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Abstract

        Context. Iron is a major contributor to the opacity in the atmospheres of late-type stars, as well as a major contributor to the observed lines in their visible spectrum. Iron lines are commonly used to derive basic stellar parameters from medium/high resolution spectroscopy, that is, spectroscopy which shows metal content, effective temperature, and surface gravity. 

        Aims. Here we present large R-matrix calculations for photoionization cross sections and electron impact collision strengths.

        Methods. The photoionization calculations included 35 configurations and 134 LS close coupling terms of the target ion. The eigenfunction expansion accounts for the photoionization of the outer nl subshells, with n ≥ 4, as well as the open inner 3d subshell. Our results include total and partial (term-to-term) photoionization cross sections for 936 energy terms of iron with principal quantum number ≤10, and total angular momentum from zero to seven. Our electron impact collision strengths include the lowest 46 LS terms of the atom.

        Results. The present photoionization cross sections should be considerably more accurate than those currently available in the literature. On the other hand, the electron impact cross sections, which are being reported for the first time, are needed in non-local thermodynamic equilibrium (NLTE) modeling of the solar spectrum and late-type stars in general.
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⋆ Tables 5 and 6 are only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/606/A127



1. Introduction
Iron is at the peak of nuclear stability among all elements, and as such is the final product of thermonuclear reactions in stellar cores (Merer 1989, and references therein). As such, iron is normally used as a proxy for the entire stellar metal content. Accurate knowledge of stellar Fe abundances is crucial for our understanding of stellar evolution as well as for the study of cosmic chemical evolution. 
Neutral iron has a partly filled 3d subshell, which leads to extremely rich spectra. This and its relatively high abundance make Fe i the largest source of spectral lines in the visible spectrum of typical late-type stars and is also a major contributor to the continuum opacity. Moreover, Fe i lines are also used to derive basic stellar parameters, that is, effective temperature and surface gravity. 
From the atomic physics point of view, obtaining an accurate description of Fe i is quite challenging, owing to the complexity of the effective potential acting on the 4s, 3d, and 4p electrons. In practice, the wave function of the atomic system is approximated by an anti-symmetrized product of one-electron radial functions determined from an effective potential, which for l ≥ 2 becomes a two-well potential (Karaziya 1981). The two potential wells are very different from each other, in such a way that slight variations in the potential morphology can lead to large changes in electron localization. For this reason, the atomic structure is very sensitive to orbital relaxation in electron excitation, where the magnitude of such effects varies among the different terms of a given configuration. Furthermore, finding accurate numerical solutions is very difficult and iterative self-consistent treatments, for example, the Hartree-Fock method often fails to converge or yields poor quality results. Calculations that approximate the wave functions by configuration mixing tend to become intractable, because the collapse of the electron localizations into narrow potential wells gives rise to strong electron exchange interactions. Computations that use distinct non-orthogonal orbitals for each configuration or for each LS term are very difficult due to the large number of orbitals that need to be optimized. Additional complications arise from spin-orbit coupling and relativistic corrections whose effects on calculated energy levels are comparable to the energy level separations. 
Several theoretical calculations of Fe i photoionization have been reported thus far. Kelly & Ron (1972) and Kelly (1972) did the first photoionization calculation for the ground state only using a many-body perturbation method. Reilman & Manson (1979) and Verner et al. (1993) also reported on ground state cross sections, based on central field approximations. The earliest R-matrix calculation for Fe i was carried out by Sawey & Berrington (1992), but due to computational limitations these calculations included only terms dominated by the ground configuration of Fe ii, thus missing a lot of essential coupling effects. Bautista & Pradhan (1995) and Bautista (1997, B97 hereafter) did the largest R-matrix calculation possible at the time, which included 15 configurations and the lowest 52 LS terms in the close coupling expansion. 
A significant advantage of R-matrix calculations over central field or many-body perturbation theory calculations is that R-matrix accounts for large numbers of correlations, often missed by other calculations, and the computed cross sections naturally include all autoionizing resonances that result from the couplings between bound and continuum states. For instance, the ground state cross section of Bautista & Pradhan (1995) was orders of magnitude greater than the central field results in the energy region just above the first ionization threshold. On the other hand, the R-matrix and many-body perturbation theory results agree well in terms of the background cross section, but the latter results miss all resonances, which contribute significantly to the photoabsorption and ionization rates. 
