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Abstract 

LIBS is an analytical technique based on the measurement of the emitted radiation coming 
from a laser-induced plasma (LIP) created after irradiation of a sample by a short duration 
laser pulse. Research about molecular presence in LIPs has increased because the use of 
molecular emission has proven an encouraging way to improve LIBS abilities. LIPs are 
dynamic plasmas with fast time and spatial evolutions, in which atoms and molecules can 
follow different paths in their evolution and distribution. Molecular creation mechanisms 
within LIPs are still a challenging issue under investigation and the prevalence of some 
specific mechanisms are dependant on experimental conditions (sample nature, laser 
parameters, surrounding atmosphere…). In this work, different time and spatially solved 
experiments were carried out in ns- and fs-LIBS to investigate the dynamics of alkaline-earth 
(Ca) halide (F) diatomic molecule formation. Experiments were carried out on powdered 
CaF2 samples for both ns- and fs-LIBS. The effects of a gas flow (air, He, Ar) over the plume 
are investigated for ns-LIBS. Nebulization-modified ns-LIBS experiments in which the 
alkaline-earth element is externally added to the plasma plume as an aerosol were carried out 
on (C2F4)n samples. The spatial separation between atomic and molecular emission 
distribution was found to take place with and without external modifications over the ns-LIP. 
Behaviour in fs-LIPs was determined to differ significantly from analogous experiments with 
nanosecond lasers, but temporal optimization remains the optimum method for molecular 
detection as spatial separation was not found to provide any remarkable advantage.  

Keywords: laser-induced plasma, molecular emission, atomic emission, nanosecond laser, femtosecond laser, nebulization 

 

1. Introduction 

Laser-induced breakdown spectroscopy (LIBS) is an 
analytical technique based on the spectral analysis of the 
emission from a laser induced plasma (LIP). LIBS allows a 
fast analysis with none or minimal sample preparation, 
providing multi-elemental qualitative and quantitative 
information with spatial resolution, either in laboratory or in-

situ using portable devices or remote detection systems [1,2]. 
These advantegous characteristics and its great versatility 
have motivated the increasig usage in numerous applications 
such as coal analysis [3] metallurgical analysis [4], 
environmental monitoring [5], food analysis [6], archaeology 
[7,8], biomedical analysis [9], or space exploration [10].  

In LIBS, a high intensity pulsed laser with short pulse 
duration (e.g. ns or fs) is focused on a spot of the sample 
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surface, which absorbs the radiation, and the ablation of a 
small volume of matter is produced. The mechanism of 
ablation differs significantly according to the pulse duration 
[11]. For a ns-laser, which conforms the usual LIBS set-ups, 
ablation is the result of mainly thermal vaporization. 
Afterwards, the vaporized matter interacts with the on-going 
laser pulse, getting furtherly heated and excited/ionized. Free 
electrons experience inverse Bremsstrahlung processes and, 
ultimately, a dense plasma is produced, partially shielding the 
surface from laser irradiation. This plasma-laser interaction 
results in an ionized and excited transient plasma that decays 
in the span of several tens of microseconds, depending on the 
laser parameters. The stages that characterize the ns-LIP 
evolution involve an early continuum emission due to free-
bound and free-free transitions, followed by the population of 
high-energy levels of mainly ionic species. Afterwards, the 
presence of transitions involving lower upper-level energies 
of ions and atomic species is observed and, eventually, excited 
molecules formed by recombination dominate the spectral 
emission [12]. 

Femtosecond lasers, which are increasingly used in LIBS 
[13], present fundamental differences in the ablation process 
with respect to common ns-lasers, as well as lack of laser-
plasma interaction [14, 15]. The much higher irradiance 
produces ionizations on the sample, which translate into 
Coulomb explosions produced by the repulsion of closely and 
densely located ions. Additionally, the short laser pulse 
duration results in no thermal damage effects observed on the 
sample. The fs-laser pulse ends before any laser-plasma 
interaction can take place; therefore, the fs-laser induced 
plasma (fs-LIP) is characterized by lower excitation 
temperatures and a significant presence of neutral atoms in the 
fundamental state, as well as a much faster decay (few 
microseconds). The fs-LIP evolution involves much lower 
continuum emission and the early (tens of nanoseconds) 
presence of atomic and molecular emission, some of which 
correspond to molecules native to the sample, whose bonds 
were not broken in the ablation process [16-18]. 

Nevertheless, halogen resonant emission lines are in the 
vacuum ultraviolet spectral region [19] so they are not a 
suitable choice of analytical lines for LIBS applications. To 
overcome this drawback the usual procedure consists in the 
use of the atomic emission from transitions with lower levels 
in the first excited multiplet and whose wavelengths are in the 
infrared region of the spectrum. This emission is lower but can 
be enhanced by enriching the surrounding atmosphere with 
He, either by introducing the sample in a controlled-
atmosphere chamber [20] or by directing a He gas flow [21] 
onto the laser incidence spot. 

