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Abstract. Inelastic processes in the low-energy collisions Li3+ + H−, Li2+ + H, Li2+ + H− and Li+ + H are
investigated for all collisional channels with the excited ionic lithium states Li2+(nl) and Li+(1s nl) up
to and including the corresponding ion-pair states for the temperature range 1000–20 000 K. For all pos-
sible processes in the Li3+ + H− and Li2+ + H collisions inelastic cross sections and rate coefficients are
calculated for the transitions between the ion-pair channel Li3+ + H− and the 35 below lying contribut-
ing Li2+(nl) + H channels. It is found that the highest values of cross sections and rate coefficients are
obtained for the recombination processes and their inverse, the ion-pair formation processes, involving the
Li2+(3l), Li2+(4l), and Li2+(5l) states. For the processes in the Li2+ + H− and Li+ + H collisions, cross
sections and rate coefficients are calculated for all transitions between 34 Li+(1s nl) + H channels lying
below Li2+ + H− plus this ion-pair channel. In this case the highest rate coefficients correspond to the
recombination processes with the Li+(1s3l 1,3L) and Li+(1s4l 1,3L) final states, as well as their inverse
processes of ion-pair production. Rate coefficient values for these most efficient processes are rather high,
of the order of 10−8 cm3/s. This leads to total recombination rate coefficients in Li3+ + H− and Li2+ + H−

collisions with values larger than 10−7 cm3/s.

1 Introduction

Collisions of multiply charged ions with atoms, ions,
molecules, clusters, fullerenes, and surfaces have attracted
a great deal of attention for decades, see, e.g., [1–3]. This is
motivated by the necessity of an understanding of funda-
mental inelastic collision dynamics, as well as the needs
of detailed cross sections and rate coefficients in some
other research fields. The latter include inelastic colli-
sion processes in interactions of charged ion beams with
plasma in fusion experiments, as well as with a residual
gas in an accelerator storage ring. Collisions with mul-
tiply charged ions are also important in astrophysics, for
example, collisions of solar-wind ions with atomic systems
from the interstellar media which lead to charge exchange,
excitation and de-excitation processes. A special inter-
est exists in collisions between positive and negative ions,
in particular, with hydrogen anions, collisions leading to
neutralization processes. Recently, this kind of interest
has been growing up due to the experiments carrying
out within the Double ElectroStatic Ion Ring ExpEri-
ment (DESIREE) project [4,5], see also [6] for the CSR
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project and [7] for the RICE project. Among other pro-
cesses, the experiments treat neutralization processes in
collisions between cations and anions.

Lithium–hydrogen collisions are of interest, in par-
ticular, due to their importance for non-local ther-
modynamic equilibrium (non-LTE) modelings of cool
stellar atmospheres (see, e.g., reviews [8–10], and ref-
erences therein). It has been shown theoretically in
reference [11] that the mutual neutralization processes
Li+ + H−→Li(nl) + H(1s), as well as their inverse pro-
cesses, the ion-pair production, are important for non-LTE
modelings of lithium spectra in cool stellar atmospheres,
which are in turn important for determining absolute and
relative abundances of lithium. The mutual neutraliza-
tion processes in Li+ + H− collisions have been studied
theoretically in references [12,13]; a maximum rate coef-
ficient of the order of 10−7 cm3/s was obtained. The
excitation and de-excitation processes in Li + H collisions
have been treated theoretically in reference [14]. Inelas-
tic processes in collisions of multiply charged lithium ions
with hydrogen atoms and anions are much less studied.
Inelastic processes involving the ground and the low-
lying molecular states of the LiH+ quasi-molecule, that
is, the states asymptotically correlated to the interac-
tions Li+ + H, Li(2s) + H+, Li∗(nl = 2s, 2p, 3s, 3p) + H+,
Li+ + H∗(n = 2, 3) have been recently studied in theoret-
ical papers [15,16] (see also references therein). To the
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Table 1. LiH2+(1Σ+) scattering channels and asymptotic
energies (J-average experimental values taken from NIST
[29]) with respect to the asymptote of the ground-state
Li2+ ion interacting with an H atom.

j Scattering (atomic) channels Asymptotic energies (eV)

