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Abstract

Chlorine and fluorine play an important role in the geological history of Mars

due to their high concentration in Martian magmas and their influence on

the generation and evolution of Martian basalts. Chlorine-bearing salts could

also facilitate the formation of eutectic brines that could be important for the

fluvial history of Mars. The LIBS instruments of ChemCam and SuperCam

can detect emission lines of Cl and F, but the intensity of these emission

lines is comparatively low, making it difficult to quantify them correctly. A

promising alternative is the quantification by molecular emission of diatomic

molecules like CaCl and CaF, which can be observed as intense molecular

bands in LIBS spectra if Ca is also present. However, the nonlinear depen-

dence of the band intensity on the concentrations of both elements needs to

be considered. In this study, we expand upon our previous analysis of molec-

ular bands by investigating samples which produce CaCl bands, CaF bands,

or both. We find that the highest CaCl band intensities are found in samples

containing more Ca than Cl, while the strongest CaF bands are found in sam-

ples with roughly equal concentrations of Ca and F. Both observations can
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be described by the model that we present here. We also find that the CaCl

band is significantly stronger for a sample containing CaCl2 than it is for a

sample containing the same concentrations of Ca and Cl in separate bonds.

The opposite is true for the CaF band, which is significantly weaker for the

sample containing CaF2 bonds than it is for the sample that does not contain

CaF2 bonds. These matrix effects are partially attributed to fragmentation

during the ablation process and differences in the dissociation energies. Fur-

thermore, we observe that CaF formation is not affected by competing CaCl

formation, while CaCl is strongly affected by competing CaF formation. All

measurements are done in simulated Martian atmospheric conditions in order

to assist the analysis of Martian LIBS data.

Keywords: Mars, Spectroscopy, Experimental techniques

1. Introduction1

The ChemCam instrument suite (Maurice et al., 2012; Wiens et al., 2012)2

on board the NASA Mars Science Laboratory plays a vital role in the geolog-3

ical analysis of the Martian surface at Gale crater. It employs laser-induced4

breakdown spectroscopy (LIBS), a type of atomic emission spectroscopy that5

uses a pulsed high-energy laser to create a plasma plume that emits light from6

mostly atomic and ionic transitions (Cremers and Radziemski, 2006). With7

LIBS, ChemCam can analyze targets at stand-off distances between 1.3 m8

and 7 m (Maurice et al., 2012). No sample preparation is required and only9

a small part of the sample is ablated, making it minimally invasive. Since10

the start of the mission in 2012, ChemCam has acquired more than 600,00011

spectra, enabling the qualitative and quantitative analysis of major, minor,12
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and trace elements on the Martian surface (Maurice et al., 2016). It was also13

the first instrument to detect the elements fluorine and boron on Mars (Forni14

et al., 2015; Gasda et al., 2017).15

ChemCam’s quick stand-off analysis is helpful for the selection of samples16

for the contact and analytical laboratory instruments of the Mars Science17

Laboratory (Grotzinger et al., 2012). In addition to LIBS spectra of selected18

targets, it also provides high-resolution images with the integrated Remote19

Micro-Imager (RMI), which help to contextualize the measurements (Nachon20

et al., 2014; Le Mouélic et al., 2015; Maurice et al., 2012). A successor21

instrument of ChemCam called SuperCam will be part of NASA’s Mars 202022

mission. SuperCam will again employ stand-off LIBS, but it will also be able23

to perform stand-off Raman spectroscopy, visible and infrared reflectance24

spectroscopy, and luminescence spectroscopy (Wiens et al., 2017).25

The detection of chlorine and fluorine with ChemCam and SuperCam26

is important due to their key role in the geological and aqueous history of27

Mars. Apatites and amphiboles in SNC meteorites contain more Cl and F28

than OH, indicating high concentrations of Cl and F in the Martian parental29

magmas (Filiberto and Treiman, 2009a; Filiberto et al., 2016). It has been30

proposed that Cl could be the dominant volatile in Martian magmas instead31

of water (Filiberto and Treiman, 2009a), and that it plays a crucial role32

in the generation and evolution of Martian basalts by lowering the liquidus33

temperature (Filiberto and Treiman, 2009b). Furthermore, perchlorates and34

chlorides have been detected on Mars (Hecht et al., 2009; Massé et al., 2010;35

Osterloo et al., 2010), which could produce eutectic brines that are liquid at36

the low temperatures of present Mars (Burt and Knauth, 2003; Möhlmann37
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and Thomsen, 2011; Clark and Kounaves, 2016). The first detection of F38

on Mars was made possible by ChemCam, which revealed many fluorine-39

bearing phases that were proposed to be micas, amphiboles, apatites, topaz,40

or fluorite (Forni et al., 2015). The detected high concentrations of F of41

several wt% in igneous rocks could indicate that F is as important as Cl, or42

even more important, in basalt formation and mantle melting, since it has a43

similar effect on basaltic liquidus depression (Filiberto et al., 2012).44

In LIBS measurements, the detection and quantification of Cl and F by45

atomic or ionic emission lines is challenging. One of the main reasons for46

this is that the distribution of the energy levels in Cl and F produces strong47

emission lines in the vacuum ultraviolet (VUV) spectral range, but only weak48

emission lines in the typically applied spectral range, cf. ChemCam (242 nm49

to 900 nm). Molecular emissions of CaCl and CaF can improve the detection50

of Cl and F (Gaft et al., 2014; Alvarez-Llamas et al., 2016; Vogt et al., 2018).51

These diatomic molecules, which form in the laser-induced plasma if Ca is52

present along with Cl or F, produce intense molecular bands even at low53

concentrations of Cl or F. Indeed, the first detection of F on Mars was made54

possible by CaF emissions (Forni et al., 2015; Meslin et al., 2016).55

While the detection of chlorine and fluorine can be improved by molecu-56

lar emissions of CaCl and CaF, the quantitative analysis is more challenging.57

Since both components of the diatomic molecule need to be present in the58

plasma in sufficient concentrations, the molecular band intensities exhibit59

a nonlinear behavior, as shown in our last study on CaCl emission (Vogt60

et al., 2018). The CaCl band intensity was found to be more dependent on61

the Ca concentration than on the Cl concentration, resulting in maximum62
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intensities if there is more Ca in the sample than Cl. For specific samples,63

diatomic molecules in the laser-induced plasma can also be formed from the64

vaporization of solid fragments ejected from the sample matrix during ab-65

lation (Perez and Lewis, 2002; Doucet et al., 2008). In the case of CaCl66

and CaF, formation by fragmentation would be mostly expected for sam-67

ples containing CaCl2 and CaF2, so that the emission intensity might differ68

between samples containing these bonds and those that do not. Finally, if69

all three elements Ca, Cl, and F are present in the same sample, e.g. in70

apatites (Ca5(PO4)3(F, Cl, OH)) containing different proportions of F, Cl or71

OH anions, the intensities of both CaCl and CaF emission might be reduced72

because of the competing formation of both molecules.73

In the present study, we analyze the molecular emissions of CaCl and74

CaF in simulated Martian atmospheric conditions. The dependence of the75

band intensities on the reactant concentrations is analyzed and a theoretical76

description is derived based on the chemical reactions in the laser-induced77

plasma. The influence of the initial bonds in the sample matrix and of the78

formation of competing diatomic molecules is investigated as well. Since the79

atmospheric conditions strongly affect the lifetime and intensity of the laser-80

