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Abstract: A self-reversal effect in plasma has affected the accuracy of laser-induced breakdown
spectroscopy (LIBS). This effect becomes pronounced in a high-density and inhomogeneous
plasma, which is commonly generated in UV LIBS due to efficient ablation of the sample by UV
irradiation. Here we present a simple method to suppress the self-reversal effect in UV LIBS
at atmospheric pressure utilizing an air spark-assisted excitation. We simultaneously generated
the air spark and target plasma by adjusting the lens’ focal point position relative to the sample
surface. The interaction between the air spark’s tail and target plasma helps reduce the number
of cold ground-state atoms at the periphery of the target plasma. Under this condition, we
significantly suppressed the self-reversal effect in the resonance lines of high-concentration
aluminum. The time-resolved features show that the emission lines of Al I 394.40 nm and Al
1396.15 nm obtained using the proposed approach are free from self-reversal. These results
indicate that the proposed technique can improve the plasma’s homogeneity and, therefore, the
spectral quality of resonance lines of nanosecond UV LIBS.

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

1. Introduction

Over the past decades, laser-induced breakdown spectroscopy (LIBS) has become popular for
measuring substances’ element content and chemical composition. This technique has been
applied in many fields, including mining, environmental monitoring, geology, food safety, nuclear
safety, space exploration, etc. [1-7]. It offers several advantages: rapid analysis, real-time,
in-situ, less destructive, less sample pre-treatment, and simultaneous multi-elemental analysis.
However, the presence of self-absorption and self-reversal effect in the laser-induced plasma,
particularly in the high-density and inhomogeneous plasma, often affected the accuracy of
LIBS. When the self-absorption effect occurs in plasma, the peak intensity of the emission
lines may reduce, thereby breaking a linear relationship between the emission intensity and
the analyte concentration. To date, researchers have developed some analytical procedures
[8—13], optimized the experimental parameters [14-23], and added additional devices [24-32] to

#488734 https://doi.org/10.1364/OPTCON.488734
Journal © 2023 Received 27 Feb 2023; accepted 7 Apr 2023; published 24 Apr 2023


https://orcid.org/0000-0002-4189-5205
https://orcid.org/0000-0003-3561-1998
https://orcid.org/0000-0001-9155-3433
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTCON.488734&amp;domain=pdf&amp;date_stamp=2023-04-24

Research Article Vol. 2, No. 5/15 May 2023/ Optics Coi

opTics CONTINUUM wl L =

ntinuum 1029 |

g Sl

evaluate or compensate for the effect of self-absorption. The self-absorption effect can be easily
evaluated and compensated in the case of homogeneous plasma [11,33]. However, in the case of
inhomogeneous plasma, the presence of the self-absorption effect can lead to the self-reversal
effect. This self-reversal effect is greatly influenced by the spatial gradient of plasma temperature
and electron number density, especially in the outer plasma layer. Because the plasma periphery
has a lower temperature than the central plasma region, it will be populated by cold ground state
atoms. Besides lower temperature, the plasma periphery has a lower electron density than the
inner region. Therefore when a photon emitted by the atom from the hot plasma core travels to
the outer plasma region, it can be reabsorbed by a ground-state atom of similar species residing at
the plasma periphery. As a result, a narrow absorption line profile, which manifests as a narrow
dip, can appear in the emission line. This self-reversal effect is pronounced for a line of a highly
concentrated element that has a higher transition rate and ends on a lower energy level that closes
to the ground state. Analytically, treating the self-reversed line in inhomogeneous plasma is
challenging compared to the self-absorbed line in homogenous plasma. Therefore the emission
line without self-reversal is preferable for quantitative analysis in LIBS.

