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The noise properties of a supercontiuum can be significantly improved both in terms of coherence and intensity
stability by modulating the input pulse with a seed. In this paper, we numerically investigate the influence of the
seed wavelength, the pump power, and the modulation instability gain spectrum on the seeding process. The
results can be clearly divided into a number of distinct dynamical regimes depending on the initial four-wave
mixing process. We further demonstrate that seeding can be used to generate coherent and incoherent rogue
waves, depending on the modulation instability gain spectrum. Finally, we show that the coherent pulse breakup
afforded by seeding is washed out by turbulent solitonic dynamics when the pump power is increased to the
kilowatt level. Thus our results show that seeding cannot improve the noise performance of a high power super-

continuum source. © 2012 Optical Society of America
030.1640, 190.4370, 190.4380, 320.6629.

OCIS codes:

1. INTRODUCTION

Supercontinuum (SC) sources have by now been established
as a new type of light source well suited for many character-
ization and imaging applications [1]. Many of these applica-
tions require spectra with high power density in the visible
part of the spectrum, which can be achieved in nonlinear fi-
bers with a group-velocity (GV) profile that allows GV match-
ing between long wavelength solitons and dispersive waves at
visible wavelengths [2]. The concept of GV matching has been
used to show how the spectra can be extended into the deep-
blue by optimizing the fiber structure [3], by tapering the fiber
[4-6], or by doping the fiber [7]. Other ways of pushing the
spectrum toward the blue include seeding with the second
harmonic [8], using concatenated fibers [9], or back-seeding
part of the SC [10-12].

Today’s commercial SC sources are using high-power pico-
second (ps) or nanosecond (ns) pump lasers, where the SC
generation is initiated by unseeded modulational instability
(MI). Because of the high stability of the pump laser the main
source of shot-to-shot noise stems from the fact that unseeded
MI grows from noise. Subsequently, MI leads to a pulse break-
up, which generates a distributed spectrum of solitons that
interact and transfer energy between each other during
collisions [13]. The interaction will add to the noise, because
it depends strongly on the relative phase and amplitude of the
solitons, but on average there is a preferential transfer of en-
ergy from the smaller to the larger solitons [14-17]. This en-
ergy transfer can lead to the formation of rare large amplitude
solitons, also known as rogue waves in optics [18] or highly
localized modes in biophysics [14].

To reduce the noise it has been proposed to provide a seed,
i.e., a weak pulse with a frequency offset relative to the pump,

0740-3224/12/102875-11$15.00/0

within the MI gain spectrum in order to ensure a deterministic
rather than noise-seeded pulse breakup [13,19-24]. In particu-
lar, Genty et al. [20] numerically investigated seeding with dif-
ferent seed frequencies in a silica fiber with an MI gain peak at
8 THz and showed that a seed at 5 THz from the pump, i.e., at
approximately two-thirds of the MI gain peak, gave an opti-
mum improvement of the broadening and stability of the
SC. In all cases a low pump peak power of 75 W (pulse energy
0.4 nJ) was used, which was then split between the pump and
seed. In [21], a coherent comb-like SC was generated by seed-
ing a high peak power (10 kW) ps pulse, and an optimal fiber
length was determined, for which the comb remains coherent.
The optimum length was found to be 5-10 cm for typical com-
mercial SC sources; broad spectra without comb structure
requires longer fiber lengths and was hence not investigated.
Li et al. [24] investigated the influence of a weak CW seed on
low power SC generation in a dispersion-shifted fiber, and
described how seeding leads to a pulse breakup caused by
four-wave mixing (FWM).

Experimentally, seeded SC generation was investigated in
by triggering a sub-threshold pump with a seed pulse or con-
tinuous wave. Improved spectral stability and coherence was
demonstrated in [19], and in [22,23] an optimum spectral
broadening was found when seeding near the MI gain peak.
An enhancement of the spectral bandwidth with increasing
pump or seed power was further demonstrated in [22], but
only for low power near the SC threshold where the spectral
broadening is caused by a single soliton generated from the
seeding process. The results presented in [19,22,23] are differ-
ent from the optimum conditions found in [20,24] and here,
where the pulse break-up is caused by the amplification of

© 2012 Optical Society of America
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a FWM cascade. A different approach was pursued in [10,12],
where a fraction of the generated SC from one pulse was used
as a seed for the following pump pulse. This, however, is fun-
damentally different from modulating the pump pulse with a
seed as in this work and [19-24].

