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William Hate a, Frances Westall b
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A B S T R A C T

More than 3.5 billion years ago, the surface of Mars experienced habitable conditions compatible with the 
emergence and development of primitive microbial life. Consequently, in the absence of plate tectonics, ancient 
biosignatures dating back several billion years could still be present at the surface of the red planet. Nevertheless, 
Mars has been continuously exposed to UV radiation and solar and galactic cosmic rays, which may have 
degraded these putative biosignatures at the surface over time. The European Space Agency’s ExoMars Rosalind 
Franklin mission, expected to land on Mars in 2030, is thus equipped with a drill to collect samples up to 2 m 
deep to increase the chances of detecting well preserved molecules.

Here, based on previous models, we first estimate the dose delivered in the first meters of Mars regolith over 
geological time. We then describe experiments in which beta-carotene (a pigment commonly used by microor
ganisms) was irradiated using a 2.8 MeV proton beam and its degradation with increasing dose studied by Raman 
spectroscopy, using a unique device allowing in situ measurements to be carried out within the irradiation 
chamber. Specific sample preparation, consisting of placing a thin mineral layer on top of the pigment, was also 
developed to take into account the dose distribution profile within the sample. Finally, based on the dose esti
mated for Mars, we correlate the change in the Raman signal-to-noise ratio of beta-carotene to an equivalent 
depth and time on Mars.

1. Introduction

Mars is considered as one of the most promising targets in the quest 
for extraterrestrial life in the Solar system (Cottin et al., 2017; McKay, 
1997; Westall et al., 2015). Since the Mariner 4 probe in the 1960’s, 
many missions have been sent to study the present and ancient envi
ronmental conditions at the surface of the Red Planet (Farley et al., 
2020; Grotzinger et al., 2012; Klein et al., 1976), documenting liquid 
water forming rivers, seas and lakes during the Noachian-Early Hespe
rian period (c.a. 3.5 billion years ago) (Ehlmann et al., 2009; Fassett and 
Head-III, 2008; Grotzinger et al., 2014; Le Deit et al., 2012; Mangold 
et al., 2021; Poulet et al., 2005). Locally, the surface of Mars hosted 
habitable conditions that lasted potentially long enough to allow the 

emergence and development of primitive microbial life (McKay, 1997; 
Schulze-Makuch et al., 2008; Westall et al., 2021; Westall et al., 2015). 
While life could still be active in deep aquifers several hundred meters 
below the surface (Marais, 2010), its existence at the surface is highly 
speculative. On the other hand, in the absence of plate tectonics, ancient 
organo-mineral traces of life dating back from the Noachian could still 
be present at the surface.

Nevertheless, due to its low-pressure atmosphere and the absence of 
a magnetic field since about 3.95 Ga (Steele et al., 2023), Mars has been 
continuously exposed to high-energy UV radiation, solar energetic par
ticles (SEP) and galactic cosmic rays (GCR) which may have degraded 
these putative biosignatures over time. UV-C radiation (down to 190 
nm) degrades organics in the first millimetres by direct exposure and by 
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forming oxygen peroxide, also responsible of the oxidation of the surface 
giving the planet its red colour (Baqué et al., 2022; Baqué et al., 2016; 
Fornaro et al., 2020; Fornaro et al., 2018; Patel et al., 2004; Poch et al., 
2014; Ranjan et al., 2017; Zent and McKay, 1994). SEP and GCR, 
although less intense, may penetrate up to several meters depth and thus 
alter organics and minerals with time (Baqué et al., 2017; Brandt et al., 
2017; Dartnell et al., 2012; Kminek and Bada, 2006; Pavlov et al., 2012).

