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Abstract

Aims. Electron capture in collisions of highly charged O6+ ions with ground-state hydrogen atoms is a very important process in solar wind X-ray studies.

Methods. In the present study, the full quantum-mechanical molecular-orbital close-coupling method is employed to study electron capture reactions in collisions of O6+ ion with ground-state atomic hydrogen in the energy region from 10−4 keV u−1 to 5 keV u−1. The ab initio multi-reference single- and double-excitation configuration interaction (MRD-CI) method is used to calculate the potential and coupling data used in the QMOCC calculations.

Results. Total and state-selective cross sections for the dominant and subdominant reaction channels are calculated and compared with the available experimental and theoretical data. The branching ratios for Lithium-like O5+ excited ions are used to calculate the contribution of cascade radiative transitions from n = 5 levels to the population of 4l states. From the calculated cross sections, reaction rate coefficients are obtained for temperatures between 1000 and 1 × 109 K and compared with other calculations.
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1. Introduction
Electron capture (or charge exchange) processes between highly charged ions and neutral species have received considerable attention in studies investigating the production of X-rays and/or extreme ultraviolet photons in various astrophysical environments. The solar wind charge exchange (SWCX) mechanism, namely the charge exchange processes between solar wind ions (Cravens 1997) (H, He, C, N, O, Ne, S, Si, Fe, etc) and neutrals, has been confirmed as a primary source of the soft X-ray background (SXRB). The X-ray observation of comets and other solar-system objects can often provide a diagnostic of the composition, evolution, and velocity of the solar wind, and the distribution of the neutral gas density.
With the appearance of sophisticated X-ray observatories such as Chandra, XMM-Newton, and Suzaku observatories, X-ray emission has been observed from several solar-system objects including the Sun, the Moon, the Earth, Saturn, Mars, Venus, Jupiter, and comets (Bhardwaj et al. 2006, 2009; Bhardwaj & Gladstone 2000; Cravens 2000). The original discovery of soft X-rays from the Jupiter aurora regions are currently believed to originate from the charge-exchange collisions of multi-charged ion Oq+ and Sq+ with H, He, H2 of the neutral ambient gas (Kharchenko et al. 2008; Krasnopolsky & Mumma 2001; Hui et al. 2010); extreme ultraviolet and X-ray emission from many comets (such as Hale-Bopp, Halley, and Hyakutake) are considered to result from charge-transfer processes between highly charged solar-wind particles (O4 − 6+, C4, 5+, Ne7+) and neutral particles of the comets (Cravens 1997, 2002; Haberli et al. 1997). Similarly, the X-ray emission from the heliosphere, the geocorona, and the Martian and Venusian halo are considered to derive from charge-exchange collisions between highly charged heavy ions (Oq+, Cq+, Neq+ and Siq+) in the solar wind and gaseous neutral species in the atmosphere or exosphere of these bodies (Bhardwaj et al. 2009). In addition, in magnetic fusion plasmas, the electron capture processes of highly charged impurity ions with the neutral species are an important radiative plasma cooling mechanism. However, as the electron capture on these ions populates excited states, their radiation can be used as a plasma diagnostic tool as well (Rice et al. 1986).
The electron capture processes in O6+–H collisions have been studied in the past by many authors, both theoretically and experimentally. On the experimental side, total electron-capture measurements have been performed (Crandall et al. 1979; Phaneuf et al. 1982; Dijkkamp et al. 1985; Panov et al. 1983; Meyer et al. 1979) covering the combined energy range 0.1–100 keV u−1. The absolute single electron-capture cross sections to 4l have been measured using the emission spectroscopy in the energy range between 0.94 and 7.5 keV u−1 by Dijkkamp et al. (1985). On the theoretical side, electron capture cross-section calculations for this collision system have been performed by the semi-classical molecular orbital close-coupling (SCMOCC; Hanssen et al. 1984; Bendahman et al. 1985; Harel & Jouin 1988), atomic orbital close-coupling (AOCC; Liu et al. 2012; Wu et al. 2012), classical trajectory Monte Carlo (CTMC; Wu et al. 2012; Olson & Salop 1977; Shipsey et al. 1981), perturbed stationary states (PSS; Shipsey et al. 1981) methods, and by the full quantum-mechanical molecular-orbital close-coupling (QMOCC) method (Wu et al. 2012). The conclusion of these theoretical studies was that the electron capture process in these systems dominantly populates the n = 4 shell, and sub-dominantly populates the n = 5 shell.
