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ABSTRACT We generate, measure, and model broadband con-
tinuum generation from a relatively short 8-mm-long mi-
crostructure fiber pumped by 40-fs pulses at 816 nm in the
near infrared. Cross-correlation frequency-resolved optical gat-
ing is used to measure the spectral intensity and phase of the
output continuum, and the results are shown to be in good agree-
ment with numerical simulations. The output temporal intensity
exhibits a distinct series of ultra-short sub-40-fs-duration sub-
pulses, with these results directly revealing for the first time the
temporal pulse breakup and soliton fission that is the dominant
initial spectral broadening process underlying supercontinuum
generation in microstructure fibers.

PACS 42.65.Re; 42.81.Dp

1 Introduction

Although ultra-broadband supercontinuum (SC)
can now be routinely generated using microstructure fibers
(MFs) [1–10], its practical applications will require that we
understand how best to create it. For example, what if we de-
sire to generate the shortest possible continuum pulse? What
if we wish to create the most stable continuum pulse? What
if we wish to create continuum with the broadest possible
spectrum? What if we wish to create continuum with the
smoothest possible spectrum? Finding the answers to these
questions will require detailed modeling and measurements of
the continuum.

Recently, numerical simulations of SC generation, based
on modified Maxwell or extended nonlinear Schrödinger
equation (NLSE) models, have begun to improve our under-
standing of the underlying spectral broadening mechanisms
involved [2–7]. In particular, although most of the reported
SC generation experiments have been carried out using MF
lengths in the range 10–100 cm, simulations have shown that
the spectral broadening does not occur uniformly along the
fiber length, and that significant spectral broadening occurs in
only the first few millimeters of propagation due to the fission
of the incident pulse into a series of constituent fundamental
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solitons [2, 5–7]. After this initial evolution phase, additional
nonlinear effects such as the Raman self-frequency shift do
introduce some additional spectral broadening, but this is rela-
tively minor, and the main result of increased propagation
distance is to temporally broaden the continuum [5].

Despite its obvious importance in the SC generation pro-
cess, the detailed study of the spectral and temporal evolu-
tion of injected femtosecond pulses in MFs over the first few
millimeters of propagation has not been the subject of any
detailed experimental study. A correct understanding of this
initial spectral broadening regime is crucial to improving the
SC stability and for the optimization of the SC temporal and
spectral properties for particular applications. While SC gen-
eration from a 4-mm photonic-crystal fiber (PCF) has been
reported [10], it involved only measurements of its spectrum.
The purpose of this paper is to describe the first intensity-and-
phase measurements of continuum generated in this propaga-
tion regime, where we have injected 40-fs pulses at 816 nm
into a sample of MF only 8-mm long. The MF output has been
characterized using cross-correlation frequency-resolved op-
tical gating (XFROG), which allows retrieval of the temporal
and spectral intensity and phase of the SC for direct compari-
son with simulations. Our results directly reveal the temporal
signatures of the soliton-fission process that is the dominant
initial spectral broadening process underlying SC generation.

2 Numerical simulations for 15-cm propagation

We first review the results of previously published
simulations studying the spectral and temporal evolution
as a function of propagation distance for a MF length of
15 cm [4]. A selection of these results is reproduced in Fig. 1a
and b. Here, we have assumed 30-fs, 10-kW peak-power
pulses injected into a 15-cm length of large-air-fill frac-
tion MF with a zero-dispersion wavelength (ZDW) around
780 nm. The fiber parameters are based on the Lucent MF
described in [1], which we note is also the fiber used in the ex-
periments described in Sect. 3. The simulations were carried
out using an extended NLSE that included higher-order non-
linearity and stimulated Raman scattering. More details of the
numerical modeling can be found in [7].

As shown in Fig. 1, the initial stage of propagation is dom-
inated by nearly symmetrical spectral broadening, most of
which occurs within the first 10 mm. Strong temporal com-
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FIGURE 1 a Spectral and b temporal evolution in a microstructure fiber of an injected 10-kW peak power 30-fs input pulse injected at 800 nm, taken
from [4]. c The output spectral intensity and phase (solid line) compared with the corresponding purely linear dispersive phase of the MF (dashed line)

pression also occurs over this range, but, after ∼ 20 mm,
the spectral broadening becomes strongly asymmetric and is
associated with the development of more complex tempo-
ral features. Although the spectral broadening increases only
slightly with further propagation, significant temporal broad-
ening continues to occur due to the effect of linear dispersion
acting on the generated broadband spectrum. In fact, after
15-cm propagation, the output spectral phase of the super-
continuum is dominated by the accumulated linear dispersion
characteristics of the fiber, and there remain essentially no
clear signatures of the initial strong nonlinear processes which
have been responsible for the extreme spectral broadening.
This is shown explicitly in Fig. 1c, where we again plot the
output spectral intensity from the simulations, but also show
the corresponding output spectral phase (solid line) and com-
pare this with the spectral phase which would be expected
based on purely linear propagation over the same distance in
the fiber (dashed line). It is also clear that the supercontin-
uum spectral phase is predominantly cubic and, indeed, this
observation is consistent with the results of previous XFROG
measurements, which have clearly shown the parabolic group
delay (and hence cubic spectral phase) characteristics of the
SC [4].

