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Abstract

The influence of plasma shielding effect induced by ambient gas pressure and laser intensity on the laser-produced Cu
plasma parameters, signal-to-background ratio (S/B) and expansion are experimentally and numerically investigated. A
Q-switched Nd:YAG laser at 1064 nm at various intensities ranging from 2 to 7.1 GW/cm? intensity (40-150 mJ) is
used to produce Cu plasma in air, argon (Ar), helium (He), and neon (Ne) ambient gas at various pressures ranging
from 5 to 1000 mbar. Laser-induced breakdown spectroscopy reveals that spectral radiation, S/B, electron temperature,
number density, and front edge velocity of the plasma have an increasing trend up to a certain value of laser intensity
and gas pressure. Afterwards, a saturation trend is achieved, which is attributed to the shielding and self-regulation
effect. The numerical modeling of the laser-produced Cu plasma in the presence of air at atmospheric pressure is
carried out using the MULTI radiation hydrodynamics code. We have shown that the feature of plasma shielding effect
observed in the experiments can be reproduced using a continuum hydrodynamics model. Laser intensity at about
3.5GW/cm? is found to produce the highest S/B at 1000 mbar air. He, Ne, air, and Ar show the best S/B,
respectively and the best S/B is found for air, Ar, He, and Ne at 10, 5, 10, and 20 mbar, respectively. The expansion
of plasma plume is studied using a simple and effective technique based on probe laser absorption and scattering
method. The plasma plume expansion through He, Ne, air, and Ar at 1000 mbar pressure has the highest velocity,
respectively. The simulated results of strong shock wave model and Rankine—Hugoniot jump condition are fitted to the
experimental data, which are then used to estimate the values of the ablation parameters.
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1. INTRODUCTION et al., 1992), temperature and density (Harilal et al.,
19984, 2006; Aguilera & Aragon, 1999), expansion (Mah-
mood et al., 2009, 2010; Galila et al., 2010), and surface
morphology (Bashir ef al., 2012; Chan et al., 2013; Khan
et al., 2013; Dawood et al., 2015) of laser-induced plasma
for different materials. In 2012, Farid et al studied the effects
of argon (Ar), air, and helium (He) gases at 5-760 torr on
copper plasma and found the maximum plasma line radiation
for argon, air, and He at 10, 50, and 20 torr, respectively and
also maximum electron temperature and density for Ar, air,
and He (Farid er al., 2012). The plasma shielding effect
due to laser intensity (ranging from 8 MW /cm® to
0.16 GW/cm?) on ablation rate of YBa,Cu;0; target has
been studied in (Singh, 1996; Zhang et al., 2005). The
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In laser—matter interaction, the nature and pressure of ambi-
ent gas and laser intensity has significant effects on creation
of plasma shielding and plasma parameters (Sdorra &
Niemax, 1992; Aguilera et al., 1998; Dreyer et al., 2007).
In contrast to vacuum condition, laser—matter interaction in
the presence of ambient gases (because of effects such as less
ablation, shock wave generation, plasma confinement and
deceleration, expanding plasma species collision, and pene-
tration into the ambient gas) is more complicated (Sdorra
& Niemax, 1992; Dreyer, et al 2007; Farid et al., 2014).
Many researchers have studied the effects of nature and pres-
sure of ambient gases on atomic radiation (lida, 1990; Lee
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has been reported by Vadillo ez al. (1999). Also, the influ-
ence of the shielding effects related to focusing distance
and the pulse energy on nickel laser-induced breakdown
spectroscopy (LIBS) analysis has been studied, Aguilera
et al. (1998). The experimental and numerical effect of
laser intensities (0.5, 0.7,0.9, 1.1 GW/ sz) and background
gas pressure on plasma radiation has been reported in
(Mehrabian et al., 2010; Rezaei & Tavassoli, 2012). Harilal
etal. (1997), showed that the radiation lines of carbon plasma
depend on the interacting laser intensity. They showed that
as the laser intensity increases from 21 to 90 GW/cm?,
plasma temperature, density, and ionic carbon radiation
line saturate due to plasma shielding effect. Also, Akram
et al. (2014), investigated the effect of laser intensity
(13-100 GW /cm?) on surface morphology and plasma char-
acteristics of zinc target. Moreover, the effect of nature and
pressure of ambient environments on the surface morphol-
ogy, plasma parameters, hardness, and corrosion resistance
of laser-irradiated Mg-alloy has been studied by Dawood
et al. (2015).

In this paper, the effect of plasma shielding due to laser
beam intensity and ambient gas condition on plasma
parameters [focused on signal-to-background ratio (S/B)]
and plasma plume expansion in laser—copper interaction
are investigated both experimentally and numerically to
find out the optimum conditions to have the best S/B
ratio, which is vital for LIBS applications. LIBS method
is used for studying plasma temperature and radiation. In-
stead of conventional methods for studying plasma expan-
sion such as interferometery, shadowgraphy, and fast
photography (Mihaila er al., 2010; Gregorcic & Mozina,
2011; Farahbod et al., 2012; Freeman et al., 2013; Farid
et al., 2014), the technique of probe laser absorption and
scattering (Azzeer et al., 1996) is used here to measure
plasma front edge velocity through different ambient
gases at atmospheric pressure and various laser intensities.
The expansion dynamics of pulsed laser generated plasma
plume in ambient gas is a topic of great interest in pulsed
laser deposition systems.

