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Abstract.  We have experimentally determined the threshold energy 
for filamentation in THEOS-based hybrid silicate nanocomposite 
materials containing polysaccharides and hyperbranched poly
glycidols and the conversion efficiency from the 800-nm femto
second Ti : sapphire laser output to a supercontinuum in the range 
420 – 700 nm. The addition of sodium hyaluronate (polysaccharide) 
and low concentrations of Au nanoparticles or CdS quantum dots 
with an average diameter of 3 – 5 nm has been shown to considerably 
reduce the threshold energy for filamentation and improve the laser 
output to supercontinuum conversion efficiency.

Keywords: femtosecond laser, filamentation, supercontinuum, conical 
emission, gold nanoparticles, CdS quantum dots.

1. Introduction

To improve the efficiency of modern nonlinear optical devices, 
use is currently made of materials based on niobates [1], 
orthosilicates doped with various rare-earth elements [2] and 
noncentrosymmetric crystals with multifunctional properties [3], 
which possess a fast and strong response to an external field 
owing to nonlinear optical interactions. Another promising 
research direction is the biomimetic modelling of the immo-
bilisation of an organic material in a silicate matrix. One 
important advantage of this approach to creating optical 
materials is the low cost of synthesis (as distinct from specialised 
inorganic compounds). To create novel composite materials, 
wide use is made of various biopolymers, including proteins 

and the various types of polysaccharides applied in the food and 
drug industries [4].

A rather promising strategy for creating novel materials 
for nonlinear optics is the use of hybrid materials containing 
nanoparticles of various metals. In recent years, distinctive 
features of interaction between laser radiation and such media 
have been the subject of both basic and applied research [5]. 
Interaction between laser radiation and materials containing 
metallic nanoparticles (including noble metal nanoparticles) 
occurs predominantly at localised surface plasmon resonances 
[6 – 8], which ensure a considerable local increase in electro-
magnetic field intensity [9]. Metallic nanostructures find wide 
practical application, suggesting that such materials have great 
potential. In particular, they considerably increase the signal 
and improve the resolving power in Raman spectroscopy, 
which, in turn, allows one to detect single molecules [10]. 
Structured films containing localised metallic plasmons enable 
optical signal switching with nanosecond resolution [11, 12]. 
Another rather important feature of metallic nanoparticles is 
that they have high nonlinear susceptibilities. In particular, in 
the case of aqueous colloids containing silver nanoparticles, 
their nonlinear refractive index at nonresonant plasmon fre-
quencies may exceed that of fused silica by more than six 
orders of magnitude [13]. The incorporation of nanoparticles 
into the structure of other materials would be expected to ensure 
a significant increase in nonlinearity coefficients. Metallic nano
particles enable the synthesis of novel media possessing negative 
nonlinear refractive indices [14, 15], which is a necessary con-
dition for the ability to produce superlenses. Another important 
aspect of the application of such structures is the possibility 
of low-threshold supercontinuum generation [16 – 18], accom-
panied by filamentation [19 – 21] in the medium.

There is considerable interest in materials containing 
quantum dots (QDs): conductor and semiconductor nano-
crystals. QDs exist when the Bohr exciton radius is greater 
than each of the dimensions of the nanoparticles. This leads 
to spatial limitations on exciton motion, which, in turn, result 
in quantum confinement and the associated quantum effects, 
including surface plasmon resonance and luminescence [22 – 24]. 
QDs possess unique optical properties, in particular, a very 
narrow, symmetrical emission peak, with the possibility of 
varying their emission wavelength by merely changing the size 
of the nanocrystals, and a high quantum yield. Moreover, they 
have higher photo- and chemical stability than do organic 
dyes. Because of this, QDs attracted increased attention from 
the very beginning and are widely used in a great diversity 
of applications, including luminescent materials, biosensors, 
medical diagnostics, photocatalysis, solar power conversion 
and optoelectronics [25 – 30].
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In this paper, we report our findings on the key features of 
interaction between femtosecond laser radiation and new 
optically transparent, biomimetic organosilicon materials 
and analyse the effect of various additives on filamentation 
processes and supercontinuum (SC) conical emission.

2. Experimental procedure and samples

Filamentation processes were investigated using the femto-
second laser system at the shared experimental facilities centre 
‘Laser Techniques for Characterisation of Condensed Media 
and Biological Objects and Environmental Monitoring’, 
Institute for Automation and Control Processes, Far Eastern 
Branch, Russian Academy of Sciences (Vladivostok). The 
laser system generated femtosecond pulses down to 40 fs in 
duration with up to 7 mJ of energy (when two amplification 
stages were used) at a repetition rate of up to 1 kHz.

