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Abstract 36 

In this work laser-induced breakdown spectrosopy is implemented on aerosol particles for absolute 37 

concentration analysis. Aim of this work is the investigation of the effect of the bath gas used for 38 

nebulizing the aerosol. Nitrogen, air and 50% O2 in N2 mixture have been chosen as carrier gases in 39 

order to analyze the effect of oxygen addition to the gas. LIBS measurements have been carried out 40 

on aerosol particles produced from CuCl2  2H2O solutions, and the 324.7 nm Cu line is considered. 41 

As a first analysis, plasma parameters, such as temperature and electron density, have been evaluated 42 

changing the carrier gas. Measurements to derive the LIBS calibration curve of the 324.7 nm Cu line 43 

are carried out in air and in N2. The significant difference in the slope of the resulting calibration 44 

curves has to be attributed to the oxygen addition to the bath gas. To explore such behavior, time-45 

resolved measurements of the Cu line and peak/base ratio have been performed. The presence of two 46 

competitive effects have been observed that becomes significant  increasing the amount of oxygen  in 47 

the  carrier gas. One is the oxygen quenching effect, already observed in the literature, and the other 48 

one is the enhancement of the Cu LIBS signal, expecially at short delay times. These effects have 49 

been observed also at other Cu lines and changing the analyte source. The results are presented and 50 

widely discussed.   51 

 52 

 53 

Keywords: Laser-Induced Breakdown Spectroscopy, Spectrochemical analysis, Cu analyte, carrier 54 

gas interference  55 



3 

 

1. Introduction 56 

The analysis of aerosol particles is currently of great interest in different research areas due to the 57 

wide range of applications. Monitoring of combustion processes and their effluent waste streams, the 58 

analysis and characterization of particulate air pollution and engineered nanoparticles are only some 59 

of these applications. Several aerosol measurement techniques have been devised encompassing a 60 

broad range of operating principles. Most of these diagnostics, however, being essentially based on 61 

ex-situ analysis are time-consuming and require a proper sampling preparation. Atomic absorption 62 

spectroscopy (AAS), inductively coupled plasma optical emission spectroscopy (ICP-OES), or mass 63 

spectrometry (ICP-MS) essentially involve collecting sample for subsequent analysis [1-3]. Hence, 64 

due also to the particular applications, there is a need to promote the development and application of 65 

suitable on-line and / or time-resolved analytical techniques. A powerful and challenging analytical 66 

technique well suited for on-line elemental analysis of aerosols is laser-induced breakdown 67 

spectroscopy (LIBS). This is an atomic emission spectroscopy technique that utilizes a laser-induced 68 

microplasma which functions as both the sample volume and the excitation source [4-5]. A pulsed 69 

laser beam is tightly focused in a particle source flow. The resulting optical breakdown decomposes 70 

and excites all species within the plasma volume. The light emission is characterized by a continuum 71 

spectrum containing discrete atomic lines. These lines, both neutral (I) and ionic (II), and the 72 

continuum emission decay with time, but persist strongly on the order of tens of microseconds. In 73 

general the continuum spectrum decay faster than the atomic lines allowing the possibility of 74 

detecting atomic lines with a good signal-to-noise ratio by adjusting the delay and the integration time 75 

of the detector gate. However from an analytical point of view all the quantitative aspects of LIBS 76 

are still under study to better understand the complex nature of the laser-sample and plasma-particle 77 

interaction processes which depend on the laser pulse characteristics, sample properties, space and 78 

time [6-7]. Applications of the LIBS technique cover a wide range of species and compounds 79 

indicating that nearly all elements of interest in aerosol analysis are readily accessible with LIBS [8-80 

10]. Several examples of the applicability of LIBS technique to investigate and measure elemental 81 

concentration of several analytes, e.g. metals, in ambient air are reported in the literature [11-14]. 82 

Size, mass and composition of micron and submicron aerosol particles have been evaluated [6], in 83 

most cases with the comparison and/or coupling with other techniques for aerosol characterization 84 