Alternatively, halogens presence in the plasma can also be 
determined by detecting the molecular emission of halogen-
containing diatomic molecules. Particularly, it was observed 
that halogens easily recombine with alkali-earths (e.g. Ca, Sr) 

forming molecules whose emission can be measured under 
ambient conditions with much higher sensitivity than that of 
the atomic lines [22-23]. The detection of these molecules is 
also possible for alkali-earth-free samples by externally 
adding the alkaline earth species during the sample ablation 
process. In this sense, a procedure based on the nebulization 
of an aqueous Ca-containing solution was found suitable for 
the determination of F in Ca-free samples, obtaining a linear 
relationship between the sample F content and the detected 
molecular emission [24]. Nevertheless, it was also observed 
that the nebulization affects the plasma properties. The effects 
observed for a Cu model sample include changes such as 
higher total intensity, a diminish of electron temperatures, an 
enlarged plasma plume and an increase of shape instability at 
delay times longer than about 8 μs after the laser shot [25]. 

However, even if molecular emission is nowadays 
stablished as a good alternative for the determination of 
halogens, knowledge regarding the spatial and temporal 
distribution of the molecular species in the plasma, which is 
essential to optimize detection, is still scarce. Previous studies 
on the dynamics of molecular emission have shown that, even 
when nanosecond lasers are used, molecular emission occurs 
at delay times lower than a microsecond, although at short 
delay times it is significantly masked by the intense atomic 
emission [26]. In particular, a study carried out with spatial 
and temporal resolution using CaF2 powder as model sample 
revealed significant differences in the temporal evolution and 
spatial distribution between molecular (CaF) and atomic 
species (Ca) [27]. This study, which used a ns-laser and was 
performed under regular atmospheric conditions, concluded 
that molecular emission maximized at delay times of around 7 
– 10 μs, with a spatial distribution closer to the sample surface 
than that of the atomic one. This separation was maintained 
until delay times of the order of 45 microseconds when the 
molecular emission began to expand to higher heights and the 
atomic emission became negligible. Hence restricting the 
detection to the lower spatial region while mantaining a short 
delay (5 μs) was shown to provide a high molecular signal 
without strong atomic interferences [27].  

All these results cannot be generalized to any LIBS set-up 
since there are many experimental parameters that can affect 
the plasma dynamics and the spatial distribution of the species. 
For instance, plasma dynamics could be affected by the gas 
environment. It is known that the use of He or Ar atmospheres 
give rise to changes in the atomic emission intensity, electron 
densities and excitation temperatures [19, 28-30]. In addition, 
the different thermal conductivity of the gas can modify the 
cool down and expansion processes of the plasma [31], 
producing, in turn, variations in the molecular formation, 
evolution, and spatial distribution which could affect LIBS 
capabilities for halogen-based molecular detection.  

In this context, the present work thoroughly evaluates the 
influence of different parameters such as the atmosphere in 
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which the plasma is formed, the external supply of Ca to a F-
containing sample or the laser pulse duration (ns or fs) on the 
CaF spatiotemporal evolution. In particular, the dynamics of 
atomic and molecular emission are studied in air, He and Ar 
enriched atomspheres, respectively.  

2. Experimental 

2.1 Nanosecond LIBS setup 

A Q-Switched Nd:YAG laser (EKSPLA, NL301HT) at its 
fundamental wavelength (1064 nm), operating at 10 Hz, was 
used as excitation source. The laser beam was focused on the 
sample surface using a 35 mm focal length objective 
(Thorlabs, LMH-5X-1064), while energy was fixed at 100 
mJ/pulse by means of an LOTIS-TII attenuator. The sample 
position was controlled by a X-Y stage comprising two 
stepper motors (PImiCos GmbH VT_80200-2SM and a 
customized linear stage). Plasma emission light was collected 
by a system of two plano-convex lenses with a 50.8 mm 
diameter, imaging it 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, thus achieving a 2:1 magnification of 
the object. The detection system is made up by 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 
1024 x 1024 pixels (with an effective pixel size of 19.5 x 19.5 
μm). A diffraction grating of 1200 lines/mm was used for this 
work, allowing for a 35 nm wide spectral window. 

The imaging performance of this experimental set-up was 
calibrated by means of a resolution test target 1951 USAF 
(Thorlabs, R3L3S1N), which was placed in the position of the 
sample. The test target was illuminated from the back in such 

a way that its image was formed at the completely opened 
spectrograph slit entrance. This image was projected onto the 
CCD using the zero-order configuration of the diffraction 
grating, allowing for a straightforward experimental 
measurement of the resolving power which was found to be 
16 line pairs per mm, corresponding to the largest set with 
non-distinguishable horizontal lines (element 1 of group 4) of 
the test target. The scale of the images was calculated to be 9.6 
± 0.3 μm/pixel. For the spatially resolved spectral 
measurements, the plasma image is formed at the entrance of 
the spectrograph making the vertical symmetry axis of the 
plasma match the slit (fixed at a 100 μm width), as can be seen 
in Figure 1. Considering the scale obtained by the test target, 
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. 

 
2.1.1 Gas and aerosol inlet performance. The design of 
the experimental system for the gas or aerosol inlet was made 
under the premise of simplicity since it was intended that the 
halogen determination could eventually be carried out on-site 
with portable equipment. This, for instance, prevents the 
sample from being placed in vacuum chambers or controlled 
atmospheres. The influence of noble gases in the plasma 
environment was studied and contrasted with the results 
obtained in air, which was also blown in order to make the 
experimental conditions comparable. Gas blowing was 
performed by means of a plastic tube of 4 mm diameter, which 
was placed 1 cm above the sample pointing to the ablation 
spot, forming an angle of 50° with respect to the surface (Fig. 
1). The flow control at 1.8 L/min was carried out by a mass 
flow controller (MKS Instruments) for noble gases injection, 
while for the air flow it was performed by a compressor. 