In order to increase the chances of detecting well-preserved organic 
molecules, the European Space Agency (ESA) developed the ExoMars 
Rosalind Franklin rover equipped with a drill to collect samples down to 
2 m depth (Battistelli et al., 2004; Hickman-Lewis et al., 2020; Kereszturi 
et al., 2016; Vago et al., 2017). After several postponements, the launch 
of the mission is now scheduled for 2028, with a landing on Mars in 
autumn 2030. The landing site, Oxia Planum, is an ancient terrane that 
has been subjected to aqueous processes (either pedologic, fluvial, 
deltaic, littoral or marine) resulting in alteration of the originally vol
canic sediments to clays. The area could have hosted ancient hydro
thermal springs. Evaporitic deposits could also be present (Fawdon 
et al., 2024; Quantin-Nataf et al., 2021). Some of these environments are 
considered favourable for the emergence and development of life, and 
all could have hosted life. It is therefore possible that Oxia Planum could 
preserve traces of some form of microbial life (Vago et al., 2017; Westall 
et al., 2021; Westall et al., 2018; Westall et al., 2015). The rover is 
equipped with a suite of complementary instruments, including high- 
resolution cameras, optical spectrometers and a mass spectrometer 
(Bost et al., 2015; Vago et al., 2017). Among them, the Raman Laser 
Spectrometer (RLS), located within the rover, will analyse the drill cores 
after crushing to detect and identify organic and mineral phases (Rull 
et al., 2017; Rull Pérez and Martinez-Frias, 2006). Raman spectroscopy 
is a key instrument in astrobiology and micropaleontology since it is 
highly sensitive to pigments (such as carotenoids) and carbonaceous 
matter, although only pigments can be considered to be a true bio
signatures (Baqué et al., 2016; Dartnell et al., 2012; Edwards et al., 
2013; Jehlicka et al., 2009; Vitek et al., 2009; Winters et al., 2013) since 
carbonaceous matter is a common constituent of both biogenic and 
abiotic origin. Its ability to identify minerals is also important since the 
association of specific minerals and carbonaceous matter may constitute 
good evidence of biogenicity (Clodoré et al., 2024; Edwards et al., 2007; 
Foucher, 2019; Foucher et al., 2015; Marshall et al., 2010).

The Raman signal depends on various parameters, including the 
structure and format of the sample. In particular, powders produce a 
higher background level than uncrushed samples, mainly due to an in
crease in laser induced heating (Foucher et al., 2013). Defects in mate
rials, such as those induced by particle irradiation, are also known to 
alter the Raman signal by increasing the background level, widening the 
bands and decreasing their intensity (Ammar et al., 2015; Cusick et al., 
2017; Jiang et al., 2023; Synytsya et al., 2007; Yamauchi et al., 2001). 
Therefore, it is important to evaluate the degradation of relevant (bio-) 
molecules and minerals, and to study the evolution of their Raman signal 
as a function of sediment depth and time on Mars, in order to determine 
to what depth it is necessary to drill in the hopes of detecting them.

Here, we used a unique system called RAMSESS 2 (for RAMan 
SpEctroscopy for in Situ Studies version 2) allowing us to study in situ the 
changes in the Raman signal within the irradiation chamber connected 
to one beamline of an electrostatic Pelletron accelerator. This device is 
an upgraded version of the RAMSESS system that was previously used to 
study the alteration of polymers (Canizarès et al., 2022). Based on 
existing models, we evaluate the dose received on Mars with depth and 
time and modelled those received within the samples during our irra
diation experiments, carried out using a 2.8 MeV proton beam. We then 
developed a specific sample preparation protocol to take into account 
the heterogeneity of the dose within the sample, while still allowing in 
situ measurements to be carried out. We thus evaluated the decrease in 
the Raman signal-to-noise ratio of beta-carotene, deposited under 
different mineral thin sections, with increasing irradiation dose. Finally, 
based on the estimated dose in the Martian regolith as a function of 

depth and time, we show that the Raman signal of beta-carotene can still 
be detected even after exposure to a dose corresponding to billions years 
of irradiation of Mars down to a few tens of centimetres below the 
surface. This is very encouraging in the context of current and future 
missions dedicated to the search of traces of life on Mars.

2. Modelling

2.1. Irradiation at the surface of Mars

Mars is exposed to two main sources of particle irradiation:
- Galactic Cosmic Rays (GCR) composed of H+ ions (protons) at 91 %, 

He2+ ions (alpha particles) at 8 % and heavy ions (mainly carbon and 
oxygen) at 1 % (Le Postollec et al., 2009).

- Solar Energetic Particles (SEP), emitted mainly during sporadic 
events (solar flares), composed of H+ ions at 95.4 % and He2+ ions at 4.6 
% (Takigawa et al., 2019).

