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In preparation for the SuperCam/Mars Microphone scientific investigation, the acoustic signal associated with
the plasma formation during Laser-Induced Breakdown Spectroscopy (LIBS) experiment is studied with regard to
the shot-to-shot evolution of the laser induced crater morphology and plasma emission lines. A set of geological
targets are depth profiled using a specifically designed LIBS setup coupled with acoustic test bench under am-
bient terrestrial atmosphere. Experiments confirm that the decrease of the acoustic energy as a function of the
number of shots is well correlated with the target hardness/density and also demonstrate that the acoustic
energy can be used as a remote tracer of the ablated volume of the target. Listening to LIBS sparks provides a new
information relative to the ablation process that is independent from the LIBS spectrum.

1. Introduction

Laser-Induced Breakdown Spectroscopy (LIBS) is an analytical
technique that can remotely measure abundances of chemical elements
in fluids and solids. This fast, precise, accurate, and non-intrusive
method allows LIBS to be used in multiple applications in the lab and in
situ to monitor aerosols in gas, study the contamination of soils, probe
the level of radioactive elements [1] and more recently, to help space
exploration by the study of planetary surfaces, to name only a few.

The LIBS technique was used for the first time in planetary ex-
ploration in 2012 as part of the ChemCam investigation onboard the
NASA Curiosity rover [2,3]. Since landing at Gale crater, ChemCam has
fired more than 600,000 laser shots on targets at distances of 1.5 m up
to 9 m from the instrument. The typical measurement sequence consists
of a series of 30 shots at the same point on a target. When firing the
laser 150 times or more at the same location, ChemCam also has the
capability to probe rocks at depth in order to study alteration rinds and
coatings [4]. However, the evolution of the depth that is reached as a
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function of the number of shots cannot be a priori determined on Mars
from ChemCam measurements. The issue was briefly addressed in the
laboratory only for two solid samples: a dolomite sandstone and a
pressed pellet of Martian soil analog [5]. For these two types of target,
the laser ablates ~400 um after 300 shots with a rapid growth of the
crater for the first 100 shots followed by a low ablative regime to reach
the maximal depth. Nevertheless the number of targets tested and the
small variety of there physical properties make difficult the extrapola-
tion to other geological targets on Mars.

As an advancement of the ChemCam design, the SuperCam instru-
ment suite selected for the NASA Mars 2020 rover will use LIBS but
with the addition of Raman Spectroscopy and Visible and Infrared
Reflectance Spectroscopy to determine the elemental composition and
mineralogy of Mars soils and rocks [6]. The LIBS investigation will be
supported by the Mars Microphone that will record LIBS shock-waves at
distances up to 4 m [7]. The Mars Microphone and its associated elec-
tronics were designed and tested to record audio signals from 100 Hz to
10kHz, a bandwidth that includes LIBS shock-waves but also natural
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atmospheric phenomena such as wind [8].

In LIBS, a short, focused laser pulse interacts with the target under
high irradiance condition (irradiance > 10 MW,/mm?) over a small area
(a 300 pm to 500 um spot in diameter for SuperCam) leading to ma-
terial vaporization. The resulting plasma expands into the surrounding
gas, faster than the speed of sound and generates a shock-wave [9].
Number of previous studies have proved that the LIBS shock-wave
carries relevant information about the amount of laser energy absorbed
by the target (laser-matter interaction) and about the plasma plume
expansion. By recording the LIBS shock-wave, Conesa et al [10]
showed that the acoustic energy follows linearly the laser irradiance
starting from low levels. A slope change for higher irradiances is also
believed to indicate different plasma formation dynamics suggesting
that the shock-wave recording is an efficient tool to monitor the plasma
formation and evolution. It has also been proved that the conversion
efficiency between incident laser beam and shock-wave energy can be
estimated using a blast-wave theoretical model [11,12]. Therefore, the
study of the LIBS shock-wave gives insight into the coupling between
the laser and the matter. Krasniker et al. [13] further extended this
relationship between laser-matter interaction and the shock-wave ve-
locity to characterize the physical matrix effect of the targeted sample.
More specifically, Abdel-Salam et al. [14] established a correlation
between shock-wave velocity and hardness of calcified tissues. As the
laser-matter interaction governs the ablation process, Stauter et al. [15]
proposed a calibration curve that links the ablation rate on the surface
with the shock-wave velocity for a given laser fluence. Furthermore,
under some controlled conditions in the laboratory, Chen and Yeung
[16], Hrdlicka et al. [17] concluded that acoustic data provide a useful
tool to normalize LIBS spectra as it can be used to correct LIBS emission
lines from shot-to-shot fluctuations. It is a critical step for field appli-
cations where operational conditions can vary a lot.

