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Abstract

Aims. The primary motivation of this paper is to provide accurate atomic properties of F-like ions with Z = 20−30, including energy levels, line strengths, static dipole polarizabilities, and lifetimes. In addition, a detailed analysis is also carried out to explore the convergence and uncertainties of our results.

Methods. Large-scale B-spline relativistic configuration interaction calculations are carried out to generate the atomic properties of F-like ions. The radial parts of one-electron Dirac orbitals are obtained from the relativistic self-consistent field procedure in which the Breit Interaction and QED corrections (vacuum polarization and self-energy terms) are also included. A numerical method, called Emu CI, is adopted to decrease the size of CI matrix significantly without loss of much accuracy.

Results. Energy levels and line strengths for electric-dipole (E1), electric-quadrupole (E2), and magnetic-dipole (M1) transitions are provided for the 250 lowest levels of each system, showing a good agreement with available theoretical and experimental information. The static dipole polarizabilities and lifetimes for the ten lowest states are also reported. A statement for the convergence and uncertainties of our results is presented.
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★ Full Tables 1 and A.1, and the transition line strengths of all the ions are only available in electronic format at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/645/A136



1 Introduction
Highly charged ions (HCIs) have been of long-standing interest; not only do they provide many opportunities to study basic atomic physics, but they also have important applications in high-temperature plasma and astrophysics. Optical transitions of many HCIs are sensitive to the fine-structure constant variation (Berengut et al. 2010, 2012, 2011; Dzuba et al. 2015; Safronova et al. 2014a) and interactions with dark matter (Van Tilburg et al. 2015; Stadnik & Flambaum 2014), and they can also be used to build high-accuracy atomic clocks (Safronova et al. 2014a,b; Derevianko et al. 2012; Dzuba et al. 2013). In plasma diagnostics, combined with the corresponding data sets of various collision strengths, spectral lines of HCIs can provide some important properties, such as ionization state, elemental abundances, electron temperature, and density (Warren et al. 1997; Clementson & Beiersdorfer 2013; Zanna 2006). As an important part of HCIs, the spectra of medium-Z F-like ions, especially the iron period elements, can often be observed in both astrophysical (Curdt et al. 2004; Landi & Phillips 2005; Shestov et al. 2013) and laboratory plasmas (Safronova et al. 2012; Gu et al. 2007a,b; Ouart et al. 2011). For example, the magnetic-dipole transitions 2s22p5 2P3∕2 − 2s22p5 2P1∕2 for F-like Fe and Ni ions are often measured and studied in tokamaks to help determine ion temperatures (Hinnov & Suckewer 1980), the spectral lines of Fe XVIII in far-ultraviolet spectroscopy have been detected in the binary system Capella (Young et al. 2001), and the extreme ultraviolet (EUV) spectral lines of various F-like ions have been observed in the corona and outer atmosphere of the Sun (Doschek & Feldman 2010). A comprehensive and accurate determination of the atomic data of medium-Z F-like ions is thus of special significance in the astrophysical line interpretation and plasma modeling.
To match this interest for the atomic properties of F-like ions, there were a number of measurements reported in past decades. Reader (1982) and Reader et al. (1986) used laser irradiated solid targets to measure the transition energies of ions from Sr29+ to Sn41+. Träbert et al. (1999a,b) measured the forbidden transition rates in F-like titanium and scandium in heavy-ion storage rings. More recently, F-like tungsten was measured by Podpaly et al. (2009) using the high-resolution flat-crystal spectrometer on the SuperEBIT electron beam ion trap. A wealth of theoretical studies were reported in the new century due to the great advance in computing power. Jonauskas et al. (2004) calculated the excitation energies of the 379 lowest bound levels and multipole transition probabilities for Fe XVIII using the multi-configuration Dirac-Fock (MCDF) method. The same method was utilized by Jönsson et al. (2013) to produce transition energies and transition rates of the 2s22p5 configuration for F-like ions from Si VI to W LXVI. Gu (2005) calculated the energies of 1s22lp states for Z ≤ 60 with a combined configuration interaction and many-body perturbation theory approach. Nahar (2006) reported the allowed and forbidden transitions in Fe XVIII using the relativistic Breit-Pauli R-matrix method. Most of these calculations focused on a single ion, mostly Fe XVIII, or on some low-lying states of different ions. It is clear that a complete data set for different F-like ions including the high-lying states of n = 3, 4 configurations is important on account of their wide applications. Froese Fischer & Tachiev (2004) performed acomprehensive study for the energy levels and transition characteristics for F-like ions with Z = 9−22, in which a multi-configuration Hartree-Fock (MCHF) code is adopted, and the relativistic effects are also taken into account through a Breit-Pauli Hamiltonian. Their predicted energy levels probably exhibit the best agreement to date with the observed data; however, their research is limited to the 60 lowest levels of the 2s2 2p5, 2s2 2p6, and 2s2 2p43l configurations. More recently, the 200 lowest energy levels and transition properties for F-like ions with Z = 24−30 and Z = 31−35 have been reported by Si et al. (2016) and Li et al. (2019), respectively, using MCDHF and second-order MBPT methods. Aggarwal (2019) also performed a comprehensive study of the F-like ions with Z = 12−23 using the flexible atomic code (FAC) and the general purpose relativistic atomic structure package (GRASP) code. These data sets are of comparable high accuracy; however, the agreements with other theoretical calculations and the observed data are still not satisfactory for some important levels. More accurate and complete energy levels and transition characteristics of F-like ions are expected. On the other hand, the observed data show larger uncertainties, while the uncertainties are not stated in most of the theoretical studies. Considering that various approximations, such as the frozen-core approximation and the treatment for the quantum electrodynamics (QED) effect, are essential in the calculation due to the limitation of computing resources, an analysis of the uncertainties induced by different approximations, as well as a discussion for the convergence of calculations, is also of great importance.
The primary motivation of the present work is to provide a consistent and accurate data set of energy levels and transition characteristics for F-like ions with Z = 20−30 via large-scale B-spline relativistic configuration interaction calculations. A numerical method, called Emu CI, for decreasing the size of the CI matrix is adopted to effectively minimize the computational resources without undermining much accuracy. Energy levels for the 250 lowest levels, as well as multipole transition line strengths (electric dipole, quadrupole, and magnetic dipole), static electric dipole polarizabilities, and lifetimes for the ten lowest levels of each ion are reported. Meanwhile, a detailed analysis is also carried out to explore the convergence and uncertainties of our results. The package we used is the Ambit code by Kahl & Berengut (2019).
2 Theory and calculation
2.1 Particle-hole CI
The no-pair Dirac-Coulomb Hamiltonian is taken as our Hamiltonian (Sucher 1980),
[image: equation](1)
where c is the speed of light, α and β are Dirac matrices, and p is the momentum operator. The potential [image: equation] is the electron–nucleus Coulomb interaction, where a point-charge model for the nuclear charge distribution is adopted, and the uncertainty introduced is discussed in a later section. The atomic state wave functions are given by linear expansions of configuration state wave functions (CSF),
[image: equation](2)
In this expression P is the parity, J and M are the angular momentum quantum numbers, and γ denotes other appropriate labels of the CSF. The CSFs are built from antisymmetrized and coupled products of one-electron Dirac orbitals. The radial parts of the one-electron Dirac orbitals are obtained from the relativistic self-consistent field (RSCF) procedure and constructed as a linear combination of 50 B-spline basis functions of order k = 7. The Breit interaction (Johnson 2007),
[image: equation](3)
and QED corrections (vacuum polarization and self-energy terms) are also included in the RSCF calculation. Eigenvalues and mixing coefficients are obtained by diagonalizing the Hamiltonian matrix. Due to the limitation of computing resources, only the configurations generated by exciting electrons from the occupied orbitals in some reference configurations to unoccupied orbitals are included in the CI expansion.
In the present work, 1s22s22p5 configuration is chosen in the relativistic self-consistent field (RSCF) calculation to generate one-electron Dirac orbitals. The 1s shell is set as a frozen core from which no electron or hole is excited. The 2p−1, 2s−1, 2p−2 3s1, 2p−2 3p1, 2s−2 3s1, 2s−2 3p1, 2s−1 2p−13s1, and 2s−1 2p−13p1 configurations are set as reference configurations. Here the complete shell is not indicated, and the subscript − n denotes n holes in the corresponding shell. For example, 2p−1 is the same as 1s22s22p5 configuration. In our calculations, the configurations like 1s22s22p5 are treated as one hole with positive charge in closed 2p shell. The uncertainties resulting from the fix of two 1s electrons are discussed later in this work. In the construction of CI matrix, single and double valence electronic excitation from 3s and 3p shells, and single and double core-hole excitation from 2s and 2p shells in thereference configurations are allowed to generate CSF sequences. The 35 lowest states of J = 0.5, 1.5, 2.5, 3.5, 4.5 in both even and odd parities are calculated, and the largest matrix is built for J = 5∕2, which has 134 036 CSFs.
2.2 Emu CI
The size of the Hamiltonian matrix expands rapidly with the increasing number of electrons included in the CI calculation, resulting in a large occupation of computational resources. However, in the common case for the energy levels that are indeed needed, their CI expansions are always dominated by the CSFs with close energies. Higher-energy CSFs contribute less strongly, and the interactions between these CSFs are reasonably negligible. Thus, we can set the matrix elements of this part to zero without serious loss of accuracy and save a great deal of computational resources (Geddes et al. 2018).
As shown in Fig. 1, assuming there are N CSFs to be included in the CI calculation, there are M important CSFs that should be included and N − M CSFs whose contributions are expected to be negligible. Then the interaction matrix elements among these N − M configurations are set to zero, and only the matrix elements involving the M important CSFs need to be calculated. The sides consisting of N CSFs and M CSFs are termed “large side” and “small side” of the matrix, respectively, and this treatment for the CI matrix is termed Emu CI. In our calculations, the small side CSFs are built using similar settings of the large side, but only one single core-hole excitation is allowed. For example, the 2p−33p2 configuration generated by single core-hole excitation from reference configuration 2p−2 3p1 was included in the large side and the small side, but the double core-hole excitation configuration 2p−4 3p3 was only included in the large side. Using this technique, the final matrix of J = 5∕2 has 134 036 CSFs in the large side and 14 061 CSFs in the small side. A discussion of the error introduced is presented in the following section.
	[image: thumbnail]	Fig. 1
Schematic of the Emu CI approximation. The white part represents the terms neglected in this method. Effective CI matrix elements are shaded in gray.



