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In this study, we assembled a highly sensitive Laser Induced breakdown spectrometer for the
detection of nutritional and toxic elements in commercially available food products which are
often consumed by the population around the world and most especially in the kingdom of Saudi
Arabia. Some of the toxic element are highly carcinogenic and life threatening even at low
concentrations causing dangerous diseases. In light of this, there is an increase in demand to
device a suitable and effective technique to detect and quantify the level of nutritional and toxic
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elements in them. Laser Induced Breakdown spectroscopy (LIBS) were used for spectroscopic
analysis of tea, cigarette, smokers & non-smoker’s teeth, and date fruit. The LIBS sensitivity was
improved by finding the LIBS signal intensity dependence on time delay and laser fluence under
ambient conditions. Plasma parameters such as electron temperature Te and electron number
density Ne were estimated for the different samples using Boltzmann plot and Stark broadening
profile respectively. With the aid of estimated plasma parameters we were able to validate if our
plasma was in local thermodynamic equilibrium (LTE). For tea analysis, LIBS spectra for six
brands of tea samples in the wavelength range of 200-900 nm region was recorded and all
elements present in Tea were identified as well their spectral transition assignment was also
conducted. Prior to determination of concentration, calibration curves were drawn for each
element using standard samples prepared in known concentration in the tea matrix.

The

concentrations of iron, chromium, potassium and bromine detected in all tea samples were
between 378-656, 96-124, 1421-6785 and 99-1476 ppm, respectively. To further confirm the
accuracy of our LIBS results, we determined the concentration of each element present in tea
samples by using standard analytical technique like ICP-MS. The concentrations detected with
our LIBS system are in excellent agreement with ICP-MS results. In order to achieve the high
sensitivity required for the determination of trace amounts of fluoride in cigarettes and
eventually the best limit of detection, the experimental parameters (influence of incident laser
energy on libs signal intensity and time response of plasma emission) were optimized. In
xviii

addition, the plasma parameters like electron temperature and electron density were evaluated
using Boltzman’s plot for cigarettes tobacco for the first time. Along with the detection of
flourine, other trace metals like Ba, Ca, Ni, Cu and Na were also detected in cigarettes. The
concentration of fluorine in different cigarettes tobacco samples was 234 ppm, 317ppm, 341 ppm
and 360 ppm respectively, which is considered to be much higher than the safe permissible
limits. As for the detection of toxic elements in smokers and non-smokers’s teeth, LIBS was
assembled and optimized to detect the level of toxic elements such as lead, cadmium and arsenic
present in the roots of extracted teeth of smokers and nonsmokers. The Pb, Cd and As
concentrations in smoker group were 34 - 55, 0.33 - 0.51 and 0.91-1.5 ppm respectively,
compared to the same for non-smoker group, which was 23 - 29, 0.26 – 0. 31, and 0.64 - 11 ppm
range and 0.17- 0.31, 0.01- 0.05 and 0.05 -0.09 ppm range for control group. In order to
substantiate the LIBS results standard Inductively Coupled Plasma (ICP) was carried out and
found to be in good agreement with LIBS data.
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ملخص الرسالة
فْ ٙزا انؼًم انبحث ٙغٕسَا يمٛاط غٛف ٙنهخكغٛش بانٛضس حغاط نهغاٚت نهكشف ػٍ انؼُاصش انغايت ف ٙانًُخداث انغزائٛت
انًخاحت حداسًٚا ف ٙخًٛغ أَحاء انؼانى ٔػهٗ ٔخّ انخصٕص ف ٙانًًهكت انؼشبٛت انغؼٕدٚت .بؼط انؼُاصش انغايت حغبب
أيشاض خطٛشة ٔحؼخبش يغشغٍ نهغاٚت ٔيٓذدة نهحٛاة حخٗ ػُذ حشكٛضاث يُخفعت .ػهٗ ظٕء يا حى ركشُِْ ،ان حاخت ياعت
نخمُٛت يُاعبت ٔفؼانت نكشف ٔححذٚذ يغخٕٖ انؼُاصش انغايت ف ٙانًُخداث انغزائٛت.حى حطبٛك يطٛاف انخكغٛش بانهٛضس ػهٗ
انشا٘ٔ ،انغدائش ،انخًٕس ٔاعُاٌ انًذخُٔ ٍٛغٛش انًذخُ ٍٛنخحذٚذ يغخٕٖ انؼُاصش انغايت.
حى حطٕٚش حغاعٛت يطٛاف انخكغٛش بانهٛضس ػٍ غشٚك دساعت انؼاللت ب ٍٛشذة انطٛف ٔكال يٍ صيٍ انخاخٛش ٔ فٛط انشؼاع
انهٛضس٘ ف ٙانظشٔف انًحٛطت .بًؼشفت يؼهًاث انبالصيا يثم دسخت انحشاسة ٔكثافت اإلنكخشَٔاث نهؼُٛاث انًخخهفت حى انخحمك
يٍ حانت انخٕاصٌ انحشاس٘ نهبالصيا.
حى ححهٛم عج اغٛاف نغج ػالياث حداسٚت يٍ ػُٛاث انشا٘ فَ ٙطاق انطٕل انًٕخ ٙيٍ َ 922-022إَيخش باعخخذاو
يُحُٛاث انًؼاٚشة نكم ػُصش نؼُٛاث شا٘ لٛاعٛت .كاَج حشكٛضاث انحذٚذ ٔانكشٔو ٔانبٕحاعٕٛو ٔانبشٔي ٍٛف ٙخًٛغ ػُٛاث
انشا٘ ب 4176-99ٔ 6785-4104 ،401-96 ،656-878 ٍٛخضء ف ٙانًه ،ٌٕٛػهٗ انخٕان .ٙنًضٚذ يٍ حأكٛذ دلت َخائح ححهٛم
ػُٛاث انشا٘ حى اعخخذاو حمُٛت ححهٛهٛت لٛاعٛت يثم ٔ ICP-MSانخ ٙاظٓشث َفظ انُخائح.
باعخخذاو يطٛاف انخكغٛش بانهٛضس حى انكشف ػٍ ٔخٕد انفهٕس ،انكانغٕٛو ،انُٛكم ،انُحاط ٔانصٕدٕٚو ف ٙانغدائش .كاٌ حشكٛض
انفهٕس ف ٙاسبغ ػُٛاث عدائش يخخهفت ْٗ  081خضء ف ٙانًه 847 ،ٌٕٛخضء ف ٙانًه 814 ٔ ٌٕٛخضء ف ٙانًه 862 ٔ ٌٕٛخضء
ف ٙانًه ٌٕٛػهٗ انخٕانٔ ،ٙانز٘ ٚؼخبش أػهٗ بكثٛش يٍ انحذ االيٍ انًغًٕذ بّ .اعخخذو يطٛاف انخكغٛش بانهٛضس نهكشف ػٍ
يغخٕٖ انؼُاصش انغايت يثم انشصاص ٔانكاديٕٛو ٔانضسَٛخ انًٕخٕدة ف ٙخزٔس األعُاٌ انًغخخشخت يٍ انًذخُٔ ٍٛغٛش
انًذخُ .ٍٛكاَج حشكٛضاث انشصاص،انكاديٕٛو ٔانضسَٛخ ف ٙيدًٕػت انًذخٍ  4.5-2.94ٔ 2.54-2.88 ،55-81خضء فٙ
انًه ٌٕٛػهٗ انخٕان ،ٙيماسَت يغ يدًٕػت غٛش انًذخٍٔ ،انخ ٙكاَج  44 - 2.61ٔ ،84 .2 - 2.06 ،09 - 08خضء فٙ
xx

انًه .ٌٕٛكاَج حشكٛضاث ْزِ انؼُاصش ف ٙيدًٕػت انًشالبت كانخان 2.29- 2.25 ٔ 2.25 -2.24 ،2.84 -2.47 ٙخضء فٙ
انًه .ٌٕٛيٍ أخم انخاكذ يٍ دلت انُخائح حى اعخخذاو حمُٛت حث انبالصيا انًضدٔج (ٔ )ICPانخ ٙاظٓشث َفظ انُخائح.
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CHAPTER ONE
INTRODUCTION
1.1 Laser Induced Breakdown Spectroscopy (LIBS)
Laser induced breakdown spectroscopy (LIBS) is an optical diagnostic technique that has gained
a tremendous success and popularity in analysis of various materials such as solid, liquid and
gas. This analytical method has being developing over last decade. This technique provides a
multi-elemental analysis that is helpful for quick measurement of small amount of analyte (< ng).
This technique involves low energy laser focused on target with the aid of a lens having an
appropriate focal length, whereby small amount of analyte is ablated from the target with the
generated plasma. Plasma are generated when laser pulse interact with solid target. The light
emitted by ionic and atomic species in the plasma emission was collected by an optical fiber
supported by miniature lens placed at angle with respect to the normal of the test sample, a high
resolution 500mm spectrograph (Andor SR 500i-A) with grating groove density of 1200 lines /
mm was used to collect the generated LIBS signal from the fibre optics. Ablation of our target
material is said to occur when the power of the laser irradiance is more than the breakdown
threshold of the material target. The ablated material is in form of free electron, particles, atoms,
ionized atoms, which expands at the rate of supersonic speed forming shock waves in the
surrounding atmosphere. After several microsecond, the plasma plume slows down through
collision with the species in surrounding ambient gas, then the shock waves separates itself from
the plasma front, and continues propagating at a speed approximately the speed of sound. The
electron number density varies in order ranging from 1015 to 1019 and electron temperature
ranging from 104 to 105 K [1,2]. The origin of LIBS information comes from the evolution of
material ejected by surface of the target. The main idea of LIBS is that by exciting and
vaporizing with intense laser pulse on absorbing material (solid, liquid and gas), one can use the
1

resulting emission spectra to infer the composition and relative concentration of its constituent
elements present in the specimen. This is why the name Laser induced breakdown spectroscopy
or Laser induced plasma spectroscopy is given to the technique. The core aim of LIBS technique
is to search for an optimum plasma conditions for the deduction of quantitative analytical
characterization of a test sample in suitable environment [3-7].
In order to determine the concentration of any element present in the test sample, calibration
curves are usually drawn. The slope of such curve tells us the sensitivity of our method
according to IUPAC (International Union of Pure and Applied Chemistry) definition. Other
conventional methods such as inductively coupled plasma optical emission spectroscopy (ICPOES), ICP- Mass spectroscopy (ICP-MS) and ion chromatography have highly acceptable
analytical performance, but the only disadvantages in their sample preparation are the time
consuming pretreatment procedure which require the use of acid digestion under high
temperature and pressure, also the usage and disposal of hazardous chemical which are
detrimental to our environment. In contrast, with LIBS all these disadvantages are overcome due
to its simplicity, rapidness, versatility, flexibility of its experimental set up and capability of
multi-elemental analysis with little or no sample preparation. All state of matter can be analyzed,
be it conductive or non-conductive. It is also capable of remote analysis in harsh surroundings.
Due to this uniqueness, LIBS have been applied for both quantitative and qualitative analysis in
areas such space exploration,[8,9] medical and forensic field,[10-13]industrial application ,[14]
and cultural heritage [12,15,16].
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1.2 LIBS THEORY
1.2.1 Introduction
LIBS is an atomic emission spectroscopy technique which can provoke sample excitation with
its highly energetic laser pulse. LIBS can provide a fast and easy multi-elemental analysis of
samples in solid, liquid and gas with a reasonable precision, limit of detection and cost. Other
acronyms for this analytical technique are Time resolve laser induced breakdown spectroscopy
(TRLIBS), Laser Ablation Spectroscopy (LAS), Laser Induced plasma Spectroscopy (LIPS) and
Laser Spark spectroscopy (LSS). The interaction between laser and mater are govern by laws of
quantum mechanics explaining how photons are emitted or absorbed by atoms. For instance
when an electron captures an photon, the electron excites to higher energy quantum mechanical
state. Since electron prefers to be lower energy level, the electron de-excite by emitting a photon.
The LIBS spectral emission lines are as a results of the emissions coming from de-excitation of
atoms with well-known associated energy levels for each atoms [17]. An excitation source is
needed to excite and produce the needed free atoms from the target. The fundamental of LIBS
system is the recording of the plasma spectrum that contain all the qualitative and quantitative
analytical information about the elemental composition and identification of the sample material,
by using the finger print wavelengths, spectral intensities and relative intensities of the analyte.
[18,19]
1.2.2 Main principles of LIBS
When laser energy applied to an atom is higher than its ionization potential, the ionization
potential is overcome, electron and positive ions are detached from the atom[20]. Firstly, the
external electron (the furthest from the nucleus) is first detached because it has the smallest
ionization potential, but when the energy supplied is increased, it is possible to overcome inner
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electron with second ionization potential, the third ionization potential and so on[21,22]. The
emitted ions can also emit photons during recombination process in a process called free-bound
transition or through de-excitation process when cation and electron lose energy due to kinetic
energy in a process called free-free transition. This emission is usually a continuum coming from
the fact that the ions are having different energies and energy transitions, while on the other
hand, the de-excitation of cations has a discrete set of energy levels with characteristics
emissions lines for each types of species, which allows its easy identification.
When plasma is irradiated on sample, interaction occurs between pulsed laser and sample,
leading to emission of light consisting of discrete lines, bands, and an overlying continuum. The
discrete lines which characterize the material are being identified with three main features
namely, wavelength, intensity and shape. For average plasma densities, the natural broadening is
due to Heisenberg’s uncertainty principle and Doppler broadening is due to thermal motion.
Each particle emit light which can be slightly red or blue shifted resulting into broadening that
dominate the linear shape. For highly dense plasma, atom in the plasma are affected by electric
fields due to electron moving very fast and slow moving ions, causing the electric field to split
and shifting atomic energy levels. Due to the consequences of these perturbation of atomic
energy level, the emission lines are broadened, thereby changing intensity and shape. This effect
often dominate the emission line of a dense plasma and is known as stark effects[23]. The
broadening, continuum radiation features, spectral line intensity and shapes are different
parameters used in estimating plasma parameters such as electron temperature, electron density
and pressure [24,25].

4

1.2.3 Development of LIBS for Analytical Analysis
LIBS technique, since its introduction has been applied for analysis of different material in solid,
liquid, and gaseous state. Over the past four Decades, there has been remarkable increase in the
use and development of LIBS. This is due to the several attractive features in LIBS. One of most
attractive features is that it only needs optical access to a sample, this allow LIBS to be applied
for remote sensing and process monitoring. This one of the unique features which distinguish it
from other conventional plasma emission spectroscopy, where sample needs to be transferred to
a plasma source. In LIBS plasma is formed within the sample or at the surface of the sample.
Taking a look at LIBS technique from the spectrochemical analysis point of view, another
feature of the technique is that it provide multi- elemental analysis with minimal or no sample
preparation. LIBS can analyze all states of matter, be it conductive or non-conductive. It can also
easy analyze refractory material such ceramics. Micro-analysis is achievable in LIBS with spatial
resolution of 1-10 µm regardless of harshness of the environment. However, there are some
setbacks that are yet to be overcome in this technique, some of the problems are variable amount
of mass ablates leading to inconsistency in elemental quantification of heterogeneous sample,
poor precision between 5-10 %, self-absorption, difficulty in making matrix matching, and
spectral interference. The reason for the complexity is due to large number variable that affect
the ablation process. These variables are pressure coming from the surrounding environment
[26,27], laser wavelength[28-30], chemical and physical properties of targeted species[31][32]
[31-33], laser energy [34-36], laser pulse temporal duration & shape[27] and effect of magnetic
field[37,38].

5

1.2.4

LIBS and its laser configuration

There are many devices that made up LIBS system, but the main device is laser. The laser is
meant to generate energy that induce plasma and determines the plasma features. The most
important parameters related to laser are energy per pulse, the wavelength, pulse time, the
number of pulses per burst. Application of LIBS is based on combination of all these parameters.
The most common laser used for is nanosecond-pulsed laser.
Laser wavelength has influence on LIBS, such influence can be explained from two different
point of views: laser-material interaction and plasma properties and development (plasma-matter
interaction). When photon energy exceed the bond energy, photon ionization occurs. Due to this
reason, plasma behavior is a function of wavelength in a nanoseconds LIBS set-up. Optical
penetration is short length in Ultra-Violet (UV) laser, leading to higher laser energy per unit per
unit volume of materials. Generally, shorter laser wavelength (i.e. 157 and 266 nm) usually have
higher ablation rate and lower elemental fractionation as compared to other (i.e. 532 and 1064
nm)[39].
The ignition of plasma and its properties is a function of its wavelength. The initiation of plasma
with nanosecond laser is achieved by two processes; the first is inverse bremsstrahlung in which
free electrons gain energy from the laser during the process of atoms and ions collision. The
second is the excitation of ground atom with very high energy and photoionization of excited
species. Coupling of laser is better with shorter wavelength, but the threshold for formation of
plasma is higher, this is due to the fact that bremsstrahlung is more favorable in infra-red
region[40].
On the other hand, short wavelength (between 157 and 266 nm) the photoionization process is
more significant. In light of this, the shorter the wavelength, the lower the energy per area
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(fluence) needed to initiate ablation process[41]. Additionally, after the occurrence of inverse
Bremsstrahlung, some part of nanosecond laser beam reheats the plasma, thereby increasing the
plasma lifetime and intensity but increasing the background simultaneously. Longer wavelength
increases the shielding of inverse bremsstrahlung but it reduces the rate of ablation and increases
elemental fractionation (elemental fractionation is the redistribution of elements between solid
and liquid phases which modifies plasma emission)[42].
The commonest laser used for LIBS is pulsed Nd:YAG [43]. This type of laser gives a compact,
easy and reliable way to generate plasma in LIBS experiments. The fundamental mode of pulsed
Nd: YAG laser is 1064 and its pulsed width is between 6 and 15 ns. This laser has the ability to
provide harmonics at 532, 355, and 266 nm. They are less powerful and have shorter time pulse
between 4 and 8 ns [44,45]. Other types of laser used for LIBS are CO2 or excimer laser which in
IR or UV wavelength region respectively.
Laser energy parameters that have to do with laser-material interaction are laser irradiance
(energy per unit area and time, W/cm2) and laser fluence (energy per unit area per unit time). The
processes of ablation such as melting, sublimation, erosion, and explosion and so on, have
different fluence thresholds[46]. The effect in change of energy has a relationship with laser
wavelength and pulse time. This is why it is difficult to analyze the effect energy alone. In
general, the rate ablation and ablated masses increases with increase in laser energy. The typical
fluence threshold for solids. Liquids, and aerosol is 1010 W/cm2 and 1011 W/cm2 for gasses[44].
Acquisition time and time delay are also very important parameters to be discussed. The first
stage of LIBS-induced plasma is dominated by continuum emission[47]. This is because
background signal delays at a faster rate than the emission signal. The gate time delay of this
continuum radiation is susceptible to change with some range experimental parameters such as
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pulse time, laser wavelength, sample features and ambient pressure. Laser wavelength can
influence the time delay and integration time (gate window), of which both parameters are
necessary for the optimization of signal to background ratio. In LIBS when the sample is
excited with a high power pulsed laser source of high fluence, a plasma plume predominantly
consists of electrons, and atomic and molecular ions of multiple ionization species are
generated. This multi-component plasma undergoes a temporal evolution, where in one of the
channels, the ionized atomic species undergo the recombination with electrons and become
neutral atoms and further comes down to the ground state by emitting the characteristic line
spectrum. There are different approaches to optimize delay time, this is as a result of different
experimental parameters involved in plasma evolution, which makes it difficult to recommend a
particular delay time for an experimental set-up. The optimum delay time should be determined
case by case in order to achieve a compromise between high line intensity and low background.
For Nd: YAG laser both time delay and gate window are in order of microseconds[47].
1.2.5 Relationship between laser plasma and properties of material target.
The size and shape of laser induced plasma plume is a function of physical, mechanical and
thermal properties of the material target. The ablated mass from the target does not only depends
on the laser intensity but also the target material properties. The relationship between ablated
mass m(t) and heat conduction mechanism is as given in the equation.
m(t )  A(aIt )  B( AI )2 3/2

(1)

Where a is the energy coupling factor, A and B are proportional to the material target thermal
properties, τ is the laser pulse duration and I is the laser Intensity. In order for plasma to be
formed, the laser fluence must exceed a threshold value usually of the order of several Jcm -2 for
nanosecond laser pulses. The first step in plasma formation is the vaporization of the material
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target and vaporization occurs when the energy deposited on sample exceed the latent heat of
vaporization of the target Lv. The threshold fluence (Fth) below which no evaporation will occur
is given by
Fth  lv a1/2 w1/2 , a  K / C p

(2)

Where  the density of sample, Lv is the latent heat of vaporization of the material target, a is the
thermal diffusivity, w is the laser pulse width, Cp is the specific heat per unit mass and K is the
thermal conductivity. It is worth mentioning that the threshold fluence for laser induced
breakdown of hard tissue (teeth or Bone) is lower than that of soft tissue ablation, and the effect
is dependent on the pulse duration. Physical and mechanical properties of a target has some
effect on the size and shape of the crater formed on its surface and consequently on the size and
shape of the plasma plume. A reflecting surface absorbs laser energy effectively due to change of
material at high temperature, of which this is possible only at high laser intensity. The
reflectivity of sample surface, specific heat, density, boiling temperature influences the shape
and size of the craters and is given by the following relation [34]
D  A(1  R)

 C pTb

(3)

Where D is the crater diameter, R is the reflectivity of the surface, A is the proportionality
constant, and Tb is the boiling temperature.

