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ABSTRACT 

 

Study of electron collisions with atoms, ions and molecules is fundamentally important 

subject and has numerous applications related to the different branches of science such as 

plasma physics, astrophysics, laser physics, fusion research, material sciences and medical 

science etc. Electron collision processes enhances our knowledge about the structure and 

collisional dynamics of atomic systems. Currently, it is one of the most active research 

areas due to the growing demand of the electron collision atomic data in various fields and 

in particular in the modeling and characterization of verity of plasmas. 

 

For the diagnostics of any plasma, optical emission spectroscopy (OES) is one of the 

most straightforward and non-invasive techniques. In such experiments, the intensities of 

the emitted lines from the plasma are recorded which give the information about the local 

environment of the plasma. Therefore, combining the emission intensities to an appropriate 

collisional radiative (C-R) model provides the plasma characterization parameters such as 

electron density and temperature. However, in the C-R model, all the collisional and 

radiative process should be included in proper manner for reliable diagnostics. Since 

electron impact excitation is one of the dominant collision processes, the availability of its 

reliable and detailed cross section data for all various fine structure transitions in the wide 

range of energy is necessary to get the correct plasma parameters.  

 

In the recent years, due to the advancement of technology, many experimental 

techniques have emerged which can provide atomic data with a very high precision. 

However, the electron collision experiments are quite sophisticated and have thus provided 

very limited set of e--atom collision data for only selected electron impact energies. Also 

the available experimental studies have mainly focused on the electron excitation from 

ground level to few excited levels. While for plasma modeling, there is requirement of 

large set of collision data for several fine structure transitions in the wide range of electron 

energies. Consequently, available reliable theoretical methods have to meet such 

requirements. On the theoretical front, largely available theories are the non-relativistic 

approaches which have been found totally in adequate to describe the fine structure 

transitions. Therefore, one needs to adopt only fully relativistic perturbative and non-
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perturbative approaches. The relativistic versions of the non-perturbative approaches viz. 

R-matrix and CCC methods are supposed to be very accurate but their applications are 

limited to the low impact energies due to computationally complexities. However, among 

the perturbative methods viz. the relativistic distorted wave approximation has proved to be 

very reliable and practical to adopt considering the need of large-scale production of 

atomic data for modeling of plasmas. In the light of the present context, the work of the 

thesis focuses on the calculations of the electron impact excitation cross sections required 

for the various fine structure atomic transitions important to plasma and utilizing them in 

developing the suitable collisional radiative models to characterize it. 

 

Thus the thesis has mainly two objectives. First is to obtain electron impact 

excitation cross section of various transitions from ground as well as from the exited states 

in wide range of electron incident energy for neutral atoms. Thereafter, to incorporate 

these cross sections to development of C-R model to diagnose the variety of low 

temperature plasma. Second objective is to study the electron impact excitation of highly 

charged tungsten ions and to study the polarization of their photon emissions which is 

needed for the diagnostics of high temperature plasma such as of the ITER tokomak. The 

entire work of the thesis is presented through eight Chapters as briefly described below: 

 

Chapter 1 introduces the subject of the thesis and gives the current status of the work 

related to the thesis work. This chapter also provides briefly the different available 

theoretical methods to describe electron atom collisions as well as an overview of C-R 

plasma model for non-local thermodynamic equilibrium (non-LTE) plasma. Finally, 

outlines the chapter wise thesis work. 

 

In Chapter 2, a C-R model developed to characterize the hydrogen-cesium plasma is given. 

Such a study is relevant to the negative ion based neutral beam injectors for the ITER 

project. A complete set of data for electron impact excitation cross-sections and rate 

coefficients for several fine-structure transitions from the ground as well as excited states 

of cesium atom in the wide range of incident electron energy has been calculated using 

fully relativistic distorted wave theory. These cross sections are then incorporated in the C-

R model. The calculated cross-sections and the extracted plasma parameters from the 

present model are compared with the available experimental and theoretical results. 
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Chapter 3 describes a C-R model developed for Ar-O2 mixture plasma. The model has 

been applied to diagnose the rf generated Ar-O2 (0-5%) mixture plasma at low 

temperature. The detailed cross sections for the fine structure transitions involving ground 

and excited levels of argon obtained from fully relativistic distorted wave (RDW) theory 

have been used. Processes which account for the coupling of argon with the oxygen 

molecules have been further added in the model. Through coupling of C-R model to the 

optical spectroscopic measurements reported by Jogi et. al. [J. Phys. D: Appl. Phys. 47 

335206 (2014)], the plasma parameters viz. electron density (ne) and electron temperature 

(Te) as a function of O2 concentration have been obtained using thirteen intense emission 

lines out of 3p54p → 3p54s transitions  observed in their spectroscopic measurements. The 

Ar-3p54s (1si) fine-structure level populations at our extracted plasma parameters were 

found to be in very good agreement with those obtained from the measurements. 

Furthermore, the estimation of individual contributions coming from the ground state, 1si 

manifolds and cascade contributions to the population of the radiating Ar-3p54p (2pi) states 

as a function of a trace amount of O2 has been reported and discussed. 

 

Chapter 4 presents detailed electron impact excitation cross section results for xenon in the 

wide range of incident energy from threshold to 1000eV are calculated using relativistic 

distorted wave (RDW) theory. Various transitions from the ground 5p6 state to the excited 

5p56s, 5p56p, 5p55d, 5p57s and 5p57p as well as among these excited states are considered. 

Where available the calculated cross section results are compared with previously reported 

measurements and other calculations. The fitting of the obtained cross section to suitable 

analytical expressions is also provided for the plasma modeling applications. As an 

application a collisional Radiative (C-R) model has been developed using our calculated 

cross sections to characterize a inductively coupled Xe plasma. The plasma parameters 

obtained from model are reported and discussed. 

 

Chapter 5 reports a systematic study of the N-shell electron impact excitation of highly 

charged tungsten ions viz. Rb-like W37+ through Br-like W39+ in the framework of a fully 

relativistic distorted wave approach. The cross sections are calculated for various 

transitions in the electron impact energy range from the excitation threshold to 20 keV. 

Analytic fitting of the calculated cross sections are also provided so that these can be 

directly used in any plasma model. Linear polarization of the emitted photons, due to 

decay of the different electron excited states of the tungsten ions has also been obtained 

and reported. The present calculations are useful for the diagnostics of the ITER plasmas. 
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Chapter 6 presents the RDW calculations for electron impact excitation cross-sections of 

the M- and L-shell transitions in the tungsten ions viz. Fe-like W48+, K-like through Ne-

like (W55+-W64+). This calculation are carried out in the light of wavelength measurements 

performed at Super EBIT facility at Livermore for the n = 3→3 transitions in 19–25 Å soft 

X-ray range for these ions. The fitting of the obtained cross section are also provided for 

the modeling purposes. The polarizations of the decay of photons from the excited 

tungsten ions are calculated and reported.  

Chapter 7 finally aids the concluding remarks about the present thesis work. 
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CHAPTER 1 
 

 

INTRODUCTION 

 
 

1.1 General remarks 

Scattering of electrons with atoms, ions and molecules are the most essential atomic 

processes. Study of these collision processes enhances our understanding of fundamental 

science by providing the knowledge about the structure and collisional dynamics of atomic 

systems. Electron collision data is used in many applications in various fields such as 

astrophysics, laser physics, fusion science, material sciences and medical science etc. [1–

5]. For understanding and modeling of natural processes (like aurora, lightening) as well as 

man-made technologies which contain plasma require a large set of atomic data. One of 

the admissible uses of collision data is in the modeling of fusion plasma. Energy generated 

from the fusion is cleaner and safer source of energy. Therefore, building fusion reactors 

and modeling of plasma present therein is currently a major area of research. Further, the 

electron collision processes that include excitations, ionization, dielectric recombination 

etc. are found to be the most important and their cross sections are very crucial to model 

these plasmas. 

The properties of plasma change significantly depending on whether it is fusion 

plasma, astrophysics plasma, laser plasma or industrial plasma and the related plasma 

parameters such as temperature of the plasma, electron density and density of constituent 

atoms and ions vary over many orders of magnitude (as can be seen from figure 1). 

However, property which is common in most of the plasma is the plasma glow i.e. 

radiation emissions from the plasma due to the subsequent decay of the exited atoms or 

ions which are constituents of the plasma. Measurement of such emitted radiation 

intensities is termed as optical emission spectroscopy (OES), which is one of the most 
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useful diagnostics techniques [6–11]. Comparing the measured line intensities coming out 

from the plasma, with that of an appropriately developed collisional-radiative (C-R) model 

for the plasma provides the information about the actual plasma conditions such as 

temperature and plasma electron density etc. This OES based plasma diagnostics have 

great advantages over the traditional way to measure the plasma parameters via Langmuir 

probe as in contrast to probe measurements it provides the plasma parameters without 

perturbation in any plasma conditions. 

 

Figure1. Density and temperature range of various natural occurring and man-made 

plasma. 

However, the proper inclusion of all the relevant processes occurring in the plasma is 

necessary to develop a reliable C-R model[12–14]. Therefore, the primary challenge to 

develop a reliable plasma model is the requirement of both accurate and large atomic data 

set such as transition energies, transition probabilities and cross section for various 

collisional and radiative processes occurring in the plasma[12, 14–18]. Since the spectral 

lines used for diagnostics are originated due to decay of electron from an excited state to 

other lower states, the processes which populate and depopulate the emitting state are very 

important and hence understanding of these processes are the connecting link between 

atomic physics and the study of plasma properties. Moreover, the electrons having kinetic 

energy greater than the threshold of any transition are present in the plasma and their 

inelastic collisions with the plasma constituent atoms or ions populate them to any emitting 

state. Therefore, among all the processes, the electron impact excitations are one of the 

most dominant populating or depopulating channel of an atomic state[14, 15, 19]. Thus, in 
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a C-R model, electron impact excitation cross sections are one of the main inputs and their 

accurate knowledge for different fine structure transitions is necessary to obtain the 

reliable plasma parameters[14, 15, 20]. 

Over the few years, due to the advancement in technology, many experimental 

measurements have provided electron-atom collision data with a very high accuracy [21–

28]. However, these being sophisticated experiments could produce only limited set of e--

atom collision cross sections which are for selected transitions and at certain range of 

electron impact energies. Also the available experimental studies have so far focused 

mainly on the electron excitation from the ground state of the atoms or ions to their few 

selected excited levels. While for practical application purposes, such as plasma modeling 

one requires large set of collision cross sections for several transitions involving ground 

and excited levels in the wide range of incident electron energies. Consequently, 

theoretical methods have to meet such requirements, resulting in the development and 

applications of variety of theories which led it to dominant research area. In the last few 

decades continuous progress can be seen in theoretical methods and computational 

approaches to study the collisional dynamics. Among the theoretical methods, the earlier 

classical approaches have totally failed and one needed to adopt only quantum mechanical 

approaches. However, in quantum mechanics, the exact solution of even electron-hydrogen 

scattering problem is not possible. Therefore, various theoretical approximations have 

been developed to determine the scattering amplitudes [29] [30–36].[37–42].[43–47]. 

Broadly, the approximation methods used to study e--atom (ion) collisions can be 

categorized into two main perturbative and non-perturbative approaches. The Born 

approximation, distorted-wave approximation (DW) and their variants are the few 

perturbative methods [30–34, 48, 49]. The R-matrix[37–42] and convergent close-coupling 

(CCC)[43–47, 50] methods are the most commonly used non-perturbative methods. 

The methods fall into the category of non-perturbative approaches are based on 

coupled channel approximation [51]. In this approach, the total scattering wave function 

for the electro-atom system is expanded as sum over all the individual channel wave 

functions involving projectile electron and atomic state wave functions. Hence, square of 

the wave functions not only give the probability of individual channel but also the 

coupling among them. This approach includes some of the important effects viz. resonance 

and coupling effect in atomic processes inherently. However, these methods are found to 

be good for low incident electron energy where only few channels are open. At higher 

energies when more number of channels open, it is practically impossible to include all of 
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them. Therefore, more recently, the convergent close-coupling (CCC) method [43–47, 50], 

R-matrix and its variant [37–42] have been developed and extended to make them 

applicable for intermediate energies as well. 

In the CCC method, the higher discrete and continuum states are included without 

approximation. Both the discrete and continuum target states are represented by 

diagonalizing the target Hamiltonian in a large Laguerre basis set. The convergence of this 

method depends on collisional energy as well as on the observables to be calculated. Many 

studies [44, 46, 47, 52–54] are available for lighter atoms based on CCC approximations. 

The R-matrix method is based on partition of configuration space. In this method, the 

configuration space i.e. target-projectile interaction space is divided into two regions. In 

the inner region, interactions including exchange between the projectile and target electron 

are very strong as in coupled channel approximation. Therefore, the free electron is 

indistinguishable from the other N target electrons. Essentially the problem reduces to an 

atomic structure calculation for an N + 1 electron system. N+1 electron wave functions are 

constructed from a complete orthonormal set of bound and continuum one-electron 

functions. While in outer region, the interactions are long range and weak (mainly 

exchange) and therefore, may be considered via asymptotic approximations. Various forms 

of R-matrix methods such as B-spline R-matrix [39] and Breit-Pauli R-matrix [55, 56]  

have been developed, and these are applied to study many scattering problems [57–65]. 

Relativistic versions of the R-matrix [59, 66] and CCC [44, 45, 67] methods are 

developed recently and supposed to be very accurate in low impact energies. However, it 

is well known that relativistic multi-channel CC calculations are numerically very difficult 

in the presence of strongly coupled channels and they need very heavy computational work 

such as massive parallelization on high-performance supercomputing platforms and thus 

these methods have limitations, especially when used for complex targets. Thus, these are 

not easy to practically adopt due to computational complexity. Hence, the applicability of 

these methods are restricted to low impact energies [44, 47, 52, 57, 58, 61–63]. 

Since there is a need of large-scale production of atomic data for modeling of various kind 

of plasmas, the perturbative methods remain in common usages. However, among the 

perturbative methods, relativistic distorted wave (RDW) approximation has been proven to 

be very successful in explaining the experiments especially, at intermediate and high 

energies. The RDW method has been applied and tested to calculate reliable electron. 

impact cross sections for lighter to heavier atoms in the wide range of electron incident 
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energy [68–98]. This method though includes the coupling between initial and final 

channel only but by representing the target states through multi-configuration wave 

functions more channels get automatically included. For representing the target the multi-

configuration Dirac-Fock wave functions are used while the wave function for the 

projectile electrons are calculated by solving the Dirac equations numerically, which is the 

natural way of taking the relativistic effects in to account. For calculating MCDF target 

bound state wave functions one can use the available GRASP2K [99–101] code. Many 

other codes based on coupled cluster theory are also available to calculate the atomic 

structures and related properties[102, 103]. 

The present thesis primarily deals with the study of electron impact excitation of 

different fine-structure transitions of various atoms (ions) and reports their excitation cross 

sections in the wide range of electron incident energies. For the calculations of excitation 

cross sections we use the fully relativistic distorted wave theory which is therefore will be 

explained and described in more details here in this Chapter. Further, the calculated cross 

sections are used in some cases for plasma diagnostic studies by developing a suitable 

collision radiative model which we will also discuss here in this Chapter briefly. The next 

two sections (1.2) and (1.3) respectively, describe the evaluation of electron impact 

excitation T-matrix in RDW approximation and collisional radiative (C-R) model in brief. 

Finally, Section (1.4) presents the outline of the work reported in the thesis.  

 

1.2 Relativistic distorted wave theory for electron excitation of atoms  

Considering the electron impact excitation of an atom with nuclear charge ‘Z’ and having 

‘N’ electrons, the total Hamiltonian for (electron + atom) i.e. (N+1) electron system can be 

written as 

0
H H V= +  (1.2.1) 

0 1atom N
H H K

+
= +  (1.2.2) 

Here H0 is the Hamiltonian for the unperturbed system i.e. non-interacting projectile 

electron and atom. Hatom is the Hamiltonian of the target atom in the relativistic Dirac form 

and KN+1 represents the kinetic energy operator for the projectile electron. V is the total 

projectile-target atom interaction given by 
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
= ++ −

+−=
N

jNr

Z
V

11

1

1Nj rr
 

(1.2.3) 

Here, rj and rN+1 refer respectively, the position vectors of the jth atomic electron and 

projectile electron with respect to the target nucleus. 

Following the elementary theory of scattering, the T-matrix for electron impact excitation 

of atom from initial state ‘i’ to final state ‘f’ can be written as 

(1,  2, ....., N 1) (1,  2, ....., N 1)
i f f i

T V +

→
= +  +  (1.2.4) 

Here, (1,  2, ....., N 1)
f

 +  is the total unperturbed wave function of the (electron + target 

atom) system in final channel. (1, 2, ....., N 1)
i

+ +  is the wave functions for the total 

system in the initial channel and the ‘+’ sign refers to the usual outgoing wave boundary 

condition. The numbers 1, 2,….N+1 denote the combined spin and position co-ordinates of 

the electrons. The wave functions 
f

  and 
i

+ satisfy the following equations 

0
( ) 0

f
H E − =  (1.2.5) 

( ) 0
i

H E +−  =  
(1.2.6) 

‘E’ is the total energy of the target-projectile system given by 

i i f f
E E E = + = +  (1.2.7) 

here, 
( )i f

E and
( )i f

 are the energy of the projectile electron and target in the initial (final) 

state, respectively. 

From equation (1.2.4), it is clear that the exact calculation of the T-matrix for an electron 

impact excitation process requires exact evaluation of . Following the quantum 

mechanics, it is well known that cannot be obtained exactly for the present problem 

being many body systems. Therefore, various approximations have been adopted to 

evaluate   with which then the T-matrix can be evaluated. We introduce “Relativistic 

distorted wave (RDW) approximation” and discuss here briefly. More details can be 

followed from the references [30–33, 96, 104]. 

In the RDW approximation, the interaction V is split as below into two parts such that one 

part is solved exactly while the rest part is treated in an approximate manner. 
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WUV +=  (1.2.8) 

Here U is referred as the distortion potential with which the solution is obtained exactly. 

Defining a new Hamiltonian 
0

H H U= + such that  

 EH =  
(1.2.9) 

Where, the solution  represents the combined wave function of the target atom and 

distorted projectile electron wave travelling in the presence of distortion potential U. 

Further, using two potential formulation, the T-matrix (equation (1.2.4)) within the first 

order relativistic distorted wave approximation [30–33, 91, 105] can be written as, 

(1,  2, ....., N 1) (1,  2, ....., N 1)

           (1,  2, ....., N 1) (1,  2, ....., N 1)

RDW

i f f f i

f f i

T U

V U

 

 

−

→

− +

= + +

+ + − +

 

 

(1.2.10) 

Further, distortion potential can be chosen such that it depends only on the co-ordinate of 

the projectile electron. Therefore, for the excitation process (i.e. inelastic scattering), the 

first term of the T-matrix becomes zero due to orthogonality of the atomic wave functions 

being different in the initial and final states. Thus the T-matrix can be written in the 

following form.  

(1,  2, ....., N 1) (1,  2, ....., N 1)RDW

i f f f i
T V U − +

→
= + − +  (1.2.11) 

Here, 
( )

( )i f
 + −

 is expressed as the product of the atomic N-electron wave function of the 

target and the relativistic distorted wave functions of the projectile electron as, 

( )

( ) ( )

( ) ( ) ( ), ( )
(1,  2, ....., N 1) (1, 2, ....., N)F (k ,N 1)

i f

rel RDW

i f i f i f i f
 + − + −+ =  +A  (1.2.12) 

Where, 
( )

(1, 2, ....., N)rel

i f
  and 

( )

( )

( ), ( )
F (k ,N 1)

i f

RDW

i f i f

+ − +  represent respectively, the relativistic 

N-electron wave atomic function and distorted wave functions of the projectile electron in 

the initial (final) channel. 
( )i f

 and 
( )

k
i f

denote the spin projection and wave vector of the 

incident (scattered) electron. ‘+’ and ‘-’ signs refer the outgoing and incoming 

waves. A .is anti-symmetrization operator, that takes into account the exchange of the 

projectile electron with the atomic target electrons. 
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Further, the T-matrix can be expressed as a sum of direct 
d

i f
T

→
and exchange 

ex

i f
T

→
 

matrices as follows, 

,

, 

(1, 2, ..., N)F (k ,N 1) ( 1)

                                   (1, 2, ..., N)F (k ,N 1)

f

i

d rel RDW

i f f f f f

rel RDW

i i i

T V U N




−

→

+

=  + − +

  +

 (1.2.13) 

, 

1

i, 
1

(1, 2, ..., N)F (k ,N 1) ( 1)

                                                ( 1) ( j)F (k , j)

f

i

ex rel RDW

i f f f f f

N
N j rel RDW

i i
j

T V U N




−

→

+ − +

=

=  + − +

 −  −
 

       

(1.2.14) 

Here )( j− rel

a
 denotes atomic wave function with co-ordinate j absent and (N+1) included.  

In order to evaluate the T-matrices given by equations (1.2.13) and (1.2.14), we 

require the wave functions of the initial and final bound states of the target atom, distortion 

potential and continuum distorted wave function of projectile electron in the initial and 

final channels. The calculations of these are described further.  

 

1.2.1 Relativistic atomic wave functions 

The Dirac-Coulomb Hamiltonian for an atom having N-electrons can be written as [106–

108], 

1
i j

1

r r

N N

atom i
i i j

H H
= 

= +
−

   (1.2.15) 

2. ( )
i i nuc i

H ic c V r = − + +  
(1.2.16) 

Here, Hi is the Dirac Hamiltonian for the particle i, α  and β  are the Dirac matrices and 

the operator 
i

i−   represents the momentum operator of ith electron of the atom. Vnuc(r) is 

the potential due to nucleus and for point nucleus ( )
nuc

V r Z r= − . 

The N-electron bound state wave function for the target is taken as a Slater determent of 

single electron Dirac-Fock orbitals
n m

 . Here we represent the N-electron bound state 

wave function by a compact notation
1 1 1

{1s  ........ }
2 2!

n m
N

 , given by, 
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1 1 1 1
1 1  

2 2 2 2

1 1 1 1
1 1  

2 2 2 2

(1)    (1)  .......     (1)

(2)    (2)  .......     (2)

1
(1, 2, ..., N)      .                .                           .

!
     .                .          

n m
s s

n m
s s

rel

N





  

  

−

−

 =

1 1 1 1
1 1  

2 2 2 2

                 .

(N)    (N)  .......     (N) 
n m

s s


  
−

 

 

 

 

(1.2.17) 

Here, n m  represent the quantum numbers corresponding to the outermost electron. The 

quantum number  corresponds to the spin-angular state, defined as 

1/ 2
    

     1/ 2

l                                  if      j l -

-l - 1                            if j l    


=
= 

= +
 (1.2.18) 

The single electron central field Dirac orbitals are given by, 









=

− ),ˆ( )(

),ˆ( )(1
),(











r

r
r

mn

mn

mn
riQ

rP

r
 (1.2.19) 

nP  and nQ  are the large and small components of the radial wave function and m   

represents the spin angular wave function given by, 

) )()ˆ(    
2

1
   ( ),ˆ( 

 
2

1 

 








 rr lm Ymjl=  (1.2.20) 

      and         ) )()ˆ(    
2

1
   

~
( ),ˆ( 

 
2

1 
~

 






 rr
lm Ymjl=−  (1.2.21) 

Where lj-l 2
~
= , ( )1 1 2 2

l m l m jm is the Clebsch-Gordan coefficient and )(
 

2

1 


is a spinor 

basis function.  

The bound state orbitals are orthogonal and satisfy the following orthogonality conditions, 

  nnnκκnnκκn δ(r)(r)QQ(r)(r)PPdr 



 =+
0

 
(1.2.22) 

mmmm  =    ),ˆ(),ˆ( rr  (1.2.23) 

We use multi-configuration Dirac-Fock (MCDF) approximation to calculate the wave 
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functions of the target atom. Within the multi-configuration Dirac-Fock (MCDF) 

approximation, the wave function for an atomic state is approximated by an atomic state 

function (ASF). Further, an ASF can be expressed as linear combination of configuration 

state functions (CSFs) which have same angular momentum J and parity. We use 

GRASP2K[99–101] code to calculate MCDF target bound state wave functions. In this 

code, the higher order quantum electrodynamics (QED) modifications due to the 

transverse electromagnetic interaction and the radiative corrections are also included via 

perturbation theory. 

 

1.2.2 Distortion potential  

In order to obtain the distorted wave for projectile electron, first we evaluate distortion 

potential using the obtained nP  and nQ  radial atomic wave functions. The distortion 

potential is chosen to be the spherically averaged static potential Vstatic i.e. the spherical 

average of the static interaction between the projectile electron and the target atom and can 

be obtained using the following expression, 

  
 



+

+ ++−=

subshells
 0

22

1

1

1
)()()(

allj

nnj

N

Nstatic dr
r

rQrP
r

Z
rV

jjjj   (1.2.24) 

where, 
j

 is the occupation number of the jth subshell and the electron in it is represented 

by quantum numbers 
j j

n  . 

 

1.2.3 Relativistic distorted wave functions  

The relativistic partial wave expansion of the continuum projectile electron distorted 

waves [109] 
( )

( )

( ),
F

i f

RDW

i f 

+ −
 can be expressed as, 

ch

ch

i

ch, ch ch,  ch3/2

ˆ( ) (r)1 1ˆF (k ,r) e a (k )
ˆ( ) (r)(2 )

mRDW

m
m m

f r

ig rr


 

 
  







−


= 

 
  (1.2.25) 

with  

)  )ˆ(    
2

1
   (

2
4)ˆ(a 

m

*

 ch

1/2
2

 ch,
ch 







 +
=

l

lmll

ch

chl

chm Ymjml
E

cE
i chkk 

  (1.2.26) 

where, ‘ch’ refers to the two channels, initial ‘i’ and final ‘f’. Ech is the relativistic energy 
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of the projectile electron with linear momenta chk  such that
2/1422

)( cckE chch += .   is the 

phase shift of the partial wave. 

The radial parts of distorted waves )(rf  and )(rg are obtained by solving the following 

coupled integro-differential equations 

0);(
1

)()(
1

)( 2 =−+−−







+ rW

cr
rgEUc

c
rf

rdr

d
Qchch 


  (1.2.27a) 

0);(
1

)()(
1

)( 2 =++−−+







− rW

cr
rfEUc

c
rg

rdr

d
Pchch 


  (1.2.27b) 

These coupled equation are solved by subjecting to the boundary conditions given below 

)
2

sin(
1

)(  

+−⎯⎯ →⎯

→

l
rk

k
rf ch

ch

r
 (1.2.28a) 

)
2

cos()(
2  


+−

+
⎯⎯ →⎯
→

l
rk

Ec

c
rg ch

ch

r
 (1.2.28b) 

where WP and WQ are the non-local exchange Kernels. The details for the solving above 

coupled integro-diferential equations (1.2.28) can be followed from Zuo [105]. 

 

1.2.4 Excitation cross section 

The magnetic sublevel cross section cross section σ
fM for the excitation (i→f) in 

terms of the calculated T-matrix (1.2.11) can be obtained by the following expression, 

( )

2
4σ(α ) σ (2 ) ( , , ; , , , )

2 2 1f

f RDW

f f f M i f i i i f f f

i i

k
J M T J M J M d

J k
   −= = 

+   
 

(1.2.29) 

here, integration has been carried over the solid angle of the scattered electron. Summing 

the σ
fM for all the magnetic sub levels of final state of the atom i.e. ( ) ( )

f

f f f f f

M

J J M   =  

we can get the total excitation cross section. Here all the calculations are performed in 

Collision frame of reference which is a standard choice for numerical calculations, where 

the quantization axis (z-axis) is parallel to the incident electron beam direction while the y-

axis is perpendicular to the scattering (x-z) plane which consists of the direction of incident 

as well as scattered electron. 
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1.3 Collisional Radiative (C-R) Model  

Collisional radiative model is the most general kinetic plasma model used to determine the 

atomic state population densities of the constituent species of plasma as a function of 

electron temperature and electron density. Since the recorded intensities coming out from 

any plasma are directly proportional to the population of the emitting state, therefore, the 

state population densities of excited levels are used to model the spectral measurements. 

More specifically, comparison of the C-R model calculated intensities with experimentally 

measured intensities provides the information about plasma parameters such as electron 

temperature and electron density etc. 

In the C-R model, the change in population densities of atomic states is considered mainly 

due to the electron collisional and radiative transitions occurring in plasma. The population 

density of any level can be obtained by solving the particle-balance equation or rate 

equation which interconnects the different populating and depopulating channels among 

the fine-structure levels. Before discussing the rate equation, first, we explore the various 

collisional and radiative processes responsible for the population transfer among the levels 

of the plasma. 

 

1.3.1 Collisional processes  

Collisional excitation and de-excitation by electron impact:  

When electrons collide with atoms in the plasma these go to their higher excited states by 

gaining energy equal to the transition energy Eij or de-excite to lower states by losing the 

same amount of energy.  

Xi + e- + (Eij) ↔ Xj + e- 

Electron impact ionization and three-particle recombination: 

 If the electron energy is high enough, its collision with an atom may cause the ionization 

of atom.  In reverse process, the three-particle recombination, collision of two electrons 

and an atom causes the recombination of an electron with the atom, and energy gained by 

capture is transferred to another electron.   

Xi+ e-+ (Ei+) ↔ X+ + e- + e- 
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Dielectric recombination and auto-ionization: 

Dielectric recombination is a two-step process. In this process, an electron is captured by 

ion resulting in doubly excited bound state, further an excited state decays to another lower 

lying bound state by releasing a photon and reverse of this process is auto ionization.  

X++ e-→X**→ Xi + hv 

Xi + hv →X**→X++ e- 

1.3.2 Radiative processes 

Spontaneous emission and photo excitation:  

In an atom due to bound-bound transition from upper excited state to lower level a photon 

of energy Eij is emitted. Reversely, a photon hits an atom and atom goes to its excited state 

by taking the equal amount of energy. 

Xj ↔ Xi + hv 

Photo-ionization and radiative recombination: 

In radiative recombination, an ion captures an electron to one of its bound state with a 

simultaneous decay of a photon. On the other hand, reversely, an atom in any excited state 

can absorb a photon which results in ionization of the atom. 

 Xi + hv ↔ X++ e- 

1.3.3 Rate Balance Equation 

The population density of any level can be obtained by solving the rate equation which 

interconnects the different populating and depopulating channels among the fine-structure 

levels. Under the assumption that time taken for collisional and radiative processes in 

atomic systems are very small in comparison to changes in plasma conditions i.e. typically 

dnj /dt = 0, in the steady state, rate balance equation for an excited state j can be written as 

follows [11, 12, 110, 111] 

 
 

 

( )   

( ) ( ) 0

ij e i e ij i e j e j e
i ji j

ji e j e ji j j e j e
i ji j

nk T n n A n n n n

k T n n A n n n k T

 +


+


+

− −

+ +

− =




 

 

(1.3.1) 
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here,. ni represents the population density of ith level, Te is the electron temperature. ne and 

n+ are the electron density and ion density, respectively. kij is the rate coefficient for the 

electron impact excitation from level i→j and Aij is the transition probability for 

spontaneous decay from any upper level to j. αj and βj are the rate coefficients for the two 

particle and three particle recombination, respectively. All the positive terms in the 

equation represent production and negative terms represent the destruction channel for 

state j 

The required rate coefficients for all the collisional and radiative process can be calculated 

by integration over respective cross section and electron distribution function or radiation 

distribution[11, 110, 111]. The electron distribution function can be considered as 

Maxwellian or non-Maxwellian depending on the plasma conditions such as if the gas 

pressure is too high or plasma contains hot electrons, distribution function may differ from 

Maxwellian nature [13, 112, 113]. Under the thermal equilibrium condition, all the rates 

are balanced by inverse rates i.e. of the inverse processes such as electron de-excitation, 

recombination, radiative recombination and electron capture. The inverse rate coefficients 

can be obtained from the direct rate through the principle of detailed balance[111]. 

Further, to get the atomic level population densities we solve this nonlinear coupled 

equation (1.3.1) for all atomic levels simultaneously[111]. However, the solution is not so 

straightforward, as it involves lot of reliable data of energy levels, transition probabilities 

and rates for various processes in the wide range of plasma temperature. The knowledge of 

accurate and complete data set for various processes is a big challenge while reliability and 

validity of the model depends majorly on accuracy of these atomic parameters[12]. In 

addition, the model size is often limited by the available computational resources. Hence, 

to reduce the complexity of the model, we limit the number of atomic states and the 

various populating and depopulating processes according to the field of application and 

plasma condition. Conclusively, the above rate equation is not universal, C-R models may 

vary according to the regime of plasma parameters and different atomic (ionic) and 

molecular species presented in the plasma. For example, in fusion plasma auto-ionization, 

photo-ionization, dielectronic recombination, radiative recombination play important role  

in addition to the electron impact excitation[16]. Atom-atom or atom-ion collision and 

diffusion may be important for plasmas at very high pressure[114]. While in the low 

temperature and low pressure plasma, the dominant process are the electron impact 

excitations and spontaneous decay[1, 2, 15]. In this thesis, we deal with the low 

temperature plasma. Detailed description of the rate calculation and solution  
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 of the rate calculation and solution of rate equation will be discussed later in the Chapter 2 

while considering a specific plasma study.  

 

1.4 Outline of the thesis 

The work reported in this thesis is mainly based on two aspects. First aspect is to study the 

electron impact excitation cross section of various transitions from ground as well as from 

the exited states for neutral atoms. Thereafter, incorporate the obtained cross sections to 

development of C-R model to diagnose the variety of low temperature plasma. Second 

aspect is to study the electron impact excitation of highly charged tungsten and their 

photon emission which are needed for the diagnostics of high temperature international 

thermonuclear reactor (ITER) fusion plasma. The entire work of the thesis is presented 

through seven chapters including this introductory chapter as briefly described below: 

In Chapter 2, a C-R model has been developed to characterize the hydrogen-cesium 

plasma which is relevant to the negative ion based neutral beam injectors for the ITER 

project. A complete set of results for electron impact excitation cross sections and rate 

coefficients for several fine-structure transitions from the ground as well as excited states 

of cesium atom has been calculated using fully relativistic distorted wave theory. Further, 

these cross sections are then incorporated in the C-R model along with the other processes 

such as radiative population transfer, electron impact ionization and mutual neutralization 

of Cs+ ion with negative hydrogen ion along with their reverse processes. The calculated 

cross sections and the extracted plasma parameters from the present model are compared 

with the available experimental and theoretical results. 

Chapter 3 describes a C-R model developed for Ar-O2 mixture plasma. The model has 

been applied to diagnose the rf generated Ar-O2 (0-5%) mixture plasma at low 

temperature. The detailed cross sections for the fine structure transitions involving ground 

and excited levels of argon obtained from fully relativistic distorted wave (RDW) theory 

have been used. Processes which account for the coupling of argon with the oxygen 

molecules have been further added in the model. The model is coupled to the optical 

spectroscopic measurements reported by Jogi et. al. [J. Phys. D: Appl. Phys. 47 335206 

(2014)]. The plasma parameters viz. electron density (ne) and electron temperature (Te) as a 

function of O2 concentration have been obtained. Further, the estimation of individual 

contributions coming from the ground state, 1si manifolds and cascade contributions to the 
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population of the radiating Ar-3p54p (2pi) states as a function of a trace amount of O2 has 

been reported and discussed. 

Chapter 4 presents detailed electron impact excitation cross section results for xenon in the 

energy range from threshold to 1000 eV are calculated using relativistic distorted wave 

(RDW) theory. Various transitions from the ground 5p6 state to the excited 5p56s, 5p56p, 

5p55d, 5p57s and 5p57p as well as among these excited states are considered. The fitting of 

the obtained cross section to suitable analytical expressions is also provided for the plasma 

modeling applications. As an application a collisional Radiative (C-R) model has been 

developed using our calculated cross sections to characterize inductively coupled Xe 

plasma. The plasma parameters obtained from model are reported and discussed. 

Chapter 5 reports a systematic study of the electron impact N-shell excitation of highly 

charged tungsten ions viz. Rb-like W37+ through Br-like W39+ in the framework of a fully 

relativistic distorted wave approach. The cross sections are calculated for various 

transitions in the electron impact energy range from the excitation threshold to 20 keV. 

Analytic fitting of the calculated cross sections are also provided so that these can be 

directly used in any plasma model. Linear polarization of the emitted photons, due to 

decay of the different electron excited states of the tungsten ions has also been obtained 

and reported.  

Chapter 6 presents the electron impact M-shell excitation cross sections for the transitions 

in K-like through Ne-like (W55+-W64+) tungsten ions and polarization of the decay of 

photons from the excited tungsten ions. These calculations are carried out in the light of 

wavelength measurements performed at Super EBIT facility at Livermore for the n = 3→3 

transitions in 19–25 Å soft X-ray range for these ions. We have also fitted the obtained 

cross section for the modeling purposes. 

