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We report efficient generation of a broadband supercontinuum (SC) in water upon irradiation by intense, near-
infrared, femtosecond laser pulses. The SC spectra generated when the pump wavelength lies in the anomalous
chromatic dispersion region are characterized by largely blueshifted peaks in the visible range. These SC spectral
features are rationalized within the framework of a phenomenological self-phase-modulation model, taking into
account higher-order group velocity dispersion. Our model provides an intuitive explanation for the relation
between the observed pump-wavelength dependence of the blueshifted SC peaks and the anomalous chromatic
dispersion.
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I. INTRODUCTION

The phenomenon of supercontinuum (SC) or white-light
generation that accompanies the propagation of intense,
short, optical pulses through transparent media can result in
significant spectral broadening covering a wide range from the
UV to the IR [1,2]. SC generation in various gaseous, liquid,
and solid media has been explored and intensively investigated
for over the last three decades [3] as it offers opportunities to
probe diverse, and fascinating, facets of nonlinear light-matter
interactions [4,5]. It is also useful for potential applications
involving development of ultrafast lasers [6,7], imaging, and
microscopy [8–10]. Considerable work has been reported in
recent years on SC generation in condensed media as a function
of laser energy, polarization, pulse duration, and focusing
conditions. In spite of intense efforts, some basic features
of SC generation, particularly those involving the role of
higher-order chromatic or group velocity dispersion (GVD),
are yet to be fully understood. This is because most of the
experimental work has been carried out at pump wavelength
λpu = 800 nm and under normal conditions of GVD [11–14].
In recent times, groups investigating filamentation and SC
generation in solid dielectrics under anomalous dispersion
have discovered, both theoretically [15,16] and experimentally
[5,7,16,17], the emergence of a greatly blueshifted broad peak
in the visible part of the SC spectra. The resulting broad
continuum can span more than 3.3 octaves, offering prospects
of temporal compression into a single-cycle pulse [6,7,15,16].
The appearance of the blueshifted peak has been attributed
either to the interference and self-phase modulation of the
SC light field undergoing anomalous GVD [15,16] or via
an effective three-wave mixing involving phase matching in
which GVD also plays a crucial role [5]. In general, chromatic
dispersion is shown to be a key player in determining the
spectral extent of the SC spectrum [4,17–20], in addition
to other nonlinear processes like self-phase modulation,

*parinda@iitb.ac.in
†atmol1@tifr.res.in

self-steepening, and intensity clamping. The physical mech-
anism behind the apparently crucial role that is played by
chromatic dispersion remains unclear.

For investigations of SC generation in transparent liquid
media, water is a natural choice due to its importance in
biological systems as well as its optical properties. Work has
been reported on how SC broadening is curtailed when water
is doped with small quantities of proteins [21,22] or enhanced
by doping it with metal nanoparticles [23]. Filamentation
in water doped with DNA plasmids has also been utilized
to experimentally probe single and double strands breaks
under near-physiological conditions [24,25]. As already noted,
almost all such studies, both basic and applied, have been
conducted in the normal-dispersion regime. Even though
theoretical modeling has shown that anomalous GVD can
drastically alter the SC spectrum of water, there continues to
be a paucity of work reported in this regime. We know of only
two experimental reports on SC generation in the anomalous
GVD regime in water, one using 1055 nm, 1 ps pulses in
a 3-cm-long cell [18] and the other using 1200 nm, 45 fs
pulses in a water-filled photonic crystal fiber [26]. We report
in the following results of a systematic experimental study in
which we measure the spectral extent of the SC using incident
wavelengths in the IR region so as to access different GVD
regimes in water. We observe that, in spite of high absorption
in water at wavelengths greater than 1300 nm, more than
two octaves of spectral broadening is readily obtained. With
the help of a phenomenological self-phase-modulation model
we provide an intuitive rationalization for the dependence
of the SC spectral features on the anomalous chromatic
dispersion. We also demonstrate relatively flat and enhanced
SC generation in water that is doped with metal nanoparticles
under anomalous GVD.

