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Signal beam combiners play a pivotal role in enhancing the output power of fiber lasers, which have wide-ranging applications from industrial processing to medical and military uses. This paper explores the influence of fiber twist angle and non-uniform symmetric arrangement on the performance of 19 × 1 fiber signal combiners. A simulation model was developed to analyze the impact of these parameters under adiabatic tapering conditions and the principle of brightness conservation. The model allowed for a systematic investigation of how varying twist angles and non-uniform spacings affect the combiner's performance metrics, such as transmission efficiency and beam quality. The study found that an optimal balance between high transmission efficiency (up to 98.5%) and good beam quality (minimum M2 factor of 1.06) can be achieved when the twist angle is kept below 60° and the non-uniform spacing is maintained within 10–30 μm. These conditions ensure minimal degradation of the beam quality while maximizing the transmission efficiency of the combiner. These findings offer valuable insights into the optimization of signal combiner design, which is critical for advancing high-power fiber laser systems. By carefully controlling the fiber twist angle and non-uniform spacing, designers can achieve superior performance in fiber laser applications, thereby enhancing the overall efficiency and reliability of these systems. This research contributes to the broader field of optical engineering by providing a deeper understanding of the underlying principles that govern the performance of signal combiners.
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1 INTRODUCTION
Fiber lasers, known for their high efficiency, excellent beam quality, and modular design, are widely used in industrial processing, medical surgery, and military applications. However, the output power of a single fiber laser is limited by the physical and optical properties of the fiber. Signal combiners address this limitation by merging multiple low-power fiber lasers into a single, high-power output, thereby expanding the application range and performance capabilities of fiber lasers [1–4].
Signal combiners play a crucial role in modern optics and communication technology, as they not only increase the output power but also enhance the overall efficiency, reliability, and signal stability of fiber laser systems [5–7]. Despite their importance, practical implementation faces technical challenges, particularly with respect to fiber twisting angles and non-uniform symmetrical arrangements during the tapering process. Tapering, a critical step in combiner manufacturing, involves controlled stretching of fibers to achieve efficient signal merging [8]. The twisting and non-uniformity that occur during this process can significantly affect the transmission efficiency and beam quality of the combiner, making precise control of these parameters crucial for optimal performance [9, 10].
Currently, signal combiners are a focal point of scholarly attention, especially in signal combiner fabrication, high-power all-fiber coherent synthesis, signal combiner design, and laser combiner performance evaluation. For example, [11] successfully manufactured a 7 × 1 mid-infrared fiber combiner using advanced low-temperature fusion tapering technology [11]. The research results demonstrate that the combiner exhibits outstanding fusion quality with minimal losses at fusion points (only 0.45 dB), and can withstand a tension force exceeding 300g, achieving an average transmission efficiency of approximately 80% and the highest output power of 4.32W in a single channel, showcasing its exceptional transmission characteristics and high-power tolerance. [12] developed a special (6 + 1) × 1 reverse pump/signal combiner, with both input and output ends using 50 μm large core diameter signal fibers [12]. Through feedback calibration of the M2 beam quality evaluation factor, a combiner was successfully developed to maintain high beam quality, with a beam quality degradation ratio of only 3.4%. This device was applied in a simple MOPA structure narrow linewidth laser system, achieving a near single-mode output of 4.1 kW and a Raman suppression ratio of 40.5 dB, demonstrating its potential in high-performance laser systems.
Despite the abundant research on signal combiners, there is relatively little focus on the specific parameters of fiber twisting angles and non-uniform symmetrical arrangements, which represents a current research gap [13–16]. This paper investigates the impact of fiber twisting angles and non-uniform symmetrical arrangements on signal combiners. The study delves into the effects of these parameters during the tapering process on the performance of the combiner, comparing the transmission efficiency and beam quality under different conditions to determine the optimal twisting angles and non-uniform arrangements. The goal is to optimize the design of fiber signal combiners and provide important technical support for increasing the output power and performance of fiber lasers.
2 THEORETICAL BASIS
2.1 Beam propagation method
In 1978, Fleck et al. first proposed the Beam Propagation Method (BPM), which accurately solves the Helmholtz equation to obtain the mode field distribution of different parts of the optical fiber. This calculation method has significant implications in the field of optical waveguides, as it can simulate the propagation characteristics of the mode field within them, providing a powerful mathematical tool for research in optical fiber communication and related technologies [17].
BPM is crucial for calculating the coupling efficiency between the input fibers and the output fiber, which directly impacts the overall transmission efficiency. By simulating the mode field distribution and the overlap integral, BPM helps in visualizing and analyzing how light modes evolve through the tapered region, identifying any modal instabilities or distortions that could degrade beam quality. The method also allows for the optimization of design parameters such as the twist angle and the non-uniform symmetric arrangement distance. For instance, the simulations show that maintaining a twist angle not exceeding 60° and a non-uniform symmetric arrangement distance between 10 and 30 μm leads to high transmission efficiency (up to 98.5%) and better beam quality (minimum M2 factor of 1.06).
Furthermore, BPM provides a robust theoretical framework for validating the simulation results, ensuring that the performance metrics, such as transmission efficiency and beam quality, are based on a well-validated physical model. This enhances the credibility of the findings and supports the practical applicability of the optimized design. By leveraging BPM, the manuscript offers a solid theoretical foundation for the design and optimization of the 19 × 1 fiber signal combiner, contributing to the development of more efficient and reliable high-power fiber laser systems [18–21].
Based on the Maxwell’s equations, we can delve into the fundamental properties of light propagation within optical fibers shown as Equations 1–4 [22]:
[image: Equation showing Maxwell's equation for electromagnetism: the curl of H (magnetic field intensity) equals current density J plus the partial derivative of electric displacement field D with respect to time t.]
[image: Equation showing Faraday's law of induction: the curl of the electric field \( \nabla \times \mathbf{E} \) equals the negative partial derivative of the magnetic field \( \mathbf{B} \) with respect to time \( t \), denoted as \( -\frac{\partial \mathbf{B}}{\partial t} \).]
[image: Maxwell's equation in differential form shows the divergence of electric displacement field \( \mathbf{D} \) equals free charge density \( \rho \).]
[image: Equation showing the divergence of a magnetic field \( \mathbf{B} \) as zero, denoted by \( \nabla \cdot \mathbf{B} = 0 \). This represents Gauss's law for magnetism, indicating there are no magnetic monopoles.]
To determine the electric field strength [image: Please upload the image, and I will generate the alt text for you. If needed, you can also add a caption for additional context.], electric displacement vector [image: Please upload the image or provide a URL so I can generate the alternate text for you.], magnetic induction intensity [image: Please upload the image or provide a URL so I can generate the alternate text for it.], and magnetic field strength [image: Please upload the image or provide a URL so I can generate the alt text for you.], it is necessary to relate them to material equations. The characteristics of material equations are deeply influenced by the medium in which the electromagnetic fields exist shown as Equations 5, 6 [23]:
[image: Please upload an image or provide a URL for me to generate the alternate text.]
[image: Mathematical expression representing a function \( B(t) \) equals \( \mu(t) \) multiplied by \( H(t) \).]
based on this, the wave equation for optical fibers (where [image: It looks like the image did not upload correctly. Please try uploading the image again or provide a URL.] is a constant, [image: Mathematical notation showing the divergence of epsilon, symbolized by "∇ε", equals zero.]) can be further derived:
[image: It seems like you intended to include an image, but it hasn't appeared. Please try uploading the image again, and I'll help you with the alternate text.]
[image: It seems like there's an error in displaying the image. Please upload the image file directly or provide a URL so I can generate the alternate text for you.]
Equations 7, 8 represent the vector Helmholtz equation. In this coordinate system, the [image: Please upload the image or provide a URL so I can help generate the alternate text for it.], [image: Please upload the image or provide a URL for me to generate the alternate text.], and [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.] components of [image: Please upload the image so I can generate an alternate text for it.] and [image: Please upload the image or provide a URL so I can generate the alternate text for it.] strictly follow the laws of the scalar Helmholtz equation:
[image: Mathematical expression showing the wave equation: \(\nabla^2 \psi + k^2 \psi = 0\), labeled as equation number nine.]
In the Equation 9, [image: To generate alternate text for an image, please upload the image file or provide its URL.] represents the components of [image: Please upload the image or provide a URL so I can generate the appropriate alt text for it.] or [image: Please upload the image you'd like me to generate alt text for.].
2.2 Conical fiber characteristics
The tapered fiber in the signal combiner is made of fiber through a special fusion stretching process, which changes the diameter and shape of the fiber, thus affecting its optical properties.
2.2.1 Adiabatic tapering condition
Adiabatic tapering is used to describe the extremely small degree of change in the diameter of the taper zone after the fiber is processed by the tapering process. This characteristic ensures that when light propagates inside the tapered fiber, it can be tightly confined to the core area, effectively preventing light from leaking to the outer cladding [24]. That is:
[image: If you upload an image or provide a URL, I can generate alt text for it. Please try that!]
In the formula, [image: Please upload the image you would like me to generate alt text for.] represents the difference in the diameter of the fiber end face before and after the tapering process, while [image: Please upload the image or provide a URL, and I'll help create the alt text for it.] represents the original size parameters of the fiber. If the rate of change of the core diameter is too large, the propagation mode of the light wave will transition from the fundamental mode state to a higher-order mode, leading to a coupling phenomenon in the fiber. Usually, the propagation constant [image: Please upload the image or provide a URL so I can generate the alt text for you.] is used to quantitatively describe the transmission mode in the fiber [25], defined as follows Equation 11:
[image: Equation showing wave propagation constant: beta equals two pi divided by lambda times n sub eff, denoted as equation (11).]
In the formula, [image: Lowercase italic letter "n" with a subscript "eff" in regular font.] represents the effective refractive index of the fiber, while [image: Please provide the image by uploading it or sharing a URL, and I will generate the alternate text for it.] represents the transmission wavelength. In the definition of the fiber transmission mode, the propagation constant of the fundamental mode is denoted as [image: If you upload the image or provide a URL, I can help generate alternative text for it.] , and the propagation constant of the higher-order mode is denoted as [image: Greek letter beta with subscript two.]. Based on this, the beat length of the fiber is precisely defined as Equation 12:
[image: Equation labeled as twelve shows \( L_B = \frac{2\pi}{\beta_1 - \beta_2} \).]
Expressing the change in core diameter in terms of beat length:
[image: Mathematical equation showing Δτ equals L sub B times the derivative of r with respect to z, labeled as equation thirteen.]
Substituting Equation 13 into Equation 10, we get Equation 14:
[image: The mathematical expression shows the derivative of x with respect to z, denoted as dx over dz, is less than or equal to r over L subscript B. The expression is labeled as equation 14.]
When the first high-order mode propagation constant is taken as [image: Please upload the image or provide a URL so I can generate the alternate text for it.] , the value [image: Please upload the image or provide a URL so I can generate the alt text for you.] reaches a maximum, and at this point, the adiabatic tapering standard is most stringent. It can be inferred that under this standard, the transmission loss of the fiber will be minimized. The tapering process of the fiber is usually considered as linear tapering, that is, the slope of the fiber diameter remains constant over the entire taper zone. Therefore, for the entire taper zone [image: The equation shown is \(dz = L, dr = r_1 - r_2\), representing a mathematical expression involving changes in variables \(z\) and \(r\).], the initial diameter of the fiber is set as [image: Please upload the image or provide a URL so I can help generate the alt text for it.], and the waist diameter formed after tapering is [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.] . Further defining the taper ratio of the fiber [image: An equation displays "TR equals r subscript 1 divided by r subscript 2", where TR represents a ratio between two variables, \( r_1 \) and \( r_2 \).], the adiabatic tapering condition of the fiber can be expressed as Equation 15 [26]:
[image: Please upload the image or provide a URL so I can help generate the alternate text.]
From Equation 15, it is evident that a longer fiber taper zone better satisfies the adiabatic tapering condition, reducing losses during the tapering process. However, in practical applications, an overly long taper zone can increase the fragility of the fiber and complicate packaging. Therefore, it is necessary to balance the theoretical benefits of adiabatic tapering with practical considerations. This involves determining an optimal taper zone length that minimizes losses while ensuring the fiber’s stability and ease of packaging.
2.2.2 Brightness conservation principle
In the coupling process from input fiber to output fiber of the laser, the brightness conservation principle plays an important role. This principle elaborates from the perspective of the fiber’s reception and emission capabilities towards the laser, delving into the necessary conditions for achieving efficient coupling between lasers and fibers.
During the coupling process between laser and fiber, the reception and emission capabilities of the fiber can be quantitatively expressed through the parameter of Integrated Brightness (IB) [27]. When the laser is uniformly incident on the fiber, the integrated brightness can be specifically described as Equation 16:
[image: Equation showing integration. \( I_B = A R \int_{0}^{2\pi} d\Omega \propto A \int_{0}^{\pi} \sin \phi d\phi = A [1 - \cos \phi] \). Equation number 16 is indicated at the end.]
Where [image: Please upload the image or provide a URL, and I will generate the appropriate alt text for you.] represents the irradiation area of the fiber, [image: Please upload the image or provide a URL, and I will help you generate the alternate text.] is the distribution profile of irradiance, and [image: If you'd like me to generate alt text for an image, please upload the image or provide a URL to it.] denotes the laser acceptance angle of the fiber. There exists a proportional relationship between the numerical aperture NA of the fiber and [image: The mathematical expression "sine phi" with phi represented by the Greek lowercase letter ϕ.]. Due to the small acceptance angle of the fiber under normal circumstances, it can be derived that [image: The expression shows "sin phi approximately equals phi".]. In this scenario, integrated brightness can be expressed as Equation 17:
[image: The equation shown is \[IB \propto A[1 - \cos(\phi)] \approx \frac{A}{2} NA^2\], marked as equation (17).]
The concept of Brightness Ratio (BR) is introduced to quantify the relative relationship of integrated brightness between input and output fibers [28]. Its mathematical expression is as follows Equation 18:
[image: The image shows an equation representing the brightness ratio (BR). It is expressed as BR equals IB out over IB in, which equals D squared out times one minus cosine of phi out, over n times D squared in times one minus cosine of phi in. This is also equal to D out times NA squared out, over n times D in times NA squared in, followed by equation number eighteen in parentheses.]
In the application of signal combiners, [image: It seems like you have entered a mathematical expression or text snippet instead of uploading an image. Please upload the image you want an alternate text for, and I will be happy to help.] and [image: The image shows the chemical formula for the compound sodium iodide, represented as NaI, in italicized font.] respectively represent the diameter and numerical aperture of the input fiber bundle layer after tapering, while [image: Mathematical notation showing "D sub out" and "N A sub out" in italics.] refers to the diameter and numerical aperture of the output fiber core. [image: Please upload the image or provide a URL for me to generate the alternate text.] indicates the number of input fibers received by the combiner. [image: Appears to be an equation image featuring "IB" with "in" as a subscript.] and [image: It seems there is no image provided. Please upload the image or provide its URL, and I will generate the alt text for you.] as parameters, respectively measure the reception and emission capabilities of the input fiber bundle layer and the output fiber core in terms of light. When [image: Text depicting a mathematical expression: "BR is greater than or equal to 1."] is satisfied, i.e., when the reception capability of the output fiber exceeds the emission capability of the input fiber, the light intensity in the input fiber can be completely coupled to the output fiber, thereby achieving a low-loss coupling process.
Based on the brightness conservation principle, to ensure efficient transmission of the signal combiner, the output fiber should have a larger core diameter and numerical aperture. However, improving the beam quality of the output laser requires reducing the number of modes excited during fusion splicing. Therefore, when selecting the size of the output fiber core, it is necessary to balance transmission efficiency and beam quality in order to achieve the relative optimization of the performance indicators of the signal combiner.
2.3 Signal combiner quality metrics
The quality metrics of the signal combiner mainly focus on its performance and reliability, which are crucial for evaluating and ensuring that the combiner meets specific application requirements. This paper primarily adopts the M2 factor and transmission efficiency as the quality metrics for the signal combiner.
2.3.1 M2 factor
The M2 factor is defined as the product of the actual beam’s spot size and the far-field divergence angle, divided by the product of the spot size and the far-field divergence angle corresponding to the ideal fundamental Gaussian beam.
It is determined through the second moment [29] to ascertain the waist radius of the optical fiber [13]:
[image: Formula showing the calculation of \( \bar{x} \), representing a weighted mean position. The equation is a ratio of two integrals. The numerator is a double integral from negative to positive infinity of \( x \cdot E(x, y) \cdot E^*(x, y) \, dx \, dy \). The denominator is a double integral from negative to positive infinity of \( E(x, y) \cdot E^*(x, y) \, dx \, dy \).]
[image: Formula showing \( \sigma_{x} = 2 \sqrt{\frac{\iint (x - \bar{x})^2 E(x,y) \cdot E'(x,y) \, dx \, dy}{\iint E(x,y) \cdot E'(x,y) \, dx \, dy}} \), labeled as equation (20).]
[image: Mathematical equation showing \(\bar{y}\) equals the integral from negative to positive infinity of \(y \cdot E(x, y) \cdot E^*(x, y) \, dx \, dy\), divided by the integral from negative to positive infinity of \(E(x, y) \cdot E^*(x, y) \, dx \, dy\). Labeled as equation \(21\).]
[image: Equation showing \( y_{0} = 2 \sqrt{\frac{\int \int (y-\bar{y})^2 E(x,y) \cdot E^{'}(x,y) dxdy}{\int \int E(x,y) \cdot E^{'}(x,y) dxdy}} \) labeled as equation 22.]
In the formula: [image: The image contains a mathematical expression in parentheses with variables "x" and "y" topped by horizontal bars, indicating the mean or average of these variables.] represents the centroid coordinates of the electric field, [image: It seems like you mentioned a mathematical expression or notation, but there is no image provided. Please upload the image or provide a URL, and I can help generate the alt text for it.] represents the electric field distribution function, and [image: It seems like you've posted a mathematical expression instead of an image. If you have an image you'd like me to generate alt text for, please upload it or provide a URL. For the expression, "ω" is the Greek letter omega, and the subscript "x" might denote a specific component or axis in a given context.] and [image: Certainly! Please upload the image or provide a URL so I can help generate the alt text for you.] represent the second-order moment widths of the electric field in the x and y directions, respectively shown as Equations 19–22.
According to the definition of the M2 factor, we can obtain [30]:
[image: Mathematical equation showing \( M_x^2 = \lim_{\lambda \to \infty} \frac{\pi \alpha (0) \omega_{\alpha} (z)}{z \lambda} = \pi \omega_{\alpha} Q_x n \) with reference number (23).]
[image: Mathematical equation showing the expression for \( M_2^2 \) as the limit as \(\widetilde{\lambda}\) approaches infinity of \(\frac{\pi_{\mu_l}(0)\omega_{\lambda}(z)}{\widetilde{\lambda}}\), equaling \(\pi_{\mu_l}\Theta_n\). Labeled as equation \( (24) \).]
[image: Formula for \( M^2 \) is given as the square root of the product of \( M_x^2 \) and \( M_y^2 \), with equation number 25.]
[image: The image shows the expression "M subscript x squared" in mathematical notation.] and [image: Stylized mathematical expression depicting "M" with a subscript "2" and a superscript "y".] respectively represent the [image: Please upload the image or provide a URL so I can help generate the alternate text.] factor in the x and y directions, while [image: Symbol featuring a theta with a small subscript lowercase z, resembling a stylized, abstract design.] and [image: Greek letter Theta with subscript eleven.] respectively represent the effective beam radius of the laser in the far field in the x and y directions. z and n represent the coordinates in the far-field plane shown as Equations 23–25.
The laser output from the fiber is a mixture of the fundamental Gaussian beam and higher-order mode Gaussian beams. Therefore, it is appropriate to evaluate beam quality with the ideal fundamental Gaussian beam as a reference. When the laser passes through an ideal optical system, the beam parameter product remains constant, making the M2factor a constant quantity [31]. This characteristic enables the M2 factor to rigorously and comprehensively reflect the beam quality of different fiber laser systems. As the M2factor is referenced to the ideal fundamental Gaussian beam and considers both near-field and far-field characteristics of the beam, it is particularly suitable for evaluating the quality of signal combiners.
2.3.2 Transmission efficiency
Assuming that the mode field of the tapered input fiber bundle is defined as [image: E subscript "in" with variables x, y, and z in parentheses.], when this mode field is coupled to the output fiber, its mode field representation can be viewed as a linear superposition of all excitable mode fields in the output fiber shown as Equation 26 [16]:
[image: Mathematical expression showing a double summation. \( E(x, y, z) \) is the sum of \( C_{mn}E_{mn}(x, y, z) \) from \( m = 1 \) to \( M \) and \( n = 1 \) to \( N \). Equation labeled as 26.]
In the equations, [image: Apologies, I can't process what the image displays. Please upload the image for assistance.] represents the (mn) th-order mode in the output fiber, i.e., one of the modes that can be excited in the fiber. The total number of excitable modes is denoted as [image: It seems like you've referenced an equation rather than uploaded an image. Please provide the image or a URL, and I can help generate the alt text for it.] (where [image: It looks like there might be an error or a missing image. Please upload the image again or provide more details so I can assist you better.] are non-negative integers not greater than M, N, reflecting the mode capacity of the fiber. Meanwhile, [image: The image shows the mathematical notation \( C_{mn} \), indicating a binomial coefficient or combination, representing the number of ways to choose n elements from a set of m elements.] represents the mode coefficient, which quantifies the proportion of each mode in all excitable modes. Its expression [32] is given by Equation 27:
[image: Equation for \( C_{mn} = \sqrt{q_{mn}} \) is presented. It shows a double integral over \( x \) and \( y \) of the product of \( E_{in}(x, y, z) \) and \( E_{mn}^*(x, y, z) \) divided by the square root of the product of two double integrals of the magnitudes squared of \( E_{in}(x, y, z) \) and \( E_{mn}(x, y, z) \). Equation number 27 appears on the right.]
Here, [image: I need an image or a URL to provide alternate text. Please upload an image or provide a link, and I can assist you further.] represents the ratio of the power of the (mn) th-order mode to the total input power.
Based on the proportion of power carried by each mode, the coupling efficiency at the fusion point can be calculated [33]:
[image: Equation for tau equals the double summation from m equals 1 to M and n equals 1 to N of alpha sub m n, labeled as equation 28.]
From Equation 28, it can be observed that an increase in the number of excited modes during the coupling process will directly lead to an improvement in the coupling efficiency, thereby significantly enhancing the overall transmission efficiency of the signal combiner [34].
2.4 Theoretical background and practical application
Fiber signal combiners play a crucial role in high-power laser systems by merging multiple low-power fiber lasers into a single, high-power output. This technology is widely applied in industrial processing, medical surgery, and military applications due to its ability to significantly enhance the overall efficiency, reliability, and signal stability of fiber laser systems. However, current designs face limitations, such as reduced transmission efficiency and degraded beam quality, which are primarily influenced by the physical properties of the fibers and the alignment during the tapering process. The twisting and non-uniformity that occur during this critical manufacturing step can severely impact the performance of the combiner.
To address these issues, the study focuses on optimizing the design of 19 × 1 fiber signal combiners by investigating the effects of fiber twist angle and non-uniform symmetric alignment. Specifically, the study explores how adjusting the twist angle and maintaining controlled non-uniform spacing can lead to significant improvements in both transmission efficiency and beam quality. By doing so, the aim is to overcome the existing limitations and provide a more robust solution for high-power fiber laser systems.
2.5 Model assumptions and simulation conditions
In developing the simulation model, adherence to fundamental principles of light propagation and the conservation of brightness ensures that the model accurately reflects the behavior of light within the fiber combiner. The simulation is conducted under adiabatic tapering conditions, where the gradual change in the fiber’s cross-sectional area minimizes loss and distortion of the propagating signals. The model assumes an idealized environment but incorporates realistic parameters to closely mimic actual operating conditions.
For the simulations, a range of twist angles not exceeding 60° is specifically focused on, as higher angles tend to introduce excessive stress and deformation, leading to lower transmission efficiencies and poorer beam quality. Additionally, the non-uniform symmetric arrangement distance is maintained between 10 and 30 μm. This range is based on preliminary studies indicating that it optimally balances efficient signal combination with minimal interference. These parameter choices are grounded in a thorough understanding of the underlying physics and have been selected to represent a broad spectrum of potential real-world scenarios, thereby enhancing the applicability and relevance of the findings [35–38].
3 METHODS
Building on the previous theoretical framework, this study constructs a basic simulation model of a fiber signal combiner to analyze the effects of fiber twisting angles and non-uniform asymmetric arrangements on the signal combiner [39].
In the established simulation model, the beam propagation method is employed to simulate the propagation of light waves in complex media. This method considers changes in refractive index, fiber structure, and the interaction between fibers. Based on the wave optics simulation of the propagation characteristics of light waves in the signal combiner, combined with the beam propagation method, the basic simulation model of a 19 × 1 fiber signal combiner is established using the Beam Prop module in the RSoft software package, as shown in Figure 1.
[image: Diagram of a cylindrical injector with colored lines depicting fluid flow paths. Red, green, and orange lines radiate downward from the cylinder, converging at circular points. Axes labeled X, Y, and Z frame the 3D representation.]FIGURE 1 | Simulation model of 19 × 1 fiber signal combiner.
The 19 × 1 fiber signal combiner selected in this study represents a balanced solution, integrating practicality, efficiency, and the stringent demands of high-power laser systems. This design consolidates 19 low-power input fibers into a single, high-power output, significantly amplifying power while maintaining design and fabrication simplicity. The 19 × 1 configuration achieves impressive transmission efficiency (up to 98.5%) and maintains excellent beam quality (M2 ≥ 1.06), ensuring minimal loss and distortion. Leveraging standard optical fibers and established techniques, such as adiabatic tapering, it simplifies alignment and coupling, enhancing manufacturability. Moreover, its performance aligns with the specific needs of industrial, medical, and military applications, supporting tasks like cutting, welding, and precise material processing. The 19 × 1 combiner also provides scalability and adaptability, enabling parallel use or expansion to accommodate higher power requirements. By adopting the 19 × 1 fiber signal combiner, this research aims to optimize for both high performance and practical feasibility, addressing existing limitations and improving the reliability of fiber laser systems [40].
The simulation model for the fiber signal combiner employs 20/130 μm fibers as inputs and a 105/125 μm fiber for the output. The 20/130 μm fibers, featuring a 20 μm core diameter with a numerical aperture (NA) of 0.08 for the core and 0.46 for the cladding, are selected for their mode control and efficient light collection, critical for maintaining high beam quality and effective coupling. In contrast, the 105/125 μm output fiber, with a 105 μm core diameter and an NA of 0.22, is designed to manage higher power densities and reduce modal dispersion, ensuring a stable and robust output. This fiber combination ensures high transmission efficiency and excellent beam quality, with the smaller input fibers providing precise mode control and the larger output fiber offering mechanical durability and compatibility with existing optical systems.
During the adiabatic tapering process, the specified diameters enable controlled tapering, minimizing energy loss and preserving the integrity of the optical signal. This selection of fiber dimensions optimally balances efficient signal transmission, beam quality, and manufacturability, making it well-suited for high-power, high-quality laser applications.
4 RESULTS AND ANALYSIS
4.1 Impact of taper ratio and length on the signal combiner
Optimizing these parameters ensures an adiabatic process, minimizing energy loss and enhancing the beam quality. Simulation analysis is used to determine the optimal taper ratio and length, guiding the experimental production and reducing trial-and-error costs [41, 42]. Figure 2 illustrates the transmission efficiency of a single fiber signal combiner under different taper ratios, highlighting the importance of these parameters in achieving optimal performance.
[image: Graph showing transmission efficiency versus taper ratio. The efficiency increases steadily from 0.92 to 0.98 as the taper ratio ranges from 0 to 0.4, then levels off at 0.98 up to 1.0.]FIGURE 2 | Transmission efficiency of signal combiner with different taper ratio.
From Figure 2, it can be observed that as the taper ratio increases, the transmission efficiency of a single fiber signal combiner gradually improves. When the taper ratio reaches 0.52, the transmission efficiency of a single fiber signal combiner reaches a peak and remains relatively stable. Therefore, the taper ratio for the signal combiner is set to 0.52.
Setting the taper ratio to 0.52, the transmission efficiency of a single fiber signal combiner under different taper lengths is shown in Figure 3.
[image: Scatter plot showing transmission efficiency on the vertical axis and taper length in millimeters on the horizontal axis. Points indicate a rapid increase in efficiency up to about 1.0 millimeter, then plateauing near 0.98 efficiency.]FIGURE 3 | Transmission efficiency of signal combiner with different taper lengths.
As shown in Figure 3, the transmission efficiency of a single fiber signal combiner increases sharply as the taper length increases from 0 mm to 0.75 mm, and then stabilizes. At a taper length of about 1.01686 mm, the efficiency reaches a high and stable value. Thus, a 1 mm taper length is optimal, balancing efficiency and stability.
The ideal parameters for the combiner, based on simulations, are a 1 mm taper length and a 0.52 taper ratio, adhering to adiabatic tapering and brightness conservation principles. These settings yield an M2 factor of 1.06 and a maximum transmission efficiency of 98.5%.
An M2 factor of 1.06 indicates near-ideal beam quality, with minimal deviations. The 98.5% transmission efficiency demonstrates that the combiner effectively combines and transmits optical power with minimal loss.
Fiber bending also affects transmission; a 5 cm bending radius results in approximately 90% efficiency compared to a straight fiber. This slight difference does not significantly impact the overall simulation results.
In summary, the optimized design parameters—1 mm taper length, 0.52 taper ratio, M2 of 1.06, and 98.5% efficiency—provide a solid foundation for the combiner’s development and fabrication.
The length of the taper affects the adiabaticity of the mode evolution. A longer taper can ensure better adiabaticity, leading to higher transmission efficiency and potentially better beam quality. However, an excessively long taper may introduce additional losses due to increased interaction with the cladding and other factors.
The taper ratio, defined as the ratio of the final diameter to the initial diameter, influences the mode field distribution and coupling efficiency. An optimal taper ratio ensures that light modes are well-confined and efficiently transferred from the input fibers to the output fiber. A non-adiabatic taper can lead to mode mixing and increased beam divergence, negatively affecting the M2 factor.
4.2 The impact of twist angle on the signal combiner
The twist angle of the optical fibers significantly impacts light propagation, mode distribution, and the overall performance of the beam combiner, including transmission efficiency and output beam quality. Moderate twisting reduces crosstalk between adjacent fibers by maintaining proper spacing and alignment, leading to better coupling and higher efficiency.
Based on the simulation model, various twist angles were analyzed to assess their effects on the signal combiner’s performance, as shown in Figure 4. The results indicate that a moderate twist angle optimally balances fiber spacing and alignment, thereby enhancing the combiner’s overall performance.
