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Abstract: China’s first Mars rover, Zhurong, landed on the southern region of Utopia Planitia,
Mars, on 14 May 2021 (UTC). Zhurong is equipped with the Mars Surface Composition Detection
Package (MarSCoDe), which analyzes the Martian surface’s material composition. Composed of
laser-induced breakdown spectroscopy (LIBS), short-wave infrared spectroscopy (SWIR), and a
microimaging camera, MarsCoDe can work at a distance of 1.6-7 m to analyze element abundance
and the mineralogy of targets on the Martian surface. Analysis shows that the wavelengths of
MarSCoDe onboard LIBS spectra acquired within the same probe period will have different degrees
of drift, leading to deviation in qualitative and quantitative elemental analysis. This paper finds
that the spectrum drift follows a quadratic function relationship with the CCD temperature of the
MarSCoDe spectrometer, based on which a wavelength calibration method is established. According
to the function, the drift of a certain channel is calculated by the corresponding CCD temperature, and
then the wavelength of the spectrum is calibrated by the drift. The accuracy of this calibration method
for the position of peak wavelength in the LIBS spectrum can reach about 1/5 of the apparatus
spectral width, and the cross-validation analysis using a norite standard sample shows that it is
comparable to the wavelength calibration accuracy of the ChemCam onboard data product.

Keywords: laser-induced breakdown spectroscopy; wavelength calibration; MarSCoDe

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a rapid analysis technology of mate-
rial composition. In practice, LIBS works to focus a pulsed laser beam on the surface of
the target to be observed. A target material can be broken down by an intense photon flux
into a high-temperature plasma, and then use a spectrometer to collect the atomic emission
spectrum of the plasma. The element abundance of a target could be obtained by analyzing
the spectrum collected [1,2]. Compared with an alpha particle X-ray spectrometer (APXS),
X-ray fluorescence (XRF), mass spectrometry (MS), and other material composition analy-
sis methods, LIBS is remote sensing detection, which can probe difficult-to-reach targets.
Besides, targets for LIBS observation do not need pretreatment. LIBS can analyze element
abundance and mineralogy, especially for light elements, including hydrogen and carbon,
which are difficult to analyze by other methods, such as XRE. Through laser ablation, LIBS
can remove dust from the target surface and excavate into the target, which provides a
window to the composition of the target subsurface [1-3].

Due to these advantages, LIBS technology has been applied to Earth and planetary
science research. The ChemCam instrument package on NASA'’s Curiosity rover is the first
planetary science instrument to employ LIBS to determine the compositions of geological
samples on another planet [4,5]. Since landing in the Gale crater in 2012, ChemCam has
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been used to study the elemental abundance of Martian surface targets, such as Martian
soil, sand, dust, and sedimentary and igneous rocks [6-13]. As the successor of ChemCam,
SuperCam is mounted on the Perseverance rover [14,15] and landed in the Jezero crater
on 19 April 2021. So far, the data product of SuperCam during the first 299 days on Mars
has been released and is available at https://pds-geosciences.wustl.edu/m2020/urn-nasa-
pds-mars2020_supercam/ (8 April 2022).

The LIBS analysis method is derived from atomic emission spectroscopy. Emission
peaks with characteristic wavelengths in the spectrum correspond to different elements,
which is the basis of chemical analysis by atomic spectroscopy [3]. According to the
characteristic wavelength and intensity of the emission peaks in the collected LIBS spec-
trum, the species and abundance of elements contained in the target could be determined.
The accuracy of the wavelength will directly affect the accuracy of the spectral analysis.
Therefore, wavelength calibration should be the first step in LIBS analysis. A standard
method of calibration is to use a spectral lamp made for specific elements, such as a mer-
cury lamp. These lamps could produce stable and easily identifiable emission peaks with
known wavelengths. Based on these peaks, the spectrum can be calibrated. Other sources
that could provide stable and characteristic peaks are available as substitutes for spectral
lamps [3]. ChemCam finished its wavelength baseline calibration with a titanium plate,
also carried as an onboard calibration target. Experience from ChemCam shows that the
difference in environmental conditions between Earth and Mars could cause a drift in the
wavelength of the LIBS spectrum. The wavelengths of a ChemCam onboard LIBS spectrum
are calibrated according to wavelength drifts of titanium spectra relative to that taken in
the lab [4,14,16,17].

