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Abstract 

Laser-Induced Breakdown Spectroscopy (LIBS) was employed for elemental analysis and plasma 

diagnostics of black seed. Plasma was generated using a Q-switched Nd: YAG laser, and emission 

spectra were recorded over a wide spectral range. The spectral analysis revealed the presence of 

major elements including C, Mg, Ca, Sr, Na, Ba, H, N, O, K, along with molecular CN bands. The 

influence of laser energy on plasma characteristics was systematically investigated. Emission 

intensity was observed to increase with laser energy due to enhanced ablation, excitation, and 

ionization processes, while slight saturation at higher energies was attributed to plasma shielding 

effects. Plasma parameters were evaluated to gain deeper insight into plasma behavior. The 

electron temperature, calculated using the intensity ratio method, varied from ~26,000 K to 

~28,000 K with increasing laser energy. The electron number density, determined from Stark 

broadening of the Hα line, increased from 4.08 × 10¹⁷ cm⁻³ to 6.59 × 10¹⁷ cm⁻³. Correspondingly, 

the plasma frequency was found to increase from 5.75 × 10¹² Hz to 7.30 × 10¹² Hz. The results 

demonstrate that LIBS is a rapid, reliable, and effective technique for elemental characterization 

and plasma diagnostics of agricultural materials, with strong potential for applications in food 

quality assessment and biomedical studies. 
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Introduction 

Laser-Induced Breakdown Spectroscopy (LIBS) is an emission-based analytical technique in 

which a high-energy laser pulse interacts with a material, generating a microplasma whose 

emission spectrum reveals the elemental composition [1–3]. The performance of LIBS is 

influenced by several factors, including laser parameters, sample characteristics, and ambient 

conditions. Owing to its versatility, LIBS has been widely applied in diverse [4-12]. 

Black seed (Nigella sativa L.), commonly known as Kalonji, is a medicinal plant widely 

recognized for its therapeutic properties, including antioxidant, anti-inflammatory, and 
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antimicrobial activities. The biological effectiveness and nutritional value of black seed are 

strongly dependent on its elemental composition. Accurate determination of these elements is 

therefore important for quality assessment and for understanding its medicinal significance. 

Several studies have investigated the elemental composition of plant materials using spectroscopic 

techniques. For example, Rehan et al. [13] employed LIBS to analyze Nigella sativa and reported 

the presence of multiple elements such as Al, B, Ba, Ca, Cr, K, P, Mg, Mn, Na, Ni, S, Si, Cu, Fe, 

Ti, Sn, Sr, and Zn. Similarly, Fayyaz et al. [14] applied calibration-free LIBS (CF-LIBS) to 

Saussurea simpsoniana and identified a range of major and trace elements including Al, Ba, C, 

Ca, Fe, H, K, Li, Mg, Na, Si, Sr, and Ti. In addition, Abubakar et al. [15] used atomic absorption 

spectroscopy to and reported Zn, Fe, Cu, Mg, Ca, Na, and K in black seed and jujube. These studies 

demonstrate the importance of elemental profiling; however, the composition of seeds can vary 

significantly depending on environmental factors such as soil composition, water quality, and 

geographical location. Despite these contributions, comprehensive LIBS studies focusing on both 

elemental analysis and plasma diagnostics of locally grown black seed remain limited. In 

particular, the effect of laser energy on plasma characteristics and its correlation with emission 

behavior has not been thoroughly investigated. Addressing this gap is essential for improving the 

accuracy and applicability of LIBS in agricultural and biomedical studies. 

Therefore, the aim of the present study is to perform detailed elemental analysis and plasma 

diagnostics of black seed using LIBS. The emission spectra are analyzed to identify major and 

trace elements, while the effect of laser energy on plasma characteristics is systematically 

examined. Furthermore, key plasma parameters, including electron temperature, electron number 

density, and plasma frequency, are evaluated to provide a comprehensive understanding of plasma 

dynamics. This integrated approach enhances the analytical potential of LIBS and supports its 

application in food quality assessment and related fields. 
 

Experimental Setup 

The experimental setup, as depicted in Fig. 1, utilized Second Harmonic Generation (SHG) at 532 

nm from a Q-switched Nd:YAG laser (Quantel Brilliant) with a 5 ns pulse duration and a repetition 

rate of 10 Hz. The laser beam was focused onto the target at atmospheric pressure using a 20 cm 

quartz lens. To avoid cratering, the plasma emission spectra were captured on a pristine surface. 

