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Abstract: In this study, laser-induced breakdown spectroscopy (LIBS) was used to analyze the plasma generated 

from a Zn:Cu alloy (x = 0.9) using a Nd:YAG laser at 1064 nm. Plasma was generated at different laser pulse energies 

ranging from 400 to 800 mJ. The electron temperature (Te) was determined using the Boltzmann plot method, while 

the electron number density (ne) was calculated using Stark broadening. Other plasma parameters were also evaluated, 

including plasma frequency (fp), Debye length (λD), and Debye number (Nd). The results showed that Te increased 

from 0.846 eV at 400 mJ to 0.906 eV at 800 mJ, and ne increased from 1.000 × 10¹⁸ cm⁻³ to 1.121 × 10¹⁸ cm⁻³. Plasma 

frequency increased from 898.000 × 1010 Hz to 950,868 × 1010 Hz, while the Debye length slightly decreased from 

0.683 × 10⁻5 cm to 0.668 × 10⁻5 cm. The Debye number showed modest variation around 1300, reflecting relatively 

stable collective behavior across the energy range. These findings indicate that higher laser energy leads to hotter and 

denser plasma, enhancing the emission intensity and plasma characteristics. The study contributes quantitative insights 

into Zn–Cu plasma behavior under varying laser energies, providing potential applications in material diagnostics 

using LIBS. 
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1. Introduction 

Laser-Induced Breakdown Spectroscopy (LIBS) is a modern analytical technique widely employed for 

examining elemental composition and plasma properties across various materials. Its non-destructive nature 

ensures that the chemical structure of the sample remains unchanged, making LIBS highly applicable in 

diverse scientific and industrial domains. The method operates by directing a high-energy laser pulse onto 

the target surface, leading to the ejection of a minute quantity of material and the subsequent generation of 

a transient, high-temperature plasma plume [1]. This plasma typically comprises free electrons and ions. 

The electrons, being highly mobile, collide with atoms and ions in the plasma, causing excitation to higher 

energy levels. These excited species then emit characteristic radiation as they relax back to lower energy 

states. The emitted light is captured and analyzed by a spectrometer to identify elemental constituents and 

their relative concentrations [2]. 

             The optical emission from this laser-induced plasma offers crucial diagnostic information, 

especially regarding electron temperature (Tₑ) and electron density (nₑ), which are vital indicators of plasma 
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behavior. These parameters are influenced by several factors, including laser wavelength, pulse energy, 

duration, repetition rate, and the physical and chemical properties of the target material [3, 4]. Understanding 

how these factors interact is essential for optimizing experimental setups and achieving reliable spectral 

data . 

             Copper-zinc (Zn:Cu) alloys are of particular interest due to their multifunctional characteristics, 

such as antimicrobial activity and adjustable optical and electronic responses, making them suitable for use 

in electronics, energy storage, and biomedical devices [5]. LIBS provides an effective means to investigate 

the influence of laser parameters on plasma behavior during ablation, ultimately contributing to better 

interpretation of emission characteristics and material response [6]. 

          Previous research has explored how different laser parameters affect plasma formation in various 

substances. For instance, Fornarini et al. [7] analyzed the influence of Nd:YAG laser wavelengths on bronze 

plasma, while Naeem et al. [8] reported plasma parameters of copper using a 532 nm laser. However, there 

is limited literature focusing on the LIBS-based analysis of Zn:Cu alloys under varying laser energies . 

            This study aims to fill that gap by examining the LIBS spectra of Zn:Cu alloys with a composition 

ratio of x = 0.9, subjected to laser energies ranging from 400 mJ to 800 mJ. Rather than evaluating energy 

alone, we emphasize the significance of energy fluence (J/cm²), which considers the actual irradiated surface 

area and offers a more accurate reflection of plasma formation conditions. The investigation focuses on the 

role of laser energy and fluence in modulating plasma properties, including electron temperature, electron 

density, and emission line intensities, to better understand the ablation process and plasma dynamics in 

Zn:Cu alloys. 