The purpose of the present work is to study the electron capture in the O6++H system using the QMOCC method with a very large expansion basis, performing the calculations in the energy range 10−4–5 keV u−1. The most extensive previous QMOCC calculations for this system considered a basis of 25 molecular states of 2Σ+ and 2Π symmetries, while in the present calculations the basis contains 50 molecular states of 2Σ+, 2Π, 2Δ, 2Φ, and 2Γ symmetries. The present QMOCC calculations use ab initio adiabatic potentials and nonadiabatic radial and rotational coupling matrix elements obtained with the multi-reference single and double excitation configuration interaction (MRD-CI) approach, employing optimized atomic basis sets to describe the high-lying Rydberg states of O5+ ion.
The organization of the paper is as follows. In the following section, we briefly outline the theoretical calculation methods that are used. In Sect. 3, we present and discuss the results of our molecular structure and cross-section calculations. Finally, a brief summary is given in Sect. 4.
Atomic units are used throughout unless otherwise stated.
2. Theoretical methods
2.1. Scattering theory
The quantal molecular orbital close-coupling (QMOCC) method is described in detail elsewhere (Nolte et al. 2012; Zygelman et al. 1992); here we give only its brief outline. The total scattering wave function of the collision system is expanded in terms of adiabatic electronic wave functions ψi(R, r):
[image: thumbnail](1)
where r is the electron position vector taken with respect to the center of mass of the nuclei, and R is the internuclear distance. The Schrödinger equation is given as
[image: thumbnail](2)
where I is the unit matrix, u is the diagonal adiabatic potential matrix, and M and P are coupling matrices, defined as
[image: thumbnail](3)
Inserting the expansion (1) in Eq. (2) the following system of coupled differential equations is obtained for the expansion coefficients Fj(R),
[image: thumbnail](4)
where J is the total angular momentum, λ is the a diagonal matrix with elements λj that satisfy [image: equation], Lz is the projection of angular momentum J on internuclear axis, and VR and VC are the radial and rotational coupling matrices, respectively,
[image: thumbnail](5)
where ⟨i|...|j⟩ represents ⟨ψi|...|ψj⟩. Near an avoided crossing of adiabatic potentials, the radial coupling Aij(R) (Aij(R) = ⟨i|∂/∂R|j⟩) is almost singular, causing significant problems in numerical integration of coupled Eq. (4). To avoid these problems, the following diabatic transformation of fJ(R) is usually performed
[image: thumbnail](6)
where C is an orthogonal transformation matrix that satisfies the limit C(R)→I; R → ∞. Under this transformation, the coupled Eq. (4) take the form
[image: thumbnail](7)
where U and P are the diabatic radial and rotational coupling matrices, respectively. Using the multichannel log-derivative method of Johnson (1973) to solve these equations, one gets the scattering matrices K and S
[image: thumbnail](8)
The electron capture cross section from the initial channel i to the final channel j is given by
[image: thumbnail](9)
In order to include the effects of electron translational factors (important only for energies above ∼1 keV u−1), we transform the radial and rotational coupling matrix elements between the states ψK and ψL into
[image: thumbnail](10)
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where εK and εL are the electronic energies of states ψK and ψL, and z2 and zx are the components of quadrupole moment tensor. This modification of the couplings is similar in form to the one resulting from the application of the common translational factor method (Errea et al. 1982).
2.2. Molecular structure calculations
Adiabatic potentials and coupling matrix elements for the O6+ + H scattering system have been obtained with the multi-reference single- and double-excitation configuration interaction (MRDCI) approach (Buenker et al. 2014; Krebs & Buenker 1995). For the O5+ ion, we have adopted a hybrid basis set, which is developed by Wu et al. (2011, 2012) and consists of two components: (i) the standard Dunning neutral atom basis and (ii) a one-electron basis of hydrogen-like orbitals. In order to produce almost exactly the hydrogen-like Rydberg ion energies, a large Gaussian basis set (19s, 13p, 10d, 6f, 3g) has been optimized and used for oxygen. A (6s, 3p, 2d, 1f) basis contracted to [4s, 3p, 2d] was employed for hydrogen (Dunning 1989). The full configuration interaction calculation was employed to compute the adiabatic potentials and coupling matrix elements of the [OH]6+ system for internuclear distances between 1.0 and 40 au Twenty 2Σ+, nine 2Δ and two 2Γ electronic states in A1 symmetry, and fourteen 2Π and five 2Φ electronic states in B1 symmetry have been obtained. The asymptotic energies of considered states in the present calculations compared with the available experimental data (Kelly 1987) are shown in Table 1. The largest error in the relative asymptotic energies of the [OH]6+ system is about 0.105 eV. This accuracy of the energies is considered to be adequate for the QMOCC scattering calculations. Given the optimized basis, the molecular wave functions are computed and the radial and rotational coupling elements are calculated by applying the finite-difference method (Buenker & Peyerimhoff 1974, 1975; Buenker & Phillips 1985; Buenker 1986).
Table 1.

