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Study of physical processes in astrophysical and fusion plasmas consists of detail analysis of high
resolution atomic spectra obtained from such plasmas. The X-ray spectra from iron K-shell and L-
shell ions are particularly important for astrophysics as they are in wavelength range covered by
telescopes on board space observatories like Chandra and XMM-Newton. To conduct the
astrophysical plasma diagnostic studies of Active galactic nuclei (AGN), solar corona and other
similar astronomical entities, a large number of accurate transition data both from theory and
experiment are indispensable. Here we have calculated similar atomic data in use for these studies
by multi-configuration Dirac-Fock (MCDF) formalism used in Grasp2K code. Calculations consists
of ground and few low level excited states in He-like and Li-like Fe ions and some important
transitions connecting these levels.

1. Introduction

High-resolution X-ray spectra’s are obtained by Chandra
X-ray Observatory and X-ray Multi-Mirror Mission (XMM-
Newton) in the past, and also by Astrosat and Astro-H
launched recently by ISRO and JAXA respectively. Spectra
obtained by these observatories over the year have shown the
presence of highly-charged ions in a variety of non-terrestrial
sources such as corona of the Sun, stellar atmosphere, cluster
of galaxies and super-nova remnants. These sources have
temperatures greater than 1 million Kelvin and which results
in the production of highly charged Fe ions, and the radiation
emitted at such temperatures falls in the X-ray region. All
these astrophysical observations put new demands on atomic
data, including line positions, excitation cross sections,
radiative rates and oscillator strengths of most abundant
highly charged ions like those of iron. To address these needs
there are worldwide efforts both in experimentally and
theoretically, to identify the unknown lines and their proper
assignments to their respective charge states in-order to have
a complete and reliable atomic data.
Past experimental work consist of data obtained at Lawrence
Livermore National Laboratory (LLNL) Electron Beam Ion
trap (EBIT). There is a line identification work done by Seely
et at (1986) [1] in solar flare spectra, and the laboratory
measurements by Beiersdorfer et al. (1989, 1993) [2-3],
Decaux & Beiersdorfer et al. (1993) [4] and Decaux et al.
(1995, 1997) [5-6]. Still the K-vacancy level structures of Fe
ions were not fully identified till the critical complilation of
Shirai et al. (2000) [7] followed. Later extensive work on
radiative and auger rates in Fe XXV — Fe XXI was carried
out by Chen (1986) [8] and Kato et al. (1997) [9], which in
fact provided some reliable data in the above field.
In an important theoretical work, done by Palmeri et al.
(2002) [10] have shown that the K-threshold resonance
behavior is dominated by radiation and auger damping which
include a smeared edge. Spectator Auger decay, the main
contributor of the K-resonance width, was completely
ignored in most of the previous close-coupling calculations
of high-energy continuum processes in Fe ions by Berrington
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et al. (1997) [11], Donnelly et al. (2000) [12], Berrington &
Ballance (2001) [13] and Balance et al. (2001) [14].

The present work is intended to report the atomic data for
Fe K-shell spectra which consists of Fe XXV and Fe XXIV
i.e. He-like and Li-like Fe by Grasp2k calculations [15-18].
Grasp2k calculations have an edge over other calculations
like those performed by COWAN code, R-matrix and close
coupling because these are completely ab-initio in nature.
Moreover, it is based on multi-configuration Dirac-Fock
(MCDF) method developed by Grant and co-workers [19]
and most importantly the relativistic corrections like
transverse energy photons, vacuum polarization effect and
self-energy can be calculated by this code.

2. Theoretical Background of MCDF calculations

As Fe XXV and Fe XXIV are highly charged ions, it is very
important to include the relativistic and correlation effects in
the calculations of ground level as well as of low lying
excited levels. MCDF approach is best suited for such
sophisticated calculations due to its ab-initio nature, which in
principle is applicable to any atomic system from negative to
highly positively charged ions. In this approach an atomic
state is approximated by the superposition of the
configuration state function (CSFs) of the same symmetry.

n

Wo =) c(a)] V,PIM >

r=1

In above equation the complete atomic state function ¥, has
been written as a linear combination of all the possible
configuration state functions. In Grasp2k code this basis
function is systematically enlarged by active space method
[20] to capture most of the correlation and relativistic effects.
The CSFs are basically the anti-symmetrized product of a
common set of orthonormal orbitals which are optimized
self-consistently on the basis of the Dirac-Coulomb
Hamiltonian. Further the relativistic corrections to the
electron-electron interaction are added in a second step by
diagonalizing the Dirac-Coulomb-Breit Hamiltonian matrix.

