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Abstract 

Laser Induced Breakdown Spectroscopy (LIBS) has become a very popular technique for elemental analysis 

thanks to its ease of use. However, LIBS users often report poor repeatability of the signal, due to shot-to-

shot fluctuations, and consequent not satisfactory limits of detection. In many practical cases, these 

shortcomings are difficult to control because the signal is affected by several noise sources that cannot be 

reduced simultaneously. Hopefully, there is a large amount of knowledge, accumulated during several 

decades, that can provide guidelines to reduce the effect of the single sources of fluctuations. Experimental 

setup and measurement settings can be optimized on purpose. Spectral data can be processed in order to 

better exploit the information contained therein. In the current paper several approaches to improve the 

analytical figures-of-merit are reviewed and the respective advantages and drawbacks are discussed. 
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1 Introduction 

Laser Induced Breakdown Spectroscopy (LIBS) has recently become a very popular technique for elemental 

analysis. At a first approach, new users may be conquered by LIBS due to its apparent ease of use, 

versatility, analytical potential. There is no need of a long training to set up a new LIBS apparatus and 

emission spectra are easily obtained from a sample. Therefore, it is relatively quick to conceive and 

experimentally carry out LIBS observations, especially if aiming at the qualitative identification of elements.  

On the other hand, LIBS is often criticized because of a poor repeatability of the signal observed on a shot-

to-shot basis. This characteristic is due to the complexity of the laser-sample and laser–plasma interactions, 

to the transient and inhomogeneous nature of the phenomenon observed, to the sensitivity of the plasma 

toward physical and chemical characteristics of the sample and atmospheric conditions. Experimental data 

can be poor and highly dispersed, unless experimental settings are optimized in order to reduce possible 
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causes of  noise [1]. Some investigations of the noise sources in LIBS measurements are available in the 

literature. Relying on these seminal works, the present review has been designed as an introduction for new 

LIBS users, with the aim of suggesting how to better exploit the information contained in the spectra. 

We first recall in section 2 the definitions of signal and noise for measurements in this field, as well as the 

definitions of accuracy, precision and trueness. In section 3 we briefly describe the different sources of noise 

in LIBS measurements. Section 4 provides an overview of recent investigations about experimental 

parameters affecting the analytical figures-of-merit. Three widespread approaches for line intensity 

normalization are described in section 5. At end, section 6 is focused on the processing of single shot 

spectra. 

The discussion of issues regarding quantitative analysis (calibration curves, detection limits) is out of the 

scope of the present paper. A tutorial review regarding calibration in atomic spectrometry can be found in ref. 

[2]. The definition of detection limit and other concepts involved in quantitative analysis are presented in refs. 

[3,4]. 

 

2 Definitions 

We assume that the reader is aware of the origin and physical meaning of the radiation emitted by a laser-

induced plasma. Briefly, the analyte signal in LIBS is the radiation intensity emitted by the analyte element in 

correspondence of a specific atomic or ionic transition (thus, at a given wavelength), and collected by a 

detector. The plasma emits also a signal, called continuum background, composed of bremsstrahlung 

radiation from free electrons and recombination emission. Therefore, the detector response (y) observed at a 

given wavelength in a single spectrum is the sum of the analyte signal (S), the signal due to plasma 

continuum background (B), and the background introduced by the detector (dark current, stray light, etc., D) 

[5]: 

𝑦𝑦 = 𝑆𝑆 + 𝐵𝐵 + 𝐷𝐷           (1) 

In a first approximation the contribution D given by the detector can be considered negligible. The analyte 

net signal is obtained from the observed intensity after subtraction of the continuum background. Since the 

background cannot be measured under the analyte line, it is typically measured at wavelengths close to the 

analyte peak. The signal may be given as peak intensity, when measured at the central wavelength of the 

emission line, or as integrated intensity, if measured by integrating the intensity over the line width. Similarly, 

the background can be measured at a given wavelength or as an integrated value over a spectral window. 

The analyte signal and the plasma background are accompanied by noise (N), defined as the random 

deviation from the average. Thus, for a single spectrum [5]: 

�
𝑦𝑦 = 𝑦𝑦� +  𝑁𝑁𝑦𝑦
𝑆𝑆 = 𝑆𝑆̅ +  𝑁𝑁𝑆𝑆
𝐵𝐵 = 𝐵𝐵� +  𝑁𝑁𝐵𝐵

�           (2) 
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where 𝑦𝑦� , 𝑆𝑆̅ and 𝐵𝐵�  are the average values of total response, analyte signal and continuum background, 

respectively, as obtained from multiple spectra. Generally the noise is assumed to have normal distribution, 

with zero mean and standard deviation σ. However, different statistical distributions have been observed in 

particular cases (see section 6). During LIBS measurements, spectra can be recorded on a shot-to-shot 

basis or after accumulation of the signal obtained from multiple shots. Depending on the approach, the 

background noise can be obtained from the dispersion of its values measured at a single wavelength over a 

series of single shot spectra, or from the dispersion measured over a wavelength interval, in a single 

spectrum. 

Two indicators of the quality of a measurement are mostly used in LIBS practice: the peak-to-base ratio, 

defined as the ratio of the signal to the background, and the signal-to-noise ratio, defined as the ratio of the 

signal to the noise standard deviation. It is worth to mention that the signal-to-noise ratio is, by definition, the 

reciprocal of the relative standard deviation of the signal [6,5]. 

