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ABSTRACT 

We present line strengths and transition probabilities for the spectral lines of neon ori ginating 

due to transitions between the 2p53p upper and 2p53s lower configurations based levels. The 

emission spectra generated by the laser produced neon plasma by focusing a 1064 nm Nd:YAG 

laser was registered using the LIBS 2000 detection system comprising of five spectrometers 

covering the region between 200 - 720 nm. Abso lute transition probabilities are calculated by 

using the intensities of the spectral lines covering the region from 540 11111 - 808 nm . The relati ve 

line strengths of all the dipole allowed transitions are calculated by using the intensity ratios 

within the multiplets. The experimental results have been compared with the calculated results 

obtained by the J-File Sum Rule withi n the framework of the four coupling schemes ; LS, LK, 

jcK and jj . The experimental results reveal that LK coupling is the more appropriate scheme to 

represent these levels in neon. 
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Laser Induced breakdown Spectroscopy (LIBS): 
Elemental analysis based on the emission from plasma, generated by focusing a powerful laser 

beam on a solid sample is known as laser induced breakdown spectroscopy (LIBS). Laser 

induced breakdown spectroscopy is an emission spectroscopy teclmique where atoms and ions 

are initially produced in the excited states due to interaction of focused laser and target material. 

The interaction between matter and high density photons generates a plasma plume, which 

evolves with time and may eventually acquire thermodynamic equilibrium. One of the important 

features of this technique is that it does not require any sample preparation, unlike conventional 

spectroscopic analytical techniques. With the help of LIBS technique analysis of any material 

regardless of its physical state, be it solid, liquid or gas can be analyzed at almost equal ease, 

because all elements emit light of characteristic frequencies when excited to a sufficiently high 

temperatures. (Singh 2007).LIBS have the capability of detecting all chemical elements in a 

sample, of real-- time response, and stand-off analysis of targets . Nd: Y AG pulse Laser is used as 

an excitation source for ablation process. The laser-ablation process can be divided roughly in 

three phases. 

(i) Primary laser-matter interaction, that is heating and evaporation, 

(ii) Plasma g~neration and, in the case of ns pulses, laser plasma interaction (laser-induced 

breakdown), : 

(iii) Adiabatic expansion of the plasma. 

1.1 Advantages and Disadvantages of LIBS Method: 

The specific advantages · and disadvantages of the LIBS for direct elemental analysis over the 

conventional analytical spectroscopic technique are mentioned below (Sneddon& Lee 1998) 

Advantages t 

1. Requires, little sample preparation for elemental analysis . 
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2. Can be applied to both conducting and non-conducting samples. 

3. Possibility of simultaneous multi element analysis. 

4. Is non-destructive; only a small mass (sub micrograms) of material is ablated. 

5. Remote, in-situ analysis in hazardous environments can be done with fiber optics. 

6. Highly refractory materials can be analyzed due to the very high temperatures achieved in 

laser induced plasmas. 

Disadvantages: 

1. Current syst7ms are complex and costly. 

2. Obtaining sllitable standards is difficult. 

3. Large interference effects. 

4 . Poor precision generally 5 to 10% as compared to conventional techniques. 

5. Possibility of optical damage due to the high-energy laser pulses. 

1.1.2 Real life Applications of LIBS: 

Some importarlt uses and examples of real life applications of LIBS are (Doria, Kavanagh 2006) 

1. Soils and minerals analysis which are helpful in geology, mining and construction. 

2. Exploration of planets to understand the elemental composition of Mars and Venusetc. 

3. EnvirolU11ental monitoring to check the quality of air and water and industrial sewage control. 

4. Biological sampling such as bacteria type detection, poisoning deduction by using human hair 

or teeth, cancer tissue diagnosis, infect ional diseases and DNA types of analysis. 

5. Defense system by detection of explosives and biochemical weapons for homeland security. 

6. Metal indus~ry to control the quality of metals such as steel sheet or Al alloys etc. 

7. Nuclear indmtry for detection of cerium and radioactive elements. 

12 



1.2 Neon: 

Neon was first discovered in 1898 by British chemists Sir William Ramsay and Morris W 

Travers in London. British chemist Sir William Ramsay discovered the five noble gases between 

1894 -1898 and got noble prize in 1904. The noble gases could be made to produce light 

discharge when electrical charges were passed through it, this was best desired method which the 

scientist were looking to produce the light without heat. Neon is very common element in the 

universe, it is i'are on Earth. Neon is the second lightest element in inert gases. Neon has three 

stable element~. Neon is the second lightest noble gas after helium. It glows reddish-orange in 

a vacuum discharge tube when we apply voltage across it. Neon plasma has a very intense light 

discharge at a very normal voltage. The normal color of this gas for the human eye is red-orange. 

During the lastj decades, Neon has seen to use in signs and also used in high voltage indicator and 

vacmm1 tubes . Neon gas and liquid neon both are relatively very expensive. 

1.3 Coupling Schemes: 

There are fOUl: types of homogenous coupling schemes to designate the energy levels. These 

coupling scheines reflect the relative contributions of the dominant interactions; electrostatic 

interaction and spin-orbit interaction. Below we describe these coupling of four angular 

momenta in these four coupling schemes. 

1.3.1 LS-Coupling 

Levels in this coupling scheme are represented as: 

[( 11,\ ,11,2 )L, (S\ ,S2 )SL 

The orbital angular momenta A; of electrons are coupled to form the total angular momenta L 

II 

L='LA; 
;=\ 

The Spll1 angl~lar momenta s; of each electron are coupled to form the total Spll1 angular 

momentum S . ; 

Finally Land S combine to form the total angular momentum J: 
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J = IL±SI 
A level in the LS -coupling scheme is designated as 2,"+ 1 L" where 2S + 1 is known as the 

multiplicity ·of the level. Selection rule for the allowed transitions are 

f..L = O,± l,f..J = O,± l , f.. 1 = ± 1, f..S = ° 

1.3.2 jj Coupling 
; 

In heavy atOniS, the spin-orbit interaction is dominant over the electrostatic interaction, As a 

result each el~ctron ' s spin couples to its orbital angular momenta, This coupling scheme 

isrepresented as 

All i;' s are the11 coupled to form J , the total angular momentum as 

This coupling :is called the ii-coupling scheme, A level with given values of ii' i2 and J is 

denoted by (jl ')'2 t . Selection rules for the ii-coupling scheme are 

1.3.3 Intermediate Coupling: 

LK and i cK-cdupling schemes are called intermediate coupling. Intermediate coupling scheme 

was introduced by Racah [35] and Cowan [14]. 

1.3.3.1 LK-Coupling: 

Tins coupling scheme is represented as: 

In this coupling scheme the orbital angular momenta of both the electrons are coupled to form 

total L. Then Dcouples with the spin of the first electron to form the K quantum number. Finally, 
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K couples with the spin quantum number of the second electron S2 to give total 1. The levels are 

designated as L[K]J. The selection rules for this coupling scheme are: 

!'!.L = 0,±1 , !'!.K = 0,±1 , !'!.J = 0 ,± 1 

1.3.3.2 Jck-Coupling: 

This coupling scheme is represented as: 

In this coupling scheme the orbital angular momentum t, of the first electron couples with the 

spin quantum number of the first electron s 1 to form the resultant angular momentum of the core 

electrons i e. Then i eis coupled with the orbital angular momentum of the second electron te to 

form K. Finally, K coupled with spin quantum number of the second electron S2 to yield the the 

total angular nlomentum 1. 

The levels in this coupling scheme are designated as: i J KL. The selection rules for the dipole 

transitions are: : 

!'!.J c = O,± l ,!'!.K = O,± I,!'!.J = 0 ,± 1 

In this thesis we are studying the transitions between the levels based on the 2p53p and 2p53s 

configurations ; on neon. The dipole allowed transitions have been drawn using the above 

mentioned fout coupling schemes and determined their transition probabilities . The ground-state 

level of neon, -like all other inert gases, is I So. In the first excited state one of 2p6 electrons is 

excited to the · 3s orbital and this configuration 1/2/2/ 3s gives rise to four energy levels. 

Another group( of excited states arises from the electron configuration 1/2/ 2p5 3p and gives rise 

to ten energy levels. Below, we present the designations of all the levels in the four coupling 

schemes, LS,LK, Jek and}} in addition to the representations in the Paschen notations; being used 

in the Moor's Table. 
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Table 1.1: Various coupling schemes from Is and 2p levels in Ne 

Paschen Notation LS LK JcK jj 

1 Ss 3P2 P[3/2]2 3/2[3/2h (3/2, 1/2)2 

1 S4 3p ) P[3/2] ) 3/2 [3/2]) (3 /2, 1/2 )) 

1 S3 3po P[ 112]0 1/2[1/2]0 (112, 112)0 

Is2 
)p) P[ 1I2]) 1 /2[ 1 /2]) (1 /2, 1/2)) 

2pIO 3S) S[1/2]) 3/2[1/211 (3 /2, 112)) 

2P9 30 3 0[5/2h 3/2[5/2h (3 /2, 1/2)3 

2P8 30 2 0[5/2h 3/2[5/2h (3 /2, 1/2)2 

2P7 3D) 0[3/2]) 3/2[3/2] ) (3/2,3/2)) 

2P6 )02 P[3/2h 3/2[3/2h (3 /2,3/2)2 

2ps )p) P[3/2]) 112[3/2]) (1 /2,3/2)) 

2P4 3P
2 0[3/2h 1I2[3/2h (112,3/2)2 

2P3 3pO P[1I2]0 3/2[1 /2]0 (3 /2,3/2)0 

2P2 3p ) P[1 /2]) I /2 [ 1/2]) (1/2, 1/2)) 

2p) ISO S[ I/2]0 112[1 /2]0 (112, 112)0 
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CHAPTER 2 

Experimental Setup: 

A schematic diagram of the experimental arrangement of the LIBS apparatus used in the present 

study is shown in Fig. 2. 1. An Nd: Y AG pulsed laser with pulse duration of 5 ns and repetition 

rate 10Hz is lfsed as a plasma generating source. This laser is capable of delivering energy 

400mJ at 1064mn and 200mJ at 532mn. The laser pulse energy was varied by varying the flash 

lamp Q-switch delay tlu'ough the laser controller or by the LIBS software (OOLIBS2000), and 

the pulse was ~11easured by an energy meter (Nova, Quantel). The experiment was performed to 

investigate the' spectral emission of the neon plasma formed in a stainless-steel chamber with a 

four crossed windows filled with Neon gas by mean of a focused beam of a Q-switched Nd: 

Y AG laser. The chamber was evacuated to a pressure ~ 1 Ombar and then purged before filling the 

chamber with a gas to perform the experiment. This purging process was repeated several times 

in order to obtain the highest percentage of gas purity. The primary of the laser beam was 

defined in such a way that the laser beam impinges exactly at the specific spots of the chamber's 

window for plasma generation. The laser beam is deflected using a right-angle prism onto a 

focusing lens" which directs the beam into the gas chamber tlu'ough the focusing lens. 

Breakdown th~n takes place in the neon gas, which is observed visually. The spectral emission of 

the plasma is collected through the window, which is perpendicular to the path of the laser beam. 

This emission: is then focused and imaged onto the entrance slit of the spectrograph which 

enables us to 90llect a wide range of spectral wavelength that is required for the study of the 

emission features of the gas sample. The emission signal was corrected by subtracting the dark 

signal of the ,detector tlu'ough the OOLIBS2000 software, which was equipped with five 

spectrometers each having slit width of 5f.lm, covering the range between 200 - 720mn. Each 

spectrometer has 2048 element linear CCD array and an optical resolution of ~. 06 mn. The 

LIBS2000 detection system and the Q-switch of the Nd: YAG laser were synchronized. The 

LIBS2000 system triggered the Q-switch of the Nd: Y AG laser and the flash lamp out of the Nd: 

Y AG laser triggered the LIBS2000 detection system tlu'ough a four-cham1el digital delay/Pulse 

generator (SR$ DG 535). The output data were averaged for 10 laser shots to minimize the 

statistical errors. All the five spectrometers installed in the LIBS2000 are manufacturer 
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calibrated in efficiency US111g the DH-2000-CAL standard light source. The data acquired 

simultaneously by all the five spectrometers were stored on a PC through the 001 LIBS software 

for subsequent analysis. 

