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The cascaded generation of a conventional dissipative sol-
iton (at 1020 nm) together with Raman dissipative solitons
of the first (1065 nm) and second (1115 nm) orders inside a
common fiber laser cavity is demonstrated experimentally
and numerically. With sinusoidal (soft) spectral filtering,
the generated solitons are mutually coherent at a high de-
gree and compressible down to 300 fs. Numerical simula-
tion shows that an even higher degree of coherence and
shorter pulses could be achieved with step-like (hard) spec-
tral filtering. The approach can be extended toward a high-
order coherent Raman dissipative soliton source offering
numerous applications such as frequency comb generation,
pulse synthesis, biomedical imaging, and the generation of
a coherent mid-infrared supercontinuum. © 2015 Optical
Society of America
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Generation of highly chirped dissipative solitons is a powerful
technique for producing high-energy femtosecond pulses in fi-
ber laser oscillators [1,2]. Recently, we demonstrated an exten-
sion of the conventional scheme for producing a dissipative
soliton in a fiber laser resulted in the generation of a coherent
highly chirped Raman pulse at Stokes-shifted wavelength—
Raman dissipative soliton (RDS) [3,4]. The formation of
RDSs becomes possible with intracavity feedback provided
by reinjection of the Raman pulse into the laser cavity with
proper timing. In this synchronous pumping mode-locking
scheme, the main DS serves as a pump for the Raman dissipa-
tive soliton, and both circulate in the common cavity. The DS
and RDS have similar parameters: intracavity energy of∼10 nJ,
intracavity duration of ∼40 ps dechirped to 200–300 fs by ex-
ternal grating compressors, and demonstrate mutual coherence
resulting in ∼75 fs interference fringes after their coherent

combining [4]. Such a laser enables femtosecond Raman lasing
at new wavelengths that are not available from rare-earth-doped
fiber lasers. In addition, mutual coherence of the Raman and
conventional dissipative solitons results in soliton complexes of
higher energy, broader spectrum, and shorter duration.

This scheme is principally different from existing configu-
rations of mode-locked Raman fiber lasers, either with synchro-
nous pumping by an external mode-locked pump laser (e.g., [5]
and citation therein) or with a continuous wave pump and a
saturable absorber [6–8]. Both of these schemes are limited by
rather long pulses (several picoseconds) and the use of specialty
highly nonlinear fibers, in addition to very low conversion ef-
ficiency of the second one. Nevertheless, coherent parabolic
pulses (similaritons) of 22 nJ energy have been demonstrated
with 0.1% conversion efficiency [7]. As a combination of syn-
chronously pumped Raman fiber lasers [5] with the new con-
cept of Raman dissipative solitons [3,4], 17 nJ RDS has been
recently demonstrated in a passive fiber cavity synchronously
pumped by an external pulsed laser [9].

In this Letter, we report on the first experimental demon-
stration, to the best of our knowledge, of the cascaded gener-
ation of the first- and second-order RDS in the scheme with
synchronous pumping in the common cavity of an ytterbium
(Yb) fiber laser oscillator [3,4]. The regime was achieved by
adding a second loop of intracavity feedback. All the generated
pulses (DS, first- and second-order RDS) are coherent, linearly
chirped, and can be externally compressed to 200–300 fs
durations.

The experimental setup shown in Fig. 1 consists of three
main blocks. The first one (in the central part of the figure)
is a hybrid ring laser cavity comprising a short single-mode fiber
part [∼2 m 1060-XP Nufern for nonlinear polarization evolu-
tion (NPE) mode-locking] and a long polarization maintaining
(PM) fiber part (∼40 m PM980-XP Nufern fiber for generat-
ing highly chirped DSs) with corresponding components for
gain, polarization, and spectrum management. The couplers,
polarization beam splitter (PBS), WDM2, second piece of
Yb-doped active fiber, and isolator are made of a PM fiber.
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Such a configuration provides an effective pulse energy scaling
via cavity lengthening [10]. Here, we add a second pump laser
diode (LD2) and a piece of active Yb-doped fiber to increase
intracavity energy of a soliton complex. The total optical pump
power reaches 650 mW at 976 nm, some part of which is used
to compensate additional losses inserted by new filter and delay
elements (marked by the blue box). The laser operates at
4.3 MHz repetition rate.

