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Laser-induced breakdown spectroscopy (LIBS) and Raman spectroscopy are still rather new techniques for in-situ exploration of extraterrestrial planetary surfaces but have shown their suitability and great potential in several successful robotic missions already. Next to serving primary scientific applications, both methods can also be used in the context of in-situ resource utilization (ISRU) such as scouting for wanted substances and the surveillance of extraction processes. Here, we present two laboratory studies conducted in the context of ISRU with a focus on the chain from prospecting to extracting oxygen from lunar regolith. For LIBS, with optimized data processing and combined with state-of-the-art multivariate data analysis approaches, we show the potential of the technique for identifying samples with increased ilmenite content and for elemental quantification. The measurements were done using lunar regolith simulant and low pressures simulating vacuum on atmosphereless bodies such as the Moon. With Raman spectroscopy, we analyzed lunar regolith simulant samples that underwent electrochemical alteration for oxygen extraction and production of metal alloys demonstrating the potential of Raman spectroscopy for ISRU process monitoring. We also discuss the results in a broader context, evaluating the potential of both methods for other aspects of ISRU support.
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1 INTRODUCTION
In recent years, there has been a resurgence of interest and ambition surrounding humanity’s return to the Moon (Crawford et al., 2012), driven by a collaborative effort between organizations from both the public and private sectors. Enabling scientific research and exploration while also establishing a long-term and cost-effective robotic and human presence on the Moon will lay the groundwork for future human missions to Mars and beyond. For this, the implementation and optimization of utilizing local resources becomes absolutely necessary. In-situ resource utilization (ISRU) will reduce costs, mass, and even risks of the missions and activities by extracting and processing indigenous resources including water, minerals, and gases, for a variety of applications such as life support, construction materials, and propellants for spacecrafts (Anand et al., 2012; Crawford, 2015). Specifically, the most important products from ISRU on the Moon are thought to include O2 and H2O for life support, H2 and O2 for fuel and propellant, and other elements and substances for metallurgic and chemical production processes (Anand et al., 2012). The lunar regolith covering most of the Moon’s surface with a thickness of several meters presents a likely primary feed stock for ISRU (McKay et al., 1991; Anand et al., 2012). The lunar regolith contains 45 wt% oxygen (Schlüter and Cowley, 2020). One particularly interesting mineral candidate for ISRU and oxygen extraction is the titanium-iron oxide ilmenite (FeTiO3), as the iron oxide it contains can be reduced with hydrogen at a lower temperature compared to other processes. While reliance on ilmenite limits the oxygen yield and the locations on the lunar surface where the process is relevant, hydrogen reduction is one of the most studied ISRU processes (Anand et al. (2012) and references therein). More recently, molten salt electrolysis has been shown to extract almost all of the oxygen from lunar regolith using process temperatures similar to ilmenite reduction, which would allow for the simultaneous extraction of oxygen and metals from lunar regolith at any location (Lomax et al., 2020).
Furthermore, in the context of the increasing demand for technology metals, platinum group elements and rare earth elements (REE) are becoming an interesting target. Their extraction is not only of interest in a lunar context, but also extends to other bodies in the Solar System such as asteroids (Andrews et al., 2015).
The first step in ISRU is the scouting for and identification of wanted and suitable substances and could be done autonomously by robots with appropriate sensors and instruments. As an example, the composition of the lunar regolith is known to be very localized due to only minor lateral mixing processes (Anand et al., 2012) and areas with best suited materials have to be identified. Next, in the realm of ISRU applications, the necessity of process surveillance and control emerges as a critical aspect in ensuring the efficiency, reliability, and safety of resource extraction and utilization processes. The complex nature of the extraction and processing steps, coupled with the inherent challenges of operating in extraterrestrial environments, necessitates meticulous monitoring and control to optimize resource utilization, mitigate risks, and maximize mission success.
Two laser-based methods with high potential for various aspects in the context of ISRU from prospecting to surveying different processing steps are LIBS (laser-induced breakdown spectroscopy) and Raman spectroscopy. Both methods are increasingly used to study geomaterials with laboratory and portable instrumentation, e.g., (Senesi, 2014; Harmon et al., 2017; Jehlička and Culka, 2022; Senesi et al., 2021), and have entered the field of space exploration within the last decade being successfully applied in mobile robotic missions for in-situ analysis on other bodies of the Solar System such as on Mars, see below for more information and references. LIBS and Raman spectroscopy can both be applied with optical access only and without the necessity of sample preparation. Moreover, both methods are widely used for process surveillance and control in terrestrial applications across various industries facilitating real-time monitoring and optimization of different processes, e.g., Noll et al., 2014; Pedarnig et al., 2021.
