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Real-time observation of soliton pulsation in net normal-dispersion
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We present experimental observations of soliton pulsations in the net normal-dispersion fiber laser by using the dis-
persive Fourier transform (DFT) technique. According to the pulsating characteristics, the soliton pulsations are classified
as visible and invisible soliton pulsations. The visible soliton pulsation is converted from single- into dual-soliton pulsation
with the common characteristics of energy oscillation and bandwidth breathing. The invisible soliton pulsation undergoes
periodic variation in the spectral profile and peak power but remains invariable in pulse energy. The reason for invisible
soliton pulsation behavior is periodic oscillation of the pulse inside the soliton molecule. These results could be helpful in
deepening our understanding of the soliton pulsation phenomena.
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1. Introduction

As an ideal experimental platform, fiber lasers have the
capacity to produce ultrashort pulses which could find im-
portant applications in the fields ranging from fundamental
physics to industrial purposes.!!! Using the passive mode-
locking techniques, various exotic soliton phenomena can be
experimentally observed in fiber lasers, such as conventional
soliton, [?! dissipative soliton (DS),[3J vector soliton,!*! dark
soliton,’! and polarization domain wall soliton.[®! In particu-
lar, DSs exist in nonconservative dissipative systems, in which
the additional balance between gain and loss is crucial in the
formation of DSs.[”! The DSs exhibit complex dynamic be-
haviors; therefore, they can unveil the underlying physics and
mechanisms of soliton dynamics.

Over the past decade, parameter-invariant stationary DSs
have been widely investigated in fiber lasers. However, under a
certain parameter condition, solitons operate in nonstationary
state and exhibit complex nonlinear transient dynamics, which
are difficult to detect by time-averaged measurement appara-
tuses. In recent years, a novel real-time measurement method,
called dispersive Fourier transform (DFT) technique, allows
the characterization of the transient dynamics of DSs.!8]
Through time-stretch method, the pulse spectrum can be
mapped into a temporal waveform to obtain the real-time spec-
tral information. Hence, utilizing DFT, various complex ultra-

fast nonlinear phenomena, such as soliton explosions,!!-12!
soliton pulsations,!!314] and soliton buildup dynamics,!>-17]
as well as internal motions of soliton molecule,!!3-29] have
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been well investigated.

Recently, soliton pulsation has attracted attention as a
typical nonstationary oscillating pulse structure. In contrast
to the scenarios of constant-amplitude pulse train generated
in fiber lasers, the amplitude of the pulsating soliton evolves
periodically along with the cavity round trips. The mecha-

(211 including spectral filter-

nisms of the pulsating behaviors,
ing, dispersion effects, nonlinear effects, slow gain dynam-
ics, and saturable absorption, are complex. Pulsating soli-
ton states have been theoretically predicted based on the com-
plex Ginzburg—Landau equation. ?%%3

ton pulsation has an intrinsic nature in dissipative fiber laser,

1 The formation of soli-

regardless of the dispersion regime.?*>! Pulsating solitons
with different properties, such as pure soliton pulsation, 2]
breathing DS explosion,?”! creeping soliton,?8! and pulsat-
ing soliton with chaotic behavior, >
investigated. In earlier studies, the pulsation process was gen-

I have been successively

erally identified by the pulse energy or amplitude oscillation.
This pulsation state is referred to as visible soliton pulsation.
In addition to the energy pulsation, several studies involving
invisible soliton pulsation have been performed,*! where the
soliton pulsates in the pulse profile and the peak power but re-
mains energy-invariable under certain parametric conditions.
Benefiting from the DFT technique to acquire the shot-to-shot
pulse spectrum, the real-time spectral evolution of invisible
soliton pulsation can be well observed and analyzed. The
investigation of soliton pulsation is important to gain an in-
sight into laser physics, which could help optimize laser per-
formance. In contrast to the great progress made in the study
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of stationary soliton dynamics in ultrafast lasers, soliton pulsa-
tion has not been thoroughly explored. In light of the diverse
nonlinear dynamical phenomena involved in fiber lasers, new
types of soliton pulsations, particularly invisible soliton pulsa-
tion, could be discovered by using the DFT.