The cross sections of B97 were adopted in many stellar atmosphere modeling codes, based on local thermodynamic equilibrium (LTE). Bell et al. (2001) found that twice the bound-free opacities from the R-matrix cross sections fit the observed solar spectrum in the 3000 and 4000 Å range reasonably well. On the other hand, Castelli & Kurucz (2004) argue that their list of autoionizing transitions, treated in the isolated resonance approximation, would be more complete than the resonance structure in the B97 cross sections and would yield enhanced opacities at around 2150 Å by 10% to 25%. 
In late-type stars, various authors have tried to quantify possible departures from LTE in the formation of Fe i spectral lines, but the accuracy of NLTE models remains an issue, mostly due to the lack of complete and reliable atomic data (see Barklem 2016). The main NLTE effect on Fe i is overionization by super-thermal UV radiation fields. Under-population of Fe i levels, relative to LTE populations, arises because the mean radiation fields, at different depths in the atmosphere, differ from the Plank function for the given local temperature. This leads to over-ionization of excited levels at 2−5 eV above the ground state. Excitation balance among all Fe i levels is induced mostly through radiation-induced transitions by the non-local UV field, as well as by collisional transitions with electrons and hydrogen atoms. 
In NLTE models of Fe i, it is essential that the atomic model be sufficiently large. There must be a sufficient number of excited states energetically close to the ionization threshold for collisions to couple these to the continuum and establish a realistic ionization balance. It is important to have an extensive and accurate database of radiative data, including photoionization cross sections, for this element. The size of adopted models and the magnitude of NLTE effects have varied through the years, starting with Athay & Lites (1972), who included 15 levels. Thévenin & Idiart (1999) and Collet et al. (2005) included 256 and 334 levels, respectively, and rough estimates of collisional efficiency that resulted in NLTE effects of +0.3 dex at [Fe/H] =  <−3. Korn et al. (2003) included 846 states and found NLTE corrections to the Fe abundance as large as 0.45−0.55 dex for late-type metal-poor stars. By contrast, Gratton et al. (1999), using a much more incomplete Fe atom plus exceedingly efficient H I collisions, found negligible NLTE abundance corrections. Shchukina et al. (2005) performed 1.5D NLTE calculations of the Sun and HD 140283, and a 2970 states Fe atom, to find abundance corrections of only +0.07 dex for the Sun, but +0.9 dex for HD 140283. Bergemann et al. (2012) adopted a 216 level Fe i model in 1D and averaged 3D model atmospheres. They found only modest NLTE effects on the fundamental stellar parameters for cool stars, even at very low metallicities. We note that all of these work rely on the B97 photoionization cross sections and empirically calibrated excitation transitions (by hydrogen and electron impact) to match observed spectra. 
Another limitation in current NLTE models is due to the absence of reliable electron impact excitation cross sections for Fe i. In this regard, Lind et al. (2017) recently modeled the center-to-limb variation of the Fe i spectrum in the Sun using 3D NLTE techniques. We showed that Fe i electron impact excitation rates are a significant source of uncertainty, after using improved photoionization and hydrogen impact cross sections. In the absence of reliable electron impact data, modelers have to resource to excitations rates estimated by simple empirical approximations, which appear to be systematically overestimated. 
Given the significance of photoionization and electron impact excitation data for neutral iron in cool-stars research and the improvements in computational resources over the last two decades, we have decided to revisit the problem of Fe i photoionization and provide data of improved accuracy. In addition, we are now capable of providing electron impact excitation cross sections. These two data sets will complement new quantum mechanical calculations of excitation of Fe i by hydrogen collisions (Barklem et al., in prep.) to complete reliable NLTE models of Fe. In the next section we describe the atomic structure representation adopted here, followed by a description of the computations and the results. Our conclusions are presented in Sect. 4. 
2. Photoionization cross sections
The photoionization cross sections were computed with the code RMATRX (Berrington et al. 1995). This is an implementation of the R-matrix method for atomic scattering calculations. The R-matrix method solves the Schrödinger equation for the N + 1 electron system based on a close coupling expansion of the wavefunction as [image: equation](1)where A is the antisymmetrization operator, χi are the target ion wavefunctions in the target state (SLπ)i, θj is the wavefunction for the free electron, and φj are short range correlation functions for the bound (e−  + ion) system. 
An accurate representation of the atomic structure of the Fe+ target is needed for the scattering calculation. For this work we use the scaled Thomas-Fermi-Dirac-Amaldi central-field potential as implemented in the computer code autostructure (Badnell 1997). Our target representation was constructed upon the one used in B97 and our more recent work on the electron impact excitation of Fe ii (Bautista et al. 2015). We adopt a 35 configuration expansion with spectroscopic orbitals 1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 5s, 5p, 4f, 5d, 6s, and 6p. The configurations and scaling parameters for the orbitals are presented in Table 1. 

