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Abstract—Laser ablation of the materials immersed in liquid environment has been established as an
advanced method for formation of the stable nanoparticles, especially those which cannot be synthesized by
chemical methods. We review the studies of four metal (Ag, Ti, Co, Ni) nanoparticles synthesized during
laser ablation in different liquids. The correlation between strong nonlinear optical response of silver
nanoparticles out of plasmon resonance and efficient third harmonic generation in the plasmas containing
silver nanoparticles is discussed. The change of sign of the nonlinear refraction with variation of the wave-
length and duration of probe laser pulses is analyzed. The studies of third-order nonlinear optical processes
(saturable absorption, reverse saturable absorption, two-photon absorption and nonlinear refraction) in the
titanium and cobalt nanoparticles synthesized by laser ablation of bulk materials in water, toluene and eth-
ylene glycol are discussed. The concurrence of different nonlinear absorption processes in nanoparticle-con-
taining suspensions is analyzed. We discuss the two-photon absorption and nonlinear refraction studies of the
nickel nanoparticles in water using femtosecond laser pulses at 400 and 800 nm. Third harmonic generation
from the Ni nanoparticles contained plasma using picosecond and femtosecond pulses as heating radiation
and femtosecond probe pulses is analyzed.
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1. INTRODUCTION
The synthesis of nanostructured materials took

much attention due to their advanced optical and non-
linear optical properties, which can be used in various
areas of communications, optics, laser physics and
medicine. The attractive application of these nano-
structured materials in optics is the protection of sen-
sitive area of detection systems through optical limit-
ing (OL) of high-power laser radiation. One can antic-
ipate that variations of the sizes of nanoparticles (NPs)
can significantly enhance OL. In [1], the metal NPs-
embedded polymer films and their OL capability were
demonstrated. Optical limiting behavior of silver NPs
with different sizes and shapes is investigated and
compared to the OL performance of conventional car-
bon black suspension [2]. It found that the OL is
strongly particle size dependent and the best perfor-
mance is achieved with the smaller particles.

The vast amount of research work has been carried
out for demonstration of the large nonlinear optical
response from NPs [3–6], which includes the two-
photon absorption (2PA) and nonlinear refraction

(NLR). Various procedures such as vapor phase syn-
thesis, thermal evaporation, electrochemical synthesis
and chemical reduction synthesis have been used for
preparation and studies of NPs [7]. These preparation
techniques do not apply efficiently to magnetic NPs
such as iron, cobalt, nickel and titanium, whose metal
ions are difficult to reduce for the formation of NPs
due to their instability over the time.

The majority of laser ablation studies have been
aimed on the formation of various NPs by focusing the
laser pulses on the metal targets immersed in liquids
[8–12]. Due to the resonance effect arising from the
plasmon resonances of some NPs their size and shape
can be controlled by laser irradiation in various sol-
vents [13]. Advantages of this method are the high
purity of the NPs, variety of materials, and the in situ
dispersion of NPs in different liquids tolerating safe
and stable control of the colloids [14, 15]. Addition-
ally, the solvent molecules surrounding NPs can pro-
tect them in some cases from aggregation due to their
viscosity and other properties. These studies have also
shown the crucial influence of the wavelength and
pulse duration of laser radiation on the size and shape
of produced NPs [16].1 The article is published in the original.
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Silver NPs took special attention among numerous
small-sized species due to their use in imaging, bio-
sensors, photovoltaic devices, solar cells, light emit-
ting devices, catalysis, etc. They have unique optical,
electrical, and thermal properties and are already
found applications being incorporated into products
that range from photovoltaics to biological and chem-
ical sensors. Examples include conductive inks, pastes
and fillers which utilize Ag NPs for their high electri-
cal conductivity, stability, and low sintering tempera-
tures. Additional applications include molecular diag-
nostics and photonic devices, which take advantage of
the novel optical properties of these nanomaterials. Ag
NPs are extraordinarily efficient at absorbing and
scattering light and, unlike many dyes and pigments,
have a color that depends upon the size and the shape
of the particle. The strong interaction of the Ag NPs
with light occurs because the conduction electrons on
the metal surface undergo a collective oscillation when
excited by light at specific wavelengths. The advan-
tages of Ag NPs include monodisperse distribution in
surrounding environment without agglomeration and
aggregation, comprehensive characterization includ-
ing TEM and UV-Vis, good stability and long life
time. A unique property of spherical Ag NPs is that its
surface plasmon resonance (SPR) can be tuned from
400 to 530 nm by changing the particle size and the
local refractive index near the particle surface. Even
larger shifts of resonance peak towards the IR region
can be achieved by producing silver NPs with rod or
plate shapes.

The titanium and cobalt small-sized species have
also attracted the interest due to their various potential
applications [17]. Titanium is not only a strong and
light-weight metal, but also the one which is highly
resistant to corrosion. Therefore, it is often used in
aerospace and military applications. Ti NPs allow
improvement of the radiation resistance. Ti NPs are
used in different industrial applications, disease diag-
nostics, medical imaging and other fields [18]. They
have high transparency in the visible range and high
UV absorption. Co NPs found the applications in
medical sensors, coatings, plastics, nanofibers,
nanowires, textiles, and high-performance magnetic
recording materials. Cobalt oxide NPs can also be
used in military applications due to their strong
absorption of visible, IR, and millimeter waves. Both
Ti and Co are transition metals from the fourth
period. Elements in the same period show trends in
atomic radius, ionization energy, electron affinity, and
electronegativity. Moving left to right across a period,
atomic radius usually decreases. This decrease in
atomic radius also causes the ionization energy to
increase. Ti and Co have comparable boiling (3287
and 2927°C) and melting (1660 and 1495°C) tempera-
tures, while different densities (4.54 and 8.9 g/cm3).
Their main thermal properties are similar. Apart from
the above mentioned interest to Ti and Co NPs the
search of peculiarities in the nonlinear optical
OPTICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
response can give additional information about their
structural properties and potential applications.

