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Abstract

:

There have been many observations of the solar and astrophysical spectra of various ions. The diagnostics of these observations require atomic data that include energy levels, oscillator strengths, transition rates, and collision strengths. These have been calculated using the Superstructure and Distorted-wave codes. We describe calculations for various ions. We calculate intensity ratios and compare them with observations to infer electron densities and temperatures of solar plasmas.
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1. Introduction


In early 1970s, solar physicists from the solar branch came to talk to Aaron Temkin and me. They showed us Figure 1, having observations of X-ray spectrum from OSO-5, showing emission lines from Si, S, Ar, Ca, Fe, and Ni ions (Neupert [1]). They mentioned that there are many more observations and they do not know how to interpret all the observations to infer parameters of the solar plasma. They would like to know how to calculate electron temperatures, densities, etc., of the solar plasma from the observed intensities of lines. In other words, there were no atomic data available for diagnostic purposes.



We started working on this problem. Temkin and I [2] published ‘A distorted-wave methodology for electron-ion excitation: calculations for two-electron ions.’ It was clear that a lot more was needed for diagnostics. We needed energies of various levels of the ion, oscillator strengths, transition rates, and excitation cross sections for many, many ions. We could not carry out all the necessary work. It was clear that we needed general computer programs to carry out and analyze observations. We came to know that the Seaton’s group at the University College London has developed codes that have all the required features. We contacted Mike Seaton and he told me to come to the University College and he would try to help. I spent a few days there. I learned there some details about the codes called Super Structure [3], which, using configuration type wave function in the field of the scaled Thomas–Fermi potentials, calculates atomic structure in intermediate coupling, allowing for spin-orbit and radiative and relativistic corrections using Breit–Pauli Hamiltonian as a perturbation to the nonrelativistic Hamiltonian. The target functions are expanded in terms of Slater states. The Thomas–Fermi potentials depend upon parameters    λ i   , which are determined variationally. Any other potential could have been used. However, Eissner et al. [3] found that the Thomas–Fermi was the most expedient to use when a large number of energy levels of a target are involved. In addition, inclusions of corrections like hyperfine structure and quantum electrodynamics (QED) corrections are not important. They are too small to affect the accuracy of energies of various levels. We calculated collision strengths for the excitation of Fe XV levels using the Distorted-wave approach as well the R-matrix approach. We find that the Distorted-wave code gives collision strengths that compare well with those obtained from the R-matrix code; atomic data also agree. Atomic data such as energy levels, oscillator strengths, and radiative transition rates are calculated in LS and intermediate coupling. Collision strengths are also needed. These are calculated using the Distorted-wave code. The Distorted-wave code [4] treats all the scattering channels as independent, i.e., there is no coupling between the various scattering functions. The scattering function satisfies the equation


  [    d 2    d  r 2    −    l i  (  l i  + 1 )    r 2    +   2 z  r  +  V i  ( r ) +  k 2  ]  F i  ( r ) = 0  



(1)







In the above equation, z = Z − N is the ion charge, Z being the nuclear charge and N the number of electrons, and    V i  ( r )   is a central potential, chosen as Thomas–Fermi potential, the same as used in the superstructure code. The scattering functions satisfy the boundary conditions


   F i  ( 0 ) = 0  



(2)






   F i  ( r → ∞ ) =  1   k i  0.5     sin (  k i  r −    l i  π  2  +  z   k i    ln ( 2  k i  r ) + arg ( Γ (  l i  + 1 −   i z    k i    +  δ   l i    ) ,  



(3)




where    δ   l i      is the phase shift in addition to the Coulomb phase shift. There are a number of excited states of the target, and equations like Equation (1) have to be solved for each case. The reaction matrix is given by


   K  i j   = − 〈  Ψ i  |  H  N + 1   − E |  Ψ i  〉  



(4)




and T-matrix is given by


  T = −   − 2 i K   1 + i K    



(5)







Collision strength for total angular momentum L, spin S and parity  π  is


   Ω  i j   L S π   =   ( 2 L + 1 ) ( 2 S + 1 )  2    ∑   l i   l j     | T  | 2     



(6)







Total collision strength, symmetric in i and j is given by


   Ω  i j   =   ∑  L S π     Ω  i j   L S π      



(7)







Over the years, we calculated atomic data using Superstructure and Distorted-wave codes for a large number of ions. It is not possible to discuss all of them in this article. We note a few of these ions, not necessary in any particular order.



One of my first publications was with Helen Mason [5] on the carbon sequence: Ar XIII, Si IX, S XI. After this, we [6] calculated atomic data for the nitrogen sequence: Mg VI, Si VIII, S X, A XII, and Ca XIV.



The intensity of a line is given by


   I  j i   =  N j   A  j i   Δ  E  i j    



(8)







Here    I  j i     is the intensity of the line from the upper level    N j    to the lower level    N i   ,    A  j i     is the transition rate, and   Δ  E  i j     is the energy difference between the levels. Knowing the excitation and de-excitation rates,    C  i j  e    and    C  j i  d   , we solve the statistical equilibrium equations for the level populations subject to the condition


  N =   ∑ i    N i     



(9)






    d  N i    d t   = −  N e   N i    ∑  j > i     C  i j  e    +   ∑  j > i     N j   A  j i     −  N i    ∑  j < i     A  j i   +  N e    ∑  j . i     N j   C  j i  d       



(10)







This is solved subject to the condition that in the steady state


    d  N i    d t   = 0  



(11)







The excitation and de-excitation rates are given by


   C  i j  e  =   8.63 ×   10   − 6      ω i  k  T e  1.5        ∫  Δ  E  i j    ∞    Ω  i j   ( E ) exp ( − E / k  T e  ) d E     



(12)






   C  j i  d  =    ω i     ω j    exp (   Δ  E  i j     k  T e    )  C  i j  e   



(13)







In (12), collision strength    Ω  i j   =  ω i   k 2   σ  i j     where the excitation cross section    σ  i j     is in   π  a 0 2    units. Cascades from the upper levels to the lower levels is taken into account by the last term in Equation (10).



In this calculation, we have used configuration interaction, levels arising from these configurations:   2  s 2  2  p 3   ,   2 s 2  p 4   , and   2  p 5    are indicated in Table 1. Energy levels are shown in Table 1.



For scattering functions, we used seven partial waves for the incoming electron. We used Coulomb Bethe approximation for the higher partial waves. The transition rates and collision strengths at incident energies 15, 30, and 45 Ry are given in Table 2 for Ca XIV; we do not give here collision strengths for other ions given in [6].



Level populations of the first five levels are given in Table 3, and intensity ratios are given in Table 4, where we have used wavelengths given by Kelly and Palumbo [7].



Below, we discuss atomic data and comparison with observations for various ions.




2. O IV and Mg VIII


Observations of solar flares on 9 August–7 September 1973 were obtained by Naval Research Laboratory’s SO82B spectrograph on board Skylab, covering the 960–1600 Å wavelength range. Spectra of allowed and intersystem lines of O IV could be observed. These lines are density sensitive. Cook, Keenan, and Bhatia [8], using configurations   2  s 2  2 p  ,   2 s 2  p 2   , and   2  p 3    calculated the atomic data for O IV to analyze these observations.



The lines at 1342 and 1338.61 Å due to transitions   2  p 3     2   D  3 / 2   → 2 s 2  p  2        2   P  3 / 2 , 1 / 2     should be in the ratio of transition rates because they have the same upper level. However, the calculated ratio was not expected to agree with the observed value because of the contamination of H2 lines at 1342.88 and 1338.57 Å.



