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The formation and evolution of laser-induced periodic structures (LIPSS) have attracted much attention due to their broad applications and rich physics. The literature has shown that excessive laser energy accumulation, such as increasing single pulse energy or cumulative pulse number on a sample, leads to a final fuzzy LIPSS period or even disappearance of the period. This article discovers a new phenomenon by increasing the laser fluence; the periodic structure appears blurred and disappears in the middle of the laser fluence region. Two contrary evolution tendencies of the period’s disappearance are observed for the first time. This phenomenon can be attributed to femtosecond ablation regimes in different fluence regions. The experimental results and discussion provide a powerful guarantee for the high-quality preparation of structures by controlling the experimental parameters for future practical applications. The findings of this study play a significant role in regulating the LIPSS period and provide ideas for avoiding the hidden danger of the cycle structure disappearing during the creation of the LIPSS structure, which has practical implications for future LIPSS applications.
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INTRODUCTION
Recently, laser-induced periodic structures (LIPSS) induced by femtosecond laser irradiation on metal surfaces have been intensively studied. A distinct feature of LIPSS is a periodic ripple structure with a combination of microscale period and nanostructures. The LIPSS morphological feature has been found to be applicable in diverse fields, such as nanograting [1], metal surface colorization [2–4], surface-enhanced Raman scattering [5], surface wettability [6], and biomedical application [7]. The optimization and control of LIPSS surface topography, especially the period, are the key factors in enhancing the surface function characteristics. Therefore, it is important to conduct further research on LIPSS with an inquiry into the surface microstructure period regulation.
Experimental results from the literature show that the preparation of LIPSS by femtosecond laser on Au, Pt, Ti, and other metal surfaces is dependent on the laser fluence [8–12] and the cumulative pulse number [13–17]. Further findings in the literature also show that when the parameters reach a certain threshold and the laser fluence increases or the cumulative pulse number decreases, LIPSS transforms and transitions from high spatial frequency (HSFL) to low spatial frequency (LSFL), where the period of HSFL is Λ < 2/λ, and the period of LSFL is λ > Λ > λ/2 [18, 19]. Extensive research has also been conducted on LIPSS due to its unique application value for titanium metal in aviation and biomedicine [18–23]. Researchers have prepared and optimized the subwavelength periodic structure (HSFL) on the metal titanium surface by adjusting various laser parameters such as the laser fluence, pulse number, wavelength, and pulse duration. Relevant research works from the literature have shown the dependency between the period of LIPSS and various laser parameters. The dependency effect shows whether LIPSS on the titanium surface is prepared in water or air, and the formed HSFL is always parallel to the laser polarization direction, whereas LSFL is the opposite [18]. Furthermore, when the laser fluence and the cumulative number of pulses are low or exceed a particular threshold, the surface does not create LIPSS or cause damage to the formed LIPSS. Instead, a random nanostructure, below or above surface growth mounds, deep pits, and other structures, is formed on the surfaces [19–21].
In terms of LIPSS structure formation and evolution of semiconductor and metal materials, the general attention is focused on the use of the surface plasmon polarization (SPP) model which takes into account laser-induced changes in the dielectric environment, as well as which is often used to explain the period evolution of LIPSS in semiconductors due to the grating-assisted SP–laser coupling model under the cumulative number of pulses for the physical explanation of the formation and evolution of periodic structures [15, 24–27]. Also, the current experimental phenomenon shows that the ablation and melting caused by the thermal effect will have a certain negative impact on the formation of LIPSS [24, 25]. Researchers have concluded that an excessive accumulation of laser energy will eventually cause LIPSS to become fuzzy, if not to completely disappear, because the surface structure is more likely to be destroyed under greater laser fluence irradiation. The work of revealing new mechanisms related to LIPSS optimization and preparation is ongoing. Whether LIPSS can be formed stably in the optimization and preparation process has always been a developing tendency. However, the formation of this structure is inseparable from the laser ablation process. Unfortunately, the laser ablation mechanism as an important factor affecting the periodic evolution of LIPSS has not been systematically studied.
