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Abstract 

In this work, the effect of the target configuration as nano or bulk-titanium target on the plasma 

emission and plasma parameter induced by Q-switched nanosecond Nd: YAG laser at different 

energies under vacuum was studied. The effect of laser energy (200, 300, and 400 mJ) on the 

parameter of the induced plasma was studied. The plasma number density was enhanced for the 

nano target compared with the bulk one, while the plasma temperature slightly increased. The 

Keldysh parameter indicates that the ionization from the titanium targets occurs through the 

multiphoton process. Using the nano target enhanced the LIPS intensity due to the different laser-

matter interaction mechanisms of the nano-target compared with the bulk target. This technique 

can be used effectively for enhancing the breakdown spectroscopy, especially for targets of  low 

absorption 

Keywords: Plasma emission, LIPS, Nano target, plasma characteristics.

Introduction 

Plasma is a quasi-neutral media that contains 

charged and neutral particles and exhibits 

collective behavior [1]. Plasma can be 

categorized allowing to its characteristics such 

as its number density and average kinetic 

energy as cold or hot plasma [2]. As a result of 

plasma complexity, due to its large number of 

interactions between different species, there are 

different types of modeling, such as particle 

and fluid models, that describe the plasma to 

explain the behavior in the glow discharge [3]. 

Optical Emission Spectroscopy (OES ) is a 

popular analytical technique that has wide-

ranging applications. It is a frequently used 

analytical method for figuring out the elemental 

makeup of a variety of materials. Recent 

research has shown that this technique is widely 

employed in analyzing samples such as steel, 

alloy, metal, geological, biological, and 

environmental. Laser-induced plasma is one of 

the most popular methods to create plasma 

from solid surfaces for the OES purpose. 

Additionally, the vacuum must be used during 

mailto:as.20.72@grad.uotechnology.edu.iq,100329@uotechnology.edu.iq
mailto:Qusay.a@Sc.Uobaghdad.edu.iq


Effect of Using Nanoscale Titanium as a Target Instead of a Bulk Target on Laser-Induced Plasma Properties 

129 

plasma etching to avoid the deposit of 

undesired impurities. The OES technique is 

used in a most versatile physical method for 

producing metal nanoparticles by pulsed laser 

ablation [4], In which, the characteristics of the 

prepared nanoparticles can be controlled by 

varying the plasma parameters [5]. In plasma-

nanoparticles interaction, due to the decreased 

thermal conductivity of tiny particles exposed 

to laser irradiation, so, surface nanoparticles 

and surface roughness might increase the 

ablation efficiency by lowering the ablation 

threshold [6]. As a result, NPs are perfect 

thermally insulated defects capable of lowering 

the breakdown threshold, especially at low 

laser irradiation. High-energy laser pulses, on 

the other hand, can create electric fields that are 

potent enough to cause direct emission of 

electrons from the surface. Due to a significant 

local increase in the electromagnetic field of the 

incident light, this phenomenon, which is well-

known in electrical discharges in a vacuum, can 

occur under laser irradiation when the metallic 

surface is composed of nanostructures  [7]. 

However, all plasma processes of laser-induced 

plasma are highly dependent on the 

surrounding media,  and pressure during the 

irradiation, in addition to laser parameters such 

as laser flounce, wavelength, and pulse 

duration [8].  

Sherbini et al. 2019 [9] discussed the signal 

enhancement of laser-induced plasma by 

nanoparticles. They use Nd: YAG laser to 

produce breakdown at the target surface of 

different types of nanomaterial (Zn, Ag, Si, Ti, 

Al, and Fe) to investigate the effect of NPs size, 

laser wavelength, and fluence, to obtain 

stronger signals than their corresponding bulk 

samples. Modeling of the measurements 

interprets the occurrence of enhanced 

detectability of atomic species in biological and 

chemical synthesis.  Fikry et al, 2020  [10] 

investigated the impact of a suitable pairing of 

laser wavelengths and pulse energy on the 

generated plasma characterization using 266, 

355, 532, and 1064 nm laser wavelengths. LIPS 

created a plasma plume from a copper target 

with a single shot of 170 ps at various laser 

fluences. Hameed et al, 2022 [11] studied the 

emission lines of LIPS from three metallic 

targets (Cu, Ti, and Ni) with laser pulses in air. 