These primary high-energy particles irradiate the surface of Mars 
after partial loss of their velocity in the atmosphere, while producing 
secondary particles (electrons, neutrons, photons, etc.) which can also 
be a source of irradiation. In order to estimate the energy spectrum of 
these different ionizing particles, various numerical models have been 
proposed (Keating et al., 2005; McKenna-Lawlor et al., 2012a, 2012b; Le 
Postollec et al., 2009). Protons are the transmitted particles that can 
reach the highest energy, up to several GeV, and are thus those most 
likely to penetrate deeper into the Martian regolith. Moreover, while 
GCR flux is a thousand times lower than SEP flux, GCR particles can be 
hundred times more energetic (Keating et al., 2005) and can thus 
penetrate deeper below the surface of Mars. The penetration depth of 
protons on Mars (i.e., their stopping distance or projected range) can be 
calculated using the SRIM software (Ziegler et al., 2010), knowing the 
composition of the regolith and its density. Oxia Planum, the landing site 
of the ExoMars mission, is rich in clays with a composition close to that 
of vermiculite with the formula (Mg,Ca)0.7(Mg,Fe,Al)6(Al, 
Si)8O22(OH)4⋅8H2O (Quantin-Nataf et al., 2021). Using this composition 
for the calculation, and a density of 1.52 g.cm− 3, corresponding to that 
measured by Pathfinder (Hviid et al., 1997), it is possible to estimate the 
penetration depth dMax of protons in the Mars regolith as a function of 
the incident energy (Fig.1).

The effect of irradiation on materials is commonly studied as a 
function of the received dose, expressed in Gray (1 Gy = 1 J.kg− 1). It 
corresponds to the energy lost by the particles per unit mass of the 
sample and is given by: 

D = 1.602×10− 9 ×
f × t

ρ ×
E

dMax
(1) 
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Fig. 1. Penetration depth of protons in vermiculite (density 1.52) as a function 
of the incident energy.
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With f the flux in prot.cm− 2.s− 1, t the time in seconds, ρ the density of 
the sample in g.cm− 3, E the energy of the protons in GeV, and dMax the 
stopping distance within the sample in meters.

Using the model from Keating et al. (2005) and the values of dmax 
displayed in Fig. 1, it is possible to estimate the dose per month asso
ciated with each energy range, and to sum them in order to calculate the 
total dose received by the regolith. We thus obtained a total GCR dose of 
7.63 mGray/month, which is in accordance with the 7.22 mGray/month 
found by Le Postollec et al., 2009 and with the 6.3 ± 1.2 mGray/month 
given in Baqué et al. (2017).

Protons lose their energy as they travel through matter by electronic 
and nuclear collisions; their maximum energy is at the surface (for d = 0) 
and zero at the stopping distance (for d = dMax). Interestingly, the energy 
of a proton at a depth d corresponds to its initial energy minus the energy 
of a proton for which the stopping distance would be d. This permits 
calculation of the energy loss of a proton as a function of the penetrated 
distance. Representative curves for different incident proton energies 
are shown in Fig. 2.

As shown in Fig. 2, proton energy loss (or stopping power) is not 
constant: its maximum is close to the implantation depth. The dose 
delivery is thus also heterogeneous. For a sample layer included between 
the depths di and di-1, the dose can be calculated by: 

Dosei = 1.602× 10− 9 ×
f × t

ρ ×
(Ei − Ei− 1)

(di − di− 1)
(2) 

With Ei the proton energy at the depth di.
Finally, using the energy and fluence distributions given by Keating 

et al. (2005) and by Le Postollec et al., 2009 for GCR and for SEP 
respectively, and considering that SEP protons are only delivered at this 
maximum dose 3 days per terrestrial year on average, it is possible to 
estimate the total dose as a function of depth after a period of 3.5 Ga 
(Table 1). As shown in Table 1, the dose is mostly delivered by SEP in the 
first meter and only by GCR at greater depths.

It is important to note that these values should be considered with 
caution, as they are based on many approximations. In particular: 

− The flux of SEP was not constant over time and was higher 2.5 billion 
years ago. It also depends on latitude. Thus, for a specific location, 
the flux varied due to the variation in the planet’s obliquity over 
time. Finally, the flux of SEP reaching the surface also depends on 
atmospheric density and composition, which also changed over time.

− We used a vermiculite composition and a density 1.52 g.cm− 3 as a 
model for the Martian regolith. Nevertheless, the Martian regolith 
and/or rocks can vary in composition and density. These variations 
strongly modify the particle penetration depth and therefore the dose 
profile (Eqs. 1 and 2).

− The dose delivered at a given depth applies to a sample that would 
have remained at the same depth over time, which is obviously 
impossible for the periods of several billion years considered in this 
study. Indeed, a given sample located in the first 2 m of the Martian 
subsoil would have been successively exposed to the surface and/or 
buried several meters deep over time.

− Finally, the model does not take into account the wide variety of 
particles reaching the surface of Mars, nor the secondary particles 
created in the regolith, while the defects created by irradiation 
depend not only on the dose, but also on the nature (electrons, 
neutrons, ions, photons) and mass of the particles.