This study optimized and regulated the LPSS period on the Ti surface under different laser fluences and pulse numbers. It was discovered that the dependence of the LIPSS period on laser fluence or pulse number under the single parameter change was consistent with previous Ti results in the literature [16, 17, 20, 21]. Furthermore, with a low number (N) of laser pulse irradiation (30 ≤ N ≤ 90), the LIPSS period enlarges gradually with the increase in the laser fluence, abiding by the same periodic evolution law as previous studies [13–17]. However, in more pulse number (N ≥ 120) irradiation conditions, the structure period blurs or even disappears with the increase in the laser fluence in the middle of the laser fluence parameter region. To the best of our knowledge, these experimental phenomena are first experienced in the proposed study. The proposed study combines the SPP model with the grating-assisted SP–laser coupling model and conducts numerical simulation research on the periodic evolution law using the rigorous coupled-wave analysis (RCWA) and the finite-difference time-domain (FDTD) methods. The formation of LIPSS on the titanium surface was systematically analyzed by combining the femtosecond laser’s non-thermal ablation and thermal ablation mechanisms. This phenomenon can be attributed to two different ablation regimes of femtosecond laser pulse with varied laser energy deposition, leading to different period evolution phenomena between the high and low regions of laser fluence. The findings of this study play a significant role in regulating the LIPSS period and provide ideas for avoiding the hidden danger of the cycle structure disappearing during the creation of the LIPSS structure, which has practical implications for future LIPSS applications.
EXPERIMENTAL DETAILS
A commercial regenerative Ti:sapphire femtosecond laser system used in the experiment is shown in Figure 1A. The system provides linearly polarized light in the horizontal direction at a central wavelength of 800 nm with a pulse width of 50 fs, a repetition rate of 1 kHz, and maximum laser energy of 3 mJ. The titanium (99.9% purity) with a size of 20 × 20 mm2 was selected as a sample in the experiment.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of titanium sapphire femtosecond laser machining system. (B) Schematic diagram of laser intensity distribution and data observation area.
The energy attenuator is used during the experiment to adjust the laser energy continuously, as shown in Figure 1A; the laser energy E is measured by the laser energy meter, the laser fluence is calculated by F = E/π(D/2)2, and D represents the diameter of the laser beam. The output’s vertically polarized laser is focused on the sample through a convex lens (f = 200 mm) with a beam spot of 240 µm in diameter by adjusting the translation platform where the sample is located along the laser incident direction. The number of laser pulses can be selected by reducing the repetition rate of the laser to 100 Hz and setting the electro-mechanical shutter by controlling the platform displacement to change a new position for each experimental parameter combination (laser fluence and pulse number) prepared.
The surface structure of the irradiated laser samples was characterized using scanning electron microscopy (SEM). However, due to the Gaussian distribution of the laser beam, the non-uniform distribution of laser focal spot energy was excluded from studying the influence of laser energy density on the structure. As shown in Figure 1B, this study only observes the central region’s structure of laser ablation. The LIPSS period was analyzed by 30 points randomly distributed in the ablation region of the selected laser center.
RESULTS AND DISCUSSIONS
At the beginning of the experiment, we studied the effect of femtosecond laser fluence on the LIPSS of the titanium surface near the ripple formation threshold under two experimental conditions, respectively, low pulse number (N = 30) and multi-pulse number (N = 150). As shown in Figure 2A, the LIPSS is formed in the laser fluence ranging from 23.4 to 52.6 mJ/cm2 with a low pulse number (N = 30) by laser irradiation. Through the measurement and characterization of LIPSS, with the increase in laser fluence, LIPSS structure gradually transits from HSFL to LSFL. Its direction is always perpendicular to the direction of laser polarization, which is different from the phenomenon that LIPSS on the Ti surface changes from parallel to the polarization direction (HSFL) to perpendicular to the polarization direction (LSFL) with the increase in laser fluence in previous studies [18, 19]. However, as shown in Figure 2B, under the condition of laser irradiation with multi-pulse (N = 150), we found an interesting and unexpected experimental phenomenon. Although the changing trend and regular LIPSS period with incident laser fluence under this condition are generally consistent with those under the condition of fewer pulses (N = 30), in the medium laser fluence region (26.3, 29.2, and 32.2 mJ/cm2), the LIPSS becomes fuzzy and disappears. The surface of the obvious structure of LSFL reappeared when the laser fluence exceeded 35.1 mJ/cm2.