[image: Illustration of a red and green light scattering through a conical, translucent shape. The light rays diverge towards the base, creating a pattern of alternating colors.]FIGURE 4 | Schematic diagram of torsion angle change.
The transmission efficiency and beam quality of the signal combiner at different twist angles are shown in Figure 5.
[image: Line graph showing transmission efficiency and beam quality against twist angle. Transmission efficiency peaks around 90 degrees, while beam quality has multiple peaks, notably at 100 and 150 degrees. Beam quality values are marked in red and transmission efficiency in black.]FIGURE 5 | Transmission efficiency and beam quality of signal combiner with different twist angles.
As shown in Figure 5, the twist angle significantly affects the transmission efficiency and beam quality of the signal combiner. The transmission efficiency fluctuates with increasing twist angle. Between 10° and 70°, the efficiency increases and remains high. Beyond 70°, the efficiency gradually declines, reaching its lowest point at 180°. The beam quality factor M2 also fluctuates and increases from 10° to 140°, indicating a decline in beam quality. Overall, a twist angle between 10° and 70° maintains both high transmission efficiency and good beam quality.
The twist angle and non-uniform symmetric arrangement distance play significant roles in overall performance. These parameters should be optimized to maintain high transmission efficiency (up to 98.5%) and a minimum M2 factor (1.06). By carefully balancing these parameters, the design can achieve both high transmission efficiency and excellent beam quality.
4.3 Impact of non-uniform symmetric arrangement on signal combiner
Non-uniform symmetric arrangements of fibers in a signal combiner can significantly affect transmission efficiency and beam quality. When fiber positions and angles are not uniform or symmetric, the light distribution during the combining process becomes uneven, leading to mode mismatch. This results in light scattering and loss, reducing transmission efficiency. Additionally, the inconsistent light path causes mode disturbances, degrading the final beam quality. Therefore, precise fiber arrangement is crucial for efficient light transmission and high beam quality.
This study categorizes non-uniform symmetric arrangements into four scenarios: outward deviation of the middle layer, inward deviation of the middle layer, deviation of multiple fiber cores, and inward deviation of the outermost layer (Figure 6). Each scenario impacts the combiner’s performance. Understanding and mitigating these deviations is essential for designing an efficient and high-quality signal combiner.
[image: Four diagrams show deviations in a fiber optic structure. (a) Outward deviation of the middle layer with an arrow pointing outward. (b) Inward deviation of the same layer with an arrow pointing inward. (c) Multiple fiber core deviations indicated by circles. (d) Inward deviation of the outermost layer with an arrow pointing inward.]FIGURE 6 | Non-uniform symmetric arrangement. (A) Outward deviation distance of the middle layer. (B) Inward deviation distance of the middle layer. (C) Deviation of multiple fiber cores. (D) Inward deviation distance of the outermost layer.
Based on the optimal parameters of the signal combiner’s basic model, an analysis of the transmission efficiency and beam quality under non-uniform symmetric fiber arrangements was conducted. When fibers in the middle layer deviate outward from the central axis, the signal paths become longer, adversely affecting transmission efficiency and beam quality. This outward deviation also results in uneven distances between fibers, further impacting beam synthesis.
Figure 7 illustrates the transmission efficiency and beam quality of the signal combiner for different outward deviation distances of the middle layer.
[image: Line graph showing various efficiencies and delay factors of mobile systems over different observed distances. It includes Transmission Efficiency, Short-Packet URLLC, LC, and IC, with values fluctuating across the X-axis from 0 to 100.]FIGURE 7 | Simulation results of outward offset distance of middle layer.
The outward deviation of the middle layer in a signal combiner affects both transmission efficiency and beam quality. Despite these deviations, the transmission efficiency remains relatively high, indicating effective signal transmission even with some misalignment. As the outward deviation increases from 10 μm to 40 μm, the transmission efficiency improves, peaking at 40 μm. The M2 factor, which measures beam quality, remains stable across this range, with the best quality observed at 40 μm. This suggests that a 40 μm outward deviation optimizes both transmission efficiency and beam quality.
Figure 7 shows the simulation results for different outward deviations. At 10μm, the transmission efficiency is approximately 96.4% with an M2 factor of 19.57972. The efficiency peaks at 97.8% at 30 μm before decreasing, while the M2 factor reaches its minimum value of 18.75102 at 40 μm.
In contrast, inward deviation, where fibers are displaced closer to the central axis, increases fiber interference, especially in compact spaces, affecting beam distribution and uniformity. The impact of different inward deviation distances on transmission efficiency and beam quality is illustrated in Figure 8. Optimizing these deviations is crucial for achieving optimal performance in the signal combiner.
[image: Line graph displaying various parameters against offset distance within a middle bypass. The parameters include temperature, efficiency, and peak quality, with data points marked with different colored shapes and connected lines. The x-axis ranges from 0 to 100, while the y-axis shows respective measurement scales.]FIGURE 8 | Simulation results of offset distance within the middle layer.
According to Figure 8, the transmission efficiency of the signal combiner improves and remains high when the inward offset distance within the middle layer is between 10 and 50 μm. However, beyond 50 μm, the transmission efficiency becomes unstable and significantly drops after 70 μm, indicating that the optimal range for the inward offset is 10–50 μm.
Regarding beam quality, the M2 factor remains relatively stable for offset distances between 10 and 50 μm. Beyond 50 μm, the M2 factor fluctuates, showing an initial increase followed by a decrease. Therefore, the best overall performance in terms of both transmission efficiency and beam quality is achieved when the offset distance is within 50 μm.
In Figure 8, the simulation results show that at an inward offset of 10μm, the transmission efficiency is 97.4% with an M2 factor of 19.42289. As the inward offset increases, the transmission efficiency peaks at 98.4% at 40 μm, while the M2 factor remains stable.
The “number of optical fiber offsets” refers to the number of misaligned fibers in the combiner. Non-uniform arrangements can lead to unstable performance, as misaligned fibers can weaken or distort signals. Figure 9 illustrates the impact of different numbers of offset fibers on transmission efficiency and beam quality, highlighting the importance of minimizing such offsets for optimal combiner performance.
[image: Line graph depicting various metrics against the number of offset fibers, ranging from 0 to 20. Transmission efficiency, beam quality (M²), X, and XC are shown with distinct colors. Transmission efficiency fluctuates between 0.93 and 0.97, beam quality varies from 4 to 12, X and XC metrics span from 0 to 2.5 and 15 to 36, respectively. Each metric shows distinct trends and fluctuations across the fiber range.]FIGURE 9 | Offset fiber root number simulation results.
From Figure 9, it is evident that as the number of offset fibers increases, the transmission efficiency of the signal combiner remains high, indicating that the combiner can effectively transmit light signals even with more misaligned fibers. However, the beam quality factor M2 shows a noticeable upward trend, suggesting that the beam quality degrades as the number of offset fibers increases. The values of [image: Mathematical expression showing uppercase M, subscript x, and a squared symbol.] and [image: Mathematical notation showing "M" with a superscript of "2" and a subscript of "y".] also change, indicating that the beam spreads in both the x and y directions. This means that while the combiner can handle an increased number of offset fibers and maintain good transmission efficiency, the beam quality suffers.
Figure 9 presents the simulation results for the number of offset fibers, illustrating how the number and respective offsets of these fibers impact the overall performance. For instance, at a specific number of offset fibers, the transmission efficiency and beam quality exhibit distinct patterns. The interaction and interference between fibers play a critical role in the system’s performance. As the number of offset fibers increases, the potential for signal degradation and mode disturbances also rises, leading to reduced transmission efficiency and beam quality.
When the outermost fibers are offset inward, closer to the central axis, they may become too close to the intermediate or inner-layer fibers. This proximity increases fiber interaction and interference, potentially degrading signal transmission and the overall combining effect. Figure 10 shows the transmission efficiency and beam quality of the signal combiner under different inward offset distances of the outermost fibers, highlighting the trade-off between maintaining high transmission efficiency and ensuring good beam quality.
[image: Line graph showing four variables measured across various inward offset distances of an outermost layer, ranging from zero to one hundred micrometers. The variables are transmission efficiency, focus quality, UY, and UC, each represented by different colored lines and vertical axes scales. Each line fluctuates distinctly, indicating variations in each measurement.]FIGURE 10 | Simulation results of inward offset distance of outermost layer.
From Figure 10, it is evident that as the outward offset distance of the outermost layer increases, the transmission efficiency of the signal combiner fluctuates. When the outward offset is within 0–40 μm, the transmission efficiency remains stable and high. However, beyond 50 μm, the transmission efficiency gradually decreases. Additionally, the beam quality factor M2 shows a decreasing trend as the outward offset increases, indicating a negative impact on beam quality. The effect on beam quality varies in the x and y directions due to changes in symmetry and propagation characteristics.
In Figure 10, which illustrates the simulation results for the inward offset distance of the outermost layer, the data points show that at an inward offset of 10 μm, the transmission efficiency is 97.7% with an M2 factor of 18.82093. As the offset increases, the transmission efficiency decreases to 96.7% at 50 μm, while the M2 factor remains relatively stable at 18.87649.
Figures 7–10 highlight the impact of different fiber configurations, including twist angles and non-uniform symmetric alignments, on the signal combiner’s performance. For middle layer fibers, an outward deviation between 10 and 40 μm enhances transmission efficiency, peaking at 40 μm, while maintaining stable beam quality. In contrast, increasing the outward offset of the outermost layer fibers beyond 40 μm reduces transmission efficiency and degrades beam quality by disrupting symmetry and propagation properties.
These findings indicate that moderate deviations can optimize transmission paths and reduce interference, but excessive offsets disrupt the necessary symmetry for efficient signal combination and beam integrity. The impact on beam quality is directionally dependent, with variations in both the x and y-axes. Therefore, optimizing the balance between fiber twist angles (optimal around 60°–75°) and controlled non-uniform symmetric alignment (within 10–30 μm spacing) is crucial for maintaining high transmission efficiency and beam quality.
In summary, the interplay between fiber twist and non-uniform arrangement spacing significantly affects the performance of the signal combiner. Adhering to the identified parameter ranges ensures peak efficiency and high beam quality, underscoring the importance of meticulous design considerations in achieving optimal laser system integration.
Table 1 summarizes the key observations, comparing the transmission efficiency and beam quality under different outward and inward offset distances of the intermediate and outermost layers.
TABLE 1 | Transmission efficiency and beam quality of signal combiner at different distances.
[image: A table displaying transmission efficiency and beam quality M² at different distances for three scenarios: intermediate layer outward offset, intermediate layer inward offset, and outermost layer inward offset. Distances range from ten to one hundred micrometers. Transmission efficiency values vary slightly across the three scenarios, with beam quality M² fluctuating slightly per distance.]From Table 1, the signal combiner’s performance varies significantly under different offset distance conditions. For the intermediate layer (both outward and inward offsets) and the outermost layer inward offset, when the offset distance ranges from 10 μm to 50 μm, the transmission efficiency generally remains high, above 97%, indicating effective signal transfer. Within this range, the beam quality (M2 value) also stays low, suggesting minimal impact on beam uniformity and focusing, resulting in high beam quality.
This indicates that under non-uniform symmetrical offset conditions within 50 μm, the signal combiner can achieve both efficient transmission and superior beam quality, demonstrating excellent optical performance. Therefore, an offset distance range of 10 μm–50 μm is an ideal choice for maintaining the optimal performance of the signal combiner.
4.4 Comprehensive influence of torsion angle and non-uniform symmetrical arrangement
To find the optimal combination of torsion angle and non-uniform symmetrical arrangement, based on the previous analysis, the influence of different torsion angles on the transmission efficiency of the signal combiner was analyzed under different non-uniform symmetrical arrangement offset distances (10 μm, 20 μm, 30 μm, 40 μm, 50 μm), as shown in Figure 11.
[image: Graph depicting transmission efficiency versus twist angle for different thicknesses: 10, 20, 30, 40, and 50 micrometers. Efficiency generally decreases as twist angle increases, with thicker materials showing a more pronounced drop in efficiency.]FIGURE 11 | Effect of torsion angle and non-uniform symmetric alignment distance on transmission efficiency.
From Figure 11, it is evident that as the torsion angle increases, the transmission efficiency of the signal combiner initially rises, peaking around 60° and 75°, and then decreases. This suggests an optimal range of torsion angles for high transmission efficiency. When considering both torsion angle and non-uniform symmetrical arrangement offset distance, the best transmission efficiency is achieved when the offset distance is between 10 μm and 30 μm, and the torsion angle is between 15° and 75°. However, if the offset distance increases to 50 μm, the high-efficiency torsion angle range narrows to 15°–45°.
This interaction between torsion angle and offset distance shows that a suitable torsion angle can mitigate the decrease in transmission efficiency caused by non-uniform fiber arrangements. Specifically, when the torsion angle is within 60° and the offset distance is between 10 μm and 30μm, the signal combiner achieves optimal transmission efficiency, consistently above 98%.
Further analysis of the impact of torsion angle and non-uniform symmetrical arrangement on beam quality (M2) is provided in Figure 12.
[image: Line graph showing photon count versus twist angle in degrees for particle sizes of 10, 20, 30, 40, and 50 micrometers. The photon count generally increases with twist angle across all particle sizes.]FIGURE 12 | Effect of twist angle and non-uniform symmetric alignment distance on beam quality M2.
From Figure 12, it is evident that as the non-uniform symmetric arrangement distance increases, the M2 value, which indicates beam quality, also increases. Specifically, when the arrangement distance is between 40 μm and 50 μm, the M2 value rises significantly, showing a decrease in beam quality and increased beam divergence or inconsistency. In contrast, when the arrangement distance is between 10 μm and 30 μm, and the twist angle is between 10° and 90°, the M2 value remains lower, indicating better beam quality. Twist angles beyond 105° lead to a significant increase in the M2 value, further degrading beam quality.
In summary, to achieve high transmission efficiency and good beam quality, the optimal conditions for the signal combiner are a twist angle not exceeding 60° and a non-uniform symmetric arrangement distance between 10 μm and 30 μm. These parameters are guided by adiabatic taper conditions and brightness conservation principles. Adiabatic tapering ensures stable light mode propagation during the fiber tapering process, avoiding mode disturbances from rapid or uneven size changes. The brightness conservation principle maintains constant optical power through the fiber, even with structural changes.
By limiting the twist angle to within 60°, the design avoids mutual interference and mode mismatch caused by excessive distortion, ensuring efficient signal transmission and excellent beam quality. Keeping the non-uniform symmetric arrangement distance between 10 μm and 30 μm balances effective coupling and combining of light waves while reducing cross-interference between fibers. This optimized spacing, combined with adiabatic tapering and brightness conservation, achieves high-efficiency and stable light transmission, maintaining beam quality and consistency.
Currently, this design is validated through software simulations and has not yet been implemented in practical use. Further testing and validation are needed for its future application.
While this study provides valuable insights into the optimization of 19 × 1 fiber signal combiners, it is important to note several limitations. The findings, which indicate that a twist angle not exceeding 60° and a non-uniform symmetric arrangement distance between 10 and 30 μm can achieve high transmission efficiency (up to 98.5%) and good beam quality (minimum M2 factor of 1.06), are based on theoretical modeling and simulations. These results have not been validated through experimental data or practical tests, which would significantly enhance the credibility and applicability of the research.
To address these limitations, future work should include experimental validation. This would involve fabricating prototypes and conducting performance evaluations using high-precision optical instruments. By comparing simulated and experimental data, the validity of the model can be confirmed, and any discrepancies can guide further refinements. Rigorous testing will validate the design’s feasibility in real-world applications and support the development of advanced high-power fiber laser systems.
5 DISCUSSION
This study investigates the impact of fiber twist angle and non-uniform symmetric arrangement on the performance of 19 × 1 fiber signal combiners. The findings reveal that maintaining a twist angle not exceeding 60° and a non-uniform symmetric arrangement distance between 10 and 30 μm under adiabatic tapering and brightness conservation principles can achieve high transmission efficiency and better beam quality. These results provide novel insights into the optimal design parameters for fiber signal combiners, contributing to the advancement of high-power fiber laser systems. The practical implications of these findings are significant, as they offer a robust solution to the limitations of current designs and pave the way for more efficient and reliable laser systems.
To further build on these findings, future research should focus on several key areas. First, experimental validation of the simulation results is essential. This would involve fabricating prototypes and conducting performance evaluations using high-precision optical instruments. By comparing simulated and experimental data, the validity of the model can be confirmed, and any discrepancies can guide further refinements. Second, exploring different types of fiber materials, such as those with varying refractive indices or specialized coatings, could provide additional insights into how material properties affect the performance of the combiner. Third, investigating alternative structural designs, such as incorporating micro-structured or photonic crystal fibers, may offer new opportunities for further improving transmission efficiency and beam quality. Finally, the integration of these optimized combiners into real-world applications, including industrial, medical, and military uses, will be crucial for demonstrating their practical value and driving the development of advanced high-power fiber laser systems.
6 CONCLUSION
This study investigates the impact of fiber twist angle and non-uniform symmetric arrangement on the performance of a 19 × 1 fiber signal combiner. The findings reveal that the twist angle and non-uniform symmetric arrangement significantly influence transmission efficiency and beam quality. Specifically, a twist angle not exceeding 60° and a non-uniform symmetric arrangement distance between 10 and 30 μm under adiabatic tapering and brightness conservation principles maintain high transmission efficiency and better beam quality. These results provide novel insights into the optimal design parameters for fiber signal combiners, contributing to the advancement of high-power fiber laser systems and offering practical guidance for enhancing their performance and reliability in various applications.
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To improve the assembly accuracy of intelligent assembly process, a 3D surface reconstruction system based on laser scanning for assembly targets and assembly positions was designed. The light source uses a line laser to provide structured light, enabling rapid scanning of the assembly target surface on a single line. Calculate the spatial relationship between the assembly target and the assembly position through the calibration board. A position inversion optimization algorithm has been proposed. By completing the transformation of feature points from local coordinates to global coordinates. The energy distribution in the central area of the CCD image plane was simulated and analyzed under different baseline lengths, and the optimal baseline position of 35 mm was determined. The experiment is divided into two parts, and the reconstruction of the three-dimensional surface of the free-form surface target based on laser scanning was completed in the laboratory. The optimized target 3D point cloud data is evenly distributed, with almost no scattered points on the main two local surfaces, which well reflects the surface structure of the target. In the actual outdoor assembly experiment, the system cooperated with the assembly vehicle to achieve the correct assembly of the assembly. The reconstruction accuracy deviation of most test points is very small, with over 85% of test points having an error of less than 0.54 mm. The average deviation of these points before and after optimization is 0.67 mm. This system has higher application value in the field of large-scale intelligent assembly.
Keywords: laser scanning, intelligent assembly, linear laser, optimization algorithm for position inversion, 3D surface reconstruction

1 INTRODUCTION
With the continuous updating of industrialization, traditional automated assembly technology can no longer meet the application requirements of complex structural assembly. The emergence of intelligent assembly technology can greatly improve the accuracy and stability of intelligent assembly of complex structures, and intelligent sensing units based on laser scanning are the core technology of intelligent assembly systems. It is of great significance to study the application of three-dimensional surface recognition technology for intelligent assembly processes. To quickly obtain the three-dimensional surface shape of the object being assembled, traditional contact scanning methods cannot be achieved, and non-contact optical testing methods can only be used [1–3]. The non-contact optical testing methods are mainly divided into laser scanning method and image recognition method. The image scanning method uses multi angle photography to calculate the assembly target feature position [4, 5]. This method is fast and cost-effective, but its accuracy is low and it has certain requirements for the morphology of the tested object. Compared to other methods, laser scanning has high accuracy and no special requirements for the morphology of the assembly object.
Simon et al. [6] developed a desktop 3D laser scanning system, which can be applied to collect the 3D surface shape of targets on experimental platforms. However, it is easily affected by light, so it is only suitable for dark environments, which limits its application. The handheld 3D laser scanning plane detector developed by Lavelle P et al. [7] from NASA can quickly obtain the surface shape features of the test surface, reconstruct its 3D point cloud, reconstruct geometric models such as cracks and depressions, and achieve a detection accuracy of 0.30 mm. Zhongxu Hu from the University of Newcastle in the UK [8] studied a 3D measurement method based on line laser. A vision system was installed on the arm of a robot, and combined with a line laser projector, fast 3D reconstruction of objects such as shoes was achieved, achieving good results. Tang et al. [9] achieved non-contact measurement of surface roughness by using the principle of displacement change generated by combining laser spot with area array CCD camera. Peng et al. [10] designed a three-dimensional detection device using both a translation platform and a rotation platform. In order to reduce measurement blind spots, the system uses two cameras and a line laser projector. Under the action of the rotation platform, the laser can scan the entire test surface of the object. After scanning for a week, the detection system will move in a vertical direction, scan the object up and down, and obtain the overall morphology of the object. Morozov et al. [11] performed laser scanning on aircraft skin and interpolated the test area using a feedback correction algorithm, achieving a testing accuracy of 5.0 mm. Connolly et al. [12] proposed a laser scanning module installed on a robotic arm, with a 3D scanning accuracy better than 0.5 mm. In addition, some companies also have similar laser scanning products. The Fast CAN Cobra handheld laser scanner developed by Polhemus Company can obtain 15,000 point coordinates per second, with a measurement accuracy of 1 mm within a measurement range of 200 mm, efficiently completing the three-dimensional model reconstruction of the target surface [13]. LDI GKS has developed the OM-3R scanner, which can be combined with a rotating platform to measure the external contours of teeth, crowns, and other materials, and reverse synthesize 3D models. It is widely used in the medical field, with a depth of field of up to 100 mm and a scanning accuracy of up to 40 um [14]. The 3DCaMegaDS series human body scanning system does not require marking points and utilizes texture features to complete automatic stitching. In a scanning area of 2,200 * 1,200 * 1200 mm, the accuracy can reach 0.5 mm [15]. In summary, although there are many literature based on laser scanning, the vast majority of them are fixed target scanning with a fixed laser position, which limits the positional relationship of the assembly process. This article uses the laser scanning system fixed on a 6-degree-of-freedom assembly claw and studies the calculation method of its coordinate system one. This method contributes to the matching of laser scanning and dynamic assembly.
The use of laser scanning can effectively capture the three-dimensional surface features of the captured object. During the assembly process, laser 3D scanning can accurately obtain the surface structure of the assembly area, thereby achieving precise assembly. This article proposes a fast 3D surface acquisition system based on line laser scanning, and designs a position inversion optimization algorithm based on it.
2 SYSTEM DESIGN
The system is controlled by a computer, and the carrier uses an automatic tracking method to find the assembly target placement position. When the loading vehicle reaches the designated position, the camera takes a photo to obtain the precise position relationship between the loading vehicle and the assembly area. Then, the laser scans the test location to obtain three-dimensional spatial information of the area to be placed, and then feeds it back to the computer. The computer uses 3D processing software to calculate the point cloud for assembly targets and placing positions. The system is shown in Figure 1.
[image: Diagram of a robotic system illustrating components: a six-degree freedom robotic arm, a transport trolley, a computer, a laser camera, and a target disk. Paths for grasping objects and laser scanning docking are shown, with a designated area for placement.]FIGURE 1 | Automatic control of loading and unloading grab system.
The system is equipped with a 6 degree of freedom robotic arm on the cargo vehicle, which assembles the approximate position of the assembly target area through camera photography. Then, a laser is used to scan the surface shape of the area and reconstruct the 3D point cloud of the assembly position. By using 3D point cloud information, precise recognition of the face shape is achieved, providing a placement path for the robotic arm. The system realizes unmanned automated loading and unloading. In order to improve its assembly accuracy, feature extraction is performed on the surface shape of the loading and unloading assemble target, thereby improving system stability. Target disk is used to provide the calibration image required for the location information of the cargo vehicle, so as to determine that the cargo vehicle will automatically travel to the designated position. The laser adopts a line scanning laser to form structured light, which can scan data on one line at a time. The laser is fixed on a six degree of freedom robotic arm, so they have a unified coordinate system. Through computer inversion calculation, a mapping relationship can be established between the spatial offset of the placement position and the spatial position of the assembly target.
3 PRINCIPLE OF LASER SCANNING 3D RECONSTRUCTION
3.1 Laser triangulation
The system uses a line laser as the light source to scan the surface of the assembly target. Using the principle of triangulation, convert the three-dimensional depth information of the surface of the object to be grasped into a two-dimensional laser stripe image. Establish a laser scanning measurement system model based on the relative position relationship between the laser plane and the camera. The camera obtains the three-dimensional spatial coordinates of each measurement point on the stripe, and then controls the stepper motor to automatically grasp and place the object.
The acquisition of three-dimensional laser point clouds is achieved by lasers, so the position of the laser is crucial for the construction of the point cloud. The position of the laser can be known in advance, so we use the plane constructed by the laser and the CCD photosensitive surface as the reference plane, extending towards the target direction to form a three-dimensional space. Therefore, the coordinate system of the two-dimensional CCD is positively located on the plane of z = 0 in the point cloud coordinate system.
Set the center of the camera lens as the coordinate origin and establish the camera coordinate system [16]. According to the triangular relationship in the measurement model, the coordinates of the spatial measurement points are (x, y, z), the distance from the laser to the camera center is the baseline length l, the angle between the laser optical axis and the system baseline is θ, the focal length of the lens is f, and the coordinates of the measurement points and the conjugate points on the CCD image plane are (x′, y′). The following relationship can be derived:
[image: Equations showing three variables: x equals l times x prime over the quantity f times tan theta minus x prime, all to the power of negative one; y equals l times y prime over the quantity f times tan theta minus x prime, all to the power of negative one; z equals l times f over the quantity f times tan theta minus x prime, all to the power of negative one.]
Calibration of the parameters in Formula 1 can accurately obtain comprehensive feature points of the target. So as to improve the testing accuracy of the system. In order to achieve measurement of the entire surface of the object to be grabbed, the measurement system needs to be mounted on a displacement platform for translational motion, where the displacement platform’s motion speed is v and the motion time is t. At this point, in the relationship between spatial coordinates (x, y, z) and (x′, y′), the coordinates on the x-axis become:
[image: The image shows a mathematical equation for horizontal motion: \( x = lx' \left( \frac{1}{\tan \theta - x'} \right) + vt \).]
Among them, the coordinate relationship between the y-axis and the z-axis remains unchanged. When the laser is not perpendicular to the reference plane to be measured, the incident direction of the structured light is not perpendicular to the reference plane. At a certain angle with the reference plane, the object being measured is reflected, and the partially reflected light is received by the CCD and imaged on the CCD sensor. The angle between the incident light and the normal of the reference plane is θ1. The reflected light forms an angle θ2 with the normal of the reference plane [17]. According to the principle of trigonometry, it can be obtained that:
[image: Mathematical equation involving trigonometric and algebraic expressions is shown. The left side has a fraction with the numerator `X` and the denominator `cos θ₁`. It includes sine and cosine functions of angles θ₁, θ₂, and α, along with variables X, L₁, L₂, and X'. The equation is labeled with number 3.]
In the above equation, α is the angle between the laser optical axis and the normal direction of the image, L1 is the distance from the imaging lens to the target.,L2 is the focal length of the receiving lens, so L2 = f. According to Formulas 2, 3, the positional relationship can be obtained, we can obtain the height to be measured as:
[image: Equation labeled (4): X is equal to X prime times L1 times cosine theta1 times cosine alpha divided by f minus X prime times cosine alpha times sine theta1 plus theta2 plus X prime times cosine theta1 plus theta2 times cosine alpha.]
3.2 Testing error analysis
After obtaining the height to be measured by Formula 4, analyze the measurement error of the system structure. The spatial position coordinates of the measured point in the camera coordinate system directly affect the detection accuracy of the measurement system. In order to study the influence of the structure of the laser scanning system on measurement accuracy, the errors in locating the center of the laser stripes in the x and y directions are δ1 and δ2, respectively. The errors in the measurement results in the three directions can be expressed as:
[image: Mathematical expression showing three equations. Equation one: \(dx = (I f \cot \delta_6 )(f \cot \theta - x')^{-2}\). Equation two: \(dy = (I f \cot \delta_2 - I x_0 \delta_3 )(f \cot \theta - x')^{-2}\). Equation three: \(dz = I f \delta_3 (f \cot \theta - x')^{-2}\). Equation is labeled as five.]
When (f cot θ - x) is 0, the system error reaches its maximum value. So x = f cot θ is the peak point of the above error formula, at which point the system error reaches its maximum value. Under the premise of considering the influence of system distortion, the center of the stripes should be as close as possible to the camera’s main point position, so the intersection position of the light plane and the optical axis determines the measurement range of the system by Formula 5. Z is the distance from the intersection point of the laser plane and the camera axis to the lens optical center. This system will be positioned at 150 mm, and it can be seen that the measurement range of the system is determined by l and θ together. Therefore, the relationship between its testing function is obtained as follows:
[image: It looks like you've included a snippet of mathematical text rather than an image. If you have an image you would like me to describe, please upload it or provide a link.]
According to Formula 6, it can be inferred that the measurement error has a linear relationship with the baseline length l and a nonlinear relationship with θ.
4 ALGORITHM DESIGN AND SIMULATION ANALYSIS
4.1 Optimization algorithm for position inversion
To obtain the surface shape of the assembly target, it needs extract the center point of the laser scanning image, in order to accurately calculate the three-dimensional coordinates of the target. This article proposes a multi feature point structural parameter calibration algorithm. The traditional wire drawing method has a simple principle, but the calibration process is complex, requiring the use of a measuring arm to measure the coordinates of the intersection point between the iron wire and the light plane, resulting in low accuracy. The structural cursor calibration method based on constant alternating ratio utilizes a special stereo calibration assembly target to solve the accuracy problem of planar targets. However, the production of calibration targets is difficult, and assemble accuracy has a significant impact on test results. So, we propose a detection algorithm for multiple feature points on the light plane using a planar target.
	(1) Find the local world coordinates of feature points on the light plane. Extract the fitting line between the center point of the disk and the laser stripe. Obtain sub-pixel level intersection coordinates through line fitting, and each row of the circular array calibration board intersects with the laser stripes. Obtain the three-dimensional point cloud (x, y, z) and the two-dimensional coordinates (x, y) of the CCD;
	(2) After obtaining the three-dimensional point cloud coordinate system and the two-dimensional CCD plane coordinate system, the two-dimensional CCD image plane position is mapped into the three-dimensional point cloud based on their actual physical positional relationship, thus achieving the unification of the coordinate system. Parameter calculation is also carried out at this time. Import platform v and angle θ, correct the true position of the assembly target;
	(3) Maintain consistent proportions in each straight line. Calculate the pixel coordinates corresponding to these feature points in the image coordinate system. Calculate L1, L2, and α to achieve optimal image quality;
	(4) Complete the transformation from local coordinates of feature points to global coordinates. Fit the test point data on the corresponding circular array calibration board and unify all feature points in the global coordinate system;
	(5) Using the least squares method to fit the spatial parameter equation of the plane, calculate the shortest distance between laser planes and use it as the optimization objective function. Calculate X and provide feedback to the control module to correct the assembly position and pose;
	(6) Use this objective function to calculate the three-dimensional coordinates of multiple feature points.

