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Abstract

:

This article presents elemental analysis of an economically important mineral (chalcopyrite) of local origin. Calibration-free laser-induced breakdown spectroscopy (CF-LIBS) methodology based on the assumption of optically thin plasma and local thermodynamic equilibrium was employed for quantitative analysis. Plasma on the surface of the chalcopyrite target was generated by an Nd:YAG laser beam of wavelength 532 nm, pulse width 5 ns, and operated at repetition rate of 10 Hz. A LIBS2000+ detection system, comprised of five spectrometers, covering the spectral range from 200–720 nm, was used to record the signal of the optical emission from the chalcopyrite plasma. Recorded optical spectrum revealed the presence of Cu and Fe as the major elements while Ca and Na were recognized as the minor elements in the target sample. Quantitative analysis has shown that the relative concentrations of Cu, Fe, and Ca in the sample under study were 58.9%, 40.2%, and 0.9% by weight respectively. However, Na was not quantified due to the unavailability of suitable spectral lines, required for CF-LIBS analysis. Results obtained by CF-LIBS were validated by X-ray fluorescence (XRF) analysis, which showed the presence of five compositional elements viz. Cu, Fe, Si, Se and Ag with weight percentages of 58.1%, 35.4%, 5.7%, 0.7%, and 0.1% respectively. These results endorse the effectiveness of the CF-LIBS technique for quantitative analysis of major elements, however, its usefulness in case of minor and trace elements needs further improvement.
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1. Introduction


Chalcopyrite belongs to an economically important class of minerals and looks like gold, it is also known as Fool’s Gold. It is considered as one of the primary and major sources of copper (Cu) production globally [1]. It is a brass-yellow colored sulfide mineral with chemical formula (CuFeS2), and it crystalizes into a tetragonal structure, having metallic luster and high specific gravity [2]. It mainly occurs in metalliferous veins and metamorphic and igneous rocks. Chalcopyrite is among I-III-VI2 type semiconductors and owing to its structure, face-centered tetragonal lattice, it is considered one of the most stable minerals [3]. The superior conduction properties of copper makes it an essential material for the fabrication of wide range of electric equipments such as wiring and motors, as well as craft tools and weapons. Copper concentrate and slag produced during the process of copper extraction from chalcopyrite contain precious elements such as silver (Ag) and gold (Au), which further elevates the economic value of this mineral [4]. Copper is also playing a key role in the development of renewable non-conventional sources of energy such as solar energy. Materials from the chalcopyrite family have found very important applications in the development of high efficiency solar cells because of their high internal quantum efficiencies and adsorption coefficients [5]. Chalcopyrite-based solar cells have achieved a great landmark of the highest power conversion efficiency of about 22.3% [6].



The determination of the elemental composition of a mineral is of prime importance for the identification, classification and extraction of minerals. For this purpose, various elemental analysis techniques, destructive or micro destructive, such as energy dispersive X-ray spectroscopy (EDX), atomic absorption spectroscopy (AAS), X-ray fluorescence (XRF), inductively coupled plasma mass spectrometry (ICP-MS), electron probe micro analyzer with wavelength dispersive spectrometers (EMPA-WDS), and Raman spectroscopy are deployed. With theoretical and experimental advances, the laser-induced breakdown spectroscopy (LIBS) technique has been developed into a powerful alternative and widely applied analytical technique. A few advantages of LIBS over the conventional analytical techniques can be listed, such as simultaneous identification of elements, requirement of nominal or no prior sample preparation, in-situ analysis, capability of analyzing liquid, gas and solid samples, fast response, identification of lighter elements, element identification in real time and low detection limit down to ppm or even better [7,8]. One of the fascinating features of LIBS is its use in the laboratories, industry, and in the field for close-in analysis or at standoff distances for both qualitative as well as quantitative elemental analysis [9]. The cost of a LIBS system depends on the choice of its components such as lasers, spectrometers and the optics but its overall cost is lower than aforementioned analytical techniques [9]. Gaining these benefits makes LIBS a preferable detection method for the field samples.