F=~;i.n~ L~; '" -/ £=20;:m 
-r--Q~t 

-- . 19;:m 

I 

I --___ Top Vi:w Of 
V,emltu Ch;!1ub::r 

"'" V;!Cll1J.tn ;ute GB 

Filling 
Tar,g=t 

Figure 2-1: Laser-induced break down spectroscopy schematic diagram 

The detail of . various instruments used 111 this apparatus IS briefly described 111 following 

sections". 

The specifications of the equipment are given below: 

1. Q-Switch Nq: Y AG Laser 

2. Focusing len.s 

3. Stainless stebl chamber 

4. Triggering cievice 

5. LIBS 2000 + Spectrometers 

6. Fiber optics :cable 

7. Computer 

8. Vacuum system 
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2.1 Nd: YAG Laser: 

The Nd: Y AG laser is one of the most commonly used solid-state lasers in such experiments . In 

the Nd: YAG lasers the host is yttrium aluminum garnet (Nd: Y3 Ais 0 12), a hard brittle crystal 

that can be maimfactured with high quality. "The active medium is the triply ionized neodymium 

(Nd+3), present with low concentration 1 % or less, which is optically pumped by flash lamps. 

The neodymium YAG laser is a four level laser system, shown in Fig. 2,2. 

Absorption Bands 

4F312 (Metastable) 

O.73fll11 O . 8~ll11 
I.064fll11 

Fig 2.2: Energy levels in the Nd: YAG laser. 

The flash lamps emit broad spectrum of light, but the neodymium ions absorb most strongly 

around 0.7 to 0.8 ).lm and the neodymium ions are raised from the ground state to the higher 

energy state, fl~om which they decay to the 4F 3/2 metastable state and releasing their excess energy 

to the crystallitle lattice. This metastable state has comparatively long lifetime (about 230 flS) , so 

this state will be heavily populated. In this state these ions are stimulated to emit 1064 run laser 

transition dropping to the 4111 /2 level. The 411 112 state is an unstable state, consequently the ions 

will rapidly return to the 419/2, producing a population inversion between the 4F 3/2 and 41 11 /2 states. 

The strongest emission of neodymium is at 1064 nm, although the energy level splitting allows 

weaker emissibn on other lines as well. The neodymium laser can be arranged in series, in an 

oscillator-amp~ifier configuration to achieve more pulse power than is available from a single 

laser oscillator; A Q-switch is used to reduce the pulse duration and to raise its peak power". 
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2.2 LIBS 2000+Spectrometer: 

The LIBS 2000 spectrometer, sensing system consist of five high resolution HR 2000 type 

spectrometers :which cover different wavelength ranges. "The LIBS 2000 spectrometer is 

cOlmected to a PC via USB port and opened through 001 LIBS software. Data is programmed 

into chip of each HR 2000 spectrometer includes wavelength calibration co-efficient. When the 

laser beam strikes the sample, excitation is produced and plasma is generated. The light in the 

plume is emitted due to the de-excitation process which is transmitted tlu'ough an optical fiber to 

the LIBS 2000 spectrometer. The spectrometers measure the amount of light and transform the 

data collected by the spectrometer into digital information that is passed to the spectrometer 

operating software on a PC. The 001 LIBS software is used to measure absorption, reflection 

and emission. 'It has digital library which controls all the parameters, collect and display the 

resulting spectta as intensities against wavelengths" . The specifications of each spectrometer is 

given in Table :2.1 

Table 2.1: Specifications of different HR2000 used in the LIBS 2000 spectrometer 

Model Grating (lines/mm) Region Band width 

LIBS HR i 2400 Ultra violet 200-301nm 

LIBS HR i 2400 Ultra violet 296-391 nm 

LIBS HR 3 1800 Visible 386-513nm 

LIBS HR 4 1800 Visible 509-623nm 

LIBS HR 5 1800 Visible 619-720nm 

2.3 HR2000 High Resolution Spectrometer: 

The HR2000 high resolution Miniature Fiber Optic Spectrometer provides optical resolution up 

to 0.06 nm (FWHM). The range and resolution of HR 2000 depends on the grating and the 

entrance slit width selections. An external power supply is not required for HR2000 when 

interfaced to a :computer via the USB port. 

The spectrometer measures the amount of light and transforms the data collected by the 

spectrometer il,1to digital information that is passed to the spectrometer operating software on a 

PC. To collect and display the data from the five HR spectrometers via LIBS Base software is 

used. 
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Fig 2.3:0ptical bench ofHR2000 Spectrometer. 

In the next two chapters we present the theoretical approach to calculate the line strength and 

transition probabilities of the spectral lines observed in the laser produced neon plasma. 
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CHAPTERS 

Theoretical Approach : 

The intensity Iij of a transition from a level i to level} is normally expressed as: 

Where Ni is the number density, gi is the statistical weight, and Aik is the transition probability. 

The relation between the life time and the transition probabilities can be written as [19]: 

Ajk = {r j (1 + I I ij )r' 
: i'"k I jk 

Where, I I ij \ is the branching ratio of the intensities from the upper level i to the lower level} 
i otk I ik · 

and k and Li is the life time of the upper level. 

The more convenient relationship between A (transition Probability) and S (Line Strength) is 

given in the NIST data base [3] : 

2.026 x I 018 

Au = • 3 Su······· ····· ···· ··· ·(2) 
• Aug; 

Here A is in s-rand Aij is inA° and S is in arbitrary units . Similarly for the second combination 

2'.026 x lO '8 

A;k = : 3 S;k . .. .... .... ... (3) 
• A;kg; 

By combining equation (2) and (3) 

~ 3 
Aij _ Aik S ij 

Aik - : A~Sik 

From equation;(l) 

i 3 SAl 
_u =~ ......... . ..... . (4) 
S jk Ajk I jk 
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Thus the relative line strengths can be determined directly by measuring the intensities of the 

spectral lines in a multiplet. The individual line strength can then be obtained by applying the J

File Sum Rule [3] 

LSi} = 2/: + 1 = S; ............. .... (6) 
. 2; + 1 

} : ; 

Where I; is th6 orbital angular momentum and i; is the total angular momentum of the excited 

state. Combin~ Eqs. (5)and (6) we get a relation to determine the line strengths of the individual 

spectral line. 

. " A\ Iij _\ S ik = S i [1 + L.J 3 ] ..... . . ( 7) 
: J*k A ik lik 

In this relationwe have to measure the experimental line strength, by measuring the intensities of 

the spectrallinbs from the spectrum I Ii} and then convert them into the relative line strength by 
. j# l;k 

using the above relation. In above relation we keep above relation we open the summation is 

such a way that likremains fix and summation applies only on the upper levellij. 

All the experimental values of the relative line strength need to be normalized. Normalization 

can be done so that the sum of the entries for the given multiplets is S= (2L + 1) (2S+ 1) (2L '+ 1) 

[13]. Where L is the total orbital angular momentum of the lower level, S is the total spin 

quantum numb.er of the lower level and L ' is total orbital angular momentum of the upper level. 

3.1 Relative Line strength: 

The line strength S, defined as the sum of the square of the matrix 

elements of the electric dipole moments joining the sets of upper and lower levels that are 

included in the! transitions [20] . 

For the Einsteih spontaneous transition probability Aij 

: 5 3 
A ~ 128n v S 

g, IJ • 3hc2 

Where i refer t6 the upper level and i to the lower level 
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The quantity S is cOlmnonly divided into three factors 

S = S(M)S(L)(J 2 

Where S(MJ and S (L) , derived from integration over the angular part of the wave functions , 

represents the relative line strengths in a multiplets and the line within the multiplet respectively. 

Here (J' 2 depe~ds on the radial part of the wave function through a quantum number n and I. 

The radial transition integral (J' 2 is given by 

(J' 2 = [ ' 21 ][J rR(n,l)R(n·,t)dr]2 
(41 g - 1) 

The r is the radial distance, I is the orbital angular momentum and n is the principal quantum 

number for the: initial state, n' and I' are the same quantities for the final state, R(n, l) and R(n ', I ') 

are the radial 'wave functions of the optical electrons in its initial and final state. These two 

quantities in the LS coupling are determined theoretically. So it is very difficult to calculate 

accurate indivIdual line strengths. Mehlhorn [21]calculated these values using configuration 

interaction tecimique which are in good agreement with the experimental data. The j-File sum 

rule was first derived by Shortley [24] which states that the line strength sum of various J files 

within a transition array are in the ratios of their respective statistical weights 2J+ 1. Thus we 

have the relation: 

IS(i ,k)a2J K + 1 

3.2 Line Strength Formula S (ab: a'b'): 

The levels participating in a transition can be represented in different coupling schemes, (LS, LK, 

j K and )j) to calculate the line strengths of the transitions. The first case is when the lower level 

as well as the tipper level is represented in the LS-coupling scheme: 

I. S(LS : L' S ' ) = 0ss,[L,L', J,J'lt, J S }2{12 
L' I L' 

The second ca~e is when the lower level is designated as LS and the upper level is designated in 

the LK couplidg. 

II. S(LS: L'E) =[L,E,E,S,J,J' 2 
, ~L J S}2{1 
, J' E I E 

24 
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The third case is that when the lower level as well as the upper level is represented in LK 

coupling. 

{
K J S }2{L K S}2{1 L 1 }2 S(LK:L'K') =[L,L',K,K' ,J,1'] 2 2 I . 

1'K'1 I~L'1 L'l' 1 2 Ill. 

In this case the lower level as well as the upper level is represented in the LK-coupling scheme . 

IV. 
. : ." " {K J S2 }2{12 K il}2 S(jl.k: J1k)=5 .[K,K ,J ,J] , , , 
• 1i1I J K 1 K I 1 
. 2 

In this case the lower level as well as the upper levels is designated in}k coupling. 

V. 

S 2 
J } 2 

J' 

1 

Now the last case in that in which the both lower and upper level are represented in}} coupling. 

VI. 

3.3 Absolute Transition Probabilities: 

Tlu'ee methods are used generally for calculation of absolute transition probabilities. These 

methods are briefly described below. 

1. Transition probabilities of 30 spectral lines of Ne originating from the common upper 

levels have been determined from branching ratio measurements and taken into 

consideration of the known life time of the upper level. 

In this techniqtle, we measure the intensities of all the lines originating from a common level 

from the observed spectrum. A point of confusion in this relation is how to open the slU1Ul1ation. 

The branching~ ratio intensities are associated with dummy indices; i represent the upper level 
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and j , k, I, mare associated with the lower level transitions. We apply the summation is such a 

way that level in the denominator remains fix i. e. tk remain fix and the summation apply on the 

upper level t. e. ij, ik, if and tm . Then, we mUltiply these branching ratios with the life time of the 

upper level. Finally, inverse of product of both branching ratio and life time of the upper level 

gives us the transition probabilities of all the possible spectral lines. The lifetimes of all the upper 

levels have been taken from the literature; Fujimoto [7] 

11. For the:measurement of the absolute transition probabilities without knowing the life time 

of the upper level, we can also determine the values of the transition probabilities using 

the relation [3] 

. SR 
A ij = 2 .026 x 1.0 18 3 IJ Ij 

. Aij (21; + 1) 

Here Ai} is the wavelength of the transition, Su is the line strength measured from the observed 

spectrum (in ai'bitrary units), 2J;+ 1 is the statistical weight for excited level and Rij is the radial 

integral docuniented in the literature [28]. The Radial integrals were measured by Bates and 
. . 

Damgard [28] in 1949 for different elements. By measuring transition probabilities we can 

measure the lire time of upper levels. The relation we used to measure the life time of an upper 

level from the known transition probabilities is: 

1 
r =-:-'-'--

i) E Ai) 

J 

The above rel~tion shows that the mean radiative life time of the upper level T ij is simply the 

inverse of sum~TIation of all the transition probabilities for that level, I Au . That means, if from 
j 

anyone level there are ailowed transitions to four lower levels then the transition probabilities of 

all these four transitions adds up, and its inverse will yield the radiative life time for upper level. 

