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Abstract

Aims. The elastic and electron-capture processes of He+ ions with ground helium atoms are very important for studies in astrophysics. It is essential to have reliable state-selective charge transfer, elastic, and transport cross-sections, along with the corresponding reaction rate coefficient data, especially for low collision energies.

Methods. We investigated the elastic and non-radiative electron-capture processes in He+(1s)–He(1s2) collisions are investigated employing the full quantum-mechanical molecular orbital close-coupling method. The adopted ab initio adiabatic potentials and coupling matrix elements were obtained by a multi-reference single- and double-excitation configuration interaction approach.

Results. We computed the elastic, charge-transfer, and transport cross-sections in the energy range of 0.01–2500eVamu−1 and the reaction rate coefficient in the temperature range of 10–109 K. Good agreement was achieved when compared to the available experimental and theoretical results. Shape resonance, Regge, and Glory oscillations were also found in the elastic and charge transfer cross-sections in the energy region considered here.
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1 Introduction
Charge transfer is an important process to consider in the modeling of X-ray emission in many astrophysical environments, which has been identified as one of the main sources of X-ray background. For example, it occurs during collisions of the solar wind (SW) ions with the neutral atmosphere in the heliosphere (Cox 1998; Cravens et al. 2001), as well as with planets (Wargelin et al. 2004), the geocorona (Robertson & Cravens 2003a,b), and comets (Lisse et al. 1996). When charge transfer occurs, the resulting solar wind ions are left in an excited state and the excited electron(s) then cascade to the ground state, generating a range of emission lines. Generally, X-rays can be used to measure the speed (Bodewits et al. 2004), composition (Kharchenko et al. 2003), and source region (Bodewits et al. 2007) of the solar wind and the bulk components of celestial atmospheres (Mullen et al. 2017). Overall, 8% of the elements in the solar wind are helium (Cravens 2002) and when α particles react with the neutral atmosphere, they produce a mixture of He2+, He+, and He. For example, in the study of diagnosing the atmosphere of comet 67P/Churyumov-Gerasimenko, Wedlund et al. (2016, 2019) pointed out that He+ ions mainly come from the charge exchange between the α particles in the solar wind and the neutral atmosphere of the comet. These mixed ions will further interact with the neutral atmosphere and result in a charge-exchange process.
Interstellar neutral helium is also of particular interest due to its large mean-free path for charge-exchange collisions with other atoms and molecules. The typical collisions between neutral He atom and He+ occur in the outer heliosheath in the low-energy region (0.1–10 eV). As shown in Fig. 2 of their paper, Scherer et al. (2014) considered that the He + He+→He+ +He process is the dominant process for CX with H and He in the outer heliosheath at such low energies. The Lyα absorption spectra provide a unique method for heliospheric and astrospheric diagnostics (Wood et al. 2005). Wood et al. (2007) predicted the Lyα absorption observations of the heliosphere and compared with actual Lyα spectra from the Hubble Space Telescope. They found that the charge transfer between interstellar hydrogen and protons can build hydrogen walls beyond the heliosphere. The hydrogen walls provide observational basis for measuring stellar mass-loss rates. Linsky & Wood (2014) proposed a new way to understand the relation of the stellar mass-loss rates of F-M dwarf stars with the X-ray emissions which based on the hydrogen wall. Scherer et al. (2014) have pointed out that the charge exchange processes of He+–He, He2+–He, and He+–He+ are very important for the study of astrospheres. This is due to the fact that the hydrogen walls are built in the interstellar medium and can be used to determine the stellar wind and interstellar parameters of some stars. However, the temperature in the interstellar medium is below 104 K, and at such low energies, the electron capture cross-sections for the above collision systems are very large, which may result in a helium wall. Therefore, the collisions of helium ions with neutral helium atoms are very important for the investigation of the astrophysical environment, and the contribution from the collisions involving He atoms and Heq+ ions cannot be neglected.
The collision processes between He+ and He atom have been extensively studied in the past. Experimental studies for the He+–He collision system mainly focus on the intermediate-and high energy region (>3 keVamu−1), total and state-selective charge-transfer cross-sections (Samaddar et al. 2020; Guo et al. 2017; Kamiński et al. 2013; Novikov 2010; Schöffler et al. 2009; Mančev 2007; Forest et al. 1995; Atan et al. 1991), and electron-loss and ionization cross-sections (Baxter et al. 2017; Ding et al. 2012; Santos et al. 2001, 2011; Miraglia & Gravielle 2010; Shevelko et al. 2009; Forest et al. 1995; Atan et al. 1991; de Castro Faria et al. 1988) have been measured and reported. However, the experiments in the low-energy region of this collision system are very limited, especially with regard to the state-selective charge-transfer cross-sections. As far as we know, only total electron capture cross-sections for this collision system have been measured by Hinds & Novick (1978), Hegerberg et al. (1978), Helm (1977), and Hayden & Utterback (1964) in the low-energy region. State-selective charge transfer cross-sections measurement have been performed by Wolterbeek & De Heer (1970) and Okasaka et al. (1994) with an energy region only down to about 1.5 keVamu−1 and 1 keVamu−1, respectively. On the theoretical side, cross-section calculations for He+−He collisions are also very scarce in the low-energy region.