In this study, the real-time evolutionary dynamics of soli-
ton pulsation is investigated by using the DFT technique. Vis-
ible and invisible soliton pulsation are generated in the net-
normal-dispersion fiber laser. The visible soliton pulsation
can operate in single- and dual-soliton states, which has ob-
vious energy oscillation. Notably, by adjusting cavity param-
eters, the phenomenon of invisible soliton pulsation with con-
stant energy can be observed. The shot-to-shot spectra exhibit
quasiperiodic spectral pulsation arising from periodic oscilla-
tion of the soliton inside the molecule. The experimental re-
sults could facilitate an in-depth understanding of the complex
features of pulsating solitons.

2. Experimental setup

The experimental setup is shown in Fig. 1. The DS is
generated by using a net-normal-dispersion mode-locked fiber
laser and stretched by the DFT system. In the ring laser cav-
ity, a 4.5-m-long erbium-doped fiber with a dispersion co-
efficient of —18.5 ps-nm~!-km~! was used as a gain fiber
and pumped by a 980-nm laser diode through a wavelength-
division multiplexer. A 1.2-m-long dispersion-compensation
fiber with a dispersion coefficient of —152.7 ps-nm~!-km~!
was used to regulate the cavity dispersion. The residual fiber
was a 9.9-m single mode fiber with an anomalous dispersion
of 17 pssnm~'-km~!. A fiber-based polarization-dependent
isolator (PD-ISO) was used, along with two polarization con-
trollers (PCs) that were included to achieve the nonlinear po-
larization rotation (NPR)-based mode-locking and ensure the

unidirectional oscillation of the laser. A 90:10 optical coupler
was employed to emit laser output. The total cavity length
was approximately 15.6 m with a net cavity dispersion of
~ 0.125 ps2; thus, the fiber laser operated in the net-normal-
dispersion regime.

P OSA
—.

- Oscillation
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., |y
26 km SMF
PC2
Fig. 1. Experimental setup of dissipative soliton all-fiber laser. LD: laser
diode; WDM: wavelength-division multiplexer; EDF: erbium-doped fiber;
PC: polarization controller; PD-ISO: polarization-dependent isolator; DCF:

dispersion compensation fiber; OC: optical coupler; SMF: single mode fiber;
PD: photodetector; OSA: optical spectrum analyzer.

In order to provide enough dispersion for DFT measure-
ment system, a roll of SMF with a length of 26 km and the to-
tal dispersion of —572 ps” was employed to stretch the output
pulses. The stretched pulses were detected by a 4-GHz oscil-
loscope together with a 12.5-GHz fast photodiode. Therefore,
the real-time spectral resolution by DFT is ~ 0.57 nm. The
spectral information can be directly measured by the oscillo-
scope, thereby enabling real-time access to the soliton dynam-
ics.

3. Results and analysis
3.1. Fundamental mode-locked dissipative soliton

Owing to the NPR effect, the stable mode-locked pulse
train is achieved at pump power of ~ 80 mW. The laser per-
formance of the DS is depicted in Fig. 2.
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Fig. 2. Fundamental mode-locking operation. (a) Pulse train, (b) optical spectrum recorded by OSA, (c) RF spectrum, (d) optical spectrum
measured by OSA (blue curve) and DFT (red curve), (d) shot-to-shot spectra by DFT.
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Figure 2(a) shows the pulse train at a pulse interval of
75.9 ns as determined by the cavity length. Figure 2(b) pre-
sents the corresponding spectrum, which has characteristically
steep spectral edges in the normal-dispersion regime. The cen-
tral wavelength is 1567 nm at a 3-dB bandwidth of 26.1 nm.
Moreover, the radio-frequency (RF) spectrum in Fig. 2(c) in-
dicates that the laser operates at a fundamental repetition rate
of 13.17 MHz with a signal-to-noise ratio of 50.9 dB.

