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Kerr Spatiotemporal Self-Focusing in a Planar Glass Waveguide
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We observed simultaneous focusing in both space and time for light pulses propagating in a planar
waveguide. In particular, 60 fs pulses with a width of 170 mm were injected into a planar glass wave-
guide in the anomalous dispersion regime. Output pulses as short as 30 fs and as narrow as 20 mm were
measured. The results suggest that multiphoton absorption and intrapulse stimulated Raman scattering
arrest the spatiotemporal contraction. The results were compared to the pulse evolution in zero and
normal dispersion regimes and were shown to be significantly different. All of the experimental results
were reproduced by a numerical model.
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The propagation of intense ultrashort light pulses has
received a lot of attention over the past decade. It is influ-
enced by the interplay of various physical mechanisms, the
most important being diffraction, material dispersion, the
nonlinear Kerr effect, and nonlinear absorption [1]. One
of the most intriguing cases is when diffraction and dis-
persion have the same magnitude. In the linear regime
this results in a pulse that expands uniformly in space and
time. At high light intensity the Kerr nonlinearity simulta-
neously compensates for both effects, leading to spatiotem-
poral contraction and possibly to the formation of optical
light bullets [2]. Such a case occurs in materials with a
positive Kerr coefficient, anomalous dispersion, and where
the pulse dispersion and diffraction lengths are equal.

Basic analysis of the propagation of multidimensional
pulses, involving the slowly varying envelope approxima-
tion, predicts instability [2]. Such pulses are categorized as
“1 1 2” and “1 1 3” cases, depending on whether diffrac-
tion is limited to one dimension, as in a planar waveguide,
or to two, as in a bulk medium. A pulse having power be-
yond a critical value is predicted to contract to a singular
solution. However, such mathematical collapse is usually
avoided in experiments because of other effects which be-
come significant, e.g., higher order nonlinearities such as
multiphoton absorption [3] and saturation of the Kerr non-
linearity [4]. Light bullets are solitary light pulses that
propagate while retaining their shape in all dimensions.
They are a combination of the well-known spatial and tem-
poral solitons.

Recently, a few experiments attempted to demonstrate
simultaneous spatiotemporal focusing. Nevertheless, all
the nonlinearities used were other than Kerr. Liu et al. [5]
used the cascading of quadratic nonlinearity to create a
bound pair of fundamental and second harmonic pulses,
copropagating while balancing each other’s spatiotempo-
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ral shape. In another experiment [6], the balancing of
normal dispersion by its higher orders and the Kerr nonlin-
earity was shown to form stable three-dimensional pulses
in a bulk media. Pulse splitting in the normal dispersion
regime, where self-phase-modulation broadens the pulse
temporally, was also demonstrated experimentally [7].

In this paper we study experimentally the propagation
of intense ultrashort pulses in the 1 1 2 case in a planar
glass waveguide, where the Kerr nonlinearity is predomi-
nant. We compare the nonlinear behavior in the different
regimes of anomalous, zero, and normal dispersion [8].
The pulses focus simultaneously in space and time only in
the anomalous case. Nevertheless, we do not observe the
predicted catastrophic collapse [2]. In fact, beyond a cer-
tain power at which the spatial and temporal profiles are the
narrowest, the pulses start to expand. We present numeri-
cal studies showing that the main causes for this behavior
are multiphoton absorption [3] and intrapulse Raman scat-
tering [9,10]. Based on this model, we believe that, after
the pulse reaches its minimal size, it propagates in a way
that resembles the propagation of light bullets. However,
our results also suggest that such pulses cannot propagate
indefinitely, since the same effects that arrest their collapse
eventually cause their expansion. This is the first time that
spatiotemporal focusing has been experimentally observed
in a Kerr medium.

