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The influence of chromatic dispersion on CW-pumped  The process of converting a CW laser emission into su-
supercontinuum generation in km-long standard fibers percontinuum in optical fibers has been studied intensively
is experimentally investigated. We perform our study by in the last years, both experimentally [5], [6], [7], [8],]1[9
means of a tunable, high-power fiber ring laser pumping [10] and theoretically [11], [12], [13], [14]. These studie
a dispersion-shifted fiber in the wavelength range of have shown that CW SC sources are initiated by modulation
small and medium anomalous dispersion. Our results instability (MI) of the partially coherent input beanmhich
show that, at low input powers, chromatic dispersion can lead to soliton formation and collision processes [15],
plays a dominant role on nonlinear pump spectral [14]. Then, the Raman scattering induces a self-frequency
broadening, giving rise to a broader spectrum when downshift of the generated solitons, so that their final Bpéc
pumping just above the zero-dispersion wavelength of distribution covers a wide wavelength range. The creation o
the fiber. At higher input powers, however, the width of a soliton is accompanied by the generation of a dispersive
the generated supercontinuum spectrum is mostly due wave frequency up shifting as the soliton down shifts beeaus
to the Raman effect, hence more independent of the of the Raman scattering. Although the dynamics of CW SC
value of the chromatic dispersion coefficient. We show generation are reasonably understood nowadays, manyseffor
that, in this case, the optimum pumping wavelengths are still being done in order to improve and optimize the
for supercontinuum generation are not so close to the supercontinuum properties, such as higher spectral power
zero-dispersion wavelength of the fiber as in the previous density, larger spectral width, smoother spectral profild a
case. In these conditions, as the chromatic dispersionbetter long-term stability. As an example, in a previousgrap
grows we can obtain square-shaped and high-power [16] we studied the influence of pump incoherence in CW
density spectra, which seem extremely promising for SC generation. We showed experimentally, that, for a given
applications in optical coherence tomography. input power and chromatic dispersion coefficient, therenis a

optimum value of pump incoherence that yields the most
Keywords: nonlinear optics, supercontinuum, chromatiefficient spectral broadening. In this paper, we use a simila
dispersion, dispersive waves, soliton self-frequencit shi methodology to study the dependence of CW SC generation on
chromatic dispersion. This study seeks to understand lessi
| INTRODUCTION strategies tp optimize the fiber dispersion so as to imprioge t
SC properties.

Nowadays, fiber-based supercontinuum (SC) sources findChromatic dispersion plays a key role in the processes
widespread applications in many different fields, inclgdinof modulation instability and solitodormation. The most
telecommunications, spectroscopy and medical imaginig- teobvious limit is that these processes efficiently occur ia th
nigues like optical coherence tomography [1], [2]. In parti anomalous dispersion region of the fibBesides, at smaller
lar, continuous-wave (CW) SC generation in optical fibers hanomalous dispersion values the MI oscillations are tem-
attracted much attention in the last years for the posibiliporally faster and induce shorter pulse formation [17].
of developing compact, high-quality sources for ultrahigfihis effect leads to the generation of shorter solitons whit
resolution optical coherence tomography. Among their goashdergo a larger red-shift per fiber length due to intrapulse
properties, these sources exhibit extremely short colkere®®aman scattering [18], [19]. Soliton compression can also
lengths (allowing resolutions of only several micromeersbe induced by use of dispersion management [9], [10], [20],
high power spectral densities (normally in the order of sglve leading to enhanced supercontinuum spectra.
mW/nm) and lower values of relative intensity noise (RIN) In this work we present an exhaustive experimental study
than their pulsed counterparts [3], [4]. of the influence of chromatic dispersion on supercontinuum



spectral broadening generated with continuous wave light mm full width at half a maximum (FWHM). The grating filter
a standard dispersion-shifted fiber (DSF). This is done ligy followed by a variable attenuator (provided by Accelink)
tuning the wavelength of the high-power pump laser over thehich is used to control the power inserted into EDFA2. In
spectral region of small and moderate anomalous chromdtct, we want to guarantee that EDFA2 is working at the
dispersion of the fiber. This paper shows that beyond a certaame saturation level at all wavelengths. EDFA2 is a high-
power level there is a range of chromatic dispersion valupswer fiber amplifier (Keopsys) working in the spectral range
for which the spectral width of the supercontinuum remairkb45-1570 nm, whose output power can take values from 200
constant. This range of values is broader as the pump powaV to 10 W. A high-power isolator (OPNETI) is inserted
increases. Additionally, we show that the optimum shape af the output of EDFA2 to prevent damage in the amplifier
the SC is actually obtained for moderate values of chromabiy back-reflected light and backward Raman. The isolator
dispersion. These results are, in our view, very intergdtiom losses are approximately 0.5 dB. Only O Dbf the power
a practical and engineering point of view, and we explaimthedelivered by EDFAZ2 is re-circulated in the cavity. This iméo
qualitatively based on the established explanation of CW 3 means of a set of two calibrated 1/99 couplers. We used
generation. the remaining port to monitor the output power of the fiber
This paper is organized as follows: in the following sectionaser. This arrangement allows us to generate a tunableesour
the experimental setup is described. In Section Il we discuwhose output power takes the same value for each wavelength
the effect of chromatic dispersion on soliton dynamics aisd dduring our measurements. The described fiber ring laser is
persive wave generation; in section IV we show experimentihgle-mode, it presents a 0.08 nm FWHM line width at every
results on the dependence of supercontinuum spectral widthwavelength in the available tuning range (i.e. from 1545 am t
chromatic dispersion. Experimental results show that droal570 nm) and its power can take values from 500 mW to 7 W.
band SC can be efficiently generated by CW pumping ovefTae laser output can be seen in Fig. 2 at different wavelength
wide range of dispersion values when using km-long standdat a total output power of 2 W.
fiber at input powers of several watts. Finally, in Section V
we derive the conclusions of our study.
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1. EXPERIMENTAL SET-UP
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Fig. 1. Experimental setup. EDFA: Erbium-Doped-Fiber afigsl DSF:
Dispersion Shifted Fiber; OSA: Optical Spectrum Analyzer.

