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Abstract

In this manuscript, the time-resolved laser-induced breakdown spectroscopy (LIBS) on tung-
sten target in air and the coexistence of LTE among atoms and ions as well as the fulfillment of
optically thin plasma condition are reported. The laser-induced plasma (LIP) of tungsten is
generated by focusing the second harmonic of a Q-switched Nd:YAG laser of pulse width
~7 ns and repetition rate of 1 Hz on the tungsten target. The temporal evolution of LIP of
tungsten is recorded at four different incident laser fluences of 60, 120, 180, and 270 J/cm®.
The several atomic and singly ionized lines of tungsten are identified in LIP. For the estima-
tion of plasma temperature via the Boltzmann plot, the transitions at 430.7, 449.4, 468.0,
484.3, 505.3, and 524.2 nm of Atomic transition of tungsten (WI) and that of the ionic tran-
sitions, First Ionic transition of Tungsten (WII) at 251.0, 272.9, and 357.2 nm are selected.
The electron density is estimated using the Stark-broadened profile of WI line at 430.2 nm.
The McWhirter criteria for the local thermodynamic equilibrium (LTE) condition is verified
in present experimental conditions as well as the relaxation time and diffusion length are esti-
mated to take into account the transient and inhomogeneous nature of the plasma. The opti-
cally thin plasma condition is studied by assessing the experimental intensity ratio of atomic
lines and compared with that of the theoretical intensity ratio (branching ratio). The signal to
noise ratio (SNR) is also obtained as a function of time with respect to laser pulse and incident
laser fluence. All these observations indicate that the spectra should be recorded within the
temporal window of 1-3.5 us with respect to laser pulse where the plasma can be treated as
optically thin as well as under LTE simultaneously along with the large SNR.

