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Abstract

A comparative study on charge transfer in collisions of ground-state S2+ ions with He has been

performed within fully quantal and semiclassical molecular-orbit close-coupling approaches. The

processes for capture into S+(4So, 2Do, 2Po) + He+ are taken into account. Quantal and semi-

classical cross sections were evaluated, respectively, in the diabatic and adiabatic representations

and found to be in good agreement. The calculations show that at collision energies below about

40 eV/u, the charge-transfer processes are dominated by S2+(3P) + He → S+(2Do) + He+, and

capture into the 2Po and 4So states become comparable with that into the 2Do state above 40

eV/u and 600 eV/u, respectively. The multireference single- and double-excitation configuration-

interaction method was utilized to obtain adiabatic potentials and nonadiabatic coupling matrix

elements. A detailed comparison of quantal and semiclassical transition probabilities is discussed.

State-selective and total rate coefficients are presented with temperatures between 10, 000 K and

5.0 × 106 K.
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I. INTRODUCTION

Charge transfer is one of the most important atomic processes in collisions of ions with

atoms, molecules and surfaces. Investigations of charge transfer, or electron capture, are

involved in many practical applications in fields such as astrophysics, controlled fusion plas-

mas, radiology and thin-film maufacturing. Depending on physical conditions, the charge

transfer reaction may dominantly influence the ionization balance in astronomical and lab-

oratory plasmas and may significantly contribute to ion emission spectra by populating

excited states. The produced line emission can be utilized to diagnose the composition and

properties of terrestrial and non-terresterial plasmas, such as comets [1], planetary nebulae,

and supernova remnants [2, 3]. In medicine application, a so-called radiation therapy was

developed to cure tumors. The treatment takes effect by charge transfer between bombard-

ing ions and biomolecules in human cells and therefore inducing destruction of cancerous

cells.

During the past decades, intense experimental and theoretical efforts have been made

towards understanding charge transfer reactions. Studies on charge transfer for a variety

of ion-atom and ion-molecule systems have been published (see, e.g., [4]). However, to the

best of our knowledge, electron capture for collisions of S2+ ions with He has not yet been

reported. Recently, Shang et al. [5] have developed a thermal-chemical model to describe

the accretion disks of young stellar objects and to predict the strengths of forbidden emission

lines. They considered the 2Do
3/2

→ 4So (6731 Å) and 2Do
5/2

→ 4So (6716 Å) transitions of

[S II] and the 6300 Å line of [O I]. The 6717/6731 and 6731/6300 line ratios are diagnostics

of electron density and temperature, respectively. In their model, the charge exchange of

O+ with H and its reverse are included to determine the oxygen ionization fraction, and

all sulfur was assumed to be singly ionized. As S+ can be produced by electron capture in

collisions of S2+ with He, it is important to provide accurate charge-transfer cross sections

for the S2+ + He → S+ + He+ process for a wide range of collision energies. Furthermore,

S II transitions were observed in H II regions [6], Seytert galaxies [7], and planetary nebulae

[8].

Besides the practical importance mentioned above, investigations of charge transfer for

ion-atom and ion-molecule collisions are also of fundmental physics interest. For example,

it is very interesting to obtain information on molecular structures and interactions in ion-
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atom or ion-molecule systems. Some features which it is difficult to calculate directly, such

as potentials and couplings in the interior region of small internuclear distances, may be

explored by comparing measured and evaluated cross sections. The comparisons are also

useful to check validity of classical and semiclassical theories describing the collision systems

[9]. Recently, we found significant discrepancies between fully quantal and semiclassical

capture cross sections for collisions of O+ with He [10] and of N with H+ [11]. Fully quantal

and semiclassical molecular-orbital close-coupling (QMOCC and SCMOCC) approaches are

expected to agree if collision energies are not too low (E > 10 eV/u). The existing discrep-

ancies for the OHe+ and NH+ systems stimulated us to carry out a comparative study on

electron capture in S2+ + He collisions with the QMOCC and SCMOCC approaches. In the

present paper, the concerned charge-transfer reactions are

S2+(3P) + He → S+(4So, 2Do, 2Po) + He+ − ∆E. (1)

In the next section, we describe calculations of the molecular potentials and nonadiabatic

radial and rotational coupling matrix elements the SHe2+ system. Section III briefly surveys

the QMOCC and SCMOCC approaches. In Sec. IV, total and state-selective cross sections

and rate coefficients are presented and the QMOCC and SCMOCC results are compared.