 

2. Experimental Setup  
 

The experimental configuration for LIBS analysis is illustrated in Figure 1. A Q-switched Nd:YAG laser 

(1064 nm fundamental wavelength, 10 ns pulse duration, 6 Hz repetition rate) was employed to generate 

plasma on the sample surface. The laser pulse energy was varied between 400 and 800 mJ, and the beam 

was directed perpendicularly onto the surface of the pelletized target using a system of mirrors and focusing 

lens. The laser was focused using a plano-convex lens (focal length = 100 mm) to a spot size of ~1 mm 

diameter on the sample surface, corresponding to energy fluence values in the range of ~50–100 J/cm² 

depending on the pulse energy. 

 

 

 
 

Figure 1: A schematic diagram of the LIBS system. 
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The target material consisted of a mixture of zinc (Zn) and copper (Cu) powders, with mass ratios of Zn: 

0.2 and Cu: 1.79. High-purity Zn (99.9%) and Cu (99.9%) powders were physically mixed without pre-

sintering. The powders were thoroughly mixed and compressed into pellets using a hydraulic press 

operating at 6 Pa for 10 minutes. The resulting pellets had a diameter of 20 mm and a thickness of 

approximately 10 mm, depending on the compacted material mass (typically 2 g per pellet). 

            The plasma emission was collected at a 45° angle relative to the laser beam axis using an SMA905 

optical fiber, positioned approximately 10 cm from the plasma plume. The collected light was transmitted 

to a Surwit S3000-UV-NIR spectrometer, which is equipped with a UV-enhanced CCD detector (TCD1304), 

a 30 μm entrance slit, and a dual blazed grating (600 lines/mm at 250 nm and 750 nm). The spectrometer 

covers a wavelength range of 190–1100 nm with a typical spectral resolution of ~1 nm (depending on the 

slit and grating configuration), and a signal-to-noise ratio of 500:1. It includes 16-bit high-precision A/D 

conversion and 99.8% CCD linearity correction. According to the manufacturer specifications, the 

minimum exposure time is 0.01 ms, and the maximum exposure time is 60 s. 

 
3. Result and discussion  
 

Figure 2 displays the emission spectra obtained from the Zn:Cu target using laser energies ranging from 

400 to 800 mJ. The emission lines were identified using the NIST Atomic Spectra Database, confirming the 

presence of both neutral and singly ionized species, specifically Zn I, Zn II, Cu I, and Cu II. This validates 

that laser-induced plasma was successfully formed, as evidenced by the excitation and ionization of the 

constituent elements. Although the Nd:YAG laser has a photon energy of approximately 1.17 eV 

(corresponding to a wavelength of 1064 nm), the plasma formation can be attributed to nonlinear absorption 

mechanisms such as multiphoton ionization and avalanche ionization. These processes allow the laser 

energy to exceed the ionization potentials of Cu (7.726 eV) and Zn (9.394 eV), thereby generating a plasma 

plume. The spectra were acquired in free-running mode without the use of gating or temporal delay. As a 

result, the recorded emission includes both the early-stage continuum background and recombination 

effects. This approach was intentionally adopted to monitor the full evolution of the plasma emission, 

particularly the transition from broadband continuum to discrete spectral lines. The influence of this 

acquisition strategy is discussed in more detail in relation to the observed line intensities and background 

structure throughout the energy range used. 

             The spectra in Figure 2 exhibit prominent emission lines in the visible region, particularly between 

475–485 nm. While LIBS commonly reveals lines in the ultraviolet (UV) region, the present study focuses 

on the visible range due to spectrometer limitations. The increasing intensity of spectral lines with laser 

energy reflects enhanced excitation and ablation at higher pulse energies. Peak labeling has been added, and 

emission lines were identified based on their known wavelengths and transition probabilities. No self-

absorption effects were observed, and the instrumental broadening was subtracted during the Lorentzian 

fitting procedure . 

