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Abstract
In this study, the nonlinear optical properties and optical limiting performance

of the silver nanoparticles (AgNPs) in distilled water are investigated. The
nonlinear absorption coefficient of the colloid is measured by the Z-scan
technique. The optical limiting behavior of the AgNP suspension is investigated
under exposure to nanosecond laser pulses at 532 nm. The results show that
nonlinear scattering can increase the performance of the optical limiting. A
theoretical analysis is suggested investigating the observed nonlinear behavior of
the AgNPs. It will be shown that nonlinear light scattering occurs at high beam
intensity due to induced refractive mismatch between the silver nanoparticles and
water. The experimental Z-scan data is fitted with the proposed theoretical model
and this has allowed extracting the values of nonlinear absorption coefficient,

linear and nonlinear scattering coefficients for the AgNP suspension.

Keywords: Nano-scale materials;
scattering; Optical limiter

Introduction

Optical limiting phenomena have attracted much
research effort during recent decades for promising
applications in a broad range of areas such as safety
protection from intense laser light [1]. An ideal optical
limiting material should exhibit high transmission at
normal light while exhibit low transmission at intense
light to protect human eyes and sensors. The search for
efficient optical limiters has lead to the study of various
materials [1, 2]. Many organic materials such as
phthalocyanines [3], fullerene families [4] and carbon
black suspensions [5] were reported as good limiters
due to their excellent nonlinear optical properties. The
limiting action mechanisms can be caused by various

Silver nanoparticles;

Nonlinear absorption; Nonlinear

nonlinear light-matter interactions, especially nonlinear
absorption, nonlinear refraction and nonlinear
scattering. Optical limiting performance is enhanced by
coupling two or more of these mechanisms like self-
defocusing in conjunction with the nonlinear absorption
process in semiconductors [6].

Recently, various nanoscale metals and semi-
conductors have been extensively studied for their
application as an optical limiter toward nanosecond
laser pulses at 532 nm due to the enhancement in the
nonlinear optical properties [7-14]. In particular, the
interest in AgNPs has continuously grown due to the
wide range of applications in fields of photonics [12-
15], nanobiotechnology [16], electronics [17], and
medicine [18]. So far, AgNPs have been successfully
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fabricated by a variety of methods, such as ultraviolet
photochemistry, chemical reduction and laser ablation.
It has been reported [19-28] that pulsed laser ablation of
silver targets in liquid environment is a simple and well-
suited technique to synthesize AgNPs. Laser ablation in
liquids has received much attention as an effective and
simple technique for producing various nanoparticles
such as metals [19-30], metal oxides [31-32] and
semiconductors [33-35].

In the present study, we investigate nonlinear
responses and the optical limiting characteristics of the
AgNPs in water. The nanoparticles were synthesized by
nanosecond pulsed laser ablation of a silver plate in
water. The optical limiting response of the AgNP
suspension was measured under exposure to nanosecond
laser pulses at 532 nm. In order to understand and to
model the processes leading to optical limiting action,
we have experimentally investigated linear absorption
measurement using a low power CW laser (at 532 nm)
and nanosecond pulsed laser measurements of the
optical nonlinearities including nonlinear absorption and
nonlinear scattering in the colloid. Our experimental
results indicate that the nonlinear absorption and
nonlinear scattering play important roles in strong
optical limiting performance of the AgNPs dispersed in
water. It has been reported [7, 36] that the performance
of optical limiting in metal nanoparticles is enhanced by
the nonlinear scattering. A theoretical analysis is
suggested investigating the nanosecond pulsed laser
optical limiting response of the AgNPs at 532 nm. It
will be shown that our theoretical analysis based on the
nonlinear absorption and nonlinear scattering is in
excellent agreement with the experimental results of
nanosecond Z-scan measurements of the AgNP
suspension. A fit has allowed extracting the values of
the linear and nonlinear scattering coefficients for the
AgNPs dispersed in water.

Materials and Methods

AgNPs have been prepared by nanosecond pulsed
laser ablation of highly pure silver target in distilled
water. The laser ablation of silver was carried out using
a second-harmonic radiation of Q-switched Nd:YAG
laser. The laser generated 15 ns (FWHM) pulses at 532
nm with a repetition rate of 1 Hz. The laser beam was
focused by a 50 cm focal length lens on the surface of a
silver plate placed inside a 10 mm cell. The spatial
profile of the laser pulse was Gaussian, with 300 um
(FW1/e"M) beam waist at the target. The silver sample
was irradiated with the laser fluence level of about 10
J/em? for two hours. The concentration of the AgNPs is
about 5.45x10 mol/L. The prepared AgNP suspension
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was studied using a transmission electron microscopy
(TEM), and an ultraviolet-visible (UV-Vis) absorption
spectrometer. A continuous wave low power (100 mW)
diode-pumped Nd:YVO;, laser operating at wavelength
of 532 nm was also used to measure the linear
absorption coefficient of the AgNP suspension.