111. Transition probabilities can be also determined from the relative intensity measurements 

or branching ratio methods. The branching ratio method in generally used when we study 
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the transition probabilities within multiplets. In this method, all transitions from same 

upper levels are considered. Using the known upper state lifetimes "; and the branching 

ratios Rij for the transitions, the transition probabilities can then be calculated from the 

relation~: 

We have recorped the intensities of 30 spectral lines of Ne covering the wavelength range 540-

808nmand determined the transition probabilities of all these transitions . 
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CHAPT£R 4 

Results and Discussions 

Introduction 

In 191 7 Einstein published his classic papers in which he introduced the concept of transition 

probabilities. Since that time many etIorts have been devoted theoretically and experimentally to 

determine the ; transition probabilities or the associated oscillator strength because of their 

importance in !nany fields of basic scientific research. For example, transition probabilities are 

the essential in plasma physics. In plasma spectroscopy these quantities are essential for the 

quantitative analysis of the plasma radiation. Furthermore, the advent of laser has increased the 

demand for more accurate values for transition probabilities in order to ascertain which transition 

is most suitable for laser action. In astrophysics, transition probabilities are essential for the 

determination of such quantities is elemental abundance, degree of ionization, electron number 

density and temperature from an analysis of spectral line intensities. Theoretical values of 

transition probabilities may be calculated once the eigenfunctions for the atomic states have been 

determined. For hydrogen, the simplest atomic system, the exact analytical calculations of the 

wave [-unction allows good theoretical estimates to be made. 

Most assessabl'e quantities to be measured are the relative transition probabilities for the spectral 

lines with either a common upper or a common lower level. For transitions with a common 

upper level the relative intensities of these lines in emission yield the relative transition 

probabilities d~rectly. This thesis reports on an experiment designed to measure the absolute 

transition probhbilities for the 2p5 3p---;)2/ 3s transitions of natural neon. This gas was chosen for 

several reasons. Neon appears in the hotter stars and in some cases is as abundant as oxygen, 

making it an i interesting subject for an astrophysical research, as the knowledge of neon 

transition probabilities in very important. From an experimental point of view, neon spectrum is 

rich in spectraL lines in the visible part of the electromagnetic spectrum. 

The theory developed in this chapter indicates how the absolute transition probabilities of the 

individual levels of neon for configuration 2i 3p_2p5 35 can be determined by using life time of 

the upper levels . 
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4.1 Spectrum of Neon 

The energy levels of neon obey the intermediate coupling scheme. All these levels have been 

represented by the J cK-coupling scheme (Racah 1942, Cowan 1981). In this scheme, the angular 

momenta of the core electron are coupled with the orbital angular momentum of the excited 

electron revealing K-quantum number. The K-quantum number is then coupled with the spin 

quantum number of the excited electron, which gives the resultant J -quantum number. All the 

levels have been designated using J cK-coupling scheme as Jc!KJ J. 

The selection l;ules, which are used to find out the allowed one-photon dipole transitions in this 

coupling scheme, are 

Where] = 0 8 0 is forbidden. 

It has been observed that the lines for which b.l = b.] = b.K, are intense in comparison with the 

other lines. Th¢ de-excitation of these levels 2i 3p to 2p53s configuration based levels generates 

a spectrum of neon as shown in figure 4.1 . The ground state electronic configuration of neon is 

1 i 2i 2l' So The first excited state for neon 2i 3s gives rise to four states, which are designated 

as "2p53s [31212, 2p53s [312J1, 2i3s [1I2Joand 2i3s [112]', ". Two of these levels 3s[3 /2]2 and 

3s'[1121 are rrietastable; with radiative life times on the order of seconds while the other two 

levels 2p53s [3112] , and 2p53s [1I 2]1 have very short radiative life times of 16 and 1.2 ns 

respectively. the second group of the excited levels arises from the electronic configuration 

5 ' 2p 3p. Then~ are ten .energy levels designated by "3p[512J;, 3p[512h, 3p[312J" 3p[31212, 

3p[312J" 3p[112Jo , 3p[112J" 3p[312]'2, 3p[112]"and 3p[112]'o" respectively. In the figure, all 

the levels have been designated in LS, Jck and Paschen notations. The dipole allowed transitions 

are drawn such that the lines appear due to transitions from the same upper level to different 

lower levels as members of a multiplet. The energy levels diagram for all the ten excited levels 

and four lower:levels are given below. 
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Figure 4.1: Transitions between 2p53p and 2i 3s configurations based levels in neon 
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In the below figure we show the emission spectrum of neon recorded using the laser produced 

neon plasma. The spectrum shows nearly all the transitions which lie in the spectral region 
between SOO -}20 11111. 
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4.2 Calculations of relative line strength of 30 spectral lines of Neon 

We have calcplated the relative line strengths for all the observed lines of neon using the 

relations mentioned above. The calculations for all the ten upper levels of neon are given below. 

The first group consists of two lines due to transitions between 2p53p I So~ 2/ 3s1 PI and 3 Plat 

585.4 run and 540.2 lU11 . The observed intensities and calculated line strengths are listed. 

j ------"---'---1---- 1 sl p 1) 

k------:---<----ls4ep 1) 
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Transitions 

2pds2 

1 s~ 

Wavelengths 

585.3 

540.2 

Intensity Sii 
998. 77 11.58 

46. 1 0.42 



The second group shows transitions from 2P2 upper level to a ll the four levels based on the 2p53s 
configuration. The table on the ri ght has shown the observed intensiti es as we ll as the calcul ated line 
strength s. 

Transitions Wavelength Intensity Sij 
2Pr~ 1s2 659.9 1054.31 17.08 

j ~1S3 616.4 544. 11 7.18 

~1s~ 603.0 298.94 3.69 
k 

~1S5 588.2 701.36 8.05 

I 

m 

Su=[1 + 1.275 x lQII /3 .03x 1011+6.56 x l 0I o/3.03 x 10 11 + 1.428x 1011 13.03r l 

Sij=17.08 Silll=8.05 

The third group shows the transitions between the 2P3 upper level to the 1 S2 and 1 s~ lower leve ls. The 
corresponding lil1e intensities and strengths are also li sted. 

Transitions Wavelength Intensity Sji 
2P3 ~1S2 665.2 23.86 0.42 

j 
~1s~ 607.5 865.66 11.58 

k -----'-....! .. '------

Sij = 11.58 

The fourth group contains three transitions between 2p~upper level and 1 S2, 1 S.f and 1 S5 lower levels . 

Transitions Wavelength Intensity Sij 
i 

2p~~1s2 667.8 1567.39 29.85 

j ~1s~ 609.6 1143.6 16.57 

~1S5 594.5 1010.94 13.58 
k 

I 
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Si/,=16.57 Si/=13.58 

The fifth group shows fO Ll r tran sit ions, involving 2P5 upper level and a ll the four levels based on the 2/35' 
configuration. The observed intensities and the calculated line strengths are li sted in the table. 

Transitions Waveleng!h Intensi'1 Sji 
2P5- Is2 671. 7 986. 78 20.11 

j Is1 eP I) - 1s3 626.6 729.51 12.07 

k Is3 epo) 
- 1s.1 612.8 43.23 0.67 

- I ss 597.6 220.39 3.16 

L Isi3PI) 

m Issepz) 

Si/,=20 .11 Sij=12.07 

The sixth group :conta ins three transitions invo lv ing 2P6 upper level and 1 S 2, 1 S.1 and 185 lower levels. 

Transitions Wavelengtll Intensity Sji 
2p6- 1s2 692.9 988.35 27.08 

j - l s.1 630.5 305.3 7 6.31 

- Iss 614.3 1393.09 26.61 
k 

I 

Sij=27.08 Si/,=6.31 

The seventh grobp contains transitions between 2P7 upper levels to all the four levels of the lower 

configuration . 
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Transitions Wavelength Intensi~ Sij 
2p r - t1S2 703.3 84.79 2 

j ---L---+----+---~r_ -t1s3 653.3 577.52 10.93 

-t l s~ 638.3 1232.55 21. 75 

-t1sj 621. 7 80. 83 1.32 

l----------~L---_+-

Eight group contain transitions between 2ps upper level and three 1 S2, 1 S~, 1 Sj lower levels . 

Transitions Wavelength Intensity So 
2ps -t1s2 717.4 163.6 4.51 

j -t 1s~ 650.6 1701.42 34.95 

-t1sj 633.5 1083. 14 20.54 
k 

I 

Si/,= [1 +4.69 x 1 O" /6.04 x 1 O, o+2.76x 1 O" /6.04x 1 O, or ' 

The tenth group contains transitions between 2p J(J upper level to all the four levels of the lower 
configuration. 

k ------1-~-+---l--1S3epO) 

------'--~---f--1S4ep I) I 

m ________ ..,....-____ --''"'---1 s 5ep 2) 

Transitions 

2plo-t1s2 

-t1s3 

-t1s~ 

-t1sj 

34 

Wavelen.K!h Intensi~ So 
808.3 23.49 0.39 

743.9 379.53 4.98 

724.5 982.58 11.94 

703.3 1683.57 18.69 



Si.J= [1 + 1.37 x 1 0"1l .69x 10"+4.11 x 1 0"/ 1.69x 1 0" +6.63 x 1 0" / 1.69 x 1 O"r' 

Si/,=4 .98 Si.J=O .39 Si/=11.94Si ll1=18.69 

The calculated line strengths of all the observed lines are listed in Table-2 along with the data 
from Ellis [3] , Krebs [9] and Garbury[ 10] for comparison, showing good agreement with the 
previously quoted values. 

Table 4.1: Relative L ine Strength 

TransitionS. Wavelength Present Experiment EllW3/ Krebs'9/ GarbunylO/ 

Paschen Notation AO 
S ij S ij S ij S ij 

2pds2 585 .25 11.58 11.88 14.16 11.88 
Is4 . 540.056 0.42 0.12 0.12 

2p2_1s2 659.89 17.08 18.14 16.2 20.76 
I s3 616.36 7.18 9.4 1 10.92 8.16 
Is4 602 .99 3.69 2.63 3.96 2.64 
Iss 588 .19 8.05 5.82 6.6 4.44 

2P3_1s2 665.2 1 0.42 0.18 0.24 
Is4 607.44 11.58 11 .82 12.84 11.76 

2p4_1s2 667.83 29.85 33.09 28 .8 37.68 
1s4 6.09.62 16.57 16.88 18.96 14.64 
Iss 594.48 13.58 10.03 12.6 7.68 

2Ps_ls2 67 1.71 20.11 17.76 16.65 20.04 
1s3 626.65 l2.07 15.89 14.64 13.92 
Is4 612.85 0.67 0.35 0.36 
Iss 597.55 3.16 1.99 2.52 1.68 

2p6_1s2 692.95 27.08 26.4 25 .08 33.84 
Is4 630.48 6.31 4.43 5.4 4.32 
Iss 614.31 26.61 29. 17 31.44 21.84 

2p7_1s2 703.24 2 1.76 2.88 
Is3 653.29 10.93 7.47 8.04 8.04 
Is4 638.3 21.75 21.7 23 .04 21.6 
Iss 62 1.73 1.32 5.07 4.8 3.84 

2Ps-ls2 717.39 4.51 5.29 4.8 8.76 
1s4 650.65 34.95 36 .23 34.8 32.52 
Iss i 633.44 20.54 18.48 20.04 18.72 

2P IO-ls2 • 808.25 0.39 0.54 3.24 
Is3 : 743 .89 4.98 3.39 2.4 2.76 
Is4 ; 724.52 11.94 8.54 8.88 9 
Iss ; 703.24 18.69 23.52 2.4 2.76 
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Relative line strength for all 30 optically allowed transitions of neon have been calculated by 

using the eq. (5) and we have compared these calculated values with the literature line strengths. 

