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Abstract

Raman spectroscopy is an analytical technique of choice for Earth and planetary sciences, which was recently selected as part
of robotic exploration missions on Mars. Indeed, several miniaturized Raman spectrometers have been included into the
scientific payload of rovers for the remote surface exploration of Mars: SuperCam and Scanning Habitable Environments with
Raman and Luminescence for Organics and Chemicals (SHERLOC) for the NASA Mars 2020 mission and the Raman laser
spectrometer (RLS) for the European Space Agency’s (ESA) ExoMars mission. In preparation for these missions, a number of
Mars analogue biogeological samples retrieved on Earth are extensively interrogated using Raman spectrometers, including
flight prototype instruments but not only. Some studies also used flight representative portable instruments, as well as
benchtop instruments. Commonly, authors reported the excitation laser wavelength and its power but often omitted the laser
spot size on the sample which is a key factor for comparing several studies in term of spectrometer capabilities. In this study,
we reported an easy, fast and universal experimental approach for determining the effective laser spot size, defined as the
diameter of the sample section which is effectively probed by the Raman spectrometer during the analyses. Here, we
characterized the effective laser spot size for a benchtop micro-Raman system and two different portable spectrometers, using
a standard silicon wafer and gypsum powders with various average grain sizes. The dependence of the laser spot size with the
grain size of the samples is discussed with regards to qualitative and quantitative analyses of solid dispersions in the scope of
remote planetary missions.
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Introduction

Miniaturized Raman instruments are constantly being developed for many different applications in the fields of
geology, art, archaeology, forensic sciences, biomedical sciences and space sciences.™ Indeed, Raman spectroscopy offers
many reasons to be considered for analytical investigations: it provides molecular information about a sample, typical
recording times are in the range between 1 s to a few minutes, analysis can be performed through a transparent container or
protective film, often in a non-destructive way. Raman spectroscopy can even be performed using a remote illumination
system linked to the spectrometer via optical fibers. In addition, miniaturized Raman spectrometers have the ability to
interrogate inorganic, organic as well as biological materials. Certainly, it is because of these advantages that Raman
spectroscopy instruments have been proposed for a number of recent planetary missions, especially on Mars. The NASA Mars
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2020 mission includes two miniaturized Raman instruments (one using a 532 nm excitation source and one using a 249 nm
excitation source) to study the surface of Mars. The ESA’s ExoMars mission also includes a Raman laser spectrometer (RLS) as
part of the Rosalind Franklin payload suite of analytical instruments to conduct analyses of the planetary surface and
subsurface.’ The scientific aims of the Raman instruments on board of both missions are to investigate the planet’s habitability
by studying the mineralogy of the surface and subsurface and to search for organic compounds that could represent evidence
for past or surviving forms of life.5” Despite clear advantages, the Raman spectroscopy technique also suffers from some
specific limitations, mainly because Raman scattering is a relatively weak physical effect that requires high-intensity,
monochromatic light sources (e.g., lasers). Another issue is that the Raman spectra can be affected by various interfering
signals, either coming from the sample itself (e.g., luminescence) or from the outer environment (e.g., ambient light or cosmic
rays). The quality of the Raman spectra obtained is therefore dependent on both the specific nature of the sample under
investigation and the design and operation of the instrument.

When designing, optimizing and commissioning particular instrument concepts for remote exploration missions (either
in space or in area on Earth inaccessible to human), comprehensive testing is critical and are often performed using either
natural or synthesized samples similar to those that will be ultimately studied with the specific instrument. This is especially
true for space applications where it will be difficult (or impossible) to modify the design/operation of the instrument after
launch. For example, in preparation for the exploration missions of Mars, analogue samples (samples found in extreme
terrestrial environments that replicate the severe conditions expected on Mars) are thoroughly investigated using flight
representative Raman spectrometers. Typical analog samples for those missions include (but are not restricted to) meteorites,
stromatolite, regolith, halite, hydrated sulfates and iron (oxy) hydroxides, desert varnish, basalt and volcanic rocks, shale and
mudstone, sandstone, and fossilized sedimentary rocks, often containing epilithic or endolithic colonisations.®2! These studies
have demonstrated that Raman instruments are indeed excellent for the detection of various geomarkers and biomarkers, in
particular those associated with microorganisms able to survive in extreme habitats. However, a direct comparison of the
studies (in terms of spectral performance) is not straightforward since various excitation wavelengths (from ultraviolet to near
infrared) were used, with a range of various Raman instrument configurations and operating parameters utilized (i.e., laser
spot sizes, or footprint, laser power levels and sampling techniques/exposure times).