In order to make an experimental study on the influengég' 2. Laser output at different wavelengths. The totapbatipower is 2

of chromatic dispersion on nonlinear spectral broadeniey,

need to have the way to pump the fiber at different dispersionThe fiber is a 11 km DSF provided by Corning. The
values, or equivalently, at different wavelengths. The evavdispersion curve of the fiber has been measured using the
length range that we treat here is such that the nonlingdrase-shift method described in [21] with a resolution of 2
coefficient, Raman gain and losses of the fiber do not vary tam. Both Azp and the nonlinear coefficient have been
much, but the dispersion does vary significantly. The pugipimmeasured with an alternative scheme using a method based
is realized by means of a home-made high-power tunable laser modulation instability [22], [23], [24] and found to take
source. Our pump is a fiber ring laser mainly made up e&lues\zp = 1553.5:0.5 nm, andy = 1.7 W—tkm~!. In

two Erbium doped fiber amplifiers (EDFAs) and a tunablihe tuning range of our ring-cavity laser the group-velpcit
optical grating filter, as shown in Fig. 1. EDFA1 (EDFA-C1®ispersion (GVD) parametef, is linearly decreasing with
provided by NetTest) has gain in the wavelength range afslope of -0.1044s?/km/nm and it takes value 0.7828
1525-1570 nm and its pumping power is settled to slightlyoves?/km at A = 1545 nm and -1.8266s?/km at A = 1570
transparency. After EDFA1L, an optical grating filter is ired nm. The third and fourth-order-dispersion parameters (TOD
(TB9 provided by JDS Uniphase) which is used to select tleend FOD respectively) can be considered almost constant ove
desired frequency out of the EDFA1 emission. It providesthe whole tuning range, and they take valygs= 0.1358+
tuning range of 1525-1625 nm and a spectral width of 0G00377ps®/km and 3, = -4.8739x 10~* 4 0.0560x 104



ps*/km respectively. Since higher order dispersion parametesslitons in the presence of higher order dispersion per-
are almost constant, we can make a study of the influencetafbation. If sufficiently high power is injected into the
second-order dispersion parameter on spectral broadanuhg fiber in anomalous dispersion regime, a train of N-solitons
neglect the influence of higher order dispersion terms. Tlan be generated. In this casedispersive waves arise from
output spectrum is finally analyzed by means of an optichigher-order soliton, which are unstable under higheeord
spectrum analyzer (OSA) with a spectral resolution of 1 nadispersion and decay into fundamental solitofisese latter
after passing through a 10/90 coupler, which acts uniquely anes eject excess of energy as dispersive radiation in the
fixed attenuator. The input and output power are measuredrxyrmal dispersion region of the fiber [29], [30], [31], [32],
means of an integrating sphere radiometer whose respbpnsiy83].
is known in the whole tuning range with 1% uncertainty [25]. Previous theoretical and experimental studies [30], [26],
[34] show that dispersive waves are generated when thesolit

1. ANOMALOUS DISPERSION REGIME AND fs;)liact(um or:/erlaps thﬁ_resonag_qe f.requency which fulfiks th
DISPERSIVE WAVE GENERATION oflowing phase matching condition:

