alternative mode-locking regime, showing that the
SPA laser can circumvent SPM to some extent.

II. RESULTS AND DISCUSSIONS

A. Mechanisms

When a pulse propagates in a segment of anomalous-
dispersion fiber, its spectrum is broadened independent of
the initial pulse chirp, since anomalous dispersion tends to
shorten the pulse duration leading to enhanced SPM [3,5].
In contrast, in the case of normal-dispersion fiber, an
initially negatively chirped pulse can be spectrally com-
pressed after propagating in the fiber. SPM induces a
positive chirp in the fiber [6], that is, a frequency down-
shift of the leading edge and an upshift of the trailing
edge of the pulse. As a result, the initial negative chirp of
the pulse is compensated by the positive chirp from SPM,
leading to a transfer of long and short wavelengths toward
the center wavelength (spectral compression) [3]. Note that
this spectrum-narrowing effect belongs to SPA, as the cen-
tral spectrum gains power from the spectral wings without
employing an external pump light, and a parametric pro-
cess is involved (SPM). In particular, if the initial pulse
spectrum displays a double-peaked structure (the central
parts are, therefore, relatively weak), the intensity increase
of the spectral center at the expense of the wings due

to SPA makes the amplification of the center even more
pronounced.

With the above mechanism in mind, it is straightfor-
ward to construct an ultrafast fiber laser with SPA as an
additive gain. We emphasize that SPA has never been
employed in lasers. The laser set up is shown in Fig. 1(a)
(for details, see Appendix A). Nonlinear polarization rota-
tion is employed to achieve mode locking, giving rise to
pulse generation [7]. A segment of anomalous-dispersion
single-mode fiber (SMF) following the nonlinear polariza-
tion rotation section is employed to add a negative chirp to
the pulse. Generally, a passive normal-dispersion fiber is
required to stimulate SPA; however, in order to realize an
integrated set up, a gain fiber with normal dispersion can be
employed. Here, normal-dispersion EDF is used, provid-
ing both the linear amplification from stimulated emission
and nonlinear gain from SPA. Note that normal-dispersion
gain fiber has been widely used as a nonlinear attractor for
similariton generation [8–11]. Here, the gain fiber is used
to provide an alternative function of SPA gain.

B. Simulations

Numerical simulations of the laser model (Fig. 1) are
employed to search for the regime in which an additive
gain from SPA is activated. Pulse propagation within
the fiber sections is modeled with a modified nonlinear
Schrödinger equation (NLSE) for the slowly varying pulse
envelope

∂A
∂z

= −1
2
(iβ2)

∂2A
∂τ 2 + iγ |A|2A + gA. (1)

(a)

(b)

(c)

FIG. 1. Schematic diagram
of the dissipative-soliton
fiber laser with SPA gain. (a)
The laser set up. Ultrashort
pulses are generated by the
well-known mode-locking
mechanism—nonlinear polar-
ization rotation (NPR). SMF
is employed to add negative
chirp to the pulses. The gain
fiber provides the linear gain
from stimulated emission and
nonlinear gain from SPA. The
laser can work on two different
mode-locking regimes. (b)
The standard mode-locking
regime. (c) Dynamical spectra
are observed when SPA gain
is stimulated by controlling the
pump power only.
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(a)

(b)

(c)

(d)

FIG. 2. The spectra of the dissipative solitons at the laser output. (a) The spectra of stable dissipative solitons over consecutive round
trips. (b) The detailed spectral profile extracted (cross section) from (a). (c) The spectra of the dissipative solitons when SPA gain is
stimulated by increasing the pump power only, exhibiting periodic evolution over consecutive RTs with a period of three RTs. (d) The
detailed spectra within one period extracted from (c).

