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Abstract 

 

Silver (Ag) plasma generated by second harmonics (532 nm) using Nd:YAG laser has been investigated at 17.6 mJ and 

88.6 mJ energy level. The excitation temperature was determined from the Boltzmann plot method of the transition (3D3  

 3P2) at 243.779 nm, (2S1/2   2P3/2) at 328.068 nm, (2S1/2    2P1/2) at 338.289 nm, (2P1/2     2D3/2) at 520.907 nm and 

(2P3/2     2D5/2) at 546.550 nm, while the Stark Broadening (SB) method was used to measure the Electron Number 

Density (END) of 2P3/2   2S1/2 at 827.351 nm transition. The spatial behavior of the END and Electron Temperature 

(ET) was measured at ambient air pressures at different energy level and distance ranging from 0-4.5 mm form the 

target metal. The ET’s were found to be varies from 17895 K to 10593 K, while END was found to be 2.229  1015 to 

6.44  1014 cm-3 and 1.76  1016 to 1.893  1015 cm-3 for 17.6 mJ and 88.6 mJ energy, respectively. The relationship of 

END and ET found directly related to laser irradiance, while they were inverse to the distance from the target material 

surface to laser beam source. 
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1 Introduction 

The Pulsed laser-induced plasmas (LIPs) has a intensive application in material processing, thin film deposition, 

environmental monitoring, biomedical studies, military safety usage, art restoration/conservation and metal analysis, 

which is being produced after laser irradiance on the surface of metals and is of a great interest since last few decades 

[1-11]. In LIPS method, a micro-plasma is produced in nanosecond when highly intense laser pulse interacts with a 

target material; resultantly vaporization take place and thus plasma produced expand along the path of distribution in 

the form of vapor plume. During the expansion process of vapor plume the Inverse Bremsstrahlung (IB) absorption also 

happened repeatedly which is considered as heat loss during plasma routine applications [12]. The wavelength, intensity 

of incident beam, energy absorption and transfer, duration of exposure, composition of targeted material as well as the 

environmental condition such as ambient air pressure and distance between the target and laser has a key role in the 

formation of plasma from irradiated material [13-14]. 

Laser-induced plasma spectroscopy (LIPS), also called laser-induced breakdown spectroscopy (LIBS) is based on the 

optical emission spectra for the elemental analysis. These days the LIBS technique has turns into an analytical 

technique to provide in-situ, remote, rapid and multi-elemental analysis of massive and traces sample in solid, liquid or 

even in gas phase [15-16]. The excitation and ionization temperature prevailing distribution of energy level and 

ionization equilibrium through Boltzmann equation and Saha equation, respectively are equal to ET describing the 

Maxwellian distribution of electron velocities and thus, one describes the plasma in local thermodynamic equilibrium 

(LTE) by a common temperature T, known as the plasma temperature. For this purpose, the Laser induced plasma (LIP) 

should be optically thin and under local thermodynamic equilibrium (LTE) state. Optical emission spectroscopy has 

recently attracted an attention worldwide for characterizing of materials based on laser induced plasma (LIP technique). 

The Boltzmann plot method is widely used for spectroscopic method to determine the temperature. For temperature 

determination, two or more atomic lines can also be used in the form of integrated line intensities ratio. For measuring 

the plasma END, Ne plasma spectroscopy based on either Stark broadening of spectral lines or the Saha-Boltzmann 

equation are being used [10, 13]. 
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The END and ET can be determined from the emission spectrum of the plume [14]. Various researchers world wide 

have studied and reported effect of laser irradiation on Cu, Li, Zn, Al, Fe, Pb, Sn, Si and their alloy under ambient 

pressure, vacuum and using gases like argon and neon. They also studied the END and ET behavior at different laser 

harmonic, energy level and distances of target material from the laser irradiance by using ranges of spectroscopic 

methods [17-30].  

