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Abstract. The existence of oscillatory or plateau like structures in the low energy dependence of the
excitation cross-sections in ion-atom collisions has recently been subject of different interpretations based
on model calculations. We report atomic-state close-coupling calculations for the description of Li(2s→ 2p)
excitation by He2+ and C2+ impact where the appearance of such structures is very different and previously
documented in experimental studies. A system specific interpretation based on dynamic adiabatic energy
curves is given and the interplay between high-energy direct and low-energy molecular mechanisms in the
two systems are discussed.

PACS. 34.10.+x General theories and models of atomic and molecular collisions and interactions (including
statistical theories, transition state, stochastic and trajectory models, etc.) – 34.50.Fa Electronic excitation
and ionization of atoms (including beam-foil excitation and ionization) – 34.50.Pi State-to-state scattering
analyses

1 Introduction

Perturbative approaches to describe excitation in ion-
atom collisions give rise to bell-shape behaviour of the re-
lated cross-sections versus impact energy. This feature,
which in this case stems from a stationary phase ar-
gument, is also present at intermediate energies when
close-coupling is required and is connected to a dominant
direct, state-to-state, mechanism. In a semi-classical in-
terpretation, this usually takes place at large internuclear
distances and involves the characteristics of the separated
atomic states and of the interaction responsible, essen-
tially Coulombic. In a classical picture, this has also been
interpreted by a mechanism in which the active electron
has exactly time enough to change its energy, staying lo-
cated around the target. Recently, this mechanism has
been baptised in terms of the number of times a classical
electron crosses the mid-plane separating the two nuclei;
direct excitation then corresponds to the so-called no-swap
process [1,2].

For decreasing impact energies the excitation cross-
sections drop off rapidly, but generally not monotonously,
and present shoulders, plateaus or oscillations, however
smaller in magnitude than the direct mechanism peak.
These features have been explained in terms of small in-
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ternuclear distance two-centre mechanisms, involving the
molecular characteristics of the transient diatomic com-
plex [3,4]. The classical equivalence is the sharing of the
active electron which may be temporarily delocalized on
one or the other collision partner, cf. the multi-swap inter-
pretation of excitation [2]. Note that in the framework of
classical mechanics this transient diatomic structure has
no relation and common characteristics with a molecule.

A study of these oscillations for H(1s → n = 2) exci-
tation induced by He2+ impact has been performed based
on the hidden-crossings theory [5]. This low-energy model
involves the impact velocity in the standard expression of
the transition probabilities at crossings and in the phases
responsible of the interference, but not in the distorted
electronic structure of the transient molecule.

On the other hand, during the collision, the motion of
the projectile states with respect to the target centre has
major consequences onto the probabilities for the different
open channels to occur. Indeed the space-fixed projectile
orbitals cannot be considered as eigenfunctions of the iso-
lated moving atom: this fact is expressed by the multi-
plication of the projectile orbitals by phase factors taking
into account this translation. The more straightforward
phase is the plane-wave Electronic Translation Factor
(ETF) used in the atomic-state close-coupling model [6],
i.e. eiv.r−i 1

2v
2
, where v is the relative impact velocity. In

addition to the distortion of the states, this implies the
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shift of their energies by the corresponding kinetic energy
term included in the ETF phases. In singly-charged ion-
atom collisions, for example, the effects of these phases
have been recently discussed and verified experimentally
in relation with orientation effects occurring for near-
resonant electron capture channels [7,8].

In this paper we present an interpretation of the pres-
ence of different plateaus in Li(2s→ 2p) excitation cross-
sections for two similar doubly charged projectiles, He2+

and C2+. The results are based on an atomic-state close-
coupling semi-classical model. We used a minimal basis
set which results agree with those obtained recently ex-
perimentally and by large basis coupled-channel calcula-
tions [9,10]. The differences between the two systems in
the location and appearance of the plateaus are discussed
in terms of molecular energy curves and avoided crossings
obtained by diagonalisation of the electronic Hamiltonian
on our minimal diabatic basis.

Atomic units are used unless otherwise stated.