Raman spectroscopy is a vibrational spectroscopy method that provides fingerprint information about molecular or lattice structure, allowing the identification of compounds and the analysis of crystallographic properties. Raman spectroscopy can be used to analyse minerals, detect impurities, and monitor the progress of chemical reactions or mineral transformations during extraction processes. Raman spectroscopy analyses the small fraction of laser light that is inelastically scattered by the sample and therefore undergoes an energy change, providing information about structure and bonding. Raman spectroscopy had its debut in space exploration with the ultraviolet Raman spectrometer SHERLOC (Bhartia et al., 2021) and the time-resolved Raman spectrometer as part of the SuperCam instrument suite (Wiens et al., 2021; Maurice et al., 2021) both on the Perseverance rover of NASA’s Mars2020 mission. The Raman spectrometer called RAX (Hagelschuer et al., 2022; Schröder et al., 2023) for the small rover for JAXA’s Martian Moons eXploration (MMX) mission (Michel et al., 2022; Ulamec et al., 2023) that will explore the surface of Mars’ moon Phobos, will only be the third Raman spectrometer for extraterrestrial applications, scheduled to launch in 2026. RAX is a particularly compact, low-mass Raman instrument with a volume of only approximately 1 dm3 and a mass of 1.5 kg. Another Raman spectrometer called RLS was developed for ESA’s ExoMars rover (Rull et al., 2017).
LIBS is a technique that allows rapid in-situ multi-elemental analysis with no sample preparation and only optical access, making it particularly suitable for exploration tasks. LIBS is particularly sensitive to various metals, including light elements such as hydrogen, and a measurement can be made in seconds. LIBS uses a pulsed, focused laser to ablate a small amount of sample material and create a luminescent microplasma. The plasma emission has characteristic emission lines from which the qualitative and quantitative elemental composition of the sample can be deduced. LIBS is particularly well suited for geomaterial analysis and is increasingly used for both terrestrial, e.g., Rammelkamp et al., 2021; Müller et al., 2021, and extraterrestrial applications. LIBS is being used for in-situ geochemical analysis on Mars by NASA’s two active rovers: The first LIBS instrument in space exploration is the ChemCam instrument on Curiosity, which has been collecting LIBS data from Gale Crater since the rover’s landing in 2012 (Maurice et al., 2012; Wiens et al., 2012; Maurice et al., 2016). With the SuperCam instrument suite on Perseverance, the second LIBS for extraterrestrial purposes has been active in Jezero Crater since landing in 2021 (Wiens et al., 2021; Maurice et al., 2021). One third LIBS instrument on a Mars rover was developed by the Chinese space agency CNSA with MarSCoDe (Xu et al., 2021; Wan et al., 2021) and collected data between late 2021 and 2022. A LIBS instrument was also developed as a payload for the small lunar surface exploration rover of the Indian Chandrayaan-2 mission (Laxmiprasad et al., 2013). While Chandrayaan-2 was not successful due to the lander failing to make a soft landing in 2019, India’s follow-up mission succeeded in reaching the Moon. The Chandrayaan LIBS instrument is particularly light-weight with less than 1.2 kg, has no focusing system and measures the lunar regolith beneath the rover’s chassis at a constant distance of 0.2 m. For Mars, a high-performant LIBS instrument is currently being developed for space aiming for a mass below 2 kg (Rapin et al., 2023). More LIBS instruments for the Moon were proposed and developed such as the VOILA (Volatiles Identification by Laser Analysis instrument) instrument for the LUVMI-X (Lunar Volatiles Mobile Instrumention - Extended) rover which was - as the names suggest - specifically designed for volatile analysis with a focus on hydrogen detection (Losekamm et al., 2022; Vogt et al., 2022a). LIBS instruments such as ChemCam and SuperCam are comparatively large (≈20 L) and heavy (≈10 kg), but are very flexible with their telescopic systems and can measure samples at a wide range of distances of up to 7 m (Maurice et al., 2012; 2021; Wiens et al., 2012; 2021). LIBS instruments for ISRU may be smaller, which may require compromises with regard to their performance and versatility, e.g., in tuning them to specific use cases while reducing their utility to others. The size, mass, and energy consumption of LIBS instruments are dependent on whole mission concepts, on the objectives, the hosting platforms, working distances, etc., and cannot be specified in general terms. As an example, power consumption of the existing space LIBS instruments ranges from less than 5 W (Chandrayaan) to several tens of watts. It is important to note that the characteristics of the laser-induced plasma strongly depend on ambient conditions, such as pressure (Effenberger and Scott, 2010). For laboratory studies, these have to be simulated experimentally in vacuum chambers. It was found that while Martian atmospheric conditions are close to ideal, also in lower pressures such as on the Moon and other bodies without an atmosphere, suitable LIBS data can be obtained (Lasue et al., 2012; Kubitza et al., 2020; Vogt et al., 2022a).
While in a previous study, we have focused on hydrogen detection and its quantification in a lunar context (Vogt et al., 2022a), the focus of this work is on two aspects of the oxygen extraction chain and how LIBS and Raman spectroscopy could support ISRU activities. We optimize data processing and analysis of the LIBS data obtained in vacuum with state-of-the-art multivariate data analysis approaches and show the capability of LIBS for identifying and potentially quantifying enrichments of ilmenite in lunar regolith simulant. Moreover, we demonstrate the capability to survey the progression of oxygen extraction and metal alloy production with Raman spectroscopy, using samples of lunar regolith simulant reduced by molten salt electrolysis. The results are discussed in a broader context of the potential for ISRU supporting applications of both methods comparing to the state-of-the art.
