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Abstract Article Info.

In this work, the correlation between plasma parameters induced by pulsed laser

from copper-aluminium (Cuix:Aly) targets at varying ratios x = 0.3, 0.5, and 0.7  Keywords:

and the characteristics of the ablated nanoparticles is studied, is investigated. The PLA, Plasma

results show an increase in electron number density (ne) and plasma temperature  Characteristics, OES, Cu:Al
(Te) with increasing pulsed laser energy and target ratio. The crystallite size of Cu  NPs, Structural Properties.

and Al in the composite nanoparticles increased with plasma temperature from
12.4t0 17.4 nm, 13.7 to 19.1 nm, and 13.4 to 21.0 nm for Al crystallite, while it
increased from 19.8 to 29.1 nm, 15.3 to 23.3 nm, and 12.3 to 18.6 nm for Cu
crystallite in the x=0.3, 0.5, 0.7. The higher T. means more energy is transferred
to the plasma, which enhances the ablation process. Increasing T. significantly
increased the crystallite size of the generated nanoparticles, especially at the
highest temperature. The created seed particles inside plasma may be heated by
collisions with electrons, which act as a heating source during the growth of the
clusters, enhancing crystallization. The crystallite size of Cu is more significant
than that of Al at all laser energies for the targets from Cuo.7:Algs and Cuos:Algs,
and is opposite at the Cugs:Alo.7 sample. The difference in crystallite size between
the two elements in the composite nanoparticles depends on their presence in the
target and the pulsed laser energy, resulting from the differing capabilities of laser
interaction with the other elements.
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1. Introduction

There are several approaches for evaluating plasma characteristics. Optical emission
spectroscopy (OES) is most commonly utilized due to its simplicity and accuracy, and it does
not affect the plasma, unlike internal probes [1]. The OES technique involves analyzing the
electromagnetic radiation emitted by excited atoms and ions within the plasma [2,3]. Beyond
providing insights into plasma characteristics, OES also facilitates the determination of the
ionization degree [4]. Spectroscopic analysis offers valuable information on plasma behavior and
composition, with particular emphasis on the interactions between the sputtering target material,
the working gas, and the kinetic energy distribution of plasma species [5]. This method elucidates
the interactions of atoms and ions in terms of both their energy and concentration [6]. The study
of plasma properties by spectroscopy is of great importance in the real-time monitoring of
nanoparticle formation during laser ablation [7] and in atomization systems, as the plasma
components and their kinetic properties are essential because they are directly related to the
dynamics of different species [8], which affect the properties of the prepared nanoparticles [9].

This technique can be used to fine-tune the properties of the generated nanoparticles for
specific requests from various scientific fields [10-11]. The control of properties is achieved by
tuning them. This work aims to identify a correlation between characteristics obtained during
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the ablation process of copper: aluminum target of different composition ratios using various
pulsed laser energy. Optical emission spectroscopy is utilized to characterize the induced plasma
at different conditions correlated with the prepared nanoparticles' structural properties.

2. Experimental Setup

Laser-induced Breakdown Spectroscopy (LIBS) was employed in this study. It comprises a
laser source and an optical emission spectrometer. The Nd: YAG laser (Diamond-288 Pattern
EPLS) of fundamental wavelength 1064 nm with varying pulsed energy 400, 500, 600, 700, and
800 mJ was utilized for plasma induced. A power supply provided an external handheld piece of
the pulsed laser; The laser intensity and spot size were adjusted by altering the distance between
the laser lens and the target. The Nd: YAG laser is focused onto the target using a convex quartz
lens with a focal length of 10 cm.

Spectral diagnostics were taken during the ablation process from Cu:Al targets at different
mixing ratios, which monitored the plasma characteristics using the emission intensity of the
laser- induced plasma to determine plasma parameters. A spectrometer (Thorlabs- CCS 100/M)
of a high resolution AA < 0.5 nm was used to capture the emissions spectra of the plasma plume
over a wavelength range from 200 to 1000 nm, which was collected by an optical fiber positioned
at an angle of 45° to the laser beam axis and then directed onto the entrance slit of the
spectrometer.

