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ARTICLE INFO ABSTRACT

Keywords: The Perseverance rover landed in Jezero Crater, Mars, in 2021 to explore an ancient delta for signs of past life

LIBS and collect samples for a future Mars Sample Return Mission. SuperCam, onboard Perseverance, uses Laser

Mars Induced Breakdown Spectroscopy (LIBS) to quantify the elements in the rocks/soils encountered along the ro-

Plasma temperature 5 . . . .. . . . .

Electron density szr s traverse. LIBS is desuabh? for planetary science missions be.caus'e of its e'ffectilveness ata dlStal:lCC and w'1th
different target types (rock, soil, etc). However, decreased laser irradiance with distance and changing coupling
efficiency in different targets could cause the physical conditions of the plasma plume to vary, with important
implications for SuperCam’s elemental calibration. This study examines the characteristics of laser-induced
plasmas on Mars by estimating apparent temperature via the multiline Boltzmann plot method and electron
density using Stark broadening of the H-a line. We find that apparent plasma temperatures do not decrease with
distance or vary systematically with target type (rock vs soil). The variability in plasma temperatures seen on
Mars is fully represented in the laboratory dataset used for SuperCam’s elemental calibration, which suggests
that our elemental calibration is likely robust against observed changes in apparent plasma temperature. These
results imply that SuperCam can make reliable LIBS observations to at least 8 m. Estimated electron density is
1.4x higher in soils than rock targets, which is likely related to the dependence of the H-« line on topographic
relief, a poorly understood mechanism which contributes to the difficulty of quantifying hydrogen abundance in
Mars spectra.

1. Introduction

Laser Induced Breakdown Spectroscopy (LIBS) is a versatile tech-
nique for rapid and in-situ quantification of major elements in geologic
samples [1]. LIBS is appealing for planetary science missions because of
its ability to detect essentially all elements (including low-Z elements)
[2-6], utility at a range of distances [7,8], and ability to blow away dust
[71. To date, LIBS instruments have flown on three Mars rovers [7,9-12]
and one lunar rover [13]. SuperCam is an instrument on the mast of
Perseverance Mars rover which employs several techniques, including
LIBS, to understand the chemistry and mineralogy of rocks and soils
[9,14]. In the LIBS technique, a laser beam is focused and fired at a
target, generating a plasma. As the plasma cools and the excited atoms,

ions, and molecules in the plasma relax, photons are emitted with an
energy characteristic of the various elements and molecules present in
the plasma, which are detected by SuperCam. Multivariate methods are
then commonly applied to convert a LIBS spectrum into estimated
weight percent of major-element oxides [15]. These methods typically
use a variety of emission lines of a given element in different parts of the
spectrum to make their predictions.

The emission lines observed in LIBS reflect the elemental/molecular
composition of the sample but are also strongly affected by the physical
conditions in the plasma plume. Plasma temperature and electron den-
sity are two parameters often used to describe Laser-Induced Plasmas
(LIPs) [1,16]. Plasma temperature affects the balance of neutral vs ionic
species. Specifically, at higher temperatures ionic species emit more
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strongly compared to neutral species [16]. Higher electron density re-
sults in wider emission lines, a process known as Stark broadening
[16,17]. Temperature and electron density vary throughout the lifetime
of LIPs: shortly after initiation the plasmas are hot and dense, rapidly
expanding and cooling with time. For a plasma to be adequately
described by a single temperature and electron density, it must be in
local thermodynamic equilibrium (LTE) [18]. The validity of this
assumption in different atmospheric conditions and on different time-
scales is debated [18,19]. When LTE is present, the proportion of atoms
emitting photons at different transitions is described by the Boltzmann
distribution. SuperCam LIBS data is obtained time-integrated over
several microseconds, and it is clear that LTE is not maintained over this
time window and that the derived temperatures should be seen as
proxies for typical mean temperatures of martian LIPs. For the purposes
of this work, the validity of the apparent plasma temperatures will
therefore be mainly assessed by the conformity of observed emission
lines to the Boltzmann distribution.

LIPs are inherently short lived. Within tens of ns after the laser pulse
hits the target the continuum is emitted [1]. The continuum consists of
broad emission resulting from electrons and is not used in our process of
elemental abundance quantification. Emission lines from neutral atoms,
singly and some doubly ionized atoms, and simple molecules are then
observed as atomic and molecular recombination occurs [1].