1.2.6

Geometry of Set-up

The geometry of plasma and spatial emission intensity profile are largely a dependent on the
density of laser power, optical alignment for laser focusing, and emission collection from plasma
plume for spectrum acquisition. Hence, it is quite important to understand the LIBS signal
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dependence on the optical alignment and the collection of emission for the recording of
spectrum. A lot of effort has been put forth in an attempt to compare the effectiveness of
spherical and cylindrical lens by focusing a laser pulse on soil sample, it was found that
cylindrical lens showed a more precise results. In the case of LIBS analysis of solids sample,
laser pulse is usually focused perpendicular to the target surface[48]. The high intensity laser
often produce a breakdown in air before the focus at the surface, with dust particles been
irradiated occasionally. This problem can be contained by setting a suitable distance between
focusing lens and the target, such that it is shorter than the focal length and consequently
producing a stable breakdown [49,50]. The collection plasma emission and detection is normally
performed along the direction normal to the target surface due to it reproducibility and
simplicity. There are other certain types of changes, which are occur in plasma emission, i.e
those produced by time evolution of the plasma plume as the plasma plume evolution is govern
by strong explosion law. Assuming a one-dimensional model, where the plasma expansion is
along x-direction and the surface target is at x = 0, the distance x (t) reached at time t is given by
E 
x(t )  K  l 
 o 

m /2

tm

(4)

Where EL is the deposited energy by the laser during ablation process,  is the ambient gas
density. The coefficient m depends on plasma expansion geometry which is equal to 2/3 for
planar propagation and 2/5 spherical symmetry. Eq. (4) Indicates that the plasma is moving fast
at the initial stage, and slows down at a later time. One of the important technique in collecting
emission from plasma plume is placing optical fiber near the plume, at a distance of a few
millimeters, this is to avoid damage from excessive heating. The placing of optical fiber at angle
allows the gathering of light from broad volume of plasma plume. Various configuration had
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been proposed, one of it is the use of two optical fibers, where one is for delivering laser beam,
and one for collecting the plasma plume emission, the other configuration is the use of single
fiber for both purposes. After optimization of different LIBS parameters, nearly similar limit of
detection was achieved for both cases from spectral emission of some elements[51].
1.2.7 Laser ablation
Laser Ablation has been studied extensively for over 50 years, since laser discovery. Laser
ablation is defined as the removal of material from a target material by direct absorption of laser
energy. Plasma is said to occur, when high powered pulsed laser is focused on a target such that
the applied energy density superseded the ablation threshold of the material. This is because the
thermal properties and constants no longer play a major role. The physics between laser-plasma
generation and subsequent evolution is very complex, which involves processes like heating,
melting, vaporization, ejection of particles, and plasma creation and expansion. The laser
ablation crater and plasma produced are dependent on laser beam parameter such as wavelength,
energy, pulse duration, target properties and surrounding conditions. Two of the well-known
analytical applications of laser ablation, are LIBS and laser ablation inductively coupled mass
spectroscopy (LA-ICP-MS). In LIBS high laser power is used to for ablation, typically of
nanosecond (ns) Q-switched lasers, and the resulting light emission is collected and dispersed
using spectrograph. The detection is done using either time-integrated CCD or intensified CCD
(ICCD). LA-ICP-MS is a technique where the ablated mass is analyzed for isotope detection.
For long pulsed ns laser ablation, the dissipation of absorption energy in target material and
material removal take place during laser pulsed duration. Important phenomena in ablation are
minimum power density to start vaporization, the effect of long or shorter pulsed length, the rate
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at which the ablation proceeds, and the goal of retaining the composition of the sample after the
plasma ablation. The minimum laser power density required to produce vaporization is given by
 L  1/2 
I min   v 1/2  w / cm2
 t


(5)

Where, Lv is the latent heat of vaporization,  is the density of target material,  is the thermal
diffusivity of the target, and t1/2 is laser pulsed length [9,56,57]. Material ablated by plasma can
take form of particle, atom, and molecules, this is due to different volatilities of elements and
their compounds.

1.2.8 Influence of binding materials on Laser – solid interaction.
Binding materials is of great importance in LIBS sample preparation. Most of sample are been
prepared for bulk analysis and hence there is need for proper processing to obtain compact target
prior to analysis using LIBS technique[35]. The process of making and binding sample into a
specific shape is called palletization. The sample is expected to have strong mechanical strength
for LIBS analysis, this is because of the high power pulsed laser beam interacts with the sample,
which make the sample crumble into original particulate material. For a homogeneous target
sample preparation, it is mandatory for this sample to be processed into homogeneous pellet, by
first grinding the sample into extremely fine powder, then palletization using proper binding
material[47,39]. In order to attain higher sensitivity and accuracy with LIBS system, appropriate
binding material should be selected. This can be achieved by thorough mixing of actual powdery
material with suitable powder. The common suitable binding material are Al, Ag, Potassium
bromide (KBr), and starch. One of the most important parameters of binding material is called
bond strength, which is the measure of strength between particle that bind a sample together and
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ablation resist. Also, the uniformity of particle bond strength throughout the pallet is quite
necessary for accurate analysis of different LIBS samples [52,53]. M. A. Gondal et al studied
various binding material using LIBS system, it was found that Potassium bromide was better as a
binder for LIBS study of powder samples[54].

1.2.9 Influence of ambient condition on LIBS plasma
The size and shape of plasma depends on the ambient conditions such as background gas,
presence of particles, pressure and humidity. Yalcin et al investigated the sensitivity of laser
spark produced by Nd: YAG laser to ambient condition such as variation in humidity,
background gas, and presence of particles. It was found that the electron temperature and
electron number density of the plasma remains constant with the variation in ambient conditions
[55]. Usually the emission intensity of plasma rises with increment in pressure, this is as a result
of confinement of the plasma plume which produces a hotter and denser plasma.
However at moderate pressure (50 < p <500 torr in air), the effect of absorption become notable
due to increase in the concentration of the absorbing species around the hot plasma, making it
thin and expanding rapidly, and consequently decreasing the emission intensity.
1.2.10 Qualitative Analysis
The main goal of LIBS is to achieve chemical analysis at atomic level, either qualitatively (i.e to
assess the presence of a particular element) or quantitatively. Quantitative analysis of constituent
element of a sample by LIBS is simply the spectroscopic identification of persistent, strong and
weak emission lines from a LIBS spectrum. There are lot of data base where finger print
wavelength and relative intensity chemical elements are been identified, but the common and
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more acceptable is National institute of Standard and technology (NIST). If the composition of a
sample is known appropriately, the set up can turned to an optimal spectral range, where there
are expected emission lines of the element of interest, of which any other unexpected lines can
be discarded. Persistent, strong, and weak emission lines are all compiled in NIST data base for
more than 100 elements, using various atomic emission line spectroscopy references. The
recommended wavelength resolution are 0.03 to 0.2 nm for identification of emission line.
1.2.11 Plasma Opacity
Plasma is a local assembly of electron, atoms, and ions overly electrically neutral. They are
characterized by a number of parameters but the most basic is the degree of ionization. There are
three stages in plasma life time. The first one is the ignition process, which include bond
breaking and plasma shielding during the in the process of laser pulse, this depends on the
irradiance, laser type and pulsed duration. The next step is critical optimization of LIBS spectra
collection because the plasma causes atomic emission during the cooling process. After ignition
process, the plasma will continue expanding and cooling, during which simultaneously the
electron temperature and electron density will change. The last stage in plasma life is not
favorable to LIBS measurements. A quantity of ablated mass is not excited as in the case of
vapor and plasma, therefore this quantity of material is ablated as particles, and such particles
create condensed vapor, sample ejection, liquid, and solid sample exfoliation, which
unfortunately are shot of emitted radiation. During the temporal evolution of plasma, the spectral
lines of LIBS spectrum are observed to be superimposed on the continuum (background)
however it decays faster than the spectral lines. Since the core motive for LIBS is to produce an
optically thin plasma in local thermodynamic equilibrium with composition the same as the
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sample. Plasma is said to be optically thin when the emitted light traverses and escapes from
significant absorption or scattering. The intensity of radiation emitted by plasma is given by

  ( ) 
I ( )  
 1  exp[1   ( ) L]
  ( ) 

(6)

Where  ( ) is the emissivity,  ( ) is the absorption coefficient in cm-1, L is the plasma length
along the line sight of the observer. Where  is small, because it is the condition to have an
optically thin plasma, then Eq. (6) can the written as

  ( ) 
I ( )  
  ( ) L]  ( ) L
  ( ) 

(7)

Different test have been developed to ascertain if thermodynamic equilibrium exist in the
plasma. One of the easiest way is to confirm it, is to determine the relative intensities of atomic
spectral lines from closely spaced upper level in the same multiplet agrees with the prediction
from basic theory (i.e Kuhn 1963). The draw backs of this approach is the self-absorption and
interference from neighboring lines which can limit the success of this approach. Another
approach is McWhirter approach, where electron density in the plasma must be high enough for
collision to dominate the population of levels. This criterion is called McWhirter criterion and is
given as:
ne  1.6 1012 T 1/2 (E )3

(8)

Where the electron density is in cm-3, T is in kelvin (K), E is in electron volt (eV). Here E is
the energy of the first level above the ground state.
If it is confirmed experimentally that LTE exist, the distribution of different quantities such as
population of energy levels or ions stages and electron speeds, are all dependent on a single
plasma quantity, temperature. The classical Maxwell velocity distribution function Fm is given as
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Where m is the electron mass, and v is the electron speed. Relative population of energy levels,
whether atomic or molecular in origin, are given by the Boltzmann distribution.
g
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Where i and j refers to two energy levels, N o is the total specie population; Nij is the population
are the population of energy level Eij, gij is the statistical weights of the levels (2Jij + 1); J is the
total angular momentum quantum number of the term; and Z is the partition function. However,
this can be inaccurate sometimes. For example when the ground state is closely spaced multiplet,
then the statistical weight of the lowest lying level needs to be added.
1.2.12 Laser induced plasma (LIP) parameters (electron temperature and
electron density) and Local Thermodynamic Equilibrium (LTE).
The light emitted from laser induced plasma (LIP) is an important asset that give both the
qualitative and quantitative information of the test sample and the plasma properties as well. The
fundamental properties of plasma determining the light emitting from sample are plasma
temperature, electron density, and the number density of the emitting species[19]. The
information about the LIP temperature is important because it allows the understanding of the
process occurring in whole complicated processes such as atomization, dissociation, and
excitation and also improves the LIBS Sensitivity [58-62]. LIP is characterized with occurrence
of the following processes, namely photo-ionization, collision ionization, collisional excitation,
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radiative and three-body recombination, radiative decay, de-excitation process and
Bremsstrahlung process. Spectral line intensities of a LIBS system can be used to detect and
quantify the elements present in the test sample with the condition that the laser induced plasma
are optically thin and in local thermodynamic equilibrium (LTE). The elemental composition of
the optically thin plasma are the same as that of the sample. In an optical system like the plasma
generated by pulsed laser ablation, LTE condition holds if the electron-ion and electron- atoms
collision processes are very fast and prevail the radiative process. As the plasma is in Local
Thermodynamic Equilibrium (LTE), the entire plasma plume volume consist of all kinds of
species which can be described by series of equilibrium distribution law
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namely, Maxwell

distribution which describes the plasma particle, Boltzmann’s statistic which describes the
distribution of population in the energy level, Saha’s equation which describes the ionization
process, and the radiation density obeys the Planck’s law [47, 63-65] In order to ascertain if LTE
is reached, the electron density must sufficiently be high enough for collision to dominate the
population of levels. This criterion was originally formulated by McWhirter and is now called
McWhirter criterion [66,67]. One of the form of this criterion is given in Eq. (8).
In order for plasma temperature to be suitable for spectroscopic analysis, laser induced plasma is
expected to be optically thin and in LTE condition. For plasma in these condition, the population
of energy level of the species in such plasma is describe by the Bolzmann distribution law given
as:
Nk ,z
Nz



 E 
exp  k , z 
p
 KbT 

gk , z
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(12)

Where N k , z ,

Ek , z , g k , z are the population, energy and degeneracy of upper energy level K

respectively, N z and p z are the number density and partition function of the species in the
ionization stage z, K b is Boltzmann constant, T is the electron temperature. The integrated
intensity Iz of atomic emission lines occurring between the upper energy level K and the lower
energy level I is the species in the ionization stage z in an optically thin plasma is given as:

Iz 

hc
4kl , z

Akl , N k , z L

(13)

Where h is plank’s constant, c is the speed of light; L is the characteristics length of the plasma,
AkI,Z is the transition probability and and kl , z is the spectral line wavelength. By substituting Eq.
(12) in Eq. (13), we have:

Iz 

hc
4kl , z

Akl , L

N z gk , z
Pz

 E 
exp   k , z 
 KbT 

(14)

Taking the natural logarithm of the both side of Eq. (14), we have:

 I  E
 4 Z 
In  KI ,Z z   kz  In 

 AKI g KZ  KbT
 hcN z 

(15)

where ln is the natural logarithm, Iz is the integrated signal intensity of the spectral line occurring
between upper level k and the lower level I of the species in the ionization stages z in an
optically thin plasma, Kb is the Boltzmann constant, T is the plasma temperature Aki,z is the
transition probability , λKI,Z is the transition line wavelength, gK,Z is the degeneracy of the upper
level k, PZ is the partition function of the species in ionization stage z, L is the characteristic
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length of the plasma and all other symbol carry their usual meaning[68]. This equation is always
a straight line with a slope of –1/kT. Hence if one plots the quantity on the left hand side of Eq.
(2) against E (of the upper state emission), then a straight line is expected to be obtained if there
is a Boltzmann distribution. Some of the crucial factors in obtaining a good Boltzmann plot are
the accurate line intensities, accurate transition probabilities, and well-spaced upper levels
[66,67,70,71].
Spectral line in an optical spectrum is characterized with a non-zero line width and its central
line usually shift from its nominal central wavelength. This broadening and shift is as a result of
Doppler, instrumental, natural and stark broadening[25,72]. Stark broadening in spectral lines are
basically from collisions between ions and electrons. Stark broadening can also introduce shift of
energy levels, which results in shift of wavelength positions of spectral lines[56].
The line profile for Stark broadening is described by a Lorentzian function with full width at
half maximum Δλ1/2 and electron density is related by the expression.

1/4

1/2

n 
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 2w  e6   3.5  e6 
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where w is the electron impact factor,
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(16)

is the electron density, A is the ion broadening

is the number of particle in Debye sphere[25,72,73]. The first term on the

right hand side of Eq. (3) represents the broadening due to electron contribution and second term
is due to ions contribution. For non-hydrogenic ions, stark broadening is mainly due to electron
impact, since the perturbation by ions are negligible compared to that of electron. Therefore the
equation reduces to the form:
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where W is an electron impact parameter which is a function of the temperature and only
changes by a factor of two over the temperature range of 10,000- 80,000K. The Stark broadened
profile of an isolated atomic or singly charged ionic line is one of the most powerful
spectroscopic techniques used in the calculation of electron density to a very reasonable
accuracy.
1.2.13 Quantitative Analysis
In quantitative LIBS analysis, ionic and atomic emission line intensities can be used for
quantification of different species in the sample (e.g. in parts-pert-million)[73-75]. The
quantification usually is conducted by constructing a calibration curve based on some set of
samples (usually above three) with different known concentration of a specific analyte. The
calibration curve provide a means to estimate the concentration of a specific species in an
unknown sample. A plot of emission line intensities of a particular specie versus its
concentration gives the calibration curve. The preparation of these standard sample
allows the correlation between the spectral line intensity and the corresponding
concentration of element in question. The emission line intensity of plasma is
given by equation below:
 Ej


 hv ji NAji gi 
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h= plank’s constant
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(18)

V ji = Transition frequency from state j→ i
Aji= Einstein’s coefficient for spontaneous emission between state j and i
N= Population density of atom exited by plasma in the ground state.
Ej = energy of the upper level of the atom
gi = Statistical weight of upper level
Q= Partition function
T= electron temperature
K= Boltzmann’s constant

1.2.14 Limit of Detection
Detection limit is defined as the smallest amount of an analyte which a system
(i.e. laser induced breakdown spectroscopy) can reliably detect. The estimation
of limit of detection (LOD) is very important for any analytical instrument
because it tells us the limit of concentration of particular element it can detect.
The limit of detection is estimated as 3  divided by slope ( c

x

; x  signal ) of the

calibration curve.. The limit of detection is given as:

 
LOD  3  
S 

(19)

where  is the standard error of the experimental calibration data, and S is the sensitivity which
is given by the ratio of intensity to the concentration.
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1.2.15 Accuracy
The accuracy of an analytical method is defined as the degree to which the measured
experimental value to close to the measured value from standard technique like ICP-MS. There
are numbers of ways to estimate the relative accuracy of a calibrated technique. The relative
accuracy is calculated as follows

Error 

xm  xatv 

SD  t0.975
n

xatv

(20)