2.3 Transition parameters
The multipole transition parameters can be expressed in terms of reduced transition matrix elements. Using the atomic units, the transition rates Agn, oscillator strengths fgn, and line strengths Sgn for electric dipole transitions from state n to state g can be calculated as
[image: equation](4)
[image: equation](5)
[image: equation](6)
where ΔEng = En − Eg, α is the fine structure constant, and [image: equation] are the spherical tensor of rank 1. For higher-order multipole transition, Sgn can be obtained by replacing the transition operator by either the magnetic dipole moment operator or the electric quadrupole moment operator, and transition probabilities can be calculated as (Safronova et al. 2001)
[image: equation](7)
[image: equation](8)
Here the transition probabilities A are given in units of s−1. Then the lifetime of a level can be computed as
[image: equation](9)
In the present work, the line strengths of all electric-dipole (E1), electric-quadrupole (E2), and magnetic-dipole (M2) transitions involving the ten lowest levels for each system are reported, and the transition rates, oscillator strengths, and lifetimes can easily be generated from the data provided in our work.
2.4 Static electric polarizabilities
Electric polarizability for a relevant quantum state of an atom or ion plays a central role in describing the interactions with an external electric field; for example, the external force and energy shift of the ions in an optical trap are mainly dependent on its polarizability coupling with the oscillating electric field. Therefore, an accurate determination of polarizabilities for the low-lying states of atoms and ions has wide applications in different areas, such as the design of high-accuracy optical clocks (Safronova et al. 2014a). Furthermore, the polarizability is also directly related to the relativistic corrections to the bound states and fine-structure intervals of Rydberg states (Bhatia & Drachman 1999, 1997), and the optical properties of inert gases including the refractive index and the Verdet constant, which measures the rotation of the plane of polarization in the Faraday effect (Bhatia & Drachman 1998).
The static electric dipole polarizabilities for a state with non-zero angular momentum J is defined as
[image: equation](10)
The quantity α0,d is called the scalar dipole polarizability, while α2,d is the tensordipole polarizability. The tensor part of the polarizability indicates its dependence on the polarization of the electric field with respect to the quantization axis of the atom or ion. The polarizabilities can be calculated using the sum-over-states approach:
[image: equation](11)
[image: equation](12)
In our calculations, the dipole polarizabilities of the 10 lowest levels for each system are calculated by summing over all allowed transitions in the 250 lowest levels. Furthermore, the total polarizability can be separated into the core polarizability αcore and the valence part, while our summing can only include the contribution of valence part. The 1s2core polarizabilities from Johnson et al. (1983) were added to the present scalar dipole polarizabilities, whereas the magnitudes of αcore for these ions are all approximately at a level of 10−5 au.
3 Analysis for convergence and uncertainty
The reliability and accuracy level of our calculations are directly related to the size of the basis set and configurations included in the CI calculations, and to the various approximations adopted, such as the Emu CI, the model for nuclear charge distribution, and the frozen core shell chosen. To verify the convergence of our calculations and explore the uncertainties introduced by different approximations, a number of calculations were performed and compared with each other. Some of them, such as setting the 1s2 core electrons active, are very time consuming and are only performed for Fe XVIII as a showcase.
	[image: thumbnail]	Fig. 2
Convergence of the 12 lowest excited states when the CI basis set is increased from 7spdfg to 8spdfg.



