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Abstract

Electron-impact ionization was analyzed for all 34 levels of the ground configuration of the Fe2+ ion. Both direct and indirect ionization processes are included in the study. For the direct process, the potential of the ionized ion was used to explain experimental data. For the indirect process, electron-impact excitation with subsequent autoionization was considered. The convergence of the cross sections of the indirect process was determined by considering the excitations up to shells with the principal quantum number n ⩽ 20. The main contribution to the indirect process was determined by the 3p → 3d excitations. The scaled distorted-wave approximation was applied to explain measurements for the Fe2+ ion. Scaling of the cross sections lowers values by ~35% at the peak for the ground level and ~50% for the highest level of the ground configuration of the Fe2+ ion. The experimental value for the single ionization threshold was used to provide better agreement with the measurements for the cross sections. This led to the cross sections for the levels of the ground configuration diminishing in size by 15–25%. The direct process contributes ~70% and ~50% to the total ionization from the lowest and highest levels of the ion, respectively.
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1 Introduction
An abundance of iron ions in the Universe and plenty of emission lines over a wide range of wavelengths make spectra from iron ions ideal tools for the analysis of remote cosmic objects. The Fe2+ ion is of particular interest because of its high cosmic abundance, relatively low ionization potential, and complex, open d-shell atomic structure. The spectral lines of Fe2+ ions have been observed in various astrophysical objects, including H II regions (Rodriguez 1996; Lebouteiller et al. 2008), planetary nebulae (Zhang et al. 2012; Laha et al. 2017), Herbig–Haro objects (Mesa-Delgado et al. 2009), the cores of active galactic nuclei, and quasars (Laor et al. 1997; Vestergaard & Wilkes 2001; Mediavilla et al. 2019; Temple et al. 2020).
Electron-impact ionization is one of the elementary processes playing an important role in fundamental and applied physics (Märk & Dunn 1985). Ionization and recombination processes determine the formation of charge state distribution in collisional plasma. Low-density, high-temperature astrophysical and laboratory plasmas typically do not exhibit local thermodynamic equilibrium. In order to accurately assess the ionization state in these systems, a detailed examination of the individual collisional and radiative ionization and recombination processes is crucial. Reliable data for the charge state distribution are vital to modeling intensities of spectral lines observed in the plasma (Smith & Brickhouse 2014). The emission measure, which provides valuable insights into temperature, density, and energy distribution within the plasma, relies heavily on the determination of charge state distribution (Brickhouse 1996; Warren et al. 2017; Leahy et al. 2019). Rate coefficients for different ionization stages observed in plasma are incorporated into astrophysical codes and databases (Ferland et al. 2017; Del Zanna et al. 2021). The Cloudy code uses the rate coefficients from the compilations by Voronov (1997) and Dere (2007). Dere (2007) provided rate coefficients calculated from ionization cross sections obtained from experimental data or the flexible atomic code (FAC; Gu 2008). The rate coefficients presented by Voronov (1997) were obtained from cross sections, which were based on a rigorous assessment of the best experimental and theoretical data available at the time (Bell et al. 1983; Lennon et al. 1988).
Electron-impact single ionization (SI) cross sections for the Fe2+ ion were observed using the crossed-beams technique (Mueller et al. 1985; Stenke et al. 1999). The onsets of the cross sections in the measurements below the ionization threshold showed the presence of the metastable fraction in the ion beam. The obtained values were compared to theoretical predictions using the Lotz formula (Lotz 1968) and the configuration-average distorted-wave (CADW) approximation (Pindzola et al. 1987). The theoretical results agreed quite well with the measurements at higher electron energies; however, they also underestimated the experimental values at lower energies and overestimated the measurements at each peak. Only the 3p → 3d excitations were included in the CADW calculations. A subsequent CADW study analyzed the 3p → nl and 3s → nl excitations (n ⩽ 12, l < n, and l ⩽ 5) (Pindzola & Loch 2018). The increased number of excitations (Pindzola & Loch 2018) compared to the previous calculations (Pindzola et al. 1987) led to theoretical values that are higher than the measured ones over a wide energy range; however, the more recent CADW results are also lower than the experimental data at the lower energies close to the ionization threshold. It should be noted that a good agreement with the measurements was obtained for the direct ionization from the 3d subshell starting at ~ 100 eV (Pindzola & Loch 2018).
In this study, we present a detailed analysis of electron-impact ionization cross sections for the Fe2+ ion by considering direct and indirect processes. The study encompasses all 34 energy levels of the ground Fe2+ 3s23p63d6 configuration. The scaled distorted-wave (DW) approximation is used to obtain cross sections for collisional ionization (CI) and excitation processes.
