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ABSTRACT

Atomic Structure Calculations and processes in highly charged ions

Atomic Structure Calculations with parameters for highly charged ions have been
investigated theoretically and experimentally.In our work, we presented complete
spectroscopic data, comprehensive data and elaborate study along with a detailed
theoretical investigation of C-like W (WLXIX), K-like W (W LV1), Na-like K (K1X), Na-
like W (W LXIV) ions, based on the fully relativistic multi-configuration Dirac-Fock
(MCDF) method. We included QED (quantum electrodynamics) corrections due to
vacuum polarization and self-energy effects as well as Breit correction due to the exchange
of virtual photons between two electrons are fully considered in our calculations. We have
determined the energy levels and radiative data for multiple transitions such as electric
dipole (E1), electric quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole
(M2) and identified soft X-ray transitions (SXR) and hard X-ray (HXR) transitions from
highly excited states to ground state. Furthermore, we have also provided relative
population for the first five excited states, with both the partition function and
thermodynamic quantities and studied their variations with temperature. The significance
of valence valence (VV) and core valence (CV) correlations, along with their effects, have
been discussed as well as the influence of plasma temperature (range between 2 x 10° to
1 x 10'° K) on line intensity ratio with the number of electron density has been studied for
Hot dense plasma (HDP). The credibility and authenticity of our furnished results, related
calculations have also been performed using another independent fully relativistic
configuration interaction program, which is FAC (Flexible Atomic Code) based on self-
consistent Dirac-Fock-Slater iteration method. The configuration interaction technique
(C1V3) have also been done to confirm the accuracy of energy levels for particular ion
(KIX). Atomic data including energies, transition wavelengths, radiative rates, oscillator
strengths, are evaluated for these ions. Furthermore, we have analyzed the photoionization
cross section and ionization potential of 3s, 3p and 3d levels at five different photoelectron
energies by employing the FAC code.We also compared our computed energies with
experimental energy levels compiled by NIST and other available theoretical or
experimental data in the literature and there are a few minor differences discussed. Our
newly reported atomic data and radiative data will help to analyze the spectral lines
obtained from various diagnoses of solar, useful in astrophysical research and fusion



plasma sources. Our data will also be beneficial for plasma modelling, cell biology,
biophysics and their applications.

The results of our research have been divided into six chapters with the following chapter-
by-chapter brief details as;

Chapter 1, offers a concise introduction about the importance of atomic structure process,
importance of atomic structure of ion and the importance of highly chared ion of atomic
data in fusion plasma and discuss the most commonly used methods developed for the
production of atomic spectroscopic data. We briefly review the techniques that have been
used in the calculation of photoionization cross section and significance of
photoionization.The several experimental techniques and theoretical methods which have
been developed for the production of atomic data. A brief review and atomic structure
calculations for one electron system, two electron system, multi electron system, central
field approximation and Configuration Interaction including relativistic effects are
described.

Chapter 2, we have represented the complete spectroscopic data and a detailed theoretical
investigation of C-like W (WLXIX) utilizing the multi-configuration Dirac-Fock (MCDF)
technique, which is fully relativistic. Two corrections: quantum electrodynamics (QED)
which is related with vacuum polarisation and self-energy effects, as well as Breit which
is related towards the exchange of virtual photons among two electrons. For the lowest
205 fine structure levels, we presented energy levels and radiative data for various
transitions such as electric dipole (E1), electric quadrupole (E2) as well as magnetic dipole
(M1), magnetic quadrupole (M2) and identified soft X-ray transitions (SXR) and hard X-
ray (HXR) transitions from highly excited states to ground state have been predicted. The
credibility and authenticity of our furnished results, we also used a Flexible Atomic Code
(FAC), based on self-consistent Dirac-Fock-Slater iteration approach, which is fully
independent relativistic configuration interaction system. The two independent atomic-
structure analysis shows a reasonably good agreement. Computed energies to
experimental energy levels is compiled by NIST. The intensity spectra for transitions
decaying to ground state for W LXIX. Atomic and radiative data of C-like W will help
identify and analyze spectral lines obtained from various diagnoses of solar, fusion plasma
research as well as astrophysical exploration.
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Chapter 3, we have included the complete spectroscopic data and a detailed theoretical
investigation of tungsten and K-like W (WLVI) based on the fully relativistic multi-
configuration Dirac-Fock (MCDF) method. Relativistic corrections, QED (Quantum
electrodynamics) and Breit corrections in our computation. Energy levels and radiative
data for multipole transitions i.e. electric dipole (E1), electric quadrupole (E2), magnetic
dipole (M1)and magnetic quadrupole (M2) within lowest 142 fine structure levels and
predicted soft x-ray transition (SXR) and extreme ultraviolet transitions (EUV) from
higher excited states to ground state. Data with energy levels compiled by NIST and other
available results in literature and small discrepancies found with them are discussed.
Furthermore, the relative population for first five excited states, partition function and
thermodynamic quantities for both W LVI and studied their variations with temperature
have also presented. New atomic data of W LV, which are discussed in chapter 3 may be
useful in identification and analysis of spectral lines from various astrophysical and fusion
plasma sources and also beneficial in plasma modeling.

Chapter 4, we have signified the importance and effect of valence valence (VVV) and core
valence (CV) correlations on the excitation energies have been discussed in graphical and
tabular form for KIX. In this chapter. By utilizing MCDF method for KIX and W LXVI
calculations, included the contribution of QED and Breit relativistic corrections and
concluded that the effect of QED corrections. The large-scale configuration interaction
technique (CIV3) have also been done to confirm the accuracy of energy levels for KIX.
For W LXI1V, 21 in Electric dipole, 33 in Electric quadrupole, 28 in Magnetic dipole and
21 in Magnetic quadrupole Soft x-ray (SXR) transitions as well as 1 in Electric dipole
Extreme Ultraviolet (EUV) transitions identified from ground state. The calculated results
are in close agreement with NIST compiled data and other available results. The influence
of plasma temperature (2 x 10°to 1 x 10'° K) on line intensity ratio with the number of
electron density has been studied for the hot dense plasma (HDP) graph for KIX. KIX and
WLXIV results are valuable or beneficial for the characterization of HDP, astrophysical
plasmas, plasma modelling, cell biology, biophysics, fusion plasma research as well as
astrophysical studies and their applications.

Chapter 5, we have discussed the atomic data including energies, transition wavelengths,
radiative rates, oscillator strengths, are evaluated for W LXIV, for the lowest 100 fine
structure levels and multipole transitions(E1, E2, M1 and also for M2). For W LXIV, we
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identified the 21 in electric dipole, 33 in electric quadrupole, 28 in magnetic dipole and 21
in magnetic quadrupole soft x-ray (SXR) transitions, as well as 1 in electric dipole extreme
ultraviolet (EUV) transitions from the ground state. Furthermore, we have analyzed the
photoionization cross section and ionization potential of 3s, 3p and 3d levels of Na-like W
at five different photoelectron energies by employing the FAC code. Line intensity ratios
and electron density for W LXIV have also been reported, which will be useful and
necessary for plasma diagnostics, including modelling for future International
Thermonuclear Experimental Reactor (ITER) investigations. We assume that our
observations will be useful for cell biology, biophysics, fusion plasma research, as well as
astrophysical studies and their applications.

Chapter 6, indicates that the thesis conclusion with a summary, a brief recapitulation of
the research presented in previous chapters, social impact and possible future approaches
for extending work addressed.

References also form part along with bibliography at the end of each chapter.
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CHAPTER 1
INTRODUCTION

Our goal in this chapter is to provide an overview of the use, importance,
and applications of highly charged ion atomic data. In order to obtain
atomic data, a variety of theoretical and experimental methods have been
investigated.

Some effective codes and techniques for computing the atomic structure
of low- and high-Z atoms are reported.

We provide a brief overview of the methods utilized to determine the
photoionization cross section and the relevance of photoionization.
Overall, this chapter elaborate where atomic data process is actually
required for study and research such as ITER, laser fusion, Plasma and
others.

The calculations of atomic structure for single, double, and multiple
electron systems, with a central field approximation and Configuration
Interaction including relativistic effects are described briefly in a

systematically manner.
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Chapter 1

1.1 BACKGROUND

Studying atomic physics is necessary to create the world of molecules, atoms, photons,
ions or clusters. In multiple fields of scientific research, such as chemistry, physics, and
materials science, atomic data is necessary. Many spectral lines with high signal-to-
noise ratios and highly resolved images have been seen recently from a variety of
astronomical objects using newly constructed and improved telescopes and
spectrographs. A thorough understanding of precise atomic data is necessary for this
[1-2]. Atomic physicists investigate the energy levels, transitions, and spectra of atoms
as well as their structure and behaviour to understand phenomena like atomic
absorption, emission spectra, and atomic collisions from which atomic data is essential
for this. Atomic data depend on Quantum mechanical models that describe how
electrons behave in atoms. Atomic data is useful in materials research for examining
the atomic configurations, characteristics, and behaviours of different materials. It aids
in the explanation of a variety of phenomena, including crystal formations, defects,
phase transitions, and the physical characteristics of materials including magnetism,
conductivity, and optical behaviour. For identifying physical conditions such as
temperatures, densities and so on in fusion scientific studies like ITER, laser fusion,
among others, reliable atomic data is required [3-6]. Atomic data is available in several
databases, including the Atomic Data and Analysis Structure (ADAS) project, the
Atomic and Molecular Data Unit of the International Atomic Energy Agency (IAEA),
and the National Institute of Standards and Technology (NIST) Atomic Spectra
Database [7-10]. Atomic data such as energy levels, transition probabilities, cross-
sections, collisional excitation rates and radiative transition probabilities are needed to
analyse spectrum observations for astrophysics and evaluation of tokamak spectra [11].
Inertial confinement technologies are being developed for fusion energy reactors, laser-
produced plasma studies, and the creation of nanostructures, UV as well as X-ray
development, X-ray laser manufacturing, bio or nanotechnology, among other
applications. Experimental observations, theoretical calculations, and computer
simulations are used to get atomic data. It makes use of methods including laser
spectroscopy, electron microscopy, X-ray crystallography, and spectroscopy. These
facts are compiled in publications and databases that are frequently kept up by
organizations as well as research groups specializing with an interest in atomic and
molecular physics [12-15]. Astrophysics including cosmology model and fully
understand the behaviour of atoms in stars, galaxies, and interstellar environments using
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Chapter 1

atomic data[16]. It is essential for deriving elemental abundances, analysing emission
and absorption spectra, and researching the evolution of the cosmos. To access atomic
data for their studies, simulations, and experiments, researchers and scientists in the
appropriate fields depend on these databases to consult the relevant literature. The
greatest need and requirement for the interpretation of this data has led to the opening
of numerous areas of atomic and molecular physics research [17-19].

Recently, there has been a great deal of interest in determining and measuring the
photoionization cross-section of both atoms and ions. Fundamental checks of atomic
structure computations are provided by the photoionization cross section. Computing
recombination rates for ionization balance in astrophysical plasmas necessitates
photoionization cross-sections. A vast range of astrophysical objects, including the
atmosphere of hot stars, novae accompanying supernovae, and proto-planetary nebulae,
need accurate cross-sections to facilitate the photoionization of atoms and ions. In
addition, procedure of the photoionization is crucial for producing ionized materials for
scientific research as well as for applications of plasma, for example, gas lasers and
discharge lamps. The calculation of entire radiative opacity of the plasma is perhaps the

most extensive thorough of the applications [20-23].

The fundamental atomic theory and quantum mechanics both depend on the atomic
structure of ions [24]. Our general understanding of atomic structure, electron
configurations, as well as the behaviour of matter at the atomic and subatomic levels is
affected by our knowledge of how electrons are arranged in ions [25]. For spectroscopic
methods, which involve the interaction of ions with electromagnetic radiation, this
understanding is crucial. With the aid of spectroscopy, researchers can examine the
energy levels, electronic transitions, and spectrum characteristics of ions to get
knowledge about their electronic configurations and behaviour [26]. lons are essential
to understanding the characteristics and behaviour of materials in materials science.
Electrical conductivity, thermal conductivity, optical characteristics, and magnetic
behaviour are all affected by the presence of ions and their atomic arrangement [27].
Scientists can create and engineer materials with the necessary qualities by looking at
the atomic structure of the ions [28]. The arrangement of electrons throughout different

energy levels and orbitals determines how an ion is atomically structured. Because each
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ion has a different number of gained or lost electrons relative to the neutral atom, each
ion has a distinct electron configuration. The stability, chemical reactivity, as well as
electronic characteristics of ions, are provided by the energy levels and electron
configurations. The spectral lines and transitions that an ion exhibits are strongly
influenced by its atomic structure [29-31]. An ion produces or absorbs photons of a
particular wavelength during an electronic transition, such as an electron shifting
between energy levels, creating characteristic spectral lines. In spectroscopy, these lines
are employed to locate ions, analyse their energy states, and look at how ions interact
with electromagnetic radiation. Atomic clocks and high-precision measurements both
make use of the atomic structure of ions. Some ions, such as those with a single valence
electron, display clearly defined energy level structures that are extremely stable and
reproducible. Because of this stability, precise timekeeping in addition to frequency
standards can be employed in applications that include telecommunications, global
positioning systems, and scientific research [32-33]. The study of ionisation processes
needs an understanding of the atomic structure of ions, basically ionisation is the
process of an atom removal one or more electrons, which produces ions with a positive
charge [34]. lon-atom collisions and interactions are significantly influenced by atomic
structure. Factors including the charge, energy, and quantum states of the particles

involved affect how ions and atoms interact [35].

Discovering the atomic structure of ions allows scientists to analyse and control ion-
atom interactions, which is significant for quantum chemistry, plasma physics, and
astrophysics. On the experimental aspect, new advancements now make it possible to
measure atomic parameters with a very high degree of accuracy. This is very helpful
for determining the accuracy of absolute scales for spectroscopic data and for testing
the predictive ability of theoretical models [36-38]. Furthermore, the advancement of
ion traps has made it possible to do more precise experimental research on impacts on
atomic structures that are far more severe, including hyperfine or isotope effects. There
are also several devices that are derived from these ones that are in use namely electron-
beam ion traps and storage rings. For lowly ionized atoms, whose lifetimes can vary
from milliseconds to years, the former is particularly useful for studying metastable

states. In contrast, the latter specializes in creating and analysing highly charged ions.
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Despite relativistic and correlation effects in many electron systems being related in
heavy atoms and ions, there has been a lot of recent effort on methods to accurately and
simultaneously account for both theoretically. Advanced computational techniques for
modelling complex atomic structures, such as configuration interaction, relativistic
effects, and atomic orbital optimization, provide the benefit of complementarity
because they employ different methodologies. When experimental measurements are
unavailable, this complementarity offers a unique chance to assess the validity of the
theoretical outcomes. Accurate atomic structure information and radiative data are
essential for many research areas and important technology applications. Such data is
crucial for multiple fields, from light studies to nuclear fusion plasma applications,
laboratory spectroscopy to quantum processing, and astrophysics and cosmology.
Databases and published literature both are still missing a substantial amount of crucial
data and there are still a lot of spectroscopic parameters that are inconsistent and

inaccurate, thus there are still a lot of efforts being made to enhance data quality [39].

Recent years have seen a major improvement in the comprehensive experiments of the
atomic data of highly charged ions. The opacity of the matter affects how radiation
moves through it. On the one hand, a medium's opacity is influenced by its plasma
properties, and on the other, by its intrinsic atomic physics. As a consequence of particle
interactions and as a result of the local temperature, density, and composition, the
plasma conditions define the atomic species that the photons will encounter. Due to
absorption through atomic transitions as well as scattering, the atomic characteristics
are used to calculate the microscopic quantities. For the mean opacities, by utilizing the
Planck function Bv(T), averaged across all frequencies, the Opacity projects are in
extremely good accordance overall [40-41]. Atomic parameters are important and
useful, as demonstrated by the fact that they are used in multiple areas of atomic physics
in addition to being required for comparing theoretical and experimental models.
Furthermore, computations of the local and nonlocal thermodynamic equilibrium
greatly benefit from the atomic data. The radiative data concerning transitions between
core-valence, valence-valence, and core-core that are needed for these computations
must be extensively and elaborately calculated because they are not yet available in full

form. Due to this issue, there will soon be an urgent demand for highly advanced and
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upgraded computational methods, experimental methodologies, manpower as well as
high-quality computer systems. The necessity for comprehensive, exact, and reliable
atomic data for every atomic charge state has led to a surge in the development of
experimental techniques, instruments, and theoretical approaches. This is because these
data have a wide range of potential applications in fields such as plasma physics and
astrophysics. As a result, numerous effective codes and techniques for computing the

atomic structure of low- and high-Z atoms have been developed previously.

Many strong and effective atomic codes have been created for light and heavy elements
in response to the rising demand for significant and precise atomic data. There are some
codes for the developers of atomic structure calculations are listed below with their
honours and merits as follows: GRASP (General Purpose Relativistic Atomic Structure
Package) [42], GRASP2K [43], GRASP92 [44], MCDF (Multi-configuration Dirac-
Fock) [45], HULLAC (Hebrew University Lawrence Livermore Atomic Code): [46],
Superstructure [47], CIV3 [48]. Quantum electrodynamics (QED) corrections can be
neglected while relativistic corrections can be included using a perturbation theory, like
the Breit-Pauli approximation. Hibbert's CIV3 (Configuration Interaction) as well as
Werner Eisner's S.S. (Super Structure) approaches are well-known and frequently
employed in numerous international research projects, including Opacity and Ferrum,
among others, in this area. One mission is the large number of atomic structure
calculations done using the Breit-Pauli R-matrix method under the Iron Project and
subsequent works These data include fine structure and relativistic effects, and
compiled for example in the database NORAD-Atomic-Database by S.N. Nahar
(https://norad.astronomy.osu.edu/). It is safer to choose a relativistic than a non-
relativistic atomic structure theory for atoms having Z within 20 and 60 because
relativistic effects sufficiently change the inner shell radial functions. It is vital to
employ a relativistic theory that also "incorporates electron correlation effects on the
same footing™ for heavy atoms with Z greater than 60 because electron correlation
effects along with relativistic effects are strongly coupled. There have been
developments in the treatment of heavy atoms, and several software programs in the

relativistic domain have been developed by different authors. Among them, ab-initio
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research has found the multi-configuration Hartree Dirac Fock (MCDF) model to be

extremely helpful.

1.2 ATOMIC STRUCTURE CALCULATIONS

(@) One electron system

Schrodinger's equation can be precisely solved for one electron system. The
Schrodinger equation for systems with one electron, such as hydrogen atoms

He*,Li?*and so on is given by

h2\72 ze? Y(g,) = E¥ 1.1
[—ﬂ _T)l (q1) = E¥(q1) (1.1)

Where, m and gz are the mass of an electron and the charge of the electron. The nuclear
charge of the one-electron system is Z. E is total energy system and W is wave function
system. The exact analytical solution of the Schrondinger equation for one electron
system can be obtained very easily by using method separation of variables with
appropriate boundary conditions. The Schrodinger equation for one electron system has
an exact solution for analysis that may be easily derived by separating the variables and

applying the appropriate boundary conditions.

(b) Two electron system

The Schrddinger equation can be expressed as follows for systems with two electrons,

such as He atom, Li*, Be?*, etc.

2
h? ., Ze? e?
E . p2_ _ - 1.2
[. ( ZmVl Ti)+T12 Y(q1,92) EY¥Y(q1,92) ( )

=1

Where m is stand for the mass and z is nuclear charge of a system of two electrons. The
g and g are spatial and spin coordinates of electrons 1 and 2 respectively. ¥ is wave
function and E is total energy of the two electron system. Distance between electrons
is defined by r12. Because the interaction term e?/r1> complicates things, it is impossible

to find the accurate analytical solution for the two electron system using the separation
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of variables. Compared to other terms, this one is extremely small, hence it can be
behaved as a perturbation. As a result, using the perturbation approach, the approximate

numerical solution for the two-electron system may be found.
(c) Many electron system

For a system with many electrons, the Schrodinger equation is:

N

hz —
(_%Viz qj(qlquf"---qu) = EV¥Y(q1, 92, .-, qn) (1-3)

i=1 i=1i<j=1 ]

The qi denotes the ensemble of the spatial 7; as well as spin coordinates for electron i

in equation (1.3) and 7#; = | —7:|. As observed below, the wave function

Y(q4, 95, -----,qy) can be divided into spatial and spin coordinates as:
LP(ql, Ay ovee ) qN) = 1/)(7"1,7"2, e rN))((l,Z, v, N) (1.4)

2
In many electron systems, ¥, Zz<; " — term is to large and may be interpreted as a
perturbation. By utilizing a central field approximation, Hartree [49] and Slater [50]
provided the correct solution to this problem.

(d)  Central field approximation

The central field approximation systems for multi-electron proposes that each electron
flows in an effective potential that represents the attraction between the nucleus as well
as the average effect of this electron’s repulsive interactions with other (N-1) electrons.

In this estimation, other electrons (N-1) act as a screen for the central coulomb

2
interaction within the nucleus and XY, YN _, i is an electron and electron
Yy

interaction expression contains a significant amount of spherically symmetric parts,

which we symbolize as },; W (7}). Therefore, the best approximation for the electron's
2
potential energy is (7)) = —Zri_ + W (%) . The radial component of the Schrodinger

equation for the N-electron wave function (1, 75, ....., 7y) iS given by
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2
hz o -
[z - % Viz + V(ri)] Yo = EP, (1.5)
i=1
Since every electron moves in an effective potential, equation (1.5) has the following
solution:
l/)C = ul(?l)uz(?z) ........ uN (FN) (16)
Wherein uq (7)), uy (%), v ... the distinct electron orbitals and the below equation is the
solution:
h? .
I_% V7 + V(Fi)l u; (%) = Eu; (1Y) (1.7)

In this section, the product of spherical harmonics yields the value of u;(7;) as well as

radial wave function as:
Ui (7}) = Ry, (7)) Yiym, (6, ), (1.8)

By multiplying the one-electron wave function by the spin-1/2 eigen function, the spin
component of the wave function can be included in this case. Due to the fact that
electrons are fermions, the total wave function has to be antisymmetric and thus adhere
to the Pauli Exclusion Principle. The multi-electron challenge has been modified by
Fock [51] employing the central field approximation. The exact N-body wave function
of the system can be expressed as a slater determinant of N spin orbitals in the Hartree-
Fock technique. In N x N slater determinant, the N-electron wave function can be

expressed as:

Ue(q)  up(qe) . uy(qy)
V(1,92 e qn) = —=|Ua(q2)  up(qz) ... uy(q2) (1.9
VAl u.(qn) ug(gy) . wy(qn)

It is possible to express the radial functions as a linear combination of Slater type

orbitals as:
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k
0 () = Pu() = ) Gk (1.10)
j=1

In which (1) is normalized Slater type orbitals provided by

2 - 21jn1+1
“ﬂﬂ:jg%fﬁf%ﬂwﬁﬂ%mﬂ- (111)
jnl):

For the lowest energy states of both ions and atoms for Z less than equal to 54, Clementi
and Roeti et al.[52] provided a significant amount of variables in expression (1.11) for
Hartree-Fock orbitals, while Snijdres et al. [53] and Mchean [54] provided greater
values of Z. Koga et al. [55] have offered a new estimated value for these parameters.
Due to the variational method of the Hartree-Fock approach, the Hartree-Fock energy
(Eyxr) and wave function () are approximations of exact energy (Eexact) and wave
functions (Wexact), respectively. Correlation between electrons is the cause of the
discrepancy between Eexact and (Enr) in terms of correlation energy. In a part of
configuration space where the variational integral is not substantial, HF wave functions
might be inaccurate. Because of this, while using HF wave functions to calculate the
calculation of radiative data, energy levels, etc. there may be significant mistake in
various matrix elements. Clary and Hnady [80] have reported that the Hartree-Fock
technique results in a discrepancy in the ground state computation of Beryllium.
Therefore, while calculating atomic structure, correlation effects must be taken into

account.

Numerous techniques, including Density Functional Theory (DFT), coupled cluster
theory (CC theory), perturbation theory, configuration interaction (CI), and so on have
been used to obtain precise energies when utilizing different strategies for the electron-
electron correlation. Correlation energy in DFT is expressed in terms of electron
density. The perturbed Hamiltonian determines the correlation energy in perturbation
techniques like Moller-Plessett computations. For the investigation of molecular
characteristics, CC theory is based on electronic structure. The CI technique is the most
beneficial of these approaches. The exact correlation energy is calculated for infinite

fitting parameters using the trial wave function. According to this method, an
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atom/ion total wave function is the linear combination of its ground and excited state

of Hartree wave functions. Therefore, we used this technique in our calculations.

1.3 CONFIGURATION INTERACTION (CI)

The Slater determinant wave functions(equation no. 1.9 and 1.10) is used to represent
the entire atom, whereas the variational wave function utilized in the configuration
interaction technique which defines each electron separately. Furthermore,
configuration interaction (CI) can be considered as a method to correct for Hartree's
single-electron orbital approximation value, which represents each electron moving
independently in the field of the nucleus screened by the other electrons [56-58]. The
majority of atomic states are represented with great importance through CI, which is a
standard capability in codes such as SUPERSTRUCTURE, CIV3, Cowan's code, and
Froese Fischer's MCHF (multi-configuration Hartee-Fock) code. The MCHF
technique, calculates orthonormal orbitals self-consistently in an iterative process that
requires lengthy computing. Analytical radial functions based on variational parameters
are employed in the SOC (Self-Consistent Orbitals Configuration or Spin-Orbit
Coupling) technique. CIV3 [48] is the computer application that mostly uses the SOC
approach, which was utilised in our research work in chapter 4.

1.4 RELATIVISTIC EFFECT

Relativistic effects are important when the nuclear charge rises. Additionally, It is using
jj coupling to evaluate forbidden transitions necessitates some treatment of relativistic
effects. Relativistic effects are important for transitions that are allowed for heavy
atoms and ions. For handling relativistic effects, two approaches are available one is
the fully relativistic Dirac formalism and other is the Breit-Pauli operator addition to
non-relativistic equations. There are seven Breit-Pauli operators, each of them
considering an individual physical effect [59]. These operators are included as Darwin
term, the spin-spin coupling term, the orbit-orbit coupling term, the spin-orbit coupling

term, the spin-other-orbit coupling term, and the mass operator. The energy of a
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configuration as an entirety is shifted by the mass correction as well as Darwin terms,
while various additional operators introduce fine structural shifts.

4

e N _
Hy = S is a relativistic correction (1.12)
Hy = ——2(Ls ts Spin-Orbit interacti 113

2 = 532, 5 (L.S) represents Spin-Orbit interaction (1.13)

Above equation (1.13) describes the energy contribution due to this interaction, where
the mass m, the speed of light c, the distance r, and the radial derivative of the potential
V(r).

_ mh? Ze?
2m2c? 4me,

& (1) is Darwin term (1.14)

In order to account for relativistic effects, Breit-Pauli approximation is employed in
modern atomic structure calculation programs as SUPERSTRUCTURE and CIV3.
GRASP and GRASP2K are computer programs, nowadays they are treated as a

relativistic effect which is more precisely by utilizing the Dirac formalism.

The multi-configuration Dirac-Fock (MCDF) approach is the relativistic effect which
equivalent for multi-configuration Hartee-Fock (MCHF) approach. This is a self-
consistent variational many-body technique that largely accounts for the electron
correlation. There is a choice of optimization techniques which available in the MCDF
method. In MCDF method, each atomic energy level is optimal level (OL) which is
used to calculate a self-consistent formula. In the our work, we employed the extended
average level (EAL) method, which is easier and less expensive. The weighted sum of
the Hamiltonian trace is minimized in this method (EAL). Breit and QED effects are
also part of the Hamiltonian. In quantum electrodynamics (QED), the interaction
between two electrons is represented via a series expansion and Breit interaction leads

correction to the coulomb interaction.

1.5 PHOTOIONIZATION

One of the basic effects of an incident photon on a gaseous atom is photoionization,
which results in the ejection of one electron and therefore the atom become an ion. The

ejected photoelectrons provide data on the atomic system's correlations and electronic
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structure. The Photoionization through a one-electron transaction was superseded by the
correlation hypothesis, which took into account electron interactions inside atoms,

approximately in the 1960s.

Atom + hv - ion + e — (1.15)

In other words, to obtain a precise account of the photoionization mechanism, the
behaviour of the electrons in a multi-electron atom, molecule, or condensed matter
system is interdependent, that is they are correlated with one another [60]. As a result,
single particle wave functions are unable to effectively reflect either the initial or final
states in calculations of the photoionization process. As a one-electron process,
photoionization cannot be thoroughly described. It is possible to incorporate the many
body features on the initial state for the discrete initial state of an atomic photoionization
technique using a multi-configuration wave function, also known as configuration
interaction. Similarly wave functions are used in the ultimate continuum state, and
interchannel coupling is the term used to describe the mixing of continuum wave
functions that results from the idea of a multi-configuration wave function. A channel
with a small cross-section may experience significant influence from the mixing of its
continuous wave function with the wave function of a channel with a large cross-
section. Notably, for super heavy atoms, photoionization studies aid in our
comprehension of the interplay between many-body interaction and relativistic effects.
The angular distribution asymmetry parameter, in addition to the cross section, is of
interest for the photoionization of a particular atomic subshell. The absolute squares of
the dipole matrix elements for the photoionizing transitions determine the
photoionization cross section, which is correlated with a probability of photoelectron
emission. The relationship between the respective phases and magnitudes of the
different dipole matrix members determines the angular distribution asymmetry
parameter. As such, the analysis of the asymmetry variable and the cross section for a
particular photoionization process are complementary. Specifically, the cross section
provides information about the strongest photoionization channels, and the asymmetry
parameter S provides information about the phase differences and strength ratios of the

different channels. Years of experimental and theoretical atomic photoionization

Richa 13



Chapter 1

research have demonstrated the significance of electron correlation, in particular the
interaction between the escaping electron and the residual ion, i.e., final state

correlation as well as interchannel coupling.

Due to the large amount of number ionizing radiation sources present and the lack of
shielding offered by interstellar space, photoionization cross sections are crucial to
understand, especially in astrophysics. Photoionized plasma is observed in or close to
the atmosphere of planetary nebulae, hot stars, X-ray binaries, H 11 regions as well as
in the more distinguishable active galactic nuclei and intergalactic medium. Planetary
nebulae and H II areas provide information on the He abundances and this information
is an important constraint for cosmic nucleosynthesis hypotheses [61]. The nature of
both the absorption and emission spectra of these objects are determined by a wide
variety of physical processes, and as a result, these spectra contain a wealth of
knowledge regarding the physical state of the gas, the ionizing radiation field and its
chemical composition. Calculating photoionization along with recombination rates for
ionization balance in astrophysical plasmas also requires photoionization cross-
sections. Additionally, photoionization cross sections are significant in fusion plasmas
and astrophysical plasmas [62]. Chandra and XMM-Newton's launches have made it
possible to detect x-ray lines caused by inner shell photoabsorption [63-64]. The HST
(Hubble Space Telescope, http://www.stsci.edu/hst), as well as FUSE (Far Ultraviolet
Spectroscopic Explorer, http://fuse.pha.jhu.edu), has made it simple to access the

vacuum ultraviolet [65].

Theoretical, experimental, or a combination of both approaches have all been used to
generate photoionization cross sections for practically all elements, from hydrogen to
iron, in all ionization phases. A few years ago, for some significant issues, the
calculations could only rarely be tested by experiments because there was a distinct
lack of experimental data on photoionization cross-section. Due to the availability of
powerful VUV (vacuum ultraviolet) photon sources in the form of undulator beam lines
at third generation synchrotron radiation facilities, the situation has changed. As a
result, it is now possible to benchmark the estimations in specific circumstances and

encourage the development of new theoretical techniques.
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On the experimental side, synchrotron radiation use represents the most significant
development in photoionization cross-section measurements. Currently, research in
over fifty regions, including as physics, chemistry, biology, material science, and
others, is conducted using synchrotron facilities. When ultra relativistic charged
particles are accelerated in storage rings under electromagnetic fields, electromagnetic
radiation known as "synchrotron radiation” arises. Magnetic fields are used in
synchrotrons to accelerate the charge. Synchrotron radiation can be produced in the
bending magnet of the ring, although insertion devices, like undulators, can produce
radiation that is more powerful. An electron beam travels through a sinusoidal magnetic
field created by an undulator, a magnetic device. The third-generation synchrotron has
greatly improved the brilliant performance of the first and second-
generation synchrotron devices (number of photons released per unit time, per unit
photon energy, per unit solid angle and per unit source size). Intense beams of VUV
(Vacuum Ultraviolet which are a component of electromagnetic spectrum having
wavelengths approximately between 10 and 200 nm ) and SXR photons (Soft X-Ray,
which are a component of the electromagnetic spectrum having photon energies around
100 eV to 2 keV or equivalently, wavelengths of 0.6 nm to 10 nm.) in Figure 1.1 are

provided by the third-generation synchrotron radiation facilities with undulator beam.

Atmospheric Windows to Electromagnetic Radiation
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Figure 1.1: The electromagnetic spectrum of radiation that travels through the
atmosphere of the Earth (http://imagine.gsfc.nasa.gov).
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Absolute photoionization cross sections predicted for an extensive variety of ions
because of the effective application of the merged-beam technique made feasible by
such beam lines. As a result, several groups operating at synchrotron-radiation facilities
in France (Super ACO), Japan (Photon factory, Spring-8), the USA (ALS) and
Denmark (ASTRID) have been involved in intense activity regarding photoionization

Cross-section measurements.

The photoionization of ions can be studied in many ways, both experimentally and
theoretically, because heavy atom/ion impurities, like tungsten in a fusion plasma, may
inhibit ignition at even very small concentrations and cause crucial radiation losses.
Comprehensive knowledge of atomic collision processes involving tungsten atoms and
ions in all charge states is required for simulating the behavior of tungsten in a plasma.
Theoretical calculations of atomic cross sections are difficult because of the complex
nature of the tungsten atomic structure; experimental guidance is therefore essential.
Photoionization measurements together with detailed theoretical calculations are a
particularly sensitive spectroscopic tool for investigating the role of intermediate
multiply excited states in photon-ion interactions with implications also for electron-
ion recombination and ionization processes [66]. Photoionization of tungsten atoms and
ions is of plasma-related interest even though it is not directly related to fusion research
due to the fact that it can supply data on the spectroscopy properties of tungsten that are
necessary for plasma diagnosis. Currently available, the Dirac-Coulomb R-matrix
approximation is among the most powerful theoretical instruments for producing data
on electron-ion interactions and photon-ion interactions. Studies on photoionization of
tungsten atoms and ions with their complex electronic structure featuring open d and f
shells and comparison of experimental and theoretical results can provide benchmarks
and guidance for future theoretical work on electron-ion and photon-ion interaction

processes of complex many-electron systems [67].

1.6 PROBLEM STATEMENT AND OBJECTIVES

In this thesis, we have provided photoionization cross section, partition function,
plasma parameters and atomic structure calculations for highly charged ions . We have
also computed life strength, number of electron densities, line intensity ratios, oscillator
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strengths, lifetimes, transition probabilities, and energy levels. It consists six separate
chapters. Chapter 1, It is the introductory part about the importance of atomic structure
process and discuss the most commonly used methods developed for the production of
atomic spectroscopic data. We briefly review the techniques that have been used in the
calculation of photoionization cross section and significance of photoionization.The
several experimental techniques and theoretical methods which have been developed for
the production of atomic data. A brief review and atomic structure calculations for one
electron system, two electron system, multi electron system, central field approximation
and Configuration Interaction including relativistic effects are described. In Chapter 2,
we have discussed the complete spectroscopic data and a detailed theoretical investigation
of C-like W (WLXIX) utilizing GRASP (General Purpose Relativistic Atomic Structure
Package) code, based on the multi-configuration Dirac-Fock (MCDF) technique, which
is fully relativistic(Figure 1.2). Two corrections: quantum electrodynamics (QED) which
is related with vacuum polarisation and self-energy effects, as well as Breit which is
related towards the exchange of virtual photons among two electrons. For the lowest 205
fine structure levels, we presented energy levels and radiative data for various transitions
such as electric dipole (E1), electric quadrupole (E2) as well as magnetic dipole
(M1), magnetic quadrupole (M2) and identified soft X-ray transitions (SXR) and hard X-
ray (HXR) transitions from highly excited states to ground state have been predicted. The
credibility and authenticity of our furnished results, we also used a Flexible Atomic Code
(FAC), based on self-consistent Dirac-Fock-Slater iteration approach, which is fully
independent relativistic configuration interaction system (Figure 1.2). The two
independent atomic-structure analysis shows a reasonably good agreement. Computed
energies to experimental energy levels is compiled by NIST. The intensity spectra for
transitions decaying to ground state for W LXIX. Atomic and radiative data of C-like W
will help identify and analyze spectral lines obtained from various diagnoses of solar,
fusion plasma research as well as astrophysical exploration. In Chapter 3, we have
included the complete spectroscopic data and a detailed theoretical investigation of
tungsten and K-like W (WLV1) based on the fully relativistic multi-configuration Dirac-
Fock (MCDF) method. Relativistic corrections, QED (Quantum electrodynamics) and
Breit corrections in our computation. Energy levels and radiative data for multipole
transitions i.e. electric dipole (E1), electric quadrupole (E2), magnetic dipole (M1)and
magnetic quadrupole (M2) within lowest 142 fine structure levels and predicted soft x-ray
transition (SXR) and extreme ultraviolet transitions (EUV) from higher excited states to
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ground state. Data with energy levels compiled by NIST and other available results in
literature and small discrepancies found with them are discussed. Furthermore, the relative
population for first five excited states, partition function and thermodynamic quantities for
both W LV and studied their variations with temperature have also presented. New atomic
data of W LVI, useful in identification and analysis of spectral lines from various
astrophysical and fusion plasma sources and also beneficial in plasma modeling. In
Chapter 4, we have signified the importance and effect of valence valence (VV) and core
valence (CV) correlations on the excitation energies have been discussed in graphical and
tabular form for KIX. In this chapter. By utilizing MCDF method for KIX and W LXVI
calculations, included the contribution of QED and Breit relativistic corrections and
concluded that the effect of QED corrections. The large-scale configuration interaction
technique (CIV3) have also been done to confirm the accuracy of energy levels for KIX.
For W LXIV, 21 in Electric dipole, 33 in Electric quadrupole, 28 in Magnetic dipole and
21 in Magnetic quadrupole Soft x-ray (SXR) transitions as well as 1 in Electric dipole
Extreme Ultraviolet (EUV) transitions identified from ground state. The calculated results
are in close agreement with NIST compiled data and other available results. The influence
of plasma temperature (2 x 10°to 1 x 10'° K) on line intensity ratio with the number of
electron density has been studied for the hot dense plasma (HDP) graph for KIX. KIX and
WLXIV results are valuable or beneficial for the characterization of HDP, astrophysical
plasmas, plasma modelling, cell biology, biophysics, fusion plasma research as well as
astrophysical studies and their applications. In Chapter 5, we have discussed the atomic
data including energies, transition wavelengths, radiative rates, oscillator strengths, are
evaluated for W LXIV, for the lowest 100 fine structure levels and multipole
transitions(E1, E2, M1 and also for M2). For W LXIV, we identified the 21 in electric
dipole, 33 in electric quadrupole, 28 in magnetic dipole and 21 in magnetic quadrupole
soft x-ray (SXR) transitions, as well as 1 in electric dipole extreme ultraviolet (EUV)
transitions from the ground state. Furthermore, we have analyzed the photoionization
cross section and ionization potential of 3s, 3p and 3d levels of Na-like W at five different
photoelectron energies by employing the FAC code. Line intensity ratios and electron
density for W LXIV have also been reported, which will be useful and necessary for
plasma diagnostics, including modelling for future International Thermonuclear
Experimental Reactor (ITER) investigations. We assume that our observations will be
useful for cell biology, biophysics, fusion plasma research, as well as astrophysical studies
and their applications. In Chapter 6, we conclude the thesis with a summary, a brief
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recapitulation of the research presented in previous chapters, social impact and possible

future approaches for extending the work addressed.
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CHAPTER 2

ATOMIC STRUCTURE CALCULATIONS OF C-LIKE ION,
USING THE MULTI-CONFIGURATION DIRAC-FOCK
(MCDF) TECHNIQUE WITH INTENSITY
SPECTRA OF W LXIX.

> In this chapter, a brief spectroscopic data and a detailed theoretical investigation
of C-like W (WLXIX) utilizing the multi-configuration Dirac-Fock (MCDF)
technique, which is fully relativistic including the credibility and authenticity of
our furnished results, we also used a Flexible Atomic Code (FAC), based on self-
consistent Dirac-Fock-Slater iteration approach, which is fully independent

relativistic configuration interaction system.

» Two corrections as quantum electrodynamics (QED) which is related with
vacuum polarisation and self-energy effects, as well as Breit which is related
towards the exchange of virtual photons among two electrons have been

presented.

>  Energy levels and radiative data for various transitions such as electric dipole
(E1), electric quadrupole (E2) as well as magnetic dipole (M1), magnetic
quadrupole (M2) and identified soft X-ray transitions (SXR) and hard X-ray

(HXR) transitions from highly excited states to ground state have been predicted.

»  Compared our computed energies to experimental energy levels that is compiled
by NIST and other theoretical data that has been published and there are a few

minor differences discussed.

»  The intensity spectra for transitions decaying to ground state for W LXIX.
Atomic and radiative data of C-like W will help identify and analyze spectral lines
obtained from various diagnoses of solar, fusion plasma research as well as

astrophysical exploration.
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2.1 EXPERIMENTAL WORK ON C-LIKE IONS

The visible and UV spectra of the symbiotic nova RR Telescopii by Young et al.[3]
were utilized to determine the reference wavelengths for many forbidden as well as
intercombination transitions of ions between +1 and +6 of elements like Carbon to
Calcium ions and the wavelengths were utilized to compute the new energy values for
these kind of ions levels. For the C-like atomic nitrogen ion (N+) ,the energy
(wavelength) range of 398 eV (31.15) to 450 eV (27.55), K-shell photoionization cross-
sections high-resolution have been reported by Mosnier et al.[4]. For the Shanghai,
Electron Beam lon Trap (EBIT), Chen et al.[5] investigated the resonance energies of
Xenon like ions such as He-, Li-, Be-, B-, C-, N, O for KLL dielectronic recombination.
Chen et al. also measured the resonant energies with an average error of 0.03 percent
and compared them to the calculated values with the help of relativistic configuration
interaction (RCI) theory, multiconfiguration Dirac—Fock (MCDF) theory as well as
relativistic many-body perturbation theory (RMBPT). For spectral range, Feldman et
al.[6] have identified high-temperature (at 3*10°K) of Ne, Na, Mg, Ar, K, Ca, Ti, Cr,
Mn, Fe, Co, Ni lines that were specified region as 500 to 1600 A, using Solar Ultraviolet
Measurements of Emitted Radiation (SUMER). At the SOLEIL synchrotron radiation
facility, Bizau et al.[7] used the ion-photon merged-beam approach to obtain thorough
observations of absolute cross sections of both single as well as double K-shell
photoionization with C-like O?* and Ni-like O* ions as in range between 526 to 620 eV
photon energy range. Using Version 9 (IDL as well as Python), Dere et al.[8]
have upgraded satellite line modelling in X-ray wavelengths and dielectronic
recombination of level populations for chosen members of the Li isoelectronic
sequence, as well as Fe XVIII - Fe XXII, is investigated. Rudolph et al.[9] have
studied photoabsorption based on the primary Kq transitions of highly charged ions
between He-like to F-like (Fe?** - Fel™), using monochromatic x rays. Edlen et al.[10]
have concluded experimental data upon energy structure of low (n = 2) configurations
between the range of three to nine electron system and also studied Z-dependence of
the differences among observed and theoretical levels in the carbon isoelectronic
sequence for configurations 2s22p?, 2s2p® and 2p* Liao et al.[11] have analyzed 36
Chandra High Energy Transmission Grating data of K transitions of neutral along with

low-ionized metal (like oxygen, neon and magnesium) to find and eleven low-mass X-
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ray binaries, measure ISM absorption lines across sight lines. McCarthy et al.[12] have
detected 43 spectral emission lines spanning from F to Li-like Sulphur ions within range
of wavelength from 17.5 to 50 nm in spectra, which produced tracer injection through
plasmas. Using a merged electron-ion beam arrangement, Lestinskyet al.[13] have
measured electron-ion recombination and experiments were performed in TSR heavy-
ion storage ring by Heidelberg, which is located in Germany. For highly charged ions
from Kr XXI to Kr XXXIV, Podpaly et al.[14] observed and analyzed the EUV spectra
through EBIT. With help of an electron cyclotron resonance ion source, Trabert et
al.[15] have measured the lifetime of the system Ne** at the TSR heavy ion storage ring,

where the magnetic dipole decay channel becomes dominant.

2.2 THEORETICAL WORK ON C-LIKE IONS

For C-like ions, K. Wang et al.[16] have explored the detailed description of systematic
computations of the energy levels with transition rates of 13 <Z <36 by applying many-
body perturbation theory (MBPT). Zheng et al.[17] applied the model of the least bound
electron potential theory and iso-spectrum-level series have been utilized to explore the
ionization potential of excited states in C-like sequences. Using the CIV3, for
transitions K.M. Aggarwal et al.[18] have evaluated the oscillator strengths in C-like F
IV and Ar XIII ions. J. E Sansonetti et al.[19] have provided the handbook of basic
atomic spectroscopic data. Using Dirac—Fock approximation, Rodrigues et al.[20] has
analyzed the atomic binding energies between Li (3 electrons) to Db (105 electrons)
isoelectronic series. They have also calculated the total atomic energies of ground state
configurations. For Z <28, Fawcett et al.[21] have provided the wavelengths as well as
categorization emission lines caused by 2s22p"-2s2p"*! and 2s2p"-2p" *! transitions.
Chen et al.[22] have calculated the energies with radiative transitions as well as the
radial expectation values of the 1s22s?2p? 3P ground state and the 1s?2s2p® °S, D, 3S
highly excited states of C and O?*. Naze et al.[23] have reported the energy levels along
with specific mass shift parameters and electronic densities at the nucleus by using
relativistic configuration interaction (RCI) calculations for various states like the
beryllium, boron, and carbon as nitrogen isoelectronic sequences. For C-like ions along
with nuclear charge numbers Z between the intervals from 9 < Z < 54, relativistic

distorted-wave collision intensities have been predicted by Zhang et al.[24]. Zhang et
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al.[25] have estimated the 67 C-like ions with Z as 26 < Z < 92, using relativistic
distorted-wave collision strengths. For Z < 60, Gu et al.[26] used a combined CI along
with MBPT technique to measure the energies level of 1s? 219 (1 < q < 8) states. Ray et
al.[27] have studied the high-stripped carbon-like ions in radiative transitions using the
time-dependent Coupled Hartree-Fock (TDCHF) method. By using fully relativistic
codes (GRASP2K), Sang et al.[28] have studied the energy levels, hyperfine structure
for C-like Fe, Co, 2s and 2p radiative transition technique have also used. For elements
having atomic numbers 55 < Z <95, Shpatakovskaya et al.[29] have computed data on
the ionization potential for ions as in the ground state with Ne < 46. Further, Fisher et
al.[30] have calculated the transitions for C-like sequence usingthe Multi
Configuration Hartree-Fock (MCHF) approach and Breit-Pauli Corrections.
Furthermore, Fisher et al.[31] have also reported energy levels and lifetimes as well
as transition probabilities of transitions between calculated levels for Be to Ne-like
sequences. Recently Palmeri et al.[32] have computed the effects of K-thresholds
utilized for the modelling of K lines and plasma environment mostly on the ionization
potentials for entirely ions related to such isonuclear sequences of abundant elements
other than as well as Fe, notably C, Si, Ca, Cr, Ni. Jonsson et al.[33] have discussed
atomic data with many applications, using fully relativistic MCDF approaches. The
SXR emission lines of highly charged sulphur ions from (S vii to S xv) in the interval
of 30-80A° have been studied by Li et al. [34] and with the help of updated excitation
data from the R-matrix technique, a collisional-radiative model was also created to

estimate line emissivities of S-ions.

2.3 AVAILABLE DATA ON C-LIKE W

C-like W has already been the subject of some theoretical calculations and experimental
measurements using various experimental techniques and theoretical methods. Tu et
al.[35] have used a fast electron beam-energy scanning approach to study the
photorecombination of highly charged W-ions at the Shanghai, EBIT. For He- to O-
like W ions, using Dielectronic recombination (DR), Tu et al.[36] have studied the KLL
Dielectronic Recombination (DR) resonance strengths, with help of calculation and
experiment, were estimated by using a flexible atomic coding (FAC). Using the Dirac-
Fock method, for 54 tungsten ions in the W% —W™* range, radiative recombination,
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radiated power loss rate coefficients as well as photoionization cross-sections have been
done by Trzhaskovskaya et al.[37]. Using the MCDF technique, Liu et al.[38] have
estimated the wavelengths with energy levels, oscillator strengths, transition rates as
well as the lifetimes for 2s?2p?3P; and 2s22p? 3P, along with levels of ions as 2s2p® °S;
in the C-like sequences from Z = 7-92. Beiersdorfer et al.[39] have explained the high-
Z ionization balance accurately by applying critical ingredients for characterizing and
assessing the energy balance of high-temperature plasmas. Wavelengths with
emissivities vs temperature are most important spectral lines were predicted to be
emitted as W ions at EUV longer than 45 nm, by Feldman et al.[40]. In order to predict
electron binding energies that have been scaled based on experimental results, Kramida
et al.[41] used the Hartree-Fock method to compute the ionization energies from W?*
to W'*. Using MCDF approach, Huang et al. have analyzed the ground-state ionization
potentials from Li to Ne isoelectronic sequences as Z = 37-82 using the MCDF method
[42]. Safronova et al.[43] have investigated the relativistic energy of atomic systems
using Quantum-electrodynamic (QED) perturbation theory. Carlson et al.[44] have
studied multiply charged ions by computing IP up to Z = 103 and have also produced
the IP for neutral atoms by performing calculations based on a basic spherical shell
solution. However, the majority of the literature, just covers a few levels of W LXIX,
showing a shortage of consistent and precise atomic data for this ion. Our main aim of
this paper is to present the energies for higher excited state energy levels, as well as
radiative data with relative intensity spectra of W LXIX, for multipole transitions such
as E1 and E2, M1 and M2) for WLXIX.

2.4 THEORETICAL METHOD
2.4.1 Multi-Cofiguration Dirac Fock (MCDF) method
(@) General-purpose Relativistic Atomic Structure Package

The General-purpose Relativistic Atomic Structure Package is known as GRASP. It is
developed at Oxford University by lan Grant and colleagues. The two components of
the package were referred to as MCDF as well as BENA. These components could
simply be combined. In 1980, a section to estimate transition probabilities was a
significant omission from Version 0. Dyall et al. (1989) published this in that year. A

section for calculating transition probabilities, changing the configuration basis
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between jj to LS-coupling, preprocessing of dimensions, and enhanced angular
coefficient handling are all features that have been added to Version 0. He specifically
modified a lot of the algorithms, Charlotte Fischer employed in her non-relativistic
system HF86 (Fischer in 1987). It has been reported that GRASP92 is a related version
(by Parpia et al. in 1996).

These are all included in the Breit interactions, quantum electrodynamics (QED)
effects, and high-order relativistic corrections (vacuum polarization and self-energy).
An extended average level that minimizes a Hamiltonian matrix's weighted trace is
preferred when evaluating radial wave functions during self-consistent field (SCF)

operation. For an N-electron atom or ion, the Dirac-Coulomb Hamiltonian:
. 1
H=%L Hp() + ZL;}_ (2.1)

Through diagonalizing a relativistic Hamiltonian H, the energy levels of an atomic ion
having N electrons can also be determined. For a single electron, the Hamiltonian Dirac
is Hy(i). An atomic state function calculates the particular wave function for an N
electron atom or ion system. CSFs (configuration state functions) are the sum of four-
component spin-orbital products, which are stated as follows:

_1( Puc(r)  Xxim(6,0,0) ) (2.2)

Prian= 2\ i Qe () Xetom (6,0, 0)

r

where (P,,;) is large and (Q,,) is small component radial wave functions, respectively.
It fulfills the coupled Dirac equation for a local central field and may be explained using
a self-consistent field standard technique, n is a principal quantum number, Dirac
angular quantum number is k. whereas the spinor spherical harmonic y;., is given as

1,1, By
Xen(0.9) = ) {m =0 30]igjm) 1" (0, 920" (23)

—+=
0==3

Linear combination of n electronic configuration state functions (CSFs) gives rise to

Atomic state function (ASF) and is defined as:

¥ (PIM)) = ZiL, c;(a)|y; (PIM)) (2.4)
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CSFs which specify a particular state is y; (PJM), where P denotes parity, angular
quantum is given by (J, M). For each CSF, the expansion mixing coefficients

c; (a)follow the formula:
Ci(a))*Cj(a)= 6ij (2.5)
(b) The Flexible Atomic Code (FAC)

The Flexible Atomic Code is called as FAC. FAC is used to estimate the numerous
collisional processes and atomic radiative data because it is an integrated system
software. Energy levels, collisional excitation, radiative transition rates, collisional
excitation as well as ionisation by electron impact, autoionization, photoionization,
radiative recombination, along with dielectronic capture are only a few examples of
collisional processes. A collisional radiative model is also included in the programme
to create synthetic plasma spectra under various physical circumstances. In FAC, the
relativistic configuration interaction (CI) involving independent particle basis
wavefunctions based on the atomic structure calculation. These basis wavefunctions are
generated from a local central potential that, according to self-consistent analysis,
corresponds towards the electronic screening of a nuclear potential. The Dirac Coulomb
Hamiltonian completely accounts for relativistic phenomena. Breit interaction at the
zero energy limit for the exchanged photon, as well as hydrogenic estimations for self-
energy as well as vacuum polarisation effects, include higher order QED phenomena.
The approximation of distorted-wave (DW) treated as continuum processes. The
current software is particularly effective for large-scale calculations due to systematic
implementation of such factorization-interpolation method by Bar-Shalom et al. (1988).
Theoretical background information and computational techniques are not discussed in
in this handbook; rather, they are explained in a number of articles that are included
with this package and even this manual. FAC is a step in the right direction for making
a comprehensive atomic model accessible to a large community of laboratory or
astrophysical plasma diagnostics. Comprehension design of the underlying atomic
theory can benefit from its flexible interface, even for people also. Also, it has enough
power to allow experienced users to investigate how distinct physical approximations

and algorithmic decisions may affect results. The most recent FAC version is 1.1.4. It
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can be achieved from link as http://sprg.ssl.berkeley.edu/ mfgu/fac. The FAC
program is written primarily in ANSI C with Fortran 77. Due to its C and Fortran 77
compilers, it is supposed to run on any platform. However, this is real and straight

forward command parser originate from FAC, considered as a SFAC.

The estimate ASFs are specified by mixing the basis states for same symmetries
=) b0, (2.6)
v

Where b, are the mixing coefficients obtained from diagonalizing the total

Hamiltonian.

The distinction between these two programs is fully relativistic in that MCDF conducts
energy minimization for a given set of states while FAC adopts the local central field
in calculations. The slight discrepancy between the outputs from the two codes has been
discussed. Nuclear charge and electron-electron interaction contribute to the local

potential involved in the FAC. Below is the nuclear potential:

vy = g(z:_,v) l3 B (z:_,v)zl "= Ry 2.7)

Z, r > Ry

where Ry indicates the radius of the nucleus.

2.5 CONSTRUCTION OF ATOMIC STATE FUNCTIONS (ASFS)

For each and every calculation for a specific case, one should include all possible and
required configuration state functions (CSFs) by taking different number of electrons
in different orbitals. By deciding appropriate CSFs, one can construct ASFs with linear

combination of CSFs.

2.6 COMPUTATIONAL PROCEDURE

In order to obtain accurate results for W%* (C-like tungsten) as we have chosen the

following method:

Firstly, we have provided ground state configuration i.e. 1s?2s?22p? and considered
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configurations as 1s?2s'2p?31(1=0-2),1s%2s*2p?41(1=0-3), 1s?2s'2p?5l(I=0-4),1s%2s"
2p?61(1=0-4) and 1s22s22p'3l(I= 0-2), 1s?2s°2p'41(0-3), 1s22s22p'51(0-4), 1s22s22p'6l

(I=0-4) by taking single electron excitation from 2s and 2p orbitals.

In other step, we have included configuration like 1s22p* 1s22p331(1=0-2),1s22p> 41(I1=0-
3),1s22p%51(0-4),1s22p%61(0-4) from 2s orbital by considering double electron

excitation.

2.7 Results and Discussions (C-like W)

2.7.1 Energy levels

The lowest 205 fine structure levels are listed in this study, belonging to the
configurations 1s22s22p?, 1s22s'2p?, 1s22p* from GRASP and FAC both in Table 1. We
used 54 combinations in our computations namely 1s?2s2p?31(1=0-2),1s?2s*2p?4l (1=0-
3),1s%25'2p?51(1=0-4),1s%25'2p?61(1=0-4) as well as 1s22p331(1=0-2), 1s?2p%41(1=0-3),
1s22p%51(1=0-4), 1s?2p%61(1=0-4) and 1s22s22p'3I(I= 0-2), 1s?2s?2p4l (0-3),
1s22s%2p'51(0-4), 1s22s22p*61(1=0-4).

Table 1 shows that QED contributes less than Breit. As a result, QED effects are less
prominent in the case of W LXIX. We evaluated our derived data from GRASP and
FAC with NIST [48], and the largest disparity between GRASP and FAC results and
NIST values is 0.42%, respectively. The percentage difference between GRASP and
FAC is displayed in table No. 1 under the column of “AE” .

_ |Erac — Egrasel

AE x 100% (2.8)

EFAC

AE has a maximum value of 0.42%. This demonstrates that our results from their two
independent computations for the majority of levels are in reasonable accord and
confirms that our results are correct. The modest differences in certain levels between
GRASP as well as FAC energies are mostly due to various estimates of electron wave

functions of radial orbitals using angular part recoupling methods.

2.7.2 Radiative Data
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E1l, M1, E2, and M2 transitions, connection between the transition rates and oscillator

For E1 A = 2.0261x10%® . and 303.75 (2.9)
- o U = Si

transitions: Ju=

for M1 A= 26974x108 o and 4.044 x 1073 (2.10)
N T ey Y fij = ————Su,

transitions: ji Wi

for E2 A = 1.1199x10% . gnd 167.89 (2.11)
o J1 Wj)‘jsi ij ij = —)\303. ij»

transitions: ji Wi

for M1 A= 14910x10% o and 2.236 x 1073 (2.12)
I e R

transitions: ji Wi

strength (fij) alongwith line strength (Sj;) can be described as:

In equations from (2.9) to (2.12), A;i IS the transition wavelength, w;j and w; are upper and
lower-level statistical weights. Tables 2.1 to 2.5 contain 11 E1, 11 E2, 11 M1, and 11
M2 SXR transitions, as well as 10 E1, 13 E2, 14 M1, and 19 M2 HXR transitions from
highly excited states to ground state. For W LXIX, our radiative data is reliable and
may be utilized to identify experimentally measured spectral lines. In Figure 2.1, we
plotted multipole transition intensities decaying to ground state relative to the intensity
of strong E1 transition 1-28 for W LXIX. From the intensity spectra of W LXIX, we
found that all transitions have negligible intensity w.r.t to the intensity 1-28 transition
except two E1 transitions, 1-178 and 1-36. The intensity of 1-36 E1 SXR transition is
near 1-28, while the intensity of 1-178 E1 HXR transition is approximately double that
of 1-28.
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Figure 2.1: Relative intensity for W LXIX.

