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Abstract

The Raman Laser Spectrometer (RLS) is one of three Pasteur Payload instruments located within
the Rover Analytical Laboratory Drawer (ALD), for ESA’s Aurora Exploration Programme,
ExoMars 2020 mission. The instrument will analyse the crushed surface and sub-surface samples
that are positioned below the Raman optical head by the ALD carousel.

The RLS Engineering and Qualification Model (EQM) was delivered to ESA at the end of 2017,
after a wide technical and scientific test characterization campaign. The scientific campaign
comprised instrument calibration and detailed evaluation of the scientific requirements and
overall performance.

For spectral calibration, continuous emission standard lamps (such as Hg-Ar, Ne and Xe) were
utilised, as well as Raman spectra of pure liquids typically used as standards (cyclohexane and
carbon tetrachloride (CCl,)). In addition, Raman spectra of the RLS Calibration Target (CT), a
small disk of Polyethylene Terephthalate (PET) were obtained at various temperatures. This
target, placed inside the rover, will be used for both Instrument health checks and calibration
activities throughout Mars operations.

For the scientific requirements and performance evaluations, several liquid and solid samples
were analysed under a wide range of ambient conditions. The obtained spectral band
parameters (peak position, relative peak intensity, peak width, and peak profile) were evaluated.
Also, the instrument response (in terms of SNR) was characterized at different integration times
and detector operating temperatures.

In this paper, we provide a description of the development, verification, functional test and
overall scientific performance of the Raman Laser Spectrometer (RLS) instrument developed for
ExoMars. Particular attention is placed on the performance of the engineering qualification
model (EQM), which is the most representative instrument, in terms of engineering and
functionality, of the flight model (FM) and in addition is used for performing all the mechanical,
thermal and radiation tests necessary for space qualification (for planetary applications).
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The data presented and analysed here, comprise part of the overall dataset obtained during the
full instrument characterisation campaign conducted at INTA before and during delivery and
integration of the EQM in the rover ALD at TAS-I facilities (Torino, Italy). The results obtained
confirm that the full functionality and scientific performance of the RLS instrument was
maintained after integration.

Key words

ExoMars, Space Instrument, Planetary Exploration, Technological Development, SNR
Optimization

Introduction

ExoMars! is a two component mission with two separate launch dates. The first component
was (ExoMars 2016) launched in 2016 and carried an orbiter with optical instrumentation for
imaging and a system for detecting traces of gas (TGO) plus a demonstrator for entry, descent
and landing on the Mars surface called Schiaparelli.

The second component (ExoMars 2020) to be launched in July 2020 and arriving to Mars at the
beginning of 2021 is a collaborative project between ESA and Roscosmos!Z, the Russian Space
Agency, to deploy a platform plus a rover on the Martian surface, powered by solar panels.
The rover incorporates several scientific instruments (Pasteur Payload)¥, three of which are
located inside an extremely clean container referred to as the analytical laboratory drawer
(ALD).

Figure 1: ExoMars Mission. Credit ESA

The instruments that operate within the ALD are: MicrOmega, an Infrared spectrometer!®, RLS,
a Raman spectrometerl®], and MOMA, a GC-MS (gas chromatographer - mass spectrometer)Z,

In combination, they will address the key science goals of the mission by performing analyses on
samples collected at the surface and up to two meters into the subsurface using a special drill
system. The samples will be crushed into the form of fine powder and distributed using a dosing
station to each instrument for analysis at the mineral grain scale. The mission goals are:

e To search for signs of past and present life on Mars

e To characterize the water/geochemical environment as a function of depth in the
shallow subsurface

e To study the surface environment and identify hazards to future human missions; to
investigate the planet’s subsurface to better understand the evolution and habitability
of Mars.

The RLS instrument for ExoMars was the first Raman spectrometer selected for a rover mission
on Mars and the first one to be fully qualified. The flight model has been delivered to ESA for
integration inside the rover’s ALD.