Therefore, only the order of magnitude of the dose, age and depth 
should be considered.

2.2. Irradiation at Pelletron

The samples used for this study were irradiated at the Pelletron fa
cility, CEMHTI, CNRS, Orléans, using a 2.8 MeV proton beam, with a 
flux of 3.1 × 1010 prot.cm− 2.s− 1 (see §3.3 for details). Since the proton 
beam is mono-energetic, the energy loss, and thus the dose delivery, is 
not homogeneous in the material volume and presents a maximum at the 
Bragg’s peak (see Fig.4). Therefore, both duration and depth must be 
considered during the experiments. Table 2 shows the duration of the 
laboratory experiments necessary to reach a dose equivalent to 3.5 Ga of 
irradiation on Mars (3.5 GaME, Mars Equivalent) at different Martian 
depths, close to the sample surface and at the Bragg’s peak position. 
Table 2 shows the significant differences between the irradiation on 
Mars and experiments conducted with the Pelletron. At the Pelletron, 
only a few tens of microns of depth are irradiated, whereas on Mars, the 
particles can reach several tens of metres. In contrast, it is possible at the 
Pelletron to reach doses equivalent to billion years of Martian 
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Fig. 2. Proton energy change in vermiculite (density 1.52) with penetration 
depth for various incident energies.

Table 1 
GCR, SEP and total dose with depth in vermiculite (density 1.52) after one 
terrestrial year and after 3.5 Ga (terrestrial years).

Depth 
(m)

GCR Dose (Gy/ 
terrestrial year)

SEP Dose (Gy/ 
terrestrial year)

Total Dose (Gy/ 
terrestrial year)

3.5 Ga Dose 
(Gy)

1 cm 1.7E-04 2.3E-01 2.3E-01 7.9Eþ08
10 cm 7.9E-05 5.2E-02 5.2E-02 1.8Eþ08
50 cm 3.5E-05 4.9E-03 5.0E-03 1.7Eþ07
1 m 2.9E-05 1.5E-03 1.5E-03 5.3Eþ06
1,5 m 2.7E-05 0.0E+00 2.7E-05 9.4Eþ04
2 m 2.2E-05 0.0E+00 2.2E-05 7.8Eþ04
3 m 1.6E-05 0.0E+00 1.6E-05 5.5Eþ04
5 m 9.5E-06 0.0E+00 9.5E-06 3.3Eþ04

Table 2 
Total dose with depth in vermiculite (density 1.52) after 3.5 GaME on Mars at 
different depths, and corresponding experimental duration to reach a similar 
dose in laboratory using a 2.8 MeV proton beam with a flux of 3.1 × 1010 prot. 
cm− 2.s− 1 for two different sample depths: close to the surface (20 μm) and at the 
Bragg’s peak position (119 μm).

Depth on 
Mars

Dose on Mars after 3.5 
GaME (Gy)

Duration of 
laboratory 
experiments for 
equivalent dose at 
20 μm depth

Duration of 
laboratory 
experiments for 
equivalent dose 
at 119 μm depth

h min s h min s

1 cm 7.9E+08 413 58 1 81 15 36
10 cm 1.8E+08 95 14 20 18 41 42
50 cm 1.7E+07 9 5 51 1 47 8
1 m 5.3E+06 2 45 46 0 32 32
1,5 m 9.4E+04 0 2 57 0 0 34
2 m 7.8E+04 0 2 27 0 0 29
3 m 5.5E+04 0 1 44 0 0 20
5 m 3.3E+04 0 1 2 0 0 12
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irradiation in just a few hours.

3. Materials and methods

3.1. Single halite crystals

To highlight the dose heterogeneity in Pelletron-irradiated samples, 
single halite crystals were prepared. Indeed, defects created during 
irradiation are known to act as colour centres in halite associated with 
an increase in the background level of the Raman signal (Mao et al., 
2022; Sonnenfeld, 1995). These samples were prepared by dissolving 
NaCl powder (Sigma-Aldrich) in pure Milli-Q water in a crystallizer and 
by letting the solution dry in a cold room at 4 ◦C for a month. We thus 
obtained many parallelepiped crystals. The largest one (8x8x2 mm3) 
was glued onto the sample holder using double sided conductive copper 
tape for irradiation at the Pelletron.

3.2. Beta-carotene in between silicon and mineral layers

We focused our investigations on beta-carotene (C40H56), a molecule 
(and carotenoids in general) that is widely used by microorganisms to 
protect themselves from oxidative stresses caused by UV and particle 
irradiation, low or high temperatures, or salinity increase (Saubenova 
et al., 2024). It is thus considered as a good potential biosignature to 
search for on Mars (Baqué et al., 2022; Baqué et al., 2016; Dartnell et al., 
2012; Patel et al., 2004; Vitek et al., 2009).