1 Li2+ (1s 2S) + H (1s 2S) 0.0000000
2 Li2+ (2s 2S) + H (1s 2S) 91.839612
3 Li2+ (2p 2P ) + H (1s 2S) 91.841804
4 Li2+ (3s 2S) + H (1s 2S) 108.848175
5 Li2+ (3p 2P ) + H (1s 2S) 108.848824
6 Li2+ (3d 2D) + H (1s 2S) 108.849403
7 Li2+ (4s 2S) + H (1s 2S) 114.801041
8 Li2+ (4p 2P ) + H (1s 2S) 114.801315
9 Li2+ (4d 2D) + H (1s 2S) 114.801560
10 Li2+ (4f 2F ) + H (1s 2S) 114.801664
11 Li2+ (5s 2S) + H (1s 2S) 117.556309
12 Li2+ (5p 2P ) + H (1s 2S) 117.556449
13 Li2+ (5d 2D) + H (1s 2S) 117.556574
14 Li2+ (5f 2F ) + H (1s 2S) 117.556628
15 Li2+ (5g 2G) + H (1s 2S) 117.556658
16 Li2+ (6s 2S) + H (1s 2S) 119.052973
17 Li2+ (6p 2P ) + H (1s 2S) 119.053054
18 Li2+ (6d 2D) + H (1s 2S) 119.053126
19 Li2+ (6f 2F ) + H (1s 2S) 119.053157
20 Li2+ (6g 2G) + H (1s 2S) 119.053174
21 Li2+ (6h 2H) + H (1s 2S) 119.053185
22 Li2+ (7s 2S) + H (1s 2S) 119.955402
23 Li2+ (7p 2P ) + H (1s 2S) 119.955453
24 Li2+ (7d 2D) + H (1s 2S) 119.955499
25 Li2+ (7f 2F ) + H (1s 2S) 119.955518
26 Li2+ (7g 2G) + H (1s 2S) 119.955529
27 Li2+ (7h 2H) + H (1s 2S) 119.955536
28 Li2+ (7i 2I) + H (1s 2S) 119.955541
29 Li2+ (8s 2S) + H (1s 2S) 120.541107
30 Li2+ (8p 2P ) + H (1s 2S) 120.541142
31 Li2+ (8d 2D) + H (1s 2S) 120.541172
32 Li2+ (8f 2F ) + H (1s 2S) 120.541185
33 Li2+ (8g 2G) + H (1s 2S) 120.541192
34 Li2+ (8h 2H) + H (1s 2S) 120.541197
35 Li2+ (8i 2I) + H (1s 2S) 120.541200
36 Li2+ (8k 2K) + H (1s 2S) 120.541203
i Li3+ + H− (1s2 1S) 121.700155

best of our knowledge, the processes involving higher-
lying states, that is, the states correlated to the Li+∗ + H
and Li2+ + H− channels, as well as the states corre-
lated to the Li2+∗ + H and Li3+ + H− channels, have
not been treated so far. Since nowadays it is generally
accepted that inelastic processes in heavy-particle colli-
sions with hydrogen atoms and negative ions deserve more
detailed consideration, especially, inelastic processes with
high rate coefficients, this motivated us to study inelastic
processes in collisions of lithium positive ions with hydro-
gen negative ions and neutral atoms. The interactions
between multiply charged lithium ions and H− are obvi-
ously stronger compared to singly charged Li+ and the
corresponding collision processes are therefore expected
to have higher rate coefficients.

Thus, in the present study, the role of the H− ion in
collisions with the multiply charged lithium ions Li3+

and Li2+ is studied. For this purpose inelastic cross sec-
tions and rate coefficients for the charge-recombination
(electron-transfer) processes as well as their inverse reac-
tions, the ion-pair formation processes, according to
LiZ+ + H− 
Li(Z−1)+ + H (with Z = 3, 2) are investi-
gated. In particular, for the recombination process in
Li3+ + H− collisions and its inverse the cross sections
and rate coefficients for all transitions between the ion-
pair channel Li3+ + H− and the below lying contributing
Li2+(nl 2L) + H channels are determined (see Tab. 1).
And similarly for Li2+ + H− and Li+ + H cross sections
and rate coefficients are calculated for the transitions
between the corresponding ion-pair channel and all the
relevant below lying Li+(1snl 1,3L) +H channels (see
Tab. 2).

