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Abstract: We use the dispersive Fourier transform to spectrally characterize “multipulse soliton
complexes” in a dissipative soliton fiber laser operating in the soliton-similariton regime. These
multipulse complexes consist of two or more circulating dissipative solitons of picosecond
duration, but with temporal separations of ∼5–40 ns, three orders of magnitude greater than the
individual pulse durations. The results we present include a multipulse complex of 9 distinct
single soliton pulses with ∼10 ns separation, as well as a multipulse complex where a soliton
molecule of two bound pulses separated by ∼40 ps coexists with multiple single pulses with
separations of ∼30 ns. We also use the dispersive Fourier transform to characterize breathing
and transition dynamics in this multipulse regime, and our results add further to the experimental
characterization of the diverse range of nonlinear structures in dissipative soliton systems.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Ultrafast mode-locked lasers that exploit nonlinearity in the pulse formation process are well-
known to display a rich landscape of “dissipative soliton” dynamics, resulting from the interplay
of the nonlinearity with dispersion and dissipation. Although such laser instabilities have been
known and studied formany years, their properties have recently received greatly renewed attention
because of the development of advanced measurement techniques that allow their single-shot
measurement in real-time [1–4]. This has allowed roundtrip-to-roundtrip variations in circulating
pulse characteristics to be readily observed, providing a new window into understanding laser
instabilities and how they develop.
A technique of this kind that has proven very straightforward to implement experimentally

is the dispersive Fourier transform (DFT) that enables measurement of single-shot spectra at
MHz repetition rates. The first experiments using DFT to study mode-locked laser instabilities
characterized incoherent noise-like fluctuations in a soliton mode-locked fiber laser [5], and this
was followed by the measurement of rogue wave fluctuations [6], soliton “explosion” (or collapse
and recovery) dynamics [7], and both soliton explosions and chaotic soliton evolution [8].The
DFT technique was also applied to a Kerr-lens mode-locked Ti:Sapphire laser, directly allowing
pulse build-up from noise to be characterized [3]. Subsequent experiments with a Kerr-lens
mode-locked Ti:Sapphire laser reported DFT measurements of spectral interference between
closely-spaced pulses in the cavity [9], revealing bound state soliton “molecule” states, known to
be characteristic of dissipative soliton laser systems [10–12].
Following these initial experiments, more recent work has applied DFT to wider classes

of laser instabilities [4,13–18], further studies on pulse buildup [19–23], characterization of
soliton breathing processes [24–28], and the study of bound state soliton molecules [9,29–31].
Another class of dynamics attracting attention in the context of DFT characterization is that of
“multipulse soliton complexes.” In this regime, the laser operation is associated with two or more
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circulating soliton structures of picosecond duration, but with nanosecond temporal separations
[32]. DFT studies of this regime have focussed on a range of different characteristics, including
stable double-pulse mode-locking [33], harmonic mode-locking [34], as well as a wide-range of
unstable evolution dynamics [35–38].
In this paper, we extend the use of DFT to study such multipulse complexes by reporting

their experimental characterization in a soliton-similariton laser where these dynamics have
not previously been reported. Our experiments show both the formation of complex states of
multiple bound singlet and molecule pulses, as well as breathing multipulse dynamics over 100’s
of round trips. These results add further to the experimental characterization of the diverse range
of nonlinear structures in dissipative soliton systems.

2. Experimental setup and the multipulse regime

Figure 1 shows the experimental setup and illustrates the general properties of the multipulse
complexes that we study here. The laser in Fig. 1(a) is a soliton-similariton ring cavity design
operating at wavelength ∼1555 nm which consists of four key elements: (i) a normal dispersion
amplifying erbium doped fiber (EDF) in which self-similar pulse evolution occurs; (ii) standard
single-mode fibre (SMF 28) in which soliton evolution occurs; (iii) a saturable absorber based on
nonlinear polarization rotation [39] to initiate and sustain mode-locking; (iv) a spectral filter to
match soliton and self-similar propagation [40].

