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Abstract: 

A LIBS experimental set-up is designed and evaluated to obtain the spatio-temporal distribution of 

atomic and molecular emission signals after the ablation of samples with different amounts of Ca and 

F. This analysis revealed separated temporal and spatial regions that maximized the atomic and 

molecular emission signals, respectively. Therefore, these distributions are  investigated to elucidate 

the origin of the CaF molecular excited species, and to evaluate the development of an optimized 

method for the measurement of CaF molecular signals, which are related to the concentration of F in 

the sample. 
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1. INTRODUCTION 

Laser-Induced Breakdown Spectroscopy (LIBS) is an analytical technique based on the measurement 

of the emission spectrum from a laser induced plasma, which is created after the ablation of a 

sample by a short laser pulse with high irradiance (typically about 1010 W/cm2) [1]–[4]. A 

spectroscopic analysis of the emitted light provides information about the chemical composition of 

the sample and gives insight regarding the physical parameters of the plasma (e.g. 

electronic/rotational temperatures and/or electron number densities). LIBS is known to provide fast 

analysis with high spatial resolution (e.g. micrometer lateral resolution and nanometer in-depth 

resolution [5]), as well as, to offer portability for in-situ analysis, and stand-off analysis potential [1]. 

Moreover, LIBS reaches adequate sensitivity for multi-elemental analysis in multiple fields of 

applications. Nevertheless, one major drawback of LIBS analysis is related to the determination of 

halogens with high sensitivity. These elements have relatively high excitation and ionization 

potentials (>10 eV) and most of their intense resonant emission lines are located in the vacuum 

ultraviolet spectral region, whose detection would require complex experimental set-ups. An 

approach for LIBS determination of halogen elements is the use of their near infrared (NIR) lines, 

which are relatively less intense, resulting in poor limits of detection (LOD) and quantification (LOQ). 

[6]  

In recent years, many efforts have been made to improve halogen detection in LIBS. For instance, 

atomic emission of halogens was enhanced through the generation of the laser-induced plasma in a 

helium atmosphere [7], [8]. At these operating conditions, the electron density of the plasma plume 

was reduced, decreasing the background signal and improving the signal to background ratio of the 

NIR lines emitted by the halogens [9]. Alternatively, the use of molecular emission was successfully 

evaluated as an indirect way to determine the concentration of halogens in a sample [10]–[16]. 

Halides molecules are considered to be preferentially created by the combination of an alkaline earth 

and a halogen. For example, CaF molecular signal was proved to be very useful for the determination 

of F in Ca containing samples, offering improved sensitivity in comparison to the use of NIR F atomic 

emission lines [17], [18]. This method was also applied to non-containing Ca samples. In that case, Ca 

was externally introduced at the laser-induced plasma site making use of a nebulizer [19]. 

LIBS is based on the detection of emission signals in a dynamic pl asma; therefore, the detector is 

synchronized with the ablation process to collect the plasma emission at the proper moment and 

with the adequate integration time for each application. The possibility of measuring the plasma with 

temporal resolution allows to understand how it evolves [20]. Additionally, spatially resolved studies 

can provide information about laser-induced plasma expansion and plume symmetry [21]–[23]. 
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Furthermore, it can be employed to discriminate regions of maximum emission signal for different 

elements [24], to improve the limits of detection using atomic emissions [25] or to spatially select 

where molecular signal predominates over atomic/ionic signals [26]–[28]. In this line, studies with 

spatial and temporal resolution of CaF2 ablation plumes carried out by Ouija et al. [29] showed that 

CaF species were responsible of harmonic generation of the fundamental radiation of a Q switched 

Nd-YAG directed parallel to the target surface, and Gaft et al. [14] carried out a preliminary study of 

CaF spatial distribution as a source for fluorine detection .  

Spatio-temporal distributions of molecular signals were used to evaluate double pulse LIBS excitation 

processes [30], and to investigate the mechanisms of chemical species recombination within the 

plasma (e.g. presence of native species or associated to recombination with the surrounding gas 

species) [31]–[37]. Nevertheless, optimized detection methods based on the evaluation of spatio-

temporal distributions of molecular excited species have not been yet investigated. Therefore, a 

combination of both spatial and temporal resolution to study molecular excited species in LIBS is 

here considered to optimize the detection of halides molecules within the plasma. Specifically, the 

spatio-temporal distribution of CaF molecular emission in several Ca and F containing samples is 

investigated, and this distribution is compared with that of atomic excited Ca species.   

