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We present a theoretical study of charge-transfer (CT) and electron-excitation (EX) processes in collisions of He™
with Na(3s) and Na(3p) using the quantum-mechanical molecular-orbital close-coupling (QMOCC) method. Adiabatic
potential curves together with the corresponding radial and rotational nonadiabatic couplings are calculated for both singlet
and triplet spin manifolds. State-resolved results show that, for HeT—Na(3s) collisions, the CT process is mainly governed
by long-range Demkov-type interactions, with electron capture predominantly populating the He(1s2s) triplet state, while
excitation cross sections are smaller and occur at shorter internuclear distances. In the He™Na(3p) system, additional I1-
symmetry channels participate in the dynamics, leading to dominant capture into the He(1s2p) state. Despite the different
initial electronic configurations, the total CT cross sections for Na(3p) are comparable in magnitude to those for Na(3s), with
Y-symmetry channels contributing more efficiently than IT channels. The calculated total CT cross sections for Na(3s) and
Na(3p) are on the order of 10~18-1014 cm? and agree with the experimental data within deviations of about 5% and 10%—
20% in the overlapping energy range. The present results show good agreement with available experimental and theoretical
data, providing a comprehensive description of the state-resolved collision dynamics in the low- and intermediate-energy
regimes.

Keywords: ion-atom collision, charge transfer, electron-excitation processes, quantum-mechanical molecular-
orbital close-coupling (QMOCC) method
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1. Introduction

Ton—atom collisions involving helium ions and alkali-
metal atoms have long served as benchmark systems for
investigating charge-transfer dynamics in atomic collision
physics.['=3] In particular, the He*—Na system has attracted
considerable interest due to its relatively simple electronic
structure and well-defined molecular potential curves, which
make it suitable for both experimental measurements and theo-
retical modeling.!*%! Charge-transfer and excitation processes
in such collisions play an important role in plasma physics, as-
trophysical environments, and laboratory ionized gases, where
they influence charge-state distributions, energy transport, and
spectral emissions.!!-” Reliable cross sections for these pro-
cesses are essential for plasma modeling and spectroscopic
diagnostics.’®! Among the possible collision channels, the
He™ collisions with Na in the 3s and 3p states are of particular
interest, since they represent typical ground-state and excited-
state collision systems and provide valuable insight into the
mechanisms of charge transfer and state-resolved population
dynamics. !

Several experimental studies have been performed on the

TCorresponding author. E-mail: yzqu@ucas.ac.cn

CSTR: 32038.14.CPB.ae705¢

He"™—Na collision system, most of them focusing on elec-
tron transfer from the Na(3s) ground state. Absolute charge-
transfer cross sections for He™—Na(3s) collisions have been in-
vestigated using ion-beam vapor/gas-target and crossed-beam
techniques with charge-state analysis, spanning studies by
Nagata et al.!'”! (0.4-5 keV), DuBois and Toburen!'!l (2—
100 keV), and Aumayr et al.!'?! (2-20 keV). For the excited
Na(3p) state, Houver et al.l'3! investigated charge-transfer
processes in the 0.5-3 keV range using time-of-flight spec-
troscopy, while Thomsen et al.!'¥ extended the measurements
to the 1-15 keV range using a crossed-beam setup combined
with laser optical pumping and time-of-flight spectroscopy.
Their measurements mainly provided ratios of capture cross
sections from Na(3p) relative to Na(3s), which can be com-
bined with the available absolute data for Na(3s) to estimate
capture cross sections from the excited states.

On the theoretical side, electron transfer from the Na(3s)
ground state has been investigated using a variety of mod-
els, including the one-electron molecular description of Sidis
et al.,”™ the one-electron atomic-basis model of Rod and

9,15]

Nielsen,| the two-electron molecular approach of M6
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and Riera,l!

and the close-coupling treatment with two-
electron molecular- and atomic-orbital expansions developed
by Fritsch ez al.[®! Although these calculations show reason-
able agreement with experimental data in overall magnitude,
discrepancies remain in the detailed energy dependence of
the cross sections. For collisions involving the Na(3p) ex-
cited state, the one-electron atomic-basis model of Rod and
Nielsen, 151 and two-electron molecular calculations were re-
ported by M6 and Riera'®! and later by Dutta ez al.,!'”] where
the capture channels were mainly limited to the He(1s2s) and
He(1s2p) singlet and triplet states. In addition, measurements

of orbital-alignment effects by Thomsen et al.[!*]

revealed sig-
nificant differences between the experimental and theoretical
cross-section ratios, suggesting that a more complete theoreti-
cal description of the collision dynamics is still needed.

