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Abstract

CrossMark

We report the two-photon absorption and nonlinear refraction studies of the nickel nanoparticles
(NPs) in deionized water using femtosecond laser pulses at 400 and 800 nm. The laser ablation
technique was employed for the synthesis of nickel NPs using nanosecond, picosecond, and
femtosecond pulses. The largest values of nonlinear absorption coefficients and nonlinear
refractive indices were determined tobe 9 x 10~''em W' and 2 x 10" cm® W™ for smaller
sized nickel NPs suspension. Third harmonic generation from the Ni plasma which contained
NPs was analyzed using picosecond and femtosecond pulses as heating radiation and

femtosecond probe pulses.

Keywords: nickel nanoparticles, third harmonic generation, nickel plasma, nonlinear refraction

and absorption, optical limiting

(Some figures may appear in colour only in the online journal)

1. Introduction

Over the past few decades, metal nanoparticles (NPs) have
been of great interest to the scientific community due to their
exceptional optical properties, which have shown the poten-
tial application in a variety of the fields including biomedi-
cine, electronics and energy technologies [1-7]. The vast
amount of research work has been carried out for demon-
stration of the large nonlinear optical (NLO) response from
NPs [8-13], which includes two-photon absorption (2PA) and
nonlinear refraction (NLR). Various procedures such as vapor
phase synthesis, thermal evaporation, electrochemical synth-
esis and chemical reduction synthesis have been used for
preparation and studies of NPs [14, 15]. These preparation
techniques do not apply efficiently to magnetic NPs such as
iron, cobalt, nickel and titanium, whose metal ions are diffi-
cult to reduce for the formation of NPs due to their instability
over the time.
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The preparation of NPs has been mostly carried out using
chemical reduction of their respective metal ions, which
generally required the purification and stabilization of NPs
after preparation. Meanwhile, the laser ablation (LA) can be
efficiently applied for preparation of NPs that is much cleaner
method and does not requires further purification [16, 17].
However, LA can also produce oxides, carbides and other
species depending on the ambient medium, which can influ-
ence the properties of prepared NPs dispersed in respective
solvents [18]. The formation of NPs primarily depends on the
mechanisms involved in LA process. The sequence of these
mechanisms include: (a) absorption of laser energy by metal
surface which occurs on the femtosecond (fs) time scale,
(b) energy transfer from excited electrons to acoustic phonons
on the picosecond (ps) time scale, (c) thermal heating of
the samples surface followed by mass vaporization on the
nanosecond (ns) time scale, (d) generation of plasma on the
surface followed by expansion and propagation of the gen-
erated shockwaves into the ambient environment, (e) plasma
cooling and condensation of nano-sized particles and clusters,
and (f) explosion and ejection of large particles on the

© 2018 IOP Publishing Ltd  Printed in the UK
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microsecond time scale. Laser parameters, such as energy,
wavelength and pulse duration, as well as sample properties
including ambient environment, influence the above-men-
tioned mechanisms. In particular, the size and the shape of
NPs can be controlled during LA by using pulses of different
duration [19-23]. Therefore, the application of LA for prep-
aration of NPs allows variation of their NLO properties by
changing laser characteristics.

The studies of magnetic NPs were mostly concentrated
on Fe, Ti and Co and their respective composite materials
[10-12, 18]. This eventually led to the lack of information
about optoelectronic properties of Ni NPs including their
NLO parameters. Meanwhile, Ni NPs have attracted con-
siderable interest due to their ferromagnetic properties
[24-26], which can also modify their NLO characteristics.
Most of the studies on Ni NPs have been carried out in their
oxidized form or in composite materials [27, 28]. There are
few reports on the LA of Ni in liquids using long laser pulses
[29, 30]. The only study on the NLO response of Ni NPs, to
the best of our knowledge, is presented in [31] where self-
defocusing due to the thermo-optical properties and thermal
heating effect have been shown. However, the electronic
NLO response from Ni NPs induced by short pulses has not
been reported so far, which promoted us to study these
properties of Ni NPs under the influence of femtosecond laser
excitation.