Asymptotic separated-atom energies for the states of [OH]6+.


Since in Sect. 3.2 our cross-section results are systematically compared with the results of the previous QMOCC calculations by Wu et al. (2012), we note that in their implementation of MRDCI method a Gaussian basis set containing 17s, 15p, 9d, 6f, and 3g states was used on O5+, and a 6s, 3p, 2d, and 1f basis contracted to [4s, 3p, 2d, 1f] was used on H. The full configuration interaction calculations were performed in the internuclear distance range 1–40 au with a maximum error of 0.03 eV in the asymptotic energies of [OH]6+. The difference between the molecular structure calculations in the present work and those in Wu et al. (2012) can obviously result in differences in the distribution of positions of avoided crossings along the internuclear distance, as well as in differences in the strengths and radial extension of both radial and rotational couplings.
3. Results and discussion
3.1. Potentials and couplings
In Fig. 1a, the calculated adiabatic potential energy curves for the lowest 20 2Σ+ and 14 2Π molecular states are presented as a function of internuclear distance, where the 162Σ+ state represents the initial channel in O6+(1s2)+H(1s) collision. The potentials of 2Δ, 2Φ, and 2Γ molecular states, also included in cross-section calculations, are shown in Fig. 1b for the internuclear distances R = 1–40 au The region of avoided crossings involving the initial state and those correlating with the n = 4 and 5 atomic states are displayed in Fig. 1c. The avoided crossings are distributed in the ∼5–24 au internuclear distance range, suggesting a strong radial coupling of initial and n = 4, 5 final channels in this region. The avoided crossings of initial channel with those of n = 6 appear in the region around R = 325.00 au, but, being extremely small, the associated radial couplings do not produce any transitions.
	[image: thumbnail]	Fig. 1.
Adiabatic potential energy curves of [OH]6+ as a function of internuclear distance R. Panel a: calculated adiabatic potential energy curves for the lowest 20 2Σ+ and 14 2Π molecular states for n = 3, 4, 5 and 6 channels, panel b: potentials of 2Δ, 2Φ, and 2Γ molecular states for n = 3, 4, 5, and 6 channels, and panel c: adiabatic potentials near the vicinity of the avoided crossings for n = 4 and n = 5 channels.