Introduction

The focusing of high power pulsed laser on to a sample generates a high-temperature and
high-density laser-induced plasma (LIP) (Russo, 1995). The focus on LIP is not only on the
basic scientific research but also its diverse range of applications in various domains, which
includes pulsed laser deposition (Lowndes et al., 1996), a source of shorter wavelength radia-
tion (Chenais-Popovics et al., 1996; White et al, 2007), nanoparticle generation (Amoruso
et al., 2005; Eliezer et al., 2005), high-order harmonic generation (HHG) (Ganeev, 2007;
Thaury and Quéré, 2010), micromachining (Dellasega et al., 2012), and laser cleaning (Afif
et al., 1996). The characterization of LIP is strongly dependent upon several experimental
parameters, including laser parameters [laser energy (Akram et al, 2014; Zhang et al.,
2014), pulse duration (Le Drogoff et al., 2004), wavelength (Harilal et al., 2011; Diaz et al.,
2018), and laser spot size (Li et al., 2013; Cortez et al., 2017)], the physical-chemical properties
of target material (Cabalin and Laserna, 1998), laser focusing geometry (Multari et al., 1996),
and the nature and pressure of ambient gases (Harilal et al., 2006; Zehra et al., 2017). The LIP
is highly exuberant in nature and its parameters vary drastically with distance from the target
surface both along the plume expansion direction (axial) and orthogonal to plume expansion
directions (radial) as well as with time immediately after the onset of its commencement
(Lazzari et al., 1994; Ershov-Pavlov et al., 2008). Therefore, the characterization and detailed
understanding of LIP is a challenging task. The conventional plasma characterization tech-
nique employed for the estimation of plasma parameters (temperature and electron density)
are optical emission spectroscopy (OES), the Langmuir probe, microwave and laser interfer-
ometry, and Thomson scattering. Laser-induced breakdown spectroscopy (LIBS) and OES
are a relatively simple but a versatile technique and used for qualitative and quantitative anal-
ysis. There are several advantages of LIBS over other techniques (Winefordner et al., 2004; Mal
et al., 2019), such as applicable to any sample irrespective physical states, free from any sample
preparation, nearly nondestructive, simultaneous detection of multi-elemental sample, remote
operation, and single-shot measurement for rapid analysis, capable of depth profiling. Owing
to all these unique features, LIBS is finding its applications almost in every field of science
(Bauer and Buckley, 2017). In LIBS, the light emitted from LIP during its expansion is
dispersed via a spectrometer and the spectrum is recorded by a suitable photo detector.
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By analyzing this spectrum, it is possible to retrieve LIP properties
(temperature and density). In the present study, the tungsten
target is ablated using a nanosecond laser pulse, and the LIP is
studied using the time-resolved LIBS technique. Tungsten is
being considered as one of the important materials used in-vessel
components of thermonuclear reactors (Pitts et al., 2017). Its var-
ious properties, such as high thermal conductivity and melting
point (Davis et al., 1998), low tritium retention (Philipps, 2011;
Brezinsek et al.,, 2013), sputtering yield (Federici et al., 2005),
erosion rate (Bolt et al., 2004), and high neutron load capacity
(Fukuda et al., 2013), make this metal a suitable candidate for
plasma-facing components (PFCs) in the fusion reactor (Neu
et al., 2013; Suslova et al., 2015). During the operating condition
inside the fusion vessel, several kinds of complex phenomenon
take place between the plasma and inner walls of the vessel
(Almaviva et al., 2012; Philipps et al, 2013). Due to plasma-
material interaction, the erosion and deposition take place on
PFC (Farid et al., 2013). The deposition layer enhances the fuel
retention of PFC and its properties, which in turn deteriorate
the performance of the fusion reactor. The deposited amount
should be below so as not to affect its performance (Mercadier
et al, 2011). To maintain the high performance and safety of
fusion reactor, there is an active need for monitoring deposited
materials on PFC and in order to implement its appropriate
cleaning. At present, the offline method is employed to study
the thickness of the deposited material and its composition, but
these are the time-integrated effect (Mercadier et al., 2011). So
there is a requirement of online monitoring of PFC to explore
the plasma-material interaction to maintain the high performance
of the fusion reactor. For this purpose, LIBS is being considered
to be a suitable online technique for analysis of composition
and quantification of the plasma facing materials Plasma facing
material (PFMs) (Kubkowska et al, 2009; Mercadier et al.,
2011; Harilal et al.,, 2013; Piip et al., 2015). Besides its utility in
nuclear reactor, laser ablation of tungsten using a Nd:YAG nano-
second pulsed laser is finding its various applications, such as the
deposition of high-quality thin films (Mostako et al, 2011;
Dellasega et al., 2012) and the fabrication of micro/nanostructures
of compound element of tungsten (WO3, WS, etc.) (Kawakami
and Ozawa, 2002), which is used for sensor and optoelectronics
devices (Wang et al., 2012). All these applications of LIP are
strongly dependent on its dynamics of plasma parameters.
Therefore, the detailed knowledge about the LIP evolution to
understand the mechanism involved in laser-target and laser-
plasma interaction is very much required for optimizing experi-
mental parameters for cost-effective implementation (Fu et al,
2016). But there is a scarcity of the reported literature and lack
of database in atomic parameters.

Therefore, in the present work, the time evolution of the LIP of
tungsten is reported as a function of incident laser fluence in air.
From LIP spectra of tungsten, several atomic and ionic transitions
are identified. The plasma temperature is estimated using the
Boltzmann plot method by carefully selecting the atomic and
ionic lines to achieve higher accuracy. All the selected atomic
and ionic lines have the highest upper energy level spread
among them and the transition probabilities are low enough in
order to neglect the self-absorption. The electron density is
obtained from the Stark-broadened profile of atomic tungsten
line at 430.2 nm. Both these plasma parameters are studied as a
function of time with respect to laser pulse and incident laser flu-
ence. The temporal window is identified for the existence of opti-
cally thin plasma as well as the LTE conditions at all the laser
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fluence employed in the present case. The branching ratio method
is applied to verify the optical thin condition in LIP. Assuming the
LIP to be stationary and homogeneous, the McWhirter criteria is
employed to estimate the minimum required electron density to
maintain LTE. In order to take care of the transient and inhomo-
geneous nature of the LIP, the relaxation time and diffusion
length are also estimated to ensure LTE in such a situation.