Figure 1. Schematic representation of the experimental LIBS setup. 

Page 3 of 14 AUTHOR SUBMITTED MANUSCRIPT - PPCF-103678.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Plasma Phys. Control. Fusion XX (XXXX) XXXXXX Bordel et al  

 4  
 

In addition, the emission dynamics were also studied when 
the plasma was generated in the presence of Ca-rich aerosol. 
In this case, the plastic tube was replaced by a microflow 
concentric nebulizer (Teledyne CETAC Technologies). A 
15% w/w aqueous calcium nitrite solution (Sigma Aldrich) 
was used as nebulized aerosol, which was introduced using a 
syringe pump (Thermo Fisher Scientific) at a rate of 0.24 
mL/h using Ar as gas carrier, with a flow rate set to 1 L/min 
by the MKS mass flow controller. 
 
2.1.2 Samples. CaF2 (Alfa Aesar, [CaF2] > 99.5 %) samples 
were used for the gas flow study, all of them properly mixed 
in an agate mortar. For each sample, an amount of 0.3 g of 
powder was homogeneously deposited on a double-sided tape 
fixed over a microscope slide, which was placed and 
horizontally levelled over the X-Y stage. For the nebulization 
study, Ca-free samples were required, so flat pieces of high 
purity polytetrafluoroethylene (PTFE) (Transglass, 
PPTFEA002) were used. 
 
2.1.3 Acquisition conditions. For the gas flow study, 
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 μs 
to 90 μs. Initially, spectra were collected every 0.2 μs 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 1 lists the experimental 
acquisition conditions used at the different delay times. 
Moreover, a correlation factor was calculated to apply for 
spectra collected at 15 μs and at 40 μs, in order to compare the 
intensities for this delay time with the results obtained for the 
previous acquisition conditions. 

Table 1. Delay time, delay time step and gate width used for each 
delay range within gas flux study. 

Delay time range (μs) Time step (μs) Gate width (μs) 

0.4 – 3 0.2 0.2 
3 – 5 1 0.2 

7 – 0.2 
10 – 15 5 0.2 
15 – 40  5 2 
40 – 60  5 5 
60 – 90 15 5 

 

The gain of the ICCD was fixed for all the measurements 
in such a way that the linear range of the CCD was never 
exceeded. The outcoming spectra were acquired through 4 
software accumulations, where each accumulation comprised 
the acquisition of 12 successive plasma generated spectra (one 

per laser shot), accumulated on the CCD chip. Experimental 
data showed throughout this work were obtained by 
triplicating the experiments. 

The nebulization study was performed in a similar way to 
the gas flow study, changing the acquisition times (see Table 
2) in order to obtain an appropriate signal, since the ablation 
conditions were changed. The outcoming spectra were 
acquired through 3 software accumulations, where each 
accumulation involves the acquisition of 10 successive plasma 
generated spectra. All 30 plasmas were induced on the same 
spot. For each acquisition condition, a quadruplicate was 
carried out. 

 
Table 2. Delay time, delay time step and gate width used for each 
delay range within Ca nebulization study. 

Delay time range (μs) Time step (μs) Gate width (μs) 

0.4 – 2.8 0.2 0.2 
3 – 9.5 0.5 0.5 
10 – 24 1 1 
25 – 45 5 5 
50 – 70 10 10 

 

2.2 Femtosecond LIBS setup 

The experimental setup includes a Yb:KGW fs-laser 
(Pharos, Light Conversion) integrated inside a modified 
ablation unit, which is part of an ablation system for LA-ICP-
MS experiments (NWRFemto UltraCompact; ESI, New Wave 
Research Division) and fixed to an optical table (RP Reliance, 
Newport). The laser beam can be extracted out of the ablation 
chamber and is redirected by a set of custom mirrors (CVI 
Optics) towards a focusing objective (35 mm focal length, 
model LMH-5X-1064 from Thorlabs), achieving a spot 
diameter of approximately 60 µm. Although the experimental 
system is different from the one used for the nanosecond laser 
study, Figure 1 also provides a representative schematic 
example for the femtosecond study. For the purposes of the 
present work, the laser wavelength was the fundamental 1028 
nm, and the frequency was set at 10 Hz according to 
experimental needs; the maximum 1.2 mJ/pulse energy was 
used throughout this work.  

In the detection system, light from the plasma plume is 
directly focused onto a high-resolution spectrometer (Andor 
Technology, Shamrock SR-500i-D1) coupled to an ICCD 
(Andor Technology, iStar DH334T-18F-E3, with an effective 
pixel size of 13 x 13 μm) via two Ø50.8 mm plano-convex 
lenses of 100 and 300 mm focal lengths (LA4545-UV and 
LA4855-UV from Thorlabs, respectively) that result in a 3:1 
magnification of the image, that was preferred due to the 
smaller size of fs-LIPs. The lenses are mounted on a motorized 
linear stage (Dover Motion) with motion parallel to the 
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spectrometer. The focusing distance is measured with an 
optoNCDT 1420 laser-meter from Micro-Epsilon. Sample 
positioning is controlled with a motorized stage (Dover 
Motion) on the XY plane and with a vertical translation stage 
(MVS010/M, Thorlabs) on the Z plane. 

A 1200 lines/mm was also utilized for this experiment, but 
the spectral window was approximately 19.5 nm wide due to 
the smaller pixel size of the ICCD.  