The paper has been arranged as follows: the experimental
setup and the numerical model are described in Sections 2
and 3, respectively. The simulations are carried out by
one-dimensional (1D) version of MULTT that is a radiation
hydrodynamics code (Ramis et al., 1988). Modeling of the
laser-produced Cu plasma in the presence of 1000 mbar,
room temperature air has shown that the feature of the
plasma shielding effect observed in the experiments can be
reproduced using a continuum hydrodynamics model,
which has provided valuable insight into the hydrodynamic
properties of plasma. The results are presented and discussed
in Section 4. The experimental observations are compared
with the shock wave model (Mahmood et al., 2009). The simu-
lated results of the model are fitted to the experimental data,
which are used to estimate the values of the ablation parameters
using Rankine—Hugoniot jump condition. Finally, the paper is
concluded in Section 5.
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2. EXPERIMENTAL SETUP

A home-made Nd:YAG laser at 1064 nm with pulse duration
of 28 ns at various intensities ranging from 2 to 7.1 GW /cm?
(40-150 mJ energy) is used to produce laser-induced plasma.
A part of the laser beam is guided to a calorimeter to monitor
energy fluctuations. Air, Ar, neon (Ne), and He at various
pressures ranging from 5 to 1000 mbar are injected into a
vacuum chamber. Copper with high purity is used as the
target and its surface is carefully polished and then cleaned
with pure acetone. The target is installed on an automated
XY positioner to position a new location of the surface for
the exposure of the incident laser beam. A lens with focal
length of 7.5 cm is used to focus laser beam on the target.
Base on equation D = 2+/2f0 for diameter (spot size) of a
Gaussian laser beam at the focal plane of a focusing lens
where 0 = 1 mrad and f= 7.5 cm are respectively the beam
divergence and lens focal length, the calculated spot size
is about 210 pm. The measured spot size on the target is
about 310 pm where a calibrated optical microscope is
used to observe the effect of the laser beam on the surface
of the target. The difference is due to positioning the target
slightly before the beam waist to make sure that the laser
does not cause probable breakdown in ambient gas. Also,
no gas breakdown was detected at the focal point in absence
of the target with the highest laser intensity. An optical fiber
spectrometer with 1100 line/mm grating (which was de-
signed and constructed by authors) is used to measure
plasma radiation. Software for visualization of radiation
data from the camera is designed and developed in LAB-
VIEW environment. The desired timing between laser radia-
tion start and camera triggering is provided by an electronic
delayer with 1 us temporal-resolution, which was synchron-
ized with the laser electro-optic driver. Plasma expansion is
studied by probe laser absorption and scattering technique
(Azzeer et al., 1996). According to Figure 1, a 2 mW
He—Ne laser beam at 632.8 nm wavelength is steered parallel
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Fig. 1. Experimental setup, M, mirror; APD, avalanche photodiode; PD,
photodiode; F, filter; L, lens; P, aperture; BS, beam splitter.
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to the target surface with arbitrary distances from it and per-
pendicular to the interacting laser direction. Two convergent
lenses are used to reduce the beam diameter of the probe laser
for more exact measurement of probe beam separation from
the target surface. Three optical filters with transmission of
<1% in 1064 nm and a 3 mm diameter aperture are located
in the entry of APD. This setup (i.e., APD, filters, and aper-
ture) are located in a dark box to minimize entrance of the
scattered interaction laser into the detector.

The arrival time of plasma plume to probe beam position is
detected at reduced amplitude of probe signal with a digital
oscilloscope (Tektronix model TDS3052B). Using this
method, it is possible to estimate velocity of the plasma
plume at various positions from the target surface.

3. NUMERICAL AND THEORETICAL MODELS

Computational study was done using the MULTI code
(Ramis et al., 1988). MULTI is a multidimensional radiation
hydrodynamic code that simulates the behavior of matter at
high densities of energy typically found in inertial fusion
and related experiments of laser interaction with matter. In
the 1D version of MULTI code the fluid equations of con-
tinuity of mass, Eq. (1), momentum, Eq. (2), and energy,
Eq. (3), both for ions and electrons, are coupled with thermal
radiation transport, heat conduction, and several energy dep-
osition mechanisms such as laser and ion beams.

