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ABSTRACT

Laser-induced breakdown spectroscopy (LIBS) is regarded as the future
superstar for analytical chemistry and widely applied in various fields.
Improving the quality of LIBS signal is fundamental to achieving accurate
quantification and large-scale commercialization of LIBS. To propose
control methods that improve LIBS signal quality, it is essential to have a
comprehensive understanding of the influence of key parameters, such as
ambient gas pressure, temperature, and sample temperature on LIBS
signals. To date, extensive research has been carried out. However, different
researchers often vyield significantly different experimental results for
LIBS, preventing the formation of consistent conclusions. This greatly
prevents the understanding of influencing laws of key parameters and the
improvement of LIBS quantitative performance. Taking ambient gas pres-
sure as an example, this paper compares the effects of ambient gas pressure
under different optimization conditions, reveals the influence of
spatiotemporal window caused by inherent characteristics of LIBS signal
sources, i.e., intense temporal changes and spatial non-uniformity of laser-
induced plasmas, on the impact patterns of key parameters. From the
perspective of plasma spatiotemporal evolution, the paper elucidates the
influence patterns of ambient gas pressure on LIBS signals, clarifying
seemingly contradictory research results in the literature.
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1 Introduction spectral signal quality caused by fluctuated plasma
remains a major bottleneck for the large-scale commer-

Laser-induced breakdown spectroscopy (LIBS) is cialization of LIBS. In the last decade, many methods

regarded as the future superstar for chemical analysis [1,
2]. Although it has a wide range of applications such as
coal analysis [3], mineral processing and metallurgy [4],
space exploration [5], and biological detection [6, 7], low
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have been developed to improve the spectral signal qual-
ity, including beam shaping [8], double-pulse configuration
[9, 10], cylindrical confinement [11, 12], gas mixture and
ambient pressure optimization [13, 14]. Furthermore, it
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Fig. 1 Different results of pressure effects on the LIBS signal intensity from different researchers. (a) The absolute signal
intensity of the continuum radiation, W II line (434.81 nm) and W I (429.46 nm) line as a function of air pressure [16].
(b) Variation in peak intensity of spectral line Cu I at 510.5 nm with pressure [18]. (c) Emission intensity of Mg II
(279.55 nm) line at different pressures [19]. (d) Spectral intensity of Na I 590.02 nm under different air pressures [13].

is essential to have a comprehensive understanding of
the influence of key parameters, such as ambient gas
pressure, temperature, and sample temperature on LIBS
signals to propose control methods that improve LIBS
signal quality. Extensive research has been carried out
but yield significantly different experimental results. In
this paper, ambient gas pressure was chosen as an example
for analysis, considering the intense and complex heat
and mass transfer process between ambient gas and laser-
induced plasma [15].

To investigate the ambient gas pressure effects on
LIBS signals, the variation of spectral signal intensity at
different pressures have been investigated. Wu et al. [16]
produced laser-induced tungsten plasma at different
pressures in air. As the pressure rises from 0.01 kPa to
3 kPa, the intensity of W II (434.81 nm) line increases
to its maximum value, which is about four times the
intensity at 0.01 kPa. When the pressure reaches
100 kPa, the intensity drops to about half of the intensity
at 0.01 kPa, which is shown in Fig. 1(a). Farid et al. [17]
studied the plasma parameters including spectral signal
intensity, electron temperature and density at different
environmental gases and pressures. Under air conditions,
as the pressure increases from 0.67 kPa to atmospheric

pressure, the Cu I (510.5 nm) line reaches its maximum
intensity at 6.67 kPa and then decreases. Farid et al. [18]
further investigated the influence of ambient pressure on
the spectral signal intensity and expansion dynamics of
a copper plasma plume. As shown in Fig. 1(b), the
intensity of Cu I (510.5 nm) line attains its maximum
value at 80 kPa, which is approximately 20 times higher
than the signal intensity observed at 1.33 x 106 kPa.
Haider et al. [19] conducted a comparison of the signal
intensities between single-pulse and double-pulse laser
ablation under different pressure conditions. Fig. 1(c)
shows that the intensity of Mg II (279.55 nm) line
monotonously increases with increasing pressure from
22 kPa to 100 kPa in the single-pulse configuration
setting. Yi et al. [13] also obtained similar results in soil,
with the intensity of Na I (590.02 nm) increasing with
increasing pressure from 0.1 kPa to 100 kPa, as shown
in Fig. 1(d). From above studies, the pressures corre-
sponding to the maximal spectral signal intensities are
different, even for the same spectral line of the same
sample. Moreover, studies of plasma evolution at different
pressures are limited in terms of observation time range
[16, 18, 20]. These, together with the uncertainty of
spectral signals [21], pose a challenge to study pressure
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effects on LIBS signals and improvement on quantitative
performance. Therefore, a comprehensive understanding
of the plasma evolution process is needed to research
pressure effects and improve signal quality.

