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ABSTRACT: Laser-induced breakdown spectroscopy (LIBS), as an in situ and real-time diagnostic technique, has proven 

effective in acquiring elemental distribution information under extreme operational conditions. Under the actual operating conditions 

of tokamak devices, the ablation angle and gas atmosphere exert a synergistic influence on the evolution behavior of laser-ablated 

plasma. However, the underlying physical mechanisms have not yet been fully elucidated, necessitating more systematic and in-

depth investigations. The LIBS characteristics of laser-ablated W plasma under low-pressure (100 Pa) Ar, He, N2 gases and various 

incident angles were systematically investigated. LIBS spectra revealed that at low laser energy density, Ar promotes more effective 

electron collision excitation and plasma recombination, while the higher thermal conductivity of He facilitates free expansion of the 

plasma. In N₂ atmosphere, the signal-to-background ratio (S/B) of laser-ablated W plasma remained largely independent of the angle, 

which aids in optimizing LIBS signal stability. As the laser-ablated 

angle increases, the laser energy density decreases, leading to reduced 

stability and symmetry of the plasma plume. Further research indicates 

that as laser energy density decreases, the axial expansion of the W 

plasma plume remains nearly unchanged, whereas the radial expansion 

decreases rapidly. This study elucidates the evolution mechanism of the 

laser-ablated W plasma under the synergistic effects of ablation angle 

and gas atmosphere. The results provide an important theoretical basis 

for the geometric calibration and optimization of in situ LIBS diagnostic 

systems intended for operation under low-pressure conditions. 

INTRODUCTION  

Monitoring plasma-facing materials (PFMs) in tokamak devices, 

including the first wall, divertor, and limiters, is a crucial issue in 

achieving controllable nuclear fusion. The performance of PFMs 

directly governs the safe and stable operation of fusion devices. 

Tungsten (W), as a high-Z wall material, exhibits excellent 

properties including a high melting point, high sputtering 

threshold, high thermal conductivity, and low fuel retention. Under 

heat loads comparable to those expected in future ITER-like 

devices, the erosion depth of the W divertor surface remains below 

2 μm, while the tritium fuel retention rate is reduced by 

approximately a factor of 20 compared to carbon-based walls.1 

The EAST tokamak currently employs molybdenum (Mo) as the 

PFMs, while its divertor utilizes full-tungsten components.2 The 

ITER project initially designated beryllium (Be) as the primary 

PFMs with W reserved for the divertor.3 However, the design was 

subsequently updated to adopt full-tungsten PFMs across the 

device. 

Over recent years, PFMs diagnostic techniques have undergone 

continuous optimization and development. Laser-induced 

breakdown spectroscopy (LIBS), an online diagnostic technique 

based on laser spectroscopy for analyzing the elemental 

composition and content of PFMs surfaces, enables real-time 

monitoring of surface composition changes while directly 

avoiding contamination issues associated with sampling and 

sample preparation processes. This allows for the acquisition of 

more authentic elemental composition data from PFMs surfaces. 

Particularly under extreme operational conditions, LIBS often 

needs to accommodate irregular geometric structures. 

Consequently, the laser ablation angle inevitably varies 
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significantly with changing geometries, leading to substantial 

alterations in the spectral signals collected by LIBS. Non-

orthogonal ablation configurations have consequently become the 

primary choice for many in situ LIBS diagnostic schemes. In 

addition, LIBS technology has been widely applied across various 

fields.4-8 Rai et al. 9 conducted in situ online LIBS measurements 

on molten alloys within high-temperature furnaces, revealing that 

the continuum background, as well as ionic and neutral atomic line 

intensities, all decrease with increasing ablation angles, while 

long-focal-length focusing lenses help mitigate the impact of 

ablation angles on laser-induced plasma. Torrisi et al. 10, 11 found 

that the angular distribution of neutral atoms is broader than that 

of ions, as measured in laser-ablated Au and Ta plasmas. The 

magnitude of angular broadening was observed to depend on the 

atomic number of the ablated material, with lower atomic numbers 

resulting in greater angular spread. Brennetot et al. 12 observed that 

as the laser incidence angle increases, the average laser power 

density decreases, leading to reduced excitation in the laser-

induced plasma under simulated Martian atmospheric conditions. 

Consequently, the ionic line intensity diminishes more rapidly than 

the neutral atomic line intensity. Guirado et al. 13 conducted LIBS 

analysis on highly oxidized bronze artifacts submerged in the 

Mediterranean Sea and found that the optimal Cu I signal response 

efficiency was achieved when the laser incidence angle was nearly 

perpendicular to the sample surface. When the ablation angle 

exceeded 40°, the Cu I signal disappeared, demonstrating the 

challenge of collecting plasma signals in in situ LIBS diagnostic 

systems at large angles. Lin et al. 14 investigated the effect of 

varying the collection angle for Al plasma and found that a 

collection angle of 50° provided optimal spectral signal quality by 

maximally attenuating the continuum background influence on 

LIBS signals. Similarly, Weiss et al. 15 studied plasma confinement 

effects on plume radiation at different angles by modifying the 

collection geometry for Cu plasma, demonstrating enhanced 

spectral collection efficiency and reduced measurement 

uncertainties in LIBS. Those studies reveal different plasma and 

spectral behaviors at different laser-ablation angles. In addition, 

the characteristics of plasma are significantly influenced by 

variations in the ambient gas. 