The prepared nanoparticles were tested using X-ray diffraction (XRD) on a SHIMADZU-
6000 diffractometer with an X-ray tube emitting Cu-Ka radiation of monochromatic wavelength
L = 1.5405 A, an applied voltage of 40 kV, and a current of 30 mA, with a step size of 0.05
degrees. The X-ray scanning was performed between 20 values within the diffraction angle range
of 20-80°.

3. Results and Discussions

Figs. (1, 2, and 3) illustrate the spectroscopic patterns of plasma induced by pulsed laser at
different pulsed energies from Cu: Al targets to varying weight ratios of Cug7:Alg 3, Cugs:Algs,
and Cug3:Aly7 targets, respectively. The observed emissions were matched with characteristic

atomic and ionic reference lines for copper and aluminum electronic transitions (Cu I, Cu Il, Al
I, and Al 1I) from the NIST site [12]. The variations in emission intensity across different
wavelengths were attributed to differences in transition probabilities and statistical weights
associated with each transition, as determined by the plasma temperature, according to the
Boltzmann distribution [13, 14].

Notably, the evidence of emission intensities corresponding to ionic species exhibited a
higher degree of ionization levels due to using a pulsed laser. Emission line intensity increased
with increasing the laser pulsed energy from 400 to 800 mJ, which corresponded to more
excitation with more photons by the increased laser energy. Notably, the variation in lines
intensity corresponding to the different targets with varying Cu:Al ratios is consistent with the
Boltzmann distribution, where higher temperatures favored a larger population of particles in
higher energy states, resulting in more intense emission lines [15]. Furthermore, comparing the
three figures revealed distinct trends in emission lines where the line corresponding to the Al
increased with increasing its content in the targets.

115



Iragi Journal of Physics, 2025 Vol. 23, No.3, PP.114-127

Cul, 51055y 1, 51532

ity (arbitrary unit)

000

Intensi

;;;;;;;;
uuuuuuuu

11111111

ol A | /\/\/\, SIMhe~—Ah

i *,/L,A,,MJ\/&M/AH ALl |

A_A_/\/\NL/\\,\‘MMJ e

500 ss0

Figure 2: Emitted spectra for LIBS from Cuos:Algs target using different laser pulsed energies.
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Figure 3: Emitted spectra for LIBS from Cugs:Alo7target using different laser pulsed energies.

Fig. 4 illustrates the variation in intensity ratio for the selected emission lines Al-1 (309.27
nm)/ Cu-I (324.75 nm) from the three targets Cu:Al at different mixing ratios. The observed ratio
of emission lines responds to variation in the pulsed laser energy and the Cu: Al target ratio. It is
seen that that high intensity ratios greater than unity (especially the high ratio at low laser energy)
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indicate the higher intensity of the Al line than for Cu as a result of the lower work function of
Al than Cu, 4.3 and 4.7 eV, respectively [16]. The metal's work function can influence the
intensity of plasma emission induced by pulsed laser irradiation. The work function refers to the
energy required to extract an electron from the surface of a material. When a metal surface is
exposed to a pulsed laser, the photons can excite electrons within the metal, causing them to be
ejected from the surface and forming plasma. The work function is crucial in determining how
easily electrons can be liberated from the metal surface [17]. Metals with lower work functions
require less energy to release electrons, so that they may exhibit stronger plasma emission under
the same laser conditions than metals with higher work functions.

Additionally, the work function can impact the efficiency of processes such as
photoemission and thermal emission, which contribute to plasma formation. At lower laser
energies, the limited energy available for interaction makes the difference in work functions more
pronounced. This results in a higher intensity ratio of aluminum emission lines than copper. As
the energy of the pulsed laser increases, both metals can interact more efficiently with it.
Conversely, the intensity ratio of Al/Cu increased as predicted with increasing Al content in the
target.
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Figure 4: variation of intensity ratio for emission lines Al-1 (309.27)/Cu-1 (324.75 nm) from the three
mixed targets Cu: Al at different mixing ratios with pulsed laser energy.

