
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/369590301

Determination of the Gold Alloys Composition by Laser-Induced Plasma

Spectroscopy Using an Algorithm for Matching Experimental and Calculated

Values of Electron Number Density

Article  in  Journal of Applied Spectroscopy · March 2023

DOI: 10.1007/s10812-023-01513-x

CITATIONS

0
READS

173

15 authors, including:

Some of the authors of this publication are also working on these related projects:

Wood polymer composites View project

Laser Ablation Time of Flight Mass spectrometer and LASER induced breakdown spectroscopy View project

Zahid Farooq

University of Education, Lahore

54 PUBLICATIONS   392 CITATIONS   

SEE PROFILE

Raheel Ali

Quaid-i-Azam University

15 PUBLICATIONS   90 CITATIONS   

SEE PROFILE

Nasar Ahmed

King Abdullah Campus University of Azad Jammu and Kashmir

51 PUBLICATIONS   680 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Muhammad Yaseen on 31 March 2023.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/369590301_Determination_of_the_Gold_Alloys_Composition_by_Laser-Induced_Plasma_Spectroscopy_Using_an_Algorithm_for_Matching_Experimental_and_Calculated_Values_of_Electron_Number_Density?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/369590301_Determination_of_the_Gold_Alloys_Composition_by_Laser-Induced_Plasma_Spectroscopy_Using_an_Algorithm_for_Matching_Experimental_and_Calculated_Values_of_Electron_Number_Density?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Wood-polymer-composites?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Laser-Ablation-Time-of-Flight-Mass-spectrometer-and-LASER-induced-breakdown-spectroscopy?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zahid-Farooq-6?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zahid-Farooq-6?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Education_Lahore?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Zahid-Farooq-6?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Raheel-Ali-4?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Raheel-Ali-4?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Quaid-i-Azam_University?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Raheel-Ali-4?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nasar-Ahmed?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nasar-Ahmed?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nasar-Ahmed?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Muhammad-Yaseen-23?enrichId=rgreq-6b47ae5a2a80551ee0282dc44ac15c3a-XXX&enrichSource=Y292ZXJQYWdlOzM2OTU5MDMwMTtBUzoxMTQzMTI4MTEzMzUzMTk3MUAxNjgwMjk0NDMzMDk0&el=1_x_10&_esc=publicationCoverPdf


Journal of Applied Spectroscopy, Vol. 90, No. 1, March, 2023 (Russian Original Vol. 90, No. 1, January–February, 2023)

 DETERMINATION OF THE GOLD ALLOYS COMPOSITION 
BY LASER-INDUCED PLASMA SPECTROSCOPY 
USING AN ALGORITHM FOR MATCHING EXPERIMENTAL 
AND CALCULATED VALUES OF ELECTRON NUMBER DENSITY

Zahid Farooq,a,* Raheel Ali,b,* Nasar Ahmed,c Muhammad Fahad,d  UDC 543.423:546.59
Aqrab ul Ahmad,e Muhammad Yaseen,f Mian H. R. Mahmood,f 
Sajjad Hussain,a I. Rehan,g M. Zubair Khan,g Tariq Jan,h 
Muhammad Abdul Qayyum,f Muhammad Afzal,i

Muhammad Shabir Mahr,j and Muhammad Shafi quej

Laser-induced breakdown spectroscopy (LIBS) was applied for qualitative and quantitative analysis of gold 
alloys. A frequency double-pulsed Nd:YAG laser was used to generate plasma on the surface of gold alloys. 
The plasma temperatures of gold and copper were calculated using Boltzmann plots whereas electron number 
densities were determined via Saha–Boltzmann equations. The eff ect of self-absorption in the laser-induced 
emission spectra was evaluated for correction in the intensity of spectral lines. By combining electron number 
density conservation approach (ENDC) with LIBS, an algorithm for gold alloys composition determination 
was derived by matching the theoretically derived ratios of the number densities and the experimentally 
obtained ratios of the number densities extracted from LIBS spectra. The results of ENDC–-LIBS approach 
were compared with those estimated by a conventional calibration-free LIBS approach and other established 
analytical technique energy dispersive X-ray. The results clearly demonstrated that ENDC–LIBS methodology 
appeared to be very promising for analysis of LIBS spectra of gold alloys. 