2. EXPERIMENTAL 

2.1 LIBS set-up 

A Q-Switched Nd:YAG laser (EKSPLA, NL301HT) operating at 1064 nm and 10 Hz repetition rate  is 

used as excitation source. The laser pulse energy is fixed at 100 mJ using an attenuator (LOTIS-TII). 

The laser beam is focused on the sample surface using a 35 mm focal length objective (Thorlabs, 

LMH-5X-1064). Moreover, the sample is placed on a X-Y stage controlled by two stepper motors 

(PImiCos GmbH VT_80200-2SM and another one manufactured by the University of Oviedo). Plasma 

emission is collected by two plano-convex lenses (50.8 mm diameter), directly forming the plasma 

image on the spectrograph entrance slit plane. The first lens (Thorlabs, LA4904-UV) has a focal length 

of 150 mm and the second one (Thorlabs, LA4855-UV) has a focal length of 300 mm, resulting in a 2:1 

magnification of the plasma plume. The detection system comprises a Czerny-Turner 500 mm focal 

length spectrograph (Andor Technology, Shamrock SR-500i-D1) coupled to an ICCD (Andor 

Technology, iStar DH734-25F-03), whose matrix has 1024x1024 pixels (with an effective pixel size of 

19.5 x 19.5 m). The spectrograph is equipped with a mirror and a grating of 1200 lines/mm. Figure 1 

shows a schematic representation of the LIBS experimental set-up used in this work. 
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Figure 1. Schematic representation of the LIBS experimental set-up. This configuration allows the association of the collected 

spectrum in each horizontal row of the CCD with that emitted at a certain height (h) of the plasma. 

Plasma image is formed at the entrance of the spectrograph in such a way that the vertical symmetry 

axis of the plasma meets the entrance slit (fixed at 100 m width), as can be seen in Figure 1. 

Photons going through the slit at different heights are then diffracted, so that the spectrum 

measured at each row of the CCD can be related to the emission coming from a given height of the 

central region of the plasma. 

The spatial resolving power provided by this experimental set-up was calibrated by means of a 

resolution test target 1951 USAF (Thorlabs, R3L3S1N). This test target was illuminated from the back 

and its image was formed at the spectrograph entrance with the slit completely open. Total light was 

collected using the mirror instead of a diffraction grating. The calculated spatial resolving power 

obtained from the image of the test target was 16 line pairs per mm thus providing an accuracy in 

distance determination of approximately 60 m, since element 1 of group 4 from the USAF was the 

largest set with non-distinguishable horizontal lines. Likewise, the scale of the images formed in the 

CCD was calculated to be 9.6 + 0.3 m/pixel, i.e. approximately half the size of the pixel. 

Considering the scale obtained by the USAF and identifying the row corresponding to the height on 

which the sample surface was placed, each row of the CCD was then associated with a plasma height. 

2.2 Samples 

Samples of CaF2 (Alfa Aesar, [CaF2] > 99.5 %), mixed samples of CaCO3 (VWR Chemicals, [CaCO3] > 

98.5 %) and NaF (Alfa Aesar, [NaF] > 99.0 %), and mixed samples of CaF2 and Cu (Alfa Aesar, [Cu] > 

99.0 %), were used in this work. All of them were obtained from powder reference materials, which 

were properly mixed in an agate mortar keeping a molar ratio Ca:F (1:2). A set of sieves was used to 

estimate the particle sizes of the powders. For the CaF2 sample, 80% of the mass of the sample is 
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related to particles with diameters between 63 and 250 µm. For the CaCO3+NaF samples and the 

samples on Cu matrix, 80% of the mass consisted of particles with diameters between 63 and 125 

µm.  

Table 1 summarizes the percentage mass content of the samples. For each sample, an amount of 0.3 

g of powder was homogeneously deposited on a double-sided tape fixed over a microscope slide. 

The excess powder was then removed, so that a small amount of material remains attached on the 

tape, with a thickness of one or two layers of powder (~200 m). The slide was placed and 

horizontally levelled over the X-Y stage allowing ablating the mixtures. 

Table 1. Mass concentration percentages of the different compounds in the analyzed samples.  

