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Abstract:  We use broadband frequency-resolved optical gating (FROG)
and cross-correlation FROG (XFROG) techniquesto study the details of the
supercontinuum generated in extruded soft glass SF6 photonic crystal fibers
pumped with envelope-modulated 100 fs pulses at telecom wavelengths.
Strong temporal jitter of solitons is observed with highly non-Gaussian
statistics, which is related to the statistics of the pump pulse envel ope shape
fluctuations. The ripples present on the input pulse seed the modulation
instability at high pump powers, affecting soliton fission. Numerical
modeling confirms strong sensitivity of the soliton fission process to the
presence of ripples on the pump pulse envel ope.
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1

Introduction

Coherence properties of supercontinua (SC) generated with nonlinear methods are important
for most of the practical applications. A number of approaches exist to measure both phase
and amplitude fluctuations as a function of wavelength [1-11], however, typically the statistics
of the noise is not determined. Only recently, the statistical properties of the fluctuating SC
attracted attention of the research community [12, 13] in the context of “optical rouge wave”
generation in fibers, which represent Raman-shifting solitons with statistically rare high peak
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amplitudes appearing as a result of soliton fission seeded by the modulation instability (MI).

In the context of SC generation using short pump pulses in the vicinity of zero disper-
sion (ZD), or slightly on the anomal ous side, two important mechanisms contributeto theinitial
spectral broadening. When pumping with short pulses, such that N < 10, where N is a soliton
number [14], the soliton compression, which occurs over several nonlinear lengths, supple-
mented by the emission of Cherenkov radiation at the phase-matched wavelengths across the
ZD point are responsible for SC generation. Importantly, subsequent propagation after the ini-
tial pulse breakup does not lead to further substantial spectral extension, except for the slow
Raman shift of solitons towards the red, which may add at best a few hundreds of nanometers
to the overall SC width. In the case of longer pump pulses, N > 10, it is the MI that leads to
formation of ultrashort solitons, their compression and Cherenkov emission [15]. In either case,
the soliton fission is central to the SC generation mechanisms, and thus our detailed compre-
hension of the soliton fission, and its sensitivity to input pump pulse parameters, is paramount.

According to current understanding two noise sources may contribute to coherence degrada-
tion of the SC. Technical noise on the input pulse (e.g. energy, central wavelength, chirp, etc.)
or coupling instabilities (e.g. pointing, fiber tip heating and vibration) propagate through the
process of SC generation with mild amplification [4, 7] and with current pump laser technol-
ogy play only minor role. In contrast, the fundamental quantum noise serves as a seed for Ml
and isamplified exponentially with theinput pul se peak power [5]. Previous studies have shown
that there exists a threshold at N ~ 10 beyond which incoherent M1 seeded by quantum noise
governsthe generated SC properties[15]. On the anomal ous dispersion side of the SC spectrum
the noise characteristics are directly related to the shot-to-shot differences in the dynamics of
solitons, manifested in their temporal jitter [16, 17].

It was recently recognized using numerical modeling [ 13] that the presence of |ow-frequency
modul ations on the pump pul se envel ope may dramatically affect the soliton fission at the initial
stage of SC evolution. In particular, it was shown that the frequency of occurrence of the rouge
solitons can be controlled. However, no experimental results on SC generation with modulated
pump pulse envelopes are available.

In this work we report on experimental analysis of SC generation using pulse shape-
modul ated femtosecond pump pulses. Slight modulations of the pump pulse envelope may be
present at the output of certain types of laser systems, such as synchronously-pumped optical
parametric oscillators in the vicinity of the degeneracy point, and comprise a type of technical
noise, which looks more like the quantum noise, however, in the way it propagates through and
affects the soliton fission and thus the overall SC generation. Similar to quantum noise these
ripples serve as the seed for the MI and thus may lower the threshold value of N after which
the generated SC becomes incoherent. The statistics of this noise, which may be highly non-
Gaussian, is strongly amplified and propagated to the resulting SC, allowing easy experimental
identification of the noise source. Because the soliton fission processis tremendously sensitive
to the input pulse shape, we observe the effects of this type of noise through measurements of
soliton timing jitter.

