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Abstract

The ablation of calcium sample has been studied by the optical emission spectroscopy of the evolving plasma using the
fundamental, second, and third harmonic of a Nd:YAG laser, which reveals numerous transitions due to neutral and singly
ionized calcium. The measurements have been performed to determine the electron temperature and electron number
density and their spatial behavior. In addition, the behavior of the electron temperature and number density as a
function of laser irradiance and ambient gas pressure has been studied. The processes of laser photon absorption in the
plasma through inverse bremsstrahlung and photoionization have also been discussed.
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1. INTRODUCTION

Laser ablation is an exciting field of study both theoretically
and experimentally because of its significance in deposition
of thin films (Veiko et al., 2006) and vaporization of sample
material for spectro-chemical analysis (Wieger et al., 2006;
Schade et al., 2006). In the laser induced breakdown spec-
troscopy (LIBS) technique, a laser pulse is used to form
micro plasma on the surface of the sample being analyzed.
In metals, the light is absorbed via interaction with the electrons
which are raised to the higher energy states. The excited elec-
trons collide with the lattice phonons, thereby transferring the
absorbed energy to the lattice (Bogaerts et al., 2003; Lam
et al., 2007; Ozaki et al., 2007). A portion of the sample is
vaporized during the laser pulse to form plasma of the
sample constituents containing electronically excited atomic
species. Initially the laser pulse deposits energy at the solid
surface, this local heating drives the hydrodynamic pressure,
which causes both the ejection of the hot matter away from
the target and launching of shock waves into the solid
sample (Vidal et al., 2001; Schaumann et al., 2005).

LIBS have been used extensively in qualitative and quan-
titative studies for the analysis of elemental species in solid,
liquid, gases, and aerosol substances. Laser ablation can

provide rapid chemical analysis either in laboratory or in
fields. Extensive studies have been devoted in the field of
LIBS and mostly the fundamental parameters have been
extracted from the spectroscopic analysis of the transition
lines. The plasma parameters are heavily dependent on the
irradiation conditions such as incident laser fluence, spot
size, pressure, and laser wavelength (Martin et al., 1992;
D’Couto & Babu, 1994; Abdellatif & Imam, 2002;
Zbroniec et al., 2004; Chen & Bogaerts, 2005; Shaikh
et al., 2006a, 2006b, 2006c, 2007). Laser induced break-
down spectroscopy is the only technique that can be used
to chemically characterize any sample metals, liquid, gases,
rocks, glasses, plants, bones, teeth, etc (Ying et al., 2003).
This technique can also be used for analysis in environment,
industry, art, medical applications, and geology (Wieger
et al., 2006; Thareja et al., 2006).

In spite of many applications, the exact mechanism of laser
ablation is still not fully understood. Moreover, different
kinds of mechanisms can play a role depending on the type
of the material, the laser irradiance, the laser pulse duration,
etc. In literature, a variety of models for laser ablation are
available operating in different regimes of wavelengths
(1064 nm, 532 nm, 355 nm, and 308 nm), laser irradiance
and pulse duration (fs, ps, ns) target materials and gas
environment (Bulgakov & Bulgakov, 1998; Colonna et al.,
2001; Laville et al., 2004; Gomes et al., 2004; Capitelli
et al., 2004; Chen & Bogaerts, 2005; Bogaerts et al., 2006;
Wang et al., 2007; Bussoli et al., 2007; Bashir et al.
2007). A number of studies concerning the influence of
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various ambient atmospheres have been devoted to find
optimum atmospheric conditions for practical application
and spectro-chemical analysis (Lee et al., 1992;
Cristoforetti et al., 2004; Shaikh et al., 2006a, 2006b,
2006c). Pulsed laser ablation of a solid target in an ambient
gas has proven to be an attractive technique for the pro-
duction of thin films in a wide variety of materials (Trusso
et al., 2005). The presence of the background gas compli-
cates the expansion of the plume as compared to the expan-
sion in vacuum. A wide variety of gas dynamic models have
been recently proposed to understand these complexities
(Bulgakov & Bulgakov, 1998; Colona et al., 2001).

