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Preface 

Spectroscopy is a branch of physics that deals with the interaction of electromagnetic 

radiation (EM) with matter[1]. Spectroscopic studies provide deep insights into the 

properties of the analyte (samples/materials) considered for the investigation. It finds 

application in a wide range of interests such as medicine, chemistry, biology, 

nanotechnology, materials science, environmental studies, and physics. The invention of 

the laser in the early 1960s has opened up new avenues in the field of spectroscopy[2]. 

Laser-matter interaction has become exciting research filed which has revolutionized the 

different research areas like photonics, nanoengineering, semiconductor physics, plasma 

dynamics, chemistry, and optical physics, etc. The interaction of high-intensity laser pulse 

on the sample results in the formation of transient, inhomogeneous, hot, and luminous 

plasma also referred to as laser-induced plasma (LIP)[3]. Instantly after the formation of 

LIP, it expands into the surrounding medium and cools down with the emission of intense 

EM radiation (in ~0.5 -1 µs) accompanied by the generation of a shock wave (in ~3-5  µs) 

which immediately decays to acoustic signal (in ~20-40  µs). The characteristic emission 

from the plasma (after ~ 0.5 µs) provides the atomic elemental information of the sample 

and this analytical spectroscopic technique called as the Laser-induced breakdown 

spectroscopy (LIBS)[4, 5].  

The initial LIBS experiments were carried out by Cross and Brech in 1962[6]. Radziemski 

et al. have critically reviewed and presented the historical development as well as the 

significant progress achieved in the LIBS technique[7]. A single laser pulse is sufficient to 

create the plasma which acts as a rich source of spectral emissions resulting in the LIBS 

spectrum. A typical LIBS spectrum spans over 200-1000 nm which covers the characteristic 

emissions starting from UV to IR. The elemental assignment of the spectral peaks can be 

accomplished with the aid of the ‘NIST Atomic Spectra Database’ [8]. The measurement 

of spectral line emissions provides qualitative and quantitative information about the 

elemental constituents of the sample. As an analytical technique, it has many advantages 

over other conventional atomic spectroscopic methods such as in-situ multi-elemental 

detection in a single shot, rapid analysis, nearly non-destructive nature, and can analyze the 

samples regardless of their physical state i.e. solid or liquid or gas [9]. LIBS can detect all 



the elements in the periodic table as they emit light of characteristic frequencies when 

excited but limited only by the power of the laser as well as the sensitivity and wavelength 

range of the spectrograph.  The unique features of LIBS are practically minimal sample 

preparation and the capability to perform real-time standoff/remote analysis by employing 

an intense pulsed laser beam on to the sample where the physical access to the sample is 

not possible albeit optical access can be envisaged. These key attributes make it as a 

promising cutting-edge technique for the concentration measurements and material 

identification applications. 

The emission line intensity of a particular element in the LIBS spectra can be utilized for 

the concentration measurements with the aid of the calibration curve approach. In this 

method, a spectral line (at a characteristic wavelength) intensity is measured as a function 

of increasing the analyte concentration for preparing a ‘standard calibration curve’ which 

can be further utilized to find the concentration of the unknown sample. Alternatively, 

the calibration-free LIBS technique[10] can be employed to estimate the concentration of 

all the major and minor elements present in the sample [11] which in principle avoids the 

pressing need for the matrix-matched standard samples. One of the most interesting uses of 

LIBS is the identification/classification of material from a collection of materials of 

interest[12][13] using various machine learning/ multivariate algorithms. It finds the 

applications in different fields namely, defence [14-16], space exploration [17], archaeology 

[18], biology [19, 20], nuclear materials[21], medical diagnosis[22], soil analysis[23], and 

forensic studies[24], etc. 

The present thesis mainly focuses on the identification of the high energy materials 

(HEMs)/explosives[25] in standoff mode and plastics waste [26, 27] in near filed using 

different machine learning/multivariate approaches for homeland security and 

environmental applications respectively. It also proposes a theoretical model for the 

kinetic evolution of the plasma and validates results with the experimental data in the 

initial chapters. Further, it discusses the exploration of fs LIBS application for the plastics 

identification. It also presents the spatial and temporal characterization of Cu plasma 

produced by fs filaments in ambient air aiming at futuristic standoff measurements for the 

HEMs identification. 



Over the decades, various HEMs and improvised explosive devices (IED) are being used 

for the bomb blasts which is a major threat from the anti-social elements[25]. Thus the 

discrimination of HEMs and their labelling is a primary concern to every country for the 

safeguard of their citizens. Further, their identification also avoids illegal transport which 

is an immediate requirement for minimising the terrorist activities around the globe [28-

31]. Moreover, identification of HEMs is a prior task at transport checkpoints and public 

meetings to avoid unwanted incidents which mitigate the damage to the public and their 

property. Post bomb analysis for the HEMs trace identification helps the forensic 

interrogation. LIBS can serve as an efficient labelling tool for this application owing to its 

intrinsic unique capability of probing the samples in standoff mode which is an immediate 

and primary requirement. Few research groups around the world are working towards the 

in situ identification of the HEM’s[16, 32, 33] as well as the standoff detection[34, 35]. 

However, only very few works have been devoted to the standoff identification of HEMs. 

To the best of my knowledge, only double-pulse LIBS (DP-LIBS) configurations with big 

telescopic arrangements have been deployed for the standoff measurements. The 

utilization of the DP LIBS systems for the standoff investigation has enhanced the signal 

strength [36] however, the total system size is huge [37]. Hence in this thesis, a compact 

single-shot standoff LIBS (ST-LIBS) detection system has been developed. The preliminary 

studies were performed at 1 m[25] and further, it extended to a standoff distance of 6.5 m. 

The overall size of the developed ST-LIBS system is reduced because of the use of a single 

pulse laser system and a just a convex lens. Further, the cost also greatly reduces due to the 

usage of a non-gated compact CCD spectrometer, which is an essential factor in making a 

low-cost portable LIBS system. The first task of the HEMs identification is to identify 

whether the given sample is a HEM or not, later to label it as a specific HEM. Explosive 

identification poses challenges due to the wide variety of the interferent organic non 

HEMs. Besides that the nitro rich ambient environment leads to complex formation 

however it is inevitable for the standoff measurements. Hence, in the current thesis, five 

HEMs and nineteen organic non-HEMs were considered for the analysis and identified 

utilizing machine learning algorithms. Among all non-HEMs, plastics can be considered to 

be potentially interfering agents for the identification of HEMs as they are commonly used 

as transport containers/boxes in airports and public transport systems [38].  



Further, the recognition of plastics waste is demonstrated as their identification is a crucial 

and primary step in the recycling process. Most of the LIBS studies reported in the 

literature have investigated the standard plastics purchased from the companies with the 

aid of Echelle based ICCD spectrometers and multichannel gated CCD spectrometers [39-

44]. However, single-shot identification of post-consumer plastics with low-cost CCD 

detection systems are not explored[42]. Hence in the thesis, the performance of LIBS 

evaluated for the identification of post-consumer plastic waste obtained from local 

recycling as their identification is more relevant to the actual scenario instead of 

considering standard plastics purchased from the company/industry[26]. A systematic 

investigation has been performed with the CCD and ICCD based LIBS detection system 

and evaluated their performance with different machine learning algorithms in single-shot 

and ten shot average mode. Further, the fs LIBS is explored for the identification of plastic 

waste[26]. The fs filaments can propagate and deliver energies over very long distances 

without any diffraction effects, demonstrates it as a potential candidate for the remote 

sensing applications compared to the conventional ns laser pulses. Hence, the basic 

characterization of the fs filaments produced by different lenses has been performed.  

Chapter 1 presents an overview of the atomic emission spectroscopy (AES) and the LIBS 

technique. It also briefly discusses the theoretical background of the LIP and LIBS. The 

last section presents the various LIBS data analysis methods used in the thesis. 

Chapter 2 provides a comprehensive overview of the different laser sources, and 

spectrometers used for the LIBS experiment in the thesis work. As well as, different 

components deployed for the LIBS setup and the timing scheme used in LIBS studies are 

briefly discussed. 

Chapter 3 presents a theoretical model for the kinetic evolution of the LIP. A theory of 

radiative relaxation mechanism is considered to explain the decay in temperature of the 

plasma. For this investigation, the LIBS experiment is performed on the Cu sample in the 

ambient atmosphere and evaluated the performance of the proposed model at three 

different focal positions. The initial sections of the chapter briefly discuss the plasma 

temperature and electron density measurement techniques along with thermodynamic 

equilibrium conditions. Further, the details of the proposed model are explained in the last 

section. 



Chapter 4 is an application towards the sensing of post-consumer plastics obtained from a 

local recycling plant. Initially, all the samples were characterized by TG-DTA and Raman 

studies to evaluate their identity. Further, a systematic study was done with the aim of 

reducing the data acquisition and analysis time, along with the cost, size, and weight of the 

LIBS detection system. For this investigation, the LIBS experiments were performed in 

single-shot and the accumulation of ten shots mode. Also, the spectral emissions were 

captured by an Echelle spectrograph equipped with ICCD and a low cost, compact and 

portable Czerny Turner CCD spectrometer. Ratiometric and correlation analysis yielded 

partial discrimination. The results from PCA have shown excellent discrimination. 

Further, ANN has demonstrated that individual identification accuracies/rates up to ~99 

% can be obtained. The data acquired with ICCD in the accumulation of ten shots have 

shown average identification accuracies ~97 % nevertheless, similar performance can be 

accomplished with the CCD spectrometer in even a single-shot acquisition. The analysis 

performed with the CCD detector in single-shot mode resulted in a reduction of overall 

time by ~ 15 compared to the ICCD. Further, the ANN analysis in conjunction with 

features selection based on the RF algorithm exhibited average accuracies close (only less 

by ~1.5 %) to the total data, albeit it drastically reduced the investigation times for the 

data recorded with ICCD. Furthermore, the detectors/collection system size, weight, and 

cost also can be reduced by ~ 10 times by employing a CCD spectrometer. Finally, the 

results demonstrated here can be utilized in making a compact, and low-cost LIBS system 

for the rapid identification (testing time only ~ 10 ms) of plastics with higher accuracies 

for the real-time application. 

Chapter 5 discusses the development of the standoff LIBS (ST-LIBS) system for the 

identification of explosives using ns laser as an excitation source. Initially, the ST-LIBS 

experiments were performed on five explosives at 1 m distance with the Mechelle 

spectrometer. C/H and H/O ratios have shown a good correlation, finally, an excellent 

classification has been attained by employing the PCA. Further, the ST-LIBS 

measurements (a set of five explosives & potentially interfering nineteen non-explosives) 

were performed by extending the probing distance to 6.5 m. A two-lens system has been 

optimized and utilized for focusing the laser beam. Later a single plano-convex lens in 

conjunction with a small non-gated CCD spectrometer was utilized for analysing the 



optical response. Further, the 2d scatter plot analysis and the results obtained from the 

PCA technique has demonstrated an excellent separation among the explosives as well as 

explosives and non-explosives. The identification accuracies of over 98 % were achieved 

among the explosives with the ANN algorithm. Despite the huge similarities in the 

spectral features of the explosives and non-explosives, the achieved false positive and false 

negative rates are less than 6 %. 

Chapter 6 explores the extending fs-LIBS for the discrimination of plastics waste and 

characterization of the Cu plasma produced by different fs filament intensities. A strong 

positive linear correlation (Pearsons’r=0.90) is observed between the spectral features of 

the molecular bands CN and C2 to the C-C bonds. PCA has been utilized for the 

exploratory analysis where excellent segregation was achieved. ANN model was 

constructed and evaluated by exploiting five different spectral windows/regions. The 

average identification rates obtained for all samples are in the range of 97 to 99 % 

depending on the spectral window. The correct prediction rates with 100 % accuracy were 

achieved when ten prominent spectral features were employed. Further, it presents the 

preliminary studies of the filamentation induced breakdown spectroscopy (FIBS) on the 

Cu metal target at various filament focusing conditions. The filaments of various 

intensities were generated with the aid of three different focusing lenses. Further, the FIBS 

measurements were carried out for each filament at three different positions along the 

length. The investigation has demonstrated that the maximum spectral line intensity for 

Cu plasma is attained at the central part of the filament. It also revealed that the 

persistence time of the spectral lines is highest for the centre of the filament.  

Chapter 7 comprehends the inferences derived from the research work carried out in the 

thesis as well as the future plan.  
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 Introduction 

CHAPTER 1 : Introduction 

 

This chapter presents an overview of the atomic emission spectroscopy (AES) and laser 

induced breakdown spectroscopy (LIBS) technique. It also briefly discusses the theoretical 

background of the laser induced plasma (LIP) and LIBS. The last section presents the various 

LIBS data analysis methods such as 2D scatter plot approach, principal component analysis 

(PCA), Artificial neural network (ANN), and Random Forest algorithm. 

1.1 Introduction 

Atomic emission spectroscopy (AES) is an analytical technique that can find applications 

in a wide range of disciplines [1-3]. It is the study of radiation emitted by the excited atoms 

and ions where each element has characteristic emission wavelength(s). Different excitation 

sources such as sparks, arcs, flames, and plasma are being used depending on the 

application of interest. The following are the basic steps involved in the elemental analysis 

[4] 

1. Vaporization/atomization of the given sample 

2. Excitation of the atoms/ions 

3. Detection of the radiation from the excited species 

4. Utilize the radiation for the concentration measurements or material identification  

Various AES techniques such as X-ray fluorescence (XRF), inductively coupled plasma 

(ICP-AES), energy-dispersive X-ray spectroscopy (EDS), microwave-induced plasma (MIP-

AES), direct-current plasma (DCP-AES), and arc/spark-AES are being utilized in different 

applications[1-3, 5]. Every technique has its own advantages and limitations, for example, 

ICP –AES has excellent analytical performance, however, it is destructive where the 

sample needs to be dissolved in acids that are hazardous for the environment too. Further, 

atomization and excitation sources need to be different for analyzing the samples. 

Similarly, most of the techniques need rigorous sample preparation methods, time-

consuming, and require significant laboratory support facilities. 
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When a laser pulse of sufficient intensity focused onto the surface of a sample, results in 

instantaneous thermalization, & evaporation of the minute amount material, which leads 

to the formation of the plasma [6-8]. Plasma is a state of matter constituted by electrons, 

ionized, and neutrals species. The spectroscopic analysis of the optical emissions from the 

plasma called as laser induced breakdown spectroscopy (LIBS). In principle, LIBS 

technique is similar to that of other conventional plasma-based AES methods, such as ICP-

AES, MIP-AES, and DCP-AES. However, in LIBS, the sample does not need to be 

transported into the plasma source as compared to others; indeed the plasma produced on 

the sample surface makes it a simpler method because the atomization/vaporization and 

excitation processes are performed by a laser pulse in a single step[8, 9]. In recent times, 

LIBS technique has gained the attention of the international research community owing to 

its inherent advantages like little sample preparation, nearly non-destructive nature, and 

single-shot multi-elemental detection. All these characteristics together have enabled LIBS 

as a more robust technique for real-time, in situ, and standoff measurements compared to 

other conventional laser-based spectroscopic techniques. The stochastic nature of the 

plasma and matrix effects is the limitations in contrast to conventional techniques. 

However, numerous studies are under investigation to explore the possibilities to 

overcome these limitations and further to improve the analytical capabilities of the LIBS 

technique [10]. 

1.2 Processes involved in laser induced breakdown 

Laser-induced breakdown of the material occurs when the intensity of the focused laser 

beam exceeds the threshold value which depends on the nature of the material, 

wavelength, and duration of the laser pulse[11, 12]. Typically, the breakdown threshold is 

of the order of GWcm
-2

. This phenomenon involves a complex interaction of the light 

with the matter leading to the ablation of material and formation of plasma[13]. The 

process of laser ablation i.e. the process of ejection of material from the sample surface 

upon the interaction of the laser pulse with the matter is still under investigation [14-17]. 

Further, the generation and evolution of LIPs depend on numerous factors such as 

material properties (conductivity, hardness, and physical state, etc.), parameters of the laser 

(pulse duration, fluence, rep rate, and wavelength, etc.), laser beam focusing conditions, 
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and ambient gas properties (reactivity, pressure, conductivity, and density, etc.)[18-20]. 

The pictorial representation of the laser ablation, formation, and growth of the LIP with 

the interaction of the ns and fs laser pulses are shown in Fig. 1.1[21]. The laser ablation 

phenomenon happens over several orders of magnitude in time, starting from fs (electronic 

absorption of incident laser pulse) to ms (particle condensation). The formation of LIP 

through the laser ablation involves the following processes: laser absorption, bond 

breaking, plasma formation, plasma expansion, emission of radiation, and particulate 

formation[7]. 

 

Fig. 1.1. Various processes involved in LIP during and after the interaction of laser pulse (ns 

& fs) with the matter. (Figure reproduced from Harilal et al [21]). 

Drastic differences between fs and ns laser ablation processes are observed due to the 

significant differences in pulse duration. In the case of ns laser, seed electrons in the focal 

region of the laser pulse initiate the absorption process at fs time scales[22], and further, it 

is followed by the inverse Bremsstrahlung (IB) absorption process. IB absorption is the 

predominant mechanism responsible for laser absorption with matter[23], and IB 

absorption coefficient is given as  
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   1 35 3 2 1/2( ) 1.37  10   IB ecm N T    (1.1) 

where λ is the “wavelength of the laser(μm)”, Ne is “electron density (cm
-3

)” and T is 

“plasma temperature (eV)”.  

As seen in equation 1.1, the IB absorption predominantly depends on the laser wavelength 

and varies as a function of3 . Apart from that, photoionization also contributes to the 

absorption albeit at higher irradiance and lower wavelengths. Approximately ~ 100 ps 

after laser energy deposition, the surface temperature of the solid increases and lead to a 

sequential phase transition from solid to liquid and liquid to vapor. i.e the thermal 

vaporization is the dominant mechanism in ns laser ablation (~10
8

- 10
9

 W/cm
2

). Further, 

the plasma shielding process could be possible at higher irradiance during the formation of 

LIP with ns laser as irradiance source where the rising part of the laser pulse creates the 

plasma and trailing part gets absorbed by the LIP. Plasma shielding prevents the 

interaction of the later part of the laser pulse with the sample hence results in a lower 

ablation rate nevertheless; it reheats the plasma and leads to the rise in plasma temperature 

and background of the LIBS signal. Further, the reheating also increases the lifetime of 

plasma and provides the emissions for a longer time with higher intensity.  

Fs ablation (at intensities >10
13

 W/cm
2

) is governed by various mechanisms depending on 

the availability of free electrons i.e. Multiphoton absorption, impact ionization, avalanche 

ionization, and Coulomb explosion. The multi-photon absorption is a non-linear process 

and its absorption coefficient is given by the following equation 






   
    

   


1/23

1( ) 7.9  n
MP n

n n

E
cm N

h E
    (1.2) 

where En and Nn are the “energy” and “number density of the excited state n”, and χ is 

“ionization potential of the atom” 

In the case of metals, the free electron can directly absorb the laser energy and creates hot-

electron plasma whereas in the case of semiconductors and dielectrics aforementioned 

mechanisms are responsible for the generation of the plasma. In the strong-field regime, 

the superposition of the laser electric field and the nuclear Coulomb field results in an 

oscillating finite potential barrier through which bound electrons can tunnel, thus escaping 
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the atom. Therefore, at higher intensities, Coulomb explosion leads to the ablation of the 

material which is a non-thermal melting process. This process can be investigated by x-ray 

diffraction and time-resolved reflectivity methods [24]. The duration of the fs pulse is 

much shorter than characteristic ‘relaxation times’ such as ‘electron heat conduction time’, 

‘electron-to-ion energy transfer time’, and consequently the hydrodynamic/expansion 

time. Indeed, all of these mechanisms typically happen in the order of several ps after the 

termination of the laser pulse. Hence, the fs ablation greatly reduces the thermal damage as 

well as the heat-affected zone on the sample surface due to the negligible heat conduction. 

Consequently, fs laser pulses offer the better the spatial resolution compared to ns pulses. 

The latest investigations revealed that the submicron scale fs laser ablation can be 

performed for the chemical analysis[25]. 

Plasma shielding is negligible in fs LIBS compared to ns and results in the formation of the 

lower temperature plasma. The absence of plasma shielding favors the formation of 

molecular spectra with lower background whereas atomization and ionization are 

dominant for the ns LIBS. Smaller sized crater formation with reduced thermal effects 

(negligible heat transfer from the irradiated area), minimal plasma air interaction, and low 

ablation threshold are advantages in fs ablation. These attributes make it is as a promising 

technique for various applications including LIBS such as nanoparticle generation, laser 

direct writing, and pulsed laser deposition[26-28]. 

1.3 Radiation emitted from the LIP 

The evolution of the LIP is accompanied by intense electromagnetic radiation in 

ultraviolet-visible and near-infrared regions and also by the generation of sound and shock 

waves [29-31]. The radiation comprises the emissions from the continuum and discrete 

lines of excited atoms, neutrals, ionic, and molecular species present in the plasma. The 

wavelength(s) of the emitted light represent(s) the elemental constituents of the given 

sample. The radiation has a major contribution from the continuum emission at the early 

stage of plasma evolution[32]. It is observed due to the free–free (Bremsstrahlung emission) 

and free-bound transitions[33]. The deceleration of electron in the vicinity of another 

coulomb filed emits the Bremsstrahlung radiation. Whereas, free-bound transitions occur 

when a free electron recombines into the bound states of an ion which is also referred to as 
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radiative recombination. The continuum emission can be avoided while recording the 

spectra with gated detectors. As mentioned earlier, the continuum is prevailed in the ns 

LIBS compared to the fs LIBS due to the reheating caused by the plasma shielding process. 

As the plasma evolves the continuum decreases and line radiation becomes predominant. It 

is observed due to the bound-bound transition. i.e. the de-excitation events of the ions and 

neutral species in the plasma emit characteristic line radiation. Further, the emission of 

molecular features (mostly CN & C2) also observed in the spectra of organic samples such 

as plastics and explosives. Various studies have demonstrated that CN emissions are 

observed due to recombination and C2 species are formed due to fragmentation of the 

C=C dimers[34-36]. 

All these spectral features are in combination with different analysis methods are useful for 

a variety of applications. The main motive of applying the LIBS technique for the real-

world application is  

1. To find a certain element is present in the sample or not. 

2. Quantitative measurements of the analyte in a sample – for the estimation of 

concentration. 

3. Identify the class/type of the material – for the classification of the samples.  

 

The present thesis focuses on the identification of the materials/samples for the different 

applications. In the next sections, various data analysis methods utilized in the present 

thesis are discussed in detail.  

1.4 LIBS data analysis methods 

LIBS being atomic emission spectroscopy method, it is challenging to work with organic 

samples like plastics, amino acids, and explosives, etc., as their LIBS spectra look similar 

and complicate their identification. It is attributed to sharing similar elemental constituents 

(C, H, N, and O) with a different stoichiometric composition. However, the problem 

pertinent to the classification can be tackled by the chemometrics/multivariate/ machine 

learning approaches. It meets the requirements of a LIBS analyst for the classification as 

well as quantification related applications. The rich spectral information available in the 

LIBS spectra combined with bi variate[37, 38] and multivariate analysis [39] has proved it as 
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an efficient tool in sorting and discriminating the variety of classes of the materials. The 

following multivariate methods such as principal component analysis (PCA)[40, 41]2, 

partial least squares discriminant analysis decision (PLS-DA)[42, 43], soft independent 

modelling of class analogy (SIMCA)[44], random forest and artificial neural networks 

(ANN) [38, 45, 46], etc., have been widely utilized for the identification of materials in 

different applications. For the present thesis, 2D scatter plot analysis, PCA, ANN, and RF 

methods are used for the classification of the samples where the first two are unsupervised 

and remaining are supervised in nature. The unsupervised methods can be used as data 

exploratory approaches whereas the supervised algorithms learn from labelled training 

data, and predicts the outcomes for unseen data for the real-time application. 

1.4.1 2D Scatter plot analysis  

The 2D scatter plot approach visualizes the clusters present in data distributed among the 

scattering space defined by the two specific spectral lines. It explores the data in lower 

dimensional space by plotting the intensity of the one spectral line on the x-axis and the 

other spectral line intensity on the y-axis as shown in Fig. 1.2. The 2D[39] and 3D[47] 

scatter plot approaches were employed in literature to discriminate the bacteria and 

explosive samples respectively. The 2D hyperspace visualization exploits the essential 

information of the total data which also creates a simple and reduced way of graphical 

representation. However, the performance of the analysis rests on the spectral features 

considered for the analysis. The line selection can be performed based on the prior 

knowledge of the spectral emission acquired from the plasma.  

 

Fig. 1.2. a) 2D scatter plot visualization. b) With the ellipse fit around the clusters. 
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For example, it is better to avoid the spectral lines of impurities, self-absorbed emissions, 

and the lines which have a chance to interfere with the spectral lines of the other elements, 

etc. Further, a numerical/statistical parameter, residual discriminatory region (RDR) has 

been defined for the quantitative evaluation of the discriminatory power of a 2D scatter 

plot method for a set of two samples[47, 48]. It is the sum of the ratios of the area of the 

overlapped region to the area of the fitted ellipse of the two samples respectively as given 

equation 1.3.  

o o

x y

A A
RDR

A A
         (1.3) 

Where, AX, AY, and Ao represent the area of the fitted ellipse of sample X, Y, and overlap 

region between the X &Y samples respectively.  

The least-square fitting method has been employed to find the best fit of the ellipse for the 

scattered data of each sample with a confidence of 95 % as shown in Fig. 1.2(b). The area 

estimated from the ellipse fit has been utilized for finding the RDR value. In general, the 

range of values of the RDR parameter spans over 0 to 2. A value of close to zero indicates 

very good separation among the clusters and can be considered as an efficient classification. 

On the contrary, an RDR ~2 represents the complete (~100 %) overlap of both the 

clusters.  

1.4.2 Principle component analysis  

Principle component analysis (PCA) is one of the widely employed chemometric 

technique which finds the patterns buried in input data in a large number of variables[49]. 

It is a simple nevertheless powerful visualization tool that explores the data in a lower 

dimension space and has the capability of clustering of several materials[50]. A recent 

article reviewed and highlighted the extensive use of PCA in combination with the LIBS 

technique for the discrimination of the materials in different applications such as 

explosives identification[38, 44, 51], soil analysis[52], plastics sorting[41, 43] and alloys 

discrimination[53], etc [54]. The prime objective of the PCA is dimensionality reduction of 

a given dataset which initially comprises a huge number of variables/features. In principle, 

dimensionality reduction can be accomplished by orthogonal transformation of a set of 
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data into the new coordinate system called as principal components (PCs) and the new 

variables in it treated as scores. The PCs are the directions along which the variation in the 

data is maximum. The detailed flowchart of the PCA algorithm is shown in Fig. 1.3. 

 

Fig. 1.3. Flow chart representation of the PCA algorithm. 

PCA demonstrates the classifying capability by correlating dominant spectral features with 

the output PCs. However, it should worth considering that most of the variance present in 

input data can be retained by the first few PCs only irrespective of the dimensionality 

reduction[40, 42]. For example, the pictorial representation of the dimensionality 

reduction in layman interpretation is shown in Fig. 1.4. 
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Fig. 1.4. The pictorial representation of dimensionality reduction in layman interpretation. 

Areoplane visualization in a) 3D space and b) 2D space. 

It visualizes the image of an areoplane in 3d space (Fig. 1.4(a)) and 2d space (Fig. 1.4(b)). It 

is evident from the figure; the image can be still identified as an areoplane even after 

transformation/rotation from 3D to 2D space. i.e the information is still preserved even 

after the reduction of one dimension. The rotation of axis is used in various disciplines of 

physics such as the moment of inertia tensor for rigid body dynamics, polarizing ellipsoid 

for Raman spectroscopy, and polarizability ellipsoid for double refraction, etc. Further, 

the PCs are ordered/aligned in a way such that the maximum variance is explained by the 

first PC and followed by the subsequent PCs. By utilizing a few PCs, each sample can be 

represented by relatively few variables instead of thousands and it is called as a score plot. 

The score plot makes it possible to visually assess the similarities and differences between 

samples and determine whether it can be clustered or not for the classification. 

1.4.3 Artificial neural network  

Artificial neural network (ANN) is a non-parametric supervised learning algorithm, 

exploited in the identification and pattern recognition applications such as weather 

forecasting, process control, and image identification, etc. [55]. In LIBS community, it has 

been extensively utilized for the classification of a variety of samples namely, 

pharmaceutical tablets[56], bacteria[55], explosives[57], isomers[44] and plastics[58] and 

quantification of elements[59] in the diverse field of applications. It serves as an 

information processing paradigm analogous to the way the biological nervous system 

computes the information. It develops a nonlinear mathematical model by the capability 

of achieving meaningful relationships among the input and target variables through 
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supervised learning. The architecture of ANN comprises a huge number of interconnected 

processing elements called neurons which are fundamental for the building and operation 

of a neural network. In biological system architecture, the units communicate with each 

other by the synapse. This is analogous to a bridge/junction which can transmit the 

chemical signals converted from electrical impulse/signals to neighboring nod[60]. In 

ANN, weight (interneuron connection strengths) and bias stimulated as a synapse. Every 

synapse connects the one unit of a particular layer to the second unit of another layer. It 

should be noted that the neurons of a specific layer cannot be linked together. ANN has 

the capability to organize the network by changing the interneuron connection strengths 

(weights) by the knowledge acquired through the learning process[61].  

Numerous theoretical and experimental works have been demonstrated that a single 

hidden layer of ANN is adequate for approximating any complex nonlinear-function [62, 

63]. Hence for the thesis, a three-layer neural network with the feed forward-backward 

propagation approach has been utilized[64]. In the first step, the LIBS data was fed to the 

first layer of the network as the input. The output obtained from the first layer was fed to 

the second layer which is also referred to as a hidden layer. Further, the extracted 

information is accessed by the output layer which is in charge to generate the prediction of 

the analyte. i.e. third layer. The typical schematic of the three-layer ANN model is shown 

in Fig. 1.5.  

 

 

Fig. 1.5. Typical schematic of the three-layer ANN model. It is an interface of the ANN 

algorithm in MatLab environment.  

The input contains the 22424 variables/wavelengths (it may change depending on the 

requirement) and target class labels for each sample. A class label is a discrete attribute 
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allotted for the sample in binary form for the classification approach. Fig. 1.5 contains a 

hidden layer with 20 neurons, and the number of neurons can be optimized for better 

performance. The output ‘5’ corresponds to five samples. Initially, the data set was divided 

into training (70%), testing (15 %), and validation (15%) sets. This random selection of the 

input data in each iteration minimizes the biasing and can lead to better identification 

accuracy. The training dataset used for the training of network and predictive ability of the 

network is estimated by the validation dataset. In the first iteration, the forward 

propagation approach of the algorithm initiates with random values of the bias and 

weights. Then, the output predicted by the ANN is compared with the actual input and 

the corresponding error has been utilized in a back-propagation approach for adjusting the 

values of the weights and bias for the second iteration. This process continues until the 

error converges to a minimum threshold value as shown in Fig. 1.6. Finally, the test data 

evaluates the performance of the trained network. 

 

 

Fig. 1.6. Performance plot of the trained ANN model. The circle in the plot represents the 

best validation at 69 epoch. 

The final predictive output of the ANN is given in the form of a confusion matrix. It is a 

table that represents the performance of the classification model quantitatively. The 

confusion matrix generated for the 1000 observations (100 for each sample, a total of five 

samples) with 22424 variables as input is shown in Fig. 1.7. The diagonal elements in green 

color represent the correct rate of each sample whereas off-diagonal elements represent the 
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miss-classification rate. For example, in the case of 1
st

 sample, the correct labelling rate is 

100 % and the miss-classification rate is 0 % whereas it is 99 % and 1 % respectively for the 

3
rd

 sample as shown in Fig. 1.7. 

  

Fig. 1.7. Confusion matrix generated by the ANN. A total of 1000 spectra (five samples with 

each 100 spectra) were given as input to the model.  

Further, few decision making statistical parameters can be derived from the confusion 

matrix. It helps in minimizing the arbitrariness and to evaluate the performance of the 

ANN[40, 57]. Sensitivity and specificity are the two performance metrics used for the 

evaluation process. Sensitivity is defined for the group/class ‘A’ as the - number of samples 

identified as Class ‘A’ divide by the total number of actual samples belongs to Class ‘A’.  

Sensitivity= TP/ (TP + FN)     (1.4) 

Where TP is the true positive rate and FN is the false negative rate 

Specificity is determined as the number of samples identified as not belonging to Class A/ 

number of actual samples not belonging to Class A. 

Specificity=TN/ (TN + FP)    (1.5) 

Where, TN is the true negative rate and FP is the false positive rate 

Accuracy is an important global metric for the decision making in discrimination 

procedure which is defined as the  

Accuracy= (TP + TN)/ (TP + TN + FN + FP)    (1.6) 
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Precision is the ratio of the number of true positives to the total number of positive test 

results. 

Precision = TP/ (TP + FP)      (1.8) 

The increase in the input data size will lead to more complexity for the ANN, as well as 

the increase in computing time. However, this problem is tackled by selecting the proper 

spectral input to chemometric/multivariate methods. An efficient identification of 

explosives[65], geological samples[44], and plastics[59, 66] has been already demonstrated in 

literature with the aid of feature selection. In the next section, the Random forest is 

considered for the feature selection algorithm. 

1.4.4 Random forest (RF)  

The LIBS spectrum of plastic is shown in Fig. 1.8 (a). It is noticed from the figure, all the 

variables (data points) generated in the spectra are not significant for example, 220-245 nm 

and 590-650 nm spectral region is noise only and not contributing to any of the emission 

lines. Consequently, it would be beneficial to restrict the analysis to only some selected 

features of interest by eliminating irrelevant and unreliable variables for better outcomes. 