However, the intensity ratio of the allowed line at 1343.51 Å due to the transition   2  p 3     2   D  5 / 2   → 2 s 2  p 2     2   P  3 / 2     and the intercombination line at 1407.39 Å due to the transition   2 s 2  p 2     4   P  1 / 2   → 2  s 2  2 p    2   P  3 / 2     were found to be density sensitive but not temperature sensitive. The observed ratio in the two flares is 0.89 and 0.90, giving an electron density of 1.6 × 1012 cm−3 at log(Tmax) = 5.2, where Tmax is the temperature of maximum abundance of O IV.



EUV spectral lines of Mg VIII from the solar corona have been observed by Skylab, Solar EUV Rocket Telescope and Spectrographs (SERTS), and also by Solar and Heliospheric Observatory (SOHO). Bhatia and Thomas [9] carried out calculations using configurations   2  s 2  2 p  ,   2 s 2  p 2   ,   2  p 3   ,   2  s 2  3 s  ,   2  s 2  3 p  , and   2  s 2  3 d  . These configurations give rise to 20 fine-structure levels. Collision strengths are calculated at incident energies of 15.0, 22.5, 30.0, and 37.5, 45 Ry. The temperature of maximum abundance is log(Tmax) = 5.9. The calculated intensity ratio I(313.74)/I(317.01) = 1.69 agrees well with the observed value 1.40. These lines originate from the same upper level. Therefore, the ratio depends only on transition rates. The agreement indicates that the calculated radiative rates are reliable. The intensity ratio I(436.73)/I(430.44) is density sensitive and at Ne = 109.2 cm−3, its value is 1.68, which is also the observed value. The inclusion of three more configurations does not change the results.




3. Fe XXI and OIII


The Fe ions are most abundant in the solar atmosphere. Fe XXI has emission lines in the ranges 1–25, 90–200, and 300–2500 Å. Many of these lines have been used for electron density diagnostics. Mason et al. [10] calculated the atomic data using configurations   2  s 2  2  p 2   , and   2  p 4   . The first 5 levels are     3   P 0   ,     3   P 1   ,     3   P 2   ,     1   D 2   , and     1   S 0    The temperature of maximum abundance is Te = 107 K. The calculated intensity ratios of various lines are shown in Table 5.



We can understand the sensitivity of lines at 142.14 and 128.73 Å due to transitions   2 s 2  p 3     3   D 2  → 2  s 2  2  p 2     3   P 1    and   2 s 2  p 3     3   D 1  → 2  s 2  2  p 2     3   P 0   , respectively. The level     3   D 1    is populated from the ground level     3   P 0   , which is more populated than the level     3   P 1   , resulting in the higher intensity for line at 128.73 Å. Fractional level populations are given in Table 6.



O III atomic data have been calculated by Bhatia and Kastner [11]. This ion is particularly important because the He II 303.8 Å resonance line coincides with the energy difference between the   2  s 2  2  p 2     3   P 2    and   2  s 2  2 p 3 d    3   P 2    levels. Therefore, the upper level is excited by He II from the lower level, producing a fluorescent cascade of visible and ultraviolet lines due to the decay of the photoexcited level. This cascade is through the levels of   2 p 3 p   and   2 p 3 s   configurations. This is known as the Bowen fluorescence mechanism (Bhatia, Kastner, and Behring [12]). The statistical equations are solved in the presence of the He II radiation field to obtain level populations and then intensities using Equation (8). A convincing proof of the Bowen mechanism comes from the fact that the 303.63 Å line in the spectra of the Sun obtained by Behring et al. [13] and the multiplet at 644 Å in the Skylab spectra obtained by Vernazza and Reeves [14] would not have been seen. Furthermore, the calculated intensity of the multiplet at 644 Å in the presence of photoexcitation agrees with the observed intensity. The primary cascade lines originating from   2 p 3 d    2   P 2    to the levels of 2p3p are 3444.10, 3132.84, 2837.17, and 2819.57 Å, and the secondary cascade lines between the levels of 2p3p and 2p3s are 3759.87, 3340.75, 3312.30, 3299.36, 3047.13, and 3023.45 Å (Kastner et al. [15]).



The ratio I(3444)/I(5007) in planetary nebulae can be used to infer the photoexcitation rates P of the He II resonance line, 3444 Å line is due to the transition   2  s 2  2 p 3 d    3   P 2  → 2  s 2  2 p 3 p    3   P 2   , being a Bowen line, and 5007 Å line is a forbidden non-Bowen line   2  s 2  2  p 2   ( 1   D 2   → 3   P 2  )  . Having established P, the electron density can be determined from density sensitive infrared line ratio I(88.3 µm)/I(51.8 µm). The line at 88.3 µm is due to   2  s 2  2  p 2   ( 3   P 1   → 3   P 0  )  , and the 51.8 µm line is due to   2  s 2  2  p 2   ( 3   P 2   → 3   P 1  )  . As     3   P 2    is the upper level of the 51.8 µm line and the lower level of the pumped transition, the ratio is sensitive to P as well as to Ne, which can both be determined by comparing intensity ratios with observations (Bhatia and Kastner [16]).



There are other examples of the Bowen mechanism. The O III 374.436 Å line due to the transition   2  s 2  2 p 3 s    3   P 1  → 2  s 2  2  p  2       3   P 2    can photoexcite the level in N III, giving 374.441 Å and 374.434 Å lines, but a comparison with solar and nebular observations indicates that this process plays a small role, unlike in O III. The quenching of the infrared 57.3 µm line, emitted in the ground configuration transition   2  s 2  2 p  ( 2   P  3 / 2    → 2   P  1 / 2   )  , is due to photoexcitation from the   2  s 2  2 p    2   P  3 / 2     level to   2  s 2  3 d    2   D  3 / 2 , 5 / 2     levels. This shows the presence of the Bowen mechanism (Kastner and Bhatia [17]). There are number of ions for which the Bowen mechanism is possible (Kastner and Bhatia [18]).




4. X-ray Lines from Fe XXI and Fe XXII


The Fe XXI emission lines in the 9.5–9.8 Å range were observed during an intense flare on 2 July 1985 with the Flat Crystal Spectrometer on the Solar Maximum Mission satellite (SMM) (Fawcett et al. [19]). To determine electron densities, Phillips et al. [20] carried out calculations using configurations   2  s 2  2  p 2   ,   2 s 2  p 3   ,   2  p 4   ,   2  s 2  2 p 4 s  ,   2  s 2  2 p 4 d  ,   2  s 2  2 p 5 s  ,   2  s 2  2 p 5 d  , giving rise to 42 fine-structure levels. Transitions for these X-ray lines with their wavelengths, radiative rates, and collision strengths at three incident energies of 110, 220, and 330 Ry are given in Table 7.



Oscillator strengths are not given in the above table. However, they can be obtained from the relation between oscillator strengths and transition rates given below:


   A  j i   =   6.670 ×   10   15    ω i   f  i j      λ 2   ω j     



(14)







The calculated intensity ratios are compared with observations in Table 8.



The relative observed intensities of lines C and E agree well with the theoretical intensities at Ne more than 1012 cm−3. The fact that the electron densities in a flare can be so high is also borne out by Fe XXII lines at 8976 Å (P) and 9073 Å (Q and R) observed by SMM FCS (Fawcett et al. [19] and Phillips et al. [20])). The line P is due to the transition   2  s 2  4 d    2   D  3 / 2   → 2  s 2  2 p    2   P  1 / 2    , the line Q due to the transition   2  s 2  4 d    2   D  5 / 2   → 2  s 2  2 p    2   P  3 / 2    , and the line R due to the transition   2  s 2  4 d    2   D     3 / 2     → 2  s 2  2 p    2   P  3 / 2    . These lines are not blended with other lines. The observed intensity ratio [I(Q) + I(R)]/I(P) = 0.54  ±  0.03. Mason and Storey [21] calculated atomic data and concluded that Ne = 1013 cm−3.