 Chapter 7 gives the overall concluding remarks on the present thesis work. 
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CHAPTER 2 
 

 
ELECTRON EXCITATION OF CESIUM AND MODELING 

OF LOW TEMPERATURE H2-Cs PLASMA 

 

 

2.1 Introduction 

The present Chapter deals with the study of electron impact fine-structure excitation cross-

section for various transitions in cesium (Cs) and its application in the development of a C-

R model to characterize the hydrogen-cesium plasma. This study is relevant to the negative 

ion based neutral beam injectors for the international thermonuclear rector (ITER) project. 

The ITER is aimed at demonstrating the scientific and technical feasibility of fusion 

energy [115] However, many scientific and technological challenges are needed to be 

addressed before the steady state operation of this huge reactor can be realized. Among 

these issues, the heating of the plasma up to a temperature of the order of hundreds of 

millions of degrees centigrade (ten times the temperature of the sun) is the prime 

requirement to initiate the nuclear fusion reaction between the two hydrogen isotopes viz. 

deuterium and tritium. In all tokamaks (fusion plasma), it is not possible to achieve the 

desired large temperature only through traditional Ohmic heating. It is due to the fact that 

the plasma resistivity decreases with the increase in plasma temperature as T-3/2, making 

this mechanism less effective at higher temperature. Therefore, for ITER some external 

heating systems to achieve such high temperatures are required. For this purpose, in ITER 

it is planned to install high performance neutral beam injection (NBI) systems and two 

sources of high-frequency electromagnetic wave systems externally [116–118]. Deuterium 

neutral beam injectors of power 16.5 MW with particle energies of 1MeV and a diagnostic 

beam of 100 KV are anticipated for the ITER [119–121]. 

The acceleration of negative hydrogen or deuterium ions in the fusion device can be 

achieved through the formation of negative ions by surface effect[122]. Surface with low 
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work function will transfer electrons to generate negative hydrogen or deuterium ions 

[123]. Cs-seeded negative ion source is expected to fulfill the requirement of ITER project 

[118, 124, 125].  For high performance, achieving the low work function with cesium layer 

is a crucial aspect as it is highly dependent on the injected Cs amount and also on its 

population distribution inside the plasma [126–130]. Thus, an accurate numerical 

population model to simulate the population of Cs atom in ground as well as excited states 

is highly needed for the optimization purposes.  

For the pure Cs plasma, various collisional radiative (C-R) models have been proposed 

[131–133]. However, these models are not applicable to the hydrogen-cesium plasmas 

relevant to ITER NBI systems as the mutual neutralization of Cs+ ions with H- ions has not 

been included which is an important channel for the production of Cs atom in the different 

states along with the hydrogen atom. Recently Wünderlich et al. [134] developed a proper 

C-R model for the low pressure hydrogen–cesium plasma. Their C-R model includes the 

channel of mutual neutralization in addition to the other populating and depopulating 

mechanisms for the excited Cs atom. However, in their model, electron impact excitation 

processes from the ground and the excited states have been considered in the framework of 

non-relativistic Born-approximation [135, 136]. Electron impact excitation cross sections 

for the excitation from the 62S, 62P, 52D states to the excited states up to 62D were taken 

from the compilation of Sobel'man et al. [135] with the correction in the lower incident 

electron energy range. Excitations from the states 62S, 62P and 52D to the 82S, 82P and 72D 

states were not available which they have determined by extrapolation method using 

classical Gryzinski method [137]. Cross sections for the inter connecting excited states 

above 52D were taken from the first Born approximation results of Krishnan and Stumpf 

[136].  Electron impact ionization cross sections of different sates were taken where 

available from the literature [138–141]. For the unavailable data, the cross sections were 

obtained by using simple classical Gryzinski method [137]. 

For the cesium atom, being a heavier element with atomic number Z=55, 

the relativistic effect such as spin-orbit interaction with j–j coupling are supposed to play 

significant role and hence, should not be ignored in the calculation of electron impact 

excitation as well as ionization cross sections[63]. In contrast to the C-R model of 

Wünderlich et al. [134], one has to take into account the various electron-impact excitation 

processes using relativistic approach in order to properly describe the population densities 

of Cs (ground as well as excited states) by using a suitable C-R model. Overall, the data 

for relativistic cross sections are scarce and thus insufficient for modeling purposes. Only 
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one recent calculations using relativistic theoretical approaches were reported for selected 

transitions in a different context [63, 142]. It is therefore desirable to first develop a 

consistent data set of relativistic cross sections for electron impact excitation processes as 

well as for ionization process in cesium and then apply these for developing a suitable C-R 

model.  

In this Chapter we performed the calculations in a detailed manner to obtain the 

relativistic cross sections for various fine-structure excitations using distorted wave 

(RDW) theory [33] in a for wide range of incident electron energies. For ionization cross 

section results of all considered fine structure states, available flexible atomic code (FAC) 

[143] is utilized. To ascertain the reliability of all obtained cross sections, present results 

are compared with the previous theoretical as well as experimental results available in a 

selected range of energy for the few transitions. Further, by incorporating these obtained 

cross sections, a C-R model has been developed for the hydrogen-cesium plasma relevant 

to Cs-seeded ITER negative ion based NBI systems. The present C-R model is developed 

on the line of our earlier models which we had used to describe low pressure Ar and Kr 

plasma successfully [13, 112, 144]. In addition to the electron impact excitation, other 

important processes such as spontaneous emission, electron impact de-excitation, 

ionization, three-body recombination as well as the mutual neutralization of Cs+ ion with 

negative hydrogen ions have also been taken into account in the present C-R model. The 

population distribution results obtained from present model are compared with the 

previous measurements and calculations [134]. These population results are further 

coupled with the OES measurements [134] to extract the plasma parameters.  

The present C-R model considers all the excitation processes as considered by 

Wünderlich et al. [134], thus, it would be worth pointing out here as how our RDW 

calculations for electron impact excitation are improved and different from their work. 

This is perhaps simple to understand as the non-relativistic Born-approximation [135, 136] 

or extrapolation scheme [137] (as used in [134]) does not take into account the distortion 

of the projectile electron (represented by plane waves) due to the target atom as well as the 

exchange with the target electrons. On the other hand our RDW theory incorporates these 

effects. Since spectroscopy based diagnostic approaches are highly dependent on the 

accuracy of the used cross sections in the model [14], the comparison of our modeling 

results with those of Wünderlich et al. [134] should directly reflect the significance of used 

relativistic cross sections of the electron impact excitation processes. One can expect that 
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with the inclusion of RDW cross sections, the predicted plasma parameters from our 

model will be an improvement over the earlier results in [134]. 

2.2 Electron excitation cross sections and rate coefficients of Cesium 

First, we discuss the various electron impact excitation processes which are involved in 

our CR model. The energy level diagram of Cs is shown in the figure 2.1. Electron impact 

excitation processes considered among the various fine-structure levels are also shown in 

the same figure. In particular, the electron-impact excitations for 82 transitions from the 

ground and various excited states are considered, viz. transitions from the ground state 

62S1/2 to n2P1/2, 3/2 , n'2D3/2, 5/2, n''2S1/2  states(where n=6-8, n'=5-7 and n''=7, 8), from the 

states 62P1/2/3/2 to n2P1/2, 3/2 , n'2D3/2, 5/2, n''2S1/2 (where n=7, 8, n'=5-7 and n''=7, 8) states, 

from the states 52D3/2, 5/2  to n2P1/2, 3/2 , n'2D3/2, 5/2, n''2S1/2 (where n=7, 8, n'=6, 7 and n''=7, 8) 

states, from 72S1/2 to n2P1/2, 3/2 (where n=7, 8), from 72P1/2/3/2 to n'2D3/2, 5/2, 8
2S1/2 (where 

n'=6, 7), from 62D3/2, 5/2 to 82P1/2, 3/2,  from 82S1/2 to 82P1/2, 3/2 and from 82P1/2, 3/2 to 72D3/2, 

5/2.  

 

Figure 2.1: Energy level diagram for the cesium atom showing various fine-structure 

states included in the C-R model. The electron impact excitation processes for 82 

transitions among the various states considered in the present work are displayed by 

arrows. 

The electron impact excitation cross sections for all the considered fine structure 

transitions are obtained by calculating the T-matrix (equation (1.2.29)). The results for the 
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 cross sections are obtained in the incident electron energy range from the excitation 

threshold to 1 keV. Further, utilizing these cross sections ( )if E for the excitation i→f, the 

excitation rate coefficient of each transition is calculated by using the following expression 

[79] 

( ) ( )2
Ei f

if ifk E E f E dE


=   
(2.2.1) 

here, ifE is the excitation energy and ( )f E is the Maxwellian electron energy distribution 

function given by, 

( )
( )

3 2

2
/

ee

E
f E E exp

kTkT






= − 

 

 
(2.2.2) 

here, Te is the electron temperature and k is the Boltzmann constant. 

 

2.2.1 Dirac-Fock wave functions of Cesium atom 

For evaluating the T-matrix (equation (1.2.29)), the required atomic target wave functions 

of different states have been calculated within the multi configuration Dirac-Fock 

approach using the GRASP2K code [99]. The various configurations viz. involving the 

orbitals 5d, ns, np and nd (n=6-8), 9s and 9p have been included in the evaluation of target 

wave functions. In order to check the reliability of the present wave functions, the 

oscillator strengths for various dipole allowed transitions are calculated and compared with 

the other available results.  

 The Table 2.1 presents the calculated oscillator strengths for all the possible dipole 

allowed transitions among the different considered fine-structure states and compared 

them with the available previous theoretical as well as experimental results for 62S1/2 → 

n2P1/2,3/2 (n=6-8), 62P1/2 → 52D3/2 and  62P3 /2 → 52D3/2,5/2 transitions.  Discussion of 

comparison for different results is given transition wise. For 62S1/2 → 62P1/2, 3/2 transitions, 

there are two experimental data set reported by Rafac et al. [145, 146]. Note that the NIST 

data base [147] refers their first experimental data [145]. Another set of the recent 

experimental data was also reported by Derevianko and Porsev [148]. From the Table 2.1, 

it is found that these all experimental values [146–148] are in good agreement among 

themselves. The theoretical calculations [149, 150] as well as ours are obtained using 

similar Dirac-Fock configuration wavefunctions and on comparing them with the 

experiment [146–148] we find that our values as well as of Zilitis [149] are slightly higher 
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than the experimental data by 6% and 3% respectively while the results of Glowacki [150] 

are slightly lower by 1%. On the other hand the values of Bostock et al. [151] are 

relatively much higher by 16% who used entirely different approach i.e. relativistic 

convergent close-coupling (RCCC) method. In fact, the oscillator strengths depend not 

only on the calculated wave functions but also on the associated values of the calculated 

transition energies. Therefore, these two factors can cause such small deviations in the 

oscillator strengths calculated from different theoretical approaches. 

 For the transitions 62S1/2 → 72P1/2, 3/2 and 62S1/2 → 82P1/2, 3/2, the NIST database [147] 

values were taken from the measurements of Vasilyev et al. [152], and Morton [153], 

respectively. The theoretical values from Glowacki [150] are also available for these 

transitions. From the Table 2.1, we find that the overall comparison is somewhat similar as 

seen for 62S1/2 → 62P1/2, 3/2. Our values are slightly higher by ~6% than the experimental 

values while that of Glowacki [150] are much lower by 22%. However, for 62S1/2 → 8
2P1/2 

transition, the theoretical results (present and [150]) seem to deviate more than 50% from 

the experiment [153] but one should note that the value of the oscillator strength is itself of 

the order of 10-4 therefore, this deviation may be said reasonable. For 62P1/2,/3/2 → 5
2D3/2 

transitions, the NIST values are taken from the theoretical Dirac- Fock calculations of 

Safronova et al. [154] and  on comparison of our results with theirs we find that the our 

oscillator strengths for 62P1/2,/3/2 → 5
2D3/2  are higher by 44% and 56% respectively from the 

calculations of Safronova et al. [154]. This large difference in the oscillator strengths of 

the two theoretical calculations can be due to the different approaches adopted for the 

calculations of the wave-functions and their associated energies. Since there are no 

experimental data available for comparison it is difficult to assess the accuracy of the 

oscillator strengths for these transitions.  For 62P3/2 → 52D5/2 transition the available NIST 

data is the measurement of DiBerardino et al. [155] and on comparison with their value we 

find that the present oscillator strength is in reasonable agreement. 
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Table 2.1: Comparison of present oscillator strengths (f) of the transitions between the 

different states of Cs with the available measured and the other theoretically values. The 

number in the parenthesis stands for the multiplying power of 10. 

Lower level Upper level fpresent fNIST [147] fprevious(Exp.) fprevious(Theory) 

2

1/26 S  

 

2

1/26 P
 

 

3.64(-1)  

 

3.43(-1) †   

 

3.42(-1)a 

3.45(-1)b 

3.53(-1)c 

3.40(-1)d  

3.98(-1)e  

2

1/26 S
 

2

3/26 P
 

7.27(-1) 7.14(-1) 7.13(-1)a 

7.17(-1)b 

 

7.26(-1)c 

7.07(-1)d 

8.19(-1)e  

2

1/26 S  2

1/27 P  2.36(-3) 2.51(-3)  2.01(-3)c   

2

1/26 S
 

2

3/27 P
 

1.20(-2) 1.15(-2)  9.28(-3)c   

2

1/26 S  2

1/28 P  3.85(-4) 2.04(-4)  1.37(-4)c   

2

1/26 S
 

2

3/28 P
 

1.78(-3) 1.74(-3)  1.35(-3)c 

2

1/26 P  2

3/25 D  3.59(-1) 2.48(-1)   

2
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2
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3.30(-2) 2.10(-2)   

2

3/26 P
 

2
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2.97(-1) 2.14(-1)   

2

1/26 P  2
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2
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2
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2

3/26 P
 

2

5/26 D
 

2.50(-1)    
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2

3/26 P
 

2

1/28 S
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2
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8.93(-3)    
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2
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2
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2
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3.44(-3)    
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†Rafac et al. [145], aRafac et al. [146], bDerevianko and Porsev [148], cZilitis [149], 

dGłowacki [150] and eBostock  et al. [151]. 
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2.2.2. Cross sections and rates 

Most of the earlier theoretical calculations reported on electron impact excitation of 

cesium atom are from the 62S state and they have used non-relativistic approximations 

[135, 136, 156, 157] which do not resolve the fine-structure levels. Thus such calculations 

are not directly comparable to any fully relativistic calculation, in particular, for a heavier 

atom like Cs (see Zatsarinny et al. [63]). Also no experimental electron impact direct 

excitation cross section results are reported in the literature. However, Chen and Gallagher 

[158] reported their normalized optical cross sections for the 62S→62P excitation which 

includes direct excitation cross section along with cascade contribution. In fact, they 

measured optical excitation functions for 62P3/2 and normalized their cross sections to the 

sum of Born direct and cascade excitation cross sections but these cannot be compared 

until the cascade contributions are separately known and excluded.  However if there 

would have been some suitable measurements even for the unresolved 62S→62P excitation 

one can compare the fine structure resolved results by combining them. Also majority of 

the available unresolved theoretical results reported are obtained using simple Born 

approximation and impact parameter methods [135, 136]. The available relativistic 

calculations include the work of Zemen et al. [159] who reported differential and 

integrated cross sections using the  relativistic distorted wave theory for the electron 

impact excitation from the ground state 62S to the 6 2P1/2,3/2 states only. Though their RDW 

theory is similar to ours but they used simple single configuration Cs target wavefunctions 

which were obtained from the older version of MCDF code [160]. Recently, Zatsarinny et 

al. [63] reported fully relativistic Dirac B-spline R-matrix (DBSR) with pseudo states 

calculations for the electron impact cross sections for the excitation from the ground 62S1/2 

as well as from the excited states 62P1/2/3/2 to the different higher lying states.  

Comparisons of present RDW results with the DBSR-311 calculations [63] for the 

excitation from the fine structure states 62S1/2 and 62P1/2,3/2 to few higher lying states are 

presented through figures 2.2, 2.3 and 2.4. Figure 2.2 shows the comparison of present 

RDW and DBSR results available up to 150 eV for the electron impact excitation cross 

sections from the ground state 62S1/2 to 62P1/2, 3/2, 52D3/2, 5/2, 72S1/2 and 72P1/2, 3/2.  On 

comparison of these two set of calculations i.e. present RDW and DBSR [63] for the fine-

structure excitation cross sections from the ground state 62S1/2 to 62P1/2, 3/2 levels, it is 

found that their natures are different and the magnitudes differ maximum by factor of 2-3 

and, similar can be said for the excitation to 72S1/2. The cross section curves for the 

excitations to the 52D3/2, 5/2 and 72P1/2, 3/2 states show similar behavior and are in reasonable 
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agreement. Figures 2.3 and 2.4 present the comparison of our RDW and DBSR [63] cross 

section results for the excitation from the states 62P1/2 and 62P3/2 respectively to the states 

52D3/2, 5/2, 72S1/2 and 72P1/2, 3/2. It can be seen from the figures that the two set of 

calculations for all these transitions show reasonable agreement. 
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Figure 2.2: Comparison of the present RDW electron impact excitation cross sections 

(solid line) from the ground state 62S1/2 of cesium with the DBSR calculations of 

Zatsarinny et al. [63] (dashed line). 
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Figure 2.3: Comparison of the present RDW electron impact excitation cross sections 

(solid line) from the state 62P1/2 of cesium with the DBSR calculations of Zatsarinny et al. 

[63] (dashed line). 
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Figure 2.4: Comparison of the present RDW electron impact excitation cross sections 

(solid line) from the state 62P3/2 of cesium with the DBSR calculations of Zatsarinny et al. 

[63] (dashed line). 

Through the figures 2.5-2.16, we have presented our calculated all the RDW cross 

sections of various fine-structure transitions from the ground state as well as excited states 

to the different higher lying states which are referred in the figure 2.1. In these figures 

along with our cross section results we have also shown in an adjacent box, the rate 

coefficients varying with electron temperature up to 50 eV for the same fine-structure 

transitions. 

Figures 2.5 and 2.6 present the electron impact excitation cross sections and the rate 

coefficients from the ground state of cesium 62S1/2 to fine-structure excited states n2P1/2, 3/2 , 

n'2D3/2, 5/2 and n''2S1/2  states(where n=6-8, n'=5-7 and n''=7 and 8). It can be seen from 

these figures that the cross sections for the fine-structure states with the larger J value are 

greater i.e., cross sections for the states n2P3/2 and n'2D5/2 are larger as compared to the state 

n2P1/2 and n'2D3/2 respectively in the entire range of electron energy. This is quite expected 

from the fine structure L-S coupling formula that the cross section from the same initial 

state 2S to the two final states, are in the ratio of their multiplicities. Thus the ratio of the 

excitation cross section of the same P state with J=3/2 and J=1/2 should be in the ratio of a 

factor of 2 and for the excitation cross section of the same D state with J=5/2 and J=3/2 

should be in the ratio of a factor of 1.5.  However, we find that in our RDW results these 

ratios are not exactly 2 and 1.5 but they vary close to 1.9-2.2 and 1.4-1.5 respectively. The 

deviation in the ratio confirms the breaking down of L-S fine-structure formula and 

indicates the importance of the contribution of the relativistic spin-orbit interactions. 
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In the figures 2.7, 2.8 and 2.9, the cross sections for the excitation from 62P1/2, 3/2 to 

higher excited states have been shown. In absence of any available experimental data it is 

difficult to comment on the magnitudes of the cross section results for the different 

transitions. However, it can be seen that the cross sections are almost same for the 

excitation from 62P1/2 or 62P3/2 to n2S1/2 states with n=7, 8. Also, it is observed that  for the 

excitation from 62P1/2, 3/2 to the levels n'2D3/2, 5/2 (n'=5-7) and n''2P1/2, 3/2 (n''=7,8), their cross 

sections show that (62P1/2→ n'2D3/2) >  (62P1/2→ n'2D5/2);  (62P3/2→ n'2D5/2) > 

 (62P3/2→ n'2D3/2);  (62P1/2→ n''2P1/2) >  (62P1/2→ n''2P3/2) and  (62P3/2→ n''2P3/2) > 

 (62P3/2→ n''2P1/2). Such behavior of cross sections for different transitions can be easily 

argued on the basis of the selection rule ΔJ=0,±1 of total angular momentum J as well as 

the change in parity during the transition. 

 Further, through the figures 2.10-2.16, the cross sections for rest of the transitions 

considered are shown. For the excitation from the states 52D3/2, 5/2,  7
2P1/2/3/2, 6

2D3/2, 5/2 and 

82P1/2, 3/2 to higher excited states we find the similar behavior as seen for the excitation 

from the states 62P1/2, 3/2. Further, the cross section curves for the excitation from the states 

72S1/2 and 82S1/2 follow same trend as observed for the excitation from 62S1/2 state. 

It would be worth mentioning about the uncertainty of our results reported here for the 

application point of view. The overall numerical accuracy of the present cross sections 

depends on many factors. For example, the bound state wave functions calculated by the 

GRASP code are accurate to at least one part in 106, while the solution of the free particle 

Dirac-Fock equations converges to one part in 105. The accuracy of the radial integration 

involving these functions is governed by the accuracy of the integrands as well as the 

integration method used. We have accurately evaluated the oscillating long-range 

contribution to the direct terms in T-matrix by using contour integration so the overall 

error in the radial integration should not exceed one part in 104. In evaluating the T-

matrix, we expand the free wave functions in partial waves and calculate the individual 

terms for increasing values of their angular momentum until the convergence is achieved 

to one part in 105. Thus, the accuracy of the reported cross sections here within the RDW 

approximation is at least one part in 104.  

As far as the rate coefficients for various electron impact excitation transitions 

presented through all the figures are concerned these show expected behavior. There is a 

sharp increase in rate coefficient at very low electron temperatures and thereafter attaining 

the maximum value it decreases slowly at higher temperatures. Magnitudes of rate 
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coefficients for different transitions are according to their cross sections. We have 

presented the rate coefficients up to 50 eV so that one can use directly accurate rate 

coefficients in their plasma model as some plasma models require rate coefficients as 

direct input instead of cross sections. 
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Figure 2.5: Electron-impact excitation from the ground state 62S1/2 to n2P1/2,3/2 (n=6-8) of 

cesium (a) Cross sections as a function of incident electron energy (b) Rate coefficients as 

a function of electron temperature.  
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Figure 2.6: Electron-impact excitation from the ground state 62S1/2 to n'2D3/2, 5/2 (n'=5-7) 

and n''2P1/2, 3/2 (n''=7,8) of cesium (a) Cross sections as a function of incident electron 

energy (b) Rate coefficients as a function of electron temperature.  
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Figure 2.7: Electron-impact excitation from the excited states 62P1/2,3/2 of cesium (a) Cross 

sections as a function of incident electron energy (b) Rate coefficients as a function of 

electron temperature. Here solid line and dashed line present the excitation from 62P1/2 and 

62P3/2 respectively. 
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Figure 2.8: Electron-impact excitation from the excited states 62P1/2,3/2 of cesium (a) Cross 

sections as a function of incident electron energy (b) Rate coefficients as a function of 

electron temperature. Here solid line and dashed line present the excitation from 62P1/2 and 

62P3/2 respectively. 
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Figure 2.9: Electron-impact excitation from the excited states 62P1/2,3/2 of cesium (a) Cross 

sections as a function of incident electron energy (b) Rate coefficients as a function of 

electron temperature. Here solid line and dashed line present the excitation from 62P1/2 and 

62P3/2 respectively. 
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Figure 2.10: Electron-impact excitation from the excited states 52D3/2,5/2 of cesium (a) 

Cross sections as a function of incident electron energy (b) Rate coefficients as a function 

of electron temperature. Here solid line and dashed line present the excitation from 52D3/2 

and 52D5/2 respectively. 
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Figure 2.11: Electron-impact excitation from the excited states 52D3/2,5/2 of cesium (a) 

Cross sections as a function of incident electron energy (b) Rate coefficients as a function 

of electron temperature. Here solid line and dashed line present the excitation from 52D3/2 

and 52D5/2 respectively. 
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Figure 2.12: Electron-impact excitation from the excited states 52D3/2,5/2 of cesium (a) 

Cross sections as a function of incident electron energy (b) Rate coefficients as a function 

of electron temperature. Here solid line and dashed line present the excitation from 52D3/2 

and 52D5/2 respectively. 
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Figure 2.13: Electron-impact excitation from the excited states 72S1/2 of cesium (a) Cross 

sections as a function of incident electron energy (b) Rate coefficients as a function of 

electron temperature. 
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Figure 2.14: Electron-impact excitation from the excited states 72P1/2,3/2 of cesium (a) 

Cross sections as a function of incident electron energy (b) Rate coefficients as a function 

of electron temperature. Here solid line and dashed line present the excitation from 72P1/2 

and 72P3/2 respectively. 
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Figure 2.15: Electron-impact excitation from the excited states 62D3/2,5/2 of cesium (a) 

Cross sections as a function of incident electron energy (b) Rate coefficients as a function 

of electron temperature. Here solid line and dashed line present the excitation from 62D3/2 

and 62D5/2 respectively. 
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Figure 2.16: Electron-impact excitation from the excited states 82S1/2 and 82P1/2,3/2 of 

cesium (a) Cross sections as a function of incident electron energy (b) Rate coefficients as 

a function of electron temperature. Here solid line and dashed line present the excitation 

from 82P1/2 and 82P3/2 respectively.  Dotted line denotes the excitation from 82S1/2 state. 
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2.2.3 Analytical fittings of excitation cross sections 

The calculated numerical excitation cross sections for all the fine-structure transitions have 

been fitted through the following analytical formulae [13, 73].  
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(2.2.2) 

Here, σ is in units of 
2

0a (0.28e-20 m2), E is incident electron energy in atomic units 

(27.211eV) and bi, c0, c1and c2 are fitting coefficients. Table 2.2 list the fitting coefficients 

for the electron impact excitation cross sections for the 82 transitions considered for Cs. 

The accuracy of the fitted formula is within 5% in the considered energy range from 

threshold to 1keV. The advantage of giving this fitting is that one can use directly the 

obtained expressions in the plasma models. 
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Table 2.2: Fitting coefficients for the electron impact excitation cross sections for the transitions considered for Cs atom. The number in the 

parenthesis stands for the multiplying power of 10. 

Transition Energy 

Interval 

(in eV) 

b0 b1 b2 b3 c0 c1 c2 

2

1/26 S →
2

1/26 P  Eth -9 

9-79 

79-1000 

-3.81054(+1) 

-1.75894(+1) 

5.91161(+2) 

7.54048(+2) 

 

4.63893(+1) 

1.25534(+3)  1.55700(-2) 

-1.13180(-1) 

4.63266(+0) 

1.78717(+0) 

1.11190(-1) 

6.54466(+0) 

2.21984(+1) 

-2.1900(-2) 

-2.94770(-1) 

2

1/26 S →
2

3/26 P  Eth-3.989 

3.989-10 

10-200 

200-1000 

-7.26705(+1) 

7.93665(+1) 

1.14601(+2) 

2.48919(+3) 

4.09312(+2) 

-2.38839(+2) 

-1.94563(+1) 

1.10249(+2) 

2.32295(+4) 

5.26072(+3) 

1.92874(+0) 

 1.84670(-1) 

5.97760(-1) 

3.85840(-1) 

1.37531(+1) 

-3.33583(+0) 

-4.41745(+0) 

3.20710(-1) 

1.28994(+1) 

1.05340(+2) 

3.18780(+1) 

3.24000(-3) 

3.47500(-1) 

2

1/26 S →
2

3/25 D  Eth-10 

10-100 

100-1000 

-3.17268(+0) 

-3.59404(+0) 

3.61628(+1) 

4.87372(+1) 

1.15153(+1) 

1.87718(+0) 

2.6881(-1) 

5.5628(-1) 

 

 -1.82600(-2) 

-9.05400(-2) 

1.64331(+0) 

6.69300(-1) 

-1.95260(-1) 

4.10517(+0) 

6.48457(+0) 

1.59306(+0) 

1.78090(-1) 

2

1/26 S →
2

5/25 D  Eth-10 

10-1000 

-8.23595(+0) 

6.96129(+0) 

1.24485(+2) 

3.92645(+0) 

4.39487(+1) 

-4.15000(-3) 

 -1.64100(-2) 

9.76800(-2) 

8.43920(-1) 

7.54580(-1) 

1.34987(+1) 

2.50820(-1) 

2

1/26 S →
2

1/27 S  Eth-5.347 

5.347-15 

15-1000 

-2.99608(+2) 

6.75203(+0) 

-1.57257(+0) 

3.62361(+3) 

-1.33522(+1) 

2.81126(+0) 

 

2.685113(+1) 

 5.70680(-1) 

3.56850(-1) 

-1.36000(-2) 

7.92740(+0) 

-4.30320(-1) 

-2.30310(-1) 

6.88594(+2) 

2.20125(+0) 

4.55550(-1) 

2

1/26 S →
2

1/27 P  Eth-10 

10-40 

40-200 

-1.36731(+0) 

1.05207(+0) 

1.11308(+1) 

1.64506(+1) 

2.13983(+0) 

-5.09764(+0) 

-1.07404(+1) 

 

1.14627(+0) 

 

 

-5.71700(-2) 

-2.42400(-2) 

4.04320(-1) 

6.11765(+0) 

2.24682(+0) 

6.09090(-1) 

-1.37468(+0) 

4.54871(+0) 

1.19916(+0) 

6.47940(-1) 
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200-1000 -1.00681(+3)  -3.36980(+2) -2.92537(+2) 1.27908(+0) 

2

1/26 S →
2

3/27 P  Eth-10 

10-80 

80-1000 

-2.21180(+0) 

4.90909(+0) 

5.86816(+0) 

2.65034(+1) 

-5.72509(+0) 

1.71845(+0) 

-1.83647(+1) 

4.88310(+0) 

 

-7.77240(-1) 

-1.63400(-2) 

9.66290(-1) 

4.35925(+0) 

1.82118(+0) 

-1.10910(+0) 

8.63310(-1) 

3.07782(+0) 

1.23349(+0) 

2.03650(-1) 

2

1/26 S →
2

3/26 D  Eth-20 

20-80 

80-1000 

-5.33480(-1) 

1.30764(+0) 

2.23178(+0) 

5.39508(+0) 

4.40180(-1) 

5.30650(-1) 

4.26812(+0) 

-1.54070(-1) 

 

 1.39970(-1) 

-8.67100(-1) 

9.51000(-2) 

-3.01639(+0) 

7.95181(+0) 

6.72701(+0) 

3.30188(+1) 

-1.54904(+0) 

8.79680(-1) 

2

1/26 S →
2

5/26 D  Eth-15 

15-100 

100-1000 

-4.22664(+0) 

1.26784(+0) 

1.17263(+1) 

5.71813(+1) 

1.47192(+0) 

2.40641(+0) 

-1.33953(+2) 

2.02680(-1) 

-1.61200(-2) 

1.14118(+2) 

 

-9.71940(-1) 

8.24240(-1) 

-2.23973(+1) 

1.54700(+1) 

2.66861(+0) 

3.47000(+1) 

5.05230(+0) 

3.51356(+0) 

1.77529(+0) 

2

1/26 S →
2

1/28 S  Eth-34.356 

34.35-1000 

-4.68611(+0) 

-1.86037(+0) 

4.26299(+1) 

1.82753(+0) 

4.05570(+0)  2.57600(-2) 

-6.67560(-1) 

5.54742(+0) 

-7.69210(-1) 

3.50999(+1) 

1.34703(+0) 

2

1/26 S →
2

1/28 P  Eth-10 

10-30 

30-80 

80-1000 

-7.61330(-1) 

1.01344(+0) 

8.71640(-1) 

2.12349(+1) 

6.67988(+0) 

-5.03590(-1) 

5.79760(-1) 

1.26943(+0) 

4.43974(+0)  -2.97940(-1) 

1.40514(+0) 

4.62160(-1) 

1.20778(+2) 

-2.97940(-1) 

4.20930(-1) 

2.72728(+0) 

1.99868(+1) 

2.92917(+1) 

-3.41200(-1) 

1.07386(+0) 

1.54220(+0) 

2

1/26 S →
2

3/28 P  Eth-20 

20-100 

100-1000 

-2.37044(+0) 

3.85382(+0) 

1.12565(+0) 

2.43790(+1) 

-4.75970(-1) 

7.67630(-1) 

-2.20524(+1) 

-8.39500(-2) 

 

2.05063(+1) 

 

2.27600(-1) 

1.27187(+0) 

9.73270(+0) 

2.95463(+0) 

4.29951(+0) 

2.87170(-1) 

2.01650(+1) 

-9.65870(-1) 

4.17980(-1) 

2

1/26 S →
2

3/27 D  Eth-20 

20-1000 

-3.50730(-1) 

4.93400(-2) 

3.44227(+0) 

2.12710(-1) 

-2.46232(+0) 3.34117(+0) -1.02550(-1) 

-5.59900(-2) 

5.09350(-1) 

1.11488(+0) 

2.26566(+1) 

7.77950(-1) 

2

1/26 S →
2

5/27 D  Eth-20 

20-1000 

-4.54740(-1) 

7.24800(-2) 

4.43165(+0) 

7.26280(-1) 

-2.88731(+0) 4.16856(+0) -1.00460(-1) 

-2.64600(-1) 

4.87700(-1) 

2.32223(+0) 

2.12774(+1) 

1.88685(+0) 
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2

1/26 P →
2

3/25 D  Eth-10 

10-1000 

3.34325(+4) 

3.05952(+2) 

-1.80003(+6) 

6.00028(+1) 

-2.20691(+6) -1.00100(+6) 2.85105(+0) 

2.10280(-1) 

-4.30465(+2) 

9.57810(-1) 

-1.15886(+4) 

1.04340(-1) 

2

1/26 P →
2

5/25 D  Eth-10 

10-1000 

-5.22447(+0) 

2.26774(+0) 

3.10720(+2) 

9.94330(-1) 

-1.01916(+3) 1.85859(+3) 1.63000(-3) 

9.25200(-2) 

1.06660(-1) 

8.52810(-1) 

7.94629(+1) 

2.75050(-1) 

2

3/26 P →
2

3/25 D  Eth-10 

10-1000 

-1.81659(+1) 

3.63964(+1) 

1.04951(+3) 

7.58185(+0) 

1.09186(+3) 9.36400(+2) -1.10300(-2) 

2.23660(-1) 

1.59657(+0) 

1.09351(+0) 

6.41960(+1) 

1.27910(-1) 

2

3/26 P →
2

5/25 D  Eth-10 

10-1000 

-2.99876(+1) 

1.01720(+2) 

1.92919(+3) 

1.74512(+1) 

1.88665(+4) -1.28987(+4) 2.86900(-2) 

7.95800(-2) 

-7.93650(-1) 

3.38820(-1) 

3.84900(+1) 

3.27900(-2) 

2

1/26 P →
2

1/27 S  Eth-17.469 

17.46-1000 

-6.33231(+0) 

2.82005(+1) 

1.72429(+2) 

2.52613(+0) 

4.49555(+2) -1.23994(+2) 1.24310(-1) 

2.45200(-1) 

4.36510(-1) 

3.03550(-1) 

8.35339(+0) 

1.41200(-2) 

2

3/26 P →
2

1/27 S  Eth-18 

18-1000 

7.80726(+1) 

3.93319(+1) 

-2.19120(+3) 

3.75098(+0) 

-5.78967(+3) 1.72785(+3) -1.37274(+0) 

3.21380(-1) 

-5.45403(+0) 

4.21410(-1) 

-1.02086(+2) 

2.09200(-2) 

2

1/26 P →
2

1/27 P  Eth-2 

2-20 

20-1000 

-2.82682(+1) 

-5.78802(+0) 

8.07560(-1) 

6.84644(+2) 

9.76577(+1) 

3.92818(+0) 

 

2.16311(+2) 

 

-8.06914(+1) 

 

3.46490(-1) 

2.82200(-2) 

-5.53500(-2) 

-1.15744(+1) 

-8.37660(-1) 

1.67660(-1) 

1.94725(+2) 

1.77880(+1) 

2.86260(-1) 

2

1/26 P →
2

3/27 P  Eth-4 

4-38 

38-1000 

-2.17447(+1) 

-5.64840(-1) 

5.05736(+0) 

5.37095(+2) 

1.28549(+1) 

-9.50000(-3) 

 

9.58730(-1) 

 

 

-2.19027(+0) 

5.68800(-2) 

4.16750(-1) 

6.68373(+1) 

6.17730(-1) 

1.67218(+0) 

1.51889(+2) 

4.87153(+0) 

-4.56000(-3) 

2

3/26 P →
2

1/27 P  Eth-4 

4-38 

38-1000 

-4.92872(+0) 

-5.47170(-1) 

3.69653(+0) 

