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ABSTRACT 

 

Spatially and temporally resolved optical emission spectroscopy has been used to study 

plasmas formed by 1064 nm pulsed laser ablation of silver targets in vacuum. Ag and 

Ag
+ 

species were mapped as a function of both locations from the surface of the target 

and time from the laser pulse. Plasma parameters such as temperature and electron 

density were measured from the spatiotemporal analysis. We examined the properties of 

Ag resonance and non-resonance emission lines and Ag
+
 ions.  The results show a faster 

decay of the continuum emission and Ag
+
 species than in the case of neutral Ag atoms. 

Higher velocities and a narrower temporal distribution of Ag
+
 are observed in vacuum 

when compared to Ag atoms. Electron temperature was assessed from the comparison 

of Ag atomic/ionic Saha-local thermodynamic equilibrium spectrum with experimental 

ones at various delay times from the laser pulse incidence. An initial electron 

temperature of 2 eV and electron density of 2×10
18

 cm
-3

 were measured from the 

spatially-integrated spectra. 
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1. Introduction 

 

Pulsed laser ablation (PLA) is the process of removing material from a solid or 

occasionally liquid surface by irradiating it with a high-power pulsed laser. This 

technique for depositing and processing materials is an important area of modern 

experimental and theoretical scientific research and development, with challenging 

applications in the fields of pulsed laser deposition,
1
 laser-induced breakdown 

spectroscopy,
2,3

 surface modification,
4
 nanofabrication and nanostructuring,

5
 laser 

propulsion,
6
 medicine,

7,8
 environmental analysis

9
 and harmonic generation.

10,11
 

Understanding the fundamental mechanisms and properties of laser-material 

interactions, as well as deposition and processing conditions, laser parameters and 

material properties, is essential for improving fundamental knowledge and applications. 

In spite of PLA applications, however, some aspects of the underlying physics remain 

incompletely understood, and the dynamics of the laser-produced plasma (LPP) remain 

a particular focus of study. Analysis of LPPs can be a very puzzling task considering the 

involved complex processes, its transient nature and the large variations in plasma 

properties with space and time. Optical emission spectroscopy (OES) is a useful 

technique to study the dynamics of species formed in the plasma induced in the ablation 

of materials.  

Silver is a soft, very ductile, malleable, lustrous transition metal with the highest 

electrical and thermal conductivity and reflectivity of all metals. It is used as a precious 

metal, in solar panels, jewelry, water filtration, food additive/coloring, in electrical 

contacts and conductors, in superior mirror production, window coating, in catalysis of 

chemical reactions, among many other applications.  

There is a moderate body of work diagnosing space and time resolved optical 

emission from silver LPP plumes
12-16

 for a range of experimental conditions and laser 

intensities. Previously, Issac et al.
12

 studied the dynamics of laser produced Ag plasma 
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as a function of Ar ambient pressure. They observed an anomalous double peak 

intensity profile in the temporal optical time-of-flight profile of Ag atoms at low 

pressures. Margarone et al.
13

 studied the Ag plasma in a high-vacuum (10
-7

 mbar) using 

a ring ion collector and an electrostatic ion energy analyzer. In the same paper, the 

authors estimated an electron plasma temperature of about 5 eV for the plasma corona 

region and 280 eV for the plasma core from the time-integrated spectra obtained by 

using conventional OES. In addition, they also measured threshold fluence of silver. 

Shuaibov et al.
14

 studied time-averaged energy distributions and recombination times of 

Ag atoms. Musadiq et al.
15

 measured electron densities and temperatures from the time-

integrated spectra at different laser energies. Esposito et al.
16

 studied the Ag
+
 dynamics 

of the pulsed laser ablation of Ag by using Langmuir probe and quadrupole mass 

spectrometry. They measured the kinetic energies and angular distributions of the 

ablated ions for different laser fluences. 

 In this work, we investigated the spatial and temporal dynamics of neutrals and 

singly ionized ions in a nanosecond laser (Nd:YAG, 1064 nm, 7 ns, and an irradiance of 

0.7 GW×cm
-2

) induced silver plasma in vacuum using both OES and spectrally resolved 

two-dimensional (2D) imaging. Imaging OES studies confirm intense neutral line 

emission over ion emission. Analysis of the image spectra provides useful plasma 

parameters such as formed atomic/ionic species, average expansion velocities of some 

plasma species, electron density, and electron temperature. The results indicate a more 

rapid decay of the continuum emission and Ag
+
 species than in the case of neutral Ag 

atoms. Moreover, higher rates and a narrower temporal distributions of Ag
+
 ions are 

detected in vacuum when compared with Ag atoms. The rate of Ag atoms at earlier 

times, especially below 80 ns, where the intense continuum is dominant, is nearly zero. 

