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Abstract 

Laser induced brcakdo\\/\ spectroscopy (LlBS) has been used to study lhe laser induced plasma of 

Zinc ami Alumi niulll . Five samples o f Zinc wi th varying concentration of Aluminiulll were 

prepared by mi xin g pure powders and pressing it unde r great pressures to fo rm prl llets. Q-switchcd 

Nd:YAG laser has been used for ablation and Avn nles spectrometer was used to record emiss ion 

spectrum ofnblflled plasma covering the I'a nge of 250nm to 90011111 . In the present work, cnlibration 

curve (CC- Ll nS) lind cn li bration free LIDS (CF-LIllS) techniques have been used for 

qunntit nli\'c ly onolysc the samples. One line cal ibration c urve is used in e F-Li llS. For the 

<]uantitillive analys is using LlBS techn iq ue, the ablated plasma must be optical ly thin and rulrillhe 

eoudition or local thermodynamic equ ili briulIl condition. Temperature or ablated plasma was 

delennincd by the slope o r Boltzmann plots ami eleclron number density was dctcnnincd by 

measuring Slark broadening ror AI peak. Quan titative Analys is o r the sample was also ca rri ed OUI 

using morc standard techn iques i.c. EDX and XIU~ ror comparison. Allhe end, it is conc luded thaI 

ca libration curve method is much accurate than c::t libratioll rree LlBS techn ique which s ti ll 

req uire morc research to be carried QlIt on it. 
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Chapter No.1 

III troductioll 

This chapter includes the fundamentals, types, opermions .llld appli ca tions of la ser. 

int roduction and basic techniques of atomic spectroscopy. introduction, applicat ions, bas ic 

param ete rs o f laser induced breakdown spectroscopy ( LlBS), methods to ca lculate the plasma 

temperatu re and e lectron number dens it y and the f:1cio rs affecti ng the plasma temperature. Aim 

of our work which is the qU;lll tilat ive analys is by LlI3S and its comparison with other 

techniques i.e. EDX and XRF, described at the end o f th is elKlple r. 

1 Laser 

1.1 Introduction of Laser 

Laser (Light Amplification thro ugh Stimula ted Emission o f Radiat ion) is a mechanism by 

which in tense, monochromatic "nd coherent beam o f li ght can be produced. Its wavelcngth 

ranges from UV down to microwave (often known as MASER) and average power ranges from 

1 mW to 3000 W. Due to it s directionality <lnd mono-chromati city, it has vast applicat ions in 

almost every field. (1 .21 

1.2 History of Laser 

On the basis of quantum theory of mdiut ion, Albe,.t Eil1Sleill, in 19 17, presented the theory 

o f laser and proved that coherent and monochromatic beam of li ght call be produced by 

stimulnted emiss ion. After that, Charl es Townes and Arthur Schawlow completed the 

theorctica l work for lascr and first la ser came into ex istence in 1960 by TheodoreMail11an. 1t 

was a solid slate Ruby laser. P."J Nd:YAG kl ser is also a so lid state lase r which came in to 

existence around 1964. ISJ 

1.3 The Basic Principle 

Laser is based 0 11 the concept o r stimulated emiss ion. A photon of energy equu l to the 

enc l'gy diffe rence o f the energy levels causes the exc ited atom 10 de-cxcite insta nt ly and 

produce a cohercnt photon o f same energy. So, number of ex istin g photons gelS doubl ed. These 

photons triggers more sti lllulated em ission processes. By moving photons to and fro in an 

optical resonator, ava lanche process occurs and number o f photons gets increased many times. 

One o f the impOt1ant pre-req ui site for the Laser to occur is popu lat ion invers ion . Under normal 

condi tio ns, there arc morc ground state ato ms than exc ited state ones in a cav il Y· For the Laser 

[0 sus tain , po pldat ion or exc it ed s t:ltc must be mo re Ih811 Ihat o f lower s tare. This 110n 

equilibrium thermal Slate is popUlation inversion. To sllstain stich a state, energy Intlst be 
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constantl y pumped in the system ei ther by optica lly pumping the atoms with some light source 

or elect ri ca l pumping by electric di scharge. Optica l pumping is used in so lid state lasers 

(Nd:YAG) while electrica l pumping is used in gas lasers like He-Ne laser. Pumping ensures 

the populat ion in version to sustain . 

In order for laser to ru nction, the active medium must have a metastab le stale. Metastab le 

states are those states which cannot decay via spontaneous emission. Lifetime of these states is 

many orders of magnitude more than the li fetime of ll sllal excited sta tes. This peculiar nature .. -
of these states is exp lo ited to make laser. 

Laser has vast app licat ions in ever~ fi eld which also include spectroscopic techniqllcs . A 

mono chromatic, intense beam is capable to produce atomic transit ions which are, in tu rn, 

s ignature of pecu liar atoms. \ 

2 Spectroscopy 

Spectroscopy is by far only technique by which one can get knowledge about a sample. 

Evcry atom or molecule has its well -defined energy levels fo r e lcctron to occupy. A phOtOll of 

characteristic wavelength and cnergy is em itted or absorbed whenever an electron makes a 

tra nsition from one leve l to another. S ince every "tomic or molecular spec ie has distinct energy 

states, they can be used to get composition of any sample. By reso lution of spectrum, sample 

can be <tnalYLcd qua li tative ly and quan titatively. Diffe rent techniques dilTer in their modes of 

excit ing electrons e.g. electri c discharge, lase r 0 1" x-ra ys etc. or detect ion methods. Three 

techniques are usually app lied in this field : 

2.1 Atomic E mission Spectroscopy (AES) 

In AES, energy is given to the sample by either electric discharge or by electromagnetic 

rad iation. Atoms absorb thi s energy and its electrons jumps lip to higher energy levels. These 

exci ted states cannot remain indefin itely; rather they decay to ground leve ls emitting photons 

of energy equal to energy d ifference of levels. These excited levels, upon dc-excitation, give 

off li gh t of characteristi c wavelength. By measuring the ir wavelength and intensity. detection 

and concentration of individual clements is obtained. 

2.2 Atomic Absorption Spectroscopy (AAS) 

In AAS, electromagnet ic radiation of mi xture of wavelengths is a ll owed to fall a ll the 

sample . Atoms in the sample only absorb the wave lengths associa ted with its energy levels. As ..... 
the absorption is proport ional to the number of atoms in the sample, diminished jntc!ns i~ 

uscd ror c lemenlal analys is. -
• 
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2.3 Atomic Mass Spectrometry (AMS) 

In AMS, atoms are first io nized and then moved by a prc·set electric fi eld. These ions 

reach the other electrode at diffc rCllllimcs owing to thei r charge to mass ratio and produce tin y 

currents, fl can also be used to sepm'nlc io ns. Even isotopes of same c lements can be separated 

and their re lati ve abundances can be ca lculated . 

3 Introduction to Lascr Induced Brcakdowli Spectroscopy (LIBS) 

L1I3S acronym l'or Laser Induced Breakdown Spect roscopy is a technique to c,m y out 

elemental anal ys is o f material. It is a type o f atomic emiss ion spectroscopy. It is be tter than 

oth er s imilar techniques in the sense that it is fast and low cost. Furthermore, il has the ability 

to detect virtua ll y a ll the elements o f periodic tabl e and lind out their elemental compositions 

qualit"'ivcl y as we ll as quant itatively. Port able spectroscopic machines arc al so ava il able. Dy 

us ing LIDS, qua lil ~lt i ve as we ll ns q unnti tn ti ve analys is o f sam ple can bc enrried out. II has been 

w idely ill lise for the nna lys is o fmcla ls, nOI1-1l1ctnls and other liquid nnd gaseous samples III. 

~:!I . It is also used to check food items like dinc rcnt vcgctnbles I·UI and dry fruits 1441. 

3.1 Basic l'rilleil'lc of LIBS 

When high power pulse of laser is targeted over a smnple. brcakdown takes place {It Ihe 

<:1'01 maki ng excited states of neutra l as well as ionized species. [7. J7. 3&1 Th is nbbted plnsmJ 

cools down q ui ckl y giving photons of chnractcristi c trans it ions. A spectrometer is install ed 

which coll ects the emitted light and with the hel p o f computer, produce a wave lengt h d ispers ive 

spcctnllll. The intens ities of indi vidual Jines help us to identify and carry oul the quantitati ve 

analys is of the sample. 

3.2 Clta ractcristies of Plasma 

Just after the laser strike, matt er ablat es to fom1 ionized species o f cnch clement, usually 

rcfcrred as plasma with a condition that, any ionized gas can be callcd as plasma ifit ion number 

density satis fies: 11)1 

(1.1 ) 

ND is thc numbcr o f ions prescnt in the sphere of rad ius cqualto Dcbye lcngth , which is, 

in turn. equal to: 

A = (ECI~{JT~)1/2 (1.2) 
D I'~ n () 

110 is number dens ity of electrons and ion pa irs, AD is the Ocbye length which should be 

much small er than plasma dimens ions. t:o is permitti vity o f free sprtcc, Te is electron 

temperature and kp is Boltzmann constant. A plasma shield is rormed which resists Jhc pulse 
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to reach the sample and plasma sprcads towards the laser pu lse making a shock wave. Dcgree 

o f ionizat ion can be measured by di viding the concentrat ion of former with that of latter. 