The Raman instruments used for planetary studies and astrobiology can be classified into two categories of
instrumentation: benchtop and portable. Benchtop Raman instruments are designed for laboratory use and are therefore not
intended to be moved from one site to another. Their developments are mainly governed by spectroscopic efficiency such as
high spectral resolution, high signal to noise ratio and fine spatial resolution (most benchtop Raman instruments are actually
coupled to microscopes enabling to achieve micrometric illumination of the sample). Consequently, these instruments are
often voluminous and relatively heavy. Contrarily, portable Raman spectrometers (including handheld instruments) are
designed to be readily transported from one location to another and enable field experiments.2* These portable
spectrometers are conceived to be light, so that they can be carried by a single person or a robot, and stable. They do not
require any optical adjustment prior to operation (the excitation laser is incorporated inside the instrument, and each optical
element is firmly fixed in place). However, the weight and size limitations influence the overall instrument performance,
especially in term of spectral and spatial resolution (typically around 10 cm™ and ranging between 50 and 100 pm,
respectively). As discussed by Vandenabeele et al.,?? the limit of detection will be dependent upon experimental factors
dictated by the design of the Raman instrument (including the laser power on the sample, the sample illumination optics, the
observation geometry and the detector sensitivity) altogether with sample factors (sample composition, homogeneity, and
the nature of the geological matrix, potentially fluorescent). Among other parameters, the laser spot size, defined as the
laser’s footprint on the sample in the instrument’s focal plane, which sets the lower limit of spatial resolution, significantly
affects the signal intensity and analytical performance, yet its impact is often overlooked. Indeed, the Raman intensity is
directly proportional to the laser power density (also known as the irradiance) received by the sample.?® Because the sample
illumination systems are different for micro-benchtop (often operating with microscope objectives) and portable (operating
with focusing lenses) instruments, the laser footprint is expected to be quite different (actually larger with portable
instrument compared to micro-benchtop instrument), so is the Raman intensity observed with a given laser power. However,
the laser spot size is not always known for a particular instrument, and most reported values are provided by the manufacturer
of the instrument or theoretically predicted by Gaussian beam optics and formulae of focusing lenses.?>?* Reporting the laser
footprint as measured with specific instrument and optics would be a better approach.

Nowadays, two-dimensional (2D) cameras can directly image the laser footprint as delivered by a Raman
spectrometer,?®> but not every laboratory is equipped with that equipment, and the estimated laser footprint is only
representative of the laser footprint expected on a hard-flat surface of a homogeneous sample. In addition, many techniques
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have been proposed in the literature to measure the diameter of a collimated laser beam. The general idea is to block partly
and progressively the beam in a transect direction to the propagation axis. The laser beam diameter can be obtained from
the slit scan technique,?®72% or the pinhole technique,?”:?*>3° when an aperture smaller than the spot size is used. The knife-
edge technique (also referred to as scanning knife or edge-scan technique) is a fast and an inexpensive technique recognized
as a standard method to determine the width of the laser beam.313* The knife-edge technique consists in occluding
progressively the beam with a sharp edge mask following a transect direction to the beam propagation and recording the
integrated signal of the nonoccluded section of the beam. Since the intensity transect profile of most laser beams follow a 2D
Gaussian profile G (x,y) the cross-section profile of the laser beam intensity in the focal plane is represented in Figure 1a,
assuming a symmetric profile in the directions x and y (orthogonal to the propagation direction of the laser beam). The
intensity of the laser beam is given by Eq. 1, where Gois the maximum of intensity at the coordinate (xo, yo), and w is the radius
at which the intensity drops to 1/e of its maximum value. That beam waist can be typically reported as the distance to the
center for which the intensity is 1/e of its maximum (radius w) or as the distance to the center for which the intensity is 1/e?
of its maximum (radius w’). The two values only differ by a factor V2. These parameters can be used to determine the beam
diameter (expressed as 2 w or 2w’ and represented in Figure 1b). Other practical descriptions of the beam size can involve
the full width at half-maximum (FWHM) or the full width at tenth of maximum (FWTM). The FWHM corresponds to the
diameter for which the laser intensity drops to Go/2, while the FWTM corresponds to the diameter for which the laser intensity
drops to Go/10.
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Figure 1: Intensity profile of a laser beam. (a) The focal plan cross-section showing a symmetric 2-dimensional Gaussian profile.
(b) Beam width represented using two definitions: 2w and 2w’. The w is the radius for which the intensity drops to 1/e from the
maximum, while w’ is the radius for which the intensity drops to 1/e? from the maximum.

