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Abstract 

     Meteorites are a crucial subject that assists in comprehending the components of 

the solar system.  They burn entirely or partially when they enter the atmosphere 

due to friction. A plasma will generate surroundings and finally a mass ablation. By 

studying the spectrum of the forming plasma around them, we can investigate the 

chemical compositions of the meteorites' mass and the parameters of the plasma. In 

this work, a laboratory study was conducted on a genuine meteorite that fell in the 

city of Baghdad. A sample was taken from the meteorite and bombarded with a 

laser to obtain plasma. Optical emission spectroscopy was used to diagnose plasma 

parameters using the Boltzmann method and LIBS (Q-switched Nd: YAG pulsed 

laser). A vacuum chamber was used to experiment under a working pressure of 0.1 

mbar. Additionally, laser energies ranged from 600 mJ to 1000 mJ, and a Thorlabs 

spectrometer with an operating range of 320 nm to 740 nm were used. Plasma 

parameters were calculated using atomic iron Fe I various peaks. The electron 

temperature, density, length of Debye, and plasma frequency rose in the meteorite 

surrounding plasma as a response to the laser energy increase.  

For the mineralogical composition, meteorite samples have a simple silicate 

composition. The minerals found were diopside pyroxene (augite), serpentine talc, 

and secondary magnetite. The main composition is lazurite, which is mainly 

composed of fine-crystalline grains that directly replace the olivine grains. 

 

Keywords: LIBS technique, Meteorite, Boltzmann methods, plasma parameters, 

chemical composition. 

 

 دراسة المعادن والجيوكيمياء والتحليل الطيفي المعملي للبلازما المتولدة حول النيازك باستخدام ليزر
Nd: YAG 

 

 2, حارث اسماعيل مصطاف الجبوري *1, وليد ابراهيم ياسين1عبد الله كامل احمد

 1قسم الفلك والفضاء, كلية العلوم, جامعة بغداد, بغداد, العراق 
 قسم علم الارض, كلية العلوم, جامعة بغداد, بغداد, العراق 2

 الخلاصه 
النيازك موضوع بالغ الأهمية يساعد في فهم مكونات النظام الشمسي. تحترق النيازك كليًا أو جزئيًا عند        

طيف   دراسة  خلال  من  كتليًا.  تآكلًا  وأخيرًا  محيطًا  البلازما  ستولد  الاحتكاك.  بسبب  الجوي  الغلاف  دخولها 
هذا   في  البلازما.  ومعامِلات  النيازك  لكتلة  الكيميائي  التركيب  في  التحقيق  يمكننا  حولها،  المتكونة  البلازما 
العمل، أجريت دراسة معملية على نيزك حقيقي سقط في مدينة بغداد. تم أخذ عينة من النيزك وقصفها بالليزر  
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باستخدام طريقة   البلازما  معلمات  لتشخيص  الضوئي  الانبعاث  مطيافية  استخدام  تم  البلازما.  على  للحصول 
للتجربة تحت ضغط   Q-switched .النبضي Nd: YAG ليزر LIBS بولتزمان و تم استخدام غرفة فراغ 

جول،  ملي    1000جول إلى  ملي    600ملي بار. بالإضافة إلى ذلك، تتراوح طاقات الليزر من    0.1عمل  
نانومتر. تم حساب معلمات البلازما باستخدام    740نانومتر إلى    320بمدى تشغيل من   Thorlabs ومطياف

الحديد  النيزك   Fe I ذرات  في  البلازما  وتردد  ديباي  وطول  وكثافته  الإلكترون  حرارة  درجة  ترتفع  المختلفة. 
 .المحيط بالبلازما استجابة لزيادة طاقة الليزر

هي   الموجودة  المعادن  بسيطة.  سيليكات  تركيبة  على  النيزك  عينات  تحتوي  المعدني،  للتركيب  بالنسبة 
البيروكسين الديوبسيدي )الأوجيت(، والتالك السربنتيني، والمغنتيت الثانوي. التركيب الرئيسي هو اللازورديت،  

 والذي يتكون بشكل أساسي من حبيبات بلورية دقيقة تحل محل حبيبات الزبرجد مباشرة.
 