Just after the laser strike, the temperature o f plasma reaches to about 20.000 K. This ha l 

plasma rapid ly cools down :md emit radiations o r characteristic wavelengt hs. Arter rew 

moments o f the pulse strike, the plasma temperature is in the r<lll ge of 5000-6000 K and electron 

dens ity in the range o f 10 17 CIll·] . 

3.3 Light Emitted from the Plume 

Light emitted from the plasma is ta ken to a spec trometer through opt ical ribcrs. Optical 

ribers arc tin y tubes which can carry li ght waves by continuolls ly bendi ng or reflecting il from 

its illl1er surface. Ii can be lIsed to bend a light path with much case. In the spectrometer, 

different spec ial crystal s are rilled which helps in reso lution of incoming light into its 

constituent wavelengths. It works on the princ iple of d ispers ion o r light through a diffraction 

grating. Obtained data is transrerred to a computer via USO. Soft ware install ed in the computer, 

draws ;1 we ll-defined graph o r intensity verses wavelength instontly. The oblained graph is 

ca lled a spectrum. 

3.4 Spectrum 

Anal ys is 01' the spectrul1l suggests tlHH there arc three types o r spectrum: 

;;... Continuous Spectrum 

}.- Band Spectrum 

}.- Line Spcctrum 

Continllolls spect rum is or constan t intensity with respect t.o wavelengt hs. Us uall y, 

bl:lckbody spectnllll is a Lype of continuolls spectrum . It lies in inrrared or vis ible region. ro r 

instance, continuous spectrum of x-rays obta ined by dece lerating e lectrons is a type o f' 

continuous spectrum. 

Band spectrum is the se ries o r close ly spaced lines which combines to form a band. 

Spectnllll obtained rrom molecules is a type o rband spectl'lUll. Molecul ar energy leve ls consists 

or close lying levels, transitions between them produces a band spectrum . 

Atomic species give linc spectrum. They are ill lhe fonn ol'd istinct peaks in the spectruill . 

It results rrom transit ions between atomic levels of atoms or ions. Line spectruill is used in 

present work . When electron drops rrom higher level of energy E2 to lower level or energy EI, 

a photon is emilled or ch<lracteristi c wavelength. ThllS, obl:lined peaks have w:lvelcngths 

:lssoei:ucd with il but nrc a brOrldencd aro und it due to other aspects. 
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3.5 L ine Broadening 

Quantum thcory di ctates that the energy o f photon is exncll y equal to the ellergy eli ffc rencc 

o f the leve ls but <lc lllal spectra l lines do have some broadening. II is due to d iffe rent rensons 

discussed be low: 

Nat ural broadening is due to quantum limi tation of Heisenberg uncerta inty principle that 

allY observer is unable to ca lculate some para meters with abso lute ccrtaint y. Natural 

broadening is usuall y vc ry ncgligiblc in ca lcul at ions 10 produce .. large crror. ru rl hcnllOrc. it 

is inev itable to be present. 

Atoms in a sample arc in constant motion due 10 thermal energy. Moving atoms emits 

photon a shined wavelength photon than supposed to be emitted by a stat ionary atom. This is 

e;;lllcd the Doppler Effect, which slates that freq uency ofa wave gets shined due to the Illat ion 

oftllc observer. This is known as Doppler broadeni ng. 

Stnrk broadening is due to electric fi elds in plas ma. It forces the peaks to ha ve n Lorentzian 

profile, more po inted 0 11 Ihe top and narrower width than Gnllss ian one, Stnrk broadening is 

used in present work to c,:ll culatc electron plasma dens ity. 

4 Factors Affecting LIBS 

Ablated plasma depends upon laser par~11l1ctc rs, environment conditions unci sample 

material. Some of important parameters of plnsma include: 

4.1 Ambient Condition 

Beside the transition lines o f the sample under consideration. transition lines o f gases nrc 

al so present in the spectrulll . It is due to the breakdown o r air in rront o f the sample, it may 

interrupt the quantitati ve analys is of the sample. II also has elTcct on the analyti c perfo rmance 

o f the sample. If the thermal conducti vi ty of gases is more than that o f plasma, pb sm:l will 

r:lpidly coo l resulting in lower temperature. On the other band , morc hot plasma is produced if 

thermal conducti vity of nmb ie tlt gases is relat ive ly small. To overcomc Ihi s prob lem, sample 

can be placed in vacuum and then irradi ated by laser. But usua ll y, it is not much necessa ry, (27. 

~11 1 

4.2 Laser I rradiance 

The intensity and width o r spectral lines increase with increase in intensity of laser beam. 

Energetic beam is sure to cause more electron telllpernture nnd electron dens ity. Hence Ill any 

spectral lines arc observed with clevatcd intcnsities and widths, Increase in distance of the 

source rrom the l:l rgcl nl so dim inishes tIle penks. It is due to the ract th nt Inse r loses it s encrgy 

while passing from Ihe air. Musadiq al el 1'''1 observed silver plasma by ND: YAG loser and 
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conc luded that lase r irradiance is di rectly proportional to spectml lines and inversely 

proportio nal to di stance from the sample. Hanif ct al 1301 stud ies the characteristic of ZnO 

plasma using first hannonic and second harmo nic of Nd: YAG lascr. He obscrved that 

tcmpenltllre o f ablated plasma increase wi th laser irradianec and he also observed that width 

nnd intens it y of spectmlline increase with lase r irradinncc. Ilowever Tc and Ne attain saturation 

on a highcr vn lues of power density I JI) 

4.3 Spot size of the laser 

If spot s ize of laser is small , it means there wi ll be more density gradicnl. I'~f Plasma will 

be locali zed and we can thus achieve hi ghcr tempe rat ures. Ill, ]4 t Convex lens is placed in the 

pnth of the laser to focus it on one single point. Lens converge Ihe benrn giving it the shape of 

the com: with its tip nI the sample. Laser spot diametcr can be calculatcd by: 

M' 
Spot diameter= 1.27 >< ! xAx-V ( 1.10) 

o is di.1Il1eter of beam before it is focllsed, r is roca l length o f lells nnd NIl depends upon 

propagation of beam, ca lcu lated as under: 

M' 

Above relation shows: M2a 7 
DfTdo 

'lfA 
(1. 11 ) 

It mcans thai larger diameter beams can be focused to a single point by lIsing lens o f small 

foca l length . 

4.4 Sample Surrace and Nature 

Plasma parametcrs arc also dependent upon nallrrc of targe t. Severn I shots all the same 

point o n the sample makc crater which affects laser ab lat ion. Stiffness oftn rgct is al so a crucial 

fnctor. 135 . .1(,1 

4.5 Laser Wavelength 

Ablat ion nlso depends upon laser wavelength. Laser of shorter wnve!ength. due to its 

penetration power is good for plasma crcation thnll longer o ncs. lSI Thus temperoture and 

electron density varies wilh the lise of different harmonics. Nd:Y AG laser is actually 1064l1m 

wavelength but it is lIsunlly frequency doub led for irradiancc. Since laser has different modes. 

there wi ll be s li ghtly different energy for each shot. 1}'l.~OI 
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5 Pre-requisites fo r Quantitative Analysis 

5. 1 Optically T hin Spectl'al Lili es 

Th is is an impOrl:.Hll prerequis ite fo r be sure to proceed wilh ;:mal ys is. If th e size or 
produced plasma is large, the emitted photons. due to dc-excitation or recom bi nat ion processes, 

nrc reabsorbed by the mailer. Th is leads 10 inaccurate m CJSlLrCll1 cnts o f concentrat ions in the 

sample. It is due to the fact that the mean free path of radi al ion is less than plnsllHI d imensions. 

This causes the peaks 10 become flattened at Ihe top and dim inish in intensity. Lnbortl lory 

p lasmas are usuall y optically thin because plasma d imensions arc relati vely small and much o f 

the radiation emiued is not reabsorbed. Below mentioned cqll<llion is used to check whether 

plasma is optically thin or not: 

( 1.3) 

This cquation rel a tes th e intensit y ra ti o calcul a ted expcril11en l:1l1y to th eorctica l v:l llles. In 

ordcr to minimize the dependcnce on tcmperature, ratio o f those lines are taken which have 

samc upper levels or very close to c:lch other. 

5.2 Local T hermodynamic Equilibrium (LTE) 

Loca l thermodyn:lm ic equili bri um is necessa ry to ha ve a well ~defi ned temperature for the 

systcm. If energy lost by nldiation is smaller than tlmt in vo lved in the other processes in vo lving 

matcri:l l spec ies o r if the time bctween two co llis ions is slll a ll tiS comparcd to the time o f 

subsequent cbange th en plasma is sa id to be in loca l thcrm odynamic equilibrium 

Saha- Bo ltzmann equation nnd Maxwell distributions arc valid only fo r LT E plasmn. If 

ablated plasma has a fo llowing characteristics than it is in LTE: 

~ Energy leve ls follow Boltzmann law d istri but ion. 

;;. lonizntion, exc itation and di ssociation occur at a samc temperature. 

;;:. Intens ities o f Jines emitted should be acco rdin g to Planck Equation. 