From last few decades, due to diverse applications as well as ease of utilization, relative simplicity, low cost and 

highshot-rate capability of laser driven material has became a very important field and the description of material in the 

form of ET and END has added a substantial curiosity in recent years for the understanding and utilization of these 

complex matter in daily life. To best of our knowledge, laser irradiance and its effect on END and ET as function of 

energy and distance has not been reported yet for Ag, so, in the present work, we have investigated the Ag plasma 

formation behavior at 532 nm by Nd:YAG laser beam in ambient air. The optical emission has been spatially resolved 

by scanning the plume along the plasma expansion path. We have determined the ET using Boltzmann method and 

END by Stark line broadening method. Furthermore, we have also studied the variation in ET and END as a function of 

energy and distance of Ag target from laser source. 

 

2 Experimental setup 

We have used a laser system (Q-switched pulsed Nd: YAG laser, Quantel, Brilliant, repetition rate 10 Hz, pulse 

duration ≈ 4 ns, energy 180 mJ per pulse at 532 nm, The line width was 1.4 cm-1 at 532 nm). The laser pulse energy was 

varied by the flash lamp Q-switch delay through the laser controller and measured by an energy meter (Nova-Quantel 

P/niz01507). The laser beam was focused on the target using convex lens of 10 cm focal length. The sample was 

mounted on a 2-Dimensional sample stage, which was rotated to avoid the non-uniform pitting of the target. The 

distance between the focusing lens and the sample was kept less than the focal length of the lens to prevent any 

breakdown of the ambient air in front of the target. The spectra were obtained by averaging 3 data of single shot under 

identical experimental conditions. The radiation emitted by the plasma were collected by a fiber optics (high-OH, core 

diameter: 600 µm) having a collimating lens (0-450 field of view) placed at right angle to the direction of the laser 

beam. This optical fiber was connected with the HR 4000 spectrometer (Ocean optics Inc) to measure the plasma 

emission. The emission signal was corrected by subtracting the dark signal of the detector through the OOI software. 

The pulse energy of the Nd:YAG laser was varied through the remote control of laser [14]. The data acquired by the 

spectrometer was stored on a PC through the OOI HR4000 software for subsequent analysis and the END was 

measured in laser produced plasma by utilizing the Stark broadening method, while ET by Boltzmann method as 

precisely described by Sherbini et al. [31].  

 

3 Results and discussion 

The emission spectra of the plasma produced at the Ag surface were recorded from 0 to 4.5 mm distance along the path 

of spreading out of the plume generated by Q-switched Nd:YAG laser irradiance. The second harmonic 532 nm of 17.6 

mJ and 88.6 mJ energy was targeted on Ag surface in ambient air and the results of the emission spectrum of Ag 

ranging form spectral region (243.77 to 827.35 nm) are shown in fig. 1 (a-d), fig. 2 (a-f), fig. 3 (a-d) and fig. 4 (a-f). It is 

very clear that the spectral regions are separated well as result of emission either from neutral Ag atoms or ions. 

According to Grein [32] the spectral region between 200-260 nm is associated with Ag (I), while the region between 

260-315 nm showed both Ag (I) and Ag (II) lines and the region between 360-520 nm also showed the mixed lines of  

neutral and ionic Ag atom. We have used the spectral lines signal at 241.318, 243.77, 328.06, 338.28, 520.90, 546.55, 

786.77 and 827.35 nm and identity were done using the NBS (NIST) data-base system as reported by Fuhr and Wiese 