In Figure 2.2, We have demonstrated the discrepancy between length and velocity
oscillator strengths for C-like W. Length gauge as well as velocity gauge discrepancies
are analyzed for the result of C-like W. For EL1 transitions, line strengths can be split
into three categories: (a) S 0.001 a.u., (b) S 0.001 a.u., while (¢) S > 0.005 a.u.. As may
be observed, in these areas, our logarithmic ratio of oscillator strengths has a maximum
value of around 1.07. In the majority of transitions, this ratio is quite close to zero. 19
transitions have oscillator strengths ratios that are not equal to zero, as can also be seen.
0.001 a.u. of line strengths lies below whereas 2 transitions are between 0.001 and 0.002
a.u. and 1 transition lie in the region 0.004 - 0.005 a.u. line strengths Which have zero
ratio of oscillator strength. For C-like W, this clearly represents that the terms of length
form along with velocity form, or in both gauges, oscillator strengths are nearly
equivalent. Again, for E2 transitions in Figure 2.3, line strengths are categories into
three zones. (a) S <0.0002 a.u., (b) 0.0004< S < 0.0006 a.u. while (c) S > 0.0010 a.u..
Our highest logarithmic oscillator strength ratio is 0.58, as shown and for the majority
of transitions, this ratio is quite close to zero. Additionally, we can observe that for 10
transitions, the ratio of oscillator strengths not the same as zero and line strengths of
0.0002 a.u. lie below, whereas 1 transitions lie between 0.0004 - 0.0006 a.u. as well as
1 transition is located in the range of 0.0008 to 0.0010 a.u. line strength resulting in a

zero oscillator strength ratio.
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We have We have shown log10(Sn/Sn+1) against line strength (Sn) for n =5 for the E1,
E2 transitions and M1, M 2 transitions for C-like W in Figures 2.4 to 2.7. The maximum
value of the logarithmic ratio log10(Ss/Se) of line strengths for C-like W is 3.88 x 102
for E1 and 1.83 x 107! for E2, as shown in Figures 2.4 and 2.5 (Table 2.2 and 2.3).
Moreover, this ratio is close to zero for C-like W. From Figure 2.6 and 2.7 for M1 and
M2 transitions, as can be observed, the maximum values of the logarithmic ratio

l0g10(Ss/Se) for M1 and M2 are 1.54 x 10! and 2.10 x 1071, respectively (Table 2.4
and 2.5).
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Figure 2.2: Comparisons between the velocity form(fv) as well as the length
form(fl) of oscillator strengths for E1 transition of C-like W.
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Figure 2.3: Comparisons between the velocity form(fy) as well as the length
form(fi) of oscillator strengths for E2 transition of C-like W.
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Figure 2.4: The line strength (Sn) against l0gi0(Sn /Sn+1) for n =5 for E1 transitions
of C-like W.
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Figure 2.5: The line strength (Sn) against logio(Sn /Sn+1) for n = 5 for E2 transitions
of C-like W.
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Figure 2.6: The line strength (Sn) against logio(Sn /Sn+1) for n =5 for M1 transitions
of C-like W.
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Figure 2.7: The line strength (Sn) against 10g10(Sn /Sn+1) for n =5 for M2 transitions
of C-like W.
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2.8 CONCLUSION

This paper reports on the energy levels as well as the radiative data of C-like W, for
transitions such as E1, E2, M1 and M2 ,for lowest level 205 fine structure levels. In the
calculations, two separate codes are GRASP and FAC are used and the outcomes of
both codes are compared. The disparity between our GRASP energies and existing
theoretical and experimental information in the literature is extensively explained. We
believe our findings are extensive and new and will be beneficial in identifying and
studying fusion plasmas, astrophysical and diagnosis of solar and fusion plasmas that

require appropriate atomic data for the analysis.

Table 2.1: Energies (in Ryd.) of lowest 205 fine structure levels of W LXI

MCDF
LEVLS | CONFIGURATIONS | PARITY zero- i FAC NIST AE
Breit QED Total
order

1 2522p%(3P2)Po Even 000.00 - - 000.0000 | 000.0000 | 000.00 -
2 2522p%(3P2)%P1 Even 105.1250 1 5_700 0.1260 | 103.6821 103.7865
3 2522p%(*D2)'D2 Even 107.0863 2 1;;00 0.1260 | 105.0345 105.1361 | 105.08 | 0.100

19n3(2 3 - -
4 2s12p3(°P1)*S1 Odd 128.0918 0.6050 | 1.2000 126.2834 126.0415

19n3(2 1 - -
5 2s12p3(°P1)'P1 Odd 134.3963 03690 | 1.2000 132.8238 1325726 | 132.44 | 0.187
6 2522p%(3P2)%P2 Even 213.6133 3 3;100 0.2320 | 210.5102 210.7195
7 2522p%(*S0)'So Even 217.6028 2 6-600 0.2310 | 215.1751 215.3811

19n3(4 5 - -
8 2s12p3(*Ss)°S2 Odd 230.8832 1.9700 | 1.0800 227.8351 227.7146

19n3(2 3 - -
9 2s512p3(°D3)°Ds Odd 235.1278 29100 | 1.0800 231.1403 231.0105

19n3(2 3 - -
10 2s12p3(°P1)*Po Odd 238.3523 1.4600 | 1.0800 235.8156 235.6887

19n3(4 3 - -
11 2s12p3(*S3)*S1 Odd 240.4511 1.8800 | 1.0800 237.4951 237.3575

19n3(2 3 - -
12 2s12p3(°P1)*P1 Odd 241.4010 1.8200 | 1.0800 238.5081 238.0410

19n3(2 1 - -
13 2512p3(°D3)'D2 Odd 241.7216 24600 | 1.0800 238.1790 238.3713

403 3 - -
14 2p*(3P2)°P2 Even 265.3201 08380 | 2.3900 262.0943 261.6043
401 1 - -

15 2p*(*So0)!So Odd 269.5109 01440 | 2.3900 266.9799 266.4868
16 2512p3(?D3)°D2 Odd 343.6099 - - 339.1892 | 339.1791
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MCDF
LEVLS | CONFIGURATIONS | PARITY 26r0- ] FAC NIST | 4E
order Breit QED Total
3.4700 | 0.9520
17 2s12p%(?D3)°D: Odd 349.8123 3.2;300 0.9'520 3455953 | 3455759
18 2p*(3P2)%P1 Even 3712252 | 4 9700 | 2.0800 | 3669760 | 366.6109
19 2p*(*D2)'D2 Even 3731988 | , o0 | 20g0p | 3683496 | 367.9819
20 2p*(3P2)*Po Even 481.3380 3.2'700 2.12300 475.9136 | 475.6745
21 2522p'3s(251)%Po Odd 766.8732 2.5;100 0.3080 | 764.6434 | 764.8544
22 2522p'3s(251)%P; Odd 767.2421 2.6;100 0.3120 | 764.9127 | 765.1279
23 2s22p'3s'(2P1)°D1 Even 773.6478 2.2500 0.0'578 771.3004 | 771.4046
24 2522p13s1(2P1)!So Even 777.0314 2.0'500 0.02326 774.9180 | 775.0496
25 2522p13s1(2S1)5P1 Even 787.4731 1.12300 1.0'100 785.3054 | 785.2092
26 2522p*3s1(2S1)3Po Even 790.2751 1.0'200 1.0'100 788.2447 | 788.1378
27 2522p'3p1(2P1)°Do Odd 794.6412 0.6'170 1.3;;00 792.6463 | 792.3879
28 2522p'3p1(?P1)°Dy Odd 794.7796 0.8'130 1.3;;00 792.5866 | 792.4441
29 2522p3p1(2P1)3P1 Even 806.3343 2.5'700 0.0'261 803.7407 | 803.7880
30 2522p'3p1(%P1)3D:2 Even 806.4141 2.7;100 0.0'196 803.6553 | 803.8709
31 2522p'3d(2D1)%F2 Odd 811.2927 2.7'700 0.0'719 808.4549 | 808.5099
34 2s22p'3d(?D1)3Ds Odd 820.9356 2.9;300 0.0'716 817.8766 | 817.9344
35 2s12p23d(2P1)5P2 Odd 827.0909 1.2'200 1.3'200 824.5490 | 824.3632
36 2s12p23p1(?P1)3D: Odd 827.4841 1.2600 1.3'500 824.9395 | 824.7543
37 2512p?3d*(2D1)5F1 Even 831.8005 1.1'200 1 4600 829.2818 | 829.0161
38 2s12p23p1(2D1)3D2 Even 832.4294 1.3600 1 4600 829.7243 | 829.4624
39 2s12p23p1(?D1)3Ds Even 841.0644 | | 5500 1 4600 838.1382 | 837.8820
40 2512p23p1(2D1)%F> Even 842.2457 1.3500 1 4600 839.4554 | 839.2033
41 2522p'3s1(2S1)%P, Odd 875.5322 4.1_200 0.4090 | 871.8239 | 872.1006
42 2522p'3s(2S1)1P1 Odd 876.1694 40;300 0.4110 | 872.4989 | 872.7872
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MCDF
LEVLS | CONFIGURATIONS | PARITY | zero- ) FAC NIST | 4E
order Breit QED Total
43 2522p'3p!(2P1)%S1 Even 883.4646 | o o0 | 0.0277 | 879.8598 | 880.0395
44 2522p'3p!(2P1)'D; Even 883.7755 | o000 | 0.0295 | 880.0019 | 880.1853
45 2512p23s(2D1)5P; Even 890.1976 | , 000 | o ggoo | 886:5383 | 886.5125
46 2512p?3s1(2S1)%P1 Even 892.2823 | , .00 | g g750 | 8886838 | 888.6661
47 2512p?3s%(2S1)°Ds Even 893.9534 | o 00 | g ggso | 8894627 | 889.4257
48 2512p?3s1(2S1)°D; Even 8957740 | o 4;100 0.8;370 891.4508 | 891.4182
49 2512p3p!(2P1)°D1 Odd 897.0121 | , 5000 | 10600 | 8934594 | 893.3276
50 2512p23pt(2P1)°D2 Odd 898.0991 2.5'700 1.2%00 894.2745 | 894.1451
51 2512p?3s1(2S1)!So Even 899.1447 | , 200 | 0 gaao | 8955352 | 895.4848
52 2512p23s1(2S1) Py Even 899.4471 2.9500 0.8;330 895.6355 | 895.5854
53 2512p?3s%(2S1)°D1 Even 899.8117 | , gano | g gopo | 896:0925 | 896.0348
54 2s12p23s1(2S1)!D2 Even 900.3707 3.1:500 0.8;550 896.3391 | 896.2856
55 2512p23pl(2P1) F3 Odd 901.2262 | 55000 | 4 pppo | 896-5961 | 896.4544
56 2512p23p!(2P1)%P2 Odd 903.6575 | , ocn | 1 psgg | 899-5491 | 899.4290
57 2512p23p*(2P1)3Po Odd 905.5283 2.3;.)00 1.2;.)00 901.9161 | 901.7459
58 2512p3p!(2P1)*D1 Odd 905.7809 | 5 o | 1 pp0o | 901-9970 | 901.8282
59 2512p23pt(2P1)°F2 Odd 906.3338 2.8;300 1.2;.)00 902.2008 | 902.0357
60 2512p23pt(2P1)3D1 Odd 909.5769 | , 4;.)00 1.2;.)00 905.8639 | 905.7204
61 2522p'3p*(2P1) Py Even 913.7990 | , o0 | 0.0730 | 909.7153 | 900.8593
62 2522p'3p'(2P1)°Ds Even 9138117 | ,,nqy | 0.0759 | 909.6684 | 909.9052
63 2522p'3p(2P1)%P2 Even 916.0398 | , ;140 | 00747 | 912.0012 | 9122132
64 2522p'3p(2P1)1S0 Even 917.8013 | 5,00 | 0.0748 | 914.0325 | 914.2500
67 2522p'3d(2D1)%F3 Odd 921.4414 | , o0 | 0.0239 | 916.9992 | 917.1242
72 2522p'3d1(2D1)3F4 Odd 927.9074 | , 4;100 0.0659 923.4658 | 923.5886
74 2512p%3p!(2S1)°Ds Odd 928.4912 - - 924.2820 | 924.3268
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MCDF
LEVLS | CONFIGURATIONS | PARITY 26r0- ] FAC NIST | 4E
order Breit QED Total
3.0100 | 1.2000
76 2s12p%3p1(2P1)3S1 Odd 929.3757 2.9500 1.2'100 925.2343 | 925.1989
77 2522p'3d(2D1)'F3 Odd 930.2472 | 44100 | 00108 | 9259291 | 925.8950
78 2s12p23p1(2P1)°D; Odd 930.6172 2.8'700 1.1500 926.5587 | 926.4441
80 2s12p?3p(?P1)°Po Odd 931.5094 2.7;100 1.2'200 927.5527 | 927.4490
81 2s12p?3pY(%P1)°F4 Odd 932.5244 3.7;100 1.1500 927.5935 | 927.4788
82 2s12p?3p(2P1)°P2 Odd 9333612 | o 42300 1.2:,500 928.6734 | 928.5452
83 2s12p?3p!(%P1)°Ds Odd 934.3641 3.5500 1.2'100 929.5634 | 929.4517
84 2s12p?3p(?P1)P1 Odd 934.4165 3.3'500 1.2:,500 929.8361 | 929.7048
85 2s12p23d*(?D1)°Do Even 934.7393 2.5600 1.2'700 930.9683 | 930.4441
86 2s12p23d(2D1)F2 Even 934.7480 2.8'500 1.2;;00 930.6249 | 930.6587
87 2512p23d(2D1)5D1 Even 934.8193 2.7600 1.2;;00 930.8394 | 930.7867
88 2512p23d*(2D1)5F3 Even 935.7611 3.1'100 1.2'700 931.3739 | 931.1948
89 2s12p%3p!(2P1)*D; Odd 937.5835 2.7;300 1.2;300 933.5663 | 933.4182
90 2s12p%3p'(2P1)*Ds Odd 938.2886 3.3600 1.2'200 933.7667 | 933.6258
91 2s12p23p!(2P1)*Po Odd 938.9291 2.9500 1.2'200 934.7800 | 933.6303
92 2512p23d1(?D1)3Gs Odd 938.9540 3.8;300 1.2'700 933.8193 | 934.2529
93 2s12p23p1(2P1)%P1 Odd 939.0947 2.7;;00 1.2'200 935.0931 | 934.6437
94 2s12p%3p!(2P1)*D; Odd 939.3890 3.1;100 1.2'200 935.0230 | 934.8795
95 2512p3d(2D1)%Fs Even 939.4025 3.eéoo 1.22500 934.4462 | 934.8816
96 2s12p23p1(2P1)3P1 Odd 939.7655 2.92100 1.2'200 935.6063 | 934.9480
97 2s12p23d1(2D1)*D2 Even 939.9472 3.5;;00 1.22500 935.0831 | 935.4731
98 2512p23d(?D1)3S: Even 940.4750 | o 4600 1.2'900 935.7866 | 935.5754
99 2512p23d(2D1)5F4 Even 942.5321 3.1;100 12'700 938.1181 | 937.9424
100 2s12p23d(?D1)%F> Even 942.9346 3.02100 12;300 938.6185 | 938.4080
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MCDF
LEVLS | CONFIGURATIONS | PARITY | zero- ) FAC NIST | 4E
order Breit QED Total
101 2512p?3d(2D1)*P1 Even 943.2090 | , 000 | 4 pg00 | 939-2371 | 938.9979
102 2512p23d1(2D1)3Gs Even 943.8354 | 5 oc0 | g pg0o | 939-2124 | 939.0223
103 2512p?3d(2D1)%P2 Even 944.4245 | o 000 | 1 o800 | 940-1475 | 939.9640
104 2512p?3d(2D1)%Fs Even 944.8424 | 5000 | 4 pg0o | 9404453 | 940.2711
105 2512p23d(2D1)*D1 Even 945.2310 | 51000 | 10800 | 940-7642 | 940.5477
106 2512p23d1(2D1)F2 Even 945.6718 3.2;100 1.2;300 941.1555 | 940.9344
107 2512p23d1(2D1)%Po Even 946.2912 3.2'700 1.2;300 941.7494 | 940.9345
108 2512p23d1(2D1)3Gs Even 946.3724 | 5 o0 | 1 700 | 9411244 | 9415295
109 2512p23d(2D1)3D1 Even 946.4190 2.9'700 1.2;300 942.1702 | 941.9896
110 2512p23d1(2D1)*Ds Even 948.0844 | o000 | 4 pg0o | 943.0085 | 9428101
111 2512p23d1(2D1)F4 Even 948.5545 3.9'200 1.2‘700 943.3587 | 943.1707
112 2512p23d1(2D1)!D2 Even 948.7602 3.6:500 1.2;500 943.8327 | 943.6444
113 2512p23d1(2D1)P: Even 949.5789 3.5:500 1.2‘900 944.7408 | 944.5573
114 2512p?3d*(2D1)3Po Even 950.0805 | ooy | 4 0800 | 945-2568 | 945.0689
115 2512p23d(°D1)Ds Even 951.6991 3.0'700 1.2‘900 947.3400 | 947.1256
116 2512p?3d*(2D1) G4 Even 952.5710 | 5000 | 10700 | 947-8005 | 947.5881
117 2512p23d(D1)P2 Even 953.1490 3.0;300 1.2;300 948.7920 | 948.5732
118 2512p23d(D1)*P1 Even 953.5145 3.3500 1.2;300 948.9078 | 948.6674
119 2512p23d(D1)Fs Even 9535743 | o 4'200 1.2;300 948.8775 | 948.6941
120 2512p23d(°D1)'D2 Even 953.7540 3.3'200 1.2;300 949.1555 | 948.9443
135 2512p23s1(2S1)3S1 Even 1008.0785 3.8;300 0.7‘6 40 | 10034329 | 997.2035
136 2512p23p(2P1)5S2 Odd 1008.8319 4.1'700 1.1500 1003.5279 | 1003.4857
137 2512p23s1(2P1)3P1 Even 1009.1799 4.3500 07;550 1004.0203 | 1003.4545
138 2512p23p!(2P1)®Ds Odd 1009.3157 | , 4;300 11;100 1003.6982 | 1003.6596
140 2512p?3s1(2P1)1So Even | 1010.4418 - - 1005.9127 | 1005.9406
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MCDF
LEVLS | CONFIGURATIONS | PARITY 26r0- ] FAC NIST | 4E
order Breit QED Total
3.7600 | 0.7710
141 2s12p%3p'(2P1)%Po Odd 1016.2367 | o 4'100 1.1'300 1011.6967 | 1011.6165
142 2s12p%3p!(2P1)'P1 Odd 1016.4457 3.5500 1.1;100 1011.7235 | 1011.6425
143 2s12p%3p1(2P1)3S1 Odd 1016.8529 3.9500 1.1;100 1011.7234 | 1011.6466
144 2s12p?3p!(%P1)'D2 Odd 1017.1280 4.1'200 1.1;100 1011.8656 | 1011.7902
160 2512p?3p*(%P1)°D4 Odd 1038.7119 4.8600 1.1600 1032.8143 | 1032.7823
161 2512p?3p'(%P1)°ps Odd 1038.9763 4.72300 1.1'100 1033.1097 | 1033.0764
162 2s12p?3p(?P1)%S1 Odd 1039.8126 4.6'700 1.1'100 1034.0310 | 1033.9965
164 2s12p?3p!(%P1)'D2 Odd 1042.1182 4.52300 1.1'100 1036.4523 | 1036.4296
165 2s12p23d*(?D1)°Dz Even 1045.9349 4.6'100 1.12300 1040.1730 | 1040.0710
166 2512p23d(2D1)°P1 Even 1046.2290 4.6'200 1.1;300 1040.4486 | 1040.2062
167 2s12p23d}(2D1)°Ds Even | 1046.3764 4.9'200 1.1'500 1040.3030 | 1040.3475
168 2s12p23p!(2P1)*Po Odd 10466112 | , 4;100 1.1600 1041.0698 | 1041.0023
169 2s12p23pl(2P1)%P2 Odd 1046.6798 4.0;300 1.1600 1041.5541 | 1041.3518
170 2s12p23d1(2D1)3F4 Even | 1046.8238 5.1'500 1.1'500 1040.5224 | 1041.4319
171 2s12p23pl(2P1)*F3 Odd 1047.0493 4.5;300 1.1600 1041.4186 | 1041.4909
172 2s12p23p1(2P1)3P1 Odd 1047.2941 3.9'200 1.1'100 1042.2701 | 1042.2077
173 2s12p%3pl(2P1)%P2 Odd 1047.9115 4.3600 1.1600 1042.5093 | 1042.4572
176 2s12p23p1(2P1) P2 Odd 1050.2740 4.2;100 1.1600 1044.9320 | 1044.8855
179 2512p23d(?D1)5Fs Even | 1052.7334 5.oéoo 1.1'500 1046.4993 | 1046.4047
180 2512p23d(?D1)3Ds1 Even | 1052.8860 4.2'100 1.1;;00 1047.5168 | 1046.7224
181 2512p23d(?D1)5Ds Even | 1052.9446 4.gé00 1.1'500 1046.8154 | 1047.1493
182 2512p?3d*(2D1)3Po Even | 1053.0203 4.6600 1.1;;00 1047.2636 | 1047.3858
184 2s'2p23d(?D1)'D2 Even | 1053.6966 42;300 1.1_500 1048.2668 | 1048.0897
186 2s12p23d(?D1)%F3 Even | 1054.1322 47;500 1.1_500 1048.2162 | 1048.1402
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MCDF
LEVLS | CONFIGURATIONS | PARITY Zero- . FAC NIST AE
Breit QED Total
order
19n2241(2 3 - -
187 25'2p?3d(D1)’D2 Even | 10545487 | , oo | 4 1c0q | 1048.8318 | 1048.7026
19n2241(2 3 - -
188 252p?3d(D1)*Ds Even | 1054.6264 | , oo | 4 1e0q | 1049.2007 | 1049.0660
19n2241(2 3 - -
191 2s12p23d*(°D1)P1 Even 1055.6024 47100 | 1.1600 1049.7363 | 1049.6381
19n2241(2 3 - -
192 2s12p23d*(°D1)°Ds Even 1055.8620 48700 | 1.1500 1049.8432 | 1049.7409
19n2241(2 3 - -
197 2s512p23d*(°D1)*Po Even 1056.4228 47300 | 1.1500 1050.5422 | 1050.4381
19n2241(2 3 - -
198 2s512p23d(°D1)3P2 Even 1056.6277 47700 | 1.1600 1050.7030 | 1050.6059
19n2241(2 3 - -
202 2s12p23d(°D1)3Fa Even 1061.2064 47000 | 1.1800 1055.3224 | 1055.4316
19n2241(2 1 - -
203 2s12p23d(°D1)tFs3 Even 1061.7963 46200 | 1.1800 1055.9993 | 1055.8786
19n2241(2 3 - -
205 2s512p23d*(°D1)*P1 Even 1062.7499 46000 | 1.1700 1056.9767 | 1057.8510
Table 2.2: Radiative data for E1 transitions in W LXIX.
Transition
S No. Aji (in A) Aji(in st fij Sij (ina.u.)
Lower Level(i) Upper Level(j)
1 1 5 6.861 1.2654E+13 2.6787E-01 | 6.0503E-03
2 1 11 3.837 7.3749E+10 4,8833E-04 | 6.1685E-06
3 1 12 3.821 4,7639E+09 3.1277E-05 | 3.9341E-07
4 1 17 2.637 2.3222E+06 7.2617E-09 | 6.3036E-11
5 1 22 1.191 5.4283E+13 3.4650E-02 | 1.3590E-04
6 1 28 1.150 5.5629E+14 3.3074E-01 | 1.2519E-03
7 1 36 1.105 5.3901E+14 2.9582E-01 | 1.0758E-03
8 1 42 1.044 9.7912E+09 4.8037E-06 | 1.6517E-08
9 1 49 1.020 6.1057E+07 2.8566E-08 | 9.5919E-11
10 1 58 1.010 9.3914E+10 4,3111E-05 | 1.4339E-07
11 1 60 1.006 1.5102E+11 6.8734E-05 | 2.2763E-07
12 1 76 0.985 5.3554E+10 2.3365E-05 | 7.5758E-08
13 1 84 0.980 9.3519E+10 4.0398E-05 | 1.3034E-07
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Transition
S No. Aji (in A) Aji(ins?) fij Sij (ina.u.)
Lower Level(i) Upper Level(j)
14 1 93 0.975 5.4388E+11 | 2.3231E-04 | 7.4530E-07
15 1 96 0.974 3.7956E+11 | 1.6194E-04 | 5.1926E-07
16 1 142 0.901 1.1571E+07 | 4.2220E-09 | 1.2519E-11
17 1 143 0.901 1.2218E+07 | 4.4580E-09 | 1.3219E-11
18 1 162 0.881 3.6772E+06 | 1.2845E-09 | 3.7265E-12
19 1 172 0.874 1.1952E+08 | 4.1091E-08 | 1.1827E-10
20 1 176 0.872 4.2104E+06 | 1.4402E-09 | 4.1348E-12
21 1 178 0.869 7.5240E+14 | 2.5552E-01 | 7.3098E-04
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Table 2.3: Radiative data for E2 transitions in W LXIX.

Transition i
S No. Aji(in A) Aji(ins?) fij Sij (in a.u.)
Lower Level(i) Upper Level(j)
1 1 3 8.676 9.0584E+07 5.1110E-06 1.9880E-05
2 1 6 4.329 4.8014E+02 6.7444E-12 3.2586E-12
3 1 14 3.477 1.5565E+07 1.4104E-07 3.5309E-08
4 1 19 2.474 3.1626E+03 1.4509E-11 1.3085E-12
5 1 30 1.134 1.4419E+12 1.3896E-03 1.2067E-05
6 1 38 1.098 5.9544E+12 5.3838E-03 4.2481E-05
7 1 40 1.086 1.3181E+13 1.1644E-02 8.8716E-05
8 1 44 1.036 8.4462E+07 6.7891E-08 4.4902E-10
9 1 45 1.028 2.5440E+07 2.0149E-08 1.3033E-10
10 1 48 1.022 3.0530E+08 2.3914E-07 1.5215E-09
11 1 54 1.017 1.0709E+09 8.2967E-07 5.1927E-09
12 1 63 0.999 2.6674E+08 1.9963E-07 1.1861E-09
13 1 86 0.979 2.9477E+04 2.1186E-11 1.1848E-13
14 1 97 0.975 1.0644E+09 7.5776E-07 4.1772E-09
15 1 100 0.971 1.1910E+10 8.4148E-06 4.5865E-08
16 1 103 0.969 6.9707E+09 4.9091E-06 2.6627E-08
17 1 106 0.968 8.1675E+09 5.7397E-06 3.1032E-08
18 1 112 0.966 1.3508E+09 9.4390E-07 5.0600E-09
19 1 117 0.960 2.7568E+10 1.9062E-05 1.0059E-07
20 1 120 0.960 6.7771E+09 4.6826E-06 2.4682E-08
21 1 165 0.876 1.6077E+05 9.2494E-11 3.7043E-13
22 1 184 0.869 1.9507E+07 1.1050E-08 4.3237E-11
23 1 187 0.869 4.1261E+07 2.3348E-08 9.1209E-11
24 1 198 0.867 1.6551E+07 9.3320E-09 3.6261E-11
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Table 2.4: Radiative data for M1 transitions in W LXIX.

Transitions
S No. M A Gin s fi S (in a.u.)
Lower Level(i) Uppe'f A)
Level(j)
1 1 2 8.789 1.7134E+10 5.9529E-04 1.2937E+00
2 1 18 2.483 3.4166E+04 9.4751E-11 5.8179E-08
3 1 23 1.182 1.4928E+09 9.3721E-07 2.7380E-04
4 1 25 1.160 4.8103E+09 2.9132E-06 8.3588E-04
5 1 29 1.134 2.9054E+10 1.6797E-05 4.7091E-03
6 1 37 1.099 7.4861E+08 4.0656E-07 1.1047E-04
7 1 43 1.036 1.2476E+07 6.0189E-09 1.5414E-06
8 1 46 1.025 4.0817E+06 1.9303E-09 4.8943E-07
9 1 52 1.018 2.3281E+07 1.0839E-08 2.7271E-06
10 1 53 1.017 5.3152E+07 2.4722E-08 6.2166E-06
11 1 61 1.002 3.5186E+06 1.5879E-09 3.9332E-07
12 1 87 0.979 1.3489E+06 5.8145E-10 1.4075E-07
13 1 98 0.974 4.2293E+06 1.8038E-09 4.3434E-07
14 1 101 0.970 1.6625E+06 7.0383E-10 1.6885E-07
15 1 105 0.969 8.2739E+04 3.4916E-11 8.3629E-09
16 1 109 0.967 9.7185E+04 4.0889E-11 9.7791E-09
17 1 113 0.965 6.8788E+05 2.8784E-10 6.8653E-08
18 1 118 0.960 7.7561E+05 3.2171E-10 7.6394E-08
19 1 135 0.908 2.3479E+03 8.7091E-13 1.9557E-10
20 1 137 0.908 1.3042E+02 4.8319E-14 1.0844E-11
21 1 166 0.876 1.4297E+02 4.9324E-14 1.0682E-11
22 1 180 0.870 4.1393E+03 1.4089E-12 3.0306E-10
23 1 188 0.869 2.0767E+03 7.0458E-13 1.5132E-10
24 1 191 0.868 3.9625E+04 1.3430E-11 2.8828E-09
25 1 205 0.862 1.3071E+04 4.3697E-12 9.3155E-10
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Table 2.5:Radiative data for M2 transitions in W LXIX.

Transition
S No. %i (in A) Aji(ins?) fij Sij (in a.u.)
Lower Level(i) | Upper Level(j)
1 1 4 7.216 1.4866E+07 5.8026E-07 9.7537E-02
2 1 8 4.000 4.1941E+05 5.0294E-09 1.4396E-04
3 1 13 3.826 3.4074E+05 3.7388E-09 9.3671E-05
4 1 16 2.687 1.6275E+03 8.8054E-12 7.6385E-08
5 1 31 1.127 3.6011E+09 3.4295E-06 2.1971E-03
6 1 33 1.115 5.0921E+10 4.7423E-05 2.9378E-02
7 1 35 1.105 2.5055E+10 2.2940E-05 1.3852E-02
8 1 41 1.045 1.4425E+04 1.1814E-11 6.0350E-09
9 1 50 1.019 1.2719E+06 9.9000E-10 4.6861E-07
10 1 56 1.013 1.1477E+07 8.8288E-09 4.1059E-06
11 1 59 1.010 3.3542E+06 2.5651E-09 1.1825E-06
12 1 65 0.994 2.0481E+05 1.5182E-10 6.6785E-08
13 1 66 0.993 4.1171E+06 3.0455E-09 1.3355E-06
14 1 75 0.986 4.2403E+07 3.0886E-08 1.3234E-05
15 1 78 0.984 6.3950E+04 4.6368E-11 1.9732E-08
16 1 82 0.981 1.4512E+06 1.0474E-09 4.4272E-07
17 1 89 0.976 3.7450E+07 2.6748E-08 1.1128E-05
18 1 94 0.975 2.1231E+07 1.5117E-08 6.2599E-06
19 1 125 0.949 3.3600E+06 2.2665E-09 8.6549E-07
20 1 130 0.940 1.7160E+08 1.1360E-07 4.2178E-05
21 1 136 0.908 4.6777E+02 2.8913E-13 9.6847E-11
22 1 144 0.901 6.6448E+03 4.0397E-12 1.3200E-09
23 1 145 0.892 7.0367E+02 4.2010E-13 1.3358E-10
24 1 148 0.890 1.7217E+04 1.0229E-11 3.2285E-09
25 1 164 0.879 2.9454E+02 1.7067E-13 5.1892E-11
26 1 169 0.875 1.8511E+04 1.0621E-11 3.1821E-09
27 1 173 0.874 1.5186E+01 8.6975E-15 2.5986E-12
29 1 177 0.869 2.1425E+09 1.2142E-06 3.5705E-04
30 1 189 0.866 2.6775E+10 1.5063E-05 4.3814E-03
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CHAPTER 3

SPECTROSCOPIC STUDY OF EUV AND SXR SPECTRAL

LINES WITH PARTITION FUNCTION AND LEVEL
POPULATION OF W LVI

In this we have included the complete spectroscopic data and a detailed
theoretical investigation of tungsten and K-like W (WLVI) based on the fully
relativistic multi-configuration Dirac-Fock (MCDF) method.

Relativistic corrections, QED (Quantum electrodynamics) and Breit corrections
have been used in our computation.

Energy levels and radiative data for multipole transitions i.e. electric dipole
(E1), electric quadrupole (E2), magnetic dipole (M1)and magnetic quadrupole
(M2) within lowest 142 fine structure levels and soft x-ray transition (SXR) and
extreme ultraviolet transitions (EUV) from higher excited states to ground state
have been predicted.

Data with energy levels compiled by NIST and other available results in
literature and small discrepancies found with them have been discussed.
Furthermore, the relative population for first five excited states, partition
function and thermodynamic quantities for both W LVI and studied their
variations with temperature have also presented.

Atomic data of W LVI, which discussed in this chapter may be useful in
identification and analysis of spectral lines from various astrophysical and

fusion plasma sources and also beneficial in plasma modeling.
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3.1 INTRODUCTION

In past few decades, numerous articles of W LV1 available in literature using different
theoretical method as well as experimental techniques are limited to only few energy
levels [6-14]. Beiersdorfer et al. [15] have presented detailed description of tungsten
and gold ions including W LVI. Trzhaskovskaya et al. [16 ] have calculated radiative
recombination and photoionization cross-sections as well as radiated power loss
coefficients for 54 tungsten ions W®" - W'** including W LVI by using Dirac-Fock
electron wave functions. Priti et al. [17] have reported electron impact excitation for M
and L-shell transitions for tungsten ions W** - W%* including W LV with the help of
fully relativistic distorted wave method. Guo et al. [18] have presented wavelengths and
transition probabilities for transitions in ground state configuration of tungsten and
other ions including W LVI by using second order relativistic many body perturbation
theory (RMBPT) and relativistic configuration interaction (RCI). Dipti et al. [19] have
studied electron impact excitation and polarization for Fe-like W to Al-like W ions by
using fully relativistic distorted wave method. Xu et al. [20] have listed excitation
energies and wavelengths for nine isoelectronic sequence of tungsten ions for lowest
few levels by utilizing MCDF method. Fischer et al. [21] have reported excitation
energies of tungsten ions for ground configurations by using GRASP2K code. Zhao et
al. [22] have reported atomic data of ground configurations 3d* (k=1-9) for highly
charged ions with nuclear charge ranging from 72 to 83 by employing multi-
configuration Dirac-Hartree-Fock (MCDHF) method. But most of the work available
in literature is only for few levels of W LV I and there is scarcity in complete, consistent,
and precise atomic data for this ion. Therefore, in present work, our fundamental
objective is to present the energies for energy levels of higher excited states along with
radiative data for multipole transitions (E1, E2, M1 & M2) for WLVI.

The partition function has several applications such as study of thermodynamic
parameters of ions and neutral atoms, diagnosis and modeling of plasmas, computation
of levels in stellar and inter-stellar plasmas with the help of Saha equation of state. So,
partition function and thermodynamic quantities plays substantial roles in the study of
plasmas. Due to limitations, it has become very cumbersome for experimentalist to

consider large number of excited states in their calculations of partition function
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specifically at higher temperatures. Therefore, in past few decades, several theoretical
methods and techniques have been developed for implementation in the study of
partition function [23-27]. Several methods in the literature have been adopted criteria
of cut-off condition for simplicity and according to availability of data and limitations.
Some tables such as NASA, Russian and Drawin-Felenbok available in literature have
taken into account only few lowest states in their calculations [28-31]. Planck-Larkin
partition function (PLPF) have also adopted in the study of high temperature plasmas
in past. But this give total partition functions near to zero at high temperature and hence
violates the basic condition that total partition function of the system cannot be less
than unity. In last few years, another model comes into picture called a 3-group model
has been presented in the literature [32]. This method divides the considered levels in
exactly three groups, namely, ground state, middle levels and higher excited levels. This
method does not give the contribution of individual level to partition function and may
provide inaccurate results. We have overcome above difficulties and limitations in our

fine structure model.

3.2 THEORETICAL METHOD

3.2.1 MCDF method and Flexible atomic code: Same procedure as in chapter 2.

3.3 RESULTS AND DISCUSSIONS
3.3.1 Energy levels

In present paper, we have listed the lowest 142 fine structure levels belonging to the
configurations 3s?3p®3d, 3s23p°3d? and 3s23p®3d°® from GRASP and FAC both in table
1. In our calculations, we included 37 configurations, namely 3s23p®3d, 3s23p°3d?,
3s3p®3d?, 3s23p*3d°, 3s3p°3d°®, 3p®3d?, 3s23p3d*, 3s3p*3d*, 3p°3d*, 3s23p%4l (I =0-3),
3s3p%3d4l (I =0-3), 3s23p°3d4l (I =0-3), 3s'3p°3d%4l (I =0-3), 3s23p*3d%4l (I =0-3),
3p®3d24l (1 =0-3) and 3p°3d4l (I =0-3).

From Table 3.1, we observed that contribution of QED is less than Breit and very small
for levels 2, 42 and 63. So in case of W LVI, QED effects are less significant for some
levels. We have compared our calculated data from GRASP and FAC with NIST [14]

and the maximum discrepancy of GRASP and FAC results with results compiled by
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NIST is 0.45 % and 0.25 % resp. for 3s23p°3d? (3F2)?G72. In Table 3.1, we have shown
the percentage difference of GRASP with FAC under the column “AE”.

AE = \Erac—Eerasel o 1000, (3.1)

Erac

The maximum value of AE is 0.43 %. This shows that our results from there two
independent calculations for the majority of the levels are in reasonable agreement and
verifies that our results are accurate. The little differences for some levels in GRASP
and FAC energies mainly arises due to different ways of calculations of electron wave

functions for radial orbitals and recoupling schemes of angular parts.

We have also compared our results with other available results in literature and

discussed discrepancy with them in the following sections.
(@) Comparison with Quinet [13]

P. Quinet [13] have calculated fine structure level energies of only first excited state
3s23p®3d 2Ds;, by using fully relativistic MCDF method. There is very small
discrepancy of 0.008 Ryd. between our GRASP results and Quinet [13] and this shows
that additional configurations in calculations from same method have not introduced

correlation effect on 3s23p®3d ?Dsy.
(b) Comparison with Priti et al. [16 ]

Priti et al. [16] have presented excitation energies of two levels 3s23p°3d? 2Fs, and
3s23p°3d? 2D3/2 which are levels 42 and 63 in Table 3.1. The discrepancy of our GRASP
results from Priti et al. [16] is 0.0977 and 0.24 Ryd. for 3s23p°3d? 2D3/2 and 3s23p°3d?
2Fsp, respectively. The reason behind small discrepancy may be due to different
configurations and technique adopted by Priti et al. [16]. They have included 6
configurations 3s23p®3d, 3s23p°3d?, 3s3p°®3d?, 3p®3d3, 3s23p°4p4d and 3s3p°3d? for the
initial and final target state wave-functions while in our calculations we have taken 37
configurations by considering single, double and triple (SDT) excitations from 3s and
3p orbitals and one electron excitation from 3d to n = 4 orbitals. Our GRASP results
are close to results from both Priti et al. [16] and ensure the reliability and authenticity

of excitation energies of higher excited states.
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(c) Comparison with Clementson et al. [42 ]

Clementson et al. [42] have presented theoretically calculated and experimentally
measured energies for W LVI. They have performed the experiment by employing
superEBIT at Lawrence Livermore National Laboratory (LLNL). For theoretical
calculation, they have adopted GRASP and FAC. The discrepancy of our GRASP
results from their experimental, FAC and GRASP is 0.09, 0.055 and 0.139 Ryd.
respectively. This difference of our GRASP results from their GRASP and FAC is
mainly due to choice of different configuration set. In their FAC calculations, they have
opted 2s22p°31°, 2522p°31841 (1=0-3), 2s22p°3185I (1=0-3), 25?2p°3s23p°3dnl (n=3, 4,5 ; |
= 0 to n-1) and 2s2p®3s?3p®3dnl (n=3, 4 ,5 ; | = 0 to n-1) while in their GRASP
calculations, they choose 3s23p®3d, 3s23p°3d? and 3s3p®3d?. So it is clearly observed
that they have included only 3 configurations in GRASP and have missed some
important configurations which have significant contribution in the total atomic wave
function of 3s23p®3d? while in FAC, they have taken large number of configurations
which is not possible in GRASP as it will increase computational time and make
calculations cumbersome with very less improvement in excitation energies of higher
excited states So, we have considered important configurations with SDT excitations
in GRASP and FAC both but in future it will be a topic of future research that which
configurations containing more than 5 electrons in 3d orbital will be more contributing.
Hence, we found that our results are in good agreement with experimental and

theoretical results of Clementson et al. [42] with minimal difference.
(d) Comparison with Guo et al. [18]

Guo et al. [18] have presented excitation energies only for two fine-structure levels of
3s23p®3d configuration for WLVI using second order relativistic many body
perturbation theory (RMBPT) and relativistic configuration interaction (RCI). The
small discrepancy of our GRASP results with RMBPT results of Guo et al. [18] is 0.025
Ryd. for level 2. This is due to the reason that in their RMBPT calculations, they have
taken single excitation up to n = 125 and double excitations with one electron to n = 65
and other electron to n = 125 but in GRASP, it is not possible to include so many

configurations as we have stated in previous section.
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But the discrepancy of our GRASP results with their RCI results is 0.001 for level 2.
Guo et al. [18] have only included interaction within n = 3 orbitals but still our GRASP
energy and their GRASP energy for this level is exactly same which implies that effect
of correlations from other configurations included by us is almost negligible on level 2

and similar effect is also shown in section 3.3.1.
(e) Comparison with Fischer et al. [21]

Fischer et al. [21] have also listed excitation energy only for first excited state of
configuration 3s?3p°®3d 2Dsy, by using GRASP2K. They have consider core-valence
and core-core correlations by taking single and double electron excitations from n = 2
orbitals but they have included orbitals up to n = 6 while in our calculations we have
considered SDT excitations within n=3 and single electron excitation from n = 3 orbitals
to n = 4. Therefore, there is a small discrepancy of 0.02 Ryd. of our GRASP results
with Fischer et al. [21] for level 2 which shows that our results matches well with results

reported by Fischer et al. [21].
() Comparison with Zhao et al. [22]

Zhao et al. [22] have also reported excitation energy for ground state configuration
3s23p°3d using second order relativistic many body perturbation theory (RMBPT) and
relativistic configuration interaction (RCI). The discrepancy of our GRASP results with
RMBPT results of Zhao et al. [22] is 0.025 Ryd. for level 2 which is very small. This
can be due to the reason that in their RMBPT calculations, they have taken single
excitation up to n = 125 and double excitations with one electron to n = 65 and other
electron to n = 125 But the discrepancy of our GRASP results with their RCI results is
0.016 for level 2 which is less as compared to discrepancy with their RMBPT results
because they have only included interaction within n = 3 orbitals but not considered
correlation with higher orbitals. So it is observed that consideration of correlations by
taking one excitations to higher orbitals is effecting the fine structure energies of ground
state configuration. But since the difference is very small, therefore, inclusion of SDT
excitations within n = 3 and single excitations to higher orbitals is necessary for

correlation for higher excited states.
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So from above discussions, we finally deduced that inclusion of large configuration set
is not effecting too much fine structure splitting of 3s23p®3d and all fully relativistic
codes and methods are almost producing nearly same excitation energies for low lying

levels for small configuration set.

3.3.2 Radiative data

Transition wavelengths (Aij in A°), line strengths (Sijin a.u.), radiative rates (Ajj in s)
and oscillator strengths (fi;, dimensionless) are reported from ground state for E1, E2,
M1 and M2 in Tables 3.2 to 3.5 respectively. We have found 29 E1, 68 E2, 51 M1 and
38 M2 soft x-ray transition and 1 E2 and 1M1 extreme ultraviolet transitions from
higher excited states to ground state. The transition data of E1, E2, M1 and M2
transitions among lowest 142 levels is provided as supplementary material. In practical
applications that forbidden transitions M1 and E2 rates are usually summed over as A(E2+M1)
since they arise from the same relativistic operator, and that A(M1) is generally higher. In table
6, we have compared our GRASP transition wavelengths from theoretically calculated
[19, 42] and experimentally measured wavelengths [19]. We have also compared our
calculated oscillator strengths with theoretically calculated oscillator strengths [19]. We
found that our transition data compared in Table 3.6 is in good agreement with Dipti et
al. [19] and Clementson et al. [42] with a very small difference. This shows that our
presented radiative data for W LV is reliable and can be used further for identification

of spectral lines observed experimentally.

3.4 PARTITION FUNCTION AND THERMODYNAMIC PARAMETERS

In Table 3.7, we have presented partition function (Q), internal energy and specific heat
for K-like W respectively. From Table 3.7, we can see that as temperature increases,
partition function and thermodynamic quantities increases which also satisfies basic

requirement of partition function.
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Figure 3.1: Variation of (a) partition function (b) internal energy (c) Specific heat

with temperature for K-like W.

In Figure 3.1(a)-(c), we have shown the variation of partition function, internal energy

and specific heat as a function of thermodynamic temperature. It is observed that change

in partition function is almost negligible same below 10° K for K-like W but after that

increases rapidly due to the contribution of higher excited states. We have predicted

three maxima peaks for both internal energy and specific heat for both O-like W in

Figure 3.1(b) and 3.1(c) respectively. It also predicted that the position of highest peak

of O-like W for internal energy and specific heat is nearly at the same position but width

of internal energy peak is more than that of specific heat.
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Figure 3.2: Variation of (a) internal energy (b) Specific heat with partition
function for K-like W.

In Figure 3.2, we have plotted the variation of internal energy and specific heat with
partition function for temperature 10%-10'°K for K-like W. We predicted that internal
energy and specific heat attains maximum value approx. at the same value of partition
function but fall of specific heat is very rapid as compared to internal energy and

similarly rise of specific heat is also fast as compared to that of internal energy.

The partition function can also be used in the determination of probability of occupancy
of levels and also line intensity of spectral lines. Therefore, we have studied population

of levels relative to ground state in the next section

3.5 RELATIVE POPULATION

We have calculated population of first five excited states relative to ground state for K-
like W for temperature ranges from 10%-10'°K by employing Boltzmann statistics. In
Figure 3.3(a) to 3.3(e), we have plotted variation of relative population of first five
excited levels with temperature. From Figure 3.3, we can see that the for 2" to 5"
excited states below 10°K temperature population of is almost negligible as compared
to ground state. But for first excited state, the temperature at which relative population
is negligible is same 10°°K . From Figure 3.3, it is also evident that relative population
of fifth excited state of K-like W is highest above 10’K. Since relative population of
first five excited states is large above 10° K, therefore we can achieve population

inversion for all five excited states for K-like W above 10°.
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fourth (e) fifth excited state with temperature for K-like W.

3.6 CONCLUSION

In this current paper, we have presented energy levels and radiative data for E1, E2, M1

and M2 transitions amongst lowest level 142 fine structure levels for K-like W. GRASP

and FAC two independent codes are executed in calculations and discrepancy in results
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from both codes are provided. The discrepancy of our GRASP energies with available
theoretical and experimental data in literature is discussed in detailed manner. We have
also predicted SXR and EUV transitions from ground state in W LVI and found most
of the transition towards ground state lie in SXR region. Further, we have also studied
variation of partition function and thermodynamic quantities within temperature range
10*-10'°K. We have also shown the variation of relative population of first five excited
states w.r.t ground state using Boltzmann statistics and discussed their variations with

temperature

Overall, we conclude that our results are extensive and new and will be useful in
identification and analysis of spectral lines in experimental spectra, microscopic
imaging and in plasma physics.

Table 3.1: Energies (in Ryd.) of lowest 142 fine structure levels of W LVI. a-[14],

b-[13], c-[16], d-experimental [42], e- FAC [42], f- GRASP[42], g-RMBPT[18], h-
RCI[18], i-[21], j-RCI[22], k- RMBPT[22], I-[43].

LEVELS | CONFIGURATIONS | PARITY DC BREIT QED TOTAL FAC Others AE
1 3523p°3d1(2D1)?Dar Even 00000 | = | e 0.0000 0 0.000 0.36

5.709°

5.692b

5.709¢

5.683"
2 3523p63d? (2D1)?Ds Even 5.8279 -0.1440 | 0.00006 5.6840 57044 | 0.20

5.700)

5.709K

5.708'
3 3523p%3d%(3F2)*Fai2 Odd 189125 | -0.0490 | -0.0362 | 18.8273 | 18.7898 0.19
4 3523p°3d? (3F2)*Dr2 Odd 19.0699 | -0.0684 | -0.0362 | 18.9653 | 18.9289 0.20
5 3523p°3d? (3F2)* Fs2 Odd 19.4914 | -0.0969 | -0.0361 | 19.3584 | 19.3198 0.20
6 3523p°3d? (3F2)2Grr2 Odd 19.7178 | -0.1240 | -0.0361 | 19.5582 | 19.5182 | 19.470 0.18
7 3523p°3d? (3P2)*Psr2 0dd 212442 | -0.0332 | -0.0362 | 21.1748 | 21.1366 0.06
8 3523p°3d? (3F2)*Dsr Odd 242967 | -0.1940 | -0.0361 | 24.0667 | 24.0520 0.07
9 3523p°3d? (3F2)* G odd 247714 | -0.2800 | -0.0359 | 24.4559 | 24.4392 0.06
10 3523p53d2 (3F2)*Fri2 odd 249369 | -0.2510 | -0.0360 | 24.6496 | 24.6340 0.06
11 3523p®3d? (3F2)*Dan Odd 251631 | -0.2120 | -0.0361 | 24.9154 | 24.8996 0.06
12 3523p°30? (3P2)*Psi Odd 253353 | -0.2320 | -0.0361 | 250675 | 25.0518 0.32
13 3523p°3d? (3P2)*D112 Odd 256359 | -0.2710 | -0.0361 | 253283 | 25.2468 0.19

Richa 67




Chapter 3

LEVELS | CONFIGURATIONS | PARITY DC BREIT QED TOTAL FAC Others AE
14 3523p53d2(*G2)?Hurr2 Odd 25.6596 | -0.3600 -0.0359 | 252632 | 253113 0.06
15 3523p53d? (3P2)2S1r2 Odd 25.9931 | -0.1810 -0.0362 | 257761 | 25.7599 0.06
16 3523p53d? (1G2)?F712 Odd 26.4409 | -0.2610 -0.0361 | 26.1436 | 26.1269 0.07
17 3523p%3d2(3P2)*Dsi2 Odd 26.4977 | -0.1930 -0.0362 26.268 | 26.2505 0.06
18 3523p%3d?(3P2)*Sar2 Odd 26.6911 | -0.1610 -0.0362 | 26.4936 | 26.4765 0.07
19 3523p%3d2(*G2) %Gz Odd 26.8793 | -0.2990 -0.0361 | 265439 | 26.5264 0.09
20 3523p%3d?(3P2)2Da2 Odd 27.9527 | -0.2210 -0.0357 | 27.6958 | 27.6707 0.09
21 3523p°3d?(*D2)?Fs2 Odd 285622 | -0.2590 -0.0360 | 28.2676 | 28.2417 0.10
22 3523p53d2(3P2) P12 Odd 29.073 -0.1930 -0.0357 | 28.8441 | 28.8158 0.02
23 3523p53d2(3F2)* Gt Odd 30.6462 | -0.4470 -0.0358 | 30.1632 | 30.1690 0.02
24 3523p53d2(*D2)2Dsr2 Odd 31.0555 | -0.3650 -0.0361 | 30.6542 | 30.6609 0.02
25 3523p53d2(3F2)?Ger2 Odd 31.381 -0.4050 -0.0360 | 30.9400 | 30.9452 0.02
26 3523p53d2(1D2)2F 712 Odd 315175 | -0.3790 -0.0359 | 31.1022 | 31.1072 0.02
27 3523p53d2(1D2)2P 12 Odd 31.9677 | -0.3260 -0.0363 | 31.6055 | 31.6111 0.001
28 3523p53d2(3F2)?F712 Odd 33.1857 | -0.3700 -0.0360 | 327792 | 32.7795 0.01
29 3523p°3d2(1S0)2P3r2 Odd 33.7114 | -0.2860 -0.0362 | 33.3887 | 33.3924 0.02
30 3523p53d2(3F2)?Ds/2 Odd 34.3384 | -0.3750 -0.0356 | 339278 | 33.9223 0.01
31 3523p%3d?(*D2)2Dar2 Odd 34.63 -0.3210 -0.0355 | 34.2737 | 34.2710 031
32 3523p*3d(*F3)t D2 Even 39.0056 | -0.0731 -0.0723 | 38.8603 | 38.7412 0.30
33 3523p*3d(*F3)tDy2 Even 39.0677 | -0.0946 -0.0724 | 38.9007 | 38.7845 031
34 3523p*3d%(*F3)6Fs/2 Even 39.6263 | -0.1170 -0.0726 | 39.4371 | 39.3150 031
35 3523p*3d%(?P3)*D72 Even 39.7533 | -0.1490 -0.0721 | 395324 | 39.4099 0.32
36 3523p*3d%(*F3)*F3i2 Even 411739 | -0.0742 -0.0721 | 41.0276 | 40.8978 0.21
37 3523p*3d(*F3)tDsi2 Even 438465 | -0.2230 -0.0721 | 435516 | 43.4623 0.21
38 3523p*3d3(*F3)tGor2 Even 443709 | -0.3100 -0.0719 | 439888 | 43.8966 0.21
39 3523p*3d%(*F3)6F 72 Even 44.386 -0.2850 -0.0725 | 44.0288 | 43.9378 0.21
40 3523p*3d3(*F3)*Far Even 44.4654 | -0.2330 -0.0725 | 44.1598 | 44.0688 0.21
41 3523p*3d3(3P3)*H7 Even 447383 | -0.2800 -0.0721 | 443861 | 44.2942 0.02

44.340
44.191°
42 3523p53d2(3F2)?Fsr2 Odd 448664 | -0.4290 -0.0067 | 44.4312 | 44.4387 | 443419 | 0.20
44.376¢
44,292
43 3523p53d2(*P3)tPs/2 Even 44918 -0.2640 -0.0724 | 445816 | 44.4905 0.21
44 3523p*3d3(%Gs)*Guire Even 450578 | -0.3990 -0.0720 | 445872 | 44.4950 0.21
45 3523p*3d%(2G3)* G Even 451194 | -0.3780 -0.0724 | 446689 | 445774 0.25
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LEVELS | CONFIGURATIONS | PARITY DC BREIT QED TOTAL FAC Others AE
46 3523p*3d3(*F3)*Far Even 453177 | -0.2600 -0.0751 | 44.9825 | 44.8708 0.17
47 3523p*3d3(2Gs)?H1e Even 45.4566 | -0.4200 -0.0719 | 449645 | 44.8864 0.21
48 3523p*3d3(2Gs)*Husr Even 455505 | -0.4680 -0.0718 | 450108 | 44.9163 0.21
49 3523p*3d3(2Hs)*Gs12 Even 456964 | -0.3150 -0.0753 | 45.3066 | 45.2107 0.21
50 3523p*3d3(*F3) Dy Even 461151 | -0.2280 -0.0731 | 458144 | 457169 0.20
51 3523p*3d3(4P3)eP712 Even 46.2618 | -0.2900 -0.0722 | 45.8995 | 45.8066 0.22
52 3523p*3d3(*F)*Fsr2 Even 46.4061 | -0.2310 -0.0722 | 46.1025 | 46.0004 0.20
53 3523p*3d(*P3)tDer2 Even 465724 | -0.3230 -0.0721 | 46.1774 | 46.0847 0.22
54 3523p*3d3(*F3)*Par2 Even 46.8829 | -0.2060 -0.0721 46.605 | 46.5024 0.22
55 3523p*3d3(*Fs)tF 12 Even 471397 | -0.2120 -0.0717 | 46.8564 | 46.7520 0.22
56 3523p*3d3(*F3)*Gsr2 Even 473995 | -0.2770 -0.0718 | 47.0503 | 46.9447 0.22
57 3523p*3d3(2Gs)*Far Even 474365 | -0.2640 -0.0721 | 47.1000 | 46.9947 0.21
58 3523p*3d3(2G3)2Grr2 Even 475023 | -0.3020 -0.0721 | 47.1279 | 47.0281 0.21
59 3523p*3d3(2G3) Gy Even 47.7203 | -0.3290 -0.0723 | 473192 | 47.2188 0.22
60 3523p*3d3(3F3)*Far Even 47.7836 | -0.2730 -0.0719 | 47.4385 | 47.3326 0.18
61 3523p5302(%2)*D1r2 Odd 47.8654 | -0.3460 -0.0074 47512 | 47.4274 0.04
62 3523p53d3(2Gs)*Fs12 Even 478812 | -0.2730 -0.0719 | 475367 | 475163 0.19

475022

47.570°
63 3523p53d2(3F2)?Dar Odd 48.0631 | -0.3880 -0.0079 | 47.6677 | 475782 | 47.497% | 0.04

47.605¢

47.767°
64 3523p*3d3(2Hs)*Grr2 Even 480825 | -0.3260 -0.0720 | 47.6844 | 47.6664 0.23
65 3523p53d2(*P3)*P1r2 Odd 481026 | -0.2300 -0.0721 | 47.8009 | 47.6890 0.35
66 3523p*3d%(*P3)?S12 Even 483365 | -0.2230 -0.0745 | 48.0390 | 47.8716 0.16
67 3523p53d3(%Gs)*Hrr2 Even 48.376 -0.3200 -0.0720 | 47.9840 | 47.9081 0.17
68 3523p*3d%(2H3)*Hor2 Even 48.4625 | -0.3710 -0.0722 | 48.0197 | 47.9380 0.21
69 3523p*3d%(2D1)2Ds2 Even 49.3789 | -0.2300 -0.0723 | 49.0769 | 48.9763 0.13
70 3523p*3d3(*F3)6Guar2 Even 49.8344 | -0.4800 -0.0718 | 49.2829 | 49.2190 0.21
71 3523p*3d(?F3)*Dai2 Even 49.9893 | -0.2450 -0.0720 | 49.6721 | 49.5672 0.06
72 3523p%3d%(3F2)*F 72 Odd 50.1427 | -0.5760 -0.0067 | 495604 | 49.5915 0.43
73 3523p*3d%(2F3)*Fsi2 Even 50.1855 | -0.2540 -0.0723 | 49.8592 | 49.6445 0.05
74 3523p*3d°(3F2)*Fsi2 Odd 50.2685 | -0.5350 -0.0069 | 49.7265 | 49.7502 0.14
75 3523p*3d2(*F3)tD712 Even 50.318 -0.4180 -0.0723 | 49.8273 | 49.7575 0.11
76 3523p*3d3(*F3)6Guar Even 50.3618 | -0.5830 -0.0717 | 49.7074 | 49.7637 0.13
77 3523p*3d3(*F3)2Ger Even 50.5824 | -0.4230 -0.0723 | 50.0873 | 50.0229 0.13
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LEVELS | CONFIGURATIONS | PARITY DC BREIT QED TOTAL FAC Others AE
78 3523p*3d3(2Ds)*Dsr2 Even 50.585 -0.3880 -0.0724 | 50.1250 | 50.0610 0.06
79 3523p53d2(2)*Dar2 Odd 50.6636 | -0.5010 -0.0070 | 50.1559 | 50.1868 0.06
80 3523p53d2(%2)*D1r2 Odd 50.7978 | -0.4590 -0.0071 | 50.3321 | 50.3635 0.14
81 3523p*3d3(2Gs)?Fs.2 Even 50.94 -0.4130 -0.0750 | 50.4521 | 50.3828 0.18
82 3523p*3d3(2Ds)*P vz Even 51.0116 | -0.3530 -0.0739 | 505851 | 50.4936 0.15
83 3523p*3d3(3F2)2Ger Odd 51.2503 | -0.6470 -0.0067 | 505963 | 50.5195 0.14
84 3523p*3d3(2Hs) 1152 Even 51.2859 | -0.6550 -0.0717 | 505588 | 50.6275 0.13
85 3523p5302(1G2)?Har2 Even 51.3092 | -0.4890 -0.0720 | 50.7478 | 50.6826 0.13
86 3523p*3d3(3F3)* Gt Even 51.375 -0.5440 -0.0718 | 50.7597 | 50.6931 0.13
87 3523p*3d3(*P3)*D712 Even 51.4904 | -0.4250 -0.0733 | 50.9921 | 50.9235 0.14
88 3523p*3d3(2D3) %P3 Even 51.8673 | -0.3910 -0.0745 | 51.4013 | 51.3285 0.14
89 3523p*3d3(2D3)*Far2 Even 52.0559 | -0.4700 -0.0720 | 515136 | 51.4408 0.28
90 3523p*3d3(2D3)*Par Even 52.1678 | -0.3720 -0.0739 | 51.7224 | 515764 0.13
91 3523p*3d3(3Fs3)?F712 Even 52.2138 | -0.4670 -0.0738 | 516731 | 51.6039 0.003
92 3523p*3d3(2Hs)*H1r2 Even 52.2504 | -0.5310 -0.0719 | 51.6473 | 51.6491 0.14
93 3523p*3d3(*F3)*Dss2 Even 52.3979 | -0.4260 -0.0742 | 51.8974 | 51.8246 0.14
94 3523p*3d3(*F3)*F7r2 Even 52.422 -0.4270 -0.0729 | 51.9220 | 51.8483 0.31
95 3523p*3d%(2H3)*Garz Even 52.9476 | -0.4760 -0.0728 | 52.3984 | 52.2378 0.02
9% 3523p*3d3(2H3)*H1ar2 Even 52.9878 | -0.6020 -0.0718 | 523137 | 52.3233 0.04
97 3523p°3d2(3F2)?Dsiz Odd 53.0435 | -0.5380 -0.0079 | 524979 | 52,5210 0.15
98 3523p*3d(*P3)*D72 Even 53.1461 | -0.3950 -0.0722 | 526789 | 52.6013 0.27
99 3523p°3d2(1G2)%F 712 Odd 53.1682 | -0.3250 -0.0724 | 527712 | 52.6274 0.09
100 3523p*3d(*F3)tDsi2 Even 53.1696 | -0.3930 -0.0718 52.705 | 52.6552 0.13
101 3523p*3d%(2D1)*Dar2 Even 53.2083 | -0.5720 -0.0075 | 526289 | 52.6985 0.15
102 3523p*3d3(?F3)2Gor2 Even 53.3887 | -0.4860 -0.0733 | 52.8291 | 52.7517 0.15
103 3523p*3d%(*P3) P12 Even 53.6566 | -0.3800 -0.0719 | 532052 | 53.1275 0.15
104 3523p5302(%2)*Dar2 Odd 53.7308 | -0.4420 -0.0719 | 532166 | 53.1343 0.04
105 3523p*3d3(2P3)?F 712 Even 53.7341 | -0.4940 -0.0076 | 53.2327 | 53.2520 0.14
106 3523p*3d3(*P3)*Psr2 Odd 53.8127 | -0.4100 -0.0716 | 53.3314 | 53.2563 0.40
107 3523p*3d3(%F3)* D Even 53.9904 | -0.3990 -0.0727 | 535188 | 53.3079 0.10
108 3523p*3d3(%F3)*Gurr Even 54.0041 | -0.5470 -0.0717 | 53.3854 | 53.4400 0.14
109 3523p*3d3(3F3)*Dyse Even 54.1855 | -0.3450 -0.0734 | 53.7672 | 53.6899 0.17
110 3523p*3d3(*P3)* D Even 54.2509 | -0.3820 -0.0722 | 537963 | 53.7062 0.33
111 3523p*3d3(2D3)2Dsr2 Even 54.3294 | -0.3700 -0.0721 | 53.8876 | 53.7115 0.03
112 3523p*3d3(2Gs)*Gar2 Even 54.3556 | -0.4910 -0.0719 | 537929 | 53.8071 0.15
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LEVELS | CONFIGURATIONS | PARITY DC BREIT QED TOTAL FAC Others AE
113 3523p*3d3(2Hs)?H112 Even 54.5313 | -0.5400 -0.0719 | 539196 | 53.8371 0.14
114 3523p*3d3(2F3)2Fsr2 Even 54.5437 | -0.3680 -0.0723 | 54.1038 | 54.0290 0.14
115 3523p*3d3(2F3)2F712 Even 54.6833 | -0.4110 -0.0726 | 54.1994 | 54.1249 0.16
116 3523p*3d3(2F3)*F7r2 Even 55.0491 | -0.4470 -0.0723 | 545302 | 54.4452 0.15
117 3523p*3d3(2F3)*For2 Even 55.1164 | -0.5000 -0.0718 | 545445 | 54.4616 0.15
118 3523p*3d3(2F3)2Fsr2 Even 55.1238 | -0.4140 -0.0721 | 54.6373 | 54.5547 0.15
119 3523p*3d3(2D1)2D3r Even 55.2814 | -0.3700 -0.0724 | 54.8387 | 54.7543 0.21
120 3523p*3d%(2D1)*P 12 Even 55.3662 | -0.3540 -0.0731 | 549390 | 54.8229 0.08
121 3523p*3d3(2Hs)*Gs2 Even 55.3789 | -0.4020 -0.0720 | 54.9053 | 54.8625 0.16
122 3523p*3d3(%F3)?Dar Even 55.4584 | -0.3740 -0.0715 | 550128 | 54.9275 0.15
123 3523p*3d3(2G3)2Grr2 Even 55.6465 | -0.4340 -0.0721 | 55.1407 | 55.0585 0.16
124 3523p*3d3(2D1)2Dsr2 Even 55.941 -0.4260 -0.0728 | 55.4426 | 55.3546 0.22
125 3523p*3d3(2D1)2D3r Even 559483 | -0.3390 -0.0724 | 555367 | 55.4159 0.12
126 3523p53d2(3F2)*D712 Odd 56.0252 | -0.6550 -0.0072 | 55.3631 | 55.4312 0.10
127 3523p*3d3(2H3)2Gr12 Even 56.0767 | -0.4880 -0.0722 | 555162 | 55.4603 0.07
128 3523p*3d3(2Gs)*H1ar Even 56.3362 | -0.6800 -0.0716 | 555842 | 555464 0.21
129 3523p*3d3(2D3)?P 12 Even 56.551 -0.3790 -0.0726 | 56.0996 | 55.9820 0.13
130 3523p°3d2(3F2)°Ger2 Odd 56.6727 | -0.7360 -0.0069 | 55.9296 | 56.0034 0.09
131 3523p°3d?(*D2) %P3 Odd 56.6963 | -0.6220 -0.0073 | 56.0674 | 56.1207 0.09
132 3523p°3d?(*D2)?F s Odd 57.0833 | -0.6650 -0.0071 | 56.4113 | 56.4640 0.08
133 3523p*3d(?F3)*D72 Even 57.3147 | -0.5600 -0.0737 | 56.6805 | 56.6327 0.09
134 3523p*3d%(2P3) P32 Even 58.0044 | -0.4860 -0.0732 | 57.4452 | 57.3925 0.16
135 3523p*3d®(?F3)?Da2 Even 58.2205 | -0.4180 -0.0728 | 57.7297 | 57.639%4 0.09
136 3523p*3d%(*F3)*For2 Even 58.5148 | -0.6130 -0.0729 | 57.8289 | 57.7785 0.03
137 3523p°3d2(1S0)?P12 Odd 58.6635 | -0.5670 -0.0073 | 58.0890 | 58.0703 0.03
138 3523p*3d3(2Ga)*G1r Even 58.8326 | -0.6380 -0.0715 | 581230 | 58.1410 0.08
139 3523p*3d3(2D1)*Dr2 Even 59.1947 | -0.5320 -0.0730 | 585899 | 58.5451 0.08
140 3523p*3d3(2D1)*For2 Even 59.2751 | -0.5500 -0.0719 | 586535 | 58.6081 0.09
141 3523p*3d3(3P3)*Psr2 Even 59.7575 | -0.5420 -0.0732 | 59.1427 | 59.0897 0.08
142 3523p*3d3(2D1)%P v Even 59.9032 | -0.4900 -0.0740 | 59.3396 | 59.2904 0.36
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Table 3.2: Radiative data for E1 transitions in W LVI.