The number of variables required for efficient analytical performance can be chosen by the 

various feature selection methods. It can be done manually by creating an apriori subjected 

to the expertise on the analytical methods or employing any well-established multivariate 

statistical techniques that are reported in the literature [40, 44, 67, 68]. Numerous studies 

have been reported in LIBS literature for the classification of various samples based on 

different feature selection algorithms such as successive projection algorithm (SPA), genetic 

algorithm (GA), stepwise formulation (SW) and random forest (RF), etc, [40, 44, 67, 68]. 

These methods resulted in achieving the correct labelling rates as similarly as 100 % data 

deployed for the classification. Apart from the efficient classification, it has also 

demonstrated that the computational workload can be reduced by 10 -100 times[68] 

depending on the samples and section algorithms.  

For the present thesis, the method of variable importance (VI) obtained from the RF 

algorithm has been chosen for the feature selection. VI represents the statistical significance 

of each variable in the data. RF is an ensemble-based decision tree algorithm proposed by 
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Breiman. It is not only used for finding the significant variables present in the entire 

dataset but also for regression and classification applications[69]. It precisely finds the 

pattern buried in the input data that replicates the useful information by properly guiding 

and training through supervised learning. The choice of growing ‘number of trees’ in RF 

depends on the application of interest. The trees grow independently and randomly by 

selecting the “bootstrapped dataset”. i.e. In the bootstrap method, the observations 

randomly selected while building the tree and some of the observations are removed. 

Further, the “removed observations” are replaced by repeating the other observations. The 

removed samples are called as “out of bag sample” and it is used for estimating the 

efficiency of the grown decision tree. 

Further, each tree is grown by selecting a variable and corresponding information gain 

(IG) is estimated. Similarly, the IG is estimated for all the variables, and a variable with the 

highest IG is considered as the root node while building the tree. At each node, it spits into 

further based on the IG estimation without considering the variable corresponding to the 

root node. This process repeats until the leaf node reaches. VI is estimated by the sum of 

the decrease in error when split by a variable. It should not that the variables are randomly 

selected during the construction of each tree. The VI acquired from the developed RF 

model possesses a huge impact on opting for the input variables for the analysis[67]. The VI 

estimated for the spectra of plastic is shown in Fig. 1.8 (b). 

 

Fig. 1.8. a) LIBS spectra of a plastic. b) The respective variable importance (VI) estimated by 

the RF model using 50 trees. 

The highest value of VI in the plot corresponds to the most significant variable of the total 

dataset and the variables with lower value are trivial. It is evident from Fig. 1.8 (b), ~93.6 

% of total variables are having zero VI value, and can be easily eliminated from the dataset 



 

16 

 

 Introduction 

 

without any ambiguity. Moreover, selecting input variables based on VI can avoid 

overfitting which can be utilized in improving the performance of the multivariate 

technique. As the true variables are more important and efficient compared to the noisy 

ones considered for the analysis. Also, employing VI for the multivariate analysis can 

significantly reduce the computational times (training and testing) as well as data storage 

requirements. 

 

Fig. 1.9. (a, b & c) Represent the spectral lines of carbon, nitrogen, and oxygen respectively. 

Black rectangles represent the total variables of the spectral line. Red dots correspond to 

features selected by varying the different threshold values of VI. Blue, green and red color 

strips represent the features selected with VI thresholds of 0.05, 0.1, and 0.2 respectively. 

Fig. 1.8 (a) shows the LIBS spectra (220-880 nm) of plastic whereas Fig. 1.9 (a-c) represent 

the emission lines of carbon (247.5- 249 nm), nitrogen (742- 748 nm) and oxygen (776- 

778.5 nm) respectively. Only these spectral windows are shown in the figure for the better 

visualization of the selected features obtained from VI. The features can be chosen by 

keeping a certain value of the threshold for VI however it depends on the application of 

interest. For example, the blue strip in Fig. 1.9 represents the features (red dots) selected 

with VI threshold of 0.05. It is evident from the figure, all the features selected based on VI 

lie within the peak region only irrespective of the threshold, and the variables from the 

baseline are not contributed to the feature selection due to zero VI value. Hence, it is 
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asserted that the feature selection picks the most important variables from the spectra, not 

the noisy one. Further, the number of variables is decreasing with the increasing threshold 

value of VI as shown in Fig. 1.9 and the results are given in Table 1.1. It is evident from 

Table 1.1, the no of variables are drastically reduced for the VI >0.1 and 0.2 compared to 

the total no of variables. 

 

Table 1.1. No of variables obtained using feature selection based on VI for the carbon, 

nitrogen, and oxygen lines. 

Spectral line  Wavelength 

window (nm) 

Total no of 

variables 

No of variables obtained with features selection 

VI>0.05 VI>0.1 VI>0.2 

Carbon 247.5- 249 65  16 10 4 

Nitrogen 742- 748 129 24 6 1 

Oxygen 776- 778.5 53 17 4 4 

 

In feature selection, if the threshold is very high it leads to the selection of a very less 

number of variables which deteriorates the performance of the classification model. At 

another extreme, the low threshold results in opting in a huge number of features 

nevertheless increase the computational time. For example (see Table 1.2), the features 

extracted with VI >0.2 correspond to only 0.1 % of total data and reduced the workload 

by more than two orders for the classification of the plastics using ANN. Nevertheless, it 

deteriorated results due to very less number of features compared to the 100 % data as 

given in Table 1.2. Further, the analysis performed with features (VI > 0.05) has shown 

the classification performance close to the total data and reduced the computational times 

by more than order. Hence, an optimal number of features need to be selected with the 

compromise between classification rate and computational time as well as it also, depends 

on the requirements of the user. 

 

Table 1.2. The identification rates obtained using feature selection based on VI. ANN is used 

for the analysis. 

 

  

Spectral input  Data (%) Classification rate (%) Training time (S) Testing time (ms) 

Total data 100 96.95 43.8 42.9 

Thresold-0.05 6.4 95.10 2.6 13.5 

Thresold-0.15 0.4 92.27 0.5 11.5 

Thresold-0.2 0.1 79.43 0.4 11.5 
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CHAPTER 2 : Experimental details 

 

This chapter provides a comprehensive overview of the different laser sources, and 

spectrometers used for the LIBS experiment in the present thesis work. It comprises the 

details of nanosecond (ns, SpitLight-1200, M/S Innolas) and femtosecond (fs, Libra, M/S 

Coherent) laser systems. It also presents the details of the gated Mechelle spectrograph 

(Mechelle 5000, M/S Andor technologies) and nongated Czerny Turner spectrometers (Maya 

2000, M/S Ocean optics). As well as, different components deployed for the LIBS setup and 

the timing scheme used in LIBS studies are briefly discussed. 

2.1 Details of the laser  

Two laser systems (ns & fs) were utilized for the experiments presented in this thesis. The 

ns LIBS studies are presented in chapters 3, 4, and 5 and fs LIBS experiments are described 

in chapter 6.  

2.1.1 Nanosecond laser system 

A Nd: YAG laser (SpitLight-1200, M/S Innolas) was utilized for carrying out the ns LIBS 

experiments. The laser system comprises three parts 1) Oscillator 2) Pre-amplifier, and 3) 

Main amplifier. The schematic of the optical layout is presented in Fig. 2.1[1].  

 

Fig. 2.1.The schematic of the optical layout of the ns laser system. 1, 2 & 3 correspond to the 

beam path of the oscillator, pre-amplifier and main amplifier. ‘F’ is the Faraday isolator. 

SHG, and THG correspond to the assemblies of second and third harmonic crystals 

respectively. 
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The Neodymium (Nd) ions are doped in yttrium aluminum garnet (Y3Al5O12) where it 

acts as the gain medium and Y3Al5O12 corresponds to the host material[2]. It has high 

optical quality as well as thermal conductivity which favors the making of high repetition 

pulsed lasers (up to 100 Hz). The doping concentration is ~ 0.725 % by weight. The laser 

operates at a fundamental wavelength of 1064 nm with the maximum energy of 1200 mJ. 

It can be operated at 532, 355, and 266 nm wavelengths however; only 1064 & 532 nm 

wavelengths are used by the standoff and in-situ LIBS experiments respectively. It is a four-

level laser system where the emission of fundamental wavelength at 1064 nm has been 

observed due to the transition of the atoms from lasing levels of 4F3/2 →  4 I11/2 [2, 3]. The 

lifetime of the metastable state is ~ 230 µs. The maximum repetition rate of the current 

laser system is 10 Hz albeit for the experiments it is operated at 1 Hz. The ns pulse is 

generated with the aid of the Q-switching technique[2] where the pulse duration is 

measured with the photodiode as shown in Fig. 2.2(a) and it is found to be ~ 8 ns 

(According to specification it is ~7 ns). The gain medium (one Nd: YAG rod) is optically 

pumped by a Xenon flash lamp and the duration of the flash pulse is ~ 200 μs as shown in 

Fig. 2.2(b).  

 

Fig. 2.2. a) The photodiode response/signal of the ns laser pulse. b) The response of the 

Xenon flash lamp. p & f correspond to the duration of the laser pulse and flash lamp 

respectively. 

The energy of 300 mJ/pulse can be achieved in the oscillator. Further, the laser beam gets 

amplified in the pre-amplifier where the pulse energy gets doubled, and finally, the pulse 

energy of 1200 mJ @ 1064 nm can be obtained after the final amplification process. An 
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external chiller is connected to the laser system to remove the heat generated in the lasing 

process. The fundamental wavelength (1064 nm) is converted to 532 and 355 nm by using 

second and third harmonic crystals respectively. For the present work, the 532 nm laser 

beam is obtained by passing the 1064 nm laser beam through KD*P crystal where the 

conversion efficiency is ~43 %. Fs laser system is described in the next section. 

2.1.2 Femtosecond laser system 

A commercial compact fs laser system (Libra, M/s Coherent) was utilized for the fs as well 

as filamentation LIBS experiments[4] and the optical bench layout is shown in Fig. 2.3. It 

is a class IV ultrafast Ti: Sapphire laser system which operates at a repetition rate of 1 kHz 

and wavelength centered at 800 nm with the beam diameter of ~ 9 mm. It delivers pulses 

of ~35 fs duration with the maximum energy of 4 mJ/pulse which corresponds to the 

average power of 4 W. It comprises four modules 1) Oscillator/seed laser (Vitesse), 2) 

Pump laser (Evolution), 3) Regenerative amplifier (RGA), and 4) stretcher and compressor 

region which are integrated into one box. 

 

 

Fig. 2.3. The optical bench assembly of the Libra fs laser system. 



 

25 

 

 Experimental details 

2.1.2.a Oscillator (Vitesse) 

It is a compact ultrafast Ti: Sapphire laser which serves as a seed laser/oscillator in the 

Libra[4]. It is a modelocked fs laser system with a pulse duration of ~100 fs, a repetition 

rate of 80 MHz and an average power of 300 mW. The emitted laser wavelength is 

centered at 800 nm with an optimum bandwidth of 30 nm. The Ti ions are doped into the 

host material of sapphire (Al2O3) with concentrations in the range of 0.1-0.5%[5]. The gain 

medium has an absorption spectrum bandwidth of 400-650 nm, and the emission spectrum 

starts at 650 nm[6]. The laser emission at a particular wavelength is selected by using an 

etalon/optical wedge. Apart from that, the tuning range is influenced by coating on the 

mirrors/optical components, input power losses, quality of pump beam, losses in the 

cavity, and ambient absorption, etc. Vitesse consists of three major parts 1) a sealed optical 

cavity with a Verdi laser system which acts as a pump laser. 2) A power tracking mirror 

and 3) Verdi Pumped Ultra-Fast [VPUF] laser head. The layout of the Vitesse laser head is 

illustrated in Fig. 2.4.  

 

 
Fig. 2.4. The schematic of the Vitesse laser head. 

Both VPUF and Verdi are sealed by the manufacturer for the best performance of the laser 

over the long lifetime. The Verdi laser operates at the wavelength of 532 nm with the 

power of 2 W. It contains a Neodymium Yttrium orthovanadate (Nd: YVO4) crystal 

which serves as a gain medium. The Verdi is pumped by an array of diode lasers and 

produces a continuous laser beam operating at the fundamental wavelength of 1064 nm. 

Further, the laser beam converted to 532 nm by propagating the fundamental beam 
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through a second harmonic crystal Lithium Triborate (LiB3O5-LBO). The LBO crystal 

maintained at 148
o

C temperature by a resistive based heating system. The LBO has a high 

damage threshold compared to the other SHG crystal as well as it offers non-critical phase-

matching and provides a larger acceptance angle for the higher efficiency. The power 

tracking system utilizes a Piezo driven mirror for maintaining the optimum pump beam 

alignment into the VPUF head. The VPUF is a sealed cavity which comprises of a Ti: 

Sapphire crystal and negative dispersion mirrors (NDM). The multiple light reflection 

from the NDMs ensures the negative dispersion compensation which is essential to 

generate sub 100 fs pulses. The Kerr-Lens Modelocking (KLM) that is a passive 

modelocking technique is responsible for modelocking in Vitesse[7]. The cavity is sealed to 

avoid environmental contamination as well for the stability of the laser power. 

2.1.2.b Pump Laser (Evolution) 

It is an Nd: YLF (Nd: LiYF4, yttrium lithium fluoride) solid-state laser used as a pump 

laser for the amplifier module. It has an upper-level lifetime twice that of Nd: YAG laser 

~ 470 µs which results in achieving twice the pulse energy of Nd: YAG laser however 

relatively with a lower repetition rate. Apart from that, low thermal lensing and natural 

“birefringence” favours in generating laser with high beam quality. The narrow spectral 

emission from the diode laser in contrast to the emissions from the arc lamps provides the 

most effective pumping scheme. Besides that, with no/minimal diode light falling outside 

of the absorption band of the gain medium results in negligible waste heat production. 

Acousto-optic Q-switching technique allows the generation of the laser pulse. It provides 

the fundamental wavelength at 1053 nm which corresponds to the transition of 4F3/2 →   

I11/2. The frequency doubling (527 nm) is achieved by propagating the 1053 nm laser via an 

LBO crystal. 

2.1.2.c Regenerative amplifier (RGA) 

The RGA is based on the Legend Elite TM platform (M/s Coherent, USA). The amplifier 

is compactly designed and enclosed in a module with an active cooling system[4]. It 

exhibits excellent stability and less sensitive to the changes in ambient temperature. The 

RGA system inherently contains a Synchronized Delay Generator (SDG) system which 
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not only controls the functioning of Pockels cells for the seed laser but also synchronizes 

the pump laser. The seed pulse from Vitesse is get amplified in RGA with the aid of pump 

beam from evolution focused onto the gain medium and round trips. The technical details 

of the oscillator and amplifier laser beam are presented in Table 2.1. 

 

Table 2.1. Laser beam parameters of the fs oscillator and amplifier. 

S. No Parameters Oscillator Amplifier 

1 Pulse duration  ~ 100 fs ~ 100 fs 

2 Rep rate 80 MHz 1 kHz 

3 Beam diameter ~ 3 mm ~ 9 mm 

4 Maximum energy per pulse ~ 7 nJ ~ 4 mJ 

5 Polarization Horizontal Horizontal 

 

2.1.2.d Stretcher & Compressor - Chirped pulse amplification 

(CPA) 

The stretcher and compressor are integrated into a single box system within a robust 

modular enclosure. The energy of the oscillator pulse (~ 7 nJ) is enhanced by a factor of 

~ 10
6

 in RGA through the CPA technique as depicted in Fig. 2.5.  

 

 

Fig. 2.5. Typical schematic of the CPA technique[8, 9]. I/P-Input pulse, O/P-Output pulse. 
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The laser pulse from the oscillator serves as a seed and gets amplified in RGA. As 

aforementioned Ti: Sapphire crystal is used as a gain medium in RGA also. During this 

amplification process, the fs pulses can lead to the self-focusing phenomenon due to the 

high intensity and prone to damage the optical components as well as the gain medium. 

Hence, to avoid the damage of laser components in the cavity of RGA, the fs pulses need 

to be stretched significantly (fs to ps). Thus, the peak power of the laser beam reduces by 

several orders and favours in achieving amplification without any damage to the laser 

system. In CPA, the grating design of the stretching compartment alters the fs pulses such 

that the blue components travel longer distances compared to the red components and 

results in stretching the pulses[8, 9]. For the present configuration, the pulses from the 

oscillator (~ 100 fs @ 80 MHz) stretches to (~100 ps @ 80 MHz) which reduces the peak 

power by 10
3

 times and hence the damage can be prevented. Further, the RF signal 

generated from the seed pulse of the oscillator synchronizes the Pockels cell and switches 

the pulses from the oscillator/stretcher to RGA. Besides that, the repetition rate of 

amplified pulses can be varied in the range of these 10 to 1 kHz with the aid of the Pockels 

cell. After the amplification in the RGA, the laser pulses were compressed in the 

compressor region. The process of compression is exactly opposite to the stretching in 

which the gratings are aligned in such that higher frequencies travel the shorter distance in 

order to “catch up” with the lower frequencies. Thus, the pulse compresses to the initial 

time scales and for the present laser system, the seed pulse of few nJ is get amplified to ~4 

mJ (@ 1 kHz in RA[4]. 

2.2 Details of the spectrometers 

Mechelle spectrometer equipped with an intensified charge-coupled device (ICCD) 

detector and Czerny-turner (CT) spectrometer coupled with charge-coupled device (CCD) 

detector is utilized for the LIBS experiments carried out in the thesis. Both the 

spectrometers are rugged and no moving parts (optical elements) present in it. The 

complete technical details and specifications of both the spectrometers are given in Table 

2.2. 
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Table 2.2. Various parameters of the Mechelle ICCD spectrometer and Czerny-turner (CT) 

CCD spectrometer. 

S. No Parameter  ICCD System  CCD System 

1 Spectrograph model ME-5000 (M/s Andor) Maya-2000 (M/s Ocean optics) 

2 Detector model istar, DH334T-18U-E3, & 

DH734-18U-03 

Hamamatsu S9840, back-

thinned FFT-CCD 

3 F number  7 4 

4 Entrance slit ( µm) 50 50 

5 Resolution @ 500 nm 0.1 1 

6 CCD format  1024X1024 2048 X 64 

7 Pixel size ( µm)  13 X 13 14 X 14  

8 Detector cooling 
0

C -30  Not required  

9 Gating & time resolution Yes No 

10 Spectral range (nm) 230-880 300-900  

11 Weight (Kg) ~ 15 ~ 1 

12 Size (10
3 

cm
-3

) ~ 9.1 ~ 0.8 

13 Minimum integration 

time 

2 ns 6 ms 

 

2.2.1 Mechelle spectrometer 

Mechelle spectrometer (ME-5000 & M/S Andor) coupled to ICCD was utilized for all the 

gated LIBS experiments. It has been a workhorse for the LIBS technique in various 

applications owing to its ruggedness and wide spectral coverage in single acquisition with a 

higher resolution. The iStar ICCD (DH334T-18U-E3 & M/S Andor) was attached to the 

Echelle spectrograph in case of fs LIBS experiments whereas iStar ICCD (DH734-18U-03 

& M/S Andor) was utilized in case of ns LIBS experiments. It has a minimum time 

resolution (operating gate width for the acquiring the LIBS spectra) of 2 ns. An Echelle 

grating combined with prism serves as a dispersive element in the spectrometer. This 

combination (prism + grating=grism) disperses the light in 2D space, and projects on to 

the ICCD. The Echelle grating has lees grove density, blazed, and works at higher-order 

diffraction for achieving the higher resolution. The spectrometer offers a resolution of 0.1 

nm at 500 nm with the wide spectral range starting from UV (220 nm) to NIR (800 nm) in 

one acquisition. The spectrometer was calibrated for the wavelength using Mercury (Hg)-

Argon (Ar) standard lamp. Further, the intensity correction of the whole detection system 

(spectrograph + ICCD) was done by deploying the Deuterium-Halogen lamp. The 

calibration was performed at the temperature of 25 
O

C and was operated at 25 ± 3 
O

C for 

the better performance.  



 

30 

 

 Experimental details 

 

2.2.2 Czerny-turner (CT) spectrometer 

A Czerny-turner CCD spectrometer (Maya-2000, & M/s Ocean Optics) was used as non – 

gated detection system in the LIBS experiments. Primarily, the cost makes it a promising 

tool for the real-time implementation of the LIBS technique in the diverse field of 

applications. As well as the compact size and less weight promotes it as a portable system 

for miniaturized LIBS applications. It covers the spectral range of ~ 300 -1050 nm in a 

single shot with a resolution of 1 nm at 500 nm. It offers the minimum integration time of 

~6 ms to acquire the spectra however, the accumulation option is not provided. It has 

peak quantum efficiency > 90 % at 650 nm and bit a low quantum efficiency (< 40 %) in 

the UV region. A grating has been used in the optical design of the spectrometer to 

disperse the light and CCD is utilized as the detector. The added advantage of the Maya-

2000 is it does not require a cooling system for the CCD.  

2.3 LIBS experimental setup 

In the present thesis, the LIBS experiments were performed with the ns[10, 11] and fs[12] 

lasers depending on the application of interest. As well as in each case, the spectra were 

acquired with the gated[12] and non-gated[13] detectors as aforementioned. The typical 

processes involved in LIBS as a function of time with respect to laser pulse is shown in Fig. 

2.6 and the time represented in the graph is not to the scale. The gating option avoids the 

huge continuum emissions from the plasma in earlier time scales which otherwise saturates 

and damages the detector. In general delay time of ~0.2-1 μs was employed in the 

experiments presented in this thesis. Further, the gated detection system enables the 

acquisition of the spectra at different delay times for the temporal characterization of 

plasma. It is essential to understand the kinetic evolution of the plasma properties which is 

most useful in CF-LIBS experiments for the concentration measurements[14]. 
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Fig. 2.6. The timing diagram of the LIP and typical LIBS spectra acquisition parameters. 

Delay time refers to the delay between the arrival of the laser pulse on to the sample and the 

starting time of the collection of LIP emissions. Gate width refers to typical integration time 

for acquiring the LIBS spectrum. 

2.3.1 Gated LIBS setup 

The typical schematic of the ns-gated LIBS experimental setup is shown in Fig. 2.7. The fs-

gated setup looks similar to the ns-gated except for the wavelength and delay generator 

hence it is not shown here[12]. Only near field setups are described in the current chapter 

and the description of standoff systems[10] and their optimization[13] is shown in their 

respective chapters. In brief, the laser beam (fs/ns) was guided by a set of mirrors from the 

laser head and a Plano-convex lens focuses it on to the sample surface. The focal length of 

the lens, energy of the laser pulse, and acquisition parameters are different for the different 

experimental conditions. The sample was mounted on an X-Y translational stage which 

was connected to a motion controller (ESP-300 M/s Newport). The movement of the stage 

provides a fresh spot for each laser shot which was controlled and operated by the inbuilt 

LabView program. This movement/scanning avoids the formation of a deep crater on the 

sample surface and ensures the better reproducibility of acquiring LIBS spectra on a shot to 

shot basis. 
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Fig. 2.7. Typical schematic of the ns-gated LIBS experimental setup. C-Collection 

optics/system, FL – Focusing lens, M – Mirror, and DG- Delay generator (it is SDG for fs 

LIBS). 

However, the moving/scanning speed was varied with respect to the experimental 

conditions. The spectral emissions from the plasma were collected using collection 

optics/system (ME-OPT-007 M/s Andor) which was coupled to the spectrometers 

(separately for gated and non-gated spectrometers) via an optical fiber of core diameter 600 

µm. The collection system was kept at 45° relative to the incident laser beam and a diode 

laser beam was guided through it via an optical fiber to adjust and optimize it. The spectra 

were acquired with Mechelle spectrograph equipped with the ICCD (‘DH334T-18U-E3, 

for fs’ & ‘DH734-18U-03, for ns’).  

A delay generator (‘DG-645 & M/S Stanford research systems for ns’ and ‘SDG elite, & 

M/S Coherent for fs’) was utilized to synchronize the laser pulse/system to the ICCD. 

Initially, it was triggered by a Pockels pulse from the laser. Further, the ICCD was 

triggered by a TTL pulse (0-5 V, with a rise time of ~2 ns) generated from the delay 

generator. All these time events were monitored in an oscilloscope (TDS-2024B & M/S 

Tektronix) and a screenshot (picture of oscilloscope display) is presented in Fig. 2.8. An 

InGaAs PIN photodiode (DET-410, & M/S ThorLabs) with a rise time of ~ 5 ns 

deployed for monitoring the laser pulse. The photodiode response (orange color pulse in 

Fig. 2.8) represents the arrival of the laser pulse on to the sample and it was taken as a 

reference point of time for the spectral/signal acquisition. The temporal delay between the 

laser pulse and the ICCD gate opening (Magenta color pulse) can be changed through 
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either delay generator or ICCD which can be observed in the oscilloscope as shown in Fig. 

2.8. The time gap between the rising part of the delay generator TTL trigger pulse (Cyan 

colour) and the ICCD gate opening is referred to as the insertion delay of the ICCD and 

for the current configuration, it was ~ 35 ns. 

 

Fig. 2.8. An oscilloscope screenshot for monitoring the different time events of LIBS data 

acquisition. The ICCD gate width was set to 25 ns for the illustration.  

2.3.2 Non - gated LIBS setup 

The optical layout of the ns non-gated LIBS experimental setup is shown in Fig. 2.9. The fs 

non-gated appears similar to ns except for wavelength hence not shown in here. A Czerny 

Turner CCD spectrometer (Maya-2000, & M/s Ocean optics) was utilized for acquiring 

the spectra in the non-gated LIBS experiments[13]. Being a non-gated spectrometer it 

acquires the optical emissions not only from the plasma but also from the laser beam 

focused on to the sample. The 532/800/1064 nm notch filters have been used to avoid the 

pump beam in the LIBS spectra depending on the experimental conditions. Apart from 

that, the non-gated LIBS spectra inherently contain a large contribution from continuum 

emissions.  
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Fig. 2.9. The non-gated LIBS setup. C-Collection optics/system, FL – Focusing lens, M – 

Mirror, F- Notch Filter (532/800/1064 nm). 

It is observed due to the acquiring the Bremsstrahlung emissions in the early time scales of 

the plasma evolution which can be avoided in the spectral measurements with gated 

spectrometers. A software was provided by the manufacturer to record the spectra and it is 

synchronized to the PC by a USB connection. However, the saving process requires a 

lengthy time and it is a tedious job. A LabView program was designed for the automatic 

spectral measurements to avoid the difficulties in saving. This program enables the rapid 

acquisition of the LIBS spectra and as well as minimizes the experimental errors that occur 

during the spectral acquisition process. The spectrometer provides the threshold intensity 

approach (it refers to spectra only saved when the intensity of any peak reaches above a 

certain threshold value of intensity) to save the spectrum automatically through LabView 

environment. 

2.4 Summary 

A brief overview of fs and ns lasers systems is presented in this chapter. As well as the 

details of fs and ns LIBS experimental setups and their components are described. The 

specifications and the comparison of gated & non – gated spectrometers are presented. The 

gating scheme and the timing diagram of the LIBS setup are explained in detail. 
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CHAPTER 3 : Plasma diagnostic studies and a 

theoretical model for the temporal evolution of LIP 

 

This chapter presents a theoretical model for the kinetic evolution of the LIP. A theory of 

radiative relaxation mechanism is considered to explain the decay in temperature of the 

plasma. For this investigation, the LIBS experiment is performed on the copper sample in the 

ambient atmosphere and evaluated the performance of the proposed model at three 

different focal positions. First, the experimental data is utilized for estimating the electron 

density, plasma temperature, radiation decay constant, and ablated mass. Further, the 

results from the experimental data are compared and evaluated with the model. The initial 

sections of the chapter briefly discuss the plasma temperature and electron density 

measurement techniques along with thermodynamic equilibrium conditions. Further, the 

details of the proposed model are explained in the last section. 
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3.1 Introduction 

The LIP is highly transient, inhomogeneous, and very complex owing to the occurrence of 

various processes simultaneously in it. However, it can be spatially and temporally 

characterized by estimating the temperature and electron density which are considered as 

the two important properties of the LIP[1]. The temporal characterization of LIP is a 

valuable tool to gain information about plasma evolution and utilization of the complex 

sources of radiation from the plasma [2-4]. Several plasma characterization 

methods/techniques have been reported in the literature depending on the application of 

interest for the measurement of plasma parameters of LIP. Some of these are Langmuir 

probe[5], Thomson scattering[6], beam deflection[7], laser interferometry[8], fast 

imaging[9, 10], laser-induced fluorescence[11] and LIBS technique[12, 13], etc. Among all, 

LIBS can be considered as a simplest and nonintrusive analytical spectroscopic technique 

to study the dynamics of the LIP as it utilizes the intrinsic spectral emissions from the 

plasma. It can work as a non-contact diagnostic tool that does not require any external 

perturbation for the estimation of the plasma temperature and electron density. The 

analysis of the optical emissions emanated from the LIP based on the assumption of local 

thermodynamic equilibrium(LTE) condition allows the measurement of the electron 

density and plasma temperature[14]. The initial part of this chapter presents the same, 

where the optical emissions from the plasma are being utilized for the measurement of the 

aforementioned plasma properties.  

The interest in modeling the kinetic evolution of LIP is growing due to its impressive 

number of applications such as starting from chemical analysis of the materials to medical 

therapy, from the production of micro or nano-structuring of surfaces/objects to the 

generation of energetic particles, from the research toward astrophysical investigation to 

the nuclear fusion studies[15]. The temporal characterization of LIP has paramount 

importance for improving the analytical performance of the following applications: (i) 

Laser-induced breakdown spectroscopy (LIBS) [16-18], (ii) Laser direct writing [19], (iii) 

Pulsed laser deposition [20], (iv) Generation of plasma light sources[21, 22], (v) Material 

processing[23] and (vi) Nanoparticle and cluster production[24, 25]. However, the kinetic 

evolution of the plasma properties imperatively depend on the characteristics of the laser 
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pulse, lens to sample distance (LTSD), ambient environment, various physical and 

chemical properties of the sample[26]. Especially, the LTSD can significantly affect the 

plasma parameters where the position of the sample surface with respect to the focused 

laser beam waist changes and leads to the variation of power density at the interaction 

zone. Also, by investigating the influence of LTSD on plasma properties, one can adjust 

the experimental conditions for achieving the optimum analytical performance. The 

evolution of the hierarchy of the fundamental processes involving in the expansion of the 

plasma plume makes the investigation indeed complex and theoretical works/studies are 

desirable for understanding the experimental data[23]. Nevertheless, only a little effort has 

been spent in understanding the kinetic evolution of the plasma properties and a 

systematic investigation is not performed in literature. Hence, it is of great importance to 

explore the kinetic evolution of plasma properties in both theoretical and experimental 

studies. In this complex framework of LIP, the present study aims at proposing theoretical 

modeling of the LIP and to delineate possible scenarios occurring in it which find 

application in the wide range of LIPs.  

Multari et al. studied the influence of the LTSD on LIP in the ambient environment using 

spherical and cylindrical lenses. It was revealed that the amount of ablation, emission-line 

strengths, and the plasma temperature depend strongly on the LTSD for two lenses [27]. Li 

et al investigated the effect of the focal spot size on the kinetic evolution of the laser-

produced Cu plasma. It was demonstrated that the expansion dynamics are similar, 

irrespective of the position of the target whether it is in front of the focal point or in the 

background when the spot size is the same[28]. Harilal et al have explored the effect of 

spot size on the conversion efficiency (CE) of LIP of Sn where the better CE was noticed 

away from the actual focal position[29]. It has been demonstrated that it is extremely 

important to study and understand the temporal evolution of excited species in the plasma 

(neutrals and ions) as these will acts as debris in the Sn plasma-based extreme ultraviolet 

(EUV) source. In another study, the variation of LTSD has shown a significant change in 

plasma temperature. It was ascribed to the plasma plume expansion as well as the shape at 

different LSTDs [2, 3]. Apart from that, it was observed that the change in ionic line 

intensity is more prominent compared to the neutral lines for the Zn target excited with 

the ns pulse [30].  



 

39 

 

 Plasma diagnostic studies and a theoretical model for the temporal evolution of LIP 

In the present study, the effect of changing the lens position by small distances compared 

to the Raleigh range of the focused laser beam on the characteristic properties of Cu 

plasma is investigated. As well as a theoretical model for the kinetic evolution of the 

plasma temperature is proposed. The initial part (Section 3.2) of this chapter delineates the 

plasma diagnostic methods. The Boltzmann method (assuming LTE condition) is used for 

the estimation of the plasma temperature. The Stark broadening of the emission line is 

used for the estimation of electron density [1, 31, 32]. The subsequent section (3.4), present 

the results on intensity, decay time, temperature, electron density, and mass ablation 

studies. The last section (3.5) presents the theory of relaxation of the radiation model for 

the kinetic evolution of the plasma and validated with the experimental data. 

3.2 Plasma diagnostic studies 

3.2.1 An overview of thermodynamic equilibrium (TE) in 

plasma 

The formation and evolution/expansion of the LIP involves various processes such as 

photo-excitation/ionization, collision excitation/ionization, radiative and three-body 

recombination, de-excitation, and Bremsstrahlung emission, etc. The LIP goes through a 

phase of strong ionization during the interaction laser pulse whereas recombination is 

dominant during plasma plume expansion and cooling[15]. Under thermodynamic 

equilibrium (TE), the whole plasma system which consists of atoms, electrons, ions, and 

radiation can be explained by the statistical mechanics, where the equilibrium distributions 

are described by a single temperature. 

 i.e., all the processes involved in LIP will be in equilibrium with each other in complete 

TE condition. It is possible only when the rate of each process is the same as that of the 

inverse processes which is also called as a “principle of detail balance”. For example, the 

collisional excitation and radiative decay are two inverse processes involved in the plasma 

evolution which lead to the population and de-population of the species respectively. 

In TE, the “particle velocity distribution” has a Maxwellian distribution as given in 

equation 3.1 
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where, Bk is “Boltzmann constant”, T  is “temperature”,   & m are “speed” and “mass” of 

the particle respectively.  