A number of studies have investigated the behavior of LIPs in labo-
ratory settings with Mars-like atmosphere or the vacuum conditions as
on the Moon, however there have been very few studies of plasma di-
agnostics published using data from in-situ observations on other
planetary bodies. For example, plasma temperature and electron density
were reported in the lab for a variety of pressures in Knight et al. [20].
An estimate of apparent temperatures was made for plasmas under Mars
pressure using the ChemCam instrument before launch [7]. Mars-
pressure atmospheric studies have shown that the lifetime of a LIP is
strongly dependent on the ambient atmospheric pressure and composi-
tion [21]. The thin Martian atmosphere (~610 Pa) means that the
expanding LIPs are less confined than on Earth, leading to lower electron
densities and thus a shorter time during which LTE conditions apply
[21]. Plasma imaging in Mars-like atmospheric conditions has revealed
that strong temperature gradients and variations in zones of emission
can exist in LIPs [22]. We are aware of only one study [23] that char-
acterized LIP conditions using data from another planetary body; Stet-
zler et al. presented estimated plasma temperatures based on ChemCam
data, but did not explore the source of its variability or the possible effect
on elemental calibration [23]. Our work focuses on investigating plasma
diagnostics (a temperature proxy and electron density) with SuperCam
LIBS on Mars and examining the effect that variability in plasma con-
ditions may have on our elemental calibration.

2. Material and methods
2.1. Apparent plasma temperatures

SuperCam is an instrument on the mast of Perseverance which em-
ploys several techniques, including LIBS, to understand the chemistry
and mineralogy of rocks and soils encountered by the rover [9,14]. For
LIBS, SuperCam uses a diode-pumped Nd:YAG laser which emits light at
1064 nm in 4 ns pulses [9,14]. After the laser pulse hits the target, the
emissions of light from the resulting LIP are collected by three spec-
trometers: ultraviolet (UV), violet (VIO), and the transmission spec-
trometer, which covers the green, orange, and red ranges [9]. As a result
of its requirement to support Raman spectroscopy, the transmission
spectrometer (535-853 nm) is also capable of making time-resolved
measurements [9,14], while the other two spectrometers, like those of
their predecessor, ChemCam [7], are not gated. SuperCam’s trans-
mission spectrometer uses an intensifier gate which can be delayed up to
milliseconds with a temporal resolution of ~10 ns [9]. For a typical LIBS
observation, the intensifier gate is opened as the laser is fired and is
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closed after 10 microseconds, by which time effectively all the atomic
and molecular emissions have been recorded [9]. SuperCam LIBS is
commonly used on targets at distances between 2 and 6.5 m, but ex-
periments have been performed up to ~15 m on Mars. A SuperCam LIBS
observation typically consists of 30 laser shots at 3 Hz, where the first
five shots are used to remove dust cover. SuperCam has taken over
190,000 LIBS spectra on Mars (as of this writing in May 2024) and
provided key insights into the igneous crater floor lithologies [24-26]
and the nature of volatile-rich alteration phases [27]. In addition to the
LIBS data collected on Mars, 2381 spectra were taken using the Super-
Cam engineering qualification model (EQM) at Los Alamos National
Laboratory (LANL) as part of the elemental calibration. These spectra
represent 765 targets which are pressed pellets, shot in three locations
for 30 shots each from ~3 m away. While Martian targets can be divided
into two main groups due to their physical matrix (i.e., rocks and soils),
the pressed pellets measured in the laboratory are expected to provide
data closer to the rock targets than soils.

To determine apparent temperatures in laser-induced plasmas,
multi-line Boltzmann plots were constructed. In this technique, many
spectral lines of a given species (e.g. Ca I) are compared and their ratios
yield a temperature estimate. The Boltzmann plot method is based on
the following equation involving intensity and temperature:

In(In/gA) = — Ey/kT — In(4xZ/hcNo) ¢))

where I is the spectral line radiant intensity, A is the wavelength of
the transition, g is the degeneracy, A is the transition probability, Ey is
the upper energy of the electronic transition responsible for the emission
line, k is the Boltzmann constant, T is the temperature, Z is the partition
function, h is Plank’s constant, c is the speed of light, and Nj is the total
species population [28]. Plotting In(IA/gA) against the upper energy
level (Ey) will therefore result in a straight line with a slope of — 1/kT.
At a basic level, the Pearson correlation coefficient (r) of the Boltzmann
plot constructed using Eq. (1) can be used as an indication of the validity
of the calculated temperature [29]. The slope of the Boltzmann plot
should be negative, so temperatures derived from plots with an r close to
—1 are more likely to be accurate reflections of plasma conditions. For
the spectral line radiant intensity (I) in Eq. (1) to be calculated, the
spectrometer must be calibrated in intensity. This was done by observing
a Labsphere calibration lamp to determine SuperCam’s instrument
response function in each spectrometer [30].

Choosing the appropriate spectral lines to include in the Boltzmann
plot is not trivial. Well-spaced upper energy levels (Ey) among the lines
are desirable, as they result in more precise plasma temperatures. Weak
spectral lines should be avoided as they may be more affected by vari-
able signal-to-noise (SNR). Very strong lines should also be avoided
because they are the most likely to experience detector saturation or self-
absorption, which results in a decrease in the observed spectral intensity
[31]. To minimize differences in instrument sensitivity across spectral
ranges, lines were chosen within as small a wavelength range as
possible. Calcium and iron were selected for use in Boltzmann plots
because of their relatively high abundances and number of lines
(Table 1). Spectral intensity of each of the LIBS lines was measured using
the peak area of a Lorentzian fit modelled in Python (Fig. 1) using the
Lmfit package [32]. Any interfering LIBS lines were modelled and
removed to isolate the relevant peak.

