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ABSTRACT

Supercontinuum sources generated by continuous-wave excitation are very promising for many applications as they
present in general higher spectral power density then their pulsed counterparts. On the other hand, the properties of
supercontinuum are very difficult to be controlled as the initial broadening is driven by modulation instability. This latter
one breaks-up the CW radiation into a train of ultra-short pulses whose peak power, spectral length and shape strongly
depend on the power, coherence and noise of the pump and on the fiber properties. In this paper, we present a
preliminary work on the role of chromatic dispersion on supercontinuum spectral broadening in order to study how to
optimize SC spectral width under CW regimes. By means of a home-made tunable high-power laser we induce
supercontinuum generation by pumping at different dispersion values of the fiber. We show that at low injected powers
the wider spectrum is obtained when pumping just above the zero-dispersion wavelength of the fiber. By contrast, for
higher injected powers, wide and squared-shaped spectra can be obtained when pumping over a larger range of
anomalous dispersion values. These results seem to be very promising for a number of applications requiring smooth,
squared and high-power SC spectral profiles such as optical coherence tomography.

1. INTRODUCTION

Fiber-based supercontinuum (SC) sources find widespread applications in many different fields, and they are attracting
much attention since the last few years. In particular, continuous-wave (CW) pumped SC sources seem to be of
increasing interest as they present high spectral power density, short coherence lengths, and lower values of relative
intensity noise (RIN) than their pulsed counterparts [1], [2]. Furthermore, CW-pumped SC generation remains object of
difficult experimental investigation due to the limited availability of high-power CW sources. In this paper, we propose a
new experimental study on the role of chromatic dispersion on SC spectral broadening in CW-excitation regimes. This
study wants to point out the relative importance of chromatic dispersion compared to the effect of intra-pulse Raman
scattering on soliton formation and collisional processes. In fact, spectral broadening under CW excitation is initiated by
modulation instability (MI) which breaks up the continuous wave into a train of soliton-like pulses when pumping in the
anomalous dispersion region of the fiber. This process leads to the generation of fundamental solitons that are
significantly frequency red-shifted due to intra-pulse Raman scattering. Chromatic dispersion plays a key role in the
process of soliton formation because just above the zero-dispersion wavelength of the fiber (Azp) the MI oscillations are
faster and induce shorter pulse formation [1]. This leads to the generation of shorter solitons which, in their turn, undergo
a larger red-shift per fiber length due to soliton self-frequency shift (SSFS) [4], [S]. Moreover, in the presence of higher-
order dispersion, fundamental solitons can further enhance the spectral broadening by releasing excess energy in the
form of dispersive-waves (DW) in the normal dispersion region of the fiber if their spectrum overlaps with the resonant
DW frequencies [6]. For this reason, the most efficient spectral broadening was believed to occur when pumping just
above the zero-dispersion wavelength of the fiber. Our results show that, in CW regimes, this is true only for low input
powers; by contrary, when pumping beyond the Raman threshold, there is a wide range of chromatic dispersion values
for which the spectral width of the supercontinuum remains almost constant. This range of values is broader as the pump
power increases.
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2. EXPERIMENTAL SET-UP

