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Abstract

The SuperCam instrument, aboard NASA’s Perseverance rover, provides for the first time the
hardware capability for time-resolved spectroscopy on Mars. As a consequence, in addition to the
atomic and molecular emissions routinely recorded by SuperCam LIBS, plasma-induced luminescence
(PIL) features could theoretically also be observed, within the sample, potentially improving the
detection capabilities for some minor elements, compared to LIBS. PIL has been studied in terrestrial
conditions but not yet examined under Martian atmospheric conditions. Since atmospheric
conditions have previously been shown to strongly affect plasma emissions, they may also have a
significant influence on PIL. This study aims at assessing the feasibility of PIL spectroscopy in Martian
atmospheric conditions. To do so, we investigate the influence of atmospheric pressure and
composition on PIL emissions, compared to plasma emissions. We demonstrate that PIL emission can
be observed in simulated Martian conditions, despite its lower intensity compared to terrestrial
conditions. Moreover, PIL features exhibiting millisecond-range decay have been observed once
plasma emissions have decreased significantly; with our experimental conditions, it is achieved with
a temporal delay of 200 us after plasma initiation and a gate of 20 ms. Shorter-lived PIL features
have not been observed, possibly due to spectral interference with plasma emissions.

1. Introduction

The Perseverance rover landed in the Jezero crater, Mars on February 18", 2021. SuperCam [1-4] is
one of the remote science instruments in the payload; it enables multi-technique analyses of the
Martian surface around the rover. Laser-induced breakdown spectroscopy (LIBS), together with time-
resolved Raman and luminescence spectroscopy, provides chemical and mineralogical information
for geologic targets located nominally within 1.5 to 7 m from the rover [1]. Visible and infrared
reflectance spectroscopy (VISIR), being a passive spectroscopy technique based on excitation by
sunlight, can be applied to analyze targets at distances ranging from 1.5 m up to several kilometers.
The remote micro-imager (RMI) provides high-resolution context images for the spectroscopy
analyses of targets in the whole distance range covered by VISIR. Additionally, a microphone provides
data relevant for both atmospheric science and geology, when coupled with LIBS [5].

SuperCam LIBS, Raman and luminescence techniques make use of a pulsed Nd-YAG laser (3-4 ns ; 3-
10 Hz ; 9-14 ml), operating at 1064 nm for LIBS and 532 nm for Raman and luminescence [1]. LIBS
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plasma emissions are recorded by three spectrometers [2] covering the following spectral ranges:
243.7 — 345.0 nm, 379.0 — 465.0 nm and 532.0 — 858.8 nm. The spectrometer operating in the last
range is used for Raman and luminescence spectroscopy. To extract the low-intensity Raman signal
from background or overlapping luminescence emissions, this spectrometer implements signal
amplification as well as time resolution, acting on both the delay D to start the acquisition after the
laser pulse, and the integration time, referred to as the gate G.

All routine LIBS observations (more than 1000 points analyzed by SuperCam over the first ~300
Martian days of the mission [6]) are acquired with D < 20 ns and G = 34 us. Using the same
parameters for all observations enables spectra comparison, classification and chemical
qguantification [7]. On the other hand, for the first time on Mars, it is possible, with SuperCam, to
tune D and G, and thus take advantage of time resolution to observe LIBS-related emissions in the
532.0-858.8 nm range.

Previous studies, in terrestrial atmospheric conditions, showed that time resolution enables the
observation of plasma-induced luminescence (PIL) following plasma emission, that is, luminescence
emission excited within the sample by the laser-induced plasma [8,9]. Without time resolution
capabilities, PIL emissions are generally hidden by plasma emissions, which are typically orders of
magnitude more intense. Time resolution thus enables to take advantage of the long lifetimes of
some luminescence signatures compared to plasma emissions, by using longer delays and gates,
increased gain and possibly more laser shots, to optimize the PIL signal. With short delays, these
acquisition parameters would result in saturation of plasma emissions. PIL and plasma emission can
in principle also be separated spatially as was proposed in a previous study [10]. To do so, the plasma
is created outside the field-of-view of PIL detection, either directly beside the plasma, or several
centimeters-away, using a set of optical lenses. With SuperCam, the plasma and sample — and hence
the LIBS and PIL signals — would be superimposed in the field-of-view of the instrument, but time
resolution could be enough to separate the signals. In theory, in sufficiently large crystals, SuperCam
could therefore observe PIL signal on Mars, enabling the detection of minor elements, which are
typically below the limit of detection with LIBS, as it is the case for some rare-earth elements [9,11].

Considering that the laser-induced plasma is the excitation source for PIL, and can affect the ability to
observe PIL emissions, when the different emissions overlap spectrally and temporally, advanced
understanding of the LIBS spectrum is very helpful for efficient observation and exploitation of PIL
spectra.