1.17108(+2) 

1.01234(+1) 

1.02690(-1) 

 

3.42590(-1) 

 

 -1.07114(+0) 

3.46800(-2) 

5.69960(-1) 

2.98189(+1) 

1.08921(+0) 

2.48831(+0) 

6.00588(+1) 

7.20467(+0) 

6.31500(-2) 

2

3/26 P →
2

3/27 P  Eth-10 

10-1000 

-1.26794(+1) 

-7.20130(-1) 

3.40635(+2) 

1.58638(+1) 

-7.44447(+2) 1.06779(+3) 2.84000(-3) 

5.74800(-2) 

1.60920(+0) 

-9.17200(-2) 

1.25685(+1) 

1.16644(+0) 

2

1/26 P →
2

3/26 D  Eth- 20 -7.48077(+0) 1.63003(+2) 6.00999(+1) -8.31549(+0) 3.81300(-2) 1.78989(+0) 4.36812(+0) 
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20-1000 1.64241(+1) 1.15391(+0) 2.37080(-1) 2.84530(-1) 9.31000(-3) 

2

1/26 P →
2

5/26 D  Eth- 20 

20-1000 

-5.60520(-1) 

-1.12070(-1) 

1.22545(+1) 

3.45750(+0) 

3.15319(+0)  -1.01000(-2) 

-3.29560(-1) 

1.51560(-1) 

1.10875(+0) 

1.29998(+1) 

2.32576(+0) 

2

3/26 P →
2

3/26 D  Eth-20 

20-1000 

-1.15229(+0) 

3.05913(+0) 

2.57465(+1) 

2.71880(-1) 

8.63478(+0)  -3.75500(-2) 

2.80170(-1) 

1.72499(+0) 

4.22670(-1) 

5.35990(+0) 

1.87100(-2) 

2

3/26 P →
2

5/26 D  Eth-20 

20-1000 

-5.00425(+0) 

1.68845(+1) 

1.11655(+2) 

1.15261(+0) 

5.48587(+1) -1.26310(+1) 1.36700(-2) 

2.27290(-1) 

1.14937(+0) 

2.79520(-1) 

3.07386(+0) 

8.91000(-3) 

2

1/26 P →
2

1/28 S  Eth-2.77 

2.77-19.74 

19.74-1000 

-1.09176(+2) 

1.18767(+0) 

2.78572(+0) 

2.02280(+3) 

1.08428(+1) 

9.21280(-1) 

 

1.42266(+1) 

 9.89772(+0) 

3.35360(-1) 

3.16350(-1) 

-1.09805(+2) 

2.62250(-1) 

7.50050(-1) 

1.80775(+3) 

7.32109(+0) 

1.00990(-1) 

2

3/26 P →
2

1/28 S  Eth-10.26 

10.26-1000 

8.34850(-1) 

2.03494(+0) 

-5.78583(+1) 

4.06400(-1) 

8.23993(+2) -5.32691(+2) 2.73000(-1) 

2.51430(-1) 

-9.68456(+0) 

4.63980(-1) 

1.17467(+2) 

4.17900(-2) 

2

1/26 P →
2

1/28 P  Eth-7.4 

7.4-1000 

-2.56162(+0) 

-1.32077(+1) 

4.85706(+1) 

1.69834(+1) 

-9.33934(+1) 

-6.42600(-1) 

 

2.06700(-2) 

-1.22830(-1) 

-9.89970(-1) 

4.06463(+0) 

-3.17073(+0) 

-4.84345(+0) 

5.58169(+0) 

2

1/26 P →
2

3/28 P  Eth-5 

5-52.66 

52.66-1000 

-2.29496(+0) 

-5.76180(-1) 

4.06169(+0) 

2.53410(+1) 

5.14202(+0) 

-5.29800(-2) 

2.19570(+2) 

5.01476(+0) 

 

-1.21928(+0) 

5.22240(-1) 

9.18600(-2) 

1.78177(+0) 

-2.05712(+1) 

-1.07973(+0) 

6.26467(+0) 

3.75777(+2) 

1.83002(+1) 

-8.46600(-2) 

2

3/26 P →
2

1/28 P  Eth-5 

5-1000 

-8.61480(-1) 

-8.42193(+0) 

1.47360(+1) 

4.76599(+1) 

  -1.91400(-1) 

-9.58002(+0) 

4.14937(+0) 

2.85551(+1) 

6.48350(+1) 

1.43035(+2) 

2

3/26 P →
2

3/28 P  Eth-7.4 

7.4-1000 

-2.82501(+0) 

2.63920(+0) 

3.97355(+1) 

1.59998(+0) 

1.44745(+2) 

4.39100(-2) 

 -3.75400(-2) 

2.66040(-1) 

1.21709(+0) 

5.53000(-1) 

3.46632(+1) 

8.00030(-1) 

2

1/26 P →
2

3/27 D  Eth-20 

20-1000 

-2.10313(+0) 

3.66588(+0) 

3.27595(+1) 

1.12300(-1) 

1.71330(+1)  6.64000(-2) 

2.50940(-1) 

1.29513(+0) 

2.06710(-1) 

4.36387(+0) 

2.65000(-3) 

2

1/26 P →
2

5/27 D  Eth-10 -8.37520(-1) 1.29843(+1) 7.50785(+0)  -3.90300(-2) -1.30627(+0) 6.42257(+1) 
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10-100 

100-1000 

5.93480(-1) 

3.59138(+0) 

1.10329(+0) 

2.23690(-1) 

1.37770(-1) 

 

7.33000(-1) 

2.58975(+0) 

9.23470(-1) 

9.58481(+0) 

4.53816(+0) 

5.44360(-1) 

2

3/26 P →
2

3/27 D  Eth-10 

10-1000 

-4.36639(+0) 

2.39501(+0) 

8.60911(+1) 

9.59500(-2) 

-2.49955(+2) 1.65608(+2) -9.22490(-1) 

1.01691(+0) 

2.838514(+1) 

1.13083(+0) 

-6.28016(+1) 

2.05900(-2) 

2

3/26 P →
2

5/27 D  Eth-20 

20-1000 

-1.71559(+0) 

5.18489(+0) 

2.85150(+1) 

1.41580(-1) 

-6.53913(+0) 7.56328(+0) 2.87100(-2) 

3.36410(-1) 

1.15020(+0) 

2.96650(-1) 

2.03200(+0) 

3.05000(-3) 

2

3/25 D →
2

1/27 S  Eth-5 

5-1000 

-7.41063(+0) 

3.01710(+0) 

7.70933(+2) 

2.38840(-1) 

3.22554(+2) 

 

 -2.93000(-3) 

9.69300(-2) 

1.15221(+0) 

7.06720(-1) 

3.12738(+2) 

4.12000(-2) 

2

5/25 D →
2

1/27 S  Eth-2 

2-5 

5-1000 

-1.36458(+1) 

-8.63332(+0) 

2.63896(+0) 

1.36507(+3) 

8.65601(+2) 

2.37130(-1) 

9.24646(+2) 

3.76108(+2) 

 -2.78599(-4) 

-2.48000(-3) 

8.82100(-2) 

1.44863(+0) 

1.20541(+0) 

6.49560(-1) 

5.97995(+2) 

3.68284(+2) 

4.33400(-2) 

2

3/25 D →
2

1/27 P  Eth -10 

10-200 

200-1000 

-1.72210(+0) 

3.69596(+0) 

1.14613(+2) 

7.38337(+1) 

5.25330(-1) 

4.48626(+0) 

1.12253(+1) 1.70897(+1) -1.92600(-2) 

1.29010(-1) 

1.03915(+1) 

2.30928(+0) 

4.29340(-1) 

9.51289(+0) 

9.40030(+0) 

2.77800(-2) 

2.27110(-1) 

2

3/25 D →
2

3/27 P  Eth -10 

10-1000 

-1.18166(+0) 

1.97650(+0) 

4.735687(+1) 

2.15640(-1) 

8.16815(+1) 

 

 -5.37000(-3) 

2.67490(-1) 

4.35030(-1) 

1.02805(+0) 

6.47131(+1) 

5.84600(-2) 

2

5/25 D →
2

1/27 P  Eth -5 

5-1000 

-1.23312(+0) 

1.31824(+1) 

5.37771(+1) 

2.30996(+1) 

-6.18464(+1)  7.09000(-3) 

-1.95581(+0) 

-7.67530(-1) 

8.93692(+1) 

1.96665(+2) 

8.43951(+1) 

2

5/25 D →
2

3/27 P  Eth -10 

10-1000 

-1.90165(+0) 

3.83374(+0) 

7.41776(+1) 

4.97500(-1) 

1.74470(+2) 

 

-9.20725(+1) 

 

-2.11300(-2) 

1.49370(-1) 

2.13691(+0) 

5.11640(-1) 

2.26258(+1) 

2.93100(-2) 

2

3/25 D →
2

3/26 D  Eth -7 

7-100 

100-1000 

-5.84829(+1) 

1.13806(+1) 

1.21490(+2) 

2.17957(+3) 

-4.95130(-1) 

1.25497(+0) 

-1.56510(+3) 

 

2.14209(+4) 

 

-1.56800(-2) 

-5.11300(-2) 

3.34702(+0) 

1.70499(+0) 

7.48990(-1) 

5.24149(+0) 

1.34007(+2) 

-6.97600(-2) 

3.70900(-2) 

2

3/25 D →
2

5/26 D  Eth -7 -2.20551(+0) 7.71262(+1) 1.52091(+2) -4.74542(+2) 2.90500(-2) -2.28254(+0) 9.42698(+1) 
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7-200 

200-1000 

6.07820(-1) 

1.30279(+1) 

3.40231(+0) 

7.05820(-1) 

-2.20580(-1) 

3.46212(+0) 

1.86932(+0) 

1.09328(+1) 

2.56349(+0) 

4.47750(-1) 

2

5/25 D →
2

3/26 D  Eth -3 

3-20 

20-1000 

-2.28019(+0) 

-1.14308(+0) 

1.60978(+0) 

8.31402(+1) 

4.24711(+1) 

3.88800(-1) 

-1.03413(+1) 

-3.50233(+1) 

 

 

2.86598(+1) 

 

3.24900(-2) 

9.14000(-3) 

3.60500(-1) 

-2.69011(+0) 

-9.30570(-1) 

2.55015(+0) 

1.25430(+2) 

5.59756(+1) 

4.32250(-1) 

2

5/25 D →
2

5/26 D  Eth -7 

7-100 

100-1000 

-2.88976(+1) 

1.91160(+1) 

1.21647(+2) 

1.05476(+3) 

-8.61620(-1) 

1.10581(+0) 

-5.89435(+2) 9.88064(+3) 

 

-7.08000(-3) 

-8.98600(-2) 

3.00657(+0) 

7.53360(-1) 

1.35104(+0) 

5.65834(+0) 

7.12334(+1) 

-1.31880(-1) 

3.22200(-2) 

2

3/25 D →
2

1/28 S  Eth -10 

10-1000 

-9.63800(-1) 

2.94998(+2) 

2.40987(+1) 

2.03599(+2) 

7.86634(+1) 

4.94980(-1) 

-1.04857(+2) 2.71800(-1) 

3.08624(+2) 

-1.52150(+1) 

1.52242(+3) 

3.06082(+2) 

9.99077(+2) 

2

5/25 D →
2

1/28 S  Eth -10 

10-1000 

-1.97168(+0) 

1.17820(+0) 

4.32060(+1) 

9.20440(-1) 

3.20146(+2) 

 

-4.51695(+2) 

 

8.30750(-1) 

1.18501(+0) 

-4.41944(+1) 

5.97134(+0) 

7.86973(+2) 

4.23247(+0) 

2

3/25 D →
2

1/28 P  Eth -10 

10-1000 

-2.04412(+0) 

9.84300(-1) 

5.12059(+1) 

2.39900(-2) 

-4.49655(+1) 5.86830(+1) -5.33810(-1) 

6.43390(-1) 

2.51204(+1) 

9.93270(-1) 

3.91611(+1) 

7.37000(-3) 

2

3/25 D →
2

3/28 P  Eth-10 

10-1000 

-6.81230(-1) 

1.04772(+0) 

1.77519(+1) 

2.07030(-1) 

-3.38075(+1) 7.06460(+1) 1.95000(-2) 

1.35044(+0) 

-1.83936(+0) 

5.12909(+0) 

1.09202(+2) 

5.90810(-1) 

2

5/25 D →
2

1/28 P  Eth-10 

10-1000 

-2.66340(-1) 

1.52170(-1) 

7.28399(+0) 

8.84700(-2) 

-2.28273(+1) 

 

3.37807(+1) 

 

-2.83000(-3) 

1.76130(-1) 

-8.26640(-1) 

4.11126(+0) 

7.90375(+1) 

1.62459(+0) 

2

5/25 D →
2

3/28 P  Eth-10 

10-200 

200-1000 

-3.61622(+0) 

1.31238(+0) 

-7.87000(-2) 

7.94899(+1) 

2.09400(-2) 

1.09849(+0) 

1.59553(+2) 7.51958(+1) -3.22270(-1) 

8.41370(-1) 

-7.87087(+0) 

9.27644(+0) 

1.45256(+0) 

4.55774(+0) 

3.75749(+2) 

-3.19000(-3) 

6.48400(-1) 

2

3/25 D →
2

3/27 D  Eth-15 

15-100 

100-1000 

-3.54844(+0) 

-8.65380(-1) 

-3.07445(+0) 

8.21626(+1) 

3.48944(+0) 

2.07822(+0) 

-3.98165(+1)  -7.46700(-2) 

-2.04770(-1) 

-1.82214(+0) 

2.67193(+0) 

1.00370(-1) 

-2.31360(-1) 

1.11355(+1) 

1.05356(+0) 

6.04100(-1) 
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2

3/25 D →
2

5/27 D  Eth-5 

5-1000 

-1.47357(+0) 

4.04510(-1) 

3.28367(+1) 

1.83599(+0) 

1.62633(+1) -6.22228(+1) 9.80200(-2) 

-8.62890(-1) 

-6.03429(+0) 

6.51617(+0) 

1.42364(+2) 

7.75636(+0) 

2

5/25 D →
2

3/27 D  Eth-5 

5-1000 

-3.55301(+0) 

4.41010(-1) 

8.06509(+1) 

1.17715(+0) 

-1.60909(+1)  3.11490(-1) 

-1.00978(+0) 

-1.95893(+1) 

8.35644(+0) 

4.72709(+2) 

7.43924(+0) 

2

5/25 D →
2

5/27 D  Eth-5 

5-60 

60-1000 

-9.62600(-2) 

-4.04911(+0) 

-6.94110(-1) 

-3.21609(+1) 

7.53279(+0) 

3.43766(+0) 

8.11083(+2) -8.68078(+2) 4.82900(-2) 

-5.70700(-2) 

-2.35860(-1) 

-2.69754(+0) 

-1.36568(+0) 

2.01590(-1) 

5.16461(+1) 

2.72353(+0) 

1.08731(+0) 

2

1/27 S →
2

1/27 P  Eth-7.1 

7.1-1000 

6.06873(+0) 

-7.13603(+1) 

-2.23182(+3) 

9.66725(+2) 

1.29277(+5) 

2.81774(+1) 

-1.20099(+5) 

-4.72710(-1) 

8.54600(-2) 

-3.17400(-2) 

5.12820(-1) 

5.63110(-1) 

1.00504(+2) 

1.42125(+0) 

2

1/27 S →
2

3/27 P  Eth-10.306 

10.30-1000 

9.68591(+0) 

1.91947(+3) 

-2.74894(+3) 

7.73600(+1) 

1.45117(+5) -1.20369(+5) 5.58700(-2) 

7.61810(-1) 

9.40000(-2) 

1.36563(+0) 

6.03657(+1) 

2.71100(-2) 

2

1/27 S →
2

1/28 P  Eth-7 

7-160 

160-1000 

-6.18459(+0) 

9.20540(-1) 

8.70751(+1) 

1.98592(+2) 

3.44851(+0) 

4.49350(+0) 

-1.35508(+2) 4.75804(+2) -1.12100(-2) 

9.17000(-3) 

3.31753(+0) 

1.46048(+0) 

2.13240(-1) 

6.11026(+0) 

2.34710(+1) 

2.19610(-1) 

2.37240(-1) 

2

1/27 S →
2

3/28 P  Eth-10 

10-1000 

-8.00554(+0) 

8.90326(+0) 

2.44130(+2) 

2.00373(+0) 

2.04260(+2) 4.18490(+1) -4.21000(-3) 

8.54900(-2) 

8.02140(-1) 

3.90120(-1) 

1.80637(+1) 

5.64200(-2) 

2

1/27 P →
2

3/26 D  Eth-10 

10-1000 

3.01590(+4) 

1.50803(+3) 

-7.05174(+6) 

5.82155(+2) 

1.36661(+7) -1.6008(+7) -8.21255(+0) 

6.90900(-2) 

-3.28379(+2) 

8.18900(-1) 

-1.62175(+3) 

1.91390(-1) 

2

1/27 P →
2

5/26 D  Eth-3.23 

3.23-40 

40-1000 

-4.53128(+2) 

9.29430(-1) 

3.28018(+1) 

1.08874(+5) 

2.82860(+0) 

3.06182(+0) 

3.10215(+5) 

1.50038(+1) 

 

-4.40228(+0) 

5.52891(+0) 

5.29900(-2) 

8.94000(-2) 

-4.63543(+2) 

-2.77990(-1) 

1.37057(+0) 

3.15131(+4) 

8.52520(-1) 

1.14550(-1) 

2

3/27 P →
2

3/26 D  Eth-10 

10-1000 

9.21824(+2) 

1.64259(+2) 

-2.42064(+5) 

6.21643(+1) 

1.17680(+5)  -1.27035(+0) 

5.79200(-2) 

-1.15233(+2) 

7.84850(-1) 

-7.43667(+2) 

1.86860(-1) 

2

3/27 P →
2

5/26 D  Eth-15 4.88437(+3) -1.19547(+6) 3.03212(+5)  -1.28089(+0) -5.77624(+1) -5.05325(+2) 
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15-1000 1.29020(+5) 3.42827(+4) 6.91858(+0) 6.86487(+1) 1.15677(+1) 

2

1/27 P →
2

1/28 S  Eth-6.177 

6.177-78.60 

78.60-1000 

1.30131(+3) 

2.27917(+2) 

1.73077(+3) 

-2.34051(+5) 

-3.04416(+1) 

1.06553(+7) -1.34349(+7) 1.32783(+0) 

2.03790(-1) 

2.71971(+0) 

7.78687(+0) 

3.95150(-1) 

2.66030(+0) 

8.66661(+3) 

-6.05400(-2) 

-1.49400(-2) 

2

3/27 P →
2

1/28 S  Eth-6.177 

6.177-78.60 

78.60-1000 

2.24415(+1) 

-9.14789(+1) 

1.795320(+3) 

-4.22351(+3) 

5.62220(+2) 

 

2.02601(+5) 

3.05713(+1) 

 

-2.58639(+5) 3.07500(-2) 

-6.81900(-2) 

2.72054(+0) 

-1.36460(-1) 

2.46280(-1) 

2.72290(+0) 

1.59618(+2) 

1.16698(+0) 

-1.51700(-2) 

2

1/27 P →
2

3/27 D  Eth-5.0 

5-100 

100-1000 

-3.43819(+1) 

1.12278(+3) 

1.05679(+4) 

1.65721(+3) 

2.25868(+3) 

1.05417(+3) 

  1.27340(-1) 

2.37737(+0) 

7.38710(+1) 

5.94389(+0) 

3.39762(+1) 

1.14151(+2) 

1.19659(+1) 

1.85896(+1) 

6.21019(+0) 

2

1/27 P →
2

5/27 D  Eth-3.0 

3.0-50 

50-1000 

-2.69989(+1) 

-2.79090(-1) 

1.27838(+1) 

1.29590(+3) 

3.09408(+1) 

1.37920(+0) 

  -1.16000(-3) 

-4.42400(-2) 

4.56670(-1) 

5.45188(+0) 

1.01947(+0) 

2.24768(+0) 

3.48722(+2) 

5.15359(+0) 

1.78640(-1) 

2

3/27 P →
2

3/27 D  Eth-5 

5-100 

100-1000 

-1.53928(+1) 

3.99681(+0) 

7.68465(+1) 

7.15356(+2) 

5.45012(+0) 

5.21352(+0) 

2.36859(+3)  -3.68000(-2) 

4.77500(-2) 

3.04636(+0) 

8.14815(+0) 

5.30140(-1) 

4.68300(+0) 

1.36200(+2) 

2.76480(-1) 

1.90060(-1) 

2

3/27 P →
2

5/27 D  Eth-5 

5-100 

100-1000 

-3.66643(+1) 

2.29302(+1) 

8.24526(+2) 

1.83328(+3) 

2.36068(+1) 

5.46920(+1) 

  6.79600(-2) 

5.74100(-2) 

6.13125(+0) 

6.34353(+0) 

4.67670(-1) 

7.57702(+0) 

1.20050(+1) 

1.66950(-1) 

2.86310(-1) 

2

3/26 D →
2

1/28 P  Eth-3 

3-100 

100-1000 

-3.16065(+1) 

5.03628(+0) 

1.58024(+2) 

2.23519(+3) 

1.53875(+1) 

1.14022(+1) 

  -2.89300(-2) 

6.42000(-3) 

3.25325(+0) 

1.47167(+1) 

5.14930(-1) 

5.10711(+0) 

4.87025(+1) 

4.37110(-1) 

2.25840(-1) 

2

3/26 D →
2

3/28 P  Eth-3 -2.15732(+1) 1.37407(+3) 8.84644(+3)  -2.92200(-2) 6.03396(+0) 6.21838(+2) 
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3-100 

100-1000 

2.26064(+0) 

5.45463(+1) 

3.42837(+0) 

9.63610(-1) 

2.61200(-2) 

5.0074(+0) 

5.46410(-1) 

6.07575(+0) 

3.87180(-1) 

7.02400(-2) 

2

5/26 D →
2

1/28 P  Eth-3 

3-1000 

-5.98379(+0) 

2.11872(+0) 

4.17200(+2) 

5.89500(-1) 

5.73101(+2)  1.69200(-2) 

1.19620(-1) 

-6.48390(-1) 

1.28598(+0) 

4.72555(+2) 

2.51400(-1) 

2

5/26 D →
2

3/28 P  Eth-3 

3-100 

100-1000 

-3.03230(+1) 

2.03736(+1) 

2.47160(+2) 

2.17263(+3) 

2.69251(+1) 

9.25713(+0) 

-2.99295(+3)  -6.15300(-2) 

5.29100(-2) 

5.50604(+0) 

1.11950(+1) 

1.27066(+0) 

6.46856(+0) 

2.56480(+1) 

6.19760(-1) 

1.59710(-1) 

2

1/28 S →
2

1/28 P  Eth-16.49 

16.49-1000 

-1.77629(+2) 

1.07471(+4) 

2.77388(+4) 

2.16123(+3) 

3.56742(+2)  1.74840(-1) 

1.37810(+0) 

2.68115(+0) 

5.90059(+0) 

1.48315(+1) 

6.72870(-1) 

2

1/28 S →
2

3/28 P  Eth-16.49 

16.49-1000 

-2.05555(+3) 

1.92194(+5) 

3.11322(+5) 

3.93134(+4) 

  1.07884(+0) 

1.26612(+1) 

1.49198(+1) 

5.36956(+1) 

8.46410(+1) 

6.18089(+0) 

2

1/28 P →
2

3/27 D  Eth-5.270 

5.270-1000 

-1.35507(+4) 

1.31767(+4) 

7.81326(+6) 

4.10770(+3) 

-5.80704(+6) 

6.68893(+0) 

3.04531(+7) 1.35986(+0) 

1.47080(-1) 

5.69190(+1) 

1.54879(+0) 

9.85152(+2) 

3.16440(-1) 

2

1/28 P →
2

5/27 D  Eth-3.119 

3.119-72.59 

72.59-1000 

-1.02207(+2) 

1.07853(+1) 

1.50245(+1) 

7.64402(+4) 

1.28208(+2) 

2.74337(+1) 

-3.50116(+5) 5.79979(+6) 3.11700(-1) 

1.05100(-1) 

1.51300(-2) 

-9.22361(+0) 

8.31300(-2) 

2.33170(-1) 

5.43112(+3) 

1.86080(+0) 

3.78580(-1) 

2

3/28 P →
2

3/27 D  Eth- 5.270 

5.270-1000 

-1.69120(+2) 

7.21140(+2) 

1.13364(+5) 

1.54499(+2) 

2.51122(+4) 

4.69600(-2) 

 9.59400(-2) 

7.55200(-2) 

9.27579(+0) 

7.48270(-1) 

1.31871(+2) 

1.06290(-1) 

2

3/28 P →
2

5/27 D  Eth- 8.905 

8.905-1000 

-6.90680(+4) 

7.49744(+3) 

4.20536(+7) 

3.48156(+3) 

4.55978(+7) 

1.18474(+1) 

-4.04026(+7) 6.59810(+0) 

8.23300(-2) 

3.27472(+2) 

9.90040(-1) 

7.07566(+3) 

3.10010(-1) 
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2.3  Electron impact ionization cross sections of Cesium 

In the present C-R model we need electron impact ionization cross section data of the 

ground (62S1/2) as well as  the excited n2S1/2, n’2P1/2,3/2 ,  n”2D3/2,5/2 (where n=7,8, n’=6,7,8 

and n”=5,6,7) states. Most of the available results in the literatures for ionization cross 

sections of cesium are either from the ground state or from fine structure unresolved 

excited states [138–140, 161]. Only few theoretical calculations have reported ionization 

cross section results for 62P1/2 and 62P3/2 fine structure states [63, 141]. Since our RDW 

code can calculate at present only excitation cross sections, we have used the available 

FAC code of Gu [143] to calculate the ionization cross sections. This code has been 

applied earlier also to calculate the electron impact ionization cross section for various 

neutral atoms [162, 163]. In the FAC code, there are three methods which one can use viz. 

Coulomb-Born-exchange (CBE) approximation, relativistic distorted wave (DW) theory 

and binary-encounter-dipole (BED) theory to calculate electron impact ionization cross 

sections. Since CBE method is simply a Born level calculation one could use the DW and 

BED methods. However, Gu [143] in his paper recommended the use of BED method and 

explained it to be the most consistent for ionization cross section results. For the present 

work also, we have tested and found that among all available methods in FAC, the BED 

results are in the best agreement with the available calculations and measurements and 

therefore, used it to calculate the ionization cross section of all the fine structure states 

considered in the C-R Model. 

In figure 2.17, we have presented our calculated ionization cross section of the ground 

(62S1/2) and (62P1/2,3/2) states, where some other results are also available for comparison. 

In this figure we have compared our results with recently reported relativistic B-spline R-

matrix (BSR-311) results of Zatsarinny et al. [63] and non-relativistic convergent close 

coupling (CCC) results of Łukomski et al. [141]. For 62S1/2 state the energy dependence of 

the cross section data was experimentally determined by Tate and Smith [161] long back. 

Łukomski et al. [141] and Zatsarinny et al. [63] have compared their CCC and DBRS-311 

calculations with the data of Tate and Smith by normalizing it to their calculation in the 

low energy region (up to 10-20eV) for best fit. We have also included in figure 2.17 the 

available experimental results of Tate and Smith [161] which are normalized with CCC 

[63] calculations (62S1/2).  
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Figure 2.17: Electron impact ionization cross section of 62S1/2 and 62P1/2,3/2 states. Our 

FAC results are compared with the full relativistic DBRS-311 method results [63], non-

relativistic convergent close coupling (CCC) approach [141] and Tate and Smith [161] 

normalized to CCC [141]. The cross sections presented in the figure are multiplied by a 

factor of 2 and 10 respectively for the 62S1/2 and 62P1/2,3/2 states.  

First, we compare in the figure 2.17 the different results for the ionization of the 

ground 62S1/2 state. We observe that in the energy range up to 15-20 eV, since CCC results 

are normalized to the experimental result they both match completely and the BED and 

DBRS-311 results are higher and lower respectively nearly by a factor of 1.2 with respect 

to the CCC calculations. Further, in the higher energy range we find that the BED results 

lie between DBRS-311 and CCC calculations and the experimental results are too high 

(which may be due to the additional contributions of the inner shell ionizations). For the 

ionization of 62P1/2 state, the BED calculations are in close agreement with DBRS-311 

results with the maximum difference of 25% up to incident energy 15 eV and within 10% 

at higher energies while the CCC calculations are not available. Similar behavior is 

observed for the ionization of 62P3/2 state and the CCC results appear to agree well with 

DBRS at ~10 eV, but differ more at lower and higher energies. 

In figure 2.18, we have presented only our calculated ionization cross sections for different 

states as there are no other results available for comparison. 
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Figure 2.18: Electron impact ionization cross section of ground and all other excited states 

up to 72D3/2,5/2  calculated from FAC code. 

 

2.4   Collisional radiative model for H2-Cs plasma 

In the previous section, we have presented our complete set of relativistic excitation cross 

sections for different fine structure transitions in the wide range of electron energy. As an 

application of these cross sections, we develop a fine structure resolved C-R model to 

analyze the low-pressure hydrogen cesium plasma. The model includes the 14 fine-

structure levels of Cs in addition to the ground states of atom and singly charged Cs+ ion as 

given in the figure 2.1. All these levels are interconnected through collisional and radiative 

transitions occurring in the plasma [112]. The present model includes various population 

transfer mechanisms among fine structure levels such as electron impact excitation, 

ionization, radiative decay along with their reverse processes viz. electron impact de-

excitation and three body recombination. Another important process which has also been 

included in the present hydrogen-cesium plasma model is the mutual neutralization of Cs+ 

with H- ion. Since the mutual neutralization cross sections are expected to be quite large, it 

will considerably affect the population of the ground and excited states of cesium. The 

particle balance equation for an excited level j can be expressed as follows; 
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(2.4.1) 

Various terms and symbols used here in this equation are already explained in the Chapter 

1 while defining the equation (1.3.1). Additional notations n+ and nH
- represent 

respectively the Cs ion and H- ion densities. kmutual neut.,j is the rate coefficient for the mutual 

neutralization of Cs+ ion with negative H- ion. 

The electron impact excitation rates for different transitions have been taken as 

calculated in section 2.2.2 using our cross sections and Maxwellian electron energy 

distribution function. The required ionization cross sections from the ground as well as the 

excited states are taken as calculated in see section 2.3 using the relativistic FAC package 

[143]. Rate coefficients for ionization process jk +  can be calculated by replacing upper 

state by ionization level in the equation 2.2.1. Reverse processes such as de-excitation and 

three body recombination i.e. a collision between two electrons and an ion results as 

recombination of an electron and ion have been taken into account through the principle of 

detailed balance [111, 144]. The rate coefficient for the de-excitation via electron collision 

in terms of excitation cross section is given by 

2
( )  ( )i

ji x ij

j Eij

g
k E E F E E dEijg m




= −
 

(2.4.2) 

where ig and jg represent respectively the statistical weights for the levels i and j.  We 

have utilized the rate coefficient for three body recombination calculated by using the Saha 

relation as follows [111] 

3/2
2

2 2
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
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+ +
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(2.4.3) 

To include the radiative decay among the different states of Cs, the required 

transition probabilities are taken from the available NIST database [147] and for 

unavailable data, we have used the values obtained from the present Cs wave function 

calculations using GRASP code [99].  In the present C-R model, we have utilized the same 

set same set of mutual neutralization cross sections as used by Wünderlich et al. [134] in 

their C-R model in order to have a meaningful comparison with their results. They
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 took the mutual neutralization cross sections for 62S, 62P, 72S and 52D states in the 

collision energy range 0.01 eV-1 keV from the recent paper by Belyaev et al. [164]. 

Thereafter, the set of coupled rate balance equations (2.4.1) are solved to obtain the 

population distribution of the fine-structure levels included in the C-R model as a function 

of input parameters. In the present case, the input parameters are Te, ne, nH
- and the 

densities of Cs atom in ground n(62S) as well as ion state n(Cs+).  

The population distribution of various excited levels as a function of input plasma 

parameters of a C-R model is the prime and most appropriate output for comparing the 

various C-R models. In the present work, we have compared our all the C-R model results 

with the values reported by Wünderlich et al. [134]. Since the theoretical and experimental 

results reported in [134] are available for the unresolved fine-structure states, therefore in 

order to compare with their results we have transformed our fine-structure resolved results 

for the unresolved states. We have performed two set of calculations one without including 

mutual neutralization and the other by including it. 

In the first set of calculation, we studied the variation of the population densities of 

62P, 72P and 72D states as a function of Te and ne by fixing the ground state population 

density n(62S) = 1015 m-3 and n+(Cs) = 9 1015 m-3 as well as nH
- is taken to be zero. These 

plasma parameters represent the same ion source that was considered by Wünderlich et al. 

[134]. The dependence of the population of the fine-structure unresolved excited states 

62P, 72P and 72D as a function of Te (1-10 eV) by setting ne=1017 m-3 and as a function of 

ne (1016-1018 m-3) for Te=2 eV has been shown in the figures 2.19 and 2.20 respectively. 

Figure 2.19 indicates that our populations are significantly higher than Wünderlich et al. 

[134] at low Te values and as the electron temperature increases both the results get closer 

in magnitude. This may be due to the fact that as Te increases the peak of Maxwellian 

shifts towards higher energies, consequently the rate-coefficients gets relatively higher 

contributions from high impact energy cross sections. Since at very high energies the 

RDW cross sections approach to Born approximation results, the results of Wünderlich et 

al. [134] are expected to agree with our calculation. Further, from the figure 2.20 we 

observe that the population densities as a function of ne obtained from both the models 

show similar nature but are very different in magnitude. 

In the second set of calculation, the mutual neutralization is switched on (i.e. nH
- is not 

taken to be zero) and its effect on the population densities is observed. Again we take the 

ground state population density n(62S) = 1015 m-3 and n+(Cs) = 9 1015 m-3 . We further 
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fixed the electron density ne = 1017 m-3 and electron temperature Te = 2 eV. The population 

densities of excited states 62P, 72P and 72D as a function of nH
- (1014-1018 m-3) are 

calculated and presented in the figure 2.21. For the low values of the density of negative 

hydrogen ions (nH
-) around 1014-1016 m-3, the population densities of 62P, 72P and 72D 

states are same with or without mutual neutralization. However, the effect of mutual 

neutralization on the population densities of 62P, 72P and 72D states is found be significant 

when nH
- is increased above 1016-1017 m-3.  The density of negative hydrogen ions is order 

of 1017 m-3 for the present hydrogen-cesium plasma [134]. Thus, the effect of mutual 

neutralization of Cs+ ion with H- ions should be included in the C-R model for the present 

study. This point is also highlighted by Wünderlich et al. [134]. 

 

Overall observation of the results presented in figure 2.19, 2.20 and 2.21, illustrates 

that the present results from our C-R model are different from the values reported by 

Wünderlich et al. [134]. This is basically due to the use of different set of cross sections by 

us in our model. Since our theoretical approach of calculating cross sections is more 

rigorous, we expect that they provide more reliable results.  
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Figure 2.19: Variation of the population densities of the excited states 62P, 72P and 72D as 

a function of electron temperature. Solid line presents the represent C-R model 

calculations while the dashed lines are the results from C-R model calculations of 

Wünderlich et al.[134]. 
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Figure 2.20: Variation of the population densities of the excited states 62P, 72P and 72D as 

a function of electron density. Solid line represents the present C-R model calculations 

while the dashed lines are the results from C-R model calculations of Wünderlich et al. 

[134]. 
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Figure 2.21: Variation of the population densities of the excited states 62P, 72P and 72D as 

a function of the density of negative hydrogen ions. Solid line represents the present C-R 

model calculations while the dashed lines are the results from C-R model calculations of 

Wünderlich et al.[134]. 

In ref [134], in order to extract various plasma parameters, the intensity of emission 

lines originating from the 62P, 72P and 72D were recorded and corresponding level 

densities were determined by dividing them by the respective Einstein coefficients. Most 
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probably Wünderlich et al. [134]  obtained the excited state population by summing the 

852.1nm (62P3/2→ 6
2S1/2) and 894.3nm (62P1/2→ 6

2S1/2) for 62P; 459.3 nm (72P1/2→ 6
2S1/2) 

and 455.5nm (72P3/2→ 6
2S1/2) for 72P; 672.3nm (72D3/2→ 6

2P1/2), 698.3nm (72D3/2→ 6
2P3/2) 

and 697.3nm (72D5/2→ 6
2P3/2) for 72D. These OES measurements were performed for low 

temperature and pressure conditions of the plasma of the IPP prototype negative hydrogen 

ion source at the BATMAN test facility [165, 166]. There were two set of measurements 

along the horizontal line of sight (LOS) with 2.0 cm distance from the plasma grid; first 

without bias current flowing to the plasma grid and second with the bias potential 

optimized for reducing the co-extracted electron current without affecting much the 

extracted negative ion current. Each set further consisted measurements in two plasma 

regimes; one (XR1) in the upper part of the ion source and the other (XL1) in the lower 

part of the ion source. 

