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Abstract: The self-absorption effect is a primary factor responsible for the decline in the
precision of quantitative analysis techniques using plasma emission spectroscopy, such as
laser-induced breakdown spectroscopy (LIBS). In this study, based on the thermal ablation and
hydrodynamics models, the radiation characteristics and self-absorption of laser-induced plasmas
under different background gases were theoretically simulated and experimentally verified to
investigate ways of weakening the self-absorption effect in plasma. The results reveal that the
plasma temperature and density increase with higher molecular weight and pressure of the
background gas, leading to stronger species emission line intensity. To reduce the self-absorption
effect in the later stages of plasma evolution, we can decrease the gas pressure or substitute the
background gas with a lower molecular weight. As the excitation energy of the species increases,
the impact of the background gas type on the spectral line intensity becomes more pronounced.
Moreover, we accurately calculated the optically thin moments under various conditions using
theoretical models, which are consistent with the experimental results. From the temporal
evolution of the doublet intensity ratio of species, it is deduced that the optically thin moment
appears later with higher molecular weight and pressure of the background gas and lower upper
energy of the species. This theoretical research is essential in selecting the appropriate background
gas type and pressure and doublets in self-absorption-free LIBS (SAF-LIBS) experiments to
weaken the self-absorption effect.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is an emerging technique for qualitative and
quantitative analysis of substances based on plasma emission spectroscopy. Due to the advantages
of simultaneous analysis of multiple elements, almost no damage to samples, and applicability
to harsh environments, it has been widely used in cultural heritage [1-3], biomedicine [4-6],
space exploration [7-9] and other fields. However, the inherent self-absorption effect in LIBS
can reduce the accuracy of its quantitative analysis. This effect is caused by the non-uniformity
of temperature in the plasma, where the temperature at the center is higher than that at the edge.
When photons generated by spontaneous radiation of internal species in excited state at high
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energy level propagate outward, they will be reabsorbed by similar species at low energy level in
the transmission path, resulting in a reduction in the observed spectral line intensity.

In recent years, numerous studies have been conducted on the self-absorption effect in plasma.
For example, Rezaei et al. theoretically investigated the self-absorption in early plasma in
helium and argon, and found that the self-absorption effect in argon was more pronounced,
and the self-absorption (SA) coefficient decreased with delay [10]. Based on the study of
self-absorption under different atmospheric pressures, Hao et al. concluded that the plasma
without self-absorption and calibration curve with high linear correlation could be obtained by
reducing atmospheric pressure [11]. Hai et al. compared the self-absorption of plasma generated
in air and argon under different laser fluences, and found that the argon environment and the
increase of laser fluence both significantly reduced the self-absorption effect [12]. Tang et al.
used the exponential calibration curve to evaluate the self-absorption under different delays
and acquisition gate widths, and found that the calibration curve under the time window with
minimum self-absorption had better linearity than the result under the traditional optimized time
window [13]. Jabbar et al. studied the influence of gas pressure and laser energy on the intensity
ratio, and provided the ranges of gas pressure and laser energy when the plasma is optically
thin [14]. Building upon these previous studies, we have proposed the theory and method of
self-absorption-free LIBS (SAF-LIBS), which involves determining the moment when the plasma
is optically thin by comparing the intensity ratio of the doublet with similar upper energies with
the theoretical value, capturing quasi-optically thin spectral lines [15]. We then used resonant
and non-resonant doublets to establish calibration curves, enabling SAF-LIBS to have both a low
detection limit and a wide detectable content range [16]. In addition, through theoretical analysis
of the temporal evolution trend of doublet intensity ratio, we have proposed a rapid selection
criterion of doublets for SAF-LIBS [17].

Building upon previous theoretical studies on the evolution of plasma parameters in SAF-LIBS
under various inert gases and pressures [18], this paper presents a theoretical analysis of the
radiation characteristics and self-absorption effect of plasma under various background gases,
considering the self-absorption effect. This work will guide the optimization of experimental
parameters and reduce the impact of the self-absorption effect on the quantitative analysis
accuracy of LIBS.

