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Abstract: A supercontinuum spanning over 700 nm with an average spec-
tral power of 1.7 mW/nm and flatness of 6 dB was produced in a solid core,
double zero dispersion wavelength photonic crystal fiber pumped with a
high power, continuous-wave ytterbium fiber laser. The spectrum displays a
strong feature centered around 1980 nm. Through numerical simulations we
demonstrate that this feature is initially generated through the shedding of
Cherenkov radiation by solitons at the second zero dispersion wavelength,
and then extended by a four-wave mixing process between this generated
dispersive component and other solitons forming the continuum.
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continuous-wave supercontinuum generation,” Opt. Express 13, 6615–6625 (2005).

1. Introduction

Continuous wave (CW) supercontinuum generation [1], is a proven route to high spectral power,
spatially coherent sources across the infra-red [2–6] and visible spectral regions [6–10]. The in-
teractions between solitons and dispersive waves are of particular interest in supercontinuum
generation, as the shedding and trapping of dispersive ‘Cherenkov’ radiation across a zero
dispersion wavelength (ZDW) can lead to the extension of the supercontinuum to shorter wave-
lengths [6–15], up to the visible [16] and even UV [17]. In double-ZDW fibers, dispersive waves
can be generated across both ZDWs, allowing for the generation of un-trapped Cherenkov ra-
diation at longer wavelengths [5, 7] and in this work we will show that the interaction between
solitons with the generated Cherenkov radiation can lead to the generation of new spectral
components in the long wavelength normal dispersion region, extending the supercontinuum.

It has long been understood that solitons under the influence of higher order dispersion can
shed dispersive radiation through so-called ‘Cherenkov’ radiation [18]. This will occur where
solitonic radiation is phase-matched to dispersive radiation within the soliton’s spectrum, which
is expressed by the phase-matching condition β (ω) = βsol(ω), where the soliton propagation
constant, βsol, is the propagation constant of the soliton at the frequency of the dispersive wave,
ω: βsol(ω) = β (ωsol)+β1(ωsol)[ω −ωsol]+ γP0/2. A number of recent papers have examined
the interaction between solitons and co-propagating dispersive waves [19–21]. In the case of
a soliton propagating with CW dispersive radiation at ωcw, there will be two further matching
conditions in addition to the Cherenkov condition, given by [21]:

β (ω) = β (ωcw)+βsol(ω)−βsol(ωcw) (1)

β (ω) =−β (ωcw)+βsol(ω)+βsol(ωcw). (2)
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When expanded, Eq. (1) is seen to be independent of soliton power:

β (ω) = β (ωcw)+β1(ωsol)[ω −ωcw]. (3)

New frequency components will be created at resonances defined by roots of Eq.( 3), which is
understood as a four-wave mixing (FWM) process between the soliton and dispersive waves.
This has been demonstrated both numerically [19], and experimentally [20], for the case of a
single soliton interacting with a CW dispersive field. The contribution of this FWM process
to the generation of short wavelengths in pulse-pumped supercontinua has been demonstrated
experimentally in Ref. [21].

Here, we show experimentally, supported by numerical simulation, that the emission of
Cherenkov radiation, and the subsequent interaction of solitons with this spectral component
through the FWM process, can lead to spectral expansion of a CW-pumped supercontinuum
to longer wavelengths. To the best of our knowledge, this is the first experimental observa-
tion of solitonic-dispersive wave interaction through FWM, leading to the generation of new
frequencies, within the context of CW supercontinua.

2. Experimental setup

A 28 m length of solid core photonic crystal fiber was pumped using a high-power CW yt-
terbium fiber laser. Dispersion curves for the PCF (Fig. 1) were calculated from a scanning
electron microscope (SEM) image of the fiber cross-section (Fig. 1 inset) using freely available
software (MIT Photonic Bands [22]). The software suggests the fiber is slightly birefringent,
but on both axes the dispersion curve has two ZDWs, at 0.82 μm and 1.84 μm.

Fig. 1. Dispersion curves for both polarization axes of PCF, computed from SEM image of
fiber cross section (inset, red bar indicates 5 μm scale)

LMA PCFSMF1 SMF1

Ref.