The diagnostic approach of the present model as well as in [134], are coupled with 

the population results obtained from the OES measurements [134]. In both the cases, the 

C-R model populations are obtained as a function of input plasma parameters and the best 

fits of the population values with the OES measurements fix the final plasma parameters. 

In the present case, Te, ne , nH
- , n(62S) and n+ are the input parameters in our C-R model. 

In order to check the optimized values of the plasma parameters obtained from OES 

coupled C-R model approach we have compared our values with the previous 

measurements from various other techniques [167–171]. These measurements are the 

Langmuir probe which was used to measure the electron density and electron temperature 

under the bias and without bias conditions [134, 167] and the laser absorption 

spectroscopy measurements were performed to determine ground state population density 

n(62S) [168]. The laser detachment [169] and cavity ring-down measurements were used to 

estimate the negative hydrogen ion densities [170, 171]. The ionization degree of Cs has 

been taken from some other OES measurements [128]. Details of these measurements can 

be seen in their publications [167–171]. The measured plasma parameters in the IPP 

prototype source [[134] and references there in] are listed in the Table 2.3 along with the 

OES coupled C-R model optimized values of Wünderlich et al.[134].  

 

Unfortunately, Wünderlich et al. [134] did not report their OES measurements 

explicitly and therefore to extract the plasma parameters, we have to sum our C-R model 

fine-structure resolved population for excited 62P, 72P and 72D levels. Usually in these 

OES coupled C-R model approaches the best way is to optimize the individual emission 
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line (or corresponding excited levels) not the summed values of the fine-structure states [8, 

172]. It is due to the fact that every emission line is not equally sensitive to the plasma 

parameters (eg. Te, ne). Therefore adding the intensities reduces the overall dependence on 

plasma parameters. Moreover all emission lines are not equally intense thus the errors 

(signal-to-background ratio) will also get added. 

 

We have taken n+(Cs) = 9 n(62S) in our C-R model as used by Wünderlich et al. [134] 

in their C-R model. Two set of results for the populations of the states of Cs are obtained 

for each type of measurements i.e. with and without mutual neutralization. For the case, 

with mutual neutralization, electron temperature, electron density and ground state density 

and nH
- are variables in the C-R model. We have calculated the population of 62P, 72P and 

72D states as a function of Te, ne n(62S) and nH
-. The best match of the calculated 

population of 62P, 72P and 72D states with the OES measured corresponding values will 

give us the electron temperature, electron density ground state population and negative 

hydrogen ion density. Thereafter, the channel of mutual neutralization is switched off i.e 

nH
- is set to be zero in the C-R model and results without mutual neutralization are 

obtained for the densities of the same excited sates. The presently obtained densities of 

62P, 72P and 72D states along with the OES measurements of Wünderlich et al. [134] as 

well as with their C-R results are shown in the figure 2.22. From the figure, significance of 

mutual neutralization is observed in our calculation of the population densities in the lower 

LOS regime while in the upper LOS regime; the densities of the three states are almost 

same with and without mutual neutralization. The considerable influence of mutual 

neutralization in lower LOS may be attributed to the low electron density (2.6-3.8 1016 m-

3) and high density of negative hydrogen ion (4 1016 m-3) in this regime. However, in the 

upper LOS, electron density (9 1016-1017 m-3) is large and density of negative hydrogen 

ion (1016 m-3) is low as compared to lower LOS regime and the effect of mutual 

neutralization is negligible. 
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Figure 2.22: Population densities of the three excited states 62P, 72P and 72P. 

Experimentally obtained results (filled stars) [134]; squares and circles denote population 

densities obtained with and without mutual neutralization respectively: present C-R model 

results (filled) and previous C-R model results (open) [134]. 

 

The plasma parameters obtained from the best match of the calculated densities of 

62P, 72P and 72D states with the OES measurements has been given in the Table 2.3. It 

may appear from Table 2.3 that our extracted plasma parameters are very similar to those 

of Wünderlich et al. [134]. However, to check this, we have also obtained the population 

of excited levels at their optimized plasma parameter (as given in Table 2.3) and found that 

these are very different from our values. Further, the electron temperature and electron 

density obtained from our C-R model are found within the range associated with the probe 
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measured values [167]. However a significant discrepancies with measurements are 

present in “nH
- density”, “n(62S) density” and its “n(62S)upper/n(62S)lower” ratio. Similar 

large deviation can be seen from the C-R model calculations of Wünderlich et al. [134]. 

This is due to the fact that the line of sight (LOS) of the OES measurements of [134] 

(which is coupled with both the models) is different than the LOS used in the reported 

other measurements for different plasma parameters [167–171] with which we compared 

our C-R model results. For example, the OES measurements in Ref. [134] were performed 

along horizontal LOS parallel to Plasma Grid at 2 cm distance from the grid while the laser 

absorption spectroscopy (for ground state population density) [168] and the laser 

detachment [169] and cavity ring-down measurements [170, 171] (for negative hydrogen 

ion densities) [168] were along a vertical LOS. Therefore the measured cesium densities 

are not directly comparable to the OES coupled C-R model results. Since, the vertical LOS 

averages the cesium densities in the upper and the lower part of the ion source in contrast 

to the two horizontal LOS used in the OES measurement. Thus due to the vertical plasma 

drift the Cs population distribution can change and the higher values of “n(6 2S) density” 

and the ratio “n(6 2S)upper/n(6 2S)lower” can be possible [134].  

For meaningful comparison and to avoid arbitrariness, it is required that such 

measurements with the same LOS as of OES (or vice versa) be reported. The present C-R 

model then can significantly contribute in improving the extracted results by enabling the 

diagnostic with the individual emission lines rather than the summed fine-structure sub-

states values. Further improvement can also be done by including the more emission lines 

[134] originating from the other fine-structure levels considered in the present model. 

These lines lie in similar wavelength range as of the emission lines used in [134] and 

therefore can be recorded. The inclusion of more emission lines improves the analysis by 

averaging out the uncertainties in the set of cross sections. 

From the Table it looks that our extracted plasma parameters are not very different 

from results of Wünderlich et al. [[134]. However, if we look at the comparison of the 

population distributions which are the direct output of the C-R Model (with input 

parameters same as of [134]), significant differences from the previous results [134] has 

been observed through the figures 2.19, 2.20 and 2.21. Further, we also obtained the 

population of excited levels at the optimized plasma parameter of [134] as presented here 

in Table 2.3 and found that these are very different from our values.  
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Table 2.3: Plasma parameters deduced from the present C-R model, previous C-R model 

calculations of Wünderlich et al. [134] as well as their and other experimentally obtained 

values. 

Parameter Measurements 

[[134]and references 

there in] 

Present 

calculations 

Previous 

calculations [134] 

Te with bias [eV]  

Lower (XL1) 2.0 2.0 2.0 

Upper (XR1) 2.0 2.0 2.5 

Te without bias [eV]  

Lower (XL1) 2.1 2.1 2.0 

Upper (XR1) 2.1 2.1 2.2 

ne [m-3] 2.8x1016-1017 2.6x1016 - 1017 2.8x1016 - 1017 

ne, upper/ ne, lower 

(without bias) 

2.1 2.37 2.07 

ne, upper/ ne, lower (with 

bias) 

3.6 3.85 3.57 

n(62S) [m-3] 6x1014– 7x1014 2x1014–3.2x1015 2.4x1014–4.5x1015 

n(62S)upper/ 

n(62S)lower 

1-2 with bias=16 

without bias= 4.5 

with bias= 18.7 

without bias= 6.2 

n+/ n(62S) 9 9 9 

nH- [m-3] ~1017 1-4x1016 1-3x1016 
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2.5 Conclusions 

Electron impact excitation cross sections and rate coefficients have been reported for 82 

fine-structure transitions in Cs using the fully relativistic distorted wave theory. Results 

obtained for excitation from 62S1/2 and 62P1/2/3/2 to few higher lying states when compared 

with the recent available DBSR-311 calculations show good agreement. Analytic 

expressions for the fitting of cross sections of all different excitation transitions are also 

given for the plasma modeling purposes. Electron impact ionization cross sections of all 

the considered different fine structure states of Cs have been reported.  A collisional 

radiative model involving the complete set of obtained electron impact cross sections has 

been developed for the analysis of low pressure, low temperature hydrogen-cesium plasma 

relevant for the development of ITER-NBI system. Our collisional radiative model 

includes various important population and depopulation mechanisms among the fine-

structure states. Since we used improved input cross section data for the dominant 

production channel in the model among the states in a systematic manner we expect that 

the various results obtained from the present C-R model should describe the real plasma in 

a better way. The most important aspect of the present C-R model is that it can perform the 

diagnostic with the intensity of individual emission lines rather than use the summed fine-

structure values as was employed in the previous C-R model and consequently more 

reliable values of plasma parameters can be determined. 
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CHAPTER 3 

 
 

COLLISIONAL RADIATIVE MODEL FOR Ar-O2 

 MIXTURE PLASMA 

 

 

3.1 Introduction 

Admixture plasma of rare gas with reactive gases is widely used in many applications such 

as synthesis of thin films, surface cleaning and etching of metals and semiconductors, 

surface feature modification of materials and functionalization of carbon nanotubes[2, 

173–177]. One of the most commonly used mixture plasma is Ar-O2 which is often 

utilized as a source of atomic oxygen. In such plasma the production of atomic oxygen can 

be influenced by the excited states of argon[178, 179]. To further understand this behavior 

it is essential to study in more detail how the mixture of O2 in argon influences the plasma 

parameters, such as the electron density (ne) and electron temperature (Te), which behave 

differently depending on the quantity of O2 introduced in the plasma. Therefore, the aim of 

this Chapter is to study the variations of the plasma ne and Te with addition of O2 in the 

mixture Ar-O2 plasma. 

 

Further, it is interesting to study Ar-O2 mixture plasma as the available studies led to 

conflicting conclusions. Most of the earlier work [9, 180–186] has focused at low gas 

pressure plasmas and it was found[9, 181, 182]  that  the 1si population of Ar decreases 

with the increase in O2 abundance which is in conflict with the other observations[183–

186]. The results from reference[180] show that 1si population increases as concentration 

of O2 increases and becomes maximum at 1% and then start deceasing while reference 

[184] shows that it reaches maximum at around 7% O2 fraction. Similar observations can 

be seen in reference[185]. For Ar-O2 mixture plasma at moderate pressure, Kutasi et. 
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al.[187] and Vries[188] have reported the plasma parameters for microwave generated 

plasma. Kutasi et. al.[187] have reported the Ar 1si population and Te as a function of Ar 

abundance in O2 plasma. They found that 1si population of Ar increases with increase in 

Ar fraction and Te first deceases with growth Ar fraction and then start increasing at 

approximately 90% fraction of Ar. Vries[188] has estimated the ne and the Te of an Ar–O2 

discharge containing 5% O2 and found a decrease in the ne with the mixture of a small O2 

percentage while an increase in the Te. Since the electron heating and power absorption 

mechanism in microwave discharges are different from radio-frequency, one can expect 

the behavior of Te and ne may be governed by different effects. Therefore, modeling of rf 

discharge Ar-O2 mixture plasma at medium pressure is still needed to understand 

adequately the effect of addition of O2 on plasma parameters Te and ne.   

Recently, Jogi et. al. [179] have reported the optical emission spectroscopy (OES) 

measurements of Ar-O2 mixture plasma with varying concentration of O2. In their 

experiment, 40 MHz rf discharge was introduced in Ar-O2 (0-5%) mixture at 2 Torr 

pressure in quartz tube with bore diameter 1.2 cm. Electrical properties as well as the 

spectra coming from plasma column between electrodes were recorded with TDS S40B 

oscilloscope and 4000 MDR-23 spectrometer, respectively. Utilizing the obtained 

electrical properties the calculation of electron density with O2 fraction was done and it 

was found to decease with addition of O2. From spectral measurement of OH rotational 

band (A-X, O-O), gas temperature was predicted and found increased from 300 to 900 K 

as O2 content changed from 0-5%. Intensity was measured for thirteen intense lines 

originating from 2pi-1si as given in Table 3.2. Using the line intensity ratio, the 

populations of 1si fine structure levels of Ar were obtained. Various results from 

spectroscopic measurements were extracted by employing simple population-kinetic 

models. In their model, they used cross sections/rate-coefficients which were obtained 

from simple approximation methods[189]. As pointed out in our previous studies on pure 

inert gas plasmas[13, 112, 144], this can significantly influence the accuracy of the 

extracted plasma parameter results. Thus in the light of their measurements to characterize 

their Ar-O2 gas mixture plasma, in the present Chapter, we develop a reliable C-R model 

which utilizes accurate cross sections or rate coefficients.  

Using our C-R model, we first extract the plasma parameters by optimizing the model 

simulated intensities (as a function of plasma parameters) with the measurements [179]. At 

these extracted parameters we also compared the population densities of 1si fine structure 

levels with the measurements [179]. Due to relatively longer lifetime, 1si states are 
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significantly influenced by the trace addition of O2 gases and therefore offer a good check 

for model optimization. Further, we estimated the ground, 1si manifolds and cascade (from 

higher lying states > 2pi levels) contributions to radiating 2pi states. Such calculations are 

of great importance to understand the real involvement of these processes in mixture 

plasma. In the sections 3.2 and 3.3 respectively, we briefly describe our C-R model and 

present the results as well as their comparison with the experiment [179]. The Panchen’s 

notation is used to describe the different atomic states of the argon. 

3.2 C-R model for Ar-O2 plasma 

Our C-R Model for Ar-O2 plasma considered 40 fine structure energy levels viz.1si, 2si 

(i=2-5), 2pi, 3pi (i=1-10) , 3di (i=1-12) in addition to the ground state and first ionization 

state of Ar. These levels with their electronic configurations are given in Table 3.1 in 

Paschen’s notation. A Graphical view of processes that are considered in the present C-R 

model is shown in figure 3.1. Electron impact excitations of the Ar from the ground states 

to excited states as well as among the excited states are considered. The population transfer 

among the different fine-structure levels through their radiative decay has been included 

using the values of the transition probabilities. The ionization from all the considered 

levels has also been included in the present C-R model. The inverse of the excitation and 

ionization processes i.e., de-excitation and three body recombination respectively has been 

taken into account through detailed balance principle [111] in a similar manner as 

described in the Chapter 2. Since we are dealing with Ar-O2 mixture plasma, we have 

added the depopulation channel of argon-excited states (1s and 2p manifolds) through 

quenching with O2 molecule. The particle balance equation for an excited level j can be 

expressed as follows

 

  

2

41 41

1  1

( )
 

 ( )   ( ) ( )

( ) 0

eff
ij e i e ij i e e j e ji e j e

i i j i
i j i j

eff diff quench
ji j j e j e j j j O j

i j

n k n k

k T n n A n n n n k T k T n n

A n n n k T n

+ +
=  =
 

+


− − −

+ + −  

− =

 

 

(3.2.1) 

Various symbols used here have same as explained in equation (1.3.1). 
2( )On is the 

population densities of the O2. Last two terms of the equation (3.2.1) refer the 

depopulation through diffusion of excited states via chamber walls and the quenching with 

O2 molecules. Diffusion is taken into account mainly for 1si excited states using the 

diffusion rate coefficients reported by Kolts et. al. [190]. The rate coefficients for the 

quenching of 1si and 2pi states with O2 molecules are taken from Velazco et. al. [191] and 
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Sadeghi et. al. [192]. Electron impact excitation have been considered from the ground to 

all selected excited fine structure levels, 1si to all 2pistates, 1s3 and 1s5 (metastable levels) 

to all 3pi levels and also intra-excitations of 1si and 2pi levels. The rate coefficients for 

electron impact excitation from a lower level i to an upper level j are calculated by using 

the equation (2.2.1). Since the reliability of the calculated excitation rate coefficients ijk  

depend on the accuracy of the utilized cross sections, we have taken a complete set of 

reliable relativistic electron impact excitation cross sections calculated using fully 

relativistic distorted wave (RDW) theory as obtained earlier by our group [73, 193]. Rate 

coefficients for ionization process jk +  can be calculated by replacing upper state by 

ionization level in the equation (2.2.1). The ionization cross sections employed in the 

present model are the experimental results taken from[194, 195].  

Population transfer through radiative decay has been taken into account via effective 

transition probability ( )eff
ji jijiA K A=  . Since we are working at 2Torr pressure, there is 

great probability that the radiation is reabsorbed by another atomic state before leaving the 

plasma. The modification in the transition probability ( jiA ) by a factor of ( )jiK   is to 

incorporate the reabsorption of the radiation. ( )jiK   is the escape factor, which represent 

the probability that the radiation leaves the plasma without getting trapped. We have 

calculated the escape factor as a function of absorption coefficient jiK and characteristic 

plasma length  via following expression suggested by Mewe [196, 197]

 

( )
1000

2

1

jiK

ji
ji

e
Λ K

K
 =






−
−

+
 

(3.2.2) 

This approximation holds under the assumption that the emitting and absorbing atoms 

have uniform distribution. In the present pressure range the absorption line profile is 

dominated by Doppler broadening, therefore, the absorption coefficient is taken as 
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Where ji is the wavelength of the emitted radiation from the transition j→i. ni is the 

population density of the lower state i. M is the mass of the argon atom. R and Tg are the 

gas constant and gas temperature, respectively. We have taken 1.2 cm as the characteristic 

length of the plasma and Tg is an increasing function of O2 fraction as in [179]. The 
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transition probabilities (Aji) are taken from the latest NIST database [147] as given in Table 

3.2. We also note from this table that most of the values are close to the values taken in 

[179].  The calculated escape factors are also shown in Table 3.2. No significant changes 

in the values of escape factors are observed for 13 emission lines (observed in the OES 

measurements) as the % amount of O2 varies from 0% to 5%. It is important to mention 

that the calculated escape factors here are applicable only for the plasma conditions of 

[179].  

 

Figure3.1: Energy level diagram for Ar showing various collisional and radiative 

processes included in CR model. The green coloured lines represent excitations from the 

ground state, the purple ones show excitations from the 1s5 and 1s3 metastable states, the 

red color lines excitations from the 1s2 and 1s4 resonance levels while the wavy black lines 

represent radiative transitions. 

 

        Table3.1: Argon energy levels considered in the present model. 

 

Level 

No. 

Level  Paschen’s 

notation 

Excitation 

energy(eV)33 

Statistical 

weight 

1 [3p1/2(2)3p3/2(4)]J=0 1s0 0 1 

2 [3p3/2(3)4s1/2(1)]J=2 1s5 11.548 5 
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3 [3p3/2(3)4s1/2(1)]J=1 1s4 11.623 3 

4 [3p1/2(1)4s1/2(1)]J=0 1s3 11.723 1 

5 [3p1/2(1)4s1/2(1)]J=1 1s2 11.828 3 

6 [3p3/2(3)4p3/2(1)]J=1 2p10 12.907 3 

7 [3p3/2(3)4p3/2(1)]J=3 2p9 13.076 7 

8 [3p3/2(3)4p1/2(1)]J=2 2p8 13.095 5 

9 [3p3/2(3)4p1/2(1)]J=1 2p7 13.153 3 

10 [3p3/2(3)4p3/2(1)]J=2 2p6 13.172 5 

11 [3p1/2(1)4p1/2(1)]J=0 2p5 13.273 1 

12 [3p1/2(1)4p1/2(1)]J=1 2p4 13.283 3 

13 [3p1/2(1)4p3/2(1)]J=2 2p3 13.302 5 

14 [3p1/2(1)4p3/2(1)]J=1 2p2 13.328 3 

15 [3p3/2(3)4p3/2(1)]J=0 2p1 13.480 1 

16 [3p3/2(3)3d3/2(1)]J=0 3d12 13.845 1 

17 [3p3/2(3)3d3/2(1)]J=1 3d11 13.863 3 

18 [3p3/2(3)3d5/2(1)]J=2 3d10 13.903 5 

19 [3p3/2(3)3d5/2(1)]J=4 3d9 13.979 9 

20 [3p3/2(3)3d3/2(1)]J=3 3d8 14.012 7 

21 [3p3/2(3)3d3/2(1)]J=2 3d7 14.063 5 

22 [3p3/2(3)3d5/2(1)]J=3 3d6 14.100 7 

23 [3p3/2(3)3d5/2(1)]J=1 3d5 14.153 3 

24 [3p1/2(1)3d3/2(1)]J=2 3d4                    14.214 5 

25 [3p1/2(1)3d5/2(1)]J=2 3d3 14.234 5 

26 [3p1/2(1)3d5/2(1)]J=3 3d2 14.236 7 

27 [3p1/2(1)3d3/2(1)]J=1 3d1 14.303 3 

28 [3p3/2(3)5s1/2(1)]J=2 2s5 14.068 5 

29 [3p3/2(3)5s1/2(1)]J=1 2s4 14.090 3 
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30 [3p1/2(1)5s1/2(1)]J=0 2s3 14.241 1 

31 [3p1/2(1)5s1/2(1)]J=1 2s2 14.255 3 

32 [3p3/2(3)5p3/2(1)]J=1 3p10          14.464 3 

33 [3p3/2(3)5p3/2(1)]J=3 3p9 14.500 7 

34 [3p3/2(3)5p1/2(1)]J=2 3p8 14.506 5 

35 [3p3/2(3)5p1/2(1)]J=1 3p7 14.525 3 

36 [3p3/2(3)5p3/2(1)]J=2 3p6 14.529 5 

37 [3p1/2(1)5p1/2(1)]J=0 3p5 14.575 1 

38 [3p1/2(1)5p1/2(1)]J=1 3p4 14.680 3 

39 [3p1/2(1)5p3/2(1)]J=1 3p3 14.687 3 

40 [3p1/2(1)5p3/2(1)]J=2 3p2 14.688 5 

41 [3p1/2(1)5p1/2(1)]J=0 3p1 14.738 1 

42 3p(5) Ion 15.760 6 

 

TABLE 3.2: Escape factors for the transitions originating from the upper 2pi levels to 

lower levels at 0%, 1% and 5% O2 mixture in Ar. 

Transition Afi (s
-1) Wavelength  

(nm) 

Ar-0% O2 Ar-1% O2 Ar-5% O2 

2p8-1s4 2.15e7 842.47 0.34 0.31 0.35 

2p7-1s4 2.50e7 810.37 0.45 0.42 0.47 

2p6-1s5 2.45e7 763.51 0.48 0.40 0.45 

2p5-1s4 4.02e7 751.47 0.66 0.63 0.67 

2p4-1s3 1.86e7 794.82 0.36 0.30 0.33 

2p4-1s2 1.39e7 852.14 0.63 0.57 0.55 

2p3-1s5 3.80e6 706.72 0.88 0.84 0.87 

2p3-1s4 8.47e6 738.40 0.66 0.63 0.67 



66 Chapter 3: Collisional radiative model for Ar-O2 mixture plasma 

 

  

2p3-1s2 2.23e7 840.82 0.39 0.34 0.32 

2p2-1s5 6.39e6 696.54 0.89 0.85 0.87 

2p2-1s4 1.83e6 727.29 0.93 0.93 0.94 

2p2-1s2 1.53e7 826.45 0.63 0.57 0.54 

2p1-1s2 4.45e7 750.39 0.70 0.65 0.62 

 

3.3 Results and discussions 

3.3.1 Electron temperature and electron density  

The coupled particle balance equations (equation (3.2.1)) for all considered states were 

solved simultaneously as a function of plasma parameters (Te and ne). The intensity (Iji) of 

an emission line corresponding to a transition (j→i) is proportional to the population of 

upper excited states (nj) and can be given by the following relation 

eff
ji j ji

ji

hc
I n A


  

(3.3.1) 

where, h and c are the usual Planck’s constant and speed of light, respectively and λji is the 

emitted wavelength corresponding to the transition. In the present diagnostics, we have 

utilized thirteen emission lines decaying from 2pi (i =1-10) states to the 1si (i=2-5) states 

observed in the OES measurements [179] as given in Table 3.2. The normalized intensities 

of all these 13 lines are simulated as a function of Te, and ne for their various combinations 

of values. In order to estimate the difference of our calculated intensities with those of 

OES measurements, we calculate the deviation parameter ( )  based on minimum scatter 

approach, as defined below [113, 198],  
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The normalized measured and modeled intensities are obtained as below. 
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(3.3.3) 

In figure 3.2, deviation parameter is plotted as a function of Te for different values of ne in 

the case of pure Ar as if O2 concentration is zero. The minimum value of the deviation 
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parameter as obtained from the plots fixes the value of Te and ne. Similarly by plotting the 

deviation parameters for different concentrations of O2 (0-5%) we have obtained the 

values of Te and ne at each concentration. In these calculations, the ground state argon 

population nAr are calculated from the standard gas law using the pressure and gas 

temperature reported by the Jogi et. al. [179] at each concentration of O2. Finally, all the 

plasma parameters at different concentrations of O2 are displayed in the table of figure 3.2.   

 

Figure 3.2: Variation of deviation parameter as a function of Te at different ne for Ar-0% 

O2 mixture plasma at 2 Torr pressure. 

 

We observe from the figure 3.3 that the electron temperature rises from 0.85 eV to 1.7 as 

the O2 content in the Ar increases from 0 to 5%. Opposite behavior is found for electron 

density, which decreases from 2.76e12 cm-3 to 2.34e11 cm-3 as the O2 increases from 0 to 

5%. These results are shown in a table as given in the figure 3.3. It should be noted that the 

Jogi et. al.[179] did not explicitly obtain the value of Te by any calculation or measurement 

but they took its value at 0.5 % and 5% concentration of O2 respectively as 1.4 eV and 1.8 

eV based on some discussions only. Consequently, there are no exact comparable results 

available with which we could compare our results directly. However, the similar trend for 

electron density an d temperature were reported in reference[188] for microwave Ar-O2 

(0-5%) plasma at medium pressure (10mbar) which can be said to support our findings.  

Further, figure 3.3 shows the comparison of our optimized model intensities with the 

corresponding measurements of Jogi et. al. [179] at 0%, 1% and 5% concentrations of O2. 

It can be seen that for all the concentrations our calculated line intensities are in reasonable 

agreement with their corresponding experimental values, except, for the 2p1-1s2 line 

(750.39nm) at 1 and 5% concentrations of the O2. Such discrepancy can be understood by 
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estimating the contributions of various levels to populate the 2p states and we have 

discussed this point later in the section 3.3.3. 

 

 

Figure 3.3: Comparison of the normalized intensities obtained from the C-R model with 

the OES measurements [179] for Ar (3p54p → 3p54s) transition lines. Table shows the 

values of our extracted plasma parameters. 

 

3.3.2. Ar-1s population densities 

Jogi et. al. [179] observed significant  discrepancy in the populations of the 1si levels that 

they obtained from their measurements and the calculations using a simple model (with the 

assumption that only the ground state excitation of Ar is the main production mechanism). 

They also mentioned in their paper that the cause of such discrepancy could be due to the 

exclusion of other processes in their model such as population transfer from upper state to 

1s states as well as of not taking very accurate values of rate coefficients and Te. In fact, 

Jogi et. al. [179] did not obtain Te explicitly but assumed constant as 1.4 eV in the 

calculations. It is important to mention here that the basic or prime output of any C-R 

model is, in fact, the population densities of different states. Therefore, the comparison of 

our calculated population densities with the corresponding available measurements would 

also help in testing the optimization and reliability of the model. To compare with their 
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measured populations of the 1si levels we have separately obtained the 1si level 

populations from our detailed CR model. In figure 3.4, we present the comparison of our 

calculated population densities of 1si states with the measurements[179] at each 

concentration of O2 at the optimized values of ne and Te (as given in table of figure 3.3).  

From figure 3.4, we find that our calculated population densities are in very good 

agreement with the experimental results[179]. The good agreement of our 1si level 

population densities with the measurements confirms that our C-R model is well optimized 

for Ar with O2 trace amount for intermediate pressure plasma (at least up to 5% trace 

addition) and also the extracted plasma parameters are reliable. Further, from figure 3.4 

one can observe that the metastable (1s5, 1s3) and resonance level (1s4, 1s2) population 

densities are of the same order. This suggests that in the pressure range considered in this 

work, the trapping of the resonance levels is very high (~5e-5 for 0% and ~2e-4 for 5% O2 

mixture). Interestingly, all the four 1si level populations increase as we increase the O2 

fraction up to 1% and there after these reach to a constant value, although, the electron 

temperature keeps on rising till 5%. This behavior can be explained with some reasoning. 

Since the life time of 1si states are relatively longer these states can be involved in several 

processes such as electron impact excitation to further upper states, de-excitation to lower 

states, quenching with trace gas O2 molecules, 1si inter-state population transfer. Now a  

possible conclusion can be drawn that as O2 is added in Ar, quenching of the excited Ar 

atoms with O2 causes a decrease in the 1si level populations and at the same time the 

increase in Te compensate it by increasing the electron-impact excitation to levels. 

However, some studies [183, 186] claimed that the quenching only start changing the 

populations of 1si levels beyond 10% addition of O2. Sato et. al.[183] reported that the net 

quenching rate of 1si states by electrons is more than an order of magnitude higher than by 

O2 molecules up to 8% O2 fraction. It is worth mentioning that their electron density was 

an order higher than the case considered in the present Chapter. Therefore, it is expected 

that both the electron and O2 quenching is of the same order for the present case.   

 Overall, we find from the present study that the mechanism for population of Ar 1si 

states is very complex in the Ar-O2 mixture plasma even for small amount of trace 

addition. Therefore, straightforward estimation is not appropriate and a detailed C-R model 

as developed here with consistent cross sections should be used to estimate the Ar-1si 

population densities.  
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Figure 3.4: Population densities of Ar-1si levels as a function of O2 content in the Ar 

plasma. 

 

3.3.3. Relative contributions of the different states to the population of 2pi states of Ar  

At low-pressure for pure Ar plasma, Boffard et. al. [199] have reported the percentage 

contribution of electron-impact excitation from the ground, metastable and resonance 

states to the population of emitting Ar 2pi levels. However, no previous studies have given 

the detailed contributions of the different states for radiating Ar 2pi levels for Ar-O2 

plasma.  

Using our calculated plasma parameters and the C-R model we have estimated the net 

contribution from the ground and 1si states to the 2pi states as a function of O2 addition and 

presented in figure 3.5. As we observed from figure 3.4 that the populations of all the four 

1si levels are of the same order, therefore, we have estimated a combined contribution 

from the 1si states to the 2pi states. For pure Ar case, the individual 1si state contribution 

dominates in populating the 2pi states. Since for pure Ar case the electron temperature is 

about 0.85 eV only stepwise excitations can populate the Ar-2pi states. As the O2 content 

increases the electron temperature rises and consequently we see increase in the 

contribution from the ground state. Further, we observed a rapid decrease in 1si manifold 

contribution to the 2p1 state which being a J=0 state, the electron-impact excitation from 

the ground (J=0) as well as 1s5 (J=2) state is optically dipole forbidden. This particular 2p1 

state also showed some significant “other” contributions. Here the “other” contribution 

refers to the contribution from the higher lying levels (>2p) or from three body 

recombination as well as due to population transfer between 2pi levels. The threshold 
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energy of 2p1 state is (13.57 eV) the highest among the other 2pi fine-structure states. 

Overall, this particular state appears to have complex nature of contributions as soon as the 

O2 traces are added to the plasma. Perhaps this may be the reason of the overestimation of 

2p1 population from our model. We would also like to mention here that we observed 

higher RDW cross section for J=0 to J=0 transitions than the measurements [73]. This may 

also be partially responsible for overestimation of 2p1 populations.  

 

 

Figure 3.5: Net contributions from ground state, from 1s manifold and other contribution 

(cascade contribution from higher lying (>2p levels); three body recombination; 

population transfer among 2p levels etc.) to the radiating Ar-2p states as a function of % 

amount of O2 in Ar plasma. 

 

3.4 Conclusions  

In the present work, a C-R model has been developed to characterize the Ar-O2 mixture 

plasma coupled with the OES measurements[179]. Electron temperature Te and electron 

density ne are obtained by minimum scatter approach using experimental intensities of the 

thirteen intense lines (2pi →1si transitions) at various O2 fractions (0-5%). Optimized Te 

ranges from 0.85eV to 1.7 eV as O2 fraction changes from 0 to 5%. Further, our reported 

populations of the 1si states of Ar at different O2 fraction are in very good agreement with 

the experimental results[179]. This reflects that our C-R model is well optimized and with 

the present investigation also we can again emphasize the applicability of our reliable 
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RDW cross sections in developing a consistent C-R model. Furthermore, we presented the 

contribution from the ground and 1si levels to populate the Ar-2pi radiating states which 

could be quite useful in understanding the real mechanism of the various involved plasma 

processes. Our analysis shows a complex behavior of contributions for 2p1 state in the 

presence of O2. 
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CHAPTER 4 

 
 

ELECTRON EXCITATION OF XENON AND MODELING 

OF INDUCTIVELY COUPLED Xe PLASMA 

 

 

4.1 Introduction 

In the present Chapter, our aim is to obtain highly needed detailed fine-structure resolved 

cross sections for electron impact excitation of xenon using RDW approach and 

demonstrate the application of the calculated data in the modeling of low temperature 

xenon plasma by developing a C-R model. The xenon gas discharge is used in various 

plasma applications such as mercury-free light sources [200, 201], plasma displays [202] 

and space propulsion i.e. Hall-effect thrusters (HET) in space craft [203, 204]. In 

particular, xenon is used nearly in all modern HETs as propellant. Also, mixture of inert 

gases including xenon are added to characterize the low temperature plasmas [8].  

In the literature, a number of experimental as well as theoretical studies on electron 

impact cross sections of xenon are reported [75, 98, 193, 204–228]. Most of them have 

reported the elastic total cross sections (TCS) [205, 223, 224, 226–228], differential cross 

sections (DCS) [205–210] and fine structure unresolved excitation cross sections [212–

214, 229]. The fine structure resolved electron impact excitation cross section are available 

only for some transitions at certain selected electron energies [75, 98, 206, 209, 210, 215–

219]. In the present work, we are interested only in the TCS results for the electron impact 

excitations of xenon atom. First, we see the availability of the cross sections for the 

excitations from the ground state. Filipovic et al.[209] have reported the measurement on 

DCS and TCS for 20 lowest excited levels at 15, 20, 30 and 80 eV. Their results for the 

excitation to the first excited 5p56s configuration were only fine structure resolved and 

they reported cross sections for the two metastable states. Suzuki et al. [206] reported their 

experimental results for the cross sections of the four fine structure states of the 5p55d and 
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5p57s configurations at 400 and 500eV incident energy using electron-energy-loss 

spectroscopy. Fons and Lin [216] have measured the electron-impact emission cross 

sections corresponding to the ten fine structure levels of the 5p56p configuration in the 

range of incident electron energy up to 150 eV at different gas pressures between 0.1 and 

2.0 m Torr. From their measurements they have extracted direct excitation cross sections 

by subtracting the cascade contribution coming from the upper levels. Chiu et al.[204] 

have also reported similar emission cross section for incident electron energy 10 to 70eV. 

Using the Breit–Pauli R-matrix method, Nakazaki et al.[215] have calculated the electron 

impact TCS for the nine lowest lying excited levels (four levels of 5p56s and five levels of 

5p56p configurations ) in the low incident electron energy range up to 35eV. Zatsarinny et 

al. [210] have reported electron-impact excitation of the 5p56s state of Xe near the 

threshold using B-spline R-matrix (close-coupling) approach with non-orthogonal orbitals. 

More recent results for the electron impact excitations from the ground state of xenon are 

compiled by Pitchford et al. [193]. 

There are also few reports on the TCS for the excitation of xenon atom from an 

excited state to higher excited states. Jung et al. [217] have measured the cross sections for 

electron-impact excitation from the 5p56s (J=2) metastable level of xenon to the six lowest 

lying levels of the 5p56p configuration. Jung et al. [218], further, reported the experimental 

apparent cross section (includes direct plus cascade contributions) for excitation from 

ground and from the 5p56s (J=2) metastable level into levels of the 5p57p fine structure 

levels using the optical method. Srivastava et al. [98] have calculated and reported 

excitation cross sections from the metastable states (J=0, 2) to the ten levels of the 

np5(n+1)p levels of Ar (n=3), Kr (n=4) and Xe (n=5) using RDW theory. Sharma et al. 

[75, 219] have further carried out the calculations of the TCS using relativistic RDW 

approach  for the excitations from the ground (5p6) and excited metastable states 5p56s 

(J=0,2) to the fine-structure levels of the 5p57p configuration in the incident electron 

energy range up to 200eV. Recently Chen et al. [220] have also reported similar RDW 

excitation cross sections as reported by Sharma et al.[219] and compared with their results. 