In the present work, we perform a systematic theoretical
investigation of collisions between He™ ions and Na atoms in
the 3s and 3p initial states using the full quantum-mechanical
molecular-orbital close-coupling (QMOCC) method.[!8-20]
The following charge-transfer (CT) and electron-excitation

(EX) processes are considered:

He " (1s) +Na(2p®3s) — He(1s21'*L)+Na*(2p®) (CT)
— He"(1s) +Na(2p®3p/4s) (EX),
(1

He't (1s) +Na(2p®3p) — He(1s21' L) +Na®(2p®) (CT).
2

Adiabatic potential energy curves, together with the corre-
sponding nonadiabatic radial and rotational coupling matrix
elements, are calculated for both singlet and triplet spin man-
ifolds using the multireference single- and double-excitation
configuration interaction (MRD-CI) method.?'-23! Based on
these quantities, total and state-resolved cross sections for
charge transfer and electron excitation are obtained over a
wide range of collision energies. Special attention is paid to
the role of molecular symmetry and long-range interactions
in determining the dominant transition channels. The calcu-
lated results are compared with available experimental mea-
surements and previous theoretical studies to elucidate the un-

derlying collision mechanisms and to provide reliable cross-
section data for the He™-Na system. The present study pro-
vides a comprehensive and consistent dataset for both ground
and excited initial states, which is essential for plasma model-

ing and astrophysical applications.

2. Theoretical methods
2.1. HeNa™' molecular ion

The electronic structure of the HeNa™ system was com-
puted over an internuclear distance range of 1.0-50.0 a.u. us-
ing the ab initio MRD-CI quantum chemistry package.>*! For
He, the aug-cc-pVQZ (augmented correlation consistent po-
larization valence quadruple {) basis!>! was employed, i.e.,
(8s,4p,3d) contracted to [S5s,4p,3d]. The f and g Gaussian-type
functions were omitted, as they have negligible impact on the
accuracy of the electronic structure. To accurately describe the
Rydberg states of He, a diffuse (1Is, 1p, 1d) basis set was ad-
ditionally included. For Na, the 1s electrons were treated with
the CRENBL effective core potential,[*%! while the remaining
electrons were described using a [6s, 4p] basis set augmented
by diffuse (3s, 2p, 2d) functions. The Na 2s orbital was frozen,
leaving eight active electrons for the MRD-CI calculations.

For the HeNa™ system, six 'Z* (five L) states in A,
symmetry and two 'TI (two 3IT) states of B symmetry, corre-
sponding to the charge-transfer and excitation channels, were
included in the singlet and triplet manifolds. Tables 1 and 2
list the asymptotic energy levels of the HeNa™ atomic states
for the singlet and triplet manifolds, compared with the experi-

[27] For clarity, all energies

mental atomic energies from NIST.
are referenced to the entrance channel He' + Na(3s), which
corresponds to the second singlet state (2'X%) in Table 1 and
the first triplet state (1>°X7) in Table 2; these reference states
are set to zero energy. The 22+ /1°ZF and 5'E* /4°%*, as
well as 2'TI/23T1 states (shown in boldface) asymptotically
corresponding to the He™ +Na(3s) and Het +Na(3p) atomic
states, denote the initial collision channels, respectively. The
differences between our calculated energies and the experi-
mental values!?”! are below 0.07 eV in the asymptotic region,
which is sufficiently accurate for the subsequent scattering

calculations. 28]

Table 1. Asymptotic atomic energies for the HeNa™ molecular states to the singlet states.

Molecular states

Asymptotic atomic states

Energy (eV)

NIST MRDCI Error
e+ He(1s? 'S)+Na*(2s22p° !S) —19.448  —19.518  —0.07
23t He ™" (1s2s !S)+Na(2p®3s 28) 0 0 0
3lxt He(1s2s 'S)+Na*(2s22p° !S) 1.167 1.096 —0.071

Alz+ 1 He(1s2p 'P°)+Na*(2s?2p° 'S) 1.770 1716 —0.054

51+ 2 He' (1s 28) +Na(2p®3p 2P°) 2.102 2.067 —0.035
6'st He*t(1s 2S)+Na(2p®4s 2S) 3.191 3.174 —0.017
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Table 2. Asymptotic atomic energies for the HeNa™ molecular states to the triplet states.

Molecular states

Asymptotic atomic states

Energy (eV)

NIST MRDCI  Error

133+ He*(1s 2S)+Na(2p®3s 2S) 0 0 0
25+ He(1s2s 3S)+Na*(2s22p® 'S) 0371 0.352 —0.19
335,131 He(1s2p P°) +Nat(2s?2p® 1S)  1.516 1.474 —0.042
£+ 1 He" (1s 2S) +Na(2p®3p 2P°) 2.102 2.071 —0.031
535+ He*(1s 2S)-+Na(2p®4s 2S) 3.191 3.173 —0.018

2.2. Scattering calculations

Nonradiative charge-transfer and excitation cross sections
are calculated using the QMOCC method.!'3-2%1 Within the
perturbed stationary state (PSS) model,>202%! the total wave
function is expanded in terms of adiabatic electronic states.
After performing a partial-wave expansion for each channel,
the radial functions f”(R) satisfy a set of coupled differential
equations in the rotating coordinate system:

a2 JUJ+1)—2?
dR? R? -
= (VER)+VER)S(R), 3)