Keywords: laser-induced breakdown spectroscopy, gold alloys, laser-induced plasma, self-absorption, electron 
number density conservation approach.

Introduction. Laser-induced breakdown spectroscopy (LIBS) is a recognized analytical tool suitable for a rapid 
and online multi-elemental analysis of any type of material [1, 2]. Its potential applications have been established in the 
investigation of contaminants, toxic elements and pollutants in diverse types of matrices, even those present under tough 
environmental conditions. In this technique, a powerful laser pulse with suffi  cient energy is focused on any material (i.e., 
solid, liquid, and gas), resulting in the vaporization and ionization of material in hot plasma, which is later analyzed by the 
LIBS spectrometer. 

Various theoretical approaches to LIBS emission spectra have been used to raise the sensitivity of the LIBS 
technology. This includes calibration-based [3, 4] and calibration-free LIBS approaches [5, 6]. The fi rst, the calibration-
based approach, demands the drawing of calibration curves and requires a set of standards for quantitative analysis. The 
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calibration-based approach was replaced by a self-calibration or calibration-free approach. The self-calibration method was 
initially originated by Ciucci et al. [7] in which concentration is estimated with the help of the Boltzmann plot, where a slope 
estimates the plasma temperature whereas the intercept guides us to estimate the concentration of species. Later, Yang et al. 
[8] proposed a method based on the auto selection of an internal reference line. A lot of quantitative work has already been 
done using this calibration-free (CF) approach [9, 10]. The major disadvantage of these methods is that it is hard to produce 
the Boltzmann plot for all the species owing to the unavailability of a suffi  cient number of spectral lines. To overcome these 
problems, a new approach to the electron number density (END) conservation was introduced by Gomba et al. [11]. They 
estimated the contents of material by using the relative number densities of the neutral and singly ionized ionic species. In 
the current study, an END conservation LIBS approach based on an algorithm was applied to LIBS spectra of gold alloys 
without any external calibrations. 

Gold is a precious metal and its purity is typically marked by the gold alloys, which are called carat gold (from 8 to 
24 carat). Carat gold is mostly alloy consisting of gold with copper compositions. High grade of precision for composition 
of gold alloys is required for diverse tasks coupled with process control in the gold industry. The composition analysis 
of diff erent grades of gold is a labor-intensive process because it is treated in traditional ways that are very complex 
[12–14]. These conventional methods have a lot of faults, including the destruction of material, the limitation of adequate 
reference materials, and low accuracy. To overcome these issues, several other techniques have been introduced that are 
nondestructive in nature but require working standards and possession of adequate reference materials; therefore, there is a 
dire need to establish a nondestructive analytical technique. X-ray fl uorescence (XRF) has appeared to be a good alternative 
but it has some constraints such as surface smoothness and depth profi ling (1–2 μm) [15]. In recent decades, LIBS has 
proved to be a better alternative to the above-mentioned techniques. It is useful for the elemental analysis of composition of 
various grades of gold (from 8 to 24 carat) and gold alloys (jewelry, coinage, etc.). Over the last few decades, there have 
been signifi cant contributions reported regarding LIBS of carat gold. However, there are a number of uncertainties reported 
in the results of LIBS methodologies due to matrix eff ect, self-absorption, and other experimental constraints. The main 
two aims of the current study were, fi rst, a to apply self-absorption correction to LIBS spectra of gold alloys in order to 
utilize the real value of intensity of LIBS spectra for estimation [16, 17]. Later, an END conservation approach was applied 
to LIBS spectra of proposed samples of gold to improve the analytical performance of LIBS for gold alloys. The results of 
the END conservation LIBS approach have been compared with those obtained from conventional CF–LIBS approach and 
other established analytical techniques exhibiting good agreement. Two samples of gold alloys (i.e., 22 and 18 carat gold 
samples) were investigated for their content of gold and copper.  