Regarding the signal-to-noise ratio, several combinations of y, S, σy, σS and σB have been used in the 

analytical literature, of course with different meaning and implications. For example, the ratio y/σy is a 

measure of repeatability (see its definition below). On the other hand, the ratio S/σB is the one used in the 

definition of the limit of detection (LOD) [5]. Therefore, when using the signal-to-noise ratio, it is important to 

specify whether the noise refers to the signal or to the background, in order to make clear the meaning of 

this indicator. The same applies to the peak-to-base ratio. However, for simplicity and for consistency with 

the literature, in the following we use the symbols S/B and S/N as abbreviations for the generic peak-to-base 

ratio and signal-to-noise ratio, respectively. 

We want to briefly recall here the definition of accuracy, trueness and precision, pointing the reader to the 

references where these concepts are deeply discussed [3]. The currently accepted definitions have been 

issued by the International Organization for Standardization (ISO) in 1993. Even though some slight 

differences in the definitions contained in different ISO documents exist, accuracy can be defined as the 

closeness of agreement between the result of a single measurement and the accepted reference value [7]. 

Trueness is the closeness of agreement between the average value obtained from a large series of test 

results and an accepted reference value [8]. Therefore, trueness is related to systematic errors [3].  

Precision, which is related to random errors, includes both repeatability and reproducibility. Repeatability is 

the closeness of the agreement between the results of successive measurements of the same measurand 

under the same conditions of measurement, same observer, same procedure, same instrument under the 

same conditions, etc. [7]. Repeatability is therefore the measure of shot-to-shot variability with a given 

sample [1]. Reproducibility, instead, is the closeness of the agreement between the results of successive 

measurements of the same measurand under changed conditions of measurement (instrument, observer, 

location, time, etc.) [7]. In summary, accuracy is the sum of trueness and precision.  

Precision is quantified by means of standard deviation (SD) or relative standard deviation (RSD). It should be 

noted that the quality of the estimation of the standard deviation is a function of the statistical sample 

population, so that a low number of replicates leads to poor estimation of the standard deviation. However, 

statistical methods may help to estimate the uncertainty affecting the standard deviation [3]. 
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3 Sources of noise  

The description of the sources of noise in the LIBS tutorial literature is not as common as the topic would 

deserve. However, the list of the main sources of noise in LIBS spectra can be found, for example, in the 

paper by Mermet et al. [1]. Four different origins can be identified: the noise due to fluctuations in the laser-

sample or laser-plasma interaction, called source noise; the noise due to the number of photons arriving on 

the detector, called shot noise; the detector noise; the instrumental (thermal) drift.   

The source noise is due to shot-to-shot fluctuations in laser energy, rate of ablation, laser-plasma coupling, 

and plasma characteristics. This is typically a flicker noise, characterized by standard deviation proportional 

to the signal (and therefore constant RSD). The source noise affects all the spectral features (spectral lines, 

continuum emission) to some extent. Internal standardization may be beneficial to improve the signal 

precision if source noise is dominant. This may be the case during the analysis of samples that are 

inhomogeneous in their physical characteristics on the scale of the laser spot [9,10]. It should be mentioned, 

however, that samples can be inhomogeneous both physically (if local differences in aggregation state exist) 

and chemically (if spatial gradients of concentration exist). Chemical sample inhomogeneity introduces an 

additional source of spectral fluctuations. This issue concerns all samples, because, in practice, 

homogeneity or heterogeneity of a material are not absolute characteristics but depend on the sampling spot 

size. According to Danzer [11] and Kempenaers et al. [12], a critical sampled mass can be defined for every 

sample, in order to assess its homogeneity. For values of the sampled mass above the threshold, 

fluctuations due to the sample are negligible and it can be considered homogeneous for that kind of 

measurement. On the contrary, for values of the sampled mass below the threshold, fluctuations given by 

sample heterogeneity are significant and the sample must be considered heterogeneous for that kind of 

measurement [12]. In practice, most samples are inhomogeneous when the ablated mass is of the order of 

ng. If the analyte distribution in the sample matrix is not homogeneous, line intensity normalization does not 

improve the figures-of-merit [9]. It may be advisable, then, to increase the sampling spot size in order to 

average out local chemical inhomogeneity. 

The number of photons np arriving on the detector during the acquisition time is described by Poisson 

statistics, and its standard deviation (shot noise) is proportional to the square root of np. In turn, the RSD due 

to shot noise is proportional to �𝑛𝑛𝑝𝑝�
−1 2⁄ . Therefore, to reduce the contribution of shot noise to the total RSD 

of the measurement, the experimental conditions must be chosen in order to have the highest possible 

signal intensity. The shot noise affecting a specific spectral line is not correlated to the shot noise of a 

different line. Thus, if the signal is shot-noise limited, the precision cannot be improved by using internal 

standardization. This may be the case with laser microprobe (or microLIBS), where very low energy pulses 

are used and the amount of photons emitted by the plasma can be very small [1]. Detector noise 

contribution, which is discussed below in this section, is also mainly given by shot-noise. 