Using multiple shots to penetrate into the sample allows a depth-
profile analysis of the target composition. However, as a cavity forms,
the characteristics of the laser-sample interactions change, modifying
the pulse-to-pulse ablation rate [18]. Moreover, the confinement of the
plasma within the cavity modifies its properties (temperature and
electron density) with depth [19] and alters the LIBS emission signal
[20]. The latter study also showed a modification of the shock-wave
propagation geometry from a spherical front when the laser impact
occurs on a surface, to a planar front when the laser impact occurs in a
crater. This change of the acoustic signal with the depth was also seen
by Grad and MoZina [21] who used the acoustic energy as an indicator
of the crater growth during a depth profile.

Very few publications attempt to correlate the acoustic signal of the
laser-induced shock-wave during a depth profile with both the volume
of the cavity and the LIBS emission spectra. Chaléard et al. [22] worked
on a matrix effect correction method using the acoustic signal as a
tracer of the ablated mass for several metallic targets in air at ambient
pressure. Using a plasma temperature estimation and the acoustic
signal as a normalization factor, this study presented a good correlation
between the normalized copper line and the copper concentration
(R? = 0.9996). The measurements were averaged over a series of 500
shots, but none of the following were analyzed: the shot-to-shot var-
iations of the volume, the shot-to-shot variations of the acoustic signal
and the shot-to-shot variations of emission lines' intensity. More re-
cently, as part of the Mars Microphone test campaign, Murdoch et al.
[8] characterized the behavior of the LIBS acoustic signal as a function
of the number of laser shots in the same crater under a simulated
Martian atmosphere at two different plasma-to-microphone distances.
Although the decrease of the acoustic energy was attributed to the
growth of the crater, its evolution was not monitored. Attempting to
determine possible correlations between the acoustic signal and the
plasma emission lines was not part of this experimental campaign ei-
ther.

Our study compares for the first time the shot-to-shot evolution of
the LIBS acoustic signal, the crater volume, and the line emission

intensities during LIBS depth-profile analysis on various geological
targets. Although the application to SuperCam on Mars is the objective
of the combined LIBS and microphone investigation, this initial study is
conducted at ambient pressure to assess the relationships to be expected
for these combined measurements. We propose a detailed diagnostic of
the ablation process with the help of the LIBS shock-wave recording,
and show to what extent acoustic measurements can add com-
plementary information to LIBS analytical capabilities.

2. Experimental set-up
2.1. ChemCam replica

The LIBS capability of SuperCam is inherited from the ChemCam
instrument onboard the Curiosity rover. To reproduce as closely as
possible the instrument characteristics, the ChemCam Mast-Unit
Engineering and Qualification Model is used in this study to ablate the
targets analyzed with a 5ns infrared laser pulse. The instrument is
cooled to the laser’ optimal operating temperature of —10 °C to reach
an energy deposited on the target of ~10 mJ which is of the same order
of magnitude as the energy levels reached on Mars with ChemCam and
expected for SuperCam. The LIBS spectra are collected at room tem-
perature with the ChemCam Body-Unit Engineering Model. The spec-
trometers' detectors are not time-gated and the overall plasma spectral
emission (including emission lines and continuum emission) is in-
tegrated over ~10 ms [23].

2.2. Acoustic test bench under Earth atmosphere

The ChemCam laser is fired inside a homemade anechoic box de-
signed to shield the acoustic signal from the clean room environmental
noise and to avoid uncontrolled resonance modes (see Fig. 1(b, c)). The
double walls of this 78 x 67 x 88 cm chamber are made of 22 mm
thick medium-density fiberboard (750 kg/m>) panels which are sepa-
rated by a commercial extruded polystyrene sound insulator 15 mm
thick. The inner walls are covered by a pyramidal acoustic foam of
polyurethane used to reduce echoes and reverberations inside the test
bench. The total height of the foam is 80 mm. The entire test bench is
operated under ambient pressure and temperature.