The studies of magnetic NPs were mostly concen-
trated on Fe, Ti, Co and their respective composite
materials [19, 20]. This eventually led to the lack of
information about optoelectronic properties of Ni
NPs including their nonlinear optical parameters.
Meanwhile, Ni NPs have attracted considerable inter-
est due to their ferromagnetic properties [21, 22],
which can also modify their nonlinear optical charac-
teristics. Most of the studies on Ni NPs have been car-
ried out in their oxidized form or in composite materi-
als [23, 24]. There are few reports on the laser ablation
of Ni in liquids using long laser pulses [25, 26]. The
only study on the nonlinear optical response of Ni
NPs is presented in [27] where self-defocusing due to
the thermo-optical properties and thermal heating
effect have been shown. However, the electronic non-
linear optical response from Ni NPs induced by short
pulses has not been reported so far, which promoted
researchers to study these properties of Ni NPs under
the influence of femtosecond laser excitation.

The laser ablation in liquids is not the only tech-
nique used for preparation of NPs. Ni plasma forma-
tion in air can serve, particularly, as a nonlinear
medium for harmonic generation in the plasma con-
taining NPs. Earlier, the harmonic generation in
plasma has been performed at vacuum conditions. The
plasma created during laser ablation contains elec-
trons, atoms and molecules, ions, neutrals, clusters,
quantum dots and NPs. The synthesis of NPs during
plasma formation in ablation plume has been shown to
significantly influence the efficiency of high-order
harmonic generation (HHG). At the same time, Ni
NPs have been applied to study the low-order har-
monic generation in microcube structures [28].

The low-order nonlinearities of NPs, which are
responsible for third harmonic generation (THG) in
laser-produced plasmas (LPP), were studied in [29].
The LPPs are also considered as the attractive nonlin-
ear media for conversion of the frequency of ultrashort
infrared laser pulses towards the ultraviolet and
extreme ultraviolet (XUV) ranges [30]. The advan-
tages of using in situ produced Ag NPs for HHG due
to large nonlinear optical response of Ag NPs in the
field of femtosecond probe pulses were analyzed in
[31]. The spectral characteristics of harmonics from
NPs produced in situ were compared with the HHG
from preformed NPs-containing plasma.

In this review, we summarize the low-order nonlin-
ear optical properties of four metal NPs (Ag, Ni, Ti,
and Co). We discuss the systematic studies of the abla-
tion-produced Ag NPs prepared by 5 ns, 200 ps, and
60 fs pulses at the wavelengths of 1064 and 800 nm. We
analyze the OL in Ag NP suspension induced by 2PA
and reverse saturable absorption (RSA) at the wave-
lengths of 800 and 355 nm, respectively. Third har-
monic generation in the plasmas containing Ag NPs is
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Fig. 1. (Color online) (a) Experimental setup for laser ablation in liquid. HB: heating beam, FL: focusing lens. (b) Experimental
setup for Z-scan studies. LASER: Q-smart 850 nanosecond laser or Ti:sapphire femtosecond laser, NF: neutral filters, FL: focus-
ing lens, S: sample, TS: translating stage, PD: photodiode. (c) Experimental scheme for third harmonic generation in laser
plasma. FL: focusing lenses, M: mirror, VC: vacuum chamber, TS: translating stage, T: target, P: plasma, CF: color filters, FS:
fiber spectrometer (USB2000). Reproduced from [32]. With permission of Springer. 
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discussed. The correlation between strong nonlinear
optical response of silver NPs out of their SPR and
efficient THG in the plasmas containing Ag NPs is
analyzed. Further, the studies of the nonlinear optical
properties of Ni NPs prepared using laser ablation in
deionized water and air are discussed. The determina-
tion of the 2PA coefficients and NLR indices under
femtosecond excitation at 800 nm and 400 nm is
described. We also discuss the THG in Ni plasma in
ambient air using picosecond and femtosecond heat-
ing pulses. Finally, we analyze the ablation using pico-
second laser pulses and formation of Ti and Co NPs in
three liquids. Three solvents (water, toluene, and eth-
ylene glycol (EG)) were used during ablation to create
the NPs of Ti and Co and control their sizes and
shapes. It was observed that the size and shape of NPs
vary in different surrounding liquids at similar laser
ablation conditions. We discuss the results of measure-
ments of the nonlinear refractive indices, nonlinear
absorption coefficients, and saturated intensities of
these NPs at the wavelengths of 800 and 400 nm (at
pulse duration of t = 60 fs), as well as 355 nm (t = 5 ns).
We also analyze the OL studies in the suspensions
containing these NPs.

2. STRONG THIRD-ORDER OPTICAL 
NONLINEARITIES OF Ag NPs SYNTHESIZED 

BY LASER ABLATION OF BULK SILVER
IN WATER AND AIR

The Ag NPs were synthesized by ablation of bulk sil-
ver in water using nanosecond laser (Q-Smart 850,
Coherent) [32]. Laser radiation (wavelength: 1064 nm,
pulse duration: 5 ns, pulse repetition rate: 10 Hz, pulse
energy: 40 mJ) was focused by the 100 mm focal length
lens on the surface of silver target immersed in deion-
ized water [Fig. 1a]. The target sizes was 5 × 5 × 2 mm.
The silver target was moved by two-coordinate trans-
lating stage during laser ablation. The ablation was
carried out during 30 min. The color of suspension was
changed during laser ablation until became yellow
OP
shade. The silver target was also ablated using 200 ps,
800 nm and 60 fs, 800 nm laser pulses.

The nonlinear optical parameters of Ag NP sus-
pension were investigated using Z-scan technique.
The nonlinear optical studies of Ag NP suspensions
were carried out using nanosecond and femtosecond
laser pulses at four different wavelengths (1064, 800,
400 and 355 nm). The closed-aperture (CA) and the
open-aperture (OA) Z-scan schemes were used for
nonlinear optical characterization of studied samples.
The radiation of Nd:YAG laser (λ = 1064 nm, τ =
5 ns) or its third harmonic (λ = 355 nm) was focused
by a 200 mm focal length lens (Fig. 1b). The beam
waist diameters were 81 and 39 μm (at 1/e2 level of the
spatial distribution at the focal plane) in the case of
fundamental and third harmonic radiation, respec-
tively. The propagated pulses were detected by a large
aperture photodiode.