2 LIBS
2.1 Experimental setup: LIBS breadboard model VOILA
LIBS data were measured with a breadboard model of an instrument called Volatiles Identification by Laser Analysis instrument (VOILA) which was developed as payload for a lightweight rover for in-situ exploration of the lunar south pole. The initial design and development of this rover and its payload was part of the Lunar Volatiles Mobile Instrumention - Extended (LUVMI-X) project (Losekamm et al., 2022; Vogt et al., 2022a) describe the VOILA breadboard model in detail and the choices made in its design. We would like to refer to this work for more details on the VOILA instrument and provide only the most relevant information below.
The samples are placed in a vacuum chamber which can be evacuated to pressures lower than 10 mPa to simulate the low pressure on the surface of the Moon. In this pressure range, the mean free path is large enough for the LIBS plasma to expand freely without being confined by the surrounding atmosphere. Going to even lower pressures such as on the surface of the Moon (Heiken et al., 1991) is expected to not change the behaviour of the laser-induced plasma so that experiments simulating the vacuum of atmosphereless bodies are typically done in the range of 10–100 mPa (Knight et al., 2000; Lasue et al., 2012; Kubitza et al., 2020). The laser was developed by the Laser Zentrum Hannover e.V. (LZH) in the framework of the LUVMI-X project. The active medium is a Yb:YAG crystal emitting at a wavelength of 1,030 nm with a pulse duration of 7.8 ns. The energy per pulse is adjustable up to a maximum of 25 mJ. The optical head where the laser beam is expanded was built of commercial off-the-shelf components (COTS). The expanded beam is then focused inside the simulation chamber onto the sample at a working distance of 400 mm. The emitted radiation by the plasma is collected by the same optics which is used for the focusing of the laser beam. Within the optical head, a dichroic mirror separates the two light paths and the collected plasma radiation is guided to a fiber-coupled compact spectrometer (Avantes, model AvaSpec-Mini). With a spectral resolution of about 0.4 nm, the spectrometer covers a spectral range of 340–900 nm, from which we use only the range 390–800 nm as before 390 nm and beyond 800 nm the transmission of the optical head is limited. As previously noted, the instrument design decisions are discussed in Vogt et al. (2022a) and are not part of this study. However, we want to comment on the smaller spectral range compared to instruments such as ChemCam and SuperCam. These instruments were designed for different purposes and missions. VOILA has to be much smaller and lighter, which limits the choice of spectral range, in which we ensured that the chosen range includes emission lines from the majority of oxides in lunar material (Si, Al, Ti, Fe, Mg, and Ca), as well as from alkali elements (Na, Li, and K) and H and O.
2.2 LIBS samples and sample preparation
For the study on the potential of detection and quantification of ilmenite enrichments in lunar regolith with LIBS, two commercially available lunar regolith simulants were mixed with concentrated ilmenite which was provided by the Museum für Naturkunde Berlin (MfN). The lunar regolith simulants representing the Lunar mare composition (LMS-1) and the Lunar highland composition (LHS-1), respectively, are both from Exolith. The mineral and oxide composition is given in Table 1. In their pure form, LHS-1 contains 0.4 wt% and LMS-1 4.3 wt% of ilmenite. All three components are available in form of fine to coarse grained powders and were mixed and further crushed with mortar and pestle. The resulting mixtures with varying ilmenite concentrations were pressed into pellets of about 1 g and 14 mm diameter at a pressure of 5 t for about 10 min. We produced 15 and 14 samples per simulant, respectively, one pure sample of both simulants and one pure ilmenite sample, giving a total of 32 samples, an overview of which is given in Table 2.
TABLE 1 | Overview of both mineralogical and elemental oxide composition of the two lunar regolith simulants LMS-1 and LHS-1 used in the LIBS experiments. The LMS-1 is also the starting material of electrolysis samples measured with Raman spectroscopy. Trace elements such as Cl, Cr2O3, NiO, SO3, and SrO are not shown.
[image: Table 1]TABLE 2 | Overview of samples measured with LIBS.
[image: Table 2]2.3 LIBS measurements
All mixtures of lunar regolith simulants with ilmenite were measured with the VOILA setup described in Section 2.1. The pressure in the vacuum chamber was reduced to below 10 mPa. Each sample was measured at ten different locations by moving the sample holder. The laser was started with a repetition rate of 10 Hz together with the spectrometer with an exposure time of 3 s, i.e., the emission of 30 successively laser-induced plasmas was accumulated for one spectrum at one position. A dark spectrum was measured with the same exposure time for each sample and used for all ten spectra. The laser pulse energy was adjusted to 17 mJ.
2.4 LIBS data preprocessing and analysis
Before the analysis, several preprocessing steps were applied. For all ten measurements on one sample, one dark spectrum was measured which is subtracted from the LIBS active data first. Then, all spectra are corrected for the response function of the spectrometer and the transmittance of the optical head. The mostly undiagnostic continuum emission of the laser-induced plasma that is superimposing the emission lines of the atoms and ions was removed computationally by performing background subtraction. This was carried out iteratively by first smoothing the spectrum and subsequently masking all un-smoothed spectrum values that are larger than the smoothed ones. When repeating this procedure multiple times, a satisfactory fit of the background can be achieved without affecting the emission line intensities. A more detailed description of the baseline correction can be found in the Supplementary Material.
