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The LunaR concept study investigated the scientific value, feasibility, and deployment options for a Raman spectrometer on future lunar landed missions. It consists of a breadboard instrument that covers the 150–4000 cm−1 wavelength range with a resolution of ∼6 cm−1; Raman scattering is induced by a 532 nm continuous wave laser. The current conceptual design envisions the Raman spectrometer performing a downward-looking, 90-point one-dimensional across-track scan (±45°off nadir) of the lunar surface with the instrument mounted on the underside of a rover. A downward-looking context camera would provide information on the physical nature of targets interrogated by the Raman spectrometer and localization of the Raman spectra. Our laboratory investigations indicate that Raman spectroscopy is applicable to addressing a wide range of lunar surface exploration goals related to geology, in situ resource identification, and condensed volatile detection in diverse geological terrains, including permanently shadowed regions. Testing of a breadboard and commercial instrument on lunar samples and analogues indicates that a complete spectral scan of a target of interest can be completed in ∼90 min, permitting its use on even short-duration lunar landed missions. All of the major minerals present on the Moon can be detected, and in many cases their compositions can be quantified or constrained.
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1 INTRODUCTION
Exploration of the Moon is being undertaken by a number of nations and organizations. It is an objective with wide international support (e.g., ISECG, 2018). Canada is among the various nations with an interest in participating in lunar exploration, and has made long-term commitments to this endeavor through various initiatives, largely through the Canadian Space Agency (CSA).
Among Canada’s commitments is a support program termed the Lunar Exploration Accelerator Program (LEAP) (https://www.asc-csa.gc.ca/eng/funding-programs/programs/leap/default.asp). This initiative aims to enable the Canadian space sector to develop and conduct science experiments designed for lunar conditions, to help prepare for robotic and human missions, advance and demonstrate innovative technologies in lunar orbit and on the Moon’s surface, and begin to develop technologies that will be required as part of future deep-space missions.
In the context of the LEAP program, a multi-institutional, multi-organizational collaboration has been working to advance both the Science Readiness Level (SRL) and Technology Readiness Level (TRL) of a Raman spectrometer to conduct surface exploration geared toward a variety of science goals and objectives on different landed assets. Our initiative, termed LunaR: A Versatile Raman Spectrometer for Lunar Exploration, was designed to address various issues related to advancing its operational readiness, which we report here.
The LunaR initiative involves researchers, engineers, scientists, and students from a variety of organizations. It is led by the University of Winnipeg (Winnipeg, Manitoba, Canada), in collaboration with York University (Toronto, Ontario, Canada), MPB Communications Inc. (Pointe Claire, Quebec, Canada), and ispace (headquartered in Tokyo, Japan).
2 RAMAN SPECTROSCOPY FOR LUNAR EXPLORATION
Our selection of a Raman spectrometer for lunar surface exploration was driven by several factors. The main ones were assessing whether Raman spectroscopy could address multiple lunar exploration objectives and goals as outlined by recent CSA prioritization exercises, such as the CSEW6 Steering Committee (2009) and Canadian Space Exploration (2017). Our assessment demonstrated that Raman spectroscopy would fulfill multiple Canadian (and international) priorities related to lunar exploration.
The main scientific and technical goals associated with LunaR are to: 1) demonstrate the information content inherent in Raman spectroscopy for a low volume/power/mass instrument for both sunlit and shadowed regions; 2) explore the ruggedization, and optimization of power, mass, and volume of a baseline flight instrument; 3) investigate a variety of augmentations to the baseline instrument; and 4) demonstrate its unique and desirable capabilities for a wide range of lunar landed missions (landers/rovers) in both sunlit and shadowed regions.
2.1 LunaR goals
A LunaR-type Raman spectrometer could offer many benefitsfor lunar prospecting, where addressing multiple science objectives is possible with a single landed instrument. The science objectives (SO) that were deemed achievable by LunaR included the following:
• SO-1: Determine the nature of any abiogenic organic molecules on the Moon
• SO-2: Determine the Raman signatures of any lunar abiogenic organic molecules
• SO-3: Determine the mineralogy of the landing site
• SO-4: Detect the presence of ilmenite
• SO-5: Detect the presence of water ice
• SO-6: Detect and characterize condensed volatiles
• SO-7: Detect the presence of olivine and orthopyroxene
• SO-8: Detect exogenic impactors and characterize their mineralogy
• SO-9: Detect electrostatically levitated dust
• SO-10: Characterize the mineralogy of the lunar swirls
• SO-11: Characterize individual lunar regolith components
The relevant priorities and associated mission goals assigned to LunaR are presented in the science traceability matrix (STM) (Table 1). The STM was used to drive instrument performance requirements. Some of the relevant performance requirements that derived from the STM include: 
• Some of the science objectives can be attained over a limited wavelength range (e.g., SO-7), while others require a wider wavelength range (e.g., SO-10). Because the materials that may be encountered at a landing site may be more diverse than expected, it was felt prudent to specify a larger wavelength range. Identification of a particular material is strengthened by detecting as many Raman peaks as possible. This also argues for a wider wavelength range.
• An increased wavelength range adds very little additional data volume. For the baseline Raman instrument, increasing the long wavenumber limit from 1500 cm−1 to 3800 cm−1, and assuming 12-bit resolution and 6 cm−1 resolution, would increase data volume from ∼2700 bit to ∼7300 bits per spectrum. For a scan consisting of 90 data points, this would translate to an increase in data volume from ∼243,000 bits to ∼657,000 bits. This is less than the data volume of a single context image, which would consist of a ∼2 Mpixel sensor. At 12-bit resolution, a full-frame image would have a data volume of 24 Mbits.
• Using signal-to-noise to drive Raman instrument requirements is a more robust way to define the science requirements and instrument performance. This arises from the fact that Raman spectroscopy is a largely qualitative technique, best suited to determine whether a particular phase is present. It is difficult to translate Raman spectra into a lower detection limit or quantification because Raman spectra are highly sensitive to the physical properties of a target (Wang, 1999), and the lunar regolith is a complex mixture of different phases, grain sizes, porosities, and particle types.
• The spectral resolution outlined in the traceability matrix was driven by laboratory studies of Raman spectroscopy of lunar samples and components of the lunar surface, linked to the science objectives. Spectral resolution must also balance competing requirements: higher spectral resolution would require a higher integration time, may add additional mass to the instrument, and would generate more data points per spectrum. The selected spectral resolution balances these and other requirements. For instance, Raman peaks are generally a few cm−1 to a few tens of cm−1 wide. A number of minerals, such as olivine and pyroxene, show shifts in Raman peak positions as a function of composition, which are on the order of 10–50 cm−1 (described below). Because Raman peaks consist of multiple data points at the specified spectral resolution, simple curve fitting techniques to the data points that comprise these peaks should allow the actual peak position to be determined to within 2–3 cm−1. When all of these factors are considered together, the specified spectral resolution allows the science objectives to be met in a data-efficient manner.
TABLE 1 | LunaR Science Traceability Matrix (STM) presenting space community priorities and the mission goals.
[image: Table 1]In an operational scenario, the Science Traceability Matrix guides the Science Intent and the exact operational component activities–precise measurements to be acquired on rock, regolith, ice, or other materials. The STM serves to deliver this guidance to directly achieve the science goals and objectives, and during operations this translates to the planned activities and sequences with the acquisition parameters necessary for Raman spectroscopy to meet those objectives. The following sections describe the specific Raman analyses necessary to discern materials and meet the needs of the system operators, the major Raman spectral features for the main minerals and phases expected to be found based on previous analyses of returned samples from Apollo missions and new measurements undertaken in our laboratory for this study. More details of this aspect of the study are the subject of a companion paper (Cloutis et al., in preparation).
2.2 Measurement needs