To validate the reliability and accuracy of DFT tech-
nique, the spectrum measured by the optical spectrum ana-
lyzer (OSA) and the spectrum obtained by the DFT are com-
pared in a linear spectrum range as shown in Fig. 2(d). We can
see that the average spectrum over 1000 round trips measured
by the DFT (red curves) coincident well with the one mea-
sured by the OSA (blue curves). The consistency between the
two spectra indicates that the DFT technique can be used to
accurately measure the spectral characteristics of pulses. No-
tably, the fluctuation of DFT spectrum is mainly due to the
low output power and measurement noise from the detection
system. Figure 2(d) shows the evolution of 1000 consecutive
real-time spectra. The profile of each spectrum remains nearly
unchanged in the process of evolution, further indicating that
the DS fiber laser can operate in a stable state.

3.2. Conventional visible soliton pulsation

By subtly adjusting the PCs, the stable mode-locking op-
eration transforms to the soliton pulsation state at 105 mW.
The spectrum of the pulsating soliton presents as arcuate at
both edges, instead of the conventional steep edges, when the
DS starts to pulsate3!! as shown in Fig. 3(a). The ensemble
average of the real-time spectra results in arcuate edges on the
spectrum measured by using the OSA. Limited to the scan rate
of the OSA, the spectrum remains almost unchanged with time
going by. The inset of Fig. 3(a) shows the pulse train of the
pulsating soliton on a large time scale. The intensity modula-

tion with a period of ~ 22.6 us is exerted on the pulse train.
The RF spectrum has two symmetric side peaks around the
main peak with a 44.21-kHz frequency difference as shown in
Fig. 3(b), indicating that the typical pulsating soliton is gener-
ated by the fiber laser. The frequency difference of 44.21 kHz
corresponds to the period of soliton pulsation. The real-time
spectral and temporal evolution dynamics of 1000 consecu-
tive round trips are recorded by the high-speed oscilloscope as
shown in Figs. 3(d) and 3(e), respectively. The pulse period-
ically varies its energy and spectral bandwidth with time. By
integrating the DFT spectrum intensity in each round trip, the
energy evolution over 1000 round trips can be determined as
shown in Fig. 3(c), which exhibits the periodic energy oscilla-
tion for this case. The energy evolved synchronously with the
spectral bandwidth breathing with a period of 298 round trips
(22.6 ps).

Figure 4 shows six transient spectral profiles correspond-
ing to different round trips within a pulsating period. The real-
time spectral bandwidth and amplitude continually vary with
round trip. The stronger the pulsating soliton energy, the larger
the real-time spectral bandwidth and amplitude are. This vari-
ation ascribes to the incomplete balance among the dispersion,
nonlinearity, gain and loss within one round trip. Notably,
sharp spectral peaks at the edges arising from discontinuities
in the spectral phase are not observed, which is possibly at-
tributed to the insufficient nonlinearity in the laser cavity. 3]

By slightly adjusting the PCs and the pump power, the
fiber laser enters into the dual-soliton pulsation regime. Fig-
ure 5(a) shows the spectrum from the OSA at 115 mW. Like
the single-soliton pulsation, the spectrum still has arcuate
edges. The pulse train on a 100-us time scale exhibits deeper
amplitude modulation as shown in the inset of Fig. 5(a). The
RF spectrum is displayed in Fig. 5(b). The frequency sepa-
ration between multiple peaks is ~ 65.9 kHz, which is roughly
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Fig. 3. Single-soliton pulsation operation. (a) OSA spectrum, (b) RF spectrum, (c) energy evolution, (d) consecutive shot-to-shot spectra, (e)

temporal evolution.
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Fig. 4. Transient spectral profiles within a pulsating period under single-soliton pulsation.
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Fig. 5. Dual-soliton pulsation operation. (a) OSA spectrum, with inset showing pulse train on a large time scale), (b) RF spectrum, (c) energy evolution,