While it has thus been shown that seeding can reduce the
noise of an SC, this has been either at low pump power, often
close to the MI threshold, or for very short fibers. The pre-
vious investigations are thus far from commercial SC sources
with spectra extending down in the visible, which are typically
pumped using ns or ps pump pulses at 1064 nm with high peak
powers in the order of ~10 kW and fiber lengths of ~10 m.
Here we investigate the effect of seeding under a variety of
conditions, and explain what happens as we approach the
parameters of a commercial SC source. In particular, we in-
vestigate the influence of the seed wavelength and MI gain
spectrum on seeding at various power levels above the SC
threshold, from which we highlight a number of distinct
dynamical regimes. We further demonstrate for the first time
how seeding leads to the generation of coherent or incoherent
rogue solitons depending on the MI spectrum. Finally, we ex-
plain how the coherent pulse breakup caused by the seeding is
eventually washed out by turbulent solitonic dynamics when
the peak power is increased to the kilowatt (kW) level.

This paper is structured as follows. In Sections 2 and 3, we
explain how the MI gain spectrum can be calculated and al-
tered, and how the statistical properties of an SC can be ana-
lyzed both in terms of coherence and intensity stability. In
Section 4 we proceed to analyze the effects of seeding at a
relatively low peak power of 250 W to illustrate the general
improvements in coherence and intensity stability, and ex-
plain the influence of the MI gain spectrum on seeding. We
further describe how this can be used to generate a coherent
or incoherent rogue soliton. Finally, in Section 5 we investi-
gate the effects of seeding at higher peak powers.

2. MODULATIONAL INSTABILITY GAIN
AND SEEDING

The MI gain spectrum g({)), taking into account the Raman
response function, is given by (see, e.g., [25])

g(Q) = Im{AkO + \/(Ake + ZyPOR(Q))Ake}, €Y

where () is the angular frequency offset relative to the pump.
Ak, and Ak, are sums over odd and even order derivatives of
the propagation constant g,

Ak _ Z ﬁ2m+1 QZMH‘

/}m m
Gt D i, = 3 g @

m=1 2m!
where 3, = 0"4/00™| lo—0- 7 is the nonlinear parameter, P, is
the peak power, and R(Q) is the Raman response for silica,
which can be approximated by [26]

. 24 .2
RO = (1-f) +fr g2 3)
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where fr = 0.18 is the fractional contribution of the Raman
response, 7; = 12.2 fs and 7o = 32 fs.
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The MI gain is strongly influenced by the Raman effect, and
in order to make a detailed investigation of the influence of
the MI gain spectrum on seeding under a variety of conditions,
we wanted the possibility of tuning the peak of the MI gain
spectrum from significantly below to significantly above the
peak of the Raman gain spectrum at 13.2 THz (in silica). For
a given fiber this can be achieved by changing either the pump
wavelength or peak power. In this work we use a solid core
silica photonic crystal fiber (PCF) with pitch (hole spacing)
A = 3.6 ym and hole-to-pitch ratio d/A = 0.52, resulting in
a zero-dispersion wavelength (ZDW) at 1054.2 nm. Pump
pulses with a temporal width (FWHM) of 3 ps (T =3 ps/
1.665 for a Gaussian pulse) and a fiber length of 10 m were
used in all simulations presented in this paper. The dispersion
and effective area are shown in Fig. 1(a), whereas Figs. 1(b)-1
(c) show how the MI gain spectrum changes with wavelength
and peak power, respectively. For this particular fiber the
peak of the MI spectrum can thus easily be swept over the
desired range by simply changing the wavelength or peak
power of the pump over a range that is experimentally realis-
able. The frequency of the MI gain maximum increases, i.e.,
moves away from the pump, when the pump wavelength is
decreased or the peak power is increased. We stress that
although the pump powers in Figs. 1(b)-1(c) are all signifi-
cantly lower than the ~10 kW used in high-power commercial
SC sources, it is well above the threshold for SC generation
and the power levels previously reported in the literature
on seeding in, e.g., [19,20,22-24]. As mentioned earlier, seed-
ing at high-power was investigated in [21] but only for very
short fiber lengths.

Figure 1(d) shows the walk-off length of the pump and seed
and MI gain length, respectively. The walk-off length is the
propagation distance over which the two pulses are separated
by less than the pulse width, i.e., To/[Vgbump — ¥; seeal, Where
vy ; is the group-velocity. When the walk-off length is shorter
than the MI gain length, the seed cannot have an effect. In
other words, a seed placed in the tail of the gain spectrum
cannot be expected to have any significant effect because
of a too short interaction length with the pump.