Direct experimental characterization of soliton timing jitter requires tempora resolution.
Both auto-correlation and cross-correl ation techniques can be used for time-resolved measure-
ments of solitons [16—24]. In this work we apply the XFROG and FROG techniques to obtain
spectrograms of the SC generated in the soft glass SF6 photonic crystal fiber (PCF) [25] with
temporal and spectral resolution simultaneously. We compare our data to numerical results
produced by integration of generalized nonlinear Schrodinger equation (GNLSE). From the
experimental data the timing jitter of solitons can be directly observed. In addition, certain in-
formation on jitter statistics and the soliton behavior can be extracted and compared to separate
measurements using a fast photodiodein a spectrally-resolved setup.
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2. Experiment and modeling

Very few reports exist where the whole supercontinuum is visualized with simultaneous
spectral-temporal resolution [20-22]. The obvious complication here is the need for the
measurement system to be broadband enough to accommodate the octave- or more spanning SC
spectra. Obviously, the required bandwidth of an autocorrelation-type system, such as FROG
is approximately twice the SC bandwidth, while for a cross-correlation type measurement this
requirement is substantially relaxed, because the reference pulse can be narrow-band, typically
a portion of the pump pulse split off before the fiber and appropriately delayed. This is why
all previous SC measurements relied on cross-correlation type approach. In [20, 21] a sum-
frequency generation (SFG) XFROG technique was used with pump (and reference) pulses
centered at 800 nm, the wavelength region where the material dispersion in the nonlinear SFG
crystals precludes wide phase-matching (PM) bandwidths, so that complicated methods for PM
extension, such as angular crystal dithering, were required. An alternative sonogram approach
was employed in [22]. This method requires scanning both the delay and a tunable spectral
filter, although clever solutions were offered.

In thiswork we used SFG-X FROG technique[26] to measure spectrograms of broadband SC
generated in a SF6 PCF, pumped with 100 fs pulses at 1550 nm. In this wavel ength range, broad
PM bandwidths are possible in relatively thick BBO crystals, Fig.1, making it unnecessary
to angle-dither the crystal. Among the three possibilities illustrated in Fig. 1, the Type 1 PM
Process 0gg + Oret — €57, Where 0 and e denote the ordinary and extraordinary rays respectively
and subscripts sig, ref and SF stand for "signal”, "reference” and " Sum Frequency”, is the
most optimal for measurements of broadband SC centered around the pump wavelength of
1550 nm. Other signal wavelength regions may be accessed using the two Type 2 PM processes
asillustrated in Fig. 1

In addition to XFROG other techniques were employed in our experiments. A typical scan-
ning FROG system was used to gain information on the solitons’ true duration and jittering
statistics. Spectral measurements up to 2.5 um were taken with a scanning FTIR spectrometer
(Oriel, Mir 8000) equipped with an extended InGaAs photodiode detector. Laser spectrum was
measured with high-dynamic range optical spectrum analyzer (ANDO AQ-6315E). Finally, the
wavel ength-dependent shot-to-shot behavior of the generated SC was measured in a spectrally-
resolved setup consisting of a diffraction grating and a fast (=1 GHz bandwidth) photodiode
connected to a digital phosphor oscilloscope (Tektronix TDS5052B).

The fiber used in the experiments was fabricated using the extrusion and drawing method
from the Schott SF6 glass, which is characterized by ~10 times higher intrinsic nonlinear-
ity np = 2.2-10~ 1% cm?/W as compared to silica, and somewhat narrower transmission win-
dow [25]. The size of the guiding core was ~ 2.6 um shifting the ZD point to ~ 1300 nm
so that the pump pulses are located in the anomalous dispersion region. At the pump wave-
length of 1550 nm the dispersion D = 50 ps/nm/km so that for atransform-limited 100 fs pump
pulse the dispersion length at the pump wavelengthis L p ~ 5 cm. For the pump pulse energies
used in our experiments the nonlinear length can be sub-millimeter so that the soliton number
N = /Lp/LnL < 7 for the input pulse peak powers up to 10 kW. We used a 11 cm long SF6
PCF samplein the experiments, the length sufficient to observe soliton formation and dynamics,
yet short enough to alleviate the losses.

