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We report a universal approach based on the surface plasmon resonances (SPRs) attained in filamentation in
water doped with gold nanoparticles for enhancing the nonlinear refractive index. The filament-induced supercontinuum spectrum in water overlaps with SPRs of gold nanospheres, which further leads to a modification on
the Kerr nonlinear refractive index. In our experiment, the measured nonlinear refractive index (n2) in water
doped with gold nanoparticles increases by six times, as compared with that in pure water. Such enhancement
may be useful for filament-induced nonlinear applications with modest incident intensity.
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The drive to study filamentation-induced nonlinear
optics in condensed media[1–16] is fueled by a host of tantalizing potential applications like spatial and spectral
reshaping of pulses[4], shock wave formation[17–19], supercontinuum generation[20], microbubbles creation[21–23],
and nanoparticles production[24]. Many of these applications are limited by weak nonlinearities, demanding high
pumping thresholds. To enhance the nonlinear response
of a material, one of the approaches consists of creating
artificial electromagnetic resonances by stacking materials of different refractive indices or using other types of
composite materials, since resonant nonlinearities can be
several orders of magnitude stronger than nonresonant
ones[25–27]. A typical example is that of metal. Surface
plasmon resonances (SPRs) induced by doping the
material with metal nanoparticles or employing metallic
nanostructures are known to exhibit strong field localization on ultrafast timescales[28–31].
In 2007 and 2009, Wang et al.[30] and Driben et al.[31]
launched filaments in silver-nanoparticle-doped water.
The results showed that the efficiency of frequency conversion in silver-nanoparticle-doped water was significantly
higher than that in pure water. While recently, in Ref. [32],
supercontinuum emissions generated in water doped with
gold nanoparticles (nanorods, resonant peak at 861 nm)
were investigated. The generated supercontinuum spectrum was broader if the SPRs overlapped the incident
spectrum. Although in previous works the intense supercontinuum emissions were explained by SPR-induced excitation[30–32], resonant nonlinearities for filamentation in
metal-nanoparticle-doped liquids are still left to be quantitatively investigated. Besides, in previous investigations
by overlapping the SPRs with the incident spectrum[16,32],
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although the nonlinear refractive index was increased, the
fundamental pulse would be strongly absorbed, which limited the length of the filament.
In this Letter, we create laser filamentation in goldnanoparticle-doped water (nanospheres, resonant peak
at 520 nm). Here, the SPRs overlap the generated white
light spectrum in water other than the incident spectrum.
We demonstrate that the filament-induced white light
from 510 to 540 nm in doped water excites the electrons
of gold nanoparticles through SPRs. Hence, it promotes
the nonlinear response in water without resonant absorption of the fundamental pulses. The resonant nonlinearity
is estimated to be increased by ∼6 times, which can be confirmed by the onset shift of the multiple filaments.
The experiments were carried out by using a Ti:sapphire chirped pulse amplification laser system (60 fs,
1 kHz, 800 nm), which provided pulses of maximum energy up to 2.4 mJ. The setup is shown in Fig. 1. The power
of the laser pulse was adjusted by a variable attenuator. A
fused silica cuvette was 100 mm × 20 mm × 20 mm in
size, 1.5 mm for the thickness of each side, and open on
top. The filament was created by focusing the laser beam
with a fused silica lens (F1, f ¼ 21 cm). It was located
at ∼50 mm behind the fore wall of the cuvette when
the cuvette was filled with gold-nanoparticle-doped water.
A CCD camera (1280 pixel × 1024 pixel) was mounted on
the top of the cuvette in order to project the plasma channels in an area of 100 mm × 80 mm. The exposure time of
the CCD was set as 100 ms. After the filament, the generated supercontinuum emissions were collected by two
fused silica lenses F2 (f ¼ 20 cm) and F3 (f ¼ 8 cm) to
a fiber-coupled spectrometer (Ocean Optics HR4000CG).
Appropriate neutral density (ND) filters were put in front
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Fig. 1. Schematic diagram of the experimental setup. The laser
pulses were focused by a fused silica lens F1 (f ¼ 21 cm) into
pure water and doped water. Filament in the cuvette was imaged
by a CCD camera with ND and bandpass filters in front. The
output emission was collected and directed to a fiber-coupled
spectrometer. VA, variable attenuator; CCD, charge-coupled
device.