The work in this paper is based on solutions to the general-
ized nonlinear Schrodinger equation (GNLSE), which has
become the standard for simulating nonlinear pulse propaga-
tion in optical fibers due to its ability to reproduce spectra
and noise properties in agreement with experiments [1,27].
The GNLSE takes into account the effects of nonlinearities,
the delayed Raman response, and higher-order dispersion.
We used the implementation of [28] with the GNLSE solved
in the interaction-picture [29], and included a noise back-
ground of one photon with a random phase in each discretiza-
tion bin. This allows ensemble statistics to be calculated by
carrying out simulations under identical conditions, but with
different initial noise. In the simulations we used a Gaussian
pump and seed of identical temporal width 7'j. The two pulses
were temporally overlapping, and the seed given a frequency
offset vy04, Where v,,q > 0 corresponds to seeding at a wave-
length longer than that of the pump, i.e., in the Stokes band.
The temporal pulse envelope A(f) was hence,

2
A(t) = (\/ITP—’_ \/Eeﬂm/modt) exp(ﬁ), €))
0
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(Color online) (a) Dispersion and effective area for the used PCF with A = 3.6 pm and d/A = 0.52. (b)-(c) MI gain spectra as a function of

seed frequency offset relative to the pump for varying pump wavelength (b) and peak power (c). The peak power in (b) is 250 W and the pump
wavelength in (c) is 1064 nm. The Raman gain is shown for comparison. (d) Walk-off length (solid lines) and MI gain length (dotted lines) as a
function of frequency offset, calculated for Ty = 3 ps/1.665 and a peak power of 250 W.

where P, and P, are the peak powers of the pump and seed,
respectively. This is similar to what was used in [20], although
in [20] the peak power was shared between the pump and
seed as would be the case if the seed is generated from the
pump by some frequency shifting technique. This however
means that changing the power of the seed also causes a
change of the MI gain spectrum. Here we consider a seed that
is independent of the pump in order to have the same MI gain
spectrum irrespectively of the seed peak power. Using Eq. (4)
it is thus straightforward to sweep the pump-seed frequency
offset and peak power of the seed for a fixed MI gain spec-
trum. We emphasize that the narrow-banded pulses used here
have a FWHM spectral width of only 0.15 THz. The seed there-
fore only has a substantial spectral overlap with the pump for
very small offsets, i.e. v;,,q ® 0 THz, which results in an effec-
tive increase of the peak power and hence the MI gain
spectrum.

3. QUANTIFYING SUPERCONTINUUM
NOISE

Typically, the noise is quantified by the widely used spectral
coherence function calculated as an ensemble average over
independent SC spectra, A;(w) [30],

(A (@)A;(w)

%]

195 ()| = (5)

(1A @) ) (A @)

where the angle brackets denote ensemble averages and the
asterisk denotes complex conjugation. The spectral coher-
ence function provides insight into the stability of an SC
and is sensitive to shot-to-shot phase fluctuations. However,
high-power and long-pulsed MI-driven SC generation is predo-
minantly incoherent, as we shall see in the following, and we

will therefore also consider the intensity stability quantified
here by the signal-to-noise ratio (SNR) defined as the ratio
of the mean y to the standard deviation o,

(@)

SNR() =~

©6)

The SNR is inversely proportional to the coefficient of varia-
tion introduced as an SC noise measure in [31]. The SNR is
better suited for highlighting regions of high intensity stability,
whereas the coefficient of variation is a good indicator of
noisy regions dominated by statistically rare events.

It is illustrative to integrate the spectral coherence to get
the spectrally averaged or so-called overall spectral coher-
ence of an SC ensemble [1],

[ 19 @) (|A()]*)do
Je(IA(@)]*)dw

g5y = @)

The overall coherence is, like the spectral coherence function
itself, bounded by the interval 0 < (| g(l) |} <1, and gives a single
value measure of the overall coherence of an SC. Similarly, we
introduce the overall SNR to quantify the overall intensity sta-
bility of an SC,

Ji SNR(@) (|A(@) ) doo
Je (A do

(SNR) = ®

It should be noted that the overall SNR has no upper
boundary.

The statistical properties of the SC are calculated in each
numerical discretization bin across the spectrum. For each set
of parameters we carried out 200 simulations to calculate the
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statistics of the generated SC. However, for the higher peak
powers in Section 5 only 100 simulations were carried out
for each set of parameters. This was in all cases found to
be sufficient to get consistent results under the conditions
considered here, which was checked by using 1000 simula-
tions in selected cases.