Atomic data and spectral line intensities for the carbon isoelectronic sequence (Ar XIII through Kr XXXI) using   2  s 2  2  p 2  ,   2 s 2  p 3  ,   2  p    4    ,   2  s 2  2 p 3 s ,   2  s 2  2 p 3 p ,   a n d   2  s 2  2 p 3 d   configurations are given by Bhatia et al. [22].




5. Mg VI


Eight lines of Mg VI in the EUV range have been identified in the Solar Extreme Ultraviolet Rocket Telescope and Spectrograph (SERTS-89) data (Thomas and Neupert [23]). Bhatia and Mason [6] extended their earlier calculations and calculated atomic data using configurations   2  s 2  2  p 3  ,   2 s 2  p 4  ,   2  p 5   , and   2  s 2  2  p 2  3 s  . Collision strengths were calculated at incident energies 7, 10, 35, 50, and 55 Ry for incident partial waves up to 19. Proton rates were also included. Intensities were calculated for log Ne (cm−3) = 8, 10, 12 and log (Te) = 5.45, 5.60, and 5.73 K.



The model predicts lines at 387.77, 387.93, and 388.00 Å, which is the most intense of these three, the line observed at 387.955 Å is identified with the predicted 388.00 Å due to the transition   2 s 2  p 4     2   D  1 / 2   → 2  s 2  2  p 3     2   P  3 / 2    . The line observed at 349.162 is identified as a blend of the four predicted lines at 349.11, 349.12, 349.16, and 349.18 Å. Similarly, the observed line at 270.401 Å is identified with a blend of 270.39 and 270.40 Å. The observed intensity ratio I(399.275)/I(403.296) agrees with the predicted intensity ratio. The observed X-ray lines (Behring et al. [13]) are 111.557 and 111.724 Å; the fact that 111.557 Å is the strongest of the two is in agreement with the inference of the calculation.




6. Ne IV


Atomic data for Ne IV have been calculated by Bhatia and Kastner [24] using configurations   2  s 2  2  p 3  ,   2 s 2  p 4  ,   2  p 5  ,   2  s 2  2  p 2  3 s ,   2  s 2  2  p 2  3 p  , and   2  s 2  2  p 2  3 d  , giving rise to 72 fine-structure levels. Multiplets at 358.7, 421.6, and 469.8 Å at Te = 105.5 K are found to be density sensitive, as shown in Figure 2. The dashed curve represents multiplet 421.6 Å at Te = 106.6 K. The Bowen mechanism is possible in this ion because of excitation by a coincident wavelength of Fe XI.




7. Fe XVII and Resonance Scattering


Neon-like Fe is present in solar flares and solar active regions in a broad temperature range (2 − 10) × 106 K. Strong resonance lines in the range 15–17 Å have been observed by McKenzie et al. [25] and Phillips et al. [26]. The transitions of interest are   2  s 2  2  p 5  3 d    1   P 1  → 2  s 2  2  p 6     1   S 0    at 15.02 Å and   2  s 2  2  p 5  3 d    2   D 1  → 2  s 2  2  p 6     1   S 0    at 15.26 Å along with subordinate lines in the extreme-ultraviolet (EUV) region. There have been a number of theoretical studies of the expected spectrum assuming optically thin conditions. Bhatia and Doschek [27] carried out calculations using seven configurations   2  s 2  2  p 6  ,   2  s 2  2  p 5  3 s ,   2  s 2  2  p 5  3 p ,   2  s 2  2  p 5  3 d ,   2 s 2  p 6  3 s ,   2 s 2  p 6  3 p  , and   2 s 2  p 6  3 d  , giving rise to 37 fine-structure levels. Collision strengths were calculated at five incident energies: 76.83, 92.53, 120.93, 179.73, and 253.23 Ry. Level populations and intensity ratios were calculated as a function of electron density and temperature. The excited states in Fe XVII are much higher than the ground state. The EUV lines have been observed in solar flares recorded by a slitless spectrograph flown on the Skylab manned space station in 1973 (Feldman et al. [28] and Doschek, Feldman, and Bhatia [29]). The calculated relative intensities of lines at Ne = 1011 cm−3 and Te = 4 × 106 K agreed well with the observed relative intensities [29].



For optically thin plasma, the calculated ratio I(15.02)/I(15.26) = 4.8 whereas the observed ratio is 2.75  ±  0.7 [25,26], and the experimental result of Brown et al. [30] using Electron Ion Beam Trap (EBIT) is 3.04  ±  0.12. Where the calculated intensities do not agree with the observed ones, it seems they suffer resonance scattering, as suggested by Rugge and McKenzie [31]. Resonance scattering implies that the emitted photons are absorbed and reemitted but not necessarily in the line of sight of the observer. There are many other measurements: laboratory measurements of Beierdorfer et al. [32] agree with the satellite measurements of the Sun and they disagree with the assertions that other processes play a role in the formation of Fe XVII spectra. Line intensity ratios given by Laming et al. [33] in their Table 1 are higher than those obtained in DW as well as those obtained in the R-matrix calculations. It should be pointed out that the two calculations give the same results for intensity rations. Bernitt et al. [34] indicate that the poor agreement between the calculations and observations is due to the underlying atomic wave functions rather than insufficient modelling. Therefore, there is a resonance scattering in solar active regions and flares, resulting in an apparent loss of flux, although the total flux integrated over 4π remains unchanged. Optical depth effects have been taken into account, using various approximate treatments, e.g., Rugge et al. [31], Phillips et al. [35], and Saba et al. [36], to interpret observations of the disk center to limb intensity variation. Saba et al. [36] used the escape probability method of Kastner and Kastner [37] and concluded that the intensity of the line 15.02 Å is a factor of 2 to 3 lower than the predicted optically thin value, even though the results are consistent at 15.26, 16.78, and 17.05 Å, but not at 15.02 and 17.05 Å. It is very unlikely that other processes will remove the discrepancy between observations and calculations.



In the recent publication by Kühn et al. [38], theoretical calculation of the ratio R =    f  3 C   /  f  3 D     of the oscillator strengths of the resonance line 3C at 15.02 Å and the intercombination line 3D at 12.26 Å are given. The theoretically determined R = 3.55  ±  0.02 by a calculation using 1.2 million configurations and over 100 million slater determinants, whereas the experimentally determined R = 3.51  ±  0.02 used EBIT. This is an excellent agreement between theory and experiment. However, these authors have not determined the intensity ratio of these lines, theoretically or experimentally.



Optical depth    τ 0   , level population N1, column length L are given [36] in terms of the oscillator strength by


     τ 0     N 1  L   = 4.35 ×   10   − 17   f λ  



(15)







Table 9 from Bhatia and Kastner [39] gives λ, f, A, and    τ 0  /  N 1  L   for transitions originating from 3s, 3p, and 3d levels at Te = 4 × 106 K.



These studies indicate that the strongest line at 15.02 Å can have significant optical depth. It is found that the upper level   2  p 5  3 d    1   P 1    of the most optically thick resonance line is at 15.02 Å at Te = 4 × 106 K and for Ne = 109, 1010, and 1011 cm−3, as shown Figure 3 taken from Bhatia and Kastner [39].



The level population increases by a factor of 1000 at a column length of 1021 cm−2 compared to the optically thin value. All the EUV lines originating from 3d levels are also affected by the opacity [40]. Eleven lines at 193.7, 226.1, 240.4, 295.98, 324.5, 340.1, 351.6, 358.24, 373.41, and 387.23 Å increase in intensity with respect to the 254.9 Å line with an increase in column length, reaching saturation value at a column length of 1021 cm−2. The magnetic dipole transition   2  p 5  3 s  ( 3   P 0   − 1   P 1  )   at 1153.2 Å is also enhanced by opacity.



