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Abstract

Aims. The aim of this study is to provide radiative data for neutral and singly ionised silicon, in particular for the first experimental oscillator strengths for near-infrared Si I lines. In addition, we aim to perform atomic structure calculations both for neutral and singly ionised silicon while including lines from highly excited levels.

Methods. We performed large-scale atomic structure calculations with the relativistic multiconfiguration Dirac-Hartree-Fock method using the GRASP2K package to determine log(𝑔ƒ) values of Si I and Si II lines, taking into account valence-valence and core-valence electron correlation. In addition, we derived oscillator strengths of near-infrared Si I lines by combining the experimental branching fractions with radiative lifetimes from our calculations. The silicon plasma was obtained from a hollow cathode discharge lamp, and the intensity-calibrated high-resolution spectra between 1037 and 2655 nm were recorded by a Fourier transform spectrometer.

Results. We provide an extensive set of accurate experimental and theoretical log(𝑔ƒ) values. For the first time, we derived 17 log(𝑔ƒ) values of Si I lines in the infrared from experimental measurements. We report data for 1500 Si I lines and 500 Si II lines. The experimental uncertainties of our ƒ-values vary between 5% for the strong lines and 25% for the weak lines. The theoretical log(𝑔ƒ) values for Si I lines in the range 161 nm to 6340 nm agree very well with the experimental values of this study and complete the missing transitions involving levels up to 3s23p7s (61 970 cm−1). In addition, we provide accurate calculated log(𝑔ƒ) values of Si II lines from the levels up to 3s27f (122 483 cm−1) in the range 81 nm to 7324 nm.
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1 Introduction
Silicon is an important α-element used in the study of the Galactic chemical evolution and in nucleosynthesis models. It is believed to be produced during oxygen and neon burning stages, released into the interstellar medium (Woosley & Weaver 1995) during supernova Type II explosions of massive stars, and formed during supernova Type Ia explosions (Tsujimoto et al. 1995).
Comparisons of results from chemical abundance analyses with Galactic evolution models make it possible to understand the formation and evolution of the Galaxy. There are several studies that derived stellar silicon abundances to provide a better understanding of our Galaxy (see for example; Jönsson et al. 2011; Mikolaitis et al. 2014; Bensby et al. 2014; Howes et al. 2016; Brewer et al. 2016; Hanke et al. 2020; Buder et al. 2021; Asplund et al. 2021; Smith et al. 2021; Heiter et al. 2021; Magg et al. 2022). In addition, several authors (Shi et al. 2008, 2012; Bergemann et al. 2013; Jofré et al. 2015; Tan et al. 2016; Zhang et al. 2016; Shchukina et al. 2017; Mashonkina 2020) have studied non-local thermodynamic equilibrium (NLTE) effects of silicon lines. Shi et al. (2008) found that the NLTE influences are weak for the solar atmosphere in the optical region. However, the corrections are larger for the infrared lines (Shi et al. 2012; Bergemann et al. 2013; Tan et al. 2016; Zhang et al. 2016).
The oscillator strengths (log(𝑔ƒ) values) of the silicon lines used in these studies are mostly astrophysical values due to the lackof experimental data or uncertain theoretical data.
Moreover, Si II emission-line ratios are important for plasma diagnostics because they are sensitive to temperature and density changes (Baldwin et al. 1996; Laha et al. 2016a). They are observed in a variety of plasmas, such as cool stars, quasars, and planetary nebulae (Judge et al. 1991; Cashman et al. 2017). However, while studying the broad emission-line regions in quasi-stellar objects, Baldwin et al. (1996) found that there is a discrepancy between the theoretical and observed Si II line ratios of 3s23p 2P - 3s23d 2D and 3s23p 2P - 3s3p2 2S to that of 3s23p 2P - 3s3p2 2D. This is referred to as the ‘silicon disaster’. Similarly, Dufton et al. (1991) found discrepancies between observations and theory for the intercombination multiplet 3s23p 2P - 3s3p2 4P in the Sun and late-type stars. New atomic data may solve these discrepancies.
A common reference element is needed when comparing the solar photospheric elemental abundances with the meteoric elemental abundances. In such cases, due to the volatility of hydrogen, silicon is usually preferred (Asplund et al. 2009; Shaltout et al. 2013). In order to have all meteoric abundances on the same absolute scale, the photospheric and meteoric silicon abundances are normalised (Asplund 2000; Asplund et al. 2009). It is thus important to determine the accurate photospheric silicon abundance. This, in turn, requires accurate atomic data for the lines detected in the solar spectrum. Amarsi & Asplund (2017) found the solar silicon abundance log(ϵSi⊙)=7.51±0.03 with 3D+NLTE calculations by re-normalising the log(𝑔ƒ) values of Garz (1973) with the lifetime values of O’Brian & Lawler (1991). This solar abundance is in agreement with the results of Asplund (2000), who used the log(𝑔ƒ) values of Becker et al. (1980a), and Scott et al. (2015), who used the same log(𝑔ƒ) values as Amarsi & Asplund (2017).
Concerning the oscillator strengths of Si I lines, Garz (1973) derived the ƒ-values from a wall-stabilised arc between 250 nm and 800 nm with relative uncertainties of 20–25%. Becker et al. (1980b) redetermined the log(𝑔ƒ) values of the transitions from the upper levels 3p4s 1P1, 3p4s 3P2, and 3p3d 1P1 using branching fractions of Garz (1973) and additional radiative lifetimes of Becker et al. (1980a). These new lifetimes increased the log(𝑔ƒ) values of Garz (1973) by 0.1 dex. Smith et al. (1987) provided log(𝑔ƒ) values of 108 lines between 163 nm and 410 nm. Their method was independent of the assumption of ther-modynamical equilibrium and the temperature of the source, and therefore this reduced the errors in the log(𝑔ƒ) values. O’Brian & Lawler (1991) combined new radiative lifetimes with the branching fractions of Smith et al. (1987) in order to derive log(𝑔ƒ) values of 36 lines between 187 nm and 410 nm with uncertainties between 5–10%. To our knowledge, there are no reports on experimental oscillator strengths of Si I lines in the infrared region.
On the theoretical side, Nahar (1993) calculated the oscillator strengths using the close-coupling approximation, employing the R-matrix method for the transitions between the levels with quantum numbers n ≤ 10 and l ≤ h. Coutinho & Trigueiros (2002) used the Hartree-Fock relativistic approach with superposition of interacting configurations for the even states up to 3p5p and odd states up to 3pns (4 < n < 22), and they reported weighted oscillator strengths and lifetimes. Froese Fischer (2005) and Froese Fischer et al. (2006) performed calculations using the Breit-Pauli approximation for all levels up to 3s23p3d 3Do. More recently, Savukov (2015,2016) studied the transition probabilities, oscillator strengths, and lifetimes with the configuration interaction plus many-body perturbation theory. Finally, Wu et al. (2016) used the multiconfiguration Dirac-Hartree-Fock method and active space approach to calculate the transition probabilities for levels up to 3s23p4d 3D.
For Si II, Calamai et al. (1993) measured the lifetimes of the 3s3p2 4P1/2,3/2,5/2 metastable levels using an ion trapping technique and derived transition probabilities for the lines from these levels. Using standard spectroradiometry to measure the branching fractions and time-resolved laser-induced fluorescence to measure lifetimes, Bergeson & Lawler (1993) determined the oscillator strengths of the 181 nm resonance multiplet. Blanco et al. (1995) measured 23 transition probabilities between 333 nm and 671 nm using a laser-induced plasma. Matheron et al. (2001) used the same method and measured ten more transition probabilities that were not measured by Blanco et al. (1995).