Electron temperature was estimated by comparing Ag atomic/ionic Saha-local 

thermodynamic equilibrium (LTE) spectra with experimental ones at various delay 
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times from the laser pulse incidence. This will supply much physical insight into 

evolution dynamics of neutrals and ionized species in a laser-produced silver plasma as 

it expands into vacuum.  

 

2. Experimental details 

The experimental setup used in this study is presented in Fig. 1.  The 1064 nm, 7 

ns full width at half-maximum (FWHM) pulses from a Q-switched Nd:YAG laser 

(Spectra Physics, Quanta Ray Indi-HG) was used to create a silver plasma in a stainless 

steel vacuum chamber. A base pressure of  2×10
-5

 mbar was maintained in all the 

experiments. A 2 mm thick 99.99% pure silver target (from Kurt J. Lesker Company) in 

the form of a disc was rotated and translated to avoid errors due to local heating and 

drilling. Laser beam energy was monitored using an optical power meter (Newport, 

Model 1917-R). The laser beam was focused onto the target surface at normal incidence 

using an f=20 cm anti-reflection coated plano-convex lens. The spot radius on the target 

surface was 400 μm. At the target position, the laser supplied 25 mJ (irradiance 0.7 

GW×cm
-2

, fluence 5 J×cm
-2

, photon flux 4×10
27

 photon×cm
-2

×s
-1

, and electric field 0.5 

MV×cm
-1

).
 
The laser was usually operated at a repetition rate of 10 Hz and the shot-to-

shot variability of the energy was ≈ 5%. 

For performing time and space resolved OES, the plasma emission was collected 

and imaged onto the entrance slit of a 0.3 m  spectrograph (Bentham, TMc300). The 

spectrograph was equipped with three gratings although in all the experiments presented 

here, we used a grating of 1200 grooves/mm with a spectral resolution of ≈ 0.3 nm. We 

have set the origin of axial distance, z = 0 mm, as the target surface. The spectra emitted 

by Ag LPPs have been studied in the spectral region from about 290 to 560 nm. A 

quartz Dove prism was inserted into the optical path for capturing two-dimensional 

(2D) spectral imaging and rotating the plasma image by 90º, projecting the direction of 
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the plasma expansion (Z-axis) onto the entrance slit. The Dove prism is placed between 

two lenses with focal distances of 8 cm (L1) and 4 cm (L2) being the magnification of 

the final image 0.5 or 1 (image size) : 2 (real size). The output of the spectrograph was 

coupled to an intensified charge-coupled device (ICCD) camera (Andor Technology, 

DH501-25F-03, 1024128 active pixels, 26 μm
2
 pixel, intensifier diameter 25 mm). 

Wavelength dispersion in the spectrograph was recorded horizontally across the ICCD 

chip, while the plasma-plume length along the Z coordinate was recorded vertically. 

The maximum plasma height that can be measured is 6.6 mm. The spectra were 

recorded by the ICCD which operated in imaging mode. In order to enhance the signal-

to-noise ratio, data acquisition was performed by accumulating the signal over 125 

successive laser shots. The ICCD detector is synchronized with the trigger of the laser 

pulse and gated through a digital delay/pulse generator (Stanford DG 535) connected to 

the Q-Switch output electrical signal of the laser. The exposure time of the image 

intensifier, typically referred to as the gate width time tw, was 100 ns. The delay time td 

after the beginning of the laser pulse was monitored from 0 to 1500 ns.  

 
 

Fig. 1. Schematic diagram of the experimental setup of space and time gated ICCD for 

Nd: YAG pulsed laser Ag breakdown diagnostics. 
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3. Results and discussion 

3.1 OES analysis 

The LPP spectra of Ag were recorded as a function of the emitted wavelength, 

distance from the target surface and delay time after the beginning of the laser pulse. 

Different authors
17-30

 have previously described this kind of study. In order to study the 

plasma-plume expansion dynamics of different species, we plotted spectrally resolved 

1D-spatial and 1D-spectral imaging mode for different delay times.  