In Fig. 2, we show the radial coupling matrix elements between the adjacent states for the n = 2, 3, 4, 5, 6 manifolds. It can be noted that the positions of the peaks in radial couplings are consistent with the positions of avoided crossings of adiabatic potentials shown in Fig. 1. In Fig. 3, the most important rotational coupling matrix elements within the n = 4 manifold are displayed as a function of internuclear distance. At large internuclear distances, the rotational couplings approach zero or a constant value for the states belonging to different configurations or to the same configuration, respectively.
	[image: thumbnail]	Fig. 2.
Radial coupling matrix elements between the adjacent states for [OH]6+. Panels a–d: 2Σ+–2Σ+ couplings, panels e–f: 2Π–2Π couplings.




	[image: thumbnail]	Fig. 3.
Rotational coupling matrix elements for [OH]6+. Panel a: (6–9)2Σ+–(4–5)2Π couplings, panel b: (6–10)2Σ+–(6–10)2Π couplings, panel c: (11–12)2Σ+–(7–10)2Π couplings, panel d: (13–14)2Σ+–(7–10)2Π couplings.




3.2. Cross sections
In the present work we performed two sets of QMOCC calculations for the electron capture to 4l and 5l states in O6+(1s2)+H(1s) collisions: one with 34 molecular states in the basis, involving only the 2Σ+ and 2Π states correlating with n = 2–6 atomic manifolds, and another one with 50 molecular states in the basis, involving all the states correlating with the n = 2–6 atomic manifolds. The cross sections were calculated in the energy range 10−4–5.0 keV u−1. We note that in the previous QMOCC calculations by Wu et al. (2012) a relatively modest expansion basis was used, consisting of 25 2Σ+ and 2Π states, correlating with the n = 3, 4, 5 atomic manifolds.
In Fig. 4 we show the results of present QMOCC calculations for the total electron capture cross section with the above two basis sets. A noticeable difference between the results of two calculations appears only for energies above 0.1 keV u−1. The present total cross sections are compared also with the results of previous theoretical calculations (Hanssen et al. 1984; Bendahman et al. 1985; Harel & Jouin 1988; Liu et al. 2012; Wu et al. 2012; Shipsey et al. 1981) and with experimental data of Crandall et al. (1979), Phaneuf et al. (1982), Dijkkamp et al. (1985), Panov et al. (1983). We note that only the QMOCC result of Wu et al. (2012) covers the energy range of the present work and extends up to 10 keV u−1. It can be observed that the present QMOCC results in the region below 0.2 keV u−1 differ significantly from those of Wu et al. (2012) and lie closer to the experimental data of Phaneuf et al. (1982) in this region. This is a result of the much smaller expansion basis used in Wu et al. (2012), and also due to the differences in the nonadiabatic couplings involved in the two calculations. In the energy range 0.2–5 keV u−1 our QMOCC results agree with the experimental results of Phaneuf et al. (1982), Dijkkamp et al. (1985) within their uncertainties, as well as with the PSS (Shipsey et al. 1981) and SMOCC (Hanssen et al. 1984; Bendahman et al. 1985; Harel & Jouin 1988) theoretical results, which continue to be in fair agreement with the experiment up to ∼8 keV u−1. We note that the low-energy points of Shipsey et al. (1981) are results from their PSS calculations, while those at high energies are their CTMC results.
	[image: thumbnail]	Fig. 4.
Total charge transfer cross sections in O6+–H collisions.




The cross sections for capture to n = 4 and n = 5 shells of O5+ from present QMOCC calculations are shown in Figs. 5 and 6, respectively. They are compared with the theoretical SMOCC results of Harel & Jouin (1988), the AOCC results of Liu et al. (2012) and Wu et al. (2012), the QMOCC results of Wu et al. (2012) and with the experimental data of Dijkkamp et al. (1985). In the overlapping energy range, the present QMOCC results for capture to the n = 4 shell are in good agreement with the experiment, as well as with the SMOCC (Harel & Jouin 1988) and AOCC (Liu et al. 2012; Wu et al. 2012) results. As in the case of total electron capture, the present QMOCC results in the region below ∼0.2 keV u−1 considerably disagree with those of Wu et al. (2012). For the capture to the n  =  5 the situation is similar (cf. Fig. 6), except that the difference between the present and QMOCC result of Wu et al. (2012) becomes enormous (more than two orders of magnitude) in the region below ∼0.03 keV u−1 and very significant for energies above ∼1 keV u−1.
	[image: thumbnail]	Fig. 5.
Cross sections for electron capture to n = 4 shell of O5+ ion in O6+–H collisions.