Plasma-wall interaction (PWI) represents a critical process in 

magnetic confinement fusion research. Understanding and 

analyzing PWI mechanisms to optimize fusion plasma stability is 

a key challenge requiring urgent solutions in current tokamak 

devices. The most intense PWI primarily occurs near the divertor 

strike points. Divertors are typically equipped with gas injection 

and pumping systems, which can enhance radiative cooling by 

introducing impurity gases such as argon (Ar), nitrogen (N₂), and 

helium (He). This process promotes plasma "detachment," 

effectively mitigating heat load and sputtering erosion on PFMs 

while maintaining high plasma confinement through magnetic 

field configuration. The realization of divertor detachment hinges 

on strong radiative cooling and momentum loss, which inherently 

requires a high-collisionality, high-density neutral gas 

environment. Maintaining a sufficiently high divertor neutral 

pressure is therefore a necessary condition for achieving 

detachment. We note that, to date, no typical detached divertor 

operational regime at the hundred-pascal level has been explicitly 

reported in the existing literature; however, successful detachment 

has been demonstrated under conditions of tens of pascals.16 

Considering that impurity gas injection can significantly perturb 

the particle balance and enhance the local neutral pressure, the 

choice of a hundred-pascal-level background pressure may serve 

as a reference for covering the parameter space potentially 

encountered in future fusion reactors, particularly when simulating 

extremely high-recycling conditions. 

During the preparatory phase of the EAST device operation, 

high-temperature N2 is used to bake the internal vacuum chamber 

to remove impurities and gases adsorbed on its surfaces, thereby 

providing a highly clean vacuum environment for the plasma. 

Through the precise injection of N2, Xu et al. 17 successfully 

achieved a novel operating mode known as the “detached divertor 

and turbulence-dominated pedestal” on the EAST device. Harilal 

et al. 18-20 investigated the effects of different ambient gases on 

laser-ablated carbon plasma. Their findings revealed that a denser, 

hotter plasma forms in an Ar atmosphere, attributed to the higher 

efficiency of electron density cascade growth and differences in 

plasma absorption coefficients. In a He atmosphere, the 

background gas pressure and laser irradiance exert opposing 

influences on the expansion dynamics of laser-ablated carbon 

plasma. It is also found that the Ar atmosphere effectively 

suppressed the thermalization and expansion of Sn plasma plumes, 

indicating that the presence of Ar leads to more efficient electron-

collision excitation and plasma recombination. Ma et al. 21 

similarly observed that the aluminum plasma plume from laser 

ablation is confined by Ar gas, consistent with predictions from 

conventional hydrodynamic models. Furthermore, the aluminum 

plasma core exhibits remarkably uniform distributions of electron 

density, temperature, and number density. Lee et al. 22 investigated 

laser-ablated copper plasma in different ambient gases and found 

that ambient gases not only suppress the free expansion of the 

plasma but also rapidly cool the plasma. The variation in cooling 

efficiency primarily stems from differences in the thermal 

conductivity of the ambient gases. Zhang et al. 23 analyzed LIBS 

parameters for different elements in various ambient gases, 

demonstrating that the intensity of plasma spectra is inversely 

proportional to the ionization energy of the ambient gas, while the 

thermal diffusion velocity of the plasma plume is directly 

proportional to the thermal conductivity of the ambient gas. 

Gondal et al. 24 found that the energy and momentum generated 

by laser-ablated plasma are transferred to the ambient gas through 

collisions, and the mass and thermal properties of the ambient gas 

significantly affect the transfer efficiency, consequently 

influencing LIBS signal intensity. Elsied et al. 25 investigated the 

effects of Ar and air on the laser-ablated process of W/Al, finding 
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that the plasma shielding effect in an Ar atmosphere significantly 

reduces the total ablated mass of metals. 

Although the studies summarized above have revealed 

pronounced differences in plasma and spectral behavior at varying 

ablation angles, they have predominantly focused on geometric 

factors, with considerably less attention paid to the synergistic 

effects between the ambient gas atmosphere and non-orthogonal 

ablation configurations. In fact, the characteristics of laser-induced 

plasma are not only governed by ablation geometry but also 

depend significantly on the composition and pressure of the 

ambient gas. In the context of in situ PFM diagnostics, the facility 

interior is typically maintained under a specific atmosphere or 

residual gas environment. This factor, acting in combination with 

the non-orthogonal ablation induced by irregular surface 

geometries, may exert more complex and nonlinear influences on 

plasma evolution and spectral signals. However, systematic 

investigations into the joint effects of ablation angle and ambient 

atmosphere remain relatively scarce to date. Therefore, elucidating 

the coupled regulatory mechanisms by which ablation angle and 

ambient atmosphere jointly govern laser-induced plasma 

characteristics under non-orthogonal ablation configurations is not 

only a critical breakthrough toward developing high-reliability 

in situ LIBS diagnostic techniques, but also represents a pressing 

scientific gap in this field that urgently needs to be addressed.  