It should be noted that this study uses neutral (rather than ionic) LIBS
lines. Boltzmann plots constructed with neutral lines are known to
predict lower apparent temperatures compared to those made with ionic
lines [29]. This is because neutral lines are longer lived and therefore
reflect a later and cooler phase of the plasma development [1,29]. It is
therefore difficult to make meaningful comparisons between apparent
plasma temperatures estimated using neutral lines, such as in this study,
and ionic lines, including those presented in Wiens et al. [7].

There are numerous complications, both theoretical and practical, in
using the Boltzmann method to estimate plasma temperature. For a
plasma to be defined by a single temperature, it must be in LTE, optically
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Table 1
LIBS lines selected for estimating plasma temperature using Boltzmann plots
[33].

Species A (nm)* gA (108 sh Ey (eV)
Cal 559.167 0.42 4.73
Cal 559.602 1.90 4.73
Cal 560.004 1.30 4.73
Cal 610.441 0.29 3.91
Cal 612.391 0.86 3.91
Cal 616.388 1.43 3.91
Cal 644.085 4.80 4.45
Cal 646.436 3.30 4.44
Cal 649.557 2.20 4.43
Fel 385.746 0.23 3.26
Fel 387.967 0.19 3.28
Fel 388.738 0.37 3.24
Fel 389.676 0.09 3.29
Fel 390.081 0.13 3.26
Fel 392.137 0.08 3.28
Fel 392.402 0.09 3.21
Fel 404.695 7.76 4.54
Fel 406.474 4.66 4.60
Fel 407.289 3.82 4.65
Fel 427.296 2.51 4.38
Fel 430.911 3.04 4.43
Fel 432.698 3.61 4.47
Fel 440.599 2.48 4.37

" Vacuum wavelengths are given, as the observations were made at Mars
pressure, < 1 kPa, very close to vacuum.
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Fig. 1. Example of peak fitting with Lmfit (Python) for three Ca I peaks used for
estimation of apparent plasma temperature. This LIBS spectrum was point #1 of
the target “Maaz” from Sol 12. In gray are 1c confidence bands of the peak fits.

thin, and isothermal [18]. This is not expected for SuperCam LIBS ob-
servations made in Martian atmospheric conditions with integration
times of several microseconds. It has been estimated that, at Earth at-
mospheric pressure, LIPs generated by an irradiance >10%® W.cm™2
would be thermalized enough within several hundred nanoseconds after
initiation to ensure LTE, only for small time gates [1]. The irradiance of
SuperCam’s laser has been calculated to be >10 times greater than this
requirement even at 6+ meters [14], but how long LTE would last after
initiation during a typical LIBS observation is not known. There is
observational evidence that in the thin Mars atmosphere, LTE is a valid
assumption for a shorter window of the life of the LIP [21]. The spectra
taken at LANL which are used to train multivariate models for elemental
calibration [15] and SuperCam spectra on Mars are both time-integrated
over a range (10 microseconds after the laser fires in the transmission
spectrometer, several milliseconds for the VIO/UV) for which LTE surely
not a valid assumption. For this reason, the phrase “apparent plasma
temperature” is used in our work.

LIBS spectra with a narrower time-gate are more likely to reflect LTE
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[34], making their Boltzmann plots a better window into the true
physical conditions in the plasma plume. To assess the temporal devel-
opment of LIPs in an analog Mars atmosphere, a time-resolved experi-
ment was conducted with the SuperCam EQM at LANL. In this
experiment, the transmission spectrometer measured the LIBS signal of a
gypsum sample with a 100 ns gate width, moving in 50 ns intervals from
the initiation of the plasma to 2.4 ps. Plasma temperatures at each in-
terval were calculated using the Ca I lines present in the range of the
transmission spectrometer (Table 1).

2.2. Electron density

Apparent electron density in SuperCam LIPs was estimated via Stark
broadening of the H-a line (656.45 nm). Stark broadening of the H-a line
is well studied because of the strength of the transition and the sensi-
tivity of hydrogen to electric fields generated by free electrons [35]. In
this method, the full width at half maximum (FWHM) of the H-« is
measured and related to the electron density (N.) using the following
formula (2) which has been theoretically and experimentally deter-
mined [17,36]:

@

N, 0.67965
FWHM = 1.098 nm x ( ¢ )

1023 m—3

FWHM was measured by modelling the H-a and the nearby C-II line
(Fig. 2) in Python with Lmfit [32].