Even though I(15.02)/I(17.10) and I(15.02)/I17.05) are sensitive to electron temperature they cannot be used for temperature diagnostic because of resonance scattering of the 15.02 Å line. Instead, Fe XVII X-ray lines in conjunction with Fe XVIII lines have been used for temperature diagnostics (Phillips et al. [40]). Atomic data and spectral line intensities for the neon like isoelectronic sequence (Si V through Kr XXVII) have been calculated by Bhatia et al. [41] using   2  s 2  2  p 6  ,   2  s 2  2  p 5  3 s ,   2  s 2  2  p 5  3 p  , and   2  s 2  2  p 5  3 d   configurations.



It is interesting to note that there are no other lines of comparable intensity as that of the line due to the transition   3 d → 2 p   in Fe XVII. Therefore, this line at 15 Å is one of the “benchmark” lines in X-ray astronomy.




8. Fe XV


Fe XV has X-ray lines in the range from 53.07 to 73.94 Å from an M-class solar flare. They have been observed by Acton et al. [42] with a high-resolution rocket-borne grazing incidence spectrograph telescope (XSST). Bhatia et al. [43] and Bhatia and Mason [44] carried calculations for 78 fine-structure levels using 13 configurations   3  s 2  ,   3 s 3 p ,   3  p 2  ,   3 s 3 d ,   3 p 3 d ,   3 s 4 s ,   3 s 4 p ,   3 s 4 d ,   3 s 4 f ,   3 p 4 s ,   3 s 4 p ,   3 s 4 d ,   a n d   3 p 4 f  .



Energy levels, transition rates, and collision strengths at incident electron energies of 25, 50, and 75 Ry were calculated. Statistical equations were solved for level populations to calculate intensity ratios at Ne (cm−3) = 108, 109, 109, 1010, 1011, and 1012 and log (Te) = 6.7. Some results for four transitions are given in Table 10.



Collision strengths for the monopole transition   3  s 2     1   S 0  − 3 s 4 s    1   S 0    are very large, resulting in appreciable level population of   3 s 4 s  . This results in appreciable intensity of the dipole-allowed line   3 s 4 s    1   S 0  − 3 s 3 p    1   P 1    at 69.74 Å, consistent with the observed intensity of the unidentified line at 69.444 Å.



The emission lines in Fe XV have been observed by SERTS in an active region on the Sun. The 13-configuration calculation of [43] did not include   3  d 2   , which resulted in a poor representation of   3  p 2     1   S 0    level. Therefore, Bhatia and Mason [44] calculated atomic data using configurations   3  s 2  ,   3 s 3 p ,   3  p 2  ,   3 s 3 d ,   3 p 3 d ,   a n d   3  d 2   . Recently, Eissner et al. [45] has carried out an R-matrix calculation using exactly the same set of configurations. The two calculations agree so far as the energy levels and transition rates are concerned. A comparison between collision strengths at 50 Ry obtained in DW approximation and R-matrix approach, for a few transitions, is shown in Table 11, showing that DW results are reliable.



The contribution of resonances becomes less important at high temperatures. The level populations obtained using DW and R-matrix rates agree well. Using the DW atomic data, we calculated the intensity ratios of various extreme-ultraviolet (EUV) lines in Fe XV at log (Ne) = 11, 12, and 13 cm−3 and compare them in Table 12 with those observed in active regions of the Sun by SERTS (Thomas and Neupert [23]).



The lines at 292.251 and 321.782 Å indicate a density of Ne = 1011 cm−3. It is found that lines at 284.16 and 417.26 Å are optically thick (Kastner and Bhatia [46]).




9. Fe X


There are three famous lines: the ‘green line’ at 5303 Å in Fe XIV, the ‘yellow line’ at 5694 Å in Ca XV, and the ‘red line’ at 6374 Å in Fe X in the Sun. The latter is a visible forbidden line in the ground configuration   3  s 2  3  p 5    due to the transition     2   P  1 / 2    − 2   P  3 / 2    . Strong EUV lines in Fe X have been observed in the solar spectrum of the full Sun obtained by Milinovsky and Herous [47] during a sounding rocket flight. Thomas and Neupert [23] identified lines at 257.26 and 345.72 Å as Fe X lines in the SERTS-89 flight. Other observations are of lines at 174.526, 175.265, 177.240, 184.534, 190.046, 220.862, and 257.246 Å from the SERTS-95 (Brosius et al. [48], and with improved calibration of lines at 174.5338 and 177.2477 (Brosius [49])). Bhatia and Doschek [50] calculated atomic data using configurations   3  s 2  3  p 5   ,   3 s 3  p 6   ,   3  s 2  3  p 4  3 d  , and   3 s 3  p 5  3 d  , giving rise to 54 fine-structure levels. Collision strengths were calculated at five incident energies: 9, 18, 27, 36, and 45 Ry, and up to the total angular momentum = 21. The level populations at log Ne = 8, 9, 10, 11, and 12 and log Te = 6 K are calculated and then the intensity ratios of various lines are calculated, as indicated in Table 13.



Table 13 gives level populations of the lowest five levels. The line at 257.26 Å is a blend of two lines from the transitions   3  p 4  3 d  ( 4   D  7 / 2 , 5 / 2    → 2   P  3 / 2   )   and  Δ  J = 2 transition is a magnetic quadrupole transition. Therefore, the     4   D  7 / 2     level can get much more populated than the     4   D  5 / 2     level, as indicated in Table 13. This is a good example of a metastable level.




10. Fe VIII


A number of Fe VIII spectral lines in the range from 130 to 190 Å have been observed under quiet solar conditions by a grazing-incidence spectrograph with a spectral resolution of 0.06 Å flown in Aerobee-200 rockets (Behring [13,51]). The lines at 185.221 and 187.247 Å have been observed from the SERTS-95 flight (Brosius et al. [48]). The line at 185.221 Å is blended with a Ni XVI line. Bhatia and Eissner [52] calculated atomic data using configurations   3  p 6  3 d ,   3  p 5  3  d 2  ,   3  p 6  4 s ,   3  p 6  4 p  , and   3  p 5  3 d 4 s  , giving rise to 73 fine-structure levels. Collision strengths are calculated at 10, 20, 30, 50, and 70 Ry and for total angular momentum LT up to 33. Level populations and intensity ratios of various lines have been calculated at logNe (cm−3) = 8 to 14 and logTe = 5.57.



It is found that the forbidden infrared line 5.447 µm line is a density sensitive line and is due to the transition   2  p 5  3 d  ( 2   D  5 / 2    − 2   D  3 / 2   )  . This line should be useful to determine properties of coronal magnetic fields by measuring the Zeeman effect or Faraday rotation. The observed lines at 168.170 and 168.546 Å are due to transitions   3  p 5  3  d 2     2   D  5 / 2   − 3  p 6  3 d    2   D  5 / 2    ,   3  p 5  3  d 2     2   P  3 / 2   − 3  p 6  3 d    2   D  5 / 2     and their observed intensity ratio is 12/7 = 1.7, which agrees with the calculated ratio 0.0991/0.0527 = 1.9 at Ne = 108 cm−3. The observed line at 168.929 Å, due to the transition   3  p 5  3  d 2     2   P  1 / 2   − 3  p 6  3 d    2   D  3 / 2    , has intensity comparable to that of the line at 168.546 Å but appears to be blended with a second-order line at 84.491 Å. The lines at 159.705, 168.929, 186.599, and 256.981 Å with respect to the line 168.175 Å are sensitive to electron density in the range logNe (cm−3) = 8 to 10. The intensity ratio of line 195.972 and 194.661 Å is sensitive to electron density in the same range.