In more detail (referring to Fig. 1(a)), the 976 nm pumped EDF has length LAB = 11m and was
based on OFS R37003 fibre with group velocity dispersion (GVD) β2 = +40×10−3 ps2 m−1. The
lengths of SMF 28 segments with β2 = −21.7× 10−3 ps2 m−1 are: LBC = 1m, LEF = 0.42m, and
LGH = 6.8m. The lengths of HI1060 segments with β2 = −11.1×10−3 ps2 m−1 are: LCD = 0.5m
and LDE = 0.5m. The length of an HI1060 FLEX segment with β2 = −7.0 × 10−3 ps2 m−1 is
LHA = 1m. The net roundtrip cavity dispersion is +0.24 ps2. The laser repetition rate is 9.5 MHz
(cavity round-trip time of 105 ns). The use of the HI1060 fiber-pigtailed output coupler (between
points C and E) was in order to have reduced GVD in the output coupling fibre to minimize
self-compression of the chirped similariton pulses. However, the use of such HI1060 fiber is not
essential, and the laser operates with very similar characteristics using a standard SMF28-based
coupler. We also note that when using nonlinear polarization rotation as a saturable absorber
mechanism, the overall effective laser output coupling (via the polarizing beam splitter) varies
as a function of the polarization adjustment, and this can have an additional influence on the
observed dynamics.
The laser output was characterized using a 0.07 nm resolution optical spectrum analyser

(OSA, Anristu MS9710B), average power monitoring, and a DFT setup. The DFT temporally
disperses an optical pulse such that the stretched temporal intensity has the same form as the pulse
spectrum [2]. The stretched signal was detected using a fast photodiode (Miteq DR-125G-A)
and real-time oscilloscope (LeCroy 845 Zi-A, 30-GHz channel, 80 GS s−1), with the stretched
pulse timebase t related to optical frequency ν by the transformation 2πν = t/(β2 z), with β2 z
the total accumulated dispersion in the stretching fiber. Note that we used different stretching
fibers in different experiments, and we give the corresponding values below as appropriate. The
corresponding spectral resolution (in nm) is conveniently expressed as ∆λ = (B |D|z)−1 where
B = 12.5 GHz is the overall detection bandwidth, and the dispersion parameterD = −(2π c/λ2) β2
[2]. Of course, when performing DFT measurements it is essential that the propagation in the
DCF is strictly linear [2], and this was achieved in our experiments via inline attenuation prior
to injection in the DCF. The fidelity of the DFT measurements was confirmed by comparing
the averaged spectrum measured on the OSA with the DFT spectrum as discussed below. We
also note that some recent studies of fiber laser instabilities have combined DFT characterization
with simultaneous ultrafast photodiode characterization of the corresponding temporal pulse
trains [27,42]. Combined spectral and spatio-temporal analysis provides additional insight into
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Fig. 1. (a) Setup: EDF, Erbium-doped fibre; ISO, optical isolator; WDM, wavelength-
division multiplexer, QWP, quarter-wave plate; HWP, half-wave plate; PBS, polarizing
beamsplitter; OSA, optical spectrum analyzer; FROG, frequency-resolved optical gating;
DCF, dispersion-compensating fibre; DFT, dispersive Fourier transform. The intracavity
filter had 10 nm bandwidth. Further details of the setup are in Ref. [41]. (b) Illustrating
the temporal structure of the observed multipulse complexes. (i) The dashed box shows a
complex of three distinct (picosecond) pulses separated by 5–40 ns; (ii) Shows a similar
complex but where one of the constituent components is a soliton molecule consisting of
two pulses separated by ∼10’s of ps. (c) Pulse characterization in the stable regime for: (top)
the soliton branch (at point A); (bottom) the similariton branch after the EDFA (at point
D) showing: (i) Spectra, (ii) FROG traces, (iii) retrieved intensity (solid line, left axis) and
chirp (dashed line, right axis). For the similariton spectra we compare OSA (black) and DFT
(red) measurements, and we use a logarithmic scale for the similariton intensity to emphasis
the low-amplitude wings.
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the dynamics, but our experiments here are focussed on DFT measurements [9,15,43]. These
readily allow us to extract both the number of multiple pulses, their nanosecond scale temporal
separation, and their spectral content and evolution.
Previous studies of this laser in Ref. [41] focussed on characterizing operating regimes with

only one circulating pulse or one molecule in the cavity. These regimes corresponded to pump
powers in the range 30–80 mW, associated with linearly-chirped similariton pulses at the EDF
output of duration ∼7–10 ps and spectral bandwidths ∼20–25 nm. Higher pump powers and/or
detuned waveplate positions in the saturable absorber led to more unstable dynamics, but still
with only one intracavity circulating pulse.