M
This work seeks to give a deeper insight into the effect _ _ Bncon, 1 Ps _
of chromatic dispersion on supercontinuum generation in km Blopw) = flws) = Z n! o+ 2 0 (3)
long conventional fibers. CW-pumped spectral broadening in
fibers results from the fission of the partially coherent inpivhere 3(wpw ) is the wavenumber of the dispersive radia-
CW beam into a sequence of Raman-shifted solitons throulf®n. 5(ws) is the wavenumber of the soliton jw = (wpw —

the combined effects of modulation instability and Stinteda «s) is the detuning between the radiation frequengyy and
Raman Scattering (SRS). CW-induced spectral broadeningh§ central soliton frequenays and 3, is the n-th derivative
initiated by modulation instability which breaks-up the CwWpf 3(w) calculated atvs; vPs/2 is the soliton nonlinear phase
radiation into a train of ultrashort pulses when propagatirfhift, 7 is the nonlineaparameter of the fiber [27] and Ps

in the wavelength region of anomalous dispersion of tH@ the soliton peak power. This equation allows to prediet th
fiber. As the pulses propagate, the Mi-generated pulses digpersive wave frequency once the dispersion parameters o
split into fundamental first order solitons (one-solitonp] the fiberand the soliton carrier frequency are known. The
which undergo a spectral shift towards longer wavelengtf@sonant radiation frequency depends weakly on the soliton
due to SRS. This process of Soliton Self Frequency Shffnplitude [26], [35], so that the nonlinear phase-shifirtean
(SSFS) gives rise to a smooth and wide spectrum lying 3¢ often neglected in Eq. 1. In this case, the phase matching
wavelengths longer than the pump wavelength. Additionallgondition is equivalent to:

n>2

each fundamental soliton can, in the presence of highesrord M 3
dispersion, release excess energy in the form of dispersive Z _7'15“,"*2 =0 (2)
waves, enhancing the spectral broadeningthe normal n2

dispersion region of the fiber [26] These linear waves
are emitted only when the soliton spectrum overlaps with
the resonant wave frequencies. The amplitude of the DW
radiation is proportional to the amplitude of the soliton at
the phase-matched frequencies [26], so that more intense
radiation is released by solitons that are closer to\zp. D [ps/nm/km]

. . . . . . 02 03 04 05 06 07 08 09 10 11 1.2

The most obvious impact of chromatic dispersion on soliton : : : : : '

where the two degenerate solutiondw = 0 (wpw = wg)
have been obviously discardedIn our experiment we

dynamics appears through ML. In fact, CW-light propagating 30§  —— Theoretical 1

in the anomalous dispersion regime of an optical fiber breaks g om

up into a train ofsolitonlike pulses due to MI. As the 25 4 500 mW 1
. - . . . < 1W

MI oscillation frequency is inversely proportional to /s L 2w

[27], shorter solitons are expected to be generated when
pumping closer to Azp [17], [28]. As shorter solitons red-
shift faster due to SSFS [18], [19], a much wider spectrum
is expected to be generated when pumping closer tyzp.
Thus, it is clear that under no other effects, the most efficie 10
nonlinear broadeninig expected atGVD parameters as close
to zero as possible. However, in the next section we will see 5 ; , , , , ,
that beyond a certain input power, Raman scattering becomes %% 5% ‘558Pum;iﬁgvele:;f:[nm]”“ 1566 1568
the dominant nonlinear effect in these km-long fibers. Is thi
case, soliton self-frequency shift is the dominant broatgen
mechanism, and the importance of chromatic dispersion is
radically smaller.

We now look at the blue-shifted part of the SC spectrumig. 3. Dw-frequency shift as function of pump wavelength different
Dispersive waves are not only radiated by fundamental input powers

20

Frequency Shift [27 x THz]




observed that the blue-part of the spectrum shows a spectrum evolution is shown as function of pump wavelength
maximum in intensity that, for a given input wavelength, for an input power of 1W. There is a clear sign of dispersive
always falls at the same frequency for different input waves, and the transition from normal to anomalous dispersi

powers. As we can not measure the central frequency of around 1554 nm is also evident by a large spreading of the
the generated solitons, we make the hypothesis that most ofoutput spectrum. We note that the dependence of MI and

the DWs are radiated at the first stage 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 substitutingws = wp

in Eq.2 using the series expansion until the fourth order
(M=4). We found that the frequency of the maximam of
the blue-shifted radiation were in good agreement with this
assumption. Measurements were performed at different input
powers and are shown in Fig. 3 together with the theoretical
curve.

As expectedrom the phase-matching condition at higher
values of dispersiorthe solitons are in resonance with
dispersive radiation at larger frequency shifts from the
soliton carrier frequency. The experimental data seem
to confirm that most radiation is emitted by solitons
generated just above the pump wavelength, i.e. at the
first stages of soliton formation, before they undergo a
significant SSFS. Besides, it seems that these dynamics
are not sensitive to the average injected power until a
power of several watts (P=3 W in our case) is injected for
which blue-shifted components are still amplified but no
maxima can be seen anymordn Fig. 4 we show the output
spectra obtained for input powers of 250 mW (a) and 1 W
(b). The pump wavelength and the corresponding chromatic
dispersion values are reported in the legend. Output spacttr
250 mW clearly shows MI sidebands and dispersive waves.
At low pump wavelengths (1556 nm) the spectrum exhibits a
typical Ml asymmetric profile and intense dispersive waves,
while at longer pump wavelengths (i.e. larger dispersitwe) t
MI asymmetry is less evident and lower-intensity dispersiv
waves are generated.
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It is worth noting that, for the same input power, the inten- 35
sity of the dispersive wave decreases as the pump wavelength
increases. This is consistent with the fact that the energy
transfer from the soliton to the DWs depends on the spectral
overlap between these two waves [26], [36]. As they become
Lnei;\?e:rﬁ)?;ter\;lmlz Smmcaiﬁ:glens? dgsunt]l‘?eV;z\éilt?glgg;ptzzwe\elgzaﬁ% 4. _ ModL_JIation in.stability and dispersive wave generatin diffe.rent