Dip =—pV.y, 1)
pDy = —VP —R, 2)
pDe = —-PVyv—-V.g—0+S. 3)

The main variables: matter density p(r, £), velocity v(r, ), spe-
cific internal energy e(r, ), and pressure P(r, f) are considered
here to be functions of coordinate and time. D; is the time de-
rivative in a frame moving with the fluid (D, = 6, + v.V). R
and Q are the radiated momentum and energy per unit volume,
respectively, g is the thermal flux and S includes other energy
sources such as laser or ion beam (laser here). The energy has
been written in terms of the specific internal energy e. A
simple treatment of the heat transport, § = —xV T is assumed
in the code, where k is the thermal conductivity of
electrons. The ideal gas equation of state (EOS) P = pRT
and e = (y — 1)RT or tabulated SESAME EOS are used to
close fluid equations of motion together with mass and
energy transport equations. Here, y=c,/c, and R are the
ratio of specific heats at constant pressure and volume, and
universal gas constant, respectively. The 1D spherical frame
simulation is used. The simulated region is a thin plate of
Cu with 2 mm thickness and the environment is air gas at
normal condition (300 K, 1 atm, and mass density 1.23 kg/
cm®) and the energy of laser beam is completely dumped at
the critical density. The MULTI code access matter properties
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through tables generated by codes SNOP, MPQEOS, or from
SESAME library (Ramis, 2012). The code uses the inverted
tables of EOS for electrons and ions for selected matter to cal-
culate the temperature and pressure of plasma from the mass
density and specific internal energy. Planck and Rosseland
opacities are used for calculation of the plasma absorption co-
efficients (Ramis, 2012). We derived the EOS of copper and
air using MPQEOS code and the ideal gas table, respectively.
The plasma plume is assumed to be formed with the laser
under similar irradiance conditions used in the present experi-
ment except that a linear power ramp pulse is used in simula-
tions rather than a semi Gaussian pulse for the laser power.
The hydrodynamic model describes laser metal interaction
with treating the target heating, evaporation, and ionization
processes.

Continuity equations of mass [Eq. (4)], momentum [Eq. (5)],
and energy, [Eq. (6)] at both sides of shock wave through
Rankine—Hugoniot jump condition can be written as (Landau
et al., 1959):

prur = pyua, (4)
2 B 2
piuy + P = pyu; + P, (5)
1, P, 1, P,
- 1z 2 6
2u1+el+pl 2u2+62+p27 ()

where p; and p, are mass densities, 7 and T, are temperatures,
P, and P, are pressures, e¢; and e, are internal energies, and i
and u, are velocities in undisturbed ambient gas and behind
shock wave, respectively. Dimensionless parameter that deter-
mines the shock wave power is Mach number, M, which is the
ratio of shock velocity, ug,, to sound velocity in undisturbed
ambient, a;:

u w2\ "2
M= ;h — (pl Sh) . (7)
ap yPl

Plasma hydrodynamic characteristics such as temperature, pres-
sure, and density can be calculated from Eqgs (4)—(6) and shock
model:

+1
Pz=hpp ®)
(% y—1. ,
T2_<v+1>[y+1M]T1’ ©)
2
Py = (m>plu§h. (10)

The experimental results of plasma plume expansion velocity
through different gases are used to find out the plasma hydro-
dynamic characteristics behind shock wave using the above
equations.
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4. RESULTS AND DISCUSSION

4.1. The influence of plasma shielding effect on electron
temperature, density, and atomic line emission

Time integrated intensity of plasma radiations induced in
laser—copper interaction at various ambient gas conditions
and various laser intensities is experimentally obtained to
study plasma shielding effect on S/B ratio. To be more con-
fident, each data point is at least an average value of five
measurements. For more accurate investigation of the
plasma shielding effects on atomic line emission, changes
in intensity of three Cu atomic lines at 510.55, 515.32, and
521.88 nm versus laser intensities at 1000 mbar air were
measured and depicted in Figure 2. Increasing laser intensity
from 2 to 4 GW/ cmz, results in a strong increase of atomic
line emission due to increasing plasma temperature and den-
sity. The emission intensities are saturated for 4-7.1 GW/
cm?. The increasing and saturation behavior of lines intensity
has its origin similar to the behavior of plasma temperature
and density because of plasma shielding (Figures 4 and 5).

Similar to our results for Cu atomic lines, it has been re-
ported that by increasing laser intensity the first and second
carbon ion lines emission intensity at 392 and 580.01 nm in-
creases rapidly at first and finally saturates at higher laser in-
tensities (Harilal et al., 1997).

The effect of ambient gases and their pressure on
515.32 nm Cu atomic line emission intensity for 2 GW/
cm? laser intensity are depicted in Figure 3a.