2u(u(R) —E) | f'(R)

where u is the reduced mass and u is the diagonal adiabatic
potential matrix. The quantities J(J + 1) and A are the eigen-
values of the total angular momentum and the projection of
the electronic angular momentum, respectively. V¥ and V¢
represent the radial and rotational coupling matrices, which

are defined as

2 L+l J .9
R o N X Vo g9 0. 0
VER) = [l P 20 2 | 5, a0
i|iLy|j
VE(R) = <284, [0~ M)+ 2+ 1) B
E
128, 5,110+ A — 4+ 1) 2 LD g

The radial coupling elements, typically evaluated by
finite-difference methods, may vary rapidly near avoided
crossings. To obtain smoother couplings, a unitary transforma-
tion from the adiabatic to the diabatic representation is intro-
duced. This transformation yields a diabatic potential matrix
U(R), whose off-diagonal elements govern the charge-transfer
process. Accordingly, the radial functions are transformed,
and the coupled equations take the form

2 JJ+1)-2?

R g TME|g -2 Uy (Rigy =0. ()
14

When R — oo, the internuclear interaction can be neglected.
Therefore, the radial coupled equations satisfy the asymptotic

boundary conditions

1
g/ (R) —— —=I[8;jjs(kiR) + K{jn; (k;R)], (6)

R—s00 \/kij

where k7 = 2u[E — &()], j; and 1; denote the regular and
irregular Riccati-Bessel functions for neutral channels, or the
regular and irregular Coulomb functions*”! for ionic channels,
respectively. In the present calculations, the value of Ry for
matching the boundary conditions is taken from 10000 a.u. to
500 a.u. For R > 50 a.u. the interaction potentials are smoothly
extended using the dipole polarization form Vj(R) = —02"'—5,
where @ is the dipole polarizability of the neutral atom (He or
Na), and ¢ is the charge of the ionic core (He™ or Na™).[3!l The
coupled-channel equations are solved using the Johnson log-
derivative method.??! By matching the asymptotic boundary
conditions, the K’ matrix is obtained, and the corresponding
scattering matrix is given by
I+iK’

S = @)
Finally, the integral cross section for a transition from channel
i to j is calculated from the scattering matrix elements as

T 2
a@ﬁ,‘):g;(UH)!&/—S{, : ®)

where k; is the initial momentum in center-of-mass frame and
0;j is the Kronecker delta. The quantum number J denotes
the partial-wave angular momentum, and convergence with re-
spect to the partial-wave expansion is achieved by increasing
Jmax until the cross sections change by less than 10710 a.u. At
intermediate energies, the electron translation factors (ETF)
are included to correct the boundary conditions. Following the
scheme of Gargaud,33! the radial and rotational couplings

are modified accordingly to account for translation effects.

3. Adiabatic potentials and couplings

With the exception of the lowest singlet state [He(1s?) +
Na*(2s?2p®); 1'2F], all £ and IT states included in the
present singlet and triplet manifolds are shown in Figs. 1(a)
and 1(b) for internuclear distances R = 1.0-30.0 a.u. The elec-
tronic structures obtained with the present MRD-CI method
are compared with the configuration-interaction (CI) results
of Dutta er al.,!'”! in which the HeNa™ system was treated
as a quasi-two-electron system using a Gaussian-type pseu-
dopotential. Taking the [He™ + Na(3p);5'Z*] state as the

073402-3
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reference, the potential energy curves show generally good
agreement in shape. However, the [He™ + Na(3p);4°2*] and
[He™ +Na(3s) /Na(4s)] asymptotic states in Dutta et al.l!”] are
lower than the present results by about 0.20 eV and 0.27 eV,
respectively, in the asymptotic region. These differences are
mainly attributed to the different CI treatments and the cor-
responding descriptions of electron—correlation effects in the
two calculations. The omitted lowest singlet state lies about
19.5 eV below the nearest channel and is therefore expected to
contribute negligibly to the charge-transfer dynamics. Since
the collision partners are singly charged, the long-range inter-
action is dominated by polarization, leading to rather smooth
potential curves. As a consequence, no pronounced avoided
crossings are observed for R > 8.0 a.u. in either manifold, in-
dicating that low-energy charge transfer is not controlled by
localized Landau—Zener-type transitions at well-defined cross-
ing points.!

—49.30 T T T T
Singlet 1105
~ _—49.35} MRD-CI_present CI_Dutta
5: ' iyn+ [
s ........... 1 eaaa Iy 1—2.00
5, —49.40F
+ 2. 6,
%0 ~ fle- (1s)+Na(2s*2p°4s) | _92.05
g VAN N e, T mmm -
g —49.45 O N N He*(1s)+Na(2s2p%3p)
- S WA _ - 1-2.10
g —49.50 He(1s2p)+Nat(2s22pf)
s 4
2 _soss) e e T
~ - He™(1s)+Na(2s*2p°3s)
19.6 .. . - M
—49.60 5 10 15 20 25 30
Internuclear distance R (a.u.)
_49-30 T T T T
Triplet 1-1.95
~ _49.35F MRD-CI_present CI_Dutta ’
= {=2.00
)
: —49.40
o0 4—2.05
% —49.45¢
= [ VWA o eemmTTTo —2.10
T —49.50F |\ g N\ LT eSS
o
%’ —2.15
A, —49.55r N\  __———T T
- He"(1s)+Na(2s%2p%3s) | —92.20
~ olid b N
—49.60 L— L . L

5 10 15 20 25 30
Internuclear distance R (a.u.)