Raman emission peaks are directly linked to the properties of chemical bonds, such as between oxygen and other elements in oxy-anionic groups of minerals (e.g., SiO4, or PO4) and their structural symmetry. Determining whether a phase has been detected will depend on a number of factors, including spectral resolution, wavelength range, and signal-to-noise ratio. These will be the subject of a future paper focusing on the technical specifications of the LunaR instrument (Kruzelecky et al., in preparation). The major Raman peak positions are affected by any change in structural properties of the minerals, such as cation variations or substitutions in the crystalline structure due to pressure and temperature conditions present at the time of crystallization. The peak position variation depends on the mineral and the associated vibrational mode and can reach up to ∼30 cm−1 Raman shift (as described below for specific lunar materials). Calibrations have been done to estimate the compositional information from major Raman peak position shifts, e.g., Wang et al. (2001) for pyroxenes, Kuebler et al. (2006) for olivine, Freeman et al. (2008) for feldspars, Jolliff et al. (2006) for phosphates, and Wang et al. (2004) for oxides (Table 2). Compared to visible and near-infrared spectroscopy, Raman spectroscopy produces sharper and less blended peaks, making it better suited to detect specific phases and compositional variations with better accuracy.
TABLE 2 | Major peaks detected in Raman spectra of minerals and phases of interest for lunar application.
[image: Table 2]2.3 In-house Raman analysis of lunar samples
To fully define the functional requirements for LunaR, we relied on multiple data sources, including previously published Raman spectra of Apollo lunar samples and mineral separates, lunar meteorites, and terrestrial analogues (referenced below). Detailed results will be presented in Cloutis et al. (in preparation).
To further define the instrument performance requirements, we acquired Raman spectra in-house of lunar-relevant minerals and lunar meteorites. Such meteorites extend the range of compositions of Apollo samples and also allow us to relate composition to specific spots on a sample. They also allow us to compare spectra of whole rocks and powders, so that we can better explore the effects of differences in physical properties (e.g., powder versus rock) on Raman data quality and mineral detectability. To this end, we acquired several lunar meteorites for Raman analyses within the development of LunaR (Table 3). For this analysis, we used a BWTek iRaman 532 nm instrument (Cloutis et al., 2018).
TABLE 3 | Lunar meteorites used in this study.
[image: Table 3]Figure 1 shows an image of one of our lunar meteorites and Raman spectra of visually diverse spots on its surface (Figure 2). Raman spectra were acquired on a rough saw-cut surface of the interior of lunar breccia meteorite NWA 12593. The roughened surface allows us to avoid specular reflections, and while this slab does not fully capture the complexities of rocks on the lunar surface (which may have patinas from space weathering or adhering surface powders), it provides a first-order examination of how a Raman spectrometer may perform on the lunar surface. We are conducting follow-on studies using a suite of Apollo <1 mm lunar regolith samples for better assessment of LunaR’s performance on the lunar surface, and these results will be presented in a follow-on paper. The color points in Figure 1 mark the positions where the acquisitions were performed and match their respective Raman spectra shown in Figure 2. Detailed results of the Raman analysis of this sample will be presented in Cloutis et al. (in preparation).
[image: Figure 1]FIGURE 1 | (A) Image of a slab of the NWA 12593 lunar meteorite showing the positions of the Raman spectroscopy acquisitions. (B) Raman spectra of selected spots on the NWA 12593 meteorite. The intensity has been normalized to the maximum value. The spectra were acquired with a 532 nm excitation laser. The spectra correspond to the various spots on the slab shown in (A).
[image: Figure 2]FIGURE 2 | Screen shot of the home page of the Spectral Analysis of Lunar Soils and Analogues database dedicated to the LunaR Raman data (https://salsa.uwinnipeg.ca/main.php).
2.4 Previous Raman analyses of lunar samples
The use of Raman spectroscopy for lunar exploration is scientifically valuable because of its ability to provide information on minerals at the molecular level and its sensitivity to mineral structure (e.g., Perry et al., 1972; Haskin et al., 1997; Ling et al., 2011; Wang et al., 2015; Chou and Wang, 2017). Raman is also favorable for lunar exploration because it can be conducted with no sample preparation requirements. It also has the ability to perform rapid analysis within several seconds at spatial and spectral resolutions relevant to lunar science and exploration goals (Ling et al., 2011; Wang et al., 2015; Chou and Wang, 2017). The ability to provide data at a spatial resolution of tens to hundreds of microns makes it suitable for the identification of the primary mineralogy on a single-grain basis, as well as at a sub-grain resolution to identify any inclusions, or for analysis of complex multi-component grains (Perry et al., 1972; Haskin et al., 1997; Ling et al., 2011; Chou and Wang, 2017).
Raman spectra also do not exhibit the broad overlapping of features caused by overtones and combinations of modes that are seen in other forms of analysis, such as visible-near infrared-infrared spectroscopy (Haskin et al., 1997; Ling et al., 2011). Thus, Raman spectroscopy can enable more straightforward mineral phase identification within mixtures such as soils and rocks (Haskin et al., 1997; Ling et al., 2011).
Raman spectroscopy has been applied to the analysis of lunar samples for decades, beginning with Raman analysis of Apollo 11 and 12 samples, and later to Apollo 14 to 17 samples (Estep et al., 1972; Perry et al., 1972; Chou and Wang, 2017; Wang et al., 2019). Even with the technical limitations of Raman technology at the time, Raman spectroscopy excelled at detecting minerals and phases commonly found on the Moon, such as olivine, pyroxene, feldspar, and silicate glasses (Estep et al., 1972; Perry et al., 1972; Chou and Wang, 2017; Wang et al., 2019).
As Raman technology advanced, Raman spectroscopy became more popular for interplanetary exploration (Estep et al., 1972; Perry et al., 1972; Haskin et al., 1997; Ling et al., 2011; Wang et al., 2015; Chou and Wang, 2017; Wang et al., 2019), with Raman systems deployed on a number of landed planetary missions, such as Perseverance (Bhartia et al., 2021; Wiens et al., 2021) and the upcoming ExoMars mission (Rull et al., 2017). Its ability to separately identify olivine, pyroxene, and feldspars present in lunar and terrestrial basalts, because of the narrow Raman peak widths of these minerals, allowed for direct and unambiguous mineral identifications (Estep et al., 1972; Perry et al., 1972; Haskin et al., 1997; Ling et al., 2011; Wang et al., 2015; Chou and Wang, 2017).
Raman analysis of Apollo samples has allowed for the determination between clinopyroxenes which were seen within the Apollo 11 sample (10,059), and orthopyroxenes in Apollo 12 (12,002; 12,065) and Apollo 14 (14,310) samples (Perry et al., 1972).
Ling et al. (2011) conducted a study focusing on mineral detection using Raman spectroscopy of four whole-rock Apollo 14, 15, 16, and 17 samples. Pyroxene, olivine, and feldspars were detected, identified, and further subcategorized on the basis of elemental differences. This information allowed for the differentiation of clinopyroxenes from orthopyroxenes, understanding the origins of olivine through the comparison of Mg/(Mg + Fe) ratios, and the identification of several feldspar groupings. Ling et al. (2011) detected major, minor, and trace minerals through Raman analysis with additional information on the compositional distributions seen for olivine and pyroxene minerals. Similar results were reported by Haskin et al. (1997), where the type of pyroxene (clinopyroxene and orthopyroxene) was identified, and the use of compositional differences was demonstrated for olivine minerals.
Several studies have also focused on Raman spectroscopy for the analysis of lunar meteorites. This has allowed for a more diverse understanding of lunar materials beyond those collected by the Apollo and Luna missions (Righter et al., 2005; Gyollai et al., 2009; Huidobro et al., 2018; Smith et al., 2018; Chen et al., 2019). These studies further confirmed the ability of Raman spectroscopy to determine the mineralogy of lunar samples (Gyollai et al., 2009; Smith et al., 2018; Chen et al., 2019), and the effects of lunar surface modification processes such as weathering, physical-chemical processes (Huidobro et al., 2018), igneous petrology, and bombardment history (Righter et al., 2005; Chen et al., 2019).
2.4.1 Induced fluorescence and rare Earth elements
One potential issue regarding a limitation of Raman spectroscopy is the possibility of induced fluorescence. Sources of induced fluorescence include: 1) the presence of organic molecules trapped within porous materials such as clay, or 2) electronic transitions modes of REEs or transition metals (Chou and Wang, 2017; Wang et al., 2019). However, extraterrestrial materials, such as lunar samples, have 10 to 100 times weaker fluorescence emissions compared to terrestrial clay samples; thus, induced fluorescence is felt to be less problematic for lunar versus terrestrial samples (Wei et al., 2015).