The rest of the paper is organized as follows. Section 2 presents a brief outline of the theoretical approach. In Sect. 3, the obtained results are discussed. We end with our conclusions.
2 Theoretical approach
The total electron-impact SI cross sections were determined as the sum of direct and indirect processes at energy ε of the impacting electron:
[image: equation](1)
The CI led directly to level f of the Fe3+ ion from level i of the Fe2+ ion. It should be noted that this study does not take into account interference between direct and indirect processes. Previous investigations have demonstrated that treating these processes independently is highly reasonable and provides accurate ionization cross sections and rate coefficients for plasma modeling. The direct process is studied in the potentials of the ionizing and ionized ions. Kwon et al. (2013) thoroughly analyzed the influence of the potentials that are used to calculate CI cross-sections by using the FAC (Gu 2008). The indirect ionization was initiated by electron-impact excitation, which led to the autoionization of level j of the Fe2+ ion. The [image: equation] is an autoionization branching ratio that evaluates population transfer from the excited autoionizing state of Fe2+ to the states of Fe3+:
[image: equation](2)
Here, Ar and Aa are radiative and Auger transition probabilities, respectively. The autoionization branching ratio diminishes the contribution of the excitation cross sections to the total ionization cross sections, and its value is zero for the energy level of the Fe2+ ion below the SI threshold. It is important to analyze configurations with the energy levels that straddle the SI threshold. The excitations to these configurations often have higher cross sections than excitations of the same type to other, higher-lying configurations. The slight variation in the position of the energy levels of the configurations can lead to energies below or above the SI threshold. This can have a crucial effect on the excitation– autoionization (EA) cross sections. Therefore, the level-to-level study of the ionization process is important for the configurations with energy levels that straddle the SI threshold.
We studied electron-impact SI cross sections from all 34 energy levels of the 3s2 3p6 3d6 ground configuration of the Fe2+ ion. The direct ionization included only the 3d subshell. The ionization from the 3p subshell leads to double ionization, except for the ground level. However, the contribution from the ground level for the 3p subshell is an order of magnitude smaller than the total ionization cross sections. For the indirect process, the excitations from the 3p and 3d subshells up to the subshells with the principal quantum numbers n ⩽ 20 and orbital quantum numbers l ⩽ 6 were analyzed. The excitations from the 3s subshell were not included in the study of the indirect process since the decay of the autoionizing states that are produced leads to the states of the Fe4+ ion through double Auger transitions. All possible electric dipole and Auger transitions from the autoionizing configurations that were generated were taken into account.
Excitations from the outermost subshell were included in the study as the many excited states are autoionizing ones. Previous studies of the ionization process have demonstrated the importance of excitations from the outermost subshell in explaining experimental data (Kwon & Savin 2012). The excitations mainly contribute at the lower energies of the impacting electron. All energy levels, radiative and Auger transition probabilities, and electron-impact excitation and ionization cross sections for the Fe2+ ion were investigated using the FAC (Gu 2008), which implements the Dirac-Fock-Slater (DFS) approximation.
It is well known that the DW approximation often produces higher values than the experimental data for neutral atoms and near-neutral ions. Previously, it was proposed that the binary encounter dipole approach be used for direct ionization (Kim & Rudd 1994) and scaled plane-wave Born cross sections be used for indirect ionization (Kim 2001). The scaling of the plane-wave Born cross sections was only applied to the electric dipole transitions (Kim 2001). Later, it was proposed that the scaled DW cross sections be used in the analysis of the C atom, C+ ion (Jonauskas 2018), Si atom (Jonauskas 2020a), Fe3+ ion (Kynienė et al. 2019), and N atom (Jonauskas 2022). Scaling factors were applied to the direct ionization cross sections and excitation cross sections. The scaled DW cross sections for the direct process were expressed by the following relation through the unscaled cross sections:
[image: equation](3)
where I is the ionization energy. The scaled DW cross sections for the electron-impact excitation were described by the following equation (Jonauskas 2018):
[image: equation](4)
where εb is the binding energy of the electron, and ΔEik is the transition energy from level i to level k of the Fe2+ ion.
The resonant excitation double autoionization (REDA) process is not considered in this study. The contribution from the REDA process is much smaller than that from CI and EA.
The theoretical SI cross sections were used to derive the Maxwellian rate coefficients. For this purpose, the cross sections were averaged over the Maxwell-Boltzmann distribution for the energies of the electrons.
3 Results
The energy levels of configurations for the Fe2+ and Fe3+ ions are plotted in Fig. 1. It is evident that there are many configurations with energy levels that straddle the SI threshold. This means that the configuration average calculations cannot guarantee reliable data for the indirect process of ionization for these configurations. A slight variation in the SI threshold can lead to a change in the EA cross sections that corresponds to the excitations to these configurations.