Here, β2 is the group-velocity delay parameter and γ is
the coefficient of cubic nonlinearity for the fiber section.
The dissipative terms represent linear gain as well as a
Gaussian approximation to the gain profile with the band-
width �. The gain is described by g = g0 exp(−EP/ES),
where g0 is the small-signal gain, which is nonzero only for
the gain fiber, EP is the pulse energy, and ES is the gain sat-
uration energy determined by the pump power. To initiate
and sustain mode locking, a nonlinear polarization rotation
technique is used in our experiment. Here, the mode-
locking technique is modeled by a simple transfer function
for the sake of clarity: T = R0 + �R[1 − 1/(1 + P/P0)],
where R0 is the unsaturable transmission, �R is the sat-
urable transmission, P is the pulse instantaneous power,
and P0 is the saturable power. The input pulse is a weak
pulse with a Gaussian profile (the pulse has an energy of
1 pJ and its duration is 1 ps). The parameters used in the
numerical model will guide the experimental study (see the
parameters used in the simulation in Appendix B). The net
dispersion of the laser cavity is −0.23 ps2.

The simulation results show that the traditional mode-
locking regime of the laser can be found under a moderate
gain saturation energy (pump power). For example, sta-
ble dissipative solitons are generated from the laser when

the gain saturation energy is set to be 12 pJ, as shown
in Figs. 2(a) and 2(b). The strong spectral sidebands
symmetrical to the central spectrum are Kelly sidebands
generated by the interference between the dispersive wave
and soliton [12].

The output of the laser exhibits drastic changes by only
increasing the gain saturation energy, as shown in Fig. 2(c).
Remarkably, the spectrum returns to its initial state after
every three round trips. Figure 2(d) depicts the detailed
structure of the spectra of the dissipative solitons within
one period. The spectrum shows a double-peaked struc-
ture at round trip (RT) 1 while it shows only a single peak
at the next two RTs. Here, the double peaks refer to the
broader ones between 1545 and 1555 nm [Fig. 2(d), red],
and are not related to the spectral peaks that are Kelly side-
bands located in the wings. The temporal intensities of the
pulses are also shown (see Appendix C). The spectrum nar-
rowing effect that can be clearly observed by comparing
the spectra at RTs 1 and 2 is very similar to that observed
in the passive normal-dispersion fibers [2]. In both cases,
the spectral center is amplified by gaining power from the
double-peaked structures of the spectrum. These spectral
dynamics [Figs. 2(c) and 2(d)] imply that SPA could be
successfully stimulated in the laser.
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FIG. 3. Intracavity evolution of the
pulse spectra over three consecutive RTs
(one period). The intracavity compo-
nents are, in turn, optical coupler (OC),
saturable absorber (SA), SMF (14 m),
EDF (1.2 m), and SMF from OC (1 m).

To further confirm SPA occurring in the laser, the
spectral evolution of the pulse inside each position of the
laser is examined. Since the pulse repeats itself every three
RTs, its spectral evolutions over three consecutive RTs
are investigated. Figure 3 depicts that a double-peaked
spectrum [see Fig. 2(d) (red) for the cross-section] occurs
owing to SPM in the SMF (after the EDF) in the first RT
(RT = 1). The pulse is amplified in the EDF then it is tem-
porally compressed in the following SMF (anomalous dis-
persion), resulting in strong SPM in the SMF as evidenced
by the double-peaked spectrum that is a typical product
of SPM [5]. The SPM-induced double structures are well
known in ultrafast lasers and amplifier systems [13–15].
Note that the double-peaked structure of the output spec-
trum of the light source used in Ref. [2] is due to four-wave
mixing-induced spectral broadening inside the Raman con-
verter cavity. This leads to a spectral breadth that exceeds
the reflection bandwidth of the fiber Bragg grating output
coupler, and therefore, leads to radiation “overflowing” the
fiber Bragg grating reflector [2].

In the next RT (RT = 2), the double-peaked spectrum
preserves its shape in the SMF before the EDF. How-
ever, the double peaks approach each other and finally
merge to form a single peak in the EDF. Namely, the
spectral center is amplified by gaining power from the
spectral wings. During the third RT (RT = 3), the single-
peak spectrum has no noticeable change until the pulse

enters the EDF in which the spectrum is broadened
owing to increased energy from amplification in the EDF.