From the above review on the electron impact excitation cross sections of xenon atom, it is 

obvious that there is a still lack of sufficient cross section data for the fine structure 

excitations from the ground and among the excited states for a reliable plasma modeling. 

Also the available data are not reported in the wide range of incident electron energies. 

Therefore, in the present Chapter, for the sake of providing sufficient consistent cross 

section data, detailed calculation is carried out for the excitation cross sections in xenon 
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involving various transitions from the ground 5p6 state to the excited 5p56s, 5p56p, 5p55d, 

5p57s and 5p57p as well as among these excited states using the RDW method. In fact, the 

RDW method has been already successfully applied to study the electron impact excitation 

of rare gas atoms viz. Ar and Kr [13, 73, 74, 112]. The T-matrices for different transitions 

of xenon are evaluated by using equation (1.2.11). The required xenon bound state Dirac-

Fock wave functions are obtained from GRASP2K code [100]. The obtained 

wavefunctions are employed to calculate the distortion potential (Eq. (1.2.24)) which is 

further used to calculate the relativistic distorted wave function for the projectile electron 

in the initial and final channels by solving Dirac equations (1.2.27) numerically. 

In order to utilize the calculated cross section data directly for the plasma modeling, 

these are also fitted with suitable analytical expressions. A C-R model is developed by 

incorporating the obtained cross sections. Further, coupling the C-R model with the optical 

emission spectroscopy (OES) measurements of Czerwiec et al. [230], diagnostic of the low 

temperature inductively coupled (ICP) xenon plasma is performed. The plasma parameters 

viz. electron temperature (Te) and electron density (ne) are extracted for H-mode transitions 

of xenon discharge. 

4.2 Dirac-Fock wave functions of xenon atom 

From the equation (1.2.11) it is clear that the accuracy of the obtained cross section 

depends on the reliability of the atomic target wave function used in the calculation. As 

mentioned above, GRASP2K [99] code is used to calculate the multi-configuration Dirac-

Fock (MCDF) bound state wave functions of xenon atom. Only those CSFs are considered 

which contribute significantly. The various CSF’s used to represent the xenon atom wave 

functions in GRASP2K are 5p5ns (n=6-8), 5p5np (n=6, 8), 5p5nd (n=5, 6) in addition to the 

ground state (5p6). To assure the reliability of the obtained wave functions, we have 

calculated the oscillator strengths for dipole allowed transitions and compared with the 

available experimental and theoretical results. The comparison of oscillator strengths is 

given in table 4.1. 
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Table 4.1. Our calculated oscillator strengths for various dipole allowed transitions 

compared with other available experimental and theoretical results. (All the levels are in 

Paschan’s notation) 

Lower level Upper level fpresent fNIST [147] fprevious(Exp.) fprevious(Theory) 

1s0
 

1s4 0.280 0.273 0.260a 

0.220 b 

0.273c 

0.260d 

0.271e 

0.313f 

1s0
 

1s2 0.180 0.186 0.17a 

0.158b 

0.186c 

0.188d 

0.158e 

0.161f 

1s0
 

3d11
 

0.010 0.0096 0.0120a 

0.0105c 

0.0083d 

 

1s0 3d5 0.420 0.400 0.370a 

0.298g 

0.379c 

0.303d 

0.467f 

1s0
 

3d1
 

0.510 0.205 0.191c 0.167d 

0.508f 

1s0 2s4 0.081 0.099 0.1000a 

0.0738g 

0.0859c 

0.0791d 

0.0646f 

1s0
 

2s4
 

0.029 0.029  0.0287f 

1s5 2p10 0.199   0.268h 

1s5 2p9 0.101   0.132h 

1s5
 

2p8
 

0.570  0.590i 0.641h 

1s5 2p7 0.022   0.012h 

1s5
 

2p6
 

0.304  0.300i 0.253h 

1s5 2p4 8.09e-5   7.67e-4h 

1s5 2p3 9.30e-4 6.40e-4  0.0026h 

1s5
 

2p2
 

0.005 0.0011  6.56e-4h 

1s4 2p10 0.027   0.0457h 

1s4 2p9 0.415   0.483h 

1s4
 

2p7
 

0.359   0.398h 

1s4 2p6 0.183   0.213h 

1s4
 

2p5
 

0.146   0.153h 

1s4 2p4 3.93e-4   0.0044h 
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1s4 2p3 0.005  0.0020j 0.0059h 

1s4
 

2p2
 

1.21e-4   1.51e-4h 

1s4
 

2p1
 

7.38e-4   0.0032h 

1s3 2p4 0.484   0.286h 

1s3
 

2p2
 

0.706   0.382h 

1s2
 

2p5
 

3.733e-5   5.53e-3h 

1s2 2p4 0.221   0.124h 

1s2 2p3 0.654   0.461h 

1s2
 

2p2
 

0.158   0.133h 

1s2
 

2p1
 

0.140   0.068h 

1s5
 

3p10
 

2.54193e-4   3.98e-4h 

1s5
 

3p9
 

0.00245   0.0048h 

1s5
 

3p8
 

0.0058 0.0046 0.0043j 0.0169h 

1s5
 

3p7
 

0.0027 0.0023 0.0020j 0.0160h 

1s5
 

3p6
 

2.406e-4   7.74e-4h 

1s4
 

3p10
 

1.181e-4   8.64e-5h 

1s4
 

3p9
 

0.0066   0.0035h 

1s4
 

3p7
 

0.0047   0.0044h 

1s4
 

3p6
 

0.0073   0.0045h 

1s4
 

3p5
 

0.0079   0.0059h 

1s3
 

3p10
 

0.0138   0.0023h 

1s3
 

3p6
 

0.0087   0.169h 

1s2
 

3p10
 

0.0081   0.037h 

1s2
 

3p9
 

0.0023   0.0210h 

1s2
 

3p7
 

0.0019   0.0194h 

1s2
 

3p6
 

0.00448   0.0305h 

1s2
 

3p5
 

0.00724   0.0173h 

aMolino et al. [231] , bSuzuki et al. [232], cChan et al.[233], d Zatsarinny and Bartschat [234], 

eDong et al.[235], fMcEacharan et al.[236], gSuzuki et al. [206], hAymar et al. [237], ijung et al. 

[217], j Kettlitz et al. [238] 

For the oscillator strengths of the dipole allowed transitions from the ground state to 

1si, 3di and 2si fine structure levels various experimental [147, 206, 231–233] and 

theoretical results [234–236] are available in the literature. Molino et al. [231] obtained 

from absorption measurements, Suzuki et al.[206, 232] used electron energy loss 
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spectroscopy for measurements and Chan et al.[233] did the measurements using photo-

absorption technique. On the theoretical side, all the available studies[234–236] used multi 

configuration Dirac Fock wave functions for calculation of oscillator strengths. On 

comparison of the present oscillator strengths with the experimental as well as theoretical 

values from NIST, we find good agreement except for the single 1s0→3d1 transition. 

Oscillator strengths obtained from the present calculation for this transition is higher than 

the value reported in NIST database[147] but matches with the theoretical values reported 

by McEachran et al [236]. Experiential value of Chan et al.[233] and theoretical results of 

Zatsarinny and Bartschat [234] are lower and close to NIST value. For this particular 

transition, the difference may be due to the reason that in the present calculation core-core 

correlation from 4l subshells are not included. However, Zatsarinny and Bartschat [234] 

found that for this transition, inclusion of core-core correlation reduced the value of 

oscillator strength by a factor 4. Although the correlation corrections in the various excited 

levels are mainly due to the core–valence correlations. 

Further, for the dipole allowed transitions from 1si→ 2pi and 3pi manifolds only few 

experimental[217, 238] and one theoretical[237] result are available for the oscillator 

strength. Present results are in good agreement with the experimental results of Jung et al. 

[217] and from NIST database [147] while reasonable agreement with the theoretical 

calculations of Aymer et al.[237]. This difference in the oscillator strengths obtained from 

the two theoretical calculations can be due to the fact that Aymer et al. [237] have obtained 

the radial part of the wave function by means of a parametric central potential and the 

angular part by a least-squares fit procedure on energy levels. After obtaining the wave-

functions of xenon atom in various states, the electron impact excitation cross sections (Eq. 

(1.2.29)) for all the considered fine structure transitions of xenon are calculated for the 

incident electron energy in the range from the excitation threshold to 1 keV. 

4.3 Electron impact excitation cross sections 

The transitions viz. ground 5p6 (1s0) to four fine structure levels of 5p56s (1si, i=2-5), ten 

levels of 5p56p (2pi, i=1-10), twelve levels of 5p55d (3di, i=1-12), four levels of 5p57s (2si, 

i=2-5), and six levels of 5p57p  (3pi, i=6-10) as well as excitations from1si, (i=2-5)→2pi, 

(i=1-10), 3pi, (i=6-10) and intra transitions among 1si and 2pi levels are considered. Here, 

fine structure levels corresponding to different configurations are written in Paschan’s 

notation. 
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Before, we present and discuss our results we would like to mention here one very 

important feature about the structure of xenon atom. The atomic structure of xenon is more 

complex than other lighter rare gases (like Ne, Ar and Kr) due to its relatively large spin 

orbit- interaction within ion core (5p5) than the core with outer electron. Therefore, the fine 

structure levels of any configuration (5p5nl) can be separated into two groups (as shown in 

figure 4.12). The lower and higher lying energy group corresponds to levels having core 

angular momentum jc=3/2 and jc=1/2, respectively. This property of core reflects in the 

cross sections for the different transition which we will discuss later in this section. 

Moreover, we explore the dependency of cross section for different transitions on various 

factors like angular momentum of final states, core angular momentum jc and oscillator 

strengths for different allowed transitions. 

First, the cross section results for the transitions from the ground (1s0) to all the considered 

excited levels are presented through figures 4.1-4.5. Figure 4.1, shows the excitation cross 

section for transitions from 1s0→1si (i=1-4) levels. As expected, the dipole allowed (1s0 → 

1s2 and 1s4) transitions have larger cross section than the forbidden (1s0 → 1s3 and 1s5) 

transitions. Also, for allowed transitions cross sections decay slowly with the increasing 

incident electron energy while for forbidden transitions it decays quickly. Present results 

are compared with the B-spline Breit–Pauli R-matrix (BSR) calculations of Zatsarinny et 

al.[193] available for incident energy up to 400 eV and the experimental data of Fivipovic 

et al.[209] that were reported only at three incident electron energies viz. 15, 20 and 30eV. 

On comparison of present results with the BSR calculations, one can see that both the 

cross section curves show similar behavior and their magnitudes differ maximum by factor 

of ~ 1.7 for 1s0→1s3, 1s4 and, ~1.2 for 1s0→1s2, 1s5 transitions. Further, we observe that 

both the calculations are in reasonable agreement with the experimental data of Filipovic et 

al.[209]. 
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Figure 4.1. Electron impact excitation cross section for the transitions 1s0-1si (i=1-4). 

Solid line denotes the present RDW calculation; dashed line represents the BSR 

calculations[193], and the symbols (square, sphere and triangle) show the experimental 

data of Filipovic et al. [209]. 

Figure 4.2, presents the cross sections for the transitions from ground (1s0) state to 

ten fine structure 2pi levels of 5p56p configuration. These are forbidden transitions as the 

parity of both the initial and final states is even. We observe from the figure that the cross 

section for levels 2p9, 2p8 with J=2 and the levels 2p5, 2p0 with J=0 are larger in magnitude 

than other levels with J=1, 3. This can be explained on the basis that the same parity 

transitions with the even (J=0, 2) angular momentum states are more favorable. This is 

due to the fact that levels with even J value have non-zero direct T-matrix, therefore they 

can be excited by both the direct and exchange process whereas levels with odd J value are 

excited by the exchange process only. No direct excitation cross section measurements are 

available to compare with our results for the excitation of the ten fine structure 2pi levels. 

However, pressure dependent emission cross sections are reported by Chiu et al.[204] and 

Fons et al.[216]. Since these include cascade contributions in addition to direct cross 

section and therefore, are not directly comparable to our calculated cross sections. 

However, we have compared our cross sections with the BSR calculations of Zatsarinny et 

al. [193] available for electron impact energies from threshold to 80eV. We find good 

agreement between these two theoretical calculations for electron impact energies greater 

than 2-3 times of the threshold except for the (J=0→J=0) transitions viz. ground to 2p1 and 
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2p5 levels. We notice that the cross section for (J=0→J=0) transitions are usually large in 

RDW calculations which we also observed for other inert gas atoms.[73, 74]  

 

Figure 4.2. Electron impact excitation cross-section for the transitions 1s0-2pi (i=1-10). 

Solid line denotes the present RDW calculations and dashed line represents the BSR 

calculations[193]. 

Through figure 4.3, the cross section for transitions 1s0→3di (i=1-12) are shown. We find 

typical behavior of cross sections as expected for the dipole allowed and forbidden 

transitions. Cross sections for the allowed transitions to the 3d11, 3d5 and 3d1 (J=1) states 

are larger than the forbidden transitions. However, among forbidden transitions viz. 1s0 to 

3d8, 3d6 and 3d2 have larger magnitude at higher energies due to a non-zero direct term in 

T-matrix. In this figure 4.3, we have also compared our cross section results with the BSR 

calculations of Zatsarinny et al.[193] available for low incident energy up to 80eV and the 

experimental measurements of Filipovic et al.[209] available for transition to 3d8, 3d7, 3d6 
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and 3d5 levels at 15, 20 and 30 eV incident energy as well as of Suzuki et al. [206] for the 

transition to 3d5 level at incident energies of 400 and 500eV. Present results are in good 

agreement with the BSR calculations[193] except for transition 1s0-3d1 which quite 

expected as we pointed out earlier that our oscillator strength for this particular transition 

is relatively high. On comparison our cross sections with both the experimental results we 

find these are in good agreement.  

In figure 4.4, cross sections for the excitation from ground to 2si (i=1-4) states are shown. 

The cross section curves for these transitions have similar behavior as observed for the 

transitions from ground state to the 1si levels in figure 4.1. Further, we have compared our 

results with the BSR calculations of Zatsarinny et al. [193] at low incident energies up to 

80 eV as well as with the measurements of Suzuki et al. [206] at 400 and 500 eV electron 

energy for 1s0-2s4 transition only. We find our results are in very good agreement with the 

measurement of Suzuki et al. [206] and also in reasonable agreement with the BSR 

calculations[193].  

In figure 4.5, we present the cross sections for the excitation from the ground (1s0) state to 

the only six 3pi (i=5-10) levels. We have considered here only six lower lying levels of 

5p57p configuration because other four 3pi (i=1-4) levels lie above the ionization 

threshold. Though there are previous RDW results reported by our group (see Sharma et 

al. [75]) for the excitation of 3pi states but these were only for the incident energy up to 

200eV and used lesser number of configurations in the calculation of  the xenon wave 

functions for the 3pi states. Here, we have extended our previous calculations to obtain the 

cross sections for incident energy up to 1000eV. It is important to mention here that 

although in the present calculations we have used more accurate MCDF wave functions for 

the ground as well as for the excited 3pi states, present cross sections differ with the results 

of Sharma et al. [219] within 5%. In the figure 4.5, we have compared our results with the 

BSR calculations of Zatsarnny et al. [193] and find again reasonable agreement. The cross 

section curves for these transitions have similar behavior as observed for the transitions 

from ground state to the 2pi levels in the figure 4.2.  
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Figure 4.3. Electron impact excitation cross section for the transitions 1s0-3di (i=1-12). 

Solid line denotes the present RDW calculations; dashed line represents the BSR 

calculations of Zatsarinny et al. [193], circle represents the experimental data of Filipovic 

et al. [209] and triangles represent the measurements of Suzuki et al. [206] . 

 

Figure4.4. Electron impact excitation cross section for the transitions 1s0-2si (i=1-4). Solid 

line denotes the present RDW calculation; dashed line represent the BSR calculations of 

Zatsarinny et al. [193], circle represents the experimental data of Suzuki et al. [206] . 
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Figure4.5. Electron impact excitation cross section for the transitions 1s0-3pi (i=5-10). 

Solid line denotes the present RDW calculations; dashed line represents the BSR 

calculations of Zatsarinny et al. [193]. 

Further, through figures 4.6-4.10, we present our calculated cross sections for the 

excitation from the four 1si levels of 5p56s to higher excited ten 2pi levels of 5p56p and six 

3pi levels of 5p57p configurations. Only experimental cross section results of Jung et. 

al.[217] are available for the 1s5→2p6 and 1s5→2p8 excitations for the impact energies up 

to 400 eV. In Fig. 4.6, we have compared our calculated cross sections with these 

experimental results and find good agreement in the entire incident energy range. Figure 

4.7 show the electron impact cross section results for the excitation from the metastable 

states 1s3 and 1s5 to the ten  (2pi, i=1-10) fine structure levels of 5p56p . We find from the 

figure that the dipole allowed transitions (ΔJ=0, ±1), have lager cross sections as compare 

to the forbidden transitions which is quite expected. As we have discussed that due to spin 

orbit coupling, fine structure levels of 5p56p configuration are separated into two groups. 

Lower lying energy levels (6pi, i=5-10) have core angular momentum jc=3/2 and higher 

lying levels (6pi, i=1-4) have core angular momentum jc=1/2. From the figure 4.7, we can 

see that the core preserving excitations have larger cross section than the core exchanging 

excitations. For example, cross sections for excitation from 1s5 (jc=3/2) →2pi (i=5-10, 

jc=3/2) are larger in magnitude than excitation from 1s5 (jc=3/2) →2pi (i=1-4, jc=3/2). 

Further, relative magnitude of the cross sections for allowed transitions can also be 

understood by the associated oscillator strengths. Transitions with greater value of 

oscillator strengths yield higher cross section values. For example, among all the allowed 

transitions from 1s5 to 2pi’s, the transition 1s5-2p8 have largest oscillator strength (0.57) 

corresponds to highest cross section while 1s5-2p4 has lowest oscillator strength (8.09e-5), 
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corresponds to smallest cross section. We also observe that cross sections for transition 

from 1si to 2pi are larger in magnitude than 1s0→2pi transitions.  

 

Fig.4.6. Electron impact excitation cross section for the transitions 1s5-2p6 and 1s5-2p8, 

solid lines represent the present RDW calculation and solid circles represent the 

experimental results of Jung et al.[217] 

 

Figure 4.7: Electron impact excitation cross section for the transitions from metastable 

levels 1s5 and 1s3 → 2pi (i=1-10). 
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The cross sections for the excitation from the two resonance 1s2 and 1s4 levels to the 

2pi’s levels are also important. In fact, due to radiation trapping the population of 

resonance levels could be comparable to metastable state populations in the plasma; 

therefore, it is very essential to include these transitions in the C-R model. The calculated 

cross sections from resonance states (1s4, 1s2) →2pi ten levels are presented in the figure 

4.8 and their behavior is found to be similar as for transitions from metastable states i.e the 

cross sections for the forbidden transitions (1s4, 1s2)J=1→(2p8)J=3 have very small 

magnitudes in comparison to rest other dipole allowed (ΔJ=0, ±1) transitions. Also, the 

core preserving excitations from 1s2 (jc=1/2)→2pi (i=1-4, jc=1/2) are larger in magnitude 

than the core exchanging excitations from 1s2 (jc=1/2)→2pi (i=5-10, jc=3/2). There are no 

experimental or theoretical cross sections available for the comparison with our results of 

the excitation from the two resonance states to the ten 2pi levels.  

 

Figure 4.8. Electron impact excitation cross section for the transitions from resonance 

levels 1s4 and 1s2 → 2pi (i=1-10). 
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 In figures 4.9 and 4.10, we show the cross section results for the excitation from the 

metastable (1s5, 1s3) and resonance (1s4, 1s2) levels, respectively to the six 3pi (i=5-10) 

states. Earlier, our group ( Sharma et al. [219]) have reported the RDW cross sections for 

the excitations only from the metastable states to 3pi levels up to incident electron energy 

of 300eV. Here we have revised and extended our previous calculations up to incident 

energy 1000 eV and obtained a complete set of cross sections results for 1si (i=1-4) →3pi 

(i=5-10) transitions. We find that the cross section curves for these transitions have similar 

behavior as observed for the transitions from 1si levels to the 2pi levels in the figure 4.7 

and 4.8. There are no measurements or theoretical calculations available for the excitation 

cross section of these transitions for direct comparison with our present results. 

 

 Figure 4.9. Electron impact excitation cross section for the transitions from metastable 

levels 1s5 and 1s3 → 3pi (i=5-10). 
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Figure4.10. Electron impact excitation cross section for the transitions from resonance 

levels 1s4 and 1s2 → 3pi (i=5-10). 

Further, through figure 4.11, we present our calculated results for intra excitations viz. six 

transitions among 1si’s and 45 transitions among 2pi’s levels. Since transitions are taking 

place among the same sublevels, all the transitions are forbidden. However, their 

contribution can be very crucial in the modeling of xenon plasma and should be included 

in the model. In fact, in our earlier studies[13, 144], we have shown the significance of 

including these inter-excitations in the modeling of Ar and Kr plasma. From the figure 

4.11, we notice that the cross section curves show the typical behavior of forbidden 

transitions as discussed earlier. In the absence of any experimental or other theoretical data 

for these transitions, it is difficult to comment on the magnitudes of the cross sections for 

these inter-excitation transitions.  



4.3 Electron impact excitation cross sections 89 

 

 

 

Figure 4.11. Electron impact excitation cross section for the intra-transitions among 1si 

(i=1-4) and 2pi (i=1-10) levels.  
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4.4 Analytical fittings of the cross sections 

In order to utilize the calculated cross section data directly in various plasma models, these 

are also fitted with suitable analytical expressions for electron incident energy up to 1KeV 

by the following expressions 
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(4.4.2) 

where σ is in units of 
2

0
a  (0.28 × 10−20 m2), E is the incident electron energy in atomic 

units (27.211 eV) and bi, c0, c1 and c2 are the fitting coefficients given in the table 4.2 The 

accuracy of the fitted cross sections is within 5%. 
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Table4.2 Fitting coefficients for the electron impact excitation cross sections. The number in the parenthesis stands for the multiplying power of 10. 

Transition Energy 

Interval 

(eV) 

Equation 

used 

b0 b1 b2 b3 c0 c1 c2 

1s0→1s5 Eth-90 

90-1000 

(4.4.2) 

(4.4.2) 

7.88600(-2) 

4.6820(-2) 

 

 

  3.03614(+0) 

5.28381(+1) 

-6.6126(+0) 

-3.8888(+1) 

4.01724(+0) 

8.05832(+0) 

1s0→1s4 Eth-1000 (4.4.2) -4.50779(+0) 1.70340(+1) 5.56969(-4) -4.3196(+0) 1.0217(-1) 8.01800(-2) 2.5299(-1) 

1s0→1s3 Eth-40 

40-80 

80-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

-1.602(-1) 

6.02229(+0) 

4.913(-2) 

5.5439(-1) 

 

-3.4094(+0) 

-1.362(-2) 8.37878(+1) -7.9799(+1) 

6.28576(+2) 

3.09846(+1) 

-1.1946(+3) 

-1.8364(+2) 

8.71118(+2) 

1s0→1s2 Eth-200 

200-1000 

(4.4.2) 

(4.4.2) 

-2.4261(+0) 

-2.524(-2) 

8.12922(+0) 

-3.1378(+1) 

3.05089e-4 

 

-2.7220(+0) 1.3342(-1) 

-6.6090(+1) 

1.1941(-1) 

-6.9982(+0) 

3.3396(-1) 

-4.5787(+0) 

1s0→2p10 Eth-80 

80-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.991(-2) 

1.09844(+0) 

-3.1026(-5) 

-9.7100(-3) 

 

2.25904(-7) 

7.46646(-4) 

 

6.89787(-5) 

-5.0700(-2) -6.0716(+1) 

3.31885(+2) 

1.80309(+2) 

1.07574(+2) 

-4.1171(+2) 

-5.3398(+1) 

-5.1771(+1) 

1.29177(+2) 

4.18524(+0) 

1s0→2p9 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

-1.85207(+0) 

1.3479(+0) 

1.02185(+1) -4.2500(-3) 1.46791(+4) -1.02890(+2) 

2.13171(+0) 

-2.51388(+2) 

3.92097(+0) 

-1.44089(+3) 

7.62638(-4) 

1s0→2p8 Eth-100 

100-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

-5.4400(-3) 

-6.2454(-4) 

-2.6894(-5) 

1.59156(+5) 

5.1328(-1) 

2.01277(-7) 

 

 

6.3865(-5) 

 3.26813(+6) 

-1.31937(+3) 

1.69953(+2) 

-6.79295(+6) 

3.69968(+2) 

-5.35157(+1) 

7.75208(+6) 

6.03261(+1) 

4.4449(+0) 

1s0→2p7 Eth-80 

80-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

3.4010(-2) 

3.576(-2) 

3.011(-2) 

 

-3.56084(+0) 

-3.5337(+0) 

  1.28149(+1) -1.81487(+1) 9.25374(+0) 
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1s0→2p6 Eth-50 

50-1000 

(4.4.2) 

(4.4.2) 

-3.0920(-2) 

7.5561(-1) 

-8.4500(-3) 3.47072(+1)  1.73484(+2) 

4.50319(+0) 

-3.37690(+2) 

5.88171(+0) 

4.97165(+2) 

1.25700(-2) 

1s0→2p5 Eth-70 

70-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.08177(+0) 

-3.8067(-1) 

-2.85057(+0) 

2.5260(-2) 

3.5950(-2) 

-2.1500(-3) 

 

8.6913(-1) 

4.44743(+0) 

 9.3725(-1) 

1.50116(+1) 

3.55872(+0) 

-1.57115(+0) 

-1.15878(+1) 

-1.58908(+0) 

6.8408(-1) 

2.85641(+0) 

1.49774(+0) 

1s0→2p4 Eth-25 

25-80 

80-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

(4.4.1) 

2.91056(-4) 

2.01595(+0) 

5.2600(-2) 

5.5250(-2) 

2.984(-2) 

 

-3.47363(+0) 

-3.49995(+0) 

  5.15571(+0) 

2.72785(+2) 

-1.53499(+1) 

-3.67033(+2) 

1.34244(+1) 

2.74655(+2) 

1s0→2p3 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

2.6500(-3) 

1.62014(+0) 

1.2460(-1)   2.23443(+0) 

7.60978(+0) 

-1.40455(+0) 

1.07492(+1) 

1.32645(+0) 

5.2500(-3) 

1s0→2p2 Eth-20 

20-100 

100-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

(4.4.2) 

2.5758(-4) 

-1.4955(-1) 

-3.7367(-5) 

3.6810(-2) 

 

4.0044(-1) 

1.1530(-2) 

-3.3045(+0) 

 

-2.3700(-3) 

 

3.3853(+0) 

5.43811(+0) 

-3.70743(+0) 

1.77247(+2) 

-2.21182(+1) 

-1.37432(+0) 

-1.46118(+2) 

2.24981(+1) 

-8.99866(+0) 

3.18773(+1) 

1s0→2p1 Eth-50 

50-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.9487(-1) 

4.24344(+0) 

7.2682(-1) 

-1.1222(-1) 

 

-2.2216(-1) 

7.7131(-1) 

 

-1.20707(-5) 

 

 

1.24058(+0) 

1.16743(+0) 

1.34169(+0) 

-7.64686(+1) 

-1.96961(+0) 

7.8567(-1) 

1.45190(+1) 

1.21951(+0) 

-2.9950(-2) 

5.63878(+0) 

1s0→3d12 Eth-80 

80-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

-9.8360(-2) 

-4.3580(-4) 

2.1027(-1) 

7.400(-3) 

1.9287(-1) 

-3.3464(+0) 

6.3340(-2)  3.5772(-1) 

-4.23458(+1) 

-1.1701(+0) 

-9.87351(+1) 

1.126(+0) 

5.01666(+1) 

1s0→3d11 Eth-30 

30-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

-1.45404(+0) 

1.09187(+0) 

1.46058(+0) 

-2.09710(-1) 

 

-9.97441(+1)  -1.52676(+1) 

6.56610(-1) 

1.27910(+1) 

4.79767(+1) 

2.31191(+0) 

3.18579(+0) 

-8.26163(+1) 

8.71540(-1) 

1.15100(-2) 



 

 

4.4 Anaytical fittings of the cross sections 

93 

 

 

1s0→3d10 Eth-45 

45-200 

200-1000 

(4.4.2) 

(4.4.1) 

(4.4.1) 

2.42800(-2) 

4.9143(-1) 

2.7547(-1) 

6.45350(-1) 

-3.59328(+0) 

-3.18961(+0) 

  1.65558(+0) -7.11242(+0) 8.60701(+0) 

1s0→3d9 Eth-50 

50-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

-2.88100(-2) 

-2.16259(+0) 

-1.47000(-3) 

-2.82902(+1) 

-3.0900(-3) 

-1.40548(-6) 

 

-1.03503(+0) 

2.27300(-2) 

 -1.04465(+2) 

1.25560(-1) 

-4.59088(+2) 

3.17457(+2) 

-6.17100(-2) 

3.64836(+1) 

-3.06908(+2) 

-4.67440(-1) 

1.42697(+1) 

1s0→3d8 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.120400(-1) 

-2.6500(-2) 

1.5524(+0) 

1.77303(+0) 

2.36829(+0) 

  9.64883(+0) 

-4.29194(+0) 

2.66006(+0) 

-3.71305(+1) 

6.75957(+0) 

4.29045(+0) 

3.93383(+1) 

4.34695(+0) 

-3.0200(-3) 

1s0→3d7 Eth-50 

50-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

-1.1400(-2) 

2.06980(-1) 

1.16980(-1) 

1.41500(-1) 

-3.79297(+0) 

-3.40313(+0) 

  1.08462(+0) -3.84366(+0) 3.99027(+0) 

1s0→3d6 Eth-35 

35-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

6.42880(-1) 

1.08081(+0) 

1.33677(+0) 

   -1.17764(+0) 

1.89827(+0) 

3.06064(+0) 

6.5669(+0) 

3.53006(+0) 

3.62464(+0) 

-2.11421(+0) 

-1.37970(-1) 

1.2600(-3) 

1s0→3d5 Eth-35 

35-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

-8.0515(-1) 

6.0566(-1) 

1.57614(+2) 

1.89286(+0) 

1.6763(+0) 

 

2.76790(-1)  1.49686(+0) 

8.77930(-1) 

6.08101(+1) 

-3.45426(+0) 

-9.18300(-2) 

8.12006(+0) 

2.24947(+0) 

3.45570(-1) 

1.11670(-1) 

1s0→3d4 Eth-18 

18-140 

140-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

3.0188(-1) 

7.7392(-1) 

1.3680(-2) 

 

-1.2600(-3) 

 

6.8469(-1) 

 -4.09868(+0) 

-2.17920(-1) 

2.25236(+2) 

1.11540(+1) 

1.19130(-1) 

-9.42161(+1) 

-1.42798(+0) 

-9.07650(-1) 

1.10151(+1) 

1s0→3d3 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

3.16690(-1) 

1.69360(-1) 

9.93800(-2) 

 

-1.17160(-1) 

-3.28886(+0) 

 

1.1870(-2) 

 

-2.08200(-1) 

-2.9231(+0) 

-1.26118(+2) 

8.32259(+0) 

6.85999(+1) 

1.98020(-1) 

-1.68232(+1) 
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1s0→3d2 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

3.85300(-2) 

1.13857(+0) 

1.73827(+0) 

   1.83866(+0) 

1.76396(+0) 

3.84003(+0) 

-6.38005(+0) 

3.67940(+0) 

4.17096(+0) 

5.76752(+0) 

-2.27180(-2) 

4.35195(-5) 

1s0→3d1 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

-1.5644(+0) 

9.79417(+3) 

-3.1241(-1) 7.73272(+0)  8.4738(-1) 

2.71759(+3) 

-6.1488(-1) 

4.27864(+2) 

1.65611(+0) 

3.09543(+0) 

1s0→2s5 Eth-25 

25-90 

90-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

(4.4.1) 

1.87500(-2) 

5.2110(-2) 

-1.8042(-4) 

3.4020(-2) 

 

 

1.1920(-2) 

-3.35735(+0) 

  7.98561(+0) 

1.01764(+1) 

-2.19808(+2) 

-1.94078(+1) 

-1.91057(+1) 

7.83288(+1) 

1.23603(+1) 

1.07106(+1) 

3.96650(-1) 

1s0→2s4 Eth-1000 (4.4.2) -7.73170(-1) 2.28699(+0) 6.04454(-5) -6.5200(-1) 1.7293(-1) 1.1387(-1) 2.8447(-1) 

1s0→2s3 Eth-45 

45-90 

90-250 

250-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

(4.4.1) 

2.039(-4) 

0.00992 

-1.9024e-5 

0.01362 

2.5610(-2) 

 

1.700(-3) 

-3.62666(+0) 

 

 

 3.19439(+1) 

1.910001+1) 

-1.54123(+2) 

-7.37374(+1) 

-2.70742(+1) 

3.81556(+1) 

4.82088(+1) 

-2.70742(+1) 

5.52391(+0) 

1s0→2s2 Eth-1000 (4.4.2) -1.63080(-1) 4.51330(-1) 1.53623(-5) -1.1200(-1) 2.0790(-1) 1.1236(-1) 2.4748(-1) 

1s0→3p10 Eth-20 

20-100 

100-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

(4.4.1) 

-1.45489(+0) 

2.80554(+0) 

1.76300(-2) 

3.27200(-2) 

 

 

 

-3.27681(+0) 

  -2.17309(+3) 

1.52833(+3) 

8.68011(+1) 

7.96713(+7) 

-1.84701(+3) 

-5.54937(+1) 

7.96713(+7) 

8.35098(+2) 

1.20163(+1) 

1s0→3p9 Eth-50 

50-1000 

(4.4.2) 

(4.4.2) 

-3.86900(-2) 

4.75001(-5) 

4.1200(-3) 

1.6928(-1) 

4.04266(+0)  2.70757(+1) 

2.38075(+0) 

-7.00884(+1) 

9.28150(-1) 

1.11882(+2) 

3.93238(+0) 

1s0→3p8 Eth-30 

30-120 

120-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

1.254(-2) 

2.038(-2) 

1.605(-2) 

-5.8200(-3) 

5.1530(-2) 

-3.10058(+0) 

-8.60317(+2) 

-1.83192(-6) 

 

-2.321(-1) 

-2.60438(+6) 

9.86550(-1) 

9.26907(+6) 

-1.89287(+0) 

-8.34585(+6) 

4.51669(+0) 
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1s0→3p7 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

-5.9930(-2) 

8.2791(-1) 

1.8123(-1) -2.0200(-3) 3.92581(+0) -1.29552(+1) 

1.68058(+1) 

-1.08862(+0) 

2.38339(+1) 

-2.40140(+1) 

8.3900(-3) 

1s0→3p6 Eth-45 

45-160 

160-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

5.34162(+0) 

8.0700(-3) 

-2.79271(+0) 

 

7.6330(-2) 

 

-2.32737(-5) 

 

-3.400(-1) 

2.07437(+3) 

3.21090(-1) 

-7.88639(+5) 

-2.95325(+3) 

-6.0698(-1) 

2.85661(+5) 

2.52437(+3) 

4.47756(+0) 

-2.89521(+4) 

1s0→3p5 Eth-35 

35-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

1.46950(-1) 

1.64956(+0) 

2.807(-1) 

 

 

-8.554(-1) 

  4.19827(+0) 

3.66159(+0) 

-6.24999(+0) 

3.2739(+0) 

2.7539(+0) 

3.3790(-2) 

1s2→2p10 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

-1.93868(+0) 

2.35151(+0) 

3.45006(+1) 

1.1469(-1) 

-8.18927(+0) 

-6.93693(-4) 

 2.4990(-2) 

-4.1698(-1) 

-3.22893(+0) 

4.05444(+0) 

4.66562(+1) 

5.6082(-1) 

1s2→2p9 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

-1.79038(+0) 

1.63445(+0) 

2.79536(+1) 

6.9840(-2) 

-8.12065(+0) 

-3.40114(-4) 

 -1.2387(-1) 

-4.1133(-1) 

-1.70753(+0) 

4.39629(+0) 

5.32357(+1) 

5.6770(-1) 

1s2→2p8 Eth-20 

20-200 

200-1000 

(4.4.2) 

(4.4.1) 

(4.4.1) 

2.33480(-1) 

1.53689(-4) 

7.88079(-4) 

 

-3.25667(+0) 

-4.03082(+0) 

  2.68091(+0) -1.04710(+2) 7.59426(+2) 

1s2→2p7 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.06325(+0) 

9.63470(-1) 

1.07185(+0) 

   -4.5634(-1) 

1.89410(-1) 

-4.62126(+0) 

1.24871(+1) 

5.13911(+0) 

8.8324(+0) 

-1.28436(+1) 

7.9036(-1) 

2.5812(-1) 

1s2→2p6 Eth-18 

18-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

2.6498(+0) 