2 Theoretical method

2.1 The semi-classical close-coupling model

Our approach is based on a one-electron model and the
semi-classical approach to describe the relative motion of
the two cores or nuclei. We used the straight-line con-
stant velocity approximation, i.e. the internuclear distance
R = b+vt with b and v respectively the impact parameter
and relative velocity. This is a very accurate model for the
present doubly-charged ion-atom collision systems in
the range of impact energy considered (0.5–10 keV/u).
The time-dependent Schrödinger equation for the elec-
tronic Hamiltonian,

He = −1
2
∆+ V t(r) + V p(|r−R(t)|), (2.1)

is solved using an atomic state expansion of the wavefunc-
tion,

Ψ(r, t) =
Nt∑
j=1

cTj (t)ϕT
j (r)e−iεTj t

+
Np∑
j=1

cPj (t)ϕP
j (r−R)eiv.r e−i(εPj + 1

2v
2)t. (2.2)

Here the functions ϕT (ϕP) are either eigenfunctions of
the isolated target (projectile) Hamiltonian or obtained
by diagonalisation of these atomic Hamiltonians on a ba-
sis of, for example, Slater-type orbitals. As mentioned in
the introduction, the extra factors augmenting the projec-
tile orbitals are the Electron Translational Factors (ETF)
which insure the Galilean invariance of the results1. The

1 For simplicity we assume the target fixed at the origin of
the reference frame. This does not affect the generality of the
equations.

Table 1. The parameters in the potentials to model the
electron-core interaction for Li and C+.

Z Z∞ α

Li 3 1 3.31

C+ 6 2 2.83

Table 2. The radial part (rnie−λir) of the Slater-type orbitals
used to construct the atomic s-, p- and d-states of Li, He+

and C+.

Li He+ C+

` i ni λi ` i ni λi ` i ni λi

0 1 1 0.66055 0 1 0 2.00000 0 1 0 4.4

0 2 0 2.47673 0 2 0 1.00000 0 2 0 1.4

0 3 1 0.3835 0 3 1 1.00000 0 3 1 1.5

1 1 1 0.518 0 4 0 0.66667 0 4 2 0.8542

1 2 2 0.338 0 5 1 0.66667 0 5 3 0.59

1 3 1 1.500 0 6 2 0.66667 1 1 1 3.00

1 1 1 1.00000 1 2 1 1.34

1 2 1 0.66667 1 3 2 0.77

1 3 2 0.66667 1 4 3 0.56

2 1 2 0.66667 2 1 2 2.100

2 2 2 0.682

2 3 3 0.509

cj(t) coefficients are obtained by solving numerically a set
of first-order differential coupled equations with given ini-
tial state before the collision, in the present case Li(2s).
Note that, although these coefficients can only be inter-
preted as probability amplitudes before and after the col-
lision, the norm of the Ψ function (2.2) is conserved during
the collision and is a reliable probe of the numerical pre-
cision in the computations.

For the two non-Coulombic atomic systems under con-
sideration, Li(nl) and C+(nl), we have chosen approxi-
mated frozen-core potentials to represent the core-electron
interaction

V (r) = −1
r

[
Z∞ + (Z − Z∞)(1 +

α

2
r)e−αr

]
(2.3)

with α fixed to match the experimental binding energy of
the respective ground states. The different parameters for
Li and C+ are listed in Table 1. To obtain the states for Li,
He+ and C+, we have diagonalised the respective atomic
Hamiltonians with the basis sets of Slater-type orbitals
listed in Table 2.

These sets have been chosen minimal to give a good
description of the important states involved in the mech-
anisms which give rise to excitation. This applies to the
separated atom limits (cf. Tab. 3) and at intermediate in-
ternuclear distances, i.e. to the related molecular energy
curves. For He+ we have 14 states corresponding to the
1s, 2s, 2p, 3s, 3p, 3d sub-shells exactly described since de-
rived from the exact Slater-type orbitals. For Li atom we
have 8 states corresponding to the 2s, 2p, 3s, 3p sub-shells
for which our one-electron model is very satisfactory,
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Table 3. The energies (a.u.) of the states used in the present calculations obtained by diagonalising the Li, He+ and C+

Hamiltonians on the Slater-type orbitals basis sets listed in Table 2.