Experimental Setup and Data Acquisition. The experimental setup and apparatus in the present study is almost 
the same as that described in our earlier studies [18]. A conventional LIBS experimental set-up consists of Nd:YAG laser 
(Quantel Brilliant, France), delay generator, focusing optics, rotated stand for sample target, spectrometer, and signal 
detection system. In brief, a Nd:YAG laser (Quantel, Brilliant B) having 300 mJ laser energy at 532 nm was operated at a 
10-Hz repetition rate and 5-ns pulse duration. The laser pulse energy was varied by the Q-switch delay, and its energy was 
measured by an energy meter. The laser beam with 100-mJ pulse energy was focused on the surface of the sample using a 
20-cm focusing lens placed perpendicular to the target sample. The power density was adjusted about 109 W/cm2, which 
was much higher than the threshold fl uence of the material. The distance between the focusing lens and the sample was 
kept less than the focal length of the lens to prevent air breakdown. The sample was mounted on a movable XYZ stage. 
The sample was rotated on stage to avoid deep craters on the surface of the sample. The light emitted from the plasma 
plume was captured by placing an optical fi ber (high-OH, core diameter: 600 μm), with a collimating lens (0–45o),  near  

the  sample. The optical  fi ber  was coupled  with  the LIBS detection system, this system consisted of fi ve spectrometers, 
each equipped with 2400 line/mm holographic gratings of 5-mm slit width and covering the range between 200 and 700 nm. 
Each spectrometer had a spectral resolution of about 0.05 nm. The integration time was about 2 ms. To record the emission 
spectrum, the Q-switch of the Nd:YAG laser triggers a four-channel digital delay generator (SRS DG 535), and spectrometer 
was triggered by the delay generator. A delay between the laser pulse and the data acquisition can be varied through the 
delay generator. A series of spectra were recorded at diff erent delays between the laser pulse and the data acquisition system. 
The output data were averaged for three laser shots to minimize the statistical errors. The spectra were recorded at least 
fi ve times to check the reproducibility of the data. The recorded signal was corrected by subtracting the dark signal of the 
detector through the software. A schematic diagram showing the layout of the LIBS setup is given in Fig. 1.

Results and Discussion. We recorded the LIBS spectra of 22- and 18-carat gold samples in the visible and UV 
wavelength regions of the electromagnetic spectrum (i.e., 200 to 720 nm). By using the National Institute Standards 
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and Technology (NIST) database, we identifi ed the emission lines of gold (Au) and copper (Cu) with respect to their 
wavelengths. All emission lines come from excited and ionic atoms of Au and Cu, which are useful in determining the 
elemental composition of diff erent grades of gold. Figure 2 shows the LIBS emission spectrum of 22-carat gold in UV (240 
to 276 nm) and visible (464 to 505 nm) regions.

We extended our probe into the optimization of some other key parameters. One of them was the defocusing eff ect of 
the laser light. The focusing of the laser was changed by displacing the lens forward and back of the focus on the surface of 
the gold alloy with the result that the power density on the targeted surface fl uctuated. The optical trends for diff erent lens-
to-sample separations were almost the same. In the experiment, an intensity peak was noticed indicating that the emission 
signal was shot up when the laser light converged at 20 cm above the sample surface. Later, the emission spectra of gold 
were also observed as a function of laser power. In single-pulse mode, the eff ect of laser energy on the signal intensity 
has been observed. It is concluded that the signal intensity of peak is proportional to laser energy by keeping the distance 
between sample and detector fi xed. To avoid under- and overestimation in plasma parameters of gold alloy samples, the 
intensity of spectral lines was corrected using the internal reference self-absorption correction (IRSAC) method [16, 17]. 
To obtain the corrected line intensities, the self-absorption coeffi  cient of observed lines used in analysis were determined 

Fig. 1. Schematic diagram of the LIBS experimental setup.

Fig. 2. Spectrum of the 22-carat gold in visible and UV wavelength regions. The peaks 
of Au I and Cu I are shown in blue and red, respectively.
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and this self-absorption coeffi  cient was divided by the observed line intensities [18]. The contribution of self-absorption in 
spectra appeared to be nominal because small variations in spectral lines were found. Furthermore, spectral lines involving 
the ground state were excluded because these lines could be severely aff ected by the self-absorption phenomenon [18]. 