The electron temperature was determined using 

the ratios method. Electron temperature was in 

the ranges 0.34-0.44 eV, 0.28-0.42 eV, and 

0.34-0.45 eV for Cu, Ti, and Ni respectively at 

70 MW laser power. 

In this work, we study the plasma 

characterization induced by Q-switched 

nanolaser from titanium targets of different 

features (Nano, and bulk Ti samples) at 

different laser energy. The investigation 

includes determining the difference in plasma 

parameters under vacuum. 

2. Experimental 

Two types of titanium were used in this work 

to study the plasma emission induced by 

plasma, nano-titanium powder with average 

particle diameter of 50 nm  of 99.9% purity 

from Sigma-Aldrich Co. and Titanium Plate of 

0.5 mm thickness of 99.995% purity Sigma-

Aldrich Co. 

The powder target was prepared by pressing 2 

g of nano-Ti particles as a pellet of 1 cm 

diameter into a stainless steel mold, using a 

hydraulic piston under 5 tons press for 10 

minutes to be as dense and homogenous as 

possible. The titanium plate was cut into size of  

1×1 cm2 and edges were smoothed, and their 

surfaces were polished by three steps of 

polishing and then were cleaned with acetone 

by ultrasonic cleaner followed by pure alcohol 

about fifteen minutes. Figure 1 shows the two 

different targets that prepared for used in laser 

induced plasma spectroscopy (LIPS). 
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Figure 1: The two different targets (A) bulk and (B) nano titanium targets. 

The laser-induced plasma spectroscopy (LIPS) 

apparatus consist of a nanosecond Q-switched 

Nd:YAG laser source, and a spectrometer 

connected to computer for data collection. 

Nd:YAG laser work at fundamental 

wavelength (1064 nm), 10 ns pulse duration,  

and 2 mm spot diameter was used as source for 

the LIPS experiment. The laser beam is focused 

onto the target's surface utilizing a quartz lens 

at its focal length of 10 cm. The device consist 

of an external handy piece, power supply, 

controller, and coaling system using distilled 

water. The used pulsed laser energies in this 

work are 200, 300, and 400 mJ. 

Optical emission spectroscopy diode-

array type was used in plasma diagnostics. It is 

a fast technique of low power requirements for 

efficient diagnosis of plasma behavior and their 

parameters. In general,  The light ray is 

collected into fiber optic, which was set at an 

angle of about 45° degrees to the laser beam 

axis, and transmit to the instrument (1). The 

light is analyzed into its components by a 

diffraction grating (2). The light falls on an 

array of photodiodes (3), each of which 

responds only to the narrow range. The diodes 

are connected to a charge-coupled device 

(CCD) (4) that convert the light into electrical 

signal by photovoltaic phenomena. The digital 

counts are sent to a dedicated computer with 

spectrum analysis software. The acquired 

spectrum is immediately displayed on the 

screen and saved in computer files. In our work 

an optical emission spectrometer. Thorlabs 

compact spectrometer, (Type CCS 100/M) was 

used in this work. The spectrometer has a high 

resolution depending on grating used  within 

the  wavelength  range  (320  – 740 nm)  with 

resolution Δλ<0.5𝑛𝑚, Slit:20 μm. Figure 3.4 

displays Thorlabs spectrometer and the Diode-

array spectrometer component. 

The pulsed laser was used to create plasma 

discharge from the prepared targets. The 

spectrum of the plasma emissions were used to 

study the effect of changing the target type, 

laser energy, and surrounding environment. 