The aforementioned techniques have proven very effective in estimating the laser footprint delivered by an optical
instrument, including Raman instruments.>>3¢ However, no simple experimental method has been proposed so far, and to the
best of our knowledge, to evaluate the effective spot size considering the granulometry of a solid sample. Since powders are
analyzed in many remote applications of Raman spectroscopy (robotic planetary exploration Raman spectrometers will, for
instance, interrogate rock powders and soils), determining the effective laser spot size to apprehend its influence on both
qualitative and quantitative applications is important.

In the frame of this work, the effective spot size is defined as the laser footprint on the sample from which the Raman
signal is collected when performing a Raman analysis. We propose here to apply the knife-edge experimental technique on a
flat silicon wafer to determine the effective laser spot size of various spectrometer, including two portable instruments
operating at two different wavelengths (532 nm and 785 nm) and a benchtop micro-spectrometer operating at 532 nm with
two different objective lenses. Then we applied the technique on powder samples to discuss how diffusing granular materials
tend to increase the laser footprint, using the benchtop and the portable Raman system at 532 nm. In particular, different
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grain size fractions of gypsum (10-50 um, 50—100 um, and 100-150 um) were analyzed to determine how the effective spot
size is influenced by the particle size. Finally, these dispersions were also employed to assess the influence of the grain size
on the Raman intensities measured directly for either powders of pure gypsum or gypsum powders spiked with L-cysteine.

Experimental Materials and Methods

A single crystal (100) silicon wafer (0.8 mm in thickness) with a sharp edge was employed for estimating the laser
footprint on a hard and flat sample by the knife-edge method. Polished silicon wafer with orientation (100) is considered a
common reference material for Raman spectroscopy, and produces a sharp, well defined, and stable band at 520.5 cm™,
corresponding to the triply degenerate first order optical phonons in the On point group of a diamond-type lattice.3” Raman
spectra were recorded across the sharp edge of the silicon wafer directly placed in the focal plane of the instrument.

Gypsum (dihydrated calcium sulfate) powders, with grains of increasing averaged size, were also employed to evaluate
the effect of granulometry on the effective laser spot size as determined by the proposed experimental method. A crystalline
gypsum specimen (hand-picked from Carresse, France) was crushed in an agate mortar and separated in three fractions with
different granulometry using test sieves (mesh sizes: 50—100-150 um). Gypsum powders with a particle size between 10-50,
50-100, and 100-150 um were collected for Raman analyses. The powders were poured and flattened with a spatula into
wells carved in a block of aluminium presenting no specific Raman signal. In this study, the strong and characteristic Raman
band of gypsum at 1008 cm™ (SO% stretching) was followed across the sharp edge formed at the interface of the gypsum
powder and the edge of the aluminium sample holder.

Besides pure gypsum matrices, binary mixtures were also prepared by spiking L-cysteine (Merck 2838, purity 99%) at
10 wt% into each of the gypsum fraction (10-50, 50—-100, and 100-150 um). These types of binary mixtures have been studied
previously for analytical spectroscopic developments in a context of planetary sciences missions.3®3° [-Cysteine displays a
strong and characteristic Raman band at 2545 cm™ (S—H stretching).

Since the Raman signal intensity is proportional to the laser intensity, which follows a 2D Gaussian profile, the
integrated signal G (normalized to the full integrated signal) from a material (e.g., silicon or gypsum) as a function of the sharp
edge position in the instrument focal plane is given by Eq. 2, in which Erf is the error function. With the knife-edge procedure
proposed here, when the laser footprint does not overlap any part of the Raman active material in the focal plane, no Raman
signal is recorded. This corresponds to the situation where the laser beam is entirely blocked in the classical knife-edge
technique. When the laser overlaps entirely with the material surface, the Raman intensity is maximized, corresponding to
the situation where the beam is not blocked in the classical knife-edge situation. Finally, when the laser spot overlaps partially
with the sharp edge of the Raman active material, the Raman intensity is proportional to the laser intensity that reaches the
sample. By analogy with the classical knife-edge method, this corresponds to the situation where the beam is partially blocked.
During measurements, the laser was first focused on top of the sample surface in order to maximize the signal (when the
footprint overlaps entirely with the sample), then the sample was moved progressively to scan the sample across the sharp
edge (silicon wafer sharp edge or the aluminium powder interface depending on the sample). An example of the Raman signal
evolution with a silicon sharp edge position is illustrated in Figure 2a. The error function in Eq. 2 is not an analytical function
easy to use for fitting data, but de Arauljo et al. demonstrated that it can be evaluated using the much simpler Eq. 3, where x’
is given by Eq. 4, a1being equal to —1.597106847 and a: being equal to —7.0924013 x 107234 The beam waist w, defined as the
beam radius from the center to the distance where the intensity falls down 1/e of its maximum value, is often used to report
the dimensions of a focused laser beam.404

