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Signal Improvement for Underwater Measurement of Metal Samples Using Collinear Long-Short Double-Pulse Laser Induced Breakdown Spectroscopy
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We employed a collinear long-short double-pulse laser induced breakdown spectroscopy (LS-DP-LIBS) to detect the underwater metal samples. The emission spectra, time-resolved signal, plasma images and sound characteristics of plasma shockwaves are experimentally investigated in this work. The results show that the underwater signal of Al, Cu and Fe spectral lines are significantly improved by collinear LS-DP-LIBS with inter-pulse delay of 35 us. The mechanism of the signal improvement is considered to be the pre irradiation effect of the long pulse laser beam. In the collinear LS-DP-LIBS method, the long pulse first generates a cavitation bubble in water and provides a gaseous environment. Then the short pulse generates the plasma from the sample surface. The present experiments show that the collinear LS-DP-LIBS method offers a significant signal improvement in underwater measurement of metal samples. This new method has great potential in deep-sea exploration using LIBS.
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INTRODUCTION

Laser-induced breakdown spectroscopy (LIBS) is a powerful tool for the exploring of the deep-sea [1]. In recent years, LIBS has attracted many researchers to work in the field of underwater measurement. A lot of studies have been concentrated on the development of the underwater LIBS measurement method. Yelameli et al. have investigated the classification of hydrothermal seafloor rocks using LIBS. Based on the proposed support vector machine method, the LIBS classification of rocks has obtained the accuracy of 98% [2]. Matsumoto et al. have proposed a non-gated detection method for underwater LIBS. By properly selecting the position, they have successfully obtained well-resolved spectral lines even without time-gated detection [3]. Wang et al. have proposed a low-pressure LIBS method for the sensitive detection of cesium in liquid [4]. Lan et al. have reported the detection improvement of solution measurement using a method to measure the flame of alcohol-solution mixtures [5]. Jabbar et al. have proposed a calibration-free long-pulse duration LIBS method for the underwater measurement of metal alloys [6]. Li et al. have studied the salinity effects on the underwater LIBS [7]. Cui et al. have studied the Fraunhofer-type signal for underwater measurement of copper samples. Their results have suggested that the Fraunhofer-type signal can possibly be used for quantitative measurement of underwater LIBS [8]. Zhang et al. have proposed a capillary mode LIBS method to detect the elemental concentrations in solution. Their experimental results have shown that the accuracy of quantitative element analysis in liquids can be improved by the capillary mode LIBS [9]. Double-pulse LIBS (DP-LIBS) has been comprehensively studied by the research group of Giacomo. The basic mechanisms and model of DP-LIBS for underwater measurement have been revealed by theoretical analysis and experimental investigation [10, 11]. The effect of the cavitation bubble on plasma generation and evolution is considered to be a major reason for the improvement of underwater DP-LIBS [12]. The improved methods are still being widely studied for LIBS applications in the field of deep-sea exploration.

In LIBS data processing, the intensity of the emission line is used to analyze the elemental concentration. Generally, the emission lines can be observed in the LIBS spectrum with a gate delay time of several microseconds [13, 14]. Based on time-resolved studies on the emission spectra, the optimized delay time can be selected to record a LIBS signal well [15]. In fact, it is easy to record the LIBS signal well in air or a vacuum atmosphere because the laser-induced plasma has a relatively long lifetime in these cases [16]. However, it is quite difficult to record a satisfactory spectrum in underwater LIBS measurement. Underwater laser-induced plasma suffers from several drawbacks due to the cooling and pressure effect of water. Yoshino et al. have reported the weak intensity of deep-sea laser-induced plasma. They have proposed a signal pre-processing method based on artificial neural networks to improve the LIBS measurement results [17]. Michel et al. [18] and Thornton and Ura [19] have studied the rapid decay and large fluctuation problems of underwater LIBS. They held the view that the effect of water pressure should be a concern in underwater LIBS. The lifetime of laser-induced plasma is usually several microseconds in an air atmosphere, but it is only hundreds of nanoseconds in a water environment [20]. The emission of laser-induced plasma is affected by the negative influences of water [21]. Therefore, signal improvement is one of the vital issues for underwater LIBS. In previous literature of underwater LIBS, De Giacomo et al. [22, 23] and Gavrilovic et al. [24, 25] have reported a signal improvement using a double-pulse (two nanosecond pulses), meanwhile, Jabbar et al. [6], Sakka et al. [26] and Oguchi et al. [27] have reported a signal improvement using a single-pulse with long-pulse-duration. The experimental results of these studies had shown that the reason for signal improvement is related to the cavitation bubble in an underwater environment. Both the double-pulse and long-duration-pulse can produce a beneficial effect for underwater LIBS. Inspired by these studies, the experimental results of underwater measurement are investigated in this work using a long and short double-pulse LIBS method.