Calcium is the fifth element and the third most abundant
metal in the earth crust and is essential for the life of plants,
animals, and humans. It is present in the bones, teeth, egg’s
shell and soil, and its detection is important in wide appli-
cations ranging from ore analysis, environmental effects,
health effects, and coal industry. It is one of the main com-
ponents of soils and plays an important role in determining
their cohesibility and fertility. However, little information is
available for the calcium plasma parameters, like electron
temperature, and electron number density. Bustamante et al.
(2002) used the laser induced breakdown spectroscopy tech-
nique for the analysis of Ca in a soil depth profile from
Patagonia, Argentina. Maravelaki-Kalaitzaki et al. (2001)
employed LIBS to characterize the encrustation on the
marble. Barklem and Mara Mon (1998) studied the broaden-
ing of Ca II, Mg II, and Ba II spectral lines employing the
theory of Anste and O’Mara (1991, 1995) and calculated the
broadening cross-section for strong lines of these elements.
The spectral profiles of the Ca and Rb transition lines have
been studied by Gornushkin et al. (1999) in a laser induced
plasma as a function of pressure, and delay using a Nd:YAG
laser at 1064 nm. Body & Chadwick (2001) presented new
instrumentation variation on LIBS and used it for the analysis
of coal detecting Al, Si, Mg, Ca, Fe, Na, K, C, and H as its key
inorganic components.

In this paper, based on the results of quantitative plasma
diagnostics, plasma parameters have been estimated. The
aim of the experiment was to study the effect of laser energy
and ambient atmosphere on the spectral line intensities as
well as on the plasma parameters. The Boltzmann plot
method is used to estimate the electron temperature, while
Stark broadened profile of the singly ionized calcium tran-
sition is used for the electron number density measurement.

2. EXPERIMENTAL SETUP

The experimental setup is similar as described in our per-
vious work (Shaikh et al., 2006a, 2006b, 2006c, 2007) and
shown in Figure 1. A Q-switched Nd:YAG pulsed laser
(Brilliant, Quantel) at its fundamental (1064 nm), second
harmonic (532 nm), and third harmonic (355 nm) was used
to ablate the target. The laser beam having pulse duration
5 ns and 10 Hz repetition rate was focused on the target
using a convex lens of 20 cm focal length. The target in

the form of a disc was placed in a chamber provided with
two optical windows, one for the laser irradiance and a side
window for the spectroscopic observation of the plasma.
The target was rotated to avoid the non-uniform pitting of
the target. The spectra were obtained by averaging 10 data
of single laser shot under identical experimental conditions.
The radiation emitted by the plasma were collected by a
fiber optics (high-OH, core diameter: 600 mm) having a colli-
mating lens (0–458) field of view placed at right angle to the
direction of the laser beam. This optical fiber was connected
with the LIBS2000 detection system (Ocean Optics. Inc.) to
measure the plasma emission. The LIBS2000 detection
system is equipped with five spectrometers each having slit
width of 5 mm, covering the range between 200–700 nm.
Each spectrometer has 2048 element linear charge coupled
devices (CCD) array and an optical resolution of �0.05 nm.
In order to record the emission spectrum, the LIBS2000
detection system was synchronized with the Q-switch of the
Nd:YAG laser. The flash lamp out of the laser triggered
the detection system through a four channel digital delay/
pulse generator (SRS DG 535). The LIBS2000 detection
system triggered the Q-switch of the Nd:YAG laser. The
laser pulse energy was varied through the Ocean Optics,
Inc. laser induced breakdown spectroscopy (OOILIBS)
software. The system has been calibrated in wavelength by
recording the well-known lines of neon, argon, and mercury
covering the wavelength range 200–720 nm. The uncertainty
in the measured wavelengths is � 0.02 nm. All the five
spectrometers installed in the LIBS 2000 have been manufac-
turer calibrated in efficiency using the DH-2000-CAL standard
light source. The data acquired simultaneously by all the five
spectrometers were stored on a PC through the OOILIBS soft-
ware for subsequent analysis.