The imaging performance of this experimental set-up was 
calibrated as previously described for the nanosecond LIBS 
setup, obtaining a resolving power of 32 line pairs per mm, 
since element 1 of group 5 from the resolution target was the 
largest set with non-distinguishable horizontal lines. The scale 
of the images was calculated to be 4.25 ± 0.08 μm/pixel.  

The samples used in this section were the same as those 
used for the gas flow study (CaF2 powder). 
 
2.2.1 Acquisition  conditions.  A quadruplicate of the 
measurements was carried out, accumulating a total of 100 
spectra in each case (10 chip accumulations x 10 software 
accumulations, aiming to reduce reading noise) while 
simultaneously moving the sample at 3.16 mm/s to have a 
fresh powder surface at each spot. Each raster line had a length 
of 31.6 mm and lines were separated by roughly half a 
millimeter. Acquisition times are shown in Table 3. 
 
Table 3. Delay time, delay time step and gate width used for each 
delay range within femtosecond laser study. 

Delay time range (μs) Time step (μs) Gate width (μs) 

0.05 – 0.50 0.05 0.05 
0.6 – 1.0 0.1 0.1 
1.5 – 5.0 0.5 0.5 

6 – 10 1 1 
 

3. Results 

In all three studies, spectral emissions from the atomic (Ca) 
and molecular (CaF) species which populate the plasma were 
acquired with spatial and temporal resolution. The analysis of 
the atomic emission behavior was carried out integrating the 
intensity of Ca I emission lines at 526.18, 526.58 and 527.03 
nm as function of time and height in the plasma plume, while 
for the molecular emission characterization the sequence 
Δv=0 of the B2Σ→X2Σ system (529.00-538.00 nm) was used. 
Specifically, wavelengths from 529.00 to 534 nm and from 
536 to 538 nm were considered for molecular emission 
integration, in order to avoid the interference of the Ca I line 
at 534.5 nm [32, 33]. The diffraction grating was centered at 
533.00 nm, which enabled to record Ca and CaF at the same 

spectral image, significantly reducing the uncertainty in the 
correlation of their respective emission behaviour.  

3.1 Effect of the flowing gas 

As indicated in the introduction, several parameters can 
influence the behaviour of atomic and molecular emission in 
a laser induced plasma. Among those parameters the 
atmosphere in which the plasma is produced can play a key 
role. To explore the effect of the nature of the surrounding gas, 
experiments using Ar and He gas flow were carried out. As a 
previous step, it was necessary to confirm that the presence of 
a flowing gas was not influencing the results. For this purpose, 
new experiments maintaining the air environment were 
carried out reproducing those described in [27] but, in these 
new experiments air was flowing close to the sample in the 
same way than He or Ar. The experiments with flowing air 
provided  similar results to those seen in [27] with no air flow, 
showing that the gas flow was not producing significant 
alterations on the plasma dynamics and emission spatial 
distribution. Therefore, as the rest of the experimental 
conditions were mantained (ns-laser setup, sample condition 
and acquisition times, etc.) it can be stated that the observed 
differences when flowing Ar or He would be caused by the 
gas nature and not by the gas flow. 

Figure 2 shows the spectral image obtained from the 
central, normal axis of the plasma with the three different 
flowing gases (emission signals were normalized at each 
represented image). Spectra corresponding to a 5 μs delay time 
evolution stage of the plasma are presented as a representative 
time in which clear differences due to the flown gases become 
apparent. 

As already found in [27], the plasma generated in air results 
in a spatial separation between the atomic and molecular 
emitters at short delay times (< 45 μs); in particular, Figure 
2(a) shows an atomic emission expansion of 2 mm in height 
while the molecular one does not exceed 0.5 mm. However, 
as can be seen in Figure 2(b), there is no significant spatial 
separation between the atomic and molecular radiation when 
Ar is used, since the areas of predominance of both emissions 
are at the same height (although maximum molecular intensity 
is much lower than the atomic one). The plasma formed in a 
He-rich environment (Figure 2(c)) shows a pronounced 
expansion reaching almost 4 mm in height. However, while 
the atomic emission shows high intensity in a broad range of 
heights, the region where the highest molecular emission 
occurs is located at distances from the sample surface lower 
than 1 mm. In addition, a second region with low molecular 
emission takes place between 2 and 4 mm.  
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Figure 2. Spectral images taken at a delay time of 5 μs for the CaF2 
sample applying air (a), Ar (b) or He (c) flow. The red dashed contour 
indicates the atomic Ca emission while the green indicates the 
molecular CaF emission. 

To carefully study the areas of emission predominance, as 
well as their temporal evolution, both atomic and molecular 
emission were integrated for each plasma height and at each 
spectral image acquired at the different delay times. Figure 3 
shows the results obtained for some selected delay times. 
Results in air (Fig. 3(a) and 3(b)) show the already known 
behavior [27], with the molecular radiation, especially the 
most intense emission region, restricted to the lower part of 
the plasma. The atomic emission presents broader 
distributions with their respective maxima located at a height 
of around 0.5 mm but with a slight dependence with delay 
time, first moving upwards and then downwards. 

 

 In the case of experiments carried out flowing Ar (Figures 
3c and 3d), a more pronounced expansion of the plasma was 
observed. A clear shift of the maximum emission intensity 
position was obtained for both atomic and molecular radiation 
up to 5 μs of delay. Specifically, at this delay time the atomic 
and molecular radiation reach their maximum at a height of 1 
mm and 0.75 mm above the sample surface, respectively. 
From this moment on, both emissions contract again, showing 
that both radiations move together as the plasma evolves. 
Although the positions of the maxima of atomic emission are 
slightly above those of the molecular radiation, the joint 
motion of both radiations makes it difficult to spatially 
separate their mutual interferences as clearly as in the case of 
air flow. 