Spectrometer-induced peak broadening must be considered when
measuring Stark broadening. Spectra of a neon lamp taken by SuperCam
were used to estimate an instrumental resolution of ~0.4 nm FWHM in
the transmission spectrometer. To estimate the FWHM from Stark
Broadening, a Voigt was fit to the H-« line where the Gaussian FWHM
contribution was set to 0.4 nm (instrument broadening) and the Lor-
entzian was allowed to vary (Stark broadening). Apparent electron
density was estimated using only the Lorentzian FWHM contribution to
the Voigt fit.

Doppler broadening is another mechanism which widens spectral
lines, but it is negligible (~picometers) compared to Stark broadening in
this case [1].
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Fig. 2. Example of peak fitting of a rock (a) and regolith target (b) with Lmfit
(Python) for the H-a line, used to estimate electron density, and a nearby car-
bon line. The LIBS spectrum in (a) is point #1 from “Iina” on sol 28 with a H-a
FWHM of 1.001 + 0.019 nm (N, = 6.65 x 10?2 m~3, after accounting for in-
strument broadening). (b) is point #2 of “As Dzoh” and has a H-a« FWHM of
1.301 + 0.022 nm (N = 1.01 x 10** m~3). In gray are 1o confidence bands of
the peak fits.
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Typical 16 uncertainties FWHM with Lmfit are ~0.02 nm (roughly 2
%), which equates to a roughly 2 x 10%! (~5 %) uncertainty in electron
density.

3. Results
3.1. Apparent plasma temperatures

Apparent plasma temperatures and electron density were calculated
for 6489 SuperCam LIBS spectra from Mars (up to sol 1066, i.e., the
1066th Martian day of the mission) and 2381 spectra from the calibra-
tion database taken in the cleanroom at LANL. For the latter, a Mars-
analogue atmosphere of 667 Pa surrounded the samples which con-
sisted pressed powder pellets, and which were located 2.9-3.0 m from
the instrument, as this is close to the median distance for the Mars
observations.

There is no significant correlation between apparent plasma tem-
perature and distance (Fig. 3, p = —0.12, where p is Spearman’s rank
correlation coefficient). A correlation coefficient so close to zero in-
dicates that very little of the variability in temperature can be attributed
to changes in distance.

The median apparent plasma temperature of SuperCam LIPs on Mars
is ~5600 K and ~ 8600 K, using Ca I and Fe I lines respectively (Fig. 4).
For Fe I temperatures, only Mars data >3 m were included because of
uncertainty with the instrument response in the VIO spectrometer at
closer range, a known complication which the SuperCam team is
working to better understand.

Fig. 4a shows the distribution of apparent plasma temperatures
calculated using Ca I lines in rock (red) and regolith (blue). The two-
sample Kolmogorov-Smirnov (KS) test was applied to determine the
likelihood that regolith and rock plasma temperatures represent equiv-
alent distributions [38]. The p-value of the KS test was 0.0004, indi-
cating that the cumulative distribution functions of regolith and rock Ca
I plasma temperatures are significantly different. The median values of
the distributions are, however, very similar. The median apparent
plasma temperature using Ca I lines for rock is ~5780 K, ~5870 K for
regolith (Fig. 4), and ~ 6090 K for lab spectra (Fig. 5).

Note the ~2400 K difference between the median apparent plasma
temperatures derived from Fe I vs Ca I lines. This could be due to these
species emitting at different times in the evolution of the LIP, although
this cannot be evaluated without time-resolved spectra. It is also
possible it is an instrument effect, possibly related to the timing of the
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Fig. 3. Apparent plasma temperature of SuperCam LIPs on Mars, estimated
based on Ca I, plotted against distance to the target. Only the most well
correlated Boltzmann plots (r < —0.8) were included (4383 observations).
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Fig. 4. Histograms of apparent plasma temperature in SuperCam Mars LIBS
spectra measured using Ca I (a) and (b) Fe I lines. Only the most well correlated
Boltzmann plots (r < —0.8) were included (1829 for CaIand 1182 for FeI). It is
colored by target type (rock in red and regolith in blue). It is a probability
density histogram, meaning that each category is normalized to have the same
area. Targets on Mars were manually classified as rock vs soil as part of the
quarterly PDS release for SuperCam [37]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 5. A histogram of apparent plasma temperature found using Ca I lines for
LIBS spectra taken with SuperCam’s EQM at LANL in Mars atmospheric con-
ditions for the elemental calibration. Only temperatures derived from a Boltz-
mann plot with r < —0.8 were included (1550 out of the 2381 total lab spectra).

gate opening and/or integration time of the violet vs transmission
spectrometers. For each element studied, spectral lines were chosen to
be within a single spectrometer range (VIO for Fe and transmission for
Ca) to minimize the impact of potential variability in instrument
response between emission lines; the ~2400 K difference in Ca I and Fe I
apparent temperatures could indicate there is in fact a meaningful
change in instrument response between spectrometers. If this was the
case, the apparent temperatures discussed may be not representative of
the physical temperature of the plasma plume. Given the interest in
understanding the effect of variability in plasma conditions on
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SuperCam’s elemental calibration, this possible mismatch in apparent
temperature is worth noting but does not impair this work, (as Fe I and
Ca I are considered separately).