Local th crmodynamic equilibrium condition is sntis ried after 1~2 ill S o f la ser strike. 

Maxwell Distribution Crite rion and McWhi rter criterion 1~(}.11J (Ire lIsually used to cheek Ihe 

LTE cond ition o f plasma. Mn xwell Distribution Crite ri on requires th e be low mentioncd 

equation to fulril : 

( J .4) 

J Jerc, T is tcmpcra/llre; ~E is d iffe rence between energies of upper and lOlVer levels 

whereas Ne is Electron nllmber density. 
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6 Quantitative Analysis 

Qunnlilati ve ana lys is involves the es timation of weight percentages of clements present 

between them. Such an analys is is essential in many fields o f life especi::! !!)' in pharmacy. 

T wo methods are lIsuall y used: 

). Ca libration Curve (eC) Meth od 

LCalibration Fee (CF) Method 

6.1 Calibration Curve Method 

Ca libration Curve method is a method to gct good estimate of concentrat ion. It in vo lves 

lhe drawing of a ca libration curve from the data for different samples of a single spectral line. 

Intensity of the spectra l line of a spec ie is !"clntcd to number density via: 

( 1.5) 

Ikl is intensity o f cmiltcd linc, Aki is trans ition probabili ty between I\vo levels, h is Planck's 

consta nlJ c is speed o f light, I1.k is number density of uppcr Icvc l. Thus, intcnsity of linc cmiued 

is propo rti onal to !lumber dcns ity of the uppcr level 14:5.501. The plot is n strai ght linc wit h 

positivc s lopc conlinning a d irect rclat ionship. To order to c., lculal.e thc conccntra ti on of 

specie, illlcnsity ofthnt spectnl ili ne IS checked in the gnlph. The corresponding concentration 

on the x-ax is is the required rcsult . Artili c ial NCllnl l Netwo rk (ANN) and Pattia l Least Square 

(PLS) are the methods in lise if cc method fni ls. 1:51.521 The major drawbuck of thi s mcthod is 

that it requ ires a sample wi th a known compos it ion simil nr to unknown sample which is not 

possible in each Case. 

6.1.1 L imit of Detection (LoD) 

Limit o f dctcct ion is the minimum concentrat ion which cil n be accumtcly measurcd using 

spcciri ed ca libration curve technique. It is calcul ated Ii'olll the s lope of ca libmtion curve and 

the standard dev iation o f no ise. It shows the signal to noise ratio . The formula set for limit of 

detecti on measurements is: PJI 

3. 
LoD :-

" 
( 1.6) 

Here. b is the slope of the ca libration curve whil e a is standard deviati on of noise takcn 

around the spectral peak. 

6.2 C"lib"ation Free L1BS Method 

This CF is more widely lIsed ror quantil:l tive analysis wilh UBS because no rc(crencc 

sampl e. is required ill it. E lectron dens ity and temperatu re arc determined (rom the data and 
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lIsed in dete rminat ion of percentage composit ion. II is compulsory that the plasma must be 

optica lly thin and in Local Thermal Equi li bri um (LTE). Opt ica ll y th in lines arc carefu ll y 

se lected and LTE condi tion is sat isfying by :.1 condition 0 11 Ne. This condition is mel 1-2 illS 

after plasma formation. 

In CF-LI BS, electron ternpcrotll re and electron number density arc two most important 

parameters to be calculated. Electron temperotlJre of pia sma is me.lsurcd in two different ways 

described below: 

~ Intensity Ratio Method 

r Boltzmann Plot Method 

6.2.1 Intensify Ratio Method 

In intensity nllio method, rat io of two lines of same species is taken, temperature can be 

calculated by comparing it with other factors. [:!2J We lise the equation (1.3) to get the electron 

tempenllurc. I f energy of upper levels and other parameters of both lines is known, one can gct 

the temperature by comparing the intens it ies of different lines. Furthermore, by taking 

measurements of different lines, error can bc reduced by averaging the temperatu re thus 

obtained. 

6.2.2 BoltzllIann Plot Method 

Whi le, Boltzmann plol is a graph with energy of upper level on the x-axis and AlIgA on 

the y-axis. We have to draw Boltzmann plot fo r each species. Plot should be stra ight line with 

decreasing slope. Measurements of slope give the temperature whi le measurement of intercept 

gives the concentration o f clement whose Boltzn1Cln n plot is pJolted. Boltzmann plot method is 

usua ll y employed to gel plasma temperature. Only the tines which are optica lly thin nnd free 

from self-absorption efrects arc chosen to dra w l3oitzm<HlIl plot 10 ge t accurate measurement 

of temperature. 

6.2.3 Ca lculation of Electron NUllIber Density (Ne) 

Like temperature, electron number density is an important pnramcter used to esti mate the 

concentration of each specie. [! SI, 19J L TE condition can al so be checked by measuring electron 

number dens ity. This is ca lculated by Lorcntzian Fitting n peak und calculn ling the FWIIM 

(111.. 1/
2
), Equation used is: [241 

, , 
61.. 1/ 2 = 200 C:~6) + 3.SA C:~6Y (1- ~ND 3) X W C:~6) ( 1.7) 

SI;u·k BI"O:ldcning panl/Heler w should also be in hand 10 lISC above equa tion. 

First term is electronic contribution in broadening while second term is the ionic cOluribLJlioll. 
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Ionic cont riblltion is lIslJ"l1 y Sill"]] and thus ignored. Here, NO is number o f particles present 

in Dcbye Sphere which is calculated by the formulas: ]2S.6-I-6l'1 

N = 1 72 109 Tl / 2(C V) 
D • X 1/2 

N, 

I-ia. line is usuall y best to ca lculate electron number density by Lls ing the relation : j:!(tl 

(N ( _, , ) 0.67965 
!J.A1 / Z = 0.51\-9 x \~':~ 

7 Applications, Merits and Demerits of LmS 

7.1 Applications of LIBS 

LlBS is used in many fi elds for elcment:!1 anal ysis o f samples including 111. 171 

;.. It is used fo r analys is orstainlcss stee l which has many elements 

).. It is used "s a detective tool for cx plosivc ll1"tcrial s and chcmie'lt wea pons 

).. It is used to ex plore the space 

;.. It is used to different bio logica l samples o f plallts e tc. 

).. It is used to ensure that the food is safe 

;.. It is used in as n track in nuclea r reactors 

).. Nowadays, femtosecond I"scrs arc used in the field of nano sc ience 

7.2 Merits of LIBS 

(1.8) 

( 1.9) 

).. It is fast and rcqul res no sample preparation wh ich could resu lts III sample 

eon\[llll inat ion. 

).. Samples having allY stale of mailer can be used 

>- It require a very slllall amount o f sarnplc.(about J 111m) 

).. It requi res the des truct ion of vcl'Y slllall amoulit of s<l mp lc 

;... Procedure is very s imple to fo llow 

).. It can be used with Ramn n and LTF to :m:dYLc mo lecules 

~ With Illany pulses o rli glll one nner the other, in depth pro file o r the sample ca ll be 

achieved. 

7.3 Demerits of LlBS 

);. Accuracy and precision are nO( yet up to the mark. 

,. Due to selection of very small portion, in-homogeneity may cause the ca lculat ed 

concentfut ion to dev iate from the origi nal. 

::0- They are costly and they arc still a complex system 

~ Self-absorption and spa tial overlap !I lso causes us to reach at wrong results. 
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8 T echniques Used for Comparisou 

8.1 Energy Dispersive X-ray Spectroscopy (EDX) 

In thi s type of technique, an excitation source, usua lly energetic electrons, arc used to 

exc ite th e core e lectrons creali ng a vaca ncy. Outer e lectrons de excite to lower level lD nil that 

vacancy. These de-exciting electrons emit characteristic x-rays. A sol id stale detector is used ,.-
to measure the energy of emitted photons. As the energy o f emiued photon is re lated to the 

• • d iffe rence betw,een the upper and lower level, detection and quantification becomes possible. 

This is norma ll y used with eleclron microscope, where electrons are used 10 study the 
, 

ll1orpho log.y of a sample. 

There are two important parts of EDX setup. First is exc ita ti on and second is X-ray 

detector. Excitation source is usua ll y electron microscopes (SEM 0 1' STEM), where electrons 

arc emitted via thermionic emission and further acce lerated with step vo ltages. These speedy 

electrons are then focused on the sample by magnetic lenses which are actually anodes with a 

ho le through. Detector is usuall y a crysta l o f Si (Li) dctector coo lcd by li quid ni trogen. 

Nowadays, S ilicon Drift Detectors (SSD) are also used which are cooled by Pelt ie r coo ling 

systems. EDX is usuall y an extens ion in Scanning Electron Microscopes. 

8.2 X-ray Fluorescence Spectroscopy 

X ray Fluorescence Spectroscopy (XRF) I S a wave length d ispersive spectroscopic 

techn iq ue, in which x rays are shined on the sample under observat ion. The imping ing photons 

excite or ionize the core e lectrons due to their large energies. Outer e lectrons jump down to fil l 

the vacancies thus crcated and emit photons of characteristi c wave length in x ray region. 

