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Abstract: In this work, we compare plasma characteristics when a pulsed Nd:YAG laser is focused at 532 nm and 
1064 nm on the titanium target. At laser energies of 500 mJ and 700 mJ the plasma is measured by optical 
emission spectroscopy. Many plasma parameters including the temperature (calculated using Boltzmann plot) 
and electron density (calculated using Stark-broadened line profiles) will be obtained from the spectral lines 
of neutral titanium (i.e. Ti I). Some factors for Debye length (λD) and Debye number (ND) have also been 
determined using the same laser spectroscopy in this paper. The 532 nm wavelength results in a higher 
electron density and plasma frequency, and the improved ionization efficiency is likely due to the increased 
photon energy. By contrast, at a 1064 nm wavelength, the electron temperature (Te) is higher, λD is longer, 
and the number of particles within the Debye sphere (ND) is greater due to more effective inverse 
bremsstrahlung absorption and thermal heating. The statistical measurements indicate that these differences 
and the observed wavelength variations depend strongly on the plasma's ionization parameters, and that 1064 
nm shows higher thermal and collective plasma properties.

1 INTRODUCTION 

Laser-induced breakdown spectroscopy (LIBS) is a 
versatile analytical technique for investigating the 
properties and elemental composition of various 
materials through the analysis of light emitted from 
laser-induced plasma [1]–[3]. Compared with many 
conventional elemental analysis techniques, LIBS is 
relatively simple to implement because it requires 
only a pulsed laser to generate a microplasma on the 
target surface [4]–[8]. The elemental composition of 
the sample is determined by analyzing the optical 
emission from the plasma plume [9]–[11]. During 
laser ablation, the absorbed laser energy causes 
melting and vaporization of the target material, 
leading to the formation of a plasma plume [12]–[16]. 

Optical emission spectroscopy (OES) is one of the 
most widely used diagnostic techniques for plasma 

characterization [17]–[19]. It provides an 
economical, versatile, and non-invasive method for 
diagnosing low-temperature and low-pressure 
plasmas [20]–[22]. OES has been extensively 
employed to determine key plasma parameters, such 
as electron temperature and electron density, in laser-
induced plasmas [23]–[25]. 

Titanium was selected as the target material 
because of its high melting temperature [26], [27], 
strong interaction with laser radiation [28], [29], and 
well-defined emission lines [30], [31], which make it 
particularly suitable for plasma diagnostics using 
LIBS and OES. Therefore, this study aims to compare 
the characteristics of titanium plasma generated by a 
Nd laser operating at wavelengths of 532 nm and 
1064 nm and to provide statistical validation of the 
obtained plasma parameters. 
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Figure 1: Diagram of the experimental setup of LIBS system. 

2 EXPERIMENTAL  

2.1 Experimental Setup and Data 
Acquisition 

Our setup for the Nd:YAG laser operating at 532 nm 
and 1064 nm is shown in Figure 1. We conducted 
experiments at room temperature and normal 
atmospheric pressure under typical ambient 
conditions. The plasma was produced by firing pulses 
from the laser waveleght of (532 nm and 1064 nm). 
The laser pulses had energies of 500 mJ and 700 mJ. 
The pulse duration was 9 ns and the repetition 
frequency was 6 Hz. The titanium sheet was used as 
the test specimen, and the laser beam was focused on 
it at a 45-degree angle under atmospheric pressure. 
The optical emission light was collected and analyzed 
with a Surwit (S3000-UV-NIR) spectrometer using a 
50 μm-core-diameter optical fiber, 1 cm away. 
Optical emission line data for the components were 
compared with the NIST database to determine 
plasma characteristics. 

Statistical analysis of the measured plasma 
parameters was conducted to assess their 
reproducibility and stability. Using SPSS software, 
the mean values, standard deviations, and CV% were 
calculated for the two laser wavelengths and used to 
compare plasma emission. To determine the effect of 
laser wavelength on plasma emission behaviour, 
spectroscopic analyses and intensity-based 
calculations were carried out, as detailed in the 
following sections. 

2.2 Spectral Intensity and Plasma 
Parameter Calculations 

2.2.1 Spectral Intensity Determination 

The emission intensity of the selected neutral titanium 
(Ti I) spectral lines was evaluated from the captured 
optical emission spectra using the spectrometer 

software. Peak intensity values were used to represent 
the emission strength of each spectral line. The same 
spectral lines and the same acquisition settings were 
used for both laser wavelengths to provide a reliable 
comparison. 