The 1067 nm laser is directed onto a folding mirror that reflects the
beam downward through a circular glass window that is mounted on
the top of the chamber and is transparent to both the laser beam and
plasma light. The analyzed targets are placed on a horizontal foam
support at the bottom of the chamber to prevent sound transmission
through the structure. Targets are impacted at 0° incident angle by the
laser (see Fig. 1(b)). The optical path length between the laser and the
targets varies from 1783 mm to 1808 mm depending on the height of
the target and its position on the foam support.

The cover of the anechoic box is equipped with two microphones.
First, a SuperCam Mars Microphone (Knowles Electret model EK-
23132) from the same batch as the microphone flight model (see
Fig. 1(a)) is used. It is connected to a power supply that delivers 3.3V
needed to power the integrated preamplifier. The microphone sensi-
tivity is 22.4 mV/Pa and there is no additional stage of amplification.
The second microphone is a calibrated Bruel & Kjaer 4138 ! inch mi-
crophone, negatively polarized and connected to a preamplifier. The
sensitivity is 31.6 mV/Pa. The signals from the SuperCam and the re-
ference microphones are acquired by a portable USB 16-bit oscilloscope
(TiePie Handyscope HS4) at 200 kHz. The acquisition system allows
continuous time series recordings with no limitation of duration. The
two microphones are located on both sides of the window and point
downwards to the middle of the sample support. The measured in-
clination between the incident laser beam and the line of sight of both
microphones does not exceed 20°. The two microphones are located at
~65 cm from the samples.
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Fig. 1. (a) Photos of the Mars Microphone flight model. (b) Schematic of the test bench under Earth atmosphere, MIC: Microphone, SCAM: SuperCam, EGSE:
Electrical Ground Support Equipment, REF: reference, oscillo: oscilloscope. (c) Photo illustrating a sample impacted by the ChemCam laser inside the anechoic box.

2.3. Sample preparation and experimental procedure

Eight homogeneous samples are prepared and selected to test the
influence of basic rock properties with regards to LIBS acoustic signal.
The number of targets is small on purpose, with the targets chosen to
narrow the number of parameters influencing the laser-target coupling.
Among them, three pressed pellets consisted of Johnson Space Center
Mars 1 (JSC), a Martian soil simulant [24], sieved with a grain size
smaller than 45 pm. These pellets are compacted with a load of 1 ton,
3 tons and 10 tons in order to reach an increasing level of hardness and
density (see Fig. 2(a, b, c)). Two calcium-rich targets are also analyzed:
a piece of solid calcium-sulfate plaster, referenced as gypsum hereafter,
and a rectangular block of black marble (see Fig. 2(d, e)). The three
remaining targets are iron-rich (see Fig. 2(f, g, h)): a piece of hematite,
a piece of magnetite and a slice of the Chinga meteorite [25]. Hardness
measurements were conducted with a Micro Vickers Hardness Tester
(Buelher MVK H1) and a summary of the target physical properties is
presented in Table 1. One can notice that the density varies the same
way than hardness except for the meteorite which is the densest target
but has an intermediate hardness.

The laser is fired at 3 Hz after an autofocus was performed in the
center of each target. Then, we make series of LIBS pits with different
total numbers of shots (5, 15, 30, 90, 150 and 300); each experimental
condition is repeated 2 or 3 times depending on the target. LIBS craters
obtained with different numbers of shots are annotated with colored

Fig. 2. Targets analyzed: (a) JSC-1 Mars simulant powder compacted by 1 ton
of pressure, (b) JSC-1, 3tons of pressure, (c) JSC-1, 10 tons of pressure, (d)
gypsum, (e) black marble, (f) hematite, (g) magnetite and (h) Chinga (ataxite
iron meteorite). The six craters resulting from an increasing number of shots
(see the text for details) are annotated by colored arrows for (d). The scale is the
same for all the pictures.

Table 1
Summary of all the samples used in the experiment and their physical prop-
erties.
Target Type Density (g/cm®) Vickers Hardness
Gypsum Plaster slice 1.0 3
JSC-1t Pressed pellet 1.3 17
JSC-3t Pressed pellet 1.7 29
JSC-10t Pressed pellet 1.9 46
Black Marble Rock sugar 2.69 177
Magnetite Natural rock 4.75 767
Hematite Natural rock 4.33 1014
Chinga meteorite Slice 7.9 290

arrows in Fig. 2(d). For the JSC pellets and gypsum, all the craters are
clearly visible and well defined. The roughness of the black marble
makes shallower pits harder to see with a eye. For the iron-rich targets,
a halo related to oxidation effects highlights the contours of the craters
[26].

