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Abstract: In this study, the properties of plasma produced from zinc and aluminum alloy were investigated 

using laser spectroscopy techniques. The alloy was locally manufactured and consisted of 20 to 80 percent zinc 

and aluminum, respectively. Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) laser  with a fundamental 

wavelength of 1064 nm was used with a variable laser energy from 500 to 900 mJ In order to study the behavior 

of plasma and determine its general properties such as electron density and temperature. Boltzmann plot method 

was employed to ascertain the temperature of the electrons, in addition to using Stark expansion method to 

calculate the electron density. Based on these two basic parameters, the rest of the additional plasma parameters 

were calculated and determined. The results obtained from this study showed that there is a clear effect of laser 

energy on the plasma parameters, as the temperature and electron density increased significantly with the 

increase in laser energy, as these parameters gradually increased with the increase of laser energy. The maximum 

value of the electron temperature was 0.918 eV at 900 MJ, while the electron temperature was 0.537 eV at 500 

mJ. On the other hand, the results showed an increase in both the Debye number and plasma frequency at high 

laser energies, while the Debye length showed a clear decrease at high power. The main purpose of this study is 

to contribute to a deeper understanding of the properties of plasma and how laser power affects these properties, 

which opens the way for many applications, including engraving and marking on metals and many industrial and 

technological applications. 
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1. Introduction 
 

The analytical technique known as laser-induced plasma spectroscopy is well-established. used to 

determine samples' elemental compositions at a very high speed. This method can be categorized as a form 

of atomic emission spectroscopy, which is typically employed to examine materials, regardless of whether 

they are solid, liquid, or gaseous [1]. There are many uses for Laser-Induced Breakdown Spectroscopy 

(LIBS), an emission spectroscopic method for characterizing the elements in materials. When the surface of 

a sample is ablated by a high-intensity laser pulse, a plasma plume is created. The ablated mass of the 

substance falls between nanograms and micrograms [2]. The irradiation settings have a direct impact on the 

rapidly developing properties of the laser-generated plasma., which are transient by nature. These factors 

include the laser's wavelength, the duration of its pulse, the intensity of the laser incident on the target's 

surface, and the ambient pressure [3].To summarize, a high-intensity laser pulse targets a tiny area of the 

sample surface to excite the optical sample, which is then evaluated [4]. Recent years have seen a great deal 

of research on optical emission from laser-generated plasmas, and the sample target's interaction with the 
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laser was utilized to determine the atomic and ionic line emission [5]. The study of the generated emissions 

will contribute greatly to the identification of the elements using the spectrometer. The process of diagnosing 

the plasma is done by calculating its main parameters such as its temperature and electron density. On the 

other hand, there is a clear effect of the target material and the parameters of the laser used [6, 7]. The 

Boltzmann plot equation which is stated as follows, is one of the best methods for determining The local 

thermodynamic equilibrium's electron temperature, In contrast, one of the most popular approaches for the 

Optical spectroscopy of plasma (OES) in this study is the ratio approach [8]. 

ln ⌊
𝜆𝑗𝑖𝐼𝑗𝑖

ℎ𝑐𝐴𝑗𝑖𝑔𝑗
⌋ =

1

kBT
(𝐸𝑗) + ln ⌊

N

U(T)
⌋             (1) 

Here, Iji is the emission line intensity, λji the wavelength, gj the statistical weight of the upper level, Aji 

the transition probability, Ej the excitation energy, kB Boltzmann’s constant, and Te the electron temperature.  

The Stark expansion method is used to determine the electron density using the equation below: [9]. 

𝑛𝑒       = (
Δ𝜆𝐹𝑊𝐻𝑀

2𝑤
) 𝑁𝑟                                                                                                                                 (2) 

Here, Δλ is the full width at half maximum (FWHM) of the spectral line, ne the electron density, and w 

the Stark broadening parameter. The line w, Nr≈1017 cm-3, which theoretically represents the whole width of 

the Stark parameter, is represented by Full Width at Half Maximum (FWHM), which expresses the width at 

mid-intensity. The plasma frequency is adjusted so that electric fields are produced whenever its semi-neutral 

equilibrium is disturbed. Given that it solely depends on the plasma's density, this frequency is a very basic 

plasma factor. The plasma frequency can be computed using the formula below, which is inherently rather 

high due to the mince's small size [10] 

One of the crucial factors is the Plasma frequency (fp) that are calculated in diagnostic processes, as the 

turbulent processes that occur lead to a disturbance of the quasi-equilibrium state in the plasma. The 

frequency is influenced by the density of plasma., can be calculated using the equation below [11]. 