 

 

 

2.3 Acquisition conditions 

Each sample was analyzed in raster mode (spot diameter at 400 µm, laser frequency at 10 Hz and 

sample translation at a speed of 4 mm/s) resulting in single shot ablation at each sample site. Spectra 

were collected at different delay times (td) from 0.4 s to 135 s. The spectral window obtained 

using the described experimental set-up covers a region of about 35 nm per exposition. Initially, 

spectra were collected every 0.2 s since a fast plasma evolution takes place at short delay times 

after the laser shot; however, this integration time was progressively increased at longer delay times. 

Table 2 lists the experimental acquisition conditions used at the different delay times. Moreover, a 

correlation factor was calculated to compare spectra collected at delays (i.e. different acquisition 

conditions).  This factor was achieved by comparing the intensities obtained for the same delay time 

when measured under two different acquisition conditions. Gain of the ICCD was fixed for all the 

measurements at a value that avoid exceeding the linear range of the CCD (40000 counts). 

Experimental data showed throughout this work were obtained from repeating the experiments in 

triplicate. 

 

 

 

 

Sample notation % CaF2 % CaCO3 % NaF % Cu 

Sample 1 100 ---- ---- ---- 

Sample 2 ---- 54.5 45.5 ---- 

Sample 3 1 ---- ---- 99 
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Table 2. Gate width, delay time step and number of software accumulations are given for each delay range. Note that one 
software accumulation compromises the acquisition of 12 successive plasma generated spectra, accumulated on the CCD 

chip. 

 

 

 

 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Spatio-temporal distribution of Ca-related atomic emission and CaF-related molecular emission. 

Laser induced plasma was initially investigated in a high purity CaF2 sample (Sample 1). Emissions 

from CaF molecule were taken as a reference to study the distribution of molecular emission within 

the plasma plume. Specifically, the sequence v=0 of the B2
→X2

  emission system was considered 

as it does not present appreciable spectral interference with other molecular bands for the analy zed 

samples [38]. Diffracting grating was then centred at 533.00 nm, covering the region between 

516.42-549.60 nm, where it was possible to record the B2
→X2

  system of CaF. Figure 2a shows the 

spectral CCD image of the plasma at three different delay times in the selected spectral region 

(emission signals were normalized at each represented delay). For early delay times (e.g. 1 s delay 

time), LIBS spectrum was dominated by atomic emission from Ca I lines (molecular signal is 

negligible). Moreover, it is observed that the highest atomic emission signals occurred at a distance 

of 500 m to the sample surface. At a delay of 10 s, continuous background was significantly 

reduced, and atomic emission lines were spectrally narrower but with higher spatial extension in the 

vertical direction. Furthermore, molecular emission was enhanced and spatially separated from 

atomic emission (e.g. highest molecular emission signals were observed at shorter distances to the 

sample surface (about 120 m)). After 60 s, only molecular emission was detected with a broad 

spatial extension in the vertical direction (e.g. highest molecular emission signals were then observed 

Delay time 

range (s) 

Time step 

(s) 

Gate width 

(s) 
Accumulations on software 

Sample 1   Sample 2   Sample 3 

0.4 – 3 0.2 0.2 4                  12                  6 

3 – 5 1 0.2 4                  12                  6 

7 -- 0.2 4                  12                  6 

10 - 15 5 0.2 4                  12                  6 

15 – 40 5 2 4                  12                  6 

40 – 60 5 5 4                  12                  6 

60 – 135 15 5 8                  12                 12 
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at distances ≥500 m to the surface). It is therefore noticed that molecular emissions took longer 

times to expand and to completely attenuate their emission signals.  

(a )                                                                                                                 (b) 

Figure 2. (a) Spectral CCD images collected for the laser induced plasma in a CaF2 sample, at three different delay times (td). 

(b) Spectra collected in 3 different rows of the CCD (marked by dashed lines in a) at a 10 s delay time. The integration 
spectral regions used to quantify both the atomic signal (A-B) and the molecular signal (B-C) are displayed. 

Figure 2b shows three spectra measured at different distances to the sample surface (120, 280 and 

610 m, respectively) at a delay time of 10 s (the corresponding acquisition rows are marked in 

Figure 2a by means of the dashed colour lines). Higher molecular to atomic emission ratio is clearly 

observed at low distances to the sample surface. 