LIBS involves generation of a transient plasma plume on surface of the target sample by a focused laser radiation of sufficient fluence. The excited atoms in the plasma de-excite to their ground levels by emitting characteristic optical radiation. The spectral line of optical emission from the plasma is unique for each compositional element of the sample and the measurement of this emission spectrum reveals the identity of the corresponding element [10,11]. Geo-materials in large numbers including carbonates, rocks and metals from mixed mineral groups, such as feldspars, beryls, and pyroxenes, were comprehensively studied by employing the LIBS technique [12,13,14,15].



For the purpose of quantitative analysis, calibration and calibration-free LIBS methods were employed as the standard tools for reliable identification of field samples. The calibration method involves the drawing of calibration curves for reference elements and optical emission spectrum of the corresponding element is compared with the curve so drawn [16,17]. Whereas in calibration free-LIBS (CF-LIBS) methodology, the intensity of the spectral lines and the plasma parameters are utilized for quantification [18,19]. In the calibration method, the requirement of many calibration curves and uncertainties related to matrix effect makes it less attractive for analysis of multi-elemental geomaterials [20,21]. Being more theoretical and free from errors associated with the matrix effect, the CF-LIBS technique is considered the most suitable approach for carrying out quantitative analysis of multi elemental materials such as minerals. Previously, the CF-LIBS technique had been adopted for compositional analysis of meteorites and other extraterrestrial objects [22,23]. The quantitative analysis of quartz-bearing limestone using the CF-LIBS technique has been previously reported [24]. Malachite, a copper-bearing mineral, was also quantified using CF-LIBS methodology [25]. The same technique was adopted for the quantification of granite rock [26].



LIBS was applied in near vacuum ultra violet region (VUV) for the identification and classification of sulfide minerals, including pyrite, chalcopyrite, pyrrhotite, barite, sphalerite, calcite, and dolomite present in sulfur bearing drill core samples [27]. A combination of LIBS and Raman spectroscopy was chosen for studying the emission spectra from calcite, gypsum, sulfur, pyrite, and chalcopyrite, both in air and simulated martian atmosphere [28]. Recently, LIBS was employed for quantitative analysis of Cu bearing sulfide minerals including chalcopyrite by using the calibration method and chemometric techniques [29,30].



To the extent of our knowledge, no study exists describing the quantitative analysis of chalcopyrite by CF-LIBS. The objective of this study was to utilize CF-LIBS methodology, which is easier, free from matrix effects and needs no reference sample, unlike the calibration method, to determine the elemental composition of industrially-important mineral chalcopyrite of local origin. This study seems to pave the way for the commissioning of the LIBS technique for the mineral exploration in the country. The largest known copper reserves in Pakistan are located in Baluchistan province [31] and reserves in the area of Neelum valley of Azad Jammu and Kashmir are not well known. This research work will also help in attracting the attention of the mining industry towards copper extraction from these areas.




2. Experimental


2.1. Study Area


A chalcopyrite sample was taken from Salkhala region situated in Neelum valley district of Azad Jammu and Kashmir, Pakistan. This area, on the northern side of the country comprises of two tectonic units: lesser Himalayan crystalline (LHC) and higher Himalayan crystalline (HHC) [32]. Both units are separated by the main central thrust (MCT), characterized by same stratigraphy, and share a common low-grade metamorphic assemblage.




2.2. Sample Preparation


The sample collected from the local area was homogenized by grinded into fine powder form and pressed into a solidified pellet target at pressure of 30 bar with the help of a pellet presser for 20 min. The pellet of diameter 20 mm and thickness 3 mm prepared in this way was used as a target for laser radiation to induce plasma. A portion of the same sample in powder form was utilized for XRF analysis.