The relative population distribution of the plasma species i.e., ions and electrons are 

governed by the following distribution (equation 3.2) 
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where, ig , iE  and iN  represent the “statistical weight”, “energy”, and “population” of the 

corresponding (
thi ) level respectively.  TU , and oN are “partition function”, and the 

“total number density of the species” respectively. 

The population of any particular species in different ionization states can be determined 

by the Saha–Eggert equation as given in equation 3.3 
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where, 
zN and 

1zN 
 are correspond to the number density of 

thz ,  1
th

z  ionization 

states respectively. eN  is “number density of the electrons”,   is “first ionization of an 

isolated system”, h  is “Planck’s constant”. 

Finally, the photon energy can be determined by the “Planck’s radiation law” at 

temperature (T), where the spectral energy density in the vacuum is given by equation 3.4 
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Where c  is “speed of the light”. 

However, most of the laboratory-based LIPs are non-homogeneous and highly transient in 

nature and can’t be in complete TE condition. The plasma should be optically thick in 

order to achieve the radiative equilibrium. Although, it is not followed in LIP where the 

radiation/photons are get escaped from the plasma and deviates from the “planks radiation 
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law”. However, if the energy loosed in the radiation process less than the other process 

then the Maxwell and Saha–Boltzmann distributions still be a valid approach for 

characterizing the LIP which is known as a “local thermodynamic equilibrium” (LTE). 

Under LTE, the population and depopulation of the atoms in the excited state, are 

dominated by electron collisions rather than the radiative process[33]. The minimum 

electron density, a necessary but not sufficient condition required to follow LTE is given 

by Mcwhirter criterion[34] as –  

 
312 1/21.6 10eN T E         (3.5) 

Where ∆E (eV) is the energy difference between spectral line transitions.  

The plasma can be considered as optical thin only if the emitted radiation is without being 

absorbed. If it is thick, the radiation emitted from the core of the plasma gets absorbed by 

the outer layer where the atoms are in relatively less temperature region. Thus, the 

emission lines will show a dip at the center of the spectral line which is also called as “self-

absorption”. The branching ratio is determined to verify the “optical thin condition” and it 

is given in equation 3.6 
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Where  ij, Aij, Ei, and Iij represent the “wavelength”, “transition probability”, “upper 

energy level”, and “intensity” of the corresponding spectral line respectively. m & i and n 

& j correspond to the upper and lower energy levels of a particular transition respectively. 

If the spectral transitions considered for the analysis possess the same upper energy level 

then the equation 3.6 can be modified as equation 3.7 
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     (3.7) 

The plasma can be considered to be optically thin only if the experimental intensity ratio 

matches with the theoretical ratio as given in equation (3.7). 
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3.2.2 Measurement of plasma temperature  

The temperature and electron density are the characteristic properties of plasma which 

influence the spectral emissions of the plasma[35]. Under LTE, the population of neutral 

or ionic species at a particular temperature follows a Boltzmann distribution as given in 

equation 3.2. The integrated intensity of the emitted radiation from the plasma at a 

wavelength is given by 

exp
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o i ij i
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N hcg A E
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Z T k T

 
  

 
     (3.8) 

where, h, Z(T), Bk , and T are “Planck’s constant (eV S)”, “partition function”, 

“Boltzmann constant (eV K
-1

)”, and “excitation temperature (K)” respectively. λij, Aij, Ei, 

and Iij represents the “wavelength (nm)”, “transition probability (s
-1

)”, “upper energy level 

(eV)”, and “integrated intensity” of the corresponding spectral line respectively. i and j 

correspond to the upper and lower energy level of the spectral transition respectively. The 

plasma temperature has been estimated from the Boltzmann plot method as given by the 

equation (3.9) 

ln ln
( )

ij ij oi

ij i B

I hcNE

A g k T Z T

   
         

    (3.9)  

All the spectroscopic parameters (Aij, gi, and Ei) of the corresponding spectral transitions 

are available in the NIST database[36]. The Boltzmann plot obtained by fitting the 

experimental data to a straight line (X=Ei, Y=ln( /ij ij ij iI A g ), and the temperature 

estimated from the slope of the fitted line (slope = 1/ Bk T ). Fitting the experimental data 

to linear approximation not only validates the assumption of a Boltzmann distribution but 

also serves as a crosscheck for the errors in transition probability value or line 

assignment[21, 37]. In general, only two lines are sufficient for the linear fit provided by 

those lines have their energy levels are well separated from each other[21, 37]. However, 

the accuracy in plasma temperature estimated from the Boltzmann plot can be improved 

by considering the more number of spectral transitions which are also having the upper 

energy level well separated from each other. Also, the transition which terminates to the 

ground state needs to be eliminated from the analysis otherwise the self-absorption leads to 

incorrect measurement of plasma temperature. 
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3.2.3 Measurement of electron density  

Electron density is another characteristic parameter of the plasma which has been 

determined from full–width at half maximum (FWHM) of the Stark broadening of the 

spectral line [38]. The width and shape of the spectral lines are influenced by collisional 

processes[17]. Three mechanisms can contribute to the broadening of the spectral lines viz, 

natural, Doppler, and Stark broadening. However, the broadening corresponding to the 

natural linewidth is extremely small and can be neglected. The Doppler broadening ( )D  

can be determined from equation 3.10 

77.16 10D ij

T

M
           (3.10) 

where M is the atomic mass in a.m.u. It is found from the literature the broadening 

corresponding to Doppler Effect is in the order of ~ 1-10 pm which is very small 

compared resolution of the spectrometer (throughout the thesis, “Andor-Mechelle” and 

“Ocean optics-Maya” spectrometers are deployed for the experiments which are having a 

resolution of 100 pm and 1000 pm at 500 nm respectively) and can be neglected. Hence, 

among the three mechanisms considered, only Stark broadening can be utilized for the 

estimation of the electron density. The energy levels of the spectral emission from the LIP 

are get shifted by the impact of electric fields produced from the plasma species (electrons 

and ions) and leads to spectral broadening which is also called as “Stark broadening”. The 

electron density is calculated using the FWHM of the spectral line according to Stark 

broadening as shown in equation (3.11) 
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where ‘A’ is the “ion broadening parameter” and ND is “number of particles” in the Debye 

sphere. By neglecting the small contribution of ions, equation (3.11) can be simplified as 

1/2 16
2

10
eN

        (3.12) 

where ω  is the “impact width parameter”, 1/2  is “FWHM” of the corresponding spectral 

line, and eN  is “electron density”. 

In the next sections, details of the experiment as well as the results are discussed. 
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3.3 Experimental details 

The schematic of the LIBS experimental setup is shown in Chapter2 (Fig. 2.6.) [39]. The 

laser beam (7 ns, 532 nm, and 90 mJ/pulse) was focused onto the Cu sample by using a 

Plano-convex lens of focal length 15 cm. The lens was mounted on a translation stage 

which allowed its movement along the laser beam propagation direction. The experiment 

was performed at three focusing conditions which are represented by X0, X1, and X2 as 

shown in the inset in Fig. 3.1. However, the movement of focal position is within the 

Raleigh range and the estimated value of the Raleigh range is found to be ~ 9 mm. Only 

the lens was moved with the aid of the micrometer screw to change the focal position with 

respect to the sample surface. X0 is the centre of the plasma produced in ambient air in the 

absence of the Cu sample. .i.e. the position represents the centre of the beam waist. The 

plasma length was scanned using a translation stage to locate this centre. X1 represents the 

position of the Cu sample surface at 1.5 mm above/before the X0 whereas X2 corresponds 

to the position below/after X0 as shown in the inset in Fig. 3.1. The motivation behind 

considering the three positions to study the effect of focal position on plasma properties 

and to evaluate the proposed theoretical model for different conditions. 

 

Fig. 3.1. The schematic of the typical LIBS experimental setup. The inset represents the 

focused laser beam waist. 
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The LIBS spectra were recorded in two modes viz, 1) Time integrated, and 2) Time-

resolved/evolution. A total of 20 spectra for each mode were recorded where each 

spectrum is acquired by accumulating the ten consecutive laser shots to improve the signal 

to noise ratio. The ICCD gain was set to be 100. The time-integrated spectra recorded with 

the gate delay of 0.5 µs and a gate width of 2 µs whereas the time evolution spectra were 

recorded in the temporal window 0.5 – 4.5 µs in steps of 0.5 µs with a constant gate width 

of 0.5 µs. 

3.4 Results and discussion 

3.4.1 Description of the LIBS spectral lines 

A typical Cu LIBS spectrum recorded at X0, X1, and X2 is shown in Fig. 3.2. The LIBS 

spectra look similar but with a change in spectral line intensities for the three positions. 

The spectrum is visualized in two separate spectral windows of 250-400 nm (Fig. 3.2a) and 

400-800 nm (Fig. 3.2b) with different intensity scales for the better view of the spectral 

lines.  

 

Fig. 3.2. The Cu LIBS spectra acquired at X0, X1, and X2. (a) & (b) correspond to the 250-400 

& 400-800 nm spectral windows respectively. The intensity scales are considered different for 

two graphs for better visualization. 

The energy level diagram of the Cu is shown in Fig. 3.3 in which all the prominent 

transitions are presented. The spectrum is composed of numerous Cu strong lines such as 

578.35, 521.82, 515.32, 510.71, 465.29, 327.46 324.82, and 296.11 nm. The spectral 

emissions from the air plasma (Hydrogen, Nitrogen, and Oxygen) also appeared in the 
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spectra and represented at their characteristic wavelengths (H-656.33, N-747.03, and O-

777.60 nm. Two dominant Cu lines viz., 324.82, and 327.46 nm are prevailed in the first 

part of the spectrum (250-400 nm) with the former having a higher intensity. The second 

part comprises the various other strong Cu lines along with the spectral features of 

omnipresent elements. It is observed that the spectral intensities are highest at X0 and least 

at X2 whereas the intensities at X1 are lying between the intensities at X0 and X2. It can be 

explained as follows. In the case of X2, the sample surface is located after the X0 (i.e. the 

exact focus is ahead of the sample surface as shown in Fig. 3.1) in contrast to X1 and X0. 

 

Fig. 3.3. Energy level diagram of the Cu neutral transitions. Red and black colors correspond 

to the lower and upper energy levels of the particular transition respectively.  

In this scenario, the laser-induced breakdown occurs in ambient air which is similar to the 

absence of a copper sample. As a result, the main absorption of laser energy is utilized in 

the formation of air plasma, which shields the surface of the sample from the direct 
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interaction of the laser beam. Thus, in these conditions, the ablation of the sample happens 

owing to the heat entering from the discharge zone to the sample surface as a result of heat 

conduction and thermal radiation. The amount of this heat is much less than compared to 

the amount of heat entering the sample under the direct interaction of laser bean on its 

surface. It is confirmed by evaluating the efficiency of Cu evaporation under the influence 

of laser radiation (see Table 3.3). 

As aforementioned X0 corresponds to the sample surface kept at the exact focal position 

and X1 represent the sample surface is located before the X0 (i.e. is the exact focus is behind 

the sample surface as shown in the inset in Fig. 3.1) Thus, at X1 and X0, the laser pulse 

directly interacts with the sample surface leads to the plasma formation. As a result, the 

efficiency of Cu evaporation under the action of the laser pulse and mass of evaporated Cu 

is higher compared to the X2 (see Table 3.3). It results in the formation of plasma with 

higher spectral line intestines at X0 and X1 compared to the X2. Further, in order to 

estimate the stability in laser energy coupling to the sample surface (i.e. LIB) at X0, X1, and 

X2, the intensities of four strong lines (324.82, 327.46, 510.17, and 515.32 nm) are 

compared and illustrated as a bar graph in Fig. 3.4(a-d).  

 
Fig. 3.4. The comparison of the four spectral line intensities. a) 324.82 nm, b) 327.46 nm, c) 

510.71 and d) 515.32 nm. 

Here, the intensity of a spectral line refers to the area obtained from the Lorentzian fit of 

the corresponding peak. The error bar in Fig. 3.4 represents the standard deviation of the 

intensities of the corresponding emission line obtained from the twenty spectral 

measurements. It is noticed that the variation of intensities from one spectrum to another 

is in the order of ~ 10 % which ascertains the stability of the spectral measurements at 

three LTSDs[40]. A similar trend is noticed for the other spectral features also thus not 
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shown in here. In the next sections, the kinetic evolution of the Cu spectral lines, plasma 

temperature, and electron densities at three focusing are explored. 

3.4.2 Temporal evolution of the plasma  

During the expansion of LIP in the ambient gas, the plasma cools down by emitting the 

intense electromagnetic (EM) radiation and also by the generation of sound and shock 

waves [9, 41, 42]. The LIP radiation comprising of a continuum as well as discrete lines of 

atomic and ionic emissions of the constituent elements of the target depending on the 

acquisition delay time. The time evolution spectra recorded in the time window of 0.5 – 5 

µs in steps of 0.5 µs at X0, X1, and X2, is presented in Fig. 3.5(a-f). The kinetic decay of five 

strong spectral lines (324.82, 327.46, 510.17, 515.32, and 521.82 nm) are shown in Fig. 

3.5(a-f). A strong continuum is prevailed in the spectra at the initial times (at 500 ns) due to 

the Bremsstrahlung emissions and it is decreased with increasing delay time as shown in 

Fig. 3.5(a-f). The spectral intensities decreases during the expansion of the plasma due to 

the decrease in plasma temperature. It also happens due to the de-excitation of the plasma 

species during the collisions. It is noticed that spectral emissions at X0 focal position are 

persisting for a longer time in comparison to the other two positions. The times required 

to reach 50 % of the initial intensity (it is the area under the peak) for all the lines at X0, 

X1, and X2 are given in Table 3.1. 

Table 3.1. Time (µs) required for the decay of spectral line intensities to 50 % of their initial 

value. 

 

324.82 nm 327.46 nm 510.71 nm 515.32 nm 521.82 nm 

X2 1.05 1.12 1.24 0.96 1.03 

X1 0.95 0.95 1.32 1.17 1.14 

X0 1.2 1.23 1.72 1.28 1.36 

 

The intensities of the 324.82, and 327.46 nm lines decrease to 50 % of its initial intensity 

within 1.25 µs and up to 10 % within 5 µs. The intensity of 510.71 nm line decreases to 50 

% of its initial value within 2 µs and have shown a higher lifetime among all spectral lines. 

The decay of spectral line intensities are in general modelled to exponential decay in the 

literature however no theoretical model developed to explain the decay to the best of my 
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knowledge. In the subsequent sections the plasma properties are determined and a 

theoretical model was developed for the decay of plasma temperature. 

 

 

Fig. 3.5. Time evolution of the Cu 324.82, 327.46 nm spectral lines at a) X2, b) X0, and c) X1. 

Time evolution of the Cu 510.71, 515.32 & 521.82 nm spectral lines at d) X2, e) X0, and f) X1. 
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3.4.3 Temporal evolution of the plasma temperature 

Four Cu neutral lines at 465.11, 510.17, 515.32, and 521.82 nm were chosen for the 

measurement of plasma temperature. The required spectroscopic parameters of the 

corresponding spectral lines were taken from the NIST database and the same presented in 

Table 3.2. 

Table 3.2. Spectroscopic parameters of the Cu lines. Relative line intensity intended to 

represent the strengths of the corresponding lines of a Cu as they would appear in emission.  

S.No Wavelength (nm) Aij 

(s
-1

)*10
7

 
gi 

(Ei)Energy (eV) Relative line 

intensity 

 
Observed Actual Upper  Lower 

1 465.29 465.11 3.8 8 7.737 5.072 2000 

2 510.71 510.55 0.2 4 3.817 1.389 1500 

3 515.32 515.33 6.0 4 6.191 3.786 2000 

4 521.82 521.82 7.5 6 6.192 3.817 2500 

 

The 2
nd

 and 3
rd

 columns of Table 3.2 represent the wavelengths of the spectral transitions 

observed and standard values taken from the NIST database respectively. The Boltzmann 

plot constructed by using four lines at three focal positions at 500 ns delay is depicted in 

Fig. 3.6(a). The symbols represent the actual data and the solid/dotted line corresponds to 

the linear fit. The same procedure has been performed for the remaining delays and also 

for twenty spectral measurements. 

 

Fig. 3.6. a) Boltzmann plot obtained at three positions at 500 ns delay time. b) The variation 

of the plasma temperature with time. 
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Each time, this dependence has been approximated by a straight line with the correlation 

coefficient of more than 0.995 which allows determining the corresponding plasma 

temperature. The temperatures calculated as a function of time at each position are shown 

in Fig. 3.6(b). The maximum plasma temperature ~16700 ± 400 K is obtained at X1 focal 

position, and it decreases to ~11600 ± 200 K within 4.5 µs as shown in Fig. 3.6(b).  

The temperature at X1 is higher compared to the other two focal positions, and the reason 

can be explained as follows. The plasma shielding could be possible during the early time 

scales of the plasma formation (10
–9

–10
–8

 s) where the leading edge of the laser pulse 

initiates it and the trailing part absorbed by the plasma [43]. However, it depends on pulse 

duration, ambient environment, irradiance, and sample. After initiation of the laser pulse, 

the absorption primarily occurs by the inverse Bremsstrahlung (IB) mechanism, which 

involves the absorption of a photon by free electrons in the focal volume [2, 17, 44, 45]. It 

further increases during the collisions with heavy particles (ions and atoms) which 

predominantly depends on the number density of the free electrons. In the present 

experiment, plasma shielding could be possible at the X1 position where the laser beam 

directly interacts with the Cu sample. At X1 focal position raising part of the laser pulse 

can interact with the more number of atoms (as solid density is more compared air) which 

favors the strong IB absorption and the trailing part may lead to the plasma shielding. 

Further, the plasma can be reheated[43] during the shielding process and result in higher 

temperature plasma at X1. Apart from that, plasma shielding can prohibit the later part of 

the laser pulse to interact with the sample surface thus resulting in a lower ablation rate. It 

is evident from the crater studies (section 3.4.5) of the ablated samples where the crater 

depth obtained at X1 is less. At the other two positions viz., X2, and X0, the laser pulse 

does not directly interact with the sample surface. At these two positions, the available 

number density of free electrons at the focal position is less in comparison with the X1, 

and the plasma shielding mechanism is not feasible. Hence, the plasma reheating is also not 

favorable which leads to the formation of less temperature plasma. It is also asserted by the 

mass ablation measurements where the amount of ablated mass and crater depth are higher 

compared to the X1 which could be due to the absence of plasma shielding effect. 
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3.4.4 Temporal evolution of the electron density  

The electron density[38, 46] is estimated by utilizing the Stark broadening method by 

employing Cu -510.57 nm spectral line. The broadening corresponding to the natural 

linewidth is extremely small and neglected. As well as the Doppler broadening estimated 

for the Cu spectral line at 510.57 nm for the present experimental conditions is of the 

order of ~ 0.006 nm. It can also be neglected since the resolution of the spectrometer is ~ 

0.1 nm. The impact width parameter ‘w’ corresponding to the spectral line, necessary for 

calculating Ne is taken from the literature[47]. To obtain the FWHM of the corresponding 

spectral line, the shape of the spectral line is fitted to a Lorentzian as shown in Fig. 3.7(a).  

 

 

Fig. 3.7. a) Lorentzian fit of the Cu-510.57 nm spectral line. b) Variation of electron density 

as a function of time. 

The electron densities estimated using equation (3.12) for the temporal window of 0.5 – 4.5 

µs are shown in Fig. 3.7. The highest electron density is observed at X0 and followed by X1 

and X2. Electrons in the plasma recombine with the ions during the expansion phase of the 

plasma, which leads to the reduction of the electron number density at later time scales. 

The electron density decays rapidly in the first 2 µs, and after this, it decreases very slowly. 

The maximum electron density obtained at X0 could be due to the maximum coupling of 

light to target leading to more ablation as observed in the crater studies (section 3.4.5). The 

air breakdown at X2 can result in less ablation rate which is also revealed in the crater 
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studies of the sample as shown in Fig. 3.9 in section 3.4.5. The crater depth and also the 

amount of ablated sample is minimum compared to the other two focal positions. 

 

 

Fig. 3.8. Comparison plot of the electron densities measured from the stark broadening and 

Mc Whirter criterion respectively. 

 

In addition, the validity of the local thermodynamic equilibrium (LTE) condition can be 

tested by evaluating the McWhirter criterion (a necessary condition). Fig. 3.8 represents 

the electron densities measured from the Stark broadening method and McWhirter 

criterion at three focal positions. It is evident from Fig. 3.8 that the measured electron 

densities (~ 3-7 X 10
17 

cm
-3

) are two orders higher than the electron densities (~ 2-3 X 10
15 

cm
-3

) obtained from McWhirter criterion. Thus, in the current study, the McWhirter 

criterion is satisfied at X0, X1, and X2 which validate the LTE assumption. 

3.4.5 Crater studies on the sample surface 

Under the action of an incident laser beam, the ablation of the sample occurs and leads to 

the formation of a crater on the sample surface. The ablated crater was characterized by 

the profilometer which determines the surface and depth profile. The crater profiles 
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formed by the irradiation of the ten consecutive laser shots on the sample surface are 

shown in Fig. 3.9. 

 

 

Fig. 3.9. Profilometer measurements of the crater of the Cu samples. Zero on the y-scale 

represents the sample surface. 

The profilometer probe is scanned across the irradiated crater zone to obtain the depth and 

width of the crater. Position y=0 (on the y-axis) as shown in Fig. 3.9 corresponds to the 

surface of the initial sample while the little hill-like structure on either side of the crater 

indicates the re-deposition of the ejected mass of the sample from the crater. The crater 

formed at X0 focal position has the greatest depth of about 67 µm while at X1 and X2 it is 

about 30 and 15 µm respectively. The amount of mass ablated from the crater is estimated 

by considering the crater shape as a cone (see Table 3.3). As explained in section 3.4.1 air 

breakdown at X2 can lead to the reduction of the coupling of the laser energy to the sample 

and results in a very less ablation rate where the crater depth and amount of mass ablated 

is least shown in Fig. 3.9. The ablated mass is correlated with the spectral line intensities of 

the plasma as shown in Fig. 3.10. It represents the correlation of Cu spectral lines 324.82, 

327.46, 510.71, and 515.32 nm with the ablated mass. It is observed that the spectral line 

intensities are increasing linearly with the ablated mass. It is due to the more ablation leads 

to a higher number of excited species in the plasma and results in higher intensities and 

vice versa. 
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Fig. 3.10. Correlation of the Cu spectral line intensity with the mass ablated. a) 324.82 b) 

327.46 c) 510.71, and d) 515.32 nm. 

Various parameters of the plasma such as decay constant, electron density, and 

temperature are correlated with the amount of the mass ablated as shown in Fig. 3.11. The 

electron density is shown a positive linear correlation with the ablated mass it can be 

understood as follows. The electron density is proportional to the number of excited 

atoms, which, in turn, is proportional to the ablated mass. 

 
Fig. 3.11. Correlation of the different parameters of LIP with the ablated mass. a) plasma 

temperature, b) electron density, and c) decay constant. 
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On the contrary, the plasma temperature changes non-monotonously with the change in 

the ablated mass and has a maximum at X1 while the maximum of ablated mass is observed 

at X0. The maximum temperature at X1 can be attributed to the reheating of the plasma 

during the plasma shielding process (detailed explanation is already given in section 3.4.3). 

Similar results were also observed in the literature for varying focusing conditions [48]. 

The decay constant is also varying linearly with the ablated mass. The kinetic evolution of 

the spectral line intensities of the plasma is generally modeled to exponential decay. 

However, no theory is available in the literature to understand the relation. Thus, in the 

next section, the theory of relaxation is proposed to explain the kinetics of the plasma 

temperature and validate it with the experimental data.  

3.5 Theoretical model for kinetic evolution of the plasma 

The plasma temperature and electron density rapidly decrease with the time after 

termination of the laser pulse. The study of the temporal evolution of plasma temperature 

and electron density is of prime importance as many kinetic reaction rates indirectly or 

directly depend on these parameters[21]. However, the diagnosis of LIP is a challenging 

job due to the fundamental plasma quantities vary dramatically in time and space. Hence, 

in this section, a theoretical model is proposed for the kinetic evolution of the LIP based 

on the radiation mechanism.  

For the present study, the duration of the laser pulse Δ tL is ~7 ns. It is the characteristic 

time of the formation of the plasma plume whereas the duration of the process of plasma 

radiation relaxation Δ tr ~5 µs; i.e. Δ tr/ Δ tL >> 1. After the formation of the plasma, a 

decrease in temperature occurs, caused by the loss of heat due to the thermal conductivity 

of air and thermal radiation. The heat flux density due to thermal conductivity can be 

estimated by the following equation 

T
q

L



       (3.13) 

where λ is the coefficient of thermal conductivity of the medium, T is the plasma 

temperature, L is the characteristic distance at which the temperature drops from T to the 

ambient temperature (To<< T). 
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The energy flux density due to thermal radiation from “Stefan-Boltzmann law” is given as 

4
rq T       (3.14) 

where σ is the “Stefan-Boltzmann constant” 

Further, the ratio of heat flux due to the thermal conductivity and thermal radiation is 

given as 

3
r

q

q LT
 
       (3.15) 

By considering λ=0.5 w/mK (for air corresponds to a temperature of > 3000 K), T= 10
4

 

K. The estimated ratio (


r

q

q
) is found to be ~0.01 which demonstrates that in the process 

under consideration, the thermal conductivity can be neglected in comparison with 

thermal radiation. Thus, the thermal conductivity of air cannot explain the dependences of 

observed Cu spectral line intensities on time. Therefore, only the radiative mechanism is 

considered for reducing the temperature of the plasma. In this case, the energy 

conservation law for the plasma can be written in the form 

4
v

dT
mc S T

dt
       (3.16) 

Where m is the mass of the plasma, S is the surface area of the plasma plume, and Cv is the 

specific heat of the plasma cloud. All these parameters (m, S, and Cv) are assumed to be 

constant and the solution of the equation (3.16) is obtained as follows 

4
v

dT S
dt

T mc


     

3

+ 
3 v

T S
Int.const t

mc



        (3.17) 

By applying boundary conditions i.e. at time t=0 (it is the time of the termination of the 

laser pulse), T=Tm, where Tm is the initial temperature of the plasma channel 

3

3
mT

Int.const


   

by substituting the integration constant in equation 3.17  
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33

+
3 3

m

v

TT S
t

mc



         

3 33 3
1

3 3
m m

v

T S tTT

mc

  
  

 

      

3
3 3 3

1 m
m

v

S tT
T T

mc

 
 

  
 

    (3.18) 

33
v

m

mc

S T



       (3.19) 

Where ‘τ’ is the characteristic time (decay constant) of the radiative cooling of the plasma 

and equation 3.18 is modified as  

1

3

1m

t
T T





 
  

 
     (3.20) 

The experimental data described in previous sections is modeled with the theoretical 

dependencies as given in equation (3.19) and (3.20). When processing the experimental data 

using the expression (3.20), the parameters Tm and τ are considered as fitting parameters. 

The experimental data obtained from the Boltzmann plot method (see Section 3.4.3) for 

the laser beam focused at X0, X1, and X2 are shown in Fig. 3.12(a, b & c) respectively by 

markers. The theoretical dependences of the plasma temperature on time obtained using 

equation (3.20) are shown in Fig. 3.12 by solid lines. 

According to equation (3.18), 

3

3
v

m

mc
T

S



       (3.21) 

The values of the parameter τT3

m for the different positions of the focus are indicated in 

Table 3.3. We see that the parameter τTm

3

 has the same order for all positions of the focus 

but its value is different for different positions of the focus. The biggest difference is 

observed for the X2 focal position. This may be due to the difference in the mass ( m ) and 

the surface ( s ) of the plasma produced by the action of a laser pulse. The evaporated mass 

of Cu can be estimated by the expression J /m   where Ј is the energy of the laser pulse 

90 mJ,  is the efficiency of Cu evaporation under the action of the laser pulse,  is the 

latent heat of Cu evaporation ( =4.8×10
6

 J/kg). As a result,  

19  m g        (3.22) 
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Fig. 3.12. Dependence of the plasma temperature (T) on time (t) at a) X0, b) at X1 and, c) at X2. 

The markers and solid lines represent the experimental data and the theoretical fit 

respectively.  
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If the plasma plume has the shape of a cylinder with a diameter of 0.1 mm and a length of 

1 mm, then S = 0.3 x 10
-6

 m
2

 

3 6370 10  mT X       (3.23) 

Taking into account the data from Table 3.3, we can estimate the mass of evaporated Cu 

and the efficiency of Cu evaporation under the action of the laser pulse using equations 

(3.22) and (3.23). The results of the calculations are shown in Table 3.3. The mass ‘m’ 

determined using equation (3.22) (i.e. based on the experimental data on the change in 

temperature of the plasma with time) with ablated mass calculated from the results of 

crater measurements is compared. Taking into account that the craters (Fig. 3.9.) were 

obtained as a result of ten shots, the ablated mass of a sample per shot is about 10 times 

smaller. This result is in order of magnitude consistent with the mass determined using 

equation (3.22). At the same time, quantitative coincidence takes place only for X0 focal 

position. 

Table 3.3. Fitting parameters of the theoretical dependence of equation (3.20) for different 

locations of the focus. 

S. No Parameters X2 X0 X1 

1  (µs) 
1.33 3.05 1.98 

2 Tm (K) 15352 14355 17323 

3 Deviation in T, % 4.2 2.2 2.8 

4  T
3

m ×10
6

 (s∙K
3

) 
4.81 9.02 10.3 

5 Ablated mass (µg) (Experiment) 0.52 4.45 1.35 

6 ƞ 0.013 0.024 0.028 

7 m (µg) (Theoretical model) 0.25 0.46 0.53 

 

For other focal positions, the actual ablated mass, determined from the crater 

measurements, is less than the mass calculated by equation (3.22). To understand the 

reasons for this difference, it should be noted that after each shot, the sample surface shifts, 

so that the conditions of each subsequent shot are different from the conditions of 

previous shots. Thus, only the first shot corresponds to the declared focal position. 

Moreover, in our calculations, we used the same value of the surface area of the plasma 
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cloud for all focal positions. The actual values of the surface area S could improve the 

obtained results 

3.6 Summary 

An overview of thermodynamic equilibrium (TE) conditions, as well as the plasma 

diagnostic principles, are briefly discussed in the initial sections of this chapter. The optical 

emissions are utilized for the plasma characterization where the plasma temperature and 

electron density are estimated from Boltzmann plot and Stark broadening methods 

respectively. The LIBS experiment is performed on the copper sample by varying the 

position of the laser beam waist with respect to the sample surface (total three LSTDs). 

The effect of LSTD on the various parameters of the plasma viz., intensity, temperature, 

electron density, and decay constant are presented in subsequent sections. The maximum 

plasma temperature is observed at X1 compared to the X0 & X2. It could be attributed to 

the influence of plasma shielding at X1 where the reheating of the plasma led to the 

increase in temperature. Also, it is asserted by the mass ablation studies of the craters 

where the amount of mass ablated is less at X1 compared to the X0 due to the plasma 

shielding. It is found that maximum electron density observed at X0, and followed by X1 & 

X2. Further, the characteristic plasma lifetime   (decay constant) is longest for the X0 focal 

position, and the shortest for the X2 position. It is noticed that the ablated mass is linearly 

correlated with the electron density, decay time, spectral line intensities. In order to 

explain the relaxation of the plasma radiation, a theory based on the assumption that the 

process is governed by thermal radiation of plasma is developed. The theoretical 

dependence of the plasma temperature on time agrees well with the temperatures 

determined from the experimental data using the Boltzmann plot. 
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CHAPTER 4 : LIBS as a spectroscopic tool for the 

identification of plastic waste  

 

This chapter is an application towards the identification of plastic waste. It presents the 

efficient and rapid identification of ten different types of post-consumer plastics waste 

obtained from a local recycling plant. A systematic investigation is done with the aim of 

reducing the weight, size, and cost of the ns LIBS detection system and data acquisition & 

analysis time. For this, the performance of LIBS is evaluated by interrogating the samples in 

a single-shot as well as accumulation mode (of ten consecutive laser shots). Also, the spectral 

emissions of the plasma are captured by two different detection systems i.e., an Echelle 

spectrograph equipped with an ICCD and a low-cost portable Czerny Turner spectrometer 

coupled to CCD. Various data exploration methods viz., univariate (C-C bonds correlation), 

bivariate (C/H ratio analysis), and multivariate approaches (PCA, ANN, and RF) are utilized 

for the classification. The first two (uni & bi-variate) have resulted in partial discrimination 

and the last one (multivariate) has shown promising results where the identification 

accuracies up to ~99 % are achieved. The analysis performed with the CCD detector in 

single-shot mode resulted in a reduction of overall time by a factor of ~ 15 times compared 

to the ICCD. Finally, the results demonstrated here can be utilized in making a compact, and 

low-cost LIBS system for the rapid identification of plastics with higher accuracies for the 

real-time application. 

 

 

 

 

 

Part of this chapter’s work has been published as following journal article. 
 

Rajendhar Junjuri, C. Zhang, I. Barman, M.K. Gundawar, "Identification of post-
consumer plastics using laser-induced breakdown spectroscopy", Polymer Testing, 
(2019). 
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4.1 Introduction 

The extensive use of plastic in our daily lives is creating the landfill problem by the 

accumulation of debris and leading to an increase in pollution. Every year, several million 

tons of packaging materials, water bottles, scrapped household appliances, and other mixed 

plastic products are being generated worldwide[1, 2]. Their higher durability adds more to 

the disposal problem, and the traditional disposal methods such as burying and 

incineration are leading to the wastage of natural resources as well. The ever-increasing 

industrial and domestic waste raises more concerns over the recycling of the plastics. 