Emission intensity initially increases with increasing pres-
sure up to 70, 100, 40, and 30 mbar for argon, air, Ne, and He
respectively and then decreases and finally saturates. These
results are consistent with results in references (Farid et al.,
2012; Nakimana et al., 2013; Dawood et al., 2015). The
other atomic lines show the same behavior. At very low pres-
sures, plasma expands fast and freely, causing a low density
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Fig. 2. The variation of three different atomic lines of Cu at 510.55, 515.32,
and 521.88 nm at various laser intensities ranging from 2 to 7.1 GW/cm?.

https://doi.org/10.1017/50263034616000355 Published online by Cambridge University Press

M. Pishdast et al.

a)
T T T
I
8000 - o0 ) - 515.32 nm o Ar
L . el ] e p \ He p
s e v Neon
- [ P - ¢ o, s
S 6000 |- @ T ‘ i ® ¢ A
-@- N = L I TR i
i n_ +
Z so00f LA -:‘!'¢"'| = |
g ! Ly T =T [ 1 ! ! |
2 [ A | ® g om B
£ 4000 | . L T 4 1 X b &
3000 | -
2000 r 1 1 L 1 1 1 L 1 1 1
0 200 400 600 800 1000
b)
T T T T l T l T ‘ T I
4000 |- o
5 3500 |- & -
8 [ /| |
> ® ¢ ©
= 3000 | i) .
5 X [ AN ] J
£ 2500 | ) i
g 2000 |- ) .|. L B R T
o s  a¥nm N I i
e 1T |
1500 | 17 = o
é I 1= iy Y Y v Y v v |
@ 1000 | vyYl, .
500 |- J
1 i 1 " 1 " 1 " 1 " 1
0 200 400 600 800 1000

pressure (mbar)

Fig. 3. (a) 515.32 nm Cu plasma atomic line emission intensity and (b) con-
tinuum radiation intensity for different gases at various pressures ranging
from 5 to 1000 mbar and 2 GW /cm? laser intensity.

and temperature plasma. As pressure increases, plasma tem-
perature and density increase which in turn leads to increase
in atomic emission intensity. This can be due to increasing
collision frequency of plasma species, transferring part of
ambient gas energy to the plasma close to the target surface
and also plasma confinement. As the pressure increases,
more plasma confinement near the target surface results in
increase of plasma shielding and less effective laser target
interaction. Even though more laser energy is absorbed in
plasma in this case, but more increase of electrons elastic in-
teraction frequency with ambient gas atoms at higher pres-
sures reduces free electrons energy produced by inverse
bremsstrahlung effect and finally results in reduction of the
plasma density and electron temperature (Harilal et al.,
1998a). The highest and the lowest intensity are for the
cases of Ar and He, respectively, and air and Ne have
nearly the same intensity. The reason is different first ioniza-
tion energy, E, to atomic mass, M, ratio of gases and also
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Fig. 4. Boltzmann plot for air at 5 and 1000 mbar and 2 GW/ cm? laser
intensity.

their different heat conductions. There is more amount of
energy loss due to elastic and inelastic collisions with ambi-
ent gas atoms in the presence of gases with higher E/M
(Harilal et al., 1998a; Farid et al., 2012; Nakimana et al.,
2013). Heat conduction of the ambient gas has also an impor-
tant role in plasma energy loss.

According to Table 1, lowest atomic mass and also highest
E/M and heat conduction belong to He, Ne, air, and Ar, re-
spectively. The effect of ambient gases and their pressures on
continuum radiation of the plasma are depicted in Figure 3b.
Continuum radiation has the highest value in the presence of
Ar, air, Ne, and He, respectively. Also, as ambient gas pres-
sure increases up to 200 mbar, continuum radiation increases
for all the gases and then saturates at higher pressures.
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Fig. 5. Time-integrated electron temperature at various air and Ne pressures
ranging from 5 to 1000 mbar.
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Table 1. Physical characteristics of gases (Farid et al., 2012;
Kramida et al., 2012)

Gas Air Neon Helium Argon
Atomic mass, M, (g/mol) 28.96 20.2 4 39.95
Ionization energy, E, (eV) 15.58 21.56 24.59 15.76

E/M ratio 0.52 1.07 6.14 0.39

Heat conduction 62.40 117 360.36 42.57
10~° cals/deg/cm)

Specific heat ratio 1.4 1.667 1.667 1.667

Density (kg/m°) 12 0.89 0.167 1.66

Two main mechanisms of plasma continuum radiation are
bremsstrahlung and recombination radiation. Bremsstrahlung
radiation energy in volume, time, and frequency units at spe-
cific frequency, v, is determined from (Rezaei & Tavassoli,
2012):

6
nee h |KgT _,
I _ v/KgT } : 2 , 11
brene (V) 24m23dmh KgTV me ¢ nme (1D

where c is the light speed in a vacuum, m,, n,,, and n, are the
electron mass, ionic, and electronic density, respectively. Z;
and ¢, are the atomic number and vacuum permittivity. As
the highest temperature and electron density occur in the
presence of Ar, Ne, air, and He (Farid et al., 2012), respec-
tively, and as Ar and He has the lowest and highest ionization
energies (see Table 1), it is reasonable to conclude that
plasma continuum radiation to have highest and lowest
value in Ar and He, respectively. To calculate T, experimen-
tally, it is supposed that local thermodynamic equilibrium is
held in this experiment (Akram et al., 2014; Farid et al.,
2014; Dawood et al., 2015). So, plasma temperature is calcu-
lated using Boltzmann equation:

)\mnlmn _ E7m @
tn <gmnAmn> =it 1“<U(T>)' (12

In the above equation I, n, Ay Amns &m» and Ey, are inten-
sity, wavelength, transition probability, degeneracy, and
energy for the upper level, respectively. U(T), N(T), k, and
T, are the partition function, total number density, Boltzmann
constant, and electron temperature, respectively. By drawing
the left-hand side of Eq. (12) as a function of upper excited
energy E,,, electron temperature is determined through the
slope of its straight line, Figure 4. Time-integrated intensities
of four atomic lines at 510.55, 515.32, 521.88, and
578.58 nm are used to calculate the electron temperature.