        Table 1

            autostructure configuration expansions for Fe ii.

          

      
        
        	[image: thumbnail]	Fig. 1
            Photoionization cross section of the 3d64s2 a 5D ground term of neutral iron. The upper panel shows the current cross section (solid line) and those of Kelly (1972; dashed line), Verner et al. (1993; dotted line), and Reilman & Manson (1979; square dots). The lower panel shows the cross section of B97 instead of the present one.

          



      The close coupling expansion in the present computations included the lowest 151 LS terms of the target ion, belonging to the configurations 3p63d7, 3p63d64s, 3p63d54s2, 3p63d54s4p, 3p63d54p2, 3p63d64d, 3p63d65s, and 3p63d65p. Table 2 lists all terms in the expansion. 
Our R-matrix calculation resulted in the following (2S + 1) bound states with L ≤ 7 and n ≤ 10 for the Fe atom: 289 singlets, 242 triplets, 237 quintets, and 168 septets. Photoionization cross sections were computed for all bounds terms with an energy mesh of 5000 points from threshold to 1 Ry above threshold, and an additional 1000 points from 1 to 2 Ry above threshold. In addition to total photoionization cross sections, we also obtained partial cross sections, which describe ionization of every term of the Fe i to each term of the Fe ii target. 
Figure 1 shows the new total photoionization cross section for the ground state of Fe and compares this with previous results. The upper panel of this figure shows the present cross section and those of Kelly (1972), Verner et al. (1993), and Reilman & Manson (1979). In the lower panel we replace the current cross section with that of B97. The calculations of Verner et al., and Reilman & Manson were based on a central-field approximation and do not account for bound-bound and bound-free correlations. These results are expected to be accurate at large photon energies (above the thresholds associate with ionization of the inner 3d subshell). It can be seen that our current cross section agrees much better with these central-field results than our previous results in B97. Our present cross section also agrees reasonably well with Kelly’s (1972) many-body perturbation theory results. Though, given the computational limitations in Kelly’s work, it could be expected to provide only an approximate cross section. 
The present cross section agrees better with the central-field results at high photon energies (above 1.2 Ry) than our previous results (B97). This supports our expectation that the present results should be more accurate than in previous work. The reason why the B97 calculation underestimates the high energy cross section for the ground state is known at this point. Coupling between the target ion and the continuum must have been missing in the calculation, perhaps as a result of the truncated (N + 1)-electron expansion used in that calculation. 
An interesting characteristic of the present cross section for the ground state is the dense pack of resonances for photon energies around 0.75 Ry. This feature coincides in energy with hydrogen Lyα photons and could contribute significantly to the ionization rate of neutral atoms in astronomical plasmas and planetary atmospheres. 

        Table 2

            LS terms of the target Fe ii ion included in the close coupling expansion.

          

      Figure 2 shows the partial cross sections for photoionization of the iron a 5D ground state to the first states of the target Fe+. It can be seen that the cross section is dominated by ionization to the ground state a 6D of the target. Partial cross sections like these illustrated here are available for all terms of iron. 

        
        	[image: thumbnail]	Fig. 2
            Partial photoionization cross sections of the 3d64s2 a 5D ground term of neutral iron to specific terms of the Fe+ target.

          



      Figure 3 depicts the total photoionization cross sections for several excited states of Fe. The cross sections exhibit dense resonant structures that extend to higher energies than in the results of B97, owing to the present, much larger close coupling expansion. Total and partial cross sections are available for all bound states with principal quantum number up to n = 10. 

        
        	[image: thumbnail]	Fig. 3
            Photoionization cross sections of the six lowest excited states of Fe.

          



      3. Electron impact excitation cross sections
For the calculation of collision strengths, we created a 19-configuration of the Fe atom using the autostructure atomic structure code. These configurations were formed of eight spectroscopic orbitals 1s, 2s, 2p, 3s, 3p, 3d, 4s, and 4p, and four unphysical orbitals [image: equation] and [image: equation]. The configurations and scaling parameters of our model are presented in Table 3. 

        Table 3

            autostructure configuration expansions for Fe.