Recycling the plastics offers an efficient solution to minimize waste output and reduces the 

usage of natural resources as well as pollution of the atmosphere. Identification of the type 

of plastic is the primary and critical step in the recycling process as it affects the quality 

and cost of the final products. Efficient, faster, and economic feasibility are the three prime 

factors for any recycling technique to become popular. Recycling techniques are specific to 

plastics and sometimes the additives present in the plastics need to be properly 

identified[3]. Manual sorting[4, 5] is the widely used traditional technique for identification 

based on the resin coding system[6], appearance, and color of the plastic. Sink floating 

measurement[7] is another conventional and low-cost separation technique used for 

separation based on their density. Following spectroscopic methods are reported in the 

literature for the identification of the plastics based on the scattering, absorption, 

transmission of the light: Raman spectroscopy[8, 9], fluorescence spectroscopy[10], X-ray 

fluorescence (XRF) spectrometry[3] and near-infrared (NIR) spectroscopy[11]. Raman and 

NIR spectroscopic studies provide the unique molecular fingerprint of the plastic which 

favors accurate discrimination by looking at their representative spectra whereas 

fluorescence lifetimes are used as markers for separation of plastics. 

Manual sorting of plastics is an error-prone and time-consuming process. In addition, the 

employees involved in the sorting process need to be well protected as their exposure to 

hazardous plastics (industrial and medical plastic waste) could be lethal. Furthermore, the 

sink floating measurements require the usage of different chemical reagents in the floating 

medium (water) for the efficient identification of plastics. The NIR measurements have 

limitations with the thickness of the plastics (thickness should be greater than 20 µm) and 
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dark colour samples[11]. XRF has the only advantage of identifying Polyvinyl chloride 

(PVC) by detecting the chlorine [3, 6] however, it can be utilized to quantify the different 

flame retardants and elements in the pigments (Br, Sb Ti, Pb, Cd, Zn, and Si) present in 

the plastic. Raman spectroscopy detects the sample based on the molecular bonds 

nevertheless, it has limitations with the dark and black colour samples[8]. Moreover being 

a weak signal, the strength also greatly depends on the excitation wavelength used for the 

identification of samples. 

LIBS being a simple technique can overcome the limitations of the conventional and other 

spectroscopic methods as described in chapter 1. It has been not only used for the 

classification of plastics but also the quantification of different trace elements present in it. 

Liu et. al. recently presented a comprehensive overview of works devoted to the 

classification and identification of the different types of the plastics using LIBS technique 

along with the quantitative analysis of the metallic elements present in it [12]. Table 4.1 

summarizes the work done for the identification of plastics using the LIBS technique. 

Various intensity ratios deploying the atomic and molecular emissions were evaluated for 

sorting the different types of plastics in which H/C and C2/C are found to be the 

prominent [13-15]. Further, the improvement in accuracy with the aid of the ratiometric 

approach was accomplished by utilizing the buffer gas[16]. Also, exploiting the method of 

adjusting spectral weights (ASW) was demonstrated the identification rates close to 100% 

[17]. The method of normalized coordinates and rank correlation method successfully 

identified plastics with a 95% confidence level [18]. Time and space resolved imaging of 

plasma was also used to identify the plastics in which a good correlation between the 

emissions of the plasma to their molecular structure was revealed [19].  

LIBS combined with various multivariate tools such as ANN[20, 21], PCA[8, 22-24], PLS-

DA[15, 25], SVM[17], SIMCA[26], Euclidean Distance, and Receiver Operating 

Characteristic (ROC)[22] have shown promising results for the identification and 

separation of the plastics[24, 27-29]. Nevertheless, most of these studies described in the 

literature were mainly reported on the standard plastics purchased from the 

companies/industries. Only a very few studies were performed on used/post-consumer 

plastics as listed in Table 4.1 
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Table 4.1. Summary of the work devoted to the identification of the plastics in the LIBS 

literature. Total no of the samples (#), Sample details (SD), Detector type (DT), no of laser shots 

used for recording 1 spectrum (NS), Used samples (U), Standard samples purchased from the 

company (S), E-Waste (E), Not mentioned in the literature (NM), and no of channels of the CCD 

Spectrometer (CH). 

S.No Sample names (#)  SD Analysis (Identification rate) DT & NS  Ref 

1 HIP, PP, LD, ABS, PS, PC HD, 

PET, SIHET and PPCP (10)  

U Ratiometrics and PLS-DA (89 - 

93 %) 

ICCD & 10 [15] 

2 ABS, PA, PVC, PMMA, POM, 

PP, PTFE and PU (8) 

S Self-organizing maps (SOM) and 

K-means clustering (99 %) 

ICCD & 30 

 

[30] 

3 PP, PE, PET, and PS (4) S Euclidean distance and Pearson's 

correlation (73 - 87 %) 

ICCD & 10 

 

[27] 

4 PP, PE, PET, PS and PVC (5) NM C/H and C2/C ratio  ICCD & 10 [13] 

5 PP, PE, PS, PVC, ABS, PTFE, 

POM, PA and PMMA (9) 

NM SVM (98-100 %) (Ar is used as 

buffer) 

ICCD & 30  [17] 

6 ABS, PP and HIP (3) S CN/He ratio (He is used as buffer 

gas) 

ICCD & 60  [16] 

7 PA, PE, PS and POM (4) S Space & time resolved imaging 

plasma 

ICCD & 10 [19] 

8 PP, PE, PC, PVC, POM, PA and 

PMMA (7) 

NM ANN (81-100 %) ICCD & 1-10 [21] 

9 PP, PE, PET, and PS (4) S PCA ICCD & 10 [24] 

10 PE, PP, POM, PVC, PTFE, POE 

, ABS, PC, and PBT (9) 

S Separation by PCA and C2/H 

ratio  

ICCD & 45 [23] 

11 PP, HD, PET, and PS (4) NM PCA and Mahalanobis distance 

(80- 100 %) 

ICCD & 

NM 

[22] 

12 PP, PE, PET, and PS (4) S&U Raman & LIBS combined with 

PCA and Mahalanobis distance 

(93 – 98 %) 

ICCD & 

NM  

 

[8] 

13 PP, PE, PET, PS and PVC (5) U C/H and ANN (65-77 and PVC 

identified with 99 %)  

ICCD & 

NM  

[20] 

14 PP, PS, LD, HD, PET, PVC and 

PTFE (7) 

S&U Method of normalized co-

ordinates with t-test (95 %) 

2CH-CCD 

& 15 

[18] 

15 ABS, HD, PC, PE, PP, PS, 

PMMA, POM, PU, PTFE and 

PVC (11) 

S Variable selection combined with 

PLS-DA (85-99.5 %) 

3CH-CCD 

& 20 

[25] 

16 PP, LD, HD, PET, PS and PVC 

(6) 

S C/H ratio 4CH-CCD 

& 20 

[14] 

17 PP, PE, PET, PS, and PVC (5) S&U Correlation coefficients 

combined with student’s t-test 

(90 -99 %). 

2CH-CCD 

& 10 

[29] 

18 PP, PE, PET, PS, and PVC (5) S&U Non parametric correlation (90 -

99 %) 

2CH-CCD 

& 10 

[28] 

19 PA, NTP, HD, and PET (4)  S&U Commercial LIBS system, KNN 

and SIMCA (93-98 %) 

6CH-CCD 

& 1 

[26] 

20 PET, LD, HD, PVC, PP, and PS 

(6) 

S Linear correlation based on the 

spectral library (90 %) 

7CH-CCD 

& 1 

[31] 



 

69 

 

 LIBS as a spectroscopic tool for the identification of plastic 

waste 

Polyurethane (PU), Polytetrafluoroethylene (PTFE), Polyoxymethylene (POM), Polymethylmethacrylate 

(PMMA), Polyamide (PA), Polyoxyethylene (POE), Polybutylene terephthalate (PBT), and Novatein 

thermoplastic protein (NTP). 

 

The difficulty in the identification of plastics increases as the chances of plastic 

contamination increases from the time of their disposal by a consumer to their arrival at 

the waste collection center. To address these issues, it is necessary to build a data model 

using real-time post-consumer plastics. Moreover, 60 % of the total works reported in the 

literature (details are given in the 5
th

 column of Table 4.1) have employed the Echelle based 

ICCD spectrometers. Remaining all studies have deployed the multichannel (2-6 channel) 

gated CCD spectrometers. Furthermore, 20 works out of 22 in Table 4.1 have acquired the 

spectral data by accumulating the 10-50 consecutive laser pulses depending on the 

experiments.  

 

Thus, the main motive of this work is to minimize the cost, size, weight, and analysis time 

that incurred in identification plastics by deploying a single channel non-gated CCD 

(NCT-CCD/CCD) spectrometer in place of Echelle spectrometer coupled with ICCD 

(ES-ICCD/ICCD) and to develop robust multivariate algorithms. Generally, Echelle 

spectrometers are considered as the workhorse for the LIBS detection system owing to the 

higher resolution with a wide spectral range to detect multiple elements in a single 

acquisition. Nevertheless, it requires a highly sensitive area detector which leads to an 

increase in their size and cost[34]. Also, the Echelle based spectrometers are sensitive to the 

ambient atmosphere where the change in ambient temperature affects the calibration of 

the detector. In addition to these parameters, the cost of the ICCD makes it difficult to 

promote as miniaturized popular commercial equipment. Whereas the CCD spectrometers 

are portable, low-cost, easy to operate, posses fast frame rates, doesn’t require detector 

cooling, filed deployable and can be operated in a wide range of temperatures in the 

ambient atmosphere in contrast to the ES-ICCD spectrometers[35]. On the other hand, 

multichannel (3-6) gated CCD spectrometers are relatively costlier compared to the single-

channel NCT-CDD spectrometers. The inability of the NCT-CCDs to avoid continuum 

21 ABS, PS, PE, PC, PP, PA (6) E KNN and SIMCA (done in 

ablation chamber) (92-98 %) 

6CH-CCD 

& NM 

[32] 

22 Black and white plastics E KNN, SIMCA and PLS-DA (72.8 

– 99.5 %)  

6CH-CCD 

& NM  

[33] 
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which generated during the laser-matter interaction is the major limitation to impart these 

in the LIBS detection system. However, the appropriate treatment for the 

continuum/background in the nongated LIBS spectra has resulted in the accurate 

discrimination of organic samples with similar chemical composition viz., isomers[36], and 

pharmaceuticals[37]. Also, it has been deployed for the identification of complex samples 

like explosives[38], alloys, and soils[35]. Further, LIBS combined with CCD spectrometers 

(of resolution ~1 nm at 500 nm) have been demonstrated the discrimination of various 

samples viz., alloys[39], glass bottles[40], wood[41], and geological materials[42]. However, 

a comparative and systematic evaluation of the NCT-CDD and ES-ICCD spectrometers 

has not been reported for the classification of samples to the best of my knowledge.  

In this chapter, the performance of LIBS with NCT-CCD and ES-ICCD spectrometers 

have been evaluated for the classification of the plastics. The experiment was performed on 

ten different post-consumer plastics obtained from a local recycling unit as their 

identification would be more relevant to the actual scenario. The spectra were acquired in 

a single shot and ten shot accumulation mode to evaluate the performance of multivariate 

techniques in both the conditions. Further, the ratiometric approach, C-C bonds 

correlation, and multivariate methods like PCA, RF, and ANN were deployed for treating 

the data and to validate their application for a set of ten different types of post-consumer 

plastics. Finally, a feature selection method based on the random forest (RF) algorithm was 

employed to find the essential features of the LIBS spectra and to achieve faster 

identification.  

4.2 Characterization of the samples 

The details of the ten post-consumer plastics are given in Table 4.2. It shows the sample 

name, chemical formula, stoichiometric ratios, and their recycling numbers. The 

international resin identification coding system (IRICS) has provided a consistent resin 

coding number (recycling number- N#) for the identification of plastics and the same is 

presented in the last column of Table 4.2. The number 1-6 (3 is for PVC) is a 

representative recycling number of each plastic. All the remaining plastics are designated as 

‘others’ category by IRICS and number seven (#7) is assigned to it. This coding system 

enables the users to easily identify the type of plastic and serves as a tool for the manual 
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sorting of the plastics. Also, it has been adopted by various research communities in the 

world for implementing the recycling process. 

Table 4.2. Details of the samples and various theoretical atomic ratios. Not available - (NA) 

 

The following five plastics viz. PP, HD, LD, PET, and PS together account for the 2/3
rd

 of 

the total plastics production [2]. LD, HD, and PP belong to the polyolefins family. The 

molecular structure of SIHET, PPCP, and HIP are not available nonetheless the 

stoichiometric composition is known for all samples except for the PPCP and SIHET. All 

the plastics are obtained from a local recycling plant and the sample names are provided by 

them. Hence, the identity of the samples was evaluated by measuring their melting points 

using a thermogravimetric–differential thermal analysis (TG-DTA) prior to performing 

the LIBS experiment. Furthermore, the samples were also characterized by the Raman 

spectroscopy technique which provides the characteristic molecular fingerprint of the 

corresponding plastic. 

4.2.1 TG-DTA analysis 

TG-DTA is a well-established thermal analysis technique for characterizing the plastics 

which quantitatively determines the physicochemical changes in the sample. DTA studies 

provide information about the melting point, boiling point, and crystallization 

temperature of a sample which are characteristic for a particular plastic and can be utilized 

for their identification. Crystallization is an exothermic process where the energy is 

released during the heating while the other two are endothermic. TG analysis provides the 

S. No Scientific Name Acronym Chemical 

formula 

C/O C/H H/O Recycle 

No (#) 

1 High impact polystyrene HIP (C12H16) 0 0.75 0 7 

2 Polypropylene PP (C3H6)n 0 0.50 0 5 

3 Low-density polyethylene LD/LDPE (C2H4)n 0 0.50 0 4 

4 Acrylonitrile butadiene styrene ABS (C15H17N)n 0 0.88 0 7 

5 Polystyrene PS (C8H8)n 0 1.00 0 6 

6 High-density polyethylene HD/HDPE (C2H4)n 0 0.50 0 2 

7 Polyethylene terephthalate PET (C10H8O4)n 2.50 1.25 0 1 

8 SIHET NA NA NA NA NA 7 

9 Polycarbonate  PC (C16H14O3) 7.50 1.14 4.67 7 

10 Polypropylene Co-polymer PPCP NA NA NA NA 7 
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weight changes of the sample as a function of temperature[43]. The analyte weight loss can 

be occurred due to the decomposition, desorption, vaporization, or sublimation. Whereas 

the oxidation process leads to an increase in the weight of the sample. All the samples were 

cleaned with water to remove the debris before performing the TG-DTA (Model- SDT 

Q600, M/s TA instruments) experiment. The TG (solid line) and DTA (dotted line) curve 

are shown in Fig. 4.1 where it represents the weight percentage and heat flow of the PP as 

a function of temperature respectively. The initial set temperature was kept at 30 °C and 

then it was increased up to 300 °C in with an increment of 10 °C/min. The experiment 

was performed in a controlled atmosphere where the chamber was purged with the 

nitrogen gas(100.0 ml/min). The instrument consists of two crucibles one for the sample 

and the other for the standard reference sample(Alumina). The plastics were cut into small 

pieces to place in the crucible. The thermocouple measures the temperature of the 

crucible. The heat flow difference between the sample and reference gives information 

regarding the physical and chemical changes occurring in the sample while it is heating. By 

analyzing the DTA curve, it is possible to find the melting temperature (Tm). 

 

Fig. 4.1. TG-DTA plot of the PP plastic. The dashed line is the heat flow curve (DTA), and 

the solid line represents the weight percentage of the sample. The inset in the figure 

represents the close view of the dip at the melting point. 

The dip at 164 °C in the DTA curve (visualized in the inset in Fig. 4.1) corresponds to the 

melting point of the PP. As aforementioned the weight of the sample should be constant 

during the melting temperature. The TG curve ascertained the same as there is no weight 

loss at that temperature. Similarly, the analysis was performed for all the samples, and the 

obtained melting points are given in Table 4.3.  
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Table 4.3. The melting temperature (Tm) of the samples obtained from the TG-DTA. 

S. No Sample name Tm (°C)  Reference 

Experiment Literature 

1 HIP 260 210-290 [44] 

2 PP 164 164 [43] 

3 LD 117 118 [43] 

4 ABS 106 105-110 [45] 

5 PS 231 230 [43] 

6 HDPE 130 130 [43] 

7 PET 247 248 [43] 

8 SIHET 227 NA NA 

9 PC 149 147-155 [46] 

10 PPCP 132 NA NA 

 

The results demonstrate that the measured melting points are in good agreement with the 

values reported literature which confirms their identity[43]. It is worth considering that 

some of the amorphous plastics (ex: ABS, PC, and HIP, etc.) will have a certain range of 

temperatures for the melting. Thus it does not have a fixed sharp melting point like 

crystalline/semi-crystalline plastics (ex: HD, LD, and PP, etc). 

The TG-DTA analysis provided an overview of the identity of the plastic obtained from 

the recycling center and further Raman spectroscopy technique being utilized to evaluate 

their identity in the next sections. 

4.2.2 Raman analysis 

Raman spectroscopy is a branch of vibrational spectroscopy which is considered as one of 

the prominent methods for the characterization of polymers. It has been proved as a 

powerful spectroscopic tool that finds the applications in every branch of science as well as 

in a wide range of industrial disciplines. The interaction of EM radiation with matter, in 

particular, the specific absorption and emission of particular a wavelength provides the 

crucial and valuable acquaintances of chemicals. This laser-based spectroscopic technique 

provides the information of the sample at the molecular level. The rich vibrational content 

in the Raman spectra offers the details of the chemical structure and morphological nature 

of the analyte. Thus it serves as a valuable analytical tool for identifying the plastics by 

looking at their molecular fingerprint spectra. Despite numerous advantages of Raman 
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spectroscopy, a well-known competing process can also appear along with Raman 

scattering i.e. fluorescence which is observed due to the transitions of electronic excitation 

of the molecule. The fluorescence signal strength is two/three orders higher than the 

Raman signal (only 1 in 10
6

 photons shows the Raman scattering) and which is sometimes 

buried in the fluorescence. Hence, this unwanted fluorescence could deteriorate results and 

limits the robust use of the Raman technique for recognizing a wide range of materials. 

Here, the Raman spectra were acquired by using a portable Raman spectrometer (i-Raman 

plus, M/s B&W Tek). All the samples were excited with continuous diode laser operating 

at 785 nm. Raman spectra of all the samples were recorded by averaging five single 

spectrums with each spectrum acquired with the integration time of 1s. A typical raw and 

background corrected Raman spectrum of ABS are shown in Fig. 4.2. Fig. 4.3 shows a 

typical background-corrected Raman spectrum of each sample along with the 

corresponding representative recycling number inside the triangle. It is evident from Fig. 

4.3 that a specific plastic can be accurately distinguished from others except for LD and 

HD based on their unique spectral signature. These two have shown similar spectral 

signatures owing to the same molecular structure. However, the minute changes observed 

in the intensity and shape of a specific peak can be attributed to the changes in the 

percentage of crystallinity, and density of the samples.  

A similar observation is demonstrated in the dendrogram plot as shown in Fig. 4.4 where 

the LD and HD formed as one cluster. For the present study, the Euclidian distance 

method is utilized and one spectrum for each sample is considered. The x-axis on the plot 

corresponds to the distances/dissimilarities between the samples. The Raman spectra of the 

PS, ABS, and HIP look similar except for some peaks due to the common spectral 

signature of the styrene. The dendrogram plot corroborates the same where these three are 

formed as one cluster. The Raman spectra of the PC, PP, PET, and SIHET are drastically 

different from each other and the remaining plastics also. Similar observations are noticed 

in the dendrogram where the maximum distances were demonstrated which corresponds 

to the highest dissimilarities among them. The characteristic lines observed in the Raman 

spectra of all the plastics are compared with the data available in the literature and 

corresponding spectral assignments are enumerated in Table 4.4. The results are found to 

be in good agreement and confirm the identity of the plastics. [8, 9, 47-49].  
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Fig. 4.2. Raman spectra of ABS with the background (Top) & after background removal 

(bottom). 

 
Fig. 4.3. Background corrected Raman spectra of the ten plastics. The numbers inside the 

triangle represent the recycling number. 
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Fig. 4.4. Hierarchical clustering of the ten plastics using the dendrogram visualization  

Table 4.4. The details of the characteristic Raman lines observed for all the plastics. Each peak 

is assigned to the corresponding bond assignment.  - Stretching, ρ – Rocking, s –Symmetric, 

and δ -Deformation[50]. 

S No Sample name Raman shift (cm
-1

) Spectral assignment 

Observed  literature 

1 HIP 1670 1671 [ν (C=C)] 1,4-trans  

2 PP 809 811 [ρ (CH2), ν (C-C), ν (C-CH3)] 

1458 1464 [δ (CH3), δ (CH2)] 

2952 2959 [ν (CH3)] 

3 LD 1127 1133 [ν (C=C)] 

1438 1446 [δ (CH2)] 

2845 2851 [ν (CH2)] 

4 ABS 1602 1603 ν s (C-C) of benzene ring 

1666 1668 ν (C-C trans) 

2238 2239 ν (C-N) 

5 PS 794 795 [α (C-C-C)] 

1000 999 [radial (C-C)] 

1601 1602 [vinyl (C-C)] 

6 HD 1127 1133 [ν (C=C)] 

1438 1446 [δ (CH2)] 

2845 2851 [ν (CH2)] 

7 PET 1288 1290 [ν Ring (C-C), ν (C=O), δ (C=O)] 

1614 1614 [ν Ring (C-C) and δ (C=H)] 

1725 1732 [ν (C=O)] 

8 SIHET 598 NA NA 

9 PC 705 706 C-H out-of-plane bending 

1112 1110 C-O-C stretching 

1779 1781 C=O stretching 

10 PPCP 413 NA NA 
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In the next sections, these plastics were further investigated by the LIBS technique 

combined with various chemometric techniques. 

4.3 Experimental details 

The schematic of the experimental setup used to perform these experiments is already 

shown in chapter 2, Fig. 2.7 (ICCD) and Fig. 2.9 (CCD). The plasma on the sample surface 

is produced by focusing a 50 mJ laser beam (532 nm) through a plano-convex lens of 100 

mm focal length. The photos of plastics samples taken with a mobile phone camera are 

shown in Fig. 4.5. The blackened area in a rectangular shape on the sample surfaces 

represents the laser ablated area. 

 

Fig. 4.5. Pictures of the plastic samples. Black rectangles on the sample surface represent the 

laser-irradiated area. 

The spectra were acquired with the two spectrometers. The scientific details and 

instrument specifications are already discussed in Table 2.2 in chapter 2. 

1) Non-gated Czerny Turner CCD spectrometer (Hereafter, referred as the ‘CCD’) 

2) Mechelle spectrograph equipped with the ICCD. (Hereafter, referred to as the ‘ICCD’) 

The integration time of 30 ms was used for recording the spectra with the CCD. The 

spectra were acquired with a gate delay of 1 µs and a gate width of 2 µs in the case of 

ICCD. Also, the data (each spectrum) was recorded in three modes  

1) Accumulation of ten laser shots (ATS) with the ICCD (Hereafter referred as 1
st 

dataset) 

2) Single shot (SS) acquisition with the ICCD (Hereafter referred as 2
nd

 dataset) 

3) Single shot (SS) acquisition with the CCD (Hereafter referred as 3
rd

 dataset) 
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4.4 Results and discussion 

Fig. 4.6 illustrates the typical LIBS spectra of PS recorded with an ICCD (in ATS & SS 

mode) and CCD (in SS) acquisition modes. Each spectrum is shown in two separate 

windows i.e. 220-525 & 545-1000 nm to provide a clear view as shown in Fig. 4.6(a & b) 

respectively and the intensity scales are different for two windows. A strong continuum is 

noticed for the spectra recorded with the only CCD spectrometer as shown in the bottom 

plot of Fig. 4.6. It has appeared due to the Bremsstrahlung emissions in the early time 

scales of the plasma evolution which is inevitable for spectral acquisition using the non-

gated CCD spectrometer. It should be noted that Carbon atomic emission peak at C I 

247.8 nm was not observed in the LIB spectra recorded with CCD in contrast to the 

ICCD. This is due to the lack of sensitivity of CCD in the UV region. However, it is also 

to be noted that the oxygen atomic peak in the region 470-480 nm is only observed in the 

LIB spectra recorded with CCD but not with ICCD. This could be ascribed to gated 

acquisition in ICCD, where the information of short-lived de-excitations could be lost in 

the process of avoiding the continuum. 

 

Fig. 4.6. LIBS spectra of the PS plastic acquired with the ICCD and CCD. a) & b) represent 

the spectra in the range of 220-525 and 545-1000 nm respectively with different intensity 

scales. The insets in figures represent the CN & C2 molecular bands. 

Fig. 4.7 (a-d) visualizes the plot of the individual spectral lines of H, N, O, and CN band 

recorded with the ICCD and CCD respectively. Some of the spectral lines are unresolved 

for the CCD for example, nitrogen lines and CN band as shown in Fig. 4.7 (b &d) 

respectively. It is due to the less spectral resolution of CCD compared to that of ICCD. 
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Also, the spectral lines are relatively broadened compared to the ICCD. It is attributed to 

acquiring the emissions from the early time scales of the plasma. At the initial time scales 

the electron densities are higher in the plasma and lead to the broadening of the spectral 

lines due to the Stark broadening. 

 

Fig. 4.7. Spectral lines recorded with ICCD and CCD. a) H-656.29, b) N-742.42, 744.35, & 

746.89 c) O-777.41 (triplet) and d) CN (∆=0) molecular band. 

Further, signal to noise ratio (SNR) has been estimated for the three datasets at H 656.6 

nm line. Here, the signal corresponds to the highest intensity of the H line. The noise is 

estimated from the standard deviation of the 20 data points on either side of the peak 

which are close to the baseline of the H line. It is important to emphasize that, the 

maximum SNR (~170-180) was noticed for the CCD and the minimum SNR (~30-40) 

for the ICCD in single-shot acquisition mode. The SNR increased by more than two times 

(~70-85) for the ICCD ten shots accumulation when compared to the single-shot 

acquisition. Furthermore, statistical variations present in the spectra were investigated by 
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estimating the RSD (% of variation from the 100 trials for each sample) of the intensity of 

a spectral line and full spectrum for the three different datasets. Then the average of the ten 

sample variations is represented in Fig. 4.8.  

 

Fig. 4.8. Intensity variations measured for three data acquisitions. Full-spectrum represents 

the sum of the intensities estimated over the total spectral region. The carbon (C-247.85 nm) 

line is not observed in the spectra acquired with the CCD. Hence, the variation is not shown 

for the CCD. 

Full-spectrum in corresponds to the intensity estimated by summing the total region for 

ICCD (220-880 nm) and CCD (360-950 nm). For the spectral line, intensity refers to the 

area under the peak estimated from the Lorentzian fit. From Fig. 4.8 it is evident that the 

variation in intensity is maximum for the spectra acquired with ICCD in single-shot mode, 

irrespective of the peaks or full spectra considered. The accumulation mode has resulted in 

an increase of the stability by ~2 times when compared to the singles shot acquisition 

mode. In the case of CCD, the intensity variation is minimum for all the peaks and full 

spectra. The intestines are more stable for the C-247.85 nm line and followed by H-656.36 

nm and O-777.23 nm emission lines. 

4.4.1 Description of the spectral lines  

The background/continuum in the spectra acquired with CCD is removed by using a 

fifth-order polynomial fit program with an iterative least-squares curve fitting approach in 

MatLab [37]. Fig. 4.9 depicts the LIB spectra obtained after background correction and the 

spectra acquired with an ICCD are presented in Fig. 4.10. The spectra correspond to the 

SS acquisition looks close to the ATS spectra but with minimal changes in the intensity, 

hence not presented here. Typical LIBS spectra of all the samples look similar except the 

slight variations in line intensities as a consequence of similarities in their molecular 
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structures as shown in Fig. 4.9 & in Fig. 4.10. Carbon and hydrogen are common 

constituents among all samples with different stoichiometric ratios. Hence each spectrum 

recorded with the ICCD was normalized with the carbon (C) spectral line at C-247.85 nm 

as shown in Fig. 4.10. The spectral line of carbon was not observed in the spectra as the 

spectral sensitivity of the CCD is less deep UV region, thus it is normalized ((after 

background correction) to H-656.36 nm line (it is the strongest line in most of the plastics) 

as envisioned in Fig. 4.9. 

 

Fig. 4.9. LIBS spectra of ten plastics acquired with CCD spectrometer. All the spectra were 

normalized to the H-656.36 nm line after the background/continuum removal. The 

characteristic spectral features are represented at their corresponding positions. 
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These normalized datasets/spectra were utilized for the entire analysis. The following 

emissions are observed in the LIBS spectra recorded with both the spectrometers in 3 

modes (1
st

, 2
nd

, and 3
rd

) viz, Magnesium (Mg-279.50 & 280.34 nm), Calcium (Ca-393.33, 

396.84, & 422.67 nm), Sodium (Na-589.52, & 589.61 nm, it is an unresolved doublet for 

CCD), Hydrogen (H-656.29 nm), Nitrogen (N-742.42, 744.35, & 746.89 nm, it is an 

unresolved triplet for spectra collected with CCD), Potassium (K-766.49 nm) and Oxygen 

(O-777.41 (triplet) and 844.46 nm). 

 

Fig. 4.10. LIBS spectra of ten plastics acquired with ICCD in ten shot accumulation mode. 

Each spectrum is normalized at C-247.85 nm. 
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Table 4.5 presents the various emission line observed in the LIBS spectra acquired in three 

acquisition modes. The atomic lines of C, H, N, and O are ubiquitously present in the 

LIBS spectra of most of the organic samples. Besides the emissions from matrix elements, 

the spectral lines of the non-matrix elements as Mg, Ti, and Ca, were also observed in the 

LIBS spectra of plastics considered in this study. 

Table 4.5. The emission lines of the LIBS spectra of the ten plastics for the three datasets. 

Appeared in the spectra (), Not appeared in the spectra (). 

S. No Element name Emission lines (nm) 1
st

  2
nd

  3
rd

  

1 Carbon (C) C I - 247.85    

2 Hydrogen (H) H I - 656.29    

3 Oxygen (O) O I - 777.41, O I - 844.46    

 O II - 464.12    

4 Nitrogen (N) N I- 742.42, 744.35, 746.89, 821.78, 824.49, 868.32    

 N II -500.59, N II -567.95,    

5 Sodium (Na) Na I - 589.52, 589.61    

6 Magnesium (Mg) Mg I - 279.50, 280.34    

7 Potassium (K) K I - 766.49, 770.13    

8 Calcium (Ca) Ca I - 393.33, 396.84, 422.67     

9 Titanium (Ti) Ti I - 334.98, 363.36, 364.35, 365.42    

 Ti I – 430.59, 626.10    

10 
CN (∆=0) 

388.37     

11 
C2 (∆=0) 

512.96, 516.56    

 

These non-native metallic elements are regularly used as additives/fillers in the plastics to 

reduce their production cost as well as to improve the mechanical and physical properties 

of the materials [21, 51, 52]. Moreover, other spectral emissions (K & Na) are observed, 

which could be due to the contamination of the sample with their usage in daily life. In 

addition to atomic transitions, various molecular features corresponding to the CN violet 

and C2 Swan band systems are observed. The molecular formation pathways are complex 

nonetheless extensive studies have demonstrated that the CN band emissions could be due 

to recombination of C and N in the sample or from the ambient atmosphere and partially 

from the native CN bands present in the samples [15, 19, 53-55]. However, the C2 

formation is mostly attributed to the inherent C=C linkages of the analyte [15, 19, 53-55]. 

The ambient atmosphere of the plasma plays an essential role in the evolution of the laser-
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induced plasma (LIP) where the different species of the plasma plume can interact with the 

constituents of the surrounding environment. For the present case, the experiments were 

performed in ambient air only. Also, longer duration of the excitation pulse leads to the 

formation of high-temperature plasma due to reheating where the atomization and 

ionization are more favored at initial time scales in contrary to the molecular 

formation[54, 56]. Thus, the spectra recorded with CCD (where gating is not available to 

avoid the initial time scales) have shown the emission lines corresponding to ionic species 

of the nitrogen (N II -500.59 nm) and oxygen (O II - 464.12 nm) in comparison to the 

ICCD. However, air entrainment to the sample plasma plume only can be reduced by the 

usage of inert/buffer gas or vacuum requires a perching or vacuum chamber making the 

detection system bulkier), but it limits the application towards the real-time analysis.  

In the next sections, the ratiometric approach, C-C correlation analysis, and various 

multivariate techniques have been implemented for exploring the discrimination among 

the samples. 

4.4.2 Ratiometric analysis 

Carbon is ubiquitously present in all the organic samples whereas Hydrogen, Nitrogen, 

and Oxygen, are three basic constituents that provide a common basis for most of the 

organics. The LIBS spectra of the organic samples look similar to each other and the 

identification of these elemental constituents has limited appeal for their discrimination 

owing to the complex plasma formation. However, the emission intensity ratios of the 

various spectral lines provide a strategy for the discrimination and identification of organic 

materials. Also, the spectral line intensity fluctuations in the LIBS spectra arise due to 

variations in the shot to shot interaction can be minimized with the analysis involving 

intensity ratios. The ratiometric approach correlates the theoretical/stoichiometric ratios 

of constituent elements to the observed peak intensity ratios in LIBS spectra. Nevertheless, 

the spectral line section predominantly depends on the molecular structure of the analyte 

and observed emission lines of the LIBS spectra. As seen from Table 4.2, only carbon and 

hydrogen atoms inherently present in the molecular structure/formula of all the plastics in 

comparison to the nitrogen and oxygen. Hence, the C/H ratio is utilized for the analysis. 

Moreover, it is the only one ratio which possesses minimal atmospheric contribution to 
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the plasma. However, for the present analysis, only 1
st

 and 2
nd

 datasets are considered, as 

the spectral signature of carbon at C-247.85 nm is not observed in the 3
rd

 dataset (non-gated 

with CCD). Fig. 4.11(a&b) represents the C/H ratio plot of the 1
st

 and 2
nd

 datasets 

respectively. The actual and measured ratios in the graph correspond to their theoretical 

and observed intensity ratios respectively. 

