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a b s t r a c t

The optical nonlinearity of metal nanoparticles in dielectrics is of special interest because of their high
polarizability and ultrafast response that can be utilized in potential device applications. In this study
nanocomposite thin films containing in situ generated Ag nanoparticles dispersed in an aliphatic ur-
ethane acrylate (AUA) matrix were synthesized using electron beam curing technique, in presence of an
optimized concentration of diluent Trimethylolpropanetriacrylate (TMPTA). The metal nanocomposite
films were characterized using UV–visible spectrophotometry, transmission electron microscope (TEM)
and field emission scanning electron microscope (FE-SEM) techniques. Ag nanoparticle impregnated
films demonstrated an absorption peak at ∼420 nm whose intensity increased with increase in the Ag
concentration. The optical limiting property of the coatings was tested using a nanosecond Nd-YAG laser
operated at third harmonic wavelength of 355 nm. For a 25 ns pulse and 10 Hz cycle, Ag-polymer
coatings showed good optical limiting property and the threshold fluence for optical limiting was found
to be ∼3.8�10–2 J/cm2 while the transmission decreased to 82%. The nonlinear optical coefficients were
also determined using the standard Z-scan technique with picosecond (∼2 ps, 1 kHz) and femtosecond
(∼150 fs, 100 MHz) pulses. Open aperture Z-scan data clearly suggested two-photon absorption as the
dominant nonlinear absorption mechanism. Our detailed studies suggest these composites are potential
candidates for optical limiting applications.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The use of high power lasers operating over a wide range of
wavelengths and pulse durations has become widespread in re-
cent years. This increase in the applications of lasers has led to a
simultaneous growth in the need for optical limiters, which are
indispensable in the context of protection of optical components
and the human eye from laser-induced damages. An ideal optical
limiter is defined as a device which exhibits appreciable linear
transmission below a threshold input fluence and a constant
transmission above it [1]. Therefore, over the years numerous
materials have been discovered and developed for use as optical
limiters. These include materials such as phthalocyanines, por-
phyrins, fullerenes, carbon nanotubes, organic dyes, metal na-
noclusters, etc. [2–7]. Metal nanoparticles and nanocomposites
isra),
have, in recent years, received significant attention owing to their
unique nonlinear optical (NLO) properties, such as two-photon
absorption (TPA), saturable absorption (SA), reverse saturable ab-
sorption (RSA), and self-focusing/defocusing arising from non-
linear refraction [8–14]. These NLO properties find application in
the design and development of many photonics based devices for
optical switching and optical signal processing of information at
an enhanced speed compared to electronic counterparts. Materials
with ultrafast time response (ideally in the sub-picosecond re-
gime), strong nonlinearity (high value of nonlinear refractive index
for optical switching applications and high value of nonlinear
absorption for optical limiting and Q-switching kind of applica-
tions) combined with high resistance to bulk and surface laser
damage are the key requirements for implementation of such high
end applications. Therefore, detailed studies of novel materials are
essential wherein the effects of pulse duration, wavelength, etc.
should be thoroughly investigated. In this regard metal nano-
particles dispersed in polymer matrices have resulted in the de-
velopment of a new class of materials viz. polymer–metal
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nanocomposites which combine the properties of both the in-
organic and polymer components thereby yielding enhanced or
completely new properties [15]. The polymer matrix provides the
platform for maintaining the size, shape and dispersion of the
metal nanoparticles – parameters which play a vital role in de-
ciding the properties exhibited by the particles. The NLO proper-
ties of nanocomposites containing metal nanoparticle fillers arise
from the dependence of their refractive index and nonlinear ab-
sorption on incident light intensity. Significant enhancement of
the NLO response in such nanocomposite materials is often asso-
ciated with the optical excitation of surface plasmon resonances
(SPR) which are collective electromagnetic modes and strongly
dependent on the overall morphology of the system [16]. There-
fore, such nanoparticles embedded polymer nanocomposites can
be effectively applied in novel integrated optoelectronic devices.