2.4. LIBS spectra processing and wavelength calibration

In parallel with sound recording, LIBS spectra are acquired for every
laser shot. The ChemCam Body-Unit has three spectrometers collecting
the plasma light emission over the UV (240.1 nm-342.2 nm), violet
(382.1 nm-469.3 nm), and visible plus near infrared (474 nm-906 nm)
ranges [3]. Each spectrum goes through a processing pipeline similar to
the one presented in Wiens et al. [23]: subtracting the average passive
reflectance spectrum of the target, de-noising, and removing the con-
tinuous baseline from Bremsstrahlung and recombination radiations. In
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Fig. 3. Processed LIBS spectra with the continuum emission for the 1 ton
compacted JSC target. The blue and red curves are respectively the first and the
last spectrum over 300 consecutive shots on the same location. A few peaks are
highlighted by dashed lines. (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. 4. Typical waveform of a LIBS shock-wave in ambient Earth atmosphere recorded by the SuperCam Microphone (a) on a 3 ton compacted JSC pellet (40" shot
over a series of 150 shots). Blue crosses are experimental points interpolated by a smoothing spline (red curve). Evolution of the waveform (b) and acoustic spectrum
(c) for a series of 150 consecutive shots on the same location recorded by the SuperCam Microphone. The shaded area represents the time window of integration for
the acoustic energy computation. Colour code is the same for (b) and (c). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

the case of ChemCam laboratory spectra, it is possible not to remove
this baseline. The wavelength calibration is performed by comparison
with reference spectra. Two spectra including the continuum emission,
are shown in Fig. 3 for the 1 ton compacted JSC target.

3. Results
3.1. The shot-to-shot variation of the acoustic energy

Fig. 4(a) shows the time series LIBS spark waveform recorded by the
SuperCam microphone. A rarefaction follows a compression which
corresponds to the passage of the pressure wave through the membrane.
Oscillations occurring after the rarefaction are attributed to the re-
sonance modes of the membrane. For the SuperCam microphone, the
first echo arrives 195 s after the initial peak, corresponding to an extra
travel distance of ~6.6 cm assuming a sound speed of 340 m.s ™ '. This
reflection, linked to the microphone geometry, occurs on the aluminum
trapezoidal base at the end of the 3.1 cm long microphone pole (see
Fig. 1(a)). It does not interfere with the primary shock-wave signal and
it is attenuated by 19 dB. The second echo, occurring 800 ps after the
initial peak, corresponds to a travel distance of 13.6 cm. It is a reflection
on the upper wall of the anechoic box, just above the SuperCam mi-
crophone (see Fig. 1(b)) and is strongly attenuated (i.e. by 24 dB) due to
the acoustic foam. It may also include a contribution of a reflection
occurring on the glass window of the anechoic box. The signal-to-noise
ratio is 54 dB for the SuperCam microphone and for the initial peak.

Fig. 4(b) shows the response of the SuperCam microphone for 150
consecutive laser shots on the same location on the 3 ton compacted
JSC target and Fig. 4(c) displays their representation in the frequency
domain. The duration of the compression and rarefaction waves is
52 + 2ys and the signal is broadband, centered around 20-30kHz
which is similar to the characteristics of the waveform measured by
Bolafios et al. [27]. The 150 waveforms and spectra are stable and re-
producible shot-to-shot but they have a decreasing amplitude with the
number of shots at the same location: the sound pressure level ranges
from 122 dB re 20 pPa’ (corresponding to a peak amplitude of 26.8 Pa)
for the first shot of the sequence to 117 dB re 20 pPa (corresponding to a

! zologw(%) with P the amplitude of the first peak in Pa and Py = 20Pa, the

reference sound pressure.
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Fig. 5. Median spectra over a series of 150 shots for the 8 targets analyzed.

peak amplitude of 14.6 Pa) for the last shot. Other than the increased
amplitude around 50-60 kHz (likely due to the microphone membrane
resonance), no obvious spectral signatures are seen within the spectrum
confirming that a shock-wave (a dirac pressure profile) is the source of
the acoustic signal. Fig. 5 compares the median acoustic spectra for the
eight targets analyzed. At this moderate frequency resolution resulting
from the reduced time window delimited by the grey rectangle in
Fig. 4(b), the spectra do not reveal any particular features and it seems
that the nature of the target does not significantly influence the acoustic
shape of these acoustic spectra.