11. Fe XX


Atomic data for Fe XX have been calculated by Mason and Bhatia [53] using   2  s 2  2  p 3   ,   2 s 2  p 4   ,   2  s 2  2  p 2  3 s  , and   2  s 2  2  p 2  3 d   configurations and calculated collision strengths at 80 Ry. These configurations give rise to lines in the X-ray region, which have recently been identified in solar spectra by McKenzie et al. [25] and Phillips et al. [26]. The electron density in solar flares is 1011 to 1012 cm−3, and the electron temperature is 107 K. The strongest transition has a predicted wavelength of 12.82 Å. In Table 14, we give intensity ratios of a few transitions. We indicate that the indices 1, 4, 23, 24, 25, 33, 34, 35 refer to states from   2  s 2  2  p 3     4   S  3 / 2    ,   2  s 2  2  p 3     2   P  1 / 2    ,   2  s 2  2  p 2  3 d    2   P  3 / 2    ,   2  s 2  2  p 2  3 d    4   F  7 / 2    , and   2  s 2  2  p 2  3 d    2   P  1 / 2    , respectively. We find that the observed and theoretical intensity ratios for 12.846 Å relative to 12.827 Å agree well, but, as indicated by Phillips et al. [26], the line at 12.812 Å is probably blended with a Ni XIX or a Ni XX line.




12. Fe XXIII


Bhatia and Mason [54] calculated atomic data for Fe XXIII using configurations 2s2, 2s2p, 2p2, 2s3s, 2s3p, and 2s3d, giving rise to 20 fine structure levels. The level and energy values are given in Table 15. The observed UV wavelengths are taken from Lawson and Peacock [55].



In Table 16, we give intensity ratios of strong UV and X-ray lines and compare them with observations. The intensity ratios are with respect to the transition   2  s 2     1   S 0  − 2 s 3 p    1   P 1    ( 1 − 16 )   at Ne = 109 cm−3 and electron temperatures of 1.0, 1.3, and 2.0 × 107 K.



The strongest line is 132.83 Å in the solar flare spectra obtained by the Goddard Space Flight Center’s grating spectrometer on OSO [56]. There is possibly a weak Fe XXIII blend at 132.85 Å (Bhatia and Mason [57]). The line at 263.76 Å has been studied from spectra obtained with the Naval Research Laboratory’s spectrograph (171 − 630 Å) aboard Skylab (Widing [58]). A line at 11.7 Å, which is given as 117.737 Å in Table 16, has been identified in solar spectra as Fe XXIII [59].




13. Ni XV


Atomic data for Ni XV have been calculated by Landi and Bhatia [60] using   3  s 2  3  p 2   ,   3 s 3  p 3   ,   3  s 2  3 p 3 d  ,   3  p 4   ,   3 s 3  p 2  3 d  ,   3  s 2  3 p 4 s  ,   3  s 2  3 p 4 p  ,   3  s 2  3 p 4 d  , and   3  s 2  3 p 4 f   configurations, giving rise to 126 fine-structure levels. The highest level is     1   D 2    of the configuration   3  s 2  3 p 4 f   at an energy of 219,6753 cm−1. Collision strengths are calculated at 7.8, 18.5, 33.5, 53.5, and 80.2 Ry. Electron temperature is logTe (K) = 6.4, corresponding to the maximum abundance of Ni XV. Level populations are calculated for electron densities in the range 108–1014 cm−3. Level populations for the first five levels at various densities are given in Table 17. The first five levels refer to     3   P 0   ,     3   P 1   ,     3   P 2   ,     1   D 2   , and     1   S 0    states of   3  s 2  3  p 2    configuration.




14. Mo VI to MO XIV


The Superstructure [3] and Distorted-wave [4] codes have been useful for diagnostics of the solar and astrophysical plasma but also proved useful to identify lines of molybdenum spectrum emitted in the Alcator tokamak in the range 300 to 550 Å [61].




15. Determination of Electron Temperature


Up to now, we have assumed that the electron temperature Te is known from the ionization balance. However, it is possible to infer electron temperatures from temperature sensitive allowed lines when they are observed from the same ion and the lines do not differ much in wavelengths. For example, such lines are present in Mg II. Indicating 3s, 3p, and 3d levels by 1, 2, and 3, the intensity ratios of two emission lines from   3 d → 3 p   and   3 p → 3 s   in the absence of chromospheric radiation can be written as


     I  32      I  21     =   Δ  E  23    C  23     Δ  E  12    C  12     ∝ exp (   Δ  E  12   − Δ  E  23     k  T e    )  



(16)







This ratio is sensitive to Te. Feldman and Doschek [62] analyzed the Mg II spectra recorded by the NRL normal-incident slit spectrograph on SKYLAB. These lines are emitted around 2800 Å within a few Å of each other. A comparison with observations indicates    T e  ≤ 1.8 ×   10  4    K in the quiet Sun and active regions. This is in agreement with the predicted temperature of formation of Mg II based on ionization equilibrium calculation of Jordan [63].



Up to now, we have described atomic data calculations of a few ions carried out using the Superstructure and Distorted-wave codes. There are many more ions for which data have been calculated, and it is not possible to discuss all that has been done. These data proved to be of great importance tosolar- and astro-physicists. The atomic data calculated at Goddard were compiled into a database for diagnostic purposes. In 1985, the well-known astrophysicist Margaret Burbidge (1919–2020) visited the theoretical division and came to know about the database. She came to my room and asked me to show to her how the database can be used for a particular case. Her visit to my room was written in Goddard weekly! All the atomic data that have been calculated at Goddard are available in the CHIANTI database at the United States Naval Research Laboratory.




16. Conclusions


Among the large number of calculations carried out using the Superstructure and Distorted-wave codes, we have noted a few of these calculations. We have assumed a constant element abundance and steady state coronal equilibrium condition in the calculations of intensities of various emission lines. In general, the ionization and recombination processes are very slow compared to excitation processes. Therefore, a steady state condition can be assumed. Some of the high-lying levels can be populated by charge exchange and some levels can be populated by the dielectronic recombination of electrons with ions. We have not considered these processes. Fine-structure levels can be excited by proton impact as indicated by Kastner and Bhatia [64]. Excitation cross sections by proton impact have been included in many cases. Calculations carried out using codes [3,4] have been very helpful in identifying lines in observed solar spectra. The Distorted-wave calculations are reliable as shown in the case of Fe XV by the agreement of collision strengths calculated in the Distorted-wave and R-matrix formalism. The Superstructure and Distorted-wave calculations have proved to be reliable in analyzing the solar and astrophysical observations. All the calculated data are available in the CHIANTI database at NRL. There have been very, very few measurements of excitation cross sections like the one for S III [65] and, considering the need for the enormous atomic data required to analyze solar and astrophysical data, the recourse has been to calculate the required data.



There are no atomic data available using CCC and ICTF methods. Comparisons have been made in some cases, as indicated in Table 11, where the same atomic data were calculated using the R-matrix approach. It is possible to compare with a method like lose-coupling approach when a few results are involved, as has been done in the case of excitation of the 2S state of the atomic hydrogen [66].



The strength of these codes is that it is possible to calculate a large amount of atomic data without using enormous amount of computer time, which is very expensive. It would not be possible to work on many ions if too much funding was required. The drawback is that it is not possible to modify these codes. It is impossible to include resonance contribution in any particular case. These codes are very complicated and it took a few people to work out the theoretical and computational details. Over the year, whenever there were problems with the codes, help from Werner Eissner was sought.



