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ABSTRACT: Studying the asymmetric spatial effects of LIBS is crucial for enhancing defect spectral detection accuracy in 

metal additive manufacturing (AM). A parallel wall cavity was used to simulate asymmetric conditions of crack defects, with the 

distance between the ablation point and the left wall (DAPLW) systematically varied. Experimental conditions were established for 

both symmetric (DAPLW = 7 mm) and asymmetric (DAPLW = 1-6 mm) configurations to study the spatiotemporal distribution of 

plasma under different spatial effects. Results revealed that asymmetric spatial effects significantly influenced the spatiotemporal 

distribution of plasma, causing more complex fluctuations in spectral intensity and changes in plasma morphology. Under 

asymmetric spatial effects, plasma showed enhanced spectral intensity at various acquisition delay times (e.g., 7 µs and 13 µs at 

DAPLW = 4 mm). However, spectral intensity fluctuations also increased, indicated by a higher relative standard deviation (RSD). 

Additionally, the study examined the impact of various point-wall distance constraints on the plasma’s time evolution and observed 

a significant shift in the core position of plasma (CPP) (10-22 µs). During this process, the near roundness ratio of plasma (NRRP) 

value exhibited significant changes (10-13 µs), particularly 

when the DAPLW was 1 mm. It decreased from a stable value 

of 0.8 to below 0.1, reflecting notable morphological changes. 

In contrast, the symmetric space effect and unconstrained 

plasma behavior remained stable, with spectral intensity 

changes showing clear regularity and only relatively small 

alterations in plasma morphology. This indicated that the delay 

time of the acquisition system is crucial for using LIBS 

technology to detect defects in metal AM components with 

asymmetric cavities. Therefore, understanding asymmetric 

cavity effects enhances plasma behavior knowledge and 

provides new guidance for improving defect detection accuracy.  

INTRODUCTION  

Metal additive manufacturing (AM) has been widely used in 

industries like aerospace and automotive manufacturing in recent 

years.1,2 However, due to complex processing, AM components 

often have defects, such as pores, cracks, and protrusions, which 

can affect their performance and reliability.3-5 Therefore, defect 

detection technology for AM components has become a key focus 

in current research.6-8 

Laser-induced breakdown spectroscopy (LIBS) is a high-

precision, high-sensitivity optical analysis method widely used for 

rapid detection of elements and their concentrations.9-11 As 

research on the relationship between LIBS spectral characteristics 

and element types deepens, the application of this technology has 

expanded from traditional component analysis to more complex 

fields, including line aging prediction,12 battery evaluation,13 and 

material performance monitoring.14 Especially in the field of metal 

AM, LIBS technology has shown great potential for defect 

detection, owing to its key advantages: no sample preparation, 

rapid in-situ detection, and high spatial resolution. Consequently, 

researchers have applied LIBS for defect identification and quality 
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control in metal AM components. Krantz et al.15 used LIBS 

technology to identify defects in finished products during the laser 

powder bed fusion (LPBF) process. This technology provides 

plasma and time-resolved spectral data, independent of process 

conditions, while minimizing the impact on the melt pool. Lin et 

al.16 used principal component analysis (PCA) to extract defect 

and defect-free LIBS characteristic spectra of metal AM 

components and developed four classification models. The results 

showed that the random forest model achieved an overall accuracy 

of 98.75% in ten-fold cross-validation. It should be noted that 

although the accuracy reached 98.75%, the model only 

differentiates between defective and defect-free metal AM 

components and does not identify defect types. Mazumder et al. 17 

integrated artificial intelligence with LIBS to detect defects in 

components during directional energy deposition (DED) of 7075 

aluminum alloy. By synchronizing time and position data with 

spectral analysis and 3D X-ray CT evaluation, they achieved 83% 

accuracy in identifying hole defects. These studies primarily rely 

on the spatial effects theory of LIBS to detect defects and classify 

defect types. 

In studies on the spatial effects of LIBS, the researchers 

primarily focus on enhancing plasma signal intensity and 

improving experimental reproducibility by using various spatial 

constraint structures and sizes.18-20 Regarding cylindrical cavities, 

Li et al. proposed a dual enhancement mechanism combining an 

N2 atmosphere and cylindrical cavity constraints, which 

significantly improved LIBS detection of Sr elements in soil. 