When the plasma is generated under the He flow, there is a  
pronounced expansion of the emission even at very short delay 
times, as can be seen in Figures 3(e) and 3(f). It is worth noting 
the different appearance of the distributions in He, since most 
of the atomic and molecular curves present profiles with two 
local maxima. The maximum further away from the surface 
seems to decrease more rapidly with the delay time, but at the 
same time, it seems to expand towards greater distances 
widening the region in which emission occurs. Moreover, as 
in the cases studied in air and argon, there is always 
appreciable molecular emission at positions close to the 

Figure 3. Integrated intensity of the atomic Ca emission (a,c,e) and 
molecular CaF emission (b,d,f) from the vertical plasma axis as a 
function of the height, for air (a-b), Ar (c-d) or He (e-f) flow, 
respectively. As shown in the legend, several distributions acquired 
between 0.8 and 10 μs are displayed. 
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sample surface. A different emission expansion when 
generating the plasma in Ar- or He-enriched atmospheres was 
also reported in previous studies [28,29], and it was related to 
changes in the heat transfer processes. In order to explain the 
significative emission expansion for the He case, both the 
higher thermal conductivity and the lower density of this gas 
compared to air and Ar should be taken into account. On the 
one hand, higher thermal conductivity may cause a more 
efficient energy transfer at the upper boundary region of the 
plasma plume, which expands upwards, as it was previously 
reported [28]. On the other, once the laser pulse irradiates the 
sample, the plasma expansion pushes the surrounding 
atmosphere outwards. Therefore, a lighter gas environment 
like He promotes a faster and higher plasma expansion in 
comparison with heavier gases as air or Ar.  

As can be seen in Figure 4, there are also noticeable 
changes in the total emission intensity according to the 
flowing gas. In particular, there is a clear increase in both 
atomic and molecular signals when blowing Ar or He. To 
evaluate this enhancement, the recorded intensity was 
summed over all rows of the CCD for both atomic and 
molecular signals for each spectral image obtained at the 
different delay times under study. Figure 4 shows the temporal 
evolution of the total emission, both atomic and molecular, for 
the three different gas atmospheres. 

 
Figure 4. Temporal evolution of the full integrated intensity for (a) 
atomic Ca and (b) molecular CaF emission. Note logarithmic x-axis 
scale set for ease of visualization.  

Regarding the atomic radiation, the Ca I intensity emitted 
by plasmas created in air or He atmosphere decreases with 
time from the first considered delay, with a small gradient at 

short times in air and with a steeper slope in He. Conversely, 
the atomic emission from the plasma created in Ar remains 
constant for the first seven microseconds. If this result is 
compared with Figure 3(c), we observe that the total intensity 
remains constant due to the broadening of the spatial 
distribution, but with much lower maximum intensity. The 
molecular emission decay is slower than the atomic one in the 
three atmospheres but with significant differences among 
them. CaF emission under He flow presents a plateau before 
it starts decreasing at around 3 μs, while in Ar the emission 
experiences a fast and pronounced increase up to 5 μs. In air, 
the emission gradually increases during the first 10 μs. It 
should be noted that, for both atomic and molecular radiation 
intensity, the decay in He is the fastest. All these results 
indicate that under He the plasma evolution is faster, which 
may be due to the different cooling mechanisms occurring in 
the plasma. As proposed in [28], it is possible that the plasma 
in He cools down due to its higher spatial propagation. 
Furthermore, the use of blown He or Ar in the plasma 
surroundings involves an increase in both atomic and 
molecular signal with respect to the results obtained for air, 
especially for delay times of less than 15 μs. 

3.2 Nebulization on a Ca-free model sample 

In the nebulization experiments carried out on a PTFE 
sample, the formation of the CaF molecule involves the 
recombination of native F species from the solid sample and 
Ca atoms that are provided by the nebulized aerosol. Due to 
the continuous operation of the nebulizer, the surface of the 
sample is covered by droplets at the time of ablation, which is 
enough to have a noticeable effect on the ablation rate, as 
shown in a previous work [25]. Therefore, Ca is added both at 
the very time of ablation as well as throughout the plasma 
lifetime.  

Figure 5 shows the emission in the 533 nm-centered region 
at three representative delay times, as well as the spectra 
obtained at different distances (192, 960 and 1920 μm) from 
the sample surface at a given delay time. The time evolution 
clearly shows the predominance of atomic Ca I emission that 
eventually is overshadowed by the emission from CaF 
molecules. This is in agreement with typical LIP behaviour, 
but we can note that the earliest delay time shown on Figure 5 
exhibits lower continuum emission, as well as an increased 
presence of molecular adiation with respect to the atomic 
signal in comparison to CaF2  powder ablation in absence of 
nebulization but otherwise analogous experimental conditions 
[27]. The lower continuum emission suggests lower electron 
density values in the plasma when nebulization is taking place. 
It’s also worth noting that the expansion of the emission along 
the vertical axis approximately duplicates that seen on the 
aforementioned study, an effect that was already observed in 
previous imaging experiments comparing the plasma plume 
with and without nebulization for a model Cu sample [25]. 
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Figure 5. (a) Spectral images of Ca I and CaF emission at different 
delays and (b) examples of spectra observed at different heights. 