Experimental setup

The schematic diagram of the experimental setup used in the pre-
sent work for time-resolved LIBS studies on tungsten is shown in
Figure la. In brief, the experimental work is performed in air by
focusing a Q-switched Nd:YAG laser (INNOLAS Split light 1200),
operating at the second harmonic (wavelength 532 nm), pulse
width ~7 ns and repetition rate of 1 Hz on the tungsten target
having purity of 99.95% (Alfa Aesar) at normal incidence to gen-
erate the LIP of tungsten. The focal length of the lens used to
focus the laser beam is 15 cm. This gives the beam spot size of
~230 pm on the sample as measured by an optical microscope
(OLYMPUS BX51M) from a single-shot laser-ablated surface.
The experiment is performed at four different laser energies of
25, 50, 75, and 100 m] corresponding to the fluence of 60, 120,
180, and 270 J/cm®, respectively, on to the surface of the target.
The tungsten target is being translated across the laser beam in
order to avoid any pitting or the formation of deep crater so as
to provide the fresh surface for ablation on a shot-to-shot basis.
The plasma radiation is collected at 45° with the incident laser
beam by a system of collection optics and transmitted through
an optical fiber, to the entrance of an echelle spectrometer
(Andor Mechelle ME5000) having resolution of 0.01 nm. The
echelle spectrometer equipped with intensified charge couple
device (ICCD) is capable of recording the spectrum over a wide
spectral range of 200-850 nm in a one single-shot acquisition.
The ICCD is operated in a gated mode to record the spectra as
a function of time with respect to the laser pulse in the temporal
range of 0.5-5 ps by maintaining the gate width fixed at 0.5 ps
duration. To trigger the ICCD at different delay times with respect
to laser pulse, a delay generator (Stanford Research Systems
DG545) is triggered with the Pockels cell output of the laser
and a desirable delayed Transistor-transistor logic (TTL)
(0-5V) pulse is generated to trigger the ICCD. To monitor the
arrival of the laser pulse and the opening of the ICCD, a part
of the laser beam is detected by a photodiode and is displayed
on a DSO (Tektronix TDS 2024B) simultaneously along with
the ICCD gate delay. This timing scheme used in the present
experimental setup to trigger the ICCD detector at the desired
delay time is shown in Figure 1b. In order to improve both the
SNR and the reproducibility, each and every spectrum is accumu-
lated over 10 consecutive laser pulses and averages out.

Results and discussion

Whenever the focused laser intensity is above the breakdown
threshold of the material, ablation occurs and leads to the forma-
tion of high-density, high-temperature transient inhomogeneous
plasma. Due to the transient and inhomogeneous nature of the
plasma, the plasma parameters change drastically both in space
and time. In the following sections, the temporal evolution of
plasma emission, temperature and electron density in LIP of tung-
sten as a function of laser fluence are described.
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Fig. 1. (a) Schematic of the experimental setup for recording the temporal evolution of LIP of tungsten in air and (b) timing scheme for ICCD triggering.
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Fig. 2. Expanded view of the temporal evolution: (a) ionic (267-277 nm) and (b) atomic transitions (429-431 nm) at 60 J/cm? of laser fluence.