The 2-mm-thick fused silica cell containing Ag NP
suspension was moved along the z-axis through the
focal point using a translating stage. The maximal used
intensities of probe radiation in the experiments did
not exceed 1.6 × 109 (λ = 1064 nm) and 6 × 108 W cm–2

(λ = 355 nm). The Ti:sapphire laser (Spitfire Ace,
Spectra Physics) provided 60 fs, 800 nm or 210 ps,
800 nm pulses at 1 kHz pulse repetition rate. The
intensities of used femtosecond pulses (τ = 60 fs) did
not exceed 2 × 1010 (λ = 800 nm) and 1.6 × 1010 W cm–2

(λ = 400 nm). The stability of morphology was con-
trolled by analyzing the position of SPR, which was
not changed during three months. Additionally, TEM
and SEM studies confirmed the conclusion about
good stability of synthesized NPs.

In the case of THG studies the laser radiation (λ =
800 nm, τ = 60 fs) was focused by a 400 mm focal
length lens on the LPP (Fig. 1c). The spectral charac-
teristics of third harmonic radiation (λ = 266 nm) were
analyzed by a fiber spectrometer. To create plasma
plume, a pulse was split from the Ti:sapphire laser by a
beamsplitter before the compression of fundamental
uncompressed pulse. The heating pulse duration was
TICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
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Fig. 2. (Color online) Optical limiting in the aqueous suspension of Ag NPs (filled triangles) and pure water (empty circles) using
(a) 60 fs, 800 nm, and (b) 5 ns, 355 nm probe pulses. Dotted lines show the linear dependences between output and input pulse
energies at the lower energy ranges of input pulses. Reproduced from [32]. With permission of Springer. 
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210 ps. This radiation was focused on the target to heat
it and produce LPP in the air conditions (Fig. 1c). The
area of ablation was adjusted to be approximately
0.25 mm. A delay between fundamental and heating
pulses was maintained to be 38 ns.

2.1. Optical Limiting in Ag NP Suspension

Below, the OL studies using the 800 nm, 60 fs and
355 nm, 5 ns laser pulses, which propagated through
the suspension of Ag NPs in deionized water, are pre-
sented. The suspension was obtained during ablation
of bulk silver using nanosecond laser pulses. This sus-
pension was placed at the focal plane of 400 mm focal
length lens.

The linear dependence between input and output
800 nm, 60 fs pulses was maintained up to the input
pulse energy of ~0.6 μJ (Fig. 2a, filled triangles). Fur-
ther growth of input pulse energy led to OL of propa-
gated laser radiation due to 2PA. This process was
maintained up to the energy of 800 nm pulses of
~2.0 μJ, which allowed stabilization of output energy
at the level of 0.5 μJ along the 0.6–2.2 μJ energy range
of input pulses. The OL in pure water was also studied
in this energy range of propagated laser pulses. The
slope of linear fitting for pure deionized water at small
input pulse energies was equal to 1.0, while the slope of
linear fitting of Ag NPs was equal to 0.7. The latter
slope was corresponded to the initial transmittance of
the suspension containing Ag NPs in deionized water.
In the case of water the inclination of Iout/Iin from the
linear dependence was also observed due to white light
generation (Fig. 2a, empty circles).

In the case of nanosecond laser pulses, RSA led to
the OL of 355 nm laser radiation. This process was
analyzed in the range of energies between 150 to 600 μJ
(Fig. 2b). One can see that Ag NP suspension demon-
strated excellent OL properties in the case of nanosec-
ond UV pulses. The observations of the OL in Ag NP
suspension were attributed to 2PA and RSA at the
OPTICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
wavelengths of 800 and 355 nm probe pulses, respec-
tively.

2.2. Nonlinear Refraction and Absorption in Ag NPs 
Suspensions in the Case of IR and UV Laser Pulses 

of Different Duration

The dependences of refractive indices and absorp-
tion coefficients of materials on the laser intensity are
presented as [33]

(1)

Here n0 is the linear refractive index, I is the intensity
of laser beam, γ and β are the nonlinear refractive
index and nonlinear absorption coefficient of media,
and α0 is the linear absorption coefficient. The deter-
mination of γ and β of materials can be accomplished
using the analysis of Z-scan curves. The Z-scan curves
in the cases of CA and OA schemes for the bulk silver
ablated in deionized water using nanosecond and
picosecond pulses are shown in Fig. 3. Circles and
squares represent the experimental data and solid lines
are the theoretical fits. In case of CA Z-scan scheme
the normalized transmittance T(z) is related to the
nonlinear refractive index by

(2)

Here x = z/z0, z0 = 0.5k  is the Rayleigh length, k =
2π/λ is the wave number, wo is the beam waist radius
of the focused beam and ΔΦ0 is the phase change. The
nonlinear refractive index is related to the phase
change as γ = ΔΦ0/kLefI0, where Lef = [1 –
exp(‒α0L)]/α0 is the effective length of nonlinear
medium, I0 is the intensity of laser beam at the focal
plane of focusing lens, and L is the sample thickness.
The normalized transmittance curves were fitted with
the CA experimental data. In the case of OA Z-scans,
the photodetector measured the whole transmittance
of propagated radiation. Figure 3a–3d show the
2PA-induced OA Z-scans (empty circles). In that case

= + γ α = α + β0 0, .n n I I

= + ΔΦ + +2 2
0( ) 1 4 /( 1)( 9).T z x x x

2
ow
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Fig. 3. (Color online) OA and CA Z-scans of Ag NP suspensions prepared by laser ablation of solid target using (a) 5 ns, 1064 nm,
(b) 200 ps, 800 nm, and (c) 60 fs, 800 nm laser pulses. 60 fs, 800 nm pulses were used as a probe radiation in the (a), (b), and
(c) cases. (d) OA and CA curves in the case of 5 ns, 1064 nm probe pulses. Ag NPs were prepared using 5 ns, 1064 nm pulses.
Solid curves are the fits to experimental data (see text). Reproduced from [32]. With permission of Springer. 
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the normalized transmittance of laser pulses can be
described by

(3)
Here, q0(z) = I0βLef/[1 + z2/(z0)2]. Equation (3) was
fitted with the OA data presented in Fig. 3.