China’s first Mars rover, Zhurong, landed in the southern region of Mars’ Utopia Plain
on 14 May 2021. The Mars Surface Composition Detection Package (MarSCoDe) onboard
Zhurong consists of a LIBS spectrometer, a SWIR spectrometer, and a microimaging camera.
Mounted on the left side of the front of the rover, MarSCoDe is expected to provide
mineralogy, chemical element abundance, and a detailed image of the Martian soil, rocks,
and other targets within the range of 1.7-7 m in front of the rover [18]. A titanium onboard
calibration target (referred to as Ti plate) is contained in MarSCoDe calibration targets
(MCCT), the onboard spectra of which will be collected according to the demand for
correction of drifts in all LIBS spectra during the in situ exploration of LIBS. However, the
analysis shows that within the same probe period, the drifts of different target spectra
collected by MarSCoDe are inconsistent and cannot be directly calibrated by the drift
of the Ti plate relative to the laboratory reference spectrum. In this paper, we analyzed
the drift of the Ti plate’s onboard spectra relative to the reference spectrum from the lab.
We confirmed that the CCD temperature of the MarSCoDe spectrometer is the leading
cause of wavelength drift and found that the drift follows a quadratic function with CCD
temperature. We established a wavelength correction method for MarSCoDe LIBS based
on this function.

2. Materials and Methods
2.1. MarSCoDe Instrument and Data Description

MarSCoDe, integrating LIBS, SWIR, and a microimaging camera, is the main mate-
rial composition analysis load of the Zhurong rover. It is used to identify the elemental
abundance and mineralogy of the rocks, soil, and other targets on the Martian surface
within a distance of 1.7-7 m. MarSCoDe comprises two parts: the part outside the rover,
which includes a 2D pointing mirror and optical head, and the part inside the rover, which
includes a LIBS spectrometer, short-wave infrared spectrometer, and main control unit.
The LIBS laser operates at 1064.4 nm, with a frequency of 1-3 Hz and a laser energy of
23 m]. The LIBS spectrometer consists of 3 channels, channel 1 (CH1) covering 240-340 nm,
channel 2 (CH2) covering 340-540 nm, and channel 3 (CH3) covering 540-850 nm, with
spectral FWHM resolutions of 0.19, 0.31, and 0.45 nm, respectively. The spectrometer is a
cross-type Czerny-Turner configuration. This optical system can ensure that each channel
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has a stable apparatus spectral width, of which CH1, CH2, and CH3 are 0.067, 0.133, and
0.2 nm/pixel, respectively, which ensures a stable relative interval between emission peaks
in the collected LIBS spectrum [18]. For onboard calibration of LIBS spectra, MarSCoDe car-
ries 12 standard samples, including basalt, andesite, montmorillonite, nontronite, dolomite,
gypsum, K-feldspar, apatite, hypersthene, norite [19], and a Ti plate (TC4KY titanium alloy),
mounted at the base of the directional antenna mast, 1.7 m away from the MarSCoDe 2D
pointing mirror, among which the Ti plate is used for wavelength calibration of LIBS data
because Ti provides multiple stable and emission peaks in all three channels. Details of the
structure are shown in Figure 1.

LIBS calibration targets
SWIR calibration targets
2 poinung mirror

SWIR calibration targets
Spectrometer

Laser

,

4 Optical head
X N

Optical head

Figure 1. Diagram of MarSCoDe: (A) is a picture of a real product taken in the lab, and (B) shows the
structural layout of MarSCoDe.

In each probe, MarSCoDe collects LIBS spectra of 2-3 MCCT targets first and then
2 Martian surface targets, and the operating time is within 1 h. While observing a single
target, MarSCoDe first emits dozens of pulsed lasers on the target surface for focusing and
then emits 60 laser pulses and collects the spectral data of the plasma excited by each pulse.
An example of a spectrum of a basalt target is shown in Figure 2.
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Figure 2. The spectrum of the basalt target: (A—C) are the spectrum divided into three channels, (D)
is the raw material of the basalt target, and (E) shows the assembled targets.

