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A B S T R A C T   

We investigated the third-order nonlinear optical (NLO) properties of the silver (Ag) nano-
particles (NPs) of various sizes, which were produced by disintegration of commercially available 
20 and 100 nm NPs in different solvents. It is observed that NPs with the sizes less or greater than 
30 nm possess saturable absorption or reverse saturable absorption (or two-photon absorption), 
respectively. The NPs suspensions show a self-focusing effect. In addition, the third harmonic 
generation from the plasma plumes produced by nanosecond laser ablation of bulk Ag and Ag NPs 
of 100 nm and 20 nm sizes is reported. The third harmonic efficiency from the plasmas containing 
NPs was higher compared with the plasmas produced on the bulk silver. Finally, the ionization 
probabilities of Ag atom and Ag+ were calculated.   

1. Introduction 

The research on metal nanoparticles (NPs), quantum dots and nanocrystals is essential because of their potential applications in 
optics, energy harvesting, communications, defense, and medicine [1–15]. The advantages in applications of NPs are also possible due 
to the appearance of the surface plasmon resonance (SPR), which is responsible for the enhancement of the third-order optical 
nonlinearities caused by the reduced dimensionality of those species. Numerous noble metal NPs have been studied under different 
conditions using various intense laser pulses (for example [16–18]). Among them, Ag NPs possess significant nonlinear optical (NLO) 
properties [19–26], due to their strong SPR in the visible spectral range [27–30]. A unique property of spherical Ag NPs is that their 
SPR peak can be tuned between 400 nm and 530 nm by changing the particle size. Even larger shifts of SPR peak towards the infrared 
region can be achieved by using rod- or plate-shaped NPs [27,28,31]. Recently some research groups explored the advanced NLO 
properties of Ag NPs coupled with Cu and ZnO NPs as well as other NPs [19–26]. 

Earlier, Ag NPs have been prepared by laser ablation of bulk Ag target and by chemical reduction methods. As it was mentioned, 
various applications of Ag NPs are related with their size and shape-dependent properties [32–34]. Our group has recently reported the 
NLO studies of 8 and 50 nm Ag NPs prepared by laser ablation of bulk Ag in deionized water using nano-, pico- and femtosecond pulses. 
We have shown that the change in the ablated pulse duration leads to the control of size distribution (SD) of NPs [35]. Additionally, the 

* Corresponding authors. 
E-mail addresses: ksrao@ciomp.ac.cn (S.R. Konda), chunlei.guo@rochester.edu (C. Guo), weili1@ciomp.ac.cn (W. Li).  

Contents lists available at ScienceDirect 

Optik 

journal homepage: www.elsevier.com/locate/ijleo 

https://doi.org/10.1016/j.ijleo.2021.167680 
Received 10 June 2021; Received in revised form 12 July 2021; Accepted 19 July 2021   

mailto:ksrao@ciomp.ac.cn
mailto:chunlei.guo@rochester.edu
mailto:weili1@ciomp.ac.cn
www.sciencedirect.com/science/journal/00304026
https://www.elsevier.com/locate/ijleo
https://doi.org/10.1016/j.ijleo.2021.167680
https://doi.org/10.1016/j.ijleo.2021.167680
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2021.167680&domain=pdf
https://doi.org/10.1016/j.ijleo.2021.167680


Optik 245 (2021) 167680

2

size effect of NPs leads to the change of their absorption mechanism, i.e. saturable absorption (SA) and reverse saturable absorption 
(RSA) [36]. It is known that separated NPs attract great attention because of their physical and chemical properties often deviate from 
both the corresponding bulk materials and aggregated NPs [19]. 

Even though several articles demonstrated the third-order NLO properties of Ag NPs of various sizes [32,37,38], a detailed 
investigation of the dependence of NLO properties on the specific SD of Ag NPs is still of great importance, since the Ag NPs size 
variations lead to the change of their SPR peaks and nonlinear absorption/refraction mechanisms. Laser irradiation is an effective 
method to produce isolated NPs from fragmented/aggregated NPs [39]. The SD of NPs depends on the solvent’s viscosity and surface 
energy due to changes in the fluence of laser pulses propagating in the solvents. The SA, two-photon absorption (2PA), optical limiting 
(OL), and optical Kerr nonlinearities are the mechanisms that are responsible for the NLO properties [40–46]. SA dominates usually in 
the presence of linear absorption [23] whereas RSA may modify absorption at high peak intensities [44,47,48]. With the depletion of 
the ground state with the increase of the incident laser energies, the nonlinear medium absorbed a high amount of laser energy via 
excited-state absorption which leads to RSA. These processes depend not only on the energy of the incident photon but also on the 
excitation wavelength, which plays an important role depending on the resonant or non-resonant transitions [35,49]. 