induced plasma (Knight et al., 2000), our results are very specific for the81

Martian environment and therefore relevant for current and future Martian82

LIBS data.83
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2. Methods84

2.1. Samples and experiments85

Pure and mixed samples made from seven different salts (K2SO4, CaCO3,86

KCl, MgF2, CaF2, CaSO4 · 2 H2O, and CaCl2 · 2 H2O) were used in this study.87

All salts used in this study are reagent-grade. In total, five different series88

were made. Table 1 gives an overview of the samples, categorized by test89

series and by experiment, and shows which laser energies were used for the90

measurements. Three fundamental experiments (A, B, C) were conducted91

for this study. In each case, the influence of the sample composition (or the92

chemical matrix) on the intensity of the molecular emissions is investigated.93

In order to obtain suitable and explicable trends, all elemental quantities are94

converted from weight percentages to molar fractions or atomic percentages,95

in accordance with the recommendation by Hahn and Omenetto (2012).96

A: Dependence on reactant concentrations. Here we study the dependence of97

the molecular emission on the concentrations of the two reactants, namely98

calcium and chlorine or calcium and fluorine. Two separate sets of sam-99

ples with anti-correlated concentrations of the reactants were made for this100

experiment. The first set is for the investigation of the CaCl band in depen-101

dence of the Ca and Cl content in the samples. It consists of 20 samples, in102

which the sum of the molar fractions of Ca and the Cl is kept constant at103

χCa + χCl = 0.2 (20 at%). This is achieved by mixing a 1:1 mass mixture104

of K2SO4 and KCl (”Mix 1”, χCl = 0.2) with CaCO3 (χCa = 0.2) at different105

ratios. This test series is the CaCl band series.106

The second series is for the equivalent investigation of the CaF band107

intensity and its dependence on the Ca and F concentrations. Again, the108
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Table 1: Overview of the test series made for this study, showing the fundamental formulae

for the mixtures and for the molar fractions of the investigated reactants Ca, Cl, and F.

The variables α and β indicate varying weight fractions of the substances in the mixtures.

Mix 1 is a 1:1 mixture of K2SO4 and KCl and Mix 2 is a 2.8:1 mixture of K2SO4 and

MgF2.

Series Mixture
Molar fractions

(Ca, Cl, F)
# samples Experiment

Laser energy

(mJ/pulse)

CaCl band series αMix 1 + (1− α) CaCO3

χCa = 0 . . . 0.2,

χCl = 0.2− χCa

20 A 17, 23, 35

CaF band series αMix 2 + (1− α) CaCO3

χCa = 0 . . . 0.2,

χF = 0.2− χCa

15 A 17, 23, 35

Initial bond series (different mixtures)
2χCa = χCl = 0.222 or

2χCa = χF = 0.250
4 B 23, 35

CaF robustness series αCaF2 + βKCl + (1− α− β) K2SO4

2χCa = χF = 0.03,

χCl = 0 . . . 0.087
15 C 23

CaCl robustness series αCaCl2 · 2 H2O + βMgF2 + (1− α− β) K2SO4

2χCa = χCl = 0.03,

χF = 0 . . . 0.155
9 C 23

sum of the molar fractions of Ca and F is kept constant at χCa + χF = 0.2109

(20 at%), this time by mixing a 2.8:1 mass mixture of K2SO4 and MgF2110

(”Mix 2”, χF = 0.2) with CaCO3. This series is the CaF band series. It111

consists of 15 samples, as the results of the CaCl band series indicated that112

a smaller sample size would be sufficient.113

B: Dependence on the initial bond. It is expected that the existing bonds in114

the sample matrix have an effect on the molecular emission if not all bonds115

are broken up during plasma formation. If Ca and Cl are bonded as CaCl2,116

for example, fragmentation might cause CaCl or CaCl2 molecules or larger117

fragments of the CaCl2 crystal to be present in the plasma. This can signif-118

icantly change the CaCl formation process in comparison to the alternative,119

in which three-body reactions via random collisions of Ca and Cl atoms and a120
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third body are necessary (see section 3.2). In order to test this, four samples121

were made, which are called the initial bond series. Two of the samples con-122

tain the same concentrations of Ca and Cl, but in different chemical bonds.123

The first sample is made from pure CaCl2 · 2 H2O, while the second sample124

is obtained from a mixture of 59.7 wt% KCl and 40.3 wt% CaCO3. They125

both contain 11.1 at% Ca and 22.2 at% Cl (χCa = 0.111, χCl = 0.222). The126

next two samples both contain 12.5 at% Ca and 25.0 at% F (χCa = 0.125,127

χF = 0.250). Again, one sample contains initial bonds between the two ele-128

ments, while the other does not. The first sample consists of 38.6 wt% CaF2129

and 61.4 wt% K2SO4, and the second sample consists of 38.4 wt% MgF2 and130

61.6 wt% CaCO3.131

C: Influence of competing reactants. If both Cl and F are present in the132

plasma, then CaCl formation and CaF formation are in direct competition133

with one another. This should affect the intensity of both molecular emis-134

sions. In order to study this effect, two sets of samples were made. In the135

first series, called the CaF robustness series, the concentrations of Ca and136

F were kept at a constant 1:2 ratio and at a nearly constant value, while137

Cl was added in different concentrations. For the samples CaF2 was mixed138

with KCl and K2SO4, while keeping the concentrations of Ca and F close to139

1.5 at% and 3 at%, respectively. The Cl concentration varies from 0 at% to140

8.7 at%. 15 samples were made for this series. In the second series, called141

the CaCl robustness series, CaCl2 · 2 H2O was mixed with MgF2 and K2SO4.142

The Ca and Cl concentrations in these samples were close to 1.5 at% and143

3 at%, respectively, while the F concentration varied from 0 at% to 15.5 at%.144

The number of samples was reduced to nine, while the highest F concentra-145
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tion was adjusted to be about five times higher than the Cl concentration,146

in order to investigate its influence over a wider range.147

Sample preparation. Mixed samples were made using a scientific scale (uncer-148

tainty ∆m < 0.01 g). Due to the importance of having specific values for the149

elemental concentrations, which can quickly change even for small variations150

of the masses, the mixing process had to be done very carefully. Uncertain-151

ties in the molar fractions were calculated from the weight measurements152

of the individual substances and the uncertainty of the scale. After mixing153

the components, the samples were ground into a fine powder using a mortar154

and pestle. Then they were pressed into pellets of about 1 g by applying a155

pressure of 0.25 GPa for 10 minutes.156

2.2. Experimental setup157

Measurements were made with the LIBS system at the Institute of Optical158

Sensor Systems of the German Aerospace Center (DLR) that was already159

described in previous publications (Schröder et al., 2013; Vogt et al., 2018;160

Schröder et al., 2019). It features a low-pressure simulation chamber with161

a motorized sample stage, an echelle spectrometer and several pulsed laser162

sources. The echelle spectrometer (LTB Aryelle Butterfly) uses a time-gated163

intensified charge-coupled device (ICCD) camera (Andor iStar), which can164

be time-gated in steps of 10 ns. For this study, the delay time between laser165

pulse and the start of the measurement was set to 350 ns and the gate width166

was set to 10 µs. These time settings were found to be beneficial because the167

continuum emission in the first plasma stage is omitted and because there is168

no significant plasma emission after 10 µs at Martian pressure (Vogt et al.,169
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2018). The Aryelle Butterfly can be switched between two spectral ranges:170