[image: Figure 2]FIGURE 2 | Dependence of the LIPSS period produced by fs-laser pulses on the laser fluence. The number of laser pulses in the experiment is (A) N = 30 and (B) N = 150, and the images inserted in the picture show the typical SEM morphology photos. The red arrow in the figure shows the direction of laser polarization. Error bars show the standard deviation of the periods.
The SPP model theory was used to systematically analyze the formation and periodic evolution of LIPSS caused by a single variable, laser fluence, to explore the causes of the above unexpected experimental phenomena. The interference between the linearly polarized laser and SPPs creates a periodic spatial modulation of the energy deposited on the irradiated material, generally recognized as the production mechanism of LIPSS on metal surfaces [28]. This leads to a spatially modulated intensity distribution and the formation of the periodic structure. The period of the LIPSS will depend entirely on the wavelength of the SPPs, and the following Equation 1 must be satisfied [29]:
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Here, [image: image], [image: image], and [image: image] are the incident laser (vacuum) wavelength, the surface plasmon wavelength, and the incident angle; and [image: image] is the observed LIPSS period. In this experiment, the laser is incident to the surface of the sample ([image: image]) and deduced that the period of LIPSS is equal to the wavelength of the SPPs.
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On one hand, the permittivity of the excited state of the laser-irradiated material can be described by the Drude model represented in Eqs. 2–4; εd is the dielectric constant of the dielectric material, εc is the dielectric constant of the normal state, ωp is the plasma frequency, Γ = 1/τ is the electron collision frequency, and ε’ is the real part of ε [15]. Under femtosecond laser irradiation, many free electrons near the surface of metal materials are excited. The free electrons absorb laser energy through the inverse Bremsstrahgen process, leading to electron temperature increases and the formation of hot electrons. Meanwhile, the density of free electrons (ne) increases rapidly with the increase in laser fluence [11, 12, 15]. Then, free electrons through the electron–phonon and electron–electron scattering processes gain momentum, increasing the electron collision frequency (Γ). The collision frequency is directly proportional to the square of the laser fluence; simultaneously, the change of collision frequency causes the change of the dielectric constant of the excited state, causing the real part of the constant dielectric to increase with the increase in laser fluence. However, the change in the dielectric constant modulates the wavelength of SPPs. Therefore, with the change of laser fluence, the LIPSS period will change correspondingly [10, 21]. This analysis is consistent with the phenomena observed in our experiment (Figure 2), such that the LIPSS disappearance phenomenon of the middle fluence region (Figure 2B) can be ignored. Therefore, it is concluded that the accumulation of the number of pulses may lead to the disappearance of the structure period.