1.Introduction  

     Laser induced breakdown spectroscopy (LIBS) is used for quantitative and qualitative 

elemental analysis of liquids gases and solid materials [1]. A method of atomic emission 

spectroscopy called laser induced breakdown spectroscopy (LIBS) employs heated 

vaporization dissolution and excitation from laser generated breakdown plasma [2]. The 

approach has various advantages the most significant of which is the ability to interrogate 

material in situ and remotely without any pretreatment since focused optical light forms 

plasma [3, 4]. A laser induced plasma (LIP)  is shaped onto or into the sample light is 

collected from the plasma and then it is analyzed spectroscopically to accomplish LIBS 

measurement [2]. This technique is crucial for space research comet and meteorite 

identification and surface analysis on planets. Space agency projects about Mars exploration 

have recently shown a significant deal of interest in using LIBS to investigate the rocks and 

soils of some planets like Mars [5, 6]. Understanding the origin and evolution of a planetary 

body is of primary importance for LIBS to know the chemical composition of crustal 

materials like rocks and dust [7] [8]. Meteorites which are thought to be igneous rocks that 

originated on Mars were examined. Since Martian meteorites are thought to be accreted rocks 

and contain substantially higher levels of sopholevene, they have been researched intensively 

to give possible petroleum limitations on Mars's geological history [9]. Cosmo chemists have 

often examined fluffy cometary dust by examining Interplanetary Dust Particles (IDPs) in a 

lab setting. Meteor spectroscopy which focuses on the light released during the process of 

ablation and breakup of these particles in the atmosphere owing to their high-velocity contact 

with the Earth is another profession that studies this subject. Meteor spectroscopy offers 

intriguing insights into the chemical makeup of approaching meteoroids and the ablation 

process [10, 11]. The Local Thermodynamic Equilibrium (LTE) assumption and a range of 

values related to element ratios serve as the foundation for the study and the ensuing 

categorization. The line width, or Boltzmann plot indicates the excitation temperature in the 

plasma created by the falling meteorite, which changes with distance from the solid body and 

ranges from 0.86 to 0.43 eV  [12]. It is clear that the accuracy of this approach depends only 

on the choice of the examined emission lines and the method used to determine the 

population's composition from the stimulated [13]. In the LIBS laboratory, a series of tests 

were run on a meteorite sample to confirm the viability of LIBS for meteorite analysis 

validate the standard procedure used for object measurements in flight, and choose more 

suitable spectral lines for elemental analysis given the available laboratory resolution. Ferus 

et al. conducted experimental studies to interpret meteorite spectra and determine the 

elemental composition of meteorites using the calibration-free LIBS technique. A LIBS 

chemical study of meteorites was presented by Ciucci et al., Tognoni et al., Del Aglio et al., 

and Takahashi et al. [14]. Meteorites are derived from 100–150 asteroids [15] as well as from 

the Moon and Mars [16] and possibly from comets [17]. Micrometeorites are derived mostly 

from asteroids [18]. Achondrite meteorites are defined by a lack or deficiency of chondrules 
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and are dominated by silicate mineral assemblages, according to the current classification of 

meteorites [19]. The composition of stony meteorites (chondrite meteorites) includes two 

principal molecules namely, magnesium orthosilicate, Mg2SiO4, olivine with an isomorphic 

admixture of ferrous orthosilicate, and magnesium metasilicate, MgSiOs with varying 

amounts of added ferrous metasilicate (the rhombic pyroxene series) [20]. The meteorite used 

in this study was found in Baghdad Sadr Al-Qanat area. It consisted of three pieces: two large 

pieces and the other small. One piece was found visible and the rest was buried at a depth of 

about 10 cm approximately a year ago. The spectroscopic technique was used to study the 

elements that made up the meteorite as well as to study the plasma formed around the 

meteorite model used and to calculate the plasma parameters using the Boltzmann method 

and Lorenz expansion. Chemical analysis was used to determine the elements and chemical 

composition of the meteorite. 