             Moreover, spectral line behavior at higher energies revealed that ionized species (Zn II, Cu II) 

become more prominent. This behavior reflects enhanced electron impact ionization due to increased 

electron temperatures and confirms a higher degree of plasma excitation.In Figure 3, the electron number 

density (nₑ) was calculated using the Stark broadening of the Zn I 481.05 nm line according to the relation: 

                                                                 nₑ = (Δλ₁/₂ / ω) × Nᵣ                                                              (1) 

where Δλ₁/₂ is the FWHM, ω is the electron impact parameter from NIST, and Nᵣ is the reference density. 
 

             As shown in Table 1, the electron density increased from 1.000 × 1018 to 1.121 × 1018 cm⁻³ with 

rising laser energy, consistent with stronger plasma excitation. These values satisfy the Mc Whirter criterion 

for LTE, confirming the local thermodynamic equilibrium assumption for subsequent analysis. The 

moderate increase in nₑ despite increasing laser energy may be attributed to plasma expansion and enhanced 

recombination rates at higher fluence levels, which counteract the generation of free electrons. 
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Figure 2: The spectra from laser-induced discharge from the Zn:Cu target using different pulse energies. 

 

 

 
 

Figure 3: MIPJ electron temperature Te and density ne as a function of laser energy. 

 
In Figure 4, the Boltzmann plot method was applied to determine the electron temperature (Tₑ) from selected 

emission lines of copper. A linear regression was performed using the equation : ln  (λji Iji / hc Aji gj). The 

negative slope of each fitted line represents the inverse of the electron temperature. The electron temperature 

(Tₑ) was calculated using the Boltzmann equation: 

 

                                               (𝐼𝑖𝑗 λ𝑖𝑗 / 𝐴𝑖𝑗 𝑔𝑗) = −𝐸𝑗 / 𝑘𝑇ₑ + constant                                                          (2) 
 

where Iᵢⱼ is the measured intensity of the emission line, λ₍ᵢⱼ₎ is the wavelength, A₍ᵢⱼ₎ is the transition 

probability, gⱼ is the statistical weight of the upper level, Eⱼ is the excitation energy of the upper level, and k 

is Boltzmann’s constant. The slope of the linear fit equals −1/kTₑ, allowing direct estimation of the electron 
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temperature. From the plot, Tₑ was estimated to be within the range of 0.846 to 0.906 eV, which is consistent 

with the results obtained from the Stark analysis in Figure 3. This consistency confirms the reliability of 

both methods and supports the assumption of LTE. The high values of coefficient of determination (R² > 

0.98) indicate a strong linear relationship and validate the applicability of the Boltzmann approach. 

Uncertainties from line fitting and instrumental effects were considered negligible compared to physical 

broadening. The observed slow increase in Tₑ, even with doubling the pulse energy, suggests that significant   

of the input energy are dissipated via radiative losses, shielding effects, and plasma plume expansion, 

limiting further electron heating. These energy saturation effects are common in dense laser-induced 

plasmas and are supported by prior studies [12]. 

 

 
 

Figure 4: Boltzmann plot utilizing the atomic emission lines of copper. 
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Figure 5 presents Lorentzian fits for the Zn I line at 481.05 nm across different laser energies. The line shape 

remains symmetric, justifying the use of Lorentzian profiles. The FWHM values increase with higher laser 

energy, which directly correlates with increasing electron density. No Doppler or 

 Van der Waals broadening was significant under these conditions, as estimated from plasma temperature 

and species mass. 

Plasma frequency (fₚ), Debye length (λD), and Debye number (ND) were calculated using the following 

relations: 

fₚ = √(nₑ e² / π mₑ)                                     (3) 

 λD = √(ε₀ k Tₑ / nₑ e²)                               (4) 

 ND = (4/3) π nₑ λD³                                   (5) 

                      

Where e is the elementary charge, mₑ is the electron mass, ε₀ is the vacuum permittivity, and k is Boltzmann’s 

constant. 