Gy = % (1 + Erf (x ;x0)> (2)
~ 1
Gy =7 ; 3 (3)
+ exp(a;x’ +a,x'3)
;L V2 (x - Xo)
=—— 4)

Intensity profiles were established by reporting the Raman intensity as a function of the sample sharp edge position
(see example shown in Figure 2b). Afterwards, the profiles are fitted with Eq. 5 (directly derived from Eq. 3), where lx is the
normalized Raman intensity of the material, lois the normalized intensity when no Raman signal was detected (spectral
background), Imaxis the maximum normalized Raman intensity of the material, a1 equals —1.597106847, a; equals —7.0924013



x 1072, and w is the radius at which the normalized Raman intensity drops to 1/e. lo takes into account that the noise is
measured.
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Figure 2: Evolution of the normalised Raman intensity for spectra recorded on top the silicon wafer as a function of the silicon

sharp edge position. (a) Evolution of the Raman signal at 520.5 cm™ in the spectra of silicon, recorded with the Raman Inspector

spectrometer after baseline correction and normalisation of intensity. (b) Intensity profile of the silicon dataset fitted with the
Eq. 5.

Raman Spectroscopy

In order to determine the effective laser footprint of a Raman instrument with the knife-edge method, a line scanning
is applied perpendicularly to the sharp edge of the sample with spectra recorded at regular intervals. The Raman intensity
profiles were constructed following the maximum height of the Raman band of interest (i.e., at 520.5 cm™ for silicon, at 1008
cm™ for gypsum, and at 2545 cm™ for L-cysteine), on the baseline-corrected spectra (using a Savitzky—Golay polynomial
fitting). All Raman profiles were performed in replicates (n > 3) per sample using three different Raman instruments: two
commercial portable instruments manufactured by DeltaNu and a benchtop instrument manufactured by Horiba. The
operating parameters of the portable spectrometers were similar to the flight operating modes of instruments designed for
exploration missions on Mars.*?

The first instrument was a handheld portable Raman Inspector (DeltaNu), operating a 785 nm excitation wavelength
(able to irradiate the sample with a maximum power of 120 mW) and a thermoelectrically cooled charge-coupled device (CCD)
detector. Data were obtained across the 200— 2000cm~* wavenumber offset range with a spectral resolution of ~8 cm™. The
second instrument was a Raman Advantage 532 spectrometer (DeltaNu), interfaced with a 532 nm excitation wavelength
(Coherent DPSS 532 laser able to irradiate the sample with a maximum power of 10 mW) and a thermoelectrically cooled
CCD detector. Data were obtained across the 200-3400 cm™' wavenumber offset range with a spectral resolution of ~10 cm™~
1. A manual x,y translational stage (Thorlabs LX20/M) was used to move the sharp edge of the sample under each portable
instrument for recording a Raman spectrum every 10 um. Additionally, Raman mapping was performed on the powder
samples to assess the influence of the grain size on the Raman signal intensity. A square grid pattern of 17 x 17 point-analysis,
separated by a distance of 250 um, was recorded on the sample surface to characterize the variation of the Raman intensity
due to the surface roughness conferred by the stacking of grains in the solid dispersions. The third instrument was a LabRam
300 spectrometer (Horiba), interfaced with a 532.3 nm excitation wavelength (Cobolt Samba 532 DPSS laser, able to irradiate
the sample with a maximum power of 150 mW) and a thermoelectrically cooled CCD detector Andor iDus DU401-BRDD. The
spectrometer is coupled to an Olympus BX40 microscope equipped with an x,y computerized mobile stage (Marzhauser
Wetzlar SCANplus 75 x 50). Two objective lenses were used in this study, a 10 x objective, Edmund Microplan DIN 10 and
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numerical aperture (NA) 0.25, with a focal distance of ~15 mm and an achromatic lens (NA: 0.18) with a focal distance of 50
mm. Raman spectra were recorded every 1 um across the 200-2000 cm~ wavenumber offset range with a spectral resolution
of ~3 cm™ (grating 1800 lines/mm) using the 10x objective, and every 10 um, across the 100-4000 cm~ wavenumber offset
range with a resolution of ~10 cm™ (grating 1200 lines/mm) using the achromatic lens.