3. RESULT AND DISCUSSIONS

3.1. Description of the Observed Spectra

In this work, we have studied the plasma emission generated
by the fundamental (1064 nm), second harmonic (532 nm),
and third harmonic (355 nm) of the Q-switched Nd:YAG
laser. In the first set of experiments, the 1064 nm, 532 nm,
and 355 nm lasers are focused on the calcium surface and
the emission spectra of the respective plasma are recorded.
The emission spectra of the laser produced calcium plasma
are reproduced in Figures 2a and 2b covering the spectral
region from 300–650 nm. In order to understand the entire
spectrum, it is pertinent to divide the spectrum belonging
to the ionic and neutral atomic transitions. The spectrum
between 300–400 nm predominantly belongs to the ionic
transitions connecting the 4p first excited state to the 4s
lower state, 5s to 4p, and 4d to 4p, excited states of the
singly ionized calcium. The lines below 400 nm reveal
doublet structure and most intense doublet lies around
390 nm which is designated as 4p 2P1/2,3/2! 4s 2S1/2 at
393.47 nm and 396.95 nm, the doublet structure around
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370 nm originates from the 4s 2S1/2! 4p 2P1/2,3/2 tran-
sitions at 370.6 nm and 373.6 nm. The well separated struc-
ture around 320 nm is due to the 4d 2D3/2! 4p 2P1/2,3/2

transitions at 315.97 nm and 318.02 nm. In accordance to
the selection rules, three lines are expected in this multiplet
but only two have been detected. The third line is expected
to lie at 318.02 nm, but it is too week to be detected in the
present work. Because of the low ionization potential of
calcium the lines of calcium ions are very intense.

The neutral calcium transitions 4s4d 3D2,1! 4s4p 3P1,0

are observed around 445 nm and 4s5s 3S1! 4s4p 3P2,1,0 at
314 nm. Some transitions are observed terminating at the
4s3d 3D2,1 levels and a few lines have been observed due
to the decay to the 4s4p 1P1 level, which remains well iso-
lated from the other structure. The resonance line of
calcium 4s4p 1P1! 4s2 1S0 at 422 nm is also prominent in
the observed spectra.

3.2. Determination of Electron Temperature and
Electron Number Density

The key parameters of the laser ablated plume are density and
plasma temperature. These parameters have been estimated
under the assumption of the local thermodynamic equilibrium.
Once formed, the plasma is usually assumed to reach a situ-
ation of local thermodynamic equilibrium (LTE), i.e., the
population density of the atomic and ionic electronic states
is described by the Boltzmann distribution (Detalle et al.,
2001; De Giacomo et al., 2003; Hafez et al., 2003).

N(T)
U(T)

¼ lmnImn

gmAmn
exp (

Em

kT
)� ð1Þ

Where Imn, gm, Amn, and Emn are the line intensity, statistical
weight, transition probability, and excited level energy,

Fig. 1. Schematic diagram of the experimental setup.
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respectively, T and k are the electron temperature and
Boltzmann constant, N (T) is the number density and U (T)
is the partition function. The electron temperature has been
determined, using the Boltzmann plot method, from the five
spectral lines of calcium; 443.56 nm (4d 3D1! 4p 3P1),
445.59 nm (4d 3D2! 4p 3P2), 519.02 nm (5d 1D2! 4p
1P1), 610.44 nm, and 612.22 nm (5s 3S1! 4p 3P1,0). In

Table 1, the selected transition lines are listed along with
their spectroscopic parameters taken from the National
Institute of Standards and Technology (NIST) data base.
Similarly, in Table 2, the spectroscopic parameters of selected
transition lines of Ca II are given.

The spatial behavior of the plume generated by the funda-
mental, second, and third harmonic of the Nd:YAG laser has
been captured. In all the three laser wavelengths, the power
density was adjusted at ~3 � 1010 Wcm22 while the pressure
was kept at 4 mbar. The electron temperature close to the
surface of the calcium is found to be 16200 K, 15400 K, and
13700 K, respectively, for the 1064 nm, 532 nm, and 355 nm
lasers, respectively. The high value of the electron temperature
is attributed to the absorption of laser energy by the electrons
via inverse bremsstrahlung absorption process. At these high
temperatures, an appreciable flux of ions and electrons is pro-
duced. The ablation of the target accompanies a glow extending
perpendicular to the target surface. The intensities of the atomic
and ionic emission lines decrease as the plasma expands away
from the target. The temperature decreases to 11200 K, 9500 K,
and 8200 K at about 6 mm from the target as shown in
Figure 3. The basis of the decrease in the temperature is the
conversion of the thermal energy into the kinetic energy, result-
ing in an expansion and thereby cooling of the plasma.