Since the collision potentials between hydrogen and
the highly excited ionic Li-states considered here are
not accessible by rigorous ab initio calculations, a model
potential approach discussed in the following section is
applied here.

2 Model approach

In the present work, model estimates for inelastic cross
sections and rate coefficients are obtained within the stan-
dard Born–Oppenheimer formalism, which is the most
widely used and reliable approach for theoretical stud-
ies of low-energy heavy-particle collisions. The approach
treats a collision problem in two steps: a fixed-nuclei elec-
tronic structure calculation and a nonadiabatic nuclear
dynamical treatment.

The adiabatic potentials are estimated in the present
work by means of the model asymptotic approach
described in reference [17]. It has been justified by the
full quantum calculations for several collisional systems
involving hydrogen [12,13,18–22] that the main mecha-
nism of partial processes with high and moderate cross
sections and rate coefficients is determined by the long-
range ionic-covalent interactions. The model asymptotic
approach [17] allows one to describe long-range nonadi-
abatic regions due to ionic-covalent interactions. In this
case, nonadiabatic regions are passed by the system in
a particular order and one can use the quantum multi-
channel model [14,23–26] in order to treat a nonadiabatic
nuclear dynamics. This model is advantageous because
it is analytical. Comparison with the previous quantum
calculations has shown that the model approach to nona-
diabatic nuclear dynamics provides reasonable estimates
for inelastic cross sections and rate coefficients with large
and moderate values [22,25].

The alternative approach for the nonadiabatic nuclear
dynamics is the branching-probability-current method
[17], which allows one to take into account not only
long-range, but also short-range nonadiabatic regions, in
particular, due to covalent–covalent interactions. It has
been shown [17,27] that inclusion of short-range regions
practically does not change rate coefficients with the high-
est values, may affect up to some extent rate coefficients
with moderate values, and usually changes markedly rate
coefficients with low values.

https://epjd.epj.org/
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Fig. 1. The LiH2+(1Σ+) adiabatic potential energy curves obtained by means of the model approach. The potentials are
measured from the ground state asymptote. The channels are defined in Table 1.

Since the main goal of the present paper is to calculate
rate coefficients with the highest values, the multichan-
nel model is employed in the present work based on the
long-range (asymptotic) adiabatic potentials. Nonadia-
batic transition probabilities in each nonadiabatic region
are calculated within the Landau–Zener model by means
of the adiabatic-potential-based formula [17,28]. Inelastic
cross sections and rate coefficients for recombination, ion-
pair formation, excitation and de-excitation processes are
then calculated as usual.

3 Results for inelastic collisions Li3+ +H−

and Li2+(nl) + H

The scattering channels treated in the present study of
inelastic collisions Li3+ + H− and Li2+(nl) + H are listed
in Table 1. Since the ground ionic molecular state, which
is responsible for inelastic transitions, has 1Σ+ symmetry,
only the scattering channels with this molecular sym-
metry are taken into account. Molecular states of other
symmetries are not included in the present consideration.

The table also provides the asymptotic energies of
the scattering channels. They are given relative to the
Li2+ +H asymptote for the molecular ion. The table shows
that there is a large energy gap between this asymptote
and the asymptote for the first excited state of the lithium
ion Li2+(2s 2S) interacting with a hydrogen atom. In
this gap an infinite number of Rydberg-like excited states
Li2+(1s 2S) + H(nl) and Li+(1snl) + H+ exist (n ≥ 2).
Above this group of Rydberg states the molecular states
involving excited lithium ion states Li2+(nl 2L) interact-
ing with hydrogen atoms are located together with the
ion-pair state Li3+ + H−, as listed in Table 1. The two
groups are energetically well separated, there are thus
no nonadiabatic transitions between states belonging to

the different groups. Transitions within each group can be
studied independently. The present study treats nonadia-
batic transitions between molecular states listed in Table 1
except the far low-lying Li2+ + H asymptote.