Section V summarizes the main results. Atomic units are used thoughout unless otherwise

noted.

II. ELECTRONIC STRUCTURE CALCULATIONS

The adiabatic potential energy curves and nonadiabatic radial and rotational coupling

matrix elements are obtained with the ab initio multireference single- and double-excitation

configuration-interaction (MRD-CI) method, with configuration selection and energy ex-

trapolation. The MRD-CI method and its application to some molecular systems have been

reported by Buenker and coworkers (see, e.g., [12–14]). The details of the method can be

found in their papers. Here we give only a very brief summary. The helium atomic (Gaus-

sian) orbital basis set is the same as in our previous study [15] with a slight modification

characterized as (9s4p1d)/[7s3p1d]. For the sulfur atom, the (12s9p) basis was contracted

into [6s5p] and augmented with two d and f polarization functions. The exponents for s-,

p- and d-type Rydberg functions have been reoptimized to give 0.023, 0.020, and 0.015,
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respectively. The final contracted basis set was taken to be [7s6p3d1f ]. The potentials of

the initial molecular states formed by S2+(3P) + He and the final states by S+(4So, 2Do,

2Po) + He+, and radial and rotational couplings among these states were calculated from

the internuclear distance R = 2.0 to R = 20.0 a.u..

As we consider collisions of the ground-state S2+ ions with He, and neglect transitions due

to spin-orbit interactions, only triplet molecular states are involved. The seven adiabatic

potential curves are plotted as a function of R in Fig. 1. The two electronic states 1 3Σ−

and 1 3Π are formed in the approach of S2+(3p2 3P) with He, the state 2 3Σ− by S+(3p3

4So) with He+, the three states 2 3Π, 1 3∆, and 3 3Σ− by S+(3p3 2Do) with He+, and the

state 3 3Π by S+(3p3 2Po) with He+. It should be mentioned that electron capture into

1 3Σ+ formed by S+(3p3 2Po) with He+ is omitted since its contribution is expected to be

small. Thus only transitions from the 1 3Σ− and 1 3Π states into the 2 3Σ−, 2 3Π, 1 3∆,

3 3Σ−, and 3 3Π states are taken into account. The calculated MRD-CI asymptotic energies

are presented for the seven molecular states relative to the S+(3p3 2P0) + He+ channel and

compared with available theoretical [16] and experimental energies [17, 18] in Table I. Good

agreement are seen with Refs. [16–18]. The maximium relative error of the current results

from the experimental data is less than 3%.

The nonadiabatic radial couplings are plotted as a function of R in Fig. 2. Three strong

peaks occur at R = 2.10, 3.76, and 4.10 a.u. They correspond to the couplings 1 3Π – 2 3Π,

2 3Σ− – 3 3Σ−, and 2 3Π – 3 3Π, respectively. These couplings may significantly contribute

to the charge-transfer processes in Eq. (1). Amezian et al. [16] reported calculations of

the radial 1 3Π – 2 3Π and 2 3Π – 3 3Π couplings. We found good agreement between the

current MRD-CI matrix elements and those of Amezian et al. In Fig. 3, the rotational

couplings are displayed. These couplings drive transitions between states of different spatial

symmetry. The potentials have been transformed from the adiabatic representation to the

diabatic representation using Eqs. (4-6) (see Sec. III for details). The transformed potentials

are required for the QMOCC calculations. The diagonal diabatic potential energies (dashed

curves) are displayed in Fig. 1 and the off-diagonal matrix elements Uij are illustrated in

Fig. 4, where the order of the molecular states is 1 3Σ−, 1 3Π, 2 3Σ−, 2 3Π, 3 3Σ−, 1 3∆,

and 3 3Π, corresponding to the asymptotic adiabatic labeling. The U61, U63, and U65 are

zero, as the couplings between 3∆ and 3Σ− are zero.

