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Abstract

:

This study utilized solid-state lasers with a 50 ns pulse duration in a Q-switched mode of operation at wavelengths of 1.06 µm and 0.69 µm to investigate the hemispherical reflectivity of niobium. Our experimental results show that the reflectivity of niobium decreases notably as the laser fluence increases towards the plasma formation threshold for ablation at both studied wavelengths, which we attribute to changes in the absorptivity of the surface resulting from plasma formation. We also observed a significant effect of laser wavelength on the reflectivity values of the sample at low laser fluence. By determining the threshold fluence values for each wavelength, we estimated the surface temperature associated with the threshold fluence for plasma formation. Our calculations revealed discrepancies between published values for optically polished and mechanically polished niobium, which we suggest may be due to the presence of nano/micro defects, oxide films, and contaminants that amplify the wavelength-dependent effects on reflectivity. These findings have important implications for the design of optical components and laser processing techniques that use niobium, as well as for the development of accurate models of laser-material interactions. Further research is needed to fully understand the underlying mechanisms driving the observed effects and to explore potential applications of niobium in laser-based technologies.
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1. Introduction


Nanosecond laser ablation of solids is used in numerous applications such as self-folding metals [1], thin film deposition [2,3], nano/micro laser-processing of materials [4,5,6,7,8], 3D printing of common metals by laser-induced forward transfer [9], parameterization of optical properties [10,11], fractionation [12], laser-induced breakdown spectroscopy [13], design of hydrophobic materials [14,15], microfluidics [16], and others. Although many studies have investigated high-intensity nanosecond pulsed laser ablation, the effect of wavelength on the reflectivity of metals is still being investigated. Bonch-Bruevich et al. [17] were the first to study the reflectivity of metals irradiated by high-intensity laser pulses and found a substantial drop in total reflectivity experimentally. Basov et al. [18] studied the total reflectivity of Cu, Sn, and Al when irradiated by 15-ns Nd-laser pulses, varying laser fluence from   3 ×   10  7    to   3 ×   10   10     W /   cm  2   . Results show a sharp decrease of reflectivity values for ablation in a vacuum. Previous experiments [19,20,21] studying the reflectivity of metals by laser pulses in the ablation regime exhibited the same reduction of reflectivity associated with plasma formation on the surface of the sample.



Our research was conducted on niobium, a metal of great interest in the technology industry [22]. Niobium is used to strengthen alloys, especially at low temperatures [23]. Alloys containing niobium are used in jet engines and rockets, girders for buildings and oil platforms, oil and gas pipelines, and superconductor wires for superconductor magnets [24]. However, previous studies have only focused on the effect of laser fluence on the reflectivity of the sample [20,21]. Therefore, the aim of this study is to investigate the effect of laser wavelength on the total hemispherical reflectivity of niobium in ablation by nanosecond Nd: YAG laser pulses in air at atmospheric pressure. Reflectivity is a crucial factor in laser ablation, as it determines how much laser energy is absorbed or reflected by the material being targeted [25]. High reflectivity can result in inefficient ablation, while low reflectivity can lead to more efficient ablation. Understanding the reflectivity of the target material, especially for metals, is vital, as it depends on various factors, including the wavelength of the incident light [26,27]. Reflectivity can affect the depth of ablation, and surface plasmon resonances can impact reflectivity at specific wavelengths [28]. Therefore, investigating the dependence of reflectivity on wavelength is crucial to optimize laser ablation for different applications [29,30,31,32,33]. We used two laser wavelengths (   λ 1  = 1.06   and    λ 2  = 0.69      μ m   ) to investigate the effect of wavelength on sample reflectivity.



The hemispherical total reflection was studied as a function of laser fluence in the range of 0.1–100 J/cm2. All samples were mechanically polished with a 0.3-   μ m   -grade aluminum oxide powder. For our research, we used bulk niobium with 96% purity as the material of interest. The samples had a thickness of 1.5 mm, but the surfaces were not ideal and may have contained initial surface impurities, oxides, adsorbates, and structural defects, as is often the case in practical materials processing. Initial conditions were the same for each experiment. Initial conditions are the same for each experiment.




