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Laser-induced breakdown spectroscopy (LIBS) or laser induced plasma spectroscopy (LIPS) technique has been applied to 
investigate plasma characterization of pure copper in air. The fundamental wavelength of Q-switched Nd:YAG laser beam 
was focused on the copper target with intensity of about 6.6 × 10

8
 W/cm² to generate the plasma. The laser intensity was 

optimized to avoid air breakdown on the target surface. The generated Cu plasma plume was monitored with CCD camera 
and the emission is analyzed with an Ophir WaveStar spectrometer. The plasma temperature is calculated as 10100 K 
while plasma density is 5.4 x 10

17
 cm

-3
. The CCD observed image of the constructed plasma plume showed that it is oblate 

shape rather than expected spherical nature. The observed results revealed the spatial distribution of the generated plasma 
plume expansion towards the laser beam that depends on the plasma properties. The observed ablation profile with the 
number of laser pulses is also studied. 
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1. Introduction 
 

In the recent years, Laser Induced Breakdown 

Spectroscopy (LIBS) represents one on the most important 

analytical techniques for a variety of samples. Thus LIBS 

can be applied for industrial applications (materials 

analysis), environmental applications (soil and water), 

medical applications (tissue, teeth, and bones), and art 

conservation (ancient metals, pigments). LIBS technique is 

based on the spectral analysis of the radiation emitted by 

plasma generated by focusing an intense laser pulse on the 

sample (gas, liquid or solid). The high intensity of laser 

beam (~ 10
8
 w/cm

2
) ablates and ionizes a small amount of 

the sample material and then consequently a micro-plasma 

is formed. The emission spectra of the generated plasma 

gives details about the sample composition and the plasma 

characterization. Subsequently each laser pulse, both of 

cooling process of the plasma produces electron 

recombination and atom de-excitation take place. LIBS 

spectra can be observed as soon as the plasma continuum 

emission is almost surpassed. The advantages of this 

spectroscopic technique have been reviewed in several 

papers [1-5]. The laser beam can be guided using optical 

fibers to collect the generated emitted plasma emission. 

The later facilitate remote LIBS system that permits 

investigation of hazard targets as well as is difficult access 

samples [6]. Thus by using of telescopes the collection of 

the plasma plume emissions can be achieved for long 

distances between target, sample and diagnostic system via 

standoff LIBS system [7].  

The study of laser-induced plasma has been 

investigated by examining emission characteristics of the 

generated plasma to apply this technique for the analysis 

of atomic species [8]. Several scientists have been studied 

the performances of the laser induced plasma by varying 

the gas pressure, buffer gases, the laser intensity, and 

many interesting observations were published [9-10]. It is 

concluded that the laser-induced plasma is regarded to 

have two main zones, inner sphere-zone and outer sphere-

zone. The inner sphere-zone has a high density of ionic 

and atomic species that intensity of emission is high, while 

many ionic emission-bands exist as a noise background 

factor in emission spectra. The outer sphere-zone has a 

low population-density of ionic species and the emission 

intensity is relatively weaker. Research group Kagawa et 

al. have considered the effect of atmosphere and laser 

energy on the plasma emission characteristics, and the 

optimum condition for the maximum intensity of the 

elemental emissions [11]. It is concluded that the blast 

wave explosion model could explain the ablation process 

for the solid materials. 

In the current study, we have investigated the plasma 

produced by Nd:YAG laser 1064 nm nanosecond pulse 

focused on pure copper target in air. Pure copper is 

selected as a solid martial and to avoid matrix effects of 

the impurities. We have considered the plasma electron 

temperature of the generated plasma using Boltzmann plot 

method and the electron density via the Stark broadening. 