Results and Discussion

Effective Laser Footprint on Silicon Wafer

The application of the knife-edge technique on a silicon wafer using the various spectrometers typically resulted in
intensity profiles such as the profile presented in Figure 3a. The fitting of the data with Eq. 5 enabled to determine the radius
of the beam when the intensity falls to 1/e of its maximum value, w. In a few cases, the intensity measured at the sharp edge
position was observed to be higher than the intensity measured on top of the silicon wafer, resulting in a profile similar to the
profile in Figure 3b. This kind of profiles were observed when the edge at the location of the transect scan was actually not
sharp enough. A microscopic pitch in the silicon wafer could be the origin of this deviation effect. However, data were still
fitted successfully with Eq. 5 if outliers (hollow circles in Figure 3b) are discarded for the fitting.
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Figure 3: Fitting of intensity profiles for data obtained on silicon wafer, by Eq. 5. (a) Typical example of profile observed, along
with the reported fitting parameters, for an experiment conducted with the Advantage 532 spectrometer. (b) Example of profile
displaying sharp-edge distortions, along with the reported fitting parameters for an experiment conducted with the Inspector
spectrometer. The fitting parameters are indicated with their associated standard error.

The values of the effective beam radius, w, are summarized in Table I. An increase of w, and thus of the beam diameter
2w (2w = 2V2w) is clearly observed when replacing the 10x objective by the achromatic lens operated with the benchtop
instrument, from a 2w’ value of 7.6 um to37 um, respectively. The portable (Advantage) and handheld (Inspector)
spectrometers give a 2w’ value of 57 um and 90 um, respectively. Because these two instruments operate through long focal
lenses, higher effective laser spot diameters were measured. Also, for the Raman Inspector instrument, the effective laser
spot diameter reflects that the instrument is operating a 785 nm laser beam, which is initially larger than the 532 nm laser
interfaced with the other instruments compared in this study.



Table 1. Summary of the laser beam parameter ® measured using 3 Raman instruments and a piece of silicon wafer with a
sharp edge. o is the radius from the centre of the laser spot at which the intensity drops to 1/e of the maximum intensity. The
values for the individual experiments are reported with their standard errors and the mean ® are reported with their standard
deviation.

Experiments on Si wafer

Instruments (constructor) Laser 1) ?) 3) Mean
Raman Inspector (DeltaNu) 785 ® (um) 32+3 34+4 29+3 32+£3
20’ (um) 91+8 96+ 11 82+8 90 +7
Advantage (DeltaNu) 532 ® (um) 202 21+£2 19+£3 201
20’ (um) 57+6 59+6 54+8 57+3
LabRam 300 (Horiba) Lens 532 ® (um) 13+£2 13+£2 13+£2 13+£0.1
20’ (um) 37+6 37+6 37+6 37+0.2
10x objective 532 ®(um) 2.1+0.2 2.6+0.2 34+£04 2.7+0.7
20’ (pm)  5.9+0.6 7.4+0.6 9.6=+1.1 7.6+2

Effective Laser Footprint on Solid Powders as a Function of the Grain Size

The knife-edge technique was applied on gypsum powders constituted of grains with different sizes using the
benchtop spectrometer (operating with the lens) and the Advantage 532 spectrometer. Typical Raman intensity profiles
obtained for the powders are presented in Figure 4a. As opposed to the profiles obtained for silicon wafer, the Raman
intensity in the plateau is not constant. In the plateau, the Raman intensity observed for the solid powders varies in response
to the variation of the amount of gypsum in the depth of field due to the grains staked up in the aluminium support. Because
that fluctuation can influence the fitting of the data, the fitting was performed on the mean profiles obtained from three
different measurement series, as shown as the dotted line in Figure 4a. The normalized mean profiles were fitted with Eq. 5,
as presented in Figure 4b to extract the w values that are compiled in Table Il
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Figure 4: Intensity profiles for data obtained on gypsum dispersions. (a) Absolute intensities for 3 experiments of knife-edge on
the gypsum powder fraction 100-150 um using the benchtop spectrometer. The mean dataset from the 3 series is highlighted
by a dotted line. (b) Fitting of intensity profile for the mean dataset, along with the reported fitting parameters. The fitting
parameters are indicated with their associated standard error.