EXPERIMENTAL 

Experimental setup. Fig. 1 presents a schematic diagram of the 

variable-angle laser-ablated W plasma system. It mainly includes 

three parts: a vacuum system equipped with a four-dimensional 

rotating sample stage, a nanosecond pulsed laser with a variable-

angle signal collection setup, and a plasma imaging system. 

The vacuum system includes a cylindrical vacuum chamber and 

a vacuum pump assembly. The real-time dynamic pressure inside 

the chamber under different gas atmospheres (Ar, N₂, He) is 

measured with a high-precision capacitance manometer, and the 

experimental pressure is maintained at 100 Pa. The four-

dimensional rotating sample stage enables one-dimensional 

rotation and three-dimensional linear movement along the R-X-Y-

Z axis. By integrating a rotary motor (0°-360° range, 1° accuracy) 

and linear motors (100 mm travel, 100 μm accuracy), 

synchronized rotation between the signal collection system and the 

four-dimensional sample stage is achieved. 

Instrumentation and operating conditions. The nanosecond 

pulsed laser and variable-angle signal collection system consisted 

of an Nd:YAG laser (pulse width 8 ns, CFR200, Quantel, USA), 

an optical lens assembly, a linear array optical fiber, and a 

spectrometer (Shamrock 750, Andor, UK) coupled with an ICCD 

(iStar 340T, Andor, UK). The laser energy was set at 40 mJ. A 

1064 nm laser pulse was focused by an optical lens onto a pure W 

circular target mounted on a four-dimensional rotating stage at an 

initial incidence angle of about -10°, producing a laser-ablated W 

plasma. The optical emission from this plasma was collected by a 

plano-convex lens (diameter 100 mm, focal length 300 mm) 

placed parallel to the laser beam and directed into a 20-core linear 

array optical fiber (core diameter 300 μm). The fiber collection 

range was roughly 15 mm along the horizontal dimension of the 

plasma plume. An R-axis rotary stage (0°–360°, 1° accuracy) 

combined with an X-Z linear stage (±12.5 mm travel, 10 μm 

accuracy) maintained the fiber's position aligned with the surface 

normal of the sample, capturing emission signals from the 

plasma’s central region. The fiber’s output was positioned at the 

entrance slit (150 μm) of the Andor spectrometer for real-time 

collection of the optical emission signals from the laser-ablated W 

plasma.  

The plasma imaging system comprises an ICCD camera (PI-

MAX4, Princeton Instrument, USA) and a narrow-bandpass filter, 

which captures laser-ablated W plasma images in the 425 nm - 435 

nm wavelength range. A digital delay/pulse generator (DG645, 

Stanford Research Systems, USA) was employed to 

synchronously trigger the Nd: YAG laser, control camera 

acquisition, and initiate data collection by the Andor spectrometer. 

During plasma imaging with the camera, the four-dimensional 

rotating sample stage inside the vacuum chamber was 

reconfigured from vertical to horizontal orientation to facilitate 

imaging of laser-ablated W plasma at various ablation angles. 

 

 

 

 

Fig. 1

 

Schematic diagram of the experimental setup.
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RESULTS AND DISCUSSION 

W plasma center localization at different ablation angles. In 

this experiment, a variable-angle signal collection system was 

used to capture optical emissions from laser-ablated W plasma. To 

synchronize the rotation of the collection fiber with the sample 

stage, a four-dimensional (R-X-Y-Z) rotating sample stage 

combined with a three-dimensional (R-X-Z) signal collection 

system was developed. First, the central position of the plasma at 

different angles was identified by scanning the area with an array 

fiber at a low pressure of 100 Pa. By varying the ablation angles, 

the laser spot is elongated along a single axis, changing its shape 

from circular to elliptical. Eight typical ablation angles were 

selected for spatial characterization of the LIBS plasma, and the 

corresponding energy densities were calculated, as shown in Table 1. 

It shows that the laser energy density reaches its maximum at θ = 

0°. Due to limitations of the experimental setup, the initial ablation 

angle between the incident laser and the W sample surface is 

approximately -10°. When the sample stage is rotated to 10°, the 

laser is approximately at normal incidence, achieving the 

maximum laser energy density. 

Fig. 2(a)-(d) shows the area scanning scheme for the laser-

ablated W plasma. Precise control of the ablation angles θ (from -

10° to 60° in 10° steps) was achieved using the four-dimensional 

rotating stage. During rotation, it was necessary to adjust both the 

X and Z axis simultaneously to keep the laser incidence points 

consistent at each angle. The red dots in Fig. 2(a)-(d) represent the 

collection areas of the linear array optical fiber. This agrees with 

our previous findings that plasma expansion after laser ablation 

follows the surface normal, regardless of the laser angle26. 