The LA in liquids is not the only technique used for
preparation of NPs. Ni plasma formation in air can serve,
particularly, as a nonlinear medium for harmonic generation
in the plasma containing NPs. Earlier, the harmonic genera-
tion in plasma has been performed at vacuum conditions. The
plasma created during LA contains electrons, atoms and
molecules, ions, neutrals, clusters, quantum dots and NPs.
The formation of NPs during plasma formation in ablation
plume has been shown to significantly influence the efficiency
of high-order harmonic generation [32]. At the same time, Ni
NPs have been applied to study the low-order harmonic
generation in microcube structures [33].

In this paper, we report the studies of NLO properties of
Ni NPs prepared using LA in deionized water and air. The
Z-scan technique was used to determine the 2PA coefficients
and NLR indices under femtosecond excitation at 800 nm and
400 nm. We also report the third harmonic generation (THG)
in Ni plasma in ambient air using picosecond and femtose-
cond heating pulses.

2. Experimental details

2.1. THG setup

We used the regenerative amplifier (Spitfire Ace, Spectra
Physics) operating at 800 nm with the repetition rate of 1 kHz
(figure 1(a)). We performed two sets of experiments where
formation of plasma from Ni target was carried out using the
200 ps and 60fs pulses ablating target in air, while pulse
width of the probe laser beam was kept at 60 fs. Beam waist
of these heating and probe pulses was fixed at 7 and 20 mm,

(b)

MC

Figure 1. (a) Experimental setup for THG in the Ni plasma produced
in air. Dotted lines represent heating beams and solid lines show the
path of probe beam. (b) Z-scan scheme for the measurements of the
optical nonlinearities of Ni NPs in water. RA: regenerative amplifier,
M: reflecting mirrors, BS: beam splitter, FM: reflecting mirror on
flip mount, L: lenses, P: polarizer, A/2: half-wave plate, F: filter,
T: target, S: spectrometer, FC: fiber cable, ps: picosecond radiation,
fs: femtosecond radiation, MC: motion controller, SC: fused silica
cell filled with nanoparticle suspension, A: aperture, PD: photo
diode, PC: computer, O: oscilloscope.

respectively. Heating pulses reached the Ni target 38 ns
before the probe pulses. The heating pulse was focused on the
Ni target using 200 mm lens, whereas the probe pulse was
focused using 300 mm lens parallel to the surface of the target
and perpendicular to the propagation axis of heating pulse.
The generated third harmonic (TH) radiation (A = 266 nm)
was separated from copropagating fundamental beam using
dichroic filter and registered by a fiber spectrometer (Ocean
Optics). The target was moved with constant speed to achieve
the stable TH yield.

2.2. Preparation of Ni NPs in deionized water

The ablation was carried out in deionized water using 60 fs
and 200 ps pulses. The 6 ns pulses (A = 1064 nm; Q-Smart,
Coherent) were also used for ablation of the Ni target
immersed in liquid. Laser pulse energies of 51, 0.542, and
0.596 mJ were used for ns, ps and fs ablation. Each ablation
experiment was performed during 30 min. From here onward,
we refer the prepared samples of Ni NPs suspensions
as Sy, S, and S; respectively for ns, ps, and fs ablation pro-
cesses. The absorbance of Ni NPs suspensions was analyzed
using spectrophotometer. The morphology of Ni NPs was
studied using S-4800 (HITACHI) scanning electron micro-
scope (SEM).

2.3. Z-scan scheme

The conventional Z-scan technique [34, 35] was employed to
study the NLO properties of the Ni NPs in deionized water.
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Figure 2. Variations of the intensity of the TH generated in air on the
femtosecond probe pulse energy. The fitted solid line corresponds to
the slope [ = 2.9, which approximately corresponds to the cubic
dependence of the harmonic yield on the probe pulse energy.