2. Materials and Methods


Figure 1 shows the experimental setup used to investigate laser light reflection in ablation. Two types of lasers with different wavelengths, an Nd: YAG laser with    λ 1    = 1.06 μm and a ruby laser with    λ 2    = 0.69 μm, were used to investigate a wider range of phenomena and gain a more comprehensive understanding of the reflectivity of niobium. The pulse duration of both lasers was approximately 50 ns at FWHM, and the laser fluence was controlled by a calibrated variable attenuator.



To study reflection, we focus the laser beam onto a mechanically polished bulk niobium sample using a lens with a focal length of 250 mm. We employ a technique that uses a hemiellipsoidal light reflector to collect both specular and diffuse components of the reflected light. Collecting both components is important because the laser pulse damages the sample surface, which can cause scattering of the reflected light. The sample is placed in the internal focal point of the hemiellipsoidal reflector and tilted at a 19-degree angle relative to the laser beam axis to reduce laser light backscattering through the entrance hole in the reflector. We measure the energy of the laser pulse reflected by the sample using a joulemeter placed in the external focal point of the reflector. To measure the energy of the laser pulse incident onto the sample, we use a beam-splitter to direct a fraction of the laser beam onto another joulemeter (as shown in Figure 1). We calculate the hemispherical total reflectivity, R (a sum of specular and diffuse components of the reflected light) as   R =  E  r e f l   /  E  i n c    , where    E  r e f l     is the energy of the reflected laser pulse and    E  i n c     is the energy of the incident laser pulse. The incident laser fluence, F, is determined by dividing the incident laser pulse energy,    E  i n c    , by the laser spot area on the sample. We study the total reflectivity in a laser fluence range of 0.06–100 J/cm2.



All experiments were conducted at atmospheric pressure. The sample was moved using a computer-controlled X-Y translator to target a new area of the surface with each laser pulse. The surface damage and plasma formation thresholds were measured. The damage threshold was defined as the minimum single-pulse fluence at which visible surface damage was observed under an optical microscope. The plasma formation threshold was determined using a technique proposed by [25], which involved detecting a bright violet flash at the irradiated point. The flash was detected using a photomultiplier with a 0.45 μm long-wavelength cutoff filter with transmittance less than 0.9% and an optical density of 2.5. A cutoff filter was used to prevent plasma radiation from entering the energy meter.



The niobium sample was prepared in the form of a mechanically polished plate with a thickness of 1.5 mm and dimensions of 2 × 2 cm. Although it is preferable to have samples with optically flat surfaces, achieving this requires specific, often expensive processes. To ensure accurate measurements of laser reflectivity, the measuring setup was calibrated using mechanically polished metal samples at low laser fluence. The calibration samples were measured using a Perkin-Elmer Lambda 900 spectrophotometer with an integrating sphere. It should be noted that the ellipsoidal reflector used in the setup absorbs a small amount of the laser light reflected from the sample, and there are also losses due to the chamber rear window and plasma radiation cutoff filter. By calibrating the setup at low laser fluence, the effects of these losses were minimized, allowing for more accurate measurements of laser reflectivity.



A scanning electron microscope was used to characterize the defects in the structural surface of the mechanically polished samples [34,35]. The obtained images show micro- and nano-defects present on the surface of bulk metal samples.



Figure 2 shows the total reflectivity of niobium as a function of laser fluence at atmospheric pressure for both wavelengths. Note that the reflectivity values for    λ 1    = 1.06 μm are higher than those for    λ 2    = 0.69 μm. At low laser fluences, the reflectivity values remain constant at 0.75 and 0.68, respectively, and the irradiated surface does not undergo any surface damage until the fluence reaches the plasma ignition threshold. In this study, we determined the plasma formation thresholds to be 2 J/cm2 and 1.3 J/cm2, respectively, based on an average of ten measurements. We also found that the damage threshold values were only slightly lower than the plasma formation fluence values, at 1.7 J/cm2 and 1.2 J/cm2 for wavelengths 1.06 μm and 0.69 μm, respectively.