Under optimal conditions (cavity diameter: 2 mm, height: 6 mm), 

the enhancement factor reached 3.25.21 Asma et al. 22 found that 

when metal blockers were applied at spatial constraints of 6 mm, 

8 mm, and 10 mm, the electron temperature and electron number 

density significantly increased. This enhancement effect was 

attributed to the compression and confinement of the plasma, as 

well as collisional excitation induced by shock wave reflection. In 

terms of hemispherical cavities, Wang et al. 23 studied the effect of 

laser energy on the enhancement of confined plasma in 

hemispherical cavities. When the laser energy exceeds 80 mJ, the 

plasma confinement is significantly enhanced within 8 - 14 μs, and 

the enhancement factor increases with laser energy. Zakuskin et al 24 

studied the variation in atomic and ionic spectral line intensities in 

a spatially confined plasma. The experiment used cylindrical 

micro-chambers with diameters of 2 mm and 4 mm. The results 

showed that the atomic spectral lines were enhanced after a 3 μs 

delay, while the ionic spectral lines rapidly decreased. In terms of 

parallel wall cavities, Fu et al.25 found that by synchronously 

capturing plume and shock wave images, the reflected shock wave 

compressed the plasma within parallel cavities, significantly 

enhancing emission intensity and improving signal reproducibility. 

This effect occurred only within a specific time window. Most of 

these studies focus on the ablation point of LIBS applied to the 

center of symmetrical structures (e.g., cylindrical, hemispherical, 

or parallel wall cavities), which creates a symmetrical spatial effect, 

allowing the reflected shock wave to uniformly compress the 

plasma. However, in actual metal AM components, defects often 

have asymmetric structures. This leads to the expansion, 

propagation, and spectral emission of the plasma being subjected 

to asymmetric spatial confinement, thereby generating 

asymmetric spatial effects. Currently, there are no reports on the 

interaction mechanism of LIBS plasma in asymmetric spatial 

effects. 

This study aims to simulate the impact of asymmetric gradient 

crack defect structures on the characteristics of LIBS spectra and 

effects on plasma behavior. By analyzing the plasma spectra and 

images from laser ablation, the specific effects of asymmetric 

defects on plasma generation, expansion, and spectral 

characteristic variations were revealed. The experiment used a 

parallel wall cavity model to simulate symmetric and asymmetric 

spatial effects by adjusting the distance between the ablation point 

and the left parallel wall. The spectral characteristics (spectral 

intensity, enhancement factor, and delay time) and behavioral 

features (the core position and the near roundness ratio of plasma) 

of the plasma under various spatial conditions were systematically 

studied. Research has shown that asymmetric spatial effects 

significantly influence the spectral and behavioral characteristics 

of plasmas. This study deepens the understanding of plasma 

behavior and provides a new perspective for defect detection in 

metal AM components. 

EXPERIMENTAL 

Experimental setup and data acquisition. The experimental 

setup is shown in Fig. 1(a). A Q-switched Nd:YAG laser (Vlite-

200, wavelength 1064 nm, energy: 60 mJ, pulse width: 8 ns, 

repetition rate: 1 Hz, beam mode: TEM00) was used as the 

ablation source. The pulsed laser was directed by mirrors and 

focused using a 120 mm focal-length lens. A focusing distance of 

-2 mm (focus 2 mm below the sample surface) was achieved by 

setting the lens-to-sample distance to 118 mm using a high-

precision translation stage, thereby generating plasma. The optical 

signal emitted by the plasma was collected via a fiber optic probe 

and sent to a spectrometer (SR-500i-a, Andor). The signal was 

then converted into digital information by an ICCD detector (1024 

× 1024 pixels, Andor) and stored on a computer. The spectral 

wavelength range was 250 to 650 nm, with an optimal resolution 

of 0.07 nm. According to previous studies, the collection delay for 

LIBS analysis began at 1 µs, which helped reduce the spectral 

background.26 The gate width and delay step were both set to 1 µs 

to measure the plasma's emission time characteristics during the 

acquisition delay period of 1 - 22 µs. The plasma evolution process 

was simultaneously captured using a high-speed camera (model 

Dicam Pro, zoom range 24-85 mm, aperture range f/22–f/2.8, 

resolution 1280×1024, framing mode, pixel size 6.7 µm). The image 
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Fig. 1 Experimental setup and sample schematic diagram: (a) Experimental platform; (b) Top view of the experimental sample; (c) Front view of the 

experimental sample; (d) Three-dimensional image of the experimental sample. 