Fig. 2 shows spatially and spectrally resolved optical emission images measured in 

the spectral range from about 290 to 360 nm following 1064 nm LPP of Ag in vacuum 

measured at three time delays of 0, 20 and 100 ns. These and all subsequent images 

show a linear false-color intensity displayed in the figures. Horizontal cuts through 

these images correspond to the wavelength-resolved spectra at a given distance from the 

target. In addition, from these images it is possible to obtain the atomic/ionic line 

shapes. The vertical axis in these images is the distance from the target surface. The 

emission features in this wavelength range and all the studied spectra are all attributable 

to Ag and Ag
+
. For the assignment of the spectra, we used the information tabulated in 

NIST Atomic Spectral Database.
31

 As we can see from these figures, at earlier times, 

especially below 80 ns, the intense continuum radiation is dominant, mixed with Ag 

atomic and ionic lines. The continuum radiation for a LPP is due to result of 

Bremsstrahlung (free-free) and bound-free transitions. Bremsstrahlung is caused by 

collisions between free electrons and positively charged ions.
2,32

 The inverse process is 

called inverse Bremsstrahlung and is responsible for the absorption of laser radiation at 

or below the critical density region. The two intense lines at 328.068 and 338.289 nm of 

Ag (Fig. 2) are two resonance lines associated with the transitions 4d
10

5p 
2
P

0
3/2 → 

4d
10

5s 
2
S1/2 and 4d

10
5p 

2
P

0
1/2 → 4d

10
5s 

2
S1/2, respectively. Beyond 100 ns, the line-to-

continuum ratio increases and finally the spectrum consists of mainly atomic lines.  
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(a)                                                                     (b) 

  

(c)  

Fig. 2. Axial space-resolved image (bottom) of the Ag plasma (5 J×cm
-2

) at delays of 0 

ns (a), 20 ns (b) and 100 ns (c), in all cases with a gate width of 100 ns. The 

corresponding spectra (top) binned for the box indicated around 1 mm from the target 

surface are also shown.  

 

Fig. 3 shows the spectra emitted from the Ag-LPP at different spatial distances (z) 

from the target at 0 and 100 ns. It is also shown in the inset of the figure 3b a detailed 

assignment of the spectrum corresponding to a distance from the target of 1 mm. At 

early times, especially below 80 ns (Fig. 3a at a delay of 0 ns), continuum, ionic and 

atomic emission intensities in the plasma are greater in the region close to the Ag 

surface and decrease within a few millimeters away from the target. As time evolves > 

80 ns (Fig. 3b at 100 ns), the distribution of ionic and atomic lines moves away from the 

target surface. The spatial distributions for Ag and Ag
+
 show different maxima, which 

varied with the delay time, but the behavior for the species with the same degree of 

ionization is very similar. 
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(a)                                                                      (b) 

    

Fig. 3. The spatial distribution of the spectra emitted from Ag-LPP at delays of 0 ns (a), 

and 100 ns (b). The inset in Fig. 3b shows a detailed assignment of the spectrum at z = 1 

mm. 

 

Fig. 4 exhibits the time-resolved LPP spectra in the previous spectral region 

spatially integrated over 0  z  6.6 mm. These spectra are dominated by the two 

previously mentioned Ag resonance lines and the continuum emission significantly 

contributes to the total emission for short delays < 80 ns. As the delay increases, this 

emission drops significantly and spectral narrowing is observed as the consequence of 

the decrease of electron density and temperature. The temporal evolution of Ag and Ag
+
 

line intensities has been used to construct the optical time-of-flight (OTOF) profiles 

shown in the inset of Fig. 4, obtained through integration of each of the emission lines, 

after baseline subtraction, for each delay time. The OTOF distributions of Ag (328.07 

nm, resonance line) and Ag
+
 (318.39 nm) species were found to consist of one intense 

maximum at 60 and 40 ns, respectively. The behavior of Ag (328.07 nm, resonance 

line) is very similar to other Ag resonance lines (338.29 nm) but is slightly different to 

other non-resonance lines. Fig. 5 shows time-resolved spectra at different delay times in 

the spectral region from 380 to 440 nm for 0  z  6.6 mm and the normalized intensity 

dependence on delay for the species Ag (405.55 nm) and Ag
+
 (408.59 nm). The OTOF 