Table 1. Excitation energy levels of 1s* ground and 1s2s,
1s2p excited state configuration of He-like Fe and energy
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levels of 1s2s ground and 1s™2p, 1s2s2p excited state
configuration of Li-like Fe.

Config Term J/P Grasp2k NIST
(em™) (em™)
He-Like-Fe
1s? 's 0+ 0 0
1s2s 3S 1+ 53527070.61 53527760
1s2p ’p 0- 53760869.39 53761280
1- 53777198.23 53777570
2- 53896216.62 53896600
1s2p 'p 1- 54042456.87 54042490
Li-Like-Fe
1s%2s ’S 12 0 0
1s*2p P 12- 392949.64 391983
3/2- 521781.28 320757
1s22p ‘P 12- 53336060.70 53343000
3/2- 53366166.87 53367000
52 - 53458591.32 NA

3. Computational Details

To work on He-like system we have first generated
spectroscopic orbitals for (1s®> + 1s2s) configurations
simultaneously and then for 1s2p excited state configurations
and in case of Li-like system similar procedure is followed
for 1s?2s as ground state configuration and 1s*2p, 1s2s2p for
excited state configurations. After successful generation of
spectroscopic orbitals for both the ions we added 21 and 31
correlation layers of wvalid approximation by first doing
single-double (SD) excitations to first 2I level, then to 31
level [20]. While applying such SD approximation, all the
newly generated orbitals are made orthogonal to others of the
same symmetry. The initial shapes of radial orbitals were
obtained in Thomas-Fermi potential and for virtual orbitals
screened hydrogenic potential is used. Once all the radial
orbitals are obtained they all are made to converge by
keeping self-consistency threshold set to 107 5™
All radial orbitals are separately optimized for each of the
two atomic states of interest. After adding the required
configuration in the last step by using RCI-routine of
Grasp2k code relativistic corrections along with self-energy
term and vacuum polarisation are added to get more accurate
energy levels and there by better transition rates data. Having
done all this, our energy levels for both He-like and Li-like
systems are coming very close to the NIST atomic energy
levels.
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Fig. 1 A comparison of the present computed Energy levels
with NIST Databas.

4. Results and Discussions

4.1 Energy Levels

Our results are listed in Table 1, where we have presented
our calculated the level energies of He-like and Li-like Fe. It
may be pointed out once again that the 1s” state is used here
as the ground state configuration and 1s2s, 1s2p as excited
state configurations are used for He-like Fe ions, whereas for
Li-like Fe ions 1s*2s is used as the ground and 1s*2p, 1s2s2p
as excited states configurations. We now compare our results
of the level energies with those of NIST database [7] in Fig
1. It may here be pointed out that the NIST energy levels
were extrapolated using experiments and COWAN code. As
we can see, nearly all the computed values of ours are in
good agreement with the NIST compilation; the two nearly
overlap except at one point in Li-like system. In fact this
level i.e. *Ps;,. belonging to 1s2s2p configuration is not even
listed in NIST database. Remembering that Li-like ions of all
the cosmically abundant elements like Fe, Ni and Cu etc. are
actually used in astrophysical plasma diagnostic studies of
active galactic nuclei or Solar corona, the presence of above
noted level in our estimate turns out to be significant addition
to the existing knowledge. It may here be pointed out that
exclusion of an important level such as 4P5/2 will adversely
affect the plasma diagnostic studies while calculating the
electron temperature G(T.) and electron number density
R(n.). Where G(T,) is calculated as the ratio of forbidden
plus inter-combination to the resonance and R(n.) as the ratio
of forbidden to the inter-combination transitions. Such
transitions in highly charged ions take place between the
ground levels and low lying excited levels. Thus if any of the
level is not included in the atomic database it will have a
huge adverse impact on the presently ongoing plasma
diagnostic research for astrophysical plasma.

Considering the importance of including one additional
energy level 4P5/2 in the existing NIST database, which
makes it complete, we report all the important radiative
transition rates for both the ions under study.

