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We experimentally demonstrate that continuous-wave supercontinuum generation in optical fibers can be
significantly enhanced by using both multiwavelength pumping and dispersion management. We show by
detailed spectral analysis that continuum enhancement is achieved mainly through a combination of
Raman-assisted modulation instabilities, soliton compression, and dispersive wave generation. With this
technique, an 800 nm wide (from 1.2 to 2.0 um) 2 W supercontinuum source is reported that uses a three-
wavelength pump and a dispersion-tailored four-optical fibers arrangement. © 2006 Optical Society of

America
OCIS codes: 060.4370, 060.7140, 190.5530.

Supercontinuum (SC) generation has recently been
achieved simply with high-power cw fiber lasers and
standard dispersion-shifted optical fibers (DSFs). -
These new highly efficient, compact, all-fiber SC
sources at selectable bands exhibit a high power
spectral density (up to 10 mW/nm) as well as excel-
lent power stability and spectral smoothness, usually
better than pulsed SC sources.>® They appear prom-
ising as solutions for many advanced applications
such as component testing, optical communications,
metrology, and optical coherence tomography.

The general principle for SC generation in the cw
regime is similar to that of the pulsed regime, except
that the initial cw field is first converted into a train
of ultrashort pulses through modulation instability
(MI) 1n the low anomalous dispersion regime of
DSFs.?® These solitonlike pulses then undergo fis-
sion due to stimulated Raman scattering (SRS) and
third-order dispersion and shed radlatlon in the form
of blueshifted dispersive waves (DWs).>? SRS also
plays a major role in the cw regime in enhancing the
spectral broadening towards longer wavelengths
through the Raman self-frequency shift of ultrashort
pulses. Finally, the partially coherent nature of the
input field acts as a seed for the MI-induced SC gen-
eration and helps smooth the resulting spectrum.’ 8,10
In this way, cw-SC can be efficiently generated in
many spectral regions depending on the cw pump
wavelength and on the fiber dispersion.'?*

With regard to practical applications, both the uni-
formity and the width of the SC spectrum are, how-
ever, important issues. In this respect, it is signifi-
cant that single-pump cw-SC sources generally
exhibit a limited bandwidth in comparison with what
can be achieved in the pulsed regime. Recently it has
been predicted theoretically that dispersion manage-
ment can enhance cw-SC generation by increasing
the soliton order of the generated pulses, which leads
to stronger temporal compression and higher

intensities.!! Experiments performed in photonic
crystal fibers with picosecond pump pulses have also
shown that dispersion management can enhance
phase- matched four-wave mixing and extend the SC
bandwidth.'? Here we propose and experimentally
demonstrate an extension of this technique by com-
bining dispersion management with multiwave-
length cw pumping. In particular, we report the gen-
eration of a broadband single-mode high-power (2 W)
cw-SC that spans more than 800 nm (from 1.2 to
2.0 um) based on an arrangement of three pump
wavelengths and four optical fibers.

The experimental setup for SC generation is sche-
matically depicted in Fig. 1. Two Raman fiber lasers
(RFLs) are combined through a wavelength division
multiplexer (WDM) into a hybrid fiber made up of
one to four fiber spans with different lengths and dis-
persive and nonlinear properties. In the results pre-
sented below, we successively cascade a 3.1 km long
conventional DSF with a zero-dispersion wavelength
(ZDW) of 1549 nm, two 500 m highly nonlinear DSFs
(HNL-DSF, nonlinear coefficient y=11.8 W-'km™)
with ZDWs at 1551 and 1553 nm, respectively, and
eventually a 2 km standard single-mode fiber (SMF)
with a 1302 nm ZDW. The first laser (RFL1) is a dual-
order PyOj5-doped RFL delivering up to 2W at a
1555 nm wavelength and a 0.7 nm 3 dB linewidth. It
also emits a weaker first-order Raman component at
1289 nm (1.5 nm linewidth) that is used in the four-
fiber arrangement. The second laser (RFL2) is a stan-
dard 5 W Raman laser, more powerful than RFL1,
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with an output wavelength of 1455 nm and a 3 dB
linewidth of 1.2 nm.

We must point out that the wavelength spacing be-
tween the two lasers has been chosen to match ex-
actly the peak of the Raman gain of silica-based fi-
bers (0;=13.2 THz). Consequently, we can expect a
strong distributed amplification of the 1555 nm line
of RFL1 by the second laser and a corresponding en-
hancement of SC generation. To demonstrate this
Raman-assisted SC generation process, we carried
out a first set of cw-SC generation experiments using
dual-wavelength pumping in only the first span of
DSF. Figure 2 shows the experimental output SC
spectra for a fixed RFL1 pump power at 1555 nm and
an increasing RFL2 pump power. When the second
pump is absent (second curve from bottom), the RFL1
pump is first spectrally broadened by MI because of
the small anomalous dispersion. Moreover, blue-
shifted DWs emitted from soliton fission can be seen
on the short-wavelength side of the spectrum. When
RFL2 is turned on, enhanced SC generation can
clearly be seen in the top three plots of Fig. 2, re-
corded for different RFL2 pump powers. New spec-
tral components are generated both between the two
pumps and on the long-wavelength side of RFL1, ex-
tending the spectrum beyond the 1.7 um limit of the
optical spectrum analyzer (OSA). The level of the re-
sidual 1455 nm pump at the fiber output has been
measured to be reduced by 40 dB when coupled with
the RFL1 pump, revealing an excellent power conver-
sion efficiency from the Raman pump RFL2 to the
SC, and this leads to more than a fourfold increase in
the SC bandwidth. Physically, it is obvious that both
new Raman solitons and new DWs with large fre-
quency shifts are generated both on the long- and
short-wavelength sides of the SC spectrum. Addition-
ally, Fig. 2 reveals two small narrow lines at 1651
and 1670 nm (indicated by arrows). These lines are
initially generated by four-wave mixing (FWM) be-
tween the Raman pump RFL2 and the continuum
and subsequently experience Raman amplification
and spectral broadening. In this way, these so-called
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Fig. 2. Experimental output SC spectra generated in the
first DSF span without (two bottom curves) and with dual-
wavelength pumping (three top curves). Pump power levels
are indicated on the plot.
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Fig. 3. Experimental output SC spectra generated in the
two-fiber arrangement with a single RFL1 pump (four bot-
tom curves) and in combination with dual-wavelength
pumping (top curve).