          

      We use the R-matrix scattering codes to compute electron impact collision strengths among the lowest 46 LS states of iron. Table 4 lists the terms included in the expansion. The scattering calculation includes partial waves up to L = 12, and an algebraic top-up procedure is used to estimate higher partial wave contributions to the collision strengths. The collision strengths are computed at 5000 evenly spaced energy points up to 0.5 Ry above threshold and 500 points from 0.5 to 1.0 Ry. 

        Table 4

            LS terms of iron included in the electron impact collision strengths calculation.

          

      Figure 4 shows the collision strengths for excitation from the ground state to the lowest four excited states. We used these collision strengths to compute thermally averaged effective collision strengths [image: equation](2)where Ωij(Ej) and Ej are the collision strength and incident electron energy relative to the jth level, respectively, Te is the electron temperature, and k is the Boltzmann constant. These Maxwellian averaged effective collision strengths are presented in Table 5 (available at the CDS) for temperatures ranging from 3000 to 20 000 K. These data should be useful in NLTE modeling and abundance determinations of Fe i in late-type stars (see Lind et al. 2017; Barklem 2016). 

        
        	[image: thumbnail]	Fig. 4
            Electron impact collision strengths in LS-coupling from the ground 4s25D term to the first four excited terms of Fe.

          



      4. Conclusions
We have presented extensive calculations of photoionization cross sections and collision strengths for Fe i. The computations were done in LS-coupling using the R-matrix method. 
For the photoionization cross sections, we adopted a much larger close coupling expansion than in our previous work (B97). This was possible thanks to the current much larger computational resources. The new cross sections exhibit significant differences with respect to earlier results. The present results are also expected to be considerably more accurate. 
Recently, we used the new cross sections to build a 463-level model of iron and used this in 3D modelling of the solar spectrum (Lind et al. 2017). The models were able to reproduce well the solar center-to-limb behavior of Fe i spectral lines. The lack of accurate electron impact excitation cross sections for Fe I is one of the remaining shortcomings in the models. Thus we have now computed these data. 
To the best of our knowledge, this is the first R-matrix computation of electron impact cross sections for Fe. This calculation includes the lowest 46 terms of the atom. The cross sections were averaged over Maxwellian distributions of electron velocities. The effective collision strengths are presented for electron temperatures between 3000 K and 20 000 K. The effective collision strengths and total cross sections of this work are presented in Tables 5 and 6 available in electronic form at CDS. 
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              	 Term
              	 Energy
              	
              	
              	 Configuration
              	 Term
              	 Energy 
            

            
              	
                

              
            