Additionally, Nahar (1998) performed calculations in the close-coupling approximation, employing the R-matrix method for oscillator strengths of 1122 fine-structure transitions corresponding to 390 LS multiplets. Charro & Martín (2000) calculated oscillator strengths of transitions between the terms belonging to the 3s2nl configurations having n = 3–10 and l = 0–3 with the relativistic quantum defect orbital method. Tayal (2007) calculated oscillator strengths using term-dependent non-orthogonal orbitals in the multiconfiguration Hartree-Fock approach. Bautista et al. (2009) made an extensive comparison of log(𝑔ƒ) values belonging to transitions between levels of the 3s23p, 3s3p2, 3s2, and 3s23d configurations acquired from three different methods. Aggarwal & Keenan (2014) performed calculations using the GRASP0 code, including the 3s23p, 3s3p2, 3p3, 3s23d, 3s3p3d, 3s24l, and 3s25l configurations.
This paper presents an extensive set of oscillator strengths of Si I and Si II lines. For Si I, we measured 17 branching fractions in the infrared region from the upper even parity 3p4p 3D1,2, 3p4p 3P1,2, and 3p4p 3S1 levels and combined the branching fractions with the radiative lifetimes from our calculations to derive oscillator strengths. In addition, both for Si I and Si II, we performed large-scale relativistic multiconfig-uration Dirac-Hartree-Fock (RMCDHF) calculations with the GRASP2K package (Jönsson et al. 2013). The presented log(𝑔ƒ) values are from Si I lines involving the even 3s23p2, 3s23pnp (n ≤ 7), and 3s23pnf (n ≤ 6) configurations and the odd 3s3p3, 3s23pns (n ≤ 8), and 3s23pnd (n ≤ 6) configurations as well as from Si II lines involving the even 3s3p2, 3s2ns (n ≤ 8), 3s2nd (n ≤ 7), and 3s2ng (n ≤ 6) configurations and the odd 3s2np (n ≤ 7), 3s2nf (n ≤ 7), 3s3p3d, and 3s3p4s configurations. Section 2 describes the branching fraction measurements together with the uncertainty estimations. The theoretical method used for the calculation of oscillator strengths is explained in Sect. 3. We present our results and conclusions together with comparisons of our results with the previous studies in Sect. 4.
2 Experimental method
We used a hollow cathode discharge lamp with an iron cathode as a light source. A small amount of silicon in powder form was placed in the cathode together with liquid acetone. To evenly distribute the silicon powder on the inner cathode walls, we rotated the cathode until the acetone was evaporated. We performed measurements with a similar experimental setup as described in Pehlivan et al. (2015). The strongest lines were observed with an applied current of 0.5 A, and the cathode lamp was run with neon as a buffer gas with a pressure of 1.0 Torr. To identify the lines affected by self-absorption, we performed experiments with currents ranging from 0.1 to 0.5 A and compared the line ratios of Si I lines sharing the same upper levels. Self-absorption is caused by re-absorption of line emission by other atoms, and it appears in an optically thick plasma. Self-absorption distorts the observed branching ratios and hence must be accounted for in the determination of oscillator strengths. A detailed discussion can be found in Burheim et al. (2023). However, no effect of self-absorption was observed in the lines we studied.
The Si I spectra were recorded with the high-resolution Fourier transform spectrometer (FTS), a Bruker IFS 125 HR, at the Lund Observatory Edlén Laboratory in the wavenumber region 1850–16000 cm−1 with a resolution of 0.02 cm−1. The resolution was sufficient to resolve all the lines. We recorded the spectra either with the indium antimonide (InSb) or the indium gallium arsenide (InGaAs) detectors, which are sensitive to different spectral regions but have a large wavelength region overlap. For intensity calibration, we determined the relative response functions of the system by measuring the spectrum of a tungsten standard lamp and a blackbody lamp. The tungsten lamp had been calibrated by the Swedish National Laboratory (SP) for spectral radiance in the range 40 000–04000 cm−1 (250–2500 nm), and the blackbody lamp had been calibrated for T = 1473 K by the Optronic Laboratories using standards with traceability to the National Institute of Standards and Technology (NIST). The blackbody lamp was used to extend the intensity calibration beyond the lower limit of the tungsten lamp. The spectra of the calibration lamps were recorded before and after each silicon measurements. We placed the hollow cathode discharge lamp and the calibration lamps at the same distance from the Fourier transform spectrometer, and a mirror was situated between the lamps in order to choose the light source.
There are three naturally occurring isotopes of silicon:28 Si with 92% abundance, 29Si with 5% abundance, and 30Si with 3% abundance (Rosman & Taylor 1998). However, we did not observe any isotopic shifts in our spectra. Only29 Si has a nonzero nuclear spin, I = 1/2; nonetheless, the abundance of this isotope is very low compared to28 Si. Thus, no hyperfine splitting was detected in the line profiles. The experiments were performed primarily to measure Si I lines. Although we analysed the spectra to find Si II lines simultaneously, none of the Si II lines were strong enough to be detected due to the high excitation energies of the upper levels of these lines.
Figures 1 and 2 show the partial energy level diagrams of Si I and Si II, respectively. We used the Kurucz (2016) database, based on measurements by Radziemski & Andrew (1965), and the NIST database (Kramida et al. 2022) to identify the Si I lines in our spectra. These identified lines were analysed with the FTS analysis software GFit (Engström 1998,2014) to determine intensity and position.
In astrophysics, oscillator strengths (ƒ-values) of the lines are important, together with wavelengths, for stellar abundance analysis. The ƒ-value of a spectral line is connected to the transition probability Aul (for electric dipole transition) by
[image: equation](1)
In the equation, 𝑔u and 𝑔l are the statistical weights of the upper and lower levels, respectively, and λ is the transition wavelength in vacuum in Å, while Aul is the transition probability in s−1. The experimental transition probability is the ratio between the branching fraction of the line, BFul, and the lifetime of the upper level, τu,
[image: equation](2)
To our knowledge, there are no experimentally measured lifetimes for the levels investigated in this study. For this reason, we used the computed lifetimes of this study. The BFul is defined as the ratio between the transition probability of the line and the sum of all the transition probabilities from the same upper level,
[image: equation](3)
Because all the lines decay from the same upper level, the transition probability is proportional to the relative line intensity, Iul. For this reason, BFs in this study were derived from the relation
[image: equation](4)
The uncertainty in the oscillator strength, or in the transition probability, arises from the uncertainty in the lifetime and the uncertainty in the BF. The estimated lifetime uncertainties from calculations vary between 2 and 5% for the levels of interest. The BF uncertainty contains the uncertainty of the standard lamp that has been used to calibrate intensities and the uncertainty of the measured line intensity, including the uncertainty of the self-absorption correction when it has been applied. We obtained the uncertainties of the integrated line intensity from the statistical noise with GFit, which uses the 1/SNR. The uncertainties in the integrated line intensity measurement limited by the noise vary between 0.2% for the strong lines, 20% for the weakest lines, and 5% on average. The uncertainty of the calibration lamp is 5%. This includes the uncertainty in the calibration data from SP as well as the repeatability between lamp measurements before and after the spectroscopic measurements. In addition, we included the estimated contributions from the weakest lines that have not been visible in the measurements. The residual BFs of these lines are less than 3% for all the levels considered, and we assigned an uncertainty of 50% in their calculated transition probabilities. The final uncertainties were derived from the equations described in Sikström et al. (2002) and are presented in Table B.3. The cited uncertainties in log(𝑔ƒ) were determined from the absolute largest of Δ log(𝑔ƒ) = log(l ± (Δƒ/ƒ)).
	[image: thumbnail]	Fig. 1 Partial energy level diagram of Si I. The energy level values are from Martin & Zalubas (1983). Each box consists of several levels.