Although metal nanoparticle–polymer composites have been
conventionally fabricated by mixing preformed nanoparticles with
the polymer in solution and casting the composite films (ex-situ),
this method puts severe limitations on the homogeneous disper-
sion of the metal nanoparticles. Therefore, in recent years focus
has been shifted to the in situ generation of metal nanoparticles in
the polymer matrices [17,18]. One of the methods which has as-
cended to the fore front in the process is the radiation induced
synthesis of polymer nanocomposites. Compared to conventional
techniques, the major advantages of using high energy electron
beam or gamma irradiation for simultaneous reduction and
polymer curing are that they offer a pollution-free work environ-
ment, high efficiency and throughput, long service life, uniform
cross-linking degree, and excellent heat-resistance and cold-re-
sistance properties. The variation of parameters such as radiation
dose, dose rate and metal/polymer ratio facilitates control over the
size and dispersion of the metal nanoparticles as well as the
overall properties of the nanocomposite material. In this work, we
report the fabrication of flexible silver nanoparticles–polyurethane
acrylate based polymer nanocomposite films (PNCs) via electron
beam irradiation route in an attempt to introduce optical limiting
properties in the radiation cured polymer coating films. Aliphatic
urethane acrylate was used as the matrix owing to its unique
properties, including excellent abrasion resistance, flexibility,
hardness, chemical resistance, solvent resistance, and light stabi-
lity [19]. The PNC samples were tested for their optical limiting
properties using an Nd-YAG laser operating at third harmonic
wavelength of 355 nm with 25 ns pulse duration and 10 Hz re-
petition rate. Furthermore, the NLO coefficients of these films were
extracted from the standard Z-scan experiments achieved with
both picosecond (∼2 ps, 1 kHz, 800 nm) and femtosecond (∼150 fs,
100 MHz, 800 nm) pulses [20]. Both open aperture and closed
aperture data were recorded for retrieving the real and imaginary
parts of the third order NLO susceptibility, χ(3). We have attempted
to correlate the obtained NLO results and coefficients in terms of
the Ag doping concentration. In both the cases, we observed
strong NLO coefficients from the Z-scan data indicating the po-
tential of such nanocomposite system in photonic applications.
2. Experimental

2.1. Materials

Silver nitrate (499% purity), Thiophene and Trimethylolpro-
panetriacrylate (TMPTA) were procured from Sigma Aldrich. Ali-
phatic urethane acrylate (AUA, Cognis) and Montmorillonite Clay
(Cloisite 30B, Southern Clay) were used as received.
2.2. Sample preparation

Different concentrations (w/v) of the precursor ion (Agþ) so-
lution were added to an optimized mixture of AUA and TMPTA. To
achieve uniform dispersion of the filler in the oligomer matrix,
each of the samples was subjected to probe ultrasonication
(400 W) for 1 h. The formulations obtained were coated onto glass
substrates and subjected to electron beam (EB) irradiation tech-
nique at ILU6, Vashi, BARC, operated at 2 MeV with power output
of 20 kW for a total absorbed dose of 200 kGy to obtain non-tacky,
homogeneous thin films. The thickness of the EB cured coatings
was found to be ∼100 μm as estimated by a thickness gauge ‘coat
measure M12’ (Yuyutsu, Japan).

2.3. UV–visible spectroscopy

The UV–visible absorption spectra were recorded on a UV–
visible spectrophotometer (Evolution 300, Thermoelectron, UK) in
the wavelength region of 250–800 nm with resolution of 1 nm.
The samples were cut into small rectangular sheets, fixed verti-
cally into the sample holder and analyzed in the absorbance mode
with a control polymer film of identical dimension as the sample.

2.4. Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) studies were per-
formed on an energy filtering transmission electron microscope
(EF-TEM, LIBRA 120, Carl Zeiss) with an accelerating voltage of
120 kV in order to determine the shape and size of the nanofillers.
Prior to analysis, the samples were cut into thin sections using an
ultramichrotome and placed on the Cu TEM grids.

2.5. Scanning electron microscopy (SEM)

The bulk morphologies of the EB radiation cured polymer
coatings were investigated by SEM analysis using field emission
scanning electron microscope (JEOL JSM7600) at acceleration
voltages of 0.6 kV using a secondary electron detector. The sample
cross-sections were pasted onto a conducing surface using silver
paste and coated with gold in ion sputter coater, before recording
the SEM image.

2.6. NLO Studies

The optical limiting studies were carried out using an Nd-YAG
laser operated at third harmonic wavelength of 355 nm (25 ns,
10 Hz) as the excitation source. Samples were mounted on a metal
frame and the laser beam focused at the center of the sample for
pre-determined time intervals at different incident laser powers
till complete burn out of the samples was observed.