To calculate the line strengths, first we calculate S;k and then put this value of S;k in eq. (5) and 

finally we get Su. Here all the measured relative line strengths are normalized line strength. Each 

level has its ' own normalization factor , which can be calculated by using the relation 

S = (2L + 1)(2S + 1)(2L + 1). This normalization factor is then multiplied with calculated Sij. The 

relative line stliengths for each multiplets are different and the total sum of all the transitions line 

strengths gives us the total line strength for that level. These calculated line strengths are also 

compared with the J-File sum rule. The J-File sum is calculated taking in to consideration the 

statistical weight of the upper level multiplied by the sum of the statistical weight of all the lower 

levels. We exp~ain the calculations to get the J-file sum for these transitions. The J-sums listed at 

the end of each column is the equal to the product of the statistical weight of the upper level and 

the sum of the :statistical weights of all the lower levels based on the 2p53s configuration; which 

is = 12. Where~s the J-sums listed at the end of each row is equal to the product of the statistical 

weight of the ~ower level and the sum of the statistical weights of all the upper levels that of 

2p53p configur"ation; which is equal to =36. 

The relative line strengtl~ also gives us the idea about the absolute transition probabilities. If the 

intensity of a ( spectral line is high then its transition probability is also large. Following 

expression describes the relation between transition probabilities and line strengths [3] 

S R 
Aij = 2 .026 x l 0 18 

3 IJ IJ 

Au (2J; + 1) 

In this relation Aij is the wavelength, S ij is the relative line strength and R ij is the coulomb 

approximation: [28]. Above relation show that transition probability is proportional to line 

strength. Transition with intense line strength will have maximum transition probability. 

Transition probability is .actually the probability of transferring atoms from one level to another 

level and it depends upon the spatial overlap of the wave functions of the upper and lower level. 

In the above table, we measure the experimental relative line strengths for all spectral lines of 

neon and compare with the previously reported values by other researchers. 
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Table 4.2: Comparison of experimental line strength with J-file Sum rule 

2Pl .2pz 2p3 2p4 2ps 2P6 2P7 2ps 2P9 2plO Experiment Ellis l31 J-File 

1 S2 11 .58 17.08 0.42 29.85 20. 11 27.08 2 4.5 1 0.39 113.02 11 5.04 108 

Is3 '7. 18 12.07 10.93 4.98 35.16 36.16 36 

1s4 0.42 3.69 116 16.57 0.67 6.3 1 21.75 34.95 
119 

107.88 102.69 108 
4 

Iss 8.05 13.58 3. 16 26.6 1 1.32 20.54 84 
18.6 

175.95 178. 12 180 
9 

Total 
12 : 36 12 60 36 60 36 60 84 36 432.01 432.01 432 

The resulting line strength sum for the ten 3p levels and four 3s levels are given in the above 

table. In this table we compare the experimental line strength with J~file Sum rule. The statistical 

weight of all the four lower levels 'PI, 3p 2, 3p " 3pO is 3,5,3,1 respectively gives the sum = 12. 

The upper levels sum of the statistical weights is equal to 36, The values listed at the end of each 

row is calculat~d by multiplying the statistical weight of the lower with the sum of the statistical 

weights if the; upper levels, which turns out to be; (3 x36=108), (l x36= 36), (3 x36=108), 

(5x36=180), a~ld the total sum is equal to 432.80 then these values become 108,180,108 and 36 

respectively. Similarly the values listed at the end of each row are calculated by multiplying the 

statistical of upper level with the sum of the statistical weights of the upper levels, that yields the 

values; (l x12)! (3 x12), (l x12), (5 x12), (3 x 12), (5 x12), (3 x12) , (5 x12), (7x12), (3 x12) and 

the total stun i:s equal to 432. In is interesting to note that the experimentally observed and the 

calculated J-siuns are in excellent agreement, which is . mainly due to the normalization 

procedure. 

4.3 Comparison of Line Strength with NIST: 

Since the complete set of spectral lines belonging to the 3s-3ptransition array has been studied in 

this work, it is :therefore possible to test the J-File sum rulefor this transition array. For this purpose 

the obtained absolute transition probabilities have been converted into line strength according to the 

formula given by the Natianal Bureau afStandards (NBS, 2012). 

Ski = 4.9356 X 10 - 19 A.!igkAki 
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Where gk the statistical weight of the upper leve l is, Aik is the wave length in angstrom units and A ki is the 

transition probab ility in sec·' . The line strengths are then obtai ned in the atomic units. In the tab le below, 

we compare the line strength s obtained in the present work w ith th at reported in the NIST Data base 

w hich shows an excell ent agreement. However, we be li eve o ur va lues are more cons istent as no other 

researcher has g iven the spectra l lines and their intens iti es as we have presented in this work. 

Table 4.3: Comparison of L ine Strength with NIST: 

\ Transitions Wavelength Present NIST 
Experiment 

Paschen Notation Nm S ij S ij 

2pl.ls2. 585 .25 5. 13 6.75 
Is4 540.06 0.23 0.07 

2p2.1s2 659.89 9.33 9.88 
Is3 616.36 3.92 5.07 
Is4 602.99 2.02 1.82 

Iss 588.19 4.39 3.47 

2P3.1s2 665.2 1 0.23 0.04 

Is4 607.44 6.16 6.68 

2p4.1s2 667.83 15.96 17.1 

Is4 609.62 8.86 10.1 

Iss 594.48 7.25 5.86 

2Ps.ls2 671.7 1 11.29 9.75 

Is3 626 .65 6.78 9.08 

Is4 612.85 0.38 0.37 

lss 597.55 1.77 l.11 

2p6.1s2 692.95 15.42 14.3 

Is4 630.48 3.58 2.57 

Iss 614.31 15 .13 16.1 

2p7.1s2 703.24 1.13 0.97 

Is3 653.29 6.16 4.46 

Is4 638.3 12.27 12.4 

Iss · 62 1.73 0.74 2.27 

2Ps.ls2 717.39 2.45 2.62 

Is4 650.65 19.05 20.4 

Iss 633.44 11.19 10.1 

2plO.ls2 808.25 0.23 0.09 

ls3 743.89 2.9 1 1.41 

Is4 724.52 6.96 5.27 

Iss 703.24 10.91 13 
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4.4 Theoretical Line Strength: 

Theoretical lines strengths get measured with Brain Warner formulas [11]. Calculations for all 

coupling schemes (LS, LK, Jeff., Jj). First we consider these transitions in LS-coupling in which 

the LlS=O selection rule restricts the number of allowed transitions as singlet to triplet transitions 

are fo rbidden. 

LS-L'S' 

S (LS :L I S I ) = 6 ,.\ .. [L, L I , J , J I J{L J S} 2{ I2 L II}2 
.,. J ' L' I L' 1'2 I 

First group cOIitain transition frol11 2p,as upper level and hi2, ls-/as the lower levels. Only one transition 
is possible here.: 

2p I ~ls2 CSo~ip l) 

Forbidden Tran ~ i t i on 

Second group contain transitions 2P2 upper level and 1 S3, 1 S-/, 1 S5 lower levels. 

3 ' I 
2P2~ 1s2 (PI~ PI) 

Forbidden Transition 

= (3)(3)(3)(3){ 1 I : 1}2 { I I 1} 2 = 9 
I I : I I 0 I 

=(3)(3)(5)(3){~ \ \f{: ~ \f = 15 

Third group cO~1ta in transit ions 2P3 upper level and 1s2 and 1s-/ lower levels. 

2p3~ls2 epo~lp l) 

Forbidden Transition 

39 



The fOUl"th g.-oup contains transitions between 2p~ upper leve ls to i s2, i s~, i S5 leve ls of the lower 
configurat ion. 

Forbidden Transition 

= (3)(5)(3)(3){: ~ ~ ir {: ~ \y = 15 {
I 2 1}2 {I 1 1 }2 

= (3)(5)(5)(3) = 45 
2 1 1 1 0 I 

Fifth group cOlltain the transition 2p5upper level and all four is2, Is3, Is~, Is5as lower levels. Only one 
transition is possible here. There is only one possible transition from triplet to triplet. 

=(3)(3)(3)(3~: : ~r {: ~ \f =36 

Forbidden Tran~ ition Forbidden Transition Forb idden Transition 

Sixth group cOl}tain only 2po upper level and ifh 1 s~, i S 5 as lower levels. 

2p6~ls2 eD2~ .lpl) 

~2 2 : 0}2{1 2 1}2 
= (5)(5)(3)(3 ; = 60 

I 1 J 1 0 1 

Forbidden Transition Forbidden Transition 

Seventh group ~ontain 2p7upper level and Is2, I!>"J, Is~, IS5 as the lower leve ls . 

Forb idden trans(tion 
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= (5)(3)(3){~ ~ if {: ~ :r = 20 = (5)(3)(3)(3){~ i ir {: ~ :r = 15 

= (5)(3)(3)(5)G : :r {: ~ :r = I 

Eight group cO\ltain transitions2p8 as upper level and 1 S2, 1 s." 1 Ss as lower leve ls. 

Forbidden Tran~ ition 

= (5)(5)(3)(3){2 2 1}2 {I 2 1}2 = 45 
1 1 1 1 0 1 

= (5)(5)(5)(3){2 2 1}2 {I 2 1}2 = 15 
2 I I 1 0 I 

Tenth group cqntain transition2pJlJ as upper leve ls and 1s2, 1s3, 1s4, 1ss as the lower transitions. 

Forbidden Tran$ition 

{o 11}2 {l ° 11}2 = 4 = (3)(3) 0 1 ; 1 1 0 

~ (3)(S)(3)g : : n: ~ : r ~ 20 
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LS-L 'K' 

S(LS:L'K) =[L,L' ,K ,S,J,.l 2 2 {
L J S}2{1 L IIJ}2{KS S .l}2 
.J E J L' 1'2 E SI 

For measurement of theoretical line strength we represent the upper levels in LS-Coupling and lower level 
in LK-Co uplingscheme. 

Fit'st group coritain transition from 2p,as upper leve l and hi2, 1 8~ as the lower levels. 

=(1)(3)(2)(1)(1)(3){O 0 O}2{1 0 1}2{1/ 2 112 1 }2 =4 
I • I 1 I 0 1 0 I 1/2 

JO 0 O}2{1 0 11}2{3/02 1/2 1 }2 
=(1)(3)(4)(1)0)(311 I I I 0 1/2 -8 

Second group contain transitions 2P2 upper level andis2, 183, 1 8~, and 1 Sj lower leve ls. 

Jl 1 1}2{1 1 1}2{1/2 1/2 1}2 
=(3)0)0)0)(2)01.1: 1 1 1 0 1 1 I 112 =6 

[I 1 1}2{1 1 1}2{1/2 1/2 O}2 
= (3) C3)0) (2) O)l ° 1 ] 1 0 1 1 1 1/2 = 12 

3 ' 
2p2-*ls4 (P1-*P [3/2 ]1) 2p2-*1ss CP1-*P [3 /2h) 

= (3) (3) (3) (3) (4) (3J1 I 1}2{1 1 1}2{3/2 1/2 1}2 =3 Jl1 I 1 1 0 I 1 I 1/2 
f l I 1 }2{1 1 I }2{3/2 1/2 2}2 

=(3)(3)0)(5)(4)0)h 1 1 1 0 1 1 1 1/2 = 1 ~ 

Third group contain transitions 2P3 upper leve l and 1 S 2 and 1 S~ lower levels. 

3 : 
2p3-*ls2( Po-*~ [1 /2 ]1) 

= (3)(3)(3)(3)(2){1 P I}' {I I I }' {I I 2 I 12 I }' = 8 
I 1 I I 0 I I I 1/ 2 

2 p3~ls4 CPo-*P [312] 1) 

J l 0 1}2{1 1 1}2{3/2 1/2 1}2 
=(3)0)0)(4)01.1 1 1 1 0 1 1 1 1/2 =4 

The fourth group contains transitions between 2p~ upper levels to is2, 1 S.J and 1 Sj leve ls of the lower 
configuration, 

J l 2 1}2{1 I 1}2{3 /2 1/2 1}2 =5 
= (3)(5) (3) (3)(4) (3'll I I I 0 I I I 1/2 

{
I 2 1}2{1 I 1}2{3 /2 1/2 2}2 

=(3)(5)(5)(3)(4)(3) i ll 1 0 I I I 1/ 2 =45 
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Fifth group conta in the transition 2p jupper level and all four i S 2, i S 3, i s., and i Sj as lower levels. But 
only two transitions are poss ible accord ing to formula. 