[12-13]. A lot of work has been done on LIBS signal processing, especially concerning the statistical 85 

analysis of single shots for detection of individual aerosol particle in dilute flow streams for 86 

atmospheric aerosol application. In this case, in fact, a proper conditional analysis has also been 87 

introduced [12, 14, 15], in order to take into account the non-uniform distribution of the analyte under 88 

investigation in the gas stream and consequently in the probe volume. As for quantitative analysis, 89 
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the application of LIBS is far to be trivial. Many parameters have to be taken into account, including 90 

plasma homogeneity issues, particle size limits and gas matrix effects [16]. Concerning the effect of 91 

the carrier gas used to generate the aerosol on LIBS signal, to our knowledge only few works can be 92 

found in the literature. Aerosols are usually produced with purified air, however sometimes the use 93 

of purified N2 could be interesting. In the work of Gleason et al. [17], the mercury atomic emission 94 

produced via breakdown has been considered and the effect of the presence of oxygen species 95 

investigated. It has been observed that the mercury emission line is selectively quenched by oxygen 96 

species, primarily O2 and NO, formed by atoms recombination during the plasma decay. This result 97 

produces also strong effects on LIBS signal calibration. In the work of Buckley [18], different 98 

analytes have been investigated with the aim to look at the effect on the LIBS signal using N2 or air 99 

to produce the aerosol. For Pb and Be a reduction in the slope of the calibration curve passing from 100 

N2 to air has been obtained due to oxygen quenching in agreement with the Hg behavior reported by 101 

Gleason et al. [17]. On the contrary, a different behavior has been exhibited by Cr. The influence of 102 

the bath gas on the LIBS signal has also been explored in the work of Pieler et al. [19] where 103 

aluminum metal measurements have been carried out. 104 

In this work the investigation of the influence of the carrier gas on LIBS signals is performed on 105 

aerosol particles of copper. Copper was chosen as representative analyte for environmental 106 

monitoring purpose because it can be released into the environmental air by both natural sources 107 

(wind-blown dust, decaying vegetation, forest fires, rocks weathering and sea spray) and human 108 

activities (mining, electrical factories, metal production, construction, transportation, and phosphate 109 

fertilizer production) [20-21]. The aerosol has been produced by using alternatively purified N2, 110 

purified air and 50% O2 in N2 mixture to nebulize and dilute/dry the aerosol droplets. In order to 111 

characterize the plasma, temperature and electron density have been evaluated. The calibration curves 112 

of 324.7 nm Cu LIBS signal have been obtained in air and N2. In order to explore the different slope 113 

of the resulting calibration curves, time-resolved 324.7 nm Cu LIBS measurements have been carried 114 

out in the presence of the carrier gases under analysis. Same behavior has been obtained also for other 115 

Cu lines and changing the analyte source. The detected differences have been discussed relatively to 116 

the chemical and thermal effects due to oxygen addition.  117 

 118 

2. LIBS measurements 119 

 120 
2.1 Experimental Set-up 121 

 122 

In Fig. 1 the experimental apparatus employed for LIBS measurements is shown. A pulsed Nd:YAG 123 

laser (Continuum, 7 ns FWHM) at the fundamental wavelength (1064 nm), with 5 Hz repetition rate 124 
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and 220 mJ pulse energy was used to produce the plasma by means of a 80-mm focal length lens. The 125 

plasma spectral emission was collected perpendicularly to the incident laser beam by means of two 126 

plano-convex lenses (focal length = 100 mm and 75 mm ) onto an optical fiber (3 mm diameter) 127 

coupled with the detection unit. The latter consists of a Czerny-Turner spectrograph (Shamrock 303i) 128 

equipped with a turret of three gratings, and coupled with an intensified charge coupled device ICCD 129 

(iStar 321T, Andor Technology) camera. For these measurements, the high resolution grating (1200 130 

grooves/mm) resulting in 0.113 nm resolution was used. The intensified CCD detector was 131 

synchronized with the Q-switch laser in order to change the delay and the integration width of the 132 

detector gate.  133 

 134 

Fig. 1 Experimental set-up. 135 

 136 

LIBS measurements were performed directly in the aerosol sample chamber, that is a stainless steel 137 

six ways chamber properly equipped with optical windows. Aerosol particles were produced from 138 

nebulized solutions of CuCl2 2H2O in ultra-purified deionized water. The particle source stream was 139 

generated using a constant output atomizer (TSI model 3075), which allows us to obtain fine droplets 140 

of about 300 nm. The droplets stream was introduced into a mixing/drying section. Here the uniform 141 

carrier co-flow gas flowing around the nebulizer output permitted to facilitate droplets vaporization 142 

via mass diffusion of water to the surrounding gas and to produce a fine dispersion of metallic salt. 143 