Where xm  xatv is the difference between the measured value xm and the acceptable value
(xatv), SD is the standard deviation of LIBS measurement, xatv is the acceptable value, n is the
number of measurement, t0.975 is the t value at 2.5 % error confidence.
1.2.16 MOTIVATION
The presence of toxic element in the raw material (plant and animal) or supplement use in
making food product which are consumed in Kingdom of Saudi Arabia is of great concerned.
Since diet is the main source of exposure to toxic element for the population who are not
occupationally exposed. The intake of these toxic element over a long period time could be
carcinogenic, allergic and eczematous when they are above the permissible limit. Some of the
life threating ailment in the kingdom are chronic liver diseases, chronic renal failure, kidney
damages, and cancer, which are all as result of excess toxic element intake. Thus, developing an
analytical technique for detection and quantification of these toxic element in food products so as
ascertain if they above the permissible limit are worthwhile.
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1.2.17 OBJECTIVES
A. To assemble a UV pulse laser induced breakdown spectrometer for detection and
elemental analyses of toxic element in food products.
B. To optimize the LIBS system by studying the LIBS signal intensity dependence on delay
time and laser energy.
C. To estimate the concentration level of toxic element present in the food products
D. To study the theory LIBS system and estimation of plasma parameters (electron density
and plasma temperature) for different sample matrix.
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CHAPTER TWO
LITERATURE REVIEW
2.1 General overview of LIBS
The early origin of LIBS was in the 60s when first experiment was performed by producing
vapor from solid target using laser beam irradiance and then exciting the ablated plasma plume
by electrical sparks.[76] These experimental achievement has shown a huge potential for an
effective fast multi-elemental analytical technique. In the 1980s and afterward, tremendous
achievement have been put forth in laser and detector technology, which are reliable and
relatively cheap for analysis in research laboratories. Due to these facts, the technique is fast
developing for quantitative and qualitative analysis of wide range of variety of samples [54,7880].
Over the past decades, there has been constant interest on how to improve the LIBS technique,
this is due to its uniqueness in terms of simplicity, rapidness, versatility, extremely flexible setup and multi-elemental analysis of any type of solid sample in different mediums with little or no
pretreatment procedure. Also the sample analysis can be achieved in air, vacuum, in fluids and
even under extreme conditions such as high temperature and pressure environments [81-87].
2.2 LIBS Applications
Below are some of the experimental application of LIBS technique for detection and analysis of
toxic element and other contaminant in solid and fluids:G. Kim et al [88] collected heavy metal contaminated soil sample from two different site in
Korea (Deawon and Manjang respectively), additionally oil contaminated soil sample was also
collected from army camp in Korea, which is reported to be contaminates with oil residue. The
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soil samples were pressed into pallet to form a homogeneous surface for laser ablation process.
Simple pretreatment of pelletizing and sieving was carried out for all samples to achieve a
uniform water content and grain size in all samples. The effect of grain size and water content
was investigated after pelletization and sieving process using laser induced breakdown
spectroscopy (LIBS). The LIBS spectra lines reduced by a factor of 59-75 % whens water
content increased from 1.2 to 7.8 % and soil sample having grain size of 75µm shows higher
LIBS emission lines intensity with lower relative standard deviation than those with grain size of
2mm. Conclusively, the effect of water content on LIBS emission lines is far greater than the
grain size. The data suggest that LIBS with the chemometric method is a very good tool for rapid
analysis of soil sample contaminated oil and heavy metals.
Some orange fruit with less Cr concentration were investigated by Mingyin Yao et al [89].
Toxic Cr contained in Gannan Navel orange fruits from XingGuo Country, GanZhou
municipality and Jiangxi Province in china were treated using contaminant in controlled lab
condition, and then analyzed using laser induced breakdown spectroscopy (LIBS) and atomic
absorption spectrometry (AAS). The goal of the work was to access the performance of LIBS
technique in the analysis of natural organic substances by comparing the analytical result to that
of AAS. To approve the workability of LIBS the Gannan Navel orange fruits needs to be
contaminated prior to analysis. Firstly, 15 known standard concentration of Cr solutions were
prepared by dissolving measured concentration of potassium bichromate (K2Cr2O7) in DI water
and stirring it over a period of several hours to form a homogeneous solution. The 15 Gannan
Navel orange fruits with different concentration were analyzed under optimized experimental
parameters, where Cr I 425.43nm was selected as the analytical line. The concentration of Cr
were also determined using AAS. In a word, the comparative results between LIBS and AAS
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demonstrate the capacity of LIBS to determine the Cr concentration in Gannan Navel orange
fruits.
Quienly Godoi et al [90] investigated the toxic element in plastic toys which children are
exposed to when playing with it, using LIBS as tool. In order to classify different model of
plastic toys, 51 different toy sample manufactured with different polymers were selected at
informal market in Sãu Paulo Brazil and analyzed using LIBS. LIBS spectra were recorded for
these samples after 50 pulse per site in the test sample, the treatment of the LIBS data were based
three test portion (n=3). NIST Atomic Database, ESAWIN software, and routine developed at
MATLAB® version 7.0 software were used for data acquisition and treatment. Conclusively,
some of the toy sample were found to contain toxic element such as Cr, Cd, and Pb with
concentration above that recommended by Brazilian association of technical standard (ABNT
NBRNM).
G.S. Senesi et al [91] collected five samples of soil and one sewage sludge sample at Murgia
hills in the province of Bari Italy to detect heavy metal with emphasis on chromium, the
objective of the work was to demonstrate the use of LIBS technique for quantitative and
qualitative detection of heavy metal in soil and comparing the result with conventional ICP
spectrometry. In this experiment, second harmonic of Nd: YAG laser of energy 15mJ was used.
The emission spectra line was recorded with delay time = 750 ns, gate width 9 µs and 30
accumulation. Plasma temperature (T) and electron density (ne) was estimated to verify the LTE
condition for each sample. In conclusion the linearity existing between the backgroundnormalized LIBS signals and ICP determined concentration of various heavy metal have been
established, also the existence of LTE condition for all test sample.
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UV nanosecond Laser induced breakdown spectroscopy (LIBS) has been used to analyze trace
element contained in fresh vegetable by Vincent Juvé et al [92]. The vegetable are the common
root, stem, and fruit vegetable available for consumption in the local market. In this experiment,
quadrupled Nd:YAG laser (266 nm) with energy 10 mJ and repetition rate of 10 Hz. The fiber
used gives good transmission between 200-850 nm. For the root the spectrum was recorded for
the trace element from the center to the outer part. In the case of the stem the spectrum was
recorded at different height of the plant from the lower part to upper part, while for the fruit the
measurement was carried throughout the whole part of the fruit. A careful line by line
identification of the spectra using NIST data base yielded 422 lines, among which 391 lines were
emitted by ionic and atomic species, 9 lines by molecules (C2 and CN), and 22 lines by ghost
lines. In a word, UV nanosecond LIBS has been demonstrated to be effective in detection trace
element which include organic element, metal, and nonmetals. Finally this shows that LIBS
technique is a potential tool for detection and analyses of trace element in fresh vegetable and
can be extended to other food stuff.
Josef Kaiser et al [93] used laser induced breakdown spectroscopy (LIBS) to detect trace element
in matrix of microbiological, plant and animal samples. The use of LIBS for the analyses of
bacterial and animal is still not common which make it cutting edge achievement. For the first
time LIBS was used to distinguish between normal and malignant tumor cells from dog
histological section, it was found that the concentration level of trace element in normal and
tumor cell differs, in order to improve high performance, the analyses was carried out under
pressure and the sample were frozen to -196 oC. Some element detected in tumor are Al, Ca, Cu,
Fe, Mg, K and Na. Conclusively in this work, LIBS has demonstrated the capability of detecting
trace element in biological samples and diagnoses of some diseases.
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Laser induced breakdown spectroscopy was used in the determination of the level of calcium
concentration by Edilene C. Ferreira et al [93]. In this work, sixteen different samples of
commercially available cereals in Brazil were selected with differences as regards to their grain,
sugar and flavor composition. The samples were then grounded to form a homogeneous cereals
samples using a cryogenic mill model MA 775 (Marconi). The spectrum for the test sample was
captured using Ocean Optics LIBS2500 system, with gate pulse energy of 50 mJ and pulse
duration of 8ns. The wavelength range considered for this studies was between 391.4 to 398.4
nm with emphases on finger print wavelength of Ca II at 393.3 nm. Seven known Ca
concentration of 16.02, 37.21, 68.62, 124.7, 1288, 3734 ppm were prepared in the breakfast
cereals matrix for calibration. The calibration was then done to predict the Ca concentration in all
the samples.
Lingling Peng et al [94] used laser induced breakdown spectroscopy as a tool to investigate the
rapid analyses of heavy metal in Zn-Mn batteries. In the experimental work, a Nd: YAG laser
(DCR-3D, spectral physics) with fundamental wavelength of 1064 nm, repetition rate of 10 Hz,
pulse width of 8 ns, was used to generate plasma. The sample selected were spent batteries (6F22
Zn-Mn), with MnO2 as anode and Zn metal as cathode, other constituents are acetelyne black
and starch mixed together to strengthen the conductivity. Two samples were made from this
batteries, sample #1 mixture of its anode (MnO2) with the mixed acetelyne black and starch,
sample #2 is its cathode (Zn). After making the pallet of the sample, plasma spectrum were
obtained by averaging 10 acquisition. The element identified in sample #1 are Fe, Mn, Zn, V, Cr,
Al, Si, Ca, Mg and C, while in sample #2 the element identified are Fe, Zn, Al, Si, Mg, Ca, Pb
and C, with all the spectra identification from NIST database. Finally the relative mass
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concentration of the identified metal present in spent Zn-Mn batteries were obtained with
emphases on heavy metal such as Cr, V, Pb and Mn.
M.A Gondal et al [95] applied laser induced breakdown spectroscopy as a tool to determine the
concentration of toxic element in four different brands of locally available lipstick in Saudi
Arabia. Since lipstick is always in form of fluid, therefore pretreatment process is needed prior to
analyses by LIBS technique. In order to remove the liquid content of the lipstick, it was heated to
a temperature of 105 o C and then frozen in a refrigerator and then cut into a circular shape of 1
cm diameter so as to fit into the LIBS system sample holder. After taking the spectrum of the
samples, the toxic element detected in these lipsticks samples are lead, cadmium, zinc and
chromium. Afterwards, the calibration curves for lead, cadmium, Zinc and chromium were
achieved after preparing standard known concentration of the respective element. Standard
conventional ICP analyses was also adopted to affirm the findings from LIBS result, the two
result were in agreement with each order. In a word, the continuous use of these cosmetics could
result in increase of heavy metal in the ocular system and human body beyond the acceptable
limit.
M.A Gondal et al [80] uses fourth harmonic pulsed Nd: YAG laser coupled with spectrograph
and gated ICCD camera to detect and quantify the fluoride level in Toothpaste in semi fluid
state. Spectral line of fluorine at a fingerprint wavelength of 731.102 nm was used as a marker
line for the quantification of the fluoride level in the toothpaste. The LIBS signal as a function of
laser fluence and time delay were all investigated, where the optimum laser fluence and time
delay were found to be 22J/m2 and 700 ns respectively. Prior to data acquisition for LIBS
spectral analysis of the toothpaste sample, plasma parameters such as electron temperature and
electron density were estimated for the validation of LTE condition. The concentration level of
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fluoride was found to be between 1300-1750 ppm in all the toothpaste samples. The limit of
detection of the setup for the detection fluoride was 156 ppm.
T. Hussain and M.A Gondal et al [59] employ laser induced breakdown spectroscopy for the
qualitative and quantitative analysis of solid and liquid samples such as iron slag and open pit
ore. Two different samples of iron slag and open pit ore were collected from major steel
manufacturing plant located at Jubail, Saudi Arabia. The excitation source wavelength was 1062
nm from an Nd: YAG laser. The various concentration of element of environmental concern
such as zinc, iron, copper, cadmium, chromium, magnesium, calcium, titanium, barium and
phosphorus were estimated. By construction of calibration curve the various concentration of
different element in the samples were determined. The concentration of all these elements were
found to be remarkably high in all the test samples.
M.A Gondal et al [54] applied laser induced breakdown spectroscopy to study the role of various
binding material on detection of trace element in powder samples. The binding materials studied
are Alluminium, starch, KBr, silver and poly (vinyl alcohol). The masses ablated and crater
depths were measured for particular spectral line for different binders using the same matrix.
From the level of crater depth and masses ablated, KBr was found to be the best binder.
Hideki Horie and Katsunori Kohata [96] et al discussed two newly developed technique for the
analysis of low-molecular-weight tea components, which are high-performance liquid
chromatography (HPLC) and high-performance capillary electrophoresis (HPCE). Some of tea
component analyzed using HPLC and HPCE are different type of amino acid such as theanine,
arginine and g-aminobutyric acid, and also derivative of amino acid such as o-phthalaldehyde,
phenylthiocarbamoyl (PTC) etc. Other component of tea sample analyzed using HPLC and
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HPCE are Polyphenols, Purine alkaloids, purine alkaloids, oxalic acid, Vitamins & photopigments, and Cations & anions.
Tanmoy Karak and R.M. Bhagat [97] et al examine the intake of a number of nutritional trace
elements and excess non-essential element in human through ingestion tea leaves. Among
different trace element detected and quantified in tea infusions in different literature are nickel
(Ni), manganese (Mn), fluoride (F), copper (Cu), chromium (Cr), cadmium (Cd), arsenic (As),
and aluminum (Al) with their concentrations ranging between BDL-0.16 mg L-1, 0.1–250 mg
L-1, 0.2–4.54 mg L-1, 0.02–40.0 mg L-1, below detectable limit-43.2μg L-1, trace-0.79μg L-1,
trace-1.53μg and 0.06–16.82 mg L-1 respectively. There were some tea infusions with toxic
metal exceeding the maximum permissible limit for different countries.
R.N. Gallaher [98] et al discusses the mineral content of 10 commercially available dry tea
(herbal infusion) and their infusion. The herbal infusion studied are red clover, Echinacea,
dandelion, red raspberry leaf, Siberian ginseng, blueberry leaf and green tea. It was observed that
none of the infusion was good source of Na, Cu, Ca, P, K, Mg, Fe, Mn, or Zn in a single serving.
Potassium (k) was found to have the highest extraction rate of 71%, while iron (Fe) had the
lowest extraction rate of 6%.
S. Beldjilali [19] et al used laser induced breakdown spectroscopy to study minor element
concentration in both flesh and skin of potatoes. The element detected are H, C, Mg, Al, Ca, Fe,
Na, Mn, Li, Si, K and Cu. Aluminum and Silicon were found in large mass fraction in the skin
whereas not found at all in the flesh.
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CHAPTER THREE
EXPERIMENTAL METHO
3.1 Introduction
Before the detection and the quantification of element present in food products, it is required to
assemble and optimize the LIBS system in order to have the best limit of detection and to
minimize the signal to noise ratio. The experimental set-up, materials, and operating condition
were are selected based on adequate literature survey. The details about the LIBS set-up used and
the sample preparation methods will be discussed in the following subsection.
3.2 LIBS Experimental Set-up
The main components of LIBS system are depicted in figure (3.1). A pulsed laser with highenergy is focused on a target sample. The energy of the light induces plasma and vaporizes the
sample. What the spectrometer does is to diffract the light collected, with the aid of an inbuilt
optical system which acquire the spectral signature. Then, the devices such as photomultiplier
tube (PMT), photodiode array (PDA) or intensified charged coupled device (ICCD) is used to
detect the light. Finally, the acquired LIBS spectrum is processed with the help of a computer
system for spectroscopic analysis. An accurate time control mechanism is needed for LIBS
system in order to avoid some plasma life stages and to improve spectral emission lines. The
choice of laser coupled with spectrometer, time control and environmental condition determines
the success or failure of the experiment. The main component includes the Nd: YAG pulsed
laser, focusing systems (i.e. mirror and lens), target holder, optical fiber, spectrometer, and
computer systems [99-101].
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3.2.1 Laser configuration of LIBS
The main device of LIBS system is the laser. It produce the necessary energy needed to induce
plasma and also determines the plasma characteristics. The main parameters in LIBS systems are
laser energy, pulse time, wavelength and number of pulses per burst. The workability of the
LIBS system depends on each of these parameters. Nano-second pulsed laser is the commonest
used for LIBS. Thus, most of these section will be expatiating on it [102].
3.2.1.1 Laser properties
3.2.1.1.1 Intensity
Laser intensity also called power density or irradiance is the power per unit area (Wcm-2) and
also indicates the peak power of laser per output beam cross section. Since a typical laser allows
the generation of a very short duration pulses in order of nanosecond or femtosecond, LIBS
intensity as large as billions or trillion of watt per unit cross sectional area is achievable. It
should be noted that, in LIBS experiments what is really important is the power per unit area
actually hitting the surface target, which also depends on the optical systems used in delivering
the laser beam [52,103].
3.2.1.1.2 Directionality
The directionality of the laser beam refers to its very narrow divergence angle (typically of order
of milli-ridians for solid state lasers utilized in LIBS studies). With this unique property laser
beam can be focused on a very small spot size, which allow the delivering of high irradiance on
the target. Spatial coherence is indirectly related to low divergence of laser beam and its ability
to produce high irradiance. However, it should be noted that the coherence (spatial and temporal)
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is not mandatory in LIBS, in as much as the irradiance does not change, the plasma formation
process remain the same, irrespective of whether the laser beam is coherent or not[103]
3.2.1.1.3

Monochromaticity

A laser is characterized with the ability to generate most of it output energy within a very narrow
spectral range, unlike conventional light source which is composed of wide range of
wavelengths. The monochromaticity of light play a very little role as far as plasma production is
concerned, it is the power per unit area that matters irrespective of whether the laser beam is
monochromatic or not. In some special cases, highly monochromatic light may be needed to
probe plasma using resonance excitation of atomic species[103].
3.2.2 The light collecting system
The light collecting system is an optical device used in LIBS study to collate radiation emitted by
plasma and send it to the spectral detection unit. In this study, optical fiber is used as the light
collecting system, and its position is close to the region occupied by the plasma plume and then
directing the collected emitted light to the spectrometer through of fiber collecting port. The
optical fiber used in this experiment is supported with miniature lens placed at an angle 45 o to
collect signals from the plasma spark created on the surface of the sample. The optical fiber is
place on a 3-D translator which can be moved in x, y, z directions [104].
3.3.3

LIBS spectrometer

Spectrometer is the spectral detection system used utilized in LIBS experiment to provide the
spectral composition of radiation emitted by the plasma, whose analysis would bring
identification of fingerprint wavelength of atomic species present in a sample. Due to the
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complexity of LIBS spectra and wide range of LIBS spectral ranging from vacuum ultraviolent
to near infra-red, an ideal spectrometer should fulfill the following requirement
a) The spectrometer should cover a wide spectral range and have a high spectral resolution
(to resolve closely spaced spectral lines).
b) The spectrometer should have a large dynamic range and should exhibit high quantum
efficiency over a whole recorded spectrum.
c) The spectrometer should have a short data-acquisition and readout time.
A high resolution 500 mm spectrograph (Andor SR 500i-A) with grating groove density of 1200
lines /

mm was used in this study to collect the generated LIBS signal from the fiber optics.

This system offers maximum resolution between wavelength range 200-900 nm.
3.2.4

Lens

The irradiance on the point of interaction with sample can be increased by focusing the laser
irradiation to a very small spot with the aid of an optical lens system (usually cylindrical or
spherical lens). In this way, the threshold for the plasma formation (> 107 W/cm2) can be easily
attained and exceeded by a modest fluence of the laser. Ideally, laser beam with a Gaussian
intensity profile is focusable provided the lens is free aberration to have a diffraction limited
beam waist radius given by

wo 

f
D/2

(21)

Where f is the focal length of the lens, λ is the wavelength of laser radiation and D is the
diameter of the unfocused beam impinging on the lens. From Eq. (21), higher power densities is
achievable at focal point by the use larger unfocused beams and lenses with shorter focal length.
Lenses with shorter focal length are also preferred because it produces highly localized sparks
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for spatially resolved measurements. On other hand, lenses with long focal length provides
wider focal volume, but requires higher laser energy to excite the plasma, and are often used
when it is difficult to place the focusing lens close to the sample.