In LIBS, the laser-induced plasma is a transient thermodynamic system characterized by a very
complex spatial and-temporal evolution [12—-16]. As soon as the plasma is created, it starts expanding
and cooling in the surrounding atmosphere. In the early stage of plasma expansion, radiative losses
are related to free-free and free-bound transitions, and evidenced by a transient broadband
continuum in the LIBS spectrum, which is progressively replaced by atomic emission lines related to
excitation/de-excitation processes from ions and neutrals. In some cases, after the plasma has cooled
sufficiently, molecules can recombine within the plasma through the recombination of atomic
reactants; molecular emission bands can then be observed in the LIBS spectra.

This evolution of the plasma is known to be strongly dependent on the pressure and composition of
the ambient gas [17-23]. Atmospheric conditions affect the rate of plasma expansion and hence
temperature decay as well as density decrease; the ablated mass, spatial distribution of the species
within the plasma and exchanges between plasma and surrounding gas also depend on atmospheric
conditions. As a consequence, both intensity and decay rates of continuum, atomic and molecular



emissions are strongly influenced by atmospheric conditions. In particular, on Mars, the atmosphere
consists in 6-7 mbar of CO, (about 96%), with small amounts of Ar and N [24]. In this environment,
LIBS studies showed that atomic emissions are both more intense and longer-lived, whereas
continuum emission is reduced in Martian conditions compared to terrestrial conditions [18,25-28].
Molecular emissions have been observed on Mars with the ChemCam instrument on Curiosity [29],
associated to halogens, such as fluorine and chlorine, with improved detection and even
guantification capabilities compared to atomic emission lines [30—32]. Laboratory studies were also
dedicated to studying molecular emissions in Mars-like atmospheric conditions [33—-37], with a few
studies focused on the specific influence of atmospheric conditions on molecular recombination (eg.
[38]). A. De Giacomo & J. Hermann [16] explain that molecular emission requires the plasma
temperature to be both low enough for molecules formation, and high enough for electronic
excitation to occur, together with a sufficiently high density of reactants. As a consequence,
molecular band detection is expected to be significantly affected by the properties of the ambient
gas.

In this study, we seek to assess the feasibility of PIL spectroscopy in Martian atmospheric conditions.
To do so, we investigate how changing atmospheric pressure and composition, and subsequent
changing plasma emissions, affect PIL excitation and emission within the sample, as well as its
observation. We observe PIL emissions under simulated Martian atmospheric conditions in both
natural and synthesized samples and identify time parameters for optimal observation of long-lived
emissions.

2. Material & Methods

2.1. Experimental setup and spectra acquisition

Our laboratory test-bed is equipped with a diode-pumped pulsed Nd: YAG laser (Viron, Lumibird)
operating at 1064 nm (6 ns; 10 Hz; 12 mJ). The spot diameter is approximately 200 um, resulting in a
laser fluence on the sample surface of approximately 40 J/cm?2. The laser beam is vertically focused
with a 20-cm fused silica plano-convex lens onto the surface of the sample. The resulting emission is
collected and then injected into a circle-to-linear bundle of 19 optical fibers (each fiber is 2-m long
and has a 100-um core diameter) with a couple of converging lenses (respectively 25 and 5 cm of
focal length). The optical axis of the detection line is at a ~¥30° angle from the vertical incident laser.
Radiation is finally introduced into a Czerny-Turner spectrometer (Kymera 328i, Andor) equipped
with a 1200 I/mm grating blazed at 300 nm. An intensified CCD camera (iStar CCD 340, Andor)
enables the tuning of the delay and gate parameters, as well as the gain, for signal amplification.

Our vacuum chamber is a six-way cross of 316 L in stainless steel (length 276 mm). It is equipped with
a dry scroll vacuum pump (IDP-7, Agilent) and a Pirani/capacitance diaphragm gauge (PCG-750,
Agilent). We use a Martian simulant gas provided by Air Liquide and composed of CO,, with traces of
Ar (1.6%) and N; (2.7 %). For the sake of simplicity, we often refer to this gas as CO,. The upper part
of the chamber consists in a 101-mm diameter (4 inches) and 10-mm thickness UV fused silica
window, through which the laser is focused and the resulting emission is collected. The horizontal
motion of the sample inside the chamber is achieved by a couple of vacuum-compatible, piezo linear
stages, with a 27 mm travel (AG-LS25-27V6, Agilis) connected to a dedicated driver (AG-UC2, Agilis)
controlled via a homemade LabVIEW virtual instrument (VI).