2. Theoretical models

2.1. Heating of sample

When a laser is vertically incident on a sample, the sample temperature rises after absorbing the
laser energy. This process can be described by the following heat conduction equation [19,20]:

oT, 0T, 02T,
' Ps (E—vaz):/lsa—Z2+(l—R)aIexp(—az), @)
where cp, ps, A5, R and « are the specific heat, mass density, thermal conductivity, reflectivity
and absorption coefficient of the sample respectively, T; is the temperature of the sample, v is the
evaporation rate, / is the laser power density reaching the sample surface after considering the
shielding effect, and z is the coordinate along the inward normal to the sample.

2.2. Expansion of plasma

When the temperature of the laser heating area reaches the boiling point, vapor species are
generated, which continue to absorb laser energy and further ionize to form vapor plasma. The
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expansion process of plasma can be described by hydrodynamics equations [19,21]:
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where p;, p, u, p, e and g" ad are the mass density of species i, total mass density, expansion
velocity, local pressure, specific internal energy, and power loss, respectively, T and q are the
viscous stress tensor and heat conduction flux, and a;p and ap; are the inverse bremsstrahlung
absorption coefficient and photoionization coefficient.

2.3. Spectra of plasma

Under the condition of local thermal equilibrium, considering the influence of self-absorption
effect, the emission intensity of spectral lines (u-l transition) in the plasma is:
nig uA 1

E
1Y = SA=S Y exp(— —2
i U PCnT
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where n; is the number density of species i, A,; is the transition probability, 4,; is the wavelength,
gu is the degeneracy, E, is the energy of the upper energy level, kg is the Boltzmann constant, U
is the partition function, and 7, is the plasma temperature.

3. Results and discussion

Next, we studied the radiation characteristics and self-absorption effects of Mg and Al species
according to the above model, and the spectral parameters used were given from the NIST
database, as shown in Table 1.

Table 1. Spectral parameters of Mg and Al
species obtained from the NIST database

Species | A, (m) | Ay (x107s7Y | g, | E, (eV)
517.27 3.37 3 ] 511
Mgl
518.36 5.61 3 ] 511
Mg II 448.11 233 8 | 11.63
394.40 4.99 2 | 314
All
396.15 9.85 2 | 3.14
ALl 358.66 235 9 | 1530

3.1. Radiation characteristics of plasma

Figure 1(a) displays the normalized intensities of Al I and Mg I lines in the 350-550 nm band
under various background gases at 2 us delay, in which the illustrations represent local enlarged
images of the spectral peaks. The spectral line intensity under air (average molecular weight = 29)
is similar to that under nitrogen (molecular weight = 28) and oxygen (molecular weight = 32),
while the line intensity under argon (molecular weight =40) is the strongest, and that under
nitrogen is relatively weak. According to the intensity evolution under various background
gases, the spectral line intensity of species increases with the increase of molecular weight of the
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background gas. Since the spectral line intensity is closely related to species number density
and electron temperature, Fig. 1(b) shows the number density of Al I and Mg I species and
electron temperature under each background gas, where red and orange spheres represent Al I
and Mg I species, respectively. The species number density and electron temperature increase
with the increase of the background gas density. In dense background gas, gas molecules limit
the expansion of vapor plasma, which results in strong spectral line intensity for high-temperature
and high-density plasma. This phenomenon was also observed in the experiment of laser ablation
of copper in three background gases (He, Ne, and Ar), that is, the temperature and electron
number density were higher for ablation in a gas with higher atomic mass [22]. Additionally,
Fig. 1(a) shows that the signal enhancement of different species under high-density gas compared
to low-density gas is also different, which will be further analyzed.
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Fig. 1. (a) Normalized intensities of Al T and Mg I lines and (b) species number densities
and electron temperatures at 2 ps delay under various background gases.