            
              	1
              	 3d6(5D)4s
              	6D
              	 0.0000
              	
              	52
              	 3d6(3H)4p
              	2I
              	 0.5654157
              	
              	 102
              	 3d6(5D)5p
              	4F
              	 0.8233014 
            

            
              	2
              	 3p63d7
              	4F
              	 0.0182278
              	
              	53
              	 3d6(3F2)4p
              	4D
              	 0.5722082
              	
              	 103
              	 3d6(5D)5p
              	6P
              	 0.8295947 
            

            
              	3
              	 3d6(5D)4s
              	4D
              	 0.0720280
              	
              	54
              	 3d6(3F2)4p
              	4G
              	 0.5791276
              	
              	 104
              	 3d6(3P1)4p
              	4P
              	 0.8307138 
            

            
              	4
              	 3p6.3d7
              	4P
              	 0.1202517
              	
              	55
              	 3d6(3F2)4p
              	2F
              	 0.5825698
              	
              	 105
              	 3d6(5D)5p
              	4P
              	 0.8307284 
            

            
              	5
              	 3p6.3d7
              	2G
              	 0.1427186
              	
              	56
              	 3d6(3P2)4p
              	2P
              	 0.5869342
              	
              	 106
              	 3d5(4G)4s4p
              	4H
              	 0.8361014 
            

            
              	6
              	 3p6.3d7
              	2P
              	 0.1651191
              	
              	57
              	 3d6(3F2)4p
              	2G
              	 0.5881234
              	
              	 107
              	 3d5(4D)4s4p
              	6F
              	 0.8365029 
            

            
              	7
              	 3p6.3d7
              	2H
              	 0.1834889
              	
              	58
              	 3d6(3H)4p
              	2H
              	 0.5926414
              	
              	 108
              	 3d5(4G)4s4p
              	4F
              	 0.8378082 
            

            
              	8
              	 3p6.3d7
              	2D
              	 0.1860542
              	
              	59
              	 3d6(3G)4p
              	4G
              	 0.5955774
              	
              	 109
              	 3d6(3F1)4p
              	2G
              	 0.8378824 
            

            
              	9
              	 3d6(3P2)4s
              	4P
              	 0.1914085
              	
              	60
              	 3d6(3P2)4p
              	2S
              	 0.5999086
              	
              	 110
              	 3d6(3P1)4p
              	2D
              	 0.8391626 
            

            
              	 10
              	 3d6(3H)4s
              	4H
              	 0.1917557
              	
              	61
              	 3d6(3G)4p
              	4F
              	 0.6004840
              	
              	 111
              	 3d6(3F1)4p
              	4D
              	 0.8427422 
            

            
              	 11
              	 3d6(3F2)4s
              	4F
              	 0.2040457
              	
              	62
              	 3d6(3G)4p
              	4H
              	 0.6023222
              	
              	 112
              	 3d6(3F1)4p
              	4F
              	 0.8477312 
            

            
              	 12
              	 3d54s2
              	6S
              	 0.2086923
              	
              	63
              	 3d6(3F2)4p
              	2D
              	 0.6077563
              	
              	 113
              	 3d5(4D)4s4p
              	6D
              	 0.8524594 
            

            
              	 13
              	 3d6(3G)4s
              	4G
              	 0.2309550
              	
              	64
              	 3d6(3G)4p
              	2H
              	 0.6134672
              	
              	 114
              	 3d5(4G)4s4p
              	4G
              	 0.8538805 
            

            
              	 14
              	 3d6(3P2)4s
              	2P
              	 0.2346788
              	
              	65
              	 3d5(6S)4s4p
              	4P
              	 0.6270133
              	
              	 115
              	 3d5(4P)4s4p
              	4P
              	 0.8573452 
            

            
              	 15
              	 3d6(3H)4s
              	2H
              	 0.2354429
              	
              	66
              	 3d6(3G)4p
              	2F
              	 0.6306796
              	
              	 116
              	 3d6(3F1)4p
              	2D
              	 0.8591823 
            

            
              	 16
              	 3d6(3F2)4s
              	2F
              	 0.2463114
              	
              	67
              	 3d6(3G)4p
              	2G
              	 0.6378071
              	
              	 117
              	 3d5(4D)4s4p
              	6P
              	 0.8594472 
            

            
              	 17
              	 3d6(3G)4s
              	2G
              	 0.2746498
              	
              	68
              	 3d6(1S)4p
              	2G
              	 0.6452522
              	
              	 118
              	 3d6(3P1)4p
              	2P
              	 0.8622674 
            

            
              	 18
              	 3d6(3D)4s
              	4D
              	 0.2825209
              	
              	69
              	 3d6(3D)4p
              	4P
              	 0.6526120
              	
              	 119
              	 3d6(3F1)4p
              	2F
              	 0.8625048 
            

            
              	 19
              	 3p6.3d7
              	2F
              	 0.2870719
              	
              	70
              	 3d6(1G2)4p
              	2H
              	 0.6541597
              	
              	 120
              	 3d5(4P)4s4p
              	4D
              	 0.8713331 
            

            
              	 20
              	 3d6(1I)4s
              	2I
              	 0.2959354
              	
              	71