To study filamentation thresholds, we used the configura-
tion schematised in Fig. 1. A Lazer laser system (Fig. 1a), 
which comprised a Tsunami femtosecond oscillator and a 
Spectra Physics Spitfire 40F-1k-5W amplifier, generated ~45-fs 
pulses at a wavelength of 800 nm with a bandwidth DlFWHM = 
35 nm and pulse energies of up to 2.5 mJ (one amplifier). The 
beam diameter was 7 mm. To rule out damage to the samples 
and optimise SC generation conditions in our experiments, the 
pulse energy was tuned by varying the pump current of the 
amplifier, and the pulse repetition rate was varied in the range 
10 to 1000 Hz. The laser output parameters were checked at 
intervals: the pulse duration was measured with a Spectra 
Physics PulseScout autocorrelator, and the pulse energy was 
determined using a Spectra Physics Model 407A power meter. 
Radiation was directed to them by flip mirrors (not shown 
in Fig. 1a). The laser beam was focused by a lens (L1) with a 
focal length of 1 m. A sample (S) in which filament formation 
was observed (Fig. 1a) was situated 25 cm from the focus of 
the lens. The area of the laser beam spot on the input face 
of the sample was 2.4 mm2. Behind the sample, the incident 
radiation was suppressed by a set of filters (F1) (SZS-23, SZS‑25 
and Newport 10SWF-700-B) with a transmission band from 
420 to 700 nm. To study the structure of the filaments, we used 
a Newport LBP-HR profilometer (P) with a set of switchable 
neutral filters (F3). To image the filament pattern, another 
lens (L2) was placed two focal lengths from the filament forma-
tion region in the sample (S) and from the profilometer (P).

In studies of SC spectra, an optical fibre (OF) (Fig. 1b) 
with an opal diffuser (4-mm aperture) was used instead of the 
profilometer. The spectra were measured on an Ocean Optics 
Maya 2000Pro spectrometer (Sp). In SC power measurements 
in the visible range, a Gentec SOLO-2 power meter was used 
in place of the profilometer.

To study the spatial pattern of SC conical emission, we 
used a gridded screen (Fig. 1c), which was located 33 cm 
from the filamentation region. Images were recorded with a 
Canon 450D camera (C). Spectral ranges of interest were 
selected by interference filters (F2) (Fig 1c) with a transmis-
sion bandwidth of 10 nm FWHM (Thorlabs FKB-VIS-10 
filter kit).

We studied monolithic nanocomposite materials prepared 
by a sol – gel process [31] using a completely water soluble pre-
cursor, tetrakis(2-hydroxyethyl) orthosilicate (THEOS) [32], 
with the addition of sodium hyaluronate (polysaccharide) 
or  hyperbranched polyglycidols (HBPs) [33], and materials 
containing Au nanoparticles or CdS quantum dots. The key 
features of the synthesis of these materials were described in 
detail elsewhere [34]. Table 1 lists their compositions.

3. Experimental results

In our experiments, we determined the filamentation thresh-
olds in the samples studied. In sample 1 (THEOS with no 
additives), the threshold was 200 mJ. In THEOS containing 
sodium hyaluronate, a natural polysaccharide, the threshold 
energy for filament formation was observed to decrease with 
increasing polysaccharide concentration: from 130 mJ in 
sample 2, containing 0.125 % sodium hyaluronate, to 60 mJ 
in sample 3, containing 1 % sodium hyaluronate.

The incorporation of 1 % HPB macromolecules to the 
THEOS matrix (sample 4) increased the threshold to 235 mJ. 
The addition of a trace amount of HAuCl4 (0.0008 %) to 
THEOS + 1 % HBPs and subsequent formation of gold nano
particles ~5 nm in size (sample 5) reduced the threshold by 
seven times relative to sample 1 (to 31 mJ). The incorporation 
of CdS quantum dots into THEOS (sample 6) reduced the 
threshold by a factor of 2.5 (to 80 mJ).

Figure 2 shows spatial intensity distributions in four 
samples near filamentation threshold (the distribution dimen-
sions in the xy plane are 2 ́  2 mm). According to these distri-
butions, the filament diameter at half intensity ranges from 60 
to 100 mm. The stable multiple filamentation thresholds were 
determined to be 245 (sample 1), 290 (sample 4), 77 (sample 5), 
105 (sample 6), 200 (sample 2) and 76 mJ (sample 3).

For the samples with the lowest filamentation thresholds, 
we examined the effect of pulse energy on their SC spectra in 
the range 420 – 700 nm (Fig. 3). As the laser pulse energy 
increases near threshold, the SC spectrum gradually broadens 
to the anti-Stokes region. When the multiple filamentation 
threshold is reached, the intensity increases with increasing 

Table  1.  Biomimetic organosilicon materials based on 50 % THEOS + 
50 % H2O.

