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Abstract

:

The shot-to-shot measurement uncertainty restricts the application of laser-induced breakdown spectroscopy (LIBS) technically, to a certain extent. In order to further deepen the understanding of spectral stability, in this paper, the effects of the laser’s focus depth, the delay of the spectrometer, and the position of the spectrum collection on the spectral stability were carefully researched. Moreover, the dynamic characteristics of plasma were studied at different laser focusing depths. Research has found that the morphological changes of plasma are relatively stable, without significant changes, despite varying depths of laser focus on the sample surface. In addition, it was found that stable elemental emission spectra can always be obtained in the early plasma aggregation region.
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1. Introduction


Compared with other technologies, laser-induced breakdown spectroscopy (LIBS) has attracted widespread attention due to its advantages, such as fast analysis speed, high degree of automation, no complicated sample preparation, and simultaneous online analysis of multiple elements [1,2,3,4,5]. However, due to the uncertainty of the collected spectral intensity, accurate quantitative analysis of LIBS in industrial applications becomes extremely difficult [6,7,8].



In order to identify the root cause of spectral uncertainty, many researchers have performed a lot of work. Rosalie A. Multari et al. [9] presented a detailed study of the sampling geometry on elemental emissions in LIBS and their effects on analytical results. It was found that plasma temperature, mass of ablated material and atomic emission intensities depend strongly on the lens-to-sample distance. Richard Wisbrun et al. [10] found that factors such as laser intensities, sample surface humidity, crater formation, aerosol production and spectrometer delay will affect the detection limits and the quality of the analysis of environmental samples (soil, sand, etc.). Moreover, J.A. Aguilera et al. [11] discussed the variation of emission line intensities of laser-induced plasmas with the laser pulse energy and the lens-to-sample distance. They reported that under different pulse energy, a focusing position at which the maximum line emission and the lower RSD of absolute intensity are produced. S. S. Harilal et al. [12] studied the expansion behavior of the plasma at different ambient air pressures ranging from 10−6 to 100 Torr, they found that when the ambient pressure is lower than 0.01 Torr, the plasma expands freely. Moreover, Sy-Bor Wen et al. [13,14] discussed that for ablation in a gas with higher atomic mass (e.g., Ar and Ne) the vapor plume expanded more slowly a few nanoseconds after the start of the laser pulse, compared to that in a lower atomic mass (e.g., He). Moreover, Yang-Ting Fu et al. [15,16] analyzed a titanium alloy sample when the focal length of the lens was 150 mm and the depth of focus of the laser on the sample surface was 2 mm, they assumed that the observed total number density fluctuation by the optical system caused by plasma morphology variation is main factor that affects the LIBS signal repeatability.



To enhance comprehension of the factors contributing to spectral uncertainty, this paper meticulously investigates the impact of laser focus depth, spectrometer delay, and spectrum collection position on spectral stability. Additionally, the dynamic properties of plasma were examined across varying laser focus depths. Through an analysis of plasma evolution characteristics and observed spectral stability, preliminary conclusions regarding the method for attaining a stable plasma emission spectrum signal on a brass sample are presented.




2. Materials and Methods


The experimental setup is shown in Figure 1. An Ultra Bigsky laser (1064 nm, 15 ns) was employed as the laser source. The laser beam initially traverses a beam shaper, featuring a 1:1.5 expansion ratio, to reduce the divergence angle of the beam. Subsequently, it traverses an energy attenuator consisting of a half-wave plate and a polarizer. Finally, the laser beam focuses on the sample surface by passing through a lens with a focal length of 50 mm. The energy of laser focusing on the surface of the sample is 95 mJ, and the energy standard deviation of 100 laser pulses is 1.1. A 15 mm focal length lens is employed to couple the plasma emission beam into a fiber. The optical fiber used has a core diameter of 600 µm. The plasma emission spectrum is detected using a spectrometer consisting of ME-5000 and Andor’s intensified charge-coupled device (ICCD) camera. The spectrometer’s shutter opening time (TTL width) is set to 3 μs and a gain (MCP gain) of 2500. For investigating the time evolution characteristics of the plasma, the ICCD camera is also utilized to capture plasma topography. Additionally, a trigger (DG645, Stanford Research System, Palo Alto, CA, USA) is employed to control the relative delay time between the laser and the ICCD camera.