The block shown in detail in a box at the top of the ring
cavity represents an array of all-fiber polarization-based Lyot
filters. Three filters marked as PF1;2;3 produce a “soft” filtering
effect by means of sinusoidal transmission functions with a
half-period equal to 45 and 100 nm (for splitting different or-
ders), and 18 nm (for DS formation), respectively (see the spec-
tra in the inset). Each filter consists of a small PM-fiber piece
aligned at a 45° angle to the main PM-fiber axis and a standard
PBS with PM-fiber tails, similar to [4,11]. For the PF3, we em-
ploy a fiber coupler with the blocked fast-axis instead of PBS, as
its other end is not in use. The aligned piece of PF1;3 was tem-
perature stabilized. Attenuation and pulse combining was pro-
vided by the conventional fiber couplers of a large bandwidth.
The length of all fiber tails was matched to ensure the correct
delays between the pulses. The array of three polarization filters
provided an effective demultiplexing of the DS, RDS1, and
RDS2 for further study of their properties.

The third block (a solid box below) depicts a device set for
combining, compression, and characterization of the pulses,
similar to [3,4]. Study of the mutual coherence of RDS2 and
DS was done in a similar way as that for DS and RDS1 [4].
Pulse combining was performed by the same polarization filter
that provides pulse splitting but in the reverse order. PBS plays a
role of a polarization beam combiner, in the same way as in
[4,12]. To realize it, an ∼15 mm piece of fiber aligned at 45°
was introduced. This birefringent element makes wavelength-
dependent polarization rotation in such a way that both soli-
tons have the same polarization along one (slow) axis at its exit.

A free-space delay line introduced for DS provides precise tem-
poral overlapping of the two solitons.

Dechirping of the pulses was performed by a classical dif-
fraction grating compressor [13] (Spectrogon Ltd. gratings with
1500 grooves/mm). Compressing pulses individually, we opti-
mized the compressor length in each case. In the case of coher-
ent combining, the compressor length was optimized for the
minimum DS duration. The spectra were measured by an op-
tical spectrum analyzer Yokogawa 6370 and the temporal char-
acteristics of the output pulses by an Avesta Ltd. AA-20DD
autocorrelator and by a Mesaphotonics Ltd. frequency-resolved
optical gating (FROG) system.

The intracavity spectra of the multisoliton complex ob-
tained with optimal feedback coefficients R are shown in Fig. 2.
We use R1 � Pf 1∕P1 � 10−5 for RDS1 and R2 � Pf 2∕P2 �
10−2 for RDS2, where P is the circulating light power with
its small reinjected part Pf . The bandwidth of the whole com-
plex is about 150 nm, significantly exceeding the 40 nm am-
plification bandwidth of the Yb-doped active fiber. The spectra
of DS, RDS1, and RDS2 have a characteristic shape of highly
chirped DSs, with steep edges and up to 40 dB contrast. The
third-order noisy Raman pulse is also seen at high pump power,
when the intracavity energy of RDS2 exceeds 10 nJ (12 nJ for
the orange curve in Fig. 3). It is remarkable that intracavity
feedback can significantly change behavior of the solitonic com-
plex at high pump powers. While in the laser scheme with a
single delay loop for RDS1, pump power increase mostly leads
to multipulse generation (similar to conventional solitons); an
insertion of the second loop for RDS2 leads to pump transfer to
the next-order Raman pulse rather than to a multipulse regime.