Schematic of the experimental setup is shown in figure 1(b).
The pulse width of laser pulses at 800 and 400 nm was 60 fs.
A 400 mm focal length lens was used to focus the laser beam
into the quartz cell containing NPs. We employed open-
aperture (OA) and close-aperture (CA) schemes for determi-
nation of 2PA coefficients (J) and NLR indices (), respec-
tively. Sample cuvette of 2 mm path length was used during
these studies. The cell was moved across the focal plane of
the planoconvex lens along the beam propagation direction by
means of motorized translational stage, which was interfaced
with computer through EPS301 motion controller. The
transmitted beam was measured by the large-area detectors
(silicon photodiode, Thorlabs PDA100A-EC) through an
aperture of 10% transmittance for CA scheme and 100%
transmittance for OA scheme.

We fitted the following equations [34, 35] for normalized
transmittance with experimental data

Tpa(z) = g~ ' x In(l + g), ey

2(—px? + 2x — 3p)

=1
Tnir (2) + =21 D21 9)

Ady. @)

Here, ¢ = BloLe/(1 + (z/20)%), Iy is the peak intensity of
the laser pulse, zj is the Rayleigh length, zp = k(wO)z) /2, wo is
the waist radius of focused beam, Legr = [1 — exp(—aol)]/ao
is the effective length of the medium, «y is the linear absorp-
tion coefficient of medium, p = 3/2ky, x = z/7p and k = 27/
A Agy is the phase change of the laser pulse due to NLR of the
medium defined as A¢y = kyloLes.

3. Results and discussion

3.1. THG in Ni NPs plasma

Prior to the study of harmonic generation in Ni plasma, the
THG in air with variable probe pulse energy were performed,
which showed the cubic dependence of harmonic yield on the

laser energy as shown in figure 2. THG in air was carried out
in order to calibrate our experimental setup.

A systematic study on the generation of the TH in the Ni
plasma produced in air was performed using 800 nm probe
pulses. We confirmed the presence of Ni NPs in plasma by
analyzing the deposited materials from nearby substrates. We
deposited the plasma debris on the glass and silicon sub-
strates, which were further analyzed using the SEM. The
SEM images clearly indicated the presence of the NPs, which
were moved from the target towards the nearby substrate.
From this observation, we concluded about the presence of Ni
NPs in plasma. Meanwhile, the physical role of NPs in the
harmonic generation is still debated [36]. One of unresolved
problems is the concentration of the NPs produced during
ablation at the moment of propagation of probe pulse through
the spreading plasma. It is difficult to estimate the con-
centration of NPs in the plasma. There are several reports on
the creation of NPs during ablation and estimations of their
amount in laser-produced plasmas (for instance [37, 38]). It
has been shown that concentration of smaller sized NPs in
plasma is higher as compared to larger sized NPs. In our case,
the particles with the sizes in the range of 5-60 nm were
observed during the analysis of deposited debris.

In the first set of THG studies in plasmas, the 200 ps
pulses were used as a heating radiation to create plasma. In
the second case, both 60 fs heating and probe pulses were
used. Under the experimental conditions with the heating
energy of 163 uJ for ps pulses and 48.5 uJ for fs pulses, our
first objective was to optimize the target position and the
probe beam focal position to achieve the maximum TH from
the Ni plasma. The TH intensities from the Ni plasma were
determined by subtracting the measured TH intensities in air
from TH intensities from the Ni plasma in air.

Figure 3(a) shows the variation of TH intensity as a
function of the distance between the target and the propaga-
tion axis of the probe pulse. TH from Ni plasma was observed
up to the distance of 3 mm away from Ni target with max-
imum harmonic intensity at 1.9 and 1.4 mm for the ps and fs
heating pulses, respectively. TH intensity variations were
symmetric around the maximal position of TH. The profile
around TH maximal intensities can be explained by the fact
that the change of the focal position leads to change in the
spot size in plasma. At the constant pulse energy, the plasma
plume showed a stream-like shape at smaller spot size,
whereas the plasma plume exhibited the hemispherical
structure at larger spot size. Earlier studies have shown the
effect of spot size on the expansion of plasma. It has been
demonstrated that the distribution of generated species during
ablation is controlled by their longitudinal velocity, and
strongly depends on input fluence [39, 40]. The distribution of
different species during ablation has direct influence on the
TH intensity with the change of the probe focal position that
resulted in the maximal TH intensity away from target sur-
face. This behavior of TH signal from Ni plasma using ps and
fs heating pulses points out the importance of plasma
expansion velocity during pulsed LA [41].