The complete experimental details of ps Z-scan were reported
elsewhere [21–30]. Briefly, ∼2 ps pulses were generated from a
regenerative amplifier (Coherent, Legend) seeded by an oscillator
(Coherent, Micra). The amplifier was operated at 1 kHz repetition
rate and 800 nm and the peak intensities used typically were
16–32 GW/cm2. The lower peak intensities of the samples were
taken into account for the analysis of closed aperture data. A beam
diameter of ∼3 mm was focused using 20 cm focal length plano-
convex lens into the sample. The estimated Rayleigh range calcu-
lated was ∼3.470.4 mm. In the fs Z-scan [23,25] ∼150 fs pulses
with 80 MHz repetition rate were delivered from a tunable oscil-
lator (Chameleon, Coherent), operated at central wavelength
800 nm. An input beam diameter of ∼3 mm and plano convex lens
(focal length 10 cm) were used to focus on to the sample. The
coresponding Rayleigh range was calculated to be 1.470.2 mm. A
set of neutral density filters were used to attenuate the input
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energy of laser pulses and to ensure that there was negligible
contribution from higher order nonlinear effects. The peak in-
tensities used were typically 0.1–0.3 GW/cm2 and all the scans
were recorded at lower peak intensities. A 10 mm resolution
translation stage was used to mechanically scan the sample with a
step size of 1 mm. The corresponding output transmittance was
recorded using a power meter and a 5 cm plano convex lens
combination. An aperture was placed in front of the lens for closed
aperture Z-scan. The experiments were repeated for three times
and the best data was taken from different sets for all the samples
and was fitted for two-photon absorption.
3. Results and discussion

3.1. Fabrication of nanocomposite films

The precursor ion stock solution of silver nitrate was prepared
in methanol as the solvent owing to its ready miscibility with the
oligomer-diluent reaction mixture. AUA was chosen as the oligo-
mer due to the high flexibility and superior mechanical properties
offered by polyurethane acrylate. TMPTA serves as the reactive
diluent as well as a crosslinking agent by virtue of its three func-
tional acrylate groups, which form connecting bridges between
the PUA polymeric chains through a free radical based polymeric
chain reaction initiated by EB irradiation. The AUA–TMPTA ratio
was maintained at 4:1 to achieve optimum viscosity and to ensure
maximum crosslinking between the polymeric chains. Three dif-
ferent volumes of Agþ ion solution were added to 5 g AUA–TMPTA
mixtures to arrive at final Agþ ion concentrations of 8, 15 and
25 mM. Radiation doses were optimized at 200 kGy to achieve non
tacky homogeneous polymeric films in which Ag nanoparticles
were generated in situ via radiolytic reduction of the precursor
Agþ ions.

3.2. Characterization of Ag PNC films

The formation of Ag nanoparticles in the polymer matrix was
confirmed by the bright yellow color generated in the film as
compared to the colorless control polymer film. Fig. 1 illustrates
the UV–visible absorption data of the films depicting characteristic
narrow Surface Plasmon Resonance (SPR) band of Ag nanoparticles
at ∼420 nm, thereby confirming the formation of more or less
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Fig. 1. UV–visible spectra of (a) control PNC film and PNC films containing
(b) 8 mM (c) 15 mM and (d) 25 mM Ag NPs as fillers.
uniform sized, spherical silver nanoparticles within the polymer
matrix. It is known that the nature of external environment sig-
nificantly influences the spectral behavior of the LSPR band of
metal nanoparticles [31]. The spectral behavior in this case can,
therefore, be attributed to the effect of the solid polymer matrix
surrounding the in situ generated Ag NPs, which can significantly
alter the dielectrics of the system. The collective dipolar interac-
tions between nanoparticles can cause a broadening and red-shift
of the absorption band under high filler concentrations. The TEM
image of the Ag NPs clearly indicated formation of uniformly
dispersed spherical nanoparticles with average particle size of 8–
10 nm, which was further substantiated by the FE-SEM image.
Therefore, the probability of spectral broadening arising due to
large size variation can be ruled out. The possibility of ageing or
agglomeration of the Ag NPs is also minimal since the poly-
urethane acrylate matrix acts as a highly efficient stabilizing agent
which can prevent the Ag NPs formed from undergoing rapid
agglomeration. A previous work, carried out by Ganeev et al. [31],
involved dispersion of the Ag NPs in a liquid phase, which pro-
vided an entirely different medium compared to a solid matrix.
Also, the low stability of their system resulted in a gradual ag-
gregation of Ag NPs, which manifested as a red shift in the LSPR
band. Such a process of gradual aggregation of Ag NPs is not evi-
dent in our system. The intensity of the LSPR band increased
proportionately with increase in the Ag concentration of the PNC
film. Fig. 2(a) presents the TEM image of the in situ generated Ag
nanoparticles. TEM analysis clearly indicated formation of
Fig. 2. (a) TEM image of PNC film containing 25 mM Ag NPs as filler (b) FE-SEM
image of PNC film containing 25 mM Ag NPs as filler.
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uniformly dispersed spherical nanoparticles with an average par-
ticle size of 8–10 nm. FE-SEM image shown in Fig. 2(b) also con-
firms the formation of uniform sized spherical Ag nanoparticles
embedded in the polymer matrix.