distributions of Ag (405.55 nm, non-resonance line) and Ag
+
 (408.59 nm) species were 
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found to consist of one intense maximum at 100 and 40 ns, respectively. The behavior 

of Ag
+
 (408.59 nm) is very similar to other Ag

+
 lines (the line at 318.39 nm) with a 

maximum at 40 ns and a lifetime of about 200 ns. The emission intensity of Ag
+
 species 

decreases faster than the emission intensity of Ag species. However, by comparing Ag 

resonance lines (the line at 328.07 nm) and Ag non-resonance lines (the line at 405.55 

nm), the delay of the maximum is delayed for non-resonance lines. The resonance 

emissions, ending in the ground state are particularly susceptible to self-absorption and 

in more extreme cases can be self-reversed.
33,34

 Atomic species were detected up to 

about 2 μs.  

 

Fig. 4. Time-resolved Ag-LPP spectra at different delay times integrated over 0  z  

6.6 mm. The inset displays the normalized intensity dependence on delay time of the 

plasma ignition for the species Ag (328.07 nm) and Ag
+
 (318.39 nm). 
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Fig. 5. Time-resolved Ag-LPP spectra at different delay times for 0  z  6.6 mm. The 

inset shows the normalized intensity dependence on delay time for the species Ag 

(405.55 nm) and Ag
+
 (408.59 nm). 

 

 

3.2 Velocity of plasma species 

The spatial and spectral images also allow detailed analysis of the z-dependence of 

each line intensity as a function of the delay. For studying time evolution velocities of 

resonance and non-resonance Ag atoms and Ag
+
 species, we selected neutral Ag 

resonance emission at 328.07 nm (5p 
2
P

0
3/2 → 5p 

2
S1/2), Ag non-resonance line at 

546.55 nm (5d 
2
D5/2 → 5p 

2
P

0
3/2) and Ag

+
 at 540.01 nm (4d

9
 (

2
D5/2)4f 

2
[11/2]

0
6 → 4d

9
 

(
2
D5/2)5d 

2
[9/2]5).

29
 Fig. 6 shows the 1D-1D spectral images in the wavelength spectral 

range 495    555 nm and vertical (Ag
+
 line profile versus distance from the target 

for the line at 540.01 nm) and horizontally (spectrum for the box indicated around 1 

mm) contour profiles for time delays of 0 and 100 ns. The emission features in this 

wavelength range are all attributable to Ag (non-resonance) and Ag
+
 species. At earlier 

times < 60 ns, the intense continuum and Ag
+
 line at 540 nm dominate the spectrum 

while as time evolves ( > 80 ns) Ag emission dominates and the continuum significantly 

decreases.  
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(a)                                                                    (b) 

 

(a) 
  

Fig. 6. Axial space-resolved image of the Ag plasma (5 J×cm
-2

) at delays of 0 ns (a), 

and 100 ns (b) and vertical (line profile for Ag
+
 line at 540 nm) and horizontal 

(spectrum around 1 mm) contour profiles.  

 

The changes of the emission distributions along the vertical line-profiles gives 

information on the propagation of the species from the target surface.  

 

Fig. 7. Distance dependence intensities of the Ag
+
 540.01 nm emission line measured 

for 0, 20 and 150 ns following 1064 nm PLA of a silver target. Smoothed solid curves 

are also shown. The inset shows the variation of Ag
+
 peak-intensity-position for 

different delays and a linear fit giving a velocity of 26.1  1.4 km/s. The error bars in 

the inset represent one standard deviation of uncertainty.  

 

Fig. 7 shows the intensity of the Ag
+
 540.01 nm emission as a function of the distance 

from the silver target, measured for delays of 0, 20 and 150 ns. The inset in this figure 
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shows the variation of Ag
+
 peak-intensity-position for different delays and a linear fit. 

The expansion velocity of Ag
+
 ions is estimated from the position-time plot being, from 

the linear fit, 26.1  1.4 km/s, which corresponds to a kinetic energy of 380 eV. Fig. 8 

displays the intensity of the Ag non-resonance 546.55 nm emission as a function of the 

distance from the target, obtained for delays of 100, 200, 300 and 400 ns. It is 

interesting to note that the graphs obtained for 100 and 200 ns show a double maximum 

distribution. We believe that the maximum closest to the surface is possibly due to the 

neutral atoms directly removed from the surface and the other one can be associated to 

ion recombination. The inset in this figure shows the variation of Ag peak-intensity-

position for different delays and the corresponding linear fit. The expansion velocity of 

Ag atoms estimated is 7  3 km/s, which corresponds to a kinetic energy of 27 eV. 