Previous studies of the alteration of biomolecules during irradiation 
were carried out using pellets of powder in which the molecules of in
terest were mixed with crushed minerals before being compressed (e.g., 
Baqué et al., 2016). However, this preparation is not suitable for in situ 
Raman analyses for several reasons. First, the heat of the sample induced 
by the laser of the Raman system is strongly increased on powdered 
samples because the thermal conductivity of powdered materials is very 
low (Foucher et al., 2013). Moreover, in addition to potentially altering 
the biomolecules, this thermal increase also leads to reduce the Raman 
signal-to-noise ratio (Foucher et al., 2013). Secondly, the RAMSSES 2 
device (see §3.5) is not confocal, therefore the depth of field can be of 
several hundreds of micrometres in transparent samples. Moreover, the 
intensity of the Raman signal decreases with the depth of analysis due to 
light absorption. Therefore, it would have been impossible to attribute a 
depth, and thus a dose, to the collected Raman signal. The use of a pure 
beta-carotene deposit was also not adapted because it would desorb 
under vacuum and may easily burn under the laser and/or proton beam 
(s).

In order to circumvent these problems, specific samples consisting of 
a beta-carotene layer sandwiched between a silicon wafer and a thin 
section of mineral were prepared. Quartz (SiO2), gypsum (CaSO₄⋅2H₂O) 
and calcite (CaCO3) from the International Space Analogue Rockstore 
(Bost et al., 2013), Orléans, France (reference numbers 12FR03, 12UN03 
and 12MA02, for quartz, calcite and gypsum respectively) were used 
since these minerals are known to fossilize and preserve microorganisms 
and biomolecules, and because they are transparent to green laser. Their 
density was measured using Archimedes’ principle, giving 2.71, 2.63 
and 2.30 g.cm− 3, for calcite, quartz and gypsum respectively. The 
penetration depth of 2.8 MeV protons calculated using SRIM software 
was 63 μm, 66 μm and 71 μm respectively and, therefore, self-supporting 
thin sections were prepared by the company Thin Section Lab, in Toul, 
France, to permit the transmission of protons to the beta-carotene layer. 
The thicknesses actually measured for the sections were 50 μm, 52 μm 
and 40 μm, for calcite, quartz and gypsum respectively.

The samples were prepared as follows. Beta-carotene powder (Sigma- 
Aldrich) was dissolved in water and droplets of these solutions were 
deposited in 5 mm diameter holes made in c.a. 50 μm thick Millipore 
Whatman filters placed onto silicon wafers. A glass slide, topped with a 
750 g weight, was then loaded over them. After drying in air overnight 
at room temperature, the glass slide and the filters were removed. This 

allowed beta-carotene layers on silicon wafers made up of aggregates 
ranging from 1 to 40 μm in thickness to be obtained. The mineral thin 
sections were placed on top of the beta-carotene. These samples were 
finally pasted onto the sample holder using copper tape. A sample 
without a mineral thin section on top was also prepared to estimate the 
laser penetration depth into beta-carotene (see §4.2).

3.3. Low energy ion beam Pelletron accelerator

The irradiation experiments were carried out in the micro-beam line 
vacuum chamber of the CEMHTI Pelletron facility (http://emir.in2p3. 
fr/CEMHTI), using a 2.8 MeV proton (H+) beam. The beam has a 5 ×
5 mm2 square shape and scans the sample surface with a Lissajous 
pattern to obtain a homogeneous irradiation on an 18.5 mm diameter 
area. The halite sample was irradiated with a flux of 5 × 1010 prot.cm2. 
s− 1 for 4000 s to reach a total fluence of 2 × 1014 prot.cm− 2. The 
mineral/beta-carotene/silicon samples were irradiated at a flux of 3 ×
1010 prot.cm− 2.s− 1 to reach sequentially different total fluences (2 ×
1013, 2 × 1014, 4 × 1014, 7 × 1014 and 20 × 1014 prot.cm− 2).

