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Abstract 
In this research, the effect of laser beam energy on the properties and behavior of plasma produced from aluminum and 
nickel alloy was studied using the Optical Stimulated Emission Spectroscopy method. The properties of the plasma 
were characterized by exposing the target material (the alloy) to high-energy laser pulses ranging from 500 to 900 mJ 
using a pulsed  Nd:YAG laser with a pulse rate of up to 50 Hz. This ensures a balanced energy distribution and allows 
monitoring of the increasing effects in the plasma without strong thermal effects. This method allows for a detailed study 
of the physical properties of the plasma, including the spectral radiation intensity and associated emission peak as well as 
the study of various plasma properties such as temperature and electron density and other plasma parameters, including 
the plasma frequency, Debye length, and Debye number. The results obtained show that both temperature and density 
increase with increasing laser power, with both effects peaking at a laser power of 900 mJ. Calculations of the plasma 
frequency and Debye number also show a concomitant increase in these two effects with increasing laser power. This 
work demonstrates how laser power can increase plasma stability and significantly improve physical processes within 
plasma. It also demonstrates how diagnostic techniques can be useful in plasma analysis and have numerous medical, 
industrial, and technological applications.
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Аннотация
Исследованы свойства и поведение плазмы, полученной из алюминиево-никелевых сплавов при лазерном 
облучении. Исследование выполнено методом оптической стимулированной эмиссионной спектроскопии. 
Свойства плазмы модулировались путем воздействия на целевой материал (сплав) высокоэнергетическими 
лазерными импульсами в диапазоне энергий от 500 до 900 мДж с использованием импульсного лазера Nd:YAG 
при частоте импульсов до 50 Гц. Это обеспечивает сбалансированное распределение энергии и позволяет 
контролировать нарастающие эффекты в плазме без сильных тепловых эффектов. Примененный метод позволяет 
детально изучать физические свойства плазмы, включая спектральную интенсивность излучения и связанный с 
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ней пик излучения, исследовать различные свойства плазмы, такие как электронные температура и плотность, 
а также другие параметры плазмы, включая плазменную частоту, длину и число Дебая. Полученные результаты 
показывают, что электронные температура и плотность увеличиваются с повышением мощности лазера, причем 
оба эффекта достигают максимума при мощности импульсов лазера 900 мДж. Расчеты плазменной частоты 
и числа Дебая также демонстрируют увеличение этих двух эффектов с ростом мощности импульсов лазера. 
Выполненное исследование показывает, что путем изменения мощности лазера можно повысить стабильность 
плазмы и значительно улучшить баланс физических процессов внутри плазмы. Предложенные методы 
исследования могут быть полезны при анализе плазмы и иметь многочисленные медицинские, промышленные 
и технологические приложения. 
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сплав Al-Ni, оптическая спектроскопия плазмы, ОЭС, свойства плазмы, параметры плазмы
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Introduction

Plasma can be generated by a very high temperature rise 
in the material to reach a stage where we can overcome the 
electrostatic forces that bind the material electrons to the 
nucleus [1]. Plasma radiation depends on the properties 
of the isolated radiation types and the surrounding 
environment around the radiation. This dependence results 
from the fact that electrons and ions can interact with 
other material due to the effect of Coulomb forces which 
have a long-term effect and action [2]. Plasma spectrum 
analysis is one of the most important methods we use to 
study and understand the properties of plasma used in 
many applications, whether in technological or industrial 
applications or in research such as plasma physics and 
space sciences where plasma can be divided based on its 
temperature into two types: the first is hot plasma or what is 
called fusion plasma, and the second type is cold plasma or 
gas discharge plasma [3]. If the plasma temperature drops 
from 300 K to 1 K, this type of plasma will be called super 
cold plasma. This type can be generated in a vacuum by 
ionizing atoms that are cooled using a laser [3]. 

The method of using a laser beam is considered one 
of the most important and popular techniques used in 
producing plasma. This is done by focusing a high-energy 
laser pulse on any material whether this material is solid, 
liquid, or gaseous. The resulting radiation will cause local 
thermal equilibrium, severe vaporization of the material 
and collapse of the material at the point of focus [4–6]. The 
interaction between matter and the laser beam will depend 
on a set of physical and mechanical properties as well as 
some chemical properties, in addition to the properties and 
specifications of the laser used, such as the power of the laser 
pulse, the focusing time, and the wavelength used [7–9].