2.3. Experimental Arrangement


Details of the experimental arrangement can be found elsewhere [25]. Briefly, a Q switched Nd:YAG laser (Brilliant, Quantel, Les Ulis CEDEX, France) with 532 nm wavelength, 5 ns pulse width and repetition rate of 10 Hz was employed as a source of plasma excitation. This laser system was capable of delivering energy up to 200 mJ. The chalcopyrite pellet was mounted on a x,y,z translational stage and position of laser spot on target was varied in order to avoid crater formation and to reduce the effect of sample heterogeneity. With the help of a quartz lens (f = 20 cm), the laser beam was perpendicularly focused on smooth surface of the chalopyrite target. The diameter of the laser spot on the target surface was 0.55 mm as measured with the help of an optical microscope. Laser pulse energy of 120 mJ corresponding to laser irradiance of 1.0 × 1010 W/cm2 was used in plasma generation from the target. Thje energy of the laser pulse was measured with the help of a joule-meter (Nova Quantel P/niz01507).



The optical signal from chalcopyrite plasma was registered by collecting radiation from the plasma with the help of an optical fiber of high-OH, core diameter of 600 μm, and collimating lens of 0–45° field of view, and coupling it with the LIBS2000+ (Ocean Optics. Inc., Largo, FL, USA) system comprised of five spectrometers (slit width = 5 µm) which cover the 200 to 720 nm spectral range. Each spectrometer installed in the LIBS2000+ detection system was outfitted with 2048 element linear charge coupled device CCD array with a spectral resolution of ≈ 0.06 nm. Detection system was synchronized with Q-switch of the Nd:YAG laser with the help of digital delay generator (SRS DG 535). Delay time between the firing of the laser pulse and the detection system opening was set at 3 μs to eliminate the contribution of continuum radiation to the desired emission spectrum. Plasma was found to be sufficiently homogeneous for a time window of greater than 2 μs. Data was acquired using single laser shot mode and integration time for detector was 2.1 ms. For the purpose of minimizing statistical errors, output data was averaged for 20 laser shots. The detection system was calibrated in wavelength by recording the well-known emission lines of mercury, argon and neon in the spectral range of 200–720 nm. Spectrometers installed in the LIBS2000+ system were manufacturer-calibrated in efficiency using the DH-2000-CAL standard light source. Data was acquired by all five spectrometers simultaneously and stored by computer with the help of OOILIBS software. The dark signal of the detector was subtracted from the recorded spectrum. The experimental arrangement is shown with the help of a schematic diagram in Figure 1.





3. Results


3.1. Qualitative Analysis


The recorded optical emission spectrum of the chalcopyrite sample is shown in Figure 2. By comparing the values of the wavelength in units of nm with spectroscopic data available online from the National Institute of Standard and Technology, USA, (NIST), the spectral lines belonging to different elements were identified [33]. It was found that the chalcopyrite spectrum is dominated by the spectral lines of just two elements, Fe and Cu. This result was expected because of the chemical composition of chalcopyrite, i.e., CuFeS2. However, sulfur (S) was not identified in the spectrum, which was not surprising because of the spectral limitation of the detection system. Most of the intense lines of S lie in vacuum ultraviolet (VUV) region, 10–200 nm and these lines fall outside the spectral range of spectrometer used in this study [24]. Iron is known for its busy spectrum, having almost 13,114 lines in the region of 200–700 nm [28]. Thus, it was very difficult to identify each Fe line in the spectrum, however, a large number of Fe lines were identified. Overall, 66 lines emitted from the neutral Fe-I atoms and 9 coming from the singly ionized Fe-II atoms were recognized. The spectral line at 438.58 nm was the strongest line observed for Fe-I in the spectrum. Total of 25 Cu-I lines and 8 Cu-II lines were identified and the spectral line of Cu-I at 521.80 nm was found to be the most intense line in the entire spectrum. In addition to Fe and Cu, the spectrum also contained 5 low-intensity lines of Ca-I and 2 lines of Ca-II, with the most intense line at 397.01 nm, belonging to Ca-II. Minor sodium-D lines at 588.96 nm and 589.54 nm were also noticed. One hydrogen (H) line at 656.42 nm, known as Hα, was identified. This line may have appeared from air contribution or hydrogen content within the sample. All of the identified spectral lines of various elements are listed in Table 1. The presence of any element in a material can be confirmed by appearance of its few strong and persistent lines in optical emission spectrum and these lines can be termed as fingerprints of that element. Figure 3a,b displays a few strong lines belonging to Fe and Cu respectively, which are the fingerprints of these two elements. These lines include Fe-I lines at 438.58 nm and 440.60 nm and Cu-I lines at 510.82, 515.30, and 521.80 nm.