In the experiment we coupled transform limited 60 fs
pulses, with peak powers up to 20 MW, from a Spectra
Physics OPA 800 optical parametric amplifier, into planar
glass waveguides. We used a combination of microscope
objective and cylindrical lenses to achieve an elliptical
beam, about 170-mm wide, with a flat phase front at
the input facet of the sample. This combination also en-
ables matching of the beam size, and thereby the diffrac-
tion length, to the dispersion length in the glass. The
© 2001 The American Physical Society 043902-1
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single-mode waveguide was 3-cm long, consisting of a
4-mm-thick germanium-boron doped silica slab waveguide
deposited by flame hydrolysis deposition on an oxidized
silicon wafer with a 14-mm-thick layer of SiO2. The out-
put facet of the sample was imaged onto an infrared cam-
era. A portion of the beam was directed to a spectrometer.
Another portion of the beam was directed to a noncollinear
autocorrelator. The 100-mm-thick BBO nonlinear crystal
used in our autocorrelator enables accurate measurement
of pulse durations down to 10 fs. The glass in the opti-
cal path to the autocorrelator introduced a systematic error
to the pulse width measurements, which we estimate to
be smaller than 10 fs. An aperture, placed in an image
plane of the output facet, allowed temporal and spectral
characterizations of the central part of the output beam.
We repeated the experiment at three different wavelengths,
1.52 mm (anomalous dispersion), 1.30 mm (zero disper-
sion), and 1.04 mm (normal dispersion).

The results for the anomalous dispersion case, with the
laser tuned to 1.52 mm, are shown in Fig. 1. Figure 1(a)
shows the beam spatial profile at the output facet for dif-
ferent values of power. As the power of the incoming
beam is increased, the beam width first contracts to about
20 mm, then remains nearly unchanged as the power is
increased. Eventually, the beam slightly broadens while
breaking up into filaments which broaden and merge. The
corresponding autocorrelation traces [Fig. 1(b)] also show
a contraction by a factor of nearly 2. It is important to
note that the temporal profile and the spatial cross sec-
FIG. 1. Normalized (a) spatial profiles and (b) temporal autocorrelation traces of the light pulses emerging from the sample. The
profiles are arranged so that results at higher input powers are plotted sequentially upwards. Spatial and temporal contraction are
obtained simultaneously for peak powers of 600 kW. For a comparison with the numerical results, see (c) for spatial profiles and
(d) for on-axis temporal autocorrelation traces.
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tion evolve simultaneously, reaching their minimum val-
ues at the same power. This can be clearly seen in Fig. 2,
where the beam parameters are plotted as a function of the
peak power. Both parameters exhibit a shallow minimum
at about 600 kW. This value should be compared with a
value of 160 kW for which collapse is theoretically pre-
dicted for the parameters of our experiment [2].

The pulse does not collapse, as would be expected for
a pure Kerr nonlinearity and anomalous dispersion model.
As we discuss below, numerical simulations suggest that
this is due to the significance of multiphoton absorption
and stimulated Raman scattering (SRS). These processes
account for the higher than expected power required to
induce spatiotemporal contraction, as well as for the
eventual expansion of the pulses. We attribute the fila-
mentation of the beam at high powers to instability due to
imperfections in the input beam profile. Simulations
suggest that, even with a smoother profile, filamentation
occurs at high power because of instabilities induced by
nonlinear absorption [11].

We next compare the pulse evolution for three dispersion
regimes. The measured spatial and temporal widths for the
three different wavelengths are presented in Figs. 2(a) and
2(b), respectively. Spatial width data is presented only
for input powers below which filamentation does not oc-
cur. Evidently, spatial self-focusing is observed in all three
cases, but temporal contraction occurs only in the case
of anomalous dispersion. Rather than becoming shorter,
a significant increase of the pulse duration is observed
043902-2
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FIG. 2. A comparison of the output pulses (a) spatial and
(b) temporal widths in the three different dispersion regimes.
The pulses contract temporally only in the anomalous dispersion
regime (squares), while in the zero (circles) and normal (trian-
gles) dispersion regimes there is nonlinear temporal broadening.
In the zero dispersion case, temporal broadening occurs only
after self-phase-modulation creates enough spectrum at wave-
lengths far away from the zero dispersion wavelength. (c) Losses
in the sample. Intensities high enough for nonlinear absorption
are achieved only in the case of anomalous dispersion.

for normal dispersion [12]. For zero dispersion, no pulse
broadening occurs initially, as expected. Yet, as the pulse
spectrum expands through self-phase-modulation at higher
powers (see Fig. 3 below), most of the energy in the pulse
is pushed out of the zero dispersion regime, and the pulse
begins to broaden. As a result, the contraction is effec-
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tively one dimensional in the normal and zero dispersion
regimes, while it is two dimensional in the anomalous dis-
persion regime. The higher power which is needed to
achieve contraction in the anomalous dispersion regime is
consistent with its higher dimensionality [2]. Simultane-
ous spatiotemporal contraction results in higher intensities,
leading to stronger multiphoton absorption and also con-
tributes to the increased power requirement. Indeed, as
shown in Fig. 2(c), we observed significant nonlinear loss
only in the anomalous case.