In this paper, the prepared NPs were studied using the Z-scan technique. We show that they will be useful in the field of optics and 
photonics devices. Also, due to the higher NLO properties of Ag NPs combined with other metallic NPs, they can demonstrate sig-
nificant applications in optics and biomedicine [1–15]. The plasma plumes of NPs with sizes of 100 nm and 20 nm will be useful for 
high-order harmonic generation and the next generation of tabletop extreme ultraviolet light sources. 

2. Experimental methods 

2.1. Laser irradiation 

0.5 mg Ag NPs of 100 nm and 20 nm were separately dissolved in 50 ml of DMSO and toluene. The 6 ns, 50 mJ pulses of 
fundamental wavelength 1064 nm of Nd: YAG laser system (Q-smart 850) is focused by a spherical lens of 100 mm focal length on the 
suspension surface (Fig. 1(a)). The suspension is placed on a glass holder and rotated with fixed velocity up to 30 mins and subse-
quently subjected to UV–visible absorption spectroscopy (Agilent Technologies), Scanning electron microscopy (SEM) [S-4800, 

Fig. 1. Experimental layouts for a) laser irradiation, MS: magnetic stirrer, lens f= 100 mm, M: mirror, b) Z-scan, M1, M2: Mirrors, Lens, f= 400 mm, 
A: Aperture, PD1-photodiode for open aperture (OA), PD2: photodiode for closed aperture (CA). c) THG, DP: driving pulse 800 nm, 35 fs, HP: 
heating pulse 1064 nm, 6 ns, L1-L3: lens, corresponding focal lengths f1= 500 mm, f2= 200 mm, and f3= 500 mm, respectively, GM: Gold mirror, T: 
target (Ag bulk, Ag 100 nm and 20 nm nanoparticles). (d) Laser beam profile at the focus of the Z-scan path. 
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Hitachi], and Z-scan measurements to find the SPR properties, morphology and NLO coefficients respectively. 

2.2. Z-scan measurements 

We used Ti: sapphire (Spectra-Physics, Spitfire Ace) laser pulses (800 nm, 60 fs, 1 kHz) of 0.2 µJ with linear (horizontal) polari-
zation [Fig. 1(b)]. The NPs suspension is filled in 1-mm thick cuvette and is scanned along the Z-axis of the focused laser beam (f=
400 mm). The Ag NPs nonlinear absorption coefficients and saturation intensities are measured using open aperture (OA) Z-scans. 
Whereas, the nonlinear refraction coefficients are measured by using closed aperture (CA) Z-scans, where the aperture was narrowed to 
allow transmitting ~10% of input radiation. The laser beam profile before keeping the sample is measured at the focus of the Z-scan 
path using CCD (Thorcam) (Fig. 1(d)) and fitted with Gaussian function and found full width half maximum and 1/e2 beam waist is 
42.84 and 76.18 µm, respectively. 

2.3. THG 

The studies used a Ti: Sapphire laser operating at 800 nm, 35 fs, 1 kHz. The 1064 nm, 6 ns used to create the plasma from Ag bulk 
and NPs (100 nm, 20 nm) in a vacuum chamber. The nanoseconds heating pulses (HP) were focused on the sample surface using a 
spherical lens of 200 mm focal length (1/e2 beam radius at focus is: 34.5 µm). The driving pulse (DP) was focused using a spherical lens 
of 500 mm focal length (1/e2 beam radius at focus is: 43.5 µm) propagating parallel to the sample surface and perpendicular to the 
propagation axis of HP, as shown in Fig. 1(c). The harmonics yield optimized by adjusting the distance between the target and DP 
optical axis and the focal position of the HP. The generated third harmonic (TH) radiation from the excited plasma sent out from the 
target chamber by a gold mirror and the TH signal was separated by the color filter. Then, the spectra of TH radiation is measured using 
a USB fiber spectrometer (Ocean Optics, USB 4000 +). 

