
 

 

 

Charge transfer processes in low-energy Na+-Na collisions 

Cheng-Cheng Jiang(蒋承呈), Xiao-Xia Wang(王小霞), Kun Wang(王堃), Yi-Zhi Qu(屈一至), Jian-Guo Wang(王建

国), Xia Li(李侠), Li Ma(马丽), and Robert J. Buenker 

Citation:Chin. Phys. B, 2026, 35 (4): 043402.   DOI: 10.1088/1674-1056/ae15f0 

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb 

 

What follows is a list of articles you may be interested in 

 

Single electron capture in low- and intermediate-energy collisions of Si3,4+ with He 

Yingzhou Li(李英卓), Yadong Liu(刘亚东), Yueying Qi(祁月盈), Ling Liu(刘玲), Yizhi Qu(屈一至), and Jianguo 

Wang(王建国) 

Chin. Phys. B, 2026, 35 (1): 013401.   DOI: 10.1088/1674-1056/ae15f4 

Electron capture and excitation in intermediate-energy He2+-H(1s,2s) collisions 

Yadong Liu(刘亚东), Congcong Jia(贾聪聪), Mingxuan Ma(马茗萱), Xiang Gao(高翔), Ling Liu(刘玲), Yong Wu(吴

勇), Xiangjun Chen(陈向军), and Jianguo Wang(王建国) 

Chin. Phys. B, 2024, 33 (8): 083401.   DOI: 10.1088/1674-1056/ad5322 

A theoretical study of fragmentation dynamics of water dimer by proton impact 

Zhi-Ping Wang(王志萍), Xue-Fen Xu(许雪芬), Feng-Shou Zhang(张丰收), and Xu Wang(王旭) 

Chin. Phys. B, 2023, 32 (3): 033401.   DOI: 10.1088/1674-1056/ac8340 

Electron excitation processes in low energy collisions of hydrogen-helium atoms 

Kun Wang(王堃), Chuan Dong(董川), Yi-Zhi Qu(屈一至), Ling Liu(刘玲), Yong Wu(吴勇),Xu-Hai Hong(洪许海), 

and Robert J. Buenker 

Chin. Phys. B, 2022, 31 (12): 123401.   DOI: 10.1088/1674-1056/aca14c 

Charge transfer in low-energy collisions ofBe3+ and B4+ ions with He 

Kun Wang(王堃), Yi-Zhi Qu(屈一至), Chun-Hua Liu(刘春华), Ling Liu(刘玲), Yong Wu(吴勇), H P Liebermann, 

Robert J. Buenker 

Chin. Phys. B, 2020, 29 (9): 093401.   DOI: 10.1088/1674-1056/aba276 

 

-------------------------------------------------------------------------------------------------------------------- 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae15f0
https://doi.org/10.1088/1674-1056/ae15f0
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae15f4
https://doi.org/10.1088/1674-1056/ae15f4
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad5322
https://doi.org/10.1088/1674-1056/ad5322
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac8340
https://doi.org/10.1088/1674-1056/ac8340
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/aca14c
https://doi.org/10.1088/1674-1056/aca14c
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/aba276
https://doi.org/10.1088/1674-1056/aba276


Chin. Phys. B 35, 043402 (2026)

Charge transfer processes in low-energy Na+–Na collisions
Cheng-Cheng Jiang(蒋承呈)1, Xiao-Xia Wang(王小霞)1,†, Kun Wang(王堃)2, Yi-Zhi Qu(屈一至)3,

Jian-Guo Wang(王建国)4, Xia Li(李侠)1, Li Ma(马丽)1, and Robert J. Buenker5

1College of Physics, Chengdu University of Technology, Chengdu 610059, China
2Institute of Environmental Science, Shanxi University, Taiyuan 030006, China

3College of Material Sciences and Optoelectronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China
4Data Center for High Energy Density Physics, Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

5Fachbereich C-Mathematik und Naturwissenschaften, Bergische Universitat Wuppertal, D-42097 Wuppertal, Germany

(Received 7 August 2025; revised manuscript received 11 October 2025; accepted manuscript online 22 October 2025)