REEs are concentrated in KREEP terrains (Wieczorek and Phillips, 2000). The most extensive KREEP-rich area on the Moon underlies the Oceanus Procellarum and Imbrium Basin region on the lunar nearside (the Procellarum KREEP Terrain, PKT) (Wieczorek and Phillips, 2000). KREEP likely includes 20–25 parts per million of rubidium, and a concentration of the element lanthanum that is 300–350 times the concentrations found in carbonaceous chondrites (Warren and Wasson, 1979; Wieczorek and Phillips, 2000). The majority of lunar samples (Apollo, Luna, or meteoritic samples) contain REE-bearing minerals as trace phases, e.g., apatite and/or merrillite, with merrillite potentially contributing up to 3% of the PKT (Wieczorek and Phillips, 2000). Other REE-bearing lunar phases include monazite, yittrobetafite (up to 94,500 ppm yttrium), and tranquillityite (up to 4.6 wt% yttrium, up to 0.25 wt% neodymium) (Heiken et al., 1991). KREEP terrains are targets of economic interest, as they may contain exploitable deposits of REEs and related elements that are incompatible with highland and mare rock types (Wieczorek and Phillips, 2000). The PKT region has the potential to yield higher REE concentrations at local scales (<10 s of kms) (McLeod and Krekeler, 2017).
McCubbin et al. (2010) showed that for Apollo sample 15,058,128, REE induced fluorescence peaks were detected and could be assigned to Sm3+, Eu3+, and Pr3+. This indicates that a visible region spectrometer, as is present in LunaR, could be used as a detection and prospecting tool for REEs.
2.5 Raman spectroscopy of lunar phases
This section describes the major Raman spectral features for the main minerals and phases expected to be found on the Moon and detectable by Raman spectroscopy (e.g., Basaltic Volcanism Study Project, 1981; Heiken et al., 1991).
2.5.1 Pyroxenes
Lunar pyroxenes are compositionally variable solid silicates that can incorporate Mg, Fe, or Ca, and a number of other elements in their structure. Pyroxenes are classified based on their crystal structure: the monoclinic pyroxenes (or clinopyroxenes, which includes species such as augite, diopside, hedenbergite, high-temperature pigeonite), and the orthorhombic pyroxenes (or orthopyroxenes, which include species such as inverted pigeonite, enstatite, bronzite, and hypersthene) (Deer et al., 1997). Raman spectra of pyroxenes typically exhibit two strong peaks in the 1000–1010 cm−1 and 650–670 cm−1 Raman shift ranges (Ling et al., 2011). The ∼1000 cm−1 peak corresponds to the symmetric stretching vibration mode of the Si-O bond in SiO4 tetrahedra, and the 670 cm−1 peak is assigned to the symmetric stretching vibration of Si-O-Si bonds in (Si2O6)n chains (White, 1975). The ∼670 cm−1 peak appears as a singlet for clinopyroxenes, and as a doublet for orthopyroxenes, with the second component at 650 cm−1, reflecting the different types of chain structure (Wang et al., 2001). A third Raman feature, weaker and broader than the others, at 320 cm−1, can be used in conjunction with the other Raman peaks to determine the Mg/(Mg + Fe + Ca) and Ca/(Mg + Fe + Ca) ratio (Wang et al., 1995, 2001). See Table 2 for a summary of pyroxene Raman spectral properties.
2.5.2 Olivine
Olivine has an orthorhombic structure that incorporates Fe and Mg atoms in complete solid solution (Papike 1987). Its Raman features are divided into three spectral regions: <400 cm−1, 400–700 cm−1, and 700–1100 cm−1 (Table 2). The peaks below 400 cm−1 are associated with the lattice modes: the rotational and translational motions of SiO4 as a unit, and the translational motions of octahedral cations (Mg2+, Fe2+) in the crystal lattice. The peaks between 400 and 700 cm−1 are attributed to the internal bending vibrational modes of the SiO4 ionic groups (Chopelas, 1991).
The peaks between 700 and 1100 cm−1 (near 800–850 and 900–950 cm−1) are assigned to the internal stretching vibrational modes of the SiO4 ionic group. The dominant features in this spectral region appear as a doublet near 820 and 850 cm−1 and another weaker doublet at 920 and 950 cm−1 (Iishi 1978; Chopelas 1991; Ling et al., 2011). The 820–850 cm−1 doublet feature is generally used as a characteristic signature of olivine presence in a target. The molar ratio of Mg/(Mg + Fe), also called “Fo value,” can be estimated from the peak position of the strong doublet at 820 and 850 cm−1 following an empirical relation (Wang et al., 1995; Kuebler et al., 2006; Mouri and Enami, 2008).
2.5.3 Plagioclase feldspars
Plagioclase feldspars are the major silicate in the lunar crust and mainly consist of Ca-rich plagioclase (Heiken et al., 1991). They have a structure of linked SiO4 and AlO4 tetrahedra, with a Si:Al ratio varying between 3:1 to 1:1 (Papike, 1988).
The Raman spectral features of feldspar can be separated into five groups, based on their vibrational mode: Group I from 450 to 520 cm−1, Group II from 200 to 400 cm−1, Group III below 200 cm−1, Group IV from 550 to 850 cm−1, and Group V from 900 to 1200 cm−1 (Ling et al., 2011) (Table 2). Group I includes the two most intense peaks associated with the ring-breathing modes of the four-member tetrahedral ring. Group II and III peaks are the result of rotation-translation vibrational modes of the four-member rings and cage-shear modes, respectively. The peaks of group V are assigned to the vibrational stretching mode of the tetrahedra. These features are weaker. Group IV peaks correspond to the deformation modes of the tetrahedra (Freeman et al., 2008).
Anorthite Raman features are sensitive to temperature due to a transition phase that alters the crystalline structure at 514 K (Daniel et al., 1995). This transition can be triggered by meteoritic impact, resulting in pressure shocks (Johnson et al., 2002). The shocked anorthite spectra show mostly broadened and weaker peaks compared to the low-temperature anorthite. Plagioclase feldspar exhibits sharp Raman peaks allowing for their detection in lunar fines and breccias (Wang et al., 1995).
2.5.4 Ilmenite and Fe-Cr-Ti oxides
Ilmenite is the most abundant oxide mineral in lunar regolith (Heiken et al., 1991). It has a rhombohedral structure that alternates between layers of TiO6 and FeO6. Besides ilmenite, some Fe/Ti oxides (e.g., ulvospinel, Mg-Al spinel) have a similar ilmenite (pseudo-corundum) structure, but they show different Raman features. Wang et al. (2004) reported a systematic Raman study of Fe-Ti-Cr oxide minerals, including lunar ilmenite and found that ilmenites could be distinguished from other Fe-Ti-Cr oxides on the basis of the number of Raman peaks and their positions. There are two characteristic peaks for ilmenite: one at 683 cm−1 attributed to the symmetric stretching vibration of Ti4+O6 octahedra, and a strong and sharp peak at 224 cm−1 produced by the translational motion of the Fe cation in the crystal lattice (Table 2). The peak at 683 cm−1 can be misinterpreted as belonging to other Fe-Ti-Cr oxides, as most of them exhibit Raman features at this position, but the peak at 224 cm−1 makes the identification of ilmenite unique (Wang et al., 2004).
2.5.5 SiO2 polymorphs and glasses
Silica polymorphs can exist in multiple forms depending on physico-chemical origin and local environment. On the Moon, cristobalite is the most common SiO2 polymorph, and represents about 5 wt% of some basaltic materials (Heiken et al., 1991). Quartz is only present in felsite clasts (Quick et al., 1981), and, rarely, in coarse-grained fragments (Warren et al., 1983). A typical silica Raman spectrum can be divided into three spectral regions depending on the vibration mode involved (Ling et al., 2011) (Table 2). The peaks in the 700–800 cm−1 region and beyond 1050 cm−1 are attributed to the Si-O-Si bending and torsional/twisting vibration modes. Peaks between 350 and 500 cm−1 result from O-Si-O bending modes, and the peaks below 300 cm−1 are associated with the Si-O stretching vibration modes (Etchepare et al., 1974). Specific Raman features for either cristobalite or quartz in the 350–500 and <300 cm−1 spectral regions can be used to distinguish the two mineral structures, and as a barometric-thermal determinator. Cristobalite has two strong peaks at 410 and 228 cm−1, whereas at low temperature, quartz produces peaks at 464 and 206 cm−1.
Glasses are also contributing to the amount of silica in lunar materials as a result of space weathering into agglutinates (glass-rich aggregates) and formation of silica-rich rinds on mineral grains, and a shocked and molten product of meteoritical impact process and pyroclastic eruptions. The Raman spectra of silica-rich glassy materials have a broad peak centered around 860 cm−1 with a full-width half-maximum (FHWM) of about 200 cm−1, which is attributed to a Si–O stretching mode in the short-range-ordered structure (Ling et al., 2011).
2.5.6 Apatite
As discussed above, KREEP appears to be present across a large portion of the lunar nearside. It likely includes up to a few percent apatite (Warren and Wasson, 1979; Wieczorek and Phillips, 2000). Raman spectra of apatite exhibit several emission peaks (e.g., Ling et al., 2011), particularly in the 28–650, and 900–1100 cm−1 regions (Table 2), making this indicator mineral detectable by Raman spectroscopy.
2.5.7 Spinel
Spinel refers to a group of oxide minerals (general formula: AB2X4, where A and B are various cations, and X is generally oxygen (Deer et al., 1966). Spinel group minerals have been detected on the lunar surface from orbital remote sensing at a number of locations (e.g., Pieters et al., 2014). Its origin is not fully known, but is likely derived from an appreciable depth in the Moon (Pieters et al., 2014). Its Raman spectra show multiple peaks whose positions vary with composition (e.g., D’Ippolito et al., 2015) (Table 2).