Furthermore, the stoichiometry of the ablated plume at 

different number of pulses is studied.  
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2. Materials and methods 
 

2.1 Experimental setup 

 

The plasma were generated by Nd:YAG laser. The 

laser beam from a Q-switched Nd:YAG laser with pulse 

duration of 8 ns, 1064 nm wavelength, pulse energy 166 

mJ and power density of 6.6 × 10
8
 W cm

-2
 was used to 

irradiate the Cu target. The spot size of the laser on the 

target is about 1 mm. Cu plate is used as a target material 

with 1×1 cm dimension. A cylindrical lens was used to 

image the laser induced plasma 1:1 onto the entrance slit 

of a spectrometer with the slit width set to 10 µm. The 

spectra is recorded with spectrum analyser. The acquired 

emission data by Ophir WaveStar spectrometer (CCD 

laser spectrum analyzer) have been stored in a PC using 

WaveStar 1.05 software for subsequent analysis. The 

experimental setup is shown in Fig. 1.  

 

       

Fig. 1. Schematic of the experimental setup. 

 

 

2.2 Spectrum analysis  
 

Optical emission or radiations of the plasma of 

different target material is analyzed through Ophir 

WaveStar spectrometer. The Ophir WaveStar (Fig. 2) 

introduces a new level of accuracy and ease in spectral 

measurements. The WaveStar program automatically tags 

the peaks with the wavelength so the result is readily 

available. The WaveStar has up to 4 times as high 

resolution as similar competing instruments due to its 

innovative optical design. Its innovative peak interpolation 

algorithms allows to find the peak wavelengths of lines at 

up to 10 times the accuracy of competing instruments. The 

built in intensity calibration insures that the relative 

intensity vs. wavelength gives an accurate relative curve.  

 

 
 

Fig. 2. Ophir WaveStar spectrometer. 

 

 

2.3 The sample 

 

The used solid sample was pure copper  99.99 % disks 

(Singapore International chemical Co.,  Ltd. Singapore). 
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3. Results and discussion 
 

3.1 LIBS spectrum 

 

The laser energy was optimized in this experiment to 

avoid the ambient air breakdown influence on the copper 

LIBS spectrum. This is achieved by optimizing the laser 

energy using 1064 nm laser of 8 ns pulse duration focused 

with lens of 10 cm focal length. We found that using 166 

mJ laser energy produce a beam waist w0 ~ 1 mm FWHM 

at the surface of the sample. This in turn gives laser 

intensity of 6.6 × 10
8
 W/cm

2
 which is much lower than the 

breakdown threshold of 1064 nm in air (~ 1 × 10
11

 W/cm
2
) 

[12-14].
  

In addition, we did not detect any significant 

emission atomic lines of oxygen or nitrogen in our LIBS 

spectrum of our samples. This indicates that environmental 

influences have been fully avoided due to optimized 

experimental conditions. The observed LIBS spectrum of 

copper sample in the range 420- 580 nm is shown in Fig. 

2. In the present study, different emission lines from 

atomic isolated cu lines and does not interfere with any 

other lines as shown in Fig. 2. The lines of observed 

elements are marked in Fig. 2 and listed with its 

spectroscopic data in table 1. The assignment of these lines 

is done using the NIST database [15]. A partial energy 

level diagram for excited copper Cu(I) lines showing the 

important transitions responsible for the emission of the 

laser produced plasma in the range 420 – 580 nm is shown 

in Fig. 4.  

 
 

Table 1. Spectroscopy parameters of neutral Cu transitions lines in the observed LIBS spectrum. 