The necessary values for calculating electron temperature
are listed in Table 2.

Electron temperature in Ar has the highest and in He has
the lowest values (Farid et al., 2012; Dawood et al., 2015).
The results show that electron temperature in air and Ne
have nearly the same value especially at higher pressures
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Table 2. Necessary data for plasma temperature calculation
(Kramida et al., 2012)

Transition
Wavelength ~ Upper level — Degeneracy of probability
Atom (nm) energy (eV) upper level s™hH
Cul 510.55 3.817 4 2x10°
Cul 515.32 6.191 4 6% 107
Cul 521.88 6.191 6 7.5% 107
Cul 578.21 3.786 2 1.65% 107

(Figure 5). Increasing—decreasing and finally saturation be-
havior of the electron temperature with increasing pressure
is obvious that is because of plasma shielding effect at
higher pressures. Figure 6 shows simulation results of nor-
malized laser absorption at target surface and electron
number density close to the target surface at various laser in-
tensities. These results show the increasing—saturation behav-
ior. We have normalized the peak values to the maximum
peak. It is seen that at lower laser intensities, the laser absorp-
tion at target surface increases almost linearly with laser in-
tensity. However, as laser intensity rises more than about
3 GW/cm?, the plasma shielding effect happens because of
laser energy absorption at the outer layers of plasma and
the laser absorption at the target surface reduces leading to
less effective laser target interaction.

The line broadening of the emission spectrum can be used
to determine the electron density. The radiating species in the
plasma are majority under the influence of electric fields by
fast-moving electrons and relatively slow-moving ions. This
perturbing electric field acts on atoms and ions and shift their
energy levels, which cause Stark line broadening. Moreover,
other mechanisms such as Doppler, resonance pressure
broadening and instrumental broadening also contribute.
When the radiating atoms or ions are surrounded by dense
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Fig. 6. The variation of laser absorption at target surface and electron den-
sity at various laser intensities ranging from 0.5 to 10 GW /cm?.
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plasma, the Doppler broadening mechanism is ignorable in
comparison with Stark broadening (Farid et al., 2012). The
electron density related to the full-width at half-maximum
(FWHM) of the Stark-broadened line is given by Eq. (13),

Ne
A}\l/g = 2(0(@)

N \* ~1/3 N
+3.5A<]0|6) [1-1285 ]xw<10,6>,

where N, is the electron number density (cm ™), w is the elec-
tron impact width parameter, and A is the ion-broadening pa-
rameter. Both w and A are weak functions of temperature
(Zeng et al., 2004; Zmerli et al., 2010). Np is the number
of particles in the Debye sphere. The first term in Eq. (13)
refers to the electron broadening and the second term refers
to the ion broadening, which is very small in our case and
can be neglected. Therefore, Eq. (13) reduces to Eq. (14),
(Farid et al., 2014).

13)

A\ij2 = 20(Ne/10). 14)

The Cu(I) line at 510.55 nm was used for determination of
electron density, which its shape is well fitted by a Lorentzian
function, indicating that self-absorption is not a major con-
cern, (Baudelet et al., 2010; Farid et al., 2012; Takahashi
et al., 2015). The value of w is taken from (Konjevic &
Wiese, 1990). The spectrometer also contributes the broaden-
ing of a spectral line called instrumental broadening. Gener-
ally, the instrumental broadening AM;,, must be measured
separately for each device and it is neither completely Lorent-
zian nor Gaussian (Hahn & Nicolo, 2010). The instrumental
broadening of spectrometer is determined by using a He—Ne
laser with line-width ~2x 107> at 632.8 nm, (Parsons,
1968). It is found that the spectrometer response was closely
a Gaussian profile with A\, = 2 nm (FWHM). The Stark
broadening Al can be calculated by deconvolution
process and using Eq. (15), (Hahn & Nicolo, 2010).

A}\stark = A)\tm - A)\iznst/A}\tot- (15)

Typically the Stark effect is the main contributor for line
broadening in the laser plasmas, which is given by a Lorent-
zian profiles. Figure 7 shows the resulting variation in the eval-
uated electron density of Cu plasma varying from 1 x 10'° to
9% 10'® cm™? for various laser intensities in air. In general, an
increase in broadening is observed with increasing laser inten-
sity caused by the Stark effect.

This suggests that the density of the plume is related to the
laser intensity and increasing—saturation effect is obvious be-
cause of plasma shielding effect. Also, it has been shown an
increase in broadening with increasing ambient pressure
caused by the Stark effect (Farid et al., 2012, 2014).