3 Short-fiber continuum measurement
and simulation

3.1 Experimental setup

The simulation results above suggest that a com-
plete understanding of the initial nonlinear SC spectral broad-
ening processes cannot be obtained from measurements made
on SC generated in fiber lengths exceeding several centime-
ters. Therefore, in order to study the initial evolution phase,
we have performed experiments in which femtosecond pulses
have been injected into carefully prepared sub-centimeter-

length fiber segments. A schematic diagram of our apparatus
is shown in Fig. 2. Our pump laser was a KM Labs Ti:sapphire
laser, which emitted a 100-MHz train of 40-fs pulses with an
energy of about 2 nJ. The laser was not tunable, but its output
wavelength of 816 nm is in the anomalous-dispersion regime
of the Lucent MF used, so that comparable evolution char-
acteristics to those in Fig. 1 would be expected. The input
beam was then separated by a 50 : 50 beam splitter, so that half
of it could be used as the reference pulse in XFROG meas-
urements and the other half could be launched into an 8-mm
length of Lucent MF. The reference pulse itself was measured
using second-harmonic generation (SHG) FROG within half
an hour of the XFROG measurement.

For our XFROG measurement, the output continuum was
imaged using reflective optics and gated by the pump pulse
itself in a 1-mm-thick BBO crystal, which achieved phase
matching at all wavelengths by angle dithering with an ampli-
tude of about 30◦. While angle dithering the nonlinear crystal
accounts for the phase mismatch due to group-velocity mis-
match (GVM) between the input and signal pulses, GVM be-

FIGURE 2 Experimental setup of the continuum XFROG measurement
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tween the gate pulse and the continuum (the two input pulses)
provides a limitation on our measurements. This results in
a time smearing of the trace; we are developing code that takes
this effect into account in future work.

Because the continuum has a very broad bandwidth, only
reflective mirrors were used during the focusing. A 50-µm
pinhole was used in the alignment to ensure that the con-
tinuum and gate pulses overlapped and were well focused
in the crystal. The delay between the measured continuum
and the gate pulse was scanned in 3.456-fs steps. The sum-
frequency signal pulse generated by the continuum and gate
beams was spectrally resolved at each delay. This yielded
an XFROG trace of size 200 × 1024, which was then in-
terpolated into a 256 × 256 trace for retrieval of the in-
tensity and phase. The time-averaged continuum spectrum
was also independently measured by an Ocean Optics spec-
trometer. The efficiency curve of the spectrometer used
in the measurement was measured using a quartz tung-
sten halogen (QTH) calibration lamp, and the efficiency
correction was applied to the measured trace before pulse
retrieval. The wavelength-dependent phase-matching effi-
ciency in the BBO crystal was also taken into account in
our data pre-processing. After applying these corrections to
our measured trace, the XFROG algorithm was then used for
retrieval.

3.2 SHG FROG measurement results of the reference
pulse

In addition to the XFROG measurement of the MF
output, the intensity and phase of the reference pulse were
characterized using (SHG) FROG [12, 13]. The results of
these measurements are shown in Fig. 3. We note that the
temporal FWHM of the pulse is about 40 fs and that there is
a residual cubic spectral phase, which leads to strong trailing
edge oscillations on the temporal intensity. We stress here that
the reference pulse is also the fiber input pulse, so that its com-

FIGURE 3 Experimental results of
the SHG FROG measurement of the
reference pulse

plete characterization is of critical importance for the accurate
numerical modeling of the SC generation process.

3.3 XFROG measurement results

The squared magnitude of the spectrum of the
cross-correlation signal recorded as a function of delay τ be-
tween the reference pulse and the measured pulse yields the
XFROG trace or spectrogram [13]:

ISFG
XFROG(ω, τ) =

∣∣∣∣∣∣
∞∫

−∞
E(t)ERef(t − τ)e−iωt dt

∣∣∣∣∣∣
2

.

In previous work, we made XFROG measurements of the
intensity and phase of the continuum from sub-100-fs pulses
propagating through a many-cm-long fiber, which revealed
a several-ps-long continuum, dominated by the linear opti-
cal (third-order dispersive) properties of the fiber [7, 11]. In
addition, the continuum from this long fiber had much fine
(∼ 1 nm) spectral structure, yielding a time–bandwidth prod-
uct in excess of 1000, requiring an 8192 × 8192 array and
making the measurements difficult and the retrieval very slow.
Worse (from the point of view of continuum applications and
the meaning of the measurements), these XFROG measure-
ments revealed that this structure was highly unstable.