) dispersion regimes. (a): Spectra are shown for an input pof250 mw; (b)
the DW peak and the residual pump is increasing when spectra are shown for an input power of 1 W.
pumping at longer wavelengths.In Fig. 4 (b), the output
spectra are shown for an input power of 1W. At this inputispersive waves on chromatic dispersion gives rise to SC
power, Ml sidebands can not be appreciated anymore and lasgectra having a completely different shape for differamhp
spectral broadening and strong pump depletion start to takavelengths and powers. In particular, at this value of inpu
place.Dispersive waves present higher intensity then the power the spectrum is flatter and broader when the pump
previous case.This is clearly visible in Fig. 4 (b)We also wavelength is just above the zero-dispersion wavelength of
show that, as expected, for a too large detuning between thethe fiberA\zp = 1553.5 nmln Fig. 7 the ratio between the
pump and \zp, the soliton spectrum does not overlap with  maximum DW intensity and the residual pump intensity is
the phase-matched frequencies and DW amplification can plotted for different average input powers. It is interesting
not take place,which is the case for example when pumpingp observe that this ratio grows with increasing input
at 1570 nm. This processhich is consistent with previous power below P=1W. When higher powers are injected into
results in microstructured fibers [30], [32], is made clearer the fiber, this ratio remains almost constant. Moreover,
by a 3D representation of our spectra. In Fig. 5 the outpwhen the pump power is higher than 1 W, dispersive
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an input power of 1W. We can see that DWs give a significantritmrion
to spectral broadening only when pumping just abdyes. For increasing
pumping wavelength, their intensity is decreasing and pleetsal gap between
the residual pump and the DW peak is increasing. X;or>1566 nm there is
no DW amplification and the whole SC spectrum lies at wavélentpnger

than A p. Fig. 7. Ratio between the DW peak intensity and the residualpintensity.

%, =1560 nm

i —e—1W
—0—2W
—3W
the result of soliton fission dynamics, a much broader and
flatter blue-shifted spectrum would be generated due to
the contribution of the N-soliton decay into N fundamental
101 solitons of different central frequency [29], [30]. Besids,
when DWs are radiated by fundamental solitons from
higher-order soliton fission, a maximum of intensity should
appear at the blue edge of the spectrum [30], [32], which
is not our case. Instead, our results are consistent with
theoretical predictions for which in CW-pumping regimes
fundamental solitons of slightly different amplitude and
time duration originate from phase noise of the pump due
to MI [11], [12], [14]. Immediately after formation they
release non-solitonic radiation in the presence of higher-
i . . . order dispersion and continue to radiate some energy while
Fig. 6. Supercontinuum spectra obtained at three differgmtit powers. [ . e
The pump wavelength & »=1560 nm and marked with a dashed line in thd3@man red-shifting until stability is reached. On the other
picture. side, some authors also proved that Ml-induced solitons
have too long time duration to undergo a significant SSFS
[38] and generate broad supercontinua. Some new effect
waves start to undergo attenuation with increasing input other than soliton fission have to be taken into account.
power, as it can be seen in Fig. 6. In this case, however,For this reason, our results seem to be in very good
flatter supercontinua are obtained for longer wavelengths agreement with the latest theoretical studies that attribtie
(i.e. larger values of dispersion), as we will see in the to soliton collisions a significant role in enhancing the
next section. Since the Raman threshold in our case isspectral width by leading to shorter soliton formation
estimated to beP., ~ 1W [27] by taking the Raman gain [14]. Moreover, new results have been published that
coefficient gr=1.5x10~tem/W for silica fibers [37], we reveal the influence of statistical processes on enhanced
believe that these results are the clear signature of the spectral broadening because of the generation of rare
increasing role of Raman scattering on SC dynamics in extremely red-shifted solitons [39], [40]. In particular,
this km-long silica fiber. It is now important to point out our experimental conditions correspond to the theoretical
that the presence of a well defined peak in the blue part of model presented by Dudley et Al. [40] where they point out
the spectrum seems to indicate that higher-order solitons the role of pump noise as well as of the interplay between
are not generated or, eventually, only low order solitons MI and Raman scattering on rogue soliton generation, that
are formed (N~1). In fact, if the dispersive radiation were leads to further spectral broadening at longer wavelengths
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T T T T T
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IV. INFLUENCE OF CHROMATIC DISPERSION ON
SC SPECTRAL BROADENING