Furthermore, there are no available state-selective chargetransfer cross-sections published in the energy region below 0.2 keVamu−1 as of yet. The calculations of electron capture cross-section for He+−He collisions have been performed by the TC-AOCC method and the SC-AOCC method in the energy region of 0.2−100 keVamu−1 (Zhao et al. 2018) and 1−225 keV amu−1 (Gao et al. 2018), respectively. However, due to the straight-line trajectory approximation of the nuclear motion applied in the semi-classical TC-AOCC method, it results in inherent limitations of TC-AOCC in describing the collision dynamics at very low energies below ~ 1 keVamu−1. On the other hand, compared with the full quantum QMOCC calculations, the inadequate consideration of the electronic correlations using the one-electron potential model also makes the TC-AOCC calculations inaccurate in treating many-electron target collisions for low energies below ~1 keV amu−1. Theoretical studies have also been conducted for the He+−He system by employing the JWKB semi-classical approximation (Barata & Conde 2010), the impact-parameter and close-coupling (CC) method (Sakabe & Izawa 1992), and the two-state asymptotic molecular orbital (2SasMO) methods (Hodgkinson & Briggs 1976) to calculate the total charge transfer cross-section. We would like to note that in all the above theoretical studies, only two ground states (2-state case) of the molecular ion were included in the calculations. Data on elastic cross-sections, transport cross-sections, and reaction rate coefficient related to the low-energy region are also very scarce in He+−He collisions.
In this paper, we carry out a theoretical study of the elastic and charge transfer processes of:
[image: equation](1a)
[image: equation](1b)
[image: equation](1c)
where EL, GT, and ET correspond to elastic scattering, ground-state transfer (or resonant charge transfer) and transfer to excited states, respectively. The collision dynamics of the He+−He(1s2) system will be studied with the fully quantum-mechanical molecular orbital close-coupling (QMOCC) method, which is believed to be one of the most sophisticated methods in treating low-energy ion-atom and ion-molecule collisions. High-precision electron-capture cross-section data can be obtained, especially for energies lower than ~ 1 keVamu−1, since both the nuclear and electrons are treated quantally in the QMOCC method. The molecular structure data required in the QMOCC calculations have been obtained by employing the multi-reference single- and double-excitation configuration interaction (MRD-CI) method (Buenker & Phillips 1985; Stefan et al. 1995). Total and state-selective cross-sections are calculated in the present work. Meanwhile, the elastic and transport (diffusion and viscous) cross-sections are also presented and compared with other theoretical and experimental data. The main motivation of the present work is to generate accurate charge-transfer, elastic, transport cross-sections, and reaction rate coefficient for this collision system in the low-energy region by using a large MO expansion basis in the QMOCC method.
The present paper is organized as follows. In Sect. 2, we briefly outline the MRD-CI and QMOCC methods used in our calculations. In Sect. 3, we present and discuss the results of the cross-sections for the charge transfer, elastic, and transfer processes, as well as the reaction rate coefficient. In Sect. 4, we provie our conclusions. Atomic units are used throughout, unless otherwise stated.
2 Theoretical methods
2.1 QMOCC method
The basic technique of the QMOCC method for ion-atom collisions is outlined below (for a more detailed description, see. Zygelman et al. 1992; Bransden et al. 1993; Nolte et al. 2012). By solving a set of second-order radial coupled differential equations based on the perturbed stationary state model (PSS; Heil et al. 1981; Zygelman et al. 1992; Bransden et al. 1993) through the multichannel log-derivative algorithm (Johnson 1973), we can obtain the K matrix. Then the S matrix can be obtained as follows:
[image: equation](2)
As the coupling matrix elements for radial and rotational motion in the adiabatic representation undergo sharp changes near the avoided crossing, it can lead to numerical difficulties in integration of the QMOCC equation. Therefore, a unitary transformation is generally used to convert the electronic state from adiabatic representation into a diabatic representation (Zygelman et al. 1992). This transformation ensures that the coupling matrix element changes smoothly or becomes zero. In the case of He+ + He, which is a symmetric system composed of two identical nuclei, the electron wave function has two forms: gerade (g) and ungerade (u), and they are dynamically decoupled. Therefore, it is necessary to solve the QMOCC equations separately for each of these two forms of states. The radial function of the neutral channel matches the boundary conditions of the plane wave. For the channel with a Coulomb interaction, the asymptotic form can be changed to the Coulomb wave. The S matrix can be obtained from the K matrix. Under the same symmetry (g or u), the S matrix from channel i to channel j has the same representation. Similarly, the scattering amplitude of transitions also takes a standard form (Bransden et al. 1993):
[image: equation](3)
where ki represents the initial momentum of the center of mass, J is the quantum number of the total angular momentum, and PJ is the Legendre polynomial on the order of J. The differential cross-sections of elastic scattering and charge transfer processes are expressed as:
[image: equation](4)
respectively, where the S matrix accounting for the identity of the colliding particles is given by:
[image: equation](5a)
[image: equation](5b)
where the superscript el and ex in Eq. (4) represent the elastic scattering and charge transfer processes, respectively. Integrating Eq. (4) obtains the integral cross-sections for the elastic and charge transfer processes over the entire solid angle of scattering Ω:
[image: equation](6a)
[image: equation](6b)
In addition, Eq. (1b) represents the resonant charge transfer process. Cross-sections for this resonant charge transfer process can be approximately obtained from the scattering phase difference between the g level and the u level as:
[image: equation](7)
where η is the phase shift, and the relationship between the η and S matrix under the symmetry of g and u can be expressed as:
[image: equation](8)
For a symmetric ion-atom system, integral elastic total cross-sections and transport (diffusion and viscous) cross-sections can be obtained by analytically integrating the scattering angle. They have a unified form:
[image: equation](9)
where + and – represent even and odd values of J, and the corresponding coefficients are given in Table 1. The elastic integral total cross-sections are the summation of the elastic and charge transfer cross-sections (Krstić & Schultz 1999).
Table 1 
Parameters in Eq. (9) for spin-averaged integral elastic cross-sections in symmetric He+–He systems.