3.2.5 Target holder
One of the very vital component of LIBS system is the target holder. The sample holder used in
this LIBS system is a 2 D translator which can be manually moved in X and Y directions as
depicted in Fig. 3.2 The sample holder is made up of an eye protective polymer to provide a
clear view of the sample. Usually the laser pulse has the tendency to create a crater within the
sample when it hit the same spot for a long time, and this is due to the high irradiance of laser
pulse. When crater is formed on the sample surface the optical fiber loses the signal from the
light emission from the plasma plume, and this drastically affect the quality of LIBS spectrum
recorded. Hence, there is need for movement of the sample holder during the experiment to
avoid the creation of crater within the sample by strong laser shot and also to provide a fresh
surface for every laser shot during the analysis.
3.2.6 Inductively coupled plasma mass spectrometry (ICP-MS)
ICP-MS is one the analytical tools used in determination of trace element in a myriad sample. It
comprises of different components such as nebulizer, plasma touch, spray chamber, interface
and a detector. The schematic diagram of these components is depicted in Fig. (3.3) This
technique is based upon the spontaneous emission of photons from atoms and ions that have
been in a radio frequency (RF) discharge. Liquids and gas are directly injected in the system,
solid have to be extracted or digested using acid, so that the analyte will be present solution.
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The prepared sample is converted into aerosol and links into the central channel of the plasma.
In an ideal situation, the inductively coupled plasma operates at approximately 10, 000 K, this
makes the aerosol to quickly vaporized, which allow the analyte element to be liberated as free
atoms in the gaseous state. The sample in liquid form is pumped into nebulizer at ml/min using
peristaltic pump, which is then converted into fine aerosol with the aid of argon gas at 1L/min.
Then the spray chamber is used to separate the fine droplet (about 5 µm in diameter) of the
aerosol from the large droplet of the sample. The fine droplet is then directed from spray
chamber into the plasma torch through the injector[105]. The plasma torch is used to generate
positively charged ions which is directed to the mass spectrometer via the interface region
having a vacuum pressure of 1-2 torr. The ions are extracted from interface region and then exit
into the main vacuum chamber the ion optics (electrostatic lenses). The ion optics direct the ion
beam toward the mass separation device and stops the particulates, photons, and neutral species
from getting into the detector. Lastly, the ion detector coverts the ions into electrical signal and
the data handling systems conventionally process it and convert it into analyte concentration
using the calibration set for ICP-MS[105,106]. The ICP-MS equipment is as shown in Fig. (3.4)
3.3 Preparation of Samples
In this study, we intend to analyze food products such as tea, date fruit, cigarette and other
biological samples like smokers and non-smoker’s tooth. In order to eliminate splashing and to
increase laser repetition rate and the efficiency of plasma formation & excitation, all sample
were grinded and made into a solid sample via palletization, and this has been reported to have
significantly improved the LIBS analysis.
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3.3.1 Tea Sample preparation for LIBS Analysis
As part of this experimental study, six different brands of commonly consumed black tea by
most of the people was purchased from different food stores in Dammam city Saudi Arabia. The
selection was based on price tag ranging from moderately cheap to expensive. The different tea
grains were separated from their sachets and placed in labelled petri dish. In order to make pallet
from the tea grain, the tea grain was placed in a cylindrical dye (2 cm diameter and 2 mm
thickness) and then pressed with aid of hydraulic press into round shaped pallet that will fit well
into the system sample holder. The pelletization process is as depicted in Fig. (3.5). The pallet
was quite firm enough to withstand laser pulse thrust without adding any binder. In order to
avoid contamination, the pallets were stored in desiccator prior to its LIBS analysis.
3.3.2 Tea Sample preparation for ICP-MS Analysis
For the analysis of tea samples using ICP-MS technique, 0.01 g of each tea samples were
weighed using an analytical balance and then added into 5 ml of nitric acid (HNO3) with 99 %
purity (Fisher Scientific), which was then heated at 60 0C until the nitric acid reduces to 2 ml, by
this process one to allows the metal to dissolve in the nitric acid solution. After solution cooled
down, 40 ml of DI water was then added to resultant solution and further heated at 45 0C for 2
hours so as to allow complete digestion of the tea sample. After cooling down, the resultant
solution was sieved into to 50 ml volumetric flask to remove any remaining undissolved particle
and then topped with DI water to get exactly 50 ml solution and then thoroughly mixed by
shaking the volumetric flask. The resultant solution was then analyzed using ICP-MS analysis.
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3.3.3 Date Fruit Sample preparation for LIBS Analysis
The four dates samples named Sakary, Khas alhasa fakar, Nabut saff, Sakaray al kaseem were
obtained from different local market of Kingdom of Saudi Arabia. At first, the seeds were
removed from the dates, and then it is placed in a flat sheet of aluminum foil for drying. After 2
hours of drying at 600C (using Binder Heating Oven, Model ED53, 230V, 50/60Hz), the samples
were grinded into powder by using standard Mortar & Pestle (see Fig. 3.6). By using the
hydraulic press machine the powder of date is converted into the pallets. This pallet was placed
on rotary table inside the LIBS chamber to avoid the ablation of the samples from the same spot.
The plasma generated from these four date fruit samples was recorded.
3.3.4 Date Fruit Sample preparation for ICP-MS Analysis
For the analysis of date samples using ICPMS technique, standard preparation method as
recommended by EPA for ICPMS analysis was adopted. At first, 0.01 g of each date sample was
added into 5 ml of nitric acid (HNO3) with 99 % purity (Fisher Scientific), which was then
calcined at 60 0C until the nitric acid reduces it to 2 mL, it allows the metal to dissolve in the
acid solution. Then this solution was allowed to cool down. After this, deionized water of 40 mL
was added to a resultant solution and further calcined at 45 0C for 2 hours, so that it allows
complete digestion of the date samples. After cooling down, the resultant solution was sieved
into to 50 mL volumetric flask to remove any remaining undissolved particle and then topped
with deionized water to get exactly 50 mL solution and then thoroughly mixed by shaking the
volumetric flask. The resultant solution was then analyzed using ICP-MS.
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3.3.5 Tobacco cigarette Sample preparation for LIBS Analysis
Four different brand of commercially available cigarettes which are common among smokers in
Saudi Arabia were purchased. The selection of these brands was based on price tag ranging from
lower price to higher price. The tobacco was separated from each brand of the cigarettes by
removing the filter, tipping paper and the rolling paper. This tobacco was then hydraulically
pressed into pallets with maximum rigidity to withstand the high laser power thrust and to reduce
the error for effective LIBS signal analysis. The tobacco under this study were pressed into round
pallets shape by applying a pressure of 5.2 bars for 10 minutes while placing the tobacco in a
special dye. The cylindrical dye was 2 cm in diameter and 2 mm thickness. Fig. 3.7 depicts the
pictorial view of the pelletization process of tobacco cigarette. There was no need to use any type
of binder because the tobacco bonded well on its own. The pallets were preserved in clean petri
dish and stored in a desiccator to avoid any absorption of moisture and other contaminants.

3.3.6 Teeth Sample preparation for LIBS Analysis
Various teeth samples of different dimensions were collected after extraction from three famous
Hospitals (King Fahd Medical City Riyadh, Central Hospital and Prince Sultan Medical City
located in Riyadh). All samples were extracted by dental specialists and were adult male and
females. We analysed 90 teeth in three main groups (30 smokes, 30 non-smokers and 30 for
control). Here control group are persons having no periodontal disease. A pictorial view of the
teeth of three groups is depicted in Fig 3.8.
In this study, out of these ninety teeth samples, sixty extracted teeth were patients having history
of chronic periodontitis. They were divided into two groups, thirty teeth were of patients having
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smoking habits and 30 having non-smoking habits. Another 30 extracted teeth from nonsmoking patients who didn't have history of periodontal disease and their teeth were extracted
due to orthodontic reasons. Each sample of extracted teeth were scaled by ultrasonic scaler for
calculus removal then washed in distilled water, were dried under ambient air and then kept in a
solution of 10% formalin in water to avoid contamination prior palletization. Before the
palletization process, the various teeth sample were removed from the formalin water,
thoroughly washed and dried under in the sun, then the teeth were grinded into powered form
and then hydraulically pressed into pallets with maximum rigidity to withstand the high laser
power thrust and to reduce the error for effective LIBS signal analysis. The teeth samples under
this study were pressed into round shape pallets by applying a pressure of 6.2 bars for 15 minutes
while placing the sample in a special cylindrical dye of 2 cm in diameter and 2 mm thickness.

3.3.7 Teeth Sample preparation for ICP-MS Analysis
For ICP-MS analysis, the teeth samples were digested in 5% nitric acid of 99.99% purity.
Representative 1 gram (dry weight) of teeth sample was digested with repeated additions of nitric
acid (HNO3) and hydrogen peroxide (H2O2). The resultant solution was reduced in volume while
heating at 95 0C for 6 hours and then diluted to a final volume. The resulting solution of the
sample was analyzed for As, Cd, Pb metal using Inductively Coupled Plasma Spectrometer
calibrated using reference standards of three levels of accuracy.
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3.4 Preparation of standard concentration of materials
3.4.1 Preparation of standard concentration of Iron (Fe), Chromium (Cr),
Potassium (K) and Bromine (Br) for quantitative analysis of different tea
samples.
In order to determine the amount of Iron (Fe), Chromium (Cr), Potassium (K) and Bromine (Br)
in tea samples (1-6), standard calibration sample were prepared using the tea sample matrix.
Sample # 2 was used because the sample matrix are identical. Each sample matrix were prepared
by homogeneously mixing the sample matrix with different known concentration of a specific
analyte

such as iron (III) sulfide, Chromium (II) Sulfate, Potassium bromide (KBr)

and

Potassium bromide respectively. The calibration standard sample concentrations that were
prepared for Iron (Fe) were (a) 500ppm (b) 1500 (c) 2500 (d) 3500 (e) 5000, for Chromium (Cr)
were (a) 100 (b) 300 (c) 500 (d) 700 (e) 1000, for Potassium (K) were (a) 500 (b) 700 (c) 900
(d) 1100 (e) 1300, and for Bromine (Br) were (a) 50 (b) 300 (c) 500 (d) 700 (e) 1000. This was
achieved by hydraulically pressing the powered sample into pallet using a special cylindrical dye
of 2 cm in diameter and 2 mm thickness.
3.4.2 Preparation of standard concentration of, Magnesium (Mg), Calcium
(Ca), and Chromium (Cr) for quantitative analysis of different Date fruit
samples.
In order to determine the concentration of nutritional element such as magnesium & calcium and
toxic element such as chromium in the test date sample, 10,000 ppm (parts per million) solution
of Mg, Ca and Cr were used to prepare standard sample of known concentration in deionized
(DI) water. The standard concentration for Mg, Ca and Cr ranges 5 to 2000 ppm (i.e. a. 5ppm, b.
200 ppm, c. 500 ppm, d. 1000 ppm, e. 1500 ppm, and f. 2000 ppm), 5 to 2400 ppm (i.e. a. 5ppm,
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b. 400 ppm, c. 900 ppm, d. 1400 ppm, e. 1900 ppm, and f. 2400 ppm), and 5 to 1200 ppm (i.e. a.
5ppm, b. 100 ppm, c. 300 ppm, d. 600 ppm, e. 900 ppm, and f. 1200 ppm) respectively. The
persistent signature lines of Mg, Ca and Cr used in the construction of calibration curve are
277.9, 317.9 and 520.4 nm respectively. Standard calibration sample were prepared using the
powered date sample matrix. Since the sample matrix are identical, Sample # 1 was used. The
prepared samples were then hydraulically pressed in a cylindrically shaped dye of 2 cm in
diameter and 2 mm thickness and the surface of the resulting samples were smooth to allow
uniform generation plasma for LIBS analysis.
3.4.3 Preparation of standard concentration of fluoride for quantitative
analysis of different Tobacco cigarette samples.
In order to determine the amount of fluoride in cigarette samples (#1, #2, #3, and #4). The
calibrated samples were prepared by adding known concentrations of fluoride to the sample
matrix (samples #1) and subsequently we used fluorine line 690.20 nm as the marker line for
drawing the calibration curve. The added concentrations of sodium fluoride (NaF) were 15 ppm,
30 ppm, 60 ppm, 122 ppm, 231 ppm, 348, 420 ppm and 537 ppm. The resultant mixture were
thoroughly mixed and compressed using a pressure of 6 torr from pellet pressing machine. The
diameter and thickness of dye used are 20 mm and 2mm, respectively.
3.4.4 Preparation of standard concentration of lead (Pb), Cadmium (Cd)
and Arsenic (As), for quantitative analysis of Smokers and non- smoker’s
teeth samples.
To draw the calibration curves, 5000 µg/ml solution of As, Cd, and Pb was used to prepare
standard samples of known concentrations in double distilled water. The standard solutions were
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having concentrations varying from 50 ppm (parts per million) to 1200 ppm for As, Cd, and Pb
by weight. These solutions with known concentration were utilized, and the wet paste was dried
in the Oven (see Fig. 3.9) at 350 K temperature during one day for preparation of standard
samples to draw the calibration curves. The dried powdered teeth samples were then
hydraulically pressed into smooth surface pallet by placing a cylindrical dye under a hydraulic
pressing machine and applying a pressure of 6 torr. The dimension of the cylindrical dye are 20
by 2 mm.

3.5 Precaution taken during the experiments.
(1) All equipment used in experiment were kept clean and dry to avoid contamination of
sample.
(2) Equipment such as dye and mortar were kept clean after each use.
(3) All samples were store in desiccator to avoid contamination with atmospheric moisture.
(4) The binding material used were ensured to be in powered form before thoroughly
mixing it with the sample, this ensures homogeneity of the prepared pallets.
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Figure 3.1: Schematic diagram of the LIBS setup.
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Figure 3.2: Sample Holder in the LIBS Set –up.

Figure 3.3: Schematic diagram of the ICP-MS setup

46

Fig. 3.4 Inductively Coupled Plasma Mass Spectrometry

Fig.3.5 Pictorial view of the pelletization of tea samples (a) as purchased tea sachet (b)
separated tea grain from a tea sachet (c) pelletized tea sample
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Fig. 3.6 Pestle and Mortar used for grinding LIBS samples.
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Fig. 3.7 Pictorial view of the pelletization of tobacco cigarette (a) As prepared
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Fig. 3.8: Pictorial view of the teeth samples which were extracted from different groups (a)
smokers, (b) non-smokers and (c) control.
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Fig.4.9 Oven used in for drying paste samples for LIBS sample preparation.
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CHAPTER FOUR
RESULTS AND DISCUSSION
This chapter discusses in details the results from our experimental study, which is as follows:
4.1 LIBS spectrometer Application and Evaluation Laser induced plasma (LIP)
parameters for verification of local thermodynamic equilibrium (LTE).
In this section, we discusses the application of LIBS in detection of to toxic element such as
Arsenic (As), Bromine (Br), Cadmium (Cd), Chromium (Cr), Fluoride (F) and Lead (Pb) and
comparatively detection of nutritional element such as Iron (Fe), Magnesium (Mg), Calcium
(Ca), and Potassium (K) in food products such as tea, date fruit, cigarette and human tissue like
teeth. The plasma parameters for each products were also studied for verification of Local
Thermodynamic Equilibrium (LTE).
4.2
Direct Spectral Analysis of Tea Samples using 266 nm UV pulsed Laser-induced
Breakdown Spectroscopy and cross validation of LIBS results with ICP-MS.

4.2.1 Introduction
Tea is the second most consumed beverage in the world beside water, with an estimate of 18-20
billion cups consumed daily [96,107,108]. It is commonly cultivated in Southeast Asia,
especially in china, and other 45 countries worldwide [97,109]. Tea leave contains many trace
elements which are beneficial to human, along with other toxic elements present in the tea leave.
The main sources of toxic elements in the tea plant could be from their growth media, agro input,
nutrients, soil, and other sources like fertilizers, industrial activities, pollution and
pesticides[110]. The common chemical species present in tea leave are, copper, zinc, manganese,
iron, magnesium, bromine, titanium, aluminum, potassium, phosphorus, strontium, sodium,
iodine and fluorine. Among potentially toxic elements like chromium (Cr), bromine (Br),
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cadmium (Cd), manganese (Mn) are the most health threatening substance even at low
concentration. These toxic elements have strong tendency to accumulate in food chain and their
removal rate probability through excretion is quite low[111]. Some of the ailments which human
could experience due to excess intake of these toxic elements above the safe permissible limit are
high blood pressure, distortion of mental and central nervous system, fatigue, kidney
neurological disorder, liver and kidney dysfunctions [97,98,112,113]. However, the consumption
of tea have some benefits to our health, as the very presence of manganese and excessive amount
of potassium helps a hypertensive patient, while other health benefits are prevention of
Parkinson’s diseases[97], myocardial infarction[98], and coronary arteries diseases[114-116].
There are six different types of tea available in the market namely pu-erh, black, oolong, white,
green, and yellow, the most popular among them are black, oolong and green tea, which are
distinguished on the bases of their degree of fermentation[117]. In this study, we focused on the
analysis of different brands of black tea, which are the most consumed tea brands in the
Kingdom of Saudi Arabia using laser induced breakdown spectroscopy for the first time.
In this study, we are interested in detection of the nutritional elements with more emphases on
iron (Fe) and potassium (K) which are highly beneficial for better health and for the toxic
elements our focus is on Bromine (Br) and Chromium (Cr) which are life threating species even
at low concentration intake. Iron (Fe) is one of the most important nutritional element which
often exist in the blood and it is responsible for oxygen transport and DNA synthesis[118]
[118,119]. Iron deficiency can cause anemia, dizziness, itching, eczema and constipation[120122], while excess iron intake cause health problems and some serious diseases[123]. The
estimated world population that suffers from iron deficiency is about 30 % [124], therefore
determination of total iron content in tea for the safety of sound public health is very crucial.
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Potassium (K) is a nutritional element required for human body, but unfortunately people
consume more of Sodium (Na) than Potassium (K), where excessive consumption of Na
contribute to hypertension in the population. The more K intake is associated with lowering of
the blood pressure of both hypertensive and normotensive people and indirectly reduces the
intake of Na which is the main cause of hypertension. It also reduce the tendency of having
stroke and it inhibit renal glomerular, vascular and tabular damage[125]. It is therefore necessary
to monitor the dietary intake of potassium (K) to optimize the dietary management of blood
pressure in the population. As for bromine is concerned, there is no substantial scientific
evidence to show the physiological benefit of Br for maintaining good nutrition or healthy
human function[126], but rather it combines with hemoglobin causing hematologic disease.
Bromine also has a high tendency to displace iodine (I) and thereby reducing iodine
accumulation not only in mammary glands but also in thyroid gland[127], hence the analysis of
Tea for the detection of Br data is important to consumers. Chromium gets into food chain
through environmental media such as air, water and soil, and then cause havoc in human body. It
can exist in the body in two oxidation states: toxic Cr (VI) and considerable less toxic Cr (III). Cr
(VI) is considered to have more toxicological effect because of its high oxidation tendency and it
is known as human carcinogen and mutagen [128-130]. Cr (VI) is the most prevailing oxidation
state of chromium in food, and is usually involved in pathogenesis of diseases like lung, kidney,
liver and gastrointestinal cancers. Other health issues from chromium (Cr) intake even at low
concentration levels are skin allergy, asthma and renal diseases [131,132]. Till date there is little
information about the level of chromium and bromine in tea in literatures. Due to this reason,
there is a compelling need to determine the level of chromium in tea especially for the safety of
people who are drinking tea.
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In order to determine the concentration of nutritional and toxic elements present in the tea
samples, calibration curves are usually drawn. The slope of such curves can be used to estimate
the sensitivity of our LIBS method according to IUPAC (International Union of Pure and
Applied Chemistry) definition. The conventional methods used for elemental analysis among
which are inductively coupled plasma, optical emission spectroscopy (ICP-OES), ICP- Mass
spectroscopy (ICP-MS), neutron activation analysis (NAA) and ion chromatography , but these
methods have inherited disadvantages especially in their sample preparation which requires
lengthy and tedious pretreatment procedures and use of acid digestion under high temperature &
pressure, and also the usage & disposal of hazardous chemicals which are detrimental to our
environment[93-95,133-135]. In contrast, in this study, we used laser induced breakdown
spectroscopy (LIBS), which is more user friendly because LIBS overcomes the above mentioned
disadvantages pertinent to other conventional techniques due to its simplicity, rapidness,
versatility, flexibility of its experimental set up and capability of multi-elemental analysis with
little or no sample preparation. The fundamental of LIBS system is the recording of the plasma
spectrum that contain all the qualitative and quantitative analytical information about the
elemental composition and identification of the sample material, by using the finger print
wavelengths, spectral intensities and relative intensities of the analyte [19,136]. The generation
of plasma for LIBS measurement is achieved by applying high laser irradiance (energy per unit
area, W/cm2) to the surface of the test sample to be analyzed. There are a numbers of parameters
which the laser irradiance depend upon, which are the laser pulse width, the laser pulse energy,
the laser beam diameter and the quality of beam at the point of interaction with the analyte
surface. LIBS measurement is usually performed under ambient atmospheric conditions, with no
need for the sophisticated measurement chamber. We also determine the concentration level of
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the nutritional and toxic elements using calibrated ICP-MS in order to compare with the results
obtained from our calibrated LIBS technique.
4.2.2 Laser induced plasma (LIP) parameters (electron temperature and
density): their studies for optimization of LIBS analysis of Tea samples.
The light emitted from laser induced plasma (LIP) is an important asset for the qualitative and
quantitative analysis of the test sample and to study the plasma properties as well. The
fundamental properties of plasma determining the light emitting from sample are plasma
temperature, electron density, and the number density of the emitting species[18]. The plasma
parameters (electron density and plasma temperature) determination is very important to satisfy
the optically thin plasma and to obtain the Local Thermodynamic Equilibrium (LTE) conditions
which are critical for the LIBS quantitative analysis. If the plasma is not in the LTE state, then
there will be strong self-absorption and then the quantitative analysis for concentration
determination will not be accurate. In addition, the information about the LIP temperature is
important because it allows the understanding of the process occurring in the whole complicated
plasma generation processes such as atomization, dissociation, and excitation and also improves
the LIBS Sensitivity [60-62,137,138]. The LIP is characterized with occurrence of the following
processes, namely photo-ionization, collision ionization, collisional excitation, radiative and
three-body recombination, radiative decay, de-excitation process and Bremsstrahlung
process[61]. As the plasma is in Local Thermodynamic Equilibrium (LTE), the entire plasma
plume volume consist of all kinds of species which can be described by series of equilibrium
distribution law[62] namely, Maxwell distribution which describes the plasma particles
Boltzmann’s statistic which describes the distribution of population in different energy levels,
Saha’s equation which describes the ionization process, and the radiation density which obeys
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the Planck’s law. The most important criterion that determine if plasma is in LTE state is having
the collisional process dominating the radiative process and this could only be partly achieved
in a state deviating from complete LTE. In such a state, there exists a certain energy level in
which the excitation and de-excitation rate through a collisional process is equal to that through
a radiative process, and such state is said to be in partial local thermodynamic equilibrium
(PLTE)[139]. The most common used method to estimate LTE are electron energy distribution
function (EEDF) and McWhirter criterion. The former holds when electron density (Ne) ˃1016
cm-3 and kT < 5 eV, while the later holds when the rate of collisional process is higher than that
of the radiative process, and is expressed mathematically by Eq. (17) [58,140-143] where T is
the temperature of the plasma and ΔE is the largest energy gap between the upper and lower
energy state of the spectroscopic lines used in the analysis, where Ne, T and ΔE are expressed in
cm-3, K, and eV respectively. The plasma electronic temperature can be estimated using
Boltzmann equation (15).
In order to calibrate our LIBS system and validate our tea results, we recorded the spectrum of a
standard mercury xenon lamp. Fig (4.1 a) depicts the mercury xenon lamp spectrum recorded
with our LIBS system and a Boltzmann plot for estimation of electron temperature. We used
five (5) fingerprint wavelengths of Hg I transition lines at 296.7 {5d10 6s 6p 3P0→5d10 6s 6d
3