3. Results and discussion 

Section-3.1 deals laser irradiation process and characterization of Ag NPs disintegrated in DMSO, and toluene using UV–visible 
absorption spectra and SEM analysis. Section 3.2 shows the third-order nonlinearities of the disintegrated NPs of Ag 100 nm and 20 nm 
using Z-scan measurements. Section 3.3 shows THG from bulk Ag and original (not disintegrated ones) 100 nm, 20 nm NPs for 
different DP and HP intensities, and ionization probability calculations of Ag atom and Ag+ ion. 

3.1. Characterization of Ag NPs in DMSO and toluene 

The commercial 100 nm and 20 nm NPs are aggregated in two solvents (DMSO and Toluene, which have a density of 1.1004, 
0.87 g/cm3 and viscosity of 1.996, 0.590 Cp at 20 ◦C, respectively), the optical absorption spectra did not show the SPR peaks, 
similarly to the solutions containing Ag atoms. We irradiated these nanoparticle aggregates by nanoseconds laser pulses, which 
resulted in the appearance of well-defined SPR peaks for the Ag NPs. Fig. 2 shows the UV-Visible absorption spectra of NPs before and 
after laser irradiation. The laser ablation in liquids depends on the solvents density, viscosity, and absorption properties of ablated laser 
wavelength, as well as laser pulse energy and time of the ablation process [3,50–58]. In our case, instead of laser ablation of bulk metal 
targets in liquids, we have chosen a specific size of (100 nm, and 20 nm) aggregated/fragmented NPs in DMSO and toluene using laser 
irradiation at a fixed laser energy of 50 mJ and up to 30 min duration to investigate their NLO properties. The SPR peak values for 
disintegrated NPs of 100 nm and 20 nm in DMSO are 420 nm, 426 nm, whereas, in toluene 417 nm and 430 nm, respectively. The SEM 

Fig. 2. Evolution of the optical extinction spectrum of NPs before and after laser radiation process in DMSO and toluene solvents for (a) Ag 100 nm 
NPs and (b) Ag 20 nm NPs, respectively. 
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images and SD of the irradiated Ag NPs for 100 nm and 20 nm are shown in Figs. 3 and 4, respectively. The aggregated Ag 100 nm and 
20 nm NPs are disintegrated into mean size of 28 nm, 37 nm in DMSO and 23 nm, 33 nm in toluene, respectively. Ag 100 nm NPs were 
observed to break down their SD lower than 100 nm during laser irradiation. Whereas, in the case of Ag 20 nm NPs, initially these NPs 
are aggregated, which means the initial size is more than 20 nm i.e. integer multiples of 20 nm, which indicates that the smallest NPs 
are combined easily. Also, the surface volume of aggregated NPs of 20 nm is less as compared to 100 nm NPs, which leads to a decrease 
in the probability of interaction of 20 nm NPs with the irradiation laser pulse as compared to 100 nm NPs. Therefore, the disintegration 
of 100 nm NPs is more prominent, as a result, lower size NPs obtained. Moreover, the obtained results show that during the laser 
irradiation process the solvents which have high density and viscosity (DMSO) leads to a bigger size of NPs than the solvents of less 
density and viscosity (toluene). It inferred that lower viscosity and density of solvents allow high laser pulse energy to interact with the 
NPs and disintegrate them into a smaller size. In the present case, Ag NPs is spherical, clearly identified from the SEM images shown in 
Fig. 3. The difference of Ag NPs size changed their SPR peak positions, bandwidth and wavelength, and increased size shows a red shift 
in the absorption spectra (shown in Fig. 2), which directly affect third-order NLO properties of NPs. 

3.2. Nonlinear absorption and refraction of Ag NPs suspensions in DMSO, and toluene 

It is well known that Z-scan is an effective technique to measure the third-order NLO properties of the NPs suspensions. The values 
of the third-order nonlinear refraction index (n2) and nonlinear absorption coefficient (β) for materials can be measured using the 
analysis of the Z-scan technique through CA and OA measurements, respectively. In the case of OA Z-scans, the 2PA, and SA induced 
normalized transmittance of laser pulses can be described by [59]. 