The energy levels of the ground configuration of the Fe2+ ion determined using the FAC are compared to data provided by the National Institute of Standards and Technology (NIST) (Kramida et al. 2022) in Table 1. The leading percentages for the energy levels from the NIST database are also presented. It can be seen that configuration mixing occurs between the levels of the ground configuration. The highest energy level of the configuration is 13.414 eV above the ground level for the FAC values. The relative difference in the energy levels from the energy of the ground level is smaller for many levels in the NIST data than in the FAC data. Furthermore, the theoretical energy levels are more energetically split than the NIST ones for all terms, except for the a3P and b3P ones, which show the largest mixing (Table 1). The difference from the NIST values can be explained by the fact that the interactions between the energy levels of the excited configurations and those of the ground configuration are missing in our calculations. The influence of correlation effects on the energy levels and SI cross sections requires a separate study that involves large-scale calculations. It should be noted that correlation effects often have a diminishing effect on the calculated SI cross sections (Jonauskas et al. 2019; Jonauskas 2020b).
The theoretical SI threshold for the Fe2+ ion is 27.818 eV, which is ~9% lower than the NIST-recommended value of 30.651 eV. It should be noted that the SI thresholds obtained for other elements and ions using the DFS approach have previously been reported to be lower than the NIST values (Kynienė et al. 2015; Kynienė et al. 2019; Koncevičiūtė et al. 2018; Jonauskas 2018; Jonauskas et al. 2019; Kučas et al. 2022). The difference is more pronounced at lower ionization stages than higher ones. This is in line with the idea that correlation effects are responsible for the differences in energy levels between the DFS and NIST data in this work.
The SI cross sections studied in the potential of the ionizing ion are presented in Fig. 2. The cross sections are plotted for ionization from all levels of the ground configuration of the Fe2+ ion. The level i = 5 (Table 1) corresponds to the lowest cross sections, while the highest level of the ground configuration, i = 33, produces the highest peak. A difference of ~50% between the lowest and highest peaks of the theoretical cross sections was obtained. What is more, the peak of the cross section for the highest level of the ground configuration shifts to the lower-energy side, whereas the cross sections for lower levels of the ground configuration peak at around 100 eV. A comparison with measurements from Mueller et al. (1985) and Stenke et al. (1999) demonstrates that the theoretical values overestimate the experimental data for the entire energy range. The lowest peak of the theoretical cross sections is ~60% higher than the peaks of the experimental ones. Furthermore, the theoretical cross sections are slightly higher than the experimental data at higher energies of the impacting electron, too (Fig. 2).
Theoretical cross sections calculated in the potential of the ionized ion show much better agreement with the measurements on the high-energy side (Fig. 3); however, they overestimate the measurements for the lowest peaks by at least ~30%. The lowest peak is ~15% smaller than the one obtained in the potential of the ionizing ion (Fig. 2). It should be noted that the values at the peaks of the cross sections that correspond to the ionization from the two highest levels of the ground configuration are the same in both calculations. This is explained by the fact that these peaks are formed by the EA channels produced by excitations from the 3d subshell. This subshell is the outermost one of the ground configuration, and the corresponding EA cross sections are built at lower energies of the impacting electron, where the contribution from the direct process is smaller.
For the scaled DW cross sections, the situation is totally different. Scaling Eqs. (3), (4) leads the cross sections to diminish in size. This effect is more pronounced at lower energies closer to the ionization threshold. The scaled cross sections obtained in the potential of the ionizing ion are ~30% smaller, in the case of the lowest peak (Fig. 4), than the unscaled values (Fig. 2). Scaling causes the highest levels of the ground configuration to shrink by ~45%. Nevertheless, the scaled DW cross sections on the high-energy side are still higher than those for the experimental data (Mueller et al. 1985; Stenke et al. 1999).
The lowest peaks of the scaled DW cross sections obtained in the potential of the ionized ion (Fig. 5) are ~20% lower than those for the data calculated in the potential of the ionizing ion (Fig. 4). The difference reaches ~15% for the highest peaks that correspond to the highest level of the ground configuration. There are many cross sections below both measurements at energies starting from ~200 eV. At ~100 eV, the theoretical cross sections are slightly above the experimental data observed by Mueller et al. (1985). The measurements by Stenke et al. (1999) are above the lowest theoretical cross sections across the entire energy range. These measurements are higher than the lowest theoretical cross sections as they descend to lower energies from the peak (Fig. 5). It should be noted that the measurements from Stenke et al. (1999) are higher than the data observed by Mueller et al. (1985). Furthermore, the latter cross sections appear on the scene at slightly higher energies than the former ones. All of this indicates that a larger number of metastable levels is populated in the ion beam produced in the experiment of Stenke et al. (1999) than in that of Mueller et al. (1985).
