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In this study, we present Laser Induced-Breakdown Spectroscopy (LIBS) of Copper with a 

Neodymium-doped yttrium aluminum garnet (Nd: YAG) laser having wavelength 532 nm 

and laser energy 400 mJ. We calculated the plasma temperature by Boltzmann plot method 

for various copper transition (3d
9
4s

2→ 3𝑑10
5p) at 261.89 nm (3d

9
4s

2→ 3𝑑9
4s4p) at 282.44 

nm (3d
9
4s

2→ 3𝑑9
4s4p) at 296.14 nm (3d

10
4s→ 3𝑑10

4p) at 324.79 nm (3d
10

4s→ 3𝑑10
4p) 

327.38 nm (3d
9
4s4p→ 3𝑑9

4s4d) 330.79 nm (3d
9
4p→ 3𝑑9

5s) at 268.96 nm (3d
9
4d→ 3𝑑9

5f) 

at 329.02 nm and (3d
8
4s4p→ 3𝑑9

5d) at 528.98 nm. The plasma density is determined by 

stark broadening profile of the peak corresponding to wavelength 528.98 nm and to 

transition (3d
8
4s4p→ 3𝑑9

5d). Identification of transition lines from spectrum was carried 

out by comparing spectral lines with NIST atomic data base. We further studied the 

variation of the plasma temperature and plasma density by changing the distance between 

sample under consideration and laser source. We also investigated the plasma temperature 

and plasma density variation with different laser irradiance flux. 
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1. Introduction 
 

In laser induced spectroscopy (LIBS), a plasma is generated on the surface of a target by 

focusing a laser beam. Laser beam excites and ionizes the target material. The emission of plasma 

begins on the surface of target soon after the laser photon reaches on the target surface [1]. Optical 

detection of certain atomic and molecular species is obtained by analyzing their emission spectra 

from laser-induced plasma. LIBS is a type of analytical technique of atomic emission spectroscopy 

with which any type of matter whether in liquid, solid or gaseous state can be analyzed [2-9]. The 

choice of experimental conditions strongly affects the analytical performance of LIBS. Parameters 

like wavelength of laser light used, laser pulse energy, pulse duration, observation time duration, 

ambient gas pressure, type and properties of target, and the geometric setup of the optical 

instruments used strongly influence the performance of LIBS [10]. Runge and Minck
 
[11], and 

Rusak et al. [12] made the first direct spectral analysis by using LIBS. This technique gained 

increasing importance as an analytical technique in research in the 1980’s [13]. It becomes 

important to study laser-induced plasmas of metal alloys as they have many interesting and 

important applications, e,g., materials processing, device fabrication, thin film deposition, etc. 

Copper in its elemental form, being a good metal conductor, finds its many applications in 

different areas like electronic and electrical engineering. After the development of LIBS technique, 

copper plasma has been studied by many researchers in different aspects over the years [14-25]. 

Kumar and Thareja [26] investigated the spatial and temporal behavior of the copper plasma 

produced by laser in vacuum and in the presence of neon and argon gases as well. 

In this work, we have studied spatial evaluation of copper plasma produced by LIBS Nd: 

YAG laser having wavelength and laser pulse energy 532 nm and 400 mJ respectively. The 

experimentally observed copper transition lines are used for determination of plasma temperature 
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(Te) by Boltzmann plot method whereas, electron number density (Ne) was determined using Cu-I 

at 528.98 nm from Stark broadening parameter. Then we studied the plasma temperature and 

electron number density variation with distance from target to laser pulses source. We also 

investigated the variation in plasma temperature and electron number density with laser flux 

energy in air at atmospheric pressure. 

 
 
2. Experimental setup 
 

The LIBS experimental setup is shown in Fig. 1. We have used a Q-switched Nd:YAG 

(Quantel Brilliant) single pulsed laser of energy 400 mJ at 532 nm to generate plasma of target 

sample to avoid delay mechanism and for storing the spectrum of first laser generated plasma. A 

Joule meter (Nova-Quante 101507) was used to measure the pulse energy. A convex lens of focal 

length 20 cm was used to focus the laser beam on the target which was mounted on three-

dimensional stage capable of rotation to avoid the non-uniform pitting of the sample. To avoid any 

breakdown of air in front of the sample, focusing lens and the sample were separated by a distance 

less than the focal length of the lens. A high-OH fiber optics (core diameter of 600 mm) with a 

collimating lens was placed at right angle to the laser beam direction to collect the radiation 

emitted by the plasma. Plasma emission was measured by connecting the optical fiber to the LIBS 

2000 detection system (Ocean Optics Inc.). The detection system consists of five spectrometers 

covering a range of wavelength between 220 nm and 720 nm. Each spectrometer has a 5 mm wide 

slit. There is a time delay of about 3 ms between the laser pulse and the start of data recording. The 

emission spectrum data is recorded through a synchronization between Q-switched Nd:YAG laser 

and LIBS-2000 detection system. Detection system was triggered by flash lamp of Nd:YAG laser 

through four-chanel pulse generator (SRSDG535) and the Q-switch of the Nd:YAG laser was 

triggered by the LIBS-2000 detection system.  