T2PA(z) ≈ 1 −
q

2
̅̅̅
2

√ (1)  

TSA (z) = 1 +
Io

Isat(x2 + 1)
(2) 

Here, q(z) = Io × β × L eff /(1 + z2/(zo)2), Io is the peak intensity in the focal plane, and Isat is the saturated intensity of the medium. 
In the case of CA Z-scan scheme, the normalized transmittance [T(z)] is related to the nonlinear refractive index by the following 
equation [60]: 

T(z) = 1+
2( − ρx2 + 2x − 3ρ)ΔΦ0

(x2 + 1)(x2 + 9)
(3) 

Here x = z/z0, z0=kwo
2 is the Rayleigh length, k = 2π/λ is the wavenumber, wo is the beam waist radius of the focused beam, and 

ΔФ0 =kn2I0Leff is the phase change due to nonlinear refraction. The nonlinear refractive index is related to the phase change as n2 
= ΔΦo/kLeffIo, where Leff= [1-exp (-αoL)]/αo is the effective length of the nonlinear medium and L is the sample thickness. The 
normalized transmittance curves from Eqs. (1) to (3) were used to fit the experimentally obtained data is shown in Fig. 5. 

Fig. 5 shows the results of OA and CA measurements of pure solvents (DMSO and toluene) and disintegrated Ag NPs (contribution of 
pure solvents deducted) at Io= 1.4 × 1011 W/cm2. In the process of disintegration of aggregated Ag 20 nm, the larger sized NPs 
(DMSO: 37 nm, toluene: 33 nm) are obtained when compared to irradiation of Ag 100 nm NPs (DMSO: 28 nm, toluene: 23 nm). The 

Fig. 3. HR-SEMs images of (a, c) Ag 100 nm and (b, d) 20 nm suspensions after irradiation process in DMSO, and toluene, respectively.  
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Fig. 4. The SD range of Ag NPs (obtained from SEM images) for (a,c) Ag 100 nm and (b,d) 20 nm suspensions through the process of irradiation in 
DMSO, and toluene, respectively. 

Fig. 5. OA and CA measurements of pure solvents and NPs obtained after the disintegration of 100 nm and 20 nm NPs in DMSO and toluene, 
respectively. In the case of NPs solutions, the contribution of pure solvents was deducted. 
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mean size, SD and NLO coefficients of produced NPs is shown in Table 1. It was observed that larger-sized Ag NPs 37 nm and 33 nm 
possess SA, whereas, 28 nm and 23 nm possess RSA (2PA) at off-resonant wavelength 800 nm. There have been several reports on the 
increase in the 2PA coefficient with an increase in the size of NPs and SA switching to RSA, due to size, shape and intensity of the input 
laser pulses [36,61–70]. In saturable absorber NPs, light absorption decreases with increase in incident light intensity and whereas for 
RSA, NPs transmit less with increase in intensity. As prepared Ag NPs show a difference in the peak maxima, plasmon bandwidth and 
SPR wavelength, and redshift in their peak values (shown in Fig. 2) with increasing the size of NPs. As the size of Ag NPs increases, the 
localized SPR (LSPR) effect gradually decreases and light scattering becomes more dominant [69], and leads to saturation of excited 
state or bleaching of the ground state through intraband sp → sp transition (scheme 1, Fig. 6), whereas, the smaller Ag NPs have strong 
LSPR effect which leads to free carrier absorption or multiphoton absorption causes the RSA (2PA) through intraband sp → sp tran-
sition (scheme 2, Fig. 6) at off-resonant excitation wavelength 800 nm. Thus, the LSPR effect has a great impact on the absorbance of 
NPs, which directly depends on the size of NPs. It was reported in the above-mentioned references [36,61–70] that 2PA was observed 
for Ag NPs as the size decrease whereas SA was observed for a larger size which was found to be in good agreement with our reported 
data. As our data suggest that as smaller sizes NPs exhibit only RSA and SA is negligible, we can conclude that 2PA (@ 800 nm) process 
is the obvious mechanism for smaller size NPs. Table 2 illustrates the NLO response from various NPs with a variation of their sizes. 
This nonlinear optical response arises from inter and intraband electronic excitation involving sp bands and inner D-orbital bands 
associated with metal NPs. 