The Boltzmann-Plot was employed to determine the electron temperature (T,) using the
emission lines of Al | species at different pulsed energy onto Cug7:Alys, Cugs:Algs, and
Cup3:Aly7 targets as shown in Figs. (5, 6, and 7), respectively. The linear relationship of Ln
(Ajilji/ hcAji.gj) against the upper-level energy (Ej) was plotted. The presence of high R values
signifies an excellent line fitting.
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Figure 5: Boltzmann-plot using Al-1 plasma emission lines using LIBS from Cuos:Alo 7 target using
different laser pulsed energies.
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Figure 6: Boltzmann-plot for Al-1 plasma emission lines using LIBS spectra from Cuos:Alos target
using different laser pulsed energies.
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Figure 7: Boltzmann-plot for Al-1 plasma emission lines using LIBS from Cugs:Alo 7 target using
different laser pulsed energies.

Figs. (8, 9, and 10) illustrate the Lorentzian fitting for emitted Al 11, 281.62 line for LIBS
from the three Cu: Al targets at different ratios using different laser pulsed energies. A preference
for fitting emission line profiles with Lorentzian curves over other profiles, such as Gaussian
curves, can depend on various factors, including the nature of physical processes and the
characteristics of the observed data. If the broadening of emission lines is primarily due to
mechanisms such as natural or Stark broadening, which result in symmetric line shapes,
Lorentzian curves are often more appropriate. Lorentzian functions naturally account for these
broadening mechanisms and provide a better representation of the observed line shapes. The
predominant influence of Stark broadening compared to other types of broadening often allows
for neglecting these other mechanisms when determining plasma density. Consequently, line

broadening varies with laser energy and target material type, reflecting changes in plasma density
[18].
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Figure 8: Lorentzian fitting for emitted Al 11, 281.62 line for LIBS from Cuo7:Algs target using
different laser pulsed energies.
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Figure 9: Lorentzian fitting for emitted Al 11, 281.62 line for LIBS from Cugs:Algs target using
different laser pulsed energies.
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Figure 10: Lorentzian fitting for emitted Al 11, 281.62 line for LIBS from Cugs:Alo7 target using

different laser pulsed energies.

Table 1 lists the plasma parameters induced by the pulsed laser from Cu: Al targets at different
mixing ratios using different pulsed laser energies (400-800 mJ). These parameters vary according
to the pulsed laser energy and change slightly with the target ratio. The plasma parameters meet
the plasma criteria, including a high plasma frequency, a short Debye length, and a large Debye
number. In general, both Te and ne increase the pulsed laser energy by increasing the energy
delivered to the electrons, leading to growing ne and ionization collisions.

On the other hand, both Te and ne slightly increase with the increase in the Al ratio in the
Cu:Al targets, due to the variation in the interaction between the laser beam and the target surface,
which has different absorbance capabilities according to the target composition. Concurrently, the
plasma frequency displays behaviour consistent with the electron number density, as it directly
correlates with the square root of the electron number density. The variation in Ap is in line with
the change in pulsed laser energy.

Table 1: plasma parameters for LIBS from the three Cu: Al targets at various mixing ratios using
different laser pulsed energies.

Sample E Te AA Nex10%8 fo x10%2 Ap x10°® Nb
(mJ) (eV) (nm) (cm?) (Hz) (cm)