As mentioned above, an initial negative chirp is cru-
cial for SPA to occur. When a pulse with negative chirp
propagates in normal-dispersion fiber, the negative chirp
is compensated by the positive chirp originating from
SPM, resulting in spectrum narrowing of the initial pulse.
Therefore, the sign of the pulse chirp before the normal-
dispersion fiber reflects to some extent whether the spec-
trum narrowing originates from SPA in our laser. As shown
above (Fig. 3), SPA happens in the EDF in the second RT
(RT = 2). Accordingly, we calculate the chirp of the dis-
sipative soliton before entering the EDF in that RT. The
chirp is shown in Fig. 4(a) (blue) together with the inten-
sity of the pulse (black). Indeed, the chirp of the dissipative
soliton before entering the EDF is negative. After prop-
agating in the EDF, the chirp is significantly reduced and
the resulting chirp is slightly positive, as shown in Fig. 4(b)
(blue), which depicts the chirp of the pulse at the end of
EDF.

The results described above show that the normal-
dispersion EDF is the key element supporting SPA in
the laser. We also do further simulations in which the
normal-dispersion EDF is replaced by EDF with anoma-
lous dispersion. In these cases, SPA does not occur
since anomalous dispersion fibers only result in spectral
broadening of the input pulses.

(a) (b) FIG. 4. The parameters of the
pulse before and after the EDF
in the second RT. (a) The chirp
(blue) and temporal intensity
(black) of the pulse before the
EDF. (b) The chirp (blue) and
temporal intensity (black) of the
pulse after the EDF.
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C. Experiments

We construct an EDF laser with the parameters used in
the simulation. The laser could be easily mode locked by
nonlinear polarization rotation. The simulation shows that
once the laser is mode locked in the standard single-pulsing
regime, solely increasing the pump power gives rise to
SPA. In accordance with the simulation, during the exper-
iments, the polarization controllers are fixed once mode
locking is achieved and only the pump power is varied to
search for the regime in which the SPA gain is stimulated.

When the laser is mode locked just above the mode-
locking threshold (23.3 mW), stable pulses can be
observed. The pulse duration is 590 fs as measured by a
commercial autocorrelator. The average output power of
the laser is 1.6 mW, corresponding to a dissipative soliton
with an energy of 126 pJ. We measure the optical spectra
of the pulses in real time by dispersive Fourier transfor-
mation (DFT) [16,17]. The DFT technique uses chromatic
dispersion to map the spectrum of an optical pulse to a
temporal waveform whose intensity profile imitates the
pulse spectrum. By virtue of DFT, RT resolved spectra
can be measured, which contributes to revealing various

fast dynamics in lasers [18–25]. The spectral evolution of
the dissipative solitons measured by DFT is depicted in
Fig. 5(a). Figure 5(b) shows a single-shot spectrum that is a
cross section of Fig. 5(a); since it is a single-shot spectrum,
the signal-to-noise ratio is low.

By increasing the pump power only, the energy and
spectral width of the dissipative solitons are increased. In
these cases, the spectra do not change over consecutive
RTs. Remarkably, the spectra periodically switch between
three different ones when the pump power is above a
threshold of 28 mW, as shown in Fig. 5(c). The spectra
change considerably over consecutive RTs. Meanwhile, it
follows a periodic evolution with a period of three RTs.
The spectra within one period are also shown [Fig. 5(d)].
The experimentally measured spectral dynamics shown in
Figs. 5(c) and 5(d) qualitatively agree with the simula-
tion results as shown in Figs. 2(c) and 2(d). First, the
period of the spectral evolution (three RTs) is the same
for both the experiments and simulations. Second, the
detailed evolution within one period is also similar. Both
of them show that a double-peaked spectrum is transferred
to a single-peak one over the next RT. Third, both the