Recently, several approaches have been proposed to suppress the self-reversal effect in laser-
induced plasma. Some researchers have optimized the experimental parameters [17-23] and
utilized additional devices [24-31] to improve the plasma’s homogeneity and suppress the self-
reversal effect in LIBS. However, only a few have discussed the suppression of the self-reversal
effect in UV LIBS. It is known that UV laser irradiation can ablate the sample efficiently [34].
However, the plasma produced by UV lasers can have a large inhomogeneity in density and
temperature between the core and the periphery, which may induce a self-reversal effect. In their
recent work, Urbina et al. [21] investigate the impact of environmental gas on the self-reversal
effect in UV LIBS. They found that the self-reversal effect could be reduced if the plasma was
surrounded by atomic instead of molecular gas.

In the present work, we demonstrate the suppression of the self-reversal effect in UV LIBS by
utilizing an air spark. We simultaneously create the air spark and target plasma by adjusting the
lens’ focal point on the sample surface. We investigate how the position of the air spark relative
to the target plasma can affect the self-reversal effect. We show that the self-reversal effect in UV
laser-induced aluminum plasma diminished when the air spark’s tail was placed in between the
sample surface and the target plasma periphery. We demonstrate the effectiveness of the proposed
approach by observing the temporal profile of resonance lines of high-concentration aluminum.
Using this technique, we obtained the Al 1394.40 nm (3s2(1S)4s 282 — 35*(18)3p 2Py 2) and Al
1396.15nm (35*(1S)4s5 %S /2 — 35°(15)3p 2P5») emission lines, free from self-reversal. To our
knowledge, this is the first report of utilizing an air spark, generated simultaneously with the
target plasma using the same laser, to suppress the self-reversal effect in nanosecond UV LIBS.

2. Experimental setup

Figure 1 displays a schematic diagram of the experimental arrangement used in this work. We
conduct the experiments under atmospheric air pressure. A Q-switched Nd: YAG pulsed laser
(Quanta Ray model INDI 10), operating at 355 nm, having a pulse duration of 10ns and a
repetition rate of 10 Hz, was employed for plasma generation. The incident laser energy was
fixed at 60 mJ. The lens with focal length of 150 mm was used to focus the laser beam. By
adjusting the lens’ focal point relative to the sample surface, we generate the air spark and target
plasma simultaneously. The target used in this study was standard aluminum from Rare Metallic
Co. Japan, contains 99.8% aluminum. It was mounted on a 3D-sample stage, which was rotated
at 6 rpm to avoid the formation of a deep crater on the target surface during successive laser
shots. Spectrums were obtained by averaging ten single-shot data under identical experimental
conditions to increase the signal-to-noise ratio. The radiation emitted by the plasma was collected
using an optical fiber with a numerical aperture of 0.27. The other end of the optical fiber was
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attached to a 5.0 um wide entrance slit of a 1.0 m Czerny Turner type spectrograph (McPherson
model 2061) having a grating of 1800 grooves/mm and a resolution of 0.012nm at 313.1 nm.
The exit slit of the spectrograph was equipped with a time-gated ICCD (Andor iStar intensified
CCD, 1,024 x 256 pixels, UK) to record the spectra. To synchronize the delay time between the
laser pulse and the ICCD, the ICCD was triggered using an output signal from the laser system.
An adjustable time gate provided by the ICCD allows the detection of the temporal evolution of
plasma emission. In the time-resolved measurement, we set an initial delay of 600 ns to allow the
decay of the continuum due to Bremsstrahlung radiation and free-bound electronic transition
recombination. Data acquisition and analysis were carried out with a personal computer.
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Fig. 1. Schematic diagram of the experimental arrangement.