Therefore, by adjusting the R and Z axis of the signal collection 

system, the array fiber was aligned along the surface normal for 

collecting signals. Subsequently, X-axis adjustments enabled 

thorough area scanning of the plasma across all ablation angles.  

The boundary of the scanning area was defined as the point at 

which the spectral signals from the laser-ablated W plasma 

disappeared. The radial expansion of the W plasma along the X-

axis was approximately 22 mm, measured using the W I 429.46 

nm spectral line as the intensity reference. The maximum 

normalized signal intensity along the Z-axis was identified as the 

center of the laser-ablated W plasma and set at X = 0 mm. Based 

on this, two-dimensional normalized intensity maps of the W 

plasma were produced, as shown in Fig. 2(e)-(h). Analysis of these 

maps indicates that as the angle increases, the intensity distribution 

of the laser-ablated W plasma gradually shifts toward the -X 

direction. Moreover, greater rotation angles lead to smaller signal 

regions along the Z-axis. This occurs mainly because the four-

dimensional sample stage rotates clockwise on the R-axis, and the 

laser beam incidence is not perfectly perpendicular to the sample 

surface. These factors cause the laser-ablated W plasma core to 

deviate in its expansion direction at different angles. Additionally, 

 

 

 

 

Fig. 2 W plasma at different ablation angles of (a)-(d) Schematic diagrams 

of area scanning, and (e)-(h) Normalized signal intensity maps of area 

scanning. 

 

 

 

 

 

Fig. 3 Original spectra of W plasma under different gas atmospheres and 

ablation angles of (a)-(d) Spectral collection range 422 nm - 438 nm. 

the laser energy density diminishes gradually as the rotation angle 

increases, which explains why larger ablation angles have fewer 

signal-collectable regions along the Z-axis. 

Spectral parameters of W Plasma. Fig. 3 shows the original 

spectra of laser-ablated W plasma under various gas atmospheres 

(Ar, N₂, He) and at different ablation angles (0°, 20°, 40°, 60°). 

The spectra were obtained using the FVB (Full Vertical Binning) 

mode of an Andor spectrometer within the 422 nm - 438 nm range, 

with 20 accumulated spectra constituting the characteristic LIBS 

profiles for each condition. The laser-ablated W plasma evolves 

over microseconds27. Therefore, the Andor spectrometer was set 

with a delay of 0 ns and a gate time of 10 μs to capture the entire 

plasma evolution, including the continuous radiation background 

(CRB), ion lines (W II), and excited atomic lines (W I). A 

comparative analysis of the spatio-temporal integrated LIBS 

profiles of laser-ablated W plasma in three different gas 

atmospheres shows that as the ablation angle θ increases, the CRB 
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intensity initially rises and then falls. Both W II and W I signals 

are much weaker in He gas. The CRB intensity peaks at θ = 0°, 

after which it drops sharply. This behavior is due to the laser on the 

W target being nearly perpendicular (θ = 0°), where the laser 

energy density is highest.  

Figure 4 shows the normalized intensity changes of laser-

ablated W plasma under different gas atmospheres and ablation 

angles. Using B-spline curve fitting for the normalized intensity 

changes, the analysis highlights notable differences in the 

normalized intensity patterns of CRB, W II, and W I across the gas 

environments. Fig. 4(a) demonstrates that with Ar gas, the W I 

normalized intensity gradually declines from θ = -10° to 20°. 

Between θ = 20° and 40°, the ablation angle's effect on W I 

becomes more evident, with a sharp drop. From 40° to 60°, the W 

I intensity variation stabilizes. Meanwhile, W II and CRB initially 

increase and then sharply decrease between θ = -10° and 40°, 

likely due to the near-normal laser incidence and the maximum 

laser energy density at θ = 0°. Beyond θ = 40°, the fluctuations in 

the intensities of W II and CRB stabilize. Fig. 4(b) reveals that in 

N2 gas, the normalized intensity of W I steadily decreases across 

the entire angular range (θ = -10° to 60°). Both W II and CRB 

reach their maximum normalized intensities at θ = 0°, then decline 

gradually. Fig. 4(c) shows that in He gas, the normalized 

intensities of W I, W II, and CRB all peak at θ = 0° before dropping 

sharply. As the ablation angle increases, laser energy density drops. 

With constant background pressure, the laser energy density drops. 

With constant background pressure, the different trends in 

normalized intensity are due to each gas's unique physicochemical 

properties. At lower laser energy density (θ ≥ 40°), Ar gas enables 

more efficient electron collision excitation and plasma 

recombination, while the higher thermal conductivity of He gas 

supports rapid plasma expansion 20, 22. 

Figure 5 shows how the signal-to-background ratio (S/B) of 

laser-ablated W plasma varies under different gas atmospheres and 

ablation angles. The S/B ratio, representing the signal intensity 

relative to the background, is a crucial measure of spectral clarity. 