[33]. It has been noted that the plasma generate very shortly and long-drawn-out due to shock waves generation at the 

surface of the target Ag. It is well known that the plasma usually transmits as a supersonic absorption wave against the 

incident laser beam during breakdown process in the longitudinal and lateral dimensions to the target and independent 

of the angle of incidence of the laser beam. The identification of these transitions parallel to the configurations states are 

given in table 1, along with their transition probabilities (Fig. 7). The spectra having well resolved doublet structure 

from a number of excited levels decaying to common lower levels is of more interest and spectroscopically more 

informative regarding the END and plasma ET. The Ag (II) at lower wavelength belongs to the 4d9 5p 3F3 4d95s 3D2 

and 4d95p 3P2 4d95s 3D3 transition. Figure 7 depicts the schematic diagram of de-excitation channels responsible for 

the emission lines of the ionized Ag, showing well-resolved multiplet level from a number of excited levels decaying to 

common lower levels. The density of the emitted electron was found much high near the surface of the target material, 

because signal response was higher at lower distance as compared to longer ones (Fig 1, 2 and 3). 
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Fig. 1: The emission spectrum generated by the 532 nm laser showing the Ag spectral lines at 17.6 mJ energy level (a) 0 mm distance, (b) 0.5 mm, (c) 

1 mm, (d) 1.5 mm. 
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Fig. 2: The emission spectrum generated by the 532 nm laser showing the Ag spectral lines at 17.6 mJ energy level (a) 2 mm distance, (b) 2.5 mm, (c) 

3 mm, (d) 3.5 mm, (e) 4 mm (f) 4.5 mm. 
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Fig. 3: The emission spectrum generated by the 532 nm laser showing the Ag spectral lines at 88.6 mJ energy level (a) 0 mm distance, (b) 0.5 mm, (c) 

1 mm, (d) 1.5 mm. 
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Fig 4: The emission spectrum generated by the 532 nm laser showing the Ag spectral lines at 88.6 mJ energy level (a) 2 mm distance, (b) 2.5 mm, (c) 

3 mm, (d) 3.5 mm, (e) 4 mm (f) 4.5 mm. 

 

3.1   Electron temperature and electron number density (END and ET) 
 

The ET has been evaluated using the ratio of the relative intensities of spectral lines as described by [14]. 

 










 


h

EE
v

ji
                                                                                                        (1) 



 

 

 
38 International Journal of Engineering and Technology 

 

iij

ji
NA

dt

dN



                                                                                                                                                (2) 

 

In this equation Ni (unit volume of emitting gas contain) atoms in an excited state of energy Ei above the ground state 

and a number of them (dNi→j) per unit time undergo spontaneous transitions to lower state of energy Ej through 

emission of an equal number of photons of frequency. The number dNi→j is proportional to the population Ni of the 

initial state 

 

I = Aij hvNi                                                                                                                 (3) 

 

The emission intensity I of a line is the energy given out per unit time and is equal to the product of the number dNi→j of 

produced photons by the energy hv of each photon.  

According to Boltzmann method, when thermal equilibrium is attained at absolute temperature T, the average number 

of particles of a given species ni and nj with energies Ei and Ej are in the ratio as: 
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The oldest method for the determination of ET in LTE plasma is based on the fact that densities in various excited states 

are proportional to the statistical weight with the exponential of negative ratio of excitation energy and the thermal 

energy kT;                  
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Where g = 2J + 1 (statistical weight).  
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Taking ℓn of both sides 
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The ET was calculated from the slope (-1/kT) from the straight line graph ln(I/hcgA) versus E. It is well known that 

END and ET are interdependent and validity of the Boltzmann relationship needs LTE condition, because in this 

condition it is probable to find a temperature which may vary from place to place, fits the Boltzmann-Saha distribution 

and also Maxwell distribution for velocities of electron. For LTE condition the collision process is of a more interest 

then radiative process.  

Various spectroscopic factor such as statistical weight (g(ki)), transition probability (A) wavelength () and energies (E) 

are given in Table 1 and 2, taken from [32-33] and for calculation of  plasma ET and END, the lines appeared at 

243.779 nm, 328.068 nm, 338.289 nm, 520.907 nm, 546.550 nm, 768.777 nm, 827.351 nm being used in present study. 