The nonlinear optical parameters were studied in
the field of nanosecond and femtosecond laser pulses.
The thermal induced self-defocusing was observed in
the case of 1064 nm, 5 ns probe pulses (Fig. 3d, filled
squares). The reverse process was observed in the case
of 800 nm, 60 fs pulses at 1 kHz repetition rate
(Fig. 3a–3c, filled squares). This regime of interaction
of femtosecond laser pulses with Ag NP suspension led
to self-focusing, which is due to the electronic
response of nanoparticles. The corresponding nonlin-
ear optical parameters of 8 nm sizes Ag NPs in the case
of 1064 nm, 5 ns probe laser pulses were: β2PA = 3.0 ×
10–10 cm W–1, and γ = 1.2 × 10–14 cm2 W–1. At 800 nm,
60 fs probe pulses β2PA = 1.0 × 10–10 cm W–1, and γ =
2.0 × 10–15 cm2 W–1.

The Kerr-induced mechanism of self-defocusing
for analysis of colloidal silver in the field of picosecond
pulses has been considered in [34]. The thermal-
induced effects can dominate over the fast Kerr-
induced electronic contribution when the probe pulse
duration becomes longer than the thermal conductiv-
ity relaxation time of small sized Ag NPs. Hence, the
duration of laser pulses is a critical parameter for the

≈ − 0( ) 1 /2 2.T z q
OP
evaluation of third-order nonlinear response, espe-
cially nonlinear refraction.

The dependences of OA and CA normalized trans-
mittances of Ag NP suspensions at the wavelength of
400 nm femtosecond laser pulses are shown in Fig. 4.
The 2PA, RSA, and saturable absorption (SA) param-
eters of used suspension at this wavelength were calcu-
lated by fitting the experimental data with the Eq. (3)
and the relation describing SA:

(4)

where Isat is the saturated intensity of the medium.
Figure 4a demonstrates three processes: SA, RSA

and self-focusing in silver NPs suspension at 400 nm,
60 fs probe pulses. These studies showed the domi-
nance of the self-focusing process at higher energies of
probe pulses. These data were fitted using the equation
for three processes: SA, RSA and self-focusing.

The results of similar OA studies of Ag NP suspen-
sion ablated by nanosecond radiation using 355 nm,
5 ns probe pulses are shown in Fig. 5a. The corre-
sponding nonlinear absorption coefficients of the
studied samples at λ = 355 nm were as: βSA = –3 ×
10‒11 cm W–1, and βRSA = 2 × 10–10 cm W–1.

Figure 5b shows self-defocusing and 2PA of
355 nm laser radiation in Ag NP suspension ablated by
picosecond laser pulses. The nonlinear optical param-

= +
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Fig. 4. (Color online) Measurements using 400 nm, 60 fs pulses. (a) CA and (b) OA Z-scans of the Ag NP suspension produced
by 5 ns, 1064 nm pulses at different energies of probe pulses. (c) OA and CA Z-scans of the Ag NP suspension produced by 200
ps, 800 nm pulses. (d) OA and CA Z-scans of the Ag NP suspension produced by 60 fs, 800 nm pulses. Reproduced from [32].
With permission of Springer. 
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Fig. 5. (Color online) (a) SA and RSA in Ag NP suspensions prepared by ablation using nanosecond pulses at different energies
of 355 nm, 5 ns probe pulses: (filled circles) 30 μJ and (empty squares) 60 μJ. (b) Self-defocusing and 2PA using 355 nm, 5 ns
laser pulses (E = 50 μJ) in the case of the suspension prepared by picosecond pulses. Reproduced from [32]. With permission of
Springer. 
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eters of the Ag NP suspensions measured at different
experimental conditions are collected in Table 1.
Notice that concentration of Ag NPs in the case of
femtosecond ablation was notably smaller than con-
centration of the NPs produced during ablation using
picosecond and nanosecond pulses due to less effi-
cient ablation in the former case. Because of this the
nonlinear optical response of these species under
action of nanosecond probe pulses was at the thresh-
old of registration.

2.3. Third Harmonic Generation 
in the Laser-produced Ag NPs Plasmas

Figure 6 presents the spectra and the intensity of
the third harmonic (TH) as a function of the probe
OPTICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
and heating pulse intensity in the plasma plumes con-
taining Ag NPs. One can see a six fold enhancement of
TH efficiency in the case of silver plasma compared
with the THG in air. Third harmonic yield was also
analyzed at the air pressure of 1.3 kPa. In that case, the
20× enhancement of TH yield from Ag plasma with
regard to residual air was obtained. A slope of fitting
line in Fig. 6b corresponds to 3, which is the indication
of the expected cubic dependence between fundamen-
tal and harmonic pulses in the case of THG. Figure 6c
shows the dependence of TH yield on the heating
pulse energy. Third harmonic generation did not show
the saturation at the highest used energy of heating
picosecond pulses (0.5 mJ).

A deviation from linear polarization led to a
decrease of TH intensity, which is typical for low- and
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Table 1. Nonlinear optical parameters of Ag NP suspensions. Reproduced from [32]. With permission of Springer

Ag NPs (8 nm) Ag NPs (50 nm) Ag NPs (15 nm)

Parameters of heating pulses

λ = 1064 nm, τ = 5 ns, 
E = 40 mJ

λ = 800 nm, τ = 200 ps,
E = 0.56 μJ

λ = 800 nm, τ = 60 fs,
P = 0.96 μJ

800 nm, 60 fs γ (cm2 W–1) 2.0 × 10–15 3.4 × 10–15 1.9 × 10–15

β2PA (cm W–1) 1.0 × 10–10 0.9 × 10–10 0.9 × 10–10

χ(3) (esu units) 1.8 × 10–9 2.6 × 10–9 1.6 × 10–9

400 nm, 60 fs γ (cm2 W–1) 2.1 × 10–15 1.5 × 10–15 3.2 × 10–15

β (cm W–1) RSA: 8.6. × 10–10 RSA: 5.5 × 10–10 2PA: 5.5 × 10–10

βSA (cm W–1) –1.9 × 10–10 – –

χ(3) (esu units) 3.6 × 10–9 2.8 × 10–9 3.3 × 10–9

1064 nm, 5 ns γ (cm2 W–1) –1.2 × 10–14 – –

β2PA (cm W–1) 3.0 × 10–10 – –

χ(3) (esu units) 0.6 × 10–9 – –

355 nm, 5 ns γ (cm2 W–1) – –2.5 × 10–15 –

βRSA (cm W–1) 2.0 × 10–10 9.0 × 10–10 –

βSA (cm W–1) –3.0 × 10–11 – –

χ(3) (esu units) –0.2 × 10–9 0.8 × 10–9 –
high-order harmonics. The application of circularly
polarized laser pulses led to complete disappearance of
harmonic emission, as it should occur assuming the
origin of the harmonic generation process.