II. EXPERIMENTAL METHOD

Our SC and filamentation experiments were performed
using an amplified Ti:sapphire laser system (OdinII) that
generated ∼35 fs pulses centered at 805 nm with a repetition
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rate of 1 kHz. These pulses pumped an optical parametric
amplifier (OPA) that was tunable over the wavelength range
1200–2400 nm. The OPA’s pulse duration, measured using
a homemade autocorrelator, was typically 55 fs at 1300 nm.
The spectral extent �λ of the pulses (defined as the full width
at 10% of the maximum intensity) was typically 58 nm at
800 nm and 115 nm over the range 1200–1350 nm. These
pulses were focused within a 1-cm-long fused silica cuvette
by a lens of 10 cm focal length to a beam diameter of
∼10 μm. The beam was focused close to the center of the
cuvette to avoid any SC contribution from the cuvette walls.
Typical peak power values used in our experiments were Ppu =
55–110 MW, corresponding to peak intensities in the range of
∼1014 W/cm2. These peak powers were sufficient to generate
a stable single filament but were moderate enough to preclude
formation of multiple filaments. Single-filament generation
was confirmed by visual determination of the threshold for SC
generation and by inspection of the transmitted SC spot in the
far field [27].

The spatially integrated SC spectra generated were spec-
trally characterized in transmission using either an Ocean
Optics visible USB4000 spectrometer (wavelength range
350–1040 nm) or an Aventes IR spectrometer (wavelength
range 1000–2500 nm). We calibrated both spectrometers using
a standard calibration lamp source (Ocean Optics) so that
spectral irradiance could be determined. The aqueous gold
colloid used in our experiments contained monodispersed
gold nanorods (Nanopartz Inc., USA) in distilled water, with
a residual surfactant concentration of <100 mM. A typical
linear extinction spectrum of our gold-nanorod-doped water
and some electron microscope images of the nanorods are
shown in the Appendix. The colloid exhibited prominent
extinction peaks due to scattering induced by surface plasmon
resonance (SPR) [23,28], at 626 nm (characteristic of nanorods
with diameter d = 30 nm and length l = 60 nm). The typical
filling factor was ∼10−6. Such a low filling factor is necessary
to maintain interparticle separation of ∼2 μm to avoid any
interparticle interactions.

III. RESULTS AND DISCUSSION

A. Supercontinuum spectra

A typical spectral extent of the SC we generated in undoped
water (without nanorods) by pump pulses centered at λpu =
1300 nm and Ppu = 90 MW is shown in Fig. 1. Water exhibits
appreciable absorption (2.5 cm−1) at this wavelength and,
hence, we access the anomalous-dispersion regime in these
experiments. We obtain unexpectedly broad SC spectra, with
the spectral extent ranging from 350 to 1750 nm, exceeding
two octaves. We estimate the SC generation efficiency to
be as high as 6%. The SC spectrum is characterized by a
largely blueshifted peak at 480 nm. We also note a prominent
dip appearing near 760 nm [5,15], between the blueshifted
peak and λpu. The SC spectrum generated at λpu = 1350 nm
and Ppu = 500 MW is also shown for comparison. Much
higher pulse energy than that required to generate a single
filament is used to get a SC spectral strength that is similar
to that generated by λpu = 1300 nm. Due to its higher
absorption (5 cm−1), the SC generation efficiency is now

FIG. 1. (Color online) Supercontinuum (SC) spectra generated
in undoped water by 55 fs pulses at λpu = 1300 nm (Ppu = 90 MW,
green) and λpu = 1350 nm (Ppu = 500 MW, red). Even though
both the pump wavelengths are within the anomalous chromatic
dispersion range (appreciable absorption) of water, the SC spectra
are surprisingly broad, spanning more than two octaves. They
are characterized by well-separated peaks in the visible range.
Note the blueshift and the narrowing of the visible peak with
increasing λpu.

reduced to 3% even at such high power but the SC continues
to extend over more than two octaves (350–1750 nm). The
blueshifted peak is now observed to appear at 450 nm;
it is significantly narrower than that obtained with λpu =
1300 nm. The SC spectrum is seen to have a prominent dip
at 710 nm.

Similar peaks have been predicted in water (and observed in
the case of fused silica) in the visible range; these are separated
by a region of very weak emission and exhibit narrowing and
blueshifting with respect to λpu under anomalous chromatic
dispersion. However, the mechanism that governs the observed
dependence on dispersion is not known [4,5,18,29,30]. It is
of interest to note that emission of blueshifted wavelengths
in the normal-dispersion regime has also been observed and
theoretically analyzed in optical fibers when pumped under the
anomalous dispersive regime [31–34]. This process is known
as emission of Cherenkov radiation (or dispersion waves) and
is governed by propagation of solitonlike pulses in the presence
of third- and higher-order dispersion. Emission of dispersive
waves in nonlinear fiber optics is not limited to pulses
propagating in the anomalous-dispersion regime. It has also
been numerically and experimentally demonstrated that in op-
tical fibers, even pulses propagating in the normal-dispersion
regime in the presence of Raman gain can efficiently excite
resonant dispersive radiation [35]. The mechanism behind the
emission of Cherenkov radiation has been suggested to be a
phase-matching condition between the incident and emitted
wavelengths [31–35].