Determination of Plasma Temperature and Number Density. First, we characterized the time-evolving laser-
induced plasma of 22-carat gold alloy in terms of its temperature and number density. Based on the work of Griem [19] 
plasma temperature of species in carat gold plasma can be determined from the Boltzmann plots by using atomic parameters 
from the NIST database. 

If plasma is in the state of local thermodynamic equilibrium (LTE), the total line intensity of the emitted line can 
be written as
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k k
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where kiI  represents the integrated line intensity, nz
 means the number density of species in state Z, Aki

 means the transition 
probability, gk

 is the k level statistical weight, KB means the Boltzmann constant, T means the plasma temperature, Pz
(T ) 

means the partition function of emitting species, and F is the experimental factor that takes into account the consideration 
of effi  ciency of the detection system. By introducing a logarithm on both sides
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 taken along the y axis. As m = –1/kT, therefore, the plasma temperature T is derived from the slope of 

the Boltzmann plot. Although in the conventional CF–LIBS the concentration of all elements Cs can be predicted using the 
intersection value qs of the linear regression in the Boltzmann plane: 

 
( ) sqs

s
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F
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It is necessary to draw a Boltzmann plot of each species of the same element. The factor F can be found by 

normalizing the sum of all species concentrations: 
1 ( ) 1qs

s sC U T e
F

   , where the s index represents all the elements 

that are not negligible.
Therefore, using the conventional CF–LIBS approach, 18- and 22-carat gold alloys have compositions of Au (71.08 

and 83.12%) and Cu (28.92 and 16.8%), respectively.
Plasma temperatures of Au and Cu in the 22-carat gold plasma have been estimated using Boltzmann plots, as 

shown in Fig. 3. To draw Boltzmann plots of neutral species, fi ve peaks of Au I (264.29, 274.82, 312.28, 479.47, and 481.16 
nm) and Cu I (324.75,406.26, 427.51, 450.94, and 465.33 nm) were used. Similarly, the wavelengths of 329.09, 331.07, 
338.21, 455.80, and 506.65 nm were employed to fi nd the plasma temperature of ionic copper. Spectroscopic parameters 
necessary for the determination of temperature were collected from the NIST database. Plasma temperature for neutral gold 
lines is about 5800 ± 580 K whereas the plasma temperature of neutral and ionic copper lines is about 5600 ± 560 and 5900 
± 590 K, respectively. 

Owing to the temperature heterogeneity in the laser-produced plasma, the emission of atoms and ions may form the 
spatial zones, which can be taken into account when using the Saha equation. For this reason, we have taken the average 
plasma temperature with (10% uncertainty) obtained from neutral as well as ionized spectral lines. Also, if the neutral and 
singly ionized transitions of each element are present in the emission spectrum and atomic parameters of these lines are 
also available from the literature, then we can easily determine the densities of the neutral and ionic species in two charged 
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states, z and (z + 1). In that case we can measure the plasma temperature and densities of neutral as well as the ionized 
species separately. But in our case, it was not possible, so we have used the Saha–Boltzmann equation, which relates to the 
number density of a particular element in the two consecutive charged states, z and (z + 1), and which takes into account 
neutral as well as ionized species. This is a well-known method and has also been previously reported by many authors [20].

After the estimation of plasma temperature, the electron density, ne, was deduced from the Saha–Boltzmann 
equation, which is given as [11, 19]:

 

, , 1 , , ,21 3/ 2
eV

1
6.04 10 ( ) exp k z k z zz

e
z B

E EIn T
I k T
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

     
     

,   (4)

where Ek,,z is the upper energy level of the element  in the charged state z, Ek,,z+1 is the upper energy level of the 
element  in the charge state (z + 1), ,z  is the ionization energy of the species in the ionization state Z, and Iz is the 
measured intensity and it can be estimated as Iz' = kiIki/Akigk. The electron number densities of Au I and Cu I estimated in 
the 22-carat gold sample with the help of Eq. (4) were determined to be of the order of 2.71 × 1016 and 1.12 × 1016 cm−3, 
respectively.