Compared to the previous situation where the effective laser spot size was determined on a flat isotropic silicon wafer,
the values for w determined on the flat surface of solid powders were statistically larger. Indeed, the effective beam diameter
(2w’) on gypsum powders is almost twice the diameter observed on silicon wafer. For example, the laser footprint of the
Advantage 532 spectrometer increased from- 57 um (silicon) to >100 um (gypsum powders), whereas the footprint from the
benchtop system equipped with the lens increased from 37 pum (silicon) to >50 um (gypsum powders). Also, as indicated in
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Table IlI, the effective beam diameter is influenced by the grain size. A decrease in 2w’ is observed when the grain size
increases in the range between 10 and 150 pum. The most significant difference concerns the Advantage spectrometer, with
an apparent spot of 122 um for the finer grain size and a spot of 105 um for the coarser grains size. The increase of the
effective laser spot size observed for the gypsum powders compared to the effective laser spot size observed on silicon can
be linked to both the nature and the physical state of the samples. Indeed, silicon is an isotropic absorbent solid material that
does not allow the elastic laser scattering inside the solid material. In the other hand, the gypsum powders are constituted
of transparent anisotropic grains that can elastically scatter the laser light inside the grainy solid material, leading to an
apparent larger laser spot size from which the Raman signal is scattered (far-field molecular inelastic scattering). Multiple
reflections occur at the grain boundary, which can also contribute to the enlargement of the apparent spot size observed
with fine-grained gypsum powder compared to the coarse grains. These values of the effective laser spot size are consistent
with previous general discussion reporting that the effective laser diameters are increased when analyzing powdered rocks
and soils.*®

Effect of the Grain Size on the Raman Intensity of Powders

The variation of the Raman intensity typically observed at 1008 cm™ using the Advantage 532 spectrometer at the
surface of the three fractions of gypsum powder is presented in Figure 5. Each dataset corresponds to 289 Raman spectra
recorded on the top of the powder surface. The mean Raman intensity observed for each fraction seems to decrease as the
average size of the grain increases: the mean Raman intensities for gypsum are 7500 + 800, 6000 + 1000, and 5000 + 1000,
respectively for the fractions with a grain size in the ranges 10-50 um, 50-100 um, and 100— 150 um (Table Il1).
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Figure 5: Raman mapping of gypsum dispersions having a grain size distribution of 10-50 um (a), 50-100 um (b) and 100-150
pum (c) using the Advantage 532 spectrometer. The mean intensity (/) and the standard deviation for the values of gypsum
(i=289) are reported for each mapping.

Table 3. Absolute Raman intensities for dispersions of gypsum blanks having different average grain sizes using the
Advantage 532 spectrometer. Absolute intensities from gypsum (/g,,) are reported from mapping (=289) in triplicates. All
the values of intensity are reported with their standard deviation.

Raman intensity values + SD obtained for 3

Grain Size replicates on bulk gypsum powders Mean + SD
(1) (2) 3)

10—-50 (um) Ioyp 7500 + 800 7200 + 900 7200 + 800 7300 + 200

50— 100 (um) Ioyp 6500 = 1000 6800 = 1000 6800 = 1000 6700 £ 200

100 — 150 (um) ey 5300 += 1000 5500 + 1000 5500 + 1000 5400 £+ 100

With a constant laser power delivered to the sample surface, the decrease of intensity seems to be correlated with the
decrease of the apparent spot size (Table Il). When the gypsum powders are spiked with L-cysteine at a concentration of 10
wt%, the average Raman signal observed for the L-cysteine also decreases as the gypsum matrix particle size increases (Table
V).



Table 4. Raman intensities evaluated from binary mixtures of gypsum spiked with L-cysteine at 10 wt% using the
Advantage 532 spectrometer. Absolute intensities from gypsum (/gy,), and cysteine (Icys), are reported from mapping
(i=289) in triplicates. All the values of intensity are reported with their standard deviation.