The MarSCoDe LIBS data consist of radiance values corresponding to 5400 pixels.
The baseline calibration of pixel serial number to wavelength is based on spectral lamps,
and the pixel-wavelength relationships of the three different channels are calibrated with
different quadratic polynomials shown in as follow equations [18]:

CHI: A, = —8.2182 x 107 7(xq; + Axq + 1.65)% + 0.068195(x1; + Axg + 1.65) + 223.4469, i = 1~1800 1)
CH2: A = —1.1305 x 10~%(xpj + Axa + 1.23)% + 0.13855(xyj + Axa + 1.23) + 76.7245, j = 1801~3600 @)
CH3: A = —2.1602 x 10 %(xzy + Axs + 1.41)% + 0.22264(x3y + Axs + 1.41)—258.0135, k = 3601~5400 €)

In the formula, A;, A;, and Ay are the wavelength values (nm) of each pixel after
transportation, and x, X3, and x3 are the pixel serial numbers (pixel) in CH1, CH2, and
CHS3, respectively. Axj, Axp, and Axj are average pixel drifts of CH1, CH2, and CH3 of
an onboard Ti plate LIBS spectrum to reference spectra from the lab. Reference spectra
from the lab were taken on the Ti plate in MCCT by MarSCoDe under simulated Martian
atmospheric conditions (atmospheric composition of 1.6% Ar, 2.7% N3, 95.7% CO,, and
pressure of 700 & 50 Pa). Details of reference spectra from the lab are shown in Table S1
(see Supplementary Materials).

As of 3 September 2021 (Sol 110, the last time MarSCoDe was activated before the
solar transit), MarSCoDe has carried out 16 probes. The Ti plate was observed in each
probe for wavelength position calibration. This paper used reference spectra from the lab
and MarSCoDe onboard LIBS data of the Ti plate collected during Sol 32 to 92 to establish
a universal wavelength calibration method for all MarSCoDe LIBS data, including both
MCCT standards and Martian surface targets. Moreover, onboard LIBS data of the Ti plate
collected on Sol 100, 103, and 110 and of norite collected on Sol 41 and 43 were employed
to test the accuracy of the newly established method.

Onboard data were processed in the following steps: (1) averaging the 60-shot LIBS
spectra, (2) subtracting the dark background from the averaged spectra, (3) ChemCam-
style wavelet denoising [16], (4) converting the relative values of the instrument response
to irradiance (only for norite spectra), and (5) asymmetric least squares (ALS) baseline
extraction and deduction [20]. The result was a continuous atomic spectrum with white
noise and plasma continuum removed from the spectrum and kept pixels on the x-axis of
spectra for subsequent calibration. The data processing flow is shown in Figure 3.
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Figure 3. Data processing flow.

It should be noted that the range of the mean value of relative standard deviation
(RSD) of each pixel in the spectrum of the Sol 32 to 92 Ti plate is 0.01-0.02, and the range of
the maximum value of RSD is 0.06-0.33. Spectra present good reproducibility, and very
few high RSDs are caused by the weak signal of some pixels. This is the premise of using
the average spectrum.

2.2. Method for MarSCoDe Wavelength Calibration

The considerable difference between the Martian surface and Earth’s environment,
especially the low temperature and air pressure, will inevitably cause the LIBS spectrum to
drift relative to that in the ground lab. To correct this drift, MarSCoDe first observes MCCT
onboard standards (including Ti plate) in each probe and then observes the Martian surface
targets after about 20 min.

In the initial data processing, the wavelength value transported from the pixel of the
onboard LIBS spectrum was calculated using Equations (1)—(3) in Section 2.1. The values
of Axq, Axp, and Axjz are obtained by matching the spectra of the Ti plate in each probe
with reference spectra from the lab, and then they are substituted into Equations (1)—(3) to
calculate the wavelength of each pixel. The wavelength thus obtained is initially considered,
which could be used for every LIBS spectrum of targets in one probe.