D1}, 365.5 { 5d10 6s 6p 3P2→5d10 6s 6p 3D2}, 404.6 nm{5d10 6s 6p 3P0 →5d10 6s 7s 3S1}, 435.8

{5d10 6s 6p 3P1 →5d10 6s 7p 3S1}, and 576.9 {5d10 6s 6p 1P1→5d10 6s 6d 3D2} nm for which their
transition probabilities are well known. These spectral lines were selected in the range of 290 610 nm from the mercury xenon lamp LIBS spectrum. The estimated plasma temperature (Te)
was Te = 6,591 ± 450 0 K using the Boltzmann plot as depicted in Fig (4.1 b).
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Once we have calibrated our LIBS system, tested and estimated the electron temperature and
electron density of mercury lines, we applied the same method for evaluation of electron
temperature and electron density of plasma generated by tea samples. Fig (4.2 a) depicts the
Boltzmann plot obtained using five (5) fingerprint wavelengths of Cr I transition lines at 403.9
{3d5(2I)4s→3d5(2I)4p}, 425.4 {3d5(6S)4s→3d5(6S)4p}, 520.5 {3d5(6S)4s→3d5(6S)4p}, 520.8
{3d5(6S)4s→3d5(6S)4p}, and 529.8 {3d5(6S)4p→3d5(6S)4d} nm for which their transition
probabilities are also well known. These spectral lines were selected in the wavelength range of
(350-450 nm) and (450-550 nm) from (tea sample #1). The estimated plasma temperature (Te)
was Te= 6864 ± 514 K using the Boltzmann plot as depicted in Fig (4.2 a). The linearity in the
Boltzmann plot depicted in Fig. (4.2 a) is a good evidence that an LTE condition is prevailed.
Table (4.1) and Table (4.2) shows the tabulated spectroscopic parameters obtained from National
Institute of Standard and Technology (NIST) data base for atomic lines of Mercury (Hg) and
Chromium (Cr) used for plasma temperature estimation in our study for tea samples. The
emission line spectrum is mostly accompanied by certain level of broadening, which can be used
to estimate the electron density. The major line broadening mechanism in the LIBS spectra are
Stark broadening, pressure broadening and Doppler broadening. The Stark broadening is due to
columbic interaction of charged species and is the primary mechanism causing the emission line
broadening. The pressure broadening is as a result of the interaction of radiating atoms with the
surrounding particles, which result in frequency disturbance [144,145]. Doppler broadening is
due to Doppler shift experienced by various species in plasma plume exhibiting different
velocity component Vz in the direction of observation. The influence due to Doppler broadening
[~0.12 Å at full width at half maximum (FWHM)] can be neglected as compared to Stark
broadening resulting from collisions from charged particles that dominate the plasma density
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above 1014cm-3 [74,146]. The FWHM of the Stark broadening profile of a well isolated line from
neutral atom is related to electron density Ne (in cm-3) as defined in Eq. (17). Where W is an
electron impact parameter which is a function of the temperature and only changes by a factor of
two over the temperature range of 10,000- 80,000K. The Stark broadened profile of an isolated
atomic or singly charged ionic line is one of the most powerful spectroscopic techniques used in
the calculation of electron density to a very reasonable accuracy. To estimate the electron
density, we used the Stark broadened profile of Hg (I) 435.8 {5d10 6s 6p 3P1 →5d10 6s 7p 3S1} at
435.8 nm and Stark broadened profile of Cr (I) transition {3d5(6S) 4p→3d5 (6S) 4d} at 529.8 nm,
which are depicted in Fig (4.1 c) and Fig (4.2 b) respectively. The evaluated electron densities
(ne) using the Full Width at Half Maximum (FWHM) of 0.96767 and 0.23133 for Hg I and Cr I
respectively are 1.2× 1017 cm-3 and 1.03 × 1017 cm-3. It is worth mentioning that the estimated
electron density meet the EEDF criterion for LTE with the estimated electron density n e > 1016
cm-3 and KT = 0.59 eV, also the estimated ne greater than the critical electron density (1.9 × 1016
cm-3), which implies that McWhirter criterion is also satisfied for LTE condition. Based on our
estimated plasma parameters (temperature and density), we can assume that our plasma is in
LTE regime.
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Figure 4.1. (a) Typical LIBS spectrum of mercury xenon lamp in the wavelength range 290610 nm (b) Typical Boltzmann plot for plasma temperature estimation using LIBS
spectrum from mercury xenon lamp (c) Typical Stark broadened profile of neutral atomic
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Fig 4.2. (a) Typical Boltzmann plot for plasma temperature estimation. Spectral lines of
neutral chromium (Cr I) were used to plot the Boltzmann plot with plasma temperature of
T = 6864 ± 514 0K (b) Typical Stark broadened profile of neutral atomic Cr (I)
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4.2.3 Delay time and Incident laser energy optimization for detection of
chromium, bromine, potassium and iron
Before conducting the LIBS experiment for the analysis of tea samples, it is important to
optimize different LIBS parameters such as delay time, laser energy and others parameters. To
attain best LIBS sensitivity in our case, we used sample #1 throughout the optimization process.
The optimization of LIBS signal intensity versus delay time for detection of Fe II (275.6 nm)
line and Cr II (286.5 nm) line within wavelength range 250-350 nm was achieved by plotting
the ratio of LIBS signal intensity of Cr II (286.5 nm)/ LIBS signal intensity of Fe II (276.6 nm)
against the delay time. The optimum delay time within the wavelength range 250-350 nm for
the simultaneous detection of both Cr II (286.5 nm) and Fe II (276.6 nm) was found to be 357
ns corresponding to Cr II (286.5 nm) / Fe II (276.6 nm) signal intensity ratio of 1.24 is depicted
in the Fig. 4.3a. Similarly, the optimization of LIBS signal intensity versus delay time for
simultaneous detection of K I (766.48 nm) and Br (793.9 nm) within the wavelength range 750850 nm was achieved by plotting the ratio of LIBS signal intensity of K I (766.48 nm)/ LIBS
signal intensity of Br I (793.9 nm) against delay time is depicted in Fig. 4.3 b. The optimum
delay time obtained from the plot was 317 ns corresponding to K I (766.48 nm)/ Br I (793.9 nm)
LIBS signal intensity ratio of 2.07 as depicted in Fig. 4.3 b. Additionally, the optimization of
laser energy was carried out within the wavelength range 750-850 nm. The various laser
energies applied on the sample are 15 mJ, 15.4 mJ, 15.8mJ, 17.0 mJ and 17.52 mJ per pulse,
and the various emission signal intensity was recorded for K I (766.48 nm) and Br I (793.9 nm)
simultaneously to obtained the optimum laser energy. By plotting the ratio of LIBS signal

62

intensity of K I (766.48 nm)/ LIBS signal intensity of Br I (793.9 nm) against laser energies, the
optimum laser energy was found to be 17.52 mJ is depicted in Fig. 4.4.
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Figure. 4.3. The dependence of LIBS signal intensity ratio of emission lines K I (766.48
nm)/Br I (793.9 nm) and Fe II (275.6 nm)/Cr II (286.5 nm) Vs delay time for our tea sample
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Fig. 4.4. The dependence of LIBS signal intensity ratio of emission line K I (766.29 nm)/Br I
(793.9nm) on laser energy for the tea sample.

4.2.4 LIBS Qualitative analysis of tea samples
The optimized experimental laser parameters such as laser energy, time delay between the
opening of ICCD shutter and laser pulse incident, number of accumulation and geometrical
arrangement were all optimized and kept same for all the data acquisition process as described in
the previous section. In order to identify the composition of tea samples, it is required to carry
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out the compositional analysis first, and then afterwards to determine the elements of interest.
Fig. 4.5 -4.10 shows a typical LIBS spectra for six brands (sample 1-6) of tea samples in the
wavelength range of 380-730 nm, where the spectrally identified element are Iron (Fe), Titanium
(Ti), Chromium (Cr), Aluminum (Al), Potassium (K), Magnesium (Mg), Bromine (Br), Silicon
(Si) Carbon (C), Vanadium (V) and Calcium (Ca) using the spectra data published by National
Institute of standard and technology (NIST). Fig. 5.11 shows a typical LIBS spectra for six
brands (sample 1-6) of tea samples in the wavelength range of 250-350 nm, with strong ionic
emission lines of Fe II at 275.6 nm and Cr II at 286.5 nm. The finger print wavelength or
signature lines of Fe II (275.6 nm) and Cr II (286.5 nm) was identified in all brands of the tea
samples as depicted in Fig. 5.11. Other atomic and ionic emission lines identified within the
wavelength range 250-350 nm are Fe I (277. 2 nm), Fe I (283.8 nm), Fe I (297.3 nm), K I
(310.5nm), Ca II (317.9 nm) and Si II (320.0 nm), with notable differences in their emission
lines intensities, which indicates differences in their concentration from one tea sample to the
other. Fig. 5.12 shows a typical LIBS spectra for the six brands of tea samples in the wavelength
range of 760-800 nm, with strong atomic emission lines of K I at 766.5 nm and Br I at 793.9 nm,
with varied emission line intensities from one tea sample to the other, which indicate different
elemental content. The signature lines of K I (766.5 nm) and Br I (793.9 nm) are well identified
in all brands of the tea sample as depicted within a box in Fig. 5.12. Other atomic and ionic
emission lines identified within the wavelength range 760-800 nm are Cu II (777. 9 nm), Cu II
(774.4 nm) and Si II (784.9 nm) with notable differences in their emission lines intensities,
which indicates the difference in their concentration from one tea sample to the other sample.
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Signal Intensity (a.u)

400

350

300

250
570

450

580
590
600
610
620

Wavelength (nm)

68
246

244

670

480

Wavelength (nm)

242

680

490

248

690

500

700

510

710

520

720

Wavelength (nm)
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Figure 4.7: Typical LIBS spectra of tea sample #3 from wavelength range 380 -730 nm.
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Figure 4.8: Typical LIBS spectra of tea sample #4 from wavelength range 380 -730 nm.
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Figure 4.9: Typical LIBS spectra of tea sample #5 from wavelength range 380 -730 nm.
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Figure 4.10: Typical LIBS spectra of tea sample #6 from wavelength range 380 -730 nm.
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Fig 4.11 Emission line spectra of Iron and chromium in the wavelength range 250-350 nm
for tea (sample 1-6). The signature line for Fe II (275.6 nm) and Cr II (286.5 nm) are
enclosed in a box.
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4.2.5 LIBS Quantitative analysis of Tea sample
In quantitative LIBS analysis, ionic and atomic emission line intensities can be used for
quantification of different species in the sample (e.g. in parts-pert-million)[73]. The
quantification usually is conducted by constructing a calibration curve based on some set of
samples (usually above three) with different known concentration of a specific analyte. The
calibration curve provides a means to estimate the concentration of a specific species in an
unknown sample. A plot of emission line intensities of a particular specie versus its
concentration gives the calibration curve. Fig. 4.13 depicts typical calibration curves for the
quantification of different nutritional and toxic elements (Fe, Cr, K, Br, Cu, Si, and Ca) present
in the six brands of the tea sample. Each value of R2 on Fig. 4.13 are coefficient indicating
accuracy of our linear fit (i.e. R2 is very close to 1). From the calibration curves, the
concentration of each element was determined and tabulated in Table 4.3.
To further confirm our LIBS quantification results, we determined the concentration of the same
element in all the tea samples using standard analytical technique like ICP-MS, the results
obtained are also tabulated in Table 4.3, which are in excellent agreement with ours LIBS results
as depicted in Fig 4.14. The concentration of iron, chromium, potassium and bromine estimated
in all the tea samples are between 378-656 ppm, 96-124 ppm, 1421-6785 ppm, 99-1476 ppm, 1736 ppm, 2-11ppm and 92-130 ppm respectively. The estimated concentration of iron in all tea
samples are in good agreement with previously reported results[147]. The estimated
concentration of iron (Fe), calcium (Ca) and potassium (K) in various tea samples shows that the
tea samples are highly rich in iron (Fe), Calcium (Ca) and potassium (K), which are highly
needed in our human body system for good health, with sample #1 having the highest
concentration of K. On the other hand, there are also some toxic element (Chromium and
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Bromine) with concentration above the permissible limit set by Saudi Food and Drug Authority
(SFDA), with sample #2 having the highest concentration of Cr and Br.
The limit of detection (LOD) of the nutritional and toxic element in the tea samples were also
determined according to equation (19) defined as 3σ/S, where σ is the standard deviation of the
least concentrated sample and S is the slope of the calibration curve[45]. The LOD estimated for
Fe, Cr, K, Br, Cu, Si, and Ca in tea sample were 22, 12, 16, 11, 6, 1 and 12 ppm respectively as
tabulated also in Table 4.3.
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Figure 4.13: A calibration curve for (a) Iron Fe II (b) Chromium Cr II (c) Potassium K I
(d) Bromine Br I (e) Copper Cu II (f) Silicon Si II (g) Calcium Ca II
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Table 4.1. Spectroscopic parameters of neutral mercury (Hg I) line taken from NIST data
base used for plasma temperature estimation.
Statistical weight
Wavelength (nm)

Signal Intensity

Transition

Energy of the upper
level

probability

gi

gk

Aik (S-1)

Ei (eV)

Ek (eV)

296.7

494

1

3

4.5e+07

4.67

8.85

365.5

664

5

5

1.8e+07

5.46

8.85

404.6

564

1

3

2.1e+07

4.67

7.73

435.8

836

3

3

4.89

7.73

6.71

8.85

5.57e+07
576.9

698

3

5
2.36e+07

Table 4.2. Spectroscopic parameters of neutral chromium (Cr I) line taken from NIST data
base used for plasma temperature estimation.
Statistical weight

Transition
probability

Wavelength (nm)

Energy of the upper
level

Signal Intensity

gi

gk

Aik (S-1)

Ei (eV)

Ek (eV)

403.9

279

15

15

6.70E+07

3.85

6.91

425.4

658

7

9

3.15E+07

0

2.91

520.5

289

5

3

5.09E+07

0.94

3.32

520.8

259

5

7

5.06E+07

0.94

3.32

529.8

266

7

7

3.00E+07

2.9

5.24
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Table 4.3. Comparison of LIBS and ICPMS estimated concentration, Resolution of
different emission lines and Limit of Detection (LOD) for different Nutritional and toxic
element detected in Tea samples.
Quantified
Element
detected in
Tea

Wavelengt
h (nm)

Sample
Names

LIBS Concentration
(ppm)

ICP Concentration
(ppm)

1378

391

656

610

478

444

400

363

544

601

478

503

Sample#1:

96

82

Sample#2:
Sample#3:
Sample#4:
Sample#5:
Sample#6:

124

117

103

94

109

121

110

95

103

111

6785

6732

1761

1897

3523

3793

1421

1500

5690

6369

4341

4213

Sample#1:
Sample#2:
Sample#3:
Fe

Cr

275.6

286.5

Sample#4:
Sample#5:
Sample#6:

Sample#1:
Sample#2:
Sample#3:
K

766.5

Comparison Between LIBS and ICM-MS results.

Sample#4:
Sample#5:
Sample#6:

80

Limit of
Detection (LOD)

22

12

14

Br

Cu

Si

Ca

793.9

777.9

784.9

317.9

Sample#1:

493

382

Sample#2:
Sample#3:
Sample#4:
Sample#5:
Sample#6:

1300

1476

322

366

302

287

967

1022

114

99

Sample#1:

34

33

Sample#2:
Sample#3:
Sample#4:
Sample#5:
Sample#6:

36

35

22

17

17

20

33

36

29

32

Sample#1:

5

7

Sample#2:
Sample#3:
Sample#4:
Sample#5:
Sample#6:

13

11

4

3

7

9

2

2

6

5

Sample#1:

105

109

Sample#2:
Sample#3:
Sample#4:
Sample#5:
Sample#6:

115

104

92

86

121

117

123

119

130

121

81

11

6

1
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4.3 Spectro-chemical analysis and nutritional composition of date palm fruits using
laser Induced breakdown spectroscopy and cross validation of results with inductively
coupled plasma mass spectrometry.