To investigate the influence of pressure of the surrounding gas on the LIBS and PIL spectral features,
we started with air, and acquired a series of spectra at 0.07, 0.7, 7, 25, 70, 120, 200, 300, 400, 550,
750 mbar and 1 bar. LIBS and PIL spectra were acquired as either time-integrated spectra or time
series as defined below. For time-integrated spectra, we use relatively short delay values, and large
acquisition gates to detect as many photons as possible, from the feature of interest, as it decays
after the laser pulse (typically D~200 ns and G~100 us for atomic emissions, for example). On the
other hand, for time series, we use short acquisition gates and increasing delay values, to observe
the evolution of emission with time, after the laser pulse (for example D varying between 10 ns and
~100 us and a gate G~10 ns to observe the decay of atomic emissions). We use time series to
extract decay curves for different features. For both kinds of observations, the specific time
parameters are tuned to the kind of emission we want to observe (e.g. shorter delays and gates for
atomic emission lines than for molecular bands). To mitigate possible experimental biases and
fluctuations — due for example to laser and instrument temperature variations or degassing within
the chamber — we repeated our measurements as follows. For time-integrated measurements, we
acquired spectra over two successive series, varying the pressure value: first decreasing it from 1 bar
to 0.07 mbar, then increasing the pressure back up to 1 bar. For each given value of the pressure, we
moved the target 0.5 mm to use a pristine surface for ablation and acquired five spectra at the same
location, each resulting from the average of a burst of 100 laser shots. Considering that the first
spectrum is often significantly different from the others — due to surface contamination or specific
ablation effects at the beginning of the formation of an ablation crater — we kept only the last four
spectra per point. Due to the limited size of our sample, we could not acquire multiple time series for
all pressure values, and each time series is acquired on a single ablation spot.

To switch from air to Mars simulant gas, we first pumped the chamber down to a pressure of about
0.02 mbar, before injecting 7 mbar of Mars simulant gas.

The size of the plasma at maximum expansion changes from a few millimeters at 1 bar to ~5-10 mm
with reduced pressures [18,38]. Therefore, there is a risk that the plasma might grow out of the field-
of-view of the fiber bundle in certain experimental conditions. However, considering that our results
are consistent with previous studies, as shown in section 3.1, we are confident that our field-of-view
samples a representative enough portion of the plasma.

2.2. Samples
Two samples with complementary characteristics were used in this study.

The first one is a 6x6x12 mm commercial synthesized sapphire crystal (Al,0s3) doped with titanium,
similar to the crystals used as a gain medium for laser sources, and hereafter referred to as TiSa. We
used this sample to investigate the evolution of plasma and PIL emissions when changing the
atmospheric conditions. This sample is indeed sufficiently hard to sustain hundreds of laser shots at a
given location without enduring major ablation-related damages; as a consequence, the plasma
remains stable over hundreds of shots, facilitating the analyses.

The titanium is present in the crystalline matrix as Ti3* and Ti*, both of which have well characterized
relatively short-lived luminescence signatures [39], respectively around 400 nm and 700 nm, which
are analyzed in section 3.3. Additionally, the TiSa sample contains traces of Cr®*, which is



characterized by a millisecond-decay emission doublet around 693 nm, and which is used for most of
this study.

As a consequence, the emission spectrum of the plasma derived from the ablation of the TiSa crystal
contains different spectral features of interest, namely atomic lines (Al in particular), molecular
bands (AlO); additionally, PIL signatures can be observed within the sample after ablation. We were
able to choose specific features with minimal spectral overlap with each other, enabling independent
observations of each.

The second sample we use is a natural Durango apatite (Cas(PO.)3(Cl,F,OH)) containing traces of rare-
earth elements such as Sm3*, Dy**, Eu®. Apatite is of particular interest in geology, because of its
ability to host a wide variety of trace elements in its crystalline structure, and thus to record the
ancient environmental conditions the crystal has undergone. For example, the presence of hydrogen
has been exploited to study the origin of planetary water [40] and rare-earth elements contribute to
trace genetic processes [9]. Moreover, apatite has previously been detected on Mars [30,32,40], in
part thanks to the detection of CaF and/or CaCl emissions with LIBS. The study of this sample is
therefore relevant in the context of Martian investigation, and M. Gaft et al. used a similar sample in
[9] to illustrate the interest of combining LIBS and PIL observations, using time resolution, in
terrestrial conditions.

Compared to TiSa, apatite is much more fragile to laser ablation, resulting in a deeper ablation crater
after a series of several laser shots, and finally leading to unstable plasma emission and, possibly,
sample fracturing. Moreover, Table 1 shows that several molecular bands and luminescence features
overlap in the case of apatite, making the interpretation of a LIBS-PIL spectrum much more
challenging. Spectra acquired on the Durango apatite crystal are presented in section 3.3.

identification spectral range
o Ca0o 593 - 630 nm
Molecular emission
CaF 590 - 606 nm
[33,34,41]
CaCl 611 —-622.5 nm
S Most intense signature around 598 nm; other
m
PIL features peaks around 565 and 645 nm
[42,43] Eudt 575 and 618 nm
Dy3* 480 and 570 nm

Table 1 — Examples of molecular bands and PIL features expected to be observed by LIBS-PIL in apatite

2.3. Processing of the LIBS-PIL spectra

The experimental LIBS-PIL spectra are characterized by a continuum, atomic lines, molecular bands,
from the ablation plasma, and finally PIL features emitted within the sample. The aim of this section
is to describe how the spectral features were selected and the numerical data extracted to finally
become the indicators of each type of spectroscopic feature.