John Wiley & Sons
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However, ExoMars schedule coincides with that of the NASA Mars 2020 mission in which two
other Raman instruments are being developed. One named SHERLOC which uses deep-UV laser
excitation for observing Raman and fluorescence of samples in near contact model®. The other
(SuperCam) is a sophisticated instrument combining LIBS, Raman, Time Resolved Fluorescence
(TRF), IR and Visible techniques. The instrument works in stand-off mode and the LIBS, Raman
and TRF spectroscopies excited with a pulsed laser are recorded in a triple spectrometer(,

This timely coincidence provides a great opportunity to compare Raman data between different
instruments on different missions at the same time extending the potential and capabilities of
this powerful technique, although only the RLS for ExoMars spectrometer will analyze samples
from beneath the Martian surface (up to 2m depth), enabling the study of materials unaffected
by radiation (i.e. avoiding the potential damage that would otherwise be caused to organics).

The detection of the main bands of silicates (mainly phyllosilicates, including OH bands),
sulphates, carbonates, oxides and hydroxides, among others, will be critical for understanding
geological formation and transformation and also potentially for identifying any traces of
biological processes that may have occurred.

The RLS Instrument

The RLS Instrument consists of three main units:

1. The spectrometer is a transmission spectrograph based on a holographic grating that
disperses the Raman signal onto a 2048 x 512 pixel CCD operating at a cold
temperaturel9,

2. The control and excitation unit includes the DC/DC power converters and the data
processor. This unit also includes the laser with two redundant excitation outputsll,
This sub-system also captures the RLS health parameters, controls the autofocus driver
and performs overall thermal management.

3. The optical head unit focuses the laser source onto the sample mineral grains and
collects the light emitted from the same spot. The range of focus is 1 mm both for the
excitation and the collection optics/12l,

The three units are connected by optical fibers: one to direct the laser light from the excitation
unit to the optical head (excitation path), and a second one to direct the Raman light collected
by the optical head (collection path) to the spectrometer unit. Three electrical harnesses
interconnect the different instrument units (with power and data lines).

Figure 2: RLS EQM at INTA’s lab facilities (left). Integrated on ALD QM (right) at TAS-I facilities in Torino (ltaly).
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The RLS instrument can be operated in ‘automatic mode’ for a Martian Sol* thanks to its on-
board SW, data handling and operational algorithms!%3! that enable performance optimization
given the available operation time, distributed power (from the rover), obtained data download
(to Earth) rate according to mission and rover constraints.

The instrument also incorporates a Calibration Target!®4 which is integrated into the carrousel,
placed inside the rover ultraclean zone, where all obtained samples will be analysed. The target,
which is composed of a few grams of Polyethylene Terephthalate (PET), will be used to verify
the RLS instrument health status, and the level of scientific performance immediately before
being used to acquire spectra from relevant Martian samples. In fact, two PET-CT’s are installed
in the carousel, one devoted to RLS calibration purposes and a second (specially modified) to
enable the so-called rover’s “collaborative science”. The rover operation cycle is specifically
designed to enable the RLS instrument to perform combined science with the other instruments
located within the rover ALD: i.e. MicrOmega and MOMA. This means that, inside one single
sample, some spots (those identified as ‘interesting points’) could be analysed by all three of the
scientific instruments. The specifically designed Raman CT will play a crucial role because the
marks performed at its surface will allow spatial cross correlation between the instruments (i.e.
will provide knowledge about the specific spatial positions that the instruments interrogate).

Figure 3: CT picture design (left) showing the two targets. One CT integrated on ALD carrousel (right)

The overall scientific performance of the instrument is driven by the design of the following
critical units:

e Instrument excitation: a highly wavelength stabilized 532nm laser, with a narrow
bandwidth, thermally controlled for guaranteed performance. The excitation source
delivers 20 to 30mW (tuneable) of power at the sample, with a 50um spot diameter.
Two different channels are implemented for redundancy purposes.

e Instrument optical and spectral performance: based on a diffractive spectrometer

concept, with a dichromated gelatine diffraction grating as dispersive element, with a
NIMO (non-inverted mode operation) CCD detector thermally cooled for noise
reduction; the unit achieves a spectral resolution of better than 6cm™? (in lower
wavelengths) and better than 8cm™ (in higher wavelengths); across an overall
wavenumber range of 200-3800cm™! (537-667 nm). The achieved accuracy, in absolute
wavelength position is around +1cm™.

e Optical head performance: integrated into a low mass and compact design concept, two

independent optical channels have been implemented. The excitation path conditions
the excitation signal onto the ADL crushed sample. The unit includes a small mechanism
for focussing the laser light (adapting to sample roughness and grain size), to maximize
the Raman signal generation. The collection path that filters all non-desired green

1 A ‘Sol’ is a Mars solar day. The average duration of the day-night cycle on Mars is 24 hours, 39 minutes and 35
seconds.
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(excitation) light, backscattered from the sample and inner surfaces within the unit,
collects the Raman signal and directs it to the spectrometer via a fibre optic link.