The ET was calculated from a straight line graph (ln( 
hcgA

Iλ ) versus distance) having slope (-1/ KT) and excitation 

temperature was taken from the Boltzmann plot, while the END was calculated by Stark broadening method using 

different spectral lines [14]. 
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Table 1: Spectroscopic parameters of the observed Ag (I) lines 

 

Wavelength    

  (nm) 

 

Transitions 

Statistical 

weight 

Transition 

probability A (s-

1) 

 

Upper level 

Energy 

Ek (cm -1) 

 

gi  gk 

328.068 4d10 5p 2P3/24d10 5s 2S1/2  2 4 1.4   108 30472.703 

338.289 4d105p  2P1/24 d105s  2S1/2   2 2 1.3   108 29552.061 

520.907 4 d105d  2D3/24d105p 2P1/2    2 4 7.5  107 48743.969 

546.550 4d105d  2D5/24d105p  2P3/2    4 6 8.6  107 48764.219 

768.77 4d106s   2S1/24d105p   2P1/2 2 2  42556.152 

827.351 4d106s  2S1/2 4d105p  2P3/2 4 2  42556.152 

  

Table 2: Spectroscopic parameters of the observed Ag (II) lines 

 

Wavelength    

  (nm) 

 

Transitions 

Statistica

l weight 

Transition 

probability A (s-1) 

 

Upper level 

Energy 

Ek (cm -1) 

 gi gk 

241.318 4d9 5p  3F3 4d95s 3D2 5 7 2.21× 108 82171.697 

243.779 4d95p   3P2 4d95s   3D3
 7 5 2.88× 108 80176.425 

 

The ET behavior has been studied as a function of distance from 0-4.5 mm of target surface by 532 nm wavelength of 

laser irradiance (Fig 5). The ET close to the target surface was recorded very high (17895 K), decreased to 9523 K as 

distance increases to 4.5 mm form laser beam source to Ag surface. This difference between 17.6 and 88.6 mJ energy 

level was found to be significant (P<0.05). The ET near Ag surface as well as at 4.5 mm distance was found higher for 

88.6 mJ laser irradiance verses 17.6 mJ energy. The temperature at 0 mm distance was found to be 17895 K and 15997 

K, respectively for 86.6 mJ and 17.6 mJ, while it was 10593 K and 9523 K at 4.5 mm distance. As a function of 

distance, the difference in the ET from the target surface for the plasma formed by 532 nm laser irradiance is given in 

fig. 5 and it is found that ET has positive correlation with energy which is surely due to higher laser energy transfer at 

specific energy level. The high ET near the Ag surface might be attributed to take up more radiant energy during the 

laser pulse interaction. According to Rashid et al. [34] the higher value of the ET near the surface is due to the 

absorption of laser radiation by means of electrons via the IB absorption process and decrease in the ET is due to the 

fact that the thermal energy is rapidly converted into KE when the plasma attained the maximum expansion velocities, 

causing the temperature to drop as a result of plasma expansion. Ying et al. [35] also reported similar results for ArF 

excimer laser irradiance in which the ET varied from 9280 to 8120 K at a distance ranging from 0 to 17 mm from the 

surface of the target and Lindner et al. [36] also reported similar results of laser-particle interaction in laser induced 

breakdown spectroscopy and laser ablation inductively coupled plasma spectrometry in case of ET. 

The minimum END required for the LTE condition was estimated from the equation 9 [12, 32, 37]. 

 

Ne ≥ 1.6 ×1012 T1/2 (∆E)3                                                                                                                                      (9) 

 

In this equation, T (K) is the ET and ∆E (eV) is the energy difference between the states. The END “Ne” can also be 

calculated from the width of a spectral line. It is observed that the width of the lines increases with the increase in laser 

energy. In plasma, the spectral lines are normally broad and the main sources of the line broadening is doppler 

broadening and Stark broadening [14]. The Doppler width can be estimated from the equation 10 [38]. 