A drift can be originated by a progressive laser energy increase due to warm up of the optical and electronic 

components. Mermet et al. suggested that a drift in the optical focusing or collecting system can also play a 

role [1]. In addition, detector warm up also has evident effects on the recorded spectra. Several authors 

include drift among the processes producing the source noise [6]. Drift effects can be recognized by means 
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of statistical analysis of temporal data sequences or through appropriate instrumental diagnostics. Like the 

source noise, drift also affects all the spectral emission components. Therefore, internal standardization may 

be beneficial to reduce the effect of drift on the data precision [1]. 

In summary, if we consider the different noise sources as independent, the total RSD is (adapted from [1]): 

𝑅𝑅𝑅𝑅𝑅𝑅 = �𝛼𝛼2 + 𝛽𝛽
𝑆𝑆

+ 𝛿𝛿2�
1 2⁄

          (3) 

where α is the flicker noise coefficient, S the signal, β the shot noise coefficient and δ the drift contribution. 

According to the above notes, among the main noise sources only shot noise cannot be reduced by internal 

standardization. Therefore, it is advisable to select working conditions such that the shot noise is minimized. 

Then, other noise contributions can be reduced by normalization. 

An example of the RSD trend for a neutral Mn line versus its intensity is shown in Figure 1. The experimental 

RSD data are well described by a (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)−1 2⁄  curve, suggesting that Poisson statistics is the dominant 

contribution, at least for intensity values lower than about 50000 (a.u.); therefore, in this case, shot noise can 

be considered as the limiting noise up to this intensity level (ref. [13] Figure 5). 

 

Fig. 1. Relative Standard Deviation of an atomic Mn line as a function of its intensity. The different points have 

been obtained by varying pulse energy and spot diameter. Reprinted with permission from ref. [13]. 

 

At a first glance, an RSD value in the range 0.05-0.1 for the intensity of 50000 counts could appear not 

compatible with Poisson distribution. To clarify this apparent paradox, we must take into account the 

conversion chain between the number of photons at the entrance of the detector and the signal counts 

(usually labeled as “arbitrary units, a.u.”) resulting at end. For an ICCD, the observed intensity y at a given 

wavelength can be expressed as the following simplified function (adapted from ref. [14]): 

y = npQPCGTpQCCDQC           (4) 

where y is the ICCD response (counts), np (photons) is the number of photons - at the wavelength in object - 

arriving on the photocathode during the acquisition time, QPC (photoelectrons/photon) is the photocathode 
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quantum efficiency, G (dimensionless) is the gain of the microchannel plate (MCP), Tp (photons/electron) is 

the efficiency of the conversion operated by the phosphor, QCCD (photoelectrons/photon) is the quantum 

efficiency of the CCD and QC is the counts/electron conversion factor (also called ADC factor). Quantum 

efficiency values are also wavelength dependent. Mueller et al. [14] describe the total noise of an ICCD as 

(the expression is adapted for consistency with the definitions given above):  

σICCD = (σp
2+ σEBI

2 +σR
2 + σD

2) 1/2         (5) 

in which σp is the photon and MCP shot noise, σEBI the photocathode dark noise (equivalent background 

illumination), σD the dark current noise, and σR the readout noise. Again, the different contributions are 

assumed to be not correlated. According to the technical characteristics of actual detectors, the readout 

noise is considered negligible. In addition, due to the short acquisition times used in LIBS, dark current noise 

and photocathode dark noise are negligible as well. In most cases, the dominant detector noise is the photon 

noise [14]. In turn, the main contribution to photon noise is given, in the conversion sequence described by 

eq. 4, by the step where the number of particles involved is lowest. For an ICCD this corresponds to the 

number of photoelectrons after the photocathode, in each single channel [15]. The conversion factor of an 

ICCD at the maximum gain of the intensifier depends on the manufacturer and the model. In the literature 

some specific values have been reported, ranging around 70/80 counts per photoelectron [9-10]. 

Considering the effect of the multiplying conversion factor, the number of counts corresponds to much fewer 

photoelectrons. In the case of Figure 1, this explains the not negligible contribution of the shot noise to the 

total RSD even at intensity values of 50000 counts. In addition, if photon noise is dominant, a change in gain 

will not affect the S/N [16]. It should be also noted, however, that at high values of detector gain cathode 

spikes might occur, introducing a further source of noise [15]. 

 

4 Optimization of the experimental settings 
 
In order to obtain the best analytical performance on a given sample, the experimental settings must be 

carefully selected. Sirven et al. pointed out the main goals to achieve [13]. First, the maximum signal must be 

obtained, so that the shot noise is minimized. Second, the conditions to achieve the best shot-to-shot 

repeatability must be chosen, so that the uncertainty on a calibration curve is minimum. And third, the 

conditions for the maximum possible signal-to-background ratio must be selected, so to maximize the 

dynamic range of the analysis [13]. 
 
4.1 Focusing and collection settings 

Aguilera et al. studied the precision of the signal intensity measurement as an effect of the focusing position 

[17]. They found out that, in the pulse energy range investigated, the maximum intensity and the highest 

precision were obtained for the same value of the lens-to-sample distance. The specific optimal distance 

depended on the pulse energy and spectral line, but it was always shorter than the focal length. A typical 

value for the optimal lens-to-sample distance was around 90% of the focal length [17]. Multari et al. carried 

out similar investigations for spherical and cylindrical lenses. Again, the best analytical results were obtained 
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for lens-to-sample distances lower than the focal length [18]. Similar results have been obtained by Popov et 

al., in a confinement chamber [19].  