The RLS instrument will be operated during Martian days, in a nominal thermal environment (at
the ALD, inside the Rover) of -402C to +302C. During operation, the instrument detector (CCD)
will be kept at a low operating temperature (-409C to -102C) with a TEC (Thermo Electrical
Cooler), in order to minimize dark signal contributions and for achieving highly stabilized laser
performance, the temperature of the laser controller will be controlled at a fixed temperature
within the +209C to +302C temperature range and kept stable (+0.12C) with a Peltier device.

Instrument EQM Concept

According to ESA’s ECSS (European Cooperation for Space Standardization) requirements,
before the ‘real’ flight instrument is considered ready for delivery and launch, a previous
instrument model must be manufactured and tested. This model is the Engineering and
Qualification Model, which is used both for demonstrating:

e Its compatibility with harsh environmental loads (mechanicals loads across the
structure that arise during the rocket launch and the EDL (Entry, Descend and Landing)
phase and thermal loads (from the extreme environment in space and

e To verify that the required scientific capabilities are achieved.

In this paper, the main scientific data obtained with the instrument EQM are presented, and
these critical characterization results, have highlight the very significant scientific capability that
the RLS flight model will have.

Several tests were performed to characterise all aspects of RLS performance using standard
Raman samples (i.e. with a perfectly known Raman response). f. The analyses focused on both
identifying and quantifying the different sources of noise in the spectra obtained and on
characterising instrument performance as a function of acquisition time, number of
accumulations and physical calibration variations. The band parameters used for the study were:
band position, band intensity (height and integrated area), FWHM (Full Width at Half Maximum)
and band profile.

Instrument calibration and scientific performances

RLS EQM Bands Calibration

Appropriate and precise calibration is a crucial step for enabling optimal scientific return of any
instrument. For space applications the calibration on Earth needs to be correlated with the
calibration on board which, in this case is based only on the Raman spectral response of the CT.
The overall RLS calibration includes the accurate position of the band and the quantitative
evaluation of the spectral response, both determined for temperatures within the operational
range during the mission.

John Wiley & Sons
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The calibration function of the RLS instrument at room temperature was obtained using a white-
lamp light source and monochromator (every 4nm) and two spectral emission lamps (Ne and
Hg-Ar). The response function was determined to be a third order polynomial (see Figure 4).

Figure 4: Neon Lamp peaks with a polynomial 3rd degree adjustment (left). Cyclohexane spectrum (right)
represented in Raman shift.

Using the 532,65nm excitation wavelength from the EQM instrument laser, several spectra were
obtained from standard samples, such as cyclohexane (see Figure 4) verifying the accuracy of
the calibration function which is estimated to be within 2cm™ on average, across the whole
spectral range. Following this, the instrument and several solid samples were placed in a
thermally controlled chamber (operative temperatures of -402C to +302C) under Martian
atmospheric conditions (6-10mbars of N,?), to obtain spectra from a representative Martian
environment. The CCD temperature was also independently controlled during these
experiments. Spectra were obtained from the PET-CT (Figure 6) and from natural samples
including: calcite, quartz, talc and gypsum along with other samples that exhibit interesting
characteristic Raman bands. The shift of the band positions resulting from changes in the
instrument temperature were then evaluated and taken into account when obtaining precise
calibration functions during final operation. The contribution to the band shift from the samples
was previously evaluated using a Raman instrument simulator at the University of Valladolid23!
and found to be very small within the operational temperature range.

RLS EQM spectral response

After performing accurate spectral positioning, the next critical aspect to be analysed on the
instrument is the spectral response. The instrument spectral response is characterised by two
critical parameters: the spectral shape, and the intensity of the spectral band (as a function of
the acquisition parameters). This parameter study is key to the evaluation of the overall
capability of the instrument.

