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Abstract. Measurements of 1064 nm laser-induced egg shell plasma parameters are presented in
this paper. Of special interests were its elemental identification and the determination of spectro-
scopic temperature and electron density. The electron temperature of 5956 K was inferred using an
improved iterative Boltzmann plot method with six calcium atomic emission lines, and the electron
number density of 6.1 x 10'®cm~3 was determined by measuring the width of Stark-broadened
once-ionized calcium line at 393.37 nm. Based on the experimental results, the laser-induced egg
shell plasma was verified to be optically thin and satisfy local thermodynamic equilibrium (LTE).
Furthermore, experiments also demonstrated that the loss of energy due to the reflection of the laser
beam from the plasma can be neglected and the inverse bremsstrahlung (IB) absorption was the
dominant mechanism of plasma heating at the IR wavelength.

Keywords. Atomic emission spectroscopy; laser-induced breakdown spectroscopy, plasma; elec-
tron temperature; electron density.
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS), a superior elemental analysis method of
atomic emission spectroscopy (AES), has evolved rapidly over the past two decades [1,2].
In LIBS, a high-intensity laser is focussed onto the sample, which is strong enough to
result in plasma formation through vapourization, atomization, and ionization in a single
pulse [3-6]. Compared to conventional AES-based analytical methods, LIBS has many
distinct advantages, including [3] short measurement times, simplicity, allows in situ
analysis, no prior sample preparation, and simultaneous multielement detection.
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Compared to the production of plasma, qualitative and quantitative analyses are not
insignificant because the spectral emission intensity in the laser-induced plasma is deter-
mined not only by the concentration of the element in the sample, but also by the
properties of the laser (pulse energy, wavelength, etc.), the sample and the surrounding
gas [7]. Furthermore, the laser ablation processes (dissociation, atomization, ionization,
and excitation) also influence the amount of the ablated mass, which in turn depend on
the characteristics of the plasma (electron temperature and electron density). So, knowing
these properties is beneficial for achieving accurate qualitative and quantitative analyses [4,8].

Recently, some applications of LIBS technique have been proposed in the fields of
environmental monitoring, steel industry, biomedical studies, art conservation, and even
in space exploration [9—12]. Though the LIBS technique has been used to assess the
elements in biological samples [13,14], the application of LIBS to study egg shell is not
reported yet.

In this paper, the elemental composition of the egg shell crushed to a size of about
1 x lcm was identified, and the electron density and electron temperature of laser-
induced egg shell plasma were also reported. With the experimental results, the models
of the plasma (local thermodynamic equilibrium and optically thin) were verified, and
some other plasma parameters (plasma frequency, inverse bremsstrahlung coefficient,
etc.) were calculated as well.

2. Experimental set-up

The schematic diagram of the experimental system used for LIBS experiments performed
under atmospheric conditions is depicted in figure 1. It consists of a laser, a spectrometer
with in-built charge-coupled device (CCD), and a computer for control and data acquisi-
tion. A Q-switched Nd:YAG laser (SGR, Beamtech Optronics) delivers a pulse energy of
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Figure 1. LIBS set-up for experiments.
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117 m] at the fundamental wavelength of 1064 nm and produces a 19.7 ns duration pulse
at a repetition frequency of 1 Hz. The pulsed laser beam is focussed to a spot of about
200 pm in radius (OLYMPUS BX51) on the egg shell by using a 150 mm focal length
lens.

Plasma emissions were collected at the right angle to the direction of the plasma
expansion through a broadband spectrometer AvanSpec-2048FT-5 (Avantes, Holland,
200-720 nm range, 0.06-0.08 optical resolution with 2400-1800 grooves/mm). One end
(200 um in diameter) of the fibre bundle was used to collect the light, and its other five
ends were connected to the entrance slits (10 um in diameter) of the spectrometer. The
corresponding Q-switch output of the laser was served as the external hardware trigger for
the spectrometer to perform a single scan at the rising edge of transistor—transistor logic
(TTL) pulse.

In order to keep the signal relatively stable, an XYZ translation stage was used and
the lens-to-sample distance was a little less than the focal length. Emissions from ten
laser pulses were averaged with background subtracted through AvaSoft-LIBS software
and stored in a personal computer for subsequent analysis. At the same time, a delay
time (5 us) between the laser shot and the initiation of data acquisition was chosen in our
experiment to obtain a good compromise between the signal background ratio (SBR) and
the line emission intensity. All the experiments were performed at room temperature in
air at atmospheric pressure and the sample was a normal egg shell collected in Xi’an, China.
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Figure 2. Segments of emission spectra of laser-induced egg shell plasma.
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3. Results and discussion

3.1 Description of plasma emission

Figure 2 shows the emission spectra averaged with ten single spectrum of laser-induced
egg shell plasma in air in the 200-620 nm range. As can be seen in the figure, a
typical spectrum is characterized by atomic, ionic emission lines and by continuum
emission. At the beginning, after the plasma formation, the light emission is dominated
by the continuum emission, which is caused by recombination radiation (free-bound)
and bremsstrahlung emission (free-free) [6]. As time passes, the continuum emissions
decrease dramatically, and ionic and atomic emissions begin to increase.