3.2. Quantitative Analysis


The CF-LIBS method was adopted for quantification of chalcopyrite sample [19]. Prerequisites for application of this technique include fulfillment of local thermodynamic equilibrium (LTE) condition, optically thin plasma and stoichiometric ablation [18,19].



3.2.1. Electron Temperature


A popular method of drawing a Boltzmann plot was utilized for estimation of the plasma electron temperature. Following expression was used to draw the plot [22]:


   ln  (    I λ   h c A g  ( k )     )    = ln  (    N  ( t )    U  ( t )     )    −    E k    K  T e      



(1)







In this equation, I, λ, A, g, N(t), U(t), Ek, K, and Te represent integrated line intensity of the transition, wavelength of spectral line, probability of transition, statistical weight of upper level (k), total number density, partition function, energy of upper level, Boltzmann constant and electron temperature, respectively. Electron temperature of the plasma can be extracted from the slope of the straight line, −1/kTe, obtained by plotting ln    (    I λ   h c A g    )    against the upper level energy Ek. Uncertainty of about ±5%, caused by errors in the measurement of transition probabilities and integrated line intensities, arose in the estimated value of temperature. A Boltzmann plot was drawn by using the spectroscopic data of atomic emission lines of Cu-I at 249.38 nm, 427.38 nm, 515.30 nm, 521.80 nm, and 578.19 nm, as shown in Figure 4. The value of extracted electron temperature (Te) was found to be 11,314 ± 566 K and this value was subsequently used in further calculations.




3.2.2. Electron Number Density


For determination the electron number density (ne) of the plasma, the Stark broadened line profile technique was utilized for the selected spectral lines, emitted from either atomic or singly ionized atoms. The following simplified expression was used for calculation of ne [34,35]:


    n e    =  1  2 ω   Δ  λ   1 2    ×  n r    



(2)







Here  ω  is the stark broadening parameter,   Δ  λ   1 2      is the value of full width at half maximum (FWHM) of selected spectral line and nr is the reference value of density, which is 1016 for atomic lines and 1017 for singly ionized lines. FWHM values of used lines were calculated by fitting the Lorentzian function and values so obtained were used in Equation (2) after subtracting the instrumental width of 0.06 nm from these values. The stark broadening parameters were taken from reported literature [36]. The lines of Ca-I at 422.85 nm, Ca-II at 397.01 nm, Fe-I at 438.58 nm and Cu-I at 578.19 nm were selected for ne calculations and an average value of 1.01 × 1018 cm−3 was obtained. The stark broadened profile of one of the selected lines, 438.58 nm of Fe-I, is shown in Figure 5.




3.2.3. Validity of Local Thermodynamic Equilibrium Assumption


For fulfillment of the conditions of local thermodynamic equilibrium (LTE), the population and depopulation of atomic states must be driven predominantly by electron collisions instead of radiation. To serve this purpose, a sufficient value of ne is required. This threshold value of ne can be estimated from the McWhirter criterion, which provides a necessary condition for existence of LTE [17,37]:


    n e    (   cm   − 3   ) ≥ 1.6 ×   10   12     (  T e    ( K )  )   1 2      ( ∆ E ( ev )  ) 3    



(3)







In this expression, Te and ∆E stand for electron temperature and energy difference between the involved energy states expected to be in LTE, respectively. For Fe-I line at 438.58 nm and Cu-I line at 521.80 nm, energy difference between states are ∆E = 2.83 eV and ∆E = 2.37 eV, respectively. For these values of energy difference and plasma temperature of 11,314 ± 566 K, Equation (3) gives ne (    cm   − 3    ) ≥ 6.13 ×     10   15     and 2.3 ×     10   15    . The value of experimentally calculated ne is much higher than the estimated values from Equation (3), hence it can be assumed that the condition of LTE exists in the plasma under investigation. This criterion has also been checked for many other lines of Fe, Cu, and Ca, identified in Chalcopyrite spectrum, and found to be fulfilled for all the used spectral lines.