The experimental sample is a brass sample containing 95.9% copper (Cu) and 4.02% zinc (Zn). The laser is utilized to irradiate each sampling point on the sample surface 80 times. The initial 10 pulses are employed for sample cleaning, and the spectrum corresponding to the remaining 70 pulses is utilized for analysis. Experiments have studied the fluctuation characteristics of the plasma emission spectra under different laser focus depth, different collection positions and different spectrometer delays. When the laser focus is above the sample, the laser defocus is positive, and when the focus is below the sample, the laser defocus is negative. The laser defocus adjustment range is −4 mm~4 mm, with an interval of 1 mm. The position of the spectrum collection position is performed at 1–5 positions as shown in Figure 2, each with a difference of 1 mm. Moreover, the relative laser delay of the spectrometer was set to 1 µs, 5 µs, 10 µs, 20 µs, and 30 µs to study the plasma emission spectrum characteristics at different moments.




3. Results and Discussion


3.1. Spectrometer Delay and Spectral Stability


When high-energy laser pulses interact with the sample, atoms and molecules within the sample become excited, resulting in the formation of a high-temperature, high-density plasma. Particles within the plasma, possessing elevated energy levels, emit characteristic spectral signals upon returning to their ground state. Closely associated with this process is the collection delay of the spectrometer, which is the time from the emission of the laser pulse to the initiation of spectrum collection for the plasma emission. Due to the relatively short lifetime of the laser-induced plasma, the precise selection of the spectrometer’s collection delay is directly related to the timing of interactions, such as the laser pulse with the sample, the plasma with the sample, and the plasma with the surrounding gas. Both excessively short or long delays may influence the incomplete formation or premature diffusion of the collected plasma emission spectrum region, consequently directly impacting the intensity, stability, and shape of the spectral signal [2,3,17].



To examine spectral stability as the plasma evolves, this study investigates the relationship between spectral intensity and stability under varying acquisition delays, while keeping the laser focal depth at 0 mm and aligning the spectral acquisition position with position 2 in Figure 2. As shown in Figure 3, at a spectrometer delay of 1 μs, the collected spectral lines exhibit strong and stable intensity. The standard deviation for the single spectrum of O 777.42 nm is within 5%. However, with a spectrometer delay of 5 μs, the relative standard deviation (RSD) of the single spectrum increases to about 10% for matrix elements (Cu and Zn) and air elements (N, H, and O). In addition, as the laser delay continues to increase, two trends emerge. Firstly, the intensity of the spectrum signal collected by the spectrometer weakens. Secondly, the spectrum stability experiences a sharp decline.



As shown in Figure 4, plasma patterns were captured under different laser delays. From this Figure, it can be seen that the plasma morphology differences captured under the same delay in the early stages were relatively small. The initial morphology of the plasma is relatively stable. During the period of 200 ns to 10 μs, the obtained plasma morphology is relatively stable. Due to diffusion and ablation, there are significant differences in the morphology of plasma at the same delay in the later stage. At 20~40 μs, the differences in plasma morphology captured at the same time become increasingly significant. Moreover, as a result of plasma shock waves, a distinct trend was observed wherein the plasma moved in the opposite direction of the laser.



Considering the spectrometer’s integration time is 3 μs and the stability of the generated plasma emission spectrum, this phenomenon indicates that within 1–4 μs after the laser is generated, the number of luminescent particles in the collected signal region of the plasma remains relatively constant. However, as the collection delay increases, the collected spectra show weakened intensity and decreased stability, as shown in Figure 3a,b, respectively. The reason for this phenomenon was that as the collection delay increases, the number of particles in the spectral collection area decreased and the fluctuation increased.