One of the most reliable spectroscopic techniques to deter-
mine the electron density is from the Stark broadened line
profiles of neutral atom or singly charged ion. The full
width at half maximum (FWHM) of a spectral line can be
used for the determination of electron number density,
using the following relation (Harilal et al., 1997; Zeng
et al., 2003; Colon et al., 1993; Ortiz & Mayo, 2005)

Dl ¼ 2v
Ne

1016

� �
þ 3:5A

Ne

1016

� �1=4

� 1� 1:2 N�1=3
D

� �
v

Ne

1016

� �
�

ð2Þ

Here v (nm) is the electron width parameter, which is a weak
function of temperature, A (nm) is the ion broadening par-
ameter, Ne (cm23) is the electron number density, and ND is
the number of particles in the Debye sphere. The contribution
due to the ion broadening is very small and can be neglected,
only the first term on the right is sufficient to extract the

Table 1. Spectroscopic parameters of the neutral calcium transitions

Wavelength
l (nm) Transitions

Statistical weight

Transition Probability A (s21)
Upper level Energy

Ek (cm 21)gk gi

443.56 4d 3D1! 4p 3P1 3 3 3.571 � 107 37748.197
445.59 4d 3D2!4p 3P2 5 5 2.075 � 107 37751.86
519.02 5d 1D2!4p 1P1 5 3 4.025 � 107 42919.074
610.44 5s 3S1!4p 3P0 3 1 7.686 � 106 31539.49
612.22 5s 3S1!4p 3P1 3 3 2.312 � 107 31539.495

Fig. 2. The emission spectrum generated by the 1064 nm laser showing the
spectral lines originating from transitions in the neutral and singly ionized
calcium.
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number density as the Stark broadened parameter is available
in the literature (Griem, 1997). Besides Stark broadening, the
Doppler broadening, and the finite resolution of the spec-
trometer might also contribute in the line broadening. The con-
tribution of the Doppler broadening (Marr, 1968), estimated
from the plasma temperature as ~0.004(1) nm, is very small
and hence can safely be ignored. The instrumental width of
the LIBS 2000 spectrometer system is measured as 0.05(2)
nm using a narrow line width dye laser. Thus the width of
the transition line mainly reflects the Stark effect.

The maximum number density under the assumption of
LTE has been estimated using the McWhirter criterion
(Whirter, 1965)

Ne(cm�3) � 1:6� 1012T1=2(DE)3� ð3Þ

Here DE (eV) is the difference between the energy levels and
T (K) is the temperature. At the highest evaluated temperature
(~15000 K), Eq. (2) yields Ne � 4 � 1015 cm23, which holds
the validity of LTE.

In all the three wavelengths of the Nd:YAG laser, the elec-
tron number density has been evaluated using the 4d 2D3/2

! 4p 2P1/2 transition line of Ca II at 315.97 nm. The
spatial behavior of the electron number density in the
plume, shown in Figure 4, is determined using Eq. (2).
When the laser is focused on the target, the ablation of the
target takes place and due to the density gradient, a rapid
expansion of the plasma sets in. The number density close
to the target surface in the case of fundamental, second har-
monic generation, and third harmonic generation are 1.3 �
1018, 1.5 � 1018, and 1.6 � 1018 cm23. These values
decrease to 4.9 � 1017, 6.4 � 1017, and 7.5 � 1017 cm23 at
a distance of 6 mm away from the target. Hence the
maximum number density is observed near the target
surface which decreases as the distance from the target is
increased. The decrease in the number density at larger dis-
tances is mainly due to the recombination of electrons and
ions. As can be seen from Figures 3 and 4, the electron temp-
erature and number density decreases rapidly within a short
distance from the target surface, while at a larger distance,
they exhibit little variation. The variation in the electron
temperature is slower than that of the number density. The
electron temperature and number density are different for
the three wavelengths of the Nd:YAG laser, because of the
difference in the energy per photon in each case.