S.No Transition A(in A) Aji (in s) fij Sij (in a.u.)
Lower Level Upper level
1 1 3 48.402 2.4338E+09 8.5480E-04 5.4483E-04
2 1 4 48.049 1.0365E+10 1.7938E-03 1.1350E-03
3 1 5 47.074 5.5148E+09 2.7481E-03 1.7035E-03
4 1 7 43.036 1.0967E+09 3.0450E-04 1.7256E-04
5 1 8 37.864 3.5621E+07 1.1484E-05 5.7263E-06
6 1 11 36.575 1.4394E+10 2.8867E-03 1.3903E-03
7 1 12 36.353 1.2075E+09 3.5883E-04 1.7177E-04
8 1 15 35.353 1.3710E+08 1.2845E-05 5.9799E-06
9 1 17 34.691 4.8991E+09 1.3259E-03 6.0570E-04
10 1 18 34.396 1.1446E+05 2.0300E-08 9.1949E-09
11 1 20 32.903 7.4878E+11 1.2153E-01 5.2655E-02
12 1 21 32.237 1.0246E+12 2.3944E-01 1.0165E-01
13 1 22 31.593 1.1756E+12 8.7956E-02 3.6592E-02
14 1 24 29.727 1.8423E+09 3.6612E-04 1.4332E-04
15 1 27 28.833 1.1348E+10 7.0717E-04 2.6850E-04
16 1 29 27.293 2.0486E+08 2.2878E-05 8.2223E-06
17 1 30 26.859 2.7455E+10 4.4540E-03 1.5753E-03
18 1 31 26.588 3.5129E+08 3.7229E-05 1.3035E-05
19 1 42 20.510 8.6149E+11 8.1492E-02 2.2009E-02
20 1 61 19.180 3.1208E+12 8.6055E-02 2.1735E-02
21 1 63 19.117 5.6834E+12 3.1140E-01 7.8392E-02
22 1 74 18.326 1.0633E+08 8.0300E-06 1.9378E-06
23 1 79 18.169 7.7716E+10 3.8461E-03 9.2019E-04
24 1 80 18.105 4.3648E+07 1.0725E-06 2.5570E-07
25 1 97 17.358 2.5351E+09 1.7177E-04 3.9264E-05
26 1 105 17.119 1.7693E+10 7.7733E-04 1.7523E-04
27 1 131 16.253 1.9043E+09 7.5416E-05 1.6141E-05
28 1 132 16.154 1.0316E+09 6.0538E-05 1.2878E-05
29 1 137 15.687 3.5470E+10 6.5432E-04 1.3517E-04
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Table 3.3: Radiative data for E2 transitions in W LVI.

Transition
S.No A(in A) Aji (ins?) fij Sij (ina.u.)
Lower Level Upper Level
1 1 2 160.320 5.2988E+02 3.0627E-09 3.0069E-04
2 1 32 23.450 3.0063E+04 2.4784E-09 7.6141E-07
3 1 33 23.426 2.5262E+04 1.0391E-09 3.1825E-07
4 1 34 23.107 2.0332E+05 2.4412E-08 7.1757E-06
5 1 35 23.051 7.0505E+03 1.1233E-09 3.2779E-07
6 1 36 22.211 5.9561E+03 4.4052E-10 1.1500E-07
7 1 37 20.924 4.8419E+03 4.7670E-10 1.0404E-07
8 1 39 20.697 1.4054E+04 1.8052E-09 3.8131E-07
9 1 40 20.636 4.8925E+04 3.1234E-09 6.5390E-07
10 1 41 20.531 2.8571E+04 3.6109E-09 7.4446E-07
11 1 43 20.440 2.7774E+04 2.6095E-09 5.3096E-07
12 1 46 20.258 4.1487E+05 2.5526E-08 5.0560E-06
13 1 49 20.113 2.1454E+06 1.9518E-07 3.7836E-05
14 1 50 19.890 2.8243E+05 8.3757E-09 1.5703E-06
15 1 51 19.854 9.7740E+04 1.1551E-08 2.1537E-06
16 1 52 19.766 1.5264E+04 1.3411E-09 2.4675E-07
17 1 54 19.553 3.5683E+04 2.0452E-09 3.6426E-07
18 1 55 19.448 6.8151E+04 1.9322E-09 3.3862E-07
19 1 56 19.368 1.4075E+03 1.1873E-10 2.0552E-08
20 1 57 19.348 8.1804E+04 4.5907E-09 7.9211E-07
21 1 58 19.336 1.2173E+04 1.3646E-09 2.3504E-07
22 1 60 19.209 3.8570E+03 2.1337E-10 3.6034E-08
23 1 62 19.170 2.2961E+00 1.8974E-13 3.1845E-11
24 1 64 19.110 2.6522E-01 2.9043E-14 4.8292E-12
25 1 65 19.064 1.4819E+05 4.0371E-09 6.6639E-07
26 1 66 18.969 1.5917E+06 4.2933E-08 6.9819E-06
27 1 67 18.991 5.6148E+03 6.0718E-10 9.9082E-08
28 1 69 18.568 1.1537E+05 8.9447E-09 1.3643E-06
29 1 71 18.346 2.9447E+04 1.4858E-09 2.1858E-07
30 1 73 18.277 8.3390E+04 6.2642E-09 9.1117E-07
31 1 75 18.289 1.6612E+05 1.6659E-08 2.4279E-06
32 1 78 18.180 1.6698E+05 1.2411E-08 1.7767E-06
33 1 81 18.062 2.3847E+06 1.7495E-07 2.4561E-05
34 1 82 18.015 1.4923E+06 3.6302E-08 5.0563E-06
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Transition
S.No Ain A) Aji (in s fij Sij (ina.u.)
Lower Level Upper Level
35 1 87 17.871 8.4575E+05 8.0987E-08 1.1012E-05
36 1 88 17.729 1.7983E+06 8.4737E-08 1.1249E-05
37 1 90 17.618 3.0241E+05 1.4073E-08 1.8337E-06
38 1 91 17.635 6.6529E+05 6.2038E-08 8.1065E-06
39 1 93 17.559 1.1668E+02 8.0901E-12 1.0435E-09
40 1 94 17.551 4.8215E+04 4.4531E-09 5.7355E-07
41 1 98 17.299 8.6422E+03 7.7541E-10 9.5628E-08
42 1 99 17.268 7.7472E+05 3.4634E-08 4.2489E-06
43 1 100 17.290 2.9100E+04 1.9563E-09 2.4090E-07
44 1 103 17.127 1.2547E+05 2.7591E-09 3.3027E-07
45 1 104 17.124 1.5063E+03 1.3243E-10 1.5842E-08
46 1 106 17.087 4.5335E+05 2.9765E-08 3.5378E-06
47 1 107 17.027 6.6534E+05 2.8919E-08 3.4012E-06
48 1 109 16.948 1.1842E+06 2.5498E-08 2.9574E-06
49 1 110 16.939 5.8341E+04 2.5097E-09 2.9062E-07
50 1 111 16.911 7.7110E+04 4.9587E-09 5.7131E-07
51 1 114 16.843 4.1178E+05 2.6270E-08 2.9905E-06
52 1 115 16.813 9.8851E+05 8.3786E-08 9.4876E-06
53 1 116 16.711 4.9908E+04 4.1791E-09 4.6466E-07
54 1 118 16.679 1.1757E+05 7.3546E-09 8.1294E-07
55 1 119 16.617 6.7060E+04 2.7761E-09 3.0349E-07
56 1 120 16.587 1.9611E+06 4.0445E-08 4.3973E-06
57 1 121 16.597 7.3143E+05 4.5309E-08 4.9352E-06
58 1 122 16.565 2.4869E+05 1.0230E-08 1.1078E-06
59 1 123 16.526 7.7470E+05 6.3440E-08 6.8221E-06
60 1 124 16.436 3.1796E+05 1.9316E-08 2.0434E-06
61 1 125 16.408 1.8741E+05 7.5647E-09 7.9620E-07
62 1 127 16.414 4.2508E+02 3.4341E-11 3.6184E-09
63 1 129 16.244 4.4954E+04 8.8914E-10 9.0794E-08
64 1 133 16.077 1.5098E+05 1.1702E-08 1.1585E-06
65 1 134 15.863 7.5152E+04 2.8352E-09 2.6964E-07
66 1 135 15.785 7.7278E+02 2.8867E-11 2.7051E-09
67 1 139 15.553 9.9552E+04 7.2208E-09 6.4727E-07
68 1 141 15.408 1.1467E+05 6.1218E-09 5.3351E-07
69 1 142 15.357 5.8087E+03 1.0269E-10 8.8602E-09
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Table 3.4: Radiative data for M1 transitions in W LVI.

Transition
S.No A(in A) Aji (ins?) fij Sij (ina.u.)
Lower Level | Upper Level
1 1 2 160.320 2.5832E+06 | 1.4931E-05 | 2.3677E+00
2 1 32 23.450 1.9683E+04 | 1.6227E-09 | 3.7636E-05
3 1 33 23.426 2.5033E+04 | 1.0297E-09 | 2.3858E-05
4 1 34 23.107 1.2611E+04 | 1.5142E-09 | 3.4607E-05
5 1 36 22.211 2.0712E+03 | 1.5318E-10 | 3.3653E-06
6 1 37 20.924 4.1714E+02 | 4.1069E-11 | 8.4993E-07
7 1 40 20.636 5.4779E+02 | 3.4971E-11 | 7.1378E-07
8 1 43 20.440 1.4622E+02 | 1.3739E-11 | 2.7776E-07
9 1 46 20.258 1.5550E+03 | 9.5671E-11 | 1.9170E-06
10 1 49 20.113 5.7076E+01 | 5.1924E-12 | 1.0330E-07
11 1 50 19.890 3.1196E+04 | 9.2514E-10 | 1.8201E-05
12 1 52 19.766 5.3078E+03 | 4.6634E-10 | 9.1171E-06
13 1 54 19.553 1.7988E+04 | 1.0310E-09 | 1.9939E-05
14 1 55 19.448 1.7797E+04 | 5.0457E-10 | 9.7058E-06
15 1 56 19.368 1.9235E+04 | 1.6226E-09 | 3.1082E-05
16 1 57 19.348 7.1180E+03 | 3.9945E-10 | 7.6440E-06
17 1 60 19.209 3.3399E+03 | 1.8476E-10 | 3.5105E-06
18 1 62 19.170 1.8035E+04 | 1.4904E-09 | 2.8259E-05
19 1 65 19.064 1.1590E+03 | 3.1573E-11 | 5.9533E-07
20 1 66 18.969 2.6157E+04 | 7.0555E-10 | 1.3238E-05
21 1 69 18.568 1.4897E+04 | 1.1550E-09 | 2.1212E-05
22 1 71 18.346 3.3914E+04 | 1.7112E-09 | 3.1050E-05
23 1 73 18.277 3.1309E+04 | 2.3519E-09 | 4.2516E-05
24 1 78 18.180 1.7694E+03 | 1.3151E-10 | 2.3647E-06
25 1 81 18.062 2.1783E+02 | 1.5981E-11 | 2.8550E-07
26 1 82 18.015 3.3565E+03 | 8.1650E-11 | 1.4548E-06
27 1 88 17.729 1.1552E+03 | 5.4433E-11 | 9.5449E-07
28 1 90 17.618 2.0618E+02 | 9.5947E-12 | 1.6720E-07
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Transition
S.No A(in A) Aji (ins?) fij Sij (ina.u.)
Lower Level | Upper Level
29 1 93 17.559 2.7244E-01 | 1.8890E-14 | 3.2806E-10
30 1 99 17.268 1.8045E+02 | 8.0669E-12 | 1.3778E-07
31 1 100 17.290 6.5173E+02 | 4.3813E-11 | 7.4926E-07
32 1 103 17.127 4.7761E+03 | 1.0502E-10 | 1.7791E-06
33 1 106 17.087 5.1953E+03 | 3.4110E-10 | 5.7648E-06
34 1 107 17.027 4.5222E+03 | 1.9656E-10 | 3.3102E-06
35 1 109 16.948 2.1358E+03 | 4.5987E-11 | 7.7090E-07
36 1 110 16.939 5.1062E+01 | 2.1966E-12 | 3.6802E-08
37 1 111 16.911 6.6507E+01 | 4.2769E-12 | 7.1535E-08
38 1 114 16.843 3.9032E+02 | 2.4900E-11 | 4.1482E-07
39 1 118 16.679 1.8636E+03 | 1.1658E-10 | 1.9231E-06
40 1 119 16.617 2.1374E+03 | 8.8484E-11 | 1.4543E-06
41 1 120 16.587 6.3194E+03 | 1.3033E-10 | 2.1381E-06
42 1 121 16.597 7.5574E+02 | 4.6815E-11 | 7.6851E-07
43 1 122 16.565 3.5370E+03 | 1.4550E-10 | 2.3838E-06
44 1 124 16.436 7.3490E+02 | 4.4646E-11 | 7.2580E-07
45 1 125 16.408 1.8928E+02 | 7.6400E-12 | 1.2399E-07
46 1 129 16.244 2.7016E+03 | 5.3434E-11 | 8.5850E-07
47 1 134 15.863 5.2412E+02 | 1.9773E-11 | 3.1024E-07
48 1 135 15.785 1.8891E+03 | 7.0569E-11 | 1.1018E-06
49 1 141 15.408 3.9228E+02 | 2.0943E-11 | 3.1916E-07
50 1 142 15.357 7.2668E+02 | 1.2846E-11 | 1.9512E-07
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Table 3.5: Radiative data for M2 transitions in W LVI.

Transition
S.No A(in A) Aji (ins?) fij Sij (in a.u.)
Lower Level | Upper Level
1 1 3 48.402 8.4721E+01 | 2.9755E-11 | 6.0374E-03
2 1 4 48.049 8.9934E+01 | 1.5564E-11 | 3.0895E-03
3 1 5 47.074 5.9930E-01 | 2.9864E-13 | 5.5742E-05
4 1 6 46.593 1.9356E+01 | 1.2599E-11 | 2.2803E-03
5 1 7 43.036 1.0766E+02 | 2.9892E-11 | 4.2633E-03
6 1 8 37.864 1.5895E+04 | 5.1248E-09 | 4.9781E-01
7 1 10 36.969 5.6630E+02 | 2.3206E-10 | 2.0980E-02
8 1 11 36.575 4.9222E+04 | 9.8714E-09 | 8.6421E-01
9 1 12 36.353 3.5082E+04 | 1.0426E-08 | 8.9621E-01
10 1 13 35.978 4.7796E+04 | 1.8551E-08 | 1.5459E+00
11 1 15 35.353 6.9698E+04 | 6.5298E-09 | 5.1629E-01
12 1 16 34.856 1.7160E+04 | 6.2513E-09 | 4.7372E-01
13 1 17 34.691 6.4903E+03 | 1.7565E-09 | 1.3122E-01
14 1 18 34.396 9.9863E+03 | 1.7712E-09 | 1.2897E-01
15 1 20 32.903 2.6909E+03 | 4.3673E-10 | 2.7836E-02
16 1 21 32.237 4.2742E+02 | 9.9888E-11 | 5.9882E-03
17 1 22 31.593 1.7631E+02 | 1.3191E-11 | 7.4433E-04
18 1 24 29.727 4.7536E-01 | 9.4467E-14 | 4.4407E-06
19 1 26 29.299 6.0515E+02 | 1.5576E-10 | 7.0102E-03
20 1 27 28.833 8.7524E+02 | 5.4541E-11 | 2.3392E-03
21 1 28 27.800 1.6481E+03 | 3.8192E-10 | 1.4683E-02
22 1 29 27.293 7.3772E+02 | 8.2384E-11 | 2.9970E-03
23 1 30 26.859 1.9280E+03 | 3.1279E-10 | 1.0845E-02
24 1 31 26.588 3.3414E+03 | 3.5413E-10 | 1.1910E-02
25 1 42 20.510 4.2852E+04 | 4.0536E-09 | 6.2577E-02
26 1 61 19.180 3.2390E+04 | 8.9314E-10 | 1.1276E-02
27 1 63 19.117 3.0700E+03 | 1.6820E-10 | 2.1028E-03
28 1 72 18.387 9.8586E+04 | 9.9937E-09 | 1.1116E-01
29 1 74 18.326 2.2059E+05 | 1.6659E-08 | 1.8346E-01
30 1 79 18.169 2.7474E+05 | 1.3597E-08 | 1.4592E-01
31 1 80 18.105 2.8021E+05 | 6.8851E-09 | 7.3118E-02
32 1 97 17.358 6.3314E+04 | 4.2900E-09 | 4.0149E-02
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Transition
S.No A(in A) Aji (ins?) fij Sij (ina.u.)
Lower Level | Upper Level
33 1 101 17.315 2.5766E+05 | 2.3162E-08 | 2.1516E-01
34 1 105 17.119 2.6524E+04 | 1.1653E-09 | 1.0460E-02
35 1 126 16.460 1.2232E+04 | 9.9364E-10 | 7.9289E-03
36 1 131 16.253 8.7392E+01 | 3.4610E-12 | 2.6590E-05
37 1 132 16.154 3.5880E+02 | 2.1055E-11 | 1.5882E-04
38 1 137 15.687 1.5153E+03 | 2.7954E-11 | 1.9311E-04

Table 3.6: Comparison of transition wavelength () in A ) and oscillator strength (f
ina.u.) for W LVI.

Transitions
P Vi lexp. 2 f f

Upper | Lower | “C%S" | Ref[10] | [42] | Ref.[42] oRASE Ref.[19 ]
Level Level

21 1 32.237 32.376 32.469 32.382 0.2394 0.2866

20 1 32.903 33.089 33.107 | 33.082 0.1215 0.1418

22 1 31.593 31.830 31.814 | 31.733 0.0879 0.0967

17 1 34.691 35.116 34.850 34.883 0.0013 0.0013

Table 3.7: Partition function (Q), internal energy (U/KT), and specific heat (C/k)
in LSJ coupling for K-like W.

LSJ
S.No Log T (in K)
Q U/KT Clk
1 4 4.0000 1.40E-38 1.29E-36
2 5 4.0006 1.38E-03 1.27E-02
3 6 9.7476 1.668731 4.000631
4 7 465.5805 0.694324 4.06E-02
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CHAPTER 4

RELATIVISTIC ATOMIC STRUCTURE CALCULATIONS

OF KIX WITH PLASMA PARAMETERS

This chapter, introduces a brief study of Sodium like Potassium (Na-like K)
theoritically.

Systematic calculations for energy levels, lifetimes, and radiative data for the
KIX are reported, including oscillator strengths, transition wavelengths, line
strengths, and radiative rates of electric dipole (E1) transition, electric
quadrupole (E2) transition, magnetic dipole (M1) transition, and magnetic
quadrupole (M2) transition, using GRASP.

Quantum Electrodynamics (QED) and Breit correction have been included. The
importance and effect of valence valence (VV) and core valence (CV)
correlations on the excitation energies have been discussed in graphical and
tabular form.

Analogous calculations using Flexible Atomic Code (FAC) and the large-scale
configuration interaction technique (CIV3) have also been done to confirm the
accuracy of energy levels.

The calculated results are in close agreement with NIST compiled data and other
available results. Some theoritical plasma parameters are also determined which
is beneficial for the characterization of HDP, astrophysical plasmas, and plasma

modeling.
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4.1 INTRODUCTION

Due to its prospective applications in plasma diagnostics, inertial confinement fusion
(ICF), magnetic confinement fusion and atomic spectroscopy of highly charged ions
have attracted significant interest [1-3]. Modeling and research into low and high-
temperature plasma using inertial and magnetic confinement thermonuclear fusion
demand very accurate atomic data and plasma parameters such as line intensity ratio,
plasma temperature and electron density [4]. Because the adjacent neon-like stage of
ionization is necessary for X-ray laser modeling, atomic data on Na-like ions is essential
for studying high-temperature plasma [5-6]. Inertial confinement fusion, magnetic
confinement fusion, and plasma diagnostics are important for atomic spectroscopy of
highly charged ions. Highly charged sodium-like ions were found in laboratory sources
such as high-voltage vacuum spark tokamak and laser-produced plasmas. In
astrophysical plasmas, for example, Cu XIX (Sodium-like Copper ion) spectra were

observed in a solar spectrum obtained at the White Sands Missile Range [7].

Potassium was chosen for the current investigation because the absolute abundance of
potassium has been calculated using X-ray solar flare line and continuum spectra.
Phillips et al. [8] have assumed flare plasma is coronal and potassium is significant in
the continuing debate concerning the nature of the coronal/photospheric element
abundance ratios, which are usually considered to be dependent on first ionization
potential, as it has the lowest FIP (FIPs n < 10 eV) of any common element in the Sun.
The RESIK crystal spectrometer on the Coronas-F spacecraft was used to make the
measurements. Using high-resolution spectra gathered with FLAMES at the ESO —
Very Large Telescope, Mucciarelli et al. [9] have determined the potassium abundances
in red-giant-branch stars in the Galactic globular clusters. GCs have revealed large and
correlated star-to-star inhomogeneities in the abundance of various light elements,

including C, N, Na, O, Mg, Al, and He, in chemical composition.

4.1.1 Experimental and theoretical work on Na-like ions

Edlen et al. published a complete list of the potassium lines detected in their
spectrograms, including 230 lines varying between 230 to 41 A, nearly half of which

are classified in spectra including between KVI11 to KXII. Cohen et al. [10] investigated
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the seven spectra from KIX to Mn XV, determining series limits, presenting adopted
wavelengths, derived energy levels, and term splitting. Recently, E. Trabert et al. [11]
identified 3p-3d transitions in singly excited Na-like ions in the **K beam foil spectrum.
C. Jupen et al.[12], using Cowan code, found the most prominent line of the multiplet,
2p° 3s 3p “D%2 — 2p° 3s 3d *Fy, in the spectra of various Na-like ions. To compute
the oscillator strengths for the E1 transition in the sodium isoelectronic sequence, Seigal
et al. [13] used the theoretical single configuration Dirac-Fock technique (Na I-Ca X).
Yonis et al. [14] calculated the fine structure energy levels, transition probabilities and
oscillator strengths of Na-like ions using the configuration interaction approach CIV3.
Ivanov et al. [15] used a model potential technique for Na-like series with (Z =25 — 80)
nuclear charge. With 71 Na-like ions in the Z=22-92 range, Sampson et al. [16]
observed relativistic distorted wave collision strengths as well as oscillator strengths.
Kim et al. [17] also used the Dirac Fock technique to find the resonance transition
energies of Na-like ions. Moreover, Johnson et al. [18] calculated E1 transition
amplitudes for Na-like ions using third-order many-body perturbation theory.
Similarly, to determine the transition probability of allowed transition for KIX, Johnson
et al. employed the third-order many-body perturbation theory. For 67 Na-like and F-
like as well as Li-like transitions between the region of 26 < Z < 92, the relativistic
distorted-wave collision intensities for all possible An = 0 in the region of 26 <Z <92
were calculated by Christopher J.Fontes et al.[19]. Safronova et al. [20] evaluated the
relativistic many-body perturbation theory by taking neon-like Dirac-Fock potential.
Further, for 2p°® 3s 3p *D° 712 — 2p° 3s3d *F2, Jupen et al. observed a wavelength of
423.05(5) A along the isoelectronic sequence using the interpolation method.
Furthermore, J.E Sansonetti et al. [21] compiled the energy levels using experimental
wavelengths of Cohen and Behring's [22] and Edlen and Boden [23]. Moreover, using
relativistic many-body perturbation theory, J.D. Gillaspy et al. [24] determined the
transition energies of D lines for Na-like ions. Last but not least, Fisher et al. [25]
calculated the energy levels and oscillator strength of Na-like ions by using the Multi-
Configuration Hartree-Fock (MCHF) technique with non-orthogonal spline ClI
methods. There is a considerable previous experimental as well as theoretical work on
KIX, mostly restricted to low-lying states. The principal objective of our work is to
upgrade the atomic database for KIX ions in the form of energy levels, wavelengths,
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oscillator strength, and line strengths. The transitions of radiative rates are presented as
E1 (electric dipole) and E2 (electric quadrupole), also M1 (magnetic dipole) and M2
(magnetic quadrupole). The effect of Quantum electrodynamics correction with Breit
interaction correction on energy levels has been studied. We have done additional
independent calculations using Flexible Atomic Code (FAC) to ensure the correctness
of our Multi-Configuration Dirac-Fock (MCDF) results. Further, the configuration
interaction (CIV3) approach has also been used to determine the fine structural energy
levels of KIX.

We have used two alternative sets of configurations based on valence-valence (VV) and
core-valence (CV) correlations in our present calculations. While doing calculations
with the V'V correlations, we have taken configuration namely as 2p®nl with 3 <n <5
and 0 < 1 <4, where one electron excitation from the valence to another high subshell
is involved. In the case of core valence correlation, however, the configuration has been
included as 2p° 31 nl’ with 3 <n <5, 2p°4l 41’excitations among one electron as of the
2p subshell to additional high subshells and 2s2p® 31 nl” with 3 < n < 5, 2s2p° 4l
41’excitations of one electron as of the 2s subshell to additional high subshells.
1s22s22p® core gets set for valence valence calculation, while 1s?> core remains
unchangeable for calculation of core valence correlation.

Plasma characterization and modeling help to understand the multiple atomic processes
that occur in plasmas. Consequently, we have analyzed the various plasma
characteristics, line intensity ratios, and electron density of the hot-dense plasma in
local thermodynamic equilibrium (LTE). We believe KIX calculations should help
examine or observe the new valuable data from a variety of plasma sources, where
plasma diagnostics, including modeling studies, were always inhabited by a scarcity of
precise atomic data and future astrophysical sources.

This paper is divided into four sections, as demonstrated in Section 11, where we provide
the theoretical method used in our calculations. In Section I1l, we have evaluated and
compared our calculated results using the NIST database or previously published
results. Finally, Section IV presents the entire conclusive summary of KIX.
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4.2 THEORETICAL METHOD

4.2.1 Multi-Configuration Dirac Fock Method (MCDF): Discussed breifly in
chapter 2.

4.2.2 The FAC Method

To check the accuracy of our results, we also did analogous calculations by using FAC,
developed by M.F.Gu [28]. FAC calculates local central potential by performing a self-
consistent Dirac Slater iteration on such a fictitious mean configuration. Dirac coulomb
Hamiltonian is being used to evaluate the relativistic effects. For considering the high
order quantum electrodynamics (QED) effects, Breit interaction is used in vacuum
polarisation effects, hydrogenic approximations for self-energy and zero energy limit
for the exchanged photon. The present calculations have been performed by taking 2700
fine structure levels from (2*8) n*1 and (2*7)3*2, 4*2, 3*1 4*1, 3*1 5*1
configurations. Where 3 <n < 10 and n*q given all possible distributions of q electrons
(without restriction to orbital angular momentum) as one of the shells described by their

principal quantum numbers, that are shown in Table 4.4.

4.2.3 Configuration Interaction Method

Hibbert's configuration interaction approach CIV3 [29] has been used in the present
calculations. The atomic state functions (ASFs) of configuration interaction (CI) are

expressed as in the intermediate LSJ-coupling scheme.
Y. (J ¥ L.SJ
i( )_jé’laijd)j(aj i°] ) (4.1)

Where {¢; } stands for a set of single configuration wave functions, coupling of an
orbital Lj and spin S; angular momenta is defined by «;j, which produces the total
angular momentum J. To obtain the mixing coefficients of aj, the Breit—Pauli
Hamiltonian matrix is diagonalized with a basis {¢;}. A linear combination of

normalized slater—type orbitals is used to expand the radial functions Pni(r)
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k
Pm(r) = Jéleijm(r) (4.2)

Cjnl denotes the Clementi-type coefficients, and

IjnIJri
(Zajm) I- |eXp(_é' I’)
_ T
1

(27

ij(r) = (4.3)

with ljni> 1+1 as an integer.

While, the parameters Cjni , &jni are obtained variationally in process of optimization
through minimizing one or more Hamiltonian matrix's energy eigenvalues, whereas the
parameters of ljn remain constant. In current calculations, 21 orthonormal one-electron
orbitals namely, 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 5f, 5g, 6s, 6p, 6d, 6f
and 6g has been used, in which 1s, 2s, 2p are defined as the Hartree—Fock functions of
KIX where ground state is 1s22s?2p®3s!, as defined by Clementi and Roetti. The 3p,
3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 5f, 5g, 6s, 6p, 6d, 6f and 69 are spectroscopic orbitals and
2p°3p, 2p3d, 2pt4s, 2p%4p, 2p°4d, 2pP4f, 2p°5s, 2p%5p, 2p®5d, 2p85f, 2p®5g, 2p°6s,
2p%6p, 2p%6d, 2p®6f and 2p°6g optimized based on the excited states. On the ground
state 2p®3s, the 3s orbital is optimized. Table 4.1 displays the optimized radial function

parameters.

The overall energy of each LS coupled term in CIV3 is affected by the inclusion of
spin-independent Darwin and the relativistic mass-correction components, while spin-
spin (SS) and one-body spin—orbit (SO) as well as two-body spin-other-orbit (SOO)
terms, divide the LS states into J-dependent levels. The SO operator in modified form

is as follows:

C_o? Ng()
HSO = TZiE‘lri_s(llS) (4.4)
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4.3 RESULTS AND DISCUSSION

The fine structure energy levels of KIX have been calculated using the fully relativistic
GRASP algorithm. For orbital optimization, the "extended average level” (EAL) option
has been chosen, which reduces the weighted proportional to (2j + 1) trace of a
Hamiltonian matrix. Two sets of calculations were performed using the valence-valence
(VV) correlation and core valence (CV) correlation to explore the effect of correlation
on energy levels. We employed an atomic model with 12 configurations in our MCDF1
calculation in the form of 2p®nl (3 <n <5 and 0 < 1 < 4) there are a total of 21 fine-
structure energy levels as a result of this process. Table 4.3 and Figure 4.1 show the
impact of electron correlations of KIX, for the lowest 21 fine structure energy
configurations. The CSF has been generated by taking excitations from the reference
configuration 2p® 3s'to orbitals with n = 3, 4, 5 and 6, respectively. To predict the
electronic correlation effects systematically, configuration spaces were extended layer
by layer. In Table 4.3, the difference in correlation energies between two neighboring
principal quantum numbers decreases as the principal quantum number increases. In
our MCDF2 calculations, additional configurations of 2p° 31 nl’ with 3 <n < 5,2p° 4l
41°, 2s2p® 31 nl” with 3 <n <5, 2s2p®41 41’ are taken into account, resulting in a total of
2700 levels. Table 4.4 shows 21 fine-structure energy levels calculated from (MCDF1,
MCDF2) methods, NIST values, and other relevant references. Our two sets of energy
(using the MCDF1 and MCDF2 methods) differ by 0.0409Ryd. Most of the energies
level have been lowered by using a larger ClI in the MCDF2 calculations. The relative
fluctuations between MCDF1 as well as MCDF2 energies are shown in Figure 4.2.
Because of the inclusion of larger CI, one can see that most of the levels have converged
the energy. Furthermore, our calculated energies using the MCDF2 method well match
with those of NIST(Figure 4.3), wherein an average difference of 0.22 percent whereas
a maximum difference of 0.86 percent for 2p®3p (°p°12) state. For the lowest 21 energy
levels of KIX, the significance of both Bl and QED correlations on MCDF2 energies
have been evaluated. In Figure 4.4, it is shown that the Bl and QED effects alter the
energies quite significantly, Bl +QED correlations reduce them by around 0.0123 Ryd.
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We have also done three independent calculations by using the FAC code. In our
present calculations of FAC1, we have included the configurations that are used in the
MCDF1, FAC2 includes the CI as in MCDF2 but without the angular momentum
constraints. Although we did extensive FAC3 calculations, we only recorded energies
for the lowest 96 fine-structure levels, which all belong to 2p®nl configurations with n
< 10, 2700 fine-structure levels generated in FAC2, using all possible values. The
maximum disagreement between both MCDF2 and FAC2 is predicted to be around
0.0266 Ryd. This disagreement arises from distinctions in the algorithms of the codes
and the central potential calculation. Higher 2p®nl configurations (n > 10) could not be
incorporated because of the computational limitations of the code. For a few levels,
inserting more CI into the FAC calculations (Table 4.4) changes the energy by up to
0.0080 Ryd. As a result, it is possible to conclude that including additional Cl in FAC
calculations is enough to achieve reliable results. Further, as shown in Tables 4.1 to 4.4,

no intense mixing exists, so there is no uncertainty in identifying the 2p°nl levels.

The ab-initio calculations for the CIV3 column in Table 4.1 were performed by
including 2p®nl with 3<n<5and 0<1<4,2p°31nl’ with 3 <n <35, 2p°41 41’, 2s2p®
31 nl” with 3 < n < 5, 2s2p® 41 41’configurations which are generated by particular
arrangements of 2700 fine-structure energy levels. We achieved a good agreement with
NIST on the majority of calculated energies. We have also compared our calculated
energy to Fischer et al. in Table 4.2. It is worth noting that the results presented for all
approaches are not just in good agreement with all accessible data, but they are also in

good agreement with one another, and they are getting closer to those of NIST.

4.3.1 Radiative rates (wavelengths, oscillator strengths, and transition rates):
Discussed briefly in chapter 2 (calculated in Table number 4.5).

4.3.2 Lifetimes

By taking the inverse of a sum of transition probabilities from the radiative transition

from level (i), the lifetime (1) of a level (j) is calculated as,

_ 1
L0 ypre=ss (4.5)
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Table 4.4 contains lifetime information for the lowest 21 fine structure levels of KIX,
taking into account all possible transitions such as E1 and E2, M1and M2. We tried to
compare our lifetime calculations with available results. Fisher et al. [23] has given the
lifetime for the level 1s22p°®3s, 1s22p° 3p, 1s22p°® 3d, 1s22p°® 4s, 1s22p®4p, 1s22p® 4d, and
1s22p® 4f. Our calculated lifetimes for these levels are in close agreement with Fisher et
al. Further, we have also predicted the lifetime for the levels 1s22p®5s, 1s22p®5p, 1s22p°

5d, 1s22p® 5f and 1s22p® 5g where no other data are available for comparison.

44 LINE INTENSITY RATIO AND PLASMA PARAMETERS

The plasma parameters are influenced by changes in spectroscopic parameters like
transition wavelength and transition probability. Characterizing and analyzing hot
dense plasma (HDP) appears easy and uncomplicated only when plasma is treated as
optically thin in the local thermodynamic equilibrium (LTE). Because of saturation as
well as self-absorption as in line profile, the optically thick line implements an
asymmetrical rather than distorted peak in the spectrum. This causes the electron
density, plasma temperature both are measured incorrectly and inaccurately. Variations
in spectroscopic parameters cause changes in plasma temperature. The increasing
number of collisions between electrons increases as kinematic excitation, at higher
values of temperatures and hence LTE is easily accomplished at high temperatures. As
a result, we explored plasma temperature in the line intensity ratio in optically thin

plasma. In HDP, any two spectral lines of the line intensity ratio are:

_1_1_ Ay A1 g1 [_51—E2] (4.6)

L LA g P T ET

Where A, A are the wavelength and transition probability, | define them as intensity,
the statistical weight of the lower level of transition is denoted by g. Boltzmann constant
is K and the excitation temperature is T in Kelvin. E is the energy of the upper level of
transition in eV. In HDP, for line intensity ratio and electron density calculations, opted

1 [15%2522p%3s (2sy7) - 15225%2p°3p (2PY),), 2[1s?25%2p°3s (257 ) - 1522522p°3p (

2P10/2) which signifies the two spectral lines.
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For HDP is, using McWhirter criteria, the lowest or limiting value of electron density

given by
ne = 1.6 x 1012TA/2(AE)3 (4.7

Here, T indicates plasma temperature (Kelvin), ne is the electron density and 4E (= Ex

—E») are ineV.

The line intensity ratio for various plasma temperature and electron density values is
tabulated in Table 4.6. Figure 4.5 illustrates how the line intensity ratio varies with plasma
temperature. For temperatures up to 108 K or 10 keV, the variation is exponential, but there
is no visible change in the line intensity ratio for T > 108 K. In Figure 4.6, we can see that
the value of limiting electron increases when plasma temperature density for Na-like K
increases. One can also see that number of collisions in plasma increases as the temperature
of the plasma increases. Thus, this knowledge of the Na-like K ion may be helpful in
experiments for generating optically thin plasma in LTE at higher temperatures.

45 CONCLUSION

We present energy levels, oscillator strengths, lifetimes and radiative rates for KIX
using the MCDF approach. We also included the radiative rates for E1, E2 transitions
and M1, M2 transitions. The energy level gets significantly lowered by the inclusion of
Breit and QED interaction. Two codes have been employed, and a discrepancy in the
results for specific configuration effects is studied. The configuration interaction
technique (CIV3) is also used to confirm the accuracy of energy levels further.
Furthermore, we investigated the impact of plasma temperature on specific parameters
for hot dense plasma under LTE conditions. We observed that the line intensity ratio
and other HDP parameters follow the same increasing pattern with temperature. The
coupling constant is used to justify the criteria for hot dense as well as weakly coupled
plasma. Finally, we found our results agree well with those of NIST as well as other
currently available data for the Na-like ion. Our predicted results will be advantageous
for fusion, astrophysical, and modeling plasma.
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Table 4.1: Optimized radial function parameters for KIX orbitals.

Index Orbitals Expansion Coefficient Power of r Exponents
(Cint) (Ijn) (<in))

1 3s 0.16176 1 15.12142
2 -0.68862 2 6.13565
3 1.24416 3 3.64032
4 3p 0.43914 2 7.52227
5 -1.07253 3 3.27788
6 3d 0.98536 3 3.34045
7 0.02931 3 1.33072
8 4s 0.09112 1 15.98915
9 -0.88510 2 4.34389
10 1.70496 3 3.80974
11 -1.46305 4 2.44421
12 4p 0.29338 2 7.39923
13 -2.25001 3 2.51208
14 2.68862 4 2.46779
15 4d 1.20871 3 3.12665
16 -0.94517 3 2.10347
17 -0.69516 4 2.02410
18 4f 0.99699 4 2.26388
19 0.00443 4 1.25500
20 5s 0.06640 1 15.42187
21 -0.35144 2 5.63762
22 3.08347 3 2.43066
23 -4.8871 4 2.41570
24 2.56806 5 1.95787
25 5p 0.20793 2 7.34390
26 -3.08584 3 2.12719
27 6.16703 4 2.11383
28 -3.76558 5 1.92848
29 5d -8.77642 3 2.76996
30 10.14675 3 2.74226
31 -3.36111 4 2.22715
32 2.51054 4 1.52956
33 5f 0.00044 4 16.09914
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Index Orbitals Expansion Coefficient Power of r Exponents
(Cint) (Ijn) (<in1)

34 0.14035 4 3.61160
35 1.03329 5 2.61548
36 -1.51541 5 1.71092
37 5g 0.00025 5 4.20799
38 0.99990 5 1.800092
39 6s 0.05053 1 14.91064
40 -0.23734 2 5.97660
41 2.29375 3 2.36095
42 -8.33759 4 1.95361
43 10.79626 5 1.82830
44 -5.0116 6 1.63708
45 6p 0.15460 2 7.35732
46 -4.77672 3 1.74027
47 15.2788 4 1.73447
48 16.20815 5 1.73339
49 6.06590 6 1.58647
50 6d -1.61789 3 3.15900
51 1.23157 3 2.97953
52 -0.97078 4 2.39659
53 9.22202 4 1.57132
54 -15.95991 5 1.54770
55 8.42515 6 1.51133
56 6f 0.00002 4 9.75067
57 0.18284 4 3.29274
58 5.26800 5 2.14267
59 -681061 5 1.92343
60 2.08775 6 1.38612
61 69 0.00001 5 6.79284
62 1.85576 5 1.63032
63 -2.24040 6 1.47590

Where{ (§n)} are variables in the Breit — Pauli Hamiltonian matrix elements that
depends on the interacting electrons I-value. {(s) = 0.0, &(p) = 0.98 and &(d) = 0.39.
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Table 4.2: Comparison of the lowest 21 fine-structure levels of KIX calculated by

us including threshold energies from many other sources.

Lifetime( | Lifetime
Index | Configuration | J Term | MCDF1 | MCDF2 | CIV-3 | FAC1 | FAC2 | NIST (Fisher
MCDF1) etal)
1 2p®3s 12 | S 0.0000 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 0.0000
1.4320
2 2p3p 12 | 2O 1.4342 1.4446 | 1.4585 | 1.4345 | 1.4362 | 14356 | 3.289e-10 | 3.490e-10
a
1.4663
3 2p3p 3/2 | 2pO 1.4681 1.4785 | 1.4858 | 1.4684 | 1.4702 | 14710 | 3.058e-10 | 3.232e-10
a
3.4160
4 2p°3d 32 | D 3.4184 3.4242 | 3.4603 | 3.4171 | 3.4211 | 34329 | 1.095e-10 | 1.136e-10
a
3.4186
5 2p53d 52 | D 3.4205 | 3.4262 | 3.4618 | 3.4191 | 3.4231 | 34355 | 1.136e-10 | 1.181e-10
a
6.3687
6 2p84s 172 3 6.3415 6.3624 | 6.3575 | 6.3513 | 6.3529 | §3841 | 2.109e-11 | 2.018e-10
a
6.9098
7 2ptap 12 | 2p° 6.8839 6.9120 | 6.9050 | 6.8956 | 6.8985 | §.9268 | 3.374e-11 | 3.198e-11
a
6.9228
8 2pt4p 32 | 2P° 6.8967 6.9246 | 6.9181 | 6.9080 | 6.9110 | §.9402 | 3.569e-11 | 3.268e-11
a
7.6261
9 2p54d 312 D 7.5993 7.6317 7.6309 | 7.7063 | 7.6129 | 7.6473 | 3.267e-11 | 3.198e-11
a
7.6273
10 2pS4d 512 D 7.6003 7.6327 7.6317 | 7.6073 | 7.6139 | 76487 | 3.231e-11 | 3.061e-11
a
7.8846
11 2pb4f 5/2 2F0 7.8084 7.8210 7.8277 | 7.8286 | 7.8239 | 7.8701 | 0.998e-11 | 1.006e-11
a
7.8450
12 2pb4f 712 2F0 7.8088 7.8214 7.8277 | 7.8290 | 7.8243 | 7.8707 | 1.000e-11 | 1.007e-11
a
13 2p®5s 172 3 8.9221 8.9564 | 8.9416 | 8.9305 | 8.9349 | 8.9575 | 2.911e-11
14 2p55p 172 2po 9.1831 9.2202 9.2061 | 9.1928 | 9.1984 | 9.2176 | 4.422e-11
15 2p55p 3/2 2po 9.1892 9.2262 9.2123 | 9.1987 | 9.2044 | 9.2239 | 5.181e-11
16 2pésd 3/2 D 9.5246 9.5655 | 9.5568 | 9.5311 | 9.5389 | 9.5596 | 4.195e-11
17 2pt5d 5/2 D 9.5251 9.5660 | 9.5573 | 9.5316 | 9.5394 | 9.5604 | 3.933e-11
18 2p°5f 5/2 | 2F° 9.6331 9.6624 | 9.6549 | 9.6443 | 9.6477 | 9.6722 | 1.840e-11
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19 2p8 5f 712 2F0 9.6333 9.6626 9.6550 | 9.6556 | 9.6479 | 9.6723 | 1.842e-11
20 2p®5g 52 G 9.6432 9.6674 9.6616 | 9.6556 | 9.6546 3.571e-11
21 2p®5g 712 G 9.6433 9.6675 9.6616 | 9.6557 | 9.6548 3.571e-11
aFischer et al.?% and the values without superscript in column 10 denotes the data taken from NIST.?
Richa 95




Chapter 4

Table 4.3: The MCDF method to calculate fine structure energy (in Ryd) as a component
of rising active sets of orbitals for the lowest 21 levels of KIX.

Index | Configuration | J | Term n= 3 n= 4 n=>5 n==6 NIST
1 2p®3s 1/2 s 0.000000 0.000000 0.000000 0.000000 0.000000
2 2p®3p 1/2 | 2p° 1.434004 1.434209 1.434293 1.434323 1.432078
3 2p®3p 3/2 | 2PO 1.467905 1.468091 1.468165 1.468192 1.466352
4 2p®3d 3/2 D 3.41847 3.418428 3.41845 3.418466 3.416039
5 2p®3d 5/2 D 3.42051 3.420481 3.42050 3.42052 3.41863
6 2p84s 1/2 2s 6.34241 6.34159 6.34129 6.36878
7 2p4p 1/2 | 2pO 6.8847 6.8839 6.8837 6.9098
8 2p4p 3/2 | 2PO 6.8974 6.8967 6.8964 6.9228
9 2p%4d 3/2 D 7.6003 7.5993 7.5990 7.6261
10 2p®4d 5/2 D 7.6011 7.6003 7.6000 7.6273
11 2p® 4f 52 | 2F° 7.80957 7.80841 7.80798 7.88463
12 2p® 4f 72 | 2F° 7.8100 7.8088 7.80841 7.84500
13 2p%5s 1/2 2s 8.92214 8.92176 8.9575
14 2p®5p 1/2 | 2p° 9.1831 9.1827 9.2176
15 2p%5p 3/2 | 2pO 9.1892 9.1888 9.2239
16 2p®5d 3/2 D 9.5246 9.5242 9.5596
17 2p%5d 5/2 D 9.5251 9.5248 9.5604
18 2p8 5f 52 | 2F° 9.6331 9.6389 9.6722
19 2p8 5f 712 | 2F° 9.6333 9.6390 9.6723
20 2p®5g 5/2 G 9.6432 9.6432
21 2p85g 72| G 9.6433 9.6433
22 2p® 65 1/2 s 10.2268 10.2655
23 2ps6p 1/2 | 2p° 10.3718 10.4104
24 2p°6p 32 | 2pO 10.3753 10.4135
25 2p®6d 3/2 D 10.5618 10.6003
26 2p% 6d 5/2 D 10.5621 10.6009
27 2p° 6f 52 | 2F° 10.6248 10.6657
28 2p°® 6f 72 | 2FO 10.6289 10.6658
29 2p®6g 5/2 G 10.6328 10.6328
30 2p®6g 712 G 10.6329 10.6329
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Table 4.4: Energy levels for the 2p®nl(n < 10) fine-structure levels for KIX (in Ryd).

Index Configuration Level FAC3 NIST
1 2p3s 251/2 0.0000 0.000000
2 2p3p 2 P10/2 1.4340 1.432078
3 2p3p 2 P??/Z 1.4680 1.466352
4 2p®3d 2 D3/2 3.4172 3.416039
5 2p®3d 2 D52 3.4192 3.41863
6 2pb4as 25412 6.3513 6.36878
7 2p84p 2 P10/2 6.8948 6.9098
8 2p84p 2 P,o(,)/2 6.9074 6.9228
9 2pb4d 2 D3/2 7.6063 7.6261
10 2pb4d 2 D5/ 7.6072 7.6273

20
6
11 2p8 4f Fe/p 7.8287 7.88463
2.0
6
12 2p8 4f /o 7.8290 7.84500
13 2p® 55 251/ 8.9303 8.9575
14 2p85p 2 P10/2 9.1920 9.2176
15 2p85p 2 Pe?/z 9.1980 9.2239
16 2p®5d 2 Da/2 9.5309 9.5596
17 2p®5d 2Dg5 9.5315 9.5604
2.0
6
18 2p8 5f Fe/p 9.6442 9.6722
2.0
6
19 2p8 5f /o 9.6444 9.6723
20 2p®5g 2 G7/9 9.6557
21 2p°5g 2Gg/2 9.6558
22 2p°6s 251/ 10.2335 10.2655
23 2p6p 2 P10/2 10.3791 10.4104
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Index Configuration Level FAC3 NIST
24 2p6p 2 P??/Z 10.3825 10.4135
25 2p66d 2Dg)n 10.5674 10.6003
26 2p66d 2Dg/ 10.5677 10.6009
27 2p0 6f 2 Fg/ ) 10.6328 10.6657
28 2po 6f 2 F$ I 10.6329 10.6658
29 2p6g 2G7/9 10.6391 10.6328
30 2p86g 2Gg/p 10.6392 10.6329
31 2p6h 2 Hg /2 10.6418
32 2p6h 2 Hfl /2 10.6419
33 2p87s 25177 10.9836 11.0185
34 2p87p 2 P10/2 11.0727 11.1082
35 2p87p 2 P??/Z 11.0748 11.1082
36 2p57d 2Dg)n 11.1882 11.2233
37 2p57d 2Dg) 11.1884 11.2235
38 2p8 7f 2 Fg/ ) 11.2293 11.2644
39 2p8 7f 2 F$ I 11.2293 11.2647
40 2p°7g 26, /2 11.2330
M 2p87g 2 Gg/2 11.2331
42 2p8 7h 2 H8 /2 11.2347
43 2p87h 2 Hfl i 11.2347
44 2p87i 2112 11.2360
45 2p87i 211377 11.2360
46 2p®8s 251]2 11.4547
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Index Configuration Level FAC3 NIST
47 2p58p 2 Plol 5 11,5131 11.5493
48 2p58p 2 P??/Z 11,5145 11.5493
49 2p°8d 2Dg)n 11.5890 11.6257
50 2p°8d 2Dg;y 11.5892 11.6258
51 2p5 8f 2 Fg/ 5 11.6166 11.6538
52 2p5 8f 2 F$ I 11.6166 11.6538
53 2p8g 2G7/9 11.6189
54 2p8g 2Gg/p 11.6190
55 2p°8h 2 Hg /2 11.6200
56 2p°8h 2 Hfl /” 11.6200
57 2p8 8i 2112 11.6209
58 2p° 8i 2 l13/2 11.6209
59 2p° 8k 2 Kg3 1 11.6216
60 2p° 8k 2 K?S /2 11.6216
61 2p59s 25177 11.7698
62 2p59p 2 Plol 5 11.8103 11.8480
63 2p59p 2 Pglz 11.8112 11.8480
64 2p6 9d 2Dg)0 11.8628 11.8987
65 2p6 9d 2Dg) 11.8629 11.8893
66 2p5 of 2 Fg/ 5 11.8822 11.9194
67 2p5 of 2 F$ I 11.8822 11.9194
68 2pf9g 2G7/9 11.8837
69 2pf9g 2Gg/p 11.8838
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Index Configuration Level FAC3 NIST
70 2p59h 2 Hg /2 11.8844
71 2p59h 2 Hfl i 11.8844
72 2p6 9i 2 lh1/2 11.8851
73 2p6 9i 2 l13/2 11.8851
74 2pS9k 2 Kg3 1 11.8856
75 2pS9k 2 Kgs /2 11.8856
76 2p9l 2145/ 11.8860
77 2p69l 2 L17/2 11.8860
78 2p®10s 2541 5 11.9911
79 2p°10p 2 P10/2 12.0202
80 2p510p 2 P??/Z 12.0208
81 2p%10d 2Dg)0 12.0581 12.0956
82 2p®10d 2 D52 12.0582
83 2p5 10f 2 Fg/ 5 12.0722
84 2p° 10f 2 F? I 12.0722
85 2p®10g 2 G7/2 12.0733
86 2p®10g 2 Go/2 12.0733
87 2p510h 2 Hg /2 12.0737
88 2p°10h 2 Hgl i 12.0737
89 2p®10i 2 lh1/2 12.0742
90 2p® 10 2 l13/2 12.0742
91 2p5 10K 2 Kgs / 12.0745
92 2p5 10K 2 K(1)5 P 12.0746
93 2ps 10l 21 45/9 12.0749
94 2p8 10l 214772 12.0749
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Index Configuration Level FAC3 NIST
2,40
6
2p810m M17/2 12.0752
2,40
6
2p°10m M19/2 12.0752

Table 4.5: The electron density (ne in cm-3) and line intensity ratio (R) for KIX are shown
against plasma temperature (T in K).