3.4. RAMSESS 2

In order to follow the evolution of samples during irradiation ex
periments, a self-made, in situ Raman device called RAMSESS (for 
RAMan SpEctroscopy for in Situ Studies) was developed in 2022 
(Canizarès et al., 2022). While this device demonstrated the relevance of 
coupling a Raman spectrometer to an irradiation chamber, it used a low 
spatial resolution optical camera and the laser spot size was relatively 
large (more than 2 mm diameter at sample surface). In addition, the 
sample holder was not cooled. Therefore, an upgraded version of the 
system, called RAMSESS 2, was developed (see Fig. 3). It includes a new 
Raman probe equipped with microscope objectives probing through a 
vacuum window port in fused silica located at a few millimetres from the 
sample surface to optimize the lateral analysis resolution. This new 
Raman probe is an in-house made device derived from a Renishaw RP10 
probe, equipped with a white light source and a camera for optical 
imaging. Raman spectra were acquired with a green laser (Nd:YAG 
frequency doubled laser) of wavelength λ = 532 nm. The laser power 
was set to ca. 10 mW at the sample surface and focalized using a Mitu
toyo objective of magnification 20× (numerical aperture N.A. = 0.28) 
for which the associated laser spot size diameter at the sample surface 
was measured at ca. 15 μm using the scanning-knife method (Foucher, 
2021; Hauer et al., 2016). The spot size is thus relatively large and 
therefore limits the thermal increase induced by the laser (Foucher, 
2021; Foucher et al., 2013). It is connected to a Renishaw RA100 spec
trometer (1800 lines.mm− 1 grating, 250 mm focal length) with a spec
tral resolution ranging from 3.5 cm− 1 at 200 cm− 1, to 1.65 cm− 1 at 3325 
cm− 1. A thermoelectrically cooled charge-coupled device (CCD) at 
− 50 ◦C ensures good stability of detection.

RAMSESS 2 also includes a new sample holder in copper, cooled 
down by water circulation to reduce thermal degradation of the sample 
potentially induced by the proton and/or laser beam(s). Due to iono- 
luminescence, the Raman signal cannot be acquired during irradia
tion. The sample holder is thus alternately moved from the irradiation 
position (i.e., sample surface perpendicular to the proton beam) to the 
Raman analysis position (i.e., perpendicular to the Raman laser beam) 
by a rotation of 90◦. It can be moved using an (X,Y,Z) goniometer to the 
different sample positions. For each sample, the laser focus was first 
made on the mineral surface using the optical camera. Then, the samples 
were moved vertically and along X and Y in order to obtain positions for 
which the Raman signal of beta-carotene is maximum. After each irra
diation, the sample holder was moved a few μm in X, Y and Z around 
these optimal positions in order to obtain again the maximum Raman 
signal and to correct the repositioning deviations of the stage, mainly 
due to the rotation between the “irradiation” position and the “Raman” 
position.
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After the experiment, the Raman spectra were processed as follows: 

- Only the spectral range between 800 cm− 1 and 1800 cm− 1 was 
considered.

- The spectra were normalized to their minimum value (usually 
located at 800 cm− 1). Since the signal intensity at this point is mainly 
influenced by the focusing of the system, this allows for correction of 
the focusing shift between two irradiations.

- The background was subtracted using a second order polynomial.

3.5. Ex situ Raman spectroscopy

High resolution Raman spectroscopy analyses were carried out on 
the halite sample after irradiation and on beta-carotene deposited on 
silicon wafer using a WITec Alpha 500RA system, at the CEMHTI labo
ratory, CNRS, Orléans, France, equipped with a green laser (Nd:YAG 
frequency doubled laser) of wavelength λ = 532 nm. The laser power 
was set to 14 mW at sample surface. Raman maps were acquired using a 
Nikon E Plan objective of magnification 20× (numerical aperture N.A. =
0.40), for which the associated laser spot size diameter at the sample 
surface was measured to 2.4 μm (Foucher, 2021). Raman spectra were 
acquired using a 600 g.mm− 1 grating spectrometer ranging from 
approximately 70 to 3800 cm− 1, and a resolution ranging from 3 to 5 
cm− 1.

4. Results

4.1. Raman map of irradiated halite crystal

A Raman map of the halite single crystal was acquired ex situ after 
irradiation on one of the sides perpendicular to the irradiated surface of 
the crystal. Fig. 4 displays the increase in the background level, corre
sponding to the area below the spectrum measured between 1400 and 
2400 cm− 1, and of the noise, corresponding to the number of CCD counts 
between the maximal and the minimal value of the signal after removal 
of the baseline on the same wavenumber range, as well as the dose 
calculated using SRIM simulations. The correlation between the dose (i. 
e., the number of defects in the material) and the changes in the Raman 
signal (background and noise levels) is clearly shown. A saturation is 
observed on the background level for doses higher than about 10 MGy. 
The signal defect near the sample surface is explained by the irregu
larities and roughness of the crystal edge, the depth of field of the optical 
system and the dimensions of the laser spot.