Fig. 1. Adiabatic potential curves of HeNa™ molecular states from the
present MRD-CI method and CI of Dutta ef al.!'”! in the singlet (a) and
triplet (b) spin manifolds.

Charge-transfer channels [He(1s2s) +Na*t;3!2+/23%]
and [He(1s2p) +NaT;4' X% /332+] are the closest in energy to
the entrance channels [Het +Na(3s);2!2* /12 +] and [Het +
Na(3p);5'Z+ /43L+], respectively, and are therefore expected
to constitute the dominant exit channels for charge transfer.
In this situation, the dynamics can be interpreted within a

m’[31,34

Demkov-type mechanis 1in which the transition prob-

ability at low energies is largely governed by the asymptotic

energy defect between the entrance and exit channels. Com-
pared with the singlet manifold, the energy separation between
[He(1s2s) +Na™] and [He™ + Na(3s)] is smaller in the triplet
manifold, suggesting that charge transfer in He™-Na(3s) col-
lisions is dominated by triplet transitions. In contrast, for
He'-Na(3p) collisions, the corresponding singlet energy de-
fect is smaller, implying that singlet charge transfer provides
the main contribution.

Pronounced avoided crossings appear only at shorter dis-
tances. In particular, crossings occur between [He(1s2s) +
Na*t;3'2+/235%] and [He(1s2p) + Na™;4!X%/3°2*] near
R~ 5.6 a.u., as well as between [He™ 4+ Na(3p);5'2+ /4°L ]
and [He™ + Na(4s);6'=+/532*] around R =~ 7.5 a.u. These
short-range interactions are expected to become increasingly
important at higher collision energies, where smaller internu-

clear separations are more effectively sampled.

0.4 T — T T
| ! Singlet
® i} ! —— 2!t _3!%+ (He(1s2s)+Nat)
B =, 0 e 315+ —4!'$+ (He(1s2p)+Na't)
g —~ 0.2 R R 4in+t_5in+ (He++Na(2p53p))'
i
o0 3 & V- - 5'ET—6'S" (He+Na(2p4s))
g ! ’
= 1
% = OF; By AN g - s o e
QO RO N T T T e
S g '
=S ,
;_8 o —mm 2yt _ylet i
] _ olyt_plyt
~ i : —.— 3lyt_plyt
¢ D 12T (a)
—0.4 L L L L
5 10 15 20 25
Internuclear distance R (a.u.)
0-4 N T T T T
! Triplet
Ra i} —— 135+ 235" (He(1s2s)+Na™)
% 0.2 TN e 295+ 395+ (He(1s2p)+Na™)
g Bl A T W 33T 438+ (Het+Na(2p3p)) |
o0 2 \ - - 43%t—5%%* (Het+Na(2p°4s))
B~ 1
T
°g
— QO
9 T-) e 133 a3y
Lo} 1°Y7-3°% 4
é} T RPVE) e
— . 23ynt_ g3yt
13— 2811 (b)
—0.4 H L L L L
5 10 15 20 25

Internuclear distance R (a.u.)

Fig. 2. Radial coupling matrix elements of HeNa™ molecular states as a
function of internuclear distance: (a) singlet states; (b) triplet states.

These avoided crossings are accompanied by strong ra-
dial couplings, as shown in Fig. 2. As can be seen from Fig. 2,
apart from the pronounced interactions between [He(1s2s) +
Na*t;3'5+/232*] and [He(1s2p) + Nat;4!2+/335%], as
well as between [He® + Na(3p);5'E*/432*] and [He™ +
Na(4s);6'=* /532 +] around 5.6 a.u. and 7.5 a.u., respectively,
the radial couplings among the low-lying states remain rel-
atively weak. Most coupling matrix elements exhibit broad

and shallow long-range structures rather than sharp localized
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peaks. Such coupling profiles are characteristic of Demkov-
type interactions, which typically dominate low-energy charge
transfer when the entrance and exit channels are near but do
not form strong avoided crossings at large R. Consistent with
the potential-curve analysis, the 3'Z+ /232 and 4'2+ /33%+
states are the closest exit channels to the entrance channels
212+ /13 F and 5'2+ /43LF, respectively. Accordingly, broad
long-range maxima appear in the corresponding radial cou-
plings around 13 a.u. and 17 a.u. Similar long-range features
are also observed in the IT states, e.g., between 1'T1/13IT and
2'T1/23T1 near 12 a.u. These long-range couplings therefore
constitute the primary gateway for charge-transfer flux from
the entrance channels to the dominant exit channels, and are
expected to provide the major contribution to the total charge-
transfer cross sections at low collision energies.

T T . : ;
15' —2lxt1'nn - =9lyt_olfT
. - - 3ut-n 3lyt 2l

B 1| e AT 01T

; Singlet
1.0f

o]

=

Bs]

]

g

2> -
= 7 0.5R:
Q@ :
gv

O o

° g

= g 0
58 :
=0 —0.5
[}

g

Q

~

R ) SR

5 10 15 20 25 30
Internuclear distance R (a.u.)