The resulting dried particles in the aerosol stream were carried by the co-flow gaseous stream into 144 

the sample chamber.  145 

Knowing the droplet dimension, the solution concentration and the salt density, the size of the dried 146 

particles was calculated to range between 14 and 30 nm. Uniform aerosol with a reasonable number 147 



6 

 

of nanometric particles in the probe volume was used in order to perform reliable and robust 148 

calibration curves.  149 

For a nebulization flow rate of 3 lpm and a co-flow of 17.5 lpm, the aerosol particle number density 150 

in the sample chamber was approximately 4.6*108 particles per cubic centimeter. In this case such a 151 

high number density of nanometric particles provided a uniform aerosol. Moreover, while the laser 152 

spot is 4.6*10-8 cm3, the measured plasma volume results to be 0.5 mm3, according to the work of 153 

Carranza et al. [22]. Correspondingly, a number of particle of 2*105 was present, which is 154 

representative of an average concentration in the sample chamber. Consequently each laser shot 155 

produced a LIBS analyte signal. Each LIBS spectrum was collected as an ensemble-average of 500 156 

multiple spectra, without applying any conditional analysis. In fact, it has been verified by collecting 157 

separately 500 LIBS spectra that each laser shot heats the analyte and consequently each spectrum 158 

exhibited the corresponding LIBS signal.  159 

For both LIBS calibration curves and LIBS signal behavior versus delay time the most sensitive 160 

emission line of neutral Cu at 324.7 nm was considered.  161 

 162 

 163 

3. Results and discussion 164 

3.1 Plasma characterization 165 

 166 

In order to evaluate the influence of oxygen addition, plasma was investigated by using three different 167 

carrier gases (N2, air and 50% O2 in N2 mixture). In our condition the plasma can be considered in 168 

local thermodynamic equilibrium (LTE) [23, 24], which means that the emission from a particular 169 

atomic or ionic line is related to the elemental concentration, the electron density and the temperature. 170 

The population density of atomic and ionic electronic states can be described by a Boltzmann 171 

distribution. As a first analysis the temperature and electron density were investigated for the  172 

different carrier gases.  173 

Plasma temperature was calculated from the slope of the Einstein-Boltzmann equation. Considering 174 

a transition taking place between an upper level m to a lower level n, the Einsten-Boltzmann equation 175 

can be written as   176 

 177 

    𝑙𝑛
𝜆𝑚𝑛𝐼𝑚𝑛

𝑔𝑚𝐴𝑚𝑛
= 𝑙𝑛 (

𝑁(𝑇)

𝑈(𝑇)
) −

𝐸𝑚

𝑘𝑏𝑇
      (1) 178 

 179 

where mn is the wavelength of the transition, Imn is the atomic line intensity, Amn is the transition 180 

probability, Em is the energy of the upper level, gm is the statistical weight of level m, kb is the 181 
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Boltzmann constant and T is the excitation temperature. By plotting 𝑙𝑛
𝜆𝑚𝑛𝐼𝑚𝑛

𝑔𝑚𝐴𝑚𝑛
  versus Em, temperature 182 

can be obtained from the slope of the curve, without knowing the total number density N(T) or the 183 

partition function U(T). 184 

In our case for temperature measurement three nitrogen neutral lines, namely 410.99 nm, 821.63 nm 185 

and 746.8 nm, were used. In Table 1 the spectroscopic parameters used to evaluate plasma 186 

temperature are reported, as taken from the National Institute of Standards and Technology (NIST) 187 

[25].  188 

Electron density was calculated from the stark broadened profile of the nitrogen line at 746.83 nm. 189 

The full width at half maximum [FWHM] of the spectral line is expressed as [26-27] 190 

 191 

∆𝜆1/2 = 2𝜔
Ne

1016                                                                         (2) 192 

 193 

where Ne is the electron density (in cm-3) and ω is the electron impact parameter, obtained from 194 

reference data [28]. Temperature and electron density measurements were performed at 5, 10 and 15 195 

s delay time and a fixed gate width of 10 s and the corresponding results are reported in Table 2. 196 