The nonlinear optical properties of the prepared
AgNPs were studied by transmittance and Z-scan
measurements using 15 ns laser pulses at 532 nm. For
nonlinear transmittance measurement, the optical
geometry used in this work is shown in Figure 1. An
attenuator and a beam splitter were used to control the
single pulse energy of the laser beam. The beam was
focused onto the sample cell by using a lens with 50 cm
focal length. The spot size in the focal region was 140
um (FW1/e’M). Two large area energy monitors were
measured the incident and transmitted energy of the
laser beam. A diaphragm located before the output
energy detector, was used with variable apertures to
dissociate the nonlinear absorption from the nonlinear
scattering effect. This experimental geometry was also
used to perform Z-scan measurements. The
nanoparticle-containing cell with thickness Smm was
moved using a translation system along the propagation
direction (Z-axis) through the focusing area. At the
focal point, the sample experiences maximum laser
irradiance, which will gradually decrease in either
direction from the focus.

Results and Discussion

Figure 2 shows UV-Vis absorption spectrum of the
solution prepared by laser ablation of a silver plate
immersed in water. One can see that the AgNPs show a
surface plasmon absorption band about 400 nm in the
UV-Vis region of the spectrum [12, 20].

The shape and size distribution of the AgNPs were
studied by TEM and the measurements conducted just
after laser ablation. The TEM image and size
distribution of AgNP suspension prepared in water are
presented in Figure 3. Average AgNPs radius is found
to be about 9 nm, with a standard deviation of 3 nm.

Figure 4 shows linear absorption measurement of the
AgNPs under exposure to low power CW laser at
wavelength of 532 nm. The solid curve is plotted based
on linear absorption theory and the absorption
coefficient is found o= 0.11 cm™. Typical open aperture
Z-scan measurement is shown in Figure 5, with the solid
curve based on Z-scan theory including the process of
nonlinear absorption of Ref. [37]. The experiments were
performed with nanosecond pulsed laser irradiation at
wavelength of 532 nm. Moreover, the laser repetition
rate was 1 Hz to prevent the influence of thermal
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effects. The AgNPs demonstrate high value of nonlinear
responses in the nanosecond regime [38, 39]. The open
aperture Z-scan measurement for the nanoparticles
suspension is fitted based on the process of the
nonlinear absorption using the procedure of Ref. [37]
and the solid line shows the fit. The extracted values for
linear and nonlinear absorption coefficients are o = 0.11
em” and B = 5.01 cm/GW, respectively. Note that the
value of the linear absorption coefficient is the same as
the value obtained us by low power laser measurements.
Using the obtained values of the linear and nonlinear
absorption coefficients, one can find that the
contribution of the nonlinear absorption is much larger
than the linear absorption.

The AgNPs dispersed in water studied for optical
limiting properties under exposure to nanosecond laser
pulses at 532 nm. Figure 6 demonstrates the optical
limiting experimental results of the AgNPs when
different diaphragm sizes are used before the output
detector. The optical limiting threshold is about 1.4 mJ.
At the aperture size of 4 mm, the transmitted energy
reaches a plateau as the input energy increases. At
applied laser energy of the 10 mJ, the clamped energy is
down to about 1.33 mlJ. This implies that the
transmittance decreases to about 13 percent. Namely, it
gives 4 times attenuation in the applied laser energy. It
is found that the AgNPs in water exhibit strong optical
limiting behavior. It seems that the observed strong
optical limiting action of the silver colloid can be
initiated by nonlinear absorption process. Indeed,
considering the applied laser beam diameter about 3 mm
at the diaphragm position, it is not expected that
changing the aperture size from 4 to 14 mm (open
aperture) should appreciably change the transmitted
energy for a nonlinear absorption process. As shown in
Figure 6, it is clear here that the transmitted energy
decreases with decreasing diaphragm size. This aperture
dependence indicates that the nonlinear scattering may
also play important role in the observed optical limiting
performances of the AgNPs. At this point, one needs to
consider the contribution of the nonlinear scattering
which may play important role in the observed
nonlinearity of the nanoparticles suspension.