	[image: thumbnail]	Fig. 6.
Cross sections for electron capture to n = 5 shell of O5+ ion in O6+–H collisions.




The present QMOCC cross sections for capture to 4l and 5l states are shown in Figs. 7 and 8, respectively. They are compared with the previous QMOCC (Wu et al. 2012), SMOCC (Harel & Jouin 1988), and AOCC (Liu et al. 2012; Wu et al. 2012) results and with the emission spectroscopy measurements of Dijkkamp et al. (1985). In Fig. 7 we also show the 4l population cross sections that include the radiative cascade contributions from the 5l levels, calculated using the Lithium-like O5+ excited ions branching ratios of Nahar (2002). As observed in Fig. 7, the cascade corrected 4l population QMOCC (with full basis) results for the 4p states are in much better agreement with experimental data in the overlapping energy range than with the uncorrected cross sections. For the 4d and 4f states, for which the disagreement of present results and experimental data is large, the cascade corrections do not bring any improvement. The cause for the observed significant differences between the present QMOCC results and those of previous QMOCC calculations (Wu et al. 2012) in the entire energy range considered is a consequence of the differences in the number of radial and rotational couplings (and of the differences in their strengths and positions on and extensions along the internuclear distance) involved in the two calculations. More specifically, we have found that the higher angular momentum molecular states 2Δ, 2Φ, 2Γ (excluded in the expansion basis of Wu et al. 2012) strongly affect the cross sections in the 0.1–5 keV u−1 energy range.
	[image: thumbnail]	Fig. 7.
Cross sections for electron capture to 4l shell of O5+ ion in O6+–H collisions. Panel a: cross sections for electron capture to O5+(4s) state. Panel b: cross sections for electron capture to O5+(4p) state. Panel c: cross sections for electron capture to O5+(4d) state. Panel d: cross sections for electron capture to O5+(4f) state.




	[image: thumbnail]	Fig. 8.
Cross sections for electron capture to 5l shell of O5+ ion in O6+–H collisions. Panel a: cross sections for electron capture to O5+(5s) state. Panel b: cross sections for electron capture to O5+(5p) state. Panel c: cross sections for electron capture to O5+(5d) state. Panel d: cross sections for electron capture to O5+(5f) state. Panel e: cross sections for electron capture to O5+(5g) state.




Our QMOCC cross sections for capture to 5l states in Fig. 8 show sharp increases in the narrow energy range ∼0.02–∼0.08 keV u−1 caused by the well localized radial couplings of the initial and 5l reaction channels in the internuclear distance range 19.5–23.5 au It should be noticed that our QMOCC 5l results (except for 5g), calculated with the basis containing only the 2Σ+ and 2Π states, are consistent with the QMOCC results of Wu et al. (2012) in the energy region below 1 keV u−1 (down to ∼0.03 keV u−1), after which they become drastically different. It should also be noted that in the overlapping energy range, the QMOCC and AOCC cross sections are consistent with each other, especially for the 5f and 5g states.
3.3. Reaction rate coefficients
The reaction rate coefficients for charge transfer process are calculated in the temperature range 1000−109 K by averaging the cross sections of Eq. (9) over a Maxwellian velocity distribution, and the results, compared with the previous results given by Wu et al. (2012), are displayed in Figs. 9 and 10. Based on the present QMOCC calculations and previous AOCC results (Liu et al. 2012; Wu et al. 2012), we have obtained the recommended total charge transfer cross sections in the energy range 10−4–100 keV u−1. In Fig. 9a, the current recommended cross sections are presented and compared with the previous recommended results (Wu et al. 2012). Using these total cross sections, the total reaction rate coefficients are shown in Fig. 9b. Good agreement between the present total charge transfer rate coefficient and that given by Wu et al. (2012) is observed only in the overlapping temperature range 6 × 104 K–2 × 108 K. For T <  6 × 104 K and T >  2 × 108 K, the present results differ significantly from those of Wu et al. (2012). The differences in the reaction rate coefficients of present calculations and those in Wu et al. (2012) are obviously consistent with the differences in the corresponding charge transfer cross sections. In Fig. 10, the present rate coefficients for all considered charge transfer processes increase with increasing temperature and attain their maximum values at T ∼ 2−3 × 107 K, while those of Wu et al. (2012) attain their maxima at T ∼ 4−5 × 107 K. It is also observed in Fig. 10 that in the temperature region T >  3 × 106 K dominant contribution to the n = 4 reaction rate in the present calculations gives the capture to 4f state, while in the calculations of Wu et al. (2012) this is the 4p state.
	[image: thumbnail]	Fig. 9.
Recommended total charge transfer cross sections and rate coefficients for O6+–H collisions. Panel a: recommended total charge transfer cross sections. Panel b: total reaction rate coefficients. Black lines: present results; red lines: results of Wu et al. (2012).