 
Fig. 4.11. The correlation between the actual C/H ratios to the measured intensity ratios. a) 

ICCD 10 shot accumulation b) ICCD single-shot acquisition. The dotted line represents the 

linear fit. 

The solid sphere is a representative of the mean of the C/H ratios obtained from 100 

measurements for each sample and the error bar corresponds to their standard deviation. 

The molecular structure/formula of the PPCP and SIHET is unknown hence not 

considered for the present analyses as well as in the next section. The actual C/H ratios of 

the HD, LD, and PP are the same as given in Table 4.2. Hence in the analysis, the average 

of (intensity ratios) these three are considered as a single point and the same is visualized in 

the graph as shown in Fig. 4.11(a&b). The same procedure was also considered for the 

analysis in the next section (correlation of no of C-C bonds). The data is fitted for a 

straight line equation (y = mx + c) as illustrated in Fig. 4.11(a&b) with a red dotted line. 

An improved correlation (Pearson’s r = 0.91) is observed for the 1
st

 dataset compared to 

the 2
nd

 dataset (Pearson’s r = 0.82). It is also observed that the measured value of the C/H 

ratio for the HD and LD is similar which is attributed to the similar molecular formula. 

Also, similar observations were reported in the literature where the linear correlation of 

the C/H ratio is obtained[13].  
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Only, partial discrimination of the plastics is achieved with the ratiometric approach as 

some of the ratios are overlapping with one another thus, other exploratory methods need 

to be evaluated for better performance. The diatomic molecular fragments and bond 

correlations such as CN, C=C (C2), and C-C also provide useful indications for the 

discrimination of organic materials as reported in the literature [53, 54, 57]. However, 

molecular bonds (CN and C2) formation pathways predominantly depend on the native 

bonds present in the sample along with the plasma plume interaction with the ambient 

atmosphere [19, 55]. Also, the origin and basic routes of the molecular formation is not yet 

completely understood owing to the complex phenomenon of laser-induced plasma. For 

the present investigation, native CN bonds present merely in ABS and inherent C2 

linkages available only in PET and PS. However, C-C bonds present in all the samples. 

Therefore, to see the variations among these samples the correlation analysis has been done 

between the C, C2, and CN line intensities to the number of carbon single bonds present 

in the sample in the next section. 

4.4.3 Correlation between C-C bonds to C, C2 and CN line 

intensities 

In this section, the number of carbon-carbon single bonds (# C-C) present in the molecular 

structure of each sample is correlated with the observed C, C2, and CN line intensities. As 

mentioned earlier, the 3
rd

 dataset is excluded from the analysis due to the absence of a 

carbon line in the LIBS spectra. It is also worth considering that the carbon line can have 

minimal chance of atmosphere intrusion to the plasma among all the constituents. Fig. 

4.12 (a&b) illustrates the variation of the carbon line (C-247.85 nm) intensity with the 

number of carbon single bonds (C-C) for the 1
st

 and 2
nd

 datasets respectively. LD and HD 

considered as groups as they have the same # C-C bonds. All samples have shown a linear 

positive correlation with their observed spectral line intensity to the no of C-C bonds 

present in it except for ABS. It is the only one sample deviated from the linear 

approximation in which it has shown less intensity even though having the maximum 

number of C-C bonds in it for both the datasets as shown in Fig. 4.12 (a&b). As shown in 

Table 4.2, only ABS inherently contains the nitrogen atoms in their structure in contrast 

to the remaining samples. Further, the carbon and nitrogen present in it can lead to 



 

87 

 

 LIBS as a spectroscopic tool for the identification of plastic 

waste 

recombination and favor the formation of a strong CN band. At the same time, it leads to 

a decrease in carbon intensity. The same is attested in the LIBS spectra of ABS where the 

CN violet band system is more intense compared to the carbon line C-247.85 nm as shown 

in Fig. 4.10. Hence, excluding ABS the correlation with carbon intensity can be considered 

as a good approach for the classification, and the same is envisioned in Fig. 4.12 (a&b). The 

data is fitted for the linear equation (y = mx + c, excluding the ABS as it has deviated 

from straight-line approximation). An excellent enhancement in correlation (Pearson’s r = 

0.97) has been observed as shown in Fig. 4.12(a) compared to the C/H correlation for the 

1
st

 data and similar behavior (Pearson’s r = 0.87) noticed for the 2
nd

 data as shown in Fig. 

4.12(b). Further, Fig. 4.12 (c&d) represents the correlation of CN (∆v=0) intensities of 1
st

 

and 2
nd

 datasets respectively. 

 

Fig. 4.12. The correlation between the number of carbon single bonds (C-C) to the C-2478.5 

nm line intensity of the a) 1
st

 dataset & b) 2
nd

 dataset. Correlation of C2 (∆v=0) band intensity 

of the c) 1
st

 dataset & d) 2
nd

 dataset. Correlation of CN (∆v=0) band intensity of e) 1
st

 dataset 

& f) 2
nd

 dataset. The dotted line represents the linear fit. 
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As discussed earlier, ABS has shown higher intensity compared to all the samples. The 

following mechanisms are responsible for the formation of the CN molecular bonds [54, 

57, 58].  

C+N+M  CN+M      (4.1) 

C+N2   CN+N                 (4.2) 

C2+N   CN+C      (4.3) 

C2+N2   2CN      (4.4) 

In the case of ns LIP, atomization is more favorable compared to the formation of 

molecular features which increases the carbon line intensity as shown in Fig. 4.12(a&b). 

Hence it has resulted in a decrease in the emission line intensities of the CN band as 

visualized Fig. 4.12(c&d). A negative linear correlation has been noticed for both the 

datasets whereas it is a positive correlation for the carbon line intensities. Moreover, the 

performance is decreased (Pearson’s r = -0.75, -0.60) compared to the carbon line 

intensities. The correlation of the C2 swan band (∆v=0) for the 1
st

 and 2
nd

 datasets are 

illustrated in Fig. 4.12(e&f). Most of the studies in the literature suggest that these 

emissions could be possible due to the excitation of native C2 (C=C) linkages and 

fragmentation [54, 57, 58]. The following reaction represents the formation of C2 via 

fragmentation.   

C+C+M  C2+M      (4.5) 

As discussed earlier, C2 linkages only present in the PS and PET hence observed intensity 

mostly attributed to the fragmentation only. However, the carbon atoms formed due to 

fragmentation is contributed to the emission C-247.85 nm line as shown in Fig. 4.12(a&b) 

and increased their intensity. Hence it has affected the formation of C2 species and a 

negative correlation is noticed as shown in Fig. 4.12(e&f). The performance is further 

degraded (Pearson’s r = -0.69, -0.39) for this correlation compared to the C and CN. 

It is noticed that the spectral line intensities of C, CN, and C2 are more stable for the 1
st

 

data compared to the 2
nd

 data which could be due to the accumulation of the spectra. It is 

also asserted from the SNR analysis where the SNR of the 1
st

 data is two times greater than 

the 2
nd

 dataset. Finally, these studies revealed that the formation of atomic species 
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favorable for the ns LIP where higher temperatures due to the reheating of plasma lead to 

the atomization. In the next sections, multivariate techniques are considered for exploring 

the classification of the plastics. 

4.4.4 Classification using PCA 

Rich spectral content present in the LIBS spectra combined with 

multivariate/chemometric techniques can enhance the identification accuracies of the 

samples, unlike the ratiometric analysis where only two variables are deployed [15, 23, 59, 

60]. Here, PCA has been applied for three different datasets (1
st

, 2
nd

, and 3
rd

) where a total 

of 1000 normalized spectra for each dataset (10 samples and 100 spectra for each sample) 

are utilized. The 3D score plots obtained from the PCA for the 1
st

, 2
nd

, and 3
rd 

datasets are 

illustrated in Fig. 4.13(a-c) respectively. Each data point in the score plot is representative 

of one spectrum. An inset in Fig. 4.13(a) is included to facilitate the clear view of 

separation of SIHET and PC. All the plastics are well separated from one another with an 

excellent clustering has been observed for the 1
st

 and 3
rd

 datasets. Albeit, the performance is 

slightly reduced for the 2
nd

 dataset where some of the plastics (HD & LD, HIP & PS, and 

PC & SIHET) are overlapped with one another in contrast to the 1
st

 and 3
rd

 datasets. The 

discriminative ability of the PCA is nearly similar for the 1
st

 and 3
rd

 datasets as visualized 

in figure Fig. 4.13(a&c) albeit the data points are distributed more compactly in score plot 

for the 3
rd

 compared with the 1
st 

dataset. The accumulation of the spectra has shown more 

stability in the spectral measurements (i.e. less variation and high SNR) as seen from Fig. 

4.8. It is also affected the performance of the PCA where the excellent clustering is 

observed for the 1
st

 dataset compared to the 2
nd

. Further, the data spread in the 3d score 

plot is also less for the 1
st

 dataset due to the accumulation. A negligible overlap is observed 

for the HD and LD and the interference is slightly higher for 2
nd

 dataset which could be 

due to sharing the same molecular structure.  

The loadings plot constructed by using the first three consecutive PCs for the three 

datasets (1
st

, 2
nd

, and 3
rd

) is visualized in Fig. 4.13(d-f) respectively. All the characteristic 

emission lines are labeled with unique notations at their corresponding wavelengths as 

envisioned in Fig. 4.13(d-f). The loadings plot of all the datasets majorly consists of the 

emissions lines of C, H, N, O, CN, and C2 with different correlations strengths. 
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Fig. 4.13. (a-c) Correspond to the 3D score plot of 1
st

, 2
nd

 & 3
rd

 datasets respectively. The inset 

in figure (a) visualizes the separation between SIHET and PC. (d-f) Correspond to the 

loadings plot of the 1
st

, 2
nd

 & 3
rd

 datasets respectively. 
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In addition to these, the spectral lines of various inorganic elements viz, Ca, Mg, K, and Ca 

have also appeared. These non-native elements are added in the plastics manufacturing 

process for increasing their strength as well as for reducing the production cost. The first 

three consecutive PCs of the 1
st

 dataset explain the net variance of 47.1, 26.6, and 12.4 % 

respectively. The CN molecular band system (∆=0) at 378–390 nm is the strongest 

feature with positive correlation in the 1
st

 PC followed by spectral lines of Na, Ca, C and 

H as shown in Fig. 4.13(d). On the other hand, PC2 represents Ca lines alongside the 

contributions from the C and CN. The Carbon line at C-247.85 nm line is the prominent 

emission with a positive correlation in the PC3 and followed by the CN swan band. In the 

case of 2
nd

 dataset, the first PC itself corresponds to the fifty percent of the net variance. 

The subsequent two PCs explain the 15.2, and 8.2 % of the variance, and together five PCs 

account for the total variance of 82.1 %. It has been noticed that the PC1 looks similar to 

the 1
st

 dataset with varying magnitudes of the scores.  

The loadings plot of the 3
rd

 dataset is shown in Fig. 4.13(f) where the first PC appears the 

same as the actual spectra except the minimal variations in intensity and negligible 

contribution from the hydrogen line. The first three PCs viz., PC1, PC2, and PC3 explain 

the variance of 55.9, 24.1, and 8.2 % present in the data respectively. Furthermore, the first 

five PCs cumulatively account for the net variance of 94 %. Most of the coefficients 

present loadings plot correspond to the several features of the atomic and molecular 

emissions of the LIBS spectra. The spectral line of oxygen at OI-777.41 nm has shown the 

highest positive correlation followed by emission lines of N, CN, C2, and H in the PC1. 

Apart from these, spectral lines of Mg, Na Ca, and K are also observed. Also, similar 

features are observed in PC2 albeit with different correlations. The PC3 is majorly 

dominated by the presence of the CN violet band system and followed by the C2 swan 

band, O, and N emission lines. 

PCA is a good exploratory technique for the visualization of the clustering of the plastics 

where excellent classification has been attained. However, owing to the unsupervised 

nature, it can’t be deployed for the labeling of an unknown plastic. Thus, in the following 

sections, a supervised algorithm ANN has been exploited for the one to one labeling of the 

plastics which is more relevant for the real-time application. 
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4.4.5 Identification using ANN 

The ANN classifier is a widely employed supervised multivariate tool for the various 

applications viz, pattern recognition[61], signal processing[62], and image/sample 

identification [63, 64]. In the LIBS community, it has been deployed for the identification 

of various samples which also include plastics [15, 20, 21, 53]. For the present study, a 

three-layer ANN algorithm is utilized. The details of the ANN architecture are briefly 

discussed in chapter 1. The number of neurons in the hidden layer is optimized for better 

performance and the results are shown in Fig. 4.14. It has been observed that the fifteen are 

found to be best for the current study where the identification rates are maximum for each 

plastic sample.  

 

Fig. 4.14. The variation of identification accuracies with the no of neurons in the hidden 

layer. 

The analysis performed 1000 times, and in each iteration, the input dataset was randomly 

divided into three subsets as training testing and validation which correspond to the 70, 15, 

and 15 % of the total data respectively. The target dataset composed of class labels (Binary 

digits) of all the ten representative plastics. Here, the analytical performance of the ANN 

has been evaluated for the three datasets (1
st

, 2
nd

, and 3
rd

) as mentioned earlier. The analysis 

is done by considering the total data (22293, 1237 data points i.e. ‘wavelengths for each 

spectrum’ for ICCD and CCD respectively) as the input. The ANN results (confusion 

matrix) obtained for the 3
rd

 dataset are presented in Table 4.6. The diagonal elements 

correspond to the correct identification rate and the off-diagonal represents miss 

classification rate.  



 

93 

 

 LIBS as a spectroscopic tool for the identification of plastic 

waste 

 

Table 4.6. The confusion matrix obtained for the 3
rd

 dataset. 

  Predicted labels 

 Sample 

name 
LD HD PP PET PS ABS PC HIP PPCP SIHET 

R
e
f
e
r
e
n

c
e
 
l
a
b

e
l
s
 

LD 97.4 0.85 0.14 0.14 0.24 0.35 0.15 0.21 0.34 0.18 

HD 0.73 97.4 0.21 0.24 0.21 0.46 0.11 0.11 0.31 0.22 

PP 0.17 0.14 98.7 0.19 0.03 0.15 0.24 0.21 0.12 0.05 

PET 0.39 0.34 0.32 95.59 0.36 0.48 0.72 0.48 0.41 0.91 

PS 0.41 0.62 0.23 0.18 95.99 0.13 0.68 0.46 0.53 0.77 

ABS 0.22 1.19 0.14 0.19 0.32 95.77 0.33 1.34 0.24 0.26 

PC 0.17 0.61 0.22 0.77 0.29 0.52 95.95 0.25 0.25 0.97 

HIP 0.01 0.37 0.26 0.12 0.15 1.63 0.29 96.98 0.16 0.03 

PPCP 0.25 0.23 0.05 0.02 0.01 0.04 0.07 0.04 99.12 0.17 

SIHET 0.42 0.35 0.37 0.55 0.19 0.32 0.89 0.18 1.09 95.64 

 

 

Table 4.7. The average identification rates obtained from ANN (~1000 times). 

S No Sample name Correct identification rate (%) 

1
st

  2
nd

  3
rd

  

1 LD 98.00 89.96 97.40 

2 HD 98.01 95.72 97.40 

3 PP 99.00 94.85 98.70 

4 PET 98.96 90.88 95.59 

5 PS 97.07 91.98 95.99 

6 ABS 96.14 93.94 95.77 

7 PC 95.79 86.65 95.95 

8 HIP 95.25 90.99 96.98 

9 PPCP 96.12 93.03 99.12 

10 SIHET 95.13 93.33 95.64 

Average 96.95 92.13 96.85 

Training time (s) 43.80 49.60 1.40 

Testing time (ms) 42.90 43.70 10.30 

 

The average identification rate acquired over 1000 times for each sample and the three 

datasets are enumerated in  

Table 4.7. The correct labelling rates of more than ~95 % for all the plastics are obtained 

for the 1
st

 and 3
rd

 datasets. The measured errors/uncertainties are found to be ~0.1-0.9, 

0.2-2.0, and 0.1-0.5 % for the three datasets respectively. Highest correct identification rates 
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more than ~ 99 % are accomplished for the 1
st

 and 3
rd

 whereas 2
nd

 has shown ~ 96 %. 

The LD and HD plastics are identified with similar accuracy for 1
st

 and 3
rd

 datasets and LD 

is principally miss-classified as HD and vice versa. The score plot visualization (Fig. 4.13(a-

c)) of the PCA analysis also has asserted the same where these two plastics have slightly 

interfered with one another for the 1
st

 and 3
rd

 datasets and overlap is more for the 2
nd

 

dataset. The accumulation of the spectra has improved the SNR for the 1
st

 dataset 

compared to the 2
nd

 dataset as mentioned in the previous sections. It could have also 

affected the performance of the ANN where the identification rates are higher for the 1
st

 

in contrast to the 2
nd

. Further, the average prediction rates (~ 97 % - an average for ten 

plastics) are similar for the 1
st

 and 3
rd 

datasets as given in  

Table 4.7. However, the training and testing times of the developed ANN model are 

drastically decreased by a factor of ~31, and ~4 times respectively for the 3
rd

 dataset 

compared to the 1
st

 & 2
nd

 dataset. Moreover, it is worth considering that, the spectral data 

acquisition time is 10 times faster for the 3
rd

 dataset as it acquires only one shot in contrast 

to ten shot accumulation mode, thus the overall time can be reduced by a factor of ~15 

times to the 1
st

 dataset. 

Further, the prediction ability of the 2
nd

 dataset is always shown lesser in comparison with 

the remaining datasets. Besides that, more computational times are also required for the 

analysis which could be possible due to slightly noisy data acquired in addition to the shot 

to shot variation [21]. Finally, the results demonstrated that the correct prediction rates of 

~97~ 99 % and average identification accuracies of ~97 % can be achieved for the 3
rd

 

dataset i.e. the data acquired with CCD even with a single-shot mode.  

4.4.6 ANN analysis combined with feature selection 

In the previous section, it is demonstrated that the recognition of plastics with average 

identification rates ~97 % can be attained by employing the three-layer ANN model. 

However, the training and testing-times required for one iteration lie in the range of ~42-

44 s & ~42-44 ms respectively, for the 1
st

 dataset and it is slightly higher for the 2
nd

 

dataset. It could be attributed to treating the total data points ~22293 as an input while 

developing the ANN model. Therefore, it would be beneficial to limit the investigation 

for only a certain number of selected lines of interest by removing the irrelevant variables 
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which contribute to increasing the analytical speed as well as leads to higher identification 

accuracy. Our previous works on the recognition of explosives with the aid of manual 

feature selection and GA combined with PLSDA have shown improved performance [65]. 

For the present investigation, the method of variable importance (VI) achieved from a 

multivariate random forest (RF) algorithm is chosen for variable selection. The details of 

the RF algorithm are presented in chapter 1. The VI scores obtained from the RF 

algorithm by deploying spectral data of the ten plastics for the 3
rd

 dataset is illustrated in 

Fig. 4.15(a).  

 

Fig. 4.15. a) Variable importance (VI) estimated by the RF model for the spectra recorded 

with the CCD. b) The LIBS spectra of the LD plastic. The red dots represent the features 

obtained with varying the different VI thresholds. (b-d) represent 0, 0.15, 0.2 VI respectively. 

The features with VI > 0.05 and VI > 0.1 are similar to the features with VI>0 hence not 

shown in the figure. 

Further, the ANN analysis is performed by considering only the prominent spectral 

features obtained from the VI as an input. The variables are selected by opting for a certain 
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value of the threshold for VI as shown in Table 4.8. For example ‘Threshold – 0’ 

represents the only the features greater than ‘0 VI’ are considered. A total of five different 

sets of features are selected by changing the threshold VI value i.e., 0 - 0.2 in steps of 0.05. 

The results obtained from these features as the input for the ANN analysis are given in 

Table 4.8.   

Table 4.8. The identification rates obtained from the ANN by employing total data and 

feature selection. 

 

It is observed that most of the features chosen from the RF algorithm are representative of 

characteristic emission lines of the C, H, N, O, CN, and C2. The analysis performed with 

spectral features of VI greater than the zero threshold has shown promising results (which 

is utilized only ~ 8 & 25 % of total data for the ICCD & CCD respectively) where the 

average identification accuracies are close (barely a reduction of ~ 1.5 %) to the total data. 

Nevertheless, it has drastically reduced the training times which are found to be more than 

an order as given in Table 4.8. The training times at threshold zero compared to the total 

data are reduced by a factor of ~ 17, 12, and 1.4 for three datasets respectively. Similarly, 

the testing times are decreased by a factor of 3 times for the 1
st

 & 2
nd

 datasets. The 

identification rates and the computational times (training & testing) are almost the same 

for the VI threshold of 0, 0.05, and 0.1. It could be due to the number of variables (% of 

data) selected as the input to the ANN at these thresholds are nearly similar.  

With prior information of the emission features in the LIBS spectra of plastics, it is 

visually inspected and found that 2/3
rd

 of the total variables are irrelevant/noisy for the 

data acquired with ICCD. Hence, the variable selection has shown more influence on the 

spectral data acquired with ICCD and leads to a significant reduction of the analysis time. 

It is attributed to choosing only the most important variables from the huge number of 

Spectral 

input to the 

ANN 

Data (%) Average classification 

accuracy (%) 

Training time 

(S) 

Testing time 

(ms) 

1
st

  2
nd

  3
rd

  1
st

  2
nd

  3
rd

  1
st

  2
nd

  3
rd

  1
st

  2
nd

  3
rd

  

Total data 100 100 100 96.95 92.13 96.85 43.8 49.6 1.4 42.9 43.7 10.3 

Thresold-0 6.4 7.4 24 95.21 91.93 95.00 2.6 4.2 1.0 13.2 13.6 10.3 

Thresold-0.05 6.4 7.3 23 95.10 91.58 94.80 2.6 4.1 0.9 13.5 13.5 10.5 

Thresold-0.1 6.4 7.2 22 94.79 91.07 94.78 2.6 4.1 0.9 13.2 13.3 10.3 

Thresold-0.15 0.4 0.5 18 92.27 89.30 94.52 0.5 0.6 0.6 11.5 10.9 10.3 

Thresold-0.2 0.1 0.1 8 79.43 80.15 93.06 0.4 0.5 0.4 11.5 10.3 10.0 
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variables (~22300) available in the LIBS spectra in comparison to the data acquired with 

CCD which contains only a total of ~1240 variables. The features obtained for VI 

threshold greater than the 0.2 has decreased the analytical performance of ANN could be 

due to opting only very less number of variables (see Fig. 4.15(d)) as an input for the 

model. It is worth considering that the identification accuracies achieved for the 2
nd

 dataset 

are always lesser than the 1
st

 and 3
rd

. Feature section based on VI-RF combined with the 

ANN proved it as a potential candidate where the 10 fold reduction of workload can be 

achieved without compromising the classification accuracy significantly. Also, the data 

storage limitations can be overcome by the features selection and it is extremely useful 

while working with the large datasets which involve a higher number of samples for real-

time identification. 

4.5 Summary 

Rapid and accurate identification of ten different post-consumer plastics obtained from a 

local recycling center is demonstrated in this chapter. The optical emissions from the 

plasma are recorded with two different spectrometers/detectors in which the first one is an 

Echelle spectrometer coupled with an ICCD and the second one is a compact, portable, 

and low-cost Czerny Turner CCD spectrometer. Also, the LIBS spectra are acquired in 

two different modes i.e., ten shots accumulation (for ICCD only) and one-shot acquisition 

(for ICCD and CCD). Initially, the analysis is performed with the ratiometric approach 

and correlation of C-C bonds with the C, CN, and C2. spectral line intensities. However, 

it has resulted in a partial classification of the plastics. Further, the multivariate technique 

PCA is employed as an exploratory tool for visualizing the discrimination among the 

samples where the efficient separation is demonstrated. In addition to that, a supervised 

learning algorithm ANN is utilized for one to one labeling of the plastics. The results 

achieved from ANN analysis revealed that the correct identification rates (average of 1000 

iterations) of more than 99 % can be attained. Apart from that, it is shown that the 

predictive ability of the ANN is similar for the data acquired with the ICCD in ten shot 

accumulations and single-shot acquisition for the CCD. Nonetheless, the training & 

testing times (computational workload) are greatly decreased by a factor of 31 & 4 times 

respectively by deploying the compact CCD spectrometer compared to the ICCD. Besides 
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that, the total analytical time (computation & data acquisition) can be reduced by 15 times 

which favors rapid identification. It is worth considering that, the correct labeling rates 

achieved from the single-shot ICCD analysis decreased by 5 % and analysis time increased 

by 4 times in comparison with the CCD. The feature selection combined with ANN has 

resulted in the reduction of the analysis time by more than 10 times for the ICCD without 

compromising the identification accuracy. Further, the LIBS detection/collection system’s 

weight, size, and more importantly cost can be reduced by one order by utilizing the CCD 

spectrometer. Finally, the results demonstrate that higher accuracies with rapid 

identification (testing time only ~ 10 ms) can be accomplished in a single shot mode with 

the compact spectrometer which makes it as a field-deployable technique for the real-time 

investigation.  
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CHAPTER 5 : Development of ns standoff LIBS 

system for the identification of explosives  
 

The development of the ns standoff LIBS (ST-LIBS) system is presented in this chapter. 

Initially, the experiments are performed at a distance of 1 m and further, extended to 6.5 m. 

The preliminary studies were demonstrated on a set of five explosives at 1 m distance. The 

experimental setup utilized a single Plano-convex lens in combination with the Mechelle 

spectrograph equipped with an ICCD for collecting the optical emissions. Further, the 

investigation extended for probing the samples (5 explosives and 19 non-explosives) at a 

remote distance of 6.5 m. However, for developing a low-cost portable detection system, a 

handheld non-gated CCD spectrometer is utilized. A systematic evaluation and optimization 

of focusing and collection systems have been done for improving the performance of the 

developed ST-LIBS system. The identification accuracies of over 98 % were achieved among 

the explosives with the ANN algorithm. Despite the huge similarities in the spectral features 

of the explosives and non-explosives, the correct labeling rates ~ 97 % were demonstrated. 
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5.1 Introduction 

In the recent past, the efforts for the detection of hazardous materials [1](biological agents, 

explosives and improvised explosive devices (IEDs) have seen a major thrust in the global 

community as well as in India on account of antisocial elements and to counter the 

terrorism activities. LIBS can be a potential solution for application where the closer 

proximity of the operator to the sample is inaccessible/threatening or harsh environments. 

The standoff capability of LIBS offers a suitable choice for the identification of hazardous 

materials including explosives in such situations, which otherwise is not possible by other 

conventional vapour based techniques[2-4]. The standoff detection of explosives is a 

multifold challenging task where the signal strength decreases inversely with distance, 

inevitable losses in intensity arise due to atmospheric absorption/scattering of light and the 

possibility of the sample being present on varied types of materials. LIBS as compared to 

other optical techniques like Raman, not only gives the abundant light signal but also the 

instrumentation is relatively simpler.  

Two distinct scenarios for the detection of explosives can be envisaged - the former is the 

need to distinguish a material as explosive or non-explosive, such an application is relevant 

in identifying the bombs in a suspected area. The latter being an identification of the 

specific explosive, which can give crucial inputs to the investigators to solve a bomb blast 

case. Also, the spectra for a large class of organic samples, particularly the secondary 

explosives, which are primarily of the molecular form CHNO are strikingly similar. As 

LIBS is an elemental technique, the resulting spectra of these samples, and numerous other 

non-explosive materials like sugars, grease, oils, plastics, etc. are primarily dominated by 

carbon, hydrogen, nitrogen, and oxygen. The atmospheric oxygen/nitrogen and hydrogen 

from the humidity may further compound the problem. Though visually the spectra may 

look similar and almost identical, but with the aid of suitable multivariate approaches, it is 

still possible to classify the samples. Ratiometric analysis, where the various spectral line 

intensity ratios have shown the partial classification [5-7]. Various multivariate techniques 

like PCA[8, 9], SIMCA[10], and PLS-DA[8] have been exploited for the discrimination of 

the explosives and their residues on different substrates. Recently, semi-supervised learning 
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method, K-nearest neighbour (KNN) algorithm has been applied for the explosive 

identification in close contact LIBS system[11].  

Different standoff laser-induced breakdown spectroscopy (ST-LIBS) configurations (given 

in Table 5.1) [12, 13] have been employed in various fields such as process control[14], 

explosive detection[5, 15-17], planetary exploration[18-20], and geology [21], etc. Table 5.1 

provides the technical and analytical details of the various ST-LIBS configurations reported 

in the literature for the different applications (only the experiments with standoff distance 

more than 5 m are considered).  

Out of all works presented in Table 5.1, only the last seven are solely devoted to the 

identification of the explosives and their residues. However, only the double-pulse LIBS 

(DP-LIBS) configuration has been investigated. The evaluation of the DP LIBS systems for 

the standoff regime took advantage of enhancement in the signal strength [22], 

nevertheless, the system size is bulky [23]. In the DP-LIBS configuration, two lasers beams 

should be temporally separated to vary the inter-pulse delay time [24]. It has been achieved 

by splitting a laser beam using a beam splitter or two different lasers need to be 

synchronized through a delay generator system. Besides, the two laser beams should be 

spatially focused onto one point on the target surface. Nevertheless, it leads to the increase 

of the experimental complexity, size, and as well as cost and limits the applications as a 

non-portable. Moreover, it has been observed that the analytical performance of the DP-

LIBS technique greatly depends on the inter-pulse delays ranging from ns to ms and pulse-

energy ratios employed. Also, it is worth considering that, the excitation energies of 250-

850 mJ have been deployed in DP-LIBS configuration for explosive detection. Apart from 

that, customized telescopes of sizes 14-18" were deployed for the light collection, the large 

size of aperture favors the signal collection, however, it limits the application as a non-

portable owing to their size and weight. In reality, the size, weight, and robustness of the 

instrument are the key features for any technique that can be transformed into 

instrumental. Contrary to DP-LIBS systems, a single pulse LIBS system in combination 

with compact non-gated spectrometer has been not explored for the standoff regime to 

date to the best of my knowledge. 
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Table 5.1. Details of the different ST-LIBS systems. 1. S. No, 2. Focusing telescope (size, type), 

3. Standoff distance (m), 4. Laser Energy (mJ), 5. Collection telescope (size, type), 6. Detector, 

7. No of laser shots used for recording one spectrum, 8. Analysis, 9. Material. Newtonian (N), 

Cassegrain (CG), Galilean (G), Schmidt-Cassegrain (SC), Beam Expander (X), Two lens 

system (2LS), Three lens system (3LS), Spatial heterodyne spectrometer (SHS). ICCD (I), 

Customized three-channel gated CCD (C), Optical multichannel analyzer (O), and Double 

pulse (DP). 

1 2 3 4 5 6 7 8 9 

1 Single lens 5 250 8”, N I 100 Monitoring of Cr [14]. Steel at 1200 
o

C 

2 Single lens 3 25 4”, lens I 400 Identification using 

chemometrics [21]. 

Rocks in CO2 

environment 

3 2LS, 8.9X, G 12 1500 8”, N I 60 Fe & Cr quantification [25]. Soils & rocks 

4 2LS, 3.2X, G 10 1650 8”, N I 100 Sorting various grades [26]. Steel 

5 3LS 60 170 16”, N O 500 PCA for classification [27]. Metals 

6 20X, G 19 100 6”, lens I 30 Elemental quantification by 

calibration curve [28]. 

Soils in a simulated 

CO2 environment 

7 5X 20 130 SHS I 500 Development of spatial 

heterodyne LIBS 

spectrometer [29]. 

Cu and Mg 

8 16” CG, DP 30 800 16”, C I 20 Method of normalized 

coordinates [30]. 

Explosive residues 

on glass & PMMA 

9 16” CG, DP 31 850 16”, C  I 35 Identification using Na and 

CN emissions [31]. 

Explosives residues 

on metals 

10 5” 8.3 55 5” C 200 Combined Raman LIBS 

analysis [32]. 

Calcite & silicate 

11 10X 5.3 40 4”, lens C 50 Elemental quantification by 

calibration curve [33]. 

Geological samples 

in CO2 

environment 

12 14”, SC, DP 25 250 14”, SC C 1 Identification using PLS-DA 

[34]. 

Explosive residues 

on car panels 

13 14”, SC, DP 25 250 14”, SC C 1 Identification of by 

exploiting PLS-DA [35]. 

RDX residue on 

different substrates 

14 14”, SC, DP 20 250 14”, SC C 1 Identification using PCA 

and ROC curves [23]. 

Explosive residues 

on metals 

15 14”, SC, DP 30 335 14”, SC C 1 Identification using PCA 

and PLS-DA [36].  

Explosive residues 

on metals dust, oils  

16 16”, CG, DP 30 850 16”, C C 1 Identification using 

supervised learning 

algorithms [37]. 

Explosive residues 

& organic samples 

on Al 

17 14”, SC, DP 20 335 14”, SC C 1 Classifications using PCA, 

SIMCA and PLS-DA [10]. 

Explosive residue 

on various surfaces. 

18 14”, SC, DP 20 270 14”, SC C 1 Identification using PCA 

and PLS-DA [38]. 

Biological warfare 

agents 
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For the present investigation, the overall system size is reduced because of the use of just a 

convex lens, instead of a traditional big telescope for the collection of the signal, compact 

spectrometer, and single-pulse experimental configuration. Single-pulse LIBS technique 

instead of DP-LIBS reduces the size of the experimental setup. Further, the cost also 

greatly reduces due to the usage of a non-gated compact CCD spectrometer, which is an 

essential factor in making a low-cost portable LIBS system. In this work, initially, the ST-

LIBS experiment was performed at 1 m on five explosives using ICCD and the 

classification shown by employing a bi-variate ratio approach and PCA. Further, it has 

extended for the 6.5 m with a single shot analysis capability using a small handheld CCD 

spectrometer and analyzed the data using the artificial neural network (ANN). First, the 

focusing and collection systems have been optimized for the standoff distances of 6.5 m 

using a brass sample. Later, identification of explosives (five samples) and potentially 

interfering non-explosives (19 samples) has been demonstrated using a 2D scatter plot 

approach, PCA, and ANN.  