The conversion towards 266 nm radiation in the
case of plasma plume was notably stronger compared
with THG in air. Third harmonic generation conver-
sion efficiencies in air and Ag NP plasmas were deter-
mined to be 1 × 10–3 and 4 × 10–3 in the case of
800 nm, 60 fs driving pulses. The value of conversion
efficiency in air was comparable with earlier reported
OP

Fig. 6. (Color online) (a) Spectra of the third harmonic generati
(thin curve). (b) Dependence of the intensity of TH on the inten
of the intensity of TH on the energy of heating picosecond laser
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studies carried out at similar conditions [35, 36]. Third
harmonic enhancement in the Ag NP plasmas was
attributed to involvement of small silver clusters in the
harmonic generation.

3. ABLATED NICKEL NPs: THIRD HARMONIC 
GENERATION AND OPTICAL 

NONLINEARITIES

Another interesting and rarely studied topics is the
formation of nickel NPs. Below we analyze the studies
TICS AND SPECTROSCOPY  Vol. 125  No. 6  2018

on in the plasma containing Ag NPs (thick curve) and in the air
sity of femtosecond laser pulses in silver plasma. (c) Dependence
 pulses. Reproduced from [32]. With permission of Springer. 

(b) (c)

l = 3.0

1 10
1

0

0

0.2 0.40.60.8
10

100

1000

tensity of probe beam,
1011 W cm−2 

Energy of heating
pulses, mJ 

In
te

ns
ity

 o
f T

H
, a

rb
.u

ni
ts



STRONG THIRD-ORDER OPTICAL NONLINEARITIES 989

Fig. 7. (Color online) 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 μJ (ps pulses, empty circles) and 48.5 μJ (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 μJ (ps heating pulses,
empty circles), 48.5 μJ (fs heating pulses, filled circles) and probe pulse energy of 30 μJ. Inset in Fig. (a) shows the scheme of TH
variation vs. distance of the probe pulse with respect to the target. Reproduced from [37]. © IOP Publishing. Reproduced with
permission. All rights reserved. 

−10 −5 0 5 10
0

10k

20k

30k

T
H

 in
te

ns
ity

, a
rb

. u
ni

ts

Z, mm

Picosecond 
heating pulses

Femtosecond 
heating pulses

(b)

0 1 2 3 4 5

0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 T
H

 in
te

ns
ity

,
ar

b.
 u

ni
ts

−2 −1 0 1 2
0

0.5

1.0

Distance from target, mm

Heating 
pulse 

THG yield

In
te

ns
ity

, a
rb

. u
ni

ts

Plasma

 Target  

 Picosecond 
heating pulses

 Femtosecond 
heating pulses

Distance from target, mm

(a)

 
0
z

where formation of plasma from Ni target in air con-
ditions was carried out using the 200 ps, while pulse
width of the probe laser beam was kept at 60 fs [37].
Heating pulses reached the Ni target 38 ns before the
probe pulses propagation. The generated TH radiation
(λ = 266 nm) was separated from co-propagating fun-
damental 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.

The ablation of Ni was carried out in deionized
water using 60 fs and 200 ps pulses. The 6 ns, 1064 nm
pulses 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, the prepared samples of Ni NPs
suspensions are refereed as Sn, Sp, and Sf, respectively
for ns, ps, and fs ablation processes.

The Ni NPs were characterized using SEM analy-
sis. SEM images of Ni NPs show that the prepared
NPs are spherical in shape. The mean size of NPs
formed using fs laser pulse ablation was 50 nm which
was smaller compared to Ni NPs prepared using ps
laser ablation with the average particle size of 75 nm.
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 irradi-
ation [38]. The columbic explosion is the dominant
factor during femtosecond pulse irradiation compared
to the picosecond laser irradiation where the effect of
coulomb explosion decreases [39] and the near-field
enhancement occurs due to the energy imbalance in
the nanoparticle surface [40].

The mean size of Ni NPs in Sn was smaller com-
pared to the cases of ablation by ps and fs pulses (Sp
and Sf). During irradiation by ns pulses, the photo-
OPTICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
thermal effect [41] becomes dominant compared to
other processes of ablation causing the melting and
evaporation at the surface of particle, which results in
the temperature imbalance between the particle sur-
face and bulk leading to the particle fragmentation.
These processes can be further influenced by thermal
conductivity and thermal expansion coefficient of the
Ni during photo-thermal fragmentation at ns pulses
ablation [42]. 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.

3.1. Third Harmonic Generation in Ni NPs Plasma

A systematic study on the generation of the TH in
the Ni plasma produced in air was performed using
800 nm probe pulses. The presence of Ni NPs in
plasma was confirmed by analyzing the deposited
materials from nearby substrates. 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.

Figure 7a shows the variation of TH intensity as a
function of the distance between the target and the
propagation axis of the probe pulse. Third harmonic
from Ni plasma was observed up to the distance of
3 mm away from Ni target with maximum harmonic
intensity at 1.9 and 1.4 mm for the ps and fs heating
pulses, respectively. Third harmonic intensity varia-
tions 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
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Fig. 8. (Color online) Variations of the TH in Ni plasma with (a) probe pulse energy at the constant heating energies of ps pulses
(163 μJ, empty circles) and fs pulses (48.5 μJ, filled circle) and (b) heating energies of ps and fs pulses at the constant probe pulse
energy of 30 μJ. Reproduced from [37]. © IOP Publishing. Reproduced with permission. All rights reserved. 
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Table 2. Nonlinear optical parameters of Ni NP suspensions
prepared using laser ablation. Reproduced from [37].
© IOP Publishing. Reproduced with permission. All rights
reserved

Wavelength, 
pulse duration Sample

2PA coefficient 
(cm W–1)

Nonlinear 
refractive index 

(cm2 W–1)

800 nm, 60 fs Sn

Sp

Sf

400 nm, 60 fs Sn

Sp

Sf

−× 111.5 10 −× 166.6 10
−× 112.1 10 −× 16105.4
−× 111.5 10 −× 166.6 10
−× 118.9 10 −× 152.1 10
−× 114.2 10 −× 151.6 10
−× 116.2 10 −× 151.4 10
spot size on the expansion of plasma. It has been
demonstrated that the distribution of generated spe-
cies during ablation is controlled by their longitudinal
velocity, and strongly depends on input f luence [43].
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 surface. This
behavior of TH signal from Ni plasma using ps and fs
heating pulses points out the importance of plasma
expansion velocity during pulsed laser ablation [44].