 

2Mc

2lnkT8
=Δ λλ                                                                                                                                             (10)  

The Stark broadening line width 2/1Δλ
 (FWHM) can be calculated using the equation 11 as: 
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In equation 11, the ω, A,  Ne and ND represents the electron impact width parameter, ion broadening parameter, END 

and number of particles in the Debye sphere, respectively. The first part of equation 11 represents the broadening due to 

the electron contribution, while the second part represents the ion broadening. Since the contribution of the ionic 

broadening is usually very small, it can be neglected and the equation 11 condensed to equation 12 as:     
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From equation 12, the END was determined of plasma produced by the 532 nm laser at two energy levels (17.6mJ and 

88.6 mJ) and is given in figures 6. In this spatial behavior of the Ag plasma, the END were found to be ranged from 

2.229  1015 to 6.44  1014 cm-3 and 1.76  1016 to 1.893  1015 cm-3 as a function of distance along the direction of 

plasma expansion. It is evident that the END has a maximum value region near the surface and deceasing trend was 

found along the path of expansion of the plasma. According to Rashid et al. [34] the recombination process causes a 

decrease in the END in the expanded part of the plasma.  

 

 
Fig 5: Effect on electron temperature and electron number density along the direction of propagation of the plume at 532 nm. 

 

The END observed higher at lower wavelength of laser irradiance which indicates that the mass ablation rate may be 

higher for the shorter wavelength. This is similar as reported [36] that mass ablation rate increases as the laser 

irradiance wavelength is decreased. Similar behavior of the END was also reported by [39]. The behavior of the END 

and ET for different values of laser irradiance studied in the present work and is given in fig. 5 and 6 and it is noted that 

the ET and END increases by laser irradiance at 88.6 mJ verses 17.6 mJ, but as the distance increases, the ET and END 

was decreased constantly. The ET varies from 17895 K and 15997 K, whereas the END ranges from 1.893  1015 cm-3 

to 6.44  1014 cm-3. According to [14, 34] such behavior of the ET and END is attributed to the absorption or reflection 

of the laser energy by the plasma during formation which depends on frequency. They have reported the lower plasma 

frequency as compared to laser frequency, considered an energy loss in practically applications. They also indicated that 

by increasing the laser irradiance more excited species, ions and free electrons are produced and laser pulse interacts 

with these species, resulting in further heating and ionization. Resultantly, more consumption of the incoming laser 

energy can take place. It is well known that during plasma formation, there are two main processes of absorption, 

namely inverse bremsstrahlung absorption (IB) and photoionization. Shaikh et al. [14] and Rashid et al. [34] calculated 

the IB process and proved that the IB process is more efficient due to the 3 dependence of the electron-ion IB process. 

Our results regarding the ET and END are in line with various researches e.g. Abdellatif and Imam [26] diagnosed a Al 

plasma produced by A Q-switched Nd:YAG laser at wavelengths 1064, 532 and 355 nm with 500, 100 and 60 mJ 

energies, respectively and pulse duration of 7 ns with repetition rate of 1 Hz and measured the spatial behavior of ET 

using the Boltzmann plot method for the Al (II) lines and the END by Stark broadening method. The maximum 

attainable value of the ET was found at specific distance from the target surface, while the END accomplishes its 
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highest value close to the surface. Unnikrishnan et al. [29] studied the Cu plasma characteristics at 355 nm pulsed 

Nd:YAG laser with a pulse duration of 6 ns at atmospheric pressure. The ET and END characterizing the plasma were 

measured by time-resolved spectroscopy of neutral atom and ion line emissions in the time window of 300-2000 ns. He 

measured the ET via Boltzmann plot method and the END by Saha-Boltzmann technique. The ET and END was 

measured as a function of time relating to the onset of the laser pulse and found that the plasma should be optically thin 

and also LTE condition is necessary for LIBS analysis of samples and deduced from the temporal evolution of the 

intensity ratio of two Cu (I) lines. Similarly, Wu et al. [41] reported the optical emission spectroscopy on the laser-