4.2 Simulation analysis
In order to obtain the optimal laser reflection intensity for CCD during dynamic assembly, it is necessary to analyze and obtain the optimal baseline position. The optimal position is determined by the energy intensity that can be obtained on the image plane under the same conditions. For different combinations of structural parameters l and θ, there are significant differences in measurement errors in the X, Y, and Z directions of the measurement results. Near the error peak point, the peak values differ by more than 10 times, and the measurement error decreases sharply with the change of x. In order to analyze measurement errors more intuitively, we take the part near the main point of the image center that is far away from the error peak. Comparing Figures 2A, B, it can be seen that when determining the measurement range of the system, the baseline length is different, and the measurement accuracy is also different. As the baseline length increases, the angle between the laser plane and the baseline length becomes smaller, and the measurement error becomes smaller. When the CCD is near the main point (−1 mm, +1 mm) and the baseline length is 30 mm, the measurement error is less than 0.5 mm, as shown in Figure 2A. The maximum measurement error for a baseline length of 35 mm is less than 0.2 mm, as shown in Figure 2B. Near x = 0, the larger the baseline length, the smaller the measurement error.
[image: Two 3D surface plots compare the optical path lengths. The left graph shows data for a baseline length of thirty millimeters, while the right graph is for thirty-five millimeters. Both plots depict variations in optical values with axes representing distances in millimeters for x and y directions.]FIGURE 2 | Measurement errors under different baseline lengths. (A) Baseline length is 30 mm (B) Baseline length is 35 mm.
As shown in Figure 2, in the central sensitive area of CCD, the intensity distribution of energy will undergo significant changes due to the baseline length. In order to achieve better imaging quality, it is necessary to optimize the selection of baseline length. When the measurement distance is fixed, as the baseline of the system increases, the measurement error of the system will become smaller. However, as the baseline length increases, the angle between the laser plane and the camera optical axis becomes smaller, resulting in an increase in the volume of the measurement system and a decrease in the measurement range. The error peak points are closer to the main point direction, which reduces the utilization rate of the CCD. Therefore, the baseline length should not be too large. After the above analysis, the baseline length of the system, the angle between the laser plane and the baseline, will have a significant impact on measurement accuracy. Although the measurement accuracy of the system will improve with the increase of baseline length, if the baseline length is too long, it will increase the external dimensions of the system, and the CCD utilization rate of the system will decrease, reducing the measurement range of the system. Finally, the baseline length of the system is selected as 35 mm, and the tangent value of the angle between the laser plane and the baseline is set to 3.5, so the error caused by the system structure is within ±0.1 mm.
5 EXPERIMENTS
5.1 Laser scanning 3D reconstruction
In the experiment, the system consists of BNS 250 ZG line laser, G3-GM10 area array CCD sensor, HGTA01 mechanical guide rail, and NBB20-K power module. The scanning target is a free-form surface object in the shape of a flower pot, made of PVC material. A black velvet cloth was used to semi enclose the optical platform area to avoid stray light interference. Then place the assembly target with both curved and edge structures on the optical platform. The position relationship between the laser and CCD is determined by the baseline position in simulation analysis, and its optimal position can improve the imaging effect of CCD. And place it within the irradiation range of the laser. The laser scanning system and its scanning assembly target are shown in Figure 3A. Collect point cloud data of the surface to be tested. According to the mapping relationship of the optical system in Section 1, its three-dimensional coordinates are reconstructed in Cloud Compare software, and a three-dimensional model of the measured surface is generated to reconstruct the three-dimensional shape of the measured surface, as shown in Figure 3B.
[image: Laser scanning system with a scanning target includes labeled components: scanning target, laser, CCD, lens group, power supply, sliding platform, and optical platform. A separate image shows the scanned 3D reconstruction of a cylindrical object in green.]FIGURE 3 | Laser scanning system with scanning assembly target and its 3D reconstruction. (A) Laser scanning system with scanning target (B) Scanned 3D reconstruction image.
After obtaining the energy distribution of the line laser, curve fitting of the center position can obtain the fitting equation of the structural laser scanning line; Then, based on the image positions of the standard plates in two CCDs, calculate the baseline length and the angle between the assembly target and the testing platform; Finally, each measurement section point cloud is replicated in three-dimensional space to form the assembly target three-dimensional point cloud set. Sample and fit the energy at the position of the beam irradiation. On the basis of comparing extreme value sampling and Gaussian sampling, Gaussian sampling was selected to obtain sub-pixel level standard position coordinate points. Combined with the coordinates of the circular dots on the Halcon calibration board, the two-dimensional information of the section can be converted into a three-dimensional point cloud. From Figure 3B, it can be seen that the optimized and filtered three-dimensional point cloud data of the assembly target is evenly distributed, with almost no scattered points on the main two local surfaces, which can well reflect the surface structure of the assembly target and provide good visual effects.
5.2 Assembly position accuracy test
The loading and unloading assembly system consists of a computer, a load truck, a robotic arm, a laser scanning and image acquisition module. The system assembles a fixed accessory and transports it to the placement position, and calculates the error between the placement trajectory and the assembly path by scanning the feature points on the placement area with laser. After correcting the error, place the assembly target in the corresponding position. The physical system is shown in Figure 4A. Two test targets with different curvatures were selected for the experiment, and point cloud data was collected by scanning them. The Handscan scanner was compared with the laser scanning method for testing the accuracy of assembly position, and the results are shown in Figure 4B. The Handscan scanner is commonly used for surface scanning, with high scanning accuracy but a smaller scanning range.
[image: (a) The physical assembly system includes labeled components such as a vision measurement device, grasping objects, a forearm structure, a computer, and a six-degree-of-freedom robotic arm. (b) A graph compares assembly position accuracy between a traditional method and an optimization method, with deviation values plotted against points.]FIGURE 4 | Analysis of assembly system and assembly position accuracy based on laser scanning. (A) Physical assembly system (B) Comparison of assembly position accuracy.
As shown in Figure 4B, when selecting 100 feature points for reconstructing the 3D point cloud, the position testing accuracy of this system is similar to the accuracy error of traditional methods, indicating that this system can also ensure good position accuracy in dynamic scanning 3D reconstruction. 1,000 coordinate points were selected for layering on the surface of the test target, with the majority distributed on two local surfaces of the target. The test results show that the reconstruction accuracy deviation of most test points is very small, with over 85% of test points having an error of less than 0.54 mm. The average deviation of these points before and after optimization is 0.67 mm. However, there are three obvious deviation positions in the unoptimized test points, with a maximum deviation of 0.85 mm, indicating that they are no longer on the same surface and are judged as scattered point noise. It can be seen that using this algorithm has a good recognition effect on abnormal points in the point cloud.
5.3 Precision analysis
The point cloud set reconstructed by this system was compared with the test data scanned using Handscan scanner, and the test results are shown in Table 1. Compare the three directions (X, Y, Z) and their spatial absolute deviation distances (DXYZ = sqrt [X2+Y2+Z2], where sqrt represents the square root) in the same coordinate system. Select 5 segmented points from the path trajectory for a total of 45 test data points.
TABLE 1 | Deviation comparison of position.
[image: A comparison table shows optimized and handscan testing values for the X, Y, Z axes, and D_xyz. Optimized testing max values are highest for D_xyz at 1.9587 mm, while mean values are highest for Z at 0.9577 mm. Handscan testing max values are 1.0244 mm for D_xyz, with mean values highest for Z at 0.3026 mm.]As shown in Table 1, the scanning accuracy of The Handscan scanner is still better than that of our system. However, due to the small testing range of The Handscan scanner, for large-sized docking, this scanning time may take several minutes or even tens of minutes. It is too inefficient for intelligent assembly, so adopting this system has more obvious advantages. Our system is fast and has the ability to scan quickly over a large area.
6 CONCLUSION
The paper presents a surface recognition and reconstruction system for grasping objects based on line laser scanning, and proposes a position inversion optimization algorithm. The innovation of this article is to unify the three-dimensional point cloud and two-dimensional image in the same coordinate system, enabling the scanning system to achieve assembly target surface recognition on a dynamic robotic arm. The feasibility of obtaining assembly target feature points based on laser scanning was derived through simulation analysis, and the accuracy of position accuracy inversion during dynamic assemble process was verified through experimental testing. This proves that the system has the ability to obtain the surface shape of the assembly target in real-time. The average deviation of the positions in the three testing directions is less than 1.0 mm, which meets the design requirements of the online loading and unloading system. The 3D surface reconstruction provided by this system can also be applied in fields such as automatic pose adjustment in intelligent assembly. It has a certain contribution to online intelligent grasping and precise placement, and can be applied to precise control of unmanned loading and unloading systems.
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The aerospace sector requires materials, particularly aluminum all, to possess advanced mechanical properties for aircraft skins. Consequently, the industry implements protective coatings to counteract erosion and abrasion. Yet, as time progresses, these coatings can degrade, prompting careful paint removal to extend the longevity of aircraft. This research investigates methods to improve laser cleaning efficiency while safeguarding paint quality. It utilizes a nanosecond pulsed laser to assess factors such as laser energy, cleaning angle, and out-of-focus volume on cleaning efficacy. The findings demonstrate that the optimal energy for cleaning is 20 mJ; exceeding this threshold results in damage to the substrate. Additionally, the cleaning angle significantly impacts efficiency, with an 11° angle yielding the highest effectiveness. Manipulating the laser’s focal point also alters cleaning quality, with 30 mm providing the best outcomes. Single-point laser cleaning tests examined energy levels and cleaning cycles, highlighting that increased energy and cycles lead to surface damage and greater roughness. Furthermore, paint color affected cleaning performance, with blue paint exhibiting superior cleaning effectiveness. This study advances the development of laser cleaning methods for aircraft skins, catering to industry needs for efficient, environmentally friendly maintenance practices.
Keywords: aircraft skin, laser cleaning, nanosecond pulses, area cleaning, single spot cleaning

1 INTRODUCTION
In recent years, the aerospace sector has increasingly prioritized the improvement of the mechanical characteristics of materials utilized in aircraft manufacturing [1]. Aluminum alloy is particularly distinguished by its strength that rivals alloy steel. Its remarkable properties include excellent casting ability, along with impressive thermal and electrical conductivity. These features render it a favored material for aircraft skins [2]. These aircraft surfaces face vulnerability to erosion and abrasion in intricate environments. To address these issues, a tailored protective coating is carefully applied to aluminum alloy surfaces, shielding them from external factors. This coating not only prevents corrosion and wear but also enhances aesthetic appeal [3]. Common coating types encompassing alkyd, acrylic, epoxy, polyurethane, and fluorocarbon formulations were reported [4–6]. Over time, however, these aircraft skin undergoes aging, leading to issues like cracks, partial detachment, and other concerns arising from exposure to light, temperature, humidity, and reactive anions. Regular evaluation of delicate sensing components and skin junctions beneath the aircraft envelope is essential. This requires meticulous stripping of paint from the aircraft surface [7, 8].
Traditional cleaning methods such as sandblasting, chemical solvents, ultrasonic treatment, and high-pressure water jets have been used for this purpose. However, these methods are burdened with labor intensiveness, high energy consumption, and environmental pollution [9–12]. As a result, there is a compelling need to develop an aircraft skin cleaning technology that is environmentally sustainable and cost-effective. Laser cleaning technology, utilizing high-energy lasers to irradiate surfaces, triggers physical and chemical reactions in the contaminant layer. This leads to processes like combustion, expansion, vaporization, and volatilization of pollutants, effectively achieving the cleansing objective [13–15]. Laser cleaning offers advantages such as environmental friendliness, non-contact operation, high precision, and efficacy [16, 17]. It has been touted as “the new cleaning technology with the greatest potential in the 21st century” and is widely adopted for removing paint layers from aircraft skins [18].
The exploration of laser cleaning began in 1965 when Schawlow [19] employed lasers to remove impurities from historical artifacts. Subsequently, Bedair introduced the concept of using lasers to clean metal surfaces containing sulfides. With the proliferation of laser machine types and deeper research into cleaning mechanisms, laser technology has gained substantial traction in the industrial realm. In 2018, Zhang et al. [20] utilized a quasi-continuous fiber laser to quantitatively remove lacquer layers from aluminum substrates, revealing a link between coating thickness and cleaning effectiveness. In 2020, Liu et al. [21] studied laser ablation of polyurethane-painted hull plates, investigating the impact of cleaning durations on paint layer removal. Shan et al. [22] used a nanosecond pulsed fiber laser to remove paint from 2024 aluminum alloy surfaces, achieving effective cleaning while preserving surface integrity. Kim et al. [23] employed a low-power Q-switched fiber laser to eliminate primer and oxide layers from steel surfaces for shipbuilding, determining optimal parameters for efficient pretreatment. In 2022, Ren et al. [24] employed Nd:YAG pulsed solid-state lasers to meticulously clean aerospace-grade magnesium-aluminum alloys, exploring cleaning effects under varied laser energy densities. Zhang et al. [25] focused on laser cleaning of blue PU paint layers on magnesium-aluminum alloy substrates, utilizing a nanosecond pulsed fiber laser to delve into primary cleaning mechanisms during the process.
Assessment of laser cleaning effectiveness primarily centers on changes in surface roughness and microscopic morphology following the cleaning process. This study scrutinizes how laser energy, defocusing volume, and cleaning angle influence final cleaning outcomes. Utilizing a nanosecond pulsed laser at 200 Hz, extensive area-based laser cleaning experiments were conducted on aircraft skins, initially applying the control variable method. To mitigate heat accumulation, high-energy nanosecond pulsed lasers at 1 Hz were employed for focused point cleaning. This investigation explores the effects of energy dosage, cleaning cycles, and paint hue on cleaning results. The quality assessment encompasses visual observation and meticulous microscopic analysis. The experimental findings contribute to the advancement of laser-based cleaning in this domain.
2 EXPERIMENTAL PROCEDURE
2.1 Experimental investigation of area laser cleaning
The experimental substrate material used is the 2024 aluminum alloy, known for its advantages of high hardness, good heat resistance, and easy processing, making it widely used in the aerospace field. This paper employs a solid nanosecond pulsed laser independently developed by our team for laser cleaning experiments. The process of laser cleaning is illustrated in Figure 1 below. After the laser output from the device, the laser is directed vertically onto a mirror. Following reflection and oscillation within the mirror, the laser emission changes from a “point” to a controlled “line” lengthwise, which is then irradiated onto the surface of the designated sample for cleaning. Through precise control of the platform’s movement, large-area cleaning of the aircraft skin is ultimately achieved. The specific laser parameters are detailed in Table 1 below.
[image: Schematic diagram illustrating a laser scanning system. The setup includes mirrors labeled M1 to M4 directing the laser beam through a vibration mirror and scanning unit. The XY scanning unit features an X mirror and input-output beams. The laser targets a green surface on a platform to create a basal injury, with scanning direction and vibration direction indicated.]FIGURE 1 | Schematic diagram of regional laser cleaning experiment.
TABLE 1 | Regional laser cleaning experiment related parameters.
[image: Table displaying laser characteristics. Wavelength: one thousand sixty-four nanometers. Frequency: two hundred hertz. Pulse width: fifteen nanoseconds. Beam diameter: four point five millimeters. Average power: zero to thirty watts. Pulse energy: zero to one hundred fifty millijoules.]The vibration mirror comprises an X-axis reflector and a Y-axis reflector, both propelled by a motor, facilitating controlled movement. The manipulation of glass rotation allows for modulation of beam deflection. In the experiment, it is controlled by an external signal generator, which can achieve adjustable vibration frequency, amplitude size, and input signal type. The relevant parameters of the vibration mirror are shown in Table 2 below.
TABLE 2 | Parameters related to laser scanning oscillator.
[image: Table displaying characteristics and values. Frequency ranges from 20 to 35 hertz. Voltage is between 500 and 1,000 millivolts. Deflection angle is plus or minus 25 degrees. Focal length is 160 millimeters. Signal waveform is triangular.]During the experiment, the horizontal displacement speed of the numerical control platform is always 1 cm/s; by controlling the magnitude of the input current, five sets of data with laser energy of 5, 10, 15, 20, and 25 mJ were selected for analysis, study the effect of power on the impact of cleaning.
Typically, laser cleaning experiments are conducted at a 90° angle of incidence to the material surface for cleaning. However, in the actual application process, the cleaning angle will change due to the irregular surface of the Aircraft skins, resulting in distortion of the laser spot on the skin’s surface.
A distinct relationship exists between the deflection angle and the laser spot area. When the laser beam with a focused diameter of d is deflected at an angle of θ, the irradiated spot area S′ on the material surface can be mathematically expressed as follows (as shown in Equation 1):
[image: If you can provide an image or describe it further, I can help you generate appropriate alt text. Please upload the image or provide a URL.]
Therefore, this experiment by adjusting the spot deflection distance and selected deflection angles of 0°, 6°, 11°, 16° and 21° of the five groups of data for analysis to study the effect of cleaning angle on the laser cleaning effect.
Furthermore, during laser cleaning operations, maintaining the laser’s focal point consistently within the cleaning plane poses a challenge. This discrepancy can induce variations in cleaning efficacy and result in the phenomenon of defocusing. Moreover, because the positive and negative defocusing in the cleaning effect and mechanism are identical, so this experiment by adjusting the position of the platform so that the negative defocusing distance to 0 cm, 30 mm, 60 mm, 90 mm, and 120 mm, respectively, to analyze the results of the five groups of experiments to study the impact of the amount of defocusing on the quality of laser cleaning.
2.2 Experimental study of single-point laser cleaning
The laboratory’s internally developed laser cleaning apparatus encompasses a high-energy nanosecond pulsed laser, a numerical control platform, display, water cooling system, and power supply. The primary objective of this experiment is to mitigate the phenomenon of thermal accumulation and investigate the impact of a single-pulse laser on the laser cleaning efficacy. Consequently, the scanning oscillator system is discontinued, enabling the high-energy laser to directly interact with the material surface for cleaning purposes. The optical configuration of the core equipment, the nanosecond pulsed laser, is illustrated in Figure 2 below.
[image: Diagram depicting a laser system. The top section shows components like a Q-switch, polarizer, amplification boxes, output mirror, and mirrors labeled M1 to M4, connected by green lines indicating the laser path. Wires lead to a displacement platform and a screen. The bottom section illustrates a laser beam scanning a surface with circles, highlighting the scanning direction and detailing dimensions of seventy micrometers and five micrometers.]FIGURE 2 | Schematic diagram of single-point laser cleaning experiment.
The primary components encompass: 45° reflectors denoted as M1, M2, M3, and M4; a 0° reflector designated as M5; an output mirror denoted as M6; polarizer P1; focusing lens L1; the Q switch and amplifiers A1, A2, and A3. The resonant cavity R1 facilitates oscillation and amplification of the initial seed laser. The laser output undergoes reflection by reflectors M1 and M2, subsequently traversing amplifiers A2 and A3 for sequential magnification. The amplified laser then passes through reflectors M3 and M4, followed by focal adjustment through the focusing lens, ultimately impinging upon the material surface to execute single-pulse laser cleaning experiments. Pertinent experimental parameters are itemized in Table 3 below.
TABLE 3 | Single-point laser cleaning experiment-related parameters.
[image: Chart listing characteristics and values of a laser. Wavelength: one thousand sixty-four nanometers; Frequency: one to ten hertz; Pulse width: ten nanoseconds. Beam diameter: three millimeters; Average power: zero to eight watts; Pulse energy: zero to eight hundred millijoules.]Within this experimental framework, manipulation of the laser’s repetition frequency and input current enabled the generation of two distinct sets of experimental data. These datasets corresponded to cleaning cycles ranging from 1 to 5, while the single-pulse energy spanned from 0 to 0.67 J. The ensuing analysis focused on investigating the influence of cleaning frequency and energy dosage on cleaning efficacy, and the impact of paint color on the paint removal effect was also discussed.
3 RESULTS AND DISCUSSION
3.1 Experiments on laser cleaning of surfaces
3.1.1 The impact of laser energy on cleaning quality
The peak power densities were 4.72, 9.43, 14.15, 18.87, and 23.58 MW/mm2 for the experimental single pulse energy range of 5 mJ–25 mJ, while the cleaning effect became more and more prominent, as shown in Figure 3 below.
[image: Graph showing the relationship between pulse energy and peak power density at 200 Hz. A line connects data points, each marked with microstructural images and corresponding values: 4.72, 9.43, 14.15, 18.87, and 23.58 MW/mm², illustrating the increase in peak power density with pulse energy.]FIGURE 3 | Schematic diagram of the effect of energy on peak power density and laser cleaning effect.
When the single pulse energy reaches 10 mJ, it can be seen that part of the yellow primer has been completely removed, and the white substrate begins to appear, indicating that the cleaning threshold of the paint layer has been reached at this time, which is 9.43 MW/mm2; Upon scaling the single pulse energy to 20 mJ, an entire surface paint layer of the aircraft skin can be effectively and wholly removed, manifesting an optimal cleaning outcome bereft of observable impairments. However, as the laser energy escalates to 25 mJ, the cleaning domain begins to manifest evident instances of pinpoint and streak-based damage. This outcome stems from the peak power density surpassing the threshold for laser cleaning-induced impairment.
A confocal microscope was employed to scrutinize the post-cleaning surface, with the outcomes presented in Figure 4A below. Upon using a single pulse energy of 5 mJ, the cleansed paint layer surface manifested a densely distributed, furrow-like configuration. No accumulation of molten residue was evident, leading to a preliminary inference that the expulsion of the paint layer ensued due to the thermal vibrational effect during laser cleaning. At 10 mJ energy, the thermal vibrational impact intensifies, culminating in a marked augmentation of the paint removal area. Upon reaching a single pulse energy of 20 mJ, the cleansed substrate attains an unblemished state. However, at 25 mJ energy, the substrate’s surface starts to exhibit a pitted and structurally compromised aspect.
[image: A composite of scientific images. Part A shows the effect of various laser energies on a material's surface, illustrated through microscopic images and corresponding 3D topographic maps. Below, graphs and a table detail element compositions. Part B presents different material surface images labeled a, b, and c, each with a 3D topographic map and line graphs illustrating surface variations.]FIGURE 4 | (A) Area laser cleaning microscopic morphology at different energies, (B) Effect of cleaning angle on microscopic morphology of skin.
The surface roughness of the treated substrates measured 3.10, 1.46, 1.30, 1.19 and 1.99 μm at energy levels ranging from 5 mJ to 25 mJ. It is evident that the surface roughness initially diminishes and subsequently escalates with rising laser energy. Notably, the optimal surface roughness is achieved at an energy of 20 mJ. Upon analysing the points corresponding to 20 mJ and 25 mJ regarding carbon elements beneath the surface, it is observed that the carbon element content increased from 46.74% to 49.52%. This augmentation suggests that excessive energy may lead to substrate impairment, thereby diminishing the efficacy of laser cleaning.
3.1.2 Influence of cleaning angle on cleaning quality
The investigation employed scanning electron microscopy and confocal microscopy to scrutinize the microscopic attributes of the laser-treated aluminum alloy surface. The outcomes are presented in Figure 4B below. Figures a–c are aligned with cleaning angles of 0°, 11° and 21°, sequentially. Upon analyzing the microscopic morphologies, it becomes apparent that with an increment in the cleaning angle, a progressively intricate groove-like structure emerges on the substrate’s surface, while the residual paint fragments decrease incrementally. The three-dimensional morphogram highlights that an elevation in the angle contributes to the escalation of the extreme surface height, surging from 4.978 μm to 6.043 μm. This inclination results in the formation of a “ridge” pattern on the surface, with the corresponding three-dimensional profile crest becoming more comprehensive and expanding in range.
The surface’s elemental distribution was acquired through EDS analysis, as illustrated in Figure 5 below. Figures a–c correspond to cleaning angles of 0°, 11°, and 21°, respectively. The analysis revealed that the carbon element content on the surface exhibited a gradual reduction with an augmentation in the cleaning angle. The mass percentage exhibited an 8.75% decline, while the atomic proportion decreased by 9.79%. Conversely, the content of surface oxygen and aluminum elements witnessed an increment. The mass percentages for oxygen and aluminum increased by 3.92% and 4.84%, respectively, while the atomic ratios augmented by 5.3% and 4.49%, correspondingly.
[image: Three panels labeled a, b, and c show element analysis results, including tables and element distribution images. Each panel features a table with element percentages and four micrographs showing C, O, and Al distribution highlighted in various colors across a 100μm scale.]FIGURE 5 | The effect of cleaning angle on the content and distribution of surface elements. (A) Cleaning angle of 0°; (B) Cleaning angle of 11°; (C) Cleaning angle of 21°.
The surface roughness along with the associated microscopic morphology of the cleaned skin under distinct laser angles is depicted in Figure 6A below. Notably, the surface roughness reaches its zenith at a vertical incidence angle, indicating the attainment of the laser cleaning’s damage threshold. As the angle of incidence progressively elevates, the surface roughness tends to diminish initially and then subsequently expand. The extent of substrate deformation becomes more conspicuous, progressively forming a rippled surface structure. Remarkably, when the cleaning angle attains 11°, the surface roughness reaches a nadir of 1.25 μm.
[image: Two graphs labeled A and B showing surface roughness (Ra) in micrometers. Graph A plots roughness against angle of incidence in degrees with a turquoise bar chart, showing values from 1.99 to 1.54. Graph B plots roughness against off-focus volume in millimeters with a purple bar chart, showing increasing values from 1.69 to 4.66. Each graph includes images of surface textures above the bars.]FIGURE 6 | (A) Effect of cleaning angle on the microscopic morphology and roughness of skin surface, (B) Influence of off-focus volume on the microscopic morphology and roughness of skin surface.
3.1.3 Impact of off-focus volume on cleaning quality
Throughout the cleaning process, alterations in the extent of defocusing inherently influence the quality of cleaning outcomes. Employing a confocal microscope, the microscopic surface was meticulously examined, and the outcomes are graphically depicted in Figure 6B below. Remarkably, microscopic morphology elucidates that with an increment in the degree of defocusing, the attenuation of laser peak power density undergoes a progressive amplification. Consequently, this engenders an incremental buildup of residual paint layers upon the surface, leading to a deterioration in the efficacy of laser cleaning. Furthermore, at an out-of-focus distance of 30 mm, the surface adopts a planar configuration devoid of groove-like structures, simultaneously achieving a minimal surface roughness of 1.15 μm—a manifestation of optimal laser cleaning efficiency. In stark contrast, as the out-of-focus distance extends to 90 mm, a sudden surge in surface roughness and height disparity is observed, escalating to 3.51 μm and 34.454 μm, respectively. Notably, the emergence of groove-like structures becomes apparent, ultimately culminating in a perceptible degradation of cleaning results.
3.2 Experimental investigation of single-point laser cleaning
This section encompasses single-point laser cleaning experiments on aircraft skins using high-energy lasers. These experiments aim to address thermal accumulation issues associated with laser cleaning, while also independently investigating the influence of cleaning frequency on cleaning effectiveness and exploring the impact of paint color on paint removal efficiency. The findings from these experiments hold significant implications for the further refinement of precise laser cleaning technology. The outcomes of the single-point laser cleaning experiments on aircraft skins are presented in Figure 7 below, with the horizontal axis representing the number of laser cleaning cycles and the vertical axis representing laser pulse energy.
[image: Two panels show grids of cellular images with varying energy levels over time. Panel (a) has green backgrounds, while panel (b) has blue backgrounds. Both use red arrows to indicate energy (milliJoules) on the y-axis and time (One to Five) on the x-axis.]FIGURE 7 | Experimental results of single-point laser cleaning of aircraft skins.
3.2.1 Impact of off-focus volume on cleaning quality
A distinct overlap region occurs between adjacent laser spots, resulting in multiple cleaning interactions on the mask surface within this zone. This phenomenon significantly influences the overall cleaning outcome. While maintaining consistent experimental parameters, the study examines alterations in substrate surface micro-morphology and roughness when subjected to laser cleaning cycles ranging from 1 to 5 times. The outcomes are illustrated in Figure 8A below.
[image: Image A shows a sequence of images illustrating changes in surface texture with varying loading times, with differences highlighted by circled areas. Below, graphs display the relationship between loading times and peak-to-valley surface roughness. Image B includes panels a, b, and c, each showing a surface texture map with corresponding color scale and line graph depicting surface height variations across a specific axis length of 600 micrometers.]FIGURE 8 | (A) Laser cleaning times on the image of skin microscopic morphology, (B) Effect of the number of laser cleaning on the height profile of the skin surface.
The findings reveal that after a single instance of laser cleaning, the skin’s surface remains free from apparent structural damage, signifying optimal cleaning efficiency. Furthermore, with escalating cleaning repetitions, the diameter of the damaged structures expands, exacerbating the degree of impairment. Across the range of 1–5 cleaning cycles, the associated surface roughness values are 1.81, 1.97, 3.18, 3.20, and 3.83 μm, respectively. This trend underscores that heightened cleaning frequency not only amplifies surface roughness but also intensifies the extent of surface damage.
As depicted in Figure 8B, when the laser energy is set at 470 mJ, a singular laser cleaning operation results in an undisturbed surface with no indications of melted damage; the surface exhibits a sleek appearance. Nonetheless, with a progressive increment in pulse count, the surface’s disparity in height augments from 33.607 μm to 47.001 μm. Notably, following five consecutive cleaning cycles, a heightened presence of melt-induced damage becomes apparent on the skin’s surface, coupled with an emerging trend of substrate detachment.
Laser cleaning was performed for 1, 3, and 5 cycles, with the corresponding surface elemental distribution depicted in Figure 9. It is evident that the carbon element content on the surface exhibits an initial increase followed by a subsequent decline with varying pulse numbers. Notably, in comparison to a single laser cleaning session, the atomic percentage of carbon element reduces by 2.81%, oxygen element by 3.76%, while the atomic percentage of aluminum element increases by 6.59% following five successive cleaning cycles. These outcomes underscore that augmenting the frequency of cleaning sessions can effectively enhance the overall cleaning efficiency.
[image: EDS analysis displays element distribution across three samples. Charts (a), (b), and (c) show different weight percentages for carbon, oxygen, and aluminum. Each has three maps: carbon (blue), oxygen (purple), and aluminum (red), highlighting varying concentrations and compositions.]FIGURE 9 | The effect of cleaning times on the content and distribution of surface elements. (A) One cleaning cycle; (B) Three cleaning cycles; (C) Five cleaning cycles.