To investigate the changes in the SC spectrum under the
presence and absence of anomalous GVD, we have systemati-
cally varied the value of λpu over the range 800–1350 nm. Typ-
ical single-filament SC spectra observed in our experiments are
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FIG. 2. (Color online) (a) Normalized SC spectra generated in
undoped water by femtosecond pulses centered at λpu = 800 nm
(Ppu = 55 MW, violet), 1200 nm (Ppu = 55 MW, magenta), 1250 nm
(Ppu = 55 MW, blue), 1300 nm (Ppu = 55 MW, green), and 1350 nm
(Ppu = 90 MW, red). Vertical dash-dotted line marks the spectral
ranges of the two spectrometers used. The two spectral ranges are
normalized separately and spectra are shifted vertically for clarity.
Gray dashed lines mark the shift in the SC peaks with λpu. Pump
pulse spectrum (black dotted lines) for each case is also shown for
comparison. (b) Spectral position of the visible peak (λc

vis , symbol)
and IR (�λir , red) as well as visible (�λvis , blue) spectral extents
of the SC as a function of λpu. Blueshifted peak is seen only
when pumped under the anomalous GVD range (>1100 nm). As
in Fig. 1, the visible peaks shift to blue and get narrower with
increasing λpu.

shown in Fig. 2. The spectra are corrected for the wavelength-
dependent spectrometer response. The GVD changes sign
in water at 1100 nm; hence λpu > 1100 nm corresponds to
pumping under anomalous chromatic dispersion. In this range
the spectra exhibit prominent peaks in the IR as well as the
visible range, with the visible peak being much weaker (see
Fig. 1). In order to better appreciate the spectral features as well
as to estimate the spectral extent, we individually normalize
the SC spectra in the IR and visible regimes [Fig. 2(a)].
The most striking feature of the normalized SC spectra is a
relatively broad and greatly blueshifted peak in the visible
region for λpu > 1100 nm. Similar blueshifted peaks have
been observed in fused silica by Durand et al. (Fig. 2 in [5])
It has a significant spectral extent of >100 nm and plays a
crucial role in generating the spectrum spanning over more
than two octaves. The peak is well separated from λpu and
shifts towards the blue with increasing λpu [see Fig. 2(b)],
ruling out contributions from third-harmonic generation [5].
Its extent is also seen to be reduced [see Fig. 2(b)] as the value
of λpu increases [19]. Considering the absorption in water
at near-IR wavelengths, there is also significant broadening
near the λpu value, becoming more prominent in the cases of
λpu = 1300 and 1350 nm.

B. Modeling SC generation

In order to rationalize our observations of SC generation
in undoped water under anomalous chromatic dispersion,
we adopt a phenomenological approach. We take the pri-
mary origin of SC generation to be self-phase modulation

(SPM), which is mainly a third-order nonlinear process
governed by the real part of the third-order susceptibility χ (3)

[36–38]. In water, the two main factors [39] that contribute
to χ (3) are (i) laser-induced distortion of the electronic charge
distribution (the Kerr nonlinearity) χ

(3)
el = 2 × 10−14 esu [40],

and (ii) the free-electron- or plasma-induced susceptibility
(χ (3)

pl ). Under our experimental conditions, χ
(3)
pl ∼ 10−13 esu

and hence SC generation in water is mainly governed by
plasma generation. As a first-order approximation, we assume
an instantaneous material response and no significant changes
in the pulse profile as it propagates or self-focusing. Under
such conditions, the induced time-dependent frequency mod-
ulation �ω(t) ∝ χ (3) ∂|E|2

∂t
, where E is the amplitude of the

electric field of a pulse. The generated SC spectrum is then
obtained by Fourier-transforming the resultant electric field
[37,38]. Therefore the key to understanding SC generation
is to probe how the induced phase ϕ(t) or, in turn, the
electric-field envelope, evolves with time under anomalous
GVD.