To obtain spatial emission distributions along the central axis of the plasma at a given delay, net 

integrated intensities (with background subtraction) related to atomic and molecular emission 

signals in each spectrum were calculated. Integration range for atomic emission was considered 

between 525.21 and 529.01 nm (A-B in Figure 2b), while the integration range for molecular emission 

was evaluated between 529.01 and 542.50 nm (B-C in Figure 2b). It should be remarked that 

emission signal from Ca I at 534.95 nm, which interferes with B2
→X2

  system of CaF, was removed 

from the molecular emission contribution. These spatial distributions, calculated for all the 

considered delay times (from 0.4 to 135 µs), provided a detailed spatio-temporal evolution of the 

atomic and molecular contributions, which are plotted in Figure 3(a, b), respectively. Figure 3a shows 

the emission distribution of Ca atomic excited species, since early delay times until its extinction at 

approximately 60 s. The emission was expanded during the first 5 s after the ablation process, 

followed by a subsequent contraction. This behavior may be due to changes in plasma excitation, as 

well as to the downward movement of the emitting species within the plume. In this respect, Chen et 

al. [22] suggested that a low pressure zone is generated in the lower part of the plasma after its fast  
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Figure 3. Distribution of the emission signal along the central axis of the plasma induced in the CaF2 sample for: a) Atomic 
integrated contribution (on the left); b) Molecular integrated contribution (on the right). Emission signals were normalized 
to the respective maximum intensity at each delay time. 

propagation. Moreover, other authors [39] also suggested that at the edge of the main shock wave, a 

secondary shock wave is generated propagating back into the plasma, making all the plasma emitters 

move downwards. Figure 3b shows that CaF molecular emission remained closer to the sample 

surface; however, at delay time larger than 45 s (e.g. delays at which atomic emission signal starts 

to be negligible), the molecular signal was expanded away from the surface. Specifically, the highest 

values of CaF molecular emission intensity were observed at short distance to the sample surface (< 

250 µm) during the first 45 s, moving afterwards to further distances between 500 and 750 µm.  

For a better understanding of the spatio-temporal dynamics, Figure 4a shows the distance-to-surface 

position of the maximum atomic and molecular emission signal recorded at each delay time. The 

total intensity acquired through the whole CCD is also plotted for both emissions as a function of the 

delay time (Figure 4b). Attending to the position of the maxima, four temporal regions were 

differentiated in Figure 4a: (1) until 5 s the distance-to-surface of both atomic and molecular 

maxima emissions increased; (2) between 5 and 30 s, where distance-to-surface for both highest 

emission signals experienced a small contraction and stabilized around 375 m (atomic emission) 

and 150 m (molecular emission), respectively; (3) between 30 and 60 s, where distance-to-surface 

for both maxima moved up again; (4) after 60 s, where only molecular signal persisted and its 

maxima position remained stable. Regarding the total integrated contribution (Figure 4b), it is 

observed that atomic emission signal showed a monotonic decay, while molecular emission signal 

achieved a maximum at a delay time of 7 s, which is a relatively short delay compared to those 

employed for molecular detection in other works [17]–[19], [40], [41] .  
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Figure 4. (a) Distance-to-surface of the maximum emission for atomic (black) and molecular (red) signals  measured in a pure 
CaF2 sample, in terms of the delay time. (b) Evolution of the full integrated intensity (accumulating all rows of the CCD) as a 

function of delay time (graphic insets show early delay results).  

An explanation for the upward expansion of CaF radiation after 45 s relies on the fact that Ca-F 

recombination processes begin to be predominant throughout the height of the plasma. It is at this 

moment when molecular radiation maxima tend to occupy the position previously occupied by 

atomic emission maxima (Figure 4a). Alternatively, molecular emission in the proximities of the 

sample surface at short delay times (< 45s) could be due to the emission of no dissociated native 

Ca-F bonds. Further insights to elucidate the potential origin of these excited molecules requires the 

determination of the spatio-temporal distribution of CaF molecular emission in matrices that do not 

contain native CaF bonds.  