A comprehensive theoretical study of resonant and non-resonant charge transfer processes in the homonuclear Na+

+ Na(3s) collision system is provided. The electronic structure of the quasi-molecular system is calculated using the mul-
tireference single- and double-excitation configuration interaction (MRD-CI) method under both one-electron (OEM) and
thirteen-electron (TEM) models. The radial and rotational coupling matrix elements are obtained with careful inclusion of
electron translation factors (ETFs). Based on these data, fully quantum-mechanical scattering calculations were performed
using the fully quantum-mechanical molecular orbital close-coupling (QMOCC) method to derive state-selective and total
cross sections for electron capture over a broad energy range (0.2–5600 eV/amu). The calculated resonant charge-transfer
cross sections show excellent agreement with available theoretical and experimental results. Non-resonant processes, which
involve electron capture into excited states of Na+, are found to become increasingly important above several keV/amu.
This work provides the first theoretical predictions for non-resonant state-selective cross sections in this system, offering a
valuable reference for future experimental and theoretical studies in atomic collision physics.
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1. Introduction

Charge transfer plays a fundamental role across a
wide range of disciplines, including plasma physics and
astrophysics.[1] In plasma physics, detailed investigations of
charge transfer processes involving Na+ ions offer valuable
insights into the underlying reaction mechanisms observed in
high-temperature guided ion beam experiments.[2] These find-
ings facilitate a more accurate incorporation of metal–atom
reactions into plasma modeling, particularly enabling the de-
scription of kinetic energy ranges relevant to meteor ablation
phenomena. Moreover, understanding charge transfer is es-
sential for interpreting ion dynamics, energy transport, and
neutral beam injection phenomena in plasma environments.[3]

In astrophysics, charge transfer processes are crucial for inter-
preting the intensity and spatial distribution of sodium spec-
tral lines observed in astronomical spectra, thereby contribut-
ing valuable information for the modeling of diverse celes-
tial environments.[4] In particular, investigations into charge
transfer between Jupiter’s magnetosphere and volcanic ejecta
from its moon Io are essential for elucidating the morpholog-
ical and kinematical structures of sodium clouds in the Jovian
system.[5]

Because of the applications mentioned above, consider-

able early efforts have been devoted to investigating the charge
transfer processes in Na+–Na collisions. In 1960 and 1969,
Bukhteev et al.[6] and Daley et al.[7] experimentally measured
the charge transfer cross sections for Na+–Na collisions over
the energy ranges of 150–2000 eV (6.5–87 eV/amu) and 400–
30000 eV (17.4–1305 eV/amu), respectively. These measure-
ments were further extended by Pivovar et al.[8] and Ruther-
ford et al.[9] (1972), the study covered the energy ranges
of 30–155 keV (1304–6742 eV/amu) and 40–500 eV (1.7–
21.7 eV/amu). On the theoretical side, Sakabe et al.[10] (1991)
employed the impact parameter and close coupling (IPCC)
method to calculate charge transfer cross sections over a wide
energy range from 3 eV to 218 keV (0.13–9482 eV/amu).
Subsequently, Copeland et al.[11] (1997) applied the impact
parameter and treatment of Firsov (IPTF) to calculate cross
sections corresponding to collision velocities ranging from
106 cm/s to 108 cm/s (0.5–5223 eV/amu). With further ad-
vancements in theoretical modeling, Thomsen et al.[12] (1998)
utilized the atomic orbital close-coupling (AOCC) method to
calculate charge transfer cross sections across a broad energy
range of 57.5 eV–207 keV (2.5–9000 eV/amu).

Among previous studies, the theoretical results of Sakabe
et al.[10] exhibit good agreement with the experimental mea-
surements of Daley et al.[7] in the overlapping energy region.
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The AOCC calculations of Thomsen et al.[12] and experiments
from Pivovar et al.[8] and Rutherford et al.[9] tend to yield
systematically higher cross sections than those of Sakabe et
al.[10] To the contrary, the measurements by Bukhteev et al.[6]

and IPTF calculations by Copeland et al.[11] are approximately
25% and 50% lower, respectively, than Sakabe’s theoretical
values. Despite these extensive efforts, discrepancies persist,
particularly in the resonant charge transfer cross sections be-
low 1 keV/amu. Moreover, studies focusing on non-resonant
charge transfer processes remain limited. These issues high-
light the necessity for further high-precision and systematic
theoretical investigations to achieve a more complete and con-
sistent understanding of Na+–Na charge transfer dynamics.