99.4:0.6 -0.2dB

Spectrometer Collimated Output
From Yb Laser

SMF2

-0.7dB

Fig. 2. Experimental set-up. Crosses indicate splices, fibers are as follows - LMA: large
mode area fiber, SMF1: Corning HI-1060 single mode fiber, SMF2: Nufern small mode
area single mode fiber

Figure 2 shows the set-up used to couple the pump into the PCF. To maximize coupling
efficiency, the collimated output of the Yb fiber laser was coupled into large mode area (LMA
fiber). The mode area was then stepped down through a cascade of fusion spliced single mode
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fibers (SMF), so that it closely matched the small mode area of the PCF. The SMF cascade
incorporated a 0.6% tap to act as a reference for the power coupled into the PCF. To avoid
thermal damage to the reference tap and splices, the laser was on-off modulated at a repetition
rate of 34 Hz and a switched-on time of 0.64 ms (giving a duty factor of 46). Pump powers
stated hereafter are the effective (i.e. peak) pump power. The laser had a central wavelength of
1.07 μm and a 3 dB linewidth of 3 nm. The PCF was pumped with 133 W, and the spectrum of
the output was recorded using a monochromator and an Indium Antinomide detector.

3. Results and discussion

Figure 3 shows the output from the PCF when pumped with 133 W. The spectral power axis
is normalized to the total, time averaged, output power (i.e. a factor of 46, or 16 dB, lower
than the instantaneous spectral power with the pump laser switched on). We see that a broad
soliton-Raman continuum is been formed, exhibiting spectral flatness of 6 dB over 740 nm,
from 1.08 μm to 1.82 μm, with an average spectral power of 1.73 mW/nm over this region.
Taking into account the on-off modulation of the pump, this means that the average spectral
power over this region was 80 mW/nm when the laser was on. Beyond the flat continuum there
is a broad (80 nm FWHM) feature centered around 1.98 μm formed from the emission of dis-
persive radiation by solitons across the second ZDW. This feature is then further broadened to
longer wavelengths through soliton-dispersive wave FWM, as discussed below. The linear scale
plot of the spectrum shown as an inset in Fig. 3 illustrates more clearly that a significant amount
of power has been transferred to this region beyond the second zero, and in fact this dispersive
wave is the dominant spectral feature, containing 330 mW of power in an 80 nm bandwidth.
Taking into account the modulation of the pump, this represents a conversion efficiency of 11%
from the narrow 1.07 μm pump line to the broad 1.98 μm feature.
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Fig. 3. Output spectrum from 28 m length of PCF normalized to time averaged output
power on logarithmic and linear (inset) scale. Black dotted lines indicates 6 dB of spectral
flatness over the 1.08 μm to 1.82 μm region, red dashed line indicates ZDW

To gain insight into the dynamics of the supercontinuum formation mechanism, a cut-back
was performed along the fiber, with spectra taken at 2 m intervals from 28 back to 6 m, and
1 m intervals thereafter. The result of this cutback is shown as a density map of fiber length as
a function of wavelength in Fig. 4a. The continuum is seen to quickly expand up to the second
ZDW within the first meters. From ∼5 m, a feature is seen to form past 2 μm, filling in as the
continuum extends to the second ZDW so that its peak is at 1.98 μm. The location of this fea-
ture matches well with the phasematching conditions for Cherenkov radiation by solitons just
short of the ZDW. As soliton propagation requires anomalous dispersion, the solitons forming
the continuum cannot self frequency shift past the ZDW and are halted just short, shedding dis-
persive radiation in the normal dispersion region [23,24]. For propagation distances of > 10 m
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there is further expansion of the spectrum up to ∼ 2.2 μm.
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Fig. 4. Evolution of continuum with fiber length. (a) Results from experimental cut back
along fiber length. (b) Simulation results, averaged from an ensemble of 100 shots.

The evolution of the spectrum along the fiber was simulated by solving the generalized non-
linear Schrödinger equation (GNLSE) along the full 28 m of fiber length using the split-step
Fourier method [25]. It was assumed that the cross-polarization effects were negligible, and to
account for the stochastic nature of the continuum generation process, 50 scalar simulations
were performed independently on each axis, with a 66.5 W pump (i.e. and the pump radiation
was assumed to be coupled equally into each axis). In each case the initial conditions were a
sech2 shaped spectral amplitude, closely corresponding to our pump laser, with a random spec-
tral phase [26]. This ensemble of 100 shots was averaged and the results are shown in Fig. 4b.