3. Results and discussions

Before adjusting the sample position on the experimental setup, we need to determine the lens’
focal point’s location. It was determined based on where the air spark appears when we set the
incident laser energy close to the breakdown threshold value. The measured breakdown threshold
energy in this experiment was around 1.5 mJ, corresponding to a laser irradiance of 0.5 x 10!
W/cm?. Figure 2(a) shows the location of the air spark when we set the incident laser energy to
60 mJ. The red arrow in Fig. 2(a) indicated the lens’ focal point location. As seen in Fig. 2(a), the
initial breakdown of the air spark moves away from the focal point toward the laser’s direction.
This shift occurs because the breakdown threshold can be reached earlier at a location before the
focal point for higher laser energy, as reported by Chen et al. [35]. It should also be noted that,
apart from shifting the air spark’s position, higher laser energy will also elongate the air spark.
When we set the laser energy to 60 mJ and place the focal point of the lens on the sample
surface, two separate plasmas, namely the target plasma and the air spark, appear simultaneously,
as shown in Fig. 2(b). The air spark appears a few mm before the focal point of the lens. At
the same time, target plasma appears on the sample’s surface. The target plasma can be formed
because, under this experimental condition, we found that 50% of the incident laser energy could
pass through the air spark. We got this value by measuring the laser energy that passes through
the air spark without the presence of the sample and comparing it with the incident laser energy.
Therefore when we set the sample surface at the lens’ focal point, 50% of the incident laser
energy that passes through the air spark can ablate the target and generate the plasma. With time,
this target plasma will expand, and as can be observed in Fig. 2(b), its outer shell will interact
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Fig. 2. a) Photograph of the air spark when the sample surface is far away from the lens’
focal point. The incident laser energy was set at 60 mJ. The red arrow in the figures indicate
the position of lens’ focal point. b) Photograph of the air spark and the target plasma when
the sample surface was set at the lens’ focal point. The incident laser energy was set at 60
mJ.

with the surrounding air molecules. During interaction with the air molecules, the atoms in the
target plasma periphery can efficiently dissipate their energy to the large number of available
rotational energy states in the air molecules, as explained by Urbina et al. [21]. As a result, the
outer shell of the target plasma will be populated by cold ground-state atoms. This condition
generates inhomogeneity in the target plasma, and as a consequence, the self-reversal effect will
show up in the emission lines, especially for those which have transitioned close to the ground
state, as depicted in Fig. 3. Figure 3 shows the time-resolved spectra of the aluminum resonance
lines, i.e., the Al I 394.40 nm and Al 1396.15 nm when we set the lens’ focal point on the sample
surface. The inset of Fig. 3(b) shows the photograph of the resulting plasma. We can infer the
appearance of a self-reversal effect in the plasma from a narrow dip on the center of the emission
lines. In this configuration, the air spark in front of the target plasma does not contribute much to
suppressing the self-reversal effect because of the lack of interaction with the target plasma.

To increase the interaction between the target plasma and the air spark, we shifted the position
of the air spark by moving the lens’ focal point around 1 mm inside the sample surface. The
inset of Fig. 4 shows the photograph of the resulting plasma, showing the interaction between
the air spark’s tail and the target plasma. In this configuration, the atoms in the target plasma
periphery can be excited through the collision with the atomic and ionic species from the air
spark. Besides that, the presence of an air spark in front of the target plasma will also slow
down the cooling process because, in the air spark, the air molecules have been dissociated into
their constituents, which makes them less efficient in dissipating the energy of the target atoms
residing in the plasma periphery. Consequently, the number of ground-state atoms will decrease,
and the target plasma will become more homogeneous. The plasma homogeneity can be inferred
from the time-resolved spectra in Fig. 4, where no apparent self-reversal effect was observed at
the A11394.40 nm and Al I 396.15 nm emission lines.

However, the self-reversal effect becomes evident when we shift the air spark position further
within the target plasma. The inset of Fig. 5. shows the photograph of the resulting plasma when
we move the lens’ focal point to 2 mm below the sample’s surface. In this condition, the air
spark was involved in the ablation process of the sample, creating a high-density target plasma.
Besides, since the air spark has been moved further within the target plasma, only a small part
remains near its outer layer. Thus, the number of atomic or ionic species from the air spark which
can collide with the atoms in the target plasma periphery gets reduced. This condition increases
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Fig. 3. Time-resolved spectra of the Al 1394.40 nm and Al I 396.15 nm when the position
of lens’ focal point was set at the sample surface. The gate width of the ICCD was set at
200 ns. Inset in the figure shows the time-integrated photograph of the resulted plasma. The
incident laser energy was set at 60 mJ.
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Fig. 4. Time-resolved spectra of the Al 1394.40 nm and Al I 396.15 nm when the position
of lens’ focal point was set 1 mm below the sample surface. The gate width of the ICCD was