For this analysis, the spectral response was obtained by firstly acquiring (directly through the
spectrometer) several ‘dark’ images (and corresponding spectra) with the instrument laser
switched off, and secondly, with the laser switched on. Spectra were acquired from standard
samples at a number of different temperatures (within the operational range) and for a number
of different acquisition parameters.

the calibration data collected enable appropriate response correction across the entire spectral
range (particular care is required at lower and higher wavelengths). Background spectra (the
‘dark’ to the Raman) with identical integration time and detector operating temperature were
subtracted from each of the sample spectra. Analysing this behaviour and obtaining a
predictable model of the instrument, allows for significant time saving during instrument

2 No €02 atmosphere was used, but N2. Realistic enough from a thermal (convection) point of view
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operations (since it is not necessary to obtain background spectra for each and every spectral
spot), which can then be used for analysing different points across the sample.

Figure 5 shows an example of how the spectral response correction was made. Background
measurements (dark with laser off and Raman of the low pressure atmosphere) were taken
before Raman spectra were obtained from each of the samples.

Figure 5: Cyclohexane Raman spectrum, overlapped with a ‘dark’ spectrum, under same acquisition parameters:
ambient temperature, 1s, 1 acquisition (left). Subtracted spectrum (right)

In some cases, the Raman spectral response contains additional (non-desired) contributions
arising from the sample itself, such as fluorescence, or associated with the crystal grainsize. In
these cases, together with the response correction of the spectrometer in darkness, baseline
corrections must be made. This spectral treatment is part of the capabilities of the IDAT
(Instrument Data Analysis Tool) SWZE developed in parallel to the instrument and could be
performed in an automatic mode during mission operations.

The following figures (Figure 6 and Figure 7) provide examples of the spectra obtained during
the calibration process and the samples used: the instrument calibration sample PET-CT and a
gypsum sample from Sorbas (Spain) in the form of a fine-grained crystalline powder (crushed by
the ALD qualification model, in TAS-I).

Figure 6: Raman spectrum of the calibration sample of the instrument (PET). Acquisition parameters: integration
time 1s, accumulations 1, CCD at -10C. High, real spectrum, down, corrected by the spectral response and the
fluorescence effect.

Figure 7: Raman spectrum on a fine grain powder Sorbas gypsum prepared by the automatic sample treatment
system (crusher + distributor) of the rover. Acquisition: integration time 2s, accumulations 1, CCD at -102C. High,
real spectrum, down, corrected by the spectral response and the fluorescence effect (left). Sorbas Gypsum
crushed sample (right)

Another essential aspect in the characterization of the spectral response is the bandwidth and
the band profile characterisation. According to scientific requirements, the RLS instrument
spectral resolution must be between 6 and 7 cm™ and the profile must correspond to the
convolution between the spectral intrinsic response of the material analysed and the instrument
response function. In principle, for pure liquids with little or no intermolecular interaction, or
crystals, or minerals with a high degree of crystallinity, the distribution of oscillators around the
central wavelength of vibration must be Lorentzian!'Zl. Furthermore, the apparatus function,
without distortions (or minimal) of optical type and a correct alignment of the CCD can be
approximated by a Gaussian. Consequently, the observed profile must be of the Gaussian type
if an atomic emission line (calibration lamps for example, whose profile assumes a Dirac delta)
is observed (see Figure 8), and a Gaussian/Lorentzian combination if the Raman scattering bands
are observed (see Figure 9). In the second case, for the v(A1l) symmetrical vibration of CCl, the
observed profile is a 5% Gaussian/95% Lorentzian combination.
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Figure 8: Bands profile adjustment on EQM observed Ne emission bands (bands 652.3 and 654.2 nm). Observed
profile fits perfectly with a Gaussian curve

Figure 9: Bands profile adjustment on EQM for the observed v(A;) symmetrical vibration of CCl,. The profile fits
with a 5%Gaussian/95%Lorentzian combination.

These results confirm that the effect induced by the instrument (instrument response function)
on the input signal is very small and is according to design expectations (a gaussian function),
and the established scientific requirements.