As seen in Figs. 2(a) and 2(b), there is an asymmetry
between the compression achieved in space and in time.
We attribute it to the wavelength limit on spatial and tem-
poral focusing. The spot-size limit for focusing is about
one wavelength. The minimal beam width that was ob-
served in our experiment is about 20 times wider than the
wavelength in the medium. On the other hand, in the time
domain the minimal pulse length of 30 fs contains only
about six optical cycles. Near the wavelength limit, higher
orders of dispersion become important and affect the rate
of compression.

Figure 3 shows the measured spectra as a function of
increasing power. The spectra for anomalous, zero and
normal dispersion are plotted in Figs. 3(a), 3(b), and 3(c),
respectively. In all three cases the spectra at low power
closely resemble those of the respective input pulses, while
at high power they broaden considerably through self-
phase-modulation. In the anomalous dispersion regime

FIG. 3. Spectra recorded for (a) anomalous, (b) zero, and
(c) normal dispersion for increasing input power. Numerical
results are compared in (d), (e), and (f), respectively.
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the broadening is accompanied by a pronounced Raman
self-frequency shift towards longer wavelengths [13,14].
In contrast, near zero dispersion [Fig. 3(b)] a Stokes Ra-
man scattering wing appears together with an anti-Stokes
component [15]. The generation of anti-Stokes frequencies
is unique to this regime because all three frequencies (in-
put signal, Stokes, and anti-Stokes) propagate with nearly
the same group velocity. In the case of normal disper-
sion [Fig. 3(c)] the spectra are characterized by a symmet-
ric broadening. SRS is absent due to mismatch between
the delayed nonlinear polarization which is mainly behind
the pulse and the long wavelength Raman frequencies that
travel faster towards their front. The data presented in
Fig. 3(a) was taken with a longer 5-cm sample, but this
has only a small effect on the emerging spectra.

We compare these experimental results to numerical
simulations. The numerical model is based on a modified
nonlinear Schrödinger equation for the field amplitude E:
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In this equation, k is the vacuum wave number, b2 is the
dispersion parameter, n2 is the Kerr coefficient, and an

is an n-photon absorption parameter. R�t� � finstd�t� 1

fdelayhR�t� includes the instantaneous and delayed parts
of the Kerr nonlinearity. The delayed nonlinear response
is known to approximate the Raman effect in silica and
may be written in the form hR�t� � exp�2t�t2� sin�t�t1�
[9], where t1 and t2 are the nonlinear polarization oscil-
lations and decay typical time scales, respectively. The
last term in the equation describes multiphoton absorp-
tion [3]. We chose n � 6 because six-photon absorption
is expected to be the dominant term in glass for 1520-nm
light. The model reproduced our experimental results quite
well. First, we obtained spatial self-focusing in all three
regimes, as expected, while in the time domain there is
contraction only for the anomalous dispersion case. The
zero and normal dispersion cases result in temporal broad-
ening and eventually in pulse splitting, as predicted nu-
merically [16] and recently observed experimentally [7].
Many features of the experiments were reproduced by the
simulations. In particular, we obtained all the spectral
features: self-frequency shift and spectral broadening in
the anomalous case, Stokes and anti-Stokes scattering in
the zero dispersion case and only spectral broadening due
to self-phase-modulation in the normal case. The spatial
and temporal evolution for the anomalous case is presented
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in Figs. 1(c) and 1(d), while the spectral evolution for all
three cases is presented in Fig. 3.

In conclusion, we demonstrated for the first time simul-
taneous spatial and temporal focusing of ultrashort pulses
via the Kerr effect in a glass planar waveguide in the
anomalous dispersion regime. The narrow pulse which is
formed (20 mm 3 30 fs) seems to be stable for a range of
input intensities. Catastrophic collapse is avoided proba-
bly due to multiphoton absorption; however, no damage
was observed. Our numerical results show that, after a
transient length of about 1 cm, the pulse propagates with
an almost stable spatiotemporal profile, resembling a light
bullet. We compared the evolution in the anomalous dis-
persion regime to that in the zero and normal regimes.
Numerical simulations agree well with our observations,
suggesting that we have a good understanding of the domi-
nant processes in these experiments.
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