Notably, the results due to pressure effect may vary
because there are many variables that affect the spectral
signals at different pressures, including sample charac-
teristics, irradiance, gating delay and width and emission
collection optics [22]. In fact, sample characteristics [17,
18] and irradiance [23] have relatively little effect on the
spectral signals. Scott et al. [24] suggested that the optimal
parameters of temporal window (delay time and gate
width) are not fixed under different conditions. Wu et al.
[16] showed that when the ambient gas pressure changes
from 1076 kPa to 10% kPa, the optimal temporal window
varies from 100 ns to 500 ns depending on the signal-to-
background ratio and signal-to-background noise ratio.
In addition, it is unclear how the spatial window (i.e.,
the spectral collection system position) affects the
pattern of signal variation with pressure. The temporal
and spatial windows are highly correlated and can be
considered as spatiotemporal window. Currently, a fixed
spatiotemporal window is commonly used when collecting
spectra under different pressure conditions. However, the
spatiotemporal evolution characteristics of the plasma
undergo significant changes from low pressure to atmo-
spheric pressure [25]. Moreover, the plasma region
captured by the spectral collection system is only a
small part of the whole plasma [26]. Thus, the position
relative to the overall plasma and temporal evolution of
this plasma region are distinct at different pressures.
Furthermore, different series of the relative positions
and temporal evolutions of the plasma region may be
observed due to variations in experimental setups among
different researchers. Therefore, different spatiotemporal
windows may lead to different results in the literature.

In order to obtain a more comprehensive understanding
of the phenomenon, it is recommended to optimize the
spatiotemporal window for each pressure and capture a
series of plasma evolution images when investigating the
influence of ambient pressure on spectral signals. The
collection of spectra with the optimal spatiotemporal
window at each pressure can obtain the optimal spectral
signal at that specific pressure. However, to the best of
our knowledge, there is currently a lack of research on
how the optimal spatiotemporal window for spectral
collection varies with pressure. In this study, we validate
that the variation in spatiotemporal windows for spectral
collection can be one of the important factors leading to
the different pressures where maximal spectral signal
intensity occurs. The spatiotemporal window is optimized
according to the best signal noise ratio (SNR) for each
specific pressure. The reasons for the variation of the
optimal spatiotemporal window are analyzed through
plasma spatiotemporal evolution image. Spectral signals
are collected using the optimal spatiotemporal window
at each pressure to analyze the changes in spectral
signal intensity and uncertainty with respect to pressure.
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Focus lens

stage
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Fig. 2 Schematic diagram of the LIBS experimental setup.
ND filters: neutral density filters.

Furthermore, we investigate the mechanisms behind the
spectral signal intensity and uncertainty changes based
on plasma spatiotemporal evolution image and ablated
mass.