A Ti:Sapphire oscillator-pumped optical parametric oscillator system (Spectra Physics Mil-
lenia, Tsunami and Opal) running at 81 MHz was employed as a source of 100 fs pump pulses
centered at 1550 nm.

For the numerical modeling we used a typical GNL SE [27] supplemented with experimen-
tally measured and numerically computed (based on an SEM image of fiber crossection) dis-
persion parameters, spectral loss data [25] and an experimentally measured Raman line of the
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Fig. 1. Phase matching for non-collinear sum-frequency generation of fixed wavelength
reference pulse at 1550 nm and variable wavelength signa pulse in a 200um thick BBO
crystal. Density plots are shown on the left for crystal cut angle vs. signal wavelength.
Dashed lines show most optimal cut angles for obtaining large phase-matching bandwidths,
and corresponding phase-matching curves are plotted on the right. (a) and (b): Type 2:
Osig + €ref — €= SFG process; (¢) and (d): Type 1: 0gg + Oref — €5 process, (d) and
(f): Type 2: oref +e5g — €5 process. Vertical dashed line indicates A = 1.55 um central
wavelength in our experiments.

fiber. The GNL SE was solved using the standard split-step method and the numerical XFROG
traces were computed from the signal and reference pulses’ complex electric fields.

3. Resultsand discussion

Figure 2 displays the numerical, Fig. 2(a), and experimental, Fig 2(b), XFROG spectrograms
of the SC at the output of 11 cm long SF6 PCF for the soliton number N ~ 4. The input pulse
energy is adjusted so that several solitons form on the anomal ous dispersion side (longer wave-
lengths). It can be seen that a nearly two-octave PM bandwidth is achieved in the measurement,
as suggested by Figs. 1(c) and (d).

The fact that the broadband radiation in general lies on the quasi-parabola, which corre-
sponds to the group delay as a function of wavelength, suggests that al (or most) of the su-
percontinuum spectrum is generated at the very beginning of the fiber, supporting the previous
findings [28]. Remarkably, the numerical model reproduces the experimental data very well.
On the normal dispersion side (shorter wavel engths) the quasi-continuum s pierced with holes
directly opposite to solitons [27]. As was predicted [27] and demonstrated in separate exper-
iments [29, 30], the four-wave mixing (FWM) interaction of solitons and continuous waves
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Fig. 2. Numerical, (a), and experimental, (b), XFROG spectrograms of a supercontinuum
pulse at the output of 11 cm long piece of SF6 PCF pumped with 100 fs pulses at 1550 nm.
Lower axisissum-frequency and upper axisin (b) isfundamental wavelength of the signal.
Color scale is logarithmic covering 30 dB of sum-frequency signal intensity. Inset shows
the SEM image of the fiber tip.

leads to phase-matched emission of spectral components with wavelengths determined by the
so-called " phase-insensitive” scattering resonance [29].

This soliton-cw scattering is observed here in the process of SC evolution and the new spec-
tral components are marked as”FWM” in Fig. 2(b). Similar features were observed previously
in experimentswith highly nonlinear regular fiber [22] and were termed " trapped components”.
Thefact that "FWM” or "trapped components’ appear in this case on the outside of the group-
delay parabolaisrelated to the Raman self-frequency shift of the solitons towards|onger wave-
lengths, i.e. also outside the " parabola’. If, on the other hand, the SC generation was studied in
the vicinity of the second ZD of a (perhaps different) fiber [31], the solitons would be driven
by the Raman effect towards inside the "parabola’ and similarly the new FWM components
would also be emitted inside the " parabola’, in accordance with phase-insensitive resonance in
soliton-cw scattering [27]. Additional insight into this effect can also be found in [32].