However, since no active thermal control is taken on the MarSCoDe LIBS spectrometer,
its operating temperature varies during each probe, which could rise by 5-8 °C until it is
turned off. This significantly affects the CCD temperature of each channel whenever at the
time MarSCoDe starts operating or takes LIBS on targets, resulting in the drift of the spectral
position changing with temperature. The analysis of the spectrum of different targets in one
probe shows that the wavelength deviation of the same emission peak between Martian
surface targets and MCCT standards in the same probe (due to the different spectral
collecting times resulting in the different CCD temperatures) can reach more than 0.3 nm.

In this section, drifts of LIBS data collected by MarSCoDe LIBS on the Ti plate dur-
ing Sol 32 to 92 at different CCD temperatures relative to reference spectra from the lab
were analyzed. Therefore, we determined the relationship between drift in the spectrum
and CCD temperature, and a fitting function between the above two was established.
Based on this relationship, the wavelength of each pixel in each channel of LIBS can be
calibrated accurately.

2.2.1. Calibration Peaks and Their Drifts

To obtain drifts at different positions within the channel and to check whether the
drift is equal, we selected a series of emission peaks in the LIBS spectra of the Ti plate as



Remote Sens. 2023, 15, 1494

6 of 14

calibration peaks. The emission peaks selected as calibration peaks are easily excited by
the laser, have less fluctuation in peak intensity, and are relatively uniformly distributed
over the entire spectrum (Figure 4, Table S2 in Supplementary Materials). Tests show that
calibration peaks generally have a high signal-to-noise ratio (SNR), and the calibration
peak SNR of each channel is greater than 112, 55, and 16, respectively, which can be easily
identified from the spectrum.
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Figure 4. Calibration peaks in the titanium LIBS spectrum: (a—c) are calibration peaks in CH1, CH2,

and CH3. The Ti spectrum shown above is the Ti calibration target and taken in the ground lab, and
the spectral intensity is shown in digital number (DN).

According to the reference spectra from the lab, the spectral drift of the calibration
peak in the onboard LIBS spectrum of the Ti plate can be calculated (Table S2). The data
show that the onboard spectrum generally drifts to the right (longwave direction) relative
to the reference spectra from the lab, and drifts in CH3 are the most significant.

The drift of different calibration peaks within the same channel is basically the same.
Table 1 shows that the maximum deviations among drifts of the calibration peaks in CH1,
CH2, and CH3 are, respectively, 0.61, 0.34, and 0.61 pixels (transporting to wavelength are
0.041, 0.045, and 0.122 nm), and much smaller than the apparatus spectral width. Moreover,
the relative standard deviation (RSD) of calibration peak drifts in most spectra is less than
5%, indicating that drift values in the same channel are statistically uniform, which means
that the average drift of calibration peaks in a channel could be considered as the drift of
that channel of the Ti plate (see Table 1 average). The excessive RSD of calibration peak
drifts in a few spectra is due to a slight average drift, and as an example, Sol 50 CH1 has
an average drift of only 0.05 pixels and a standard deviation of 0.12. In addition, the drift
among the three channels is only partially consistent, and so is the drift between different
Martian days in the same channel (Figure 5).
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Table 1. Average, standard deviation (SD), relative standard deviation (RSD), and maximum value of
the calibration peak drift of each channel, taken from the titanium target LIBS spectrum during Sol 32
to 92 (unit: pixel value).

Sol Sol Sol Sol Sol Sol Sol Sol Sol Sol Sol Sol

Channel  Parameter 32 1 43 45 47 50 58 65 69 79 87 92

Average 229 037 366 047 374 005 411 161 105 107 115 225

CHI SD 015 009 013 009 016 012 018 010 013 013 013 016
RSD(%) 655 2432 355 1915 428 24000 438 621 1238 1215 1130 711

Maxdelta ~ 041 022 041 022 051 041 061 031 041 041 041 041

Average 240 140 340 156 349 130 386 220 18 190 190 237

- SD 011 012 011 012 012 012 009 011 008 008 008 0.1
RSD(%) 458 857 324 7.69 344 923 233 500 428 421 421 464

Max delta 0.29 0.29 0.29 0.34 0.29 0.29 0.25 0.29 0.24 0.25 0.25 0.29
Average 1690 1361 1759 1380 17.74 1277 17.89 1635 1570 1574 1575 16.73