LIP emission from tungsten

The LIP spectra of tungsten in air for incident laser fluence of
60 J/cm® in the spectral range of 220-850 nm are shown in
Figure 2 as a function of delay with respect to the laser pulse.
From this, several atomic and ionic transitions of tungsten are
identified using NIST and Kurucz database (https:/www.nist.
gov; https:/www.cfa.harvard.edu/amp/ampdata/kurucz23/sekur.
html). In the UV spectral range of 200-300 nm, the spectra are
dominated by ionic transitions, whereas in the visible range of
300-850 nm, the emitted spectral lines are attributed to mainly
atomic transitions. The expanded view of the temporal variation
of the spectra in the range of 267-277 and 429-431 nm is
shown in Figure 3a and 3b, respectively, at a laser fluence of
60 J/cm®. As an example, the lines of WII at 265.8, 270.2, 258.9,
and 276.4 nm are marked in Figure 3a and that of the neutral
atomic lines of WI at 429.4, 430.2, and 430.7 nm in Figure 3b.
The temporal evolution of the WII line at 276.4 nm and the WI
line at 430.2 nm for all the fluences are shown in Figure 4a and
4b, respectively. From these, the decay time of atomic and ionic
species are assessed by exponential fitting the respective data
and is shown by solid lines in Figure 4. The decay time of ionic
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and atomic lines is the time over which the initial intensity fall
down to a 1/e factor. The variation in decay time for ionic and
atomic transitions as a function of incident laser fluence is
shown in Figure 5a. From this figure, it is observed that the
decay time for the ionic line is 0.60 (+0.02), 0.84 (+0.04), 1.06
(£0.03), and 1.02 (+0.04) ps and that of the atomic line is 1.26
(£0.03), 1.63 (£0.09), 1.65 (£0.01), and 1.59 (£0.09) ps at four
incident laser fluences of 60, 120, 180, and 270 J/cm?, respectively.
The decay time for atomic and ionic lines increases with the
increase in laser fluence up to 180 J/cm?, and then, there is a mar-
ginal fall in it. Initially, with the increase in laser fluence, the mass
ablation increases up to the laser fluence of 120 J/cm? but at
higher laser fluence of 180 J/cm?, the mass ablation of the target
decreases due to the plasma shielding at higher laser fluence
(Harilal et al., 1997; Haq et al., 2015), resulting in the decrease
in the intensity of both the atomic and ionic lines as well as
their decay time. The ions possess kinetic energy than atoms
and recombine with the electrons to form atoms and thus decay
faster than atoms.

The signal-to-noise ratio (SNR) of the spectra is estimated
using the WI at 430.2 nm transition, by the following equation
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(Freeman et al., 2014; Skrodzki et al., 2016):

SNR = Inax — Ibackground (1)
Obackground
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where I, is the integrated peak intensity for the WT at 430.2 nm
line, Ipackground is the averaged background intensity in the neigh-
borhood of the line under consideration, and Gpackgrounda i8 the
standard deviation in the background intensity. The temporal
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variation of the SNR of the spectra at all the laser fluence is shown
in Figure 5b. It is observed that SNR increases with the delay time
up to 3.5 ps for all the laser fluence and then starts falling down,
similar behavior is found for the other lines too. This is due to the
fact that during the initial stage of plasma formation, continuum
radiation is dominated and at a later time, the intensity of emitted
lines falls down (De Giacomo and Hermann, 2017). This confirms
that for LIBS detection, there is a need to record the spectrum at an
appropriate temporal window where the SNR is maximum.

Plasma temperature and electron density

The most widely used method to determine the plasma tempera-
ture in LIP is the Boltzmann plot method. In this, plasma is
assumed to be in local thermodynamic equilibrium (LTE) and
optically thin. In LTE, the line intensity of a transition, I,
from an upper level n to the lower level m is related to the
upper energy state E,, and is given by the following relation
(Zhang et al., 2014; Gao et al., 2015):

In Inm)\nm> _ 1 En + In hcN (2)
gnAnm kBTe 41TU(T3)

where X, is the wavelength of the radiation emitted due to the
transition from the upper level n to the lower level m, g, is the
statistical weight of the upper level, A,,,, is the transition probabil-
ity, kp is the Boltzmann constant, T, is the plasma temperature, h
is the Planck constant, ¢ is the velocity of light, and N and U(T,)
are the number density and partition function of the element
under consideration. The plot of the left-hand side of the equation
against E, for several number of transitions is a straight line. The
temperature of the species can be thus obtained from the slope of
the equation, that is, 1/kgT, without the involvement of any par-
tition function. The accuracy of temperature measurement from
the Boltzmann plot method depends on the selection of the
lines. The selection criteria are (1) the line’s transition probability