= (3)(3)(3)(3)(2){1 1 0}2 {111}2 {I 12 1 I 2 2 }2 = 12 
1 I 1 1 0 1 0 1 112 

Forbidden Tran~ition Forbidden Transition 

Sixth group cOIhain only 2P6 upper level and i s2, is., is jas the lower levels. Only two transitions are 
allowed. . 

J2 2 O}2{1 2 1}2{3/2 1/2 1}2 
= (5)(5)0)0) (4LI I I I ° I ° I 112 =40 

Forbidden Transition 

Seventh group conta in 2P7 upper level and 1.<'2, i S3, i s., and i Sj as the lower leve ls 

2P7-1sd3D1_P [112]1) 2p7-1s3 eDI- p [1 /2]0) 

= (5)(3)(3)(3)(2)(3)e ' 1 If f 2 Ifr 2 
112 1 f = 10 e I Tf 2 :f{:/2 1/2 or = (5)(3)(3)(2)(3) =20 I! 1 1 1 0 1 ° 1 1/2 ° 1 1 I ° 1 1/2 

3 ' 2p7-1s4 ( D1- P [3 /2] I) 2p7-1ss eDI- p [3 /212) 

~21 Tf 2 =(5)0)0)0)(4)0 I : I I I 0 If {3 /2 II2 I r =5 
I 1 I 1/2 

f I Iff 2 If{3/ 2 =(5)(5)(3)(3)(4)(3 2 I I I 0 I I 112 If =1 
I 1/2 

Eight group cOlltain transitions2p s as upper level and 1.<'2, i s., i Sj as lower levels. 

=(5)(5)(3)(3)(3)(2J2 2 1}2{1 2 1}2{1/2 1/ 2 1}2 =3 0 LI: I I I 0 I 1 I II2 
Forbidden Transition 
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=(S)(S)(3)(3)(4)(3J2 2 1}2{1 2 1}2{3 / 2 1/ 2 1}2 = 15 
'11 I I I 0 I I I 1/2 

=(5)(5)(5)(3)(4)(3){2 2 1}2{1 2 1}2{3 / 2 1/2 2}2 = 15 
2 I I I 0 I I I 112 

Tenth group contai n transition2p 10 as upper leve ls and 1::"2, ] S 3, ] s~ , and] S5 as the lower transitions . 

{
o 1 1}2{1 ° 1}2{3/2 112 2}2 =20 

=(3)(3)(5)(4)(3)( 2 1 1 1 ° 1 1 1 1/2 

Jk-J'k' 

In this case, we represent the upper as well as the lower levels in JK coupling. The relations are 
given in the 6Isymbols which can easily be calculated. The selection rule the iJjc= ±J transitions 
are forbidden and the strongest transitions are that in which iJJ=iJA=iJK changes in the same 
direction. . 

. ." "{K J S2 }2{12 K i,}2 S(}/c: },k) = 5. [K,K ,J ,J] , , , 
1i1I J K I K I I 2 

First group contain transition from 2p las upper level and 1 S2, 1 S4 as the lower levels. When we place all 
quantum numbers in above' relation then just one transition is allowed and other is forbidden. 

Forbidden Transition 

{
1/2 '0 1/2}2{ I 1/ 2 1/2}2 

= (2)(2)(1)(3) 1 1/2 I 1/2 0 I = 12 

Second group :contain transitions 2P2 upper level and] S 2, ]83, ] s~, and] S5 lower levels. Only two 
transitions are possible according to above formula. 
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{
1/2 I 112}2{1 1/ 2 1/ 2}2 

= (2)(3)(3)(2) 1 1/ 2 I 1/2 0 I = 24 {
1/ 2 I 1/ 2}2{1 1/ 2 1/ 2}2 

= (2)(3)(2) 0 1/ 2 I I I 2 0 1 = 12 

Forbidden Transitions Forbidden Transitions 

Third group contain transit ions 2P3 upper leve l and 1s2 and 1 s~ lower levels. Only one transition is 
allowed. . 

Forbidden Transition 

The fourth gl'oup contains transitions between the 2p~ upper levels to 1 S 2, 1 s ~, 1 S5 leve ls of the lower 
configuration . Only one transition is all owed. 

{
3/2 2 1I2}2{1 3/2 1/2}2 

=~~~m l =~ 
l i2 I 1/2 0 I 

2Pc -t l ss( I /2 [3/212-t 3/2[3/212) 

Forbidden Tratsition Forbidden Transition 

Fifth group coritain the transitions frol11 the 2p5upper level and all the fo ur 1 S2, 1 S 3, 1 S~, 1 s510wer levels. 
But only two tnt:nsitions are poss ible according to formula. 

Forbidden Tran ~ itions Forbidden Transitions 

{
3/ 2 1 I I 2}2 {I 3/2 1/ 2}2 

= (4)(3)(3)(2) : 1 I 12 "1 = 12 
11/2 0 {

3/2 1 1/ 2}2{1 3/2 112}2 
= (4)(1)(3)(2) 0 I I 2 I I I 2 0 1 = 24 
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Sixth group conta in transitions from the 2pr, upper leve l and} S 2, } S~, } Sjas the lower levels. Only two 
transitions are possible. 

Forbidden Transiti ons 

J3 / 2 2 1/ 2}2{1 3/ 2 3/ 2}2 
=(4)(5)(3)(41.1 3(2 1 3/ 2 0 1 =6 

J3/ 2 2 II 2}2 {I 3/2 3/2}2 
=(4)(5)(5)(41.2 3/2 1 3/2 0 1 =54 

Seventh group 'contain 2P7 upper leve l and 1 S2, 1 S 3, 1 S~, and) S j as the lower levels. Two transitions are 
possible here. ' 

2 P7~ 1S3(3/2[3/2] 1 ~ 1/2 [1 /2]0) 

Forbidden Transitions Forbidden Transitions 

2P7~ I ss (3/2[3/2] 1 ~ 3/2[3/2h) 

J3/2 :1 1/2}2{1 3/2 3/2}2 
=(4)(3)(3)(4'1.13/2 1 3/2 0 I =30 

J3 /2 1 \/2}2{1 3/2 3/2}2 
=(4)0)(5)(4'1.2 3/2 I 3/2 0 \ =6 

Eight group cO)1tain transitions2ps as upper level and 1 S2, 1 S~, 1 S5 as lower leve ls. Only two transitions 
are allowed. . 

Forbidden Transition 

2P8~ Is4 (3 /2 [5/2h~3/2[3/2] 1) 2p8~lss (3/2 [5/2h~3/2 [3/2h) 

J5/2 2 . 1/2}2{1 5/2 3/2}2 
=(6)(5)0)(4'1.1 3/k 1 3/2 0 1 =54 

J5/2 2 J/2}2{, 5/2 3/2}2 
=(6)(5)(5)(4'1.2 3/ 2 , 3/ 2 0 1 =6 

Tenth group contain tran sition2pJ(j as upper levels and } S 2, } S3, l s~ and}s j as the lower transitions . Only 
two transitions ~re allowed. 

Forbidden Transition Forbidden Transition 
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J1I2 1 1/2}2{1 112 3/ 2}2 =6 
= (2)(3)(3)(4'1.1 3/2 1 3/2 0 1 {

1/ 2 1 1/2}2{1 1/ 2 3/2}2 
=(2)(3)(5)(4) 2 3/ 2 1 3/2 0 1 =3 0 

Jk-jj 

S(j/c: j;j~ ) = 6 ... [K, j~' J' J']\~ ~: ~,)2 
jl h 

12 l~ 1 

We use the uppt:i r levels in JK-Coupling and the lower leve ls injj-Coupling scheme. 

First group coiltain transition from 2plas upper level and 1s2• 1s.j as the lower leve ls. But only one 
transition is possible according to above formula. 

Forbidden Transition 

{

I 12 

= ( 2 )( 2 )( 1)( 3) \1 ~ 2 

1 /2 

112 

o 

0) 2 
~ = 12 

Second gl"OUP :contain transitions 2P2 upper level and 1 S 2. 1 S 3. 1!>'.J, and 1 S5 lower levels. Only two 
transitions are possible according to above formula. 

Forbidden Transition Forbidden Transition 

{

1/ 2 11 2 1} 2 
= (2)(2)(3)(3) 1/: 2 I I 2 I = 24 

I 0 I 
{

II 2 1/ 2 1)2 
= (2)( 2)( 3) 1 12 1/ 2 0 = 12 

1 0 1 

Third group contain transitions 2P3 upper level and 1 S 2 and 1 S.j lower leve ls. Only one transition is 
allowed . 

Forbidden Transition 
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{

1/ 2 1/ 2 0}2 
= (2)(2)(3)3 / 2 112 I = 12 

1 0 I 

The fourth group contai ns trans itions between 2p~ upper leve ls to h;2, 1 s~, 1 S5 levels of the lower levels. 
O nly one transition is allowed. 

Forbidden Transition Forbidden Transition 

{
312 112 2}2 

= (4)(2)(3)(5) I f2 11 2 1 = 60 

101 

Fifth group cOlltains the transitionsfrom the 2p5upper level and all the fo ur h;2, 1 S 3, 1 S~, is5 lower levels. 
But on ly two tra:l1sitions are possible according to formula . 

{ : }' 3/2 1/2 1 -

= (4)(2)(3)(3) 112 112 1 '= 12 

1 0 I 

Forbidden Transition 

{

3/ 2 1/2 1}2 
= (4)(2)(3)(1) 1/ 2 lI2 0 =24 

1 0 1 

Forbidden Transition 

Sixth group cqntains transitions from the 2P6 upper level to the 1s2, 1s~, I S510wer levels. On ly two 
transitions are possible. 

Forb idden Transition 

{

3/t 

= (4)(2)(3)(5) 3 ~ ~ 

1/ 2 

1/2 

o 

2}2 
~ = 6 {

3/ 2 

== (4)(2)(5)(5) 3 ~ 2 
If 2 2]2 
1 ~2 ~ =54 
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Seventh gl'OUp :contains transitions from the 2P7 upper level and the 1 S 2, 1 S 3, 1 S~, 1 S5 lower levels. Two 
transitions are possible here. 

Forbidden TranSition Forb idden Transition 

{

3 / 2 112 1}2 
= (4)(2)(3)(3) 312 lI2 1 = 30 

I · 0 1 
{

3 / 2 112 1}2 
= (4)(2)(3)(5) 3 / 2 112 2 = 6 

1 0 1 

Eight group cohtains transitions from 2PR upper level and 1s2, 1 s~, 1s5 lower leve ls. Only two transitions 
are allowed. 

Forbidden Transition 

{
5 i2 112 2}2 

= (6)(2)(5)(3) 3! 2 11 2 1 = 54 

1 0 1 
{

5/2 1/2 

= (6)(2)(5)(5) 3/2 11 2 

1 0 

2}2 
~ = 6 

Tenth group contains transitionfrom2p j()upper level and 1 S 2, 1 S 3, 1 S~ and 185 lower levels. Only two 
transitions are allowed. 

2plO---+ Is3 (3 /2 [1 /2h---+( 112, 112)0) 

Forbidden Transition Forbidden Transition 

2PlO---+1s4 (3/2[t/2h---+(3/2, 112)1) 

{

1I 2 1 I 2 1}2 {11 2 1 12 
= (2)(2)(3)(3) 3,/2 1 I 2 1 = 6 = (2)(2)(3)(5) 3 I 2 1 12 

;1 0 1 1 0 

1}2 
~ = 30 
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jj-j] , 

J 

In thi s relation both the upper and the lower level are represented injj-Coupling. 

First group contains transitions from the 2p lupper leve l to the 1s2, 1s4 lower levels. But only one 
transition is pos~ ibl e according to above formul a. 

. . 

2PI-1s4 ((1/2, i /2)0- (3/2, 112)1) 

Forbidden Transition 

2p, - 1s2 ((112, I j2)0-( 1/2 ,112) ,) 

= (2)(2)(1)(3)f~2 1 ~2 1 ~2n;2 1 ~2 1 ~2r = 12 

Second group conta ins transitions from the 2P2 upper level to the 182, 1 S3, I s." and 1 S5 lower levels. Only 
two transitions qre possible according to above formula. 