ultraviolet (UV) from 190 nm to 350 nm, and ultraviolet/visible/near-infrared171

(UV/VIS/NIR) from 270 nm to 850 nm. The UV/VIS/NIR spectral range172

was used for this study. It has a spectral resolution of about 0.03 nm full173

width at half maximum (FWHM) in the UV to about 0.09 nm FWHM in174

the NIR.175

We used a Q-switched Nd:YAG laser with a wavelength of 1064 nm and176

a pulse width of 6 ns. The pulse energy was set to 17 mJ, 23 mJ, or 35 mJ.177

The pulse energy was varied in order to investigate the influence of the as-178

sociated change of plasma parameters like temperature and electron density179

on the band intensity. For all measurements, the signal of 30 successive laser180

shots was integrated for a single spectrum in order to improve the signal-to-181

noise ratio. Each sample was measured at 10 different positions for improved182

accuracy and for the calculation of the standard deviation. The simulation183

chamber was filled with Mars-analog atmosphere (95.55 vol% CO2, 2.7 vol%184

N2, 1.6 vol% Ar, and 0.15 vol% O2) at a pressure of 650 Pa for all measure-185

ments in order to be close to Martian atmospheric conditions (Harri et al.,186

2014).187

3. Results188

3.1. General characteristics of the CaCl and CaF band series189

Spectra. Fig. 1 shows the spectra of pure CaCO3, Mix 1, and Mix 2, averaged190

from 10 measurements of each sample. The spectra shown here were all191

obtained with a laser pulse energy of 35 mJ. For the CaCO3 sample, strong192

lines of Ca(I) and Ca(II) dominate the spectrum. A slight contamination with193
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Figure 1: LIBS spectra of (a) CaCO3, (b) Mix 1, and (c) Mix 2 showing characteristic

emission lines. The CaCO3 spectrum features the orange system of CaO bands between

590 nm and 630 nm. In the spectrum of Mix 2, a weak MgF A2Πr –X2Σ+ band can

be observed. The spectra have been averaged from 10 measurements per sample. Each

measurement was integrated over 30 laser shots. The laser pulse energy was 35 mJ.
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Na can also be seen, most clearly from the Na(I) line doublet at 589.0 nm194

and 589.6 nm. The orange bands of CaO appear between 593 nm and 630 nm195

(see inset) (Marks et al., 1982). They are not superimposed by bands from196

other molecules yet, but will be superimposed by the A2Π–X2Σ+ bands197

(A-X bands) of both CaF and CaCl in the spectra of mixed samples. In198

order to distinguish between the CaO bands and the superimposed CaF and199

CaCl bands, the band system of CaO seen in this spectrum is later used as200

one of three reference spectra in order to obtain the separate intensities of201

CaO, CaCl, and CaF. The other two reference spectra are those of nearly202

pure CaF and CaCl bands, respectively. By fitting a linear combination of203

these reference spectra to the measured spectra in experiments A, B, and C,204

the three band intensities are obtained. The Ca(I) lines at 610 nm, 612 nm,205

616 nm, and 617 nm were masked so that they did not influence the intensity206

calculation.207

In the spectrum of Mix 1, emission lines of Cl(I) and Cl(II) can be ob-208

served along with strong K(I) and K(II) lines. The spectrum of Mix 2 shows209

emission lines of F(I) along with strong lines of Mg(I) and Mg(II). There are210

also K(I) and K(II) lines, but they are less pronounced than in Mix 1, as211

expected due to the lower concentration of K2SO4. Additionally, the MgF212

A2Πr –X2Σ+ band can be observed between 353 nm and 360 nm (see in-213

set). The band is too weak to be useful for the detection of fluorine, with214

a maximum intensity that is 5.8 times lower than that of the F(I) line at215

685.6 nm. Furthermore, it cannot be detected by ChemCam and SuperCam216

due to a gap in the spectral range from 340 nm to 380 nm. For the following217

experiments, the low MgF band intensity means that the results will not be218
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Figure 2: Hα line and C(II) lines in CaCO3, Mix 1, and Mix 2. In the spectrum of

CaCO3, a Ca(I) also appears close to the Hα line. The Stark broadening of the Hα line

can be used for the calculation of electron densities. As the width of the line does not

change significantly for the different samples, the calculated electron densities are also

very similar.

significantly affected by MgF formation.219

A strong signal that appears in all three spectra is the O(I) triplet at220

777 nm. Even though there is more oxygen in the CaCO3 sample (60 at%221

in comparison to 34 at% and 40 at% in Mix 1 and Mix 2, respectively),222

the intensity of the triplet does not change significantly. This indicates that223

the oxygen from the CO2 atmosphere strongly dominates the emission, cf.224

(Gasnault et al., 2012; Beck et al., 2017). Other signals that appear in all225

three spectra include the Hα line at 656.3 nm (Fig. 2), which is probably226

mostly caused by adsorbed water in the samples, and the two weak C(II)227

lines at 657.8 nm and 658.3 nm. The C(II) lines are always present due to228

the CO2-dominant Martian atmosphere, but they can be observed especially229

well in CaCO3, which provides additional carbon. A weak Ca(I) line appears230
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close to the Hα line in the CaCO3 spectrum as well. In spectra of ChemCam231

or SuperCam, which have a lower resolution of about 0.65 nm FWHM at this232

wavelength (Wiens et al., 2012), this Ca(I) line will be indistinguishable from233

the Hα line, since the C(II) lines already cannot be clearly distinguished from234

the Hα line. To our knowledge, the potential interference of this Ca(I) line235

has not been considered before in ChemCam studies on hydrogen (Schröder236

et al., 2015; Rapin et al., 2016).237

Even though there is a high amount of carbon available (20 at% in238

CaCO3), the bands of C2 cannot be observed in any of these spectra. The239

Swan system, the most common band system of C2, has been observed un-240

der Martian atmospheric conditions for carbon-bearing samples before (Ollila241

et al., 2011). However, it is possible that the formation of carbon monoxide242

is favored over the formation of diatomic carbon if enough oxygen is avail-243

able. Indeed, the dissociation energy of CO is 11.1 eV, while the dissociation244

energy of C2 is only 6.2 eV (Radzig and Smirnov, 1985), which makes the245

formation of CO much more likely. In this case, C2 would only appear in246

Martian LIBS spectra under very specific conditions, e.g. for graphite targets247

or organic compounds with low amounts of oxygen.248

The spectra of the mixed samples mostly consist of the lines of the two249

components of the mixture, but the CaCl bands and the CaF bands appear250

as well (Fig. 3). The most intense band system is the A2Π–X2Σ+ system,251

of which the most intense spectral feature is actually a superposition of the252

bands within the ∆υ = 0 band sequence, i.e. bands from transitions with no253

change in the vibrational quantum number υ (Asundi, 1935). The ∆υ = 0254

band sequence of the A2Π–X2Σ+ system will simply be called the A-X band255

14



Figure 3: Spectra of mixed samples showing the molecular bands CaF and CaCl inves-

tigated in this study. Both spectra have been averaged from all 10 measurements on a

sample.