set at 200 ns. Inset in the figure shows the photograph of the resulted plasma. The incident
laser energy was set at 60 mJ.
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the collision probability between the atoms in the outer target plasma with the air molecules
and makes the outer plasma layer populated by cold ground-state atoms. Figure 5 shows the
time-resolved spectra of the Al 1 394.40 nm and Al I 396.15 nm emission lines obtained in this
condition. A noticeable dip in the spectral lines indicates the presence of inhomogeneity in the
plasma.

Intensity

394 396 398 400 402

Wavelength (nm)

390 392

Fig. 5. Time-resolved spectra of the Al 1394.40 nm and Al I 396.15 nm when the position
of lens’ focal point was set 2 mm below the sample surface. The gate width of the ICCD was
set at 200 ns. Inset in the figure shows the photograph of the resulted plasma. The incident
laser energy was set at 60 mJ.

Figure 6 shows the resulting time-resolved spectrum when the lens focal point was moved
deeper beneath the sample surface, around 3 mm. The inset in Fig. 6 shows the resulting plasma
photograph. The spectrum reveals a deeper dip in the emission lines of Al I 394.40 nm and Al I
396.15 nm, a signature of self-reversal arising from the strong plasma’s inhomogeneity. In this
condition, almost all the incident laser energy was used to ablate the sample. Therefore, the
target plasma’s density will be higher than in the previous situation, as seen in Fig. 7. Figure 7
displays the calculated temporal electron density derived using the optically thin Al II 281.62 nm
(3s4s 'S — 3s3p 1P) line [11] when the lens’ focal point was moved to 1 mm, 2 mm, and 3 mm,
below the sample surface. We calculated the electron density by using the following equation:

A

- 2wy

ne (D
where 7, is the calculated electron density, AA is the full width at half maximum (FWHM) of the
AL II 281.62 nm line and wy is the half-width Stark parameter of the corresponding line taken
from Fleurier et. al. [36]. To get the FWHM of the spectral lines, we fitted the experimental
profiles with a Voigt profile. Then, the Lorentzian width of the line used to evaluate electron
density was acquired by a numerical deconvolution of the Voigt profile using the instrumental
profile. The instrumental profile broadening was measured using spectral lines emitted from a
low-pressure argon mercury lamp in the wavelength region of interest. In addition to the higher
plasma density, in this condition, the air spark has also been moved inside the target plasma like
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Fig. 6. Time-resolved spectra of the Al 1394.40 nm and Al I 396.15 nm when the position
of lens’ focal point was set 3 mm below the sample surface. The gate width of the ICCD was
set at 200 ns. Inset in the figure shows the photograph of the resulted plasma. The incident
laser energy was set at 60 mJ.
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Fig. 7. Temporal variation of electron density derived from Al II 281.62 nm line when

the lens’ focal point was set at 1 mm, 2 mm, and 3 mm below the sample surface and the
incident laser energy was set at 60 mJ. The error of the electron density is 10%.

in the previous case, so it does not contribute to the excitation of the ground-state atoms at the
periphery of the target plasma. Consequently, the aluminum atoms at the target plasma periphery
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can easily interact with the air molecules, which explains the appearance of a strong self-reversal
effect manifesting as a deeper dip in the emission lines.