In the case of CA Z-scan measurements, the Ag NPs in DMSO and toluene exhibit self-focusing having a positive coefficient of 
nonlinear refraction. There have been several reports with pioneer work by M. Sheik-Bahae et al. [74], for the self-focusing effect using 
low repetition rate laser pulses for molecule/nanoparticle. The self-focusing effect is the response of the refractive index of the material 
upon interaction with intense laser pulses which depends on the repetition rate of the laser pulses. Nonlinear index of refraction under 
high influence of fs laser pulses at low repletion rate exhibit self-focusing which is related to the dissipation of thermal load on NPs. 
Since the repetition rate of laser pulses used in the experiment was 1 kHz which provide a sufficient amount of time for the nano-
particle to dissipate the thermal load exerted by a laser pulse. Hence NPs under the 1 kHz femtosecond laser pulses show a self-focusing 
effect. Consequently, DMSO exhibits strong nonlinear refraction with self-focusing (n2 =14.7 × 10− 16 cm2/W) and 2PA 
(β = 5.61 × 10− 11 cm2/W), which results in an asymmetric nonlinear transmittance curve as shown in Fig. 5(b). CA Z-scan profile for 
DMSO and toluene is asymmetric due to the influence of 2PA in the solvent, in addition to the positive nonlinear refraction. 

The obtained n2 values of Ag 23 nm (100 nm NPs disintegrated in toluene), 28 nm (100 nm NPs disintegrated in DMSO), 33 nm 
(20 nm NPs disintegrated in DMSO) and 37 nm (20 nm NPs disintegrated in toluene) are found to be 4.9, 9.6, 7.6 and 3.7 × 10− 16 cm2/ 
W, respectively. These values indicate that the nonlinear refraction increases with decreasing the size of NPs. However, it was observed 
that unlike Ag NPs in toluene, the self-focusing effect in DMSO decreases as the size of Ag NPs increases shown in Fig. 5(b and d). The 
intense laser pulse creates thermal load on the Ag NPs upon interaction, which creates the self-defocusing effect at low repetition rate 
of laser pulses. This occurs via transfer of heat from Ag NPs to the solvent. The self-defocusing effect is directly related with the shape 
and size of the NPs. Specific heat capacity (Cp) for NPs decreases as the size of NPs increases [68]. It implies that NPs with larger sizes 
will transfer a large part of thermal load to the solvent, which eventually creates the self-defocusing effect by reducing the solvent 
refractive index in the vicinity of the focal volume. Self-defocusing influences the nonlinear optical response of the NPs solution in 
DMSO. Another solvent (toluene) exhibits very small nonlinear refraction (n2 = 0.16 × 10− 16 cm2/W) as compared with DMSO (n2 
= 14.7 × 10− 16 cm2/W), which is demonstrated by the symmetric nonlinear transmittance curve in Fig. 5(d). The dissipation of 

thermal load on the solvent molecule from intense fs laser pulses depends on the thermal conduction time (τ =
ω2

0ρcp
4k ), where ω0 is beam 

waist at focus, ρ is the density of solvent, cp is the specific heat capacity an k is the thermal conductivity. As shown in the following  
Table 3, the thermal conduction time for toluene was found to be shorter than for DMSO, which leads smaller thermal load in toluene 
as compared to DMSO. Hence, the self-focusing effect was more prominent in DMSO than toluene. 

We have measured the NLO response of pure solvents and NPs containing solvents. We deducted the contribution of pure solvents 
effect and presented the results in Fig. 5, which includes the open and closed apertures Z-scans of pure solvents. The average data of the 
experiments repeated a few times are presented. It was observed that in five measurements of repeated experiments at different po-
sitions on the aqueous solutions the Z-scan curves were similar. However, even though we have successfully disintegrated the NPs in 
DMSO and toluene, the closed-aperture Z-scans shown in Fig. 5(b) demonstrate some asymmetric curves for DMSO. As mentioned 
above, we deducted the NLO contribution of this pure solvent. It is also assumed that the slight effect of polymerization is negligible 
and NLO properties of NPs mainly depend on their SD. The Ag NPs with different sizes and shapes, it may be possible to use these 
materials for various optical applications such as laser pulse compression and OL for protecting optical sensors from high power laser 
pulses [47]. After measuring the third-order NLO properties of disintegrated Ag NPs, we focused our study on the plasma plume of bulk 

Table 1 
Summary of NLO properties of Ag NPs.  