 

Fig. 8. Distance dependence intensities of the Ag 546.55 nm emission line measured for 

100, 200, 300 and 400 ns. Smoothed solid curves are also displayed. The inset shows 

the variation of Ag peak-intensity-position for different delays and a linear fit 

corresponding to a velocity of 7  3 km/s. The error bars in the inset plot represent one 

standard deviation of uncertainty.  

 

The time-evolving spatial profile of the Ag 546.55 nm emission line measured at 20, 40, 

60 and 80 ns is similar to the spatial profile at 100 ns, showing that the effective 

velocity of atomic species for < 100 ns is virtually zero. The same behavior was also 
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observed for the Ag resonance line at 328.07 nm, but in this case, the estimated velocity 

was 16.3  1.3 km/s, notably greater than for non-resonance Ag lines. If we calculate 

the velocity using the Ag 546.55 nm line from 200 ns, the estimated velocity is 15  2 

km/s, similar to the resonance line. There is an increase in the velocity of Ag species 

with distance from the target for times greater than 100 ns due to the initial acceleration 

of the species from zero velocity for < 100 ns.  

 

3.3 Estimation of the plasma electron density 

The principal causes of spectral line broadening are the Doppler and Stark broadening, 

and spectrometer resolution. The Doppler broadening was estimated as                                        

D
FWHM = 7.16×10

-6
×λ×(T/M)

1/2
, where  is the line wavelength, T the temperature in 

K, and M the atomic mass in amu. It was taken into account in the calculations although 

was very small (≈ 0.01 nm). In the present measurements instrument was ≈ 0.3 nm. Stark 

line broadening from collisions with charged species is the primary mechanism 

influencing the LPP spectra. The FWHM of the Stark broadened line profile S
FWHM 

for neutral atoms or singly charged ions, after neglecting the ion contribution to the 

Stark-broadening, is connected to the electron density by the expression
2,32

 

FWHM
S ≈ 2 𝑊 (

𝑛e

𝑛r
) ,      (1) 

where W is the Stark electron impact broadening parameter, ne is the electron density in 

cm
-3 

and nr is the reference electron density. The estimation of the electron density was 

done by fitting the emitted line profile to a Voigt function and by subtracting Doppler 

and instrumental line broadening, thus extracting the Lorentzian (Stark) component. 

The Ag lines at 328.07 and 338.29 nm have been used for this purpose. The Stark 

broadening parameter was taken from Dimitrijevic and Sahal-Brechot.
35

 By substituting 

the Stark line widths of these lines at different delay times in Eq. (1) and the electron 

impact parameter, W (0.000465 nm (10000 K), 0.000523 nm (20000 K), and 0.000589 
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nm (30000 K) for the line at 328.07 nm and 0.000443 nm (10000 K), 0.000500 nm 

(20000 K), and 0.000567 nm (30000 K) for the line at 338.289 nm at a reference 

electron density nr=10
16

 cm
-3

), we obtain the electron density. Although the temperature 

dependence of the Stark parameters is weak,
32,35

 it has been taken into account using 

appropriate interpolations. Fig. 9a gives the time evolution of electron density as a 

function of delay by spatially integrating in the region 0  z  6.6 mm, calculated from 

the two previously mentioned Ag lines. 

(a)                                                                   (b)  

 

Fig. 9. Temporal (0  z  6.6 mm) (a) and spatial (300 ns) (b) evolution of electron 

density from Ag-LPP calculated from two Ag lines. The estimated error bars for 

electron density (10%) result from the uncertainty in the impact parameters, temperature 

and line broadenings.   

 

The initial electron density at 2 ns was approximately 2.1×10
18

 cm
-3

. Afterwards, the 

density decreases until about 1.1×10
18

 cm
-3

 over the period of 150 ns and then increases 

as the time is further increased up to 500 ns. For td>500 ns, ne is slowly decreasing as 

the time is further increased. Since the emission line is partially masked by the 

continuum emission, the electron density for time < 100 ns should be used with caution. 