2.2 Molecular structure calculations
The adiabatic potential energy curves and coupling matrix elements for radial and rotational processes have been calculated by the ab initio MRD-CI package (Buenker & Phillips 1985; Stefan et al. 1995). The helium atom was described by the correlation-consistent, polarization valence, quadruple-ζ (cc-pVQZ) type basis set (Dunning & Thom 1989) with a diffuse (2s3p2d) set. The final contraction basis set was (12s, 6p, 4d)/[6s, 6p, 4d]. Configurations of [image: equation] were selected using a threshold set at 10−8 hartree and internuclear distances of R = 0.6–60 au. The MRD-CI package was used to calculate the lowest two states, which includes eleven [image: equation], eleven [image: equation], six 2Πg, and six 2Πu states of the [image: equation] molecule ion. The electron wave function has gerade (g) and ungerade (u) manifolds due to the interchange of the two identical nuclei. Table 2 shows the energy levels of the asymptotic atomic states of the [image: equation] molecule ion. The relative errors between our calculated energies and the experimental data (Morton et al. 2006) were smaller than 0.059 eV in the asymptotic region.
In order to validate the accuracy of the molecular ion’s structure in this study, we also calculated the values of the equilibrium nuclear distance, Re, and potential well depth, De, for the two ground states of [image: equation] molecular ion and compared them with other available theoretical data. Table 3 shows that the present spectral constants for the ground state of [image: equation] molecular ion are reliable.
The adiabatic potential energy curves of the molecular ion are calculated and shown in Fig. 1. [image: equation] and [image: equation] correspond to the configurations at the dissociation limit (R = ∞): [He+(1s) + He(1s2)] and [He(1s2) + He+(1s)], respectively, representing the initial channel of the He+(1s)–He(1s2) collision system. We can see from Fig. 1 that when R < 3 au, a series of dense avoided crossings are formed among the excited states of the molecular ion with the same symmetry. These complex avoided crossings show a very complicated electron trapping mechanism, which should be important in the collision dynamics. However, due to the large energy difference between the incident channel and its above channels (such as the energy difference between the incident channel He(1s2 1S) + He+(1s 2S) and the channel He+(1s 2S) + He(1s2s 1S) at the dissociation limit is 19.82 eV), when the relative energy of the collision is lower than 9.91eVamu−1 (19.82 eV divided by the reduced mass of the collision system [image: equation] in atomic mass units), the charge transfer process between these two reaction channels cannot occur. It can be expected that the resonant charge transfer between the two ground states [image: equation] and [image: equation] will be the dominant process in He+(1s)–He(1s2) collision at low energies.
Figure 2 shows the radial coupling matrix element of [image: equation] containing ETF correction (Errea et al. 1982), which determines the transition between states with the same spin and the same spatial symmetry. A series of radial couplings can be seen in the region of R < 3.0 au, i.e., [image: equation], etc. According to the “hidden crossing” theory (Janev 1997), these couplings will last until n → ∞, which will promote the system to reach the ionization limit in the collision approach stage. The position of these peaks in the radial coupling matrix element are consistent with the positions where the avoided crossings of the adiabatic potential energy are observed in Fig. 1. As mentioned earlier, due to the large energy level difference between the incident channel and other channels, it can be observed that the [image: equation] coupling is weak in the whole R range, while the [image: equation] coupling is only strong at R = 1.4 au, which may play an important role in the charge transfer process in regions characterized by higher collision energy.
Figure 3 shows the rotational coupling matrix elements of the He2+ molecular ion with ETF correction. These couplings determine the transition between states with the same spin but different spatial symmetry. Notably, it is evident that there are jumps in some rotational coupling matrix elements at small inter-nuclear distances, such as at R = 1.4 au (in Fig. 3b1), which arise from strong avoided crossings between the potential energy curves of Σ state under adiabatic representation. However, in dia-batic representation, these rotational coupling matrix elements become smooth.
Table 2 
Asymptotic atomic energies for the [image: equation] molecular ion states.

