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Abstract: Numerical simulations are used to study the temporal and
spectral characteristics of broadband supercontinua generated in photonic
crystal fiber. In particular, the simulations are used to follow the evolution
with propagation distance of the temporal intensity, the spectrum, and the
cross-correlation frequency resolved optical gating (XFROG) trace. The
simulations allow several important physical processes responsible for
supercontinuum generation to be identified and, moreover, illustrate how the
XFROG trace provides an intuitive means of interpreting correlated
temporal and spectral features of the supercontinuum. Good qualitative
agreement with preliminary XFROG measurements is observed.
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1. Introduction

The generation of ultrabroadband supercontinuum (SC) spectra has now been demonstrated
by several groups by injecting high power pulses near the zero dispersion wavelength of
photonic crystal fibers (PCF) [1,2]. Similar broadband SC have also been observed in
standard optical fiber tapered to a strand diameter ~2 um where the tapering introduces
dispersion and nonlinearity characteristics similar to those of PCF [3]. Numerical simulations
of such SC generation have also recently been reported, leading to an improved understanding
of the underlying spectral broadening mechanisms involved [4-8]. In particular, for SC
generated with femtosecond pulse pumping, the dominant contribution to the long wavelength
extension of the SC has been shown to be associated with soliton break up combined with the
Raman self-frequency shift [9] whilst an important contribution to the short-wavelength
portion of the SC is due to the associated transfer of energy into the normal dispersion regime
via the generation of non-solitonic dispersive wave radiation [10].

Although these spectral broadening mechanisms have, of course, been the subject of much
previous research in nonlinear fiber optics over many years [11], the enhanced nonlinear
response of PCFs permits their study in a regime not readily accessible with standard optical
fibers. At the same time, however, it also leads to difficulties in accurately characterizing the
complex temporal and spectral structure of the SC, and this has limited comparisons between
theory and experiment to only relatively simple studies of the spectral properties via the
positions of the observed Raman soliton peaks [5,12].

Recently, however, cross-correlation frequency resolved optical gating (XFROG) has
been applied to SC characterization, permitting the first complete intensity and phase
characterisation of SC generated in PCF [13,14]. The results have shown very complex time-
frequency domain characteristics, and the purpose of this paper is to use numerical
simulations based on an extended nonlinear Schrédinger eguation (NLSE) to aid in the
interpretation of these measurements. In addition, the simulations show that the time-
frequency distribution afforded by the XFROG trace provides a particularly useful
representation for characterizing the complex temporal and spectral evolution associated with
SC generation, and an intuitive means of interpreting correlated temporal and spectral SC
features. We compare our simulations with atypical experimental XFROG measurement of a
generated SC, and show very good qualitative agreement.

2. Numerical Simulations

The simulations are based on an extended NLSE which is valid approximately down to the
three optical cycle regime, and includes higher order nonlinearity and stimulated Raman
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scattering [15]. The fiber dispersion was included over the range 300-1600 nm, and we note
that the use of this model has previously proven successful in describing many features of SC
generation in PCF [6,12,16]. For the results considered here, propagation was simulated for a
15 cm length of large air-fill fraction microstructure fiber with a zero dispersion wavelength
(ZDW) at 780 nm. Figure 1 presents simulation results showing the spectral and temporal
evolution as a function of propagation distance for 30 fs FWHM, 10 kW peak power input
pulsesinjected at 800 nm.
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Fig. 1. (a) Spectral and (b) temporal evolution in microstructure fiber of an injected 10kW peak
power 30 fsinput pulse injected at 800 nm.

The initial propagation is dominated by strong temporal compression and approximately
symmetrical spectral broadening, but after ~2 cm, the broadening becomes strongly
asymmetric and is associated with the development of complex tempora features. In
particular, the figure shows temporal pulse break-up, the development of ultrafast temporal
oscillations on portions of the temporal intensity profile, as well as the generation of distinct
soliton pulses in the anomalous dispersion regime which separate from the residual input
pulse due to group velocity walk-off. With further propagation, these solitons undergo a
continuous shift to longer wavelengths due to the Raman self-frequency shift, leading to
increased spectral broadening which extends over an octave at the —20 dB level from 550—
1100 nm at the output.