The inset in figure 3(a) depicts the TH intensity profile
with varying spot size upon change of the focal plane of
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Figure 3. Variations of TH as the functions of (a) the distance between the target and the optical axis of the probe pulse at the constant heating
pulse energies of 163 uJ (ps pulses, empty circles) and 48.5 pJ (fs pulses, filled circles) and (b) the position of the focal plane of probe pulse
relative to the plasma at the constant heating pulse energies of 163 pJ (ps heating pulses, empty circles), 48.5 pJ (fs heating pulses, filled
circles) and probe pulse energy of 30 uJ. Inset in figure 3(a) shows the scheme of TH variation versus distance of the probe pulse with respect

to the target.

heating pulses. The spot size variation changes the fluence of
heating pulses on the target surface during ablation, which
eventually produces different concentration of plasma in the
path of the probe beam. The image shows that there is a
change in the intensity of the heating pulses at different
positions of the target, which leads to the change of plasma
concentration.

As it was mentioned, various species appear in the laser-
produced plasma. These species with different velocities
move towards the opposite direction with regards to the
propagation of heating pulse. The size distribution of these
species in the area of probe pulse propagation can be tuned by
variation of the heating pulse energy and the delay between
two pulses. The arrival of each species to the area of probe
pulse propagation is different for different particles. Smaller
sized particles arrive earlier than heavier particles. It has been
shown that those species during ablation play different role in
the THG [42]. Thus, the distribution of the NPs during
ablation has direct influence on the THG efficiency. We did
not carry out the delay dependent studies of harmonic yield.
However, it can be assumed that, at the used delay between
heating and probe pulses (38 ns), the most probable sources of
harmonic generation were the single atoms and ions as well as
a few-atomic species. Meanwhile, once one considers other
mechanisms of energy transfer to NPs, like Coulomb explo-
sion, their velocities may allow them to reach the area of
driving pulse propagation during shorter time from the
beginning of ablation. This consideration can be applied for
the small NPs.

Figure 3(b) shows the dependence of the TH signal from
the Ni plasma as a function of z position of the focused probe
pulse at the pulse energy of 30 uJ. The energies of the ps and
fs heating pulses were kept at 163 uJ and 48.5 uJ, respec-
tively. These measurements were performed by analyzing
different plasma regions at the fixed distance of probe beam
(1.9 mm in the case of ps heating pulses and 1.4 mm in the
case of fs heating pulses) relative to the Ni target. The relative

efficiency of THG using ps heating pulses was notably higher
compared to the fs heating pulses.

The variations of the TH intensity with variation of pulse
energy of the heating and probe pulses were analyzed under
the optimal conditions for TH from Ni plasma. The energies
used for the formation of plasma were fixed at 163 pJ and
48.5 puJ for the ps and fs pulses, respectively. Figure 4(a)
shows the TH yield from the Ni plasma increasing with the
growth of the probe pulse energy. Variation of TH intensity
shows approximately cubic dependence on the probe pulse
energy up to ~50 pJ. At the constant probe pulse energy of
30 wJ, the TH intensity increases with the growth of heating
pulse energy for both ps and fs heating pulses up to 600 uJ
(figure 4(b)). TH monotonically increases with the increase of
ps heating pulses energy, whereas for fs heating pulses, TH
reaches saturation at the pulse energy of 200 pJ. The satur-
ation can be caused by high concentration of free electrons in
the Ni plasma produced by intense femtosecond heating
pulses that lead to phase mismatch between the probe and TH
waves [43].