Table 3 
Values of equilibrium position Re (au) and depth of potential well De (eV) for the lowest two states of [image: equation] molecular ion.

	[image: thumbnail]	Fig. 1 Curves of adiabatic potential energy of the [image: equation] molecular ion states. The solid, short dotted, dashed, short dashed, dash-dotted, and short dash-dotted lines represent the [image: equation], and 2Δg states, respectively.



	[image: thumbnail]	Fig. 2 Adiabatic coupling matrix elements for radial process among the ɡ-states(a1) and among the u-states(a2) of [image: equation].



3 Results and discussion
3.1 Charge-transfer cross-sections
The total charge-transfer cross-sections for the He+(1s)−He(1s2) system are shown in Fig. 4, over the energy range of 0.01−2500 eV amu−1. The results are compared with those from previous studies, including the AOCC calculations of Gao et al. (2018) and Zhao et al. (2018), the CC results of Sakabe & Izawa (1991), the JWKB results of Barata & Conde (2010), and the results of the two-state asymptotic MO (2SasMO) method of Hodgkinson & Briggs (1976). To obtain convergent results, the present QMOCC calculations consider the 2 (lowest) states ([image: equation] and [image: equation]) and 34 states ([image: equation] , and l−62∏u), respectively. The comparison indicates that the contribution of transfer to the excited state process is negligible compared to the resonance charge transfer process. Compared with the AOCC calculations of Zhao et al. (2018), Gao et al. (2018), and the JWKB results from Barata & Conde (2010), the present QMOCC results show excellent agreement with the available experimental (Hayden & Utterback 1964; Helm 1977; Hinds & Novick 1978; Hegerberg et al. 1978) and theoretical results (Sakabe & Izawa 1991; Barata & Conde 2010) for incident energy less than about 10 eV amu−1; however, discrepancies appear for higher energies. This difference may be attributed to the fact that quantum effects become important at very low incident energies and the CC and JWKB treatments become unreliable. Moreover, the energy range of 0.01−0.45 eVamu−1 exhibits rich oscillation structures, which have been identified as Regge oscillations and shape resonances in charge transfer, elastic and momentum transfer cross-sections for H+−H (Wu et al. 2010) and H+ with inert gases collisions (Ovchinnikov et al. 2006). Regge oscillations can be determined with the poles of the S matrix (the so-called Regge poles), which correspond to resonances associated with potential barriers formed by the attractive polarization and exchange potentials and the repulsive centrifugal potentials (Krstić et al. 2004). Regge oscillations are a general feature of resonant charge transfer processes in atom-ion collisions.
The present study shows the total cross-sections for ET and GT processes in He+ +He(1s2) collisions in Fig. 5. Additionally, the spin-resolved cross-sections for electron capture to triplet (He+ +He(1s2) → He(lsnl 3L) + He+ n ≥ 2) and singlet states (He+ + He(1s2) → He(lsnl 1L) + He+ n ≥ 2) of He atoms are provided as the ET triplet and ET singlet, respectively. For comparison, the SC-AOCC results from Gao et al. (2018) and experimental data from Guo et al. (2017) are also presented. As mentioned previously, only the GT process can occur when the collision energy is below 9.91 eV amu−1. All reaction channels, including the ET process, are available in the energy region above 12 eV amu−1. From Fig. 5, it is evident that the GT process dominates the considered energy range, and the cross-section decreases with the increase of collision energy. However, the ET cross-sections increase with increasing collision energy. It is worth noting that GT cross-sections are in good agreement with the theoretical results of Gao et al. (2018) in the overlapping energy region. In contrast, for sub-dominant charge transfer channels, the present cross-sections are smaller than those of SC-AOCC results of Gao et al. (2018). The discrepancy between the present results and the previous SC-AOCC calculations in the energy range above 1000 eV amu−1 originates from the difference in the size of expansion bases. Specifically, in SC-AOCC calculations from Gao et al. (2018), 1260 atomic states in AO bases are included, whereas only 32 molecular states are considered in our calculations. It is important to note that the experimental data of Guo et al. (2017) are significantly lower than the SC-AOCC results of Gao et al. (2018) at a collision energy of about 7.5 keV amu−1.