For all spectra we first either subtract the dark spectrum or subtract the minimal value reached over
the entire spectrum when no dark spectrum was recorded. Note that, because of the amplitude of
noise, subtracting the minimal intensity value of the spectra results in the spectral baseline typically
being around a few hundred counts.



For the TiSa sample, LIBS spectra are examined in the 298-340 nm spectral range. In this range, one
can observe both a continuum and some atomic lines. The continuum signal is fitted with a third
degree polynomial function over three spectral intervals: 298.0 to 304.0 nm, 311.5 to 312.0 nm, and
317.5 to 321.0 nm, in order to exclude the atomic emission lines from the calculation. Then the
median of the values retrieved from the fitted function is used to track continuum intensity. The Al |
atomic emission line at 309.27 nm was selected to represent atomic emission. To extract the peak
intensity, we first subtract the fitted function related to the continuum to the spectrum, in the range
308.75-310.00 nm and then pick the maximum value of the continuum-corrected spectrum in the
same spectral range. The corresponding spectral ranges and features are illustrated in Figure S1 in
the supplementary materials. Note that if there is no signal detected from Aluminum, the resulting
value corresponds to the maximal amplitude of the noise over this spectral range.

A molecular emission band related to AlO is detected between 490.0 and 530.0 nm. The (1,2) band
head of the Av = -1 sequence of the AIO B?Z*—X?X* band system was selected to get the AlO signal
(Figure S2). Practically, we extract the min and max intensity values in the spectral range 509.8-510.4
nm and use the difference between these two values as the AlO intensity. Based on this method,
there is no need to calculate the contribution of continuum in this case. If no signal from AIO is
detected, the resulting value corresponds to the amplitude of the noise over this spectral range.
Finally, regarding PIL, we use the second peak of the Cr® doublet around 693 nm. Similar to the
calculation of the Al | signal, we start by fitting the continuum over the spectral intervals ranging
from 680.0 to 690.0 nm, and 700.0 to 708.0 nm with a third degree polynomial function in order to
exclude the Cr®* doublet. Then, in the interval 693.7-695.0 nm, we subtract the fitted continuum
function to the spectrum and extract the max value on the continuum-corrected signal. This value is
used as the Cr3 peak intensity. Note that we decided to exploit only one of the two emission lines of
the doublet in order to simplify data processing.

We work under the assumption that the specific emission features that we selected are good proxies
for continuum, atomic, molecular, and PIL emissions in general.

We do not extract specific emission intensities from the spectra acquired with the Durango apatite
sample, but directly comment the spectra (section 3.3).

3. Results & Discussion
3.1. Influence of pressure on time-integrated PIL in air

In order to assess the feasibility of PIL on Mars, we first investigate the influence of pressure, starting
with a plasma expanding in air. We thus start by examining the time-integrated LIBS and PIL spectra
(Figure 1) for plasma expanding in air at 1 bar (blue) and 7 mbar (orange) after laser ablation of the
TiSa sample.

Figure 1A shows both plasma continuum and Al atomic emission lines at 308.22 and 309.27 nm. In
this case, the detection parameters were setto D = 0 and G = 500 us to maximize the detection of
signal related to the atomic lines. The two spectra reveal that the atomic signal-to-background ratio
is significantly higher at 7 mbar than 1 bar. Moreover, some atomic emission features are clearly
visible at 7 mbar, whereas they are not resolved at 1 bar, because of the overlapping continuum and
spectral broadening.

Figure 1B shows the AIO molecular bands obtained for D = 1 us and G = 1 ms. The reduced AlO
emission under 7 mbar of air compared to 1 bar is probably related to the reduced confinement of
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the plasma, which results in lower probability of species interaction than in a more confined, denser
plasma. Additionally, it is possible that some atmospheric oxygen may be involved in the AIO
recombination at 1 bar. In this case, the reduced oxygen density at lower pressure may also
contribute to reducing AlO emission under 7 mbar compared to 1 bar. However, the TiSa sample is a
matrix of Al,O; and the atoms of oxygen coming from the sample itself must be considered as well.
Complementary tests performed under 7 mbar of argon (not shown here) showed that some AIO
emission is also observed when oxygen is not present in the ambient gas, indicating that the oxygen
present in the TiSa crystal contributes to molecular recombination. From these results, we can only
conclude that a combination of i) the reduced reactants interaction in the larger plasma and ii) the
reduced oxygen concentration at lower pressure caused the reduced AIO emission in 7 mbar
compared to 1 bar. To assess the relative contributions of these two factors, further tests would be
required.

Figure 1C shows the PIL signal related to Cr* in the TiSa sample, recorded for D = 10 us and G =
10 ms. We observe that the Cr3* PIL feature is less intense at 7 mbar than 1 bar. Considering that PIL
is excited by plasma emission, which is overall less intense at lower pressure, it is not surprising to
observe that PIL emission is lower at 7 mbar.