At Input laser intensity Io= 1.4 × 1011 (W/cm2) Obtained SD/mean (nm) β (cm/W) × 10− 11 n2 (cm2/W) × 10− 16 Isat (W/cm2) × 1011 

DMSO  – 5.61  14.7  
Ag 100 nm, DMSO  10–60 (28) 9.61  9.6  
Ag 20 nm, DMSO  10–60 (37) –  3.7 15.5 
Toluene  – 5.09  0.16  
Ag 100 nm, Toluene  10–60 (23) 3.32  4.9  
Ag 20 nm, Toluene  10–60 (33) –  7.6 :  
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Ag and original Ag NPs for a THG. 

3.3. THG produced from plasma plumes of Ag targets 

THG from plasma can be used as probe radiation to characterize the plasma components. Earlier, extensively studied the 

Fig. 6. Excitation mechanism in Ag NPs during 800 nm excitation.  

Table 2 
Summary of NLO properties for recently reported other metal NPs.  

NPs Preparation method Average size of NPs λ (nm) NLO process Nonlinear values Ref. 

ISA (GW/cm2) β (cm/GW)  

Au-PPA Nano sphere lithography 37 nm  800 TPA + SA  54 [71] 
70 nm  29 

Au-CdSe solution 3.37 nm  532 SA+RSA  98 [72] 
5.07 nm 14 

Ag NPs Chemical reduction method 30 nm  800 SA+RSA 830 1.7 × 10− 2 [36] 
37 nm 270 4.6 × 10− 2 

Ag /PVP Chemical reduction method 17.5 nm  400 RSA  8.2 × 10− 3 [73]  

Table 3 
Thermophysical properties of pure solvents.  

Solvent Cp (J/g/K) k (Wcm− 1K− 1) ρ(g/cm3) 
thermal conduction time (τ =

ω2
0ρcp

4k
), in ms  

DMSO  1.966  18.6  1.0955  16.8 
Toluene  1.595  13.2  0.8669  15.2  

Fig. 7. Dependence of TH’s intensity on heating (ablation) pulse intensities.  
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spatiotemporal profile of generated particles in various plasmas produced from bulk targets (C, Cr, In, Ni, Ag, CdS and ZnS) using 
pulsed laser ablation and THG using 800 nm, 40 fs probe pulses [75]. The generation of lower-order harmonics depends on the 
contribution of particles with lower mass ejected from the targets during the ablation process. The velocity of NPs depends on the mass 
of ejected particles and the fluence of the HP [76]. Fig. 7(a, b) shows the yield of TH intensity for Ag bulk and NPs of 100 nm, and 
20 nm at fixed ns HP intensity Ins = 4.18 × 1010 W/cm2 and Ifs= 1.26 × 1014 W/cm2 with respect to change in the intensities of DP and 
HP, respectively. TH yield` data are fitted with the power equation y = axb, where b is the power order. The TH yield shows cubic 
dependence for DP intensities for all samples, as well as the similar behavior is observed for ns HP intensities up to Ins = 4.18 × 109 

W/cm2 for bulk (b=3) and 2.93 × 109 W/cm2 for Ag 100 nm ( b = 3.79) and Ag 20 nm (b = 3.82). After this intensity of ns HP, the 
plasma plume might get saturation and TH yield shows the deviation from the cubic fit as shown in Fig. 7(b). It indicates that NPs 
plasma gets saturation, earlier than bulk Ag of plasma. However, the intensities of TH signal for NPs higher than Ag bulk, which might 
be due to denser plasma plume of NPs at similar ns pulse intensity. It has been predicted that in the plasma of Ag, atoms, ions, small 
clusters and their compositions are mostly responsible for the generation of efficient TH intensity [77]. 

THG in air and laser-produced plasmas (LPPs) using femtosecond pulses from Ti: sapphire class lasers is a well-studied process that 
allows determining the maximally available conversion efficiency of this NLO effect and diminishing the impeding mechanisms 
restricting this process [78,79]. THG serves as a tool for ~266 nm sources of fs pulses at the conversion efficiency from 800-nm class 
lasers of up to 10− 3 or even higher [80,81]. Earlier and present work demonstrates that TH signal generated from Ag plasma plumes 
has the highest yield than the other materials [75]. Therefore, the generated TH signal is sufficient for various applications of these UV 
sources in spectroscopy, photo modification of sensitive organic materials, photoluminescent studies of dyes and complex molecules. 
THG in LPP has already attracted attention due to its interesting features that allow determining plasma characteristics and deter-
mination of the optimal ablating materials for further expansion of generating harmonics towards the extreme ultraviolet region 
through HHG [82]. 