For the detection purposes, different detectors arc insta lled to detect d iffe rent region of 

wavelength s. Every detector has its own mono chromator crysta l, detector and electronics . 

Output radiations are fi rst diffractcd by a crysta l and reso lut ion o f wave lengths is thus obtained. 

XRF is considcred perhaps the mosl accurate method to detect and quan tify a sample. 

Owing to its WDS nature, it is more re liable however li ght er e lemcnts are diffi cult to measure 

because o f the low energy and penetration power of the ir characteristic x rays. It is w idely used 

in atomic analysis of metals, cera mics and glasses. Forens ic science and palaeonto logy great ly 

depend upon it. 

.. 
• 

\ 
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9 Aim of the present work 

Aim of this work is to compare the results of corn posit ional ana lys is by LIBS with Energy 

dispersive X-ray spectroscopy (EDS) and x-ray nuorescencc spectroscopy (XR F). LIBS slill 

not n standard technique and 111[11lY rescnrch papers have been publi shed on compos itional 

anniys is by LII3S. On the o tile r hand, EDS and XRF are co ns idered as most accurate tec hniques 

for quantifica ti on of the samples espcc iall y mctu lli c ones. x rtF is more accurate and rel iab le 

due to its wavelength di spers ive nnture. 

Zn and AI both are meta ls wi th atomic numbers 30 and 13 respective ly. At is a light er 

clement as compared to Zn. Mixture of Ihese two clements makes alloys ha ving many lIses. 

ZA (Z inc Alumini um) alloys arc used in the place o r bronze. cast iron etc. They arc easy to 

melt and high cast strength alloys havi ng good bearing properties. There arc three ramous 

alloys (ZA8, ZA 12 rind ZA27) wh ich fire widely Iised named on the basis or conccntration or 

Alu minilllll present in it, (ZAS is 8% A luminium). T hese a rc important all oys used in 

ga lvanizing :mel di e casting. 
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Chapter No.2 

Experimental Setup 

Ex perimental setup consist of second harmonic Q~swi tchcd Nd:YAG laser, a Ava ntcs 

spectrometer and data acqui s it ion system. Lase r pu lse has energy of in hundreds o f mJ wi th 

pulse du ration of 5 115 and repetition rale of 10 Hz 15J -571, "A vasofl 8" is the so ftware lIsed 10 scI 

the parameters o f the laser I ighl. Furtherm ore, nova·quanlcl is used to measure the pul se 

energy. A convex lens is used to foclis the bC<H111Q a single spot on the sample, mounted lIpon 

a rotating stage. Purpose o f rotation is to insure that each pulse o f laser gets fres h spncc o f tile 

sample . Its benefits arc twofo ld. Firstly, non-uni formity of sample docs 11 0 t disturb the result . 

Secondly, incorrect measurement o f the plasma paramete rs due to craieI' in the samp le 

produced by any previous shot can be avoided. 

Optical fibre is used to co ll ect li ght emitt ed due to plasma ab la ti on. It guides the light to 

four spectrometers, each covering tbe range o f about 200 nm. Total range o f these 

spectrometers is frolll 250 11 m to 900 nm . The spectrum is record ed and can be viewed on the 

computer and at the samc time AvaSpcc detecti on system. 

The different components o f instruments lIsed arc li sted below 

~ A vaS pee (HS I 024x58)II22TEC) spectrometer 

:;. Nd:YAG lascr 

:;. Convex lells 

:;. Fibre optics 

:;. A Computer 

:;. AvaSo rt 8 so fi ware 

1 Laser Source 

In thi s ex periment , la ser is perhaps th e Ill ost important part o f the apparatus. It produ ces 

breakdown of the samp le. In Chapter I, brief hi story and work ing principle o f laser is 

mentioned. In order to get bett er understanding of laser, its worki ng with d iITerent systcms arc 

brieOy di scussed. purthermorc, its lJSCS and types are mentioned. 

1.1 Working 

The lasing materia l comnlonly known as active medium is placed between two mirrors . 

One of which is partially reOecting and other totally re flects the incoming li ght. It is thell 

pumped to higher leve l from the ground level wi th either nnsh lam p or electri c discharge. W ith 

pumping in acti on, the population of excited Siale continues to increase. After considerab le 

pumping, population invcrsion state is achicved. Now a pholon from spontaneous emiss ion 
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causes the atoms to decay via stimulated emission. Wi th constant circulation between mirrors, 

the effective length or acti ve media is increased many times and light is amplified. This light 

passes out by the parliul rcncct ing mirror. Laser can be used to wo rk in pulsed mode with hi gh 

powcr output typica ll y in megawatts by the introduct ion o f shutter in the cav ity. 

The photons moving along the axis arc lost as an Olltput or are lost by scattering, absorption 

and dirti'action at the mirrors. To reduce the diffrnclion cfTcct s, mirrors are lI sually sphcri cal in 

shape. 

J.2 Multilevel Laser System 

Laser operates betwcen two energy Icvc ls o f atom, bUI olhcr close ly ing Icvcls also play 

important role in making lase r poss ible . Different systcms to produce laser were proposcd and 

,Ire in usc. 

J.2.1 Two level Laser System 

In two lcvel system, atom has two energy leve ls for the photons to osci llate. They are 

optica ll y or clectrica ll y pumped from the ground level tl to exeitedlevel E2 as shown in fi g I. 

Upo n dc-exc itation, one pholon is emitted o f cncrgy equa l to the diflcrcnce of encrgies of upper 

and lowcr leve l i.e. E2- EI. Suppose at an instant o f time, the upper level popUlation (atoms 

present in the upper level) is N2 whil e lower level has Nl aloms. then the cond ition o r 

popul at ion invers ion is achieved when N2>NI. 

We can eas il y prove that ill sllch a situation it is imposs ible to have popU lati on invers ion. 

At most one can get to N2 = NI. Actually there is no metastab le stale in sllch a schemc. We 

have to move to two or three levcllascr schemc in order to prod uce laser. 

"""'1' 

Fig t Energy level diagram 0//11'0 !evellaser syslem 

t .2.2 Th ree Level Laser System 

In three leve l laser systcm, three levcls of the atoms o f acti ve medium arc lIsed in lasing. 

Suppose energy levels are EI, E2 and EJ with cross ponding population density NI, N2 and NJ 

respectively as shown in rig 1.2. EI is thc ground le ve l while E3 is upper level. Laser works 

between EI and E2. 
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Under normal cond it ion, upper states arc not occup ied and all atoms lie in thcir ground 

state, i.c. 

and 

Atoms nre pumped fro lll ground state 121 to upper statc E3 opli cn ll y or e lcctrica lly. If 

pumping continues to opcrn te for long, most o f the atoms arc cxc itcd to highcr leve ls. Atoms 

decays from E3 to E2 almost instantly. But the next decay is not cCJua lly probable. Thus, atoms 

continue 10 pile up in statc Ez. In [his way, populat ion o f exci lcd state becomes marc than lilat 

o f ground stale, i.c. 

Nz·N.>O 

Population invers ion is achieved and lascr starts. But in three Icvel laser systcm, it is 

nccessa ry to purnp the ha lf of population to exc ited levclto achieve popu lation invers ion. For 

th is purpose act ive medium must be strongly pumped. 

Pump 

Three-level Laser 

Sf~orr "vcd 
Fa:;t decay 

Metastable 

Lasina tr"t~n$ ir:iQn 

, .. 
grouf'Jd sroll! 

Fig 2 71/1'ee level laser diagram 

1.2.3 Foul' Level Lase I' System 

In four leve l laser system an active media have a four energy level EI , E2, EJ and Eo. wi th 

thei r c ross ponding population dens iti es arc N I, N2, N3 and N4 respectively. Atoms are exc ited 

from ground leve l E. to exc ited Icvcl Eo. then from E.. atoms are spol1tnl1cous ly decnycd townrds 

E3 state. EJ is ca ll ed metastable state. Life ti me of EJ is more as comparcd to cxcit ed sta te so 

laser ncti on is achi eved in bctwcen E3 and E-i. Only fcw atoms arc excited towa rds the upper 

level in order to achieve the popu lat ion in vcrs ion so four level lascr systcm is more e ffecti ve 

as compare to three level laser systcm. PUlllPing cncrgy is hi gher than laser encrgy in both laser 

schemes. 
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1.3 Important Properties 

1.3.1 Mono-Chromatici ty 

Fast: decay" 

grou na s.tQte 

Fig 3 Four lel'ellaser sysfem 

Mono-chromati city means ha vi ng single co lor. Th is is perhaps the very basic and the most 

important property of lase r. Lase r is morc monochromatic than other li ght SOlll'Ccs. This is 

because of the peculiar I1nturc of st imulated emiss ion wh ich emit s photons of same energy 

movi ng in same direction. 

1.3.2 Co herence 

T wo beams of light hav ing 110 phase difference or phase difference of even multiple of pi 

are ca lled as coherent. There <Ire two types of coherence, tempora l and spatial one. Tem pora l 

coherence is the time durat ion for which waves remoin coherent whil e spatial coherence is 

re loted to area on which waves arc coherent. Lase r beam is more coherent than any other li ght 

source. This is due to stimulat ed cmission rathcr than spontanco us emiss ion. 