Based on NIST database [15], several representative emission lines belonging to iron,
magnesium, aluminum, and calcium elements were identified and are shown by arrows in
figure 2. Six calcium atomic emission lines were used to calculate the plasma tempera-
ture and the electron density of the egg shell plasma was inferred using the once-ionized
calcium emission line at 393.37nm. The corresponding parameters of the lines are
presented in table 1.

3.2 Determination of excitation temperature

Plasma characteristics such as excitation temperature and electron density are vital for
understanding the processes that govern laser ablation. In laser-induced plasmas, the

Table 1. Physical parameters for Ca I and Ca II transitions used in our experiments.

Species Wavelength (nm) E, (Cm_l) E, (cm_l) Amn(IO7 s_l) gm

oq
=

Cal 428.30 38551 15210 4.34 5 3
Cal 428.93 38464 15157 6 3 1
Cal 430.25 38551 15315 13.6 5 5
Cal 431.87 38464 15315 7.40 3 5
Cal 442.54 37748 15157 4.98 3 1
Cal 443.5 37751 15210 6.70 5 3
Cal 445.48 37757 15315 8.70 7 5
Cal 452.69 43933 21849 4.10 3 5
Cal 458.14 42170 20349 2.10 7 5
Cal 458.59 42171 20371 2.30 9 7
Cal 487.81 42343 21849 1.88 7 5
Cal 504.16 41679 21849 3.30 3 5
Cal 518.88 42919 23652 4 5 3
Cal 526.22 39333 20335 6 1 3
Cal 551.29 41786 23652 11 1 3
Cal 558.87 38259 20371 4.90 7 7
Cal 559.85 38192 20335 4.30 3 3
Cal 585.75 40719 23652 6.60 5 3
Cal 610.27 31539 15157 0.96 3 1
Cal 612.22 31539 15210 2.87 3 3
Cal 616.96 36575 20371 1.90 5 7
Call 393.37 25414 0 14.70 4 2
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kinetic, excitation, ionization, and radiative energies of the system are described by the
Maxwell, Boltzmann, Saha, and Planck functions, respectively [5]. However, when elec-
tron collision dominates, the state of the typical LIBS plasma can be described by local
thermodynamic equilibrium, and the single plasma electronic excitation temperature 7,
satisfies the Boltzmann, Saha, and Maxwell distributions. In this state, the population of
the excited levels for each species obeys the Boltzmann distribution [16]:

n( e )z_ﬁHn(M)’ 0
hegm Amn kT, U(T)

where A,,, is the transition probability, A, is the wavelength, A is the Plank’s constant,
gm 1s the statistical weight of the upper level, ¢ is the speed of light in vacuum, E,, is
the upper level energy, k is the Boltzmann constant, 7 is the electron temperature, U (T)
is the partition function, and N (7T') is the total number density of the species. A plot of
the left-hand side of the equation vs. E,, has a slope of —1/(kT;). Therefore, the plasma
temperature can be inferred using linear regression.

A series of lines from different excitation states of the same species instead of just a pair
usually lead to greater precision of the plasma temperature evaluation. However, the tran-
sition probability values given in the literature exhibit significant degrees of uncertainty
(from 5 to 50%) [5]. To minimize the uncertainty in determining egg shell temperature,
an improved iterative Boltzmann plot method was used in [17]. First, 21 Ca I emis-
sion lines were selected as potential candidates for calculating the temperature as shown
in figure 3. Apparently, when all the measured calcium lines were used for calculating
the temperature, a rather scattered Boltzmann plot was obtained leading to an unreliable
plasma temperature value. In order to reduce the scatter, the distance of each datum to
the fitting line was calculated and the datum with the maximum distance was discarded.
Then, the regression function was recalculated with the remaining data until the threshold
value of 0.99 was reached. After 15 iterations, plasma temperature of 5956 K with a better
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Figure 3. Boltzmann plot with 21 Ca I emission lines in laser-induced egg shell
plasma. The fitting correlation coefficient R = 0.67019.
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Figure 4. Boltzmann plot with six Ca I emission lines in laser-induced egg shell

plasma.

R increases to 0.99542 after 15 iterations.

regression coefficient of 0.99542 was obtained which is shown in figure 4, and the cor-
responding parameters of the calcium lines are presented in table 1 as well. Similarly,
figure 5 also depicts the variations of R and T, with the iterations. The experiments
showed that with the scatter removed, the accuracy and precision of the measurements
were substantially improved.