𝑓𝑝 = √
𝑒2𝑛𝑒

𝜀0𝑚𝑒
                                                                                                                                              (3) 

Here, fp is the plasma frequency, ne the electron density, e the electron charge, ε0 the 

permittivity of free space, and me the electron mass. 
The main characteristic of plasma that is calculated is the Debye length (λD), which represents the 

distance at which the plasma is protected from the effects of the external electric field. The Debye length is 

inversely related to the electron density and is expressed mathematically using the equation below [12]. 

𝜆𝐷 = √(
𝜖0𝐤B𝑇𝑒

𝑛𝑒𝑒2 ) = 7430 ∗ √
𝑇𝑒

𝑛𝑒
                                                                                                               (4) 

Here, λD is the Debye length, Te the electron temperature, ε0 the permittivity of free space, kB 

Boltzmann’s constant, ne the electron density, and e the electron charge. 
 Comparing the system dimension to this basic prerequisite for plasma existence (λD < < < L), the 

Debye length should be relatively tiny. The second need for plasma existence (Debye number (ND)>>>1), 

which depends as follows on the electron temperature and density [13-15] 

ND =
4

3
𝜋ne𝜆𝐷

3                                                                                                                                           (5) 

Here, ND is the Debye number, ne the electron density, λD the Debye length, and V the plasma 

volume.  The primary goal of this research is to investigate the effect of laser beam energy on the behavior 

of induced plasma produced from zinc and aluminum alloys in order to provide a deeper and more 

comprehensive understanding of how laser energy interacts with different materials, which could open up 

great horizons in many industrial and technological applications, especially those applications that include 

this type of process. 

 

2. Experimental section 

2.1 Preparing Zinc-aluminum alloy 
 

A locally produced zinc-aluminum alloy with a purity of (99.99%) was prepared using a gas smelting 

method. This alloy consists of 80% zinc and 20% aluminum. The zinc was melted at a temperature of 550°C, 

after which aluminum was added in lumps, and the mixture was mixed using a diffusion method. The gas 

smelting method offers many advantages, as it provides better control over the temperature of the elements, 

Buk
eto

v u
niv

ers
ity



Eurasian Physical Technical Journal, 2025, 22, 3(53)                                                                                           Energy 77 

which helps in pouring the alloy evenly and accurately. In addition, it is cost-effective compared to other 

methods, and it provides a cleaner environment and is less polluted than traditional fuels. A square sample of 

the alloy, measuring (2 x 2 cm) and 3 mm thick, was positioned 10 cm away from the laser lens after that to 

get it ready for the procedure of ablation. Figure 1 shows the alloy used in the study. 

 

 
 

Fig 1: Cross section of zinc aluminum alloy 

 

2.2 Configuring the laser-induced spectroscopy system  
 

In this study, plasma was generated by a pulsed Nd:YAG laser operating at 6 Hz and a wavelength of 

1064 nm. A target surface, placed 10 cm away, was illuminated by the beam at a 45° angle. This beam 

ionized and vaporized the material, creating plasma above the surface. This experiment was conducted at 

atmospheric pressure with pulse rates ranging from 15 to 30 pulses. Wavelength spectra were then obtained 

by placing a Sarwat (S3000)-UV-NIR spectrometer 1 cm from the target surface of the sample, as shown in 

Figure 2. These spectra were recorded for all laser energies used, ranging from 500 to 900 mJ, and compared 

with the National Institute of Standards and Technology (NIST) data shown in Table 1. This technique was 

used to determine the plasma parameters of the alloys used. 

 

Fig 2: Basic components of an induced laser spectroscopy system 

Table 1: Basic parameters of Zn-Al Alloy plasma 

Element Intensity λ (nm) gkAki (S-1) EK (eV) 

 

 

AL I 

397.63 226.3462 8.80E+07 5.568835 

628.51 236.7052 5.58E+08 3.816692 

6530.41 308.2151 4.50E+08 6.192025 

7586.39 394.40058 8.72E+07 7.737027 
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3. Results and Discussion 
 

The spectra in Figure 3 clearly show the increase in emission line intensities with increasing laser 

energy. The most pronounced variations were observed at the Al I line (394.40 nm) and the Zn I line (636.23 

nm), which exhibit systematic intensity enhancement as the laser fluence increases. These lines were 

therefore selected as representative indicators of the effect of laser energy on plasma emission. 