Table 1. Spectroscopic parameters for WII lines for the Boltzmann plot
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should be low so as to neglect the self-absorption, (2) the lines
should not be a resonant line (terminating to the ground state),
and (3) spread in the upper energy level as large as possible.
The plasma temperature for the LIP of tungsten is estimated
using atomic transitions and ionic transitions. The six atomic
lines at 430.7, 449.4, 468.0, 484.3, 505.3, and 524.2 nm and that
of the three ionic lines at 251.0, 227.9, and 357.2 nm are selected
for the estimation of plasma temperature from Eq. (2). The upper
energy levels of all these selected lines for the Boltzmann plot are
widely apart, and all these possess low values of transition prob-
ability. All the WI lines are non-resonant lines. The spectroscopic
parameters required for these ionic and atomic transitions are
taken from Kurucz database (https://www.cfa.harvard.edu/amp/
ampdata/kurucz23/sekur.html) and NIST database (https:/www.
nist.gov), respectively, and are listed in Tables 1 and 2, respectively.

The Boltzmann plot for WII at a delay time of 0.5, 3.0, and
5.0 ps for the laser fluence of 60 J/cm® shown in Figure 6a-6¢
and that of the W1 lines in Figure 7a-7c, respectively, as an exam-
ple. The correlation coefficient for the fitted straight line by Eq.
(2), for the measurement of the temperature, is found to be in
the range of 0.98-0.99. The high-value correlation coefficient in
the Boltzmann plot indicate the absence of self-absorption in
LIP. The variation in plasma temperature as a function of delay
time for all the four laser fluences estimated from ionic and
atomic transitions are shown in Figure 10a and 10b, respectively.
It is observed that with the delay time, the plasma temperature
decreases but increases with the increase of incident laser fluence
in both the cases. It is found that the plasma temperature from
WII lines is higher than that of neutral atom in the delay time
range of 0.5-1 ps, but at a later time and in the temporal window
of 1.5-4.0 s, both the temperatures are nearly same indicating
the coexistence of thermal equilibrium among tungsten atoms
and ions. During an early phase of plasma evolution, LIP mainly
consists of highly energetic ions having higher kinetic energy, and
thus, the temperature value is higher compared with that of atoms
in the early phase of LIP, indicating the nonexistence of LTE

Transition Lower-level Upper-level
Wavelength A probability energy Lower-level energy Upper-level
(nm) (Apm) X 107 (Em) (eV) configuration (En) (eV) configuration @ n
251.0 4.219 2.634 5d°4G 7.301 - 10 12
272.9 4.272 1.095 6sa4P 5.635 5d4(5D)6p 2 2
357.2 2.207 1.313 6sa4P 4.728 6pz2S 4 2

Table 2. Spectroscopic parameters for WI lines for the Boltzmann plot

Transition Lower-level Upper-level
Wavelength A probability energy Lower-level energy Upper-level
(nm) (Anm)x10° (En) (eV) configuration (E,) (eV) configuration g™ 9n
430.7 5.40 2.458 5d*6s? 5.335 = 11 11
449.4 3.00 2.387 5d°(“G)6s 5.145 - 9 7
468.0 1.40 0.598 5d*6s? 3.247 5d*6s(°D)6p 7 7
484.3 1.90 0.421 5d%6s? 2.971 5d*6s(°D)6p 5 5
505.3 1.90 0.207 5d*6s? 2.659 5d*6s(°D)6p 3 3
524.2 1.10 2.037 5d%6s? 4.401 - 9 7
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among WII and WI lines (Aguilera and Aragdn, 2004). It is found
that plasma temperature from WII lines varies from 1.622-0.840
(+0.034), 1.696-0.985 (+0.033), 1.805-1.001 (+£0.045), and 1.913—
1.182 (+£0.044) eV and that for WI lines from 1.208-0.971
(+£0.042), 1.304-0.985 (+0.041), 1.308-1.104 (+0.042), and
1.312-1.094 (£0.035) eV as the delay time increases from 0.5 to
5 ps at four incident laser fluences of 60, 120, 180 and 270 J/
cm?, respectively. In general, there is an increase in plasma tem-
perature with the laser fluence.