3.2.2 Influence of pulse energy on cleaning quality
The microscopic morphology of the cleaned surface was examined at single pulse energies of 270, 370, 470, 570, and 670 mJ, as depicted in Figure 10A below.
[image: Section A displays a series of microscopic images and corresponding 3D surface plots, showing changes in surface roughness with varying laser energy from 270 to 670 nanojoules. Section B depicts microscopic images, 3D height maps, and line profiles for laser energies of 270, 470, and 670 nanojoules, highlighting surface texture differences.]FIGURE 10 | (A) Laser energy on the image of skin microscopic morphology, (B) Effect of laser energy on the height profile of the skin surface.
The investigation revealed that a pulse energy of 270 mJ initiated damage to the skin substrate, manifested as densely distributed, molten-sputtering, crater-like structures. As energy escalated to 570 mJ and 670 mJ, surface damage experienced substantial augmentation, rendering the system chaotic and challenging to discern, with the surface cloaked in black residue. The 3D morphology diagram unveiled a progressive emergence of skin surface damage structures as energy levels rose, concomitant with a gradual increment in surface roughness. Notably, the minimum surface roughness was attained at 270 mJ, measuring 3.07 μm.
In addition, at laser energy levels of 270, 470, and 670 mJ, the surface height differences are 29.912, 33.438, and 52.283 μm, respectively. These results indicate that surface damage experiences a sudden increase once the energy surpasses a specific threshold value, as illustrated in Figure 10B below.
The elemental distribution on the skin’s surface is depicted in Figure 11 below. The observations reveal a slight initial rise followed by a significant decline in surface carbon content as energy levels increase. Simultaneously, the content of elemental oxygen exhibits a gradual reduction, while the content of elemental aluminum experiences a noteworthy escalation. In terms of atomic percentages, a collective decrease of 1.58% and 0.89% is observed for carbon and oxygen elements, respectively, alongside a rise of 2.46% for aluminum elements. These outcomes suggest that elevated energy levels might induce the disruption of the alumina film, thereby exposing the substrate and engendering alterations in surface elemental composition.
[image: Three panels labeled a, b, and c contain tables and corresponding element distribution maps for C, O, and Al. Each table lists elemental weight and atomic percentages. Below each table are three rows of images showing element maps with blue indicating C, purple for O, and red for Al. Each image is labeled with its element and a scale bar of 100 micrometers.]FIGURE 11 | The effect of laser energy on the content and distribution of surface elements. (A) Low energy level; (B) Medium energy level; (C) High energy level.
A comparison of the effects of different cleaning times and energies on the microscopic morphology of the skin surface post-cleaning is presented in Figure 12 below. Keeping other variables constant, graphs (a), (b), and (c) correspond to laser energies of 270, 470, and 670 mJ, respectively, while graphs (d), (e), and (f) represent cleaning times of 1, 3, and 5 times, respectively. The findings indicate that as energy gradually increases, the substrate surface damage structure remains relatively unchanged, yet the heat-affected area due to laser cleaning significantly expands. Therefore, it can be concluded that an increase in the number of cleaning cycles does not notably influence changes in the laser cleaning area, but it does lead to a significant increase in surface damage.
[image: Five microscopic images of a material sample at 400 micrometers each, labeled a to e. Images a, c, and e are on the top row, while b and d are on the bottom row, with energy and time arrows pointing to changes.]FIGURE 12 | Effect of cleaning times and laser energy on the microscopic morphology of the skin. (A–C): Laser energies of 270 mJ, 470 mJ, and 670 mJ, respectively, with cleaning time held constant. (D–F): Cleaning times of 1, 3, and 5 cycles, respectively, with laser energy held constant.
3.2.3 The influence of paint color on cleaning quality
Laser cleaning experiments were conducted on aircraft skins of different colors using energies ranging from 270 mJ to 670 mJ. The results obtained through confocal microscope observation are presented in Figure 13 below.
[image: Series of images and graphs depicting surface roughness changes against single pulse energy levels, ranging from 270 to 670 millijoules. Upper section shows visual textures of surfaces before and after laser cleaning at various energies. The lower graph plots surface roughness (Ra) against energy levels, indicating changes post-cleaning. Insets show 3D surface visuals and text explains parameters: pulse width of 10 nanoseconds, repetition frequency of 1 hertz, and scanning speed of 10 millimeters per second.]FIGURE 13 | Effect of paint color on the microscopic morphology and roughness of the skin surface.
Within the energy range of 270 mJ–470 mJ, complete removal of the surface paint layer from the green aircraft skin was not achieved. Significant paint residues were visible on the cleaned skin’s surface. Thorough cleaning was achieved at an energy level of 570 mJ, while substrate damage occurred at 670 mJ. In contrast, complete surface cleaning was achieved at a laser energy of 270 mJ when cleaning the blue skin. With increasing energy, surface damage gradually escalated. Across laser energies of 270 mJ–670 mJ, the associated surface roughness for green skin cleaning stood at 4.2, 3.65, 3.30, 2.02, and 2.66 μm, respectively. For blue skin cleaning, the corresponding surface roughness values were 3.07, 3.18, 3.14, 3.28, and 3.31 μm. To further comprehend the influence of paint color on cleaning outcomes, subsequent experiments were undertaken.
An infrared grating spectrometer was employed to measure the reflected light. Stronger received reflected light indicates lower absorption capacity of the paint layer towards the laser, while weaker received reflected light signifies stronger absorption capability of the paint layer towards the laser. To ensure the efficiency and precision of the infrared spectrometer acquisition, the laser’s repetition frequency for this experiment was set to 200 Hz, ensuring the detection probe remained consistently positioned for accurate readings.
Twenty laser cleaning experiments were conducted on both green and blue skins, respectively, with the spectrometer probe collecting reflected light waves at the same position. Finally, the spectra depicting absorbed light intensity versus laser wavelength were plotted in Figure 14 below. During the laser cleaning experiment on the green aircraft skin, the reflected laser light intensity reached 10,720 cd. Conversely, in the case of the blue aircraft skin, the reflected light power was only 6,193 cd, highlighting a nearly twofold difference between the two scenarios.
[image: Graph showing light intensity versus laser wavelength. Red and blue lines represent green and blue skins respectively. A sharp peak appears near 1064 nanometers, with red and blue lines reaching 10720 and 6193 intensity units.]FIGURE 14 | Infrared spectra under different skin colors.
4 CONCLUSION
In this research, a pair of disparate laser cleaning experiments were devised, employing a low repetition-frequency yet high-energy laser system. The intent was to discern the multifaceted influences of laser energy levels, cleaning angles, repetition frequencies, degrees of defocusing, and the variegation of paint hues upon the minuscule topography of the treated substrate, along with the discernible dispersion of constituent surface elements. The outcomes of this investigative undertaking manifested in the subsequent manner: (1) The escalation of laser energy progressively enhances the efficacy of laser cleaning. At 20 mJ, the threshold for effective cleaning is achieved; however, at 25 mJ, damage to the alumina film leads to substrate melting and increased carbon content on the cleaned surface. Surface roughness peaks at 5 mJ (3.10 μm) and reaches its lowest at 20 mJ (1.19 μm). As the cleaning angle increases from 0° to 21°, the substrate surface exhibits gradual wrinkling. At 0°, the roughness peaks at 1.99 μm, while at 11°, it decreases to a minimum of 1.25 μm, indicating the optimal cleaning effect. However, as the out-of-focus distance grows from 0 cm to 12 cm, the cleaning effect deteriorates progressively. Surface roughness reaches a minimum of 1.15 μm at 3 cm and increases to a maximum of 4.66 μm at 12 cm. Throughout the experiment, no smoke is observed, and the peeled paint layer is mostly fragmented. (2) The experiments revealed that increasing the number of cleaning cycles does not lead to an expansion of the thermal impact zone, but it does intensify substrate damage. Simultaneously, the concentration of carbon elements on the surface gradually accumulates, displaying an initial increase followed by a decline. The roughness reaches a minimum of 1.81 μm after 1 cleaning and a maximum of 3.83 μm after 5 cleanings. In terms of energy variation, the expansion of thermal effects is influenced by energy increase, while the degree of substrate damage remains relatively unchanged. Surface roughness attains a minimum of 3.07 μm at 270 mJ and a maximum of 3.31 μm at 670 mJ. Laser energy absorption varies with paint colors. Particularly, in this experiment, the absorption capacity is more pronounced for the blue paint layer than for the green paint layer.
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LiDAR (Light Detection and Ranging) is an essential device for capturing the depth information of objects. Unmanned aerial vehicles (UAV) can sense the surrounding environment through LiDAR and image sensors to make autonomous flight decisions. In this process, aerial slender targets, such as overhead power lines, pose a threat to the flight safety of UAVs. These targets have complex backgrounds, elongated shapes, and small reflection cross-sections, making them difficult to detect directly from LiDAR point clouds. To address this issue, this paper takes overhead power line as a representative example of aerial slender targets and proposes a method that utilizes visible light images to guide the segmentation of LiDAR point clouds under large depth of field conditions. The method introduces an image segmentation algorithm based on a voting mechanism for overhead power lines and designs a calibration algorithm for LiDAR point clouds and images in the scenarios with large depth of field. Experimental results demonstrate that in various complex scenes, this method can segment the LiDAR point clouds of overhead power lines, thereby achieving accurate positions and exhibiting good adaptability across multiple scenes. Compared to traditional point cloud segmentation methods, the segmentation accuracy of the proposed method is significantly improved, promoting the practical application of LiDAR.
Keywords: LiDAR, point cloud, segmentation, slender targets, unmanned aerial vehicles

1 INTRODUCTION
Light Detection and Ranging (LIDAR) is a crucial sensing device for Unmanned Aerial Vehicles (UAVs), providing detailed three-dimensional information of the scene. UAVs achieve autonomous flight through technologies such as LIDAR [1], visible light cameras [2], and Simultaneous Localization and Mapping (SLAM) [3]. However, during this process, aerial slender targets, primarily overhead power lines, pose a serious threat to the autonomous flight of UAVs. This is mainly because overhead power lines and similar targets have elongated and slender morphological features, small reflection cross-sections, and complex backgrounds. Consequently, the detection and spatial localization of such targets have become a research focus, with the main technical approaches including detection algorithms based on LIDAR point clouds and detection algorithms based on visible light images.
Detection algorithms based on LIDAR point clouds primarily rely on deep learning or clustering methods. Ma [4] proposed a method that combines PCA (Principal Component Analysis) and region growing algorithms. This approach leverages the spatial distribution characteristics of overhead power lines, enabling accurate and efficient extraction of individual overhead power lines. Matti [5] determined the direction of overhead power lines to obtain rough point estimates of the power lines. Then, the RANSAC line fitting algorithm and nearest neighbor search algorithm were used to accurately extract the overhead power lines. Kim [6] proposed a classification system suitable for extracting power lines, which integrates point cloud features and object features into two independent feature sets. The system uses a random forest algorithm to extract power lines that are characterized by point features. Although the aforementioned methods are capable of extracting point cloud data for overhead power lines, they do not take into account the large volume of point cloud data. In UAV-mounted point cloud data, the overall volume of point cloud data is large, but the point cloud corresponding to overhead power lines accounts for less than 5% of the total data. Therefore, processing the entire panoramic point cloud not only makes it difficult to transmit and process on the UAV end, but also wastes significant computational resources.
Detection algorithms based on visible light images are primarily divided into traditional image processing methods and deep learning-based segmentation methods. The traditional algorithms primarily rely on edge detection operators and line detection algorithms as the main methods. Wang [7] proposed an image processing method for measuring the ice thickness on transmission lines, which, under given conditions, can detect the edges of iced and non-iced transmission lines. Wang Hao [8] addressed the issue of difficulty in recognizing transmission lines in complex ground environments by proposing an overhead power line detection algorithm based on adaptive Canny edge detection. However, traditional methods only utilize shallow features of the image, and they cannot consistently maintain good performance in complex scenarios.
Deep learning-based semantic segmentation algorithms can achieve pixel-level segmentation of overhead power lines. Representative algorithms include Deep Convolutional Neural Networks (DCNN). Cano-Solis [9] proposed a deep learning-based method for overhead power line segmentation, using DeepLabV3 and U-Net segmentation networks to separate the power line corridors from the vegetation background. Mao [10] used a semantic segmentation algorithm to detect transmission lines and proposed an end-to-end semantic segmentation model based on binocular vision and a feature pyramid network—the Binocular FPN. This model can detect transmission lines and their defects on binocular images. However, due to the varying perspectives and changing scenes captured by drones, the detection results tend to be discontinuous (this phenomenon will be shown in the section of experiment), making it difficult to obtain a useful result.
To address this problem, this paper proposes a detection method for aerial slender targets that guides the segmentation of LIDAR point clouds using two-dimensional images in large-depth-of-field environments. Compared to existing methods, this approach balances detection accuracy, adaptability across multiple scenes, and algorithm complexity, effectively promoting the development of LiDAR technology. Considering practical applications, the aerial slender targets discussed in this paper are specifically overhead power lines.
2 METHOD
The method proposed in this paper is a 3D detection approach for overhead power line in large depth-of-field environments, which uses 2D images to guide 3D point cloud segmentation. It consists of two key parts:
	(1) Overhead power line extraction algorithm in visible light images based on a voting mechanism is proposed, which demonstrates good scene adaptability.
	(2) A joint calibration technique under large depth-of-field conditions is employed to accurately map the 3D point cloud onto the 2D image. Based on the above two parts, the 3D point cloud of the aerial power line can be distinguished, achieving the goal of 3D detection.

2.1 Aerial power line image extraction algorithm based on voting mechanism
The main idea of this method is to first use deep learning-based detection algorithms and traditional methods to detect images containing aerial power lines, and then apply a voting algorithm to fuse the results of both approaches, achieving the detection goal.
The deep learning detection algorithm uses the image segmentation network Deeplabv3+ [11, 12] for power line detection, with the results shown in Figure 1B. As can be seen, although this method eliminates interference from the surrounding environment, the detected line segments are discontinuous. On the other hand, traditional algorithms use the MCMLSD algorithm [13], which combines the advantages of image-domain perceptual clustering and Hough transform [14, 15]. Detection results are shown in Figure 1C. It can be seen that the integrity of line segment detection is ensured, but, the interference from linear textures in the background is apparent.
[image: Four images showing different stages of a process. (a) An area with brown soil and grass. (b) A black and white line analysis overlay. (c) Green markers on the soil image indicating changes. (d) A green line delineating a boundary on the soil image.]FIGURE 1 | Overhead Transmission Line Based on Voting Mechanism Detection Method: (A) Image to be detected; (B) Detection results based on DeepLabv3+; (C) Detection results based on MCMLSD algorithm; (D) Detection results based on voting mechanism.
Based on the above methods, a fusion algorithm based on the voting mechanism is proposed, which combines the advantages of both approaches to complement each other, enabling overhead transmission line detection in multiple scenarios. Since the results of the above two methods are required, the output of both methods is first calibrated. For the detection results of the DeepLabv3+ algorithm, they are represented as a binary grayscale image. To facilitate the algorithm description, the set of positions of non-zero pixels is labeled as [image: Mathematical expression with a set notation curly braces containing the variable \( P_k \), where \( k \) is a subscript, and a hat symbol above the letter \( P \).], where the subscript [image: Please upload an image or provide a URL so I can generate the alternate text for you.] indicates the [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will assist you in generating the alternate text.]-th non-zero pixel, and [image: Mathematical expression with a bold symbol P-hat sub-k equals parentheses x sub-k, comma y sub-k parentheses.] represents the coordinates of the [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.]-th non-zero pixel. The detection results of the MCMLSD algorithm consist of line segment information, represented by the coordinates of the two endpoints of each line segment. We use the set [image: Mathematical expression showing the symbol L with a hat above it, indexed by j, enclosed within curly braces.] to represent each line segment, where [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.] denotes the line segment number, and [image: Equation showing L-hat sub j equals a tuple with entries x superscript s sub k, y superscript s sub k, x superscript e sub k, y superscript e sub k.], with superscripts s and e indicating the start and end points of the line segment, respectively. Clearly, [image: The image contains a mathematical expression: a hat above the letter "L" subscripted with "j," enclosed in braces.] represents the coordinates of the start and end points of the [image: Please upload the image or provide a URL, and I will help generate the alternate text for it.]-th line segment. The steps of the fusion algorithm based on the voting mechanism are as follows:
	(1) For the [image: Please upload the image or provide a URL so I can help generate the alternate text.]-th line segment, based on the coordinate information of [image: Mathematical notation displaying the symbol L subscript j with a hat, indicating a variable or parameter often used in statistical or algebraic contexts.], define a rectangular region [image: Text "R" with subscript "j" styled in italic font.] with [image: A mathematical notation showing a stylized capital L with a circumflex accent and a subscript j.] as the diagonal.
	(2) For each point [image: "Mathematical notation showing a lowercase p with a circumflex accent followed by a subscript lowercase k."] contained in [image: It appears there is a placeholder or incorrect image reference. Could you try uploading the image again or provide more context?], calculate its distance to the line represented by [image: An expression in mathematical notation showing a capital letter L with a hat symbol above it, followed by a subscript j.].
	(3)Set a distance threshold [image: To generate alternate text, please upload the image or provide a URL. If you have any specific details or a caption to include, let me know!], and count the number of [image: Mathematical notation showing a vector \( \mathbf{\hat{p}}_k \), where \( \mathbf{p} \) is the vector and \( k \) is the subscript. The vector is denoted with a hat, indicating it might represent an estimated or predicted value.] values in the results from step (2) that are smaller than [image: Please upload the image you'd like me to generate alternate text for, and I'll be happy to help!]. This count is used as the vote value for [image: Stylized mathematical notation with "L" subscript "j" and a circumflex accent, indicating a specific kind of average or estimated value in statistical formulas.], denoted as [image: If you upload the image or provide a URL, I can help generate the alternate text.].
	(4) Repeat steps (1) to (3) for all line segments to obtain the set of vote values [image: Mathematical expression showing V subscript J enclosed in curly braces.].
	(5) Sort the non-zero elements of [image: Mathematical notation with the letter V subscript J enclosed in curly braces.] in descending order. Empirically, select the top 50%–75% of the sorted elements as the chosen result, and the line segments corresponding to these indices are the final selected line segments.

The experimental result of the voting-based overhead line extraction method is shown in Figure 1D. It can be observed that this method has high accuracy, as it preserves the complete overhead line (marked in green). Compared to traditional algorithms (as shown in Figure 1C), this method demonstrates better resistance to interference. Its scene robustness will be presented in Section 3.
2.2 Calibration method for “Point Cloud-Image” in large depth-of-field environments
Traditional methods use an object (such as chess board) to calibrate the LiDAR, with the calibration board placed in multiple poses at a single depth. However, during drone flight, the images captured are typically large depth-of-field images, and traditional methods may result in mismatches between the LiDAR point cloud and the target. This paper adopts a simple but effective calibration method for “Point Cloud-Image” in large depth-of-field environments.
The calibration system is shown in Figure 2A, where the optical axes of the LiDAR and the visible light camera are parallel. The black solid line represents the common field of view of the two sensors. In this method, we use polar coordinates to describe the placement of the target. We define the depth of the visible light camera’s lens as 0 m, with the longitudinal direction of the calibration scene parallel to the camera’s optical axis. The depth at which the calibration board is placed is denoted as Z.
(1) Design and Placement Method of Calibration Object: The calibration object selected is a checkerboard target board. The object is placed at a depth of [image: Mathematical equation showing \( Z = d_1, d_2, d_3 \).], with the polar angle of the placement position denoted as [image: Equation showing theta equals a vector with elements theta sub one, theta sub two, theta sub three.].It is important to emphasize that, due to the significant perspective effects in a large depth-of-field environment, the size of the calibration object should be enlarged as the distance increases, as shown in Figure 2B. The purpose of this design is to ensure that the features of the calibration board do not become weakened due to perspective effects during the calibration process.
(2) At each position, the Zhang Zhengyou calibration method is used to obtain the intrinsic parameters of the visible light camera and apply the method of Direct Linear Transform (DLT) [16] to measure the transformation matrix between the LiDAR and the camera, denoted as [image: Mathematical expression displaying \( H_{d_{i}, \theta_{k}} \).]. The size of matrix [image: Mathematical expression showing "H" with subscripts "d" and "i" and superscripts "θ" and "k".] is 3 × 4.
	(3) For each depth, calculate the transformation matrix [image: Equation with capital letter H followed by lowercase letter d and subscript i.], where [image: Mathematical equation representing a sum: \( H_{d_i} = \frac{1}{K} \sum_{k} H_{d_i, \theta_k} \).].
	(4) Construct the look-up table [image: Please provide an image file or a URL, and I will generate the alt text for you.], where [image: Mathematical expression showing \( H = \{ H_{d_1} \cdots H_{d_n} \} \), denoting a set \( H \) containing elements \( H_{d_1} \) through \( H_{d_n} \).].
	(5) In practical applications, suppose the point cloud dataset measured by the LiDAR is {[image: It seems there is an issue with the image upload. Please try uploading the image again or provide a URL. Optionally, you can add a caption for additional context.]}, and the distance from point [image: To generate alternate text, please upload the image or provide a URL where the image is accessible. Additionally, you can include a caption for context.] to the sensor’s origin is [image: The image shows the mathematical notation "d" subscript "j", indicating a variable "d" with an index or dimension labeled "j".]. Then, using the lookup table [image: Please upload the image so I can help generate the alt text for it.], the transformation matrix corresponding to the depth closest to [image: Mathematical notation depicting a lowercase "d" with a subscript "j" in italics.] can be found. The chosen transformation matrix is denoted by [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.]

[image: Diagram illustrating a method for multi-viewpoint camera calibration using LiDAR data. Part (a) shows the geometric configuration with checkerboard patterns. Parts (b) and (c) depict captured images with superimposed line patterns and LiDAR data for calibration accuracy.]FIGURE 2 | Calibration method (A) Scheme of calibration experiment (B) Calibration result using traditional method; (C) Calibration result using proposed method.
In order to validate the accuracy of the proposed method, comparative experiments were conducted. The experimental results are shown in Figures 2B, C. To intuitively show the calibration results, we apply this result directly to the point cloud, and then overlay them on the visible light image in the form of pseudo-color. Figure 2B presents the matching results using the traditional method, which shows insufficient accuracy, with noticeable mismatches at the railing. In contrast, Figure 2C presents the matching results using the method proposed in this paper, showing a better alignment performance.
2.3 Point cloud extraction
Once the joint calibration and line segment extraction in the 2D image are completed, the final step is to extract the 3D point cloud of the overhead power lines. We traverse all the point clouds and, using the transformation matrix obtained from the joint calibration, map their coordinates from the 3D coordinate system to the image coordinate system. Assume the coordinate of one point in the LiDAR point cloud is represented as [image: Mathematical expression representing a point vector \( P_j \) as a column vector with components \([X_j, Y_j, Z_j, 1]^T\).], and the corresponding pixel coordinate in the image is [image: Mathematical expression depicting a vector \( e_j \) as a transpose matrix with elements \( [u_j, v_j, 1] \).]. The mapping process of the point cloud to image can be expressed as [image: Mathematical formula displaying \( e_j = H_j P_j \).].Then, we compare whether the mapped results fall within the region of the overhead power lines extracted from the 2D image, thereby determining the point cloud corresponding to the overhead power lines.
3 EXPERIMENT
The experimental section includes the following results: the line segment extraction results in visible light images, the point cloud segmentation results for the overhead power lines, and the extended applications of this method.
3.1 Extraction of power lines in 2D images
We build a dataset for Deeplabv3+. This dataset in this paper contains 1,025 images with overhead power lines, each with a resolution of 1920 × 1,080 pixels. The dataset was augmented by techniques such as mirroring, adding noise, and adjusting brightness, increasing the total number of images to 4,100, which serves as the experimental dataset for this paper. The experimental dataset is split into a training set and a validation set in a 9:1 ratio, with 3,690 images used for training and 410 images used for validation. The hardware, software environment, and training parameter settings used in this paper are shown in Table 1.
TABLE 1 | Experimental environment and training parameters.
[image: Table displaying system specifications with columns for Name and Parameters. Operating system: Ubuntu 20.04, CPU: Intel Core i9-10900K, GPU: NVIDIA GTX 3080 Ti, RAM: 125G, Batch size: 6, Epochs: 200.]The results of MCMLSD, DeepLabv3+, and the proposed method were compared, as shown in Figure 3. It can be seen that the traditional algorithms maintain complete extraction of the wire shape, but are significantly interfered with by background textures. DeepLabv3+ (the third column) shows a significant improvement in accuracy, with almost no extraction of other types of objects. However, its drawbacks are also evident, as the integrity of the extracted power lines is poor. The results of the fused segmentation algorithm (fourth column of Figure 3) combine the advantages of the MCMLSD and DeepLabv3+. It can be seen that the proposed method can extract nearly complete overhead lines and is largely unaffected by external environmental interference, demonstrating the superiority of the method in this paper.
[image: A series of images show comparisons between visible light and machine learning methods for boundary detection. Each row has four columns: visible light image, MCMLSD, DeepLabv3+, and the proposed method. The proposed method demonstrates clearer boundary detection in various terrains, such as grassy areas and paths, compared to other methods.]FIGURE 3 | Detection Results of Overhead Power Lines in visible light images. (A1–C1) Visible light images of different scenarios; (A2–C2) Extraction results by MCMLSD; (A3–C3) Extraction results by Deeplabv3+; (A4–C4) Extraction results by the proposed method.
3.2 Extraction of LiDAR point cloud for overhead power lines
An unmanned aerial vehicle equipped with LiDAR and a visible light camera was used to inspect the overhead power lines. This resulted in comprehensive point cloud data collection for a 475-meter section of the overhead power line, consisting of a total of 24, 426, 219 points, as well as several images captured in visible light.
We selected three scenes, including some trees, houses, and overhead lines, as shown in Figures 4A1–C1. Figures 4A2–C2 displays the colored point clouds of the partial scenes. The coloring process involves using the calibration method described in Section 2.2 to compute the transformation matrix for each element in the LiDAR point cloud and then mapping the corresponding colors from the images onto the point cloud. These results demonstrate the effectiveness of our calibration approach. Figures 4A3–C3 shows the detection results of overhead power lines in visible light images using the method proposed in this paper. It can be observed that the detection accuracy is high, further validating the effectiveness of our method. Finally, Figures 4A4–C4 presents the extraction results of LiDAR point clouds of overhead power lines in the three scenes. It is evident that the results shown in Figures 4A4–C4 are minimally affected by the surrounding environment, allowing for the precise acquisition of the three-dimensional information of the overhead conductors.
[image: Four rows of satellite image comparisons showing different processing stages. Each row represents a different scenario (a, b, c), with four stages in columns: original (1), noisy (2), processed with green lines (3), and final enhanced (4) image. Images depict rural and urban landscapes with varying clarity and noise levels.]FIGURE 4 | Extraction of the LiDAR point cloud of the Overhead Power Lines; (A1–C1) The visible light images of three local scenes; (A2–C2) The LiDAR point clouds of three local scenes; (A3–C3) In the visible light images, extraction of the overhead power lines; (A4–C4) The extraction of overhead power lines from LiDAR point clouds.
Here, we quantitatively evaluate the results of our algorithm. Currently, widely used evaluation metrics are Accuracy (Acc) and Intersection over Union (IoU). The model performance is evaluated using the mean Intersection over Union (mIoU) and mean Accuracy (mAcc). The mIoU function measures the overlapping area between the predicted extraction and the ground truth labels, providing a comprehensive assessment of segmentation accuracy. The mAcc function, on the other hand, takes into account the balance between different categories. Experiments were conducted on the dataset using the classic PointNet, PointNet++ [17] algorithms, as well as the method proposed in this paper. The results of these experiments are presented in Table 2.
TABLE 2 | Experimental comparison of accuracy for different methods.
[image: Table showing three methods compared by mIoU and mAcc. "Point Net" achieves 89.7% mIoU and 82.5% mAcc. "Point Net++" achieves 93.5% mIoU and 83.9% mAcc. "The method proposed" achieves 97.9% mIoU and 90.5% mAcc.]As can be seen from Table 2, compared to the classic PointNet and PointNet++, the proposed model performs better overall in the power line inspection point cloud segmentation task. The improved method mIoU increased by 8.2% and 4.4% compared to PointNet and PointNet++, respectively. This indicates that the proposed method is better at capturing the boundaries and shapes of different objects. The improvement in mAcc suggests that the model’s classification accuracy has been enhanced, achieving better classification performance even when handling individual categories.
Furthermore, as shown in Table 3, the size of point cloud data significantly decreases by using the proposed method, which is beneficial for the processing by the onboard system, thereby providing data support for the real-time obstacle avoidance of UAV.
TABLE 3 | Experimental analysis of overhead line point cloud data.
[image: Table showing data for three scenes. Scene 1: 64,632 points, 3,076 extracted power line points, 95.24% reduced point cloud. Scene 2: 73,052 points, 2,439 extracted, 96.66% reduced. Scene 3: 83,744 points, 4,527 extracted, 94.59% reduced.]4 CONCLUSION
We propose an approach that uses visible light images to drive the extraction of LiDAR point clouds of the slender objects in the air. Essentially, LiDAR-acquired point cloud data is characterized by large-scale data with limited semantic information. Although various methods for processing point clouds exist, research focusing on UAVs avoiding aerial linear obstacles remains limited. The proposed method in this paper utilizes the rich semantics of 2D images to compensate for the lack of semantic information in point clouds, thereby enabling the segmentation of linear targets within the point cloud. Furthermore, this method shows promise for edge devices, offering real-time processing potential and providing a technical safeguard for UAV safety.
Moreover, this method exhibits strong cross-domain adaptability. For example, in the field of autonomous driving, the algorithm can be applied to detect linear targets such as road markings, cables, or guardrails. Furthermore, it has the potential for real-time operation on edge devices, making it particularly suitable for application scenarios that demand high responsiveness and low power consumption. This cross-domain transferability lays a solid foundation for the broader application of the method. It should be noted that although this study does not utilize point cloud segmentation networks for processing, it still requires traversing the coordinates of each point in the point cloud, which reduces the algorithm’s efficiency. Designing a regional traversal method will be one of the focuses of future research.