5.2 Standoff detection of explosives at 1 m 

5.2.1 Experimental details 

The schematic of the LIBS experimental setup is shown in Fig. 5.1 [15].  

 

Fig. 5.1. Typical schematic of 1 m standoff LIBS Experimental setup. 
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The plasma was produced on the sample surface by focusing a laser pulse (532 nm, 7 ns, 1 

Hz, 100 mJ) through a Plano-convex lens of 1 m focal length. The estimated theoretical 

spot size and irradiance on the sample surface were found to be ~100 µm and ~33 

GW/cm
2

 respectively. The spectral emissions were collected by a collection system 

(consists of two lenses) kept at 1 m away from the sample and 45
0

 to the incident laser 

beam. The first lens (focal length 1 m) in the collection system collimates the incoming 

light and the second lens (focal length 10 cm) couples it to an optical fiber. The other end 

of the fiber was fed to the Mechelle spectrometer coupled with an ICCD. The samples 

were finely ground and made into pellets using a hydraulic press. All the spectra were 

recorded with a gate width of 10 µs and a gate delay of 1 µs. Each spectrum was 

accumulated over ten laser shots and a total of 8-15 spectra were acquired for each 

explosive based on the availability of samples. 

5.2.2 Results and discussion 

The LIBS spectra were recorded for five explosives, and their details are given in Table 5.2  

Table 5.2. Details of the samples and different stoichiometric ratios. 

S.No & 

Name 

Chemical 

formulae 

Stoichiometric ratios 

C/H C/N C/O O/N H/O 

1. CL 20 C6H6N12O12 1.00 0.50 0.50 1.00 0.50 

2. TNT C7H5N3O6 1.40 2.33 1.17 2.00 0.83 

3. HMX C4H8N8O8 0.50 0.50 0.50 1.00 1.00 

4. RDX C3H6N6O6 0.50 0.50 0.50 1.00 1.00 

5. NTO C2H2N4O3 1.00 0.50 0.67 0.75 0.67 

 

The LIBS spectra normalized to the carbon spectral line C-247.85 nm are illustrated in Fig. 

5.2. The spectra of all the explosives look similar owing to the similar elemental 

composition however, they differed in the intensities of the peaks. The spectra are shown 

in two separate windows with different intensity scales to provide a clear view of all the 

spectral lines. i.e. 0-1 for the 220-400, and 0-0.4 for the 400 -880 nm window. The first part 

(230-400 nm) represents the strongest emission line in the spectra i.e. Carbon at 247.85 nm 

followed by the CN band (Δν=0, 384-389 nm). The spectral features of Mg, Na, and Ca 

also appeared in the spectra. The second part (400-880 nm) comprises of emission lines of 
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various elements Hydrogen (H-656.41), Nitrogen (N-742.36, 744.28, and 746.89) and 

Oxygen (O-777.34(triplet), 794.93, and 844.65). Also, the molecular emissions of C2 Swan 

bands were observed at 516.35 nm. 

 

Fig. 5.2. LIBS spectra of five explosives. Two different intensity scales are considered for two 

spectral windows (220-400 & 400 -880 nm) for visualizing all the spectral features.  

5.2.2.a Plasma diagnostic studies 

Plasma temperature (T) and electron density (ne) are the two important parameters which 

can influence the emission line intensities of the LIBS spectra as well as their shapes. The 

Boltzmann plot and Stark broadening method are utilized for the estimation of plasma 

temperature and electron density respectively. Three Oxygen lines at 777.34, 794.93, and 

844.65 nm have been used for measuring the temperature[39] as shown in Fig. 5.3(a). All 

the emission lines were fitted to the “Lorentzian function” and obtained the area under the 

curve/peak which is considered as the intensity of the respective spectral line. 
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Fig. 5.3. a) The Boltzmann plot constructed, utilizing the three oxygen lines of the CL 20. b) 

Verifying the branching ratio condition by employing the intensity ratio of oxygen spectral 

lines. 

The spectroscopic parameters were considered from the NIST database[40] and 

literature[39]. The temperature estimated for all the samples is enumerated in Table 5.3. 

The error corresponds to the standard deviation obtained from the multiple estimates 

obtained from different spectra of each sample. The evaluated temperatures are in the 

range of 9000 - 12750 K and the average temperature over all the samples is 10900 K. 

Table 5.3. Plasma parameters. Te (K) is the plasma temperature. ne (cm
-3

), and ne (MC) (cm
-3

) 

correspond to the electron density estimated from the Stark broadening method and MC 

Writer criterion respectively. 

S.No & Name Plasma parameters 

Te 10
3

 ne 10
16

 ne (MC) 10
14

 

1. CL 20 10.4±1.8 3.89±0.36 5.14±0.45 

2. TNT 12.7±3.2 3.90±0.74 5.67±0.70 

3. HMX 11.1±2.0 3.70±0.55 5.30±0.49 

4. RDX 9.01±1.8 4.09±0.54 4.76±0.48 

5. NTO 11.3±0.9 3.91±0.21 5.38±0.22 

The electron density of the plasma has been estimated from FWHM of the spectral line of 

O at 844.66 nm. Doppler line width (0.015 nm) and natural line width (0.0023 nm) are 

considered to be negligible as the resolution of the spectrometer is ~ 0.17 nm @ 844 nm 

and hence only Stark broadening is considered[41]. As seen from Table 5.3 electron 

density does not show a significant difference across the samples. For all the samples the 

values are of the order of 10
16

 cm
-3

. Further, the Local Thermodynamic Equilibrium (LTE) 

condition is verified from the Mcwhirter criterion. It is evident from Table 5.3 that the 
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plasma produced for all the samples satisfies the LTE condition as the electron density 

estimated from the Stark broadening method is two orders higher than the McWhirter 

criterion. The branching ratio has been determined for all the samples to verify the optical 

thin condition. The Oxygen lines at 777.42 and 844.4 nm were employed [39] for the 

estimation of branching ratio and results are shown in Fig. 5.3(b). It is evident from Fig. 

5.3(b) that all the samples are satisfying the optical thin condition. The theoretical ratio is 

within the standard deviation of the actual intensity ratio for all the samples. Considering 

that transition probabilities itself have 10% uncertainty and hence observed branching 

ratios can be considered as a very good agreement[39]. 

In the next sections, first, different ratios and their correlation to the actual stoichiometry 

will be explored towards the identification of the samples. As there is an overwhelming 

similarity among the spectra of all the explosives, the minute differences can be exploited 

by the judicious use of multivariate analysis. The multivariate analysis uses the intensity 

information available at all the 22290 wavelengths in the range of 220-850 nm. 

5.2.2.b Ratiometric analysis 

In this section, ratios of different emission lines viz., C/H, and H/O from all the samples 

were considered to explore the correlation with the actual stoichiometry. The actual 

stoichiometric ratio implies the ratio of the number of atoms per molecule. For example, 

CL 20 (C6H6N12O12) has an H/O ratio of 0.5. As discussed in the last section, the area 

under the curve for an emission line is considered as intensity for the evaluation of ratios. 

Fig. 5.4(a&b) shows the correlation of C/H and H/O ratios of all the samples respectively. 

The standard deviation obtained from multiple trails is depicted as an error bar. The other 

possible ratios like C/O, O/N, and C/N have not considered for the analysis as their 

stoichiometric ratios are similar for three explosives (RDX, HMX, and CL20) out of five 

as given in Table 5.2. The data is fitted for the straight-line equation (y = mx + c) as 

visualized in Fig. 5.4(a&b). The H/O ratio (Pearson’s r = 0.99, m=0.54 and c=0.32) has 

shown better correlation compared to the C/H (Pearson’s r = 0.96, m=0.37 and c=0.15). 

The C/H ratio forms three sets of samples, it is not possible to distinguish among the 

samples with the same value for the ratio. 
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Fig. 5.4. The comparison of the stoichiometric ratios with the measured values. a) C/H and 

b) H/O ratios. 

However, an unknown sample can be identified as belonging to one of the three groups – 

a) RDX/HMX b) CL20/NTO and c) TNT. With H/O, as shown in Fig. 5.4(b), the 

samples can be very well-identified with the RDX and HMX forming a single group. C/H 

ratio has an advantage over other ratios as it has the minimum effect of the atmospheric 

contribution to the plasma. Although, ratiometric performance is limited as none of them 

provide a clear distinction between all the samples studied. Hence in the next section, a 

multivariate method utilized for the analysis which considers the inherent contribution 

from all the spectral lines. 

5.2.2.c Classification of explosives by PCA 

As seen in earlier sections, typical LIBS spectra of all the five samples were overwhelmingly 

similar and the application of ratios yielded limited success in identification. In this section, 

multivariate analysis is employed to systematically investigate the presence of subtle 

differences between the spectra of each type of explosives. The advantage with the 

multivariate approach is that it considers the intensities at all the wavelengths rather than 

at some selected peaks. PCA is a technique that transforms the data into an ‘abstract’ space 

where the variables are the linear combinations of the original variables (the intensities at 

different wavelengths). Fig. 5.5 shows the PCA cluster plot. Each data point, represented 

by coefficients of first and the second principal components (PCs), represents a single LIBS 

spectrum in the transformed space. 
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Fig. 5.5. Score plot of the first two PCs of five explosives. 

It can be seen that the spectra corresponding to an explosive sample now cluster together. 

Each spectrum is now represented by only two coordinates PC1 and PC2 as shown in Fig. 

5.5. There are two outliers for TNT, three for NTO and one for RDX. The clear 

separation of the spectra in the PC plane indicates that there are subtle but reproducible 

differences between the spectra of different explosives recorded from a distance of 1m and 

enable their clear separation. The chemical basis of clustering, that is, the reason behind the 

clear separation of the clusters can be understood by looking at the individual PCs in 

loadings plot as shown in Fig. 5.6. The first and second PCs account for 75 and 8 % of the 

variance respectively. The first five PCs, together account for 92.15 % of the net variance in 

the spectral dataset. The first PC, which is the most dominant, contains the information 

from the CN, Oxygen, Nitrogen, Sodium, and Calcium. The second is mainly dominated 

by carbon, CN, Oxygen, Nitrogen Calcium, and Sodium. The 3
rd

 PC has contributions 

from the emission lines of Carbon, Hydrogen, Sodium, and Nitrogen. The PCA data 

clearly establishes that the explosives studied in this work can be easily identified from the 

signal collected at a distance of 1 m. The clustering is a clear indication that the spectra of 

different explosives have subtle but reproducible variations among themselves and can be 

harvested by applying the suitable multivariate approach.  
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Fig. 5.6. Loadings plot of the first three PCs of explosives. 

5.3 Standoff detection at 6.5 m 

ST-LIBS measurements on a set of five explosives at 1 m distance have been demonstrated 

in the previous section. That experimental setup has utilized a 1 m focal length Plano-

convex lens for focusing the laser beam on to the sample. However, in real-time 

applications, the target/sample distance is unspecified before performing the experiment. 

Thus, single-lens focusing configuration for creating the plasma on the given sample is 

always not feasible for the unknown standoff distances. Even in the case of the single-lens 

LIBS application, most of the standard companies only provide fixed focal lengths insteps 

of 5 cm such as 100/105 cm but not any required focal length for example 101 cm. 

Further, the probing distance may also change randomly while interrogating the samples 

in different situations however within a specified range. In such a scenario, the required 

standoff distance can be accomplished by using a combination of lenses, either it maybe 

two or three depending on the requirement. As well as specifications of the lenses such as 

focal length and diameter can be chosen depending on the application of interest. Further, 

the optimization of the focusing system is necessary for achieving the higher irradiance at 

the focal position which improves the signal strength.  

Apart from that, the collection system also plays a crucial role in the development of the 

ST-LIBS system. Earlier section, Mechelle based ICCD detector has been utilized 
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nevertheless it increases the size and overall cost. Hence it is necessary to deploy a low-

cost, compact detection system. In real-time ST-LIBS measurements, first, the suspected 

sample needs to be identified as an explosive or not. This scenario may get encountered in 

different situations such as identifying a sample in a bus stop/ in a stadium/ mass gathering 

in public meetings/ theatres. Further, if the suspected is an explosive it needs to identify as 

a specific explosive such as RDX or HMX. Hence the ST-LIBS experiments need to be 

performed on explosives and non–explosives to tackle real-life problems. However, the 

selection of samples depends on the requirement of the user and their availability. 

ST-LIBS experiment at 1 m serves as standardization and provides hands-on experience for 

working in a standoff regime. Hence, in the next section, the experiment has been 

performed by considering the aforementioned requirements for working towards the real-

time measurements. As well as, the probing distance has been extended to 6.5 m. A double 

lens system that consists of a Plano-convex and Plano-concave has been exploited for 

focusing the laser beam. Later, a different set of lenses have been used for the collection 

system optimization. The spectral emissions were captured by a portable non-gated 

spectrometer which drastically reduces the cost and size of the LIBS detection system, 

which is a prime factor in real-time applications. Further, the experiment has been 

performed on the five explosives and a wide range of nineteen non-explosives. Bivariate 

and multivariate approaches have been utilized for the classification of the samples. 

5.3.1 Optimization of the focusing system 

The single-lens focusing system has a limitation for varying the focusing distance for the 

real-time measurements. However, this hurdle can be overcome by the utilization of a 

double lens focusing configuration (Galilean) which employs a concave and convex lens. It 

is also worth considering that the selection of lenses depends on the application of interest 

as given below 

1. Focusing range - focusing the laser beam at different standoff distances with a given set 

of lenses, for example, the combination of -10 & 20 cm focal length lenses can focus the 

laser beam in the range of 2-30 m. 
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2. The total size of the focusing system i.e. length and diameter is a crucial factor in 

developing a compact ST-LIBS system. The length is decided by the maximum 

separation between the lenses and diameter can be controlled by the aperture size of 

the lens. 

3. Precision in measurements – the effective focal length (focusing distance) varies with 

the separation between the lenses. However, sometimes a slight change in separation 

greatly affects focusing distance for a given set of lenses. i.e. the separation decides how 

precisely a laser beam can be focused onto the sample. 

4. Optical quality and reflectivity of the lenses. It should consider the reflected light from 

the back surface of the lens which may damage the optical components of the setup. 

Here for the optimization, two different lens systems have been utilized as given below 

1. -100 & 100 cm focal length lenses of each 50 cm diameter (Referred to as 1
st

 ) 

2. -10 & 20 cm focal length lens of diameter 25 & 50 mm respectively (Referred to as 2
nd

 ) 

Here the standoff distance refers to the back focal length (BFL- the distance from the last 

surface of the focusing system to the focal point, and the same is also illustrated in Fig. 

5.13) 

2 1

1 2

( )

( )

f L f
BFL

L f f

 
  

  

       (5.1) 

Where L is the distance between the two lenses, f1 & f2 is the focal length of first and 

second lens respectively. The required focusing distance can be achieved by varying the 

distance between the two lenses as shown in Table 5.4. It also represents the estimated spot 

size and fluence for two lens systems (1
st

 & 2
nd

). 

Table 5.4. Details of the two double lens systems. BFL- back focal length (lens to sample 

distance), L – the distance between the lenses, Wo radius of the spot size. 

BFL 

(m) 

-100 cm & 100 cm lenses (1
st

) -10 cm & 20 cm lenses (2
nd

) 

 

st

nd

Fluence (1 )

Fluence (2 )

 

L (cm) 2Wo 

(mm) 

Fluence 

(J/cm
2

) 

L (cm) 2Wo 

(mm) 

Fluence 

(J/cm
2

) 

3 59.21 0.32 125.9 11.43 0.12 914.9 7.27 

4 40.83 0.48 55.3 11.03 0.16 497.6 9.00 

5 31.72 0.64 30.9 10.83 0.20 306.1 9.91 

6 25.32 0.80 19.7 10.69 0.26 210.5 10.69 
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Further, the focused spot size at different standoff distances has been estimated from the 

ABCD matrix approach and thin lens approximation. The input laser beam parameters are 

taken as diameter-8 mm, Gaussian, and quality factor (M
2

) as 1. The laser beam propagation 

through the 2
nd

 lens system is illustrated in Fig. 5.7 and the inset represents a focused laser 

beam waist obtained at 6 m. The analysis and visualization have been performed in MatLab 

and the final outputs are presented in Table 5.4. The 2
nd

 lens system also works as a 2X 

beam expander which favors in achieving the lower spot size and leads to higher irradiance. 

The theoretical focal beam waist radius obtained at 6 m for the 2
nd

 lens system is 3 times 

lesser compared to the 1
st

 lens system and fluence is 10 times as enumerated in Table 5.4. 

 

 
Fig. 5.7. Laser beam propagation through the -10 & 20 cm lens system. Inset in the figure 

represents the close view of the beam waist at 6 m focusing distance. 

Also, the ST-LIBS experiments were performed for the Al sample at 6.5 m. Two lenses are 

kept on the optical rail for better alignment and measurement. The laser beam is aligned in 

such that it passes through the center of both the lenses (see Fig. 5.13). Ten consecutive 

laser shots irritated on the sample for measuring the spot size. The optical microscope 

image of the focal spot size at 6.5 m obtained by focusing the laser beam for two lens 

systems is shown in Fig. 5.8(a&b). It is evident from Fig. 5.8 the experimental spot size is 

higher than the theoretical spot size estimated. 
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Fig. 5.8. The images of the irradiated craters on Al sample taken from the optical microscope. 

a) & b) correspond to the laser irradiated with the 1
st

 and 2
nd

 lens system at 6.5 m respectively. 

The LIBS spectra of the aluminium sample acquired at 6.5 m standoff distance with both 

the lens system are shown in Fig. 5.9. The spectra have been recorded in a single-shot 

mode with the pulse energy of 50 mJ. Only strong Al lines are shown in the spectra for 

better visualization. As seen in Fig. 5.9, the spectra recorded at 6.5 m with the 2
nd

 lens 

system have shown more intensity (ten times) owing to the higher laser intensity at the 

focal spot size. 

 
Fig. 5.9. The LIBS spectra of Al acquired at 6.5 m distance with two lens systems. 

Further, the 2
nd

 lens system has been utilized for focusing the laser beam in the ST-LIBS 

experiment for the identification of explosives and non-explosives. 
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5.3.2 Optimization of the collection system 

ST-LIBS has an inevitable signal loss that increases with distance and it is a critical factor in 

general, and particularly while working with a CCD spectrometer. Hence, the proper 

optimization of the collection system is necessary for acquiring the maximum signal. The 

collection system is optimized for the best signal by choosing the proper lens 

configuration to match the F-number of the portable spectrometer (F#4). It is worth 

considering that any collection system (it may be a lens or telescope) having F#, equal or 

more than that of a spectrometer can couple maximum light into the system. Three 

different lenses were employed for the optimization, viz.,  

 

I. 5 cm diameter and focal length 10 cm (F#2) 

II. 5 cm diameter and focal length 20 cm (F#4)  

III. 10 cm diameter and focal length 50 cm (F#5) 

 

The efficient coupling of plasma light to the spectrometer depends on the telescope size 

[42], i.e., the diameter of the primary mirror (present case a lens), as given in equation 5.2 

and F-number of the collection system. 

2

dA
d Id I

r
           (5.2) 

Where dϕ is the plasma luminous flux, dA is the area of the collection optics, dΩ is the 

solid angle at the point source, r is the distance between source and collection system.  

The standoff LIBS spectra obtained at a distance of 6.5 m with these three lenses are 

presented in Fig. 5.10. The continuum/background observed in the spectra due to the free 

–free transitions in the plasma and it can’t be avoided as the gating is not available in the 

CCD spectrometer utilized for the experiment. The background has been removed for 

accurate estimation of the signal enhancement and the inset in Fig. 5.10 represents strong 

lines of Cu after background correction. The f-number matching is necessary for 

maximum throughput which is clearly demonstrated in Fig. 5.10. The intensity (Cu -

522.01 nm line) acquired with the F#4 lens is twice to the F#2 lens even though both have 

the same aperture size owing to the F-number matching (spectrometer F# 4). Also, the 
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intensity has further doubled when the spectra were recorded with a 10 cm aperture lens 

due to the large aperture size as shown in Fig. 5.10. Also, the SNR has been calculated at 

510.61 nm line and it found to be 42, 24, and 11 for the F#5, F#4 and F#2 lenses 

respectively. Hence by using the appropriate F# number of the collection system with a 

large size can enhance the signal significantly.  

 

Fig. 5.10. The ST-LIBS spectra of Brass acquired at 6.5 m with the Plano-convex lens of 

different F-numbers. In legend F & D represents focal length and diameter of the lens 

respectively. The inset figure represents the Cu prominent lines with background correction. 

Further, the efficient coupling of light from the lens to fiber is a crucial factor for 

achieving maximum signal. i.e. the total light from the lens should couple to the core of 

the optical fiber and proper optimization of the fiber tip position is also vital. In the 

experiment, the fiber was mounted on a bidirectional translation stage to facilitate the x-y 

movement and also along the direction of the pump laser beam direction. The fiber tip was 

positioned exactly at the focal plane of the Plano-convex lens (F#) and aligned to obtain a 

maximum signal. To check the efficient light coupling to the fiber, the plasma plume was 

imaged onto a separate CCD (OPHIR, GRAS20). The plasma image captured by CCD 

kept at the focal point of the collection lens shown in Fig. 5.11. A circle with a diameter of 

600 µm has been drawn around the image to show the size. It is also observed that the 

image size increased gradually when the CCD moved either side of the focal position. 

From Fig. 5.11 it is evident that the maximum coupling of light can be achieved by 

properly positioning the fib tip (as the plasma image size is less than the fiber core size). 
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Fig. 5.11. The image of the plasma captured by the CCD kept at 6.5 m from the plasma 

source. F#5 lens used for imaging the plasma. The circle with a diameter of 600 µm has been 

drawn to compare the size of the image. 

Further, the ST-LIBS spectra of brass recorded with F#5 lens at various energies of 10- 100 

mJ are shown in Fig. 5.12(a). The spectra have two contributions, one from the broad 

continuum and the other from the sharp peaks. It has been observed that the continuum 

increases with excitation energy. The ST-LIBS spectra can be acquired even in a single shot 

with a minimum pulse energy of 10 mJ. The spectral lines are fitted to a Lorentzian and 

obtained the area under the curve is obtained, which will be referred to as its Intensity. 

The intensity (after the background correction) of the Cu-522.01 spectral line is increasing 

almost linearly with the energy as shown in Fig. 5.12(b). 

 

 

Fig. 5.12. a) The ST-LIBS spectra of brass recorded at 6.5 m standoff distance for different 

energies. The strong lines at 10 and 15 mJ energy are shown in the subset for the clear view. 

b) A linear fit obtained for the intensity of Cu 522.01 nm line as a function of energy. 

Identification explosives and non-explosives are presented in the next section with the 

optimized standoff LIBS setup.  
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5.4 Identification of explosives and non-explosives  

5.4.1 Experimental details 

The schematic of the experimental ST-LIBS system is shown in Fig. 5.13. The laser beam 

(1064 nm, 7 ns, 1 Hz, 100 mJ) was focused onto the sample surface using the telescopic lens 

arrangement which consists of a Bi-concave and Plano-convex lens of focal length -10 cm 

and 20 cm respectively. A single Plano-convex lens is used as a telescope for the collection 

of spectral emissions from the plasma. The light from the collection lens coupled to a 

compact nongated spectrometer (Maya 2000-Ocean optics) via an optical fiber of core 

diameter 600 µm and numerical aperture (NA) 0.22. The spectrometer provides a wide 

spectral range of 350-1000 nm in single acquisition with a resolution of 1 nm at 500 nm. A 

holographic notch filter (Kaiser Optical system HNF-1064.0-10, OD>4.0, AOI 0
O

) was 

mounted in front of the optical fiber to avoid the excitation source in the LIB spectra. 

 

 

Fig. 5.13. The schematic of the Standoff LIBS system at 6.5 m. 

The details of the samples used in the experiment are given in Table 5.5. The first five are 

explosives and the remaining nineteen are non-explosives (6-24). These non-explosives 

include the most extensively used eight plastics (6-13).  
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Table 5.5. Details of the samples. 1
st

 five are explosives (*) and remaining are non-explosives. 

S. No Sample name Chemical 

Formula  

S. No Sample name Chemical 

Formula  

1 AN* NH4NO3 13 ABS (C15H17N)n 

2 DNT* C7H6N2O4 14 Pyridine C5H5N 

3 TNT* C7H5N3O6 15 Triethanolamine C6H15NO3 

4 NTO* C2H2N4O3 16 Thymine C5H6N2O2 

5 RDX* C3H6N6O6 17 Paracetamol C8H9NO2 

6 HDPE (C2H4)n 18 Cytosine C4H5N3O 

7 HIP (C12H16) 19 Dextrose C6H12O6 

8 LDPE (C2H4)n 20 DL-Alanine C6H12N2O3 

9 PC (C16H14O3) 21 DL-Methionine C5H11NO2S 

10 PET (C10H8O4)n 22 Glycine C2H5NO2 

11 PP (C3H6)n 23 Hypoxanthine C5H4N4O 

12 PS (C8H8)n 24 Neomycin C23H46N6O13 

 

Among all, plastics can be considered to be potentially interfering agents for the 

identification of explosives as they are commonly used as transport containers/boxes in 

airports and public transport systems[11].  

5.4.2 Results and discussion 

Here the experiment is performed on the nineteen non-explosives and five explosives. All 

the non-explosives are organic samples hence their LIBS spectra exactly resemblance to 

explosives spectra and lead to the identification strategy more challenging. 100 spectra for 

each sample were acquired except for RDX (30 are acquired due to the limited sample and 

the pellet is not intact). Each spectrum is acquired with only a single laser shot and the 

sample was moved for every acquisition. The spectrum of TNT with a 

continuum/background is shown in Fig. 5.14(a). The continuum is observed in the spectra 

due to the Bremsstrahlung emissions. The spectra were background removed/corrected for 

5
th

 order polynomial fit by an iterative least-square based curve fitting algorithm in 

MatLab [30]. The background-corrected spectrum of TNT is shown in Fig. 5.14(b). The 

spectral line of carbon at C-247.85 nm is not observed in the spectra as the spectral 

sensitivity is very low in the deep UV region. The filter used to avoid the pump beam also 

suppressed the spectral window of 528 -552 nm hence omitted from the spectra. 
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Fig. 5.14. ST-LIBS spectra of the TNT a) The black solid and red dotted lines represent the 

spectra with continuum and polynomial fit to remove the continuum respectively. b) 

Continuum corrected spectra. 

The background-corrected spectra of the ten non–explosives and one explosive are shown 

in Fig. 5.15.  Only one explosive is shown in Fig. 5.15 to compare it with non-explosives 

LIBS spectra due to space constraints. The spectral lines corresponding to Hydrogen (H I - 

656.9 nm), Nitrogen (N I - 747.2 it is an unresolved triplet, N I – 822.1, N II – 500.5, N II - 

567.9, and N II - 868.6 nm) and Oxygen (O I – 777.46, O I – 844.7, and O II- 464.1 nm) 

have appeared in the spectra. The emission lines of Sodium (Na I – 589.6 nm) and 

Potassium (K I – 766.7 nm) are also observed in the spectra. The molecular emissions of 

the CN band are not observed in the spectra. It is due to the notch filter (it suppressed the 

data in the spectral window of 375-390) but the strong C2 Swan band (Δν =0, 516.9 nm) 

has been observed. The spectra of all the samples look identical except the variations in the 

intensity and possibly widths which is the most ambitious challenge to identify the given 

analyte whether explosive or not. The emissions of the Hydrogen (656.6 nm) and Oxygen 

(777.7 nm) lines differ in intestines for the sample to sample in non-explosives. The N II 

500.5 nm is the intense emission line among all and the spectra were normalized to it. For 

the entire analysis, background corrected and normalized data was used. 
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Fig. 5.15. ST-LIBS spectra of the ten non-explosives and one explosive (it is NTO, represented 

with red colour) recorded at 6.5 m. (The spectra of the other also looks similar but not shown 

here due to space constraints). 
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5.4.2.a Plasma diagnostic studies 

The properties of the plasma viz, temperature (T), and electron density (Ne) are estimated 

using the Boltzmann plot and Stark broadening method respectively. Three spectral lines 

of Oxygen at 777.6, 794.9, and 844.7 nm are considered for estimating the plasma 

temperature [39, 43, 44]. The plasma temperature measured for all the samples is given in 

Table 5.6 and lies in the range of 20000-22000 K.  

Table 5.6. Plasma properties. Te (K) is the plasma temperature. ne (cm
-3

) and ne (MC) (cm
-3

) 

correspond to the electron density estimated from the Stark broadening method and MC 

Writer criterion respectively. 

S. No Sample name Te Ne 10
18

 Ne (MC) 10
16

 

1 AN 21520 ± 980 1.47 ± 0.16 1.58 ± 0.04 

2 DNT 21430 ± 990 1.49 ± 0.11 1.58 ± 0.03 

3 TNT 21830 ± 1200 1.74 ± 0.24 1.60 ± 0.04 

4 NTO 21500 ± 970 1.70 ± 0.21 1.58 ± 0.03 

5 RDX 21920 ± 1030 1.87 ± 0.25 1.60 ± 0.04 

6 HDPE 22170 ± 1720 1.29 ± 0.25 1.66 ± 0.06 

7 HIP 20130 ± 1770 1.37 ± 0.24 1.53 ± 0.07 

8 LDPE 22170 ± 1770 2.05 ± 0.43 1.70 ± 0.13 

9 PC 22320 ± 2200 2.17 ± 0.49 1.58 ± 0.23 

10 PET 22160 ± 2230 2.18 ± 0.45 1.70 ± 0.17 

11 PP 22310 ± 2370 2.30 ± 0.35 1.82 ± 0.14 

12 PS 20400 ± 2200 2.25 ± 0.25 1.58 ± 0.19 

13 ABS 21230 ± 1750 1.50 ± 0.30 1.57 ± 0.09 

14 Pyridine 21700 ± 1900 1.56 ± 0.25 1.60 ± 0.09 

15 Triethanolamine 22000 ± 1510 1.75 ± 0.26 1.60 ± 0.16 

16 Thymine 21970 ± 1510 1.56 ± 0.20 1.60 ± 0.05 

17 Paracetamol 21590 ± 570 1.15 ± 0.15 1.58 ± 0.02 

18 Cytosine 21670 ± 1040 1.43 ± 0.14 1.59 ± 0.13 

19 Dextrose 21880 ± 1470 1.65 ± 0.22 1.60 ± 0.06 

20 DL-Alanine 21820 ± 1540 1.49 ± 0.26 1.60 ± 0.23 

21 DL-Methionine 22110 ± 1880 1.93 ± 0.33 1.60 ± 0.13 

22 Glycine 21880 ± 1010 1.38 ± 0.13 1.60 ± 0.04 

23 Hypoxanthine 21910 ± 780 1.46 ± 0.09 1.60 ± 0.03 

24 Neomycin 21870 ± 1400 1.82 ± 0.26 1.60 ± 0.17 

 

Further, the electron density is determined from full–width at half maximum (FWHM) of 

the Stark broadening method[43, 44]. The spectral line Hydrogen at H-656.6 nm has been 

utilized for the estimation of electron density. The measured electron densities are found 
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to be in the order of 10
18

 cm
-3

 for all samples as enumerated in Table 5.6.  In addition, the 

McWhirter criterion should be satisfied (a necessary condition) to ascertain the validity of 

local thermodynamic equilibrium (LTE). For the current investigation, the McWhirter 

criterion has been satisfied (see Table 5.6) as the measured electron densities (~ 1.2 – 2.3 X 

10
18 

cm
-3

) are two orders to the electron densities (~ 1.5-1.8 X 10
16 

cm
-3

) obtained from 

McWhirter criterion and validates the LTE assumption. Apart from that, the branching 

ratio has been determined for all the samples to verify the optical thin condition by 

employing two oxygen lines at 777.42 and 844.4 nm [15]. The estimated theoretical 

branching ratios of all the samples are in a good agreement within the actual intensity 

ratios which ascertains the optical thin condition.  

LIBS spectra of all the investigated samples have a similar signature owing to the similar 

chemical composition. However, the reproducible variations in the spectral intensities 

were utilized for the 2D scatter plot/projection and multivariate analyses (PCA & ANN) 

for the identification of the samples in the next sections. 

5.4.2.b 2D Scatter plot analysis 

An overview of the 2D scatter plot approach is presented in chapter 1. Carbon, Hydrogen, 

Nitrogen, and Oxygen are the common elements present in all the samples. In addition, 

the spectral emissions of the CN and C2 bands are influenced by the molecular structure 

and the ambient atmosphere. As mentioned earlier, the emission lines of Carbon and CN 

molecular bands are not observed in the LIBS spectra. Consequently, the emission lines of 

Hydrogen-656.9 (H), Nitrogen – 500.5 (N), Oxygen- 777.6 (O), and C2 -5169.9 nm are 

exploited for the 2D correlation. Further, the spectral line intensities are suitably paired in 

2D projection/scatter plots[37, 45] to look for the distinctions among the explosives and 

non-explosives, for example, H-N combination as shown in Fig. 5.16 (a). Total six 

combinations are possible viz., H-N, H-O, H-C2, O-N, C2-O, and C2-N for the 

aforementioned spectral emissions (H, N, O, and C2) where first four are presented in Fig. 

5.16 (a-d) respectively. A least-square fitting based approach has been utilized to find the 

best fit of an ellipse for the distributions corresponding to explosives and non-explosives as 

shown in Fig. 5.16 (a-d).  
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Fig. 5.16. The 2D scatter plots of the explosives and non-explosives a) H-N, b) H-O, c) H-C2 

and d) O-N. 

Total 2330 spectra were acquired where 430 spectra belong to the explosives and rest for 

the non-explosives (same data used for PCA and ANN analysis in the next sections also). 