The electron density of plasma is extracted using the
Stark-broadened profile of the spectral line and given by
(Radziemski and Cremers, 2006; Singh and Thakur, 2007; Haq
et al., 2015; Wermer et al., 2018)

Ne Ne 1/4 —1/3 Ne
ANy = 2w<m> + 3.5A(W) [1—1.2N5" ]<W) 3)

where AL, is the full-width at half-maximum, N, is the electron
number density, w and A are the electron impact width and ion
broadening parameter, respectively, and Np, is the number of par-
ticles in the Debye sphere. Considering the small contribution of
ion to Stark-broadening, Eq. (3) simplifies to the following
(Cowpe et al., 2009; Haq et al., 2015):

Ne
A)\l/z = ZW[W] (4)

In the present study, the electron density is determined using
the Stark-broadened profile from the atomic tungsten transition

https://doi.org/10.1017/50263034619000788 Published online by Cambridge University Press

at 430.2 nm using Eq. (4). The value of the electron impact
parameter for this line is taken from the literature (Nishijima
and Doerner, 2015). The Stark-broadened line of WI at
430.2 nm is fitted using the Lorentzian function and is shown
in Figure 9a at a delay of 0.5 us and the fluence of 60 J/cm® as
an example. The correlation coefficient for the fitted Lorentzian
function, for the measurement of the electron, is found to be 0.99.

The variation in the electron density as a function of delay
time for all the four laser fluences is shown in Figure 11b. The
electron density is varying from 2.40—-1.70 (+0.15), 2.33—1.76
(£0.13), 2.44—1.84 (£0.16), and 2.54—1.82 (+0.07) x 107 cm™>
as the delay time increases from 0.5 to 5 ps, respectively, in the
increasing order of fluence (Surmick and Parigger, 2015).

It is observed from Figures 4, 8, and 9 that the intensity of the
spectral lines, the plasma temperature and electron density are
falling down with respect to delay time and increase with the
increase of laser fluence. The plasma temperature and electron
density are found to be maximum at 0.5 s delay (initial recording
time) at each of the incident laser fluence. Immediately after the
commencement of the LIP, it starts expanding into the surround-
ing medium and loses its energy. The overall process of LIB can
be divided into three stages: first one is the initial laser-target
interaction to form plasma, second one is plasma-laser interac-
tion, and the last stage is plasma cooling and particulates forma-
tion (Singh and Thakur, 2007). The rising part of the laser pulse
generates the plasma, while the trailing part heats the plasma.
During the laser pulse, the plasma expands isothermally, but
after the termination of the laser pulse, its expansion is adiabatic,
as there is no means to supplement the energy further to the
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Fig. 8. Temporal variation of plasma temperature at all the four laser fluences from (a) Wil and (b) WI lines.
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plasma. Thus, it loses its energy due to thermal conduction to the
ambient and target sample, the conversion of the thermal energy
to the kinetic energy via work done by the expanding plasma and
the various radiative as well as non-radiative processes involved in
it along with the collisional mechanism. Due to all these energy
dissipative processes with the time, the temperature and electron
density fall down (Harilal et al, 2005; Hussein et al., 2013). The
emission of radiation from the plasma is interrelated with the
plasma temperature and electron density and exhibited the similar
trend in temporal behavior as that of plasma parameters (Figs 4,
10, and 11). The fall in plasma parameters is faster during 0.5-
1.5 ps as compared with that of the later time of 2-5 ps. The pos-
sible reasons behind this are three-body recombination and the
effect of surrounding atmosphere particularly at a later stage. In
the three-body recombination process, the energy is released
due to the recombination of ions and electrons, which compen-
sate the energy loss due to plasma expansion (Shaikh et al,
2006a; Freeman et al.,, 2013).

