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ARTICLE INFO ABSTRACT

Keywords: The spectroscopic technique of laser-induced breakdown spectroscopy (LIBS) is a powerful method to perform
LIBS rapid chemical analysis of geologic samples with short measurement times and no need for sample preparation.
LIp o After the ChemCam instrument aboard NASA’s MSL rover proved its suitability for space missions that
gzzx: :izzgmg explore planetary surfaces in 2012, the interest in LIBS instruments as payloads has grown and several

subsequent missions have successfully used this technique since. The characteristics of a LIBS plasma depend on

Plasma dynamics 5 R L. . . L.
Plasma emission experimental and environmental parameters as well as on sample properties, including atmospheric conditions,

Earth laser irradiance and sample lithology. Consequently, LIBS instruments need to be designed and optimized
Mars specifically for each use case to maximize their science output. To aid in the development of new LIBS
Moon instruments for space exploration, we investigate the influence of atmospheric conditions, laser irradiance
Vacuum and sample lithology on the lifetime, size and emission of laser-induced plasmas. In our measurements, we

use a plasma imaging setup with high temporal resolution of down to 2ns to investigate the evolution of the
plasma from its ignition to its decay. We present a comparable data set recorded at terrestrial, Martian and
airless atmospheric conditions, covering irradiances between 0.79 GW/mm? and 1.43 GW/mm? and samples with
diverse properties, namely basalt and soapstone, as well as the lunar regolith simulants LHS-1 and LMS-1. Our
measurements show the strong influence of atmospheric conditions on the plasma size and emission, while the
lithologies and laser irradiances covered in this work play a minor role. This shows that instruments designed
to work at certain atmospheric conditions can be used for a range of laser parameters and sample properties.
Furthermore, we demonstrate that the decay of the plasma emission and the expansion of the plasma plume
parallel to the sample surface can be described well by a power law and a drag model, respectively.

In 2021, the Mars 2020 rover Perseverance carried the second LIBS
instrument to the Martian surface (Maurice et al., 2021; Wiens et al.,
2021) and a few months later, the third LIBS instrument on Mars
became operational aboard the Zhurong rover (Wan, 2021). The first
functional LIBS instrument on the Moon was deployed two years later
in 2023 as a payload of the rover Pragyan (Laxmiprasad et al., 2020).

To perform a LIBS measurement, a pulsed laser beam is focused on

1. Introduction

When NASA’s Mars Science Laboratory (MSL) rover Curiosity landed
on Mars in August 2012, it delivered the first operational laser-induced
breakdown spectroscopy (LIBS) instrument for planetary in-situ analy-
sis to Mars (Maurice et al., 2012; Wiens et al., 2012; Maurice et al.,
2016) and has since been collecting data on the Martian surface
geochemistry. LIBS is an elemental analysis technique that allows

rapid collection of data, can be used without prior preparation of the
sample, and requires only optical access to the sample, thus enabling
remote measurements at up to a few meters distance with current
systems (Knight et al., 2000; Maurice et al., 2012). Since ChemCam
proved that LIBS is well suited for in-situ analysis in Solar System
exploration, particularly for the analysis of rocks and soils on Mars,
several subsequent missions also included LIBS instruments.

the sample surface, where the intense radiation evaporates some of the
sample material and turns it into a plasma. A spectral analysis of the
plasma emission can then reveal the constituents of the plasma and
therefore the elemental composition of the sample.

In order to acquire high quality LIBS data, the LIBS instrument has
to be designed for the specific scenario it is used in, since the plasma
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properties and consequently the characteristic emission from plasma
species are strongly dependent on experimental and environmental
parameters. This is particularly important for applications in space
exploration where experimental conditions cannot be controlled like
they can in laboratory environments on Earth. Parameters to consider
include the laser irradiance and the atmospheric composition and
pressure (Knight et al., 2000; Schroder et al., 2019). Additionally, the
sample’s composition and its physical properties can affect the laser-
induced plasma (LIP). In particular, these parameters can influence the
lifetime, size and emission of the laser-induced plasma, leading to dif-
ferent instrument requirements regarding the instrument’s sensitivity,
field of view, depth of field, focusing ability, and the timescales it needs
to operate in Knight et al. (2000), Schroder et al. (2019).

Since experimental and environmental parameters for in-situ re-
search on planetary bodies vary significantly, the LIBS instrument
design has to be adapted for each mission scenario not only to be
operational in the respective ambient conditions but also to best meet
the mission’s science goals. Specifically, this means adapting the in-
strument’s field of view for the plasma’s size, and choosing a sensor in
accordance with the plasma’s emission and lifetime to maximize the de-
sired signal and minimize the impact of noise. Currently, several lander
missions for Solar System exploration are in preparation (Lorenz et al.,
2018), with a particular interest in moon landers (Carpenter et al.,
2012; Ennio-Smith, 2022). This also creates a prospect of new LIBS in-
struments for in-situ geochemical analysis and other applications such
as in the context of in-situ research utilization (ISRU) (Rammelkamp
et al., 2024).

Studies on LIBS for in-situ research on planetary surfaces were first
presented in 1992 when sufficiently capable lasers were available (Kane
and Cremers, 1992b,a). These and subsequent works include studies on
the influence of atmospheric pressure on the size of the laser-induced
plasma (LIP) and its spectral characteristics, covering a pressure range
from terrestrial atmospheric pressure down to vacuum (Knight et al.,
2000; Lasue et al., 2012). The prospect of a LIBS instrument for the
harsh Venusian environment with ambient pressures of 9.1 MPa was
also investigated (Arp et al., 2004).

In this work, we expand on previous studies by examining the
spatiotemporal evolution of the plasma emission at different atmo-
spheric conditions, different laser irradiances and for different sample
lithologies, with the goal to provide insights that can guide the op-
tical design of future LIBS systems for extraterrestrial low pressure
environments. We cover three atmospheric conditions — representing
Earth for reference, Mars and airless planetary bodies — and three
different laser energies — 11.86mJ, 8.75mJ and 6.56mJ — that are
typical for LIBS instruments employed in planetary exploration. To
investigate the influence of different lithologies that can be expected
in different planetary environments, we present data from four samples
that cover two types of lunar regolith analogue (LMS-1 and LHS-1), a
metamorphic rock (soapstone) and an igneous rock (basalt).