  

 

 

 

 

Figure 5: Lorentzian fit of Zn I, 481.05 emitted from the interaction of pulse laser 

with the Zn:Cu target using different laser energies. 
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Table 1 also presents calculated plasma parameters including Debye length, plasma frequency, and Debye 

number. Debye lengths were found to be within the range of 0.683*10-5cm  to 0.668*10-5 cm, while Debye 

numbers varied between 1337 and 1398 indicate the plasma was sufficiently large and collisionally 

dominated, further justifying the LTE assumption.The high values of ND ≫ 1 and plasma frequency values 

above the electron-neutral collision frequency confirm that the plasma behaves collectively and remains in 

local thermodynamic equilibrium. These parameters are rarely reported in the context of Zn:Cu systems, 

thus contributing novel data to LIBS diagnostics. 

            Overall, the increase in electron temperature from 0.846 ev to 0.906 ev is moderate despite doubling 

the laser energy, which is explained by energy losses due to expansion and radiation, as reported in similar 

LIBS studies [12]. This trend aligns with other published work on Zn-based alloys, confirming that most of 

the excess energy is used for plasma expansion rather than electron heating. Additionally, the consistency 

of the measured Te and ne with previously reported values for pure Zn, Cu, and other alloys supports the 

reliability of our measurements and suggests the behavior is characteristic of this material class under 

nanosecond laser irradiation. 

            The findings in this study are not only relevant for fundamental plasma physics but also carry 

implications for LIBS optimization. For instance, understanding the dependence of Te and ne on laser 

energy allows for tuning ablation conditions to maximize signal intensity and reduce shot-to-shot variation 

in industrial alloy diagnostics. 

Limitations and uncertainties include lack of error bars in the figures and absence of a full spectrometer 

calibration, which may introduce minor inaccuracies in line position and intensity. Future work should 

include instrumental error estimation, line overlap correction, and advanced modeling (e.g., Saha-

Boltzmann equilibrium). 

  

 
Table 1: Plasma parameters of LIBS from Zn:Cu targets at different laser energies. 

 

E (mJ) Te (eV) ne×1018 (cm-3) fp (Hz) ×1010 λD ×10-5(cm) Nd  

400 0.846 1.000 898.000 0.683 1337 

500 0.862 1.061 924.812 0.670 1335 

600 0.866 1.091 937.930 0.662 1325 

700 0.869 1.106 944.421 0.659 1323 

800 0.906 1.121 950.868 0.668 1398 

 

The spectral lines used for the Boltzmann and Stark analyses are summarized in Table 2, including their 

wavelengths, upper-level energies, transition probabilities (Aᵢⱼ), statistical weights (gᵢ), and Stark 

broadening constants (ωₛ), all obtained from the NIST Atomic Spectra Database. 
 

 

Table 2: Spectral lines used in Boltzmann and Stark broadening analysis 

 

No. Element Wavelength 
(nm) 

Upper 
Energy 
Level Eᵢ 

(eV) 

Einstein 
Coefficient 

Aᵢⱼ (s⁻¹) 

gᵢ Stark 
Width ωₛ 

(nm) 

1 Zn I 481.05 5.797 1.0 × 10⁸ 3 0.032 

2 Cu I 510.55 6.19 3.6 × 10⁷ 2 0.025 

3 Cu I 515.32 6.19 4.5 × 10⁷ 4 0.027 

4 Cu I 521.82 6.19 3.9 × 10⁷ 6 0.03 
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4. Conclusions 
 

This study demonstrated that increasing the laser pulse energy from 400 mJ to 800 mJ during the ablation 

of a Zn:Cu (x = 0.9) target led to noticeable changes in plasma characteristics. The electron temperature 

(Te) increased from 0.846 eV to 0.906 eV, while the electron number density (ne) rose from 1.000*1018 cm⁻³ 

to 1.121*1018 cm⁻³. These parameters were diagnosed using the Boltzmann plot method for temperature 

estimation and Stark broadening of emission lines for electron density, ensuring a solid diagnostic 

foundation . 

             From a spectral perspective, there was a clear enhancement in the intensity of neutral Zn I lines, 

along with the emergence of ionized Zn II lines at higher energies, indicating stronger excitation and 

ionization processes as laser energy increased . 