2.2.2 Electron Temperature Calculation 

Based on the assumption that the plasma maintains l
ocal thermodynamic equilibrium, the Boltzmann Plo
t method was used in the lab experiment to ascertain 
Te [32]: 
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Where gji is the degeneracy or statistical weight of 
the emitting upper level i of the studied transition, Iji 
is the relative intensity of emission line between 
energy levels i and j, λji is its wavelength, Aji is the 
transition probability for spontaneous radiative 
emission from level i to lower level j, Ej is excitation 
energy of level i, k is Boltzmann constant, and N state 
population densities.  

2.2.3 Electron Density Calculation 

Electron density can be calculated using this  
equation [33]. 

ne (cm⁻³) = ( ∆0
12#

) Nr,                               (2) 
where Nr is the reference electron density, that is, 
equal to (1 x 1017) cm⁻³, and ωs is the Stark 
broadening value obtained from the standard 
reference tables for the TiI emission line at 309 nm, 
used here as the calibrated reference transition for the 
Stark-broadening formalism rather than as one of the 
diagnostic lines measured in this experiment (444.9, 
453.3, 461.7, 475.8, and 499.1 nm).  

2.2.4 Derived Plasma Parameters: 

Additional plasma properties were evaluated using 
the calculated Te and density. The following formula 
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was adopted to determine the plasma frequency 
(fp) [34], [35]: 

fp (Hz) = 8.98 .𝑛3. (3) 

The Debye length (𝜆𝐷) was calculated by 
applying [36], [37]: 

λD (cm) = 7433)$
4$

. (4) 

The Debye number (𝑁𝐷) was derived 
using [38], [39]: 

𝑁5 =
67
8
𝑛3𝜆58 . (5) 

2.2.5 Statistical Analysis 

The statistical data on plasma parameters were 
analysed using SPSS. To assess the dataset's quality, 
descriptive statistics were computed, including mean 
and standard deviation. The results for plasma 
parameters were presented as the coefficient of 
variation (CV%) and the absolute difference (Δ) at the 
two different laser wavelengths. 

The coefficient of variation was calculated by the 
formula [40]: 

CV%	=	(SD	/	Mean)	×	100.	               (6) 

The absolute difference was calculated as 
follows [41] to assess the degree and direction of 
variation among the plasma parameters at various 
laser wavelengths: 

Δ	=	X1064	-	X532. (7)	

The mean values of the plasma parameters at lase 
r wavelengths of 1064 nm and 532 nm, respectively, 
are shown by X1064 and X532. 

3 RESULTS AND DISCUSSION 

3.1 Comparison of OES at Different 
Laser Wavelengths: 

As far as the spectral features appear to confirm the 
neutral titanium (i.e. Ti I) and very few lines of 
ionized titanium (i.e., Ti II), we could find the same 
in the UV radiation (see Fig. 2 and 3). This means that 
at these extreme energetic plasma or excitation levels, 
neutral species are available, while Ti II peaks should 
be present because ionization can occur at high 
energies. 

With increasing laser energy from 500 mJ to 700 
mJ, the emission intensity increased significantly, 
with a very strong enhancement in both plasma 
excitation and ablation ability. In addition, even at 
lower laser energy, the total emission and peak 
intensity increased with laser wavelength, 
particularly in the ultraviolet-visible region, with the 
highest emission intensity coming from neutral 
titanium (Ti I). This was because, with higher laser 
energy, an energy density builds up at the target 
surface, material is removed (ablation), and excited 
species are produced in the plasma [42]. In our study, 
we found that the plasma light concentration from a 
532 nm laser pulse is higher than that from a 1064 nm 
laser pulse, as previously reported. This was due to 
the greater photon energy at shorter wavelengths, 
which led to greater absorption of energy by the 
target, producing a more attractive plasma beam at 
shorter wavelengths [43]. A detailed investigation of 
the observed emission intensity at 532 nm also shows 
the strong relationship between an increase in the 
photon's energy density and an improved excitation 
efficiency in the laser [44]. Thus, a larger population 
and a greater number of excited atoms and ionic 
species can be considered sources [45]. 

3.2 Comparison of Electron 
Temperature at Different Laser 
Wavelengths 

In this work, Te of a laser-generated titanium plasma 
is calculated from emission lines of neutral titanium 
(Ti I) using Boltzmann plots. In order to create the 
Boltzmann plot, the most prominent and properly 
specified spectral lines are used, based on which the 
overall yield is better known. As a result, we use four 
emission lines for the plasma generated by the 532 nm 
laser, while five lines are used for the plasma 
generated by the 1064 nm laser. Table 1: 
Spectroscopic parameters for the Ti I lines selected 
were of wavelength λ, transition probability gₖAₖᵢ and 
energy of upper and lower levels Eⱼ and Eᵢ. We 
compared laser excitations with the titanium Te from 
532 nm and 1064 nm (at 1064 nm) as well. This 
approach can be used to determine Te, as the emission 
energy levels of Ti I are identical; the differences in 
temperature obtained from the plasma light spectrum 
are mainly determined by the laser wavelength [46], 
[47]. 
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Figure 2: The emission spectra of Titanium plasma for a 532 nm wavelength. 