 

 

 

 

 

Fig. 2 Evolution of spectral intensity over time under unconstrained (planar) conditions, with a delay range of 1 to 22 µs and a step size of 3 µs: (a) shows 

the evolution, and (b) shows the spectrum at a delay of 22 µs. 

data were saved to a computer for further analysis. The acquisition 

of spectral and plasma image data was synchronized, with the 

timing of laser emissions, plasma data acquisition, and other 

processes controlled by a multifunctional digital delay pulse 

generator (model BNC-575). 

As shown in Fig. 1(d), the experimental sample was made of 

chromium iron alloy, with dimensions of 24 mm × 15 mm × 5 mm, 

produced by a metal additive manufacturing process. For flat 

samples, laser pulses were directly applied to the surface. 

Regarding the cavity constraint, the parallel wall width was 14 mm 

and the height was 3 mm, as shown in Figs. 1(b) and (c). In the 

sample schematic diagram, the red dots represented the ablation 

points. By moving the sample stage, the ablation spot was 

positioned at distances to the left wall (DAPLW) of 1 to 7 mm. 

DAPLW = 7 mm corresponds to the symmetric configuration 

(ablation spot at the cavity center), while DAPLW = 1-6 mm 

corresponds to asymmetric configurations (ablation spot off-

center). Before collecting spectral data, 10 laser pulses were 

emitted to remove contaminants from the sample surface. Five 

spectra were recorded for each delay time, yielding a total of 770 

spectra and 770 plasma images. Additionally, the same method 

was applied to obtain 110 spectra from the non-groove area of the 

sample, bringing the total to 880 spectra and 880 plasma images. 

Selection of spectral lines. The characteristics of spectral lines 

primarily depend on the types and concentrations of elements in 

the sample. In spectral analysis, spectral lines from elements with 

high concentrations typically occupy a larger area, dominating the 

spectrum and effectively suppressing the interference from 

elements with low concentrations. Therefore, selecting spectral 

lines from elements with high concentrations can enhance 

measurement accuracy and sensitivity, providing a reliable 

foundation for data processing. This study focused on analyzing 

three elements: Fe, Cr, and Mn, and followed two principles for 

selecting spectral lines. First, it ensured effective acquisition of 

spectral lines in the later stages of plasma. Second, it selected 

spectral lines with minimal interference to reduce crosstalk and 

improve accuracy. Following these principles, three spectral lines 

were selected for analysis: Cr I 425.43 nm, Mn II 463.92 nm, and 

Fe I 519.87 nm. Using unconstrained spectroscopy as an example, 

a schematic diagram of the spectrum for a delay time range of 1 to 

22 µs, with a step size of 3 µs, as shown in Fig. 2. 
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Fig. 3 The intensity trends under the acquisition delay condition: (a)-(c), (d)-(f), and (g)-(i) show the Cr I 425.43 nm, Mn II 463.92 nm, and Fe I 519.87 nm 

lines for DAPLW values of 1 mm, 4 mm, and 7 mm, respectively. 

 

Evaluation parameters. To better study the evolution of plasma 

over time under asymmetric spatial effects, we divided the study 

into two main aspects: spectral characteristics and plasma behavior. 

For spectral characteristics, we used spectral intensity, 

enhancement factor, delay time, and relative standard deviation 

(RSD) for quantitative analysis.27-29 Spectral intensity is the most 

intuitive parameter, providing direct information about the plasma 

state. The enhancement factor quantifies the improvement in 

spectral intensity compared to unconstrained emission signals 

under asymmetric spatial effects, reflecting the influence of 

different DAPLW on plasma characteristics. The formula is: 

𝐸𝑛ℎ𝑎𝑛𝑐𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 =  𝐼𝑖𝑗 𝐼𝑗⁄         (1) 

Where 𝐼𝑖𝑗 is the spectral line emission intensity at DAPLW = i (i 

= 1 - 7 mm) and delay time j (j = 1 - 22 µs), while 𝐼𝑗 is the spectral 

line emission intensity at unconstrained (plane) and delay time j. 