As part of our initial exploration of the data, we used the multivariate technique principal component analysis (PCA) on all of the spectra. PCA is a matrix decomposition technique in which the data is rotated into a new space where the majority of the variation in the initial data can be represented by a reduced number of dimensions, termed as components (Lever et al., 2017). Applied to LIBS data, it is in particular useful to group similar spectra together, investigate correlations, and to check for outliers (Pořízka et al., 2018). In our study, it was seen that the amount of explained variance increases at a slow rate as additional components are added. The initial four components account for 61% of the variance, however, subsequent components result in only marginal increments. This trend implies the presence of uncorrelated noise among the spectra and gave rise to the approach of using the first four components to denoise the spectra, which is a common approach in spectral data processing, e.g., Stephan et al. (2008). We then applied this method, taking into account four components, and obtained eigenvalues, also called scores, for each spectrum. Finally, we used the model to back-transform these eigenvalues, resulting in notably cleaner spectra. An example is shown in Figure 1, which shows the original spectrum, the reconstructed spectrum and, in the lower plot, the residuals. The residuals show no spectral characteristics, indicating the successful removal of noise in the back-transformation.
[image: Figure 1]FIGURE 1 | Example spectrum of an LHS-1 sample, original spectrum and back-transformed using a four-dimensional PCA model. The bottom plot shows the residuals between the original and reconstructed spectrum. The reconstructed spectrum is reduced in noise but not in spectral information, as can be seen from the residuals.
2.5 LIBS ilmenite detection
For a better understanding of the measured LIBS data, we first looked at the spectra of pure LMS-1, LHS-1 and ilmenite. The average spectra of the ten measurements were taken and are shown in Figure 2. The top row shows two zooms to spectral regions with strong Ti emission lines. Fe emission lines can also be observed in the ilmenite spectrum, but they are weaker than the Ti lines. The LMS-1 spectrum shows very weak Ti emission lines even though it contains 4.3 wt% ilmenite. In general, both spectra of LMS-1 and LHS-1 have a few weak features in the regions with strong Ti emission lines, 452–458 nm and 497–504 nm. However, they are difficult to interpret because they cannot be clearly distinguished from noise. The main difference between the two lunar regolith simulants lies in the strength of the Mg and Ca emission lines: The LMS-1 spectrum has stronger Mg emission lines, whereas the LHS-1 spectrum has stronger Ca emission lines, consistent with their compositions, compare Table 1.
[image: Figure 2]FIGURE 2 | Mean LIBS spectra of pure LMS-1, LHS-1 and ilmenite samples. The lower plot shows the full spectral range used in this study. The most prominent emission lines are annotated. Major differences between the three samples are observed for the Ca, Mg and Ti emission lines. The plots in the top row zoom in on the spectral regions with the strongest Ti emission lines indicative of ilmenite.
Two approaches to the identification and prospective quantification of ilmenite enrichments were investigated. In the first, all counts in the spectral range 496.5–503.0 nm were summed, as most of the intensities there are expected to be from Ti. Although ilmenite also contains Fe, we decided to focus on Ti because Ti emission lines are more prominent in the instrument’s spectral range than those of Fe, see Figure 2. From a geological perspective, Ti is a better indicator of the presence of ilmenite than Fe, since Fe is a major constituent in most geological materials. For this approach, the calibrated spectra were used but no standardization or data normalization was applied.
The second approach is based on the matrix decomposition technique non-negative matrix factorization (NMF), which was applied to the entire data set with the aim of extracting a factor that can be assigned to ilmenite. NMF belongs to the family of source separation techniques and assumes nonnegativity in the data set which makes it in particular useful for data with a physical interpretation (Pauca et al., 2006). An NMF model with four factors can reconstruct the data with a reconstruction error of 6.7%. We also tested models with more factors, but this resulted in only a small reduction in the reconstruction error, while the factors modelled more noise. We also applied NMF to the data that had not undergone PCA denoising. This also showed that clear factors were difficult to identify as they were characterized by noise variations. Finally, we decided on the four-factor model whose extracted factors are shown in Figure 3. The first NMF factor primarily represents the alkalis Na and K, and Si, which are present in comparable quantities in both lunar regolith simulants. Thus, this factor may be interpreted as a shared baseline. The NMF factor 2 can be assigned to ilmenite mainly on the basis of strong Ti emission lines. Factor 3 represents the LMS-1 component with strong Mg lines, while dominant Ca emission lines on factor 4 indicate a correspondence with the LHS-1 component. This is confirmed by the fact that the majority of LHS-1 samples have the highest scores on factor 4 and the same can be observed for LMS-1 samples and factor 3.
[image: Figure 3]FIGURE 3 | All four factors of the NMF model with annotations of the most prominent emission lines on each factor. Factor 2 can be interpreted as the ilmenite component showing dominant Ti emission lines while factor 3 and factor 4 represents LMS-1 and LHS-1 components, respectively.