The time parameters were chosen to filter out all the spectral features related to the plasma and
show the PIL emission alone, based on plasma emission decay at 1 bar. However, it is interesting to
notice that several atomic features — expectedly related to Al, O, Ti, Cr, or N — are visible in the
spectrum acquired at 7 mbar. The strong emission line at approximately 690.32 nm can be assigned
to either Cr | wide line, or the Ti | line at 690.56 nm [44]. Then, the spectral feature detected between
the two Cr3* lines is attributed to the Cr | wide lines at 693.40 and 693.56 nm. The other lines may be
assigned to Ti | (699.75 — 700.46 — 703.33 nm) and O | (701.73, 702.55 nm). The fact that atomic
emission lines are detected after 10 s when the plasma expands in 7 mbar air is consistent with the
known slower temporal decay of atomic emissions at reduced pressure [20,21]. This shows that the
temporal parameters should be specifically tuned for PIL observation under Martian atmospheric
pressure, in order to efficiently filter out plasma emission. To identify appropriate parameters,
section 3.3 presents a comprehensive time-resolved analysis of LIBS and PIL spectra in different
atmospheric conditions.
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Figure 1 — LIBS & PIL spectra in selected spectral ranges after laser ablation of a TiSa crystal in 1 bar (blue) and 7 mbar
(orange) of air. Each of the spectra shown here is the average of eight spectra acquired on two ablation spots in the
considered conditions, each resulting from the accumulation of 100 laser shots. (A) Continuum and Al | lines at 308.22 and
309.27 nm; (B) AlO molecular bands; (C) luminescence of Cr3*.

In the rest of this section, we broaden our analysis of the influence of pressure on LIBS and PIL and
examine not only the pressure values corresponding to Earth and Mars atmospheric conditions, but a
total of twelve values of pressure covering the range 0.07 mbar to 1 bar. The experimental
parameters are the same as those used in Figure 1 and the results obtained for the twelve values of
pressure are displayed in Figure 2. Figure 2Ai shows the signal of background and Figure 2Aii the
signal of Al I. Then Figure 2B shows the signal of AlIO and Figure 2C the signal of PIL. Note that the
labels A, B, C in Figures 1 and 2 correspond to similar detection parameters. Some of the
corresponding spectra are shown in Figures S3-5.

As a first result, it is interesting to notice that PIL is detected over the whole range of pressure values,
despite the low-emissivity plasma obtained at 0.07 mbar (spectra shown in Figure S5).



Knight et al. published similar trends as those displayed in Figure 2Ai and 2Aii [18]. Interestingly, they
demonstrated that the measured emission signal as a function of the surrounding gas pressure was
not affected by the geometry of their optical setup. In the present study, we obtain very similar
evolution of the continuum and atomic line with the pressure as they did, and we thus conclude that
geometrical effects do not significantly affect our observations either.

Additionally, we observe that both continuum and PIL emissions are maximal around 550 mbar,
whereas atomic emissions peak around 70-120 mbar and AlO is highest between 400 and 750 mbar.
In the case of AlO (Figure 2B), the best condition of pressure could probably be refined by averaging
over a larger number of spectra to reduce the fluctuations that we observed with our eight
observations per pressure value.
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Figure 2 — Influence of the air pressure on the different signals extracted from the LIBS and PIL spectra acquired on the TiSa
sample; eight spectra were acquired per pressure value, on two different ablation points. The values of pressure are given
on a logarithmic scale (in mbar). Features intensity were extracted as described in section 2.3 and normalized to unity; (Ai)
continuum; (Aii) Al | line at 309.27 nm (B) AIO molecular band at 510 nm; (C) plasma-induced luminescence of Cr3* at 693-
694 nm.



To conclude this study on pressure influence on time-integrated PIL, we investigate the presence of
correlations between PIL and plasma emissions, to better understand the excitation source of PIL.
Figure 3A shows a very good correlation between the PIL and the continuum signals. Moreover, it
was previously shown that PIL excitation under 1 bar of air is dominated by plasma continuum
emission [10]. From the combination of these two observations, we conclude that continuum
emission plays a significant role in PIL excitation over the whole range of pressure examined here,
namely 0.07 mbar to 1 bar. Looking at the comparison of PIL signal with atomic and molecular
emission signals (Figures 3B-C), we observe no such significant correlation as with continuum
emission over the whole range of pressure values investigated here. This possibly confirms the
significance of continuum emission contribution to PIL excitation. However, it is also possible that
other atomic and molecular features — maybe in the UV region — may be more correlated to PIL
emissions than those considered here; in that case, we would not see the contribution of these
features by looking only at the 308 nm Al | line and the 510 nm AIO band head.

The balance between continuum, atomic and molecular emission signatures in the PIL excitation
process could be further investigated by looking at more features, and/or using the side PIL
configuration with different ablation targets [10].

A B c
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Figure 3 — Comparison of PIL and plasma emissions (A) continuum, (B) Al | atomic emission line (C) AlIO molecular band,
each normalized to its maximum value. Emission intensities obtained at 0.07, 0.7, 7, 25, 70, 120, 200, 300, 400, 550, 750
mbar and 1 bar on our TiSa sample; colors corresponding to pressure values, like in Figure 2. The intensity values plotted
here correspond to the average values of the eight observations per pressure values displayed in Figure 2.