 

2. Emission Spectroscopy Studies  

     Optical emission spectroscopy technology is used to diagnose plasma and determine its 

composition. A Thorlab spectrometer was used to record the whole spectrum, and the lines 

that were released were measured between 320 and 740 nm in length. Spectral light naturally 

enters the entrance aperture of the spectrometer through an optical fiber containing a lens to 

focus the light. The intensity of the atomic emission lines the spectrometer produces is used 

to calculate the excitation temperature of the electron and species that are reactive. Using the 

NIST database, the transition probability values and statistical weight can be extracted [21]. 

The electron temperature is determined from spectroscopic data using the Boltzmann plot 

method [22, 23].  

ln (
𝐼𝑛𝜆𝑛

𝑔𝑛𝐴𝑛
) = 𝐶 −

𝐸𝑛

𝐾𝑇𝑒
                                                  (1) 

 

     Where En, k, λn, gn, Te, and In, represent upper-level energy, Boltzmann constant, 

wavelength, statistical weight for level n, electron temperature, and Intensity, respectively; 

An is the coefficient of transition probability. In this experiment, the constant C is very low 

and, therefore, is presented as zero. Plotting the logarithm term of several lines of emission in 

the equation versus En allows for the observation of their relative strengths. The slope of the 

straight line is equal to 1/kTe. Thus, obtaining Te is simple from Eq. (1) [24]. Electrons 

traveling quickly and ions moving more slowly form electrical fields that affect the emission 

species (atoms or ions) in plasma. Stark broadening, a phenomenon wherein atoms or ions 

experience a shift in their energy levels due to the perturbing electrical field, is a resultant 

broadening of plasma emission lines. Utilizing the spectrum widths of the Stark-broadening 

emissions line can calculate the electron density. Rather than Doppler and collisional 

broadening or instrumental broadening, the Stark-widening effect dominates the spectral line 

width in our scenario. The full width at half maximum (FWHM) of the Stark-broadened line 

determines the electron density, which is determined by [25, 26]: 

∆𝜆1
2⁄ = 2𝜔 (

𝑛𝑒

1016
)                                                  (2) 

 

     Where ne is electron number density (cm−3), and ω is the electron impact width parameter. 

The impact factor ω is taken from Konjevic, et.al. 2002 [27]. 

There are many parameters used to characterize the plasma such as Debye length (λD), which 

is calculated as follows [28]: 

λD = √
εoKTe

e2 n
                                                                 (3) 
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     Where (ɛo) is the permittivity of free space, e is electron charges its constant (1.6x10-19), 

and me is electron mass. Plasma frequency ωp can be calculated as [29]: 

   ωp = √
nee2

εome
                                                           (4) 

 

𝑓p = 8.89√ne                                                       (5) 

where ne is the electron density and fp is the linear plasma frequency. 

 

3. Materials 

     The system used in this work consists of a Q-switched Nd:YAG pulsed laser spectroscopic 

system, system (vacuum chamber and rotary pump),as shown in Figure 1.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Setup vacuum system Q-switched Nd:YAG pulsed laser, spectroscopic system, a 

vacuum system, and a target holder.. 

 

     A meteorite model was used as a target with a diameter of 2 cm and a thickness of 1 cm 

and was fixed to one side of the vacuum chamber. Light emission from the plasma generated 

as a result of meteorite bombardment was detected using an Ocean Optics (hr-4000 cg-

UVNIR) spectrometer in the range 320 nm to 740 nm. In this work, a sample of dimensions 

of 5 x 3 cm was taken from a chondrite meteorite that fell in Baghdad, Sadr Al-Qanat, as 

shown in Figure 2. 
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Figure 2: Sample of chondrite meteorite that fell in Baghdad, Sadr Al-Qanat 

 

4. Results and Discussion 

Optical Emission Studies    

     The iron meteorite's spectrum was measured between 321 and 750 nm. The NIST 

spectrum database was used to identify the spectral lines for the components listed in Table 1 

[30]. Figure 3 displays the spectrum lines of the elements found in the LIBS spectrum of the 

iron meteorite.  

The unique ability of LIBS to identify both heavy and light components is a clear benefit. 