Index Temperature Line Intensity Ratio Number of electron density

(K) (R) (ne in cm3)
1 2 X108 1.09823 0.22 X 10*°
2 4 X108 1.09974 0.31 X 10%°
3 6 X 108 1.10019 0.38 X 10*°
4 8 X 108 1.10043 0.44 X 10*°
5 1 X107 1.10058 0.49 X 108
6 1 X108 1.10111 0.15 X 10%°
7 1 X10° 1.10116 0.49 X 10%°
8 1 X 10% 1.10117 0.15 X 10%

Table 4.6:Radiative rates (Aji in s-1), transition wavelengths (4ij in A°), line
strengths (S in atomic units) and also oscillator strengths (fij, dimensionless) of
KIX for E1,E2,M1 as well as M2. R(E1) is the ratio of the velocity and length
forms of A-values for E1 transitions within last column.

| J /1ij AjiEl fijEl SEl AjiE2 AjiMl AjiM2 REl

1 |2 |6.35E+02 | 3.04E+09 | 1.84E-01 | 7.69E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.00E+00
1 |3 |6.21E+02 | 3.27E+09 | 3.77E-01 | 1.54E+00 | 0.00E+00 | 0.00E+00 | 9.36E-01 | 1.00E+00
1 |4 |267E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.73E+05 | 3.90E-03 | 0.00E+00 | 0.00E+00
1 |5 |266E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.74+05 | 0.00E+00 | 0.00E+00 | 0.00E+00
1 |6 | 1.44E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.05E-01 | 0.00E+00 | 0.00E+00
1 |7 | 1.32E+02 | 1.70E+10 | 4.46E-02 | 3.89E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.80E-01
1 |8 | 1.32E+02 | 1.63E+10 | 8.56E-02 | 7.44E-02 | 0.00E+00 | 0.00E+00 | 1.03E+02 | 9.80E-01
1 |9 | 1.20E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.60E+06 | 6.16E-04 | 0.00E+00 | 0.00E+00
1 | 10 | 1.20E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.90E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00
1 |11 | 1.17E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.50E-06 | 0.00E+00
1 |13 | 1.20E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.71E-01 | 0.00E+00 | 0.00E+00
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1 |J Aij AjiEL fijE! SE! AjiE2 AjM AjiM? RE!

1 |14 | 9.92E+01 | 1.03E+10 | 1.53E-02 | 9.97E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.80E-01
1 |15 | 9.92E+01 | 1.00E+10 | 2.95E-02 | 1.93E-02 | 0.00E+00 | 0.00E+00 | 1.13E+08 | 9.80E-01
1 | 16 | 9.57E+01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.80E-01 | 2.36E-03 | 0.00E+00 | 0.00E+00
1 |17 | 9.57E+01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.80E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00
1 |18 | 9.46E+01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.78E-06 | 0.00E+00
2 |3 2.69E+04 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.97E+05 | 4.62E-01 | 0.00E+00 | 0.00E+00
2 |4 459E+02 | 7.67E+09 | 4.85E-01 | 1.47E+00 | 0.00E+00 | 0.00E+00 | 1.61E-01 | 1.10E+00
2 |5 5.59E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.51E+00 | 0.00E+00
2 |6 1.86E+02 | 1.57E+10 | 8.10E-02 | 9.90E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.00E+00
2 |7 1.66E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.54E-01 | 0.00E+00 | 0.00E+00
2 |8 1.66E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.58E+01 | 0.00E+00 | 0.00E+00
2 19 148E+02 | 2.39E+10 | 1.57E-01 | 1.53E-01 | 0.00E+00 | 0.00E+00 | 4.84E+00 | 9.50E-01
2 | 10 | 1.48E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.43E+01 | 0.00E+00
2 | 11 | 1.43E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.46+06 0.00E+00 | 0.00E+00 | 0.00E+00
2 | 13 | 1.22E+02 | 6.68E+09 | 1.48E-02 | 1.19E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.00E+00
2 |14 | 1.18E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.76E-01 | 0.00E+00 | 0.00E+00
2 |15 | 1.18E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.51E+05 | 1.73E+01 | 0.00E+00 | 0.00E+00
2 |16 | 1.13E+02 | 1.66E+10 | 6.33E-02 | 4.70E-02 | 0.00E+00 | 0.00E+00 | 5.79E+00 | 9.50E-01
2 |17 | 1.13E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.11E+01 | 0.00E+00
2 |18 | 1.11E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.69E+06 | 0.00E+00 | 0.00E+00 | 0.00E+00
3 |4 467E+02 | 1.46E+09 | 4.78E-02 | 2.94E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.10E+00
3 |5 4.67E+02 | 8.80E+09 | 4.31E-01 | 2.65E+00 | 0.00E+00 | 0.00E+00 | 5.78E+00 | 1.10E+00
3 |6 1.87E+02 | 3.17E+10 | 8.31E-02 | 2.05E-01 | 0.00E+00 | 0.00E+00 | 1.00E+02 | 1.00E+00
3 |7 1.68E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.76E+06 | 5.83E+01 | 0.00E+00 | 0.00E+00
3 |8 1.68E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.38E+06 | 9.30E-O1 | 0.00E+00 | 0.00E+00
319 1.49E+02 | 4.88E+09 | 1.62E-02 | 3.16E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.50E-01
3 |10 | 1.49E+02 | 2.92E+10 | 1.45E-01 | 2.84E-01 | 0.00E+00 | 0.00E+00 | 1.89E+02 | 9.50E-01
3 | 11 | 1.44E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.67E+06 | 2.54E-02 | 0.00E+00 | 0.00E+00
3 | 12 | 1.44E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.20E+07 | 0.00E+00 | 0.00E+00 | 0.00E+00
3 |13 | 1.22E+02 | 1.35E+10 | 1.51E-02 | 2.43E-02 | 0.00E+00 | 0.00E+00 | 9.95E+01 | 1.00E+00
3 |14 | 1.18E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.48E+06 | 4.07E+01 | 0.00E+00 | 0.00E+00
3 | 15 | 1.18E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.41E+05 | 1.05E+00 | 0.00E+00 | 0.00E+00
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1 |J Aij AjiEL fijE! SE! AjiE2 AjM AjiM? RE!

3 |16 | 1.13E+02 | 3.37E+09 | 6.46E-03 | 9.62E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.50E-01
3 |17 | 1.13E+02 | 2.02E+10 | 5.80E-02 | 8.64E-02 | 0.00E+00 | 0.00E+00 | 2.26E+02 | 9.50E-01
3 | 18 | 1.12E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.49E+05 | 1.85E-02 | 0.00E+00 | 0.00E+00
3 |19 | 1.12E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 3.37E+06 | 0.00E+00 | 0.00E+00 | 0.00E+00
3 |20 | 1.12E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.29E-06 | 0.00E+00
4 |5 4.44E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.65E-12 | 1.24E-04 | 0.00E+00 | 0.00E+00
4 |6 3.12E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.95E+05 | 2.53E-09 | 0.00E+00 | 0.00E+00
4 17 2.63E+02 | 1.12E+10 | 5.79E-02 | 2.01E-01 | 0.00E+00 | 0.00E+00 | 7.13E-01 | 1.10E+00
4 |18 2.62E+02 | 1.10E+09 | 1.14E-02 | 3.92E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.10E+00
4 19 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 4.88E+05 | 1.25E-01 | 0.00E+00 | 0.00E+00
4 | 10 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.39E+05 | 4.68E-02 | 0.00E+00 | 0.00E+00
4 |11 | 2.08E+02 | 9.35E+10 | 9.06E-01 | 2.48E+00 | 0.00E+00 | 0.00E+00 | 5.70E+01 | 9.90E-01
4 | 12 | 2.08E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.30E+01 | 0.00E+00
4 | 13 | 1.66E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.95E+04 | 1.19E-06 | 0.00E+00 | 0.00E+00
4 | 14 | 1.58E+02 | 4.20E+09 | 7.86E-03 | 1.64E-02 | 0.00E+00 | 0.00E+00 | 7.42E-01 | 1.10E+00
4 | 15 | 1.58E+02 | 4.15E+08 | 1.55E-03 | 3.23E-03 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.10E+00
4 | 16 | 1.49E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.27E+05 | 1.37E-01 | 0.00E+00 | 0.00E+00
4 | 17 | 1.49e+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.49E+02 | 2.92E-02 | 0.00E+00 | 0.00E+00
4 |18 | 1.47E+02 | 3.55E+10 | 1.72E-01 | 3.32E-01 | 0.00E+00 | 0.00E+00 | 4.34E+01 | 9.90E-01
4 |19 | 1.47E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 55.56+01 | 0.00E+00
4 | 20 | 1.46E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 5.49E+06 | 0.00E+00 | 0.00E+00 | 0.00E+00
516 3.12E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.19E+05 | 0.00E+Q00 | 0.00E+00 | 0.00E+00
5 |7 2.63E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.61E+00 | 0.00E+00
518 2.62E+02 | 9.94E+09 | 6.83E-02 | 3.54E-01 | 0.00E+00 | 0.00E+00 | 2.07E+01 | 1.10E+00
519 2.18E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.09E+05 | 2.47E-01 | 0.00E+00 | 0.00E+00
5 |10 | 2.18E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 5.57E+05 | 4.23E-01 | 0.00E+00 | 0.00E+00
5 |11 | 2.08E+02 | 6.68E+09 | 4.32E-02 | 1.77E-01 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.90E-01
5 |12 | 2.08E+02 | 1.00E+11 | 8.64E-01 | 3.54E+00 | 0.00E+00 | 0.00E+00 | 5.03E+02 | 9.90E-01
5 | 13 | 1.66E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 1.04E+05 | 0.00E+00 | 0.00E+00 | 0.00E+00
5 | 14 | 1.58E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 7.90E+00 | 0.00E+00
5 |15 | 1.58E+02 | 3.74E+09 | 9.32E-03 | 2.91E-02 | 0.00E+00 | 0.00E+00 | 2.14E+01 | 1.10E+00
5 | 16 | 1.49E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.71E+04 | 2.03E-01 | 0.00E+00 | 0.00E+00
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| J Aij AjiEl fijEl SEl AjiE2 AjiMl AjiMZ REl
5 17 | 1.49E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 2.59E+05 | 4.60E-01 | 0.00E+00 | 0.00E+00
5 18 | 1.47E+02 | 2.54E+09 | 8.18E-03 | 2.37E-02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 9.90E-01
5 | 19 | 1.47E+02 | 3.80E+10 | 1.64E-01 | 4.74E-01 | 0.00E+00 | 0.00E+00 | 3.82E+02 | 9.90E-01
5 20 | 1.47E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.10E-05 | 5.14E-03 | 0.00E+00 | 0.00E+00
5 21 | 1.47E+02 | 0.00E+00 | 0.00E+00 | 0.00E+00 | 6.10E-05 | 0.00E+00 | 0.00E+00 | 0.00E+00
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Figure 4.1: The influence of correlations on the energy of the lowest 21 levels of KIX was
studied using MCDF
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Figure 4.2: For lowest 21 levels of KIX, the percentage differences among

appropriate theoretical energies as well as NIST values were calculated.
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Figure 4.3: At the lowest 21 levels, Bl and QED contribute to MCDF2 energy for

KIX.
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Figure 4.5: Line intensity ratios for spectral lines 1 and 2 as a function of plasma
temperature for KIX.
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Figure 4.6: For spectral lines 1 and 2, KIX electron density varies with plasma
temperature.
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CHAPTER 5

THEORETICAL STUDY OF THE ATOMIC PARAMETERS,

PLASMA PARAMETERS AND PHOTOIONIZATION
OF WLXIV.

In this chapter, we have presented atomic data including energies, transition
wavelengths, radiative rates, oscillator strengths, are evaluated for W LXI1V, for
the lowest 100 fine structure levels and multipole transitions(E1, E2, M1 and
also for M2).

For W LXIV, we identified the 21 in electric dipole, 33 in electric quadrupole,
28 in magnetic dipole and 21 in magnetic quadrupole soft x-ray (SXR)
transitions, as well as 1 in electric dipole extreme ultraviolet (EUV) transitions
from the ground state.

Furthermore, we have analyzed the photoionization cross section and ionization
potential of 3s, 3p and 3d levels of Na-like W at five different photoelectron
energies by employing the FAC code.

Line intensity ratios and electron density for W LXIV have also been reported,
which will be useful and necessary for plasma diagnostics, including modelling
for future International Thermonuclear Experimental Reactor (ITER)
investigations.

We assume that our observations will be useful for cell biology, biophysics,

fusion plasma research, as well as astrophysical studies and their applications.
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5.1 INTRODUCTION

The majority of attention in the field of fusion research has been on tungsten since it
will serve as a plasma-facing material in impending massive tokamaks among future
fusion reactors [1]. The ionization of multielectron tungsten ions during modern
thermonuclear plasma investigations has been investigated because the thermonuclear
reactor ITER uses tungsten as a material for its plasma-facing components [2].
Photoionization of tungsten atoms and ions is still of importance in the context of
plasma, although it is not directly relevant to fusion research since it can reveal
information about the spectroscopic properties of tungsten that are necessary for plasma
diagnostics [3]. When there are a lot of strongly interacting, singly excited channels
accessible to an outgoing electron, it might be challenging to calculate the
photoionization cross-section of an open-shell atom [4]. A highly sensitive
spectroscopic method for examining the function of intermediate multiple excited states
in photon-ion interactions, with implications for electron-ion recombination and the
ionization processes, is the use of photoionization observations together with thorough
theoretical computations [5]. The photon-ion merged-beams technology was used to
measure the experimental cross sections on an absolute scale and large-scale close-
coupling simulations using the Dirac-Coulomb R-matrix approximations provided the
theoretical data for W-ion have been investigated by muller et al.. In our article on the
outcomes for W+ ions, we provide a thorough explanation of the procedure used to
photoionize tungsten ions. In our work Photoionization cross sections calculated using
FAC and other codes based on the distorted wave approximation neglect channel
coupling, which is included by R-matrix calculations and may significantly affect near-
threshold behavior and low-temperature photoionization and recombination rate

coefficients.

5.2 THEORETICAL PROCEDURE
5.2.1 Atomic Structure Calculations

FAC merges the advantages of these already-existing atomic codes with improvements
in numerical techniques established to increase the potential, efficiency, as well as

robustness of the programmes [36]. By M.F.Gu, fac is developed and it is based on
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Dirac-Hartree-Fock-Slater (DHFS). The source code and documentation are accessible
to the general public at http://kipac-tree.stanford.edu/fac. With this approach, we used
non-local exchange potential in place of potential. When the behaviour of the particles
is in local potential, the interaction remains constant, whereas in non-local potential,
particle behaviour also influences the interaction. Nuclear charge and electron-electron

interaction contribute to the local potential involved in the FAC.

The Dirac-Coulomb Hamiltonian in the MCDF (Multi-Configuration Dirac Fock)

technique can be represented for only an N electron atom or an ion as below:
, 1
H=Y L Hy()+ 2§V=1r—i]_ (5.1)

The single electron Dirac Hamiltonian is Hj (i) and an ASF (atomic state function) is
used to estimate the specific wave function such an atomic state for a N electron atom

or ion system in equation (5.1).

The linear combination of n electronic configuration state functions yields an atomic
state function (ASF) for N electron atoms or ions that describes various fine structural
states (CSFs).

¥ (PIM)) = X, c;(a)ly; (PIM)) (5.2)

In which the ASFs satisfy the orthonormality criterion. « indicates the coupling, orbital
occupation numbers, etc. CSFs called y; (PJM) specify a specific state with a specific

parity. Also, (J, M) specified as angular momentum.

5.2.2 Photoionization cross section

One of the most fundamental interactions between radiation and matter is
the photoionization of atoms, which plays a role in different scientific fields. More
specifically, photoionization from excited states has several uses in radiative
recombination, controlled thermonuclear research plasma, radiation protection, and
stellar atmospheres. As a result, measuring photoionization cross sections accurately
from excited atomic states is a considerably more stimulating mission. In the presence

of radiation emitted from the sun, processes like photoexcitation, photo-ionization, and
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recombination occur naturally all the time [37].

Being a highly charged ion and a simple electronic configuration of sodium their
computed numbers may represent the background cross- sections, their computation
must go beyond a few core- ion excitations to show the behavior at the core- ion
threesholds on the background. The photoionization cross section should contain the
same resonances, as the related or inverse processes impact excitation recombination.
For a proper treatment of the photoionization process, several approaches of increasing
sophistication have been adopted over the years. Photoionization cross sections
calculated mainly in the hydrogenic or central field approximation accounted for the

background cross section but not resonance [38].

: : . do . : .
The differential cross section (d—g ) is the ratio of energy absorbed dP to the incident

flux ((1/4m)) in the solid angle element (d) i.e.

do _ dp _am3c? dTyj (5 3)

ao = (1/4m)de nywd do

The partial photoionization cross section for a transition from level j of the (N + 1)
electron system to level i of the N electron system in terms of weighted differential

oscillator strength is derived using the relativistic distorted wave technique as:

— af
op| = 27 e (5.4)

where o stands for the fine-structure constant.

Calculating the Dirac equation using the Dirac-Fock-Slater potential obtains all bound
and free orbitals. [39].

Rydberg series of levels play a crucial role in atomic processes.

z2

e (5:3)

Rydberg formula E,.; = E. — z?/v? =E, —

where E¢ is an excited state of the residual ion X, also referred to as the ‘core’ ion, left

behind as the doubly excited autoionizing state breaks up. For all atoms and ions,
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provided the outer electron is in sufficiently high-n state, i.e., sufficiently far away from
all the inner electrons so as to experience only the residual charge z. However, the
amount of screening depends on the orbital symmetry via the orbital angular
momentum. Assuming that there are no other potentials involved, p is a unique positive

constant for each I.

The states of an electron in or with an atom to be bound, when the ground or excited
discrete energies are negative, that is, lie below the first ionization threshold or energy
of the ground state of the ionized core. Excited state ionization energies Ei are measured
relative to the ionization threshold E = 0, when the electron has zero energy and
becomes free. The lonization energies of the outermost electron(s) in excited states are
lower than those of the ground state. Excitation of a bound state to another bound state
may occur due to impact by other particles or photons. The bound electron(s) in the ion
may be excited, or ionized, by the free electrons. Since the ionized electron may have
any energy, there is an infinite continuum of positive (kinetic) energies E > 0 above the
ionization threshold at E = 0, where no ‘pure’ bound states can exist. Here, the meaning
of the term ‘continuum state’ of an (e + ion) system, with a free electron and an ion,
needs to be understood. The state refers to a continuum of kinetic energies, which the
free electron may have, but the total (e + ion) energy is relative to a specific bound state

of the ion, usually the ground state.

In Table 5.1, we have analyzed the photoionization cross section and ionization
potential of 3s, 3p and 3d levels of Na-like W at five different photoelectron energies
by employing the FAC code and compare our estimated ionization potential from the
FAC code with the ionization potential from the National Institute of Standards and
Technology (NIST) database of Na-like W. FAC calculates cross sections in a single
channel approximations which cannot produce the naturally existing resonances. In
absence of consideration of any coupling of channels resulting in mixing resonant
features in photoionization cross — sections are not expected to provide the precise
values. Figure 5.1, represents the graph between photoionization cross section (102 Mb)

at five different photoelectron energies (10* eV).
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Figure 5.1: Graph between photoionization cross section (in 10> Mb) at five different
photoelectron energies (in 104 V).

5.2.3 Computation Procedure

In order to obtain accurate results for W83* (Na-like tungsten) as we have chosen the

following method:

Firstly, we have provided energy for levels 2p°® 31 nl' with 3 <n <5, 2p° 4l 4l'excitations
among one electron as of the 2p subshell to additional high subshells and 2s2p°® 31 nl’
with 3 <n <5, 2s2p®4l 4l'excitations of one electron as of the 2s subshell to additional
high

wavelengths, line strengths, as well as transition probabilities for magnetic (M1) and

subshell configurations accompanying oscillator strengths, transition

electric (E1) dipole transitions from the ground state for W LXIV.
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5.3 RESULTS AND DISCUSSIONS
5.3.1 Energy Levels

For highly stripped ions, electronic interaction is required to determine precise and
comprehensive atomic data, such as energy levels, transition wavelength, oscillator
strength, etc. A carefully selected configuration expansion is depends on the calculation
of accuracy. Since there have only been a few theoretical and experimental research on
the photoionization of W ions up till now. Therefore, the theoretical investigation and
analysis of the atomic properties as well as the spectra of the W®* ion are particularly
interesting and significant for the curiosity in the investigation of tungsten ions. The
atomic characteristics of the W®"* ion were therefore examined in this work. A
comparison between our calculated energy values with other literature energies and
NIST (in Ryd) are shown in Table 5.2 and the energies (in Ryd.) with spectroscopic
notation of lowest 100 fine structure levels of W LXIV are shown in Table 5.4. We
used atomic modelling with 12 configurations in our VV correlation generated in the
form of 2p®nl 3 <n < 5and 0 <1 < 4) and 21 levels are included in this process.
Additionally, for CV correlation we have taken 2p° 31 nl” with 3 <n < 5,2p° 41 41°, 2s2p°®
31 nl’ with 3 <n <5, 2s2p°® 41 41’ configurations are taken into account and generated
2700 fine structure levels, which are obtained by single- as well as double-excitations
from the ground state. We have limited the modelling of configurations to n = 5 orbitals
for conciseness.

5.3.2 Radiative rates (wavelengths, oscillator strengths, and transition rates)

For various radiative channels, the line strength (Sj) as well as oscillator strength (fij )

are as follows:

for E1 2.0261x1018 303.75

.. Aji = wiA3; Sij and fij = Sij» (5.6)
transitions: i Ajiw;
for M1 2.6974x1013 4 -3

e y _ 4.044x10

transitions: Ai= ;A5 Sy and Ty = T U (5.7)
for E2 A - L1199x1019 _ 167.89

e . I = w5, ij and fij - /13 ij (58)
transitions: i ji®;
for M2 1.4910x1013 2.236 x 10°°

o A== Sy and fy = ———5,. (5.9)
transitions: i B

Jjitri
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In equations (5.6 to 5.9) transition wavelengthis is Ajj in A, oj as well as oi stands for
the upper and lower levels of statistical weight, accordingly. For W LXIV, we identified
21 E1, 33 E2, 28 M1 and 21 M2 SXR transitions from Tables 5.3, as well as 1 EUV
transition to the ground state from higher excited states. We have also compared our
transitional parameters with available values in literature and at NIST website in Table
5.5. Radiative data for W LXIV that we have provided is accurate and can be utilized

to further identify the spectral lines observed experimentally.

The computed transition rates for E1 and E2 transitions in two gauges, namely, length
and velocity gauge, differ from each other for the multi- configuration model and will
be in agreement when the large electronic interaction will be considered. To check the
accuracy of computed radiative data, we have presented the ratio vel/len of absorption
oscillator strengths in the last column of Tables 5.3. For allowed dipole transitions or
El, E2 transitions (AJ = 0, £1 except for ] =0 — J = 0; AS =0, AL = 0, +1 except for
L =0 — L’ = 0) length and velocity forms should agree. We note that for strong and
allowed transitions, agreement between the length and velocity form of the oscillator
strength is better than 10%. For intercombination lines or spin forbidden lines, the
selection rule is same as for the allowed transitions except for AS = 0. For spin forbidden
lines or indeed for others weak lines, only the length form should be used [40]. One can
observe that, in most of the transitions, the ratio is unity or near to unity. This ensures
vel/len ratio of oscillator strength reaffirms the accuracy of our calculations for Na-like
W.

5.4 LINE INTENSITY RATIO AND PLASMA PARAMETERS

If the plasma has a thin optical layer and is also in local thermodynamic equilibrium
(LTE), the diagnosis of elemental composition using different experimental
spectroscopic techniques becomes easy as well as straightforward (LTE). The optically
thick line is the reason for this saturation with self-absorption, as seen in the line profile,
which results in an asymmetrical or asymmetrical peak in the spectrum. As a result, the
electron density and plasma temperature are measured wrongly and inappropriately.
Increased kinematic excitement, or perhaps the movement of electrons, arises at higher

temperatures. LTE can be easily accomplished due to the increase in the number of
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collisions with an electron at higher temperatures. The effect of plasma temperature
upon line intensity ratio in addition to the limiting value of electron density has been
studied in ongoing research to understand more about the features of optically thin

plasma.

Two spectral lines from the same atom or ion are measured by line intensity ratio as

follows:

_ 1_1 Az A1 91 _ E; - Ez] (5.10)

"L Mg CPUT KT

In the above equation (5.10) A is the wavelength and A is the transition probability, |
indicates intensity, and g denotes the lower level of transition of the statistical weight,
K denotes the Boltzmann constant and the value of K is 8.6173 x 10° ev/K and T
denotes the excitation temperature in Kelvin (K). E represents the energy of the upper
stage of transition in (eV) [41- 42]. According to equation (5.10), the exponential term

significantly impacts the line intensity ratio of two spectral lines. In Hot Dense Plasma,

the line intensity ratio and electron density calculations, opted as 1 [1522522p®3s (25y/»
) - 1522522p°3p (2P192), 2[1522522p%3s (252 ) - 1525%2p°3p (2P9?/2) which signifies
the two spectral lines. For Na-like W at high temperatures, we have presented the line
intensity ratio (R) in Table 5.6. The International Thermonuclear Experimental Reactor
(ITER) has started using various heating techniques to raise the plasma temperature to
the optimal level value of 1.5 x 108 °C or 4 x 10%° K [43]. As a result, we specified 10*°
K as the maximum plasma temperature in our calculations. As is observable, the
exponential term becomes extremely small for the lowest values of AE (= E1- E2),
which leads the line intensity ratio between two spectral lines to become too small. This
led to calculating the line intensity ratio between two spectral transitions. From Figure
5.2 and Table 5.6, it is possible to determine how the line intensity ratio behaves with
plasma temperature. According to our observations, the line intensity ratio rises as the
plasma temperature T rises, especially when T is more than or equivalent to 10°K. This
demonstrates the saturation of the line intensity ratio or the negligible effect of rising

temperatures on the line intensity ratio.
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Figure 5.2: For Na-like W, the line intensity ratio for spectral lines 1 [1s?2s?2p®3s (281/2 ) -
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temperature.

By comparing their estimated line intensity ratio with the measured ratio for various
delay times, researchers may pinpoint the timeframe window only when plasma is

already in LTE as well as optically thin.
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Figure 5.3: Limiting electron density for Na-like W for spectral lines 1 [1s2s22p®3s (281/2 )
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The overall number of electron collisions must be high to achieve LTE. For plasmas as
being in partial local thermodynamic equilibrium (LTE), it is possible to predict the
lowest principal quantum number that meets the criterion of being within 10% of its
Saha-Boltzmann value [44]. The McWhirter criterion [45] establishes the minimal or

limiting value of electron density for this purpose.
ne = 1.6 x 1012TU/2(AE)3 (5.11)

Where T is plasma temperature in Kelvin, the electron density is ne and AE = (E1 —E>)
eV. The limiting electron density at various plasma temperature levels is also
mentioned. 10 cm? is the electron density order because of its occurrence in several
types of stars, including white dwarf stars. Plasma throughout this density range is
particularly well-known, as are inertial confinement fusion plasmas. In Figure 5.3 and
Table 5.6, it can be deduced that the value of the limiting electron density for Na-like
W demonstrates that the number of collisions in the plasma rises as the plasma
temperature rises. Therefore, this knowledge may be useful for experimenters who want
to produce optically thin plasma for Na-like W ions in LTE at significantly higher

temperatures.

5.5 CONCLUSION

In the current work, we have provided theoretical research as well as analysis regarding
the atomic parameters of multipole transitions of W ions for 100 fine-structure levels
for Na-like which is inspired by demand. We have investigated the photoionization
cross section and ionization potential of 3s, 3p and 3d levels of Na-like W at five
different photoelectron energies. Our computing process uses the FAC approach and
other codes based on the distorted wave approximation neglect channel coupling, which
is included by R-matrix calculations and may significantly affect near-threshold
behavior and low-temperature photoionization and recombination rate coefficients. The
discrepancy between the findings and the available theoretical as well as experimental
data is explained. Furthermore, we estimated the line intensity ratio and electron
density for W LXIV and evaluated how they behaved under high plasma temperatures.
Our predicted results will be useful for fusion plasma, astrophysical plasma, and

modelling plasma.
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Table 5.1: Photoionization cross section (in 10> Mb) and ionization potential (L.P. in eV)
of Na-likeW at five photoelectron energies (in 10* eV), from which the ground state of

WO is 1s22522p°.

. lonization Ionizat!on
Energies 0.0356 0.8162 1.8449 3.0372 4.3354 5.7048 Potential Potential
NIST
2(32525263?;21 398E-01 | 101E-01 | 336E-02 | 1L40E-02 | 6.87E-03 | 3.75E-03 71310 71310
Energies 0.0392 0.7673 1.7405 2.8751 4.1156 5.4275
2820°30" | 531E.01 | 106E-01 | 277E-02 | 9.28E-03 | 3.756-03 | 1L756-03 | 69711 6970.4
(3P1)%P12 ' ' ' ' ' ' ' '
2(52?1';’;3;21 554E-01 | 9.26E-02 | 215E-02 | 6.63E-02 | 2.25E-03 | LI2E-03 |  6597.2 6596
Energies 0.0318 0.7091 1.6157 2.6809 3.8516 5.0042
%;5;23263321 389E-01 | 350E-02 | 5.06E-03 | 1.08E-03 | 3.08E-04 | 108E-04 | 64102 6409.3
%f;zl';’fsszl 372E-01 | 3.16E-02 | 441E-03 | 9.14E-04 | 2.53E-04 | 8.73E - 05 6325.2 6324.4
Table 5.2: A comparison between our calculated energy values with other literature
energies and NIST (in Ryd).
GRASP | FAC | MCDF | MCDF | RBMT | HULLAC | COWAN
LEVEL | CONFIGURATIONS | NISTI49] | FAC | periis) | REF[45] | REF[46] | REF[8] | REF[4] | REF[48] | REF[47]
1 2522p° 35 (%S1)%S1, | 0.0000 | 0.0000 | 0.0000 | 00000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
2 2522p6 3p! (P1)?Pye | 117280 | 11.7493 | 118989 | 11.7457 | 11.7370 | 117238 | 117371 | 11.8918 | 10.9897
3 2522p° 3p! (P1)?Ps, | 39.189 | 39.2334 | 30.3365 | 39.2218 | 39.2267 | 39.1927 | 39.2068 | 39.3315 | 39.8862
4 2522p° 3d! (D1)?Ds> | 52969 | 529815 | 53.1127 | 52.9352 | 53.008L | 52.9545 | 52.9674 | 53.1316 | 523155
5 2522p° 3d! (D1)?Ds> | 59.210 | 59.2312 | 59.3372 | 50.1730 | 59.2605 | 50.2393 | 59.2288 | 50.3547 | 58.9189
6 2522pF 4st (31?51, | 239.1 | 239.0101 | 239.0661 | 238.9973 | 239.2723
7 2s22pt 4p! P12y, | 2439 | 243.8679 | 243.9788 | 243.8505 | 244.0685
8 2s22pf 4p! (P1)?Ps, | 2552 | 255.1180 | 255.2154 | 255.0981 | 255.3387
9 2s22p® 4d! (D1)?Da> | 2604 | 260.3343 | 260.4510 | 260.3002 | 260.5362
10 | 2s%2p94s! (?D1)?Dsn | 2631 | 263.0348 | 263.1426 | 262.9954 | 263.2625
11 2520p8 4ft (BF1)%Fs | 2659 | 265.7614 | 265.8618 | 265.7361 | 266.0983
12 2520p8 4ft (BF1)2F7, | 267.1 | 266.9432 | 267.0446 | 266.9176 | 267.2928
13 2522p° 55t (251)%S1s - 345.3396 | 345.5593 | 345.3305 i
14 25226 5p (2P1)2P 12 i 347.7801 | 348.0234 | 347.7664 | -
15 2522p° 5p (2P1)2Par - 353.4352 | 353.6728 | 353.4200 :
16 | 25%2p°5d" (2D1)?Dse - 355.9884 | 356.2383 | 355.9695 :
17 | 2s%2p°5d (2D1)?Ds> | 3575 | 357.3798 | 357.6240 | 357.3573 | 357.7642
18 2s22p° 5L (?F1)%Fs | 358.8 | 358.7201 | 358.9640 | 358.7180 | 350.0589
19 2s22p° 5l (2F1)2F7, | 3505 | 359.3365 | 359.5722 | 350.3256 | 350.6882
20 | 2s%2p°5¢! (%G1)?Gr, | 350.8 | 359.5308 | 359.7585 | 350.5057 | 359.9799
21 | 2s%2p°5¢! (%G1)?%Ger | 360.1 | 359.8911 | 360.1191 | 350.8662 | 360.3447
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Table 5.3: The Radiative data of E1, E2, M1 and M2 transitions of W LXIV.

Transitions Il_e(:/vgle(li’) Uppe(;)LeveI (ir;;j,i&) Aji(ins?) fij Sij (ina.u.) | vel/len
E1l 1 2 76.747 4.4554E+10 | 3.9343E-02 | 1.9881E-02 | 0.960
El 1 3 23.178 | 1.7543E+12 | 2.8259E-01 | 4.3126E-02 | 1.000
El 1 7 3.735 6.3048E+13 | 1.3182E-01 | 3.2414E-03 | 1.000
E1l 1 8 3.570 3.9237E+13 | 1.4996E-01 | 3.5250E-03 | 1.000
E1l 1 14 2.619 3.5715E+13 | 3.6724E-02 | 6.3325E-04 | 0.970
El 1 15 2.577 2.5350E+13 | 5.0480E-02 | 8.5656E-04 | 0.940
El 1 22 1.502 1.1244E+14 | 7.6023E-02 | 7.5167E-04 | 0.990
El 1 27 1.447 1.1757E+12 | 7.3815E-04 | 7.0330E-06 | 1.000
El 1 35 1.389 1.0951E+12 | 3.1689E-04 | 2.8987E-06 | 1.000
El 1 38 1.389 2.8606E+13 | 1.6551E-02 | 1.5138E-04 | 0.990
El 1 40 1.387 8.0418E+12 | 4.6402E-03 | 4.2383E-05 | 0.980
El 1 41 1.386 1.1583E+13 | 3.3361E-03 | 3.0445E-05 | 0.980
El 1 42 1.384 3.0323E+13 | 1.7420E-02 | 1.5877E-04 | 0.980
El 1 44 1.383 8.8377E+13 | 2.5355E-02 | 2.3094E-04 | 0.990
El 1 46 1.381 1.6360E+12 | 9.3580E-04 | 8.5103E-06 | 0.970
El 1 48 1.376 2.0595E+14 | 5.8485E-02 | 5.2999E-04 | 0.970
El 1 52 1.369 2.7912E+13 | 1.5673E-02 | 1.4123E-04 | 0.990
El 1 56 1.364 2.7490E+15 | 1.5338E+00 | 1.3777E-02 | 0.980
El 1 58 1.363 2.5475E+15 | 7.0969E-01 | 6.3698E-03 | 0.980
El 1 72 1.331 1.4429E+13 | 3.8338E-03 | 3.3606E-05 | 0.970
El 1 75 1.328 1.1814E+11 | 6.2423E-05 | 5.4561E-07 | 0.670
El 1 76 1.324 3.4509E+12 | 1.8124E-03 | 1.5793E-05 | 1.100
E2 1 4 17.166 1.4053E+08 | 1.2417E-05 | 7.4823E-04 | 1.000
E2 1 5 15.364 2.5612E+08 | 2.7193E-05 | 1.1749E-03 | 1.000
E2 1 9 3.498 4.3608E+11 | 1.6003E-03 | 8.1625E-04 | 1.000
E2 1 10 3.463 4.3340E+11 | 2.3372E-03 | 1.1560E-03 | 1.000
E2 1 16 2.559 2.1579E+11 | 4.2354E-04 | 8.4502E-05 | 0.880
E2 1 17 2.549 2.2623E+11 | 6.6089E-04 | 1.3033E-04 | 0.880
E2 1 23 1.479 3.1670E+11 | 2.0769E-04 | 8.0031E-06 | 0.990
E2 1 24 1.476 8.6218E+11 | 8.4518E-04 | 3.2397E-05 0.990
E2 1 25 1.475 6.5200E+11 | 4.2558E-04 | 1.6283E-05 | 0.990
E2 1 29 1.415 9.9118E+10 | 5.9495E-05 | 2.0074E-06 | 0.990
E2 1 30 1.414 7.7802E+11 | 6.9950E-04 | 2.3551E-05 | 0.990
E2 1 32 1.409 1.5462E+11 | 1.3809E-04 | 4.6031E-06 | 1.000
E2 1 33 1.408 7.3562E+11 | 4.3722E-04 | 1.4536E-05 | 0.990
E2 1 57 1.363 4.2367E+07 | 2.3602E-08 | 7.1205E-10 | 1.200
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Transitions Il_e(zlvgle(li’) Uppea)LeveI (ir);{i& Aji(in s fij Sij (ina.u.) | vel/len
E2 1 60 1.362 1.0880E+09 | 9.0801E-07 | 2.7342E-08 | 1.000
E2 62 1.358 4.7445E+09 | 3.9339E-06 | 1.1730E-07 | 1.000
E2 1 63 1.357 1.1397E+09 | 6.2924E-07 | 1.8731E-08 | 0.990
E2 1 66 1.347 1.1239E+07 | 6.1164E-09 | 1.7816E-10 | 1.300
E2 1 67 1.347 4.1307E+07 | 3.3701E-08 | 9.8086E-10 | 0.780
E2 1 68 1.346 1.9403E+09 | 1.5807E-06 | 4.5902E-08 | 1.000
E2 1 71 1.341 1.7261E+08 | 9.3102E-08 | 2.6760E-09 | 2.200
E2 1 77 1.308 1.3554E+08 | 6.9511E-08 | 1.8524E-09 | 1.100
E2 1 79 1.307 5.2172E+08 | 4.0082E-07 | 1.0660E-08 | 0.930
E2 1 81 1.306 1.4802E+09 | 1.1361E-06 | 3.0175E-08 | 1.100
E2 1 82 1.306 3.4839E+08 | 1.7820E-07 | 4.7295E-09 | 1.000
E2 1 84 1.305 4.8202E+08 | 2.4597E-07 | 6.5053E-09 | 0.960
E2 1 85 1.304 1.1516E+08 | 8.8081E-08 | 2.3270E-09 | 0.880
E2 1 89 1.297 1.4218E+08 | 7.1664E-08 | 1.8606E-09 | 1.400
E2 1 91 1.296 1.9374E+08 | 1.4629E-07 | 3.7906E-09 | 1.200
E2 1 94 1.294 1.2902E+09 | 6.4794E-07 | 1.6731E-08 | 1.000
E2 1 98 1.291 1.6724E+09 | 1.2536E-06 | 3.2132E-08 | 1.200
E2 1 99 1.290 2.1006E+09 | 1.0474E-06 | 2.6756E-08 | 0.970
E2 1 100 1.289 1.2428E+09 | 9.2795E-07 | 2.3644E-08 | 0.710
M1 1 4 17.166 1.4712E+04 | 1.2999E-09 | 1.1035E-05
M1 1 6 3.811 5.8203E+07 | 1.2675E-07 | 2.3890E-04
M1 1 9 3.498 8.1552E+05 | 3.3597E-09 | 5.8128E-06
M1 1 13 2.638 6.5816E+07 | 6.8646E-08 | 8.9542E-05
M1 1 16 2.559 1.1779E+06 | 2.3120E-09 | 2.9254E-06
M1 1 23 1.479 1.9008E+10 | 1.2466E-05 | 9.1173E-03
M1 1 25 1.475 1.1398E+10 | 7.4400E-06 | 5.4287E-03
M1 1 26 1.475 2.8236E+10 | 9.2095E-06 | 6.7178E-03
M1 1 29 1.415 8.4942E+09 | 5.0986E-06 | 3.5676E-03
M1 1 31 1.412 1.1438E+10 | 3.4198E-06 | 2.3883E-03
M1 1 33 1.408 5.7384E+08 | 3.4106E-07 | 2.3747E-04
M1 1 34 1.402 8.6983E+08 | 2.5620E-07 | 1.7760E-04
M1 1 55 1.364 2.9979E+06 | 8.3672E-10 | 5.6459E-07
M1 1 57 1.363 1.2265E+06 | 6.8325E-10 | 4.6058E-07
M1 1 61 1.359 8.8377E+07 | 2.4455E-08 | 1.6430E-05
M1 1 63 1.357 3.1638E+06 | 1.7468E-09 | 1.1723E-06
M1 1 66 1.347 7.0480E+06 | 3.8356E-09 | 2.5555E-06
M1 1 70 1.342 1.0365E+07 | 2.7964E-09 | 1.8552E-06
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Transitions Il_e(zlvgle(li’) Uppea)LeveI (ir);{i& Aji(in s fij Sij (ina.u.) | vel/len
M1 1 71 1.341 3.7020E+05 | 1.9968E-10 | 1.3245E-07
M1 1 77 1.308 4.5800E+06 | 2.3489E-09 | 1.5192E-06
M1 1 78 1.307 7.3445E+05 | 1.8815E-10 | 1.2163E-07
M1 1 82 1.306 5.1443E+06 | 2.6312E-09 | 1.6995E-06
M1 1 84 1.305 1.0770E+06 | 5.4960E-10 | 3.5458E-07
M1 1 86 1.304 1.0297E+07 | 2.6246E-09 | 1.6924E-06
M1 1 89 1.297 2.5492E+05 | 1.2849E-10 | 8.2386E-08
M1 1 94 1.294 2.2367E+06 | 1.1233E-09 | 7.1894E-07
M1 1 96 1.293 2.1280E+07 | 5.3296E-09 | 3.4067E-06
M1 1 99 1.290 1.0619E+04 | 5.2948E-12 | 3.3767E-09
M2 1 3 23.178 3.6324E+05 | 5.8511E-08 | 6.5184E-01
M2 1 8 3.570 3.3835E+08 | 1.2931E-06 | 5.2647E-02
M2 1 11 3.427 7.5974E+03 | 4.0140E-11 | 1.4459E-06
M2 1 15 2.577 4.1691E+08 | 8.3021E-07 | 1.2713E-02
M2 1 18 2.539 3.6919E+03 | 7.8056E-12 | 1.1432E-07
M2 1 22 1.502 5.2225E+09 | 3.5311E-06 | 1.0698E-02
M2 1 27 1.447 1.5910E+07 | 2.2546E-08 | 6.1124E-05
M2 1 36 1.389 1.2562E+07 | 1.0903E-08 | 2.6149E-05
M2 1 38 1.389 1.5591E+09 | 9.0207E-07 | 2.1634E-03
M2 1 39 1.388 6.6038E+07 | 5.7177E-08 | 1.3664E-04
M2 1 40 1.387 8.5484E+07 | 4.9325E-08 | 1.1781E-04
M2 1 42 1.384 1.3263E+09 | 7.6192E-07 | 1.8079E-03
M2 1 43 1.384 6.3659E+07 | 5.4842E-08 | 1.3008E-04
M2 1 46 1.381 2.6312E+09 | 1.5050E-06 | 3.5480E-03
M2 1 47 1.381 1.9916E+09 | 1.7083E-06 | 4.0255E-03
M2 1 50 1.371 1.1575E+11 | 9.7792E-05 | 2.2526E-01
M2 1 52 1.369 1.1122E+11 | 6.2455E-05 | 1.4321E-01
M2 1 54 1.367 5.8300E+08 | 4.8974E-07 | 1.1185E-03
M2 1 56 1.364 1.1031E+09 | 6.1551E-07 | 1.3979E-03
M2 1 74 1.331 3.3615E+07 | 2.6792E-08 | 5.6550E-05
M2 1 75 1.328 1.7976E+07 | 9.4980E-09 | 1.9879E-05
M2 1 76 1.324 3.5272E+08 | 1.8524E-07 | 3.8419E-04
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Table 5.4 : Energies (in Ryd.) of lowest 100 fine structure levels of W LXIV.

Level Configurations Parity | FAC(Ryd) | NIST(Ryd)[49] AE
1 2522p° 3st (2S1)2S Even 0.0000 0.0000 0.00
2 2522p° 3p* (2P1)2Pys, Odd 11.7493 11.7280 1.06
3 2522p® 3p! (%P1)?Pan Odd 39.2334 39.189 0.21
4 2522p° 3d* (?D1)?Dap Even 52.9815 52.969 0.20
5 2522p® 3d* (°D1)?Dsp2 Even 59.2312 59.210 0.13
6 2522 4st (%S1)%S12 Even 239.0101 239.1 0.04
7 2522p5 4p! (2P1)?P 1y Odd 243.8679 243.9 0.06
8 2522p5 4p! (2P1)?Par2 Odd 255.1180 255.2 0.05
9 2522p% 4d* (°D1)?Dapz Even 260.3343 260.4 0.06
10 25228 4s' (?D1)?Dsp2 Even 263.0348 263.1 0.05
11 252205 4f! (2F1)%Fsp Odd 265.7614 265.9 0.04
12 25228 4ft (2F1)%F 112 0dd 266.9432 267.1 0.04
13 2522p° 5st (?S1)%Sus2 Even 345.3396 - 0.04
14 2522p5 5pt (2P1)?P1s2 Odd 347.7801 - 0.05
15 2522p8 5pt (%P1)2P3n 0dd 353.4352 - 0.05
16 2522p° 50* (2D1)?Daz Even | 355.9884 - 0.05
17 2522p® 5d* (°D1)?Dsp2 Even 357.3798 357.5 0.05
18 2522 5f! (2F1)?Fsp Odd 358.7291 358.8 0.05
19 25225 5f! (2F1)2F 7 Odd 359.3365 359.5 0.05
20 2522p° 59t (2G1)?Grp Even | 359.5308 359.8 0.04
21 2522p° 59t (2G1)?Gar Even | 359.8911 360.1 0.04
22 2522p5 352 (1S0)2Par2 Odd 606.9790
23 2522p° 3st 3p! (2P1) *Par2 Even 616.1585
24 2s%2p° 3st 3p! (?P1) “Dsp2 Even 617.2351
25 2522p® 3st 3p! (?P1) 2Dap2 Even 617.6222
26 2522p° 3st 3p! (?P1) 2P3p2 Even 617.8084
27 2522p° 3p2 (°P2)*Darz 0dd 629.6193
28 2s%2p5 3st 3p! (?P1) “D712 Even 643.4528
29 2522p° 3st 3p! (2P1) “San Even 644.0812
30 2522p° 3st 3p! (2P1) *Pss2 Even 644.5490
31 2522p° 3st 3pt (?P1) 2S1s2 Even 645.3077
32 2s%2p° 3st 3p! (?P1) Dsp2 Even 646.6930
33 2522p° 3st 3p! (?P1) 2P3p2 Even 647.2673
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Level Configurations Parity | FAC(Ryd) | NIST(Ryd)[49] AE
34 2522p° 3st 3pt (2P1) %Sz Even | 650.1377
35 2522p° 3p? (3P2)*Pur2 Odd 655.7743
36 2522p° 3p? (°P2)*Ps2 odd 655.8282
37 2522p° 3p? (*D2)?F12 Odd 655.8962
38 2522p° 3p? (*D2)?Par2 odd 655.9289
39 2522p° 3p? (1D2)?Dsy2 odd 656.7224
40 2522p° 3p? (3P2)°D3p2 Odd 656.8221
41 2522p5 3st 3d (2D1) “Par2 Odd 657.4354
42 2522p5 3st 3d! (2Dy) 2Dar2 Odd 658.2976
43 2522p® 3st 3d* (2Dy) *Psr2 Odd 658.4006
44 2522p® 3st 3d* (2Dy) 2Py Odd 658.6996
45 2522p® 3st 3d* (2Dy) *F7r Odd 659.0358
46 2522p5 3st 3d! (2Dy) 2Dar2 Odd 659.7364
47 2522p® 3st 3d* (2Dy) %Fsz Odd 659.8185
48 2522p° 3p? (1D2) 2Py Odd 661.9999
49 2522p° 3st 3d! (°Dy) *For Odd 663.9801
50 2522p° 3st 3d! (°Dy) *Psp2 Odd 664.8790
51 2522p° 3st 3d! (?Dy) “Dro Odd 665.3981
52 2522p° 3st 3d! (?Dy) 2D Odd 665.7569
53 2522p° 3st 3d! (°Dy) 2Fp Odd 665.8743
54 2522p° 3st 3d* (°D1) ?Dsy2 Odd 666.7686
55 2522p5 3pt 3d! (2D1) *Durz Even | 667.7302
56 2522p® 3st 3d* (2Dy) %P3 Odd 668.0052
57 2522p5 3P 3d! (2D1) *Dar Even | 668.3914
58 2522p° 3st 3d! (2Dy) 2Py Odd 668.3984
59 2522p5 3pt 3d* (2D1) “Gr Even | 668.4765
60 2522p5 3st 3d (2Dy) “Fsp2 Even | 668.8146
61 2522p5 3pt 3d* (2Dy) *Pur2 Even | 670.6091
62 2522p5 3p* 3d* (2D1) “Fsp2 Even | 671.0050
63 2522p° 3p* 3d! (?Dy) “Dapz Even 671.3865
64 2522p5 3pt 3d* (2Dy) “D7 Even | 675.6948
65 2522p° 3p* 3d! (?D1) “Garz Even 676.0153
66 25%2p° 3p* 3d! (?Dy) %P3 Even 676.2796
67 2522p5 3p* 3d* (2Dy) 2Fsp2 Even | 676.4676
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Level Configurations Parity | FAC(Ryd) | NIST(Ryd)[49] AE
68 2522p5 3p! 3d* (2Dy) *Psr2 Even | 676.9706
69 2522p5 3pt 3d* (2Dy) Frp2 Even | 677.2248
70 2522p5 3pt 3d* (2D1) 2Py Even | 679.1841
71 2522p° 3p! 3d! (?Dy) Dan Even | 679.2955
72 25°2p° 3p® (°P1) %S12 Odd 684.4237
73 2522p° 3p? (3P1) “D1i2 0dd 684.4358
74 2522p° 3p? (3P2) 2Dsy2 Odd 684.4758
75 2522p° 3p? (1So) 2Par2 Odd 686.4124
76 2522p° 3p2 (3P2) 2P Odd 688.4842
77 2522p5 3p! 3d* (2Dy) *Par2 Even | 696.6554
78 2522p5 3pt 3d* (2Dy) 2Py Even | 697.0092
79 2522p5 3pt 3d* (2Dy) “Dss2 Even | 697.1176
80 2522p5 3pt 3d* (2Dy) “Fro Even | 697.1226
81 2522p5 3pt 3d* (2Dy) 2Fsp Even | 697.4420
82 2522p5 3pt 3d* (2D1) D3, Even | 697.5096
83 2522p° 3p* 3d! (°Dy1) *Ger Even 697.5959
84 2522p° 3p* 3d! (D) “Dap Even 698.4236
85 2522p° 3p* 3d! (D) “Dspz Even 698.6454
86 2s%2p° 3p* 3d! (°Dy) *P1s2 Even 698.6805
87 2s%2p° 3p* 3d! (?D1) 2F712 Even 698.7712
88 2522p° 3p* 3d! (?D1) “Gusz Even 701.8904
89 2522p5 3pt 3d* (2D1) D32 Even | 702.5486
90 2522p° 3pt 3d* (2Dy) Frpo Even | 702.7298
91 2522p° 3p* 3d* (2D1) 2Dsy2 Even | 703.2169
92 2522p° 3pt 3d! (2Dy) *For Even | 703.6215
93 2522p° 3p* 3d* (2Dy) “Dirz Even | 703.8673
94 2522p° 3p 3d! (2Dy) 2Par Even | 704.0300
95 2522p° 3p* 3d! (?D1) %Gz Even 704.6175
96 25%2p° 3p* 3d! (?Dy) %P2 Even 704.9477
97 2522p5 3pt 3d* (2Dy) “D7z Even | 705.1930
98 25?2p° 3p* 3d! (?Dy) 2Dspz Even 705.7649
99 2s%2p° 3p* 3d! (°Dy) %P3 Even 706.5673
100 25%2p° 3p* 3d! (?Dy) 2Dsz Even 707.1703

Richa 127



Chapter 5

Table 5.5: Comparisons of the transitional parameters with available values in literature and at NIST website.

A .
II__oev\\/’tSIr Llig\ezlr i hi[46] [NIST] (inA Js"l) (inA Js"l) (inA Jsl'l) (inA Js"l) (inA Js"l) (i: Jsl'l) (inA ;1) (inA ;1) fi fi (ins;.u.) a-tSJ'-J)(EEt?]
() i) (nf) | (GnA) ('[’;(ﬁ) [E1] f46] [E2] sl | M pe | ma | owme | 1| F] ey
1 2 7658 +01 | 7.658+01 | 7.674+01 445+10 | 450+10 | 141+08 | 1.40+08 0 0 0 0 396-02 | 3.96-02 | 19802 | 1.99-02
1 3 2317+01 | 2317+01 | 2317+01 175412 | 176+12 | 258+08 | 2.56+08 0 0 0 0 282-01 | 2.84-01 | 43102 | 433-02
1 4 1.716 + 01 1.716 + 01 0 0 0 0 1.47+04 1.50+04 3.63+05 3.65+05 0 0 0 0
1 5 1536+01 | 1.536+01 0 0 0 0 0 0 0 0 0 0 0 0
1 6 3811+00 | 3.812+00 0 0 0 0 582407 | 5.44+07 0 0 0 0 0 0
1 7 3.735+ 00 3.735+ 00 6.30+13 6.19+13 4.32+11 4.36+11 0 0 0 1.31-01 1.29-01 3.24-03 3.18-03
1 8 3570+00 | 3571+00 392+413 | 3.83+13 | 4.29+11 | 4.33+11 0 0 3.38+08 | 3.30+08 | 149-01 | 1.46-01 | 3.52:03 | 3.44-03
1 9 3498+00 | 3.499 +00 0 0 0 0 8.15+05 | 8.37+05 0 0 0 0 0 0
1 10 3463+00 | 3.463+00 0 0 0 0 0 0 0 0 0 0 0 0
1 1 3427+00 | 3.428+00 0 0 0 0 0 0 757403 | 7.56+03 0 0 0 0
1 13 2.638+00 | 2.637+00 0 0 0 0 6.58+07 | 6.49+07 0 0 0 0 0 0
1 14 2.619+00 | 2618+ 00 357+13 | 3.36+13 0 0 0 0 0 0 367-02 | 3.46-02 | 63304 | 597-04
1 15 2.577+00 | 2577 +00 253+13 | 2.34+13 0 0 0 0 416+08 | 3.86+08 | 50402 | 4.6502 | 85604 | 7.90-04
1 16 2.559 + 00 2.558 + 00 0 0 1.93+11 2.15+11 1.77+06 1.17+06 0 0 0 0 0 0
1 17 2.549 + 00 2.548 + 00 0 0 2.02+11 2.26+11 0 0 0 0 0 0 0 0
1 18 2.539 + 00 2.539+ 00 0 0 0 0 0 0 3.69+03 3.62+03 0 0 0 0
Richa 128




Chapter 5

5.6 REFERENCE

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

R. Aymar, P. Barabaschi, Y. Shimomura, The ITER design, Plasma Phys.
Control. Fusion. 44 (2002) 519-565. https://doi.org/10.1088/0741-3335/44
/5/304.

A. V. Demura, M.B. Kadomtsev, V.S. Lisitsa, V.A. Shurygin, Electron impact
ionization of tungsten ions in a statistical model, JETP Lett. 101 (2015) 85-88.
https://doi.org/10.1134/S0021364015020058.

A. Miiller, S. Schippers, J. Hellhund, A.L.D. Kilcoyne, R.A. Phaneuf, B.M.
Mclaughlin, Photoionization of tungsten ions: Experiment and theory for W5+,
J. Phys. B At. Mol. Opt. Phys. 52 (2019). https://doi.org/10.1088/1361-
6455/ab39c8.

J.J. Boyle, Z. Altun, H.P. Kelly, Photoionization cross-section calculation of
atomic tungsten, Phys. Rev. A. 47 (1993) 4811-4830. https://doi.org/10.1103/
PhysRevA.47.4811.

O. Physics, Photoionization of tungsten ions : experiment and theory for and
Manuscript version : Accepted Manuscript Photoionization of tungsten ions :
experiment and, (2016) 0-16.

T. Piitterich, R. Neu, R. Dux, A.D. Whiteford, M.G. O’Mullane, Modelling of
measured tungsten spectra from ASDEX Upgrade and predictions for ITER,
Plasma Phys. Control. Fusion. 50 (2008). https://doi.org/10.1088/0741-
3335/50/8/085016.

A.E. Kramida, J. Reader, lonization energies of tungsten ions: W2+ through
W71+, At. Data Nucl. Data Tables. 92 (2006) 457-479. https://doi.org/
10.1016/j.adt.2006.03.002.

A.E. Kramida, T. Shirai, Energy levels and spectral lines of tungsten, W 111
through W LXXIV, At. Data Nucl. Data Tables. 95 (2009) 305-474.
https://doi.org/10.1016/j.adt.2008.12.002.

A. Kramida, Recent progress in spectroscopy of tungsten, Can. J. Phys. 89
(2011) 551-570. https://doi.org/10.1139/p11-045.

Richa

129



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Chapter 5

U.l. Safronova, A.S. Safronova, P. Beiersdorfer, Excitation energies, radiative
and autoionization rates, dielectronic satellite lines, and dielectronic
recombination rates for excited states of Na-like W from Ne-like W, At. Data
Nucl. Data Tables. 95 (2009) 751-785. https://doi.org/10.1016
/j.adt.2009.04.001.

A.S. Safronova, A. Stafford, A.K. Gill, R.R. Childers, Polarization of hard X-ray
dielectronic satellite lines from Na-like W ions, J. Quant. Spectrosc. Radiat.
Transf. 272 (2021) 107788. https://doi.org/10.1016/j.jgsrt. 2021.107788.

M.B. Trzhaskovskaya, V.K. Nikulin, Radiative recombination and
photoionization data for tungsten ions. Electron structure of ions in plasmas,
Atoms. 3 (2015) 86-119. https://doi.org/10.3390/atoms3020086.

P. Beiersdorfer, M.J. May, J.H. Scofield, S.B. Hansen, Atomic physics and
ionization balance of high-Z lons: Critical ingredients for characterizing and
understanding high-temperature plasmas, High Energy Density Phys. 8 (2012)
271-283. https://doi.org/10.1016/j.hedp.2012.03.003.

P. Beiersdorfer, J.K. Lepson, M.B. Schneider, M.P. Bode, L-shell x-ray
emission from neonlike W64 +, Phys. Rev. A - At. Mol. Opt. Phys. 86 (2012)
1-11. https://doi.org/10.1103/PhysRevA.86.012509.