The results we report here were obtained by studying the laser operation over a wider parameter
range of pump power and waveplate positions, which yielded the observation of multipulse
complexes as illustrated schematically in Fig. 1(b). For example, Fig. 1(b-i) illustrates a complex
of 3 distinct solitons, where the individual pulses have characteristics comparable to those seen
in the single-pulse regime (i.e. bandwidths ∼20–25 nm and picosecond duration), but with
temporal separations ∼25–40 ns, orders of magnitude larger than the pulse duration, but still
less than the cavity roundtrip time. Experimentally, the exact temporal separations observed
varied with both pump power and the orientation of the waveplates, even when varied over only a
few degrees. In addition to multipulse complexes consisting only of single picosecond pulses,
we also recorded cases where both single soliton pulses and soliton molecules co-existed, as
illustrated in Fig. 1(b-ii). Here, the distinct pulses have picosecond duration, the separation in
the bound state molecule is also picosecond duration, but again the separation between these
different picosecond components of the complex is ∼5–40 ns.
Although Fig. 1(b) is only a schematic illustration, experimental results for similar cases are

presented below. In this regard, we remark that the DFT is ideally suited to characterize the
sequential spectra of pulses that form a multipulse complex, as the DFT measurement yields
both the spectra of each pulse in the state, as well as their temporal separation. It is of course
necessary in this case that the amount of dispersive stretching for each pulse in the complex is
less than the separation between successive pulses so that there is no spectral overlap. Yet at the
same time, it is desirable to optimise the amount of stretching that occurs to improve spectral
resolution. As we shall see below, we implemented the DFT using different stretching fibres with
different values of β2 z depending on the particular characteristics of the multipulse complexes
observed under different conditions.

Finally in discussing the experimental setup, for completeness we show in Fig. 1(c) results of
second harmonic generation (SHG) frequency-resolved optical gating (FROG) measurements
[44,45] in the stable single-pulse laser regime. These illustrate pulse characteristics for: (top) the
soliton branch (at point A) and (bottom) the similariton branch after the EDFA (at point D). In
each case we show: (i) spectra, (ii) FROG traces, (iii) retrieved intensity (solid line, left axis)
and chirp (dashed line, right axis). For the similariton spectra we compare OSA (black) and
DFT (red) measurements as this comparison provides a stringent test of the fidelity of the DFT
technique. Note that the similariton results were previously also described in Ref. [41].
The spectral and temporal characteristics of the pulses in the two branches of the cavity are

clearly very different, with the contrast in the localization characteristics especially apparent in
the FROG traces. We also note that the spectrum of the pulse from the similariton branch in
Fig. 1(c-i) shows pronounced spectral modulation peaks particularly on the long wavelength
edge. Such spectral features are typical of similariton pulses (and indeed pulses from many other
normal dispersion fibre laser designs) as previously noted by several authors [26,46]. The physical
origin of these peaks is both due to the intrinsic nature of the chirp across the pulse that induces
spectral modulation because of the interference of two waves of the same frequency but different
phases [47], as well as the effect of spectral filtering [46]. For our laser, the long wavelength
peak appears enhanced because of asymmetric amplifier gain. In particular, the gain maxima
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in an EDF depends on factors such as the active ion dopant level, the pump power and pump
geometry, as well as the fiber length, and can be shifted to either longer or shorter wavelengths
depending on the particular configuration used [48]. In our case, the gain maxima was observed
around 1570 nm which leads to the enhancement of the long wavelength modulation peak.