There were many peaks in the range from 320 nm to 740 nm; there were some atomic FeI 

peaks: (381.8, 632.1, 674.1, and 734.7) nm in meteorite samples (358.1, 364.7, 371.9, 373.4, 

374.5, 375.8, 382.0, 385.9, 404.5, 406.3, 432.5, and 438.3) nm. 

 

Table 1:  Physical parameters required for the calculation of the Boltzmann method of the 12 

atomic lines for different elements in the recorded spectra of the iron meteorite. 

λ (nm) 

Intensity 

(a.u) at 

P=600 mJ 

Intensity 

(a.u) at 

P=800 mJ 

Intensity 

(a.u) at 

P=900 mJ 

Intensity (a.u) 

at P=1000 mJ 
g.A Ek (eV) 

Fe I 358.1 0.0124 0.024 0.0398 0.0469 2.58E+08 6.696 

Fe I 364.7 0.0183 0.0352 0.0506 0.0751 1.01E+08 6.4695 

Fe I 371.9 0.0137 0.0131 0.0133 0.016 3.62E+07 6.0919 

Fe I 373.4 0.0584 0.0862 0.127 0.17246 2.43E+08 6.258 

Fe I 374.5 0.0377 0.0583 0.0868 0.1102 1.63E+08 6.306 

Fe I 375.8 0.0325 0.0561 0.0803 0.11422 2.48E+07 6.59967 

Fe I 382.0 0.0632 0.1 0.14 0.1989 7.20E+08 6.51085 

Fe I 385.9 0.0212 0.0624 0.0547 0.1128 3.55E+07 6.42699 

Fe I 404.5 0.0752 0.124 0.176 0.249 6.08E+07 6.30606 

Fe I 406.3 0.609 0.101 0.144 0.203 1.70E+07 6.47908 

Fe I 432.5 0.078 0.128 0.178 0.246 5.29E+06 6.13237 

Fe I 438.3 0.111 0.176 0.251 0.348 1.69E+07 6.40132 
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Figure 3: Typical laser-induced breakdown spectroscopy (LIBS) spectra of iron meteorite in 

the wavelength range 321-750 nm for different laser energy (600, 800, 900, and 1000 mJ). 

 

       The electron temperature (Te) is the primary determinant of the many forms of 

excitation and ionization in plasma. The electron temperature is determined by considering 

that the plasma is in the LTE state and that the number of ionized atoms inside the plasma 

is dependent on Boltzmann distribution. The value of Te is calculated according to Eq. (1) 

with data listed in Table 1. For the determination of the electron temperature, a graph of 

ln(Iλ/gA) vs. Ek is drawn, and a Boltzmann plot is constructed, as illustrated in Figure 4. 
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The Boltzmann diagram is one of the most widely used methods for determining the 

electron temperature in various types of plasma. 

 

Figure 4: Boltzmann plot for different laser energy (600, 800, 900, and 1000 mJ) for Iron 

meteorite. 

 

     The effect of pulse laser energy on the electron temperature can be illustrated in Figure 

(5). The results in this figure indicate a positive relationship between electron temperature 

and laser energy. The high electron temperature seen close to the meteorite surface may be 

the result of absorbing more radiant energy during the laser pulse contact. These results agree 

with Rashid et al. [31].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Electron temperature vs. Laser energy for iron meteorite. 
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     It is possible to calculate the average of the electrons number density the laser-induced 

plasma by determining the full width at half-maximum (FWHM), of the Fe I 438.3 nm Stark-

broadened line, as shown in Figure 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Measured and fitted Lorentzian of the Fe I 438.3 nm line of the iron meteorite. 

 

Figure 7 illustrates the behavior of the electron density at the various laser energy values 

investigated in this study. It can be seen that for energies between 600 and 1000 mJ, the 

electron density rises by laser energy, from 1.5 x1016 m-3 to 1.63 x1016 m-3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Electron density vs. Laser energy for iron meteorite. 