The linear optical response of water is shown in Fig. 3(a).
The refractive index n is calculated using the Sellmeier
equation [41,42] whereas absorbance is a quantity that is
measured by us. Water is transparent up to ∼1000 nm. At

FIG. 3. (Color online) (a) Refractive index (n, black) and mea-
sured absorbance (red) in undoped water. The refractive index
is calculated using the Sellmeier equation given in the literature
[41,42]. (b) Second- (k′′) and third- (k′′′) order GVD coefficients
calculated using n shown in (a). The GVD in water changes sign
at ∼1100 nm. For longer wavelengths, the anomalous chromatic
regime is characterized by rapidly increasing k′′′ due to increasing
absorbance. (c) Normalized intensity spectrum (red) of a Gaussian
pulse centered at 1300 nm, having FWHM of 100 nm, and its
spectral phase in the presence of (i) no dispersion (black dotted),
(ii) only second-order GVD (quadratic, black dashed), and (iii)
second- and third-order GVD (quadratic + cubic, black solid). (d)
Normalized temporal intensity profiles of the Gaussian pulse shown
in (c) considering GVD of different orders. P n(φ) represents
the order of the spectral phase polynomial used to obtain the
intensity profile. The temporal profiles are shifted vertically for
clarity.
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longer wavelengths, the absorption increases rapidly, resulting
in anomalous as well as higher-order dispersion. Calculated
second- (k′′) and third- (k′′′) order GVD coefficients are shown
in Fig. 3(b). We see that there is a significant increase in
k′′′ in the wavelength range 1200–1350 nm. Effects of k′′
and k′′′ on the spectral phase and the intensity envelope
of a Gaussian pulse centered at 1300 nm after traveling
through water for 0.5 cm are shown in Figs. 3(c) and 3(d),
respectively. The second-order GVD broadens the pulse
while retaining its temporal profile whereas the third-order
GVD totally alters it, resulting in a series of pulses over a
much longer duration. Since in SPM the phase follows the
intensity profile, ϕ(t) will also exhibit series of rapidly varying
modulations on the lagging edge. Such modulations, when
Fourier transformed, give rise to a blueshifted peak in the
frequency or wavelength spectrum. As seen Fig. 3(d), there
are several instants of time when the rate of intensity change
is the same, resulting in identical ∂ϕ(t)

∂t
or identical frequency

generation with time delay. These frequency components can
interfere destructively, resulting in a dip in the SC spectrum
[38].

Thus, the separation of the blueshifted peak from λpu

depends on the modulation frequency, higher frequency (larger
k′′′) resulting in larger blueshift. Similar explanations based
on the modulated phase and destructive interference have also
been given to explain the SC spectra generated in fused silica.
The extent of the blueshifted peak varies inversely with the
pulse elongation (larger k′′ and k′′′), again being reduced with
increasing λpu. Along with SPM, pulse propagation through
a nonlinear medium also experiences intensity clamping and
self-steepening, which also contribute in determining the SC
spectrum [4,15]. The spectral extent of the incident pulse
[Fig. 2(a)] is relatively narrow for the GVD effects to show
up over a propagation of ∼0.5 cm through water. However,
in the presence of SPM, there is a considerable amount
of spectral broadening around λpu, enhancing the effect of
the GVD by many times as the pulse propagates through
water. Apart from the temporal modulations, phase-matching
conditions under anomalous dispersion also play a major
role in determining the spatial and angular spectral intensity
distribution. Experiments have been carried out to demonstrate
X-wave and O-wave generation in water [5,18]. Similar phase-
matching conditions in the presence of anomalous dispersion
have been shown to play a crucial role in the emission of
Cherenkov radiation in optical fibers [31–34]. The spectra pre-
sented here are spatially integrated and, therefore, our simple
model excludes the effects of spatial dispersion and phase
matching.

C. Comparison of modeled and measured SC spectra

We have made a comparison of the simulated SC spectra
generated by λpu obtained using the model discussed above
and those that are observed, and the results are shown in
Fig. 4(a). The simulated spectra also take into account the
wavelength-dependent absorption in water. The characteristic
features of SC spectra in the presence and absence of the
anomalous GVD are seen to be well captured by our model.
Even though it is very simple, our model provides an intuitive
explanation for the underlying mechanism for (i) the SPM

FIG. 4. (Color online) (a) Comparison between the observed
(dotted) and simulated (solid) SC spectra after accounting for
absorption in undoped water. Vertical dash-dotted line marks the
spectral ranges of the two spectrometers used. The two spectral
ranges are normalized separately and the spectra are shifted vertically
for clarity. Gray dashed lines mark the shift in the SC peaks with
λpu. The SC spectra are simulated using a phenomenological SPM
model considering second- and third-order GVD. (b) Effect of
various GVD terms on the SC spectrum (λpu = 1300 nm). Odd-order
GVD (third being the lowest) is essential for the occurrence of the
blueshifted peak. Adding higher-order GVD terms to the spectral
phase polynomial P n(φ) improves the match between simulated and
observed spectra.

being affected by chromatic dispersion, and (ii) the resulting
changes in the SC spectra. To clearly show the effect of
individual GVD order, we simulate the spectra considering
frequency-dependent phase terms up to fifth order [Fig. 4(b)].
Our simulations reveal that the odd-order terms, the third being
the lowest, are essential for the generation of the blueshifted
peak. Even-order terms result only in pulse broadening and,
hence, can mainly give rise to broadening that is close to
λpu. Since higher-order GVD terms are appreciable in water
only under anomalous dispersion conditions, it is necessary to
choose λpu > 1100 nm to observe these features. Including
higher-order terms, up to fifth order, improves the match
between our experiments and simulation. Filamentation and
SC generation are complex nonlinear processes and may
involve contributions from other nonlinear processes, like
Raman scattering. Therefore to get an exact match between
simulated and observed spectra is expected to be difficult even
with more advanced approaches, such as solving the nonlinear
Schrödinger equation [4,5,15,43].