Good agreement can be seen in Fig. 4 between the numerical results and the experiment.
The most notable difference between the numerically calculated spectra and the experimentally
measured spectra is the presence of a strong component at the first Raman Stokes order (around
1.12 μm) in the experimental results. A likely source for this disagreement is the fact that
the numerical simulations only account for the forward propagating field. Empirically Raman
scattering of the CW pump line may lead to backward propagating CW radiation at the first
Raman order wavelength. The final input splice onto the PCF is also relatively lossy (∼0.7 dB),
meaning that potentially a significant amount of the backward propagating radiation may be
reflected back down the fiber, seeding the formation of this Raman line. In addition, the abso-
lute level and spectral extent of the soliton FWM generated extension of the long wavelength
dispersive component is greater in the numerical results than the experimental. This is due to
the omission of attenuation from the simulations while in actuality silica linear absorption and
confinement losses rapidly increases with wavelength beyond 2 μm, strongly attenuating the
long wavelength components. However, both the Cherenkov and soliton FWM components of
the spectra agree in their relative power, spectral location and initial propagation distance for
formation, illustrating the validity of the numerical results. With confidence that the simulations
contain the essential physics of the experiment, we can use the numerical results to understand
the expansion of the spectrum at the long wavelength edge.

The roots of Eq. (3) were found for soliton wavelengths up to 1.84 μm with ωcw set to
correspond with the peak of the Cherenkov radiation component at 1.98 μm. The resulting
phase-matching curve is shown in Fig. 5. This curve suggests that FWM between solitons and
the dispersive radiation generated through the Cherenkov process should lead to the generation
of new frequency components beyond 2 μm. Spectrogram plots, generated from simulation
data, show that it is indeed the soliton FWM process which results in the expansion of the
spectrum. This is clearly exemplified in Fig. 6. First a soliton initially stops short of the ZDW,
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Fig. 5. Phase-matching curves derived from dispersion curves in Fig. 1 showing the reso-
nant wavelengths for solitons mixing with dispersive radiation at 1.98 μm on the fast (blue)
and slow (green) axis

resulting in the generation of a dispersive wave around 2 μm due to the Cherenkov process. The
soliton and its dispersive wave are then delayed past a second soliton at a shorter wavelength,
and new discrete spectral component is generated beyond the dispersive radiation, temporally
collocated to the second soliton. The wavelength of the newly generated dispersive radiation
matches the wavelength predicted by Eq. (3).

The agreement between the experimental and numerical results (Figs. 4a and 4b respec-
tively), in terms of the spectral evolution with propagation distance, combined with the agree-
ment with analytical predictions for the generation of long wavelength dispersive radiation
through soliton FWM, strongly suggest that the extension of the Cherenkov radiation to longer
wavelengths observed in the experimental results is indeed due to soliton FWM.
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Fig. 6. Spectrograms produced from simulations. A soliton initially sheds dispersive radia-
tion across the ZDW (left). The interaction of a second soliton with the dispersive radiation
leads to the generation of a new spectral component (right).

4. Conclusion

Using a high power CW ytterbium fiber laser and a 28 m length of double ZDW PCF we
generated a Raman-soliton supercontinuum with 6 dB spectral flatness over 740 nm, and an
average spectral power of 1.7 mW/nm. In the normal dispersion region past the second ZDW,
a broad (80 nm FWHM), high power (330 mW) feature with its peak at 1.98 μm was also
observed. A cut-back was performed along the fiber which, along with numerical simulations,
gave insight into the formation of the spectrum, in particular the region past the second ZDW.

The initial formation of the feature past the second ZDW is seen to be caused by Cherenkov
radiation, while the further extension of this feature up to ∼ 2.15 μm is due to soliton FWM.
This is, to the best of our knowledge, the first demonstration of soliton-dispersive wave FWM
in the context of CW supercontinuum generation.
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