Figure 2 shows the output characteristics in more detail, with numerical filtering used to
relate the distinct Raman solitons labeled A and B with the corresponding peaks in the output
spectrum. The figure also shows several other interesting features. For example, a portion of
the output temporal intensity profile is shown on an expanded timebase in order to highlight
the ultrafast oscillations which have developed during propagation. The oscillation frequency
varies across the profile, with the mean frequency estimated at 115 THz. Another feature of
interest is the strong normal dispersion-regime peak labelled DW around 600 nm on the
spectrum. This peak arises from the resonant transfer of energy from the Raman solitons via
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dispersive wave generation, and is manifested in the time-domain as a broad low-amplitude
pulse on the soliton trailing edge [ 10].

In this regard, we note that, although Raman effects play an important role in the later
stages of the SC generation, the proximity of the input wavelength to the fiber ZDW means
that the initial propagation is dominated by the interaction of self-phase modulation and self-
steepening with higher-order dispersion (particularly third order dispersion). Indeed,
numerical simulations which have been carried out with the Raman gain term set to zero have
clarified that the Raman contribution to the nonlinearity is not the fundamental mechanism
underlying the initial emergence of the anomalous dispersion regime soliton peaks. Rather,
this is due to soliton fission effects which are seeded by ultrafast modulation instability on the
pulse envelope [4-8]. However, although distinct anomalous dispersion regime solitons (and
the associated normal dispersion regime dispersive wave peaks) can be observed in
simulations carried out with zero Raman gain, the generated solitons clearly do not undergo
the self-frequency shift to longer wavelengths with propagation, and thus the overall spectral
width of the SC which is generated at the fiber output is substantially reduced.

(a) Output Temporal Profile (b) Output Spectral Profile
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Fig. 2. Detailed view of output (a) temporal and (b) spectral characteristics.

The spectral characteristics shown in Fig. 2 are in good agreement with previous
experimental studies of SC generation, which have reported strong normal dispersion regime
peaks and distinct Raman soliton formation [2, 6]. Although numerical filtering is useful in
correlating related temporal and spectral features of the continuum, these related features are
seen more directly in the corresponding XFROG trace of the fiber output. To thisend, Fig. 3
plots the XFROG trace caculated from the spectral resolution of the sum-frequency
generaion (SFG) intensity cross-correlation between the generated SC output and the 30 fs
input pulse a 800 nm. The structure of the XFROG trace is compared with the SC temporal
intensity (bottom) and spectrum (right) and we note that the spectral plot uses a nonlinear
wavelength axis so that structure in the XFROG trace at a particular SFG wavelength can be
directly related to the corresponding SC spectral component.
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Fig. 3. (917 KB) Calculated XFROG trace with its structure correlated with the intensity and
spectrum showing evolution with propagation distance. Note the nonlinear wavelength axis
used in the plot of the fundamental SC spectrum.

The advantages of using a time-frequency XFROG measurement for interpreting the
different SC features can be clearly seen from this figure. For example, the simple visual
inspection of the XFROG trace allows the particular time and frequency domain signatures of
the dispersive wave and Raman soliton components to be immediately identified and
correlated. In addition, the parabolic group delay variation with wavelength (related to the
dispersive characteristics of the fiber) isimmediately apparent. Even more significantly, since
the portion of the temporal intensity profile which has developed ultrafast oscillations is seen
to be associated with two distinct XFROG wavelength components separated by 115 THz, the
origin of the ultrafast modulation can be physically interpreted as a result of the beating
between these components. (Note that differences between frequenciesin the fundamental SC
spectrum and their corresponding XFROG components are identical.) Significantly, the
XFROG trace allows the origin of this modulation to be readily identified in a way which is
not possible from examining the separate intensity and spectral measurements.