The formula is: 

𝑅𝑆𝐷 =  𝑆 𝐼 ̅⁄                     (2) 

𝑆 = √
∑ (𝐼𝑘 −𝐼̅)2𝑛

𝑘=1

(𝑛−1)
                     (3) 

Under specific DAPLW and delay time conditions, S is the 

standard deviation, 𝐼 ̅ is the average spectral intensity, and n is the 

number of spectra. 

In terms of plasma behavior characteristics, we quantitatively 

analyzed the core position of plasma (CPP) and the near roundness 

ratio of plasma (NRRP).25 CPP is a key parameter that describes 

its overall spatial location and is used to analyze the impact of 

spatial asymmetry on the plasma. NRRP of the plasma 

quantitatively describes its geometric shape, the closer the value is 

to 1, the more it approximates an ideal circle. The formula is: 

𝑁𝑒𝑎𝑟 𝑟𝑜𝑢𝑛𝑑𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 =
4𝜋𝑆

𝐶2
           (4) 

Where S and C are the plasma area and perimeter, respectively. 

The features of CPP and NRRP were extracted and calculated 

using the Canny edge detection algorithm, Suzuki-Abe contour 

extraction algorithm, and image moment centroid detection 

algorithm. All implemented in the Python environment. 

RESULTS AND DISCUSSION 

The effect of DAPLW on spectral intensity. When laser - 

induced plasma expands in air, shock waves generated by the 

ablated target's plasma can impact the entire LIBS process. 

Specifically, the increase in plasma temperature and density is due 

to the reflection of shock waves from the cavity wall, as influenced 

by the spatial constraint effect.30,31 When the shock wave reaches 

and reflects off the inner surface of the confinement cavity, it 

propagates toward the plasma, interacts with it, enhances particle 

collisions, and increases temperature and density. Additionally, the 

shock wave heating effect enhances the plasma's emission 

intensity, increasing the spectral line intensity.25,32 

Figure 3 shows the intensity variation with delay time for Cr I 
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425.43 nm, Mn II 463.92 nm, and Fe I 519.87 nm at DAPLW 

values of 1 mm, 4 mm, and 7 mm (middle position), as well as 

without spatial constraints. As shown in Figs. 3 (a), (d), and (g), 

under the asymmetric spatial constraint (DAPLW = 1 mm), the 

spectral intensity is significantly higher when the delay time is 

within the range of 1 to 11 µs compared to when there is no spatial 

constraint. This may be due to the proximity of the ablation point 

to the left wall, where the shock wave's energy is relatively high. 

The reflected wave energy enters the plasma, compresses it, and 

increases the spectral intensity. However, when DAPLW is 1 mm, 

and the delay time exceeds the range of 11 to 13 µs, the spectral 

intensity decreases compared to when there are no spatial 

constraints. This may result from the uneven compression of the 

plasma by the shock wave reflected from the left wall, which 

increases the plasma cooling rate. When DAPLW is 4 mm (refer 

to Figs. 3(b), (e), and (h)), the intensities of the three spectral lines 

exhibit enhancement peaks at approximately 7 µs and 13 µs, 

respectively. This can be attributed to the sequential action of 

shock waves reflected from the left and right walls. Further 

observation reveals that when DAPLW is 7 mm (refer to Figs. 3 

(c), (f), and (i)), the intensity of the three spectral lines also 

increases at approximately 10 µs, primarily due to the 

synchronized action of shock waves reflected from the left and 

right walls on the plasma. These results indicate that when the 

ablation point is located asymmetrically within the constrained 

cavity, the resulting shock wave asynchrony has a pronounced 

impact on plasma evolution, leading to distinct variations in 

spectral intensity trends. 

To explain the phenomena described above, a schematic 

illustrating the plasma evolution process at an asymmetric ablation 

site under asymmetric spatial effects is provided, as shown in Fig. 4. 