The long and short double-pulse LIBS method was proposed by our group and it has been named as LS-DP-LIBS [28, 29]. In previous studies [30, 31], LS-DP-LIBS has been compared with SP-LIBS based on the measurement results in an air atmosphere. Those studies have demonstrated that the plasma is enhanced and stabilized by LS-DP-LIBS. The enhancement and stabilization are owing to the heating effect of long pulse during the plasma generation and evolution stages. In this work, the +collinear LS-DP-LIBS method is used to measure the underwater metal samples. The spectra characteristics, time-resolved signal, plasma images and plasma shockwave are experimentally investigated. The mechanism of signal improvement in underwater measurement is discussed through the comparative study between SP-LIBS and LS-DP-LIBS.



EXPERIMENTAL SETUP

The long-short double-pulse laser beams are generated by a special laser (LOTIS TII, LS-2145LIBS), which is co-developed by our group and Tokyo Instrument Co. Ltd. The laser head consists of two independent channels: Channel 1 without Q-switched unit and Channel 2 with Q-switched unit. The output beams of these two channels are combined inside the laser head and output from the same external telescope. The detailed optical diagram of LS-2145LIBS laser is available in the experimental section of our previous paper [8]. In addition, in order to measure the pulse shape of the LS-2145LIBS laser, a Si photodiode sensor (Hamamatsu, S1336-18BQ) was placed near the light path. The scattered laser light was converted to electric signal by the sensor. Meanwhile, an oscilloscope (Tektronix, MDO3014) was employed to record the output voltage of the sensor. Figure 1 shows the measured pulse shape of LS-2145LIBS laser. The pulse energy of short pulse was set to 25 mJ with the pulse duration of 6–7 ns (FWHM) and the pulse energy of long pulse was set to 100 mJ with the total pulse duration of 35 μs. Meanwhile, the inter-pulse delay between the trigger timings of long pulse and short pulse was configured to 35 μs in this work. In this study, the irradiance of short pulse was around 2.0 Gw/cm2 and the irradiance of long pulse was around 2.5 × 10−3 GW/cm2. From this point, the long pulse laser beam can also be transmitted through optical fiber in the practical undersea application.


[image: Figure 1]
FIGURE 1. Measured pulse shape of LS-DP-LIBS (LS-2145LIBS laser, inter-pulse delay: 35 μs).


Figure 2 illustrates the LIBS system which was employed to carry out the underwater experiments in the present work. The long-short double-pulse laser beam was reflected by a mirror and focused to the sample by a lens (focal length: 200 mm). The plasma light was collected to the fiber entrance in the reverse direction. Next, the emission light of plasma was dispersed by a spectrometer (SOL, NP-250-2M, CH1: 600 lines/mm, CH2: 3,600 lines/mm) and detected by an ICCD (Andor, iStar DH334T-18U-03). To observe the plasma plume simultaneously, another ICCD (Andor, iStar DH334T-18U-03) with a camera lens (Nikon, 602095, focal length: 35 mm) was placed on an X-Y-Z adjustable platform to record the plasma images. The trigger timings of the two laser channels and two ICCD are controlled by a delay generator (Stanford Research Systems, DG645). The quartz cell with the deionized water and metal sample was fixed on an X-Y-Z adjustable platform and automatically driven by motors with a scanning motion in the X-Y plane. During the LIBS measurement, the distance from the water surface to the sample surface was around 100 mm.


