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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 (AD), 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 x 10*®* cm™to 1.121 x 10'® cm™. Plasma
frequency increased from 898.000 x 10'° Hz to 950,868 x 10'° Hz, while the Debye length slightly decreased from
0.683 x 1075 ¢cm to 0.668 x 1073 ¢m. 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 (T.) and electron density (n.), 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/cm?), 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/cm?
depending on the pulse energy.
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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 um 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 11, 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 (n.) was calculated using the Stark broadening of the Zn I 481.05 nm line according to the relation:

Ne = (A;\.I/Z / (D) X N; (1)

where Ali/2 is the FWHM, o is the electron impact parameter from NIST, and N; is the reference density.

As shown in Table 1, the electron density increased from 1.000 x 10'8 to 1.121 x 10'® cm™ 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 n. 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.
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Figure 3: MIPJ electron temperature T. and density n. as a function of laser energy.

In Figure 4, the Boltzmann plot method was applied to determine the electron temperature (T.) from selected
emission lines of copper. A linear regression was performed using the equation: In (Aji Iji / hc Aji gj). The
negative slope of each fitted line represents the inverse of the electron temperature. The electron temperature
(T.) was calculated using the Boltzmann equation:

(Iij Mij / Aij gj) =—Ej | kT + constant )
where Ijj is the measured intensity of the emission line, A¢j) is the wavelength, Agj) is the transition

probability, g; is the statistical weight of the upper level, E; is the excitation energy of the upper level, and k
is Boltzmann’s constant. The slope of the linear fit equals —1/kT., allowing direct estimation of the electron
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temperature. From the plot, T. 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 (R> >
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 T., 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].
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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 (f;), Debye length (Ap), and Debye number (Np) were calculated using the following
relations:

f, =(n.e*/ ™ me) (3)
Ap = V(g0 k T / ne €2) 4)
Nb = (4/3)  n. Ap? &)

Where e is the elementary charge, m. is the electron mass, €o is the vacuum permittivity, and k is Boltzmann’s
constant.
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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 cm to 0.668*10~° 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) nex10'® (cm3) fo (Hz) x10'° Ao x10%(cm) Ng
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 (Aj), statistical weights (gi), and Stark
broadening constants (w;), all obtained from the NIST Atomic Spectra Database.

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

No. Element Wavelength Upper Einstein gi Stark
(nm) Energy Coefficient Width wq
Level E; Ajj (s7) (nm)
(eV)

1 Znl 481.05 5.797 1.0 x 10® 3 0.032

2 Cul 510.55 6.19 3.6 x 107 2 0.025

3 Cul 515.32 6.19 4.5 x 107 4 0.027

4 Cul 521.82 6.19 3.9 x 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*10'® cm=
to 1.121*10" ¢m™. 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 (AD) decreased from 0.683*10-° cm to 0.668*10~cm, 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.

References

[1]P. Li, Z. Xiong, Z. Ma, J. Guo, and C. Wang, "Analysis of Cu and Zn contents in aluminum alloys by femtosecond
laser-ablation spark-induced breakdown spectroscopy", Open Physics, 21, 113—-123 (2023).

[2] S. F. Khaleel and K. A. Aadim, "Investigation study of the plasma parameters for bronze produced by Nd:YAG
laser at wavelength 1064 nm: effect of laser energies", Journal of Optics, 54, 256-266 (2025).

[3] Z. M. Abbas and Q. A. Abbas, “Characterization of magnetized-plasma system induced by laser,” Iraqi Journal of
Physics, vol. 21, no. 4, pp. 45-55, 2023, doi: 10.30723/ijp. v21i4.1148.

[4]R. S. Mohammed, K. A. Aadimi, and K. A. Ahmed, "Spectroscopy diagnostic of laser intensity effect on Zn plasma
parameters generated by Nd: YAG laser," Iraqi Journal of Science, vol. 63, no. 9, pp. 3711-3718, 2022, doi:
10.24996/jjs.2022.63.9.5.

[5]F. H. Salih, S. S. Mahdi, A. H. Ali, “Employment of laser induced breakdown spectroscopy to determine elements
of human hair,” Baghdad Science Journal, vol. 22, no. 3, pp. 946—954, 2025 (published online first 20 Oct 2024), doi:
10.21123/bsj.2024.10388.

[6] D. A. Cremers and L. J. Radziemski, Handbook of Laser-induced breakdown spectroscopy, 2nd ed., Wiley (2021).
[7] D. W. Hahn and N. Omenetto, "Laser-induced breakdown spectroscopy (LIBS), part II: Review of instrumental
and methodological approaches", Applied Spectroscopy, 66, 347419 (2012).

[8] F. F. Chen, Introduction to plasma physics and controlled fusion, 2nd ed., Springer, 2012.