From Figure 5b, it can be seen that when the spectral acquisition delay is 1 µs, the relative standard deviation of the collected spectral lines for the three elements C, H, and O is about 5%. For the spectral lines of Cu and Zn, the relative standard deviation of the collected spectral lines is about 10%. When the delay of the spectrometer is 5 µs, the relative standard deviations of the spectral lines of C, H, O, Cu, and Zn are all about 10%. However, when the delay of the spectrometer exceeds 10 µs, the relative standard deviation of the spectral line intensities corresponding to C, H, and O suddenly increases, even exceeding 100%, while the trend of the relative standard deviation of the spectral lines for Cu and Zn is not very obvious. The observed phenomenon may be attributed to the fact that when the collection delay of the spectrometer exceeds 10 μs, the spectral signal emitted by air particles gradually becomes submerged in the spectral background.




3.2. Laser Defocus and Spectral Stability


The different focusing depths of the laser on the sample surface will lead to inconsistent power density of the laser on the sample surface, directly affecting the interaction process between the laser and the sample. Appropriate focusing depth helps to ensure that the laser pulse can fully excite the elements in the sample, generating stable plasma emission signals. Focusing too shallow or too deep may lead to incomplete plasma formation or interaction with the surrounding environment, thereby affecting the stability of spectral signals [18].



In this study, when the spectrometer’s delay time is set to 1 μs and the spectrum collection position is 1 as indicated in Figure 2, spectral collection is carried out. In order to ensure that the spectral acquisition position remained unchanged relative to the sample surface, the spectral acquisition device moved simultaneously with the sample surface when adjusting the focusing depth of the laser on the sample surface. The relationship between spectral stability and the depth of laser focus on the sample surface has been studied.



The obtained spectrum intensity under different defocus conditions are shown in Figure 5a. The variation of the relative standard deviation of the seven spectral lines of the selected Cu, Zn, O, H and N elements with the laser defocusing amount is shown in Figure 5b.



From Figure 5a, when the laser focusing depth is between −4 mm and 1 mm, the overall intensity of the collected spectra is basically consistent. When the laser focusing depth is between 2~4 mm, the spectral intensity values show a gradually decreasing trend. When the defocus of the laser is 4 mm, most of the energy is used to break down the air. Due to the higher breakdown threshold of the air sample compared to brass, and the relatively low air density, the total density of luminescent particles in the plasma decreases, resulting in a relatively weak spectral intensity collected. As the defocus of the laser decreases, more and more energy is used to excite the surface material of the sample, and increases the overall density of luminescent particles in the plasma, ultimately resulting in a stronger spectral intensity collected.



Figure 5b shows the fluctuation of the relative standard deviation of the seven selected spectral lines with the defocusing amount of the laser. For the spectral line intensities of the three elements of O, H and N, the spectral intensity is relatively stable when the laser defocus is changed between −2 and 4 mm. However, the stability of the three spectra of N, H and O decreases when the laser defocusing distance changes from −2 to −4 mm. As for the spectral line of Cu and Zn in brass, the stability of spectral line is enhanced with the decrease in laser defocusing. The relative standard deviation of spectral lines can be reduced from above 35% to less than 10%.



The reason for this phenomenon may be that as the defocusing amount of the laser gradually decreases, more and more laser energy is used to excite the surface of the sample, resulting in an increase in the composition of Cu and Zn elements in the center area of generated plasma. Throughout this interval, the primary particles within the plasma’s central region undergo a gradual transition from air components to components of the sample material. When the defocusing amount of the laser is positive, the vast majority of the laser energy is used to break down the air. In the generated plasma, the plasma generated on the sample surface at the edge of the plasma fluctuates greatly in the interaction process with the center plasma and environmental gas. Therefore, in this case, the emission spectra of the three elements H, N, and O obtained are relatively stable, while the emission spectra of the two elements Cu and Zn have poor stability. When the defocusing amount of the laser gradually becomes negative, the vast majority of the laser energy is used to excite the surface of the sample, making the central region of the plasma mainly composed of the sample components. During the interaction between the air components located at the edge of the plasma and the center plasma and environmental gas, there are large fluctuations. As a result, the stability of the emission spectra of the H, N, and O elements is poor.



Moreover, under different defocusing amounts, for the seven selected element spectrum lines, there is always a certain element’s spectrum line stability about 5%. This phenomenon indicates that the plasma generated at different laser focusing depths is relatively stable. To verify this idea, the plasma morphology variation characteristics of the laser defocusing amount at relative positions ranging from 4 mm to −2 mm were studied, as shown in Figure 6.



