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ABSTRACT

Aims. Rate coefficients for inelastic Al+H and Al+ +H− collisions are calculated for all transitions between the seven low-lying
levels up to and including the ionic state, namely Al(3p, 4s, 3d, 4p, 5s, nd)+H(1s) and Al+ +H−. The data are needed for non-LTE
applications in stellar atmospheres and are presented for a temperature range of 1000–10 000 K.
Methods. The calculations were obtained by means of the recently proposed model approach based on the asymptotic method for
electronic molecular structure determination and on the branching probability current method for the nonadiabatic nuclear dynamics.
Results. It is shown that the processes with the highest rates are the excitation and de-excitation ones between the Al(3d), Al(4p) and
Al(4s) states in collisions with H, as well as the ion-pair formation and the mutual neutralization processes between these states and
the ionic state.
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1. Introduction

Chemical abundances in stellar atmospheres are key obser-
vational parameters in modern astrophysics and as a result,
non-local thermodynamic equilibrium (non-LTE) modelling of
stellar atmospheres is important for many fundamental prob-
lems (see, e.g., Lambert 1993; Asplund 2005; Barklem 2007;
Bergemann et al. 2011; Barklem 2012). A non-LTE study re-
quires detailed and complete information about the radiative and
inelastic collision processes that affect the statistical equilib-
rium for a given atomic species. The most important collisions
are ones with electrons and with H and H−. Atomic collisions
are a main source of uncertainty for non-LTE studies owing to
high concentrations of hydrogen atoms (Lambert 1993; Asplund
2005; Barklem 2012).

Considerable progress has recently been made in detailed
quantum treatments of inelastic processes in collisions of H
with atoms of different chemical elements. The accurate quan-
tum cross sections were calculated for transitions between many
low-lying atomic and ionic states for Na, Li, and Mg+H colli-
sions (Belyaev et al. 1999, 2010; Croft et al. 1999b; Belyaev &
Barklem 2003; Guitou et al. 2011; Belyaev et al. 2012) based
on accurate ab initio or pseudopotential quantum-chemical data
(Belyaev et al. 1999; Guitou et al. 2011, 2010; Croft et al.
1999a; Dickinson et al. 1999; Belyaev 2007). The excitation,
de-excitation, ion-pair formation, and mutual neutralization pro-
cesses have been studied in detail. The ion-pair formation and
mutual neutralization processes belong to a general kind of
charge exchange (charge transfer) reactions, and the names “ion-
pair formation” and “mutual neutralization” indicate specific
features of these processes1. The quantum cross sections from

� On leave from: Department of Theoretical Physics and Astronomy,
Herzen University, St. Petersburg 191186, Russia.
1 The ion-pair formation process A∗ + H → A+ + H− should not be
confused with the ionization process A∗ + H→ A+ + H + e−.

Belyaev et al. (1999, 2010, 2012), Croft et al. (1999b), Belyaev
& Barklem (2003), Guitou et al. (2011) were used for comput-
ing the inelastic rates (Barklem et al. 2003, 2010, 2012) and fi-
nally for non-LTE astrophysical applications by Barklem et al.
(2003), Lind et al. (2009, 2011), and Mashonkina (2013). It was
shown that inelastic atomic collisions are important for non-LTE
treatments.

For many atoms of interest, however, quantum cross sections
for inelastic collisions with hydrogen atoms are still not avail-
able. For this reason, the so-called Drawin formula (Lambert
1993; Steenbock & Holweger 1984), which is an extension
(Drawin 1968, 1969; Drawin & Emard 1973) of a classical
Thomson model, is still widely employed for estimates of in-
elastic collision rates. Meanwhile, it has been shown by Barklem
et al. (2011, see also references therein) that in case of low-
energy atomic collisions, the Drawin formula does not have a
correct physical background, overestimates inelastic rates up to
several orders of magnitude for optically allowed atomic tran-
sitions, and underestimates rates for optically forbidden transi-
tions. Scaling factors do not improve rates obtained by means of
the Drawin formula. Variations in scaling factors are huge: For
inelastic Mg+H collision rates a scaling factor was varied from
1 (Shimanskaya et al. 2000) up to 0.001 (Sundqvist et al. 2008)
and even down to 3 × 10−10 (Zhao et al. 1998). Moreover, the
Drawin formula provides incorrect relative efficiencies for differ-
ent transitions: Even if a scaling factor is taken as a proper value
for one transition, it does not provide reliable rates for other
transitions. Obviously, using the Drawin formula is more or less
equivalent to using a random number technique for inelastic col-
lision rates, which is not physical. For this reason, Barklem et al.
(2011) emphasized the importance of deriving an approximate
approach to inelastic atomic collisions with hydrogen atoms, an
approach that would be physically reliable, but computationally
not as expensive as a complete quantum study.