The experiment was repeated for different time 

under vacuum, and in Ar at 8×10-2 Torr 

pressure. The vacuum was done by a rotary 

pump model CIT-ALCATEL Annecy, while a 

Perini gauge type Edward (made in England) 

was used to measure the vacuum  pressure of 

the chamber. The two types of titanium targets 

(nano, and Bulk) were put on the target holder. 

The laser beam was focused onto the target and 

the emission spectra were acquired utilizing the 

optical fiber and the spectrometer. The optical 

fiber of the spectrometer was fixed at constant 

distance (5cm) from the target. To characterize 

the plasma properties, the findings of spectral 

lines for particular species and matched with 

the data from National Institute Standard 

Technology  NIST database [12]. The 
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experiment were repeated inside a vacuumed 

glass chamber as shown in Figure 2.  

 

Figure 2 : Schematic of the experimental arrangement. 

The structural Properties of the prepared targets 

were examined using the X-ray diffraction 

technique (Shimadzu XRD 6000). A 

monochromatic wavelength of x-ray (λ= 

1.5405 Å) is generated in the x-ray tube from 

Cu (Kα) transition using 30 mA current and 40 

kV voltage. The scanning was performed at 2θ 

value in the range (20°-80°) and speed of 5.00 

(degree /min).  

3. Results and discussions 

Figure 3 shows the X-ray diffraction pattern for 

the titanium bulk and nano-Ti targets. 

Polycrystalline structure with many peaks 

located at about 2θ= 35°, 38°, 40°, 53°, 63°, 

70°, 74°, 76°, and 77° corresponding to 

crystalline planes (100), (002), (101), (102), 

(110), (103), (200), (112), and (201) for the two 

samples corresponding to the standard card of 

hexagonal crystalline titanium (JCPDF No. 96-

900-8518) without any additional phase, 

indicating the targets purity. The XRD pattern 

for the titanium pellet prepared from nano-

powder of diffraction lines appeared broader 

than the bulk (indicate its nano crystallinety) 

and with small variation in peaks locations 

indicate on the existence of some lattice strain. 

As shown in Table 1, the inter-planer distances 

(dhkl) were determined according to Bragg 

formula [13] 

n λ = 2 dhkl sin θ                                  

  (1) 

where (θ) is the diffraction angle, λ is the x-ray 

wavelength, and n is the diffraction order. 

The full width at half maxima (FWHM) of the 

diffraction lines were determined by 

Lorentzian fit. The crystallite sizes was 

determined according to the Debye-Scherer 

formula [14]: 
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𝐶. 𝑆 =
0.9 𝜆

𝛽 .𝑐𝑜𝑠(Ө)
                                         

 (2) 

where β is the line breadth at half maxima (in 

radian). 

 

Figure 3: The XRD pattern for the nano and bulk -Ti target compared with the standard 

lines.  

 

Table 1: XRD parameters for the nano and bulk -Ti targets. 

Sample 2θ (Deg.) FWHM (Deg.) dhkl Exp.(Å) D (nm) hkl 

Bulk 

34.9310 0.2500 2.5665 33.3 (100) 

38.2843 0.2630 2.3491 32.0 (002) 

40.0423 0.2900 2.2499 29.2 (101) 

52.8366 0.2950 1.7313 30.1 (102) 

62.8312 0.2870 1.4778 32.4 (110) 

70.4818 0.3020 1.3350 32.2 (103) 

73.9652 0.3050 1.2805 32.6 (200) 

76.0162 0.3240 1.2509 31.1 (112) 

77.1557 0.3360 1.2353 30.2 (201) 

Nano 34.9562 0.6400 2.5647 13.0 (100) 
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38.3095 0.7340 2.3476 11.5 (002) 

40.0675 0.7300 2.2486 11.6 (101) 

52.8618 0.7640 1.7306 11.6 (102) 

62.8564 0.8040 1.4773 11.6 (110) 