2. Background

The evolution of LIPs begins with the ablation process, where the
sample surface is exposed to intense radiation from a pulsed laser. For
space instruments, infrared laser pulses with pulse durations between
3ns and 7ns have been used so far (Maurice et al.,, 2021, 2012;
Laxmiprasad et al., 2020; Xu et al., 2021). Exposing the sample surface
to intense laser radiation leads to heating of the target material. The
efficiency of this process depends on the material’s absorption length
at the laser radiation’s wavelength and the thermal diffusion distance.
These sample properties vary with the sample’s temperature, so that the
temporal and spatial profile of the irradiating laser pulse that heats the
sample is also relevant to the history of the evaporation process (Singh
et al., 1990). In addition to thermal evaporation, non-thermal ablation
can also occur at high laser-irradiances like those used for current
LIBS instruments for solar-system exploration and consequently, the
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solid’s electronic structure also influences the ablation process (Singh
and Thakur, 2020; Keldysh, 2023; Bauerle, 2000). For the duration of
the laser pulse, a combination of thermal and non-thermal ablation
mechanisms leads to the generation of a vapor of sample material
above the sample surface. The vapor temperature is sufficiently high
so that there are always free electrons that can absorb laser energy
via free-free transitions in collisions with atoms and ions through
inverse bremsstrahlung radiation, further increasing the vapor temper-
ature and ionization (Noll, 2012; Singh et al., 1990; Bogaerts et al.,
2003; Autrique and Alexiades, 2014; Autrique et al., 2013a). For high
irradiances, multiphoton absorption can contribute to the ionization
process (Autrique et al.,, 2013b). All these mechanisms lead to the
generation of the plasma plume. When the plasma becomes dense,
increased absorption of the laser radiation within the plasma can occur
and shield the sample (Autrique et al., 2013b; Radziemski and Cremers,
1989). The strength of this shielding effect depends on the plasma’s
absorption coefficient at the laser’s wavelength, which is influenced by
the irradiance of the incident laser beam (Autrique et al., 2013b). Typ-
ically, higher laser irradiances lead to a stronger shielding effect (Singh
and Thakur, 2020; Mao and Russo, 1996). Furthermore, the laser
wavelength influences the absorption processes, as multiphoton absorp-
tion decreases for longer wavelengths, whereas inverse bremsstrahlung
absorption increases with longer wavelengths (Autrique et al., 2013a;
Radziemski and Cremers, 1989). At lower ambient pressures like those
on Mars, plasma shielding is reduced due to the faster plasma expan-
sion and the accompanying faster decrease in number densities of the
absorbing species (Knight et al., 2000).

The initial plasma expansion during the laser pulse was hypothe-
sized to proceed isothermally in vacuum, with the processes of laser
absorption in the plasma and evaporation rate from the target con-
trolling the isothermal plasma temperature (Krokhin, 1965; Caruso and
Gratton, 1968). Simulations employing an isothermal expansion for the
duration of the laser pulse yield variable agreement with experimental
data (Harilal et al., 2011; Liu et al., 2019; Murakami et al., 2005).
For the initial expansion with atmospheric background pressure, the
spatially averaged electron and ion temperatures in the plasma were
shown to change and not equilibrate within the duration of the laser
pulse in simulations (Autrique et al., 2013b).

After the laser pulse has ended, most of the plasma plume’s energy is
kinetic and the plasma continues to expand (Arnold et al., 1999; Harilal
et al., 2003). During the expansion and cooling of the plasma, some
internal energy is lost to the surroundings through radiative processes,
while some is regained through the recombination and deexcitation of
plasma species. For vacuum, this expansion process can be assumed
to proceed adiabatically, as energy losses to the surroundings due
to mechanisms such as radiation, thermal conduction and diffusion
can be neglected (Singh and Narayan, 1990; Itina et al., 2002; Dyer
et al., 1990). The acceleration of each plasma species depends on its
respective mass, the plasma temperature and the plasma dimensions,
with the shortest dimensions leading to the fastest acceleration. In a
model where the plasma is initially a thin layer above the sample
surface, this leads to the characteristic cone shape of plasma ablation
processes in vacuum (Singh et al., 1990).

When the LIP is ignited inside an atmosphere, the expansion pro-
ceeds until a pressure equilibrium with the surroundings is reached
(Hermann et al., 2018). The maximum plume size was described using
an adiabatic model in Harilal et al. (2003), yielding reasonable agree-
ment with experimental data. At pressures between about 10Pa and
100 Pa, neither effects leading to the compression of the plume and the
ambient gas, nor diffusion can be neglected, so that this regime cannot
be described using an adiabatic model and mass and energy exchange
with the ambient gas need to be considered (Itina et al., 2002).

The pressure of a LIP depends on its temperature and number den-
sities and consequently, a denser and hotter LIP will expand faster. A
higher plasma temperature also leads to an increase in plasma emission.
Line emission is increased due to a higher population density of ionic
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and atomic excited states, and continuum radiation is increased due to
a higher degree of ionization, which leads to stronger recombination
radiation and bremsstrahlung radiation. Inelastic collisions between
particles of the plasma and the atmosphere in the plasma’s leading layer
can lead to energy loss and cooling in the plasma periphery (Hermann
et al., 2018; Vogt et al., 2022). For this reason, argon is often employed
in laboratory studies, since the high excitation energies of inert gasses
favor elastic collisions. When the pressure of the plume approaches
the pressure of the surroundings, diffusion between the plume and the
ambient atmosphere becomes relevant, contributing to the cooling of
the plasma plume (Hermann et al., 2018).

Phenomenologically, the expansion of LIPs in an atmosphere has
been described previously using a drag model that assumes a drag force
proportional to the expansion velocity (Geohegan, 1992).