(d) consecutive shot-to-shot spectra, (e) temporal evolution.
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Fig. 6. Transient spectral profiles within a pulsating period under dual-soliton pulsation.

equivalent to the pulsating period of ~ 200 round trips. Com-
paring with the RF spectrum in Fig. 3(b), there are many sub-
peaks around the main peak, indicating that the dual-soliton
pulsation is more stable. The periodic evolution of spectral

02

intensity and temporal intensity are represented in Figs. 5(d)
and 5(e), respectively. The two solitons have the same pulsat-
ing characteristics. As shown in Fig. 3, the pulsation period
(~ 200 round trips) is shorter than the single-soliton pulsa-
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tion period (~ 298 round trips), and the dual-soliton pulsa-
tion is stronger in both temporal domain and spectral domain.
The corresponding energy evolution is depicted in Fig. 5(c).
Obviously, the energy oscillates periodically in a zigzag pat-
tern. The energy modulation within each period approaches
to nearly 50%. The arcuate extents of the spectral edges are
related to the pulsating state experimentally. Generally, the
stronger the pulsating soliton, the larger the arcuate extent of
the spectral edges is.

Figure 6 shows six typical single-shot spectra within a
pulsating period. Similarly, real-time spectral bandwidth and
amplitude vary with round trip. Because the energy of dual-
soliton pulsation is larger than that of single-soliton pulsation,
the variations in bandwidth and amplitude are more obvious.
In particular, the sharp spectral peak arises at the edges in
the spectrum widening process, which relates to shock-wave
dynamics occurring in normal-dispersion mode-locked fiber
lasers. 33!

3.3. Invisible soliton pulsation

Further increasing the pump power to 150 mW and care-
fully adjusting the PCs, the soliton molecule is generated in the
cavity, which is indicated by the modulated spectrum from the
OSA shown in Fig. 7(a). The modulation period is 0.73 nm,
suggesting that the pulse separation inside the soliton molecule
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is 11.1 ps. The pulse train in Fig. 7(b) operates at a fundamen-
tal repetition rate, and the pulse intensity is uniform without
visible fluctuation on a large time scale. Owing to the limited
bandwidth of the oscilloscope, the pulse separation is too small
to be observed. Consequently, the soliton molecule appears
as one pulse in the oscilloscope. Based on the results, a sta-
ble soliton molecule is generated in the fiber laser. However,
with the aid of the DFT system, there occurs the distinctive
phenomenon of consecutive shot-to-shot spectra exhibiting the
quasiperiodic spectral pulsation. The corresponding shot-to-
shot spectra of 3000 round trips are plotted in Fig. 7(c), where
the spectra pulsate obviously with a period of approximately
410 round trips. Figure 7(d) illustrates the more detailed fea-
ture of real-time spectra from the 100th to 1100th round trip,
revealing the evolution dynamics with a typical interference
pattern presented in the spectrum of a soliton molecule. In
the evolution process, the separation of the spectral fringe re-
mains nearly unchanged. Constant spectral-modulation spac-
ing implies a fixed intermolecular pulse separation in the time
domain. Note that the position of spectral fringe shifts at the
lowest spectral intensity between two adjacent pulsations. Ac-
cording to the principle of interference, we speculate that the
difference in phase between soliton molecules implies a peri-
odic transition between in phase and out of phase.
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Fig. 7. Invisible soliton pulsation operation. (a) OSA spectrum, (b) pulse train, (d) three-dimensional contour plot of spectra by DFT, (e) close-up of spectra.