Optical radiation analysis is one of the common 
methods used to examine and diagnose plasma which can 
provide us with important information about the sample 
used as well as the information about the plasma produced, 
as the plasma produced by laser will produce different and 
varied radiation spectra most of which extend between the 
ultraviolet region to the visible and infrared regions. This 
method depends on the analysis of the optical emissions 
generated by the plasma using a laser, which is often 
known as laser-induced plasma analysis or Laser-Induced 
Breakdown Spectroscopy (LIBS) [10, 11].

LIBS technology is used to determine the main 
components of the targets using conventional and non-
conventional calibration methods that are considered 
free from calibration. Due to the need for immediate and 
rapid tests that determine the components of material, this 
method has evolved very quickly in many applications, 
since it is used to obtain rapid results in laboratories and the 
field of industry, as this can be done from long distances of 
up to 110 meters, and there is no need to prepare samples 
before starting the test [12, 13].

Spectral line broadening mechanisms such as Stark 
broadening detract from accurate results or reduce the 
quality of the spectrum in LIBS technology, as these 
defects can be controlled by adjusting the time and the 
width of the acquisition window, but they ultimately limit 
the acquisition of quantitative and analytical data and 
isotope information. Therefore, many attempts have been 
made to increase the accuracy of the spectrum and improve 
the quality of detection in the LIBS system [14]. These 
attempts included the repeated use of laser pulses and 
performing the diagnosis using more than one energy as 
well as the processes of improving the spectrometer angle 
by changing its angles to reach the best possible angle for 
reading the spectrum [15–18].

The main objective of this study was to investigate 
the laser-stimulated light emission using locally prepared 
80:20 aluminum-nickel (Al-Ni) alloy to determine the 
general properties of the plasma generated by these alloys. 
This distinguishes our study from most previous studies 
that relied on taking the spectrum of a single element or 
doping a specific element with another. This alloy provides 
greater stability in its interaction with the plasma compared 
to aluminum or nickel alone, which aids in more accurate 
analysis and characterization because the response is 
somewhat more diverse when exposed to laser pulses. 
Fig. 1 shows a cross-section of the alloy used.

Materials and methodology

Preparing an Al-Ni Alloy for Laser Blasting
An Al-Ni alloy was locally prepared with a composition 

ratio of 80:20 using a gas furnace to ensure optimal 
homogeneity of the constituent material. The purity of the 
elements from which the alloy was made reached 98 %. 
A sample of this alloy 2 cm2 and 4 mm thick was taken and 
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placed on the laser base holder where it was prepared for 
the ablation process.

Experimental LIPS setup
Fig. 2 shows a schematic diagram of the LIBS system 

used in this experiment. A pulsed Nd:YAG laser with a 
frequency of 6 kHz and a wavelength of 1064 nm was used. 
Different laser energies (500 to 900 mJ) and pulse rates of 
up to 50 Hz were used. The sample was placed on a metal 
support surface, and the laser was focused at a 45° angle to 
initiate the ablation process. The resulting optical data were 
then collected using a Surwit S3000-UV-NIR spectrometer 
which is characterized by its rapid response to changes in 
emitted radiation and operates in the ultraviolet, infrared, 
and visible light ranges across the wavelength range of 200 
to 1000 nm. These spectra were recorded on a control unit 
(PC) to initiate the analysis and data extraction process.

Results and Discussion

The plasma produced by the Al-Ni alloy was 
characterized using stimulated photoemission spectroscopy. 
The emission spectrum of this alloy plasma consists of 
optical radiation resulting from the decay of excited 
elements within the plasma, and the spectrum is often 

presented in the form of spectral lines characteristic of 
atoms or ions. The spectral range for the alloy used ranged 
from 200 nm to 800 nm for most of its constituent elements. 
The emission peaks for all elements were compared 
with data from the National Institute of Standards and 
Technology (NIST)1.

Fig. 3 shows that there are several emission peaks for 
the elements that make up the Al-Ni alloy. Aluminum 
emitted at wavelengths of 235.5, 256.5, 280.5, 308.2, 
324.1, 345.2, 465.3, and 521 nm, while nickel emitted 
at wavelengths of 357.7, 394.6, 452.3, 485.5, 514.6, and 
546.8 nm. On the other hand, we saw several peaks for 
nitrogen emission, the most prominent of which was at 
a wavelength of 623.8 nm, as well as several peaks for 
oxygen, the most prominent of which was at a wavelength 
of 0.2 nm.