Instrument scientific performance

In nominal operating conditions, the instrument must acquire spectra automatically. By applying
the algorithms developed to estimate the appropriate combination of integration time (T;) and
number of accumulations (N,), the final spectrum is acquired with optimal operational
parameters.

During nominal operation on Mars, the instrument will analyse different samples, with different
expected Raman efficiencies that may vary by several orders of magnitude, and could exhibit
important variations in the background level due to fluorescence, crystallite size, etc.
Accordingly, it is important to characterize the response of the instrument and to determine
whether the response is adequately linear so that the algorithms can effectively estimate the
spectral acquisition parameters.

The spectral quality is in general driven by the band signal-to-noise ratio (SNR); so the baseline
approach to the characterization of the instrument consists of firstly estimating the background
and noise values of the RLS EQM, and their dependence on the integration time and number of
accumulations, along with their variation as a function of temperature (in particular, the
temperature of the CCD, which is the primary element in the generation of spectral noise).

Next, the Raman signal of known compounds is determined to see how the signal-to-noise ratio
varies with the temperature (at CCD and instrument), and as a function of sample concentration.

A wide range of measurements have been performed during the RLS EQM test campaigns and
only some illustrative examples are presented here.

RLS EQM background and noise contributions

Several spectral images were acquired with the laser off and in dark conditions, with different
integration times, and at different (instrument and CCD detector) temperatures (see Figure 10).

Figure 10: EQM background noise level as a function of T; (from 0.1s to 10s) for a CCD temperature of -252C. The
spectral response is represented in pixels of the CCD

John Wiley & Sons
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For all of these spectra, both the background level (intensity of the mean trace) of the spectrum
and the noise amplitude (deviation around the mean line) are determined from these images
(Figure 11 and Figure 12), confirming its high dependence on the detector temperature.

Figure 11: Evolution of the average value of the background noise measured as a function of T;, for a temperature
range of the CCD between 252C and -252C. Intensity units in CCD digital counts.

Detail of lower temperatures (02 to -252C) in upper right side

Figure 12: Evolution of the average noise amplitude measured throughout the spectral range for temperatures
between 252C and -252C as a function of T;. Intensity in CCD digital counts.

Detail of lower temperatures (02 to -252C) in upper right side

As expected, there is a very significant difference in the dark signal observed at 252C compared
to the other temperatures. This confirms the challenges associated with obtaining Raman
spectral signals at room temperature as a consequence of the elevated levels of dark current in
the CCD.

From these data, it can be concluded that the observed behaviour allows us in a simple way to
establish the values of background and noise amplitude from a series of data acquired in
different environmental conditions. The importance of these results for the operation on Mars
is the simplification that they will permit on the cycle analysis of the different spots on one
sample, since it will not be necessary to measure the "dark" before each spectral measurement
is performed. Relatively few measurements throughout the complete operating cycle along with
instrument telemetry data will allow dark subtraction to be adequately performed for the set of
spectra obtained. This procedure will also significantly reduce the total measurement time,
making it possible to analyse more surface points, which may be essential for complete sample
characterisation.

Instrument behaviour as function of sample concentration

Another important aspect of the EQM scientific performance characterisation is the response in
intensity to the change in concentration of a specific molecular species. This is crucial for
assessing the potential capability of the instrument for the quantitative analysis of mineral
admixtures. In order to verify the level of linearity of the spectral response, experiments were
performed using liquid admixtures in controlled proportions and aqueous solutions of different
salts with highly controlled salt concentrations. Here we present the results obtained from the
spectral analysis of LiClIO, aqueous solutions. The study is focused on the main spectral band
corresponding to the totally symmetric vl vibration of the ClO,- (934cm™) group and its
evolution with concentration.

John Wiley & Sons
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Two definitions of signal intensity were considered. The first was defined as the height of the
maximum, and the second as the integrated area using a spectral range of +50cm either side
of the maximum. The noise was measured in the same manner as described above; but in a
range of 20cm™ around the cut-off values that define the integrated area.

In Figure 13, a typical spectrum obtained from a 0.5M LiClO, solution at room temperature is
presented. It is interesting to note the quality of instrument response at both the high and low
ends of the spectral range and in particular in the region of the OH band which is of great
relevance for precise assessment of the hydration processes on Martian samples.