              	 3d6(3D)4p
              	4F
              	 0.6560385
              	
              	 121
              	 3d5(4G)4s4p
              	2H
              	 0.8723220 
            

            
              	 21
              	 3d6(1G2)4s
              	2G
              	 0.3013162
              	
              	72
              	 3d6(3D)4p
              	4D
              	 0.6577360
              	
              	 122
              	 3d5(4G)4s4p
              	2F
              	 0.8739731 
            

            
              	 22
              	 3d6(3D)4s
              	2D
              	 0.3261061
              	
              	73
              	 3d6(1G2)4p
              	2F
              	 0.6617298
              	
              	 123
              	 3d5(4P)4s4p
              	2P
              	 0.8831086 
            

            
              	 23
              	 3d6(1S2)4s
              	2S
              	 0.3354468
              	
              	74
              	 3d6(1G2)4p
              	2G
              	 0.6624755
              	
              	 124
              	 3d6(3G1)4p
              	2H
              	 0.8900180 
            

            
              	 24
              	 3d6(1D2)4s
              	2D
              	 0.3441675
              	
              	75
              	 3d6(3D)4p
              	2P
              	 0.6631491
              	
              	 125
              	 3d6(3H)5s
              	4H
              	 0.8922221 
            

            
              	 25
              	 3d6(5D)4p
              	6D
              	 0.3489565
              	
              	76
              	 3d6(1S)4p
              	2H
              	 0.6675429
              	
              	 126
              	 3d5(4P)4s4p
              	4S
              	 0.8923307 
            

            
              	 26
              	 3d6(5D)4p
              	6F
              	 0.3804909
              	
              	77
              	 3d6(1S)4p
              	2I
              	 0.6702541
              	
              	 127
              	 3d5(4D)4s4p
              	4F
              	 0.8935328 
            

            
              	 27
              	 3d6(5D)4p
              	6P
              	 0.3886492
              	
              	78
              	 3d6(3D)4p
              	2D
              	 0.6756774
              	
              	 128
              	 3d5(4D)4s4p
              	4D
              	 0.8943772 
            

            
              	 28
              	 3d6(5D)4p
              	4F
              	 0.4036710
              	
              	79
              	 3d6(3D)4p
              	2F
              	 0.6863602
              	
              	 129
              	 3d6(3G1)4p
              	2F
              	 0.8974378 
            

            
              	 29
              	 3d6(5D)4p
              	4D
              	 0.4039406
              	
              	80
              	 3d6(1S2)4p
              	2P
              	 0.6913099
              	
              	 130
              	 3d6(3H)5s
              	2H
              	 0.9002008 
            

            
              	 30
              	 3d6(1S)4s
              	2F
              	 0.4055591
              	
              	81
              	 3d6(1S2)4p
              	2F
              	 0.7067052
              	
              	 131
              	 3d5(4G)4s4p
              	2G
              	 0.9042417 
            

            
              	 31
              	 3d6(5D)4p
              	4P
              	 0.4264884
              	
              	82
              	 3d6(5D)5s
              	6D
              	 0.7095041
              	
              	 132
              	 3d6(3F2)5s
              	4F
              	 0.9048234 
            

            
              	 32
              	 3p6.3d7
              	2D
              	 0.4326427
              	
              	83
              	 3d54s2
              	2D
              	 0.7106666
              	
              	 133
              	 3d5(4P)4s4p
              	2D
              	 0.9111218 
            

            
              	 33
              	 3d6(3P1)4s
              	4P
              	 0.4499465
              	
              	84
              	 3d6(1S)4p
              	2D
              	 0.7125477
              	
              	 134
              	 3d6(3F2)5s
              	2F
              	 0.9129639 
            

            
              	 34
              	 3d6(3F1)4s
              	4F
              	 0.453219
              	
              	85
              	 3d6(1S)4p
              	2P
              	 0.7171072
              	
              	 135
              	 3d5(4D)4s4p
              	4P
              	 0.9212949 
            

            
              	 35
              	 3d5(6S)4s4p
              	8P
              	 0.4761839
              	
              	86
              	 3d5(6S)4s4p
              	6P
              	 0.7188145
              	
              	 136
              	 3d5(4D)4s4p
              	2D
              	 0.9299907 
            

            
              	 36
              	 3d54s2
              	4G
              	 0.4906808
              	
              	87
              	 3d6(5D)5s
              	4D
              	 0.7235035
              	
              	 137
              	 3d5(2I)4s4p
              	4D
              	 0.9310278 
            

            
              	 37
              	 3d6(3P1)4s
              	2P
              	 0.4939650
              	
              	88
              	 3d54s2
              	2D
              	 0.7406552
              	
              	 138
              	 3d6(3G)5s
              	4G
              	 0.9320945 
            

            
              	 38
              	 3d6(3F1)4s
              	2F
              	 0.4963989
              	
              	89
              	 3d6(3F)4p
              	2G
              	 0.7582048
              	
              	 139
              	 3d5(2I)4s4p
              	4I
              	 0.9356324 
            

            
              	 39
              	 3d54s2
              	4P
              	 0.5198787
              	
              	90
              	 3d6(1F)4p
              	2D
              	 0.7622631
              	
              	 140
              	 3d5(4D)4s4p