D. Modifying the SC spectra

So far, we have considered the effect of only the real part of
χ (3). However, at higher peak powers there can be additional
nonlinear absorptive processes that contribute to the imaginary
part of the nonlinear susceptibility [44]. To understand the
effect of intensity-dependent absorption on SC generation,
we investigated the SC spectra in water at a higher peak
power (Ppu = 110 MW). A comparison between the SC for
two pump wavelengths made in Fig. 5(a) reveals marginal
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FIG. 5. (Color online) (a) Comparison of normalized undoped-
water SC spectra recorded at Ppu ∼ 110 MW (solid) and Ppu ∼
55 MW (dotted) for λpu = 1200 nm (bottom) and λpu = 1300
nm (top). There is marginal narrowing of the IR as well as the
visible component at higher pump power, possibly due to the
competing nonlinear absorptive processes. (b) Enhancement in SC
spectral extent by adding metal nanorods to water shown for two
pump wavelengths λpu = 1200 nm (bottom) and λpu = 1300 nm
(top) at Ppu ∼ 55 MW. SC spectra for undoped water (dotted) are
shown for comparison. Vertical dash-dotted line marks the spectral
ranges of the two spectrometers used. The two spectral ranges
are normalized separately and spectra are shifted vertically for
clarity.

narrowing of the IR as well as the visible component. Similar
narrowing, observed earlier for λpu = 800 nm, was attributed
to the competing imaginary component of χ

(3)
pl [23]. We have

also observed enhanced SC generation in water doped with
gold nanorods that exhibit a SPR at 626 nm [Fig. 5(b)]. The
enhancement that is observed is distinctly more prominent at
λpu = 1200 nm and in the visible range. It is possibly caused
by an SPR-induced localization [23,45–47] of the optical field
that is experienced by water molecules in the proximity of the
nanorods. Spectral overlap of the SPR with the blueshifted
peak and the two-photon transition at λpu = 1200 nm could
have led to the prominent enhancement at this pump wave-
length. Also the spectral extent at longer pump wavelength
could be limited by the SPR-enhanced absorptive processes.
Since the resonance wavelength is very far from the λpu and the
particle concentration is very low, the changes in GVD in the
IR range due to the doping are expected to be negligible in such
instances.

The results that we have presented here demonstrate that it
is possible to exploit (i) the anomalous GVD in water, and
(ii) SPR-induced field enhancement in order to produce
spectrally flat and broad SC in water at incident values of
pulse energy that may be as low as a few microjoules. The
resulting SC spectra may be amenable for use in generating
single-cycle optical pulses [6,7]. It would, therefore, be of
interest to investigate the actual spatiotemporal structure of
the emitted field so that suitable compression schemes can
be designed and implemented. It would also be interest-
ing to investigate the effect of anomalous dispersion on

SC generation in real time, by performing time-resolved
experiments.

IV. SUMMARY

In summary, we have investigated the SC generation in
water by intense, femtosecond, laser pulses under anomalous
chromatic dispersion. Our results show that efficient and broad
SC generation in water is possible in spite of the presence
of absorption by choosing a pump wavelength longer than
1100 nm. We also show, phenomenologically, that the odd-
order GVD plays a crucial role in extending SC in the visible
regime. We anticipate that gaining proper insights into the role
that GVD plays in SC generation will be useful for developing
practical schemes for producing flat and ultrabroad spectra
which will be amenable to temporal compression into single-
cycle pulses.
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APPENDIX

We have carried out spectroscopic and structural charac-
terization of gold-nanorod-doped water, and our results are
depicted in Fig. 6.
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FIG. 6. (Color online) (a) Linear extinction spectrum of the gold-
nanorod-doped water showing prominent longitudinal SPR peak at
626 nm and transverse SPR peak at 515 nm. (b),(c) Transmission
electron microscope images of gold nanorods (25 nm diameter,
55 nm length) used in our experiments. (d) Size distribution deduced
from (b).
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