Table 2. Important radiative rate transitions (M1, M2 and
El) in He-Like and Li-Like Fe ion.
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Upper Lower E.a E. . A_i[]-
Level Level (keV) (Kays) (s)
He-Like-Fe
SiM1] 'S, 6.63 5352707078  2.04x10°
PIM2] s, 6.68 53896216.79  649x 10°
PEL] 'S, 6.66 53777198.40  4.42x 10"
'P[EI] 'S 6.70 54042457.04  458x10"
Li-Like-Fe
PialM2] S 6.61 53366167.04  7.03x 10°
PspM2] Sip 6.62 5345859149  6.14x10°
*PilEl]  “Sip 6.61 53336060.87  5.20x 107

4.1 Radiative Rates

Results of estimate of radiative rates are listed in Table 2,
where important transition rates of He-like and Li-like Fe
ions have been presented; the pictorial representation of
transitions connecting the energy levels is shown as well in
Fig. 2. Special emphasis is given on computations of
forbidden and inter-combination transitions in both the ions
due to their use in astrophysical plasma diagnostic studies. It
is very difficult to resolve these lines in laboratory
experiments and this can also be inferred from the above
table where nearly all the transitions in He-Like and Li-Like
Fe lie in the 6.61 keV to 6.70 keV range. Obviously
experimentalists would be highly benefited if the theoretical
calculations of these lines are made available to them.

In our calculations the focus is on the following three
transitions which are of astrophysical importance i.e., two
He-like 1s2p P, 2152 'S, (M2-transition) and 1s2s °S; & 1s
ISO (M1-transition) and one Li-like 1s2s2p 4P5/2 > 1525 280
(M2-transition). As expected the forbidden transitions 1s2p
°P, >15” 'S; and 1525 °S; > 15’ 'S, in He-Like Fe have low
intensities compared to the allowed transition from 1s2p 'P,
>1s*'S,. This is also be confirmed from our transition rate
calculations by Grasp2k. For example, if we compare our
estimated allowed and forbidden transitions in He-like
system, we can see that A; value for the forbidden transitions
i.e. 1s2p °P, 15> 'Sy and 1525 °S; > 1s> 'Sy are 649 x 10° and
204 x 10° respectively (see Table 2), whereas in case of El
allowed transition 1s2p 'P; & 1s* 'S, the transition rates
turns out to be  4.58 x 10", And this is the primary reason
why such astrophysically important forbidden transtions are
not fully resolved from the intense allowed transitions even
in beam foil spectroscopy experiments. All these
experimental constraints in measuring such weak and near-
by-occuring  forbidden and intercombination transitions
makes our theoretical computations of these transitions even
more relevant for future identification work.
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Fig. 2 Radiative rate transitions from upper excited levels to
ground level in He-Like and Li-Like Fe.
S. Conclusions
Using fully relativistic Dirac-Fock formalism a new set of
level energies, transition probabilities has been obtained for
He-Like and Li-Like Fe which are of astrophysical
importance. The presently computed data agrees well with
the NIST computed database. However most of the reported
energy levels in NIST for both the ions are experimentally
extrapolated values done with COWAN code computations.
Our values happens to be more reliable as it is fully
relativistic in nature unlike COWAN code’s pseudo-
relativistic framework. In these calculations most of the
relativistic and correlation effects like transverse energy
photon, vacuum polarization and self-energy corrections are
included. Moreover, we are able to improve upon the NIST
database by including one additional energy level, which may
play important role in plasma diagnostics. We have put
special emphasis on calculating the forbidden transitions, as
they are the experimental indicators of the metastable states
present in the plasma.
In conclusion, the presently revised atomic data for Fe*** and
Fe** is generated, which we feel is better equipped for
reliable plasma diagnostics of Active galactic nuclei (AGN),
solar corona and other similar astronomical bodies. We have
also underlined the importance of calculating the forbidden
lines, which would be a big help to experimentalists in many
cases.
Acknowledgments
The work carried out here is a part of P. hD. research
program at USICT school of Guru Gobind Singh
Indraprastha University (GGSIPU), Dwarka, New Delhi and
MSIT Janak Puri, New Delhi. Most of the computational
work is done at Inter University Accelerator Center (IUAC),
New Delhi and GGSIPU. We are thankful for the support of
the scientific and academic communities of all institutions.

References

[1] Seely JF, Feldman U. Measurement of wavelengths and
lamb shifts for inner-shell transitions in Fe XVIII-XXIV,
ApJ 304, 1986, 838. DOI: 10.1086/164220

69



Volume 5 Issue 1 (2017) 67-70

ISSN 2347 - 3258

International Journal of Advance Research and Innovation

[2] Beiersdorfer P, Bitter M, von Goeler S. Experimental
study of the xray transitions in the helium like iso
electronic sequence, Phys. Rev. A 40, 1989, 150.
https://doi.org/10.1103/PhysRevA.40.150

[3] Beiersdorfer P, Phillips T, Jacobs VL Hill. High-
resolution measurements, line identification, and spectral
modelling of Kalpha transitions in Fe XVIII-Fe XXV,
ApJ 409, 7993, 846. DOI: 10.1086/172715