of the spectrometer in order to avoid CCD saturation. The
doped water used here contained gold nanospheres in distilled water with ∼12 nm for the diameter and 250 ppm
(1 ppm = 10−6) for the concentration. Linear extinction
spectra showed the resonant peak was centered at
520 nm. Here, the focal length of the external focusing
(F1, f ¼ 21 cm) is our balanced choice, considering the
plasma volume and the length of the filaments. In our experiment, with longer focal length (f > 30 cm), the fluorescence of the filament in water cannot be clearly
observed. While with tight focusing (f < 3 cm), laserinduced breakdown dominates the propagation[7].
During the experiment, we used two cuvettes of the
same size. One was filled with distilled water. The other
was filled with gold-nanoparticle-doped water. First, the
filaments were investigated in distilled water under different input pulse energy. We took the top views and the output spectra of the filaments. Afterwards, the same
measurements were repeated in doped water.
Figures 2(a), 2(c), and 2(e) show the top views of filaments generated in doped water and pure water. A bandpass filter (340–680 nm for the transmission band) was
implemented in front of the CCD camera in order to
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eliminate the scattered fundamental-wave components.
The generated white light was scattered along the filament. In our experiment, the ranges of the longitudinal
distribution of filament-induced supercontinuum in
doped water were measured to be 11.8 and 15.6 mm
under input pulse energy of 5.49 and 9.86 μJ, respectively
[see Figs. 2(b), 2(d)], while in pure water the range was
measured to be 700 μm under input pulse energy of
9.72 μJ [see Fig. 2(f)]. Here, the filament in doped water
was highly extended.
In Fig. 2, the onset of the filament starts closer to the
focusing lens for higher input energy. Besides, under similar input pulse energy, the onset of the filament initiates
even closer in doped water than in pure water. In the case
of the external focusing, the focal position will be shifted
due to self-focusing. The shift obeys the lens transforma0
sf [33]
tion formula, f 0 ¼ ff ·z
þz sf . f is the focal position under the
circumstance with both geometrical focusing and selffocusing, f denotes the focal length of the external focusing
lens, and z sf represents the self-focusing distance of the
parallel Gaussian beam given by Eq. (1)[33,34];
z sf ¼ nh 1∕2
P
P cr

0.367ka2
i2
o1∕2 :
− 0.852 − 0.0219

(1)

Here, ka 2 is defined as the diffraction length, k is the
wave number, and a is the radius of the beam profile.
In Refs. [33,34], the critical power (P cr ) was derived by
measuring the focal shift of a single filament in air. In
Fig. 2, the power that we used was beyond 22 times that
of the critical power in water (P cr ¼ 4.2 MW)[8,10], which
corresponded to ∼0.25 μJ of pulse energy according to
the laser parameters used in our experiments. When the
input peak power (P) is far above the critical power
(P cr ) for self-focusing, the modulational instability breaks
up the beam into a large number (N ≈ P∕P cr ) of filaments[2,35–37]. In this sense, for both doped water and pure
water, the plasma channel in Figs. 2(a), 2(c), and 2(e) consisted of multiple filaments. During our experiment, the
imaging of filaments in water was able to be identified

Fig. 2. Top views of light channel (top row) and the corresponding longitudinal white light intensity distribution in gold-nanoparticledoped water (bottom row) with input pulse energy of (a), (b) 5.49 μJ and (c), (d) 9.86 μJ and in pure water with pulse energy of (e),
(f) 9.72 μJ.
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with input pulse energy beyond 1.1 μJ. For lower energy,
the light channel became flickering dots (random filament
distribution).
In liquids, filaments create high temperature zones,
which further lead to convection and bubble generation[21–23]. Because of that, for input power around the
critical power, a single filament is created and randomly
distributed. The focal shift is not uniform as time changes.
That means that the critical power cannot be retrieved by
measuring the focal shift of a single filament[33,34]. However,
with the increase of the laser power, multiple filaments are
generated in a small scale, which provide a reservoir containing higher energy[38,39]. It finally stabilizes the onset of
multiple filaments. The length of each child filament is
normally tens to hundreds of microns in pure water[18].
In the case that the input power is ten times larger than
the critical power, at the laser cross section, multiple child
filaments unite and increase the diameter of filaments[38].
At the longitudinal axis, they also connect and lengthen
the plasma channel. Besides, in the focusing geometry of a
high energy laser pulse, in the direction of laser propagation, the number of child filaments gradually increases
from the tip of multifilaments until their most intense
party. Thus, we assume that there is only one quite short
(several microns) single filament that was created at the
tip of the filaments. In this sense, the critical power is
evaluated by measuring the shift of the tip (starting position) of the multiple filaments.
We substituted the measured shifts into Eq. (1) in order
to retrieve the critical power (P cr ). Then, the nonlinear
refractive index (n 2 ) was derived according to the relation
of P cr ¼ 3.77λ2 ∕8πn 0 n 2 , with n 0 and n 2 being the linear
index of refraction and second-order nonlinear index coefficient. In Table 1, when taking n 0 ¼ 1.33 in water, the
nonlinear refractive index in water was measured to be
3.04 × 10−16 cm2 ∕W. The typical value of nonlinear
refractive index is 2 × 10−16 cm2 ∕W in water[3]. The measured nonlinear refractive index in gold-nanoparticledoped water is more than 6 times larger than the typical
value of the nonlinear refractive index in pure water.
Figure 3 shows the changes of the starting position of multifilaments in terms of P∕P cr . We combine Eq. (1) with
the lens transformation formula in order to fit the experimental curve. In Fig. 3, the calculated onset shifts of
Table 1. Measured Critical Power (P cr ) and Nonlinear
Refractive Index (n 2 ) in Gold-nanoparticle-doped Water
and Pure Water Under Different Input Pulse Energy
Nonlinear
Refractive
Pulse Energy Critical Power Index n 2
(cm2 ∕W)
(μJ)
P cr (MW)
Doped water