2 Experimental setup

The schematic diagram of the LIBS experimental setup
in a vacuum chamber is shown in Fig. 2. A chamber is
utilized in the experiment system which can be evacuated
to a base pressure of 0.1 kPa by a pump, then the air
was filled into the chamber through a reducing valve. A
pulsed Nd:YAG laser (Dawa-200, Beamtech Optronics,
China) with a wavelength of 1064 nm, a pulse duration
of 7 ns, a laser energy of 100 mJ, and a repetition rate of
1 Hz was used for plasma generation. The laser beam
was normally focused onto the target surface by an
ultraviolet (UV) grade quartz lens with a 300-mm focal
length. The laser power density was estimated to be
7.28 GW-cm2. A digital delay generator (DDG) was
used to synchronize the laser, spectrometer, and intensified
charge-coupled device (ICCD) camera (DH334T, Andor
Technology Ltd, UK). The delay time of the spectrometer
was optimized at each pressure, and the gate width was
1.05 millisecond as a default value determined by the
instrument. The spectral collection system consists of a
focal lens and an optical fiber, which are fixed on a
translation stage. To achieve the 3-dimensional movement
of the spectral collection system, the direction of 45°
between the spectral collection system and the sample
surface is used. The focus length and diameter of the
collection lens is 125 mm and 25.4 mm, respectively.
The diameter of the optical fiber of the spectrometer is
200 pm. Different spatial windows could be produced by
moving the position of the translation stage. For each
setting, 20 spectra were recorded at different positions.
The evolution image of plasma was taken by ICCD
camera and different integration times were set for
different delay times to ensure the plasma images were
clear. Integration times of 5 ns, 20 ns, 50 ns, and 100 ns
were set for the plasma images taken between 5 ns to
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Fig. 3 The relative positions and delay time of spatiotemporal windows I, II, and III and patterns of LIBS signal intensity
with pressure variation under spatiotemporal windows I (a), II (b), and III (c¢). Omitted distances are denoted by //
symbols for better visualization. X and Y are the coordinates of the translation stage in the horizontal plane direction.

250 ns, 300 ns to 700 ns, 1000 ns to 1700 ns, 2000 ns to
6000 ns, respectively. For each delay time, 20 pulses
were applied at different positions on the sample surface
to obtain the plasma images. The ablation crater was
measured by using a confocal microscope at a magnification
of 20. A pure copper (Cu > 99.9%) target was used in
this study and was mounted on a translation stage. Pure
copper was polished by sand paper and then rinsed by
alcohol.

3 Results and discussion

3.1  The influence of the spatiotemporal window on the

pattern of LIBS signal intensity with pressure

As discussed in the introduction, the spatiotemporal
window plays a crucial role in determining the pattern
of spectral signal intensity variation with pressure.
Different patterns in the variation of spectral signals
with pressure can be obtained when varying the

spatiotemporal window according to previous analysis.
By changing the delay time of the spectrometer and the
position of the spectral collection system, we generated
different spatiotemporal windows and observed the
patterns of spectral signal intensity variation with pressure
under these spatiotemporal windows.

Figure 3(a) illustrates the spectral signal intensity of
Cu I (515.24 nm) and Cu I (521.72 nm) lines variation
under spatiotemporal window I optimized at 100 kPa
with pressure variation. The signal intensity increases
with an increase in pressure from 0.1 kPa to 100 kPa,
which agrees with the results reported in Ref. [19].
Figure 3(b) demonstrates the spectral signal intensity
variation of Cu I (515.24 nm) and Cu I (521.72 nm) line
under spatiotemporal window II optimized at 80 kPa
with pressure variation. As the pressure increases from
0.1 kPa to 100 kPa, the signal intensity initially increa-
ses, attains its maximum at 80 kPa, which is consistent
with the results reported in reference [18]. Figure 3(c)
illustrates the spectral signal intensity variation of Cu I
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(515.24 nm) and Cu I (521.72 nm) line under spatiotem-
poral window III optimized at 5 kPa with pressure vari-
ation. As the pressure increases from 0.1 kPa to 100 kPa,
the signal intensity increases initially, reaches its maximum
at 5 kPa, and then decreases, which is almost consistent
with the results reported in Refs. [16, 17, 27].

Coaxial to laser axis optical configuration, perpendicular
to laser axis optical configuration, sloping to laser axis
optical configuration was used in Ref. [16], Refs. [17, 18,
27], and Ref. [19], respectively. It is challenging to
analyze the reasons for different results based on the
literature’s spectra collection systems. The results of the
pattern of spectral signal intensity with pressure vary
even with the same type of spectra collection system [17,
18]. The variability in specific configurations, such as
the focal length and position of the lens, exists even
among spectral collection systems of the same type.
Coupled with differences in the instrumentation and
settings, it is difficult to ascertain the underlying reason
for the different results. Accordingly, the delay time of
the spectrometer and the position of the spectral collection
system were adjusted to modify the spatiotemporal
windows in this study. This allowed for a clear investigation
of the influence of the spatiotemporal window. Figure 3
displays the relative positions and delay time of
spatiotemporal windows I, II, and III. The distribution
of the grey rectangles in the axes represents the relative
positions of the optical fiber.