Beyond R = 20.0 a.u., the potentials for the entrance channels are described by the
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charge-induced-dipole interactions

VL(R) = − αd

2R4
+ E∞, (2)

where αd is the dipole polarizability of the neutral He atoms and E∞ is the separated-atom

energy. All the quantities in Eq. (2) are in atomic units (a.u.). For the exit channels,

the long-range potentials (R > 20.0 a.u.) are coulombic. E∞ is determined using these

parameters and the ab initio potentials.

III. SCATTERING THEORY

The quantal and semiclassical molecular-orbital close-coupling approaches to describe

charge transfer in ion-atom collisions have been formulated by Zygelman et al. (QMOCC)

[19] and by Kimura and Lane (SCMOCC) [4]. Here we only give brief summaries of these

two approaches.

A. Quantal approach

In the diabatic representation, a coupled set of the molecular-orbital close-coupling equa-

tions is written as

− 1

2µ
∇2G(R) + U(R)G(R) = EG(R), (3)

where µ is the nuclear reduced mass of the ion-atom pair, E is the relative collision energy

in the center-of-mass frame, R is the coordinate of the relative nuclear motion, G(R) is the

scattering amplitude describing relative motion of the nuclei, and U(R) with R = |R| is

the diabatic potential matrix whose off-diagonal elements are responsible for driving charge

transfer in the diabatic representation, defined by

U(R) = W (R)[V (R) − P (R)]W−1(R), (4)

where V (R) is a diagonal matrix with elements consisting of adiabatic eigenvalues for each

channel state, W (R) is the unitary matrix that obeys the equation

dW (R)

dR
+ iW (R)Arad(R) = 0, (5)
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and P (R) is a coupling matrix whose elements are given by [20, 21]

Pαβ = ∓ 1

µR2
[(J ∓ Λα)(J ± Λα + 1)]1/2Arot

αβ δ(Λα,Λβ ∓ 1), (6)

where J is the total angular momentum, Λ is the component of electronic angular momenta

along the internuclear axis, and Arad(R) and Arot(R) are, respectively, the radial and rota-

tional components of the vector potential [A(R)]αβ = i〈ψα|∇R|ψβ〉 with ψα and ψβ being

the adiabatic electronic eigenfunctions.

By introducing a partial-wave decomposition for G(R), Eq. (3) can be further simplified.

The resulting set of radial coupled equations may be solved with the log-derivative method of

Johnson [22]. From the numerical results of the log-derivative and the asymptotic expressions

of the radial functions, the K matrix may be extracted and thus the scattering matrix S is

obtained

SJ = [I + iKJ ]−1[I − iKJ ]. (7)

Finally the charge transfer cross sections from channel α to channel β is expressed in terms

of the scattering matrix elements

σα→β =
πgα

k2
α

∑

J

(2J + 1)|(SJ)αβ|2, (8)

where kα denotes the wave number for center-of-mass motion of the initial ion-atom channel,

and gα is an approach probability factor of the initial channel α. Electron translation factors

(ETFs; e.g. [4]) are not included in the current calculations, since the influence of ETFs is

expected to be important for E > 1 keV/u (e.g. [23, 24]). Our results may be uncertain

above this energy, but probably by no more than 50%.

