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The present work studies the relation of laser irradiance and matrix effect on plasma features of the
CuZn, Cu, and Zn matrix. These matrices were irradiated by a Q-switched nanosecond Nd:YAG laser
with the second harmonic wavelength (532 nm), and irradiance ranging from 2.1–4.8 × 108 W/cm2

at atmospheric pressure. The plasma parameters (Te and ne) were calculated by the Boltzmann plot
and the Stark broadening methods. The results clarify no linear change in electron temperature at
increasing laser irradiance for Cu and Zn plasma, except for the CuZn plasma. These fluctuations of
electron temperature in those matrices are due to matrix effects. In contrast, the broadening of the
line profiles related to electron density was evident with laser irradiance growth, causing an increase in
electron density.
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1. Introduction

Since the invention of the laser in 1960, laser-
induced breakdown spectroscopy (LIBS) has been
developed as an analytical technique. In this tech-
nique, plasma is produced by focusing a laser beam
on the surface of a target and expands as a vapor
plume. LIBS is called “microemission spectroscopy”,
it depends on atomic emission spectroscopy to ana-
lyze the material elemental composition [1–3]. The
nature of laser-produced plasma depends on var-
ious factors, including laser intensity, wavelength,
and the material chemical composition. Researchers
have investigated the effect of these factors and
the matrix effect on plasma production and its
parameters [2].

The term “matrix effect” refers to the matrix de-
pendence of analytical signal [4]. Matrix effects may
be due to spectral, physical, and chemical effects.
When strong lines of matrix element interfere with
weak lines of analyzed element, the spectral matrix
effect occurs. The physical matrix effect is related to
variations in sample physical properties such as ab-
sorption coefficient, thermal conductivity, and the
heat of vaporization, which impact the transfer of
the ablated mass into plasma. The chemical ma-
trix effect happens when the ionization tendency
and the compound structure form product influ-
ences the emission characteristics of the analyte

element [3, 5, 6]. Some previous studies were car-
ried out to investigate the physical matrix effect on
plasma parameters generated from binary samples.
Sattar et al. [2] studied matrix effect on the spec-
troscopy of the Ag–Zn plasma in various concentra-
tions ratios. This study aims to investigate laser in-
tensity and matrix effects on plasma emissions and
the characterization of CuZn, Cu, and Zn plasmas.

2. Materials and methods

In this experiment, plasma is generated utilizing
nanosecond Q-switched Nd:YAG laser at the second
harmonic wavelength (532 nm) with 10 ns pulse du-
ration, 6 Hz repetition frequency, and laser irradi-
ance ranging from 2.1–4.8×108 W/cm2. Three sam-
ples were used, i.e., CuZn, Cu, and Zn. The purities
of the targets were 99.98% — copper (Cu nanopar-
ticle), 99.9999% — zinc (Zn nanoparticle). The Cu
and Zn powders were mixed in specified proportions
(0.5–0.953 wt% of Cu and 0.5–1.04 wt% of Zn) to
form the CuZn matrix as a binary compound. These
powders were pressed in a pellet form by applying
80 MPa pressure using a hydraulic press for 10 min.
The laser beam was focused on the target surface
at atmospheric pressure, utilizing a quartz lens with
a 10 cm focal length. Optical fiber with a 50 µm
diameter core collected the laser-produced plasma
light from the CuZn, Cu, and Zn target surfaces.
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The fiber was placed at 1 cm above the plasma, and
was connected with the Surwit (S3000-UV-NIR)
spectrometer to analyze the plasma emissions. To
estimate the plasma characteristics the optical emis-
sion lines were assigned to of certain elements using
NIST database software [7].

3. Results and discussion

3.1. Study of the spectral emission

The spectrum was recognized through ionic and
atomic spectral lines emitted from plasma produced
by laser with 532 nm wavelength. The emission
spectra of CuZn, Cu, and Zn plasma covered the
spectral range from 550 to 750 nm for CuZn and
Cu and from 600 to 800 nm for Zn, as shown
in Figs. 1–3, respectively. Figure 1 demonstrates
that the emission spectrum of CuZn plasma con-
sists of 11 lines, including 8 isolated lines for Cu II,
Cu I, Zn I, Zn II, and 2 overlapping lines for Cu II
and Zn II at 589 nm.