2.5.8 Garnet
Garnet is a group of silicate minerals (ideal formula: R3R2(SiO4)3, where R3 is a bivalent metal and R2 is a trivalent metal), that if detected on the Moon, would be strong evidence of derivation from deep in the interior (Neal, 2001). Garnets encompass a number of compositionally-distinct species. Garnet Raman spectra exhibit differences in peak positions between different species (e.g., Bersani et al., 2009) (Table 2).
2.5.9 Hematite
The recent discovery of hematite (Fe2O3) on the Moon (Li et al., 2020) has presented an interesting opportunity to study how the Earth’s atmosphere may interact with and affect the lunar surface. Li et al. (2020) suggest that oxygen delivered to the Moon from the Earth’s upper atmosphere could be the major oxidant that forms lunar hematite. Raman spectra of hematite show a number of emission peaks that can be used to detect it (Beattie and Gilson, 1970; Yamanitsu and Ishii, 1986; Xu et al., 1995; De Faria and Lopes, 2007) (Table 2).
2.5.10 Organic compounds
Organic compounds may be present on the Moon, with diverse compositions and derived from multiple possible sources (e.g., Abell et al., 1971; Colaprete et al., 2010; Liu et al., 2012). Organic molecules are detectable by Raman spectroscopy, and peak positions can be used to constrain their composition and structure. For meteoritic organics (specifically, the kerogen-like insoluble macromolecular material that forms the bulk of meteoritic organic carbon), major Raman peaks are seen in the 1300–1600 and 2700 cm−1 regions (Table 2). The particular organic molecules that are present will determine where they exhibit Raman peaks (e.g., Busemann et al., 2007; Pimenta et al., 2007).
2.6 Other potential applications of Raman spectroscopy to lunar characterization
2.6.1 Raman as a probe of temperature
Raman spectroscopy affords the ability to probe the temperature of targets of interest. In the context of condensed volatiles (ice) mapping and detection, Raman spectra of water ice show variations in peak height and shape as a function of temperature (Angel et al., 2012), affording the possibility to use Raman spectroscopy to probe the temperature of such deposits.
With decreasing temperature, the Raman peaks of mineral phases usually shift to higher wavenumbers, and their widths (full width of half-maximum) decrease (e.g., Stange et al., 2018). However, temperature variations can cause differential shrinking or expansion along different crystallographic axes, and as a result, Raman peaks could also shift to lower wavenumber (e.g., Weber et al., 2014).
The black body radiation of a sample decreases with decreasing temperature, leading to a progressive increase the signal-to-noise ratio, thereby increasing detectability. Identifying minerals at low (or high) temperatures is complicated by the fact that most reference Raman spectral databases, such as the RRUFF database (https://rruff.info/), only contains room-temperature Raman spectra that may differ significantly from lower- and higher-temperature counterparts. Such temperature effects have been seen, for example, in Raman spectra of olivines acquired at different temperatures (Weber et al., 2014). Given that lunar surface temperatures can vary from ∼100 to ∼400 K (Williams et al., 2017), temperature effects on lunar surface Raman spectra could be a valuable probe of lunar surface temperatures and may need to be taken into account for accurate phase identification.
2.6.2 Water ice structure
The forms of water ice on the Moon could range from amorphous to crystalline (Basilevsky et al., 2012). Water/water ice may also be present as a monolayer or few layers thick coating mineral grains or as transient frost (e.g., Lucey et al., 2021). Raman spectroscopy has been shown to be able to distinguish and characterize such layers based on how water molecules bind together and to their substrates (e.g., Shin et al., 2019).
Ice structure is also derivable from Raman spectroscopy. Venkatesh and Rice (1975) measured Raman spectra of amorphous solid H2O, [H2O(as)], D2O (as), and 12% H2O in D2O (as) over a temperature range from 30 to 160 K. The spectra of H2O(as) resemble those of liquid water more than they do those of ice Ic or ice Ih. The spectra suggest that the water molecules are located in two or three distinct configurations. No structural changes were observed in the Raman spectra between 30 and 120 K, but at ∼160 K, the amorphous samples transformed rapidly and irreversibly to ice Ic.
Rice et al. (1978) studied the Raman spectral properties of amorphous ice, crystalline ice, and deuterated ice. They found that amorphous ice versus crystalline ice have very different Raman spectra in terms of overall shape and peak positions, further indicating that different forms of ice could be distinguished by Raman spectroscopy.
2.6.3 Isotopic ratios—water ice
There are likely multiple source of lunar water ice (Lucey et al., 2021). Major possible sources include volcanic eruptions on the Moon, infall of comets and water-rich asteroids, and production of water on the surface by reactions of oxygen-bearing minerals with solar wind hydrogen (Lucey et al., 2021). Each of these sources can have different D/H ratios, and as discussed above, D2O, H2O, and DHO have different Raman peak positions (Venkatesh and Rice, 1975). Therefore, the possibility exists that relative heights of the Raman emission peaks of these different forms of water may be able to constrain their isotopic ratios and abundances.
3 RAMAN ANALYTICAL TOOLS
To support Raman analysis of the lunar surface, in addition to our laboratory Raman studies of lunar samples and minerals, we have developed a Raman spectral library and accompanying spectral analysis tools. The current version is based on previous Raman spectral studies and data for lunar minerals and meteorites acquired with our iRaman 532 nm system (Cloutis et al., in preparation).
The development of LunaR and its utilization in future rover missions will generate a large amount of Raman spectra of lunar samples, meteorites, or analogues, either for calibration of the instrument, references, performance tests, or science applications.
A database to archive Raman spectroscopy data of lunar and analogues materials has been developed (Figure 2). It is hosted on the University of Winnipeg’s Centre for Terrestrial and Planetary Exploration (C-TAPE) server (http://www.uwinnipeg.ca/c-tape; https://salsa.uwinnipeg.ca/). The community will have free access to all spectra in the database and to the documentation hosted on the website. No registration is needed to extract spectra from the database. However, the submission and addition of a spectrum to the database requires the acceptance of the registration by the database administrator.
The lunar Raman database (SALSA: Spectral Analysis of Lunar Soils and Analogues) is built as a relational database managed via SQL queries; see Figure 2. The database includes information on the spectra, i.e., the metadata, the sample, the laboratory where the data have been acquired, and the corresponding publication, each stored in different tables. The spectra are stored in individual tables, which are linked to the corresponding entry in the metadata table. The flexibility of the relational database architecture allows the modifications of the tables by automatically updating every entry already in the database and is easily applicable to other types of spectroscopic data (reflectance, IR spectroscopy, XRD, etc.). The database is accessible through a PHP web public interface, and a relational database management system, such as phpMyAdmin, depending on the server capabilities/system.
The SALSA database website also hosts several analytical tools under the name PyRANA: a Python Raman Analyzer Library. PyRANA was developed under the same project as the SALSA database. The PyRANA library is a custom library that facilitates the analysis of Raman spectra. It provides a set of functions to load spectra in a different format, remove a background, fit isolated or blended peaks, generate plot figures, and produce fit report files. The dependencies necessary to be able to run the library are already included in most of the Python environments. Cloutis et al. (in preparation) provide details of PyRANA.
4 LUNAR BREADBOARD
As previously mentioned, LunaR performance requirements derive from the STM (Table 1). From the science objectives, instrument requirements were defined for SNR, Raman spectral range, and spectral resolution. Our conceptual design has a baseline close-up Raman system starting from a breadboard design. The driving requirements are provided in Table 4.
TABLE 4 | Selected LunaR instrument and performance requirements.
[image: Table 4]The information reported here is focused on the design, acquisition, and initial testing of the breadboard instrument components. The intention of the baseline instrument is to prepare and investigate the emission and collection optics, as well as detection subsystems. A future paper (Kruzelecky et al., in preparation) will report on testing and evolution of the breadboard.