M) =r(l—e %) @

Collisions with the ambient gas slow the plasma expansion down within
the characteristic time scale r until it comes to rest at a distance r,
from the sample surface. The drag model shows reasonable agreement
with experimental data for different atmospheric compositions and a
wide range of background pressures (Gonzalo et al., 1997; Geohegan,
1992; Harilal et al., 2003, 2012; Farid et al.,, 2013). Depending on
the properties of the ablating laser pulse, the sample and the ambient
gas, the characteristic time varies. Gonzalo et al. reported characteristic
time scales of 2.2 us and 1.5 ps for a plasma expanding into an oxygen
atmosphere at 10Pa and 100Pa, respectively (Gonzalo et al., 1997).
Seel et al. determined 7 in a CO, dominated atmosphere at 1000 Pa to
be about 110ns (Seel et al., 2023). For a wide range of air pressures
between 133 Pa and 101 kPa, Farid et al. found characteristic time scales
between about 260 ns and 320ns (Farid et al., 2013).

The practical effects of the ambient atmospheric conditions on LIBS
data were analyzed, among others, by Knight et al. using a 10ns laser
emitting at 1064 nm with pulse energies of 80 mJ to 100 mJ (Knight et al.,
2000). Using long integration times of 20 ps, they found that, starting at
1 Pa, the signal from line emission increases with pressure until it peaks
at around 5kPa. A further increase in pressure to about 80 kPa resulted
in a reduction of the line emission signal. The background signal from
continuum radiation, however, increased monotonically with increas-
ing ambient pressure. They explained the initial signal increase by
stronger plasma excitation through collisions in the confined plasma at
lower pressures and the subsequent signal decrease by reduced ablation
through plasma shielding, which also leads to a stronger background
signal. At terrestrial atmospheric conditions, plasma emission can typ-
ically be detected for several tens of microseconds, though the exact
times depend on the specific parameters of the experiment, including
the ablating laser and the detection system (Cremers and Radziemski,
2013; Fisher et al., 2001).

With an atmospheric pressure of about 700 Pa at the landing site
of the Mars 2020 rover, the ambient pressure on the surface of Mars
is sufficiently high to provide good plasma confinement, while effects
from plasma shielding are relatively weak so that the ablation rates
are high (Harri et al., 2024; Knight et al., 2000). This makes Martian
atmospheric conditions close to ideal for LIBS analyses with intense
characteristic emission that is relatively long-lived with a lifetime on
the order of some microseconds (Brennetot et al., 2003; Sallé et al.,
2005; Vogt et al., 2022; Seel et al., 2023). When a LIP is ignited without
a surrounding atmosphere, its lifetime can be expected to be on the
order of some hundred nanoseconds (Gornushkin et al., 2005).

3. Experimental setup

To investigate the lifetime, size and emission of LIPs, we use an
imaging setup that allows to capture images of the expanding plasma
with a temporal resolution of down to 2ns using an ICCD sensor.
The setup as used here has a field of view of about 3.0mm and is
most sensitive between about 300nm and 900nm, which is a typical
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Fig. 1. Overview of the experimental setup. The laser that is used to ignite the
plasma inside the simulation chamber enters from the top and can be attenuated using
absorptive neutral density (ND) filters. The chamber can be evacuated and filled with
a gas to simulate Martian atmospheric conditions. The plasma imaging system observes
the plasma plume from the side.

wavelength range for LIBS instruments (Vogt, 2020). A sketch of the
experimental setup is shown in Fig. 1 and a detailed description can be
found in Vogt (2020). The plasma is ignited inside a vacuum chamber
that can be evacuated and filled with gas to experimentally simulate
the atmospheric environment of other planetary bodies with low pres-
sures. Measurements at terrestrial conditions were performed in the
laboratory ambient atmosphere. Martian atmospheric conditions were
simulated using a gas mixture composed of 95.55 vol% CO,, 2.70 vol% N,
1.60 vol% Ar and 0.15 vol% O, at a pressure of (700+40) Pa. Conditions on
airless bodies were simulated by keeping the vacuum pumps running
during the measurement, evacuating the chamber to less than 0.3 Pa.
While this pressure is orders of magnitude larger than the surface
pressure on the Moon, no significant changes to the plasma dynamics
are expected below about 1Pa, as the mean free path of the ambient
atmosphere approaches the size of the plasma (Knight et al., 2000;
Heiken et al., 1991).

To induce the plasma, a Nd:YAG laser with a FWHM pulse duration
of 8.1 ns emitting at its fundamental 1064 nm mode was used. For the
present study, the laser pulse energy E; was varied between 11.86mlJ,
8.75mJ and 6.56mJ using neutral density filters as shown in Fig. 1.
The energies were measured inside the simulation chamber from the
average of 50 pulses with a standard deviation of less than 0.10mJ in a
procedure separate from the acquisition of the plasma images.

After passing the filter section, the laser is focused onto the sample
surface through a movable lens with a focal length of 150mm. A
measurement of the focused laser spot is shown in the upper panel of
Fig. 2. The lower panel shows the beam profile cross section in two per-
pendicular axes parallel to the pixel grid that cross the beam profile’s
centroid. To compute the beam diameter, we use the area around the
beam centroid that encloses 86 % of the total laser irradiance, resulting
in beam diameters of D86, = (33.6 + 2.2)um in the horizontal axis
and D86, = (33.4 +2.2)pm in the vertical axis. These diameters are
represented by the ellipse in the upper panel. The errors are estimated
to be half the size of the beam profiler’s pixel pitch of 4.4 um. From
the beam shape, pulse energy and pulse duration, the spatial and
temporal average irradiance within the D86 area is computed to be
(1.43+0.14) GW/mm?, (1.05+0.10) GW/mm? and (0.79 +0.08) GW /mm?,
respectively.

4. Samples

The samples used in this study are shown in Fig. 3. They were
selected to represent a variety of sample properties that are relevant
to planetary exploration. Compacted lunar regolith is represented by
Lunar Highlands Simulant (LHS-1) and Lunar Mare Simulant (LMS-1)
powder from Exolith that was pressed into pellets of 13 mm diameter
with a pressure of about 370MPa. According to the manufacturer,
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Fig. 2. Beam profile at the laser’s beam waist. The top panel shows a section normal
to the beam direction. The colored lines cross at the beam’s centroid and the profiles
along these lines are shown in the lower panel. The beam diameter according to the
D86 criterion is marked in the top panel with a white ellipse and with a shaded area in
the bottom panel. The profile was recorded from a strongly attenuated beam and the
shown irradiances were extrapolated from measurements of the pulse energy. Here, the
irradiance values correspond to the highest laser energy used in this study of 11.86 mJ.