In Figure 4, for each sample except the pure ilmenite sample, the summed Ti intensities and the scores on NMF factor 2 are plotted versus their known ilmenite concentration. Both values are shown as box plots, where each box corresponds to one sample and contains the values of all ten measurements. For both approaches, an overall increase of the ilmenite measure is observable with increasing ilmenite concentrations. However, the values show in both cases a large scatter and also a few targets which do not follow the overall increase. Since the scatter is observable for both approaches, the reason is likely related to the samples and the measured data and not to the data analysis approach. Also worth mentioning is that no clear trends were observed when looking at the two lunar regolith simulants separately from each other.
[image: Figure 4]FIGURE 4 | For both approaches, the summation of Ti intensity and NMF factor 2 values, are shown as a function of ilmenite concentration in the samples. For each sample a box is shown, as known from conventional box plots, containing all 10 measurements from one sample. The dashed lines correspond to the thresholds defined to discriminate between ilmenite not being detected and ilmenite detected. In both cases there is a general increase with increasing ilmenite concentration, but what increases more is the scatter between the 10 measurements on a sample.
Although the components were crushed and mixed with mortar and pestle, the samples are not homogeneous on the scale of the ablation zone, i.e., the laser spot size. To investigate this, images of the samples were taken using a digital microscope, a selection of which are shown in Figure 5. For both simulants, the pure sample, a sample with medium and a sample with high ilmenite enrichment are shown. The ilmenite grains can be recognised by the fact that they are black and reflective. As expected, the density of the ilmenite grains increases with increasing concentration. Their distribution is not homogeneous and the grains also differ in size. In a recent study, regolith simulants from Exolith Lab including the two lunar simulants used for the LIBS samples LMS-1 and LHS-1 were extensively investigated and their production process described in detail (Long-Fox and Britt, 2023). Besides the mineralogical composition, the physical properties of the simulants including the grain size distribution were designed to match Apollo samples. The grain size in both samples vary in a range of [image: image] 0.04 μm–1,000 μm. To compare this to our LIBS investigated spot sizes, we also investigated the craters that are left after a LIBS measurement (not shown). These craters generally vary somewhat in size with smaller or larger grains removed from the crater edges and have an average diameter of 500 μm and a typical depth of 200–500 μm when formed by 30 consecutive laser shots and the subsequent plasma.
[image: Figure 5]FIGURE 5 | Images of selected samples taken with a digital microscope. For each lunar regolith simulant, the pure samples, a sample with a moderate addition of ilmenite, and the sample with the largest amount of ilmenite added are shown. In general, it can be seen that the samples are heterogeneous. In addition, the shiny metallic grains that are ilmenite are not evenly distributed and it is very likely that the laser is not hitting ilmenite grains in each measurement, although the overall ilmenite abundance may be high.
With the observed heterogeneity of the samples, it is therefore not surprising that with increasing concentration of ilmenite, the scatter of the points increases. At a higher density, the probability is higher that several of the ten points measured on a sample mainly hit ilmenite grains. Accordingly, we have introduced a measure for both approaches that is closer to the reality of heterogeneous geological samples: we count how many points of all points measured on a sample have a clear signature of ilmenite. The definition of a clear signature in our case is empirical for which the definition of the limit of detection was followed, but adapted to the measurement data. Instead of a true blank sample, samples with an ilmenite concentration of less than 5 wt% were considered as samples without a clear signal. This included 4 samples with a total of 40 measurements. The threshold for a clear signature was then calculated by taking the mean value plus 3 times the standard deviation of these 40 measurements for both summed Ti intensities and NMF 2 scores. For the summed Ti intensity, we obtained a value of 2.0 × 10−5 as the limit, see purple dashed line in Figure 4 upper plot. For the NMF Factor 2 score, the limit is at 0.1, indicated by the turquoise dashed line in the lower plot of Figure 4. All measurement points that have a value above these limits are counted as ilmenite detections. The plots in Figure 6 display the rate of ilmenite detections for each approach as ilmenite concentrations increase. Both approaches show an increase in ilmenite detections, with the highest rates occurring predominantly in samples with a concentration greater than 30 wt% ilmenite. Furthermore, the NMF factor 2 approach begins to detect a significant number of occurrences at approximately 10 wt% ilmenite. The summed Ti intensity is less responsive to increments in ilmenite concentration as there is still one sample with zero ilmenite detections while these samples have ilmenite concentrations greater than 10 wt%. Although this dataset exhibits heterogeneity that precludes reliable quantification of ilmenite abundances, the approach based on the extracted NMF factor can be inferred as a type of lower detection limit for ilmenite enrichments. Two or more detections of ilmenite within a raster containing ten points may indicate that this target or area possesses an average ilmenite enrichment greater than 10 wt%.
[image: Figure 6]FIGURE 6 | Number of ilmenite detections per sample and therefore per ilmenite concentration for both approaches. Starting with samples with more than 10 wt% of ilmenite, the number of ilmenite detections increases with increasing ilmenite concentration. However, the increase is not continuous and some samples have less detections than samples with lower ilmenite abundances.