It is known that the plasma plume contains both neutral and charged atoms/NPs and they both may contribute to the observed third 
and higher-order harmonics spectra. Therefore, we have attempted to find the ionization probability of Ag atom and Ag+ ions [83]. 
According to the Lewenstain model [84], HHG is a three-step process: (i) ionization by the strong laser field, (ii) acceleration in the 
laser field, and (iii) recombination with the parent ion and emission of a high energy photon. Therefore, to generate high harmonics it 
is crucial to have a sufficiently intense laser field that is capable to ionize the target atom/ion. To estimate the ionization probability of 
Ag atom (ionization potential = 7.48 eV) and Ag+ ion (ionization potential = 21.48 eV) by the DP, we used the Per-
elomov-Popov-Terent’ev (PPT) formula of ionization rate [85], which is applicable for ionization of various atoms in both multiphoton 
and tunnelling regime [86]. As shown in Fig. 8, the calculated ionization probability of Ag atom and Ag+ approaches one (saturation) 
when the laser intensity reaches 2 × 1013 W/cm2 and 3 × 1014 W/cm2, respectively. Even at 1.8 × 1014 W/cm2 (the lowest DP in-
tensity we used shown in Fig. 7(a)), the ionization probability of Ag+ is about 0.4, which is still significant. However, it is noteworthy 
that even at high intensities where both of the ionization probabilities for Ag atom and Ag+ saturate, the total number of ionization 
events in the entire interaction region should be more for Ag atom than for Ag+. It is because the spatial distribution of the DP intensity 
has a Gaussian profile, so the outer part of the laser beam has much lower intensities than the measured peak intensity and so may not 
be sufficient to ionize Ag+. Nevertheless, to obtain a good estimate of the relative contribution between Ag and Ag+, one needs to also 
know the number density of the atoms and ions, the corresponding recombination probabilities, etc. But, at least the contribution from 
Ag+ is likely to be non-negligible compared with Ag in most of the data set presented above in Fig. 7. 

4. Conclusions 

In conclusion, the paper reports the third-order NLO properties such as nonlinear absorption and refraction coefficients of Ag NPs of 
sizes 23–37 nm range, which is produced from commercially available Ag NPs of sizes 100 nm, and 20 nm using laser irradiation. The 
different SD of these NPs was achieved using the laser irradiation process through nanoseconds 1064 nm wavelengths in two solvents 
(DMSO and toluene). The aggregated NPs can be disintegrated into small size NPs in the presence of low viscous and density of solvents 
during the laser irradiation. In the present study, the Z-scan measurements show the larger size NPs (> 30 nm) possess saturable 
absorption, whereas small-sized NPs (< 30 nm) show two-photon absorption. The Ag NPs with different sizes and shapes, it may be 
possible to use these materials for various optical applications such as laser pulse compression and optical limiting for protecting 
optical sensors from high power laser pulses. The third-order harmonic emitted from the plasma plume of Ag NPs possess higher 
intensity compares to the plasma plume of Ag bulk, among NPs, the smallest NPs i.e. Ag 20 nm produce higher intensity as compared to 
100 nm NPs. Finally, we have calculated the ionization probability of Ag and Ag+, which approaches one (saturation) when the laser 
intensity reaches 2 × 1013 W/cm2 and 3 × 1014 W/cm2, respectively. This confirms that the third harmonic emitted due to the plasma 
plume components such as atoms and neutral particles at a lower intensity of driving pulses, and at a higher intensity of driving pulses 
which includes the Ag+ ions. THG in laser-produced plasmas of Ag has attracted attention due to its ionization probability that 
determining plasma characteristics, with respect to optimal driving and heating pulse intensities. The studies of THG and ionization 
probability calculations useful for further expansion of generating harmonics towards the extreme ultraviolet region through high- 
order harmonics generation from Ag plasma plumes. 
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