LHS-1 LMS-1

basalt soapstone

Fig. 3. Overview of the samples used for this study, covering two types of compacted
regolith with LHS-1 and LMS-1, an igneous rock with basalt, and a metamorphic rock
with soapstone.

LHS-1 contains 32.8 wt % bronzite, 32.0wt % glass-rich basalt, 19.8 wt %
anorthosite, 11.1 wt % olivine and 4.3 wt % ilmenite, and the LMS-1 sam-
ple contains 74.4 wt % anorthosite, 24.7 wt % glass-rich basalt, 0.4 wt %
ilmenite, 0.3 wt % bronzite and 0.2 wt % olivine. The basalt and soap-
stone samples were cut from rocks, representing a rather hard igneous
rock and a very soft metamorphic rock, respectively. For these sam-
ples, no quantitative elemental composition is available, however, LIBS
spectra show emissions of all major rock forming elements, in par-
ticular strong Ca, Fe, and Ti emissions for basalt and strong Mg and
Si emissions for soapstone, which is in agreement with the expected
composition of samples of such rock types.

5. Methodology
5.1. Data acquisition

Each plasma image was obtained from an individual LIP. To avoid
effects from cratering, the laser beam was moved across the surface
during data acquisition in a direction parallel to the line of sight of the
plasma imaging system. Data was acquired with a repetition rate of
2Hz. To generate the time series shown in this work, the delay time
of the ICCD gate 7y was varied between Ons and 10ps after plasma
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Fig. 4. Overview of the timescales covered in the plasma images for each atmospheric
condition. Starting at the time of plasma ignition, the measurements cover ICCD delay
times of 100ns, 3 ps and 10 ps for airless, Martian and terrestrial atmospheric conditions,
respectively. The shaded area marks the duration of the laser pulse of 8.1ns.

ignition for terrestrial atmospheric conditions, between Ons and 3 ps
for Martian atmospheric conditions and between Ons and 100ns for
airless conditions. The time 7; = Ons was determined experimentally
by identifying the delay settings where the first plasma signal could
be observed at terrestrial atmospheric conditions and confirmed by
direct observation of the laser pulse using a frequency-doubling crystal.
From our observations, we assume the error of the noted delay times
to be on the order of 2ns, corresponding to the gate width used in
identifying 7y = Ons. To account for varying emission of the plasma,
the gate time 7, of the ICCD was increased for increasing step sizes at
longer delay times, while the gain setting was kept the same for all
measurements. We used a very low gain setting to avoid saturation for
strong plasma emission. It should be noted that the choice of a low gain
influences the time until which plasma emission can be detected, so
that other studies where different experimental settings were used may
find a significant plasma emission and longer delay times than in the
presented data. For most measurements, the gate time was set to 20 % of
the step size. The stepsizes used are 1ns, 10ns, 100ns and 1000 ns. Only
for the measurements at airless conditions, the gate time was kept at
2 ns even for the step size of 1 ns, as this gate time is the lower temporal
resolution limit of the plasma imaging system. The timescales covered
at the different atmospheric conditions are illustrated in Fig. 4.

Since the emitting region of the plasma at reduced ambient pres-
sure can be larger than the plasma imaging system’s field of view
of about 3.0mm, two plasma images were taken at different heights
above the sample surface for measurements performed at Martian at-
mospheric conditions. These measurements were separated by 1.75 mm
and stitched together before applying the data processing procedure
described below. Since each plasma image was recorded from a sepa-
rate LIP and occasionally there are some fluctuations in the exact size
of the plasma and its expansion dynamics, artifacts from the stitching
procedure are visible in some measurements. While we assume errors
from this procedure to be small due to the generally good repeatability
of the measurements, it should be mentioned that measurements using
the LHS-1 and LMS-1 pressed samples were found to vary more than
measurements using the rock samples. Stitched measurements are seen
in Figs. 7 and 9 and all analyzed images are provided in the supplemen-
tary material. The stitching line in the presented data is located about
1.8 mm above the sample surface.

5.2. Data processing

For each plasma image, a dark image was subtracted that was
recorded before each measurement with new gate settings. All plasma
images were processed by first applying a uniform filter of size 8 px
or about 120 pm to reduce the noise level. During data evaluation, we
noticed an offset of the noise floor that increased over the course of
a measurement, even though a dark measurement was subtracted. We
attribute this observation to a warming of the ICCD sensor. To remove
the influence of the increased noise floor, an area of the images without
any signal from the plasma was identified, from where the mean signal
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Fig. 5. Illustration of the computation method for the plasma size. The area shaded in
red marks the area that is above the half maximum value and the vertical lines show
the extent of the plasma parallel to the sample surface as used for the analysis. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

was calculated and subtracted for each image. These processing steps
are the basis for all subsequent analysis and common to all presented
data products.

All data processing was done in Python, using custom libraries based
on the SciPy and NumPy libraries (Virtanen et al., 2020; Harris et al.,
2020).

5.2.1. Plasma size

To compute the size of the plasma, we first identified the region
where the signal was above half the maximum value. For this step to
work reliably with data that has low signal at late delay times, another
smoothing step using a uniform filter of size 8 px or about 120 pm was
required. We verified that this step does not impact the computed
size of the plasma significantly. Upon identifying the region of half
maximum, the full width at half maximum FW H M, was computed
from the largest extent of the plasma parallel to the sample surface, as
illustrated in Fig. 5. It should be noted that other methods to compute
the size of the plasma from these data can lead to very different values.
For example, a constant threshold signal could be used, which would
lead to a decreasing plasma size as the plasma decays after expansion.
We chose a normalized method that describes the plasma size from
which most of the plasma signal is emitted for any given delay time,
since this is relevant information when designing the field of view of
LIBS instrumentation. Furthermore, the choice of defining the plasma
size as the width of the plasma plume parallel to the sample surface
was motivated by the typical co-linear design of LIBS instruments in
space exploration, where the irradiating laser and the spectroscopic
beam path share the same aperture. Knowledge of the plasma width is
beneficial to inform the design of the field of view of LIBS instruments.