When plasma is generated from an asymmetric position (left of the 

centerline), it is accompanied by the outward diffusion of the front 

shock wave (Fig. 4(a)). The diffused shock wave is reflected upon 

encountering the nearby left wall, forming the left side wall 

reflected shock wave (LSWRSW) (Fig. 4(b)). This reflected shock 

wave then interacts with the plasma, causing changes in its spectral 

characteristics and morphology (Fig. 4(c)). Subsequently, the 

plasma is affected by the right-side wall reflected shock wave 

(RSWRSW), leading to more complex changes (Fig. 4(d)). 

Trends in Enhancement Factor, Spectral Intensity, and Delay 

Time. To further investigate the influence of asymmetric spatial 

effects on spectral characteristics, we plotted the trends of spectral 

intensity, delay time, and enhancement factor by the reflection of 

shock waves from the left and right-side walls, as shown in Fig. 5. 

Firstly, as shown in Figs. 5(a) and (d), the overall trend of spectral 

intensity reveals that, with the increase in DAPLW, the spectral 

intensity of the three spectral lines decreases under LSWRSW 

conditions, while it increases under RSWRSW conditions. In terms 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Schematic of plasma evolution under asymmetric spatial confinement: (a) plasma and shock wave generation; (b) shock wave reflection from the left 

wall, (c) interaction of the reflected shock wave from the left wall with the plasma, and (d) interaction of the reflected shock wave from the right wall with 

the plasma. 
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Fig. 5 Spectral characteristics of three characteristic spectral lines (Fe I 438.35 nm, Fe I 440.48 nm, Fe II 441.51 nm) under the influence of shockwaves 

reflected from the left and right sidewalls, as functions of DAPLW. (a) and (d) show enhancement peak intensity, (b) and (e) show delay time of the 

enhancement peak, (c) and (f) show enhancement factor. 

 

of delay time, as shown in Figs. 5(b) and (e), the initial delay time 

of LSWRSW is 2 µs (DAPLW = 1 mm), and the propagation time 

increases with the increase of DAPLW. The initial delay time of 

RSWRSW is 16 µs (DAPLW = 3 mm), which is due to the weak 

energy of the shock wave when it acts on the plasma at DAPLW 

of 1 and 2 mm, resulting in less significant enhancement effect, 

and the propagation time decreases with increasing DAPLW. 

Finally, the synchronous action time of the reflected shock waves 

on both sides is 10 µs (DAPLW = 7 mm). Regarding the changes 

in enhancement factors, as shown in Figs. 5(c) and (f), all 

enhancement factors are greater than 1, indicating that the 

reflected shock waves on both sides enhance the spectral lines. As 

DAPLW increases from 2 mm to 7 mm, the enhancement effect 

of LSWRSW on the spectral lines decreases, reaching its lowest 

point at DAPLW of 6 mm. At DAPLW of 7 mm, a rebound occurs 

due to the influence of RSWRSW. In contrast, the enhancement 

effect of RSWRSW spectral lines increases gradually. 

This phenomenon indicates significant differences in the impact 

of reflected shock waves from the left and right sidewalls on the 

spectrum as DAPLW changes. It should be noted that When 

DAPLW is 7 mm, the reflected shock waves on both sides act 

synchronously on the plasma, resulting in a symmetrical spatial 

confinement effect. As shown in the figure, at this point, the 

enhancement factors for the spectral lines Cr I 425.43 nm, Mn II 

463.92 nm, and Fe I 519.87 nm are 4.5, 4.71, and 3.73, respectively. 

This indicates that under symmetric spatial effects, the 

enhancement of spectral line intensity is greater than under 

asymmetric effects. Specifically, asymmetric spatial effects can 

lead to uneven compression of plasma, resulting in partial energy 

loss and subsequently affecting spectral line intensity. Under 

symmetric spatial effects, plasma compression is more uniform, 

leading to a significant enhancement in spectral intensity. 

Spectral intensity stability. In LIBS elemental analysis, spectral 

intensity stability is essential for ensuring the accuracy and 

reliability of element concentration measurements. Relative 

standard deviation (RSD) is a commonly used indicator of 

measurement accuracy and repeatability, widely applied in 

analytical chemistry. In this study, Figs. 6(a), (b), and (c) illustrate 

the variation trends of RSD for the spectral line intensities of Cr I 

425.43 nm, Mn II 463.92 nm, and Fe I 519.87 nm under different 

spatial constraints (DAPLW = 1 mm, 4 mm, 7 mm) and no 

constraints. 