The initial close-up Raman system concept design that has been investigated is based on the inherited optimal designs from previous Raman systems investigated at York University, MPB Communications Inc. and the University of Winnipeg, and a commercial unit (BWTek iRaman 532) at the University of Winnipeg. Moreover, we also considered other Raman instruments flown on Mars, such as the SuperCam and SHERLOC instruments on the NASA Perseverance rover (Bhartia et al., 2021; Wiens et al., 2021) as well as the future Raman Laser Spectrometer (RLS) on board on ESA-ExoMars Rosalind Franklin rover (Rull et al., 2017). The initial system conceptual design assumed the following (see Figure 3):
The optimal wavelength is 532 nm for a continuous wave (CW) laser delivery through an optical fiber into a beam expander
The expanded beam is focused by using a 25.4 mm off-axis parabolic mirror
The collection optics are aligned on the same axis as the off-axis parabolic mirror in order to maximize the energy on the point to generate the Raman effect (with 75 mm diameter optics)
The backscattered Raman signal is collected by a telescope and focused onto a fiber and distributed to the Spectrograph CCD system
[image: Figure 3]FIGURE 3 | (A). Conceptual design of the LunaR Raman system. (B). Design of the LunaR Raman system breadboard instrument.
This optical configuration has shown advantages in previous systems such as LIRS (Cote et al., 2019) and SuperCam (Wiens et al., 2021). Our conceptual system design currently has three main subsystems (Figure 3): 1) laser subsystem; 2) optical delivery and collections subsystem; and 3) optical spectrograph + CCD detection subsystem.
The initial conceptual design presented several advantages from previous flown Raman systems and bread-board design. However, the opto-mechanical components may overpass the 3 kg maximum mass but still fulfill the operational requirements. With that in mind, the final bread-board demonstrator was re-designed with a more stable and robust optical system assuming various estimations (Tables 4–6). We estimated the final bread-board design based on a nominal Raman efficiency probability with 0.01% at 532 nm and a system capable to predict the net SNR for the Raman measurements based on the LunaR system configuration and measurement parameters.
TABLE 5 | Selected LunaR laser subsystem specifications and requirements.
[image: Table 5]TABLE 6 | Parameters for 532 nm laser for LunaR breadboard.
[image: Table 6]In order to develop a potential flight instrument, mass was a driver of possible optical designs and selection of a laser subsystem for the breadboard. This led to the selection of a continuous wave (CW) laser with specifications shown in Table 5. LunaR will consist of a 532 nm CW laser to fulfill the requirements for generating a strong and detectable Raman effect, and a targeted <3 kg instrument with high-quality spectra.
The LunaR system conceptual design starts with an optimal wavelength is 532 nm for a continuous wave (CW) laser delivery through an optical fiber into a beam expander and beam target collimator (Figure 3B). The expanded-collimated beam is reflected at 45° using a 532 nm dichroic mirror at 45° in the same optical axis of the collection optics. Subsequently, the reflected-collimated-expanded beam is delivered to a variable focusing lens that can vary between 15 and 21 cm from the target point. The collection optics use the same lens for target focusing. The backscattered Raman signal is collected by the lens and collimated for subsequent detection. The backscattered collimated signal (from ∼533 to 1000 nm) passes through the 45° dichroic mirror and is collected by an aspheric lens and focused onto a fiber and distributed to the spectrograph CCD system. The present configuration is aligned on a common optical axis to maximize the input and Raman emitted energy on the point to generate the Raman effect. Moreover, this optical configuration has shown advantages due to its robustness and simplicity (Cote et al., 2019) and is used by SuperCam (Wiens et al., 2021). In order to develop a potential flight instrument, mass was a driver of possible optical designs and selection of laser subsystem. This led to the selection of a continuous wave (CW) laser with specifications shown in Table 5. LunaR will consist of a 532 nm CW laser to fulfill the requirements for generating a strong and detectable Raman effect, and a targeted <3 kg instrument with high quality spectra. A detailed discussion of the LunaR breadboard is the subject of a future paper (Kruzelecky et al., in preparation).
5 POSSIBLE DEPLOYMENT/ACCOMMODATION
Our investigation of LunaR in terms of possible deployment options to the Moon has focused to date on rovers. Because the Raman effect is weak compared to reflected light, we have prioritized deployment of LunaR in a downlooking configuration mounted in the lower section or underside of a rover (Figure 4), so that direct sunlight is minimized or eliminated; indirect sunlight will likely still exist unless the rover is operating in a shadowed region, but we consider this to be likely only for short periods of time.
[image: Figure 4]FIGURE 4 | Sketch front view of a LunaR Raman spectrometer-hosting rover showing across-track field of view of the Raman spectrometer (±45° off nadir) and calibration target located at the edge of the field of view of the Raman spectrometer; not to scale.
An important operation factor is acquisition time. Acquisition time depends on multiple factors, including laser power, laser spot size, field of view, focus at sample surface, sample Raman spectrum intensity, sample properties, including fluorescence, crystalline orientation, (grain) size and surface roughness. The integration time is typically set in order to obtain a good signal-to-noise ratio in a minimum of time while avoiding the sample being altered by the laser heating.
We used the results of our laboratory Raman studies of lunar materials to estimate the integration time required to acquire a Raman spectrum with a signal-to-noise ratio of at least 100:1. Attaining this requirement is dependent on multiple factors, but we determined that the current configuration of LunaR would, on average, be able to acquire a >100:1 single Raman spectrum in ∼1 min. Results of breadboard testing are the subject of a companion future paper (Kruzelecky et al., in preparation). We have not yet rigorously investigated the depth of field for LunaR, which would depend on the choice of optical elements. This is an important consideration for an irregular surface such as the lunar regolith.
To provide some spatial information on the composition of lunar regolith, the current configuration of LunaR will have a one-dimensional scanning capability, and with a downward-looking instrument, we have set a 90° across-track scanning capability, providing 90 spectra spaced at 1° intervals, and a spot size of ∼100 microns per spectrum. This provides the opportunity to acquire Raman spectra of individual regolith particles and single minerals (Heiken et al., 1991; Pieters et al., 2002) combined with some areally-extensive investigations.
The LunaR Raman instrument would be accompanied by a 2 Mpixel RGB camera, also downward-looking. This would provide contextual information on the target associated with each Raman spectrum at a spatial resolution comparable to or better than the spot size of the Raman spectrometer.
A Raman wavelength calibration target would also be mounted underneath the rover and would be imaged by LunaR at the start or end of each raster scan (i.e., the last one or few data points from the Raman spectrometer would be of the calibration target). It would be used to correct any spectral drift associated with instrumental and environmental parameters, such as instrument temperature. Our initial choice of calibration target is a disk of space-grade Spectralon® (Mann et al., 2016), as it shows multiple Raman peaks and excellent stability in vacuum and resistance to UV irradiation.
6 CONCEPT OF OPERATIONS
The concept of operations assumes that the rover must be stationary in order to collect data. The operational mission timeframe is assumed to be one lunar day, though nested and/or treed multi-day operational scenarios are possible if the particular mission/rover software is designed for autonomy that is robust enough. If the rover is able to survive the lunar night, then extended science operations with the Raman spectrometer can continue.
Overall, the lunar mission that hosts LunaR will utilize previously-demonstrated data acquisition plans from previous rover missions (both in analogue environments and on Mars) (e.g., Marion et al., 2019; Andres et al., 2020; Cloutis et al., 2021a, 2021b). A more detailed description of the concept of operations will be presented in a future paper.
The overall operational steps include:
1) Analysis of pre-landing imagery to identify regions of interest (ROIs) that are expected to contain specific targets of interest (TOIs) and for rover path planning.
2) Post-landing imagery to define the exact landing site relative to the orbital imagery using navigation cameras (NavCams). Post-landing imagery will also be used to identify an initial set of TOIs and for rover path planning. This may only require a subset of NavCam spectral bands, subsampled imagery (i.e., pixel averaging), or lossy compression.
3) Interrogate the first TOI with LunaR and with any other stand-off or contact instruments, such as multispectral/hyperspectral sensors.
4) Use data from these instruments for TOI triage—i.e., does it seem to still retain its scientific importance and triage level?
5) Acquire and download Raman data for TOI.