For better visibility, the plasma images shown here have a noise gate
filter applied that sets the signal in areas without plasma emission to
zero. This processing step was only applied for visualization purposes
and was not used in the computation of the plasma size, the total
plasma emission, and the plasma lifetime.

5.2.2. Plasma emission

The total emission of each plasma image was computed from the
sum over all pixels and normalized with the gate time used for the
corresponding time step. Afterwards, the total emission was normal-
ized to the global peak emission of all measurements, including all
samples, laser energies and atmospheric conditions. Since the gain was
kept constant throughout all measurements, the emission values Ny,
are comparable to each other. It should be noted that N, does not
represent the number of photons emitted from the plasma, but rather
the number of photons detected by the sensor. The spectral response of
the instrument can be found in Vogt (2020).

5.2.3. Plasma lifetime

Here, we define the lifetime of the plasma as the time that con-
tains 90 % of the detected plasma emission. This definition emphasizes
differences between the overall shape of the plasma emission curve
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Fig. 6. Number of detected outliers at terrestrial atmospheric conditions for all samples
and laser energies. The outliers are likely a result of a debris cloud of small particles
that remain over the sample for at least 10s. LHS-1 and LMS-1 are pressed from pellets
and contain particles with a diameter of 1pm or less. Soapstone was measured after
the two pellet samples so that the number of outliers for soapstone could be increased
due to residual debris cloud from the previous measurements.

and disregards effects from the absolute value of the detected plasma
emission. To compute the lifetime, the data was linearly interpolated
and the time when the emission reaches 0.9 fr;e"“ Nph o dtf Was used as
the lifetime. It should be noted that emission from lines of interest for
geochemical analysis may be observed at longer delay times than the
lifetime computed in such a way.

5.2.4. Outlier detection

Some of the plasma images recorded at terrestrial atmospheric
conditions show irregular plasma shapes that we identified manually
to flag them as outliers. We defined outliers as images that show more
than one plasma, as well as images where the plasma is unusually far
from the sample. The identified images were not used in the further
analysis. Plasma images identified as outliers are shown as grayed
out images, and the corresponding analysis data are marked with
unfilled circles or squares. We want to point out that some unmarked
measurements at terrestrial conditions may fall into the outlier category
but could not be discerned. In these cases, however, most of the laser
energy will contribute to the plasma’s internal energy and consequently
to the emission and size of the plasma that are investigated in this work.

It was observed that the number of outliers in the measurements
depends on the laser energy and also the lithology. Outliers were only
observed at terrestrial atmospheric pressure, and higher laser energy
and softer samples led to outliers occurring more frequently as can be
seen in Fig. 6. To investigate if this behavior could result from a debris
cloud above the sample, we decreased the laser repetition rate from
the nominal rate of 2 Hz to approximately 0.1 Hz, but did not detect a
change in the number of outliers. While a possible explanation of this
behavior could include strong laser absorption and subsequent break-
down of the atmosphere above the sample surface, in such a scenario
no dependence on the sample properties would be expected, except for
optical properties. We observed a secondary plasma at distances of up
to about 3 mm, where the laser irradiance is significantly reduced due to
lack of focusing. Additionally, we would expect optical effects to result
in a stable occurrence of an additional plasma.

Due to the dependence on the sample material and since the two
regolith samples that exhibit the most outliers contain particles with
a diameter of less than 1 pm, we explain this observation with plasma
ignition on particles of a long-lived cloud of very fine debris that does
not substantially fade within 10s. This is also in agreement with the
observation of increased outliers on soapstone, as LHS-1 and LMS-1
were measured first, followed by soapstone and basalt in the end. At
Martian and airless atmospheric conditions, the thin atmosphere likely
led to a sparse cloud of debris that settled faster so that no outliers were
observed.
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Fig. 7. Normalized plasma images of basalt with the medium laser irradiance of 1.05GW/mm? at different atmospheric conditions. The detected outlier is marked with a lighter
color. Note the different time scales of the measurements performed at different atmospheric conditions, see Fig. 4. The first plasma images at airless conditions are recorded

within the duration of the laser pulse of 8.1ns.
6. Results and discussion
6.1. Time series of plasma images

In the following, we show a selection of plasma image time series
from which the plasma emission, lifetime and size were computed. The
selection covers one set of measurements for different atmospheric con-
ditions, different samples and different laser irradiances. Corresponding
plots were generated for the complete data set and are available in
the supplementary material. Each plasma image in the time series was
normalized to their respective maximum, so that the entire evolution
of the plasma can be viewed easily and the plasma size defined by the
FW H M, can be read directly from the plots.

6.1.1. Influence of atmosphere

Fig. 7 shows plasma images from the basalt sample at the medium
irradiance of 1.05GW/mm? for terrestrial, Martian and airless condi-
tions. As in all following plasma image plots, the times of the gate
delay 1, are noted in the top left corner of each plasma image. Note
the difference in timings for the different atmospheres that are also
illustrated in Fig. 4. With the applied measurement settings, a well-
defined plasma signal could be detected up to about 8 ps for terrestrial
conditions, 2.8 ps for Martian conditions and 40 ns for airless conditions.
The plasma image recorded at 100ns in terrestrial atmosphere shows
two plasma plumes and was thus marked as an outlier. At terrestrial
atmospheric conditions, the plasma expands to a maximum of about
1.3 mm parallel to the sample surface that is reached about 3 ps after
plasma ignition. Afterwards, the plasma emission remains stationary,
becomes increasingly more diffuse and decays. At Martian atmospheric
conditions, the plasma expands faster and reaches a larger extent of
about 2.7mm after about 400ns due to the lower ambient pressure,
followed by the decay of the plasma plume.

The plasma expands even faster at airless conditions and reaches
its maximum extent of about 2.0 mm after about 40ns. In the images,
two zones of plasma emission can be distinguished. Close to the sample
surface, a bright plume that is elongated normal to the sample surface
can be identified. Further from the sample surface, a larger region of
weak emission can be seen that shows the typical cone shape of LIPs in
vacuum (Singh et al., 1990; Lasue et al., 2012). The vertical extent of
the plasma remains relatively unchanged throughout the measurement.