Data from the SuperCam microphone and from the reference mi-
crophone (both in time and frequency domain) are compared in Fig. 6.
It shows that the LIBS shock-wave signal recorded by the reference
microphone results in a higher peak pressure amplitude and shorter
pulse duration (leading to a higher frequency content). Moreover, the
pressure front recorded by the reference microphone is sharper than the
one observed by the SuperCam microphone. As it was already observed
by Qin and Attenborough [28] with a % inch and a % inch microphone,
this difference is essentially caused by the different bandwidth of the
microphones. The SuperCam microphone (10kHz cut-off frequency)
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Fig. 6. Comparison between LIBS shock-wave recorded by the SuperCam mi-
crophone (black; solid line) and by the reference microphone (grey; dashed
line) in the time domain (a) and in the frequency domain (b). Data correspond
to the 40th shot over a series of 150 shots on the 3 ton compacted JSC target
(same as Fig. 4(a)).

acts on the shock-wave signal as a stronger low-pass filter than the
reference microphone (50 kHz cut-off frequency). Nevertheless, in the
followings, only the SuperCam microphone results are reported since
the reference microphone leads to the same conclusions.

To study the decrease in amplitude of the acoustic waveform as a
function of the number of shots, the integral of the square values of the
time series signal during the compression and rarefaction phases
(hereafter named the acoustic energy) is computed for each single shot
(see shaded area in Fig. 4(b) for the integration time window, e.g. Grad
and Mozina [21]). This parameter is found to follow the same trend as
the peak-to-peak amplitude but with a smaller dispersion. Acoustic
energy will therefore be used in this study to represent the acoustic
signal. Fig. 7(a) shows the evolution of the acoustic energy during a
series of 300 laser shots at the same location. For each target, the
averaged 5 first acoustic energies range from 7 x 10* Pa?® to
3.1 x 10°Pa®. This acoustic energy value of the first shots, that mainly
depends on the laser energy, is suspected to be related to target physical
and chemical properties but also to the length of the optical path be-
tween the laser and the target (that is slightly different for each sample;
see Section 2.3). However this relationship is not clear. Thus, as we are
interested in the shot-to-shot variations, the acoustic energy is nor-
malized to the average energy of the five first shots. The acoustic energy
decreases exponentially with the number of laser shots for the gypsum,
the JSC pellets and the black marble. For the hematite and magnetite it
increases during the ten first shots and then decreases very slowly. For
the hematite target, the acoustic energy decreases by 4% between its
maximum value (near the 10 shot) and the 300 shot, whereas for the
gypsum it decreases by 93% which corresponds to a sound pressure
level loss of 0.2dB re 20 pPa (1.1 Pa) and 17 dB re 20 pPa (14.6 Pa)
respectively. For the Chinga meteorite, the acoustic energy is constant
after an increase for the 30 first shots. Fig. 7(b, c) show the variation of

the exponential decay rate as a function of the density and hardness of
the targets. The decay rate of the acoustic energy varies the same way
than the target density: the lower the density of the target, the larger
the slope. It also varies the same way than the target hardness, except
for the Chinga meteorite which has an intermediate hardness and an
almost constant acoustic energy along the ablation process. However,
this single target is not enough to settle whether density or hardness
influences the decay rate of the acoustic energy.

The results of this section confirm the trend observed acoustically in
Murdoch et al. [8] and noted spectrally for gypsum and other targets in
Wiens et al. [23], and extends it over a larger range of densities/
hardnesses and samples. In the former acoustic study, this behavior is
attributed to different rates of growth of the LIBS craters. In order to
test this hypothesis, we measured the crater depth reached after an
increasing number of laser shots.

3.2. LIBS crater morphology

The morphologies of each crater made on the targets are analyzed
with a non-contact 3D surface profiler (Sensofar S-NEOX) using con-
focal scanning. The resolution is 1 um along the longitudinal axis and
1.3 um transversally. Fig. 8 shows three examples of contour lines of a
typical LIBS crater produced with 300 consecutive laser shots on a 1 ton
compacted JSC pellet (a), 10 ton compacted JSC pellet (b) and the black
marble (c). The pits have a similar shape, with a diameter of
425 = 25um, similar to measurements conducted on an aluminum
plate by Maurice et al. [2]. The maximal depth reached ranges from
370 um for the black marble to 750 um for the 1ton compacted JSC
pellet. In the latter example the cavity is deeper than its diameter,
meaning that less light is reflected to the detector of the profiler from
the bottom of the crater. This leads to a poorly resolved morphology at
maximal depth (Fig. 8(a)).