Forbidden Tran ~ iti on Forbidden Transiti on 

{
1I2 I 1/ 2}'{ I 112 II2}' = (2)(3)(2) = 12 o 1/ 2 I 1/2 0 I 

Third group contains transitions from the 2P3 upper leve l to the 1s2 and 1s4 lower levels. Only one 
transition is allo~ed. 

Forbidden Tran$ition 

{
3/2 : 0 3/2}2{ 1 3/ 2 1I1.2}2 = 12 

= (4)(3)(2) 1 . 1/2 I 1/2 0 
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The fourth group contains transitions between 2p~ upper leve ls to 1.<;2, } s~, } S5 leve ls of the lower 
configuration. Only one transit ion is a llowed. 

{
3 I 2 . 2 112}2 { I 3 I 2 112}2 

= (4)(5)(3)(2) 1 : 1/ 2 1 112 0 1 = 60 

Forbidden Transition Forb idden Transition 

Fifth group c0l1tains the transit ions from 2p5upper level to a ll four} S2, 1.<i], } S-/, } S5 as lower levels. But 
only two tran s i t~ons are poss ible according to fo rmula. 

2Ps---71s3 «( 1/2,3/2) 1---7( 1/2 ,1/2)0) 

{
3 / 2 1 1I2}2{ I 3/ 2 1/ 2}2 

= (4)(3)(3)(2) 1 ::'. = 12 
1/ 2 1 1/ 2 0 1 {

3/ 2 I 1/ 2}2{ I 3/ 2 112}2 
=(4)(3)(1)(2) 0 1/2 I 112 0 1 =24 

Forbidden Transit ion Forbidden Transiti on 

Sixth group contains transitions from the 2P6 upper level to the 1 S2, 1 S-/, l.s';lower levels . Only two 
transitions are possible. 

Forbidden Transit ion 

2P6---7 Iss «(3/2 , 3/2 )2---7(3/2,1/2)2) 

{
3 1'2 2 3 I 2}2 {I 3 / 2 1 / 2}2 

= (4)(5)(3)(2) I : 112 I 1/ 2 0 I =30 {
3/2 2 3/2}2{ 1 3/2 1I2}2 

= (4)(5)(5)(2) 2 112 1 1/2 0 1 =30 

Seventh group conta ins transitions from the 2P7 upper level to the } S2, } 5'3, } 8-/, and} 8 5 lower levels. Two 
transitions are poss ible here. 

Forbidden TranSit ion Forbidden Transition 

{
3/2 1 3/2}2{ 1 3/2 1/2}2 

= (4)(3)(3)(2) 1·. = 30 
112 1 112 0 1 

J3/2 I 3/2}2{ 1 3
0
/ 2 1I12}2 =6 

= (4)(3)(5)(21. 2 112 1 1/2 
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Eight gl'OUP contai ns transitions fo rm the 2ps upper level to the Is2, 1 s., 1 S 5 lower leve ls. Only two 
transitions are a ilowed. 

Forbidden Transition 

JI/2 '. 2 3/2}2{ 1 112 1I2}2 
== (2)(5)(3)(2'll : 112 1 112 0 1 ==30 

. J I/ 2 2 3/ 2}2{ 1 1/ 2 1I2}2 
=(2)(5)(5)(21. 2 1/ 2 1 112 0 1 =30 

Tenth group conta ins transitions from the 2p JO upper levels to th e 1s2, 1s3,1s-l and I ss lower levels. Only 
two transitions ~re aJlowed. 

J1/2: 1 1/2}2 {1 1/2 3/2}2 
=(2)0)0)(""''11 3/2 1 ;/2 0 1 =6 {

II2 1 3/2}2{ 1 112 1I2}2 
==(2)(3)(5)(2) 2 112 1 1/2 0 1 ==3 0 

Forbidden Transition Forbidden Transition 
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LK-L 'K' 

{
K J S2}2{L K S}2{/2 L 1,}2 S(LK: L' 1(') = [L,L' ,K,K: ,J,J' ] 

. J' 1(' I 1(' L' I L' I' I 
2 

To calculate the theoretical line strength in the case where the upper as well as the lower levels 

are represented in the LK-Coupling scheme. 

First group coI1tains transition fro m the 2p ,upper leve l to the 1 S2, 18., lower levels. Two transitions are 
possible accord i}lg to above formula. 

2P l ~ls2 (S [1I2]o~ P[1I2],) 

= (2)(2)(3)(1)(1)(3)r~2 1~2 · 1 ~2r {1~2 1/ 2 1 ~2r {: ~ :r = 4 

'{1I2 0 1I2}2{ 0 1/ 2 1/ 2}2{ 1 0 1}2 =8 
= (2)(4)(3)(1)(1)(3) 1 3/2 1 3/ 2 1 1 1 0 1 

Second group contain s transitions from the 2P2 upper level to the 182, 1 S 3, 1 s." and 1 S5 lower levels. A ll 
the fo ur transitions are possible. 

2p2~ls2(P[1I2J,~ P[1I2],) 

: f /2 1 1/2f { 1 112 1 ~2f {: 
1 T = (3)(3)(2)(2)(3)(3) 1 1/ 2 1 1/ 2 
0 

1 = 16 

2p2~ls3 (P[1I2],~ P[l/2]o) 

T/2 1 1I2r { 1 1/ 2 1 ~2r {: 
I T = (3)(3)(2)(2)(3)(1) 0 112 I I 12 =8 
0 I 

2p2~ls4 (P[1I2],~P[3/2],) 

TI2 1112}'{ 1 1/2 1~2r{; 1 T = (3)(3)(2)(4)(3)(3) I 3/2 1 3/2 ==2 
0 1 

2p2~lss (P[1I2],~P[3/2h) 

f / 2 I 1/2f{ I 1/ 2 1 ~2f{: I T = (3)(3)(2)(4)(3)(5)' = 10 
. 2 3/ 2 I 3/ 2 o I 
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Third group conta ins transitions fo rm the 2P3 upper level to the 1 S2 and }:;'-I lower levels. Both transitions 
are allowed here. 

{
1/2 0 1/2}2{ 1 1/2 111 2}2 {II 01 11}2 = 8 

= (2)(3)(2)(3)(3) . I 1 12 1 1 12 

{
il2 0 1/ 2}2{ 1 11 2 1I2}2{1 I 1}2 = 4 

= (2)(3)(4)(3)(3) . 1 3/2 1 3/2 1 1 1 0 1 

The fourth group contains transitions between the 2p -l upper levels to the is2, 1 S-I, }:;)ower levels. 

2Pc~ ls2 (D [3/2h -+P[1I2]J) 

; {3 / 2 2 1/ 2f{ 1 3/ 2 1 ~2f{: 1 T = (4)(5)(3)(2)(3)(3) 1 1/ 2 1 1/ 2 1 0 1 = 10 

2p4-+ ls4 (D [3 /2h -+P[3 /2 ]J) 

; {3/2 2 11 2}'{ I 3/ 2 1 ~2n: 1 :r ~5 = (4)(5)(3)(4)(3)(3) 1 3/ 2 1 3/ 2 
0 

2p4-+lss (D [3/2h-+P[3/2h) 

= (4)(5) (5) (4)(2)(3){3 12 2 1I 2}2{ 1 3/2 1 I 2}2 {I 1 1}2 = 45 
. 2 312 1 3/2 1 1 1 0 1 

Fifth group cOlitains transitions form the 2p5 upper level to the 1 S2, 1 S3, 1 S4 and 1 S5 lower levels. 

2Ps-+1s2 (P[3/2JJ-+P[1 /2]J) 

h3 /2 1 11 2}' { 1 = (4)(3) (3) (2) (3) (J 1 1 I 2 1 1 I 2 
3/2 1~2n: 

0 
:}' ~ 2 

2ps-+ ISJ (P[3/2 }J -+P[ 1/2 ]0) 

{3 / 2 1 .112f { I 312 1 ~2f{: I T = (4)(3)(2)(3)(3) • =4 
·. 0 1/2 1 11 2 0 1 
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{
3 1 2 1 1 12}2 { l 312 1 112}2 {ll I 1}2 

=(4)(3)(3)(4)(3)(3) 1 3/2 1 3/2 0 I =25 

2ps~ Iss (P[3 /2 ] I ~ P[3/2]2) 

= (4)(3)(5)( 4)(3)(3){3 12 I 11 2}2 {I 3/2 11 2}2 {I 1 1}2 = 5 
2 3/2 1 3/2 I I I 0 I 

Sixth group contains transitions frol11 the 2P6 upper level to the 1.'>'2, 1 S4, 1.s)ower levels. 

· {3/2 2 1I12}2{12/2 3/2 1/12}2{21 20 1]}2 = 50 = (4)(5)(3)(2)(5)(3) 1 ] 1 2 

: {3 /2 2 1I2}2{ 2 3/ 2 1/12}2{ 11 20 11}2 = I = (4)(5)(3)(4)(3)(5) 1 3/ 2 1 312 

= (4)(5)(5)(4)(5)(3){3 / 2 2 1/ 2}2{ 2 3/2 1I2}2{1 2 1}2 =9 
: 2 3/ 2 1 3/ 2 I 1 '0 1 

Seventh group tontains transitions frol11 the 2P7 upper level to the 1 S2, 1 S3, 1 S4, and1 S5 lower levels. 

{
3/2 1 1/}2}2{} 2/2 3/2 1I12}2{11 2 1}2 = (4)(3)(3)(2)(5)(3) } } 12 0 1 = 10 

:{3 / 2 I 1/ 2}2{ 2 3 / 2 1/,2}2{ 1, 2 1}2 
= (4)(3)(2)(5)(3) 0 1/ 2 1 1/ 2 0 I =20 

: {3 / 2 1 1I2}2{ 2 3 / 2 1/12}2{11 20 11 }2 --5 = (4)(3)(3)(4)(5)(3) 1 3/ 2 I 3/2 
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2p7~ls5 (D [3/2] I ~P[3/2h) 

= (4)(3)(5)( 4)(5)(3){3 /2 1 1 I 2}2 {2 3/2 1I2}2 {I 2 1}2 = 1 
2 3/2 1 3/2 1 1 1 0 1 

Eight group contains transitions from the 2P8 upper level to the 1 S 2, 1 S~, 1 S 5 lower leve ls . 

• {5/2 2 1I12}2{-..2/2 5/2 1/12}2{11 2 1}2 = (6)(5)(3)(4)(3)(5) 1 3 /2 ..: 0 1 =54 

= (6)(5)(5)(4)(5)(3){5 /2 2 1/2}2{ 2 5/2 1/2}2{1 2 1}2 = 6 
, 2 3 /2 1 3/2 1 1 1 0 I 

Tenth group contains transition from the2p lo upper levels to the Is2, Is3, Is~ and IS5 lower leve ls. 