4. SEEDING AT LOW PEAK POWER

A. Single Shot Dynamics

We start our analysis by a detailed discussion of seeding a low
peak power pump. The reason for this is both to demonstrate
the utility of the noise measures introduced in the previous
section, but also to highlight a number of general regimes
as a reference for the further analysis. To this end, we show
in Figs. 2(a)-2(e) the spectral evolution of single simulations
for selected pump-seed frequency offsets for a 1055 nm pump
with P, =250 W and a seed with P; = 5%P,. In all cases
we also show the coherence and SNR calculated over the
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900 1000 1100 1200 1300
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0
900 1000 1100 1200 1300
Wavelength [nm]
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ensemble of 200 simulations. The white lines mark the width
of the MI gain spectrum calculated for the local pump peak
power. We define the MI gain width as the region where
the gain is larger than 5% of the maximum MI gain, but show
only the upper gain limit and not the one for the low gain re-
gion close to the pump. We start the analysis with a pump
wavelength of 1055 nm because pumping close to the ZDW
shifts the MI gain peak far away from the pump and above the
Raman gain peak, which, as we shall see, yields the richest
dynamics. Figure 2(f) shows the MI gain spectrum of the
undepleted pump.

Figure 2(a) shows the evolution for zero frequency offset,
i.e., overlapping pump and seed, and the results are as ex-
pected for unseeded SC generation: The spectral broadening
is initiated by noise-seeded MI, which manifests itself as a sin-
gle set of sidebands positioned at the peaks of the calculated
MI gain spectrum. This is followed by the onset of soliton and
DW generation from around 5 m. The resulting statistics show
only coherence near the residual pump and a flat near-unity

(b) 3 THz

Distance [m]
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Wavelength [nm]

(d) 20 THz
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Fig. 2. (Color online) Single-shot simulations of pumping at 1055 nm with a 250 W pump and a 5% seed at frequency offsets of (a)—(e) 0, 3, 13, 20,
and 30 THz, respectively. The white lines indicate the MI gain bandwidth. The top rows in (a)—(e) show the ensemble calculated signal-to-noise ratio

12)

(SNR) and spectral coherence (|g;, ). (f) MI and Raman gain curves, the vertical lines correspond to the frequency offsets used in (a)—-(e). The
frequency offset of 13 THz (c) is the Raman gain peak and 20 THz (d) is the MI gain peak.
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SNR over the entire spectral bandwidth, except near the pump
and the soliton at ~1225 nm. We emphasize that the MI gain
spectrum in (f) is calculated for the peak power of the pump
alone. The extra peak power added by the overlapping seed in
(a) causes a slight shift of the spectrum towards a longer
wavelength.

For a small frequency offset of 3 THz in Fig. 2(b), the pulse
breakup is initiated by a cascaded FWM process that causes a
coherent broadening of the pump. The FWM cascade gener-
ates a frequency comb of sidebands with a 3 THz frequency
separation. The width of the frequency comb is limited by the
width of the MI gain spectrum. It should be noted that the MI
gain spectrum is the degenerate FWM gain spectrum of the
pump, which amplifies the FWM cascade of the pump and
seed. With further propagation a soliton is generated from
the FWM process with enough power to redshift outside
the MI gain band, with the redshift being enhanced by prefer-
ential energy transfer during collisions [14-17]. The output
spectrum is coherent over most of the bandwidth, but the so-
liton at the long wavelength edge of the spectrum has a vary-
ing phase from shot to shot, which degrades the coherence at
the spectral edges, but leads to a high intensity stability.

In Fig. 2(c) the seed is placed 13 THz from the pump, which
is near the peak of the Raman gain. In this case the spectral
evolution is dominated by the amplification of a single set of
coherent sidebands amplified through degenerate FWM. The
second set of sidebands are shifted 26 THz from the pump,
which is just on the edge of the initial MI gain spectrum
and therefore quickly becomes outside the gain spectrum
when the pump depletes. At ~5 m a massive soliton is ejected
from the long wavelength sideband, which is exactly what was
referred to as “harnessing and control of optical rogue waves”
in [32], where the pump pulse was modulated with a well-
defined frequency to eject a large amplitude soliton. The so-
liton is again not phase-stable from shot to shot, but it is highly
intensity-stable. This is opposite to what was reported in [24],
where the rogue soliton was coherently generated from a
FWM sideband. We will elaborate further on this later in
the paper.