6.1.2. Influence of lithology

In Fig. 8, the time series of plasma images at airless conditions and
the highest irradiance of 1.43 GW/mm? are shown for all four samples.
With the exception of the soapstone time series, all measurements
show the elongated plasma core above the sample surface and the
typical cone shaped plasma plume until about 20 ns, when the plasma
shape becomes more diffuse. In case of the soapstone sample, no cone
is visible and the shape of the plasma core is close to spherical. As
explained above, the cone is a result of the plasma expansion velocity
being higher in directions where the plasma dimensions are small and,

consequently, an initially spherical plasma would not develop such a
cone structure. The spherical shape of the plasma could be a result of a
high evaporation and ablation rate, leading to the fast generation of a
relatively large crater that supports plasma confinement, as opposed to
a thin plasma layer above the sample surface. This in turn can affect the
angular velocity distribution of the plume material and lead to a less
directed plasma expansion. The ablation rate of a material was shown
to depend on the material’s hardness and consequently, a high ablation
rate can be expected for soapstone, which consists mostly of talc and
is thus very soft (Chide et al., 2019).

A notable difference between the samples is the onset of the plasma
signal in the time series. For LHS-1, the plasma plume is first visible
at 5ns, for LMS-1 at 3ns and for basalt and soapstone, the plume is
visible in the first plasma images recorded with a gate delay of Ons.
Considering all our measurements at airless conditions that can be
accessed through the supplementary material, the first signal from the
plasma plume appears within the first 7ns. Note that the duration of
the laser pulse is 8.1ns, so that the laser pulse is still irradiating the
sample at the delayed plasma onset for LHS-1 and LMS-1. Due to the
lack of statistical data on each image and the fact that the temporal
resolution is quite low with 2ns for these small time steps, the exact
timings should be interpreted with caution. However, in our additional
data available in the supplementary materials, we see a delayed onset
of the plasma signal only for the two pellet targets LHS-1 and LMS-1.
At Martian and terrestrial atmospheric conditions, we used larger time
steps for our measurements so that this effect can only be assessed from
the first frame at Ons where some measurements from the LHS-1 and
LMS-1 samples also lack a plasma plume signal.

Such behavior can be explained by low absorption in the sample, by
high heat dissipation, by a high melting point, or by a combination of
the above, so that the energy necessary to evaporate a sufficient amount
of material for plasma generation is only available after prolonged
irradiation of the sample. Not all of the LHS-1 measurements show a
delayed plasma ignition, which can be explained by inhomogeneities
in the sample makeup on the scale of the laser spot size or larger, see
Fig. 3.

6.1.3. Influence of irradiance

In Fig. 9, the influence of varying the laser irradiance can be seen
exemplary for the basalt sample at Martian atmospheric conditions.
Within the covered irradiance range of 0.79 GW/mm? to 1.43 GW/mm?,
the impact on the plasma dynamics is relatively small. Apart from the
drag model, previous studies used an explosion model to approximate
the plasma’s leading edge position as a function of time (Vogt et al.,
2022; Harilal et al., 2003). This model predicts a weak 1dependence
for the plasma radius on the explosion energy with « E5. Assuming
the validity of this model for intermediate times as seen in Vogt et al.
(2022) and that a constant fraction of the irradiance contributes to the

. . L43GW/mm? \ 5 _
explosion energy, an increase of < oroowmm )~ 1.13 can be expected.

Considering the vertical distances from the plasma front to the sample
surface, defined again by the half maximum value, at 100ns of about
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Fig. 8. Normalized plasma images of all samples at airless conditions and the highest irradiance used, 1.43GW/mm?. The first frames of the images are recorded within the
duration of the laser pulse of 8.1ns. For LHS-1 and LMS-1, the onset of a visible plasma signal is delayed. With the exception of soapstone, all plasma images show the typical
cone shaped region of weak emission and a bright central region close to the sample surface.
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Fig. 9. Normalized plasma images of the LIP ignited from basalt at Martian atmospheric conditions for the three different investigated irradiances that correspond to laser energies
of 11.86mJ, 8.75mJ and 6.56mlJ. Artifacts from the stitching process can be seen in the top row at 700ns. At lower irradiances, the visible plasma plume decays earlier.

1.75 mm and 2.02 mm, respectively, the observed increase by a factor of
1.15 is reasonably close.

Apart from a change in the plasma dynamics, a lower laser irra-
diance leads to a shorter plasma lifetime. The stagnation size of the
plasma is on average about 0.3 mm larger for the highest irradiance
compared to the lowest. This is, however, within the fluctuations
observed between subsequent frames.

6.2. Plasma emission, lifetime and size

The plasma emission, lifetime and size computed from the plasma
images presented in the previous section are shown in Fig. 10. Mea-
surements that were identified as outliers are also represented in the
plots but marked with blank circles for the emission and blank squares
for the plasma size. The plasma emission Ny, is marked with blue and
the plasma size FW H M), with orange. The strength of the color refers
to the irradiance of the measurements, with dark colors representing
the highest irradiance of (1.43 + 0.14) GW/mm?, medium colors (1.05 +
0.10)GW/mm? and light colors (0.79 + 0.08) GW/mm?. The lifetime of
the plasma is marked with vertical lines in the color corresponding to
the irradiance. The shaded areas in the plots mark the duration of the
laser pulse of 8.1ns. Each sample is represented in a separate figure,
with the top panels showing measurements at terrestrial atmospheric
conditions, the middle panels measurements at Martian conditions and
the bottom panels at airless conditions. Note the different scales of the
left axes.

6.2.1. Plasma emission

The strength of the measured plasma emission depends on the lithol-
ogy, atmospheric conditions and laser irradiance. Generally, the plasma
emission increases with the laser irradiance, since more energy is
available for material ablation and plasma heating. This leads to higher
degree of ionization and a higher electron density, which influence the
continuum emission mechanisms bremsstrahlung and recombination

radiation. Furthermore, the higher temperature leads to an increased
population of excited atomic and ionic states and consequently a higher
rate of photon emission from electronic relaxation. It should be noted
that no spectral filter was applied and consequently, a significant part
of the emission signal in the early evolution of the plasma can be
attributed to continuum radiation (Clavé et al., 2022; Vogt et al., 2022).
Previous studies using comparable experimental parameters found that
for terrestrial and Martian atmospheric conditions, the continuum ra-
diation decays by about an order of magnitude within the first 100ns,
while line emission is significantly longer-lived for the investigated
wavelength range (Clavé et al., 2022; Vogt et al., 2022).