Such a model approach has recently been proposed
by Belyaev (2013) based on the asymptotic method for
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determination of molecular potential energies and on the branch-
ing probability current method for the nonadiabatic nuclear dy-
namics. The main goal of the approach is to calculate inelas-
tic rates with high values and to estimate rates with moderate
values, that is, rates of astrophysical interest. In the present pa-
per, the approach is applied to low-energy inelastic Al+H and
Al+ +H− collisions that are of interest for stellar atmosphere
modelling (Andrievsky et al. 2008; Carretta et al. 2012).

2. Inelastic hydrogen-collision rates

The excitation, de-excitation, ion-pair formation, and mutual
neutralization processes

Al(nl) + H� Al(n′l′) + H, (1)

Al(nl) + H→ Al+ + H−, (2)

Al+ + H− → Al(nl) + H (3)

are treated between the low-lying levels up to and including
the ionic state. The treatment is performed within the Born-
Oppenheimer (BO) approach based on a molecular state con-
sideration, which is a standard for low-energy collisions. The
BO approach treats inelastic collision processes in two steps:
(i) electronic structure calculations for molecular states and (ii)
nonadiabatic nuclear dynamical studies. In the present work, the
inelastic rates for the processes (1)–(3) are calculated by means
of the model that is derived within the BO approach and that
simplifies both BO steps.

The model approach is described in detail elsewhere
(Belyaev 2013), so only the main features are given below. The
electronic structure calculations are performed by means of the
asymptotic method. The long-range diabatic potentials are taken
in the screened Coulomb form for the ionic state and are flat for
covalent states; short-range contributions include exchange in-
teractions and screened nuclear repulsion; the off-diagonal ma-
trix elements are estimated by the semi-emperical formula from
Olson et al. (1971). This approach allows one to calculate long-
range adiabatic potentials, which are the main interest, and to
estimate short-range potentials. The second step in the BO ap-
proach, the nonadiabatic nuclear dynamical treatment, is per-
formed by means of the branching probability current method
(Belyaev 2013), which is close to the branching classical tra-
jectory method (Belyaev & Lebedev 2011) and based on the
novel formula for a nonadiabatic transition probability within the
Landau-Zener model. The novel formula allows one to calculate
a nonadiabatic transition probability using only adiabatic poten-
tials, while a complete quantal calculation requires information
about nonadiabatic couplings as well.

The branching probability current method treats a collision
as an evolution of probability currents in molecular states along
the internuclear distance starting in the asymptotic region, going
downwards to classical turning points, and then going out to the
asymptotic region. In the quantum scattering theory, a probabil-
ity current splits after a single traverse of a nonadiabatic region
and this is taken into account by the branching probability cur-
rent method. In each nonadiabatic region, a probability current
branches into two currents in two neighbouring molecular states
according to a nonadiabatic transition probability in this region.
Finally, a single incoming probability current at a given colli-
sion energy and a given total angular momentum quantum num-
ber branches into many currents in all molecular states, proving
transition probabilities, which allow one to calculate cross sec-
tions and rates. Only transitions between molecular states of the

same symmetry (a symmetry of an ionic state) are taken into ac-
count, since they yield dominant contributions in inelastic rates
with high values. Transitions due to rotational couplings are usu-
ally negligible at low energies (Belyaev et al. 1999; Guitou et al.
2011).