3.3. Nanosecond optical limiting properties of Ag PNC films

The optical-limiting behavior of the composites with different
Ag NPs concentrations were measured using Nd:YAG laser with
25 ns pulse duration and 355 nm wavelength. The experiment set
up is shown in Fig. 3. The sample was mounted on a metal frame
and the laser beam focused on the sample surface with a spot size
of 1.0 mm diameter. The incident and transmitted energy were
detected simultaneously by two power meters (P1, P2). The film
was exposed to the laser beam for duration of 10 s. The incident
laser power was increased after every 10 s exposure till complete
burnout of the samples was observed. The result is shown in Fig. 4,
which distinctly highlights the optical-limiting effect of PNC con-
taining 25 mM Ag NPs as the nanofiller (Ag25). At very low output
energy, the response of the composite was linear to the input
energy. The linear transmittance was found to be approximately
82% while the limiting or threshold input fluence beyond which
the sample stopped transmitting the laser beam was calculated to
be 3.8�10�2 J/cm2. Similar trends were observed for composites
containing 8 mM and 15 mM Ag NPs as filler. This clearly indicates
that the transmittance and threshold fluence of the films was in-
dependent of the concentration of the nanofillers in the range
under study; with the common base polymer matrix acting as the
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Fig. 4. Plot of output fluence (in J/cm2) versus input fluence (in J/cm2) for PNC film
containing 25 mM Ag NPs (Ag25) as filler for exposure durations of (a) 10 s and
(b) 1 s. Solid lines are a guide to the eye.
deciding factor in determining the extent of transmittance. In or-
der to study the effect of the exposure duration on the optical
limiting effect of the PNC film, similar experiments were carried
out by limiting the time of exposure to 1 s. Fig. 4 shows the var-
iation in optical limiting characteristics for PNC containing 25 mM
Ag NPs with change in the time of exposure. Exposure for 1 s led to
significant improvement in the optical limiting property of the
material, which was manifested in the decrease in threshold flu-
ence from 3.8�10�2 J/cm2 to 1.2�10�2 J/cm2. The dynamic
range, which is defined as the ratio of the maximum input fluence
till which material displays optical limiting behavior to the
threshold fluence, was also found to increase from ∼22 to ∼80. In
other words, exposure for lesser durations not only led to an early
cut off for the laser transmission but also increased the overall
lifetime of the material. This can be explained on the basis of the
fact that continuous exposure for long durations led to accumu-
lation of laser power within a small area (determined by the beam
diameter) thereby culminating in rapid degradation of the pro-
duct. In addition to Ag NPs as fillers, the effect of addition of fillers
such as Thiophene (Ag25T) and modified montmorilonite clay
(Cloisite 30B) (Ag25C) in conjunction with Ag NPs, on the optical
limiting behavior, was also studied. The results are highlighted in
Fig. 5. It was observed that for exposure of 1 s, change in the filler
concentration did not lead to any change in the threshold fluence
of the materials. However, the presence of Cloisite 30B as addi-
tional filler led to an early damage of the films, resulting in a
narrower dynamic range compared to the other two composite
films. On the other hand Thiophene/Ag based films (Ag25T) ex-
hibited increased output fluence at higher input fluences.

3.4. NLO studies using fs aND PS pulses

We have also investigated third order optical nonlinearities
using fs (∼150 fs, 800 nm) and ps (∼2 ps, 800 nm) excitations at
800 nm using the standard Z-scan technique. The potential of
samples for optical limiting applications in ps/fs time domains
could be estimated from the open aperture results of ps/fs Z-scan,
whereas ps/fs closed aperture Z-scan results can appraise its po-
tential in optical switching kind of applications. From the ps and fs
open aperture data we obtained TPA coefficients by fitting the
experimental data. Closed aperture Z-scan data was fitted and n2

values were retrieved. The sign and magnitude of nonlinear
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Fig. 5. Plot of output fluence (in J/cm2) versus input fluence (in J/cm2) for
(a) control PNC film and PNC films containing (b) Thiophene/Ag NPs (Ag25T),
(c) Cloisite 30B/Ag NPs (Ag25C) and (d) 25 mM Ag NPs (Ag25) as filler (exposure
durations¼1 s). Solid lines are a guide to the eye.
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refractive index (n2), two-photon absorption (TPA) coefficients (β)
and third-order NLO susceptibility [χ(3)] were extracted from the
Z-scan data.