As mentioned above, the theoretical SI threshold is ~2.833 eV lower than the NIST-recommended value (Kramida et al. 2022). Previously, it was demonstrated that correcting the SI threshold in calculations can lead to a better agreement with the measurements (Jonauskas 2020a; Kynienė & Jonauskas 2021). The correction of the SI threshold affects the CI and EA cross sections. The increase in the SI threshold in the calculations leads to some initially autoionizing energy levels of the Fe2+ ion that are below the ground level of the next ionization stage. Therefore, the EA cross sections diminish in size when the SI threshold is increased in the theoretical studies.
The scaled DW cross sections obtained using the experimental SI threshold are compared with the measurements in Fig. 6. It can be seen that the theoretical cross sections from different levels of the ground configuration extend over all the experimental values. The correction of the SI threshold affects only excitations from the 3d subshell for the EA process. There are many configurations produced by the excitations from the 3d subshell of the ground configuration that have energy levels that straddle the SI threshold (Fig. 1). The cross sections are reduced by a factor of six for this subshell. The energy levels of the configurations produced by the excitations from the 3p subshell are well above the SI threshold. The increase in the SI threshold by 2.833 eV does not reach these energy levels. Therefore, this correction of the SI threshold does not influence the EA cross sections that correspond to the excitations from the 3p subshell. It should be noted that the current study does not permit an evaluation of the population of the levels in the ion beam in comparison to the experimental data since there are many levels that can contribute to the formation of the experimental cross sections. Other methods must be utilized to determine the population of the levels.
The contribution from direct and indirect ionization processes to the total ionization cross sections is shown in Fig. 7 for the levels with indices i = 17 and i = 33. The SI cross sections from these levels correspond to the lowest and highest peaks among the levels of the ground configuration of the Fe3+ ion. At peak values, the contribution from the EA process amounts to ~25% for level i = 17 and ~50% for i = 33. In addition, the previous calculations made using the CADW method (Pindzola & Loch 2018) are compared to the experimental data and the FAC calculations. As mentioned above, the CADW cross sections are more than 20% higher than the measurements at the peak.
It is important to estimate the contribution of the EA channels that correspond to excitations to the higher shells (Kynienė et al. 2015, 2016). The convergence of the cross sections for the indirect process of ionization has to be investigated so that all important EA channels are included in the study. The contribution of the EA channels produced by the excitations to the shells with the principal quantum numbers 9 ⩽ n ⩽ 20 provides ~2% of the total cross sections of the ionization from level i = 17 (Fig. 8). The EA channels corresponding to the excitations to the shells with 9 ⩽ n ⩽ 20 from the highest level of the ground configuration contribute slightly more (~6%). This therefore demonstrates that the excitations to the higher shells (n > 20) would provide only a negligible contribution to the SI cross sections.
The strongest excitations contributing to the indirect process of ionization from the highest level of the ground configuration correspond to the 3p → 3d transitions (Fig. 9). The next strongest contribution to the indirect process comes from the 3p → 4p transitions. However, the latter transitions constitute only ~ 10% of the total EA cross sections from this level. It is a similar situation for other levels of the ground configuration.
The scaled cross sections obtained for the lowest and highest levels of the ground configuration using the experimental SI threshold (Kramida et al. 2022) are compared in Fig. 10 to the data obtained using the theoretical SI threshold. In addition, the level with index i = 17, which corresponds to the lowest theoretical cross sections, is presented. The cross sections are diminished by ~15% for levels i = 0 and i = 17 and by ~25% for the highest level of the ground configuration of the Fe2+ ion.
The Maxwellian rate coefficients presented by Voronov (1997) and Dere (2007) for the ground state are compared in Fig. 11 to our results for the lowest and highest levels of the ground configuration. Dere (2007) used the FAC to calculate the cross sections while Voronov (1997) obtained cross sections from the fit to the data of Mueller et al. (1985). Our data for the ground level are ~10% below the rate coefficients of Voronov (1997) at peak values. What is more, the rate coefficients presented by Dere (2007) are ~50% higher than our peak value. A difference of ~25% between the lowest and highest levels of the ground configuration of the Fe2+ ion was obtained.
Table 1 
Comparison of theoretical (DFS) and NIST (Kramida et al. 2022) energy levels (in eV) for the ground configuration of the Fe2+ ion.