The slow decay rate of electron density for time > 500 ns can be attributed to 

recombination. Fig. 9b shows the spatially resolved profile of the electron density along 

the axial direction at 300 ns delay from the laser pulse. In the observed spatial region, 

the electron number density roughly decreases with distance from the target. This 
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behavior could be interpreted in terms of electron recombination processes in regions 

with high species number density.
37

 

 

3.4 Estimation of the electron temperature and ion stage distribution 

 

The plasma emission spectra have been simulated using the assumption of local 

thermodynamic equilibrium (LTE) and the system of Saha-Boltzmann equations based 

on the Saha equation 

Ni+1

Ni
=

2 Zi+1

ne Zi
(

2 π mek T

h2 )
3/2

 e-ϵi/kT ,     (2) 

where Ni and Ni+1 are the populations of the ionization stages i and i+1, respectively, Zi 

and Zi+1 are the partition functions of these states, me is the electron mass, k is the 

Boltzmann constant, h is the Planck constant, ne is the electron density and εi is the 

ionization energy. The system of Saha equations (2) can be supplemented by the 

condition of electro-neutrality i=1 i·ni = ne, where ni is the density of species in the i-th 

state of ionization. In the simplest case of an optically thin and uniform plasma without 

self-absorption, the emission intensity of a radiative transition from an upper state u to a 

lower state l is given by the following expression, in terms of the spectral power per 

volume and solid angle:
32

  

Iul=
1

4 π 
Nu Aul ∆Eul ,       (3) 

where Nu is the population of the upper state, Aul the radiative spontaneous emission 

coefficient and ΔEul the energy difference between the upper and the lower state.  

For the simulation of the emissions, the Saha-Boltzmann NIST code available online
31

 

was used. The spectral region 510-556 nm was selected, which contains 19 Ag and Ag
+
 

lines. As illustration, Fig. 10 shows a comparison of experimental spatially-integrated (0 

 z  6.6 mm) and simulated Saha-Boltzmann LTE spectra at 0 and 100 ns delays. The 

electron temperatures were adjusted until optimum agreement with experimental results 
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was achieved. There is a good agreement between experimental and simulated spectra 

performed at the temperatures and densities indicated. The simulated Saha-Boltzmann 

LTE spectra included only the effects of Doppler broadening of the emission features at 

the estimated temperature. Our choice of 2×10
18

 cm
-3

 as the electron density is taking 

into account our previous measurements. 

(a)                                                                     (b)  

  

Fig. 10. Comparison of experimental spatially-integrated (0  z  6.6 mm) and 

simulated Saha-LTE spectra at (a) 0 ns delay at a temperature of 2 eV and at an electron 

density of 210
18

 cm
-3

 and (b) 100 ns delay at a temperature of 1.65 eV and at an 

electron density of 210
18

 cm
-3

.  

 

Fig. 11. Temporal variation in the temperature of the Ag spatially-integrated plasma-

plume at 0 – 1000 ns delay time. Inset plot shows the experimental and simulated Saha-

LTE spectra in the 515-556 nm region at 300 ns delay. The estimated error bars for 

electron temperature (10%) are due to the uncertainty in the intensity, transition 

probabilities and electron densities. 
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Fig. 11 presents the time evolution of electron temperature for different delays from 0 to 

1000 ns. The inset in Fig. 11 displays a comparison of experimental and simulated 

Saha-LTE spectra at 300 ns delay at a temperature of 1.45 eV and at an electron density 

of 210
18

 cm
-3

. The temperature is found to decrease in time from approximately 2 eV 

at the first stages of plasma evolution to 1.3 eV after 1 µs. The reduction of temperature 

with time is primarily due to three-body recombination between electrons and ions in 

the plasma. The values measured were well within the range of LPP temperatures and 

comparable to other related works published elsewhere.
2,15,29,34

 In addition, the 

simulated Saha-LTE spectrum provides relative ion concentrations of different plasma 

species.
31

 Fig. 12 displays the calculated atom/ion stage distribution in Ag LPP as a 

function of electron temperature at an electron density of 210
18

 cm
-3

 as calculated with 

the Saha-LTE online utility.
31

 Silver atoms dominate at T < 1 eV and Ag
+
 at 1.1 < T < 

2.1 eV. As can be seen from Figs. 10a, 11 and 12, the most abundant ion at 0 ns (T=2.0 

eV) is Ag
+
 having about 61% of the total population (37% Ag

2+
 and 1.6% Ag). At 100 

ns (T=1.65 eV, Figs. 10b, 11 and 12), the most abundant species is Ag
+
 with 89% of the 

total population (5.3% Ag
2+

 and 5.7% Ag). At 300 ns (T=1.45 eV, Figs. 11 and 12), the 

most abundant species is also Ag
+
 with 88% of the total population (1% Ag

2+
 and 11% 

Ag).  At T < 0.6 eV, the only possible species is Ag. 