Compared to spatiotemporal windows I and II,
spatiotemporal window III is more distant from the
sample surface and earlier in delay time. This corresponds
to the larger expansion region and a quicker decay of the
plasma at 5 kPa. Under spatiotemporal window III, the
spectral signals emitted during the initial stage of
plasma evolution at approximately 5 kPa can be
captured, while it is unable to capture the spectral
signals of the plasma at 100 kPa due to the limit of
spatiotemporal window and the small plasma expansion
region of 100 kPa. Therefore, the corresponding results
show stronger spectral signals at 5 kPa. For spatiotemporal
windows I and II, they are closer to the sample surface,
and the delay time is relatively later. This is consistent
with the observation that the plasma expands in a
confined region and decays more slowly at around
100 kPa. Consequently, for these two spatiotemporal
windows, the spectrometer primarily captures the spectral
signals corresponding to the plasma region at around
100 kPa. However, it can only capture little spectral
signals from the plasma region at pressures below 5 kPa
due to the limited plasma life and the large plasma
expansion region. As a result, the spectral signal intensity
is relatively stronger at 100 kPa and weaker at 5 kPa.
Spatiotemporal window I is closer to the sample surface
than spatiotemporal window II. As a result, spatiotemporal
window I is able to capture more spectral signals from
the plasma at 100 kPa, leading to stronger spectral
signals at 100 kPa.

3.2 Variation of optimal spatiotemporal windows at

each pressure and mechanism analysis

As stated in Section 3.1, the spatiotemporal window
plays a critical role in investigating the influence of pressure
on spectral signals. The diameter of the collection region
corresponding to the fiber is estimated to be 181.16 pm
in the direction perpendicular to the optical axis of the
spectral collection system. The size is relatively small
compared to the plasma size especially under the low-
pressure condition [26]. Thus, the spatiotemporal
window for spectral collection is optimized at each pressure
by taking into account the significant changes in plasma
evolution. Due to the strong correlation between the
time window and spatial window, the optimal spatial
window corresponding to different temporal windows
may vary, and vice versa. Therefore, the optimization of
the spatiotemporal window is an iterative process.
Figure 4(a) shows the details of the iterative process of
optimizing the spatiotemporal windows at each pressure.
When starting with a pressure of 100 kPa, the initial
delay time d; is set to 5 ns for optimizing the optimal
spatial window based on the best signal-to-noise ratio
(SNR). The SNR could be calculated as

sNr=1L
ag

(1)
where I is the intensity of Cu I (521.72 nm) line, and o
is the standard deviation of the continuum background
within a 3 nm region of the spectrum where there is no
obvious line emission. After obtaining the optimized
spatial window (position i), the delay time is further
optimized, resulting in a new delay time d;,,. The equiv-
alence between d;,; and time d; is checked, and if they
are not equal, i is updated to be equal to i + 1. This iterative
process is repeated until d;,; is equal to d;, at which
point the delay time and spatial window correspond to
the optimal spatiotemporal window. For the next pres-
sure, the initial delay time will be set to the optimal
delay time obtained from the previous pressure for efficient
adjustment of the spatiotemporal window at the new
pressure. Figure 4(b) shows the optimal spatial and
temporal windows at different pressures, which will be
discussed in the following sections in details.

In order to gain a comprehensive understanding of the
spatiotemporal evolution of the plasma at different pres-
sures, we captured plasma images at each pressure with
delay times ranging from 5 ns to 6000 ns at each pres-
sure, Fig. 5 shows the plasma evolution images at
specific pressures and delay times. Each image is averaged
by 20 plasma images and normalized according to the
maximum value and minimum value of plasma image
intensity. From Fig. 5, the plasma expands only within
a limited area at 100 kPa. However, as the pressure
decreases, the plasma expansion area gradually
increases; when the pressure decreases to 0.1 kPa, the
plasma expansion range is significantly larger, reaching

Kaifan Zhang, et al., Front. Phys. 19(4), 42203 (2024)
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Fig. 5 The plasma evolution

nearly 11 mm. The detailed discussion of the plasma’s
time evolution at different pressures will be presented in
Section 3.2.1.