	[image: thumbnail]	Fig. 1 Energy levels of the Fe2+ and Fe3+ ions. The configurations of the energy levels that straddle the SI threshold are presented in addition to the ground and first excited configurations of the Fe2+ and Fe3+ ions.



	[image: thumbnail]	Fig. 2 SI cross sections for all levels of the ground configuration of the Fe2+ ion (DW). The CI cross sections are determined by the potential of the ionizing ion. Experimental data are from Stenke et al. (1999) and Mueller et al. (1985).



	[image: thumbnail]	Fig. 3 Same as Fig. 2 except the potential of the ionized ion is used.



	[image: thumbnail]	Fig. 4 Scaled DW (sDW) cross sections for all levels of the ground configuration of the Fe2+ ion. The CI cross sections are determined by the potential of the ionizing ion. Experimental data are from Stenke et al. (1999) and Mueller et al. (1985).



	[image: thumbnail]	Fig. 5 Same as Fig. 4 except the potential of the ionized ion is used.



	[image: thumbnail]	Fig. 6 Scaled DW (sDW) cross sections for the ground configuration levels of the Fe2+ ion. The CI cross sections were determined in the potential of the ionized ion. The experimental SI threshold (Kramida et al. 2022) was used in the calculations. Experimental data are from Stenke et al. (1999) and Mueller et al. (1985).



	[image: thumbnail]	Fig. 7 Scaled DW cross sections calculated using the corrected SI threshold (Kramida et al. 2022) for the levels that have the lowest and highest cross sections at the peak. The contributions from direct and indirect processes are presented. Plotted data are from Stenke et al. (Stenke et al. 1999), Mueller et al. (Mueller et al. 1985), and CADW (Pindzola & Loch 2018).



	[image: thumbnail]	Fig. 8 Scaled DW cross sections calculated using the corrected SI threshold (Kramida et al. 2022) for the level that features the lowest cross section at the peak, i = 17. The contributions from direct and indirect processes are presented.



	[image: thumbnail]	Fig. 9 Contribution of the EA channels corresponding to ionization from the ground level. The scaled DW cross sections are calculated using the corrected SI threshold (Kramida et al. 2022).



	[image: thumbnail]	Fig. 10 Comparison of the scaled DW cross sections determined using theoretical and experimental (Kramida et al. 2022) SI thresholds. The values obtained using the experimental threshold correspond to the lower values of the presented cross sections.