In this work, charge transfer processes in the homonu-
clear collision system Na++Na are systematically studied,
with particular attention given to both resonant and non-
resonant channels. The resonant charge transfer corresponds
to a case of symmetric resonance, where the initial and final
states of the system are identical. In contrast, non-resonant
processes involve electron capture into excited states of the in-
cident Na+ ion. The present study aims to provide a detailed
theoretical investigation of these charge transfer processes, in-
cluding:

Resonant charge transfer: Na+(2p6)+Na(2p63s) →
Na(2p63s)+Na+(2p6);

Non-resonant charge transfer: Na+(2p6)+Na(2p63s)→
Na[(2p6)3p,3d,4s,4p)]+Na+(2p6).

The ab initio multireference single- and double-excitation
configuration interaction (MRD-CI) quantum chemistry
package[13–15] was employed to calculate the adiabatic poten-
tial energy curves over an internuclear distance range of 1–
50 a.u. This package also obtained the radial and rotational
coupling matrix elements. To ensure Galilean invariance, the
electron translation factors (ETFs)[16] were incorporated into
the electronic structure calculations. Based on these calcula-
tions, the resonant and non-resonant charge transfer processes
in the Na++Na(3s) collision system are then investigated
using the fully quantum-mechanical molecular orbital close-
coupling (QMOCC) method,[17–19] covering the collision en-
ergy ranges of 0.6–5600 eV/amu and 0.2–5600 eV/amu, re-
spectively. Atomic units are used throughout unless otherwise
stated.

2. Theoretical method
The charge-transfer cross sections for Na++Na(3s) col-

lisions were calculated using the QMOCC method, as de-
tailed in previous works.[17–19] For low-energy collisions,
the electronic wave function could be replaced with its adi-
abatic counterpart in the perturbed stationary state (PSS)
framework.[19–21] Under the Born–Oppenheimer approxima-
tion, the total wavefunction of the collision system can be well

described by adiabatic wavefunctions ψi (𝑅,𝑟)

Ψ (𝑅,𝑟) = ∑
i

Fi (𝑅)ψi (𝑅,𝑟) , (1)

where 𝑅 represents the internuclear distance, 𝑟 is the elec-
tron position vector taken with respect to the center of mass of
the nuclei. The summation over i is limited to a subset of the
complete set of adiabatic states {ψi}. Since each state in the
asymptotic region corresponds to an atomic state, these states
are referred to as channel states. After the partial wave expan-
sion for the channel function

Fj (𝑅) = R−1
∑
J=0

f J
j (𝑅)DJ

Mλ j
(θ ,ϕ) , (2)

where DJ
Mλ j

is the total angular wavefunction, the radial func-

tion f J(R), satisfying the differential equation in rotating co-
ordinates, is obtained[

d2

dR2 −
J(J+1)−λ 2

R2 −2µ(u(R)−E)
]

f J(R)

=
(
V R (R)+V C (R)

)
f J(R). (3)

Here µ denotes the reduced mass, and u corresponds to the
diagonal adiabatic potential matrix. J(J +1) and λ are eigen-
values of the total system angular momentum Ĵ2 and the elec-
tronic angular momentum L̂z, while E represents the total en-
ergy. The radial and rotational coupling matrices, designated
as V R and V C, respectively, satisfy the following standard
forms:

V R
i j (R) =

[
〈i|− ∂ 2

∂R2 +
L2

x +L2
y

R2 | j〉

−2〈i| ∂

∂R
| j〉 ∂

∂R

]
δλi,λ j , (4a)

V C
i j (R) =−2δλi,λ j+1 [(J−λi)(J+λi +1)]1/2 〈i| iLy | j〉

R2

+2δλi,λ j−1 [(J+λi)(J−λi +1)]1/2 〈i| iLy | j〉
R2 . (4b)

The coupling matrices contribute to electron exchange be-
tween states of the same (V R

i j ) or different (V C
i j ) symmetry. The

states 〈i| and | j〉 denote the adiabatic electronic wavefunctions
〈ψi| and

∣∣ψ j
〉
, respectively. The most significant term in ra-

dial coupling is AR
i j = 〈i| ∂

∂R | j〉, which is typically evaluated
using finite-difference methods. Aθ

i j = 〈i| iLy | j〉 represents the
rotational coupling matrix elements.