Concerning the retrieved temporal characteristics in Fig. 1(c-iii), the similariton pulse (FWHM
∼8.2 ps) shows the expected strong linear chirp and rapid fall-off in the temporal intensity, and we
use a logarithmic intensity scale to emphasize the decaying wings of the pulse (characteristic of
self-similar evolution [49]). As expected, the soliton is significantly shorter (FWHM ∼2.1 ps) and
we also see that it shows a linear chirp. This is due to the particular design of our cavity where we
operate not with a fundamental soliton but with a soliton order N ∼2 such that we see significant
evolution in the anomalous dispersion soliton branch. Further details and numerical simulations
of the intracavity pulse evolution in the cavity are given in Ref. [41]. We also note here that
FROG measurements are not possible for the multipulse complexes studied here because the
measured trace will be integrated over multiple pulses that will not necessarily possess identical
characteristics. Nonetheless, intensity autocorrelation measurements were carried out to obtain
an indication of a characteristic timescale associated with the multipulse states, and the spectral
bandwidths ∼20–25 nm reported below corresponding to measured intensity autocorrelation
widths in the range 8–10 ps.

3. Results

Our first DFT results are shown in Fig. 2. These measurements were made with dispersion
β2z = +468 ps2 and corresponding spectral resolution of 0.22 nm. For Fig. 2(a), the results
were obtained with a 976 nm pump power of 82 mW (just above the stable single-pulse regime)
and an output power of 0.3 mW. The results show the DFT characterization of a complex state
consisting of two distinct solitons separated by ∼42 ns where we show (bottom) a false-color plot
of successive DFT measurements over 200 roundtrips, and (top) one typical spectral profile (taken
from the first roundtrip of the sequence). The two temporally-separated spectra here exhibit
near-identical characteristics with spectral width of 23 nm and a spectral structure consistent with
linearly-chirped parabolic pulse dissipative solitons [41]. The bottom axes of the false-color plot
and the extracted spectral profiles directly show the DFT timebase in nanoseconds (to illustrate
the temporal separation), but we also include a wavelength scale for the extracted spectral profiles
using the appropriate time-to-wavelength mapping. Because of the large number and close
spacing of the pulses seen in some of our multipulse states it is not practical to provide a separate
wavelength scale for each constituent spectrum, but the wavelength scale shown in the upper
plots also applies to the false-color DFT data. The central wavelength (determined from averaged
OSA measurements) was 1555 nm. Note that the direction of increasing wavelength and time in
these figures is reversed because of the sign of dispersion in the DFT stretching fiber.
Figure 2(b) plots similar data at a significantly higher pump power of 270 mW and a higher

output power of 1 mW. These results show a remarkable complex of 9 pulses simultaneously
circulating in the cavity, all with comparable spectral widths of ∼18.5 nm but with non-identical
temporal separations ranging from 9.7–12.0 ns. To our knowledge, such a multipulse complex
with 9 pulses has not previously been characterized using DFT. Although we plot the DFT results
in Fig. 2(a) and (b) over only 200 roundtrips, the multipulse states were stable over the full data
acquisition of 4000 roundtrips and indeed, were observed to be essentially indefinitely stable
over much longer timescales (operating periods of ∼hours) until the laser cavity parameters were
modified. Similar degrees of long-term stability were also observed for the results below in
Figs. 3 and 4.

Figure 3 presents results for a different class of multipulse complex where one of the constituent
structures is a dissipative solitonmolecule. We again show (bottom) a false-color plot of successive
DFT measurements over 200 roundtrips, and (top) one typical spectral profile from the first
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Fig. 2. Multipulse complex consisting of distinct single pulses showing (a) 2 single pulses
and (b) 9 single pulses circulating in the cavity. The bottom subfigure in each case superposes
results from DFT measurements over 200 cavity rountrips while the top figure shows the
spectral profile taken from the first roundtrip of the data sequence. The DFT timebase
is plotted over the 105 ns range of a cavity roundtrip, while we also show the calibrated
wavelength axis in nm when plotting the extracted spectra. The central wavelength is
1555 nm.

Fig. 3. Multipulse complexes that include a soliton molecule. (a) a molecule state and a
distinct single pulse, (b) a molecule state and 2 distinct single pulses, (c) a molecule state
and 7 distinct single pulses. The larger amplitude of the pulse around 80 ns is attributed to
the incoherent superposition of two solitons. The insets in all cases show the fringes of the
molecule structure over a 2 nm span near the spectral centre of 1555 nm.