[9]1 E. Mal, R. Junjuri, M. K. Gundawar, and A. Khare, "Optimization of temporal window for application of calibration
free-laser induced breakdown spectroscopy (CF-LIBS) on copper alloys in air employing a single line", Journal of
Analytical Atomic Spectrometry, 34, 319-330 (2019).

[10] M. S. Mahde, A. H. Ali, M. H. Hussein, “Diagnostic study of copper plasma in air by laser induced breakdown
spectroscopy (LIBS),” Engineering & Technology Journal, vol. 33, Part A, no. 5, pp. 1002-1008, 2015, doi:
10.30684/etj.33.5A.18.

[11]77J. Igbal, T. A. Alrabdi, A. Fayyaz, H. Asghar, S. K. H. Shah, and M. Naeem, "Elemental study of Devarda’s alloy
using calibration free-laser induced breakdown spectroscopy (CF-LIBS)", Laser Physics, 33, 025701 (2023).

[12] C. Aragén and J. A. Aguilera, "Characterization of laser induced plasmas by optical emission spectroscopy: a
review of experiments and methods", Spectrochimica Acta Part B: Atomic Spectroscopy, 63, 893-916 (2008).

University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
Journal homepage: https://ijl.uobaghdad.edu.iq/index.php/IJL



https://ijl.uobaghdad.edu.iq/index.php/IJL

IJL, Issue 2, Vol. 24, 2025

[13] G. Cristoforetti, S. Legnaioli, L. Palleschi, and V. Palleschi, "Local thermodynamic equilibrium in laser-induced
breakdown spectroscopy: beyond the McWhirter criterion”, Spectrochimica Acta Part B: Atomic Spectroscopy, 65,
86-95 (2010).

[14] Z. Hou, Y. Zhang, and X. Li, "A calibration-free model for laser-induced breakdown spectroscopy using non-
gated detectors", Frontiers of Physics, 17, 115 (2022).

[15] A. Kramida, Y. Ralchenko, J. Reader, and NIST ASD Team, "NIST Atomic Spectra Database (ver. 5.3)", National
Institute of Standards and Technology, Gaithersburg, MD (2015).

. ... :me“?* QZn_Cuujmwm&JM‘wu&\»ﬂmg‘sﬁ#
by e il g2
20 aa) gllas aBIS 5 Il Cighalll e U

LB‘,)"'“ ¢Alary calazs dxals ‘?JH\ ZK:JS s;\.})ﬁﬂ\ ?u.\ﬂ 1
d‘)ﬁd\ ¢lazy calary daalae Wladl L\Lm\)dﬂ J‘},'\m gaa 2

Sanaa.Abd2304@sc.uobaghdad.edu.iq :&abll 55 5SN) & il

A (g 520 gl La 330U sl (LIBS) il amlil) Lo 33U sy adall Julal aladiind o5 i jall oda 3 sAuadial)
sie Lo 3Ol Al i a3, e sili 1064 >« Jsby Nd:YAG o pladinly ¢(x = 0.9) 4ty (Zn:Cu) sl g i )
A5y 5h aladinly (Te) Sl 650 Aa o pasi o Jsa e 800 G 400 (e sl ddlise 5 (i il
Lag e yal Lo 3ol Clalaa anil i LeS e i gLl 3 5ala aladiinly (ne) <l s SIY) 4GS i o3 e ¢la il 53 Jaladia
(Nd) sl 222 5 ¢(AD) sl Jshas ¢(fp) Lyl 2a i elly 3

@ 0558 0.906 ) o (A 400 vie g o5 5K 0.846 (e condii ) il g S5 ) pa da 3 o gl < el
La Bl 3 55 213305 3 108 X 1121 () 3 ane 108 x 1,000 (3o il s S AEUS Candi ) LS oJ s L 800 xie
Y s 510 X 0.683 (e B (slus Jsha (sl s & ¢ isa 107 x 950.868 ) e 107 x 898.000
A Gl e G T e Lielan 18 sl Sy Lan €1300 Faill J o laila T a5 glus sae el 5 45710 % 0.668
PRECRA

oaibiad 5 Cilag¥) 303 ) jay Lae AliS 55 ja ST L3 ad g A gasi ol Al saly )y of ) il o s
Clidat g Lae Adlide 50 il i a3 Zn-Cu e 3o & sl Jsm A0S (55 i Al jll 53 agasd 5 L 30
LIBS 4585 alaiinly of sall aadi b dlaiss

University of Baghdad Publishing, Institute of Laser for Postgraduate Studies
¥ Journal homepage: https://ijl.uobaghdad.edu.iq/index.php/IJL


https://ijl.uobaghdad.edu.iq/index.php/IJL
mailto:Sanaa.Abd2304@sc.uobaghdad.edu.iq