Important for us here, is the observation of temporal elongation of the solitonic components
on the red side of the spectrum, marked “jittering solitons’ in Fig. 2(b). The numerical results
show no such elongation, with the exception of the red-most soliton, which is due to the inten-
tional introduction of excessive confinement loss at longer wavelengths [25]. Still, the shape of
the numeric XFROG trace for this soliton differs substantially from the experimental one. There
could be three explanations for the observed elongation of the solitonic XFROG components:
(2) the true temporal stretching of the pulses, (2) gection of solitonic pairs [33], or (3) timing
jitter of solitons on a shot-to-shot basis. Subsequent analysis proves the latter case of soliton
timing jitter to be the cause of the observed dynamics.

To confirm unambiguously the presence of jitter and the absence of temporal elongation of
the solitons themselves or soliton pair g ection we performed a separate set of measurements
using FROG, Fig. 3. Being an autocorrel ation-type measurement, FROG displays true pulse
duration in the vicinity of zero delay, independent of any jitter present inside the complex pulse.
Additionally, a soliton pair would result in a triple-peaked trace near zero delay, asin [33]. In
our case, at least two red-most solitons are well isolated both spectrally and temporally, which
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allows distinct FROG traces for those solitons near zero delay. Indeed, we see that for both low,
Fig. 3(a) and high, Fig 3(b) input powers the zero-delay FROG traces at longer wavelengths
comprise single and short (sub-100 fs) peaks. At the same time, the cross-correlation traces
produced by the two red-most solitons in Fig. 3(b) appear temporally stretched, revealing the
presence of relativetiming jitter between individual solitons. The high degree of symmetry with
respect tot = 0 in these FROG traces, as well as high reproducibility of these traces, rule out
any slow drift in experimental conditions as the reason for the observed smear in cross-soliton
correlation peaks. The observed jitter is a true shot-to-shot variability in the soliton temporal
positions.

Delay (ps)

N

INEN

Delay (ps)

N

—_—

-4
650 700 750 800 850 900 950 1000 1050
SF Waveength (nm)

Fig. 3. Experimental FROG traces taken at the output of the same SF6 PCF sample asin
Fig. 2 for "low” input average power of 40 mW (@) and "high” power of 100 mW (b). The
blue portion of the SC was removed with a silicon filter so that only solitonic part of SCis
shown. Color scaleislogarithmic spanning 30 dB of sum-frequency signal intensity.

The results of FROG measurementsin Fig. 3 suggest that the amount of soliton timing jitter
depends strongly on the input power. This observation is verified directly in Fig. 4, where
several XFROG traces of the solitonic part of the SC were taken for different input powers.
Substantial jitter is observed only at the onset of formation of three solitons at ~ 80 mW input
average power (N = 3) and above.

It can be inferred from Figs. 24, that the statistics of the temporal delays of the first (red-
most) and second solitons are highly non-Gaussian. This is suggested by the shapes of the
solitonic components on the XFROG traces of Figs. 2, and 4, and the cross-solitonic peaks on
the FROG tracesin Fig. 3(b). Specifically, it appearsthat solitons tend to occupy acertain delay
range with near-uniform or even double-peaked, rather that Gaussian, probability distribution.
These results are highly reproducible with exact same statistics and only slight variationsin the
extent of temporal jitter, which may be related to fiber coupling variations from experiment to
experiment. The non-Gaussian nature of the statistics observed suggests technical noise as the
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Fig. 4. Sequence of experimental XFROG spectrograms at the output of SF6 PCF, as in
Fig. 2. Only solitonic part of SC shown. Multiple soliton formation is observed. Soliton
timing jitter onset at 80 mW. Color scale islogarithmic. Horizontal axis is sum-frequency
wavelength of the upconverted signal. For each panel the average input power isindicated,
not adjusted for ~30% coupling efficiency.

cause of thejitter.

Figure 3(b) also shows anticorrelation behavior of jittering solitons: if on one laser shot
the first soliton moves to a longer wavelength, the second soliton tends to move to a shorter
wavelength and vice versa. This behavior can be inferred from the shape of the cross-soliton
peaks on the FROG traces of Fig. 3(b). Specifically, it can be seen that the central wavel ength of
the cross-soliton peak is delay-independent. Since delay is related to the central wavelength of
the soliton we can naturally conclude that to produce asignal at larger or smaller delay and at
the same sum-frequency the two solitons need to move in opposite directions on the wavelength
axis from shot to shot.

