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(Received 18 November 2015; accepted 10 March 2016; published online 23 May 2016)

Self-pulsating lasers based on cascaded reshaping and reamplification (2R) are
capable of initiating ultrashort pulses despite the accumulation of large amounts of
nonlinearities in all-fiber resonators. The spectral properties of pulses in self-similar
propagation are compatible with cascaded 2R regeneration by offset filtering, mak-
ing parabolic pulses suitable for the design of a laser of this recently introduced
class. A new type of regenerative laser giving birth to similaritons is numerically
investigated and shows that this laser is the analog of regenerative sources based
solely on self-phase modulation and offset filtering. The regenerative similariton
laser does not suffer from instabilities due to excessive nonlinearities and enables
ultrashort pulse generation in a simple cavity configuration. © 2016 Author(s). All
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0)).
[http://dx.doi.org/10.1063/1.4945352]

Self-similar (SS) propagation of optical pulses in presence of gain, predicted in 1993 by An-
derson et al.! and demonstrated in 2000 by Fermann et al.? is of particular interest in the field
of optical pulse propagation and fiber lasers. The unique characteristics of the similariton regime
have numerous practical advantages: any pulse shape eventually converges towards a parabolic
pulse,® the output chirp is linear and only depends on the chromatic dispersion and gain, and
wave-breaking is avoided.*> This eases the generation of high-energy pulses, since the seed pulse
can eventually be compressed to a duration shorter than its initial transform-limit, leading to the
generation of powerful sub-picosecond pulses in all-fiber configurations.®~'® Therefore, the optical
similariton is a very attractive solution to the nonlinear Schrédinger equation in the presence of
nonlinearity and gain in open-loop systems as well as ring cavities with feedback. In the theoretical
and numerical results of Ref. 11 as well as the experimental works of Refs. 6, 8, and 9, a stable
regime where parabolic pulses propagate in a cavity is found in a configuration that is typical of
lasers mode-locked by nonlinear polarization evolution. Recently, other pulse generation mecha-
nisms including self-similarity, dissipative solitons, adiabatic solitons, and other hybrid concepts
were used to overcome the limitations of common mode-locked lasers in terms of energy.'>~!* Such
techniques limit the resonant instabilities due to the in-cavity gain and losses that the pulse under-
goes. Contrary to stretched-pulse lasers which take advantage of large amounts of linear chirp to
keep low peak powers in a cavity of adjusted average dispersion,'” these new configurations operate
by limiting the dispersive-wave shedding and amplification in the anomalous dispersion regime or
by avoiding wave-breaking in the normal regime. In these works, the authors require the presence of
a component playing the role of saturable absorber. For this purpose, additive-pulse mode-locking
or semiconductor saturable absorbers such as carbon nanotubes are chosen.'%!7

Regenerative sources (RSs), on the other hand, are a new class of pulsed lasers relying on
cascaded reshaping and reamplification (2R) for pulse generation as well as saturable absorp-
tion.'8=2! Instead of relying on a classic saturable absorber alike those mentioned above, these lasers
take advantage of high amounts of accumulated y® nonlinear effects followed by offset band-pass
filtering in order to generate ultrashort pulses in all-fiber ring configurations. RSs feature unique
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and interesting properties such as aperiodicity as well as the ability to sustain picosecond pulses in
cavities exceeding 2 km without precise control of the overall accumulated chromatic dispersion.
Also, propagation in normal chromatic dispersion and spectral broadening resulting from self-phase
modulation (SPM) enables nonlinear pulse compression to the femtosecond regime.?>?3