According to the emission intensity of the spectral lines in Eq. (5) and Saha equation, the
intensity of the atomic and ionic lines can be expressed as:

hcBigiNo E;
I} = SAj———— -—, 6
i U exp kT (6)
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I =SA -0 > 7
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where Ejp is the ionization potential.
For species with the same transition, the intensity ratio in argon to air is:
I 11 4-SAf A; NoarUoai 1 1 1
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Taking the 2 ps delay as an example, the plasma temperature under argon and air is 1.19 eV and
1.00 eV, and the electron number density is 2.50 x 10'®cm™3 and 1.81 x 10'® cm™3, respectively.
The expression (TA,/TAi,)3/ N, Air/Ne A can be ignored since it is approximately equal to 1.
Therefore, for atomic and ionic spectral lines, the intensity ratio in argon to air can be simplified
as:

lonair  InairSAnar  NoairUoar T:{f Near

loar

Lo air
where A = (NoarUoair)/(NoairUoar), B=-(1/Ta, -1/T ;) kg, for atoms, E* k = Ej, and for ions
E* kZE” + Epp.

= Aexp(B X E}), (10)
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At 2 ps delay, the plasma temperature and electron number density under nitrogen are 0.99 eV
and 1.78 x 10! cm™ respectively, which are similar to those under air. Thus, the expression
(Tyo! TA”)3/ 2Ne,A,'r/Ne,Nz can also be ignored, and the intensity ratio in nitrogen and air can be
described by Eq. (10). Since the expression -(1/Ty> -1/T4;)/kp approaches 0, according to the
Taylor expansion of the exponential function, it can be further simplified as:

I 1 1 1
ﬂ:A(l——(———)xE;g). (11)
Io air kg \Tn,  Tair

Figure 2 shows the evolution of the intensity ratio in argon and nitrogen to air with the upper
energy of different species at 2 ps delay, where the solid square represents the intensity ratio
of theoretical simulation, and the solid line is the fitting curve. As seen in the figure, the
exponential and linear functions can well fit the evolution trend of the intensity ratio in argon
and nitrogen to air. The intensity ratio in argon to air increases with the increase of the species
upper energy, whereas the intensity ratio in nitrogen to air decreases with the increase of the
upper energy. Compared to the intensity under air, the corresponding spectral line intensity under
other background gases changes more drastically with higher upper energy. In other words, the
greater the increase of spectral line intensity under argon, the greater the decrease of spectral line
intensity under nitrogen.
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Fig. 2. Relationship between intensity ratio and species upper energy under various
background gases at 2 ps delay.

In addition to investigating the influence of background gas type on the radiation properties,
we also explored the effect of background gas pressure on species intensity in plasma. Figure 3
illustrates the temporal evolution of intensity ratio at 1000 mbar compared to other argon pressures
within the 0.5-2.5 ps delay. As shown in the figure, the intensity ratio gradually increases at first
and then decreases towards the end of plasma evolution. With the increase of argon pressure, the
plasma temperature and species number density also increase, leading to the increase in spectral
line intensity. Furthermore, the higher the excitation energy, the more pronounced the increase in
intensity ratio.

3.2. SA coefficient

The SA coefficient provides a more intuitive measure of the self-absorption degree of spectral
lines, which is closely related to factors such as the background gas and species, and can vary
with experimental conditions. In the study of SA coefficient, for Al I and Mg I species, we
choose a stronger line of the doublet, namely Al1396.15 nm and Mg I 518.36 nm. Figure 4(a)
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Fig. 3. Temporal evolution of intensity ratio of (a) Al I and (b) Al II species under various
argon pressures.

illustrates the relationship between the SA coefficients of Al and Mg species emission spectral
lines and the molecular weight of the background gas at a delay of 2 ps, with species represented
by different colors. It is evident that, towards the end of the plasma evolution, the SA coefficients
of all species show a negative correlation with the molecular weight of the background gases,
indicating that as the molecular weight of the background gas increases, the self-absorption effect
becomes more severe, leading to a decrease in the SA coefficient. This finding is consistent with
the results presented in Fig. 1(a), which shows that the intensity of Mg I species at 518.36 nm
under argon is significantly lower than in other gases. As the molecular weight of the background
gas increases, the plasma temperature and species number density increase, resulting in a more
pronounced self-absorption effect. Furthermore, a comparison of the four species reveals that
lower energy species exhibit larger SA coefficient and smaller self-absorption degree. Species at
the edge of the plasma have lower energy levels than those at the center, making photons emitted
by lower-energy species at the center more readily absorbed by species at the edge. Figure 4(b)
shows the relationship between the SA coefficients of Al I and Al II lines and the molecular
weight of the background gas at 0.5 ps and 1 ps. It is evident that at the early stage of plasma
expansion, the SA coefficient of Al I species increases with increasing molecular weight of
the background gas, which is the opposite trend to that observed at 2 ps. Previous literature
also suggests that the presence of an argon atmosphere reduces the self-absorption effect [12].
Moreover, the self-absorption effects of ionic lines are more pronounced than those of atomic
lines at 0.5 ps.
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Fig. 4. Relationship between the SA coeflicients of (a) Al and Mg species at 2 us and (b) Al
species at 0.5 ps and 1 ps and the molecular weight of the background gas.