4. 3. 1 Introduction
Palm dates (phoenix dactylifera L) is primitively grown tree. Its fruit has been in use, particularly
in Arab countries, for nearly 6,000 years. It is one of the staple foods for Arabs [148].
Carbohydrates, amounting to more than 70 % (including sucrose, glucose and fructose) are the
major ingredients in dates [149-151]. Besides carbohydrates and food fibers, dates also serve as a
central source of vitamins and food minerals. Date pulps contain high amount of several
elements like Fe, Ca, Co, Cu, F, Mg, Mn, K, P, Na, S, B, Se and Zn. Primary fluorine in dates
helps fight tooth decay[152,153]. Dietary fiber ratio in dates ranges from 6 to 25 % in flesh and
almost 80 % in seeds. Dates also have high amounts of proteins, lipids, vitamins, carotenoids and
phenolic compounds[149]. Besides, dates are rich reserves of easily soluble compounds (70% to
be exact) like fructose, sucrose, glucose, dietary fibers and less fats and proteins. Dates
contribute healthy components like vitamins riboflavin, thiamine, biotin, folic acid etc.
Phytochemicals like plant sterols, carotenoids, phenolics, anthocyanins, procyanidins and
flavonoids are found in abundance in date pulp. Plant sterols, bearing numerous health
advantages, are usually termed phytosterols. On a laboratory analysis of date fruit sterols, it was
observed that they have cholesterol, isofucosterol, , β-sitosterol and stigmasterol. Carotenoids, a
class of naturally found fat-soluble pigments; not only provide a bright colour to the plants, they
are also a rich source of vitamin A and act as anti-oxidants and help fight against the harmful
effects of free radicals[154]. Vegetable flavonoids have a lot of advantages for health. They act
as anti-oxidants and help to protect against radical scavenging. They fight various chronic
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diseases of cardiovascular origin and reduce the speed of certain processes in body that help to
grow cancer[155]. On account of the above mentioned properties, date fruits are treasure house
of energy and it is estimated that 314 Kcal of energy can be obtained by consuming about 100
grams of dates. The Arabs use date pits (generally thought of as waste product) to prepare
caffeine-free drinks. Date pit powder is also used to prepare non-caffeinated coffee. An
approximate of 5.1 g/100 g protein, 9.0 g / 100 g fat, 73.1 g/100 g dietary fiber, 3942 mg/100 g
phenolics and 80400 µ mol/ 100 g anti-oxidants are found in date pits; a sure symbol of nutrition.
Date consumption is a natural way of strengthening body against premature graying of hair,
formation of wrinkles. The result of date consumption is a healthy glowing skin and youthfulness
restoration. Date kernels also show similar characteristics, particularly beneficial for women
whose skin ages and wrinkles fast.

Date pulp boiled in milk and then softened down, serves as a healthy tonic for pregnant women
and breastfeeding mothers. Similarly, dried dates, pounded and crushed and mixed with an
assortment of almonds, pistachio nuts, quince seeds, sugar and spices are very beneficial for the
health of pregnant women and new mother[155]. Dates are usually given to the patients of
respiratory ailments, asthma, chest infections, fevers of various sorts, high blood pressure and
fatigue; as a complete compulsory medication. Different infectious diseases and ailments such as
atherosclerosis, diabetes, hypertension and cancer have also been successfully treated with dates.
Folk medicine has been employing dates as main ingredient ever since the beginning of recorded
history. Pathogenesis of chronic diseases takes oxidative stress as one of its most common
factors. Dietary anti-oxidants play a crucial proactive and positive role in combating and
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controlling degenerative disorder such as cardiovascular, neurological diseases, cancer and
gastric ulcer.
In this study, we focused on the detection of nutritional and toxic elements present in dates with
emphases on calcium (Ca) and magnesium (Mg) as a nutritional element and chromium (Cr) as a
toxic element; using laser induced breakdown spectroscopy (LIBS). Calcium is a crucial element
for decent human functioning, especially with respect to maintaining and building calcified
tissues like teeth and bones[156]. It is highly needed for a number of vital regulatory functions
such as, coagulation of blood, transmission of impulses, activation of enzyme reactions,
contraction and relaxation of muscles including heartbeat, and simulation of hormone
secretion[156]. Magnesium has got huge biological importance in more than 300 metabolic
reactions including nucleic acid synthesis (DNA, RNA), cellular energy production and protein
synthesis. Magnesium is indispensable for ample brain energy and smooth transmission of
communication through central nervous system [157]. It is also essential in the prevention of
atherogenesis and cardiovascular diseases. However, chromium doses above the adequate level
can be toxic and carcinogenic, resulting in a number of diseases in human beings. Chromium is
naturally found in plants and gets into food chain through media such as air, water and soil and
then invades body. Chromium can cause pathogenesis of some cancers in kidneys, liver, lungs
and gastrointestinal tract. Therefore, knowledge of the amount of chromium in dates is of upmost
importance[158].
There are a number of previous published works, where laser induced breakdown spectroscopy
(LIBS) was used to study some plant products. M . Galiova et al [159] uses Single Pulsed Laser
induced breakdown spectroscopy to map elements like Copper (Cu) and Silver (Ag) in sun
flower (Helianthus Annuus). The focus of this was to study the distribution of Cu and Ag in sun
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flower. The spectral line of Cu and Mg used for mapping was 324.75 nm and 328.07 nm
respectively. Preeti Dhar et al[160] also employ LIBS to examine the relationship between trace
element and antilipemic & antidiabetic potential in medicinal plant called Babchi (Psoralea
corylifolia). The LIBS analysis of Babchi (Psoralea corylifolia) shows the presence of trace
element such as Mg, Si, Na, K, Ca, Zn and Cl. The intensity ratio of these elements was analyzed
to determine the concentration of the detected elements. And lastly, Mingyin Yao et al [161] uses
LIBS to extract heavy metal element of pericarp and flesh of Citrus Nanfeng tangerines. The
heavy element detected in pericarp and flesh of Citrus Nanfeng tangerines are Pb, Cd, Hg, Cr,
and As. From relative intensity of the emission line these elements, the relative profile
concentration were determined.

4.3.2 Validation of Local Thermodynamic Equilibrium condition for date
samples
In order to characterize laser induced plasma, it is of paramount to determine the plasma
parameters such as electron temperature and electron number density of the plasma for
spectroscopic application. It also help us to ascertain if our plasma is in optically thin condition,
which is a prerequisite to eliminate severe effect of intensity saturation and self-absorption
effect. When laser pulse interact with test date sample surface, the electron in the outer most part
of atoms get excited such that when the vibrational energy is greater than the binding energy of
target, the bonding is subdued and evaporation of the target starts. The electron temperature can
be determined without need of total number density and partition function. Magnesium (Mg)
spectral lines used for the Boltzmann plot (i. e employing equation 2) were 277.9 nm, 382.9 nm,
383.2 nm and 383.8 nm, which were identified as 3s 3p 3P2 → 3p2 3P2, 3s 3p 3P1 → 3s 5d 3D2, 3s
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4s 3S1 → 3s 5p 3P1, 3s 3d 1D2 → 3s 6f 1F3 respectively as depicted in Figure 4.15 and Boltzmann
plot is depicted in Figure 4.16. The estimated electron temperature from the Boltzmann plot was
Te = 5660 0k. The spectroscopic data from NIST data base used for the Boltzmann plot is as
shown on Table 4.4. The electron number density was estimated from its relationship with Full
Width at Half Maximum (FWHM) of the Stark broadening profile as shown in the equation 3.
The FWHM of magnesium line Mg I (277.9 nm) was calculated from the Lorentzian fitting of
experimentally obtained line profile as depicted in Fig. 4.17. The calculated FWHM was 0.2879
nm and the resulting electron number density was 3.47 × 1016 cm-3. The spectral line Mg I (277.9
nm) was selected because it well isolated from other spectral lines. In order to validate if our
plasma is in local thermodynamic equilibrium, we employ McWhirter criterion which is given by
equation 1. The estimated critical electron number density was 4.45 Х 1016 cm-3, which is much
lower than the estimated electron density and consequently satisfying the necessary condition for
LTE.
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Figure 4.15: LIBS spectrum showing spectral lines used for Boltzmann plot. This spectrum
was obtained from sample two of the dates sample.
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Figure 4.16: Boltzmann plot from Mg (I) LIBS spectral lines from dates sample.
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Figure 4.17: Stark broadening profile of Mg (I) at 277.9 nm for electron number density
estimation.
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Table 4.4: Spectroscopic data from NIST data base, indicating Mg (I) spectral lines used
for Boltzmann plot.
Statistical weight

Transition
probability

Wavelength (nm)

Transition
Assignment

277.9

Energy of the
upper level

3s 3p 3P2
→

gi

gk

Aik (S-1)

Ei (eV)

Ek
(eV)

5

5

4.09e+08

2.72

7.18

3

5

1.77e+07

2.71

7.06

3

3

1.23e-06

5.10

6.72

5

7

4.38e-06

5.75

7.26

3p2 3P2
284.8

3s 3p 3P1
→
3s 5d 3D2

765.9

3s 4s 3S1 →
3s 5p 3P1

821.3

3s 3d 1D2
→
3s 6f 1F3

4. 3. 3 Optimization of time delay for detection of chromium in Dates
sample
In order to identify the optimum time delay between the incident laser pulse and the acquisition
of LIBS spectrum for Cr I 520.4 nm in test date sample, the LIBS signal intensity of signature
line of Cr I 520.4 nm was studied for various time delays ranging from 250 – 850 ns in steps of
100 ns. The delay time was controlled by Q-switch trigger pulse and the Intensified charged
coupled device (ICCD) camera. A typical plot of LIBS emission line intensities versus time
delay for Cr I at 520.4 nm wavelength is depicted on Fig. 4.18. From Fig. 4.18, it can be clearly
seen that the optimum delay time for detection of Cr I at 520.4 nm wavelength was at 550 ns.
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The optimum delay time for other element like Mg and Ca was found to be between 400 – 600
ns. For each data point Fig. 4.18, an average spectrum for 15 laser pulses shot was
recorded. The recording of the averaged spectra reduces the background noise
to a great extent as compared to the single shot spectrum of the sample. But
throughout this study we used the 550 ns delay time for our LIBS spectrum acquisition, which is
the optimum delay time for Cr I (520.4 nm) detection and also because of its closeness to
average
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Figure 4.18: LIBS signal Intensity dependence on Time Delay for Cr I in Test Date Sample.
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4. 3. 4 Optimization of Laser Fluence for detection of chromium in Dates
samples
In order to investigate the dependence of LIBS signal Intensity on laser fluence, we recorded the
emission line intensity for Cr I 520. 0 nm at different laser energies using sakary test sample.
Laser energy was measured using energy meter (Ophir model 300) and was varied between 15 17.54 mJ with laser spot size of 150 µm in diameter. The corresponding laser fluence was
between the range of 85 and 99 J/cm2. The time delay td of 500 ns was used where the optimum
LIBS signal intensity of Cr I 520.4 nm was achieved. Figure 4.19 depicts the LIBS signal
intensity dependence of Cr I 520.4 nm on laser fluence. It was observed that LIBS signal
intensity dependence of Cr I 520.4 nm on laser fluence shows linear dependence between laser
fluence 85 -91 J/cm2 and later stated to flatten between laser fluence 91 – 99 J/cm2, which may be
as a result of self-absorption, with optimum laser fluence at 99 J/cm2. Self-absorption often
occurs due to atoms in the plasma having higher energies with respect to atoms on its surface.
Thus, when the atoms in the plasma de-excite to produce resonance lines, the outer atoms absorb
the energy leading to less intense spectral lines.
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Figure 4.19: Plot of dependence of LIBS signal Intensity of Cr I (520.4 nm) emission line on
laser fluence imparted on date sample surface

4.3.5 Qualitative and Quantitative Analysis of Dates samples.
For the qualitative and quantitative analysis of elements present in the date
samples, LIBS spectra were recorded over a 250–850 nm wavelength range for
different brands of dates samples. Prior to recording of spectra a best compromise was
reached between the high line intensity and low background signal after plasma breakdown at
an approximate time delay td of order of 550 ns. Figures 4.20 -4.23 depicted the emiss ion
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spectra of date samples recorded at a 550 ns time delay td. The laser pulse energy
was ﬁxed at 17.54 mJ, which is the optimum laser energy. The distance between the
optical ﬁber and the plasma was 10 mm. The LIBS spectra of the date samples
were recorded to identify each element present in the date samples within the
wavelength range of 250- 850 nm. The most sensitive lines (ﬁnger print
wavelength) for identiﬁcation of elements were found between 250-550 nm
regions using NIST database (see fig 4.24). The finger print wavelength corresponding
to different element present in date test samples are clearly distinguishable from low
background signal intensity. Spectra recorded for all date samples were very rich,
comprising of singly charged ions (II) and neutral species. The spectra of all brands reveal
the presence of Magnesium, Iron, Calcium, Titanium, Aluminum, Chromium, Nitrogen,
fluorine, copper and Potassium. It was observed that there was no qualitative but
quantitative differences between the different date brands samples (see Fig 4.24). The close
resemblance of the spectra should be noticed, with Mg I (at 277.9 nm), Fe I (at 282.2 and
382.0 nm), Ca II (at 317.9 nm), Ti I (at 381.8, 387.5, 392.9 and 405.5), Al I (at 396.1 nm),
Cr I (at 425.4 and 520.4 nm), and K I (at 495.6 nm) as depicted in figure 4.24. The
presence of magnesium, calcium and chromium in date samples is confirmed by single
persistent line (277.9, 317.9 and 520.4 nm respectively) as depicted in figure 4.24.
Furthermore, the presence of chromium is further verified by the non-persistent line at
finger print wavelength 405.5 nm. The ﬁnger print wavelength (as speciﬁed in Table
4.5) for each element of interest was selected for quantitative and qualitative
analysis. One of the way to achieve quantitative analysis is to calibrate the
system using known concentration of an element in the same sample matrix.
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The preparation of these standard samples allows the correlation between the
spectral line intensity and the corresponding concentration of element in
question. Fig 4.25 depicts the comparison of LIBS signal intensity for Mg, Ca
and Cr in the different date samples. The spectral lines intensity of Mg, Ca and Cr
used for the comparison in the figure 8 are Mg I (277.9 nm), Ca I (317.9 nm) and Cr I
(520.4 nm) respectively. The emission line intensity of plasma is given by
equation 18. From Eq. 18, one can determine the population density N of an
atom or ions excited from ground state i to upper state j, which depends on the
mass of ablated material and the incident laser energy as depicted in Fig. 4.19.
A calibration curve for the three elements was constructed. From the selfconstructed calibration curve, we able to determine the concentration of Mg, Ca
and Cr. The analysis of calibration data was used for the estimation of limit of
detection of our LIBS system for each element (see Table 4.5). The limit of
detection is estimated by equation 19. In order to determine the concentration
of nutritional element such as magnesium and toxic element such as calcium
and chromium in the test date sample, 10,000 ppm (parts per million) solution
of Mg, Ca and Cr were used to prepared standard sample of known
concentration in deionized (DI) water. . The very high purity laboratory salts (99 %)
used for preparation Mg, Ca and Cr solutions are Magnesium fluoride, Calcium sulphate,
and Potassium dichromate respectively. These solutions with known concentration of Mg, Ca,
and Cr were mixed thoroughly with paste date samples; while ensuring that the same set of date
samples used for the LIBS spectrum acquisition were also used for calibration to minimize the
matrix effect. The wet paste was then dried in the Oven at 60 0C temperature during one day for
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preparation of standard samples to draw the calibration curves. The standard concentration
for Mg, Ca and Cr ranges 200 to 2000 ppm, 400 to 2400 ppm, and 100 to 1200
ppm respectively. The persistent signature line of Mg, Ca and Cr used in the
construction of calibration curve are 277.9, 317.9 and 520.4 nm respectively. From
the calibration curve in Figure 4.26, we were able to predict the concentration of important
nutritional elements such as Mg & Ca, and also toxic element like Cr. It is clear from Table
(4.5) that the concentration of Mg and Ca are higher as compared to Cr concentration in our
date samples. For example the concentration of nutritional elements like Mg and Ca ranges
from 34.76 – 196.43 ppm and 187.21 – 515.32 ppm respectively, while the concentration of
toxic element Cr was found to be lower ranging from 1.72 – 7.76 ppm (see Table 4.5). The
concentration of Mg and Ca shows how highly nutritional are the date samples. It is worth
mentioning that the maximum permissible limit set by food and drug agency and other
regulatory bodies for Cr is 1 ppm, which implies that the concentration of Cr in each date
samples were little higher than the permissible limit in some date samples and way higher
in others as tabulated in Table 4.5. In order to further cross confirm our results, the
conventional ICP-MS technique was used to cross check our LIBS results, and it was found
that both are in good agreement with each other (see Table 4.5). The estimated limits of
detection (LODs) of our LIBS system for Mg, Ca and Cr using Eq 19. were 2, 17, 1 ppm,
respectively. In addition, since the level of nutritional element is high, and the fact that
only one toxic element was detected, then date consumption could be recommended for
individual who are interested in increasing the level nutritional elements such as
magnesium (Mg) and calcium (Ca) to take more of these dates fruits, however for the
individual who are have dietary restriction on the consumption of chromium (Cr), are
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advised to minimize the intake of these dates fruits. This study confirms that date is a
significant source of trace elements.