Figure 2 also shows the effect of laser wavelength on the reflectivity of the material. Note that the reflectivity values are very different for each laser wavelength. As the laser fluence increases further, the reflectivity drops to about 0.1 for both wavelengths, and the effect of laser wavelength becomes insignificant since the reflectivity values remain unchanged with further increases in laser fluence. This drop in reflectivity with increasing laser power is attributed to plasmonic absorption, which refers to the phenomenon in which plasma (a highly ionized gas) absorbs electromagnetic radiation in the radio frequency range. Vorobyev and Guo [36] suggest that this phenomenon plays a more important role in reducing the reflectivity with increasing laser power. The experimental results suggest that the plasma formed by the shorter-wavelength laser (λ = 0.69 μm) absorbs more laser energy than the plasma formed by the longer-wavelength laser (λ = 1.06 μm), which results in a greater reduction in reflectivity at higher laser fluences for the shorter wavelength. This difference in plasma behavior may be due to differences in the absorption and ionization properties of the material at different wavelengths. We assume that this fact plays an important role in reducing the wavelength effect on the total reflection at F > 10 J/cm2 in our experimental data shown in Figure 2.




3. Discussion


Note that for the longer wavelength (1.06 μm), reflectivity values drop earlier than they do for λ = 0.69 μm. This could be due to shorter wavelengths being absorbed more efficiently by metals than longer ones [37]. This agrees with the fact that plasma formation occurs at a lower laser fluence for   λ = 0.69    μ m    than for   λ = 1.06    μ m   .



Reflectivity reduction can be caused by the temperature dependence of the optical constants [38,39,40] and the absorption of laser light by laser-induced plasma [18,19]. In order to explain the role of the temperature dependence of the optical constants on the reflectivity, the surface temperatures of the samples at the plasma formation threshold fluences have been computed using Drude’s equation derived by Ready [41] (Figure 3).


   T  surf    t  =     1 − R    a    k  π      ∫  0 t    I   t − τ      τ     d τ  +  T 0   



(1)




where  a  is the thermal diffusivity,    k    is the thermal conductivity,  I  is the radiation intensity of the incident laser beam in function of time,  t  and the integration variable  τ ,    T 0    is the initial temperature. The surface temperature equation is calculated for each wavelength using the following parameters: For    λ 1  = 1.06    μ m   , k = 53.7 W/(m·K),   a = 2.321 ×   10   − 5        m   2  / s  , T0 = 20 °C, R = 0.75, and for    λ 2  = 0.69    μ m    R = 0.68, and are shown in Figure 3. Note that the maximum surface temperatures are 1945 °C and 1618 °C for wavelengths    λ 1    and    λ 2   , respectively.



The computed maximum surface temperatures calculated at the plasma formation threshold fluences are significantly smaller than the melting point of the studied metal (2477 °C).



The reflectivity data shows that the reflectivity values of the studied samples do not change at least up to the plasma formation threshold. Classical Drude free-electron theory predicts a decrease in reflectivity with an increase in temperature [42]. For near-infrared, the temperature dependence of the Drude reflectivity of metals is given by the following approximation [40]:


  R  T  ≈ 1 −    ω p    2    π σ   0   T     



(2)




where T is the temperature,    σ 0    is the DC electric conductivity,    ω p  =       4    π n   e   e 2     m e         1 2      is the electron plasma frequency in the metal,    n e    is the density of free electrons in the metal, e is the charge of the electron, and    m e    is the effective electron mass. The Drude theory only applies to metal surfaces that are ideally smooth and clean. Surfaces close to ideal ones can be only produced by the deposition of thin films under ultra-high vacuum conditions. It has been previously stated that real metal surfaces are commonly oxidized, contaminated, covered with adsorbates, and have structural defects that can enhance absorptivity   A =   1 − R    . Therefore, the absorptivity for a real smooth surface is given by [43].


  A =   1 − R   =  A  IN   +  A  IM   +  A  OX   +  A  AD   +  A  SD    



(3)




where    A  IN    , is the intrinsic absorptance of the ideal surface given by the Drude theory, and    A  IM    ,    A  OX    ,    A  AD    , and    A  SD     are contributions from surface impurities, oxides, adsorbates, and surface structural defects, respectively. These contributions can be temperature dependent, causing the resulting temperature dependence of  A  or R to be different from that predicted by the Drude theory. Since the obtained data shows that the reflectivity does not change from room temperature up to the plasma formation threshold, where reflectivity begins to decrease, we assume that the sharp drop in reflectivity values is caused by a plasma shielding effect.