Figure 8 shows the simulation and experimental results of
the normalized electron temperature at 2 mm distance from
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Fig. 7. The experimental results of the electron density variation at various
laser intensities ranging from 2 to 7 GW/cm?.

the target surface and time-integrated electron temperature at
various laser intensities, respectively. Simulation results
show that increasing laser intensity up to about 3 GW /cm?
raises the electron temperature and then it shows saturation
behavior with laser intensity increment. According to the ex-
perimental results as laser intensity increases to about
3.5 GW/cm?, plasma temperature raises up to 1.15 eV, and
then more increase of the laser intensity leads to temperature
reduction and its final saturation.

According to the simulation results in Figure 6, saturation
of plasma electron temperature and electron density at higher
laser intensities (Figs 7 and 8) and lines emission intensities
(Fig. 2) is due to the increased plasma shielding effect, ab-
sorption, and/or reflection of laser beam from the plasma,
which results in an ineffective laser—target interaction. Re-
flection of incident laser depends on plasma frequency, v,
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Fig. 8. Simulation results of the normalized electron temperature close the
target surface and experimental results of time-integrated electron tempera-
ture, at various laser intensities.
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and laser frequency, v; where laser frequency used in this re-
search is v, = 2.828 x 10'"* Hz. Also, plasma frequency is
calculated using Eq. (16)

vp = 8.9% 10°n07, (16)

where 7, is the electron density. According to the laser char-
acteristics used in this research and the expected value of
electron density (Farid et al., 2012; Akram et al., 2014;
Dawood et al., 2015), it is expected that the plasma fre-
quency to be in order of 10'* Hz, which is much less than
the laser frequency. Therefore, laser absorption seems to be
more effective than laser reflection by the plasma. Two
main absorption mechanisms in this kind of plasma are in-
verse bremstrahlung and photo-ionization effects (Bekfi,
1976). First-stage increase and the subsequent saturation in
temperature and number density diagram of Figures 6-8
can now be interpreted.

At intensities ranging from 2 to 3.5 GW/cm?, increasing
of the laser intensity leads to more powerful laser—target in-
teraction and hence more ablation rate, which consequently
causes more plasma density, higher temperature, and in-
creased inverse bremsstrahlung absorption (Luo et al.,
2010). Increased absorption by inverse bremstrahlung and
photo-ionization effects and rising plasma density leads to
formation of plasma shielding resulting in the ablation rate
decrease (Singh, 1996; Cabalin et al., 1999; Vadillo et al.,
1999; Zhang et al., 2005; Dan & Duan-Ming, 2008) and
hence reduction of density of charged species and plasma
temperature (Harilal et al., 1998b).

For more intense laser beams, because of formation of
self-regular plasma region in addition to plasma shielding
effect, saturation region appears (Bleinner & Bogaerts,
2006; Cristoforetti et al., 2008). In this region, temperature,
density, and plasma dimension regulate in a manner that
plasma absorbs the same amount of laser energy so that it
can stay in the self-regulated region (Harilal er al., 1998b;
Hafeez et al., 2008). These effects are valid only for the laser-
induced plasma that has heating time much less than the
plasma expansion time and would result in homogenous tem-
perature and density in the plasma. In the same research re-
ported in (Harilal et al., 1997) for graphite target and laser
intensities of 20-90 GW/ cmz, it has been shown that as
laser intensity increases, plasma temperature, density, and in-
verse bremstrahlung absorption in the plasma increases and
finally saturates at higher laser intensities. The same results
are reported in (Akram et al., 2014) for zinc target.

4.2. The effect of plasma shielding on S/B ratio

Both line emission and background continuous radiations are
influenced by interacting laser intensity and the nature and
pressure of ambient gas. Hence, the S/B ratio which is ex-
tremely important for LIBS applications is affected as well.
Using the intensity of the most intense line of copper
atomic lines, I,,, and the mean value of background radiation,
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Fig. 9. S/B ratio against laser intensity for Cu atomic lines at 510.55,
515.32, and 521.88 nm at various laser intensities ranging from 2 to
7.1 GW/cm?.

I,, the S/B ratio can be formulated by Eq. (17) (Farid et al.,
2014):

S I—1
2 _ 17
B A an

Figure 9 shows the behavior of three Cu atomic lines S/B
ratio against laser intensities. As laser intensity increases,
the value of S/B also grows to an optimum value at about
3.5GW/cm? and then reduces and finally saturates at
higher laser intensity.

Figure 10 also shows the behavior of S/B for Cu line at
521.82 nm for Ar, air, Ne, and He at various pressures rang-
ing from 5 to 1000 mbar. He, Ne, air, and Ar show the best
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Fig. 10. S/B for Cu 521.82 nm line at various gases pressures ranging from
5 to 1000 mbar.
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S/B, respectively, and also the best S/B is found for air, Ar,
He, and Ne at 10, 5, 10, and 20 mbar pressures, respectively.