(a)

(b)

(c)

(d)

FIG. 5. The experimentally measured (using DFT) optical spectra of the dissipative solitons at the laser output. (a) The spectra of
the stable dissipative solitons over consecutive RTs under low pump power (23.3 mW). (b) The spectrum profile extracted from (a).
(c) The spectra of the dissipative solitons measured when SPA gain is stimulated by increasing the pump power from 23.3 to 28 mW,
exhibiting periodic evolution over consecutive RTs with a period of three RTs. (d) The detailed spectra extracted from (c) showing the
structures of the spectra. These spectral dynamics qualitatively agree with the numerical results presented in Fig. 2.
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simulations and experiments show that SPA has a thresh-
old effect. Under the threshold, conventional mode-locked
pulses are generated and SPA occurs when the pump power
is above the threshold. In fact, the threshold relates to
the SPM-induced spectrum broadening that has a thresh-
old as observed in many ultrafast optics systems [13–15].
Once the spectrum broadening occurs, SPA acts to narrow
the spectrum in the next RT such that the pulse evolu-
tion is self-consistent in the laser, showing the virtue of
self-adaption of the laser to strong SPM. This alternative
laser regime only exists in a narrow pump power range,
which is 0.7 mW. A further increase in pump power makes
the laser switch to continuous wave emission. The Kelly
sidebands observed in the simulations are much stronger
than those in the experiments. This is probably due to
incomplete knowledge of the parameters of the saturable
absorber (nonlinear polarization rotation).

It is well known that the increment of pump power
enhances SPM in ultrafast lasers, causing a single pulse to
break up into multiple pulses [26], noiselike pulses [27], or
soliton explosions [28–32]. Our work shows that in addi-
tion to these well-known dynamics, SPA can be stimulated,
resulting in vastly different laser dynamics: triple-state
dissipative soliton switching. Such dynamics is inher-
ently different from the spectra evolution observed in the
build-up phase of dissipative solitons in an ultrafast fiber
laser [33]. In the latter case, the dynamic spectra finally
become modulated, representing the generation of bound
solitons. Our work is also different from multiple-period
soliton pulsation in passively mode-locked fiber lasers in
which periodic energy evolution was observed [34,35].

The dissipative soliton dynamics shown above resem-
bles that of breathing solitons in microresonators [36,37].
The broadening and subsequent splitting of the soliton
spectrum [37], as well as the energy transfer between the
soliton spectral center and wings [36] observed in the
microresonators are also observed in our laser. In addition,
the transition from stationary mode locking to period-
ical triple-state dissipative soliton mode locking by an
increase in the pump power is the same as those obtained in
breather solitons in microresonators [36,37]. Such a transi-
tion results from the well-known Hopf bifurcation [37,38].
It is remarkable that the two distinct systems can have sim-
ilar soliton dynamics, suggesting the universality of such a
phenomenon. Nevertheless, there are differences between
the two systems. First, the origins are different. The period-
ical spectral dynamics observed in the microresonators is
characteristic of breathing solitons. The similar dynamics
observed in our laser arise from a cascade process includ-
ing linear gain, self-phase modulation, and self-parametric
gain-induced spectrum narrowing. Second, the governing
equations are different. A Lugiato-Lefever equation gov-
erns the dynamics of microresonators, while a discrete
model based on a modified nonlinear Schrödinger equation
governs our laser dynamics. The latter is much more

complex as it considers more physical effects including
gain, gain dispersion, and the mode-locking mechanism.
Third, the microresonators have anomalous dispersion
while our laser requires a dispersion-managed cavity with
a segment of anomalous-dispersion fiber to provide nega-
tive chirp such that self-parametric gain is triggered in the
normal-dispersion fiber.