From these results, we found that the number of cold ground-state atoms in the periphery of
the target plasma can be suppressed when the air spark’s tail was positioned between the sample
surface and the outer layer of the target plasma. In this condition, the N and O atoms in the
air spark can excite the ground state atoms in the target plasma by collisions, resulting in the
self-reversal free of the emission lines. From the self-reversal free of Al 1 394.40nm and Al I
396.15 nm emission lines, we can easily evaluate the self-absorption coefficient (SA) from these
lines by using the following equation [11]:

A= A/lli”e l/a B néine 1/a (2)
- 2 wéinen381.62 nm - n381.62 nm

40+

(a) —A—All 281.62 nm
35 —=—Al| 394.40 nm
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Delay time (us)
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Fig. 8. a) Temporal variation of electron density derived from Al II 281.62nm, Al I
394.40 nm and Al I 396.15 nm lines when the lens’ focal point was set at 1 mm and the
laser energy was set at 60 mJ. The error of the electron density is 10%. b) Self-absorption
coeflicient (SA) for Al11394.40 nm and Al 1396.15 nm. The errors of the SA for both lines
are about 30%.
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where A1/ is the FWHM of a measured spectral line, 1,23!-92"™ is the electron density calculated
from the optically thin line Al I 281.62 nm [11], ™ is the half-width Stark parameter for the
corresponding line taken from Fleurier et. al [36], and « is the empirically derived constant
that is equal to -0.54 [11]. Figure 8(a) shows the calculation result of temporal electron density
derived using Al 1281.62 nm, Al 1394.40 nm, and Al I 396.15 nm emission lines obtained when
we set the lens’ focal point 1 mm below the sample surface. The calculated SA for Al 394.40 nm
and Al I396.15 nm was presented in Fig. 8(b). SA reaches unity when the self-absorption effects
are negligible and decreases to the limit of zero when the self-absorption effects are severe [11].
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Fig. 9. a) Time-resolved spectra of a) N 1 742.4nm, N I 744.2 nm and N I 746.8 nm and b)
time resolved spectra of O I 777.2nm, O 1 777.4, and O I 777.5 nm when the position of

lens’ focal point was set 1 mm below the sample surface and the laser energy was set at 60
mJ. The gate width of the ICCD was set at 500 ns.
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From Fig. 8(b), we can see that the SA of Al 1396.15nm is always lower than Al I394.40 nm
meaning the Al 1396.15 nm line has a high degree of self-absorption compared to Al I 394.40 nm
line. This condition can be attributed to Al I 396.15 nm’s higher transition probability than Al I
394.40 nm. By looking at the temporal evolution of the SA values shown in Fig. 8(b), we found
that the best time window to perform a quantitative analysis using the proposed configuration
was 0.8 us -1.2 ps, i.e., when the self-absorption effect was minimum. After 1.2 ps, the SA value
keeps decreasing. This reduction can be caused by reducing the number of N and O atoms in the
air spark due to the cooling process. Figures 9 (a) and (b) show the temporal profile of N and
O spectrums, respectively. As shown in the figures, the emission intensity of N and O reduced
with time, confirming the reduction of the number of N and O atoms in the plasma. Lastly, we
calculate the spectral lines’ relative standard deviation (RSD) to evaluate spectral stability. The
RSD was calculated from 10 spectra; each spectrum had an average of 10 laser shots. The RSD
for the Al 1394.40 nm and Al I 396.15 nm lines at a gate delay of 1 us was calculated to be 3.3%
and 5.0%, respectively.

4. Conclusions

In summary, utilizing an air spark, we have demonstrated a simple method for suppressing the
self-reversal effect in single-pulse UV LIBS in atmospheric pressure. We have shown that by
appropriately adjusting the lens’ focal point position, we can simultaneously generate the air
spark and target plasma. The homogeneity of the target plasma improved when the air spark’s
tail was positioned between the sample surface and the target plasma periphery. By employing
this technique, we successfully obtain the emission lines of high-concentration aluminum that
are free from self-reversal at 394.40 nm and 396.15 nm. These results suggest that the proposed
approach can help suppress the self-reversal effect in nanosecond UV LIBS and improve the
spectral quality of resonance lines of nanosecond UV LIBS.
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