In particular, in the table temperature uncertainties are also shown for the different conditions under 197 

analysis. As one can observe in the table, there is no significant difference among plasma parameters 198 

in the three carrier gases under analysis, even considering the temperature uncertainty of 16% in the 199 

worst case (at 5 s delay). These results indicate that thermal effects of oxygen addition to the carrier 200 

gas can be considered negligible.  201 

 202 

 203 

3.2 Calibration curves 204 

LIBS signal intensity was evaluated using the area of the 324.7 nm atomic peak divided by a 205 

representative baseline area. This last quantity has been calculated by taking the trapezoid area at  the 206 

base of the LIBS atomic line. Assuming an optically thin plasma, the atomic emission line area is 207 

proportional to the elemental concentration and depends on the laser power, while the baseline is 208 

proportional to the laser power. Consequently the peak/baseline area ratio, referred as peak/base in 209 

the following, is proportional to the elemental concentration only. At concentrations below 210 

approximately 50 mg/m3 self-absorption can be considered negligible and the calibration curves using 211 

the peak/base ratio are generally linear [18]. 212 

Calibration curves were performed in purified nitrogen and air by analyzing dry CuCl2 aerosols. Once 213 

the aqueous solution concentration, nebulization rate, flow rate and co-flow gases rate are known, the 214 
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analyte concentration in the aerosol stream at the LIBS sample point can be easily determined as 215 

reported by Gleason et al. [17] 216 

 217 

    𝑋 =  
(𝑁𝑒𝑏.𝑅𝑎𝑡𝑒) (𝑆𝑜𝑙.𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

(𝐶𝑜−𝑓𝑙𝑜𝑤 𝑅𝑎𝑡𝑒+𝑁𝑒𝑏.𝑓𝑙𝑜𝑤 𝑅𝑎𝑡𝑒)
     (3) 218 

 219 

In Fig. 2 high resolution LIBS spectra, corresponding to a 8.25 mg/m3 Cu concentration, are reported 220 

as obtained for N2, air and 50% O2 in N2 mixture plasma. The signals have been collected with a gate 221 

width of 10 s and a delay time of 20 s. The two typical Cu atomic lines at 324.7 and 327.39 nm, 222 

whose intensities surprisingly increase by adding oxygen to the mixture, are shown. No significant 223 

difference in the baseline can be detected close to the 324.7 nm Cu peak, consistently with no change 224 

in the electron density by varying the carrier gas. An increase in the baseline in correspondence of 225 

Cu at 327.39 nm is observed for N2 and air which is due to the presence of N2
+ bands at 329.4 nm 226 

and 329.9 nm. 227 

 228 

 229 

Fig. 2 LIBS intensity versus wavelength for the carrier gases. Spectra are collected with a gate 230 

width of 10 s and a delay of 20 s. 231 

 232 

In the present study, for Cu calibration curve, the values of copper mass concentration in the flow 233 

stream range from 0.82 mg/m3 to 6 mg/m3. Spectra were collected at 30 s delay time, with respect 234 

to the plasma-initiating laser pulse, and a fixed integration time of 100 s.  235 
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Cu calibration curves in nitrogen compared with the calibration curve in air are reported in Fig. 3. In 236 

this case the calibration in 50% O2 in N2 mixture was not performed, being of no analytical interest. 237 

In the same figure the linear fitting and the related analytical expressions as well as the error bars for 238 

each LIBS peak/base measurements are reported. As for signal/base uncertainties, a value of 5% for 239 

the standard deviation is obtained in the worst case. The values of the determination coefficient R2 240 

account for a good linear relationship between the LIBS intensity and the particle mass concentration. 241 

Although both signal responses are linear with respect to the concentration of Cu, a different slope of 242 

the calibration curves have been obtained using nitrogen and air as carrier gas. Surprisingly, at a given 243 

Cu concentration higher values of LIBS signals are obtained in the case of air with respect to nitrogen 244 

as carrier gas in contrast to the quenching effect of O2 observed in [17] for Hg. 245 