3.1 Sizes of the B-spline basis and CI matrix
The convergence rate of CI calculations is expected to be achieved by a series of tests with different sizes of CI space and basis set; however, due to the practical limitation of computation resources, and because our settings are large enough compared with existing theoretical calculations, a simplified convergence test is performed in our calculations. The maximum principal quantum number n of full CI calculations is expanded from 7 to 8 and the comparisons are made for all the systems. The 12 lowest excited states are compared in Fig. 2, while a detailed comparison for the 250 lowest energy levels of Fe XVIII are displayed in Table 1. We find that the magnitude of differences for a specific state resulting from a larger CI space did not change much for different ions. The increase in CI space has a negligible effect on the first excited state for all systems with a change of no more than 1 cm −1. For the second excited state the differences are about 160 cm−1, and for other excited states the differences are mostly in the range 200−400 cm −1. The relativedifferences for a specific state decrease as the nuclear charge increases since the transition energies become larger owing to the more compact wave functions. In the case of Z = 20, most energy levels decrease by approximately 0.1o and the second excited state has changed by 0.2o, while they are only 0.03 and 0.12o when Z = 30. A convergence test for the number and order of the B-spline basis was also performed and the situation is similar. The number and order of the B-spline were expanded from 50 and 7 to 90 and 8, respectively, leading to an impact of about 2 cm −1 for the first excited state, 40 cm−1 for the second excited state, and 130 cm−1 for the other states. Finally, we give that the present calculations for the energy levels of all systems are converged within 5, 250, and 600 cm−1 for the first, second, and other excited states, respectively.
3.2 Emu CI
The uncertainties introduced by the Emu CI method, in which the interactions between configurations generated by double core-hole excitation from 2s and 2p shells are set to zero, are also investigated by a series of test calculations. In Fig. 3 Emu CI energies are compared to the full CI results for the 12 lowest excited states, and a complete data set of both Emu CI and full CI energy levels for Fe XVIII are listed in Table 1. Once again, the magnitudes of differences for a specific state are of similar sizes for different ions and the relative difference decreases as the nuclear charge increases. For the first and second excited states, the changes are less than 1 cm −1 for all the ions. The differences are larger for higher excited sates, but never exceed 130 cm−1. The changes for most of the highly excited states, such as the states belong to the 2p−2 3d1 and 2p−2 4s1 configurations, are always less than 50 cm−1. On the other hand, using the same settings of CI space, the time used by the Emu CI calculations is only one-third of the full CI calculations. These tests confirm that neglecting some specific matrix elements can significantly decreases the time and memory resources needed without having a significant impact on the accuracy compared to a standard CI calculation.
	[image: thumbnail]	Fig. 3
Comparison of the present Emu CI and full CI excitation energies for the 12 lowest excited states.



3.3 Nuclear model
In the present calculations a point-charge model for the nuclear charge distribution is adopted in the description of nuclear potential. A test using the Fermi charge distribution was also performed to explore the uncertainties introduced, but its effect was found to be minor. The resulting change in the first excited energy level is less than 0.2 cm −1, and can be ignored. The largest change occurs in the second excited state, which is about 40 cm−1. For other energy levels the changes never exceed 10 cm−1. Accordingly, the uncertainties introduced from different models for nuclear charge distribution is omitted for the first excited states, 40 cm −1 for the second excited states, and 10 cm−1 for the other states.
3.4 Frozen core approximation
In order to explore the influence of setting the 1s2 core shell frozen, we did a test in which two 1s electrons are also allowed to be excited. This makes the size of CI matrix three times as large as before, and brings in a huge consumption of computing and time resources. Due to the practical limitation, only the states of J = 0.5 for Fe XVIII were calculated. We assume that it has a similar impact on other ions. The energy of the first, second, fifth, and seventh excited states obtained in this manner are 102 596, 1 075 352, 6 300 933 and 6 342 833 cm −1, respectively. Compared with the results of our full CI calculations, setting the 1s2shell open resulted in a change of about 100 cm−1 for the first, 1000 cm−1 for the second, and 3000 cm−1 for the higher excited states, and makes differences with NIST values from 73, 11 595, 12 539, and 3067 cm −1 reduced to 17, 10 650, 9267, and 233 cm−1, respectively. This suggest that it has an important contribution to the improvement of the accuracy level of our calculations. For other systems we assume that the present CI calculations have similar uncertainties.
In summary, a series of test calculations was performed to explore the convergence of our settings and uncertainties introduced by various approximations. We conclude, for the energy levels in our calculations, that setting the maximum principal quantum number n = 7 and angular quantum number l = 4 for the CI space and using 50 B-spline bases of order 7 are converged within 5, 250, and 600 cm −1 for the first, second, and other excited states, respectively. The largest source of uncertainty in our calculation is setting the 1s2core shell frozen, leading to a uncertainty of about 100 cm−1 for the first, 1000 cm−1 for the second, and 3000 cm−1 for higher excited states. The technique of Emu CI and the point-charge nuclear model are two other important sources of uncertainties: 1 cm −1 for the first, 45 cm−1 for the second, and 140 cm−1 for the other excited states. Finally, we give that the total uncertainties of our energy levels are less than 110, 1300, and 3800 cm −1 for the first, second, and other excited states, respectively, for all the ions we calculated. The corresponding relative uncertainties decrease against the increasing of nuclear charge Z; for example, they are respectively about 0.3, 0.2, and 1.2% for Ca XII; 0.1, 0.1, and 0.5% for Fe XVIII; and 0.05, 0.1, and 0.3% for Zn XXII. In addition, the accuracy level of wavelengths and line strengths relies on the calculation of energy levels. The total uncertainty of our wavelengths and line strengths are stated as 2% for the transitions in which the first or second excited state is involved, and 3% for all other transitions. The static dipole polarizabilities and lifetimes of the ten lowest levels determined by our line strengths are also reported. The uncertainties of our predicted dipole polarizabilities are also given as 3%. Although only E1, E2, and M1 transitions are included in our calculations, the omitted transitions contribute less to the lifetimes of the nine lowest excited states that we report in the present work; therefore, the uncertainty of our listed lifetimes are given as 5%.
Table 1

Energy levels (in cm−1) relative to the ground state for the 250 lowest levels of Fe XVIII.

	[image: thumbnail]	Fig. 4
Difference in percentage of energy levels from the present Emu CI calculations for the first excited state 2s2 2p52P1∕2 compared to those from NIST (Kramida et al. 2019) and other calculations (Si et al. 2016; Jönsson et al. 2013; Nandy & Sahoo 2014).