Research Article Vol. 31, No. 10/8 May 2023/ Optics Express 16429 |

Optics EXPRESS i N

Figure 5(a) depicts the relationship between the SA coefficients of Al and Mg species and
the pressure of argon at 2 ps. It is evident that the self-absorption effects of ionic lines become
more significant with increasing argon pressure, while the self-absorption effects of atomic lines
become more significant with decreasing argon pressure. It is speculated that, for atoms, the
reduction of pressure accelerates the diffusion of species at the center, resulting in a higher atomic
number density at the edge of the plasma than at the center, thereby enhancing the self-absorption
effect. Figure 5(b) illustrates the relationship between the SA coefficients of Al T and Al II species
and the pressure at 0.5 s and 1 ps. The figure clearly shows that at the early stage of plasma, the
self-absorption effects of ionic lines are stronger than those of atomic lines.
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Fig. 5. Relationship between the SA coeficients of (a) Al and Mg species at 2 ps and (b) Al
species at 0.5 us and 1 ps and the pressure of argon.

3.3.  Optically thin moment

The study of SA coefficients gives us a rough understanding of the evolution of self-absorption
effect with molecular weight and pressure of the background gas under different species and
delays. To accurately identify a plasma without self-absorption effect, we can calculate the
optically thin moment by using SAF-LIBS.

Under the assumption of local thermal equilibrium, if the plasma is in the optically thin state,

the doublet intensity ratio of the same element in the same ionization state can be expressed as
[15,16]:

Iy AwAy E, - E,
Loy _ AwAigk (_ k ) (12)

Iy AjAugu kgT

where ¢ 1, I are the spectral line intensities of transitions from the energy level & to j and u to /,
respectively.

When the upper energies of the doublets are the same or close, the exponential term in the
above equation is equal to or approximately equal to 1, so Eq. (12) can be simplified as:

10,2 /lkjfiulégu'

As can be seen, in the optically thin state, the doublet intensity ratio with similar upper energies
is only dependent on spectroscopic parameters of the spectral lines and is a constant. Therefore,
once the experimentally measured intensity ratio at a certain moment equals to the theoretical
value, we can consider that there is no self-absorption effect, and that moment is the optically

thin moment. In this way, by setting the exposure delay time to this moment, we can convert
LIBS to SAF-LIBS.
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Figure 6 shows the temporal evolution of doublet intensity ratio of A11396.15nm and Al 1
394.40 nm, Mg 1 518.36 nm and Mg I 517.27 nm under air and argon obtained through theoretical
simulation. According to the theory of self-absorption-free [15,16], the doublet intensity ratio of
Al I species in the optically thin state is 1.97. Considering the self-absorption effect, the doublet
intensity ratio of Al I species increases first and then decreases with the delay time, and the
optically thin moments under air and argon are respectively 1.77 ps and 2.17 ps. Similarly, the
doublet intensity ratio of Mg I species in Fig. 6(b) increases first and then decreases with the
delay time, intersecting the theoretical level of 1.66 at 0.78 us and 0.95 us respectively under air
and argon. It can be seen that the optically thin moment of Mg I doublet is much earlier than that
of Al I doublet. The optically thin moments of different doublets are different, and the optically
thin moment of atoms with higher energy occurs earlier than that of atoms with lower energy.
This is consistent with the conclusion in [23] that the lower the upper energy, the longer the
species lifetime, and the later the optically thin moment appears. Table 2 lists the optically thin
moments of Al and Mg lines calculated under various background gases and pressures, showing
that the larger the molecular weight of the background gas and the higher the pressure, the later
the optically thin state of the plasma appears.
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Fig. 6. Temporal evolution and theoretical values of doublet intensity ratios of (a) Al I and
(b) Mg I species under air and argon.