The above data shows that the emission lines of the spectrum increase with increasing laser power. The 

main reason for this is that as the power increases, the ablation of the metal (target) increases, resulting in 

increased plasma emission. More than one emission line was recorded for the alloying elements. The highest 

peak for aluminum was at a wavelength of 394.400 nm, while the highest peak for zinc was at a wavelength 

of 636.23 nm. Emissions from nitrogen and oxygen gases were also recorded. The nitrogen peak reached 

480.0 nm, while the oxygen peak was recorded at 435.45 nm [16]. 
 

 
 

Fig.3. Laser-Induced Plasma Emission Spectra on an Al-Zn Alloy Target at Various Laser Energies 
 

The variation of spectral line intensities with laser energy does not follow a strictly linear trend. 

This non-linearity can be explained by self-absorption of emitted radiation at higher plasma 

densities, plasma shielding effects that reduce the effective laser energy reaching the target, and 

enhanced collisional processes (electron–ion and electron–neutral) which modify the population of 

excited states. These combined mechanisms result in deviations from linear behavior for some 

spectral lines. 
According to Equation 1, the Electron temperature (Te)  in the zinc-aluminum alloy plasma in this study 

was determined using the Boltzmann diagram method. Considering the existence of thermodynamic 

equilibrium, the slope of the curve drawn between 𝐿𝑛(𝜆𝑗𝑖𝐼𝑗𝑖⁄𝑔𝑗𝐴𝑗𝑖) and energy is the criterion for applying 

the Boltzmann diagram method. Four atomic lines of aluminum (Al I) were used, all in the same atomic 

transition state. The temperature was calculated by taking the reciprocal of the slope (−1⁄𝑘𝐵𝑇). The R2 

criterion is an indicator of the degree of agreement of the result, also known as the statistical coefficient, and 

its value always ranges from 0 to 1, with the best result being close to 1. Figure 4 shows the Boltzmann 

correlation diagram. 

The findings indicated that the temperature of electrons is directly related to the laser beam energy, with 

a gradual increase observed at all laser energies used. This is because as the laser energy increases, more 

energy is transferred to the electrons [17]. The higher the energy, the greater the amount of energy 

transferred, and consequently, the mobility of these electrons increases, leading to an increase in their 

temperature. The temperature at an energy of 500 millijoules was found to be 0.537 electron volts, while at a 

temperature of 900 millijoules, it was 0.918 electron volts. The electron temperature (Te) shows an almost 

linear increase with laser energy.  
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This behavior can be explained by the direct coupling of the laser pulse with the plasma electrons. As 

the laser fluence increases, a larger number of free electrons are generated and these absorb the incident 

radiation mainly through inverse Bremsstrahlung and collisional excitation, converting the laser energy into 

electron thermal energy.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Zn-Al alloy plasma's Boltzmann plot was determined using a range of laser intensities. 

 

Under the present experimental conditions, the rate of this energy transfer is approximately proportional 

to the laser energy, which results in the observed near-linear dependence. The figure 5 shows the electron 

temperature of a zinc-aluminum alloy in electron volts and kelvins. 

 

 
Fig 5. Electron temperature of zn-al alloy in electron volts and kelvin at varying laser intensities (500-900 mJ). 

 
The Stark broadening method was used to calculate the Electron density (ne). This method is based on measuring 

he amplitude of the spectral lines and calculating the width at the midpoint of the intensity. The laser-induced emission 

spectrum of zinc and aluminum alloys exhibits broad lines, as shown in Figure 6.  
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These lines are primarily affected by their high amplitude. This is caused by collisions between charged particles 

and the emitting atoms. Equation (2) was used to calculate the electron density based on the spectral line width. The AL 

spectral emission line at 394.400 nm was used to calculate the electron density for the various energies used. The results 

obtained showed that the electron density is directly affected by the laser beam energy, showing a clear increase at 

higher energies. The maximum electron density at a laser energy of 500 mJ was 5.4*1017 (cm-3), while the highest 

density at a laser energy of 900 mJ was 9.61*1017 (cm-3). This demonstrates that when laser intensity increases, the 

electron density rises noticeably. 

 

 
Fig.6. The Zn-Al alloy spectrum's full width at half maximum (FWHM) at 356-364 nm  

at various laser energy levels (Lorentzian Fitting). 
 