Fig. 6(a), (c), (e), and (g) depict the fs open aperture (open
circles) data and their two-photon absorption fits (solid, blue
lines) for control, Ag25, Ag25T, and Ag25C films, respectively,
while Fig. 6(b), (d), (f), and (h) present fs closed aperture Z-scan
data (open circles) and their theoretical fits (solid, blue lines) for
control, Ag25, Ag25T, and Ag25C films, respectively. We obtained
two sets of data for each film and the best data was chosen for the
fitting of open and closed aperture Z-scan. In this case Ag25C and
control films had demonstrated highest TPA coefficients of
140�10�10 and 25�10�10 cm/W, respectively, whereas control
and Ag25 films demonstrated highest nonlinear refractive index
values with magnitudes of 2.8�10�11 cm2/W and
2.1�10�11 cm2/W, respectively. All the samples showed a self-
defocusing effect (negative nonlinearity) which is evident from the
signatures in closed aperture Z-scan. Surprisingly the control film
depicted strong nonlinearities in both open and closed aperture
cases. This could be understood and explained as follows. If the
control film has strong negative nonlinearity while the other films
(with NPs) possess positive nonlinearity then the overall n2 values
will be lower than that of the control film. Similarly, if the control
film has strong TPA whereas the other films have saturable ab-
sorption then the overall TPA coefficients of other films will be
lower than that of the control film. Since the pulses are of 100 MHz
repetition rate, thermal effects are expected to dominate in the
overall nonlinearities. The difference in the thermal coefficients of



Table 1
Summary of fs NLO coefficients obtained using open and closed aperture Z-scan at 800 nm.

Femtosecond NLO coefficients (800 nm, 80 MHz, ∼150 fs)

Sample Input power Leff2 β n2 Re |χ(3)| Im |χ(3)| |χ(3)| |χ(3)|
(mW) (�10�4) (�10�10 cm/W) (�10�11 cm2/W) (esu) (esu) (esu) (S.I.)

Control [no¼1.48] 10 1.4 25 �2.8 �1.5�10�09 3.5�10�11 1.5�10�09 2.2�10�17

Ag25 [no¼1.5] 15 1.4 7.2 �2.1 �1.2�10�09 1.0�10�12 1.2�10�09 1.7�10�17

Ag25T [no¼1.48] 8 1.2 18 �1.5 �8.3�10�10 2.6�10�12 8.3�10�10 1.2�10�17

Ag25C [no¼1.48] 13 1.1 140 �1.8 �9.9�10�10 1.9�10�11 9.9�10�10 1.4�10�17
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respectively. (b), (d), (f), and (h) presents ps closed aperture Z-scan data (open circles) and their theoretical fits (solid, blue lines) for control, Ag25, Ag25T, and Ag25C films,
respectively.
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Table 2
Summary of ps NLO coefficients obtained using open and closed aperture Z-scan at 800 nm.

Picosecond NLO coefficients (800 nm, 1 kHz, ∼2 ps)

Sample Power β n2 Re |χ(3)| Im |χ(3)| |χ(3)| |χ(3)|
(mW) (�10-10 cm/W) (�10-15 cm2/W) (esu) (esu) (esu) (S.I)

Control [no¼1.48] 1.5 0.015 �0.90 �5.0�10�14 2.1�10�15 5.0�10�14 7.0�10�22

Ag25 [no¼1.5] 1.2 0.016 �2.20 �1.2�10�13 5.8�10�15 1.2�10�13 1.8�10�21

Ag25T [no¼1.48] 1.2 0.016 �2.75 �1.5�10�13 5.8�10�15 1.5�10�13 2.1�10�21

Ag25C [no¼1.48] 1.2 0.013 3.16 1.7�10�13 1.8�10�15 1.7�10�13 2.4�10�21
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the control film and that of films with Ag NPs can also influence
the values of the observed NLO coefficients. This is evident from
the magnitudes of n2, β, and χ(3), which were in the range of
∼10�11 cm2/W, ∼10�9 cm/W, ∼10�9 e.s.u., respectively. The real
and imaginary parts of nonlinear susceptibility along with their
signs and magnitude are summarized in Table 1.