Due to the near-singular behavior of the radial couplings
near long-range avoided crossings, it is often necessary to per-
form a diabatic transformation of the radial wavefunction

f J(R) =CgJ(R),
dC
dR

+ARC = 0. (5)

The matrix C is a unitary transformation obtained by solving
the corresponding differential equation. In the case of a com-
plete basis, the diabatic radial coupling matrix elements van-
ish. Although obtaining a truly complete basis is challenging
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in practice, the large electronic basis employed in the present
study is expected to provide an accurate diabatic represen-
tation. Consequently, the radial coupling function becomes
well-behaved under this transformation[

d2

dR2 −
J(J+1)−λ 2

R2 +2µE
]

gJ
γ = 2µ ∑

γ ′
Uγ,γ ′(R)g

J
γ ′ ,

Uγ,γ ′(R)≡ [C(u−P)C−1]γγ ′ . (6)

U(R) denotes the diabatic potential matrix with off-diagonal
elements facilitating charge transfer. P is the rotational cou-
pling matrix with elements for the diabatic states

Pi j =∓
1

µR2 [(J∓λi)(J±λi +1)]1/2Aθ
i jδ (λi,λ j∓1)]. (7)

These equations are solved using the multichannel log-
derivative method developed by Johnson.[22] In the asymptotic
limit, the ion-neutral and Coulomb channel coefficients are fit-
ted to spherical Bessel functions and Coulomb functions, re-
spectively, allowing us to extract the K matrix.

The Na+–Na collision is a symmetric system involving
identical nuclei, whose wavefunction is composed of two dy-
namically uncoupled forms: gerade (g) and ungerade (u) sym-
metry. The gerade wavefunction is symmetric with respect to
the exchange of nuclei, while the ungerade wavefunction is an-
tisymmetric. The radial differential equations must be solved
separately for both gerade and ungerade states. Then the cor-
responding scattering matrices S can be obtained accordingly

Sg,u
i j,J=

I + iKg,u
i j,J

I− iKg,u
i j,J

. (8)

The charge transfer occurring between dynamically uncoupled
gerade and ungerade symmetry is driven by the interference of
scattering amplitudes, which can be expressed in the standard
form from Bransden and McDowell[21]

f g,u
i j (θ) =

1
2iki

∞

∑
J=0

(2J+1)(Sg,u
i j,J−δi j)PJ(cosθ), (9)

where ki is the initial center-of-mass momentum, J is the total
angular momentum quantum number, and PJ(cosθ) denotes
the Legendre polynomial of order J. The differential cross
section for charge transfer is then given by

dσ ct

dΩ
=

1
4k2

i

(
∞

∑
J=0

(2J+1)Sct
i j,JPJ(cosθ)

)2

, (10)

where Sct
i j,J = 1

2 (S
g
i j,J − Su

i j,J). The case of i = j corresponds
to resonant charge transfer processes, whereas i 6= j indicates
non-resonant charge transfer. By integrating the differential
cross section over the entire solid angle Ω , the integral cross
section for the resonant charge transfer process is obtained as

σ
ct =

π

k2
i

∞

∑
J=0

(2J+1)
∣∣Sct

i j,J
∣∣2. (11)