For the AlH hydride, the ground ionic state and the 15 low-
est covalent states yielding the 1Σ+ molecular symmetry are
taken into account resulting in adiabatic potentials (Belyaev
2013). As for many other hydrides, AlH exhibits a series of
long-range avoided crossings due to the ionic-covalent inter-
action. The ten lowest atomic states have energies below the
ionic limit, but only six of them produce covalent molecular
states, Al(3p, 4s, 3d, 4p, 5s, nd)+H(1s), which when interacting
with the ionic Al+ +H− state, create nonadiabatic regions result-
ing in large or at least noticeable inelastic cross sections and
rates. Higher lying covalent-state potentials have avoided cross-
ings with the ionic potential at internuclear distances greater than
100 au, resulting in negligible cross sections and rates for tran-
sitions between these states and the ionic one. For this reason
only transitions between the seven low-lying states, including
the six covalent states, Al(3p, 4s, 3d, 4p, 5s, nd)+H(1s), and the
ionic state, Al+ +H−, are taken into account at present.

The calculated ground-state potential agrees perfectly with
the accurate ab initio calculations performed by Wells & Lane
(2011) for the short-range internuclear distances (R < 12 au).
Since the semi-emperical formula (Olson et al. 1971) under-
estimates off-diagonal matrix elements at short distances, the
two lowest model potentials are replaced by the ab initio po-
tentials (Wells & Lane 2011), which have the avoided crossing
at R = 7.8 au. To the best of our knowledge, no ab initio calcula-
tions for higher lying AlH(1Σ+) potentials have been performed2,
although transitions between higher lying states, including the
ionic one, are of the primary interest for astrophysical applica-
tions. On the other hand, the avoided crossings between higher
lying covalent states and the ionic one take place at large inter-
nuclear distances where both the long-range diabatic potentials
and the semiemperical formula (Olson et al. 1971) are reliable:
The formula has been applied to a large number of charge trans-
fer processes, including various mutual neutralization ones, and
found to yield physically correct results. Thus, the model ap-
proach provides reliable long-range potentials. Short-range po-
tential uncertainties, which might affect nonadiabatic transitions
mainly at high energies, are taken into account within the ex-
tended model (see below and Belyaev 2013).

The calculated potentials allow one to specify the nonadi-
abatic regions and determine nonadiabatic parameters needed
for a nonadiabatic nuclear dynamics. At present, the dynami-
cal study is done by means of the branching probability cur-
rent method (Belyaev 2013). The inelastic cross sections and
the rates are calculated for all transitions between the seven
low-lying levels up to and including the ionic state, namely
Al(3p, 4s, 3d, 4p, 5s, nd)+H(1s) and Al+ +H− (for details see
Belyaev 2013). The calculated rates are presented in Table 1.
The calculations were performed at two levels. At the first level,
the simple model, only the long-range nonadiabatic regions due
to the covalent-ionic interaction are included. This level provides
low-limit estimates for inelastic rates. At the second level, the
extended model, additional short-range nonadiabatic regions are
taken into account as well. The presence of these additional re-
gions are justified by physical arguments, though nonadiabatic
parameters of these regions are determined by the model with

2 Some additional estimates have been obtained by I. C. Lane (unpub-
lished) for the 3 1Σ+ potential, which agrees with the model potential.
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Table 1. Rate coefficients 〈σv〉, in units of cm3/s, for selected temperatures in the range T = 1000–10 000 K, for the excitation, de-excitation,
ion-pair formation, and mutual neutralization processes (1)–(3).

Initial Final states
states Al(3p)+H Al(4s)+H Al(3d)+H Al(4p)+H Al(5s)+H Al(nd)+H Al+ + H−

T = 1000 K
Al(3p)+H – 4.08E-47 1.10E-49 4.60E-50 1.88E-52 3.29E-53 2.77E-52
Al(4s)+H 8.44E-31 – 5.77E-15 1.72E-15 8.35E-20 2.41E-20 6.75E-20
Al(3d)+H 1.22E-29 3.10E-11 – 2.32E-10 1.15E-15 2.04E-16 3.68E-15
Al(4p)+H 1.80E-29 3.25E-11 8.15E-10 – 4.24E-15 8.40E-16 1.64E-14
Al(5s)+H 2.00E-28 4.30E-12 1.10E-11 1.15E-11 – 8.17E-15 9.05E-14
Al(nd)+H 4.19E-29 1.49E-12 2.34E-12 2.74E-12 9.78E-15 – 3.08E-16
Al+ + H− 8.10E-25 9.54E-09 9.67E-08 1.22E-07 2.49E-10 7.07E-13 –