400 0.368 1.800 2.123 13.083 3.095 264

500 0.405 2.000 2.358 13.791 3.081 289

Cuo7:Alos 600 0.486 2.200 2.594 14.464 3.215 361

700 0.607 2.400 2.830 15.107 3.441 483

800 0.634 2.450 2.889 15.264 3.480 510

400 0.374 2.000 2.358 13.791 2.960 256

500 0.458 2.300 2.712 14.789 3.054 324

Cuos:Alos 600 0.500 2.400 2.830 15.107 3.122 361

700 0.627 2.500 2.948 15.419 3.425 496

800 0.673 2.550 3.007 15.572 3.514 546

400 0.461 2.300 2.712 14.789 3.062 326

500 0.605 2.500 2.948 15.419 3.366 471

Cuoz:Alo7 600 0.679 2.700 3.184 16.024 3.432 539

700 0.717 2.800 3.302 16.318 3.462 574

800 0.739 2.800 3.302 16.318 3.516 601
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Figs. (11, 12, and 13) illustrate the XRD patterns of the prepared composite NPs using
different pulsed laser energies from the three Cu: Al targets at various weight ratios of Cug 7:Alg 3,
Cugs:Alys, and Cugs:Alg 7, respectively. All patterns appeared as polycrystalline structures of Cu
and Al structures in addition to a minor CuO phase due to some oxidization at the surface of
nanoparticles. The diffraction peaks appeared at different intensities according to their
composition existence and the laser energy. The diffraction lines corresponding to the Cu seemed
to have higher intensities than those for Al due to the association of XRD with the atomic weight
and low sputtering [19].

The higher intensity of Cu diffraction lines compared to Al could be attributed to the higher
atomic scattering factor and stronger X-ray interaction of Cu compared to Al, leading to more
diffraction peaks and the higher relative crystallinity of Cu in the composite material compared
to Al [20]. Increasing the Al content causes an increase in the diffraction peaks corresponding to
the Al compared with the Cu. The diffraction line broadening varies with the laser energy and
the target composition ratio. The variation of target composition causes variation in the energy
absorption efficiency. So, increasing the Al content causes an increase in the crystallinity of Al
but not linearly due to the different reflectivity and absorption of laser energy of the targets
[21,22].

(111) Cu

(200) Cu

(11-1) CuO
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WMWWMW

20 25 30 as 40 45 50 55 60 65 70 75 80

20 (Degree)

Figure 11: XRD of the prepared composite NPs from Cuo 7:Alg s target using different pulsed laser
energies.
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Figure 12: XRD of the prepared composite NPs from Cuos:Alos target using different pulsed laser
energies.
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Figure 13: XRD of the prepared composite NPs from Cuo3:Alo.7 target using different pulsed laser
energies.

The interplanar spacing (dna) was determined according to the Bragg formula [23]
nA = Zdhkl sin@ (1)

where (0) is the diffraction angle, A is the x-ray wavelength, and n is the diffraction order. The crystallite
size was determined using Debye-Scherer formula [24]
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092
- B .cos(0) (2)
where B is the breadth of the diffracted line at half maxima (in radian).
Table 2 lists the 20, dhkl, and D values corresponding to the preferred orientation (111) of Al and
Cu structures from the three Cu:Al targets at various mixing ratios using different laser pulsed energies.

Table 2: XRD parameters corresponding to the preferred orientation of Al and Cu structures from the
three Cu: Al targets at various mixing ratios using different laser pulsed energies.

Al (111) Cu (111)
Sample Pulsed Energy (mJ) 20Deg)  dw(A) D(m) 20(MDeg) dwi(A) D (nm)
400 38.4470 2.3395 12.4 43.4733 2.0800 19.8
500 38.4632 2.3386 125 43.4853 2.0794 21.2
Cuos:Aloz 600 38.4752 2.3379 13.9 43.4973 2.0789 23.6
700 38.4872 2.3372 15,5 43.5093 2.0783 26.2
800 38.4992 2.3365 17.4 43.5213 2.0778 29.1
400 38.4660 2.3379 13.7 43.4843 2.0795 15.3
500 38.4742 2.3379 13.7 43.4963 2.0789 17.0
Cuos:Alos 600 38.4862 2.3372 15.3 43.5083 2.0784 18.9
700 38.4982 2.3365 17.0 43.5203 2.0778 21.0
800 38.5102 2.3358 19.1 43.5323 2.0773 23.3
400 38.4732 2.3380 13.4 43.4953 2.0790 12.3
500 38.4852 2.3373 15.1 43.5073 2.0784 13.6
Cuos:Aloz 600 38.4972 2.3366 16.5 43.5193 2.0779 15.1
700 38.5092 2.3359 18.7 43.5313 2.0773 16.8
800 38.5212 2.3352 21.0 43.5433 2.0768 18.6