The LIP radiation and plasma parameters are strongly influ-
enced by the laser fluence. The target absorbs the energy mainly
from the initial rising part of the laser pulse, and this absorption
increases with the increase in the laser fluence, thus furnishing the
higher plasma temperature and electron density. However, at the
laser fluence above the plasma shielding effect (Harilal et al.,
1997; Haq et al., 2015), the absorption of energy by the target
is curtailed, and thus, the plasma parameters exhibit hardly any
variation with the impinging laser fluence. Figures 4, 10, and 11
clearly indicate that the variation in the intensity of the spectral
lines, the plasma temperature and electron density with the
laser fluence are more prominent up to 180 J/cm?, and beyond
this fluence, there is not much significant difference in the plasma
characteristics with further increase in the laser fluence (Farid
et al., 2014; Hagq et al., 2015).

Validity of the optical thin condition of plasma

The use of OES for the measurement of plasma temperature and
electron number density demands that plasma emission should be
optically thin and plasma should be in LTE. Optical thin plasma
means that plasma should not absorb its own radiation. If the
plasma is not optically thin, then the lines involved in the charac-
terization of plasma undergo self-absorptions. Due to this, the
spectral line profile exhibits distorted line shape leading to enor-
mous error in the determination of electron density and plasma
temperature. To verify the condition of optically thin plasma in
the present case, the theoretical branching ratio is compared
with the experimental intensity ratio of the emitted lines. The
branching ratio of two atomic lines originating from the same
upper energy level is defined by the following equation (Shaikh
et al., 2006b; Zhang et al., 2014):

I g1iAiIN

- 5)
L ©ANM (

For this, the intensity ratio of atomic transitions of WI at 468.0
and 500.6 nm having the same upper energy level, that is,
3.247 eV is calculated as a function of time at all the four fluences.
The theoretical branching ratio from Eq. (5) for these lines is 1.26.
The experimental values of the branching ratio are varying from
1.25-1.40, 1.26-1.25, 1.25-1.25, and 1.34-1.25 for the time
range of 1-3.5 ps at 60, 120, 180, and 270 J/cm? of the laser flu-
ence, respectively, as shown in Figure 10.
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The temporal evolution of the branching ratio shows that the
deviation in experimental values is minimum in the delay range of
1-3.5 ps, but for 0.5 and 4-5 ps, there is a large deviation from the
theoretical value. Thus, the optimum temporal window in which
the plasma can be assumed to be optically thin is 1-3.5 ys.

Validity of LTE in LIP of tungsten

The LIP is of high density and high temperature along with being
highly transient and inhomogeneous in nature (Shaikh et al.,
2008; Zhang et al., 2014). Due to all these, the total ideal thermo-
dynamic equilibrium state for LIP can never be completely
attained. Thus, the concept of LTE is introduced (Cristoforetti
et al., 2010b; Zhang et al., 2014). The LTE condition in the plasma
is studied under three different conditions (Zhang et al., 2014),
that is, the first case, plasma is assumed to be stationary and
homogeneous, the second case, it is considered to be transient
but homogeneous, and third case, the plasma is regarded as sta-
tionary but inhomogeneous. In the first case, in order to satisfy
the LTE condition, the collisional processes between electron-
atom and electron-ion should be very fast and dominating over
the radiative processes, former of which requires a sufficiently
large electron density (Shaikh et al., 2008). The lower limit of elec-
tron density for which plasma can be described in LTE is given by
the McWhirter criterion given by the following equation
(Mortazavi et al., 2014; Zhang et al., 2017):

N, > 1.6 x 102T/*(AE)? 6

where N, (cm™) is the electron density, and AE (eV) is the energy
difference between the states expected to be in LTE. The lower
limit for electron density in the present case is estimated using
energy gap AE =2.487 eV between the ground level and the first
excited level of WI-498.2 as a function of delay time and is
shown in Figure 11, which varies from 2.91-1.61, 3.02-2.63,
3.03-2.78, and 3.04-2.77 x 10" cm ™ for the incident laser fluence
of 60, 120, 180, and 270 J/cm®, respectively, and this range of min-
imum electron density is nearly similar for all the laser fluences.