T = 2000 K
Al(3p)+H – 4.01E-37 8.74E-39 6.38E-39 7.13E-41 3.21E-41 7.20E-39
Al(4s)+H 9.99E-29 – 1.04E-12 5.30E-13 4.68E-16 1.95E-16 9.62E-15
Al(3d)+H 7.14E-29 3.41E-11 – 4.13E-10 4.82E-14 1.53E-14 3.03E-12
Al(4p)+H 1.26E-28 4.21E-11 1.00E-09 – 1.35E-13 4.42E-14 8.23E-12
Al(5s)+H 1.27E-28 3.36E-12 1.05E-11 1.22E-11 – 1.68E-14 1.79E-12
Al(nd)+H 2.81E-29 6.84E-13 1.64E-12 1.95E-12 8.21E-15 – 2.53E-15
Al+ + H− 1.35E-24 7.24E-09 6.95E-08 7.80E-08 1.88E-10 5.41E-13 –

T = 4000 K
Al(3p)+H – 1.87E-30 4.93E-32 3.60E-32 4.61E-35 2.27E-35 2.70E-31
Al(4s)+H 5.11E-26 – 1.56E-11 1.03E-11 2.57E-14 1.23E-14 3.67E-12
Al(3d)+H 3.45E-27 3.99E-11 – 5.61E-10 2.96E-13 9.67E-14 8.00E-11
Al(4p)+H 5.06E-27 5.32E-11 1.13E-09 – 7.73E-13 2.45E-13 1.68E-10
Al(5s)+H 1.07E-28 2.18E-12 9.79E-12 1.27E-11 – 7.98E-13 7.69E-12
Al(nd)+H 1.64E-29 3.26E-13 1.00E-12 1.26E-12 2.50E-13 – 1.45E-14
Al+ + H− 1.28E-23 6.37E-09 5.42E-08 5.67E-08 1.58E-10 9.49E-13 –

T = 6000 K
Al(3p)+H – 1.99E-27 6.14E-29 4.56E-29 1.91E-32 1.63E-33 4.71E-28
Al(4s)+H 2.60E-24 – 3.93E-11 2.77E-11 8.44E-14 3.99E-14 2.79E-11
Al(3d)+H 8.80E-26 4.31E-11 – 5.92E-10 6.06E-13 1.65E-13 2.31E-10
Al(4p)+H 1.23E-25 5.72E-11 1.12E-09 – 1.54E-12 4.15E-13 4.46E-10
Al(5s)+H 4.82E-28 1.63E-12 1.07E-11 1.44E-11 – 4.55E-12 1.25E-11
Al(nd)+H 1.11E-29 2.07E-13 7.81E-13 1.04E-12 1.23E-12 – 5.48E-14
Al+ + H− 1.41E-22 6.39E-09 4.84E-08 4.95E-08 1.48E-10 2.42E-12 –

T = 8000 K
Al(3p)+H – 1.40E-25 4.81E-27 3.62E-27 1.35E-30 1.41E-32 4.39E-26
Al(4s)+H 4.02E-23 – 6.30E-11 4.53E-11 1.48E-13 6.54E-14 8.01E-11
Al(3d)+H 9.86E-25 4.51E-11 – 5.89E-10 9.73E-13 2.30E-13 3.91E-10
Al(4p)+H 1.36E-24 5.93E-11 1.08E-09 – 2.40E-12 5.88E-13 7.21E-10
Al(5s)+H 3.57E-27 1.37E-12 1.25E-11 1.69E-11 – 1.10E-11 1.60E-11
Al(nd)+H 9.28E-30 1.51E-13 7.41E-13 1.03E-12 2.74E-12 – 1.26E-13
Al+ + H− 1.05E-21 6.68E-09 4.55E-08 4.58E-08 1.45E-10 4.55E-12 –