Fig. 7(a), (c), (e), and (g) depict the ps (1 kHz repetition rate)
open aperture (open circles) data and their two-photon absorption
fits (solid, blue lines) for control, Ag25, Ag25T, and Ag25C films,
respectively while Fig. 7(b), (d), (f), and (h) present ps closed
aperture Z-scan data (open circles) and their theoretical fits (solid,
blue lines) for control, Ag25, Ag25T, and Ag25C films, respectively.
All the samples exhibited TPA coupled with a self-defocusing effect
in the ps regime. Ag25C, however, depicted self-focusing effect.
Control film, Ag25, Ag25T films depicted a negative nonlinearity
with peak-valley signature whereas, Ag25C depicted a positive
nonlinearity signature. Ag25 showed a strong TPA coefficient of
0.016�10�10 cm/W, while n2 was the highest in case of Ag25C,
possessing a value 3.16�10�15 cm2/W with a positive lensing ef-
fect. Although the magnitude of β was similar for all the samples,
the values of n2 increased sequentially from control film to Ag25,
Ag25C and Ag25T. Since the pulses used were of ∼2 ps duration,
the observed n2 values could have major contribution from elec-
tronic nonlinearities. We had ensured that the closed aperture
data was recorded with very low peak intensities to avoid any
nonlinear absorption contributions. The fittings to the experi-
mental data clearly suggested the presence of TPA. A strong ab-
sorption peak in the region at 400 nm could possibly have resulted
in TPA excitation. Since the pulses used were ∼2 ps we have ig-
nored the contribution of excited state absorption (ESA), though
one cannot completely rule out the possibility [29]. The TPA
coefficient presented in the ps case is an effective TPA including
the ESA contributions. The values of n2, β, and χ(3) values for all the
samples using 2 ps, 1 kHz and 800 nm are calculated and sum-
marized in Table 2. The NLO coefficient values presented here for
our films are on par with some of the recently reported molecules.
For example, Sathyavathi et al. [32] studied NLO properties of
biosynthesized silver nanoparticles and obtained n2 and χ(3) values
of 10�13 cm2/W and 10�9 e.s.u., respectively. Ganeev et al. [31]
studied NLO properties of silver nanoparticles prepared by laser
ablation and obtained values of 10–13 cm2/W and 10�8 e.s.u. for n2
and χ(3), respectively. Tripathi et al. [33] studied continuous wave
(cw) NLO properties of Ag–CdSe/PVA hybrid nanocomposite and
obtained large values of n2 and χ(3) (10�5 cm2/W and 10�9 m2/V2)
which are expected for cw excitation. Lee et al. [34] investigated
the NLO properties of Ag nanoparticles in polymer matrix and
obtained two-photon absorption coefficient of 10�7 cm/W for fs
excitation. Liu et al. [35] obtained χ(3) value of 10�8 e.s.u. for na-
noparticle–polymer composites incorporating organic (hyper-
branched polymer)–metallic (silver) nanoparticle complex. Deng
et al. [36] reported n2 and β values of 10�15 m2/W and 10�8 m/W,
respectively, for Ag nanocomposite polymer films prepare in situ
with ns excitation at 532 nm.
4. Conclusions

We have successfully fabricated Ag nanoparticles dispersed in
aliphatic urethane acrylate polymer matrix (nanocomposites)
using electron beam curing technique. The morphologies of these
films were studied using the TEM and FESEM imaging techniques.
The films were also characterized using UV–visible absorption
spectroscopic techniques. The NLO properties of these films were
investigated using ns, ps, and fs pulses. Ns optical limiting studies
suggest these polymers are good optical limiters. Ps (1 kHz pulses)
NLO coefficients were evaluated from Z-scan measurements. The
magnitudes of n2, β, and χ(3) were in the range of ∼10-15 cm2/W,
∼10-12 cm/W, ∼10�15 e.s.u., respectively. Large NLO coefficients
were obtained with fs pulse excitation (100 MHz repetition rate).
The magnitudes of n2, β, and χ(3) in the fs case were in the range of
∼10�11 cm2/W, ∼10�9 cm/W, ∼10�9 e.s.u., respectively. Our de-
tailed studies propose that these films are potential candidates for
various NLO and photonic applications.
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