Fig.14 shows the variation of crystallite size of copper and aluminium crystals, calculated
using the Scherrer formula, with laser energy from different Cu: Al ratios of the targets. The
crystallite size increased as the laser energy increased, which resulted in more ablated substance
being produced from the target. On the other hand, the crystallite size of the two metals in the
created composite nanoparticles depends on their existence in the target, where the crystallite size
of Cu decreased and Al increased with increasing the Cu: Al ratio.
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Figure 14: variation of crystallite size with laser energy calculated using the Scherrer formula of (a)
copper and (b) aluminum crystals from different composition ratios of the started targets

Fig. 15 displays the correlation of the crystallite size of CuNPs and AINPs with plasma
temperature from Cu: Al targets of the different composition ratios. The higher electron
temperature means more energy is transferred to the plasma, which leads to more interaction
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between the laser- induced plasma and the target material. This can cause the target material to
vaporize more effectively, producing more highly energetic atoms and ions. Increasing electron
temperature in the plasma induced by pulsed laser significantly affects the crystallite size of the
generated nanoparticles, especially at the highest temperature [25]. The crystallite size was
increased with the increase in plasma temperature. The created seed particles inside plasma may
be heated by collisions with electrons. The collected positive charge nanoparticles attract free
electrons and increase the frequency of electron-cluster collisions according to plasma density.
These electrons act as a heating source during the growth of the clusters, delaying the cooling
process by the surrounding plasma, which leads to further development of the particles and
enhancing crystallization [25].

On the other hand, Cu's crystallite size is greater than Al’s at all laser energies for Cug 7:Alg 3
and Cug s:Aly s and be opposite at Cug 3:Algs. The difference in crystallite size of the two elements

in the composite nanoparticles not depend only on their existence in the target but on the pulsed
laser energy as a result of different capability of laser interaction with the different element.
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Figure 15: correlation of crystallite size CuNPs and AINPs with plasma temperature from the target of
different Cu: Al composition ratios (a) Cuo.7:Alos, (b) Cuos:Alos, and (c) Cuos:Alo7.

4. Conclusions

The effects of laser energy and target composition on plasma characteristics, as well as their
correlation with the crystallite size of the ablated nanoparticles, were investigated. When studying
plasma emission induced by laser irradiation, both the pulsed laser's energy and the target
material's composition should be considered. The work function of the metals involved
significantly determines the intensity and ratio of emission lines observed in the resulting plasma
induced by pulsed laser irradiation. The laser photons extracted electrons from the metal surface,
according to them, to work function and exhibit stronger plasma emission. The emission line
intensities reflect the dynamics of collisions. The intensity ratio variation for the selected emission
lines, Al-1 (309.27 nm)/Cu-I (324.75 nm), responds to changes in the pulsed laser energy and the
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Cu:Al target ratio. It is observed that all ratios are greater than unity, especially at low laser
energies. At lower laser energies, the difference in work functions becomes more pronounced.
Both Te and ne values show a direct increase from the pulsed laser energy. The elevation of
electron temperature and density causes a low cooling process by the environment after ablation,
leading to increased growth and the formation of larger crystallites with higher crystallinity. More
electrons in one area cause more collisions between electron clusters, which helps the
nanoparticles to crystallize better. This knowledge benefits in controlling the nanoparticles
crystallinity by adjusting plasma behaviour.

Conflict of interest
The authors declare that they have no conflict of interest.

References

1. R.S. Mohammed, K.A. Aadim, and K.A. Ahmed. Karbala Int. J. Mod. Sci. 8(2), 88-97 (2022). https://doi.org/
10.33640/2405-609X.3225.

2. V. Unnikrishnan, K. Alti, V. Kartha, C. Santhosh, G. Gupta, and B. Suri. Pramana - J. Phys. 74, 983 (2010).
https:// 10.1007/s12043-010-0089-5.

3. R.J.E. Jaspers. Fusion Sci. Technol. 61, 384 (2012). https://doi.org/ 10.33640/2405-609X.3225.

4. A. Ajith, M.N.S. Swapna, H. Cabrera, and S.l. Sankararaman. Photonics. 10, (2023).  https://doi.org/
10.3390/photonics10020199 .