In Fig. 2(d) the seed is shifted to the peak of the MI gain
at 20 THz, which leads to the amplification of a set of
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well-separated sidebands through FWM. The second FWM
lines effectively lie outside the MI gain band. The residual
pump and sidebands all undergo SPM and broaden indepen-
dently of each other. This leads to an output spectrum with
three clearly distinct bands with high coherence and SNR. Fi-
nally, in Fig. 2(e) the seed is shifted to the tail of the MI gain
spectrum, and a single set of sidebands is slowly amplified.
The short wavelength nonseeded sideband is entirely gener-
ated by FWM and is therefore very weak. The pump is only
slightly depleted and experiences noise-seeded MI unaffected
by the seed at 1180 nm.

To clarify the influence of the Raman effect on seeding, we
show in Fig. 3 the spectral evolution with and without the
Raman effect for a seed near the Raman gain peak at 13 THz.
All other parameters are as in Fig. 2(c). The initial dynamics is
similar irrespectively of the Raman effect, but the MI gain
bandwidth is reduced much faster without the Raman effect,
Eq. (1). When the Raman effect is included, a large soliton is
generated from the FWM sideband at ~5 m. The soliton also
appears when the Raman effect is turned off, but it is much
weaker and does not give rise to any significant intensity
stability. This is in good agreement with [17]. In both cases
the output spectrum is coherent only near the residual pump
and FWM sidebands, resulting in a comparable overall coher-
ence of 0.45 and 0.39 with and without the Raman effect,
respectively.

From the above discussion, it is possible to divide the seed-
ing results in Fig. 2 into four distinct regimes depending on the
pump-seed frequency offset, v,,q, and the MI gain band-
Wldth, Umr-

1) 0 < moa Sivar: A broad FWM cascade gives many
bands across the MI gain bandwidth, which leads to a coher-
ent broadening and a spectrum with high coherence and SNR
over most of the bandwidth.

() Lo Svmea Sivmr: A decreasing number of FWM
sidebands are amplified, which diminishes the coherence
and SNR improvement.

(i) v S vmoa S vam: Amplification of effectively only one
set of FWM sidebands, subsequent generation of incoherent
large amplitude soliton. Spectrum only coherent near pump

and FWM sidebands.
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Fig. 3. (Color online) Single-shot simulation (a) with and (b) without the Raman effect. Parameters like in Fig. 2(c): 1055 nm pump with 250 W
peak power and a 5% seed at 13 THz. The white lines indicate the MI gain bandwidth. The top rows show the ensemble calculated signal-to-noise

ratio (SNR), spectral coherence (g}, |), and averaged output spectrum.
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(v) vmr < Umoa: FWM sidebands outside MI gain, no im-
provement of seeding.

These conclusions will be further specified in the next
section in terms of overall coherence and SNR.

B. Overall Statistics

The ensemble averaged results for both the spectrum, coher-
ence and SNR from Fig. 2 are shown in Fig. 4 for pump-seed
frequency offsets spanning well beyond the entire MI gain
spectrum. The results in Fig. 4 show an almost perfect sym-
metry around zero frequency offset, which indicates that seed-
ing the Stokes and anti-Stokes bands yield near identical
results. We found that this was a general trend in agreement
with the results reported in [24], and we will therefore limit the
further analysis to seeding in the Stokes band.

The regimes highlighted in connection with Fig. 2 are easily
identified in Fig. 4: For small frequency offsets (<5 THz), cas-
caded FWM with many peaks leads to a coherent pulse break-
up and a spectrum with high coherence and SNR. When the
frequency offset is increased, the number of amplified peaks
decreases and the coherence of the central part of the spec-
trum degrades. For frequency offsets of ~10-20 THz only a
single set of sidebands are amplified via FWM and a large am-
plitude soliton is generated. The spectrum is only coherent
near the residual pump and FWM sidebands, but the soliton
is intensity stable. In a frequency range around ~20 THz no
large amplitude soliton is ejected, but the FWM sidebands un-
dergo SPM and broaden coherently with a high intensity
stability. In this regime, the coherence improves when the fre-
quency offset approaches the MI gain peak. This growth has
not been clearly observed before. When the seed is shifted
outside the MI gain spectrum, the spectrum is largely incoher-
ent except near the weak FWM sidebands. The coherence
plot further shows a high degree of coherence near the
higher-order sidebands, but they are too low in amplitude
to be visible in the output spectra and will hence only have a
minimal effect on the overall coherence.