6) While at the TOI location, acquire new imagery.
7) Use new imagery and acquired Raman data to validate or refine the selection of subsequent TOIs and refine rover path planning.
8) Move to next TOI, acquire Raman data and new imagery.
9) Repeat for subsequent TOIs.
To enable direct rover operations, there are a number of techniques available to reduce data volumes. Regardless of the lunar mission type, “quick look” tools for reducing NavCam and LunaR context camera data volumes are essential for enabling the science team to rapidly identify TOIs for Raman analysis and interpreting Raman data “on the fly.” Such tools are available and can be integrated with simple or real-time analysis tools.
6.1 Rover mission path planning
Given the likelihood that early lunar robotic missions will last one lunar day (∼14 Earth days), we investigated methods by which operations can be maximized in this time frame. Using data from the China National Space Administration (CNSA) Chang’e-4 mission, we have determined that initial rover path planning is feasible prior to landing using high-resolution orbital or descent imagery and refined using post-landing imagery.
The Lunar Reconnaissance Orbiter Camera (LROC) is able to image the lunar surface using two systems: a Wide Angle Camera (WAC) that acquires imagery with 100 m/pixel resolution in seven wavelength bands, and the Narrow Angle Camera (NAC) that acquires monochromatic images at 0.5m/pixel resolution (Robinson et al., 2010). Figure 5A shows an LROC orthophoto mosaic of the Chang’e-4 landing site. The lander on the surface is shown in greater detail in Figures 5B,C. These are post-landing images and are very useful for initial target-of-interest selection (Figure 5D). However, it is unlikely that they would be available for operational support during a 14 Earth day mission unless they were acquired and available within one or a few days of landing. On the other hand, such imagery could be used for operations if it was acquired prior to landing, and the landing location could be located on it very soon after landing. Such superposition would depend on how well and how fast the landing site location could be determined. In the absence of orbital imagery, lander descent imagery could be used for features of interest identification (Figure 5E). Descent and landed imagery help with determining lander orientation and position and provide complementary perspectives of surface TOIs.
[image: Figure 5]FIGURE 5 | (Continued).
The initial selection of TOIs is dependent on both texture and tone (color). It is also dependent on local lighting conditions. Descent images may not be readily interpretable as how the lunar surface would look to our eyes. However, they can still provide much useful information and could be an excellent source of rapid data for TOI identification. Once on the surface, it is likely that a lander would acquire panoramic imagery, as was done by the Chang’e-4 mission (Figure 5F). Such imagery compares well with orbital imagery, and similar landmarks can be seen in both.
As mentioned, lighting conditions will affect how we identify features of interest for exploration. Figure 5G shows a view of the Chang’e-4 Yutu-2 rover as imaged by the lander. Note how the surface appears compared to Figure 5F, where lighting conditions have changed (also the surface-acquired imagery is in color). This more focused image allows a science team to better identify TOIs, as well as to identify smaller-scale TOIs as compared to that derivable from the orbital and panoramic imagery. Using this imagery could lead to the selection of a different suite of TOIs for analysis. As with the orbital and descent imagery, lander imagery can be used to select TOIs for detailed investigations (Figure 5H), which may differ from those selected from orbital and descent imagery.
6.2 Mission success criteria
At the mission level, the minimum, nominal, and augmented success criteria are described below. The instrument requirements and targeted performance are presented in the STM (Table 1).
Mission-level success criteria assume that a rover will be equipped with the baseline LunaR Raman instrument and NavCams for rover path planning and TOI selection.
6.2.1 Minimum mission success
Minimum mission success criteria include a context image and Raman characterization of at least one TOI per Earth day, within the rover’s field of operations, under required instrumental performance. Each TOI requires ∼2 h for data collection and consists of a one-dimensional across-track raster scan of a TOI and acquisition and evaluation of a context camera image. The number of Raman data points for this raster scan is pre-programmable or can be specified. For the nominal instrument performance and a 14-Earth day duration mission, this translates to:
1) At least 12 days of data collection (allowing 1 day for post-landing rover and instrument check-out)
2) At least 12 Raman spectral scans that includes a calibration target visible to the instrument at one end of the raster scan. The size and position of TOI from context imaging will determine the spacing and positioning of Raman analytical points.
3) At least 12 different TOIs selected by the science team are characterized over the ∼14 Earth day mission duration.
4) AT each TOI, at least 90 evenly spaced (pre-programmed) or user-specified Raman spectra across the 30 cm wide field of regard are acquired, with 1 min per spectrum and 30 min of context image analysis.
6.2.2 Nominal mission success
Nominal mission success includes a context image and Raman characterization of at least 3 TOIs per Earth day within the rover’s field of operations. This assumes ∼2 h for data collection, and 6 h of TOI selection and drive between TOIs, under required instrumental performances. This also translates to:
1) At least 12 Earth days of data collection (allowing 1 day for post-landing rover and instrument check-out)
2) At least 36 Raman spectral scans that includes calibration target visible to the instrument at one end of the raster scan. Size and position of TOI from context imaging will determine the spacing and positioning of Raman analytical points.
3) At least 36 different TOIs selected by the science team are characterized over the 14 Earth day duration of the mission.
4) At least 90 evenly-spaced or science team-specified Raman spectra across the 30 cm field of regard, with 1 min per spectrum and 30 min of context image analysis are acquired.
6.2.3 Augmented mission success
Augmented mission success includes a context image and detailed Raman characterization of at least 3 TOIs per Earth day within the rover’s field of operations. This assumed ∼4 h for data collection and 4 h of feature of interest selection and drive between TOIs. The augmented mission will stress data collection over driving. This translates to:
1) At least 12 Earth days of data collection (allowing 1 day for post-landing rover and instrument check-out)
2) At least 36 Raman spectral scans that includes a calibration target visible to the instrument at one end of the raster scan. The size and position of TOIs will determine the spacing and positioning of Raman analytical points.
3) At least 36 different TOIs selected by the science team are characterized
4) At least 180 evenly spaced or science-team specified spectra across the 30 cm field of regard, with 1 min per spectrum and 30 min of context image analysis.
7 PERSPECTIVES
In addition to investigating the Science Readiness Level (SRL) of a Raman spectrometer for lunar surface exploration, we have also been advancing the Technology Readiness Level (TRL) of a Raman spectrometer. TRL-based analysis includes conducting trade space analysis and optimization of different instrument configurations in terms of optical layout, mass-power-volume determinations for different configurations, technology requirements for greater stand-off distances, and rover accommodation requirements. The results of these engineering-based studies and deployment options are the subject of a future paper (Kruzelecky et al., in preparation).
On the SRL side, we plan to continue to design, evaluate, and test different optical layouts on data quality for lunar meteorites, as well as expand the suite of samples we are testing LunaR on to include additional lunar meteorites and Apollo rock and regolith samples.
8 SUMMARY AND CONCLUSION
Our extensive laboratory and literature-based analysis of Raman spectroscopy for lunar exploration (Cloutis et al., in preparation) and engineering design and breadboard testing (to be reported in a future follow-on paper: Kruzelecky et al., in preparation) have indicated that a compact, sub-3 kg Raman spectrometer is feasible for future exploration of the Moon on a landed mission. Raman spectroscopy is capable of detecting and discriminating a wide variety of lunar surface materials. A wavelength range of ∼150–4000 cm−1 would allow for the detection of many geological materials and condensed volatiles. The wider the wavelength range, the more Raman peaks that would be potentially detectable, leading to more robust identifications of surface materials. A spectral resolution of 6 cm−1 would enable detailed characterization of surface materials, such as the composition of specific minerals (via elemental substitutions that can shift or change Raman peak positions and shapes), the structure of condensed volatiles, and possible detection of fluorescence associated with rare Earth elements.
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Notes and sources of
data