Raman intensity values = SD obtained for 3

Grain size replicates on binary mixtures Mean = SD
1) 2) 3)

10 —50 (um) gy 7400 £ 1100 7400 £ 1100 7100 + 1000 7300 £+ 200
Lcys 830 + 200 820 +200 800 £+ 200 820+ 20

50-100 (um) Igyp 6800 + 1300 6500 £ 1300 6700 + 1300 6700 £ 200
Lcys 830 + 200 790 £+ 200 820 + 200 810 +20

100 — 150 (um) Iy 5900 + 1400 5200 + 1300 5200 + 1200 5400 + 400
Icys 700 £+ 100 600 £+ 100 600 £+ 200 660 £ 50

In order to compare Raman signal intensities in different studies, it is important to understand the factors that
determine the Raman intensity. The Raman signal magnitude is generally addressed in two parts: one aspect is linked to the
scattering intensity and the other linked to the collection and detection of scattered light.?>?4%4 The variables determining the
scattering intensity include the laser irradiance (or power density), the Raman cross-section of the analyte and the sampled
volume (related to the number of scatterers interrogated during the experiment). The collection optics and spectrograph also
influence the Raman intensity by determining the fraction of the scattered light detected by the detector. The main
parameters for describing the light collection optic efficiency are the NA and the f-number (f/#).

The irradiance, or laser power per surface unit (expressed in W/m? or W/cm?) is a critical parameter for the Raman
scattering intensity. Increasing the laser irradiance generally increases the Raman signal strength, up to a limit of sample
radiation damage. Furthermore, the irradiance is directly related to the laser spot size on the sample.3®For a given laser power,
a smaller laser spot size leads to a higher irradiance, and vice-versa. Therefore, the effective laser spot size, defined here as
the diameter of the laser footprint on the sample from which a Raman signal is detected with a given instrument, is an
operating parameter that should be reported alongside with the laser power delivered on the sample when publishing Raman
studies. This is especially important in the field of astrobiology where, in preparation for the future exploration missions of
Mars, analog biogeological samples are thoroughly interrogated using various Raman instruments, from benchtop
instruments (often offering a high spatial resolution, i.e., small spot size) to portable instruments (closer to miniaturized
spectrometer for planetary exploration, but offering a lower spatial resolution, i.e., large spot size). In many published works,
it is quite common to reference the laser power (most commonly the laser output power and not the laser power on the
sample) at which the data were acquired. However, the laser power alone does not allow a comparison of the data obtained
for similar samples with different instruments.

The knife-edge technique offers a straightforward method to determine the effective laser spot size across various
Raman instruments, whether portable or benchtop microspectrometers. While the fitting procedure described here provides
the beam radius at 1/e of its maximum intensity (w), we recommend expressing the spot size as the beam diameter at 1/e?
(~13.5%) of maximum intensity (2w’). Indeed, for Raman applications, a molecule at 2w’ from the beam center (thus receiving
only 13.5% of the incident laser intensity received by another molecule at the center of the laser spot) can still contribute to
the Raman spectrum, especially if the Raman cross-section of that molecule is high, such as resonant molecules (e.g.,
carotenoids).

The ability to determine the laser spot size of a given instrument is important for addressing specific research
applications, especially when different focusing and collection optical accessories can be mounted on the Raman system. This
consideration becomes particularly critical in the context of planetary exploration and astrobiology, where the laser spot size
directly influences how effectively Raman spectroscopy can target and detect organic signatures embedded within mineral
matrices during the investigation of biogeological samples. A small spot size provides a high spatial resolution and enables
probing very specific micrometric areas on samples, with high irradiance, facilitating intense signal collection. Assuming no
laser-induced thermal sample degradation, this Raman sampling is advantageous for characterizing planetary analogue
samples, often presenting microdomains where biomarkers or carbonaceous matter (e.g., microbial patches or laminations)
can be observed on top of (or included in) a bulk rock.