              	2F
              	 0.9370729 
            

            
              	 40
              	 3d6(1G1)4s
              	2G
              	 0.5306369
              	
              	91
              	 3d6(1F)4p
              	2F
              	 0.7845480
              	
              	 141
              	 3d6(3G)5s
              	2G
              	 0.9418775 
            

            
              	 41
              	 3d6(3P2)4p
              	4S
              	 0.5398998
              	
              	92
              	 3d6(3P1)4p
              	4D
              	 0.7867289
              	
              	 142
              	 3d5(4P)4s4p
              	2S
              	 0.9436279 
            

            
              	 42
              	 3d54s2
              	4D
              	 0.5463234
              	
              	93
              	 3d5(4G)4s4p
              	6F
              	 0.7935109
              	
              	 143
              	 3d5(2I)4s4p
              	4H
              	 0.9515121 
            

            
              	 43
              	 3d6(3P2)4p
              	4P
              	 0.5504206
              	
              	94
              	 3d5(4P)4s4p
              	6D
              	 0.8003411
              	
              	 144
              	 3d5(2I)4s4p
              	2H
              	 0.9654768 
            

            
              	 44
              	 3d6(3H)4p
              	4G
              	 0.5504295
              	
              	95
              	 3d6(5D)5p
              	6D
              	 0.8069444
              	
              	 145
              	 3d5(2I)4s4p
              	2H
              	 0.9697484 
            

            
              	 45
              	 3d6(3H)4p
              	4H
              	 0.5515670
              	
              	96
              	 3d6(3P1)4p
              	2S
              	 0.8072656
              	
              	 146
              	 3d5(6S)4p2
              	8P
              	 0.9717092 
            

            
              	 46
              	 3d6(3H)4p
              	4I
              	 0.5564817
              	
              	97
              	 3d5(4P)4s4p
              	6P
              	 0.8103724
              	
              	 147
              	 3d5(4G)4s4p
              	4G
              	 0.9855225 
            

            
              	 47
              	 3d6(3P2)4p
              	2D
              	 0.5566929
              	
              	98
              	 3d6(3F1)4p
              	4G
              	 0.8164619
              	
              	 148
              	 3d6(1I)5s
              	2I
              	 0.9862093 
            

            
              	 48
              	 3d5(6S)4s4p
              	6P
              	 0.5619852
              	
              	99
              	 3d6(5D)5p
              	6F
              	 0.8182487
              	
              	 149
              	 3d6(3D)5s
              	4D
              	 0.9877075 
            

            
              	 49
              	 3d6(3F2)4p
              	4F
              	 0.5624914
              	
              	 100
              	 3d6(3P1)4p
              	4S
              	 0.8220868
              	
              	 150
              	 3d5(4G)4s4p
              	4H
              	 0.9878022 
            

            
              	 50
              	 3d6(3H)4p
              	2G
              	 0.5629185
              	
              	 101
              	 3d6(5D)5p
              	4D
              	 0.8225472
              	
              	 151
              	 3d5(2I)4s4p
              	2I
              	 0.9913647 
            

            
              	 51
              	 3d6(3P2)4p
              	4D
              	 0.5645887
              	
              	
              	
              	
              	
              	
              	
              	
            

          



  
    
      Fig. 2 
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            Partial photoionization cross sections of the 3d64s2 a 5D ground term of neutral iron to specific terms of the Fe+ target.

          

    

  
    
      Fig. 3 
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            Photoionization cross sections of the six lowest excited states of Fe.
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            autostructure configuration expansions for Fe.

          
            
              	 Configuration expansion 
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              	3p53d64s24p, 3p53d74s4p
            

            
              	
                

              
            

            
              	
                λ1s = 1.00000,
                λ2s = 1.27624,
                λ2p = 1.11469,
                λ3s = 1.09863,
              
            

            
              	
                λ3p = 1.06005,
                λ3d = 1.05835,
                λ4s = 0.99576,
                λ4p = 0.98521,
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                [image: equation]
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    Table 4 

            LS terms of iron included in the electron impact collision strengths calculation.

          
            
              	
              	 Configuration
              	Term
              	 Energy
              	
              	
              	 Configuration
              	Term
              	 Energy 
            

            
              	
                

              
            

            
              	1
              	 3d64s2
              	 a
              	5D
              	 0.00000000
              	
              	 24
              	 3d64s2
              	 a
              	1I
              	 0.26344772 
            

            
              	2
              	 3d7(4F)4s
              	 a
              	5F
              	 0.06430620
              	
              	 25
              	 3d64s2
              	 b
              	3D
              	 0.26384343 
            

            
              	3
              	 3d7(4F)4s
              	 a
              	3F
              	 0.10939251
              	
              	 26
              	 3d64s2
              	 b
              	5G
              	 0.26787582 
            

