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Abstract:
Parametric study of optical emission Characterization of the plasma-assisted laser
ablation of aluminium-based alloy that contains small traces of magnesium is presented. The
emission of lines from the plasma of the target in the wavelength range 200-900nm has been
carefully investigated at the same experimental conditions. It was found that all the emission
intensities of the ionic and neutral magnesium lines are subjected to self-absorption, whereas
the aluminium ionic lines were free from self-absorption. The results assure that, in case of
the presence of self- absorption effect, the temperature varies from (1.7952 - 1.1433 eV) as
the delay time is varied from 0 to 5 μs. Whereas, in the case of repairing against the effect, it
varies from (1.3240 - 0.9447 eV) for the same delay time variation. At the same time,
according to the McWhirter criterion, the electron density was high enough to establish
plasma in local thermodynamic equilibrium.
Keywords: Laser-Induced Breakdown Spectroscopy (LIBS), Stark broadening, SahaBoltzmann plot, self-absorption effect, Delay time, Laser fluence (Jcm-2).
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1. Introduction:
Laser-induced breakdown spectroscopy (LIBS) is a powerful technique for a wide range
of applications for many classes of solid, liquid and gaseous materials Cremers and
Radziemski (2006). In this technique, a high-intensity laser pulse interacts with a target
leading to the formation of micro-plasma. When a nanosecond laser pulse interacts with a
solid surface, the intense laser pulse vaporizes a small spot of the target, followed by an
expanding vapor plume of the material. The initial part of the plasma is also re-heated by the
inverse Bremsstrahuling absorption (IBA) Stavropoulos et al. (2004). The nature of the laserinduced plasma (LIP) from a solid target depends on various parameters such as wavelength
and the intensity of the incident laser, as well as the chemical composition of the target. The
elemental analysis and the plasma parameters such as the electron number density and the
electron temperature can be determined from the emission spectrum of the plume LochetHoltgreven (1968). Selection of books and review of articles describe the breadth and growth
of LIBS materials analysis over the past few decades found in Martin et al. (1999), Radziemski
(2002), Miziolek (2006), Singhand Thakur (2007),Lee et al. (2004), Winefordner et al. (2004)
and Mohamed (2008). In general, magnesium is one-third less dense than aluminum. It
improves the mechanical, fabrication and welding characteristics of aluminum when used as
an alloying agent. These alloys are useful in aeroplane and car construction. The alloys with
Aluminum, where the proportion of magnesium is small, gives a promise of finding useful
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and valuable applications in various fields. Moreover, after the invention of laser, many
researchers studied it by focusing on various aspects of interest Goldbach (1982), Vadillo et
al. (1998), Gornushkin et al. (2002), Abderrazak (2008), St-Ongeet al (2005), Abdel- Salam
(2007), López-Moreno et al. (2006), Drinberger et al.(1999), and El Sherbini et al. (2012). In
this work, we shall present the results of the measurements of the plasma parameters (electron
density and temperatures) utilizing the magnesium lines appeared during the interaction of the
Nd: YAG laser at the fundamental wavelength of 1064 nm with aluminum based alloy which
contains small traces of magnesium as well as from the Hα-line at different delay times from
1 - 5 μs. The reference plasma parameters (density and temperatures) were saved using the
Hα-line. This piece of work emphasizes on the correction of the spectral intensity from the
magnesium lines against the effect of self- absorption in order to evaluate a reliable plasma
temperature.
2. Methodology:
2.1 The Sample
In this experiment, the sample of the study is a certified aluminum based alloy containing
mass percentage of 1.16% of magnesium.
2.2 Experimental Setup
The experimental set up used in this work is a typical arrangement found in detail in
numerous publications (Mansour (2015)), and here the researchers only summarize the
characteristics and features of their systembriefly. A Q-switched Nd: YAG (Quintal, model
Brilliant B) laser having pulse duration of 6 ns and 10Hz repetition rate which capable of
delivering 600mJ at 1064 nm. An absolute calibrated power-meter (Ophier, model 1z02165)
was used for measuring a fraction of the laser light reflected from a quartz beam splitter to
monitor the incident laser energy. The laser beam was focused on the target using convex lens
of focal length 10cm. The sample was mounted on a three dimensional sample stage, which
was rotated to avoid the non-uniform pitting of the target. The distance between the focusing
lens and the sample was kept at 9.5cm, less than the focal length of the lens to prevent any
breakdown of the ambient air in the front of the target. The spectra were obtained by averaging
three single data of shots under identical experimental conditions. The laser spot was
measured at the target surface and gives a circle of diameter of 2mm because of the
deflagration effect and hence the laser energy per pulse of the order of 327.42mJ was
measured at the target surface. The radiations emitted by the plasma were collected by quarts
optical fiber (with a 25µm diameter) placed at right angle to the direction of the laser beam.
The optical fiber was connected with detection system consists of Echelle spectrograph
(catalina, model SE 200) equipped with a time gated ICCD Camera (1064×1064 pix with
13µm ×13µm pixel size at a binning mode of 1×1(type Andor , model iStar DH 737-18F).
The wavelength scale was calibrated using a low pressure Hg-lamp (Ocean optics). The
instrumental bandwidth was measured from the FWHM of the Hg -lines and was found on the
average to be 0.12 ± 0.02 nm. Identification of the different lines in the LIBS Spectrum was
carried out using Spectrum Analyzer Software version 1.6. The experimental setup including
the Optical fiber was absolutely calibrated using a deuterium tungsten halogen lamp (type
Ocean optics, model DH 2000 Cal.).
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2.3 Determination of the Electron Density (Ne)
The electron density is an important parameter used to describe the plasma environment
and it is crucial for establishing its equilibrium status. It can be evaluated from the profile of
the spectral line emitted through a line of sight of laser-produced plasma, which is the result
of several spectral broadening and shift mechanisms Griem (1964) and Konjevic (2000). In
the experimental conditions of the present work, the main contribution to line widths arises
from Stark effect where the contributions of other mechanisms of broadening can be
neglected. The FWHM of the spectral line under study 𝛥𝜆1/2was determined by a Voigt fitting
procedure. Hence, the electron density (in cm-3) can be determined from the line width as
𝑁𝑒