3.2.1  Optimal temporal windows at each pressure and

mechanism analysis

As shown in Fig. 4(b), the optimal temporal window

250 ns

500 ns 1200 ns

2000 ns

4000 ns

images at different pressures.

varies with pressure. According to the iterative process
of optimization of the spatiotemporal window, the optimal
temporal window can be identified by the delay time
corresponding to the best signal-to-noise ratio (SNR)
during the final iteration, which is shown in Fig. 6(a)
partly. The SNR values are normalized by dividing the
maximum value at each pressure. At the pressure of
100 kPa, the SNR gradually increases with an extension
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of delay time, reaching a maximum at 400 ns, and thereafter
gradually decreases. The maximum values of the SNR
occur at 200 ns and 90 ns for lower pressures such as
10 kPa and 1 kPa, respectively. When the pressure is
0.1 kPa, the SNR decreases with delay time from 5 ns.
The best signal-to-noise ratio of the spectral signals at
different pressures occurs at different delay times, therefore
different pressures correspond to different optimal
temporal windows. Figure 6(b) shows that the optimal
delay time shifts to later delays progressively, from 5 ns
to 400 ns, as pressure increases from 0.1 kPa to 100 kPa.

Spectral signal background change and plasma decay
are responsible for different optimal temporal windows
at different pressures. Scott et al. [24] found that the
spectral signal background is much lower at low pressures
than at the atmospheric pressure. As the pressure
decreases from atmospheric pressure, the continuum
radiation decreases monotonically up to about 0.1 kPa,
then remains almost constant [16]. As the spectral signal
intensity decreases with delay time, the decline of back-
ground can cause the optimal temporal window to occur
at an early delay time. Further analysis of the plasma
images shows that the decrease in the spectral signal
background with decreasing pressure is due to a faster
decay of the plasma. The plasma boundary was defined
as 1/e of the maximum intensity of each plasma image,

and the average intensity of the plasma was calculated.
The plasma decay time is defined as the time required
for the average intensity of the plasma image to decrease
to 5% of the average intensity at 5 ns, representing relative
values of plasma lifetime. Figure 6(c) shows the variation
of the average plasma image intensity over time at
100 kPa. During the initial 1000 ns, the average plasma
intensity decreases rapidly. Subsequently, it gradually
decreases at a slow rate.

The variation of the plasma decay time with pressure
is shown in Fig. 6(d). The decay time increases with
increasing pressure. The plasma decay time at 100 kPa
is about 10 times longer than at 0.1 kPa. This indicates
that the plasma has a longer lifetime at atmospheric
pressure. As the pressure increases, the stronger confine-
ment can lead to larger plasma decay time and longer
lifetime. At 100 kPa, as the plasma decays more slowly,
the spectral signal background noise decays slower as
well, resulting in the high background noise existing for
a relatively longer period of time, causing the optimal
time window for spectral collection to have to be shifted
backward. At low pressures, the plasma decays very
rapidly and the background noise of spectral signal also
decreases very rapidly, resulting in the high spectral
signal background noise being present for only a relatively
short period of time. Therefore, the optimal time

Kaifan Zhang, et al., Front. Phys. 19(4), 42203 (2024)
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windows for spectral collection can be earlier at low
pressures.

3.2.2  Optimal spatial windows at each pressure and

mechanism analysis

The variation of optimal spatial window-to-sample
distance with respect to pressure is shown in Fig. 7(a).
The distance of the optimal spatial window to the
sample is calculated from the coordinates of the z-y—z
stage. As the pressure increases, the optimal spatial
window gradually approaches the sample surface. The
distance of the spatial window to the sample varies from
276.21 mm to 271.22 mm, as the pressure increases from
0.1 kPa to 100 kPa. At the range of 0.1-10 kPa, this
change is not very significant; at the range of 10—
100 kPa, the position of the spatial window moves
towards the sample more quickly. The variation of the
optimal spatial window at some pressures (e.g., 5 kPa
and 10 kPa) does not exactly fit this pattern, which is
due to the variation of their delay times. The spatial
window of 10 kPa and 5 kPa corresponds to a delay
time of 200 ns and 90 ns, respectively. The advancement
of the delay time at 5 kPa leads to the optimal spatial
window closer to the sample. This phenomenon demon-
strates the coupling effect of temporal and spatial
windows.