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Polycarbonate + Acrylonitrile-Butadiene-Styrene (PC + ABS) is a typical non-metallic material used for electric meter enclosures, characterized by its corrosion resistance, excellent insulation properties, and lightweight nature, making it widely applicable in power supply systems. However, prolonged exposure to outdoor environments often leads to performance degradation, which can affect normal usage. Therefore, developing rapid detection technologies to timely identify and rectify potential faults is particularly important. This not only ensures the stable operation of the power grid but also enhances the overall performance and efficiency of the power system. This study employs Laser-Induced Breakdown Spectroscopy (LIBS) technology and proposes a method for the rapid detection of PC + ABS materials by optimizing testing system parameters. The research utilizes LIBS data to classify different formulations of PC + ABS based on Support Vector Machine (SVM) and Self-Organizing Map (SOM) neural networks. The results indicate that the classification accuracy of SVM reached 98.4%, while the unsupervised classification through the SOM neural network maintained approximately 90% consistency among the three different samples. This method achieves rapid detection and classification of PC + ABS electric meter enclosures, providing new theoretical and practical foundations for enhancing the safety and stable operation of the power grid system.
Keywords: PC + ABS composites, electric meter boxes, laser-induced breakdown spectroscopy, non-destructive testing, unsupervised classification

1 INTRODUCTION
In the era of swiftly progressing smart grid technology, non-metallic electric meter boxes have risen as quintessential elements within power systems. These components are instrumental in maintaining the stable operation of the power grid, a testament to their safety, reliability, and enduring durability. The construction of these meter boxes predominantly employs polycarbonate alloyed with acrylonitrile-butadiene-styrene (PC + ABS), a material celebrated for its superior insulating characteristics, robust resistance to chemical corrosion, and notable longevity [1–3]. In outdoor electric meter boxes, PC + ABS materials are primarily used for the enclosures of electric meters, which protect the meters from external environmental influences. Figure 1 shows a common outdoor electric meter box. However, there is considerable variation in the quality of products from domestic manufacturers, due to disparities in material selection and inconsistencies in manufacturing and quality control processes. This variation results in inconsistent product quality, necessitating extensive testing before integration into the grid to verify compliance with standards.
[image: Large industrial electrical cabinet with double doors, featuring a red lightning bolt symbol and safety warning in red text. Vent grills and a small window are present on the doors.]FIGURE 1 | A outdoor electric meter box.
Additionally, since these meter boxes are generally installed outdoors, they are exposed to harsh environmental conditions that can lead to material degradation, performance issues, and faults over time, including exposure to ultraviolet radiation, humidity, and fluctuating temperatures. Statistical data indicate that the average lifespan of a metering box is 5–10 years, with about 30% of replacements due to material degradation. The degradation of PC + ABS materials can lead to a decrease in the insulation performance of meter boxes, increasing the risk of leakage and short circuits, thereby affecting the stable operation of the power grid. Therefore, timely detection and replacement of degraded meter boxes are crucial for ensuring the safe operation of the power grid. Consequently, research into rapid detection methods for non-metallic electric meter boxes is crucial for early identification of potential issues, fault prevention, and improved power grid operational efficiency.
Currently, the detection technologies employed for assessing electric energy meter boxes are characterized by low efficiency and inaccuracy, particularly lacking in methods suitable for both networked inspections and outdoor surveys. Traditional detection methods for electric meter boxes mainly include visual inspection, mechanical property testing, and chemical analysis. Visual inspection relies on manual observation, which is inefficient and prone to missed detections; mechanical property testing is destructive, time-consuming, and costly; chemical analysis requires complex sample preprocessing and is cumbersome to operate. In contrast, LIBS technology offers the advantages of being rapid, non-destructive, and capable of real-time analysis. It can quickly determine the elemental composition and performance status of electric meter box materials without destroying the samples, significantly improving detection efficiency and accuracy. Consequently, LIBS conserves labor and material resources while markedly enhancing the precision of measurements [4–6]. It is convenient for networked inspections and maintenance personnel to repair, which has important engineering significance and economic benefits for improving the reliability of the power grid supply.
LIBS is a cutting-edge technique for detecting material composition. A laser emitter directs high-energy pulses at the sample surface, ablating and exciting it to create plasma. Subsequently, a spectrometer captures the atomic emission spectrum of the plasma to identify the elemental composition of the sample, enabling material identification, classification, and qualitative and quantitative analysis [7, 8]. Over the past 40 years, the emergence of portable, low-cost lasers and higher-resolution spectrometers have propelled LIBS into prominence across diverse sectors, including extraterrestrial exploration [9, 10], cultural artifact identification [11, 12], life sciences [13, 14], and environmental monitoring [15, 16]. Figure 2 illustrates a portable remote LIBS system with an overall weight of 16 kg, utilizing a non-coaxial optical path, capable of performing remote detection of samples at a distance of 5 m.
[image: A metal device with a cylindrical body and a long, narrow extension is placed on a gray surface. A turquoise label with text is affixed to the extension, and red and white labels are visible on the cylindrical part. The background is textured.]FIGURE 2 | A remote LIBS system.
A standard LIBS detection system consists of the following parts: a laser emission module, an optical pathway assembly, a delay controller, a spectral data acquisition module, a spectrometer, and a computer [17]. Researchers use an optical lens to focus the pulsed laser emitted by the laser generator onto the surface of the sample. This interaction results in a localized area of the sample being rapidly heated, ablated, and ionized, giving rise to a plasma. After the pulsed laser stops, the plasma gradually cools and expands. The atoms and ions within it transition from a high energy level to lower energy levels, emitting photons that produce a characteristic spectrum. This spectrum’s wavelengths reveal the elemental constituents of the material, while the spectral lines’ intensities reflect the material’s elemental concentrations. Under the control of the delay controller, the spectrometer captures and relays the spectral data through an interface probe to the computer for detailed analysis. These data enable both qualitative and quantitative assessments of the sample’s composition [18–20].
The elemental composition and spectral line intensities identified through LIBS are subject to variation, dependent on the sample’s unique makeup. This variability is harnessed by researchers across disciplines such as soil science, agriculture, food analysis, and archaeology. By integrating LIBS with machine learning algorithms, they process spectral data to distinguish between samples that are typically challenging to categorize. Furthermore, this approach augments material quality assessments and aids in age determination studies [21].
Lukas et al. [22] utilized LIBS to analyze two typical structured synthetic polymer samples (two-dimensional structures and multi-layer systems). They performed imaging on five types of two-dimensional structured samples (Acrylonitrile-Butadiene-Styrene (ABS), Polylactic Acid (PLA), Polyethylene (PE), Polyacrylate (PAK), and Polyvinyl Chloride (PVC)) using Principal Component Analysis (PCA) and successfully classified the distribution of polymers through k-means clustering. The spatially resolved classification results were validated by comparing the distribution of the obtained two-dimensional structured samples with the elemental distribution of contaminants present within the synthetic polymers.
Michel et al. [23] compared the accuracy of four spectroscopic techniques: Attenuated Total Reflectance - Fourier Transform Infrared Spectroscopy (ATR-FTIR), Near-Infrared (NIR) reflectance spectroscopy, Laser-Induced Breakdown Spectroscopy (LIBS), and X-ray Fluorescence (XRF) spectroscopy in identifying the types of consumer plastics and marine plastic debris (MPD). Using machine learning classifiers, the success rates for identifying consumer plastic types with ATR-FTIR, NIR reflectance spectroscopy, LIBS, and XRF were 99%, 91%, 97%, and 70%, respectively. The classification success rates for MPD were similar or lower, at 99%, 81%, 76%, and 66%, respectively.
Costa et al. [24] achieved rapid identification of high-density polyethylene (HDPE) and low-density polyethylene (LDPE) used in toy manufacturing using LIBS. Multivariate data analysis was performed using Principal Component Analysis (PCA) to classify 10 LDPE samples, 10 HDPE samples, and 10 recycled HDPE samples. The data analysis clearly indicated that the elemental and molecular information obtained from LIBS is effective for identifying the three types of polyethylene.
In recent years, the combination of LIBS technology and machine learning algorithms has made significant progress in material classification. For example, Erik et al. [25] trained a simple convolutional neural network for classifying the dataset collected by the ChemCam LIBS instrument of the Curiosity Mars rover, and interpreted the relationship between the eigenvalues in the classification model and the original spectral emission lines.
This study utilized LIBS technology to analyze a variety of PC + ABS composite samples, investigated the influence of test parameters on the spectral signals of the samples, and established an optimal set of parameters for LIBS analysis. Principal component analysis (PCA) was used to process the spectral data of different samples. Subsequently, SVMs and self-organizing map (SOM) neural networks were employed for the classification of materials with different formulations. This comprehensive approach enabled both material testing and the rapid classification of non-metallic electric energy meter boxes using LIBS.
2 MATERIALS AND METHODS
As depicted in Figure 3, the LIBS apparatus comprises a laser, an optical path system, optical fibers, a spectrometer, a delay controller, and a computer. The laser emitter of the LIBS apparatus generates intense high-energy pulses, which traverse a precision reflector and an array of calibrated lenses designed to concentrate the laser’s energy onto the sample surface. This precise focusing results in the ablation of a minuscule sample portion, leading to excitation and the subsequent formation of a plasma. The plasma’s characteristic emission spectrum, which contains valuable elemental information, is captured and directed towards the spectrometer’s detection probe by a supplementary series of optical lenses. Thereafter, the captured spectral data is conveyed to a computer system for detailed subsequent analysis. A digital delay controller meticulously manages the temporal coordination between the laser emitter and the spectrometer, ensuring the synchronized functioning of these two critical components.
[image: Laboratory setup showing equipment including an optical path system, spectrometer, optical fiber, laser, delay controller, and a computer. Components are arranged on a flat surface with connections indicating data or light pathways.]FIGURE 3 | Physical diagram of LIBS device.
This experiment employs a nanosecond Nd: YAG laser (Nimma-900 model) from Lei Bao Optoelectronics. By switching, it can produce four different wavelengths: 1,064, 532, 355, and 266 nm. The 1,064 nm wavelength is selected for its superior energy stability and low atmospheric absorption, ensuring efficient transmission. This wavelength also aligns with the spectrometer’s measurement range, facilitating an unobstructed spectral acquisition. The spectrometer, an Avantes AVS-RACKMOUNT-USB2, spans a wavelength range of 200–640 nm with a resolution between 0.09 and 0.13 nm. The direction of the fiber optic probe used by the spectrometer to receive spectral signals is set at a 45° angle to where the sample is struck by the laser, to ensure that the spectral signals have a higher intensity. The laser passes through one reflector and a convex lens with a diameter of 2 cm and a focal length of 5 cm to focus on the sample surface. The spectrum generated by the sample excitation is focused onto the fiber optic probe by a convex lens with a diameter of 6 cm and a focal length of 15 cm, which is then captured by the spectrometer as raw spectral data. The collected data is then processed and stored using Avasoft 8.8 software. The signal delay generator, an eight-channel DG645, offers a delay resolution of 5 ps across all channels, with channel jitter under 25 ps and delay control accuracy at 1 ns. It sets the laser and spectrometer’s delay, triggers the laser’s Q-switch, and controls the spectrometer’s external trigger and timing.
The experimental parameters and sample test information set in this experiment are shown in Table 1. Three PC + ABS materials from different manufacturers (labeled 1, 2, and 3) were chosen for sampling and subjected to LIBS testing with each type consisting of 10 samples. It is presumed that materials from each manufacturer are formulated identically, while there are variations between different manufacturers. During the testing process, the laser beam was finely tuned to a diameter of 50 µm and operated at a repetition rate of 1 Hz to ensure consistent ablation. Each sample was analyzed at five distinct testing points, with 20 spectral readings recorded at each point, covering a total sampling area of 100 cm2 per sample. The testing points were strategically positioned to ensure even spatial representation across the entirety of each sample’s surface.
TABLE 1 | Experimental conditions and sample information.
[image: Table displaying laser specification parameters and their corresponding values. Maximum single pulse energy: zero to nine hundred millijoules. Pulse duration: less than or equal to nine nanoseconds. Wavelength: one thousand sixty-four nanometers. Pulse width: seven nanoseconds. Repetitive frequency: one hertz. Work mode: external trigger mode. Laser spot diameter: fifty micrometers. Number of samples: thirty. Data amount per sample: five measuring points each sample. Measurement area per sample: one hundred square centimeters.]In the course of LIBS measurements, the raw spectra frequently exhibit elevated baseline and noise levels, attributable to sample attributes—such as surface roughness and hardness—as well as environmental factors like temperature, pressure, and lighting conditions. Additionally, the performance of the hardware, notably the consistency of the laser’s energy output and the spectrometer’s light collection resolution, plays a significant role. These elements can diminish the spectral signals’ integrity and obstruct the retrieval of valid spectral data, underscoring the necessity for spectral data pre-processing prior to analysis. Given the distinct response profiles of the spectrometer’s channels, there are definitive transitions between the spectral data they capture, making spectral baseline correction an indispensable step. The presence of noise, encompassing both persistent background noise across the spectrum and intermittent high-frequency noise, further complicates the analysis and identification process. Selecting suitable acquisition delay times can effectively mitigate persistent background noise; however, intermittent high-frequency noise requires additional measures, including spectral smoothing and denoising, to bolster data quality.
The spectra’s valuable information is encoded within its spectral peaks, with each peak representing a distinct elemental spectral line. In contrast, interference is characterized by baseline fluctuations and sporadic high-frequency noise. When viewed through the lens of the frequency domain, the baseline is categorized within the low-frequency range, while both spectral peaks and high-frequency noise reside in the high-frequency range. Consequently, basic filtering, while effective for baseline noise, fails to distinguish between the spectral peaks and high-frequency noise. The application of Discrete Wavelet Transform (DWT) for spectral data processing adeptly addresses both baseline correction and noise reduction, enhancing the spectral data’s integrity.
In spectral data, baseline interference primarily occurs in the low-frequency range. Baseline correction can be achieved by zeroing out the low-frequency wavelet coefficients. For the high-frequency range, spectral peaks are concentrated in a few periods, corresponding to large wavelet coefficient amplitudes, while high-frequency random noise is distributed across all periods, corresponding to small amplitudes. Thus, threshold segmentation can be used to filter wavelet coefficients and eliminate high-frequency noise. Reconstruction of spectra using modified wavelet coefficients results in processed spectral data, facilitating elemental spectral line identification. The ridge line method, based on the Continuous Wavelet Transform, is chosen for spectral peak selection, considering the range of the spectrometer’s detected light intensity. With knowledge of the approximate elemental species in the sample, spectral peaks with relatively large intensity are selected, referencing data from the National Institute of Standards and Technology (NIST) atomic spectral database. This database includes information on elemental species, wavelengths, spectral line transition probabilities, and differences in upper and lower energy levels. This selection takes into account the spectrometer’s resolution and potential wavelength drift in spectral line centers, to ultimately determine the spectral peaks and their corresponding intensities for different elements.
3 RESULTS
3.1 Experimental parameter optimization
The laser-induced plasma, energized by the pulsed source, exhibits a radiation mechanism that imparts distinctive features to the spectrum. The spectrum comprises both a continuous component and a line component. Compared to the continuous spectrum, the discrete spectrum is composed of emission spectra from atoms or ions of different elements, appearing as spectral lines of varying intensities. This is the type of spectral data required for the data analysis in this study, hence it is necessary to find a method to extract the discrete spectrum from the spectral information. As the plasma evolves, the continuous spectrum decays rapidly. Meanwhile, the line spectrum, emitted by the excited atoms, also decays over time, but at a slower rate and with a longer-lasting spectral line. Thus, by selecting an appropriate delay time, the signal of the characteristic spectrum can be maximized relative to the continuous spectrum signal, minimizing the negative impact of the continuous spectrum on sample detection as much as possible.
In the experiment, we optimized the delay time and laser energy parameters of the spectrometer to find the optimal combination of parameters. The selection of delay time depends on the radiation mechanism of the plasma, with the aim of maximizing the acquisition of characteristic spectral signals and reducing the negative impact of continuous spectra on sample detection. The choice of laser energy is based on the process of plasma generation, with the goal of producing clear spectral lines without damaging the sample.
The spectrometer’s delay time can be finely tuned via the signal generator across a range of 12 specific levels: 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 7, and 10 µs. The laser’s energy is maintained at 45 mJ, which is sufficient for ablating the sample and producing clear LIBS spectral lines. As depicted in Figure 2, five elemental characteristic spectral lines are identified (B II 317.9331 nm, Al I 396.1520 nm, Ca I 445.4781 nm, and Na I 588.9950 nm), allowing for the observation of each element’s spectral line relative intensity and the variations in the corresponding spectral signal-to-noise ratio at various delay times. To ensure the reliability of our measurements, the standard deviation, derived from multiple spectral data sets, is graphically represented as error bars alongside the figure.
According to pertinent theories, the spectral signal intensity diminishes exponentially as the delay time increases. Figure 4A illustrates that the behavior of the elemental spectral lines generally aligns with expectations, albeit with varying decay rates among the spectral lines. Considering the collective decay rates of all elements is essential. Upon evaluating the signal-to-background ratio (SBR) across various elements, it is observed that while the B II 317.9331 nm peaks at a 2 µs delay, the other three elemental lines show better SBR values when the delay is between 3 and 4.5 µs. Consequently, the optimal delay time range is established to be between 3 and 4.5 µs, with the optical collection delay set at 3.5 µs in this experiment.
[image: Two graphs comparing different materials over delay time. Graph (a) shows relative intensity of spectral lines, with lines representing B I at 249.6771, Al I at 309.3512, Ca I at 422.6735, and Na I at 588.9950 nanometers. Graph (b) displays spectral peak ratios for B I at 317.9333, Al I at 394.4012, Ca I at 445.4875, and Na I at 588.9950 nanometers. Both graphs feature similar trends with variations in intensity and ratios over time.]FIGURE 4 | The variation of spectral characteristic quantities at different delay times: (A) Spectral line intensities at different delay times; (B) Signal-to-back ratios at different delay times.
The single-pulse laser energy significantly influences the LIBS plasma generation process. Insufficient energy may fall short of the sample’s breakdown threshold, hindering plasma formation. Conversely, excessively high laser energy leads to a shielding effect within the plasma, causing the spectral line intensity to plateau despite further energy increases. Moreover, too much laser energy can severely damage the sample surface. Thus, it is imperative to meticulously optimize the laser energy to align with the sample’s properties and the goals of the experiment.
The laser’s single-pulse energy levels were set at 15, 25, 35, 45, 55, 65, 75, 85, and 95 mJ, with a collection delay time of 3.5 µs. Figure 5 illustrates the observed changes in the relative intensities of the selected five elemental characteristic spectral lines and the corresponding spectral signal-to-noise ratios at varying single-pulse laser energies.
[image: Two line graphs compare single pulse laser energy with signal area and signal peak height. Graph (a) shows a steady increase in signal area for four different atoms: B I, Al I, Ca I, and Na I. Graph (b) displays fluctuations in signal peak height for the same atoms, with no clear trend. Both graphs use color-coded lines for each atom and align along an X-axis denoting single pulse laser energy in millijoules.]FIGURE 5 | The variation of spectral characteristic quantities under different laser energies: (A) Spectral line intensities under different laser energies; (B) Signal-to-back ratios under different laser energies.
As depicted in Figures 5A, B, the intensities of the spectral lines for each element increase with the escalation in laser energy. However, the signal-to-background ratios (SBRs) for these elemental lines, when subjected to varying laser energies, lack a clear and consistent pattern. Consequently, the primary consideration in selecting the single-pulse laser energy for this experiment is the spectral intensity. A single-pulse laser energy of 55 mJ has been chosen for its optimal balance between producing intense spectral lines and minimizing sample damage. In Figure 5B, a significant measurement error in the signal-to-noise ratio of each elemental line is evident when the laser energy is 15 mJ. This is attributed to the laser energy being too low, resulting in minimal material ablation with each laser shot, thereby causing substantial fluctuations in the spectrum.
In summary, the determined test parameters are a collection delay time of 3.5 µs and a single-pulse laser energy of 55 mJ. Figure 6 displays the spectrum of PC + ABS under the chosen parameters and the identification results for certain elements.
[image: Spectral line graph displaying relative intensity versus wavelength. Peaks are marked with elements and their corresponding nanometer values: Si I, Al I, B I, Cr II, Cs I, Pr I, Nd I, and Sr I, highlighting specific wavelengths for each.]FIGURE 6 | Identification results of PC + ABS spectrum and some elemental spectral lines.
3.2 Laser ablation morphology and ablation depth
During pulsed laser ablation, the energy imparted by each laser pulse defines the energy density across the focal spot, which in turn directly affects the degree of ablation, the penetration depth, and the dimensions of the ablation zone per pulse. The diameter of the laser’s focal spot is also a determining factor in the energy density at each point throughout a single ablation event. When the same spot is exposed to multiple pulses, an increase in the number of pulses leads to changes in the morphology and depth of the ablation zone. In this study, the diameter of the laser’s focal spot is kept constant, while variations in the energy of individual laser pulses and the frequency of continuous bombardments are explored to assess the impact of LIBS experimental parameters on the ablation process.
The ablation craters on the surface of PC + ABS material created by the high-energy pulsed laser are examined using scanning electron microscopy. Researchers observed the ablation morphology of the three samples under different experimental conditions and found that different samples have similar ablation characteristics. Figure 7 selects the ablation morphology of sample 1 under some experimental conditions as a representative for display. The morphology of the crater is usually not a regular circle, which is mainly due to the unevenness of the sample surface and the dynamic changes of the plasma during laser bombardment. During the laser bombardment process, different areas of the sample surface have different absorption and reflection characteristics, leading to irregular edges of the crater. Moreover, the protrusions within the crater may be formed due to the redistribution of impurities or structural inhomogeneities inside the sample during laser bombardment. Table 2 presents the maximum widths of the ablation craters for the samples shown in Figure 7. Considering that the ablation craters are not perfectly circular, the maximum width is used as an indicator to assess the extent of laser-induced damage to the material.
[image: Four grayscale micrographs labeled (a) to (d) show different damage patterns on a surface. Each micrograph displays a distinct crater-like formation, varying slightly in shape and size. Darker areas indicate more pronounced damage.]FIGURE 7 | The ablation morphology of PC + ABS under different experimental parameters: (A) Laser continuous bombardment times: 100. Single-pulse laser energy: 35 mJ; (B) Laser continuous bombardment times: 100. Single-pulse laser energy: 95 mJ; (C) Laser continuous bombardment times: 10. Single-pulse laser energy: 75 mJ; (D) Laser continuous bombardment times: 150. Single-pulse laser energy: 75 mJ.
TABLE 2 | Maximum width of sample ablation pits under different parameters.
[image: Table showing values for single-pulse laser energy, laser continuous bombardment times, and maximum width. Rows list: 35 mJ, 100 times, 350 µm; 95 mJ, 100 times, 460 µm; 75 mJ, 10 times, 270 µm; and 75 mJ, 150 times, 340 µm.]According to Table 2, for the PC + ABS sample under the same number of bombardments, the maximum width of the ablation pit increases with the increase of laser energy density. Furthermore, at a constant energy density, the maximum width of the ablation pit also correlates positively with the number of bombardments, reaching widths of several hundred micrometers.
The three-dimensional structure of the ablation pits of the sample is observed using a confocal microscope, and the ablation depths are also be measured, as depicted in Figure 8. The specific instrument utilized is a CHOTEST VT600 confocal microscope, which boasts a z-axis resolution of 0.1 nm. Figure 9 demonstrates the change in ablation depth relative to the number of continuous laser bombardments, given a single-pulse laser energy of 75 mJ. When the single-pulse laser energy is fixed, within the range of 10–150 bombardments, the ablation depth of PC + ABS shows a linear relationship with the number of bombardments. The following equation represents the relationship between the ablation depth d (µm) and the number of bombardments n (times): d = 5.42749 × n + 119.61786. The coefficient of determination (R2) for this regression model is 0.9635.
[image: Two 3D surface plots depict depth measurements in micrometers. Plot (a) shows a central blue depression surrounded by green, yellow, and red layers. Plot (b) displays a similar pattern. Both plots include color scales from blue to red, indicating depth variations.]FIGURE 8 | The ablation morphology and depth of PC + ABS under different experimental parameters: (A) Laser continuous bombardment times: 10. Single-pulse laser energy: 75 mJ; (B) Laser continuous bombardment times: 150. Single-pulse laser energy: 75 mJ.
[image: Scatter plot showing the relationship between laser continuous bombardment time and ablation depth in micrometers. Black squares represent data points, and a red dotted line indicates a positive correlation. Time ranges from zero to five hundred fifty seconds, while depth ranges from zero to one thousand micrometers.]FIGURE 9 | The relationship between ablation depth and the number of consecutive laser bombardments.
3.3 Qualitative classification of PC + ABS
LIBS enables rapid analysis of the elemental makeup of samples, with its spectral responses being highly sensitive to even minor fluctuations in both elemental composition and the physicochemical attributes of the samples. This sensitivity allows LIBS technology to effectively distinguish between materials based on their unique spectral signatures. Consequently, it provides a viable method for the qualitative classification and identification of non-metallic electric energy meter box materials with varying compositions.
LIBS tests were performed on samples 1, 2, and 3, each providing unique spectral data. Figure 10 shows the spectral diagrams of three different categories of PC + ABS materials. The elemental composition of the 3 samples is similar, and their spectral graphs also exhibit similar characteristics, making it difficult to distinguish them by visual inspection. This paper employs Principal Component Analysis (PCA), Support Vector Machine (SVM), and Self-Organizing Map (SOM) neural networks for the classification of PC + ABS samples. SVM algorithm has a strong classification capability in handling high-dimensional spectral data. It can find the optimal hyperplane to maximize the interval between different categories, thereby improving classification accuracy. SOM algorithm is an unsupervised learning algorithm that can map high-dimensional data to a low-dimensional topological structure, preserving the topological relationships in the input data, and is suitable for the classification and visualization of unlabeled data. The combination of these two algorithms provides us with a comprehensive classification solution.
[image: Graph of three spectral line plots labeled 1, 2, and 3. Each plot shows relative intensity versus wavelength in nanometers, ranging from 300 to 700 nm. Peaks in intensity at various wavelengths are visible in blue, red, and purple for each plot.]FIGURE 10 | The spectral diagrams of 3 types of PC + ABS samples.
The spectral data from a single laser bombardment comprises a total of 10,542 data points. Utilizing the entire spectrum directly for classification would lead to a high-dimensional dataset and an extensive computational load. Thus, it is crucial to reduce the dimensionality of spectral data while preserving as much of the original information as possible.
Due to the variability in the spectral data obtained from LIBS testing, when obtaining spectral data for classification, researchers averaged two adjacent spectra of the same sample to reduce the deviation between spectral data. Therefore, the dataset is composed of 1,500 spectral data. A principal components analysis was conducted on the 1,500 spectral data obtained from the LIBS test, resulting in the identification of principal components along with their individual and cumulative contribution rates to the variance, as depicted in Figure 11A. Figure 11A clearly shows that the first six principal components encompass 99.04% of the total variance, whereas the remaining components account for only about 0.96%. This suggests that the information content from the seventh principal component onwards is minimal, thereby justifying the selection of the first six principal components for further analysis and the exclusion of the subsequent components. Researchers then proceed to analyze the PC loadings to determine the contribution of the original variables to the principal components. Figure 11B illustrates the contribution of each original variable to the first two principal components. The analysis reveals that the variables with significant contributions to the principal components are the spectral peaks of the sample’s main elements. Some elemental spectral lines are labeled in Figure 11B. This demonstrates that principal component analysis retains the effective information in the original spectral data.
[image: Two charts depicting principal component analysis (PCA) results. Chart (a) is a scree plot showing the variance explained by each principal component, with the first component having the highest variance. Chart (b) is a biplot displaying loadings for various elements (Ca, Fe, Al, Bi, Na, C), with labeled vectors indicating their contributions to PC1 and PC2.]FIGURE 11 | Principal component analysis results: (A) Principal component contribution rates; (B) Original variables’ contribution to the first two principal components.
This paper utilizes the SVM as the classification algorithm to categorize spectral data. The SVM is a supervised learning algorithm predominantly employed for classification and regression tasks. The core principle of the SVM involves the identification of an optimal hyperplane that serves as the decision boundary, adeptly separating data points from various categories in a multidimensional space. This hyperplane is calculated to maximize the margin between different classes, ensuring the highest possible accuracy in classification, which is particularly pertinent for distinguishing complex spectral data patterns [26].
The input variables for analysis are the principal components, with a linear Support Vector Machine (SVM) utilized for classification purposes. The dataset is composed of 500 sample data from each of the 3 types of samples, with each sample data containing 6 features. This study employs five-fold cross-validation. The dataset is randomly divided into five equal parts. In each iteration, the model is trained on four parts of the data, while the remaining part is used to test the model’s performance. This process is repeated five times, each time selecting a different part as the test set and the other four parts as the training set. By training and testing with different datasets multiple times, it can more accurately assess the model’s generalization ability, reduce the bias brought by choosing a specific test set, and make more effective use of the data. Figure 12 illustrates the classification outcomes, revealing that the overall classification accuracy of PC + ABS materials across various formulations achieves 98.4%. The average error of the classification results is 0.016.
[image: Confusion matrices compare true and predicted classes using a linear SVM model. The matrix on the left shows percentages for accurate and misclassified instances across three classes. The accompanying bar graph on the right illustrates the distribution of prediction accuracy for each class.]FIGURE 12 | Linear SVM classification result of PC + ABS samples.
The classification algorithm mentioned previously is a supervised classification algorithm, requiring pre-existing knowledge of the categories within the training dataset. This algorithm trains the classification model, enabling it to classify unknown samples. However, practical scenarios often present cases where prior information is unavailable. In such instances, the use of unsupervised algorithms becomes indispensable, as they are capable of discerning patterns and categorizing data without the need for prior category knowledge.
The Self-Organizing Map (SOM) is an unsupervised learning algorithm that maps high-dimensional input data onto a typically two-dimensional topological structure. It employs competitive learning to preserve the topological relationships inherent in the input data. In SOM, the neurons of the neural network are arranged according to a specific geometric pattern, typically a grid. During the training phase, there is a competitive process among neurons, where the neuron with the highest similarity to the input data (the winning neuron) adjusts its weights. This adjustment is in response to the input data, and nearby neurons also undergo weight adjustments, albeit to a lesser extent. This mechanism allows the network to gradually develop a structured representation, ensuring that similar input data are clustered closely within the output space of the map [27].
The Self-Organizing Map (SOM) offers distinct advantages, particularly in visualizing complex high-dimensional data and effectively uncovering intrinsic clustering structures. Its robustness to initial conditions and parameter selection variability further enhances its utility. This has resulted in extensive applications of the SOM across various domains, including data visualization, cluster analysis, and feature extraction. The principal components serve as the input for the SOM neural network in cluster analysis tasks. After multiple tests, researchers found that setting the competitive layer neurons to a 3 × 3 network yields the best classification results. The number of training epochs for the neural network is set to 200, and the initial learning rate is set to 0.05. The clustering outcomes are illustrated in Figure 13.
