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Abstract

We describe the effect of temperature variations on supercontinuum (SC) genera-
tion in optical fibers using a continuous-wave (CW) Raman fiber laser as a pump.
We achieve supercontinuum generation by pumping only ~2 W of power into a 7
km-long nonzero dispersion-shifted fiber (NZDSF) in the region of small anomalous
dispersion. In these conditions, the supercontinuum builds up basically on modu-
lational instability and Raman. At room temperature, the supercontinuum covers
effectively the S, C and L transmission bands defined by the International Telecom-
munication Union (ITU). Temperature tuning of the fiber environment provides
a means of tuning the fiber dispersion, and thus a means of changing the width
and shape of the supercontinuum spectrum. We demonstrate a 27% increase in the
10-dB SC width. We believe that the application of this new tuning mechanism to
other experimental configurations using pulsed sources might be used to produce

extremely broad supercontinuums.
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1 Introduction

Supercontinuum (SC) generation in optical fibers and waveguides has at-
tracted considerable research interest in the last years [1-12] Applications
of supercontinuum generation in optical fibers can be found in fields such
as optical frequency metrology [1,2] optical coherence tomography [3,4] and
multiple optical carrier generation for wavelength-division multiplexing [5,6].
Most of the experiments performed up to date have been performed using
nanosecond or picosecond pulses of high peak power and/or specialty fibers
such as photonic crystal fibers [7] or dispersion-tapered fibers [8]. Supercon-
tinuum generation using continuous-wave (CW) sources was demonstrated
only recently [9,10,11]. In the case of a CW pump, long fibers are needed to
initiate the SC since the typical power of the CW sources goes only up to
a few watts and longer interaction lengths are required. In a previous work
[11] we demonstrated the possibility to generate a broad SC using a 7-km
long conventional nonzero dispersion-shifted fiber pumped by a Raman fiber
laser (RFL) tuned to the region of small anomalous dispersion of the fiber.
The output SC had a 20-dB width of over 200 nm, covering the S, C and
L transmission bands defined by the International Telecommunication Union

(ITU). We showed that such a source could be used to perform highly accu-
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rate characterization of polarization-mode dispersion in very long (> 200 km)
fiber links. In this Letter we demonstrate experimentally that by changing the
temperature of the fiber environment we can optimize the width and flatness
of the generated SC. We believe that this idea might have important implica-
tions towards the development of efficient supercontinuum sources with high

power spectral density at arbitrary pump wavelengths.

2 Experiment

Supercontinuum generation in optical fiber is generally caused by the com-
bined effect of self-phase modulation (SPM), modulational instability (MI)
and stimulated Raman scattering (SRS). In principle,in our case, the effect
of self-phase modulation is basically negligible since the pump is CW. Thus,
our continuum should be mainly caused by modulational instability and Ra-
man. These processes are both stimulated, and so they can be thought of as
initially seeded by pump laser noise [10]. But our CW pump laser is par-
tially coherent and some intensity fluctuations are present in the
pump. These intensity oscillations are amplified due to MI [13,14].
Efficient generation of a broad modulational instability spectrum can only be
achieved in the region of very small anomalous dispersion (D > 0 or 3, < 0).
The use of a long fiber with low loss ensures strong power transfer from pump
to MI and a low SRS threshold (~1 W). In these conditions, SC generation
is possible with low peak power sources (and even CW as in this case) while
allowing strong pump depletion and high power densities [12] (in the order of

mW /nm in our case).

The pump used in our experiment was a continuous-wave Cascaded Raman



Fiber Laser (C-RFL) with a single-mode output tuned at 1455.3 nm, and
whose spectrum has been detailed elsewhere [11]. The laser output is depolar-
ized and the maximum output power reaches 2.1 W. A feedback control ensures
that the output power of the RFL remains constant and controlled with an ac-
curacy of 210 mW. The line width of the RFL grows as the power is increased.
For a pump power of 2.1 W, the full width at half maximum (FWHM) of the
laser output is 1.1 nm, with a RIN < -110 dBc¢/Hz (measured in the range 0-1
GHz). We use a 7-km-long spool of nonzero dispersion-shifted fiber with an ex-
pected dispersion at the wavelength of the pump of 0.081 psnm~!-km~!. The
dispersion slope at this wavelength is 0.045 psnm~2-km~'. The uniformity of
the chromatic dispersion along the fiber was measured using a method devel-
oped by some of us [16] and was found to be better than +0.1 psnm~!-km™!
at the wavelength of 1555 nm (spatial resolution is ~500 m). The fiber loss at
the wavelength of 1550 nm is 0.2 dB/km and it remains mostly flat from 1450
to 1620 nm. The nonlinear coefficient, measured with a Sagnac interferometric
technique [17] was found to be v = 2.7 W~ 'km™!. The Raman gain coefficient
at the pump wavelength was measured by direct probing with a tuneable laser

diode and the obtained result was gp = 1 W lkm1.

Figure 1 shows the output supercontinuum spectra at room temperature for
different input powers, measured by means of an optical spectrum analyzer
with 0.05 nm resolution. For low powers, the effect of modulational instability
is clearly visible as two nearly symmetric noise side bands around the center
frequency. The slight asymmetry between them is caused by Raman gain of
the red-shifted and attenuation of the blue-shifted. The wavelengths of the
Stokes side are located in the same spectral region of the Raman

amplification curve generated by the pump and the ones of the



antiStokes side are in the Raman attenuation region [15]. Increasing
the pump power, the MI gain grows, the power transfer from pump to the
noise side bands is more rapid, and the asymmetry between the gain side
bands becomes larger because of Raman effect. Beyond 1.5 W, complete

pump depletion from pump to SC is achieved.