Figure 5 shows the dependence of TH from the Ni
plasma on the polarization of the probe beam. Under used
experimental condition, the measured TH intensity has the
uncertainty of about 10% with the variation of quarter wave
plate. There could also be the 5% error in the definition of the
angle of rotation of the quarter wave plate. The TH was
maximal at linear polarization (at 0°) of the probe beam,
whereas it completely disappeared in the case of circularly
polarized light (i.e. at 45° rotation of the quarter-wave plate).
The variation of the TH with the variation of polarization of
the probe pulse is the characteristic of harmonic emission
from isotropic materials, which depends as Ity oo Cos (260),
where 6 is the angle of rotation of the quarter-wave plate.

The plasma spectra from Ni ablation were analyzed to
compare the fs and ps pulses induced plasma emission. As
seen in figure 6, the relative intensity of plasma emission in
the visible region is stronger for fs heating pulses compared to
ps heating pulses. Contrary to that, in the UV region, the
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relative intensity is stronger for ps heating pulses compared to
fs heating pulses. Spectral lines in the UV region
(200-250 nm) mostly correspond to Ni II ions whereas most
of the spectral lines in the visible region (300-550 nm) cor-
respond to Ni I [44]. An additional line at 264.8 nm also
appears in Ni plasma spectra with fs heating pulses. This
emission was attributed to the TH, which disappears by
changing the polarization of heating pulse from linear to
circular.

3.2. Absorption spectra and SEM analysis of Ni NPs

Figure 7 shows the absorption spectra of ablated Ni NPs in
deionized water. The absorption spectra show strong
absorption close to 200 nm with the emergence of the broad
absorption bands around 400 nm for all suspensions. Pre-
viously, various efforts have been made for explanation of
appearance of the absorption band at 400 nm, which was
assigned to the surface plasmon resonance (SPR) in Ni NPs

[45, 46]. It has been explicitly shown the presence of two
absorption bands in Ni NPs absorption spectra centered at
3.6eV (345 nm) and 5.7 eV (217 nm) which were assigned to
the SPR of Ni and interband d—d transition in Ni, respectively.
Another reason for the existence of absorption band around
400 nm can be the oxidation of Ni NPs in deionized water that
can lead to formation of NiO NPs [47-49]. They also exhibit
the absorption band around 3.6 eV due to interatomic 3d-3d
charge transfer. Hence the emergence of absorption band
around 400 nm can be attributed to the coexistence of Ni and
NiO NPs during LA in water. In the meantime, we notice the
gradual enhancement of absorption starting from the longer
wavelength region (i.e. between 400 and 700 nm).

The Ni NPs were characterized using SEM analysis.
SEM images of Ni NPs show that the prepared NPs are
spherical in shape as shown in figures 8(a)-(c). Their
respective histograms are shown in figures 8(d)—(f). The mean
size of NPs formed using fs laser pulse ablation was 50 nm
(figures 8(c) and (f)) which is smaller compared to Ni NPs
prepared using ps LA with the average particle size of 75 nm
(figures 8(b) and (e)). This can be explained by the fact that
two processes compete during ultrafast laser irradiation,
which include columbic explosion and near-field enhance-
ment at the surface of the NPs during ultrafast irradiation [20].
The columbic explosion is the dominant factor during fem-
tosecond pulse irradiation compared to the picosecond laser
irradiation where the effect of Coulomb explosion decreases
[50] and the near-field enhancement occurs due to the energy
imbalance in the NP surface [51]. Figure 9 shows the fluence
dependence of NPs formation. The sizes of NPs were found to
be the same irrespective of the variation of laser fluence of
picosecond and femtosecond laser pulses.