B. Li, G. O’Sullivan, C. Dong, X. Chen, Dielectronic recombination of tungsten
ions, J. Phys. B At. Mol. Opt. Phys. 49 (2016) 1-15.
https://doi.org/10.1088/0953-4075/49/15/155201.

W.D. Chen, J. Xiao, Y. Shen, Y.Q. Fu, F.C. Meng, C.Y. Chen, B.H. Zhang, Y J.
Tang, R. Hutton, Y. Zou, Precise studies on resonant energies of the first
intershell (KLL) dielectronic recombination processes for He- up to O-like
xenon, Phys. Plasmas. 15 (2008). https://doi.org/10.1063/1.2967486.

Dipti, T. Das, L. Sharma, R. Srivastava, L-shell electron excitations of Mg-
through O-like tungsten ions, Phys. Scr. 89 (2014). https://doi.org/10.1088/00
31-8949/89/8/085403.

J. Huang, G. Jiang, Q. Zhao, Ground-state ionization potentials for lithium
through neon isoelectronic sequences with Z = 37-82, Chinese Phys. Lett. 23
(2006) 69-72. https://doi.org/10.1088/0256-307X/23/1/021.

Richa

130



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Chapter 5

Priti, Dipti, L. Sharma, R. Srivastava, Fully relativistic electron impact
excitation cross-section and polarization for tungsten ions, Atoms. 3 (2015) 53—
75. https://doi.org/10.3390/atoms3020053.

W. Eckstein, J. Bohdansky, J. Roth, Atomic and plasma material interaction
data for fusion, Nucl. Fusion. 1 (1991) 51.

R.K. Pandey, Spectroscopic Study of EUV and SXR Transitions of Ba XLVI, J.
At. Mol. Condens. Nano Phys. 5 (2018) 18-39. https://doi.org/10.26713
/jamcnp.v5il.836.

M. Klapisch, P. Mandelbaum, A. Zigler, C. Bauche-Arnoult, J. Bauche, The
unresolved3d-4f transitions in thex-ray spectra of highly lonized tm to re from
laser produced plasma, Phys. Scr. 34 (1986) 51-57. https://doi.org/10.1088/0 031-
8949/34/1/009.

E.M.B. Thiemann, F.G. Eparvier, V. Knoer, A. Al Muharrami, R.J. Lillis, Solar
Extreme Ultraviolet Irradiance Uncertainties for Planetary Studies, J. Geophys.
Res. Sp. Phys. 126 (2021). https://doi.org/10.1029/2020JA028184.

V.S. Airapetian, J. Allred, Forward Modeling of Synthetic EUV/SXR Emission
from Solar Coronal Active Regions: Case of AR 11117, (2014).
http://arxiv.org/abs/1409.3866.

J. Holburg, M. Mller, K. Mann, S. Wieneke, Brilliance improvement of laser-
produced extreme ultraviolet and soft x-ray plasmas based on pulsed gas jets, J.
Vac. Sci. Technol. A. 37 (2019) 031303. https://doi.org/10.1116/1.5089201.

Q.M. Zhang, H.S. Ji, A swirling flare-related EUV jet, Astron. Astrophys. 561
(2014) 1-7. https://doi.org/10.1051/0004-6361/201322616.

P.W. Wachulak, A. Bartnik, M. Skorupka, J. Kostecki, R. Jarocki, M. Szczurek,
L. Wegrzynski, T. Fok, H. Fiedorowicz, Water-window microscopy using a
compact, laser-plasma SXR source based on a double-stream gas-puff target,
Appl. Phys. B Lasers Opt. 111 (2013) 239-247. https://doi.org/10.
1007/s00340-012-5324-y.

A. Bartnik, H. Fiedorowicz, P. Wachulak, T. Fok, Temporal measurements of
extreme ultraviolet (EUV) emission, from low temperature, EUV-induced plasmas,
Laser Part. Beams. 36 (2018) 286-292. https://doi.org/10.1017/
S0263034618000319.

Richa

131



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Chapter 5

P. Wachulak, A. Torrisi, M. Ayele, A. Bartnik, J. Czwartos, L.. Wegrzynski, T.
Fok, H. Fiedorowicz, Nanoimaging using soft X-ray and EUV laser-plasma
sources, EPJ Web Conf. 167 (2018) 1-5. https://doi.org/10.1051/epjconf/
201816703001.

P. Wachulak, A. Torrisi, M. Ayele, J. Czwartos, A. Bartnik, £.. Wegrzynski, T.
Fok, T. Parkman, S. Saladova, J. Turilova, M. Odstr¢il, H. Fiedorowicz,
Bioimaging using full field and contact EUV and SXR microscopes with
nanometer spatial resolution, Appl. Sci. 7 (2017). https://doi.org/10.3390/app
7060548.

A. Torrisi, P.W. Wachulak, A. Bartnik, .. Wegrzynski, T. Fok, H. Fiedorowicz,
Biological and material science applications of EUV and SXR nanoscale
imaging systems based on double stream gas puff target laser plasma sources,
Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater.
Atoms. 411 (2017) 29-34. https://doi.org/10.1016/j.nimb .2017.01.035.

L.H. Yang, Y.C. Jiang, J.Y. Yang, Y. Bi, R.S. Zheng, J.C. Hong, Observations
of EUV and soft X-ray recurring jets in an active region, Res. Astron.
Astrophys. 11 (2011) 1229-1242, https://doi.org/10.1088/1674-
4527/11/10/010.

G.Y. Liang, F. Li, F.L. Wang, Y. Wu, J.Y. Zhong, G. Zhao, X-Ray and euv
spectroscopy of various astrophysical and laboratory plasmas: Collisional,
photoionization and charge-exchange plasmas, Astrophys. J. 783 (2014).
https://doi.org/10.1088/0004-637X/783/2/124.

A. Bartnik, W. Skrzeczanowski, H. Fiedorowicz, P. Wachulak, T. Fok, EUV
induced plasmas created in atomic and molecular gases, (n.d.) 502.

J.B. Spencer, D.A. Alman, D.N. Ruzic, B.E. Jurczyk, Dynamics of a laser
produced plasma for soft x-ray production, Emerg. Lithogr. Technol. IX. 5751
(2005) 798. https://doi.org/10.1117/12.598543.

M.F. Gu, The Flexible Atomic Code, 2004. http://kipac-tree.stanford.edu/fac,.

M.A. Baig, Measurement of Photoionization Cross-Section for the Excited States
of Atoms: A Review, Atoms. 10 (2022). https://doi.org/10.3390/atoms10020039.

Richa

132



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Chapter 5

Atomic Astrophysics and spectroscopy, A.K. Pradhan, S.N. Nabhar,
www.cambridge.org, ISBN 978-0-521-82536-8.

D.H. Sampson, H.L. Zhang, A.K. Mohanty, R.E.H. Clark, Phys. Rev. A 40, 604
(1989)

N. Singh, A.K.S. Jha, M. Mohan, Breit-Pauli energy levels and radiative
lifetimes in neutral chlorine, Eur. Phys. J. D 38, 285-291 (2006) DOI:
10.1140/epjd/e2006-00068-4.

Tingting An, P yuan, G Lu, J Che, X Wing, M Zhang, Y An, The radius and
temperature distribution along radial direction of lightning plasma channel
Phys. Plasmas 26, 013506 (2019). doi: 10.1063/1.5059363.

A.K. Singh, Mayank Dimri, Dishu Dawra, Alok K.S. Jha, Man Mohan, Physics
of Plasmas 26,062704(2019); https://doi.org/10.1063/1.5100565 .

C. Aragdn, J.A. Aguilera, Characterization of laser induced plasmas by optical
emission spectroscopy: A review of experiments and methods, Spectrochim.
Acta - Part B At. Spectrosc. 63 (2008) 893-916. https://doi.org/10.1016
/j.sab.2008.05.010.

T. Fujimoto, R.W.P. Mc Whirter, Validity criteria for local thermodynamic
equilibrium in plasma spectroscopy, Phys. Rev., A 42, 6588(1990),
https://doi.org/10.1103/PhysRevA.42.6588.

R.W. P. McWhirter (1965). Plasma Diagnostic Techniques (Huddleston, R. H.;
Leonard S. L., Eds). New York: Academic.

K.M. Aggarwal, F.P. Keenan, Radiative rates for E1, E2, M1, and M2
transitions in S-like to F-like tungsten ions (W LIX to W LXVI), At. Data Nucl.
Data Tables. 111-112 (2016) 187-279. https://doi.org/10.
1016/j.adt.2016.02.004.

M.D. Turkington, C.P. Ballance, A. Hibbert, C.A. Ramsbottom, Benchmarking
a modified version of the civ3 nonrelativistic atomic-structure code within Na-
like-tungsten R -matrix calculations, Phys. Rev. A. 94 (2016) 1-9.
https://doi.org/10.1103/PhysRevA.94.022508.

Richa

133


https://doi.org/10.1063/1.5100565

Chapter 5

[48] F. Hu, C. Wang, J. Yang, G. Jiang, L. Hao, Multiconfiguration Dirac-Fock
calculations of transition probabilities of some tungsten ions, Phys. Scr. 84
(2011). https://doi.org/10.1088/0031-8949/84/01/015302.

[49] M. Xu, G. Jiang, M. Wu, X. Li, G. Bian, F. Hu, Multiconfiguration Dirac-Fock
calculations of excitation energies and wavelengths in highly charged tungsten
ions, Can. J. Phys. 94 (2016) 563-568. https://doi.org/10.1139/cjp-2015-0772.

[50] A. Kramida, Yu. Ralchenko, J. Reader, and NIST ASD Team, https://physics.-
nist.gov/asd for NIST Atomic Spectra Database (ver. 5.6.1) (2019).

Richa 134



CHAPTER 6

CONCLUSION, FUTURE SCOPE OF WORK
AND SOCIAL IMPACT

»  This chapter offers a thorough summary of the main conclusions and

contributions made to the field from the research done for this thesis.

> In the conclusion of the research described in this thesis, the main findings, their
importance, and the contributions made to the advancement of knowledge in the
field are highlighted.

»  Asaconclusion, this chapter discusses potential directions for future research and
looks at the potential societal impacts of exploring deeper into the findings of this
study.
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6.1 CONCLUSION

In this thesis, we used the fully relativistic multi-configuration Dirac-Fock (MCDF)
method to present a comprehensive and in-depth analysis of the atomic structure,
spectroscopic data, and plasma characteristics of C-like tungsten (WLXIX), K-like
tungsten (WLVI), Na-like potassium (KIX), and Na-like tungsten (WLXIV). In our
work, we carefully considered Breit corrections, including the interchange of virtual
photons between electrons, and quantum electrodynamics (QED) corrections, including
vacuum polarization and self-energy effects. To improve the precision of our findings,
especially for K-like and Na-like ions, we also included electron correlations. We
identified important soft X-ray (SXR), extreme ultraviolet (EUV), and hard X-ray
(HXR) transitions for WLXIX and WLVI by providing energy levels, transition
wavelengths, radiative rates, and oscillator strengths for a variety of electric and
magnetic multipole transitions. Furthermore, in the particular case of WLVI, the
population of excited states and thermodynamic features were investigated. We
discussed the importance of valence-valence (VV) and core-valence (CV) correlations
and provided detailed data on energy levels, lifetimes, and radiative data for Na-like K
(KIX). Additionally, we examined how line intensity ratios in hot dense plasma (HDP)
circumstances are affected by plasma temperature. We analyzed electric and magnetic
multipole transitions in detail for WLXIV and compared our results to available

experimental data from NIST and other theoretical investigations.

We further confirmed the accuracy of our computations by evaluating our results using
the Flexible Atomic Code (FAC), an independent completely relativistic configuration

interaction program. We found significant agreement among the two methods.

Finding and evaluating spectral lines in diagnostics associated with solar research,
fusion plasma investigations, and astrophysical exploration will be made possible by
newly released atomic and radiative data. Furthermore, the International
Thermonuclear Experimental Reactor (ITER) and other current and future research will
benefit from our studies on plasma modeling as well as diagnostics for highly ionized
tungsten and potassium ions. The findings of this investigation, including the electron
density calculations and line intensity ratios for W LXIV and KIX, will be essential for
plasma diagnostics and hot dense plasma (HDP)and astrophysical plasma
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characterization.

Although there are obvious limits, our work makes a substantial contribution to the
study of atomic structure and plasma diagnostics. The investigation of more complex
electron-electron interactions, especially in high Z-ions like tungsten, and additional
demonstrations of the predicted transitions belong to them. Future work may focus on
introducing more corrections for higher-order interactions and expanding these studies
to other ion phases.

The atomic structure and spectroscopic characteristics of C-like, Na-like, and K-like
ions have been clarified mainly in this thesis, which has major implications for fusion
research, plasma physics, and astrophysics. Our results provide a basis for further
research in atomic data production, modeling for laboratory and astrophysical plasmas,
and plasma diagnostics. In addition to acknowledging the significance and possible
uses, this conclusion summarizes the key findings and discusses the research's limits
and future directions.

6.2 FUTURE SCOPE

»  Toenhance the precision of atomic data, particularly for high Z ions like tungsten,
apply relativistic and higher-order QED adjustments, this study will helpful.

»  The study of atomic data is applicable in plasma diagnostics, confirming the
theoretical findings with data from future investigations in devices such as ITER
and other fusion reactors.

»  Astrophysical applications are going to benefit from the provided atomic data to
investigate astrophysical plasmas, such as those in the solar corona, interstellar
medium, and star atmospheres.

»  To improve comprehension of light element behavior, expand the analysis to low-
Z ions, which are important for impurity characterization and plasma management
in fusion devices for future technologies.

»  Ultilize the published atomic and radiative data in plasma modeling software to
enhance simulations and diagnostics in high-temperature and high-density plasmas.

»  Examine the possible applications of EUV and soft X-ray transitions in biological

research for future purposes, especially in imaging and radiation-based cell
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biology methods.

»  To improve plasma diagnostics and modeling, keep improving photoionization

cross section estimations at different energy levels.

» To gain a better understanding of plasma behavior, extend the analysis of
thermodynamic characteristics, such as partition functions, for various plasma

conditions.

»  Continue verifying the accuracy of predictions by contrasting calculated data with
experimental findings from resources such as the ASDEX Tokamak and NIST

compilations.

6.3 SOCIAL IMPACT

Considering its wide variety of scientific and technological applications, this work may
have a substantial social impact that Social impact are discussed below in the following

important areas:
1.  Fusion Energy Development and Clean Energy

* Sustainable Energy Source: This research improves the understanding of tungsten
(W) spectroscopic data, particularly in fusion plasma conditions. Fusion energy is a
cleaner, more sustainable energy source that has the potential to significantly minimize

dependence on fossil fuels.

* Environmental Impact: When fusion energy is fully developed, it might reduce
carbon emissions, provide an almost infinite clean energy source, and promote

environmental sustainability, all of which could help slow down climate change.

2. Advancements in Plasma Diagnostics

* Technological Innovation: By optimizing plasma modeling for high-temperature
applications the data produced may contribute to the development of innovative
plasma-related techniques for application in semiconductor manufacturing, aerospace,

and telecommunications.

3. Medical and Biophysics Applications

Richa 138



Chapter 6

* Radiation therapy and medical imaging methods can be enhanced by the study of
spectroscopic transitions, especially in the soft X-ray (SXR) and EUV regions. More
precise diagnosis and treatment of illnesses like cancer may result from these
developments. High-Z nanoparticles are employed in radiosentization through
irradiation with high-energy hard X-rays in hundreds of KeV range, not just soft X-rays
that do not penetrate far in the body. Nanovehicles using gold and platinum have been

studied in cancer research (viz. Pradhan et al. 2009, Montenegro et al. 2009).
4. Contributions to Space Research and Astrophysics:

* Space Exploration and Understanding of Cosmic Phenomena: Analysis and
interpretation of solar, stellar, solar and cosmic plasma activities can be improved by
using the data on C-like and K-like tungsten (W) and Na-like elements in the study of
high Z ions in astrophysical plasmas. Space exploration and cosmology study benefit

from this, which may lead to new discoveries about the cosmos.

* Astrophysical Diagnostics: The research improves astrophysical models and helps
identify spectral lines in the X-ray and extreme ultraviolet (EUV) regions, which are

crucial for space missions.
5. Support for Global Scientific Collaboration:

* Educational and Training Opportunities: In order to train the future generation of
scientists and engineers in atomic physics, plasma diagnostics, and fusion energy, the
comprehensive theoretical analysis and atomic data offered will be an invaluable

resource for researchers, educators, and students.
6. Economic and Industrial Benefits:

*Job Creation in High-Tech Sectors: Jobs in space exploration, nuclear energy, medical
technology, as well as high-tech manufacturing can be formed as a result of

developments in fusion energy, plasma diagnostics, and material sciences.

* Economic Growth through Innovation: Economic growth will probably be aided
by the creation of innovative technologies supported by this research, especially in the

technology and energy industries that depend on advances in atomic and plasma
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research.
7. Support for Environmental and Climate Initiatives:

* Reduction of Greenhouse Gas Emissions: This research indirectly supports efforts
to counteract global warming and reduce greenhouse gas emissions by encouraging the
transition to cleaner energy sources like fusion, which is in line with worldwide climate

targets.

* Sustainable Technology Development: A brighter future may be welcomed through
the development of more sustainable technology in businesses that depend on high-

energy processes according to the knowledge gained from our effort.

In the end, this research itsupports a more environmentally friendly and
scientifically advanced society by providing wide-ranging advantages that reach
into renewable energy solutions, medicinal innovations, technology developments,

and space exploration.
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Abstract We present complete spectroscopic data and a detailed theoretical investigation of C-like W (WLXIX) based on the
fully relativistic multi-configuration Dirac—Fock (MCDF) method. We included quantum electrodynamics (QED) corrections due to
vacuum polarization, and self-energy effects and Breit correction due to the exchange of virtual photons between two electrons are
fully considered in our calculations. For the lowest 205 fine structure levels, we have provided the energy levels and radiative data
for multiple transitions such as electric dipole (E1), electric quadrupole (E2), magnetic dipole (M 1), and magnetic quadrupole (M2)
and identified soft X-ray transitions (SXR) and hard X-ray (HXR) transitions from highly excited states to ground state have been
predicted. The credibility and authenticity of our furnished results and related calculations have also been performed using another
independent fully relativistic configuration interaction program (Flexible Atomic Code) based on self-consistent Dirac—Fock—Slater
iteration method. A reasonably good agreement is found between our two independent atomic structure calculations. We also
compared our computed energies with experimental energy levels compiled by NIST and other available theoretical data in the
literature, and there are a few minor differences discussed. We have studied the intensity spectra for transitions decaying to ground
state for W LXIX. We expect that our newly reported atomic and radiative data of C-like W will help identify and analyze spectral
lines obtained from various diagnoses of solar, fusion plasma research and astrophysical exploration.

1 Introduction

Carbon-like isoelectronic sequence has always been a trending and challenging element for experimentalists and theoretical
researchers because of their high abundance in the universe [1]. Neutral carbon lines are prominent in both stellar and interstellar
spectra, as reported in the literature [2]. Purely, data pertaining to the adjacent C-like ionization stage are essential for understand-
ing various chemical diagnostics and astrophysical processes. However, due to the complexity of six-electron systems, calculating
C-like sequences remains a challenge for theorists to calculate atomic properties ab initio to high precision. Thus, researchers must
analyze the spectroscopic parameters of the carbon isoelectronic sequence. Few works using various theoretical methodologies and
experimental techniques with advanced instruments have been published on C-like ions as communicated in the literature over the
last decades, which is limited to only few energy levels. To encapsulate, more systematic and extensive studies are required to
provide reliable spectroscopic data for C like W.

1.1 Experimental work on C-like ions

The visible and UV spectra of the symbiotic nova RR Telescopii by Young et al. [3] were utilized to determine the reference
wavelengths for many forbidden as well as intercombination transitions of ions between + 1 and + 6 of elements C, N, O, Ne, Na,
Mg, Al, Si, P, S, Cl, Ar, K, and Ca, and the wavelengths were used to determine the new energy values for such levels within the
ions. In the energy (wavelength) range of 398 eV (31.15) to 450 eV (27.55), high-resolution K-shell photoionization cross sections
for the C-like atomic nitrogen ion (N +) have been reported by Mosnier et al. [4]. At the Shanghai Electron Beam Ion Trap, Chen
et al. [5] have experimented with studying the resonant energies for KLL dielectronic recombination of He-, Li-, Be-, B-, C-, N-,
among O-like xenon ions. Chen et al. also measured the resonant energies at an average uncertainty level of 0.03 percent and
were compared with the calculation findings with the help of relativistic configuration interaction (RCI) theory, multiconfiguration
Dirac-Fock (MCDF) theory as well as relativistic many-body perturbation theory (RMBPT). Feldman et al. [6] have identified the
high-temperature (at 7. = 3 X 10° K) of Ne, Na, Mg, Ar, K, Ca, Ti, Cr, Mn, Fe, Co, and also for Ni lines that were detected in the
specified region such as 500 to 1600 A for spectral range of Solar Ultraviolet Measurements of Emitted Radiation (SUMER); SUMER
is spectrometer on the Solar and Heliospheric Observatory (SOHO) which obtained spectra from a high-temperature region above
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the west limb in the solar corona. At the SOLEIL synchrotron radiation facility, Bizau et al. [7] have provided detailed measurements
of absolute cross sections for single photoionization, double K-shell photoionization of C-like O2 +, and Ni-like O* ions in the range
between 526 and 620 eV photon energy, using the ion-photon merged beam method. Dere et al. [8] have upgraded the modeling
of satellite lines in X-ray wavelengths explicitly with the aid of Version 9 (IDL as well as Python) and include autoionization also
with dielectronic recombination phenomena in the determination of level populations for selected members of the lithium (Li)
isoelectronic sequence as well as Fe XVIII to Fe XXIII. Using monochromatic x rays approximately 6.6 keV at the PETRA III
synchrotron photon source, Rudolph et al. [9] have studied photoabsorption based on the primary K, transitions of highly charged
ions between He-like and F-like (Fe2**—Fe!7*). Edlen et al. [10] have concluded the experimental data on the energy structure of
the low (n = 2) configurations in 3 to 9 electron systems and also studied Z-dependence of the differences among observed and
theoretical levels in the carbon isoelectronic sequence for configurations 2s22p?, 2s2p> and 2p* Liao et al. [11] have analyzed 36
Chandra High Energy Transmission Grating data of K transitions of neutral along with low-ionized metal (like oxygen, neon, and
magnesium) to find and evaluate ISM absorption lines on sight lines for 11 low-mass X-ray binaries. McCarthy et al. [12] have
identified the 43 spectral emission lines ranging from F-like to Li-like sulfur ions in the wavelength range of 17.5-50 nm in spectra
produced following tracer injection into plasmas generated in a magnetically confined plasma device, using stellarator TJ-II. For C-
like Mg®*, it is forming Mg>* as well as B-like Mg’* forming Mg®*. Lestinskyet al. [13] have measured electron—ion recombination;
experiments were performed at the TSR heavy-ion storage ring in Heidelberg, Germany, utilizing a merged electron—ion beam setup.
The extreme-ultraviolet (EUV) spectra of highly charged ions Kr XXI-Kr XXXIV produced in an electron beam ion trap(EBIT)
were observed and analyzed by Podpaly et al. [14], by using collisional radiative modeling; the magnetic dipole transition inside the
ground configuration 3s23p was demonstrated. With the help of an electron cyclotron resonance ion source, Trabert et al. [15] have
measured the lifetime of the system Ne** at the TSR heavy ion storage ring, where the magnetic dipole decay channel becomes
dominant.

1.2 Theoretical work on C-like ions

Wang et al. [16] have explored the detailed description of systematic calculations of energy levels and transition rates of C-like
ions with 13 <Z <36 by applying many-body perturbation theory (MBPT). Zheng et al. [17] have studied the ionization potential
of excited states in C-like sequences systematically using the weakest bound electron potential model theory and the idea of
iso-spectrum-level series. Using the CIV3, K.M. Aggarwal et al. [18] have evaluated the oscillator strengths for transitions in
C-like F IV and Ar XIII ions. Sansonetti et al. [19] have provided the handbook of basic atomic spectroscopic data. Rodrigues
et al.[20] have analyzed the atomic binding energies between lithium (3 electrons) and dubnium (105 electrons) isoelectronic series
using Dirac—Fock approximation. They have also calculated the total atomic energies of ground state configurations. Fawcettetal.[21]
have provided the wavelengths as well as classifications of emission lines due to 2s>2p™ — 2s2p™!, 252p™ — 2p" *! transitions up
to Z <28. Chen et al. [22] have calculated the energies with radiative transitions as well as the radial expectation values of the
15225%2p? 3P ground state and the 15*2s2p3 7S, 'D, 3S highly excited states of C and O>*. Naze et al. [23] have reported the energy
levels along with specific mass shift parameters and electronic densities at the nucleus by using relativistic configuration interaction
(RCI) calculations for various states like the beryllium, boron, and carbon as nitrogen isoelectronic sequences. For the An = 0
transitions from n = 2 in C-like ions with nuclear charge numbers Z in the range 9 <Z <54, relativistic distorted-wave collision
intensities have been predicted by Zhang et al. [24]. For the 185 An = 0 transitions from n = 2, Zhang et al. [25] have estimated the
67 C-like ions with nuclear charge numbers Z in 26 <Z <92, using relativistic distorted-wave collision strengths. Gu et al. [26] have
determined the level energies of 152 219 (1 < g < 8) states for ions with Z < 60 by using both a combined CI and MBPT technique. Ray
et al. [27] have studied the high-stripped carbon-like ions in radiative transitions using the time-dependent Coupled Hartree—Fock
(TDCHF) method. By using fully relativistic codes (GRASP2K), Sang et al. [28] have studied the energy levels, hyperfine structure,
and the 2 s-2p radiative transition technique of C-like Fe, Co. For elements having atomic numbers 55 <Z <95, Shpatakovskaya
et al. [29] have calculated data on the ionization potential of ions in the ground state with the number of electrons N, <46. Further,
Fisher et al. [30] have calculated the transitions for C-like sequence using the Multi Configuration Hartree—-Fock (MCHF) approach
and Breit—Pauli Corrections. Furthermore, Fisher et al. [31] have also reported energy levels and lifetimes as well as transition
probabilities of transitions between calculated levels for Be to Ne-like sequences. Recently, Palmeri et al. [32] have computed the
impacts of the plasma environment on the ionization potentials (IPs) and K-thresholds utilized in the modeling of K lines for all
ions related to the isonuclear sequences of abundant elements apart from O and Fe, notably C, Si, Ca, Cr, as well as Ni. Jonsson
et al. [33] have discussed atomic data with many applications, including plasma diagnostics with interpreting the spectra of distant
astronomical objects, and showed how large-scale simulations can produce spectroscopically accurate transition energies, transition
rates with estimated uncertainty of a few percent for a wide range of ions using fully relativistic MCDF approaches. The soft X-ray
emission lines of highly charged sulfur ions (S vii—S xv) in the range of 30-80A° have been studied by Li et al. [34], and with the help
of updated excitation data from the R-matrix technique, a collisional radiative model was also created to estimate line emissivities
of S-ions.
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1.3 Available data on C-like W

C-like W has already been the subject of some theoretical calculations and experimental measurements using various experimental
techniques and theoretical methods. Tu et al. [35] have used a fast electron beam-energy scanning approach to study the photorecom-
bination of highly charged tungsten (W)-ions at the Shanghai electron beam ion trap. By using dielectronic recombination (DR), Tu
et al. [36] have also reported the studies of the KLL dielectronic recombination (DR) resonance strengths for He-, Li-, Be-, B-, C-,
N-, as well as O-like tungsten ions, with the help of calculation and experiment, were estimated by using a flexible atomic coding
(FAC). Using the Dirac—Fock method, for 54 tungsten ions in the W*—W71* range, radiative recombination and photoionization
cross sections, radiative recombination, and radiated power loss rate coefficients have been done by Trzhaskovskaya et al. [37]. By
using the MCDF technique, Liu et al. [38] have computed the energy levels, oscillator strengths, transition rates and wavelengths,
and also lifetimes for 2s22p? 3Pjand 2s22p? 3P, along with 2s2p® S, levels of ions in the C-like sequence (nuclear charges up to
Z = 7-92). Beiersdorfer et al. [39] have explained the high-Z ionization balance accurately by applying critical ingredients for
characterizing and assessing the energy balance of high-temperature plasmas. The wavelengths and emissivities vs. temperature
of the most vital spectral lines expected to be emitted by W ions at EUV longer than 45 nm were determined by Feldman et al.
[40]. In order to predict electron binding energies that have been scaled based on experimental results, Kramida et al. [41] used
the Hartree—Fock method to compute the ionization energies of multiply charged tungsten ions from W2* to W7!*. Huang et al.
analyzed the ground-state ionization potentials (IP) for Li through Ne isoelectronic sequences with Z = 37-82 using the MCDF
method [42]. Safronova et al. [43] have investigated the relativistic energy of atomic systems using quantum electrodynamic (QED)
perturbation theory. Carlson et al. [44] have studied multiply charged ions by computing IP up to Z = 103 and have also produced
the IP for neutral atoms by performing calculations based on a basic spherical shell solution. However, the majority of the literature
only covers a few levels of W LXIX, indicating scarcity in consistent and accurate atomic data for this ion. Our main aim in this
paper is to present the energies for higher excited state energy levels, as well as radiative data for multipole transitions (E1, E2, M1
& M2) for WLXIX.

2 Theoretical method
2.1 MCDF method

For the study of highly charged carbon like tungsten ion considered in this paper, a completely relativistic MCDF approach refined
by Norrington and previously established by Grant et al. [45] to perform these large-scale computations. The inclusion of LSJ names
for the levels/configurations in addition to the standard jj nomenclature of the relativistic codes is a particularly helpful feature of
this edition. Contributions from Breit interactions are included, along with QED corrections such as vacuum polarization as well
as self-energy, which are often incorporated as a first-order perturbation correction. These relativistic effects must be considered,
particularly for high Z ions, because the nuclear potential energy is very strong and the velocity of inner electrons is fast. The
theoretical basis of our current computation method has already been extensively addressed in some publications and can be found
here [46]. To evaluate radial wave functions during self-consistent field (SCF) operation, We chose extended average level (EAL),
which minimizes the weighted trace of the Hamiltonian matrix.
By diagonalizing the relativistic Hamiltonian H, the energy levels of an atomic ion with N electrons are obtained as

N Ny
H=) Hp(i)+) —, (1
Yot
i=l1 i<j
In Eq. (1), the single electron Dirac Hamiltonian is Hp (i). An atomic state function (ASF) estimates the particular wave function
of an atomic state for an N electron atom or ion system.
The configuration state functions (CFSs) are antisymmetrized linear combinations of relativistic orbital products, which are

defined as follows:

Q)nkm—l< Puk(r)  Xxkm(8,9,0) ) o

r —ian(I’) kam(e’ @,(7)

where the relativistic angular quantum number denotes k. P,; is component radial wave functions and Q,(r) small component
radial wave functions in Eq. (2). Spinor spherical harmonic is x_j, (f)
The N electronic configuration state function (CSF) of the ASF is a linear combination, and it is written as:

N
W(yPI) =Y ci#l(yiPJ) ©)

i=1
The configuration, along with the angular coupling tree, signifies as y;. Final angular quantum number is J, P is parity. The
expansion coefficients are denoted by the ¢;, which is obtained by diagonalizing the Dirac-Coulomb—Hamiltonian in Eq. (3).
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2.2 Flexible atomic code

We also performed computations using the FAC approach to verify the correctness of our findings. Gu created FAC at Stanford
University [47]. FAC is performed to a self-consistent Dirac Slater iteration on a fictitious mean configuration to derive local central
potential [46]. The advantage of FAC is that it is incredibly efficient to run, as well as this code is also included as fully relativistic.
In FAC, there is a difference between these two fully relativistic codes in calculations, the local central field is used, and the MCDF
conducts energy minimization for a particular set of states. Nuclear charge and electron—electron interaction both contribute to the
local potential employed in the FAC. Below is a listing of the nuclear potential:

yN = %(1{7>[3‘<57)2]”5RN 4)

Z, r > Ry

where the radius of the nucleus is denoted by Ry in Eq. (4).
As a result, Table 1 also includes the findings (FAC) obtained with the same CI as with GRASP.

2.3 Computational procedure

In order to obtain accurate results for W+ (C-like tungsten) as we have chosen the following method:

Firstly, we have provided ground state configuration, i.e., 1s*2s*2p> and considered configurations as 1s>2s!'2p?31(l
= 0-2),1s22s!2p%410 = 0-3),1s225'2p251(1 = 0-4),1s22s'2p261(1 = 0-4) and 1s22s22p'31(1 = 0-2), 1s22s22p'41(0-3),
1522522p'51(0-4), 15?25%2p'61(1 = 0-4) by taking single electron excitation from 2s and 2p orbitals.

In other step, we have included configuration like 1s*2p*,1s22p331(1 = 0-2),1s*2p>41(1 = 0-3),15?2p>51(0-4),15%2p>61(0—4)
from 2s orbital by considering double electron excitation.

3 Results and discussions
3.1 Energy levels

The lowest 205 fine structure levels are listed in this study, belonging to the configurations 1s22s>2p?, 1s?2s!2p3, 1s22p* from
GRASP and FAC both in Table 1. We used 54 combinations in our computations, namely 1s22s'2p?31(1 = 0-2),1s22s'2p241(1 =
0-3),15%2s12p251(1 = 0-4),1522512p%61(1 = 0-4) as well as 1s22p331(1 = 0-2), 1s22p341(1 = 0-3), 1s22p>51(1 = 0—4), 1s22p361(1 =
0—4) and 152252p'31(1 = 0-2), 15%2s22p'41(0-3), 1522s*2p'51(0-4), 1522522p'61(1 = 0-4).

From Table 1, we observed that contribution of QED is less than Breit. So in the case of W LXIX, QED effects are less significant.
We have compared our calculated data from GRASP and FAC with NIST [48] and the maximum discrepancy of GRASP and FAC
results with results compiled by NIST is 0.42%, respectively. The percentage difference between GRASP and FAC is displayed in
Table 1 under the column of “AE”.

_ |Erac — EGrasp|
EFac

AE x 100% 5)

The maximum value of AE is 0.42%. This shows that our results from their two independent calculations for most levels are
in reasonable agreement and verify that our results are accurate. The small variations in some levels between GRASP and FAC
energies are mostly due to different computations of electron wave functions for radial orbitals with recoupling methods of angular
parts.

3.2 Radiative data

For the E1, M1, E2, and M2 transitions, connection between the transition rates and oscillator strength (f3;) along with line strength
(Sjj) can be described as:

. 2.0261 x 108 303.75

for E1 transitions : Aj; = #Sﬁ and f;j = ﬁSij, ©)
wjhrj; Jjiwi

2.6974 x 1013 4.044 x 1073

for M1 transitions : Aj; = 7>; ij and fi; = #Sij, )
wjA%; Ajiwi
1.1199 x 10'8 167.89

for E2 transitions : Aj; = 7X5Sij and f;; = )\375,‘]', 3)
w5 ji®i
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Table 1 Energies (in Ryd.) of lowest 205 fine structure levels of W LXIX

Levels Configurations Parity MCDF FAC NIST AE
Zero-order Breit QED Total
1 2522p2(3P2)3Py Even 000.00 - - 000.0000 000.0000 000.00 -
2 2522p2(3P,)3Py Even 105.1250 — 1.5700 0.1260 103.6821 103.7865
3 2522p%(1Dy)'D, Even 107.0863 — 2.1800 0.1260 105.0345 105.1361 105.08 0.100
4 2s12p3 (2P )3s, 0dd 128.0918 — 0.6050 — 1.2000 126.2834 126.0415
5 2s12p3(2Py)1 Py 0dd 134.3963 — 0.3690 — 1.2000 132.8238 132.5726 132.44 0.187
6 2522p2(3P»)°P, Even 213.6133 — 3.3400 0.2320 210.5102 210.7195
7 2s22p%(1Sp)!S Even 217.6028 — 2.6600 0.2310 215.1751 215.3811
8 2s12p3(483)5S, 0dd 230.8832 — 1.9700 — 1.0800 227.8351 227.7146
9 2s12p3(2D3)3 D3 0dd 235.1278 —2.9100 — 1.0800 231.1403 231.0105
10 2s12p3(2P1)3Py 0dd 238.3523 — 1.4600 — 1.0800 235.8156 235.6887
11 2s12p3(#53)3s; 0dd 240.4511 — 1.8800 — 1.0800 237.4951 237.3575
12 2s12p3(2Py)3py 0dd 241.4010 — 1.8200 — 1.0800 238.5081 238.0410
13 2s12p3(2D3)!D, 0dd 241.7216 — 2.4600 — 1.0800 238.1790 238.3713
14 2p*(P,)3P, Even 265.3201 —0.8380 —2.3900 262.0943 261.6043
15 2p*(ISp)lsg 0dd 269.5109 — 0.1440 —2.3900 266.9799 266.4868
16 2s12p3(2D3)3D, 0dd 343.6099 —3.4700 —0.9520 339.1892 339.1791
17 2s12p3(2D3)3D; 0dd 349.8123 — 3.2600 —0.9520 345.5953 345.5759
18 2p*(P,)3Py Even 371.2252 — 1.9700 — 2.2800 366.9760 366.6109
19 2p*(!Dy)!D, Even 373.1988 — 2.5700 — 2.2800 368.3496 367.9819
20 2p*(3Py)3Py Even 481.3380 —3.2700 — 2.1600 475.9136 475.6745
21 2522p13s!(25)3P 0dd 766.8732 — 2.5400 0.3080 764.6434 764.8544
22 2522p13s1 (25 )°P; 0dd 767.2421 — 2.6400 0.3120 764.9127 765.1279
23 2s22p13s! (2P )*D, Even 773.6478 —2.2900 —0.0578 771.3004 771.4046
24 2522p13s! (2P))ls Even 777.0314 —2.0500 —0.0626 774.9180 775.0496
25 2s22p13s1(281)°Py Even 787.4731 —1.1600 —1.0100 785.3054 785.2092
26 2522p13s!(25)3P Even 790.2751 — 1.0200 — 1.0100 788.2447 788.1378
27 2s22p13p! (2P| )’ Dy 0dd 794.6412 —0.6170 — 1.3800 792.6463 792.3879
28 2522p13p! 2P;)°D, 0dd 794.7796 —0.8130 — 1.3800 792.5866 792.4441
29 2s22p13pl (2P )3P; Even 806.3343 —2.5700 —0.0261 803.7407 803.7880
30 2522p13p! (2P 3D, Even 806.4141 — 2.7400 —0.0196 803.6553 803.8709
31 2522p13d! (2D1)’F, 0odd 811.2927 — 27700 —0.0719 808.4549 808.5099
34 2522p!3d!(?D)3D; 0dd 820.9356 —2.9900 —0.0716 817.8766 817.9344
35 2s12p23d! (2P )°P, 0odd 827.0909 — 1.2200 — 1.3200 824.5490 824.3632
36 2s12p23p! (2P| )®D; 0dd 827.4841 — 1.2000 — 1.3500 824.9395 824.7543
37 2s12p23d! (2D)°F; Even 831.8005 — 1.1200 — 1.4000 829.2818 829.0161
38 2s12p23p!(2D1)°D, Even 832.4294 — 1.3000 — 1.4000 829.7243 829.4624
39 2s12p23p!(2D;)3D3 Even 841.0644 — 1.5300 — 1.4000 838.1382 837.8820
40 2s12p23p! (2D1)’F, Even 842.2457 — 1.3900 — 1.4000 839.4554 839.2033
41 2s22p13s!(28)3P, 0dd 875.5322 —4.1200 0.4090 871.8239 872.1006
42 2s22p!3sl2splpy 0dd 876.1694 — 4.0800 0.4110 872.4989 872.7872
43 2522p13p! (2P )3s, Even 883.4646 — 3.6300 0.0277 879.8598 880.0395
44 2522p!3p! 2P)) D, Even 883.7755 — 3.8000 0.0295 880.0019 880.1853
45 2s12p23s!(2D) P, Even 890.1976 — 2.7800 — 0.8800 886.5383 886.5125
46 2s12p23s1(251)°P; Even 892.2823 —2.7200 — 0.8750 888.6838 888.6661
47 2s12p?3s1(25,)°Ds Even 893.9534 —3.6100 —0.8850 889.4627 889.4257
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Table 1 continued

Levels Configurations Parity MCDF FAC NIST AE
Zero-order Breit QED Total
48 2s12p23s!(251)°D, Even 895.7740 — 3.4400 — 0.8870 891.4508 891.4182
49 2s12p23p! (2P )°Dy 0dd 897.0121 —2.2900 —1.2600 893.4594 893.3276
50 2s12p23p! (2P| )°D, 0dd 898.0991 — 25700 — 1.2600 894.2745 894.1451
51 2s12p23sl(2s)ls, Even 899.1447 — 2.7300 — 0.8840 895.5352 895.4848
52 2s12p23s!(25))1P, Even 899.4471 —2.9300 —0.8830 895.6355 895.5854
53 2s12p23s!(251)°D; Even 899.8117 —2.8300 — 0.8920 896.0925 896.0348
54 2s12p23s1(251)!D, Even 900.3707 —3.1500 — 0.8850 896.3391 896.2856
55 2s12p23p! (2P))!F3 0dd 901.2262 — 3.3700 — 1.2600 896.5961 896.4544
56 2s12p23p! (2P )3P, 0dd 903.6575 — 2.8500 — 1.2500 899.5491 899.4290
57 2s12p23pl (2P )3Pg 0dd 905.5283 —2.3600 — 1.2600 901.9161 901.7459
58 2s12p23p! 2P )°Dy 0dd 905.7809 —2.5300 —1.2600 901.9970 901.8282
59 2s12p23p! 2P} Y°F, 0dd 906.3338 — 2.8800 — 1.2600 902.2008 902.0357
60 2s12p23p! 2P )°Dy 0dd 909.5769 — 2.4600 —1.2600 905.8639 905.7204
61 2522p13p! 2P !P, Even 913.7990 — 4.1600 0.0730 909.7153 909.8593
62 2522p13p! (2P| )3D; Even 913.8117 — 4.2200 0.0759 909.6684 909.9052
63 2s22p13p! 2P )’P, Even 916.0398 —4.1100 0.0747 912.0012 912.2132
64 2s22p13pl 2P)lsg Even 917.8013 — 3.8400 0.0748 914.0325 914.2500
67 2522p13d! (2D} )°F3 0dd 921.4414 — 4.4700 0.0239 916.9992 917.1242
72 2522p13d!(?D)3Fy4 0dd 927.9074 — 4.4400 — 0.0059 923.4658 923.5886
74 2s12p23p!(281)°D;3 0dd 928.4912 —3.0100 — 1.2000 924.2820 924.3268
76 2s12p23pl (2P )3s; 0dd 929.3757 —2.9300 — 1.2100 925.2343 925.1989
77 2522p13d!?D)'F3 0dd 930.2472 —4.3100 —0.0108 925.9291 925.8950
78 2s12p23p! (2P 3D, 0dd 930.6172 — 2.8700 — 1.1900 926.5587 926.4441
80 2s12p23p! (2P )3Py 0dd 931.5094 — 2.7400 — 1.2200 927.5527 927.4490
81 2s12p23pl (2P| 3Ry 0dd 932.5244 — 3.7400 — 1.1900 927.5935 927.4788
82 2s12p23pl (2P )3P, 0dd 933.3612 — 3.4600 —1.2300 928.6734 928.5452
83 2s12p23p! (2P| )3D;3 0dd 934.3641 — 3.5900 — 1.2100 929.5634 929.4517
84 2s12p23pl 2Ppipy 0dd 934.4165 —3.3500 — 1.2300 929.8361 929.7048
85 2s12p23d! (2D1)°Dy Even 934.7393 — 2.5000 — 1.2700 930.9683 930.4441
86 2s12p23d! D) F, Even 934.7480 —2.8500 —1.2800 930.6249 930.6587
87 2s12p?3d!(?Dy)5D; Even 934.8193 — 2.7000 —1.2800 930.8394 930.7867
88 2s12p23d! (2D;)°F3 Even 935.7611 —3.1100 — 1.2700 931.3739 931.1948
89 2s12p23p! (2P| 3D, 0dd 937.5835 — 27900 — 1.2300 933.5663 933.4182
90 2s12p23pl (2P| )3D; 0dd 938.2886 — 3.3000 — 1.2200 933.7667 933.6258
91 2s12p23p! (2P )3Pg 0dd 938.9291 —2.9300 — 1.2200 934.7800 933.6303
922 2s12p23d! (2Dy)3Gy 0dd 938.9540 — 3.8600 — 1.2700 933.8193 934.2529
93 2s12p23pl (2P 3Py 0dd 939.0947 — 2.7800 — 1.2200 935.0931 934.6437
94 2s12p23p! (?P1)°Dy 0dd 939.3890 — 3.1400 —1.2200 935.0230 934.8795
95 2s12p23d! (2D, )°F3 Even 939.4025 — 3.6800 — 1.2800 934.4462 934.8816
9 2s12p23p! 2P )3P; 0dd 939.7655 — 2.9400 — 1.2200 935.6063 934.9480
97 2s12p?3d! 2Dy)3D, Even 939.9472 — 3.5800 —1.2800 935.0831 935.4731
98 2s12p23d! (2Dy)3s; Even 940.4750 — 3.4000 — 1.2900 935.7866 935.5754
99 2s12p23d!(?D)F,4 Even 942.5321 — 3.1400 —1.2700 938.1181 937.9424
100 2s12p23d! (2D1)’F, Even 942.9346 — 3.0400 — 1.2800 938.6185 938.4080
101 2s12p23d! (2Dy)' Py Even 943.2990 —2.7900 — 1.2800 939.2371 938.9979
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Table 1 continued

Levels Configurations Parity MCDF FAC NIST AE
Zero-order Breit QED Total

102 2s12p23d! (2D1)3G3 Even 943.8354 —3.3500 —1.2800 939.2124 939.0223
103 2s12p23d!(2Dy)%P, Even 944.4245 — 3.0000 — 1.2800 940.1475 939.9640
104 2s12p23d! (2D )3F3 Even 944.8424 —3.1200 —1.2800 940.4453 940.2711
105 2s12p?3d! (2D)3 Dy Even 945.2310 —3.1900 — 1.2800 940.7642 940.5477
106 2s12p23d! (2D1)’F, Even 945.6718 — 3.2400 — 1.2800 941.1555 940.9344
107 2s12p23d!(2Dy)3Py Even 946.2912 —3.2700 — 1.2800 941.7494 940.9345
108 2s12p23d!1(?D)3Gs Even 946.3724 —3.9700 —1.2700 941.1244 941.5295
109 2s12p23d! 2D, )°Dy Even 946.4190 —2.9700 — 1.2800 942.1702 941.9896
110 2s12p23d!(2D;)°D3 Even 948.0844 — 3.8000 — 1.2800 943.0085 942.8191
111 2s12p23d! (2D )’F, Even 948.5545 —3.9200 — 1.2700 943.3587 943.1707
112 2s12p?3d! 2Dy)' D, Even 948.7602 —3.6500 — 1.2800 943.8327 943.6444
113 2s12p23d! 2Dy)' Py Even 949.5789 —3.5500 — 1.2900 944.7408 9445573
114 2s12p23d!(2Dy)3Py Even 950.0805 — 3.5400 — 1.2800 945.2568 945.0689
115 2s12p23d!(?D;)°D3 Even 951.6991 —3.0700 — 1.2900 947.3400 947.1256
116 2s12p23d! (?Dy) Gy Even 952.5710 — 3.5000 —1.2700 947.8005 947.5881
117 2s12p23d!(2Dy)’P, Even 953.1490 — 3.0800 —1.2800 948.7920 948.5732
118 2s12p23d!(2Dy)3py Even 953.5145 —3.3300 — 1.2800 948.9078 948.6674
119 2s12p23d! D) F3 Even 953.5743 — 3.4200 — 1.2800 948.8775 948.6941
120 2s12p23d! (2D)! Dy Even 953.7540 —3.3200 — 1.2800 949.1555 948.9443
135 2s12p23s1 (25 )3S; Even 1008.0785 — 3.8800 —0.7640 1003.4329 997.2035
136 2s12p23p! (2P} ) s, 0dd 1008.8319 —4.1700 — 1.1300 1003.5279 1003.4857
137 2s12p23s1 (2P| PPy Even 1009.1799 — 4.3900 —0.7650 1004.0203 1003.4545
138 2s12p23p! (2P )°Ds 0dd 1009.3157 — 4.4800 — 1.1400 1003.6982 1003.6596
140 2s12p23s1 2Pl Even 1010.4418 —3.7600 —0.7710 1005.9127 1005.9406
141 2s12p23p! (2P))3Pg 0dd 1016.2367 —3.4100 — 1.1300 1011.6967 1011.6165
142 2s12p23pl (2P 1Py 0dd 1016.4457 — 3.5900 — 1.1400 1011.7235 1011.6425
143 2s12p23pl (2P )3s; 0dd 1016.8529 —3.9900 — 1.1400 1011.7234 1011.6466
144 2s12p23p! 2P)) D, 0dd 1017.1280 —4.1200 — 1.1400 1011.8656 1011.7902
160 2s12p23p! (2P )°Dy 0dd 1038.7119 — 4.8000 — 1.1000 1032.8143 1032.7823
161 2s12p23p! (2P| )Op3 0dd 1038.9763 — 47600 — 1.1100 1033.1097 1033.0764
162 2s12p23pl (2P )3s; 0dd 1039.8126 — 4.6700 —1.1100 1034.0310 1033.9965
164 2s12p23p! 2P))!D, 0dd 1042.1182 — 4.5600 —1.1100 1036.4523 1036.4296
165 2s12p23d! (2Dy)°D, Even 1045.9349 —4.6100 —1.1600 1040.1730 1040.0710
166 2s12p23d!(2Dy)°P; Even 1046.2290 — 4.6200 — 1.1600 1040.4486 1040.2062
167 2s12p23d! (2D)°D3 Even 1046.3764 —4.9200 — 1.1500 1040.3030 1040.3475
168 2s12p23pl (2P )3P 0dd 1046.6112 — 4.4400 — 1.1000 1041.0698 1041.0023
169 2s12p23pl (2P )3P, 0dd 1046.6798 — 4.0300 — 1.1000 1041.5541 1041.3518
170 2s12p23d! 2Dy )3F, Even 1046.8238 —5.1500 — 1.1500 1040.5224 1041.4319
171 2s12p23p! (2P °F3 0dd 1047.0493 — 45300 — 1.1000 1041.4186 1041.4909
172 2s12p23pl (2P )3P; 0dd 1047.2941 —3.9200 —1.1100 1042.2701 1042.2077
173 2s12p23p! (2P )P, 0dd 10479115 — 4.3000 — 1.1000 1042.5093 1042.4572
176 2s12p23p! (2P)) 1Py 0dd 1050.2740 — 4.2400 — 1.1000 1044.9320 1044.8855
179 2s12p?3d!(?Dy)3Fs Even 1052.7334 — 5.0800 — 1.1500 1046.4993 1046.4047
180 2s12p23d!(2D;)°Dy Even 1052.8860 — 42100 — 1.1600 1047.5168 1046.7224
181 2s12p23d! (2Dy)°Dy Even 1052.9446 — 4.9800 — 1.1500 1046.8154 1047.1493
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Table 1 continued

Levels Configurations Parity MCDF FAC NIST AE
Zero-order Breit QED Total
182 2s12p23d! 2Dy )?P Even 1053.0203 — 4.6000 — 1.1600 1047.2636 1047.3858
184 2s12p23d!(2D)! D, Even 1053.6966 — 4.2800 — 1.1500 1048.2668 1048.0897
186 2s12p23d! (2D )3F3 Even 1054.1322 — 4.7600 — 1.1500 1048.2162 1048.1402
187 2s12p?3d!(2D1)3D, Even 1054.5487 — 4.5700 — 1.1500 1048.8318 1048.7026
188 2s12p23d!(2D;)°D, Even 1054.6264 —4.2700 — 1.1500 1049.2007 1049.0660
191 2s12p23d! 2Dy)3Py Even 1055.6024 — 47100 —1.1600 1049.7363 1049.6381
192 2s12p23d!(?D;)’D3 Even 1055.8620 — 4.8700 — 1.1500 1049.8432 1049.7409
197 2s12p23d! 2Dy )?P Even 1056.4228 — 4.7300 — 1.1500 1050.5422 1050.4381
198 2s12p23d!(2Dy)3P, Even 1056.6277 — 4.7700 —1.1600 1050.7030 1050.6059
202 2s12p23d! (2D )’F, Even 1061.2064 — 4.7000 — 1.1800 1055.3224 1055.4316
203 2s12p23d! (D) F3 Even 1061.7963 — 4.6200 — 1.1800 1055.9993 1055.8786
205 2s12p23d! (2Dy)3P; Even 1062.7499 — 4.6000 — 1.1700 1056.9767 1057.8510
Table 2 Radiative data for E1 S.no  Transition Ai(nA) A dnsTh  fy Sij (ina.u.)

transitions in W LXIX

Lower level (i) Upper level (j)

1 1 5 6.861 1.2654E+13 2.6787E—01 6.0503E—03
2 1 11 3.837 7.3749E+10 4.8833E—04 6.1685E—06
3 1 12 3.821 4.7639E+09 3.1277E-05 3.9341E-07
4 1 17 2.637 2.3222E+06 7.2617E—09 6.3036E—11
5 1 22 1.191 5.4283E+13 3.4650E—-02 1.3590E—04
6 1 28 1.150 5.5629E+14 3.3074E-01 1.2519E—-03
7 1 36 1.105 5.3901E+14 2.9582E—-01 1.0758E—03
8 1 42 1.044 9.7912E+09 4.8037E—-06 1.6517E—-08
9 1 49 1.020 6.1057E+07 2.8566E—08 9.5919E—11
10 1 58 1.010 9.3914E+10 4.3111E-05 1.4339E—-07
11 1 60 1.006 1.5102E+11 6.8734E—05 2.2763E—-07
12 1 76 0.985 5.3554E+10 2.3365E—05 7.5758E—08
13 1 84 0.980 9.3519E+10 4.0398E—05 1.3034E-07
14 1 93 0.975 5.4388E+11 2.3231E-04 7.4530E—-07
15 1 96 0.974 3.7956E+11 1.6194E—04 5.1926E—07
16 1 142 0.901 1.1571E+07 4.2220E—-09 1.2519E—-11
17 1 143 0.901 1.2218E+07 4.4580E—09 1.3219E—11
18 1 162 0.881 3.6772E+06 1.2845E—-09 3.7265E—12
19 1 172 0.874 1.1952E+08 4.1091E—08 1.1827E—10
20 1 176 0.872 4.2104E+06 1.4402E—09 4.1348E—12
21 1 178 0.869 7.5240E+14 2.5552E-01 7.3098E—04
13 -3
for M1 transitions : Aj; = M&‘j and fi; = M&‘j- )
w;j A.ji )\.jia)i

In equations from (6) to (9), \j; is e transition wavelength, wj and w; are upper and lower-level statistical weights. In Tables 2,
3,4, 5, we have found 11 E1, 11 E2, 11 M1, and 11 M2 SXR transitions and 10 E1, 13 E2, 14 M1, and 19 M2 HXR transitions
from the higher excited states to the ground state. Our presented radiative data for W LXIX are reliable and can be used further to
identify spectral lines observed experimentally. In Fig. 1, we plotted multipole transition intensities decaying to ground state relative
to the intensity of strong E1 transition 1-28 for W LXIX. From the intensity spectra of W LXIX, we found that all transitions have
negligible intensity w.r.t to the intensity 1-28 transition except two E1 transitions, 1-178 and 1-36. The intensity of 1-36 E1 SXR
transition is near 1-28, while the intensity of 1-178 E1 HXR transition is approximately double that of 1-28.
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Table 3 Radiative data for E2
transitions in W LXIX

Table 4 Radiative data for M1
transitions in W LXIX

S. no Transition Aji (in A) Aji (in s7h fij Sij (ina.u.)
Lower level (i) Upper level (j)
1 1 3 8.676 9.0584E+07 5.1110E—06 1.9880E—05
2 1 6 4.329 4.8014E+02 6.7444E—12 3.2586E—12
3 1 14 3.477 1.5565E+07 1.4104E—07 3.5309E—-08
4 1 19 2474 3.1626E+03 1.4509E—11 1.3085E—12
5 1 30 1.134 1.4419E+12 1.3896E—03 1.2067E—05
6 1 38 1.098 5.9544E+12 5.3838E—03 4.2481E—05
7 1 40 1.086 1.3181E+13 1.1644E—02 8.8716E—05
8 1 44 1.036 8.4462E+07 6.7891E—08 4.4902E—-10
9 1 45 1.028 2.5440E+07 2.0149E—08 1.3033E—10
10 1 48 1.022 3.0530E+08 2.3914E—-07 1.5215E—09
11 1 54 1.017 1.0709E+09 8.2967E—07 5.1927E—09
12 1 63 0.999 2.6674E+08 1.9963E—07 1.1861E—09
13 1 86 0.979 2.9477TE+04 2.1186E—11 1.1848E—13
14 1 97 0.975 1.0644E+09 7.5776E—07 4.1772E—09
15 1 100 0.971 1.1910E+10 8.4148E—06 4.5865E—08
16 1 103 0.969 6.9707E+09 4.9091E—06 2.6627E—08
17 1 106 0.968 8.1675E+09 5.7397E—06 3.1032E—-08
18 1 112 0.966 1.3508E+09 9.4390E—07 5.0600E—09
19 1 117 0.960 2.7568E+10 1.9062E—05 1.0059E—-07
20 1 120 0.960 6.7771E+09 4.6826E—06 2.4682E—08
21 1 165 0.876 1.6077E+05 9.2494E—11 3.7043E—13
22 1 184 0.869 1.9507E+07 1.1050E—08 4.3237E—11
23 1 187 0.869 4.1261E+07 2.3348E—08 9.1209E—11
24 1 198 0.867 1.6551E+07 9.3320E—09 3.6261E—11
S. no Transitions Aji (in ;\) Aji (in s_l) fij Sij (ina.u.)
Lower level (i) Upper level (j)

1 1 2 8.789 1.7134E+10 5.9529E—04 1.2937E+00
2 1 18 2.483 3.4166E+04 9.4751E—11 5.8179E—08
3 1 23 1.182 1.4928E+09 9.3721E—-07 2.7380E—04
4 1 25 1.160 4.8103E+09 2.9132E—-06 8.3588E—04
5 1 29 1.134 2.9054E+10 1.6797E—05 4.7091E—03
6 1 37 1.099 7.4861E+08 4.0656E—07 1.1047E—04
7 1 43 1.036 1.2476E+07 6.0189E—09 1.5414E—06
8 1 46 1.025 4.0817E+06 1.9303E—09 4.8943E—07
9 1 52 1.018 2.3281E+07 1.0839E—08 2.7271E—06
10 1 53 1.017 5.3152E+07 2.4722E—08 6.2166E—06
11 1 61 1.002 3.5186E+06 1.5879E—09 3.9332E—-07
12 1 87 0.979 1.3489E+06 5.8145E—10 1.4075E—-07
13 1 98 0.974 4.2293E+06 1.8038E—09 4.3434E—07
14 1 101 0.970 1.6625E+06 7.0383E—10 1.6885E—07
15 1 105 0.969 8.2739E+04 3.4916E—11 8.3629E—09
16 1 109 0.967 9.7185E+04 4.0889E—11 9.7791E—09
17 1 113 0.965 6.8788E+05 2.8784E—10 6.8653E—08
18 1 118 0.960 7.7561E+05 3.2171E—10 7.6394E—08
19 1 135 0.908 2.3479E+03 8.7091E—13 1.9557E—10
20 1 137 0.908 1.3042E+02 4.8319E—14 1.0844E—11
21 1 166 0.876 1.4297E+02 4.9324E—14 1.0682E—11
22 1 180 0.870 4.1393E+03 1.4089E—12 3.0306E—10
23 1 188 0.869 2.0767E+03 7.0458E—13 1.5132E—10
24 1 191 0.868 3.9625E+04 1.3430E—11 2.8828E—09
25 1 205 0.862 1.3071E+04 4.3697E—12 9.3155E—10
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Table 5 Radiative data for M2 S. no Transition Aji (in A) Aji (in ) fij Sjj (ina.u.)
transitions in W LXIX

Lower level (i) Upper level (j)

1 1 4 7.216 1.4866E+07 5.8026E—07 9.7537E—02
2 1 8 4.000 4.1941E+05 5.0294E—-09 1.4396E—-04
3 1 13 3.826 3.4074E+05 3.7388E—-09 9.3671E—05
4 1 16 2.687 1.6275E+03 8.8054E—12 7.6385E—08
5 1 31 1.127 3.6011E+09 3.4295E-06 2.1971E-03
6 1 33 1.115 5.0921E+10 4.7423E—05 2.9378E—02
7 1 35 1.105 2.5055E+10 2.2940E—05 1.3852E-02
8 1 41 1.045 1.4425E+04 1.1814E—11 6.0350E—09
9 1 50 1.019 1.2719E+06 9.9000E—10 4.6861E—-07
10 1 56 1.013 1.1477E+07 8.8288E—09 4.1059E—06
11 1 59 1.010 3.3542E+06 2.5651E—-09 1.1825E—06
12 1 65 0.994 2.0481E+05 1.5182E—10 6.6785E—08
13 1 66 0.993 4.1171E+06 3.0455E—09 1.3355E—-06
14 1 75 0.986 4.2403E+07 3.0886E—08 1.3234E-05
15 1 78 0.984 6.3950E+04 4.6368E—11 1.9732E—08
16 1 82 0.981 1.4512E+06 1.0474E-09 4.4272E-07
17 1 89 0.976 3.7450E+07 2.6748E—08 1.1128E—05
18 1 94 0.975 2.1231E+07 1.5117E-08 6.2599E—06
19 1 125 0.949 3.3600E+06 2.2665E—09 8.6549E—07
20 1 130 0.940 1.7160E+08 1.1360E—07 4.2178E—05
21 1 136 0.908 4.6777TE+02 2.8913E—13 9.6847E—11
22 1 144 0.901 6.6448E+03 4.0397E—-12 1.3200E—-09
23 1 145 0.892 7.0367E+02 4.2010E—-13 1.3358E—10
24 1 148 0.890 1.7217E+04 1.0229E—11 3.2285E—-09
25 1 164 0.879 2.9454E+02 1.7067E—13 5.1892E—11
26 1 169 0.875 1.8511E+04 1.0621E—11 3.1821E—09
27 1 173 0.874 1.5186E+01 8.6975E—15 2.5986E—12
29 1 177 0.869 2.1425E+09 1.2142E—-06 3.5705E-04
30 1 189 0.866 2.6775E+10 1.5063E—05 4.3814E-03

In Fig. 2, we have demonstrated the discrepancy between length and velocity oscillator strengths for C-like W. Length gauge
as well as velocity gauge discrepancies is analyzed for the result of C-like W. Line strengths can be divided into three parts for
El transitions (a) S <0.001 a.u., (b) 0.001<S <0.002 a.u., and (c) S >0.005 a.u. In these regions, as can be seen, our logarithmic
ratio of oscillator strengths has a maximum value of around 1.07. In the majority of transitions, this ratio is quite close to zero;
19 transitions have oscillator strengths ratios that are not equal to zero, as can also be seen. 0.001 a.u. of line strengths lies below,
whereas 2 transitions are between 0.001 and 0.002 a.u. and 1 transition lie in the region 0.004—0.005 a.u. line strengths which have
zero ratio of oscillator strength. For C-like W, this clearly represents that the terms of length form along with velocity form, or in
both gauges, oscillator strengths are nearly equivalent. Again, for E2 transitions in Fig. 3, line strengths are categories into three
zones. (a) S <0.0002 a.u., (b) 0.0004 < S <0.0006 a.u., and (c) S >0.0010 a.u.. As can be seen, our maximum logarithmic oscillator
strength ratio is 0.58, and for the majority of transitions, this ratio is quite close to zero. Additionally, we can observe that for 10
transitions, the ratio of oscillator strengths is not the same as zero and line strengths of 0.0002 a.u. lie below, whereas 1 transitions
lie between 0.0004 and 0.0006 a.u. and 1 transition is located in the range of 0.0008 to 0.0010 a.u. line strength resulting in a zero
oscillator strength ratio.