[image: Two hexagonal grid plots are shown. (a) Neighbor Distance: Hexagons in varying colors from yellow to black, indicating different distances. (b) Hit Count: Hexagons labeled with numerical values ranging from eighty-nine to two hundred sixty-four, shaded in shades of blue and white.]FIGURE 13 | SOM neural network clustering results of PC + ABS with different formulations: (A) Neighbor Distance; (B) Hit Count.
Figure 13A illustrates the distance information between adjacent neurons, with darker colors indicating greater distances and lighter colors indicating closer distances. Figure 13B displays the hit count for each neuron. The neurons are systematically numbered from 1 to 9, arranged left to right and bottom to top. Upon reviewing the model’s output results, the distribution of each PC + ABS sample within each neuron is presented in Table 3. From this analysis, it is determined that neurons 6, 8, and 9 correspond to sample 1, neurons 2 and 5 correspond to sample 2, and neurons 1, 3, 4, and 7 correspond to sample 3. Consequently, the calculated classification accuracy rates are as follows: 88.4% for sample 1, 91.8% for sample 2, and 90.4% for sample 3. The average error of the classification results is 0.088.
TABLE 3 | Distribution of PC + ABS samples in neural networks.
[image: A table shows neuron numbers across three samples. Columns are labeled 1 to 9. Sample 1 has values 13, 27, 8, 2, 6, 127, 2, 169, 146. Sample 2 has values 0, 221, 6, 0, 238, 22, 0, 0, 13. Sample 3 has values 165, 6, 104, 94, 0, 19, 89, 11, 12.]Using the Self-Organizing Map (SOM) algorithm, researchers successfully performed unsupervised classification of different formulations of PC + ABS materials, achieving a classification accuracy of 90%. This result demonstrates the great potential of unsupervised learning algorithms in LIBS data classification tasks and further proves the effectiveness and practicality of combining supervised and unsupervised learning algorithms in non-metallic material classification.
4 CONCLUSION
This research delves into an empirical methodology that harnesses Laser-Induced Breakdown Spectroscopy (LIBS) technology to detect PC + ABS composites within electric energy meter boxes. It also introduces a LIBS parameter optimization strategy for PC + ABS materials, scrutinizes the laser ablation effects on these composites, and qualitatively categorizes electric energy meter box materials of varying compositions. Initially, the spectral data are condensed through principal components analysis, followed by classification using a support vector machine and SOM neural network. The linear SVM achieves a supervised classification accuracy of 98.4%. Meanwhile, the unsupervised classification via the SOM neural network maintains consistent accuracy levels around 90% for the three distinct samples.
This research employs LIBS technology for the swift detection and categorization of PC + ABS composite materials, delving into the application of LIBS technology within electrical engineering and polymer analysis domains. The findings provide actionable technical guidance for both the initial network inspection and the ongoing maintenance of non-metallic electric meter boxes. Such recommendations are pivotal for bolstering the safety and operational management of power grid infrastructure, thereby enhancing the overall reliability and efficiency of power grid systems.
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Three-dimensional active imaging systems operating in photon-starved regimes have broad applications, including remote sensing, autonomous navigation, and military surveillance. In this study, we present a noncoaxial scanning imaging system capable of generating high-quality depth and reflectivity images with an average of only ∼1 detected photon per pixel, leveraging a single-photon avalanche diode (SPAD) detector. The accompanying depth retrieval algorithm integrates an l1-norm regularizer and operates without requiring prior knowledge of the number of targets in the scene. This design significantly enhances the algorithm’s robustness and reliability for practical applications. Experimental results validate the proposed algorithm’s effectiveness, underscoring its potential for advancing three-dimensional active imaging under photon-starved conditions.
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1 INTRODUCTION
Light detection and ranging (LiDAR) is an advanced optical remote sensing technology that utilizes pulsed lasers to measure target reflectivity and distance [1–3]. Depth estimation is achieved by calculating the time of flight (ToF) of photons, defined as the time interval between the emission of a laser pulse and the receipt of the reflected signal. To differentiate laser photons from ambient photons in ToF measurements, the time-correlated single-photon counting (TCSPC) technique is widely employed [4]. This technique detects individual photons and records their arrival times relative to a synchronized laser signal. By constructing a time-correlated histogram of photon arrival times and analyzing it, both depth and reflectivity information of the scene can be extracted.
Traditional LiDAR systems typically require the detection of hundreds of photons per pixel to compensate for the intrinsic Poisson noise associated with optical detection, even when single-photon detectors are utilized. However, in scenarios where the detector is positioned far from the target or rapid data acquisition is essential, the number of detected photons is significantly reduced. This limitation challenges the effectiveness of TCSPC-based techniques. Recent advancements in image processing have enabled imaging under low-light conditions, mitigating the constraints faced by conventional LiDAR systems in photon-limited scenarios.
A prominent technique for low-light imaging is first-photon imaging (FPI). In FPI, depth and reflectivity information are retrieved in low-photon flux environments by utilizing only the first detected photon at each pixel [5]. However, in FPI configurations, the detection time of the first photon is a random variable. This introduces inefficiencies in data acquisition, particularly when using single-photon avalanche diode (SPAD) array cameras with uniform dwell times for all pixels [6]. To address this challenge, the concept of photon-efficient imaging was proposed, which, unlike FPI, employs a fixed dwell time per pixel, thereby enabling faster data acquisition [7, 8]. The effectiveness of this approach was experimentally demonstrated using a SPAD array camera in a study reported in [9].
In this paper, we propose a SPAD-based LiDAR system designed to retrieve depth and reflectivity information within a photon-efficient imaging framework. Our approach builds upon prior work [9] by eliminating the need for prior knowledge of the number of targets in the scene. This advancement significantly enhances the system’s robustness, especially in real-world scenarios where the number of targets is often unknown. Experimental results demonstrate the effectiveness of our method, achieving accurate depth and reflectivity reconstruction with raw data containing an average of approximately one detected photon per pixel.
2 BASIC PRINCIPLE
In this part, the reflectivity and depth of the scene are calculated by solving an unconstrained optimization problem with Total Variation (TV) and sparsity regularization, respectively. We define the scene’s reflectivity as [image: Matrix A is an element of the real numbers with dimensions N sub x by N sub y.] and the depth [image: Mathematical expression showing "Z" belongs to the real number space with dimensions N subscript x by N subscript gamma.], and let [image: Mathematical notation showing \( B \in \mathbb{R}^{N_x \times N_y} \), indicating that B is a matrix belonging to the set of real numbers with dimensions \( N_x \) by \( N_y \).] be the average rates of background-light plus dark-count detections. At t = 0, the scene is illuminated by a laser pulse s (t). The photon flux of the reflected light for (i, j)th pixel of the composite image is (Equation 1):
[image: A mathematical equation is displayed: \( u_{ij}(t) = A_{ij} e^{(-2(z_{ij}/c))} + B_{ij} t \), with the condition \( t \in [0, T_r] \), labeled as equation (1).]
where c is the speed of light. Since we used the SPAD detector, the dark count rate of each pixel caused by the internal structure of the SPAD is similar, so we ignored this part of noise in data processing process.
We define the total number of time bins as [image: Formula representing \( N_z = \left\lfloor \frac{T_r}{\Delta} \right\rfloor \), where \( N_z \) is calculated by dividing \( T_r \) by \( \Delta \) and taking the floor function.] with [image: A grayscale triangle with a shaded gradient effect, appearing darker at the top and lighter at the base. The image has a simple, geometric design with clean edges.] be the time resolution of SPAD, and let [image: Subscript notation showing the variable C with subscripts i, j, and k.] be the observed number of photons in the kth time bin for pixel [image: Please upload the image or provide a link to it, and I will generate the alternate text for you.], ns pulsed-illumination trials until time [image: The expression "kΔ" represents the product of a constant "k" and a change or difference denoted by the Greek letter delta (Δ).]. According to the theory of photon statistics of coherent light, the number of detected photon on short time-scales follows Poisson distribution [10] (Equation 2).
[image: Mathematical expression involving an equation, where \( C_{ij,k} \) is proportional to the function \( P \) of several variables, including \( n_s \) integrated over a time function \( \tau_j(f)dt \). The conditions include \( k = 1, 2, \ldots, N_Z \) and equation number \( (2) \).]
where [image: Stylized letter "P" followed by a dark filled circle in parentheses, resembling a mathematical or statistical notation.] denotes the realization of a Poisson process. Since the experiment was conducted in a low-flux regime, the total number of photons [image: Summation notation showing the sum from \( k = 1 \) to \( N_z \) of the elements \( C_{i,j,k} \).] was much less than ns, which effectively addressed the pulse-pileup distortions [11, 12]. Using the sparse photon-detection data [image: Mathematical notation showing "C" as an element of the real number space with dimensions \(N_x \times N_y \times N_z\).] to estimate the scene’s reflectivity [image: Please upload the image so I can generate the alt text for you.] and depth [image: Please provide the image you would like described by either uploading it or sharing a URL.].
2.1 Reflectivity estimation of the scene
The reflectivity estimation model can be obtained from the Poisson-process rate function (Equation 3):
[image: Integral equation from zero to \( t_c \) of \( r_{ij}(t) \) with respect to \( t \) equals \( n_i(A_{ij}S + N_i \Delta B_{ij}) \). Labeled as equation (3).]
where [image: The image shows a mathematical integral equation: \( S = \int_{0}^{T} r_{s}(t - \frac{2Zr_{ij}}{c}) dt \).] is the total number of photons detected by the SPAD in the case of total reflection of a single pulse. The conditional probability mass function of [image: A mathematical expression showing the letter "C" with subscript "i, j" in a bold serif font.] given [image: Mathematical notation showing the letter "A" with subscripts "i" and "j" to indicate a matrix element.] is (Equation 4):
[image: Mathematical equation representing a logarithmic probability function: \( p(C_{ij},A_{ij}) = -\log \left( \frac{[n_i(A_{ij}S + N_z A_{Bj})]^{n_i} \exp[-n_i(A_{ij}S + N_z A_{Bj})]}{C^{ij}_i} \right) \). Equation is labeled as number four.]
Due to the generally small spatial variance in images of natural scenes, we incorporate a transverse-smoothness constraint into the reflectivity image using the TV norm. The resulting reflectivity image, [image: Please upload the image, and I will help generate the alt text for it.], is thus obtained by solving a nonnegative optimization problem regularized by the TV norm:
[image: Optimization equation showing \( \hat{A} = \text{argmin} \left[ \left( \sum_{i,j} (C_{i,j} \cdot A_{i,j}) \right) + \tau_A \| A \|_{TV} \right] \), subject to \( A_{i,j} \geq 0 \) for all \( i, j \), labeled as equation (5).]
where [image: Mathematical expression showing loss function: \( L_A(C_{ij}; A_{ij}) = -\log P_r(C_{ij}; A_{ij}) \).] and [image: It seems there was an issue with displaying an image, and I currently don't have the capability to view or generate alternate text for images directly from text-based descriptions. Please try uploading the image again or describe it, and I can generate the alt text based on the description provided.] is the regularization parameter. The definition of TV norm is given by Equation 6:
[image: Mathematical equation showing total variation norm: the sum over indices \(r_1, r_2 \in N\) of the \(L^p\) norm of the difference between \(A_{r_1}\) and \(A_{r_2}\) raised to the power \(q\), labeled as equation six.]
where N defines the set of pixel neighborhoods and [image: Mathematical expression of a norm with double bars enclosing a dot, subscripted with the letter 'p', indicating the p-norm.] is the [image: Please upload the image or provide a URL so I can generate the alt text for you.] norm to the power of q. The optimization problem outlined in Equation 5 can be efficiently solved utilizing proximal splitting methods, due to the convexity of the objective function [13, 14].
2.2 Censoring extraneous detections
The optical signal of the target, in the absence of background noise, was recorded only in a limited number of time bins. However, there were multiple non-zero entries in the collected dataset [image: Mathematical expression representing a variable \( C \) with subscripts \( i, j, k \).], leading to the formation of multiple ToF clusters in each pixel. To improve the accuracy of depth estimation, it is necessary to filter the TOF dataset and identify valid clustering intervals that accurately represent the target features. The target’s ToF set was collected as [image: Mathematical expression showing \( z_{\Delta} = \text{hist}(Z_{\Delta}) \).] in [image: Please upload the image or provide a URL for me to generate the alternate text.] bins of width 100 ps. Given the sparsity of [image: It seems like there might be an issue with the image upload. Please try uploading the image again, and I can assist with generating the alternate text.] and the consistent amount of noise collected at each pixel, we compute the estimations of the target depth [image: Mathematical expression with tilde z (z-tilde) followed by a subscript delta.] by subtracting the average environmental light from the photon dataset [image: Mathematical notation showing "C" with subscripts "i", "j", "k".] indexed based on its transverse-coordinate and accounting for dark count noise (Equation 7):
[image: Formula showing the calculation of \(\tilde{z}_k\) as a sum of \(C_{ij,k}\) minus \(\Delta B_{i,j}\), for \(k = 1, 2, \ldots, N_z\) labeled as equation 7.]
It is observed that [image: Mathematical notation shows a symbol "z" with a tilde and subscript delta, representing a specific variable or modified value in a mathematical or scientific context.] is a distorted representation of [image: The image shows the mathematical notation "z" with a subscript delta, symbolized as \( z_{\Delta} \).] resulting from convolution with [image: Mathematical expression showing "s subscript z is proportional to s of two z over c".], where [image: A mathematical function notation, "s(t)", with "s" representing a function of time "t".] is the laser’s pulse shape and [image: Integral of \( s_z \) with respect to \( z \) equals 1.]. The problem of determining the effective range for depth estimation can be formulated as follows:
[image: Mathematical equation showing an optimization expression for \(\tilde{z}_k\). It involves minimizing a summation from \(k = 1\) to \(N_z\) of the squared norm \(\| (\tilde{z}_k)_k - (\xi_k \ast z_k) \|_1^2\) plus a regularization term \(\lambda \|z_k\|_1\), for all \(k = 1, 2, \ldots, N_z\). The equation is labeled as number (8).]
where [image: Please upload the image you'd like me to create alternate text for.] is the discrete convolution operator. The use of [image: It seems there was an error with the image upload. Please try uploading the image again or provide a URL.]-norm ([image: The expression shows the L1 norm of a vector, calculated as the sum of the absolute values of its components: x sub 1, x sub 2, up to x sub n.]) in the objective Equation 8 results in a sparse model, automatically selecting the optimal depth interval that represents the target features. Unlike previous methods, the proposed algorithm does not require prior knowledge of the number of targets in the scene, making it suitable for more complex scenes. The regularization parameter λ is introduced in Equation 8, which poses an unconstrained sparse deconvolution optimization problem. To find the optimal solution, the fast iterative shrinkage-thresholding algorithm (FISTA) is utilized [15]. Let [image: Mathematical expression showing the letter "S" with the subscript "k".] be the set of all k such that [image: The mathematical expression shows \((\tilde{z}_{\Delta})_k\) is greater than \(\delta\).], where [image: Please upload the image or provide a URL so I can help generate the alternate text for it.] is the threshold constant. The photon sparse data cube after censoring can be computed as follows Equation 9:
[image: Mathematical expression showing a conditional equation: \(\hat{c}_{i,j,\mu,k}\) equals \(C_{i,j,\mu}\) if \(k\) belongs to set \(S_k\), and equals zero otherwise. It is labeled as equation (9).]
2.3 Estimation of scene depth
The estimation of the target’s depth is performed within the valid depth interval determined in Section 2.2, using a processing method similar to that described in Section 2.1. The same TV norm is utilized to restrict the longitudinal sparsity of the target depth. As a result, the depth estimate [image: Please upload the image or provide a URL for me to generate the alternate text. If you have a caption or additional context, feel free to include that as well.] is resolved as a non-negative TV-regularized convex optimization problem (Equation 10):
[image: The image contains a mathematical optimization equation: \( z = \text{argmin}_Z \sum_{T_i \in U_i} \left[ Z_i (Z_{i,j}, T_{i,j}) + r_Z \|Z_{TV}\| \right] \) subject to \( Z_{i,j} \geq 0 \) for all \( i,j \). The equation number is (10).]
where [image: The image displays a mathematical equation: \( L_Z(Z_{ij}; T_{ij}) = \left \| (T_{ij} \Delta - 2Z_{ij}/c) \right \|_{kl}^{2} \).] and [image: It seems there was no image uploaded. Please try uploading the image again or provide a URL. If there is a specific detail or context you’d like to add, please include it.] is the detection time-bin of the censored data cube [image: The mathematical expression shows the symbol C with a hat on top, subscript i, j, k.]. [image: Mathematical expression showing the symbol "U" with subscripts "i" and "j".] is the set of uncensored detection times at [image: To provide alt text, please upload the image or provide a URL. If you have additional context or a caption, feel free to include it.] and [image: Please upload the image you'd like me to generate alt text for, and I'll be happy to help!] is the regularization term for TV norm. The first term enforces data fidelity by minimizing the discrepancy between the observed detection times and those predicted based on the estimated depths. The second term incorporates a TV regularization, which penalizes large gradients in the depth, encouraging smoothly varying depth profiles in the estimated depth map while preserving sharp edges. This regularization is crucial for handling noisy data and preventing unrealistic depth estimates. The non-negative constraint [image: Mathematical expression stating that \( Z_{ij} \) is greater than or equal to zero.] ensures physically meaningful depths. By minimizing this objective function, we obtain the depth estimate [image: It seems like you might be referring to a mathematical or special character. Could you please provide the image or describe its content more specifically for accurate alt text?] that best balances data fidelity with spatial smoothness.
3 EXPERIMENTAL VALIDATION
The experimental setup is depicted in Figure 1A, with the corresponding functional block diagram shown in Figure 1B. The primary parameters of the illumination source include wavelength, pulse width, power, and repetition rate. The light source was a pulsed broadband supercontinuum laser with a wavelength range of 470 nm–2,400 nm. The laser pulse width was approximately 100 ps (Tr ≈ 100 ps), which is a critical factor influencing the imaging resolution. The light source operated at a repetition rate of 2 MHz, determining the system’s sampling speed. Its power output was 500 mW, significantly impacting the imaging distance. The scanning system employed a dual-axis galvo scan head from Thorlabs (QS15−XY−AG−ϕ15 mm, protected silver mirrors). This system comprised a scan head with mirrors, a servo driver board, and power cables. The scanning range spanned from −22.5° to 22.5°, with an input voltage range of −5 V to 5 V.
[image: A diagram illustrates a facial recognition system using a laser setup. On the left, a laser projects onto a human head model. Labels indicate components like a galvo scanning system, SPAD, TDC, and function generator. On the right, a flowchart shows the interaction between the laser, galvo scanning, SPAD, TDC, PC, and the FACE, suggesting a system for scanning and recognizing facial features.]FIGURE 1 | Single-photon imaging set-up and the functional block diagram for the experiments. (A) Experimental setup; (B) Functional block diagram.
The scan head turned 1° per input 0.22 V. The laser was incident on the center of the lower mirror (scanning X-Axis) and was emitted by the upper mirror (scanning Y-Axis) to illuminate the mannequin. The function generator controlled the scanning frequency and amplitude of the galvanometers. We chose a two-channel arbitrary waveform function generator (33612A) manufactured by Keysight Technologies. It can generate pulses up to 80 MHz and a jitter time ≤ 1 ps for precise timing.
The scan head is being controlled by a voltage signal, and for every 0.22 V of change in the voltage, the scan head turns by 1°. In the experiment, the laser beam was directed to the center of the lower mirror, which is responsible for scanning along the X-axis. The upper mirror was responsible for emitting the laser beam to illuminate the mannequin and for scanning along the Y-axis. The galvanometers are regulated by a two-channel arbitrary waveform function generator (33612A) manufactured by Keysight Technologies. This function generator has the capability of producing pulses with a frequency up to 80 MHz and precise timing with a jitter time of ≤ 1 ps, ensuring accurate and efficient 3D imaging results. In the experiment, the X-axis scan range was from −0.52° to 0.56°, which corresponds to an input voltage range of −1150 mV to 1230 mV. The Y-axis scan range was from −0.17° to 0.54°, which corresponds to an input voltage range of −370 mV to 1810 mV.
The detector utilized in the experiment was the SPAD (IDQ 100) manufactured by ID Quantique (IDQ) of Switzerland. With a time resolution of Δ = 40 ps and a photosensitive area 50 µm, the SPAD demonstrated a single-photon detection probability of 35% at λ = 500 nm. This improvement in detection efficiency led to a higher generated key rate and faster image acquisition. The high timing resolution also resulted in smaller coincidence detection windows, reducing the number of false pair detections and thus improving the signal-to-noise ratio in imaging. The signals received by the SPAD were statistically processed using a Time-to-Digital Converter (TDC) manufactured by IDQ. Each frame had a capture window of 200 ns, with a total capture duration of 1 µs. Prior to scanning, the galvanometer scanning area was adjusted, and continuous laser pulses were emitted. This setup ensured that the SPAD effectively captured the scene information for each pixel during the TDC acquisition period.
We employed a low-power laser to illuminate the face of mannequin to simulate the low luminous flux detection. The resulting reconstructed reflectivity and depth images are presented in Figure 2. The size of the reconstructed image is 110 × 120 pixels, with an average of approximately one detected photon per pixel. In order to compare the performance of the proposed algorithm, we compared its results to those obtained using the conventional algorithm, as reported in [16]. Figure 2A displays the reflectivity results obtained using the conventional algorithm. This approach fails to account for the impact of noise on the image and as a result, the reconstructed reflectivity image exhibits significant noise artifacts. In contrast, Figure 2B presents the reflectivity image obtained using the proposed algorithm, which is significantly superior to that produced by the conventional algorithm. This improvement highlights the effectiveness of the proposed algorithm in mitigating the effects of noise in low luminous flux detection.
[image: Comparison of imaging techniques featuring six panels. (A) and (B) depict reflectivity maps, one conventional and one proposed. (C) and (D) show depth maps, conventional versus proposed. (E) and (F) present error maps, with mean absolute errors: 25.4294 cm and 2.8345 cm, respectively. Each panel contains a head representation with different imaging effects.]FIGURE 2 | Reflectivity and depth reconstructions of mannequin’s face. (A, C) The reflectivity and depth estimation using pixelwise reconstruction method from Ref. [14]. (B, D) Reflectivity and depth reconstruction using the proposed method. (E, F) The mean absolute error using the proposed method.
Figures 2C, D displays the depth reconstruction results obtained through the conventional and proposed methods. As depicted in Figure 2C, the conventional algorithms utilize the time-bin with the highest photon count for each pixel as the depth interval. However, this approach entails processing data from all time-bins for each pixel, which results in poor noise filtering and longer imaging times. In contrast, the proposed FISTA algorithm selects the effective time-bins without prior knowledge of the number of scene features. By excluding irrelevant signal interference, depth estimation is performed only using these effective time-bins, a process that resembles reflectivity estimation. The resulting image is smoothed using the TV norm, effectively removing noise while preserving character features. The final depth result is presented in Figure 2D.
In the low-flux depth imaging experiments, the mean absolute error (MAE) was used to quantify the computational results of the two algorithms (Figures 2E, F). Because it does not preprocess the noise, the conventional method resulted in a high depth error, where the ground truth is obtained by detecting approximately 1,100 signal photons per pixel. Compared with conventional methods, our framework reduces the error evidently. In conclusion, our proposed algorithm successfully achieves few-photon imaging without the requirement of prior knowledge of the number of scene features, making it both effective and widely applicable.
4 DISCUSSION AND CONCLUSION
The LiDAR system presented in this paper is specifically designed to operate in low-light conditions, where only a limited number of photons are available for detection. The primary objective of the system is to accurately retrieve reflectivity and depth information of target objects. The associated reconstruction algorithm is both robust and flexible, requiring no prior knowledge of the number of objects in the scene. This adaptability makes it particularly well-suited for real-world applications, where the number and characteristics of objects can vary significantly. The algorithm employs a mathematical framework to reconstruct target information from the sparse and noisy signals detected by the LiDAR system. Additionally, the proposed approach is versatile and can be extended to non-scanning LiDAR systems. The paper further suggests potential improvements to the reconstruction algorithm by incorporating more advanced regularization terms. Techniques such as joint basis pursuit [17] or data-driven neural networks [18] could enhance the quality and resolution of the reconstructed images. This technology holds significant potential for a wide range of applications, including scenarios with low photon reflectivity in underwater environments, long-distance imaging, and conditions affected by atmospheric turbulence.
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The high beam fill factor of the flat-top laser can effectively increase the output power of the laser without damaging the components. A fiber-solid hybrid high-energy picosecond pulsed laser system was studied, which realized the gain bandwidth matching between the fiber laser and the solid-state regeneration amplifier. In order to achieve the effective amplification of laser energy, the laser beam expander system and the serrated aperture were used to realize the conversion of Gaussian beam to flat-top beam, and a single-pass amplifier was used to generate a picosecond pulse laser output with a single pulse energy of 2.94 mJ. The front-end of the laser system is a Gaussian picosecond all-polarization-maintaining-fiber laser with an average output power of 400 mW, which is injected into the concave-convex cavity regeneration amplifier for power amplification, and the picosecond pulse laser output with a single pulse energy of 1.73 mJ and a repetition rate of 1 kHz is obtained when the pump current is 50 A. Then, using the laser beam expander system and the serrated aperture, a laser pulse with a flat-top beam energy distribution of 0.9 mJ was obtained, which can maintain a high fill factor within a transmission distance of 200 mm. Finally, a 4 mm diameter Nd:YAG gain module was used for single-pass power amplification to achieve a high-energy picosecond pulse laser output of 2.94 mJ, which has a broad application prospect in the field of laser manufacturing.
Keywords: beam shaping, serrated aperture, flat-top beams, regenerative amplifier, picosecond laser

1 INTRODUCTION
In recent years, high-power fiber solid-state coupled picosecond lasers have shown significant advantages in fields such as strong field physics, laser ranging, biomedical, high-precision material processing, and nonlinear optics due to the superior performance [1–5]. Lu et al. developed a fiber solid-state picosecond laser of 1.5 MW high peak power using a high repetition rate fiber seed source and a four-stage end pumped Nd:YVO4 amplifier, providing an ideal laser source for the field of material processing and handling [6]. Zhao et al. reported a continuously adjustable fiber solid picosecond laser source, which could obtain 2.34 mJ laser output at 1 kHz repetition rate, giving a stable front-end solution for subsequent high-energy disk amplifier [7]. However, the output energy of lasers usually had a Gaussian distribution, which not only suppressed further increase in laser power, but also easily caused damage to laser components due to the high power at the center of the laser spot [8, 9]. On the contrary, flat-top laser beams possessed high fill factor and relatively low power density, which were beneficial for laser power amplification efficiently [10, 11]. With the increasing requirements for the output power, energy and other performance of lasers in the field of laser manufacturing, it was of great significance to carry out high-energy picosecond laser flat-top beams conversion to achieve high-efficiency amplification of laser energy [12, 13]. At present, the main methods for generating flat-top laser beams included aperture shaping [14], spatial beam shaping [15, 16], non-spherical lens shaping [17], and programmable beam control system shaping [18]. Researchers also applied flat-top beams generation technology to high-energy picosecond lasers, further improving the performance of ultra-fast lasers. Daniel et al. used a 5.5 mm circular aperture to shape a 1.2 mJ laser pulse into a flat-top beam, and then obtained a laser output with a single pulse energy of 130 mJ and a pulse width of 64 ps through a two-stage side pumped Nd:YAG module [19]. Bahk et al. significantly improved the performance of liquid crystal spatial laser modulators by utilizing a programmable beam shaping system. After passing through rod-shaped crystals and disk amplifiers, they achieved laser output with a single pulse energy of 39 J, a repetition rate of 5 Hz, and a square-shaped flat-top beam profile [18]. Meijer et al. used a 4f system with a spatial filter to achieve flat-top laser output, and then realized laser output with a single pulse energy greater than 440 mJ, a pulse width of 430 ps, and a repetition rate of 100 Hz through a grazing incidence slatted amplifier and a dual-pass module amplifier [9]. Recently, Li et al. used a laser beam expander to control the beam size and adjust the fundamental laser intensity, transforming the initial Gaussian beam into an intensity distribution with a flat-top center or even a saddle-shaped concave center. Ultimately, they achieved a pulsed laser output with a single pulse energy of 172 mJ at 355 nm [20]. Compared to the above methods, serrated aperture beam shaping was undoubtedly a simple and cost-effective approach [21, 22]. Especially, the serrated design of the soft edge aperture could significantly reduce the energy loss by the beam passing through a finite aperture, which improved the efficiency of the laser. By employing a mode-locked fiber oscillator as a laser seed source and Nd:YLF crystal as a regenerative amplifier gain medium, Peng et al. acquired a flat-top beam laser output with a diameter of 3 mm using a laser beam expander combined with a serrated aperture. After shaping, the laser was injected into a four-pass amplifier, resulting in a pulsed laser output with a repetition rate of 1 Hz, a pulse width of 8.6 ps, and a single pulse energy of 6.2 mJ [8]. Su et al. obtained a single pulse energy of 316.5 mJ, a repetition rate of 100 Hz, a pulse width of 50 ps, and a center wavelength of 1,064 nm through two-stage dual pass amplification by using a serrated aperture with a diameter of 6 mm to shape a 6.5 mm Gaussian beam into a flat-top beam, with a shaping efficiency of about 72% [23].
In this paper, a fiber solid-state hybrid high-energy picosecond pulse laser system based on serrated aperture beam shaping was designed, which used fiber laser source as the front-end of solid-state regenerative amplifier. The matching of gain bandwidth between fiber laser and solid-state laser was realized by broadening the spectrum through the self-phase modulation effect of single-mode fiber. In order to effectively suppress the strong point at the center of the laser spot and amplify laser energy, a serrated aperture was used to shape the Gaussian laser into a flat-top beam energy distribution, and finally the output energy of the laser system was further improved by using the Nd:YAG gain module. In the experiment, a MOPA laser amplifier with an all-polarization-maintaining-fiber structure was used as the front-end of the laser system, which could fully leverage the advantages of fiber lasers, such as small size and stable mode locking. The output spectral center wavelength of the fiber laser source was 1,064.1 nm with a 3 dB spectral width of approximately 1.48 nm. The output power was 400 mW, with beam quality of Mx2 = 1.359 and My2 = 1.259. Subsequently, a Z-shaped folded concave convex cavity Nd:YAG regenerative amplifier was employed to further increase the output energy to 1.73 mJ. The Galileo beam expander system was adopted in conjunction with a serrated aperture to achieve the transformation of Gaussian beams into flat-top beams, and high-frequency components in the laser spot were filtered out using an adjustable aperture circular aperture. Although the pulse energy of the laser in this process is reduced to 0.9 mJ, the generated flat-top laser beam could maintain a high fill factor within a transmission distance of 200 mm. Finally, a single pulse energy of 2.94 mJ ps pulse laser output was achieved using a side pumped Nd:YAG main amplifier with a diameter of 4 mm.