The measured autocorrelation traces (ACF) of all the gen-
erated solitons have durations 30–40 ps. The FROG traces and
the interferometric ACFs of the compressed pulses are shown
in Fig. 3. One can see that cascaded dissipative solitons have
similar durations (260, 210, and 270 fs), though additional
background noise visible in both the FROG and ACF traces
increases, with the soliton order reaching a comparable level
of energy. The duration of the noisy pedestal grows with the
soliton power amounting to ∼1.5 ps for RDS1 and ∼6 ps for
RDS2. The radiofrequency spectra of RDS1;2 are similar for all

Fig. 1. Schematic of a cascaded Raman dissipative solitons gener-
ator. SMF part, ∼2 m single mode fiber with polarization controller
(PC), wavelength-division multiplexer (WDM1), Yb-doped active
fiber, and PBS; PM-fiber part, WDM2, PM Yb-doped active fiber,
∼40 m polarization-maintaining fiber (PMF), isolator, 1% coupler,
and array of all-fiber polarization-based Lyot filters and delays with
their transmission spectra in the inset.

Fig. 2. Intracavity spectra in experiment corresponding to different
pump powers. Inset, numerically generated spectrum corresponding to
400 mW pump.
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the solitons of the cascade and can be seen in [3] for DS
and RDS1.

The results of coherent combining of DS and RDS2 are
shown in Fig. 4. The interference pattern of the cross correla-
tion shows high mutual coherence of the solitons, similar to
that one obtained for DS and RDS1 [4]. The interval between
fringes equals 38 fs, corresponding to the spacing between DS
and RDS2. At the same time, the width of the individual fringe
of the trace is smaller than that of the single soliton, as it is
defined by the whole spectral range of the solitonic complex.
The full width at half-maximum of the ACF equals 300 fs, cor-
responding to ∼200 fs duration of the combined pulse. The
remaining ACF background of ∼4 ps width shows that the
compressor was still not optimized for both pulses simultane-
ously (see the discussion below).

For numerical modeling, we take into account the discreet-
ness of the laser elements. Pulses propagate through the cavity
elements, each of which is numerically analyzed. Their evolu-
tion inside the long PM fiber is described with the generalized
nonlinear Schrödinger equation, which takes into account
second- and third-order dispersion, Kerr nonlinearity, and
stimulated Raman scattering. The specific fiber parameters that
are used in simulations throughout the Letter are as follows:
second-order dispersion coefficient β2 is 22 ps2∕km, third-or-
der dispersion β3 is 0.037 ps3∕km, and nonlinearity coefficient
γ is 6 W−1 km−1. The effects of mode-locking, gain, and filter-
ing are treated as point action. The spectral filtering is imple-
mented as a multiplication of the optical field and the filter
transmission spectrum in the frequency domain. The transmis-
sion spectra of the soft filters are approximated by sinusoidal
functions with period and maximum reflectivity corresponding
to the experiment. The parameters of NPE mode-locking and
amplification models are described in [3]. The calculated spec-
tra agree well with the experimental data (see inset in Fig. 2).

In our early experiments, we found that the optical spectra
of the multiple solitons are sensitive to “hard” (step-like) filter-
ing provided by wavelength-division multiplexers (WDMs)
[3,4]. Unfortunately, they do not match the cascaded solitons
spectra shown in Fig. 2. Therefore, an approach with soft filters
was tested. Soft filters are capable of providing an easy spectral
control of DS and RDSs, with the disadvantage of low-degree
noise suppression.

We checked whether hard filtering can be advantageous
in comparison with soft filtering in terms of the RDSs coher-
ence degree. Hard linear filtering could be provided, for exam-
ple, by special WDM couplers having a step-like transmission
spectra with the cutoffs at 1020, 1040, and 1100 nm. Figure 5
shows spectrally averaged degree of mutual coherence of
RDS2hjg �1�12 ji �

R jg�1�12 �λ�jjA�λ�j2dλ∕
R jA�λ�j2dλ in the plane

of parameters delay1-delay2, corresponding to two modifica-
tions of the laser setup: with soft and hard intracavity filters.
Here A�λ� is the complex spectral envelope of the electric field,
jg�1�12 j is the modulus of the complex degree of the first-order
coherence defined at each wavelength [14–16]:

jg�1�12 �λ�j �
����

hA�
1�λ�A2�λ�iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hjA1�λ�j2ihjA2�λ�j2i
p

����; (1)

where the angle brackets denote an ensemble average over pairs
of signal spectra �A1�λ�; A2�λ�� generated at five consecutive
round trips. In numerical simulation, the pulses are displaced

(a)

(b)

Fig. 3. (a) FROG traces of the compressed RDS2, RDS1, and
DS (from top to bottom), respectively. (b) The corresponding
autocorrelations.