4.3. Hydrodynamic properties of plasma and the effect of
plasma shielding on plasma plume velocity

The hydrodynamic equations for non-steady-state expansion
of plasma plume are numerically solved in Lagrangian for-
mulation using MULTI code. The temporal evolution of
pressure, density, electron and ion temperature, and velocity
of different layers of plasma at various laser intensities
(0.5-10 GW/ sz) are calculated. Figure 11 shows the simu-
lation domain of Cu ablation and ablated plasma expansion
through ambient gas for 2 GW /cm? laser intensity.

The orange color region in the lower part of Figure 11
shows the copper target position. The air gas that fills the
simulation grid up to 2 cm is shown with pink color lines.
As it is obvious, during laser irradiation on the target, abla-
tion takes place and copper vapor pushes the ambient gas
and induces an expanding shock wave in ambient gas. The
dynamics of the expanding plasma changes rapidly in
space and in time. According to Figure 12a the shock wave
raises the air density to about three times the initial value
(1.23 kg/cm?). As the shock wave expands, it compresses
other layers of ambient gas and raises their density. At the
onset times, the asymmetric jet-like expansion is very fast
and a strong shock wave is formed. When the shock wave ex-
pands to further distances it weakens and the peak value of
plasma density reduces. Also, the background gas slows
down the plasma plume. At later times, the motion of
plume front is significantly decelerated. The temporal evolu-
tion of plasma pressure at various distances from the target
surface has been shown in Figure 12b. As an example the
peak pressure of plasma is about 1x 10® dynes/cm?® at
2.4 mm and reduces with time and distance. As the shock
wave expands, it compresses other layers of ambient gas
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Fig. 11. Schematic of simulation domain of Cu ablation and ablated plasma
expansion through ambient gas for 2 GW /cm? laser intensity.
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and raises their pressure. According to Figure 12c, electron
temperature is about 1 eV at about 2.4 mm and is about
twice the ion temperature but they get closer at further dis-
tance and finally reach to the ambient temperature.
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Plasma plume dynamics was also demonstrated in many
studies using a 1D and 2D hydrodynamic model (Lee
et al., 1998; Harilal et al., 2012 as examples).

Usually, the study of laser-induced plasma expansion and
measurement of its velocity is technically complicated and
expensive (Mihaila et al., 2010; Gregorcic & Mozina,
2011; Farahbod et al., 2012; Freeman et al., 2013). We
have used a simple and effective method based on the ab-
sorption and scattering of a continuous He-Ne laser beam
(probe) to determine the plasma front velocity (Azzeer
et al., 1996; Elhassan et al., 2010). Because of the continuous
operation of the He—Ne laser, the rigorous task of synchroni-
zation between interacting laser and imaging apparatus is re-
moved. Additionally, the expensive high-speed camera is
simply replaced by a cheap fast photodiode. According to
Figure 1 probe beam after pass above the target surface at
various distances, enters into the fast avalanche photodiode.
Arrival time of plasma plume to the certain distances above
the target is recorded by using a combination of photodiode
and a digital oscilloscope as an obvious drop in probe signal
intensity in the oscilloscope. The probe beam is fixed at
2 mm from the target surface. The experimental and simula-
tion results of plasma plume velocity at 2 mm distance from
target in 1000 mbar air and at various laser intensities is de-
picted in Figure 13.

Experimental results show that increasing the laser inten-
sity to about 3.5 GW/ cm? results in a noticeable increase
in plume velocity but subsequently it saturates due to forma-
tion of plasma shielding and reduction in effective laser
target interaction at higher intensities. At lower intensities,
increasing the interaction laser intensity increases internal
and kinetic energy of the plasma, which leads to an increase
in expansion velocity. The measured plasma plume expan-
sion velocity at 2mm is of the order of 1.5x 10° cm/s.
The experimental findings are consistent with the results ob-
tained by the shadowgraphy method reported in (Farahbod
et al., 2012). Simulation results also show that the plasma
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Fig. 13. Simulation and experimental values of plasma plume expansion ve-
locity at the distance 2 mm from the target surface at various laser intensities.
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Fig. 14. Experimental and the shock wave model results of position versus
time evolution plot of the front edge of the expanding Cu plasma plume at
1000 mbar ambient Ne gas pressure.

plume velocity increases with laser intensity and gets to the
maximum value of 3.5 x 10° cm/s at about 5 GW/cm? and
then decelerates with laser intensity increment. As is evident,
there is a about 2-fold difference between experimental and
numerical results of expansion velocity but they show
nearly the same increasing—saturation behavior. The differ-
ence can be due to different laser pulse shapes that are
used in the simulations and experiments. We also used this
technique to determine the influence of the nature of ambient
gases (Ar, air, Ne, and He at 1000 mbar) on plasma plume
velocity. The plasma ablation parameters were estimated by
using the experimental data and the shock wave model
R, = Eo(Es/pl)l/ 5213]. &, is a constant, which depends on
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Fig. 15. Plasma front edge velocity at various distances from target in the
presence of different ambient gases at 1000 mbar pressure.
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the gas-specific heat constant ratio, Eg is the ablation
energy and p; is the background gas density (Mahmood
et al., 2009). As an example the fitted plots for the results
of experimental and shock wave model plume front edge po-
sition versus time at 1000 mbar Ne background gas pressures
are given in Figure 14. It can be observed from the plot that
the experimental results fit well with shock wave model. The
experimental data in Figure 14 is used to obtain the estimated
values of the laser ablation parameters.