4.2. Raman signal of silicon through beta-carotene powder

In order to estimate the penetration depth of the green laser into 
beta-carotene, and therefore the maximal depth over which the Raman 
signal is collected, beta-carotene powder was deposited at the surface of 
a silicon wafer. Then, using the WITec Alpha 500RA system, the Raman 
signal of silicon was collected through different thickness of beta- 
carotene (i.e., through grains of different sizes) and we observed that 
silicon is no longer detected through a beta-carotene thickness of more 
than 2 μm. This is in accordance with the absorbance value of beta- 
carotene found in the literature (e.g., Lee et al., 2019). Therefore, it is 
possible to conclude that the Raman signal of beta-carotene measured 
using a 532 nm green laser is associated to the first 2 μm of beta-carotene 
at its maximum, whatever the depth of field of the system (i.e., with 
RAMSESS 2 as well), and whatever the layer thickness.

4.3. Raman signal of beta-carotene under minerals collected in situ during 
proton irradiation

The evolution of the Raman signal of beta-carotene acquired in situ 
within the irradiation chamber for increasing fluence in the different 
samples is displayed in Fig. 5.

5. Discussion

The very good correlation between the profile of the dose obtained 
from SRIM simulations and the noise and background level Raman 
spectral maps, representative of the defects created under irradiation, 
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observed ex situ on the halite crystal (Fig. 4), demonstrates the impor
tance of taking into account the analysis depth in nuclear particles 
irradiation experiments, such protons. Thus, when analysing the irra
diated surface of samples by Raman spectroscopy, it is important to 
evaluate the penetration depth of the laser into the sample and the depth 
of field of the objective used, in order to correctly estimate the depth and 
thickness of the analysed layer and to correctly determine the associated 
dose.

To circumvent this effect, we preferred to develop a specific sample 
preparation protocol where the pure pigment is deposited on a silicon 
wafer before being covered by a thin mineral layer with good laser 
transmission efficiency. This allows us to perfectly correlate the Raman 
signal to a given dose while avoiding heating and desorption/sputtering 
of beta-carotene under vacuum. Our measurements show that the laser 
penetration depth in beta-carotene is 2 μm, which means that the Raman 
signal is collected at most in the first 2 μm of beta-carotene in the layer, 
regardless of its total thickness. In addition, the depth of field of the 
RAMSESS 2 system is several hundred micrometres (i.e., greater than the 
maximum 40 μm thickness of the beta-carotene layer). Therefore, the 
Raman signal is collected over the entire depth of the sample (i.e., the 
mineral lamina, the beta-carotene layer, and the silicon wafer) and its 
intensity does not depend on the distance between the mineral section 
and the beta-carotene layer (see Fig. 6A).

Based on SRIM simulations, we estimate the dose delivered per 
second, for a flux of 3 × 1010 prot.cm− 2 s− 1, in the different samples (see 
Fig. 6). For calcite and quartz, the Bragg’s peak is located in the beta- 
carotene layer, whereas for the gypsum sample it is located in the sili
con wafer. There is a dose shift at each interface since the dose depends 
on the elementary composition and on the density of the materials.

In Fig. 6B-6D, the beta-carotene layer is represented as an homoge
neous layer of 40 μm thickness, although it comprises particles of 
various sizes, where those of less than 40 μm are located deeper and do 
not touch the mineral section (Fig. 6A). Nevertheless, the particles’ 
energy is not modified in vacuum, meaning that the dose received in the 
first micrometres of beta-carotene is the same, whatever the grain size. 
Moreover, as stated above, only the first 2 μm of beta-carotene is 

analysed by Raman spectroscopy and, due to the large depth of field of 
the RAMSESS 2 system, the Raman signal intensity is not modified by the 
distance between the mineral and the beta-carotene layer. It is thus 
possible to associate the Raman signal collected from beta-carotene with 
the dose calculated for the first 2 μm.

Finally, it is shown that for a flux of 3.1010 prot.cm− 2.s− 1, the dose 
rates in the first 2 μm of beta-carotene are of 1220, 1235 and 895 Gray. 
s− 1, under the calcite, quartz and gypsum thin sections respectively.