5. S.T. Hsieh, H. Mishra, N. Bolouki, W. Wu, C. Li, and J.-H. Hsieh. Coatings. 12, 1014 (2022). https://
10.3390/coatings12071014..

6. KA.  Aadim, AA. Hussain, and M.R. Abdulameer. lragi J. Phys. 12, 97 (2014).

https://doi.org/10.30723/ijp.v12i23.344.

7. A. Sergievskaya, A. O’Reilly, A. Chauvin, J. Vesely, A. Panepinto, J. De Winter, D. Cornil, J. Cornil, and S.
Konstantinidis. Colloids Surfaces A Physicochem. Eng. Asp. 615, 126286 (2021). https://doi.org/
10.1016/j.colsurfa.2021.126286.

8. S.Z.Wu. J. Appl. Phys. 98(8) (2005). https://doi.org/10.1063/1.2112177.

9. A. Ojeda-G-P, M. D6beli, and T. Lippert. Adv. Mater. Interfaces. 5, 1 (2018). https:// 10.1002/admi.201701062

10. M. Sicha, Z. Hubicka, L. Soukup, L. Jastrabik, M. Cada, and P. Spatenka. Surf. Coatings Technol. 148, 199
(2001). https:// 10.1016/S0257-8972(01)01338-X.

11. RK. Jamal, K.A. Aadim, Q.G. Al-Zaidi, and I.N. Taaban. Photonic Sensors. 5, 235 (2015).
https://doi.org/10.1007/s13320-015-0253-0.

12. Online Available- http://kinetics.nist.gov/index.php. (2025). https:// doi.org/kinetics.nist.gov/index.php.

13. K.A. Aadim, and R.H. Jassim. AIP Conf. Proc. 2372, 080014 (2021). https://doi.org/10.1063/5.0067300.

14. Bolouki, Hsieh, Li, and Yang. Plasma. 2, 283 (2019). https://doi.org/10.3390/plasma2030020.

15. R. Wang, C. Yang, J. Hao, J. Shi, F. Yan, N. Zhang, B. Jiang, and W. Shao. Coatings. 12, 394 (2022).
https://doi.org/10.3390/coatings12030394.

16. M. Stossel, J. Staudigel, F. Steuber, J. Simmerer, and A. Winnacker. Appl. Phys. A Mater. Sci. Process. 68, 387
(1999). https://doi.org/10.1007/s003399900011.

17. A. Kiejna, and K.F. Wojciechowski. [Internet]. In: Metal Surface Electron Physics, Elsevier, 123 (1996).
https://doi.org/10.1016/B978-008042675-4/50009-8.

18. M.T. Hussein, K.A. Aadim, and E.K. Hassan. Adv. Mater. Phys. Chem. 06, 85 (2016). https://doi.org/
10.4236/ampc.2016.640009.

19. A. Alwen, and A.M. Hodge. Mater. Res. Express. 10, 016402 (2023). https://doi.org/10.1088/2053-
1591/ach31a.

20. J-X. Zhang, and Z.-Y. Zhao. Mater. Sci. Semicond. Process. 167, 107819 (2023).
https://doi.org/10.1016/j.mssp.2023.107819.

21. R. Bo, N. Nasiri, H. Chen, D. Caputo, L. Fu, and A. Tricoli. ACS Appl. Mater. Interfaces. 9, 2606 (2017).
https://doi.org/10.1021/acsami.6b12321.

22. HJ. Imran, K.A. Hubeatir, K.A. Aadim, and D.S. Abd. J. Phys. Conf. Ser. 1818, (2021).
https://doi.org/10.1088/1742-6596/1818/1/012127.

23. 24. N. Hellgren, K. Macék, E. Broitman, M.P. Johansson, L. Hultman, and J.E. Sundgren. J. Appl. Phys. 88,
524 (2000). https://doi.org/10.1063/1.373690.

25. F. Taccogna, M. Dell’Aglio, M. Rutigliano, G. Valenza, and A. De Giacomo. Plasma Sources Sci. Technol. 26,
045002 (2017). https://doi.org/10.1088/1361-6595/aa595b.