The emitted light from the plasma was detected using the LIBS2000 system (Ocean Optics, Inc.), 

coupled with an optical fiber (high OH, 600 µm core diameter, and a collimating lens with a 0–

45° field of view), positioned perpendicular to the plasma expansion direction. The LIBS2000 

detection system comprises five individual spectrometers, each equipped with a 5 µm slit width, 

covering a total wavelength range from 200 nm to 720 nm. Each spectrometer features a linear 

CCD array with a resolution of 2048 elements and an optical resolution of 0.1 nm. The 

synchronization of the Nd:YAG laser and the LIBS2000 system was achieved using a four-channel 

digital delay/pulse generator (SRS DG535). The data from all spectrometers were simultaneously 

collected and stored on a PC for subsequent analysis using the OOI LIBS software. 
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Fig. 1 LIBS experimental setup [16] 

 

Results and Discussion: 

Emission Spectral Analysis 

The emission spectra of laser-induced plasma from black seed were recorded. The spectra reveal 

the presence of several neutral and singly ionized atomic lines along with molecular bands, 

indicating the complex elemental composition of the sample. Fig. 2(a), covering the spectral region 

from 225 to 287 nm, shows a prominent neutral carbon line (C I) at 247.85 nm and a neutral 

magnesium line (Mg I) at 285.21 nm. In addition, four strong singly ionized magnesium lines (Mg 

II) are observed at 279.07 nm, 279.79 nm, 279.80 nm, and 280.27 nm, indicating significant plasma 

excitation and ionization. In Fig. 2(b) (310–390 nm), two singly ionized calcium lines (Ca II) at 

315.88 nm and 317.93 nm are identified, along with neutral magnesium lines at 383.23 nm and 

383.82 nm. The presence of the CN molecular band in this region suggests recombination 

processes occurring within the cooling plasma plume. Figure 2(c) illustrates the spectral range 

containing prominent Ca II lines at 393.36 nm and 396.84 nm, along with a neutral calcium line 

(Ca I) at 422.67 nm. A strontium line (Sr I) at 407.77 nm is also detected, indicating trace elemental 

presence. The coexistence of neutral and ionic lines reflects partial ionization conditions in the 

plasma. The spectral region shown in Fig. 2(d) includes three strong neutral magnesium lines at 

516.73 nm, 517.26 nm, and 518.36 nm. Additionally, sodium-related emissions (Na I) are observed 

around 526 nm. A distinct line at 532 nm corresponds to the second harmonic of the Nd:YAG 

laser, while a neutral calcium line appears at 558.87 nm. In Fig. 2(e), multiple neutral calcium lines 

are observed at 585.74 nm, 610.27 nm, and 612.22 nm, along with prominent sodium doublet lines 

at 588.99 nm and 589.59 nm. A weak barium line (Ba I) at 611.07 nm is also detected, suggesting 

minor elemental contributions. Figure 2(f) shows neutral calcium lines at 643.90 nm and 714.81 

nm. A strong hydrogen alpha (H I) emission line is observed at 656.28 nm, which is commonly 

used for plasma diagnostics. Additionally, neutral nitrogen lines are identified at 742.36 nm, 
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744.22 nm, and 746.83 nm. In Fig. 2(g), two strong potassium resonance lines (K I) are observed 

at 766.49 nm and 769.89 nm. Oxygen lines (O I) are detected at 777.29 nm and 795.08 nm. The 

dominance of nitrogen emission lines in this region is attributed to interactions between the plasma 

and ambient air. Fig. 2(h) is dominated by multiple neutral nitrogen lines in the range of 856–873 

nm, indicating strong plasma–air interaction. A singly ionized calcium line (Ca II) is also observed 

at 866.21 nm. Finally, Fig. 2(i) shows additional nitrogen lines at 938.68 nm, 939.27 nm, and 

946.06 nm, along with an oxygen line at 926.60 nm. Overall, the spectral analysis confirms the 

presence of C, Mg, Ca, Sr, Na, Ba, H, N, O, K and CN band in black seed. The coexistence of 

neutral and ionic species, along with molecular emissions, indicates that the plasma is in a transient 

state with ongoing excitation, ionization, and recombination processes. 