	[image: thumbnail]	Fig. 11 Maxwellian rate coefficients for the lowest (i = 0) and highest (i = 33) levels of the ground configuration of the Fe2+ ion compared to the results from Dere (2007) and Voronov (1997).



4 Summary and conclusions
We investigated the electron-impact SI cross sections for all levels of the ground configuration of the Fe2+ ion. This included studying the contribution of direct and indirect ionization processes. The direct process investigated in the potential of the ionized ion produces a lower cross section than that from data calculated in the ionizing potential. We studied the convergence of the cross sections for the EA channels. The scaled DW approximation with the corrected value of the SI threshold produces cross sections that are lower than the experimental data across the whole electron energy range for many lower-lying energy levels. The correction of the SI threshold leads to values ~15% and ~25% smaller for the lowest and highest levels of the ground configuration of the Fe2+ ion, respectively. The EA channels corresponding to the 3p → 3d excitations provide the main contribution to the indirect ionization. The excitations to the higher nl shells (9 ⩽ n ⩽ 20) contribute less than ~ 10% to the ionization from the levels of the ground configuration.
Finally, cross sections for the direct, indirect, and total ion-ization by electron impact are presented as supplementary data. The Maxwellian rate coefficients are also tabulated for all levels of the ground configuration of the Fe2+ ion. The contribution from different subshells is presented so that the data can be used not only for equilibrium plasmas but also for nonequilibrium modeling.
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	[image: thumbnail]	Fig. 7 Scaled DW cross sections calculated using the corrected SI threshold (Kramida et al. 2022) for the levels that have the lowest and highest cross sections at the peak. The contributions from direct and indirect processes are presented. Plotted data are from Stenke et al. (Stenke et al. 1999), Mueller et al. (Mueller et al. 1985), and CADW (Pindzola & Loch 2018).
In the text



	[image: thumbnail]	Fig. 8 Scaled DW cross sections calculated using the corrected SI threshold (Kramida et al. 2022) for the level that features the lowest cross section at the peak, i = 17. The contributions from direct and indirect processes are presented.
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	[image: thumbnail]	Fig. 9 Contribution of the EA channels corresponding to ionization from the ground level. The scaled DW cross sections are calculated using the corrected SI threshold (Kramida et al. 2022).
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	[image: thumbnail]	Fig. 10 Comparison of the scaled DW cross sections determined using theoretical and experimental (Kramida et al. 2022) SI thresholds. The values obtained using the experimental threshold correspond to the lower values of the presented cross sections.
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	[image: thumbnail]	Fig. 11 Maxwellian rate coefficients for the lowest (i = 0) and highest (i = 33) levels of the ground configuration of the Fe2+ ion compared to the results from Dere (2007) and Voronov (1997).
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      Table 1 

      Comparison of theoretical (DFS) and NIST (Kramida et al. 2022) energy levels (in eV) for the ground configuration of the Fe2+ ion.

      
        