Carranza and Hahn suggested that shot-to-shot variations may be reduced by using a collection geometry 

collinear to the laser focusing path, because this arrangement is more robust to the variability in plasma 

position along the optical axis [20]. In addition, the field of view of the optical collection system is an 

important parameter for the optimization of signal stability. Narrow fields of view select small, quite 

homogeneous regions inside the plasma, with the disadvantage of a greater sensitivity to variations in 

plasma spatial position. Broad fields of view collect emission from wide plasma regions, averaging different 

thermal and ionization conditions; however, this arrangement is less sensitive to plasma spatial position [21].  

The accumulation of shots on the same spot produces a growing crater that modifies the geometry of laser 

sample interaction. Depending on the sample type and laser energy used, the effect may be dramatic. With 

soils, for example, lower RSD was obtained when each shot sampled a fresh surface [22]. It has been 

observed that flat, clean samples show better repeatability than samples with an irregular shape or a dirty 

surface [23]. Special experimental arrangements have been also devised to spatially confine the plasma, in 

order to  improve the analytical figures-of-merit. They have been reviewed for example in Hahn and 

Omenetto [5].  

 
4.2 Laser settings  

Pulse to pulse intensity fluctuations have been often investigated as a possible source of spectral 

fluctuations [24]. Typical values of variation are under 5%; the statistical distribution is close to Gaussian 

[25]; however, no significant correlation has been found between signal and pulse energy [26]. Therefore, 

laser pulse variance seems to have only a minor influence on overall signal variability. 

Many works report that spectral stability [20] and signal-to-noise ratio [22, 27] tend to improve for increasing 

pulse energy. This may be directly related to the increased signal intensity (increased number of photons). 

Sirven et al. suggested that an optimum fluence value exists, depending on the sample material and 

experimental setup, that gives the best analytical performances (maximum signal, maximum dynamic range 

and best repeatability) [13]. The quality of the laser beam also affects the analytical quality of spectral data: 

Yip and Cheung observed improvements of the S/N ratio around a factor of 3 when passing from a non-

uniform beam to a Gaussian beam, for low energy pulses [28].  

Hoehse et al. compared the performance of flash lamp-pumped solid state lasers and high repetition rate 

diode-pumped solid state lasers [29]. Even though the emission of the single plasmas created by the high 

repetition laser is weaker, the signal integrated over an interval of about one second provides signal-to-noise 

ratios higher than those obtained with flash lamp-pumped systems with the same exposure time. However, 

depending on the sample, high repetition rates may have adverse effects on the spectral variability. In fact, in 

the analysis of soils and sands, repetition rates over 1 Hz combined with the aerosol persistence may give 

very instable irradiation [22]. 
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Many papers report comparisons of the LIBS analytical performance of nanosecond and picosecond or 

femtosecond laser pulses, which involve completely different ablation mechanisms. Most of these papers, 

however, refer to different laser irradiation conditions, which makes the comparison challenging and 

unreliable. Rieger et al., comparing the intensity of neutral lines from plasmas induced by 50 ps and 10 ns 

pulses at the same fluence, showed that both plasma emission and its persistence are comparable in the 

two cases, provided that laser irradiance is well above the breakdown threshold of the sample [30]. An 

appreciable difference is found only at energies near the threshold, due to the different laser absorption and 

plasma heating processes [31,32]. Similar conclusions have been drawn by Sirven et al. [33] and Freeman 

et al. [34] who compared nanosecond and femtosecond laser-induced plasma emission. This suggests that 

signal intensity is related to laser energy rather than to pulse duration. They also showed that both S/B and 

S/N of neutral lines are enhanced in ultrashort laser irradiation, due to the lower continuum emission of fs 

plasmas compared to ns plasmas. Figures-of-merit of ionic lines are at the opposite depressed due to the 

lower temperature of fs plasmas. The much lower continuum emission allows the possibility of non-gated 

detection in the femtosecond irradiation regime.   

 
Double pulse LIBS irradiation has been also found to provide improvement of the signal-to-noise ratio for 

solid [35] and liquid samples [36], and particulates, while it is not beneficial with pure gases [37]. Using two 

ns pulses, moderate to large signal intensity enhancement can be obtained, depending on the specific 

implementation and sample. The reported effects of double pulse on the noise go from slight increase to 

strong reduction. The combination of these two effects generally yields S/N and S/B improvement [38,39]. 

Different values of acquisition delays and inter-pulse separation were found out to optimize the signal-to-

noise ratio for neutral and ionic lines [40]. The effects of different combinations of ns and fs pulses have 

been reviewed for example in Babushok et al. [35]. 

 
4.3 Detector settings 

The background signal decays at a faster rate than the emission signal. The same applies to the shot noise 

associated to the background emission. This often leads to the choice of delayed acquisition with respect to 

the laser pulse. Maury et al. observed that the signal-to-noise ratio firstly increases with acquisition delay, 

then reaches a plateau and lately decreases [27]. It has been observed that both the S/B and the S/N 

depend much more on the gate delay than on the integration time gate [13,41]. The optimum temporal 

parameters depend on the pulse energy [13] and on the analyzed element and line. Also the differences 

between various matrixes may be significant and the proper timing must be found case by case [22]. 