1.20897(+0) 

3.12326(+0) 

   9.1790(-2) 

-1.3330(-2) 

-2.03712(+0) 

2.57822(+0) 

1.10038(+0) 

3.9344(+0) 

-4.4464(-1) 

1.0900(-1) 

1.1455(-1) 

1s2→2p5 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

9.1161(-1) 

9.8334(-1) 

3.5526(+0) 

   -2.9309(-1) 

3.5007(-1) 

-8.68198(+0) 

7.9165(+0) 

3.04354(+0) 

1.70321(+1) 

-8.93628(+0) 

4.1932(-1) 

4.2124(-1) 
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1s2→2p4 Eth-50 

50-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.87836(+0) 

1.39529(+2) 

-4.52210(-1) 

-3.25517(+0) 

 

3.05633(+5) 

-2.16219(+9)  -5.25409(+6) 

7.49390(-1) 

5.58590(+4) 

-5.34584(+6) 

1.42922(+0) 

-1.91020(+4) 

-3.54809(+5) 

7.0000(-2) 

5.90528(+3) 

1s2→2p3 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

-4.69982(+0) 

1.85154(+3) 

3.04626(+9) 

4.72491(+7) 

  1.10467(+5) 

-3.21260(+3) 

6.01646(+6) 

-2.54285(+4) 

1.20634(+7) 

-1.28085(+0) 

1s2→2p2 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

1.79815(+4) 

1.62946(+2) 

   1.44766(+2) 

5.0563(-1) 

3.08812(+2) 

2.73418(+0) 

-1.57991(+0) 

9.43100(-2) 

1s2→2p1 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

7.26060(-1) 

1.46527(+2) 

   8.9600(-3) 

4.8346(-1) 

1.3660(-2) 

3.17484(+0) 

6.74697(-4) 

1.0340(-1) 

1s3→2p10 

 

Eth -10 

10-1000 

(4.4.2) 

(4.4.2) 

5.2976(+1) 

1.4071(+1) 

 

1.1100(-3) 

 

7.1165(+2) 

 

 

-4.4000(-2) 

-1.9707(+0) 

4.0975(+0) 

-5.1316(+0) 

-3.9228(+0) 

-5.0370(+1) 

1s3→2p9 Eth -20 

20-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

3.9048e+0 

2.0734e-5 

3.7034e-4 

 

-3.3033e+0 

-4.5519e+0 

  9.0941e+2 -1.9226e+4 1.0925e+5 

1s3→2p7 Eth -10 

10-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.5408e+0 

1.4604e+0 

1.4436e+0 

 

1.6700e-3 

 

5.4206e+1 

 9.3580e-2 

-1.9582e+0 

-5.9308e+0 

8.1152e+0 

-7.1655e+0 

7.0601e+0 

-6.9688e+0 

-3.6481e+1 

1.6550e-1 

1s3→2p6 Eth-10 

10-300 

300-1000 

(4.4.2) 

(4.4.1) 

(4.4.1) 

3.2290(-2) 

3.7715(-5) 

6.1656(-4) 

 

-2.9783(+0) 

-4.5518(+0) 

  4.2454(+0) -9.0377(+1) 5.1407(+2) 

1s3→2p5 Eth-10 

10-200 

200-1000 

(4.4.1) 

(4.4.1) 

(4.4.1) 

4.5790(-5) 

2.8912(-4) 

9.3760(-4) 

-4.1147(+0) 

-2.7052(+0) 

-3.5701(+0) 

     

1s3→2p4 Eth-20 

20-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

3.4357(-6) 

2.9420(+2) 

6.5692(+3) 

4.8063(-7) 

 

2.2660(-6) 2.3146(+7) 4.9307(+2) 

9.9270(-2) 

-3.6586(+1) 

-6.6931(+2) 

1.4493(-1) 

4.5181(+1) 

-4.7232(+4) 

7.1800(-3) 

9.8724(-1) 

1s3→2p3 Eth-10 

10-200 

(4.4.2) 

(4.4.1) 

7.3481(-1) 

6.0840(-2) 

 

-3.0874(+0) 

  1.7417(-1) -2.4551(+0) 9.4552(+0) 
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200-1000 (4.4.1) 5.3314(-1) -4.3205(+0) 

1s3→2p2 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

2.9483(-4) 

4.8482(+1) 

2.0089(-3) 6.5456(-4) -2.0241(+4) -2.0241(+4) 

1.2252(-1) 

1.31256(+0) 

1.6453(-1) 

6.15596(+0) 

7.6500(-3) 

1s3→2p1 Eth-10 

10-300 

300-1000 

(4.4.2) 

(4.4.1) 

(4.4.1) 

-7.5782(-1) 

1.0480(-2) 

1.8262(-1) 

1.1885(+1) 

-3.2194(+0) 

-4.5049(+0) 

  -1.1100(+0) 5.0443(+0) 2.43598(+1) 

1s4→2p10 Eth-8 

8-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

8.1008(+0) 

3.11615(+0) 

5.06452(+1) 

   -3.8427(-1) 

7.6280(-2) 

-6.5874(-1) 

5.61968(+0) 

2.46980(-1) 

4.26404(+0) 

-1.03704(+1) 

9.81388(-4) 

1.36630(-1) 

1s4→2p9 Eth-200 

200-1000 

(4.4.2) 

(4.4.2) 

7.30143(+3) 

1.55083(+4) 

   1.75047(+1) 

-6.01102(+2) 

3.38148(+1) 

1.01925(+2) 

2.61519(+0) 

2.44272(+0) 

1s4→2p8 Eth-10 

10-100 

100-200 

200-1000 

(4.4.2) 

(4.4.1) 

(4.4.1) 

(4.4.1) 

1.56324(+0) 

4.00300(-2) 

4.31300(-2) 

1.89030(-1) 

 

-3.11036(+0) 

-3.26142(+0) 

-4.03215(+0) 

  1.6679(-1) -3.41201(+0) 1.83525(+1) 

1s4→2p7 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

3.16921(+2) 

1.69554(+1) 

5.55142(+2) 

1.80566(+1) 2.04349(+2) 5.3340(+7) 1.12368(+2) 

6.41500(-2) 

-9.70400(-2) 

8.35765(+3) 

1.1017(-1) 

4.3373(+0) 

-1.32047(+5) 

5.0700(-3) 

1.3799(-1) 

1s4→2p6 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

2.07305(+2) 

7.78042(+0) 

2.07489(+2) 

-1.84207(+3) 1.26024(+7)  5.01685(+2) 

6.05800(-2) 

1.32200(-2) 

7.02169(+3) 

1.0319(-1) 

3.2528(+0) 

1.8115(-1) 

4.3300(-3) 

1.0482(-1) 

1s4→2p5 Eth-12 

12-90 

90-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

-5.59063(+1) 

1.03012(+1) 

-3.60460(-1) 

3.04345(+3) 

 

2.03815(+1) 

-1.45096(+8)  2.81348(+3) 

1.13360(-1) 

1.8713(+0) 

4.43263(+4) 

2.3264(-1) 

-9.8003(-1) 

2.14758(+3) 

8.12585(-5) 

6.47030(-1) 

1s4→2p4 Eth-8 (4.4.2) 1.82500(-2) 2.58170(-1)   3.00163(+0) -5.14172(+1) 2.22968(+2) 
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8-100 

100-1000 

(4.4.2) 

(4.4.2) 

1.84015(+0) 

1.04075(+0) 

8.37532(+0) -6.69009(+2) 

1.73205(+2) 

2.88052(+3) 

1.71234(+3) 

1.24231(+3) 

5.48578(+0) 

1s4→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

2.88800(-2) 

1.05361(+0) 

2.78014(+0)   1.16761(+0) 

1.52221(+0) 

-1.13390(-1) 

1.13453(+0) 

6.68216(+0) 

3.5380(-2) 

1s4→2p2 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.52110(-1) 

8.4633(+0) 

2.35729(+0) 

-5.3315(-1) 2.0081(+0)  2.86273(+0) 

4.04477(+2) 

1.33829(+2) 

-4.40240(+1) 

4.75891(+2) 

1.07166(+2) 

1.85352(+2) 

-1.42086(+0) 

3.78116(+0) 

1s4→2p1 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

2.9136(-1) 

-1.74751(+1) 

3.0300(+0) 

-1.0477(+0) 

6.98075(+1) 

1.7213(+0) 

-3.71225(+0) 

 -1.13992(+0) 

-3.97648(+3) 

5.26864(+2) 

-1.07816(+1) 

1.25113(+4) 

2.45542(+2) 

2.03993(+2) 

4.44099(+3) 

1.3986(+1) 

1s5→2p10 Eth-1000 (4.4.2) 2.6098(+1)    1.5121(-1) 3.2918(-1) 1.6700(-2) 

1s5→2p9 Eth-10 

10-1000 

(4.4.2) 

(4.4.2) 

3.9755(-4) 

1.0122(+1) 

7.2257(+5)   -3.0221(+3) 

1.0684(-1) 

2.5272(+4) 

2.312(-1) 

8.0032(+4) 

7.4400(-2) 

1s5→2p8 
Eth-1000 (4.4.2) 3.6499(+2) 1.2666(-1) -3.9480(+4)  6.1273(+0) 6.5354(+1) 1.0580(+2) 

1s5→2p7 Eth-10 

10-1000 

(4.4.2) 

(4.4.2) 

7.0814(+0) 

2.5173(+0) 

   1.9165(-1) 

1.5313(-1) 

2.3946(+0) 

3.1449(-1) 

-2.5172(+0) 

8.6500(-3) 

1s5→2p6 Eth-10 

10-1000 

(4.4.2) 

(4.4.2) 

7.3764(-6) 

2.3404(+1) 

1.8704(+8)   -2.4360(+5) 

1.3008(-1) 

3.6945(+6) 

2.5480(-1) 

6.2914(+6) 

4.5500(-3) 

1s5→2p5 Eth-10 

10-200 

200-1000 

(4.4.2) 

(4.4.1) 

(4.4.1) 

1.2579(+1) 

4.9200(-3) 

3.4700(-2) 

 

-3.1775(+1) 

-4.1720(+1) 

  4.0798(+1) -5.4764(+2) 2.0071(+3) 

1s5→2p4 Eth-10 

10-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

4.8510(-2) 

2.0074(+1) 

1.4891(+2) 

   -2.6937(+0) 

2.2740(+2) 

7.0555(+3) 

2.42388(+1) 

2.37348(+2) 

1.64423(+4) 

2.8147(+1) 

-1.1196(+0) 

4.3993(+2) 
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1s5→2p3 Eth-10 

10-1000 

(4.4.2) 

(4.4.2) 

1.6970(-2) 

-2.1300(-3) 

1.6418(-1) 

7.9129(+4) 

1.2860(-2)  1.1657(+0) 

4.8117(+4) 

-9.5431(+0) 

6.0709(+5) 

2.0322(+1) 

5.5174(+5) 

1s5→2p2 Eth-10 

10-1000 

(4.4.2) 

(4.4.2) 

9.0160(-2) 

8.2549(-1) 

6.7293(-1) 6.7626(-1)  1.0771(+1) 

1.8115(+0) 

-8.7902(+1) 

1.1182(+0) 

1.8948(+2) 

4.6650(-2) 

1s2→3p10 Eth-10 

10-50 

50-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

4.1190(-2) 

1.1200(-3) 

6.48625(+0) 

 

-4.22524(-5) 

 

-2.44540(+3) 

 6.73157(+0) 

9.19987(+5) 

-6.12401(+2) 

-1.23997(+2) 

-1.20211(+6) 

6.95946(+4) 

5.72745(+2) 

2.84579(+6) 

3.45953(+3) 

1s2→3p9 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

1.7278(-1) 

7.3926(-1) 

-3.02942(+0)   2.64576(+0) 

-2.85083(+0) 

1.77407(+1) 

2.76950(+1) 

-4.5890(-2) 

1.7917(-1) 

1s2→3p7 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

1.7020(-1) 

5.4495(-1) 

-6.00912(-4) -1.45681(+0)  2.49838(-4) 

-2.20961(+0) 

1.24152(+0) 

2.01672(+1) 

8.72649(+0) 

1.7959(-1) 

1s2→3p6 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

-1.85001(+0) 

3.02951(+1) 

5.07240(-1) 

   -1.14948(+1) 

1.68337(+2) 

-1.99556(+0) 

-7.64488(+1) 

1.18069(+3) 

1.95167(+1) 

4.11644(+0) 

-2.1377(+1) 

1.5854(-1) 

1s2→3p5 Eth-8 

8-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

4.84890(-1) 

3.43656(+0) 

2.74324(+0) 

-5.6497(+0) 1.53805(+0) 2.51120(+1) 1.41920(-1) 

1.30546(+2) 

-5.98734(+1) 

-3.13250(-1) 

7.09336(+2) 

5.68025(+2) 

6.4305(+0) 

-1.23654(+1) 

5.69003(+0) 

1s3→3p10 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

1.10782(+0) 

7.52618(+2) 

   2.60773(+1) 

-1.2035(+4) 

2.01954(+2) 

1.20939(+5) 

-1.06302(+0) 

1.10548(+3) 

1s3→3p6 Eth-50 

50-1000 

(4.4.2) 

(4.4.2) 

4.38093(+0) 

2.00475(+0) 

   -7.76527(+1) 

8.10604(+2) 

1.35882(+4) 

3.23732(+3) 

-3.39477(+3) 

3.94781(+1) 

1s4→3p10 Eth-12 

12-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

4.37030(-1) 

1.14817(+0) 

-2.2300(-3) 

2.28398(+0) 

 

6.9560(-1) 

  1.22572(+0) 

7.07280(-1) 

3.29049(+0) 

-1.90919(+1) 

3.03214(+0) 

-1.01452(+0) 

7.33136(+1) 

-1.1095(-1) 

1.72933(+0) 
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1s4→3p9 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

4.72796(+0) 

1.62336(+0) 

1.43386(+1) 

1.32800(+1) -2.95552(+4)  9.64402(+2) 

1.24120(-1) 

9.32110(-1) 

-5.7820(+2) 

4.15950(-1) 

3.56902(+0) 

1.76480(+3) 

1.4000(-3) 

2.6790(-1) 

1s4→3p7 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

3.22788(+1) 

1.48705(+0) 

8.65538(+0) 

-4.63340(+2) 7.62004(+3)  1.80008(+0) 

2.35640(-1) 

1.26184(+0) 

1.40038(+1) 

6.4454(-1) 

3.5599(+0) 

2.55131(+0) 

-1.7000(-1) 

3.5450(-2) 

1s4→3p6 Eth-50 

50-1000 

(4.4.2) 

(4.4.2) 

-3.12793(+0) 

4.79733(+0) 

6.63053(+1) -3.1337(-1) 1.25e16(+0) -9.6585(+12) 

6.5170(-1) 

-6.0870(+12) 

1.2337(+0) 

-1.9248(+14) 

1.4750(-2) 

1s4→3p5 Eth-50 

50-1000 

(4.4.2) 

(4.4.2) 

2.5087(-1) 

1.7945(+0) 

1.34685(+0)   1.8342(-1) 

6.6791(-1) 

-3.9151(-1) 

1.19249(+0) 

2.06632(+0) 

1.5150(-2) 

1s5→3p10 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.26631(+0) 

1.23649(+0) 

4.47678(+0) 

   7.6023(-1) 

4.8765(-1) 

1.63997(+0) 

-5.0730(-2) 

9.2608(-1) 

3.19858(+0) 

8.9156(-1) 

2.8600(-3) 

4.5610(-2) 

1s5→3p9 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

8.31690(-1) 

1.22165(+0) 

3.18583(+0) 

5.36477(+0)   -1.534(+0) 

3.5609(-1) 

8.8656(-1) 

6.80779(+0) 

1.36313(+0) 

3.36855(+0) 

1.77460(+1) 

-1.0080(-2) 

2.2290(-2) 

1s5→3p8 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

5.52253(+0) 

1.2855(+0) 

-4.72701(+0) 1.47964(+2)  -8.44078(+1) 

1.51210(-1) 

4.63367(+2) 

4.30180(-1) 

-2.5418(+2) 

-3.5833(-4) 

1s5→3p7 Eth-100 

100-1000 

(4.4.2) 

(4.4.2) 

1.87187(+0) 

8.9062(+0) 

   2.86240(-1) 

1.18647(+0) 

6.55720(-1) 

3.16357(+0) 

1.1090(-2) 

2.8930(-2) 

1s5→3p6 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

3.83632(+0) 

6.86120(-1) 

1.43078(+0) 

   -6.77063(+0) 

9.01200(-2) 

2.06997(+0) 

3.85629(+1) 

6.00136(+0) 

9.86759(+0) 

3.92073(+1) 

-2.6719(-1) 

4.8690(-2) 

1s3→1s2 Eth-20 (4.4.2) 3.3748(-1)    -8.6620(-2) 5.4087(-1) 6.5560(-1) 
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20-100 

100-1000 

(4.4.2) 

(4.4.1) 

3.5794(-1) 

5.4580(-1) 

 

-2.98927(+0) 

1.54674(+0) -2.84997(+0) 2.64151(+0) 

 

1s4→1s3 Eth-15 

15-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.27264(+1) 

4.05700(-2) 

-8.9412(-5) 

-1.27821(-2) 

4.66820(-1) 

6.13028(-7) 

7.09719(+0) 

-6.74457(-4) 

1.817040(-4) 

1.23207(+3) 

-9.7190(-1) 

2.8317(-1) 

6.9214(-1) 

1.50055(+2) 

1.9804(-1) 

-5.0252(-1) 

-4.54663(+1) 

1.08992(+1) 

2.13553(+0) 

3.68157(+0) 

1s4→1s2 Eth-15 

15-1000 

(4.4.2) 

(4.4.2) 

8.88810(-1) 

1.28114(+0) 

   -1.2021(-1) 

3.2931(-1) 

2.43918(+0) 

1.71068(+0) 

-7.4841(-1) 

-1.600(-2) 

1s5→1s4 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

4.6855(-1) 

9.01468(-4) 

 

2.8059(+10) 

  -8.9910(-2) 

-2.1069(+10) 

8.2880(-1) 

6.00946(+9) 

8.6022(-1) 

9.4849(+10) 

1s5→1s3 Eth-10 

10-1000 

(4.4.2) 

(4.4.2) 

2.0797(-1) 

8.4943(-1) 

1.76851(+2)   9.02585(+1) 

8.59200(-1) 

-1.16432(+3) 

2.95385(+0) 

4.88411(+3) 

-1.2770(-2) 

1s5→1s2 Eth-10 

10-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

4.0006(-1) 

1.5210(-2) 

1.42291(+0) 

4.96010(-1) 

1.27852(+0) 

  2.1633(-1) 

6.9435(-1) 

-2.75198(+0) 

-2.86437(+0) 

-1.58589(+0) 

4.36494(+0) 

1.08065(+1) 

4.12191(+0) 

-3.10400(-2) 

2p10→2p9 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

1.77854(-2) 

1.54369(+0) 

-3.43472(-2) -1.3860(+11)  -2.54927(+6) 

-5.4500(-3) 

-3.92122(+7) 

3.2086(-1) 

-8.29778(+5) 

-1.2400(-3) 

2p10→2p8 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

2.56531(+1) 

1.0100(-2) 

-5.45146(+2) 

1.01873(+1) 

-2.48434(+6)  4.64963(+2) 

-2.0080(-2) 

-5.7330(+3) 

3.8260(-2) 

7.05562(+2) 

5.9100(-1) 

2p10→2p7 Eth-9 

9-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

5.4542(-1) 

-1.2160(-2) 

5.65457(+0) 

 

1.78584(+0) 

  -1.5794(-1) 

4.5120(-2) 

6.6701(-1) 

1.81463(+0) 

-6.2830(-2) 

3.4426(+0) 

-2.79639(+0) 

1.17036(+0) 

-2.1300(-3) 

2p10→2p6 Eth-15 

15-1000 

(4.4.2) 

(4.4.2) 

4.5775(-1) 

1.17693(+0) 

   -1.29710(-1) 

3.0900(-3) 

1.39324(+0) 

1.28793(+0) 

-1.17313(+0) 

-3.4900(-3) 

2p10→2p5 Eth-15 (4.4.2) 9.55180(-1)    4.06640(-1) -7.97893(+0) 4.66793(+1) 



 

102 Chapter 4: Electron excitation of Xenon and modeling of inductively coupled Xe plasma 

 

  

15-100 

100-1000 

(4.4.1) 

(4.4.1) 

2.12900(-2) 

3.59200(-2) 

-2.4934(+0) 

-2.92782(+0) 

 

2p10→2p4 Eth-15 

15-1000 

(4.4.2) 

(4.4.1) 

2.47915(+0) 

1.60094(+0) 

 

-9.8528(-1) 

  -4.6430(-2) 2.69968(+0) -1.78087(+0) 

2p10→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.1) 

3.32346(+0) 

2.44026(+0) 

 

-9.8581(-1) 

  1.84500(-2) 1.77401(+0) -6.7383(-1) 

2p10→2p2 Eth-15 

15-1000 

(4.4.2) 

(4.4.1) 

-1.43920(-1) 

7.45460(-1) 

3.39197(+1) 

-9.84040(-1) 

  -1.1277(+0) 1.29586(+1) 2.08905(+1) 

2p10→2p1 Eth-10 

10-70 

70-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

3.68568(+0) 

4.72982(+5) 

1.49660(-1) 

 

 

-3.22399(+0) 

  1.95667(+0) 

6.78379(+6) 

-8.39050(+1) 

-6.97858(+6) 

6.68783(+2) 

1.15787(+7) 

2p9→2p8 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

1.72794(+0) 

1.48494(+0) 

3.79105(+4)   -2.04238(+1) 

-6.6900(-3) 

-9.65496(+2) 

3.9923(-1) 

1.52014(+4) 

-1.2000(-3) 

2p9→2p7 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

1.04581(+0) 

1.49252(+0) 

-6.75323(+0) 7.39826(+1) -6.1924(+1) 9.7200(-3) 

9.4100(-3) 

-4.3291(-1) 

3.6966(-1) 

5.05290(+0) 

6.01203(-4) 

2p9→2p6 Eth-15 

15-1000 

(4.4.2) 

(4.4.2) 

9.93809(+0) 

2.02789(+0) 

   -1.3950(-1) 

1.2100(-2) 

2.97715(+0) 

3.49120(-1) 

-1.66859(+0) 

3.08198(-4) 

2p9→2p5 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

5.4480(-1) 

1.45178(+0) 

   -8.200(-3) 

6.300(-3) 

2.6288(-1) 

4.8074(-1) 

-7.8860(-2) 

-5.4614(-4) 

2p9→2p4 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

2.32750(-1) 

-1.27782(+0) 

-1.0464(+0) 

2.08734(+0) 

1.22654(+1)  8.3080(-2) 

-2.1364(-1) 

-2.24363(+0) 

-2.56294(+0) 

1.66292(+1) 

4.51253(+0) 

2p9→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

1.85050(-1) 

1.01331(+0) 

1.4053(+0) -1.59954(+0)  -2.9636(-1) 

8.5540(-2) 

3.20311(+0) 

2.29732(+0) 

-2.64971(+0) 

7.6500(-3) 

2p9→2p2 Eth-20 (4.4.2) 8.4690(-2) -4.66310(-1) 9.63690(-1)  8.10200(-2) -1.92854(+0) 1.15997(+1) 
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20-1000 (4.4.2) 3.86543(+2) -6.92794(+2) 2.03779(+0) 1.3849(+4) -4.86853(+3) -2.42405(+4) 

2p9→2p1 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

3.65420(-1) 

-1.80062(+0) 

1.77074(+0) 

3.14766(+0) 

-1.20329(+0) 

-8.7100(-3) 

 -4.19740(-1) 

-3.32332(+0) 

6.59427(+0) 

6.60270(-1) 

-5.19208(+0) 

6.86193(+0) 

2p8→2p7 Eth-20 

20-1000 

(4.4.2) 

(4.4.1) 

1.4646(-1) 

6.000(-1) 

-1.13513(+0) 

-1.01902(+0) 

8.57124(+0) -7.6057(+0) 1.901(-2) -4.8539(-1) 3.20249(+0) 

2p8→2p6 Eth-18 

18-1000 

(4.4.2) 

(4.4.1) 

1.23692(+0) 

4.63418(+0) 

-1.15302(+1) 

-9.99570(-1) 

7.92784(+1) -7.0466(+1) 5.8900(-3) -2.681(-1) 3.22203(+0) 

2p8→2p5 Eth-20 

20-100 

100-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

(4.4.1) 

6.2791(-1) 

-2.1500(-3) 

1.8010(-2) 

4.3770(-2) 

 

5.7010(-2) 

 

-2.99437(+0) 

  -6.9800(-2) 

3.26672(+0) 

1.8010(-2) 

-4.3017(+0) 

-7.03426(+0) 

-3.63974(+0) 

5.63486(+1) 

6.27449(+0) 

6.05211(+0) 

2p8→2p4 Eth-20 

20-200 

200-1000 

(4.4.2) 

(4.4.1) 

(4.4.1) 

1.6084(-1) 

6.4560(-2) 

7.8280(-2) 

-1.69962(+0) 

-9.7109(-1) 

-1.05535(+0) 

7.23477(+0) -5.4058(+0) 1.3715(-1) -3.34066(+0) 2.06829(+1) 

2p8→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

2.2339(-1) 

-1.0300(-3) 

5.58115(+0) 

1.29507(+0) 

  -7.3095(-1) 

-3.6450(-1) 

6.59283(+0) 

3.9490(-1) 

1.39229(+1) 

3.33331(+0) 

2p8→2p2 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

1.9724(-1) 

-9.7771(-1) 

-1.51547(+0) 

1.61585(+0) 

7.03111(+0)  8.2990(-2) 

-2.93764(+0) 

-2.16201(+0) 

1.11127(+0) 

1.48739(+1) 

4.80864(+0) 

2p8→2p1 Eth-20 

20-90 

90-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

(4.4.1) 

2.3316(-1) 

-5.4661(-5) 

9.4850(-2) 

1.3800(-3) 

 

6.6500(-3) 

-5.88388(-7) 

-3.04659(+0) 

 

 

-3.2722(-1) 

 4.72557(+0) 

1.12091(+1) 

3.4600(-2) 

-8.84457(+1) 

-2.97783(+1) 

-6.95000(-3) 

4.230161(-2) 

2.694808(-1) 

3.45037(+0) 

 

2p7→2p6 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

6.31909(+0) 

1.61158(+0) 

   -5.3010(-2) 

4.5800(-3) 

1.43974(+0) 

2.7934(-1) 

-3.38260(-1) 

1.47323e-4 
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2p7→2p5 Eth-15 

15-90 

90-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

1.9638(-1) 

-7.6100(-3) 

6.46800(-2) 

 

7.0151(-1) 

-2.92961(+0) 

  -1.36849(+0) 

9.0590(-2) 

1.14255(+1) 

-3.81566(+0) 

-6.0615(+0) 

2.35065(+1) 

2p7→2p4 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

-2.25096(+0) 

-2.72699(+0) 

3.55524(+1) 

3.9441(+0) 

 

7.3400(-3) 

 -1.8570(-1) 

-1.4650(-2) 

8.5213(-1) 

-1.4650(-2) 

2.58359(+1) 

3.28142(+0) 

2p7→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

7.61807(+0) 

-2.3300(-3) 

-3.21172(+1) 

4.31997(+0) 

-1.96084(+1) -2.670(+6) 4.29725(+3) 

-4.75820(-1) 

-3.7429(-4) 

8.3776(-1) 

-2.56459(-4) 

2.63242(+0) 

2p7→2p2 Eth-10 

10-20 

20-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

-7.4913(-1) 

6.5863(-1) 

-1.63952(+2) 

-1.51334(+0) 

 

2.75411(+2) 

5.53244(+3) 

 

6.76853(-1) 

 

 

6.7600(-3) 

-9.68950(+1) 

9.78130(-1) 

-1.82417(+2) 

8.20642(+2) 

4.04683(+0) 

-7.49157(+2) 

1.92390(+3) 

-2.28734(+0) 

1.65161(+3) 

2p7→2p1 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

1.3409(-1) 

5.3800(-2) 

5.1360(-2) 

-1.20409(+0) 

 

-2.83909(+0) 

4.37758(+0) -3.5564(+0) 1.36100(-1) 

7.36497(+0) 

-3.32271(+0) 

-1.16009(+1) 

2.08461(+1) 

6.12043(+0) 

2p6→2p5 Eth-15 

15-1000 

(4.4.2) 

(4.4.2) 

2.50681(+0) 

1.34603(+0) 

   -1.7575(-1) 

1.4640(-2) 

2.5306(+0) 

6.3716(-1) 

-1.6856(+0) 

8.09262(-5) 

2p6→2p4 Eth-15 

15-100 

(4.4.2) 

(4.4.2) 

7.1193(-1) 

7.3802(-1) 

   -4.1935(-1) 

2.1002(-1) 

8.79019(+0) 

4.4796(+0) 

-5.90478(+0) 

-3.6800(-3) 

2p6→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

2.93030(+1) 

1.22772(+0) 

-4.26774(+2) 6.37407(+3)  1.14358(+0) 

-3.65400(-2) 

1.4633(+1) 

7.6436(-1) 

0.20358(-1) 

-5.5500(-3) 

2p6→2p2 Eth-12 

12-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.2) 

1.43149(+0) 

5.9927(-1) 

-7.4672(-4) 

 

-4.2760(-2) 

1.01401(+0) 

 

-1.4355(+6) 

 -1.8895(+0) 

5.05249(+6) 

-3.03670(+1) 

2.18783(+1) 

-4.72775(+6) 

1.03219(+1) 

-2.58348(+1) 

4.77422(+6) 

3.14842(+0) 

2p6→2p1 Eth-15 

15-1000 

(4.4.2) 

(4.4.2) 

-8.2100(-2) 

-5.0219(-5) 

1.73077(+8) 

1.40998(+2) 

  -1.99364(+8) 

1.45917(+2) 

1.93413(+9) 

6.45936(+1) 

-3.14132(+8) 

5.34115(+3) 



 

 

4.4 Anaytical fittings of the cross sections 

105 

 

 

2p5→2p4 Eth-11 

11-100 

100-300 

300-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

(4.4.1) 

5.2913(-1) 

7.4880(-2) 

1.3560(-2) 

1.7760(-2) 

 

3.86486(-4) 

-2.79423(+0) 

-3.03018(+0) 

 

-1.18355(+0) 

 1.37026(+0) 

3.12090(-1) 

-4.31227(+1) 

1.99130(+0) 

2.61568(+2) 

1.50188(+1) 

2p5→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

-1.57470(+1) 

2.00787(+0) 

2.65679(+2)   -2.0956(-1) 

5.2500(-3) 

1.50658(+0) 

2.1364(-1) 

2.45135(+1) 

-8.5210(-4) 

2p5→2p2 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

3.4413(-1) 

1.7954(-1) 

2.7261(-1) 

-1.67825(+0) 

 

-2.9582(+0) 

8.03235(+0) -6.6902(+0) 9.30300(-2) 

3.18351(+0) 

-2.23976(+0) 

-4.53959(+0) 

1.40739(+1) 

2.89155(+0) 

2p5→2p1 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

2.33947(+2) 

3.82941(+1) 

-3.43269(+3) 

8.80840(-1) 

1.84404(+4) -8.3299(+3) 2.71281(+0) 

2.7415(-1) 

-2.28978(+1) 

1.0428(-1) 

1.12731(+2) 

1.1400(-1) 

2p4→2p3 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

-1.95794(+0) 

1.92092(+0) 

9.67333(+1) 

 

-1.39146(+0)  -7.9760(-2) 

-7.7689(-4) 

4.0229(-1) 

2.0258(-1) 

9.33313(+0) 

-4.6329(-4) 

2p4→2p2 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

-1.43845(+1) 

3.05981(+0) 

2.24177(+2)   -8.814(-2) 

-1.070(-3) 

-6.2620(-2) 

2.2433(-1) 

1.52190(+1) 

-5.1361e(-4) 

2p4→2p1 Eth-20 

20-100 

100-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

2.93245(+0) 

1.65723(+2) 

7.76100(-2) 

-1.5529(+1) 

-2.89419(+1) 

-2.93431(+0) 

3.16939(+1) -1.9839(+1) 2.59990(-1) 

2.57350(+3) 

-4.09315(+0) 

2.14830(+2) 

4.61660(+1) 

2.25792(+3) 

2p3→2p2 Eth-1000 (4.4.2) -1.95166(+0) 3.67626(+1)   -9.1630(-2) 6.6380(-2) 1.17728(+1) 

2p3→2p1 Eth-20 

20-1000 

(4.4.2) 

(4.4.2) 

1.02290(-1) 

1.20596(+0) 

7.36492(+0) -3.08933(+0)  -1.1395(-1) 

2.4990(-2) 

1.59456(+0) 

8.9348(-1) 

2.07966(+0) 

-2.12729(-4) 

2p2→2p1 Eth-45 

45-200 

200-1000 

(4.4.2) 

(4.4.2) 

(4.4.1) 

-6.91600(+4) 

9.31245(+0) 

3.79000(-2) 

-6.91600(+4) 

-1.96022(+0) 

-3.72372(+0) 

-5.22736(+3) 

1.29749(-1) 

 -7.79975(+4) 

1.9701(+3) 

1.03905(+6) 

-2.45133(+3) 

1.03905(+6) 

1.69139(+3) 
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4.5 C-R model for xenon plasma  

In the previous section, a complete set of relativistic excitation cross sections of different 

transitions have been presented in the wide range of incident electron energy. To test the 

applicability of our calculated cross sections, we develop a C-R model using these cross 

sections and applied to diagnose the low temperature inductively coupled xenon plasma. 

The model incorporates 36 fine-structure levels viz. 1si (i=1-4), 2pi (i=1-10), 3di (i=1-12), 

2si (i=1-4) and 3pi (i=6-10) along with the ground state of xenon atom and the singly 

ionized Xe+ ion state. Energy and weight factors of the fine structure levels (in Paschan’s 

notation) are given in table 4.3. Present model takes into account population transfer 

among the various fine structure states through the electron impact excitations, ionization, 

diffusion though metastable states (1s5,1s3) and radiative decay in addition to the 

corresponding reverse processes such as de-excitation and three body recombination. A 

graphical view of processes that are considered in the present C-R model is shown in 

figure 4.12. 

 

Figure4.12. Energy level diagram for a Xe atom along with considered various collisional and 

radiative processes in the present C-R model. The solid lines show excitations from the ground 

state, the dashed lines represent excitations from the 1si’s (metastable as well as resonance) states 

while the circles and oval represent the intra-excitations. Wavy lines represent the radiative 

transitions.  
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Table 4.3. Xenon energy levels along with their statistical weights considered in our CR 

model. 

Levels Excitation 

energy(eV) 

Statistical 

weight 

1s0 0 1 

1s5 8.315 5 

1s4 8.436 3 

1s3 9.447 1 

1s2 9.569 3 

2p10 9.580 3 

2p9 9.686 5 

2p8 9.721 7 

2p7 9.789 3 

2p6 9.821 5 

2p5 9.933 1 

2p4          10.957 3 

2p3 11.054 5 

2p2 11.069 3 

2p1 11.141 1 

3d12 9.890 1 

3d11 9.917 3 

3d10 9.943 9 

3d9 9.958 5 

3d8 10.039 7 

3d7 10.157 5 

3d6 10.220 7 

3d5 10.401 3 

3d4 11.301 5 
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3d3 11.338 5 

3d2 11.375 7 

3d1 11.607 3 

2s5 10.562 5 

2s4 10.593 3 

2s3 11.867 1 

2s2 11.877 3 

3p10 10.901 3 

3p9 10.954 5 

3p8 10.968 7 

3p7 10.995 5 

3p6 11.002 3 

3p5 11.015 1 

Ion 12.129 4 

 

As already discussed in the earlier Chapters, in the steady state, the particle balance 

equation can be rewritten for an excited jth level of Xe as, 

36 36
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(4.5.1)

 

Again, in the above equation, various symbols have same meaning as already discussed for 

equation (1.3.1). Population transfer through electron impact excitation and ionization are 

included through the rates kij and kj+, respectively, are calculated from the equations 

(2.2.1). The electron energy distribution function is taken to be Maxwellian in the present 

work as used in previous Chapters 2 and 3. For the calculation of excitation rates [from 

equation (2.2.1)], the values of σij we have taken our calculated RDW cross sections for 

various electron impact excitations viz. ground 1s0 to four fine structure 1si, ten 2pi, twelve 

3di, four 2si and six 3pi levels as well as excitations from1si, (i=2-5)→2pi, (i=1-10), 3pi, 

(i=6-10) and intra transitions among 1si and 2pi levels. It is important to mention here that 

the RDW method, being a perturbative approach, have been found sometimes to give cross 
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sections near threshold incident electron energies different from the reliable experimental 

or non-perturbative theoretical results for certain transitions. This is often true for the 

excitations from the ground state to higher levels having large excitation thresholds but not 

for the excitations among the excited levels. Since the non-perturbative BSR cross sections 

of Zatsarinny et al. [193] (which can be said to be quite reliable in the low incident energy 

range) are available for the excitations from the ground state to considered higher excited 

states, we have used their results in the low incident range (2-3 times of threshold) as also 

considered in the previous model of Dressler et al.[239]. 