2p\O~ 1s2 (S [1/2] I~P[1/2] I) 

• {1I2 
1 1I 2}' { 0 112 I~ T{: 0 :rs = (2)(3)(3)(2)(3) 1 

11 2 1 1 12 0 

2p\O~ls3(S [1 12]I~P[1 /2] o) 

r I 2 
I 1 /2 } 2{ 0 1/ 2 1 ~2f {: 0 

If = (2)( 3 )( 2 )( 3 ) ; 0 = 4 
I 12 I 11 2 0 I 

2 p\O~ls4 (S []/2]I~P[3/2]1) 

· r/2 I 1I2}' { 0 112 1~ 2n: 0 If = (2)(3)(3)(4)(3) 1 =4 
3/2 1 3 I 2 0 1 

2p\O~1s5 (S []/?]I~P[3/2h) 

= (2)(3)(5)(4)(3){1I2 1 1I2}2{ 0 1/2 1I2}2{1 0 1}2 = 20 
: 2 3/2 1 3 /2 I 1 1 0 1 

All these calclllations using different coupling schemes are collected in the Table - 4.4. The last 

column shows the experimentally determined line strengths . . 
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Table 4.4: Comparison of Experimental and Theoretical Line Strength 

Transitions LS-LS LS-LK LK-LK Jk-Jk jj-jj JK-jj Present 
Experiment 

2pIJS2 12 4 4 12 12 12 11.6 
1 S4 8 8 0.4 

Total 12 12 12 12 12 12 12 
2p2. ls2 6 16 24 24 24 17.07 

I S3 12 12 8 12 12 12 7.18 
154 9 3 2 3.69 
1 Ss 15 15 10 8.06 

Total 36 36 36 36 36 36 36 
2P3J52 8 8 0.39 

154 12 4 4 12 12 12 11.61 
Total 12 12 12 12 12 12 12 

2p4.1S2 10 10 60 60 60 29.86 
154 15 5 5 16.56 
15s 45 45 45 13.58 

Total 60 60 60 60 60 60 60 
2Ps.1 S2 36 12 2 12 12 12 20.11 

153 4 24 24 24 12.07 
154 24 25 0.67 
15s 5 3.16 

Total 36 36 36 36 36 36 36 
2p6J S2 60 20 50 27.08 

154 40 1 6 30 6 6.31 
15s 9 54 30 54 26.61 

Total 60 60 60 60 60 60 60 
2P7.152 10 10 1.99 

153 20 20 20 10.92 
1 S4 15 5 5 30 30 30 21.76 
15s 1 6 6 6 1.33 

Total 36 36 36 36 36 36 36 
2ps.1 S2 30 4.51 

154 45 30 54 54 30 54 34.94 
15s 15 6 6 30 6 20.55 

Total 60 60 60 60 60 60 60 
2plO.1 S2 8 8 0.39 

I S3 4 4 4 4.86 
1 S4 12 4 4 6 6 6 11.77 
Iss 20 20 20 30 30 30 18.98 

Total 36 36 36 36 36 36 36 
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4.5 Comparison of the Theoretical and Experimental Line Strengths: 

Equations presented by Cowan and Andrew [25] and by Warner [11] have been used in 

calculating the theoretical line strength in various coupling schemes. By applying all the 

coupling transformation, we calculate the theoretical line strength for each line in the multiplet. 

These calculated values were compared against the experimentally observed values with the 

hope that at least one of the coupling schemes would give the values in agreement with those 

experimental values. For coupling transformation we use the formulas of Brain Warner, which 

gives the theoretical line strength for each pair. All formulas of coupling transformation involve 

the 3j, 6j , 9j symbols [17] .The numerical values of these 6j and 9j symbols can be calculated 

with the help of listed values in some dedicated books or using 369j-calculation calculators 

available on th~ net. 

There are four. levels associated with the 2/3s configuration, namely 3P2,I,O and IPldescribedin 

LS-Coupling scheme. There are ten levels associated with the 2p 53p configuration namely 3D 3,2,1, 

3P2,I,O , 3S1 and ID2, Ipi and ISO represented in LS coupling scheme. In the LS-coupling scheme, 

the transitions 'from singlet to triplet levels are forbidden which restricts the number of allowed 

transitions that can be experimentally observed. However, we have observed all the transitions 

connecting the ten upper levels with the four lower levels following the LlJ= 0, ±J selection 

rules . This experimental evidence of the transitions and their observed intensities tempted us to 

find out which' coupling scheme is more appropriate to describe the levels in these configurations 

111 neon. 

There are two lines observed due to transitions from the 2p 1 upper to the lower levels and their 

intensities show a slight departure from the LS-coupling; may be the LK-coupling is more 

appropriate fOF the level designations. 

Four transitions have been observed from the 2P2 upper level and their lines intensities are close 

to the situation: if the upper as well as lower levels are represented in the LK-coupling. 

There are two \ lines observed due to transition from the 2P3 upper level to the lower level and 

their intensitieS show a slight departure from the LS-Coupling. 

Therefore, the ;homogeneous LS coupling suggested for the 2p 1 and 2p 10 transitions; this does 

indeed yields ~esults in relatively good agreement with the experimentally observed intensities. 

However for the 2P2 through the 2p9upper levels, not a single pure-coupling scheme gives 

intensities of the levels that are close to the experimental values. Thus it seems that no pure 
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coupling scheme will give the general agreement with experiment and thus more sophisticated 

tec1miques must be used to describe the levels of neon. One such technique is the intermediate 

coupling scheme. The overall results show that the level designation coupling lies between LS 

and LK schemes. 

4.6 Absolute transition probabilities 

We have calculated the absolute transition probabilities for all the observed lines of neon using 

the relations mentioned above. The calculations of transition probabilities for all the ten upper 

levels are given below. The First group contains transitions between 2p53p 'So---f 2p5 3s' P, and 

3P lhave been ·observed ·at 585.4 run and 540.2 run respectively represented in LS coupling 

designation and in Paschen notation from the 2p I upper level and 1 S 2, 1 S4as the lower level. The 

transitions and the calculated transition probabilities are given in the table below and the 

procedure of c~lculations is also listed: 

Transitions Wavelel1~tll Intensity AxlO6 

2PI-+ 1s2 585.3 998.8 65.93 

j ___ ..!....r_~--l-__ ~lS2CPI) -+1s-/ 540.1 46.03 3.03 

k --- ----,---'---- Isi3p I) 
Total 68.96 

Second group ipvolve transitions from 2P2 as upper level and 1s2, 1s3, h·-/,and 1s j as the lower level.The 
transitions, their wavelengths and the calculated transition probabilities are given below along with the 
detailed calculaiion procedure. 
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i 
Transitions Waveleng!1l Intensi~ Axl06 

2p r--+ 1s2 659.9 1054. 31 21.93 

j --+ 1 S 3 616.4 544.11 11.32 

--+ 1s4 603.0 298.94 6.22 
k 

--+ 1 S5 588.2 701.36 14.59 

I Total 54.06 

111 

= [IS.5 x 10-9(1+544.1111 054.31+29S.9411 054.31 +701.3611 054 .31)r '=21 .93 x 1 06 

=[IS.5 x 10-9(1+ 1054.311544.11+29S .94/544.11 +70 1.36/544. 11)r'= 11.32 x 106 

=[1S .5x 1 0-
9
(1 +544.11129S.94+ 1 054.31129S .94+70 1.36/29S.94)r' =6.22 x 1 06 

= [18.5 x 10-9(1 + 1.054.311701.36+544.11 170 1.36+29S .94170 1.36)r'= 14.59 x 106 

Third group invo lves transitions from the 2P3 as upper level and is2, 1 S4 as the lower level. Schematic 
transitions, wav~lengths, observed line intensities and calculated transitions probabilities are g iven below: 

Transitions Wavelengtll Intensi~ Axl06 

2P3 --+1s2 665. 2 23.86 1.53 

j --+ 1 S4 607.5 865.66 55.61 

Total 57.14 
k 
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Fourth group involve trans itions from the2p . as the upper level and 1 S2, 1 S { 1 Ss as the lower levels. 
Measurements of both these transitions involving different wavelength s including intensities at each 
wavelength are given below 

---;-1- --'-- '--- 2p4ep
2

) 

--'---I--- -f-- 1s2ep I) j 

Transitions Wavelel1K!h Intensity A x106 

2J.Zr--+ 1 s 2 667. 8 156 7. 39 21. 71 

~ls. 609.6 1143.6 15.84 

~lss 594.5 1010.94 14 
k 

Total 51.55 

l 

2p4~lsdJp2~~PJ) 

Aij= [1:i(1 + Iik/lirl;Ii,/Iij)r' =[1 9 A x 1 0-9(1 + 11 43 .6/1567 .39+ 1010.94115 67 .39)r l=21.71 x 106 

Fifth group involve 2p s transitions from the upper level and is2, l s3, is., and l ss as the lower level. 
Transition probabilities for a ll these transitions are given below 

j 

k 

I 

m 

___ L.......:._-+-_ -+ __ 1sJ(3po) 

1si3P I ) 
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Transitions 

2Jlj ~ls2 

~ls3 

~ls. 

~lss 

Total 

Wavelel1K!h Intensity A x106 

671.7 986. 78 25.17 

626.6 729.51 18.61 

612.8 43.23 1.11 

59 7. 6 220.39 5. 62 

50.51 



=[19 .8x 1 0-\1 +729.5 1/986.78+43 .23/986.78+220.39/986. 78)r1=25 .1 7 x 1 06 

=[19.8 x 10-9(1 +986.78/729.51 +43 .23/729.5 1 +220.29/729.5 1 )r 1= 18.61 x 1 06 

=[19 .8x 10-9(1 + 729.51143.23+986.78/43 .23+220.29/43 .23)r 1=1.11 x 106 

= [19 .8x 10-9(1 +986 .78/220.29+729.5 1/220.29+43 .23/220.29)r 1=5 .62 x 1 06 

Sixth group invo lve transitions 2P6 as upper level and I s2. 1s.and I s j as lower leve l. Measurement of these 
transition probabilities at different wave lengths are given below 

Transitions Wavelength Intensity Ax106 

2p6 -tls2 692.9 988.35 18.77 

j -t Is . 630.5 305.3 7 5.79 

-tl s j 61 4.3 1393.09 26.45 
k Total 51.01 

I 

=[19.6 X 10-9(1 +988 .35/305.37+ 1393 .09/3 05.37)r 1= 18.77 x 106 

=[19.6 x 10-9(1 +988.35/305.3 7+ 1393.09/3 05.3 7)r 1=5 .79x 1 06 
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=[ 19.6x 1 0-9( 1 +988 .3511393 .09+ 305.3 7/ 1393.09»)"1 =26.45 x l 06 

Seventh group .contain transitions from the 2p7 as upper level and 1s2, 1 S3, I S4 and 1 S5 as the lower levels. 
Absolute transition probabilities for all these transitions are given below 

Transitions Wavelengtll 

j 

k 

I 

m 

___ -L-_-+----j- 1s
3
ep o) 

------'----t- 1si3P I) 

2P7-t1s2 

-t1s3 

-t1s. 

-t1s5 

Total 

=[19 .6x 10-9(1 +577 .52/84.79+ 1232.55/84.79+80.83 /84.7 9»)"1 =2. 19 x I 06 

=[19.6 X 10-9(1 +~4.79/577 .52+ 1232.55/577 .52+80.83 /577 .52»)"1 =14.92x 1 06 

2p~1S4 (D]-tJp]J 

703.3 

653.3 

638.3 

621. 7 

=[19.6 x 1O-9(1+~ 77 .5211 232.55+84.79/ 1232.55+80 .8311232.55»)"1=31.83 x l 06 

2p~lS5 (D]-t.lPJJ 

=[19.6 x 10-9(1 +986.78/220.29+729.51/220.29+43 .23/220.29»)"1=2 .08 x 1 06 

Intensity Ax106 

84.79 2.19 

577.52 14.92 

1232.55 31.83 

80.83 2.08 

51.02 

Eight groups contains transitions from the 2ps as upper level and 1 S2, 1 S4, and 1 S5. Transition 
probabilities for!all these three transitions are given below 
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Transitions Wavelength Intensity Ax106 

2PR ---'> 1 S 2 7174 163.6 2.69 

---'> 1 S-I 650.6 1701. 42 28.02 

---'> 1 S5 633.5 1083.14 17.84 

Total 48.55 

=[19 .6x 10-9(1 + 170 1.421163 .6+ 1 083 .1 4/163 .6)r l=2.69x 1 06 

2 P 8---'> 1 S il D 2---'> ~p /) 

Aik= ['riO + li/Iik +Ii/Iik)r l 

=[19.6x 10-9(1 +163 .611701.42+ 1083 .141170 1.42)r l=28.02 x 1 06 

= [19 .6x 1Q-9( 1 +.163 .611 083.14+ 170 1.4211 083 .14)rl =17.84x 106 

Eight group coiltains transitions from the 2pl0 as upper level and 1 S2, 1 S3, 1 S4, and 1 S5 as the lower level. 
Measurements of these abso lute transitions are given below 

k 

I 

___ ...L--'----+-_-+ __ 1s3CP 0) 

-----;---L---t--1S4CP 1) 

m - ___ -"--__ --L_1SSCP2) 

Transitions 

2p /0---'> 1 S2 

---'> 1 S3 

---'> 1 S-I 

---'> 1 S5 

Total 

= [26.45 X 10-9(1 +411.51126+ 1 078.62/26+ 1902.49/26)rl=.29 x 106 
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Wavelength Intensity Ax106 