From Figure 6, it is found that the morphological changes in the plasma are relatively stable, without significant changes, despite varying depths of laser focus on the sample surface. In addition, within 500 ns after the plasma is generated, there is no plasma split [13]. When the plasma morphology is within 10,000 ns, the plasma main body morphology presents a good consistency without violent fluctuations. This phenomenon also confirms the stability of the above spectral collection. Between 10,000 ns~40,000 ns, the uniformity of the plasma morphology becomes worse.



In addition, there are significant differences in the evolution of plasma under different laser defocusing amounts. When the relative laser output delay is 200 ns and the laser focusing depth is 4 mm, the obtained plasma side profile is conical; when the laser is focused at a depth of 1 mm, the obtained plasma profile is circular; when the laser defocus is −2 mm, the obtained plasma profile is linear. In addition, when the relative laser output delay is 1000 ns and the laser focusing depth is 4 mm, the obtained plasma profile is approximately rectangular; at a laser focusing depth of 1 mm, the obtained plasma profile is approximately square in shape; when the laser defocus is −2 mm, the obtained plasma profile is approximately shuttle shaped. The reason for the significant difference in plasma morphology under different laser focusing depths may be that when the laser defocus is positive, the laser first penetrates the air and excites the sample. Due to the higher density of the sample plasma compared to the air plasma, a relatively thin gas environment is formed in front of the generated sample plasma, which has a certain drag effect on the generated sample plasma. Therefore, as the plasma evolves over time, the lateral morphology will become longer. When the defocusing amount of the laser is negative, the laser beam directly excites the surface of the sample to produce plasma, without the drag effect of the thin gas environment. It only expands under the action of the plasma shock wave. Therefore, during the evolution process of the plasma, the length of the lateral morphology of the plasma does not change much. In order to explore the stability characteristics of spectra in different regions of plasma, the spectral stability of different defocusing amounts and collection positions was studied.




3.3. Collection Location and Spectral Stability


To investigate spectral line stability across various collection positions, the experiment recorded changes in spectral stability with a spectrometer delay of 1 μs and relative positions of spectrum collection ranging from 1 to 5, as depicted in Figure 2. Figure 7 illustrates the spectral line intensity and stability at different spectral acquisition positions when the laser is defocused by 4 mm.



From Figure 7a, the spectral line intensities of the detected elements Cu, Zn, O, N, and H all show a trend of first increasing and then decreasing. Among them, the spectral line intensities of Cu and Zn are the strongest at relative position 2, while the spectral line intensities of O, N, and H are the strongest at relative position 3. This indicates that when the laser is focused at a depth of 4 mm, the spectral acquisition delay is 1 us, and the integration time is 3 μs, the region where the matrix element is located is mainly at position 2, and the region where the air plasma element is located is mainly at position 3. In addition, from Figure 7b, as the spectral collection positions change from 1 to 5, the relative standard deviations of the spectral line intensities corresponding to the elements Cu, Zn, O, N, and H show a trend of first weakening and then strengthening, and the relative standard deviations of the spectral lines obtained at position 3 are all the smallest. The reason for this phenomenon may be that in the early stage of plasma evolution, the position where the spectrum collection position 1 or 2 is located is the edge of the plasma. Due to the fact that particles in the edge region of the main plasma particles interact with both air and the main plasma, the fluctuation of luminescent particles in the spectral collection area is relatively large. Therefore, the stability of the spectrum is relatively poor. In addition, when the relative position is 5, because the number of luminescent particles in the collected area is small, the effective spectrum is submerged in the spectrum background, and the stability of the obtained spectrum is poor. At the relative position 3, the spectrum collection position is in the central area of the plasma, and the overall density of the particles is relatively constant within the spectrum acquisition time range. The stability of the seven obtained spectral lines has been enhanced in this region, and the RSD of O 777.02 nm is 2.87%.



In order to explore the spectral stability of different focusing depths and collection positions, the changes in laser defocus between −4~4 mm and the spectral stability collected at 1~5 spectral collection positions were analyzed. The relative standard deviations of the spectral line intensities of O and Cu elements obtained are shown in Table 1 and Table 2, respectively.