The spectra at different heights show that molecular 
emission predominates at the lower region of the plasma, 
where the molecular band slightly surpasses the intensity of 
the Ca I multiplet; at around 547.3 nm, it is also possible to 
clearly see emission from the green system of CaO (which is 
interfered by CaOH from 553.8 nm on [33]). Despite an 
increase of the overall intensity of the CaF molecular emission 
at higher regions, CaO is not visible further away from the 
sample. At the highest position shown, Ca I lines show greater 
intensity than CaF.  

In order to obtain more information about CaO emission, a 
second spectral window was considered. The diffraction 
grating was centred at 560 nm, collecting the emission from 
CaO+CaOH between 546.0 and 557.3 nm as well as from a 
multiplet of Ca I lines with wavelengths between 557.7 to 
560.5 nm. Figure 6 shows the spectral images at three delay 
times, as well as three spectra acquired at a delay of 5 μs and 
at different distances from the sample surface. The presence 
of CaO+CaOH is again seen only at the lowest region.  

 
Figure 6. (a) Spectral images of CaO+CaOH and Ca I emission at 
different delays and (b) Examples of spectra observed at different 
heights 

To find out the behaviour of different plasma species with 
respect to time and distance to the sample, their respective 
emission in selected wavelength ranges were obtained. In 
particular, in the first spectral window, Ca I emission was 
integrated from 525.0 to 528.1 nm and CaF emission was 
integrated between 528.1 and 545.0 but excluding a narrow 

region to avoid Ca I emission at 535.0 nm. In the second 
spectral window, Ca I was integrated from 557.7 to 560.5 nm, 
and CaO+CaOH comprised the interval from 546.0 to 557.3 
nm also carefully avoiding Ca I emission at 551.3 nm. Prior to 
signal integration, data treatment involved the sum of 10 pixel 
rows, so that a single spectrum with a noise reduction was 
obtained for each 96 μm and then background subtraction was 
performed.  

Figure 7 shows the integrated intensity, normalized at each 
delay time, with respect to the vertical position along the 
plasma central axis. It can be pointed out that both atomic Ca 
I and molecular CaF emission are detected at a broader range 
of heights than nebulization-less experiments on CaF2 powder 
[27], as a result of the increased plasma expansion. The atomic 
emission (Figure 7(a)) appears more widely distributed; the 
maximum intensity is found at increasingly higher heights 
during the plasma expansion in the first 2 μs until it reaches 
1.5 mm. The position is found to be practically constant for 10 
μs, after which it starts to descend until it cannot longer be 
detected at around 45 μs. 

 

 
Figure 7. Position of maximum intensity for (a) Ca I multiplet (525-
528.1 nm) and molecular emission of (b) CaF and (c) CaO+CaOH 
green systems. 

Molecular emission from CaF (Figure 7(b)) tends to present 
maximum intensity in a region restricted to the lower heights 

Page 8 of 14AUTHOR SUBMITTED MANUSCRIPT - PPCF-103678.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Plasma Phys. Control. Fusion XX (XXXX) XXXXXX Bordel et al  

 9  
 

of the plasma, but the variability is significant. Instabilities in 
plume shape due to nebulization are likely to be responsible 
[25]. It is interesting to note that neither Ca I or CaO+CaOH 
(Figure 7(c)) seem to present such meaningful instabilities. 
Maximum CaO+CaOH intensity remains strictly confined to 
the lower regions, moving upwards very slowly until it barely 
reaches 1 mm. A substantial difference of the CaF emission 
behaviour with respect to regular ns-LIBS experiments is the 
absence of a rapid expansion and upwards displacement 
towards higher regions at long (>45 μs) delays, something that 
was consistently observed in absence of nebulization with 
powder CaF2 samples [27]. 

As it is shown in Figure 8, there is a clear separation 
between Ca I and molecular CaF maximum emission, 
particularly during the 1.2-3.5 μs delay range at which 
molecular emission doesn’t show high instabilities and the gap 
between maximum intensities is nearly 1 mm. CaO+CaOH 
radiation remains at lower positions than the previous species. 
This is in fact seen in Figure 6.b., where the emission starting 
at 547 nm can only be seen in the lowest height spectrum (192 
μm). 

 
Figure 8. Position of maximum intensity of each species during the 
plasma evolution 

The total intensities, integrated along the vertical axis (i.e. 
without spatial resolution), as well as normalized to the 
corresponding gate times are shown in Figure 9. We can see 
in Figure 9(a) that Ca I decays quickly, following an 
exponential trend, whereas CaF shows a small increase in 
intensity until it maximizes at around 3 μs of delay. The 
following decrease is much slower than that of Ca I. This 
trend, together with the gap that was pointed out in Figure 8, 
implies that a delay optimized at around 3 μs could provide 
good results for analytical purposes using molecular emission 
detection, since it is most intense in a differentiated spatial 
region than the atomic signal. On the other hand, the evolution 
of CaO+CaOH intensity is compared to the Ca I intensity in 
the same spectral region (multiplet integrated between 557.7 
and 560.5 nm). The decay of Ca I is identical to the one shown 
in Figure 9(a); however, the molecular intensity of 

CaO+CaOH also decays in a quick exponential fashion, even 
faster than the atomic emission. 