Specific laser fluence at positions A, B, and C in Figure 2A was selected to analyze the influence of accumulated pulse number as a single variable on the LIPSS period to better understand the mechanism of LIPSS disappearance. According to the experimental results shown in Figure 3, point A corresponds to the initial fluence threshold F = 23.4 mJ/cm2 that forms the LIPSS; point B corresponds to the region F = 35.1 mJ/cm2, where the LIPSS period increases with the laser fluence; point C with F = 46.8 mJ/cm2 corresponds to the area where the ripple period variation is slower. The evolution rules of the LIPSS period impacted by the cumulative pulse number are obtained under various fluence situations; the variation of the LIPSS period caused by the cumulative pulse number is diverse under different irradiated laser fluences related to the fluence of the single laser pulse. As shown in Figure 3A, the LIPSS period is near 370 nm under a laser fluence of 23.4 mJ/cm2 and does not change significantly with the increase in the accumulated pulse number. However, the LIPSS disappears when the pulses are increased to approximately 220 shots. The LIPSS period decreases with the pulse number increase when the laser fluence increases to 35.1 mJ/cm2 (as shown in Figure 3B). When the cumulative irradiated pulses are 1 ≤ N ≤ 90, the period does not change obviously with the increase in the cumulative number of laser pulses. When N ≥ 120, the number of pulses increases, the LIPSS becomes unclear, and the period disappears. As shown in Figure 3C, the LIPSS period variation tendency is similar to the condition where the laser fluence is 35.1 mJ/cm2, but there are more irradiation pulses with a clear surface structure period until the number of pulses reaches 400. This means that due to excessive laser ablation, higher laser fluence does not result in a faster reduction of surface fringe.
[image: Figure 3]FIGURE 3 | Dependence of the LIPSS period induced by fs-laser pulses on the accumulated pulses of laser irradiation, when laser fluence is (A) F = 23.4 mJ/cm2, (B) F = 35.1 mJ/cm2, and (C) F = 46.8 mJ/cm2. The SEM images inserted in the figure are the topography of typical LIPSS under various conditions, and the surface structure topographies disappear when the cumulative pulse number is too large.
In addition, the formation of the LIPSS is a process determined by accumulated laser pulses, and grating-assisted SP–laser coupling caused by the grating type LIPSS must be taken into account. Previous research on LIPSS semiconductor surfaces has demonstrated that as the pulse number (N) and groove depth grow, the LIPSS periods change and evolve further under the condition that surface plasmon excitation is satisfied and the usage of a grating-assisted SP–laser coupling mechanism [15, 20, 27]. Therefore, numerical modeling studies were performed to determine the impact of the structural depth change caused by pulse accumulation on the LIPSS of the Ti surface. First, an RCWA was used to obtain the full-period (Λ = 0–800 nm) coverage grating reflectivity images at different depths (H) to focus on the SP band. This is because the titanium surface itself has a high reflectivity; when the SP mode is excited on the grating, the surface’s reflectivity should decrease significantly due to the energy transfer of the incident light. In the reflectivity map for titanium surfaces, the low reflectivity band usually corresponds to the SP band [27]. Hence, a suitable free electron density (ne = 1 × 1029/m3) was selected according to the ne-Λ map and applied FDTD to obtain near-field distribution images of the grating surface at different depths, as shown in Figure 4A.
[image: Figure 4]FIGURE 4 | (A) ne-Λ reflectance map of the highly excited titanium surface grating with a groove width of 200 nm at different depths is numerically simulated. The grating contour parameters are marked in the corresponding image. (B) Ex-field distributions of points b1–b5 correspond to different SP modes in the ne-Λ reflectance maps denoted by the same color points.
According to the structural scale of the titanium surface LIPSS obtained from the SEM images, its width (w) under different laser fluences and pulse numbers in the simulation is approximately 120–210 nm. Therefore, in Figure 4, a width of 200 nm was selected before performing a numerical simulation of reflectivity in the parameter space of full electron density for different depths (H). As shown in Figures 4A1–A4, the increase in the depth of the grating groove makes it easier for the plasmon to resonate with a smaller period than the depth of the LIPSS groove changes. While the near-field distribution diagrams in Figures 4B2–B4 show that the evolution of LIPSS to a smaller period makes it easier for the groove to continue to deepen as the number of pulses increases, resulting in higher positive feedback of near-field enhancement inside the groove. It is worth mentioning that the near-field amplification effect in the groove is significantly weaker when the groove is shallow (H = 30 nm, as shown in Figure 4B1) than when H is greater (as shown in Figures 4B2–B4). Meanwhile, a strongly near-field distribution is formed between the grooves (as shown in Figure 4B5) when out of the non-resonant state of the resonant frequency.