As laser erosion plasma (plasma of the laser plume) is very heterogeneous in both the axial and the transversal 
directions of the plume, obtaining local parameters of the plasma by one of the tomography techniques is a very diffi  cult 
task, also taking into account very fast and strong evolution of the laser plume during its rather short lifetime from excitation 
to complete recombination. The elemental analysis by radiation spectra is almost justifi ed. However, for compositional 
analysis uncertainties still exist, and these errors may be in the form of systematic uncertainties in transition probability, 
plasma temperature, and END, etc. For this reason, all the plasma parameters are calculated with 10% uncertainties.

Electron Number Density Conservation Modeling. Using the experimental data, quantitative analysis was carried 
out by END conservation methodology [11, 21]. It is some type of electron density comparison process. In this method, 
an algorithm is developed where the concentration of elements in the sample is predicted by matching the theoretically 
derived ratios of ENDs and the experimentally observed ratios of the number densities of identical elements as well as the 
diff erent elements using the spectral line intensities. The basic requirement of this method is that the spectral lines used for 
the purposes of analysis should justify the LTE criterion and the plasma should be optically thin [22, 23].

We discussed the prerequisite McWhirter criterion whether the laser-induced plasma is in LTE using the formula  
Ne ×T E[24]. We verifi ed the LTE condition for Au I transitions 274.82- and 312.28-nm spectral lines 
having diff erences in energy levels E = 4.52 and 3.969 eV, respectively. Although the plasma temperature recorded for 
Au I is taken as 5800 K, our estimated values of Au are in 1016 cm−3, which is much higher than the value calculated from 
the above inequality (1015 cm−3). Our END conservation approach is also based on another prerequisite criterion and that 
is the assumption of optically thin plasma, as shown in the following equation:

 

1 2 1 1 2 1

2 1 2 2
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Fig. 3. Combined Boltzmann plots using lines of neutral gold (Au I) and copper (Cu I).
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where all the terms have the usual meanings. Selected spectral lines for optical thin plasma are 274.82, 312.28, and 
479.21 nm for Au I, and 324.75, 406.26, and 465.33 nm for Cu I. 

For compositional analysis using the LIBS plasma it is mandatory that laser-induced plasma should be optically 
thin. The lifetime of a plasma plume is a few milliseconds, but we do not record the entire continuum (data from the 
generation of plasma to the end). A time window during which our plasma was optically thin and satisfi ed the condition of 
LTE was selected using the optimized conditions. In this way, emission spectra of only a selected portion were considered.

Besides the previous prerequisite criterion, the condition of LTE in heterogeneous plasma was also checked using a 
parameter called diff usion length. The diff usion of heat and mass plays a pivotal role in the evolution of laser-induced plasma. 
The diff usion length LD was estimated using the following relation [25, 26]:
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The diff usion length LD was estimated as 0.0012 cm, which is much smaller than the characteristic variation length 
d = 0.21 cm. Therefore, the estimation fulfi lled the following criteria, i.e., 10LD < d, and it could be assumed that the plasma 
was very close to LTE. As the above two conditions have been satisfi ed, we can proceed to the END conservation modeling.

If the neutral and singly ionized transitions of each element are present in the emission spectrum and atomic 
parameters of these lines are also available from the literature, then we can easily determine the densities of the neutral and 
ionic species in two charged states z and (z + 1). In that case, we can measure the plasma temperature and densities of the 
neutral as well as the ionized species separately. But in our case it was not possible to draw a Boltzmann plot for neutral or 
ionized species of an element, so we used the Saha–Boltzmann equation, which relates to the number density of a particular 
element in the two consecutive charged states z and (z + 1). And we have utilized the average plasma temperature obtained 
with 10% uncertainties, which takes into account neutral as well as ionized species. This is a well-known method and has 
also been previously reported by many authors.