3.2.4. Optically Thin Plasma


The intensity ratio method can be applied for verification of condition for optically thin plasma. For this purpose, the following expression was used [38]:


     I 1     I 2    =    λ 2   A 1   g 1     λ 1   A 2   g 2    e x p  (  −    E 1  −  E 2     k B  T    )   



(4)







Here    I 1    and    I 2    are the experimentally-calculated intensities of a pair of selected spectral lines and E1 and E2 are corresponding upper level energies of these lines. In this method, a couple of lines having same or closely matched values of upper level energy are selected and the ratio of experimentally determined intensities of the selected lines is taken. Selection of such lines reduces the exponential factor on the right hand side of Equation (4) to unity and the theoretical value of the intensity ratio is found using the spectroscopic data of these lines. A pair of lines of Cu-I at 515.30 nm and 521.80 nm were carefully chosen and the experimental and theoretical intensity ratios of selected lines were found to be 0.48 and 0.54 respectively, which are in close agreement. This result validates the condition of optically thin plasma.




3.2.5. Stoichiometric Ablation


If the value of laser irradiance at the target surface is greater than 109 Wcm−2, then laser ablation can be called stoichiometric [39]. Current experiment was performed at laser irradiance of 1.0 × 1010 Wcm−2 that was a sufficient value for stoichiometric ablation.




3.2.6. Calibration-Free Analysis


For quantification of the chalcopyrite sample, a few emission lines of the elements identified in the sample were selected. Line selection was made on the basis of criteria given in [19]. The chosen lines of Cu-I, Fe-I, and Ca-I, along with their relevant spectroscopic parameters, are listed in Table 2. No suitable line of Na was found for quantification. The following expression has been used for the calculation of atomic number density of neutral atoms of different elements in plasma:


   N x i  =   I λ  U x i   ( T )     A  k i    g k     (  4 ×   10   14    )   e   (     E k     K B  T    )     



(5)




where    U x i   ( T )    is the partition function of the neutral atoms, and    E k    is the energy of upper level, and other parameters are the same as already mentioned.



Number density of singly ionized atoms was estimated using Saha equation [40]:


    N x  i i   =   2 (  N x i  ) (  N e  − 1   )  (  6.04 ×   10   21    )   (    T e     3 2    )   (     U x  i i    ( T )     U x i   ( T )     )   e  (    −  χ i     K B  T    )     



(6)




where,    N x i   ,    U x  i i    ( T )   , and    χ i    are atomic number density, partition functions of singly ionized atoms at calculated Te, and ionization potential of elements, respectively. Total relative atomic number density of elements was obtained by adding values of    N x  i i     as calculated by Equation (6) in values of    N x i    as calculated by Equation (5).



The relative weight of each element was estimated by multiplying the relative atomic number density of each element with the atomic weight of the corresponding element, i.e., (  W  A x  ×  N x   ). The elemental weights so obtained were added together, and then the corresponding sum, (   ∑ x  W  A x  ×  N x   ), was used to determine the weight percentage of compositional elements by using the following formula:


   W %  N x    =   W  A x  ×  N x     ∑ x  W  A x  ×  N x    × 100   



(7)







Theoretical calculations revealed that relative concentrations of Cu, Fe, and Ca in the chalcopyrite sample were 58.9%, 40.2%, and 0.9% by weight respectively. To validate the quantitative results as obtained using CF-LIBS analysis, X-ray fluorescence (XRF) analysis was performed on the same sample. Before analysis of multi-elemental chalcopyrite mineral, the energy calibration of the equipment was carried out using standard material JSX-3200. The XRF analysis showed the presence of five compositional elements in the investigated sample viz. Cu, Fe, Si, Se, and Ag, with weight percentages of 58.1%, 35.4%, 5.7%, 0.7%, and 0.1% respectively. To compare quantitative results of CF-LIBS results with those obtained using XRF, the concentration of sulfur in XRF analysis was ignored. Results obtained with CF-LIBS and XRF are presented in Figure 6.