Figure 6 shows that under all constraint conditions, the RSD 

values of the three spectral lines are generally high within the delay 

time range of 10 to 13 µs. This phenomenon could be attributed to 

the rapid changes in plasma morphology during this period.33 We 

also observed that the overall RSD trend under symmetric spatial 

constraints (DAPLW = 7 mm) was lower than under other 

constraints, suggesting that symmetric spatial constraints improve 

spectral stability.34 Further analysis of the influence of different 

spatial constraints on spectral line stability revealed that when 

DAPLW was 1 mm, the RSD of Cr I 425.43 nm, Mn II 463.92 nm, 

and Fe I 519.87 nm was higher at 1 µs, with values of 0.198, 0.273, 

and 0.182, respectively. The RSD gradually decreased over 

approximately 1 - 5 µs. This phenomenon illustrates the 

substantial disturbance caused by the reflected wave energy from 

the left wall as it enters the plasma, a disruption that gradually  
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Fig. 6 Changes in relative standard deviation (RSD) under asymmetric spatial constraints (DAPLW = 1 mm, 4 mm), symmetric spatial constraints (DAPLW 

= 7 mm), and no spatial constraints (plane) for different acquisition delay times: (a) Cr I 425.43 nm, (b) Mn II 463.92 nm, and (c) Fe I 519.87 nm. 

 

 

 

 

 

 

 

 

Fig. 7 Rapid images of plasma morphology under asymmetric spatial constraints (DAPLW = 1 -6 mm), symmetric spatial constraints (DAPLW = 7 mm), 

and no spatial constraints (plane), obtained under different acquisition delay conditions. 

 

diminishes over time. At DAPLW of 4 mm, the RSD of the three 

spectral lines showed a trend of first increasing and then 

decreasing between 6 - 8 µs and 12 - 14 µs. This may be related to 

the effects of the reflected shock waves on the left and right sides 

at 7 µs and 13 µs, respectively. 

After 14 µs, the RSD of spectral line intensity increased under 

all conditions, though the magnitude of the increase varied. 

Specifically, the upward trend of RSD from large to small is as 

follows: asymmetric spatial constraint (DAPLW = 4 mm), 

asymmetric spatial constraint (DAPLW = 1 mm), symmetric 

spatial constraint (DAPLW = 7 mm), and no spatial constraint. 

This phenomenon can be analyzed from three aspects: Firstly, with 

spatial constraints, the cooling rate of the plasma in the cavity is 

faster, and dissipation is more significant, which may lead to 

decreased stability compared to no spatial constraints.25 Secondly, 

plasma under asymmetric spatial constraints is affected by 

asynchronous shock wave compression, leading to a further 

decrease in spectral stability compared to symmetric spatial 

constraints. Finally, compared to the asymmetric spatial effect 

(DAPLW = 1 mm), the instability of spectral intensity in the 

(DAPLW = 4 mm) case is exacerbated by shock wave reflections 

from the right-side wall around 13 µs, leading to a higher RSD. 

In summary, while asymmetric spatial effects can enhance 

plasma spectral intensity to some extent, they also reduce its 

stability. Therefore, it is essential to effectively utilize the spectral 

intensity instability caused by asymmetric spatial effects in metal 

defect detection. 

Plasma morphology evolution images. Fig. 7 shows plasma 

morphology evolution images under different spatial constraints 
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(DAPLW = 1 - 7 mm) and without spatial constraints. The first 

image for all conditions is captured with a 1 µs time delay, and the 

time delay of each subsequent image increases by 1 µs. From Fig. 

7, it can be observed that the evolution of plasma morphology can 

be roughly divided into four stages. Stage 1 (1 µs): The plasma is 

small but has high temperature and electron density, leading to a 

higher spectral intensity. This is consistent with the optical 

emission spectral intensity results in Fig. 3. 

Stage 2 (2 - 10 µs): In this stage, the plasma morphology 

remains stable. When DAPLW is 1 mm, the plasma tilts towards 

the right wall, whereas no significant tilt change is observed under 

other conditions. This occurs because, with DAPLW at 1 mm, the 

ablation point is closer to the left wall, and the reflected shock 

wave compresses the plasma, causing it to shift towards the right 

wall. As DAPLW increases, the energy of LSWRSW decreases, 

and the plasma's rightward deviation also weakens. When 

DAPLW is between 2 and 7 mm, the plasma morphology shows 

no significant tilt change. 