The position of the optimal spatial window is related
to the expansion characteristics of the plasma. To clarify
the reason for the variation in the optimal spatial
window, the average height (relative to the sample) of
gravity center of plasma for 24 delay times was calcu-
lated, as shown in Fig. 7(b). As the pressure increases,
the main region of plasma expansion moves closer to the
surface of the sample surface. The average plasma height
decreases from 3.5 mm to 0.61 mm as pressure changes
from 0.1 kPa to 100 kPa, which is consistent with the
changes in the optimal spatial window position with
pressure.

3.3 Pressure effect on spectral signal intensity and

uncertainty

From Section 3.2, it is clear that there are significant
differences in the optimal spatiotemporal windows and
the plasma evolution process under different pressures.
Therefore, this paper uses the optimal spatiotemporal
windows at each pressure to investigate the patterns of
signal intensity and uncertainty. By analyzing the
plasma images and ablation crater volumes, this study
investigates the mechanism behind the changes in spectral
signal intensity and uncertainty with respect to pressure.

3.3.1  Pressure effect on the spectral signal intensity,

SNR and SBR

Within the optimal spatiotemporal window at each pres-
sure, the plasma spectral signal intensity was collected
by the spectrometer. As shown in Fig. 8(a), the spectral
signal intensity of Cu I (515.24 nm) and Cu I
(521.72 nm) lines increases with increasing pressure in
the range of 0.1 kPa to 60 kPa, and then decreases with
further increase in pressure from 60 kPa to 100 kPa.
Compared to the results in Section 3.1, the intensity of
the spectral signal at 60 kPa is stronger under the optimal
spatiotemporal window of 60 kPa. This suggests that a
fixed spatiotemporal window is not appropriate for eval-
uating the spectral signal intensity at different pressures.
To investigate the mechanism of the variation of spectral
signal intensity with pressure, the plasma images and
the sample ablation volume were analyzed.

In this study, the average area of the plasma images
at different pressures was calculated, as shown in
Fig. 8(b). As the pressure increases from 0.1 kPa to
100 kPa, the average area of the plasma decreases mono-
tonically, indicating a reduction in the plasma volume.
The decrease in the plasma volume results in an increase
in the number density of particles within a confined
space, leading to an enhanced spectral signal intensity.
However, when the particle number density is sufficiently
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Fig. 8 (a) The patterns of spectral signal intensity of Cu I (515.24 nm) and Cu I (521.72 nm) lines with respect to pressure
under the optimal spatiotemporal windows at each pressure. (b) Variation of the plasma area with pressure. (¢) The variation
of the accumulated volume of laser ablation craters with pressure after 50 laser pulses.

high, the plasma shielding effect occurs, leading to a
reduction of the sample ablation mass. In this study, the
volume of ablation craters obtained by confocal
microscopy was used to represent the ablation mass.

Figure 8(c) shows the variation of the accumulated
volume of laser ablation craters with pressure after 50
laser pulses. In the vicinity of 0.1 kPa to 10 kPa, the
volume of the ablation craters remains relatively
constant. From 10 kPa to 100 kPa, the volume of the
craters decreases rapidly, similar to the results reported
in the literature [16]. This suggests that the pattern of
ablation mass with pressure is characterized by a relatively
constant mass in the range of 0.1 kPa to 10 kPa,
followed by a rapid decrease in mass from 10 kPa to
100 kPa. Figure 9 shows the 3D images of ablation
craters at 0.1 kPa and 100 kPa. The top image corresponds
to the case at 0.1 kPa, while the bottom image corresponds
to the case at 100 kPa. On the left side of Fig. 9, the
depth profile of the ablation crater in the center section
is shown. At 0.1 kPa, the maximum depth of the ablation
crater reaches 25.04 mm and is uniformly distributed in
the Y direction. At 100 kPa, the maximum depth of the
ablation crater was only 5.66 mm and was not uniformly
distributed in the Y direction. On the right side, the 3D
representation of the ablation crater image is displayed.
At 0.1 kPa, a relatively deep area is clearly visible in the
ablation crater image. At 100 kPa, the morphology of
the ablation pit is not very regular. The small amount of
ablation at atmospheric pressure, combined with the
presence of some roughness on the sample surface, leads
to the irregularity at 100 kPa. At 0.1 kPa, the ablation
crater exhibits a significantly larger volume and greater
depth compared to that at 100 kPa. Compared to the
low pressure conditions, the ablation mass is lower at
atmospheric pressure, which is also reported in other
references [18, 24, 28].