 
Figure 3: The emission spectra of Titanium plasma for a 1064 nm wavelength. 

Table 1: Spectroscopic parameters of selected Ti I emission 
lines used for 532 nm and 1064 nm. 

Wavelength gkAki Ei Ej 
444.9143 1.1e+09 1.887 4.67301 
453.3240 9.71e+08 0.848 3.58265 
461.7268 7.66e+08 1.749 4.43335 
475.8118 7.84e+08 2.249 4.85424 
499.1067 6.42e+08 0.836 3.31943 

Images of Boltzmann plots of the Ti I emission 
lines at the two laser wavelengths shown in Figures 4 

and 5 are presented. Using the current equation in (1), 
Te can be determined from the slope of the regression 
line in the Boltzmann plot: the slope of the logarithm 
of the normalized line strength corresponds to the 
associated upper energy level. One sees a clearly 
linear trend in the Boltzmann plots of these lines in 
the upper graph of the plasma, leading to local 
thermodynamic equilibrium (LTE), so we see this was 
effective in determining Te, as a matter of fact [48], 
[49]. 

Proceedings of the International Conference on Applied Innovations in IT (ICAIIT), July 2026

494



  
Figure 4: Boltzmann plot for Ti plasma at laser energy 500-700 mJ using λ 532 mm. 

  
Figure 5: Boltzmann plot for Ti plasma at laser energy 500-700 mJ using λ 1064 mm. 

We find that for a laser energy of 500 mJ, the 
Boltzmann plot of the plasma produced at 532 nm has 
a somewhat steeper slope than that of the plasma at 
1064 nm, since the electron temperature drops (Fig. 
5). This observation relates to the fact that, across 
different wavelength ranges with this system, the 
Boltzmann plot has a negative slope, since the 
thermal population of excited states is lowest at 532 
nm [50]. The plasma energy pattern at 700 mJ 
increases with laser energy until we reach 700 mJ; 
however, the plasma generated at 1064 nm has a 
shallower negative slope, suggesting a higher electron 
temperature than at 532 nm. It can be argued that a 
longer wavelength is better at carrying energy from 
the plasma, but much of the excitation is due to 
thermal excitation at higher energies [51]. 
Additionally, the coefficient of determination (R²) of 
the Boltzmann plots increases with laser energy for 
both wavelengths, indicating greater linearity at 700 
mJ and, therefore, a better fit of the experimental data 
[52]. Also, at 700 mJ, the plasma R² values are similar 
and close to 1, indicating that the plasma approaches 
local thermodynamic equilibrium (LTE) [53]. 

In Tables 2 and 3 Te is higher at 1064 nm with 
laser wavelength as compared to 532 nm, and this is 
also predicted from previous work [54], which shows 
that for a laser energy of 500 mJ, the electron 
temperature increases from 0.456 eV at 532 nm to 
0.486 eV at 1064 nm. In this case, we have a laser 
energy of 700 mJ, with electron temperatures of 0.500 
eV at 1064 nm and 0.463 eV at 532 nm. The electron 
temperature rise is related to the stronger coupling to 
energy at longer wavelengths, but our laser operates 
at 1064 nm, which is faster: the inverse 
bremsstrahlung is absorbed in the plasma and 
therefore transfers more energy to the free electrons. 
To this end, electron heating and temperatures 
increase at longer wavelengths [55]. 

3.3 Comparison of Electron Density at 
Different Laser Wavelengths 

In Figures 6 and 7, we show that as the laser energy 
increases from 500 mJ to 700 mJ, the spectral line 
width widens. Thus, the electron density in the plasma 
increases with this. Also, the spectral linewidth in 532 
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nm is much broader than that in 1064 nm, as shown 
in Tables 2 and 3. This shows that the plasma contains 
a high number of electrons at a much shorter 
wavelength, in agreement with earlier studies [56]. 
The widening of spectral lines is due to the Stark 
effect. At high electron density, electrons interact 
more with the emitting particles or atoms. As such, a 
broad linewidth at 532 nm indicates a high number of 
plasma-generated charges interacting with the 
emitting species, thereby affecting the energy levels 
of the radiating atoms and ions. The relatively thinner 
linewidth at 1064 nm suggests that the electron 
density is lower and that collisional broadening will 
have less effect during the same experiments. 