Conversely, a larger spot size provides a lower spatial resolution by illuminating the sample over larger surface areas,
potentially encompassing both the organic targets and surrounding mineral matrix. In cases where the organic microdomain
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is smaller than the laser spot, this dilution effect and reduced irradiance on the sample could significantly weaken the Raman
signal of the organic analytes and compromise their detectability. However, for solid dispersions where the analyte is
homogeneously dispersed in powdered rocks at low concentration, performing Raman measurements using a larger laser
footprint is more advantageous than with a smaller laser spot. Even though a larger spot size results in lower irradiance
(comparing instruments with identical laser power), the increased number of excited scatterers contributes to a higher Raman
signal gain. This gain is even more important because the scattered light comes from the volume of the sample (effective
sampling volume), not just its surface area (spot size). The sampling volume varies with the sample properties (e.g., clear or
optically dense materials) and spectrometer properties, such as the depth of focus.?® Thus, optimizing the Raman detectability
involves a trade-off between several instrumental parameters, which must be tailored to the structural (i.e., bulk or powder
rocks) and compositional characteristics (e.g., transparent or absorbing materials) of the sample under investigation. In
optically clear materials such as gypsum, Raman spectrometers with low NAs and large spot sizes can probe depths of several
hundred micrometers to a few millimeters, enhancing the likelihood of detecting analytes within the volume. An example of
guantitative performances attainable for the Advantage 532 spectrometer applied on various mineral powder dispersions
relevant to Mars spiked with organics can be found in Demaret et al.3°

Finally, we demonstrated experimentally that the grainy structure of a powdered sample can significantly increase the
effective spot size: 2w’ was approximately two times larger with gypsum grains (particle sizes ranging between 10 and 150
pum) than the effective spot size measured on the silicon wafer. The result is of most importance since the ExoMars sample
preparation and delivery system (SPDS) will crush selected geological samples on Mars before interrogating them with the
Raman laser spectrometer. When reporting the Raman detection of bio- and geomarkers in the scope of planetary missions,
we therefore recommend to report data obtained for both crushed and uncrushed samples.

In the present study, we observed that both the effective laser footprint and the detected Raman intensity tend to
increase as the average size of the grains decreases. This trend is likely due to enhanced diffuse reflectance, which allows the
laser beam to interact with a greater number of Raman-active molecules.*® However, this observation contrasts with
theoretical predictions based on the Kubelka—Munk model and some experimental studies, which suggest that Raman
intensity should increase with increasing grain size.*®*” This discrepancy appears to be strongly influenced by the optical
configuration of the Raman systems, particularly the illumination and collection geometry. Specifically, a decrease in Raman
intensity is typically observed for dispersions with smaller grain sizes when using micro-Raman systems with small laser
footprints (e.g.,<5 um).**>%n contrast, instruments with larger laser footprints (e.g.,>100 pm) often lead to increased Raman
intensity as the grain size decreases.*>*! Recent studies have shown that both trends can coexist within a single system when
a broad range of grain sizes is tested using portable or handheld Raman instruments.>>=° In these cases, Raman intensity
typically increases with decreasing grain size up to a certain point, after which it declines again. This suggests that intermediate
grain sizes may offer optimal measurement conditions, likely due to improved packing density (i.e., reduced porosity) and
minimized surface effects such as grain boundary scattering or surface defects. While our datasets include a limited range of
grain size fractions, preventing a full assessment of the influence of particle packing or surface characteristics on the Raman
signal intensity, our results nonetheless indicate that light collection efficiency plays a critical role. As the laser spot enlarges
due to the grain size effect, the collection optics of our Raman system are able to gather more scattered photons, resulting in
a net increase in Raman intensity. Future studies using miniaturized Raman systems and various (organo-)mineral dispersions
are needed to further elucidate the relationship between analytical performance, detection limits, and grain size effects,
particularly in the context of planetary exploration missions. This includes upcoming deployments such as the ExoMars 2028
mission, where the RLS instrument will analyze crushed core sample material.

Conclusion

The knife-edge technique, which is an experimental scanning measurement method for evaluating the laser beam radii
(hence the laser beam diameter), was successfully employed with various Raman spectrometers. The knife-edge technique
offers a fast, non-expensive, and practical tool for documenting the effective spot size of Raman systems, especially when
granular solid materials are analyzed. The effective experimental laser footprint of various instruments was determined on
solid samples, either a flat silicon wafer or granular gypsum dispersions. We emphasize that interrogating gypsum powders
led to an important enlargement (a twofold increase) of the laser footprint comparatively to the laser footprint evaluated on
the silicon wafer. We also discussed that characterizing the effective spot size can have important implications for the
outcomes of Raman analyses, either qualitative (ability to discriminate between close particles, i.e., Raman spatial resolution)
or quantitative (number of scattered Raman photons collected, i.e., Raman intensity), as indicated by the variation of Raman
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intensity observed with the grain size of various gypsum powders. Measuring the effective focal spot size can have a significant
impact for comparing Raman data obtained with various instruments, for instance in the context of planetary exploration
where various powdered rocks and soils are analyzed by Raman spectroscopy.
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