In this section we analyze experimentally how chromatic
dispersion affects SC spectral broadening in high-power
regimes when propagating a CW radiation into a km-long
conventional DSF. As we have already mentioned, our high-
power tunable CW laser allows us to pump at different dis-
persion values of the fiber. Now we can study how chromatic
dispersion influences the properties of SC spectra at diter
values of the total injected power. As it has been already
pointed out ina recent SC review [34], these results are of
very practical interest because there is a lack of expeltahen
studies in the field of CW SC generation due to the limited
high-powerCW sources availabldn this section we want to = o o0 1050 1700 50
analyze the SC spectral width. As we have already mentioned, * [nm]

SC spectra exhibit very different shapes when pumping at

different wavelengths (see Fig. 4 (b)). In order to comphee t

mentioned spectra among each other, we need to introduce a

clear definition of SC spectral width which takes into acdougig. 8. Equivalent Spectral Width. The peak of the equivalgpectrum
their different shape and their different spectral powersity is equal to half the peak of the real spectrum. The width ofefaivalent
distribution. So far SC spectral width has been usually @dfinsPectrum is such that its area is equal to that of the real Dine.equivalent
. . . . spectrum is centered at such a wavelength so as to have tlimuninmean
in logarithmic scale as the width measured 20-dB down froEﬁuare error between the real spectrum and the equivalentTtre calculated
the highest peak of the spectrum. This definition hardly $ak&SW is compared with the standard measurement 20-dB down fhe
into account the effective available spectral width whea tHghest peak in logarithmic scale

spectrum takes an asymmetric and complicated shape or a

significant gap between its longer-wavelength part andus-b chromatic dispersion of the fiber takes values from -0.291

sh|fted part..Th|s situation make_s difficult to compare @C s/inm/km to +1.396 ps/nm/km. Within this spectral rangk, al
widths obtained for the-same Input power.b.u.t at differe e rest of the higher-order dispersion terms, the nonlinea
pump wavelengths by using the common definition of specty efficient and the attenuation of the fiber remain reasgnabl
width. In order to overcome this problem we decided to US€ ctant.

T o SDeca il sccorng o e lat T ESW as unction of pump weelengh s shown i Fi,
definition of Equivalent Pulse Width (EPW) is used when the 1O Gmerent input powers. As it can be sedor input
pulse shape is quite complicated (see [41]). Following this
idea, we adopted the definition of Equivalent Spectral Width
(ESW) to assign a spectral width value to each of our spectra 200
with a consistent and unique method. We define the ESW of

a SC source as:

ity [dBm/nm]

I o width at 20-dB down |
| from highest peak

spectral power dens

1500 1600 1700
% [nm] 4

spectral power density [mW/nm]

= Measured spectrum
- = ESW

Equivalent Spectral Width

9 0o 150 -
We = 7 / I(N\)d\ 3)
where w, is the ESW, IQ) is the spectral power density £ 100
in mMW/nm, andl,,., is the maximum power density of §

the spectrum in mW/nm. An illustration of the definition
of ESW can be seen in Fig. 8. It is worth noticing that 501
this definition uses the total power under the spectral gurve
so that all the generated spectral components are taken into " ‘
account. Moreover, a higher value of ESW is assigned to 0 1550 1555 1550 1565 1570

flatter spectra because the maximum peak is usually lower. %, fnm]

For example when full depletion occurs, the maximum spéctra

power density usually takes a lower value, generating adnigh

value of ESW. This definition is very useful when spectral

YVIdthS of d_lﬁerent SuDercommlj'a have to be _compared.ctn fq:ig. 9. Supercontinuum spectral broadening at differepuirpowers as

it favors wider and flatter profiles because it assigns themfuaction of pump wavelength

higher ESW value. By using the definition of ESW we want

to study the influence of chromatic dispersion on SC spectmwers up to the Raman threshold (R-1 W), there is an
broadening. With the help of our tunable source we can puroptimum pump wavelength for which the ESW is maximum.
in the spectral range from 1549 nm to 1570 nm, where tfidis demonstrates that, in this range of powers, the optimal




pump wavelength to generate a SC source falls just above
the \zp of the fiber, which is in good agreement with the
discussion of section Ill. At an input power of 0.5 W and 1
W, this maximum corresponds to the pump wavelength of 1554
nm, which is just above th&;p of the fiber. In fact,the output
spectra show a quite different shape and width when pumping
at different wavelengths with a total power, as we have seen i
Fig. 4 (b). The closer to thazp the laser wavelength is, the
broader and flatter the output spectrum is, at expense of the
residual pump power. In all cases, the transition from normal

to anomalous dispersion is evident by the presence of a steep
increase in the spectral broadening aroundhg of the fiber.

At higher input powers the behavior changes dramatically. A
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Supercontinuum spectra obtained at three diffepeimp wave-
lengths. (a) Output spectra obtained for an input power of.2h) Output

spectra obtained for an input power of 3 W.