The QMOCC method was used to calculate the state-selective cross-sections. Figure 6 shows our results for charge transfer to 1snl (n = 2,3; l = 0,1,2) shells of the He atom, which are compared with the TC-AOCC calculations of Zhao et al. (2018). The resonant charge transfer cross-sections in our present work are in good agreement with the theoretical results of Zhao et al. (2018). However, the cross-sections for charge transfer to the excited states of the He atom are quite different in the overlapping energy region. This disagreement may be due to the different size of the expansion basis of MO and AO bases employed in QMOCC and TC-AOCC methods, as well as the neglect of electronic correlation in the TC-AOCC method Zhao et al. (2018). The latter aspect is particularly significant for low-energy collisions.
In addition to nl-resolved cross-sections, we also calculated the spin-resolved state-selective charge transfer cross-sections for the He+−He collision system. Figure 7 shows our QMOCC cross-sections for charge transfer to the singlet and triplet states of the He(lsnl, n = 2,3) atom in He+−He collisions, respectively, and compares them with the first Born approximation results of Winter & Lin (1975), semi-classical approximation results of Hildenbrand et al. (1995), SC-AOCC results of Gao et al. (2018), impact parameter results of Sural et al. (1967), and experimental data of Okasaka et al. (1994), Hippler et al. (1978), and Wolterbeek & De Heer (1970). From this figure, we can observe that the magnitudes of these sub-dominant charge transfer cross-sections are considerably lower than those of the dominant channel (as shown in Fig. 5). From Figs. 7b and c, we can see that the values of all theoretical cross-sections for electron capture to the singlet and triplet states of the He(ls2s) atom have significant differences in the overlapping energy region. However, the present cross-sections for charge transfer to the singlet state of the He(1s2p) agree well with the other theoretical results in the overlapping energy range, as shown in Fig. 7a. Regarding the charge transfer to the He(ls3sl 1,3S) state (in Figs. 7d and e), we can see that the current cross-sections are in good agreement with the experimental data of Okasaka et al. (1994) and Wolterbeek & De Heer (1970) in the overlapping energy region. From Fig. 7d, we also note that for the cross-sections of charge transfer to the triplet state of He (1s3s), the present results are also in good agreement with the SC-AOCC results of Gao et al. (2018) in the overlapping energy range. For singlet states, the current results are slightly lower than those of Gao et al. (2018).
	[image: thumbnail]	Fig. 3 Adiabatic coupling matrix elements for rotational process among the ɡ-states(b1) and among the u-states(b2) of [image: equation].



	[image: thumbnail]	Fig. 4 Total cross-sections for electron capture process in He+(1s)−He(1s2) collision system obtained by the QMOCC method and compared with the experimental and theoretical data. Theory: results of the present study, with the 2-state case (black solid line) and 34-state case (red solid line), SC-AOCC results of Gao et al. (2018; orange dashed line), TC-AOCC results of Zhao et al. (2018; green dashed line), JWKB results of Barata & Conde (2010; pink dash-dotted line), CC results of Sakabe & Izawa (1991; green dash-dotted line), and 2SAsMO results of Hodgkinson & Briggs (1976; blue dash-dotted line). Experimental results: Hinds & Novick (1978; green filled diamond), Helm (1977; red filled circle), Hayden & Utterback (1964; orange filled inverse triangle), and Hegerberg et al. (1978; blue filled triangle).