[image: Figure 2]
FIGURE 2. Experimental setup of LIBS system for underwater measurement.


The metal samples with high-purity aluminum (Al), copper (Cu) and iron (Fe) composition were used as measuring targets in the present study. All of the 3 samples were used to carry out the underwater LIBS acquiring, and the results are discussed in section Spectral Characteristics and Time-Resolved Intensity. The Cu sample was used to conduct the recording of plasma images, 1-shot spectra and sound signal. The corresponding results are discussed in section Plasma Images and Characteristics of Plasma Shockwave. The reference compositions of the samples, which were provided by Kojundo Chemical Laboratory Co., Ltd., Japan, are listed in Tables 1–3, respectively.


Table 1. Elemental composition of Al sample (mass fraction, %).

[image: Table 1]


Table 2. Elemental composition of Cu sample (mass fraction, %).
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Table 3. Elemental composition of Fe sample (mass fraction, %).
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RESULTS AND DISCUSSION


Spectral Characteristics

In this study, the comparative experiments were carried out using SP-LIBS and collinear LS-DP-LIBS. Figures 3A–C present the measured results from the underwater Al sample, the Cu sample and the Fe sample, respectively. Table 4 provides the parameters of the spectral lines which can be distinguished in Figure 3 [32]. The signal of SP-LIBS is characterized by the noise with continuous background. This type of background is often observed in underwater LIBS studies [3, 7, 17, 18, 26]. The formation of continuous background can be attributed to the ablation of water molecules during the LIBS process. In the underwater environment, the nanosecond pulsed laser beam is able to ablate the material on sample surface as well as the water molecules in its surroundings. The ablation of water molecules leads to the significant continuous background in the spectrum. Generally, the emission spectral lines corresponding to the sample elements can still be distinguished from the continuous background in most of the underwater LIBS studies with relatively high laser pulse energy [21, 26, 27]. However, the spectral lines were completely submerged in the background and noise in the present results of SP-LIBS. The reason is considered to be the low energy of the short pulse laser beam used in this work. Considering the practical application in deep-sea exploration, the energy of the short pulse was set to 25 mJ per pulse in this study. In this case, the laser head can be designed in a compact size and sent to undersea environments for LIBS measurement. The low pulse energy had significantly reduced the signal quality of underwater LIBS measurement. As for the LS-DP-LIBS method, the peak power of the additional long pulse was very low compared to the nanosecond laser pulse. Therefore, the generation and transmission of a long pulse laser beam was easier than short pulse laser beam. The instrument strategy of undersea LS-DP-LIBS can use either of the following two methods: One way is to integrate an independent laser channel in the nanosecond laser head, which is same to the LS-2145LIBS laser in this work; another way is to transmit the long pulse beam, which can be generated by another laser on the mother ship, to the undersea optical system through optical fiber.


[image: Figure 3]
FIGURE 3. Spectra of underwater measurement using SP-LIBS and collinear LS-DP-LIBS. (A) Al sample, (B) Cu sample, and (C) Fe sample. Experimental conditions: gate width: 100 ns, delay: 50 ns, accumulation: 50 shots.



Table 4. Parameters of the specific atomic emission lines [32].

[image: Table 4]

According to Figure 3, the spectra of collinear LS-DP-LIBS are obviously different from the spectra of SP-LIBS. The specific spectral lines of Al, Cu, and Fe elements can be distinguished in the spectra of LS-DP-LIBS. The continuous background is significantly reduced. The characteristics of the spectra are similar to the measurement results in the air atmosphere. The spectral characteristics suggest that the mechanisms of SP-LIBS and LS-DP-LIBS are different in the case of underwater measurement. The recorded spectra have demonstrated that the signal quality is improved by the collinear LS-DP-LIBS.