It is also worth to mention that the treated states
are located in the Li2+(1s 2S) + H+ + e− continuum, so
strictly speaking, these states are quasi-stationary. Never-
theless, using the approach from [30], it is possible to show
that quasi-stationary widths of these states are negligible
due to two-electron transitions and large internuclear dis-
tances. Thus, at the long-range distances, which are of the
primary interest, the treated states can be considered as
stationary, which is asymptotically exact.

The LiH2+(1Σ+) adiabatic potential energy curves cal-
culated by the model approach described in the previous
section are plotted in Figure 1. Short-range potentials
estimated by this approach are not shown because only
the long-range potentials determine essentially the low-
energy collision rate coefficients with large and mod-
erate values. A series of avoided crossings due to the
ionic-covalent interactions is clearly seen. Since the nona-
diabatic regions are located in a particular order, the
multichannel nuclear dynamical approach is applicable
here. As described above, a nonadiabatic transition proba-
bility in each nonadiabatic region is calculated by means of
the adiabatic-potential-based formula within the Landau–
Zener model. The multichannel analytic formulae [26] are
then used for computing an inelastic probability for each
state-to-state transition. Finally, the inelastic cross sec-
tions and rate coefficients are calculated for all transitions
between the scattering channels collected in Table 1.

Charge recombination rate coefficients for the Li3+ +
H− collisions are calculated by the model approach
described above. It turns out that among all possible par-
tial recombination processes according to Table 1 the high
rate coefficients of the order of 10−8 cm3/s are obtained

https://epjd.epj.org/
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Fig. 2. Rate coefficients for the recombination processes in Li3+ + H− collisions. The initial channel is ionic, the final channels
are defined in Table 1. The thick black curve represents the total (summed over all final channels) rate coefficient. The colored
lines show rate coefficients for a given n of final channels Li2+(nl) + H summed over the quantum numbers l.
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Fig. 3. The highest partial and total rate coefficients for recombination processes in Li3+ +H− collisions. The solid lines represent
Li2+(ns) final states, the long-dashed lines Li2+(np), the dot-dashed Li2+(nd), the dotted lines Li2+(nf), the dot-double-dashed
lines Li2+(ng), the double-dot-dashed lines Li2+(nh), the dashed lines Li2+(ni).

only for a smaller group of processes whereas rate coef-
ficients for the remaining recombination processes are
separated from these by at least an order of magnitude,
see Figure 2. Notice that this figure shows rate coeffi-
cients summed over quantum numbers l at a given n for
the final channels. The temperature dependences of the
recombination rate coefficients with the highest values cor-
responding to the partial processes into the Li2+(3l, 4l, 5l)
final states are plotted in Figure 3 for a wide tempera-
ture range up to T = 20 000 K. Table 3 presents actual

numerical rate coefficient values for these most inten-
sively populated states in Li3+ + H− and Li2+(nl) + H
collisions at a temperature of T = 10 000 K. All the
partial rate coefficients contribute to the total recom-
bination rate coefficient exceeding 2 × 10−7 cm3/s. The
highest rate coefficients for the partial recombination
processes correspond to those processes leading to the
Li2+(4l) final states. At T = 10 000 K the rate coeffi-
cients for these states vary between 2.18 × 10−8 cm3/s
and 3.14 × 10−8 cm3/s. For recombination processes into

https://epjd.epj.org/
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Table 2. LiH+(2Σ+) scattering channels and asymptotic
energies (J-average experimental values taken from NIST
[29]) with respect to the ground state.

j Scattering (atomic) channels Asymptotic energies (eV)