in the following. For CaCl this A-X band appears at 615–621 nm, for CaF256

it is located at 595–607 nm. The second-most intense spectral features of257

CaCl and CaF are the B-X bands, i.e. the strongest band sequences of the258

B2Σ–X2Σ+ system, located at 590–596 nm for CaCl and at 529–540 nm for259

CaF. Since no significant difference between the behavior of the A-X bands260

and the B-X bands could be observed, only the more intense A-X bands are261

investigated in this study.262

The spectra in Fig. 3 are from samples with low concentrations of Ca, but263

high concentrations of Cl and F (2.1 at% Ca and 18.3 at% Cl for the CaCl264

band spectrum, 2.4 at% Ca and 17.6 at% F for the CaF band spectrum).265

Thus, the intensity of the CaO bands is close to zero, whereas the intensities266

of the CaCl band and the CaF band are comparatively high. Despite the267

nearly equal concentrations of Cl and F in these samples, the CaF band has268

a higher intensity than the CaCl band, while also showing very typical comb-269

like peaks close to 606 nm and a profile that is degraded to the violet. By270
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Figure 4: CaO band intensity in the measurements of a) the CaCl band series and b)

the CaF band series at different laser energies. The uncertainties represent the standard

deviation of the 10 calculated values per sample. No normalization was applied.

contrast, the CaCl band has three distinct maxima, but does not display any271

comb-like peaks and is generally less intense. The distinct band profiles of272

these bands do not change noticeably in between the samples used for this273

study.274

CaO emission. The intensity values of the CaO bands that overlap with275

the bands of CaCl and CaF can be seen in Fig. 4 for the measurements of276

the samples of the CaCl band series and the CaF band series at different277

laser energies. For both series, the CaO band intensity quickly decreases278

towards lower Ca concentrations and higher concentrations of Cl and F. Since279
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Figure 5: Boltzmann plot to calculate the plasma temperature based on the intensities of

five Ca(II) lines. The intensities are taken from the measurements of the CaCO3 sample

at a laser energy of 23 mJ/pulse. The uncertainties represent the standard deviation of

the 10 calculated values per sample. The solid line is the average of the fits obtained from

all 10 spectra, while the two dashed lines are the fits that correspond to the lowest and

highest temperatures as obtained from individual spectra.

the O(I) emission does not change significantly for the different samples,280

a linear relationship between the Ca concentration and the CaO emission281

would be expected if there was no additional influence on the formation of282

CaO molecules. The nonlinear relationship that is observed instead could283

indicate that the formation of CaCl and CaF molecules is favored over the284

formation of CaO molecules, so that CaO molecules are only formed once no285

more CaCl or CaF molecules can be formed. For this reason, it is assumed286

in the following that the formation of CaO is not relevant for the formation287

of CaCl and CaF.288

Electron density and temperature. The electron density and the temperature289

are important plasma parameters that can be used to estimate the influ-290

ence of matrix effects on the measurements (Aguilera et al., 2009; Hahn and291
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Figure 6: Electron densities for (a) the CaCl band series and (b) the CaF band series as

well as temperatures for (c) the CaCl band series and (d) the CaF band series. The values

of the electron densities and the temperatures do not change significantly for the three

laser energies. The temperature was calculated from Ca(II) lines, so that no temperature

could be calculated for the samples without Ca. The uncertainties were calculated from

the standard deviation of the 10 measurements per sample in the case of the electron

density and from the Boltzmann plot in the case of the temperature.

Omenetto, 2012). The temperature can be calculated from Boltzmann plots,292

and the electron density can be calculated from the Stark broadening of spec-293

tral lines. This broadening is especially strong for the Hα line at 656.3 nm294

(Fig. 2), so that it is well-suited for the calculation of the electron density (El295

Sherbini et al., 2006) and has therefore been used in this study. While it has296

been argued that the Hβ line at 486.1 nm is an even better choice (Parigger297

et al., 2018), it has a very low signal-to-noise ratio in our spectra, making298

it less suitable for analysis. The electron density ne was therefore calculated299
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from the broadening of the Hα line, using the relation (Gigosos et al., 2003)300

FWHA = 0.549 nm×
( ne

1017 cm−3

)0.67965

, (1)

where FWHA is the full width at half area of the Hα line. Since a Lorentzian301

profile was used to fit the line, the FWHA is equal to the full width at half302

maximum (FWHM).303

The temperature has been calculated from Boltzmann plots using the304

Ca(II) lines at 315.9 nm, 317.9 nm, 370.6 nm, 373.7 nm, and 849.8 nm.305

These Ca(II) lines were chosen because they are not or only minimally self-306

absorbed and because they have strong intensities even at low Ca concen-307

trations. Ionic lines were chosen because temperatures calculated from ionic308

lines are consistently higher than temperatures calculated from neutral lines309

due to their spatial alignment with high-temperature plasma regions (Aragón310

and Aguilera, 2008). Fig. 5 shows an example of a Boltzmann plot for the311

CaCO3 sample, where the uncertainties represent the standard deviation of312

the intensity values of the individual spectra. For each measured spectrum, a313

Boltzmann plot was made and a temperature was calculated from the slope314

of the linear fit. In Fig. 5, the average fit and the fits that correspond to the315

lowest and the highest calculated temperature are shown to demonstrate the316

low variability of the measurements.317

The values of the electron density and of the temperature are shown in318

Fig. 6 for all samples and all laser energies. The uncertainties were calcu-319

lated from the standard deviation of the 10 measurements per sample in the320

case of the electron density and from the Boltzmann plot in the case of the321

temperature, as shown in Fig. 5. The electron density stays nearly constant322

between the various samples of the CaCl and CaF band series, and it is also323
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not affected by the variation of the laser energy, yielding the same value for324

17 mJ/pulse, 23 mJ/pulse, and 35 mJ/pulse. The average electron density of325

all measurements is about (4.0± 0.3)× 1016 cm−3. A similar behavior can be326

observed for the temperature. For a laser energy of 17 mJ/pulse, the temper-327

ature in the CaCl band series decreases slightly, but for most measurements328

and especially for the higher laser energies it stays close to the average of329

about (1.3± 0.1)× 104 K. While initially surprising, the observation that330

neither electron densities nor temperatures are strongly affected by the vari-331

ation of the laser energy agrees well with previous studies on the influence of332

the laser energy on these parameters (Yalçin et al., 1999). The results indi-333

cate that higher laser energies mostly result in a higher ablation rate. The334

higher amount of ablated material could then lead to a stronger expansion335

of the plasma plume until pressure equilibrium is established. At the point336

of pressure equilibrium, the plasma would be larger in size for higher laser337

energies, but the particle number densities would still be similar to those at338

lower laser energies. Likewise, the hot plasma regions could mostly increase339

in size instead of increasing in temperature. This explanation seems likely,340

since a dependence of the plasma size on the laser energy has already been341

observed (Harilal et al., 2015).342

The long time gate of 10 µs additionally affects the calculations of the343

electron density and the temperature. Because the plasma cools over time,344

electron densities and temperatures are more accurate if they are calculated345

from measurements with short time gates (50–200 ns). Still, the values that346

are calculated here can be used as first estimates of the plasma parameters.347

Since they do not change significantly in between samples, it can be assumed348
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Figure 7: Integrated intensities of a) the CaCl band in the CaCl band series and b) the

CaF band in the CaF band series at different laser energies and in dependence of the

reactant concentrations. The fit curves are based on Eq. 9 and follow the measured values

closely. Uncertainties are calculated from the standard deviations of the 10 measurements

per sample. No normalization was applied.