Here we propose a new concept for ultrashort pulse generation leveraging similariton propa-
gation and offset filtering in a regenerative cavity configuration. Extensive numerical investigations
show that a stable pulse transition to similariton is possible in presence of feedback and wavelength
toggling by alternate band-pass filtering. Moreover, the proposed setup based on Raman amplifi-
cation is extremely simple and does not require highly nonlinear fibers, rare-earth doped fibers,
nor additional saturable absorber. Similaritons enable a wave-breaking free propagation, thereby
preserving a large pulse energy and confining the power spectral density (PSD) of the pulses within
a bandwidth of a few nanometers without shedding energy in the transitional state, unlike solitons.?*
To our knowledge, no such architecture was reported so far. Previous work by Pitois et al.'® briefly
presents a laser architecture which includes a regenerative stage featuring similariton propagation.
However, numerical simulations presented in Ref. 19 are based on a simplified model that does
not take into account saturable absorption into saturable absorption, and does not show that SS
propagation only is sufficient to trigger and sustain pulses. The same group also experimentally
reported 2R regeneration based on optical similaritons rather than SPM and offset filtering.?>%° This
optical signal regeneration from similaritons in an open loop suggests that an experimental imple-
mentation of the proposed regenerative similariton laser is possible. This laser may prove useful in
applications for which dual-wavelength oscillation, wavelength tuning, or tunable pulse duration is
desired. As for the source of Ref. 20, pulse buffering is also readily available from this cavity.

The self-pulsating laser source under study is depicted in Fig. 1. For simplicity, two Raman
pumps at 1480 nm are used and modeled as to provide a flat gain in the C-band, around 1550 nm.
A single pump acting backwards for one half-cavity round-trip and forwards for the other could be
sufficient, as these two pumping configurations have already been investigated for self-similar prop-
agation.”’?® The dispersion-shifted fiber (DSF) has realistic properties taken from Ref. 28. It has a
length of 6200 m, a normal dispersion with a chromatic dispersion coefficient of 8, = 3.3 ps?/km,
and a nonlinear waveguide coefficient y = 1.7 W~! km~!. A section of 800 m of single-mode fiber
(SMF) is included after each filtering stage to compensate for the chirp resulting of the self-similar
propagation in the DSF. Third-order dispersion is neglected,* and the gain is assumed to be flat over
the bandwidth 1545-1560 nm, a reasonable assumption since similaritons are robust to gain fluctua-
tions.?” The small signal Raman gain coefficient gy = gr — a is the difference between the effective
Raman gain coefficient and the fiber losses « and has a value of 1.92 x 103 m~!. The saturable gain
is g = Pingoexp[—(Pou — Pin)/ Psa)], With a saturation power of Py, = 15 mW. The band-pass filters
(BPFs) spectrally have a Gaussian profile with 1 nm full-width at half-maximum (FWHM), and a
spectral offset of AQ = 1.7 nm is set between BPF; and BPF,. The source self-starts from noise, and
pulses build-up in the cavity, which is unidirectional except for the DSF section. In this study of the

e @ Ny

2%

FIG. 1. Setup of the laser under study. BPF: band-pass filter, SMF: single-mode fiber, DSF: dispersion shifted fiber, CIRC:
optical circulator, RP: Raman pump, WDM: wavelength division multiplexer.
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cavity dynamics, no additional tap coupler is included. The power extracted via a tap coupler can be
directly compensated by a gain increase. Moreover, the part of the spectrum rejected by each BPFs
can also be used as source output.

Propagation in the fiber sections is modelled with the well-known split-step Fourier method,*°

0A

0z

where wy is the central frequency, and 7 the time in a reference frame moving at the group velocity
vg. Self-steepening and the Raman effect are taken into account in (1) with a linear approximation
with Tg = 3 fs. Cascaded Raman scattering is neglected in this work. It is known that the Raman
effect has detrimental effects on SS.>° However the pulse powers involved here are below the
Raman threshold that we estimate between 1 and 2 W, depending on the fiber parameters.'