The inset in Fig. 7a depicts the TH intensity profile
with varying spot size upon change of the focal plane
of heating pulses. The spot size variation changes the
fluence of heating pulses on the target surface during
ablation, which eventually produces different concen-
tration 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.

Figure 7b 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 μJ. The
energies of the ps and fs heating pulses were kept at 163
and 48.5 μJ, respectively. 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 ana-
lyzed under the optimal conditions for TH from Ni
plasma. The energies used for the formation of plasma
were fixed at 163 and 48.5 μJ for the ps and fs pulses,
respectively. Figure 8a 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 μJ. At the constant probe pulse energy of 30 μJ,
the TH intensity increases with the growth of heating
OP
pulse energy for both ps and fs heating pulses up to
600 μJ (Fig. 8b). Third harmonic monotonically
increases with the increase of ps heating pulses energy,
whereas for fs heating pulses, TH reaches saturation at
the pulse energy of 200 μJ. The saturation 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.

3.2. Nonlinear Optical Properties of Ni NP Suspensions

The prepared Ni NPs suspensions were used to
study their nonlinear optical properties by Z-scan
technique at 800 and 400 nm. The OA Z-scan tech-
nique was employed to measure the 2PA coefficients.
The results of studies are shown in Figs. 9a–9c for
800 nm, 60 fs pulses (empty circles) and summarized
in Table 2. It was found that Sp possesses slightly larger
2PA (β = 2.1 × 10–11 cm W–1) compared to that for Sn
and Sf (both 1.5 × 10–11 cm W–1). Nonlinear optical
response of Ni NPs suspensions can be attributed to
TICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
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Fig. 9. (Color online) Z-scans of different Ni NPs in deionized water. (a), (b), and (c) represent the Z-scan traces of Sn, Sp, and
Sf using 800 nm radiation. Z-scan traces of Sn, Sp, and Sf using 400 nm radiation are shown in (d), (e) and (f), respectively. Solid
lines show the theoretical fits. Reproduced from [37]. © IOP Publishing. Reproduced with permission. All rights reserved. 
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the influence of particle size [45], which is larger for Sp
as compared to the Sn and Sf.

It is worth to mention that 800 nm wavelength falls
in the tail of absorption spectrum for all ablated NPs,
which leads to low 2PA probability. Indeed, the steep
growth of absorption appears in the UV region
(≤330 nm) of the spectrum of Ni NPs suspensions.
However, the absorption starts to gradually grow from
500 nm towards shorter wavelengths in the visible
region. Low nonlinear absorption using 800 nm probe
pulses was caused by low 2PA due to relatively small
linear absorption at 400 nm for three suspensions.
However, it was not negligible to entirely exclude the
2PA process. To analyze the probability of the influ-
ence of higher-order nonlinear optical process, like
three-photon absorption (3PA), on the Z-scans of
samples, the intensity-dependent studies of the non-
linear optical properties of these NPs suspensions were
performed. During these studies, the β in all suspen-
sions remained almost unchanged in the case of a two-
fold growth of the probe pulse energy. Notice that 3PA
characterizes by the relation β ≈ β2pa + β3paI, which
shows the dependence of β on the probe pulse inten-
sity I. It was concluded from these intensity-depen-
OPTICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
dent studies that the role of 3PA was insignificant
compared with 2PA.

The NLR indices of Sn, Sp, and Sf suspensions were
also measured using femtosecond laser pulses (filled
circles, Figs. 9a–9c). The nonlinear refraction 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 × 10–16, 5.4 × 10–16, and 6.6 ×
10‒16 cm2 W–1 for Sn, Sp and Sf, respectively. The cal-
culated NLR indices showed the reverse trend com-
pared to 2PA coefficients. The value of γ was lower for
Sp compared to the other two samples. The NLR of all
studied samples was related to the contribution of
intense laser pulse induced electronic polarization.

Z-scans were also performed at λ = 400 nm to ana-
lyze the influence of SPR in Ni NPs on the nonlinear
optical characteristics of these suspensions (Figs. 9d–
9f). At 400 nm, all NPs suspensions possessed higher
2PA and self-focusing compared to the same processes
measured using 800 nm pulses (see Table 2). The val-
ues of β were 9 × 10–11, 4 × 10–11 and 6 × 10–11 cm W–1
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Fig. 10. SEM images of (a–c) Ti and (d–f) Co NPs ablated
in deionized water, toluene and ethylene glycol solutions.
Reproduced from [46]. With permission of Springer. 
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for Sn, Sp, and Sf, respectively. The study of NLR indi-
ces revealed the values of 2.1 × 10–15, 1.6 × 10–15, and
1.4 × 10–15 cm2 W–1 for Sn, Sp, and Sf, respectively.

4. LASER ABLATION-INDUCED SYNTHESIS 
AND NONLINEAR OPTICAL 

CHARACTERIZATION OF TITANIUM
AND COBALT NPs

4.1. Ablation and Characterization of Samples
The NPs were formed via laser ablation of the Ti

and Co sheets immersed in a liquid-containing fused
silica cell [46]. The incident light was focused on the
1-mm-thick metal sheet using a 100 mm focal length
spherical lens, while the 20 mm thick cell was moved
along two directions (X and Y) at a velocity of
0.01 mm s–1. The ablation was performed using
uncompressed radiation of Ti: sapphire laser (200 ps,
800 nm) at 1 kHz repetition rate during 20 to 30 min.
The bulk targets were ablated at pulse energy 550 μJ in
deionized water, toluene and EG.