Li He+ C+

` energies ` energies ` energies

0 −1.9025788975124 0 −1.9999999998288 0 −12.277146113344

0 −0.1978449340796 0 −0.5000000001670 0 −1.2002023814554

1 −0.1298565872332 1 −0.5000000000000 1 −0.8950859767185

0 −0.0674156162289 0 −0.2222222222527 0 −0.3625824435348

1 −0.0565516863249 1 −0.2222222222222 1 −0.2997949522883

2 −0.2222222222222 2 −0.2258437484296

0 −0.1774898004971

1 −0.1545888112867

2 −0.1260159123935

especially for the 2` states. For the C+(n`) states, our
one-electron approximation is of course more questionable.
The model potential in equation (2.3) (see also Tab. 1) was
optimised to get correct energy for the electronic configu-
ration 1s22s22p1 2P so that we got by diagonalisation 21
states corresponding to the configurations 1s22s2n`1 2L
with n` = 2p, 3s, 3p, 3d, 4s, 4p, 4d. Their energies (Tab. 3)
agree well with experimental data. However, in between
these different states, there exist other doublet states cor-
responding to the configurations:

1. 1s22s12p2, below the 1s22s23s1 2S state, and with no
direct importance for the excitation process under con-
sideration;

2. 1s22p3 whose 2D state is located between the
1s22s23d1 2D and 1s22s24s1 2S states.

The lack of this latter one will be discussed in the
Section 3.2.

2.2 The diagonalisation of the electronic Hamiltonian

The analysis of the molecular energy curves and their
series of avoided crossings may be of interest to exhibit
the different mechanisms responsible of the excitation. We
have diagonalised the full electronic Hamiltonian of equa-
tion (2.1) onto the basis of (travelling) atomic orbitals
used in the close-coupling model, i.e.

Φ(r;R) =
Nt∑
j=1

cTj (R)ϕT
j (r) +

Np∑
j=1

cPj (R)ϕP
j (r−R) eiv.r.

(2.4)

In this LCAO-type expansion note that we have kept the
dynamical phase factor on the projectile orbitals for a
special purpose presented in the following. This expan-
sion is of course correct and equivalent to the adiabatic
representation when the velocity is set to zero. There-
fore it is only in this limit that the two-centre energy
curves may be named adiabatic molecular potential en-
ergy curves. In Figure 1 we present the corresponding
energy diagrams for the two collision systems, (LiHe)2+
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Fig. 1. Adiabatic potential energy curves of the Σ and Π
states for (a) (LiHe)2+ and (b) (LiC)2+ collision systems. The
arrows show the incoming Li(2s) and outgoing Li(2p) channels.
The curves correlated at infinity to important capture states
are labelled. The deep bound states are not shown for clarity.

and (LiC)2+. They clearly present quite different patterns,
the structure of (LiHe)2+ being much simpler due to the
Coulombic `-degeneracy of the He+ states.

For non-vanishing velocities, we have to neglect some
spurious dipolar couplings proportional to the velocity
modulus and stemming from the ETF2. In this case, the
diagonalisation process is therefore not strictly speaking
correct and restricted to the low velocity range. A sim-
ple probe of the validity of this approximation for a given
impact velocity is given by the analysis of the norm con-
servation of the time-dependent wavefunction (Eq. (2.2))
when projecting onto these molecular orbitals (2.4). For
velocities below 0.4 a.u. (4 keV/u impact energy), we have

2 In the diagonalisation process the choice of the origin of
the reference frame (on target, projectile or for example their
center of mass) is important when considering the kinetic en-
ergy term related to the ETF. For that purpose we have chosen
not to include this trivial term in the energies in order to keep
their values as in the separated-atom limit.
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Fig. 2. Cross-sections for Li(2s → 2p) excitation induced by
He2+ impact (solid line: present results) and by C2+ impact
(dashed line: present results). The large basis close-coupling
results of Brandenburg et al. (1998) are shown for comparison:
(•) for He2+ impact and (◦) for C2+ impact.

observed small departure (few percent) from unity only at
small internuclear distances of no importance for the iden-
tification of the important mechanisms.

As in the adiabatic picture, one may present these
pseudo energies as in the usual adiabatic diagram. These
curves are then not describing the electronic structure of a
transient molecule but illustrate, after the LCAO folding,
the velocity-dependent couplings present in the coupled-
channel calculations and responsible for the active inelas-
tic processes. The diagrams drawn for increasing veloci-
ties will gradually present diabatic behaviours, since the
ETF tend to reduce the values of the two-centre matrix
elements, cf. discussion and Figure 4 in Section 3.2.