1.3.3 Directionality 

Laser light is very directi onal. [t can be made to focus on a smoillargel in contrast to other 

li ght sources wh ich di verge in all directi ons. This peculiar property is very crucia l for so many 

uses of laser li ght. 

1.3.4 Brightness 

Orighlncss means power emitt ed pcr unit so lid ang le pcr unit area. Duc 10 (he cont inuous 

motion of photons in the cav ity, the nllmber of photons is very large thllS, laser light is vcry 
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bright than other li ght sources. It is there fore used in cutting of mate ri als . For example 

brightness of ND:YAG laser is in the orders of I02IWn,-2S(1 which is several order of 

magnit ude more than that of ou r Still . 

1.4 Types of Lasers 

Di ffe rent mate ria ls can be used as ac ti ve mediu lll for laser. Below arc the lypes of la ser 

systems \V. r.t the ir ac ti ve media: 

1.4.1 Solid State Lasers 

In so lid state la sers, the active mediulll is a crysta l doped with transi ti on meta ls or ra re 

ea rth male ri a ls. Di ffe rent wavelengths arc achieved by dop ing o f different materi al s . Optical 

pumping is best opt io n to achieve popu lati on in ve rs ion. Ru by and Nd: Y AG lasers are importan t 

so lid state lase rs . 

1.4.2 Gas Lasers 

The acti ve medium o f gas lasers is mi xture of gases which is pumped by co ll is ions of 

e lectrons in a gas dischnrgc tube. Wave length o f slIch lasers ra nges fro ll1ultravio let to infrared. 

Exam ple o f g3S b sers nrc helium-neon laser, nitrogen lasers and carbon diox ide lasers. 

1.4.3 Dye Lasers 

Dye lasers are us ua lly optica lly pumped with the help of nash l amp~ or other lil~ers. 

Exa mples include Rhoda Illi ne 6G. 

1.5 Applications of Lasers 

From the advcnt o rlascr, sc ienti sts sta rting us ing laser in many areas. Nowada ys, it is lIscd 

in mnny areas or li fe due to th ese peculinr properties. fl.2·('1 Some o f them include: 

:> Medi ca l uses 

:> Warfare 

> Cutting and welding in industries 

)- Separati on o f isotopes 

:> Tciccomillunicniion 

» Securit y means 

:> Spectroscopy and other laboratory equi pment 

:> Comput er drives 

1.6 Nd :YAG Laser 

Laser used in the ex periment is aNd: Y AG laser. It is a so lid state laser which is pum ped 

by nash lamps. [\ can be used jn continuous mode as well as pulsed mode. III this experim ent 

pu lsed laser is Llsed as it produces more energet ic laser. Neodymium (Nd+3) acts as an Ilclive 
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medium. It is a four leve l laser scheme. Atoms are pUlTlped from 419n to 4F.sn by flash lamps. 

They carry out a fast de exc itat ion to 4F312. 4FJ12 is n Il1cta~stab le state and transition to ground 

state is onl y possib le by stimulated emission. Now atoms carry out a lasing trans ition to lower 

state 411112 wit h the help o r another piloton. Atoms aga in drop a lit ins tantaneous ly to ground 

stale. It is a 1% erti cient laser giving of light w ith wavelength of I 064nm which can be 

shined to its second harmonic. 

4F512 
~;Jy(ns) 

~ 
~ F312 I Upper level 

., 
c 1064 nm w 

I 808nm 

411112 Lower level 

419/2 
Fast decay (ns) 

Ground state 

Fig 4 Energy level diagram ofNd: VAG laser 

2 AvaSpec (HSI024 x58)/122TEC) spectrometer 

The fUllct ion of a spectrometer is to detect the wavelengt hs of light emitted fro m the 

coo ling plasma and plot a graph w.r.t in tens ity on the computer . .It works on the princ iple or 
dispers ion of li ght when passed through a diffraction grating. Four high reso lution 

spectrometers (as low as 1.2 11m) arc install ed covering a range of200~ 1160 11111. DclJi/s of/he 

spectrometers is tabulated in Table I. The diffracted light from the spectrometer is detected by 
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ULS 3648 detector. Three thousand six hundred 3nd rorty eight detectors are present in th e 

spectrometer which give high resolution to Oll r system. This whole mechanism is connected to 

the computer via a US B port. USB is fas t porI with 480Mbit/ sec speed. Wit h ailih is electronics. 

it only takes 5.24 illS to make a complete scan. 

AvaSo rt 8 so rt ware insta lled on the computer hel ps in control and di splay orthe spectrum. 

It cont ro ls the integrati on time, averaging and smoothing number. S ince the detector can 

produce smal l dark currents even not exposed to ligh t, a ri gid smoothing parameter is necessary 

to ensure thai 110 information is 1051. AvaSort 8 sets a smoothing parameter as well. The main 

components or the spectromcter arc labe lled in Fig. 5. 

Ta ble J: The properties of speclromelers IIsed 

i Spect .. ometcl'Serial Ra llge (11m) Gnlting Plt ntntetcr S li t Size (,uu) 

No (Iines/mm) 

1 248-420 1800 10 

2 4 16-562 1800 10 
-

3 557-678 1800 10 

4 666-882 1200 10 

3 Optical Fibre 

Optica l fibre is a device which allows the light from the plasma to reach the spectrometer. 

It is made o f quartz crystal and plasti c. It is mnde up of severa l fibres which allow ligh t to pass 

despite the fib re is curved. It is important componen t without w hich system is subject to many 

limitations. 

The working principle of opti cal fibre is the tolal intcrna l rencction o f light whil e passing 

through the fibre or li ght can be continuous ly bent w ith the lise of materials having vn rying 

refractive index. Re fracti ve index goes on chnnging ns one moves from the ax is ofi lle fibre to 

the edge. In thi s way li ght enn be made to tra ve l long distances despite the presence of 

curvatu re. It is lIsed to send electro nic s igna ls to interconti nen tal di stances. 

Pa rameters or the fi bre Ll sed by li S arc: 

» Fibre type: J-I IGJ-I -O I-I 

» Clad/ Core rat io: I: 1. 1 

» Fibre core diameter: 600~1l1 

» Epoxy used : Epolek 353 
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;;. Connector Iype: SMA·90S ,. Length: 22 inches 
;;. Numerica l aperture: 0.22 

;;. Fibre buller material : Polyirnidc 
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Chapte,- No_ 3 

Quantitative Analysis 

Di ffe rent techniques used for compos il ionnl analys is and two techniques arc lI sed . f-irsl is 

calibrrllion curve method and second is calibration free CF LlBS . In Ollr ex periment, one linc 

calibration free LlBS is carried out for quantitative analysis rmel the results arc compared. 

Ciucci 1 5~ J init iall y developed a calibrat ion method in which composition is acquired from 

inte rcepts o f a Bo ltzmann plo t and by us ing s lope of 1'101 temperature is to be determined. 

Method developed by C iucci had been Llsed in dincrcnt resc<lrch papers as an quantitati ve 

anal ys is [3[ o f d ifferent Iype o f material s but thi s method ha ve a major dra wbac k Ihat is if one 

wants to calculate the total concen tration or composit ion of targctcd sample then a Boltzmann 

plot o f each spec ie is necessary but it is not poss ib le ill each case because at Icast 3 to 4 spectral 

lines arc required to draw a Bo ltzmann plot <md it is not necessari ly true that each species have 

a s uffi c icnt number o f spcctralli nes . 

To surmount a problcm faced by a Ciucci another CF·LlJJS techniquc deve loped by Goma 

et a1 16.2 bJ I that based on a lgorithm in whieh theoretica ll y and experimcntal acquired values are 

matched. Theoreti cal values dete rmined from rat io o f Ilumber dens ity o[neutrat spec ies to rati o 

of density of ioni zed species and experimenta l v<l lue based 0 11 optica ll y thin spectr;11 lines. T he 

fundamental requirement is that spec tral lines that arc used for quantitative analysis should be 

optically Ihin and in LTE. 

Bcfore proceed ing with anal ys is, spectral lincs are carefu lly se lected ill order to ge t 

minimum self·absorpti on. This is don e by select ing spcctra l lincs which fo llow somc 

conditi ons: 

;;. Reso nance lines or the lines ha ving lower energy less than 6000 cm· 1 arc usual ly 

ignored. 

>- Lines ha ving transition probab il ity less than 2x 106 arc ignored as it is time attributab le 

10 plasma variat ions . 

1 Compositional analysis by Calibration Cnrve Method 

In thi s tcchnique, ca libration cllrve a re drawn for known samples, which diffc rs in 

concentration of specics. A graph is plotted between conccnt ration and intens ity of spectral 

lines C<l ll cd ca li brati on c lirve . Such curve should be strai ght linc. Now, spectra l linc inl cnsity 

is checked ill this graph for unknown concelltratioll . J/1 this way concenlrati on of unknown 
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sample can be eas ily measured. Th is method is subject 10 limitulions as it is impossible to have 

a known sample most oflbe times. 

1.2 Li mit of Detection (LoD) 

Limit o f detecti on is an import ant qW.Ullity which c:m be measured with calibration curves. 