	[image: thumbnail]	Fig. 2 Partial energy level diagram of Si II. The energy level values are from Martin & Zalubas (1983). Each box consists of several levels.



3 Theoretical method
We used the RMCDHF method (Jönsson et al. 2013,2017) to calculate the oscillator strengths of Si I and Si II transitions. In this method, atomic state functions (ASF) are represented by linear combinations of configuration state functions (CSFs):
[image: equation](5)
In the equation, γj represents the information of the CSFs, that is, parity, orbital occupancy, and angular coupling scheme. The terms J and MJ represent the angular quantum numbers, whereas P represents the parity, and finally cj indicates the mixing coefficients. The CSFs are built from one-electron Dirac orbitals in the form of
[image: equation](6)
where Pnκ(r) and Qnκ(r) are the large and small components of the radial wavefunction and X±κ,m(θ, φ) are two-component spin-orbit functions. In the relativistic self-consistent field procedure, we optimise both the radial parts of the Dirac orbitals and the expansion coefficients.
The calculations for Si I were made for target states belonging to the configurations shown in Table 1. These configurations are referred to as the multireference (MR). For the initial calculation, the ASFs include all CSFs that can be formed from the configurations in the MR. To improve the ASFs, we performed calculations with systematically enlarged CSF expansions. For Si I, after analysing the eigenvector compositions, we found that the replacement of 3s2 with 3p2 gives important configurations. In addition, the first correlating d orbital, the 3d′ orbital, overlaps with the 3s and 3p orbitals. Therefore, replacement of 3s with 3d′ gives additional significant configurations. In both cases, the substitutions give rise to CSFs with expansion coefficients in the range 0.1–0.25. For these reasons, we expanded the MR as shown in Table 2 and allowed CSF expansions to form from these configurations by restricted single and double orbital replacements with orbitals in an active set. We applied the restriction that 1s2 should be a closed shell and at most one replacement from 2s22p6. Froese Fischer (2005) performed detailed correlation studies for Si I and showed that including core-valence correlation removes the discrepancy between computed and experimental fine-structure splittings of 3s3p3 levels. For this reason, we included both the valence-valence correlation (i.e. replacements from the valence orbitals outside the 2s22p6 core) and the core-valence correlation (i.e. one replacement from the valence and one from 2s22p6). No replacements were allowed from 1s2, which is always closed. The orbitals in the active set were systematically extended to include the 13s, 12p, 12d, 11f, 10g, 9h, and 7i orbitals when accounting for the valence-valence correlation, and the number of CSFs was 8427 862. Additionally, to account for the core-valence correlation, we used an active set including the 10s, 9p, 7d, 6f, and 5g orbitals. The number of CSFs thus increased to 17 886 964.
For Si II, we kept the MR as given in Table 1 and allowed single and double replacements from the given configurations with the same restrictions as applied to Si I. At most, one replacement from 2s22p6 and 1s2 should be a closed shell. To account for the valence-valence correlation, we extended the orbitals in the active set to include the 13s, 12p, 12d, 12f, 11g, 9h, and 7i orbitals containing 1693 014 CSFs. The number of CSFs expands to 11 850 176 when the core-valence correlation is accounted for. In our calculations, we included the Breit-interaction and leading QED effects.
After determining the ASFs, we calculated the oscillator strengths as expectation values of the transition operator. The calculations were performed both in the length and velocity gauges (Grant 1974). As an indicator of accuracy, the oscillator strengths calculated with these two gauges should give the same value. We determined the uncertainty indicator as a relative difference between the two gauges, u(f)/f = (Al − Av)/max(Al, Av) (Ekman et al. 2014). In our calculations, the uncertainty indicator is very low for the transitions involving the low-lying states. However, the agreement between the length and velocity forms is slightly worse for transition from highly excited states, as discussed in Pehlivan Rhodin et al. (2017). In addition, we estimated the uncertainty of the lifetimes, which were used for deriving the log(𝑔f) values, from error propagation. Since the lifetime of an upper level is τu = 1/ΣiAi, the uncertainty contribution from each A value is weighted by its own BF, following the expression from error propagation.
Table 1 
Configurations of targeted states for Si I and Si II.

Table 2 
Extended multireference for Si I calculations.