Several works have investigated the analytical performance of intensified and non-intensified detectors [42-

44]. Mueller et al., in particular, compared the performance of CCD and ICCD by attaching sequentially the 

two detectors to an echelle spectrometer under the same experimental conditions [14]. They obtained 

comparable signal-to-noise ratios and limits of detection in steel using both detectors. Their CCD was 

equipped with a mechanical chopper, which resulted effective in cutting the initial continuum emission. A 

study of the noise introduced by different kinds of detectors (CCD, ICCD and intensified photodiode array) 

can be found in Taschuk et al. [15].  
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4.4 Number of shots accumulated 

Signal fluctuations can be averaged out by increasing the number n of laser pulses accumulated in the 

spectra. The specific approach should be selected after considering the expected homogeneity of the 

sample. Castle et al. observed that the RSD initially decreased with the number of shots and then began to 

increase [26]. The same trend was observed for stationary and translating sample. It was interpreted as the 

effect of two different sources of noise. The √n dependence of the initial RSD decrease was compatible with 

a dominant shot noise [26], while the late RSD increase can be due to drift. Different behaviors have been 

observed when subsequent shots are delivered to the same spot or to fresh surface. For accumulation on 

the same spot of a metal target, for example, a transient regime is typically observed during the first laser 

shots, followed by stabilization. Very different trends can be observed for materials with different surface 

texture, such as rocks, soils or sediments. In addition, the signal variation behavior in the first shots strongly 

depends on the fluence values [13].  

 
5 Methods of signal normalization 

To overcome the problem of fluctuations, the analyte signal intensity can be normalized using a parameter 

representative of the plasma actual conditions. In this section we describe three possible approaches: i) 

normalization by using the intensity of an internal standard line; ii) normalization by using a reference signal; 

iii) compensation for the plasma conditions. It is worth mentioning that techniques of multivariate analysis 

have been proposed to extract information from very noisy or low-resolution spectra [45]. In addition, wavelet 

transformation has been proposed for suppressing noise in LIBS signals and obtaining higher signal-to-noise 

ratio [46]. However, the illustration of these techniques is out of the scope of the current introductory review. 

The interested reader is pointed to the relevant literature (see for example [47-49]). 

5.1 Internal standard line  

An internal standard, in the LIBS framework, is a component of the material investigated, of known 

concentration. It is typically one of the major components of the sample, if its composition is constant. 

Alternatively, for specific kinds of materials (such as liquids or pressed powder pellets), the internal standard 

can be added on purpose to the sample. The internal standard line to be used for normalization must be 

properly chosen according to several requisites. Two lines (from analyte and internal standard, respectively) 

well matched to compensate for changes in plasma excitation conditions are called homologous [50]. As a 

requisite, they should originate from the same ionization state (both neutral lines or both ionic lines) and the 

two elements should have similar ionization energy to compensate for the effects of variation in plasma 

electron number density. Then, their upper level energy values must be similar in order to have a similar 

response to variations of the plasma temperature. The two lines must be included in a spectral window 

measurable in a single run. In addition, their intensity ratio should be close to 1, to avoid saturation problems 

related to the limited dynamic range of the detector. Attention should be paid to avoid, for the internal 

standard, lines subjected to self-absorption. 

By definition, homologous lines are characterized by similar response to plasma parameters fluctuations. 

Instead of relying on the theoretical principles mentioned above, several researchers have preferred an 
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empirical approach. Therefore they have investigated the quality of the matching between analyte lines and 

candidate internal standard lines by studying the correlation of their intensity values (see for example ref. 

[51]). The improvement of analytical figures-of-merit obtained by internal standardization has been reported 

in many works (see for instance refs. [17,52]). However, it is worth to recall that when the signal is shot-noise 

limited, the fluctuations of lines of different elements are not correlated. Therefore normalizing the analyte 

line by the intensity of a matrix line doesn’t bring any benefit. On the contrary, the relative standard deviation 

of the line ratio is higher than the RSD of the analyte line, as a consequence of elementary error propagation 

rules [13]. The analytical expression of the RSD for the ratio between analyte line and internal standard line 

is given in Hahn and Omenetto [5] (expression adapted to keep the same symbols as above): 

𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �𝜎𝜎𝑆𝑆
2

𝑆𝑆2 +
𝜎𝜎𝑆𝑆𝑖𝑖𝑖𝑖

2

𝑆𝑆𝑖𝑖𝑖𝑖
2 − 2𝜃𝜃 � 1

𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖
� 𝜎𝜎𝑆𝑆𝜎𝜎𝑆𝑆𝑖𝑖𝑖𝑖 �

1 2⁄

      (6) 

where Sis is the net signal of the internal standard line, σS and σSis are the standard deviation of the analyte 

line and of the internal standard line, respectively, and θ is the correlation coefficient among S and Sis. 

Equation (6) can be written in even more direct way: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆2 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑖𝑖𝑖𝑖
2 − 2𝜃𝜃 𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑖𝑖𝑖𝑖 �

1 2⁄
     (7) 

with obvious meaning of the subscripts. If the two signals have comparable magnitudes and noises 

(according to the requirements listed above) then 𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆 ≈ 𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑖𝑖𝑖𝑖 . The relative standard deviation of the 

ratio thus depends heavily on the correlation between the two signals. If they are positively correlated (θ  

>0.5), the RSD of the ratio is lower than that of the analyte line alone. If they are uncorrelated or anti-

correlated, the RSD of the ratio is worse. 