 
Fig 2. (a-i) Emission spectra of black seed plasma  
 

Effect of Laser Energy on Emission Intensity 

The characteristics of laser-induced plasma are strongly governed by the incident laser energy, 

which directly influences plasma formation, temperature, electron density, and degree of 

ionization. As the laser pulse interacts with the sample surface, its energy is absorbed, leading to 

rapid heating, melting, vaporization, and subsequent ionization of the ablated material. 
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Consequently, the variation in laser energy significantly affects the emission intensity and spectral 

features of the plasma. At lower laser energies, insufficient energy deposition results in weak 

ablation and incomplete plasma formation. This leads to reduced excitation of atomic species and 

consequently weak emission lines. As the laser energy increases, a larger of material is ablated, 

producing a denser plasma plume with higher electron temperature and electron number density. 

This enhances collisional excitation and ionization processes, resulting in stronger emission 

intensities. Fig. 3 illustrates the three-dimensional variation of spectral intensity as a function of 

laser energy and delay time. It is observed that the emission intensity increases with increasing 

laser energy. This behavior can be attributed to increased plasma temperature and improved 

population of excited states at higher energies. Additionally, optimal delay times allow detection 

of emission after continuum radiation decays, thereby improving signal-to-background ratio.  

 
Fig 3. 3D spectral variation along with different energy 

 
Fig 4. (a-b) Variation of emission intensity with laser energy. 

Fig. 4(a–b) shows the variation of emission intensities of selected Ca and K spectral lines with 

laser energy. A clear increasing trend in line intensity is observed with increasing laser energy. 

This enhancement is primarily due to increased ablation rate, higher electron temperature, and 

enhanced electron density. However, at very high laser energies, the rate of increase in emission 
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intensity may become less pronounced due to plasma shielding effects. In this phenomenon, the 

dense plasma formed at early stages absorbs and scatters the incoming laser radiation, thereby 

reducing the effective energy reaching the target surface. 
 

Electron Temperature 

The electron temperature of the laser-induced plasma was determined using the intensity ratio 

method under the assumption of local thermodynamic equilibrium (LTE). This method is based 

on the Boltzmann distribution, which relates the population of excited states to the plasma 

temperature. The electron temperature can be calculated using the following relation [17]. 

𝑇 =
𝐸1 − 𝐸2

𝑘ln⁡ (
𝑔1𝐴1𝜆2𝐼2
𝑔2𝐴2𝜆1𝐼1

)
 

where 𝐸1and 𝐸2are the upper energy levels of the selected transitions, 𝑔represents the statistical 

weight, 𝐴is the transition probability, 𝜆is the wavelength, 𝐼is the measured line intensity, and 𝑘is 

Boltzmann’s constant. For this study, two Mg II emission lines at 279.07 nm and 279.80 nm were 

selected due to their high intensity and minimal spectral interference. The relevant spectroscopic 

parameters were used to calculate the electron temperature. The calculated electron temperature 

for the black seed plasma ranges from ~26,000 K at 165 mJ to ~28,000 K at 345 mJ, as shown in 

Fig. 5. 

 
Fig. 5 Variation of electron temperature at different energy. 

The increase in electron temperature with laser energy is attributed to enhanced energy deposition 

into the plasma. At higher laser energies, a larger amount of material is ablated, resulting in 

increased electron density and more frequent electron–atom collisions. These processes improve 

excitation efficiency and promote population of higher energy states, leading to an increase in 

plasma temperature. Additionally, higher laser energy contributes to stronger plasma confinement 

and reduced relative energy losses, further supporting the observed temperature rise. The obtained 

temperature values are consistent with typical LIBS plasma conditions, confirming the reliability 

of the applied method. 
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Electron Number Density 

The electron number density (𝑁𝑒) of the laser-induced plasma was determined using the Stark 

broadening of the hydrogen alpha (H I) spectral line at 656.28 nm. Stark broadening is one of the 

most reliable methods for electron density estimation in LIBS plasma, as the broadening of spectral 

lines is primarily caused by interactions between emitting species and surrounding charged 

particles, particularly electrons. The full width at half maximum (FWHM), denoted as Δ𝜆1/2, of 

the Hα line was extracted by fitting the experimental spectral profile with a Lorentzian function 

using OriginPro software. The electron number density was then calculated using the Stark 

broadening relation [17]. 