 

Wavelength 

λ (nm) 

Transition 

lines 

Statistical 

Weight 

Transition 

Probability 

Aij (x s
-1

) 

Energy of the 

Upper Level 

λ (nm)  gj Aij (s
-1

) Ek (cm
−1

) 

427.45 
3d

9
4s5s

2
 D3/2 → 

3d
9
4s5s

2
 F5/2 

8 0.34 62403.32 

465.1 
3d

9
4s5s

2
 D3/2 → 

3d
9
4s5s

2
 F5/2 

8 0.38 62403.32 

510.46 
3d

10
4p

2
 P3/2 →     

3d
9
4s

2
 D5/2 

4 0.020 30783.686 

515.20 
3d

10
4d

2
 D3/2 → 

3d
10

4p
2
P1/2 

4 0.60 49935.200 

521.71 
3d

10
4d

2
 D5/2 → 

3d
10

4p
2
P3/2 

6 0.75 49942.057 

578.21 
3d

10
4p

2
 P3/2 →     

3d
9
4s

2
 D3/2 

2 0.016 30535.302 

 

 

 
 

Fig. 3. LIBS spectrum of pure Copper in air. 
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Fig. 4. Partial energy level diagram of Cu showing  

the most probable observed transition. 

 

 

3.2 Plasma parameters 

 

In order to provide accurate consideration of plasma 

parameters, the local thermodynamic equilibrium (LTE) 

plasma assumption should be confirmed. Thus parameters 
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such as plasma temperatures and electron density have to 

be measured and compared with the LTE condition. 

Under the LTE assumption, the electron dominates the 

reaction rate, so the measured emission line intensity of a 

single species is resulting from the Boltzmann equation as:   

 

 
)exp(.

KT

E

TU

gA
CFI k

s

kki
s                   (1) 

 

Where Aki and gk are respectively the transition probability 

and the statistical weight for the upper level. T is the 

temperature, Ek is the excited level energy, and K is the 

Boltzmann constant. Cs is the species concentration, U(T) 

is the partition function, and F  is an  experimental factor. 

By taking the logarithm of eq. (1), we got a linear 

relationship: 

 

)(
ln.

1
ln

TU

FC
E

KTgA

I

s

s
k

kki

k                (2) 

 

A plot of the relation on the left side vs. Ek has a slope 

of -1/KT. Therefore, the T plasma temperature can be 

observed without expressive F, or the partition function 

U(T). A typical Boltzmann plot of cu lines is shown in Fig. 

5. The curve slope yield a temperature of 10100 K.   
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Fig. 5. Boltzmann plot for the calculation of the excitation 

temperature of Cu I. 

 

 

Electron density could be measured by determine the 

line profile [16]. Under our condition the main 

contribution to line width is related to the stark 

broadening; the line profile for stark broadened is well 

represented by a Lorentz function. 

Meanwhile the instrumental line-broadening show 

Lorentz shape, the stark line width can be determined from 

the measured line width by deducting the instrumental 

line-broadening:  

 

.. instobs                              (3) 

 

It was found for our setup that Δλinst was 0.05nm 

(determined by determining the FWHM of the Hg lines 

emitted by a spectral lamp).  

It is well known that the width of stark broadening 

spectral line be determined by the electron density Ne [17]. 

Both the quadratic and the linear stark effect are 

considered in spectroscopy. Only the hydrogen atom and 

H-like ion reveal the linear stark effect. For the linear-stark 

effect the electron density should be realized from H line 

width from the formula [17] 

 

2/3).,( FWHMTNCN ee                    (4) 

 

the constant C(Ne,T) for H line is tabulated in the 

literature, the   is in Angstrom [18]. 

For non-H-like line, the electron density could be 

determined from the FWHM of the line from the formula 

[16]:  

.10.
.2

16







 


w
N FWHM

e


                      (5) 

 

Which is generally used for calculations of plasma 

generated from solid targets. w is the electron impact 

parameter and it can be find in well documented tables 

[18]. 

For the cu 465.1 nm line, it was found that w= 4.1 × 

10
-3

 nm [19] and FWHM measured from Fig. 3 using 

lorentzian curve fitting and found to be FWHM  = 0.5 

nm, so from eq (3) the net width is   = 0.45 nm and by 

substituting in eq. (5) then copper plasma electron density 

Ne = 5.48 × 10
17

 cm
-3

. 