It was noted, as shown in the Fig. 3, that the intensity 
of the emission of spectral lines will increase with the 
increase in the energy of the laser used, as the main reason 
for this is because of the rise in the removal of electrons 
caused by the laser energy during the process of ionization 
of the elements which increased the production of ions 
[19]. These results show that the behavior of Al-Ni alloy 
plasma differs from that of pure material such as aluminum 
and nickel alone, as the complex composition of the alloy 
affects the intensity of the spectral emissions and the ratio 
between aluminum and nickel, indicating the presence 
of complex interconnected excitation and ionization 
processes within the plasma. The nickel to aluminum 
ratio changed with laser energies, showing that nickel is 
strongly ionized despite its small proportion in the alloy 
composition. This is due to the difference in ionization 
energies and the properties of energy transfer between 
atoms within the produced plasma. The Al-Ni emission 
intensity ratios were calculated at different laser energies 
and found to be approximately 1.22 at 500 mJ, 1.21 at 

1 NIST Atomic Spectra Database Lines Form. Available at: 
https://www.nist.gov/pml/atomic-spectra-database, free. English 
lang. (accessed: 15.07.2025).

Fig. 1. Al-Ni alloy

Fig. 2. Basic components of an induced laser spectroscopy system

https://www.nist.gov/pml/atomic-spectra-database


M.H. Jawad, M.R. Abdulameer, K.A. Aadim

Научно-технический вестник информационных технологий, механики и оптики, 2025, том 25, № 4 
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2025, vol. 25, no 4� 629

600 mJ, 1.03 at 700 mJ, 1.37 at 800 mJ, and 1.09 at 900 mJ. 
These values were close to unity, indicating that nickel, 
despite its lower proportion in the alloy exhibited emissions 
like, or sometimes higher than, aluminum. The physical 
reason for this is the difference in ionization energies and 
energy transfer probabilities between the two elements. 
Aluminum has lower ionization energy and therefore 
ionizes more easily, while nickel produces more intense 
lines due to the higher transfer probabilities for some of 
its lines. Furthermore, the alloy composition played an 
important role in plasma formation because of the presence 
of more than one element created a complex plasma 
environment that affected the excitation and ionization 
processes, causing varying emission ratios. These results 
confirmed that the alloy was not merely a mixture but 
rather an interconnected plasma environment, which makes 
the plasma behave differently from pure metals. Thus, 
these ratios are an important indicator for understanding 
the interaction of elements in plasma and improving the 
accuracy of LIBS analysis. The results of this study are 
compared with previous studies that addressed plasma 
behavior in pure metals and some alloy using LIBS. For 
example, Hanif et al. [20] analyzed nickel plasma using 
an Nd:YAG laser, showing the effect of laser parameters 
on plasma properties such as electron temperature and 
electron density. Another study by Ahmed et al. [21] 
compared copper-nickel alloy using multiple techniques, 
such as LIBS, LA-TOF, EDX, and XRF, demonstrating 
the importance of using multiple techniques to accurately 
analyze alloy. Compared to these studies, our research 
highlights the advantages of LIBS analysis of Al-Ni 

alloy contributing to improved analytical accuracy and 
understanding of plasma behavior in alloy compared to 
pure metals [22].

The Boltzmann diagram method was used to calculate 
the electron temperature in the plasma produced by an 
Al-Ni alloy after exposing it to a laser beam. Specific 
wavelengths from the resulting spectrum were used for 
this purpose: 357.72349 nm, 394.61908 nm, 452.31425 nm, 
485.541 nm, and 546.8104 nm, which are due to the 
emission of nickel, according to the data shown in the 
Table 1.

In Table 1, AG refers to the Einstein coefficient for 
spontaneous emission, which represents the transition 
probability of an excited electron decaying to a lower 
energy level expressed in units of s–1.

This process involved extracting the electron energy Ej 
for each wavelength by comparing the spectrum data with 
the NIST database. Energy data for each wavelength were 
obtained to apply them to the Boltzmann equation below 
to calculate the electron temperature in the plasma [23].

	 ln�
λjiIji
hcAjigj

� = 
1

kBT
(Ej) + ln N/U(T).	 (1)

 Eq. (1) shows the dependence of ln(λjiIji/Ajigi) versus Ej, 
where λji represents the radiation intensity at wavelength λ; 
Ej is the maximum energy associated with this wavelength; 
h Planck’s constant; с is the speed of light in a vacuum; kB 
is the Boltzmann constant, which is used in thermodynamic 
energy equations; T represents the absolute temperature of 
the substance being measured; N stands for the number of 
molecules or atoms in the system; U is the internal energy 
of the system at temperature T. Iji represents the intensity 
of the spectral line corresponding to the transition from 
the upper-level j to the lower level i; Aji is the Einstein 
coefficient for spontaneous emission associated with this 
transition expressed in s–1; and gj is the statistical weight 
(degeneracy) of the upper energy level j.

