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1. Introduction

The development of high-intensity laser sources
has, among other things, created new opportunities in
the elemental analysis of solids, liquids, and gases [1].
The basic premise is that the various atomic and
molecular forms can be inferred from the spectral
emission resulting from vaporizing and exciting an
absorbing material (whether a gas, liquid, or solid) with
a laser pulse of the right intensity [2]. A very versatile
laser-based diagnostic tool, laser-induced breakdown
spectroscopy (LIBS), has several potential uses3. A
concentrated, high-powered laser beam can quickly
raise the temperature of a small area or spot on a solid
surface to the point where the material vaporizes,
creating an optically generated plasma [3]. In recent
times, LIBS has been suggested for use in materials
science, environmental protection, industrial process
control, and the conservation and study of cultural
heritage [4]. In the LIBS, the spectral signature of an
analyte in plasma created by a high-irradiance pulsed
laser is collected and processed [5,6]. The
characteristics of laser-induced plasma are affected by
various factors, including the characteristics of the
target, the properties of the ambient medium, the laser
wavelength, and pulse duration [7]. As a potential
replacement or addition to Inductively Coupled Plasma
(ICP) diagnostics, the LIBS has been used already in
various diagnostic applications, such as studying solid
samples and using an emissivity analysis of the plasma
plume generated by the laser interaction with a solid
surface to determine the essential concentrations of
components [1,8]. The plasma in LIBS is often
optically dense and thermally inelastic. There is a
substantially higher temperature in the plasma center
than in the plasma peripheral because of the laser
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Spectroscopy of Copper/Zinc
Alloys Plasma Generated by Laser

In this work, atmospheric plasmas are produced from different Cu-Zn alloys by Nd:YAG
laser. Three copper alloys with different zinc rations, namely Cu80-ZnE100, Cu74-
ZnE100 and Cu68-ZnE100 are examined. The Boltzmann plot approach and the Stark
broadening technique are utilized to determine the electron temperature and plasma
density for the induced plasma by laser. The electron temperature for the Cu80-ZnE100
and Cu74-ZnE100 plasmas is enhanced by 0.78 eV, and the electron density is
increased from 7.6x10" cm= to 9.4x10" cm™ when the laser beams hit the samples,
while, the electron temperature in the Cu68-ZnE100 plasma is enhanced to 0.83 eV,
and the density is increased to 1.29x10'® cm.
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material contact [9]. Laser-Induced Breakdown
Spectroscopy (LIBS) is a valuable analytical method
because it can generate plasma on untreated samples.
The only requirement is optical accessibility, with
optical fibers used for detection [10,11]. LIBS analyses
of both bulk and nanostructured materials offer insights
into crystallite size, purity, and shape, complementing
data obtained from various spectroscopic and
microscopic techniques. Information obtained from
LIBS can be correlated with results from other methods
like X-ray, scanning electron microscopy (SEM), and
energy-dispersive X-ray analysis. However, despite its
significance, techniques like X-ray diffraction (XRD)
and SEM are more frequently employed [12-14].

2. Theoretical Background

Spectroscopic data interpretation necessitates a
model of plasma ionization that describes the state of
ionization and populations of atoms and ions at
different energy levels in terms of the temperature of
plasma and the density of electron. And, the procedures
to find the optically thin as well as the (LTE) plasma
LIP parameters (T) and (n,y are detailed below.

2.1 Boltzmann plot method for (T)

The distribution law of Boltzmann provides the
population of species' energy levels for plasma in LTE
is given by [15,16],

Nkz _ 9kz ( Ek,Z)
—_— = —eXx _—— ]
ng Pz p kT ( )

where n, represents the total number density (or
population), P, is the partition function for species Z.
The state of the ionization of a species, kg, T, ny 7, Ex 7,
Jr,z that are corresponding to the Boltzmann constant,
plasma temperature, population, energy, and
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degeneracy of the upper energy level k in the optically
thin plasma (OTP), where the minimum radiation being
absorbed, is expressed as [17]:

h
Iz = Az L @

where, h denotes the constant of Planck constant, ¢
represents the light speed, Ay;, indicates the
probability of transition, Ay; ; refers to the transition
line wavelength, and L signifies the plasma distinctive
length,. By employing equation (1), equation (2) can be
reformulated as [18]:

Al gz e (-2)  0)

Taking the natural logarithm of equation (3) allows
it to be rewritten as:

I Zﬂ-ki, 7z _ 1 hclnz
" (gk,ZAki,Z) T kaT Bz + fn (4ﬂPz ) )

This produces a linear graph, known as the plot of
Boltzmann, where the magnitude of various transitions
versus the upper level energy of species at the stage of
ionization (Z) is plotted on the left side. Also, the
temperature value is derived from the Boltzmann plot's
slope. Equation (4) is derived beneath the assumptions
of an (OTP) and local thermodynamic equilibrium
(LTE), so its applicability is confined to the OTP and
the LTE.

IZ=

2.2 Method of Saha-Boltzmann Equation for n.

Saha-Boltzmann equation can be used to determine
the electron density in plasma if some conditions are
satisfied (1) Thermodynamic equilibrium, (2). Initial
electron density and partition functions can be
theoretically estimated for ions, (3) The plasma should
be optically thin and homogeneous plasma, and (4)
Time-resolved measurements and calibration with
standards. In our setup, all these condition are satisfied.

The condition for optically thin plasma is also
satisfied since the optical sensor is immersed inside the
plume and hence the emitted radiation can be detected
without significant absorption or scattering.

Using Saha-Boltzmann equation, the electron
density may be calculated from the plasma's atom and
ion spectral lines as:

126,04 x 1021(T)z x
Iz41
exp [(_Ek,Z+1+Ek,Z_XZ) cm=3 (5)

kgT
where, Iz = I;Ay; 7/ 9k zAkiz and xz are the species'
ionization energy in the stage of ionization (Z). And,
the ionization energy lowering owing to the plasma
interactions is unimportant slightly which being

omitted into Eq. (5).

Ne =

2.3 Optically thin plasma (OTP)

Determining elemental composition through line
intensities in LIBS is simple when the plasma is
optically thin and in Local Thermodynamic
Equilibrium (LTE). It is essential to comprehend the
time window of laser-induced plasmas under these
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circumstances. The intensity ratio for the same species
at a given ionization stage (Z) is described by Eq. (6).

I _ (Aamz) [ Akiz \ (9kz Exz—Enz
L (ﬂki,z ) (Anm,Z> <9n Z) exp ( kT ) (6)

Ii is the line intensity corresponding to the transition
from k to i-state, and I, represents the intensity
corresponding the transition from n to m-state. It is
essential to regard the (2) lines of emission with the
similar or closely related higher levels.

Although the minimum requirement for measuring
the temperature is the two spectral lines, but the
Boltzmann plot provides more accurate measurement
of temperature, because it considers the multiple
spectral lines. Tables (1) and (2) evince the parameters
of the spectral lines used in drawing the Boltzmann
plot. The electron temperature (T.) in this paper is
calculated from the relative intensities of the observed
lines. The influence of temperature, as described via the
parameter of Boltzmann upon the ratio of line intensity
reproducibility is reduced. In contrast, the efficiency
factor of collecting system is not considered. By
disregarding the exponential parameter in that state, the
intensity ratio's theoretical value of both lines can be
determined employing the transitions atomic factors.
By examining this ratio against measured values at
various deferral times, we can determine when the
plasma is optically thin.