Our extensive modeling using GNL SE shows that the extent of jitter observed in our experi-
ments cannot be explained by realistic fluctuationsin input pulse energy, spectral width or cen-
tral wavelength. On the other hand, a particular source of input noise, namely the small-scale
modulations of the input pulse envelope, explains well both the extent of the jitter observed
and the anticorrel ation behavior of solitons. Figure 5 illustrates the influence of the input pulse
shape modulations on the soliton dynamicsin the process of SC generation. Two slightly dif-
ferent pump pulse shapes are considered: The red curves correspond to the smooth input pulse,
while the black curves correspond to the input pulse with a modulated envelope. To model
the latter case we put two sidelobes on the pulse spectrum with peak intensities about 30 dB
below the main peak. The addition of these sidel obes changes the input pulse energy by only
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~0.1%. From Fig. 5(a) we see that the soliton delays vary significantly between the smooth
and rippled pump pulse cases. More importantly, however, Figs. 5(a) and 5(c) clearly show the
presence of the anticorrelation in the temporal and spectral positions of the first and the sec-
ond solitons, exactly as was observed in the experiments. It is intriguing to see that very small
modulations of the pump pulse envel ope affect the soliton fission process so dramatically, re-
inforcing the previously demonstrated ability to control the dynamics of soliton with shaped
input pump pulses [34]. The spectral evolution of the SC generated with rippled pump pulsesis
also understandably different, Fig. 5(c), indicating that envelope-modulated pulses can be used
to manipulate the spectral intensity of supercontinua.
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Fig. 5. Modeling results for the SC generated with smooth (red curves) and rippled (black
curves) pump pulsesin SF6 PCF used in the experiments: (a) temporal intensity at the PCF
output; (b) details of the temporal envelope of the pump pulses; (c) spectral intensity at the
output; (d) details of spectral content of the input pulses.

It appears that synchronously-pumped optical parametric oscillators, such as Opal, tuned
near the degeneracy point display this particular type of noise, which affects the outcome of
highly nonlinear experiments, such as SC generation, as shown here, or high-order soliton
dynamics [34]. Figure 6 displays the Opal output spectrum tuned to 1550 nm with high dy-
namic range. Indeed, the Opal spectrum shows noticeabl e sidel obes around 1450 and 1650 nm.
Moreover, the substantial noise present on these sidelobes indicates large fluctuations of the
amplitude and/or the wavelength of these spectral components. The presence of the noise was
directly verified by spectrally resolving the Opal output with a diffraction grating and using a
fast photodiode to acquire the pulse train at a specific wavelength. The insets to Fig. 6 show
the photodiode signals at the center wavelength and at the 1450 nm sidelobe. Clearly the lat-
ter displays amost 100% noise, while the 1550 nm signal is stable. Additionally, as can be
inferred from the color density of the accumulated multi-shot photodiode traces the signal am-
plitude shows non-Gaussian double-peak distribution. Thus, it is concluded that the fluctuating
sidel obes on the input pump spectrum result in modulations on the pul se envel ope, which seed
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the M| and severely affect the soliton fission process leading to SC coherence degradation and
large timing jitter of solitons at the output of the PCF.

Intensity (dB)

-100 '{l H ’ { I 5 ,
1300 1400 1500 1600 1700

Wavelength (nm)

Fig. 6. Spectrum of the Opal system measured with high dynamic range. Noisy sidelobes
are present on both sides of the main spectrum at ~ 10~3 level. Insets show spectrally-
resolved photodiode signals at the sidelobe and at the central wavelength. Warmer colors
correspond to increased occurrences.