Finally note that the core orbitals (cf. Tab. 3) obtained
by the diagonalisation of the isolated atom Hamiltonians
were included in both the close-coupling and LCAO basis
sets to get rid of spurious potential curves and unphysical
couplings, see e.g. [11].

3 Results

3.1 The close-coupling results

Figure 2 shows the Li(2s → 2p) excitation cross-sections
as a function of impact energy together with the results of
Brandenburg et al. [9] performed with an extended atomic
orbital basis set. The agreement between the two calcu-
lations is very good, especially in the low-energy regime
where higher target states not included in our minimal
basis are not important. The data of Brandenburg et al.,
corrected by cascade contribution, were found to compare
well with different experimental Li(2p → 2s) emission
cross-sections [9]. This validates our approach.

Our results show clearly the striking differences in the
behaviour of the cross-sections for the two doubly-charged
collision systems:

1. for He2+ impact, the excitation cross-section increases
monotonously except for a shoulder around 1.5 keV/u,
somewhat magnified by the present model;

0

1

2

v = 0.15 a.u.
E = 0.6 keV/u

b
  

 P
(b

) 
  

(a
.u

.)
×

v = 0.20 a.u.
E = 1.0 keV/u

0

1

2

v = 0.24 a.u.
E = 1.5 keV/u

b
  

 P
(b

) 
  

(a
.u

.)
×

v = 0.28 a.u.
E = 2.0 keV/u

0

1

2

v = 0.35 a.u.
E = 3.0 keV/u

0 10 20 30

b
  

 P
(b

) 
  

(a
.u

.)
×

b   (a.u.)

v = 0.40 a.u.
E = 4.0 keV/u

0 10 20 30
b   (a.u.)

Fig. 3. Reduced probability b × P (b) for total Li(2p) excita-
tion as function of impact parameter b (a.u.) for six different
velocities. Solid line: He2+ impact, dashed line: C2+ impact.

2. for C2+ impact, a secondary peak appears around
0.8 keV/u, forming a plateau from 0.5 to 2 keV/u
where the cross-sections is nearly constant at about
10−15 cm2.

As remarked in [9] the two different low-energy struc-
tures in these similar systems should be interpreted by the
different characteristics of the transient molecules. The
(non-)Coulombic features of the two projectiles and their
influences are discussed in the next section.

3.2 Interpretation

In Figure 3 we present the Li(2s → 2p) reduced prob-
ability for different velocities covering the plateau range
of the two collision systems (0.6–4.0 keV/u). Note that
these quantities are those which give after integration the
cross-sections presented in Figure 2.

First, for both systems, one clearly observes the inter-
play of the two mechanisms responsible for excitation. At
low velocity the impact parameter dependent probabilities
display one or several peaks around 8 a.u. while a second
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clear structure develops around 15 a.u. and extends up to
30 a.u. for increasing velocities. The large impact parame-
ter structure is the aforementioned direct process which is
the main contribution to the cross-sections above 4 keV/u.
On the other hand, for energies below 1 keV/u, the only
contribution to the cross-sections stems from small inter-
nuclear distance molecular-typed processes. In between
both mechanisms contribute to the formation of a val-
ley, a plateau or only a shoulder depending on the system
dependent separation in energy of the two processes [4].

The different energy dependences of the cross-sections
for the two systems are seen to originate from the im-
pact parameter region of 1–10 a.u. Indeed, for C2+ impact,
the integrated probability in this region does not change
significantly for velocities between 0.15 and 0.4 a.u. This
gives rise to the plateau up to 2 keV/u, beyond which the
large impact parameter peak starts to dominate the cross-
section. For He2+ impact, on the other hand, the proba-
bilities change dramatically from small values to a large
oscillatory structure between 1 and 2 keV/u. The direct
excitation mechanism at large impact parameters starts
to increase at energies where the small impact parameter
oscillations are still strong. Thus only a weak shoulder in
the cross-section is seen at about 2 keV/u.

To understand these differences, we propose to anal-
yse the active couplings in terms of velocity-dependent
energy diagrams obtained by the procedure described in
Section 2.2. Figure 4 presents these curves for both sys-
tems and for two selected velocities spanning the plateau
regime. Note that the two upper graphs illustrate the low
velocity range (v = 0.15 a.u.) and are quite similar to the
molecular energy curves of Figure 1, demonstrating weak
effects of the ETF in the two-center matrix elements.