Figure 6: Gaussian fitting of the 532 nm wavelength. 

Figure 7: Gaussian fitting of the 1046 nm wavelength. 

The effect of laser wavelength on plasma 
characteristics is highlighted in Figures 8 and 9. We 
discovered that a 532 nm laser yields higher electron 
temperature and density than a 1064 nm laser because 
its absorbed spectrum is shorter and it interacts more 
effectively with the target material at shorter 
wavelengths. In other words, the longer-wavelength 
photons make the plasma more ablated on the top, and 

less energy can be produced at the bottom, where the 
bottom particles are created. This results in a larger 
number of excited and free electrons and thus higher 
Te and density than with the laser's longer-wavelength 
1064 nm light. 

Figure 8: The relation between Te and ne with energy for a 
532 nm wavelength. 

Figure 9: The relation between Te and ne with energy for a 
1064 nm wavelength. 

3.4 Comparison of Derived Plasma 
Parameters at Different Laser 
Wavelengths 

When the electron density increases with 
temperature, we can compute fp, λD, and ND as 
in (3), (4), and (5). As predicted, the electron density 
increases with the plasma frequency, and, as we have 
shown in Tables 2 and 3, it does so directly. The 
plasma frequency at 532 nm is higher than that at 
1064 nm, due to the higher electron density at a 
shorter wavelength. Since fp is proportional to the 
square root of the electron density, higher ionization 
at 532 nm results in a higher plasma frequency [57]. 
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The Debye length is influenced directly by Te and 
inversely by the electron density [58]. As a result, the 
longer-wavelength 1064 nm laser produces a lower 
electron density, resulting in a longer Debye length. 
In addition, the number of particles inside the Debye 
sphere in Tables 2 and 3 is higher at 1064 nm than at 
532 nm (i.e., the total Debye length is higher). In 
summary, changing the wavelength to 1064 nm 
improves some plasma properties (especially λD and 
ND), where a shorter wavelength yields a higher 
electron density but a higher plasma frequency. 

Table 2: Plasma parameter for 532 nm wavelength. 

E 
(mJ) 

Te 
(eV) 

ne×1017 

(cm-3) 
fp ×1010 

(Hz) 
λD ×10-

5 (cm) ND 

500 0.456 5.217 648.639 0.695 732 
700 0.463 6.087 700.610 0.648 694 

Table 3: Plasma parameter for 1064 nm wavelength. 

E 
(mJ) 

Te 
(eV) 

ne×1017 

(cm-3) 
fp ×1010 

(Hz) 
λD ×10-

5 (cm) ND 

500 0.486 4.928 630.364 0.738 829 
700 0.500 5.797 683.726 0.690 799 

3.5 Statistical Comparison of Plasma 
Parameters at Different Laser 
Wavelengths 

3.5.1 Comparison Based on Mean Values and 
Standard Deviation 

We first conducted several statistical tests, which 
included average and mean values for both laser 
wavelengths (532 and 1064 nm for the plasma). 
Statistics are presented in Table 4, and the analysis 
shows that, in the plasma, the average values at both 
wavelengths differ significantly, as evidenced by the 
statistical tests. The plasma (at 532 nm) has a higher 
density and plasma frequency. We expect more 
effective ionization and the low standard deviations 
of these results make them reliable and reproducible. 
In the plasma obtained at 1064 nm, we observe a 
higher electron temperature, an increased λD, and ND. 
These two features are significantly affected by the 
thermal energy of the electrons [59].  

The relationship between the physical 
characteristics of plasma and the statistical analyses 
shows that the variations observed in plasma 
parameters result from genuine effects linked to the 
laser wavelength, rather than random fluctuations. 
Hence, the differences in plasma behavior that 
depend on the wavelength are significant both 

statistically and in terms of their physical meaning 
[60]. 

3.5.2 Statistical Assessment of Plasma 
Parameters Using Absolute Difference 
and Coefficient of Variation 

To verify the observed behaviour of the plasma, we 
have calculated the absolute differential (Δ) between 
plasma parameters at 532 nm and 1064 nm in Fig 10a, 
b and Table 5. Positive Δ values of the electron 
temperature, λD, and ND indicate that these parameters 
are higher at 1064 nm [61]. On the other hand, 
negative Δ values for electron density and plasma 
frequency indicate that the parameters related to 
ionization are higher at 532 nm. 