When the relationship between the variables is plotted, 
the resulting slope represents the relationship 1/kBT, which 
was used to calculate the electron temperature. The results 
obtained through this analysis showed that the electron 
temperature increases significantly with increasing laser 
beam energy. The highest temperature reached by the 
electrons was 0.726 eV at a laser energy of 900 mJ. The 
closer its value is to one, the higher the accuracy.

Fig. 4 shows the results of the Boltzmann plot between 
ln(λjiIji/Ajigi) versus Ej for different energies used. R2 
represents the correlation coefficient which reflects the 
accuracy of the graph and the correlation of the points with 
each other.

One of the most important and common methods 
for calculating electron density is the Stark exposure 
measurement which is calculated from the width of a single 
spectral line of an atom or ion. This effect is a direct result 
of the collision of charged particles and atoms. This effect 
is a physical phenomenon that occurs when a charged gas is 
exposed to an external electric field. Due to this interaction, 
the movement of electrons will change, thus causing a 
broadening of the spectral lines, which directly affects 
the electron density. The relationship between density and 
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Fig. 3. Plasma emission spectrum for an Al-Ni target at different 
laser intensity

Table 1. Basic parameters of Al-Ni Alloy plasma

Element λNIST, nm AG, s–1 Ej, eV

Ni

357.72349 8.00∙104 3.739751
394.61908 1.50∙103 3.306149
452.31425 2.90∙100 2.740339
485.54100 2.80∙108 6.094943
546.81040 5.50∙106 6.114134
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spectral line width is a direct relationship. This can be 
expressed mathematically using equation from [23]:

	 ne(cm–3) = �
∆λFWHM
2w

�·1017.	 (2)

This equation represents the dependence of electron 
density ne on the Full Width at Half Maximum (FWHM) 
(ΔλFWHM), where ΔλFWHM stands for the spectral line 
width at half its maximum intensity, and w represents the 
width of the line at its minimum intensity. The full width 
at mid-intensity of the alloy is represented by Fig. 5, which 
represents the calculated exposure for the electron density 
(2) for the wavelength 394 nm. The electron density has 
risen gradually with the escalation in the laser energy 
employed, where it was equal to (4.01∙1017 cm–3) for an 
energy of 500 mJ, while it reached its peak at an energy 

of 900 mJ, w here it was equal to (6.13∙1017 cm–3). This 
increase is attributed to the absorption of the photon energy 
of the laser beam by the electrons, which is what is shown 
to us through the drawing, where we notice the change in 
the Stark resonance value with the change in the energy 
value of the laser used.

Stark broadening is related to how an external electric 
field affects the emission lines produced by plasma. When 
plasma is exposed to an external electric field, changes 
will occur in the emission lines. These changes cause a 
broadening of the line FWHM. This broadening depends 
directly on the electron density in the plasma, and thus, 
the Stark broadening will increase as the electron density 
increases.

As expected and mentioned, the temperature and 
density of the electrons will increase with increasing laser 
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power, since this increase occurs as a result of the power of 
the laser having a powerful and straightforward impact on 
the emission lines intensity, as the value of the temperature 
and density of the electrons will become almost stable 
because the plasma will become dependent on the laser 
beam covering the target, and plasma shadowing occurs 
when the plasma itself reduces the transmission of laser 
energy along the beam path. Fig. 6 represents the increase 
and the clear difference between the density of the electrons 
and their temperature. These findings concur with those of 
Kison V.E et al. [24]. 

The beh avior of plasma emitted by Al-Ni alloys is 
significantly different from that of pure metals such as 
aluminum or nickel alone, because the alloy composition is 
complex and comprises multiple elements. The presence of 
nickel and aluminum together creates plasma environment 
that differs from that of pure material as the atoms and 
ions interact and overlap more strongly, significantly 
affecting the emission spectrum. Due to the composition, 
the energy distribution within the plasma changes, which 
is reflected in the electron temperature and electron density 
and alters the mode of ionization and excitation. When 
we observe the ratio of nickel to aluminum intensities 
and observe their change with laser power, we realize that 

plasma behavior in alloys is more dynamic and variable 
than in pure metals. Therefore, it is important to study 
plasmas in alloy separately, as this understanding helps 
us improve the accuracy of LIBS analysis and advances 
industrial applications that rely on the analysis of composite 
material [24].