A higher S/B indicates better spectral quality. The signal-to-

background ratio is calculated using the Eqn (1). 

𝑆/𝐵 =
𝜇(𝑆)

𝜇(𝐵)
(1)  

where 𝜇 are the mean of the signal (𝑆) and continuous radiation 

background (𝐵). Fig. 5(a) reveals that in Ar gas, the S/B ratio for 

W I initially drops and then rises as the ablation angle increases, 

whereas for W II, it stays mostly unchanged. The lowest S/B 

occurs at θ = 0°, which is different from the normalized intensity 

trend seen for laser-ablated W plasma at various ablation angles. 

This indicates that under constant laser energy, increasing the laser 

energy density results in a stronger CRB but weaker W I and W II 

emissions, leading to a lower S/B ratio and reduced spectral quality. 

Fig. 5(b) shows that in N2 gas, the S/B ratios of both W I and W II 

 

 

 

 

 

 

 

 

Fig. 4 Normalized intensity variation of W plasma under different gas 

atmospheres and ablation angles of (a) Ar gas, (b) N₂ gas, (c) He gas. 

 

 

 

 

 

 

 

 

Fig. 5 S/B ratio variation of W plasma under different gas atmospheres and 

ablation angles of (a) Ar gas, (b) N₂ gas, (c) He gas. 

lines are almost unaffected by θ. This is important for improving 

LIBS signal stability28, 29. Fig. 5(c) reveals that in He gas, the S/B 

ratio of the W I line increases rapidly with θ, while the S/B ratio of 

the W II line drops sharply at θ ≥ 40°. This suggests that in the He 

atmosphere, the CRB intensity and W II attenuation rate are much 

higher than the decay rate of W I line intensity. 

Parameters of laser-ablated W plasma (nₑ and Tₑ). The 

prerequisite for plasma parameter diagnosis using LIBS 

technology is that the population distribution of particles across 

energy levels must follow the Boltzmann distribution, the 

observed plasma region must be in a state of Local 

Thermodynamic Equilibrium (LTE). The McWhirter criterion is 

commonly employed to assess whether the plasma satisfies the LTE 

condition. This criterion establishes the minimum electron density 
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threshold required to sustain LTE. Only spectral data that meet this 

threshold condition can be regarded as valid for plasma parameter 

analysis. The McWhirter criterion is expressed as follows Eqn (2): 

𝑛𝑒 > 1.6 × 1012 × 𝑇𝑒

1
2 × (∆𝐸)3 (2) 

where ne is the electron density in cm⁻³, Te is the electron 

temperature in eV, and ΔE is the energy difference between the 

upper and lower levels of the transition in eV. We have evaluated 

the validity of this assumption under the present experimental 

conditions using the McWhirter criterion. For the W I and W II 

lines selected for Te calculation in Table 2. With a maximum 

energy level difference ΔE of approximately 2.92 eV, and taking a 

typical electron temperature of about 1 eV, the lower limit of 

electron density required by the McWhirter criterion is calculated 

about 3.98×1013 cm-3.  

Figure 6 illustrates the parameter variations of laser-ablated W 

plasma under different gas atmospheres and ablation angles. Fig. 6(a) 

presents the electron density (ne) of the W plasma calculated using 

the Stark broadening method, with the Eqn (3) given by 

𝑤𝑠𝑡𝑎𝑟𝑘 = 2 (
𝑛𝑒

1016
) 𝑤 (3) 

where 𝑤𝑠𝑡𝑎𝑟𝑘 is the full width at half maximum (FWHM) of the 

spectral peak, and 𝑤  is the electron collision parameter. W I 

(429.46 nm) is chosen for ne measurement. By deconvolution of 

the Voigt function, the Lorentzian FWHM obtained is 𝑤𝑠𝑡𝑎𝑟𝑘  . 

Substituting 𝑤𝑠𝑡𝑎𝑟𝑘  into Eqn (3) yields the ne 
30, 31. Comparative 

analysis reveals minimal variation in ne across different gas 

atmospheres and ablation angles for W plasma, with slightly 

higher values observed in He gas. Under our experimental 

conditions, the electron density measured by Stark broadening is 

approximately 1×10¹⁶ cm⁻³ – 4×10¹⁶ cm⁻³, which far exceeds the 

lower limit required by the McWhirter criterion (3.98×1013 cm-3). 