4 Results and conclusions
4.1 Si I
One of the quality indicators of calculations is the ability to reproduce the energy structure. Table B.1 shows the good quality of our calculated energy levels when compared to the experimental energy values in NIST (Kramida et al. 2022), which are the values of Martin & Zalubas (1983). In addition, we included the energy values determined from other theoretical studies (Froese Fischer et al. 2006; Wu et al. 2016; Savukov 2016). In general, our calculations are in better agreement with the experimental values of Martin & Zalubas (1983) compared to previous calculations. Relative differences are as low as 0.2%. The Froese Fischer et al. (2006) values have the same relative differences; however, the calculations were only performed for the low-lying levels up to 3s23p3d 3Do.
In Table B.2, we compare our theoretical lifetimes with the lifetimes of Froese Fischer (2005) calculated with the Breit-Pauli approximation and with the experimental lifetimes of O’Brian & Lawler (1991) from laser-induced fluorescence. The uncertainties of our theoretical lifetimes are in the range of 5 to 10%. Overall, there is a very good agreement between our values and the values of Froese Fischer (2005), with an exception of shorter lifetimes for the 3p3d 3Fo levels and longer lifetimes for the 3p3d1 Po and 3Do levels in our calculations compared to the values in Froese Fischer (2005). When comparing these lifetimes with the experimental values of O’Brian & Lawler (1991), we found an improvement in the theoretical lifetimes with our calculation. The agreement between our values and those of O’Brian & Lawler (1991) is mostly within 2σ when using their experimental uncertainty, but there is a more than 20% variation for the high-lying 3p5d 1Po, 1Fo, 3Do, 3p7s1/2(1/2,1/2), 3p7s1/2(3/2,1/2), and 3p6d 1Fo levels. Figures A.1 and A.2 show these comparisons between our lifetime values and those of O’Brian & Lawler (1991) and Froese Fischer (2005). In Fig. A.1, the error bars include only the uncertainty from the experiments and no uncertainty added to the calculated values. The blue dotted line shows the 10% relative difference. From these figures, it can be seen that the agreement with the literature values is mostly within 10%. This is in agreement with the overall uncertainties of our calculated lifetimes.
We derived 17 log(𝑔ƒ) values from calculated lifetimes and experimental BFs for the infrared lines from the 3p4p 3D1,2, 3P1,2, and 3S1 levels with uncertainties in the ƒ-value varying from 3 to 10%, and 20% for two lines. We note that for strong lines, the uncertainty of the BF becomes negligible, and the uncertainty in the log 𝑔ƒ is determined by the uncertainty in the lifetime. (See the discussion by Sikström et al. (2002) for details.)
This is the first time that the log(𝑔ƒ) values of these lines have been determined from experimental BFs. To our knowledge, there are no lifetime measurements of these levels. The calculated lifetimes are dominated by the strong transition probabilities, and they can be computed accurately. For this reason, we combined our experimental BFs with our computed lifetime values. Additionally, we performed theoretical calculations and determined log(𝑔ƒ) values of transitions from levels up to 3p7s. We note that the transitions from states belonging to configurations including any of the 7p, 6f, 8s, 6d, and 5g orbitals are not included in the transition data table, as the differences in the velocity and length forms of the A values are large, on the order of 50%, for these transitions. Nevertheless, those orbitals were needed for accurate calculation of other orbitals with large radii, which is similar to the findings reported for the calculations of neutral magnesium in Pehlivan Rhodin et al. (2017). We scaled our calculated transition probabilities and log(𝑔ƒ) values to experimental wavelengths.
Figure A.3 shows a comparison of our experimental log(𝑔ƒ) values with our theoretical log(𝑔ƒ) values. The very good agreement between the two methods validates the quality of our theoretical values. Table B.3 presents our experimental log(𝑔ƒ) values with their uncertainties, corresponding theoretical log(𝑔ƒ) values with their uncertainties, the branching fractions, BFs, and the transition probabilities, Aul. We determined the uncertainties of the theoretical log(𝑔ƒ) values using the equations presented by Froese Fischer (2009). However, the difference between the observed and calculated transition energy is small compared to the difference in length and velocity gauges. Therefore, it is adequate to consider the relative difference between the two gauges as an uncertainty indicator, as suggested by Ekman et al. (2014) in Eq. (5).
In Fig. A.4, we compare our theoretical log(𝑔ƒ) values with the values of Froese Fischer et al. (2006). The calculations performed by Froese Fischer et al. (2006) were only for the lowest lying levels up to the 3p3d 3Do levels, whereas in our calculations we have included additional levels up to 3p7s1/2(3/2,1/2). There is a good agreement between our theoretical values and those of Froese Fischer et al. (2006). This further illustrates the quality of our calculation. Our values complement those of Froese Fischer et al. (2006) by covering many more levels.
In addition, we compared our theoretical log(𝑔ƒ) values with the experimental values of O’Brian & Lawler (1991). Figure A.5 shows the good agreement between these values. We note that the log(𝑔ƒ) = −2.47 value for the [image: equation] transition and log(𝑔ƒ) = −3.17 value for the [image: equation] transition in O’Brian & Lawler (1991) are given as upper limits and differ from our theoretical values.
Moreover, we compared the differences between our experimental log(𝑔ƒ) values and scaled theoretical log(𝑔ƒ) as a function of the line strength, S, in Fig. A.6. In this way, we could eliminate the wavelength dependence of the log(𝑔ƒ) values and clearly see that the variation is larger for weak lines (small line strength values), as expected. We note that in this figure, we only added the uncertainty from the experimental log(𝑔ƒ) values. We made similar comparisons in Figs. A.7 and A.8 with values of Froese Fischer et al. (2006) and O’Brian & Lawler (1991), respectively. The differences are larger for weaker lines (i.e. lines with smaller line strengths). In Fig. A.8, the largest differences are from the transitions mentioned above ([image: equation] and [image: equation]), where only the upper limits are given in O’Brian & Lawler (1991). In this figure, we only added the uncertainty of the experimental values.
In Table B.4, we present our extended set of theoretical log(𝑔ƒ) values in addition to the comparisons we made in Table B.3. The log(𝑔ƒ) are given together with the transition probabilities and the estimated relative uncertainties, u(ƒ)/ƒ, for each transition. The wavenumber and wavelength values presented are from the NIST database, which are the values from Reader et al. (1980). For most of the transitions, the estimated relative uncertainties are less than 10%. However, for some transitions, the uncertainties are very large. This is mostly due to difficulties in calculating the transition rates of lines with upper and lower levels that differ by two or more electrons, such as [image: equation], or intercombination lines, such as [image: equation]. The former transition rates are identically zero at the lowest approximation of the wavefunction and are induced by correlation effects. Thus, they are highly challenging to compute. We note that the effects of them have been studied by Bogdanovich et al. (2007). In relativistic theory, the rates of intercombination transitions are formed by large and cancelling contributions and are therefore difficult to calculate (Ynnerman & Froese Fischer 1995). Nevertheless, these transitions are included in the table, but we urge the reader to be aware of the uncertainties of the transitions they are interested in.
4.2 Si II
In Table B.5, we compare our calculated energy levels with the experimental values of Martin & Zalubas (1983) and the calculated values of Froese Fischer et al. (2006) and Aggarwal & Keenan (2014). On average, our values and those of Froese Fischer et al. (2006) agree very well with the experimental values. The relative differences with respect to the experimental values are as low as 0.2 and 0.4% on average, respectively. On the other hand, the relative differences of the Aggarwal & Keenan (2014) values are as high as 5% on average. This is an order of magnitude larger than for our calculations.
Table B.6 presents the theoretical lifetimes of this study together with the theoretical lifetimes of Froese Fischer et al. (2006) and the experimental values of Bashkin et al. (1980); Calamai et al. (1993); Bergeson & Lawler (1993), when available. Our theoretical data, with estimated uncertainties of 5% to 10%, agree with experiments within the combined uncertainties. In addition, most our values are in agreement with those of Froese Fischer et al. (2006), except for those from the lowest levels. Nevertheless, our values for those levels show much better agreement with experiments than the values of Froese Fischer et al. (2006) do. Comparisons between our values and those in the literature are shown in Figs. A.9 and A.10. We note that there are few values that have the same relative difference between our values and those of Froese Fischer et al. (2006), and they are close in energy levels; therefore, it is difficult to visually distinguish them in the plot.
In Fig. A.11, we compare our scaled log(𝑔ƒ) values with those of Froese Fischer et al. (2006). Froese Fischer et al. (2006) calculated the log(𝑔ƒ) values for transitions up to the 3s3p2 2P3/2 level, while our calculation included the [image: equation] level. There is a good agreement between the values for the common transitions, and our additional data are complementary to those of Froese Fischer et al. (2006).
A comparison of our scaled log(𝑔ƒ) values with the recommended Bautista et al. (2009) values is presented in Fig. A.12. Bautista et al. (2009) calculated the log(𝑔ƒ) values for the levels of 3s23p, 3s3p2, 3s24s, and 3s33d configurations. The authors performed calculations using different codes and approximations, including relativistic Hartree-Fock (HFR), Breit-Pauli calculations based on the Thomas-Fermi-Dirac-Amaldi central potential, and Multiconfiguration Dirac Fock (MCDF), and they reported the recommended log(𝑔ƒ) values derived from the comparisons of these calculations and experiments in the literature. Our values agree with the recommended values of Bautista et al. (2009) within the uncertainties. The comparison of our theoretical results with the experimental values of Matheron et al. (2001) in Fig. A.13 shows a good agreement, except for the weakest line at λ4072.7 Å.
Moreover, we compared the log(𝑔ƒ) values as a function of the line strength, S. These comparisons are presented in Figs. A.14, A.15, and A.16. In the figures, our values are compared to those of Froese Fischer et al. (2006), Bautista et al. (2009), and Matheron et al. (2001), respectively. We note that we only added the uncertainties of the recommended values and experimental values. As the figures clearly show, the variation is larger for the weaker lines.
Laha et al. (2016b) suggested that the long-standing discrepancy between the theory and observations in the line intensity ratios of the Si II UV lines may be due to the atomic data. They did an analysis using the theoretical transition probabilities of Aggarwal & Keenan (2014). However, there are large variations between the Aggarwal & Keenan (2014) values and the previous theoretical values of Nahar (1998) as well as the experimental values of Calamai et al. (1993). Table B.7 presents the transitions Laha et al. (2016b) used together with the transition probabilities of our theoretical study, the experimental values of Calamai et al. (1993), and the theoretical values of Nahar (1998) and Aggarwal & Keenan (2014). We note that the uncertainties given in Calamai et al. (1993) are relative, while in Table B.7 we cite the absolute uncertainties. For the intercombination lines, it is clear that our values agree both with the experimental values and the theoretical ones of Nahar (1998) rather than those of Aggarwal & Keenan (2014). Moreover, our values for the 3s23p 2P ‐ 3s3p2 2D transitions are closer to Nahar (1998) values than to Aggarwal & Keenan (2014). Our new calculations and their agreement with the recommended values by Nahar (1998) indicate that the silicon disaster could be caused by insufficient plasma models instead of inaccurate atomic data.
Finally, Table B.8 presents the theoretical log(𝑔ƒ) values of this work together with the transition probabilities and the estimated relative uncertainties, u(f)/f, for each transition. The wavenumber and wavelength values are from the NIST database, which adopted the values in Reader et al. (1980). In general, the relative uncertainties are less than 10%, but for the two-electron transitions or intercombination lines, the relative uncertainties get larger.
5 Summary
In this article, we provide an extensive set of accurate experimental and theoretical log(𝑔ƒ) values. For the first time, we derived 17 log(𝑔ƒ) values of Si I lines in the infrared from experimental measurements, and we report data for 1500 Si I lines and 500 Si II lines. The experimental uncertainties of our f-values vary between 5% for the strong lines and 25% for the weak lines. The theoretical log(𝑔ƒ) values for the Si I lines in the range 161 nm to 6340 nm agree very well with the experimental values of this study and complete the missing transitions involving levels up to 3s23p7s (61970 cm−1). In addition, we provide accurate calculated log(𝑔ƒ) values of Si II lines from the levels up to 3s27f (122 483 cm−1) in the range 81 nm to 7324 nm.
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	[image: thumbnail]	Fig. A.1 Relative difference of the Si I lifetimes between this work and the experimental values of O’Brian & Lawler (1991). The blue dashed line indicates a 10% difference. The error bars show the uncertainties of O’Brian & Lawler (1991).
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	[image: thumbnail]	Fig. A.16 Difference between the Si II log(𝑔f) values of this study determined from the scaled theoretical calculations and the experimental values of Matheron et al. (2001) and their variation with the line strength, S.