As expected for a RS, pulses are aperiodically initiated from noise, and after less than 50
cavity round-trips, a steady-state is found as illustrated in Figs. 2(a) and 2(b). The inset indicates
that multiple pulses can coexist in the cavity if Py, is high enough. The relative delay between
the pulses is random, determined by the initial amplified spontaneous emission (ASE) pattern.
The RF spectrum of Fig. 2(c) corresponds to the pulse train of the inset of Fig. 2(a), typical of
aperiodic sources. The pulse energy and duration depend on the steady-state gain, which dictates
the self-similar propagation. The number of pulses present in the cavity follows the rules applying
to RSs and therefore depends mostly on the saturation power of the amplifier as well as the relative
positions of the BPFs. Each BPF transmits 18% of the pulse energy, which exceeds the efficiency of
RSs based solely on SPM spectral broadening and offset filtering? with similar bandwidths.

In order to assess that the pulses sustained in the cavity have reached a parabolic shape tempo-
rally and spectrally, their proximity to a parabolic shape is measured. The temporal misfit parameter
is defined by the difference between the pulse intensity [#|? profile in the temporal domain and an

ideal parabolic pulse [Zp 4%
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FIG. 2. Source operation in steady state at cavity round-trip 50 in the (a) temporal and (b) spectral domains. Inset: randomly
spaced multiple pulses when the saturation power is increased three times. (c): RF spectrum of the pulse train of (a), inset.
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FIG. 3. (a) Pulse convergence towards similaritons for the first 50 cavity round-trips, when self-starting from noise. (b) and
(c) Steady-state temporal and spectral profiles of the pulse during their propagation in the DSF every 775 m.
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Analogically, we define the spectral misfit parameter M2 from (2), but with the power spectral
density | (w)|* of the pulse and its ideal fit |#(w)p 5|*. Finally, we define the overall similariton
misfit as

M=1- (1 - Mt)(l - Ms) =M;+ M, — M; M. 3)

The build-up of pulses from ASE is illustrated by the decrease of the misfit parameters defined
above in Fig. 3(a). Figs. 3(b) and 3(c) indicate that the pulse passes through a SPM amplification
regime* before reaching SS propagation. Nevertheless, the final pulse profile at the output of the
fiber in steady-state regime is parabolic, and both the temporal and spectral misfits exhibit small
values. In Fig. 4, the temporal and spectral features of the pulse in their steady-state propagation
in the cavity are illustrated for round-trip number 50. The spectral bandwidth and temporal pulse
duration increase together when propagating in the DSF, towards a SS regime. Band-pass filtering
selects a spectral slice of the linearly chirped pulse, thereby decreasing its duration at the same time.
Dispersion compensation in the SMF with anomalous dispersion compresses the pulse, increasing
its peak power by a factor of four, but also resetting the chirp and permitting faster convergence
towards a SS state. Without compensating the dispersion, the latter accumulates and slows down
the formation of a parabolic pulse in the DSF, and the source does not self-start. Indeed, similariton
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FIG. 4. Evolution of the pulse in the cavity. (a) Pulse bandwidth (solid), bandwidth (dashed), peak power (dotted). (b) Time
and bandwidth evolution for a cavity round-trip.
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propagation in this configuration is only at an early stage, as indicated by Fig. 4(a). With gain
and dispersion parameters tuned, faster convergence toward a similariton would allow resetting
the input chirp as well as providing a constant output chirp, depending only on the gain and
dispersion without additional SMF. An overview of the pulse duration and bandwidth during one
cavity round-trip is provided in Fig. 4(b). References 33 and 34 point out the influence of an initial
chirp on the transitional propagation dynamics. In the regenerative feedback loop under study, the
accumulated Raman gain is dynamically defined by the energy circulating inside the cavity. For
the steady-state gain, a propagation towards SS is initiated from the seed pulse. Depending on its
chirp, the pulse spectrum during propagation in the DSF may undergo a smooth change towards
a parabolic profile, as depicted earlier in Fig. 3(c), or via the generation of sidebands initiated by
SPM. Because the gain medium is finite, for a given seed pulse bandwidth and a variable chirp,
not all pulses reach the same proximity to a similariton. Hence, the energy transmitted after one
regeneration stage varies, as well as the similariton misfit parameter of (3), as illustrated in Figure
S1 of the supplementary material.®> The similariton laser operates by finding a steady-state for
which the seed pulse carries a chirp which is low enough to allow approaching self-similarity within
the fiber length. This steady-state does not necessarily correspond to the pulse energy and chirp that
maximizes the energy transmission in the open-loop configuration.