Δλ½ ≅ 2ω( )

(1)

𝑁

where, 𝜔 is the electron impact width parameter, Nr is the reference electron density which
equal to 1016(cm-3) for neutral atoms and 1017(cm-3) for singly charged ions Konjevic
(2000)and Konjevic et al. (2003).
In the special case of the hydrogen Hα-line, the electron density can be related to the
Lorentzian half width at the half of the maximum Δλ1/2 through the relation Griem (1964):

(Hα)=8.02×1012(

𝛁λs
α½

)ɑn-3

(2)

Where, Δλs is the intrinsic full width at half of maximum (FWHM) of the spectral line in
Angstrom, and α1/2 is the half width of the reduced Stark profiles in Angstrom. Precise values
of α1/2 for the Balmer series can be found in Konjevic et al. (2003), Kepple and Griem (1968)
and Almen (1987). However, when the laser beam is focused on the target, the ablation of the
target takes place, and due to the density gradient, the plasma rapidly expands.
2. 4 Determination of Self-Absorption Coefficients:
The self-absorption coefficients of Mg I, II lines have been estimated from the basic relation
as described in Mansour (2015):
S. A = (

𝑛𝑒(𝑙𝑖𝑛𝑒)1/𝛼
𝑛𝑒 (𝐻𝛼 )

)

(3)

Where, ne(line) is the electron density of the line which suffering from self-absorption effect,
ne (Hα) is the electron density of Hα-line free from self-absorption and α = 0.56. Hence, the
researchers utilized Eq. (3) in order to calculate the amount of absorption (SA).
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2.5 Determination of the Electron Temperature:
The excitation temperature (T) of a given species is in general retrieved using the wellknown Boltzmann plot method Aragon and Aguilera (2008). Assuming the LTE is established
within the plasma, the population in different levels governed by the Boltzmann distribution.
The line intensity Iji (of a transition from an upper level j to a lower level i) is thus related to
the energy of the upper level Ej by the relation:

ln(

𝐼𝑗𝑖𝜆
𝐴𝑗𝑖𝑔𝑗

)=-

1

ℎ𝑐𝑁

𝐸 + ln( )
𝑘𝑇 𝑗
4𝑇

(7)

where, λ is the wavelength of the transition, Aji and gj are the transition probability and the
statistical weight of the upper level, k and h are the Boltzmann and Plank constants, c is the
velocity of the light, N and U(T) are the number density and the partition function of the
considered species, respectively. This relation leads to a linear plot against Ej if several
transitions of the same species are considered. The temperature of this species can thus be
deduced from the slope of such a plot. In order to increase the accuracy of the calculation, the
range of Ej should be as large as possible. For this reason, a more precise method consists of
representing the emissions from the different ionized states of the same element in the same
plot. This method that called the Saha-Boltzmann plot, allows a significant extension of the
range of Ej and therefore an increase in the accuracy of the temperature determination Yalcin
et al. (1999). The validation of this method implies, however, that the species of different
ionization degrees of a given element are in thermodynamic equilibrium with the same
temperature. In this way, the Boltzmann and Saha equations are supposed to be verified with
a single temperature. The researchers get, in this case, an expression that is similar to case of
the Boltzmann plot Aragon and Aguilera (2008):

ln(

𝐼𝑗𝑖𝑧𝜆 *
)=
𝐴𝑗𝑖𝑔𝑗

-

1
𝑘𝑇

ℎ𝑐𝑁0

𝐸𝑗 𝑧∗ + ln(

4(𝑇)