The Boltzmann distribution law predicts that many
ground-state atoms will remain in the plasma's
periphery, where the temperatures are low. It provides
the populations of the energy level of species for
plasma in the local thermodynamic equilibrium (LTE)
[18]:

hc —
Iy = e Aklg] e Ex/ksT (7

The effectiveness of LIBS as an analytical approach
has been aided by research into both applications and a
fundamental understanding of the essential LIBS
processes, although particular hurdles remain in
performing nanoparticle analysis. The complexity of
plasma—particle interactions and the nature of the LIBS
plasma make it challenging to analyze the nanoparticles
[19, 20]. The development of LIBS aims to enhance its
quantitative analytical capabilities, focusing on
improving measurement precision and accuracy for
specific applications. Analyzing steel and its alloys
with LIBS is complicated by spectrum interference
from emission lines, where the lines in the desired
spectral region overlap with various emission lines
from the components being analyzed, -causing
deviations in the spectra from their baseline. This can
sometimes lead to poor-quality analysis when using
univariate regression models [21]. Cirisan et al.
explored the structure and dynamics of the plasma
plume generated in open air by a nanosecond laser
beam impact on metallic objects through fast
photography and numerical simulations [22]. In a study
led by Hanif and colleagues, a Q-switched Nd:YAG
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laser was employed to examine the titanium plasma
created when the laser hit a solid titanium target in open
air. The research revealed that electron temperature and
density are highest at the target's surface and decrease
as the distance from the target grows. Variations in
these plasma properties with different laser energies
indicate a proportional increase in electron temperature
and density with higher laser power [23]. Karki et al.
[21] performed an elemental analysis of high alloy
steels using six distinct normalization methods to
determine the most effective technique for identifying
present elements. Sherbini et al. [24] investigated the
optical breakdown at nanostructured target materials
generated by an Nd:YAG laser device and studied the
effects of nanoparticle size, laser wavelength and
fluence, and time delay on the strength of the
nanomaterial signals. Ali et al. [25] studied the plasma
generated by nano and bulk copper targets by using a
1064 nm Nd:YAG pulsed laser. Since the high-energy
photons absorbed by nano copper targets have a larger
surface area and a greater penetration depth than bulk
copper targets, and more energy can be transmitted
within the nanomaterial, raising the plasma's
temperature. This is partly due to the increased depth of
the penetration of laser energy and the large surface
area of these materials.

3. Experimental Setup

In this study, a plasma generated from copper alloys
using an Nd:YAG laser (1064 nm) was analyzed
through the LIBS technique. An Nd:YAG laser
(HuaFei TongDa Technology — Diamond -288 Pattern
EPLS) with a wavelength of 1064 nm, a pulse duration
of 9 ns, and a pulse energy range of 100-1000 mJ was
used to produce the plasma. Copper alloys Cu80Zn,
Cu74Zn, and Cu68Zn, each sized at 1x1 cm?, served as
the target materials. To direct the laser beam onto the
target, a convex lens with a focal length of 20 cm was
employed, focusing the laser pulses at atmospheric
pressure. The target surface was manually rotated after
each laser shot to ensure uniform plasma formation.
Figure (1) depicts the LIBS setup utilized in this
research, highlighting the importance of the laser and
optical spectrometer in the apparatus.

The emission from the ablation laser beam was
collected axially using 2-mm diameter optical fibers, as
illustrated in Fig. (1).

4. Results and Discussion

The wavelength range of 500-530 nm was used to
record the emission spectra of Cu80ZnE100, Cu74-
ZnE100 and Cu68-ZnE100 alloys from the excited and
ionic atoms. The NIST database was utilized to allocate
all the detected line locations properly. Figure (2)
depicts the Boltzmann plot that based on the intensity
of each spectral line for Cu80ZnE100 alloy. The
relationship is a straight line, its slope according to Eq.
(1) gives the temperature of plasma electrons which is
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for this case T = 0.78 eV. The estimated values of
plasma parameters for Cu-ZnE100 alloy are shown in
table (3).

Lens

Target

Optical Fiber

Computer

Fig. (1) Experimental setup for LIBS

In all cases, the most important factor influencing
the values of the electron temperature and the electron
number density is the laser power. Intensity-based
Boltzmann plots of Cu74ZnE100 and Cu68ZnE100
alloys are shown in figures (3) and (4), respectively.
The electron temperature and the electron number
density are determined to be 0.78, 0.83 eV and
9.42x10",1.29%10'% cm™ for Cu74-ZnE100 and Cu98-
ZnE100, respectively.