 

     This behavior of the ne is explained by the laser energy being absorbed or reflected by the 

plasma during creation, depending on the frequency it may be expressed as a decreased 

plasma frequency relative to the laser frequency, which is regarded as an energy loss in 

practical applications, may also suggest that raising the laser's irradiance leads to the 
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production of more excited species, ions, and free electrons. These species then interact with 

the laser pulse, which causes more heating and ionization. This allows for a greater utilization 

of the incoming laser energy. Inverse Bremsstrahlung absorption and photoionization are the 

two primary absorption mechanisms known to occur during plasma production. Our results 

agree with other studies, including Abdellatif and Imam [32], and Hanif [33]. Figure 8 

displays the Debye shielding length of plasma in a vacuum medium produced by Nd: YAG 

laser irradiation as a function of pulse laser energy. The Debye length is related to the 

electron density and temperature, where it varies inversely with ne and directly with Te. It is 

clear that the Debye length has the largest value at high energy. The Debye length is larger at 

high energy because the electron temperature is lower. The plasma frequency in the vacuum 

laser-induced plasma for the meteorite component target is displayed in Figure 8. It is evident 

from the graphic that as the laser peak power increases, so does the plasma frequency, these 

results agree with [34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Debye length and plasma frequency vs. Laser energy for iron meteorite. 

 

Mineralogy 

     After preparing thin sections of the meteorite sample for the purpose of studying it 

mineralogically, it was found that the sample consists of the metamorphosed serpentine 

mineral, resulting from the decomposition process of ultramafic rocks, which are mainly 

composed of olivine mineral (Figure 9), and the deformed pyroxene mineral as a result of 

metamorphic processes (Figure 9). The Talc mineral was also found, which is a mineral 

produced through the decomposition process of ultramafic rocks in the form of veins 

surrounding the serpentine mineral (Figure 10). 
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Figure 9: Mesh textured serpentine with veins of talc and secondary magnetite. 

       

     The secondary magnetite mineral was also observed in the form of veins and clusters that 

fill the voids and vugs in the serpentine mineral which result from the process of ionic 

replacement between the elements Mg and Fe through the exchange process between the 

original minerals of the ultramafic rocks and hydrothermal solutions, which are considered 

the main factor in the decomposition processes of the original rocks. 

 

 
Figure 10: Serpentinized deformed pyroxene in a serpentinite. 

 

     These solutions subtract the Mg element into the rock and gain the Fe element, which 

leads to changing the original minerals of the ultrabasic rock (olivine mineral and pyroxene 

mineral) to serpentine mineral with secondary iron veins [35]. 

Based on the XRD (X-ray diffraction) analysis of the meteorite sample illustrated in Figure 

11 it is evident that the primary mineral composition of the studied rock sample is lizardite. 

Lizardite is prominently present as fine crystalline grains that have directly replaced the 

olivine grains within the rock. This replacement process is significant because it indicates 

retrograde metamorphism specifically within the context of serpentine minerals. Retrograde 

metamorphism refers to the mineralogical changes that occur in rocks as they are subjected to 

decreasing temperature and pressure conditions often resulting in the formation of new 

minerals. 

Lizardite is one of the serpentine minerals which are typically formed from the alteration of 

magnesium rich silicate minerals such as olivine and pyroxene. The presence of lizardite in 

the meteorite sample suggests that the rock has undergone significant metamorphic 

transformations. The XRD analysis reveals the presence of secondary magnetite within the 
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rock. Magnetite is an iron oxide mineral that commonly forms as a secondary mineral during 

the alteration of primary minerals [35]. 

 

     The occurrence of secondary magnetite in the meteorite sample indicates that the rock has 

experienced alteration or metamorphism involving fluid interactions. These interactions 

likely introduced iron into the rock leading to the formation of magnetite. The combination of 

lizardite and secondary magnetite in the sample provides valuable insights into the geological 

history and metamorphic processes that have affected the meteorite. 

 

     In summary the XRD analysis highlights that the main mineral in the meteorite sample is 

lazurite which has replaced olivine grains, signifying the retrograde metamorphism of 

serpentine minerals. The presence of secondary magnetite further indicates that the rock has 

undergone alteration involving fluids that introduced iron into the system. These findings 

offer a detailed understanding of the mineralogical and metamorphic history of the meteorite 

sample. 