The median apparent Fe I plasma temperature in different target
types is similar (~8230 K for rock and ~ 8340 K for regolith). These
values (Fig. 4b) are on the lower edge of the 8670-10,740 K range of LIP
excitation temperatures measured in Mars atmospheric conditions with
a laboratory setup similar to SuperCam [39]. The range of excitation
temperatures reported in Sallé et al. [39] were also derived from spectra
which were not sensitively time-gated (the plasma was recorded from
200 to 700 ns after the laser was fired). The ~2000 K distribution in Fe I
plasma temperatures is also consistent with the spread reported in the
different sample compositions (basalt vs trachyte vs gabbro, etc.) in Sallé
et al. [39].

The average apparent plasma temperature from LIBS spectra based
on Callines in the LANL calibration dataset is ~6090 K (Fig. 4), which is
similar to what is observed for rocks and soils on Mars (Fig. 4a).

Boltzmann plots for Ca I have a median r of —0.88 and Fe I Boltz-
mann plots have a median r of —0.87 (Fig. S1). The Pearson correlation
coefficient (r) of the Boltzmann plots for Ca I are correlated with the
weight percent CaO predicted by LIBS (Fig. S2a, p = —0.74). This sug-
gests that if there is sufficient calcium in the sample (>5 wt%), the
Boltzmann plots will generally be very well correlated. A similar trend is
visible for Fe I Boltzmann plots (Fig. S2b, p = —0.62). One limitation of
using multiline Boltzmann plots for approximating apparent plasma
temperature is the possibility that ‘well-correlated’ Boltzmann plots are
merely the result of chance. The observation that most plots are well
correlated overall (Fig. S1) and spectra with stronger Ca I lines are better
correlated (Fig. S2) suggests this is unlikely.

To examine the stability of apparent plasma temperatures on
homogenous/well-characterized samples, the standard deviation (c) of
each target shot at LANL as part of the elemental calibration was
assessed. The median standard deviation of apparent temperatures was
290 K (Callines, Fig. 6a) and 140 K (Fe I lines, Fig. 6b). When looking at
the targets with the most well correlated Boltzmann plots (r < —0.8), the
median standard deviation of apparent temperatures is lower: 210 K for
Ca I lines and 94 K for Fe I lines.

3.2. Electron density

The number density of electrons in LIPs on Mars was estimated by
measuring the Stark broadening of the H-a line, after accounting for
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Fig. 6. Standard deviation of apparent plasma temperature derived from Ca I
(a) and Fe I lines (b) vs average Boltzmann plot Pearson correlation coefficient
(r) for each target shot with the SuperCam EQM at LANL.
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spectrometer-induced instrument broadening. The median electron
density is ~0.7 x 103 m~2 for rock targets and ~ 1.1 x 10%* m~3 for
regolith (Fig. 7). This range of electron densities is consistent with what
has been measured for LIPs in laboratory experiments in Mars atmo-
spheric conditions [22] and those predicted by modelling [19].

Millimeter-scale surface roughness has been observed to cause var-
iations in H-a peak area in ChemCam data [40]. This can lead to an
overestimation of hydrogen by 1-2 wt% on rough versus flat surfaces
[40]. Here, we observe a ~ 30 % difference in median apparent electron
density between rocks and soils in SuperCam Mars data (Fig. 7). This
corresponds to ~0.3 nm higher FWHM of the H-a in soils than in rock
targets (Fig. 7).

3.3. Time-resolved LIBS spectra

A time-resolved LIBS experiment was conducted at LANL using the
SuperCam EQM. The transmission spectrometer (535-853 nm) was
time-gated with a width of 100 ns, moving over 50 ns in each obser-
vation from plasma initiation to 2.4 microseconds. Each observation was
averaged over 30 shots to increase SNR. Plasma temperature was esti-
mated using Ca I lines (Table 1), which are all within the range of the
transmission spectrometer.

There is a rapid decrease in temperature after the initiation of plasma
formation (Fig. 8, blue), with apparent temperature settling around
~6500 K after ~700 ns. This is close to the median apparent tempera-
ture predicted for LANL calibration data in time-integrated spectra
(Fig. 5). There is a corresponding trend of Boltzmann plot Pearson
correlation coefficient (Fig. S3). ~200 ns after the laser fires, the
Boltzmann plots appear to be well correlated with an r < —0.8. At early
times, the Boltzmann plots are very poorly correlated. This is mirrored
by a drop in electron density, which also appears to level off at ~0.3 x
102 m~3 at ~700 ns (Fig. 8, red). This is below the average apparent
electron density in time-integrated measurements from LANL (Fig. 7).
Electron density data after 1600 ns was not included in Fig. 8, as the H-a
signal has decayed too much to predict reliable N beyond this point
(Fig. 9).