(b)

(a)

Fig. 4. Coherent combining: cross-correlation FROG trace (top)
and ACF of the combined pulse (bottom), with a wide range ACF
in the inset.

Fig. 5. Calculated coherence degree of the RDS2, generated in the
laser setup with (a) soft and (b) hard filters. Inset, calculated autocor-
relation trace of the compressed RDS2.
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from a zero of the coordinate system in the time domain and
acquire a linear phase shift at each round trip, resulting in the
reduction of the mutual coherence of RDSs. To avoid this ar-
tificial reduction, we precisely compensated the phase shift after
each round trip in Eq. (1). It was implemented as a multipli-
cation of the optical field generated at each round trip and the
phase term φ � exp�iωΔt� in the frequency domain, whereΔt
is a time shift between the RDS2 at the two consecutive round
trips. As can be seen in Fig. 5, the use of hard filters helps to
extend a region of the laser parameters in which a coherent
RDS2 exists, as well as to increase the coherence degree to
the absolute maximum.

The results of the numerical modeling also show that the
noise background becomes 10–15 dB lower in the laser scheme
with hard filtering in comparison with the scheme with soft
filtering. The mean relative deviation of the RDS2 energy out-
coupled from the optical cavity in steady state equals ΔE∕E ∼
10−2 in the scheme with soft filters and ΔE∕E ∼ 10−4 in the
scheme with hard filters. Hard filtering, making feasible DSs of
high contrast, therefore holds promise for a multisoliton com-
plex of broader bandwidth and higher energy. Being technically
realized, hard filtering will lead to higher-order solitons.

Let us discuss the coherence of the solitons that was dem-
onstrated previously. A several-picosecond pedestal seen for the
compressed solitons in Fig. 3 means that the coherence, degrad-
ing with the soliton order, is still high for producing stable in-
terference in the case of the cross-correlation measurement
shown in Fig. 4. Numerical simulations show that the coher-
ence also degrades with the number of passes through the cavity
in case of soft filters, for which the delay parameter region of
high coherence is very narrow (Fig. 5). Hard filtering instead
holds higher chances of generating a high-quality soliton cas-
cade. In this case, the coherence area is large (Fig. 5) and does
not degrade with the number of passes (up to ten are checked),
with the coherence degree approaching 1. The amplitude of the
picosecond background for compressed RDS2 is below 2% in
this case (see inset in Fig. 5). Note that simulation with the soft
filter provides the ACF shape close to the experimental one.

Technically, hard filtering is a challenge if an all-fiber con-
cept is the goal. One possibility to realize this idea is to use
special WDM couplers with step-like transmission spectra with
the cutoffs at 1020, 1050, and 1110 nm. It is worth making
here two remarks. First, being less attractive after the results of
numerical simulations, soft filtering nevertheless successfully
demonstrated the proof-of-principle validity of the cascade
concept. Furthermore, the experimental difficulties in finding
the narrow parameter region shown in Fig. 5, left, pushed us
to the idea of hard filtering. Second, similar to [3], numerical
simulations not only confirmed our experimental results but,
instead, guided a new promising step toward a high-coherence
soliton cascade based on hard filtering.

The coherence is a decisive parameter for a number of
applications. For example, one can aim at an efficient mid-
infrared supercontinuum based on intrapulse difference fre-
quency generation in a nonlinear crystal, realized recently in
[17]. In the case of a soliton cascade realized in this work,
abrupt spectral edges of the DS and the highest-order RDS will
help to generate short-wave mid-infrared components. The
mutual soliton coherence inside the cascade makes possible
the generation of a coherent mid-infrared supercontinuum.
Being coherent, such a supercontinuum allows the use of

the powerful electro-optical sampling detection technique that
promises high dynamic range for spectroscopy.