 
Figure 9. Temporal evolution of spatially integrated intensity for (a) 
Ca I vs CaF and (b) Ca I vs CaO+CaOH. Note logarithmic scale of 
the temporal axis. 

In order to gain further knowledge about the differences in 
emission produced by the nebulization itself, two analytical 
signals belonging to the PTFE sample were chosen: atomic F 
I (a single integration of three lines at 683.43, 685.60 and 
687.02 nm) and molecular C2 through the Swan system, Α3Πg-
Χ’3 Πu, emission (integrated in the 462.03-473.98 nm range 
with a proper gap to avoid interference from Ca I at 468.53 
nm) [33].  

Figure 10 shows the results obtained from the spatially-
resolved data. First of all, it has to be pointed out that due to 
the high energy (>14 eV) of the upper levels of the involved F 
I transitions, the emission for this species can only be detected 
in the first few microseconds. Emission from C2 also ends at 
earlier times than the previous molecular emission 
measurements. In Figure 10(a) we can observe that, under 
nebulization, F I presents a slight displacement towards higher 
regions at the beginning, but that at the earliest stage already 
appears maximized at a height of 1 mm, higher than the Ca I 
species that were studied. In absence of nebulization (Figure 
10(c)), the position of maximum intensity always appears to 
be distributed around the 1 mm height.  

As shown in Figure 10(e), the position of maximum 
intensity for F I, which doesn’t show significant instabilities 
even under nebulization, is the same at the initial time 
windows. A split can be seen afterwards, with varying gap of 
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300-600 μm. The emission of F I is no longer detected slightly 
earlier under nebulization. 

  In the case of the C2 emission under nebulization, Figure 
10(b) shows that a vertical displacement takes place steadily 
until emission is no longer detected, with maximum intensity 
appearing at around 1 mm and moving up to a 2.4 mm height. 
However, when PTFE is ablated without nebulizing (Figure 
10(d)), the evolution is remarkably changed at around 3.5 μs, 
after having followed a similar upward displacement. The 
maximum intensity remains somewhat stable in the 2 mm 
height region for 5 μs and then moves downwards until 
emission cannot be detected, 20 μs later than the nebulized-
case (Figure 10(f)). 

 
Figure 10. Comparison of two species (F I and C2) with and without 
nebulization, showing (a-d) time-normalized, spatially-resolved 
intensity and (e-f) position of maximum intensity. 

The time decays shown in Figure 11 illustrate two main 
aspects. Firstly, the intensity of fluorine signal (Figure 11(a)) 
is largely unaffected even though the decay is slightly faster 
under nebulization. On the other hand, the signal of C2 (Figure 
11(b)) is reduced by a 5x factor under nebulization, as well as 
having a more pronounced decay. In the case of F I, the 
emission is detected in a very limited region of the plasma. 
Given the high excitation energy of the upper levels involved 
in the detected emission lines, this region could be too hot for 
molecule formation. In such conditions, the presence or 
absence of Ca might not be relevant (aside from the vertical 
displacement of the maximum intensity position due to 
changes in the plasma plume itself). However, the reason for 
the strong decrease of C2 intensity is unclear. If we observe the 

spatial distribution of the molecular emission in Figure 10(b) 
and 10(d), it seems that nebulization produces a confinement 
effect on it; this is, the emission appears more widely 
distributed along the whole vertical direction when there is no 
nebulization. Carbon atoms in other regions may be taking 
part into more energetically-favourable reactions. Since the 
nebulized solution contains other elements aside from Ca (i.e. 
O, H and N), other carbon compounds involving them could 
be formed. However, it cannot be overlooked that the loss of 
symmetry caused by nebulization could mean that information 
about other regions of the plasma plume outside of the central 
vertical axis is needed to interpret these changes. 

 
Figure 11. Time evolution of spatially integrated intensity for (a) F I 
and (b) C2, both with and without nebulization. Intensities are shown 
in logarithmic scales to ease visualization. 

3.3 CaF formation in femtosecond-laser induced 
plasmas: a preliminary study 

In order to stablish a direct comparison between previous 
studies carried out with a ns-laser [27], high purity CaF2 was 
chosen as a target for the characterization of spatio-temporal 
distributions of excited atomic (Ca I) and molecular (CaF) 
species. It has been shown that in ns-LIPs there’s a split of the 
spatial distribution of said emitters, with molecular emission 
being detected with greater intensity at a lower region of the 
plasma plume than its atomic counterpart.  

Spectral images centered at 533 nm are shown for three 
temporal delays in Figure 12, in which three spectra at 
different distances from the sample surface are included to 
better illustrate emission at different heights. In this case, the 
molecular emission appears to dominate the spectra at a higher 
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region than Ca I. The temporal evolution is quite fast and 
atomic emission disappears from the spectrum at an early 
stage (<3.5 µs) whereas molecular signal can be detected up 
to 10 µs after the laser pulse. 

 

 
Figure 12. Spectral images in the 523.25-542.70 nm region and 
examples of spectra at three distances from the sample surface. 

The spatiotemporal distribution of intensity for each 
species, which was obtained analogously to the previous 
studies, showed a different behaviour than that seen on ns-
LIPs, as is shown in Figure 13(a-b). In this case the clear 
upward/downward displacements at the earliest and latest 
times of plasma evolution cannot be observed, but instead it is 
seen that emission moves mostly away from the sample 
surface. It should be taken into account that the expansion of 
a femtosecond-laser induced plasma takes place mostly in the 
vertical direction instead of radially, as it happens with ns-
LIPs [14,34], which could translate into the notable upright 
displacement that is observed. 