1 Li+ (1s2 1S) + H (1s 2S) 0.0000000
2 Li+ (1s2s 3S) + H (1s 2S) 59.020815
3 Li+ (1s2s 1S) + H (1s 2S) 60.922690
4 Li+ (1s2p 3P ) + H (1s 2S) 61.280805
5 Li+ (1s2p 1P ) + H (1s 2S) 62.216335
6 Li+ (1s3s 3S) + H (1s 2S) 68.780785
7 Li+ (1s3s 1S) + H (1s 2S) 69.279627
8 Li+ (1s3p 3P ) + H (1s 2S) 69.369302
9 Li+ (1s3d 3D) + H (1s 2S) 69.585346
10 Li+ (1s3d 1D) + H (1s 2S) 69.589059
11 Li+ (1s3p 1P ) + H (1s 2S) 69.648473
12 Li+ (1s4s 3S) + H (1s 2S) 71.908520
13 Li+ (1s4s 1S) + H (1s 2S) 72.108809
14 Li+ (1s4p 3P ) + H (1s 2S) 72.144710
15 Li+ (1s4d 3D) + H (1s 2S) 72.234885
16 Li+ (1s4d 1D) + H (1s 2S) 72.237031
17 Li+ (1s4f 3F ) + H (1s 2S) 72.238521
18 Li+ (1s4f 1F ) + H (1s 2S) 72.238654
19 Li+ (1s4p 1P ) + H (1s 2S) 72.261723
20 Li+ (1s5s 3S) + H (1s 2S) 73.297506
21 Li+ (1s5s 1S) + H (1s 2S) 73.397349
22 Li+ (1s5p 3P ) + H (1s 2S) 73.415303
23 Li+ (1s5d 3D) + H (1s 2S) 73.461173
24 Li+ (1s5d 1D) + H (1s 2S) 73.462426
25 Li+ (1s5f 3F ) + H (1s 2S) 73.463130
26 Li+ (1s5f 1F ) + H (1s 2S) 73.463254
27 Li+ (1s5p 1P ) + H (1s 2S) 73.477364
28 Li+ (1s6s 3S) + H (1s 2S) 74.033686
29 Li+ (1s6s 1S) + H (1s 2S) 74.090542
30 Li+ (1s6p 3P ) + H (1s 2S) 74.100775
31 Li+ (1s6p 1P ) + H (1s 2S) 74.122200
32 Li+ (1s6d 3D) + H (1s 2S) 74.127197
33 Li+ (1s6d 1D) + H (1s 2S) 74.127984
34 Li+ (1s6f 3F ) + H (1s 2S) 74.128345
35 Li+ (1s6f 1F ) + H (1s 2S) 74.128475
i Li++ (1s 2S) + H− (1s2 1S) 74.885893

the Li2+(3l) states the rate coefficients are slightly lower,
varying between 5.40× 10−9 cm3/s and 1.84× 10−8 cm3/s
whereas for the processes ending in the Li2+(5l) final
states they are in the range of 9× 10−9 cm3/s.

Table 3 presents the rate coefficients at T = 10 000 K
for all transitions between the most intensively popu-
lated states in Li3+ + H− and Li2+(nl) + H collisions.
From the table it follows that the largest recombina-
tion rate coefficients are at least 20 times higher than
the rate coefficients for excitation and de-excitation pro-
cesses. At T = 10 000 K the maximum rate coefficients
for the de-excitation process Li2+(4s→ 3d) + H are equal
to 8.68× 10−10 cm3/s whereas 6.67× 10−10 cm3/s for the
excitation process Li2+(4s→ 4p) + H. Rate coefficients for
the ion-pair formation processes are at least 500 times
smaller compared to the recombination processes. Accord-
ing to Table 3 the maximum ion-pair formation rate
coefficient at T = 10 000 K is equal to 1.90× 10−11 cm3/s.

Obviously recombinations are much more efficient than
any other processes in this collisional system.

Rate coefficients Kfi for an endothermic ion-pair for-
mation process f → i are evaluated here by the detailed
balance relation using the rate coefficient Kif for the
corresponding exothermic process i → f applying the
following equation

Kfi(T ) = Kif (T )
pstatf

pstati

exp

(
−∆Eif

kBT

)
, (1)

∆Eif = Ei −Ef being the energy defect which is positive
for an endothermic process f → i, pstatj a statistical prob-
ability of a channel j, and kB the Boltzmann constant.
Equation (1) determines the temperature dependence of
the ion-pair formation processes taking into account that
the recombination rate coefficients are slowly varying with
temperature.

The temperature dependence of the rate coefficients
for the ion-pair formation processes as inverse of the
corresponding most efficient recombination processes are
plotted in Figure 4 for the temperature range up to
T = 20 000 K. Due to the endothermicity of the ion-pair
formation processes their rate coefficient curves have large
energy thresholds and their maximum values are orders
of magnitude smaller compared to their recombination
equivalences. Actual numerical values at the temperature
of T = 10 000 K can be obtained from Table 3.