Further, for the ionization rates from the ground state we have incorporated the 

experimental ionization cross section of Rejoub et al.[240] However, the ionization cross 

sections from the  1si levels are calculated in the present work using Flexible Atomic Code 

(FAC) [143]. Reverse processes such as de-excitation and three particle recombination are 

taken into consideration by principle of detail balance as explained in earlier Chapters 2 

and 3. Population transfer via radiative decay, are included through effective transition 

probabilities (Aij(eff) =Λij*Aij) from level i→j, as described in section 2 of Chapter 3. Λij is 

escape factor calculated by equation (3.2.2), taking 1.0 cm as the characteristic length of 

the plasma at 600K gas temperature The required transition probabilities are taken either 

from the values available in the NIST database [147] or values obtained from the present 

calculations by GRASP2K[100]. Diffusion from metastable (1s5 and 1s3) levels is also 

taken into account and rate coefficients for this are taken from the values reported by Kolts 

and Setzer [190]. Further, by solving the coupled linear equations simultaneously 

(equation 5) for the all considered fine structure levels, the atomic level population 

densities as a function of Te and ne are obtained [111]. The required ground state 

population of xenon in the model is calculated by the standard gas law at 460mTorr 

pressure and gas temperature 600K.  

In order optimize the plasma parameters Te and ne, we compare the intensities 

obtained from the C-R model to the OES measured intensities of Czerwiec et al. [230]. We 

have utilized four most intense lines coming out from 2pi to 1si levels (see table 4.4) 

measured by Czerwiec et al. [230] in H-mode at 460 mTorr pressure. In their experiment, 

100–400W rf power supply at 13.56MHz coupled to a matching network were used to 

generate the discharge. The light coming out from the ICP discharge was collected 

perpendicular to the ICP source through an optical fiber and intensities were measured by 

PC2000-UV-VIS-ISA Optic Spectrometer. A characteristic emission spectrum between 
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300-870 nm for xenon ICP discharge in H-mode was recorded at 460 mTorr pressures for 

injected power 160W. Intensities of four most intense lines were also reported as function 

of injected power at same pressure 460 mTorr.  

Intensity corresponding to any transition j→i can be expressed in terms of the 

calculated upper level population nj and effective transition probability eff
jiA (see the 

equation (3.3.1).) Now, by using our calculated population densities of 2pi levels from our 

C-R model, intensities of the considered transitions are obtained as a function of Te and ne. 

Thereafter, we have normalized individually the intensities estimated from CR model and 

from the OES measurements as follows 

, ( )
, ( ) 4

, ( )
1

100
j OES Modelnormalized

j OES Model

j OES Model
j

I
I

I
=

= 


 

(4.5.2) 

We then calculate the difference between intensities obtained from both the C-R model 

and measurements and obtain the deviation parameter as a function of ne and Te using the 

following expression [13, 113], 

( )
4 2

, ,
1

normalized normalized
j OES j Model

j

I I
=

 = −  
(4.5.3) 

 

Table 4.4. Escape factors for the emission lines considered in the diagnostic of xenon 

plasma.  

Transition Aji (s
-1) Wavelength (nm) Escape factor (Λ) 

2p6-1s5 2.62e7 823.16 0.076 

2p5-1s4 3.32e7 828.01 0.190 

2p3-1s2 2.71e7 834.74 0.328 

2p2-1s3 1.54e7 764.20 0.367 
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Figure 4.13. Deviation parameter as a function of Te and ne for injected power 130W and 

gas pressure 460 mTorr.  

In figure 4.13, the deviation parameter is shown as a function of electron density ne 

and electron temperature Te for injected power 130W at 460 mTorr gas pressure. Minimum 

value of the deviation parameter corresponds to the optimized plasma parameters ne and 

Te. Similarly deviation parameter is calculated for 45W input power at the same gas 

pressure. We found that the extracted electron density is 9e11 cm-3 and electron 

temperature varies from 1.0 to 1.2eV as the injected power changes from 45W to 130W. 

Although there are no results reported by Czerwiec et. al. [230] to directly compare with 

our extracted electron temperature and electron density. However, it is worth to mention 

here that for Ar plasma Czerwiec et. al. [230] have reported the range of ne and Te in both 

E and H-mode. For H-mode ne varied from 1011-1012 cm-3 and Te from 1-2eV for gas 

pressure 100-400 mTorr. Therefore, our values are well within the range expected in H-

mode of Xe plasma. However, they have estimated the variation of electron temperatures 

as a function pressure by comparing theoretically obtained intensity ratio I823.1/I834.7 to their 

measurements. To obtain the intensity ratio as a function of Te theoretically, they used the 

cross section data available in the literature[216, 241]. The transitions for which cross 

section data were not available, they have used some proportionality factor for the rates 

calculation viz. ke,Xe=0.75ke,Ar. They reported that their calculated Te varies in the range 

0.8-1.3eV for gas pressure 60-500mTorr [230] which is also quite close to our estimated 

range of 1.0 to 1.2eV. 
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In figure 4.14, we present the comparison of the normalized intensities obtained from 

the C-R model obtained using the ne and Te values (at minimum deviation position) with 

the corresponding OES measurements[230]. Overall, we see from the figure that our 

values are in reasonable agreement with the measurements. This gives us the confidence 

that our CR model is well optimized and all the necessary processes are adequately 

included in the model.   

 

 

 

Figure 4.14. Comparison of the normalized intensities obtained from the C-R model with 

the OES measurements [230] of Xe (5p56p → 5p56s) transition lines at ne=9e11 cm-3 and 

Te=1.2eV 

Further, in figure 4.15, we have presented the ratio of 1si (i=2-5) level population to 

the ground level population of xenon in the plasma as a function of Te at our optimized 

value of ne (9e11 cm-3). In the paper of Czerwiec et. al. [230], it was found that ratio of the 

population of the metastable state 1s5 to ground the state 1s0 varies in the range 10-6-10-3 

for  xenon discharge under the typical condition of H-mode and we found the similar order 

for the ratio from  our present CR model. 
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Figure 4.15. Ratio of population densities of four levels of 5p56s to Xe ground state 

population density as a function of Te at 460mTorr gas pressure and ne= 9e11 cm-3. 

 

Further, through figures 4.16(a) and (b), population densities of 1si levels and 2pi 

levels at our optimized parameter are presented. From the figure it can be seen that the 

population density of 1s5 and 1s4 levels (lower lying energy levels) are larger than 1s3 &1s2 

(higher lying energy levels). Similar distribution is observed for 1si levels population from 

the laser absorption spectroscopy (LAS) measurements of Zhu et al.[242] at power 15W 

and 120W for gas pressure 10-100 mTorr in xenon discharge. In the present case, the 

population densities of 1s4 (resonance level) is of the same order as 1s5 (metastable level). 

This reflects that the radiation trapping for the resonance levels is significantly high 

(escape factor ~ 10-4) at the considered gas pressure 460 mTorr. Also, it shows that the 

inter excitations from the resonance levels is as important as from the metastable levels 

and should be properly included in the C-R model. Further, at the optimized Te (low 

temperature), it is seen that 2pi levels are mainly populated through electron impact 

excitation from the 1si levels. We have already seen from the figures 4.6-4.10 that the 

cross sections for transitions 1s5,1s4→2pi (i=5-10) are larger than the 1s5,1s4-2pi (i=1-4). 

This fact reflects in the population density of 2pi levels shown in figure 4.16(b) where 

population density of 2pi (i=5-10) are larger than the 2pi (i=1-4). 
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Figure 4.16. Population densities of four levels of 5p56s1 and ten levels of 5p56p1 

configuration at obtained plasma parameters for 460mTorr gas pressure. 

 

4.6 Conclusions  

A complete data set of electron impact excitation cross sections of 116 fine structure 

transitions have been calculated in xenon using relativistic distorted wave theory in the 

wide range of incident electron energy from threshold to 1 KeV.  Cross section results 

obtained for the transitions from the ground state show good agreement with the recent 

DBSR calculations and other available measurements. One observes that the cross section 

results for the fine structure levels 1si to 2pi reflect interesting atomic structure behavior of 

the xenon due to strong spin orbit interaction within the core. Fitting coefficients for cross 

sections of all the considered excitation transitions are also provided for direct use of these 

cross sections in the plasma models.  Utilizing the obtained complete set of cross sections, 

a fine-structure resolved collisional radiative model is developed for low temperature 

xenon plasma. Model includes all the relevant collisional and radiative processes among 

the fine structure levels occurring in the plasma.  The plasma parameters (Te and ne) have 

(a) 

(b) 
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been obtained by minimum scatter approach using the OES measurements for four lines 

(2pi →1si). Population densities of fine structure level of 5p56s and 5p56p are also given at 

the obtained ne and Te which show the excitations from the resonance level to higher levels 

are as important as excitations from metastable levels. Further, our obtained plasma 

parameters and population densities are within the range reported in various previous 

studies which shows that our model is well optimized. 
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CHAPTER 5 

 
 

ELECTRON IMPACT N-SHELL EXCITATION OF 

TUNGSTEN IONS AND POLARIZATION OF THEIR 

PHOTON EMISSION 

 

 

5.1 Introduction 

 

In the previous Chapters we have studied the electron impact excitation of neutral Cs, Ar 

and Xe atoms which are important for low temperature plasma modeling. In the present 

Chapter, we focus our attention on electron impact excitation of highly charged tungsten 

ions relevant to high temperature fusion plasma.  

Atomic data corresponding to different tungsten ions have been in great demand in 

the last decade due to their application in fusion devices[243]. Special physical properties 

of tungsten such as its highest melting point and lowest metal pressure amongst metals 

make it a potential candidate in fusion engineering where tungsten can be used as a 

potential plasma facing material. Various charge species of tungsten are predicted to be 

present in the high-temperature and low-density divertor plasma of the International 

Thermonuclear Experiment Reactor (ITER) tokomak [243–245]. Tungsten ions, which 

move into a tokomak will not be completely ionized even in the hot core, thus causing 

strong X-ray emission over a wide range of temperatures. Since electron induced processes 

are anticipated to be among the dominant ones, it is likelihood that tungsten ions will get 

excited by collision with plasma electrons and will decay by emitting radiation. Thus 

information on the electron impact excitation cross sections as well as the polarization of 

the radiation emitted due to decay of the excited state will facilitate a thorough 

understanding of the spectra for plasma diagnostics. For example, the ion temperature of 

the ITER core plasma can be assessed with the help of such diagnostics. Polarization studies 
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play an important role in understanding the plasma properties, as X-ray polarization 

spectroscopy is a useful diagnostic tool for measuring the velocity distribution of hot 

electrons propagating in plasma created with a high intensity laser pulse[246]. It has also 

been employed to measure the energy component associated with the cyclotron motion of 

the beam electrons in the Livermore electron beam ion trap (EBIT) [247]. 

The understanding and modeling of such plasma rely on the knowledge of accurate 

atomic data for ion species encountered in the plasma [248]. The International Atomic 

Energy Agency (IAEA) has constituted a committee consisting of leading scientists from 

all over the world in order to encourage the production and exchange of a variety of 

tungsten data required to facilitate the growth of ITER and other fusion applications. The 

initiative taken by IAEA has led to extensive experimental and theoretical investigations 

related to emission spectra, energy levels, transition rates, ionization, excitation, radiative 

recombination and dielectronic recombination etc., of highly charged tungsten ions [249]. 

As a coordinated effort to cater the need of atomic data of various ionic stages of tungsten, 

thereby assisting in the design and development of ITER, our aim is to provide reliable 

cross section data for excitation of various tungsten ions by electron impact.  

In the present Chapter, we consider the electron impact excitations of Rb-like (W37+) to 

Cu-like (W45+) tungsten ions from their N-shell to specifically selected excited states 

which lead to extreme ultra violet (EUV) and Soft X-rays lines emissions on its decay back 

to the initial state. Recently, Utter et al. [250] have performed measurements on Rb-like 

(W37+) to Cu-like (W45+) tungsten ions at the Livermore electron beam ion trap (EBIT) 

facility and recorded spectra in the range 40-85 Å. They varied electron-beam energy 

systematically to produce and excite these tungsten ions and identified the individual 

spectra of these ions.  In the light of their EBIT experiment and identified lines by them, 

the objective of the present work has been to study all the corresponding transitions that 

occurred due to the electron excitation in three tungsten ions viz., Rb-like W37+through Br-

like W39+. The excitation cross sections of these highly charged ions are crucial in order to 

identify and interpret the spectroscopic data.  

It would be worth to first review the experimental and theoretical atomic data which 

has already been reported for the three W37+, W38+and W39+ tungsten ions of our interest. 

Extreme ultra violet (EUV) and Soft X-rays lines emitted from the intermediate charge 

states of tungsten are expected to be present in large portion of ITER spectra. Various 

earlier theoretical and experimental work have been reported on the study of emission 

spectra of such tungsten ions [251]. Neu et al.[252] observed X-ray spectra (7-10 Å) of 
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W37+ to W47+ charged tungsten ions in axially symmetric divertor experiment (ASDEX) 

upgrade. Further, Neu et al.[253] also reported X-ray spectra for W39+ to W50+ tungsten 

ions in the 5.5 to 19 Å spectral range from the same tokomak ASDEX upgrade. Radtke et 

al.[254] have measured spectra from I-like W21+ to Cu-like W45+ ions of tungsten in the 

wavelength range 45 to70 Å at an EBIT. Later Radtke et al. [255] used HULLAC code 

[256] to calculate the radiative rates and electron impact collision strengths and obtained 

the line intensities through collisional radiative (C-R) model. Utter et al.[250] reported 

sixty spectral lines from the intermediate charge states of tungsten in the spectral range 40 

to 85 Å at the EBIT facility of Livermore. Emission lines in the range 40-140 Å for highly 

ionized tungsten from ASDEX Upgrade have been reported by Putterich et al.[257]. This 

spectra from ASDEX Upgrade was compared to EBIT measurements [253] in the 

wavelength range 40-70 Å. Putterich et al have also investigated temperature and energy 

dependence features of spectral lines between 45 – 65 Å, where they have used cross 

section calculated via the Cowan code [258] based on the plane-wave Born approximation. 

Ralchenko et al. [259] observed spectra of W39+–W47+ in EUV wavelength range 12-20 nm 

using high-resolution EUV spectrometry at EBIT facility of the National Institute of 

Standards and Technology (NIST).  

On theoretical side, Fournier [260] calculated the wavelengths and oscillator 

strengths for different transitions in Co-like W47+ to Rb-like W37+ ions and also calculated 

their line intensities using CR model. In their CR model, they have utilized electron 

excitation cross sections calculated from semi- relativistic code CROSS [261]. 

Bogdanovich et al. [262, 263] calculated the energy level spectra, transition rates, 

oscillator strengths and radiative life times for W37+ and W39+. The transition energies, 

wavelengths and transition probabilities have been calculated by Jonauskas et al. [264] for 

different magnetic dipole (M1) transitions in W29+–W37+ ions using the Dirac–Fock 

approximation. Theoretical calculations for the transition energies and radiative rates of 

W39+ Br-like tungsten ion have been reported by Aggarwal et al. [265] using the GRASP 

code [160]. Wu et al. [266] have performed cross sections calculations using relativistic 

electron impact excitation (REIE06) code [267] for the highly charged W46+ to W42+ 

tungsten ions. Moreover, they have reported polarization for emitted photon for W43+ to 

W42+ as well as dielectronic recombination rates for W37+ to W46+. 

As mentioned above, we see that the most of the earlier work on the three W37+, 

W38+and W39+ tungsten ions has been devoted to the study of different associated 
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properties, such as excitation energies, radiative rates and dielectronic recombination rates. 

However, not much attention has been paid to the study of the electron-impact excitation 

of these ions, which is an important process involved in the fusion plasma and should be 

considered in detail. It is worth mentioning here that there are no reports on the direct 

experimental measurements of electron impact excitation cross sections for these tungsten 

ions and thus, theoretical predictions are of prime importance. Moreover, there is in 

general no experimental work available for electron excitation cross section of any 

tungsten ion while only few theoretical works have been performed in this connection [85, 

86, 268–274]. In continuation of such effort, in the present Chapter, we consider the N-

shell electron impact excitation of W37+ to W39+ tungsten ions in the framework of fully 

relativistic distorted wave (RDW) approximation theory [76]. The electron impact 

excitation cross sections as well as linear polarization of the emitted photons from the 

excited tungsten ions on their decay to the lower state for the electron is obtained for 

impact energy from threshold to 20 keV. 

5.2 Theoretical considerations 

5.2.1 RDW theory for the electron impact excitation of ions 

In Chapter 1, the general outline of the relativistic distorted wave approach for the electron 

impact excitations of the neutral atoms has been discussed. Since in this Chapter we 

consider electron impact excitations of ions, the RDW calculations are slightly different. In 

the first order RDW approximation [76, 79], T-matrix for the electron impact excitation 

from initial state i i iJ M  to a final state f f fJ M  of the tungsten ion having Z nuclear 

charge and N electrons can be expressed as  

i, i, ( , , ..., )F ( , ) ( 1) { ( , , ..., )F ( , )}
f

RDW rel DW rel DW

i f f f f f i iT V U N 

− +

→ =  + − +  +1 2 N k N 1 1 2 N k N 1A  (5.2.1) 

Notation used here have the same meaning as described in detail for equation (1.2.11) and 

(1.2.12) of Chapter 1 with the difference that the target atomic wave functions now 

represent that of the ion and the projectile distorted waves are obtained in the ionic field of 

the target which is calculated in a different manner. 

We have used GRASP2K [99] code to calculate the multi-configurational Dirac-Fock 

(MCDF) bound state wave functions of the target tungsten ions in the initial and final 

states. Using the obtained target ion bound state wavefunctions, the distortion potential Uf 

can be calculated. It can be expressed as sum of static and exchange potential,
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 ( ) ( ) ( ).f st exU r V r V r= +  (5.2.2) 

The static potential stV is taken as the spherical average of static potential of the ion in the 

excited state given by 
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where, j is the occupation number of the jth subshell and the electron in it is represented 

by quantum numbers j jn  . 

However, here instead of incorporating the non-local exchange effects as taken in the 

Chapter 1, for the exchange effect, we take a local potential Vex which accounts the 

dynamics effects in the atomic potential, the following local energy dependent form [275] 

in terms of the static potential and charge density is used,  
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Where, charge density for the relativistic orbitals is given by  
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The continuum incident (scattered) electron distorted waves 
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(5.2.6) 

where,   is the combined (Coulomb and scattering) phase shift of the partial wave and 

m
 are the spinor spherical harmonics. E ( )i f is the relativistic energy of the projectile 

electron with linear momentum ( )i fk  such that
2 2 4

( ) ( )i f i fE k c c= + where c is the velocity 

of light taken to be 1/137. )(rf  and )(rg are the large and small components of the 
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radial functions of the distorted waves which can be obtained by solving the following 

coupled Dirac equations numerically  
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subject to the following boundary conditions  
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(5.2.8b) 

In the above equation (5.2.8), η = Z/v is the Sommerfeld’s parameter, where v is the 

velocity of the electron. The coupled Dirac equations (5.2.7) are solved numerically.  

Finally, the magnetic sublevel cross section cross section σ
fM
 for the excitation ( i f→ ) 

in terms of the calculated T-matrix (5.2.1) can be obtained by using the expression 

(1.2.29). Summing the σ
fM  for all the magnetic sub levels of final state of the ion, we get 

the total excitation cross section. 

5.2.2 Calculation of linear polarization 

Tungsten ions after the excitation by the electron impact can decay subsequently to the 

lower level via photon emission. Under the electric dipole approximation, the degree of 

linear polarization of the emitted photon from excited level 
j jJ  to lower level 

i iJ is 

obtained using the density matrix theory by the following formula [76, 276] 

( )
( )

( ) ( )

1

1

2

20

20 2

3
, sin

2

1 , cos

E

i i f f

E

i i f f

A G J J
P

A G J J P

  


  

−
=

+
 

(5.2.9) 

Here choice of geometry is such that the emitted photons are detected in the direction 

perpendicular to the x-z plane (scattering plane) i.e. y-direction. Hence we take 090= as 

 represents direction of propagation of the emitted photon with respect to the z-axis 
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(quantization axis).
2P  is the second order Legendre’s polynomial, 20A is the alignment 

parameter which is directly related to the magnetic sub-level cross sections and can be 

expressed as 

( )
( )20

(2 1)
1 2 0f f

f

f

f J M

f f f f M
Mf f

J
A J M J M

J
s

s a

-+
= - -å  (5.2.10) 

In equation (5.2.10), 1E
G is the structure function given by 

( ) ( ) ( )1
1 1 1 2 3

, 1 2 1
2

i fJ JE

i i f f f

f f i

G J J J
J J J

 
+ +  

= − + 
 

 (5.2.11) 

Using the equations (5.2.10) and (5.2.11) we obtain the simplified expressions for the 

polarization for different Ji and Jf values which are applicable to the transitions considered 

in the present work. These polarization formulae are listed in table 5.1. 

Table5.1: Formulae for the linear polarization in terms of magnetic sub level cross 

sections for various electric dipole allowed transitions 

Transition  Polarization Transition  Polarization 

1→0

 
0 1

0 1

 −

 +
 

3/2→1/2

 
( )1/2 3/2

3/2 1/2

3

3 5

 −

 + 

 

1→2

 
0 1

0 1

σ σ

7σ 13σ

−

+
 

3/2→3/2

 ( )1/2 3/2

3/2 1/2

3 σ σ

6σ 4σ

−
−

+
 

2→1

 ( )2 1 0

2 1 0

3 2σ σ σ

6σ 9σ 5σ

− −
−

+ +
 

3/2→5/2

 ( )1/2 3/2

3/2 1/2

3

19 21

 −

 + 
 

2→2

 ( )2 1 0

2 1 0

3 2σ σ σ

10σ 7σ 3σ

− −

+ +
 

5/2→3/2

 ( )5/2 3/2 1/2

5/2 3/2 1/2

5σ σ 4σ

5σ 7σ 8σ

− −
−

+ +
 

2→3 
( )2 1 0

2 1 0

3 2σ σ σ

26σ 29σ 15σ

− − −

+ +  
5/2→5/2 

( )5/2 3/2 1/2

5/2 3/2 1/2

2 5 4

15 11 9

 − − 

 +  + 
 

3→2 
( )3 1 0

3 2 1 0

3 5σ 3σ 2σ

15σ 20σ 23σ 12σ

− − −

+ + +  
7/2→5/2 

( )7/2 5/2 3/2 1/2

7/2 5/2 3/2 1/2

3 7 3 5

21 27 31 33

 + −  − 
−

 +  +  +   

3→3 
( )3 1 0

3 2 1 0

3 5σ 3σ 2σ

21σ 16σ 13σ 6σ

− −

+ + +
 

7/2→9/2 
( )7/2 5/2 3/2 1/2

7/2 5/2 3/2 1/2

3 7σ σ 3σ 5σ

53σ 59σ 63σ 65σ

− + − −

+ + +
 

3→4 
( )3 1 0

3 2 1 0

3 5σ 3σ 2σ

43σ 48σ 51σ 26σ

− − −

+ + +  
9/2→9/2 

( )9/2 7/2 5/2 3/2 1/2

9/2 7/2 5/2 3/2 1/2

3 12σ 4σ 2σ 6σ 8σ

45σ 37σ 31σ 27σ 25σ

+ − − −

+ + + +
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4→3 
( )4 3 2 1 0

4 3 2 1 0

28σ 7σ 8σ 17σ 10σ

28σ 35σ 40σ 43σ 22σ

− + − − −

+ + + +  
11/2→11/2 

11/2 9/2 7/2 5/2 3/2 1/2

11/2 9/2 7/2 5/2 3/2 1/2

55σ 25σ σ 17σ 29σ 35σ

66σ 56σ 48σ 42σ 38σ 36σ

+ + − − −

+ + + + +

 

4→4 
4 3 2 1 0

4 3 2 1 0

28σ 7σ 8σ 17σ 10σ

36σ 29σ 24σ 21σ 10σ

+ − − −

+ + + +  
5→4 

( )5 4 3 2 1 0

5 4 3 2 1 0

3 15σ 6σ σ 6σ 9σ 5σ

45σ 54σ 61σ 66σ 69σ 35σ

− + − − − −

+ + + + +  

 

5.3 Results and Discussion 

We study electron impact N-shell excitations of W37+, W38+ and W39+ions. The ground 

states of these ions are having configurations 
3/2 3/2[4 ]Jd =  

4

3/2 0[4 ]Jp =  
and 3

3/2 3/2[4 ]Jp =  

respectively. Most of the excitations that we have considered are from the outer sub-shell 

of the ground state but few are from inner sub-shells. Corresponding to all transitions of 

the different ions, the initial and final states are mentioned in table 5.3 with their 

designated notation. 

5.3.1 Dirac-Fock wave functions for Rb-like W37+ through Br-like W39+ ions 

To obtain the electron impact excitation cross section (equation (5.2.1)) for each transition, 

we have calculated the initial and final state wave function of the tungsten ions using 

GRASP2K [99]. First, we performed calculations by considering maximum possible 

number of configuration state functions in the linear expansion of the bound state 

wavefunctions of the target each ion. Thereafter we examined the contribution of all the 

CSFs and neglect those which do not have significant contribution. In fact, removing the 

CSFs having very small contribution did not affect the excitation energies and oscillator 

strengths. The various CSFs which we have used for each tungsten ions are given in table 

5.2. 

Table 5.2.Various CSF’s used in GRASP2K [99] to represent the target ion wave function 

in the initial and the final states of Rb-like W37+ through Br-like W39+ ions 

 

Rb-like (W37+) Kr-like (W38+) Br-like (W39+) 

4s2 4p6 4d1 3d10 4s2 4p6 3d10 4s2 4p5 

4s2 4p5 4d2 3d10 4s2 4p5 4d1 3d10 4s2 4p4 4d1 

4s2 4p6 4f1 3d10 4s2 4p5 5p1 3d10 4s1 4p6  
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4s2 4p6 5f1 3d10 4s2 4p5 5d1 3d10 4p6 4d1 

4s2 4p5 4d1 5d1 3d9 4s2 4p6 4f1 3d10 4s1 4p5 4d1 

4s2 4p4 4d2 4f1 - 3d10 4s2 4p4 5p1 

4s2 4p5 4d1 4f1 - 3d10 4s1 4p5 4f1 

- - 3d10 4s1 4p5 5p1 

- - 3d9 4s2 4p5 4f1 

- - 3d9 4s2 4p4 4d2 

- - 3d9 4s2 4p5 4f1 

All the transitions considered in the present work are dipole allowed. In order to 

check the accuracy of our calculated wavefunctions we have compared our calculated 

excitation energies and oscillator strengths with the available experimental and other 

theoretical calculations (see table 5.3). The available experimental excitation energy 

results are from Utter et al. and Radtke et al. [250, 254]. It can be seen from the table 5.3 

that our calculated excitation energies are in good agreement with their results with the 

maximum relative difference less than 1%.  Also our energies are in overall good 

agreement with the available other theoretical calculations [257, 260, 262, 265, 277–279]. 

For oscillator strengths, there are no experimental results available and hence we have 

compared in table 5.3 our results, only with the other available theoretical calculations. 

Fully relativistic calculations are available from Fournier [260] for all the three ions, 

Fisher et al. [277] for W37+, Gaigalas et al.[279] for W38+, Aggarwal et al.[265] and 

Putterich et al. [257] for W39+ ion. We have taken the oscillator strengths calculated in 

Babushkin (length) gauge. In contrast to our calculation, Fournier [260] reported the 

Coulomb gauge (velocity gauge) oscillator strengths calculated by RELAC code [280]. 

Fisher and Gaigalas [277, 279] reported the oscillator strengths in length gauge but they 

have considered single and double both excitations from a multi reference set (SD-MR) to 

generate expansions for the MCDHF approximation while we have considered only single 

excitations. Aggarwal et al. [265] and Putterich et al. [257] used different GRASP [108, 

160] code to calculate the oscillator strengths. On comparison of our results with their 

calculations we find overall good agreement with the maximum deviation of less than 15% 

for most of the transitions. This difference among the various theoretical results can be 

said to be due to different methods and gauges used in the calculations. 
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Table 5.3: Different considered transitions of Rb-like W37+ through Br-like W39+ ions and comparison of our calculated excitation energies (eV) and 

oscillator strengths with the other available experimental and theoretical values.  

Ion Notation 

used  for 

the 

transition 

Lower Level Upper Level Brief 

representation 

of transition 

 Energy    f  

Present Experimen

t 

theory present Other 

 

W37+ 

Rb-1 

 

3/2 3/2[4 ]Jd =  

2

1/2 3/2 2 3/2[4 (4 ) ]Jp d =
 

( )1/2 3/2p d→  273.35 270.82a 

 

276.79b 

272.52c 

276.96d 

1.170 0.993c 

1.198d 

 Rb-2 

 

5/2 5/2[4 ]Jd =  1/2 3/2 2 5/2 3/2[(4 4 ) 4 ]Jp d d =  
( )1/2 5/2p d→  269.20 269.16a 268.73c 

272.62d 

0.467 0.451c 

0.523d 

 Rb-3 

 

5/2 5/2[4 ]Jd =  1/2 3/2 2 5/2 7/2[(4 4 ) 4 ]Jp d d =  ( )1/2 5/2p d→  268.42 269.46a 268.25c 

272.19d 

0.952 0.811c 

1.030d 

 Rb-4 

 

3/2 3/2[4 ]Jd =
 

2

1/2 3/2 2 5/2[4 (4 ) ]Jp d =  ( )1/2 3/2p d→  249.32 249.76a 

250.37b 

252.74b 

250.36c 

252.87d 

0.685 0.619c 

0.795d 

 Rb-5 

 

3/2 3/2[4 ]Jd =
 

5/2 5/2[4 ]Jf =  ( )3/2 5/2d f→  219.06 217.98a 

218.05b 

221.22b 

218.77c 

221.18d 

0.573 0.427c 

0435d 
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 Rb-6 
3/2 3/2[4 ]Jd =  

3 2

3/2 3/2 5/2 4 5/2[(4 ) (4 ) ]Jp d =  ( )3/2 5/2p d→  216.72 214.69a 

214.73b 

218.60b  

215.75c 

218.74d 

0.318 0.328c 

0.349d 

 Rb-7 
5/2 5/2[4 ]Jd =

 
7/2 7/2[4 ]Jf =

 
( )5/2 7/2d f→  201.28 200.23a 203.57b 

201.18c 

203.51d 

0.502 0.433c 

0.445d 

 Rb-8 
5/2 5/2[4 ]Jd =

 
5/2 5/2[4 ]Jf =

 
( )5/2 5/2d f→  199.93 200.23a 202.16b 

199.63c 

202.13d 

0.114 0.137c 

0.144d 

 Rb-9 

 

5/2 5/2[4 ]Jd =
 

3 2

3/2 3/2 5/2 4 5/2[(4 ) (4 ) ]Jp d =  ( )3/2 5/2p d→  196.21 195.46a 199.53b 

196.61c 

199.68d 

0.360 0.294c 

0.33d 

 Rb-10 

 

5/2 5/2[4 ]Jd =
 

3 2

3/2 3/2 5/2 2 3/2[(4 ) (4 ) ]Jp d =  ( )3/2 5/2p d→  194.85 195.46a 196.86c 

199.53d 

0.280 0.251c 

0.261d 

 Rb-11 

 

3/2 3/2[4 ]Jd =
 

3

3/2 3/2 3/2 3 5/2 3/2[((4 ) 4 ) 4 ]Jp d d =

 

( )3/2 5/2p d→  191.68 191.26a 191.95c 

194.39d 

0.317 0.288c 

0.323d 

 Rb-12 

 

3/2 3/2[4 ]Jd =
 

3

3/2 3/2 3/2 2 5/2 5/2[((4 ) 4 ) 4 ]Jp d d =

 

( )3/2 5/2p d→  186.17 187.03a 187.38c 

188.70d 

0.174 0.163c 

0.182d 

 Rb-13 
3/2 3/2[4 ]Jd =

 

3 2

3/2 3/2 3/2 2 1/2[(4 ) (4 ) ]Jp d =  ( )3/2 3/2p d→  152.33 152.21c 152.50d 1.73e-3 1.67e-3d 



 

128 Chapter 5: Electron impact N-shell excitation of tungsten….. 

 

 

 Rb-14 
3/2 3/2[4 ]Jd =

 

3 2

3/2 3/2 3/2 2 3/2[(4 ) (4 ) ]Jp d =
 

( )3/2 3/2p d→  152.33 152.21c 151.44c 

152.39d 

1.26e-3 1.20e-3c 

1.24e-3d 

 

W38+ 

Kr-1 4

3/2 0[4 ]Jp =
 

1/2 3/2 1[4 4 )]Jp d =  ( )1/2 3/2p d→  268.82 265.66a 

267.21b 

269.16b 

268.67d 

265.70e 

266.92f 

2.570 2.565d 

2.182f 

 
Kr-2 

4

3/2 0[4 ]Jp =
 

3

3/2 3/2 5/2 1[(4 ) 4 )]Jp d =  ( )3/2 5/2p d→  195.72 194.08a 

193.79b 

196.03b 

195.79d 

194.10e 

194.82f 

1.290 1.294d 

1.141f 

 
Kr-3 

4

3/2 0[4 ]Jp =
 

3

3/2 3/2 3/2 1[(4 ) 4 )]Jp d =  ( )3/2 3/2p d→  153.21 153.75a 153.26b 

153.28d 

153.70e 

153.67f 

7.53e-3 7.66e-3d 

7.36e-3f 

 

W39+ 

Br-1 

 

3

3/2 3/2[4 ]Jp =
 

3

1/2 3/2 3/2 1 5/2 5/2[(4 (4 ) ) 4 ]Jp p d =

 

( )1/2 5/2p d→  270.11 269.80 a 271.50b 

271.48d 

0.096 0.091d 

 Br-2 3

3/2 3/2[4 ]Jp =
 

3

1/2 3/2 3/2 2 3/2 1/2[(4 (4 ) ) 4 ]Jp p d =

 

( )1/2 3/2p d→  267.61 264.77a 269.74b 

269.13d 

269.77g 

0.502 0.473d 

0.426g 

 Br-3 3

3/2 3/2[4 ]Jp =
 

3

1/2 3/2 3/2 2 3/2 3/2[(4 (4 ) ) 4 ]Jp p d =

 

( )1/2 3/2p d→  267.13 264.77a 

264.87b 

268.81b 

268.47d 

0.562 0.584d  
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268.83g 0.316g,0.538i 

 Br-4 3

3/2 3/2[4 ]Jp =
 

3

1/2 3/2 3/2 2 3/2 5/2[(4 (4 ) ) 4 ]Jp p d =

 

( )1/2 3/2p d→  267.15 264.77a 

264.87b 

268.84b 

268.43d 

268.77g 

1.05 1.017d  

0.918g 

 Br-5 3

3/2 3/2[4 ]Jp =  
3

1/2 3/2 3/2 1 3/2 5/2[(4 (4 ) ) 4 ]Jp p d =

 
( )1/2 3/2p d→  246.89 244.74a 247.90b 

247.92d 

249.52g 

0.027 0.028d 

0.026g 

 Br-6 

 

3

3/2 3/2[4 ]Jp =
 

1/2 1/2[4 ]Js =
 

( )1/2 3/2s p→  203.85 203.09a 205.67b 

205.32d 

209.11g 

0.192 0.160d 

0.152g 

 Br-7 

 

3

3/2 3/2[4 ]Jp =
 

2

3/2 2 5/2 5/2[(4 ) 4 )]Jp d =
 

( )3/2 5/2p d→  192.92 191.75a 

191.51b 

192.02j 

194.34b 

194.10d 

194.94g 

193.63h 

0.563 0.563d  

0.519g 

0.553i 

 Br-8 3

3/2 3/2[4 ]Jp =
 

2

3/2 2 5/2 3/2[(4 ) 4 )]Jp d =
 

( )3/2 5/2p d→  189.97 188.83a 

188.54b 

191.18b 

191.04d 

191.78g 

0.301 0.321d  

0.265g 

 Br-9 3

3/2 3/2[4 ]Jp =
 

2

3/2 2 3/2 5/2[(4 ) 4 )]Jp d =
 

( )3/2 3/2p d→  152.20 152.78a 153.27b 

153.27d 

155.49g 

2.42e-3 2.37e-3d 

2.25e-3g 

aUtter et al.[250], bRadtk et al.[254], cFischer [277], dFournier [260], eKramida et al.[278], fGaigalas et al.[279], gAggarwal et al. [265], hPutterich et 

al.[281] 



130 Chapter 5: Electron impact N-shell excitation of tungsten….. 

 

 

5.3.2 Electron impact excitation cross sections 

In Figure 5.1 we have shown electron impact excitation cross section results for all the 

considered transitions in the wide range of incident electron energy up to 20 keV. Nature 

of the cross section curves for all ions is similar as expected for the dipole allowed 

transitions. Total cross section decreases continuously with the increasing impact energy, 

in fact near threshold it decreases faster and then decreases steadily in high energy 

regimes. We observe a common characteristic in all the ions that the cross sections for the 

transitions 4p1/2 → 4d3/2 are larger than those for 4p3/2→ 4d3/2. Further, the relative 

magnitude of the cross sections can also be understood by comparing the oscillator 

strengths of the transitions in question[282, 283]. For a particular ion, as oscillator strength 

increases the cross sections also increases. For example, Rb-1, Kr-1, Br-4 transitions 

having the maximum oscillator strengths, correspond to the largest cross sections whereas 

Rb-13, Rb-14, Kr-3, and Br-9 transitions with the lowest oscillator strengths correspond to 

the smallest cross sections. It can be seen that the nearly same oscillator strength for Rb-6, 

Rb-10 and Rb-11, transitions may be accountable for the similar cross section for these 

transitions. 