Appendix B  Tables
Table B.1 
Comparison of the Si I energy levels calculated in this work with the experimental values of Martin & Zalubas (1983) and other calculated values from Wu et al. (2016); Froese Fischer et al. (2006); Savukov (2015). Energies presented are in inverse centimeters (cm−1). This table is available in its entirety at the CDS.

Table B.2 
Presentation of the radiative lifetimes of Si I levels computed in this work, τthis calc., and comparison with the theoretical values of Froese Fischer (2005) and the experimental values of O’Brian & Lawler (1991), when possible. Excitation energies are from Martin & Zalubas (1983). The uncertainties of the lifetimes vary, see text for details. This table is available in its entirety at the CDS.

Table B.3 
Presentation of log(𝑔f) values for Si I based on the experimental branching fractions and the theoretical lifetimes of this work together with the wavelength, λ; wavenumber, σ; branching fraction, BF; transition probability, A; and corresponding theoretical log(𝑔f) values of this work.

Table B.4 
Presentation of the computed Si I radiative transition data together with the relative uncertainties in f-values. An explanation of the columns is given at the end of the table. The table is published at CDS in electronic form, where it is available in its entirety.

Table B.5 
Comparison of the Si II energy levels calculated in this work with the experimental values of Martin & Zalubas (1983) and calculated values from Froese Fischer et al. (2006); Aggarwal & Keenan (2014). Energies presented are in inverse centimeters (cm-1). This table is available in its entirety at the CDS.

Table B.6 
Presentation of the radiative lifetimes (in nanoseconds) of Si II levels computed in this work, τthis calc., and comparison with other computed values and experimental values. Excitation energies are from Martin & Zalubas (1983). Energies presented are in inverse centimeters (cm−1). This table is available in its entirety at the CDS.

Table B.7 
Comparison of Sill A values from this study with the existing experimental and theoretical values.

Table B.8 
Presentation of the computed radiative transition data of Si II lines together with the relative uncertainties in f-values. An explanation of the columns is given at the end of the table. The table is published at CDS in electronic form.
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	[image: thumbnail]	Fig. A.9 Relative difference of the Si II lifetimes between this work and the experimental values of Bashkin et al. (1980); Calamai et al. (1993); Bergeson & Lawler (1993), as reported in Table B.6. The blue dotted line indicates a 10% difference.
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	Si I
	Si II





	Even
	3s2 3p2
	3s3p2,



	
	3s23p{4p, 5p, 6p,7p}
	3s24s{5s, 6s, 7s, 8s}



	
	3s23p{4f, 5f, 6f}
	3s23d{4d, 5d, 6d, 7d}



	
	
	3s25g{6g}



	 
	 
	 



	Odd
	3s3p3
	3s23p{4p, 5p, 6p, 7p}



	
	3s23p{4s, 5s, 6s, 7s, 8s}
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	3s23p{3d,4d, 5d, 6d}
	3s3p3d
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	3s3p4s
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      Extended multireference for Si I calculations.
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	3s23p2, 3p4, 3s3p23d′
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	3s23p{4s, 5s, 6s, 7s, 8s}, 3p3{4s, 5s, 6s, 7s, 8s},



	
	3s3p3d′{4s, 5s, 6s, 7s, 8s}



	
	3s23p{3d, 4d, 5d, 6d}, 3p3{3d, 4d, 5d, 6d},



	
	3s3p3d′{3d, 4d, 5d, 6d}



	
	3s23p5g, 3p35g, 3s3p3d′5g
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        Relative difference of the Si I lifetimes between this work and the experimental values of O’Brian & Lawler (1991). The blue dashed line indicates a 10% difference. The error bars show the uncertainties of O’Brian & Lawler (1991).
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        Relative difference of the Si I lifetimes between this work and the calculated values of Froese Fischer (2005). The blue dashed line indicates a 10% difference.
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        Comparison between the Si I log(𝑔f) values of this study determined from the experiments and scaled theoretical calculations.
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        Comparison between the Si I scaled theoretical log(𝑔f) values of this study and those of Froese Fischer et al. (2006).
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        Comparison between the Si I scaled theoretical log(𝑔f) values of this study and the experimental values of O’ Brian & Lawler (1991).
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        Difference between the Si I log(𝑔f) values of this study determined from the experiments and scaled theoretical calculations and their variation with the line strength, S. The errors bars shown are the experimental uncertainties.
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        Difference between the Si II log(𝑔f) values of this study determined from the scaled theoretical calculations and those of Froese Fischer et al. (2006) and their variation with the line strength, S.
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        Difference between the Si I log(𝑔f) values of this study determined from the scaled theoretical calculations and the experimental values of O’Brian & Lawler (1991) and their variation with the line strength, S. The error bars shown are from O’Brian & Lawler (1991).