Both the H-a and C-II peak decay quickly after reaching maximum
intensity ~200 ns. H-a, a neutral line, maintains its intensity for a longer
time than C-II. This is consistent with time-resolved experiments that
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Fig. 7. A histogram of electron density, colored by target type (rock vs regolith)
with laboratory spectra taken at LANL shown in gold. It is a probability density
histogram, meaning that each category is normalized to have the same area.
Targets on Mars were manually classified as rock vs soil as part of the quarterly
PDS release for SuperCam [37].
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have been conducted with similar laboratory setups [22].
4. Discussion

LIBS is a powerful technique for elemental analysis of planetary
missions because of its reliability at a range of distances (2-6.5 m in the
case of SuperCam) and on different types of targets (rocks vs soil) with
no sample preparation necessary. However, for SuperCam’s multivariate
elemental calibration to be effective at various distances and with
different target types, assumptions must be made about the physical
conditions in the plasma plume. A decrease in effective laser irradiance
at longer distances or change in coupling efficiency in loose targets (soil)
has the potential to affect the generation and development of the plasma
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plume, and therefore our elemental calibration. In this section we will
discuss the results presented above, especially looking to implications
for the applicability and stability of the elemental calibration.

Looking at the best Boltzmann plots (r < —0.8) in SuperCam Mars
data, the average apparent plasma temperature derived from Ca I lines is
5628 K. The difference in apparent temperature between rock and
regolith targets is ~100 K, which is significantly less than the average
standard deviation in homogenous targets shot with SuperCam’s engi-
neering model at Los Alamos National Laboratory (+210 K). Given that
the median standard deviation of apparent Ca I plasma temperatures in
well-mixed laboratory standards (Fig. 6) is over twice the median dif-
ference between temperatures in rocks and soils in SuperCam Mars data
(Fig. 4), it is clear that the observed variability in plasma temperatures is
accounted for in our training data. A similar argument can be made for
apparent temperatures derived from Fe I lines, although a known
complication with the instrument response in the VIO region prevents a
direct comparison between Mars and LANL data at the current time.
Comparing the most well-correlated Boltzmann plots is important to
ensure that the most accurate apparent temperature estimates are
juxtaposed, but it does introduce a bias. The most well-correlated
Boltzmann plots are derived from spectra with strong Ca I and Fe I
lines and therefore relatively high wt% Ca and Fe, respectively (Fig. S2).
Spectra without strong Ca I or Fe I lines have poor Boltzmann plots
whose derived temperatures are not reliable, and therefore cannot be
used to examine trends with distance or target type. SuperCam targets
with low Ca (<3 wt%) and low FeO (<5 wt%) are rare (140 out of 6489,
2.15 %), but the inability to address this subset of targets is a limitation
of this work.

Plasma temperature affects the balance between ionic and neutral
species: higher temperature LIPs will have stronger ionized lines. Tita-
nium and iron have many singly ionized lines, so it is plausible that
SuperCam’s models might underpredict wt% TiOy or FeOr at higher
plasma temperatures. This was not observed. No major element pre-
dicted by SuperCam was correlated (¢ > 0.4 or 6 < —0.4) with apparent
plasma temperatures estimated using Ca I lines in Mars data (Fig. 10).
Elements were predicted from SuperCam LIBS spectra using the multi-
variate algorithms outlined in Anderson et al. 2022 [15].

The ChemCam instrument, the predecessor of SuperCam, on the
Curiosity rover, showed systematic trends in elemental abundance with
distance in data from Mars [41]. K, Na, Al, and Si all proved sensitive to
distance to the target [41]. This was hypothesized to result from lower
plasma temperatures with distance. K, Na, Al, and Si have strong
emission lines with low upper energy levels, which persist at longer
distances (as plasma temperature drops). After the spectrum is
normalized this results in proportionally stronger K, Na, Al, and Si lines.