Fig. 4. Spatial behavior of the electron number density using the 1064 nm,
532 nm, and 355 nm lasers.

Table 2. Spectroscopic parameters of the of the singly ionized calcium transitions

Wavelength
l (nm) Transitions

Statistical weight Transition
Probability

A (s21)
Upper level Energy

Ek (cm 21)gk gi

315.97 4d 2D3/2! 4p 2P1/2 4 2 2.984 � 108 56839.309
318.21 4d 2D3/2! 4p 2P3/2 4 4 5.87 � 107 56839.309
370.60 4s 2S1/2!4p 2P1/2 2 2 8.670 � 108 52166.93
373.60 4s 2S1/2!4p 2P3/2 2 4 1.701 � 108 52166.93
393.47 4p 2P1/2! 4s 2S1/2 2 2 1.466 � 108 25414.427
396.95 4p 2P3/2! 4s 2S1/2 4 2 1.444 � 108 25191.541

Fig. 3. Spatial behavior of the electron temperature using the 1064 nm,
532 nm, and 355 nm lasers.
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Moreover, for any laser wavelength, the incident energy is
totally absorbed by the plasma as an internal energy. The
internal energy of the plasma is distributed in its thermal
and ionization energy. It is a well-known fact that the laser
wavelength influences the ablation process; however it also
significantly depends on the laser irradiance. The plasma
density is higher in the 355 nm lasers than in the 532 nm
and 1064 nm lasers. When the 355 nm laser is used,
similar energy is absorbed as compared to the 532 nm and
1064 nm lasers, but the electron density of the absorbing
plasma increases, and the corresponding plasma temperature
decreases. The particle density in the plasma depends on the
degree of ionization, evaporation rate, and the plasma expan-
sion velocity. Because of the high expansion velocity of the
leading plasma edge, the electron density decreases, this
makes the plasma transparent to the laser beam at larger dis-
tances away from the target surface. A thin region close to the
surface of the target is constantly absorbing the laser radi-
ation during the time interval of the laser pulse. The absorp-
tion in the plasma occurs by an inverse bremsstrahlung and
photoionization processes.

3.3. Effect of Laser Irradiance and Laser Plasma
Interaction

In the second set of the experiments, the calcium sample was
irradiated by the fundamental harmonic generation
(1064 nm), second harmonic generation (532 nm), and
third harmonic generation (355 nm) of the Nd:YAG laser,
the sample was kept at a pressure of 4 mbar, and the detector
was placed at a distance of 0.5 mm from the target. In all the
three wavelengths of the Nd:YAG laser, we have observed an
identical trend of variation of temperature as a function of
laser irradiance. The variation of electron number density
also shows a similar behavior. In the three laser wavelengths,
the laser irradiance ranges from 1 � 1010 to 5 � 1010

Wcm22. For the 1064 nm laser, the electron temperature
varies from 10700 to 15700 K, while the electron number
density varies from 6.1 � 1017 to 8.9 � 1017 cm23. For the
532 nm laser, the electron temperature varies from 8500 to
14000 K, while the electron number density varies from
6.9 � 1017 to 1.2 � 1018 cm23. Similarly for the 355 nm
laser, the electron temperature varies from 6900 to 11900
K, while the electron number density varies from 9.1 �
1017 to 1.5 � 1018 cm23. The variations in the temperature
and electron number density as a function of laser irradiance
are shown in Figures 5 and 6, respectively. It is observed that
the electron temperature increases with the increase in the
laser irradiance. With the increase in the laser irradiance,
the mass ablation rate also increases (Russo et al., 1999),
and hence the spectral line intensities and the background
intensity increases as well. An increase in the number
density and temperature with an increase in the laser irradi-
ance is due to the absorption or reflection of the laser
photon by the plasma. More important is the subsequent

laser pulse energy transfer to the sample and plasma
particles.