5.2 Reference signal 

In some cases the homologous to the analytical line cannot be found. Then, a different signal is required to 

be used as a monitor of the plasma conditions (reference signal). The literature reports examples of several 

signals proposed as monitors of the ablated mass (acoustic emission [53]), of the plasma ionization 

(electrical current [54,55]) or both (continuum background emission and total emission [56]). A wider 

discussion regarding the use of acoustic, electrical and other signals for normalizing purposes, as well as 

multivariate correction, can be found in the review by Zorov et al. [50]. In the present section we only discuss 

the use of background radiation as a reference signal. Again, as in the case of internal standard line, both 

the empirical and theoretical approaches have been explored. Cabalin et al. observed that fluctuations of the 

laser pulse energy and geometrical effects due to the irregular shape of the samples can be partially 

corrected by using background-normalized signals to build calibration curves [23].  Lazic et al. normalized 

the intensity of the analytical lines to the background emission to be able to compare spectra that showed 

substantially different emission intensities. The normalization was effective in correcting variations in ablated 

mass [57]. 

On the theoretical side, simplified expressions of the line-to-continuum emission ratio, though slightly 

different from each other, can be found in the literature [58,59]. To have a direct view of the physical 
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quantities involved, we report the expressions of line and continuum intensity. We are not interested here in 

the absolute values and constant factors included, but only in the functional dependence on the plasma 

parameters. For plasmas in local thermodynamic equilibrium (LTE), the intensity of the analyte neutral line is 

(adapted from [59]): 

𝑆𝑆 ∝ 𝑛𝑛𝑒𝑒𝑛𝑛𝑖𝑖
𝑎𝑎

𝑇𝑇3 2⁄ 𝑒𝑒�
𝐸𝐸𝑖𝑖−Δ𝐸𝐸𝑖𝑖
𝑘𝑘𝑘𝑘 −𝐸𝐸𝑢𝑢𝑘𝑘𝑘𝑘 �          (8) 

where ne and T are the plasma electron number density and temperature, 𝑛𝑛𝑖𝑖𝑎𝑎  is the ion number density of 

the analyte in the plasma, Ei is the ionization energy of the analyte, ∆Ei the lowering in ionization energy, Eu 

the upper level energy of the transition and k the Boltzmann constant. 

The expression for continuum background (in the frequency domain) is: 

𝐵𝐵 ∝ 𝑛𝑛𝑒𝑒𝑛𝑛𝑖𝑖
𝑝𝑝

𝑇𝑇1 2⁄ �𝜉𝜉�1 − 𝑒𝑒−ℎ𝜐𝜐 𝑘𝑘𝑘𝑘⁄ � + 𝐺𝐺𝑒𝑒−ℎ𝜐𝜐 𝑘𝑘𝑘𝑘⁄ �       (9) 

where, in addition to the above defined symbols, 𝑛𝑛𝑖𝑖
𝑝𝑝  is the ion number density of the plasma, ξ is the 

Biberman (free–bound) correction factor, G the Gaunt (free–free) correction factor and hν  the energy of the 

photon. The use of a unique symbol for the plasma temperature is based on the assumption of LTE.  

In general, simplified expressions for the signal-to-background ratio have been obtained under strong 

constraints. For example, if the plasma is assumed to be monoatomic and only one type of ions is present, it 

is correct to rule out the product nine (ion number density multiplied by electron number density) that appears 

both in the expression of the line intensity and in the expression of the continuum [60, 59 App. A].Thus, in 

this specific case, the signal-to-background ratio is: 

𝑆𝑆
𝐵𝐵
∝ 1

𝑇𝑇
𝑒𝑒
�
𝐸𝐸𝑖𝑖−Δ𝐸𝐸𝑖𝑖
𝑘𝑘𝑘𝑘 −𝐸𝐸𝑢𝑢𝑘𝑘𝑘𝑘 �

�𝜉𝜉�1−𝑒𝑒−ℎ𝜐𝜐 𝑘𝑘𝑘𝑘⁄ �+𝐺𝐺𝑒𝑒−ℎ𝜐𝜐 𝑘𝑘𝑘𝑘⁄ �
         (10) 

However, in a more general case, the ion number density 𝑛𝑛𝑖𝑖
𝑝𝑝  contributing to the continuum emission is given 

by the total ions in the plasma (originated from analyte elements plus matrix elements, plus buffer gas etc.) 

and not only by the analyte ions [61,62]. A more general expression for the signal-to-background ratio is 

therefore: 

𝑆𝑆
𝐵𝐵
∝ 1

𝑇𝑇
𝑛𝑛𝑖𝑖
𝑎𝑎

𝑛𝑛𝑖𝑖
𝑝𝑝

𝑒𝑒
�
𝐸𝐸𝑖𝑖−Δ𝐸𝐸𝑖𝑖
𝑘𝑘𝑘𝑘 −𝐸𝐸𝑢𝑢𝑘𝑘𝑘𝑘 �

�𝜉𝜉�1−𝑒𝑒−ℎ𝜐𝜐 𝑘𝑘𝑘𝑘⁄ �+𝐺𝐺𝑒𝑒−ℎ𝜐𝜐 𝑘𝑘𝑘𝑘⁄ �
        (11) 

It could be hypothesized that  𝑛𝑛𝑖𝑖𝑎𝑎  and 𝑛𝑛𝑖𝑖
𝑝𝑝  are proportional to each other, as a consequence of the global 

value of electron number density. However, the ionization potential of the analyte can be much different from 

the ionization potential of the matrix/buffer gas elements, and so the analyte ions number density can 

behave differently from the total ions number density. This is for the example the case of a plasma obtained 

by the ablation of a metal target in ambient air, since the ionization energy of a metal is much lower than that 

of nitrogen and oxygen atoms. 
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Even if the ratio between analyte ions and global ions density was to be considered constant, the signal-to-

background ratio still depends on the plasma temperature according to an exponential function (the functions 

in the denominator are smoother). Therefore, it seems reasonable to conclude that the signal normalization 

using the background as a reference can only achieve partial correction of shot-to-shot fluctuations.  