Plasma front edge velocity through Ar, air, Ne, and He at
atmospheric pressure at various distances from the target sur-
face ranging from 2 to 6 mm is depicted in Figure 15. The
velocity through He and Ar has the highest and the lowest
values, respectively, which according to Table 1 could be re-
lated to the lower atomic mass of He, Ne, Ar, and air respec-
tively and so less confinements of plasma in He rather than
others. The velocity through different gases has remarkable
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Fig. 16. (a) Temperature, (b) pressure, behind plasma front at various
distances from target in the presence of different ambient gases at
1000 mbar pressure.
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difference close to the target surface but they get closer at far-
ther distances. The velocity at 2 mm from the target for He,
Ne, air, and Ar are about 9x 10°, 3.6 x 10°, 3x 10°, 3 x
10° em/s, and 2.5x10°, 1x10°, 0.7x10°, 0.7x 10> at
about 6 mm from the target, respectively. The post-shock
temperature and pressure of the shocked gas layer at various
positions, calculated for 1000 mbar of ambient Ar, air, Ne,
and He gas pressures using Eqs (7), (9), and (10), is shown
in Figure 16a, 16b. The temperature at 2 mm is in the
range of 0.4-0.7eV for all ambient gases and has the
lowest value in He that can be related to the generation of
weaker shock waves in He because of its lower atomic
mass and also its higher heat conduction (Table 1). The tem-
perature reduces at farther distances and at 6 mm reaches to
the twice of the ambient temperature because of energy
loss through expansion, radiation, and heat conduction. The
pressure at 1.5 mm is about 16 X 108, 13 x 108, 6 X 108,
and 2 x 10% dynes/ cm? for Ar, air, Ne, and He respectively
and drops off from the surface and finally reaches to about
the ambient pressure at 6 mm.

5. CONCLUSION

The influence of plasma shielding induced by laser intensity
(ranging from 2 to 7.1 GW/ cm2) and ambient Ar, He, Ne,
and air gases at various pressures (ranging from 5 to
1000 mbar) on the behavior of radiations, S/B ratio, and ex-
pansion of Cu plasma produced by Nd:YAG laser has been
studied experimentally and numerically. LIBS is used to
study the plasma temperature and its line radiation and
simple and effective probe beam absorption technique was
used for determination of plasma shielding effect on
plasma plume expansion velocity at various incident laser in-
tensities and various ambient gas conditions. Plasma hydro-
dynamic characteristics were found from shock wave model
and Rankine-Hugoniot jump conditions. The radiation hy-
drodynamic code, MULTI, was used for laser—metal interac-
tion and expansion of plasma in air. Cu atomic lines radiation
and volume expansion of the plasma plume are strongly de-
pendent on the laser intensity, ambient gas condition, and so
plasma shielding effect. As the laser intensity increases, the
electron temperature, electron density, emission intensity of
atomic lines, and plasma plume expansion velocity increases,
but finally saturates because of plasma shielding effect. The
optimum value of S/B ratio, which is important from exper-
imental and spectroscopic points of view, found out at about
3.5 GW/cm? laser intensity. Cu atomic line radiation has
highest value in Ar, Ne, air, and He, respectively and has
the maximum value at 70, 100, 40, and 30 mbar for Ar,
air, Ne, and He. Electron temperature increases as pressure
rises to about 100 mbar but then reduces and saturates at
higher pressures. Also, raising the ambient gas pressure up
to 200 mbar results the increasing of continuum radiation
and subsequent saturation at higher pressures. He, Ne, air,
and Ar show the best S/B, respectively and also the best
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S/B is found for air, Ar, He, and Ne at 10, 5, 10, and
20 mbar pressures, respectively.

Increasing the laser intensity up to about 3.5 GW/cm?
results in a noticeable increase in plume velocity, but subse-
quently it saturates at higher laser intensity due to formation
of plasma shielding. The plasma ablation parameters were es-
timated by using experimental data and the shock wave
model. The experimental results fit well with shock wave
model. The velocity of shock wave through He and Ar has
the highest and the lowest value, respectively. The velocity
through different gases has remarkable difference close to
the target surface, but they get closer at farther distances.
The value of post-shocked temperature at distance 2 mm
from the target surface is in the range of 0.4-0.7 eV for all
ambient gases and has the lowest value for He. The pressure
at 1.5mm is about 16x10% 13x10% 6x10%, and 2x
108 dynes/cm2 for Ar, air, Ne, and He respectively and
drops off from the surface and finally reaches nearly to the
ambient pressure at 6 mm.

We have shown that the feature of plasma shielding effect
observed in the experiments can be reproduced using a con-
tinuum hydrodynamics model, which provides valuable in-
sight into the hydrodynamic properties of the plasma.
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