— 1’wt-1°1 —— 13+ _9%
i Triplet -~ - - 239t —1%T1 935+ _93[]
. - 3%et-1° e 3350+ 23]]
1.0F .

Rotational coupling matrix
element (a.u.)

5 10 15 20 25 30
Internuclear distance R (a.u.)

Fig. 3. Rotational coupling matrix elements of HeNa™ molecular states
as a function of internuclear distance: (a) singlet states; (b) triplet states.

Electrons can also be transferred to states of different
symmetries through rotational couplings. As shown in Fig. 3,
the rotational coupling matrix elements in the singlet mani-
fold are formally similar to those in the triplet manifold. For
R < 20 a.u., the X-II couplings involving the entrance chan-
nels 2!XF/13Z* and 52+ /43%+ exhibit broad, slowly vary-
ing long-range structures, which are characteristic of Demkov-
type interactions. In the short-range region, several ¥-I1 cou-
plings become markedly enhanced, implying that I'l-state pop-
ulation may also be promoted at higher impact energies. No-
tably, the largest ¥-II couplings are mainly associated with

channels correlated to the He(1s2p) +Na* and He™ + Na(3p)
asymptotes, indicating that IT channels provide additional
pathways for both charge-transfer and excitation processes.
Consequently, although the dominant charge-transfer flux is
governed by same-symmetry transitions driven by radial cou-
plings, rotational couplings can still contribute appreciably to

electron transfer into states of different symmetries.

4. Collisions of He™ with Na(3s)
4.1. Total charge-transfer cross sections

Based on the electronic-structure analysis of the HeNa™
quasimolecule, the CT cross sections for the singlet and triplet
manifolds are calculated using the QMOCC method over the
impact-energy range of 0.002-7 keV/amu. The total CT cross
sections, obtained by spin-averaging the singlet (25%) and
triplet (75%) contributions, are shown in Fig. 4.

Below 380 eV/amu, the present QMOCC results are
slightly higher than other theoretical predictions, while re-
maining in reasonable agreement with the measurements of
Nagata et al.!'"! with the difference being less than 5%.
Starting from collision energies around 90 eV/amu, the one-
electron MO model of Sidis et al.'*! begins to yield smaller
This dis-
crepancy can be attributed to the simplified one-electron de-

cross sections than the present QMOCC results.

scription adopted in that model, which may not fully cap-
ture the detailed molecular features and multichannel cou-
plings of the HeNa™ collision system. In the low-energy re-
gion, the charge-transfer process is mainly governed by long-
range quasi-resonant interactions between the entrance chan-
nel He™ (1s) + Na(3s) and the exit channels He(1s21) + Na™,
making the transition probabilities particularly sensitive to the
accuracy of the molecular potentials and nonadiabatic cou-
plings.

In the energy range of 380 eV/amu-2 keV/amu, the
present results agree well with the atomic-orbital (AO) cal-
culations of Fritsch e al.[® and the molecular-orbital (MO)
results of M6 et al.!! and lie between the experimental mea-
surements of DuBois ef al.!''l and Aumayr er al.!'? This over-
all consistency indicates that the dominant nonadiabatic cou-
plings are adequately described within the present QMOCC
framework. A discrepancy of about 20% is observed between
the present cross sections and those obtained from the semi-
classical molecular-orbital close-coupling (MOCC) calcula-
tions of Fritsch et al.®! This difference can be attributed to
the distinct theoretical approaches employed. The collision
dynamics of Fritsch et al.!®! were treated within the semi-
classical MOCC framework, where the nuclear motion is de-
scribed classically, making it more suitable for intermediate-

and high-energy collisions. In contrast, the present QMOCC
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method provides a fully quantum-mechanical description and
is therefore more appropriate for low-energy processes, where
nonadiabatic couplings and quantum interference effects play
a significant role.
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Fig. 4. Spin-averaged total charge-transfer cross sections for He™-Na(3s)
collisions: (a) logarithmic scale; (b) linear scale from 500-8000 eV/amu.
Theory: present QMOCC (solid line with filled circles), Sidis et al.[*)
(solid line), MG et al.!) (dashed line), Fritsch ef al.®! (dash-dotted line),
Nielsen et al.®! (dash-dot-dot line). Experiment: Aumayr et al.!'?! (open
diamonds), DuBois er al.l'!l (open triangles), Nagata er al.l'%! (open
squares).
In addition, a weak oscillatory structure is observed from
380 eV/amu to 7 keV/amu, with a shallow minimum near
1.8 keV/amu. Similar features can also be identified in the ex-
perimental data of Aumayr et al.!'?! and in the AO calculations
of Fritsch et al.'®! These oscillations are generally attributed to
Stueckelberg-type*>! interference arising from coherent tran-
sitions at successive avoided crossings along the collision path.
The phase difference accumulated between different transition
pathways, which depends on the energy gap between the in-
teracting molecular potentials and the collision velocity, may
lead to constructive or destructive interference, resulting in
the observed modulations in the cross sections. Although the
QMOCC results are significantly higher than previous works
in the 2-7 keV/amu range, we include the data in this range to

better illustrate the oscillatory structure.