CH3 SD 014 009 018 008 008 013 007 014 010 009 013 012
RSD(%) 0.83 0.66 1.02 0.58 0.45 1.02 0.39 0.86 0.64 0.57 0.83 0.72
Max delta 0.50 0.28 0.61 0.26 0.30 0.37 0.20 0.40 0.29 0.29 0.49 0.39
Different channel drifts in different Sols
17.5 1
= /
15.0 A
12.5 1
[0 — CH1
2 10.0 1
S —— CH2
£ 7.5 1
5 7 — CHS3
9.0 1
2.5 A
- —
0.0 1
T T T T T T T
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Figure 5. Change of the average drift of each channel, taken from the titanium target LIBS spectrum

during Sol 32 to 92.
2.2.2. Relationship between Calibration Peak Drift and MarSCoDe LIBS CCD Temperature

In the early tests of MarSCoDe, the spectrometer was placed at different ambient
temperatures (—46-56 °C) to acquire the spectra of Hg—Ar lamps. The results show that
the spectral position of Hg—Ar lamps drifts with temperature, and as the temperature
increases, the value of the spectral drift (reference temperature is 20 °C) decreases [18]. In
the ground test of ChemCam, the spectral drift also showed a trend of decreasing with
the spectrometer’s temperature increase. There was an approximately linear relationship
between the drift values and the temperature of the body unit of ChemCam. All three
spectrometers had the goodness of fit (r2) of 1,0.94, and 0.97 [4].
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The temperature analysis of the spectrometer CCD in MarSCoDe onboard LIBS data
shows that the CCD temperature rises with the operating time, which leads to different
CCD temperatures at different LIBS collecting times. The comparative analysis of the same
emission peaks of different targets (meaning different times) in one probe shows that the
wavelength positions of the LIBS data taken later have a smaller drift value, corresponding
to a higher CCD temperature.

CCD temperature in LIBS data of the Ti plate taken during Sol 32 to 92 is extracted,
then the correlation coefficient of each channel between the CCD temperature and the drift
is calculated. CH1, CH2, and CH3 are —0.95, —0.92, and —0.99, indicating a highly negative
correlation between CCD temperature and drift (see Figure 6), which is consistent with
ground test results of MarSCoDe and similar to that of ChemCam.

Channel drift vs. Detection temperature

17.5 -
15.0 -
12.5 -
g 10.0 4 + CHA1 drift .
;% drift=0.0047x-0.2578x+3.7412
= ’=0.989
7.5 + CH2 drift
drift=0.0033x"-0.1623x+3.4178
oo ?=0.975
' + CHS3 drift
drift=-0.0015x"-0.1228x+17.6835
25 ’=0.999
+ 4 F
+ 4
0.0 ;
0 5 10 15 20 25 30

Temperature/°C

Figure 6. Fitting relationship of MarSCoDe spectral drift and CCD temperature: spectral drift and
temperature are taken from the titanium target LIBS spectrum during Sol 32 to 92; the cross is the
actual data point; and blue, green, and red solid lines represent the quadratic polynomial fitting
curves of CH1, CH2, and CH3.

According to the MarSCoDe and ChemCam ground test results and the high correla-
tion between the CCD temperature and the LIBS drift in each channel, we used a quadratic
polynomial (Ax =a x T? +b x T + ¢) to fit the CCD temperature and the value of the LIBS
drift for each channel separately. The fitting results are shown in Table 2, and the goodness
of fit r? is above 0.95, indicating that the two follow a quadratic polynomial relationship.
This relationship confirms that CCD temperature is the major factor resulting in wavelength
drift. Other factors, such as the Martian environment and instrument jitter, may also exist,
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but their effects are negligible. Additionally, it provides us with a wavelength calibration
method that does not depend on data of a particular standard target taken in a specific
LIBS observation.