	Index
	jj-coupling
	Term
	J
	Leading percentage
	ENIST
	EDFS





	0
	[image: equation]
	5D
	4
	100
	0.000
	0.000



	1
	[image: equation]
	5D
	3
	100
	0.054
	0.062



	2
	[image: equation]
	5D
	2
	100
	0.092
	0.104



	3
	[image: equation]
	5D
	1
	100
	0.116
	0.132



	4
	[image: equation]
	5D
	0
	100
	0.127
	0.145



	5
	[image: equation]
	a3P
	2
	61 + 39 b3P2
	2.406
	2.911



	6
	[image: equation]
	a3P
	1
	62 + 38 b3P1
	2.565
	2.896



	7
	[image: equation]
	a3P
	0
	62 + 38 b3P0
	2.629
	2.969



	8
	[image: equation]
	3H
	6
	100
	2.486
	2.481



	9
	[image: equation]
	3H
	5
	99
	2.517
	2.515



	10
	[image: equation]
	3H
	4
	97
	2.539
	2.539



	11
	[image: equation]
	a3F
	4
	75 + 21 b3F4
	2.661
	2.849



	12
	[image: equation]
	a3F
	3
	77 + 21 b3F3
	2.690
	2.885



	13
	[image: equation]
	a3F
	2
	80 + 20 b3F2
	2.710
	2.713



	14
	[image: equation]
	3G
	5
	99
	3.045
	3.156



	15
	[image: equation]
	3G
	4
	96
	3.092
	3.214



	16
	[image: equation]
	3G
	3
	98
	3.117
	3.240



	17
	[image: equation]
	1I
	6
	100
	3.764
	3.746



	18
	[image: equation]
	3D
	2
	99
	3.808
	4.106



	19
	[image: equation]
	3D
	1
	100
	3.809
	4.105



	20
	[image: equation]
	3D
	3
	100
	3.826
	4.126



	21
	[image: equation]
	a1G
	4
	65 + 34 b1G4
	3.829
	3.961



	22
	[image: equation]
	a1S
	0
	76 + 23 b1S0
	4.316
	4.618



	23
	[image: equation]
	a1D
	2
	77 + 22 b1D2
	4.439
	4.957



	24
	[image: equation]
	1F
	3
	99
	5.318
	5.740



	25
	[image: equation]
	b3P
	0
	62 + 38 a3P0
	6.094
	6.764



	26
	[image: equation]
	b3P
	1
	62 + 38 a3P1
	6.147
	6.825



	27
	[image: equation]
	b3P
	2
	61 + 39 a3P2
	6.250
	6.779



	28
	[image: equation]
	b3F
	2
	80 + 20 a3F2
	6.222
	6.946



	29
	[image: equation]
	b3F
	4
	78 + 22 a3F4
	6.233
	6.797



	30
	[image: equation]
	b3F
	3
	79 + 21 a3F3
	6.236
	6.797



	31
	[image: equation]
	b1G
	4
	65 + 35a1G4
	7.095
	7.665



	32
	[image: equation]
	b1D
	2
	78 + 22 a1D2
	9.552
	10.386



	33
	[image: equation]
	
	0
	
	
	13.414





      

      
Notes. The leading percentages are from NIST (Kramida et al. 2022). Level identification from the DFS calculation is presented in jj coupling.




    

  
    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Energy levels of the Fe2+ and Fe3+ ions. The configurations of the energy levels that straddle the SI threshold are presented in addition to the ground and first excited configurations of the Fe2+ and Fe3+ ions.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        SI cross sections for all levels of the ground configuration of the Fe2+ ion (DW). The CI cross sections are determined by the potential of the ionizing ion. Experimental data are from Stenke et al. (1999) and Mueller et al. (1985).

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Same as Fig. 2 except the potential of the ionized ion is used.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Scaled DW (sDW) cross sections for all levels of the ground configuration of the Fe2+ ion. The CI cross sections are determined by the potential of the ionizing ion. Experimental data are from Stenke et al. (1999) and Mueller et al. (1985).

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Same as Fig. 4 except the potential of the ionized ion is used.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Scaled DW (sDW) cross sections for the ground configuration levels of the Fe2+ ion. The CI cross sections were determined in the potential of the ionized ion. The experimental SI threshold (Kramida et al. 2022) was used in the calculations. Experimental data are from Stenke et al. (1999) and Mueller et al. (1985).

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Scaled DW cross sections calculated using the corrected SI threshold (Kramida et al. 2022) for the levels that have the lowest and highest cross sections at the peak. The contributions from direct and indirect processes are presented. Plotted data are from Stenke et al. (Stenke et al. 1999), Mueller et al. (Mueller et al. 1985), and CADW (Pindzola & Loch 2018).

      

    

  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
        Scaled DW cross sections calculated using the corrected SI threshold (Kramida et al. 2022) for the level that features the lowest cross section at the peak, i = 17. The contributions from direct and indirect processes are presented.

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Contribution of the EA channels corresponding to ionization from the ground level. The scaled DW cross sections are calculated using the corrected SI threshold (Kramida et al. 2022).

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Comparison of the scaled DW cross sections determined using theoretical and experimental (Kramida et al. 2022) SI thresholds. The values obtained using the experimental threshold correspond to the lower values of the presented cross sections.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Maxwellian rate coefficients for the lowest (i = 0) and highest (i = 33) levels of the ground configuration of the Fe2+ ion compared to the results from Dere (2007) and Voronov (1997).
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