Figure 4.20: Typical LIBS spectra of date sample (Nabutt saff) from wavelength range 350
-850 nm.
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Figure 4.21: Typical LIBS spectra of date sample (Khas al hasa fakar) from wavelength
range 350 -850 nm.
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Figure 4.22: Typical LIBS spectra of date sample (Sakaray) from wavelength range 350 850 nm.
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Figure 4.23: Typical LIBS spectra of date sample (Sakaray) from wavelength range 350 850 nm.
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Figure 4.24: Typical LIBS spectrum showing different element detected in four different
date samples at time delay td of 550 ns and laser energy of 17.54 mJ.
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Table 4.5: List of Nutritional and Toxic elements detected by LIBS and ICP-MS techniques
and their Concentrations in various Dates samples
Element Wavelengths
(nm)
Detected
in Date
Sample

Optical
Transition
Assignment

Sample Type

LIBS
(ppm)

ICPMS

68.76

76.54

Khas alhasa fakar

206.56

196.43

Nabut saff

37.21

34.76

Sakaray al
kaseem

37.10

40.87

Sakary

507.89

515.32

3p6 (4p) 2P3/2

Khas alhasa fakar

301.65

320.45

→

Nabut saff

220.01

208.24

3p6 (4p) 2P3/2

Sakaray al
kaseem

169.87

187.21

Sakary

4.88

5.21

Khas alhasa fakar

1.72

1.57

→

Nabut saff

7.76

6.02

3d5 (6S) 4p

Sakaray al
kaseem

4.98

5.52

Sakary

Mg

277.9

Comparison of LIBS and
ICPMS Mean
Concentration Value

3s (3p) 3P2

Limit of
Detection
(ppm)

(ppm)

2

→
3p2 3P2

Ca

317.9

3d5 (6S) 4s
Cr

520.4
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1

4.3 Determination of carcinogenic Fluorine in cigarettes using pulsed UV laser
induced breakdown spectroscopy
4. 3. 1 Introduction
Tobacco leaves is main raw material used in manufacturing cigarettes. It is a well-established
fact that tobacco consist of various toxic elements that can cause health problems during the
consumption of the cigarettes. Over 4000 chemicals have been identified as ingredients of
cigarette[162]. Tobacco is known to consist of various compounds among which are
hydrocarbon, oxygen containing compounds, nitrogen containing compounds, heavy metals,
non-metals, ions, and halogen-containing compounds are prominent. It is reported that the
approximate composition of halogen-containing compounds is 1.5 % in tobacco[162]. Halogens
(especially, fluorine (F), chlorine (Cl), and bromine (Br)) can produce very dangerous compound
during burning of cigarette. In the process of burning, 2.4% of these halogens is transferred to
smoke and eventually inhale as organo-halogens which are as well harmful to the body[163].
Fluorine is among the top 15 most abundant elements on the earth’s crust. The main source of
fluorine exposure to human beings are through food, water and other daily used products. Too
much intake of fluoride result into dental and skeletal fluorosis. It is reported that over 25% of
the population of Saudi Arabia suffer from dental fluorosis even though study revealed that the
level of fluoride in drinking water in Saudi Arabia (SA) is negligible[164]. Even the lungs cancer
cases are rising rapidly specially in the smoker population of SA. Due to these facts, we were
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motivated to investigate the fact that, there must be other sources of fluoride ingestion among
the population in Saudi Arabia. It has been proven that the proportion of fluorosis as a result of
water fluoridation is now less compared to other sources like cigarettes and diet. Fluoride get
into the body through gastrointestinal track and stored right there as a hydrofluoric acid[165]. It
causes muscle fiber[166], severely distorts spermatogenesis[167] and disrupt calcium current in
neurological systems[168]. Due to limited awareness on the fluoride level in tobacco, it is
usually ignored when calculating the total dietary intake of fluoride. The minimal recommended
level for daily oral fluoride ingestion was determined to be 0.05 ppm per day[169], as
recommended by non-observable adverse effect level (NOAEL). Estimation of the lethal fluoride
doses are 16 to 64 ppm in adult and 3 to 16 ppm in children[169]. Due to these facts, this study is
highly desirable to determine the level of fluoride in tobacco cigarettes.
To determine fluorine concentration in various tobacco cigarette brand, the widely used
methods are ion selective electrode and ion chromatography [170-172]. These two methods are
not straightforward and involve the conversion of solid sample to solution, which is in ionic form
within the solution. This process of conversion of solid sample into solution is very tedious and
requires chemicals. Molecular absorption spectrometry is another method of fluorine
determination but always requires high homogeneity of the sample to be tested. The principle of
this method is based on the molecular absorption of gallium mono-flouride (GaF) [69,70,173175] and requires high-resolution continuum sources absorption spectrometry (HR-CS MAS)
and limit of detection is not very good.
A simple and rapid method to the afore-mentioned methods tested in this study is Laser
induced breakdown spectroscopy (LIBS). This method uses the solid sample directly in ambient
air at atmospheric pressure, with minimal sample preparation of just making the solid sample
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into pallet. LIBS is a very fast developing technique for quantitative and qualitative analysis of
all element present in the solid sample. This technique involves a short laser pulse evaporating a
small amount of material (usually in micrograms), thereby creating a plasma plume. This plasma
plume consists of free atoms and ions in different excitation states. As the plasma cools down,
the excited elements de-excite and emit radiations; these emitted radiations are then recorded
with high resolution spectrometer to investigate elemental composition with the help
spectroscopy technique. Such spectral lines are basically utilized [66,67,71]. Plasma is generally
characterized by different parameters namely: electron density, plasma temperature and degree
of ionization. Generally speaking, there are two types of ionized plasma, the weakly and the
highly ionized plasma. The weakly ionized plasma is the one in which the ratio of the electron to
other species is less than 10 %, while in highly ionized plasma the atoms are usually tripped of
many of their electron resulting in very high electron to atoms/ions ratios. LIBS plasma is
characterized under the weakly ionized plasma region[102]. To the best of our knowledge LIBS
has never been used to determine the fluoride level in tobacco cigarettes and therefore the goal of
this study is to optimize the experimental parameters with the aim of improving the limit of
detection, the signal to noise ratio and linearity of the calibration curve for detection of fluoride
in tobacco cigarettes. Laser fluence and the various experimental parameters of LIBS set up were
optimized using the fluorine finger print line 690.2 nm in order produce optically thin plasma in
local thermodynamic equilibrium (LTE). These parametric optimizations were essential to
achieve the best limit of detection to detect the trace amount of fluorine in tobacco cigarettes
samples.
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4.3.2 Investigation of Local thermodynamic equilibrium condition of LIBS
Plasma Using Tobacco sample.
Spectral line intensities in the recorded LIBS spectra can be used to detect and quantify the
elements present in the test sample with the conditions that the laser induced plasma are optically
thin and in local thermodynamic equilibrium (LTE). The elemental compositions of the optically
thin plasma are the same as that of the sample. In an optical system like the plasma generated by
pulsed laser ablation, LTE condition holds if the electron-ion and electron- atoms collision
processes are very fast and prevail the radiative process. The plasma generated as a result of laser
ablation is complicated and can be understood by the following physical laws: The plasma
particle obeys maxwellian velocity distributions, population in the energy level follows the
Boltzmann’s statistics, ionization process and can be described by Saha’s equation and radiation
density obeys Plank’s law. Along the boundary of the plasma where electron density is low and
movement of the boundary region is rapid, LTE is not a good assumption [64,100]. All that is
needed is for equilibration to occur in small regions of space, although it varies from region to
region[100]. However moving slightly deeper into the plasma volume, the conditions could
change more slowly and collision occurs more rapidly, and in this case LTE is valid. In order to
ascertain if LTE is reached, the electron density must sufficiently be high enough for collision to
dominate the population of levels. This criterion was originally formulated by McWhirter and is
now called McWhirter criterion [66,67] and given by eqn. 8. In order to ascertain if the plasma is
in LTE condition, its plasma temperature and electron density were calculated using
Boltzmann’s plot method and stark broadening respectively. Some of the crucial factors in
obtaining a good Boltzmann plot are the accurate line intensities, accurate transition
probabilities, and well-spaced upper levels.

In order to have a Boltzmann plot, spectrally
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isolated characteristics atomic transition lines of neutral barium (Ba I) in wavelength range of
300 nm – 400 nm and 580 nm – 680 nm were recorded for sample #1, using optimized
conditions. The different wavelengths identified and selected of (Ba I) were 307.158 nm,
350.110 nm, 649.9 nm and 652.731 nm as depicted in Fig. 4.27. All these characteristic
transition lines of barium were then used to estimate the plasma temperature, where plasma
temperature T = 6555 0 K was estimated from slope of Fig. 4.28. Table (4.6) shows the statistical
weight, transitional probabilities and upper energy level that were used for plasma temperature
estimation, which were all obtained from National Institute of Standard and Technology (NIST)
data base[176].
Spectral line in an optical spectrum is characterized with a non-zero line width and its central
line usually shift from its nominal central wavelength. This broadening and shift could be as a
result of Doppler, instrumental, natural and stark broadening [25,72]. Since our experiment was
carried out under atmospheric pressure, stark broadening is the only dominant mechanism, other
afore mentioned mechanism are negligible under these conditions[177]. Stark broadening in
spectral lines are basically from collisions between ions and electrons. Stark broadening can also
introduce shift of energy levels, which results in shift of wavelength positions of spectral lines
[102].
The line profile for Stark broadening is described by a Lorentzian function with full width at half
maximum Δλ1/2 and electron density is related by the equation (16). In order to calculate the
electron density of our plasma, stark broadening profile of a singly ionized atomic transition
line of barium (Ba I) at 307.158 nm was used because it is isolated and free from interference
from other spectral lines. Fig. 4.29 shows a fitted Lorentzian curve for an isolated line of barium
(Ba I) at 307.158nm used for the electron density estimation. The full width at half maximum
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(FWHM) of 0.47376 was estimated from the fitted Lorentzian curve and electron impact
parameter w from the reference data base[178]. The electron density was estimated to be 3.44 Х
1018 cm-3. Since the critical value of plasma electron density is 4.79 Х 1016 cm-3, then our
electron density is much greater than the critical value, which implies that our plasma in this
study is in local thermodynamic equilibrium (LTE). Therefore we can conclude that there was
no much self-absorption and our emission are fully radiated from the plasma and also the
plasma is transparent to the laser beam. Consequently our spectra are optimized and our plasma
can be described using thermodynamic parameters.
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Table. 4.6. Selected wavelength for characteristics atomic transition lines of neutral barium
(Ba I) and other parameters used for Boltzmann’s plot
Wavelength (nm)

gk

Aki Х 108

Ek (eV)

Transition Array

307.2

3

0.41

4.04

6s2 (0S) → 6s (0S) 7p

350.1

3

0.35

3.54

6s2 (0S) → 5d(0S) 6p

649.9

7

0.54

3.10

6s 5d (2D) → 5d (2D) 6p

652.7

5

0.33

3.04

6s 5d (2D) → 5d (2D) 6p

4.3.3 Optimization of LIBS signals intensity for detection of fluoride in
tobacco.
In a typical LIBS study, it is highly recommended to detect the optimum time delay between the
incident laser beam and the opening of the shutter of camera for detection of any element of
interest[54,136,179], like in our case for the fluoride (F I) in cigarette using the characteristic
finger print wavelength of 690.2 nm for F I. The time delay between the laser excitation and
spectrum acquisition determines the LIBS signal intensity level of the atomic specie to be
detected. Usually due to high plasma temperature after laser excitation, there are many kinds of
excited ionic, atomic and molecular species present in the plasma plume, giving rise to an
unstructured broad continuum in the LIBS spectrum. In an attempt to check this broadening, the
spectrum acquisition time was delayed to a certain value ranging from few hundreds of
nanoseconds to few thousands of nanoseconds as depicted in Fig. 4.30. In LIBS analysis, both
neutral and singly ionized atomic species are of interest and when the time delay is below 200 ns,
most of the atomic transition are from the singly ionized atoms, and for time delay above 200 ns,
the transition from neutral atoms are recorded. A typical plot of LIBS signal intensity (at a finger
print wavelength of 690.2nm) dependence on time delay for persistent line of F I is depicted in
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Fig. 4.30. As clear from Fig. 4.30, 720 ns is the optimum delay time for maximum LIBS signal
intensity.
Moreover, in order to determine the optimum laser energy for the LIBS signal intensity of F I (at
same finger print wavelength of 690.2nm) in tobacco, with all other parameters such as the LTE,
time delay and laser beam diameter wre kept constant in accordance with the previous findings.
The laser energy was varied from 15 mJ to 18.46 mJ at different interval as depicted in Fig. 4.31,
with the corresponding LIBS signal for F I (690.2nm) been recorded and is depicted in the Fig.
4.31. It can be noticed from Fig. 4.31, that the LIBS signal intensity shows a linear dependence
on the laser energy with the intensity increasing with increase in laser energy from 15 mJ to
18.46 mJ per pulse. At higher laser energies (˃ 15.5 mJ) the increment factor of the LIBS signal
intensity reduces steadily as saturation set in, with the optimum laser energy was found at 18.46
mJ per pulse. However at 17.54 mJ per pulse of incident laser energy was found to generate
appreciable LIBS signal intensity and precision for detection of F I (690.2nm) in our cigarette
samples.
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Fig. 4.30: LIBS signal intensity dependence on time delay for fluorine line (F I 690.2 nm) in
tobacco cigarette.
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Fig. 4.31: LIBS signal intensity dependence on laser energy for fluorine line (F I 690.2 nm)
in tobacco cigarette.
4.3.4 Detection of fluoride in Tobacco sample
After optimizing the all the main experimental parameters, our LIBS system was set for fluoride
detection in the various brands of cigarettes. Time delay between the laser excitation and
spectrum acquisition was kept at 720 ns, the laser energy was maintained at 17.54 mJ per pulse,
the distance between the focal volume of the plasma plume and the optical fiber was set as 10
mm and the angle between test sample and the optical fiber was fixed at 45 0. Under these
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experimental conditions, a typical spectrum of the tobacco samples were recorded in wavelength
range 660-760 nm and is depicted in Fig. 4.32. A persistent spectral line of fluorine (at finger
print wavelength of 690.2nm) was identified in all our samples within the specified wavelength
range of the spectrum. The identification of recorded spectral lines was database conducted,
using standard data published by National Institute of Standard and Technology[176]. Fig. 4.32
here indicates all the identified spectral lines in all different brands of tobacco samples, the
identified F I lines are enclosed in the box, Table (4.7) shows other elements identified within
this wavelength range, which are bromine, barium, sodium, copper, carbon, nickel and calcium.
The maker line at 690.2 nm is due to atomic transition from, 2s2 2p4 (3p) 3s → 2s2 2p4 (3p) 3s
electronic state and the line is usually of moderate intensity. There are other transition line of
neutral F I within our wavelength range which are very weak peak due to self-absorption.
4.3.5 Calibration Curve for the quantitative and qualitative estimation of
fluorine concentration in different brands of tobacco cigarette.
As discussed in previous sections, we ensured the presence of optically thin plasma under our
experimental conditions thus the system can be well calibrated to high degree of precision. The
calibrated samples were prepared by adding known concentrations of fluoride to the sample
matrix (samples #1) and subsequently we used fluorine line 690.20 nm as the marker line for
drawing the calibration curve. The added concentrations of sodium fluoride were (NaF) are 15,
30, 60, 122, 231, 348, 420 and 537 ppm. The respective LIBS signal intensity spectra for each
respective fluoride concentration added to the sample #1 matrix is depicted in Fig. 4.33 which
shows a linearity in the growth of the LIBS signal intensity versus the F I concentration. The
results displayed in the Fig.4.34 were used to plot the linear calibration curve, as depicted in Fig.
4.34 for the detection of fluoride in various cigarette samples. The calibration curve was used to
118

quantify the fluoride concentration present in the test samples #1, #2, #3 and #4 which were
found to be 233.9, 340.9, 316.6 and 360.1 ppm respectively. The concentrations of fluoride
detected in this study are considered to be more than the minimum permissible level set by food
and drug regulatory agencies[180]. In order to ascertain the degree of sensitivity of our LIBS
system, one has to estimate the limit of detection (LOD) using the calibration data[181]. LOD is
the minimum amount of concentration of an analyte on a sample which can be reliably detected
by a system[182] and can be estimated by using Eq. (19).
Using Eq. (19) the calculated LOD of our LIBS system is 14.4 ppm as shown in Table 4.8.
In this study, we were able ascertain the level of exposure and ingestion of fluoride concentration
in different brands of tobacco cigarette, which was between 224 – 360 µg for each gram of
tobacco cigarette intake. The level of intake depends on the habit of different persons, and
generally since tobacco is not swallowed, only some fractions of the afore-mention amount are
ingested during their consumption, which ultimately becomes available in the body through
absorption. The experience gained from this work can be used for the elemental analysis of
leaves, plants and vegetables.
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Table 4.7. Finger print wavelengths, assignment of atomic transitions and other parameters
for various atomic lines of all the elements detected in tobacco cigarettes including neutral
barium (Ba I) used for the Boltzmann’s plot.

Element

Finger print
Wavelength

g
k

(nm)

AikХ

Ek

108

(eV)

Optical Transition
Assignment
Lower

LIBS signal
Intensity
(arb. units)

State→Upper State
Na I

589.6

5

0.62

2.10

2p6 3s 2S1/2→2p6 3p 2P1/2

1774

Na II

314.6

4

0.45

41.12

2p5 3p →2p5 3d 2P3/2

1571

307.2

3

0.41

4.04

6s2 1S0→ 6s 7p 1P1

1550

350.1

3

0.35

3.54

6s2 1S0→ 5d 6p 1P1

1489

611.08

5

0.15

3.22

6s 5d 3D3→ 5d 6p 3P2

2453

652.7

5

0.33

3.04

6s 5d 3D2→ 5d 6p 3D2

1955

667.5

4

0.19

2.99

6s 5d 3D2→ 5d 6p 3D1

Ba I

Sample #2

1579

Sample #2

2543

Sample #2

3034

Ca I

616.2

3

0.48

3.91

4s 4p 3P2→4s 5s 3S1

2928

Cu I

324.8

4

0.14

3.81

3d10 4s 2S1/2→3d10 4s 2P3/2

2200

Ni II

337.2

3

0.41

3.67

3d8 4s2 3F3→3d8 4s4p 3G4

1499

Br I

734.8

6

0.12

9.73

4p4 5s 3P3/2→4p4 5p 3P5/2

1587

C II

723.1

4

0.35

18.05

2s2 3p 2P1/2→2s2 3d 2D3/2
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Sample #2

2302

Sample #3

1978

Sample #4

2607

Table.4.8 Concentration of fluorine detected in various tobacco cigarette samples using our
LIBS setup.

690.2

Sample #1

233.9

2p4 3s 4P3/2 →

Sample

2

340.9

2p4 3p 4D5/2

Sample #3

316.7

Sample #4

360.2

14.4

4.4 Detection of toxic elements using Laser Induced Breakdown Spectroscopy in smoker
and nonsmoker’s teeth and investigation of periodontal parameters
4.4.1 Introduction
The harmful effects of nicotine, carbon monoxide, and other noxious gases of tobacco smoke are
well known. However, there is no systematic study reported regarding the tracing of heavy
metals such as cadmium, lead, and arsenic present in the periodontium due to heavy tobacco
smoking. Hence, there is a high demand to develop a reliable and fast technique for detection of
these elements, which have serious effects on smokers’ teeth in general and on overall health in
particular. Over the past few years, oral health research has significantly contributed to the
understanding of the mechanisms that lead to the deterioration of the hard and soft tissues
supporting the teeth. Taking records of the number of cigarettes smoked per day and the amount
of years tobacco was consumed into consideration, a dose-response relationship could be
established. Various potential significant and pathogenic effects of tobacco related substances
may affect the periodontal tissues and the immune system or the composition of the oral flora.
Moreover, there is enough evidence that tobacco consumption may change the genetically
determined susceptibility for periodontal diseases [183-188].
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Analytical

epidemiological

studies

have

been

quite

successful

in identifying a handful of risk factors for the onset of the disease and its progression. These
include colonization at high levels by certain sub-gingival bacteria, environmental exposures
such as cigarette smoking, and systemic conditions such as diabetes mellitus. Importantly, the
molecular basis of host susceptibility has recently begun to be unraveled. Research findings are
now focused on creating multifactorial models to assess the risk of the disease, prior to the
development of irreversible damage. Importantly, the role of periodontal infections, as a modifier
of systemic health, is being increasingly explored [191-196]. It was concluded that there was
strong association between cigarette smoking and the risk of periodontitis [197-199]. The odds of
having severe periodontitis increased considerably among smokers and showed a dose-dependent
relationship with the amount of cigarette consumption. In this study, a chemical analysis of teeth
surface was conducted using a laser induced breakdown spectroscopy (LIBS) technique, which
was assembled recently at our laboratory. Toxic elements such as cadmium and arsenic were
detected with the LIBS technique in smoker’s teeth, which could cause the periodontal problems.
These toxic elements were also detected in the teeth of nonsmokers (who are passive smokers)
due to environmental contamination and poor dental hygienic conditions. However, the
concentration of toxic elements in nonsmoker teeth was much less than in the smoking group.
4.4.2 Local thermodynamic Equilibrium for tooth samples
Optically thin plasma indicates the absence of self-absorption of the emission lines in the plasma.
For optically thin plasma and Local Thermal Equilibrium condition, the spectral line intensity
can is written by Eq. (18), where Iik,z is the relative intensity due to electron transition from a
higher energy state k to a lower state i in an atom with ionization z, Ei,z corresponds to the upper
energy level and gi,z is the upper energy level statistical weight,
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is the transitional

probability, λik,z is the spectral line wavelength, Uz(T) is the atomic partition function at
temperature T, L is the plasma characteristic length, Nz is the emitting atoms density, K is the
Boltzmann constant and T is the plasma temperature. Local Thermal Equilibrium (LTE)
condition is required to satisfy optically thin plasma and avoid self-absorption effect. Eq. 15 was
applied on the strongest observed spectral lines of the calcium.
The chosen lines used for plasma temperature estimation are shown with an arrow in figure 4.35
which were emission lines of Ca at 422.67 nm, 445.48 nm, 585.75 nm, and 646.26 nm. By
plotting the left hand side expression versus energy of the upper level

for the spectral lines of

a single atomic species in the ionization state z, the temperature can be calculated from the slope
1/KT. The spectroscopic parameters Aik,z, gi,z and Ei,z were taken from the NIST data
base[200] and tabulated in table (4.9). The average of the calculated plasma temperature for
excitation wavelength 266 nm, laser energy 40 mJ and 400 ns delay time was 11813 ± 513 K,
which were calculated from the slope of Fig. 4.36a.
LTE condition was satisfied in the plasma when it has a sufficiently high electron density, and
hence the minimum electron density for LTE condition was calculated using Mcwhirter criteria
defined in Eq. (8), where ne, ΔE and T are the electron density, the largest transition energy
corresponding to the shortest wavelength used in plasma temperature calculation[80].
Broadening of plasma spectral lines originates from Stark effect (caused by energy levels
splitting due to plasma induced electric field and has FWHM ~ 0.1-1 nm), the Doppler effect
(caused by the thermal motion of the ions and has FWHM ~ 0.01-0.1 nm), Van Der Waals effect
(caused by Van Der Waals’ dipolar force, negligible in high ionized plasma and has FWHM ~
0.01 nm) and instrumental reasons [201-204]. The Stark effect broadening dominants, and thus is
used to estimate the electron density from the full width at half-maximum (FWHM) of the
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neutral calcium line at 422.67 nm. Stark broadening is described by Lorentzian function, and the
FWHM is directly proportional to the electron density as given in Eq. (17), where

is the

FWHM of stark broadening profile at an electron density of 1017 cm-1 obtained from Grime's
book by interpolating at the calculated plasma temperature. Fig. 4.36b shows the data points and
the Gaussian fitting of Ca I 422.67nm spectral line with a FWHM of 1.15895 nm. Therefore, the
electron density at 400 ns delay time and plasma temperature (11813 K) was 3.0 × 1022 cm−3
which was higher than the estimated minimum electron density 3.83 × 1017 cm-3; hence in our
experiment the laser induced plasma was optically thin and is in LTE condition.