As plasma is formed, its electron density Ne and thus the
plasma frequency vp are increasing. As soon as vp

becomes larger than the laser frequency, plasma starts to
reflect the laser radiation (plasma shielding), becoming
opaque. Thus a very little of the remaining laser energy par-
ticipates in the evaporation and ionization process. An ultra-
violet laser is more efficient to penetrate the plasma and
subsequently producing analytic-richer plasma. Depending
on the laser pulse energy, the plasma reflectivity with ultra-
violet is 20% and for infrared reduces to 7% (Asimellis
et al., 2006). In order to analyze the absorption mechanisms
of the laser induced plasma, its thermodynamic properties
including temperature and number density are to be known.
In our experiments, for all the three wavelengths of the
Nd:YAG laser (1064 nm, 532 nm, and 355 nm), the corre-
sponding frequencies are 2.8 � 1014 Hz, 5.6� 1014 Hz, and

Fig. 5. Variation of the electron temperature with the laser irradiance using
the 1064 nm, 532 nm, and 355 nm lasers.

Fig. 6. Variation of the electron number density with the laser irradiance
using the 1064 nm, 532 nm, and 355 nm lasers.
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8.5 � 1014 Hz. The plasma frequency is estimated from the
relation np ¼ 8.9� 103 Ne

0.5 (Singh et al., 1990). The electron
number density is ~1� 1018 cm23 and yp ~9 � 1012 Hz,
which is much lower than the laser frequency. Therefore,
the loss of energy due to the reflection of the laser from the
plasma is negligible.

There are two dominant photon absorption processes
occurring in plasma. One is the inverse bremsstrahlung
absorption by which the free electrons gain kinetic energy
from the laser beam, thus promoting plume ionization and
excitation through collisions with the excited and ground
state neutrals. The inverse bremsstrahlung absorption is esti-
mated using the relation (Chang & Warner, 1996)

aib(cm�1) � 1:37� 10�35l3 N2
e T�1=2

e � ð4Þ

Where l (mm) is the wavelength of the laser, Te (K) is the
electron temperature, and Ne (cm23) is the electron density.
Because of its l3 dependence, the ion beam process is
more efficient in case of 1064 nm as compared to 532 nm
and 355 nm lasers as shown in Figure 7. Higher laser irradi-
ance results in a higher vapor density and temperature, result-
ing in more excited atoms, and hence more laser photon
absorption. Hence there will be a decrease in the evaporation
process from the target. With increasing laser irradiance more
free electrons, ions, and excited atoms are generated. In an
intense laser field, the free electrons can gain sufficient
energy through the inverse bremsstrahlung absorption;
these electrons will ionize or excite the atoms through col-
lisions and resulting in an increase in the absorption of
laser energy.

The second mechanism is photo-ionization or multi-
photon ionization of the excited or the ground state atoms.
In calcium, the lowest term of the triplet system 4s4p 3P0 is
metastable, the first excited state lies 2.9 eV above the
ground state, where as its ionization potential is 6.11 eV.

The energy of the photon in the case of 355 nm, 532 nm,
and 1064 nm laser is 3.5 eV, 2.3 eV, and 1.16 eV, respect-
ively. Hence in the case of the 532 nm and 1064 nm lasers,
multi-photon ionization is required whereas photo-ionization
is possible for the 355 nm laser. The photo-ionization
absorption coefficient aPI (cm21) can be approximated as
described by Harilal et al. (1997) and Amorusso et al.
(1999). The contribution of photo-inizotion (PI) absorption
coefficient is shown in the Figure 8. The power absorbed
by the plasma from the incident laser beam at any time is
given by Singh et al. (1990)

Pabs ¼ P(1� e�XaP )� ð5Þ

Where ap is the absorption coefficient of the plasma, P is the
power of the laser beam, and X is the dimension of the plasma
in the direction perpendicular to the laser beam. The rate of
electron impact excitation tex

21 can be expressed as
(Amoruso et al., 1999)

t�1
ex � 6:6� 10�10 T0:5

e (2þ 1�
Te

) exp (� 1�
Te

)Ne� ð6Þ

For Ne ~8.3 � 1017 cm23, Te ¼ 1.6 eV, and 1* ¼ 2.9 eV, the
tex turns out to be ~0.4 ns which is sufficiently short time to
enhance the excited neutral density. Thus an increase in the
electron density caused by the inverse Bremsstrahlung (IB)
process produces an increase in the excited neutral density
which can trigger an electron avalanche.