2 EXPERIMENTAL SETUP
The laser system mainly consisted of fiber laser source, regenerative amplifier, and main amplifier. The fiber laser source adopted an ytterbium doped all-polarization-maintaining-fiber structure, as shown in Figure 1, which was divided into four parts: fiber oscillator, fiber preamplifier, single-mode fiber stretcher and fiber master amplifier. The fiber oscillator used semiconductor saturable absorber mirrors (SESAM) passively mode-locking to generate a picosecond pulsed laser with a center wavelength of 1,064.1 nm, a spectral width of approximately 0.1 nm, and an average output power of 12 mW. The laser output could be increased to 400 mW with conversion efficiency of 43.8% by using 6/125 μm single-mode gain fiber (SM-YDF) and 10/130 μm double clad fiber (10/130-YDF). In order to match the output spectrum of the fiber laser source with the gain bandwidth of the Nd:YAG crystal, the self-phase modulation effect of single-mode fiber stretcher was utilized to broaden the spectrum, resulting in a laser output with a spectral width of 1.48 nm at 3 dB. The pulse width of the laser was displayed as 456 ps measured by a high-speed photodetector with a bandwidth of 10 GHz and a LyCroy high-speed oscilloscope with a bandwidth of 13 GHz. The M2 factors of the fiber laser source measured after the fiber collimator were Mx2 = 1.359, My2 = 1.259.
[image: Diagram of a fiber laser system with three sections: oscillator, preamplifier, and fiber stretcher. Components include FBG, WDM, SESAM, BS, LD, YDF, ISO, and collimator. Arrows indicate the flow direction.]FIGURE 1 | Structure diagram of fiber laser source.
The experimental setup of the entire laser system is shown in Figure 2. The laser generated by the fiber laser output through a self-made fiber collimator, and then was led into a regenerative amplifier for power amplification. After beam shaping by a beam expander system and a serrated aperture, it was finally amplified using a 4 mm side pumped Nd:YAG gain module for single-pass power amplification. The Gaussian type fiber seed laser (as shown in Figure 2) was first optimized for laser polarization state through a half wave plate (HWP1), and then injected into a regenerative amplifier through a thin film polarizer (TFP1) and a two-stage Faraday isolator. The gain medium used in the amplification process of the laser was an Nd:YAG crystal with a diameter of 3 mm. The folded Z-shaped cavity structure was designed with a total length of 1.39 m. The laser system mainly consisted of two convex mirrors (M3 and M6) with a focal length of +1,000 mm, two concave mirrors (M4 and M5) with a focal length of −900 mm, a BBO (CASTECH Inc., Fuzhou, China) Pockels cell (PC), a quarter wave plate (QWP), two thin film polarizers (TFP3 and TFP4), a side pumped gain module (Nd:YAG, 808 nm, 25°C), and two 0°total reflection mirrors (HR1 and HR2). The PC and QWP formed an electro-optic Q-switch, which served as a polarization switch to control the amplification and output of the laser pulses. The PC used the BBO electro-optic crystal with an aperture size of 4 mm and a transmittance of 99.3% at 1,064 nm, which had a high damage threshold of 1 GW/cm2 and was suitable for high repetition rate and high-energy picosecond laser systems. After regenerative amplification, the pulsed laser output through the thin film polarizer (TFP3) and then reversed through a second stage isolation system before outputs from a 34 total mirror (M7). After above procedure, the Gaussian spot diameter output by the regenerative amplifier was about 2.1 mm. Then, a 2x Galilean beam expander was used to shape the laser using a flat concave lens with f = −100 mm and a flat convex lens with f = 200 mm. Due to the complementary relationship between the spherical aberration generated by the positive and negative lenses used in this process, the aberration in the laser system could be well corrected. Furthermore, after beam expander, the laser spot was shaped into a flat-top laser energy distribution using a serrated aperture (SA), and high-frequency components in the spot were filtered out with the aid of an adjustable aperture circular aperture. The serrated aperture, engineered by the Shanghai Institute of Optics and Fine Mechanics (SIOM), features precisely controlled geometric parameters with an inner diameter of 3.2 mm and outer diameter of 4 mm. This specialized component incorporates 128 uniformly distributed serrations, achieving micron-scale manufacturing precision as demonstrated by its 50 μm machining tolerance. The serrated aperture under the optical microscope is shown in Figure 3. Finally, the output energy of the laser system was further enhanced by an Nd:YAG gain module with a diameter of 4 mm, a length of 67 mm, and a doping concentration of 0.5%.
[image: Diagram of a laser amplification system with labeled components: laser sources, pinholes, mirrors (M1-M6), beam expanders, half-wave plates (HWP), quarter-wave plate (QWP), thin-film polarizers (TFP), Faraday rotators (FR), beam splitters, and a regenerative amplifier. Includes a close-up 3D graph of laser intensity.]FIGURE 2 | Diagram of the experimental setup of the laser system.
[image: A small fish swimming back and forth in a wavelike motion, with the background alternating between light blue and green. The fish's movement creates an optical illusion effect.]FIGURE 3 | Serrated aperture under optical microscope.
3 RESULTS AND DISCUSSIONS
In the experiment, the matching of gain spectra between ytterbium-doped fiber laser source and Nd:YAG regenerative amplifier is one of the key factors for obtaining high-efficiency laser output. The spectral width generated by SESAM mode-locked ytterbium-doped fiber oscillator is about 0.1 nm, which is slightly narrower compared to the gain bandwidth of Nd:YAG crystal at 0.45 nm. Accordingly, in order to prevent the mismatch of gain spectral lines from affecting the amplification efficiency, a 450 m single-mode broadened fiber is used to broaden the 3 dB spectral width of the laser to 1.48 nm owing to the self-phase modulation effect, as shown in Figure 4a. Meanwhile, the pulse broadening can be accelerated by the combined effect of group velocity dispersion and self-phase modulation in single-mode fibers. The repetition rate of the fiber laser source is measured to be 20.89 MHz with the stable locking sequence, as shown in Figure 4b. The broadened pulse laser is then amplified using a polarization-maintaining 10/130 gain fiber. During the amplification process, no significant nonlinear effects are found to affect the spectrum and pulse width of the output laser. The output spectrum of the fiber laser source is measured to be consistent with that of the fiber stretcher, as shown in Figure 4a. Therefore, by employing this self-phase modulation effect to broaden the spectrum, the matching of gain spectral lines between fiber laser sources and solid-state regenerative amplifiers has been basically achieved. The advantages of compact size and stable mode locking of fiber laser sources can be fully utilized. Finally, the center wavelength of the pulsed laser generated by the fiber laser source is 1,064.1 nm with the output power of 400 mW. The single pulse energy is 19.14 nJ and the 3 dB spectral width is 1.48 nm, which is injected into a regenerative amplifier through a fiber collimator for power amplification.
[image: Chart (a) displays intensity versus wavelength, showing a peak around 1064 nanometers with a Gaussian fit and a linewidth of 1.48 nanometers. Chart (b) presents intensity versus time, with peaks approximately every 47.87 nanoseconds, corresponding to a frequency of 20.89 megahertz.]FIGURE 4 | The fiber laser source outputs (a) output spectrum; (b) pulse sequence.
In the regenerative amplifier, the process of establishing cavity emptying is stable and has good reproducibility as shown in Figure 5a. The output pulse of the regenerative amplifier is measured by a 2 GHz oscilloscope, which is clean and no pre-pulses observed in the temporal profile as shown in Figure 5b. The regenerative amplifier employs a three-sided side-pumping configuration, where 12 diode arrays are uniformly distributed at 120° intervals to ensure symmetric energy deposition. The pump radiation exhibits a triangular intensity profile within the Nd:YAG crystal, characterized by elevated power densities at both the central and peripheral regions, with an effective pump spot diameter of ∼1.2 mm. Thermal management is implemented via a copper water-cooled heat sink, maintaining the crystal temperature at 25.0 ± 0.5°C to minimize thermal lensing effects. Under optimized pumping conditions (50 A drive current, 120 W pump power, 1 kHz repetition rate), the system delivers a stable output pulse energy of 1.73 mJ, corresponding to a slope efficiency of 16.5% relative to the absorbed pump power. Long-term energy stability testing in 2 h reveals a root-mean-square (RMS) fluctuation of 1.22%, as quantified in Figure 5c. Spatial beam characterization, shown in the inset of Figure 2, confirms that the amplified output retains a near-Gaussian intensity profile, with minimal distortion induced by the amplification process. Recently, it was reported in the referenced literature demonstrates significant advantages in key parameters including single-pulse energy (316.5 mJ), pulse width (50 ps), and repetition rate (100 Hz) [23]. While the energy output of our fiber-solid hybrid architecture is comparatively lower, the integrated approach offers enhanced flexibility and greater potential for long-term operational stability. Furthermore, the spectral broadening effect induced by self-phase modulation (SPM) effectively addresses the matching issue between gain media, providing a viable methodology for advancing research on high-energy laser systems.
[image: Three graphs are displayed. Graph (a) shows blue intensity oscillations over time from 0 to 1500 nanoseconds. Graph (b) presents a sharp red intensity peak around 200 nanoseconds. Graph (c) depicts output energy in blue with an average of 1.73 millijoules over 3 hours, noting a root mean square deviation of 1.23%.]FIGURE 5 | (a) The process of emptying the cavity of the regenerative amplifier; (b) the output pulse waveform; (c) The energy stability of regenerative amplifier in 2 h.
In order to further improve the amplification efficiency and prevent damage to the laser device caused by the nonlinear self-focusing effect of the laser, the serrated aperture is used to shape the spot into a flat-top intensity energy distribution. Firstly, the Galileo type beam expander system is used to adjust the spot size, to approximately 4.1 mm. Then, the Gaussian pulse laser is shaped into a flat-top beam energy distribution by a serrated aperture. The laser output with a spot size of approximately 3.4 mm is obtained after using an adjustable aperture circular aperture to filter out high-frequency components in the laser spot. The experiments were conducted in a strictly controlled ultra-clean laboratory environment, with temperature stabilized at 23°C via a thermostatic system and humidity maintained below 40%. The optical system was constructed on a vibration-isolated optical platform, utilizing low thermal expansion coefficient mounts to secure optical components. The power loss induced by the serrated aperture was measured using a laser spot detector (Ophir-SP920S CCD), revealing an approximate 25% energy attenuation through the beam shaping system, with the residual pulse energy stabilized at 0.9 mJ. This energy loss arises from three interconnected mechanisms. First, the geometric blocking effect of the serrated aperture’s non-transmissive regions physically obstructs 10%–15% of the incident beam energy, which dependents on serration parameters such as the number of teeth and tip length. Second, the phase modulation imposed by the serrated structure, governed by the transmission function in Formula 1:
[image: Equation for \( A(r) \) with parameters: \( \frac{2 \pi r}{M} \times \exp \left[ - \left( \frac{r-a}{\omega_0} \right)^{2n} \right] \), applicable when \( r > a \).]
where r and a are the radius of the serrated aperture and the flat-top region, respectively. n is the order of the super-Gaussian and ω0 is the beam waist radius. M is the number of serrations. This modulation distributes the Gaussian wavefront into a super-Gaussian profile while generating high-spatial-frequency sidelobe diffraction. These unwanted frequency components are subsequently filtered by a spatial aperture, introducing an additional 5%–10% energy loss. Third, numerical simulations attribute 3%–5% of the attenuation to transverse energy diffusion and edge scattering during the homogenization process as the beam transitions to a flat-top distribution. As shown in Figure 6, the reshaped flat-top beam maintains a high fill factor over a 200 mm propagation distance, a performance enabled by synergistic effects of diffraction suppression and beam quality optimization. The serrated aperture disrupts the phase coherence of Sommerfeld diffraction wavepackets, effectively mitigating near-field modulation, while the 2x Galilean beam expander reduces divergence angle to extend the effective Rayleigh length. Beyond 200 mm, the cumulative diffraction effect plays a dominant role, which transforms the beam from near-field to intermediate-field regime and degrades the fill factor. These findings highlight the critical balance between energy loss mechanisms and propagation stability. The future work will focus on serration parameter optimization and 4f spatial filtering enhancements to further improve system efficiency.
[image: Four panels show diffraction patterns and corresponding 3D visualizations of nanoparticle distribution at varying diameters: 50 nanometers, 100 nanometers, 150 nanometers, and 200 nanometers. Each diffraction pattern features concentric circles in vibrant colors, transitioning from green at the center to purple at the edges. The corresponding 3D models below depict surface topography with similar color gradients, illustrating changes in nanoparticle size.]FIGURE 6 | Laser energy distribution within a 200 mm range after beam shaping.
The last part of the article is the main amplifier of the laser system. The pulsed laser is directly injected into a single-pass power amplifier of Nd:YAG gain module with a diameter of 4 mm, a center wavelength of 808 nm, and an operating condition of 25°C. The repetition rate and pulse width of the pump module are set to 1 kHz and 250 μs, respectively. An acousto-optic Q-conversion driver (EO Q-SWITCH DRIVER) is used to control the timing synchronization. When the pump current in the single-pass Nd:YAG gain module is set to 76 A with pump power of 493 W, a flat-top laser beam with a single pulse energy of 0.9 mJ is amplified to 2.94 mJ, with an amplification factor of about 3.2 times. The variation curve of output energy with pump current measured is shown in Figure 7. The current water-cooling system exhibits inherent limitations due to the 4-mm Nd:YAG gain module operating at a coolant temperature of 25 ± 0.5°C with a fixed flow rate of 10 L min−1, without real-time crystal temperature monitoring. Experimental data indicate that when pump currents exceeds 70 A, thermal lensing-induced focal spot drift becames the dominant factor constraining output power scaling efficiency. To mitigate these effects, an optimized thermal management system will be implemented, incorporating real-time crystal temperature diagnostics (resolution: ±0.1°C) with PID-controlled adaptive cooling. Concurrently, an Nd:YAG module with a diameter of 6 mm will be used to increase laser efficiency and power scalability.
[image: Graph showing the relationship between pump current (in amperes) and output energy (in millijoules). The red line illustrates a steady increase in output energy as pump current rises from 20 to 70 amperes.]FIGURE 7 | Laser energy distribution within a 200 mm range after beam shaping.
4 CONCLUSION
In this work, we demonstrate a fiber-solid hybrid picosecond laser system capable of generating a flat-top laser with a pulse energy of 2.94 mJ and maintaining a high fill factor at a distance of 200 mm, achieved by serrated aperture beam shaping and efficient spectral matching. The front-end of the laser system adopts an all-polarization-maintaining-fiber laser source with a center wavelength of 1,064.1 nm. The matching of gain bandwidth between fiber laser source and solid-state regenerative amplifier is achieved by utilizing the self-phase modulation effect of broadened fiber to widen the spectrum. Then the generated pulsed laser is injected into a Z-folded concave convex cavity Nd:YAG regenerative amplifier to further increase the output energy to 1.73 mJ. In order to effectively suppress the strong point at the center of the laser spot and amplify the laser energy, a Galilean beam expander system combined with a serrated aperture is used to achieve the conversion of Gaussian beams to flat-top beams. Although the single pulse energy of the pulsed laser is reduced to 0.9 mJ, the laser beam can maintain a high fill factor within a transmission distance of 200 mm. Finally, after single-pass power amplification of the picosecond laser with a repetition rate of 1 kHz by an Nd:YAG gain module with a diameter of 4 mm, the single pulse energy can reach 2.94 mJ. Future work will focus on developing an optimized serrated aperture to mitigate energy loss and extend transmission distance, coupled with a 4f spatial filter system to further enhance laser output energy.
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A wide mode-hop-free and narrow-linewidth tunable laser diode source employing a Littman-Metcalf configuration with a diffraction grating is developed. We conducted a series of experiments to evaluate the tuning characteristics and spectral linewidth of the proposed external-cavity diode laser. A continuous, mode-hop-free wavelength tuning range of approximately 180 nm within the S+C+L band is achieved, with a spectral linewidth below 32.95 kHz. Moreover, the device maintains an optical signal-to-noise ratio exceeding 62.60 dB and an output power above 10.11 dBm over the entire tuning range under long-term free-running conditions. This tunable laser, offering both mode-hop-free operation and narrow-linewidth output, holds significant promise for practical applications such as coherent detection.
Keywords: wavelength-tunable laser, semiconductor laser, mode-hopping free, external-cavity feedback, narrow linewidth

1 INTRODUCTION
Due to the inherent limitations of laser gain media, which typically exhibit fixed emission spectra, the versatility of laser systems is fundamentally constrained. Consequently, broadening the accessible wavelength range and achieving precise wavelength tuning have emerged as critical areas in laser research [1–4]. Tunable-wavelength lasers, capable of flexible output adjustment, are critical for applications such as spectral detection, fiber optic sensing, remote sensing, medical science, and high-resolution spectroscopy [5–11]. Moreover, attaining fine wavelength tuning alongside narrow spectral linewidths is essential for optimizing performance in precision-demanding areas such as coherent optical communications, laser-based metrology, and detailed spectroscopic analysis [12–15]. Among various light sources, wavelength-tunable semiconductor lasers (WTSLs) have attracted significant attention due to their broad spectral coverage, precise wavelength tuning, and stable spectral output. These features make WTSLs ideal for applications such as gas detection, high-order quadrature amplitude modulation (QAM) coherent transmission, optical fiber sensing, and high-resolution spectroscopy [16–20]. Consequently, extensive research efforts have been dedicated to developing WTSLs with enhanced performance [21–24].
To date, demonstrations of WTSLs covering the full C-band, L-band, and even the combined C + L band have been achieved using techniques such as sampled-grating distributed Bragg reflectors (SG DBR), dispersion tuning, and external-cavity feedback [25–27]. Among these, the external-cavity feedback configuration is the most widely used [28, 29]. Moreover, various mode-selection filters—including blazed diffraction gratings [25], interference filters (IF) [30], and acousto-optic tunable filters (AOTF) [31]—have been integrated into external-cavity structures to further enhance performance. For instance, Zhang et al. demonstrated a compact MEMS-based WTSL operating at the C-band with a tuning range of approximately 40 nm (1528.77–1568.36 nm), achieving a wavelength accuracy of ±1 GHz and a spectral linewidth below 50 kHz [32]. Similarly, Wang et al. reported a WTSL covering 1525–1565 nm using a wavelength-scanning filter based on an IF and diffraction grating, which yielded a maximum side-mode suppression ratio (SMSR) of about 57 dB at 1555 nm and a Lorentz linewidth under 13.6 kHz [33]. The rapid growth of silicon photonic integrated circuits (PICs) has also spurred novel designs [34]. For example, Chen et al. presented a hybrid integrated Si3N4 WTSL with dual micro-ring external-cavity feedback, achieving a 55 nm tuning range and a linewidth below 8 kHz [35]. In addition, diffraction-grating configurations—such as the Littrow and Littman-Metcalf setups—have been effectively applied for wavelength selection and beam feedback. Guo et al. demonstrated an enhanced mirror-grating Littrow-type configuration at 805 nm that maintained constant lateral output beam displacement and provided a mode-hop-free tuning range of 4.34 nm [36]. Other notable works include an InGaAs-InP strained multiple quantum well (MQW) WTSL covering 1,494–1,667 nm with a linewidth of approximately 0.4 nm [37], a traditional Littman-Metcalf configuration spanning 797.38–807.26 nm [38], and a mode-hop-free design offering a 100 nm tuning range (1,480–1,580 nm) with a minimum SMSR of 65.54 dB [24]. Despite these advances, most studies on external-cavity optical feedback WTSLs have focused on the C-band, L-band, C+L-band, or S + C-band, while mode-hop-free operation over the combined S+C+L bands has received less attention. Addressing this gap is therefore of significant value.
Here, we propose an external-cavity optical feedback WTSL that achieves a wide, mode-hop-free tuning range from 1,450 nm to 1,630 nm—covering the telecommunication windows S (1,460–1,530 nm), C (1,530–1,565 nm), and L (1,565–1,625 nm), which is about 77.8% times enhancement compared with [26]. A commercially available bare chip serves as the gain medium and is self-packaged as an airtight module. A tuning mirror integrated with a blazed grating functions as both the mode filter and the source of optical feedback. Experimental results confirm that the proposed WTSL operates in a single-longitudinal mode with a spectral linewidth below 32.95 kHz. Additionally, the SMSR measured throughout the entire S + C + L band reaches a maximum of 71.03 dB at 1590 nm, and a peak output power of approximately 15.82 dBm is achieved.
2 EXPERIMENTAL SETUP
Figure 1 highlights the schematic diagram of our proposed WTSL. It can be divided into two major parts, namely, the internal-cavity part for optical gain and the external-cavity part for mode selection. The internal-cavity generally contains a single angled facet gain chip (GC) with a 3 dB bandwidth more than 100 nm, which is used to provide a large gain bandwidth with low ripple. One edge (or called normal facet, L1) is 10% reflection-coated (corresponding loss: 0.2 dB), and the other facet of the GC (R1) is 0.005% AR-coated. The external-cavity includes a commercially available molded aspherical lens (F1) with a focusing length of 4.51 mm, a diffractive grating (G1) with 900 lines per mm and about 75% average diffraction efficiency (1st-order), a gold-coated tuning mirror (M1), and a brushless direct current motor (DC1) with maximum rotating speed of 24,000 revolutions per minute (RPM). All the fiber components used in our scheme are panda-style polarization-maintaining (PM) fiber pigtails. A stable continuous wave (CW) output from the R1 edge of the GC (Thorlabs, SAF1150S2) is shaped by the F1 (Edmund, #87-155), the collimated laser beam is diffracted on the surface of the G1 (Newport Richardson, 33025FL01-155R), and then feedbacked into the GC along the original optical path to generate a high spectral purity laser beam. Finally, the emission wavelength-tunable is output from the normal facet of the GC, which is controlled by rotating the gold mirror driven by the DC1 located outside the external-cavity, and coupled into a PM-fiber collimator. The output fiber is connected to a PM-fiber isolator followed by a 1 × 2 (50:50) optical coupler (OC) feeding into an optical power meter (OPM) and a wavelength meter (Yokogawa, AQ6151B) with a wavelength accuracy of ±0.2 ppm. For subsequent wavelength-related characteristics measurements, the OPM (Thorlabs, PM100D) is replaced by an optical spectrum analyzer (OSA, 6362DA) with 10 p.m. resolution fabricated by Ceyear. For intrinsic linewidth measurements of the proposed WTSL, the output going to the 3 dB OC is instead connected to a commercially available linewidth measurement tool (SYCATUS, A0040A). The main cavity length is about 0.5 cm, the external air cavity length from the R1 to the G1 is about 0.3 cm, and from the G1 to the M1 is about 0.2 cm, so the total length of the WTSL is about 0.5 cm. Therefore, the corresponding longitudinal mode spacing is about 3 GHz@1550 nm. Meanwhile, all the cavity parts are packaged in a metal housing, where the temperature is controlled by a 7.56 W thermoelectric cooler (TEC). With this geometry, a stable single-longitudinal-mode wavelength-tunable lasing output can be obtained.
[image: Diagram illustrating a laser system with internal and external cavities. The internal cavity connects via optical cables to an Optical Spectrum Analyzer (OSA), Optical Power Meter (OPM), and Voltmeter (VM). The external cavity includes components like lens F1, grating G1, and mirror M1. The setup is organized to allow analysis and measurement of laser performance.]FIGURE 1 | Schematic diagram of our proposed WTSL. F1, molded aspherical lens; OC, optical coupler; ISO, isolator; G1, diffractive grating; DC1, direct current motor; OPM, optical power meter; WM, wavelength meter; OSA, optical spectrum analyzer; M1, gold-coated tuning mirror.
3 EXPERIMENTAL RESULTS AND DISCUSSION
After adding the optimized external-cavity part to the internal-cavity part, the output power of the proposed WTSL versus the drive current is firstly measured at different resonant wavelengths and shown in Figure 2A. Optimum alignment is accomplished when the waist position of the airtight module is adjusted to equal the length of the external-cavity [27]. It can be seen from Figure 2A that the threshold current at 1,450 nm, 1,540 nm, and 1,630 nm resonant wavelengths are 260 mA, 70 mA and 270 mA, respectively. As shown in Figure 2A, the measured results are halved due to the use of the 3 dB optical coupler. Therefore, the corresponding output power PStart, PCenter and Pend are 10.26 mW (10.11 dBm), 38.22 mW (15.82 dBm) and 10.44 mW (10.19 dBm) at the drive current of 400 mA, respectively. Obviously, the output power over the entire tuning range exceeds 10.11 dBm, and a peak output power of about 15.82 dBm is obtained at 1,540 nm. Meanwhile, it is worth noting that there is a mode-hopping point (or called mode-hopping region) from 430 mA to 440 mA. This phenomenon may result from current-induced adjacent mode jump. In addition, when the drive current exceeds about 450 mA, the output power of the tunable laser source tends to be saturated. Therefore, we set the operating current of the proposed WTSL to 400 mA to realize the optimal output characteristics. Figures 2B–D show the resonant wavelength of the WTSL as a function of the drive current, respectively, which indicates the threshold current are consistent with the results in Figure 2A, and the spectral coverage can be obtained from 1449.917 nm to 1630.0986 nm. Figures 2E–G plot the relationship between the output wavelength characteristics of the presented WTSL and the drive current when the injection current is in the range of 270 mA–500 mA with 10 mA per step, which indicates the slope efficiency are approximately 3.1 p.m./mA, 2.8 p.m./mA and 3.4 p.m./mA, respectively. From Figure 2E, it can be observed that the proposed laser source has a mode-hopping region, which corresponds exactly to the abrupt of the output power in Figure 2A.
[image: Seven graphs depict various laser characteristics. Graph (A) shows output power versus drive current for three wavelengths, highlighting thresholds and mode-hopping. Graphs (B) to (G) present wavelength and power data, indicating thresholds, mode-hopping regions, and linear fittings. Each graph compares experimental data for 1450 nanometers, 1540 nanometers, and 1630 nanometers wavelengths, with annotations for thresholds and specific regions of interest.]FIGURE 2 | (A) P-I plot of the proposed WTSL operating at 1,480 nm, 1,540 nm, and 1,630 nm, respectively. (B–D). The resonant wavelength of the WTSL as a function of the drive current. (E–G) The relationship between the output wavelength characteristics of the proposed WTSL and the drive current.
Figure 3A is the superimposed output optical spectra of the proposed WTSL at an injection current of 400 mA. The single-longitudinal-mode laser beam for different resonance wavelengths are tuned by adjusting the physical lengths of the external-cavity rotated around the pivot point, and the peaks in the superimposed output optical spectra correspond to different DC1 (tuning mirror) positions. As highlighted in Figure 3A, the corresponding result shows a wide spectral coverage of about 180 nm, namely, it can be adjusted from 1,450 nm to 1,630 nm with about 10 nm per step. Additionally, as can be observed from Figure 3B, the presented tunable semiconductor laser source keeps excellent SMSR output performance during the entire scanning range when the drive current remains about 400 mA. The maximum and minimum SMSR (Smax and Smin) of the proposed WTSL are measured to be 71.03 dB and 62.60 dB, respectively. In the case of the drive current of about 400 mA, the SMSR over the whole tuning range of more than 62.60 dB can be achieved.
[image: Two graphs comparing resonant wavelength in nanometers. The left graph shows multiple curves of varying colors depicting power in decibel milliwatts. The right graph is a line chart plotting signal-to-noise ratio in decibels with experimental data marked by black squares. Notable points are highlighted: \(S_{\text{min}} = 62.60 \text{ dB}\) and \(S_{\text{max}} = 71.03 \text{ dB}\).]FIGURE 3 | (A) The superimposed output optical spectra of the proposed WTSL at different resonance wavelengths. (B) The SMSR versus the resonant output wavelength at a drive current of about 400 mA.
In our designed external-cavity configuration, the minimum axial mode spacing is close to 20.3 p.m., as depicted in Figure 2E, which is due to the physical length of the WTSL cavity of about 67 mm at 1650 nm. In particular, the larger the axial mode spacing, the smaller the physical length of the external-cavity, and the corresponding resonant output wavelength will be in the short-wavelength region. It can be seen from Figure 4 that the maximum and minimum deviation of the adjacent output wavelength (Dmax and Dmin) are estimated to be 4.1 p.m. and −5.7 p.m., respectively. Because the maximum absolute value of the wavelength differential (Dmin) is much smaller than the minimum axial mode spacing, this indicates that our proposed laser structure can realize mode-hopping free output throughout the full band [39].
[image: Two graphs are shown. (A) plots wavelength shift (pm) against resonant wavelength (nm) with experimental data marked in blue. Red and green dotted lines indicate specific points at wavelengths around 1 pm and less than 5.7 pm, respectively. (B) displays linewidth (kHz) versus wavelength (nm) with experimental data in red. The plot shows a decreasing trend overall.]FIGURE 4 | (A) The mode-hopping free performance of the proposed WTSL. (B) The relationship between the intrinsic linewidth of the proposed tunable laser source and the lasing wavelength.
Finally, the relationship between the intrinsic linewidth of the proposed tunable laser source and the lasing wavelength is measured using a commercial optical noise analyzer which is fabricated by the SYCATUS. The measured spectra will be Lorentz line-type. Owing to the assembly capacity of the external-cavity, the temperature control capability, and low-noise driving capability, as plotted in Figure 4B, the intrinsic linewidth of the output resonant wavelength is no more than 32.95 kHz in the entire mode-hopping-free tunable region, and when the lasing output wavelength is about 1,570 nm, an ultra-narrow intrinsic linewidth of about 1.63 kHz can be obtained. Significantly, the blazed grating plays a major role in the compression of the linewidth. Therefore, in the next step, we will carry out the study of blazed grating parameters on the output characteristics of WTSL.
4 CONCLUSION
In conclusion, we designed and experimentally demonstrated a mode-hop-free, wavelength-tunable semiconductor laser operating over the S+C+L band with external-cavity optical feedback. The external cavity, based on a Littman configuration and comprised of a ruled grating and a tuning mirror, serves as the mode selector. Our experimental results show that the output wavelength of the proposed laser can be continuously tuned from 1,450 nm to 1,630 nm, achieving a side-mode suppression ratio (SMSR) of 71.03 dB at 1590 nm and an intrinsic linewidth of 1.63 kHz at 1,570 nm. Notably, the laser maintains mode-hop-free operation across the entire tuning range. These outstanding performance metrics indicate that the proposed laser configuration holds significant potential for high-capacity coherent communication systems, including those operating at 1.6 Tbit/s or even 3.2 Tbit/s.