	[image: thumbnail]	Fig. 10.
nl-resolved charge transfer rate coefficients for O6+–H collisions. Solid lines: present results; dashed lines: results of Wu et al. (2012).




4. Conclusions
The charge transfer in collisions of O6++H is a very important process in solar wind X-ray studies. In the present study we employed the full quantum-mechanical molecular-orbital close-coupling (QMOCC) method to study the dynamics of this process in detail in the energy range from 10−4 keV u−1 to 5 keV u−1. The multi-reference single- and double-excitation configuration interaction, with optimized atomic basis sets to accurately describe the high-lying Rydberg states, was used to compute the adiabatic potential and coupling data needed in QMOCC calculations. The cross sections of dominant (4l) and subdominant (5l) reaction channels are calculated with two basis sets: one containing 34 (2Σ+ and 2Π symmetries only) and the other 50 (all symmetries) molecular states that correlate with the n = 2-6 atomic state manifolds. The calculated total, n-shell, and nl-state selective cross sections are compared with the available experimental and theoretical data. Large differences between the present and previous QMOCC results of Wu et al. (2012) are observed, especially for the n-shell and nl-state selective cross sections, and are attributed to the differences in the sizes of the expansion bases used in the coupled channel calculations, as well as to the differences in the strengths and radial extensions of nonadiabatic couplings. While the agreement of present QMOCC total and n = 4-shell cross sections with the experimental data in the overlapping energy range can be considered as good (within the experimental uncertainties), the agreement of cascade-corrected 4l QMOCC cross sections in the overlapping energy range can be considered as satisfactory for the 4p state. Using the cross sections for the considered charge transfer processes, we calculated the rate coefficients in the temperature range 1000–109 K and compared them with those of Wu et al. (2012).
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Adiabatic potential energy curves of [OH]6+ as a function of internuclear distance R. Panel a: calculated adiabatic potential energy curves for the lowest 20 2Σ+ and 14 2Π molecular states for n = 3, 4, 5 and 6 channels, panel b: potentials of 2Δ, 2Φ, and 2Γ molecular states for n = 3, 4, 5, and 6 channels, and panel c: adiabatic potentials near the vicinity of the avoided crossings for n = 4 and n = 5 channels.
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Radial coupling matrix elements between the adjacent states for [OH]6+. Panels a–d: 2Σ+–2Σ+ couplings, panels e–f: 2Π–2Π couplings.
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Rotational coupling matrix elements for [OH]6+. Panel a: (6–9)2Σ+–(4–5)2Π couplings, panel b: (6–10)2Σ+–(6–10)2Π couplings, panel c: (11–12)2Σ+–(7–10)2Π couplings, panel d: (13–14)2Σ+–(7–10)2Π couplings.
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Total charge transfer cross sections in O6+–H collisions.
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Cross sections for electron capture to n = 4 shell of O5+ ion in O6+–H collisions.
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Cross sections for electron capture to n = 5 shell of O5+ ion in O6+–H collisions.
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Cross sections for electron capture to 4l shell of O5+ ion in O6+–H collisions. Panel a: cross sections for electron capture to O5+(4s) state. Panel b: cross sections for electron capture to O5+(4p) state. Panel c: cross sections for electron capture to O5+(4d) state. Panel d: cross sections for electron capture to O5+(4f) state.
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Cross sections for electron capture to 5l shell of O5+ ion in O6+–H collisions. Panel a: cross sections for electron capture to O5+(5s) state. Panel b: cross sections for electron capture to O5+(5p) state. Panel c: cross sections for electron capture to O5+(5d) state. Panel d: cross sections for electron capture to O5+(5f) state. Panel e: cross sections for electron capture to O5+(5g) state.
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Recommended total charge transfer cross sections and rate coefficients for O6+–H collisions. Panel a: recommended total charge transfer cross sections. Panel b: total reaction rate coefficients. Black lines: present results; red lines: results of Wu et al. (2012).
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nl-resolved charge transfer rate coefficients for O6+–H collisions. Solid lines: present results; dashed lines: results of Wu et al. (2012).
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    Table 1. 