	[image: thumbnail]	Fig. 5 Total cross-sections for ET and GT processes in He+(1 s)−He(1 s2) collisions as a function of collision energy. ET triplet (singlet) is the cross-sections for electron capture to the triplet (singlet) states of He(1snl). Results of the present study (solid line) and SC-AOCC results of Gao et al. (2018, dashed line). Experimental data of Guo et al. (2017) shown as black filled triangle for the GT process and red filled circles for the ET process.



	[image: thumbnail]	Fig. 6 State-selective cross-sections for electron capture to the He(1snl), n ≤ 3) states, compared with the TC-AOCC results of Zhao et al. (2018).



	[image: thumbnail]	Fig. 7 Spin-resolved state-selective charge transfer cross-sections for electron capture to the singlet and triplet states of He(1snl, n = 2,3) atom in He+−He collision system. Theoretical: this study (black solid line), Gao et al. (2018; red solid line), Winter & Lin (1975; purple dashed line), (1995; blue dashed line), Sural et al. (1967; green dashed line); experimental: Okasaka et al. (1994; blue filled circle), Hippler et al. (1978; green filled diamond), and Wolterbeek & De Heer (1970; green filled triangle).



3.2 Elastic and transport cross-sections
Figure 8 shows the total elastic integral cross-sections of the collision between a He+ ion and He atom for our present work and compares them with the results obtained from the JWKB method by Barata & Conde (2010) as well as the close-coupling method by Chicheportiche et al. (2013). As shown in the figure, our results are consistent with other theoretical results in the considered energy range. However, for energies lower than about 0.5 eV amu−1, noticeable discrepancies can be observed in comparison with our present QMOCC results and the close coupling calculations of Chicheportiche et al. (2013), and the discrepancy increases as the incident energy decreases. This difference is believed to be due to the different potential curves used in the close coupling calculations. Up to now, there has been no theoretical calculation or experimental measurement published for the pure elastic cross-section of this collision system. It is worth noting that the sum of elastic cross-sections represented by Eq. (6a) and the charge transfer cross-sections is nearly identical to the integral elastic total cross-sections represented by Eq. (9).
For the sake of convenience in related applications, we also calculated and presented the transport cross-sections, including the diffusion and viscosity cross-sections, for this collision system. Figure 9 shows our transport cross-sections and compares them with the results obtained from the close-coupling quantum method by Chicheportiche et al. (2013). No experimental data have been reported for the transport cross-sections of this collision system as of yet. The study by Chicheportiche et al. (2013) provides the only set of diffusion cross-section data (shown in Fig. 9). We observe that for energy levels above 0.3 eV amu−1, our resulting values are approximately 14% larger than those of Chicheportiche et al. (2013). Further experimental investigations are required to verify the accuracy of our results.
Similarly to the features observed in Fig. 4, rich oscillatory structures can also be found in the elastic and transport cross-sections in Figs. 8 and 9. Those located at incident energies less than 0.45 eV amu−1 are shape resonance and Regge oscillation. On the other hand, another type of oscillatory structures, glory oscillations, can be found for incident energies larger than 0.45 eV amu−1, which have not been observed in the electron capture cross-sections in Fig. 4. Glory oscillations mainly result from the presence of stationary phase in the summation of L partial waves in the elastic cross-sections. However, no stationary phase exists as a function of L partial waves in the diffusive cross-sections and, therefore, glory oscillations cannot be found in those (Krstić et al. 2004; Ovchinnikov et al. 2006).
	[image: thumbnail]	Fig. 8 Elastic and elastic integer total cross-sections (including elastic and charge transfer cross-sections) for He+(1s)−He(1s2) collisions and comparison with previous theoretical date(Barata & Conde 2010; Chicheportiche et al. 2013). Black solid line: elastic cross-sections calculated by Eq. (6a). Red solid line: elastic integer total cross-sections calculated by Eq. (9). Blue solid line: summation of resonant charge transfer cross-sections calculated by Eq. (7) and elastic cross-sections calculated by Eq. (6a).



	[image: thumbnail]	Fig. 9 Diffusion and viscous cross-sections for He+(1s)−He(1s2) collision system and comparison with previous theoretical data (Chicheportiche et al. 2013).



	[image: thumbnail]	Fig. 10 Total reaction rate coefficients for He+(1s)−He(1s2) collisions. Solid line: results of this study. Dashed line: results based on the AOCC method by Zhao et al. (2018) and Gao et al. (2018). Short dotted line: results based on numerical simulations by Potters & Goedheer (1985).



