Pump-soliton nonlinear wave mixing in noise-driven
fiber supercontinuum generation
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We report on the experimental observation of nonlinear mixing between Raman-shifting solitons and residual pump
radiation in supercontinuum generation in the long-pulse regime. This resonant coherent process results in the
generation of strong and isolated spectral components on the long-wavelength normal dispersion regime of a fiber
with two zero-dispersion wavelengths. Our observations are in excellent agreement with numerical simulations and

calculated phase-matching conditions.

Soliton effects play a crucial role in the generation of
broadband supercontinua (SC) in photonic crystal fibers
(PCFs) [1,2]. Although soliton propagation is restricted to
the anomalous dispersion regime, soliton dynamics can
also cause spectral broadening into the high-frequency
normal dispersion regime through a Cherenkov-like reso-
nant radiation mechanism [3,4]. In a PCF with two zero-
dispersion wavelengths (ZDWs), the same mechanism
can lead to the extension of the SC spectral bandwidth
toward longer wavelengths [5,6].

In addition to the direct generation of such phase-
matched radiation, of particular interest is also the case
where a soliton mixes with a weak linear wave to gener-
ate new frequency components that are generally inac-
cessible through other spectral broadening processes.
Such dynamics are governed by a Kerr-type nonlinear in-
teraction of a strong soliton (S) and a small-amplitude
linear wave (P) and can be described by processes of
the form |Eg[*Ep or E%E}, where Eg and Ep represent
the electric fields of the soliton and the linear wave, re-
spectively, and the asterisk denotes the complex conju-
gate [7,8]. For convenience, in what follows, we refer to
the |Eg[>Ep process as type I and the EZE} process as
type II. A particular feature of the type II process is that
it depends coherently on the phases of the soliton and the
small-amplitude wave [2]. Whereas the type I process has
been experimentally observed in a directly seeded con-
figuration [9] as well as in coherent [10] and incoherent
SC generation [11], to our knowledge, the type II process
has been observed only by coherent seeding of the soli-
ton and the linear wave into orthogonal polarization
modes [12].

In this Letter, we report on the experimental gen-
eration of spectral components of type II in the long-
wavelength normal dispersion regime of a PCF with
two ZDWs. In our experiments, the nonlinear mixing pro-
cess is not seeded but rather arises spontaneously from
the nonlinear dynamics of noise-driven SC generation in
the long-pulse regime. In contrast with previously identi-
fied dynamics [11], the physical mechanism responsible
for these spectral components is associated with the
temporal overlap between ultrashort redshifting solitons
generated through initial modulation instability and
the extended trailing edge of the residual pump pulse.

As a result, these spectral components have a large am-
plitude and are significantly isolated by nearly 200 nm
from the SC spectrum.

Our experimental setup is shown in Fig. 1. We use a
mode-locked Ti:sapphire laser operating at a repetition
rate of 80 MHz that produces 3.5 ps pulses (FWHM) with
310 W peak power. The pulses are launched into an 86 cm
long PCF (NKT Photonics NL-PM-750) with two ZDWs at
760 and 1260 nm. The center wavelength of the pump
pulses is tuned to 960 nm, which lies in the anomalous
dispersion region of the PCF. A half-wave plate and a
polarizer are used to adjust the polarization of the input
pulses along one of the principal axes of the polariza-
tion maintaining fiber. In our experiments, we carefully
checked that all the SC spectral components were gen-
erated along the same axis.

In the long-pulse regime, SC dynamics are highly
sensitive to the input noise with large shot-to-shot ampli-
tude and phase fluctuations [13]. This noise sensitivity
is reflected in the smoothness of the measured average
output spectrum shown in Fig. 2(a). The SC spectrum
extends predominantly into the long-wavelength side
since the pump wavelength is located far from the first
ZDW. Interestingly, however, in contrast with previously
reported results, the spectrum beyond the second ZDW
exhibits distinct features: a broad peak centered around
1400 nm (A) and a much narrower peak at 1600 nm (B)
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Fig. 1. Experimental setup and fiber dispersion profile. 1/2,
half-wave plate; P, polarizer; AC, autocorrelator; OSA, optical
spectrum analyzer; Ap, pump wavelength; 1,4, long-wavelength
ZDW.
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separated by a plateau (C). This contrasts with the single
broad Cherenkov peak that is typically observed for SC
generation in PCFs with two ZDWs [5,6,11].

In order to gain more insight, we have numerically
generated an ensemble of 1000 simulations using the
generalized nonlinear Schrodinger equation with a sto-
chastic quantum noise term [1]. Our simulations use
the experimental input pulse parameters and we assume
avalue of y = 0.1 W-!m™! for the nonlinear coefficient of
the PCF. The dispersion profile of the PCF (shown in
Fig. 1) was obtained by fitting an eighth-order polynomial
onto a curve provided by the retailer. The mean spectrum
obtained from the simulations is plotted in Fig. 2(b) and
shows excellent qualitative and quantitative agreement
with the experimental spectrum. In particular, the two-
peak spectral structure separated by a plateau beyond
the long-wavelength ZDW can be seen to be very well
reproduced by the simulations.