For each of the 18 craters created on these three targets, the mean
depth profile is computed in order to visualize the evolution of the
crater as a function of the number of shots. It is the result of an average
of 18 profiles centered on the barycenter of the crater and equally
spaced by angles of 10°. The mean profiles for craters made with 5, 15,
30, 90, 150 and 300 shots on the three former targets are represented in
Fig. 8(d, e, f). Theses figures show that the shape and depth of 3 re-
plicates made with the same number of shots and on the same target are
very reproducible. The diameter of the crater does not change with
depth and does not seem to be a simple function of the target hardness.
After only 5 shots, the crater cross-section is already established and
does not increase anymore (see Fig. 8(a, b, c)). The crater profile pre-
sents a flat floor during the first 30 shots and then, as the depth in-
creases, the ablation occurs preferentially in the center leading to a
more conical shape. This shape evolution can be explained by the
Gaussian distribution of the laser beam and an irradiance level that falls
below the ablation threshold when the crater walls become too steep
(see calculation details in Appendix A). It is worth noticing that the
ablation rate decreases as the number of shots increases: for the 10 ton
compacted JSC target, the laser ablated 420 um depth during the first
150 shots whereas it ablated only 100 depth during the last 150 shots.
Moreover, the ablation is more efficient on softer targets: after 300
shots the crater is twice as deep for the 1 ton compacted JSC pellet as
for the black marble target (see Fig. 9).

The evolution of the volume of LIBS craters as a function of the
number of shots is shown in Fig. 9(a). Data from the Chinga is missing
because craters present an irregular and rough floor made of melted
metal with a depth barely lower than 4 pm for the deepest pit. For the
magnetite target, only craters resulting from 90, 150 and 300 laser
shots are measured as it was not possible to precisely localize the
contours of shallower pits resulting from 5, 15 and 30 laser shots. For
each target, the solid line represents the function that best fits all the
measured volumes. This figure confirms that the softer the target, the
deeper the laser penetrates into the target. This target dependent
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ablated volume was already mentioned in Sallé et al. [29], as part of an
experiment conducted under Mars atmosphere, where a laser was fired
on basalt samples and metallic samples. This behavior was attributed to
physical matrix effects but the denser the target was, the smaller the
ablated volume. The evolution of the volume as a function of the
number of shots is best fitted with a function of the form
y = alnx + bx + c. As it was inferred from Fig. 8(d, e, f), the ablation
rate drastically decreases during the first 50 shots and then the volume
increases linearly: the ablation rate seems to converge to a constant
value, at least within the 300 shots limit that was investigated. This
phase of high ablation followed by a low and stable penetration rate
after about a hundred of shots was previously noticed in Maurice et al.
[5] under Mars atmosphere. It is believed that this decrease comes from
a complex loss of coupling between the laser and the crater walls (see
Appendix A). More factors, including changes in plasma properties also
contribute to this decrease and are discussed in Section 4.

3.3. Acoustic measurements to trace the ablation process

It is impossible to directly measure the depth of the laser pits pro-
duced by LIBS on Mars. This knowledge would be valuable as it would
help to decipher a variation of the LIBS signal showing changes in
plasma parameters due to chemical target stratification with depth, as
encountered during a depth profile [e.g. 30,31]. Fig. 10 synthesizes
results presented in previous sections as a relationship between the
acoustic energy and the crater volume; for a given crater, it links the
volume of the crater with the acoustic energy of the last shot of the
raster that produced the crater. Red points resulting from 300 shots at