To correlate the decrease in the Raman signal-to-noise ratio of beta- 
carotene observed in Fig. 5 with the dose, the Raman intensity of the 
peak at 1515 cm− 1 was divided by the noise calculated on the 
1700–1800 cm− 1 part of the Raman signal (i.e., a part without Raman 
bands). This noise corresponds to the standard deviation of the intensity, 
after removing of the base line. Finally, using Table 2, it is possible to 
compare the experimental dose to that on Mars, and to display the 
change in the signal-to-noise ratio of beta-carotene with depth after 3.5 
GaME, or with time at a given depth (10 cm for example), as displayed in 
Fig. 7.

The signal to noise ratio of beta-carotene decreases with increasing 
irradiation dose; it is reduced of up to 86 %, 89 % and 80 % for calcite, 
quartz and gypsum respectively. This decrease is a combination of the 
decrease in the Raman signal of beta-carotene (Fig. 5) and the increase 
of the noise (Fig. 4). It is important to note that, even before irradiation, 
the signal to noise ratio varies from one mineral to another since they are 
more or less transparent to the laser. Unlike halite, measurements on 
quartz, calcite, and gypsum crystals (personal data not shown here) have 
shown that their laser absorption properties are not significantly altered 
by irradiation.

The results demonstrate that the signal of beta-carotene on Mars at 
10 cm depth would rapidly decrease in the first 500 million years (Mars 
equivalent), but would be still detectable after 1.5 GaMA. More inter
estingly, even after 3.5 GaMA of Martian irradiation, the signal would 
remain very high below 1 m and would be almost unaltered below 1.5 m 
(Figs. 5 and 7). These results are very encouraging in the context of 
current and future missions dedicated to the search of traces of life on 
Mars. Indeed, this means that the ExoMars drill could potentially detect 
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well-preserved pigments at depths up to 2 m, which would constitute 
indisputable proof of extraterrestrial life. It is, nevertheless, important to 
note that the results of these experiments, and the model used, rely on 
numerous approximations. In particular, complementary experiments 
must be carried out with other types of particles (e.g., heavy ions) and 

different energies, in order to evaluate the effect of these parameters on 
the degradation of the molecules.

Finally, the proposed sample preparation protocol, consisting of 
trapping beta-carotene between silicon and a thin mineral layer, proves 
to be very relevant and efficient. A specific sample container based on 
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this architecture is currently under study for the irradiation of a wide 
variety of other molecules.

6. Conclusion

Using an in-house developed device called RAMSESS 2, we were able 
to follow the alteration of beta-carotene under proton irradiation, in situ 
within the irradiation chamber. A specific sample preparation protocol 
has been designed allowing to accurately link the Raman signal and the 
dose. Then, using existing models, we evaluated the equivalent dose 
delivered in the first meters of Martian regolith over several billion 
years. Finally, we correlated the change in the signal-to-noise ratio of 
beta-carotene with the depth and/or the equivalent age on Mars, and 
showed that this pigment could theoretically be detected at Oxya Pla
num, in the drill cores that will be collected during the future ExoMars 
mission.

Similar experiments will be carried out to assess the effects of radi
ation on other types of samples and biomolecules. In addition, they will 
be supplemented by other irradiation experiments, using other particles, 
the alteration of matter under irradiation depending both on the dose 
and on the mass of the incident particles.
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ing, Investigation. Aurélien Canizarès: Writing – review & editing, 
Methodology, Investigation, Conceptualization. Rebecca Martellotti: 
Writing – review & editing, Investigation, Formal analysis. Jean-Pierre 
P. de Vera: Writing – review & editing, Investigation. Thierry Sauvage: 
Writing – review & editing, Validation, Methodology, Formal analysis, 
Conceptualization. Paul Sigot: Visualization, Resources, Conceptuali
zation. Olivier Wendling: Resources, Investigation, Conceptualization. 
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Quantin-Nataf, C., Brown, A.J., Le Mouélic, S., Yingst, R.A., Bell, J.F., Beyssac, O., 
Bosak, T., Calef, F., Ehlmann, B.L., Farley, K.A., Grotzinger, J.P., Hickman-Lewis, K., 
Holm-Alwmark, S., Kah, L.C., Martinez-Frias, J., McLennan, S.M., Maurice, S., 
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of energetic particle hazards during prospective manned missions to Mars. Planet. 
Space Sci. 63–64, 123–132.
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Gaboyer, F., Campbell, K.A., Bréhéret, J.G., Gautret, P., Cockell, C.S., 2015. 
Biosignatures on Mars: what, where, and how? Implications for the search for 
Martian life. Astrobiology 15 (11), 998–1029.

Westall, F., Hickman-Lewis, K., Hinman, N., Gautret, P., Campbell, K.A., Bréhéret, J.G., 
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