It re neets the prec is ion o f the instrument. II is an important check o f the instnl l11cnlto be used 

for rill y purpose. Li mit o f detect ion is ca lculated by the rclrltion (1.6) 

2 Quantitative Analysis using CF-LIBS 

Usuall y it is not possiblc to have re fcrence s[lInples, so Ihat a ca libration curve can be 

drawn. To ovcrcome thi s prob lem, a ca libration free Ll BS technique is devised. Ca libration 

n·ce L1I3S technique is used in d iffe rent p:lpers to get the "llnlHity o f each clement of lhe sample. 

In Ihis method Bo ltz mann plots are plolted to gel temperature and electron dens ity o f each 

species. Thcse plasma paramcters are then lIsed in quant ita ti ve anal ys is of the sample. 

2.1 Boltzma nn Plot 

The population dens ity of exc ited state is written be low: 1851 

l1
s = nsk.ex p [-~] 
k peT) kpT 

(3. 1) 

Il ere, s dcnotes the specie and k is used to denote the upper level. 11 is poplilation density 

and g is the statisti c"l weight. 

Whereas partition runct ion P (T) can be calcu lated as: 

peT) = l.,g, exp[-~l ', r 
Now, the intensit y o f emiss ion line is: 

A s he 
Ik i = !lillk ,­

kI 

Where h is plank cons(:\nt rind C is speed or light. Re :lrrnnging: 

!k!>'kl ~ --= 11· 
Akihe k 

Compared with above equation (3 .1 ) becomes: 

s he rJk [ "k ] 
I'd;:::: Akfll Akl ~ (T) exp - k l/T 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

This measured intens ity is also arrected by the e fficiency or co llection system, thus above 

equati on can be beller expressed as: 

- s lie 911. [ E' ] Ik· = FC Ak,---exp --
I I Ak /peT) kpT 

(3 .6) 
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Whcre, i;rcprescnt intcgra l linc intcns ity, Cs is the conccntration and F is an experimcntal 

fnctor which takes into account the consideration of efficiency of the collection system. By 

tnking Ihe logari thm of above equation: 

=--+In -E. [FC' ] 
kp T peT) 

Compare Eq. with a linear ronny = mx + qs 

Then, 

1 [FC' ] ;m = -kpT ;qs = In peT) 

(3.7) 

(3.8) 

Each po int on a Bo ltzmann plot represents a spectral [inc. Whi le plotting the Boltzmann 

plot energy or upper level taken along the X-axis and In [ ..lkl'i"ki 1 taken along the y-axis 
IicAki!Jk 

1 
Asm= --or: 

k,T 

7'= __ '_ 
kp til 

(3.9) 

Reciprocal of s lope of plot gives temperature of ab lated plasma and concentration or mass 

composition of any sample can be cal cul ated by this relation or modified fo rm 3rd part o f 

equation (3.8): 

Fe' = P(T)e"' (3 . 10) 

If plasma is opti ca ll y thin and fulfil the LTE conditio n than s lope of plot o f each spec ies 

wi ll be same or close 10 each o thcr but intercepts. as they account to concentrations, C'1Il be or 

should be different. 

2.3 De1cnnilla1ion of E lect ron Nu mber Density (Ne) 

Electron number densit y is required plasma parailleter which is used in quantificat ion. Nc 

is ca lculated by measuring Stark broadening. It can be ca lcul ated by any optica lly thin spectra l 

line whose va lue ofslark broadening parametcr is known. Fo rmu la used is: 111.731 

(3. 14) 

Here, I1A1/2 is the full \\' idlh at half maxi mulll . In this study, fo llowing Sta rk broadening 

parameters are lIsed frolll literature. 11.7.
10
81 
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T.lblc 1: Stark Bmadel1ing Parameters 

Spectrlll Li ne Wavelength (nlll) Slark Broadening P"r;\lllctcr (11m) 

308.2 

309.27 

394.4 

396. 15 

2.4 One lin e calibration Free Method 

0.004 5 

0.0049 

0.0037 

0.0038 

We can ca lculate the composit ion of an c lement lIsing it onl y a s ing le spectral line. 

Average is taken o f the concentrat ions ca lculated from d ifferellt lines . Using th is method, 

population o f neut ral alolllS are ca lculated using equation 3. I I 

(3. 11 ) 

By uSing the temperature calculated by the Bo ltzma nn plot, one can determine the 

concentration o f neutra l spec ies. [n order to get number density o f ioni zed species. Saha­

Boltzmann Equation was used: [691 

,,(\',01+ 1 _ (2rrnlekpT)3/2 2Pa.Z+i [ x.,] n -- - --exp --
e n(\,.% 112 PR,! kpT 

(3.12) 

Where lit represent electron density /1(,1,:+1 is the dens ity o f atoms in s ingly ionized sta te, 

n " 'Z is the densi ty o f atoms in neu tral state XI' ,1. is the ioni zat ion energy, Pu,2.+1 and P(l. ~ nrc the 

partition functions or upper and lower cha rge slate, Everything else has usual meanings. Irthe 

constan ts nrc pu t in the eq lla ti on, it becomes: [ull 

(3. 13) 

If the concentration o f neutra l species is kn own, one can cal culnte the concentration of 

ionized ones by the usc of abo ve equation. This equation can also be used to ca lculate lie if 

number density o f both types of lines are nlread y known, 174·771 

Equat ions 3. 11 and 3. 13 are Ill ultip lied together to get num ber dens ity of ioni zed species. 

Then both these quanti ties arc added together to obtn in lata I nu mber density, For example, for 

z=Q and u=AI, we have: 

Number densities are then converted to weighl compos itions by mult iplication with atomic 

\\Ie ig /ll s o f each specie: 
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Whereas, AA. ! is atomic we ight of AI. Now, pcrcentage compos it ion is calculated by the 

relation: 

.... . • • ~ 
\ , 

... 
• , , 
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Chapte.- No_ 4 

Results and Discussions 

To study the compari son between L1BS and di ffe rent other recogni zed techniques, five 

samples of varying concentration ofZn and A I were pl'cpnfcd. Zn was a resin here nnd A I is 

present small quantities (0.5. I, 2, 5 and 10 PCI' Hundred Resin) . Zn and AI were in fine 

powdered form « I Op m). Res in (2n) is 3g for each pa ll et nnd A I is taken <lccordin gly. Fine 

powdered mixture is pressed at hi gh pressure for few seconds to form tough meta lli c pallets. 

Each sample is first c leaned with methyl alcohol 10 remove dust and st<lins. II is then 

mounted in front o f the foclIsed laser so urce. The plasma on the surface of the alloys \\Ins 

ge nerated by focusing the beam of a Nd:YAG laser at 532 nm, pulse energy 130 mJ and 2 ~I S 

de la y between the laser pulse and the detect ion system. As soon as the plasma is generated, 

plasma plume expands perpendiculnr 10 the wrget surface and nftcr a few micro seconds, it 

coo ls down and its em ission spectrum contains chnraclerislics spectra l lines o rtlle constilllent 

elemen ts. In Figs. 4. 1 (a), (b) the emiss ion spectra are presented covering the wavele ngth region 

[1'0111 200 to 700 nm . The major part o r til e 4.1 (n), (b) consists or tile spectral lines orZine and 

Alu minum. The dominating lines belong to Z inc and Alum inum bes ides a coupl e o f lines 

<ltlached to the s ing ly. 

" " :;; 
~ 

~ ~ 

1500 " " • ~ N 

~ 1200 
E Ii' c fO 
~ ~ S-oC ... 5! -c 

.:l ~ :.= 
~ ... ::< 
> " ~ 

~ , .. 
• 

". ". , .. n. . .. 
Wllvcleg nth (nm) 

Fig J (a): Optical emission spec/rllm oJlhe Laser produced 211-AI alloy plasma oj lite 

"sample D" covering lite spectral regioll 300- ./00 11111. The .~pecll'allil1es oj AI f alld Zn fare 

assigned 
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Fig 1 (b): Oplical emissioll spectrum ofllie Laser prodllced Zn-AI alloy plasma of tile 

"sample D" coveril1g tile speclrat regiol1 460- 6-10 11111. 

Among the lines in th e spectra , opt ica ll y thi n lines arc checked by intens ity rat io method 

discussed furt her in the chapter. Spcctra l lincs s ituated on the spectra arc 257.5.308.2. 309.27. 

394.4 and 396.1 5 ,1111 of AI (I), while 328.23, 330.25, 334.5, 636.235. 468.0 IS, 472.2 15 and 

48 1.053 11111 for Zn (I). There wcre no lines for A I (11) whi le somc lines of Zn ( II) were nlso 

present. Thc spectra l data i.e, stat istical we ights and transition probabi li ties arc mentioned in 

Tab le 4.1 are taken from N IST database . [lit>, 871 

' Vu \'clenglh (A.) 