      

    

  
    
      Fig. A.9 

      
        [image: thumbnail]
      

      
        Relative difference of the Si II lifetimes between this work and the experimental values of Bashkin et al. (1980); Calamai et al. (1993); Bergeson & Lawler (1993), as reported in Table B.6. The blue dotted line indicates a 10% difference.

      

    

  
    
      Fig. A.10 

      
        [image: thumbnail]
      

      
        Relative difference of the Si II lifetimes between this work and the calculated values of Froese Fischer et al. (2006). The blue dotted line indicates a 10% difference.

      

    

  
    
      Fig. A.11 

      
        [image: thumbnail]
      

      
        Comparison between the Si II theoretical log(𝑔f) values of this study and those of Froese Fischer et al. (2006).

      

    

  
    
      Fig. A.12 

      
        [image: thumbnail]
      

      
        Comparison between the Si II theoretical log(𝑔f) values of this study and the values recommended by Bautista et al. (2009).

      

    

  
    
      Fig. A.13 

      
        [image: thumbnail]
      

      
        Comparison between the Si II theoretical log(𝑔f) values of this study and the experimental values of Matheron et al. (2001).

      

    

  
    
      Fig. A.14 

      
        [image: thumbnail]
      

      
        Difference between the Si II log(𝑔f) values of this study determined from the scaled theoretical calculations and those of Froese Fischer et al. (2006) and their variation with the line strength, S.

      

    

  
    
      Fig. A.15 

      
        [image: thumbnail]
      

      
        Difference between the Si II log(𝑔f) values of this study determined from the scaled theoretical calculations and the recommended values of Bautista et al. (2009) and their variation with the line strength, S.

      

    

  
    
      Fig. A.16 

      
        [image: thumbnail]
      

      
        Difference between the Si II log(𝑔f) values of this study determined from the scaled theoretical calculations and the experimental values of Matheron et al. (2001) and their variation with the line strength, S.

      

    

  
    
      Table B.1 

      Comparison of the Si I energy levels calculated in this work with the experimental values of Martin & Zalubas (1983) and other calculated values from Wu et al. (2016); Froese Fischer et al. (2006); Savukov (2015). Energies presented are in inverse centimeters (cm−1). This table is available in its entirety at the CDS.

      
        


	Level
	This work
	W16a
	CFF06b
	S15c
	M&Z83d





	3s23p2 3P0
	0
	0
	0
	0
	0



	3s23p2 3P1
	79
	72.55
	65
	80
	77.115



	3s23p2 3P2
	223
	210.50
	187
	234
	223.157



	3s23p2 1D2
	6388
	6563.44
	6387
	6655
	6298.850



	3s23p2 1S0
	15 512
	15 853.50
	15 536
	15 963
	15 394.370



	[image: equation]
	32 653
	32 042.46
	32 237
	32 507
	33 326.053



	[image: equation]
	39 646
	39 520.78
	39 742
	39 201
	39 683.163



	[image: equation]
	39 720
	39 596.56
	39 808
	39 282
	39 760.285



	[image: equation]
	39 910
	39 785.13
	39 969
	39 485
	39 955.053



	[image: equation]
	40 969
	40 875.93
	41 049
	40 606
	40 991.884



	⋯
	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes. (a)Wu et al. (2016); (b) Froese Fischer et al. (2006);(c) Savukov (2015);(d) Martin & Zalubas (1983)





    

  
    
      Table B.2 

      Presentation of the radiative lifetimes of Si I levels computed in this work, τthis calc., and comparison with the theoretical values of Froese Fischer (2005) and the experimental values of O’Brian & Lawler (1991), when possible. Excitation energies are from Martin & Zalubas (1983). The uncertainties of the lifetimes vary, see text for details. This table is available in its entirety at the CDS.

      
        


	Level
	Energy (cm−1)
	[image: equation]
	[image: equation]
	[image: equation]





	[image: equation]
	33326.053
	7.67E+05
	1.34E+06
	



	[image: equation]
	39683.163
	4.53
	4.37
	4.5 ± 0.2



	[image: equation]
	39760.285
	4.51
	4.35
	4.5 ± 0.2



	[image: equation]
	39955.053
	4.49
	4.31
	4.5 ± 0.2



	[image: equation]
	40991.884
	4.06
	3.97
	4.3 ± 0.2



	[image: equation]
	45276.188
	26.18
	27.80
	22.0 ± 1.1



	[image: equation]
	45293.629
	26.23
	27.89
	22.0 ± 1.1



	[image: equation]
	45321.848
	26.33
	28.03
	22.0 ± 1.1



	3s23p4p  1P1
	47284.061
	107.5
	109.2
	



	[image: equation]
	47351.554
	23.45
	24.54
	22.5 ± 1.1



	3s23p4p  3D1
	48020.074
	60.73
	58.28
	



	3s23p4p  3D2
	48102.323
	60.03
	57.81
	



	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes.(a) Estimated uncertainties 5%-10%; (b)Calculated values by Froese Fischer (2005); (c)Experimental values by O’Brian & Lawler (1991)





    

  
    
      Table B.3 

      Presentation of log(𝑔f) values for Si I based on the experimental branching fractions and the theoretical lifetimes of this work together with the wavelength, λ; wavenumber, σ; branching fraction, BF; transition probability, A; and corresponding theoretical log(𝑔f) values of this work.