As shown in Table 1, the RSD changes in the O 777.02 nm at different spectral collection positions under different laser defocusing amounts are recorded. Experiments have found that as the defocusing amount of the laser decreases, the best collection position of the O 777.02 nm moves toward the direction of the sample. When the laser defocus is 4 mm, the most stable collection position for O element spectral lines is 3. However, when the laser defocus is −1~3 mm, the most stable collection position for O element spectral line intensity obtained is 2. When the laser defocus is −2, the most stable collection position for O element spectral lines obtained is 1.



Furthermore, for Cu 578.02 nm, the variation trend between the focusing depth of the laser on the sample surface and the optimal spectral acquisition position is not very obvious. When the laser is focused at a depth of 2 mm~4 mm on the sample surface, a relatively stable plasma emission signal can be obtained at the spectral acquisition position 3. When the laser is focused at a depth of 1 mm on the sample surface, a relatively stable spectral signal acquisition position of 2 is obtained. When the focusing depth of the laser on the sample surface is 0, the acquisition position of the relatively stable spectral signal obtained is 1. When the laser focuses at a depth of −1 mm or −2 mm, a relatively stable plasma emission signal can be obtained at the spectral acquisition position 2. When the laser focuses at a depth of −3 mm or −4 mm, a relatively stable plasma emission signal can be obtained at the spectral acquisition position 1.



By comparing the stability of spectral lines corresponding to O and Cu elements, it has been partially verified that differences exist in the emission spectral lines of various elements within the spatial distribution of plasma. In addition, by comparing the data in Table 1 and Table 2, as well as the plasma morphology captured in Figure 6, it can be observed that stable plasma emission spectral signals can be obtained near the plasma center region. When the focusing depth of the laser on the sample surface is negative, the center position of the plasma is approximately at the spectral acquisition position 1 or 2. Therefore, a relatively stable plasma emission spectrum signal can be obtained at the spectral acquisition position 1 or 2. When the laser focusing depth is positive, the obtained plasma center position is approximately at the spectral acquisition position 3, so a relatively stable plasma emission spectrum signal can also be obtained at that position.





4. Conclusions


In this paper, the effects of the laser’s focus depth, the delay of the spectrometer, and the position of the spectrum collection on the spectral stability were carefully researched. Moreover, the dynamic characteristics of plasma were studied at different laser focusing depths. The study found that the uncertainty of the spectrum has a great relationship with the distribution of the main particles in the plasma, which is mainly reflected in the following two points:




	(1)

	
In the initial stage of laser plasma generation, the collective behavior of the plasma leads to relatively small fluctuations in early particle behavior, resulting in the acquisition of a relatively stable spectrum. Moreover, research has found that the morphological changes in plasma are relatively stable, without significant changes, despite varying depths of laser focus on the sample surface. This finding suggests that LIBS can offer robust performance across different depths of analysis, enhancing its versatility and applicability in various fields.




	(2)

	
The focal depth of the laser on the sample surface primarily influences the position distribution of the main particles within the plasma. Conducting spectrum collection near the central location of the plasma can yield a relatively stable spectrum, whereas the stability at the edges of the central location is lower.
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Figure 1. Experimental setup. 






Figure 1. Experimental setup.



[image: Chemosensors 12 00049 g001]







[image: Chemosensors 12 00049 g002] 





Figure 2. Different spectrum collection locations. 
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Figure 3. The variation in the spectral stability with the delay of the spectrometer. Figures (a) and (b) respectively show the variation of the collected spectra and the relative standard deviation of spectral line intensity with the delay of the spectrometer. 
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Figure 4. Fluctuations in plasma morphology. 
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Figure 5. Spectral intensity and relative standard deviation under different laser defocus. Figures (a) and (b) respectively show the variation of the collected spectra and the relative standard deviation of spectral line intensity with the laser defocus. 
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Figure 6. Temporal evolution of copper plasma morphology fluctuations under different laser defocus. 
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Figure 7. When the laser defocus is 4 mm, the spectral line intensity fluctuates in different spectral collection areas. Figures (a) and (b) respectively show the variation of the intensity and the relative standard deviation of spectral line with the spectral collection location. The error bars represen