Overall, both approaches have their advantages and disadvantages for the detection of ilmenite with LIBS. While the summation of Ti intensities is relatively easy to implement, it is not guaranteed that lines from other elements found in the same spectral range do not influence the results. The lines do not even have to be particularly strong and directly recognisable to influence the results. On the other hand, extracting a suitable component with methods like NMF that can mainly be assigned to ilmenite minimizes the risk of taking into account influences from other elements. How this approach can be applied to a more comprehensive and realistic data set with enhanced mineral diversity of the samples and in particular the effects of variations in iron content needs further investigation. LIBS detects elements rather than minerals, which means that other Ti-bearing minerals may also contribute to the detection, potentially biasing the ilmenite result. However, previous analyses of the lunar surface have shown that Ti is mainly present in the mineral ilmenite, and less frequently in Si-Ti phases such as silcate glasses (Lucey et al., 1998; Anand et al., 2012). Additionally, as previously mentioned, the NMF approach is less influenced by other elements. To achieve a high score on NMF factor 2, all Ti lines must be present. and lines that are not part of the factor, such as Si (see Figure 3), do not count. In closing, this study yielded promising results that LIBS is indeed suitable for in-situ detection and quantification of ilmenite enhancements in lunar regolith with dedicated data processing and state-of-the-art multivariate data analysis.
3 RAMAN
3.1 Experimental setup: Confocal Raman microscope
The experiments were performed with a commercial confocal and continuous-wave (cw) Raman microscope (WITec alpha300 R system) at DLR Berlin, Germany. A frequency-doubled cw Nd:YAG laser with an excitation wavelength of 532 nm was used. The laser radiation was focused to a spot of approximately 1.5 μ m diameter on the sample surface using a Nikon ×10 objective. An edge filter which opens around 70 cm−1 suppresses the detection of Rayleigh scattered photons. The spectrometer covers a spectral range up to 3,800 cm−1 and has a spectral resolution of about 4 cm−1.
3.2 Raman samples and sample preparation
To demonstrate one use case for Raman spectroscopy in the context of ISRU, a sample set that was chemically altered in an electrochemical FFC (Fray, Farthing, Chen) process (Chen and Fray, 2020; Schlüter and Cowley, 2020) for oxygen extraction was chosen. In recent studies by Lomax et al. (2020) and Meurisse et al. (2022), the FFC process was demonstrated for the direct electro-deoxidation of solid-state lunar regolith simulant. Besides the process, also the development of inert anodes is an important research area (Hu et al., 2016; Du et al., 2021) to ensure that there are deployable models in space when the process is ready for use on the Moon. For our study, samples that had undergone the FCC process using the experimental set up described in Meurisse et al. (2022) were measured with Raman spectroscopy. This set of samples contained lunar regolith simulant at different stages throughout the process, with successively less oxygen and more metals.
The starting material for all samples was the lunar regolith simulant LMS-1 (Exolith Lunar Mare Simulant, procured in 2019), of which the composition can be seen in Table 1. The untreated LMS-1 starting material was used as a reference and contains approximately 42 wt% oxygen. Five samples that spent different lengths of time in the electrolysis process were analysed. The samples are therefore labelled: 00 , 05, 10 , 13 , 16 , 24 h. Following 24 h of processing, approximately 80% of the oxygen had been removed from the LMS-1 material. Similar to the LIBS samples (Section 2.2), the samples were pressed into pellets.
3.3 Raman measurements
All measurements were carried out with the same measurement parameters. We made single measurements on the samples but also line scans where mostly eight points were measured on a line previously drawn in the microscope image of the samples. For both the single measurements and the line scans, the Raman signal was integrated for 5 seconds and no further accumulations were made. The laser power was set to 7 mW for all measurements. The number of measurements per sample varied, but a minimum of 33 spectra per sample were acquired from all. A detailed list is given in Table 3.
TABLE 3 | Overview of Raman spectroscopy measurements on the different treated samples including the starting material. Not all spectra exhibit identifiable Raman modes; therefore, not all spectra were kept for further analysis as described in the text. The rate shown is for the remaining spectra. The last column gives the number of measured spectra which could be assigned to primary minerals characteristic of the starting material, i.e., to pyroxene, plagioclase or olivine.
[image: Table 3]3.4 Raman data preprocessing
Not all measured spectra show Raman signatures and also varying contributions of luminescence were observed. The observed luminescence was deemed undiagnostic for this study and the broad superimposing emission was therefore removed in a first data preprocessing step with a baseline subtraction. For this, we employed the asymmetrically reweighted penalized least squares algorithm which is based on the Whittaker smoother (Baek et al., 2015). The subtraction of the baseline is not crucial for the subsequent evaluation, however, for more information on the methods used see the Supplementary Material. To filter out spectra without relevant Raman signatures, a criterion based on signal-to-noise ratio was used. The maximum signal value in the spectrum was picked and the ratio of its height to the standard deviation of a nearby peak-free area in the spectrum was taken. After analyzing the ratio and examining the spectra, we decided that a ratio of eight was a reasonable threshold, so that spectra with a ratio greater than eight were kept for further analysis. The final numbers of spectra per sample are also listed in Table 3.
3.5 Raman results
The analysis of the Raman spectra is mainly based on qualitative observations, i.e., the identification of minerals and components in each sample. We first present examples of spectra and corresponding mineral identification in the starting and end materials (00-h and 24-h samples). We then observe the evolution of the identified Raman signatures throughout the series, to monitor the changes happening in the sample during the process.