Another example is coherent pulse synthesis. In our case, the
integral spectrum is broad but striped. To make it smooth and
gap-free, other nonlinear effects like four-wave mixing or self-
phase modulation can be used.

A scheme for combining different spectral components can
be based on an all-fiber configuration without any active feed-
back (in free-running mode), but for its successful realization,
all spectral components of the multicolor soliton complex
should have the highest possible quality. To make the resulting
spectrum broader and hence the pulse shorter at the synthesizer
output, one has to rely either on the hard filtering in the
common cavity or an external cavity [9].

To conclude, we realized, experimentally and numerically,
cascaded generation of coherent Raman dissipative solitons
up to second order. The main DS centered at 1020 nm trans-
fers its energy to the first Raman DS at 1065 nm and the
second Raman DS at 1115 nm. Numerical results show that
hard filtering holds the promise for extending the spectral range
to 1200 nm and further. Two 10 nJ Raman DSs can be coher-
ently combined with DS, increasing thus threefold the energy
of the cascade.

Funding. Russian Science Foundation (RSF) (14-21-
00110, 14-22-00118).

REFERENCES

1. P. Grelu and N. N. Akhmediev, Nat. Photonics 6, 84 (2012).
2. W. H. Renninger and F. W. Wise, Fiber Lasers, O. G. Okhotnikov, ed.

(Wiley, 2012), p. 97.
3. S. A. Babin, E. V. Podivilov, D. S. Kharenko, A. E. Bednyakova, M. P.

Fedoruk, V. L. Kalashnikov, and A. A. Apolonski, Nat. Commun. 5,
4653 (2014).

4. D. S. Kharenko, A. E. Bednyakova, E. V. Podivilov, M. P. Fedoruk,
A. A. Apolonski, and S. A. Babin, Opt. Express 23, 1857 (2015).

5. C. J. S. de Matos, S. V. Popov, and J. R. Taylor, Opt. Lett. 28, 1891
(2003).

6. C. Aguergaray, D. Méchin, V. Kruglov, and J. D. Harvey, Opt. Express
18, 8680 (2010).

7. A. Chamorovskiy, A. Rantamäki, A. Sirbu, A. Mereuta, E. Kapon, and
O. G. Okhotnikov, Opt. Express 18, 23872 (2010).

8. C. E. S. Castellani, E. J. R. Kelleher, J. C. Travers, D. Popa, T. Hasan,
Z. Sun, E. Flahaut, A. C. Ferrari, S. V. Popov, and J. R. Taylor,
Opt. Lett. 36, 3996 (2011).

9. D. Churin, J. Olson, R. A. Norwood, N. Peyghambarian, and K. Kieu,
Opt. Lett. 40, 2529 (2015).

10. D. S. Kharenko, E. V. Podivilov, A. A. Apolonski, and S. A. Babin,
Opt. Lett. 37, 4104 (2012).

11. K. Ozgören and F. O. Ilday, Opt. Lett. 35, 1296 (2010).
12. E. A. Zlobina, D. S. Kharenko, S. I. Kablukov, and S. A. Babin,

Opt. Express 23, 16589 (2015).
13. E. Treacy, IEEE J. Quantum Electron. 5, 454 (1969).
14. M. Bellini and T. W. Hänsch, Opt. Lett. 25, 1049 (2000).
15. J. Dudley, X. Gu, L. Xu, M. Kimmel, E. Zeek, P. O’shea, R. Trebino,

S. Coen, and R. Windeler, Opt. Express 10, 1215 (2002).
16. J. Dudley and S. Coen, IEEE J. Sel. Top. Quantum Electron. 8, 651

(2002).
17. I. Pupeza, D. Sánchez, J. Zhang, N. Lilienfein, M. Seidel, N.

Karpowicz, T. Paasch-Colberg, I. Znakovskaya, M. Pescher, W.
Schweinberger, V. Pervak, E. Fill, O. Pronin, Z. Wei, F. Krausz,
A. Apolonski, and J. Biegert, Nat. Photonics 9, 721 (2015).

178 Vol. 41, No. 1 / January 1 2016 / Optics Letters Letter