Here, the continuum proves to be much shorter and more
stable, significantly simplifying the measurements. Figure 4
shows the measured XFROG trace (left) and the retrieved
trace (right) of the short-fiber continuum. We see from the
figure that the retrieved trace is in good agreement with the
measured one, reproducing all the major features. We attribute
the additional structure that appears in the retrieved trace to
shot-to-shot instability of spectral fine structure in the con-
tinuum spectrum as discussed in detail in [5].

The retrieved continuum intensity and phase vs. time (left)
and frequency (right) are shown in Fig. 5. We note firstly
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FIGURE 4 The measured XFROG trace (left) and the retrieved XFROG trace (right) of the 8-mm fiber continuum
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FIGURE 5 The retrieved continuum intensity and phase vs. time (left); the retrieved continuum intensity and phase vs. frequency (right). Note the shorter
temporal extent of the continuum from the short fiber compared to the duration of the input pulse

FIGURE 6 The retrieved continuum intensity and phase vs. frequency
(black) and the independent measurement of the continuum spectrum (gray).
Note the excellent agreement between the XFROG-measured spectrum and
the independently measured spectrum (if we take into account the likely
fluctuations in the spectrum from shot to shot)

that the temporal extent of the SC from the 8-mm-long MF
is significantly shorter than the picosecond SC that is gen-
erated in a longer fiber and, indeed, consists of a series of
sub-pulses that are shorter than the input 40-fs pulse. At the
same time, the short-fiber continuum has less complex tempo-
ral and spectral features than the continuum pulses previously
measured from longer fibers. The spectral phase of the short-
fiber continuum is relatively flat, varying only around 25 rad,
while the long-fiber continuum is dominated by a cubic phase
spanning over 1000 π rad [11]. In view of the complexity of
the SC, Fig. 6 shows that there is good agreement between the
retrieved spectrum (black) and that independently measured
using a spectrometer and averaged over ∼ 107 pulses (gray).
The discrepancies are due to shot-to-shot instabilities in the
SC, which smear out the spectrometer-measured spectrum, as
we discussed previously [11].

While the above continuum was quite short in time, it
was not quite as broad in spectrum as the previously gen-
erated continuum from a microstructure fiber. This is likely
due to a mismatch in the input laser wavelength and the fiber
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zero-group-velocity-dispersion (GVD) wavelength, which
we were unable to avoid. We confirmed this by generating
continuum using the same laser wavelength and a longer piece
of the same fiber and observing a similar continuum spectral
width. Future work will involve use of a tunable fs source,
emitting pulses at the fiber zero-GVD wavelength.

3.4 Numerical simulations

The extended NLSE model described in [7] was ap-
plied to study the initial period of evolution for the 8-mm MF
samples used in the experiments described here. The simula-
tion initial conditions of the input pulse’s intensity and phase
were based on the experimental input pulse parameters from
SHG-FROG measurements as shown in Fig. 3, and the best
experimental estimates available for the laser and fiber param-

FIGURE 7 Simulation results
showing a output temporal in-
tensity, b output spectrum on
a logarithmic scale, and c output
spectrum on a linear scale

FIGURE 8 Simulation results show-
ing evolution of a the temporal intensity
and b the spectrum as a function of
propagation distance

eters. The intensity was adjusted so that it corresponded to an
estimated pulse energy in the fiber core of 0.4 nJ (an estimated
peak power of 8.6 kW). After 8 mm of propagation, the sim-
ulations yielded the temporal intensity shown in Fig. 7a and
the spectral intensity shown in Fig. 7b (on a logarithmic scale)
and Fig. 7c (on a linear scale). It is clear that there is very
good qualitative agreement between experiment and simula-
tion, with the differences attributed mainly to uncertainties
in the fiber dispersion and in the injected power level in the
fiber core, which are difficult to ascertain accurately with such
a short fiber length. No systematic attempts were made to op-
timize the fit between experiment and simulation.

In order to gain further physical insight into the spectral
broadening dynamics occurring during the 8 mm of propaga-
tion in the MF, we present in Fig. 8 the temporal and spectral
evolution shown in 1-mm-propagation increments. The sig-
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nificance of these results is that we clearly see the associa-
tion of the initial spectral broadening with pulse splitting and
breakup in the time domain, allowing the interpretation of our
experimental intensity profile as showing the first direct tem-
poral characterization of soliton-fission effects in microstruc-
ture fibers.

4 Conclusions

In conclusion, we have presented intensity-and-
phase measurements that have demonstrated significant spec-
tral broadening even over a short propagation distance in
a microstructure fiber. Our XFROG measurement of the short-
fiber continuum reveals that the temporal structure of the
output continuum contains sub-pulses shorter than the in-
put pulse that creates it. The experimental results have been
compared with numerical simulations, with good qualitative
agreement being obtained. Moreover, the simulations have al-
lowed the temporal structure observed in experiments to be
interpreted as due to soliton breakup or fission, which is the
dominant spectral broadening mechanism present during the
early stages of supercontinuum generation in microstructure
fibers.
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