Furthermore, simulation images of grating reflectivity under depth and period variations were obtained by selecting three groove widths (W = 100, 150, and 200 nm) that are consistent with the experimental results to eliminate the possible influence of the groove width on the near-field distribution of the grating surface under a fixed electron density (ne = 1 × 1029/m3). Although the W varies, there is a positive feedback of LIPSS evaluation toward a smaller period, as described in Figure 4, with increasing depth to achieve near-field enhancement inside the grooves and retain the SP–laser resonance mode illustrated in Figure 5. Similarly, only when the groove reaches a certain depth does an obvious positive feedback effect of near-field enhancement occur inside the grooves. However, as the depth increases and surpasses a particular range, the plasmonic resonance deteriorates. Therefore, based on the simulation mentioned earlier, it is ideal to conclude that within a certain width variation range (100–200 nm), a deeper groove is likely to promote the near-field enhancement formed inside the groove due to the reduction of the LIPSS period. When the depth H is small, the resonance frequency is near the frequency of the incident light, and the period range in which the resonance can be achieved is also narrower than when the depth H is larger.
[image: Figure 5]FIGURE 5 | (A–C) Depth-Λ reflectance maps of highly excited titanium surfaces with groove depth evolution at different groove widths (W = 100, 150, and 200 nm).
Based on the previous simulation results, the phenomena of the period decrease with the increase in incident pulse number under the condition of high laser fluence (F = 35.1 or 46.8 mJ/cm2, as shown in Figures 3B, C). This can be interpreted as follows: the post-sequence pulse will produce local enhancement in the grooves of the initial periodic structure, and the ablation of the enhanced field will further deepen the groove. The periodic structure’s depth will steadily deepen as the number of pulse accumulations grows, changing the SPP’s formation conditions. This forms a period of smaller light field distribution because the corrugated structure needs to reduce the period to continue to meet the new excitation model of grating-assisted SP–laser coupling. A similar phenomenon is also found in the related study of LIPSS on the ZnO surface [15, 27]. It should also be mentioned that no such pattern was observed in Figure 3A under the condition of low laser fluence (F = 23.4 mJ/cm2). The evolution mechanism of the period is related to laser fluence with other factors that affect the depth of ablation because the accumulation of pulse numbers at low laser fluence does not form an evolutionary trend of period reduction brought about by deepening depth.
To explore this physical process, we further zoom in on the SEM pictures of the periodic disappearing regions in Figure 3. As shown in Figure 6, when the laser fluence is low, few re-deposited materials are deposited on the sample’s surface (marked as a red dotted line in Figure 6A). Similarly, when the laser fluence is F = 35.1 or 46.8 mJ/cm2 (as shown in Figures 6B and C, red dotted line marks), the solidification after melting on the sample’s surface is not seen in Figure 6A. By comparing Figures 6A, B, and C, the higher laser fluence can cause a more significant surface thermal effect. Generally, the microstructure formation cannot be separated from the ablation process of a pulsed laser. According to the current research, femtosecond lasers correspond to two ablation mechanisms under different laser fluences [30], and there are qualitative differences between them. The lower laser fluence usually corresponds to the ultrafast non-thermal ablation process of the femtosecond laser. The laser-induced hot electron density is low. The energy transfer from the skin depth to the target structure is negligible; hence, no obvious traces of material melting were observed in Figure 6A. Under the higher laser fluence, corresponding to the thermal ablation process of the femtosecond laser, the effect of electronic heat conduction in the formation of the structure is more significant; therefore, the melting of the microstructure is caused by the higher penetration depth and thermal effect (as shown in Figures 6B and C).
[image: Figure 6]FIGURE 6 | (A–C) Magnified SEM images of the surface topography at F = 23.4, 35.1, and 46/8 mJ/cm2 and N = 300, respectively.