3. Results and discussion

3.1. Molecular structure

In this study, the electronic structures of the Na+–Na

system are calculated over an internuclear distance range of

1.0–50.0 a.u. using the ab initio MRD-CI quantum chemistry

package. To investigate the influence of the n= 2 subshell, two

models are employed: the one-electron model (OEM) and the

thirteen-electron model (TEM). In the OEM, electrons in the

n = 1 and n = 2 shells are described using the LANL08 effec-

tive core potential (ECP).[23] The 3s valence electron, which

is the only active electron in this model, is treated with a [3s,

3p] Gaussian-type basis set,[24] further augmented with addi-

tional (2s, 2p, 2d) diffuse functions to improve the description

of long-range interactions. In the TEM, the n = 2 shell is ex-

plicitly included in the active space, while the 1s electrons are

described by the CRENBL[25] effective core potential. The

remaining electrons are represented using a [6s, 4p] basis set,

also augmented with (2s, 2p, 2d) diffuse functions. In this

model, the 2s orbital is frozen, resulting in thirteen active elec-

trons occupying the 2p and 3s orbitals.

For both models of the Na+–Na(3s) collision system, five
2Σ+ states and three 2Π states, including both gerade and

ungerade symmetries, are considered in the calculations. As

shown in Table 1, the energy discrepancies (error) between the

present MRD-CI results and the experimental data reported in

the NIST database[26] are less than 0.1 eV. This close agree-

ment provides a reliable foundation for the subsequent scatter-

ing calculations.

Table 1. Asymptotic atomic energies of the Na+2 molecular ion states compared with NIST experimental data.

Molecular states Asymptotic atomic states
Energy (eV)

NIST
MRDCI Error

OEM TEM OEM TEM

1 2Σ
+
g/u Na++Na (2p63s 2S) 0.000 0.000 0.000 0.000 0.000

2 2Σ
+
g/u, 1 2Πg/u Na++Na (2p63p 2P◦) 2.102 2.094 2.175 –0.008 0.073

3 2Σ
+
g/u Na++Na (2p64s 2S) 3.191 3.145 3.246 –0.046 0.055

4 2Σ
+
g/u, 22Πg/u Na++Na (2p63d 2D) 3.617 3.587 3.698 –0.030 0.081

5 2Σ
+
g/u, 32Πg/u Na++Na (2p64p 2P◦) 3.753 3.785 3.837 0.032 0.084
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Fig. 1. Adiabatic potential energy curves of the Na+–Na system in both
gerade and ungerade states, calculated using (a) the one-electron model
(OEM) and (b) the thirteen-electron model (TEM).

Figure 1 shows the adiabatic potential energy curves of
the Na+–Na system for both gerade and ungerade states, ob-

tained from the one-electron model [Fig. 1(a)] and the thirteen-
electron model [Fig. 1(b)]. The potential energy curves ob-
tained from both models exhibit generally consistent trends,
indicating that the simplified one-electron approximation cap-
tures the essential features of the interaction potential in this
system. The similarity between the two models also suggests
that the contributions from inner-shell electrons have a lim-
ited impact on the overall potential landscape. Among the cal-
culated molecular states, several molecular state pairs corre-
spond to the same asymptotic atomic states, such as (2 2Σ+

g ,
2 2Σ+

u ) and (1 2Πg, 1 2Πu). On one hand, the energy separa-
tions between the initial states (1 2Σ+

g and 1 2Σ+
u ) and other

molecular states exceed 2.1 eV; on the other hand, these ini-
tial states exhibit no significant coupling with the neighbor-
ing states. Consequently, the resonant charge transfer pro-
cess between 1 2Σ+

g and 1 2Σ+
u is expected to play a dominant

role in the overall charge transfer dynamics. Furthermore, the
potential energy curves do not exhibit any obvious avoided
crossings, which typically signal strong non-adiabatic inter-
actions. The absence of such features suggests that the non-
resonant charge transfer processes proceed via long-range,
weak couplings and are most likely governed by a Demkov-
type mechanism.[27,28] In this mechanism, charge transfer oc-
curs through diabatic transitions facilitated by small but long-
range radial coupling elements, rather than through Landau–
Zener-type[29] processes that typically involve strong avoided
crossings.
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Fig. 2. Radial coupling matrix elements of the Na+2 molecular ion under one-electron and thirteen-electron models.
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In the absence of an obvious avoided crossing in the po-
tential energy curves, non-resonant charge transfer generally
occurs between the initial channel and its neighboring chan-
nels. In this case, the radial and rotational couplings between
adjacent channels play a particularly significant role. Fig-
ure 2 displays the radial coupling matrix elements for both
the one-electron model and the thirteen-electron model with
electron translation factors (ETFs) taken into account in ger-
ade and ungerade symmetries, respectively. It is found that
the coupling matrix elements calculated using both the one-
electron model and the thirteen-electron model are in close
agreement; for example, the peak positions of the couplings
between 3 2Σ+