Werner Eissner died on 6 April 2022. We will miss his sage advice. This paper is dedicated to him. Without his constant help, not much could have been achieved.
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Figure 1. Solar flare spectrum obtained by crystal spectrometer on OSO-5. 
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Figure 2. Density sensitive multiplets of N IV. 
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Figure 3. Variation of the population of upper level   3  p 5  3 d    1   P 1    of the 15.02 Å resonance line, with increasing column density of Fe XVII. 
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Table 1. Energies (cm−1) for various ions.
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	Index
	Conf.
	State
	Mg VI
	Si VIII
	S X
	AXII
	Ca XIV





	1
	   2  s 2  2  p 3    
	     4   S  1.5     
	0
	0
	0
	0
	0



	2
	
	     2   D  1.5     
	58,192
	72,029
	85,285
	97,597
	108,642



	3
	
	     2   D  2.5     
	58,196
	72,351
	86,613
	101,272
	116,780



	4
	
	     2   P  0.5     
	82,514
	103,847
	125,416
	147,556
	170,748



	5
	
	     2   P  1.5     
	82,592
	104,374
	127,280
	152,547
	181,829



	6
	   2 s 2  p 4    
	     4   P  2.5     
	246,690
	311,146
	376,762
	444,085
	513,787



	7
	
	     4   P  1.5     
	248,257
	314,588
	383,415
	455,831
	533,168



	8
	
	     4   P  0.5     
	249,167
	316,533
	387,030
	461,887
	542,478



	9
	
	     2   D 1.5    
	351,770
	440,103
	530,170
	622,911
	719,373



	10
	
	     2   D  2.5     
	351,800
	440,220
	530,537
	623,886
	721,656



	11
	
	     2   S  0.5     
	409,970
	512,310
	616,130
	722,250
	811,587



	12
	
	     2   P  1.5     
	443,017
	548,033
	654,192
	762,566
	874,454



	13
	
	     2   P  0.5     
	444,934
	552,325
	662,704
	778,054
	960,767
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Table 2. Radiative rates (s−1) and collision strengths at various incident energies (Ry) for Ca XIV.






Table 2. Radiative rates (s−1) and collision strengths at various incident energies (Ry) for Ca XIV.





	
Transition

	
     A  j i      

	
Collision Strengths




	
15

	
30

	
45






	
1-2

	
5.28 (2)

	
0.0643

	
0.0457

	
0.0340




	
1-3

	
1.47 (1)

	
0.0785

	
0.0568

	
0.0430




	
1-4

	
1.57 (3)

	
0.0224

	
0.0148

	
0.0103




	
1-5

	
2.91 (3)

	
0.0372

	
0.0250

	
0.0176




	
1-6

	
8.65 (9)

	
0.9188

	
1.0289

	
1.1140




	
1-7

	
9.72 (9)

	
0.6020

	
0.6753

	
0.7327




	
1-8

	
1.04 (10)

	
0.3130

	
0.3470

	
0.3743




	
1-9

	
3.67 (7)

	
0.0015

	
0.0011

	
0.0009




	
1-10

	
1.72 (6)

	
0.0003

	
0.0002

	
0.0001




	
1-11

	
1.78 (8)

	
0.0026

	
0.0021

	
0.0017




	
1-12

	
4.93 (8)

	
0.0217

	
0.0185

	
0.0162




	
1-13

	
7.95 (6)

	
0.0082

	
0.0060

	
0.0046




	

	

	

	

	




	
2-3

	
5.07

	
0.0943

	
0.0708

	
0.0561




	
2-4

	
5.33 (2)

	
0.0456

	
0.0427

	
0.0414




	
2-5

	
1.35 (3)

	
0.0476

	
0.0396

	
0.0349




	
2-6

	
2.87 (7)

	
0.0143

	
0.0113

	
0.0092




	
2-7

	
6.71 (5)

	
0.0131

	
0.0096

	
0.0073




	
2-8

	
1.27 (7)

	
0.0075

	
0.0055

	
0.0042




	
2-9

	
2.25 (10)

	
0.8940

	
0.9966

	
1.0780




	
2-10

	
1.20 (8)

	
0.0223

	
0.0175

	
0.0141




	
2-11

	
1.51 (10)

	
0.1731

	
0.1915

	
0.2065




	
2-12

	
1.31 (10)

	
0.2359

	
0.2682

	
0.2913




	
2-13

	
3.88 (10)

	
0.3209

	
0.3576

	
0.3871




	

	

	

	

	




	
3-4

	
2.87 (−1)

	
0.0434

	
0.0383

	
0.0355




	
3-5

	
5.73 (2)

	
0.1084

	
0.1004

	
0.0962




	
3-6

	
3.30 (7)

	
0.0285

	
0.0225

	
0.0181




	
3-7

	
2.91 (6)

	
0.0099

	
0.0074

	
0.0057




	
3-8

	

	
0.0014

	
0.0010

	
0.0008




	
3-9

	
8.73 (8)

	
0.0551

	
0.0543

	
0.0545




	
3-10

	
1.99 (10)

	
1.1946

	
1.3416

	
1.4380




	
3-11

	

	
0.0005

	
0.0003

	
0.0002




	
3-12

	
6.58 (10)

	
1.2597

	
1.4010

	
1.5163




	
3-13

	

	
0.0026

	
0.0019

	
0.0014




	

	

	

	

	




	
4-5

	
1.07 (1)

	
0.0480

	
0.0357

	
0.0280




	
4-6

	

	
0.0029

	
0.0022

	
0.0017




	
4-7

	
2.16 (5)

	
0.0082

	
0.0060

	
0.0045




	
4-8

	
1.59 (7)

	
0.0081

	
0.0061

	
0.0047




	
4-9

	
2.42 (9)

	
0.1461

	
0.1604

	
0.1717




	
4-10

	

	
0.0084

	
0.0064

	
0.0049




	
4-11

	
2.15 (10)

	
0.3459

	
0.3812

	
0.4088




	
4-12

	
4.45 (9)

	
0.1142

	
0.1302

	
0.1357




	
4-13

	
6.75 (9)

	
0.0741

	
0.0829

	
0.0898




	

	

	

	

	




	
5-6

	
9.92 (6)

	
0.0121

	
0.0095

	
0.0076




	
5-7

	
3.03 (7)

	
0.0177

	
0.0136

	
0.0108




	
5-8

	
3.47 (2)

	
0.0080

	
0.0059

	
0.0045




	
5-9

	
2.01 (8)

	
0.0197

	
0.0157

	
0.0129




	
5-10

	
4.13 (9)

	
0.3773

	
0.4204

	
0.4539




	
5-11

	
1.19 (10)

	
0.2091

	
0.2265

	
0.2412




	
5-12

	
9.28 (9)

	
0.2409

	
0.2692

	
0.2913




	
5-13

	
4.51 (10)

	
0.5212

	
0.5802

	
0.6272
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Table 3. Ni/N for various electron densities Ne (cm−3) for Ca XIV.






Table 3. Ni/N for various electron densities Ne (cm−3) for Ca XIV.





	Level
	108
	109
	1010
	1011
	1012





	1
	1.0
	1.0
	0.96
	0.86
	0.68



	2
	0.24 (−4)
	0.24 (−3)
	0.24 (−2)
	0.21 (−1)
	0.10



	3
	0.53 (−3)
	0.51 (−2)
	0.39 (−1)
	0.12
	0.19



	4
	0.12 (−5)
	0.13 (−4)
	0.14 (−3)
	0.16 (−2)
	0.17 (−1)



	5
	0.96 (−6)
	0.99 (−5)
	0.12 (−3)
	0.17 (−2)
	0.20 (−1)
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Table 4. Intensity ratios relative to transition 1-6 for Ne (cm−3) for Ca XIV.






Table 4. Intensity ratios relative to transition 1-6 for Ne (cm−3) for Ca XIV.