Hence, the reflectivity drops occurring in our experiment at 1945 °C and 1618 °C cannot be explained by the temperature dependence of the optical properties. This suggests that the micro- and nano-defects on the surface of the sample play an important role in the early optical breakdown of the sample. Surface heating by laser radiation of various microstructural defects by nanosecond laser pulses and its effects on plasma formation on bulk aluminum in air has been previously studied [44]. The authors found that lamination and pit-type defects are the most common potential initiation sites on practical metal surfaces. Moreover, they showed that these defects are heated more rapidly to a significantly higher temperature than bulk aluminum surface.



In a previous experimental study [45], the absorptivity of bulk metal targets irradiated by giant ruby laser pulses was measured using micro craters. The metals studied were Cu, Al, Mg, Cd, and Sn. The author found that during the initial stage of advanced evaporation, absorption of laser radiation occurs mainly in pit-type defects, or micro-craters, on the metal surfaces. The depth of the craters on the investigated metal targets was approximately 5–10 μm. Abrupt changes in the absorptivity of the metals were attributed to optical breakdown on the target surface.



Therefore, the discrepancy between the experimental results and the theoretical predictions can be explained by the fact that the theoretical calculation is only valid for ideally polished and clean metal surfaces. For practical surfaces, which are commonly contaminated, oxidized, covered with adsorbents, and have nano/microstructural defects, Drude’s theorem may not be applicable as explained in [46].



We attribute the sharp decrease in reflectivity values to the plasma absorption effect since the onset of the decrease occurs at a laser fluence only slightly above the damage threshold and correlates with the plasma ignition threshold. The reflection of the laser light under conditions of plasma generation has already been widely discussed in [19] and later in [36]. Figure 4 shows the reflection process in this case. Two types of laser-induced plasmas for ablation in air have been defined, material-ablated plasma, and ambient gas plasma. Additionally, ambient gas plasma can take the form of a laser-supported combustion wave or a detonation wave, depending on the laser fluence intensity [47,48].



Considering the absorption of the laser beam in the plasma, the time-integrated reflectivity is given by [19].


  R =   (    ∫  0   τ L     I 0   t   R s   t  exp   − 2 θ  t    dt  )     ∫  0   τ L     I 0   t  dt    



(4)




where I0(t) is the pulse power of the incident laser in function of time, Rs(t) is the reflectivity of the sample surface, θ(t) is the total optical thickness of the plasma, and τL is the duration of the laser pulse. Equation (4) shows that R depends on both the total optical thickness of the plasma θ and the reflectivity of the surface Rs.



In general, the total wavelength effect on the light reflection in the ablation depends on both the laser light absorption in the surface layer of the sample and in the plasma. The reflectivity wavelength dependence on the surface layer is described by the Fresnel and Drude formulae [49]. For a smooth, flat, and clean surface, the reflectivity is given by:


  R =        ε   1 2    − 1    ε   1 2    + 1      2  =       n − 1    2  +  k 2        n + 1    2  +  k 2     



(5)




where ε is the complex dielectric function, n is the refractive index, and k is the extinction coefficient. For metals, ε is given by the relation [47,48].


  ε  ω  = 1 −    ω p 2    ω   ω −   iv   eff        



(6)




where ω is the angular frequency of the laser light,    v  eff   =  v  e − ph   +  v  e − e     is the effective collision frequency, and    v  e − ph     and    v  e − e     are the contributions of electron-phonon and electron-electron collisions, respectively. In contrast to femtosecond laser pulses [50], the contribution of    v  e − e     is small in the case of nanosecond laser pulses. Equations (5) and (6) predict an increase in reflectivity with the increase in light wavelength. In this case, the energy per photon is 1.17 and 1.8 eV for 1.06 μm and 0.69 μm, respectively.



Using the values in the table of n and k for niobium [51], Equation (5) gives R = 0.82 and R = 0.60 for 1.06 μm and 0.69 μm, respectively. These calculated reflectivity values differ from those measured in this study (R = 0.75 for λ = 1.06 μm, and R = 0.68 for λ = 0.69 μm). However, they are in good agreement with the reflectivity values shown in [52].