that the conditions in the plasma are similar for all measurements. There-349

fore, the differences in the intensities measured from the spectra are mostly350

governed by changes in the sample composition, not by changes in the plasma351

parameters.352

3.2. CaCl and CaF emission in mixed samples (A)353

Fig. 7a shows the integrated intensity of the CaCl band for all samples354

of the CaCl band series in dependence of the Ca concentration and for all355

three laser energies, with uncertainties calculated from the standard deviation356

of the measurements. The resulting curves are asymmetrical and skewed357

towards higher Ca concentrations. This is in contrast to the equivalent curves358
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in the case of CaF, which can be seen in Fig. 7b for the samples of the CaF359

band series. For CaF, the curves are nearly symmetrical, and are only slightly360

skewed towards higher Ca concentrations. Given that the reaction rates for361

the basic reactions Ca + Cl −−→ CaCl and Ca + F −−→ CaF are equally362

dependent on the concentrations of both reactants, the observed asymmetry363

must be related to additional reactions in the plasma that influence the CaCl364

and CaF concentration. In a previous study, the asymmetry of the CaCl band365

intensity was mostly attributed to the formation of CaCl2 in the plasma (Vogt366

et al., 2018). Given that CaF2 has a higher bond dissociation energy than367

CaCl2 (5.7±0.4 eV vs. 4.5±0.4 eV, deB. Darwent, 1970) and should therefore368

be more stable at high temperatures, it was not expected that the asymmetry369

is less pronounced for CaF.370

The influence of CaO formation on these results was minimal. The in-371

tensity of the CaO bands decreased quickly towards samples with lower Ca372

concentrations for both test series, suggesting that CaO formation is less373

favored than both CaCl formation and CaF formation.374

Fit model. The fit shown in Fig. 7 is based on the theoretical intensity of375

the molecular A-X band, which depends on the chemical processes that are376

involved. CaCl and CaF are heteronuclear diatomic molecules AB, where377

A is Ca and B is either Cl or F. The chemical processes are then assumed378

to be described by the following reactions, based on a similar derivation by379
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Ogryzlo et al. (1984):380

A + B
k1−−→ AB∗ (2a)

AB∗ k2−−→ A + B (2b)

AB∗ + B + M
k3−−→ AB2 + M∗ (2c)

AB∗ + M
k4−−→ AB + M∗ (2d)

AB∗ + M
γk4−−→ AB(A) + M∗ (2e)

AB(A) + M
k5−−→ AB(X) + M∗ (2f)

AB(A)
k6−−→ AB(X) + hν (2g)

Reactants A and B recombine to an excited precursor AB* of the diatomic381

molecule AB (1a), which can easily dissociate (1b). It can also recombine382

with a B atom to form AB2 via a three-body reaction with B and another383

plasma species M (1c), or recombine to a more stable energy state via col-384

lision (1d). A fraction γ will recombine to the A2Π state, indicated here as385

AB(A) (1e). The backward direction where AB(A) is energized by collision386

is assumed to be negligible here. Instead it is assumed that AB(A) quickly387

relaxes to the ground state X2Σ+, indicated here as AB(X), either by col-388

lision (1f) or by emitting a photon (1g). The constants above the arrows389

in (1a–1g) are the rate constants of the reactions. The rate of the radiative390

transition from the A2Π state to the X2Σ+ state is given by391

d[AB(X)]

dt
=
dnhν
dt

= k6[AB(A)] , (3)

where square brackets indicate the number densities of chemical species, and392

nhν is the number density of emitted photons. The intensity of the A-X band393
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is then proportional to the transition rate of the emission:394

IA-X =
hν

4π
V k6[AB(A)] , (4)

with the volume of the plasma V and the photon energy hν (neglecting the395

spectral width of the transition). Using the steady-state approximation for396

AB* and AB(A), their concentrations can be written as:397

[AB∗] =
k1[A][B]

k2 + k3[B][M ] + k4[M ]
(5)

[AB(A)] =
γk4[M ]

k5[M ] + k6
[AB∗] (6)

Since the exact values for the various parameters in Eq. 4–6 are not known398

and cannot be measured directly, the equations need to be simplified. The399

first step is to exchange the concentrations [A] and [B] in the plasma for the400

molar fractions χA and χB in the sample:401

[A] = ntotχA (7)

[B] = ntotχB (8)

Here ntot is the total number density of atoms in the plasma that were ablated402

from the sample surface. The assumption here is that nearly stoichiomet-403

ric ablation is given and that the plasma is relatively uniform. Finally, by404

grouping the parameters together and by introducing a parameter F for the405

detection efficiency of the experimental setup (in counts/photon) as well as406

a parameter ∆t for the integration time, the intensity (in counts) can be407
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written as:408

IA-X = ζ
χAχB

(1 + ηχB)
(9)

ζ = F∆t n2
tot

k6k1γk4[M ]

(k5[M ] + k6)(k2 + k4[M ])
(10)

η = ntot
k3[M ]

k2 + k4[M ]
(11)

The parameter ζ is given in counts of the spectrometer, while η is dimen-409

sionless. Since the temperature and the electron density are similar for all410

measurements (Fig. 6), the rate constants, ntot, and [M ] should stay roughly411

constant for measurements of all samples within a test series at a given laser412

energy. The relative rate of AB2 formation in comparison to dissociation and413

relaxation described by η in Eq. 11 defines how strongly IA-X is affected by414

a high concentration χB of reactant B. In the special case where both reac-415

tants are correlated (e.g. in mixtures containing CaCl2), the intensity of the416

molecular emission is proportional to the square of the analyte concentration417

(the analyte being one of the reactants) if ηχB is small. A linear relation be-418

tween the intensity of the molecular emission and the analyte concentration419

is only possible if ηχB � 1. In that case, the slope m is m = ζ/η. Previous420

measurements of CaCl2 mixtures confirm this, because a quadratic relation421

was observed at low Cl concentrations and a more linear relation at higher422

Cl concentrations (Vogt et al., 2018).423

Eq. 9 was used to fit the molecular band intensities in Fig. 7. The in-424

tensities of both molecular bands can be described accurately for all three425

laser energies at which they were measured. The fit parameters are listed426

in Table 2. The results for ζ are similar for the two test series, indicating427

that the rate constants as well as the concentrations [M ] in Eq. 10 are also428
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Table 2: Fit parameters for the calculation of the band intensity of CaCl and CaF in the

CaCl band series and in the CaF band series for all three laser energies.