Figures 10 and 11 show the SEM images and size
distributions of the Ti and Co NPs ablated in water tol-
uene and EG, respectively. The size distribution of Ti
NPs in water, toluene and EG lies in between 20–250,
10–100 and 20–60 nm, and having corresponding to
mean sizes are 125, 30, 40 nm, respectively, whereas,
the size distribution of Co NPs synthesized in water
was centered at 90 nm. It is important to analyze the
processes that determine the morphology of synthe-
sized NPs to control the mean diameter and size dis-
tribution of the resulting particles by changing the sol-
vent and pulse energy. Particularly, the sizes of Ti and
Co NPs synthesized in water were larger than those
prepared in toluene and EG. The surface shape of
spherical Ti and Co NPs in water was smooth. Water is
a highly polar liquid, and the presence of oxygen leads
to formation of the oxides of Ti and Co NPs during
laser ablation.

4.2. Nonlinear Optical Properties of Ti NPs
Figure 12 shows the Z-scans of Ti NPs measured

using 800 nm, 60 fs pulses, as well as the solid curves
corresponding to theoretical fits of experimental data.
Figures 12a–12c and 12d–12f show the OA and CA Z-
scan data corresponding to the Ti NPs in water, tolu-
ene, and EG, respectively. Similar experiments were
carried out in the case of 400 nm, 60 fs probe pulses.
The nonlinear optical parameters of Ti NPs at 800 and
400 nm are comprised in Table 3. At the 800 nm probe
wavelength, the Ti NPs in both water and toluene
solutions showed the SA (β = –2.1 × 10–11 and β =
‒2.3 × 10–11 cm W–1, respectively; Figs. 12a, 12b). In
the case of CA the combined processes of NR and SA
were observed in these suspensions that was mani-
fested by larger peaks compared with preceding valleys
(Figs. 12d, 12e). Meanwhile, the influence of SA in Ti
OP
NPs in the case of ablation in EG was diminished due
to high positive nonlinear absorption of pure solvent
(Figs. 12c, 12f). The negative nonlinear absorption
attributed to Ti NPs was smaller compared to the pos-
itive nonlinear absorption attributed to EG.

Overall, the Ti NPs suspended in EG showed the
positive nonlinear absorption in the OA scheme. The
corresponding nonlinear absorption coefficient in this
suspension was β = 7.2 × 10–12 cm W–1. In the case of
CA scheme the Ti NPs in EG demonstrated pure self-
focusing (γ = 1.2 × 10–15 cm2 W–1, Fig. 12f), whereas in
water and toluene solutions these particles showed the
NLR+SA processes (γ = 5 × 10–16 cm2 W–1, Isat =
3.9 × 1011 W cm–2, and γ = 4.9 × 10–16 cm2 W–1, Isat =
3.8 × 1011 W cm–2, respectively). These OA Z-scans
demonstrated that the Ti NPs possess SA at 800 nm in
case of 60 fs probe pulses. The values of nonlinear
refraction and absorption coefficients of Ti NPs in
water were slightly higher compared to Ti NPs in tolu-
ene. These studies showed that at relatively small
intensities (7 × 1010 W cm–2), SA is the prevailing pro-
cess of nonlinear absorption that confirms the behav-
ior of OL curve for Ti NPs suspension at small pulse
energies (Fig. 12b). Then, with the growth of laser
intensity, i.e., at I0 > 1011 W cm–2, SA process became
replaced by RSA leading to OL in this suspension.

In the case of 400 nm probe pulses the Ti NPs in
three solvents showed stronger nonlinear absorption
and refraction compared to 800 nm pulses due to close-
TICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
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Fig. 11. (Color online) Histograms of size distribution of the Ti (a–c) and Co (b–d) NPs synthesized during ablation in deionized
water, toluene and ethylene glycol solutions. Reproduced from [46]. With permission of Springer. 
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ness of probe pulses to the SPR of Ti NPs. Ti NPs in
water demonstrated the largest nonlinear absorption at
λ = 400 nm compared to other two solvents. Both 2PA
and RSA could be responsible for positive nonlinear
absorption in these conditions. The nonlinear optical
characteristics comprised in Table 1 show that the val-
ues of nonlinear absorption coefficients for the Ti NPs
in these solvents followed the relation βwater > βEG >
OPTICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
βtoluene at λ = 400 nm. In the meantime, the nonlinear
refraction indices of Ti NPs suspensions did not follow
this rule and were roughly equal to each other.

4.3. Nonlinear Optical Properties of Co NPs

Figure 13 shows the OA and CA Z-scans of the Co
NPs ablated in water, toluene and EG in case of
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Table 3. Nonlinear processes and parameters of Ti NP suspensions calculated using 800 and 400 nm, 60 fs radiation. Repro-
duced from [46]. With permission of Springer

NPs 
suspension

Nonlinear process
in case of I0 (W cm–2)

× 1010
γ (cm2 W–1)
× 10–16 CA

β (cm W–1)
× 10–11 Isat (W cm–2) × 1011

OA CA OA OA CA

Measurements using 800 nm radiation
Ti : water SA NR + SA 7.9 5 –2.1 3.5 3.9
Ti : toluene SA NR + SA 6.6 4.9 –2.3 3.3 3.8
Ti : EG 2PA NRA 10 12 0.72

Measurements using 400 nm radiation
Ti: water RSA NRA 1.6 22 28
Ti: toluene RSA NRA 1.6 32 7.8
Ti: EG RSA NRA 1.6 26 8.8

Table 4. Obtained nonlinear process from OA, CA Z-scans (800 nm, 400 nm) and their parameters of Co NPs in water,
toluene and ethylene glycol. Reproduced from [46]. With permission of Springer

NPs suspension
Nonlinear process in case of

I0 (W cm–2) × 1011 γ (cm2 W–1)
× 10–16 β (cm W–1) × 10–12

OA CA

Measurements using 800 nm radiation
Co : water 2PA NRA 2.7 1.5 8
Co : toluene 2PA NRA 2.5 4.8 15
Co : EG 2PA NRA 2.2 3.8 6