The plasma is brightest at terrestrial atmospheric conditions. At
the lower atmospheric pressure of the Martian atmosphere, the plasma
emission is reduced to less than about 30% compared to terrestrial
conditions. We attribute this reduction to a reduced plasma density,
which leads to decreased direct heating of the plasma through plasma
shielding and a more rapid temperature decrease due to a faster expan-
sion process. At airless conditions, the plasma is even dimmer, with a
reduction in emission to less than about 20 % compared to terrestrial
conditions, most of which originates from the strongly emitting region
close to the sample surface. This observation can be attributed to a lack
of plasma confinement in addition to the effects discussed above.

The strongest plasma emission signal is obtained for soapstone at all
atmospheric conditions. However, the difference in plasma brightness
is most significant at early times in the plasma evolution, especially
for terrestrial and Martian atmospheric conditions. For Martian atmo-
spheric conditions, the peak emission between soapstone and basalt
differs by about a factor of 2.2, while emission at 100ns only differs
by a factor of about 1.3. A significant part of the difference in initial
brightness can be attributed to continuum radiation (Clavé et al., 2022;
Vogt et al., 2022). As discussed in Section 6.1.2, soapstone differs from
the other investigated samples, among others, by its hardness, which
could lead to a more confined plasma inside the ablation crater and
consequently to a hotter and brighter plasma.
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Fig. 10. Overview of all measurements analyzed in terms of their lifetime, size and emission. The left axes show the emission of the plasma plume as the sum over each plasma
image divided by the corresponding gate width and the corresponding data is shown in blue. Note the different scales for the different atmospheric conditions. The right axes show
the size of the plasma plume parallel to the sample surface and the corresponding data is shown in orange. Lighter color shades refer to lower laser irradiances. The duration of
the laser pulse is marked as a shaded region in the left of the plots and the plasma lifetime is noted with blue bars near the time-axis. The upper, middle and lower panel for
each sample show data from terrestrial, Martian and airless atmospheric conditions, respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

In Fig. 11, the development of the plasma emission is shown in a
double logarithmic plot exemplary for basalt with a power law of the
form

max r-
Nph,norm =N (7) b 2

ph,norm

fitted to the data points between the emission maximum and 100 ns. At
100 ns, a jump in the emission can be seen in the data of Figs. 10 and 11.
Since this is the time at which the ICCD integration time was changed
from 2 ns to 20 ns and this feature is present in all measurements, it can
be explained by changes in the instrumentation sensitivity near the gate
time limit of 2ns. Within the fitted range, the power law shows good

agreement with the data, yielding decay rates of b, = (1.114 + 0.021),
by, = (0.78+0.05) and b, = (0.60+0.04) for terrestrial, Martian and airless
conditions, respectively. Changes in the decay rate may be related to
the strength of continuum emission compared to line emission at the
considered times. The faster decay of continuum emission as observed
in Clavé et al. (2022) may lead to a higher decay rate of the emission
at terrestrial conditions where continuum emission is more prominent
compared to Martian conditions. Additionally, the expansion of the
plume can lead to increased emission in the case of a plume that is not
optically thin, which may contribute to the slower decay of the emis-
sion in the case of Martian and airless conditions compared to terrestrial
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Fig. 11. Decay of the plasma emission for basalt at the high laser irradiance of
1.43GW/mm?. A fit of the decay with a power function results in good agreement

within the fitted range. In the fits, N":;]"‘:mm was fixed to the maximum value of

Nypnorm- The parameters are N;;.l;ormi =0.740, 7/ = (9.98 £0.12)ns, b, = (1.114 £ 0.021),
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ph,norm,m m m ph,norm,a

7, = (8.1 £ 0.6)ns, b, = (0.60 + 0.04) for terrestrial, Martian and airless conditions,
respectively.

conditions. While diffusion and thermal conduction may be relevant at
later stages of the plasma expansion when the plume approaches its
stagnation size, they can typically be disregarded in the early phase of
the plasma evolution (Le et al., 2000; Zel’dovich et al., 1966). Beyond
100 ns, the slope of the decaying emission remains comparable to the
fitted section, except for the noted jump at the transition to longer
integration times. For terrestrial conditions, another change in the slope
can be observed around 2 ps and for Martian atmospheric around 1 ps.
These changes in the decay rate of the plasma emission occur roughly
around the time when the plasma plume reaches its stagnation size as
discussed below. At these timescales, diffusion becomes relevant and
contributes to the plasma cooling and may thus explain the increased
decay rate.

While the plasma emission decreases monotonously at terrestrial
atmospheric conditions, for all measurements at Martian atmospheric
conditions with the exception of soapstone, the emission peaks at
20ns, well after the laser pulse has ended. We attribute this to the
spectral sensitivity of our detector system. The plasma imaging system’s
quantum efficiency is highest around 400nm and 600nm (see Vogt
(2020)), so that emission in this spectral region has a higher contri-
bution to the overall plasma signal. Such an effect can be seen, for
example, in Vogt et al. (2022), where the Ca I line at 422.7 nm shows
a strong emission increase shortly after plasma ignition. Depending on
the emitting plasma species and ambient conditions, this effect can be
pronounced to varying degrees.

At airless conditions, the higher temporal resolution measurements
show an increase in plasma emission for the duration of the laser
pulse. The increasing emission can be explained by a combination of
an increasing number of emitting species as the evaporation process
continues and direct heating of the plasma vapor above the sample.