Moreover, the characteristic plasma evolution timescale (μs) is 

significantly longer than the relaxation time (ns) required for 

atomic processes to reach a steady state. Therefore, the LTE 

assumption can be considered valid under the experimental 

conditions of the present study, and the resulting plasma 

parameters are physically reliable. Fig. 6(b) presents the electron 

temperature (Te) of W plasma calculated using the Saha-

Boltzmann slope method 32. Under LTE conditions, the optical 

emission intensity 𝐼𝑖𝑗  of a specific transition wavelength 𝜆𝑖𝑗 

from a higher energy level 𝐸𝑖 to a lower energy level 𝐸𝑗  is given 

by Equ (4): 

𝐼𝑖𝑗 = 𝐴𝑖𝑗𝑛
ℎ𝑐

𝜆𝑖𝑗
(

𝑔𝑗

𝑈(𝑇)
) 𝑒−𝐸𝑖/𝑘𝐵𝑇 (4) 

After linearizing Equation (4), the electron temperature 𝑇 of the 

plasma can be calculated using the atomic Boltzmann slope 

method as follows: 

Table 2. Spectroscopic parameters of the W 

 

 

 

 

Fig. 6 Parameter variations of W plasma under different gas atmospheres 

and ablation angles. (a) Electron density (ne), (b) Electron temperature (Te). 

ln (
𝐼𝑖𝑗𝜆𝑖𝑗

𝐴𝑖𝑗𝑔𝑗
) = −

𝐸𝑖

𝑘𝐵𝑇
+ ln (

𝑛ℎ𝑐

𝑈(𝑇)
) (5) 

In Equation (5), which takes the form 𝑦 = 𝑎𝑥 + 𝑏 , the plasma 

temperature  𝑇  can be obtained from the slope 𝑎 = − 1
𝑘𝐵 𝑇⁄  . The 

Boltzmann slope method uses characteristic atomic spectral peaks, 

where the energy differences between atomic levels are relatively 

small, leading to relatively large calculation errors. On the other 

hand, the Saha-Boltzmann slope method simultaneously utilizes 

atomic spectral peaks and ion spectral peaks. The energy 

differences between atomic levels and excited ion levels are 

significantly larger, which can enhance calculation accuracy. The 

expression for the ion Boltzmann slope method is: 

ln (
𝐼𝑖𝑗

Ⅱ
𝜆𝑖𝑗

Ⅱ

𝐴𝑖𝑗𝑔𝑗

) = −
𝐸𝑖

𝑘𝐵𝑇
+ ln (

𝑛Ⅱℎ𝑐

𝑈Ⅱ(𝑇)
) (6) 

In Equation (6), the superscript II represents singly ionized ions. 

According to the Saha Equation, the ratio of the number of atoms 

to singly ionized ions is given by: 

𝑛Ⅱ

𝑛
= 2 (

𝑈Ⅱ(2𝜋𝑚𝑒𝑘𝑇)
3
2

𝑛𝑛𝑒ℎ3
) exp (−

𝐸𝑖𝑜𝑛 − ∆𝐸

𝑘𝐵𝑇
) (7) 

In Equation (7), 𝑚𝑒   is the electron mass, 𝑛𝑒   is the electron 

density, and 𝐸𝑖𝑜𝑛  is the first ionization energy of the atom. ∆𝐸 

represents the ionization energy correction value, which is 

approximately 0.1 eV. By substituting Equation (7) into Equation 

(6) and rearranging, we obtain the Saha-Boltzmann slope 

expression as Equation (8): 

ln (
𝐼𝑖𝑗

Ⅱ
𝜆𝑖𝑗

Ⅱ

𝐴𝑖𝑗𝑔𝑗

) − ln (
2(2𝜋𝑚𝑒𝑘𝑇)

3
2

𝑛𝑒ℎ3
) = −

𝐸𝑖 + 𝐸𝑖𝑜𝑛 − ∆𝐸

𝑘𝐵𝑇
+ ln (

𝑛Ⅱℎ𝑐

𝑈Ⅱ(𝑇)
) (8) 

In the Saha-Boltzmann plot, the horizontal and vertical 

coordinates for atoms are the same as those in the Boltzmann slope 

 λ (nm) gk Aki (106/s) Ei (eV) Ek (eV) 

W I 424.44 15.20 0.77 3.69 

W I 426.94 15.20 0.37 3.27 

W I 429.46 62.00 0.37 3.25 

W I 430.21 25.00 0.37 3.25 

W II 433.56 3.73 2.35 5.21 

W II 434.31 5.76 2.79 5.65 
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method. For ions, the vertical coordinate is expressed as follows:  

ln (
𝐼𝑖𝑗

Ⅱ
𝜆𝑖𝑗

Ⅱ

𝐴𝑖𝑗𝑔𝑗

) − ln (
2(2𝜋𝑚𝑒𝑘𝑇)

3
2

𝑛𝑒ℎ3
) 

the horizontal coordinate is 𝐸𝑖 + 𝐸𝑖𝑜𝑛 − ∆𝐸 . In the Saha–

Boltzmann plot, the slope of the linear fit represents the negative 

reciprocal of the electron temperature. The necessary parameters 

for this calculation, including the transition probabilities 𝐴𝑖𝑗 and 

statistical weights 𝑔𝑗   for the selected spectral peaks, are taken 

from the NIST database. These spectroscopic parameters are 

presented in Table 2. 