induced Cu plasma generated in the process of laser-driven flyer. They were also recorded copper plasma in the air to 

understand the disparity between the plasma with the confinement and without the confinement and found that under 

the same laser fluence, the plasma exists a longer time with the confinement. The time-resolved ET and END with the 

confinement were higher than those with no confinement. Shaikh et al. [14] studied the Zn plasma produced in air by 

the three harmonics of a Q-switched pulsed Nd :YAG laser at 1064, 532 and 355 nm and ET was determined from the 

intensity ratio of the transitions (4s4d 3D3 → 4s4p 3P2) at 334.5 nm and (4s5s 3S1 → 4s4p 3P2) at 481.0 nm of neutral 

Zn, while the END was measured by Stark broadening method of the transition (4s4d 3D3 → 4s4p 3P2) at 334.5 nm. 

They concluded that the ET and END decreases as the distance from the target surface increases and increases with an 

increase in the laser energy. Aguilera et al. [28] measured the intensity, temperature and electron density distribution of 

LIPs by emission spectroscopy with two dimensional spatial resolution and temporal resolution in Fe at different 

pressures. The temperature distribution has shown a slight difference between the intensity distribution of two Fe 

emission lines with high temperature distribution and also the electron density distribution showed similar features as 

that of temperature distribution. The characteristics of both parameters showed significant changes in different pressures. 

Rashid et al. [34] reported the Cu plasma parameters generated by the fundamental, second and third harmonics of a 

Nd:YAG laser. The 3 d9 4s5s 2D3/2→3 d9 4s4p 2F5/2 at 464.25 nm, 4p 2P3/2→3d9 4s 2D5/2 at 510.55 nm, 4d 2 D3/2→4p 

2P1/2 at 515.32 nm 4d 2 D5/2→4p 2P3/2 at 521.82 nm and 4p 2 P3/2→3d9 4s 2D3/2 at 570.02 nm transitions was used to 

measure the ET. The spatial behavior of the temperature and END were examined at different ambient air pressures and 

under varied laser irradiance. The ET and END were found to be in the range from 14700 to 13600 K and 2.1×1016 to 

1.78×1016 cm-3 for the 1064 nm laser, from 14200 to 12800 K and 2.2×1016 to 1.8×1016 cm-3 for the 532 nm laser and 

from 14100 to 12500 K and 2.4×1016 to 1.9×1016 cm-3 for the 355 nm laser irradiance. Ma et al. [6] studied the 

expansion of a vapor plume ablated from an Al target into an argon gas at atmospheric pressure using time and space-

resolved emission spectroscopy and found plasma core with quite uniform distributions in electron density, temperature 

and electron number densities. Aragón and Aguilera [22] measured the local electron density in laser-induced plasma of 

three reference lines (Hα, Fe I and Si II) in air using a Nd:YAG laser and observed that the three lines was emitted from 

different regions of the plasma. Prokisch et al. [25] determined the electron number densities and temperatures for 

modified MPT and the END and ET were found in the range of 1020 m3 to 1021 m3 and of 16000-18000 K, respectively. 

By increasing the power from 80 to 180 W they found higher electron number densities, while the electron temperatures 

remain same. 

 

 

 
 

Fig 6: Effect on electron temperature and electron number density along the direction of propagation of the plume at 532 nm. 

 



 

 

 
42 International Journal of Engineering and Technology 

 

 
Fig. 7: Energy level diagram of neutral silver showing all the prominent transitions. 

  

4 Conclusion 

The effect of Q-switched Nd:YAG laser on Ag plasma ET, END and their behavior as a function of distance and energy 

along the direction of expansion path has been evaluated and results reveal that both ET and END decreases along the 

direction of expansion of the plasma and the mass ablation rate is at a maximum for the higher incident energy. 

Furthermore, the relationship of END and ET is directly related to laser irradiation and inverse to the distance laser 

beam source of target surface. 
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