A I ( I) 

257.5 

308.2 

309.27 

394.4 

396. 15 

Ta blc 4.1 : Speclra/ lilles IIsed for qu(mlif/calioll 

Sta t i s ti c~ll 

W eight (gli) 

6 

4 

6 

2 

2 

T ran sitio n I~roba bi lil y 

(Ak) x l0' 

3.60 

5.87 

7.29 

4.99 

9.85 

Encrgy of UPPCI' Lc\'ci 

38933.97 

32435 .45 

32436.8 

25347.76 

25347.76 
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Z " (l) 

328.23 ] 9.00 62768.75 

330.25 J 6.70 62768.75 

334.5 5 4.00 62772.0 1 

636.235 5 4.65 62458.51 

468.015 J 1.55 53672.24 

472.215 3 4.58 53672.24 

481.053 3 7.00 53672.24 

1 Calibration Curve Method 

Cal ibration curve for d ifferen t spectral li nes fire dra wn. Concentration is plolted along the 

x axis whi le intensit ies along the y ax is. Straight line lit matching with the data points ensures 

an accurate ca libration cu rve. Limits of detection were also calcul ated from these curves. 

Curves us ing different At peaks a long with background noise arc shown in Fig 4.2 (a·d). 

1200 . I I ~ 

1000 
. :: 

\ '/~ A • 
. 1\r /'1 

BOO 
.. ... . . 

" .;. 
.~ • 

600 Slope of calibration curve 
< • • <0, (b) = 88.17286 • 

200 ,..I 
S.D of Noise (0) = 10.81 

LoD"'30/b=O.36% , , 2 4 6 , 10 
Concentrat ion (AI %) 

Fig 2 (a): Calibration Curve of 308.2 IIII/line lind deviatioll a/lloise sigllal 
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S.D of noisc= 15.90997 

LoD=0.46 % 
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Fig 2 (b) : Calibration Curve 0/309.2 1111/ lille and deviation o/l1oise signal 

· · 800 · .. · .. ., .. "". 
1 " 700 J : 

(¥c:!-\,j • 
600 

~ 
..... 

; 
'5' 500 ....... ' ... 
~400 
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~ 300 

1 j curvc=54.5059 

200 1 
S.D ofNoisc= 15.48 

100 "...! LoD=O.85% 

0 2 4 6 8 10 

Concentration (PHR) 

Fig 2 (c): Calibration Curve of 394.4 IIII/lille alld deviatioll o/lloise sigl1al 
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Fig 2 (d): Calibration Curve of 396. J 5 11111 line lind deviation of lIoise signal 

Four peaks of AI (308.2, 309.2, 394.4, and 396. 15) arc used (0 draw these curves. Slopes 

of the curves range from abolll 50 to 100. Noise s ignal (shown in small) is (<lken aro und the 

required pC;'lk from the spectrum of pure resin. Standard Deviation of noi se is between 10 and 

15. Our calcu lated values range from 0.3 per cent to 0.8 p CI' ceil lo 

Compositional analysis with calibration curve is carried out by comparing the intensity of 

speclml line from the unknown sample on the curve. The respecti ve percentage on the x·axis 

is the required concentration. If ca li brat ion cu rve of a series of samples is readily available, 

ca libration curvc is good tcchniquc to analyse samples. 

2 Calibration Free Method 

Ca libration free method is carricd withoLlt any re ference saJllple. Due to this reason, it is 

widel y lIsed nowadays and researches have being carried out. In thi s method, speetra l lines are 

carefully selected to draw Boltzmann plots. These plots arc a requisite to get the value of 

electron tcmperature for the sample. 

Electron numbers density is also required plasma parameter used in compositional analys is 

which are calculated by Stark Broadening. 

2.1 Elcctron Tcmpcl-atul'c MC:lsurclllcnt 

Electron temperature is est imated by using Boltzma nn plots of AI ilncl Zn. Uppcr leve l is 

plotted along the x axis while In (AlIgA) along y nx is. Thc slope of such a curve is used to 

cstimate thc lcmpernlure by the relation (3.9) 
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2.1.1 Boltzmann Plots IIsing spcctrallincs of Al 

Boltzmann plots [or all samples are given be low. Linea rity of the cu rve is a check to be 

sure thaI Ollr plasma is optically thin . Good linc"r behaviour o rthe Do ltzmanll plot serves as a 

check to be slIre of the opt ica ll y thin nature orlhe plasma. Fu rthermore, thi s condition is also 

checked by laking ratio of intensi ti es and co mparing it with theoretical vnl ucs. Spectral lines 

used for ana lys is arc 257.5 , 308.2, 309.27, 394.4 and 396. 15 11111 

20.0 

19.8 

19.6 

- 19.4 « 
Cl -;:; 19.2 
~ 

c: 

19.0 

18.8 

• 0.5 PHR 
-- Linear Fit 

I 

I 
T=17079 K 

25000 27500 30000 32500 35000 37500 40000 
Energy of Upper level (cmol) 

Fig 4 (ll): Typical BoltzlI/m/l1-Plol. Emissiolllincs o/lleulra! A/from sample A are IIsed 
/01' obtainillg femperatllre. 
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25000 27500 30000 32500 35000 37500 40000 
Energy of Upper level (em'1) 

Fig 4 (b): 1)IJlica/ BollzmwlII-Plol. EmissiolllincsjrollllIelilra/ AI a/sample /J are IIsedfor 

ob/ai/lillg temperatllre. 

206,-------------::-=::----, 
• 2 PHR 

20 .4 -- Linear Fit 

20.2 

20.0 

19.6 
;( 
m 19.6 

3-I: 19.4 

19.2 

19.0 

18.8 T=1 1290K 
18.6 -'---~--.--~-=r__-_,_-_-_---' 

25000 27500 30000 32500 35000 37500 40000 
Energy of Upper level (em") 

Fig 4 (c): Typical Boltzmann-Plot. EmissiolllillesjrolllllclI'ral AI a/sample C (Ire usedfor 

obtaining temperatllre. 
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Fig 4 (d): '/)!pical BoltzlI1allll-Plot. Emission/il/es o/nel/fral AI/rom sample A ore used/or 

obtaining lemperaflll"e. 
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20.2 

20.0 
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1 

T=11941 
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I 

• 10 PHR 
--UnearFit 

240002600028000 30000 32000 34000 36000 38000 40000 
Energy of Upper level (em" ) 

Fig 4 (c): Typical Boltzmann-Plot. Elllissio/llillesjrolll /lel/fra! AI afsample E are used/or 

obtainillg 'emperatllre. 

Exci tat ion temperatu re for sample 0.5 PHR is about 17000 K whereas , olher samples yield 

tem perature rOllnd 12000 K. The elevated temperature of sample A shows that we arc qui te 

close LO LoD ofCF-L/I3S meth od. The peaks corresponding to sample A are very dim inished, 
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thus effccts o r noise bccomcs cnhanccd. All other temperatures arc typical for laser ablated 

plasmas. 

2.1.2 Boltzmann Plots using spcctrallincs of Zn 

Boltzm::lI1n plots us ing spectral lines of ZI1 arc gi ven below. A ll samples have 

approximately same temperalUre in the range o f 11000 K to 12000 K. Lines Llsed to est ima te 

temperature are 330.25, 334 .5, 636.235, 468.015, 472.2 15 and 481.053 nm. The 328.23 nm 

linc showed a dev iating behaviour froml he stra ight line and thus excluded. 

22.2 

22.0 

21.8 

21 .6 -< 21.4 Cl :::; - 21.2 " 
21.0 

20.8 

20.6 
52000 

T=11352 K 

• 0.5 PHR 
--Linear Fit 

f 

54000 56000 58000 60000 62000 64000 
Energy of Upper level (em"') 

Fig 5 (;1): Typical f)olfZIll {JIIII~ Plof. Elllissiolli ines oJl/elilral ZI1/rOIll sample A are IIsee/Jor 

obtaining felllperflfl/I'e . 
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Fig 5 (b): 'l)lpical Boltzmalln-Plot. Emissiolllillcsji"olllllclIlral 211 ojsample Bare IIsed/or 

ob(oinillg temperature. 
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Fig 5 (c): Typical Do!rz/1/mlll-Plo( for eSlimalil1g Ihe plasma Tempera/lire. Emission lilies 

ji-oll/llell/rol 2" o/:;ample Care IIsedfor obtailling tempera/lire. 
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Fig 5 (d): Typical BoIIZ/Jwml~Plol for estimating the plasma Temperatllre. Emission lilies 

ji-om neutral ZI/ o/sample D are used/or obtaining tempera/lire. 
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Pig 5 (c): Typical Boitzmann-Plol for eSlimaNng lire plasma Temperature. Emissiolllilles 

from ne1llral Zn o/sample E are used/or obtaining temperature. 
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Temperatures obtained from A I plots and Zn plots vary with each other. To minimize the 

stati stica l crrors, average is taken of both temperatures for each sample. Average temperature 

is used further in quu llti tative anal ys is. A ll tempe ratures und averages are tabulated below: 

Tllble 4: Temperntures from Boltzlllnnn Plots and their avcrnges 

Sa mples Tem p fmrn ZII lili es Temp from AI lines MC:11I Tcmpcr:lfurc 

n'CIlII) (K) (K) (K) 
Sample A 11 352 17079 14215,5 

Samplc 13 10332 12437 11384.5 

Sum ple C 10708 11290 10999 

S:lIup lc n 12174 127 10 12442 

Sam plc E 11 455 11940 11698 

2.2 Calculation of Electron Number Density (N,) 

Electron Number Density is cnlcul nted by Stnrk broadenin g pnrn mctcr. Wc have se lected 

different spectra l li nes for the cn lculation o f N~. FWI·IM is cnlculalecl for each peak by 

Lorcntzian fit. By lIsing the formula mentioned in Eq. 3.14. N" is calculated. Calculated number 

densit ies and thei r averages v<lllles nrc tabulated In Table 4.3. 