As the pressure increases from 0.1 kPa, the confinement
effect of the ambient gas on the plasma intensifies.
Consequently, the plasma volume decreases while the
particle number density increases, leading to an
enhancement in the spectral signal intensity. As the

pressure increases to around 10 kPa, the shielding effect
on the plasma occurs, resulting in a decrease in plasma
ablation. The spectral signal intensity enhancement due
to the decrease in plasma volume and the spectral signal
intensity reduction due to the decrease in plasma ablation
occur simultaneously. At 10-60 kPa, the spectral signal
intensity enhancement due to the decrease in plasma
volume dominates and the spectral signal intensity
enhances. At 60 kPa to 100 kPa, the spectral signal
intensity reduction due to the decrease in plasma ablation
volume dominates and the spectral signal intensity
decreases.

Figure 10 shows signal-to-noise and signal-to-back-
ground of Cu I (515.24 nm) and Cu I (521.72 nm) lines
under the optimal spatiotemporal window at each pres-
sure. The signal-to-background (SBR) could be calculated
with formula (2), where I is the intensity of spectral line,
and Ip is the average value of the continuum background
within a 3 nm region of the spectrum where there is no
obvious line emission. It is important to note that the
obtained continuum background and background noise
are also under the optimal spatial and temporal window
at each pressure. It can be seen from Fig. 10(a) that the
trend of SNR with pressure is consistent with the trend
of signal intensity with pressure. Thisis due to the relatively
small change in background noise at different pressures.
Figure 10(b) shows that the SBR increases and then
decreases with the enhancement of pressure, reaching a
maximum at 1 kPa. This is due to the fact that the
absolute value of the continuum background decreases
with decreasing pressure,

1
SBR = —. (2)
Ip
3.3.2  Pressure effect on the spectral signal uncertainty

Within the optimal spatiotemporal window at each pres-
sure, the plasma spectral signal uncertainty is represented
by the relative standard deviation (RSD) of spectral
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Fig. 10 Signal-to-noise (a) and signal-to-background (b) of Cu I (515.24 nm) and Cu I (521.72 nm) lines at different pres-

sures.

signal intensity. As shown in Fig. 11, the RSD of Cu I
(515.24 nm) and Cu I (521.72 nm) line intensities
decrease with increasing pressure in the range of 0.1 kPa
to 5 kPa, and then increases from 5 kPa to 100 kPa.
The RSD of the Cu I (521.72 nm) line can be as low as
5.89% at 5 kPa.

The key process leading to the spectral signal uncer-
tainty is studied by Fu et al. [15]. The morphology fluc-
tuation of the plasma is a contributing factor. As shown
in Fig. 12, the results indicate that the morphology of

the plasma remains stable up to 100 ns, after which it
starts to fluctuate more and more until it becomes into
a “fluctuating plasma” after 270 ns. During this period,
there is a back-pressing process in the frontier part of
the plasma due to the pressure gradient directed to the
sample surface. Due to the force produced by pressure
gradient in the plasma pointing toward the sample sur-
face, a rebound phenomenon occurs at the plasma front.
The rebounding frontier species collide with the lower
plasma, resulting in horizontal expansion of the plasma
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and causing instability of the plasma morphology.