3.2 Spatio-temporal distribution of CaF molecular emission in samples with non-native CaF bonds. 

Figure 5(a,b) shows the spatio-temporal distribution of integrated Ca (525.21 – 529.01 nm) and CaF 

(529.01 – 542.50 nm) emission signals, after ablation of a sample without native CaF bonds. In this 

case, the sample consisted of a CaCO3+NaF mixture (Sample 2). It is observed that maxima 

displacements of emissions (atomic and molecular) with respect to the sample surface was achieved 

at longer delay times and reached higher values, when compared to the spatio-temporal 

distributions measured after the ablation of the CaF2 sample. Figure 6(a,b) shows the distance to 

surface of the maxima as well as the total intensity recorded for the atomic and molecular integrated 

contributions, respectively, as a function of the delay time. It is noticed that the spatial gap between 

the maximun signal for atomic and molecular contributions can be as large as 400 m, which is 

greater that the gap obtained when ablating the CaF2 sample (up to 225 m). Ca atomic emission 

signal also showed a fast decay, while CaF molecular emission signal showed a first maximum at a 

delay time of 3 s and remains stable until 50 s. In addition, the comparison of Figure 4b and Figure 
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6b reveals that the ratio of molecular to atomic emission signal was smaller for Sample 2. It is 

considered that a decrease of the CaF molecular signal might be due to the higher presence of O in 

Sample 2 (e.g. a certain proportion of Ca available for the formation of CaF might be displaced to 

form CaO [27], [42]). These results shows that not only the CaF emission at long delays is due to 

recombination processes of Ca and F atoms but also the intense CaF molecular emission observed at 

early delays close to the sample surface can be attributed to these processes.  

 

Figure 5. Distribution of the emission signals along the central axis of the plasma for: a) Integrated Ca atomic signals (on the 
left), b) integrated CaF molecular emissions (on the right); obtained for the sample 2 (CaCO3+NaF). The signals were 
normalized to the respective maximum intensity at each delay time. 

 

 

Figure 6. (a) Distance-to-surface of the maximum emission for atomic (black) and molecular (red) signals measured a 
mixture of CaCO3 + NaF (Sample 2), in terms of the delay time. (b) Evolution of the full integrated intensity (accumulating all 

rows of the CCD) as a function of delay time (graphic insets show early delay results). 
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3.3 Determination of the concentration of low amounts of CaF selecting the proper spatio-temporal 

conditions. 

So far, the distribution of Ca and CaF excited species was evaluated in samples where Ca and F were 

major elements (samples 1 and 2). However, these excited species could be affected in the laser-

induced plasma by the presence of other elements in higher concentrations. Therefore, spatio-

temporal studies were carried out using samples with lower concentration of CaF2 (50, 25, 14, 4, 2, 1 

and  0.5 wt. %) in a Cu matrix. LIBS analysis were performed using the procedure described in 

previous sections, centring the diffraction grating at 540 nm. Analogous spatio-temporal distributions 

of the emission signals (both atomic and molecular) to those obtained for Samples 1 and 2 were 

measured in all the samples. As an example, Figure 7 shows the spatio-temporal distribution of the 

emission signals for the sample with a concentration of 1 wt. % CaF2 (labelled as Sample 3). Emission 

distributions of the other samples with different concentrations of CaF2 are plotted in Figure 1S (see 

supplementary information). 

 

Figure 7. Distribution of the emission signals along the central axis of the plasma  for: a) Ca atoms (on the left), b) CaF 
molecules (on the right) using the sample 3 (Cu+CaF2). The signals were normalized to the respective maximum intensity at 

each delay time. The origin of height was fixed at the sample surface. (c) Positions of maximum atomic (black) and 
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molecular (red) signals vs. delay time. (d) Evolution of the full integrated intensity ( accumulating all rows of the CCD) as a 
function of delay time (graphic insets (in c and d) show early delay results).  

The spatial gap observed at short delay times (between 5 and 60 s) between the highest atomic and 

molecular emission signals might be employed to acquire the molecular signal at the distances to 

sample surface, where the contribution of atomic signals is significantly reduced. By comparing 

Figure 7 with the results obtained in sections 3.1 and 3.2, it can be seen that the emission 

distributions in all cases meet two conditions: there is a spatial separation between atomic and 

molecular emissions removing possible spectral interference among them, and the maximum 

molecular intensity appears at the same time as this spatial splitting is present. These properties can 

then be used to improve the detection of the molecular signal. Thus, different spatial regions were 

evaluated to measure CaF molecular emission in Sample 3. Figure 8 shows the spectra obtained in 4 

different spatial regions (e.g. 0-240, 240-480, 480-720 and 720-960 µm, respectively). Each of these 

regions corresponds to 25 rows of the CCD. The corresponding 25 spectra were added up into a 

single spectrum per region. It is observed that spectrum in region A (0-240 µm) shows a low 

contribution of atomic lines. This contribution increases when considering longer distances to the 

sample surface. Nevertheless, spectrum in region B (240-480 µm) showed the highest molecular 

emission with a still-reduced atomic contribution. Spectra in regions C and D showed significantly 

higher atomic emission contribution while decreasing molecular signal. These results indicate that a 

proper spatial region to measure the CaF emission signal is that from 0 to 480 µm, while 

simultaneously the adequate region for the atomic emission is that from 480 to 960 µm.  