T = 10 000 K
Al(3p)+H – 2.79E-24 1.03E-25 7.79E-26 2.87E-29 8.45E-32 1.07E-24
Al(4s)+H 3.21E-22 – 8.48E-11 6.15E-11 2.16E-13 8.53E-14 1.57E-10
Al(3d)+H 6.55E-24 4.70E-11 – 5.79E-10 1.39E-12 3.09E-13 5.34E-10
Al(4p)+H 8.93E-24 6.12E-11 1.04E-09 – 3.33E-12 7.91E-13 9.60E-10
Al(5s)+H 1.95E-26 1.28E-12 1.48E-11 1.98E-11 – 1.88E-11 1.87E-11
Al(nd)+H 1.37E-29 1.20E-13 7.86E-13 1.12E-12 4.49E-12 – 2.16E-13
Al+ + H− 5.57E-21 7.11E-09 4.37E-08 4.37E-08 1.44E-10 6.94E-12 –

Notes. Statistical probabilities for the population of initial channels are included in the rates.

less accuracy than the long-range regions. Inelastic rates with
highest values are not changed by including short-range regions,
while rates with low-to-moderate values can increase substan-
tially but may not exceed moderate values. The rates obtained

by the extended model are expected to be physically reliable and
are collected in Table 1. To the best of our knowledge, there are
no experimental or quantum data available for these collisions to
compare with.
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3. Discussion and conclusion

The analysis of the calculated cross sections and rates allows
one to divide the treated processes into three groups. The first
group consists of the processes with high values of cross sec-
tions and rates, roughly with cross sections larger than 1 Å2. The
largest cross sections and rates (up to 20 Å2 and 10−9 cm3/s,
respectively, for endothermic processes) correspond to the ex-
citation and de-excitation processes between the Al(3d) and
Al(4p), as well as the ion-pair formation and mutual neutral-
ization processes involving the Al(3d), Al(4p), Al(4s) and ionic
states. These inelastic processes are based on nonadiabatic tran-
sitions due to the ionic-covalent interaction at large internuclear
distances. For these processes, a presence of additional nona-
diabatic regions at short-to-intermediate internuclear distances
(roughly, shorter than 10 au) hardly affects the cross sections ob-
tained by means of the simple model based only on long-range
regions. The parameters of the long-range nonadiabatic regions
are well-defined by the model, so the calculated estimates for the
corresponding cross sections and rates are expected to be accu-
rate within a factor of 2−3. This fluctuation factor is taken from
Miller & Morgner (1977) for the accuracy of using the semi-
empirical formula (Olson et al. 1971). The inelastic processes
involving the states from this group are expected to be important
for astrophysical applications.

The second group includes processes with small-to-
moderate cross sections and rates, the processes involving the
Al(5s) and Al(nd) states, as well as higher lying states. For these
states, the long-range nonadiabatic regions formed by the ionic-
covalent interaction provide small cross sections and rates, if
only these regions are taken into account. A presence of short-
range nonadiabatic regions between these covalent states in-
creases cross sections up to several orders of magnitude, but
short-range transitions yield only moderate values for inelastic
cross sections, typically not exceeding 10−3−1 Å2, and the in-
crease is more significant at high collision energies while the
main astrophysical interest is in low energies. The presence of
short-range nonadiabatic regions is justified by physical rea-
sons and provides substantial values for cross sections either
via a direct covalent-transition mechanism for excitation and
de-excitation processes involving these states, or via the loop
mechanism (Belyaev et al. 2012) for the processes involving the
ionic state. The estimates for this group are believed to be reli-
able within a factor of 2−10. This range is estimated from the
factor of Miller & Morgner (1977), as well as from the com-
parison with the available quantum results for other collisions.
The processes from this group have some effects in astrophysi-
cal applications.

The third group consists of the processes with negligible val-
ues of rates, lower than 10−20 cm3/s. Low-lying states (including
the ground state) are typically in this group. Adiabatic potentials
of low-lying molecular states usually have large energy gaps, so
nonadiabatic transition probabilities are very low. Including ad-
ditional nonadiabatic regions can increase them by several orders

of magnitude, but they are still negligible. These processes are
unimportant for astrophysical applications.

It should be emphasized that although the present findings
are based on the results of the particular case of Al+H and
Al+ +H− collisions, the derived model and the conclusions are
general. In particular, the derived model explains the results of
quantum calculations for the inelastic processes in low-energy
collisions Li+H (Croft et al. 1999a,b), Na+H (Belyaev et al.
2010), and Mg+H (Belyaev et al. 2012), and it can be used for
estimates of inelastic cross sections and rates for other collisions.
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