This is consistent with our observations shown in 
Figure 10. They are evident in our plasma emission 
spectra: better ionization efficiency at the shorter 
wavelength and better thermal and screening effects 
at the longer wavelength [62]. Still, we expect that 
photons of short wavelength are absorbed by 
electrons, not by electrons in a thicker plasma, as with 
photons of long wavelength. In this case, as we are 
only using a short-wavelength laser (532 nm), the 
laser itself provides more efficient ionization and thus 
a much denser plasma (hence the increased density). 
And the laser with a longer wavelength (1064 nm) 
provides energy more slowly. Hence, the electron 
thermal behavior is more favorable, λD is maximized, 
ND increases. These results confirm that plasma 
parameters are controlled by the laser wavelength, not 
by random variation. The laser wavelength is an 
essential parameter that characterizes the properties 
of ionized and thermal plasmas [63]. 

Figure 11 and Table 6 show the coefficient of 
variation and plasma volume at 532 nm and 1064 nm 
laser wavelengths. We find that plasma at 532 nm 
exhibits low variability in radiation and plasma 
frequency, and greater uniformity when ionizing 
particles. This may be related to the higher energy of 
the 532 nm laser, which excites and ionizes atoms, 
thus forming a dense plasma with an even number of 
atoms. Furthermore, Debye-related parameters, e.g., 
the Debye length and the particle number within one 
Debye sphere, are more stable at 1064 nm. 

Consequently, the variation coefficient not only 
assesses parameter stability but also reflects the 
mechanism of plasma formation by wavelength: 
shorter wavelengths yield more reproducible 
ionization, while longer wavelengths favour stable 
thermal/electrostatic properties [64]. 
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Table 4: The mean and S.D for 532 and 1064 nm wavelength. 

Parameter 532 nm  (Mean ± SD) 1064 nm (Mean ± SD) 
Electron temperature (eV) 0.4595 ± 0.0050 0.4930 ± 0.0099 

Electron density ×10¹⁷ (cm⁻³) 5.6520 ± 0.6518 5.3625 ± 0.6145 
Plasma frequency ×10¹⁰ (Hz) 674.625 ± 36.749 657.045 ± 37.733 

Debye length×10⁻⁵ (cm) 0.6715 ± 0.0332 0.7140 ± 0.0339 
Debye number 713 ± 27 814 ± 21 

Table 5: The absolute difference (Δ) between the wavelengths of 532 nm and 1064 nm. 

Plasma parameter Unit Mean at 532 nm Mean at 1064 nm Δ (1064 − 532) 
Electron temperature (Te) eV 0.4595 0.4930 +0.0335 

Electron density (ne) ×10¹⁷ cm⁻³ 5.6520 5.3625 −0.2895 
Plasma frequency (fp) ×10¹⁰ Hz 674.625 657.045 −17.580 

Debye length (lD) ×10⁻⁵ cm 0.6715 0.7140 +0.0425 
Debye number (ND) - 713 814 +101 

  
Figure 10: Absolute difference of plasma parameter. 

Table 6: (CV%) for 532 and 1064 nm wavelengths. 

Parameter CV% at 532 nm CV% at 1064 nm More stable 
Te 1.09 % 2.01 % 532 nm 
nₑ 11.54 % 11.46 % 1064 nm 
fₚ 5.44 % 5.74 % 532 nm 
λD 4.95 % 4.75 % 1064 nm 
ND 3.77 % 2.60 % 1064 nm 

 
Figure 11: The coefficient of variation (CV%) for plasma 
parameters at laser wavelengths of 532 and 1064 nm. 

4 CONCLUSIONS 

The results and statistics have indicated that the laser 
wavelength plays an important role in revealing the 
features of the laser-induced Titanium plasma. With a 
shorter wavelength of 532 nm, the electrons are 
ionized more efficiently, leading to much larger 
electron densities and, therefore, higher plasma 
frequencies at shorter wavelengths compared to 
longer wavelengths. Because photons at a shorter 
wavelength, 532 nm, have more energy, we achieve 
greater excitation and ionization in a given target 
material. However, the longer wavelength of 1064 nm 
also increases the laser's interaction with plasma 
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electrons via inverse bremsstrahlung, thereby 
naturally increasing the electron temperature. Such a 
thermal advantage between 1064 nm and 532 nm 
corresponds to a longer Debye length, more particles 
within the Debye sphere, and, therefore, a plasma 
with stronger collective and screening behavior. 
However, using statistical measures such as the mean 
and standard deviation, absolute differences, and the 
coefficient of variation, we find that these changes are 
largely due to random fluctuations, whereas the laser 
wavelength increases the total number of particles in 
the Debye. Our 532 nm laser generates ionization 
radiation, while the 1064 nm laser yields a plasma 
with better thermal and collective behavior [65], [66]. 
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