P

0,5 1,0 1,5 2,0 2,5 3,0

Average Input Power [W]

Fig. 11. Ratio between the total intensity of the spectrahgonents in the
frequency range corresponding to the anomalous dispersgion of the fiber
and the total power of the whole SC spectrum. Values are stiondifferent
pump wavelengths.

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 maximum, as

it can be seen in Fig.10 (a). This gives rise to a higher
ESW in a consistent way with the definition of ESW which
favors smoother and flatter profiles. We can also observe
that when pumping just above \zp (spectrum at Ap=1554

nm in Fig.10 (a) ) non-solitonic radiation is clearly visible

but it does not present any maximum. We believe this

is due to the interference between solitons and the DWs
which gives rise to the generation of new components at
frequencies between the solitons and the dispersive waves,
as it was already observed in [31].When powers higher
than 2W are injected into the fiber, the same value of ESW
can be obtained when pumping over a large spectral region. In
Fig. 10 (b) we can see the output spectra obtained at differen
pumping wavelengths for an input power of 3W. The behavior
changes dramatically. First of all, pump depletion occuss a
at longer pumping wavelength§&econd, flat and square-
shaped profiles are obtained also at longer pumping wave-
lengths. Third, dispersive waves do not present a maximum

at any pump wavelength and they appear more attenuated
than for lower input powers. This behavior, which can be
clearly seen in Fig. 6, is probably due to an increasing
influence of Raman scattering. We clearly observed an
increasing attenuation of the blue-shifted part of the
spectrum with increasing input power above the Raman
threshold. This effect must be taken into account because

it strongly limits the performances of supercontinua in
conventional fibers. In fact, although long propagation
lengths allow to compensate for a smaller nonlinearity

an input power of 2W there is an optimal pump wavelengttompared to high nonlinear fibers because the SSFS is
located at 1557 nm where the ESW is maximum, but a quipeoportional to the propagation distance [19], broad and
wide spectral broadening can be obtained also at other puhigh-power spectra can only be obtained at wavelengths
wavelengths.Besides, the maximum ESW at this input above Azp. This dynamics limit the spectral region of



Supercontinuum central wavelength

—1W

1660 -

1640

1620

1580

SC central wavelength [nm]

1560 —

generation are not so close to the zero-dispersion wavisleng
of the fiber as in the previous case. We believe that these idea
will be worthy for the engineering of CW-pumped SC sources.
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Fig. 12. Supercontinuum central wavelength as functioruofip wavelength.
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(1]

available SC sources in conventional fibers. In order to [2]
prove this, we give a rough estimation of the contribution

of DWs to the total SC spectrum by calculating the ratio
between the spectral power at shorter wavelengths than [3]
Azp and the total spectral power. It is shown in Fig. 11
for different input powers and wavelengths. It is clear
that the contribution of the DWs to spectral broadening

is decreasing for increasing input powers and for larger
values of dispersion. Dispersive waves tend to disappear
with increasing power and an efficient Raman SSFS gives
rise to a further red-shifted broad and smooth spectrum. THa
central wavelength (the average wavelength weighted over
the spectral distributionjor three different input powers  [6]
has been plotted in Fig. 12. As it can be seen, it does not
change significantly with the input laser wavelength busit i [7;
significantly red-shifted with increasing input power.

(4

V. CONCLUSIONS 8]

We have studied experimentally the influence of chro-
matic dispersion on nonlinear pump spectral broadening and
CW-pumped supercontinuum generation in km-long standafél
fibers. 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 randg#&]
we can propagate the pump under very different values of
chromatic dispersion but similar values of nonlinear ceeffi
cient, attenuation and higher-order dispersive terFm. a
given fiber length, our results show that, at low input powers
chromatic dispersion plays a dominant role on nonlineargpum
spectral broadening, giving rise to a broader spectrum whigg]
pumping just above the zero-dispersion wavelength of the
fiber. At higher input powers, however, the width of the;s
generated supercontinuum spectrum is mostly due to the
Raman effect, hence more independent of the value of the
chromatic dispersion coefficient. We also show that, in th%
case, the optimum pumping wavelengths for supercontinuum

[11]

REFERENCES

J. G. Fujimoto, “Optical coherence tomography for uliigh resolution
in vivo imaging,” Nat. Biotechnol.vol. 21, no. 11, pp. 1361-1367, 2003.
P. L. Hsiung, Y. Chen, T. H. Ko, J. G. Fujimoto, C. J. S. detdga S. V.
Popov, J. R. Taylor, and V. P. Gapontsev, “Optical coher¢ocegraphy
using a continuous-wave, high power, raman continuum Igghirce,”
Opt. Expressvol. 12, no. 22, pp. 5287-5295, 2004.