The density of electrons can be calculated from a
specific spectral line, as indicated in figures (5), (6) and
(7), which reveal that the spectral line for the copper
atom has Lorentzian profile with half-width broadening
(AA1) given by [26,27]:

Ne
My = 2w () +354* (e)[1-

e ®

where AAi» represents the Stark broadening, A is the
ion broadening, w is the impact width of electron and
n is the particles volume density in the Debye sphere

The experimental results showed that the intensity
of Cu80-Zn is about (0.55 a.u.) at the wavelength value
(521.8 nm), similar to the case of Cu68-Zn, whereas
this intensity enhancement reduces to around (0.4 a.u.)
at the Cu74-Zn. The possible explanations for this
finding include the plasma shielding effects of
irradiation.

The observed variation in the emission intensity,
electron temperature, and electron number density
between these three cases depends on the plume
growth's hydrodynamics.
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5. Conclusions

This study employed Nd:YAG laser to produce
plasma from several targets of CuZn alloys with
different Zn ratios. The absorption of high-energy
photons leads to an increase in the electrons' kinetic
energy, which in turn results as a variation in their
plasma temperature. For the same laser energy, it is also
shown that plasma temperatures are varied amongst
different CuZn alloys. At identical laser energy levels,
differing electron densities are observed in targets
because of the quantum mechanical characteristics of
the materials. Under identical operation conditions, the
the rates of increment and reduction in plasma
parameters (Te, Ne, wp, and Ap), vary with the Zn ratio
in the CuZn alloys.
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Table (1) Wavelength, lower and upper energy levels, upper level degeneracy and transition probability for the Cu74-Zn emission

lines utilized in the present work

. Lower level of - .

Higher level of Probability of | Higher level of

Atom/lon | Wavelength (nm) | NIST Data Egnergy (&V) Er(\:\rl?y Transititgn Degeneracy (s)
Cull 342.86 342.87 17.263 13.648 - 3
Cul 510.7 510.55 3.817 1.389 2.00E+06 4
Cul 515.447 515.323 6.191 3.785 6.00E+07 4
Cul 521.94 521.82 6.192 3.816 7.50E+07 6
Cul 578.403 578.213 3.785 1.642 1.65E+06 2
Cull 589.781 589.797 16.563 14.462 - 7
Zn 334.403 334.501 7.783 4.077 1.70E+08 7
Zn 396.183 396.543 8.921 5.795 - 5
Zn 468.123 468.143 9.296 6.654 - 3
Zn 472.242 472.215 6.654 4.029 - 3
Zn 481.187 481.053 6.654 4.077 - 3

lines utilized in the present work

Wavelength Higher level of | Lower level of | Probability of Higher level of
Al (nm)g e Egnergy (eV) Energy (eV) Transititgn Deg%neracy (s)
Cul 405.779 405.678 6.871 3.816 - 8
Cul 510.7 510.55 3.817 1.389 2.00E+06 4
Cul 515.447 515.323 6.191 3.785 6.00E+07 4
Cul 521.939 521.82 6.192 3.816 7.50E+07 4
Cull 578.403 578.392 1743 15.287 - 1
Zn 4723 472.215 6.654 4.029 - 3
Zn 481.187 481.053 6.654 4.077 - 3
Table (3) Plasma parameters for Cu-ZnE100 alloy

Te (ev) Ne (cm?) Fp(H2) Ad (cm) Ny

Cu80-Zn 0.7886 7.60E+15 7.83E+11 7.57E-06 1.38E+01

Cu74-Zn 0.7830 9.42E+15 8.72E+11 6.77E-06 1.23E+01

Cu68-Zn 0.8330 1.29E+16 1.02E+12 5.97E-06 1.15E+01
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Table (2) Wavelength, lower and upper energy levels, upper level degeneracy and transition probability for the Cu80-Zn emission
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