𝑁𝑒 = (
∆𝜆𝐹𝑊𝐻𝑀

1.098
)
1.473

× 1017𝑐𝑚−3 

where Δ𝜆1/2is the measured FWHM of the spectral line, 𝜔is the electron impact parameter (Stark 

broadening coefficient), and 𝑁𝑒is the electron number density in cm-3. The calculated electron 

number density for the black seed plasma was found to increase from 4.08 × 10¹⁷ cm⁻³ at 50.5 mJ 

to 6.59 × 10¹⁷ cm⁻³ at 255 mJ, as shown in Fig. 6. 

 
Fig. 6 variation of electron number density at different energy. 

The observed increase in electron number density with laser energy can be attributed to enhanced 

ablation and ionization processes. At higher laser energies, a larger amount of material is 

vaporized, leading to increased plasma density and a higher concentration of free electrons. This 

results in stronger electron–ion interactions, which broaden the spectral lines and reflect higher 

electron densities. Additionally, the increase in 𝑁𝑒indicates more efficient plasma formation and 

stronger collisional processes at elevated laser energies. The obtained electron density values are 

within the typical range for LIBS plasma, confirming the validity of the applied Stark broadening 

method. 
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Plasma Frequency 

Following laser–matter interaction, a transient plasma plume is generated consisting of electrons, 

ions, and neutral species. The collective oscillation of free electrons within this plasma is 

characterized by the plasma frequency, which is a fundamental parameter describing the dynamic 

behavior of charged particles. The plasma frequency is directly related to the electron number 

density and can be expressed as [17]. 

𝜔𝑝 = 9 × 103√𝑁𝑒 

where 𝜔𝑝is the plasma frequency (Hz) and 𝑁𝑒is the electron number density (cm-3). In this study, 

the electron number density obtained from Stark broadening of the hydrogen alpha (H I) line at 

656.28 nm was used to estimate the plasma frequency. The calculated plasma frequency was found 

to increase from 5.75 × 10¹² Hz at 50.5 mJ to 7.30 × 10¹² Hz at 255 mJ, as illustrated in Fig. 7. 

 

 

 

 
Fig. 7 Variation of plasma frequency with laser energy. 

The increase in plasma frequency with laser energy is directly associated with the rise in electron 

number density. At higher laser energies, enhanced ablation and ionization processes generate a 

greater population of free electrons within the plasma plume. This leads to stronger collective 

oscillations of electrons, resulting in higher plasma frequency values. Moreover, the observed 

trend indicates improved plasma coupling and higher energy absorption efficiency at elevated laser 

energies. Since plasma frequency governs the interaction of electromagnetic radiation with plasma, 

its increase also reflects a denser and more conductive plasma state. The obtained plasma 

frequency values are consistent with typical LIBS plasma conditions, confirming the reliability of 

the diagnostic approach used in this study. 
 

Conclusion 

In this study, Laser-Induced Breakdown Spectroscopy (LIBS) was successfully utilized for 

elemental analysis and plasma diagnostics of black seed. The emission spectra recorded over the 

range of 190–960 nm revealed the presence of major elements such as C, Mg, Ca, Sr, Na, Ba, H, 
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N, O, K and molecular CN bands, confirming the complex elemental composition of the sample. 

The effect of laser energy on plasma characteristics was systematically investigated. It was 

observed that emission intensity increases with increasing laser energy due to enhanced ablation, 

excitation, and ionization processes, while slight deviations at higher energies were attributed to 

plasma shielding effects. Plasma diagnostics showed that the electron temperature increased from 

~26,000 K to ~28,000 K with increasing laser energy, indicating stronger excitation and energy 

coupling within the plasma. The electron number density, calculated using Stark broadening of the 

Hα line, increased from 4.08 × 10¹⁷ cm⁻³ to 6.59 × 10¹⁷ cm⁻³, reflecting enhanced ionization and 

plasma density. Correspondingly, the plasma frequency also increased, confirming the strong 

dependence of plasma dynamics on electron density. Overall, the results demonstrate that LIBS is 

an effective and reliable technique for both elemental characterization and plasma diagnostics of 

agricultural materials. The findings of this study provide valuable insights into plasma behavior 

and highlight the potential of LIBS for applications in food quality assessment, agricultural 

analysis, and biomedical research. 
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