127


https://doi.org/10.1007/s12043-010-0089-5
https://doi.org/10.1007/s12043-010-0089-5
https://DOI:%2010.3390/coatings12071014.
https://DOI:%2010.3390/coatings12071014.
https://doi.org/10.30723/ijp.v12i23.344
https://DOI:%2010.1016/j.colsurfa.2021.126286.
https://DOI:%2010.1016/j.colsurfa.2021.126286.
https://doi.org/10.3390/plasma20300203
https://doi.org/DOI:%2010.3390/coatings12030394
https://doi.org/DOI:%2010.3390/coatings12030394
https://doi.org/10.1007/s003399900011
https://doi.org/10.1016/B978-008042675-4/50009-8
https://doi.org/10.1016/B978-008042675-4/50009-8
https://10.0.16.140/ampc.2016.64009.
https://10.0.16.140/ampc.2016.64009.
https://DOI:%2010.1088/2053-1591/acb31a.
https://DOI:%2010.1088/2053-1591/acb31a.
https://10.0.3.248/j.mssp.2023.107819.
https://10.0.3.248/j.mssp.2023.107819.
https://DOI:%2010.1021/acsami.6b12321.
https://DOI:%2010.1021/acsami.6b12321.
https://doi.org/10.1088/1742-6596/1818/1/012127
https://doi.org/10.1063/1.373690
https://DOI:%2010.1088/1361-6595/aa595b

Iragi Journal of Physics, 2025 Vol. 23, No.3, PP.114-127

ool B Ll ¢ 5alily Aaiall La B Adad g 3 pasal) (Cup-x:Aly) 2 La Bl cblalae cibaa

Laas oM gladle aalgllae By 1 68 Ao JBg
Gl e2aiy )24 deala ‘E}M/M t;:ér_).;m://ra‘..é]‘
e Dbl 55 3 el cde 5 Zesigl] S oty 51 3 ZoiliasSI) duwigh

Ladal)

A iline Can die (CUgcAly) pssie sl — (sl Calaal (e oanill 5 5ll) dda) g nindl] Lo 3 Clalas (p 4830 Al ) Cand) 138 J 5l
oo (Te) Lol ) om A 535 (M) il g SIY) dae AGUS 80y ) il gl ALalinsdl) 4, il lagusal il 5(0.7 50.55 0.3 = X)
U 12.4 ) LBl 550 a s 50 ge 4 pall 4 il Clasanll (8 o sl 5 Gulaill il sk aas 215 Chagll s il ) 5l A8l 50 )
15.3 (o5 ¢ sasili 20.1 () 19.8 (0 21 Ly e siia sV 55l e sili 21.0 M 13.4 (a5 ¢ ol 19.1 M 13.7 (s ¢ a5l 17.4
) AL il A8l ol 3 (T a0l 3 WS (0.7 50.5 50.3 = X) cail] Gulail) )55l i 5 18,6 () 12.3 (o5 ¢ e sili 23.3
CSay 3l oa da el aie dala g cdaalil) 4 i) Cilaguad) Ol sl ana (85 S 53l 5 ) Te 33k ) conl Juaiinl) dlee 3 o Laa e 300
skl jﬂm‘aﬂﬁud\futﬂiQMmegb el g IV e laabiaill (83 5k e La 30l Jads Aaslill & g9 <y s cpdos
Cuoa:Al7 4ue b Uslaa %5 «Clps:Alos s Clo7:Alp s e ol il ges i o siia ST Gy sl paas (g0 S) ulaill @l )l aass
b.ﬁu)ﬁ;ﬁ{&a&h &G..a.uj\ )A\ﬁ&&}u@\émépjuésuﬂ\%yu\ L\L«,}u;.“@u;)m;ﬂ\ &—l\)}hfa&éum‘ Aalizg
TS Qs g w\ Q\A:\.\u‘ e Aﬁ}d Lyh Glaves C\:u:}( Juaiinyl QI:\XAQ ugua.\l C_‘il:d\ oda e\.\i:u.u‘ OSay Aalial )m\_\sd\ & )):Ml Jelas
Alabiv) 2y sl Glapaaldl <l sl aaa 5 Eatual) Lo 53 Cilales G 383e 2yl

128