      
        


	Upper Level
	Lower Level
	λ (nm)
	σ (cm−1)
	BF
	BF Unc. %
	Aul (s−1)
	log(𝑔f) Experimental
	log(𝑔f) Calculated





	3s23p4p 3D1
	[image: equation]
	1199.157
	8336.911
	0.6373
	2
	1.05E+07
	−0.168 ± 0.02
	−0.175 ± 0.02



	τ = 60.7 ns
	[image: equation]
	1210.354
	8259.789
	0.3158
	3
	5.23E+06
	−0.465 ± 0.02
	−0.426 ± 0.02



	
	[image: equation]
	1239.583
	8065.021
	0.0165
	12
	2.73E+05
	−1.727 ± 0.06
	−1.721 ± 0.02



	
	[image: equation]
	1422.453
	7028.190
	0.0254
	6
	4.20E+05
	−1.419 ± 0.03
	−1.457 ± 0.02



	
	Residual
	
	
	0.0051
	
	
	
	



	3s23p4p 3D2
	[image: equation]
	1198.419
	8342.038
	0.8351
	1
	1.39E+07
	0.176 ± 0.03
	0.174 ± 0.02



	τ = 60.0 ns
	[image: equation]
	1227.069
	8147.270
	0.1582
	7
	2.63E+06
	−0.526 ± 0.08
	−0.472 ± 0.02



	
	Residual
	
	
	0.0068
	
	
	
	



	3s23p4p 3P1
	[image: equation]
	1066.097
	9377.438
	0.3680
	3
	8.79E+06
	−0.347 ± 0.02
	−0.340 ± 0.01



	τ = 41.9 ns
	[image: equation]
	1074.938
	9300.316
	0.4359
	3
	1.04E+07
	−0.266 ± 0.01
	−0.263 ± 0.01



	
	[image: equation]
	1097.931
	9105.548
	0.1640
	4
	3.92E+06
	−0.673 ± 0.02
	−0.631 ± 0.01



	
	[image: equation]
	1239.015
	8068.717
	0.0099
	22
	2.35E+05
	−1.789 ± 0.11
	−1.799 ± 0.02



	
	[image: equation]
	2642.418
	3784.413
	0.0046
	24
	1.10E+05
	−1.463 ± 0.12
	−1.340 ± 0.10



	
	[image: equation]
	2654.652
	3766.972
	0.0176
	8
	4.19E+05
	−0.876 ± 0.04
	−0.904 ± 0.09



	
	Residual
	
	
	0.00001
	
	
	
	



	3s23p4p 3P2
	[image: equation]
	1060.343
	9428.332
	0.1973
	5
	4.77E+06
	−0.396 ± 0.02
	−0.389 ± 0.01



	τ = 41.4 ns
	[image: equation]
	1082.709
	9233.564
	0.7798
	1
	1.88E+07
	0.219 ± 0.01
	0.231 ± 0.01



	
	[image: equation]
	2586.138
	3866.769
	0.0161
	7
	3.89E+05
	−0.710 ± 0.03
	−0.608 ± 0.09



	
	Residual
	
	
	0.0069
	
	
	
	



	3s23p4p 3S1
	[image: equation]
	1037.126
	9639.385
	0.1439
	6
	3.10E+06
	−0.824 ± 0.03
	−0.786 ± 0.01



	τ = 46. 4 ns
	[image: equation]
	1058.514
	9444.617
	0.7915
	2
	1.70E+07
	−0.066 ± 0.02
	−0.042 ± 0.01



	
	Residual
	
	
	0.0646
	
	
	
	





      

      
Notes. Wavelength and wavenumber values are derived from the energy levels given in the NIST database (Kramida et al. 2022). For 2000 Å< λ< 20 000 Å, the wavelength is given in vacuum, otherwise in air. Uncertainties of calculated BF for unobserved residual branches were assumed to be 50%.





    

  
    
      Table B.4 

      Presentation of the computed Si I radiative transition data together with the relative uncertainties in f-values. An explanation of the columns is given at the end of the table. The table is published at CDS in electronic form, where it is available in its entirety.

      
        


	Upper
	Lower
	σ (cm−1)
	λvacuuum(nm)
	A (s−1)
	𝑔f
	Aresc (s−1)
	𝑔fresc
	u(f)/f





	[image: equation]
	[image: equation]
	1578.982
	6333.1944*
	1.913E+03
	9.776E-04
	1.501E+03
	9.016E-04
	0.487



	[image: equation]
	[image: equation]
	1579.749
	6330.1195*
	8.856E+03
	1.666E-02
	9.449E+03
	1.702E-02
	0.273



	[image: equation]
	[image: equation]
	1583.055
	6316.8999*
	1.810E+04
	3.354E-02
	1.899E+04
	3.408E-02
	0.030



	[image: equation]
	[image: equation]
	1584.408
	6311.5056*
	9.019E+04
	4.094E-01
	1.021E+05
	4.267E-01
	0.019



	[image: equation]
	[image: equation]
	1586.463
	6303.3301*
	1.921E+05
	1.118E+00
	2.176E+05
	1.165E+00
	0.016



	[image: equation]
	[image: equation]
	1586.5
	6303.2
	1.020E+05
	4.509E-01
	1.115E+05
	4.645E-01
	0.207



	[image: equation]
	3s23p4p 3D3
	1586.538
	6303.03
	7.406E+02
	2.067E-03
	6.730E+02
	2.002E-03
	0.031



	[image: equation]
	[image: equation]
	1587.687
	6298.4707*
	2.491E+05
	8.759E-01
	3.203E+05
	9.525E-01
	0.109



	[image: equation]
	3s23p5p 3P2
	1588.3
	6296.2
	6.901E+04
	1.143E-01
	6.189E+04
	1.102E-01
	0.086



	[image: equation]
	[image: equation]
	1594.572
	6271.2753*
	5.936E+02
	2.249E-03
	5.224E+02
	2.155E-03
	0.141



	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes. Columns 1 and 2: Level designations of upper and lower levels. Column 3: Transition energy in cm−1. Column 4: Wavelength in nm. Wavelength and wavenumber values are from the NIST database (Kramida et al. 2022), when available. Wavelengths marked with* are the Ritz wavelengths calculated from the energy differences; these transitions are not identified in the NIST database. Column 5: Calculated transition rates A in s−1. Column 6: Calculated weighted oscillator strengths. Column 7: Calculated transition rates A in s−1 scaled according to experimental energy differences. Column 8: Calculated weighted oscillator strengths scaled according to experimental energy differences. Column 9: Estimated uncertainties based on the expression u(f)/f = (Al − Av)/ max(Al, Av), where Al and Av are the transition rates in length and velocity forms (Ekman et al. 2014). Uncertainties were rounded to three decimals. The large uncertainties in some of the oscillator strengths are, in general, due to the difficulties in calculating the two-electron transitions or intercombination lines.




    

  
    
      Table B.5 

      Comparison of the Si II energy levels calculated in this work with the experimental values of Martin & Zalubas (1983) and calculated values from Froese Fischer et al. (2006); Aggarwal & Keenan (2014). Energies presented are in inverse centimeters (cm-1). This table is available in its entirety at the CDS.

      
        


	Level
	This work
	CFFa
	A&K(14)b
	M&Z(83)c





	[image: equation]
	0
	0
	0
	0



	[image: equation]
	284
	241
	256
	287.24



	3s3p2 4P1/2
	42 740
	41 779
	38 753
	42 824.29



	3s3p2 4P3/2
	42 847
	41 871
	38 859
	42932.62



	3s3p2 4P5/2
	43 020
	42017
	39032
	43 107.91



	3s3p2 2D3/2
	55 316
	54636
	57689
	55 309.35



	3s3p2 2D5/2
	55 334
	54650
	57703
	55 325.18



	3s24s 2S1/2
	65 370
	65 671
	70593
	65 500.47



	3s3p2 2S1/2
	76 926
	76506
	84141
	76665.35



	3s23d 2D3/2
	79 396
	79 405
	85 398
	79338.50



	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes. (a)Froese Fischer et al. (2006);(b) Aggarwal & Keenan (2014);(c) Martin & Zalubas (1983)





    

  
    
      Table B.6 

      Presentation of the radiative lifetimes (in nanoseconds) of Si II levels computed in this work, τthis calc., and comparison with other computed values and experimental values. Excitation energies are from Martin & Zalubas (1983). Energies presented are in inverse centimeters (cm−1). This table is available in its entirety at the CDS.