	
Transition

	
λ(Å)

	
Electron Density (cm−3)




	
108

	
109

	
1010

	
1011

	
1011






	
1-6

	
193.88

	
1.0

	
1.0

	
1.0

	
1.0

	
1.0




	
1-7

	
186.02

	
0.68

	
0.68

	
0.68

	
0.68

	
0.68




	
1-8

	
183.46

	
0.36

	
0.36

	
0.36

	
0.36

	
0.36




	
2-9

	
165.36

	
0.00

	
0.00

	
0.00

	
0.03

	
0.16




	
3-10

	
167.00

	
0.00

	
0.00

	
0.03

	
0.11

	
0.24




	
3-12

	
134.30

	
0.02

	
0.02

	
0.05

	
0.14

	
0.30
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Table 5. Intensity ratios as a function of electron density.






Table 5. Intensity ratios as a function of electron density.





	
λ (Å)

	
log(Ne (cm−3))




	
11.0

	
11.5

	
12.0

	
12.5

	
13.0

	
14.0

	
15.0






	
142.14

	
0.013

	
0.023

	
0.055

	
0.147

	
0.379

	
1.246

	
1.465




	
128.73

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000




	
121.22

	
0.015

	
0.044

	
0.118

	
0.271

	
0.538

	
1.422

	
1.836




	
102.23

	
0.228

	
0.254

	
0.321

	
0.469

	
0.753

	
1.720

	
2.144




	
97.89

	
0.099

	
0.110

	
0.139

	
0.204

	
0.327

	
0.747

	
0.930
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Table 6. Populations of levels in the ground configuration as a function electron density.






Table 6. Populations of levels in the ground configuration as a function electron density.





	Level
	11.0
	11.5
	12.0
	12.5
	13.0
	14.0
	15.0





	     3   P 0    
	9.97 (−1)
	9.06 (−1)
	7.75 (−1)
	5.80 (−1)
	3.77 (−1)
	1.45 (−1)
	9.84 (−2)



	     3   P 1    
	7.40 (−3)
	2.17 (−2)
	5.73 (−2)
	1.27 (−1)
	2.25 (−1)
	3.05 (−1)
	2.52 (−1)



	     3   P 2    
	2.56 (−2)
	7.16 (−2)
	1.66 (−1)
	2.86 (−1)
	3.71 (−1)
	3.95 (−1)
	3.68 (−1)



	     1   D 2    
	9.72 (−5)
	3.86 (−4)
	1.73 (−3)
	7.44 (−3)
	2.65 (−2)
	1.42 (−1)
	2.45 (−1)



	     1   S 0    
	5.34 (−6)
	1.84 (−5)
	6.90 (−5)
	2.73 (−4)
	1.10 (−3)
	1.34 (−2)
	3.72 (−2)
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Table 7. Atomic data for Fe XXI X-ray lines.






Table 7. Atomic data for Fe XXI X-ray lines.





	Trans. (i-j)
	λ (Å)
	Aji (s−1)
	  Ω   (110)
	  Ω   (220)
	  Ω   (330)





	1-28
	9.476
	6.37 (12)
	0.0091
	0.0150
	0.0187



	2-26
	9.546
	4.88 (12)
	0.0132
	0.0202
	0.0250



	2-28
	9.541
	9.91 (11)
	0.0028
	0.0027
	0.0031



	2-30
	9.457
	1.95 (12)
	0.0051
	0.0077
	0.0095



	3-37
	9.585
	3.67 (12)
	0.0151
	0.0215
	0.0265



	3-31
	9.489
	5.73 (12)
	0.0201
	0.0318
	0.0397










[image: Table] 





Table 8. Observed and theoretical wavelengths and intensities for Fe XXI.






Table 8. Observed and theoretical wavelengths and intensities for Fe XXI.





	
Observed Intensity Ratios

	
Calculated




	
Lett.

	
λ (Å)

	
Trans.

	
Intensity Ratio

	
λ (Å)

	
Trans.

	
Log (Ne)




	
11

	
12

	
13






	
A

	
9.455

	
-

	
0.080

	
9.457

	
2-30

	
0.003

	
0.014

	
0.087




	
B

	
9.476

	
1.28

	
1.000

	
9.476

	
1-28

	
1.001

	
1.005

	
1.032




	
C

	
9.482

	
2.31

	
0.163

	
9.489

	
3-31

	
0.015

	
0.088

	
0.408




	
D

	
9.542

	
2.28

	
0.138

	
9.541

	
2-28

	
0.155

	
0.155

	
0.159




	
E

	
9.548

	
2.30

	
0.146

	
9.546

	
2-26

	
0.100

	
0.133

	
0.370




	
F

	
9.587

	
3.27

	
0.080

	
9.585

	
3-37

	
0.078

	
0.127

	
0.346
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Table 9. Fe XVII resonance lines and forbidden line at 17.10 Å.






Table 9. Fe XVII resonance lines and forbidden line at 17.10 Å.





	Upper Level
	λ (Å)
	F
	A (s−1)
	     τ  0 /  N 1  L      





	   2  p 5  3 s    3   P 2    
	17.10
	4 (−8)
	1.60 (5)
	0.0



	   2  p 5  3 s    1   P 1    
	17.05
	0.123
	9.44 (5)
	7.50 (−17)



	   2  p 5  3 s    3   P 1    
	16.78
	0.101
	8.00 (11)
	8.08 (−17)



	   2  p 5  3 d    3   P 1    
	15.45
	0.089
	8.27 (10)
	5.96 (−18)



	   2  p 5  3 d    3   D 1    
	15.26
	0.593
	5.69 (12)
	3.94 (−16)



	   2  p 5  3 d    1   P 1    
	15.02
	2.662
	2.64 (13)
	1.74 (−15)



	   3  s 2   p 5  3 p    1   P 1    
	13.82
	0.275
	3.21 (12)
	1.66 (−16)
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Table 10. Collision strengths at 25, 50, and 75 Ry, and intensity ratios for four transitions in Fe XV are given.






Table 10. Collision strengths at 25, 50, and 75 Ry, and intensity ratios for four transitions in Fe XV are given.





	
Transition

	
Collision Strengths

	
Intensity




	
25

	
50

	
75






	
   3  s 2     1   S 0  − 3 s 4 s    3   S 0    

	
2.169 (−3)

	
8.830 (−4)

	
4.730 (−4)

	




	
   3  s 2     1   S 0  − 3 s 4 s    1   S 0    

	
9.506 (−2)

	
1.054 (−1)

	
1.088 (−1)

	




	
   3 s 4 s    1   S 0  − 3 s 3 p    1   P 1    

	
1.730 (−2)

	
3.646 (−2)

	
5.179 (−2)

	
3.88




	
   3  s 2     1   S 0  − 3 s 4 p    1   P 1    

	
1.052 (−2)

	
2.786 (−2)

	
4.457 (−2)

	
1.00











[image: Table] 





Table 11. Comparison of collision strengths in Fe XV obtained from DW and R-matrix calculations.






Table 11. Comparison of collision strengths in Fe XV obtained from DW and R-matrix calculations.





	Transition
	DW
	R-Matrix





	   3  s 2     1   S 0  − 3 s 3 p    1   P 1    
	4.135
	4.176



	   3 s 3 p    3   P 0  − 3 s 3 d    3   D 1    
	1.171
	1.164



	   3 s 3 p    3   P 2  − 3  p 2     3   P 2    
	1.566
	1.551



	   3 s 3 p    3   P 2  − 3 s 3 d    3   D 3    
	5.015
	4.976



	   3 s 3 p    1   P 1  − 3  p 2     1   S 0    
	1.961
	1.910
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Table 12. Comparison of calculated intensities at log (Te) = 6.4 with observations.






Table 12. Comparison of calculated intensities at log (Te) = 6.4 with observations.