Figure 2 shows the Cu plasma spectrum, includ-
ing 7 spectral lines, i.e, 5 lines for Cu II and 2 lines
for Cu I. While the spectrum of Zn plasma con-
sisted of 8 lines, as shown in Fig. 3, it includes 5
lines of Zn II and 3 lines of Zn I. The difference
in emission lines may be attributed to differences
in thermal and optical properties of CuZn, Cu, and
Zn. These changes significantly influence the accu-
racy of quantitative estimations of LIBS in the emis-
sion intensity of copper and zinc elements in the
three matrices due to physical properties or sam-
ple composition variations. The physical matrix ef-
fect caused these changes, which were related to the
fact that the physical properties of the sample could
change the ablation parameters. Although the con-
centrations of Cu and Zn in the mixed matrix were
the same, these variations changed the quantity of
ablated mass, resulting in differences in emission
intensity.

Fig. 1. Emission spectrum of CuZn plasma in-
duced by 532 nm laser at different laser intensity.

Fig. 2. Description as in Fig. 1, but for Cu plasma.

Fig. 3. Description as in Fig. 1, but for Zn plasma.

In contrast, these changes were also related to
chemical matrix effects. This effect occurs when the
emission features of one element are altered by the
presence of another one [8]. In this study, the spec-
tral matrix effects can be neglected. Spectral ma-
trix effects can be avoided or minimized by using
high-resolution spectrometers in LIBS (it enables
the detection and elimination of some spectral inter-
ferences) and careful peak selection and/or selecting
lines that do not exhibit spectral interference [9].

The spectrum was recorded at laser intensity
ranging from 2.1 to 4.8×108 W/cm2. We found that
the LIPS signal intensity increases with laser inten-
sity. The absorption of laser light by the plasma in-
creases with increasing laser intensity, resulting in
a rise in the ablation rate and increased spectral
lines intensity. The increased intensity of plasma
with rising laser intensity agrees with the previous
study [10].

3.2. Plasma parameters

The spectral lines emitted from CuZn, Cu, and Zn
plasma are helpful to estimate the essential plasma
parameters, like electron temperature and electron
density, Te and Ne, respectively. They are the key
parameters to understand the excitation and atomic
ionization processes in plasma.

307



Raghad S. Mohammed et al.

TABLE I

Data analysis from the Boltzmann plots with the linear fitting of R2 and electron temperature at different laser
intensity.

Laser intensity
×108 [W/cm2]

CuZn matrix Cu matrix Zn matrix
Slope Te [K] R2 Slope Te [K] R2 Slope Te [K] R2

2.07 −1.069 10847 0.992 −2.925 3966 0.998 −3.23 3591 0.888
2.76 −1.03 11262 0.983 −1.716 6759 0.894 −4.042 2870 0.925
3.44 −0.984 11795 0.967 −1.517 7646 0.829 −3.9731 2920 0.923
4.13 −0.793 14627 0.553 −1.894 6124 0.965 −3.910 2967 0.908
4.82 −0.787 14739 0.523 −1.963 5908 0.986 −3.927 2954 0.915

3.2.1. Electron temperature

Assuming that the local thermodynamic equilib-
rium (LTE) exists, the electron temperature of the
CuZn, Cu, and Zn plasma are calculated using the
Boltzmann plot method [11]

ln

(
λjiIji
gjAji

)
= − Ej

kBT
+ C, (1)

where the wavelength (λji), statistical weight (gi),
probability of transition (Aji), and upper energy
(Ej) are obtained from the standard spectrum of
NIST database [7], and i and j refer to the low
and upper level, respectively. The Boltzmann con-
stant is kB, T is the plasma temperature, and C is
a constant. Applying the Boltzmann plot method,
we used three ionic lines (Cu II) at 625.7, 646.6,
652.9 nm for the CuZn plasma, and at 593.7, 625.7,
675.8 nm for the Cu plasma, also using ionic lines
(Zn II) at 610.2, 761.2, 775.79 nm for the Zn plasma.
The electron temperature calculated from the slope
obtained from a graph ln (λjiIji/gjAji) versus the
energy Ej [eV] as shown in Figs. 4–6 for CuZn, Cu,
and Zn respectively, a straight line has an equal
slope (−1/kBT ).

Table I summarizes the observed data from the
Boltzmann plots with the linear fitting of the cor-
relation coefficient (R2) for each laser intensity.
The electron temperature for the CuZn, Cn, and

Fig. 4. The Boltzmann plots measured for the
CuZn plasma at different laser irradiance.

Fig. 5. Description as in Fig. 4, but for Cu plasma.

Fig. 6. Description as in Fig. 4, but for Zn plasma.