Stage 3 (10 - 13 µs): In this stage, the plasma morphology 

undergoes significant changes under all conditions due to 

variations in the plasma's particle density core.32 At this point, the 

plasma evolution trend for DAPLW ranging from 1 to 7 mm 

closely resembles the natural evolution trend without spatial 

constraints. 

Stage 4 (13 - 22 µs): Over time, the plasma temperature and 

electron density gradually decrease, making the morphology more 

sensitive to external interference. For example, when DAPLW is 

3 mm and a delay time of 15 µs, the plasma morphology is 

influenced by shock waves reflected from the right-side wall and 

by the introduction of shock wave energy. This results in 

morphological distortion, as well as changes in the plasma's 

temperature, density, and spectral intensity. A similar phenomenon 

occurs when DAPLW ranges from 4 to 6 mm, as shown in Figs. 3 

and 5 (d, e, f). Under the conditions of DAPLW of 1 mm and 2 

mm, the plasma morphology underwent similar changes, but these 

were not reflected in the spectral characteristics. This may be due 

to the lower energy of the shock wave reflected from the right-side 

wall, which affects the plasma morphology but is insufficient to 

cause significant changes in temperature and density. 

When comparing plasma morphology changes under different 

conditions, it was observed that the morphology remained 

relatively stable with both no spatial constraint and symmetric 

constraint (DAPLW = 7 mm). This occurs because, under no 

spatial constraint, the plasma is unaffected by external forces. 

Under the DAPLW of 7 mm condition, the symmetrical constraint 

causes the reflected shock wave to uniformly compress the plasma. 

In summary, plasma evolution is greatly affected by asymmetric 

spatial constraints, particularly at small DAPLW values, where 

reflected shock waves significantly alter both the morphology and 

spectral characteristics. 

Plasma core position and near roundness ratio. To further 

investigate the changes in plasma spatial position and morphology 

with increasing DAPLW, characteristic trend maps of CPP and 

NRRP under various conditions were plotted, as shown in Fig. 8. 

The evolution of CPP and NRRP follows the same four stages, as 

shown in Fig. 8. At stage 1 (1 µs), CPP and NRRP are basically 

the same under all conditions. At this stage, the spatial distribution 

and morphological changes of the plasma are relatively small. 

Stage 2 (2 - 10 µs) is a transitional phase. During this stage, under 

spatial constraints (DAPLW = 2 - 7 mm) and unconstrained 

conditions, CPP and NRRP remain relatively stable. When 

DAPLW is 1 mm, the plasma is significantly affected by 

 

 

 

 

 

 

 

Fig. 8 The trend chart of plasma morphology changes under acquisition delay conditions: (a) plasma core position, and (b) plasma approaching a circular 

shape. 



 

https://www.at-spectrosc.com/as/article/pdf/2026002 203                Atom. Spectrosc. 2026, 47(2), 195–205. 

LSWRSW causing CPP to shift toward the right wall. Under all 

conditions, the variation in NRRP is small, fluctuating around 0.8. 

At stage 3 (10 - 13 µs), CPP and NRRP undergo significant 

changes under all conditions, which is the result of the natural 

changes in plasma and the combined action of shock waves. 

During this stage, CPP rapidly shifts toward the left or right wall 

(Fig. 8(a)). In the natural evolution of unconstrained plasmas, CPP 

shows a clear tendency to shift toward the left wall. As DAPLW 

increases, the influence of LSWRSW on the plasma weakens, and 

CPP gradually shifts from the right-side wall offset at DAPLW of 

1 mm to the left-side wall offset at DAPLW of 6 mm. The plasma 

morphology also shows significant changes in NRRP (Fig. 8(b)). 

For instance, at DAPLW of 1 mm, plasma morphology distortion 

is most severe, and NRRP drops below 0.1. At DAPLW of 2 and 

3 mm, plasma morphology is primarily affected by LSWRSW 

with only minor changes in NRRP. At DAPLW of 4 and 5 mm, 

RSWRSW starts to affect the plasma, making the morphology 

more distorted. At DAPLW of 6 and 7 mm, the impact of shock 

waves is minimal, and plasma morphology changes are also slight. 