The mean size of Ni NPs in S, was smaller (23 nm,
figures 8(a) and (d)) compared to the cases of ablation by ps
and fs pulses (S, and Sy). During irradiation by ns pulses, the
photo-thermal effect [52, 53] becomes dominant compared to
other processes of ablation causing the melting and eva-
poration at the surface of particle, which results in the
temperature imbalance between the particle surface and bulk
leading to the particle fragmentation. These processes can be
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further influenced by thermal conductivity and thermal
expansion coefficient of the Ni during photo-thermal frag-
mentation at ns pulses ablation [54]. During ns ablation, the
temperature growth on the surface of Ni is much faster
compared to the case of thermal expansion of the molten Ni,
which can lead to smaller sized particles formation.

3.3. NLO properties of Ni NPs suspensions

The prepared Ni NPs suspensions were used to study their
NLO properties by Z-scan technique at 800 and 400 nm. The
OA Z-scan technique was employed to measure the 2PA
coefficients. The results of studies are shown in figures 10(a)—
(c) for 800 nm, 60 fs pulses (empty circles) and summarized
in table 1. We also performed the Z-scan of deionized water at
maximum applied fluence and did not observe the NLO
response from this medium. It was found that S, possesses
slightly larger 2PA (3 = 2.1 x 10" cm W) compared to
that for S, and S¢ (both 1.5 x 10~""em W™ 1). NLO response

of Ni NPs suspensions can be attributed to the influence of
particle size [55], which is larger for §;, as compared to the S,
and Sy (see SEM images in figure 8).

It is worth mentioning that 800 nm wavelength falls in
the tail of absorption spectrum for all ablated NPs (figure 7),
which leads to low 2PA probability. Indeed, the steep growth
of absorption appears in the UV region (<330nm) of the
spectrum of Ni NPs suspensions. However, the absorption
starts to gradually grow from 500 nm towards shorter wave-
lengths in the visible region. Low nonlinear absorption using
800 nm probe pulses was caused by low 2PA due to relatively
small linear absorption at 400nm for three suspensions.
However, it was not negligible to entirely exclude the 2PA
process. To analyze the probability of the influence of higher-
order NLO process, like three-photon absorption (3PA), on
the Z-scans of our samples, we performed the intensity-
dependent studies of the NLO properties of these NPs sus-
pensions. During these studies, the ( in all suspensions
remained almost unchanged in the case of a two-fold growth
of the probe pulse energy. Notice that 3PA characterizes by
the relation 3 &~ [Bpa + B3pal, Which shows the dependence
of 3 on the probe pulse intensity (/). From our intensity-
dependent studies, we concluded that the role of 3PA was
insignificant compared with 2PA.

We also measured the NLR indices of §,, S, and S
suspensions using femtosecond laser pulses (filled circles,
figures 10(a)—(c)). These studies are summarized in table 1.
The NLR at 800 nm shows the self-focusing properties at
1 kHz pulse repetition rate. This effect is related with Kerr-
induced process rather than thermal processes since laser
pulses are separated with the time of 1 ms, which is sufficient
for dissipation of the absorbed energy from femtosecond laser
pulses. The NLR indices were determined to be 6.6 X 10716,
54 x 107'° and 6.6 x 107'® cm®> W' for S,, S, and S,
respectively. The calculated NLR indices showed the reverse
trend compared to 2PA coefficients. The value of v was lower
for S, compared to the other two samples. The NLR of all
studied samples was related to the contribution of intense
laser pulse induced electronic polarization [56].

Z-scans were also performed at A = 400 nm to analyze
the influence of SPR in Ni NPs on the NLO characteristics of
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these suspensions (figures 10(d)-(f)). At 400 nm, all NPs
suspensions possessed higher 2PA and self-focusing com-
pared to the same processes measured using 800 nm pulses
(see table 1). The values of Swere 9 x 1071, 4 x 107! and
6 x 107" cm W' for S, Sp and Sy, respectively. The study
of NLR indices revealed the values of 2.1 x 107'3,
1.6 x 107" and 1.4 x 107" cm®> W' for S,, S, and S,
respectively.