g and 4 2Σ+
g occur at approximately 15.8 a.u., and

between 2 2Πu and 3 2Πu at around 8.8 a.u. As shown clearly
in Fig. 2, the radial couplings among these states exhibit rel-
atively weak long-range interactions, which can play a cru-
cial role in non-resonant charge transfer processes. In partic-
ular, the [Na+(2p)+Na(3p); 2 2Σ+/1 2Π] states are energeti-
cally closest to the initial channel [Na+(2p)+Na(3s); 1 2Σ+],
and their radial couplings display broad and shallow peaks.
This indicates that the electron is most likely to transfer to

the Na(3p) state, and these two couplings serve as the primary
gateways for charge-transfer flux from the initial to the exit
channels.

During the collision process, the electron may be cap-
tured by the 2Π state through rotational coupling, which is
also considered in the present calculation. Some representa-
tive rotational coupling matrix elements are shown in Fig. 3.
The couplings between states with the same atomic configura-
tions, such as 2 2Σ+–1 2Π and 4 2Σ+–2 2Π, approach a value of
1 at large internuclear distances in both gerade and ungerade
symmetries. In particular, a notable long-range rotational cou-
pling between 1 2Σ+

g and 1 2Πg will ensure a non-negligible
electron flux into this channel even at low collision energies,
thereby significantly contributing to the non-resonant charge
transfer processes. As illustrated in Figs. 3(b) and 3(d), strong
rotational coupling between 1 2Σ+

u and 12Πu plays a critical
role in determining the state-selective population observed in
the scattering cross sections. These rotational couplings pro-
vide essential pathways for electron capture beyond the radial
coupling mechanisms and must be carefully considered for an
accurate description of the collision dynamics.
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Fig. 3. Rotational coupling matrix elements of the Na+2 molecular ion under the one-electron model and the thirteen-electron model.

3.2. Charge transfer cross sections

3.2.1. Resonant charge transfer

Based on the electronic structure of Na+2 quasi-molecular
system, the QMOCC method was employed to obtain the res-
onant charge transfer cross sections. The results, presented in
Fig. 4 for the energy range of 0.6 eV/amu to 5600 eV/amu,
are thoroughly compared with available experimental and the-
oretical data. The present QMOCC results obtained from the
one-electron model and the thirteen-electron model have good

agreement in the overall energy region, with discrepancies re-

maining below 5%. In low-energy collisions, the resonant

charge transfer cross sections are sensitive to the electronic

structure. Therefore, the discrepancies observed between the

two models can be attributed to the small differences in poten-

tial energy curves and coupling matrix elements between these

two models.

The present QMOCC results show good agreement with

the 26-state two-center atomic orbital close-coupling (AOCC)
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calculations reported by Thomsen et al.[12] within the en-
ergy range of 8 eV/amu to 2 keV/amu. Furthermore, the
present data connect well with the experimental measurements
of Rutherford et al.[9] at energies below 10 eV/amu, as well
as those of Pivovar et al.[8] in the range of 1.3–5.6 keV/amu.
In the coincident region with AOCC, the discrepancies be-
tween the present QMOCC results and the AOCC calcula-
tions remain within 10%. The electron translational factors
(ETFs) are also included in the scattering equations in the
AOCC method, which are expected to be important for col-
lision energies above 1 keV/amu.[30] For collision energies
below 8 eV/amu, the AOCC calculations yield smaller cross
sections than the QMOCC results, which may be attributed
to the use of a one-electron model and the impact parameter
approximation in the work of Thomsen et al.[12] For energies
above 2.5 keV/amu, the QMOCC results exceed the AOCC
values, most likely because fewer channels associated with
non-resonant processes were included in the QMOCC calcu-
lations.