 

Fig. 12. Calculated ion stage distribution in a steady-state Ag plasma as a function of 

electron temperature at an electron density of 210
18

 cm
-3

.  
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There are two main recombination processes in plasmas, three-body (collisional) 

and photo-recombination (radiative). The difference is based on what particle removes 

excessive energy and momentum when an electron and an ion recombine, being another 

electron in three-body recombination (TBR) and a photon in photo-recombination 

(PHR). The recombination rate coefficient for these processes is related to the 

probability of transition from the free electron state (continuum) into a bound state of 

the resulting atom.  The rate of recombination can be calculated by considering the 

relaxation times of TBR and PHR processes given by
38

 

τTBR≈1.1×1026Z-3T 9/2ne
-2,       (4) 

τPHR≈3.7×1012Z-2T 3/4ne
-1,       (5) 

where Z is the ionic charge, T the electron temperature in eV and ne the electron density 

in cm
-3

. For the LPP studied here, ne is in the range (1.1 – 3.0)10
18

 cm
-3

 and T ≈ 1.3 – 

2.0 eV, yielding values for the relaxation time of the TBR process of 0.1 – 0.2 ns and 

1.7 – 2.4 μs for the relaxation time of the PHR process. From these values we see that  

TBR is even less than the duration of the laser pulse and therefore the TBR process 

significantly influences the plasma dynamics during the laser pulse, while the effect of 

PHR can be considered negligible. 

In the calculation of electron or plasma temperature, we have considered the plasma 

to be in LTE. The condition that atomic/ionic states should be depopulated or populated 

mostly by electron collisions, rather than by radiation, requires an electron density high 

enough to ensure a high collision rate. In other words, the number of collisions, which is 

linked to the electron density, must be sufficiently large to ensure LTE is satisfied. 

According to the McWhirter criterion,
39,40

 the electron density ne
crit

 (cm
-3

) should pass a 

threshold 

ne
crit≥1.6×1012 √T (∆E)3,       (6) 
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where T in K is the plasma temperature and ΔE in eV is the largest energy transition for 

which the condition holds. As we mentioned before, in the estimation the electron 

temperature, we use several lines of Ag and Ag
+
 in the spectral region 510-556 nm. At 

the evaluated temperatures in the range of 15000 to 23000 K (Fig. 11), for the Ag
+
 

transition with the largest energy-gap E = 2.38 eV, equation (6) yields (2.6 – 3.3) 

10
15

 cm
-3

. The values of ne estimated from the Stark-broadened lines is approximately 

three orders of magnitude greater than the values calculated from Eq. (6), implying that 

the condition necessary for the LTE approximation is valid.  

 

4. Conclusions  

The laser-induced plasma of silver in vacuum produced by a nanosecond high-

power Nd: YAG laser at 1064 nm has been studied spatially and temporally by OES. 

The emissions generated are principally caused by electronic relaxation of excited 

neutral Ag atoms and ionized Ag
+
. The significant efforts of this work have been 

focused on the spatial and temporal study of 1D-1D OES data. Average expansion 

velocity, electron density and temperature measurements have been performed from the 

analysis of 1D-1D spectral images. The velocity measurements have been carried out by 

tracking the maximum intensity position versus the distance from the target at different 

delays. A slightly different behavior has been observed between Ag resonant and non-

resonant lines. Ag electronically excited atoms move with low velocities compared to 

electronically excited Ag
+
 ions. The effective velocity of Ag atoms for resonance and 

non-resonance lines at earlier times, especially bellow 100 ns, is practically zero. The 

spatial and temporal behavior of the electron densities have been reported by using the 

Stark broadening method. The electron temperature measurements have been performed 

by a comparison between Ag atomic/ionic Saha-LTE spectra and the experimental 
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spectra at various delay times from the laser pulse incidence. Electron densities in the 

range (1 - 3)×10
18

 cm
-3

 were estimated.   
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