3.4. Influence of Ambient Conditions

To study the effect of the ambient pressure on the emission
signal strength, the spectra with varying pressure have been
recorded using the 1064 nm laser. The emission lines pro-

Fig. 7. Variation of the calculated inverse bremsstrahlung absorption aIB

with the laser irradiance at 1064 nm, 532 nm, and 355 nm lasers.
Fig. 8. Variation of the calculated photoionization absorption aPI with the
laser irradiance for the 355 nm laser.
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duced under low pressure appeared sharper than those pro-
duced under an atmospheric pressure. With an increase in
the pressure a strong continuum is manifested. Continuum
is related to strong collisions between the free electrons and
the excited atoms, and ions and the recombination of elec-
trons and ions. With an increase in the ambient gas pressure,
the broadening of the spectral lines increases as shown in
Figure 9. When the pressure is increased beyond 20 mbar,
the confined plasma doesn’t emit sharp lines. When the
pressure is increased beyond 20 mbar, self absorption has
been observed in the resonance lines of Ca I and Ca II.
The behavior of the Ca II 2P1/2,3/2! 4s 2S1/2 resonance
lines with the increase in the pressure is shown in Figure 9.
Self absorption is evident in the 393.47 nm line. The line
peak is fist flattened and then reversed following a dip in
the middle of the line (Cowan, 1981; Cremers &
Radziemski, 2006). In the case of low pressure, the plasma
spreads in a large volume and causes a decrease in the inten-
sity. The electron temperature and number density are
affected by the expansion of the plasma. The explanation
of the shift and broadening of the spectral lines is the Stark
shift, the perturbation resulting from the interaction
between the excited radiating state and the external electric
field generated from the charge particles such as electrons
and ions. The resultant shift is dependent on the external
electric field and thus to ions and electrons densities.
Although we have not observed any significant shift in the
spectral lines but the line broadening is evident. Since the
plasma temperature and electron number density are rapidly
changing within the nanosecond intervals, the line broaden-
ing is highly time dependent. The behavior of the number
density and temperature has been studied by varying the
ambient gas pressure, which is varied from 3 to 100 mbar.
The variation in the temperature is from 11000 to 16300 K,
while the number density varies from 6 � 1017 to 2.2 �
1018 cm23, shown in Figure 10. As the gas pressure is
increased, the emission intensity increases depending on
the laser energy. With an increase in the ambient gas

pressure, an increase in the temperature and number
density has been observed. In vacuum, the plasma expands
freely while in the presence of ambient gas the plasma is con-
fined to a small region. Hence the ambient gas acts as a
damping material to prevent the free expansion of the
plume. Thus the expansion rate is reduced and cooling is
enhanced. Also the rate of recombination and collisional
excitation of the plasma increases with the resulting increase
in the line intensities. Laser radiation absorption by the
ambient gas in the plasma plume plays a significant role in
the target evaporation processes and the spectral emission
characteristics. This effect is avoided in our experiments by
the tight focusing of the laser beam. Cristoforetti et al.
(2004) estimated the electron temperature and number
density as a function of ambient gas pressure using a
Nd:YAG laser at 1064 nm on the brass sample. They
observed a decrease in the temperature and number density
at an atmospheric pressure due to the energy loss by the
plasma as a result of collision with the ambient gas.

4. CONCLUSION

The LIBS method has been successfully applied as an
analytical technique for the analysis of calcium using a
Nd:YAG laser at its fundamental, second, and third harmo-
nic. The electron temperature and number density is evalu-
ated from the spatially resolved spectrum. Plasma
parameters have also been calculated as a function of laser
irradiance and ambient gas pressure. The estimated electron
impact excitation time is 0.4 ns, short enough to produce
an increase in the excited state density. The electrons pro-
duced via ion beam and PI processes increase the excited
state number density. It has been observed from the emission
spectrum that the ionic lines of calcium are very strong, and
they show self absorption beyond 20 mbar. At 500 mbar
besides resonance lines, the self absorption has also been
observed in the other transition lines.

Fig. 10. Variation in the electron temperature and number density as a
function of ambient gas pressure.

Fig. 9. Variation in the broadening and intensity of the spectral lines as a
function of ambient gas pressures. The self absorption in the line profiles
of Ca II 4p 2P3/2! 4s 2S1/2 transition is evident.
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