4 Results and discussion
4.1 Energy levels
We performed large-scale B-spline CI calculations and reported the 250 lowest energy levels relative to the ground state of F-like ions with Z = 20−30. In Figs. 4 and 5 a comparison of our results with the NIST compiled data (Kramida et al. 2019) and other calculations (Jönsson et al. 2013; Si et al. 2016; Nandy & Sahoo 2014) are presented for the first two excited sates (2s2 2p52P1∕2 and 2s 2p62S1∕2). The most important feature is that the differences between present energies and other data sets vary smoothly along the Z sequence. One exception is the calculation from Nandy & Sahoo (2014) for the 2s2 2p5 2 P1∕2 state, which exhibits a significantly irregular behavior. Meanwhile, the non-smooth behavior of the NIST compiled data for the 2s2 2p5 2 P1∕2 state of Z = 23 and 25 suggests that the NIST data for the first excited state of V XIV and Mn XVII are possibly uncertain. Figure 6 shows the relative differences between our Emu CI results and NIST energy levels. The energies of most of the states agree within 0.15% for all ions, while the smooth variety of the differences along the Z sequences provides further support for the validity of our calculations. The second excited state 2s 2p6 2S1∕2, with a hole in 2s shell and a fulfilled 2p shell, is an outlier showing a large difference of 1.8% for Z = 20 and decreasing to 0.8% for Z = 30. Such a large difference is possibly due to the one-electron Dirac orbitals generated by the RSCF procedure based on 1s22s22p5 configuration in our calculations, which are improper for the description of the 2s 2p6 2S1∕2 state.
Due to its significance in astronomy, Fe XVIII has been very carefully studied; a detailed comparison for the 250 lowest energy levels of Fe XVIII is shown in Table 1, which is available in its entirety at the CDS. The present Emu CI and full CI energies are presented in comparison with the recent calculations by Jonauskas et al. (2004), Nahar (2006), and Si et al. (2016), and the NIST compilation (Kramida et al. 2019). The information from the CHIANTI database (Del Zanna et al. 2015) obtained by Zanna et al. through the review and assessment of line identifications from laboratory and astrophysical observations are also listed for comparison. The present excitation energies agree well with the data collected from NIST and CHIANTI databases with a difference of less than 4000 cm−1 for most of the states, which is consistent with our previous statement for the uncertainty of our calculations. The stated uncertainties of the NIST values are approximately 40 cm −1 for the first excited state and 3000 cm−1 for other states, thus most of the present Emu CI energy levels lie close to the error bar of the measurements. This level of agreement is much betterthan the calculations by Jonauskas et al. (2004) and Nahar (2006) and similar with the MCDHF calculations (Si et al. 2016). If we look into the energy levels where the present results differ from the NIST data by more than 4000 cm −1, they are separated into two different classes. The energy levels 6, 18, 113, and 179 belong to the configurations 2p−2nl1, and all the theoretical data of these levels differ from the observed data by more than 0.1%, while the present results agree with the MCDHF calculations (Si et al. 2016) within 0.03% (2300 cm −1). For the levels 3, 195, 224, and some levels between 59 and 100, these states are generated by exciting one or two 2s core electrons from the 2s22p5 ground configuration, and the present results show a difference of more than 10 000 cm−1, which is lesssatisfactory. It seems that the performance of our calculations is not good for the core excitation configurations. This is an issue we need to resolve in the future; however, one noticeable feature is that for most of these levels existing theoretical calculations are significantly different from each other. Furthermore, the NIST values and the data from CHIANTI (Del Zanna et al. 2015) also exhibit large discrepancies for many of these levels, and the present results always show a better agreement with the data from CHIANTI (Del Zanna et al. 2015). For example, NIST suggest that the energy of level 6 is 6 310 200 cm−1, but from CHIANTI it is 6 301 200 cm−1 (Del Zanna et al. 2015), and our result is 6 297 661 cm−1. A similar situation can also be found in levels 18, 69, 70, 80, and 90. Setting the 1s2core electrons active in our calculations would increase the level of accuracy significantly; however, the computation resource needed is tremendous and is beyond our limit. This will be done for some highly needed levels in the future. Generally, the existing theoretical and experimental data show reasonable agreement, but obvious discrepancies are also exhibited for some specific states, especially for some core electron excited states. More precise measurements and theoretical studies are needed as benchmarks in future line identifications.
Some energy levels of F-like ions with Z = 20−30 are listed in Table A.1 along with NIST compiled data, while a complete data set for the 250 lowest energy levels of the ions are provided at the CDS. In Table A.1 the differences with the NIST data are approximately 2500 cm−1 for most of the levels. One noticeable feature is the level identification for the fifth and seventh levels with the configuration of 2s2 2p43s. They are identified in the NIST data sets for Z = 22−25 as 4 P3∕2 for the fifth level and 2 P3∕2 for the seventh level; for Z = 26−30 they are 2 P3∕2 for the fifth level and 4 P3∕2 for the seventh level. That is a switch of identifications for both levels appearing between Z = 25 and 26; however, the suggestions from our analysis and the MCDHF calculations (Si et al. 2016) are different. The MCDHF calculations state that the terms are 2 P3∕2 for the fifth level and 4 P3∕2 for the seventh level, respectively, when Z = 24−30. Our identifications are the same as the MCDHF calculations for Z = 24−30, while for Z = 20−23 our results are the same as the NIST data sets and the FAC calculation from Aggarwal (2019). In our calculations for the fifth level, the ratio of contribution from 2P3∕2 term against that of 4 P3∕2 term increases as Z increases, and the contributions from the two terms are almost evenly matched when Z = 23 and 24. The situation for the seventh level is similar, but the ratio decreases. Therefore, the switch of identifications for the fifth and seventh levels occurs between Z = 23 and 24 in our calculations, possibly also in the MCDHF calculations (Si et al. 2016).
	[image: thumbnail]	Fig. 5
Difference in percentage of energy levels from the present Emu CI calculations for the second excited state 2s 2p6 2 S1∕2 compared to those from NIST (Kramida et al. 2019) and other calculations (Si et al. 2016; Jönsson et al. 2013; Nandy & Sahoo 2014).



	[image: thumbnail]	Fig. 6
Energy levels from the present Emu CI calculations for the nine lowest excited states compared to those from the NIST database (Kramida et al. 2019).



Table 2

Wavelengths (in Å) and line strengths (in au) for selected transitions of Fe XVIII compared with available data.

Table 3

Lifetimes (in s) for the nine lowest excited states of F-like ions with Z = 20−30.

Table 4

Static scalar and tensor dipole polarizabilities (in au) for the ten lowest levels of F-like ions with Z = 20−30.