Asymptotic separated-atom energies for the states of [OH]6+.




	Asymptotic
	Molecular states
	Energy (eV)



	
	
	




	atomic states
	
	MRDCI
	NIST
	Error





	O5+(2s) + H+
	12Σ+
	0
	0
	0



	O5+(2p) + H+
	22Σ+
	11.93217
	11.94898
	0.01681



	
	12Π
	11.93223
	11.94898
	0.01675



	O5+(3s) + H+
	32Σ+
	79.28453
	79.35482
	0.07029



	O5+(3p) + H+
	42Σ+
	82.50672
	82.58751
	0.08079



	
	22Π
	82.50675
	82.58751
	0.08076



	O5+(3d) + H+
	52Σ+
	83.56624
	83.64293
	0.07669



	
	12Δ
	83.56644
	83.64293
	0.07649



	
	32Π
	83.56659
	83.64293
	0.07634



	O5+(4s) + H+
	62Σ+
	105.63119
	105.7208
	0.08961



	O5+(4p) + H+
	72Σ+
	106.94715
	107.0397
	0.09255



	
	42Π
	106.94718
	107.0397
	0.09252



	O5+(4d) + H+
	82Σ+
	107.38352
	107.4794
	0.09588



	
	22Δ
	107.38325
	107.4794
	0.09615



	
	52Π
	107.38346
	107.4794
	0.09594



	O5+(4f) + H+
	92Σ+
	107.39889
	107.5039
	0.10501



	
	32Δ
	107.39891
	107.5039
	0.10499



	
	62Π
	107.39894
	107.5039
	0.10496



	
	12Φ
	107.39897
	107.5039
	0.10493



	O5+(5s) + H+
	102Σ+
	117.59165
	117.6226
	0.03095



	O5+(5p) + H+
	112Σ+
	118.21883
	118.2908
	0.07197



	
	72Π
	118.21884
	118.2908
	0.07196



	O5+(5d) + H+
	122Σ+
	118.41037
	118.5104
	0.10003



	
	42Δ
	118.41073
	118.5104
	0.09967



	
	82Π
	118.41049
	118.5104
	0.09991



	O5+(5f) + H+
	132Σ+
	118.44685
	118.5264
	0.07955



	
	52Δ
	118.44688
	118.5264
	0.07952



	
	92Π
	118.44693
	118.5264
	0.07947



	
	22Φ
	118.44694
	118.5264
	0.07946



	O5+(5g) + H+
	142Σ+
	118.49553
	118.5276
	0.03207



	
	62Δ
	118.49553
	118.5276
	0.03207



	
	12Γ
	118.49553
	118.5276
	0.03207



	
	102Π
	118.49554
	118.5276
	0.03206



	
	32Φ
	118.49553
	118.5276
	0.03207



	O5+(6s) + H+
	152Σ+
	123.98352
	123.994
	0.01048



	O6+ + H(1s)
	162Σ+
	124.12848
	124.23371
	0.10523



	O5+(6p) + H+
	172Σ+
	124.32275
	124.372
	0.04925



	
	112Π
	124.32277
	124.372
	0.04923



	O5+(6d) + H+
	182Σ+
	124.44634
	124.5012
	0.05486



	
	72Δ
	124.44678
	124.5012
	0.05442



	
	122Π
	124.44642
	124.5012
	0.05478



	O5+(6f) + H+
	192Σ+
	124.50595
	124.513
	0.00705



	
	82Δ
	124.50598
	124.513
	0.00702



	
	132Π
	124.50608
	124.513
	0.00692



	
	42Φ
	124.5061
	124.513
	0.0069



	O5+(6g) + H+
	202Σ+
	124.50988
	124.5144
	0.00452



	
	92Δ
	124.50992
	124.5144
	0.00448



	
	22Γ
	124.50994
	124.5144
	0.00446



	
	142Π
	124.50991
	124.5144
	0.00449



	
	52Φ
	124.50992
	124.5144
	0.00448







  
    
      Fig. 1. 

      
        [image: thumbnail]
      

      