3.3 Reaction rate coefficients
By averaging our QMOCC cross-sections over Maxwell-Boltzmann velocity distributions, we obtained the charge transfer reaction rate coefficient in the temperature range of 10−109 K. Figure 10 shows the total reaction rate coefficients of the 2-state and 34-state cases, based on the QMOCC method and compares the results based on the AOCC method by Zhao et al. (2018) and Gao et al. (2018) and based on numerical simulation by Potters & Goedheer (1985). It can be found that our results are in good agreement with other theoretical results. The results of Zhao et al. (2018) and Gao et al. (2018) sharply decreased in the region below 107 K because the energy range they considered in the calculation was limited and the minimal value was only 200 eV amu−1. Similarly, our 34-state results are smaller than the 2-state results in the region by less than 104 K, and both results show a decreasing trend in the region greater than 107 K; the latter is also caused by the slightly smaller energy range considered in the calculation. Figure 11 shows nl-resolved charge transfer reaction rate coefficients for He+−He(1s) collision. Combined with Fig. 10, considering the limitation that the maximum energy in the present calculation is only 2500 eV amu−1, it can be estimated that the reaction rate coefficient of each charge transfer increases with the increase of temperature.
4 Conclusion
In this study, we investigated elastic and single-electron charge transfer processes for He+(1s)−He(1s2) collisions employing the QMOCC method in the energy range of 0.01−2500 eV amu−1. We performed 2-state and 34-state calculations and achieved a good agreement with existing theoretical and experimental results. The dominant state-selective cross-sections for charge transfer to the He(1s2) state are in perfect agreement with the results of Gao et al. (2018) in the overlapping energy region. And other state-selective cross-sections for sub-dominant channels can be smoothly connected with the results of Gao et al. (2018) in the overlapping energy region. However, the significant difference from the results of Zhao et al. (2018) is attributed to the fact that the electronic interaction is neglected in the one-electron treatment of Zhao et al. (2018), which is very important for low-energy collisions for multi-electron collision systems. We also provided spin-resolved state-selective charge transfer cross-sections and reaction rate coefficients for this collision system, filling a gap in the data for state-selective cross-sections and reaction rate coefficients in the low-energy collision region. In addition, we provide elastic and transport cross-sections, which may be useful for relevant plasma investigations. Our study also reveals the presence of shape resonance, Regge oscillations, and Glory oscillations in the charge transfer, along with elastic and transport cross-sections at different energy ranges. We discuss the corresponding physical mechanisms here as well. While the present QMOCC method is suitable for treating low-energy ion-atom and ion-molecule collisions (E ≤ ~5 keVamu−1), it faces computational limitations when treating highly excited states and continuum states channels, which require a consideration of a very high number of reaction channels to obtain convergent results in close-coupling calculations. In a future work, we plan to investigate electron-capture processes in collisions of Heq+(q = 0−2) with neutral atoms/molecules (e.g., O, OH, and CO2). We also plan to obtain and provide single- and double-electron-capture cross-sections, which stand as important atomic data required for related SWCX and cometary CX simulations.
	[image: thumbnail]	Fig. 11 nl-resolved charge transfer reaction rate coefficients for He+(1s)−He(1s2) collisions.
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      Parameters in Eq. (9) for spin-averaged integral elastic cross-sections in symmetric He+–He systems.

      
        


	Type
	ɡ
	η1
	η2
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]





	Total
	2J + 1
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	Diffusion
	J + 1
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
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	Viscosity
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]
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      Table 2 

      Asymptotic atomic energies for the [image: equation] molecular ion states.

      
        


	Molecular states
	Asymptotic atomic states
	Energy and error (eV)



	
	
	




	
	
	NIST
	MRD-CI
	Error





	[image: equation]
	He(1s2 1S) + He+(1s2S)
	0.000
	0.000
	0.00



	[image: equation]
	He+(1s2S) + He(1s2s1S)
	19.820
	19.801
	0.019



	[image: equation]
	He+(1s 2S) + He(1s2s 3S)
	20.616
	20.612
	0.004



	[image: equation]
	He+(1s 2S) + He(1s2p 3P°)
	20.964
	20.980
	0.016



	[image: equation]
	He+(1s 2S) + He(1s2p 1P°)
	21.218
	21.252
	0.034



	[image: equation]
	He+(1s 2S) + He(1s3s3S)
	22.718
	22.659
	0.059



	[image: equation]
	He+(1s 2S) + He(1s3s1S)
	22.920
	22.974
	0.054



	[image: equation]
	He+(1s 2S) + He(1s3p 3P°)
	23.007
	22.917
	0.036



	[image: equation]
	He+(1s 2S) + He(1s3d3D)
	23.074
	23.021
	0.053



	[image: equation]
	He+(1s 2S) + He(1s3d 1D)
	23.074
	23.021
	0.053



	[image: equation]
	He+(1s 2S) + He(1s3p 1P°)
	23.087
	23.082
	0.005





      

    

  
    
      Table 3 

      Values of equilibrium position Re (au) and depth of potential well De (eV) for the lowest two states of [image: equation] molecular ion.