CaCl band series CaF band series

Laser energy (mJ/pulse) ζ (counts) η ζ (counts) η

17 (5.6± 1.1)× 104 43± 10 (5.7± 0.2)× 104 5.4± 0.6

23 (7.5± 0.4)× 104 24± 2 (6.8± 0.3)× 104 4.7± 0.8

35 (8.3± 0.6)× 104 17± 2 (8.2± 0.4)× 104 2.9± 0.7

of similar magnitudes. The values of ζ increase for increasing laser energies,429

which can be explained by the dependence on the total number density ntot.430

The main difference between the CaCl band series and the CaF band series431

can be found in η, which is higher in the CaCl band series, indicating that432

the reaction from CaCl* to CaCl2 happens at a relatively higher rate than433

the reaction from CaF* to CaF2. The intensity of the CaF band is then434

only slightly reduced by the ηχF term in Eq. 9 at high concentrations of F,435

leading to higher intensities than those of the CaCl band. For increasing436

laser energies, η decreases in both series. Since the plasma temperature does437

not change significantly (Fig. 6), the effect could be related to changes in the438

plasma geometry, which could affect the effective rate constants k2, k3, and439

k4. The plasma volume has been reported to increase for higher laser energies440

(Harilal et al., 2015). It is therefore possible that the colder plasma regions,441

where reactions to CaCl2 and CaF2 are stable, become smaller relative to the442

hotter regions as the laser energy is increased. This could effectively reduce443

the rate constant k3 and therefore also η.444

If a calibration for the Ca concentration is available, Eq. 9 can be used445

to calculate the concentrations of Cl and F. In the measurements of the446
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CaCl band series and the CaF band series, the intensity of the Ca(II) line447

at 373.7 nm is proportional to the Ca concentration in the sample, so that448

χA = IA/m, where χA is the molar fraction of Ca in the sample, IA is the449

intensity of the Ca(II) line, and m is the slope of the calibration curve. Then450

Eq. 9 can be solved for χB:451

χB =
IA-X

ζIA/m− ηIA-X

. (12)

Using this equation, the concentrations of Cl in the CaCl band series and452

of F in the CaF band series were calculated from the ten measurements per453

sample that were made with a laser energy of 23 mJ/pulse, using the cor-454

responding fit parameters from Table 2. The results can be seen in Fig. 8,455

where the dotted lines indicate the expected values. At low concentrations456

of Cl and F, the calculated values are close to the expected values and have a457

low uncertainty, though the uncertainties for samples of the CaCl band series458

are consistently higher than the ones for samples of the CaF band series. At459

high Cl and F concentrations, the calculated concentrations begin to deviate460

from the true concentrations and the uncertainties increase strongly. The461

concentration of Cl in the CaCl band series can be calculated correctly up462

to about 8 at%, while the concentration of F in the CaF band series can463

be calculated correctly up to about 11 at%. The lower uncertainty of the464

values in the CaF band series is due to the lower value of η, which reduces465

the influence of the less accurate second term in the denominator of Eq. 12.466

Correspondingly, the values are more accurate for high Ca concentrations,467

because those lead to a high value of the first term in the denominator of468

Eq. 12. For these two specific test series, in which the Ca concentrations are469

especially high at low Cl and F concentrations, this leads to highly accurate470
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Figure 8: a) Calculated Cl concentration for the CaCl band series. b) Calculated F concen-

tration for the CaF band series. The intensity values were taken from the measurements

with a laser energy of 23 mJ/pulse. No normalization was applied. The uncertainties

represent the standard deviation of the 10 calculated values per sample.

calculations of the lower Cl and F concentrations. The lowest obtained Cl471

concentration is (1.3± 0.3) at% for the sample with an expected Cl concen-472

tration of (1.1± 0.2) at% (about 1.8 wt%). The lowest obtained F concen-473

tration is (0.40± 0.08) at% for the sample with an expected F concentration474

of (0.42± 0.09) at% (about 0.4 wt%).475

3.3. Influence of initial bonds (B)476

The spectra of the four samples that were investigated for this experiment477

are shown in Fig. 9 for a laser energy of 23 mJ/pulse. Measurements at478

35 mJ/pulse have been done as well and show the same general behavior.479

An important observation is that the molecular emissions of CaCl and CaF480
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Figure 9: Spectra of samples containing Ca and Cl or Ca and F, either bonded together

or from different substances. The laser energy for these measurements was 23 mJ/pulse.

(a) The CaCl band is stronger for the sample where Ca and Cl are bound as CaCl2, while

the CaF band is weaker for the sample containing CaF2. (b) The Ca(II) line at 373.6 nm

is slightly more intense for the samples with stronger molecular emissions. (c) The F(I)

line is weaker for the sample with the stronger CaF emission. (d) The Cl(I) line is weaker

for the sample with the stronger CaCl emission.

are affected in opposite ways by the presence of CaCl2 bonds and CaF2 bonds481

in the sample. The intensity of the CaCl band is 2.8 times higher for the482

sample with CaCl2 bonds than it is for the sample where Ca and Cl are not483

bonded with each other. By contrast, the intensity of the CaF band is 1.9484

times lower for the sample containing CaF2 bonds than it is for the sample485

without CaF2 bonds. This behavior of the molecular bands does not correlate486

with the emission line intensities of the reactants. The intensities of the Ca487

lines increase slightly for the samples that also have strong band intensities488
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(CaCl2 · 2 H2O and MgF2 + CaCO3, Fig. 9b). However, the intensities of489

the halogenic reactants (Cl(I) and F(I), respectively) are significantly lower490

for these samples than they are for the samples with a lower band intensity491

(Fig. 9c and d). The actual reactant concentrations are almost equal in492

each pair of samples and have an uncertainty of less than 0.65 at%, so that493

the changes in the signal intensities should not be related to differences in494

the elemental concentrations in the samples. Likewise, the emission line495

intensities of Ca(II) and F(I) or Cl(I) should be correlated if their changes496

were caused by differences in the hardness of the sample or in the laser497

coupling efficiency. As this is not the case, these matrix effects cannot be the498

dominant factors in the observed intensity changes.499

The most likely explanation for the reduced intensity of the Cl(I) line in500

the CaCl2 · 2 H2O sample and for the reduced intensity of the F(I) line in the501

MgF2 + CaCO3 sample is that they are related to the increased formation502

of CaCl and CaF molecules in these samples, respectively. As the relative503

difference between the CaCl band intensities is higher than the one between504

the CaF band intensities, it is reasonable that the reduction of the Cl(I)505

line intensity is also stronger than that of the F(I) line intensity, as seen in506

Fig. 9c and d. These results demonstrate that the formation of molecules in507

the laser-induced plasma is itself a relevant matrix effect that is too strong508

to be neglected.509

The expected increase of the band intensities in spectra of samples in510

which the two reactants are already bonded could only be observed for CaCl,511

but the opposite was true for CaF, where the band intensity was lower for512

the sample with CaF2 bonds. While the cause of the observed differences is513

30



unknown, the large differences of the band intensities for samples with equal514

reactant concentrations are a clear sign of the influence of matrix effects on515

the formation of molecules in the plasma.516

3.4. Influence of competing molecule formation (C)517

Fig. 10 shows the intensities of the CaCl and CaF emission in the two518

test series in which the concentration of one reactant is increased while that519

of the other stays at roughly the same value. In Fig. 10a and b, the Cl520

concentration is varied. Even though the CaCl band is clearly increasing in521

intensity, the CaF band is not significantly affected. In the sample with the522

highest molar fraction of Cl, there is three times as much Cl in the sample523

as F, but the CaF band intensity is still close to its average intensity. This524

is a clear indication that the CaF emission band is not strongly affected by525

the formation of CaCl in the plasma.526

The increase of the CaCl band in Fig. 10a can be fitted with Eq. 9.527

However, the parameters from Table 2 for the CaCl band do not fit well in this528

case. They are found to be smaller, with ζ = (3.6±0.3)×104 counts and η =529

5.7± 2.2. A smaller η means that the rate of reactions to CaCl2 is reduced,530

since the other parameters in η mostly depend on the number densities and531

the temperature, which did not change in comparison to experiment A. While532

it is possible that the plasma dimensions for these samples are unfavorable533

for reactions to CaCl2, it is more likely that the parameters are actually534

similar to those from Table 2, but that the concentration of available Ca in535

the plasma is changed due to the presence of CaF. This would lead to a false536

calculation of the fit parameters, which would be smaller in this case.537

In contrast to the CaF band in the previous case, the CaCl band in538
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Figure 10: Intensities of the CaCl band and the CaF band in the samples of the robustness

series. Top row: The molar fractions of Ca and F are constant while the Cl fraction is

varied to up to 3 times the F fraction. Bottom row: The molar fractions of Ca and Cl

are constant, while F is varied between 0 and 5 times the Cl fraction. For constant Ca

and F concentrations, the CaF band stays at the same intensity despite the increasing Cl

concentration (b). By contrast, the CaCl band intensity significantly decreases as the F

concentration increases even though the concentrations of Ca and Cl stay constant (d).