 246 

Fig. 3 Calibration curves of Cu in nitrogen and air, and the corresponding linear regression. Peak/base 247 

ratio are reported with the related error bars. 248 

 249 

Different values of the detection limit are derived in the two cases. According to Cremers et al. [29], 250 

the lower limit of detection, LOD, defined as the lowest quantity of a substance that can be 251 

distinguished from the background within a stated confidence limit (1%) is given by 252 

 253 

     𝐿𝑂𝐷 =
3𝜎𝐵

𝑆
                                            (4) 254 

 255 

 256 

where σB is the standard deviation of the background and S is the slope of the calibration curve. 257 

Considering the standard deviation as calculated from the background intensity values for each mass 258 

concentration, the LOD of Cu signal was 66 g/m3 in air , while 117 g/m3 in nitrogen. In this context 259 
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the difference in the two cases are put in evidence rather than the relatively high value of the detection 260 

limit, which is not the purpose of this work.   261 

 262 

3.3 LIBS signal as a function of  delay time 263 

In order to investigate the influence of the carrier gas on the calibration curve, the temporal behavior 264 

of the Cu emission signal was performed changing the carrier gas. To this purpose, measurements 265 

were carried out with N2, air (20% O2 in N2) and 50% O2 in N2 mixture. LIBS signals were collected 266 

varying the delay and using gate widths of 1 s and 10 s at short and long delay time, respectively. 267 

In fact, after 50 s delay time  the Cu LIBS signal is too low to be detected and therefore to increase 268 

the signal/noise ratio, the gate width was increased to 10 s. In Figs. 4 and 5 the integrals of 324.7 269 

nm Cu LIBS peak and the corresponding peak/base signals are reported versus delay time for N2, air 270 

and 50% O2 in N2 mixture. Close and open symbols refer to measurements collected with 1 s and 271 

10 s gate widths, respectively.  272 

 273 

Fig. 4 Cu LIBS peak value versus delay time in N2, air and 50% O2 in N2 mixture. CuCl2 2H2O is the 274 

analyte source. 275 

 276 

Measurements with 10 s gate width have been properly corrected for the different gate width. Same 277 

behavior of the two curves is obtained also for the 327.39 nm atomic line and is  not reported here for 278 

brevity. As for the LIBS signal (Fig. 4), in all the investigated conditions the overall curve exhibits a 279 

behavior widely different from the usual exponential decay trend. In particular, LIBS signal decreases 280 

almost exponentially up to 10 s, after which an anomalous increase of the signal is detected followed 281 
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by a further exponential decrease. Comparing the curves obtained with  different carrier gas, it is 282 

evident that at short delay time LIBS signal increases by increasing O2 percentage in the mixture. 283 

Moreover, at longer delay time, e.g. 60 s, LIBS signal increases passing from N2 to air, and then 284 

decreases for 50% O2 in N2 mixture. The small bump in the LIBS signal detected after 10 µs in the 285 

case of N2 can also be due to the presence of oxygen both in the solution and in the analyte source.  286 

 287 

Fig. 5 Cu LIBS peak/base value versus delay time in N2, air and 50% O2 in N2 mixture. CuCl2 2H2O 288 

is the analyte source. 289 

 290 

As for peak/base behavior (Fig. 5) changing the carrier gas a significant difference in the Cu peak/base 291 

curves is observed. Moving from N2 to air the curve increases and becomes narrower. A further 292 

increase of O2 percentage results in a peak/base value decrease and shift toward shorter delay times.  293 

In order to better understand the effect of O2 addition to the carrier gas, the ratio of the peak/base 294 

curves of air or 50% O2 in N2 mixture to the N2 curve (all reported in Fig. 5) was considered and 295 

shown in Fig. 6. 296 

As it can be seen, the effect of O2 addition is different along all the time scale investigated. In fact, at 297 

short delay times an enhancement of the LIBS signal is observed, while at longer delay O2 is 298 

responsible for signal quenching. In the case of air/N2 curve the transition between the two 299 

competitive effects (enhancement and quenching) occurs in a wider temporal scale producing a 300 

smooth behavior of the overall trend. Moreover, the effect of adding O2 to the carrier gas up to 50% 301 

is to further increase the enhancement (about twice the amount) and at the same time to shorten the 302 