The distribution of LIPSS periods is presented on different fluences and several laser pulse conditions to further analyze the influence of the laser fluence on the formation and disappearance of the LIPSS periods between the two different ablation regimes, as shown in Figure 7A. The experimental results show that the periodic evolution of the LIPSS is divided into two regions (as shown in Figures 7A1 and A2) by the two ablation regimes. In these two regions, the different ablation mechanisms caused by the laser fluence under the accumulation of several pulses lead to the difference in the evolution law of the LIPSS period in the two regions. In contrast, the LIPSS disappearance law is diametrically opposite. Meanwhile, for the LIPSS period evolution, the period does not evolve significantly in the non-thermal ablation region; however, in the thermal ablation region, the period of LIPSS evolves to a smaller period with the cumulative pulse number under different laser fluxes. Furthermore, according to the LIPSS disappearance law, the larger the laser fluence is in the non-thermal ablation region, the faster the LIPSS disappears under the continuous accumulation of pulses (as shown in the overlap area of Figures 7A1 and A3). In contrast, in the thermal ablation region, the LIPSS disappears faster with the pulse number accumulation at a relatively smaller laser fluence (as shown in the overlap area of Figures 7A2 and A3). The observed phenomenon in Figure 2B is directly caused at the junction of the two ablation regions, as shown in Figure 7A, and the disappearance of LIPSS in the middle of the laser fluence region when the cumulative number of pulses is 120, 150, and 200, respectively, according to the opposite evolution laws caused by the influence of two different ablation mechanisms. To explain the reasons for the previous phenomena, we will analyze them in detail in the following sections.
[image: Figure 7]FIGURE 7 | (A) Period distribution of LIPSS within different laser fluences and pulse number ranges; “--” represents the disappearance of ripples at the center of the spot here; the value of the ripple period in the figure is the mean value. (B) S1 and S2 are the examples in figure (A), which correspond to laser fluence of 46.8 mJ/cm2, and the number of pulses (N) is 30 and 200, respectively. Therefore, 1, 2, and 3 correspond to the magnified SEM images of the structures at different spot positions in S1 and S2, respectively.
When the laser fluence is in the range of 23.4–29.2 mJ/cm2 (near the fluence threshold for generating the LIPSS and work in the first regime, as shown in Figure 7A1), the laser energy influence depth is about the optical penetration depth that is calculated to be approximately 20 nm by the optical penetration depth formula d = 1/α (where α is the decay index). The depth of the energy range where the skin depth layer can exist to achieve the ablation threshold will decay exponentially due to the interaction between the material surface and the laser, so the penetration depth of the longitudinally generated ablation effect will also be much smaller than this value. Therefore, the groove depth evolves extremely slowly under the continuous accumulation of the number of pulses. The simulation results in Figure 4A show that the positive feedback of the near-field enhancement generated inside the groove is very weak at a depth of 30 nm. While Figure 5 shows that within the experimental range, the minimum groove depth that can cause SP–laser resonance is approximately 40–60 nm. Thus, when the grooves are shallow, the grating-assisted SP–laser coupling mechanism cannot effectively excite the SP and generate a near-field enhanced positive feedback inside the grooves (as shown in Figures 4A1 and B1). Generally, the initial laser pulses can induce a nanometric roughness surface. Under this condition, the interference between the subsequent incident laser and the SPPs caused by the surface roughness plays a dominant role in the formation of the LIPSS. Hence, the period of the LIPSS under this condition completely depends on the wavelength of the SPP. Therefore, it is believed that this is the reason why the period does not evolve significantly in the region of the non-thermal ablation mechanism. In addition, LIPSS will eventually disappear due to excessive ablation for the higher cumulative pulse number or larger single pulse fluence (as shown in the overlap area of Figures 7A2 and A3).