4. Discussion


Chalcopyrite is one of the economically important minerals, not only because of its copper content, but also due to presence of other precious elements as impurities such as Au, Ag, Se, and Ti [41,42]. In XRF analysis, Si was detected with a weight percentage of 5.7%, while Se and Ag were identified as minor elements with concentrations of about 0.7% and 0.1% by weight. However, these elements could not be spotted in the LIBS spectrum. Similarly, Ca was detected with LIBS and quantified as 0.9% by weight, whereas it could not be measured by XRF. This difference in results obtained by these two techniques can be attributed to variation in concentration of different elements at various points of the sample surface. To reduce this inhomogeneity, the sample was grinded and pressed into pellet form, but it was still very hard to remove it completely. In addition, in case of minor elements such as Se and Ag, it is possible that concentrations of these elements in the chalcopyrite sample will be lower than the limit of detection of the LIBS setup used in this experiment. However, the CF-LIBS technique proved to be effective in measuring the concentration of major elements, Cu and Fe, with reasonably good accuracy. To improve the sensitivity of LIBS, different techniques such as microwave-assisted LIBS, magnetic field-assisted LIBS, and the use of double pulse, resonant laser, spark discharge, and long pulse lasers can be employed. Utilizing these techniques can help in making CF-LIBS a suitable tool for elemental analysis of geological materials of unknown elemental composition in significantly low concentrations.



Copper concentrations of about 58% by weight, as confirmed by both CF-LIBS and XRF analysis, reveals that the chalcopyrite sample analyzed is a high-grade Cu bearing mineral, which is desirable in the mineral industry. The presence of Ag and Se in trace amounts enhances further the economic value of chalcopyrite found in the area of Neelum valley. LIBS has the ability to show excellent quantitative results using calibration methods, provided the availability of matrix-matched reference materials. Mostly, in case of geological samples, reference materials are not available, and this fact hinders the use of the calibration method for quantification of geological sample of unknown composition [43]. In this scenario, the CF-LIBS method appears to be a suitable and effective alternative to the calibration method. In some previous studies, the CF-LIBS method was utilized for measurement of elemental composition of geological samples such as limestone, granite, malachite, and nephrite, and results were compared with standard techniques such as energy dispersive X-ray spectroscopy (EDX), X-ray fluorescence (XRF), and laser ablation-time of flight-mass spectrometer (LA-TOF-MS) [24,25,26,44,45]. In all of these studies, quantitative results obtained with CF-LIBS showed reasonable agreement with the standard analytical techniques. Hence, it can be concluded that without the availability of a suitable reference material, CF-LIBS analysis of multi-elemental minerals can still give very good quantitative results, and the method can be used for real applications in mineral extraction and exploration.




5. Conclusions


Compositional analysis of chalcopyrite, a primary ore of copper, of local origin, was performed using calibration-free laser-induced breakdown spectroscopy (CF-LIBS) techniques. Plasma parameters such as electron temperature and number density were calculated, and conditions of optically thin plasma and local thermodynamic equilibrium were verified, which were perquisites of the CF-LIBS technique. The LIBS spectrum revealed the presence of four elements viz., Cu, Fe, Ca, and Na. Quantitative analysis gave the relative concentrations of Cu, Fe, and Ca as 58.9%, 40.2%, and 0.9% by weight respectively. X-ray fluorescence (XRF) showed the presence of five compositional elements viz. Cu, Fe, Si, Se, and Ag, with weight percentages of 58.1%, 35.4%, 5.7%, 0.7%, and 0.1% respectively. A comparison of the results obtained using CF-LIBS and XRF techniques displayed that quantitative results of major elements of Cu and Fe were in close agreement, whereas the techniques differed in qualitative and quantitative results for minor elements. This result shows the effectiveness of CF-LIBS methodology in the quantification of at least major elements of multi-elemental geological samples without the requirement of reference material and resorting to the tedious and time-consuming calibration method. In general, this application of the CF-LIBS technique can be extended for quantitative analysis of a range of multi-elemental samples. This research work might be useful for scientists and engineers working in the areas of geology, mineralogy, chemistry, and spectroscopy.
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Figure 1. Schematic arrangement for LIBS2000+ detection system, showing the laser focused beam, plasma plume, and optical routing and detection of emission line from the plasma. 
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Figure 2. Optical emission spectrum of chalcopyrite plasma recorded in the spectral range of 200–720 nm. 
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Figure 3. Optical emission spectra of chalcopyrite plasma in the range of (a) 425–445 nm and (b) 510–525 nm containing the signature lines of Fe and Cu respectively. 
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Figure 4. Boltzmann plot drawn using spectral lines of Cu-I. 
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Figure 5. Stark broadened line profile of Fe-I line at 438.58 nm. 
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Figure 6. Elemental composition of Chalcopyrite sample measured with CF-LIBS and XRF techniques. 
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Table 1. Identified spectral lines of different elements in emission spectrum of chalcopyrite.
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	Element
	Λ (nm)