In order to clarify the origin of the double peak struc-
ture, it is instructive to consider one particular realization
of the ensemble. To this end, Fig. 3 illustrates the spectro-
gram representation of a selected simulation at two pro-
pagation distances of 76 and 86cm, where both the
spectral peaks (A) and (B) are clearly observed. The fig-
ure caption provides a link to a movie (Media 1) illustrat-
ing the dynamical spectrogram evolution with distance.
Several observations can be made. First, we can see how
a large number of short solitons have emerged near the
center of the pump pulse envelope. These solitons ex-
perience the soliton self-frequency shift (SSFS) and
are delayed with respect to the remains of the pulse
envelope along propagation. As the solitons spectrally
approach the long-wavelength ZDW, the SSFS stabilizes
with the emission of a dispersive wave into the normal
dispersion regime [5]. Comparison with Fig. 2 clearly
reveals that it is precisely this mechanism that can be as-
sociated with the broad spectral component (A). On the
other hand, the narrowband component (B) can also be
observed at around 1600 nm in Fig. 3, and it is clear that
the generation process associated with this spectral
component follows the time-domain motion of the soli-
ton. Simulations over a longer propagation distance
(see Media 1) show that the efficiency of the generation
of this component decreases as the soliton loses its
temporal overlap with the pump pulse residue. This sug-
gests that the narrowband component (B) arises from a
soliton-dispersive wave resonance of either type I or type
II, where the remains of the pump envelope acts as the
linear wave of the interaction.
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Fig. 2. (a) Measured and (b) simulated average SC spectra
generated by 3.5ps pulses at 960nm in an 86 cm long PCF.
The labels A, B, and C refer to different wave-mixing processes,
as discussed in the text.
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Fig. 3. (Color online) Time-frequency illustration of one
particular simulation at two different propagation lengths dis-
playing two distinct dispersive wave peaks. The spectrograms
were calculated using a 200 fs gate function. Media 1 is a movie
of the evolution over a longer propagation distance.

Time (ps)

In order to confirm that the nonlinear superposition
of the trailing edge residue of the pump with a Raman-
shifting soliton is indeed the mechanism that seeds the
generation of the isolated narrowband spectral compo-
nent, we calculate the phase-matching condition corre-
sponding to type II nonlinear superposition as [7,8]:

p(w) = ~p(wp) + Ps(w) + fs(wp), (1)

where f(w) is the frequency-dependent propagation con-
stant of the fiber, fg(w) = f(wsg) +/3§S> (w - wg) +yPs/2,
and ﬂgs) =dp/ dw|w:ws. Here, wp and wg represent the fre-
quencies of the linear pump residue and soliton, respec-
tively, and Py is the soliton peak power. Extracting the
peak power and center wavelength of the Raman-shifting
soliton from the numerical simulation shown in Fig. 3,
we calculate the theoretical phase-matched wavelength
for the process described by Eq. (1). The frequency
associated with the trailing edge of the input pulse is
wp = 2xc/Ap, where lp is the initial pump wavelength.
Figure 4 compares the predicted phase-matched wave-
length as a function of propagation distance with the
wavelength of the isolated narrowband spectral compo-
nent as directly extracted from the simulations. For
completeness, we also plot the wavelength of the broad-
band Cherenkov-type peak (A) and compare it with the
theoretically calculated resonance wavelength using the
well-known condition f(w) = fig(w). We further empha-
size that the type I phase-matching condition does not
match any of our observations.
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Fig. 4. (Color online) Wavelengths extracted from simulations
(solid curve) and calculated from phase-matching (PM) condi-
tions (diamonds and circles). Black, soliton; red, Cherenkov;
blue, type II wave mixing.



There is an excellent agreement between the theoreti-
cally calculated phase-matched wavelengths and the
wavelengths extracted from the numerical simulations.
This confirms that (i) the broadband spectral component
(A) results from the continuous emission of the Raman-
shifting soliton as it approaches the second ZDW, and
(ii) that the narrowband spectral feature (B) is a manifes-
tation of the type II phase-matched soliton-pump residue
nonlinear interaction. Significantly, we also note that
the type II phase-matching condition is much less sensi-
tive to changes in the Raman-shifting soliton wavelength
as compared to that governing the direct emission of
Cherenkov radiation. This explains both the relatively
narrow bandwidth and large amplitude characteristics
of the isolated long-wavelength component (B) as ob-
served both experimentally and numerically.

In addition, careful inspection of the simulation shown
in Fig. 3 shows very little energy content between the
broadband and narrowband dispersive wave compo-
nents while a clear plateau (labeled C in Fig. 2) is
observed in both the measured and numerically simu-
lated average spectra. In fact, examination of each indi-
vidual simulation reveals that the plateau region (C)
results from dispersive waves generated by random soli-
ton collisions that occur during the initial turbulent phase
of soliton formation [14,15]. The random character of the
collisions results in a widely distributed wavelength
range of the dispersive waves, hence explaining the pla-
teaulike characteristics. Furthermore, while the resonant
peaks (A and B) can be observed in most of the realiza-
tions, only approximately 10% of the observed events
display collision dynamics that contribute significantly
to the plateau region (C), resulting in a reduced average
energy density in the plateau as compared to that in the
spectral peaks (A and B).

In conclusion, we have demonstrated experimentally
and numerically the generation of an isolated narrow-
band spectral component separated by nearly 200 nm
from the SC spectrum. This spectral component was
shown to arise from a phase-matched wave-mixing inter-
action between a soliton and the remains of the pump
trailing edge in long-pulse SC generation in a fiber with
two ZDWs. The dynamics are self-seeded by Raman-
shifting solitons that temporally overlap with the residual

pump pulse along propagation. We expect this mechan-
ism to provide an additional degree of freedom in
tailoring SC spectra in fibers with complex dispersion
profiles. From an application perspective, the pump-
soliton dynamics reported here could allow for the
generation of long-wavelength components particularly
useful for accessing spectroscopy in novel regimes.
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