B. Semiclassical approach

In the adiabatic representation, the total wave function for a collision system is expanded

in terms of time-dependent coefficients a(t) and electronic basis functions with atomic-type

electron translation factors (ETFs). Substituting the total wave function into the time-

dependent Schrödinger equation, and retaining the ETF correction up the first order of the

ion-atom relative velocity v, one arrives at a set of first-order coupled differential equations

[4, 25], given in matrix notation,

i
da(t)

dt
= [ε+ v · (A + C)]a(t), (9)
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where ε is the Born-Openheimer potential energy matrix, A represents the nonadibatic

coupling matrix and C is the ETF correction of A (to the first order in v). We note the

notations here is different from those adopted in Refs. [4, 25]. We assume a classical straight-

line trajectory for the heavy-particle motion. By numerically solving the coupled equations

(9), the expansion coefficients a(t) is obtained. Thus the transition probabilities from an

initial state i to a final state f , defined as a function of impact parameter b at t→ + ∞, is

Pif (b) = |a(t→ + ∞; b)|2 (10)

The charge-transfer cross sections are determined by integrating the partial sublevel cross

sections σif (b) over all impact parameters

σif =

∫ ∞

0

σif (b)db = 2π

∫ ∞

0

bPif (b)db. (11)

Kimura and Lane showed schematically the relation of the fully quantal and semiclassical

approaches in Ref. [4]. It is readily observed that in these two approaches, both molecular

electronic motions are described quantum mechanically, while the motion of heavy nuclei is

treated quantum mechanically and classically, respectively. Thus one can utilize the same

nonadiabatic radial and rotational couplings, which drive transitions between molecular

states, for the QMOCC and SCMOCC calculations. The SCMOCC approach is quantita-

tively reliable if collision energies are not extremely low. This is because in this situation

the de Broglie wavelength of the relative motion of the nuclei is small compared with atomic

dimensions.

The quantal and semiclassical transition probabilities can be compared in detail by taking

b = J/k.

IV. RESULTS AND DISCUSSION

The quantal seven-channel close-coupling calculations were performed using the electronic

structure and coupling data in Sec. II. The relative collision energy considered ranges from

2.5 eV/u to 104 eV/u. The contributions from the individual partial waves were summed

as in Eq. (8) until a convergence of cross sections is achieved. The state-to-state cross

sections for electron capture processes 1 3Σ−, 1 3Π → 2 3Σ−, 2 3Π, 3 3Σ−, 1 3∆, and 3 3Π

are plotted in Fig. 5. The cross sections for the 1 3Π → 2 3Π transition in Fig. 5 (b) show
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a sudden drop at 3.0 eV/u, even though the threshold for the process occurs at 0.85 eV/u.

This higher effective threshold results because the transition is driven by the 1 3Π - 2 3Π

radial coupling which peaks at R = 2.1 a.u. (see Fig. 2). However, due to the repulsive

nature of the 1 3Π at small R and the coulombic behavior of the 2 3Π, which asymptotically

goes to S+(2Do) + He+, the corrresponding avoided crosssing occurs 0.4 hartree (3.0 eV/u)

above the entrance channel (see Fig. 1). The coupling is not sampled for smaller collision

energies. The 1 3Π - 2 3Π coupling may enhance the other transitions by two-step processes.

Figure 5 (b) displays the strong 1 3Π → 3 3Π transition. However, the larger cross sections

do not stem from the direct 1 3Π - 3 3Π coupling, because this coupling is very small (see

Fig. 2). Instead, the 1 3Π → 2 3Π followed by the 2 3Π → 3 3Π is more effective. The

other two transitions 1 3Σ− → 2 3Π and 1 3Σ− → 3 3Π may be also strengthened by the

same two-step mechanism. Figures 5 (a) and (b) show that the cross sections for capture

into the 2 3Σ− and 3 3Σ− states are much smaller than those into the 2 3Π and 3 3Π states

in the low energy region. This can be attributed to the weaker couplings of the former as

displayed in Figs. 2 and 3. For both the initial 1 3Σ− and 1 3Π states, electron capture

into the 1 3∆ state is smaller than that into all the other states for the entire energy region

considered and cross sections for capture into 1 3∆ from 1 3Σ− are nonzero. As there are

no direct couplings between these two states, transition 1 3Σ− → 1 3∆ must occur by a

two-step process: 1 3Σ− → 1 3Π followed by 1 3Π → 1 3∆, for example.