We have shown log10(S,/Sp+1) against line strength (Sy) for n = 5 for the E1, E2 transitions and M1, M2 transitions for C-like
W in Figs. 4, 5, 6, and 7. The maximum value of the logarithmic ratio log10(Ss5/S¢) of line strengths for C-like W is 3.88 x 1072
for E1 and 1.83 x 107! for E2, as shown in Figs. 4 and 5 (Tables 2 and 3). Moreover, this ratio is close to zero for C-like W. From
Figs. 6 and 7 for M1 and M2 transitions, as can be observed, the maximum values of the logarithmic ratio log10(S5/Se) for M1 and
M2 are 1.54 x 107! and 2.10 x 107!, respectively (Table 4 and 5).

@ Springer



Eur. Phys. J. Plus (2023) 138:460

Page 11 of 14 460

Fig. 1 Relative intensity for W
LXIX

Fig. 2 Comparisons between the
velocity form (fy) and the length
form (f1) of oscillator strengths for
E1 transition of C-like W

Fig. 3 Comparisons between the
velocity form (fy) and the length
form (f1) of oscillator strengths for
E?2 transition of C-like W
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Fig. 4 Line strength (Sy) against 5.0x10°-
10g10(Sq/Sp41) for n = 5 for E1 o o
transitions of C-like W 54
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4 Conclusion

The energy levels as well as radiative data for the transitions of E1, E2, M1, and M2 among the lowest level 205 fine structure levels
for C-like W are reported in this work. In the calculations, two separate codes, GRASP and FAC, are used and the outcomes of both
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Fig. 7 Line strength (Sy) against 4.0x10™
logl0(Sn/Sp+1) for n =5 for M2 |
transitions of C-like W 2.0x10™ 1
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codes are compared. The discrepancy between our GRASP energies and current theoretical and experimental data in the literature
is explained thoroughly. We believe our findings are extensive and new and will be beneficial in identifying and studying fusion
plasmas, astrophysical and diagnosis of solar and fusion plasmas that require appropriate atomic data for the analysis.
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Spectroscopic study of EUV and SXR spectral lines with
partition function and level population of W LVI

Rinku Sharma and Paijwar Richa

Abstract: We present a comprehensive and elaborate study of W LVI (K-like W>**) by using multi-configuration Dirac-Fock
method (MCDF). We have included relativistic corrections, QED (quantum electrodynamics) and Breit corrections in our
computation. We have reported energy levels and radiative data for multipole transitions (i.e., electric dipole (E1), electric
quadrupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2)) within the lowest 142 fine-structure levels and pre-
dicted soft X-ray transition (SXR) and extreme ultraviolet transitions (EUV) from higher excited states to the ground state.
We have compared our calculated data with energy levels compiled by NIST and other available results in the literature and
the small discrepancies found with them are discussed. Because only a few of the lowest levels are available in the litera-
ture, for checking excitation energies of higher excited states we have performed the same calculations with the distorted
wave method. Furthermore, we have also provided relative population for the first five excited states, with both the parti-
tion function and thermodynamic quantities for W LVI and studied their variations with temperature. We believe that our
reported new atomic data of W LVI may be useful in identification and analysis of spectral lines from various astrophysical
and fusion plasma sources and may also be beneficial in plasma modeling.

Key words: EUV, SXR, partition function, atomic data, level population.

Résumé : Nous présentons une étude élaborée et exhaustive du W LVI (W>>* de type K) en utilisant une méthode de Dirac—
Fock multi-configurations (DFMC/MCDF). Ces calculs incluent les corrections relativistes de EDQ/QED (électrodynamique
quantique) et de Breit. Nous présentons ici les niveaux d’énergie et les données radiatives pour plusieurs transitions multi-
polaires (i.e., dipolaires électriques (E1), quadripolaires électriques (E2), dipolaires magnétiques (M1) et quadripolaires mag-
nétiques (M2)) dans les 146 niveaux les plus bas de structure fine, avec les transitions a rayons X moux et UV extrémes entre
les états excités et le fondamental. Nous comparons nos résultats de calcul avec les données sur les niveaux d’énergie com-
pilées par NIST et d’autres résultats trouvés dans la littérature et nous discutons les petites divergences. Parce que peu de
niveaux sont disponibles dans la littérature et afin de vérifier les énergies des niveaux de plus haute excitation, nous avons
refait le calcul a ’aide de la méthode des ondes distordues. De plus, nous donnons les populations relatives pour les cinq
plus bas niveaux excités, avec la fonction de partition et les quantités thermodynamiques pour les deux modéles de W LVI
et étudions leurs variations avec la température. Nous estimons que ces nouveaux résultats pour W LVI peuvent étre utiles
dans l'identification de lignes spectrales en astrophysique et dans des sources de plasma de fusion et étre bénéfiques en
modélisation de plasma. [Traduit par la Rédaction]

Mots-clés : UV extremes, rayons X mous, données atomiques, population des niveaux.

several astronomical objects as well as laboratory tokamak plas-
mas [4-12]. Experimentally, some spectra of K-like ions have been
studied and forbidden transitions in these spectra have also been
analyzed [13-15]. Furthermore, accurate and sufficient atomic
data including energy levels, transition wavelengths, collision
strengths, and radiative data, for tungsten ions are also needed
to establish plasma parameters for plasma diagnosis. Therefore,
there have been several estimations and theoretical studies on
frequent charge states of tungsten in the literature, but still

1. Introduction

Specific physical properties of tungsten (W), such as its highest
melting point and lower vapor pressure of all metals, position
it as a potential candidate in fusion agency. Tungsten as a favor-
able material for plasma-covering components in development
of a magnetic confinement fusion reactor is gaining interest due
to its maximum tensile strength at temperatures over 1650 °C
[1, 2]. Tungsten has been desirable as a plasma-covering material

for the ITER (International Thermonuclear Experiment Reactor)
tokamak [3]. Consequently, the atomic properties of tungsten
and plasma kinetics are critical to understand generation of
radiative losses over wide temperature ranges will take place in
ITER [1-3].

In the past few decades, forbidden transitions have been used
to collect information about plasma parameters, accurate deter-
mination of electron density, and temperature diagnostics in

fewer data are available on forbidden transitions of K-like W.
Therefore, in the present work, we have provided radiative
data of forbidden transitions of K-like W.

In recent years, much improvement in the experimental obser-
vations of atomic data of tungsten ions has been made [16]. The
thorough study of extreme ultraviolet (EUV) and soft X-ray (SXR)
ionized high-Z ions has become a matter of significant research
due to their applications in laser physics, plasma physics, and
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astrophysics. The wavelengths of spectral lines radiated by the
sun within EUV and SXR are compelling and vital keys to under-
standing the physical processes in Earth’s upper atmosphere and
ionosphere [17].

In the past few decades, numerous studies of W LVI have
become available in the literature using different theoretical
methods as well as experimental techniques, but are limited to
only a few energy levels [18-26]. Beiersdorfer et al. [27] have pre-
sented detailed description of tungsten and gold ions including
W LVI. Trzhaskovskaya et al. [28] have calculated radiative recom-
bination and photoionization cross sections as well as radiated
power loss coefficients for 54 tungsten ions W**-W”'* including
W LVI by using Dirac-Fock electron wavefunctions. Priti et al. [29]
have reported electron impact excitation for M- and L-shell tran-
sitions for tungsten ions W***-W°* including W LVI with the
help of the fully relativistic distorted wave (DW) method. Guo
et al. [30] have presented wavelengths and transition probabil-
ities for transitions in the ground state configuration of tungsten
and other ions including W LVI by using second-order relativistic
many-body perturbation theory (RMBPT) and relativistic configu-
ration interaction (RCI). Dipti et al. [31] have studied electron
impact excitation and polarization for Fe-like W to Al-like W ions
using the fully relativistic DW method. Xu et al. [32] have listed
excitation energies and wavelengths for nine isoelectronic
sequences of tungsten ions for the lowest few levels by utilizing
the multi-configuration Dirac-Fock (MCDF) method. Fischer
et al. [33] have reported excitation energies of tungsten ions for
ground configurations by using GRASP2K code. Zhao et al. [34]
have reported atomic data of ground configurations 3d* (k = 1-9)
for highly charged ions with nuclear charge ranging from 72 to
83 by employing the multi-configuration Dirac-Hartree-Fock
method. But most of the work available in the literature is only
for a few levels of W LVI and there is a scarcity in complete, con-
sistent, and precise atomic data for this ion. Therefore, in the
present work, our fundamental objective is to present the ener-
gies for levels of higher excited states along with the radiative
data for multipole transitions (electric dipole (E1), electric quad-
rupole (E2), magnetic dipole (M1), and magnetic quadrupole (M2))
for WLVI.

The partition function has several applications, such as the
study of thermodynamic parameters of ions and neutral atoms,
diagnosis and modeling of plasmas, and computation of levels in
stellar and interstellar plasmas with the help of Saha’s equation
of state. Due to computational limitations, it has become very
cumbersome for experimentalists to consider a large number
of excited states in their calculations of the partition function,
specifically at higher temperatures. Therefore, in the past few
decades, several theoretical methods and techniques have been
developed in the study of the partition function [35-39]. A few
methods in the literature have adopted criteria of cut-off condi-
tion for simplicity and according to availability of data and com-
putational limitations. Some tables, such as NASA, Russian, and
Drawin-Felenbok, available in the literature have taken into
account only a few of the lowest states in their calculations [40-
43]. The Planck-Larkin partition function has also been adopted
in the study of high-temperature plasmas in the past. But this
gives total partition functions near to zero at high temperature
and hence violates the basic condition that total partition func-
tion of the system cannot be less than unity. Another model that
has gained popularity in the last few years is the three-group
model, presented in the literature [44]. This method divides the
chosen levels into exactly three groups, namely, ground state,
middle levels, and higher excited levels. The limitation of this
method is that it does not calculate the contribution of individ-
ual levels to the partition function and thus may yield inaccurate
results. We have overcome these difficulties and limitations in
our present fine-structure model.

Can. J. Phys. Vol. 99, 2021

2. Theoretical methods

2.1. MCDF method

For the study of highly charged potassium-like tungsten ion
considered in this paper, the fully relativistic MCDF method,
which was revised by Norrington and earlier developed by Grant
et al. [45], is executed in our calculations. Detailed explanation of
this method has been presented in the literature [45-49], there-
fore, we discuss it only briefly here. It includes high-order relativ-
istic corrections arising due to Breit interactions and quantum
electrodynamics (QED) effects (vacuum polarization and self-
energy). To evaluate radial wavefunctions at the time of self-con-
sistent field operation, we have opted to use the extended
average level in which weighted trace of the Hamiltonian matrix
is minimized.

Energy levels of an atomic ion with N electrons are obtained by
diagonalizing the relativistic Hamiltonian H

N N

H=Y Hp)+ Y~ 1)

i=1 i<j i

where Hp(i) is the single-electron Dirac Hamiltonian. For an
N-electron atom or ion system, an atomic state function is an
estimation of the specific wavefunction of an atomic state.

The configuration state functions are anti-symmetrized linear
combinations of products of relativistic orbitals

_ 10 Pu() Xem
O(yiP]) = T {ian(’;‘)X/f:m(f')} i

where k is the relativistic angular quantum number, P, and
Qi(r) are the large and small components of the radial wavefunc-
tion, respectively, and y _,,(7) is a spinor spherical harmonic.

The atomic state function is a linear combination of N elec-
tronic configuration state functions, and is expressed as

N

WP = ad(y;P)) (3)

i=1

Here vy; denotes the configuration together with the angular cou-
pling tree; P is parity; J is the final angular quantum number; and
¢; are the expansion coefficients, achieved through diagonaliza-
tion of the Dirac-Coulomb-Hamiltonian.

2.2. Flexible atomic code (FAC)

To evaluate and ensure the exactness of our results, we have ex-
ecuted complementary calculation by using the DW method by
way of FAC. FAC was developed by Gu [50] at Stanford University
and can be found at http://kipac-tree.stanford.edu/fac. FAC is a
fully relativistic code and the power of FAC is that it is extremely
efficient to run and mostly yields results comparable to those
collected with other methods.

A detailed explanation of the calculation approach of this
method can be found in the literature [50-52]. The difference
between the two fully relativistic codes is that in FAC, a local cen-
tral field is adopted in calculations, while MCDF performs mini-
mization of energy for a given set of states. The local potential
used in the FAC includes the contribution from nuclear charge
and electron-electron interaction. The nuclear potential is

Z(r\[z_ (1Y r <R
VN: 2 \Rn Ry =N

Z r > Ry
where Ry is the radius of the nucleus.
To obtain better results, we have included configurations in
steps and optimized average energy. We have applied the same

w Published by Canadian Science Publishing
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optimization process in both methods. In step 1, we have taken
only configurations obtained by single-electron excitation within
Hartree-Fock orbitals, while in step 2, we have included configu-
rations obtained by one-electron excitation to n = 4 orbitals, and
in the final step, we have taken double and triple electron excita-
tions from n = 3 orbitals to n = 3 and n = 4 orbitals and considered
only those configurations whose contribution is larger and neglected
other configurations to save computational time in optimization of
the average energy. This helps in choosing the highest-contribution
and most important configurations and also reduces the cost of per-
sonnel as well as machinery.

In the next section, we provide the final 37 configurations
included in our calculations from both MCDF and FAC. We also dis-
cuss the minor discrepancy between the results from both codes.

3. Results and discussion

3.1. Energy levels

In present paper, we have listed the lowest 142 fine-structure
levels belonging to the configurations 3s*3p°®3d, 3s?3p°3d?, and
3s?3p°3d> from MCDF and DW both in Table 1. In our calculations,
we included 37 configurations, namely, 3s*3p°3d, 3s?3p°3d?
3s3p°3d?, 3s*3p*3d?, 3s3p°3d°>, 3p°3d>, 3s*3p3d*, 3s3p*3d*, 3p°3d*,
3s%3p°4l (1= 0-3), 3s3p®3d4l (I = 0-3), 35°3p°3d4l (1 = 0-3), 3s'3p°3d?4l
(1 = 0-3), 3s3p*3d?4l (I = 0-3), 3p°®3d?4l (I = 0-3), and 3p°3d°>4l
(I=0-3).

From Table 1, we observe that the contribution of QED is less
than that of Breit and is very small for levels 2, 42, and 63. In the
case of W LVI, QED effects are less significant for some levels. We
have compared our calculated data from MCDF and DW with
NIST [26] and the maximum discrepancies of MCDF and DW
results with results compiled by NIST are 0.45% and 0.25%, respec-
tively, for 3s>3p°3d” (°F,) >Gy,. In Table 1, we show the percentage
difference of MCDF with DW under the column “AE”,

Erac — E
ap — [Boac — Barasel | 00 ()

Erac

The maximum value of AE is 0.43%. This shows that our results
from the two independent calculations for most of the levels are
in reasonable agreement and verifies that our results are accu-
rate. The small differences for some levels in MCDF and DW ener-
gies mainly arise due to different ways of calculating electron
wavefunctions for radial orbitals and re-coupling schemes of the
angular parts.

We have also compared our results with other available results
in the literature and discussed the discrepancies with them in
the following sections.

3.1.1. Comparison with Quinet [25]

Quinet [25] has calculated fine-structure level energies of only
the first excited state 3s*3p°®3d *Ds, by using the fully relativistic
MCDF method. There is a very small discrepancy of 0.008 Ryd
between our MCDF results and Quinet [25] and this shows that
additional configurations in calculations from the same method
have not introduced correlation effects on 3s°3p°3d *Ds),.

3.1.2. Comparison with Priti et al. [28]

Priti et al. [28] have presented excitation energies of two levels,
3s°3p°3d” *Fs); and 3s°3p°3d* *Dy),, which are levels 42 and 63 in
Table 1. The discrepancies between our MCDF results and those
of Priti et al. [28] are 0.0977 and 0.24 Ryd for 3s°3p°3d” *Ds, and
3s°3p°3d” °Fs),, respectively. The reason behind the small discrep-
ancy may be the different configurations and techniques adopted
by Priti et al. [28]. They have included six configurations 3s°3p°®3d,
3s?3p°3d?, 3s3p°®3d?, 3p°®3d° 3s°3p°4p4d, and 3s3p°3d> for the ini-
tial and final target state wavefunctions while in our calculations
we have taken 37 configurations by considering single, double, and
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triple (SDT) excitations from 3s and 3p orbitals and one-electron ex-
citation from 3d to n = 4 orbitals. Our MCDF results are close to the
results from Priti et al. 28] and ensure the reliability and authentic-
ity of excitation energies of higher excited states.

3.1.3. Comparison with Clementson et al. [54]

Clementson et al. [54] have presented theoretically calculated
and experimentally measured energies for W LVI. They have per-
formed the experiment by employing superEBIT at Lawrence
Livermore National Laboratory (LLNL). For theoretical calcula-
tions, they have adopted GRASP and FAC. The discrepancies
between our MCDF results and their experimental, FAC, and
GRASP results are is 0.09, 0.055, and 0.139 Ryd, respectively. This
difference between our MCDF results and their GRASP and FAC
results is mainly due to the choice of different configuration
sets. In their FAC calculations, they have opted for 2s*2p°®31°,
25%2p®31841 (1 = 0-3), 25%2p°31%5] (I = 0-3), 25*2p°3s3p°3dnl (n = 3,
4,5;1=0ton-1), and 2s2p°®3s?3p°3dnl (n =3, 4, 5;1=0ton—-1)
while in their GRASP calculations, they chose 3s°3p®3d, 3s*3p°3d?,
and 3s3p°3d>. So it is clear that they have included only three
configurations in GRASP and have missed some important
configurations, which have significant contribution to the total
atomic wavefunction of 3s?3p>3d?, while in FAC, they have taken
alarge number of configurations, which is not possible in GRASP
as it will increase computational time and make calculations
cumbersome with very little improvement in excitation energies
of higher excited states. So, we have considered important con-
figurations with SDT excitations in both MCDF and DW, but it
will be a topic of future research to explore the contribution of
configurations containing more than five electrons in the 3d or-
bital. Hence, we found that our results are in good agreement
with experimental and theoretical results of Clementson et al.
[55] with minimal difference.

3.1.4. Comparison with Guo et al. [30]

Guo et al. [30] have presented excitation energies only for two
fine-structure levels of the 3s*3p®3d configuration for WLVI using
second-order RMBPT and RCI. The small discrepancy of our MCDF
results with the RMBPT results of Guo et al. [30] is 0.025 Ryd for
level 2. This is because, in their RMBPT calculations, they have
taken single excitation up to n = 125 and double excitations with
one electron to n = 65 and other electrons to n =125, but in MCDF,
it is not possible to include so many configurations, as we have
stated in the previous section.

But the discrepancy of our MCDF results with their RCI results is
0.001 for level 2. Guo et al. [30] have only included interaction within
n = 3 orbitals but still our MCDF energy and their GRASP energy for
this level is exactly same, which implies that effect of correlations
from other configurations included by us is almost negligible on
level 2 and a similar effect is also shown in Section 3.1.1.

3.1.5. Comparison with Fischer et al. [33]

Fischer et al. [33] have also listed excitation energy only for
the first excited state of configuration 3s*3p°3d *Ds, by using
GRASP2K. They have considered core-valence and core-core cor-
relations by taking single- and double-electron excitations from
n =2 orbitals but they have included orbitals up to n = 6, while in
our calculations we have considered SDT excitations within n = 3
and single-electron excitation from n = 3 orbitals to n = 4. Therefore,
there is a small discrepancy of 0.02 Ryd between our MCDF results
and those of Fischer et al. [33] for level 2, which shows that our
results match well with the results reported by Fischer et al. [33].

3.1.6 Comparison with Zhao et al. [34]
Zhao et al. [34] have also reported excitation energy for the
ground state configuration 3s*3p®3d using second-order RMBPT

w Published by Canadian Science Publishing
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Table 1. Energies (in Ryd) of lowest 142 fine-structure levels of W LVL.

Can. J. Phys. Vol. 99, 2021

MCDF
Level Configuration Parity DC BREIT QED Total DW Other AE
1 3s5°3p®3d'(*Dy)*Dyp Even 0.0000 — — 0.0000 0 0.000 0.36
2 3s°3p°3d’ (°Dy)°Dsps Even 5.8279 -0.1440 0.00006 5.6840 5.7044 5.709% 0.20
5.692"
5.709°
5.6831
5.704°
5.700
5.709%
5.708"
3 3s°3p°3d°(°F,) Fp 0dd 18.9125 -0.0490 -0.0362 18.8273 18.7898 019
4 35°3p°3d*(°F,)*Dy)2 0dd 19.0699 -0.0684 -0.0362 18.9653 18.9289 0.20
5 35°3p°3d*(°F,) Fs2 0dd 19.4914 -0.0969 -0.0361 19.3584 19.3198 0.20
6 3s°3p°3d*(°F,)’ Gy 0dd 19.7178 -0.1240 -0.0361 19.5582 19.5182 19.470 0.18
7 35°3p°3d*(°P,) *Psps 0dd 21.2442 -0.0332 -0.0362 211748 211366 0.06
8 3s°3p°3d*(°F)"Dsp. 0dd 24.2967 -0.1940 -0.0361 24.0667 24.0520 0.07
9 35°3p°3d’(°F,)*Gop 0dd 24.7714 -0.2800 -0.0359 24.4559 24.4392 0.06
10 35°3p°3d°(°F,)*Fypz 0dd 24.9369 -0.2510 -0.0360 24.6496 24.6340 0.06
1 35°3p°3d*(°F,)"Dap 0dd 25.1631 -0.2120 -0.0361 24.9154 24.8996 0.06
12 35°3p°3d*(°P,)*Psy; 0dd 25.3353 -0.2320 -0.0361 25.0675 25.0518 0.32
13 35°3p°3d°(°P,) Dy, 0dd 25.6359 -0.2710 -0.0361 25.3283 25.2468 019
14 35°3p°3d*('G,)°Huyp 0dd 25.6596 -0.3600 -0.0359 25.2632 25.3113 0.06
15 3s°3p°3d*(°P,)’Syp2 0dd 25.9931 -0.1810 -0.0362 25.7761 25.7599 0.06
16 35°3p°3d*('G,)°Fyp 0dd 26.4409 -0.2610 -0.0361 261436 261269 0.07
17 35°3p°3d*(°P,)"Dsp2 0dd 26.4977 -0.1930 -0.0362 26.268 26.2505 0.06
18 3s°3p°3d’(°P,)*S3p, 0dd 26.6911 -0.1610 -0.0362 26.4936 26.4765 0.07
19 35°3p°3d*('G,)°Gopa 0dd 26.8793 -0.2990 -0.0361 26.5439 26.5264 0.09
20 35°3p°3d*(°P,)’D3p, 0dd 27.9527 -0.2210 -0.0357 27.6958 27.6707 0.09
21 3s°3p°3d’('D,)Fsp 0dd 28.5622 -0.2590 -0.0360 28.2676 28.2417 0.10
22 35°3p°3d*(°P,)*Py 0dd 29.073 -01930 -0.0357 28.8441 28.8158 0.02
23 3s°3p°3d*(°F,) Gy 0dd 30.6462 -0.4470 -0.0358 30.1632 30.1690 0.02
24 3s°3p°3d*('D,)’Dsp 0dd 31.0555 -0.3650 -0.0361 30.6542 30.6609 0.02
25 35°3p°3d*(°F2)°Gopa 0dd 31.381 -0.4050 -0.0360 30.9400 30.9452 0.02
26 3s°3p°3d*('D,)’Fypp 0dd 31.5175 -0.3790 -0.0359 311022 311072 0.02
27 3s°3p°3d’('D,)’Pyp2 0dd 31.9677 -0.3260 -0.0363 31.6055 31.6111 0.001
28 35°3p°3d°(°F,)°Fyp 0dd 331857 -0.3700 -0.0360 32.7792 32.7795 0.01
29 35°3p°3d*("So)*Pay, 0dd 33.7114 -0.2860 -0.0362 33.3887 33.3924 0.02
30 35°3p°3d*(F»)’Dspz 0dd 34.3384 -0.3750 -0.0356 33.9278 33.9223 0.01
31 35°3p°3d*('D,)’ Dy, 0dd 34.63 -0.3210 -0.0355 34.2737 34.2710 0.31
32 35°3p*3d°(*F3)°Dap2 Even 39.0056 -0.0731 -0.0723 38.8603 38.7412 0.30
33 3s°3p*3d°(*F3)°Dyp Even 39.0677 -0.0946 -0.0724 38.9007 38.7845 0.31
34 35°3p*3d°(*Fs)°Fsp Even 39.6263 -0.1170 -0.0726 39.4371 39.3150 0.31
35 3s°3p*3d°(°P3)*Dp Even 39.7533 -0.1490 -0.0721 39.5324 39.4099 0.32
36 3s°3p*3d°(*Fa)*Fap Even 411739 -0.0742 -0.0721 41.0276 40.8978 0.21
37 35°3p*3d°(*Fs)°Dsy2 Even 43.8465 -0.2230 -0.0721 43.5516 43.4623 0.21
38 35°3p*3d°(*Fs)°Goyz Even 44.3709 -0.3100 -0.0719 43.9888 43.8966 0.21
39 3s°3p*3d°(*F3)°Fy, Even 44.386 -0.2850 -0.0725 44,0288 43.9378 0.21
40 35°3p*3d°(*Fs)*Fap Even 44.4654 -0.2330 -0.0725 441598 44,0688 0.21
41 3s°3p*3d°(°P3)*Hyp Even 44.7383 -0.2800 -0.0721 44.3861 44.2942 0.02
42 3s°3p°3d*(°F,)Fsp 0dd 44.8664 -0.4290 -0.0067 44.4312 44.4387 44.340 0.20
44191
44,347
44.376"
44292
43 3s°3p°3d*(*P3) Py Even 44.918 -0.2640 -0.0724 44,5816 44.4905 0.21
44 35°3p*3d°(°Gy)* G2 Even 45.0578 -0.3990 -0.0720 44,5872 44.4950 0.21
45 35°3p*3d°(*G3)*Gopa Even 451194 -0.3780 -0.0724 44,6689 44.5774 0.25
46 3s°3p*3d°(*Fs)*Fap Even 45.3177 -0.2600 -0.0751 44.9825 44.8708 0.17
47 3s°3p*3d°(*Gy) Hyyy, Even 45.4566 -0.4200 -0.0719 44,9645 44.8864 0.21
48 35°3p*3d°(°Gy)*Hyzp Even 45.5505 -0.4680 -0.0718 45.0108 44.9163 0.21
49 3s°3p*3d°(*Ha)*Gspz Even 45.6964 -0.3150 -0.0753 45.3066 45.2107 0.21
50 3s°3p*3d°(*F3)*Dyp Even 461151 -0.2280 -0.0731 45.8144 45.7169 0.20
51 35°3p*3d°(*P5)°Py) Even 46.2618 -0.2900 -0.0722 45.8995 45.8066 0.22
52 35°3p*3d°(*Fs)*Fsp Even 46.4061 -0.2310 -0.0722 461025 46.0004 0.20

w Published by Canadian Science Publishing



Can. J. Phys. Downloaded from cdnsciencepub.com by CENTRAL SC LIBRARY on 06/29/22
For personal use only.

Sharma and Richa 661
Table 1 (continued).
MCDF

Level Configuration Parity DC BREIT QED Total DW Other AE
53 3s°3p*3d°(*P3)° Doy, Even 46.5724 -0.3230 -0.0721 461774 46.0847 0.22
54 35°3p*3d°(*Fs)*Pap Even 46.8829 -0.2060 -0.0721 46.605 46.5024 0.22
55 3s°3p*3d°(*Fs)°Fypp Even 471397 -0.2120 -0.0717 46.8564 46.7520 0.22
56 3s°3p*3d°(*Fs)*Gspa Even 47.3995 -0.2770 -0.0718 47.0503 46.9447 0.22
57 35°3p*3d°(°Gy)*Fap Even 47.4365 -0.2640 -0.0721 471000 46.9947 0.21
58 3s°3p*3d°(’G3)°Gyp Even 475023 -0.3020 -0.0721 471279 47.0281 0.21
59 3s°3p*3d°(*G3)*Gopy Even 47.7203 -0.3290 -0.0723 47.3192 47.2188 0.22
60 35°3p*3d°(°Fs)*Fsp Even 47.7836 -0.2730 -0.0719 47.4385 47.3326 018
61 35°3p°3d*(°p,)*Dyp 0dd 47.8654 -0.3460 -0.0074 47.512 47.4274 0.04
62 35°3p°3d°(°Gg)*Fspz Even 47.8812 -0.2730 -0.0719 47.5367 47.5163 019
63 35°3p°3d*(°F,)* D3y, 0dd 48.0631 -0.3880 -0.0079 47.6677 47.5782 47.502" 0.04

47.570"

47.497

47.605*

47.767"
64 3s°3p*3d°(*Hy)*Gyp Even 48.0825 -0.3260 -0.0720 47.6844 47.6664 0.23
65 3s°3p°3d*(*Ps) Py 0dd 481026 -0.2300 -0.0721 47.8009 47.6890 0.35
66 3s°3p*3d°(*P3)*Sy Even 48.3365 -0.2230 -0.0745 48.0390 47.8716 0.16
67 3s°3p°3d°(°G3)*Hy, Even 48.376 -0.3200 -0.0720 47.9840 47.9081 017
68 35°3p*3d°(*Hs)*Hopz Even 48.4625 -0.3710 -0.0722 48.0197 47.9380 0.21
69 35°3p*3d°(*Dy)*Dsp; Even 49.3789 -0.2300 -0.0723 49.0769 48.9763 013
70 3s°3p*3d°(*F3)°Guypz Even 49.8344 -0.4800 -0.0718 492829 49.2190 0.21
71 35°3p*3d°(°Fs)* D3y, Even 49.9893 -0.2450 -0.0720 49.6721 49.5672 0.06
72 35°3p°3d°(°F,) Fypp 0odd 50.1427 -0.5760 -0.0067 49.5604 49.5915 0.43
73 3s°3p*3d°(*Fs)*Fs)2 Even 50.1855 -0.2540 -0.0723 49.8592 49.6445 0.05
74 35°3p*3d°(°F,)*Fs)2 0dd 50.2685 -0.5350 -0.0069 49.7265 49.7502 014
75 3s°3p*3d*(*F3)°Dyp Even 50.318 -0.4180 -0.0723 49.8273 49.7575 011
76 3s°3p*3d°(*F3)°Guzp Even 50.3618 -0.5830 -0.0717 497074 49.7637 013
77 35°3p*3d°(*Fs)°Gopy Even 50.5824 -0.4230 -0.0723 50.0873 50.0229 013
78 3s5°3p*3d°(*D3)*Dspz Even 50.585 -0.3880 -0.0724 50.1250 50.0610 0.06
79 3s°3p°3d*(°p,)*Dap, 0dd 50.6636 -0.5010 -0.0070 50.1559 50.1868 0.06
80 35°3p°3d*(°p,)*Dy 0dd 50.7978 -0.4590 -0.0071 50.3321 50.3635 014
81 3s°3p*3d°(*G3)°Fspp Even 50.94 -0.4130 -0.0750 50.4521 50.3828 0.18
82 3s°3p*3d°(°Dy)*Pyp, Even 51.0116 -0.3530 -0.0739 50.5851 50.4936 015
83 35°3p*3d°(°F,)°Gopa 0dd 51.2503 -0.6470 -0.0067 50.5963 50.5195 014
84 3s°3p*3d°(*Hs) Lis)2 Even 51.2859 -0.6550 -0.0717 50.5588 50.6275 0.13
85 35°3p°3d*('G,)*Hp Even 51.3092 -0.4890 -0.0720 50.7478 50.6826 013
86 35°3p*3d°(°Fs)*Guypa Even 51.375 -0.5440 -0.0718 50.7597 50.6931 013
87 3s°3p*3d°(*P3)*Dyp, Even 51.4904 -0.4250 -0.0733 50.9921 50.9235 0.14
88 3s°3p*3d°(*Dy)°Ps), Even 51.8673 -0.3910 -0.0745 51.4013 51.3285 014
89 35°3p*3d°(°Ds)*Foy2 Even 52.0559 -0.4700 -0.0720 51.5136 51.4408 0.28
90 3s5°3p*3d°(*D3)*Pap Even 521678 -0.3720 -0.0739 51.7224 51.5764 013
91 3s°3p*3d°(*Fs)°Fyp Even 52.2138 -0.4670 -0.0738 51.6731 51.6039 0.003
92 3s°3p*3d°(*Hy)* Hyypz Even 52.2504 -0.5310 -0.0719 51.6473 51.6491 014
93 3s°3p*3d°(*Fs)*Dsy2 Even 52.3979 -0.4260 -0.0742 51.8974 51.8246 0.14
94 3s°3p*3d°(*F2)*Fy Even 52.422 -0.4270 -0.0729 51.9220 51.8483 0.31
95 3s5°3p*3d°(*Hy)*Gops Even 52.9476 -0.4760 -0.0728 52.3984 52.2378 0.02
96 3s°3p*3d°(*Ha) *Hpe Even 52.9878 -0.6020 -0.0718 52.3137 52.3233 0.04
97 3s°3p°3d*(°F,)’Ds2 0dd 53.0435 -0.5380 -0.0079 52.4979 52.5210 015
98 3s5°3p*3d°(*P3)*Dyp, Even 531461 -0.3950 -0.0722 52.6789 52.6013 0.27
99 3s°3p°3d*('G,)’Fypp 0dd 53.1682 -0.3250 -0.0724 52.7712 52.6274 0.09
100 3s°3p*3d°(*Fs)°Dsp Even 531696 -0.3930 -0.0718 52.705 52.6552 0.13
101 35°3p*3d°(°Dy)*Dap Even 53.2083 -0.5720 -0.0075 52.6289 52.6985 015
102 35%3p*3d°(°F3)°Gopa Even 53.3887 -0.4860 -0.0733 52.8291 52.7517 0.15
103 3s°3p*3d°(*P3)*Py, Even 53.6566 -0.3800 -0.0719 53.2052 531275 015
104 35°3p°3d*(°p,)*Dap 0dd 53.7308 -0.4420 -0.0719 53.2166 531343 0.04
105 3s°3p*3d°(°P5)°Fyp, Even 53.7341 -0.4940 -0.0076 53.2327 53.2520 0.14
106 3s°3p*3d°(*P3)*Psp 0dd 53.8127 -0.4100 -0.0716 53.3314 53.2563 0.40
107 35°3p*3d°(°Fs)*Dgp, Even 53.9904 -0.3990 -0.0727 53.5188 53.3079 0.10
108 3s°3p*3d°(°Fs) Gy Even 54.0041 -0.5470 -0.0717 53.3854 53.4400 0.14
109 35°3p*3d°(°Fs)*Dyj2 Even 541855 -0.3450 -0.0734 53.7672 53.6899 017
110 3s5°3p*3d°(*P5)* Dy, Even 54.2509 -0.3820 -0.0722 53.7963 53.7062 0.33
1 35°3p*3d°(*D3)°Dspz Even 54.3294 -0.3700 -0.0721 53.8876 53.7115 0.03
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MCDF
Level Configuration Parity DC BREIT QED Total DW Other AE
112 3s°3p*3d°(*Gy)*Gop Even 54.3556 -0.4910 -0.0719 53.7929 53.8071 015
113 3s5°3p*3d°(*Hs) Huyp Even 54.5313 -0.5400 -0.0719 53.9196 53.8371 014
114 3s°3p*3d°(°Fs)°Fsp2 Even 54.5437 -0.3680 -0.0723 541038 54.0290 0.14
115 3s°3p*3d°(*Fs)°Fyp Even 54.6833 -0.4110 -0.0726 541994 54.1249 016
116 35°3p*3d°(°Fs)*Fyp Even 55.0491 -0.4470 -0.0723 54.5302 54.4452 015
117 3s°3p*3d°(°Fs)*Fop Even 551164 -0.5000 -0.0718 54.5445 54.4616 015
118 3s°3p*3d°(*Fs) Fspp Even 551238 -0.4140 -0.0721 54.6373 54.5547 015
119 35°3p*3d°(°Dy)°Dyps Even 55.2814 -0.3700 -0.0724 54.8387 54.7543 0.21
120 35°3p*3d°(*Dy) Py Even 55.3662 -0.3540 -0.0731 54.9390 54.8229 0.08
121 3s°3p*3d°(*Ha)*Gsp Even 55.3789 -0.4020 -0.0720 54.9053 54.8625 016
122 3s°3p*3d°(°Fs)°Dyps Even 55.4584 -0.3740 -0.0715 55.0128 54.9275 015
123 35°3p*3d°(’G3)°Gyp Even 55.6465 -0.4340 -0.0721 55.1407 55.0585 0.16
124 3s°3p*3d°(°Dy)°Dsp Even 55.941 -0.4260 -0.0728 55.4426 55.3546 0.22
125 3s5°3p*3d°(°Dy)°Dypa Even 55.9483 -0.3390 -0.0724 55.5367 55.4159 012
126 3s°3p°3d*(°F,) Dy 0dd 56.0252 -0.6550 -0.0072 55.3631 55.4312 0.10
127 3s°3p*3d°(*Hy)°G, Even 56.0767 -0.4880 -0.0722 55.5162 55.4603 0.07
128 35°3p*3d°(°Gs)*Huzp Even 56.3362 -0.6800 -0.0716 55.5842 55.5464 0.21
129 3s°3p*3d°(*Dy)°Pyp Even 56.551 -0.3790 -0.0726 56.0996 55.9820 013
130 35°3p°3d*(°F,)*Gopz 0dd 56.6727 -0.7360 -0.0069 55.9296 56.0034 0.09
131 35°3p°3d*('D,)°P3p 0dd 56.6963 -0.6220 -0.0073 56.0674 561207 0.09
132 3s°3p°3d*('D,)°Fsp 0dd 57.0833 -0.6650 -0.0071 56.4113 56.4640 0.08
133 3s°3p*3d°(*Fs)*Dypa Even 57.3147 -0.5600 -0.0737 56.6805 56.6327 0.09
134 35°3p*3d°(°P5)Pyps Even 58.0044 -0.4860 -0.0732 57.4452 57.3925 016
135 3s°3p*3d°(°F3)°Dyp Even 58.2205 -0.4180 -0.0728 57.7297 57.6394 0.09
136 3s°3p*3d°(*Fa)*Fop Even 58.5148 -0.6130 -0.0729 57.8289 57.7785 0.03
137 35°3p°3d*('So)*Pyz 0dd 58.6635 -0.5670 -0.0073 58.0890 58.0703 0.03
138 35°3p*3d°(°Gy)*Guyp2 Even 58.8326 -0.6380 -0.0715 581230 581410 0.08
139 3s°3p*3d°(°Dy)*Dyp Even 59.1947 -0.5320 -0.0730 58.5899 58.5451 0.08
140 3s°3p*3d°(°Dy)*Fop Even 59.2751 -0.5500 -0.0719 58.6535 58.6081 0.09
141 3s°3p*3d°(°P3)*Psp Even 59.7575 -0.5420 -0.0732 59.1427 59.0897 0.08
142 3s°3p*3d°(°Dy)°Pyp2 Even 59.9032 -0.4900 -0.0740 59.3396 59.2904 0.36

926], ’[25], RMBPT [30], “RCI [30], °[33],"RCI [34], SRMBPT [34], "[53], 28], "Experimental [54], “FAC [54], 'GRASP [54].

and RCI. The discrepancy between our MCDF results and the
RMBPT results of Zhao et al. [34] is 0.025 Ryd for level 2, which is
very small. This may be because in their RMBPT calculations,
they have taken single excitation up to n =125 and double excita-
tions with one electron to n = 65 and other electrons to n = 125.
But the discrepancy between our MCDF results and their RCI
results is 0.016 for level 2, which is less than the discrepancy with
their RMBPT results because they have only included interaction
within n = 3 orbitals but not considered correlation with higher
orbitals. So, it is observed that consideration of correlations by
taking one excitation to higher orbitals is affecting the fine-structure
energies of the ground state configuration. But because the differ-
ence is very small, therefore, inclusion of SDT excitations within
n =3 and single excitations to higher orbitals is necessary for cor-
relation for higher excited states.

So from the above discussions, we finally deduced that inclu-
sion of a large configuration set is not notably affecting the fine-
structure splitting of 3s*3p®3d and all fully relativistic codes and
methods producing nearly the same excitation energies for low-
lying levels for a small configuration set.

3.2. Radiative data
Radiative rate Aj; (in s~ ') and absorption oscillator strength fij
for a transition i — j are correlated as
2 0
_ i B 5
8m2e2 w; ¥ )

mcA

Jij

where ¢, m, e are the velocity of light, electron mass, and electron
charge, respectively, and w;, wj, and A represent upper and lower

levels of statistical weights and transition wavelength (in A), respec-
tively. The oscillator strength (f;) and line strength (S;) can be con-
nected by the following:

E1 transitions:
2.0261 x 108 303.75
Ay =" S and  f = Sii 6
Ji wj/\jsi 1 fl] /\jiwi Y ( )
M1 transitions:
2.6974 x 10%3 4.044 x 1073
Ay =" 7 S and fi=———S; 7
i (Uj)\; ij fl] /\jiwi ij ( )
E2 transitions:
1.1199 x 10" 167.89
Aj=—"""""8: and fi=—nr—S; 8
i Wj)‘Jsl 1) ﬁj )\ﬁ-wl 1 ( )
M1 transitions:
1.4910 x 10% 2.236 x 1073
AJ" = 7551'1' and fij = 3781)' (9)
wj/\ﬁ )\ﬁwi

Transition wavelengths (A; in A), line strengths (Sjjin a.u.), radi-
ative rates (A; in s, and oscillator strengths (fij» dimensionless)
are reported from the ground state for E1, E2, M1, and M2 in
Tables 2-5, respectively. We have found 29 E1, 68 E2, 51 M1, and
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Table 2. Radiative data for E1 transitions in W LVI.

Transition

S. No. Lower level Upper level A (A) Aji (s7) i S (a.u.)

1 1 3 48.402 2.4338E+09 8.5480E-04 5.4483E-04
2 1 4 48.049 1.0365E+10 1.7938E-03 11350E-03

3 1 5 47.074 5.5148E+09 2.7481E-03 1.7035E-03
4 1 7 43.036 1.0967E+09 3.0450E-04 1.7256E-04
5 1 8 37.864 3.5621E+07 1.1484E-05 5.7263E-06
6 1 1 36.575 1.4394E+10 2.8867E-03 1.3903E-03
7 1 12 36.353 1.2075E+09 3.5883E-04 1.7177E-04

8 1 15 35.353 1.3710E+08 1.2845E-05 5.9799E-06
9 1 17 34.691 4.8991E+09 1.3259E-03 6.0570E-04
10 1 18 34.396 1.1446E+05 2.0300E-08 9.1949E-09
11 1 20 32.903 7.4878E+11 1.2153E-01 5.2655E-02
12 1 21 32.237 1.0246E+12 2.3944E-01 1.0165E-01

13 1 22 31.593 11756E+12 8.7956E-02 3.6592E-02
14 1 24 29.727 1.8423E+09 3.6612E-04 1.4332E-04
15 1 27 28.833 1.1348E+10 7.0717E-04 2.6850E-04
16 1 29 27.293 2.0486E+08 2.2878E-05 8.2223E-06
17 1 30 26.859 2.7455E+10 4.4540E-03 1.5753E-03
18 1 31 26.588 3.5129E+08 3.7229E-05 1.3035E-05
19 1 42 20.510 8.6149E+11 8.1492E-02 2.2009E-02
20 1 61 19.180 3.1208E+12 8.6055E-02 2.1735E-02

21 1 63 19.117 5.6834E+12 3.1140E-01 7.8392E-02
22 1 74 18.326 1.0633E+08 8.0300E-06 1.9378E-06
23 1 79 18.169 7.7716E+10 3.8461E-03 9.2019E-04
24 1 80 18.105 4.3648E+07 1.0725E-06 2.5570E-07
25 1 97 17.358 2.5351E+09 1.7177E-04 3.9264E-05
26 1 105 17.119 1.7693E+10 7.7733E-04 1.7523E-04
27 1 131 16.253 1.9043E+09 7.5416E-05 1.6141E-05

28 1 132 16.154 1.0316E+09 6.0538E-05 1.2878E-05
29 1 137 15.687 3.5470E+10 6.5432E-04 1.3517E-04

38 M2 SXR transitions and 1 E2 and 1 M1 EUV transitions from
higher excited states to the ground state. The transition data of
E1, E2, M1, and M2 transitions among the lowest 142 levels is pro-
vided as supplementary material'. In Table 6, we have compared
our GRASP transition wavelengths from theoretically calculated
[31, 54] and experimentally measured wavelengths [31]. We have
also compared our calculated oscillator strengths with theoreti-
cally calculated oscillator strengths [31]. We found that our tran-
sition data compared in Table 6 are in good agreement with Dipti
et al. [31] and Clementson et al. [54] with a very small difference.
This shows that our presented radiative data for W LVI are reli-
able and can be used further for identification of spectral lines
observed experimentally.

3.3. Partition function and thermodynamic parameters
The generalized formula for partition function (Q) is given by

n—1
o
Q=g + Y _ giexp <f ﬁ) (10)
i=1

thermodynamic quantities, internal energy and specific heat, can
be obtained using standard expressions [55]

1 n-1 & Ei
U= Q ;gi (k_T> exp <— k_T> (11)

C*l nd ) Ei 2 Ej
~a| &) ()

~ (V) (12)

In egs. (10)-(12), go and g; are statistical weight of ground state and
ith levels, respectively, ¢; is fine-structure energy of the ith level
with respect to ground state, and n is the number of levels consid-
ered in calculations.

In Table 7, we have presented partition function (Q), internal
energy, and specific heat for K-like W. From Table 7, we can see
that as temperature increases, partition function and thermody-
namic quantities increase, which also satisfies the basic require-
ment of the partition function.

In Figs. 1a—1c, we show the variation of partition function, inter-
nal energy, and specific heat as a function of thermodynamic
temperature. It is observed that change in partition function is
almost negligibly the same below 10° K for K-like W, but after
that increases rapidly due to the contribution of higher excited
states. We have predicted maxima for both internal energy and
specific heat for both O-like W in Figs. 1b and 1c, respectively. It
is also predicted that the position of the highest peak of O-like
W for internal energy and specific heat is nearly at the same
position but the width of the internal energy peak is greater
than that of specific heat. A similar pattern can also be seen in
Fig. 2.

In Fig. 2, we have plotted the variation of internal energy and
specific heat with partition function for temperature 10*-10° K
for K-like W. We predicted that internal energy and specific heat
attain maximum values approximately at the same value of parti-
tion function but the fall of specific heat is very rapid compared
to that of internal energy and similarly the rise of specific heat is
also fast as compared to that of internal energy.

The partition function can be used in the determination of
probability of occupancy of levels and also line intensity of

'Supplementary data are available with the article at https://doi.org/10.1139/cjp-2020-0497.
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Table 3. Radiative data for E2 transitions in W LVL.

Transition
S.No.  Lowerlevel  Upperlevel A (A) Aji(s7) i S (au.)
1 1 2 160.320 5.2988E+02 3.0627E-09 3.0069E-04
2 1 32 23.450 3.0063E+04 2.4784E-09 7.6141E-07
3 1 33 23.426 2.5262E+04 1.0391E-09 3.1825E-07
4 1 34 23.107 2.0332E+05 2.4412E-08 71757E-06
5 1 35 23.051 7.0505E+03 1.1233E-09 3.2779E-07
6 1 36 22.211 5.9561E+03 4.4052E-10 1.1500E-07
7 1 37 20.924 4.8419E+03 4.7670E-10 1.0404E-07
8 1 39 20.697 1.4054E+04 1.8052E-09 3.8131E-07
9 1 40 20.636 4.8925E+04 3.1234E-09 6.5390E-07
10 1 41 20.531 2.8571E+04 3.6109E-09 7.4446E-07
11 1 43 20.440 2.7774E+04 2.6095E-09 5.3096E-07
12 1 46 20.258 4.1487E+05 2.5526E-08 5.0560E-06
13 1 49 20113 2.1454E+06 1.9518E-07 3.7836E-05
14 1 50 19.890 2.8243E+05 8.3757E-09 1.5703E-06
15 1 51 19.854 9.7740E+04 1.1551E-08 2.1537E-06
16 1 52 19.766 1.5264E+04 1.3411E-09 2.4675E-07
17 1 54 19.553 3.5683E+04 2.0452E-09 3.6426E-07
18 1 55 19.448 6.8151E+04 1.9322E-09 3.3862E-07
19 1 56 19.368 1.4075E+03 1.1873E-10 2.0552E-08
20 1 57 19.348 8.1804E+04 4.5907E-09 7.9211E-07
21 1 58 19.336 1.2173E+04 1.3646E-09 2.3504E-07
22 1 60 19.209 3.8570E+03 2.1337E-10 3.6034E-08
23 1 62 19170 2.2961E+00 1.8974E-13 3.1845E-11
24 1 64 19.110 2.6522E-01 2.9043E-14 4.8292E-12
25 1 65 19.064 1.4819E+05 4.0371E-09 6.6639E-07
26 1 66 18.969 1.5917E+06 4.2933E-08 6.9819E-06
27 1 67 18.991 5.6148E+03 6.0718E-10 9.9082E-08
28 1 69 18.568 1.1537E+05 8.9447E-09 1.3643E-06
29 1 71 18.346 2.9447E+04 1.4858E-09 2.1858E-07
30 1 73 18.277 8.3390E+04 6.2642E-09 9.1117E-07
31 1 75 18.289 1.6612E+05 1.6659E-08 2.4279E-06
32 1 78 18.180 1.6698E+05 1.2411E-08 1.7767E-06
33 1 81 18.062 2.3847E+06 1.7495E-07 2.4561E-05
34 1 82 18.015 1.4923E+06 3.6302E-08 5.0563E-06
35 1 87 17.871 8.4575E+05 8.0987E-08 1.1012E-05
36 1 88 17.729 1.7983E+06 8.4737E-08 1.1249E-05
37 1 90 17.618 3.0241E+05 1.4073E-08 1.8337E-06
38 1 91 17.635 6.6529E+05 6.2038E-08 8.1065E-06
39 1 93 17.559 1.1668E+02 8.0901E-12 1.0435E-09
40 1 94 17.551 4.8215E+04 4.4531E-09 5.7355E-07
41 1 98 17.299 8.6422E+03 7.7541E-10 9.5628E-08
42 1 99 17.268 7.7472E+05 3.4634E-08 4.2489E-06
43 1 100 17.290 2.9100E+04 1.9563E-09 2.4090E-07
44 1 103 17127 1.2547E+05 2.7591E-09 3.3027E-07
45 1 104 17124 1.5063E+03 1.3243E-10 1.5842E-08
46 1 106 17.087 4.5335E+05 2.9765E-08 3.5378E-06
47 1 107 17.027 6.6534E+05 2.8919E-08 3.4012E-06
48 1 109 16.948 1.1842E+06 2.5498E-08 2.9574E-06
49 1 110 16.939 5.8341E+04 2.5097E-09 2.9062E-07
50 1 111 16.911 7.7110E+04 4.9587E-09 5.7131E-07
51 1 114 16.843 41178E+05 2.6270E-08 2.9905E-06
52 1 115 16.813 9.8851E+05 8.3786E-08 9.4876E-06
53 1 116 16.711 4.9908E+04 41791E-09 4.6466E-07
54 1 118 16.679 11757E+05 7.3546E-09 8.1294E-07
55 1 119 16.617 6.7060E+04 2.7761E-09 3.0349E-07
56 1 120 16.587 1.9611E+06 4.0445E-08 4.3973E-06
57 1 121 16.597 7.3143E+05 4.5309E-08 4.9352E-06
58 1 122 16.565 2.4869E+05 1.0230E-08 1.1078E-06
59 1 123 16.526 7.7470E+05 6.3440E-08 6.8221E-06
60 1 124 16.436 3.1796E+05 1.9316E-08 2.0434E-06
61 1 125 16.408 1.8741E+05 7.5647E-09 7.9620E-07
62 1 127 16.414 4.2508E+02 3.4341E-11 3.6184E-09
63 1 129 16.244 4.4954E+04 8.8914E-10 9.0794E-08
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Table 3 (concluded).

Transition
S.No.  Lowerlevel  Upperlevel A (A) Aji (s7) i S (au.)
64 1 133 16.077 1.5098E+05 1.1702E-08 1.1585E-06
65 1 134 15.863 7.5152E+04 2.8352E-09 2.6964E-07
66 1 135 15.785 7.7278E+02 2.8867E-11 2.7051E-09
67 1 139 15.553 9.9552E+04 7.2208E-09 6.4727E-07
68 1 141 15.408 11467E+05 6.1218E-09 5.3351E-07
69 1 142 15.357 5.8087E+03 1.0269E-10 8.8602E-09

Table 4. Radiative data for M1 transitions in W LVI.

Transition
S.No.  Lowerlevel  Upperlevel A (A) Aji (s7) i S (au.)
1 1 2 160.320 2.5832E+06 1.4931E-05 2.3677E+00
2 1 32 23.450 1.9683E+04 1.6227E-09 3.7636E-05
3 1 33 23.426 2.5033E+04 1.0297E-09 2.3858E-05
4 1 34 23107 1.2611E+04 1.5142E-09 3.4607E-05
5 1 36 22.211 2.0712E+03 1.5318E-10 3.3653E-06
6 1 37 20.924 41714E+02 41069E-11 8.4993E-07
7 1 40 20.636 5.4779E+02 3.4971E-11 7.1378E-07
8 1 43 20.440 1.4622E+02 1.3739E-11 2.7776E-07
9 1 46 20.258 1.5550E+03 9.5671E-11 1.9170E-06
10 1 49 20113 5.7076E+01 5.1924E-12 1.0330E-07
1 1 50 19.890 3.1196E+04 9.2514E-10 1.8201E-05
12 1 52 19.766 5.3078E+03 4.6634E-10 9.1171E-06
13 1 54 19.553 1.7988E+04 1.0310E-09 1.9939E-05
14 1 55 19.448 1.7797E+04 5.0457E-10 9.7058E-06
15 1 56 19.368 1.9235E+04 1.6226E-09 3.1082E-05
16 1 57 19.348 71180E+03 3.9945E-10 7.6440E-06
17 1 60 19.209 3.3399E+03 1.8476E-10 3.5105E-06
18 1 62 19170 1.8035E+04 1.4904E-09 2.8259E-05
19 1 65 19.064 11590E+03 3.1573E-11 5.9533E-07
20 1 66 18.969 2.6157E+04 7.0555E-10 1.3238E-05
21 1 69 18.568 1.4897E+04 1.1550E-09 2.1212E-05
22 1 71 18.346 3.3914E+04 1.7112E-09 3.1050E-05
23 1 73 18.277 3.1309E+04 2.3519E-09 4.2516E-05
24 1 78 18.180 1.7694E+03 1.3151E-10 2.3647E-06
25 1 81 18.062 2.1783E+02 1.5981E-11 2.8550E-07
26 1 82 18.015 3.3565E+03 8.1650E-11 1.4548E-06
27 1 88 17.729 1.1552E+03 5.4433E-11 9.5449E-07
28 1 90 17.618 2.0618E+02 9.5947E-12 1.6720E-07
29 1 93 17.559 2.7244E-01 1.8890E-14 3.2806E-10
30 1 99 17.268 1.8045E+02 8.0669E-12 1.3778E-07
31 1 100 17.290 6.5173E+02 4.3813E-11 7.4926E-07
32 1 103 17127 4.7761E+03 1.0502E-10 1.7791E-06
33 1 106 17.087 5.1953E+03 3.4110E-10 5.7648E-06
34 1 107 17.027 4.5222E+03 1.9656E-10 3.3102E-06
35 1 109 16.948 2.1358E+03 4.5987E-11 7.7090E-07
36 1 110 16.939 5.1062E+01 2.1966E-12 3.6802E-08
37 1 111 16.911 6.6507E+01 4.2769E-12 7.1535E-08
38 1 114 16.843 3.9032E+02 2.4900E-11 4.1482E-07
39 1 118 16.679 1.8636E+03 1.1658E-10 1.9231E-06
40 1 119 16.617 2.1374E+03 8.8484E-11 1.4543E-06
41 1 120 16.587 6.3194E+03 1.3033E-10 2.1381E-06
42 1 121 16.597 7.5574E+02 4.6815E-11 7.6851E-07
43 1 122 16.565 3.5370E+03 1.4550E-10 2.3838E-06
44 1 124 16.436 7.3490E+02 4.4646E-11 7.2580E-07
45 1 125 16.408 1.8928E+02 7.6400E-12 1.2399E-07
46 1 129 16.244 2.7016E+03 5.3434E-11 8.5850E-07
47 1 134 15.863 5.2412E+02 1.9773E-11 3.1024E-07
48 1 135 15.785 1.8891E+03 7.0569E-11 1.1018E-06
49 1 141 15.408 3.9228E+02 2.0943E-11 3.1916E-07
50 1 142 15.357 7.2668E+02 1.2846E-11 1.9512E-07
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Table 5. Radiative data for M2 transitions in W LVIL.