In order to pump the fiber at different dispersion values, we realized a home-made high-power tunable laser source
operating at such a wavelength range that the nonlinear coefficient, Raman gain and losses of the fiber do not vary too
much, but the dispersion does vary significantly. It is about a fiber ring laser mainly made up of two Erbium doped fiber
amplifiers (EDFAs) and a tunable optical grating filter, as shown in Fig. 1. EDFA1 (EDFA-C17 provided by NetTest)
has gain in the wavelength range of 1525-1570 nm. After EDFA1, the output frequency is selected by inserting an
optical grating filter (TB9 provided by JDS Uniphase). The filter provides a tuning range of 1525-1625 nm and a spectral
width of 0.5 nm full width at half a maximum (FWHM). The grating filter is followed by a variable attenuator (provided
by Accelink) which is used to control the power inserted into EDFA2. EDFA2 is a high-power fiber amplifier (Keopsys)
working in the spectral range 1545-1570 nm, whose output power can take values from 200 mW to 10 W. A high-power
isolator (OPNETI) is inserted at the output of EDFA2 whose losses are approximately 0.5 dB. The 0.01% of the power
delivered by EDFA?2 is re-circulated in the cavity by means of a set of two calibrated 1/99 couplers. We are able this way
to generate a tunable source whose output power takes the same value for each wavelength during our measurements.
Our fiber ring laser is single-mode, it presents a 0.08 nm FWHM line width at every wavelength in the available tuning
range (i.e. from 1545 nm to 1570 nm) and its power can take values from 500 mW to 7 W. In Fig. 2 we show the laser
output at different wavelengths for a total output power of 2 W. The nonlinear medium for SC generation an 11 km
dispersion-shifted fiber (DSF) provided by Corning. The dispersion curve of the fiber has been measured with a
resolution of 2 nm using the phase-shift method described in [7].
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Fig.1. Experimental set-up. EDFA: Erbium-Doped Fiber Amplifier; DSF: Dispersion Shifted Fiber; OSA: Optical Spectrum
Analyzer

The zero-dispersion wavelength Azp and the nonlinear parameter y have been measured using a method based on
modulation instability [8] and found to take values A,p = 1553.5+ 0.5 nm, and y = 1.7 W'km™. The group-velocity
dispersion (GVD) parameter B, is approximately linearly decreasing with a slope of -0.1044 ps®’/km/nm and it takes
value 0.7828 ps’km at A = 1545 nm and -1.8266 ps*/km at A = 1570 nm. The third and fourth-order-dispersion
parameters (TOD and FOD respectively) can be considered almost constant over the whole tuning range, and they take
values B3 = 0.1358 * 0.00377 ps’/km and B,= (-4.8739£0.0560) x 10 ps*/km respectively. The Raman threshold is
estimated to be Pe~1W by using the Raman gain coefficient gg=1.5 x 10" ¢cm/W. The output spectrum is finally
analyzed by means of an optical spectrum analyzer (OSA) with a spectral resolution of 1 nm. The input and output
power are measured by means of an integrating sphere radiometer whose responsivity is known in the whole tuning
range with 1% uncertainty [9].

3. DISPERSIVE WAVES

In this section we want to give a deeper insight into the dynamics of soliton formation by means of a careful study of
dispersive wave generation. As we mentioned, CW-induced spectral broadening is initiated by MI which breaks-up the
CW radiation into a train of ultra-short pulses when propagating in the region of anomalous dispersion of the fiber. As
the pulses propagate, they are split into fundamental solitons [10], [11], [12] which are frequency red-shifted due to
SSFS. Additionally, each fundamental soliton can, in the presence of higher-order dispersion, release excess of energy in
the form of dispersive waves, enhancing the spectral broadening in the normal dispersion region of the fiber [6].
Dispersive waves are amplified only if the soliton spectrum overlaps with the resonant wave frequencies. The intensity
of these waves is proportional to the intensity of the solitons at the same frequencies [6]. For this reason, more intense



radiation is released by solitons that are closer to Azp. For this reason, the most obvious impact of chromatic dispersion
on DW generation is that intense radiation is expected when pumping just above Azp. Besides, when higher pump
powers are injected into the fiber, more intense DWs should in principle be generated, because higher-intensity solitons
are formed. Thus, it is clear that under no other effects, the most efficient nonlinear broadening in the spectral region of
normal dispersion is believed to occur at GVD parameters as close to zero as possible and for increasing injected powers.
In highly non-linear fibers, under femto-second pulsed regimes, DWs arise from higher-order soliton fission. In this case,
higher-order solitons are formed of soliton number N, but they are unstable under higher-order dispersion perturbations
and decay into fundamental solitons. These latter ones release excess of energy as dispersive radiation in the normal
dispersion region of the fiber [13], [14], [15], [16]. Each soliton emits radiation at a frequency that satisfies the phase-
matching condition [6], [14], [17]:
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where B(mpw) is the wave number of the dispersive radiation and B(w;) is the wave number of the soliton. 5w = (®@pw.
) is the detuning between the radiation frequency wpw and the central soliton frequency ;. B, is the n-th dispersion
coefficient calculated at w,; YPy/2 is the soliton nonlinear phase shift where y is the nonlinear parameter of the fiber and
Py is the soliton peak power. In highly non-linear fibers under femtosecond pulse excitation, DWs significantly
contribute to the total spectral broadening because new components at different frequencies are radiated by each of the N
fundamental solitons. In The CW-regimes the same phase-matching condition has to be satisfied, but the dynamics are
quite different and not completely understood.
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Fig.2. (a) Output spectra obtained for an input power of 1 W. We can observe dispersive wave emission in the normal
dispersion region of the fiber and decreasing spectral width when pumping further away from Azp. (b) Output spectra
obtained for three different input powers at pump wavelength A;=1560 nm. DWs undergo stronger attenuation with
increasing input power