3.3 Determination of electron density

The plasma electron density can be obtained using the spectroscopic method, which
requires measuring the Stark broadening of plasma lines [5]. In laser-induced plasma,
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the dominant broadening mechanism of the line profile is [18]. The full-width at half-
maximum intensity (FWHM) of the Stark broadening is related to the electron density by
the expression [19]

Ne Ne 4 -1/3 Ne

where AAj/; is the FWHM of the line, A is the ion broadening parameter, w represents
the electron impact parameter and Np is the number of particles in the Debye sphere.
For typical LIBS conditions, the contribution from ion broadening is negligible [5], and
eq. (2) reduces to

Ne
Adyjp = 2w< ) | 3)

1016

Figure 6 shows the broadened profile of the once-ionized calcium emission line at
393.37 nm which was fitted with a Lorentzian line with a correlation coefficient of 0.995
and FWHM of 0.41 nm. With the value of the electron impact parameter [20], the elec-
tron number density was inferred to be 6.1 x 10'® cm™3 with instrumental line broadening
subtracted.

3.4 LTE requirement

In the measurements of plasma temperature, LTE was hypothesized, which requires
that the collision excitation and de-excitation processes predominate over the radiative
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Figure 6. Stark-broadened profile of Ca II 393.37nm in laser-induced egg shell
plasma.
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processes and a minimum electron density is required [21]. The lower limit for the
electron density for which the plasma will be in LTE is [6]

N(em™) > 1.6 x 102T2(K)[AE@V)], (4)

where AE (eV) is the difference between the states which are expected to be in LTE,
and 7. is the temperature of the plasma. With the lines being used, the maximum AE
is 3.1eV (Ca II 393.37nm), and the minimum electron number density should be
3.7 x 10" cm~3 with the temperature obtained earlier. As the requirement limit was much
lower than the electron number density obtained, the condition for LTE was fulfilled for
the laser-induced egg plasma in our experiments.

3.5 Self-absorption

When the electron temperature is evaluated, the plasma should be optically thin for the
lines used. This means that the radiation is not reabsorbed along the optical path between
the plasma and the detector [4]. In the absence of self-absorption, the intensity ratio
(I/1)) of two emission lines from similar species with the same upper energy level should
be the same as the ratio of (Y»/Y;), where Y represents (g,,Aun/A) according to the
Boltzmann distribution [5,6,16]. Take Ca I 612.22nm, Ca I 610.27nm, Ca I 428.93nm
and Ca I 431.87nm. The observed intensity ratios of Icai612.220m/Icai61027nm and
Ica1428.93 nm/ Ica1431.87nm are 2.25 and 0.87, which are approximately equal to the value 2.98
of Ycar612.220m/ Yca1610.27nm and 0.82 of Ycai428.93nm/ Ycais31.87nm Within the experimental
uncertainty.

Furthermore, among the emission lines used in our experiments, no flat-topped profiles
or dips at the final frequencies were found, and even the resonance line 393.37 nm was
very well fitted with a Lorentzian line (R? = 0.995, figure 6). All of these indicated that
the current plasma was free from self-absorption and self-reversion.

3.6 Other parameters

When a high-power nanosecond (19.7 ns in this case) laser pulse strikes a solid surface, a
plume is produced initially due to rapid melting and vapourization of the sample surface
[4]. The plasma plume gets elongated towards the incident laser beam as a result of laser—
plasma interaction. That is to say, some of the laser energy may be transmitted through
the plasma volume, some scattered, and the rest absorbed [6]. After the end of the pulse,
adiabatic expansion of the plasma occurs.

The process of laser—plasma interaction depends on the electron temperature and elec-
tron density. As is known, the laser beam will be reflected when the plasma frequency
becomes less than the laser photon frequency [22]. The plasma frequency is approxi-
mately 5.4 x 10" Hz on using the formula v, = 8.9 x 103 N3 with the electron density
obtained earlier [22]. For a 1064 nm Nd:YAG laser, the corresponding laser frequency
2.82 x 10" Hz is much larger than the plasma frequency. So the loss of energy due to
the reflection of the laser beam from the plasma is insignificant.

During the laser—plasma interaction, the plasma is heated to a high temperature ion-
ized by the inverse bremsstrahlung (IB) process considering its 1> dependence. The IB
absorption coefficient og using free electrons is described as [23]

ap(em™") = 1.37 x 107¥3N2T,71/2, (&)
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where A (um) is the wavelength of the laser photons, 7, (K) is the electron temperature,
and N, (cm™?) is the electron number density. With the experimental results, the IB
absorption coefficient ojg was about 2.9 x 107°cm~!.

4. Conclusions

In this paper, the elemental composition of egg shell was first studied using LIBS tech-
nique. Based on its plasma spectra, iron, magnesium, aluminum, and calcium elements
were identified. Using the Stark-broadened profile of the once-ionized calcium emission
line at 393.37 nm, the electron number density of the egg shell plasma was calculated to be
6.1 x 10'®cm™2. The plasma temperature was inferred to be 5956 K using the Boltzmann
plot method with Ca I lines (442.54, 443.50, 452.69, 458.59, 610.27 and 612.22 nm).
With the experimental results, the laser-induced plasma was verified to satisfy the LTE
and optically thin models. At the same time, experiments also demonstrated that the IB
process is an efficient plasma-heating mechanism and the IB absorption coefficient ¢ is
approximately 2.9 x 10~®cm~".
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