The Te in all three gas atmospheres exhibits a consistent pattern: 

it initially increases, then decreases, peaking at θ = 0°. This 

suggests that higher laser energy density leads to elevated Te. 

Beyond θ ≥ 40°, notable differences in Te become apparent among 

the gases. In He, Te drops rapidly; in Ar, it rises slightly; and in N2, 

it declines gradually. Comparative analysis reveals that Te in He is 

higher than in Ar. This phenomenon likely results from the 

fundamental principle that plasma temperature is determined not 

by a single heat dissipation mechanism but by the dynamic 

balance between energy input and loss rates. The high thermal 

conductivity of He significantly enhances plasma heat loss. In 

addition to thermal losses, radiative loss is a key factor in energy 

dissipation, with a strong dependence on plasma temperature. 

When thermal conductivity is high, energy spreads quickly, 

heating a larger plasma volume to higher temperatures. As the 

entire plasma temperature rises, radiative loss increases very 

rapidly. To maintain energy balance, the plasma self-adjusts, 

requiring higher temperatures to reach energy equilibrium33. 

Spatial resolution characteristics of W plasma. Fig. 7 shows the 

spatial resolution intensity variations of laser-ablated W plasma 

under different gas atmospheres and ablation angles. A 20-core 

linear array fiber, aligned perpendicular to the sample surface, 

collected spectral data along the Z-axis over approximately 15 mm 

from the W plasma center. Fig. 7(a)-(c) present the spatial 

resolution normalized intensity variations of W I in Ar, N2, and He 

gases, respectively. The comparison shows that for Ar and N2 

gases, the maximum normalized intensity of W I occurs at Z = 9 

mm and Z = 7.5 mm, respectively, when θ = 0°. As the ablation 

angle increases, the Z-position of maximum W I intensity shifts 

toward the -Z direction. At θ = 60°, the peak positions are Z = 0.75 

mm in N2 gas and Z = 3 mm in Ar gas, indicating that Ar gas 

constrains laser-ablated W plasma at large angles, compressing the 

plasma front 21. When θ ≤ 40°, the position from which the 

maximum W I signal intensity in He gas remains consistently at Z 

= 3 mm. Fig. 7(d)-(f) show the corresponding spatial resolution for 

W II. For θ ≤ 20°, the highest W II intensity in Ar and N2 gases 

occurs at Z = 5.25 mm and Z = 4.5 mm, respectively, indicating 

that the W II emission region is notably smaller than that of W I. 

As ablation angles increase, the peak W II positions shift toward 

the -Z direction. When θ ≤ 40°, the maximum W II intensity in He 

gas stays near Z = 3 mm. These findings support the idea that He 

gas high thermal conductivity facilitates rapid heat spread, leading 

to more uniform dispersion within the plasma33. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7
 
Spatial resolution normalized intensity variations of laser-ablated W plasma under different gas atmospheres and ablation angles: W I 429.46 nm (a) 

Ar gas, (b) N2

 
gas, (c) He gas, W II 433.56 nm (d) Ar gas, (e) N2

 
gas, (f) He gas.
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Fig. 8 High-speed camera images of W plasma under different gas atmospheres and ablation angles. 

 

 

 

 

 

 

 

Fig. 9 Plasma plume dimension variations of W plasma under different gas 

atmospheres and ablation angles of (a) Axial expansion dimensions, (b) 

Radial expansion dimensions. 

High-speed camera imaging analysis of W plasma under 

different gas atmospheres and ablation angles. Fig. 8 shows 

high-speed camera images of laser-ablated W plasma under 

different gas atmospheres and ablation angles, captured with a 430 

nm bandpass filter. The PI-MAX4 camera was set with a delay of 

0 ns and a gate width of 10 μs to capture the entire plasma 

evolution process. Comparing the plasma images across the three 

gases indicates that the plasma size is smallest in Ar and largest in 

He, due to differences in the interaction processes between the 

plasma and the gases 34, 35. As seen clearly in Fig. 8, regardless of 

the ablation angles, the W plasma plume consistently expands 

along the surface normal direction, consistent with previous 

findings26. As the ablation angle increases, the laser energy density 

gradually decreases, resulting in noticeable reductions in both the 

plume size and the emission intensity of the laser-ablated W 

plasma. Additionally, there are notable differences in how the 

maximum emission intensity is distributed in various gas 

atmospheres. In Ar gas, the highest emission intensity remains 

consistently at the plasma core, with a sharper focus observed at 

the plasma front. This could be due to the relatively low thermal 

conductivity of Ar gas, which allows the W plasma to maintain a 

hot core and a cooler “sheath”, trapping most of the energy in the 

central region. In N₂ gas, the laser-ablated W plasma shows a 

distinct semi-circular expansion, with the highest emission 

intensity consistently at the plasma front. As the ablation angle 

increases, the peak intensity position gradually shifts toward the -

X direction. In He gas, the W plasma plume expands significantly. 