At stage 4 (13 - 22 µs), the position and shape of CPP begin to 

stabilize. Under unconstrained conditions, CPP remains relatively 

stable, similar to the situation at DAPLW of 7 mm. However, in 

the confined cavity, as DAPLW increases, the plasma is gradually 

affected by RSWRSW. For example, at DAPLW of 6 mm, around 

11 µs, CPP continues to shift toward the left wall due to RSWRSW. 

Afterwards, as the shock wave weakens, the flow and interactions 

within the plasma gradually shift CPP toward the right wall, 

seeking a more stable state. For DAPLW in the range of 1 to 5 mm, 

the displacement trend of CPP and the timing of shock wave 

effects show similar patterns, though the start and end times of the 

shock wave action vary with DAPLW. This tendency of the 

plasma to seek a stable state is also reflected in the variation of 

plasma roundness. 

The temporal evolution of plasma's spatial position and 

morphological structure with increasing DAPLW roughly 

matches the spectral characteristics and stability results at each 

time point. This suggests that the change in plasma behavior under 

shock wave action is a slow process, meaning that the plasma's 

physical properties do not change immediately upon initial contact 

with the shock wave but require a certain mutual reaction time. 

This reaction process is manifested as the time-dependent effect of 

shock waves in plasma behavior and spectral characteristics. 

Additionally, compared to plasma behavior under symmetric 

spatial effects and unconstrained conditions, plasma under 

asymmetric spatial constraints exhibits distinct characteristics. 

This discovery has significant implications for applying LIBS 

technology in fields with asymmetric structural features, such as 

metal defect detection. 

CONCLUSION 

This article explored the asymmetric confinement of plasma in 

metal targets by adjusting symmetric and asymmetric distances 

between ablation points and parallel walls. The spatiotemporal 

distribution of plasma under planar, symmetric (DAPLW = 7 mm), 

and asymmetric (DAPLW = 1 - 6 mm) spatial effects was 

analyzed using spatial, time-resolved spectroscopic measurements 

and plasma photography. The experimental results showed that 

asymmetric spatial effects significantly influenced plasma 

behavior and spectral characteristics. 

In terms of spectral characteristics and stability, although 

asymmetric spatial effects can enhance spectral intensity in certain 

cases (e.g., 7 µs and 13 µs when DAPLW is 4 mm), they also 

increase the relative standard deviation (RSD) of the spectrum, 

leading to greater spectral instability. As DAPLW increases, the 

energy of LSWRSW dissipates rapidly, and the propagation time 

is prolonged. In contrast, RSWRSW shows the opposite trend. 

This asynchrony of shock waves affects plasma evolution, leading 

to different trends in spectral intensity changes. Under different 

constraint conditions, the position and morphological structure of 

the plasma exhibit significant differences under different 

constraint conditions. Under unconstrained (planar) and 

symmetric constrained (DAPLW = 7 mm) conditions, CPP and 

morphological structure remain relatively stable, primarily due to 

the symmetric constraint effect and the absence of external 

interference. Under asymmetric constraints, CPP and NRRP 

evolve in a complex manner. During the special delay time of 10 

µs to 13 µs, the impact of LSWRSW on the plasma weakens, 

causing CPP to shift toward either the left or right wall. 

Simultaneously, NRRP undergoes drastic changes. 

In summary, asymmetric spatial effects significantly influence 

plasmas, resulting in greater uncertainty in spectral characteristics 

and morphological distortions. Plasma behavior under symmetric 

spatial effects is relatively stable, with more regular changes in 

spectral intensity. Therefore, when using asymmetric spatial 

effects for defect detection in metal AM components, precise 

control of experimental conditions and time delays is necessary to 

optimize detection accuracy. The research reveals the evolution 

mechanisms of plasma under asymmetric spatial confinement, 

thereby providing a physical basis and guiding data acquisition 

strategies for the development of defect recognition techniques 

that leverage the fusion of spectral and imaging multimodal data. 

Future work can extend this research to more defect geometries 

(e.g., V‑grooves, cylindrical cavities) and material systems, 

assisted by transient diagnostics such as laser shadow imaging, to 

guide LIBS‑based detection of defects in complex components. 
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