the same location reveal deeper craters when the target is softer. A clear
linear decrease of the acoustic energy with crater volume can be no-
ticed. One remarkable feature is that this decrease appears to be in-
dependent of the target hardness or density. This relationship means
that the recording of the acoustic energy can be used to monitor the
LIBS crater volume reached after a given number of shots. For instance,
if the acoustic energy decreases by 60% (i.e., a normalized acoustic
energy of 0.4), the ablated volume is 3 x 107 + 0.5 x 107 um?>. For the
deepest crater, a large dispersion in the volume measurement is in-
dicative of the difficult crater characterization conditions: the sound is
low and a deep crater with steep walls is close to the profiler mea-
surement limitations. To explain this linear trend, it can be inferred that
a shock-wave generated deeper results from a downgraded laser-matter
interaction compared with laser-surface interaction. Therefore, less
energy is locally deposited on the target, leading to less vaporized mass
[32]. Simultaneously, less energy is released in the blast resulting in a
less energetic shock front [33]. This loss of normalized energy with
depth is assumed to be, to first order, unrelated to target physical
properties. As a consequence, we conclude that the acoustic data re-
corded by the microphone can be used as a proxy of the total ablated
volume of material for all of the LIBS targets.

4. Discussion

The acoustic behavior during a depth profile is also compared with
the shot-to-shot variation of the LIBS spectrum. The total LIBS spectrum
intensity and the acoustic energy as a function of the number of shots
are represented in Fig. 11 for the eight analyzed targets. Two different
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behaviors can be discussed. First, for the denser targets (magnetite,
hematite and Chinga) the LIBS signal follows the same variation as the
acoustic energy. Because the resulting cavity is shallow (ablated vo-
lume < 5 x 10°um?® for 300 shots), the change of acoustic energy is
relatively low: as the depth-to-diameter ratios of these craters is small,
there is no confinement effect that cause modifications of the plasma
properties. However, for the five other targets, where the laser
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Fig. 10. Normalized acoustic energy at the bottom of the crater (i.e. last shot
acoustic energy) as a function of the cavity volume. Error bars are computed
using the 2 or 3 replicate craters with the same number of shots. The colour
code represents the number of shots that created the craters.

penetrates much more (see Fig. 9(a)), the LIBS spectrum intensity and
acoustic energy are not correlated. For the gypsum, the LIBS spectrum
intensity is constant during the 70 first shots and then decreases with
the number of shots. For the 1 ton compacted JSC, a rapid increase of
the LIBS signal is followed by a constant phase then the LIBS spectrum
intensity decreases. The same behavior is observed for the 3 ton com-
pacted JSC except that the initial increase occurs over the 60 first shots
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Fig. 11. Variation of the acoustic energy (black) and the LIBS signal (spectrum area; grey) as a function of the number of shots for the 8 analyzed targets.

compared to the 20 first shots for the 1ton compacted JSC. The de-
crease after ~100 shots is lower than in the 1 ton compacted JSC. For
the 10 ton compacted JSC, the LIBS spectrum intensity increases during
the first ~ 100 shots and then stays constant. Lastly, for the black
marble, only the starting increasing phase is seen. This non monotonic
behavior of the LIBS signal is not directly linked with the acoustic en-
ergy and could be attributed to a cavity effect that induces different
plasma formation conditions. Corsi et al. [20] explains that a plasma
confined in a crater is hotter and denser, and consequently presents an
enhanced LIBS signal intensity. As the crater grows, this effect competes
with the cooling of the plasma by interaction with the crater walls
leading to a decrease of the plasma temperature and thus the LIBS
emission. Moreover, as the plasma confined inside a crater is denser,
the inverse Bremsstrahlung effect shields the plasma and reduces the
laser energy deposited on the target. This effect reduces the ablation
rate and also tends to reduce the LIBS emission. To a lesser extent, the
steep angles of the crater walls reduce the laser-mater coupling as de-
scribed in Appendix A. But on the other hand, at these higher local
incidence angles, a fraction of the laser beam that reaches the crater
wall might be redistributed inside the crater due to multiple reflections

in the crater walls [34]. Then the beam would remain active for further
interaction inside the crater. For the five softer targets, the LIBS spectra
area evolution is assumed to be governed by these competing effects but
a detailed investigation is out of the scope of this study. Nevertheless,
the acoustic energy seems to be well correlated with the ablation and
less impacted by changes in plasma properties than the LIBS optical
signal that is very sensitive to changes in plasma temperature and
electron density under terrestrial atmosphere. In the end, results pre-
sented in Section 3.1 showed that the acoustic energy gives an in-
formation about the ablation that is independent from the information
contained in the LIBS spectrum.

5. Conclusion

As part of the SuperCam/Mars2020 microphone investigation, a
detailed study of the relationship between the LIBS acoustic signal,
ablated volume and LIBS emission spectrum is performed at ambient
pressure on eight different geological samples with varying chemical
and physical properties of interest.