5.3.3 Analytic fitting of the cross sections 

In plasma models the analytical form of the cross section in terms of incident electron 

energy is very convenient and often used as input which can easily provide electron impact 

excitation cross sections at any arbitrary value of energy. We have fitted our calculated 

cross sections for all the considered transitions up to 20 keV by the analytic form (equation 

(4.4.2)). The fitted cross sections are accurate to 5% 
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Figure5.1: Electron-impact excitation cross sections (in atomic units) for different 

transitions as given in Table 3 for Rb-like, Kr-like and Br-like tungsten ions as a function 

of incident electron energy. In this figure., cross sections for the transitions Rb-13, Rb-14, 

Kr-3 are multiplied by a factor of 20 and Br-1, Br-5, Br-9 are multiplied by a factor 10. 

 



 

132 Chapter 5: Electron impact N-shell excitation of tungsten….. 

 

 

Table 5.4: Fitting coefficients of the electron impact excitation cross section for all the transitions considered in table 5.3.  

Ion Key b0 b1 b2 b3 c0 c1 c2 

W37+ Rb-1 6.93546e+1 1.21075e+0 4.55392e-4  1.25855e+1 9.84906e+1 6.93710e-1 

 Rb-2 1.22212e+2 2.13987e+0 8.08785e-4  4.92680e+1 4.23145e+2 3.00770e+1 

 Rb-3 3.43770e+2 6.03654e+0 2.28144e-3  6.64628e+1 5.82524e+2 4.15455e+0 

 Rb-4 1.10096e+2 2.38658e+0 2.05882e-3 -9.65398e-7 5.14259e+0 2.34191e+2 2.39672e+0 

 Rb-5 6.87764e+1 1.24615e+1 4.74317e-4  6.01542e+0 1.41666e+2 1.09498e+0 

 Rb-6 4.59225e+1 8.44660e-1 3.27192e-4  6.89888e+0 1.69118e+2 1.32837e+0 

 Rb-7 3.40037e+1 6.25930e-1 2.39633e-4  2.01751e+0 7.06350e+1 5.64330e-1 

 Rb-8 9.43133e+2 1.66554e+1 6.21000e-3  1.72783e+2 8.39904e+3 6.46934e+1 

 Rb-9 8.32868e+1 1.57106e+0 6.40496e-4  5.35766e+0 2.32134e+2 1.93430e+0 

 Rb-10 6.87093e+1 1.29906e+0 5.33131e-4  5.66746e+0 2.44208e+2 2.04475e+0 

 Rb-11 1.86910e+2 4.28370e+0 3.81368e-3 -1.89651e-6 -5.97289e+0 5.75385e+2 6.57631e+0 

 Rb-12 1.95215e+1 3.48690e-1 1.34269e-4  1.76337e+0 1.01289e+2 8.08970e-1 

 Rb-13 a6.93288e+1 

b4.93951e+1 

4.00677e+0 

2.12441e-1 

8.85098e-3  3.05479e+2 

-2.59643e+4 

1.70606e+4 

1.42622e+4 

1.13014e+3 

2.38227e+1 

 Rb-14 -1.22945e+2 -4.62492e+0 -7.85916e-3 4.88261e-6 -2.06012e+3 -2.20484e+4 -1.24630e+3 

W38+ Kr-1 1.38763e+2 2.29571e+0 8.22255e-4  1.09197e+1 8.58127e+1 5.76980e-1 

 Kr-2 5.94617e+1 1.09121e+0 4.22758e-4  4.49300e-1 4.56001e+1 3.67710e-1 

 Kr-3 2.39446e+1 2.94500e-2 -3.80501e-5  -2.18666e+2 1.55184e+3 -8.65980e-1 

W39+ Br-1 1.92229e+1 2.75630e-1 8.15538e-5  3.13928e+1 3.05701e+2 1.75754e+0 

 Br-2 1.47101e+2 2.25895e+0 7.08164e-4  5.32525e+1 4.52117e+2 2.78163e+0 
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 Br-3 5.67661e+2 8.77650e+0 2.77717e-3  1.82077e+2 1.82077e+2 9.65294e+0 

 Br-4 5.54987e+1 8.60470e-1 2.73494e-4  9.34857e+0 8.02609e+1 4.98880e-1 

 Br-5 2.89540e+2 3.71407e+0 9.39230e-4  7.15560e+2 1.38743e+4 7.22722e+1 

 Br-6 4.77551e+1 7.43440e-1 2.14117e-4  9.86197e+0 2.49522e+2 1.62373e+0 

 Br-7 2.94642e+1 4.84930e-1 1.47152e-4  1.27200e+0 5.00300e+1 3.47260e-1 

 Br-8 4.12807e+1 6.79580e-1 2.05480e-4  2.88350e+0 1.27633e+2 8.88780e-1 

 Br-9 1.04000e-2 7.14142e-4 1.35192e-6 -9.58995e-10 7.48100e-2 1.16879e+0 9.29400e-2 
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5.3.4 Linear polarizations 

In figure 5.2, we have shown the linear polarization results of the emitted radiation due to 

decay of the electron excited states as a function of incident electron energy for all the 

three ions (W37+ - W39+). The linear polarization of the photon emitted from the excited 

state with Jf =1/2 is zero. It is due to the fact that the excited state with Jf =1/2 is not 

aligned as  (1/2) =  (-1/2). Therefore, the linear polarization for the transitions Rb-13, 

Br-2 and Br-6 are not shown in the figure. 5.2. From the figure 5 2 we find that all the 

curves show  common expected behavior i.e., the polarization decreases with the 

increasing electron impact energy and becomes negative at around 3-5 keV for most of the  

transitions. Positive (or negative) linear polarization represents that the electric vector of 

the emitted radiation is parallel (or transverse) to the incident electron beam. Variation of 

the polarization can be understood as, near the threshold momentum transfer takes place 

along the direction of electron motion and at higher energies momentum transfer is 

transverse to the electron motion. We observe that the transitions from Jf  =1 to Ji = 0 viz. 

Kr-1, Kr-2, Kr-3 have maximum polarization nearly 30 % to 35 % near the threshold. We 

find that transitions for which ∆J = -1, have nearly zero polarization. For example, 

polarization for Rb-2, Rb-10 transition is less than 0.6%.  For remaining transitions, 

polarization is higher for the transitions with ∆J = 0 than the transitions with ∆J = 1. 
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Figure 5.2: Degree of linear polarization of the photon emitted from different anisotropic 

excited states as given in table 5.1 for Rb-like, Kr-like and Br-like tungsten ions as a 

function of incident electron energy. 

 

5.4 Conclusions 

In the present Chapter, we have studied electron impact excitation of the W37+ to W39+ 

tungsten ions. Special attention has been focused on the strong lines which have been 

identified by Utter et al. [250] in soft X-ray range for these ions. The RDW theory has 

been employed to calculate the excitation cross sections for the electron impact energy 

ranging from threshold to 20 keV. The degree of linear polarization of the characteristic 

photons emitted from various anisotropic excited states has also been reported. A good 

agreement is found when our results for excitation energies and oscillator strengths are 

compared with the available experimental and other theoretical results. This ensures the 
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accuracy of the target wavefunctions used in our calculations. Finally, we have fitted our 

calculated cross sections through an analytic formula for their direct application in plasma 

modelling. To date, there are no experimental or theoretical results available for electron 

excitation cross sections and polarization of photons for W37+ to W39+ ions. We believe that 

the present work is very useful as both the cross sections and polarizations can be applied 

to the diagnostics of the ITER plasmas. 
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CHAPTER 6 

 
 

ELECTRON IMPACT M-SHELL EXCITATION OF 

TUNGSTEN IONS AND POLARIZATION OF THEIR 

PHOTON EMISSION 

 

 

6.1 Introduction 

In the previous Chapter we have studied electron impact N-shell excitations of tungsten 

ions. In this the present Chapter we consider electron impact M-shell excitation of tungsten 

ions. X-ray spectroscopy utilizing emissions from L-shell as well as M-shell tungsten ions 

is an attractive option for tokomak plasma diagnostics [281, 284–294]. There has been 

interest in the study of emissions from M-shell charged states of tungsten, which will be 

present in considerable amount in the ITER core under ohmic plasma operations. The 

electron excitation processes corresponding to these lines are studied in detail due to the 

importance of the cross section data to identify and interpret the spectroscopic data of the 

tungsten ions. Also anticipating the importance of information about the polarization [295] 

of the subsequent emission arising from electron impact anisotropically excited states of 

tungsten ions, results are obtained for polarization of the photon emissions utilizing the 

calculated magnetic sublevel excitation cross sections. In this context, let us first review 

the literature available for various M-shell transitions.  

A significant amount of theoretical [85, 268, 270, 296–300] and experimental [286, 

292–294, 301] work has been performed on M-shell spectra of various ion charge species 

of tungsten. For the electron impact excitation studies, Zhang et al. [296, 302] reported 

their relativistic distorted wave collision strengths for Ni-like and Cu-like tungsten ions. 

Xie et al. [270] reported magnetic sublevel excitation cross sections and polarization of 
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Ni-like through Ge-like tungsten ions. Das et. al [85] and Dipti et. al.[268] have reported 

electron impact excitation RDW cross sections and polarization of emitted photon for Co-

like through Zn-like and Fe-like through Al-like tungsten ions, respectively. Though one 

can find a great deal of scattered literature on different ionic stages of tungsten ions, the 

existing electron impact excitation cross section data is still insufficient.  

In the present Chapter we consider the n = 3→3 transitions in K-like through Ne-like 

tungsten ions. Wavelength measurements performed at Super EBIT facility at Livermore 

for the n = 3→3 transitions in 19–25 Å soft X-ray range for these ions were reported by 

Clementson et al. [294]. In particular, we studied electron impact excitation due to 3s1/2-

3p3/2 and 3p1/2-3d3/2 transitions in potassium like W55+through neon like W64+ions. 

Magnetic sub-level excitation cross sections and summed cross sections as well as 

polarization of photon after excitation were calculated for the incident electron energies up 

to 20 keV within the framework of our RDW approach. 

The RDW method has already been described in the earlier Chapter and the same has 

been adopted here in the present Chapter for the entire calculations. In Section 6.2 provide 

results and discussion for electron impact excitation cross section and polarization of 

emitted photon. Conclusion is given in section 6.3. 

6.2. Results and Discussion 

6.2.1. Dirac-Fock wave functions for W48+ through W64+ ions 

We performed tungsten ion structure calculations within multi-configuration Dirac-Fock 

framework using GRASP2k [99]. A number of CSF’s, corresponding to the configurations 

displayed in table 6.1, were included to describe the initial and final states of the tungsten 

ions. We also calculated the wavefunctions excitation energies and oscillator strengths for 

all the transitions considered. In table 6.2, we compare our values with the available 

measurements and the theoretical results obtained using FAC and GRASP2k by 

Clementson et al. [294] as well as other calculations [147, 303–307]. Among other 

calculations are the MCDF calculations of Huang and co-workers[303–306, 308] for Cl- 

like W57+ through Al- like W61+ ions. In case of Al-3 and Al-4 transitions, Safronova et. al. 

[307] used the relativistic many-body perturbation theory (RMBPT) theory. Excitation 

energies for transitions Cl-3, S-3, P-1 and P-2, are also available from the NIST database 

[147]. On comparison of excitation energies from the table 6.2, we find that our 

calculations show an overall good agreement with measurements of Clementson et al. 
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[294] and their reported FAC calculations [294] for all the ions. It can further be seen from 

table 6.2 that our values for oscillator strengths are within 5% of the only available MCDF 

calculations for all the transitions except in case of transitions Cl-1 and Cl-3, where the 

difference between the two theoretical results is, respectively, 14% and 7% [303–306, 308]. 

We hope that the forthcoming measurements as well as other better theoretical calculations 

will provide more meaningful comparisons. 

Table 6.1.CSF’s used in GRASP2K [99] code for the representation of target ion wave 

function for the initial and the final states in K-like W55+ through Ne-like W64+ ions. 

K-like W55+ Ar-like W56+ Cl-like W57+ S-like W58+ P-like W59+ 

3s23p63d 

3s23p53d2 

3s3p63d2 

3p63d3 

3s23p54p4d 

3s3p53d3 

3s23p6 

3s23p53d 

3s23p54s 

3s23p54d 

3s23p55s 

3s23p5 

3s3p53d 

3p53d2 

3s23p43d  

3s23p44s 

3s23p44d 

3s3p6 

3p6 3d 

3s23p4 

3s23p33d 

3s23p23d2 

3s3p33d2 

3s3p5 

3p53d 

3s23p3 

3s23p23d 

3s23p3d2 

3s3p33d 

3s3p23d2 

3p5 

3s3p4 

3p43d 

Si-like W6°+ Al-like W61+ Mg-like W62+ Na-like W63+ Ne-like W64+ 

3s23p2 

3s23p3d 

3s23d2 

3s3p3 

3s3p3d2 

 

3s23p 

3s3p3d 

3s23d 

3s3p2 

3p23d 

3p3 

2p63s2 

2p63s3p 

2p63s3d 

2p63p2 

2p53s23p 

2p63s 

2p63p 

2p53p2 

2p53s3d 

 

2s22p6 

2s22p53s 

2s22p53p 

2s22p54p 

2s22p43s3d 

2s22p43p2 

2s22p43d2 

2s2p63s 

2p63s2 

2p63p2 
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Table6.2. Comparison of our calculated excitation energies (in eV) and the oscillator strengths (f) of the transitions in K-like W55+ through Ne-

like W64+ ions with the available measurements and the other theoretical calculations. 

Ion Key Lower Level Upper Level EPresent EMeasured 

[294] 

EFAC 

[294] 

EGRASP2 

[294] 

EPrevious fPresent fPrevious 

W55+ K-1 2 6

3/2
3/2

3 3 3
J

s p d
=

    ( )2 4 2

1/2 3/2 3/2
1/2 3/2

3 3 3 3
J

s p p d
=

 
 

 647.19 646.2 647.67 649.88  1.441  

 K-2 2 6

3/2
3/2

3 3 3
J

s p d
=

  
 

( )2 4 2

1/2 3/2 3/2
1/2 5/2

3 3 3 3
J

s p p d
=

 
   

601.23 603.27 603.74 602.60  0.385  

W56+ Ar-1 2 6

0
3 3

J
s p

=
    ( )2 4

1/2 3/2 3/2
1/2 1

3 3 3 3
J

s p p d
=

 
 

 631.80 630.03 631.41 632.35  0.722  

W57+ 
Cl-1 2 2 3

1/2 3/2
3/2

3 3 3
J

s p p
=

  
 

( )2 3

1/2 3/2 3/2
2 1/2

3 3 3 3
J

s p p d
=

 
   

631.01 631.93 633.54 637.71 636.6a 0.217 0.190 

 Cl-2 2 2 3

1/2 3/2
3/2

3 3 3
J

s p p
=

  
 

( )2 3

1/2 3/2 3/2
2 3/2

3 3 3 3
J

s p p d
=

 
   

624.90 625.74 626.63 628.53 631.7a 0.203 0.196 

 Cl-3 2 2 3

1/2 3/2
3/2

3 3 3
J

s p p
=

  
 

( )2 3

1/2 3/2 3/2
2 5/2

3 3 3 3
J

s p p d
=

 
   

622.10  624.07 626.53 628.9a 

622.9b 

0.315 0.294 

W58+ S-1 2 2 2

1/2 3/2
2

3 3 3
J

s p p
=

  
 

( )( )2 2

1/2 3/2 3/2
2 5/2 1

3 3 3 3
J

s p p d
=

 
    

628.44 627.7 629.30 632.83 629.76c 0.173 0.177c 

 S-2 2 2 2

1/2 3/2
2

3 3 3
J

s p p
=

  
 

( )( )2 2

1/2 3/2 3/2
2 5/2 2

3 3 3 3
J

s p p d
=

 
    

622.54  623.57 627.61 623.92c 0.256 0.254c 

 S-3 2 2 2

1/2 3/2
0

3 3 3
J

s p p
=

  
 

( )( )2 2

1/2 3/2 3/2
0 1/2 1

3 3 3 3
J

s p p d
=

 
    

623.39  622.35 624.54 622.19b 0.158  
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 S-4 2 2 2

1/2 3/2
2

3 3 3
J

s p p
=

  
 

( )( )2 2

1/2 3/2 3/2
2 5/2 3

3 3 3 3
J

s p p d
=

 
    

615.23 615.40 616.35 619.74 618.29c 0.263 0.262c 

 S-5 2 2 2

1/2 3/2
2

3 3 3
J

s p p
=

  
 

( )2 3

1/2 1/2 3/2
3/2 2

3 3 3
J

s p p
=

 
   

530.35 530.98 531.10 533.33  0.072  

W59+ P-1 2 2

1/2 3/2
3/2

3 3 3
J

s p p
=

    ( )2

1/2 3/2 3/22 3/2
3 3 3 3

J
s p p d

=
 
   621.48  622.54 626.53 622.28d 

621.20b 

0.388 0.364d 

 P-2 2 2

1/2 3/2
3/2

3 3 3
J

s p p
=

  
 

( )2

1/2 3/2 3/22 1/2
3 3 3 3

J
s p p d

=
 
 

 

619.41  621.72 624.73 620.85d 

619.00b 

0.125 0.129d 

 
P-3 

2 2

1/2 3/2
3/2

3 3 3
J

s p p
=

  
 

( )2

1/2 3/2 3/21 5/2
3 3 3 3

J
s p p d

=
 
 

 

609.11 610.19 611.21 614.18 610.72d 0.311 0.309d 

 
P-4 

2 2

1/2 3/2
3/2

3 3 3
J

s p p
=

  
 

( )2 2

1/2 1/2 3/2
2 5/2

3 3 3
J

s p p
=

 
   

515.43 515.70 515.78 516.67 517.83d 0.042 0.043d 

W60+ Si-1 2 2

1/2
0

3 3
J

s p
=

  
 

2

1/2 3/2
1

3 3 3
J

s p d
=

  
 

611.60 611.6 612.90 613.78 611.86e 0.923 0.880e 

 Si-2 2 2

1/2
0

3 3
J

s p
=

  
 

( )2

1/2 1/2 3/2
0 1

3 3 3
J

s p p
=

 
   

543.63 543.96 544.60 544.65 546.09e 0.172 0.174e 

W61+ Al-1 2

1/2
1/2

3 3
J

s p
=

  
 

2

3/2
3/2

3 3
J

s d
=

  
 

597.40 597.34 598.35 600.79 597.88f 0.490 0.476f 

 Al-2 2

1/2
1/2

3 3
J

s p
=

  
 

( )1/2 1/2 3/2 1 1/2
3 3 3

J
s p p

=
 
 

 

550.99 549.99 550.89 552.76 553.10f 0.212 0.215f 

 Al-3 2

1/2
1/2

3 3
J

s p
=

  
 

( )1/2 1/2 3/2 1 3/2
3 3 3

J
s p p

=
 
 

 

540.19 539.98 540.24 542.48 542.10f 

539.53g 

0.116 0.124f 

0.103g 

 Al-4 2

1/2
1/2

3 3
J

s p
=

  
 

( )1/2 1/2 3/2 0 3/2
3 3 3

J
s p p

=
 
 

 

500.60 500.34 500.54 499.65 502.92f 0.0020 0.0021f 
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500.34g 0.0019g 

W62+ 
Mg-1  1/2 1/2 1

3 3
J

s p
=

 
 1/2 3/2 2
3 3

J
s d

=
 

579.87 580.12 580.45 573.42  0.322  

 Mg-2 2

0
3

J
s

=
  

 

 1/2 3/2 1
3 3

J
s p

=
 

545.03 545.35 546.16 544.87  0.641  

W63+ Na-1  1/2 1/2
3

J
s

=
 

 3/2 3/2
3

J
p

=
 

533.27 533.20 533.56 533.28  0.283  

W64+ Ne-1 2 2 3

1/2 3/2 1/2
1

2 2 2 3
J

s p p s
=

    2 2 3

1/2 3/2 3/2
0

2 2 2 3
J

s p p p
=

    588.02 588.51 591.27 591.10  0.052  

aHuang et al [303]; b NIST [147]; c Chou et al [306]; d Huang [304]; e Huang [305]; f Huang [308]; and g Safronova and Safronova [307]. 
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6.2.2 Electron impact excitation cross sections 

In figure 6.1, we display different magnetic sublevel cross sections σ(α )f f fJ M along with 

the total cross sections for K-like and Ar-like tungsten ions. This figure shows that for K-1 

transition, magnetic excitation cross section curve for the sublevel Mf = ±3/2 lies above 

than that for the corresponding sublevel with Mf = ±1/2 in the incident electron energy 

range up to ~8 keV and thereafter the behavior is reversed. For K-2 transition where the 

excitation takes place from the same lower state with Ji= 3/2, the cross sections for the 

sublevel Mf = ±1/2 are highest followed by excitation to the sublevels with Mf = ±3/2 and 

Mf = ±5/2 up to an incident electron energy around 8 keV and then the order is reversed. In 

case of Ar-1, the cross section for the sublevel with Mf= 0 is higher compared to Mf= ±1 up 

to an energy of 8 keV and then it becomes less. Thus, we observe a general feature, i.e. for 

each transition, the magnetic sublevels which are more populated in the range of incident 

energy from the threshold to 8 keV become less populated afterwards. This interesting 

behavior of the variation of magnetic sublevel cross sections play an important role in the 

study of the polarization of the radiation emitted following the decay of the excited states. 

We will see this later when we discuss figure 6.3 for our polarization results corresponding 

to K-1, K-2 and Ar-1 transitions. 

Since we are considering many transitions in different tungsten ions with varying values of 

Ji and Jf, there would be too many corresponding magnetic sublevel cross section results 

for each set of Ji and Jf values. Consequently, to avoid crowding of the figures, we only show 

the total cross sections for all the transition in figure 6.2(a, b).These figures show that all the 

cross section for different transitions decreases right from the threshold to the higher incident 

electron energies. We also see the general feature that the cross section for 3s1/2→3p3/2 

transition is always lower than the cross section for the transition 3p1/2→3d3/2 for each ion 

except for Mg-like W62+ ion where the reverse is seen. 

6.2.3 Analytic fitting of the cross sections 

Analytic fitting of the obtained cross sections were done using the equation (4.4.2). The 

calculated fitting coefficients are given in the Table 6.3. These coefficients provide values 

of cross sections within an accuracy of 5% right from the excitation threshold impact 

energy. 
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Figure 6.1: Electron impact magnetic sublevel and total excitation cross sections (in 

atomic units) for K-like and Ar-like tungsten ions as a function of incident electron energy. 

 



6.2 . Results and discussion 145 

 

 

10
-4

10
-3

10
-4

10
-3

10
-2

1 10

10
-4

10
-3

10
-2

 

  

 

 Cl-1

 Cl-2

 Cl-3

 

 

C
ro

s
s
-s

e
c
ti
o

n
 (

a
.u

.)

 S-1   S-2

 S-3   S-4

 S-5

  

Incident energy (keV)

 P-1    P-2

 P-3    P-4

 

10
-3

10
-2

10
-3

10
-2

1 10
10

-6

10
-4

10
-2

1 10

10
-4

10
-3

10
-2

 

 

 

 Si-1

 Si-2

C
ro

s
s
-s

e
c
ti
o

n
 (

a
.u

.)  

 

C
ro

s
s
-s

e
c
ti
o

n
 (

a
.u

.)

 Mg-1

 Mg-2

  

 Al-1   Al-2

 Al-3   Al-4

 Incident energy (keV)

 

 Incident energy (keV)

 

 

 Na-1

 Ne-1

 

Figure6.2. (a) Electron-impact excitation cross sections (in atomic units) for 

different transitions as given in Table 6 for Cl-like, S-like and P-like tungsten ions as 

a function of incident electron energy; (b) Electron-impact excitation cross sections 

(in atomic units) for different transitions as given in Table 6 for Si-like, Al-like, Mg-

like, Na-like and Ne-like tungsten ions as a function of incident electron energy.

(a) 

(b) 
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Table6.3. Coefficients for the fitting function given in equation (4.4.2) for electron impact excitation cross sections for all the transitions in K-

like W55+ through Ne-like W64+ ions. The number in the bracket represents the power of 10 by which the quantity has been multiplied. 

Ion Key b0 b1 b2 b3 c0 c1 c2 

W55+ K-1 3.11677(-1) 2.23638(-3) 8.52164(-7)  5.85249(+1) 2.71204(+0) 9.80664(-3) 

 K-2 4.48806(-2) 1.73784(-4)   2.53707(+1) 1.16952(+0) 7.96291(-2) 

W56+ Ar-1 1.13969(-2) 4.47742(-4) 5.95543(-10) 3.55779(-5) 7.01913(-1) 1.90273(+0) 7.96291(-2) 

W57+ Cl-1 9.25517(-2) 3.81140(-4)   2.88522(+1) 1.27190(+0) 1.90158(-5) 

 Cl-2 1.02397(-1) 4.21701(-4)   2.88731(+1) 1. 28580(+0) 1.93272(-5) 

 Cl-3 1.50742(-1) 6.21858(-4)   2.89651(+1) 1.29560(+0) 1.95184(-5) 

W58+ S-1 1.90654(-2) 1.07145(-4) 2.43210(-8)  6.81444(+0) 3.13430(-1) 8.18660(-4) 

 S-2 2.88122(-2) 1.61719 (-4) 3.63116(-8)  6.81449(+0) 3.16108(-1) 8.23966(-4) 

 S-3 8.51184(-2) 4.83359 (-4) 1.11054(-7)  6.81631(+0) 3.16292(-1) 8.37729(-4) 

 S-4 2.67276(-1) 1.51345(-3) 3.44237(-7)  5.93855(+1) 2.78957(+0) 7.38151(-3) 

 S-5 1.02681(-1) 7.06571(-4) 2.65752(-7)  5.93142(+1) 3.29168(+0) 1.18559(-2) 

W59+ P-1 8.05453(-2) 3.25370(-4)   1.25106(+1) 5.60198(-1) 8.27364(-4) 

 P-2 1.40812(-2) 8.06080(-5) 1.92106(-8)  6.68179(+0) 3.12933(-1) 8.45658(-4) 

 P-3 3.64642(-2) 2.10421(-4) 5.02610(-8)  6.68194(+0) 3.18220(-1) 8.69310(-4) 

 P-4 3.84554(-3) 3.78456(-5) 3.25047(-8) 1.05095(-11) 3.42358(+0) 2.06440(-1) 1.28072(-3) 
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W6°+ Si-1 4.04866(-1) 1.62130(-3)   2.52737(+1) 1.15084(+0) 1.69347(-3) 

 Si-2 9.68220(-2) 3.63716(-4)   2.53397(+1) 1.28431(+0) 1.65007(-3) 

W61+ Al-1 9.04079(-3) 2.48386(-7) 1.16146(-3)  3.36091(-3) 3.04110(+0) 1.34588(-1) 

 Al-2 4.64005(-3) 1.12413(-7) 6.48106(-4)  2.40066(-3) 3.04169(+0) 1.45958(-1) 

 
Al-3  

Al-4 

2.63551(-3)  

9.14755(-5) 

1.23729(-4)  

4.86592(-6) 

9.72385(-11)  

3.16316(-12) 

1.30408(-5)  

3.54016(-7) 

3.73498(-1)  

1.35241(+0) 

2.13835(+0)  

1.37690(+0) 

1.05531(-1)  

7.26933(-2) 

W62+ Mg-1 1.61410(-1) 5.05668(-4)   2.53830(+1) 1.16343(+0) 1.22164(-3) 

 Mg-2 3.76691(-1) 1.39624(-3)   2.60676(+1) 1.31803(+0) 1.67008(-3) 

W63+ Na-1 2.05206(-2) 7.74583(-5)   3.02309(+0) 1.56720(-1) 2.10181(-4) 

W64+ Ne-1 3.02868(-3) 1.05254(-5)   3.02448(+0) 1.41603(-1) 1.66132(-4) 
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6.2.4 Linear polarizations 

Magnetic sub-level excitation cross sections are further utilized to calculate the 

polarization of emitted photons following the decay of electron impact excited states using 

the formulae given in table 6.1. Results obtained for polarization due to the decay from the 

final state with Jb to a lower level with J0 are shown in the figure 6.3(a, b). According to 

the density matrix theory it is clearly evident that if the polarization of incoming electrons 

is not accounted for, ( )σ αb b bJ M will be equal for the two magnetic substates with the 

same mod value of Mb i.e. σ( ) σ( )b bM M= − . Thus, the excited state with Jb = 1/2 is not 

aligned; consequently, the degree of linear polarization of the photon emission would be 

zero. Hence, the polarization for the transitions viz. Cl-1, P-2, Al-2 decaying from the 

excited states with Jb= 1/2 are not displayed in these figures. Another transition Ne-1 

following the decay from Jb = 0 to J0 = 1 give an isotropic photon emission, and its 

polarization is also zero. The two Figures 3a and b illustrate a general expected behavior 

i.e., polarization decreases with the increase of incident electron energy for all the 

transitions considered. For most of the transitions, polarization attains negative values 

around 8 keV. The two types of decay transitions considered viz. 3p3/2 → 3s1/2 and 3d3/2 → 

3p1/2, exhibit different shapes of polarization curves for all the ions. We find that for the 

decay from Jb = 1 to J0 = 0 in transitions viz., Ar-1, Si-1, Si-2, S-3 and Mg-2, the 

polarization near threshold is quite large and nearly 40%. 

 

 

 

(a) 



6.3 . Conclusions 149 
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Figure 6.3(a) Polarization for the photon emission from anisotropic excited states 

through different transitions (as given in Table 6.2) for K-like, Ar-like, Cl-like, S-like 

and P-like tungsten ions as a function of incident electron energy; (b) Polarization for 

the photon emission from anisotropic excited states through different transitions (as 

given in Table 6.2) for Si-like, Al-like, Mg-like and Na-like tungsten ions as a 

function of incident electron energy. 

6.3 Conclusions  

In the present Chapter, we studied electron impact M-shell excitations of highly charged. 

Electron impact excitation cross section and polarization of the emitted photon for various 

transitions in K-like through Ne-like tungsten ions are obtained and reported in the wide 

range of incident electron energies up to 20 keV. Fitting of the new cross section results is 

also provided to fulfill the purpose of serving atomic data for fusion plasma diagnostics. 
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CHAPTER 7 
 

 
SUMMERY, CONCLUSIONS AND COMMENTS 

 
 

Present thesis has aimed to theoretically study the electron impact excitations of various 

fine structure transitions in different atoms and ions which play crucial role in the 

diagnostics of variety of plasmas. Consequently, electron impact excitation cross sections 

have been obtained for few important atoms viz. cesium, argon and xenon using RDW 

approach. Further, the applicability of the obtained cross sections has been explored in 

developing the C-R models to diagnose low temperature plasmas which are useful in many 

applications such as for neutral beam injectors for ITER and in the studies of different 

industrial aspect. Another aim has been to perform the calculations of electron impact 

excitation cross sections and polarization of emitted photon by the subsequent decay of the 

excited tungsten ions. These obtained cross sections and polarizations are very important 

in modeling of high temperature ITER fusion plasma thereby assisting in the design and 

development of ITER. Though the concluding remarks of the work presented in each 

Chapter has already been added at the end of the Chapters, here, the overall conclusion of 

entire work presented in this thesis is briefly described below: 

In the order to understand the thesis work a general motivation was given and RDW 

theory used throughout for the cross sections calculation is outlined. A general overview of 

the collisional radiative (C-R) model used to diagnose plasma is presented.  

Electron impact excitations of Cs play dominant role in the low pressure hydrogen-

cesium plasma, which is relevant to the negative ion based neutral beam injectors for the 

ITER project. The existing electron impact data of Cs were not adequate and sufficient for 

a reliable modeling.  For this purpose, a complete set of electron impact excitation cross 

sections and rate coefficients have been calculated using fully relativistic distorted wave 

theory for several fine-structure transitions from the ground as well as excited states of 

cesium atom in the wide range of incident electron energy. Thereafter, the calculated 
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detailed cross sections are used to construct a reliable collisional radiative (C-R) model to 

characterize the hydrogen-cesium plasma. It is expected that the various results obtained 

from the present C-R model can describe the real plasma in a better way if the suitable 

experimental observations are made available. 

One of the most commonly used mixture plasma is Ar-O2 which is often utilized as a 

source of atomic oxygen. In such plasma the production of atomic oxygen can be 

influenced by the excited states of argon. It is interesting to study Ar-O2 mixture plasma as 

the available studies on population of 1s excited state led to conflicting conclusions. 

Therefore, a suitable C-R model has been developed for Ar-O2 mixture plasma and the 

variations of the plasma ne and Te with addition of O2 is studied by using the reliable 

complete set of relativistic electron impact excitation cross section data. The model was 

coupled to the optical spectroscopic measurements reported by Jogi et al. [J. Phys. D: 

Appl. Phys. 47, 335206 (2014)]. It is found that as the content of O2 in Ar increases from 

0%–5%, Te increases in the range 0.85–1.7 eV while the electron density decreases from 

2.76e12–2.34e11 cm-3. The Ar-3p54s (1si) fine-structure level populations at our extracted 

plasma parameters are found to be in very good agreement with those obtained from the 

measurements. 

The xenon gas discharge is used in various plasma applications. In particular, xenon 

is used nearly in all modern HETs as propellant. From the literature on the electron 

excitation cross sections of xenon atom, one observes that there is still lack of sufficient 

cross section data for the fine structure excitations from the ground and among the excited 

states for a reliable plasma modeling. Even more recent results for the electron impact 

excitations are only from the ground state of xenon. Also the available data are not 

reported in the wide range of incident electron energies. Therefore, for the sake of 

providing sufficient consistent cross section data, detailed calculations are carried out for 

the excitation cross sections in xenon involving various transitions from the ground state to 

the excited as well as among these excited states using the RDW method. As an 

application, using the obtained cross sections, a collisional Radiative (C-R) model coupled 

with an optical emission measurement from the inductively coupled Xe plasma is 

developed and the extracted plasma parameters are obtained. Population densities are 

found within the range reported in various previous studies which shows that our model is 

well optimized. 
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       Finally, a systematic study of the electron impact N- and M-shell excitations of highly 

charged Rb-like through Br-like (W37+-W39+) and K-like through Ne-like (W55+-W64+) 

tungsten ions have been done using fully relativistic distorted wave theory. The cross 

sections are calculated and reported for various transitions in the electron impact energy 

range from the excitation threshold to 20 keV. Analytic fitting of the calculated cross 

sections are also provided so that these can be directly used in any plasma model. Linear 

polarization of the emitted photons, due to decay of the different electron excited states of 

the tungsten ions has also been obtained and reported. 

Finally, it would be worth mentioning some of the improvements which can be 

made on the work presented in the thesis. An improvement can be done by including the 

second order term to our first order RDW T-matrix. Though, it would be very challenging 

task to evaluate both the second order direct and exchange T-matrices in an exact manner. 

Further, the relativistic distorted wave method which uses the distortion potential only due 

to static potential can be made better if one could add an additional suitable polarization 

potential to it. However, for this, suitable polarization potential needs to be calculated 

separately which a separate research topic to work is in itself. These suggested 

improvements might make our results more reliable at low incident electron energies. 

Regarding the collisional radiative model developed in this work, one could improve the 

model by taking and exploring non-Maxwellian electron energy distribution function and 

possibly consider few more processes like atom-atom collisions and many higher 

excitations in addition to the processes presently incorporated. However, these suggestions 

can be work of another thesis. 
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