	Fe-I
	229.43, 246.30, 252.71, 253.87, 266.48, 271.52, 276.70, 278.49, 283.15, 284.15, 285.88, 294.80, 302.30, 340.90, 342.82, 344.20, 346.71, 347.68, 349.24, 352.78, 355.70, 356.67, 357.15, 358.31, 361.02, 362.00, 363.26, 364.91, 371.02, 372.08, 373.64, 375.09, 375.96, 376.53, 376.93, 379.65, 38.14, 381.78, 382.66, 384.21, 386.06, 387.90, 388.77, 400.84, 404.82, 406.56, 407.34, 412.09, 413.45, 414.61, 420.14, 425.28, 426.25, 427.41, 430.91, 432.75, 438.58, 440.60, 441.67, 446.82, 487.41, 489.35, 492.25, 495.94, 516.75, 537.12



	Fe-II
	238.24, 239.59, 240.53, 258.70, 259.98, 261.24, 263.17, 274.62, 275.60



	Cu-I
	222.84, 224.78, 244.55, 249.38,310.16, 324.90, 327.52, 329.16, 330.82, 451.14, 453.07, 454.24, 458.89, 465.38, 470.72, 510.82, 515.30, 521.80, 522.66, 523.32, 529.26, 570.01, 578.19, 667.82, 674.23



	Cu-II
	368.88, 467.72, 557.25, 558.60, 561.51, 613.72, 639.49, 640.10



	Ca-I
	422.85, 526.93, 643.98, 646.30, 649.61



	Ca-II
	393.52, 397.01



	Na-I
	588.96, 589.54



	H
	656.42
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Table 2. Optical parameters of chosen emission lines of different compositional elements of Chalcopyrite sample used for calibration free analysis.
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	Element
	Wavelength  λ  (nm)
	Transition Probability A (s−1)
	Upper level Statistical Weight gk
	Lower level Statistical Weight gi
	Upper Level Energy Ek (cm−1)
	Lower level Energy Ei (cm−1)





	Ca-I
	643.58
	5.3 × 107
	9
	7
	35,896.889
	20,371.00



	Ca-I
	646.30
	4.7 × 107
	7
	5
	35,818.317
	20,349.260



	Ca-I
	649.61
	4.4 × 107
	5
	3
	35,730.454
	20,335.360



	Cu-I
	510.82
	2.0 × 106
	4
	6
	30,783.696
	11,202.618



	Cu-I
	515.30
	6.0 × 107
	2
	4
	49,935.200
	30,535.324



	Cu-I
	521.80
	7.5 × 107
	6
	4
	49,942.051
	30,783.686



	Cu-I
	578.19
	1.65 × 106
	2
	4
	30,535.324
	13,245.443



	Fe-I
	357.15
	6.76 × 107
	9
	11
	35,379.208
	22,845.869



	Fe-I
	404.82
	8.6 × 107
	9
	9
	36,686.174
	11,976.238



	Fe-I
	438.58
	5.0 × 107
	11
	9
	34,782.419
	11,976.238



	Fe-I
	487.41
	2.54 × 107
	3
	3
	43,763.980
	23,244.838



	Fe-I
	489.35
	3.01 × 107
	9
	7
	43,434.627
	22,996.674



	Fe-I
	492.25
	3.58 × 107
	11
	9
	43,163.326
	22,845.869
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