Fig. 4.35. Spectrum showing spectral lines use for plasma temperature estimation.
Spectrum was from non-smoker’s teeth.
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Fig.4.36. (a) Boltzmann plot to calculate the plasma temperature of plasma plumes. (b)
Stark broadening profile for characteristics atomic transition lines of Ca I (422.67 nm) to
estimate the electron density.
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Table 4.9 Spectroscopic parameters of neutral Calcium (Ca I) lines used for estimation of
plasma temperature.

Wavelength (nm)

Signal Intensity

Statistical weight

Transition
probability

Energy of the
upper level

Aik (S-1)
gk

Ek (eV)

422.67

22487

3

2.180E+08

2.93

445.48

24780

7

8.7E+07

4.68

585.75

10207

5

6.6E+07

5.05

646.26

7525

7

4.7E+07

4.46

4.4.3 Quantitative LIBS spectroscopy of Teeth sample
The laser induced breakdown spectroscopy analysis is based on identifying emission of the
neutral and singly ionized atoms by creating plasma and exciting atoms through highly focused
laser radiations. These lines are identified by so called finger print wavelength for the elements
presented in the teeth samples. The LIBS technique works by inducing plasma at high
temperature at a spot on the sample using extreme powerful laser pulses. In this plasma,
dissociation through bond breaking occurs in different stages which is followed by thermionic
emission, heating, melting, excitation and ionization[203]. The laser energy and delay time were
investigated in this experiment as well. The delay time (time after laser pulse) must be smaller
than the life time of the excited electrons for LIBS analysis. The main parameters that could affect
the sensitivity of the LIBS system for individual elements are the transitional strength of the
elemental line (transition probability), incident laser energy, delay time (time between the firing
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of the laser pulse and opening of the camera shutter), which were selected during the
measurements. Experiments were performed to find optimal conditions for temporal delay,
incident laser energy for the analysis of different teeth samples under investigation. LIBS spectra
of different teeth samples were recorded over a 200–650 nm wavelength range for qualitative and
quantitative analysis under the optimum experimental conditions. Optimization of the LIBS
spectrometer prior to its application for teeth analysis was important so that the LIBS spectra and
the intensities of lines collected were accurate.
In order to do the spectral analysis of teeth samples using LIBS, the spectral lines were measured
under different laser fluences by scanning the spectrometer in the 200-700 nm region and after
optimizing all the parameters like focusing of incident laser beam, optimum collection of plasma
emission, gate width and delay-time. After achieving the optimal experimental conditions, the
LIBS spectra of different teeth samples were recorded and depicted in Figs. 4.37-4.39. Figs
4.37-4.39 depicts the LIBS spectra and identifies the different elements presented in the teeth
samples in the 270 -700 nm wavelength regions. The identification of the atomic transition lines
was carried out using NIST spectral data base [20] and finger print wavelength of each element
presented in the teeth samples was identified. As shown in Figs. 4.37-4.39, the carcinogenic
metals such as lead (Pb), cadmium (Cd) and arsenic (As) were detected along with trace metals
like calcium (Ca), phosphorus (P), sodium (Na) and magnesium (Mg). Fig. (4.40) is a chart plot
of mean LIBS signal intensity recorded for carcinogenic elements like Pb, Cd and As in smoker,
non-smoker and controlled groups.The spectral marker lines (finger print wavelengths) of these
elements were used for the calibration and quantifications of these elements. The identified LIBS
spectrum is due to either the emission of the neutral or singly ionized transitions of Ca,
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phosphorus (P), lead (Pb), cadmium (Cd), Oxygen (O), Nitrogen (N), Iron (Fe), Potassium (K)
and arsenic (As).

Fig. 4.37 Typical LIBS spectra showing different elements present in the teeth samples of
smoker group in the 270 -700 nm wavelength region recorded at laser pulse energy = 40
mJ and wavelength of 266 nm.
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Fig. 4.38 Typical LIBS spectra showing different elements present in the teeth samples of
non smoker group in the 270 -700 nm wavelength region recorded at laser pulse energy =
40 mJ and wavelength of 266 nm.
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Fig. 4.39 Typical LIBS spectra showing different elements present in the teeth samples of
control group in the 270 -700 nm wavelength region recorded at laser pulse energy 40 mJ
and wavelength of 266 nm.

Fig. 4.40: Chart plot of mean LIBS signal intensity of Pb, Cd and As in smoker, nonsmoker and control groups.
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4.4.4 Clinical Monitoring of Teeth Sample.
Clinical parameters were evaluated for each patient using the following procedures:
1. PD was measured from the gingival margin to thebottom of the pocket.
2. CAL was measured from the cement-enamel junction tothe bottom of the pocket. PD and CAL
were recorded using a standard periodontal probe with manual pressure of approximately 25 g at
six sites per tooth (mesiobuccal, buccal, distobuccal, mesiolingual, lingual, and distolingual).
3. Plaque index [205] parameter was defined as (0 no plaque; 1 thin plaque layer at the gingival
margin only detected by scraping with a probe; 2 moderate layer of plaque along the gingival
margin (interdental spaces free but plaque is visible to the naked eye); 3 abundant plaque along
the gingival margin (interdental spaces filled with plaque). PI was obtained on four sites
(mesiobuccal, buccal, distobuccal, and lingual).
4. Gingival index was defined as 0 normal gingival (no inflammation; no discoloration; no
bleeding); 1 mild inflammation (slight erythema; no bleeding); 2 moderate inflammation and
bleeding on probing; 3 severe inflammation (severe erythema and tendency to spontaneous
bleeding). The GI was obtained on four sites (mesiobuccal, buccal, distobuccal, and lingual). For
each one of these above-mentioned variables, the mean value of all recordings was called as
mean PD, mean CAL, mean PI, and mean GI, respectively, of the individual[205]. For pocket
depth and attachment loss measurements and periodontal index (PDI), the clinical method as
proposed by Ramfjord and described in detail in[206] was adopted in this study.
4.4.5 Determination of Toxic Elements Concentration in Teeth Samples.
In order to determine the concentration of toxic elements presented in the teeth samples, small
amounts from each teeth sample were carefully extracted to be analysed. The calibration curves
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between the analyte concentration in the teeth matrix and its LIBS signal lines intensity were
carefully plotted for estimating the limit of detection of our LIBS system.
To draw the calibration curves, 5000 µg/ml solution of Ca, Mg, Na, As, Cd, and Pb was used to
prepare standard samples of known concentrations in double distilled water. The standard
solutions were having concentrations varying from 50 ppm (parts per million) to 1200 ppm for
Ca, Mg, Na, As, Cd, and Pb by weight. These solutions with known concentration were utilized,
and the wet paste was dried in the Oven at 350 K temperature during one day for preparation of
standard samples to draw the calibration curves.
The maximum Pb concentration measured in smoker group was in 34 - 55 ppm range for nonsmokers in 23- 29 ppm range and for the controlled group in 0.17-0.31 ppm range after drawing
the calibration curves. It is worth mentioning that these values are higher than the permissible
safe limits specified by the world health organization. In addition, the measured concentrations
by our LIBS system were counter verified by using a standard method such as inductively
coupled plasma spectrometry. Our LIBS results are in good agreement with the results obtained
using ICP-MS technique. The recorded LIBS spectra in this study were well identified to the
finger wavelengths of 405.7 nm (Pb-I), 643.8 nm (Cd-I), 446.6 nm (As-I), 422.7 nm (Ca-I),
608.78 nm (P-I), 280.27 (Mg-I) and 588.9 nm (Na-I), 538.2 (O II), 460.72 (N II), 372.62 (Fe I)
using NIST data base. Emission intensities of Pb, Cd and As corresponding to the lines 405.7,
638.8, 446.6,nm for each teeth were recorded .
Gingival index (GI), plaque index (PI), clinical attachment loss (CAL), and probing pocket depth
(PD) were recorded for all three cases. After the extraction of the teeth, spectrochemical analysis
was done using the self-assembled LIBS system. The calibration curves between the analyte
concentration in teeth matrix and its LIBS signal line intensity were carefully plotted for
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estimation of quantitative analysis of teeth samples. The calibration curves for three toxic
elements (Pb, Cd, and As) of our interest are depicted in Fig. 4.41. In order to calibrate our LIBS
system for quantitative analysis, the compounds of the elements (Pb, Cd, and As, purchased from
Sigma Aldrich) were added to the sample matrix (teeth) in various known concentrations, and
the pellet was made for eachconcentration. Besides, a straight line calibration curve was
established by drawing the LIBS emission intensity versus lead, cadmium, arsenic concentration
in part per million (ppm). The estimated concentrations for each teeth sample were compared
with the results obtained with ICP-MS and are presented in Table 4.10.

The recorded values obtained by each technique (LIBS, ICP-MS), indicated clearly that the
concentration of Pb present in the teeth samples is above the acceptable permissible limit of 3.6
ppm. The concentrations of most of toxic elements were significantly high in smoker group. This
could be due to the rise of the clinical attachment loss (CAL) for smoker patients and the
nonsmokers who exhibit these toxic elements presence as a result of passive smoking, polluted
nutrition and bad dental hygiene. The carcinogenic effects of lead and cadmium are well known
besides the existence of arsenic prevents the precipitation of fluorine which could also accelerate
teeth decay at faster rate.
Table 4.11 lists toxic elements detected in teeth samples along with their wavelengths, mean
intensities and transition probability for smoker, nonsmoker and controlled groups. Results of
this study also revealed that the mean gingival index (GI) in smoker group was 1.966 and it was
1.24 in non-smoker group while it was 0.933 in control group.
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Our study revealed that for the CAL values, there is a statistically significant difference between
the smoker group and the other two groups (p ≤ 0.05).
CAL concentration was less in the teeth of smoker than other two other group. GI in nonsmokers
was less than smokers and the difference was statistically significant (p ≤ 0.05) and plaque index
(PI) was higher in smokers than controlled group and the difference was statistically quite
significant (p ≤ 0.05). An important positive correlation has been found between smoking and
clinical attachment loss. In addition, toxic and injurious species such as As, Cd and Pb and other
elements like Ca, Na, P and Mg were detected using LIBS technique. The mean of GI for
smoker, nonsmoker and control is presented in Table 4.12.
For ICP-MS analysis, the teeth samples were digested in 5% nitric acid of 99.99% purity.
Representative 1 gram (dry weight) of teeth sample was digested with repeated additions of nitric
acid (HNO3) and hydrogen peroxide (H2O2). The resultant solution was reduced in volume while
heating at 95◦C for 6 hours and then diluted to a final volume. The resulting solution of the
sample was analyzed for Pb, As and Cd using Inductively Coupled Plasma Spectrometer
calibrated through the use of reference standards of three levels of accuracy. This procedure has
taken care any doubt about the accuracy of the analysis of heterogeneous media such as tooth
sample using ICP-MS. The results achieved with LIBS technique are in a perfect agreement with
the standard ICP result.
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Fig.4.41 LIBS calibration curves of (a) Pb, (b) As and (c) Cd.
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Table 4.10. List of toxic elements detected by LIBS and ICP-MS technique and their
comparison in smoker, non-smoker and control groups.
Comparison of LIBS and ICP mean
values

Elements
Wavelength

and relative accuracy (RA)

detected
In Teeth

Standard
(nm)

samples

LIBS(ppm)

ICP(ppm)

Sample type

405.7

34.42

35.12

23.32

24.41

0.17

0.18

Smoker

0.33

0.35

0.94

0.99

Nonsmoker

0.26

0.28

0.93

0.97

Control

0.01

0.02

0.50

0.99

Smoker

0.91

0.98

0.93

0.99

Nonsmoker

0.64

0.79

0.81

0.97

Control

0.05

0.06

0.83

0.99

Nonsmoker

Control

Cd

As

643.85

446.63

deviation
(S.D.)LIBS

Smoker
Pb

RA
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0.98
0.96
0.94

0.99

0.97
0.99

Table 4.11 Toxic elements detected in teeth samples along with their wavelength, mean
LIBS signal intensities and transition probability.

Intensity

For
smoker

For
nonsmoker

(a.u.)

(a.u.)

Wavelength
Element
(nm)

Mean

Mean
Intensity

Transition
Transition

probability

Pb

405.8

12334.1

9272.18

6p1/2 6p3/2 → 6p1/2
7s1/2

8.9E+07

Cd

643.85

17172.2

10256.4

5S 5p → 5s 5d

0.55E+08

As

446.63

54375.5

24156.2

3d5 4s → 3d5 4p

3.07E+07

140

Table 4.12. The mean values of gingival index (GI) and standard deviation (SD) for
smoker, nonsmoker and control groups.
Smoker

GI

nonsmoker

control

mean

SD

mean

SD

mean

SD

1.57

0.55

1.18

0.31

0.871

0.11
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CONCLUSION
A high sensitive spectrometer based on laser induced breakdown spectroscopy was assembled
for qualitative and quantitative analysis of various brands of tea samples available in the market.
The main elements detected in tea samples were Br, Cr, Fe, K, Ca, Cu, and Si. The spectral
assignment was carried out by using the NIST Data base and finger print wavelengths of each
element were identified. The temporal behaviors of plasma parameters like electron temperature
and electron density were also studied for the plasma generated prior to tea sample analysis for
the first time. For quantitative analysis, standard samples were prepared in known concentration
and calibrations curves for each element were drawn. The concentration of iron, chromium,
potassium, bromine, copper, silicon, and calcium estimated in all the tea samples are between
378-656 ppm, 96-124 ppm, 1421-6785 ppm, 99-1476 ppm, 17-36 ppm, 2-11 ppm and 92-130
ppm respectively. In order to validate our LIBS results, standard technique like ICP-MS was also
applied for the analysis of same tea samples and it is worth mentioning that our LIBS results are
in excellent agreement with ICP-MS results. The concentration detected by LIBS system was
much higher than the safe permissible limit of Br and Cr set by EPA and food drug agencies.
A laser induced breakdown spectrometer was assembled and applied successfully for the
spectro-chemical analysis of date fruits samples. The main focus of this study was to evaluate
the nutritional value of date fruits by detection of concentration of nutritional element like
calcium (Ca) and magnesium (Mg) concentration and chromium (Cr) as a toxic element. The
minimum detection limit established after drawing the calibration curves using standard samples
for Ca, Mg and Cr was 6, 17 and 1 ppm respectively. In addition, the date plasma parameters
such as electron temperature and electron number density was measured which was 5660 k and
3.47 Х 1016cm-3 respectively using the Boltzmann plot. In addition, the Ca, Mg and Cr
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concentrations measured using LIBS were confirmed by a standard method like ICP-MS
spectrometer and our LIBS results are in excellent agreement with ICP-MS.
A UV-pulsed LIBS system equipped with a highly sensitive gated ICCD camera was developed
to detect the toxic species like fluorine in cigarettes. The maximum concentration of fluorine
present in various brands of cigarettes was 234, 371, 341, and 360 ppm, respectively. The
concentration detected with our setup for the toxic fluorine was higher than the safe permissible
limits set by the Saudi Royal commission responsible for environmental standards in the
Kingdom of Saudi Arabia. In addition, the sensitive lines for other elements like Ba, Na, Ca, Ni,
and Cu were detected and identified in the recorded LIBS spectra of tobacco cigarettes. For the
quantitative analysis, the calibration curves were drawn to determine the trace concentration of
fluorine in cigarettes. The experience gained through this work can be useful for the
development of a portable system for on-line analysis of toxic chemicals present in cigarettes,
especially during the manufacturing process of cigarettes. The limits of detection of fluoride
were also estimated by using standard samples containing the fluoride in known concentrations
in the cigarette tobacco and drawing a calibration curve.
A laser-induced breakdown spectrometer was assembled and tested for the analysis of teeth of
various groups of patients having a history of chronic periodontitis, including smokers and
nonsmokers; this analysis was compared with that of a controlled group of people who did not
have a history of chronic periodontitis. The maximum concentration of Pb, Cd, and As detected
using our LIBS spectrometer in the smoker group was in the 34–55, 0.33–0.51, and 0.91–1.5
ppm range; for nonsmokers, 23–29, 0.26–0.31, and 0.64–11 ppm range; and for control group,
0.17–0.31, 0.01–0.05, and 0.05–0.09 ppm range. The system was optimized by achieving
optically thin plasma by establishing the local thermodynamic equilibrium by measuring the
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electron density and electron temperature, good signal-to-noise ratio, and optimum gate
parameters of the ICCD camera. For the quantitative analysis, the calibration curves were drawn
to determine the concentration of Pb, Cd, and As by preparing the standard samples in a known
concentration. In order to validate our LIBS results, teeth samples were also analyzed using the
standard ICP-MS method, and our LIBS results are in excellent agreement with the ICP-MS
results. In addition, this study has demonstrated that smoking and passive smoking increases the
accumulation of toxic elements such as cadmium, lead, and arsenic on the teeth roots. This could
indirectly reduce the gingival inflammatory response that is manifested by reduced gingival
bleeding. The increased lead levels detected on root surfaces of periodontal disease teeth in
smokers could shed some light and explain the increase of attachment loss and periodontal
destruction for such patients. Cadmium and arsenic were also found in nonsmoker root surfaces,
which may be due to passive smoking and poor dental hygienic conditions.
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Future Recommendation
For future study using LIBS, it is recommended to employed doubled pulsed LIBS, this might
enhance the signal to background ratio (SBR), limit of detection (LOD) and the spectral intensity
of the LIBS signal. It is also recommended that the sample holder should be enclosed in chamber
where ambient condition can be varied; this could improve the spectra obtained from the plasma
plume, and thereby improving the qualitative and quantitative analysis of test samples. LIBS
study could also be extended to study of toxicity level of soil on farm lands and their
composition. Other areas where LIBS study could extend are determination of rock and pebbles
composition, and in rock type identification through composition analysis.
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