5.49

0.48

15.0 × 10−16

Doped water

9.86

0.53

13.6 × 10−16

Pure water

9.72

2.35

3.04 × 10−16
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Fig. 3. Starting position of multifilaments as a function of P∕P cr
(input power divided by critical power) in gold-nanoparticledoped water. Solid squares, experimental results; red line,
simulations. We take P cr ¼ 0.5 MW for the critical power of
self-focusing in doped water by considering the results in Table 1.

filaments are in good agreement with the directly measured starting position changes of filaments. This not only
verifies the accuracy of our measurement, but also provides an alternative approach for estimating the nonlinear
refractive index in liquids, e.g., in water and doped water,
through measuring the shifts of the starting position of
multiple filaments. The advantage is that the location
of multiple filaments is much easier to identify than that
of a single filament in liquids.
In order to provide a more complete physical picture of
filamentation in gold-nanoparticle-doped water, the output spectra at the exit of the cuvette were measured by
using the experimental setup in Fig. 1. The results are
shown in Fig. 4. It is known that filamentation-induced
frequency variation can be explained by[8]
ΔωðtÞ ≈ −

ω0 zn 2 ∂I ðtÞ 2πe2 N 0 z m
þ
I ðtÞ;
c
∂t
cm e ω0

(2)

where z is the propagation distance, c is the speed of light
in vacuum, m is the effective nonlinear order of excitation, N 0 is the number of initially present neutral particles in the focal volume, ω0 is the central frequency
of the laser pulse, and e and m e are the electronic charge
and mass, respectively. Equation (2) represents the frequency shift due to the time-dependent variation of the
nonlinear refractive index. For low average input energy,
the frequency modulation is dominated by self-phase
modulation − ω0czn 2 ∂I∂tðtÞ, which basically creates a symmetric spectral broadening of the output spectra[40].
Accordingly, in Fig. 4(a), for both doped water and pure
water, the spectra broaden around λ0 ¼ 800 nm with
peaks rising symmetrically about the fundamental wavelength (see the green, dark yellow, red solid curves).
Meanwhile, in Fig. 4(a), the output spectra around
λ0 ¼ 800 nm measured after the filament in doped water
are broader than those in pure water. Stronger spectral
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(ii) The strong imaginary part of the resonant refractive
index indicates resonant absorption, which increases temperature locally in water. High temperature zones cause
shock wave generation and further lead to stronger water
convection (laser-induced stirring), which motivates more
molecules to join the reactions. (iii) Most metal nanoparticles, e.g., gold nanoparticles, are promising catalysts
for chemical reactions. In this sense, it provides a
perfect scheme to investigate the filamentation in metalnanoparticle-doped liquids.
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Fig. 4. Spectra obtained for the propagation of the laser pulse
in gold-nanoparticle-doped water (green and dark yellow solid
curves) as compared with those in pure water (pink and red solid
curves) under (a) low and (b) high average input energy. The
spectra are normalized to the intensity of the signal at 800 nm.
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the white light component around 520 nm was absorbed
through resonant absorption of 12 nm gold nanoparticles
in doped water. Generally speaking, the generated white
light around 520 nm in doped water excites the electrons
of gold nanoparticles through SPRs, which finally leads
to enhanced nonlinearity.
In conclusion, we have experimentally investigated filamentation in gold-nanoparticle-doped water. The generated white light spectrum in gold-nanoparticle-doped
water overlaps SPRs of gold nanoparticles. As a result,
the nonlinear refractive index in water is largely increased.
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