            
              	4
              	 3d7(4F)4s
              	 a
              	5P
              	 0.15748148
              	
              	 27
              	 3d6(5D)4s4p(3P)
              	 z
              	3Do
              	 0.2839858 
            

            
              	5
              	 3d64s2
              	 a
              	3P
              	 0.16904968
              	
              	 28
              	 3d6(5D)4s4p(3P)
              	 z
              	3Fo
              	 0.2849265 
            

            
              	6
              	 3d6(5D)4s4p(3P)
              	 z
              	7Do
              	 0.1751556
              	
              	 29
              	 3d8
              	 c
              	3F
              	 0.29946667 
            

            
              	7
              	 3d64s2
              	 a
              	3H
              	 0.17471468
              	
              	 30
              	 3d7(4F)4p
              	 y
              	5Do
              	 0.30163670 
            

            
              	8
              	 3d64s2
              	 b
              	3F
              	 0.18599572
              	
              	 31
              	 3d7(4F)4p
              	 y
              	5Fo
              	 0.30723111 
            

            
              	9
              	 3d7(2G)4s
              	 a
              	3G
              	 0.19633797
              	
              	 32
              	 3d6(5D)4s4p(3P)
              	 z
              	3Po
              	 0.30755488 
            

            
              	 10
              	 3d6(5D)4s4p(3P)
              	 z
              	7Fo
              	 0.20526362
              	
              	 33
              	 3d64s2
              	 b
              	1D
              	 0.31196161 
            

            
              	 11
              	 3d7(4P)4s
              	 b
              	3P
              	 0.20499170
              	
              	 34
              	 3d7(4F)4p
              	 z
              	5Go
              	 0.31657905 
            

            
              	 12
              	 3d6(5D)4s4p(3P)
              	 z
              	7Po
              	 0.21555437
              	
              	 35
              	 3d7(4F)4p
              	 z
              	3Go
              	 0.32156083 
            

            
              	 13
              	 3d64s2
              	 b
              	3G
              	 0.21538997
              	
              	 36
              	 3d7(4F)4p
              	 y
              	5Fo
              	 0.33389624 
            

            
              	 14
              	 3d7(2P)4s
              	 c
              	3P
              	 0.22018219
              	
              	 37
              	 3d6(5D)4s4p(1P)
              	 y
              	5Po
              	 0.33373080 
            

            
              	 15
              	 3d7(2G)4s
              	 a
              	1G
              	 0.22026867
              	
              	 38
              	 3d7(2F)4s
              	 d
              	3F
              	 0.33347309 
            

            
              	 16
              	 3d6(5D)4s4p(3P)
              	 z
              	5Do
              	 0.23463093
              	
              	 39
              	 3d7(4F)4p
              	 y
              	3Do
              	 0.34722948 
            

            
              	 17
              	 3d7(2H)4s
              	 b
              	3H
              	 0.23626365
              	
              	 40
              	 3d6(5D)4s4p(1P)
              	 x
              	5Do
              	 0.36057331 
            

            
              	 18
              	 3d7(2D2)4s
              	 a
              	3D
              	 0.23684950
              	
              	 41
              	 3d5(6S)4s24p
              	 y
              	7Po
              	 0.36322456 
            

            
              	 19
              	 3d6(5D)4s4p(3P)
              	 z
              	5Fo
              	 0.24436994
              	
              	 42
              	 3d6(5D)4s4p(1P)
              	 x
              	5Fo
              	 0.36670787 
            

            
              	 20
              	 3d7(2P)4s
              	 a
              	1P
              	 0.24731825
              	
              	 43
              	 3d8
              	
              	3P
              	 0.37007582 
            

            
              	 21
              	 3d7(2D2)4s
              	 a
              	5D
              	 0.25699235
              	
              	 44
              	 3d6(5D)4s4p(3P)
              	 z
              	5So
              	 0.36899051 
            

            
              	 22
              	 3d7(2H)4s
              	 a
              	1H
              	 0.25895468
              	
              	 45
              	 3d6(5D)4s4p(3P)
              	 x
              	5Po
              	 0.38590380 
            

            
              	 23
              	 3d6(5D)4s4p(3P)
              	 z
              	5Po
              	 0.26359503
              	
              	 46
              	 3d6(5D)4s4p(3P)
              	 y
              	5Go
              	 0.38785830 
            

          



  
    
      Fig. 4 
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            Electron impact collision strengths in LS-coupling from the ground 4s25D term to the first four excited terms of Fe.
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