4.2 Wavelengths and line strengths
The wavelengths and line strengths for some selected transitions of Fe XVIII are listed in Table 2 and are compared with the NIST values (Kramida et al. 2019) and earlier calculations (Si et al. 2016; Nandy & Sahoo 2014). For most of the transitions the agreement of our wavelengths and the NIST values is less than 0.3%, except that our results for 2s22p5 2 P3∕2 − 2s 2p6 2 S1∕2, 2s2 2p5 2 P3∕2 − [image: equation] 2 D5∕2, 2s2 2p5 2 P1∕2 − 2s 2p6 2 S1∕2, and 2s2 2p5 2 P3∕2 − [image: equation] 2 D3∕2 transitions differ from the NIST values by about 1.5%. Apparently the present results and the MCDHF calculations from Si et al. (2016) show good agreement (within 5%) for all the tabulated E1, E2, and M1 transitions. The line strengths from Nandy & Sahoo (2014) are also consistent with other theories, but they exhibit a slightly larger difference for some E1 and M1 transitions, and are significantly lower for tabulated E2 transitions. Compared with experimental data, all the calculations for the E1 transitions underestimated the NIST values. For the [image: equation] 2 D5∕2 − 2s2 2p5 2 P3∕2, [image: equation] 2 P3∕2 − 2s2 2p5 2 P3∕2, and [image: equation] 2 S1∕2 − 2s2 2p5 2 P1∕2 transitions the differences between theory and experiment are less than 5%; however, the differences for all other E1 transitions are about 20%, except for some very weak ones. On the other hand, the experimental information for the E2 and M1 transitions are very limited, and our results and the MCDHF calculations from Si et al. (2016) agree well with the NIST values for the 2s2 2p5 2 P1∕2 − 2s2 2p5 2 P3∕2 E2 and M1 transitions. The line strengths of electric-dipole, electric quadrupole, and magnetic dipole transitions for all the ions in which the ten lowest levels are involved are listed as a matrix in the tables available at the CDS. For brevity, comparisons of line strengths for other ions were not presented, but the situation is similar to the case of Fe XVIII. The available information can be obtained from the NIST database (Kramida et al. 2019) and in Si et al. (2016), Aggarwal (2019), and El-Sayed & Attia (2019).
4.3 Lifetimes and polarizabilities
A comparison of lifetimes for the nine lowest excited states of F-like ions with Z = 20−30 derived from our Emu CI calculations are displayed in Table 3 compared with other theoretical results (Si et al. 2016; Aggarwal 2019; El-Sayed & Attia 2019). As we discussed above, the uncertainties of the lifetimes listed in the table are given as 5%. One can easily find that the lifetime of any specific state decreases rapidly as the nuclear charge increases. The first excited state always has a much longer lifetime than other states, where our results show excellent agreement with the MCDHF calculations from Si et al. (2016), and the differences with Aggarwal (2019) and El-Sayed & Attia (2019) are also within 2%. For higher excited states, the lifetimes are very short and our results for most of these states are slightly longer. The discrepancies could be from the omission of magnetic-quadrupole (M2) transitions in our calculations.
An accurate determination of polarizabilities for some low-lying states of atoms and ions plays a central role in describing the interactions with an external electric field, and thus has wide applications in different areas. Table 4 lists the static scalar and tensor dipole polarizabilities for the ten lowest levels obtained by using the present line strengths. We did not find relevantworks for comparison; however, it is reasonable to assume an uncertainty of 3% from the uncertainties of our line strengths and energy levels. The polarizabilities for these ions (much smaller than neutral atoms) suggest that the strong Coulomb potentials make the influences of external fields weak, and that is why the proposal of using highly charged ions as candidates for optical clocks has recently become popular. It is worth noting that scalar polarizability of the second excited state is negative due to the large negative contributions from the first excited state and ground state. The 1s2core polarizabilities from Johnson et al. (1983) are also listed in Table 4, and have been added to the scalar dipole polarizabilities.
5 Summary
We presented large-scale relativistic B-spline configuration interaction calculations for F-like ions with Z = 20−30. For each ion, energy levels of the 250 lowest states relative to the ground state are reported and compared with available theoretical and experimental data. A large size of the CI space is adopted to take into account the majority of electronic correlations, while a numerical method called Emu CI is also considered to save computational resources with a loss of accuracy of less than 130 cm−1. The uncertainties of the results are estimated by detailed analysis, indicating that the total uncertainties on our transition energies are approximately 110, 1300, and 3800 cm−1 for the first, second, and higher excited states, respectively, most of which is the result of the setting of the 1s2frozen core. The obtained energy levels show a good agreement with the NIST data sets and with other theoretical and experimental values. The largest relative difference compared with the NIST values occurs at the second excited states, and the overall agreement is within 0.2o for most of the states. Setting the 1s2core electrons active would increase the level of accuracy significantly; however, the computation resource needed is tremendous and beyond our limit. This can only be done for some specific states that are strictly required for very accurate information. The line strengths of the E1, E2, and M1 transitions in which the ten lowest levels are involved; the electric scalar and tensor dipole polarizabilities of the ten lowest levels; and the lifetimes of the nine lowest excited states are also reported for all the ions. We believe that our extensive calculations could be useful in the modeling and diagnostics of line identifications or could make contributions to astrophysics and plasma communities.
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    Table 1 

Energy levels (in cm−1) relative to the ground state for the 250 lowest levels of Fe XVIII.



	Index
	Configuration
	Term
	EemuCI
	ΔEfullCI
	ΔENIST
	ΔEZanna
	ΔEJonauskas
	ΔENahar
	ΔESi





	1
	2p−1
	2P3∕2
	0
	0
	0
	0
	0
	0
	0



	2
	2p−1
	2P1∕2
	102 506
	0
	−73
	−73
	443
	−4444
	−118



	3
	2s−1
	2S1∕2
	1 076 297
	0
	11 595
	11 697
	−3297
	1793
	11 661



	4
	2p−23s1
	4P5∕2
	6 218 877
	−91
	−3123
	−3123
	12 105
	−13336
	−1576



	5
	2p−23s1
	2P3∕2
	6 245 240
	−89
	−2860
	−2810
	10 413
	−14133
	−2249



	6
	2p−23s1
	4P1∕2
	6 297 661
	−103
	−12539
	−3539
	12 070
	−13058
	−1860



	7
	2p−23s1
	4P3∕2
	6 315 272
	−88
	−2628
	−2628
	11 743
	−14574
	−1913



	8
	2p−23s1
	2P1∕2
	6 339 533
	−86
	−3067
	−3067
	9912
	−15344
	−2765



	9
	2p−23s1
	2D5∕2
	6 399 132
	−82
	−868
	−2068
	11 147
	−17428
	−210



	10
	2p−23s1
	2D3∕2
	6 402 771
	−86
	−1029
	−1029
	10 887
	−17553
	−427






Notes. The present energies from Emu CI calculations and full CI calculations are compared with NIST values (Kramida et al. 2019), CHIANTI database (Del Zanna et al. 2015), MCDHF calculations (Jonauskas et al. 2004; Si et al. 2016), and R-matrix calculations (Nahar 2006). ΔEx = EemuCI − Ex. This table is available in its entirety at the CDS.
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Difference in percentage of energy levels from the present Emu CI calculations for the first excited state 2s2 2p52P1∕2 compared to those from NIST (Kramida et al. 2019) and other calculations (Si et al. 2016; Jönsson et al. 2013; Nandy & Sahoo 2014).
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Difference in percentage of energy levels from the present Emu CI calculations for the second excited state 2s 2p6 2 S1∕2 compared to those from NIST (Kramida et al. 2019) and other calculations (Si et al. 2016; Jönsson et al. 2013; Nandy & Sahoo 2014).
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Energy levels from the present Emu CI calculations for the nine lowest excited states compared to those from the NIST database (Kramida et al. 2019).


    

  
    Table 2 

Wavelengths (in Å) and line strengths (in au) for selected transitions of Fe XVIII compared with available data.



	Lower
	Upper
	λNIST
	λ
	λSi
	SNIST
	Spresent
	SSi
	SNahar





	Electric dipole (E1) transitions



	




	2s22p5 2P3∕2
	[image: equation]
	16.072
	16.080
	16.076
	1.10E−03
	9.625E−04
	1.02E−03
	1.04E−03



		2s 2p6   2 S1∕2
	93.926
	92.911
	93.929
	7.47E−02
	6.648E−02
	6.35E−02
	6.34E−02



		[image: equation]
	13.919
	13.917
	–
	5.10E−04
	3.107E−04
	–
	2.83E−04



		[image: equation]
	15.847
	15.879
	15.874
	7.90E−04
	6.861E−04
	6.78E−04
	7.38E−04



		[image: equation]
	15.209
	15.257
	15.250
	9.70E−04
	7.482E−04
	7.64E−04
	7.26E−04



		[image: equation]
	13.954
	14.131
	13.957
	8.90E−03
	8.474E−03
	8.40E−03
	8.00E−03



		[image: equation]
	15.625
	15.627
	15.627
	1.20E−02
	1.058E−02
	1.10E−02
	1.09E−02



		[image: equation]
	15.766
	15.774
	15.767
	5.40E−03
	4.344E−03
	4.54E−03
	4.47E−03



		[image: equation]
	14.152
	14.196
	14.153
	2.40E−02
	1.990E−02
	1.92E−02
	1.98E−02



		[image: equation]
	14.256
	14.253
	14.259
	4.60E−02
	4.038E−02
	4.07E−02
	–



		[image: equation]
	14.203
	14.203
	14.210
	1.10E−01
	1.043E−01
	1.04E−01
	1.03E−01