Diffraction of SuperCam’s laser at longer distances results in larger
ablation craters and lower power densities, which should yield lower
plasma temperatures. This would make SuperCam similarly susceptible
to geochemical trends with distance. However, no correlation between
distance (to 8 m) and apparent plasma temperature or major element
predictions was observed in this work (Fig. 10). There are multiple
possible reasons why this is the case. SuperCam’s aluminum mirror is an
improvement over ChemCam’s Ni-plated mirror, resulting in sharper
focus at longer distances [12,14]. Proof of this is the fact that ChemCam
does not ignite a plasma on bedrock beyond ~7 m, while SuperCam has
produced plasmas on bedrock at >14 m; the two instruments emit
approximately the same energy per pulse, so the difference in capability
is due to the focus quality of the beam. Better focus of the laser could
result in plasma temperatures decaying more slowly at further distances.
SuperCam’s elemental abundance predictions are the result of a larger
selection of multivariate methods (e.g. OLS, PLS, LASSO, etc.) that may
be sensitive to different emission lines than ChemCam’s algorithms. In
addition, the SuperCam selection of algorithms and parameters was
based partly on their performance at various distances (1.55 to 4.25 m)
[15], a factor which likely increased SuperCam’s resistance to distance
effects. By contrast, ChemCam’s calibration only used a single distance
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FeO; TiO, K,0 MgOo Ca0 Al,0; Na,O0 Temp. r N, Distance
Sio, -0.29 -0.25 0.16 0.08 -0.03 0.09 -0.08 0.02
FeOr -0.29- -0.28 -0.25 0.31 0.15 0.03
Tio, 0.4 0.33 -0.37 0.3 0.14
K0 0.38 0.13 -0.11 -0.18 -0.21
MgO -0.46 0.4 0.36 0.04 0.21
Ca0 0.4 0.09 0.07
Al,05 ! 0.3 -0.37 -0.02 0.01
Na,0 0.38 -0.46 0.04 0.05
Temp. 0.13 -0.4 ! 0.04 -0.09
r -0.11 036075  -037 ] : 0.03  -0.02
Ne ! L ] -0.18 0.04 0.09 -0.02 0.04 0.04 0.35
Distance 0.02 0.03 0.14 021 0.21 0.07 0.01 0.05 -0.09 0.35

Fig. 10. A Spearman’s ¢ correlation matrix with the major elements predicted by SuperCam in all Mars LIBS spectra (6489 observations), plasma temperature
(estimated using Ca I lines), Boltzmann plot Pearson correlation coefficient (r) for Ca I, electron density, and distance. Blue or red indicates a strong positive or
negative correlation, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[42]. It is also possible that the fine-grained nature of the Murry For-
mation in Gale Crater enabled the chemical trends with distance to
become visible. The mudstones and fine-grained sandstones in Gale are
more homogenous on the scale of SuperCam/ChemCam’s LIBS ablation
size (~200-600 pm) than the igneous materials found in the Jezero
Crater floor and the more coarse sandstones of the Jezero delta top
[14,43].

The Boltzmann plot Pearson correlation coefficient (r) is highly
negatively correlated with the predicted wt% of CaO (Fig. 10. S2). The
more calcium in a sample, the stronger the CaIlines are, which leads to a
better correlation coefficient of the Boltzmann plot and a more reliable
estimate for apparent plasma temperature. Ca is concentrated in mineral
phases (diopside, calcite, etc.), which appears to make Boltzmann plot
correlation coefficient moderately correlated with a variety of other
major elements (Fig. 10).

SuperCam’s LIBS laser beam deposits 75 % of its energy within
170-470 pm for target distances of 2-7 m [14]. The laser pits result from
ablation; material in contact with the beam becomes a rapidly expand-
ing plasma, blows away any loose material, and a cavity is formed. Laser
pits in rocks are approximately 30 um deep for 30 laser shots [7,9]. The
much deeper LIBS craters in soils (Fig. 11; actual depth not known) are
expected to change plasma properties (temperature and electron den-
sity), because of enhanced confinement [44-46]. Plasma in a LIBS crater
should be hotter and denser [45]. However, as the crater grows deeper,
cooling of the plasma as it interacts with the crater walls should even-
tually result in a decrease in plasma temperature [44]. Given the rela-
tionship between target type and LIBS crater depth, systematic
variations in apparent temperature and electron density between rocks

and soils can be used to probe these expected changes in plasma dy-
namics. No systematic differences between apparent temperature are
observed in rocks vs soils (Fig. 3) in this study; this suggests that the
mechanisms of confinement and cooling in craters are either in balance
or have very little effect on the Fe I and Ca I emission lines investigated.
The effect of self-absorption in soil targets could also affect SuperCam’s
elemental calibration [46], but self-absorption only has a significant
effect on a handful of the strongest LIBS peaks [19] —none of which were
examined in this study.

Electron density was estimated from the FWHM of the H-a line and is
not affected by the same spectra selection criteria as apparent temper-
ature, making it more likely to reflect the physical state of plasma
conditions. Electron density has a different distribution between rock
and soil targets on Mars (Fig. 7). The median electron density is ~4.7 x
10%2 m~2 for rock targets and ~ 7.6 x 10?2 m~2 for regolith (Fig. 7); this
corresponds to a ~ 0.4 nm increase in the FWHM of the H-a line (Fig. 2).

Rapin et al. 2017 reported on a relationship between topographic
relief of the target surface and the H-a intensity, highlighting soils as a
class of target particularly affected in ChemCam Mars data [40]. Rapin
et al. conducted laboratory experiments which demonstrated that mm-
scale cavities result in 2—-4 times the H-o/Ca I line peak area ratio as a
flat surface [40].