These general trends are all nicely captured by the overall
coherence and SNR. As a rule of thumb for the parameters
considered here, regimes of improved coherence can be
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associated with (|g§§) |} > 0.5. From this criteria the two re-
gimes of improved coherence are easily identified in the over-
all coherence. The second regime of high coherence is found
around 3/4th of the peak of the MI gain of the undepleted
pump, which is roughly where the set of FWM sidebands
see the highest gain when pump depletion is taken into
account.

The spectral coherence is almost mirror symmetric around
the pump wavelength, whereas the SNR is asymmetric and
generally higher for wavelengths above the pump. This re-
flects the FWM nature of the seeding that leads to a determi-
nistic and symmetric pulse breakup with high coherence near
the FWM bands. The subsequent soliton generation is phase-
dependent and incoherent, but tends to give a high intensity
stability in the wavelength region above the pump. As we shall
see, it is actually possible for some seeding conditions to
generate the soliton coherently.

C. Effect of MI Gain Spectrum and Seed Power

With the general mechanisms dominating seeding at varying
pump-seed frequency offsets established, we now turn to in-
vestigating the influence of the MI gain spectrum and seed
power. Figure 5 shows the overall coherence and SNR as a
function of frequency offset for pump wavelengths ranging
from 1054.5 to 1075 nm, which gradually decreases the MI gain
bandwidth. For all pump wavelengths we show the results for
an extensive range of seed peak powers from 0.01% to 20% of
the pump, and for 5% we also show the results without the
Raman effect [see legend in (f)].

The best coherence improvement is observed for a seed
power above 1% of the pump, which gives sufficient power
to initiate the FWM cascade. The intensity improvement is
more sensitive to the exact seed power and frequency offset,
but is again best for seed powers above 1% of the pump. The
coherence and SNR are generally improved in the long wave-
length end of the MI gain spectrum when the power of the
seed is increased, because the seed acts like a separate pump
that remains (partly) coherent like the pump. The effects of
seeding the pulse break-up will be diminished in this regime
because of temporal walk-off (see Fig. 1).

(c) Signal-to-noise ratio
<SNR>

0051 0 510
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3o
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10

0
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Fig. 4. (Color online) Results of pumping at 1055 nm with a 5% seed. Density plots of the (a) output spectral density, (b) coherence, and (c) SNR as
a function of wavelength and pump-seed frequency offset. The figures to the right of the density plots show the (a) MI gain, (b) overall coherence,

and (c¢) overall SNR as a function of pump-seed frequency offset.
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Fig. 5. (Color online) Overall SNR and coherence as a function of pump-seed frequency offset for seed peak powers ranging from 0.01% to 20% of
the pump peak power, Pp = 250 W [see legend in (f)]. The pump wavelength is (a)—(f) 1054.5, 1055, 1056, 1057.5, 1064, and 1075 nm, respectively,
which gradually narrows the MI gain spectrum (full black line). The black circled line shows the Raman spectrum.

Pumping at 1054.5 and 10565 nm [Figs. 5(a)-5(b)] gives very
similar results, and the general trends can be clearly divided
into regimes of high and low coherence, as discussed earlier.
Interestingly, the overall coherence is almost unaffected when
the Raman effect is turned off and the dip from ~8-12 THz
remains. This can be explained by the wide MI gain spectrum
that is almost uninfluenced by the Raman effect, which gives a
smooth gain curve with a sharp cut-off. When the pump is
moved further away from the ZDW the MI gain bandwidth
decreases and becomes increasingly influenced by the
Raman effect, in particular the tail of the Raman gain. In
Figs. 5(e)-5(f) the MI gain bandwidth is very narrow, and it
is only possible to amplify FWM sidebands that are relatively
close to the pump. An overall coherence and stability improve-
ment is therefore only observed for small frequency
offsets, i.e., for cascaded FWM with several closely spaced
sidebands.

In Figs. 5(a)-5(c), the MI gain peak is above the Raman gain
peak, and the gain spectrum therefore has a very sharp cut-off
due to a minimal contribution from the long-tailed Raman
gain. The coherence improvement is consequently nearly
the same irrespectively of the Raman effect. In Figs. 5(c)-5(f)
the Raman gain has a much stronger effect on the MI gain
spectrum that adds a shoulder to the tail of the spectrum,
and the coherence improvement is hence decreased without
the Raman effect.