70.5070 0.9730 1.3346 10.0 (103) 

73.9904 0.8890 1.2801 11.2 (200) 

76.0414 1.0580 1.2506 9.5 (112) 

77.1809 0.8460 1.2350 12.0 (201) 

The (100) and (002) planes were selected to 

calculate the lattice constants for hexagonal 

structure of Ti crystals according to the relation  

[15] 

1

𝑑ℎ𝑘𝑙
2 =

4

3

ℎ2+ℎ𝑘+𝑘2

𝑎2 +
𝑙2

𝑐2               

 (3) 

And the lattice strain using [16]: 

 ε =
β Cosθ

4
                                  

 (4) 

Table 2 illustrates the variation of lattice 

constants (a and c) for the hexagonal Ti, 

average crystallite size, and average lattice 

strain, calculated from equation 2.13, for the 

three targets of titanium. The lattice constants 

(a and c) are very close to their values in the 

standard card. The both of lattice constants 

slightly decreased for micro-sample compare 

with the Ti- Bulk and more decreased for nano-

sample as a result of increasing the lattice strain 

due to reducing the crystalline size. 

 

Table 2: Variation of XRD parameters for the different targets. 

Sample a (Å) c (Å) Average D(nm) Average strain 

Bulk Ti 2.9636 4.6982 31.4585 0.0011 

Nano Ti 2.9615 4.6952 11.3310 0.0031 

Figures 4 and 5 show the spectroscopic 

emission patterns induced by laser in air  under 

8×10-2 Torr vacuum at different laser energies 

(200,300, and 400mJ) from the two different Ti 

targets bulk, and nano, respectively. The  

emitted lines were matched with the atomic 

titanium standard lines (Ti I) and ionic titanium 

standard lines (Ti II) [17]. The higher intensity 

for the atomic lines compared with the ionic 

ones indicates a low degree of ionization as a 

characteristics of cold plasma.  

In general, the emission lines intensities 

increase with increasing the laser energy as a 

result of increasing the ablated material due to 

increasing the sputtering yield per pulse with 

increasing falling energy at small period. These 

ablated and excited atoms act as sources with 

more photons after de-excitation process. The 
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different lines of different intensities due to 

their variation in probability of transitions and 

the statistical weight of the upper energy levels. 

The increasing in intensity with increasing 

energy is not the same for all lines due to the 

variation in plasma temperature which cause 

variation in electronic distributions for energy 

levels as shown by Boltzmann distribution 

[18]. From the other hand the lines intensity 

higher and more clear using the nano target 

compare with the bulk and micro targets. Also, 

exposing the spectral lines be more broadening 

for the nano sample, which indicates on 

increasing the plasma density according to 

Stark's principle [19]. The high probability of 

breakdown on the target surface of 

nanoparticles because these nanoparticles can 

act as thermally insulated from the surrounded, 

so the heating process cause rabidly 

evaporation of sublimation the nanoparticles 

[20] 

The number of emitters in the plasma increases 

depending on the amount of material removed 

by the electromagnetic field of the laser. The 

generation of the seed electron necessary for 

plasma induction is greatly influenced by the 

strengthening of the electromagnetic field 

during the lase-matter interaction. The Keldysh 

parameter makes it easy to determine whether 

the ionization of atoms in a sample occurs by 

tunneling of the work function barrier via field 

emission or by absorption of photons, that is, 

whether electrons escape through direct or 

indirect modes of ionization [7].  

𝛾 = 𝜔
√𝑚𝑒𝑉𝐵

𝑒𝐸
                                         

  (5) 

where VB is the work function potential, E is 

the electric field intensity, ω is the laser 

frequency and me and e are the electron mass 

and charge, respectively. If γ > 1, the ionization 

occur by multiphoton ionization; while, if γ < 

1, the field emission is the main mechanism.  