In our case, the changes in the SC spectrum with the fiber temperature might
be caused by (i) a change in the value of the nonlinear coefficient; (ii) a change
in the dispersion and (iii) a change in the Raman contribution to the fiber
nonlinearity. A simple evaluation taking into account our temperature range
(20-80C) allows us to discard this last cause as a source of important changes in
the SC spectrum [18]. However, experimental measurements have shown that
the nonlinear coefficient decreases strongly with temperature [19](-0.24%/C)

while the zero-dispersion wavelength increases slightly [20] (428 pm/C).

To test the temperature dependence of the generated SC we introduced the
fiber into a stove with controlled temperature. A thermocouple was sticked to
the inner side of the spool to measure the actual temperature of the fiber. To
ensure thermal uniformity over the whole fiber, we performed our measure-
ments only when the fiber and the environment had rested at the same tem-
perature for more than one hour. We assess the corresponding changes in the
fiber dispersion and nonlinear coefficient by measurement of the spontaneous
MI side lobes appearing at each side of the pump at low powers (~100 mW).
From the well-known theory of modulational instability in optical fibers [21]
we know that the maximum of the MI gain side lobes should appear at a cer-
tain frequency detuning from the pump frequency given by Q,, = /27 /|52,
~ being the nonlinear coefficient of the fiber and Py being the pump power. For

this frequency detuning, the MI gain is given by g4 = 27F,. Thus, keeping



the power and the nonlinear coefficient constant, the variations in (3, induce
variations only on €2,,,, while the variations in 7 induce variations both on ¢,

and €2,,.

Figure 2 shows the MI side lobes for a pump power of ~100 mW measured at
different temperatures. We appreciate a certain decrease in the peak value of
the MI side lobes as the temperature grows, meaning probably that the nonlin-
ear coefficient has decreased, in agreement with the previous experimental re-
sults. Simultaneously we can appreciate that while the temperature increases,
the maximum gain is produced for larger frequency detunings, thus meaning
that the fiber dispersion is lower for higher temperatures, again in qualitative
agreement with previous results. We check this agreement further by using the
previous relation between €2, and 5. Using the measured nonlinear coefficient
at 20C (y=2.7 W—1km™'), and taking into account the empirical temperature
variation of the nonlinear coefficient (-0.24%/C), we estimate the dispersion
coefficient for the different temperatures. At 20C the estimated dispersion co-
efficient is 0.072 ps-nm~!'-km ™! and it decreases to 0.035 ps-nm~!-km~! at 80C
almost linearly. By a linear fitting of the results, we obtain a thermal variation
coefficient of -0.0006 (psnm~!-km~!)/C, which is in good agreement with the
measurements reported elsewhere [20] for this kind of fibers. In turn, the mea-
sured variations of the MI side lobes agree well with the expected variations
of gmar induced by the variations of v with temperature. It is important to
note that in all these estimations, we have averaged the values obtained for

the right and left hand lobes, in order to eliminate the Raman asymmetry.

In figure 3 we show the SC spectra obtained for a pump power of 2.1 W
at different temperatures. We can see a consistent growth of the 10-dB SC

width with temperature. The widths at 20, 40, 60 and 80C are, respectively,



151 nm, 159 nm, 182 nm and 192 nm. The growth of the SC width with
temperature is not linear, but it follows a clear increasing tendency. From 20 to
80C, the relative increase in the SC width is approximately 27%. This increase
is associated with the broadening of the MI side lobes caused by the change in
the fiber dispersion. Effectively, the MI process causes a rapid broadening of
the pump spectrum. This causes a broadening of the Raman spectrum since
it is built from the contributions of a broad range of wavelengths. It is also
noticeable that pump depletion is more intense for lower temperatures. This
is most probably related to the decrease in v with temperature, which causes

a slower power transfer from the pump to the MI side lobes.

3 Conclusion

To sum up, we have studied the effect of temperature variations on super-
continuum generation in optical fibers using a continuous-wave pump propa-
gating in the region of small anomalous dispersion. We have shown that the
temperature-induced changes in the fiber dispersion are responsible of a dif-
ferent behaviour in the MI-induced broadening of the pump spectrum. This,
in turn, causes a different spectral distribution of the Raman-scattered light
at the fiber output. We believe that working with shorter, uncoated fibers over
a wider temperature range might provide a useful means of tuning the fiber
dispersion and the width of the generated continuum in other setups using

pulsed sources of high peak power.
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Figure 1. SC spectrum with different pump powers at room temperature (~20C). All
the curves have been normalized to the same peak value. Inset shows how increasing

pump power leads to a more efficient pump depletion.
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Figure 2. MI spectrum around the pump wavelength for different temperatures. As

the temperature grows, the asymmetry between the MI side lobes is less evident.
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Figure 3. SC spectrum for different temperatures. The pump input power is always
2.1 W. Each curve has been normalized by its own maximum to show more clearly
the increase of the SC width. The inset shows how pump depletion is less intense

as the temperature grows.
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