Zn plasma are calculated for each laser intensity,
ranging from 2.1–4.8 × 108 [W/cm2]. The value of
Te ranges between 10847–14747 K in the case of
the CuZn matrix, between 3966–5908 K for the
Cu matrix, and 3591–2954 K for the Zn matrix,
see Table I. However, in Fig. 7, we noticed that the
electron temperature grew with laser intensity in
the CuZn matrix, which agrees with the previous
study [12].

In contrast, the electron temperature drops with
increasing laser intensity for the Cu and Zn ma-
trix. As the plasma approaches maximum expansion
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TABLE IIThe electron density at different laser intensity.

Laser
intensity

×108 [W/cm2]

CuZn matrix Cu matrix Zn matrix
FWHM
[nm]

ne × 1018

[cm−3]
FWHM
[nm]

ne × 1018

[cm−3]
FWHM
[nm]

ne × 1018

[cm−3]
2.07 1.6 1.2 1.2 0.90 2.0 1.5
2.76 2.0 1.5 1.8 1.35 2.2 1.7
3.44 2.5 1.9 2.1 1.58 2.7 2
4.13 3.8 2.9 2.5 1.88 3.0 2.3
4.82 4.0 3 3.0 2.25 4.0 3

Fig. 7. The electron temperature of CuZn, Cu,
and Zn matrix at different laser intensity.

velocities, the thermal energy is rapidly converted
to kinetic energy, causing the plasma temperature
to drop. This result agrees with Qindeel et al. [13].
In the LIPS technique, the fluctuation of electron
temperature and the electron density is due to the
matrix effect and interference of the prevalent at-
mospheric environment with the generated plasma.
In some cases, the gas above the target surface
can absorb significant laser energy (i.e., plasma
shielding) [14].

3.2.2. Electron density

The emission spectra lines of the laser-generated
CuZn, Cu, and Zn plasma appear as broadened
lines. Collisions of the emitted atom with charged
particles cause the Stark line broadening, which is
the principal mechanism affecting these emission
spectra. Thus, the electron density can be estimated
depending on the spectral line widths through the
following relation [15]

ne =

(
λFWHM

2w

)
× 1016, (2)

where ne is the electron density [cm−3], λFWHM

refers to the Stark full-width at half-maximum
(FHWM), and w is the electron impact param-
eter. The electron density is estimated from the
isolated spectral lines of Cu II at 625.7 nm and
Cu I at 578.2 nm emitted from CuZn and Cu
plasma, respectively, whereas in the case of Zn

Fig. 8. The electron density of CuZn, Cu, and Zn
plasma at different laser intensity.

plasma — from Zn I at 647.9 nm, for various laser
intensity. The electrons density ranged from 1.2 to
3× 1018 cm−3, from 0.90 to 2.25× 1018 cm−3, and
from 1.5 to 3 × 1018 cm−3 for CuZn, Cu, and Zn
plasma, respectively, see Table II.

Figure 8 shows that the electron density increases
as the laser intensity increases. The saturation/slow
variation of ne and Te was seen in the results.
The behavior observed is related to the plasma
shielding effect, i.e., plasma reflection of laser light.
Since the experiment is conducted atthe atmo-
spheric pressure, the ionization process is limited
by the plasma shielding effect of air, reducing the
efficiency of the available laser intensity for mass ab-
lation. In this study, the laser frequency (ν = c/Lλ)
is 5.6× 1014 Hz for visible light (532 nm), whereas
the plasma frequency is ωp = 8.9 × 103n0.5e [12].
The electron density is ne = 1018 cm−3, hence,
ωp ≈ 1012 Hz is less than the laser frequency
ωp ≈ 1014 Hz. The plasma frequency appears lower
than the laser frequency. It means that the loss of
energy due to Nd:YAG laser reflection on the CuZn,
Cu, and Zn plasma surface is insignificant.

4. Conclusions

The laser intensity and matrix effect on the CuZn,
Cu, and Zn matrix plasma parameters have been
studied. The Cu and Zn plasma emission lines differ
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from the CuZn plasma emission lines which is at-
tributed to differences in thermal and optical prop-
erties of CuZn, Cu, and Zn matrix. The electron
temperature of CuZn plasma increased with rising
laser intensity. In contrast, no linear change in the
electron temperature with the laser intensity occurs
for Cu and Zn plasma. Different behavior of electron
temperature is due to the matrix effect. The broad-
ening of spectral lines appears with increased laser
intensity, and this broadening is related to electron
density.
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