When the laser fluence is within the range of 32.2–52.6 mJ/cm2 (as shown in Figure 7A2), the influence of electronic heat conduction becomes significant, and the second ablation regime appears (femtosecond laser thermal ablation process). Compared with the non-thermal ablation process, it is characterized by a higher energy penetration depth that is not limited to the optical skin depth. Therefore, in the thermal ablation process, with the participation of trace thermal effects, the average ablation depth will rapidly increase under relatively larger laser fluence due to the continuous accumulation of the number of pulses [20]. According to the simulation in Figure 5, it is beneficial to promote the evolution of LIPSS to a smaller period when the groove depth continues to deepen within a certain range. However, to achieve this evolution process, a specific condition is required; the thermodynamic feedback must keep up with the optical feedback to obtain the near-field enhanced positive feedback [27]. In other words, each pulse’s thermal ablation of the surface should be strong enough to cause the depth of the grooves to deepen as the pulse number accumulates, causing LIPSS to evolve toward smaller periods under the grating-assisted SP–laser coupling mechanism and further satisfying the SP–laser resonance condition (as shown in Figures 4B2–B4). Higher laser fluence will certainly result in a deeper heat-affected zone while satisfying the conditions described earlier [20]. Enhancing the near field inside the grooves as laser pulses accumulate will cause them to develop deeper, maintaining the periodic evolution of LIPSS. As seen in Figure 7A2 region, increased laser fluence also necessitates additional pulses to complete the LIPSS period evolution. In thermal ablation, it is worth noting that the dynamic balance between thermodynamic and optical feedback will be broken when the groove depth increases beyond a certain range under the continuous accumulation of laser fluence and pulse number, which ultimately affect the formation of SPP. Under such a condition, non-resonant SP–laser modes are generated on the surface of LIPSS (as shown in Figure 4B5), which makes the formed LIPSS fuzzy or even disappear, as shown in the overlapping area of Figures 7A2 and A3.
On the other hand, according to previous research reports, the formation of LIPSS is the result of the competition between energy deposition caused by SPP excitation and the thermal effect, and the thermal effect has both favorable and negative effects on the formation of LIPSS. Under the participation of excessive thermal effect, excessive melting will cause the disappearance of LIPSS even if plasmon resonance is formed on the material’s surface [24, 25]. The enhanced longitudinal ablation capability of the laser propagation direction caused by the higher energy penetration depth is beneficial for the stable formation of the excitation model of grating-assisted SP–laser coupling under multiple laser pulses, which is beneficial for the formation and periodic evolution of LIPSS. However, the melting caused by horizontal thermal diffusion is the main component of the negative influence factors of thermal effect on the formation of LIPSS. Therefore, another reason for the fuzzy or even disappearance of LIPSS is that the melting occurs under the influence of horizontal thermal diffusion when the period of LIPSS evolves to a smaller value with the accumulation of pulse numbers. In addition, as shown in Figure 7B, at N = 30 and N = 200 of 46.8 mJ/cm2, this kind of experimental phenomenon of a laser ablation mechanism can be observed within the affected area of a focused spot due to the spot of the non-uniform energy distribution of the Gaussian laser. Therefore, in the future application process, the abrupt changes in the periodic evolution law caused by the ablation mechanism should be paid attention to better avoid the potential threat in the preparation and optimization of LIPSS.
CONCLUSION
Various laser fluences and pulse number combination parameters were employed in this study to fabricate LIPSS on metal surfaces. The experimental results show that when the number of cumulative pulses is low, the influence of laser fluence on the period disappearance is not noticeable, and the LIPSS period can be controlled by altering the laser fluence. The evolution of the LIPSS period is divided into two opposite stages according to the laser fluence when the pulse number is large. It is believed that the different ablation regimes determine it for femtosecond lasers, which are ultrafast non-thermal and thermal ablation processes caused by different laser fluences. Under various mechanism conditions, the LIPSS period can be optimized in various ways. More importantly, it should effectively avoid the risk of the LIPSS period disappearing during preparation. The findings from the study are crucial for developing LIPSS with controllable periods by using femtosecond lasers in the future.
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