	
Transitions

	
λ (Å)

	
Log (Ne)




	
Observed

	
11

	
12

	
13






	
   3 s 3 d    1   D 2  − 3 s 3 p    1   P 1    

	
243.780

	
7.21 (−2)

	
4.79 (−2)

	
4.79 (−2)

	
4.79 (−2)




	
   3 s 3 p    1   P 1  − 3  s 2     1   S 0    

	
284.158

	
1.000

	
1.000

	
1.000

	
1.000




	
   3  p 2     3   P 2  − 3 s 3 p    3   P 1    

	
292.251

	
5.78 (−3)

	
6.85 (−3)

	
6.85 (−3)

	
7.44 (−3)




	
   3  p 2     3   P 1  − 3 s 3 p    3   P 2    

	
321.782

	
4.68 (−3)

	
5.11 (−3)

	
5.11 (−3)

	
5.59 (−3)




	
   3  p 2     1   D 2  − 3 s 3 p    3   P 2    

	
327.030

	
1.16 (−2)

	
9.95 (−3)

	
9.95 (−3)

	
1.01 (−2)




	
   3 s 3 d    3   F 4  − 3 s 3 d    3   D 2    

	
372.758

	
2.14 (−2)

	
1.01 (−3)

	
1.10 (−3)

	
1.11 (−3)




	
   3 s 3 p    1   P 1  − 3  s 2     1   S 0    

	
417.245

	
4.48 (=2)

	
2.59 (−2)

	
2.58 (−2)

	
2.74 (−2)
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Table 13. Level populations of the lowest five levels in Fe X.






Table 13. Level populations of the lowest five levels in Fe X.





	
Configuration

	
Level

	
Electron Density (cm−3)




	
108

	
109

	
1010

	
1011

	
1012






	
   3  s 2  3  p 5    

	
     2   P  3 / 2     

	
0.983

	
0.912

	
0.708

	
0.600

	
0.585




	

	
     2   P  1 / 2     

	
0.113 (−1)

	
0.435 (−1)

	
0.152

	
0.216

	
0.226




	
   3 s 3  p 6    

	
     2   S  1 / 2     

	
0.213 (−10)

	
0.205 (−9)

	
0.187 (−8)

	
0.179 (−7)

	
0.178




	

	
     4   D  5 / 2     

	
0.127 (−7)

	
0.137 (−6)

	
0.146 (−5)

	
0.124 (−4)

	
0.115 (−3)




	

	
     4   D  7 / 2     

	
0.106 (−2)

	
0.843 (−2)

	
0.289 (−1)

	
0.318 (−1)

	
0.295 (−1)
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Table 14. Intensity ratios of the X-ray lines from Fe XX.






Table 14. Intensity ratios of the X-ray lines from Fe XX.





	
Transition

	
λ (Å)

	
Log (Ne (cm−3))




	
11

	
12

	
13

	
14

	
15






	
23-1

	
13.051

	
0.229

	
0.229

	
0.235

	
0.251

	
0.291




	
24-1

	
12.969

	
0.092

	
0.093

	
0.097

	
0.116

	
0.142




	
25-3

	
13.240

	
0.171

	
0.171

	
0.208

	
0.305

	
0.445




	
33-1

	
12.827

	
1.000

	
1.000

	
1.000

	
1.000

	
1.000




	
34-4

	
13.238

	
0.068

	
0.069

	
0.0071

	
0.1089

	
0.112




	
35-1

	
12.812

	
0.440

	
0.440

	
0.438

	
0.442

	
0.450
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Table 15. Levels and energy values (cm−1).






Table 15. Levels and energy values (cm−1).












	Index
	Configuration
	Level
	Energy
	Observed





	1
	2s2
	     1   S 0    
	0.0
	0.0



	2
	2s2p
	     3   P 0    
	348.190
	



	3
	
	     3   P 1    
	380.485
	379.100



	4
	
	     3   P 2    
	471.927
	



	5
	
	     1   P 1    
	758.914
	752.800



	6
	2p2
	     3   P 0    
	956.966
	956.200



	7
	
	     3   P 1    
	1027.837
	1027.400



	8
	
	     3   P 2    
	1,076,089
	1071.900



	9
	
	     1   D 2    
	1,209,888
	1204.600



	10
	
	     1   S 0    
	430,417
	1,422,900



	11
	2s3s
	     3   S 1    
	920,252
	8,891,200



	12
	
	     1   S 0    
	8,991,251
	



	13
	2s3p
	     3   P 0    
	9,089,225
	



	14
	
	     3   P 1    
	9,088,907
	9,076,000



	15
	
	     3   P 2    
	9,121,415
	



	16
	
	     1   P 1    
	9,118,856
	9,107,500



	17
	2s3d
	     3   D 1    
	9,213,076
	9,181,100



	18
	
	     3   D 2    
	9,217,883
	9,181,100



	19
	
	     3   D 3    
	9,225,493
	



	20
	
	     1   D 2    
	9,289,548
	9,272,900
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Table 16. Intensity ratios of UV and X-ray lines.






Table 16. Intensity ratios of UV and X-ray lines.





	
Transition

	
λ (Å)

	
Electron Temperature × 107




	
i-j

	
1.0

	
1.3

	
2.0






	
3-1

	
263.76

	
0.396

	
0.258

	
0.135




	
4-3

	
1104

	
0.028

	
0.018

	
0.008




	
5-1

	
132.83

	
13.337

	
9.460

	
6.019




	
7-2

	
147.24

	
0.013

	
0.008

	
0.003




	
8-3

	
144.38

	
0.008

	
0.005

	
0.003




	
9-4

	
136.83

	
0.014

	
0.010

	
0.007




	
9-5

	
221.33

	
0.008

	
0.006

	
0.004




	
10-5

	
149.22

	
0.012

	
0.008

	
0.005




	
11-3

	
11.748

	
0.024

	
0.017

	
0.007




	
11-4

	
11.870

	
0.046

	
0.033

	
0.014




	
12-5

	
12.15

	
1.452

	
1.324

	
1.118




	
14-1

	
11.018

	
0.769

	
0.724

	
0.655




	
16-1

	
10.980

	
1.0

	
1.0

	
1.0




	
17-2

	
11.125

	
0.073

	
0.054

	
0.022




	
17-3 and 18-2

	
11.361

	
0.054

	
0.040

	
0.016




	
18-4

	
11.485

	
0.050

	
0.016

	
0.015




	
19-4

	
11.459

	
0.265

	
0.191

	
0.074




	
20-5

	
11.737

	
2.143

	
1.908

	
1.509
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Table 17. Level populations in Ni XV.






Table 17. Level populations in Ni XV.





	
Key

	
Electron Density (cm−3)




	

	
108

	
109

	
1010

	
1011

	
1012

	
1013

	
1014






	
1

	
9.997 (−1)

	
9.975 (−1)

	
9.752 (−1)

	
7.978 (−1)

	
3.155 (−1)

	
1.162 (−1)

	
8.726 (−2)




	
2

	
1.149 (−4)

	
1.146 (−3)

	
1.117 (−2)

	
8.880 (−2)

	
2.691 (−1)

	
2.804 (−1)

	
2.426 (−1)




	
3

	
1.384 (−4)

	
1.381 (−3)

	
1.352 (−2)

	
1.112 (−1)

	
3.809 (−1)

	
4.262 (−1)

	
3.818 (−1)




	
4

	
1.341 (−6)

	
1.349 (−5)

	
1.422 (−4)

	
1.988 (−3)

	
3.080 (−2)

	
1.573 (−1)

	
2.449 (−1)




	
5

	
4.212 (−8)

	
4.209 (−7)

	
4.177 (−6)

	
3.939 (−5)

	
3.613 (−4)

	
4.535 (−3)

	
2.228 (−2)
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