Time-Resolved Intensity

Figure 4 shows the time-resolved intensity of collinear LS-DP-LIBS. Figures 4A–C presents the results which were measured from Al, Cu and Fe samples, respectively. It can be seen that the time-resolved intensities show the consistent trend for different spectral lines and different samples. As the delay increases from 10 ns, the intensity of the spectral line increases to the maximum value in tens of nanoseconds. After that, the intensity continuously decreases over a relatively wide delay range. This phenomenon is very similar to the phenomenon of LIBS measurement in the air. The results also show that the delay value corresponding to the maximum intensity is different for different samples. It is related to the absorption process of laser energy and the ablation threshold of the sample materials [25].


[image: Figure 4]
FIGURE 4. Time-resolved intensity of collinear LS-DP-LIBS. (A) Al sample, (B) Cu sample, and (C) Fe sample. Experimental conditions: gate width: 100 ns, accumulation: 50 shots, repetition of experiments: 5 times.




Plasma Images

The plasma morphology was also investigated in this study. The plasma images in different delays were recorded by the ICCD, as shown in Figure 5. The upper images show the plasma characteristics of collinear LS-DP-LIBS. The plasma generated by LS-DP-LIBS has a spherical structure, as shown in Figure 5A. The emission intensity and spatial size of plasma decrease as the delay increases. Figure 5B shows the plasma images of conventional SP-LIBS. It can be seen that the emission intensity of the plasma is significantly weaker than LS-DP-LIBS. The plasma emission is unobservable when the delay is longer than 170 ns in SP-LIBS condition, but it is still observable when the delay is 320 ns in LS-DP-LIBS condition. This result indicates that the signal improvement of LS-DP-LIBS can be attributed to the emission enhancement and the lifetime extension of plasma.


[image: Figure 5]
FIGURE 5. Plasma images of underwater LIBS measurement. (A) Collinear LS-DP-LIBS and (B) conventional SP-LIBS. Experimental conditions: gate width: 100 ns, accumulation: 1 shot.


Figure 6 provides the recorded spectral results which correspond to the plasma images in Figure 5. The spectra were acquired with the 1-shot accumulation. As shown in Figure 6A, the spectral lines at Cu I 324.754, Cu I 327.396, and Cu I 333.784 nm can be clearly distinguished from the continuous background and noise in the LS-DP-LIBS condition. Figure 6B shows the results in the SP-LIBS condition. It can be seen that the spectra are obviously different. The signal is dominated by continuous background and noise. No clear spectral line can be distinguished in the spectra of SP-LIBS.


[image: Figure 6]
FIGURE 6. 1-Shot spectra of underwater Cu sample in different delays. (A) Collinear LS-DP-LIBS and (B) conventional SP-LIBS. Experimental conditions: gate width: 100 ns, accumulation: 1 shot.


According to the images in Figure 5, the emission intensity of plasma is almost at the same level in the following two experimental conditions: delay 120 ns of LS-DP-LIBS and delay 20 ns of SP-LIBS. According to the spectra of LS-DP-LIBS (Figure 6A), the spectral lines of the Cu element acquired the strong signal quality in the delay of 120 ns. However, the spectral lines are unable to be clearly separated in the SP-LIBS spectrum with a delay parameter of 20 ns due to the strong continuous background and noise, as shown in Figure 6B. This result suggests that the mechanism of signal improvement is also related to the reduction of background emission in the LS-DP-LIBS condition.