For the purposes of developing an intuitive appreciation of XFROG measurements of SC
generation, we have found it very ingtructive to animate the evolution of the temporal
intensity, spectrum and XFROG trace as a function of propagation distance in the fiber. A
link to such an animation is given in the caption to Fig. 3, and it is clear that this clearly shows
how the onset of pulse break up and the formation of Raman solitons is associated with the
development of distinct peaks in the spectrum and, in addition, how the associated generation
of the dispersive wave occurs at increasingly shorter wavelengths as the Raman soliton shifts
to longer wavelengths. More generally, we find that viewing pulse propagation in optical
fibersin the time-frequency domain allows the evolution of the pulse propertiesto be seenin a
way which is not possible with separate time and frequency domain representations such as
shownin Fig. 1.
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3. Qualitative Comparison with Experiment

Several experiments have now reported preliminary XFROG measurements to characterize
the intensity and phase of ultrabroadband SC spectra [13, 14] and in this section we compare
the qualitative characteristics of a typical experimental XFROG measurement with the
simulation results described above. Although uncertainties in the fiber parameters used in the
experiments preclude a detailed quantitative comparison with simulations, the numerical
results above nonetheless allow several distinct features seen in the experimental XFROG
traces to be physically interpreted.

The experiments involved generating a supercontinuum in a 16 cm length of
microstructure fiber using a 100 MHz train of 25 fs pulses at 800 nm with energy around 1 nJ.
For the XFROG measurement, the fiber output was gated by the 800 nm pump pulse in a
1 mm thick BBO crystal, which was rapidly angle-dithered with an amplitude of about 20°.
Angle-dithering the crystal alowed for phase-matching at all wavelengths in the continuum.
The delay between the continuum and gate pulses was scanned in 33-fs steps (shorter time
resolution than 33 fs is obtained due to the large spectral range used in the measurements),
and the sum-frequency signal pulse generated by the continuum and gate beams was
spectrally resolved at each delay, forming a 370x1024 trace, which was further interpolated
into a 4096x4096 trace for retrieval of the intensity and phase (required to satisfy the discrete
Fourier transform relations for a pulse with such a large time-bandwidth product). The
supercontinuum intensity and phase vs time and frequency were retrieved using the
commercial Femtosoft XFROG software.

Figure 4 shows the experimental results. The measured and retrieved XFROG traces are
in excellent qualitative agreement, with the additional fine structure observed in the retrieved
trace due to shot-to-shot instability of spectral fine structure in the continuum spectrum. This
unstable fine structure is interesting and has been discussed in detail in [14], but is not
relevant to the discussion here of the large-scale structure. Asin Fig. 3, we have plotted the
retrieved tempora intensity and spectrum beside the measured XFROG trace and have
identified several spectral and temporal features that correspond to features in the measured
trace. Like the simulations, the retrieved intensity exhibits a low amplitude oscillatory
structure associated with distinct XFROG wavelength components. We have exploded part of
this structure in the figure to illustrate that, despite their low amplitude, these oscillations are
well recovered by the XFROG measurement and retrieval. The mean oscillation period is
around 8.8 fs, consistent with the 114 THz period between the corresponding temporally
coincident components in the XFROG trace. This is, we believe, the first experimental
evidence of this predicted ultrafast oscillatory structure in SC generation in microstructure
fiber.
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Fig. 4. Measured and Retrieved XFROG traces with the structure of the measured trace
correlated with the retrieved intensity and spectrum.  Note the nonlinear wavelength axis
used in the plot of the fundamental SC spectrum. The exploded view illustrates the low
amplitude oscillations in the retrieved intensity.

4. Conclusions

Analyzing SC generation via the XFROG trace allows related spectral and temporal features
to be intuitively correlated and permits their physical origin to be readily identified, despite
their considerable complexity. The numerical simulations described here based on a
generalized NLSE predict digtinct features such as Raman soliton and ultrafast envelope
oscillations which have also been confirmed using experiments. More generaly, we believe
that we have shown the advantages of using a visual time-frequency approach for the analysis
of the complex spectral and temporal structure of SC generation.
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