Figures 8(a) and 8(b) present the spectral and temporal
evolution during 3000 consecutive round trips, respectively.
Spectral bandwidth does not vary with time, whereas the in-
tensity does. Over cavity round trips, the pulse train remains
stable. The energy evolution in Fig. 8(c) is almost constant
by integrating the shot-to-shot spectrum, which is consistent

with stable pulse train observed by oscilloscope. The real-

time spectrum varies significantly as shown in Fig. 7(c). Thus,
it is necessary to investigate the intermolecular pulse distribu-
tion in the time domain. To obtain the temporal information
about the soliton molecule, the corresponding field autocorre-
lation trace is present in Fig. 8(d), which is obtained by using
the Fourier transform of the corresponding spectra in Fig. 7(c).

This method could capture transient distribution of DSs inside
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bound solitons. 34! Clearly, the field autocorrelation trace in
Fig. 8(d) confirms that the soliton molecule is composed of
two solitons with unequal intensities, in which the weak soli-
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ton periodically is generated and annihilated over a period of
approximately 410 round trips, indicating that the two solitons
periodically exchange energy.
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To gain an insight into spectral evolution in this case,
eight typical spectral frames within one pulsating period are
shown in Fig. 9. The modulation depths of real-time spectra
gradually increase from zero, and the normalized intensity at
peak wavelength varies from 0.6 to 1 with round trips. Subse-
quently, the spectral modulation and intensity decrease, show-
ing the reverse evolution trend. Combining the field autocorre-
lation trace in Fig. 8(d), we believe that the variation in mod-
ulation depth is related to the energy oscillation of weak co-
herent soliton inside molecule. The larger the energy of weak
soliton, the stronger the modulation depth is. The energy per-
turbation of weak soliton makes the spectral-modulation depth
vary with round trip. In one pulsating period, the spectral
bandwidth is invariable. From the real-time spectra in Fig. 9,
we can infer that the soliton state periodically switches be-
tween soliton molecule and soliton singlet. Despite the varia-
tion of periodic spectral profile, the spectral fringe interval re-

mains nearly fixed at ~ 0.73 nm over consecutive cavity round
trips, implying that the soliton separation inside molecule is
~ 11.1 ps. Such a separation matches well with the separation
revealed by the field autocorrelation trace in Fig. 8(d). There-
fore, in the experiment, the soliton pulsates in a distinct man-
ner; that is, real-time spectra pulsate with time but the pulse
energy remains almost unchanged, which resembles the typi-
cal behavior of invisible soliton pulsation.

In this study, various soliton pulsation dynamic behaviors
are investigated by using the DFT. The DFT allows us to re-
veal the transient dynamics of soliton pulsation through the
time-stretch method. In the experiment, we find that the for-
mation mechanism of visible and invisible soliton pulsation is
different. Generally, traditional soliton pulsation (i.e., visible
soliton pulsation) is related to the period bifurcation, which

t. [35

results from the cavity nonlinear switching effect.* Solitons

in the dissipative system at the bifurcation point have pulsat-
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ing behaviors. The pulsating soliton can periodically change
its energy and spectral bandwidth. Moreover, the transforma-
tions from single- to dual-soliton pulsation can be achieved
by adjusting the power pump and the PCs, indicating that the
soliton pulsations are sensitive to cavity parameters such as
the nonlinear effect and polarization state. As for invisible
soliton pulsation, it originates from the periodic oscillation of
weak soliton within soliton molecules. Owing to the energy
exchange, the weak soliton periodically generates and anni-
hilates. Therefore, the pulsation soliton periodically switches
between soliton molecule and soliton singlet. In this case, al-
though there is no change in the total energy, it could still be
termed soliton pulsation because of the periodic recurrence of
its profile and spectral peak intensity after multiple cycles.

4. Conclusion and perspectives

We have experimentally investigated two types of soliton
pulsations in a normal-dispersion fiber laser by using the DFT
technique. Traditional single- and dual-soliton pulsations, as
well as invisible soliton pulsation are observed. Visible soli-
ton pulsation exhibits obvious energy oscillation and spectral
bandwidth breathing, while invisible soliton pulsation pulsates
in pulse profile and peak power, but the energy is almost con-
stant. These results provide a new insight into the dynamical
process of the soliton pulsation formation.
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