 

 
 

Fig. 1. Experimental setup of LIBS system. 

 
 
3. Results and discussions 
 

3.1. Emission studies 

In the current work, we have studied the copper plasma produced using a Q-switched 

Nd:YAG laser at 532 nm wavelength with a pulse energy of 400 mJ. Shock waves are produced 

causing the plasma produced by high intensity laser pulse to expand normal to the target surface 

[27]. The emission spectra of copper plasma produced at the surface of target were recorded at 

different distances along the expansion of plasma plume.  

 
 

 

 

Table 1. Spectroscopic parameters for spectral lines identification of copper. 
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Fig. 2. Copper spectrum generated by the Nd:YAG laser 532 nm having energy 400 mJ in the  region  

(a) 250-300 nm, (b) 322-332 nm (c) 500-600 nm. 

 

 

Fig. 2 (a), (b) and (c) show the emission spectra of copper over the spectral range between 

200–600 nm. Most of the dominating lines belong to emission corresponding to neutral copper 

while some emissions are due to singly ionized copper plasma. The observed spectral lines of 

copper Cu-I are identified as 261.89 (3d
9
4s

2
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3𝑑10
4p 

2
P

o
3/2), 327.38 (3d

10
4s 

2
S1/2→ 3𝑑10

4p 
2
P

o
1/2) and 330.79 nm (3d

9
4s 4p 

4
F

o
9/2→ 3𝑑9

4s4d 
4
G11/2). Similarly the observed spectral lines of Cu-II are identified as 268.96 (3d

9
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2
[5/2]3), 329.02 (3d
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 2
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(

3
F)4s4p(

3
P

o
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3
F

o
3→ 3𝑑9

(
2
D5/2)5d  

2
[7/2]4). Spectral lines are identified by using NIST database 

system [28]. The identified lines of copper along with other spectroscopic parameters are 

presented in Table 1. All these identified copper spectral lines and its plasma parameters are used 

to find plasma temperature and electron number density. 

 

3.2. Measurement of plasma temperature and electron number density  

The well resolved spectral lines of copper were used to extract the plasma parameters, 

particularly plasma temperature (Te) and electron number density (Ne). Electron temperature and 

electron number density are known to be independent of each other and the condition of local 

thermodynamic equilibrium must be satisfied for the validity of Boltzmann relationship. This 

condition allows to find the temperature varying from place to place. Generally, the plasma 

temperature can be found out by three methods namely (i) Two lines method (ii) Saha-Boltzmann 

and (iii) Boltzmann plot method. We used Boltzmann plot methods to calculate the plasma 

temperature as given by following equation [29]. 

 

 

             Slope                  .                             (1) 

where ‘I’ is the spectral line intensity of the emission line,‘∆𝐸’ is the difference between two 

energy level, ‘𝑇𝑒’ is the plasma electron temperature, ‘k’ is the Boltzmann constant,‘ℎ’ is plank’s 

constant,‘𝑐’ is the speed of light, ‘𝐴’ is the transition probability, ‘𝑔’  is the statistical weight of the 

level and ′𝜆′ is the wavelength of spectral lines. A plot of                  versus energy ∆𝐸 gives 

straight line with slope equal to            . The plasma temperature is determined by graph slope 

which is in the range 12000–13000 K. The different spectroscopic parameters for identified lines 

of copper, taken from NIST database, are listed in Table 1. Variation of electron temperature as a 

function of distance from the target surface has also been studied for Nd:YAG laser at 532 nm. It 

has been observed that electron temperature varies from 13520 K to 12250 K as the distance is 

changed from 0.5 mm to 8 mm from target surface along the direction of plasma plume as shown 

in Fig. 3(a). It has been observed that electron temperature near target surface is higher than the for 

end of the system. This is due to constantly absorption of radiation during the interaction of laser 

pulse by means of electron via the inverse bremsstrahlung’s absorption process [30]. The electron 

temperature decreases with increasing distance due to rapidly conversion of thermal energy into 

kinetic energy. When plasma gains maximum expansion velocities, drop in electron temperature 

occurs for plasma expansion. Decreasing electron temperature with distance from the target has 

been reported by Ying et al. [31] for ArF excimer laser irradiance and by Lindner et al. [32] in 

case of laser-particle interaction in LIBS and laser ablation inductively coupled plasma 

spectrometry. 