Characteristics of Plasma Shockwave

Figure 7 shows the principle model of underwater LS-DP-LIBS measurement, which is proposed based on the literature of underwater double-pulse LIBS [11, 33]. Basically, the whole process can be divided into two stages: the ablation stage of long pulse (Figure 7A) and the plasma generation stage of short pulse (Figure 7B). In collinear LS-DP-LIBS, the long pulse beam is firstly irradiated on the sample surface. Generally, the peak power of long pulse is below the ablation threshold of sample material. Therefore, the long pulse is unable to generate observable plasma. Nevertheless, the long pulse can produce a significant heating effect on the focus area because it irradiates 100 mJ per pulse to the focus spot in 35 μs (irradiance: around 2.5 × 10−3 GW/cm2). The laser energy is absorbed by the surrounding water then a cavitation bubble is formed on the sample surface, as shown in Figure 7A. Next, the short pulse beam is irradiated to the sample and the plasma is generated inside the gaseous environment instead of the underwater environment. The generation and evolution processes of plasma are carried out inside the cavitation bubble, as shown in Figure 7B. Therefore, the negative influences of underwater measurement can be reduced and the plasma state is close to that of air measurement. The role of the cavitation bubble has also been noted in the short and short double pulse LIBS studies [10–12, 22–25, 34]. In this study, a similar effect is obtained by the long pulse laser beam which is output through operating the laser channel at free running mode. The generation of long pulse does not require a Q-switched unit, which can reduce the instrument complexity and cost.


[image: Figure 7]
FIGURE 7. Principle model of underwater measurement using collinear LS-DP-LIBS. (A) Ablation stage of long pulse and (B) plasma generation stage of short pulse.


In order to find the evidence to support the above model, a sound sensor (YAV Z2, Wuhan Yawei Co., Ltd., China) was placed on the quartz cell to record the acoustic signal generated by the plasma shockwave. Figure 8 shows the output voltage of the sound sensor during collinear LS-DP-LIBS and SP-LIBS experiments. The background signals are sinusoidal waveform with high frequency in both conditions. However, the maximum peak-to-peak value of SP-LIBS is significantly larger than that of LS-DP-LIBS. Meanwhile, the voltage magnitude of SP-LIBS is also significantly larger than that of LS-DP-LIBS. This phenomenon is consistent with the principle model in Figure 7. In the case of LS-DP-LIBS, the plasma is generated inside the cavitation bubble which is created by long pulse laser beam. Thus, the plasma shockwave is significantly attenuated while passing through the gaseous gap and the gas-liquid interface. This mechanism causes the detected sound intensity to be smaller in the LS-DP-LIBS condition. The present experimental result provides effective evidence to show that the long pulse creates a gaseous environment for plasma generation in LS-DP-LIBS.


[image: Figure 8]
FIGURE 8. Output voltage of sound sensor during the underwater LIBS experiments.





CONCLUSIONS

1. For Al, Cu, and Fe samples, the spectra of underwater SP-LIBS show the characteristics of continuous background and noise in a delay of 50 ns. However, the spectra with clear spectral lines can be acquired by the underwater LS-DP-LIBS in the same delay. The continuous background of underwater LIBS measurement is significantly reduced by the collinear LS-DP-LIBS method. According to the time-resolved intensity of spectral lines, the phenomenon of underwater LS-DP-LIBS is very similar to the phenomenon of LIBS measurement in the air. The experimental results suggest that the long pulse beam provides a gaseous environment for plasma generation and evolution in the underwater LS-DP-LIBS measurement process.

2. According to the investigation of plasma morphology, the underwater plasma generated by collinear LS-DP-LIBS is a spherical structure with strong emissions. The time-resolved plasma images indicate that the signal improvement of LS-DP-LIBS can be attributed to the emission enhancement and the lifetime extension of plasma. Meanwhile, the time-resolved 1-shot spectra suggest that the mechanism of signal improvement by LS-DP-LIBS is also related to the reduction of background emission of plasma.

3. The signal improvement of LS-DP-LIBS is attributed to the effects of the cavitation bubble in underwater measurement. In the collinear LS-DP-LIBS process, the long pulse beam firstly generates the cavitation bubble in water and provides a gaseous environment. Then, the short pulse beam generates plasma inside the bubble. This mechanism is supported by the sound detection results of plasma shockwaves. The detected sound intensity of LS-DP-LIBS is significantly smaller than that of SP-LIBS, which is caused by the attenuation effect of gaseous gap and gas-liquid interface.
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