The location of the maximum intensities of Ca I and CaF 
don’t show a clear, maintained gap in between, as it was the 
case for nanosecond laser experiments. Instead, Figure 13(c) 
shows that there is only a limited amount of delay times (0.15 
to 0.60 µs) in which molecular emission is maximized at a 
higher distance from the surface than atomic emission. The 
difference is about 100 microns.  

The spatially-integrated intensity for each species is 
presented in Figure 14. It shows a clear maximum for CaF at 
0.60 µs of delay, as well as a less-acute maximum for Ca I at 
0.5 µs. The decay of Ca I is very fast afterwards, and 
molecular detection could be optimized without the need for 
spatial resolution, as CaF intensity at 0.7 µs is 72% of the 
maximum value, whereas at that same delay time Ca I is 
already at 13% from its maximum.  In such circumstances, the 
potential interference of Ca I is considerably reduced. 

 

 
Figure 13. Distribution of the emission signal along the central axis 
of the plasma corresponding to (a) integrated Ca I emission and (b) 
integrated CaF emission. (c) Temporal evolution of the position of 
maximum intensity in each case 

 
Figure 14. Time evolution of integrated intensity for Ca I and CaF. 
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It could be noted, however, that powder matrices are not 
ideal for femtosecond-laser studies. The small size of the laser 
spot (~60 µm) becomes comparable to powder size (~63-250 
µm) and ablation is likely to be affected by irregularities. 
Additionally, the greater ablation rate could be causing an 
increase in the ablation of the double-sided tape used to fix the 
powder. This would introduce Ca into the plasma; in the case 
of ns ablation, the dissociation of the matrix CaF2 molecules 
could mean that the extra amount of Ca is negligible, as most 
of the signal is being produced by atomized species from the 
sample, but since femtosecond ablation can preserve native 
bonds [16] the amount of atomic emission might be being 
‘artificially’ increased. Therefore, further studies focusing on 
the comparison between ns and fs ablation on CaF2 will be 
carried out with pressed powder pellets. 

4. Conclusions 

In this work the influence of the gas flow in the vicinity of 
the plasma on the atomic and molecular emission dynamics 
was evaluated, employing for this purpose both spatial and 
temporal resolution as a novel feature. It was observed that the 
air flow applied in the vicinity of the plasma did not greatly 
influence the propagation of the plume emission, since the 
plasma lifetime was much shorter than the air flow dynamics.  

Conversely, both He and Ar flows cause a larger spatial 
spread of the emission, especially in He, as well as an increase 
of the signal, especially with Ar. Such an increase is 
particularly noticeable for the molecular signal, so in this work 
it is shown for the first time, to the authors knowledge, that the 
application of an Ar flow can be evaluated to achieve an 
improvement of the F detection, when measured by the 
molecular signal of CaF. On the other hand, the generation of 
the plasma in He yields large differences in the spatiotemporal 
distributions of emission with respect to that found in air or 
Ar. In general, it shows a larger spatial spread and a faster 
decay due to the lower density and higher thermal 
conductivity of He. Nevertheless, further research is needed to 
know the causes of this behaviour. 

The studies of spatial distribution of atomic and molecular 
species under the addition of Ca to a fluorine sample via 
nebulization showed a similar spatial separation to the one 
present in CaF-containing samples. Particularly, at early 
delays there is a 1 mm gap between the maximum emission of 
each species, with molecular band intensity being consistently 
maximized at a lower spatial region than its atomic 
counterpart. Additionally, CaO+CaOH emission remained 
spatially confined to the bottom of the plume throughout the 
plasma evolution. Nevertheless the vanishing of atomic 
emission is not followed by an expansion of the molecular 
intensity such as it is observed for CaF2 ablation. It can be 
concluded that the initial stages of the plasma correspond to 
an analogous case of CaF-containing samples, having a 
significant amount Ca-solution being deposited on the sample 

surface at the moment of ablation. However, the evolution of 
the plume is known to differ from the non-nebulized case, with 
higher instabilities that are also seen in the present work, and 
a notable deviation from a classical cylindrical symmetry 
model. This could mean that information obtained from the 
central axis of the plasma might not be entirely representative 
at longer delays. Hence, plasma diagnostics with suitable 
filters could be the most logical next step to fully characterize 
the behaviour of atomic and molecular emission. 

Finally, the preliminary study of a fs-laser-induced plasma 
on a powdered CaF2 sample showed significant differences 
with the corresponding ns-laser experiment. As it is expected, 
fs-LIPs are more short-lived than those induced by 
nanosecond ablation, and the temporal evolution comprises 
only up to ten microseconds. In this short amount of time, it is 
remarkable that molecular emission maximizes further from 
the sample surface than atomic emission at early delays. 
However, the gap soon disappears and both are displaced 
similarly towards upper regions. Additionally, the 
disappearance of atomic emission is followed by the 
expansion of molecular emission along the plume as observed 
with non-nebulized ns-LIPs. Of course, the cylindrical 
symmetry is overall preserved in this scheme. Regarding 
analytical potential, the time-gap between maximum 
integrated atomic and molecular emission suggests that 
choosing an appropriate acquisition window is the most useful 
approach for an optimization of molecular detection, rather 
than the use of a restricted spatial region. Additionally, the 
plume itself is rather small and so the amount of light that 
could be collected from a defined region would be very 
limited. 
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