Recording the acoustic signal of the LIBS shock-wave shows that
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only the amplitude of the signal decreases as a function of the number
of shots during a depth profile, while the acoustic waveform remains
the same. This decrease is steeper for softer/less dense targets and the
exponential decay rate of the acoustic energy is controlled by target
hardness and density.

The measurement of crater morphology after a given number of
shots in the same location reveals that the crater shape and depth is
quite reproducible for the same target and the same number of shots.
However, the penetration depth depends on the target hardness/den-
sity: the softer the target is, the deeper the laser ablates it. The evolu-
tion of the crater volume as a function of the number of shots shows
that the ablation rate decreases drastically during a depth profile be-
cause of a decrease in laser-matter interaction. Our experiments also
exhibit a linear relationship between the normalized acoustic energy
and the ablated volume. It demonstrates that the acoustic energy can be
used as a tool to monitor the ablated volume regardless of the physical
properties of the target, a piece of information not provided by the
analysis of the LIBS spectra. This demonstrates that the Mars
Microphone will add valuable new data to study of the thicknesses of
coatings and alteration layers with the LIBS capability of SuperCam.

Appendix A. Laser irradiance over the walls of LIBS craters

Lastly, the acoustic energy is confirmed to be a reliable indicator of
the ablation, and provides a complementary information that can not be
derived from the analysis of the LIBS spectrum.

These initial results using acoustics to infer target hardness and LIBS
crater volume are promising and show the potential of acoustic data for
LIBS investigations on Mars and elsewhere. Future work will con-
solidate these findings by quantifying the influence of target physical
properties on acoustic energy with a more exhaustive set of re-
presentative geological samples. As the goal is to operate the micro-
phone on the surface of Mars, this study is currently extended to de-
termine the applicability of these conclusions to LIBS at Martian
atmospheric pressure.
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To explain the evolution of the shape of the crater with increasing numbers of pulses as it is impacted by the laser, we model very simply how the
laser energy is distributed over the crater walls and floor. On a planar surface normal to the laser beam, the spatial irradiance distribution of the
ChemCam qualification model laser can be approximated as a Gaussian distribution:

2r?

I(r)= 10e7 wg

(A1)

where I(r) is the irradiance at a distance r from the center of the spot, I, the maximal amplitude of 65 MW,/mm? for a target at ~1.8 m from the
instrument and wy= 240 um the characteristic length. All these values are extracted from Rapin [35]. The irradiance threshold to ablate material is
of the order of 10 MW/mm?. This simulated laser irradiance profile is represented in Fig. A.12.
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Fig. A.12. Simplified laser irradiance profile for a planar target surface perpendicular to the laser beam at a distance of 1.8 from the laser (blue curve) and
approximate irradiance ablation threshold (red dashed line). This Gaussian distribution was simulated using data from Rapin [35] (see in text). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

When a crater forms, the laser beam no longer impacts the surface with an angle of 90° but with an angle that depends on the slope of each single
point inside the crater. Therefore, laser power locally deposited on a crater wall is reduced by a factor cosa compared with a normal surface, with a
being the local angle between the horizontal and the crater wall. Fig. A.13 shows a crater profile resulting from 90 shots in the 10 ton compacted JSC
target and its associated attenuation factor. It shows that the interaction reduces significantly over the inclined walls of the crater and is at its
maximum on the crater floor which is orthogonal to the laser beam. Multiplying this attenuation factor by the laser irradiance profile gives the level
of irradiance reached at each point of the crater. These levels are represented in Fig. A.14 for six craters, with increasing depth, created on the 10 ton
compacted JSC target. It shows that the irradiance level is far above the ablation threshold at the bottom of the crater and decreases on the walls
which confirms that the laser ablates preferentially in the center of the pit. For the two first craters, resulting from 5 and 15 shots respectively, the
irradiance does not fall below the ablation threshold and the material is vaporized over the entire spot area. Starting with 30 shots, parts of the crater
wall fall below the ablation threshold (see black points in Fig. A.14). However, the two deepest craters show that portions of the crater wall that are
nominally below this threshold are nonetheless ablated. It can also be noted that the threshold value of 10 MW/mm? is dependent on the material but
there could be other phenomena at work here, such as erosion or possibly sputtering by material being ejected from the hole.
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