No normalization was applied to the intensities in (a). The intensities in (b) and (d) are

normalized with the Ca(II) line at 373.7 nm, the intensities in (c) are normalized with

Mg(II) (293.6 nm).
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Fig. 10d is strongly affected by the additional formation of CaF in the plasma.539

There is a clear decrease in the intensity as the F concentration increases. In540

the sample with the highest F concentration, the CaCl band is approximately541

three times weaker than it is in samples with low F concentrations. This again542

supports the idea that CaF formation is favored over CaCl formation. The fit543

for the CaF band is interesting because in this case, the two fit parameters are544

higher than they are in Table 2 with ζ = (1.4±0.1)×105 counts and η = 6.4±545

2.2. The value of ζ is twice as high as the value that was found for the CaF546

band series at 23 mJ/pulse. However, the plasma parameters are comparable547

to those of the previous experiments, so that none of the parameters in ζ548

should significantly change. Since both CaCl and CaF molecules are formed,549

it would even be expected that the rate of CaF formation would be slightly550

smaller than in experiment A. Therefore it seems likely that the increased551

intensity of CaF is again based on matrix effects during the ablation process,552

similar to the case observed in experiment B, where the band intensities553

changed in dependence on the bonds in the sample.554

The intensities of the CaF band in Fig. 10b and the CaCl band in Fig. 10d555

have been normalized with the Ca(II) line intensity at 373.7 nm because556

they showed a high variation. This variation was strongly correlated with557

that of the Ca lines, which indicates that the concentrations of the relevant558

substances in the mixtures (CaF2 and CaCl2, respectively) varied a lot. The559

reason for this variation is the ternary mixing process that was required. It560

is more challenging to make homogeneous samples from ternary mixtures, as561

the likelihood of three components being equally distributed in the sample562

is lower than it is for two components. We tried to compensate for this563
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by increasing the number of measurements per sample from 10 to 15, but564

in some cases the average and median intensities were nevertheless different565

from their expected values. This mostly affects the molecular bands where566

both reactants come from the same component in the mixture, as in this case567

both concentrations increase or decrease at the same time, while in the other568

case a decrease in the concentration of one reactant can often be compensated569

by an increase of the concentration of the other reactant.570

4. Discussion571

The influences of varying reactant concentrations (experiment A), changes572

in the initial bonds (experiment B), and competing molecule formation (ex-573

periment C) on the band intensities of CaCl and CaF were investigated. The574

appearance of the molecular bands was not noticeably affected in either of575

these experiments, as the fit that was made to calculate the band intensi-576

ties matched their profiles very well for all samples. Since the appearance of577

a molecular band can change depending on the temperature of the plasma578

(Herzberg, 1950), this indicates that the molecules were formed in regions579

with similar temperatures. This is in line with plasma simulations, which580

usually find that the formation of molecules happens within a comparatively581

low and narrow temperature range, e.g. 3000–7000 K for CaCl (Shabanov582

and Gornushkin, 2016).583

In experiment A, the molecular bands of CaCl and CaF disappear if584

either of the reactants is missing. In between, the band intensity quickly585

rises, but in both cases an asymmetry can be observed, so that the maximum586

band intensities are shifted towards higher Ca concentrations. This effect is587
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significantly stronger in the case of CaCl than it is for CaF and has already588

been observed in our last study on CaCl, where it was attributed to reactions589

to CaCl2 (Vogt et al., 2018). We introduced a new theoretical description590

from a model of chemical reactions, approximating the molecule formation591

as a steady-state process. This approximation should be justified for laser-592

induced plasmas in partial local thermal equilibrium, since the three-body593

collisions involved in the chemical processes happen within the same time594

scale as collisional ionization and three-body recombination. The result is595

an effective way to describe the intensities of CaCl and CaF bands with596

only two fit parameters (Eq. 9). Despite the strong differences that could597

be observed between the intensities of the CaCl band series and the CaF598

band series, the fit function was able to describe both cases accurately for599

measurements at three different laser energies. The simplicity of the fit is a600

big advantage that might also enable the integration of molecular analysis601

into the standard processes that are used to analyze Martian LIBS spectra.602

While the numerical fit routine in our last study on CaCl was able to produce603

very good time-resolved results at the cost of a high complexity (Vogt et al.,604

2018), the fit function of the present study is the most simple description of605

molecular band intensities that seems possible without sacrificing accuracy.606

This approach seems more suitable for quantitative analysis in the context607

of planetary exploration, where time-resolved LIBS spectra are usually not608

available.609

In order to use the model described here to calculate unknown elemental610

concentrations, the two parameters ζ and η need to be determined for the611

specific LIBS instrument that is used to measure the spectra, and a cali-612
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bration curve for the Ca concentration needs to be available. Equation 12613

can then be used to calculate the concentration of Cl or F. The calculated614

concentrations are more accurate for low values of η and for samples with615

high Ca concentrations, so that the most accurate values in the two investi-616

gated series were actually obtained for the samples with the lowest Cl and F617

concentrations above zero: (1.3± 0.3) at% for Cl and (0.40± 0.08) at% for618

F. The Cl concentration is less accurate due to the higher value of η for the619

CaCl band series. For Martian LIBS spectra, the laser irradiance may vary620

between measurements, so that the dependence of the parameters on the laser621

irradiance (Table 2) needs to be considered. As the pulse energy increases,622

ζ increases and η decreases for both CaCl and CaF. Ideally, the two param-623

eters are determined for several values of the laser irradiance. However, the624

asymmetric shape of the curves in Fig. 7, which is determined by η, is not625

strongly affected by the change of the pulse energy, despite the variations626

in the best-fitting parameter values. Therefore an approximate value for η627

might be sufficient in many situations. Then the only important influence628

of the laser irradiance is on ζ, which is a scaling factor that can likely be629

accounted for by normalization. This is promising for the application of the630

model to ChemCam and SuperCam data, where the irradiance changes with631

the distance to the target.632

In experiment B, molecular formation following fragmentation was inves-633

tigated. This is an alternative to the formation of molecules via chemical634

reactions in the plasma. Fragmentation may occur during the ablation pro-635

cess (Doucet et al., 2008). In this case, polyatomic fragments are ejected from636

the sample surface, which then thermally dissociate in the plasma. This ther-637
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mal dissociation may lead to the formation of CaCl and CaF molecules, but638