The lower limit for electron density for which the 

plasma will be in LTE is: 

 
2/112 ..10.6.1 TENe                        (6) 

 

ΔE is the largest energy transition for which the condition 

holds. 

In our case ΔE = 2.66 eV for cu 465.1 nm for 

transition 3d
9
4s5s

2
 D3/2 → 3d

9
4s5s

2
 F5/2 (Table 1) and the 

electron density lower limit value given by Eq. (6) is 4.27 

× 10
14

 cm
-3

. The measured density (5.48 × 10
17

 cm
-3

) is 

found to be greater than this value, which is consistent 

with the assumption of LTE prevailing in the plasma. The 

later confirm the LTE condition for the observed plasma 

copper. 

 

 

3.3 Plume image and ablation profile 

 

Plasma plume emission starts on the copper target 

surface soon after the laser photons reach the surface. 

Images of the time integrated evolution of the expanding 

copper plasma was taken at as a side view. Typical CCD 

image of the expanding plume at after the onset of plasma 

starts is given in Fig. 6. This image was recorded at laser 

irradiance of 6 × 10
8
 W/cm

2
. The CCD observed image of 
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Target 
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the constructed plasma plume showed that it is oblate 

shape rather than expected spherical nature.  The observed 

results revealed the spatial distribution of the generated 

plasma plume expansion towards the laser beam that 

depends on the plasma properties. 

 

 

 

 
 

Fig. 6. Plasma plume image. 

 
 

The generated plasma made craters on the copper 

sample surface. The formed crater depends on laser 

parameters such as wavelength, fluence, pulse duration, 

and pulse repetition rate. A standard scanning electron 

microscope (SEM) was used to monitor the morphology 

and depth profile of each crater [20]. Fig. 7 shows typical 

two-dimensional images of craters formed on the surface 

of pure copper sample. Fig. 7 (a) reveals the one, three, 

and ten laser pulses top view, while Fig. 7 (b) represents a 

zoomed image of the ten pulses crater estimated 

measurement of its depth of 183 m. Visually, it can be 

estimated that the crater depth profile increased with the 

number of laser pulses. Furthermore, laser-breakdown 

parameters such as electron density, temperature and 

optical emission intensity could play important role in the 

depth and shape of the generated crater. This is because 

when laser light falls on copper surface, the free electrons 

will be excited. The electronic excitation energy is then 

converted into kinetic energy of lattice vibrations. The 

collision frequency of electron–ion will increase with an 

increase in electron temperature.  

Ablation may happens if the energy deposited in 

delocalized phonons surpasses the critical temperature at 

which phase transformation arises. Consequently, hot 

plasma and high-density are desirable for efficient ablation 

and more surface modification. This will be verified in the 

future experiments by using a varied laser intensity source 

for different wavelengths. This study will be accomplished 

with using gated ICCD camera for time resolved 

measurements, which will reveal more about plasma 

plume expansion with time with varied laser parameters.    

 
a 

 

 
b 

 

Fig. 7. SEM images of the craters formed on copper 

surface using different numbers of Nd:YAG laser pulses. 

(a) 1 pulse, 3 pulses, and 10 pulses top view.  (b) zoomed  

                    image of the crater due to 10 laser pulses. 

 

 

Target material 
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5. Conclusion 
 

In this study, LIBS technique was used to study the 

plasma characteristics of the generated plasma of pure 

copper sample. The laser intensity was reduced to avoid 

the ambient air breakdown which may influence the 

copper plasma emission lines. The observed LIBS 

spectrum revealed well resolved copper spectral lines in 

the spectral range from 420-580 nm. The plasma 

temperature reaches 10100 k while density reaches 5.4 × 

10
17

 cm
-3

. The plasma plume is found to have oblate shape 

and expanded towards the laser beam. The observed 

ablation depth increases with the number of laser pulses.  

The obtained result is important for some industrial 

applications, such as controlling thin-film lithography and 

online measurements of pulsed laser deposition 

techniques.  
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