In addition, the use of background signal to normalize the analyte intensity implies that the detector dark 

current has been evaluated and, if not negligible, subtracted from the observed intensity. As noted for 

internal standard, no improvement at all is expected from background normalization when the limiting noise 

is shot noise. 

 
5.3 Compensation for the plasma conditions  

Shot-to-shot fluctuations may involve strong variations in the balance between neutral and ionized analyte 

atoms. Usually, quantitative analysis of the concentration of a given element in the sample is based on the 

measurement of a single analyte line, neutral or ionic. In this case, variations in the ionization balance are 

displayed in the spectrum as fluctuations in the measured line intensity and may be interpreted as 

fluctuations in concentration. As noted above, the intensity fluctuations may be compensated for by 

normalizing the signal to an internal standard. However, the requirements for identifying analogue line pairs 

are very stringent. An alternative form of normalization has been proposed, based on the calculation of the 

plasma parameters [63]. The general expression of the intensity of an atomic or ionic line from element A in 

LTE plasmas can be simplified as: 

𝑆𝑆𝑞𝑞𝐴𝐴 =  𝑃𝑃𝐴𝐴  𝑛𝑛
𝐴𝐴

𝑍𝑍𝑞𝑞𝐴𝐴
𝑒𝑒
�−𝐸𝐸𝑢𝑢

𝐴𝐴

𝑘𝑘𝑘𝑘 �𝑊𝑊𝑞𝑞
𝐴𝐴(𝑇𝑇,𝑛𝑛𝑒𝑒)        (12) 

where PA is the product of transition probability of the line and degeneration of its upper level 𝐸𝐸𝑢𝑢𝐴𝐴  , q the 

ionization stage, 𝑍𝑍𝑞𝑞𝐴𝐴  its partition function, nA the total number density of atoms from analyte A and 𝑊𝑊𝑞𝑞
𝐴𝐴  the 

probability for occurrence of the ionization stage q. W is a function of the plasma temperature T and of the 

electron number density ne. Expression (12) is substantially another form of eq. (8) for a generic ionization 

stage. On the basis of expression 12, after measuring the intensity of a spectral line from element B in 

ionization stage q’, the concentration ratio between two elements A and B can be expressed as: 

𝑛𝑛𝐴𝐴

𝑛𝑛𝐵𝐵
=  𝑃𝑃

𝐵𝐵

𝑃𝑃𝐴𝐴
 𝑍𝑍𝑞𝑞

𝐴𝐴

𝑍𝑍𝑞𝑞′𝐵𝐵
𝑒𝑒
�−  𝐸𝐸𝑢𝑢

𝐴𝐴−𝐸𝐸𝑢𝑢 ′
𝐵𝐵

𝑘𝑘𝑘𝑘 � 𝑊𝑊𝑞𝑞′
𝐵𝐵

𝑊𝑊𝑞𝑞
𝐴𝐴  𝑆𝑆𝑞𝑞

𝐴𝐴

𝑆𝑆𝑞𝑞′𝐵𝐵
        (13) 

If the plasma temperature and electron number density can be measured shot-by-shot, expression (13) 

allows calculating the concentration ratio 𝑛𝑛𝐴𝐴 𝑛𝑛𝐵𝐵⁄  from any pair of lines, by intrinsically correcting for shot-to-

shot fluctuations [63]. This method relies on the same basis of the calibration free (CF-LIBS) approach, i.e. 

on the calculation of plasma parameters (temperature and electron number density) in order to determine the 

actual ionization percentage of each element in the plasma [64]. CF-LIBS was proposed for quantitative 

analysis and in particular to overcome the problems introduced by matrix effect. Therefore, we refer the 

interested reader to the specific literature [65]. It is worth to remark, however, that this approach relies on the 
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assumptions that the plasma species are in LTE, and that they are homogeneously distributed in the 

observed plasma region. Both assumptions are simplifications of the real experimental conditions.  

The compensation for plasma conditions has been adopted also by Ni and coworkers. They demonstrated 

that this approach is not beneficial to correct fluctuations in spectra obtained by multi-pulse accumulation, 

due to the nonlinear relationship between plasma parameters and line intensity [66]. Ni and coworkers also 

introduced a new model based on the assumption that, for a given set of samples and fixed irradiation 

conditions, a standard state of the plasma exists, with defined values of the temperature, electronic number 

density and particles number density [67]. Thus, single shot spectra can be processed to determine the 

deviation of their respective temperature, electron density and analyte particles density values from the 

standard ones. Then, the observed analyte intensity is compensated for the fluctuations of plasma physical 

properties. The spectrum standardization successfully reduced the RSD of the signal measured in series of 

subsequent single shot spectra. 