The MI gain for small frequency offsets increases signifi-
cantly when the pump wavelength is increased, which results
in higher overall SNR. To further illustrate the difference for
small frequency offsets, we show in Fig. 6 the spectral evolu-
tion for single simulations for the same pump wavelengths

as in Fig. 5 but for a fixed frequency offset of 4 THz. In
Figs. 6(a)-6(d) the pump is very close to the ZDW (black
dashed line) and the FWM cascade is slowly amplified and
broadened. When the pump is moved further away from
the ZDW in Figs. 6(e)-6(f), the MI gain is higher and the
FWM cascaded is amplified faster. A higher gain and faster
amplification of the FWM cascade diminish the influence
of noise.

These results can be divided into two broad regimes de-
pending on the bandwidth of the MI gain, vy, and the peak
of the Raman gain, vgaman-

(1) g > VRaman: The MI gain spectrum has a sharp cut-off
and the coherence will be improved both for small frequency
offsets and in a band near vy.

(i) vy < YRaman: The MI gain is high for small frequency
offsets and has a slowly decreasing tail from the Raman effect.
This gives a single region with improved coherence and SNR
for small frequency offsets.

The results in [24] correspond to the first case while [20]
corresponds to the second.

The overall coherence and SNR in all cases show a strong
dependence on the exact frequency offset of the seed. We
emphasize that this is not a numerical artefact but reflects
that the seeding process is very sensitive to the exact input
parameters.

D. Coherent and Incoherent Rogue Waves

There is a striking difference in the statistical properties of
the large rogue-like solitons generated in Fig. 6: In (b) a
powerful soliton is generated completely incoherently, but
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with high SNR, whereas in (f) the rogue soliton is generated
with both high coherence and SNR. The existence of such
two distinct different types of rogue waves has, to the best
of our knowledge, not been demonstrated before.

To understand the difference between a coherent and inco-
herent rogue wave, we show in Fig. 7 the temporal evolution
and spectrogram at the fiber output corresponding to the re-
sults in Figs. 6(b) and 6(f). The seed causes a beating of the
temporal profile, which leads to a deterministic pulse break-
up. When the pump is close to the ZDW [Fig. 7(a)], the MI gain
is small and slowly increasing with frequency. The temporal
profile is therefore only slowly broken up into solitons. This
means that the solitons are mainly generated from the pulse
center where the peak power is highest. The solitons have
time to redshift before the cascade is amplified and the dy-
namics is relatively turbulent. In contrast to this, pumping
further from the ZDW [Fig. 7(b)] gives a much larger and more
rapidly increasing gain. This causes a fast breakup of the tem-
poral pulse, where the individual temporal fringes generate
fundamental solitons in a controlled fashion that almost
resembles soliton fission. The most powerful solitons are

still generated near the center of the pulse where the power
is highest. These powerful solitons only collide with the
smaller solitons generated from the trailing edge of the pulse.
To summarize,

(i) Coherentrogue wave (high coherence and SNR): A large
and rapidly increasing MI gain gives a fast breakup of the pulse
into solitons. The solitons are generated deterministically with
high coherence and are not very affected by collisions.

(ii) Incoherent rogue wave (low coherence, high SNR): A
small and slowly increasing gain allows the solitons to start
redshifting before the FWM cascade is fully amplified. The co-
herence is degraded due to collisions.

We emphasize that the generation of both coherent and in-
coherent rogue solitons was observed for several of the
frequency offsets and pump wavelengths considered here.

5. SEEDING AT HIGH PEAK POWER

The results presented in the previous sections and in the lit-
erature [19,20,22-24,32] all indicate that a cleverly chosen
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seed can be used to effectively manipulate the pulse breakup
and improve the noise characteristics or even trigger the SC
generation. While it has thus been demonstrated that seeding
a low peak power pump offers several improvements, the si-
tuation is very different when the peak power of the pump is
increased, as we shall now demonstrate. The coherence prop-
erties at high power were discussed in [21], but only over very
short propagation distances where the spectrum remains
narrow.