Table 2. Parameters and goodness of fit obtained from quadratic polynomial fitting.

Channel a b c Quadratic Fitting 12
CH1 0.0047 —0.2578 3.7412 0.989
CH2 0.0033 —0.1623 3.4178 0.975
CH3 —0.0015 —0.1228 17.6835 0.999
3. Results

According to the quadratic polynomial relationship obtained in Section 2.2.2, using
the fit function, we can calculate the LIBS drift according to the temperature of the CCD
when the LIBS data of each detection target are collected. Then the wavelength value of
each pixel can be calibrated by substituting the drift as Ax into Equations (1)—(3). This
method can be used for wavelength calibration in processing MarSCoDe LIBS data of both
MCCT standard targets and Martian surface scientific targets. Due to the limited range of
the data used in establishing the model, this calibration method is currently available when
the CCD temperature is between —2 and 29 °C.

In this section, we demonstrate the results of the Ti spectra of Sol 100, 103, and 110
calibrated by the method established above and the deviation of the calibrated wavelength
relative to the actual value.

We counted the wavelength of calibration peaks calibrated by the method in this
paper of the Ti plate mentioned above and the relative error and root mean square error of
prediction (RMSEP) [16] of these peaks to these in reference spectra from the lab to evaluate
the accuracy of this method. RMSEP shows the overall degree of deviation within a channel
and is calculated according to Formula (4), where n is the number of emission peaks used
in the spectrum, and d; is the deviation between the calibrated wavelength of a certain
calibration peak and the wavelength of the same one in the reference spectra from the lab:

RMSEP = 4)

The relative deviation maximum and RMSEP of Sol 100, 103, and 110 are shown
in Table 3. The relative errors of the most drifted emission peaks of CH1, CH2, and
CH3 are less than 0.013%, 0.010%, and 0.012%, which indicates that their deviations are
negligible. RMSEP shows that the deviations of the calibrated wavelengths of CH1, CH2,
and CH3 from the reference spectra from the lab are not more than 0.03, 0.03, and 0.05 nm,
respectively, which are equivalent to 0.16, 0.01, and 0.11 of the spectral FWHM resolution
of each channel and, therefore, are all less than 1/5 of the apparatus spectral width. This
degree of deviation will not interfere with the LIBS analysis. Figure 7 shows a comparison of
the wavelength of calibration peaks in the reference spectrum from the lab and in onboard
spectra collected on Sol 100, 103, and 110.
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Calibration peak in onboard Ti spectrum (nm

Calibration peak in onboard Ti spectrum (nm)

Calibration peak in onboard Ti spectrum (nm)
)

Table 3. Drifts in Sol 100 to 110 titanium target LIBS spectra before calibration and their accuracy
after wavelength calibration.

Drifts before Maximum Relative
Sol Channel Calibrated (nm) Error (%) RMSEP (nm)
CH1 0.22 0.013 0.024
100 CH2 0.39 0.008 0.022
CH3 3.47 0.008 0.035
CH1 0.23 0.014 0.026
103 CH2 0.41 0.010 0.027
CH3 3.50 0.012 0.051
CH1 0.24 0.013 0.022
110 CH2 0.43 0.010 0.030
CH3 3.53 0.011 0.041
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Figure 7. Comparison of calibration peak wavelengths of onboard spectra after calibration and
reference spectrum from the lab. (a—c) show calibration peaks in CH1, CH2, and CH3 taken on Sol
100; (d—f) show calibration peaks in CH1, CH2, and CH3 taken on Sol 103; (g—i) show calibration
peaks in CH1, CH2, and CH3 taken on Sol 110. Blue dotted lines are 1:1 lines.
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The above results show that the LIBS wavelength calibration method established in
this paper has good accuracy. The results processed by this method can provide an accurate
wavelength for qualitative and quantitative analysis based on the LIBS spectrum taken by
MarSCoDe.