In fact, fundamental solitons of slightly different amplitude and time duration originate from phase noise of the pump
due to MI-induced noise amplification [10], [11], [12]. In our experiment we observed DW generation, whose spectrum
shows a clear local maximum in intensity, as it can be seen in Fig.2 (a). For a given input wavelength, this peak always
falls at the same frequency for different input powers, as it can be seen in Fig.2 (b). For this reason, we made the
hypothesis that the radiation frequency weakly depends on the soliton peak power, and we neglected the non-linear phase
shift:
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This approximation is in agreement with other previous theoretical predictions [6], [18]. As we can not measure the
central frequency of the generated solitons, we made the second hypothesis that most of the DWs are radiated at
beginning of soliton formation, when solitons are expected to have central wavelength just above the pump wavelength.



According to this hypothesis, we calculated the DW frequency that would be radiated by a soliton at the pump frequency
by using Eq. (2) up to the fourth-order (M=4) and setting w,= wp. We found that the frequency of the peaks of the blue-
shifted radiation were in good agreement with this assumption. Measurements were performed at different input powers
and different pump wavelengths and are shown in Fig.3 together with the theoretical curve. Our experiment seems to
confirm that most solitons are generated just above the pump wavelength, around the same central frequency. Moreover,
most dispersive radiation is emitted at the first stage of soliton formation, before solitons undergo a significant SSFS.
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Fig.3. Frequency shift between the DW-peak frequency and the pump frequency, as function of pump wavelength.

These dynamics are not very sensitive to the average injected power until a threshold (P=3 W in our case) is reached for

which some blue-shifted radiation is still present in the spectra, but no peaks can be seen anymore (see Fig.2 (b)). An
interesting result of this study is that the presence of a well defined peak in the blue part of the spectrum seems to
indicate that higher-order solitons are not generated or, at most, only solitons of low order (N<10) are formed. In fact, if
the dispersive radiation were the result of higher-order soliton fission, a much broader and flatter blue-shifted spectrum
would be generated due to the contribution of the N-soliton decay into N fundamental solitons of different central
frequency [13], [14]. Besides, the maximum intensity value would appear at the blue edge of the spectrum [14], [15],
which is not our case. These results confirm that solitons of different amplitude and temporal width originate from phase
noise of the pump due to MI, as predicted by the mentioned works [10], [11], [12]. On the other side, this model can not
explain the broad spectra that are obtained. In fact, previous theoretical studies proved that MI-induced solitons have too
long time duration to undergo such a significant red-shift due to SSFS [19]. For this reason, a coherent description of our
results can only be given by taking into account some other effects. For this reason, we believe that our experimental
results prove the latest theoretical predictions for which in CW and quasi-CW regimes soliton collisions take an
important role in inducing shorter soliton formation [12], [20], hence a broader spectrum. We also note that at low input
powers the influence of chromatic dispersion gives rise to SC spectra having a completely different shape for different
pump wavelengths and powers. In particular, for an input power of 1W, i.e. around the Raman threshold, the spectrum is
flatter and broader when the pump wavelength is just above Azp and stronger pump depletion takes place, as it can be
seen in Fig.2 (a). For input powers higher than the Raman threshold, dispersive waves start to undergo attenuation with
increasing input power, as it can be seen in Fig.2 (b). In this case, however, flatter supercontinua are obtained also at
longer pump wavelengths (i.e. larger values of dispersion), but contribution of DWs radiation to the total spectral
broadening is decreasing with increasing input power.