To more accurately describe the properties of the zinc-aluminum plasma, Laser beam energy's impact 

on other plasma properties were examined. It was found that increasing the energy directly and significantly 

affects these other fundamental parameters, such as the (𝜆𝐷), (𝑓𝑝), and (ND). Equations 3, 4, and 5 were used 

to obtain the data shown in Table 2, which indicate that the plasma frequency 𝑓𝑝 and ND will increase 

significantly When the laser's energy increases. This is due to the fact that frequency and density are directly 

correlated, and the number of collisions increases at higher energies due to the increased amount of energy 

transferred from the laser beam to the resulting plasma. The peak plasma frequency was recorded at an 

energy of 500 mJ, while the peak frequency was recorded at an energy of 900 mJ. These findings also 

revealed a noteworthy increase in Nd with increasing laser beam energy. This is because that higher laser 

energy leads to increased interaction with the sample, resulting in the formation of more particles as a result 

of this interaction. On the other hand, increasing laser energy leads to a decrease in 𝜆𝐷. This is because 

higher laser energy causes increased movement of plasma particles due to the greater energy they gain. This 

movement will cause the distance between the particles to decrease. The greater the energy, the more 

interactions between the particles increase, and the closer they become. In other words, the Debye length 

depends on the temperature of the electrons. Since increasing laser energy leads to an increase in the 

temperature of the electrons, this will in turn lead to a decrease in the Debye length [18]. 
 

Table 2: Features of the Zn-Al alloy plasma produced at various laser energies using a 1064 nm laser 

E (mJ) Te (eV) ne *10 17 (cm-3) fp * 10+12 (Hz) λD*10-6 (cm) Nd *103 

500 0.537 5.49 6.7 2.0 0.913 

600 0.768 6.74 7.4 1.8 1.409 

700 0.844 8.62 8.3 1.6 1.435 

800 0.889 9.51 8.8 1.4 1.476 

900 0.918 9.61 8.9 1.3 1.540 

 

Figure 7 illustrates how laser power significantly affects the electron temperature and density. We 

observe that the Te gradually increases from 0.537 to 0.918 eV with increasing laser intensity. The results 

also show that the electron density increases from 5.49 to 9.61 with increasing laser power. The main reason 
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for this increase is the increase in laser pulse energy, which significantly affects the emission lines' intensity. 

This, in turn, affects the increase in these parameters. 

Figure 8 shows the frequency of plasma rises and the Debye length decreases with increasing laser 

intensity. The frequency values range from 6.7 * 1012 to 8.9 * 1012 Hz, and 500-900 mJ is the laser power 

range. Equation 3 states that since the frequency and density are directly related, the frequency increase is 

natural. Equation 4 asserts that the relationship between the Debye length and the electron density is inverse. 

and decreases as the laser power increases. Its values are between 1.5 * 10-6 cm-3 and 2 * 10-6. These results 

are consistent with the results of Maryam and Khadem (2021) [1]. 
 

  

Fig.7. Zn-Al alloy's Te and Ne differences as a function  

of laser power at various energy levels 
Fig.8. Zn-Al alloy's fp and λD differences with laser 

power at various energy levels 
 

Figure 9 shows the clear increase in the number of particles in the Debye sphere in relation to laser 

intensity. This can be explained by the fact that increasing the laser power will have a significant effect on 

the particles that make up the plasma, making them move at a faster speed, which increases their interactions 

in the medium.  

 

 

Fig. 9. Zn-Al alloy plasma's Debye number at varying laser energies 
 

That is, the distances that the particles penetrate will be larger, meaning that the number of ionized 

atoms will become greater, and thus additional quantities of charged particles (electrons or ions) will be 

released. these results are consistent with [19]. 

 
4. Conclusion 

 

This study focused on optical spectroscopy (OES) to characterize the plasma properties generated using 

a 1064 nm Nd:YAG laser from locally manufactured zinc-aluminum alloys with fabrication percentages 

ranging from 20% to 80%. The primary objective was to determine the basic plasma parameters, such as 

electron density and electron temperature, and to study the effect of laser beam energy on these properties 
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and the emissions associated with plasma formation. The Boltzmann diagram and Stark expansion were used 

to calculate both the electron density and temperature. The results showed that the highest value was 

obtained at 900 mJ, with the electron temperature reaching 0.918 eV, compared to 0.537 eV at 500 mJ. The 

results also showed that increasing laser power significantly affects secondary plasma properties, such as the 

Debye length, plasma frequency, and Debye number. Both the plasma frequency and Debye number increase 

with increasing energy, while the Debye length decreases with increasing energy. Thus, it is clear that the 

laser power plays a crucial role in controlling the plasma properties and parameters in locally manufactured 

Zn–Al alloys. 
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