Figure 6 displays and state-selective and total QMOCC cross sections. Below ∼ 40

eV/u, the total charge-transfer cross sections are dominated by S2+(3P) + He → S+(2Do)

+ He+, but capture into the 2Po states become comparable with that into the 2Do state

with increasing energies. In the low energy region, the contribution from the 4So state

is negligible, but above ∼ 600 eV/u, charge transfer into the 4So state begins to become

significant. Table II lists state-selective and total rate coefficients obtained by averaging the

quantal cross sections in Fig. 6 with a Maxwellian velecity distribation. The temperature

ranges from 10000 K to 5.0 × 106 K. For convenience, the rate coefficients are fitted to the

form.

α(T ) =
∑

i

ai

(

T

10, 000

)bi

exp

(

−T
ci

− ∆E

kBT

)

, (12)

where α is the rate coefficient in cm3/s, T is temperature in K, kB is the Boltzmann constant,

and ∆E is the experimental energy threshold in eV. The fitting parameters, ai (cm3/s), bi,
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and ci (K), are given in Table III. The fits do not deviate from the computed rate coefficients

by more than 7.1% for 20,000 ≤ T ≤ 5.0 × 106 K, except for the capture into 4So where the

deviations are less than 31% for T ≥ 40, 000 K.

In order to make a comparative study between quantal and semiclassical approaches, we

performed semiclassical seven-channel close-coupling calculations for S2+ + He collisions.

The considered energy ranges from 10 eV/u to 104 eV/u. The results are plotted in Fig. 7

and are compared with the quantal cross sections. (a), (b), and (c) in Fig. 7 represent state-

selective capture into S+(4So), S+(2Do), and S+(2Po), while (d) corresponds to the total cross

sections. It can be seen that for not only the total but also state-selective transitions, the

QMOCC and SCMOCC cross sections are in excellent agreement except for very low energy

region (< 40 eV/u). Below 40 eV/u, discrepancies between the QMOCC and SCMOCC

cross sections increase with decreasing energies. These discrepancies may be caused by the

limitation of semiclassical theory itself, which is invalid for lower energies. Furthermore, one

finds that for the stronger transitions, the agreement between the quantal and semiclassical

results is much better than that for the weaker transitions. For example, at 10 eV/u, the

SCMOCC and QMOCC cross sections for capture into S+(4So), S+(2Do) and S+(2Po) differ

by one order of magnitude, 24%, and a factor of two. The worse agreement may be related to

the difficulty of treating weak transitions, which is a problem in all theoretical approaches.

Accordingly, not only quantal scattering matrix elements but also semiclassical transition

probabilities are probably of relatively large error. Fortunately capture into S+(4So) is too

small to contribute significantly to the total cross sections, as shown in Fig. 7 (d). Castillo

and Méndez [26] met similar difficulties when investigating charge transfer for C2+ + He

collisions. They found larger discrepancies for weak transitions, but excellent agreement for

strong transitions, when comparing quantal and semiclassical cross sections.

The charge-transfer transition probabilities P (b) times impact parameters b as a function

of b are plotted at E = 100 eV/u and 1 keV/u, respectively, in Figs. 8 and 9, to give

a more detailed comparison of the quantal and semiclassical transition probilities. (a),

(b), (c) display the state-selective P (b) times b for capture into 4So, 2Do, and 2Po, while

(d) corresponds to the total P (b) times b. From Fig. 8 and 9, one sees good agreement

between the quantal and semiclassical results for both the total and state-selective transition

probabilities. In particular, at 1 keV/u, agreement is excellent. Figure 8 displays more

violent oscillatory structures than Fig. 9. To check the change of oscillatory behavior with
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energies, we calculated transition probabilities at several more energies from 10 eV/u to 7

keV/u. It is found that the lower the energies are, the more violent the oscillation of bP (b).