Most of previous NLO studies of Ni NPs were carried out
using CW or ns probe pulses in the visible region where they
have shown the two orders of magnitude larger value of NLO
as compared to the present study, due to the thermal lensing
effect caused by extended probe pulse duration, contrary to

our case when we used femtosecond radiation for the mea-
surements of the NLO properties of Ni NPs suspensions.

The probable reason for higher NLO response from Ni
NPs using shorter wavelength probe pulses is the influence of
the broad absorption band at 400 nm and growing absorption
of Ni at 200 nm. This can lead to the resonant two-photon
excitation at 400 nm compared to the 800 nm, which has less
probability for the 2PA. The excitation of NPs at 400 nm
under the resonant conditions can give rise to the enhance-
ment of NLO susceptibilities due to contribution from other
resonances [57]. The creation of hot electrons can also
influence the change in NLR at resonant conditions [58, 59].
Hence, the NLR index at A = 800 nm is smaller due to the
excitation wavelength, which is far from the SPR of Ni NPs.

Finally, we studied the optical limiting properties of
different Ni NPs suspensions by varying the input fluence of
800 nm femtosecond pulses. For optical limiting measure-
ments, the samples were placed at the focus of the lens in
Z-scan setup. The input fluence was varied using the com-
bination of half-wave plate and polarizer inserted in the path
of laser beam.

The results of optical limiting studies in different Ni NPs
suspensions are shown in figure 11. The presence of the
plateau region was observed at a low incident fluence of laser
pulses. The transmittance of Ni NPs suspension remained
unchanged up to the input fluence of 8.7 mJ cm™ 2 for S,,, Sp,
and Sy. Then the transmittance decreased upon the increase of
input fluence above 8.7 mJ cm 2. This observation led to the
conclusion that, at the higher input fluence or intensity, the
NPs suspension exhibits 2PA, as has been shown in our
Z-scan measurements.
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Figure 10. Z-scans of different Ni NPs in deionized water. (a)—(c) The Z-scan traces of Sy, S, and Sy using 800 nm radiation. Z-scan traces of
Sy Sp, and Sy using 400 nm radiation are shown in (d)—(f), respectively. Solid lines show the theoretical fits.

4. Conclusions

In conclusion, we have analyzed the NLO response of nickel
NPs prepared using nanosecond, picosecond, and femtose-
cond pulse induced ablation in deionized water, as well as
studied the lower-order harmonic generation in the plasma

containing these NPs. Z-scan studies were employed for
determination of the NLO properties using femtosecond
pulses at 400 and 800 nm. The influence of NP size dis-
tribution on the NLO properties was observed at A = 800 nm
with the maximum 2PA coefficient of 2 x 10~'" cm W' for
nickel NPs suspensions prepared using picosecond laser
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Figure 11. Optical limiting in S,, (empty circles), S, (empty squares)

and S¢ (empty stars) using the 800 nm, 60 fs laser pulses.

Table 1. Nonlinear optical parameters of Ni NP suspensions prepared
using laser ablation.

Nonlinear

Wavelength, 2PA coefficient  refractive index
pulse duration Sample (cm wh (cm?> W1
800 nm, 60 fs Sa 1.5 x 1071 6.6 x 1010

Sp 2.1 x 1071 54 x 10716

S¢ 1.5 x 1071 6.6 x 10716
400 nm, 60 fs S 8.9 x 1071 2.1 x 1071

Sp 42 x 1071 1.6 x 10715

S¢ 6.2 x 1071 1.4 x 1071

pulses. The larger 2PA coefficient of (9 x 107" cm W)
was measured for nickel NPs suspension at 400 nm, which
was attributed to the influence of SPR. Similar to 2PA coef-
ficients, NLR have shown larger indices at 400nm as
compared to the 800 nm. We also studied THG in nickel NP-
containing plasma using 60 fs pulses at 800 nm. This study
has shown that longer pulse duration of ablating radiation
results in larger THG efficiency. Therefore, LA technique can
provide efficient control over third-order optical non-
linearities, which can be modified by controlling the NP size
formation during LA.
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