	




	2s22p5 2P1∕2
	2s2p6 2S1∕2
	103.939
	102.691
	103.95
	3.67E−02
	3.267E−02
	3.12E−02
	3.11E−02



		[image: equation]
	15.450
	15.501
	15.492
	4.00E−03
	3.033E−03
	3.12E−03
	3.12E−03



		[image: equation]
	15.870
	15.872
	15.872
	1.00E−02
	8.962E−03
	9.42E−03
	9.36E−03



		[image: equation]
	16.026
	16.033
	16.026
	6.10E−03
	5.230E−03
	5.47E−03
	5.44E−03



		[image: equation]
	14.469
	14.465
	14.470
	8.10E−03
	7.861E−03
	7.70E−03
	–



		[image: equation]
	14.418
	14.413
	14.420
	1.90E−02
	1.619E−02
	1.56E−02
	1.55E−02



		[image: equation]
	14.152
	14.119
	14.123
	8.30E−02
	7.313E−02
	7.17E−02
	7.36E−02



		[image: equation]
	14.361
	14.165
	14.361
	8.80E−02
	7.861E−02
	7.93E−02
	7.75E−02



	




	2s2p6 2S1∕2
	[image: equation]
	–
	18.556
	18.515
	–
	1.465E−05
	1.19E−05
	–



		[image: equation]
	–
	18.450
	18.410
	–
	1.049E−05
	8.32E−06
	–



	




	Electric quadrupole (E2) transitions



	




	2s22p5 2P3∕2
	2s22p5 2P1∕2
	974.86
	975.553
	974.42
	3.00E−03
	3.131E−03
	–
	2.08E−03



		[image: equation]
	–
	15.459
	15.466
	–
	6.746E−04
	6.84E−04
	3.74E−04



		[image: equation]
	–
	15.467
	15.458
	–
	6.550E−04
	6.36E−04
	4.47E−04



		[image: equation]
	–
	15.393
	15.393
	–
	8.320E−04
	8.44E−04
	5.34E−04



	




	2s2 2p5   2 P1∕2
	[image: equation]
	–
	15.628
	15.625
	–
	2.044E−03
	2.93E−04
	–



	2s 2p6   2 S1∕2
	[image: equation]
	–
	19.445
	–
	3.948E−06
	–
	3.33E−06



	




	Magnetic dipole (M1) transitions



	




	2s22p5 2P3∕2
	2s22p5 2P1∕2
	974.86
	975.553
	974.42
	1.33E+00
	1.328E+00
	1.33E+00
	1.33E+00



		[image: equation]
	–
	15.467
	–
	1.642E−04
	–
	1.61E−04



	2s 2p6   2 S1∕2
	[image: equation]
	–
	19.346
	–
	1.625E−07
	–
	2.13E−07



	[image: equation]
	[image: equation]
	–
	3793.195
	–
	1.344E+00
	–
	1.44E+00



		[image: equation]
	–
	1037.398
	–
	2.092E+00
	–
	2.01E+00






Notes. The results of the transition wavelengths (λ) and line strengths (s) from our Emu CI calculations are compared with the values from the NISI compilation (Kramida et al. 2019), Si et al. (2016), and Nahar (2006).





  
    Table 3 

Lifetimes (in s) for the nine lowest excited states of F-like ions with Z = 20−30.



			2s2 2p5
	2s 2p6
	[image: equation] 	[image: equation]



			




			2P1∕2
	2S1∕2
	4P5∕2
	4P3∕2
	4P1∕2
	2P3∕2
	2P1∕2
	2D5∕2
	2D3∕2





	Ca XII
	τ
	2.045E−03
	1.481E−11
	1.788E−10
	5.586E−12
	9.550E−11
	2.162E−12
	1.547E−12
	4.054E−12
	3.818E−12



		[image: equation]
	2.099E−03
	1.515E−11
	1.682E−10
	6.238E−12
	9.743E−11
	1.868E−12
	1.424E−12
	3.658E−12
	3.450E−12



	




	Sc XIII
	τ
	1.021E−03
	1.350E−11
	1.048E−10
	3.289E−12
	6.707E−11
	1.893E−12
	1.186E−12
	3.118E−12
	2.879E−12



		[image: equation]
	1.046E−03
	1.347E−11
	9.809E−11
	3.481E−12
	6.605E−11
	1.609E−12
	1.085E−12
	2.818E−12
	2.605E−12



	




	Ti XIV
	τ
	5.288E−04
	1.234E−11
	6.405E−11
	2.104E−12
	4.770E−11
	1.709E−12
	9.265E−13
	2.444E−12
	2.207E−12



		[image: equation]
	5.391E−04
	1.253E−11
	6.046E−11
	2.169E−12
	4.590E−11
	1.481E−12
	8.642E−13
	2.235E−12
	2.022E−12



	




			2P1∕2
	2S1∕2
	4P5∕2
	2P3∕2
	4P1∕2
	4P3∕2
	2P1∕2
	2D5∕2
	2D3∕2



			




	V XV
	τ
	2.834E−04
	1.130E−11
	4.071E−11
	1.446E−12
	3.219E−11
	1.571E−12
	7.366E−13
	1.947E−12
	1.716E−12



		[image: equation]
	2.882E−04
	1.145E−11
	3.848E−11
	1.451E−12
	3.036E−11
	1.373E−12
	6.905E−13
	1.790E−12
	1.581E−12



	




	Cr XVI
	τ
	1.565E−04
	1.036E−11
	2.682E−11
	1.051E−12
	1.939E−11
	1.452E−12
	5.964E−13
	1.575E−12
	1.352E−12



		[image: equation]
	1.56E−04
	1.14E−11
	2.51E−11
	1.02E−12
	1.94E−11
	1.35E−12
	5.68E−13
	1.51E−12
	1.28E−12



	




	Mn XVII
	τ
	8.884E−05
	9.508E−12
	1.825E−11
	7.973E−13
	1.057E−11
	1.340E−12
	4.927E−13
	1.290E−12
	1.078E−12



		[image: equation]
	8.87E−05
	1.04E−11
	1.71E−11
	7.73E−13
	1.06E−11
	1.26E−12
	4.70E−13
	1.24E−12
	1.02E−12



	




	Fe XVIII
	τ
	5.171E−05
	8.731E−12
	1.279E−11
	6.245E−13
	5.664E−12
	1.232E−12
	4.155E−13
	1.068E−12
	8.687E−13



		[image: equation]
	5.16E−05
	9.45E−12
	1.20E−11
	6.04E−13
	5.71E−12
	1.16E−12
	3.97E−13
	1.03E−12
	8.25E−13



	




	Co XIV
	τ
	3.079E−05
	8.019E−12
	9.213E−12
	5.013E−13
	3.213E−12
	1.127E−12
	3.573E−13
	8.935E−13
	7.075E−13



		[image: equation]
	3.07E−05
	8.64E−12
	8.70E−12
	4.84E−13
	3.22E−12
	1.07E−12
	3.41E−13
	8.60E−13
	6.73E−13



	