roundtrip of the sequence. For example, considering the results in Fig. 3(a), we again see how
the recorded DFT trace again consists of a series of two distinct structures separated by ∼10’s of
nanoseconds, but whilst the spectrum centred on ∼25 ns is qualitatively similar to the results
shown in Fig. 2, the spectrum centred on ∼60 ns exhibits a clear spectral modulation signature of
a molecule state [9]. These measurements used a DFT dispersion β2z = +610 ps2 and spectral
resolution of 0.17 nm. The inset highlights the fringes of the molecule structure over a 2 nm span
near the spectral centre, with the 0.19 nm fringe spacing corresponding to a ∼42 ps separation
between the constituent molecule components. The fringe contrast of 70% in these measurements
is attributed to the finite resolution of the DFT [41]. These results were obtained with a pump
power of 175 mW, a laser output power of 0.6 mW, and the bandwidth of the individual pulses
increased from that seen above in Fig. 2 to ∼33 nm.
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The results in Fig. 3(b) were obtained at a pump power of 270 mW and corresponding higher
output power of 1 mW. These are in fact identical power values as those for the results in
Fig. 2(b) but the qualitative behaviour of the laser here is significantly different because the
laser was operated with different waveplate orientations. In particular, the results now show
two single pulses coexisting with a molecule state. Note that we use a reduced DFT dispersion
β2z = +468 ps2 to avoid temporal overlap between the spectra. This of course leads to reduced
spectral resolution of 0.22 nm compared to Fig. 3(a), and we see this in the slightly lower fringe
contrast of 62%. The fringe spacing here is again 0.19 nm corresponding to a pulse separation of
∼42 ps between the molecule components. The individual spectral width of the pulses here is
∼32 nm, comparable to that seen in Fig. 3(a).
For another orientation of the waveplates at the same power level (in particular by adjusting

the quarter-wave plate positioned after the spectral filter) additional pulses were seen to coexist
in the cavity as shown in Fig. 3(c). In this case, we plot results for a higher DFT dispersion of
β2z = +610 ps2 [as in Fig. 3(a)] to illustrate the issue of temporal overlap that can occur when
measuring multiple pulses. In discussing these results, we first remark that we clearly see the
presence of a molecule structure, and the fringe spacing here is 0.27 nm corresponding to a pulse
separation of ∼30 ps between the molecule components. We then see a sequence of additional
distinct single pulses with non-identical separations in the range 9.5–21.2 ns, and we note the
temporal overlap between the measured spectra around a DFT timebase value of ∼10 ns. The
structure centred on the DFT timebase value of ∼80 ns has around twice the intensity of the
neighbouring spectra, but in fact a detailed examination of the spectral peaks in this case reveal
that this structure in fact corresponds to two pulses, with a very small separation of 1.3 ns.

In addition to the stable states described above, it was also possible to capture regimes where
the multipulse complexes would “breathe” over 50–100 roundtrips, and Fig. 4 shows typical
results. In this case, the figure again shows a false-color sequence of DFT spectra (over 400
roundtrips), and we also show extracted spectral profiles at two selected roundtrips at points of
minimum and maximum spectral expansion (see caption for details). The results in Fig. 4(a)
were obtained for 175 mW pump power and 0.6 mW output power (the same power levels as in
Fig. 3(a)) but with a particular waveplate orientation where breathing was observed. The DFT
dispersion was β2z = +257 ps2 (spectral resolution of 0.40 nm). Figure 4(a) shows a breathing
state of 3 pulses, and for the same waveplate positions but a higher pump power of 285 mW (1
mW output power), Fig. 4(b) shows similar behaviour, but with 4 pulses per roundtrip.
These measurements of spectral breathing in the multipulse regime are complementary to

those reported in other recent studies [26,27]. We note in this context that the results reported in
Ref. [27] were noteworthy in including experimental measurements of corresponding periodic
evolution in the time-domain, and also in using numerical simulations based on the complex
cubic quintic Ginzberg-Landau equation to relate the physical origin of the breathing to the
presence of the higher-order (quintic) gain term in the nonlinear model. Gain saturation was also
found to play a role in another numerical study of similar behaviour [50].