Sample no. Additive wt % additive

1 No additive
2 Na hyaluronate 0.125
3 Na hyaluronate 1
4 HBP 1
5 HBP + HAuCl4 1 + 0.0008
6 CdS 0.1
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Figure 1.  Schematic of the experimental setup: 	
(a) filament pattern imaging, (b) modified configuration for measuring 
the spectral characteristics of the SC, (c) modified configuration for SC 
conical emission imaging.
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pulse energy throughout the spectrum. Figure 4 shows SC 
spectra normalised to the maximum intensity. It is seen from 
the spectral characteristics obtained that the highest intensity 
in the blue region of the SC spectrum is offered by the samples 
containing sodium hyaluronate and gold nanoparticles. The 
spectrum of the sample containing sodium hyaluronate has 
a characteristic local maximum in the range 500 – 550 nm.

Figure 5 shows the pulse-to-SC conversion efficiency in 
the range 420 – 700 nm for 45-fs laser pulses with a centre 
wavelength of 800 nm in the samples under consideration. The 
samples having lower filamentation thresholds offer higher 
conversion efficiency. According to the present results, some of 
the samples had threshold pulse energies above which incident 
laser radiation changed the filamentation properties of the 
material, without producing structural inhomogeneities or 
changing its absorption spectrum. The threshold for such 
modification was about 360 mJ in sample 5, containing gold 
nanoparticles, and 420 mJ in sample 6, containing CdS QDs. 
Note that the filamentation threshold in the modified samples 
increased to 180 – 200 mJ, and the laser pulse to SC conversion 
efficiency in them dropped markedly. Figure 6 illustrates the 
effect of such modification on conversion efficiency. Determina
tion of the filamentation threshold in the modified samples a 
few hours and a day after the modification showed that the 
sample containing gold nanoparticles retained a high thres

hold, whereas the threshold in the sample containing CdS 
QDs decreased during the first few hours, without however 
reaching its original level.
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Figure 2.  2D and 3D intensity distributions in the case of threshold fila-
mentation at a pulse duration of 45 fs and repetition rate of 100 Hz in 
samples (a) 1, (b) 3, (c) 6 and (d) 5.
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Figure 3.  Effect of pulse energy on the SC spectra of samples (a) 5, (b) 6 
and (c) 3 in the range 420 – 700 nm.
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Figure 4.  SC spectra of three samples in the range 420 – 700 nm under 
multiple filamentation conditions.
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In studies of SC conical emission, we observed spatial 
separation into two regions: a central circle and a ring (Fig. 7). 
Such behaviour was reported previously for other materials, 
e.g. for water [35] (which accounted for about 50 wt % in 
the  synthesis of our samples) and fused silica [36, 37]. With 
increasing pulse energy, a ring emerged in the SC conical 
emission, whereas only a central circle was observed at the 
threshold pulse energy for filamentation. When the pulse 
energy was raised to a level below the multiple filamentation 

threshold, a ring emerged in the 650-nm range. When the 
multiple filamentation threshold was reached, a ring emerged 
in the 600-nm range. At still higher pulse energies, a ring was 
present in the SC conical emission only in the 550-nm range, 
and there was no ring in the blue-green spectral region 
(450 – 500 nm) up to the highest permissible pulse energy. 
With increasing pulse energy, the position of the intensity 
maximum of the ring remained unchanged, but the divergence 
angle of the central circle in the SC conical emission increased 
until the circle merged with the ring, which correlates with 
previous results for fused silica [36, 37].

The angle – frequency characteristics for the SC conical 
emission are linear in the regions of both the central circle 
and ring (Fig. 8). The characteristics for the rings differ little 
(within ±5 %), except for the samples containing sodium 
hyaluronate, which had no ring in SC conical emission. Such 
behaviour of SC conical emission was also reported for other 
materials in the region of a negative or zero group velocity 
dispersion [35, 37].

4. Conclusions

The incorporation of polysaccharides, Au + HBP nanopar
ticles and CdS QDs into THEOS considerably reduces the 
filamentation threshold of the material and improves the SC 
generation efficiency in the visible range. The addition of pure 
HBP raises the filamentation threshold but reduces the SC 
generation efficiency in the visible range. The materials con-
taining Au + HBP nanoparticles and CdS QDs have threshold 
pulse energies above which incident laser radiation changes 
their filamentation properties, raising the filamentation thres
hold to the level of THEOS and reducing the SC generation 
efficiency. The changes in the materials containing Au + HBP 
nanoparticles are irreversible. The materials containing CdS 
QDs partly regain their properties over a period of several 
hours. We have obtained angle – frequency characteristics of 
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Figure 5.  Laser pulse to SC conversion efficiency in the range 420 – 700 nm.
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Figure 7.  SC conical emission in the spectral range 600 ± 5 nm in (a) 
sample 5, (b) sample 4 and (c) distilled water.
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SC conical emission for a number of samples. The incorporation 
of sodium hyaluronate, a polysaccharide, has the strongest 
effect on the characteristics of SC conical emission in THEOS.
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