While the peak emission intensity stays at the plasma front, the 

overall intensity drops notably. This effect is likely due to He gas 

high thermal conductivity, which causes a steep temperature 

gradient. As a result, much of the energy is lost before the plasma 

core can fully heat the surrounding areas. The high thermal 

conductivity leads to a more uniform temperature distribution 

within the W plasma, thereby spreading the emission intensity 

uniformly throughout the entire plasma volume 33. These findings 

align with the spatially resolved normalized intensity distributions 

shown in Fig. 7. Additionally, the analysis indicates that lowering 

laser energy density in all gas atmospheres causes the W plasma 

plume to deform noticeably, reducing its stability and symmetry.  

Figure 9 depicts how the plume size of laser-ablated W plasma 

varies under different gas atmospheres and ablation angles. Given 

that the size of each pixel is known, the axial and radial dimensions 

of the plasma can be obtained by multiplying the number of pixels 

within the axial and radial boundaries of the plasma by the size of 

a single pixel. Fig. 9(a) shows the axial changes of the W plasma 

plume along the Z-axis, indicating that the axial plume size stays 

nearly constant as the ablation angle increases across all gases. 

Averaging the axial dimensions at various angles reveals that in N₂ 

gas, the plume's axial size is roughly 1.4 times larger than in Ar 

gas, and in He gas, it is about 3.3 times larger than in Ar gas. Fig. 

9(b) displays the radial dimension changes of the W plasma plume 

along the X-axis. Comparative analysis shows that the radial 

plume size decreases rapidly with increasing ablation angle across 
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all gas atmospheres. After averaging radial dimensions across 

various angles, the plume's radial size in N₂ gas is roughly 1.5 

times larger than in Ar gas, and about 3 times larger in He gas 

compared to Ar gas. The rapid reduction in radial size indicates 

that lower laser energy density primarily affects the radial 

expansion of the W plasma plume along the X-axis. This also 

implies that most of the laser-ablated energy from the W target is 

initially used for axial expansion along the Z direction, with the 

remaining energy driving radial expansion along the X-axis. This 

energy distribution ensures that although the laser energy density 

drops with increasing ablation angles, the axial dimension of the 

W plasma plume stays mostly unchanged. 

CONCLUSION 

This study employed a linear array fiber area scanning method to 

generate two-dimensional maps of normalized signal intensities in 

laser-ablated W plasma in a low-pressure environment. The 

position of maximum normalized intensity was identified as the 

plasma center for subsequent LIBS spectral collection. Spatio-

temporal spectral analysis shows notable differences in W I 

normalized intensity changes across various gas atmospheres at θ 

≥ 50°, indicating that under low laser energy density, Ar gas 

enhances electron collision excitation and plasma recombination. 

Conversely, He gas higher thermal conductivity facilitates free 

plasma expansion. The observed initial rise and rapid fall in W II 

and CRB normalized intensities are linked to near-normal laser 

incidence at θ = 10°, where laser energy density peaks. Comparing 

S/B ratios, in N₂ gas, the ratios for W I and W II remain mostly 

unaffected by ablation angle changes, suggesting similar trends in 

CRB, W I, and W II intensities across angles, which aids in 

optimizing LIBS signal stability. Te measurements show higher 

values in He gas, likely due to its high thermal conductivity that 

quickly disperses laser energy, heating a larger plasma volume to 

higher temperatures. This increases radiative loss, prompting the 

plasma to adjust to a higher equilibrium temperature to conserve 

energy. Spatial resolution intensity analysis reveals that Ar gas 

constricts the laser-ablated W plasma by compressing the plasma 

front, while He gas promotes more uniform dispersion within the 

plasma region. 

High-speed plasma imaging shows that the W plasma plume 

consistently expands perpendicular to the sample surface, 

regardless of ablation angles. The plasma size is smallest in Ar gas 

and largest in He gas, with notable differences in the peak emission 

distribution across various gas environments. The low thermal 

conductivity and ionization energy of Ar keep most laser energy 

confined to the plasma core. Conversely, the high thermal 

conductivity and higher ionization energy of He create a sharp 

temperature gradient, leading to significant thermal losses. As a 

result, the W plasma exhibits a flattened temperature profile with 

a more uniform emission intensity throughout. Increasing the 

ablation angle and reducing laser energy density result in smaller 

plume sizes and lower emission intensities, along with decreased 

stability and symmetry. Experimental results show that most laser 

energy causes axial expansion, while the remaining energy 

influences radial expansion. This energy distribution keeps the 

axial size almost unchanged even as energy density drops, but the 

radial size shrinks quickly. The findings provide a basic 

understanding of the spectral and plasma imaging characteristics 

of laser-ablated W plasma across various gas atmospheres and 

angles, aiding precise geometric calibration of in situ LIBS 

systems. Nevertheless, the interactions between laser-ablated 

plasma and ambient gases are complex and go beyond simple 

explanations based on ionization energy and thermal conductivity. 

Further research is necessary to deepen our fundamental 

understanding of LIBS processes through multidimensional 

analysis of plasma and gas interactions. 
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