      
        


	Level
	Energy
	[image: equation]
	[image: equation]
	τexp





	3s3p2 4P1/2
	42824.29
	98 (μs)
	127 (μs)
	104 ± 16d (μs)



	3s3p2 4P3/2
	42932.62
	866 (μs)
	1221 (μs)
	811 ± 77d(μs)



	3s3p2 4P5/2
	43107.91
	454 (μs)
	642 (μs)
	406 ± 33d(μs)



	3s3p2 2D3/2
	55309.35
	450
	294
	420 ± 42e



	3s3p2 2D5/2
	55325.18
	502
	315
	447 ± 45e



	3s24s 2S1/2
	65500.47
	0.92
	0.89
	



	3s3p2 2S1/2
	76665.35
	0.99
	1.02
	



	3s23d 2D3/2
	79338.50
	0.34
	0.34
	



	3s23d 2D5/2
	79355.02
	0.34
	0.34
	



	[image: equation]
	81191.34
	9.47
	9.38
	



	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes.(a) Estimated uncertainties 5%-10%;(b) Froese Fischer et al. (2006);(c) Bashkin et al. (1980);(d) Calamai et al. (1993);(e) Bergeson & Lawler (1993)





    

  
    
      Table B.7 

      Comparison of Sill A values from this study with the existing experimental and theoretical values.

      
        


	Upper level
	Lower level
	λ (nm)
	Athis calc. (s1)
	[image: equation]
	[image: equation]
	[image: equation]



	Level
	Energy (cm 1)
	Level
	Energy (cm−1)
	
	
	
	
	





	3s23d 2D3/2
	79338.50
	[image: equation]
	0
	126.042
	2.48E+09
	-
	2.60E+09
	2.01E+09



	3s23d 2D5/2
	79335.02
	[image: equation]
	287.24
	126.474
	2.91E+09
	-
	3.04E+09
	2.31E+09



	3s23d 2D3/2
	79338.50
	[image: equation]
	287.24
	126.500
	4.54E+08
	-
	4.63E+08
	5.23E+08



	3s3p2 2S1/2
	76665.35
	[image: equation]
	0
	130.437
	3.71E+08
	-
	3.64E+08
	3.60E+08



	3s3p2 2S1/2
	76665.35
	[image: equation]
	287.24
	130.928
	6.27E+08
	-
	6.23E+08
	6.60E+08



	3s24s 2S1/2
	65500.47
	[image: equation]
	0
	152.671
	3.67E+08
	-
	3.81E+08
	3.90E+08



	3s24s 2S1/2
	65500.47
	[image: equation]
	287.24
	153.343
	7.25E+08
	-
	7.52E+08
	7.90E+08



	3s3p2 2D3/2
	55309.35
	[image: equation]
	0
	180.801
	1.99E+06
	-
	2.54E+06
	1.00E+05



	3s3p2 2D5/2
	55325.18
	[image: equation]
	287.24
	181.693
	1.99E+06
	-
	2.65E+06
	2.00E+05



	3s3p2 2D3/2
	79338.50
	[image: equation]
	287.24
	181.745
	2.29E+05
	-
	3.23E+05
	5.30E+04



	3s3p2 4P3/2
	42932.62
	[image: equation]
	0
	232.852
	36
	10 ± 5
	23.5
	11.1



	3s3p2 4P1/2
	42932.62
	[image: equation]
	0
	233.441
	5311
	5200 ± 988
	5510
	2296



	3s3p2 4P5/2
	43107.91
	[image: equation]
	287.24
	233.461
	2218
	2460 ± 197
	2440
	397



	3s3p2 4P3/2
	42932.62
	[image: equation]
	287.24
	234.420
	1126
	1220 ± 122
	1310
	157



	3s3p2 4P1/2
	42932.62
	[image: equation]
	287.24
	235.017
	4910
	4410 ± 926
	4700
	3078





      

      
Notes. (a)Calamai et al. (1993); (b)Nahar (1998); (c)Aggarwal & Keenan (2014). For λ, see the notes to Table B.3. The uncertainties of are given in Table B.8.





    

  
    
      Table B.8 

      Presentation of the computed radiative transition data of Si II lines together with the relative uncertainties in f-values. An explanation of the columns is given at the end of the table. The table is published at CDS in electronic form.

      
        


	Upper
	Lower
	σ (cm−1)
	λvacuum(nm)
	A (s−1)
	𝑔f
	Aresc (s−1)
	𝑔fresc
	u(f)/f





	[image: equation]
	3s25d 2D5/2
	1365.43
	7323.7
	4.680E+05
	3.085E+00
	4.864E+05
	3.125E+00
	0.068



	[image: equation]
	3s25d 2D5/2
	1365.6
	7322.8
	3.119E+04
	1.542E-01
	3.243E+04
	1.562E-01
	0.068



	[image: equation]
	3s25d 2D3/2
	1365.76
	7321.9
	4.373E+05
	2.160E+00
	4.538E+05
	2.187E+00
	0.068



	3s26d 2D3/2
	[image: equation]
	1544.48
	6474.6711*
	3.617E+01
	9.120E-05
	3.634E+01
	9.135E-05
	0.092



	3s26d 2D5/2
	[image: equation]
	1544.55
	6474.3777*
	2.181E+02
	8.245E-04
	2.192E+02
	8.259E-04
	0.086



	[image: equation]
	3s25d 2D3/2
	1567.52
	6379.5
	1.000E+06
	1.237E+00
	1.020E+06
	1.245E+00
	0.061



	[image: equation]
	3s25d 2D5/2
	1582.0
	6321.1
	9.225E+05
	2.243E+00
	9.438E+05
	2.260E+00
	0.060



	[image: equation]
	3s25d 2D3/2
	1582.2
	6320.5
	1.026E+05
	2.493E-01
	1.048E+05
	2.511E-01
	0.060



	3s26d 2D3/2
	[image: equation]
	1660.48
	6022.355 *
	8.778E+01
	1.921E-04
	8.865E+01
	1.927E-04
	0.084



	[image: equation]
	3s23d 2D3/2
	1852.8
	5397.1
	7.769E+04
	8.456E-02
	1.082E+05
	9.444E-02
	0.146



	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes. Columns 1 and 2: Level designations of upper and lower levels. Column 3: Transition energy in cm 1. Column 4: Wavelength in nm. Wavelength and wavenumber values are from the NIST database (Kramida et al. 2022), when available. Wavelengths marked with * are the Ritz wavelengths calculated from the energy differences; these transitions are not identified in the NIST database. Column 5: Calculated transition rates A in s−1. Column 6: Calculated weighted oscillator strengths. Column 7: Calculated transition rates A in s−1 scaled according to experimental energy differences. Column 8: Calculated weighted oscillator strengths scaled according to experimental energy differences. Column 9: Estimated uncertainties based on the expression u(f)/f = (Al − Av)/ max(Al, Av), where Al and Av are the transition rates in length and velocity forms (Ekman et al. 2014). Uncertainties were rounded to three decimals. The large uncertainties in some of the oscillator strengths are, in general, due to the difficulties in calculating the two-electron transitions or intercombination lines.
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