Our work can have practical applications. SPM, a well-
known adverse nonlinear effect in ultrafast fiber lasers, was
previously avoided mainly by using large-mode-area fiber
(compromised by beam quality, integrity, and costs), but
could now be readily overcome by SPA in SMF to some
extent. Indeed, our result shows that the double-peaked
spectrum resulting from SPM can be effectively shaped to
a single-peak one. In addition, our work is performed in
the spectral domain, and could be possibly extended to the
spatial domain. Spatial SPM degrades the quality of optical
beams (for instance, a Gaussian beam suffers from ring pat-
terns due to spatial SPM), but a good-quality beam may be
generated by deploying spatial SPA. Finally, the switching
between three distinctive dissipative solitons represents an
alternative type of instability that limits the power scaling
of mode-locked lasers. Our work suggests that excluding
the use of anomalous dispersion fibers in a laser can elimi-
nate SPA since the negative chirp generated by such fibers
is required for SPA to occur.

III. CONCLUSION

Our laser showing switching between three distinctive
dissipative solitons because of cascade nonlinear processes
including SPM and SPA brings important insights into
dissipative solitons. In the broader context, triple-state
dissipative soliton switching could be universal in ultra-
fast lasers. Observations of their existence in different
laser systems such as Ti:sapphire and semiconductor lasers
are thus of particular interest. In addition, the NLSE is
used to simulate the dynamics in our laser. Importantly,
the NLSE is a universal model describing many different
physical systems, such as Bose-Einstein condensates [39],
hydrodynamics, and plasmas [40]. Therefore, the rich
dynamics of dissipative solitons we observe are not lim-
ited to optics and might also be present in many physical
systems.
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APPENDIX A: THE LASER SET UP

The detailed laser set up is shown in Fig. 6. A 1.2-m long
segment of EDF is used as the gain medium. This fiber
is pumped through a 980/1550 nm wavelength division
multiplexer (WDM) by a 976-nm laser diode. Nonlinear
polarization rotation is employed to achieve mode lock-
ing due to its relatively simple experimental realization: an
in-fiber polarization-dependent isolator (PDI) sandwiched
between two polarization controllers (PCs) converts non-
linear polarization rotation to amplitude modulation, ini-
tiating and stabilizing mode-locked operation, while also
ensuring unidirectional oscillation. A 30:70 fiber coupler is
employed to tap 30% of the laser power out of the cavity.

FIG. 6. The detailed schematic diagram of the dissipative soli-
ton fiber laser. LD—laser diode; WDM—wavelength-division
multiplexer; EDF—erbium-doped fiber; OC—optical coupler;
PC—polarization controller; PDI—polarization-dependent isola-
tor; SMF—single-mode fiber.

APPENDIX B: THE PARAMETERS USED IN THE
SIMULATION

The parameters used in the simulations are shown in the
table below. The simulations are carried out using split-
step Fourier method.

OC SA
SMF
(SMF28)

EDF
(OFS 80)

SMF
(Nufern 980)

T = 0.3 R0 = 0.5 β2 =−0.021
ps2/m

β2 = 0.064
ps2/m

β2 = −0.0114
ps2/m

�R = 0.4 γ = 0.00165
(W m)−1

g = 20/m γ = 0.00165
(W m)−1

P0 = 200 W L = 13 m � = 40 nm L = 2 m
L = 1.2 m
γ = 0.0066

(W m)−1

Es = 12 and
15 pJ (for
standard and
SPA gain,
respectively)

SA: saturable absorber; OFS: optical fiber solutions.

APPENDIX C: THE TEMPORAL PROFILES OF
THE TRIPLE-STATE DISSIPATIVE SOLITON

The temporal intensity profiles of the dissipative soli-
tons within one period are also investigated by numerical
simulations as shown in Fig. 7. The spectra gradually nar-
row down from RT 1 to RT 3 [Fig. 2(d)], implying the
increasing of the pulse durations as illustrated in Fig. 7.
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FIG. 7. The temporal profiles of the dissipative solitons over
consecutive RTs when SPA gain is stimulated.
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