4. INFLUENCE OF CHROMATIC DISPERSION ON SC SPECTRAL BROADENING

In this section we analyze experimentally how chromatic dispersion affects SC spectral width in high-power regimes
when propagating a CW radiation into a km-long conventional DSF. In this experiment, we obtained SC spectra with
very different shapes when pumping at different wavelengths (see Fig.2 (a)) and different powers (see Fig.2 (b)). In order
to compare the spectra among each other, we decided to introduce a definition of SC spectral width which takes into
account their different shape and their different spectral power density distribution. As in ultra-short pulse measurements
a definition of Equivalent Pulse Width (EPW) is used when the pulse shape is quite complicated (see [21]), we adopted
the definition of Equivalent Spectral Width (ESW) to assign a value of spectral width to each of our spectra according to
the definition:
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where w, is the ESW, I() is the spectral power density in mW/nm, and I, is the maximum value of the spectrum in
mW/nm. An illustration of the definition of ESW can be seen in Fig.4 (a). It is worth noticing that this definition uses the
total power under the spectral curve, so that all the generated spectral components are taken into account. Moreover, a
higher value of ESW is assigned to flatter spectra because they usually present a lower maximum value. This definition
is very useful when spectral widths of different supercontinua have to be compared. By using the definition of ESW we
study the influence of chromatic dispersion on SC spectral broadening. With the help of our tunable source we can pump
in the spectral range from 1549 nm to 1570 nm, where the chromatic dispersion of the fiber takes values from -0.291
ps/nm/km to +1.396 ps/nm/km. We measured the ESW for different pump wavelengths and we show it in Fig.4 (b) for
different input powers. As it can be seen, for input powers up around the Raman threshold (P~1 W), there is an optimum
pump wavelength for which the ESW is maximum. At input powers of 0.5 W and 1 W, this maximum is obtained for a
pump wavelength of 1554 nm, which is just above the Azp of the fiber. The transition from normal to anomalous
dispersion is evident by the presence of a steep increase in the spectral broadening around the Azp of the fiber. For an
input power of 2W there is an optimal pump wavelength located at 1557 nm where the ESW is maximum, but a quite
wide spectral broadening can be obtained also at other pump wavelengths around this value. Besides, the maximum
ESW at this input power is higher than for 2.5 W and 3 W. This is due to the fact that at this power, output spectra show
a quite uniform and squared shape, and a relatively small value of the maximum intensity. This gives rise to a higher
ESW in a consistent way with the definition of ESW which favors smoother and flatter profiles.
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Fig.4. (a) Definition of the Equivalent Spectral Width (ESW). The calculated ESW is compared with the standard measurement 20-
dB down from the highest peak in logarithmic scale. (b) SC spectral width as function of pump wavelength for different input powers.

When powers higher than 2W are injected into the fiber the behavior changes dramatically. First of all, the same value of
ESW can be obtained when pumping over a larger spectral region. Second, pump depletion occurs also at longer pump
wavelengths, so that flatter and square-shaped spectral profiles can be obtained for a wider range of pump wavelengths.
This latter behavior, which can be clearly seen in Fig.2 (b), is probably due to the increasing influence of Raman
scattering.

CONCLUSIONS

We have described an experimental study on the influence of chromatic dispersion on SC generation in km-long standard
fibers under CW-excitation regimes. This study has been done by pumping a dispersion shifted fiber with a high-power
tunable CW laser source. By sweeping the wavelength of the laser over a small range, we can propagate the pump under
very different values of chromatic dispersion. Our results show that, for input powers up to the Raman threshold,
chromatic dispersion plays a fundamental role on nonlinear spectral broadening, giving rise to a broader spectrum when
pumping just above the zero-dispersion wavelength of the fiber. At higher input powers, however, as soliton collisions



and intra-pulse Raman scattering take a dominant role, the spectral width is more independent of the value of chromatic
dispersion. We also show that, in this case, there is a large range of optimum pumping wavelengths for which the SC
spectral width is almost constant. This range of values is increasing with increasing input power.
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