	Ni XX
	τ
	1.872E−05
	7.365E−12
	6.800E−12
	4.102E−13
	1.988E−12
	1.026E−12
	3.115E−13
	7.538E−13
	5.817E−13



		[image: equation]
	1.87E−05
	7.90E−12
	6.43E−12
	3.95E−13
	1.98E−12
	9.78E−13
	2.98E−13
	7.27E−13
	5.54E−13



	




	Cu XXI
	τ
	1.161E−05
	6.762E−12
	5.131E−12
	3.407E−13
	1.337E−12
	9.301E−13
	2.740E−13
	6.408E−13
	4.826E−13



		[image: equation]
	1.16E−05
	7.22E−12
	4.86E−12
	3.28E−13
	1.32E−12
	8.90E−13
	2.62E−13
	6.19E−13
	4.60E−13



	




	Zn XXII
	τ
	7.324E−06
	6.205E−12
	3.951E−12
	2.866E−13
	9.637E−13
	8.405E−13
	2.418E−13
	5.483E−13
	4.038E−13



		[image: equation]
	7.31E−06
	6.60E−12
	3.75E−12
	2.76E−13
	9.46E−13
	8.07E−13
	2.31E−13
	5.30E−13
	3.85E−13






Notes. This table compares the present Emu CI lifetimes, τ, with the values from (a) Aggarwal (2019), (b) El-Sayed & Attia (2019), and (c) Si et al. (2016).





  
    Table 4 

Static scalar and tensor dipole polarizabilities (in au) for the ten lowest levels of F-like ions with Z = 20−30.



			2s2 2p5
	2s 2p6
	[image: equation] 	[image: equation]



			




			2P3∕2
	2P1∕2
	2S1∕2
	4P5∕2
	4P3∕2
	4P1∕2
	2P3∕2
	2P1∕2
	2D5∕2
	2D3∕2





	Ca XII (5.92E-5)
	α0
	1.873E−02
	1.880E−02
	−7.142E−03
	6.567E−01
	6.563E−01
	6.567E−01
	6.546E−01
	6.536E−01
	6.611E−01
	6.617E−01



		α2
	−5.972E−03
	0
	0
	1.926E−02
	−1.674E−02
	0
	−1.471E−02
	0
	−2.904E−02
	−1.309E−02



	




	Sc XIII (4.84E-5)
	α0
	1.509E−02
	1.518E−02
	−6.150E−03
	5.255E−01
	5.249E−01
	5.252E−01
	5.235E−01
	5.225E−01
	5.285E−01
	5.292E−01



		α2
	−4.957E−03
	0
	0
	1.491E−02
	−1.350E−02
	0
	−1.217E−02
	0
	−2.245E−02
	−9.383E−03



	




	Ti XIV (4.00E-5)
	α0
	1.229E−02
	1.240E−02
	−5.339E−03
	4.266E−01
	4.260E−01
	4.265E−01
	4.249E−01
	4.239E−01
	4.288E−01
	4.294E−01



		α2
	−4.148E−03
	0
	0
	1.167E−02
	−1.111E−02
	0
	−1.009E−02
	0
	−1.761E−02
	−6.783E−03



	




			2P3∕2
	2P1∕2
	2S1∕2
	4P5∕2
	2P3∕2
	4P1∕2
	4P3∕2
	2P1∕2
	2D5∕2
	2D3∕2



			




	V XV(3.33E-5)
	α0
	1.011E−02
	1.023E−02
	−4.742E−03
	3.507E−01
	3.500E−01
	3.507E−01
	3.493E−01
	3.483E−01
	3.523E−01
	3.528E−01



		α2
	−3.499E−03
	0
	0
	9.220E−03
	−9.312E−03
	0
	−8.401E−03
	0
	−1.396E−02
	−4.945E−03



	




	Cr XVI (2.79E-5)
	α0
	8.401E−03
	8.552E−03
	−4.211E−03
	2.915E−01
	2.908E−01
	2.915E−01
	2.903E−01
	2.894E−01
	2.926E−01
	2.931E−01



		α2
	−2.974E−03
	0
	0
	7.342E−03
	−7.899E−03
	0
	−7.026E−03
	0
	−1.116E−02
	−3.631E−03



	




	Mn XVII (2.36E-5)
	α0
	7.042E−03
	7.192E−03
	−3.702E−03
	2.445E−01
	2.438E−01
	2.446E−01
	2.435E−01
	2.427E−01
	2.455E−01
	2.459E−01



		α2
	−2.540E−03
	0
	0
	5.884E−03
	−6.826E−03
	0
	−5.910E−03
	0
	−8.919E−03
	−2.695E−03



	




	Fe XVIII (2.01E-5)
	α0
	5.928E−03
	6.065E−03
	−3.313E−03
	2.068E−01
	2.062E−01
	2.070E−01
	2.060E−01
	2.053E−01
	2.075E−01
	2.079E−01



		α2
	−2.190E−03
	0
	0
	4.773E−03
	−5.873E−03
	0
	−4.997E−03
	0
	−7.350E−03
	−1.989E−03



	




	Co XIV (1.72E-5)
	α0
	5.038E−03
	5.181E−03
	−2.968E−03
	1.763E−01
	1.757E−01
	1.765E−01
	1.756E−01
	1.750E−01
	1.769E−01
	1.772E−01



		α2
	−1.891E−03
	0
	0
	3.871E−03
	−5.065E−03
	0
	−4.249E−03
	0
	−6.044E−03
	−1.469E−03



	




	Ni XX (1.48E-5)
	α0
	4.304E−03
	4.461E−03
	−2.662E−03
	1.512E−01
	1.507E−01
	1.514E−01
	1.506E−01
	1.501E−01
	1.517E−01
	1.522E−01



		α2
	−1.640E−03
	0
	0
	3.145E−03
	−4.374E−03
	0
	−3.633E−03
	0
	−4.951E−03
	−1.070E−03



	




	Cu XXI (1.28E-5)
	α0
	3.698E−03
	3.858E−03
	−2.390E−03
	1.305E−01
	1.301E−01
	1.307E−01
	1.300E−01
	1.296E−01
	1.311E−01
	1.316E−01



		α2
	−1.430E−03
	0
	0
	2.564E−03
	−3.783E−03
	0
	−3.119E−03
	0
	−4.232E−03
	−6.962E−04



	




	Zn XXII (1.11E-5)
	α0
	3.191E−03
	3.353E−03
	−2.149E−03
	1.133E−01
	1.129E−01
	1.134E−01
	1.127E−01
	1.126E−01
	1.141E−01
	1.150E−01



		α2
	−1.248E−03
	0
	0
	2.098E−03
	−3.276E−03
	0
	−2.684E−03
	0
	−3.744E−03
	−7.252E−05






Notes. α0 and α2 are the static scalar and tensor dipole polarizabilities, respectively. Numbers in brackets are 1s2core polarizabilities from Johnson et al. (1983).





  
    Table A.1 

Energy levels (in cm−1) relative to theground state for the 250 lowest levels for F-like ions with Z = 20−30.