Table 2. Optically thin moments of Al and Mg lines
under various background gases at one atmosphere
and argon pressures

Background gas | Nitrogen | Air Oxygen | Argon
tar1 (us) 1.757 1.774 | 2.039 2.168
tMg 1 (US) 0.745 0.779 | 0.820 0.949
Pressure (mbar) 50 100 500 1000

ta11 (us) 0.570 0.830 | 1.567 2.168
tMg 1 (uS) 0.465 0.620 | 0.879 0.949

3.4. Verification of optically thin moment

In the experiment, an Al-Mg alloy with a mass ratio of 49:1 was used as the sample. A
Nd: YAG laser (Spectra Physics, INDI-HG-20S) output 1064 nm, 100 mJ/pulse laser pulses
with a repetition rate of 10 Hz and was focused 7 mm below the sample surface to generate
plasmas. The fluorescence was collected by an optical fiber and transmitted to a diffraction
grating spectrometer (Princeton Instruments, SP-2750), and the spectra were detected by an
ICCD (Princeton Instruments, PI-MAX4-1024i). The sample was placed on a three-dimensional
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translation platform, and each point was hit with 3 laser pulses before being replaced with a fresh
point. Each group of spectral data was the average of 60 spectra obtained by laser ablation of 20
points on the sample surface.

Figure 7 shows the temporal evolution of the doublet intensity ratios of Al I and Mg I doublets
obtained experimentally under air and argon. In the studied time domain, the intensity ratios of
these doublets both exhibit an overall monotonic downward trend with time. The intersection in
the figure represents the experimentally obtained intensity ratio that equals the theoretical value,
indicating that the spectral lines are at an optically thin moment with no self-absorption effect
present. It can be seen from the figure that under air and argon, the optically thin moments of Al
I doublet are 1.13 ps and 1.24 ps respectively, while those of Mg I doublet are 0.76 ps and 0.93
s respectively. The argon atmosphere prolonged the appearance of the optically thin state, and
the optically thin moment of the Mg I doublet was earlier than that of the Al I doublet, which is
consistent with the above simulation results, thus confirming the reliability of our theoretical
method. In addition, it can also be seen from Figs. 6 and 7 that the experimentally measured
doublet intensity ratio is larger and the optically thin moment is earlier compared to the theoretical
simulation results. This may be attributed to factors such as sample heterogeneity, integration
time, fiber alignment angle, etc. For example, the integration time in the theoretical simulation
was 1 ns, while in the experiment it was set to 500 ns.
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Fig. 7. Temporal evolution of doublet intensity ratios of (a) Al T and (b) Mg I lines under
air and argon.

4. Conclusion

In this work, based on the thermal ablation and hydrodynamics models, the radiation characteristics
and self-absorption effects of laser-induced plasma under various background gases were studied.
The increase in molecular weight of the background gas leads to the generation of a higher
temperature and density plasma, thus increasing the emission intensity of spectral lines. Compared
to air, the molecular weight of the background gas has a more significant effect on the species
in the high excitation energy level. The increase in background gas pressure also leads to an
increase in spectral line intensity, and the increase of ionic lines is greater than that of atomic
lines. By studying the SA coefficients of species under different delays, it was found that the
self-absorption effects of ionic lines are larger than those of atomic lines in the early stage of
plasma evolution. Additionally, the moment when the plasma is in the optically thin state was
found by using the intensity ratio of doublets with similar upper energies. It was found that the
greater the molecular weight and pressure of the background gas and the lower the upper energy
of species, the later the optically thin moment appears. The simulation results were well verified
by experiments. This work is of great significance for the selection of the type and pressure
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of background gas, the rapid selection of suitable doublet, the determination of optically thin
moment and the improvement of measurement accuracy in SAF-LIBS experiments.
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