Experimental Evaluation of Density Ratios. The density ratio of species of the same elements in two consecutive 
charge states using experimentally estimated values of T and ne can be deduced using the Saha Eq. (7) as: 
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where ne (cm–3) is the electron density, 1zn  is the density of atoms in the upper charged state (z + 1) of the element , nz
 is 

the density of atoms in the lower charged state z of the same element , ,z (eV) is the ionization energy of the element  
in the charge state z, 1zP

  and Pz
 are the partition functions respectively of the upper charged state (z + 1) and of the lower 

charge state z, and TeV is the plasma temperature in electron volts. 
The density ratio of the species of two diff erent elements  and β can be calculated by the Saha–Boltzmann Eq. (8) 

as [11]:
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where all the terms have the usual meanings.
The Saha–Boltzmann equation is utilized to get more accurate contributions of neutral as well as ionized species 

in the plasma. In order to overcome the uncertainties in the results, we have utilized a theoretical model (END conversion 
method). The purpose of this method is to construct and utilize the formulas to calculate the theoretical values of ne and the 
ratio of the number densities of the same elements, as well as the ratio of the number densities of diff erent elements. The 
procedure is based on the following steps:

1) Initially, we suppose the values of total number density and density of species present in the sample.
2) We start an algorithm to converge these values that may be possible from our experimental conditions.
3) We calculate the total densities of neutral as well as ionized species.
4) Then we use theoretical supposed values of END, species number densities, and density ratios, and again, an 

algorithm starts that matches the experimental and theoretical density ratios and total number density.
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5) From the density ratios, we extract the value of densities of the species present in the sample.
6) In this way, we can get more accurate values of the densities of the atomic and ionic species.
Actually, from this method we predict the more accurate values of densities of ionic and neutral species compared 

with the combination of the Boltzmann equation and Saha–Boltzmann equations. 
Theoretical Evaluation of Density Ratios and Quantitative Elemental Analysis. We constructed a formula 

to calculate the theoretical values of ne and the ratio of the number densities of the same elements as well as the ratio of 
the number densities of diff erent elements. If ne is the total END of the plasma and ne

 is the electron density contribution 
from the element  to the total electron density ne, then ne

 is defi ned as the sum of the contribution of all ionic states of the 
element  as 
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If there are M elements, total electron density ne will be defi ned as

 1

M
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The total number density totn  is the sum of number densities of the neutral and ionized atoms of the element , 
which is stated as
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where nz
 means the number density of the element  in the charged state z (z = 0 for neutral atoms, z = 1 for singly ionized 

atoms, z = 2 doubly ionized atoms, and so on). Equation (9) exhibits that each singly ionized atom will contribute one 
electron to the total END, doubly ionized atoms contribute two electrons, and so on. Equation (11) can be written as
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Now we have to defi ne two new functions Sz
 and Rz

: 
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A new function Rz
 can be defi ned with the help of the Saha–Boltzmann equation, which relates to the ionization 

state and neutral state of the atom as

 

1
1

0 1
,z z

z z
n nR R
n n

 
  

   .  (14)

The function Rz
 can be restated as
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The following terms ne
, nz

, â
1z zn n

  can be stated in terms of Rz
 as
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If there are only  two  elements,  Au and Cu, then the total  END  ne  can  be  calculated  using  Eq. (10), which can 
be written as 

 Au Cu
e e en n n  .      (20)

The END is found from Eq. (4) using intensity ratios of concerned species. The value ne in the 22- and 18-carat 
plasma was determined to be 2.1 × 1016 and 1.12 × 1016 cm−3, respectively. The calculated density ratios nCuII/nCuI for the 
22-carat and 18-carat gold plasma from Eq. (7) using the estimated value of T, ne, and the corresponding partition function 
from the NIST database were found to be 52.4 and 66.1, respectively. Although the density ratio nAuI/nCuII of the 22- and 
18-carat gold plasma was also found from Eq. (8), which was estimated to be 0.021 and 0.013, respectively. We have also 
developed an algorithm explained in the fl ow chart diagram (Fig. 4). The values Au

totn  and Cu
totn  fl uctuated within a range 

1014–1017 cm−3 in the algorithm and determined theoretical values ne, nCuII/nCuI, and nAuI/nCuII, which should match 
the values of experimental density ratios at some specifi c values Au

totn  and Cu
totn . Later, we used the values of electron 

densities Au
totn  = 9.8 × 1016 cm–3 and Cu

totn  = 1.15 × 1016 cm–3 in a 22-carat gold sample and Au
totn  = 7.8 × 1016 cm–3 and