4. Discussion

In addition to the Ti plate, the application of the method to other emission peaks
should also be discussed and evaluated. A comparison with the wavelength accuracy of
similar payload data products is necessary to determine the method’s effectiveness. The
spectra of the norite target taken at Sol 41 and 43 were used to discuss the deviation of this
method from the wavelength given by the NIST library and the corresponding emission
peak wavelength values in the ChemCam norite data products. The norite standard target
in MCCT was provided by France’s Research Institute in Astrophysics and Planetology
(IRAP), which is a duplicate of the ChemCam norite glass calibration target [19]. As of Sol
110, MarSCoDe has observed the norite target several times. LIBS data taken on the norite
target on Sol 41 and 43 were processed by the method established in this paper. Results
are compared with LIBS taken by ChemCam on the same target and evaluated based on
the wavelength of these selected emission peaks recorded in the NIST spectral library. The
wavelength of emission peaks in the NIST library is obtained from the C-QuEST tool [21].

We selected 20 representative emission lines of the major elements, including Mg,
Na, Fe, Al, Ca, and Si, which are identified in the LIBS spectrum of the norite target
taken by MarSCoDe on Sol 41 and 43 and by ChemCam on Sol 27. Results are shown
in Figure 8. The deviation between the wavelength of these peaks in the LIBS spectrum
and the standard wavelength provided by the NIST library is calculated. RMSEPs of the
spectrum are also calculated according to Equation (4). Results are listed in Table 4 (see
Table S3 in Supplementary Materials for detailed results).
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Figure 8. Comparison of the norite target LIBS spectrum taken by MarSCoDe on Sol 41 and 43 and
ChemCam on Sol 27; part of the identified emission peaks is marked. ChemCam LIBS data could
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be available at https:/ /pds-geosciences.wustl.edu/msl/msl-m-chemcam-libs-4_5-rdr-v1/mslccm_
Ixxx/data/ (1 March 2022). To facilitate comparison and accurately identify the central wavelength
of the emission peak, both MarSCoDe and ChemCam LIBS spectral data were resampled using the
cubic spline function, and the spectral resolution after resampling was 0.001 nm.

The accuracies of ChemCam results and MarSCoDe calibrated by the method estab-
lished in this paper are in the same order of magnitude according to Table 4, which proves
that the calibration method established in this paper could provide an accurate wavelength
for MarSCoDe LIBS data.

Table 4. Deviation of selected peaks in norite target LIBS spectrum taken by ChemCam and
MarSCoDe from NIST.

Spectrum Maximum Relative Error (%) RMSEP (nm)
ChemCam Sol 27 Norite 0.012 0.017
MarSCoDe Sol 41 Norite 0.012 0.022
MarSCoDe Sol 43 Norite 0.014 0.025

5. Conclusions

We present a wavelength calibration method for MarSCoDe LIBS based on the quadratic
function relationship between the drift of the MarSCoDe Ti plate LIBS spectrum relative
to the reference spectra from the lab and the corresponding LIBS spectrometer CCD tem-
perature. The relationship is found from the phenomenon that the CCD temperature of
MarSCoDe LIBS increases with operating time due to the lack of active thermal control
measures, and the drift of the same emission peak between different targets is inconsistent.
In practice, the drift of the corresponding channel is calculated based on the CCD temper-
ature of the in situ LIBS data, and the wavelength of the spectrum is then calibrated. The
inspection of the subsequent LIBS data of the Ti plate showed that the overall deviation of
the corrected wavelength values of each channel calibrated by this method relative to the
reference spectra from the lab did not exceed 0.03, 0.03, and 0.05, which was enough to avoid
the misjudgment in the identity of emission peaks. The inspection of the norite target shows
that the accuracy of the calibrated wavelength of MarSCoDe LIBS is consistent with that of
ChemCam. Due to the limitation of the data range of the established method, this method is
currently suggested as available for CCD temperatures in the range of —2 to 29 °C. When
the CCD temperature of subsequent LIBS data appears outside this range, the same idea
can be followed to modify the calibration method.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15061494 /s1, Table S1: Reference spectra from the lab of the Ti
plate; Table S2: Details of calibration peaks; Table S3: Wavelengths and deviation of selected peaks in
the spectra of the norite target collected by ChemCam and MarSCoDe.
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