C. J. S. D. Matos, S. V. Popov, and J. R. Taylor, “Temporatl a
noise characteristics of continuous-wave-pumped coatingeneration
in holey fibers around 1300 nmA&ppl. Phys. Lett.vol. 85, no. 14, pp.
2706-2708, 2004.

S. Martin-Lopez, M. Gonzalez-Herraez, A. Carrasco%dn Vanhols-
beeck, S. Coen, H. Fernandez, J. Solis, P. Corredera, and Nerhanz,
“Broadband spectrally flat and high power density light seufor fibre
sensing pourposesMeas. Sci. Technglvol. 17, no. 5, pp. 1014-1019,
2006.

M. Prabhu, A. Taniguhci, S. Hirose, J. Lu, M. Musha, A. @kiawa, and
K. Ueda, “Supercontinuum generation using raman fiber laggipl.
Phys. B-Lasers Qvol. 77, no. 2-3, pp. 205-210, 2003.

M. Gonzalez-Herraez, S. Martin-Lopez, P. Corredera, IMHernanz,
and P. R. Horche, “Supercontinuum generation using a aootisrwave
raman fiber laser,Opt. Comm.vol. 226, no. 1, pp. 323-328, 2003.
P. A. Champert, V. Couderc, and A. Barthelemy, “1.5-210 multiwatt
continuum generation in dispersion-shifted fiber by use ighipower
continuous-wave fiber sourcdEEE Photonic. Tech. Lvol. 16, no. 11,
pp. 2445-2447, 2004.

A. K. Abeeluck, C. Headley, and C. G. Jorgensen, “Highvpo super-
continuum generation in highly nonlinear, dispersiorfteti fibers by
use of a continuous-wave raman fiber las@pt. Lett, vol. 29, no. 18,
pp. 2163-2165, 2004.

T. Sylvestre, A. Vedadi, H. Maillotte, F. Vanholsbeedknd S. Coen,
“Supercontinuum generation using continuous-wave maitelength
pumping and dispersion managemer@®pt. Lett, vol. 31, no. 13, pp.
2036-2038, 2006.

L. Abrardi, S. Martin-Lopez, A. Carrasco-Sanz, P. @dera, M. L. Her-
nanz, and M. Gonzalez-Herraez, “Optimized all-fiber supetiouum

source at 1.3um generated in a stepwise dispersion-decreasing-fiber

arrangement,1EEE Photonic. Tech. |.vol. 25, no. 8, pp. 2098-2012,
2007.

A. Mussot, E. Lantz, H. Malillotte, T. Sylvestre, C. Finand S. Pitois,
“Spectral broadening of a partially coherent cw laser bearsimngle-
mode optical fibers,Opt. Expressvol. 12, no. 13, pp. 2838-2843, 2004.
F. Vanholsbeeck, S. Martin-Lopez, M. Gonzalez-Hezraand S. Coen,
“The role of pump incoherence in continuous-wave supeiconin
generation,"Opt. Expressvol. 13, no. 17, pp. 6615-6625, 2005.

S. M. Kobtsev and S. V. Smirnov, “Modelling of high-powsupercon-
tinuum generation in highly nonlinear dispersion shifteoefs at cw
pump,” Opt. Expressvol. 13, no. 18, pp. 6912—6918, 2005.

] M. H. Frosz, O. Bang, and A. Bjarklev, “Soliton collisioand raman

gain regimes in continuous-wave pumped supercontinuunerggan,”
Opt. Expressvol. 14, no. 20, pp. 9391-9407, 2006.



[15] M. N. Islam, G. Sucha, I. Bar-Joseph, M. Wegener, J. Rd@o, and [39] D. R. Solli, C. Ropers, P. Koonath, and B. jalali, “Opticogue waves,”

D. S. Chemla, “Femtosecond distributed soliton spectrurfibers,” J. Nature vol. 450, no. 13, pp. 1054-1057, 2008.

Opt. Soc. Am. Bvol. 6, no. 6, pp. 1149-1158, 1989. [40] J. M. Dudley, G. Genty, and B. J. Eggleton, “Harnessimgl @aontrol
[16] S. Martin-Lopez, M. Gonzalez-Herraez, P. Corredera,LMHernanz, of optical rogue waves in supercontinuum generatiddyt. Express

and A. Carrasco, “Experimental investigation of the effe€tpump vol. 16, no. 6, pp. 3644-3651, 2008.

incoherence on nonlinear pump spectral broadening andnoonis- [41] R. Trebino, Frequency-resolved optical gating: the measurement of

wave supercontinuum generatio@pt. Lett, vol. 31, no. 23, pp. 3477— ultrashort laser pulses Kluwer Academic Publisher, 2002.

3479, 2006.

[17] A. Hasegawa, “Generation of a train of soliton pulses ibgluced
modulation instability in optical fibers,Opt. Lett, vol. 9, no. 7, pp.
288-290, 1984.

[18] F. M. Mitschke and L. F. Mollenauer, “Discovery of theligan self-
frequency shift,"Opt. Lett, vol. 11, no. 10, pp. 659-661, 1986.