On comparing Figures 9b and 11, it is obvious that the
required minimum electron density as per Eq. (6) is less than
that of the experimentally estimated for all the four laser fluences,
confirming the LTE for LIP of tungsten in the present case.

In the case of inhomogeneous and transient plasma, the tem-
poral evolution of the plasma parameters should be sufficiently
slow in order to allow the plasma sufficient time to reach the ther-
modynamic equilibrium. This requires that the plasma relaxation
time, t.), the time required to establish excitation and ionization
equilibrium should be much shorter than the time of variation of
plasma parameters, that is (Cristoforetti et al., 2010a),

Te(t + trel) - Te(t)
Te(t)

Ne(t + trel) - Ne(t)
«1 NG <1 (@

The relaxation time is estimated by the following equation
(Cristoforetti et al., 2010a):

6.3 x 10* AE
Lrel = —AEnm(kTe)l/z exP( nm) (8)
Nefmn<g) kT,

where ¢, is the relaxation time (s), AE,,, is the energy difference
between the levels, f,,, is the transition oscillator strength, g is the
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Fig. 12. Assessment of LTE at various delay times as a function of incident laser fluence: (a) relaxation time and (b) diffusion length parameters.

effective gaunt factor, and N, is the electron density. The
WI-498.2 nm transition having AE,,,=2.487eV and f,,=
0.0046 is used to estimate the relaxation time. The variation in
the relaxation time as a function of delay time with respect to
laser pulse is shown in Figure 12a. The relaxation time in the pre-
sent experimental conditions is found to be of the order of 107 s
which is much smaller than decay time of plasma parameters,
estimated to be of the order of microsecond (Fig. 5a), thus satis-
fying the second criteria for the LTE condition.

The third condition for LTE demands the diffusion length
during the relaxation time should be small compared with the
dimension of the plasma (Cristoforetti et al., 2010a):

Te(x) — Te(x + A)
Te(x)

Ne(x) - Ne(x + A)

1
< NeG)

<1 9)

where A is the diffusion length (cm) during the relaxation time
given by the following equation (Cristoforetti et al., 2010a):

kT)** ( AE, AE,,
OIZ(N) (MAf ) exp(sz) (10)

In Eq. (10), M, is the atomic mass of element emitting the
transition. The variation in the diffusion length as a function of
time is shown in Figure 12b and is of the order of 10™>cm
The inhomogeneous plasma will fulfill the LTE condition pro-
vided the plasma size is at least 10 times larger than A. In the pre-
sent experimental condition, the size of the plasma is of the order
of 107" cm confirming the validity of the third criteria of LTE.

A=1

Conclusions

The temporal evolution of LIP of tungsten in air is studied as a
function of incident laser fluence through the LIBS technique.
It is observed that plasma emission intensity decreases with
time, and atomic lines persist for a longer duration than ionic
lines. The temporal evolution of SNR increases with fluence in
the temporal window of 0.5-3.5 pus, but beyond this window, it
is quite low. The plasma temperature is estimated by carefully
selecting several atomic and ionic transitions of tungsten by the
Boltzmann plot method. In the temporal window of 0.5-1 ps,
the ions are observed to be at a higher temperature compared
with that of atoms, while at a later time in the temporal window
of 1.5-4 us, both these possess nearly the same temperature
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indicating the coexistence of thermodynamic equilibrium
among tungsten atoms and ions. The Stark-broadened profile of
WI line at 430.2 nm is exploited for the estimation of electron
densities of LIP of tungsten. The emitted line intensities as well
as both the plasma parameters initially increases with the increase
in laser fluence but saturated at higher fluence due to the plasma
shielding effect. The LTE and optical thin condition of LIP are
also assessed in the present experimental condition. The temporal
evolution of all these parameters indicates that there is need to
record the spectrum in a particular time window of 1.5-4 ps
and laser fluence so as to have high SNR and validity of the
LTE and optical thin condition of LIP. The obtained parameters
in the present study may prove to be a sort of reference for the
estimation of missing atomic parameters that are essential for
spectroscopic study in different experimental conditions.
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