In addition, the Debye length (λD) decreased from 0.683*10-5 cm to 0.668*10-5cm, while the Debye number 

(Nd) increased, implying a transition toward a more compact and quasi-equilibrated plasma state. These 

changes also support the assumption of local thermodynamic equilibrium (LTE) under the studied 

conditions . 

             It is important to note that this work relied on time-integrated spectra, which limits the ability to 

track the temporal evolution of plasma parameters. Furthermore, the analysis was conducted under the LTE 

assumption, which may not fully hold across all spatial and temporal domains of the plasma plume . 

These findings emphasize the critical role of laser energy in tuning plasma properties and provide a 

quantitative framework for optimizing Laser-Induced Breakdown Spectroscopy (LIBS) performance. The 

observed trends can be instrumental in enhancing the analytical sensitivity, repeatability, and reliability of 

LIBS, especially for alloy characterization and material diagnostics . 

             In conclusion, this study confirms that plasma characteristics can be deliberately controlled by 

adjusting laser pulse energy, reinforcing the value of LIBS as a powerful tool for elemental analysis and 

real-time process monitoring in both scientific and industrial applications. 
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باستخدام تشخيصي   Zn–Cu تقييم كمي لتأثير طاقة نبضة الليزر على خصائص بلازما

 بولتزمان وستارك 
 

 
 سنا عبد اللطيف صالح1،* و كاظم عبدالواحد عادم2

 

 1 قسم الفيزياء، كلية العلوم، جامعة بغداد، بغداد، العراق 

 2 معهد الليزر للدراسات العليا ،جامعة بغداد، بغداد، العراق 

 

Sanaa.Abd2304@sc.uobaghdad.edu.iq  : البريد الالكتروني للباحث 

 

( لتحليل البلازما المتولدة من سبيكة LIBSفي هذه الدراسة، تم استخدام التحليل الطيفي لانهيار البلازما الناتج بالليزر ):  الخلاصة

نانومتر. تم توليد البلازما عند   1064بطول موجي    Nd:YAG(، باستخدام ليزر  x = 0.9( بنسبة )Zn:Cuالزنك والنحاس )

( باستخدام طريقة  Teميلي جول. تم تحديد درجة حرارة الإلكترونات )  800إلى    400طاقات نبض ليزر مختلفة تتراوح من  

( باستخدام ظاهرة اتساع ستارك. كما تم تقييم معلمات بلازما أخرى، بما  neمخطط بولتزمان، بينما تم حساب كثافة الإلكترونات )

 (. Nd(، وعدد ديباي )λD(، وطول ديباي )fpفي ذلك تردد البلازما )

إلكترون فولت   0.906ميلي جول إلى    400إلكترون فولت عند    0.846أظهرت النتائج أن درجة حرارة الإلكترونات ارتفعت من  

. وازداد تردد البلازما  ³سم⁻ 10¹⁸×  1.121إلى  ³سم⁻ 10¹⁸×  1.000ميلي جول، كما ارتفعت كثافة الإلكترونات من  800عند 

سم إلى    ⁵⁻10×    0.683هرتز، في حين انخفض طول ديباي قليلاً من    10¹⁰×    950.868هرتز إلى    10¹⁰×    898.000من  

، مما يعكس سلوكاً جماعياً مستقراً نسبياً عبر نطاق الطاقة  1300سم. وأظهر عدد ديباي تغيراً طفيفاً حول القيمة    10⁻⁵×    0.668

 المستخدم.

الانبعاث وخصائص   يعزز شدة  مما  وكثافة،  أكثر حرارة  بلازما  توليد  إلى  تؤدي  الليزر  زيادة طاقة  أن  إلى  النتائج  هذه  تشير 

تحت تأثير طاقات ليزر مختلفة، مما يوفر تطبيقات    Zn–Cuالبلازما. وتسُهم هذه الدراسة في تقديم رؤى كمية حول سلوك بلازما  

 .LIBSمحتملة في تشخيص المواد باستخدام تقنية 
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