	Z
	Index
	Conf.
	Level
	ENIST
	EemuCI
	g
	Z
	Index
	Conf.
	J
	ENIST
	EemuCI
	g





	20
	1
	2p−1
	2P3∕2
	0
	0
	1.333
	25
	5
	2p−23s1
	2P3∕2
	5 644 800
	5 642 245
	1.423



	20
	2
	2p−1
	2P1∕2
	30 041
	30 002.6
	0.667
	25
	6
	2p−23s1
	4P1∕2
		5 685 987
	2.581



	20
	3
	2s−1
	2S1∕2
	709 030
	721 659.3
	2
	25
	7
	2p−23s1
	4P3∕2
	5 701 100
	5 698 667
	1.583



	20
	4
	2p−23s1
	4P5∕2
	3 062 300
	3 060 861
	1.591
	26
	1
	2p−1
	2P3∕2
	0
	0
	1.333



	20
	5
	2p−23s1
	4P3∕2
	3 077 100
	3 075 291
	1.606
	26
	2
	2p−1
	2P1∕2
	102 579
	102 655.8
	0.667



	20
	6
	2p−23s1
	4P1∕2
	3 089 300
	3 087 897
	2.635
	26
	3
	2s−1
	2S1∕2
	1 064 702
	1 077 867
	2



	20
	7
	2p−23s1
	2P3∕2
	3 097 800
	3 095 431
	1.438
	26
	4
	2p−23s1
	4P5∕2
	6 222 000
	6 227 945
	1.567



	21
	1
	2p−1
	2P3∕2
	0
	0
	1.333
	26
	5
	2p−23s1
	2P3∕2
	6 248 100
	6 254 346
	1.399



	21
	2
	2p−1
	2P1∕2
	37 908
	37 852.57
	0.667
	26
	6
	2p−23s1
	4P1∕2
	6 310 200
	6 306 843
	2.535



	21
	3
	2s−1
	2S1∕2
	763 621
	775 974
	2
	26
	7
	2p−23s1
	4P3∕2
	6 317 900
	6 324 480
	1.599



	21
	4
	2p−23s1
	4P5∕2
	3 513 300
	3 511 882
	1.588
	27
	1
	2p−1
	2P3∕2
	0
	0
	1.333



	21
	5
	2p−23s1
	4P3∕2
	3 530 600
	3 528 663
	1.564
	27
	2
	2p−1
	2P1∕2
	121 960
	121 872
	0.667



	21
	6
	2p−23s1
	4P1∕2
	3 547 200
	3 545 427
	2.632
	27
	3
	2s−1
	2S1∕2
	1 131 860
	1 143 539
	2



	21
	7
	2p−23s1
	2P3∕2
	3 554 800
	3 552 574
	1.474
	27
	4
	2p−23s1
	4P5∕2
	6 852 100
	6 850 104
	1.562



	22
	1
	2p−1
	2P3∕2
	0
	0
	1.333
	27
	5
	2p−23s1
	2P3∕2
	6 880 900
	6 877 950
	1.378



	22
	2
	2p−1
	2P1∕2
	47 219
	47 156.11
	0.667
	27
	6
	2p−23s1
	4P1∕2
		6 939 311
	2.474



	22
	3
	2s−1
	2S1∕2
	819 772
	831 952.9
	2
	27
	7
	2p−23s1
	4P3∕2
	6 966 200
	6 964 187
	1.612



	22
	4
	2p−23s1
	4P5∕2
	3 995 165
	3 993 130
	1.584
	28
	1
	2p−1
	2P3∕2
	0
	0
	1.333



	22
	5
	2p−23s1
	2P3∕2
	4 014 945
	4 012 152
	1.523
	28
	2
	2p−1
	2P1∕2
	143 959
	143 885.5
	0.667



	22
	6
	2p−23s1
	4P1∕2
	4 036 120
	4 034 138
	2.629
	28
	3
	2s−1
	2S1∕2
	1 202 200
	1 213 703
	2



	22
	7
	2p−23s1
	2P3∕2
	4 043 430
	4 041 317
	1.508
	28
	4
	2p−23s1
	4P5∕2
	7 513 700
	7 511 085
	1.557



	23
	1
	2p−1
	2P3∕2
	0
	0
	1.333
	28
	5
	2p−23s1
	2P3∕2
	7 543 800
	7 540 313
	1.36



	23
	2
	2p−1
	2P1∕2
	58 093
	58 085.34
	0.667
	28
	6
	2p−23s1
	4P1∕2
	7 613 200
	7 610 641
	2.405



	23
	3
	2s−1
	2S1∕2
	877 732
	889 776.7
	2
	28
	7
	2p−23s1
	4P3∕2
	7 648 200
	7 645 566
	1.622



	23
	4
	2p−23s1
	4P5∕2
	4 506 100
	4 504 532
	1.58
	29
	1
	2p−1
	2P3∕2
	0
	0
	1.333



	23
	5
	2p−2 3s 1
	2 P3∕2
	4 528 400
	4 525 635
	1.485
	29
	2
	2p−1
	2P1∕2
	168 830
	168 785
	0.667



	23
	6
	2p−2 3s 1
	4 P1∕2
	4 556 100
	4 553 931
	2.623
	29
	3
	2s−1
	2S1∕2
	1 275 750
	1 287 041
	2



	23
	7
	2p−2 3s 1
	4 P3∕2
	4 564 300
	4 561 821
	1.538
	29
	4
	2p−23s1
	4P5∕2
	8 206 000
	8 201 741
	1.551



	24
	1
	2p−1
	2 P3∕2
	0
	0
	1.333
	29
	5
	2p−23s1
	2P3∕2
	8 236 000
	8 232 269
	1.344



	24
	2
	2p−1
	2 P1∕2
	70 892
	70 926.05
	0.667
	29
	6
	2p−23s1
	4P1∕2
	8 313 000
	8 311 435
	2.338



	24
	3
	2s−1
	2 S1∕2
	937 790
	951 022.3
	2
	29
	7
	2p−23s1
	4P3∕2
	8 363 000
	8 359 576
	1.63



	24
	4
	2p−2 3s 1
	4 P5∕2
	5 048 700
	5 053 368
	1.576
	30
	1
	2p−1
	2P3∕2
	0
	0
	1.333



	24
	5
	2p−2 3s 1
	2 P3∕2
	5 072 300
	5 076 414
	1.451
	30
	2
	2p−1
	2P1∕2
	196 868
	196 820.8
	0.667



	24
	6
	2p−2 3s 1
	4 P1∕2
	5 109 300
	5 112 077
	2.609
	30
	3
	2s−1
	2S1∕2
	1 352 430
	1 363 816
	2



	24
	7
	2p−2 3s 1
	4 P3∕2
	5 118 200
	5 121 685
	1.563
	30
	4
	2p−23s1
	4P5∕2
	8 929 000
	8 921 989
	1.546



	25
	1
	2p−1
	2 P3∕2
	0
	0
	1.333
	30
	5
	2p−23s1
	2P3∕2
	8 965 000
	8 953 753
	1.33



	25
	2
	2p−1
	2 P1∕2
	85 500
	85 561.71
	0.667
	30
	6
	2p−23s1
	2S1∕2
	9 051 000
	9 041 555
	2.279



	25
	3
	2s−1
	2 S1∕2
	1 000 000
	1 011 739
	2
	30
	7
	2p−23s1
	4P3∕2
	9 111 000
	9 106 392
	1.636



	25
	4
	2p−2 3s 1
	4 P5∕2
	5 619 900
	5 617 486
	1.572






Notes. The present energies from the Emu CI calculations for F-like ions with Z = 20−30 are listed and compared with the NIST data sets (Kramida et al. 2019). “Conf.” stands for configuration and “g” for the Lande g-factors. This table is available in its entirety at the CDS.
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