Olivine

150-400, 400-700, 700-1100

800-850 cm peak positions vary by ~12-18 cm! with Fe:Mg ratio (which is important to determine
depth of origin). Lower energy (150400 cm ™) peaks can also vary in position up to 30 cm™, and the
number of peaks in this region can vary between forsterite and fayalite. References: lishi (1978);
Chopelas (1991); Kuebler et al. (2006); Mouri and Enami (2008); Ling et al. (2011)

Pyroxene

230-400, 510-560, 650-700,
850-1050

Peak positions vary by ~10-30 cm" with Fe:Mg:Ca ratios (which is important to determine depth of
origin). Number of peaks in all wavelength regions can vary depending on pyroxene structure and
composition. References: White (1975); Ross and Navrosky (1988); Huang et al. (2000); Wang et al.
(2001); Ling et al. (2011)

Plagioclase feldspar 150-1200 Peak positions can vary and appear or disappear depending on feldspar type and composition.
However, lunar plagioclase feldspar composition is quite restricted (generally > anorthite (An)90),
therefore small shifts in peak position are not geologically important. References: Mernagh (1991);
Freeman et al. (2008); Ling et al. (2011)

IImenite and Fe-Ti oxides ~225, ~675 Lunar ilmenite composition is quite constant, Peak positions can be used to discriminate ilmenite from

other Fe/Ti oxides, whose Raman peak positions can differ from ilmenite by up to tens of cm™.