Calculations of the impact-parameter and close-coupling
(IPCC) performed by Sakabe et al.[10] are close to the mea-
surements of Daley et al.[7] but fail to reproduce the char-
acteristic oscillatory structures in the overlapping energy re-
gion. Although the results of IPCC closely follow the trend
of the present results in the low-energy region, the cross sec-
tions are approximately 13% smaller than those reported in
this work and measurements of Rutherford et al.[9] The re-
sults obtained using the impact parameter treatment based on
the Firsov model (IPTF) by Copeland et al.[11] also show a
similar energy dependence to the present calculations. How-
ever, their cross sections significantly deviate from other the-
oretical predictions, being about 30%–50% smaller than the
present results. These discrepancies may result from the use of
the semi-empirical method proposed by Firsov[31] to describe
symmetric resonant single-charge transfer in the calculations
of Copeland et al.[11]

In the energy range of 6.2–87 eV/amu, the results re-
ported by Bukhteev et al.[6] are approximately half of those
obtained in the present work. The deviation between our
calculations and the experimental data measured by Daley
et al.[7] remains within 25%. The differences may be at-
tributed to the fact that the previous measurements are rela-
tive cross sections. Starting from an energy of approximately
300 eV/amu, an oscillatory structure in the present resonant
charge transfer cross section becomes evident, with the ampli-
tude increasing as the impact energy rises. But the oscillatory
behaviors obtained from the present QMOCC and Sakabe et
al.[10] are out of phase with measurements of Daley et al.[7]

The oscillatory structure in resonant charge-transfer cross sec-
tions arises from interference effects associated with extrema
in the difference potential between the gerade and ungerade

states. When this potential exhibits an extremum at a specific
internuclear distance, interference between scattering ampli-
tudes leads to periodic modulations in the cross section. The
frequency is determined by the extremum position, while the
amplitude reflects the magnitude and phase of the potential
difference.[32–34]
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Fig. 4. Comparison of present resonant charge transfer cross sec-
tions with other theoretical and experimental results. Theories: present
QMOCC single-electron model (black solid line with filled circles)
and thirteen-electron model (red solid line with filled squares), impact-
parameter and close-coupling (IPCC) methods of Sakabe et al.[10]

(green solid line), impact parameter and treatment of Firsov (IPTF)
method of Copeland et al.[11] (violet solid line), atomic orbital close-
coupling (AOCC) of Thomsen et al.[12] (26 states: blue solid line, 36
states: dark yellow solid line). Experiments: Rutherford et al.[9] (filled
rhombuses), Pivovar et al.[8] (filled triangles), Bukhteev et al.[6] (filled
inverted triangles), Daley et al.[7] (crosses).

3.2.2. Non-resonant charge transfer

3.2.2.1. State-selected cross sections

In addition to the resonant charge transfer process, in
which electrons in the 3s orbital of the target Na atoms are cap-
tured into the same orbital of the incident Na+ ions. Electrons
in the 3s orbital can also be transferred to the excited states
of Na+; these processes are referred to as non-resonant charge
transfer in the present study. The primary non-resonant state-
selective cross sections for electron capture into Na[(2p6)3p,
3d, 4s, 4p] states are presented in Fig. 5 from 0.2 eV/amu
to 5600 eV/amu, calculated using the QMOCC method with
OEM and TEM models. The resonant charge transfer cross
sections are significantly larger than those of the non-resonant
processes within the energy range considered in this study.
Moreover, as the collision energy increases, the cross sections
for non-resonant charge transfer gradually increase, while
those for resonant charge transfer show a decreasing trend.
This behavior can be reasonably explained by the fact that res-
onant electron transfer at low collision velocities requires al-
most no energy exchange from the relative nuclear motion to
the electronic motion. The collision system can be effectively
described as a quasi-diatomic molecule with a time-dependent
internuclear separation, where the electron dynamics are per-
turbed by the nuclear motion.[35]
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As shown in Fig. 5, electron capture predominantly oc-
curs into the Na(2p63p) state in our calculations, which can be
attributed to the small energy gap (2.1 eV) and the long-range
Demkov-type coupling with the initial state. At collision en-
ergies below 30 eV/amu, the cross sections for capture into
the 3p state are significantly larger than those for other states.
However, when the collision energy exceeds 30 eV/amu, the
cross sections for different final states become comparable in
magnitude. This behavior is due to the opening of channels
corresponding to higher excited states at higher collision en-
ergies, where the associated radial coupling matrix elements
begin to play a significant role. As mentioned above, the cross
sections are highly sensitive to the molecular structure in the
low-energy region. When the values of cross section are rel-
atively small, the small difference between matrix elements
and potential energy curves obtained from the OEM and TEM
calculations will lead to obvious differences. In addition, the
finite-difference method employed in the radial coupling cal-
culations would also introduce discrepancies for small values
of cross sections.
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Fig. 5. The present non-resonant state-selective cross sections for elec-
tron capture to Na(2p6nl, n ≤ 4) states. Solid lines: single-electron
model (OEM); dashed lines: thirteen-electron model (TEM).