 

6 Analysis of single shot spectra 

Frequently, LIBS measurements are obtained by ensemble averaging of the spectra produced by many 

consecutive laser pulses. As discussed in the above sections, this approach may result useful to overcome 

the shot-to-shot spectral fluctuations. However, there are applications where the use of a single laser shot is 

preferable or even necessary, i.e. when dealing with strongly inhomogenous samples like soils and rocks, or 

in the analysis of unique and fragile samples (for example in the field of cultural heritage or in forensic 

applications [68]. The field of aerosols analysis may also benefits from processing single shot plasmas. In 

fact, when the concentration of the analyte is very low, the sampling rate – e.g. the percentage of laser 

pulses for which at least a particle is present in the plasma volume – is also very low. This results in a large 

amount of spectral data that contains no information regarding the analyte. The simple averaging of the 

consecutive spectra will produce poor values of the signal-to-noise ratio and poor analytical performance. 

Different is the result if only the spectra generated when the aerosol particle is present in the plasma are 

selected and then accumulated: a significant increase in the signal-to-noise ratio may be obtained. This 

technique, called “conditional analysis”, uses a threshold on the analyte line intensity to discriminate between 

significant spectra and null spectra [69,20]. The quantitative information regarding the particle mean 

diameter or analyte mass loading is not lost in this procedure, and can be calculated from experimental 

parameters. The higher noise level observed in the spectra obtained by averaging the whole data is 

attributed to the shot noise from the detector system [69,20]. Methods based on analogous principles have 

been used by Lazic et al. [70] and Vors et al. [71]. Beside the improvement of analytical performance, the 

conditional analysis may also be useful to study individual aerosol particles [20].  

Hahn and Omenetto recently introduced an approach, called SD-RSD (standard deviation-relative standard 

deviation) approach, to investigate the LIBS measurement precision [5]. The basic idea, consisting in the 

statistical analysis of individual single shot spectra, had been proposed by Alvarez-Trujillo et al. [72] as an 

alternative to conditional analysis for elements identification in aerosols. The original treatment introduced by 

Hahn and Omenetto concerns the comparison of the SD (or RSD) of continuum background and line peaks, 
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to evaluate their degree of correlation [5]. First, a certain number of single pulse spectra is recorded. Then, 

the average, standard deviation and relative standard deviation for the intensity values corresponding to 

each pixel (i.e. to each recorded wavelength) are calculated. These quantities are vectors that can be plotted 

as a function of wavelength. The plot of the average values gives the familiar spectrum, equivalent to what is 

called ensemble average of spectra. The plot of the RSD values versus wavelength provides a different 

perspective. An example of an RSD plot, superimposed to the average spectrum, is shown in Figure 2. It can 

be noticed that the RSD can increase, decrease or stay constant in passing from the spectral regions with 

only continuum emission to the wavelengths of line peaks. The actual behavior will depend upon several 

factors such as the limiting noise, the relative magnitude of the signal and background and their correlation. 

The inspection of the statistical dispersion parameters of background and analyte signal may thus reveal the 

presence of correlation. This information may help to assess whether background normalization is beneficial 

or not [5].  

 

 

Figure 2 - Illustration of the SD-RSD approach for spectra obtained with an Al-alloy. The black trace shows 

the average spectrum and the gray trace the RSD. The RSD of the line peak can increase or decrease 

with respect to the RSD of the continuum, depending upon the line considered. Reprinted with permission 

from [5]. 

Another issue regards the statistical representation of the spectra population. The operation of averaging the 

intensity values obtained at a given wavelength in replicate single shot spectra implicitly assumes that the 

sample mean is a reasonable estimator for the central value of the distribution of the spectrum at the same 

wavelength. This condition may not hold for some non-Gaussian distributions. According to Michel and 

Chave, in some cases LIBS spectra are drawn from a Frechet extreme value distribution [25]. A hint is a very 

high shot-to-shot plasma variability, in which a few spectra have high intensity while the majority are very 

weak (long tailed distribution, see an example in Lazic et al. [70]). In this case the central limit theorem might 

not apply. An optimal estimator for the spectral average at a given wavelength can be obtained by applying 

the maximum likelihood method for the extreme value distribution [25]. 



15 
 

Conclusions 

This paper is a short, basic level introduction to the issues affecting the analytical figures-of-merit in LIBS. It 

includes some theoretical definitions and some practical directions. The idea of this work rose from the 

consideration that LIBS tends to be used in multidisciplinary contexts, by researchers with different education 

background. Therefore we deemed it useful to start with definitions of signal, noise, signal-to-noise ratio (and 

a few more), in order to establish a common ground. The sources of noise in LIBS spectra have then been 

recalled. The overview of the literature demonstrated that careful design of the experimental setup and of the 

measurement protocol is essential to reduce the extent of spectral fluctuations. In addition, several signal 

normalization strategies have been described. The strategy appropriate for the specific case must be chosen 

according to the presence of an internal standard and to the limiting noise.  

The directions here suggested should be intended just as a starting point. We made an effort in selecting 

references in the LIBS framework (with a few exceptions), both regarding experimental articles and 

theoretical tutorial papers, because we believe they can be more attractive to new LIBS users. However, this 

work will be really useful only if readers will be stimulated to deepen their knowledge of the topics in object, 

resorting to the specific literature. 
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