Figure 13: Spectrum of a 0.5M LiClO, solution, obtained with the EQM. Conditions: 1s, 1 accumulation,
instrument CCD and sample at room temperature. The main band at 934cm™ is used for calculations together
with the estimated average background in the region of 1900-2500 cm'2.

In Figure 14 and Figure 15, the dependence of the average level of background and the average
amplitude of noise are shown as a function of the integration time (T;) for the Raman spectra
obtained.

Figure 14: Evolution of the average value of the spectral background as a function of T; (0.1 to 5s) for a 0.5M
solution of LiClO;. Room temperature.

Figure 15: Amplitude of noise measured around the main peak of ClO,- as a function of the T; integration time, for
a 0.5C LiCLO, solution

Again, in each of these cases, it is verified (with a sample) that the EQM spectral response is
completely linear, which is an essential characteristic for the development of automatic
acquisition algorithms.

In addition, in order to verify if the response is also linear as a function of concentration, spectra
were acquired from aqueous solutions of CCl, meticulously prepared to span the0.02 to 0.5M
range. In the following figures (Figure 16 and Figure 17), the evolution of the v;(A;) band peak
(at 934 cm™) and the evolution of its integrated area as a function of concentration are shown.

Figure 16: Evolution of the intensity measured as the height of the main peak v1 (ClO,.) as a function of the
concentration of LiClO,. Room temperature, 1s, 1 accumulation. It is observed that the behaviour deviates from
linearity

Figure 17: Evolution of the integrated intensity of the main peak v1 (ClO, ) as a function of the concentration of
LiClO;. Room temperature, 1s, 1 accumulation. It is observed that the behaviour in this case is totally linear.
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Detailed analysis of these data enables the verification of the accuracy of the EQM spectral
response. In the case of Figure 16, the intensity measured at the maximum shows a small
deviation from linearity, which is not the case with the integrated area. The reason for such a
difference is that in the first case, the possible modifications to the band profile are not taken
into account. These modifications happen in this salt because of the ionic interaction ClO,*—
Li**. The formation of ion pairs modifies the distribution of CIO,” molecular species (one fraction
is associated, and another is free) and in consequence their vibrational distribution around the
band maximum. In contrast, the integrated area takes into account all existing ClO4 ions and,
consequently, this intensity must be linearly proportional to the established concentration.

In conclusion, these data confirm that the EQM instrument responds with excellent accuracy to
both the internal (integration: T;) and external (concentration) parameters.

EQM Instrument performance: multiple image accumulation

The final instrument characterisation step is to verify how the signal and the noise (and therefore
the SNR) evolves with the number of accumulations. As predicted in previous studies!8, the SNR
of the sample will increase when identical images (same integration time, same temperature)
are summed and averaged. This effect is also very important from the operation strategy point
of view. The RLS instrument will only have a small amount of time allocated for operations, and
when analysing a Martian sample, a trade-off will be performed for every point analysed
between: (i) the need for an appreciable SNR (not only in the primary bands, but also for the
secondary ones, which could reveal a the presence of a minority compound in the sample) and
a(ii) the ability to analyse as many points as possible (the sample container is several centimetres
wide and the RLS spot is only 50um in diameter) in order to optimise the chance of identifying
as many compounds as possible in the Martian soil12,

The effect for the aforementioned aqueous solution is illustrated in Figure 18.

Figure 18: Evolution of the SNR according to the number of accumulations for a solution of LiCLO, 0.5M

Conclusions

The Raman Laser Spectrometer (RLS) developed for the ExoMars (ESA) 2020 mission to Mars is
the first Raman instrument fully qualified for use in a space environment and the flight model is
currently being integrated inside the ExoMars rover analytical laboratory drawer (ALD). Prior to
this final milestone, the Engineering Qualification Model (EQM) has been developed and
exhaustively tested from both technical and scientific perspectives.

In this paper, some of the key aspects of these development, functional checks and scientific
performance verification tests have been summarised and discussed.

The results obtained show that the RLS-EQM spectrometer is compliant with practically all of
the technical requirements that were derived from the scientific specifications and the
accomplishment of all of the ExoMars scientific objectives are confirmed.
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Spectral band position calibration was performed at room temperature using gas emission
lamps, and the use of a monochromator and some standard samples. In particular, the PET-CT
sample was also used at a range of different temperatures in order to obtain a general
calibration function covering the whole operational range of the instrument during the mission.