1200 

-
1000 -E • E 

" " t-
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" - 400 c: 
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Fig 3 (a): Loren,zian double fI' for AI (I) lines (308.211111 and 309.2 11m) of sample E 
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Fig 3 (h); Lorentzian double fit for AI (I) lines (394.4 nm and 396. 15 nm) of sample E 

Table 3: Electron dcnsities of diffcrent peaks and their averages (10 17 CII/·J) 

Peaks! A (0.5 PHil) n (I PHR) C (2 l' lm) D (5 PHR) E (10 PHil) 

S:I III Il les 

394.36 0.280338 0.7 14894 1.29206 1.04734 2. 10083 

396.11 0.21025 1 0.964479 1.60834 1.5554\ 2.92422 

308.22 0.979504 1.11384 2.17977 1.1 7963 2.16604 

309.27 0.675627 1.26599 3. 1%21 1.4 1758 3.027 11 

A,'cragc 0.53643 1.0 148 2.069 1 1.29999 2.55455 

2.3 Pre-requisites for analysis 

2.3.1 Local Thermodynamic Equilibrium: 

II is a check to con firm that excitation and de-excitation all occurs at the same temperature. 

A criterion is set o n the electronnLlmber dcns ity. which is: 

(4 . 1) 
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I 

Here L\E is the difference of energy of upper and lower leve ls in eV and T is tempe rature 

in Ke lvin. We check L TE conditi on for AI 394.4 nm. For thi s line, 

.1£ = 3. 129 1 eV 

'1'= 14215.5 K (ma xim lltll recorded tempera ture) 

T hus, upper boun d on the Nc will be: 

Nc ::;: 5.8 X lO IS em-] 

Our estimated va lues of Nc are ill 1017 cm-) (T <lb le 4.3) which is mll ch g reater Ih<lll val ue 

obl<l incd from the above inequality (10 15 cm-J). Hence, it can be sa id wit h surety that the 

plasma sati s fies thi s co ndition. 

2.3.2 Validity of Optically Thin Plasllla: 

Th is is anothc r required condit ion. It is checked by compa ring in tens ity rati o o f two 

spcctr<ll Jines <lnd comparing it wi th theoreti ca l v<l llles . 

Spectral lines tabu lated in Table 4 .1 fulm the cri tcria for optica ll y thin plasma. T his is 

ensured by comparing theoreti ca l and exper imenta l values c lose to eaeh ot her. In o rder to 

minimize th e depend ence on plasma tempemture, rat io is tak en for the lines h<lving c lose upper 

energy leve ls. 

Ra tios of pairs of spec tra l I ines al ong wit h th e ir inlensil ies ;liong with th e ir theo re tica l nncl 

ex perimen t:;! 1 val ues are tabul(lled in Table 4.4. These rat ios arc comparable fo r ull spectral 

lines. 

Tnble 4 : Comparisoll oj experimental and fheoretical ratios/or spectral /illesjor 

sample A 

Pairs I Wavelcngth (11m) Intcnsity (a.u) T hcorctical Ex pcrimclI ta I 
ratio ratio 

I A I 257.5 87.25 
3.33 3.1 5 

308.2 229. 19 

2 308.2 229. 19 
0.54 0.66 

309.27 274.77 

3 
394.4 J J 1.27 

0.51 0.75 
396. 15 169.3 
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2 I 
330.25 8 

I 
1226.0 

I 334.51 1316.09 
1.02 0.96 

I 
468.0 15 

I 
914.35 

I 472.2 15 1700.72 
3 0.81 0.72 

I 
468.0 15 

I 
9 14.35 

I 481.053 3 132.02 
4 0.54 0.40 

Since the nbovc two conditions ha ve been checked, we Cill1 proceed 10 CF LIBS procedure. 

2.4 Compositional Analysis 

Concentration are estima ted by ca lcul ating number density n of excited atoms by neutral 

and spec tral lines from ions . Number density tl of neutra l lines is calculated by the re lation 

3.12. It is poss ible to piaL a Bo ltzmnnn plot for neutral lines most o f the limes. So, by lIsing 

plasma pa rameters (main ly temperature from the plot) olle cn n reach to the concentrat ion. 

Ion ic lines, the spectral lines from ions, arc tricky to deal w ith . If a Bohzmann call be 

drawn for ionic lines, we arc in a pos ition to define il s temperature. In the present case, it was 

imposs ible 10 plot a re i iab le Boltzmann plot for these I ines due to their fewer num ber and much 

reduced intensities. So, Saha -Bo ltzmann Equntio l1 ( Eq. 3.1 3) wns used . Th is equntion is 

bas ica ll y rat io between number dens iti es from nelllra! as well as lines from ions. so if oll e is 

known, we can get the other. 

3 Energy Dispersive X rays Spectroscopic (EDX) Analysis 

In EDX, energeti c beam of e lectrons imping 0 11 th e snmple knocking Oll l inner shell 

e lec trons leav ing a vacant s ite. Thcse vacancies are li lled by higher level e lectrons cmitt ing 

photons of charncteri stic energies. Coneentrnt ion of c lement is determined by measuring 

number of photons th us emi tted. 

In Fig 4.6, energies o f photons (keV) nrc plotted against the number of ph 01 Oil S (.lrbit rnry 

units). By measur ing heights of the peaks against the characteristic energ ies, compositional 

anal ys is is carried a lit. ED X is carri ed out by the SEM w ith auached EDX setup. 
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Fig 6 (a): EDX Speclrum of Sample A 

Fig 6 (b): EDX Spectrum of Sample B 
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Fig 6 (e): EDX Spectrulll or Sarnple C 

Fig 6 (d) : EOX Spcctrulll o r Sample D 
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Fig 6 (c): EDX Spectrum of Sample E 

We look five diffe ren t read illg by zooming to different areas on the sample. By Ih is marc 

confidence is achieved for Olll' readings as stati sti cal errors arc minimized , This method is very 

suit able for the samples havi ng the chance of inhomogene ity as in Ihis case. 

Table 5: Compositional analysis with EDX alld their GI'eI'oge:, 

Sample 
Percentage Reading Reading Reading Read ing Readi ng Ave rage 

prepared AI I 2 3 4 5 Result 
Alphabet 

(%) Al (%) Al (%) Al (%) Al (%) Al (%) Al (%) 

A 0.5 0.36 0.20 0.53 - - 0.36 

B I 0.77 0.39 0 .5 1 0.40 0.57 0.53 

C 2 0.87 0.91 1.10 1.05 1.12 1.0 I 

D 5 1.86 2.28 3.49 3.00 2.85 2 .70 

E 10 7.75 9.26 13.09 9.64 9.85 9.92 

4 Comparison of LIBS based techniques with EDX and XRF 

From Table 4.6, it is ev ident thai the samples arc inhomogeneous. Since, powders ofbolh 

metals arc mi xed togelher, there is a considera ble chance of inhomogeneit y. Moreover, a small 

arcn is under considernt io n in EDX as compared to XRF, so ils result s dev iates more from 

actual except fo r the last sample which may be due to some other error. 
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As for LlBS. largc errors arc present fo r low concent rations. But on increasing the 

cOllcelliratioll , it becomes less deviati ng. Thus, it can be asslired that li se o r CF-LiBS method 

is fruitful onl y for samples havi ng live percent or higher concentration. For low concentration, 

CC method is more accurate and reli ab le. 

Table 6: Compal"isol1l11ilh EDX and XRF lI'ilh LlBS 

(%) (%) (%) (%) 

99 .5 1 0.33 99 .67 0.36 99 .64 1.77 98.23 

0.99 99.01 0.77 99.23 0.53 99.47 3.13 96.87 

1.96 98.04 1.32 98.68 1.01 98.99 3.3 1 96.69 

95.24 4.73 95.27 2.70 97.30 3.55 96.45 

90 .91 14.5 85.5 9.92 90.08 7.62 92.38 

5 Conclusion 

We have pcrfo rmed quantitn tivc analysis of Zn-A l alloy with va ryi ng eoncentrHt ion o f AI 

and l n, where Zn is lIsed as a base clement. Two LlBS based techniques, namely calibration 

free laser induced breakdown speclroscopy and ca libration curve method, are employed for 

compos ition.-II analysis. This stud y suggests that ca li bration curve method is a good option but 

reference samples arc needed for drawing calibrat ion curves between the emiss ion lines 

intensities versus known composit ions. The compos ition of the unknown samples can be 

esti mated by compari ng the emiss ion line intens it y from the ca libration curves. Good li near 

behav iour of the ca libration curve suggests a good analys is. Any s imilar sample can be easily 

analysed by matching its intensity in the graph. Furthermore, limit o f detect ion can be easi ly 

calculated from the curve. 

Calibration Free CF~LlBS method provides good elemcntal compos ition for high 

concentration samples. This technique gives morc accurate result s when concentration was 

above two percent, but ror low concentrations results are 1101 so good. 
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