      
        


	
	[image: equation]
	[image: equation]
	Reference





	De(eV)
	2.448
	0.0022
	1



	
	2.467
	0.0021
	2



	
	2.473
	0.0022
	3



	
	2.458
	0.0032
	Present



	




	Re (au)
	2.051
	8.7300
	1



	
	2.043
	8.7500
	2



	
	2.044
	8.7368
	3



	
	2.052
	8.6680
	Present





      

      
References. (1) Gadea & Paidarová (1996); (2) Lee (1993); (3) Carrington et al. (1995).
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        Curves of adiabatic potential energy of the [image: equation] molecular ion states. The solid, short dotted, dashed, short dashed, dash-dotted, and short dash-dotted lines represent the [image: equation], and 2Δg states, respectively.
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        Adiabatic coupling matrix elements for radial process among the ɡ-states(a1) and among the u-states(a2) of [image: equation].
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        Adiabatic coupling matrix elements for rotational process among the ɡ-states(b1) and among the u-states(b2) of [image: equation].
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        Total cross-sections for electron capture process in He+(1s)−He(1s2) collision system obtained by the QMOCC method and compared with the experimental and theoretical data. Theory: results of the present study, with the 2-state case (black solid line) and 34-state case (red solid line), SC-AOCC results of Gao et al. (2018; orange dashed line), TC-AOCC results of Zhao et al. (2018; green dashed line), JWKB results of Barata & Conde (2010; pink dash-dotted line), CC results of Sakabe & Izawa (1991; green dash-dotted line), and 2SAsMO results of Hodgkinson & Briggs (1976; blue dash-dotted line). Experimental results: Hinds & Novick (1978; green filled diamond), Helm (1977; red filled circle), Hayden & Utterback (1964; orange filled inverse triangle), and Hegerberg et al. (1978; blue filled triangle).
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        Total cross-sections for ET and GT processes in He+(1 s)−He(1 s2) collisions as a function of collision energy. ET triplet (singlet) is the cross-sections for electron capture to the triplet (singlet) states of He(1snl). Results of the present study (solid line) and SC-AOCC results of Gao et al. (2018, dashed line). Experimental data of Guo et al. (2017) shown as black filled triangle for the GT process and red filled circles for the ET process.
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        State-selective cross-sections for electron capture to the He(1snl), n ≤ 3) states, compared with the TC-AOCC results of Zhao et al. (2018).

      

    

  
    
      Fig. 7 
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        Spin-resolved state-selective charge transfer cross-sections for electron capture to the singlet and triplet states of He(1snl, n = 2,3) atom in He+−He collision system. Theoretical: this study (black solid line), Gao et al. (2018; red solid line), Winter & Lin (1975; purple dashed line), (1995; blue dashed line), Sural et al. (1967; green dashed line); experimental: Okasaka et al. (1994; blue filled circle), Hippler et al. (1978; green filled diamond), and Wolterbeek & De Heer (1970; green filled triangle).
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        Elastic and elastic integer total cross-sections (including elastic and charge transfer cross-sections) for He+(1s)−He(1s2) collisions and comparison with previous theoretical date(Barata & Conde 2010; Chicheportiche et al. 2013). Black solid line: elastic cross-sections calculated by Eq. (6a). Red solid line: elastic integer total cross-sections calculated by Eq. (9). Blue solid line: summation of resonant charge transfer cross-sections calculated by Eq. (7) and elastic cross-sections calculated by Eq. (6a).
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        Diffusion and viscous cross-sections for He+(1s)−He(1s2) collision system and comparison with previous theoretical data (Chicheportiche et al. 2013).
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        Total reaction rate coefficients for He+(1s)−He(1s2) collisions. Solid line: results of this study. Dashed line: results based on the AOCC method by Zhao et al. (2018) and Gao et al. (2018). Short dotted line: results based on numerical simulations by Potters & Goedheer (1985).
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        nl-resolved charge transfer reaction rate coefficients for He+(1s)−He(1s2) collisions.
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