The discrepancies between our reflectivity values and the calculated values shown are explained by the fact that the n and k table values were obtained for a thin, clean, and smooth film of high optical quality and purity (99.9% niobium) [53]. However, in most practical applications the actual sample surface is not ideal and has nano/microstructural defects, an oxide layer, and pollutants, which result in different reflectivity values, such as in our case.



Very little is known about the reflectivity of a surface that undergoes ablation and is screened by plasma (terms    R s   t    in Equation (4)). Ablation has shown to be dominantly driven by vaporization and phase explosion mechanisms, depending on the laser fluence [6,54,55]. The phase explosion threshold for metals is in the range of 3.9–15   J /   cm  2    [51,56,57]. In higher fluences, such as in our case, solid sample surfaces become liquid and can be further changed into a supercritical fluid state. In the literature [57,58,59], there are several examples of studies conducted on the optical properties of liquid metals. It has been demonstrated that the reflection of light by liquid metals is well described by the Fresnel and Drude equations. However, the main limitation when it comes to modeling reflection from liquid layers produced in laser ablation is to take into account transient geometrical fluctuations of the surface profile caused during the laser pulsed ablation. For example, nanoscale transient ripples on the surface of the melted layer can affect reflectivity through the Fresnel angular dependence.



To our knowledge, optical properties of transient nano/micro ripples induced on a metal surface by a nanosecond laser pulse remain unstudied.



The phase explosion mechanism occurs when the surface temperature of the layer exceeds 0.9Tc, where Tc is the critical temperature. Kudryashov et al. [60] reported a significant drop in reflectivity when studying the ablation of graphite by nanosecond KrF laser at intermediate laser fluences, attributing it to the phase explosion effect. In another study, Wu and Shin [61] theoretically calculated the absorption coefficient of aluminum near the critical point at a wavelength of 532 nm using the Drude model. They found that the absorption coefficient was about three orders of magnitude smaller than the value at room temperature. Moreover, the wavelength effect on the absorption coefficient of aluminum near the critical point has been demonstrated in [61,62], where the absorption coefficient is predicted to decrease with increasing the wavelength.




4. Conclusions


In this study, we have performed a comparative study on the reflection on nanosecond laser pulses with two different wavelengths (1.06    μ m    and 0.69    μ m   ) in the ablation of niobium in air. Our experiments are consistent with previous results [20,21] and show that at low laser fluences, the laser wavelength effect is most noticeable, but as the laser fluence increases beyond the plasma formation threshold, the laser wavelength effect becomes insignificant and remains unchanged with further fluence increase. Further analysis of the surface temperature at the plasma formation fluence reveals that the calculated surface temperature is significantly below the melting point of the niobium sample, this suggests that micro/nano defects play an important role in the reflectivity drop due to plasmonic absorption. Taking into account the absorption of the laser light by plasma reveals that reflectivity values for both wavelengths are a little different, but these discrepancies can be neglected since the sample used by the authors in reference [51] had a purity of 99.9%, which in practical applications is very rare to find. Nano/micro defects, oxide films, and contaminants result in a more pronounced wavelength effect on the reflectivity. Additionally, nanoscale transient ripples on the surface of the melted layer can affect reflectivity through the Fresnel angular dependence. We hold the view that the absorption of laser light by plasma is crucial in mitigating the wavelength-induced impact on the overall reflectivity in our empirical findings when F > 10 J/cm2. When the laser wavelength increases, the absorption of laser light in plasma decreases.
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Figure 1. Experimental setup to study the reflection of laser light in niobium ablation. 
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Figure 2. Experimental reflectivity values for bulk niobium when irradiated by laser wavelengths λ = 1.06 and 0.69 μm in air at atmospheric pressure. 
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Figure 3. Computed surface temperature of the Nb samples as a function of time at the plasma formation threshold laser fluence. 
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Figure 4. Schematics of laser-induced plasmas and reflection of the laser pulse from the sample-plasma system, where    I 0   t    is the incident laser pulse power,    I 0   t  exp   − θ  t      is the laser pulse power that arrives at the sample surface,   θ  t    is the total optical thickness of the plasma,    I 0   t   R s   t  exp   − θ  t      is the laser pulse power reflected from the sample surface,    R s   t    is the reflectivity of the sample surface, and    I 0   t   R s   t  exp   − 2 θ  t      is the laser pulse power that escapes the sample-plasma system. 
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