References: Beattie and Gilson (1970); White (1974); Baran and Botto (1979); Baran et al. (1986); Pinet
et al. (1986); McMillan and Ross (1987); Ross and Navrosky (1988); Leinenweber et al. (1989);
Hofmeister (1993); Chopelas (1999); Linton et al. (1999); Wang et al. (2004)

Spincl

~410, 660-700, 780-800

Spinel has been detected on the Moon (e.g., Pieters et al., 2014). Its origin is uncertain; compositional
data would allow constraints to be placed on its origin. Spinel Raman peak positions vary with
composition. References: Beattie and Gilson (1970); Yamanitsu and Ishii (1986); Degiorgi et al. (1987);
MeMillan and Akaogi (1987); Chopelas and Hofmeister (1991); Cynn et al. (1992); Xu et al. (1995);
Gasparov et al. (2000); Wang et al. (2004); D’Ippolito et al. (2015)

Garnet

150-400, ~550, 800-1000

Garnet is expected in excavated deep-seated materials (Neal, 2001). Raman peak positions vary (by up
to 30 cm™') as a function of composition. References: Mingsheng et al. (1994); Bersani et al. (2009)

Hematite

200-700, ~1300

Hematite has recently been detected on the Moon (Li et al., 2020), and may derive largely from
terrestrially-derived atomic oxygen. References: Beattie and Gilson (1970); Yamanitsu and Ishii (1986);
Xu et al. (1995); De Faria and Lopes (2007)

Silica

200-500, 700-1200

Silica-rich materials may form on the Moon by impact processes and sputtering, They can be used to
understand impacts and space weathering processes. References: Etchepare et al. (1974); Ling et al.
(2011)

Apatite

Water ice

280-330, 400-450, 550-650,
950-1100

200-400, 3000-3800

Apatite is associated with KREEP* terrain. Raman spectra may also exhibit rare earth element-
associated fluorescence peaks. References: Reisfeld et al. (1996); Jolliff et al. (2006); Ling et al. (2011);
Lenz et al. (2015); Lorenz et al. (2019)

Water ice has distinct Raman peaks in the low wavenumber region, and broader ones in the higher
wavenumber region. References: Hibben (1937); Taylor and Whalley (1964); Venkatesh and Rice
(1975); Rice et al. (1978); Furic and Volovsek (2010); Xue et al. (2013)

Organics and carbonaceous
materials

~1300, ~1600, 2500-3000

The forms of organics on the Moon are not well known, and 1300 and 1600 cm™" regions of Raman

peaks are associated with out-of-plane (D band) and in-plane (G-band) vibrations respectively, and are
common to broad classes of organics. References: Busemann et al. (2007); Pimenta et al. (2007);
Busemann et al. (2007)

Carbon dioxide ice

1200-1400

CO; ice, which may be the next most abundant condensed volatile on the Moon after water ice, has its
‘main Raman peaks in this wavelength region. References: Anderson and Sun (1971); Anderson (1977);
Bennett et al. (2013)

"KREEP: Potassium (K), Rare-Earth Elements (REE), and Phosphorus (P).
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Sample name

Description

NWA 11444

Lahmada 020

NWA 11474

NWA 12593

NWA 11303

NWA 11228

NWA 11788

NWA 8277

Lunar melt breccia: Northwest Africa; find - 2017. ~5 g total mass in 5 x ~1 g fragments; variable dark and light clast abundances.
Minor rust and soil on some exterior surfaces

Lunar meteorite: feldspathic breccia; Saguia ¢l Hamra, Western Sahara; find—2018.2.65 g double polished slice; mostly dark fine-
grained matrix with a few lighter clasts

Lunar meteorite: feldspathic breccia; Northwest Africa; find—2017.198 g double polished slice; dark fine-grained matrix with
abundant beige, white clasts, and possible mineral clasts

Lunar meteorite: fragmental; Mali, Africa; find—2017.0.65 and 0.81 g double polished slices; dark fine-grained matrix with
numerous medium gray clasts, and a few black and beige/white clasts

Lunar meteorite: feldspathic breccia; Northwest Africa; find—2017. Five x ~1 gand one 5.4 g whole fragment; exteriors have slight
rustiness, light clasts in dark matrix

Lunar meteorite: feldspathic breccia; Northwest Africa; find—2017.2.9 g whole fragment; black, glassy appearance, no visible large
clasts

Lunar meteorite: feldspathic breccia; Northwest Africas find—2017.12.9 g double polished slice; fractured, brecciated: dark matrix
with grey to white clasts and an enclave of metallic grains

Lunar meteorite (brecciated texture); Northwest Africas find—2013.4.4 g thick double-polished slice (~3 x 3 cm); vesicular
brecciated medium- to dark-gray matrix with abundant black, gray, and white clasts
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Parameter Units Value Comments

Band nm 532
Fiber laser peak power w 05
Collimator/dichroic transmittance 086
T-telescope 092 Laser light transmission through the 4-element refractive telescope and laser beam
expander
Solid angle -Lambertian surface Sr 3.14159
Tllumination radiance at lunar surface w 399E-01  Laser illumination at the target
phot/(s 107E+18
st cm?)
Average albedo 005 Target 5% albedo
Conversion factor: Watts to photon flux 2678E+18
Raman nominal efficiency 1.000E-04  0.01% at 532 nm is assumed
Diffuse reflected Raman signal phot/(s sr) 1.699E+12  Lambertian reflectance is assumed
Band width/pixel nm 1.00
Target distance m 025 25 cm worst-case target distance
Entrance pupil diameter m 5.00 50 mm OD optics
Signal collection solid angle st 3.1416E-
02
Collected optical power photons/s 5339E+10  Optical power collected by 5 cm OD Fore optics
Margin 090 10% margin
T-telescope 092 Assumes four-optic varifocus telescope
Transmission: dichroic filter- -540 nm~-680 nm selective 09 Custom 540 nm-680 nm selective reflector ~transmitting the 532nm and
reflector 1064 nm laser signals
Laser: Edge longpass filter 090
Transmission of condenser 098
Focal spot diameter pm 100.00 Refractive optics
iber coupling 097 Assumes condensor selected to match the fiber NA, AR coated fiber
Fiber NA 022 Select to optimize the overall signal coupling
Spectrometer NA 008 Miniature Avantes spectrometer
NA mismatch 0.13 Fiber/spectrometer NA mismatch
Collected optical power photons/s 5339E+10  Optical power collected by 5 cm OD Fore optics
Fiber core diameter um 200.00 Telescope to spectrometer
Spectrometer input slit width pm 10.00 For 0.17 nm minimum spectrometer resolution
Slit coupling 006
Spectrometer transmission 060 Diffraction grating efficiencyetc.
Net collection/coupling optics transmittance [0-1] 00032 Target to photodetector
Time: integration/image- s 200E-01  Select integration time not to saturate the detector array with the dark signal
CMOS QE 06 Uncooled but calibrated CMOS or CCD Detector
Total signal at detector array electrons 2.069E+07
Spectral channels (pixels) 1.024E+03 1024 spectra; channels
Signal per pixel electrons 2.021E+04
V-noise - net electrons 143 Nominal readout, shot and dark noise

SNR per pulse per pixel 141 Can average multiple pulses, if required
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Central Wavelength (nm)

Spectral line width (FWHM) (nm)
Output power, mW

Operation Mode

Fiber optical connection

Input voltage (VDC)

Minimum value

30
Continuous wave
Yes

45

Typical value
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Maximum value
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Laser acquired

53218
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