But the critical function defining whether the source self-starts and converges to a well-defined
state is the shape of the energy transfer function (ETF), which must give birth to saturable absorp-
tion. In case of similariton regeneration, the input energy defines whether the pulse will be able to
reach a SS asymptotic regime or not. The transfer function relating the output energy to the input
energy must therefore feature an inflection point, such that the low energy pulses continuously lose
power at the filtering stage, while the high energy pulses stabilize towards a unique energy value, as
depicted in Fig. 5(a). Fig. 5(b) illustrates the actual transmission at each regeneration stage for an
input pulse corresponding to the stable solution of the laser under study (AQ = 1.7 nm), as well as
for AQ =2 nm and 3 nm. The larger the filter offset, the more the ETF discriminates low energies,
but larger values of AQ also require a larger gain to sustain pulses in the cavity. In Fig. 5(c), the ETF
shows that all pulses of energies above P; ~ 60 pJ will converge to that value, as well as the ones of
energies larger than P, ~ 30 pJ. Pulses with energies lower than P, are discarded by the regenerator.
The line E,,, = E;, intersects the ETF in two points, P; being a stable solution, while P, is unstable.
Fig. 5(d) corroborates this fact by showing that the ETF resulting of multiples passes through
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FIG. 5. (a) Typical shape of an adequate energy transfer function (ETF). (b) Transmission of a regenerator as a function of
the input energy. (c) Actual ETF: pulse of low energy (red) is discarded. Pulse of high energy (green, blue) converges towards
a single solution. (d) Cascaded energy transfer function after 0, 1, 3, 7, 15, 31, and 49 regenerators.
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(a) pulse build-up from ASE

(b) pulse compression
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FIG. 6. (a) Pulse buildup for the first 13 cavity round trips. (b) Steady-state similariton and compressed pulse by chromatic
dispersion compensation.

the regeneration stages leads to a step function which forbids the existence of pulses with other
energies. In Fig. 6(a), the temporal pattern of the signal is depicted for the first 13 cavity round-trips
and illustrates the competition and collisions leading to a steady-state. Because the filtered spectrum
is initially parabolic and features no oscillations, it seems that no multiple limit cycles leading to
pulses of different peak power are supported by the cavity, unlike regenerative sources relying on
cascaded Mamyshev regeneration.!>3? Pulse compression is shown in Fig. 6(b). From steady-state
operation, dispersion compensation decreases the pulse duration down to 1.3 ps, a compression ratio
of 50x. This duration is 2.75% smaller than that of a transform-limited Gaussian pulse of 1 nm of
bandwidth and corresponds to the minimal time-bandwidth product of 0.73 for the compression of
chirped parabolic pulses.

In conclusion, we have numerically reported a new architecture of RS based on similariton
propagation. A simple experimental setup enables the generation of picosecond pulses, linearly
chirped, which can be recompressed in a dispersive medium. Accessing sub-picosecond opera-
tion can be achieved by further similariton propagation to broaden the spectrum above 5.8 nm
at 3 dB. This architecture has several advantages with respect to previous reports of regenerative
sources:?!?> wave-breaking is avoided, the filtering stage preserves a large amount of spectral
components, and the source is not chaotic. It is expected that larger BPFs, discarding less spectral
components, lead to a better efficiency without compromise on the pulse shape, contrary to regen-
erative sources solely based on SPM.?* In future work, the influence of cascaded Raman scattering
could be investigated, as well as the potential of this architecture to operate with rare-earth doped
fibers rather than with Raman pumping. We believe that an experimental implementation of such a
cavity is possible based on the numerical results presented in this work with a Raman pump or with
another normally dispersive gain medium.
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