only if bonds between these elements were already present in the sample. For639

this reason, molecular emissions from samples with and without native bonds640

of CaCl2 and CaF2 were compared. While significant differences in the band641

intensities were indeed observed, the effect was inverted for CaCl and CaF:642

the CaCl band intensity strongly increased if CaCl2 bonds were present, but643

the CaF band intensity strongly decreased in an equivalent comparison. If644

fragmentation is the dominant effect behind these changes, then the differ-645

ences for CaCl and CaF might be explained by differences in the dissociation646

energies of their original bonds. The energy required for the dissociation647

CaF2 −−→ CaF + F is 5.7 ± 0.4 eV, while that of CaCl2 −−→ CaCl + Cl is648

only 4.5±0.4 eV (deB. Darwent, 1970). Therefore it is possible that less CaF2649

fragments dissociate before they move out of the high-temperature plasma re-650

gions. However, the MgF2 bonds in the comparison sample for the CaF band651

have a slightly higher dissociation energy than CaF2 with 5.9± 0.4 eV (deB.652

Darwent, 1970), which should then also reduce the CaF band intensity in the653

comparison sample. It is therefore not clear if fragmentation is the dominant654

effect that influences the band intensities here, or if other matrix effects are655

also relevant. However, even though we originally expected that the band656

intensities would increase for all samples with native bonds between the re-657

actants, the results clearly demonstrate a large influence of the native bonds658

on the band intensities. For the reaction model developed in experiment A,659

this could mean that different parameters have to be used if native bonds of660

the reactants are present in the sample. In mixed cases where only a fraction661

of the reactants are bound together in the sample, a superposition of two662
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reaction models would have to be used that is weighted in correspondence663

to the expected ratios in the sample. To distinguish between these different664

cases, it is important to have additional information about the sample, for665

example from a multivariate analysis of the LIBS spectrum and from context666

images. However, Martian targets in which these native bonds might pose667

a challenge are limited: the only minerals with native bonds of Ca and Cl668

are sinjarite (CaCl2 · 2 H2O) and antarcticite (CaCl2 · 6 H2O), while fluorite669

(CaF2) is the only mineral with native bonds of Ca and F.670

The results of experiment C show that the molecular emission of CaF is671

less affected by the competing formation of CaCl than the other way around.672

The intensity of the CaCl emission strongly decreased for increasing amounts673

of fluorine in the sample, while the CaF band was not significantly affected674

by an increasing chlorine concentration. This suggests that CaF formation675

is favored over CaCl formation and that CaF is generally more stable than676

CaCl. The low η values of the CaF band intensity fits in experiment A and677

the higher dissociation energy of CaF in comparison to that of CaCl (5.7 ±678

0.4 eV vs. 4.4 ± 0.4 eV, deB. Darwent, 1970) support this, since the low η679

value indicates a low rate of CaF2 formation and a higher dissociation energy680

indicates a more stable bond. There is a potential unaccounted influence of681

fragmentation in the results of experiment C, however, as it was necessary to682

use samples containing CaCl2 and CaF2 bonds in this experiment in order to683

avoid the preparation of complex and error-prone quaternary mixtures. The684

measurements also showed a high variation and had to be normalized, which685

was attributed to the uncertainties in the mixing process. For future studies686

on this topic, it might be advantageous to avoid a ternary mixing process687
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by preparing binary mixtures that are then mixed in a binary process again,688

similar to the mixtures prepared for experiment A.689

The observation that electron densities and temperatures did not change690

significantly for higher laser energies requires further investigation. It is691

possible that the excess energy leads to a higher ablation rate, but not to692

a stronger heating of the plasma plume. The higher ablation rate could693

then result in a larger plasma volume in which the particle number densities694

are similar as in the plasma measured at a lower laser energy. The results695

from previous studies in terrestrial ambient conditions seem to support this696

explanation (Yalçin et al., 1999; Harilal et al., 2015). The effect could be697

even more pronounced at the lower Martian atmospheric pressure, in which698

the plasma plume is less confined. The dependence of the plasma volume and699

the plasma temperature on the laser energy in Martian ambient conditions700

will therefore be investigated in a future study with a plasma imaging setup701

for spatially resolved measurements of the plasma emissions.702

5. Conclusion703

Molecular bands of CaCl and CaF in the laser-induced plasma were in-704

vestigated under simulated Martian conditions in order to examine their705

potential for the quantification of Cl and F on Mars. They are often much706

more intense than emission lines of Cl and F, but several matrix effects need707

to be considered in their quantitative analysis. The most important factor708

is the dependence of the band intensities on the concentrations of the two709

components (Ca and Cl or Ca and F, respectively). A fit function (Eq. 9) to710

describe this dependence was derived from rate equations under the assump-711
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tion of a steady state. It only requires two parameters to accurately describe712

the intensities of both the CaCl band and the CaF band, and it can be used713

in an equivalent manner as a usual calibration curve. If a calibration for the714

Ca concentration is available, the model can be used to calculate the Cl con-715

centration from the CaCl band intensity and the F concentration from the716

CaF band intensity. This provides a theoretical framework for experimental717

observations that is easier to use than the numerical models that have been718

suggested before, (e.g. Shabanov and Gornushkin, 2015; Vogt et al., 2018).719

The lowest detected concentrations in this study were 1.8 wt% Cl and 0.4 wt%720

F, which could likely be reduced even further since the measurements were721

not close to the detection limit.722

In addition to their concentrations, the initial bonds of Ca and Cl or723

Ca and F were found to strongly influence the band intensities. A poten-724

tial explanation for this is fragmentation, which can produce CaCl or CaF725

molecules as fragments of the original salts CaCl2 and CaF2 if these are726

present in the sample. The band intensity of CaCl increased if CaCl2 was727

present in the original sample matrix, while that of CaF decreased if CaF2728

was present. These differences might be due to different dissociation energies729

of CaCl2 and CaF2, but further research is necessary to determine whether730

other matrix effects contribute to the observed differences as well. Tempo-731

rally and spatially resolved measurements could help to clarify the role of732

fragmentation, as emissions by molecules that formed as fragments of the733

original matrix should occur in earlier stages of the plasma and closer to the734

sample surface than emissions of molecules formed by chemical reactions.735

Since the only minerals with bonds between Ca and Cl or Ca and F are736
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sinjarite, antarcticite, and fluorite, multivariate analysis and context images737

should make it possible to identify Martian targets in which these bonds738

might influence the molecular band intensities.739

The investigation of the competing formation of CaCl and CaF suggests740

that CaF formation is more dominant, as the CaF band was not affected741

by the formation of CaCl, while the CaCl band was strongly affected by the742

formation of CaF. The effect can therefore be neglected for CaF, especially in743

comparison to the stronger influence of the initial bonds and potential frag-744

mentation. For CaCl, competing molecular formation can be more relevant.745

The reduction of the band intensity needs to be considered if both CaCl and746

CaF bands can be observed, which could be the case for apatites containing747

both F and Cl anions. It is also possible that only the CaF band can be748

observed even if a small concentration of Cl is present in the sample as well.749

This study was made to support the analysis of LIBS spectra of the Mar-750

tian surface measured by instruments like ChemCam or SuperCam. While751

the results are relevant to molecular LIBS in general, they are especially752

important in the context of Martian exploration. The detection and quan-753

tification of Cl and F provides crucial information about the geological and754

fluvial history of Mars. Analyzing and understanding the matrix effects that755

can influence the intensities of the strongest signals related to Cl and F is756

necessary in order to accurately quantify their presence in Martian environ-757

ments. The application of these results to Martian LIBS data will be an758

important next step.759
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