4.2. Total electron-excitation cross sections

The total spin-averaged excitation cross sections are ob-
tained by summing over all transitions from the entrance
channel to the excited Na(3p/4s) states. The contributions
from singlet and triplet manifolds are combined using sta-
tistical weights of 1/4 and 3/4, respectively. The resulting
spin-averaged excitation cross sections for the He™ + Na(3s)
system are presented in Fig. 5. Compared with the charge-
transfer channel, the excitation cross sections are systemat-
ically smaller over the entire collision energy range, which
can be attributed to the larger energy separations between the
entrance channel and the excited Na states, leading to re-
duced nonadiabatic transition probabilities. From a dynami-
cal point of view, excitation processes predominantly occur at
shorter internuclear distances than charge-transfer processes.
In this region, the electronic structure of the collision complex
is more strongly perturbed, resulting in enhanced multichan-
nel couplings and more complex interaction patterns. Conse-
quently, the excitation cross sections are particularly sensitive
to the accuracy of the molecular potential energy curves and
the coupling matrix elements.
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Fig. 5. Spin-averaged electron excitation cross sections of Na(3s) and
comparison with other results. Theory: present QMOCC (solid line with
filled circles), Sidis ef al.1*! (solid line), M6 et al.1%! (dashed line), Fritsch
et al.!® (dash-dotted line), Rod ef al.”!>) (dash-dot-dot line). Experi-
ment: Aumayr et al.l'?) (open squares).

The available experimental data of Aumayr et al.l'?! ex-
hibit an overall energy dependence consistent with the present
QMOCC calculations. Notably, a plateau is observed near
600 eV/amu in our results, in agreement with the experimen-
tal trend. This feature may be associated with the balance
between increasing nonadiabatic transition probabilities and
the decreasing interaction time at intermediate collision ener-
gies. The slightly higher cross sections reported by Aumayr et
al.l') can be attributed to cascading contributions from higher
excited states, which may enhance the apparent excitation
yields. Theoretical results of M6 et al.'>) and Fritsch et al.[%!
based on the MO approach also show reasonable agreement,
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with minor differences in magnitude, likely due to variations in
basis sets or the treatment of electron translation factors among
the different calculations. The overestimation reported by Rod
et al.!13] in the energy range of 250-1300 eV/amu is likely
related to the simplified one-electron description employed in
their model.

4.3. State-resolved cross sections

The total CT cross section from the Na(3s) initial state ex-
hibits a clear energy dependence. With increasing collision en-
ergy, the CT cross section changes from a rapidly varying be-
havior at low energies to a gradually saturating trend at higher
energies. To investigate the CT process in more detail, the
state-resolved cross sections for electron capture into He(1s21)
and Na(3p/4s) are presented in Figs. 6 and 7 and compared
with the theoretical AOCC results of Nielsen ez al.!! and the
MO calculations of M6 et al.’] The present results are gen-
erally consistent with the available data in the overlapping en-
ergy range. At collision energies below 250 eV/amu, the larger
He(1s2p) cross sections reported by M6 et al.l! likely arise
from their use of a semiclassical impact parameter formalism,
in which the electronic wavefunction of the colliding system is
expanded over a twelve-state molecular basis. This approach
is less accurate than the present QMOCC method at low ener-
gies.

In the low-energy region, the CT process is primarily gov-
erned by exit channels such as He(1s2s) and He(1s2p), which
are close in energy to the entrance channel. The transitions in
this regime exhibit typical characteristics of the Demkov-type
mechanism arising from long-range interactions. For capture
into the He(1s2s), the He(1s2s) (2°XT) triplet state is strongly
favored over the corresponding singlet states. This behavior
can be understood in terms of both the smaller energy de-
fect and the stronger coupling in the triplet manifold. As
shown in Fig. 1, the energy separation between the entrance
channel [He' + Na(3s);132*] and the nearest exit channel
[He(1s2s) + Nat;232+] is significantly smaller than that for
the corresponding singlet channels at large internuclear dis-
tances. At the same time, Fig. 2 indicates that the associated
radial coupling is slightly stronger for the triplet states in the
same region. The combined effect of a smaller energy defect
and enhanced coupling leads to a higher transition probability
and, consequently, a larger cross section for the triplet channel.

By summing the state-resolved cross sections for electron
capture into He(1s2!), the total CT cross sections for He(n =
2) in singlet and triplet manifolds are obtained. Figure 7
presents the cross sections for charge transfer to He(n = 2) in
panel (a) and for excitation to Na(3p/4s) in panel (b) for both
singlet (S) and triplet (T) states. In Fig. 7(a), the capture cross

sections into the He(n = 2) states obtained from the present
QMOCC calculations are compared with the available AOCC
results of Nielsen et al.' and Fritsch et al.,l) as well as the
MO calculations of M6 et al.'>! Overall, the present results
show good agreement with previous theoretical data in the
overlapping energy range, although some deviations appear at
intermediate energies. These differences may be related to the
different dynamical treatments and basis sets adopted in the

various calculations.