To summarize, we showed that: i) PIL emissions, in air, are detected at all pressure values tested
between 0.07 mbar and 1 bar; ii) PIL emissions are most intense under 550 mbar of air; iii) the
variation of PIL with pressure are related to changes in continuum emission from the laser-induced
plasma. As a reminder, reduced continuum emission at lower pressure is due to the reduced plasma
confinement, which favors faster plasma expansion, and therefore rapidly decreasing temperature
and density.

3.2. Influence of the ambient gas — air/Mars simulant comparison

In this section, we investigate the effect of changing the gas in which the plasma expands from air to
CO,. The time parameters are the same as in the previous sections, except for the PIL detection.
Indeed, previous PIL observations under 7 mbar of air showed that atomic emissions are still
significant after a delay of 10 us in such pressure conditions (Figure 1C). To filter out these emissions,
in the following section, we observe PIL emission with a delay D = 200 us. Such a long delay is still
very satisfying when we analyze long-lived PIL features.
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Figure 4 shows the LIBS (4A-B) and PIL (4C) spectra obtained at 7 mbar when the laser induced
plasma expands in air (blue) and CO; (red). As far as we’re aware, the red spectrum presented in
Figure 4C is the first PIL spectrum in Martian-like atmospheric conditions published so far. Figure 4C
clearly shows that PIL does not change when changing the gas composition from air to CO,. Since we
established that PIL emission is correlated to plasma continuum emission, and the latter is not
affected by the change in gas composition (Figure 4A), this is all consistent. Interestingly, it indicates
that the results established in the previous section about the evolution of PIL intensity with
atmospheric pressure in air can probably be generalized to CO..

Moreover, if the atomic emission lines are not affected by gas composition either (Figure 4A), we
observe that the AIO signal is two to three times more intense in CO; than in air (Figure 4B). Although
there is a significant variability within the set of four spectra corresponding to AlO emissions in each
condition, the signal is consistently more intense in CO; than in air. This might be explained in part by
the fact that, for a given value of pressure, the density of oxygen atoms is higher in Mars-like
atmosphere than in air, increasing the probability of AlIO recombination. In addition, the efficiency of
energy transfers between the plasma and the ambient gas may be different in air and Mars simulant.
This could result in molecular recombination being facilitated in Martian conditions compared to
terrestrial ones, though this should be investigated further.
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Figure 4 — LIBS and PIL spectra from ablation of a titanium doped sapphire crystal (TiSa) under 7 mbar of air (blue) and CO,
(red). We show four spectra per set of atmospheric conditions, acquired on the same ablation point, to monitor the
repeatability of the measurements. (A) continuum and Al | emission; (B) AlO emission- (C) PIL signature of Cr3:
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3.3. Temporal behavior of LIBS features and implications for PIL

We observed in section 2.3 that temporal parameters optimized for terrestrial PIL do not enable to
filter out plasma emissions efficiently in Martian atmospheric conditions. In this section, we take a
closer look at several plasma emission decays to find out optimal conditions that minimize overlap
between PIL and LIBS features. As for the previous sections, we use the TiSa sample for detailed
analyses; we then investigate how the lessons-learned can be used to acquire Martian PIL spectra on
a natural sample: the Durango apatite.

Figure 5 displays the decay curves of three types of LIBS features, namely continuum (5A), Al | atomic
emission line (5B), and AlIO molecular emission band (5C), monitored in the case of TiSa sample.
These decay curves are presented for plasma expansion in 1 bar of air (blue), 7 mbar of air (black),
and 7 mbar of CO; (red).
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Figure 5 — Plasma emission decay curves, from the ablation of TiSa in 1 bar of air (blue), 7 mbar of air (black) and 7 mbar of

CO3 (red). (A) continuum (B) Al I signal (C) molecular emission.

We see from Figure 5 that changing the pressure of air from 1 bar to 7 mbar affects the temporal
behaviors of the three types of emissions much more than changing — at 7 mbar — the gas from air to
CO,. This is consistent with the conclusion drawn from the time-integrated spectra in sections 3.1
and 3.2. In addition, the decay curves of Al | related to 7 mbar, in both air and CO,, exhibit a plateau
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between ~8 and ~50 us (Figure 5B) resulting in overall longer-lived atomic emissions at reduced
pressure, which is consistent with the conclusions of previous studies [20]. Regarding the AIO
molecular emission signal (Figure 5C), we observe again a clear difference between the decay curve
corresponding to 1 bar which shows a plateau and the ones acquired at 7 mbar which decrease
continuously. Depending on the temporal range considered, Figure 5C reveals that molecular
emissions can be higher in either terrestrial or Martian conditions.

Overall, whether it is atomic or molecular emissions, in the different atmospheric conditions
investigated here, plasma emissions remain significant until about 80-100 us after the laser pulse.
We can therefore anticipate that the detection of short-lived PIL features (typically up to tens of
microseconds) will be challenging under Martian condition, like in terrestrial conditions [34],
especially for signatures that may spectrally overlap with other spectral features related to plasma
emissions.