In asimilar manner, a wavel ength-dependent shot-to-shot noise of the SC can be measured
using the same spectrally-resolved setup. Figure 7 shows the anomal ous dispersion part of the
SC spectrum in the regime of largejitter (N = 4). The insets show the accumulated photodiode
signals at two wavel engths corresponding to the wings of the two red-most solitons. We clearly
observe alarge degree of noise corresponding to solitons jumping around in wavelength. As be-
fore, the color density of the plots convey non-Gaussian doubl e-peaked probability distribution,
comparableto that present on the pump pulse spectrum wings.

The sensitivity of the soliton fission process to the presence of ripples on the input pulse
envelope has been studied in the past; however, the soliton anticorrelation behavior has not
been noticed. For this type of noise to be important in the experiments the frequencies of the
ripples must fall near the peak of the MI gain, Qmax = \/2YPo/ |B2|, where v is the effective
nonlinearity of the fiber, Py is the peak power of the pump pulse and 3, is the dispersion at the
pump wavelength [14]. For the fiber parameters used in our experiments this corresponds to
the ripples with periods of about 20-100 fs for the peak powers in the neighborhood of 1 kW,
similar to Fig. 5. Therefore, the ripples of this temporal scale will experience the largest M1
gain and will outgrow any other noise present on the pulse, such as the broadband quantum
noise. It is clear, therefore, that, as compared to quantum noise, the pulse shape noise lowers
the threshold in N beyond which the SC displays substantial coherence degradation.

The existence of the threshold in N, or pump power, for the onset of the substantial jitter
and coherence degradation is easy to understand by comparing the relative efficiencies of Ml
and regular deterministic soliton fission of a smooth pulse. To this end we introduce a pair
of characteristic lengths describing these processes. For the deterministic soliton fission the
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Fig. 7. Solitonic part of the SC spectrum. Two redmost solitons are clearly identifiable.
Insets show spectrally-resolved photodiode signals at the wings of the soltions' spectra.
Warmer colors correspond to increased occurrences.

empirical value of the characteristiclengthisL fiss~ Lp /N [15], whichisinversely proportional
to the square root of the pump pulse power, whereas the characteristic length for the M1, L\ =
1/2yPy, depends inversely on the power. Thus, with increasing the input pulse peak power Pg
the MI characteristic length will become shorter than L fiss at the critical power P given by
L tiss = Lmi, Or

perit _ |B2|

0 4T
where Ty is the input pulse duration. This means that there is a threshold with respect to the
input pump power after which the deterministic fission will be overcome by the MI-seeded
fission thus changing the nature of the SC from coherent to incoherent. For our experimental
conditions the estimated value for the critical power is P§"t a2 0.1 kW, whereas the observed
value is over 1 kW. This discrepancy is not surprising, however, given the crudness of the
analysis and the uncertainty in the actual amplitude of the ripples present on the input pulse.
Nevertheless, this analysis explains the presence of the threshold in the SC generation where
the coherence properties of the SC change abruptly, as observed in our experiments.

D

4. Conclusion

In thiswork we investigated the supercontinuum generation in asoft glass SF6 photonic crystal
fiber pumped with envelop-modulated 100 fs pulses. XFROG measurements reveal the de-
tails of the SC dynamics, interaction of solitons with quasi-continuous waves across the zero-
dispersion wavelength and generation of phase-matched " FWM” or " trapped components”. At
higher input powers we observe the onset of severe timing jitter of solitons on the anomalous
side of the SC. Subsequent FROG measurements confirm the presence of jitter and also reveal
the anticorrelation behavior of the two red-most solitons in which the solitons tend to move
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in opposite directions on the time and wavelength axes from shot to shot. The observed jit-
ter results from the presence of a slight modulation riding on top of the pump pulse temporal

envel ope. Numerical modeling supports this conclusion. Theripples effectively seed the modu-
lation instability and strongly affect the soliton fission. Analysis shows that the M1 overwhelms
the deterministic soliton fission at a certain threshold power, which is lower than the expected
value for quantum-noise seed. The input pulse envelope modulations are thus identified as an
additional source of technical noise, which may be important in experiments. The envelope
modulation frequencies produced by our laser system are comparable to the ones deemed opti-
mal for control of optical rouge waves [13] and can potentially be used in future experimental

demonstration of optical rouge wave control.
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