Transition
S.No.  Lowerlevel  Upperlevel A (A) Aji (s7) i S;(au.)
1 1 3 48.402 8.4721E+01 2.9755E-11 6.0374E-03
2 1 4 48.049 8.9934E+01 1.5564E-11 3.0895E-03
3 1 5 47.074 5.9930E-01 2.9864E-13 5.5742E-05
4 1 6 46.593 1.9356E+01 1.2599E-11 2.2803E-03
5 1 7 43.036 1.0766E+02 2.9892E-11 4.2633E-03
6 1 8 37.864 1.5895E+04 5.1248E-09 4.9781E-01
7 1 10 36.969 5.6630E+02 2.3206E-10 2.0980E-02
8 1 1 36.575 4.9222E+04 9.8714E-09 8.6421E-01
9 1 12 36.353 3.5082E+04 1.0426E-08 8.9621E-01
10 1 13 35.978 4.7796E+04 1.8551E-08 1.5459E+00
1 1 15 35.353 6.9698E+04 6.5298E-09 5.1629E-01
12 1 16 34.856 1.7160E+04 6.2513E-09 4.7372E-01
13 1 17 34.691 6.4903E+03 1.7565E-09 1.3122E-01
14 1 18 34.396 9.9863E+03 1.7712E-09 1.2897E-01
15 1 20 32.903 2.6909E+03 4.3673E-10 2.7836E-02
16 1 21 32.237 4.2742E+02 9.9888E-11 5.9882E-03
17 1 22 31.593 1.7631E+02 1.3191E-11 7.4433E-04
18 1 24 29.727 4.7536E-01 9.4467E-14 4.4407E-06
19 1 26 29.299 6.0515E+02 1.5576E-10 7.0102E-03
20 1 27 28.833 8.7524E+02 5.4541E-11 2.3392E-03
21 1 28 27.800 1.6481E+03 3.8192E-10 1.4683E-02
22 1 29 27.293 7.3772E+02 8.2384E-11 2.9970E-03
23 1 30 26.859 1.9280E+03 3.1279E-10 1.0845E-02
24 1 31 26.588 3.3414E+03 3.5413E-10 1.1910E-02
25 1 42 20.510 4.2852E+04 4.0536E-09 6.2577E-02
26 1 61 19.180 3.2390E+04 8.9314E-10 11276E-02
27 1 63 19.117 3.0700E+03 1.6820E-10 2.1028E-03
28 1 72 18.387 9.8586E+04 9.9937E-09 1.1116E-01
29 1 74 18.326 2.2059E+05 1.6659E-08 1.8346E-01
30 1 79 18.169 2.7474E+05 1.3597E-08 1.4592E-01
31 1 80 18.105 2.8021E+05 6.8851E-09 7.3118E-02
32 1 97 17.358 6.3314E+04 4.2900E-09 4.0149E-02
33 1 101 17.315 2.5766E+05 2.3162E-08 2.1516E-01
34 1 105 17.119 2.6524E+04 1.1653E-09 1.0460E-02
35 1 126 16.460 1.2232E+04 9.9364E-10 7.9289E-03
36 1 131 16.253 8.7392E+01 3.4610E-12 2.6590E-05
37 1 132 16154 3.5880E+02 2.1055E-11 1.5882E-04
38 1 137 15.687 1.5153E+03 2.7954E-11 1.9311E-04

Table 6. Comparison of transition wavelength (A in A) and oscillator strength (fin a.u.) for W LVL.

Transition

Upper level Lower level A GRASP A [3]] Aexp [54] A [54] fcrasp 131]

21 1 32.237 32.376 32.469 32.382 0.2394 0.2866
20 1 32.903 33.089 33.107 33.082 0.1215 0.1418
22 1 31.593 31.830 31.814 31.733 0.0879 0.0967
17 1 34.691 35.116 34.850 34.883 0.0013 0.0013

Table 7. Partition function (Q), internal energy (UJKT), spectral lines. Therefore, we have studied population of the lev-

and specific heat (CJk) in LSJ coupling for K-like W. els relative to the ground state in the next section.
LS] . .
3.4. Relative population
S.No. logT'(K) Q U[kT Clk According to the Boltzmann distribution, population of level j for
1 4 4.0000  1.40E-38 1.29E-36 an ionization stage z can be calculated from the following formula:
2 5 4.0006 1.38E-03 1.27E-02 N
o
3 6 97476  1.668731  4.000631 nj =~ gjexp (_ ﬁ) (13)
4 7 465.5805 0.694324 4.06E-02 Q

where n; is population of level j for ionization state z, Q is the par-
tition function, N is total number of ions in z, ¢; is energy of the
jthlevel, and g; s statistical weight of the jth level.
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Fig. 1. Variation of (a) partition function (b) internal energy and (c) specific heat with temperature for K-like W.
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Fig. 2. Variation of (a) internal energy and (b) specific heat with partition function for K-like W.
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We have calculated the population of the first five excited
states relative to the ground state for a single K-like W ion for
temperature ranges from 10* to 10" K by employing Boltzmann
statistics. Therefore, in eq. (13), we have taken N =1 and the parti-
tion function of the ground state. In Figs. 3a-3e, we have plotted
variation of relative population of the first five excited levels
with temperature. From Fig. 3, we can see that for the second to
fifth excited states below 10° K, the population is almost negligi-
ble as compared to the ground state. But for the first excited
state, the temperature at which relative population is negligible
is similar at 10°>° K. From Fig. 3e, it is also evident that relative
population of the fifth excited state of K-like W is the highest at
above 107 K. Since relative population of the first five excited
states is large above 10° K, therefore we can achieve population
inversion for all five excited states for K-like W above 10°.

Clk

T T T T T T
0 200 400 600 800 1000
Partition function (Q)

4. Conclusion

In the current paper, we have presented energy levels and radia-
tive data for E1, E2, M1, and M2 transitions among the lowest
142 fine-structure levels for K-like W. MCDF and DW, two independ-
ent codes, are executed in calculations and the discrepancy in the
results from both codes are provided. The discrepancy of our MCDF
energies with the available theoretical and experimental data in
the literature is discussed in detail. We have also predicted SXR and
EUV transitions from ground state in W LVI and found most of the
transitions towards the ground state lie in the SXR region. Further,
we have also studied variation of the partition function and ther-
modynamic quantities within temperature range 10*-10"° K. We
have also shown the variation of relative population of the first five
excited states with respect to the ground state using Boltzmann sta-
tistics and discussed their variations with temperature.
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Fig. 3. Variation of relative population of (a) first (b) second (c) third (d) fourth and (e) fifth excited states with temperature for K-like W.
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Overall, we conclude that our results are extensive and new References

and will be useful in identification and analysis of spectral lines
in experimental spectra, microscopic imaging, and in plasma
physics.

Acknowledgement

We are thankful to Delhi Technological University for their
support and giving us better facilities.

1. R. Neu, R. Dux, and A. Kallenbach, et al. Nucl. Fusion, 45, 209 (2005).
doi:10.1088/0029-5515/45/3/007.

2. K. Ikeda. Nucl. Fusion, 50, 014002 (2010). doi:10.1088/0029-5515/50/1/014002.

3. M. Merolaa, D. Loesserb, and A. Martina, et al. Fusion Eng. Des. 85, 2312
(2010). doi:10.1016/j.fusengdes.2010.09.013.

4. T. Das, Y.A. Podpaly, J. Reader, J.D. Gillaspy, and Y. Ralchenko. Eur. Phys.
J. D, 72,124 (2018). d0i:10.1140/epjd/e2018-90118-7.

5. M.J. Seaton. Adv. Atom. Mol. Phys. 4, 331 (1968).

6. AH. Gabriel and C. Jordan. Mon. Not. R. Astron. Soc. 145, 241 (1969).
d0i:10.1093/mnras/145.2.241.

w Published by Canadian Science Publishing


http://dx.doi.org/10.1088/0029-5515/45/3/007
http://dx.doi.org/10.1088/0029-5515/50/1/014002
http://dx.doi.org/10.1016/j.fusengdes.2010.09.013
http://dx.doi.org/10.1140/epjd/e2018-90118-7
http://dx.doi.org/10.1093/mnras/145.2.241

Can. J. Phys. Downloaded from cdnsciencepub.com by CENTRAL SC LIBRARY on 06/29/22
For personal use only.

Sharma and Richa

10.

11.

12.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.
31.

. D.E. Osterbrock. Astrophysics of gaseous nebulae. Freeman, San Francisco

(1974).

. D.E. Osterbrock. Astrophysics of gaseous nebulae and active galactic

nuclei. University Science Books, Mill Valley, Calif. (1989).

. S. Suckewer and E. Hinnov. Phys. Rev. A, 20, 578 (1979). doi:10.1103/
PhysRevA.20.578.
E. Hinnov and S. Suckewer. Phys. Lett. A, 79, 298 (1980). d0i:10.1016/0375-
9601(80)90352-7.
S. Suckewer, R. Fonck, and E. Hinnov. Phys. Rev. A, 21, 924 (1980). doi:10.1103/
PhysRevA.21.924.
B. Edlén. Phys. Scr. 1983 (T3), 5 (1983). doi:10.1088/0031-8949/1983/T3/001.

. V. Kaufman, J. Sugar, and W.L. Rowan. J. Opt. Soc. Am. B, 6 (3), 142

(1989). doi:10.1364/JOSAB.6.000142.

K.B. Fournier, W.H. Goldstein, M. May, and M. Finkenthal. Phys. Rev. A,
53 (2), 709 (1996). doi:10.1103/PhysRevA.53.709.

M. Wang, F. O’Reilly, P. Dunne, A. Arnesen, F. Heijkenskjold, R. Hallin,
and G. O’Sullivan. J. Phys. B: At. Mol. Opt. Phys. 30, 4175 (1997). doi:10.1088/
0953-4075/30/19/009.

M. Wang, R. Faulkner, and F. O’Reilly, et al. J. Phys. B: At. Mol. Opt. Phys.
32, 5299 (1999). doi:10.1088/0953-4075/32/22/308.

A.K. Singh, A. Goyal, I. Khatri, S. Aggarwal, R. Sharma, and M. Mohan.
At. Data Nucl. Data Tables, 109-110, 339 (2016). doi:10.1016/j.adt.2015.12.003.
T.A. Carlson, C.W. Nestor, N. Wasserman, and J.D. McDowell. At. Data
Nucl. Data Tables, 2, 63 (1970).

L. Yang, L. Liu, and J.-M. Li. Chin. Phys. Lett. 7, 121 (1990).

M.A. Ali and Y.-K. Kim. J. Opt. Soc. Am. B, 9, 185 (1992). do0i:10.1364/
JOSAB.9.000185.

E. Behar, A. Peleg, R. Doron, P. Mandelbaum, and J.L. Schwob. J. Quant.
Spectrosc. Radiat. Transfer, 58, 449 (1997). doi:10.1016/S0022-4073(97)00052-6.
G.C. Rodrigues, P. Indelicato, ]J.P. Santos, P. Patté, and F. Parente. At.
Data Nucl. Data Tables, 86, 117 (2004). doi:10.1016/j.adt.2003.11.005.

A.E. Kramida and J. Reader. At. Data Nucl. Data Tables, 92, 457 (2006).
doi:10.1016/j.adt.2006.03.002.

A.E. Kramida and T. Shirai. At. Data Nucl. Data Tables, 95, 305 (2009).
d0i:10.1016/j.adt.2008.12.002.

P. Quinet. J. Phys. B: At. Mol. Opt. Phys. 44, 195007 (2011). doi:10.1088/
0953-4075/44/19/195007.

A. Kramida. Can. J. Phys. 89 (5), 551 (2011). doi:10.1139/p11-045.

P. Beiersdorfer, M.J. May, J.H. Scofield, and S.B. Hansen. High Energy
Dens. Phys. 8, 271 (2012). doi:10.1016/j.hedp.2012.03.003.

Dipti Priti, L. Sharma, and R. Srivastava. Atoms, 3, 53 (2015). doi:10.3390/
atoms3020053.

M.B. Trzhaskovskaya and V.K. Nikulin. Atoms, 3, 86 (2015). doi:10.3390/
atoms3020086.

X.L. Guo, M. Huang, and J. Yan, et al. ]. Phys. B, 48, 144020 (2015).

T. Das, L. Sharma, and R. Srivastava. Can. J. Phys. 93 (8), 888 (2015).
doi:10.1139/cjp-2014-0636.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

669

M. Xu, G. Jiang, M. Wu, X. Li, G. Bian, and F. Hu. Can. J. Phys. 94 (3), 563
(2016). doi:10.1139/cjp-2015-0772.

C.F. Fischer, G. Gaigalas, and P. Jonsson. Atoms, 5, 7 (2017). doi:10.3390/
atoms5010007.

Z.L. Zhao, K. Wang, S. Li, R. Si, C.Y. Chen, Z.B. Chen, ]. Yan, and Yu. Ralchenko.
At. Data Nucl. Data Tables, 119, 314 (2018). doi:10.1016/j.adt.2017.01.002.

G. Colonna and M. Capitelli. Spectrochim. Acta Part B, 64, 863 (2009).
d0i:10.1016/j.sab.2009.07.002.

G. D’Ammando, G. Colonna, L.D. Pietanza, and M. Capitelli. Spectrochim.
Acta Part B, 65, 603 (2010). doi:10.1016/j.sab.2010.05.002.

O. Cardona, E. Simmoneau, and L. Crivellari. Rev. Mex. Fis. 51, 476 (2005).

O. Cardona, E. Simmoneau, and L. Crivellari. Ap], 690, 1378 (2009). doi:10.1088/
0004-637X/690/2/1378.

0. Cardona, M. Martinez-Arroyo, and M.A.L. Opez-Castillo. Ap], 711, 239
(2010). doi:10.1088/0004-637X/711/1/239.

S. Gordon and B.J. McBride. Computer program for calculation of com-
plex chemical equilibrium compositions, rocket performance, incident
and reflected shocks, and Chapman-Joguet detonations. Technical Report
No. SP-273. NASA (1976).

B.J. McBride, S. Gordon, and M.A. Reno. Coefficients for calculating ther-
modynamic and transport properties of individual species. Technical
Memorandum No. TM-4513. NASA (1993).

LV. Gurvich, LV. Veyts, C.B. Alcock, and V.S. Iorish. Thermodynamic
properties of individual substances. CRC, Boca Raton, Fla. (1994).

H.W. Drawin and P. Felenbok. Data for plasmas in local thermodynamic
equilibrium. Gauthier-Villars (1965).

G. D’Ammando, G. Colonna, and M. Capitelli. Phys. Plasmas, 20, 032108
(2013). doi:10.1063/1.4794286.

LP. Grant, B.J. McKenzie, P.H. Norrington, D.F. Mayers, and N.C. Pyper.
Comput. Phys. Commun. 21, 207 (1980). doi:10.1016/0010-4655(80)90041-7.
F.A. Parpia, C.F. Fischer, and I.P. Grant. Comput. Phys. Commun. 94, 249
(1996). doi:10.1016/0010-4655(95)00136-0.

47.]. Olsen, M.R. Godefroid, P. Jénsson, P.A. Malmgqvist, and C.F. Fischer.

48.
49.
50.
51.
52.

53.

Phys. Rev. E, 52, 4499 (1995). doi:10.1103/PhysRevE.52.4499.

P. Jonsson, X. He, C.F. Fischer, and L.P. Grant. Comput. Phys. Commun.
177, 597 (2007). doi:10.1016/j.cpc.2013.02.016.

B. Fricke. Phys. Scr. T8, 129 (1986). d0i:10.1088/0031-8949/1984/T8/021.

M.F. Gu. Can. J. Phys. 86 (5), 675 (2008).

Z.B. Chen, K. Ma, HW. Hu, and K. Wang. Phys. Plasmas, 25, 052105
(2018).

Z.B. Chen, HW. Hu, K. Ma, X.B. Liu, X.L. Guo, S. Li, B.H. Zhu, L. Huang,
and K. Wang. Phys. Plasmas, 25, 032108 (2018).

Yu. Ralchenko, I.N. Draganic, D. Osin, J.D. Gillaspy, and ]. Reader. Phys.
Rev. A, 83, 032517 (2011). doi:10.1103/PhysRevA.83.032517.

54.]. Clementson and P. Beiersdorfer. Phys. Rev. A, 81, 052509 (2010). doi:10.1103/

55.

PhysRevA.81.052509.
M. Capitelli, G. Colonna, and A. D’Angola. Fundamental aspects of plasma
chemical physics: thermodynamics. Springer (2012).

w Published by Canadian Science Publishing


http://dx.doi.org/10.1103/PhysRevA.20.578
http://dx.doi.org/10.1103/PhysRevA.20.578
http://dx.doi.org/10.1016/0375-9601(80)90352-7
http://dx.doi.org/10.1016/0375-9601(80)90352-7
http://dx.doi.org/10.1103/PhysRevA.21.924
http://dx.doi.org/10.1103/PhysRevA.21.924
http://dx.doi.org/10.1088/0031-8949/1983/T3/001
http://dx.doi.org/10.1364/JOSAB.6.000142
http://dx.doi.org/10.1103/PhysRevA.53.709
http://dx.doi.org/10.1088/0953-4075/30/19/009
http://dx.doi.org/10.1088/0953-4075/30/19/009
http://dx.doi.org/10.1088/0953-4075/32/22/308
http://dx.doi.org/10.1016/j.adt.2015.12.003
http://dx.doi.org/10.1364/JOSAB.9.000185
http://dx.doi.org/10.1364/JOSAB.9.000185
http://dx.doi.org/10.1016/S0022-4073(97)00052-6
http://dx.doi.org/10.1016/j.adt.2003.11.005
http://dx.doi.org/10.1016/j.adt.2006.03.002
http://dx.doi.org/10.1016/j.adt.2008.12.002
http://dx.doi.org/10.1088/0953-4075/44/19/195007
http://dx.doi.org/10.1088/0953-4075/44/19/195007
http://dx.doi.org/10.1139/p11-045
http://dx.doi.org/10.1016/j.hedp.2012.03.003
http://dx.doi.org/10.3390/atoms3020053
http://dx.doi.org/10.3390/atoms3020053
http://dx.doi.org/10.3390/atoms3020086
http://dx.doi.org/10.3390/atoms3020086
http://dx.doi.org/10.1139/cjp-2014-0636
http://dx.doi.org/10.1139/cjp-2015-0772
http://dx.doi.org/10.3390/atoms5010007
http://dx.doi.org/10.3390/atoms5010007
http://dx.doi.org/10.1016/j.adt.2017.01.002
http://dx.doi.org/10.1016/j.sab.2009.07.002
http://dx.doi.org/10.1016/j.sab.2010.05.002
http://dx.doi.org/10.1088/0004-637X/690/2/1378
http://dx.doi.org/10.1088/0004-637X/690/2/1378
http://dx.doi.org/10.1088/0004-637X/711/1/239
http://dx.doi.org/10.1063/1.4794286
http://dx.doi.org/10.1016/0010-4655(80)90041-7
http://dx.doi.org/10.1016/0010-4655(95)00136-0
http://dx.doi.org/10.1103/PhysRevE.52.4499
http://dx.doi.org/10.1016/j.cpc.2013.02.016
http://dx.doi.org/10.1088/0031-8949/1984/T8/021
http://dx.doi.org/10.1103/PhysRevA.83.032517
http://dx.doi.org/10.1103/PhysRevA.81.052509
http://dx.doi.org/10.1103/PhysRevA.81.052509

Eur. Phys. J.Plus  (2023) 138:1120 THE EUROPEAN
https://doi.org/10.1140/epjp/s13360-023-04746-2 PHYSICAL JOURNAL PLUS

Regular Article

Check for
updates

Theoretical study of the atomic parameters, plasma parameters
and photoionization of W LXIV

Richa Paijwar?, Rinku Sharma
Department of Applied Physics, Delhi Technological University, New Delhi, Delhi 110042, India

Received: 21 June 2023 / Accepted: 27 November 2023
© The Author(s), under exclusive licence to Societa Italiana di Fisica and Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract We have presented atomic data including energies, transition wavelengths, radiative rates and oscillator strengths, which
are evaluated for W LXIV, for the lowest 100 fine structure levels and multipole transitions (E1, E2, M1 and also for M2). For W
LXIV, we identified the 21 in electric dipole, 33 in electric quadrupole, 28 in magnetic dipole and 21 in magnetic quadrupole soft
x-ray (SXR) transitions, as well as 1 in electric dipole extreme ultraviolet (EUV) transitions from the ground state. Furthermore,
we have analysed the photoionization cross section and ionization potential of 3s, 3p and 3d levels of Na-like W at five different
photoelectron energies by employing the FAC code. Line intensity ratios and electron density for W LXIV have also been reported,
which will be useful and necessary for plasma diagnostics, including modelling for future International Thermonuclear Experimental
Reactor (ITER) investigations. We assume that our observations will be useful for cell biology, biophysics, fusion plasma research,
as well as astrophysical studies and their applications.

1 Introduction

The majority of attention in the field of fusion research has been on tungsten since it will serve as a plasma-facing material
in impending massive tokamaks among future fusion reactors [1]. The ionization of multielectron tungsten ions during modern
thermonuclear plasma investigations has been investigated because the thermonuclear reactor ITER uses tungsten as a material
for its plasma-facing components [2]. Photoionization of tungsten atoms and ions is still of importance in the context of plasma,
although it is not directly relevant to fusion research since it can reveal information about the spectroscopic properties of tungsten that
are necessary for plasma diagnostics [3]. When there are a lot of strongly interacting, singly excited channels accessible to an
outgoing electron, it might be challenging to calculate the photoionization cross section of an open-shell atom [4]. A highly sensitive
spectroscopic method for examining the function of intermediate multiple excited states in photon—ion interactions, with implications
for electron—ion recombination and the ionization processes, is the use of photoionization observations together with thorough
theoretical computations [5]. The photon—ion merged-beams technology was used to measure the experimental cross sections
on an absolute scale and large-scale close-coupling simulations using the Dirac—Coulomb R-matrix approximations provided the
theoretical data for W-ion have been investigated by Muller et al. In our article on the outcomes for W + ions, we provide a thorough
explanation of the procedure used to photoionize tungsten ions.

On Na-like W, some theoretical calculations and experimental measurements have been made in the past using a variety of
experimental and theoretical methodologies. At the ASDEX upgrade to Tokamak, Piitterich et al. [6] performed an experimental
study of tungsten ions. Tokamak. The ionization energies of the tungsten ions: W2* through W7!* have been experimentally
examined by E. Kramida et al. [7] using a semi-empirical technique based on scaled Hartree—Fock estimates of electron binding
energies. Similarly, Kramida et al. [8] assembled experimental data between W2* — W73* to demonstrate the energy levels as well as
spectral lines. Additionally, the theoretical and experimental work on tungsten spectroscopy has been reviewed by Kramida et al. [9].
Safronova et al. [10] used the relativistic Hartree—Fock approach of Cowan, relativistic many-body perturbation theory techniques, as
well as relativistic multiconfiguration processes, which are employed at the Hebrew University Lawrence Livermore Atomic Code to
calculate the energy levels, autoionization rates, radiative transition probabilities, dielectronic recombination rates and dielectronic
satellite lines for excited states of Na-like to Ne-like W. Also, to use the hard x-ray spectra of Na-like W generated by dielectronic
recombination, Safronova et al. [11] have explored the polarization of L-shell dielectronic satellite lines. Using Dirac—Fock electron
wave functions, Trzhaskovskaya et al. [12] calculated the cross sections for photoionization and radiative recombination, including
power loss rate coefficients in plasmas of W& — W7!* ions. In order to evaluate the energy balance of high-temperature plasmas,
Beiersdorfer et al. [ 13] plasmas use dielectronic recombination resonances to illustrate the ionization balance among high Z ions or the
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fractional abundance of various charge states of a specific element. Similarly, by using the relativistic multireference Moller—Plesset
method, Beiersdorfer et al. [14] have studied the n = 3 and n = 2 L-shell x-ray transitions using high-resolution crystal spectroscopy
of neon-like W% Lj et al. [15] used the flexible atomic code to perform ab initio calculations on the dielectronic recombination
rate coefficients of tungsten that are similar to those of Ne, Pd and Ag and these calculations included determining energy levels,
radiative transition probabilities and autoionization rates. Large-scale estimation of the n = 3-3 transition energies for Ne- to Ar-like
W was done by Chen et al. [16] used the relativistic no-pair Hamiltonian as a basis function, as well as finite B-spline orbitals in a
cavity. QED with mass polarization corrections was also considered. In order to calculate the excitation cross sections for an electric
and magnetic dipole for the quadrupole transitions for these ions, Dipti et al. [17] electron impact excitations from the ground-state
L-shell, in particular n = 2 to n = 3 transitions in Mg via O-like tungsten. With the use of multiconfiguration Dirac—Fock and
relativistic configuration interaction computations, including the Breit interaction calculations, Hu et al. [18] have presented energy
levels as well as transition probabilities. The M- and L-shell transition cross sections for the tungsten ions W™ (n = 44-66) have
been estimated by Priti et al. [19] using a fully relativistic distorted wave technique.

Due to their astrophysical interest, high Z ion transitions in the extreme ultraviolet (EUV) and soft X-rays (SXR) have become the
subject of real study interest [20]. They give detailed information about the sun and the coronal atmosphere. The interval between
EUV (50 to 1200) A as well as SXR (1-50) A is where high Z ion lines generate the maximum number of lines. The ultraviolet (UV)
to EUV along with soft x-ray emission lines from multiple charged ions are helpful because they provide an in-depth understanding
of the coronal atmosphere [21] using methodologies of laser blow-off as well as impurity pellet injection [22]. EUV and SXR
zones also have continuum emission from radiative recombination (free-bound) as well as bremsstrahlung (free—free), in addition
to emission lines.

The importance of EUV and SXR transitions and their applications are described in many previous research papers. Every planet
in the solar system, along with the dwarf planet Pluto as well as comets, has all been studied using EUV irradiance, which is widely
utilized in planetary science [23]. Controlling the thermodynamics and chemistry of the Earth’s upper atmosphere involves SXR
and EUV bands [24]. Applying up to almost ten times higher gas pressures through a newly created piezoelectric valve resulted in
increased target densities and consequently, higher laser energy conversion efficiencies into SXR and EUV radiation [25]. Zhang [26]
made use of the multiple wavelength observations from the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics
Observatory (SDO) in the EUV passbands. Microscopy at EUV or even shorter SXR wavelengths is quite popular because it
directly enhances spatial resolution in photon-based imaging systems by reducing the illuminating wavelength [27-31]. EUV along
with SXR reflect their multi-thermal structures [32]. Our knowledge of objects in universe, such as emission measurements, space
structure, physical environment, morphology, heating mechanisms and other factors, has been greatly aided by EUV missions (such
as Hinode, Chandra, XMM-Newton and SDO for solar physics) [33]. The experimental setups were equipped with EUV/SXR
collectors for focusing the radiation onto the gas to be ionized, or the gas was injected nearby the laser-produced plasma (LPP)
[34]. For instance, the National Aeronautics and Space Administration (NASA) uses EUV and SXR in its solar physics missions
to investigate the Sun. Furthermore, a EUV microscope can capture images with nanometer-scale spatial resolution in just a few
seconds. Looking at the physics of the laser interaction with the target, conversion effectiveness, debris generation and the procedures
used to produce SXR and EUV radiation can help you understand how plasma is formed [35].

Tungsten ions that penetrate deep into the plasma would not be completely stripped due to the high Z element of tungsten (Z =
74), even with a hot core. Our second goal is to generate calculations when analysing the variation in plasma parameters among
line intensity ratios, as W LXIV is critical for plasma diagnostics. Furthermore, there is no information in the literature about
the photoionization cross section of W%* and W% at the different photoelectron energies. Therefore, due to a lack of atomic
data, modelling and characterizing plasma properties as well as making a comparison to existing experimental data is particularly
challenging. In the future, these calculations should help analyse additional information from astrophysical sources as well as fusion
plasma.

2 Theoretical procedure
2.1 Atomic structure calculations

FAC merges the advantages of these already-existing atomic codes with improvements in numerical techniques established to
increase the potential, efficiency, as well as robustness of the programmes [36]. By M.F.Gu, fac is developed and it is based on
Dirac—Hartree—Fock—Slater (DHFS). The source code and documentation are accessible to the general public at http://kipac-tree.
stanford.edu/fac. With this approach, we used non-local exchange potential in place of potential. When the behaviour of the particles
isinlocal potential, the interaction remains constant, whereas in non-local potential, particle behaviour also influences the interaction.
Nuclear charge and electron—electron interaction contribute to the local potential involved in the FAC.

@ Springer
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The Dirac—Coulomb Hamiltonian in the MCDF (multiconfiguration Dirac—Fock) technique can be represented for only an N
electron atom or an ion as follows:

N N 1
H:ZHDUHZT (1)

,
i=1 i=1""

The single-electron Dirac Hamiltonian is Hp (i) and an ASF (atomic state function) is used to estimate the specific wave function
such an atomic state for an N electron atom or ion system in Eq. (1).

The linear combination of n electronic configuration state functions yields an atomic state function (ASF) for N electron atoms
or ions that describes various fine structural states (CSFs).

N
(Wo(PIM)) =) ci(e)lyi(PIM)) 2
i=1
in which the ASFs satisfy the orthonormality criterion. « indicates the coupling, orbital occupation numbers, etc. CSFs called y;
(PJM) specify a specific state with a specific parity. Also, (J, M) specified as angular momentum.

2.2 Photoionization cross section

One of the most fundamental interactions between radiation and matter is the photoionization of atoms, which plays a role in
different scientific fields. More specifically, photoionization from excited states has several uses in radiative recombination, controlled
thermonuclear research plasma, radiation protection and stellar atmospheres. As a result, measuring photoionization cross sections
accurately from excited atomic states is a considerably more stimulating mission. In the presence of radiation emitted from the sun,
processes such as photoexcitation, photoionization and recombination occur naturally all the time [37].

Being a highly charged ion and a simple electronic configuration of sodium their computed numbers may represent the background
cross sections, their computation must go beyond a few core-ion excitations to show the behaviour at the core-ion thresholds on
the background. The photoionization cross section should contain the same resonances, as the related or inverse processes impact
excitation recombination. For a proper treatment of the photoionization process, several approaches of increasing sophistication
have been adopted over the years. Photoionization cross sections calculated mainly in the hydrogenic or central field approximation
accounted for the background cross section but not resonance [38].

The differential cross section (g—‘é) is the ratio of energy absorbed d P to the incident flux ((1/47)) in the solid angle element (d),
ie.

do AP 47’ dTy
dQ ~ (1/4m)dQ nwwfj dQ

3

The partial photoionization cross section for a transition from level j of the (N + 1) electron system to level i of the N electron
system in terms of weighted differential oscillator strength is derived using the relativistic distorted wave technique as:
df

=21 — 4
opl Tl?adE ( )

where o stands for the fine structure constant.
Calculating the Dirac equation using the Dirac—Fock—Slater potential obtains all bound and free orbitals [39].
Rydberg series of levels play a crucial role in atomic processes.

ZZ

(n—pup)?
where E. is an excited state of the residual ion X, also referred to as the ‘core’ ion, left behind as the doubly excited autoionizing
state breaks up. For all atoms and ions, provided the outer electron is in sufficiently high-n state, i.e. sufficiently far away from all the
inner electrons so as to experience only the residual charge z. However, the amount of screening depends on the orbital symmetry
via the orbital angular momentum. Assuming that there are no other potentials involved, 1 is a unique positive constant for each 1.

The states of an electron in or with an atom to be bound, when the ground or excited discrete energies are negative, that is,
lie below the first ionization threshold or energy of the ground state of the ionized core. Excited state ionization energies Ej are
measured relative to the ionization threshold E = 0, when the electron has zero energy and becomes free. The ionization energies
of the outermost electron(s) in excited states are lower than those of the ground state. Excitation of a bound state to another bound
state may occur due to impact by other particles or photons. The bound electron(s) in the ion may be excited, or ionized, by the free
electrons. Since the ionized electron may have any energy, there is an infinite continuum of positive (kinetic) energies E >0 above
the ionization threshold at E = 0, where no ‘pure’ bound states can exist. Here, the meaning of the term ‘continuum state’ of an (e
+ ion) system, with a free electron and an ion, needs to be understood. The state refers to a continuum of kinetic energies, which the
free electron may have, but the total (e + ion) energy is relative to a specific bound state of the ion, usually the ground state (38).

Rydberg formula Ees = E, — Zz/vz =E. (®)]
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In Table 1, we have analysed the photoionization cross section and ionization potential of 3s, 3p and 3d levels of Na-like W at five
different photoelectron energies by employing the FAC code and compare our estimated ionization potential from the FAC code with
the ionization potential from the National Institute of Standards and Technology (NIST) database of Na-like W. FAC calculates cross
sections in a single-channel approximations which cannot produce the naturally existing resonances. In the absence of consideration
of any coupling of channels resulting in mixing resonant features in photoionization cross—sections are not expected to provide the
precise values. Figure 1 represents the graph between photoionization cross section (10? Mb) at five different photoelectron energies
(10* V).

2.3 Computation procedure

In order to obtain accurate results for WO3* (Na-like tungsten) as we have chosen the following method:

Firstly, we have provided energy for levels 2p° 31 nl’ with 3<n <5, 2p° 41 4’excitations among one electron as of the 2p
subshell to additional high subshells and 2s2p6 3l nl’ with3<n <5, 2s2p6 41 41’ excitations of one electron as of the 2s subshell to
additional high subshell configurations accompanying oscillator strengths, transition wavelengths, line strengths, as well as transition
probabilities for magnetic (M 1) and electric (E1) dipole transitions from the ground state for W LXIV.

3 Results and discussion
3.1 Energy levels

For highly stripped ions, electronic interaction is required to determine precise and comprehensive atomic data, such as energy levels,
transition wavelength and oscillator strength. A carefully selected configuration expansion depends on the calculation of accuracy.
Since there have only been a few theoretical and experimental research on the photoionization of W ions up till now, the theoretical
investigation and analysis of the atomic properties as well as the spectra of the W3* ion are particularly interesting and significant
for the curiosity in the investigation of tungsten ions. The atomic characteristics of the W5 ion were therefore examined in this
work. A comparison between our calculated energy values with other literature energies and NIST (in Ryd) is shown in Table 2,
and the energies (in Ryd.) with spectroscopic notation of lowest 100 fine structure levels of W LXIV are shown in Table 3. We used
atomic modelling with 12 configurations in our VV correlation generated in the form of 2p6n1 B<n<5and0<1<4)and 21 levels
are included in this process. Additionally, for CV correlation we have taken 2p° 3 1nl” with 3 <n <52p° 41 41’, 252p° 31 nl’ with
3<n<5, 252p6 4141’ configurations are taken into account and generated 2700 fine structure levels, which are obtained by single as
well as double excitations from the ground state. We have limited the modelling of configurations to n = 5 orbitals for conciseness.
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Table 2 A comparison between our calculated energy values with other literature energies and NIST (in Ryd)

Level Configurations NIST [50] FAC GRASP FACREF  MCDFREF MCDFREF RBMTREF HULLAC  COWAN
REF [46] [46] [47] [8] [4] REF [48] REF [49]
1 2522p% 351 0.0000 0.0000  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
281)2s
S S1
2 2522p0 3p1 117280 11.7493  11.8989 11.7457 11.7370 11.7238 11.7371 11.8918 10.9897
2p))2p
“Pp"Pin
3 2522p° 3p! 39189 39.2334  39.3365 39.2218 39.2267 39.1927 39.2068 39.3315 39.8862
2p))2p
(“Pp)"P3p
4 2522p° 34! 52,969 529815  53.1127 52.9352 53.0081 52.9545 52.9674 53.1316 523155
(*D1)’D3p
5 2522p° 34! 59.210 592312 59.3372 59.1730 59.2605 59.2393 59.2288 59.3547 58.9189
(*D1)*Dsp
6 2522p% 451 239.1 239.0101  239.0661 238.9973 239.2723
CS%S1
7 2s22p0 4pl 2439 243.8679 243.9788 243.8505 244.0685
CP)?Pip
8 2522p0 4p! 2552 255.1180 255.2154 255.0981 255.3387
CP)*P3p
9 2522p0 44! 260.4 260.3343  260.4510 260.3002 260.5362
(*D1)°D3p
10 2522p0 451 263.1 263.0348  263.1426 262.9954 263.2625
(®Dy)’Dsp
11 2s22p0 451 2659 265.7614  265.8618 265.7361 266.0983
(*F1)*Fsp
12 2522p0 4f1 2671 266.9432  267.0446 266.9176 267.2928
CF)’Fp
13 2522p0 551 - 345.3396  345.5593 345.3305 -
CS1%S12
14 2s22p0 5p1 - 3477801 348.0234 347.7664 -
CP)?Pyp
15 2s22p0 5p1 - 353.4352  353.6728 353.4209 -
CP1)?P3p
16 2522p0 541 355.9884  356.2383 355.9695 -
(D1)’D3p
17 2522p0 541 3575 357.3798  357.6240 357.3573 357.7642
(*D1)?Ds)2
18 2s22p0 571 3588 358.7291  358.9640 358.7180 359.0589
CF)*Fsp
19 2522p0 571 3595 359.3365 359.5722 359.3256 359.6882
(F1)*Fip
20 25220 5¢1 3598 359.5308  359.7585 359.5057 359.9799
2G*Gp
21 2522p° 5¢1  360.1 359.8911  360.1191 359.8662 360.3447
2G1)*Gop
3.2 Radiative rates (wavelengths, oscillator strengths and transition rates)
For various radiative channels, the line strength (Sjj) and oscillator strength (f;;) are as follows:
. 2.0261 x 10'8 303.75
for E'1 transitions : Aj; = 73&]- and fi; = ——3S;j, (6)
@) Ajiei
. 2.6974 x 10'3 4.044 x 1073
for M1 transitions : Ajj = ———5——Sjjand f;; = ———Sj;, O
a)j)» Ajiw,-
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Table 3 Energies (in Ryd.) of
lowest 100 fine structure levels of
W LXIV

Level Configurations Parity FAC(Ryd) NIST(Ryd) [50] AE
1 2522p0 351 (281)2S1 Even 0.0000 0.0000 0.00
2 2522p°% 3p! (2P1)2Pypn 0dd 11.7493 11.7280 1.06
3 2522p°% 3p! (2P1)2P3pp 0dd 39.2334 39.189 0.21
4 2522p% 3d' (*D1)*D3p Even 52.9815 52.969 0.20
5 2522p0 3d! (2D })?Dsyy Even 59.2312 59.210 0.13
6 2522p0 45! 2S1)2S1p Even 239.0101 239.1 0.04
7 2522p% 4pl 2P1)?P ) 0dd 243.8679 243.9 0.06
8 2522p0 4pl (2P )2P3pn 0dd 255.1180 255.2 0.05
9 2522p% 44! (>D1)?D3y Even 260.3343 260.4 0.06
10 2522p° 45! 2D1)2Ds), Even 263.0348 263.1 0.05
11 2522p° 4f1 (2F|)?Fs), 0dd 265.7614 265.9 0.04
12 2522p0 4f1 (2F|)2Fq)n 0dd 266.9432 267.1 0.04
13 2522p° 551 281)2S1)2 Even 345.3396 - 0.04
14 2522p% 5p1 (2P1)2Py 2 Odd 347.7801 - 0.05
15 2522p° 5p! (2P1)2P3)p 0dd 353.4352 - 0.05
16 2522p% 54! (2D1)?D3)y Even 355.9884 - 0.05
17 2522p% 54! (2D )*Dsyy Even 357.3798 357.5 0.05
18 2522p0 571 (2F))2Fs), 0dd 358.7291 358.8 0.05
19 2522p0 5¢1 (2F|)2Fq)n 0dd 359.3365 359.5 0.05
20 2522p% 5¢! (2G1)2G7p Even 359.5308 359.8 0.04
21 2522p% 5¢1 2G1)2Gypn Even 359.8911 360.1 0.04
22 2522p° 352 (180)2P3)2 0dd 606.9790
23 2522p° 351 3p! (2P)) 4P3pn Even 616.1585
24 2522p3 351 3p! (2P)) *Dsyy Even 617.2351
25 2522p3 351 3p! (2P)) ZD3py Even 617.6222
26 2522p9 351 3p! (2P)) 2P3, Even 617.8084
27 2522p° 3p% PPy)*D3pn Odd 629.6193
28 2s22p° 3s! 3p! 2P)) 4D7p Even 643.4528
29 2522p° 3s1 3pl 2P)) 4S3p Even 644.0812
30 2522p° 3s1 3p! 3Py) 4Pspy Even 644.5490
31 2522p° 351 3p! 2P)) 2Sp Even 645.3077
32 2522p° 351 3p! (2P)) 2Dsyy Even 646.6930
33 2522p5 351 3p! 2P)) 2P3)p Even 647.2673
34 2522p3 351 3p! 2P)) 2Sp Even 650.1377
35 2522p° 3p% 3Pp)*Pip 0dd 655.7743
36 2522p° 3p% (3Py)*Pspn 0dd 655.8282
37 2522p° 3p% (1D2)%Fy5 Odd 655.8962
38 2522p° 3p% (1Dy)?P3s 0dd 655.9289
39 2522p° 3p? (1D1)?Ds)y 0dd 656.7224
40 2522p° 3p% (3P2)2D3pn 0Odd 656.8221
41 2522p° 3s! 3d! 2Dy) *Pyp2 0dd 657.4354
42 2522p° 35! 3d! 2Dy) 2Dspy 0dd 658.2976
43 2522p% 351 34! D)) 4P3pn 0dd 658.4006
44 2s22p° 3s! 3d! 2Dy) 2Py5 0dd 658.6996
45 2522p° 351 3d! D) *Fqpn 0dd 659.0358
46 2522p° 35! 3d! D}) D3, 0dd 659.7364
47 2522p° 3s1 34! (®D)) 2Fsy 0dd 659.8185
48 2522p° 3p% (1Dy) 2Py p 0dd 661.9999
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Table 3 continued

@ Springer

Level Configurations Parity FAC(Ryd) NIST(Ryd) [50] AE
49 2522p° 351 3d! D)) *Fopn 0dd 663.9801
50 2522p° 35! 3d! ?Dy) *Ps)y 0dd 664.8790
51 2522p% 35! 34! D)) “Dyp 0dd 665.3981
52 2s22p° 35! 3d! ?Dy) 2Dspy 0dd 665.7569
53 2522p3 35! 34! 2Dy) 2Fy 0dd 665.8743
54 2522p° 35! 3d! ?Dy) 2Ds)y 0dd 666.7636
55 2s22p° 3p! 3d' D1)*Dyp Even 667.7302
56 2522p° 35! 3d! 2Dy) 2P35 0dd 668.0052
57 2522p° 3p! 34! (2D)) “Dspy Even 668.3914
58 2522p° 3s! 3d! 2Dy) 2Pypn 0dd 668.3984
59 2522p° 3p! 3d! D) 4Gy Even 668.4765
60 2522p° 35! 3d! (?Dy) *Fs)y Even 668.8146
61 2522p3 3pl 34! D)) *Pypp Even 670.6091
62 2522p3 3pl 34! 2Dy) *Fspp Even 671.0050
63 2522p3 3pl 34! 2D;) *Dspy Even 671.3865
64 2522p% 3p! 34! D)) 4Dy Even 675.6948
65 2522p° 3p! 3d! D) 4Gy Even 676.0153
66 2522p3 3pl 34! D)) %P3 Even 676.2796
67 2522p° 3p! 3d! (?Dy) 2Fsy Even 676.4676
68 2522p3 3pl 34! CDy) *Ps)p Even 676.9706
69 2522p° 3p! 3d! (2Dy) 2Fqp Even 677.2248
70 2522p° 3p! 3d! D) 2Py Even 679.1841
71 2522p3 3pl 34! 2D;) D3 Even 679.2955
72 2522p° 3p% 3p1) 281 0dd 684.4237
73 2522p° 3p% 3p) *Dypp 0dd 684.4358
74 2522p° 3p? (PPy) 2Dsyy 0dd 684.4758
75 2522p° 3p% (180) 2P32 0dd 686.4124
76 2522p5 3p% (3P,) 2P3)p 0dd 688.4842
77 2522p3 3p! 34! (2Dy) *Papp Even 696.6554
78 2s22p° 3p! 3d! (D)) 2Py Even 697.0092
79 2522p3 3pl 34! 2D;) *Dsy Even 697.1176
80 2522p° 3p! 3d! (2Dy) *Fypn Even 697.1226
81 2522p5 3p! 34! D)) 2Fsp Even 697.4420
82 2522p° 3p! 3d! D) 2D3py Even 697.5096
83 2522p° 3p! 3d! (3D1) 2Gyp Even 697.5959
84 2522p3 3pl 34! D)) *Dspy Even 698.4236
85 2522p3 3pl 34! 2D;) *Dspy Even 698.6454
86 2522p° 3p! 3d! (2Dy) 4Py Even 698.6805
87 2522p3 3pl 34! D)) 2Fqpp Even 698.7712
88 2522p° 3p! 3d! D) 4Gyp Even 701.8904
89 2522p3 3pl 34! 2D;) 2Dspy Even 702.5486
90 2s22p° 3p! 3d! D)) 2Fqp Even 702.7298
91 2522p3 3pl 34! 2D;) D5y Even 703.2169
92 2522p° 3p! 3d! (2Dy) 4Fopn Even 703.6215
93 2522p° 3p! 3d! 3D1) ‘Dyp Even 703.8673
94 2s22p° 3p! 3d! D)) %P3 Even 704.0300
95 2522p° 3p! 3d! 2Dy) %Gy Even 704.6175
96 2522p° 3p! 3d! ?Dy) 2Py Even 704.9477
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Table 3 continued Level Configurations Parity FAC(Ryd) NIST(Ryd) [50] AE
97 2522p3 3pl 34! D)) 4Dy Even 705.1930
98 2522p° 3p! 3d! (3Dy) 2Dy Even 705.7649
99 2522p° 3p! 34! 2Dy) 2P3p Even 706.5673
100 2522p° 3p! 3d' (°Dy) 2Ds)y Even 707.1703

Table 4 The radiativg ﬁiata of E1, Transitions Lower level Upper level Aji (in A) Ajj (in sThy f i Sij (inaw)  Vellen

E2, M1 and M2 transitions of W 0 G

LXIV
El 1 2 76.747  4.4554E+10 3.9343E—02 1.9881E—02 0.960
El 1 3 23.178 1.7543E+12  2.8259E—01 4.3126E—02  1.000
El 1 7 3735  63048E+13 13182E—01 3.2414E—03 1.000
El 1 8 3570 3.9237E+13  1.4996E—01 3.5250E—03 1.000
El 1 14 2,619  3.5715E+13 3.6724E—02 6.3325E—04 0.970
El 1 15 2577 2.5350E+13 5.0480E—02 8.5656E—04 0.940
El 1 22 1.502 1.1244E+14  7.6023E—02 7.5167E—04 0.990
El 1 27 1.447 1.1757E+12  7.3815E—04 7.0330E—06 1.000
El 1 35 1.389 1.0951E+12 3.1689E—04 2.8987E—06 1.000
El 1 38 1389  2.8606E+13 1.6551E—02 1.5138E—04 0.990
El 1 40 1387  8.0418E+12 4.6402E—03 4.2383E—05 0.980
El 1 41 1.386 1.1583E+13  3.3361E—03 3.0445E—05 0.980
El 1 42 1384  3.0323E+13 1.7420E—02 1.5877E—04 0.980
El 1 44 1383  8.8377E+13 2.5355E—02 2.3094E—04 0.990
El 1 46 1.381 1.6360E+12  9.3580E—04 8.5103E—06 0.970
El 1 48 1376 2.0595E+14 5.8485E—02 5.2999E—04 0.970
El 1 52 1369  27912E+13  1.5673E—02 14123E—04 0.990
El 1 56 1364  27490E+15 1.5338E+00 1.3777E—02 0.980
El 1 58 1363  2.5475B+15 7.0969E—01 6.3698E—03 0.980
El 1 72 1331 1.4429E+13  3.8338E—03 3.3606E—05 0.970
El 1 75 1.328 1.1814E+11 6.2423E—05 5.4561E—07 0.670
El 1 76 1324 3.4509E+12 1.8124E—03 1.5793E—05 1.100
E2 1 4 17.166 1.4053E+08 1.2417E—05 7.4823E—04  1.000
E2 1 5 15364  2.5612E+08 2.7193E—05 1.1749E—03  1.000
E2 1 9 3498  4.3608E+11 1.6003E—03 8.1625E—04 1.000
E2 1 10 3463  4.3340E+11 23372E—03 1.1560E—03 1.000
E2 1 16 2559  2.1579E+11 4.2354E—04 8.4502E—05 0.880
E2 1 17 2549  22623E+11 6.6089E—04 1.3033E—04 0.880
E2 1 23 1479  3.1670E+11 2.0769E—04 8.0031E—06 0.990
E2 1 24 1476  8.6218E+11 84518E—04 3.2397E—05 0.990
E2 1 25 1475 6.5200E+11 4.2558E—04 1.6283E—05 0.990
E2 1 29 1415  9.9118E+10 5.9495E—05 2.0074E—06 0.990
E2 1 30 1414 7.7802E+11 6.9950E—04 2.3551E—05 0.990
E2 1 32 1.409 1.5462E+11 1.3809E—04 4.6031E—06 1.000
E2 1 33 1408  7.3562E+11 4.3722E—04 14536E—05 0.990
E2 1 57 1363 4.2367E+07 2.3602E—08 7.1205E—10 1.200
E2 1 60 1.362 1.0880E+09  9.0801E—07 2.7342E—08  1.000
E2 1 62 1358  4.7445E+09 3.9339E—06 1.1730E—07 1.000
E2 1 63 1.357 1.1397E+09  6.2924E—07 1.8731E—08 0.990
E2 1 66 1.347 1.1239E+07 6.1164E—09 1.7816E—10 1.300
E2 1 67 1347  4.1307E+07 3.3701E—08 9.8086E—10 0.780
E2 1 68 1.346 1.9403E+09  1.5807E—06 4.5902E—08  1.000
E2 1 71 1.341 1.7261E+08  9.3102E—08 2.6760E—09  2.200
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Table 4 continued Transitions Lower level ~ Upper level Aji (in A) Aji (in s—h fij Sjj (inau.)  Vellen
@) )]

E2 1 77 1.308 1.3554E+08 6.9511E—08 1.8524E—09 1.100
E2 1 79 1.307 5.2172E+08 4.0082E—07 1.0660E—08 0.930
E2 1 81 1.306 1.4802E+09 1.1361E—06 3.0175E—08 1.100
E2 1 82 1.306 3.4839E+08 1.7820E—07 4.7295E—09 1.000
E2 1 84 1.305 4.8202E+08 2.4597E—07 6.5053E—09 0.960
E2 1 85 1.304 1.1516E+08 8.8081E—08 2.3270E—09 0.880
E2 1 89 1.297 1.4218E+08 7.1664E—08 1.8606E—09 1.400
E2 1 91 1.296 1.9374E+08 1.4629E—07 3.7906E—09 1.200
E2 1 94 1.294 1.2902E+09 6.4794E—07 1.6731E—08 1.000
E2 1 98 1.291 1.6724E+09 1.2536E—06 3.2132E—08 1.200
E2 1 99 1.290 2.1006E+09 1.0474E—06 2.6756E—08 0.970
E2 1 100 1.289 1.2428E+09 9.2795E—07 2.3644E—08 0.710
Ml 1 17.166 1.4712E+04  1.2999E—09 1.1035E—05

Ml 1 3.811 5.8203E+07 1.2675E—07 2.3890E—04

M1 1 9 3.498 8.1552E+05 3.3597E—09 5.8128E—06

Ml 1 13 2.638 6.5816E+07 6.8646E—08 8.9542E—05

M1 1 16 2.559 1.1779E+06  2.3120E—09 2.9254E—06

M1 1 23 1.479 1.9008E+10  1.2466E—05 9.1173E—03

M1 1 25 1.475 1.1398E+10 7.4400E—06 5.4287E—03

Ml 1 26 1.475 2.8236E+10 9.2095E—06 6.7178E—03

M1 1 29 1.415 8.4942E+09 5.0986E—06 3.5676E—03

M1 1 31 1.412 1.1438E+10 3.4198E—06 2.3883E—03

M1 1 33 1.408 5.7384E+08 3.4106E—07 2.3747E—04

M1 1 34 1.402 8.6983E+08 2.5620E—07 1.7760E—04

M1 1 55 1.364 2.9979E+06 8.3672E—10 5.6459E—07

M1 1 57 1.363 1.2265E+06  6.8325E—10 4.6058E—07

Ml 1 61 1.359 8.8377E+07 2.4455E—08 1.6430E—05

Ml 1 63 1.357 3.1638E+06  1.7468E—09 1.1723E—06

M1 1 66 1.347 7.0480E+06 3.8356E—09 2.5555E—06

M1 1 70 1.342 1.0365E+07  2.7964E—09 1.8552E—06

Ml 1 71 1.341 3.7020E+05 1.9968E—10 1.3245E—07

M1 1 77 1.308 4.5800E+06 2.3489E—09 1.5192E—-06

Ml 1 78 1.307 7.3445E+05 1.8815E—10 1.2163E—-07

Ml 1 82 1.306 5.1443E+06 2.6312E—09 1.6995E—06

M1 1 84 1.305 1.0770E+06  5.4960E—10 3.5458E—07

Ml 1 86 1.304 1.0297E+07  2.6246E—09 1.6924E—06

Ml 1 89 1.297 2.5492E+05 1.2849E—10 8.2386E—08

M1 1 94 1.294 2.2367E+06  1.1233E—09 7.1894E—07

M1 1 96 1.293 2.1280E+07  5.3296E—09 3.4067E-06

Ml 1 99 1.290 1.0619E+04 5.2948E—12 3.3767E—09

M2 1 3 23.178 3.6324E+05 5.8511E—08 6.5184E—01

M2 1 8 3.570 3.3835E+08 1.2931E—06 5.2647E—02

M2 1 11 3.427 7.5974E+03  4.0140E—11 1.4459E—-06

M2 1 15 2.577 4.1691E+08 8.3021E—07 1.2713E—-02

M2 1 18 2.539 3.6919E+03 7.8056E—12  1.1432E—-07

M2 1 22 1.502 5.2225E+09 3.5311E—06 1.0698E—02

M2 1 27 1.447 1.5910E+07 2.2546E—08 6.1124E—05

M2 1 36 1.389 1.2562E+07 1.0903E—08 2.6149E—05

M2 1 38 1.389 1.5591E+09 9.0207E—07 2.1634E—03

M2 1 39 1.388 6.6038E+07 5.7177E—08 1.3664E—04

M2 1 40 1.387 8.5484E+07 4.9325E—08 1.1781E—04
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Table 4 continued Transitions Lower level ~ Upper level Aji (in A) Aji (in s—h fij Sjj (inau.)  Vellen
@) ()
M2 1 42 1.384 1.3263E+09  7.6192E—07 1.8079E—03
M2 1 43 1.384 6.3659E+07 5.4842E—08 1.3008E—04
M2 1 46 1.381 2.6312E+09 1.5050E—06 3.5480E—03
M2 1 47 1.381 1.9916E+09 1.7083E—06 4.0255E—03
M2 1 50 1.371 1.1575E+11  9.7792E—05 2.2526E—01
M2 1 52 1.369 1.1122E+11  6.2455E—05 1.4321E—-01
M2 1 54 1.367 5.8300E+08 4.8974E—07 1.1185E—03
M2 1 56 1.364 1.1031E+09  6.1551E—07 1.3979E—-03
M2 1 74 1.331 3.3615E+07 2.6792E—08 5.6550E—05
M2 1 75 1.328 1.7976E+07  9.4980E—09 1.9879E—05
M2 1 76 1.324 3.5272E+08 1.8524E—07 3.8419E—04
18
for E2 transitions : Aji = w&j and fi; = @Sﬁ, (8)
w; )‘ji }»jl-a),'
13 -3
for M2 transitions : Ajj =~ X 10 and i = 220X 10 ©)
wjA i A i

In Egs. (6, 7, 8 and 9), transition wavelength is Aj in A and wj and w; stand for the upper and lower levels of statistical weight,
accordingly. For W LXIV, we identified 21 E1,33 E2,28 M1 and 21 M2 SXR transitions from Table 4, as well as 1 EUV transition to
the ground state from higher excited states. We have also compared our transitional parameters with available values in the literature
and at NIST website in Table 5. Radiative data for W LXIV that we have provided are accurate and can be utilized to further identify
the spectral lines observed experimentally.

The computed transition rates for E1 and E2 transitions in two gauges, namely length and velocity gauge, differ from each other
for the multiconfiguration model and will be in agreement when the large electronic interaction will be considered. To check the
accuracy of computed radiative data, we have presented the ratio vel/len of absorption oscillator strengths in the last column of Table
4. For allowed dipole transitions or E1, E2 transitions (AJ = 0,£ 1 except for/ =0— J =0;AS=0,AL=0,%+1 except for L =
0— L’ = 0), length and velocity forms should agree. We note that for strong and allowed transitions, agreement between the length
and velocity form of the oscillator strength is better than 10%. For intercombination lines or spin forbidden lines, the selection rule
is same as for the allowed transitions except for AS = 0. For spin forbidden lines or indeed for others weak lines, only the length
form should be used [40]. One can observe that, in most of the transitions, the ratio is unity or near to unity. This ensures vel/len
ratio of oscillator strength reaffirms the accuracy of our calculations for Na-like W.