This assertion is easily verified through the PIL detection of the Ti* and Ti* ions present in the TiSa
sample. Their corresponding spectral features have already been presented for experimental
conditions corresponding to PIL in air under 1 bar pressure [10], though with some overlapping
atomic signatures in the case of Ti**. It is interesting to note that, so far, we failed to observe either
of these signature with PIL in Mars-like atmospheric conditions. Regarding Ti¥*, it’s fairly easy to
understand, since its emission happens in the first tens of microseconds after excitation, and Figure
5B shows clearly that atomic emissions are much stronger between ~8 and 50 us in Martian than
terrestrial conditions. As a consequence, the lower-signal PIL emission is hidden by the longer-lived
atomic emissions in Mars-like conditions, which, for a given gain, are still more than an order of
magnitude more intense than PIL emissions at that time. For Ti*, the lack of detection is harder to
understand. There is no obvious overlap with LIBS features between 380 and 440 nm for the chosen
value of delay (D = 50 us) since AlO emission band starts around 440 nm, as evidenced in terrestrial
conditions, where both Ti* and AIO emissions can be observed side-by-side for delays around 30 us
(not shown here). A possible explanation could be that the UV photons in the spectral range 200 and
260 nm that are required to excite the Ti** ions [39] might be significantly less numerous at 7 mbar,
due to the faster temperature decay, such that the PIL feature of Ti** is not detected. Regarding long-
lived signatures, on the other hand, it seems that, for delay values superior or equal to 100 us, PIL
emissions in TiSa should be observable with minimal interference from plasma emissions. This
explains why Cr* PIL observation was relatively easy in all of the atmospheric conditions examined in
this study (Figures 1C and 4C).

To conclude, although we observe important differences in the decay curves acquired in terrestrial
and simulated Martian atmosphere, the total lifetime of plasma emissions is rather similar, around
80-100 us. As a consequence, we expect that most short-lived luminescence features will be hard to
observe with Martian PIL, as already noted with terrestrial PIL. Interestingly, we’ve had even more
difficulties to observe some short-lived emissions with Martian PIL than in terrestrial conditions.
However, we’ve only looked at three luminescence signatures; more luminescence centers should be
investigated to conclude on the relative difficulties posed by Martian and terrestrial PIL for short-
lived signature observation.

Finally, the influence of the temporal characteristics of the plasma emission on the decay of the Cr3*
emission within the sample has been investigated by comparing Martian PIL to TRLS, that is
luminescence excited by a laser beam at 532-nm, with 5-ns laser pulse duration, as used by
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SuperCam. Figure 6 thus shows the decay curves corresponding to the normalized Cr®* signal with
both of these excitation techniques. PIL data points (red) are reported only after 1 s because PIL
and LIBS signals spatially overlap and significant decay of LIBS signal is required to get relevant PIL
data. Moreover, the TRLS signal (green) is considerably more intense than the PIL one, enabling to
record the Cr® emission without amplification gain, and up to higher delay values. This figure shows
that the normalized PIL and TRLS decay curves overlap perfectly. It indicates that i) the LIBS signal
responsible for PIL — and especially the continuum signal (1-us decay) can be considered as
sufficiently short compared to the decay of the Cr®* luminescence, and ii) PIL and TRLS excitations are
mainly based on the involvement of the same energy levels for the excited state. However, this last
statement could be wrong in other cases — other crystals — where plasma emission could excite other
upper levels than TRLS.

This observation shows that, temporal decay of PIL in Martian atmospheric conditions can be used to
identify the luminescence center involved in the spectral feature, as often down in luminescence

spectroscopy.
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Figure 6 — Decay of Cr3* emission, excited in Martian PIL (red) and TRLS (green) configurations. We use the same gate G =
20 ms, but different gains. The curves are normalized to the maximal Cr3* emission intensity.

We extend our study to the natural Durango apatite sample, to see whether some trivalent rare-
earth ions, which are not detected with LIBS, can be observed with Martian PIL. The signatures of
Sm3, Eu* and Dy**, which are present in the sample, are described in Table 1, as are the molecular
features that may overlap with the luminescence emission bands.

We first tried acquiring a Martian PIL spectrum with a delay D = 100 us and a gate of 20 ms,
because of the decay observations performed on TiSa, and the subsequent conclusion that most
plasma emissions were gone after around 100 us. However, the resulting spectrum (not shown here)
was difficult to interpret, due to features overlap. To unmix the signatures, we observe the evolution
of the signal between D = 50 us and D = 23.3 ms, as shown in Figure 7A-B. From these series, we
can identify two different features: a broad band centered around 605 nm, which decays
continuously between 50 and ~200 us; and a sharper signature, centered at 598 nm, with lower
intensity for D < 200 us and slower decay. The decay rates indicate that the former is probably a
molecular feature — though it is hard to discriminate between CaF and CaO — whereas the latter must
be a millisecond-decay PIL signature and matches the Sm** band. From the time series, we can thus
choose specific time windows to observe the two signatures separately; the corresponding spectra
are shown in Figure 7C-D. From Figure 7C, we can definitely identify the molecular band as CaF. In
Figure 7D, we observe not only the 598 nm band of Sm¥, but also the 550 and 650 nm bands of Sm3*,