Adiabatic potential energy curves of [OH]6+ as a function of internuclear distance R. Panel a: calculated adiabatic potential energy curves for the lowest 20 2Σ+ and 14 2Π molecular states for n = 3, 4, 5 and 6 channels, panel b: potentials of 2Δ, 2Φ, and 2Γ molecular states for n = 3, 4, 5, and 6 channels, and panel c: adiabatic potentials near the vicinity of the avoided crossings for n = 4 and n = 5 channels.



    

  
    
      Fig. 2. 
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Radial coupling matrix elements between the adjacent states for [OH]6+. Panels a–d: 2Σ+–2Σ+ couplings, panels e–f: 2Π–2Π couplings.
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Rotational coupling matrix elements for [OH]6+. Panel a: (6–9)2Σ+–(4–5)2Π couplings, panel b: (6–10)2Σ+–(6–10)2Π couplings, panel c: (11–12)2Σ+–(7–10)2Π couplings, panel d: (13–14)2Σ+–(7–10)2Π couplings.



    

  
    
      Fig. 4. 
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Total charge transfer cross sections in O6+–H collisions.



    

  
    
      Fig. 5. 
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Cross sections for electron capture to n = 4 shell of O5+ ion in O6+–H collisions.



    

  
    
      Fig. 6. 
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Cross sections for electron capture to n = 5 shell of O5+ ion in O6+–H collisions.



    

  
    
      Fig. 7. 
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Cross sections for electron capture to 4l shell of O5+ ion in O6+–H collisions. Panel a: cross sections for electron capture to O5+(4s) state. Panel b: cross sections for electron capture to O5+(4p) state. Panel c: cross sections for electron capture to O5+(4d) state. Panel d: cross sections for electron capture to O5+(4f) state.



    

  
    
      Fig. 8. 
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Cross sections for electron capture to 5l shell of O5+ ion in O6+–H collisions. Panel a: cross sections for electron capture to O5+(5s) state. Panel b: cross sections for electron capture to O5+(5p) state. Panel c: cross sections for electron capture to O5+(5d) state. Panel d: cross sections for electron capture to O5+(5f) state. Panel e: cross sections for electron capture to O5+(5g) state.



    

  
    
      Fig. 9. 
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Recommended total charge transfer cross sections and rate coefficients for O6+–H collisions. Panel a: recommended total charge transfer cross sections. Panel b: total reaction rate coefficients. Black lines: present results; red lines: results of Wu et al. (2012).



    

  
    
      Fig. 10. 
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nl-resolved charge transfer rate coefficients for O6+–H collisions. Solid lines: present results; dashed lines: results of Wu et al. (2012).
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