3.2.2.2. Total cross section

By summing over the state-selective cross sections, the
total non-resonant charge transfer cross sections for both the
OEM and TEM models are obtained, as illustrated in Fig. 6.
The values of total non-resonant cross sections vary from ap-
proximately 1×10−22 cm2 to 5×10−15 cm2 as the collision
energy increases from 0.2 to 5600 eV/amu. It can be observed
that at low collision energies, the total non-resonant cross sec-
tions are extremely small, indicating that non-resonant pro-
cesses are strongly suppressed in this regime. However, with
increasing collision energy, the cross sections rise rapidly.
This sharp increase is attributed to the opening of addi-
tional non-resonant channels and the enhanced contributions
of higher excited states. When the collision energy exceeds
approximately 3000 eV/amu, the non-resonant cross sections
become comparable to those of the resonant charge transfer
processes, reaching the same order of magnitude. This trend

suggests that at sufficiently high energies, non-resonant chan-
nels play a non-negligible role and may even compete with the
resonant pathways in determining the overall charge transfer
dynamics. To the best of our knowledge, no theoretical cal-
culations or experimental measurements of the non-resonant
state-selective charge transfer cross sections in this specific
collision system have been reported to date. Therefore, the
present results not only provide the first theoretical predictions
for these processes but also offer valuable reference data for
future experimental investigations and further theoretical de-
velopments in the field of ion–atom collision dynamics.
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Fig. 6. Total non-resonant charge-transfer cross sections calculated us-
ing the one-electron model and the thirteen-electron model.

4. Conclusion
In this work, a comprehensive theoretical investigation

of both resonant and non-resonant charge transfer processes
in the homonuclear Na+ + Na(3s) collision system has been
conducted using the fully quantum-mechanical molecular or-
bital close-coupling (QMOCC) method. The electronic struc-
tures were calculated using the MRD-CI method under both
the one-electron model (OEM) and the thirteen-electron model
(TEM), with careful consideration of the electron translation
factors (ETFs) in the radial/rotational couplings. For resonant
charge transfer, the calculated cross sections exhibit excellent
agreement with previous results of Thomsen et al.,[12] Pivo-
var et al.[8] and Rutherford et al.[9] The oscillations observed
in the present work are attributed to the non-monotonic be-
havior of the potential energy differences between the gerade
and ungerade states. Further theoretical investigations are re-
quired to reconcile the phase of these oscillatory structures
with the experimental cross sections reported by Daley et al.[7]

The non-resonant charge transfer processes, including state-
selective and total cross sections for capture into low-lying
excited states of Na+ (n ≤ 4), were also systematically ex-
amined. It is found that electron capture predominantly oc-
curs into the 3p state at low energies, while contributions from
other channels become comparable at higher energies. The
total non-resonant cross section rises rapidly with increasing
energy, reaching magnitudes comparable to those of resonant
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transfer. These results not only provide the first set of theo-
retical predictions for non-resonant processes in this system
but also offer essential data for future benchmarking studies.
Overall, the present study significantly advances the under-
standing of charge transfer dynamics in symmetric ion-atom
collisions, and the reported results serve as a valuable foun-
dation for further theoretical developments and experimental
validations in the field.
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