Note that the material analyzed in the current study is not the most ideal material for Raman spectroscopy. Lomax et al. (2020) showed that the final material consists predominantly of metal alloys that are weak Raman scatterers. Consequently, several Raman spectra of the treated samples expectedly do not exhibit any detectable Raman signal, see Table 3. In spite of this we have observed several spectra with significant Raman signatures.
Starting with the Raman spectra of the untreated sample, it was possible to identify Raman spectra of minerals that match the known mineralogical composition of the starting material. The upper part of Figure 7 shows an image of the sample taken with the microscope together with the course of a line scan and Raman spectra of three highlighted positions. At position 1, a plagioclase spectrum was measured, at position 2 an olivine spectrum and at position 3 a pyroxene spectrum. These minerals are consistent with the mineralogical composition of the starting material (Table 1). The sample that was in the electrolysis for the longest time, 24 h, shows very different signatures. The lower part of Figure 7 shows a picture and also three selected Raman spectra of this final sample. Looking at the microscope image alone, it is noticeable that the parts of the sample are more reflective and look more metallic overall compared to the untreated sample. The spectrum of position 1 shows spectra of three components: silicon, carbonate, and graphite. Raman modes of these materials also occur at position 2 with both silicon and graphite modes, and at position 3 with the modes of graphite alone.
[image: Figure 7]FIGURE 7 | Examples of the untreated (top) and the 24-h sample (bottom) viewed through the Raman microscope. The 24-h sample reveals an increased presence of reflective sections, typically observed in metallic substances. In both images, the black line marks the course of a linescan with three positions highlighted. The corresponding Raman spectra from these positions are displayed on the right. While the untreated sample displays spectra of minerals belonging to the initial material, the 24-h sample spectra may be interpreted as results of the electrolysis process.
The comparison of the initial and final samples demonstrates that Raman spectroscopy has the potential to assist in controlling the results of the oxygen extraction process. Moreover, Raman may also be applicable in-situ for real-time monitoring of the process. In this instance, it would be possible to measure several tens of spectra and use the statistics of these spectra to monitor the evolution of the sample. Based on our investigation of the starting and end material, we identified the occurrences and characteristics of different signatures in the series.
First, we track the minerals identified in the starting material: olivine, pyroxene and plagioclase. Considering these minerals as characteristic of the starting material, their presence was monitored in the treated samples and the results are displayed in the last column of Table 3. Keeping in mind that all samples are mixtures and heterogeneous on the scale of the Raman laser spot size, and that it is always possible that we have not measured relevant phases, it can still be observed that the number of starting material mineral detections decreases significantly for the 5-h sample. Only two additional olivine spectra were measured for the later samples. This suggests that despite incomplete oxygen extraction for these samples, the starting material has already been altered to a considerable degree after 5 h of electrolysis.
Secondly, the Si mode around 500 cm−1 is visible in numerous spectra of the treated samples and will be discussed in more detail in the following. The Si mode appears mainly around 500 cm−1, for example, also in the spectrum measured at position 2 (lower part of Figure 7). For crystalline silicon one would expect a sharp peak around 520 cm−1 associated to a transversal optical phonon. The mode that we observe in our study is shifted towards lower Raman shifts and broadened which could indicate that the silicon is in a more amorphous than crystalline phase (Zwick and Carles, 1993). For the samples which spent 5, 13 and 24 h, respectively in the electrolysis process, the Si mode is shown in the upper part of Figure 8. The gray lines belong to spectra of each of the samples which exhibits a clear Si mode whereas the pink line is the mode of crystalline Si measured on a Si wafer with the same experimental set-up. All spectra were normalized to their maximum intensity for better comparison. The comparison clearly shows that the Si Raman modes of the reduced lunar regolith simulant samples are broadened and also shifted to lower Raman shifts. To investigate whether the magnitude of the shift and the line width is related to the time the samples spent in electrolysis, we fitted the modes with Voigt profiles and checked their line center as well as their width via the full width at half maximum (FWHM). The lower part of Figure 8 shows the results as violin plots for all spectra having the Si mode. The violin plots display the distributions of both fit parameters for each sample where the middle horizontal line represents the median. There is no distinct trend observable with regard to the duration, nevertheless some differences appear. Regarding the peak positions (shown in the lower left of Figure 8), the 5 and 10-h samples with the shortest duration have mainly peak positions larger than 510 cm−1 and smaller than 520 cm−1. A larger spread of center positions can be observed for the 13 and 16-h samples, reaching from 490 cm−1 up to 520 cm−1. The 24-h samples with the longest duration in the electrolysis feature center positions that are again less scattered but are mainly at a lower Raman shift close to 500 cm−1. The Si mode widths (shown in the lower right of Figure 8) for samples electrolysed for 5 and 10-h are on average narrower than those for longer duration samples. The 13 and 16-h samples exhibit wider distributions, while the Si mode widths for the 24-h sample are less dispersed, but larger than those for the 5 and 10-h samples. The observed variations in center position and width suggest that a Si phase with varying degrees of crystallinity could have emerged during electrolysis. Amorphous silicon has a broad peak around 480 cm−1 and depending on the crystalline fraction, it overlaps more or less with the crystalline Si mode at 520 cm −1 resulting in shifts to lower Raman shifts (Kimura and Katoda, 1997; Islam and Kumar 2001). Several studies have investigated the impact of strain and stress on both crystalline and amorphous silicon, and have explored how these influences affect the Raman Si modes (Ureña et al., 2013; Strubbe et al., 2015). However, in order to make conclusive interpretations from our samples and to potentially link the Si mode to the amount of extracted oxygen, further research would be necessary that specifically targets the Si phases.