transition time between the two competitive effects. From Fig. 6 it is evident that by using air as 303 
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carrier gas the LIBS signal enhancement due to oxygen is more effective than the quenching effect at 304 

least for the delay and gate width used.  305 

 306 

 307 

Fig. 6 Ratio of Cu peak/base curves of air and 50% O2 in N2 mixture with respect to N2 peak/base 308 

curve. 309 

 310 

While the quenching effect of O2 addition has been already observed [17] and reported in different 311 

papers, to our knowledge very few evidence concerning LIBS signal enhancement effect are present 312 

in the literature. In the work of Buckley[18] different atomic species have been investigated in relation 313 

to the role of O2 addition to the carrier gas. In the case of Pb and Be O2 quenching is evident and 314 

responsible for a reduction of LIBS signal passing from N2 to air. On the contrary, a small increase 315 

in the Cr LIBS emission intensity has been observed comparing N2 and air. Unfortunately no 316 

hypothesis has been proposed to explain the process at the basis of such effect. Moreover, concerning 317 

O2 quenching, it is also observed that such effect relevant to a given analyte atomic line is not 318 

observed in other transition of the same analyte [17]. For this reason also the Cu lines at 510.5 nm, 319 

515.3 nm and 521.8 nm have been investigated. These Cu LIBS lines detected at different delay times 320 

exhibit the same behavior as the one obtained for 324.7 nm (Figs. 4, 5), and are not here reported. 321 

Actually the enhancement of Cu LIBS signal in presence of air can be due to thermal or/and kinetics 322 

effects. The substantial unchanged values of temperature and electron density of the plasma in 323 

different bath gases (see Table 1) allow us to infer that no thermal effect is possible. On the contrary 324 

some kind of kinetic pathway could play an important role in this process. Moreover, it is also evident 325 

that molecular or/and atomic oxygen has to be involved in these reactions. To further investigate the 326 

role of oxygen, the time behavior of O(I) LIBS signal at 777 nm has also been detected and compared 327 
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to the corresponding Cu LIBS signal. As an example, in Fig. 7 the trend obtained in air is reported. 328 

As it can be seen, the atomic oxygen intensity decreases significantly already in the first 10 µs. 329 

Correspondingly, the unusual increase of Cu emission intensity after 10 µs could be due to an energy 330 

transfer process which involves the Cu line. 331 

 332 

Fig. 7 Comparison of LIBS signal of O(I) at 777 nm and Cu(I) at 324 nm versus delay time in air. 333 

 334 

One possible explanation could be the formation of a molecular oxygenated species in its excited 335 

level, which in turn could be resonant with Cu 324.7 nm emission line. Unfortunately no molecular 336 

species emit in this spectral region, and however this process would not explain the same behavior at 337 

327.39 nm.  338 

Also the presence of Cl in the analyte source can play a role in the kinetic mechanisms responsible 339 

for the enhancement of the Cu LIBS signal. It is well known that both Cl atomic line and molecular 340 

emission involving Cl can be detected only at relatively high concentration (e.g. 50 ppm) in the work 341 

of Haisch et al. [30] due to low sensitivity. In fact in our case, no evidence of Cl atomic or molecular 342 

emission is observed at least in the spectral region under analysis. 343 

Therefore, in order to investigate a possible role of the analyte source, CuCl2 2H2O has been replaced 344 

by CuSO4 12H2O. In Fig. 8 LIBS signal of Cu at 324.7 nm versus delay time have been reported for 345 

the three carrier gases under analysis. Varying the carrier gas, the temporal curves exhibit the same 346 

trend as the one obtained with CuCl2 2H2O as analyte source (see Fig. 4).  347 

These observations allow us to infer that the Cl does not contribute to the Cu LIBS signal 348 

enhancement. 349 
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Another explanation could be a three body collisional recombination involving two oxygen atoms 350 

and a sample atom, Cu in our case. This reaction results in sample atom excitation by the molecular 351 

recombination energy.  352 

 353 

Fig. 8 Cu LIBS peak value versus delay time in N2, air and 50% O2 in N2 mixture. CuSO4 12H2O is 354 

the analyte source. 355 

 356 

This process has been proposed by Mushtaq et al. [31] to explain the enhancement of analyte atomic 357 

line in glow discharges. As energy O2 recombination is 5 eV [31] analyte atomic lines with excitation 358 

energy near to this value can be enhanced. This is not our case, as the excitation energy of the Cu line 359 