This is because the oscillatory frequency is proporional to 1/
√
E. The total bP (b) in Figs.

8 and 9 reaches its peak magnitude of ∼ 0.9 a.u. and ∼ 1.1 a.u. at b = 1.95 a.u., and

weakens to 0.01 a.u. at b = 2.65 a.u. and 4.16 a.u.. This indicates that the contribution to

the transition probabilities from large impact parameters, or high partial waves of angular

momentum, increases with increasing energies.

V. SUMMARY

A comparative study of charge transfer in collisions of S2+ and helium has been made by

using both the quantal and semiclassical molecular-orbital close-coupling approaches. We

adopted the multireference single- and double-excitation configuration-interaction method

to evaluate the molecular electronic structure and coupling matrix elements between the

adiabatic molecular states for the SHe2+ system. Quantal and semiclassical cross sections

are presented for electron capture into the S+(4So, 2Do, 2Po) + He+ channels for collisions

of S2+(3P) with He+ with relative collision energies between 2.5 eV/u and 10 keV/u. The

state-selective and total cross section from the two approaches have been compared and good

agreement has been found. The calculations show that at collision energies below about 40

eV/u, charge transfer is dominated by S2+(3P) + He → S+(2Do) + He+, and capture into

the 2Po and 4So states become comparable with that into the 2Do state above 40 eV/u and

600 eV/u, respectively. Rate coefficients are given for temperatures between 10, 000 K and

5.0 × 106 K. A detailed comparison of quantal and semiclassical transition probabilities has

been discussed.
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TABLE I: Comparison of asymptotic separated-atom energies in eV between the MRD-CI calcu-

lations and experiments for the 7 lowest triplet molecular states of SHe2+. These states are of

symmetries 3Σ−, 3Π, and 3∆.

Asymptotic atomic state Mol. state This work Theorya Expt.b Expt.c

S2+(3s23p2 3P) + He 1 3Σ− -4.344 -4.224

1 3Π -4.328 -4.217 -4.245 –

S+(3s23p3 4So) + He+ 2 3Σ− -3.131 -3.045

S+(3s23p3 2Do) + He+ 2 3Π -1.213 -1.142 -1.198 -1.201

1 3∆ -1.188 –

3 3Σ− -1.186 –

S+(3s23p3 2Po) + He+ 3 3Π 0.000 0.000

aAmezian et al. [16]

bHuzinage [17]

cNIST Atomic Spectra Database [18]
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TABLE II: Rate coefficients for electron capture into the S+(4So, 2Do, 2Po) + He+ channels due

to S2+(3P) + He collisions. T is in 10000 K and the rate coefficients are in cm3/s. Total represents

the rate coefficients summed over the exit channels.

T S+(4So) S+(2Do) S+(2Po) Total

1 1.23(-18) 6.70(-16) 5.52(-19) 6.72(-16)

2 9.40(-18) 2.92(-13) 1.40(-15) 2.93(-13)

3 4.86(-17) 2.55(-12) 3.00(-14) 2.58(-12)

4 6.41(-16) 8.03(-12) 1.66(-13) 8.19(-12)

5 4.55(-15) 1.65(-11) 5.08(-13) 1.71(-11)

6 1.84(-14) 2.74(-11) 1.14(-12) 2.85(-11)

7 5.18(-14) 3.97(-11) 2.12(-12) 4.19(-11)

8 1.16(-13) 5.30(-11) 3.47(-12) 5.66(-11)

9 2.21(-13) 6.68(-11) 5.20(-12) 7.23(-11)

10 3.75(-13) 8.09(-11) 7.31(-12) 8.86(-11)

20 5.23(-12) 2.08(-10) 4.32(-11) 2.57(-10)

30 1.51(-11) 3.02(-10) 9.19(-11) 4.09(-10)

40 2.72(-11) 3.72(-10) 1.43(-10) 5.42(-10)

50 3.96(-11) 4.27(-10) 1.92(-10) 6.59(-10)