)

(8)

Where the superscript z represents the type of species (z = 0 for neutral atom, z = 1 for
single ionized specie, etc.). This relation is similar to Eq. (7) as mentioned. However, for
ionized species (z ≥1) the quantities marked with the superscript * must be replaced by the
following expressions (only z=1 is considered in our work for simplicity):
𝑰 𝑧𝝀

ln( 𝑨𝑗𝑖 𝒈 )* = ln(
𝑗𝑖 𝑗

𝑰𝑗𝑖𝑧𝝀
𝑨𝑗𝑖𝒈𝑗

) - zln[2

(𝟐𝝅𝒎𝒌)𝟑⁄𝟐 𝑻𝟑⁄𝟐
ℎ𝟑 𝑁𝑒

Еϳz* = Еϳz + Еion

]

(9)

(10)

Obviously for z=0, Eq. (8) become identical to Eq. (7). In Eq. (9), m refers to the mass of
j
electron. In Eq. (10), Eion and Ez refer to the ionization energy and the energy of the upper ion
state, respectively.
The researchers specify that for ionized species, the quantity in the right side of Eq. (9)
depend on the temperature T, which needs to be determined.
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2.6 Validity of the Local Thermodynamic Equilibrium ( LTE):
Assuming local thermal equilibrium (LTE), the electron temperature Te is assumed equal
to the excitation temperature Texc. A Lorentz function was used to fit the spectra and the Full
Width Half Maximum (FWHM) of Stark broadened lines and Saha-Boltzmann plot were
obtained and were used to determine the electron number density and temperature of the
plasma. The lower limit for the electron number density needed to collisionally maintain the
energy-level populations to within 10% of LTE while competing with radiative decay is given
by the McWhirter criterion McWhirter (1965):

(an-3)≥14×1014(kT)½(ΔEj)

(11)

Where, ΔEji is the energy difference between the upper and the lower states and T is the
plasma temperature in electron volts (Samek et al (2001)).
3. Results and Discussions:
In the present work, the researchers have generated aluminum plasma using fundamental
1064nm of a Q-Switched Nd: YAG laser. The aluminum alloy was contained traces of
magnesium by mass with ratio of 1.16%.The emission spectrum of the laser-produced plasma
consists of lines corresponding to aluminum lines as well as excited neutral and singly ionized
magnesium lines. Three ionic Al II lines at 281.61 nm, 358.64 nm, and 466.30 nm and five
Mg I, II lines at 279.54 nm, 280.26 nm, 285.21nm, 383.37 nm and 518.36 nm were selected
for further analysis. (Figure 1) shows the window of emission spectrum of the plasma covering
the spectral from 250 to 550 nm, which consists of the lines that the researchers used for the
determination of the electron temperature. The small window in the same figure shows the
whole produced spectra. All the observed lines in the investigated spectral region along with
their assignments are listed in Table 1, based on the data listed in NIST.
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Figure 2 shows the Stark broadening profiles of the hydrogen line at the wavelength 656.27
nm as well as magnesium lines at 279.54 nm, 280.26 nm, 285.21 nm, 383.37 nm , 518.36 nm,
recorded using the fundamental 1064 nm of the Nd: YAG laser. The full line represents the
Lorentzian fit to the experimental data points. The FWHM of the spectra are used to estimate
the electron number density.

Table1.

Spectroscopic Parameters of the Spectral Lines Used for Estimating Electron Temperature.

E
le
m
A
e
l
nt
A
II
l
A
II
l
M
II
g
M
II
g
M
II
g
M
I
g
M
I
g
I

Wave
lengt
h
λ(nm)
281.6
1
358.6
4
466.3
0
279.5
4
280.2
6
285.2
1
383.3
7
518..3
6

Trans
ition
Proba
bility
3.83
A(se
8
×10
c-1)
2.35×

Statis
tical
Weig
1ht(g)