 

 
Figure 11: X-ray diffractogram of sample HA 

 

Geochemistry 

     From the results of the chemical analysis of the meteorite sample, it is clear to us that the 

percentage of MgO is high (42.87%), as shown in Table 2, due to the strong influence of the 

serpentinization process on the original content of the original rock (ultramafic) compared to 

other oxides [35]. It was also observed that the percentage of SiO2 increased, amounting to 

45.11%, and this, in turn, indicates the progress and increase of the serpentinization process 

of the original rock.  
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Table 2: Representative ICP-MS analysis major (wt.%) of sample HA. 

Oxides % Sample HA 

SiO2 45.11 

TiO2 0.0346 

Al2O3 1.0618 

Fe2O3 9.265 

MnO 0.1320 

MgO 42.87 

CaO 1.175 

Na2O 0.0775 

K2O 0.00043 

Cr2O3 0.2761 

Total 100 

 

     The CaO content (1.175%) in serpentinite can be attributed to several factors: the original 

rock composition, and the nature of the fluid phase derived from the slab due to its relative 

solubility of calcium in the aqueous fluids interacting with the edge of the slab. The Al2O3 

value (1.0618%) of the sample may indicate that the serpentinite is derived from the remains 

of the jibbah. The results of the chemical analysis show a low Na2O content (0.0775%) of the 

serpentinite due to both metasomatism and mechanical mixing between the metabolic masses 

and the processes of the serpentinite matrix. The high percentage of Fe2O3 (9.265%) indicates 

progress in the serpentinization process. This transformation likely occurs under low-grade 

metamorphic conditions within the stability domain of serpentine. This result indicates 

regressive metamorphic conditions, as substantial changes in iron oxidation must occur near 

the exotic masses during the metamorphic process [36]. The percentage of TiO2 (0.0346%) 

indicates the high content of TiO2 in serpentinite by mechanical mixing due to dilution by 

SiO2 enrichment and the addition of H2O [37]. The percentage of K2O (0.00043%) indicates 

progress in the serpentinization process and an increase in the water-fluid interaction during 

the serpentinization process of the original model. The percentage of MnO (0.1320%) 

indicates the immobility of MnO during serpentinization processes. 

 

Conclusions 

     By studying the mineralogy of the meteorite sample, it becomes clear that the sample is a 

metamorphic rock of the serpentinite type (chondrite), which could be formed by the 

infiltration of water poor in carbon dioxide into the original ultramafic rocks. From this, it 

can be concluded that the environment in which the meteorite sample was formed is similar 

to one of the environments that form this type of rock on the surface of the Earth, which is 

either in a mid-ocean ridge, mountain forces, or subduction zones. 

 

     The results of the following geochemical analysis show: the high influence of the 

serpentinization process on the original content of the original rock (ultramafic) by the 

percentage of MgO and the increase of SiO2. The sample may indicate that the serpentinite is 

derived from the remains of the jibbah. The high percentage of Fe2O3 indicates progress in 

the serpentinization process. This transformation likely occurs under low-grade metamorphic 

conditions within the stability domain of serpentine. This result indicates regressive 

metamorphic conditions, as substantial changes in iron oxidation must occur near the exotic 

masses during the metamorphic process. The percentage of K2O indicates progress in the 
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serpentinization process and an increase in the water-fluid interaction during the 

serpentinization process of the original model.  

 

     Meteorite spectroscopy can be used as a valuable tool to determine the chemical quantities 

of meteorites and calculate the electron temperature and electronic density of the plasma 

generated around the meteorite using a pulsed laser. Using meteorite spectroscopy to deduce 

plasma parameters in meteorites has enabled us to conclude that increasing the laser energy 

leads to an increase in the electron temperature and an increase in the electronic density, 

length of Debye, and plasma frequency of the plasma generated around the meteorite, and 

this is what happens when the meteorite penetrates the Earth’s gaseous atmosphere, where its 

temperature increases as a result of the force of air restraint, which increases ionization of the 

air surrounding the meteorite, through the large number of iron peaks and the high 

concentration of Fe2O3 in the meteorite used, which was confirmed by geochemical analysis. 

It can be concluded that the meteorite is susceptible to magnetization and magnetic attraction. 
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