Finally, in addition to results above showing stable or breathing multipulse complexes, we have
also used DFT measurements to characterize a novel regime of transition instability dynamics
around the position of stable multipulse operation. These results were recorded at a pump power
of 175 mW as in Fig. 3(a) where we previously observed a stable single pulse-molecule complex.
However, with waveplate detuning from this stable point, the laser entered into a regime of large
amplitude spectral fluctuations. The DFT characterisation that captured this behavior is shown in
Fig. 5 where we plot: (a) a sequence of DFT measurements over 3900 roundtrips that shows a
series of unstable but localized pulses in the cavity up to ∼1700 roundtrips, followed by collapse
and the appearance of a chaotic spectrum. We were able to characterize only 3900 roundtrips in
this regime because of oscilloscope storage limitations, and within this constraint (even with
further parameter adjustment) we were unable to observe any evidence that the multipulse to
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Fig. 4. Multipulse complexes exhibiting breathing dynamics. (a) Three single pulses (b)
Four single pulses. The bottom figures show a sequence of measured DFT spectra over 400
roundtrips. The top figures show spectra at two selected roundtrips at points of minimum
and maximum spectral expansion: (a) Roundtrips 158 and 203 respectively; (b) Roundtrips
102 and 163 respectively.

chaos transition was reversible or periodic. However, the study of potential intermittence in this
regime may well be observable over longer timescales, as it is readily see in other classes of
dynamics with this laser system [41].

Fig. 5. Experimental DFT characterization of unstable dynamics in the multipulse regime.
(a) shows measurements over 3900 roundtrips and the full 105 ns DFT timebase, illustrating
unstable but localized multiple pulses up to ∼1700 roundtrips followed by chaotic evolution.
The expanded views in (b) show a short-lived quasi-stable breathing molecule structure (left,
around a DFT timebase value of ∼85 ns) and the clear spectral expansion signature of a
soliton explosion (right, around DFT timebase of ∼15 ns).

Several other features of the initial evolution regime are noteworthy. We show the evolution
over roundtrips 1000-1500 for a DFT timebase value of ∼85 ns in the expanded view in the left
panel of Fig. 5(b), where we see a molecule structure that is well localized but which “breathes”
with roundtrips. Related behaviour was reported in Refs [27,38] and linked to energy exchange
between the molecule components associated with gain dynamics effects. For a DFT timebase
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value of ∼15 ns, the results in the right panel of Fig. 5(b) show rapid spectral expansion, and we
note that this is very similar to the dynamics usually associated with below-threshold build up
from noise, where the pulse energy dramatically changes before balance is reached between gain
and loss, and dispersion and nonlinearity [23,33,41,51]. We also note the “on-off” behaviour seen
between roundtrips 1500-2000 (across the full measurement window) which can be interpreted
in terms of a Q-switching-like instability [23,33], and the multiple discrete lines in the chaotic
regime that appear to be a universal feature of unstable dissipative soliton lasers [3,19,20,22,52].

4. Discussion and conclusions

In this paper, we have reported an experimental characterization of a range of “multipulse
soliton complexes” in a dissipative soliton fiber laser operating in the soliton-similariton regime.
The multipulse complexes included up to 9 picosecond-scale soliton structures simultaneously
oscillating in the cavity, with the observed soliton structures also including bound state soliton
molecules. This operating regimewas observed at pump power levels greater than those associated
with stable single pulse operation, and the detailed nature of the multipulse complexes observed
depended sensitively on the orientation of the waveplates used to control the properties of the
laser saturable absorber segment. Multipulse breather structures were also observed, and the
study of an instability regime revealed the presence of breathing soliton molecules and soliton
explosions.
These results provide further evidence of the rich dynamics that are present in dissipative

soliton mode-locked lasers, and extend the experimental studies of highly complex multiple pulse
structures. In particular, although features such as soliton molecule breathing, rapid spectral
expansion and Q-switching have been reported separately in other studies of mode-locked lasers
[16,23,24,26,27,51], their simultaneous appearance during the transition dynamics between
stable and unstable multipulse oscillation is further confirmation of their ubiquitous nature in the
dynamical landscape of dissipative soliton systems.
It is important to stress in this context that such experiments are only possible because of

the measurement capability provided by DFT spectral characterization, and our results provide
yet another example of the importance of real-time measurements to gain improved insights
into nonlinear dynamical sytems. Of particular interest in future studies will be the systematic
use of simultaneous temporal characterisation to develop an even more complete picture of the
dynamics [4,27,42].
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