Excita
tion
energy
(eV)
11.82

3s23p4s1p→3s23p21d

9

15.30

3s23p4s1p→3s23p21S

3

13.25

3s2(1s)4p2p→3s3p2D

4

4.434

2

4.422

3

4.346

3s2(1S)4f2f→3s2(1S)3
d
3s2(1S)4p2p→3s2(1S)
4s2s 1 0
3s3p
P →2p63s2S0
1

3

5.946

3s.3p→3s3d

3

5.108

3
3s4s
S1 →3s3p3P0
3

Transition

8

10
5.3×1
07
2.60×
108
2.57×
108
4.91×
108
4.70×
106
5.75×
107

In (Figure 3) the researchers present the intensity behavior of the spectrum lines of
magnesium and the Balmer Hα-line at the wavelength 656.27 nm as the time is varied from
1µs up to 5µs along the plasma expansion. It is observed that the intensity of the lines is
higher when the spectrum is recorded close to the target surface and it decreases gradually
away from the target surface in the direction of plume expansion. The reason for the
decrease in the intensity is attributed to the recombination of ions with the electrons that
decreases at larger time delay from the target surface
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Figure 2.
Stark Broadening Profiles of Mg (I, II) and H α-line. The Red Points Represent the Experimental
Profiles and the Solid Black Color Line is the Lorentzian Fit.
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The temporal behavior of the electron number density calculated from the profiles of the Al
II lines compared to the Balmer Hα-line is shown in (Fig.4). The behavior revealed a
considerable agreement between them, expressing on these lines are free from selfabsorption. In contrast, the electron density values of the atomic magnesium lines exhibited
a divergent from the Balmer line values reminiscent of these lines suffer from self-absorption
effect as shown in (Fig.5).
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It is clear from (Figure 6) that the self-absorption coefficients decreases and then the plasma
opacity swiftly increases for both neutral and ionized magnesium lines. The reason: at the
beginning of the plasma expansion, the ns-plasma becomes hotter because of the absorption
of the trialing part of the laser pulse via electron-neutral, electron-ion invers Bremsstrahlung
and photo ionization St- Onge et al. (2005). For large delay, the plasma becomes cooler and
the population of the atoms in the lower states becomes higher and this lead to more
absorption Martin et al. (1999).
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Hence, the calculus of the electronic temperature of plasma was done by means of SahaBoltzmann plot by using the lines 279.54 nm, 280.26 nm, 285.21nm, 518.36 nm of Mg I IIlines and 281.61 nm, 358.64 nm, 466.30 nm of Al II-lines, with the result as shown in (figure
7 & 8). The estimation of values were between 1.7952eV and 1.4336eV before correction
against self-absorption effect and become between 1.3240 eV and 0.9447 eV after the
correction.

However, errors are bound to present in the determination of the plasma temperature by
this method especially, before correction of intensities of the absorbed lines, it was around ≈
10% uncertainty, while contracted to ~ 1.0% after the correction the intensities of the absorbed
lines against self-absorption effect. Errors coming mainly from the transition probabilities
and the measurement of the integrated intensities of the spectral lines. (Figure 8) shows the
variation in electron temperature (before and after the correction against self-absorption
effect) as a function of delay time for the plasma produced by the 1064 nm. The region near
the surface of the target material constantly absorbs radiation during the time interval of the
laser pulse, causing a higher temperature near the target. This higher value of the temperature
is due to the absorption of the laser radiation by the electrons via the inverse Bremsstrahlung
absorption process. A decrease in the temperature may be attributed to the thermal energy,
which is rapidly converted into kinetic energy when the plasma is attaining maximum
expansion velocities, causing the temperature to drop for the expanding plasma.
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Assuming plasma in local thermodynamic equilibrium (LTE), for the Mg(II) transition at
280.26 nm, ΔEji= 4.422eV, and at the highest temperature kT= 1.7952eV, the lower limit for Ne
is1.622 × 1016𝑐𝑚−3, which is approximately two order of magnitude lower than the value of
Ne deduced from the Stark broadening. Therefore, the validity of the LTE assumption is
supported. However, it should be noted that the McWhirter criterion is a necessary, but it is
not sufficient condition for LTE.
Conclusion:
In conclusion, optical emission spectroscopy is effectively used for the characterization of
magnesium plasma in terms of spectral line intensities and plasma parameters. The effect of
self- absorption on the line intensity has been quantified by evaluating a self-absorption
coefficient that measures the deviation of the line intensity from the linear extrapolation of
the curve of growth in the optically thin regime utilizing the optically thin isolated Hα-line
at the wavelength Nm. The plasma temperature is obtained using Saha-Boltzmann equation
method, whereas the Stark broadening method has been employed for electron density
measurements. Both parameters are studied as a function of delay time with respect to the
onset of the laser pulse. The spectral lines intensities and the plasma parameters (ne and Te)
showed a decreasing trend with the delay time. This study further indicated the suitability of
this technique in the field of elemental analysis.
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