[image: Figure 8]FIGURE 8 | Investigation of Si Raman mode at 520 cm−1. Top row: Zoom for spectra measured on the 5, 13 and 24-h samples (gray lines), only spectra with a clear Si mode are shown. For comparison, the Si mode measured on a Si wafer with the same set-up is shown in pink. All spectra were normalized to their maximum intensity. Bottom row: Mode fitting results as violin plots where the middle horizontal line represents the median. Left: The center is at higher wavenumbers on average for the 5 and 10-h samples than for the 24-h sample, while a wider distribution for the 13 and 16-h samples than for the others is observable. Right: Also, the broadening indicates variations among the samples: there is again a more extensive spread observed for the 13 and 16-h samples, whereas the Si modes of the shorter duration samples are narrower when compared to those of the 24-h sample.
Finally, we observed the appearance of carbon-related features. Carbonate is identified by the A1g mode of the CO3 polyhedra at 1,085 cm−1 (Dufresne et al., 2018). Graphite is observable in all of the three selected spectra of the 24-h sample shown in Figure 7 by means of the so called D and G modes at 1,370 cm−1 and 1,580 cm−1, respectively. The G mode is the typical E2g mode of sp2 carbon systems due to stretching of C-C bonds while the D mode was named for disorder-induced-mode (Reich and Thomsen, 2004). Graphite is formed as a result of degradation of the graphite anode utilized in the electrolysis process. In the spectrum of the 10-h sample, graphite modes can be observed for the first time, while no graphite spectrum was measured from the 13-h sample. The modes appear quite regularly for the 16 and 24-h samples as expected because of the anode’s gradual degradation over time. The electrolysis focused on the reduction processes and end products obtained from the regolith, rather than on the anodic processes. In real ISRU scenarios, an inert anode will be employed to produce oxygen directly and prevent carbon contamination.
In summary, future studies may need to further investigate the different phases formed during electrolysis, but this study has shown that it is possible to use Raman spectroscopy to detect changes in the samples related to the duration of electrolysis and therefore the amount of oxygen extracted.
4 CONCLUSION
The two separately presented studies show that LIBS and Raman spectroscopy are promising techniques to support ISRU activities. With LIBS we could show the suitability for the detection of enrichments of ilmenite and the potential for elemental quantification. This was possible despite the fact that the used VOILA breadboard model was optimized for the detection of H and O and therefore not including the UV wavelength range where intense Ti and Fe emission can be detected, and furthermore with only limited sensitivity below 450 nm resulting there in noisy data. With an instrument optimized for the UV and lower visible spectral range even better results are expected. On the other hand, with Raman spectroscopy, we could show that a chemical alteration process can be monitored and changes in the sample can be seen. Here, however, the sample set was not ideal to demonstrate the potential of Raman spectroscopy for process surveillance since the metals and metaloxides forming from the lunar regolith simulant are weak Raman scatterers. In this particular use case, Raman spectroscopy seems most useful for the tracking of the primary raw material that enters the oxygen extraction process. Other use cases, where processes observing the extraction of hydrogen and water are monitored, could yield even better results with Raman spectroscopy. In another study (Vogt et al., 2022b), the same samples were measured with the VOILA LIBS setup and promising results for the monitoring of the LIBS O signal are reported. Thus, combining LIBS and Raman spectrocopy can result in a powerful approach for the in-situ characterisation of the lunar regolith and for the online monitoring of the extraction process.
Both studies share the conclusion that it is important to measure multiple positions per sample on the very fine grained and locally heterogeneous lunar regolith. At this point, it is relevant to note that the samples used in this study were prepared as pressed pellets with an even surface. Although geological samples may deviate from this, it should not be an issue if LIBS and Raman instruments have a focusing mechanism to ensure that each measuring point is in the optimal focus, regardless of the possible unevenness of samples. The anticipated sample heterogeneity has already been discussed for the LIBS study, which is why we recommend taking several measurements per sample. The acquisition of multiple measurements allows that statistical approaches can be included in the data analysis chain which are needed for more robust quantitative results. For LIBS we propose rasters with a minimum of 10 points and 20–50 shots per position to obtain also information from some depth. With LIBS, small craters of some mm depth can be obtained in the lunar regolith that could allow the detection of ice in the most shallow subsurface. For Raman analysis and a holistic assessment of the composition of samples, an even bigger raster is suggested in order to allow quantitative estimates from the distribution and number of detections of the measured minerals. In closing, both methods proved useful in their respective applied studies for ISRU applications, showing their potential to contribute to the efforts of achieving sustainable and scientifically fruitful lunar and eventually Martian missions.
Next steps would be the development of setups and breadboards dedicated to specific use cases in the framework of ISRU applications for more detailed investigations and feasibility studies, to include the analysis of space-related effects and to increase the technological readiness level (TRL) of prototypes.
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