60 5.16(-11) 4.72(-10) 2.40(-10) 7.64(-10)

70 6.30(-11) 5.10(-10) 2.85(-10) 8.58(-10)

80 7.37(-11) 5.43(-10) 3.27(-10) 9.44(-10)

90 8.38(-11) 5.71(-10) 3.68(-10) 1.02(-09)

100 9.35(-11) 5.97(-10) 4.07(-10) 1.10(-09)

200 1.78(-10) 7.75(-10) 7.20(-10) 1.67(-09)

300 2.65(-10) 9.22(-10) 9.32(-10) 2.12(-09)

400 3.71(-10) 1.07(-09) 1.09(-09) 2.53(-09)

500 5.01(-10) 1.22(-09) 1.22(-09) 2.94(-09)

aA(−B) = A × 10−B
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TABLE III: Fitting parameters of rate coefficients for capture into S+(4So, 2Do, 2Po) + He+

channels, and the summed exit channels (Total). ai and ci are in units of cm3/s and K, respectively.

Param. S+(4So) S+(2Do) S+(2Po) Total

a1 7.90659(-14) 9.67417(-11) 2.87970(-12) 4.25156(-11)

b1 1.62413 3.96692(-01) 1.13458 7.22923(-01)

c1 3.11532(+06) -9.58658(+07) 4.76406(+06) 1.77887(+07)

a2 -7.00086(-14) -1.06442(-10) -2.99598(-12) -4.87251(-11)

b2 1.89560 5.71057(-01) 1.28984 8.78844(-01)

c2 1.48832(+05) 8.71444(+04) 1.29869(+05) 7.41017(+04)

∆E 1.179 3.023 4.224 3.023

aA(−B) = A × 10−B
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FIG. 1: (Color) The adiabatic (—–) and diagonal diabatic (- - - -) potential energies for the SHe2+

system as a function of internuclear distance R.

16



1 3 5 7 9
Internuclear distance (a.u.)

-4

-3

-2

-1

0

1
N

on
ad

ia
ba

tic
 r

ad
ia

l c
ou

pl
in

g 
(a

.u
.)

1 
3Π − 2 3Π

1 
3Π − 3 3Π

2 
3Π − 3 3Π

1 
3Σ− − 2 3Σ−

1 
3Σ− − 3 3Σ−

2 
3Σ− − 3 3Σ−
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FIG. 3: The nonadiabatic rotational couplings for the SHe2+ system as a function of internuclear
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FIG. 5: (Color) State-to-state QMOCC charge-transfer cross sections due to S2+ + He collisions

as a function of relative collision energy E. (a) and (b) represent transitions from the initial states

1 3Σ− and 1 3Π of S2+(3P), respectively, to the five final states of S+(4So, 2Do, 2Po).
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FIG. 6: Partial and total QMOCC charge-transfer cross sections due to S2+(3P) + He collisions

as a function of relative collision energy E. Total denotes summation of cross sections for charge

transfer into S+(4So), S+(2Do), and S+(2Po).
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FIG. 7: Comparison of QMOCC and SCMOCC charge-transfer cross sections due to S2+ + He

collisions. ——, QMOCC;◦, SCMOCC. (a), (b), and (c) represent charge transfer into the S+(4So)

+ He+, S+(2Do) + He+, and S+(2Po) + He+ channels, while (d) corresponds to the total cross

section.
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FIG. 8: Comparison of QMOCC and SCMOCC charge-transfer transition probabilities P (b) times

impact parameters b as a function of b at E = 100 eV/u. ——, QMOCC; - - - - -, SCMOCC. (a),

(b), and (c) represent charge transfer into S+(4So) + He+, S+(2Do) + He+, and S+(2Po) + He+

channels, while (d) corresponds to total charge transfer, a summation over the three final channels.

In the quantal case, we take b = J/k.
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FIG. 9: Similar to Fig. 8 but E = 1.0 keV/u.
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