Measurements using 400 nm radiation
Co : water RSA NRA 2.2 1.6 5.0
Co : toluene RSA NRA 0.3 7.3 110
Co : EG RSA NRA 0.5 21 210
800 nm probe pulses, respectively. Similar measure-
ments were performed using 400 nm probe pulses. The
corresponding nonlinear optical processes and their
parameters are comprised in Table 4. In the case of OA
Z-scans the Co NPs in water, toluene and EG demon-
strated the 2PA or RSA (800 nm) and RSA (400 nm),
whereas CA scheme revealed the nonlinear refraction
and absorption. The values of γ and β for Co NPs in tol-
uene (I0 = 2.5 × 1011 W cm–2) were slightly higher than
those for Co NPs in water (I0 = 2.7 × 1011 W cm–2) and
EG (I0 = 2.2 × 1011 W cm–2). It was expected to be high
values of γ and β for Co NPs in EG, due to their small
size of distribution. The nonlinear absorption studies
of Co NP suspensions showed that this process was
observed at both wavelengths (800 nm and 400 nm).

The absorption peak of Co NPs in water demon-
strates the SPR at 400 nm. These NPs have stronger
linear absorption at 400 nm compared to 800 nm. At
both 800 and 400 nm wavelengths the Co NPs in three
solvents have shown the nonlinear refraction and
absorption indicating the self-focusing condition
while using short (60 fs) pulses. The nonlinear optical
parameters of Co NPs in water have higher values at
OP
800 nm compared to 400 nm. However, the smallest
NPs (in case of toluene (SPR peak at 287 nm) and EG
(SPR peak at 310 nm)) have strong nonlinear
absorption and refraction coefficients at resonance
wavelength (400 nm). The highest values of β (2.1 ×
10–10 cm W–1) and γ (2.1 × 10–15 cm2 W–1) are achieved
for Co NPs in EG.

5. SUMMARY

The selection of the topics of this review follows
with some logical sequences. Optical limiting effect is
a process caused by the nonlinear optical properties of
materials. It can be explained by Z-scan data. It was
demonstrated, through harmonic generation, that
ablation and formation of NPs in liquids and air has
the advantages, which can be used for HHG in the
laser-produced plasmas containing NPs and quantum
dots. Furthermore, the increase of TH yield in the
plasmas containing NPs allows basic explanation of
the formation of these NPs at different conditions.
These groups of studies were analyzed to demonstrate
the fact that exceptionally strong nonlinearities (par-
TICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
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Fig. 13. (Color online) (a, b, c) OA, and (d, e, f) CA Z-scans (800 nm, 60 fs) of the Co NPs obtained during ablation in water (a,
d), toluene (b, e), and (c, f) ethylene glycol, respectively. The corresponding nonlinear optical parameters are shown on the
graphs. Reproduced from [46]. With permission of Springer. 
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ticularly, nonlinear absorption) strongly correlate with
highly efficient THG in NPs. The reviewed studies
show the way to attribute the earlier reported excep-
tionally strong HHG conversion efficiency in NP
plasmas to the specific features of those particles
related with involvement of their plasmonic properties
in the enhancement of nonlinear optical response in
the XUV range.

In this review, we have analyzed the results of stud-
ies of the Ag NPs prepared during ablation of bulk sil-
ver in deionized water using different wavelengths and
durations of heating pulses. The study of the nonlinear
optical parameters of Ag NPs in the resonant and
quasi-resonant conditions using 400 nm, 60 fs pulses
have shown the presence of SA and RSA. The nonlin-
ear absorption coefficient of suspensions was as high
as 3.0 × 10–5 cm W–1 at the wavelength of 1064 nm.
The Ag NP suspension has demonstrated the out-
standing optical limiting properties in the case of
355 nm, 5 ns probe pulses. Nonlinear refraction
showed the change of sign with variation of the wave-
length and duration of laser pulses.

The application of small-sized NPs for low-order
harmonic generation of femtosecond laser pulses was
demonstrated and systematically analyzed during
ablation of silver in air. The enhancement of low-order
harmonic generation is attributed to the influence of
silver clusters on the nonlinear optical response of Ag
plasma. Those studies have demonstrated the involve-
ment of multi-atomic Ag particles in the growth of
third harmonic yield. The conversion towards 266 nm
OPTICS AND SPECTROSCOPY  Vol. 125  No. 6  2018
radiation in the case of plasma plume was notably
stronger compared with THG in air.

Further, we have analyzed the nonlinear optical
response of nickel NPs prepared using nanosecond,
picosecond, and femtosecond pulse induced ablation
in deionized water, as well as discussed the studies of
the lower-order harmonic generation in the plasma
containing these NPs. The influence of NP size distri-
bution on the nonlinear optical properties was
observed at 800 nm with the maximum two-photon
absorption coefficient of 2 × 10–11 cm W–1 for nickel
NPs suspensions prepared using picosecond laser
pulses. The larger two-photon absorption coefficient
of (9 × 10–11 cm W–1) was measured for nickel NPs
suspension at 400 nm, which was attributed to the
influence of surface plasmon resonance. Similar to
two-photon absorption coefficients, nonlinear refrac-
tion have shown larger indices at 400 nm as compared
to the 800 nm.

Finally, titanium and cobalt NPs were synthesized
using laser ablation technique in different liquid sol-
vents (water, toluene, and ethylene glycol) were sys-
tematically analyzed. The third-order nonlinear opti-
cal properties of these NPs were studied using the 60 fs
pulses at two wavelengths. Ti and Co NPs showed SA
and 2PA at 800 nm and RSA at 400 nm. At 800 nm in
the case of CA Z-scans the joint influence of nonlinear
refraction and SA was observed for Ti NPs in water
and toluene, whereas nonlinear refraction and positive
absorption were dominated in the ethylene glycol
solution containing these NPs. The Ti and Co NPs
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showed positive nonlinear refraction at both 800 and
400 nm. The Ti NPs ablated in water demonstrated the
SA in the case of 355 nm, 5 ns pulses at lower energies
and RSA at larger energies. The measurements of
Z-scans and optical limiting demonstrated that the Ti
NPs have higher nonlinear absorption and refraction
coefficients as compared to Co NPs.
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