The calculated partial rate coefficients for all processes
in ionic-lithium–hydrogen collisions between the states
listed in Table 1 are available online as supplementary
materials to this paper.

It can be speculated here that at high enough H−

abundances the charge recombination processes Li3+ +
H− → Li2+(nl) + H can quickly lead to the formation
of the excited ions Li2+(3l, 4l, 5l) due to the rather
large charge recombination rate coefficients. The excited
lithium ions will then produce ground-state lithium ions
Li2+ in cascade transitions. If H− abundances are low, the
electron recombination processes can produce excited ions
Li2+(nl), and the ion-pair formation processes in collisions
of these ions with neutral hydrogen atoms efficiently cre-
ate H− anions, which are important for many processes
in astrophysics. In any case, charge recombination pro-
cesses in Li3+ + H− collisions and their inverse processes,
the ion-pair formation, can possibly compete with elec-
tron recombination processes in the formation of lithium
ions and atoms, as well as in the production of hydrogen
negative ions.

4 Results for inelastic collisions Li2+ +H−

and Li+(1snl) + H

The ground ionic molecular state Li2+ + H− has 2Σ+ sym-
metry. Therefore, it is sufficient to treat nonadiabatic
transitions only within this molecular symmetry when
estimating inelastic cross sections and rate coefficients
with high and moderate values. Similar to the previously
discussed situation in LiH2+, there are two energetically

https://epjd.epj.org/
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Table 3. Rate coefficients, in units of cm3/s, for the most important inelastic processes at T = 10 000 K, that is, for
the recombination processes in Li3+ + H− collisions, as well as for the ion-pair formation, excitation, and de-excitation
processes in Li2+(nl) + H collisions. The labels for the initial and the final states are listed in Table 1.

Initial states Final states
4 5 6 7 8 9 10

T = 10 000 K
4 – 2.44E−10 4.38E−11 1.75E−13 8.55E−14 6.28E−14 5.42E−14
5 8.13E−11 – 7.46E−11 1.16E−13 5.50E−14 3.99E−14 3.42E−14
6 8.77E−12 4.48E−11 – 1.74E−13 7.96E−14 5.71E−14 4.86E−14
7 1.75E−10 3.47E−10 8.68E−10 – 6.67E−10 4.22E−10 3.38E−10
8 2.85E−11 5.50E−11 1.33E−10 2.22E−10 – 2.28E−10 1.67E−10
9 1.26E−11 2.39E−11 5.70E−11 8.44E−11 1.37E−10 – 1.76E−10
10 7.75E−12 1.47E−11 3.47E−11 4.83E−11 7.17E−11 1.26E−10 –
11 3.47E−11 6.13E−11 1.38E−10 1.32E−10 1.49E−10 1.77E−10 2.19E−10
12 9.38E−12 1.65E−11 3.68E−11 3.45E−11 3.89E−11 4.58E−11 5.64E−11
13 5.51E−12 9.69E−12 2.16E−11 2.03E−11 2.29E−11 2.69E−11 3.31E−11
14 3.89E−12 6.83E−12 1.52E−11 1.43E−11 1.61E−11 1.89E−11 2.33E−11
15 3.03E−12 5.32E−12 1.19E−11 1.11E−11 1.25E−11 1.47E−11 1.81E−11
i 5.40E−09 8.74E−09 1.84E−08 2.18E−08 2.35E−08 2.64E−08 3.14E−08