[4] Decaux V, Beiersdorfer P. Study of open-shell ions in an
electronbeam ion trap, Phys. Scr T47, 1993, 80.
http://dx.doi.org/10.1088/0031-8949/1993/T47/012

[5] Decaux V, Beiersdorfer P, Osterheld A, Chen M, Kahn
SM. HighResolution Measurements of the K alpha
Spectra of Low-lonization Species of Iron: A New
Spectral Signature of Non equilibrium Ionization
Conditions in Young Supernova Remnants, ApJ 1995,
443-464. DOI: 10.1086/175540

[6] Decaux V, Beiersdorfer P, Kahn SM. Jacobs VL. High-
Resolution Measurement of the Ko Spectrum of Fe
XXV-XVIII: New Spectral Diagnostics of Non
equilibrium Astrophysical Plasmas, AplJ 482, 1997,
1076. http://dx.doi.org/10.1086/304169

[7] Shirai T, Sugar J, Musgrove A, Wiese WL. J. Phys.
Chem. Ref.
Data,Monograph8.http://www.chiantidatabase.org/datab
ase/fe/fe_2 5d.html, 2000

[8] Chen MH. Dielectronic Satellite Spectra for He-like Ions,
Data Nucl. Data Tables 34, 1986, 301.
http://adsabs.harvard.edu/abs/1986 ADNDT.34, 301C

[9] Kato T, Safronova, U, Shlyaptseva, AS. Comparison of
Satellite Spectra for H-like Fe and He-like Fe, Ca and S
Calculated by Three Different Methods Comparison of
Satellite Spectra for H-like Fe and He-like Fe, Ca and S
Calculated by Three Different Methods, Data Nucl. Data
Tables 67, 1997, 225. DOI:10.1006/adnd.1997.0752

[10] Palmeri P, Mendoza C, Kallman, TR, Bautista, M.A. On
the Structure of the Iron K Edge, 2002, ApJ 577, L119.
DOI: 10.1086/344243

[11] Berrington K, Quigley L, Zhang HL. The calculation of
high-energy photo ionization cross sections for the Be
iso-electronic sequence, 1997, J. Phys. B 30, 5409.
DOI:10.1088/0953-4075/30/23/009

[12] Donnelly DW, Bell K L, Scott MP, Keenan FP. Cross
Sections for the K-Shell Photo absorption of Neutral
Iron, ApJ 531, 2000, 1168. DOI: 10.1086/308479

[13] Berrington, KA, Ballance C. Inner-shell photoionization
of the 3dx ground state Fe ions, J. Phys. B 34, 2001,
2697. DOI: 10.1088/0953-4075/34/13/311

[14] Ballance CP, Badnell NR, Berrington KA. Inner-shell
processes of Li- and Be-like Fe, 2001, J.Phys. B 34,
3287. DOI: 10.1088/0953- 4075/34/16/307.

[15] Parpia F A, Fischer C F and Grant I P. A package for
large scale relativistic atomic structure calculations,
Computational Physics Communication, 175, 2006, 745—
7. http://dx.doi.org/10.1016/j.cpc.2006.07.021

[16] Jonsson P, Fischer C F, Grant IP. The Grasp2K
Relativistic atomic structure package, Comput. Phys.
Commun. 177, 2007, 597-622.
http://dx.doi.org/10.1016/j.cpc.2007.06.002

[17] Grant IP, McKenzie BJ, Norrington PH, Mayers DF,
Pyper NC. A program to calculate transverse Breit and
QED corrections to level energies in a multi-

configuration Dirac—Fock environment, Comput. Phys.
Commun. 21, 1980, 207. http://dx.doi.org/10.1016/0010-
4655 (80) 90041-7

[18] Jonsson P, Gaigalas G, Bieron J, Fischer CF, Grant IP.
Grasp 2K relativistic atomic structure package, Comput.
Phys. Commun.184, 2013, 2197-203.
http://dx.doi.org/10.1016/j.cpc.2013.02.016

[19] McKenzie BJ, Grant IP. Norrington calculate PHA
program to transverse Breit and QED corrections to level
energies in a multi-configuration  Dirac—Fock
environment, Phys. Commun. 21, 1980, 233.
http://dx.doi.org/10.1016/0010-4655 (80)90042-9

[20] Gajendra Singh, Nitin K Puri. Revised and extended
calculations of level energies, M1 and E2 radiative rates
for highly charged ions from W57+ to W60+, J. Phys. B:
Mol. Opt. Phys. 49, 2016, 205002.

70



	1. Introduction
	2. Theoretical Background of MCDF calculations
	3. Computational Details
	4. Results and Discussions
	acknowledgments