To summarize, the back-pressing and crash processes
can greatly affect the morphological stability of the
plasma, which in turn affects the spectral signal uncer-
tainty. In order to study the back-pressing and collision
processes of the plasma, an ICCD was used to capture
time-evolving images of the plasma at different pressures.
Figure 13 shows the plasma evolution images over time
at 0.1 kPa, 5 kPa, and 100 kPa. Each image is normalized
according to the maximum and minimum values of
plasma image intensity. At 0.1 kPa, the plasma shows a
weak rebound phenomenon starting at about 1700 ns
and lasting until 4000 ns. Early in the plasma evolution
(at 60 ns and 90 ns), the plasma appears to segregate,
which is consistent with results in the literature [18, 20].
The plasma then expands outwards until 1700 ns. At
2000 ns, an increase in the intensity of the plasma plume
back appears, indicating that the front of the plasma is
rebounding backward. This process continues until

I
I
I
I
I
I
I
v
K
I
I

External shockwave

\ Plasma plume

50 ns

Plasma-shockwave detached
o Plasma material reflected
~

about 4000 ns. The plasma then gradually expands
outwards again, forming an almost circular shape. At
5 kPa, the plasma starts to rebound around 700 ns and
continues until 2000 ns, followed by further expansion.
Early in the plasma evolution, the plasma expands
outwards rapidly. By 700 ns, the plasma expansion is
hindered and begins to bounce back towards the sample
surface, causing the plasma to expand perpendicular to
the laser direction in the region near the sample. This
process continues until about 2000 ns, after which the
plasma gradually expands outwards again, forming an
almost elliptical shape. At 100 kPa, the plasma starts to
rebound around 120 ns and continues until 180 ns,
followed by further expansion. At this pressure, the
plasma expands up to 120 ns and then rebounds, causing
the plasma to create an expansion perpendicular to the
laser direction. At the end of the rebound process, the
plasma expands outwards again, eventually forming an
ellipse.

Figure 14 shows more clearly the movement of the
core region of the plasma from 5 ns to 6000 ns. In each
plasma image, the top 10% brightness region is considered
to be the core region of the plasma. The unit of coordinates
is the number of pixels, and the vertical axis in Fig. 14
represents the distance of the center of gravity of the
plasma core region from the sample surface. It can be
clearly seen that the plasma rebound process occurs in
the time ranges of 1700-4000 ns, 700-2000 ns, and
120-180 ns at 0.1 kPa, 5 kPa, and 100 kPa, respectively.

As the pressure decreases, the occurrence of the
plasma rebound process is progressively delayed. The
longer time that the plasma is in stable morphology,
coupled with the stronger spectral signal early in the
plasma’s life, results in the spectral signal containing a
greater proportion of the stable signal. Therefore, the
RSD of the spectral signal gradually decreases as the
pressure decreases. However, as the pressure decreases

Dash-down and crash

270 ns

Time

Fig. 12 The diagram of plasma and external shock wave evolution [15].
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Fig. 13 Plasma evolution images over time at 0.1 kPa (a), 5 kPa (b), and 100 kPa (c).
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from 5 kPa to 0.1 kPa, although the plasma rebound
process is further delayed, the significant decrease in
signal intensity due to plasma expansion leads to an
increase in RSD. To summarize, 5 kPa is the best pressure
to obtain the lowest RSD for the pure copper sample.

4 Conclusion

This paper validates the significant role of the
spatiotemporal window in collecting LIBS signals at
different pressures. Different spatiotemporal windows
can lead to different patterns of LIBS signal changes
with pressure, which may be one of the reasons for the
different results in the literature. The optimal
spatiotemporal window varies significantly at different
pressures: as the pressure changes from 0.1 kPa to
100 kPa, the optimal temporal window increases from 5
ns to 400 ns, which is attributed to the increase in
plasma lifetime with increasing pressure. The optimal
spatial window changes by 4.99 mm, which is due to the
significant reduction in the expanding region of the
plasma with increasing pressure. At each pressure, the
optimal spatiotemporal window was used to collect the
spectral signals. The changes in signal intensity and
RSD at different pressures were calculated and analyzed.
The signal intensity increased from 0.1 kPa to 60 kPa
and then decreased from 60 kPa to 100 kPa. This
pattern is a result of the combined effects of ablation
mass and plasma expansion variations. On the other
hand, the RSD decreased from 0.1 kPa to 5 kPa and
then increased from 5 kPa to 100 kPa. This phenomenon
is attributed to the enhancement of the spectral signal
and the progressively earlier occurrence of the plasma
rebound process with increasing pressure. In future
research on factors influencing LIBS signal, we recommend
to consider the influence of the spatiotemporal window
on the spectral signal and focus on the changes in the
complete spatiotemporal evolution of the plasma in
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