10? T T T

<o . g s el 1
= ol G PR
@U a4 "E: ,./. o
= 4 - oo
I 0 /
S 107k P F
Z QMOCC
g 1071 —e—2s_present 3
ey —e—2p present
O
g 1072 4
@ AOCC MO
2 -3 -0 25 Nielsen A 25 M6 1

10 ) .
O p / & 2p_Nielsen --4--2p Mo

a
10—4 e ! ! !
10! 10? 10® 10*
Energy (eV/amu)

o T T T .
5 PRIIPO-S 252 < 4
S 10 e i e
S 10 QMocC E
N
=} —e—2s _present
9 107! —e—2p_present 4
g /

Q L
© 1072} v ]
0 / AOCC MO
8 / 25 Niel &= 25 Mo
$— -3 = S_ 1elsen - - 57 (\J
O 1077 / @ 2p Nielsen <-de-2p M6 3
2 (b)
_ N
10 4 = T T - T .
10t 102 10? 10?

Energy (eV/amu)

Fig. 6. State-resolved cross sections for charge transfer to He(1s2l) in
He™—Na(3s) collisions, compared with the results of M6 et al.'® and
Nielsen et al.!! for (a) singlet state and (b) triplet state.

Figure 7(b) shows the state-resolved cross sections for
electron excitation to the Na(3p) and Na(4s) states. In the
low-energy region, the Na(3p) channel dominates the excita-
tion process due to its smaller energy defect relative to the
entrance channel. As the collision energy increases, the con-
tribution of the Na(4s) channel becomes more significant. The
present QMOCC results are generally lower than the AOCC
data reported by Nielsen et al.!”) This difference may arise
from the different theoretical approximations adopted in the
two methods. In the AOCC model, the collision system is
treated within a one-electron framework where the active elec-
tron moves in an effective potential, while multielectron cor-
relations and some detailed molecular couplings are only ap-
proximately described. These approximations may influence

the predicted transition probabilities.
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5. Collisions of He™ with Na(3p)

5.1. Total charge-transfer cross sections

Figure 8 presents the total charge-transfer (CT) cross sec-
tions for the He™+ Na(3p) collision system obtained with
the present QMOCC calculations.

pared with available theoretical and experimental data in the

The results are com-

impact-energy range of 0.002-7 keV/amu. Compared with
the ground-state collision system He™+ Na(3s), the electron-
capture mechanism for Na(3p) is more complicated because
several molecular symmetries are involved. The entrance
channels correspond to the S'2*, 2'TI, 4'£* and 2°T1 molec-
ular states. To compare with experimental results, the total
charge-transfer cross section is obtained by statistically aver-
aging over all contributing channels. The statistical weight of
the singlet and triplet manifolds is taken as 1:3, while the rela-
tive weights of the ¥ and IT symmetries are assumed to be 1:2.
The final cross section is therefore calculated as the weighted
sum of the corresponding state-resolved cross sections.
Overall, the calculated cross sections exhibit a simi-
lar magnitude and energy dependence to previous theoret-
At colli-
sion energies below 750 eV/amu, the present QMOCC re-

ical predictions and experimental measurements.

sults are slightly lower than other theoretical predictions.
In the intermediate energy range of 0.75-4 keV/amu, the

present QMOCC results lie between the one-electron model
calculations of Nielsen ef al.!! and the semiclassical impact-
parameter approach based on a molecular-orbital expan-
sion (IPMO) of Dutta et al.l'”! At collision energies above
4 keV/amu, the present results become somewhat larger than
those reported by Nielsen er al.l! This discrepancy can be
mainly attributed to the fact that the number of channels con-
sidered in the calculations is not sufficient. As described by
Houver et al.,!'3 “the He(n = 2) and He(n = 3) channels are
populated: the He(n = 2) reaction is dominant at low ener-
gies whereas the He(n = 3) reaction becomes important at
higher energies and/or scattering angles.” In the energy range
of 0.16-3.75 keV/amu, the total CT cross sections for Na(3p)
are found to agree with the experimental data of Houver et
al.'3 and Thomsen ez al.'"*! within a deviation of 10%—20%.
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Fig. 8. Spin-average total charge transfer cross sections in He™Na(3p)
collisions. Theory: present QMOCC (solid line with filled square), Dutta
et al.l'7) (solid line), M6 et al.'! (dashed line), Nielsen et al.”} (dash-

dot-dot line). Experiment: Thomsen et al.!'¥ (full diamond), Houver et
al.'"3! (open hexagon).

5.2. State-resolved cross sections

The state-resolved cross sections for electron capture to
the He(1s2l) states are displayed in Fig. 9 for the different ini-
tial molecular states 5'XF, 2'TI, 43" and 2°T1. The present
QMOCC results are compared with the theoretical predictions
obtained using the semiclassical impact-parameter molecular-
orbital (IPMO) method reported by Dutta et al.l'”! To clar-
ify the origin of the differences between the two calculations,
we performed additional test calculations using essentially the
same eight molecular states adopted in Dutta et al.l'’! The
results indicate that the contributions from the 3'TT and 33TT
states are negligible, suggesting that the discrepancies do not
mainly arise from the number of coupled channels included in
the calculations.