324.7 nm is about 3.8 eV. However, due to the different experimental conditions of the discharges as 360 

well as the amount of O2 added to the bath gas (usually less than 1% in the work of Mushtaq et al. 361 

[31] and 20% in our case) one can speculate about the occurrence of the three body recombination 362 

involving oxygen in other excited levels. More work is needed to address such issue. 363 

 364 

 365 

5. Conclusions 366 

In this work the influence of the presence of O2 in the carrier gas on LIBS measurements performed 367 

on aerosol particles of copper is investigated. To this purpose, CuCl2 2H20 is used as analyte source 368 

and the 324.7 nm Cu LIBS signal has been considered for this analysis. Nitrogen, air and 50% O2 in 369 

N2 mixture have been chosen as nebulizing gas. Plasma temperature and electron density have been 370 

measured in the different conditions under analysis. Calibration curves as well as the behavior of Cu 371 
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peak line and peak/base ratio versus delay time have been investigated changing the carrier gas. The 372 

results are reported in the following. 373 

- No substantial differences have been observed on plasma temperature and electron density 374 

measured. This means that no thermal effect in the plasma is produced changing the gas. 375 

- As for Cu calibration curves, a significant increase of the curve slope is detected changing N2 376 

with air in the bath gas.  377 

- The temporal behavior of Cu LIBS signal exhibits a decay trend very far from the usual 378 

exponential one, with an anomalous bump after about 10 s decay time. 379 

- In both the LIBS peak and peak/base measurements, two competitive phenomena are 380 

observed: an enhancement of the LIBS signal more significant at short delay time and a signal 381 

quenching at long delay time. Both effects are more important with increasing the oxygen 382 

amount in the carrier gas. 383 

- The behavior obtained for 324.7 nm Cu line is also exhibited by the 327.39 nm as well as 384 

510.5 nm, 515.3 nm and 521.8 nm Cu lines. Same results have also been obtained changing 385 

the Cu analyte source. 386 

- Atomic oxygen (at 777 nm) decreases fast in the first 10 s, which could account for 387 

molecular oxygen formation. 388 

According to this observation, it is possible to infer that the signal quenching is essentially due to the 389 

presence of molecular oxygen, in agreement with previous results reported in the literature. As for 390 

the signal enhancement, such effect can be certainly attributed to the presence of oxygen. One 391 

possible hypothesis could be the occurrence of the three body recombination involving oxygen in 392 

some excited levels. More work is needed to address such issue. In any case, it is important to stress 393 

that care has to be taken in performing the calibration curve of an analyte when using O2 in the carrier 394 

gas. 395 

 396 
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Figure Captions 405 

Fig. 1: Experimental set-up. 406 

Fig. 2: LIBS intensity versus wavelength for the carrier gases. Spectra are collected with a gate width 407 

of 10 s and a delay of 20 s. 408 

Fig. 3: Calibration curves of Cu in nitrogen and air, and the corresponding linear regression. 409 

Peak/base ratio are reported with the related error bars. 410 

Fig. 4: Cu LIBS peak value versus delay time in N2, air and 50% O2 in N2 mixture. CuCl2 2H2O is 411 

the analyte source. 412 

Fig. 5: Cu LIBS peak/base value versus delay time in N2, air and 50% O2 in N2 mixture. CuCl2 2H2O 413 

is the analyte source. 414 

Fig. 6: Ratio of Cu peak/base curves of air and 50% O2 in N2 mixture with respect to N2 peak/base 415 

curve. 416 

Fig. 7: Comparison of LIBS signal of O(I) at 777 nm and Cu(I) at 324 nm versus delay time in air. 417 

Fig. 8: Cu LIBS peak value versus delay time in N2, air and 50% O2 in N2 mixture. CuSO4 12H2O is 418 

the analyte source. 419 

 420 

 421 

  422 
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Table Captions 423 

Table 1. Transition probability-statistical weight product, lower and upper energy levels for N(I) 424 

emission lines used in this work. 425 

Table 2. Plasma temperature and electron density as a function of delay time for air, N2 and 50% O2 426 

in N2 mixture. 427 

 428 
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