Raman-assisted FWM processes'*1* improve the SC
width and smoothness toward long wavelengths.

In the second part of our experimental analysis, we
consider dispersion management for enhancing SC
generation. To this end, we add one 500 m span of
HNL-DSF behind the 3.1 km long DSF. The experi-
mental output spectra are shown in Fig. 3 for in-
creasing pump power (from bottom to top) when us-
ing only RFL1, and this reveals a much broader and
smoother SC in comparison with the simple one-fiber
arrangement. In our configuration, both fibers ex-
hibit the same product yL of nonlinear coefficient
times length. Under such conditions, we can already
expect a significant broadening of the SC spectrum
simply because of the additional length of nonlinear
fiber. On top of this, the second fiber section has a
lower second-order dispersion coefficient (By). The
short Raman solitons generated in the first fiber span
will therefore undergo further temporal compression,
intensity increase, and self-frequency shift in the
HNL-DSF, which will speed the SC growth.10 New
DWs are also expected to be generated as the solitons
adjust their characteristics to the second fiber span.
In fact, the frequency shift Sw at which DWs are gen-
erated, dw=-3py/ B3 =3(wypw— ), increases with the
separation between the soliton carrier frequency
and the ZDW?>® (g, is the third-order dispersion coef-
ficient). Since the solitons have already been shifted
away from the ZDW in the first fiber span, the corre-
sponding DWs will be generated further toward the
blue and extend the SC toward short wavelengths.
Note that we could in principle achieve a similar in-
crease in dw by using a single fiber with a larger S,
coefficient, but this would reduce the initial spectral
broadening due to MI. Using dual-wavelength pump-
ing (1455 and 1555 nm) in the two-fiber arrangement
gives rise to an even broader SC that now spans from
1.4 pm to more than 1.7 um (measured at -20 dB), as
shown by the experimental data plotted at the top of
Fig. 3. The SC spectrum is nearly flat above the
1555 nm RFL1 pump wavelength. However, the gen-
erated spectral density decreases quasi-exponentially
toward the short wavelengths, in agreement with the
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theory predictin%r a lower efficiency for short-
wavelength DWs.>®

To spread the SC further, especially on the short-
wavelength side, we have used our four fibers and
three pump wavelengths together. The first previ-
ously filtered Raman order of RFL1 at 1289 nm with
a peak power of ~1W amplifies through SRS the
part of the SC at ~1.3 um. Simultaneously, since this
pump wavelength is close to the ZDW of the SMF,
new DWs are generated at even shorter wavelengths
in the span of the SMF. The resulting SC can be ob-
served in Fig. 4, which illustrates the SC spectral dy-
namics at the output of the four-fiber arrangement
for an increasing total pump power. Note that the
RFL1 power is increased first before switching on the
1455 nm RFL2. As can be seen, the 1289 nm pump
line is separated from the main SC at low power but
broadens and merges with it when launched together
with RFL2, leading to an ultrabroadband SC at full
power. To measure the full SC spectrum beyond the
upper limit of our OSA, we set up another spectrom-
eter made up of a transmission diffraction grating
(300 grooves/mm, 1 nm resolution) coupled to an ex-
tended long-wavelength InGaAs photodiode. The re-
sult is plotted in Fig. 5 on logarithmic and linear (in-
set) scales. This figure reveals that our combined
technique leads to the generation of a 2W ultra-
broadband cw-SC with a 800nm spectral extent,
from 1.2 to 2.0 um (measured at -5 dB). Note in par-
ticular the excellent flatness of the SC spectrum
above 1.6 um, a behavior that has been already ob-
served in the experiment of Ref. 4. We must also
point out that we have tested the three-pump combi-
nation in all our fiber arrangements, and the most
noticeable improvement in the SC was obtained for
the configuration discussed here.

To conclude, we have experimentally shown that
combining a multiwavelength pumping scheme and
dispersion management can result in the stable gen-
eration of an ultrabroadband (800 nm wide) multi-
watt cw supercontinuum that could directly find
practical interests for numerous applications. The
spectral broadening is achieved through Raman-
assisted MI, soliton compression and DW generation.
Our results suggest that using a multiorder Raman
fiber laser, which can actually also be obtained
through dispersion management of Raman laser
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Fig. 4. Experimental output spectra for increasing total
pump power showing the SC generation with multiwave-
length pumping and dispersion management in the four-
fiber arrangement. RFL2 is switched on after RFL1
reaches its maximum power. The OSA’s wavelength limit
has been extended to 2 um.
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Fig. 5. SC spectrum in dB units measured with the ex-
tended InGaAs photodiode at maximum launch power. In-
set, output spectrum in linear scale.

cavities,'” with a well-suited nonlinear fiber arrange-
ment has tremendous potential applications. Using
microstructured fibers instead of step-index fibers
could also provide more freedom to manage disper-
sion or to make our technique applicable to shorter
infrared and visible pump wavelengths.
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