14



the presence of which reinforce the identification of the first band. The 480 and 580 nm bands could
be due to either Dy*,or Tb*; although the latter could also explain the small bands visible between
400 and 450 nm [45,46]. Interestingly, Eu* (575 and 618 nm) was not detected with Martian PIL,
whereas it can be clearly detected with time-resolved luminescence spectroscopy, based on pulsed
laser excitation at 532 nm (see Figure S6). However, it should be noticed that this spectral feature
was not detected either in the frame of remote PIL in 1 bar of air [10]. By consequence, the absence
of this spectral feature is not related to the Mars-like atmospheric conditions but rather to more
general PIL excitation. Overall, we can note that the broad excitation range involved in PIL can excite
simultaneously many luminescence centers present in the crystal, resulting in complex luminescence
spectra, with overlapping and possibly broadened bands.

Finally, since we observed from Figure 5 that plasma emissions are mostly gone after 100 us, one
might be surprised to find such significant overlap of molecular and PIL emissions between 100 and
200 us as shown in Figure 7A. The explanation is two-fold. First, the 100 us time frame was
identified for another sample, the TiSa crystal, with different hardness, composition and molecular
emissions than those of the Durango apatite. The plasma temperature as well as density of the
reactants are therefore different and may result in slightly different decays of molecular species.
Moreover, the overall intensity of molecular emission is significantly more intense than that of PIL. As
a consequence, the remaining molecular signal that may be considered very small compared to the
maximum molecular emission, may still be significant compared to PIL emission.
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Figure 7 — Looking for PIL emission of trivalent rare-earth elements in our Durango apatite sample. (A-B) time series
showing the decay of plasma then PIL emissions in the 580-625 nm range. (C) Observation of the molecular signature, with
time parameters derived from the time series. (D) PIL spectrum (accumulation of 50 laser shots). (C-D) Assemblages of
spectra acquired over different 40-nm wide spectral ranges to cover these large spectral windows.

4. Conclusion & perspectives

The SuperCam instrument provides the first opportunity to perform LIBS as well as time-resolved
spectroscopy on Mars, and therefore to observe plasma-induced luminescence (PIL) within the
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analyzed sample, after most plasma emission has decayed. In the present study, we acquire the first
PIL spectra in Mars-like atmospheric conditions, to our knowledge, and thus show that PIL can be
potentially performed by SuperCam on Mars. We have successfully run parametric studies on a
synthetized titanium doped sapphire crystal and demonstrated that PIL can be applied to analyze
natural samples through the use of a Durango apatite crystal. We demonstrated that PIL signal is very
well correlated with the continuum signal of the LIBS spectrum for pressure values between 0.07
mbar and 1 bar, and that PIL emission is much more affected by the gas pressure than by changing
the gas from air to Mars simulant. From a comparison of the time decays of continuum, atomic lines
and molecular bands in various atmospheric conditions, we conclude that, just like in terrestrial
conditions, it is extremely challenging to use Martian PIL to observe short-decay PIL features.
Moreover, relatively long delay (= 200 us with our experimental conditions) was necessary to filter
out most of plasma emissions in Mars-like conditions, especially to separate the CaF molecular signal
from the Sm3* PIL feature in the Durango apatite.

This study is therefore a first step towards understanding if and how PIL spectroscopy could
complement the techniques made available by SuperCam on Mars, and used to characterize Martian
soil and rocks along the traverse of the Perseverance rover.

Future studies could investigate the performance of Martian PIL for the analysis of geologic samples,
composed of either monophasic or multiphasic microcrystals, as opposed to the macro crystals used
in this study. Moreover, the respective advantages of time-resolved luminescence spectroscopy
(TRLS) using an excitation wavelength of 532 nm — as currently implemented with SuperCam — and
Martian PIL should be compared. Indeed, the broad range of plasma emissions, used as PIL
excitation, can excite, and thus reveal, luminescence centers that are not excited at 532 nm.
However, this also results in a more significant overlap of luminescence signatures. Together with the
low sensitivity of the signals, this is one of the major challenges for the application of PIL on Mars.
Another important point to consider is that PIL ablates and damages the sample surface, while TRLS
is destruction-free. TRLS therefore has the advantage that a measurement can be improved by
increasing the number of laser shots on the sample, while this is not possible with PIL without
changing the investigated sample surface. This currently limits the applicability of PIL on Mars, since
some of the most relevant samples to investigate with PIL include small, fragile crystals that cannot
be measured multiple times. Future studies on PIL for the application on Mars should therefore focus
on methods to improve the sensitivity of the technique without requiring additional laser shots. This
could be achieved by further optimization of the detector settings such as delay, gate, and gain,
which have been shown in this study to have a large influence on the detected signals.
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