All the points of each dataset are well fitted for the ellipse with a confidence of 95 %. The 

non-explosives are scattered more in 2D space in contrast to the explosives as visualized in 

Fig. 5.16. However, in the case of the H-C2, the results are promising where only sight 

overlap has been noticed. Similar behavior was observed for the C2-O and C2-N 

combinations (Not shown in the figure). The C2 intestines of the non-explosives are higher 

than the explosives as shown in Fig. 5.16(c). Further, the discriminatory ability of the 2D 

scatter plot approach is evaluated by (RDR) [37] as defined in chapter 1. The RDR values 

obtained for the six combinations viz, H-N, H-O, H-C2, O-N, C2-O, and C2-N are 0.65, 

0.55, 0.24, 0.43, 0.22, and 0.18 respectively. The combination involving the C2 as one of the 

components of the 2D scatter plot has shown promising separation.  In which, H-C2 can be 

considered as good approach as these lines are less influenced by atmospheric contribution. 
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5.4.2.c PCA Analysis 

Here the PCA has been performed on the background-corrected and normalized single 

spectra. Further, the analysis (in the next sections also) was done for two different spectral 

windows. The main objective for this consideration is to verify the effect of the non-

sample analyte emissions on the performance of employed multivariate techniques which 

is a challenging task while working mainly with explosives. 

1. Total data (R1).  

2. Total data excluding contaminants (Na 589–595 & K 765–772 nm) (R2).  

In the first step, we employed the PCA for the total spectral region R1 as an input to the 

PCA. Excellent segregation was demonstrated with the aid of the first three PCs as shown 

in Fig. 5.17(a). The first five PCs cumulatively describe the total variance of 95.64 %. The 

explosives are scattered in a more compact manner in the PC space and distinctly separated 

from the non-explosives. However, non-explosives have shown more scattering which 

could be owing to the wide range of the samples utilized for the investigation. A similar 

performance is obtained for the other input R2 as shown in Fig. 5.17(b). 

 

Fig. 5.17. 3D score plots of the explosives and non-explosives. a) R1 as input, b) R2 as input. 

PC loading plot provides information about the significant spectral features responsible for 

sample set clustering under the investigation which are illustrated in Fig. 5.18 (a&b) 

corresponds to the input R1 and R2 respectively. The first PC of the loadings plot (R1) 

alone corresponds to one-third of the total variance present in the data, and the two 

subsequent PCs explain 17.71, 5.94 % of the variance respectively. The spectral features of 
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the Nitrogen (N II – 500.5 nm), Oxygen (O II – 464.1 nm), Hydrogen (H I – 656.9 nm), C2 

Swan band system (C2-516.9 nm), Sodium (Na I - 589.6 nm), and Potassium (766.7, 769.9 

nm) are dominant in the three PCs as shown in Fig. 5.18 (a). 

 

 

Fig. 5.18. Loadings plot of the first three PCs. a) R1 as input, b) R2 as input. 

Fig. 5.18(b) visualizes the loadings plot obtained by the R2 as input to the PCA. The 

atomic lines of the matrix elements viz., H I – 656. 9, N - II 500.5, and O II – 464.1 are 

observed in the loadings plot. The molecular features of the C2 Swan band 516.9 nm is 

more pronounced in all the three PCs. PC1, PC2, and PC3 explain the variance of 65.01, 

9.65, and 8.02 % respectively and the first five PCs together account for ~ 91.35 % of the 

variance. This result demonstrates that excellent segregation of explosives and non-

explosives can be achieved with PCA and the influence of the impurities can be considered 

as negligible for the classification. 

5.4.2.d ANN Analysis 

For the present investigation, a three-layer neural network has been utilized with the two 

different inputs are (as aforementioned R1 and R2) given to the network. Initially, the 

network has been optimized by varying the number of neurons (2-50) for better 

performance and twenty-five neurons found to be optimum. The ANN analysis was 

performed over 1000 times. In each iteration, the data set was randomly divided into 

training (70%), testing (15 %), and validation (15%). The results achieved from the 1000 

iterations are represented in Table 5.7.  It presents the correct classification rate 
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determined from the confusion matrix. The analysis has been performed for R1 & R2 as 

an input to the model. Further, the model was also evaluated for the total data as input (5 

explosives and 19 non-explosives – referred to as 1
st

 dataset) and by considering the equal 

number of samples (5 explosives and 5 non-explosives – referred to as 2
nd

 dataset). 

Table 5.7. The results obtained from the ANN for the explosives and non-explosives. 

 5 explosives & 19 non-explosives 

(Referred as 1
st

 data) 

5 explosives & 5 non-explosives 

(Referred as 2
nd

 data) 

R1 R2 R1 R2 

Explosives 97.71 94.18 99.51 99.65 

Non-explosives 99.83 99.83 99.62 99.78 

 

The idea behind considering these inputs is to evaluate the effect of class imbalance on the 

predictive ability of the trained ANN model. The correct labelling rates obtained for the 

2
nd

 data are found to be higher compared to the 1
st

 dataset. It could be attributed to the 

consideration of the equal number of inputs for the explosives and non-explosives which 

can minimize the biasing while training the model[46]. It was also found the classification 

rates are equal for R1 and R2. Similar results were observed in literature where the 

misclassification rate is higher for the minority dataset however it can be overcome by 

deep learning methods[47]. In the case of the 1
st

 dataset, it is noticed that identification 

accuracies are higher for the non-explosive in contrast to the explosives regardless of the 

input chosen for the ANN analysis. The ACCR achieved through R1 as input is merely 2 

% higher than R2, i.e., ~ 98.77 %. Along with that, the result reveals that the 

identification rate of non-explosives is identical irrespective of the input which is already 

demonstrated visually in the earlier section through PCA. A slight reduction in the correct 

identification rate of the explosives has been noticed with R2 as input in contrast to the 

R1. This could be possible due to considering the only native spectral features of the 

samples. Nevertheless, the results presented here demonstrate the performance of ANN 

analysis for recognizing the explosives from non-explosives in the standoff regime with 

false alarm rates lower than the 6 %. 

Further, the analysis has been extended to the identification among explosives in the next 

section.  
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5.5 Standoff detection of explosives at 6.5 m 

The details of the five explosives are presented in Table 5.5.  All the spectra were 

background corrected and normalized as mentioned in section 5.4.2. Typical LIBS spectra 

(background corrected) of the five explosives are illustrated in Fig. 5.19.  

 

Fig. 5.19. ST-LIBS spectra of the five explosives recorded at 6.5 m. All are background 

corrected and normalized to the N II- 500.5 nm line. 

5.5.1  2D scatter plot analysis  

The analysis is done similarly as mentioned in section 5.4.2.b. The 2D scatter plot of four 

combinations viz., H-N, H-O, H-C2, and O-N are shown in Fig. 5.20 (a-d). Each point in 

the plot is a representative of one spectrum and 100 spectra for each sample are employed 

(except RDX). H-N and H-C2 scattered plot offered good discrimination among all the 

samples as shown in Fig. 5.20(a&c) respectively. However, a slight overlap observed 
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between NTO and TNT. The scatter plot of H-O is illustrated in Fig. 5.20(b) where the 

RDX and AN are well separated from each other and also from the rest. Nevertheless, the 

overlap has been noticed between the NTO & TNT, NTO&DNT, and TNT&DNT. The 

plot involving the oxygen and nitrogen has exhibited the overlap of all the data sets as 

shown in Fig. 5.20(d) which could be attributed to the immense air contribution to the 

LIB spectra contrary to other pairs[37]. The C2-O and C2-N plots are not shown in Fig. 

5.20 where the outcomes are more or less similar to the O-N scatter plot. 

 

 

Fig. 5.20. 2D scatter plots of the explosives a) H-N, b) H-O, c) H-C2 and d) O-N. Symbols are 

the actual data and ellipses are drawn to visualize the clustering. 

Finally, the discriminative ability has been evaluated by determining the RDR values for 

all the plots. The RDR for all the scatter plots are evaluated and computed values are 

enumerated in Table 5.8. The RDR value estimated from the H-N scatter plot for TNT & 
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NTO is close to zero (~ 0.08) where the remaining are well distinguished from each 

other. Almost, similar behaviour is noticed for the H-C2, however, a slight additional 

overlap has been observed between the TNT, and NTO in contrast to the H-N plot where 

the RDR is 0.25. Besides that, a small overlap region has been noticed between the TNT & 

DNT with RDR of 0.06. Nevertheless, it has less chance to prone to the atmospheric 

contribution which makes it as a reliable marker for the accurate/critical evaluation. 

Table 5.8. The RDR values evaluated from the 2d scatter plots. 

 

The RDR values of the O-N, C2-O, and C2-N are high compared to the other combination 

due to the more overlap. These results suggest that, apart from the spectral intensities, the 

choice of the spectral lines is the crucial factor/stage for the efficient identification of the 

explosives. The findings from the 2d projection approach demonstrate the reliable 

classification of the explosives with good discrimination ability by employing only 2 % of 

the total data. 

5.5.2  Classification of explosives by PCA 

Here the PCA has been performed on the five explosives and the procedure similar as 

mentioned in section 5.4.2.c. Fig. 5.21 illustrates the 3d score plot corresponding to the 

first three PCs (R1 as input). The first three PCs account for the variance of 39, 34.61 %, 

and 10.17 % respectively and five PCs collectively explain the variance of 91.72 % present 

in the data. All the samples are well clustered, which demonstrates the presence of 

differences among the spectra and can be employed for discrimination among the samples. 

AN is well isolated from the rest of the samples. DNT has shown less dispersion among all 

Scatter 

plots 

TNT & 

NTO 

TNT & 

DNT 

NTO & 

DNT 

DNT 

& AN 

TNT 

& AN 

RDX & 

NTO 

RDX 

& AN 

NTO 

& AN 

H-N 0.08 0 0 0 0 0 0 0 

H-O 0.92 1.04 0.06 0 0 0 0 0 

H-C2 0.25 0.06 0 0 0 0 0 0 

O-N 0.92 0.47 0 0.30 1.17 0.34 0.35 1.32 

C2-O 0.93 0.74 0 0.31 1.02 0.32 0.33 1.52 

C2-N 0.91 0.99 0.11 0.51 1.22 0.45 0.31 1.41 
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the samples and it is slightly overlapped with the RDX. The loadings plot of the first three 

PCs is shown in Fig. 5.22 (R1 as input). 

 

Fig. 5.21. 3D score plot of the five explosives. R1 is used as input to the PCA. 

 

Fig. 5.22. Loadings plot of the first three PCs. R1 is used as input to the PCA. 
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Nitrogen (N II-500.5, N II-567.9 nm) and Oxygen (O II-464.1 nm) spectral lines are the 

most dominant features in the PC1. Also, the molecular C2 Swan band at 516.9 nm 

prevailed in the loadings plot. Hydrogen (H I -656.9 nm) is the strongest line that appeared 

in PC2 followed by Na I 589.6 nm as shown in Fig. 5.22. The Na I 589.6 nm & K 766.7 

nm spectral lines are majorly contributed to the PC3. 

The 3d score plot for the R2 as input to the PCA is shown in Fig. 5.23. The segregation is 

observed almost similar to R1 as input. The first three PCs describe 43.68, 38.1, and 6.63 % 

of the total variance within the data set respectively. The cumulative variance obtained by 

the first five PCs is approximately the same as the R1 ~ 91.95 %. 

  

Fig. 5.23. 3D score plot of the five explosives. R2 is used as input to the PCA. 

The loadings plot are also has shown the nearly identical spectral features for PC1 with 

slight variations in the intensities as shown in Fig. 5.24. Hydrogen (H I -656.9 nm) is the 

strongest feature observed in PC2 followed by Nitrogen lines (747.2, 822.1 & 868.3 nm). 

Whereas N II- 868.6 nm is the strongest emission in the PC3 followed by N-822.1 and O I-

777.6 nm lines. These results reveal that the performance of the PCA for the explosives 

discrimination hardly depends on the impurities of the interrogated samples.  
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Fig. 5.24. Loadings plot of the first three PCs. R2 is used as input to the PCA. 

 

An excellent classification among the explosives has been already demonstrated in this 

section with the aid of PCA albeit one to one labelling is not viable. Hence, here, we 

employed a supervised learning algorithm i.e. ANN in the next section. 

5.5.3  Classification of explosives by ANN 

The analysis has been performed similarly as mentioned in section 5.4.2.d. The results (R1 

as input) obtained from the average of the 1000 iterations are presented in Table 5.9. The 

analytical performance of the ANN can be accessed from the confusion matrix. 

 

Table 5.9. Confusion matrix obtained from the ANN (R1 as input). 

  Predicted labels 

  TNT AN NTO DNT RDX 

R
e
f
e
r
e
n

c
e
 

l
a
b

e
l
s
 

TNT 98.67 0.07 0.27 0.03 0.97 

AN 0.00 98.33 0.07 0.57 1.03 

NTO 0.37 0.00 97.73 0.07 1.83 

DNT 0.13 0.53 1.03 97.01 1.29 

RDX 0.00 0.37 0.30 0.37 98.97 
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As shown, in Table 5.9 the correct predictions rate is above 97 % for all the samples and 

close to 99 % for the TNT and RDX. The average of the correct classification rate 

(ACCR) is around 98.14 %. Also, few performance metrics were determined from the 

confusion matrix to evaluate the performance of the ANN model as enumerated in Table 

5.10.  

Table 5.10. Performance parameters of the samples determine from ANN (R1 as input). 

 Accuracy Precision Sensitivity Specificity 

TNT 99.63 99.50 98.66 99.87 

AN 99.46 99.02 98.33 99.75 

NTO 99.20 98.32 97.73 99.57 

DNT 99.18 98.94 97.02 99.74 

RDX 98.75 95.08 98.96 98.70 

Average 99.24 98.17 98.14 99.53 

 

The performance metrics reflect that the identification accuracies of ~ 99 % can be 

achieved for all the samples which minimize the arbitrariness in decision making. Along 

with that ANN presents high sensitivity and specificity where the average specificity close 

to 99.5 %. The results for the R2 as input to ANN are given in Table 5.11.  

Table 5.11. Confusion matrix obtained from the ANN (R2 as input). 

  Predicted labels 

  TNT AN NTO DNT RDX 

R
e
f
e
r
e
n

c
e
 

l
a
b

e
l
s
 

TNT 99.60 0.07 0.17 0.07 0.10 

AN 0.37 99.03 0.47 0.00 0.13 

NTO 1.00 0.20 96.83 0.90 1.07 

DNT 1.17 1.07 1.70 95.00 1.07 

RDX 0.13 0.60 1.07 0.17 98.03 

 

The results are almost similar to R1 where the ACCR is 97.70 % which is only differed by 

the ~ 0.5 %. Nevertheless, the individual identification rate attained is ~ 100 % for TNT. 

Also, it is observed that DNT correct prediction is decreased by 2% and it is principally 

misclassified as TNT (~1.2 %). Similarly the average of all the performance parameters 

also closely resemble (which only differ by less than 0.5 %) to the input R1. These results 

demonstrate that the accuracies up to 99 % can be achieved for the standoff detection of 

explosives. 
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5.6 Summary 

Initial, ST-LIBS experiment has been performed at 1 m where the atomic ratios and PCA 

have been used for the classification of the five explosives. Further, it extended for probing 

the five explosives and a wide range of non-explosives at 6.5 m. Proper optimization of the 

focusing has resulted in higher irradiance which favours the formation of intense plasma. 

The captivating principle of f-number matching of the collection system to that of the 

spectrometer was utilized in designing an optimized compact portable detection system 

consists of a single lens and a small spectrometer. This helps in increasing the spectral 

throughput of the detection system even with small aperture size. The 2D scatter plots of 

two selected spectral lines have shown promising/good clusters where only 2 % of the 

total spectral data was utilized. An excellent classification of explosives has been achieved 

with the aid of PCA which has also demonstrated the discrimination of explosives and 

non-explosives. The results from the ANN analysis of non-explosives and explosives have 

resulted in the correct prediction rates of 99.83 % and 94.18 % respectively. The obtained 

false alarm rates, being less than ~ 6%, suggests that the identification, as well as labelling 

of explosives with high accuracy, can be achieved using the ANN algorithm coupled to 

LIBS data. The overall results present the efficacy of the miniaturized ST-LIBS and can be 

utilized as a field-deployable technology for the rapid identification of the explosives.  
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CHAPTER 6 : Femtosecond and Filamentation LIBS 

Studies 

 

This chapter explores the extending femtosecond (fs) laser-induced breakdown 

spectroscopy (Fs-LIBS) for the discrimination of plastics waste and characterization of the 

Cu plasma produced by fs filaments. The utilization of the fs pulses particularly favors the 

molecular species formation and also minimizes atmospheric entrainment to the plasma, 

which can greatly increase the identification accuracies. PCA has been utilized for the 

exploratory analysis where excellent segregation was achieved. Further, the data was 

analyzed through a supervised algorithm, ANN. For efficient identification, an ANN model 

was constructed and evaluated by exploiting five different spectral windows/regions. The 

average identification rates obtained for all samples are in the range of 97 to 99 % 

depending on the spectral window. The correct prediction rates with 100 % accuracy were 

achieved when ten prominent spectral features were employed. Further, it presents the 

filamentation induced breakdown spectroscopy (FIBS) studies of Cu. The filaments of 

various intensities were generated with the aid of three different focusing lenses. Further, 

the FIBS measurements were carried out for each filament at three different positions along 

the length. The filaments were spatially characterized by estimating the plasma 

temperature and electron density via Boltzmann and Stark broadening methods 

respectively. The investigation has demonstrated that the maximum spectral line intensity 

for Cu plasma is attained at the central part of the filament. It also revealed that the 

persistence time of the spectral lines is highest for the centre of the filament. Further, it has 

been demonstrated that the persistence time decreased linearly with increasing the focal 

length of the focusing lens. 

 

 

Part of this chapter’s work has been published as following journal article. 
 
Rajendhar Junjuri, M.K. Gundawar, "Femtosecond laser-induced breakdown 
spectroscopy studies for the identification of plastics", Journal of Analytical Atomic 
Spectrometry, (2019). 
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6.1 Introduction 

The first part of the current chapter briefly explains an overview of Fs-LIBS and explores 

its application for the recognition of plastic waste. Whereas the second part presents the 

Spatio-temporal characterization of the Cu plasma produced by different fs filaments 

generated by different focal length lenses.  

6.1.1 Overview of Fs-LIBS  

Laser-matter interaction of the ultrafast pulses (fs) highly differs from the long duration 

pulses (ns) in the energy dissipation mechanism. In the case of interaction with fs pulse, the 

rapid creation of the hot plasma with the absence of liquid phase along with a decrease in 

the size of the heat-affected zone leads to much more controllable material removal[1]. 

Whereas in the case of interaction with long pulses, the matter undergoes transient changes 

in thermodynamic pathways starting from solid to the plasma via the liquid state. Apart 

from that, the poor coupling of laser energy to the sample in ns LIBS leads to the usage of 

higher pulse energies and leaves a scar due to the melting. Fs-LIBS has attractive features 

like the absence of laser-plasma interaction (plasma shielding) and negligible heat transfer 

from the laser interaction zone to the surrounding lattice leading to improvement in 

sensitivity[2]. Whereas in the case of ns-LIBS, the plasma undergoes reheating due to the 

persistent plasma-pulse interaction. Thus it results in a plasma with a higher temperature 

where atomization dominates compared to the molecular formation at initial time scales. 

In contrast, the fs pulse forms a lower temperature plasma and favors the molecular 

formation.  

 

CN and C2 are the dominant molecular band systems observed in the LIBS spectra of 

organic samples such as biological specimens (bacteria, tissues) [3, 4], explosives[5], and 

polymers[6]. Their formation pathways are complex but extensive works have 

demonstrated that C2 formation is mostly due to the native C=C linkages whereas CN 

emissions could be due to the recombination of C and N and partially from native CN 

bands [5, 7, 8]. The detailed mechanisms/reactions are given in section 6.3.1(c). Baudelet et 

al. have done extensive work for the identification of biological samples using ns and fs-
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LIBS techniques [3, 4]. They have identified the samples based on CN emissions and have 

shown that these emissions are purely due to the direct ablation of bonds present in the 

sample in fs case. Also, it has been widely reported in the literature that, the less plasma 

temperature in fs case leads to the negligible oxygen and nitrogen emissions from excited 

ambient air[4, 7, 9]. Thus employing the fs-LIBS technique can efficaciously help in 

identifying the organic samples. Also, it has figures of merit for the quantitative and 

qualitative analysis in terms of minimal damage to the surface by precise ablation, 

improved spatial resolution, lack of fractional evaporation and better reproducibility[10]. 

However, the smaller plasma size and the time of persistence are limitations in acquiring 

the signal. These challenges can be expected to be overcome by future technological 

advances leading to more sensitive detectors and high power lasers. Over the past decade, 

the overall size of fs amplifier laser systems has been gradually decreasing with the advent 

of new technologies. New generation compact, less expensive fiber femtosecond lasers are 

available and being utilized in portable LIBS investigations along with a few standoff 

applications[11].  

 

An overview of the plastics identification and the motivation behind applying LIBS for 

their discrimination is already presented in chapter 4. Also, a brief review of the 

identification of the plastics using LIBS is given in table 4.1 in chapter 4. To date, all the 

works devoted to the identification of plastics using LIBS technique have been employed 

nanosecond lasers (ns) as an excitation source to produce the plasma. The use of fs laser 

pulses for the identification of plastic waste has not been explored to the best of my 

knowledge hence in this chapter the feasibility of fs-LIBS for their identification is 

presented. 

6.1.2 Overview of Filamentation LIBS (FIBS)  

The standoff detection capability is the key attribute of the LIBS technique which enables 

the identification of hazardous materials in hostile environments where the physical access 

to the sample is not viable nevertheless optical access can be envisaged [12, 13]. The 

conventional ST-LIBS technique relies on the ns pulse has been reported in the literature 

for various applications such as identification of explosives, contaminants, and nuclear 
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materials, etc.[12, 14, 15]. Nevertheless, it has limitations for achieving the maximum 

standoff distances owing to the atmospheric turbulence and diffraction effects [16-19]. 

However, this hurdle can be overcome by utilizing the advantage of complex but favorable 

nonlinear dynamics of ultrafast fs laser propagation in ambient air which produces the 

filaments for probing samples for long-range applications. Filamentation has got significant 

attention of the research community owing to the wide range of applications viz., artificial 

lighting[20], filament induced breakdown spectroscopy (FIBS)[21], LIDAR[22], THz 

generation[23], and others[24]. FIBS is a promising spectroscopic method where the 

intensities of fs filaments are in the range of 10
13

 W/cm
2

 which is sufficient to ablate the 

samples even at longer standoff distances[25, 26]. The fs filaments can propagate and 

deliver energies over very long distances without any diffraction effects in contrast to the 

conventional ns pulses and demonstrates it as a potential candidate for the remote sensing 

applications[27]. These unique feature has demonstrated the fs laser beam propagation over 

the ranges of a few kilometers [28, 29]. Most of the FIBS studies have been focused on the 

capability of standoff measurements and the recognition of atomic and molecular spectra. 

It has been applied for the remote identification of the materials in different applications 

such as defense[16, 30], archeology[31], biology[21, 32, 33], nuclear technology[34] and 

environment monitoring[35], etc. [10, 36-38].  

Although it has been reported that the FIBS is a promising spectroscopic tool for the 

standoff detection of materials, the characteristic properties of FIBS are still under 

investigation. The enhancement of the spectral line intensity for the remote FIBS is 

reported with spatio-temporally chirped pulses[39]. Harilal et al. demonstrated the 

temperature clamping in FIBS and it is attributed to the intensity clamping in a filament. 

They have also investigated the effect of loosely focused (2- 4 m focal length) and freely 

propagated filaments (no focusing optics used) on the evolution of the aluminum oxide 

(ALO) molecular species[40, 41]. Fs laser ablation studies of steel and titanium alloys with 

tightly focused fs pulses, sharply focused and unfocused filaments have been demonstrated 

that the ablation efficiency is more for the tightly focused fs pulses followed by sharply 

focused filaments[42]. The longitudinal variation of the filament intensity in ambient air 

qualitatively determined by the acoustic measurements. The change in the acoustic signal 

is attributed to the cumulative effect of change in plasma temperature and electron density. 
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Xu et al. characterized the lead FIBS plasma produced by the loosely focused filaments by 

measuring the plasma temperature and electron density [43]. Skrodzki et al. have 

demonstrated the transition from single to multiple filament regime with the 

shadowgraphy technique and quantified the laser coupling efficiency to the metal target 

[44]. It is worth considering that the properties of the LIP greatly depend on the 

irradiation conditions. A better understanding of the plume properties at different 

positions of filament is an essential factor for improving the figures of merit of the FIBS 

technique. Hence, it is of the vital role to study and compare the spatial and temporal 

characterization/dynamics of the FIBS measurements generated by different filaments 

which are very less explored in the literature.  

The second part of this chapter presents the characterization of the Cu plasma produced 

by the filaments with various intensities generated by different focal length lenses. Each 

filament is characterized at different positions along the spatial length. 

6.2 Experimental details 

6.2.1 Fs-LIBS 

The details of the Fs-LIBS are already given in chapter 2 (section 2.3.1). A laser pulse of 2 

mJ is guided by a set of mirrors and focused onto the sample surface using a 100 mm focal 

length plano-convex fused silica lens to produce the plasma. Fs- LIBS spectra were acquired 

with the gate delay of 20 ns and the gate width of 5 µs. A constant ICCD gain of 2600 was 

used for the spectral acquisition. Thirty spectra were acquired for each sample and each 

spectrum corresponds to an accumulation of 1000 laser pulse corresponds to 1 second of 

acquisition time. 

6.2.2 Filamentation LIBS 

A typical schematic of the FIBS setup is shown in Fig. 6.1(a). The details of the fs laser 

system are described in chapter 2 (section 2.1.2). The filaments of three different lengths 

were produced by focusing the laser beam of 2 mJ energy through a Plano-convex lens of 

focal lengths 50, 100, and 200 cm respectively, and the images of the three filaments are 
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shown in Fig. 6.1(c). The FIBS experiment has been performed on the Cu target in an 

ambient atmosphere. 

 

Fig. 6.1. a) Typical schematic of the FIBS setup. M1 and M2 are mirrors, L is focusing lens, 

and C is the collection system. b) FIBS measurements at three different positions of the 

filament. LP, CP, and TP correspond to the exposure of the Cu target by keeping at leading, 

central, and trailing parts of the filament respectively. c) Images of the filaments captured by 

a camera. 

The sample was kept on the X-Y translation stage which was perpendicular to the incident 

laser beam propagation. The Cu sample was exposed by the filament at three different 

parts along its length by moving the lens along laser propagation as shown in Fig. 6.1(b). 

To maintain reproducibility in experimental data, the lens was placed on a rail which can 

have access in +z and –z directions. The optical emissions from the filament induced Cu 

plasma were acquired by the collection optics (Andor, ME OPT-007) which is positioned 
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at 45
o

 relative to the incident laser beam and kept at a distance of 18 cm from the Cu 

target. The Cu target and collection optics were held fixed at a position on the optical 

bench for the constant collection efficiency. The spectral emissions from the collection 

system were guided to the Mechelle spectrometer through an optical fiber. The Echelle 

spectrograph coupled to an ICCD (for details see chapter 2, section 2.2.1).  

Two types of FIBS spectra were acquired for the present study for the spatial and temporal 

characterization.  

a) Time-integrated spectra recorded with a gate width of 2 µs. 

b) Time-resolved spectra acquired for the temporal characterization in the time window 

0.02-1.82 μs by increasing the delay in steps of 0.2 μs with a constant gate width of 0.2 μs.  

The initial delay (20 ns) and gain (1200) was fixed for these two datasets and each spectrum 

corresponds to an accumulation of 1000 laser pulses. Ten spectra were acquired at each 

position 

6.3 Results and discussion 

The first part represents the application of Fs-LIBS for the identification of plastic waste. 

Further, the characterization of Cu plasma generated by different fs filament intensities is 

discussed in the second part. 

6.3.1 Fs-LIBS for the identification of the plastic waste 

The experiment was performed for five plastics namely, PET, HDPE/HD, LDPE/LD, 

PP, and PS. The details are given in chapter 4 (Table 4.2). All the samples were 

characterized by TG-DTA (See chapter 4, section 4.2.1) and Raman spectroscopy (See 

chapter 4, section 4.2.2). The results from both techniques have confirmed their identity.  

6.3.1.a Description of the spectral lines 

The LIBS spectra were normalized to the carbon line at C-247.85 nm and normalized 

spectra of the five plastics are envisioned in Fig. 6.2. The spectra are shown in two spectral 

regions 220-450 and 450-880 nm with different intensity scales to facilitate the clear view of 
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spectral features with low intensities. The second spectral region, i.e., 450-880 nm consists 

of C2 Swan band system, and atomic peaks of hydrogen, nitrogen, and oxygen.  

 

 

Fig. 6.2. Fs-LIBS spectra of the five plastics. The number in the triangle represents the 

respective recycling codes. 

The prominent spectral features are depicted in Fig. 6.2 and their corresponding 

wavelengths are presented in Table 6.1. The number inside the triangle in Fig. 6.2 

represents the standard recycling number of plastic. The atomic lines of Ti were also 

observed in all the samples. The metallic elements of Ti, Ca, Na, and K are commonly 

utilized as additives for improving the mechanical and physical properties along with the 

aim of reducing their cost [45]. CN (∆ν=0) molecular band head at 388.37 nm had the 

strongest intensity next to the carbon and followed by C2 (∆ν=0) Swan band head at 

516.56 nm, and other atomic transitions of hydrogen, oxygen, and nitrogen. In total, a 

seven molecular band systems were observed in which three corresponds to CN violet 

band system [CN (∆ν=+1, 0, -1)] and three corresponds to C2 Swan band system [C2 

(∆ν=+1, 0, -1)], and the last one is NH (336.08 nm) molecular emission[46]. It is evident 
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from Fig. 6.2 that intensities of C2 and CN band heads (∆ν=0) are observed to be varying 

from sample to sample. PET and PS have shown higher intensities of C2 (∆ν=0) molecular 

band head at 516.56 nm in contrast to other samples which could be attributed to the 

presence of native C=C linkages (aromatic rings)[6]. 

 

Table 6.1. The emission lines observed in the fs-LIBS spectra of the five samples. # represents 

the band head wavelength. *Lines/Bands used for the ANN input. 

Atomic 

species 

Emission lines 

(nm) 

Molecular 

species 

Emission lines (nm) 

C 247.85
*

 CN (∆ν=0)* 385.13, 385.50, 386.21, 387.19, 388.37 (0-0)
 #

 

H 656.36
*

 CN (∆ν=+1) 358.45, 358.62, 359.08 (1-0)
#

 

O 777.63
*

, 844.84
*

 CN (∆ν=-1) 415.87, 416.80, 418.13, 419.75, 421.61 (0-1)
 #

 

Na 589.12
*

, 589.71
*

 C2 (∆ν=0)* 509.83, 512.96, 516.56 (0-0)
 #

 

Mg 279.61
*

, 280.27, 

285.26  

C2 (∆ν=+1) 467.86, 468.55, 469.80, 471.54, 473.73 (1-0)
 #

 

K 766.64
*

, 770.13 C2 (∆ν=-1) 554.11, 558.58, 563.62 (0-1)
 #

 

N 742.65
*

, 744.43
*

, 

747.09
*

, 818.67, 

821.78, 824.49, 

868.32
*

 

C2 (∆ν=+2) 436.52, 437.22, 438.17 (3-1)
 #

 

Ti 334.98*, 363.36, 

364.35, 365.42 

NH (∆ν=0)* 336.08 

 

The CN molecular band head intensity in PET and PS is also strong as shown in Fig. 6.2. 

The higher intensity of this could be due to the recombination of the C2 radicles or atomic 

carbon in the plasma with the omnipresent nitrogen [7, 8, 47]. Our observations are 

consistent with the previous LIBS studies on the polymers and other organic 

compounds[7, 8]. Further, the entire analysis was done by using the normalized data. 

6.3.1.b Ratiometric analysis 

The analysis performed here is similar to the analysis reported in chapter 4, section 4.4.2. 

It utilizes the intensity ratios of two spectral lines (carbon and hydrogen). As discussed 

earlier, all the five plastics inherently contain the carbon and hydrogen in their molecular 

structure and their stoichiometric ratio can be used as a marker to identify the plastics. 

The correlation among the actual to measured intensity ratios of the samples was fitted to 

a straight line (y = mx + c) as shown in Fig. 6.3. It is well correlated with the straight-line 
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approximation (Pearson’s r = 0.97). It is noticed that the actual ratios are matching with 

the measured intensity ratio for all the samples except for the PET, in case of PET is 

slightly deviated from the actual value. It could be possible due to the following scavenging 

reactions  

C2+O   CO+C      (6.1) 

C2+O2   2CO                 (6.2) 

 

PET contains the native oxygen atoms in their molecular structure and the reaction 

between the C2 with oxygen can lead to the emission of the carbon line as given equation 

6.1 and enhances the carbon line intensity. Further, it is evident from Fig. 6.3, five samples 

can be classified into three categories with their C/H value. 

 

Fig. 6.3. The correlation between the actual C/H ratios to the measured intensity ratios.  

The polyolefins (PP, LD, and HD) as one group (0.37-0.62) and remaining are two can be 

considered as two groups PS (0.82-1), and PET (1.21-1.69). However, this correlation can’t 

able to classify the LD, HD, and PP due to sharing the same C/H value. In the next 

sections, C, CN, C2 emissions are explored for the correlation.  

6.3.1.c Correlation between C-C bonds to C, C2 and CN line 

intensities 

Only PET and PS contain the native C2 bonds and CN bonds are absent in all the samples, 

hence only C-C bonds are utilized for the correlation. The intensities of C, C2 (∆v=0), and 
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CN (∆v=0) emission lines are correlated with the no of C-C bonds present in the sample 

as shown in Fig. 6.4(a-c) respectively. The intensity of the carbon (C-247.85 nm) line has 

not shown variation with the no of C-C bonds whereas a linear positive correlation 

noticed for the C2 and CN emissions. In the case of the carbon line, the intensities are 

almost constant for all the samples except for PET, where it has shown higher intensity. 