Figure 8 shows the spectral evolution of single shot simula-
tions when pumping at the Ytterbium wavelength of 1064 nm
with a 5% seed at 3 THz offset for pump peak powers of 500,
750, and 1500 W, respectively. For a 250 W pump the 3 THz
frequency offset gave the best coherence improvement [see
Fig. 5(e)], due to the controlled breakup of the pump by
cascaded FWM, resulting in an overall coherence of 0.66.
In Fig. 8(a) the peak power is doubled to 500 W. The increased
pump power results in a wider spectrum, but the overall co-
herence is reduced to 0.33 and the coherence improvement is
limited to the central part of the spectrum that was directly
generated by the initial cascaded FWM. The peak power is in-
creased to 750 W in Fig. 8(b), which leads to the generation of
several distinct solitons and GV matched DWs. The spectrum
is not nearly as coherent as Fig. 8(a): The overall coherence is
0.16 and the coherence improvement is again limited to the
central part of the spectrum. When the peak power is in-
creased to 15600 W in Fig. 8(c), the initial FWM cascade is
quickly washed out by the onset of highly phase-dependent
soliton interaction and DW generation, and the output spec-
trum is incoherent over nearly the entire bandwidth with
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Fig. 8. (Color online) Single-shot simulations of pumping at 1064 nm with a 5% seed at a frequency offset of 3 THz for pump peak powers of
(a)—(c) 500, 750, and 1500 W, respectively. The top rows show the signal-to-noise ratio (SNR) and spectral coherence (|g}12 D. (d) MI and Raman

gain spectra. The vertical line marks 3 THz offset.
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an overall coherence of just 0.040. In all cases, the formation
of rouge-like solitons leads to small improvements in the
intensity stability around the soliton, but this too seems to
be gradually washed out by the turbulent dynamics that gov-
ern the evolution and interaction of many solitons and DWs
when the peak power is increased.

In Fig. 9 is shown the overall coherence and SNR corre-
sponding to peak powers of 500, 750, and 1500 W, which
are the same peak powers that were used in Fig. 8. The results
for the lowest peak power in Fig. 9(a) show a minor improve-
ment for seeding close to the pump, but nothing like what was
observed in Fig. 5(e) at 250 W. When the peak power is in-
creased further in Figs. 9(b)-9(c), there is basically no overall
improvement in coherence and intensity stability irrespec-
tively of the pump-seed frequency offset.

When the pump power is increased the improvements af-
forded by seeding are thus quickly washed out by turbulent
solitonic dynamics. In [10] it was experimentally demon-
strated that the spectral noise increases with the pump power,
although this was for a very different set-up where a fiber with
two closely spaced ZDWs was back-seeded. As discussed in
[21], the pulse breakup can be completely deterministic and
coherent also at high pump powers, but as soon as the initial
comb structure is broken into solitons the coherence is de-
graded by the subsequent highly phase-dependent interac-
tions. In other words, the typical broadband and flat SC
spectrum in most high-power experiments comes at a price
of a low coherence as it is intrinsically dominated by solitonic
dynamics.

6. DISCUSSION AND CONCLUSIONS

It seems doubtful that seeding can improve the noise proper-
ties at power levels like those in commercial SC sources.
Although a coherent pulse breakup can be achieved at these
power levels, the coherence will only be preserved over a very
short propagation distance for which the spectrum remains
relatively narrow. Seeding nonetheless remains an interesting
approach for optical switching [19], where the presence of a
seed pulse triggers the SC broadening that would otherwise be
below threshold.

Seeding is very sensitive to the exact input parameters,
such as the wavelength and power of both the pump and seed,
and ultimately has to be studied case-by-case. It is however
possible to identify some broad regimes dominated by certain
mechanisms, as demonstrated in this work. Controlling the

generation of rogue waves by modulating the pump pulse
therefore also seems limited to relatively low power levels.
In particular, it is difficult to imagine that extremely large so-
litonic rogue waves can be deterministically generated by
seeding a high power pump, as these waves can only be gen-
erated through energy transfer from many collisions, which
cannot be controlled by seeding.

In conclusion, we have investigated the influence of the
pump power and MI gain spectrum on seeding. We analyzed
the results both in terms of spectral coherence and intensity
stability. For a low pump power we found that seeding can
give a deterministic pulse breakup due to FWM between the
seed and pump. The overall stability of the spectrum can be
improved by seeding close to the pump, which gives a broad
FWM cascade with many sidebands. However, for a broad MI
spectrum, an overall stability improvement is also observed
when seeding close to the peak of the MI spectrum, which al-
lows a single set of FWM sidebands to be coherently ampli-
fied. It was demonstrated that rogue waves can be excited
both coherently and incoherently from the FWM cascade, de-
pending on the MI gain. Finally, it was found that seeding has
no or little influence on the noise properties when the pump
power is increased to the kW level. At these power levels tur-
bulent solitonic dynamics quickly washes out the coherent
pulse breakup.
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