6.2.2. Plasma lifetime

While the plasmas produced from lower irradiance laser pulses are
less bright as discussed above, the overall evolution does not change
significantly. Since the measure of lifetime we use here considers
the normalized signal, the lifetime is not affected by changes in the
overall signal if the general evolution remains similar. The atmospheric
conditions, however, affect the measured plasma lifetime significantly.
Between terrestrial, Martian and airless atmospheric conditions, the
plasma lifetime, defined here as 90% of the total emission, varies
between about 3ps, 2ps and 80ns, respectively. We want to stress
that this lifetime reflects the measurement and computation methods
discussed above, and emission lines of interest for geochemical analysis
may still be observed at longer delay times than the lifetimes computed
here. However, our values for Mars-like conditions in particular are in
good agreement with values found in other studies, cf. Maurice et al.
(2016), Schroder et al. (2019), Clavé et al. (2022), Vogt et al. (2022).
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Fig. 12. The evolution of the plasma size for basalt at terrestrial and Martian
atmospheric conditions can be described well by a drag model with an offset according
to the plasma size at the end of the laser pulse. In this case, the offset was approximated
by setting the offset value to the first data point at 7, = 10ns. The parameters for the
highest irradiance data shown in dark blue and dark orange are r,, = (0.882+0.028) mm,
ro. = 0.300mm and 7, = (480+60) ns for terrestrial conditions and r, ,, = (2.32£0.06) mm,
rom = 0.50mm and 7z, = (98 + 12)ns for Martian conditions. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

6.2.3. Plasma size

As discussed in Section 6.1.3, the influence of the laser irradiance
on the plasma size is expected to be small for the range of irradi-
ances studied in this work. Fig. 10 shows that the plasma is typically
larger when ignited using a higher irradiance but the difference to the
lower irradiance measurements is on the order of the data scatter. The
stagnation size of the plasma changes significantly between terrestrial,
Martian and airless conditions. At terrestrial atmospheric conditions,
the plasma reaches a stagnation size between about 1.1 mm and 1.6 mm
after between 1pus and 3ps, depending on the lithology and laser
irradiance. Though the data scatter is significant and the influence of
the lithology is small, plasmas produced from the LMS-1 and soapstone
samples generally appear to be the largest at all atmospheric conditions,
while plasmas produced from the basalt sample are the smallest. Due
to the lower ambient pressure at Martian atmospheric conditions, the
stagnation size is much larger with sizes between about 2.6 mm and
3.6mm after between about 500ns and 700ns. The free expansion the
plasma undergoes at airless conditions means that it does not reach a
stagnation size. Instead, the plasma size peaks between around 40ns
and 50ns after plasma ignition with sizes between 1.6 mm and 2.3 mm.
This size is reached after the strongly emitting region near the sample
surface has decayed after the end of the laser pulse. Due to the normal-
izing procedure used in our computations, the weakly emitting area
becomes significant in our computations of the plasma size after the
strongly emitting region vanishes.

Fig. 12 shows a fit of the drag model exemplary for basalt, which
has the most stable plasma expansion as the LIP is generated from a
relatively homogeneous sample. For the duration of the laser pulse, the
expansion of the plasma is supported by the continued deposition of
energy through laser radiation. To approximate this process, the fitted
model was adapted and the two constants 7, and r, were introduced
that were not fitted, but determined by the time and FW HM, of
the first data point after the laser pulse so that 7, = 10ns and r, =
FW H M, (1,).

r(t) =r.(1 —e_%)+r0 (3)

The fitted model shows good agreement with the data. As the
plasma approaches its stagnation size r, + r, and diffusion becomes
dominant, the scatter in the data leads to some discrepancy with the fit
model. For the data recorded at Martian atmospheric conditions, the
fitted stagnation size decreases with the laser irradiance as expected.
For the data recorded at terrestrial atmosphere, the order is reversed,
although close together and consequently well explained as an artifact
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of noisy data. The characteristic time scales determined from the fit in
Fig. 12 are 7, = (480 + 60)ns and 7,, = (98 + 12)ns for terrestrial and
Martian atmospheric conditions, respectively.

Similarly to the time scales of expansion, the plasma lifetime is
longer for terrestrial atmospheric conditions with about 2.6 ps com-
pared to Martian atmospheric conditions with about 1.6ps for the
highest irradiance measurements on basalt. In addition to direct heating
through plasma shielding, the higher ambient pressure leads to a
more compact plasma with higher energy density and slower diffusion
compared to a plasma with the same temperature at lower pressures,
thus leading to longer emission from the plasma plume and a longer
characteristic times scale.

7. Summary and conclusion

In the presented measurements, we investigated the influence that
important experimental parameters have on LIBS measurements in
applications for solar system exploration. For this, we acquired a data
set that covers four different samples, three atmospheric conditions and
three laser energies that are comparable to parameters typically found
in LIBS space instrumentation. The data was acquired in such a way
that enables a direct comparison of all measurements. All experimental
parameters were analyzed in terms of their influence on the plasma
lifetime, size and emission.

Depending on the lithology and laser irradiance, we found that plas-
mas ignited in terrestrial atmospheric conditions reach their stagnation
size of about 1.1 mm to 1.6 mm after between 1 ps and 3 ps. At Martian at-
mospheric conditions, the stagnation size of 2.6 mm to 3.6 mm is reached
earlier after about 500 ns to 700 ns and the plasma emission is reduced to
less than about 30 % compared to terrestrial conditions. Plasmas ignited
in airless conditions show, with the exception of soapstone, the typical
cone of weak emission with a bright elongated area near the sample
surface for the duration of the laser pulse. Afterwards, the plasma
reaches its maximum extent of about 2.0mm after 40ns. For airless
conditions, the plasma emission peaks at less than 20 % compared to
terrestrial conditions and the peak occurs immediately after the laser
pulse has ended.

The influence of the investigated lithologies on the plasma size
and emission at terrestrial and Martian conditions is small. At airless
conditions, the plasma ignited on soapstone shows about double the
emission compared to all other samples. Together with the spherical
shape in contrast to a cone shaped plasma, this observation may be
explained by plasma confinement in a crater that leads to efficient
plasma heating.

The plasma emission was observed to increase with higher laser
irradiances, while the influence of the irradiance on the plasma size
is small within the investigated range.

The presented data show how the laser irradiance, atmospheric
conditions and sample properties influence the evolution of the plasma
emission and size, and can help to constrain the requirements for future
LIBS instruments.
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