For He2+ impact, the inelastic processes can only be
initiated through the avoided crossing around 5 a.u. be-
tween the curve correlated asymptotically to the initial
Li(2s) state and a curve ending into the He+(n = 3)
manifold. Excitation to Li(2p) thus requires a transi-
tion at 5 a.u. followed by transitions at larger internu-
clear distances, typically 10 a.u. At low velocities the
latter transitions are not likely, since the curves corre-
lated to the Li(2p) states do not penetrate fully into the
curves correlated to the He+(n = 3) states. This results
in small excitation probabilities, as seen for example for
v = 0.15 a.u. in Figure 3. For a higher velocity the dia-
gram at v = 0.35 a.u. in Figure 4 illustrates the effects
of the ETF onto the important active couplings. Indeed
a stronger diabatic behaviour is seen to develop at small
internuclear distances for the curve correlated to the ini-
tial Li(2s) state. This allows possible promotions to higher
states through the region around 5 a.u. Therefore this ef-
fect strongly increases excitation against He+(n = 3) cap-
ture until the considered molecular mechanism gets less
effective. Then, the direct process takes over, giving rise
to the shoulder around 1.5 keV/u.

We note that our model magnify significantly the
shoulder observed in experiments and verified by a similar
but extended close-coupling calculation [9]. The capture
He+(n = 4) states not included in our calculations and
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Fig. 4. Energy diagrams for the Σ and Π symmetries at ve-
locities v = 0.15 and 0.35 a.u.: (LiHe)2+, left column, and
(LiC)2+, right column. They are the results of the diagonalisa-
tion of the electronic Hamiltonian with the v-modified LCAO
as presented in Section 2.2. The arrows and labels have the
same meanings as in Figure 1.

present in [9] are responsible for this overestimation, cf.
Schweinzer et al. [12].

For C2+ impact, the right panels of Figures 1 and 4
reveal a very different quasimolecular scenario compared
to the other system, due to the non-degeneracy of the
C+(n = 3) states. Several distinct avoided crossings in-
volve both curves correlated asymptotically to the Li(2s)
and Li(2p) states. Therefore an intricate competition be-
tween excitation and capture to C+(3`) and C+(4s) states
develops for varying velocity. However, in opposition to
the (LiHe)2+ system, no clear and important changes af-
fect the energy diagram for increasing velocities. The im-
portant crossings responsible for the molecular mecha-
nisms leading to excitation are hardly modified by the
ETF included in the calculations, cf. for example the
avoided crossing at about 5 a.u. involving the initial chan-
nel (Fig. 4). Therefore for velocities below 0.35 a.u. no
spectacular changes are expected in the excitation proba-
bilities, as shown in Figure 3. This results in the plateau
observed for that system before the direct mechanism
starts to work, cf. Figure 1.

Finally, as mentioned in Section 2.1, our model for C+

states does not take into account doublet states of the elec-
tronic configurations 1s22s12p2 and 1s22p3. The former
ones, located below C+(3s), clearly cannot be of any im-
portance in the description of Li(2p) excitation, and would
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only slightly modify the C+(3s) capture results. The 2D
state of the latter ones is just above 1s22s23d1 and may
have some influence at low velocities. Indeed the addition
of extra curves connected to this state may significantly
lower the curves correlated asymptotically to C+(3d). For
velocities below 0.15–0.20 a.u. (cf. Fig. 4), this effect could
somewhat promote C+(3d) capture and therefore slightly
decreases our results for excitation.

4 Conclusion

In this paper we have performed a study of the dynam-
ics behind a striking difference in the cross-sections for
Li(2s→ 2p) excitation by He2+ and C2+ projectiles. The
different plateau structures are described and interpreted
successfully by the present minimal atomic-state close-
coupling approach. It is explicitly shown how the struc-
tures in the cross-sections originate from two mechanisms
as previously demonstrated in model calculations [4]: a low
energy molecular-typed one and an intermediate energy
direct one. The existence of the plateaus for the two col-
lision systems are then interpreted by the analysis of the
important ETF-modified couplings illustrated with veloc-
ity dependent energy diagrams.

The large scale computations have been performed at Institut
du Développement et des Ressources en Informatiques Sci-
entifiques (IDRIS) and at Norwegian super computing facilities

through a TRU grant. The research has been supported by the
Bergen Computational Physics Laboratory (BCPL) under EU
contract HPRI-1999-000161.
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