In Fig. 12 we see evidence of this topographic effect in SuperCam
Mars data. Regolith targets have a much higher H-a peak area relative to
nearby Ca I lines, compared to rock targets. While this could be
explained by adsorbed water in soils, Rapin et al. showed that geometry
alone could recreate this affect with ChemCam in a simulated Martian
atmosphere [40].

Fig. 11. A SuperCam Remote Micro Imager (RMI) image of the “As Dzoh” regolith target from Sol 103. a) is the full RMI image and b) is a cropped image with a red
arrow pointing to the pits created by LIBS in soil. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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It is possible that the variability in apparent electron density in
SuperCam Mars data presented in this work can be explained by two
mechanisms: (1) ion-induced desorption [40], which increases the in-
tensity of the H-a emission and (2) subsequent self-absorption broad-
ening. This would explain both the apparent difference in FWHM of the
H-a line and the similarity in plasma temperatures between rocks and
soils, but it is unclear the extent to which the H-a line is susceptible to
self-absorption broadening. Confinement alone would explain the
increased electron density in soils but would not account for the ob-
servations in Rapin et al. or the lack of a change in apparent plasma
temperature in rocks vs soils. Martian soils, especially at finer-grain
sizes, can have a composition quite different from the surrounding
rock [47], which could also account for some variability in plasma
properties. Soils often have a stronger hydrated component, but this
alone would result in a higher amplitude H-a line and not a significant
change in the FWHM.

The laboratory spectra presented in Section 3.3 provide plasma
temperatures and electron densities over a narrow time-gate (100 ns)
and provide further information on the physical conditions in the plasma
plume. As expected, the plume is hot and dense at the earliest times
(Fig. 8). Between 0.5 and 1 microseconds the plasma appears to plateau
at ~6500 K and N, = ~0.3 x 1023 m~3, Fig. 9 demonstrates that there is
a significant difference in the emission timing of the H-a compared to the
interfering C-II line, suggesting that these lines would be more easily
separated at longer time-delays (500+ ns). Therefore, given that Mars’
atmosphere is dominated by CO,, longer time-delays may be desirable
for detecting hydrogen with SuperCam on Mars.

We are confident, based on this time-resolved experiment, that while
LTE is not a reasonable assumption for typical time-integrated Super-
Cam, the apparent temperatures and electron densities presented in this
work reflect an ‘average’ which captures both the unstable initial dy-
namics (<0.5 ps) and stable plasma conditions in later times (>0.5 ps).

5. Conclusions

In this work, we investigate the conditions of laser-induced plasmas
on Mars with SuperCam for the first time, using apparent temperature
and electron density. The decrease in laser irradiance with distance was
suspected to result in a drop in apparent plasma temperature, with
important implications for our elemental calibration, but this was not
observed within the distances of 2-8 m. The vast majority of spectra
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used to train SuperCam’s major element algorithms were taken at LANL
at ~3 m, but the distribution of plasma temperatures in these laboratory
spectra are nearly identical to the spread of temperatures seen on Mars
(2-6.5 m). While it is true that apparent plasma temperature might be
expected to decrease with distance, these results indicate this effect is
minimal on the range of typical SuperCam targets. SuperCam’s LIBS
distance limit therefore may result from rapidly deteriorating focus >8
m and eventually an inability to generate a spark, rather than a steady
decrease in plasma temperature. This increases the SuperCam team’s
confidence in the elemental calibration at longer distances and also
helps explain the lack of elemental/distance trends in SuperCam Mars
data, in contrast to those seen with ChemCam [41]. The variability in
apparent temperatures between different types of targets (rock vs soil)
and chemistries is also well represented in the LANL dataset used to train
algorithms for our elemental calibration. This suggests that the multi-
variate algorithms used to quantify the major elements are robust
against the variability in apparent plasma temperature observed on
Mars and strengthens confidence in SuperCam data at longer distances.

The electron density of LIPs generated on Martian soils was ~1.4x
that of rock targets. This corresponds to a ~ 0.3 nm difference in the
FWHM of the H-a line. There is no correlation between electron density
and any of the major elements predicted by SuperCam. It is likely that
this is related to the connection between the intensity of the hydrogen
signal and topographic relief, as explored in Rapin et al. [40]. It could be
caused by a combination of ion-induced desorption and self-absorption,
but spatiotemporally resolved LIBS experiments in simulated Martian
atmosphere are required to test this hypothesis.

Finally, we present time-resolved LIBS experiments with SuperCam’s
EQM, which indicate that although LTE is not a valid assumption for our
usual time-integrated spectra on Mars, apparent plasma temperatures/
electron densities are an average which reflects the unstable initial
plasma dynamics and later plasma conditions.
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