808.3 23.49 0.29 

743.9 379.53 4. 77 

724.5 982.58 12.36 

703.3 1683.57 21.18 

38.6 



= [26.45 XIO-\1+26/4 11.51+ 1078.62/4 11.51+1902.49/4 11.51)r1=4.77 x lO6 

=[26.45 x 10-9(1 +4 11.5111 078.62+2611 078 .62+ 1902.4911 078.62)r 1=1 2.36 x 106 

= [26.45 x 1O-9(1+2611902.49+41l.5111902.49+ 1 078 .6211902.49)r 1=2 l.18 x 1 

All these calcl'llations of absolute transition probabilities are collected in the Table - 4.5. We 

compare our c~lculated results with the results of the previous papers. 
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Table 4.5: Absolute Transition Probabilities 

Transitions Wavelength Intensity 

2p,-' S2 

Is, 

Total 

2P2-' S2 

I S3 

Is, 

Is, 

Total 

2P3-' SZ 

Is, 

Total 

2p,. l s2 

Is, 

Is, 

Total 

2Ps.Is2 

I S3 

Is, 

Is, 

Total 

2p6. 1 S2 

Is, 

Total 

15, 

Is, 

Total 

2ps. 152 

Is, 

Is, 

Total 

2p? 1 s, 

Total 

585:25 

540.056 

65989 

6 1636 

602;99 

588il 9 

665:21 

607'44 

66783 

609 '62 

594:48 

67U I 

626:65 

612,85 

59?:55 

692,95 

630 ;48 

61(3 1 

703 ;24 

653 :29 

6383 

621:73 

717:39 

650;65 

633:44 

808;25 

743 :89 

724 :52 

703 :24 

a.u 

998.77 

4603 

1054.3 1 

544. 11 

298.94 

701.36 

23.86 

865.66 

1567.39 

1143.6 

10 10.94 

986 .78 

729.5 1 

43.23 

220.39 

988.35 

305.37 

1393.09 

84.79 

577.52 

1232.55 

80.83 

163.6 

170 1.42 

1083. 14 

2390.74 

23.49 

379.53 

982.58 

1683.57 

Present 
Experiment 

A*106 

65.93 

3.03 

68.96 

2 1.93 

11.32 

6.22 

14.59 

54.06 

1.53 

55.6 1 

57.14 

2 1.71 

15.84 

14 

51.55 

25. 17 

18.6 1 

1.11 

5.62 

50.51 

18.77 

5.79 

26.45 

51.01 

2. 19 

14.92 

31.83 

2.08 

51.02 

2.69 

28.02 

17.84 

48.55 

52.08 

0.29 

4.77 

12.36 

2U8 

38.6 

Life 
NodweU1271 ElIisf31 Wieseisl MilIerl41 Holmesl61 Timel1 21 

65 .8 

65.8 

22.4 

13.5 

10.34 

46.24 

0.85 

58 

58.85 

2 1 

16.8 

9.9 

47.7 

20 

20.3 

40.3 

16.5 

4.8 

22 

43.3 

29.7 

7 

36.7 

30.81 

3.29 

34.1 

9.6 

19.8 

29.4 

66 

A*106 

68.68 

0.76 

69.44 

23.45 

14.94 

4.46 

10.34 

53. 19 

0.85 

55 .82 

56.67 

25 .01 

16.6 1 

10.73 

52.35 

2 1.99 

24.2 

0.57 

3.5 

50.26 

17.89 

3.99 

28.88 

50.76 

1.87 

9.87 

30.73 

7.77 

50.24 

3.29 

30.81 

16.4 1 

50.5 1 

0.42 

3.34 

9.11 

27.46 

40.33 

A*106 

68.6 

0.88 

69.48 

23 

14 .4 

5.23 

10.4 

53.03 

0.33 

56.5 

56.83 

23 .1 

18 

11 .3 

52.4 

21.2 

24.9 

0.68 

3.4 1 

50.19 

17.6 

4.27 

28.8 

50.67 

1.95 

10.6 

3 1.6 

6.02 

50. 17 

3. 17 

29.5 

17.8 

50.47 

50.6 

0.13 

2.58 

10.7 

27 

40.41 

A*106 

73 

0.13 

73.13 

24.4 

17.3 

6.2 

12.2 

60.1 

59 

59 

26.4 

17.2 

10.7 

54.3 

25.6 

23.5 

3.9 

53 

2 1.1 

4.9 

27 .6 

53.6 

15.4 

22.9 

9.5 

47.8 

4.5 

25.4 

14.6 

44.5 

3.8 

9.5 

20.6 

33.9 

A*106 

68.2 

0.9 

69.1 

23.2 

14.6 

5.6 1 

11 .5 

54.91 

0.29 

60.3 

60.59 

23.3 

18. 1 

11.3 

52.7 

21.7 

24.9 

0.67 

3.51 

50.78 

17.4 

4.1 6 

28.2 

49.76 

1.89 

10.8 

32. 1 

6.37 

5 1.1 6 

2.87 

30 

16.1 

48.97 

50.6 

0.12 

2.3 1 

9.35 

25.3 

37.08 

'T(ns) 
14.5 

18.5 

17 .5 

19.4 

19.8 

19.6 

19.6 

20.6 

19.2 

25.9 



By combining the branching ratio data as obtained above with the life time values that we take 

from the literature we have deduced the experimental transitions proababilities of 30 spectral 

lines of neon for the 2p5 3p_2p5 3s configuration and compared our values with the avaiable data 

in the literature (Nodwel et al[27] , Wiese[5] , Miller et al [4], Ellis et al[3]and Holmes et al [6]). 

The transition probabilities have been determined by using the eq (8) in the previous chapter.We 

apply the summation of eq (8) in the same way as we apply it to calculate the relative line 

strenght. Sumrpation in that relation applies in such a way that the denominator remains fix and 

the summation applies on the numinator. The life times for the upper levels have been taken 

from FujimotO [12] . For the 3D3 level we just have one transitioneD
3

--+ 3P2) and to evaluate the 

transition prob;ability of this transition we just take the inverse of the life time for that level, 

which gives th~ transition probability for that level. If we sum up all the transitions for each level 

and then take its inverse, we can determine the life time for that level using the relation: 

1 

The intensities of each spectral line have also been given in above table. The intensities that we 

have extracted; from spectrum also gives us the idea about their transition probability. We note 

that the transitions which possess higher intensities are the most probable transitions i.e. have 

larger transition probabilities. 

4.7 Conclusion 

Branching ratios of intensities for 30 spectral lines of neon are measured from the laser of the 

produced neon plasma. These measured intensities are transformed into relative line strengths. 

The relative line strengths have been compared with the previously reported values. The 

experimental line strengths have also been compared with the J-File Sum Rule, that are in good 

agreement with the theoretically calculated values. In addition, we have determined the 

theoretical line strengths by using the Warner [11] and Cowan Andrew [14] relations involving 

3j, 6j, 9j [17] symbols. Using same or different coupling schemes for the upper level as well as 

the lower level, we have calculated the line strengths which are compared with the 

experimentally'; determined line strengths. From this comparison, we can predict the best 
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coupling scheme to be used for the level designations in neon for these transitions. It is found 

that the LK coupling for the lower level as well as for the upper level gives better line strengths 

than any other combination of coupling schemes. The relative line strength also gives us the 

information about the absolute transition probabilities; the transitions which are intense are the 

most probable transitions. Absolute transition probabilities of 30 spectral lines of Ne can be 

determined by using two methods. The first method involves the life time of upper level and 

branching ratids of intensities, and finally the inverse of product of branching ratios and life time 

gives us the t~ansition probability. The second method involves the experimentally measured 

relative line strengths and calculated Rij in Coulomb Approximation (Bates et al ) repOlted in the 

literature. In this thesis, we have used the first method and determined the absolute transition 

probabilities fOr 30 allowed spectral lines of neon by using the known life times of the upper 

levels. 

References 

[1] A. P. Thorne and J. E. Chamberlain Proc. Phys . Soc ;82 (1963)133 

[2] R. A. Nodw~ll , H. W. H. Van Andel and A. M. Robinson J. Quant .Spectrosc .Radiat.Transfer 

;~(l967)859 

[3] D. R. Shoff~tall and D. G. Ellis Journal Of The Optical Society Of America; 60 (1970)894 

[4] R. D. Bengtson and M. H. Miller Journal Of The Optical Society Of America ;60(1970)1093 

[5] J. M. Bridges and W. L. Wiese Physical Review A; ~(l970)285 

[6] S. Inatsugu and J. R. Holmes Physical Review A; 11(1975)26 

[7] Takashi Fujii11oto, Chiaki Goto, YasuoriUetani and Kuniya Fukuda Physica ;128C(1985)96 

[8] A Baclawsld J. Phys. B: At. Mol. Opt. Phys; 11(2008) 

[9] K. Krebs, Z . Physik ;Jill (1936)604 

[10] M. Garburiy, Z. Physik ;]07 (1937)362 

[11] B. Warner; Month ly Notices Roy. Astron. Soc. 139(1968)273 

[1 2] Takashi Fujimoto, Chiaki Goto and Kuniya Fukuda PhysicaScripta; 26(1982)443 

68 



[13] Clabon Wa lter Allen, Arthur N . Cox, All en' s astrophys ical quantiti es 

[1 4] Robert. D. Cowan and Kenneth . L. Andrew Journal Of The Optical Society Of America; 

55(1965)502 

[15] Vladimir P: Krainov& Howard R. Reiss& Boris M. Smirnov 1 99 V;;} Radiatve Process in Atomic 

Phys ics 

[16] E. U. Condon and G. H. Shortley 1959, the Theory of Atomic Spectra, Cambridge University Press 

[17] M. E. Rose; 1957. E lementary Theory of Angular Momentum 

[18] A. R. Edmonds 1957, Angular Momentum in Quantum Mechanics ,Princeton University 

Press, Princeton, New Jersey, 1957 

[19]P. Haltmetz:and H. Schmoranzer Z . Phys. A - Atoms and Nuclei 317 (1984) 1-8 

[20] David W. Koopaian ; Journal of Optical Society of America ;54 II 

[2 1] R. Mehlh0l1n ; Journal .of the Optical Society of America; 59 11 

[22] K. Krebs, Z. Phys ik 101 (1936) 604 

[23] M. Garbuny, Z . Physikl07 (1937) 362. 

[24] H. ShOlt ley, Phys. Rev.47 (1935) 295 

[25] R. D. Cow~n and K. L. Andrew, J. Opt. Soc.Am.55 (1965) 5 

[26] W . R. Bennett and P. J. K indlmann, Phys. Rev.38 (1966) 149 

[27] R. A. Nodwell , H. W . H. van Andel, and A. M. Robinson , J. Quant. Spectrosc.Radiative Transfer 

~ (1968) 859 

[28] D. R. Bates and A. Damgaard, Phil. Trans . Roy. Soc. (London) A242 (1949) 101 

[29]J.L.Kohl, Pt1ys . Letters 24A( 1967) 125. 

[30] J. M. Bridg~s and W. L. Wiese, Phys . Rev. A 2 (1970) 285 

[31]H. Statz an~ C. L. Tang and G. F . Koster Journal of Applied Physics 34 (1963)9 

[32]OveAxner *, Jorgen Gustafsson , N ico loOmenetto , James D. WinefordnerSpectrochimicaActa 

69 



B59 (2004) 1-39 

[33] R. O. Jung, Garrett A. Piech,M. L. Keeler, John B. Boffard , L. W. Anderson, and Chun C. Lin 

Journal of Applied Physics 109 (2011) 123303 

[34] G. Racah, 1. Opt. Soc.Am.50 ( 1960) 408 

[35] G. Racah, Phys. Rev. Q.l (1942) 537 

[36] M. Rotenb~rg, R. Bivins, N. Metropolis, and J. K. Wooten, Jr. , The 3-j and 6-j Symbols 

(Technology Pl~ess , Cambridge, Massachusetts, 1959) . 

[37] F. Rohrlich~ Astrophys. J. 129, 441 (1959) 449 

70 