As discussed earlier, the native oxygen present in the PET increases the carbon line 

emissions (see equation 6.1 & 6.2). Further, it has the highest number of carbon atoms 

compared to all the samples which can lead to an increase in carbon line intensity.  

 

Fig. 6.4. The correlation between the number of carbon single bonds (C-C) to the a) C-2478.5 

nm line intensity, b) C2 (∆v=0) band intensity, and c) CN (∆v=0) band intensity. 

In the case of ns LIBS, an increase in carbon line intensity is observed due to the 

atomization which has resulted in a decrease of intensities of molecular emissions (See Fig. 

4.12 in chapter 4). Here, the intensities of molecular emissions are increased with no of C-
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C bonds, and the correlation is fitted for the straight line as shown in Fig. 6.4(b & c). It 

can be understood from the following equations[8] 

C+N+M  CN+M      (6.3) 

C+N2   CN+N                 (6.4) 

C+C+M  C2+M       (6.5) 

The carbon species in the plasma can react with nitrogen and carbon species and leads to 

the formation of the CN and C2 radicals as given equations (6.3 to 6.5). Fs LIBS offers the 

formation of a lower temperature of plasma compared to ns LIBS and leads to the 

molecular formation in contrast to the atomization. Similar observations were reported 

where; atomic line intensities are stronger in the case of ns LIBS and molecular emissions 

are predominant in fs LIBS[5, 7].  

6.3.1.d 2D scatter plot analysis 

The details of the 2D scatter approach are given in chapter 2 (section 1.4.1). Carbon and 

hydrogen are the common elements present in all the five samples and C2 linkages/bonds 

inherently present in PS and PET. In addition, the spectral emissions of the CN and C2 

bands are influenced by the molecular structure and the ambient atmosphere. 

Consequently, the atomic lines of C-247.85, H-656.36, along with the molecular CN and 

C2 bands are exploited for the 2D correlation. Initially, all the atomic lines are fitted for 

the Lorentzian function using MATLAB and obtained the area under the curve 

(considered as the intensity of the line). For CN and C2 molecular bands, the sum of the 

intensities of the ∆ν=0, +1,-1 transition were considered. The relative standard deviation 

(RSD) of the spectral intensity of carbon atomic transition (obtained from the thirty trails 

of each sample) was observed to be less around ~ 2-6 % while the RSD of hydrogen, CN, 

and C2 bands is around ~ 5-11 %. A total of six combinations of 2D plots (C-H, C-CN, C-

C2, H-CN, H-C2, and CN-C2) are possible for the four spectral features (C, H, CN, and 

C2) and the same are presented in Fig. 6.5(a) to Fig. 6.5(f). Each point in the graph is a 

representative of one spectrum. First three combinations involve the carbon as one of the 

components on x-axis and H, C2 and CN are in combination with carbon respectively as 

shown in Fig. 6.5(a) to Fig. 6.5(c) respectively. A least square fitting method has been 
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employed to find the best fit of the ellipse for the scattered data of each sample as shown in 

Fig. 6.5(a) to Fig. 6.5(f). All the clusters were well fitted for the ellipse with a confidence of 

95 %. Further, a numerical parameter, residual discriminatory region (RDR) has been 

defined (see section 1.4.1, chapter 1) for the quantitative evaluation of the discriminatory 

power of a 2D scatter plot [48]. 

 

Fig. 6.5. The 2d correlation plots of the plastics with different combinations. (a) C-H and (b) 

C-CN, (c) C-C2, (d) H-CN, (e) H-C2, and (f) C2 -CN. 



 

156 

 

 Femtosecond and Filamentation LIBS Studies 

 

The RDR values determined from the aforementioned six combinations of 2D plots are 

presented in Table 6.2.  

 

Table 6.2. RDR values measured for the 2D scatter plots. 

 

All the combinations have shown good separation among the samples. However, LDPE 

and HDPE have interfered for three combinations viz., C-CN, C-C2, and C2-CN. PET is 

well separated from the rest of the samples in all the combinations. It could be possible due 

to the maximum number of the carbon, hydrogen atoms present in it contrary to other 

samples. The scatter plot employing the atomic lines of C and H is shown in Fig. 6.5(a) 

where a slight overlap has been noticed among the PS and PP which corresponds to the 

RDR of 0.33. The scatter plot of CN and C2 intensities have shown a linear correlation as 

shown in Fig. 6.5(a). The linear correlation can be understood from the following 

equations. 

C2+N   CN+C      (6.6) 

C2+N2   2CN      (6.7) 

 

The nitrogen presents in the ambient atmosphere can react with the C2 radicals in the 

plasma and results in the formation of CN molecular bonds as given in equations (6.6 & 

6.7). i.e. increase in C2 species can increase CN emissions. Further, as mentioned earlier, PS 

and PET have shown maximum C2 and CN intensities as it contains native C2 linkages in 

itself. The H - CN scatter plot is well discriminated all the samples however, a negligible 

overlap (RDR ~ 0.07) has noticed among the PS and PP. Overall, the three combinations 

(H-CN, C2-CN, and C-CN) have shown promising results for the discrimination of the 

samples which accounts for only ~ 6 % of the total data 

S.No Spectral features  LD & HD PS & PP PS & LD PP & LD 

1 C-H 0 0.33 0.02 0.01 

2 C-CN 1.01 0 0 0 

3 C-C2 0.10 0 0 1.15 

4 H-CN 0 0.07 0 0 

5 H-C2 0 0.11 0 0.19 

6 C2-CN 0.88 0 0 0 
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6.3.1.e PCA analysis  

PCA demonstrates the classifying capability by correlating dominant spectral features with 

the output PCs. No data pre-processing was done except the normalization (normalized to 

the C-247.85 nm line) which minimizes the fluctuations in data. The CN, C2 molecular 

bands systems are the prominent spectral features contributing to the first PC as shown in 

the loadings plot in Fig. 6.6(a). Carbon, nitrogen, oxygen, sodium, titanium, and 

magnesium lines are prevailed in second and the third PCs. The carbon atomic line is 

observed in all the PCs, but it is more pronounced in the 2
nd

 and 3
rd

 PCs. The 3D score 

plot of the first three PCs is shown in Fig. 6.6(b). 

 

 
Fig. 6.6. a) Loadings plot of the first three PCs of the plastics. All the spectral features are 

represented at their characteristic wavelengths. (b) Score plot of the first three PCs. 

Excellent segregation among all the samples has been achieved as shown in Fig. 6.6(b). 

However, a very slight overlap has been noticed between the PP and LD. The first three 

PCs individually explain the variance of 77.2, 5.3, & 4.7 % respectively and five PCs 

together account for the 92 % of net variance present in the data. It is evident from Fig. 6.6 

(b) that the PCA has successfully differentiated all the samples with well-separated clusters 

from each other. ANN is employed in next the sections for the labeling of plastics. 

6.3.1.f ANN analysis 

The details of the ANN architecture can be found in chapter 1 (section 1.4.3). The number 

of neurons is optimized for better performance and fifteen are found to be optimum. 
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Selecting the proper spectral input to chemometric/multivariate methods reduces the 

complexity of the neural network and computing time [49, 50]. For the present analysis, 

five spectral windows (W1-W5) comprising of different spectral lines have been chosen as 

given in Table 6.3. The spectral lines (wavelengths) of each element used for the ANN are 

given in Table 6.1 with a star (*) mark, for example, in the case of magnesium Mg I 279.61 

nm. For CN and C2 molecular bands, only the lines involving in ∆ν=0 transitions have 

been used. 

Table 6.3. Different spectral regions of the data used for the ANN model. 

S No Spectral region 
Data (%) 

W1 Total data 100.0 

W2 C and H lines 2.5 

W3 C, H, N, O, Ti, Mg, Na and K lines 5.5 

W4 C, H, N, O lines, NH, CN and C2 bands 7.7 

W5 C, H, N, O, Ti, Mg, Na, K lines, NH, CN and C2 bands 8.3 

 

The aforementioned five spectral features (W1-W5) are fed to ANN one after another, and 

the performance is evaluated. Initially, the input dataset was divided into training, 

validation, and testing sets which correspond to 70, 15, and 15 % of the input dataset 

respectively. For each spectral window, ANN has been performed for 100 iterations. In 

each iteration, the ANN algorithm randomly chooses the data for the training, validation, 

and testing. The ANN results obtained from the W5 spectral window are shown in Table 

6.4. The correct identification rates of all the samples achieved through ANN is more than 

99 % except for LD. HD, PET plastics are 100 % identified correctly and the identification 

of PP is close to 100 % (99.7 %). 

 

Table 6.4. Confusion matrix of obtained by ANN analysis W5 as the input. 

  Predicted labels 

  LD HD PP PET PS 

R
e
f
e
r
e
n

c
e
 
l
a
b
e
l
s
 LD 97.77 1.27 0.60 0.00 0.36 

HD 0.00 100.00 0.00 0.00 0.00 

PP 0.00 0.30 99.70 0.00 0.00 

PET 0.00 0.00 0.00 100.00 0.00 

PS 0.07 0.73 0.00 0.00 99.20 
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LD is slightly miss-identified as HD which could be a possible outcome of a similar 

chemical structure. The average correct classification rate (ACCR) for each input is 

obtained from the mean of the five diagonal elements of the confusion matrix. The ACCR 

obtained for W5 is 99.3. A similar analysis has been done for the remaining inputs (W1-

W4) and the obtained ACCR is given in Table 6.5.  

 

Table 6.5. The average correct classification rate obtained for five spectral inputs and their 

testing time 

S No Data (%) ACCR (%) T (mS) 

W1 100.0 97.5 14.96 

W2 2.5 97.3 2.71 

W3 5.5 98.4 4.08 

W4 7.7 98.9 4.09 

W5 8.3 99.3 4.38 

 

The four spectral windows except the first one (W1), constitute less than 10 % of the total 

data nevertheless better classification was achieved over the total data (100 %) utilized. It is 

also worth mentioning that, the W2 spectral window, which is only 2.5 % of the total 

data, has exhibited equal performance as of the total data. This could be possible due to the 

minimal influence of the ambient atmosphere along with the inherence presence of C and 

H atoms in all the samples. The other spectral windows are the combinations of the 

various atomic lines and molecular band systems considered from the literature dealing 

with the identification of plastics exploiting ANN[49]. Maximum identification accuracies 

~ 99.3 % were achieved for the W5 spectral window as given in Table 6.5. This could be 

attributed to the utilization of the selective spectral features of atomic and molecular lines 

correspond to the 8.3 % of the overall data. Further, it is noticed that the testing time is 

reduced by 3-5 times compared to the total data as input. These results clearly demonstrate 

that 100 % identification accuracies can be achieved with ANN combined with fs-LIBS. 

 

In the next sections results of the filamentation LIBS (FIBS) studies of Cu are presented. It 

presents the characterization of the FIBS Cu plasma produced by different filament 

intensities.  
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6.3.2 Filamentation LIBS (FIBS) studies of Cu 

Filamentation is a result of a dynamic interplay between the self-focusing of the laser beam 

due to the optical Kerr effect and the defocusing of the plasma generated through multi-

photon or tunnel ionization process of air molecules. In principle, the fs laser pulse self-

focuses when its power exceeds the ‘critical power’ (Pcr) 

2

0 2

3.72

8
crP

n n





 
  
 

       (6.8) 

Where no and n2 are the linear and non-linear refractive indices respectively, λ is the laser 

wavelength. By considering the excitation wavelength of 800 nm, the estimated Pcr in air is 

3 GW[51]. The power utilized in the current experiment is ~40 GW which exceeds Pcr.  

6.3.2.a Description of spectral lines 

The FIBS spectra acquired for the Cu target irradiated by the three parts of the filament 

for the 50 cm focal length lens is shown in Fig. 6.7. It represents the spectral features in the 

window of 323-590 nm. All the prominent spectral lines were indicated at their 

characteristic wavelengths. The spectral transitions at 324.79 and 372.46 nm are strongly 

self-absorbed irrespective of the irradiating conditions. 

 

 

Fig. 6.7. The LIBS spectra acquired at three different parts of the filament produced by the 50 

cm focal length lens. a, b, and c correspond to the leading edge, central position, and the 

trailing edge of the filament respectively. 
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The emission intensities of the spectral lines have shown significant changes when the Cu 

plasma produced by the different parts of the filament. Most of the emission features are 

neutral transitions lines of the Cu plasma. Similar observations were noticed in the 

previous studies where the FIBS spectra predominantly provide neutral emissions due to 

the absence of plasma reheating [52, 53]. The signal strength is observed maximum for 

sample irradiated by the central part of the filament and it is almost double to the intensity 

when exposed by the leading and trailing part of the filament as shown in Fig. 6.7. The 

results were almost similar (spectra is not shown here) when the sample interrogated by 

the filaments produced by the other two lenses of focal lengths 100 cm and 200 cm. The 

prominent spectral lines viz., 465.11, 510.55, 515.32, and 521.82 nm were fitted for the 

Lorentzian function and extracted the area (considered as the intensity for the further 

analysis), width and height of the peaks. Fig. 6.8 represents the bar plot of the intensities of 

the four spectral lines for three different filaments.  

 

Fig. 6.8. The bar plot of the intensities of the four spectral lines. a) 465.11 nm b) 510.55 nm c) 

515.32 nm d) 521.82 nm. The figure in inset represents the close view of the intensities 

obtained for a 2 m focal length lens. 
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TP, CP, and LP in Fig. 6.8 correspond to the Cu target exposed with the trailing part/edge 

leading part, central position, and the of the filaments respectively. It is evident from Fig. 

6.8, the spectral line intensities are higher when Cu target is at the central part of the 

filament than the either ends, and it is observed for three different lenses and for remaining 

spectral lines. It is also noticed that the spectral intensities at the trailing edge of the 

filaments are always higher in comparison to the leading edge of the filaments. This is in 

line with the reports that the trailing edge of the filament has enhanced intensities in 

comparison with the leading stage of the filament[54]. 

The significant changes in emission line intensities along the filament channel can be 

linked to variation in plasma properties[53]. 

exp
( )

o i ij i
ij

ij B

N hcg A E
I

Z T k T

 
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 
     (6.9) 

All the symbols have their usual meaning (see chapter 3, section 3.2.2). 

As seen from equation (6.9), the intensity of a particular spectral transition/line depends 

on the temperature of the plasma and the number density of emitting species. Both of 

these parameters are crucial to characterize the plasma and are highly transient in nature. 

Hence, the density and temperature measurements were performed at different positions 

along the filament.  

6.3.2.b Measurement of plasma temperature 

The plasma temperature is estimated from the Boltzmann plot method. The following 

spectral lines at 465.11, 510.55, 515.32, and 521.82 nm are utilized for estimating the 

plasma temperature[55]. All the remaining spectroscopic parameters are taken from the 

literature[55]. The temperatures estimated for the three lenses are shown in Fig. 6.9(a). It 

has been clearly visualized in Fig. 6.9(a) that the measured plasma temperature is varying 

with the different parts of the filament channel. The variation is ~9200-10700, 8300-9800, 

and 7500-9100 K for the filaments produced with the 50, 100, and 500 cm focal length 

lenses respectively. It has been found that the estimated plasma temperatures are linearly 

decreasing with increasing the focal length of the lens as shown in Fig. 6.9(b) which can be 

understood as follows. The filament intensity decreases with increasing the focal length of 
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the lens. In the case of higher focal length, the photon density is low and, the interaction is 

weak compared to the focusing with short focusing condition. Hence, it results in the 

formation of the filament with less temperature and vice-versa. 

 

 

Fig. 6.9. a) The estimated plasma temperature for the different parts of the three filaments. 

The boxes in the figure help to visualize the variation of the plasma temperature at three 

different points along the length of the filament. b) A linear fit of the plasma temperature 

with the focal length of the lenses. 

The plasma generated with the interaction of the leading edge of the filament with the Cu 

target has shown minimum temperature compared to the other two positions. Further, the 

central part has shown maximum temperature and similar observations were noticed for 

the remaining filaments of different lengths, generated with different focusing lenses. 

These results suggest that the intensity measurements can be correlated with 

corresponding plasma temperature. According to the Boltzmann distribution, the increase 

in temperature leads to the excite the more number of species/atoms into a particular 

excited energy level and populates it. Further, the de-excitation of the atoms results in 

higher intensity for that respective spectral transition. The same observation is noticed in 

our present investigation where the temperatures are highest for the ablation with the 

central part of the filament and resulted in the emission of spectral lines with maximum 

intensity. A similar performance is noticed for all the spectral features and also for all the 

three focusing lenses. The electron density measurements were performed in the next 

sections. 
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6.3.2.c Estimation of electron density 

The electron density measurements have been performed for all the filaments. Stark 

broadening method is utilized for the estimation of the electron density. The Cu spectral 

line transition at 510.57 nm is used and the corresponding electron impact width 

parameter obtained from the literature [55]. The electron densities estimated for all the 

filaments are shown in Fig. 6.10. 

 

 
Fig. 6.10. The electron density measured for the three filaments. 

It has been found that the electron densities are in the same order ( 10
17

/ cm
3

), however 

with slight variations for one filament to another. It is also observed that the variation in 

electron density between the ends of the filament to the center of the filament reduces 

with increasing focal length, this is due to increased intensity clamping as we progress 

towards higher focal length. The energy in the core of the filament is continually 

replenished by the surrounding energy reservoir of the filament while the peak intensity in 

the filament is restricted by the plasma formation, resulting also in the prolonged 

propagation of the filament. Both the electron density (Fig. 6.10.) and temperature 

measurements (Fig. 6.9) are performed with the FIBS spectral data collected in time-

integrated mode and are highly dynamic. Thus the numerical values are given in Fig. 6.9 

and Fig. 6.10 should be considered as the average temperature and density during the 

evolution of the plasma lifetime. However, the change in spectral line intensity is 

significant compared to the electron density. It can be possible due to the variation in 
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plasma persistence time. Further, to explore this observation, the time evolution studies 

were performed in the next sections. 

6.3.2.d Time evolution studies 

The temporal evolution of the FIBS spectra were recorded and analyzed in the time 

window of 0.02-1.82 μs. The kinetic evolution of the FIBS spectra (510 -524 nm region) 

acquired at the central part of filament produced with the 50 cm lens is illustrated in Fig. 

6.11(a). After the formation of the plasma, as time progresses, the plasma decays and 

expands into the surrounding atmosphere[56]. As a result, the intensity of spectral lines 

gradually decreases with the delay time as shown in Fig. 6.11(a). Maximum intensities were 

observed at the initial dealy, and it decayed continuously with increasing the delay time. 

Fig. 6.11 (b) visualizes the decay of the 521.82 nm spectral transition. The intestines are 

fitted for the exponential decay function and obtained the plasma persistence times. 

Symbols represent the actual data and solid line corresponds to the exponential fit. The 

error bar represents the standard deviation of the ten trails at each position. 

 

  

Fig. 6.11. a) The time evolution Cu FIBS spectra. The spectra recorded at the middle part of 

the filament in the time window of 0.02-1.82 µs. b) The kinetic evolution of the Cu-521.82 nm 

spectral line for the Cu target exposed by three different parts of the filament. Both the 

figures correspond to the filament produced by a 50 cm focal length lens. 

The spectra acquired with the central part of the filament persists for a longer time 

compared to the other two positions as shown in Fig. 6.11 (b). The intensity decay for the 

Cu-521.82 nm is almost similar for the leading and trailing edge of the filament. The 
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intensity is drastically decreased to 44 % of the initial intensity in the first 0.2 µs for the 

central part of the filament and further decays slowly to zero in the 1 µs. In the case of 

irradiation with the leading and trailing edge of the filaments, it is decayed to 30 % of the 

initial intensity. The intensities are approximately the same and approach zero in the time 

window of 1.22 - 1.82 μs irrespective of the focusing conditions. Similarly, the analysis has 

been performed to the other two filaments and obtained the decay constants. Fig. 6.12(a) 

represents the decay constants estimated for the Cu -521.82 nm line for the three different 

filaments.  

 

Fig. 6.12. a) Representation of the decay constants /persistence time obtained for the 521.82 

nm line for three positions of each filament. b) Correlation between the persistence time and 

spectral line intensity. 

A similar trend has been exhibited for the other spectral lines thus not shown here. It has 

been noticed that the plasma is persisting for a longer time when the target exposed with 

the filaments generated by a lower focal length lens. The persistence time decreasing 

linearly with increasing the focal length. This could be attributed to the decrease in 

irradiance/fluence with an increase in the focal length of the lens. Also, it is observed that 

plasma persists for a longer time when irradiated with the central part of filament in 

contrast to the other two ablation conditions. The higher persistence can results in the 

emission with a maximum intensity which is exactly resembled intensity measurement as 

shown in Fig. 6.12 (b). It is envisioned from Fig. 6.12 (b) the higher plasma persistence 

time resulted in higher spectral line intensity and vice-versa. 

These results suggest that the irradiation with a different part of the filaments have 

different properties and lead to the variation of the emission line intensities. 
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6.4 Summary 

In this work, the post-consumer plastics obtained from a local recycling unit were 

examined and identified using the fs-LIBS technique combined with multivariate analysis. 

Strong CN, C2 molecular bands and C, H, N, O atomic lines were observed. The 

differences in the intensities corresponding to prominent spectral features were utilized for 

drawing 2D scatter plots. The pairs of H-CN and CN-C2, have shown good separation. 

Besides that, excellent separation of the samples with an efficient clustering has been 

demonstrated with the aid of PCA which was prominently aided by strong molecular 

features in the spectra. A three-layer ANN analysis has been performed with the different 

selected spectral features as the input. The combination of spectral window input 

involving atomic and molecular features has shown correct identification rates up to 100 

%. Achieving identification rates up to 100 % greatly helps in increasing the quality of the 

final recycled plastics. The use of fs pulses particularly favors the formation of molecular 

species and also minimizes the atmospheric contribution to the plasma, which greatly 

increases the identification accuracies obtained by multivariate analysis. Further, the 

characterization of the Cu plasma generated by the fs filaments with three different 

intensities was demonstrated. The measurements were carried out by exposing the Cu 

target at three different positions of each filament. It is revealed that the intensities are 

strong at the central part of the filament compared to either ends. These observations are 

attributed to the changes in the plasma properties where the plasma temperature is 

maximum for the central part of the filaments. Moreover, it is noticed that the plasma 

persisted for a longer time when it is generated with the central part of the filament. 
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CHAPTER 7 : Conclusions and future scope 

 

This chapter comprehends the inferences derived from the research work carried out in the 

thesis as well as the future plan. It has primarily focused on the development of a portable, 

low-cost, LIBS system for the standoff and near filed applications. It includes the 

optimization of the experimental setup, evaluating it for a wide variety of samples, and 

finally exploring the different data analysis methods for improving the analytical 

performance. It has successfully demonstrated the rapid identification of explosives, 

explosives & non-explosives (in standoff mode at 6.5 m) and ten different types of plastics 

waste (in situ mode) using various machine learning algorithms. Further, it has proposed a 

new theoretical model for the understanding of the temporal evolution of LIP and validated 

with the experimental data. Also, it explored the investigation of fs and filamentation LIBS 

for in situ and futuristic standoff measurements respectively. Finally, it presents the future 

scope of the work.  

7.1 Conclusions 

The present thesis aimed at the development of a low-cost field-deployable LIBS & ST-

LIBS system for the in situ identification of plastic waste and standoff detection of HEMs 

respectively. LIBS being an AES technique, working with these organic samples 

(explosives, and plastics, etc) is a challenging task as their elemental constituents (C, H, N, 

and O) are similar and all the spectra look almost identical with minute variations in 

spectral line intensities. Moreover, the entrainment of the ambient environment 

(humidity, N, and O) to the plasma complicates their identification, but it can be 

minimized by purging argon gas or utilizing the DP-LIBS approach. However, it is 

inevitable for real-time standoff measurements. Mechelle based ICCD spectrometer is 

considered as a workhorse for the LIBS detection system which offers the acquisition of 

time-resolved emissions and high spectral resolution however, the cost and size are the 

limiting factors to make it field deployable. At another extreme, non-gated CCD 

spectrometers are compact and cheaper nevertheless; the resolution is low and suffers from 

a continuum background. Hence, the performance of LIBS is evaluated for both the 
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spectrometers in view of classification approach by treating various data analysis methods. 

The following methods, such as ratiometrics, 2D scatter plots, the correlation between the 

number of bonds to the observed line intestines, PCA, and ANN are explored for 

understanding the correlation among the samples and classification. Further, feature 

selection based on the RF algorithm is utilized for the rapid identification which reduces 

the computational time by removing the irrelevant variables in the data. The following are 

the major conclusions of the present work 

 

1. A theory of radiative relaxation mechanism is proposed for explaining the temporal 

evolution of the LIP and evaluated the performance. The experiment was performed for 

three different focal positions. The temporal studies revealed that the decay of the 

spectral line intensities at X2 is faster than at Xo because the LIB occurs in ambient air 

above the sample surface. Consequently, less energy coupled to the sample, and the 

same is asserted by the mass ablation studies where the amount of ablated mass is 

minimum. At X1 and Xo, the formation of laser-plasma begins directly on the sample 

surface and strong laser-plasma interaction is observed. Further, it is found that, 

observed spectral line intensities, electron density, and decay constant are linearly 

correlated with the corresponding ablated mass. However, a deviation is noticed for the 

plasma temperature at X1 due to the plasma shielding. The plasma shielding increased 

the temperature of the plasma due to the reheating phenomenon at X1. In order, to 

explain all these results a new theoretical model based on radiation cooling is proposed. 

The model not only considers the temperature alone but also includes the ablated mass 

and surface area of the plasma. It is demonstrated that the plasma temperatures obtained 

from the model are in good agreement with the temperatures reported from the 

experimental data. Further, the ablated mass is in order of magnitude consistent with 

the mass determined from the crater studies. [Published in Physics of plasma, 2019[1]]. 

 

2. The rapid identification of the ten types of plastics waste collected from the local 

recycling unit is demonstrated. TG-DTA and Raman spectroscopy studies have 

confirmed the identity of the samples. Ratiometric and correlation analysis have given 

limited results for the classification albeit PCA has shown excellent clustering among 

the samples. Further, identification rates up to ~99 % are achieved with ANN. The 
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analytical performance of LIBS with the ICCD in the accumulation of ten shots is 

similar to the CCD spectrometer in a single-shot acquisition. Nevertheless, reduction of 

the analysis time by more than one order is achieved with the CCD compared to the 

ICCD. Further, the ANN analysis based on feature selection drastically reduced the 

investigation time without losing the identification accuracy which favors rapid 

identification. Finally, the detector/collection system size, weight, and cost also can be 

reduced by ~ 10 times by employing a CCD spectrometer which can be utilized in 

making a compact and low-cost LIBS system for the rapid identification in real-time 

measurements. [A part of this published in Polymer testing, 2019[2], and under review in 

Waste management]. 

 

3. The development of the ST-LIBS system is demonstrated for the identification of the 

HEMs. Initial, studies were performed on a set of five HEMs at 1 m distance using a 

Mechelle spectrometer equipped with ICCD. The atomic ratios have shown a good 

correlation with the actual stoichiometric ratios and an excellent classification has been 

attained with PCA. Further, the ST-LIBS measurements were performed on a set of five 

HEMs and nineteen non- HEMs by extending the standoff distance to 6.5 m. A single 

lens and a small handheld CCD spectrometer were utilized for collecting the optical 

radiation which mimics a compact portable system for real-time measurements. The 

optimization of the focusing system has resulted in an increase of spectral line intensities 

by more than an order. Later, the collection system efficiency has improved by four 

times with the proper optimization of f-number. Further, 2D scatter plots and PCA 

have demonstrated an excellent separation among the HEMs as well as HEMs & non- 

HEMs. The identification rates of ~94 and ~98 % were demonstrated for HEMs and 

HEMs & non-HEMs respectively. [Published in Defense science Journal, 2017 [3] and 

Optik 2020 [4]].  

 

4. Femtosecond (fs) LIBS is explored for the first time for the discrimination of the plastics 

waste to the best of our knowledge. Strong molecular features of CN violet and C2 swan 

bands were observed in the spectra along with the atomic emission lines of C, H, N, 

and, O. A strong positive linear correlation (Pearsons’r=0.90) is observed between the 

spectral features of the molecular bands CN and C2. It is attributed to the fs ablation, 
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where lower temperature plasma favors the formation of molecular species. An efficient 

clustering has been achieved with the PCA where the emission lines of molecular 

species predominantly contributed to their discrimination. The ANN analysis has 

revealed that the identification rates up to 100 % can be achieved. Further, filamentation 

LIBS studies were performed on the Cu target with different filaments generated by 

different focal length lenses. The results revealed that spectral emissions are stronger at 

the middle part of the filament and persisted for a longer time compared to the other 

parts and for all the filaments. The variations in the spectral line intensities and 

persistence time are attributed to the differences in the temperature of the filaments at 

different positions. It is found that the temperatures and electron densities of the 

filaments are decreased by increasing the focal length of the filaments. [A part of this 

published in Journal of Analytical Atomic Spectrometry, 2019 [5]]. 

7.2 Future scope 

1. The theoretical model proposed for explaining the temporal evolution of the LIP 

should be evaluated for the following conditions for improving the performance.  

a) It is assumed that the surface area of the plasma plume is similar for the three focal 

conditions however it should be measured experimentally. The surface area can be 

estimated from the self-emission images or the shadowgraphy experiments.  

b) Moreover, mass ablation studies need to be performed for a single laser shot instead of 

the ten shots irradiated at one place as the sample surface shifts for each shot.  

c) Further, it should be verified for the following conditions for the generalization of the 

model. (i) Same sample with different excitation energies, (ii) energy with different 

samples, (iii) Vary laser wavelengths, and ambient conditions such as gas and pressure 

(iv)  For fixed laser energy, vary the lens to sample distance significantly. 

2. The identification of the plastics using LIBS needs to be explored for the wide range of 

samples including e-waste which has great potential for the reuse. Different additives are 

added in the manufacturing of the plastics to improve strength, reduce cost, and modify 

color. Hence, a study on the effect of additives on the classification accuracy is required 
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and their quantification is helpful for the industrial applications. In the present study, 

the dust layer/debris on the sample surface is removed by cleaning it in water however, 

it can be performed by using a ‘cleaning shot’ with the laser beam which is crucial for 

the real-time measurements and it also increases the analysis speed. A study on the 

conveyor belt model sample movement is desirable for the realtime investigation of the 

samples. 

3. The standoff detection of HEMs has been demonstrated up to 6.5 m distance due to 

space constraints in the lab and to be extended for longer distances in the future. 

However, increasing the probing distance has an inevitable signal loss and proper 

optimization is further required. For the present study, the experiment has been 

performed on samples in pellet form nevertheless actual scenario demands the 

identification of HEMs in trace quantities. Also, the trace identification on different 

substrates is essential for mimicking the real-time measurements. Further, a wide range 

of HEMs, potentially interferent non HEMs, HEM mixtures, and their traces need to 

be identified for creating a standard library which is critical for the real-time 

application. The current ST-LIBS setup comprises two separate geometries for the 

collection and focusing systems and it needs to be integrated into one system with a 

collinear configuration. Therefore, focusing the laser beam and plasma emissions can be 

collected by the same path for various standoff distances. Moreover, the collection 

system should be changed into reflective mode by using a set of convex and concave 

mirrors which can avoid the aberrations observed due to the transmissive optics.  

4. Further, enhancing the detection efficiency of the current CCD spectrometer in the 

230-360 nm range can improve the performance of the LIBS for the identification of the 

samples (HEMs and plastics). As it covers the emission line of carbon at 247.85 nm 

which present in all the organic samples and also the strongest feature among most of 

the lines with the least contribution from the air. Hence, the inclusion of the carbon 

line (it is not present the spectra acquired with current CCD spectrometer) is beneficial 

for the analysis of HEMs and plastics. Also, exploring the various LIBS data analysis 

and cross-validation methods is encouraged for attaining the robust classification. The 

experimental configuration should be changed for the autofocusing conditions for 
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creating the plasma on the sample surface. It is essential for the identification of a wide 

range of samples with different geometrical shapes and sizes.  

5. Fs LIBS is utilized for the identification of the set of five plastics and it requires further 

studies on more number of samples. A systematic investigation on the effect of number 

native bonds of the analyte (C-C, C=C, CN) to different emission lines (C, N, CN, and 

C2) of the plasma is essential to understand complex plasma formation pathways. It 

would be beneficial if the experiment is performed in the different atmospheres (Ar, O, 

and N gas) so one can infer the correlation among the different species of the plasma 

and the effect of ambiance can be interpreted. Further, filamentation LIBS has a great 

potential to work in a standoff regime at longer distances. In the current study, the 

effect of different filaments on the spatiotemporal evolution of the Cu plasma is 

investigated. This interrogation can be extended by generating different filaments by 

changing the chirp, pulse duration, and wavelength of the laser. Consequently, their 

effects on the LIBS plasma will enable the development of an efficient technique for ST 

analysis of samples in different applications, for example, monitoring of HEMs for 

civilian security, plastics –recycling, calcified tissues-archelogy, and monitoring of 

impurities –steel industry, etc. 

6. Finally, the hyphenation of LIBS and Raman techniques provides complimentary 

spectral information to each other. i.e. LIBS gives the elemental information of the 

samples whereas fingerprint molecular information can be obtained by the Raman 

studies. Hence, multiplexing both the spectral data leads to the efficient identification of 

the samples. However, the Raman signal is very weak and LIBS has matrix effects hence 

the proper optimization is necessary for accurate results. Moreover, integration of both 

into one system with a single-pulse excitation source requires numerous efforts in the 

experimentation. For example, the Raman signal only lasts for tens of ns as the pulse 

duration of the laser is typically 10-30 ns (for the ns laser) hence more excitation energy 

is required for attaining the higher signal, albeit it leads to the ablation of material. 

Further, the optimization of the gate delay and gate width is critical and the effect of 

fluorescence should be considered otherwise it deteriorates the performance.  
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