Local thermodynamic condition (LTE) requires the minimum electron number density 

which can be determined by the equation [33-35]. 

 
32/112 )(106.1 ETN ee   .                                                          (2) 

 

T(K) represents the electron temperature and E (eV) is the difference in energy between the two 

states. The width of a spectral line can also be used to determine the electron number density. 

Broadening in the spectral lines of plasma is mainly due to doppler broadening and stark 

broadening [36]. The Doppler width can be calculated by using the following relation [31]. 
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where M is the molecular weight. Considering only the electron contribution to the line broadening 

and neglecting the contribution of ion broadening, the stark broadening line width 
2/1  (FWHM) 

can be estimated by the relation: 

 



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162/1
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2 eN
  .                                                               (4) 

 

where   is the electron impact width parameter. Equation (4) is used to calculate the  electron 

number density of the spectral line. 

 

         
 

Fig. 3. Variation of (a) electron temperature (b) electron number density with distance. 

 

 

The electron number density near the surface of the target is found to be 2.5938 ×
1018𝑐𝑚−3. The variation of electron density as a function of distance from target along the 

direction of plasma expansion is shown in Fig. 3(b). We observed that the electron number density 

varies with distance in the direction of plasma evolution. Electron number density has a maximum 

value near target surface and it decreases as laser source is moved away from target. The decrease 

in electron number density with distance is two fold; first it decreases sharply 2.5938 × 1018𝑐𝑚−3 

to 6.6281 × 1017𝑐𝑚−3 and then decreases steadily from 6.6281 × 1017𝑐𝑚−3 to 6.1832 ×
1017𝑐𝑚−3. The decrease in electron number density can be attributed to recombination process in 

the region where plasma is expanded [30]. 

 

3.3. Variation of plasma temperature and electron number density with laser energy 

We also calculated the plasma temperature and electron number density for various energy 

flux of Nd:YAG laser (532 nm). We observed that widths and intensities of identified spectral 

lines are directly related to laser energy and both quantities are directly proportional to each other. 

The plasma temperature is calculated by changing the laser pulse energy from 50–400 mJ in 

Nd:YAG (532 nm). The observed plasma temperature varies from about 11400–12800K as shown 

in Fig. 4(a). We also calculated electron number density for various laser energy values, which is 

directly proportional to the laser energy. The electron number density increases from 

3.4801×1015𝑐𝑚−3 to 6.1179×1017𝑐𝑚−3 as laser energy is increased from 50–400 mJ as shown in 

Fig. 4(b). Higher value of electron number density at lower wavelength (higher energy) of laser 

irradiance indicates higher mass ablation rate. Similar trend of electron number density with laser 

irradiance wavelength is reported by H. Lindner et al. [32] and D. Gunther et al.
 
 [37]. When laser 

energy is increased, more ions and free electrons are produced. Due to interaction of ions and free 

electrons with incoming laser beam, more ionization and heating is produced which causes more 

consumption of incident laser energy. The variation in plasma electron temperature and electron 

number density with change in laser energy may be due to reflection or absorption of laser photons 

by the plasma depending on the frequency [30, 36].
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Fig. 4. Variation of (a) Electron temperature and (b) Electron number density with energy. 

 
 
4. Conclusions 
 

In this study the copper plasma is produced by using LIBS through Q-switched Nd:YAG 

laser at 532 nm wavelength with an energy of 400 mJ. Transitions of singly ionized and neutral 

copper have been observed in the plasma emission spectrum. Plasma temperature is calculated by 

Boltzmann plot which is in the range 12000–13000 K. The electron number density near copper 

surface is calculated by Stark broadening parameter which comes out to be in the range between 

2.5938 × 1018𝑐𝑚−3 and 6.1832 × 1017𝑐𝑚−3. We found that spatial behavior of plasma 

temperature and electron number density close to the target is larger and both of these quantities 

decrease with distance from the sample along the axial direction of plasma plume. From the study 

of the variation of the plasma temperature and electron number density with the laser energy we 

conclude that both these quantities increase with the increase of the laser energy.  
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