The Keldysh parameter (γ) was determine for 

our experiment condition as follows: 

 Laser wavelength λ =1064 nm →  light 

frequency = 2.82×1014 Hz 

  Incident energy 200, 300 ,400 mJ per 10 ns 

on 2 mm spot diameter → ligt intensity 

I=6.37×1012 , 9.55 ×1012  and 1.27×1013   W/m2 

 The electric field determine according to 

𝐼 =
1

2
𝜀𝑜|𝐸𝑟𝑚𝑠|2𝑐 →  E=6.93×107, 8.48×107, 

and  9.79×107 V/m, respectively 

 The Ti work function =4.33 eV  then using 

equation (5)→ γ =20.22, 16.49, and 14.27 

The high values of Keldysh parameter indicate 

that the ionization occur by multiphoton 

process. These formation of seed electrons is 

the crucial point to enhance the breakdown and 

so enhance the plasma emission.  
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Figure 4: spectra from bulk Ti target under 8×10-2  Torr vacuum at different laser energies

 

Figure 5: spectra from nano Ti target under 8×10-2  Torr vacuum at  different laser energies 
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Electron temperature (Te) were determined by 

Boltzmann-Plot (Figure 6), while the electron 

density (ne) for the different laser energies onto 

the different targets were determined according 

to Saha-Boltzmann relation (equation 2.7). 

 

 

 

 

 

Figure 6: Boltzmann plot for Ti I emitted lines using different laser energies in 8×10-2 Torr 

air from (A) bulk, and (B) nano- targets. 
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The variation of electron temperature (Te) and 

electron density (ne) with the laser energy for 

the three different targets under 8×10-2 vacuum 

from the three different targets were shown in 

Figure 7. Both Te and ne increased with 

increasing the laser energy. From the other 

hand, there are small variation in Te for the 

different targets, and increasing the ne for the 

nano-targets compare with the other two targets 

as a result the enhancement of ionization by 

photon absorption for the nanoparticles.  

 

Figure 7: variation of electron density and plasma temperature with laser energies under 

8×10-2 Torr from (A) bulk , and (B) nano- targets. 

Table 3 listed the plasma parameters induced 

by different laser energies at  8×10-2 Torr 

vacuum pressures from the different target 

configurations. It seem the plasma parameters 

satisfied the plasma criteria. 
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Table 3: plasma parameters induced by different laser energies from bulk, and nano- targets 

Sample E (mJ) Te (eV) ne×1017 (cm-3) 
fp (Hz) 

×1012 

λD ×10-

5(cm) 
Nd 

Bulk 

200 0.658 0.34 1.659 3.262 4963 

300 0.818 1.65 3.648 1.654 3128 

400 0.837 1.81 3.818 1.599 3094 

Nano 

200 0.768 0.49 1.981 2.951 5238 

300 1.031 2.53 4.517 1.500 3578 

400 1.134 3.73 5.482 1.296 3397 

The emission intensity for LIPS at different 

experimental parameters were studied 

employing the intensity of 453.32 nm 

wavelength Ti-I line, as illustrated in Figure 8. 

The line intensity increased with increasing the 

laser energy, increased from bulk to micro to 

nano targets. 

 

Figure 8: variation of emission intensity of Ti I (453.32 nm) with laser energies under 8×10-2 

Torr vacuum pressures from the two different targets. 
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4. Conclusions  

The target configuration of the titanium metal, 

as nano or bulk,  highly affects the plasma 

parameters induced by a laser as a result of the 

variation in the mechanism of laser-matter 

interaction. Variation of laser energy may 

cause variation in the generation mechanism of 

seeds electron so variation in the breakdown is 

induced. The plasma density enhanced for the 

plasma-induced from the nano-target compared 

with the bulk one, while the plasma 

temperature slightly increased. The nano-target 

enhanced the emission intensity compared with 

the bulk target. This technique is a candidate for 

enhancing the LIPS intensity for small targets 

and low absorption targets without causing 

inner cracks by deposition of the nanoparticle 

on the target surface.    
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