The effect of laser energy on some other plasma 
parameters, such as plasma frequency, Debye length, and 
the number of charged particles in the Debye sphere, is 
investigated using the main plasma parameters, which are 
electron density and temperature, to increase and improve 
the diagnosis of the plasma produced by the aluminum and 
nickel alloy where the Debye length λD is calculated from 
the equation [23]:

	 λD = �
εokBTe

nee2
�

1/2

 ≌ 7.43× 102�
Te

ne
�

1/2

,	 (3)

where Te is the electron temperature; e is the elementary 
charge (the charge of a single electron), which is 
approximately 1.602·10–19 С; ne is the electron density, 
which is defined in equation (2) as the number of electrons 
per cubic centimeter; ε0 is the permittivity of free space. 

The following formula can be used to determine the 
plasma frequency fp [23]: 

	 fp = 
e2ne

ε0me
 ,	 (4)

where me is the electron mass, which is approximately 
9.11·10–31 kg.

The number of charged particles ND in the Debye 
sphere can be calculated from the equation in [23]:

	 ND = 4/3λD
3ne. 	 (5)

Table 2 shows the data obtained for all plasma 
parameters formed from the Al-Ni alloy and for all laser 
energies used.

Fig. 7 shows the relationship and change in the value of 
plasma frequency and the relationship between laser beam 
energy and Debye length. The plasma frequency shows 
a significant increase with increasing energy, where the 
frequency value ranges from 5.7∙1012 to 7.0∙1012 Hz, while 
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on the other hand, the Debye length will gradually decrease, 
where its value ranges from 5.1∙10–7 to 8.1∙10–7 cm.  
This is due to Eqs. (3) and (4), where the frequency 
corresponds exactly to the electron density, while the 
Debye length value is inversely proportional to the electron 
density. These results are consistent with Aadim K.A. et 
al. [25].

The Debye length increases with increasing laser power. 
This increase can be explained scientifically by the fact 
that increasing laser power increases the energy content of 
the plasma system, leading to the ionization of more atoms 
and the production of more charged particles. This is also 
due to the change in the electron density, which increases 
with increasing energy. Fig. 8 shows the relationship 
between the Debye length calculated using Eq. (5) and 
laser power.

Conclusion

This work investigated the effect of laser energy on 
the behavior of the generated plasma using a locally 
manufactured aluminum-nickel alloy with a composition 
ratio of 80:20. The results showed that the spectral emission 
intensity increased with increasing laser energy. The 
aluminum emission peak was at a wavelength of 394.6 nm 
at the energy of 900 mJ, while the nickel emission peak 
was at 357.7 nm at the same energy. These changes indicate 
strong interactions between the laser beam energy and the 
generated plasma, leading to an overall improvement in 
the plasma properties. Furthermore, a clear increase in 
both the electron density and electron temperature was 
observed with increasing laser energy. The highest value of 
the electron temperature was at 900 mJ, which was equal 
to 0.726 eV, while the electron density at the same energy 
was 6.13∙1017 cm–3. This is clear evidence that the plasma 
electrons interact more strongly with the laser energy. The 
fundamental plasma parameters were also investigated 
to provide a further understanding of its behavior. These 
findings support previous studies on the subject and 
confirm the close relationship between plasma parameters 
and the applied laser power. Based on these results, we 
can conclude that there is a close and direct relationship 
between laser beam energy and plasma composition and 
characterization. This relationship will open new horizons 
and better future technologies in many industrial and 
technological applications and other fields, such as material 
analysis using Laser-Induced Breakdown Analysis. The 
current study also contributes to expanding scientific 
understanding of the mechanism of laser interaction and 
the effect of laser energy on plasma.

Table 2. Main parameters of Al-Ni alloy plasma generated under the action of the laser beam with different values

E, mJ Te, eV ne ×1017, cm–3 fp ×1012, Hz λD × 10–7, cm ND × 103

500 0.187 4.01 5.7 5.1 0.21863
600 0.227 4.24 5.8 5.4 0.28433
700 0.295 5.26 6.5 5.6 0.38020
800 0.434 5.82 6.9 6.4 0.64469
900 0.726 6.13 7.0 8.1 1.35679
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