Fig. 4. Flow chart of essential steps involved in the implementation of a model in the 
theoretical calculations of density ratios.
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Cu
totn  = 3.41 × 1016 cm–3 in a 18-carat gold sample for estimation of elemental composition. Substituting these values in 

the Eqs. (21) and (22), the weight concentrations were calculated to be Au (88.32%) and Cu (10.68%) for the 22-carat 
gold. Similarly, we determined the weight concentrations of Au and Cu in the 18-carat gold. Therefore, using the END 
conservation approach for LIBS, the 18-carat gold composition of Au was 73.48% and for Cu it was 26.52%. The calculated 
concentration of Au and Cu in the 22-carat and 18-carat gold samples obtained from the END conservation LIBS, along 
with their certifi ed values, are shown in Table 1. This END conservation modeling turned out to be a successful analytical 
solution for gold alloys. 
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Au Cu
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100%nC
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,   (21)
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Au Cu
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Comparison of the END Conservation LIBS Technique with EDX. Two samples of gold (i.e., 22- and 18-carat) 
were investigated by the END conservation LIBS and compared with the conventional CF–LIBS approach. Using the 
conventional CF–LIBS, the contents of Au and Cu in 22-carat gold alloy were estimated to be 83.12 and 16.88%, respectively. 
In the conventional CF–LIBS, some uncertainty has been monitored for gold alloys because some dependencies existed. 
The results of the conventional CF–LIBS are dependent upon slopes and intercepts of Boltzmann plots and a small deviation 
in these parameters adversely aff ects the quantitative results. Sometimes it is hard to make the Boltzmann plots for all the 
constituents present in the sample because of fewer lines in the emission spectra. Therefore, the results for conventional 
CF–LIBS may be uncertain. Compared with the conventional CF–LIBS, the END conservation approach was more effi  cient.

TABLE 1. The Comparison of the END Conservation–LIBS and CF–LIBS Methods with Standard Recognized Techniques 
Used for the Quantitative Analysis of Carat Gold

Certifi ed concentration,
wt.%

Concentration
(wt.%) by conventional 

CF–LIBS, %

Concentration
(wt.%) by END 

conservation–LIBS, %

Concentration
(wt.%) by EDX, %

Au Cu Au Cu Au Cu Au Cu

91.6 8.4 83.12 16.88 88.32 11.68 90.62 9.38

75 25 71.08 28.92 73.48 26.52 74.11 25.89

Fig. 5. The energy dispersive X-ray (EDX) spectrum of the 22-carat gold.
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The results of the END conservation LIBS were also compared with other established multivariate methodologies, 
such as energy dispersive X-ray (i.e., EDX). EDX is an analytical methodology employed for compositional analysis. The 
technique resolves the 22-carat gold sample with the composition of Cu (9.38%) and Au (90.62%), whereas it resolves the 
18-carat gold sample with a composition of Au (74.11%) and Cu (25.89%), respectively, as shown in Fig. 5. 

For validated compositions of gold, a handsome correlation between the END conservation LIBS methodology and 
standard recognized techniques has been observed. Table 1 shows that the results obtained from the END conservation LIBS 
are comparable with results obtained by EDX.

Conclusions. Laser-induced plasma was characterized in terms of its temperature and electron number density using 
LIBS. The LIBS experiment was designed to investigate the content of gold and copper in 22- and 18-carat gold alloys. We 
combined the basic LIBS procedure with the electron number density conservation approach for the compositional analysis 
of gold alloys. The electron number density conservation methodology was applied on the LIBS spectrum, which is based 
on the theory of electron number density. The density ratios of Au and Cu using the line intensities of the species in diff erent 
charge states of Au and Cu were determined experimentally as well as theoretically. An algorithm has been developed for 
the quantitative analysis of gold alloys and the compositions of Au and Cu in the carat gold samples were determined. To 
compare analytical ability of the electron number density conservation LIBS approach with other frequently used calibration 
free techniques, quantitative analysis was also carried out using the conventional CF–LIBS. The composition analysis of 
gold alloys obtained from the electron number density observation LIBS agreed well with the conventional CF–LIBS 
and certifi ed values of gold alloys. Results ensured that the END conservation modeling is signifi cantly better than the 
conventional CF–LIBS methodology and is comparable with the established analytical technique, EDX.
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