 

Figure 8. Spectra accumulated in 4 spatial regions (e.g. different distances to the sample surface) using a delay time of  5 s 

and a gate of 55 s. 
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Figure 9 compares the spectrum obtained at the optimized spatio-temporal conditions with that 

obtained using typical molecular acquisition conditions (temporal window between 60 and 160 µs 

and integrating the whole spatial plasma region), employed in previous works [17]–[19].  

Figure 9. Molecular spectra obtained from the Cu matrix with 1 wt. % CaF 2. (a) Spectra accumulated at distance to sample 

surface between 0 and 480 m using a temporal window between 5 and 60 s, and molecular spectra accumulated at 
standard conditions (full plasma height in the 60-180 s temporal window). 

The optimized spatio-temporal conditions provided an improved molecular signal (more than 4 times 

higher).In order to evaluate the possibilities of this methodology for the determination of halogens, 

the calibration curve for F concentration was evaluated. Figure 10 shows the calibration curves 

obtained for samples that consisted of a Cu matrix with different concentrations of CaF2 (4, 2, 1, 0.2 

and 0.1 wt. %) that correspond to several concentrations of F (1.95, 0.97, 0.49, 0.10 and 0.05 wt. %), 

respectively. All these samples were analyzed under optimal conditions (temporal window 5-60 s 

and spatial region between 0 and 480 m). A linear response was observed when plotting the net 

CaF molecular emission signals versus the concentrations of F in the samples.  In addition, for 

comparative purposes, the samples were also analyzed at typical molecular acquisition conditions 

(integrating the signal from the whole plasma height in a temporal window 60 – 160 s) and the 

calibration curve is included in Figure 10. It is observed that the optimized acquisition conditions 

provided a calibration curve with a slope more than 4 times higher, showing the significant 

enhancement on the sensitivity of these measurements.  
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Figure 10. Calibration curves for the concentration of F. In red, the calibration curve obtained by integrating the CaF 
molecular signal at the optimized spatio-temporal conditions (e.g. spectra accumulated at distance to sample surface 

between 0 and 480 m using a temporal window between 5 and 60 s). In blue, the calibration curve obtained by 
integrating the CaF molecular signal at the typical molecular acquisition conditions (spectra accumulated in the full plasma 

height using a temporal window between 60 and 160 s). 

 

4. Conclusions  

The spatio-temporal distribution of atomic and molecular emission in a LIBS plasma, obtained from 

samples with high amounts of Ca and F (e.g. CaF2 matrix with native Ca-F bonds, and CaCO3+NaF 

matrix without native Ca-F bonds), showed similar behaviour, indicating that, under the analized 

experimental conditions, CaF excited molecular species were mainly formed by recombination 

processes of these species. 

The spatial distribution of atomic and molecular excited species showed a splitting at delay times 

smaller than 60 µs. In particular, molecular emission was predominant at closer distances to the 

sample surface (between 0 and 480 µm), while atomic emission was enhanced at longer distances to 

the sample surface. At longer delay times (>60 µs), atomic emission signals became negligible while 

molecular signals persisted; although the maxima emission was displaced to longer distances to the 

sample surface. 

This spatio-temporal splitting of atomic and molecular signals was used to optimize the acquisition 

conditions that maximise the CaF molecular emission while keeping at low levels the atomic 

emission. Using these conditions, a linear calibration curve was successfully achieved for low 

concentrations of CaF2 in a Cu matrix, improving the sensitivity for F detection by more than 4 times, 

in comparison to that obtained using typical molecular acquisition conditions.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



15 
 

We believe that this methodology has a great potential for the simultaneous quantification of 

halogens (via detection of molecular signals from halide compounds) and other species (via detection 

of atomic and ionic signals). 
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Highlights 

 Novel LIBS method for fluorine detection. 

 Spatial splitting between atomic and molecular emission in the plasma. 

 Analytical sensitivity improvement for F determination. 
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