[19] J. P. Gordon, “Theory of soliton self-frequency shifpt. Lett, vol. 11,
no. 10, pp. 662664, 1986.

[20] J. N. Kutz, C. Lynga, and B. J. Eggleton, “Enhanced scpeinuum
generation through dispersion-managemer@pt. Express vol. 13,
no. 11, pp. 3989-3998, 2005.

[21] B. Costa, D. Mazzoni, M. Puleo, and E. Vezzoni, “Phasit$echnique
for measurement of chromatic dispersion in optical fibelisgideds,”
IEEE J. Quantum Elecvol. 18, no. 10, pp. 1509-1515, 1982.

[22] M. Artiglia, E. Ciaramella, and B. Sordo, “Using modtita instability
to determine kerr coefficient in optical fiber&lectron. Lett, vol. 31,
no. 12, pp. 1012-1013, 1995.

[23] C. Mazzali, D. F. Grosz, and H. L. Fragnito, “Simple madh for
measuring dispersion and nonlinear coefficient near the-dispersion
wavelength of optical fibers,JEEE Photonic. Tech. |.vol. 11, no. 2,
pp. 251-253, 1999.

[24] J. Fatome, S. Pitois, and G. Millot, “Measurement of limear and
chromatic dispersion parameters of optical fibers using ulabidn
instability,” Opt. Fiber Techno).vol. 12, no. 3, pp. 243-250, 2006.

[25] A. Carrasco-Sanz, F. Rodriguez-Barrios, P. CorrgdgraMartin-Lopez,
M. Gonzalez-Herraez, and M. L. Hernanz, “An integrating esgh
radiometer as a solution for high power calibrations in fibgtics,”
Metrologia, vol. 43, no. 2, pp. 145-150, 2006.

[26] N. Akhmediev and M. Karlsson, “Cherenkov radiation #@ed by
solitons in optical fibers,Phys. Rev. Avol. 51, no. 3, pp. 2602-2607,
1995.

[27] G. P. Agrawal,Nonlinear Fiber Optics Academic Press, 2001.

[28] K. Tai, A. Tomita, J. L. Jewell, and A. Hasegawa, “Getiera of
subpicosecond solitonlike optical pulses at 0.3 thz répetirate by
induced modulation instability,Appl. Phys. Letf.vol. 49, no. 5, pp.
236-238, 1986.

[29] Y. Kodama and A. Hasegawa, “Nonlinear pulse propagatio a
monomode dielectric guide]JEEE J. Quantum Elect.vol. 23, no. 5,
pp. 510-524, 1987.

[30] A. V. Husakou and J. Hermann, “Supercontinuum genematiour-wave
mixing, and fission of higher-order solitons in photonic stef fibers,”
J. Opt. Soc. Am. Bvol. 19, no. 9, pp. 2171-2182, 2002.

[31] J. Hermann, U. Griebner, N. Zhavoronkov, A. HusakouNzkel, J. C.
Knight, W. J. Wadsworth, P. S. J. Russel, and G. Korn, “Experital
evidence for supercontinuum generation by fission of higinder soli-
tons in photonic fibers,Phys. Rev. Lettvol. 88, no. 17, pp. 173901.1-
173901.4, 2002.

[32] G. Genty, M. Lehtonen, and H. L. M. Kaivola, “Enhancedntaidth
of supercontinuum generated in microstructured fibe@gpt. Express
vol. 12, no. 15, pp. 3471-3480, 2004.

[33] M. H. Frosz, P. Falk, and O. Bang, “The role of the secomioz
dispersion wavelength in generation of supercontinua aightibright
soliton-pairs across the zero-dispersion wavelengtgt. Express
vol. 13, no. 16, pp. 6181-6192, 2005.

[34] J. M. Dudley, G. Genty, and S. Coen, “Supercontinuumegation in
photonic crystal fiber/Rev. Mod. Physvol. 78, no. 4, pp. 1135-1184,
2006.

[35] I. Cristiani, R. Tediosi, L. Tartara, and V. DegiorgitQispersive waves
generation by solitons in microstructured optical fibe@pt. Express
vol. 12, no. 1, pp. 124-135, 2004.

[36] P. K. A. Wai, H. H. Chen, and Y. C. Lee, “Radiation by "¢ols” at the
zero group-dispersion wavelength of single-mode optidzr§,” Phys.
Rev. Lett. vol. 41, no. 1, pp. 426-439, 1990.

[37] R. Stolen and E. Ippen, “Raman gain in glass optical \gaiges,” Appl.
Phys. Lett. vol. 22, no. 6, pp. 276-278, 1973.

[38] E. A. Golovchenko, P. V. Mamyshev, A. N. Pilipetskii,ca&. M. Dianov,
“Numerical analysis of the raman spectrum evolution ané@olpulse
generation in single-mode fibers]! Opt. Soc. Am. Bvol. 8, no. 8, pp.
1626-1632, 1991.