For the spectral response band parameters and in particular band width (measured as the full
width at half maximum, FWHM), the observed band shapes were analysed in detail. The
observed instrument response function is in complete agreement with expectation, with the
opto-mechanical design inducing only a very small Gaussian contribution (of the order ~5%) to
the original Lorentzian Raman shapes. This aspect of performance is very important when
assessing structural perturbations within the mineral samples and or cationic substitution and
also (in combination with the spectral resolution) when attempting to distinguish similar mineral
species which exhibit overlapping Raman bands. The overall average spectral resolution
measured across the full spectral range (~¥8cm™) is slightly greater than the proposed value at
room temperature (6.5cmt). Nevertheless, this value improves when the instrument is working
at low temperatures as will be the case during operations on Mars.

Particular attention was devoted to the verification of the intensity response following changes
to the acquisition parameters: integration time (T;) and number of accumulations (N,). A
detailed understanding of this response is crucial for the autonomous operation of the
instrument that is automatically commanded using operational algorithms.

The investigations performed comprised two main steps. First, a very detailed analysis of the
dark signal evolution with T;and N;. The results obtained both for the dependence of the average
level of background and the average noise deviation confirm a precise linearity in the response
enabling the correct and precise functioning of these algorithms. The importance of these
results is very high because they confirm that the performance of the instrument is highly
predictable (i.e. the noise) across a range of different integration times. This result led to a more
efficient operation policy than the classical one, such that it would not be necessary to obtain
‘dark’ spectra at every different integration time. Instead it was confirmed that it would be
possible to perform the subtraction during post-processing, saving valuable time during the
operation cycle.

The second step was a detailed analysis of Raman band intensity response as a result of changes
in the concentrations of specific molecular species, for which some solutions with precise salt
concentration values were used. The results obtained with LiClO, verify the very precise
response of the instrument and confirm its ability to distinguish the ionic interaction effect.
Work is in progress with mineral admixtures in order to quantitatively evaluate the ability of the
instrument to determine relative mineral concentrations.
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Raman spectrum of the calibration sample of the instrument (PET). Acquisition parameters: integration time
1s, accumulations 1, CCD at -10C. High, real spectrum, down, corrected by the spectral response and the
fluorescence effect.

John Wiley & Sons

Page 24 of 37



Page 25 of 37 Journal of Raman Spectroscopy

oNOYTULT D WN =

N
Raman Intensity

20 ;
21 |
22 | —— A

24 0 500 1000 1500 2000 2500 3000 3500
25 Wavenumber/cm-!

Raman spectrum on a fine grain powder Sorbas gypsum prepared by the automatic sample treatment
system (crusher + distributor) of the rover. Acquisition: integration time 2s, accumulations 1, CCD at -10°C.
29 High, real spectrum, down, corrected by the spectral response and the fluorescence effect (left). Sorbas
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Raman spectrum on a fine grain powder Sorbas gypsum prepared by the automatic sample treatment
system (crusher + distributor) of the rover. Acquisition: integration time 2s, accumulations 1, CCD at -10°C.
High, real spectrum, down, corrected by the spectral response and the fluorescence effect (left). Sorbas
Gypsum crushed sample (right)
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Evolution of the average value of the background noise measured as a function of Ti, for a temperature
range of the CCD between 25°C and -25°C. Intensity units in CCD digital counts.
Detail of lower temperatures (0° to -25°C) in upper right side
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Spectrum of a 0.5M LiClO4 solution, obtained with the EQM. Conditions: 1s, 1 accumulation, instrument CCD
and sample at room temperature. The main band at 934cm-1 is used for calculations together with the
estimated average background in the region of 1900-2500 cm-1.
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Evolution of the intensity measured as the height of the main peak v1 (ClO4-) as a function of the
concentration of LiCIO4. Room temperature, 1s, 1 accumulation. It is observed that the behaviour deviates
from linearity
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Evolution of the integrated intensity of the main peak v1 (ClO4-) as a function of the concentration of
LiClO4. Room temperature, 1s, 1 accumulation. It is observed that the behaviour in this case is totally
linear.
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