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Holmium:YAG(Ho:YAG) is still recognized as the gold standard for lithotripsy due to its advantages of high efficiency, safety, wide indications and high compatibility with minimally invasive techniques. However, it still faces challenges such as calculi retropulsion and heat generation risk in clinical applications. With its unique structure and physical properties, thulium fiber laser (TFL) boasts advantages such as higher performance efficiency, superior stability, and an increased energy conversion rate. These features endow TFL with broad application prospects in the treatment for urological calculi, and it is anticipated to become for calculi fragmentation in the future. This article will analyze the performance characteristics of Ho:YAG and TFL, and explore their characteristics and advantages in urolithiasis surgery, in order to provide guidance and inspiration for clinical practice.
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1 INTRODUCTION
Urological calculi, as a high-risk disease worldwide, is affected by geographical, climatic and lifestyle factors. The incidence for urological calculi is between 2% and 5%, and shows an overall upward trend [1, 2]. With continuous advancements in endoscopy and laser technology, laser lithotripsy has emerged as the dominant treatment for urolithiasis due to its efficiency and safety. Early laser lithotripsy methods employed lasers with respective drawbacks, including significant thermal damage with non-pulsed carbon dioxide lasers [3], limited types of treatable calculis with pulsed dye lasers [4], and poor precision with neodymium lasers [5]. By the end of the 20th century, holmium laser (Ho:YAG), leveraging its exceptional water absorption characteristics and photothermal effect, achieved efficient treatment of various types of calculis through pulsed mode and rapidly became the gold standard for lithotripsy [6]. However, in clinical applications, Ho:YAG lasers still face limitations such as calculi displacement, risk of thermal damage, and restricted manipulation in the inferior calyx or narrow ureter. In recent years, thulium fiber laser (TFL) has demonstrated potential to replace Ho:YAG lasers due to its unique operating wavelength and system architecture advantages, offering higher lithotripsy efficiency and lower retropulsion among other characteristics [7, 8]. This article will focus on the performance characteristics of Ho:YAG and TFL, comparing and analyzing their application advantages in endoscopic surgery for urinary calculi, aiming to provide valuable references for clinical practice.
2 MECHANISM OF LASER LITHOTRIPSY
The main mechanisms of laser lithotripsy are photothermal decomposition and photomechanical mechanisms [9–12]. Photothermal mechanism refers to the heat accumulation from the optical fiber to melt the calculi. Photomechanical mechanism is to excite bubbles in water through optical fibers, resulting in the cracking of calculis. In addition to these two mechanisms mentioned, TFL also includes the “micro-explosion” mechanism [13]. Mechanistically, during laser-tissue interaction, photonic energy absorption by intrinsic aqueous components within urinary calculi induces rapid vaporization, generating localized high-pressure zones. Concurrently, the thermal conductivity discrepancy between the hydrated matrix and lithogenic structure propagates dynamic pressure gradients, preferentially inducing microfractures within structurally vulnerable regions to achieve controlled lithotripsy. However, in practice, it is found that the above two mechanisms are not enough to explain all the phenomena in the process of lithotripsy. Cecchetti et al. [14] proposed the ‘plasma’ theory of Ho:YAG. The core of the theory is that due to the large absorption coefficient in water, the water at the end of the fiber quickly absorbs the energy, produces thermal ionization and forms a plasma. Once a plasma is formed, it strongly absorbs the incident laser, and the plasma itself supersedes the incident laser.In addition, there is a ‘Moses effect’ [15] in the calculi process, which is to modulate the pulse energy into two sets of independent pulses through pulse energy modulation technology to achieve accurate crushed calculi. The first group of low-energy short pulses generates micro-vapor bubbles, which separates the water around the end of the fiber, so that the calculis are directly exposed to the end of the fiber, forming a ‘channel’ with low water density between the calculis, that is the Moses effect. The second group of high-energy long pulses transmitted through this ‘channel’ will form a blasting force on the surface of the calculi, which greatly reduces the energy loss caused by absorption in water, and can produce a non-contact calculi effect at a longer distance.
3 MODES OF LITHOTRIPSY
Lithotripsy technology is mainly divided into three modes: fragmentation [16], dusting [17] and popcorn-like mode [18]. The fragmentation adopts high pulse energy and low frequency (0.6 ∼ 2.0 J, 4.0 ∼ 6.0 Hz) and short pulse width parameters to crush high hardness calculis into grabable fragments and take them out through baskets. The dusting crushes the soft calculis into pieces (≤2 mm) by low-energy high-frequency (0.2 ∼ 0.5 J, 15 ∼ 60 Hz) and long-pulse width parameters, pieces are excreted by the patient himself. Although the use of instruments is reduced, the intraoperative dust may affect the visual field (which can be improved by negative pressure suction). The popcorn-like is aimed at residual calculis, and the eddy current effect is formed by non-contact excitation with medium energy (such as 1 J), medium and high frequency (10∼15 Hz) and medium pulse width parameters to further decompose the debris. The three form a complementary calculis scheme through differentiated energy configuration and operation strategy, taking into account the efficiency and safety of calculi removal. The specific mode to be adopted requires assessment by the physician after considering various aspects of the patient’s calculi condition, as well as their physical status and urinary tract anatomy.
4 HO:YAG
Holmium:YAG laser is a versatile high-energy pulsed laser with a specific wavelength of 2,100 nm, capable of being delivered through a flexible optical fiber. It generates localized instantaneous high temperatures, inducing rapid vaporization of water within the calculi to form a plasma. This plasma subsequently expands rapidly and collapses, emitting intense supersonic shockwaves with sufficient pressure to initiate physicochemical reactions in the calculi, effectively fragmenting calculis of various compositions. Due to its superior performance, the holmium:YAG laser has found widespread application in the field of urology.
In the early days, Ho:YAG was designed with a single cavity, the output power was less than 30 W, and the pulse energy and frequency were limited (0.8 ∼ 1.2 J, 4 ∼ 10 Hz), forming a classic fragmented mode [6]. Subsequently, Ho:YAG realized high-power lithotripsy through a multi-cavity system. The emergence of the latest Moses effect mode Ho:YAG (Lumenis™) has a power of up to 120 W and a frequency of up to 80 Hz, and the lithotripsy efficiency is significantly improved [19].
Since it was first reported in 1995 for the treatment for urological calculi [20], it has rapidly become the gold standard for intracavitary lithotripsy due to its full-component adaptability (high-hardness calculis such as cystine and calcium oxalate monohydrate can be efficiently treated), precision and low invasiveness (wavelength 2,100 nm is highly absorbed in water, tissue penetration depth is only 0.4 μm, perforation rate <0.1%) and versatility (simultaneous realization of lithotripsy, hemostasis and soft tissue cutting). With the ME pulse modulation technology, the energy loss is reduced by 60%, the non-contact lithotripsy distance is extended to 1 ∼ 2 mm, the shock wave transmission efficiency is increased by 30%, and the calculi retropulsion rate is reduced by 50 times. In complex cases (such as staghorn calculis, incarcerated calculis) [21], the calculi-free rate of single operation is as high as 88%∼98%. Multi-mode parameter configuration covers fragmentation (0.6 ∼ 2.0 J/4 ∼ 6 Hz), dusting (0.2 ∼ 0.5 J/15 ∼ 60 Hz) and popcorn-like (1 J/10 ∼ 15 Hz), combined with ultra-fine fiber (50∼1000 μm) to adapt to the narrow anatomical structure, significantly reducing the risk of ureteral stenosis.In terms of technical iteration, the fourth generation Ho:YAG system (such as Lumenis Pulse P120H) [22] has a power of 120 W and a frequency of 80 Hz, and the calculi efficiency is 2 times higher than the traditional mode, while the cost of domestic equipment (such as JRH-I type) is reduced by 30%, which promotes the popularization rate of primary hospitals by 50%. Based on high efficiency, minimally invasive, multi-scene adaptation and 30 years of evidence-based support, the comprehensive advantages of Ho:YAG in lithotripsy efficiency, tissue protection and operation freedom make it irreplaceable in the existing technical system.
However, studies have shown that Ho:YAG has limits such as significant heat generation, easy to cause calculi retropulsion, and difficulty in completely dusting calculis [23]. Although the latter two can be improved to a certain extent by parameter regulation and precise operation, the tissue damage caused by the thermal effect mechanism is still an unavoidable problem. In particular, the application of high-power high-frequency lasers further aggravates people’s concerns about the thermal effect of intracavity calculi. In addition, the Ho:YAG output energy mode is a multi-mode output beam. When the core diameter of the fiber is small, the beam can not be gathered together, and can only be used on the fiber with a core diameter of ≥200 μm, which may lead to complications such as ureteral stenosis caused by heat generation after surgery, and the “blizzard” effect during lithotripsy is easy to affect the visual field [19]. The special demand for high-power Ho:YAG for more efficient condensing device and voltage energy supply leads to the fact that the production size of the laser generator cannot be portable. At the same time, the power supply of the operating room requires special lines, which leads to the reduction of the efficiency of the operating room in the central hospital with a large amount of surgery, which poses a challenge to the wide clinical application.
5 TFL
As a new type of laser, TFL uses a semiconductor laser as a pump source, a thulium-doped fiber as a working medium, and an emission wavelength of 1940 mm. It has the advantages of higher calculi burning rate, higher irrigation rate, smaller calculi, smaller retropulsion, and air cooling. It has broad application prospects in the field of lithotripsy, and is expected to replace Ho:YAG as a new gold standard in the field for lithotripsy [10, 11].
Compared with Ho:YAG, TFL offers numerous advantages: its 1940 nm wavelength boasts a water absorption coefficient four times that of holmium laser, enabling faster calculi ablation and efficient lithotripsy; its extremely shallow penetration, half that of Ho:YAG, ensures superior thermal safety; it supports high-frequency low-energy pulses, accelerating calculi dusting, particularly suitable for flexible ureteroscopy with a 30%–50% increase in lithotripsy speed; the small shockwaves generated by high-frequency pulses significantly reduce calculi retropulsion, lowering the risk of intraoperative calculi escape; the use of a 50 μm fine fiber enhances lithotripsy efficiency, is ideal for narrow areas, and paves the way for next-generation small ureteroscopes, with minimal reverse thrust facilitating high-flow perfusion for dust clearance, heat dissipation, dust storm avoidance, visibility improvement, and prevention of thermal injury; its pulse frequency exceeds 2,000 Hz, over 20 times that of Ho:YAG; the entire system supports water-free operation, high photoelectric efficiency, all-fiber coupling, and significant volume reduction, garnering increasing attention. These advantages underscore the immense potential of TFL in urological lithotripsy.
In 2005, Fried [24] first reported the in vitro lithotripsy test of TFL. The results showed that TFL could effectively treat calculis with different hardness in pulse mode, and the lithotripsy speed was significantly higher than that of Ho:YAG at that time. Through experiments, Hardy et al. [25] found that under the premise of maintaining the same laser parameters, the degree of dusting of TFL is higher than that of Ho:YAG. Blackmon et al. [26] compared the calculi effect of TFL and Ho:YAG lasers at the same pulse energy (70 mJ). The results show that the calculi efficiency of TFL is 5∼10 times that of Ho:YAG under the same pulse energy. Hardy [27] verified that using low pulse energy and high frequency TFL can produce smaller calculi fragments, which is convenient for patients to discharge.Enikeev [28] first reported the clinical application of TFL percutaneous nephrolithotomy. It can be seen that TFL is superior to Ho:YAG in terms of lithotripsy rate and powdering degree under the same parameters. Cumpanas et al [29]. investigated the impact of irrigation fluid temperature on TFL ablation of urinary calculi, finding that increasing temperature can enhance ablation rates for non-uric acid (non-UA) calculis (Figure 1), yet this effect is less significant than adjusting laser energy, which remains a crucial factor.
[image: Four fragments on a reflective surface are aligned in a row at the top. Below, there's a labeled diagram of a high-speed camera setup pointing to a tank with a stone plate platform. A ureteroscope and thermometer probe are positioned at the tank's side. An electronic immersion water heater is submerged in the tank, with light sources directed at the setup.]FIGURE 1 | Stone surface preparation (A) and experimental set-up (B). Reprinted with permission from [29]. Copyright © 2025, The Author(s), under exclusive license to Springer-Verlag London Ltd., part of Springer Nature.
TFL showed significant advantages in inhibiting calculi retropulsion. Blackmon et al. [30] found that when the TFL pulse energy was 35 mJ and the frequency was lower than 150 Hz, the calculi repelling distance was stable below 2 mm, while the Ho:YAG could cause retropulsion even at 0.2 J at the same energy. Ventimiglia [31] and Enikeev’s [32, 33] studies have confirmed that compared with Ho:YAG and TFL under the same energy, frequency and average power conditions, the calculi retropulsion caused by TFL is less obvious than that of Ho:YAG with different pulse widths, and the resulting more efficient lithotripsy rate and clearer surgical field of vision.
As a new type of calculi technology, the heat generation risk and mechanism of TFL are still controversial. Studies [34–36] have shown that when TFL and Ho:YAG (Ho:YAG) use the same parameters, there is no significant difference in the temperature rise of the lavage fluid between the two [37]. However, in the high-frequency mode [38], TFL has more significant heat accumulation due to shortened pulse interval, and the upper limit of frequency should be limited to 500 Hz to control the tissue temperature <43°C. In the dusting mode [39], although the temperature rise rate of TFL is higher than that of Ho:YAG (peak temperature <45°C), the photothermal effect caused by its short pulse may lead to carbonation of the calculi structure and increase the risk of ureteral stenosis.Christopher et al. [40] conducted a comparison of the thermal dose and temperature profiles of Ho:YAG versus TFL in a kidney mode. Using a 3D-printed model, they observed that the thermal dose delivered by TFL was typically higher than that of Ho:YAG.
TFL shows significant advantages in small fiber applications: compared with Ho:YAG, the loss of fiber tip is higher under the same parameters. TFL can stably couple ultrafine fiber due to the characteristics of near single-mode Gaussian beam and smaller core, so as to avoid the micro-hole ablation damage caused by Ho:YAG due to multimode beam. The small fiber increases the energy density, so that the dusting efficiency of the TFL 150 μm fiber is 3 times that of the Ho:YAG 272 μm fiber, and the calculi particles are finer (≤0.5 mm). At the same time, the irrigation rate [41] of 50 μm ultrafine fiber in 3.6Fr channel reached 28.3 mL/min (duty cycle 90.2%), which was 2.1 times higher than that of 272 μm fiber, reducing the risk of intraoperative temperature rise and shortening the operation time. TFL breaks through the physical limitations of Ho:YAG, supports 50 μm ultra-fine fiber, promotes the miniaturization of ureteroscopy, achieves greater curvature and multi-functional integration, and provides a technical basis for high-frequency dusty lithotripsy.
The clinical application of TFL still faces multiple challenges. First, the ablation efficiency of high-density hard calculis is limited, which is manifested by prolonged lithotripsy time and high energy density, which is easy to cause carbonization of fiber tip. Secondly, there is a significant risk of heat accumulation in the ultra-high frequency mode (>500 Hz) (depending on high irrigation flow such as>50 mL/min), but the relevant clinical evidence is still insufficient. Third, the occasional abnormal ‘explosion flash’ phenomenon [43] may cause mechanical damage to the lens, and its mechanism and solution need to be explored urgently. In addition, although the ultra-fine optical fiber enhances the calculi efficiency by increasing the energy density, it brings problems such as high-precision positioning requirements, accelerated fiber carbonization, and rising use costs. At present, TFL research is still limited by the clinical evidence. Large-scale controlled trials are needed to systematically evaluate its efficacy and safety, and promote the establishment of technical optimization and clinical application specifications.
6 CONCLUSION
In summary, Ho:YAG and TFL offer complementary strengths in urinary calculi management. Ho:YAG, with its high-energy pulsed mode, is optimal for fragmenting large-volume or high-density calculi, while TFL’s high-frequency thermal ablation excels in precise dusting and navigation within confined anatomical spaces. A comparative analysis of their technical and clinical performance is summarized as Table 1.
TABLE 1 | Technical Characteristics of Ho:YAG vs. TFL.
[image: A comparison table of Ho:YAG and TFL laser parameters. Ho:YAG has a wavelength of 2100 nanometers, while TFL has 1940 nanometers. Ho:YAG shows moderate water absorption with deeper tissue penetration, and TFL shows high absorption with shallow penetration. Fiber diameters range from 200-400 micrometers for Ho:YAG and 50-200 micrometers for TFL. Operating modes differ, with Ho:YAG using high-peak-power pulsed and TFL utilizing continuous wave/high-frequency pulsed. Pulse energy and frequency for Ho:YAG is 0.2 to 6.0 joules, 5 to 80 hertz, and TFL is 0.01 to 6 joules, 1 to 2000 hertz. Differences include ablation efficiency, calculus types, thermal spread, safety control, and retropulsion risk.]Ho:YAG and TFL are the two mainstream technologies in the field of laser treatment for urological calculi. Ho:YAG, with its mature and stable performance and the pulse optimization ability of Moses technology, has become the clinical gold standard through precise energy control and shallow penetration force, especially in the rapid crushing of larger volume or higher hardness calculis. Due to its unique fiber structure and near-single-mode Gaussian beam characteristics, TFL achieves better dusting effect, lower calculi retropulsion rate and higher rrigation rate with higher energy density, ultra-high frequency pulse and ultra-fine fiber compatibility. Its huge frequency reserve and process innovation potential provide a direction for technical iteration. The future technology may combine the deep controllability of Ho:YAG with the fine dusting ability of TFL to achieve efficient in situ calculi, low cost, no heat generation [40], and promote the urinary calculi into the era of precision and intelligence.
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The rotating off-centered lens method serves as a crucial role for improving the performance of high-power stimulated Brillouin-scattering phase-conjugation mirrors (SBS-PCMs). A practical method based on optimization parameters of off-centered focusing lenses was proposed to mitigate laser spot distortion due to thermal effects. The influence of off-centered lens parameters on the beam intensity pattern at the focal point is simulated and analyzed using the ray tracing method. Experimental results demonstrate that implementing a rotating off-centered lens configuration with optimized parameters (150 mm focal length and 6 mm decentration) achieves significant reduction in coma aberration. This study can provide valuable experimental references for the application of SBS-PCMs in high power and high-repetition rate laser systems.
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1 INTRODUCTION
High-repetition-rate laser systems with sub-nanosecond pulses and excellent beam quality have significant application value in fields such as lidar, medical laser cosmetic, and high-resolution spectroscopy [1, 2]. Stimulated Brillouin scattering (SBS) technology, as a phase conjugation mirror and pulse compressor, can improve the beam quality of high-energy laser systems and compress nanosecond laser pulses to the sub-nanosecond level [3]. It is extensively applied in high-energy and high-power laser systems, mainly to compensate for beam distortion in master oscillator power amplifier (MOPA) laser systems [4–6].
In SBS compression, the liquid medium is most suitable for high-input energy SBS pulse compression due to their advantages over gaseous and solid media, such as the absence of high pressure, high laser damage threshold, and high optical breakdown threshold [7–9]. Consequently, SBS pulse compression based on liquid media emerges as the most promising technological approach for the generation of high-energy hundred-picosecond lasers at high repetition rates in the kilohertz range. However, for high-repetition rate laser, a non-uniform temperature field is formed at the focusing focal point in the generator cell due to heat accumulation [10]. This results in optical breakdown and spot aberration when the temperature reaches the critical threshold. These phenomena have a significant impact on the quality of the beam, which is the primary factor limiting the application of the SBS-PCMs in high-power, high-repetition rate laser systems.
At present, there are three methods to mitigate thermal effects: a purifying medium method, a flowing liquid and moving focal spot method [11–13]. The implementation of circulating liquid media requires maintaining laminar flow conditions in the liquid medium, representing a complex operational process that poses significant engineering challenges. Although the methods to enhance the purity of the SBS gain medium have proven effective in reducing laser energy absorption by impurities and increasing the optical breakdown threshold, it is important to note that laser energy absorption by the liquid medium itself remains a persistent issue [7]. It is evident that the initial two methods are inadequate in mitigating heat accumulation in high-power SBS compression. The method of rotating the focal point utilizes wedge to dynamically relocate the focal point, thereby effectively alleviating the thermal effect caused by laser focusing. The focal point of the beam rotates continuously within the medium cell as the rotation of the wedge plate, thereby reducing the heat accumulated in the media. This approach effectively reduce the probability of optical breakdown and improve the beam quality.
This study utilizes an off-centered lens configuration to achieve precise displacement of the beam’s focal spot. Through the rotational motion of the off-centered lens, the focal spot position is dynamically modulated within the medium, generating a near-circular focal trajectory. A comparison of the rotating off-centered lens method and the rotating wedge plate method reveals that the former has a simpler configuration and exhibits a less coma aberration when replacing a wedge and lens combination with a single off-centered lens. In the process of choosing an off-centered lens, it is necessary to consider the impact of several parameters such as the lens decentration, focal length, and the pump beam size on the focal spot of SBS-PCM. To effectively suppress thermal effects, it is essential that the aforementioned parameters should be given full consideration and optimized by design. However, there is limited literature addressing the optimization of SBS compression structure parameters based on rotating off-centered lenses. Consequently, it is meaningful to conduct research on the optimal design of SBS compression structure parameters based on rotating off-centered lenses.
This study aims to improve beam quality by optimizing parameters, including focal length and decentration of the off-centered lens as well as the pump beam size, while analyzing their effects on the focused spot. Section 2 describes the experimental setup. Section 3 presents the basic principle of ray tracing. Section 4 provides parameter optimization of off-centered lenses. Section 5 shows experimental verification, and Section 6 concludes the paper. This work has important reference value for the design of SBS compression structures in high-energy laser systems.
2 EXPERIMENTAL SETUP
The structures of SBS pulse compression devices include single-cell structures, generation-amplification cascade double-cell structures, and generation-amplification parallel double-cell structures. The configuration of single-cell SBS experimental setup utilized in this study is shown in Figure 1. The pump beam first passes through a half-wave plate (HWP) and then enters a polarizing beam splitter (PBS). After that, it passes through a quarter-wave plate (QWP) and is focused into a 20 cm medium cell by an off-centered lens (L3). Subsequently, the beam passes through the relay imaging system, which consists of lenses L4 and L5, to form a clear image on the image plane. The image is captured by a camera for subsequent analysis. A power meter is also equipped at the end to measure the power of the reflected beam.
[image: Diagram of an experimental optical setup showing a pump beam passing through various components including half-wave plates (HWP), a beam splitter (PBS), quarter-wave plate (QWP), lenses (L1, L2, L3), an off-centered lens, a wedge, and terminating at an SBS-PCM cell. A power meter and camera are used for measurement, with light paths indicated by green and white lines.]FIGURE 1 | Schematic of experimental setups for single-cell SBS-PCM. QWP, quarter wave plate; HWP, half wave plate; L1, off-centered lens; L2∼3, focusing lenses.3 THEORETICAL DESCRIPTION OF RAY TRACING METHODS
The ray tracing method is employed to simulate the propagation paths of light rays in various media [14, 15]. By this method, the propagation behavior of light in an optical system can be accurately calculated, encompassing phenomena such as reflection, refraction, and absorption. The imaging characteristics of the optical system can be quantitatively calculated, and the performance of the system can be predicted and evaluated.
The laser beam is a Gaussian beam with variable amplitude and equiphase surface, maintaining a consistent Gaussian intensity distribution. The fundamental mode Gaussian beam expression is as follows:
E00x,y,z=A0ωzexp−x2+y2ωz2exp−ikz+x2+y2ωz+iφzωz=ω01+λzπω02212Rz=z+πω02λ21zφz=arctanλzπω02(1)
In Equation 1, the propagation of light is depicted as occurring along the Z-axis. A0 is a constant factor for the fundamental mode Gaussian beams. λ is the wavelength of the laser. k is the laser wave number. ωz denotes the radius of the circle corresponding to the time when the intensity of the light field at a distance Z from the laser emission plane decreases to 1/e2 of the light intensity at the center of the spot. Rz denotes the radius of curvature of the isophase plane of the Gaussian beam. φz denotes the additional phase factor.
4 PARAMETER OPTIMIZATION
In SBS pulse compression, the parameters of the pump beam size, the focal length and decentration of the off-centered lens are the primary factors influencing the focusing spot. To systematically analyze the parametric effects on focal spot characteristics, comprehensive numerical simulations were conducted. In the design of SBS-PCM, a configuration with improper pump beam size can degrade the quality of the focal spot. Furthermore, an unsuitable choice of focal length may introduce significant coma aberration. Consequently, it is imperative to conduct a thorough analysis of how the pump beam size and focal length affect the focused spot’s morphology and intensity distribution, as shown in Figure 2.
[image: Six images showing heat maps with concentric circles transitioning from red at the center to violet, surrounded by a rainbow color bar for scale. Each panel labeled (a) to (f) displays a slightly different pattern, suggesting variations in intensity or distribution.]FIGURE 2 | (a–c) The focal spot diagrams for different pump beam sizes, and (d,e) the focal spot diagrams at different focal lengths of off-centered lenses. (a) ω = 3 mm. (b) ω = 4 mm. (c) ω = 5 mm. (d) f = 100 mm. (e) f = 150 mm. (f) f = 200 mm.Figures 2a–c presents the simulation results of the focal spot under three different pump beam cross-sectional sizes of 3 mm, 4 mm, and 5 mm, respectively. For the focal spot with a pump size of 3 mm, no significant distortion is observed; but the spot profile is relatively larger. As the pump size increases, the coma aberration becomes more evident, accompanied by an increase in the degree of beam center displacement. This phenomenon is caused by the significant phase differences generated at the focal plane by rays traveling along different paths as the pump beam size increases, exacerbating coma aberration. Furthermore, the increased pump beam size causes more rays to enter at larger angles, leading to marginal rays focusing farther from the optical axis than the central rays. Consequently, the focal spot exhibits a displaced center. Figures 2d–f displays the simulated focal spot images obtained with off-centered lenses of focal lengths 100 mm, 150 mm, and 200 mm, respectively. For a lens with 100-mm focal length, significant coma aberration was observed. Increasing the lens focal length to 200 mm demonstrates a trade-off between aberration reduction and spot size, effectively mitigating coma aberration while simultaneously increasing the focal spot radius. This occurs because a longer focal length reduces the focusing differences of rays at the lens edges, thereby alleviating coma aberration. The beam’s focal point becomes more dispersed, leading to a larger spot radius and a reduction in the energy density of the focused beam.
Therefore, optimal selection of lens focal length requires careful consideration of the trade-off between coma aberration minimization and preservation of beam energy density. Through comparative analysis, a pump beam size of 4 mm and a lens with 150-mm focal length are selected for subsequent simulations, considering the trade-off between higher energy density and less coma aberration.
Employing the rotating off-centered lens method can effectively mitigate thermal accumulation in the SBS-PCM medium cell, thereby minimizing focal spot distortion. Nevertheless, although the implementation of off-centered lenses enhances focused beam quality, their inherent decentration introduces asymmetric perturbations that generate coma aberration. To analyze the influence of the decentration of lens on the characteristics of focal spot density distribution, the decentration is set to 3 mm, 6 mm, 9 mm, and 12 mm, respectively, for numerical simulations in Figure 3 [16].
[image: Four images labeled (a), (b), (c), and (d) display colorful concentric circular patterns with a black background. Each pattern features a central red circle surrounded by layers of orange, yellow, green, and blue, transitioning to purple at the edges. A color scale on the right ranges from red to purple. Subtle variations in the shape and intensity are observed across the images.]FIGURE 3 | Simulated focal spot beam patterns with different decentration lenses. (a) d = 3 mm. (b) d = 6 mm. (c) d = 9 mm. (d) d = 12 mm.Figure 3 presents the simulated focal spot beam patterns for different lens decentrations. With a 3-mm decentration lens, the focal spot is concentrated without significant distortion. When the decentration of lens is increased to 6 mm, the beam center exhibits a slight displacement, while the spot still follows the Gaussian distribution well. At 9 mm decentration, the focal spot exhibits obvious coma aberration, and the spot center position is displaced. Increasing the decentration distance to 12 mm significantly amplifies coma aberration at the focal plane. The reason is that as the lens decentration increases, the travel paths of the edge beams and the core beams are significantly different, leading to a displacement of the focal point for the edge beams. This displacement finally exhibits as coma aberration, degrading the beam’s uniformity and symmetry. Therefore, it is necessary to set the appropriate decentration of lens to consider the trade-off between the dynamic movement range of the focal spot and the coma aberration. Based on a comprehensive comparison, a decentration of 6 mm was chosen.
5 EXPERIMENTAL VERIFICATION
To verify that the parameter optimization of off-centered lens can improve the quality of the SBS reflected beam, a 50-W laser with a repetition rate of 1 kHz was used. A comparative analysis of SBS reflected beam patterns is conducted between normal and off-centered lenses, both with a focal length of 150 mm. The experimental results, presented in Figure 4, were obtained using HT110 liquid medium with a phonon lifetime of 0.6 ns and a Brillouin gain coefficient of 4.7 cm/GW. For normal lens, beam quality is significantly degraded with larger aberrations. And with the off-centered lens, the beam profile is well-maintained. The results show that the optimization of the off-centered lens parameters can effectively compensate for the beam distortion caused by thermal and other nonlinear effects, maintaining satisfactory beam quality for high repetition rate operation. For this method, the pump power may be increased beyond current levels, but the absorption of the liquid will increase the temperature and decrease its reflectivity if the input power increases.
[image: Two scientific visualizations displaying heat maps: (a) shows a semi-circular pattern with concentric blue, green, and red gradients, likely depicting temperature or energy distribution; (b) features a circular pattern with a central red area surrounded by green and blue, indicating variations in intensity or concentration.]FIGURE 4 | Comparison of SBS reflected beam patterns between normal and off-centered lenses. (a) Normal lens. (b) Off-centered lens.6 CONCLUSION
This study proposes a method for optimizing the parameters of off-centered lens to address the influence of thermal effects in SBS-PCMs. The effect of pump beam size, focal length, and lens decentration on the focal spot are simulated and analyzed using the ray tracing method. The results indicate that the larger pump beam size leads to more obvious coma aberration and lager beam center displacement. Increasing the focal length of off-centered lens can mitigate coma aberration, increase the focal spot radius, and decrease the beam energy density. The larger the lens decentration, the wider dynamic moving range of the focal spot and more less the thermal accumulation, but this also leads to more obvious coma aberration. Therefore, it is necessary to select appropriate off-centered lens parameters to achieve a high energy density beam while maintaining minimal coma aberration. Based on comparative analysis, the following parameters are determined: a pump beam diameter of 4 mm, off-centered lens with a 150-mm focal length and a decentration of 6 mm. These results could provide an experimental reference for optimizing SBS compression parameters in subsequent research endeavors.
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