During nanosecond pulse irradiation, the absorption
of laser light via nonlinear process may induce a very
high rise in the temperature of nanoparticles, which
leads to the formation of scattering centers [7]. In the
following, a theoretical analysis is suggested
investigating the observed nonlinear behavior of the
AgNP suspension. It has been assumed that the
nonlinearity is due to the nonlinear scattering induced
by nonlinear absorption process. The absorbed laser
energy causes the formation of induced scattering
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centers due to a change in the refractive index of the
AgNPs by thermal process. The equations governing the
absorption losses in the forward propagating direction
(the z direction) are:

Nanosecond Beam Sample Aperture
Laser Beam Splitter I
Attenuator I Detector
Lens 7

Detector Q

Figure 1. Optical geometry used to characterize optical
limiting performance of the AgNP suspension.
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Figure 2. Absorption spectrum of the AgNP suspension
obtained by laser ablation of silver plate in water.

Figure 3. TEM image and size distribution of the AgNP
suspension prepared by laser ablation of silver plate in water.
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where [ is the input laser irradiance, B is the nonlinear g
absorption coefficient, ay(I) assumed to be the effective ‘; o
scattering coefficient, T is the temperature, p is the g
density and C, is the specific heat of the AgNPs. The © af
effective scattering coefficient is given by Rayleigh-
0

Gans relations and is proportional [8, 40, 41] to the
square of the effective refractive index, Aneg given by:

a,(l)=g, (Ane// )2 =g, [An, +Any, ]2 (3)

where the g parameter is independent of intensities but
depends on the size, shape, and concentration of
particles and wavelength of the laser light. Ang, Anxp
are the difference in linear refractive indices and
nonlinear refractive indices of the nanoparticles and the
surrounding medium, respectively. In the following, we
present a calculation for the nonlinear part of the
effective refractive index, Any;.

Under assumption that the AT can remain constant
during the laser pulse, Eq. (2) is approximately:

2
AT =~ ﬁLC’ (4)
P

V4

where 1 is the laser pulse width. The nonlinear change
of the refractive index, Any; as a function of
temperature is given by [42]:

An,, =(j—;)AT (5)

where j—;is the thermo-optic coefficient. Substituting
Eq. (4) into Eq. (5) we have:
dn  BI°t

Any, = ()2 6
i (dT oC, (6)

Using Eq. (3) and Eq. (6), the resulting differential
equation for absorption of laser beam in the
nanoparticles suspension would be:

dl

2 3
=y =PIyl %
where @, =a+a, o =g (An,)’ and y =
2g.An, (d_n) p Finally, Eq. (7) 1is solved
! ar - pC,

numerically for an initial Gaussian pulse.
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Figure 4. Linear transmittance measurement of the AgNP
suspension using a low power CW laser at 532 nm.
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Figure 5. Shows open aperture Z-scan measurement of the
silver nanoparticles dispersed in water. The solid curve is the
theoretical fit for the nonlinear absorption process.
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Figure 6. Optical limiting performance for the same AgNP
suspensions illustrating the aperture dependence and the
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presence of nonlinear scattering.
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Figure 7. Shows Z-scan measurement at aperture size of 4
mm of the silver nanoparticles dispersed in water. The solid
curve is fitted to the presented model.

Figure 7 shows the Z-scan measurement of AgNPs
when the aperture size is 4mm. The theoretical
nonlinear transmission and the experimental data for the
observed nonlinear transmission of the AgNPs are
compared. The solid curve illustrates the theoretical fit
to the experimental Z-scan data for the AgNPs. The
extracted fit parameters, nonlinear absorption
coefficient, linear and nonlinear scattering coefficients
are p = 5.01 cm/GW, a, = 1.01 cm™ and v, = 7.5x10™"®
cm’/W?, respectively. As clearly shown in this figure,
the experimental results for transmission measurement
are in excellent agreement with the prediction of the
proposed theoretical analysis. It seems that the observed
strong optical limiting in the AgNPs under nanosecond
laser irradiation is mainly nonlinear scattering which
induced by nonlinear absorption process.

In summary, AgNPs were fabricated by laser
ablation of a silver plate in distilled water. Image
obtained by TEM shows narrow size distribution of the
nanoparticles with radius centered at about 9 nm with a
standard deviation of 3 nm. The nanoparticle solution
has strong optical limiting behavior towards nanosecond
pulsed laser irradiation at 532 nm. Our results show that
the performance of optical limiting is enhanced by
nonlinear scattering. We have developed a theoretical
model based on nonlinear scattering induced by
nonlinear absorption process. It is found that our
theoretical analysis is in excellent agreement with the
experimental results. A fit has allowed extracting the
values of nonlinear absorption coefficient, linear and
nonlinear scattering coefficients for the AgNP
suspension.
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