In addition to the comparison of the potential energy
curves shown in Fig. 1, the available coupling matrix elements

reported by Dutta e al.l'’! are compared with the present re-
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sults in Fig. 10. Although the coupling matrix elements ob-
tained in the two calculations exhibit generally similar profiles,
noticeable differences remain in their magnitudes and spa-
tial distributions over the broad interaction region. Since the
electron-capture dynamics is highly sensitive to the strength
and localization of the couplings, such differences may lead to
appreciable variations in the state-resolved cross sections.
Moreover, only a limited number of coupling matrix el-
ements were reported in Dutta et al.l'”! and several impor-
tant interactions cannot be directly compared, particularly
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the 4!27—5'2+ and 1°T1-23I1 couplings, which play signif-
icant roles in the nonadiabatic transition dynamics. In ad-
dition, the IPMO approach treats the nuclear motion semi-
classically, whereas the present QMOCC method solves the
coupled-channel equations fully within a quantum-mechanical
framework. The quantum treatment is expected to provide a
more consistent description of multichannel interference and
nonadiabatic transition processes in the low- and intermediate-

energy regions.
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Fig. 9. State-resolved cross sections for charge transfer to He (1s21) in He™—Na(3p) collisions from different initial states, compared with the

IPMO results of Dutta et al.l'7! (a) 5'2F; (b) 2'IT; (c) 4°Z7; (d) 2°T1.

The total CT cross sections for Na(3p) are comparable in
magnitude to those for Na(3s). It should be noted, however,
that the final products and population distributions are quite
different in the two cases. For the He™ 4 Na(3s) collision sys-
tem, the cross section for the formation of He(1s2s) is larger
by about an order of magnitude than that for He(1s2p). In con-
trast, for the He™ + Na(3p) system, the situation is reversed,
with the He(1s2p) channel becoming the dominant electron-
capture product. This difference can be understood in terms of
the molecular-state couplings involved in the two collision sys-
tems. In the He™ + Na(3s) case, the dominant capture channel
leading to He(1s2s) is nearly resonant with the entrance chan-
nel, which enhances the corresponding transition probability.

However, when the initial state of sodium is Na(3p), the addi-

tional I1-type molecular symmetries and the associated nona-
diabatic couplings favor transitions leading to the He(1s2p)
state. As a result, the population of the He(1s2p) channel be-
comes significantly larger than that of He(1s2s) in the Na(3p)
collision system.

By summing the state-resolved cross sections of the Het—
Na(3p) system in the singlet and triplet manifolds, the total CT
cross sections for Na(3p) in the ¥ and IT states are obtained,
as shown in Fig. 11, and compared with previous results.
For consistency with the literature, the notations Na(3p;) and
Na(3p, ) are adopted in the present work, which correspond
to the ¥ and IT molecular states of the Het—Na(3p) system,
respectively. As shown in this figure, the CT cross sections

originating from the X state are larger than those from the I1
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state over the entire collision-energy range considered. This
behavior indicates that the charge-transfer process is more ef-
ficient when the Na(3p) electron is aligned parallel to the in-
ternuclear axis. The difference between the two symmetries
can be attributed to the distinct molecular couplings and in-
teraction potentials associated with the ¥ and IT states during
the collision process. Consequently, the X-symmetry channels
play a dominant role in the overall charge-transfer dynamics
of the He™-Na(3p) system.
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6. Conclusions

The adiabatic potential curves of the HeNa™ system ex-
hibit smooth long-range behavior dominated by polarization
interactions, with pronounced avoided crossings appearing
only at short internuclear distances. The associated radial and
rotational couplings indicate that low-energy charge transfer is
governed mainly by broad, long-range Demkov-type interac-
tions, while short-range interactions become increasingly rele-
vant at higher collision energies. These coupling features pro-
vide a clear understanding of the pathways and mechanisms
controlling charge transfer in Het—Na collisions.

For He™—Na(3s) collisions, the total charge-transfer cross
sections are dominated by the He(1s2s) triplet exit chan-
nel, consistent with quasi-resonant long-range interactions be-
tween entrance and exit channels. Excitation processes, oc-
curring at shorter internuclear distances, are generally smaller
in magnitude and involve more complex multichannel cou-
plings. Oscillatory structures observed in the cross sections
are attributed to Stueckelberg-type interference between suc-
cessive avoided crossings, highlighting the coherent nature of
charge-transfer dynamics.

For Het—Na(3p) collisions, the presence of additional IT-
symmetry channels significantly modifies the capture dynam-
ics, leading to dominant population of the He(1s2p) state. De-
spite the different initial electronic configurations, the total
charge-transfer cross sections remain comparable in magni-
tude to those for Na(3s), with X-symmetry channels contribut-
ing more efficiently than IT channels. Overall, the present
QMOCC calculations provide a comprehensive and quantum-
mechanically consistent description of low- and intermediate-
energy collision dynamics in the Het—Na system, in good

agreement with available experimental and theoretical data.
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