4 Line intensity ratio and plasma parameters

If the plasma has a thin optical layer and is also in local thermodynamic equilibrium (LTE), the diagnosis of elemental composition
using different experimental spectroscopic techniques becomes easy as well as straightforward (LTE). The optically thick line is
the reason for this saturation with self-absorption, as seen in the line profile, which results in an asymmetrical or asymmetrical peak
in the spectrum. As a result, the electron density and plasma temperature are measured wrongly and inappropriately. Increased
kinematic excitement, or perhaps the movement of electrons, arises at higher temperatures. LTE can be easily accomplished due to
the increase in the number of collisions with an electron at higher temperatures. The effect of plasma temperature upon line intensity
ratio in addition to the limiting value of electron density has been studied in ongoing research to understand more about the features
of optically thin plasma.

Two spectral lines from the same atom or ion are measured by line intensity ratio as follows:

L A [ El_EZ]
R exp| ————

(10)

T h o MAgn KT

In Eq. (10), A is the wavelength, A is the transition probability, / indicates intensity, g denotes the lower level of transition
of the statistical weight, K denotes the Boltzmann constant and the value of K is 8.6173 x 1073 eV/K, T denotes the excitation
temperature in Kelvin (K) and E represents the energy of the upper stage of transition in (eV) [41, 42]. According to Eq. (10), the
exponential term significantly impacts the line intensity ratio of two spectral lines. In Hot Dense Plasma, the line intensity ratio and
electron density calculations, opted as 1 [15*25*2p%3s (*S1/2)-152252p%3p (> P{ ), 2[157252p%3s (*S1/2)-15°2572p%3p (> P3),)

@ Springer



(2023) 138:1120

Eur. Phys. J. Plus

1120 Page 12 0of 16

0 0 0 0 €0+C9e  €0+69°¢ 0 0 0 0 0 0 00+6€SC  00+6€SC 81 I

0 0 0 0 0 0 0 0 TI+420C  11+9CC 0 0 00+8¥S°C  00+6¥SC L1 !

0 0 0 0 0 0 90+LT'T  90+LL'T 11+€6'l 11+61°¢ 0 0 00+8SS'C  00+6SS°C 91 I

¥0—06'L +¥0—9¢8 C0—S9Y CO—¥0'SC  80+98'¢  B0O+II'V 0 0 0 0 E€I+veT  €I+EST 00+LLSC  00+LLS'C Sl I

Y0—L6'S  ¥0—€€9  TO—9¥'c T0—L9E 0 0 0 0 0 0 €I49¢°¢  €I+LSE 00+819°C  00+619°C 4! !

0 0 0 0 0 0 LOt6¥9  LO+8S9 0 0 0 0 00+L£9°C  00+8€9°C €l I

0 0 0 0  €0+9S’L  €O+LS'L 0 0 0 0 0 0 00+8cr'e  00+Lcr'E I I

0 0 0 0 0 0 0 0 TI+6CYy  T1+eey 0 0 00+e9r'c  00+E9T'E 0l I

0 0 0 0 0 0 SO+LE8  SO+SI'8  TI+CEY  T1+9¢€Y 0 0 00t66¥'c  00+861°¢C 6 I

€0—vr'e  €0—cse  10—9Y'IT  10—6v'1  80+t0L'c  80+8EC 0 0 0 0 €I+e8'¢  €I+To’e 00+I1LS'E€  00+0LS'E 8 I

€0—8I't  €0—¥C’c 10—6C'T 10—I¢1 0 0 0 0 0 €I+61'9  €1+0€9 00+SEL’E  00+SELE L !

0 0 0 0 0 0 LOHPPS  LO+C8'S 0 0 0 0 00+CI8'¢c  00+I18°¢ 9 I

0 0 0 0 0 0 0 0 80+8SC  80+8SC 0 0 10+9€S'T  T10+9¢€S°1 S I

0 0 0 0 S0+s9e€  S0+e9c  vO+OS'T  ¥O+HLY'T  8O+I¥F'T  8O+HIV'L 0 0 [0+9IL'T  TO+9IL'T ¥ I

w—eey  Co—Iey  10—¥8C 10—C8T 0 0 0 0 0 0 TIH9L'T  TI+SL'T  TO+LIET T0+LIET T0+LIET € I

W0—66'1 C0—86'l C0—96't TO—96'¢C 0 0 0 0 0 0 01408y  OI+S¥'y  10+PL9°L 10+8S9°L  T10+8S9°L [4 !
(ov] [14] (1] [ov]lzIN] lenl  [opllin] Wl [opllzal [zal  [ovllial hal (v

(e (ne  [opli1l (s (-8 (-8 (-8 (-8 (s (s G-s [siNl - lovl(y (1A () Pra]

ur) fig un) fig b ) iy ur) My un) My ur) My un) My un) 'y un) My un) My un) My iy ur) 'y (y un 1y 1oddn 1OMOT

9)1sgam J.SIN 1B PUB QIMJBISI[ S} UI SIN[BA J[QB[IBAR [)Im s1ojowrered [euonjisuer ay) jo suosedwo) ¢ [qe],

pringer

A's



1120

Page 13 of 16

(2023) 138:1120

Eur. Phys. J. Plus

8EELE 0l X ¥S¥'y 01 X ¥SL'I C 101 X LI€T 101 X ¥L9°L 601 < 8CE'8 LEOET 0101 % 1 8
8EELE 01 X ¥S¥' v 101 X ¥SL'T [4 (0T X LI€C 101 X ¥L9°L 20T X €€9°C L8'6C1 601 X 1 L
8E'ELE 101 X ¥S¥' ¥ 01 X ¥SL'T C (01 X LTEC 101 X ¥L9°L ¢z01 X 8T¢'8 06'¥C1 g0 X 1 9
8EELE 10l X ¥S¥'y 01 X ¥SL'1 C 101 X L1EC 101 X ¥L9°L ¢01 X €€9°C LSV8 AU S
8E'ELE 10l X VSV 01 X ¥SL'1 [4 [0 X LI€C 101 X ¥L9°L ¢g01 X 66¢€7C 68°GL o0l X' 8 %
8EELE 01 X ¥SP'V 101 X ¥SL'T [4 (0T X LI€C 101 X ¥L9°L ¢01 X I¥0°C Gee9 901 X9 €
8E'ELE 101 X ¥S¥'y 01 X ¥SL'1 C 101 X L1€T 101 X ¥L9°L ¢z01 X €99°1 SI'vy o0l X ¥ C
8EELE 10l X ¥S¥' v 01 X ¥SL'I C 101 X LI€T 101 X ¥L9°L cO1 X LLT'T Sovl o0l X ¢ I
le-11 (Ygd ) 211 (¥l
&mo&waNm2|Am>%Nv Qmo&ﬁmwﬁmﬁ|@>h% (g_wo ur au) ANsusp I
A (T — 14 =) dvVv ?\wv y A_\mv ly <gpuelg mmonmmnmmﬁ QNvT« hchmeNN: (Y )y uonod9[Q Jo IqunN  (¥) oner Ayisusjur our]  ur) arnjerodwd) Bwse]d  Xopup

AIXT M 103 (3] ur) amjeredwe) ewseld jo uorouny e se (g—wo uy) A)ISuUap UOII[Q puk onel AJISUUI JUIT 9 JqBL

prmger

A's



1120 Page 14 of 16 Eur. Phys. J. Plus (2023) 138:1120

Fig. 2 For Na-like W, the line 140
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which signifies the two spectral lines. For Na-like W at high temperatures, we have presented the line intensity ratio (R) in Table
6. The International Thermonuclear Experimental Reactor (ITER) has started using various heating techniques to raise the plasma
temperature to the optimal level value of 1.5 x 108 °C or 4 x 10'0 K [43]. As a result, we specified 10'° K as the maximum plasma
temperature in our calculations. As is observable, the exponential term becomes extremely small for the lowest values of AE (= E'1
— E?2), which leads the line intensity ratio between two spectral lines to become too small. This led to calculating the line intensity
ratio between two spectral transitions. From Fig. 2 and Table 6, it is possible to determine how the line intensity ratio behaves with
plasma temperature. According to our observations, the line intensity ratio rises as the plasma temperature 7 rises, especially when
T is more than or equivalent to 10° K. This demonstrates the saturation of the line intensity ratio or the negligible effect of rising
temperatures on the line intensity ratio.

By comparing their estimated line intensity ratio with the measured ratio for various delay times, researchers may pinpoint the
timeframe window only when plasma is already in LTE as well as optically thin.

The overall number of electron collisions must be high to achieve LTE. For plasmas as being in partial local thermodynamic
equilibrium (LTE), it is possible to predict the lowest principal quantum number that meets the criterion of being within 10% of
its Saha—Boltzmann value [44]. The McWhirter criterion [45] establishes the minimal or limiting value of electron density for this
purpose.

ne > 1.6 x 10272 (AE)} a1
where T is the plasma temperature in Kelvin, the electron density is ne and AE = (E| — E») eV. The limiting electron density at
various plasma temperature levels is also mentioned. 1020 cm™3 is the electron density order because of its occurrence in several types

of stars, including white dwarf stars. Plasma throughout this density range is particularly well known, as are inertial confinement
fusion plasmas. In Fig. 3 and Table 6, it can be deduced that the value of the limiting electron density for Na-like W demonstrates

@ Springer
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that the number of collisions in the plasma rises as the plasma temperature rises. Therefore, this knowledge may be useful for
experimenters who want to produce optically thin plasma for Na-like W ions in LTE at significantly higher temperatures.

5 Conclusion

In the current work, we have provided theoretical research as well as analysis regarding the atomic parameters of multipole transitions
of W ions for 100 fine structure levels for Na-like which is inspired by demand. We have investigated the photoionization cross
section and ionization potential of 3s, 3p and 3d levels of Na-like W at five different photoelectron energies. Our computing process
uses the FAC approach, and the discrepancy between the findings and the available theoretical as well as experimental data is
explained. Furthermore, we estimated the line intensity ratio and electron density for W LXIV and evaluated how they behaved
under high plasma temperatures. Our predicted results will be useful for fusion plasma, astrophysical plasma and modelling plasma.
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ABSTRACT

Systematic calculations for energy levels, lifetimes, and radiative data for the KIX are reported, including oscillator strengths, transition
wavelengths, line strengths, and radiative rates of electric dipole (E1) transition, electric quadrupole (E2) transition, magnetic dipole (M1)
transition, and magnetic quadrupole (M2) transition, using GRASP. Quantum electrodynamics and Breit correction have been considered in
our calculations. The importance and effect of valence valence and core valence correlations on the excitation energies have been discussed
in graphical and tabular forms. Analogous calculations using flexible atomic code (FAC) and the large-scale configuration interaction tech-
nique have also been done to confirm the accuracy of energy levels. The calculated results are in close agreement with NIST compiled data
and other available results. The influence of plasma temperature (2 x 10°~1 x 10'° K) on the line intensity ratio with the number of electron
density has been studied for the hot dense plasma (HDP) graph for KIX. Our reported results will be valuable or beneficial for the characteri-

zation of HDP, astrophysical plasmas, and plasma modeling.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095476

I. INTRODUCTION

Due to its prospective applications in plasma diagnostics, inertial
confinement fusion (ICF), magnetic confinement fusion, and atomic
spectroscopy of highly charged ions have attracted significant inter-
est.* Modeling and research into low and high-temperature plasmas
using inertial and magnetic confinement thermonuclear fusion
demand very accurate atomic data and plasma parameters such as the
line intensity ratio, plasma temperature, and electron density." Because
the adjacent neon-like stage of ionization is necessary for x-ray laser
modeling, atomic data on Na-like ions are essential for studying
high-temperature plasma.”® Inertial confinement fusion, magnetic
confinement fusion, and plasma diagnostics are important for atomic
spectroscopy of highly charged ions. Highly charged sodium-like ions
were found in laboratory sources such as high-voltage vacuum spark
tokamak and laser-produced plasmas. In astrophysical plasmas, for
example, Cu XIX (sodium-like copper ion) spectra were observed in a
solar spectrum obtained at the White Sands Missile Range.”

Potassium was chosen for the current investigation because the
absolute abundance of potassium has been calculated using x-ray solar
flare line and continuum spectra. Phillips et al.” have assumed flare
plasma is coronal and potassium is significant in the continuing debate
concerning the nature of the coronal/photospheric element abundance

ratios, which are usually considered to be dependent on first ionization
potential, as it has the lowest FIP (FIPs n < 10 eV) of any common ele-
ment in the Sun. The RESIK crystal spectrometer on the Coronas-F
spacecraft was used to make the measurements. Using high-resolution
spectra gathered with FLAMES at the ESO—very large telescope,
Mucciarelli et al.” have determined the potassium abundances in red-
giant-branch stars in the Galactic globular clusters. GCs have revealed
large and correlated star-to-star inhomogeneities in the abundance of
various light elements, including C, N, Na, O, Mg, Al, and He, in
chemical composition.

A. Experimental and theoretical work on Na-like ions

Edlen et al. published a complete list of the potassium lines
detected in their spectrograms, including 230 lines varying between 230
and 41 A, nearly half of which are classified in spectra including between
KVI1 and KXIL Cohen et al."’ investigated the seven spectra from KIX
to Mn XV, determining series limits, presenting adopted wavelengths,
derived energy levels, and term splitting. Recently, Trabert et al.'" identi-
fied 3p-3d transitions in singly excited Na-like ions in the *’K beam foil
spectrum. Jupen et al.,'* using Cowan code, found the most prominent
line of the multiplet, 2p° 3s3p*D°, — 2p°3s3d*F%,, in the spectra of
various Na-like ions. To compute the oscillator strengths for the E1
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transition in the sodium isoelectronic sequence, Seigal et al."” used the
theoretical single configuration Dirac-Fock technique (Na I-Ca X).
Yonis et al."* calculated the fine structure energy levels, transition proba-
bilities, and oscillator strengths of Na-like ions using the configuration
interaction approach CIV3, Ivanov et al."” used a model potential tech-
nique for Na-like series with (Z =25-80) nuclear charge. With 71 Na-
like ions in the Z= 22-92 range, Sampson et al.' observed relativistic
distorted wave collision strengths as well as oscillator strengths. Kim
et al." also used the Dirac-Fock technique to find the resonance transi-
tion energies of Na-like ions. Moreover, Johnson ef al"® calculated E1
transition amplitudes for Na-like ions using third-order many-body per-
turbation theory. Similarly, to determine the transition probability of
allowed transition for KIX, Johnson et al. employed the third-order
many-body perturbation theory. For 67 Na-like and F-like as well as
Li-like transitions between the region of 26 <Z <92, the relativistic
distorted-wave collision intensities for all possible An =0 in the region
of 26 <Z < 92 were calculated by Fontes et al. ' Safronova et al.”” evalu-
ated the relativistic many-body perturbation theory by taking neon-like
Dirac-Fock potential. Furthermore, for 2p°3s3p*D°, - 2p°3s3d*F%,,
Jupen et al. observed a wavelength of 423.05(5) A along the isoelectronic
sequence using the interpolation method. Furthermore, Sansonetti
et al”' compiled the energy levels using experimental wavelengths of
Cohen and Behring’s** and Edlen and Boden.”” Moreover, using rel-
ativistic many-body perturbation theory, Gillaspy et al.”* determined
the transition energies of D lines for Na-like ions. Last but not least,
Fisher et al.”” calculated the energy levels and oscillator strength of
Na-like ions by using the multi-configuration Hartree-Fock
(MCHEF) technique with non-orthogonal spline CI methods. There
is a considerable previous experimental as well as theoretical work
on KIX, mostly restricted to low-lying states. The principal objective
of our work is to upgrade the atomic database for KIX ions in the
form of energy levels, wavelengths, oscillator strength, and line
strengths. The transitions of radiative rates are presented as E1 (elec-
tric dipole) and E2 (electric quadrupole), also M1 (magnetic dipole)
and M2 (magnetic quadrupole). The effect of quantum electrody-
namics correction with Breit interaction correction on energy levels
has been studied. We have done additional independent calculations
using flexible atomic code (FAC) to ensure the correctness of our
multi-configuration Dirac-Fock (MCDEF) results. Furthermore, the
configuration interaction (CIV3) approach has also been used to
determine the fine structural energy levels of KIX.

We have used two alternative sets of configurations based on
valence-valence (VV) and core-valence (CV) correlations in our pre-
sent calculations. While doing calculations with the VV correlations,
we have taken configuration namely, as 2p°nl with 3<n<5 and
0 <1 < 4, where one electron excitation from the valence to another
high subshell is involved. In the case of core valence correlation, how-
ever, the configuration has been included as 2p5 3]l nl’ with 3<n <5,
2p° 4l 4l'excitations among one electron as of the 2p subshell to addi-
tional high subshells and 2s2p°31 nl' with 3<n<5, 2s2p°4l
4l'excitations of one electron as of the 2s subshell to additional high
subshells. 1s*25?2p° core gets set for valence calculation, while 1s* core
remains unchangeable for calculation of core valence correlation.

Plasma characterization and modeling help to understand the
multiple atomic processes that occur in plasmas. Consequently, we
have analyzed the various plasma characteristics, line intensity ratios,
and electron density of the hot-dense plasma in local thermodynamic

scitation.org/journal/php

equilibrium (LTE). We believe that KIX calculations should help
examine or observe the new valuable data from a variety of plasma
sources, where plasma diagnostics, including modeling studies, were
always inhabited by a scarcity of precise atomic data and future astro-
physical sources.

This paper is divided into four sections, as demonstrated in Sec.
11, where we provide the theoretical method used in our calculations.
In Sec. III, we have evaluated and compared our calculated results
using the NIST database’® or previously published results. Finally, Sec.
IV presents the entire conclusive summary of KIX.

Il. THEORETICAL METHOD
A. Multi-configuration Dirac-Fock method (MCDF)

In our calculations for fully relativistic, we used the multi-
configuration Dirac-Fock (MCDF) technique, which was modified
by Norrington and established by Grant et al.”” Because a thorough
explanation of this method can be found in the literature, we will
only cover it briefly. These are all included in the Breit interactions,
quantum electrodynamics (QED) effects, and high-order relativistic
corrections (vacuum polarization and self-energy). An extended
average level that minimizes a Hamiltonian matrix’s weighted trace
is preferred when evaluating radial wave functions during self-
consistent field (SCF) operation. For an N-electron atom or ion, the
Dirac-Coulomb Hamiltonian

N ) N 1
H=3 Hp(i)+) —. 1)
i=1 i=1"Y

Through diagonalizing a relativistic Hamiltonian H, the energy levels
of an atomic ion having N electrons can also be determined. For a sin-
gle electron, the Hamiltonian Dirac is Hp(i). An atomic state function
calculates the particular wave function for an N electron atom or ion
system. CSFs (configuration state functions) are the sum of four-
component spin-orbital products, which are stated as follows:

g — l P”k(r) ka(07 ®7 O—)
nkm r *ian(r) X—km(& @7 (7)

where (P,) is large and (Qy) is small component radial wave functions,
respectively. It fulfills the coupled Dirac equation for a local central field
and may be explained using a self-consistent field standard technique, n
is a principal quantum number, k is the Dirac angular quantum num-
ber, whereas the spinor spherical harmonic y,, is given as

1
Len(0,0) = <lm —o30

2

U*"

l;]m> (0, 0)p° (3)

Linear combination of n electronic configuration state functions
(CSFs) gives rise to atomic state function (ASF) and is defined as

N

(WL (PIM)) = cil

i=1

)7: (PIM)). “4)

CSFs, which specify a particular state, are y; (PJM), where P denotes
parity, and the angular quantum is given by (J, M). For each CSF, the
expansion mixing coefficients ¢;(o) follow the formula:

(Ci()) + Gj(2) = 6. (5)
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B. The FAC method TABLE I. Energy levels for the 2p°nl (n < 10) fine-structure levels for KIX (in Ryd).

To check the accuracy of our results, we also did analogous calcu-

lations by using FAC, developed by Gu.”® FAC calculates local central Index Configuration Level FAG3 NIST
potential by performing a self-consistent Dirac Slater iteration on such 1 2p63s 25, P 0.0000 0.000 000
a fictitious mean configuration. Dirac—coulomb Hamiltonian is being 2 2p°3p Zp(lJ/2 1.4340 1.432 078
used to evaluate the rele.ttivistic effects. For consid.er.ing the .high order 3 2p%3p 2Pg/2 1.4680 1.466 352
guantum electrod_yngmlcs (QED) effects, Fhe Breit 1_ntera}ct10n is used 4 2p63 d 2D3/2 34172 3.416 039
in vacuum polarization effects, hydrogenic approximations for self- 6 )
energy and zero energy limit for the exchanged photon. The present > 2p’3d Ds/> 34192 341863
6 2
calculations have been performed by taking 2700 fine structure levels 6 2p-ds S1/2 6.3513 6.36878
from 2x8) nx1and 2x7)3x2, 4x2 3x1,4x1,3x15x1 7 2p°4p ’P)), 6.8948 6.9098
configurations, where 3 <n < 10 and n x q given all possible distribu- 8 2p%4p P P 6.9074 6.9228
tions of q electrons (without restriction to orbital angular momentum) 9 2p64d ’D, /2 7.6063 7.6261
as one of the shells described by their principal quantum number, 10 2p®4d D5, 7.6072 7.6273
which are shown in Table . 11 2p64f ZFg/z 7.8287 7.884 63
) o . 12 2p°4f K, 7.8290 7.84500
C. Configuration interaction method 13 2p%5s 281/2 8.9303 8.9575
Hibbert’s configuration interaction approach CIV3”’ has been 14 2p%5p 2p? 1 9.1920 92176
used in the present calculations. The atomic state functions (ASFs) of 15 2p%5p 2Pg/2 9.1980 92239
the conﬁg_uration interaction (CI) are expressed as in the intermediate 16 2p%5d 2Dy, 95309 95596
LS]-coupling scheme 17 2p®5d Dy, 9.5315 9.5604
M 18 2p°sf ’Fy), 9.6442 9.6722
Will) = Y asdy(%iL;S]), ® 19 2p°5f K, 9.6444 9.6723
= 20 2p°sg 2Gyss 9.6557
where {¢;} stands for a set of single configuration wave functions, and 21 2p°sg *Go» 9.6558
coupling of an orbital L; and spin S; angular momenta is defined by o;, 22 2p°6s 2g, /2 10.2335 10.2655
which .produces the total .angulalj momentum J. To (.)bt.ain .the mb.(ing 23 2p°6p 2 P?/z 10.3791 10.4104
C().efﬁc1ent's of aj> th.e Brelt—Pau.h Hamﬂtonlan matrm is dlagonahze.d 24 2 p66 p ng ) 10.3825 10.4135
with a basis {¢;}. A linear combination of normalized slater—type orbi- 95 p6d p / 10,5674 10.6003
tals is used to expand the radial functions P,(r) P 3/2 ’ ’
p 1 6 2
26 2p°6d D5/, 10.5677 10.6009
k 27 2p%6f 2p0 106328 10.6657
Pu(r) =D Cutju(r): 7 28 2p%6f 2F§Z 106329 10.6658
7 29 2p%g 2Gy ) 10.6391 10.6328
Gjn1 denotes the Clementi-type coefficients and 30 2p66g 2G, 2 10.6392 10.6329
(26, ) 31 2p°6h ’HJ), 10.6418
L (1) = 2l (=Gir) 8 32 2p°6h ’HY, 10.6419
[(2Lm)!]? 33 2p°7s 281/, 10.9836 11.0185
With Ly 1+ 1 as an integer. 34 2p:7p ng /2 110727  11.1082
Meanwhile, the parameters C;,,; and &, are obtained variationally 35 2p’7p P /2 11.0748 11.1082
in the process of optimization through minimizing one or more 36 2p°7d ’Ds) 11.1882 11.2233
Hamiltonian matrix’s energy eigenvalues, whereas the parameters of 37 2p°7d ’Ds), 11.1884 11.2235
Ly remain constant. In current calculations, 21 orthonormal one- 38 2p° 7f ’F) 12 11.2293 11.2644
electron orbitals, namely, 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 39 2p° 7f 21:9 12 11.2293 11.2647
5f, 5g, 6s, 6p, 6d, 6f, and 6g has been used, in which 1s, 2s, and 2p are 40 2p6 7g 2G7/2 11.2330
defined as the Hartree-Fock functions of KIX where ground state is 41 5 ps 7g 2G 11.2331
1522522p6351, as defined by Clementi and Roetti. The 3p, 3d, 4s, 4p, 4d, 6 3 (9)/ 2
. . 42 2p° 7h H 11.2347
4f, 5s, 5p, 5d, 5f, 5g, 6s, 6p, 6d, 6f, and 6g are spectroscopic orbitals 6 ses!?
and 2p®3p, 2p°3d, 2p°4s, 2p°dp, 2p°4d, 2p°4f, 2p%5s, 2p°5p, 2p°5d, 4 2p 7h Hyyp o 112347
2p°5f, 2p°5g, 2p°6s, 2p°6p, 2p°6d, 2p°6f, and 2p°6g optimized based 44 2p° 7 2I11/2 11.2360
on the excited states. On the ground state 2p°3s, the 3s orbital is opti- 45 2p°7i sy 11.2360
mized. Table IT displays the optimized radial function parameters. 46 2p° 8s *S1)2 11.4547
The overall energy of each LS coupled term in CIV3 is affected 47 2p° 8p 2pY 1 11.5131 11.5493
by the inclusion of spin-independent Darwin and the relativistic mass-
Phys. Plasmas 29, 092702 (2022); doi: 10.1063/5.0095476 29, 092702-3
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TABLE I. (Continued.)

Index Configuration Level FAC3 NIST Index Configuration Level FAC3 NIST
48 2p° 8p ’P, 11.5145 11.5493 95 2p° 10m MY, 12.0752
49 2p° 8d ’D;), 11.5890 11.6257 96 2p° 10m My, 12.0752
50 2p° 8d ’Ds), 11.5892 11.6258
51 2p° 8f R, 116166  11.6538
6 250
>2 2P6 8f ) B 116166 116538 correction components, while spin-spin (SS) and one-body spin-orbit
53 2p p 88 G/ 11.6189 (SO) as well as two-body spin-other-orbit (SOO) terms divide the LS
54 2p” 8g Goya 11.6190 states into J-dependent levels. The SO operator in the modified form is
55 2p° 8h 2H) /2 11.6200 as follows:
56 2p° 8h °HY, ), 11.6200
57 2p° 8i 21 11.6209 2 D,
58 2p° 8i I 11.6209 Hso _7227( <) ©
p ot 13/2 . i=1 i
59 2p° 8k ’K{3), 11.6216
60 2p° 8k 21(‘1)5/2 11.6216 lll. RESULTS AND DISCUSSION
61 2p°® 9s S 11.7698 The fine structure energy levels of KIX have been calculated using
62 2p° 9p Zp‘l) P 11.8103 11.8480 the fully relativistic GRASP algorithm. For orbital optimization, the
63 2p° 9p 2p(3)/2 11.8112 11.8480 “exten(jled average lev.e ” (EAL) qption has been chosen., wh%ch reduc.es
64 2p° 9d Dy, 11.8628 11.8987 the weighted proporFlonal to (2j+ 1) trace O.f a Hamiltonian matrix.
6 2 Two sets of calculations were performed using the valence-valence
65 2p°9d Ds/2 11.8629 11.8893 (VV) correlation and core valence (CV) correlation to explore th
o e plore the
66 2p 9f Fs), 11.8822 11.9194 effect of correlation on energy levels. We employed an atomic model
67 2p° of *F)), 11.8822 11.9194 with 12 configurations in our MCDF1 calculation in the form of 2p°nl
68 2p° 9g Gy 11.8837 (3<n<5and 0<1 < 4) there are a total of 21 fine-structure energy
69 2p°®9g *Gy), 11.8838 levels as a result of this process. Table IIT and Fig. 1 show the impact of
70 2p6 9h ZHg 12 11.8844 electron correlations of KIX, for the lowest 21 fine structure energy
71 2p° 9h 2H<1)1/2 11.8844 configurations. The CSF has been 6gerllerated by taking excitations
7 2p° i ), 11.8851 from the reference configuration 2p°3s’ to orbitals with n=3, 4, 5,
6 a and 6, respectively. To predict the electronic correlation effects system-
i 2p° i hap 118851 atically, configurati tended layer by layer. In Table I1]
o s y, configuration spaces were extended layer by layer. In Table 111,
74 2p° 9k K/ 11.8856 the difference in correlation energies between two neighboring princi-
75 2p° 9k 2K(l)s/z 11.8856 pal quantum numbers decreases as the principal quantum number
76 2p6 91 2Lys /2 11.8860 increases. In our MCDEF2 calculations, additional configurations of 2p5
77 2p°9l L7/ 11.8860 3l nl’ with 3<n <5, 2p° 41 41', 2s2p°31 nl’ with 3 <n < 5, 2s2p°4l 41'
78 2p° 10s 2, /2 11.9911 are taken into account, resulting in a total of 2700 levels. Table 1V
79 2P6 10p 2P(1)/2 12.0202 shows 21 fine-structure energy levels calculated from (MCDFI,
30 2p6 10p 2p0 12.0208 MCDEF2) methods, NIST values, and other relevant references. Our
81 2p° 10d 2D3/ 2 12,0581 12,0956 two sets of energy (using the MCDF1 and MCDF2 methods) differ by
p R 3/2 ’ ’ 0.0409Ryd. Most of the energies level have been lowered by using a
82 2p” 10d Ds» 12.0582 larger CI in the MCDF?2 calculations. The relative fluctuations between
83 2P6 10f 2F(5)/z 12.0722 MCDF1 and MCDEF2 energies are shown in Fig. 2. Because of the
84 2p° 10f ’F) /2 12.0722 inclusion of larger CI, one can see that most of the levels have con-
85 2p° 10g Gy 12.0733 verged the energy. Furthermore, our calculated energies using the
86 2p° 10g G2 12.0733 MCDEF2 method well match with those of NIST (Fig. 3), wherein an
87 2p° 10h zHg/2 12.0737 average disffererzlcg of 0.22% whereas a maximum difference of 0.86%
38 2p6 10h 2H(1)1 12.0737 er the 2p”3p (“p°15) state. For the lowesF 21 energy levels of KI.X, the
6 1 ) /2 significance of both BI and QED correlations on MCDEF?2 energies has
89 2p . 10% T2 12.0742 been evaluated. In Fig. 4, it is shown that the BI and QED effects alter
90 zp” 10i Lis/> 12.0742 the energies quite significantly, BI +QED correlations reduce them by
91 2p° 10k Ky, 12,0745 around 0.0123 Ryd.
92 2p° 10k 2K, /2 12.0746 We have also done three independent calculations by using the
93 2p6 101 2Lys /2 12.0749 FAC code. In our present calculations of FACI, we have included the
94 2p° 101 Liz/2 12.0749 configurations that are used in the MCDF1 and FAC2 includes the CI

as in MCDF2 but without the angular momentum constraints.
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TABLE II. Optimized radial function parameters for KIX orbitals, where {(¢j)} are
variables in the Breit-Pauli Hamiltonian matrix elements that depends on the interact-
ing electrons /-value. &(s) = 0.0, &(p) =0.98, and &(d) =0.39.

Expansion coefficient Power ofr  Exponents

Index Orbitals (Cjn1) (L) (&)

1 3s 0.16176 1 15.121 42
2 —0.688 62 2 6.13565
3 1.244 16 3 3.64032
4 3p 0.439 14 2 7.52227
5 —1.07253 3 3.277 88
6 3d 0.985 36 3 3.34045
7 0.02931 3 1.33072
8 4s 0.09112 1 15.98915
9 —0.88510 2 4.343 89
10 1.704 96 3 3.80974
11 —1.463 05 4 244421
12 4p 0.29338 2 7.39923
13 —2.25001 3 2.51208
14 2.688 62 4 2.46779
15 4d 1.20871 3 3.126 65
16 —0.94517 3 2.10347
17 —0.69516 4 2.02410
18 4f 0.996 99 4 2.263 88
19 0.004 43 4 1.25500
20 5s 0.066 40 1 15.42187
21 —0.35144 2 5.637 62
22 3.08347 3 2.430 66
23 —4.8871 4 2.41570
24 2.568 06 5 1.95787
25 5p 0.207 93 2 7.34390
26 —3.085 84 3 2.12719
27 6.16703 4 2.11383
28 —3.76558 5 1.928 48
29 5d —8.776 42 3 2.769 96
30 10.146 75 3 2.74226
31 —3.36111 4 222715
32 2.51054 4 1.529 56
33 5f 0.000 44 4 16.099 14
34 0.140 35 4 3.61160
35 1.03329 5 2.61548
36 —1.51541 5 1.71092
37 58 0.00025 5 4.20799
38 0.999 90 5 1.800 092
39 6s 0.05053 1 14.910 64
40 —0.237 34 2 5.976 60
41 2.29375 3 2.36095
42 —8.33759 4 1.95361
43 10.796 26 5 1.828 30
44 —5.0116 6 1.63708
45 6p 0.154 60 2 7.357 32
46 —4.776 72 3 1.74027

scitation.org/journal/php

TABLE II. (Continued.)

Expansion coefficient Power of r  Exponents

Index Orbitals (Gn1) (i) (m)

47 15.2788 4 1.734 47
48 16.208 15 5 1.733 39
49 6.06590 6 1.586 47
50 6d —1.61789 3 3.15900
51 1.23157 3 2.97953
52 —0.97078 4 2.396 59
53 9.22202 4 1.57132
54 —15.95991 5 1.54770
55 8.42515 6 1.51133
56 6f 0.000 02 4 9.750 67
57 0.182 84 4 3.29274
58 5.268 00 5 2.14267
59 —681 061 5 1.92343
60 2.08775 6 1.38612
61 6g 0.00001 5 6.792 84
62 1.85576 5 1.63032
63 —2.24040 6 1.47590

*Fischer et al.”” and the values without superscript in column 10 denotes the data taken
from NIST.”

Although we did extensive FAC3 calculations, we only recorded ener-
gies for the lowest 96 fine-structure levels, which all belong to 2p°nl
configurations with n <10, 2700 fine-structure levels generated in
FAC2, using all possible values. The maximum disagreement between
both MCDF2 and FAC2 is predicted to be around 0.0266 Ryd. This
disagreement arises from distinctions in the algorithms of the codes
and the central potential calculation. Higher 2p°nl configurations
(n > 10) could not be incorporated because of the computational limi-
tations of the code. For a few levels, inserting more CI into the FAC
calculations (Table I) changes the energy by up to 0.0080 Ryd. As a
result, it is possible to conclude that including additional CI in FAC
calculations is enough to achieve reliable results. Furthermore, as
shown in Tables T and IV, no intense mixing exists, so there is no
uncertainty in identifying the 2p°nl levels.

The ab initio calculations for the CIV3 column in Table II were
performed by including 2p°nl with 3<n<5and 0< 1 < 4, 2p> 31 nl
with 3 <n < 5,2p® 4141, 2s2p®31 nl’ with 3 < n < 5, 2s2p°41 41’ config-
urations which are generated by particular arrangements of 2700 fine-
structure energy levels. We achieved a good agreement with NIST on
the majority of calculated energies. We have also compared our calcu-
lated energy to Fischer et al in Table IV. It is worth noting that the
results presented for all approaches are not just in good agreement
with all accessible data, but they are also in good agreement with one
another, and they are getting closer to those of NIST.

A. Radiative rates (wavelengths, oscillator strengths,
and transition rates)

For KIX, we calculated the radiative rates (A in s 1), transition
wavelengths (45 in A), line strengths (S in a.u.) also, and oscillator
strengths (f; is dimensionless) which are tabulated in Table V.
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TABLE IIl. The MCDF method to calculate fine structure energy (in Ryd) as a component of rising active sets of orbitals for the lowest 21 levels of KIX.

Index Configuration J Term n=3 n=4 n=>5 n==6 NIST
1 2p° 3s 1/2 % 0.000 000 0.000 000 0.000 000 0.000 000 0.000 000
2 2p° 3p 1/2 2p© 1.434 004 1.434 209 1.434293 1.434323 1.432078
3 2p° 3p 3/2 2p© 1.467 905 1.468 091 1.468 165 1.468 192 1.466 352
4 2p°3d 3/2 D 3.41847 3.418428 3.41845 3.418 466 3.416 039
5 2p° 3d 5/2 D 3.42051 3.420 481 3.420 50 3.42052 3.41863
6 2p° 4s 1/2 %S 6.342 41 6.34159 6.34129 6.36878
7 2p° 4p 1/2 2p© 6.8847 6.8839 6.8837 6.9098
8 2p° 4p 3/2 2p© 6.8974 6.8967 6.8964 6.9228
9 2p° 4d 3/2 D 7.6003 7.5993 7.5990 7.6261
10 2p° 4d 5/2 D 7.6011 7.6003 7.6000 7.6273
11 2p° 4f 5/2 ’F° 7.809 57 7.808 41 7.807 98 7.884 63
12 2p° 4f 7/2 2p0 7.8100 7.8088 7.808 41 7.845 00
13 2p° 55 1/2 s 8.922 14 8.92176 8.9575
14 2p° 5p 12 2p© 9.1831 9.1827 9.2176
15 2p° 5p 3/2 2p© 9.1892 9.1888 9.2239
16 2p° 5d 3/2 D 9.5246 9.5242 9.5596
17 2p° 5d 5/2 D 9.5251 9.5248 9.5604
18 2p° 5f 5/2 2p0 9.6331 9.6389 9.6722
19 2p° 5f 72 2p° 9.6333 9.6390 9.6723
20 2p° 5g 5/2 ’G 9.6432 9.6432
21 2p°®5¢ 7/2 °G 9.6433 9.6433
22 2p° 65 1/2 2 10.2268 10.2655
23 2p° 6p 1/2 2p© 10.3718 10.4104
24 2p° 6p 3/2 2p© 10.3753 10.4135
25 2p° 6d 3/2 D 10.5618 10.6003
26 2p° 6d 5/2 D 10.5621 10.6009
27 2p° 6f 5/2 2F° 10.6248 10.6657
28 2p° 6f 7/2 ’F° 10.6289 10.6658
29 2p° 6g 5/2 °G 10.6328 10.6328
30 2p° 6g 7/2 ’G 10.6329 10.6329
2o § 0.8 o (E(MCDF2)-E(MCDF1))/(E(MCDF1))(%)
ol vvvvvvvvv é u
“““‘t# 8 0.6
o S
e g [ n
1 *e = ) [
2 6 * = o [ ] -
3 m n=3 a -
P e n=4 Q
L, A n=5 = | n
s v n=6 = 0.2 " .
¢ NIST a
2 =
s 8
= 00 =
0 ] é
— T T T T T T T T T 1 T T T T ! T T i 1 i T
0 5 10 15 20 25 30 0 2 4 6 8 10
Level No. E(MCDF1)(Ryd)
FIG. 1. Variations of increasing active sets of orbitals (in Ryd) using the MCDF FIG. 2. Using MCDF, the influence of correlations on the energy of the lowest 21
approach for the lowest 21 levels of KIX. levels of KIX.
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TABLE IV. Comparison of the lowest 21 fine-structure levels of KIX calculated by us including threshold energies from many other sources.

Lifetime

Index  Configuration ] Term MCDF1 MCDF2 CIV-3 FACl FAC2 NIST Lifetime (MCDF1)  (Fisher et al.)

1 2p° 3s 1/2 %S, 0.0000  0.0000 0.000 0.0000 0.0000 0.0000 0.0000 0.0000

2 2p° 3p 12 ?P° 14342 14446 14585 14345 14362 14320 3.289 x 1071° 3.490 x 107°
1.4356°

3 2p° 3p 32 2P° 14681 14785 14858 14684 14702 1.4663 3.058 x 107'° 3232 x 1071
1.4710°

4 2p°®3d 32 D 34184 34242 34603 34171 34211 3.4160 1.095 x 107'° 1.136 x 107°
3.4329°

5 2p°®3d 52 D 34205  3.4262 34618 3.4191 34231 3.4186 1.136 x 107'° 1.181 x 107
3.4355"

6 2p° 4s 12 7S 63415 63624 63575 6.3513  6.3529  6.3687 2.109 x 107" 2.018 x 107"
6.3841%

7 2p° 4p 12 °P° 68839 69120 69050 6.8956 6.8985 6.9098 3.374 x 107" 3.198 x 107"
6.9268"

8 2p°® 4p 32 P9 6.8967 69246 69181 69080 69110 69228 3.569 x 107" 3.268 x 107"
6.9402°

9 2p®4d 32 D 7.5993  7.6317  7.6309 7.7063 7.6129  7.6261 3267 x 107! 3.198 x 107"
7.6473°

10 2p° 4d 52 °D 7.6003  7.6327  7.6317 7.6073 7.6139 7.6273 3.231 x 107" 3.061 x 107"
7.6487°

11 2p° 4f 52 ’F° 78084  7.8210 7.8277 7.8286 7.8239  7.8846 0.998 x 107" 1.006 x 107"
7.8701°

12 2p° 4f 7/2  PF°  7.8088  7.8214  7.8277 7.8290 7.8243 7.8450 1.000 x 107" 1.007 x 107"
7.8707°

13 2p° 5s 12 %S 8.9221 89564 89416 89305 89349 8.9575 2.911 x 107"

14 2p° 5p 12 °P° 91831 92202 92061 9.1928 9.1984 9.2176 4.422 x 107"

15 2p° 5p 3/2 PO 91892 92262 92123 9.1987 92044  9.2239 5181 x 107!

16 2p° 5d 32 D 9.5246  9.5655  9.5568 9.5311 9.5389  9.5596 4195 x 107!

17 2p° 5d 52  °D 9.5251  9.5660  9.5573 9.5316 9.5394  9.5604 3.933 x 107!

18 2p° 5f 52 2F° 96331 9.6624  9.6549 9.6443 9.6477  9.6722 1.840 x 107!

19 2p° 5f 7/2  2F° 96333 9.6626  9.6550 9.6556 9.6479  9.6723 1.842 x 107"

20 2p° 5 52 *G 9.6432  9.6674  9.6616 9.6556  9.6546 3.571 x 107"

21 2p° 5 712 G 9.6433  9.6675  9.6616 9.6557  9.6548 3.571 x 107"

The absorption oscillator strength f; for a transition i — j is obtained for M1 transitions:
from the radiative rate A (in s_l), using the following relation: 2.6974 % 1013 4.044 x 103 (12)
Aj=———5—8; and fj=——"—"-"=5;
melji o 16,2 Wi i%i 451
7 gr2el a,AU =149 X110 ’Iji;i Ajiy (10) for E2 transitions:
~ 1.1199 x 10" 167.89 (13)

where c is the speed of the light and m, e denotes the charge of an elec-
tron, A; is the transition wavelength (A), w; is the upper, whereas w; is
a lower level of statistical weights correspondingly, while transition
probability is A;; (in s~ ). The relationship between oscillator strength
(fy) and line strength (Sy) for the E1, M1, E2, and M2 transitions can
be represented by

2.0261 x 108 303.75
for El transitions: Aj = ———5——35; and f; =———S;,
a)j/Lﬁ 4jiWj
(11)

i = Sij and fj =——8;
i [ i A ijy
j ij = 3, i

5
Wi )]1 jiVi

for M1 transitions:

1.4910 x 101 2.236 x 1073 (14)
ji=———5——S; and fj=——3——8§;
WjAj; ey
B. Lifetimes

By taking the inverse of a sum of transition probabilities from the
radiative transition from level (i), the lifetime (7) of a level (j) is calcu-
lated as
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FIG. 3. For lowest 21 levels of KIX, the percentage differences among appropriate

theorefical energies as well as NIST values were calculated. FIG. 4. At the lowest 21 levels, Bl and QED contribute to MCDF2 energy for KIX.

TABLE V. Radiative rates (A in s™), transition wavelengths (4ij in A), line strengths (S in atomic units), and also oscillator strengths (f;, dimensionless) of KIX for E1, E2, M1,
as well as M2. R(E1) is the ratio of the velocity and length forms of A-values for E1 transitions within last column.

D) El El El E2 M1 M2 El
1 2 635x 10>  3.04 x 10° 184 x 107" 769 x 107"  0.00 x 10 0.00 x 10 0.00 x 10 1.00 x 10
1 3 621 x10° 327 x 10° 377 x 1071 154 x 10 0.00 x 10 0.00 x 10 936 x 107" 1.00 x 10
1 4 267 x10*>  0.00 x 10 0.00 x 10 0.00 x 10 2.73 x 10° 3.90 x 1072 0.00 x 10 0.00 x 10
1 5 266x10°  0.00 x 10 0.00 x 10 0.00 x 10 2.74 x 10° 0.00 x 10 0.00 x 10 0.00 x 10
1 6 144 x10°  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 7.05 x 10! 0.00 x 10 0.00 x 10
1 7 132x10° 170 x 10 446 x 1072 389 x 1072  0.00 x 10 0.00 x 10 0.00 x 10 9.80 x 107!
1 8 132x10° 163 x10 856 x 1072 744 x 1072  0.00 x 10 0.00 x 10 1.03 x 10° 9.80 x 107!
1 9  120x 10>  0.00 x 10 0.00 x 10 0.00 x 10 4.60 x 10° 6.16 x 10~* 0.00 x 10 0.00 x 10
1 10 120x10>° 0.0 x 10 0.00 x 10 0.00 x 10 9.90 x 107! 0.00 x 10 0.00 x 10 0.00 x 10
1 11 117x10° 0.0 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 250 x 107 0.00 x 10
1 13  120x10° 0.0 x 10 0.00 x 10 0.00 x 10 0.00 x 10 771 x 107! 0.00 x 10 0.00 x 10
1 14 992x10 1.03 x 10 153 x 1072 997 x 1073  0.00 x 10 0.00 x 10 0.00 x 10 9.80 x 107!
1 15 992x10 1.00 x 10 295%x107% 193 x 107>  0.00 x 10 0.00 x 10 1.13 x 10® 9.80 x 107"
1 16 957x10 0.00 x 10 0.00 x 10 0.00 x 10 9.80 x 107! 236 x 1072 0.00 x 10 0.00 x 107!
1 17  957x10" 0.0 x 10 0.00 x 10 0.00 x 10 9.80 x 10! 0.00 x 10 0.00 x 10 0.00 x 10
1 18 946 x 10"  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 1.78 x 10°°  0.00 x 10
2 3 269x10*  0.00 x 10 0.00 x 10 0.00 x 10 297 x 10° 462 x 107" 0.00 x 10 0.00 x 10
2 4 459 x 10>  7.67 x 10° 4%x107" 147 x 10 0.00 x 10 0.00 x 10 1.61 x 107" 1.10 x 10
2 5  559x10°  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 1.51 x 10 0.00 x 10
2 6 186 x10° 157 x 10 810 x 1072 990 x 1072 0.00 x 10 0.00 x 10 0.00 x 10 1.00 x 10
2 7 166 x 10> 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 1.54 x 107* 0.00 x 10 0.00 x 10
2 8  1.66x 10>  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 2.58 x 10 0.00 x 10 0.00 x 10
2 9 148 x 10> 239x10 157 x 107" 1.53x 107" 0.00 x 10 0.00 x 10 4.84 x 10 9.50 x 107"
2 10 148 x10* 0.00x 107"  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 3.43 x 10 0.00 x 10
2 11 143 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 9.46 x 10° 0.00 x 10 0.00 x 10 0.00 x 10
2 13 122x10*°  6.68 x 10° 148 x 1072 1.19x 1072 0.00 x 10 0.00 x 10 0.00 x 10 1.00 x 10
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TABLE V. (Continued.)

1 I /lij AjiEl fijEl SEl AjiEZ AjiMl AjiMZ REI

2 14 118 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 1.7x 107! 0.00 x 10 0.00 x 10
2 15 118 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 7.51 x 10° 1.73 x 10! 0.00 x 10 0.00 x 10
2 16 113x10* 1.66 x 10 633 x 107> 470x 107>  0.00 x 10 0.00 x 10 5.79 x 10 9.50 x 107"
2 17 113 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 4.11 x 10 0.00 x 10
2 18 111 x 10> 0.0 x 10 0.00 x 10 0.00 x 10 2.69 x 10° 0.00 x 10 0.00 x 10 0.00 x 10
3 4 467 x 10> 146 x 10° 478 x 1072 294 x107'  0.00 x 10 0.00 x 10 0.00 x 10 1.10 x 10

3 5 467 x10°  8.80 x 10° 431 x 1071 265 % 10 0.00 x 10 0.00 x 10 5.78 x 10 1.10 x 10
3 6 1.87x10*° 3.17 x10 831 x107% 2.05x107"  0.00 x 10 0.00 x 10 1.00 x 10° 1.00 x 10

3 7 168 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 2.76 x 10° 5.83 x 10" 0.00 x 10 0.00 x 10

3 8 1.68x 10>  0.00 x 10 0.00 x 10 0.00 x 10 1.38 x 10° 9.30 x 107! 0.00 x 10 0.00 x 10

3 9 149 x 10>  4.88 x 10° 162 x 1072 316 x 107> 0.00 x 10 0.00 x 10 0.00 x 10 9.50 x 107"
3 10 149x10°  292x 10 145x 1071 284 x 107" 0.00 x 10 0.00 x 10 1.89 x 10° 9.50 x 107"
3 11  144x 10>  0.00 x 10 0.00 x 10 0.00 x 10 2.67 x 10° 2.54 x 1072 0.00 x 10 0.00 x 10

3 12 144x10*°  0.00x 10 0.00 x 10 0.00 x 10 1.20 x 107 0.00 x 10 0.00 x 10 0.00 x 10

3 13 122x10°  135x10 151 x 1072 243 x 1072  0.00 x 10 0.00 x 10 9.95 x 10" 1.00 x 10
3 14  1.18x10*>  0.00 x 10 0.00 x 10 0.00 x 10 1.48 x 10° 4.07 x 10 0.00 x 10 0.00 x 10

3 15 118 x10*>  0.00 x 10 0.00 x 1072 0.00 x 10 741 x 10° 1.05 x 10 0.00 x 10 0.00 x 10
3 16 113x10° 337 x10° 646 x 107> 9.62x 107>  0.00 x 10 0.00 x 10 0.00 x 10 9.50 x 107!
3 17 1.13x10°  2.02x10 580 x 107%  8.64 x 107>  0.00 x 10 0.00 x 10 2.26 x 10* 9.50 x 107"
3 18  1.12x10*°  0.00 x 10 0.00 x 10 0.00 x 10 7.49 x 10° 1.85 x 1072 0.00 x 10 0.00 x 10

3 19 1.12x10*>  0.00 x 10 0.00 x 10 0.00 x 10 3.37 x 10° 0.00 x 10 0.00 x 10 0.00 x 10

3 20 1.12x10° 0.00x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 129 x 107°  0.00 x 10
4 5 444 x10°  0.00 x 10 0.00 x 10 0.00 x 10 6.65x 1072 124x10°* 0.00 x 10 0.00 x 10
4 6 3.12x10°  0.00 x 10 0.00 x 10 0.00 x 10 1.95 x 10° 253 x 107° 0.00 x 10 0.00 x 10
4 7 263x10°  1.12x10 579 x 1072 201 x 107" 0.00 x 10 0.00 x 10 713 x 107" 1.10 x 10
4 8 262x10° 1.10 x 10° 1.14 x 1072 392x 1072  0.00 x 10 0.00 x 10 0.00 x 10 1.10 x 10
4 9  0.00x 10 0.00 x 10° 0.00 x 10 0.00 x 10 4.88 x 10° 1.25 x 107+ 0.00 x 10 0.00 x 10
4 10 0.0 x 10 0.00 x 10 0.00 x 10 0.00 x 10 1.39 x 10° 4.68 x 102 0.00 x 10 0.00 x 10
4 11 208x10*° 935x 10 9.06 x 107! 248 x 10 0.00 x 10 0.00 x 10 5.70 x 10" 9.90 x 107!
4 12 208x10*> 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 7.30 x 10" 0.00 x 10*
4 13 166 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 6.95 x 10* 1.19 x 107 0.00 x 10 0.00 x 10
4 14 158x10* 420 x 10° 786 x 107> 1.64 x 107>  0.00 x 10 0.00 x 10 742 % 107" 110 x 10
4 15 158 x10* 4.15x 10° 155 107° 323 x107°  0.00 x 10 0.00 x 10 0.00 x 10 1.10 x 10
4 16 149 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 227 x 10° 1.37 x 107! 0.00 x 10 0.00 x 10
4 17 149 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 1.49 x 10? 2.92 x 10° 0.00 x 10 0.00 x 10
4 18 147 x10* 3.55x 10 172 x 107" 332x107'  0.00 x 10 0.00 x 10 434 x 10" 9.90 x 107!
4 19 147 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 55.56 x 10! 0.00 x 10
4 20 146 x 10> 0.00 x 10 0.00 x 10 0.00 x 10 5.49 x 10° 0.00 x 10 0.00 x 10 0.00 x 10

5 6 3.12x10°  0.00 x 10 0.00 x 10 0.00 x 10 2.19 x 10° 0.00 x 10 0.00 x 10 0.00 x 10

5 7 263x10°  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 7.61 x 10 0.00 x 10
5 8  262x10°  9.94 x 10° 6.83 x 107> 3.54 x 10" 0.00 x 10 0.00 x 10 2.07 x 10" 1.10 x 10
5 9 218x 10>  0.00 x 10 0.00 x 10 0.00 x 10 2.09 x 10° 247 x 107! 0.00 x 10 0.00 x 10

5 10 218 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 5.57 x 10° 423 x 107! 0.00 x 10 0.00 x 10

5 11 208 x 10>  6.68 x 10° 432x107% 177 x 107" 0.00 x 10 0.00 x 10 0.00 x 10 9.90 x 107!
5 12 208 x10*> 1.00 x 10" 864 x 107"  354x10 0.00 x 10 0.00 x 10 5.03 x 10% 9.90 x 107!
5 13 1.66 x 10> 0.00 x 10 0.00 x 10 0.00 x 10 1.04 x 10° 0.00 x 10 0.00 x 10 0.00 x 10

5 14 158 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 0.00 x 10 7.90 x 10 0.00 x 10

5 15 158 x 10>  3.74 x 10° 932 x107° 291 x 10° 0.00 x 10 0.00 x 10 2.14 x 10 1.10 x 10

5 16 149x 10> 0.00 x 10 0.00 x 10 0.00 x 10 9.71 x 10* 2.03 x 107! 0.00 x 10 0.00 x 10
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TABLE V. (Continued.)

1 I /lij AjiEl ﬂEl SEl AjiEZ AjiMl AjiMZ REl

5 17  149x 10>  0.00 x 10 0.00 x 10 0.00 x 10 2.59 x 10° 4.60 x 107! 0.00 x 10 0.00 x 10

5 18 147 x 10>  2.54 x 10° 818 x 107> 237 x 1072  0.00 x 10 0.00 x 10 0.00 x 10 9.90 x 107!

5 19 147 x 10> 3.80 x 10 164 x 107" 474x 107" 0.00 x 10 0.00 x 10 3.82 x 10% 9.90 x 107"

5 20 147 x10*> 0.00 x 10 0.00 x 10 0.00 x 10 6.10 x 107° 5.14 x 103 0.00 x 10 0.00 x 10

5 21 147 x 10>  0.00 x 10 0.00 x 10 0.00 x 10 6.10 x 10°° 0.00 x 10 0.00 x 10 0.00 x 10
i 1 The line intensity ratio for various plasma temperature and elec-

Ti(s) = (15)

,'ZAji(s_l) ’

Table TV contains lifetime information for the lowest 21 fine structure
levels of KIX, taking into account all possible transitions such as E1
and E2 and Mland M2. We tried to compare our lifetime calculations
with available results. Fisher et al.”” have given the lifetime for the level
1s22p°3s, 1s%2p®3p, 1s2p®3d, 1s*2p°4s, 1s?2p°dp, 1s’2p°4d, and
15*2p°4f. Our calculated lifetimes for these levels are in close agree-
ment with Fisher et al. Furthermore, we have also predicted the life-
time for the levels 1s2p°5s, 1s?2p°5p, 1s?2p° 5d, 1s*2p®sf, and
15*2p®5g where no other data are available for comparison.

C. Line intensity ratio and plasma parameters

The plasma parameters are influenced by changes in spectro-
scopic parameters, like transition wavelength and transition probabil-
ity. Characterizing and analyzing hot dense plasma (HDP) appears
easy and uncomplicated only when plasma is treated as optically thin
in the local thermodynamic equilibrium (LTE). Because of saturation
as well as self-absorption as in line profile, the optically thick line
implements an asymmetrical rather than distorted peak in the spec-
trum. This causes the electron density and plasma temperature both
are measured incorrectly and inaccurately. Variations in spectroscopic
parameters cause changes in plasma temperature. The increasing
number of collisions between electrons increases as kinematic excita-
tion, at higher values of temperatures, and hence, LTE is easily accom-
plished at high temperatures. As a result, we explored plasma
temperature in the line intensity ratio in optically thin plasma. In
HDP, any two spectral lines of the line intensity ratio are

tron density values is tabulated in Table VI. Figure 5 illustrates how
the line intensity ratio varies with plasma temperature. For tempera-
tures up to 10® K or 10keV, the variation is exponential, but there is
no visible change in the line intensity ratio for T > 10 K. In Fig. 6, we
can see that the value of limiting electron increases when plasma tem-
perature density for Na-like K increases. One can also see that number
of collisions in plasma increases as the temperature of the plasma
increases. Thus, this knowledge of the Na-like K ion may be helpful in
experiments for generating an optically thin plasma in LTE at higher
temperatures.

IV. CONCLUSION

We present energy levels, oscillator strengths, lifetimes, and radi-
ative rates for KIX using the MCDF approach. We also included the
radiative rates for El, E2 transitions and M1, M2 transitions. The
energy level gets significantly lowered by the inclusion of Breit and
QED interaction. Two codes have been employed, and a discrepancy
in the results for specific configuration effects is studied. The configu-
ration interaction technique (CIV3) is also used to confirm the accu-
racy of energy levels further. Furthermore, we investigated the impact
of plasma temperature on specific parameters for hot dense plasma
under LTE conditions. We observed that the line intensity ratio and
other HDP parameters follow the same increasing pattern with tem-
perature. The coupling constant is used to justify the criteria for hot
dense as well as weakly coupled plasma. Finally, we found our results
agree well with those of NIST as well as other currently available data

TABLE VI. The electron density (ne in cm~2) and line intensity ratio (R) for KIX are
shown against plasma temperature (T in K).

:Il:)_zﬂ& ex {_M} (16)
12 )»1 A2 D KT
.. - . Number
where 4 and A are the wavelength and transition probability, I is the of electron
intensity, g is the statistical weight of the lower level of transition, K is Temperature Line intensity density
the Boltzmann constant, T is the excitation temperature in Kelvin, and Index (K) ratio (R) (ne in cm73)
E is the energy of the upper level of transition in eV. In HDP, for
the line intensity ratio and electron density calculations, opted 1 2% 10° 1.09823 0.22 x 10"
1 [1s725%2p%3s (Si) — 1s%2s%2p®3p (ZPg/z) and 2[1525%2p®3s (S1/2) 2 4x10° 1.099 74 0.31 x 10'°
— 1522s22p63p (ZP(I)/Z) which signifies the two spectral lines. 3 6 % 10° 1.100 19 0.38 x 10"°
For HDP, using McWhirter criteria, the lowest or limiting value 4 8 % 10° 1.100 43 0.44 x 10'°
of electron density given by 5 1% 107 1.10058 0.49 % 10'8
n > 1.6 x 12TV (AE), ap 6 1x 102 1.10111 0.15 x 1012
7 1x10 1.10116 0.49 x 10
Here, T indicates plasma temperature (Kelvin), n. is the electron den- 8 1x 10" 1.10117 0.15 x 10%°

sity, and AE (= E; -E,) isin eV.
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FIG. 5. Line intensity ratios for spectral lines 1 and 2 as a function of plasma tem-
perature for KIX.
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FIG. 6. For spectral lines 1 and 2, KIX electron density varies with plasma
temperature.

for the Na-like ion. Our predicted results will be advantageous for
fusion, astrophysical, and modeling plasma.
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