Initial states Final states
11 12 13 14 15 i

T = 10 000 K
4 1.42E−15 1.15E−15 1.13E−15 1.11E−15 1.11E−15 4.50E−16
5 8.36E−16 6.74E−16 6.60E−16 6.51E−16 6.52E−16 2.43E−16
6 1.13E−15 9.04E−16 8.85E−16 8.73E−16 8.74E−16 3.07E−16
7 5.39E−12 4.23E−12 4.14E−12 4.08E−12 4.09E−12 1.82E−12
8 2.04E−12 1.59E−12 1.56E−12 1.53E−12 1.54E−12 6.52E−13
9 1.45E−12 1.12E−12 1.10E−12 1.08E−12 1.08E−12 4.40E−13
10 1.28E−12 9.88E−13 9.66E−13 9.51E−13 9.52E−13 3.74E−13
11 – 8.37E−11 7.78E−11 7.44E−11 7.46E−11 1.90E−11
12 2.79E−11 – 2.89E−11 2.71E−11 2.73E−11 6.36E−12
13 1.56E−11 1.74E−11 – 1.84E−11 1.87E−11 3.84E−12
14 1.06E−11 1.16E−11 1.31E−11 – 1.70E−11 2.77E−12
15 8.29E−12 9.10E−12 1.04E−11 1.32E−11 – 2.19E−12
i 9.32E−09 9.35E−09 9.42E−09 9.52E−09 9.68E−09 –
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Fig. 4. The partial rate coefficients for ion-pair formation processes in Li2+(nl) + H collisions. The labels for the initial channels
are the same as in Figure 3 for the final channels of the recombination processes.
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Table 4. Rate coefficients, in units of cm3/s, for the most important inelastic processes at T = 10 000 K, that is, for
the recombination processes in Li2+ + H− collisions, as well as for the ion-pair formation, excitation, and de-excitation
processes in Li+(1snl) + H collisions. The labels for the initial and the final channels are listed in Table 2.

Initial states Final states
6 7 8 9 10 11 12 13

T = 10 000 K
6 – 1.01E−09 1.91E−10 5.44E−11 1.76E−11 7.13E−12 6.10E−13 3.83E−13
7 5.41E−09 – 2.77E−09 6.54E−10 1.87E−10 7.09E−11 5.41E−12 3.30E−12
8 1.26E−10 3.42E−10 – 3.07E−10 6.80E−11 2.27E−11 1.43E−12 8.35E−13
9 2.77E−11 6.22E−11 2.37E−10 – 1.97E−10 5.40E−11 2.61E−12 1.47E−12
10 2.70E−11 5.37E−11 1.58E−10 5.94E−10 – 6.35E−10 2.00E−11 1.07E−11
11 1.95E−11 3.63E−11 9.42E−11 2.90E−10 1.13E−09 – 9.79E−11 5.00E−11
12 2.30E−11 3.81E−11 8.15E−11 1.93E−10 4.91E−10 1.35E−09 – 8.52E−10
13 5.47E−11 8.80E−11 1.81E−10 4.11E−10 9.98E−10 2.61E−09 3.22E−09 –
14 5.39E−12 8.58E−12 1.73E−11 3.88E−11 9.26E−11 2.37E−10 2.64E−10 3.74E−10
15 2.25E−12 3.55E−12 7.09E−12 1.57E−11 3.69E−11 9.31E−11 9.09E−11 1.04E−10
16 6.27E−12 9.83E−12 1.95E−11 4.28E−11 9.99E−11 2.50E−10 2.37E−10 2.60E−10
17 1.40E−12 2.19E−12 4.32E−12 9.43E−12 2.19E−11 5.44E−11 5.00E−11 5.30E−11
18 4.09E−12 6.39E−12 1.26E−11 2.74E−11 6.33E−11 1.57E−10 1.42E−10 1.49E−10
19 9.76E−12 1.52E−11 2.99E−11 6.51E−11 1.51E−10 3.74E−10 3.36E−10 3.51E−10
i 1.19E−09 1.66E−09 2.80E−09 5.25E−09 1.05E−08 2.30E−08 2.07E−08 1.89E−08

Initial states Final states
14 15 16 17 18 19 i

T = 10 000 K
6 3.26E−13 2.04E−13 1.89E−13 1.78E−13 1.73E−13 1.72E−13 3.33E−13
7 2.78E−12 1.73E−12 1.59E−12 1.49E−12 1.44E−12 1.43E−12 2.48E−12
8 6.92E−13 4.25E−13 3.88E−13 3.61E−13 3.50E−13 3.48E−13 5.16E−13
9 1.19E−12 7.24E−13 6.57E−13 6.07E−13 5.87E−13 5.83E−13 7.46E−13
10 8.59E−12 5.13E−12 4.62E−12 4.25E−12 4.10E−12 4.07E−12 4.52E−12
11 3.93E−11 2.31E−11 2.07E−11 1.89E−11 1.81E−11 1.80E−11 1.76E−11
12 6.02E−10 3.11E−10 2.70E−10 2.38E−10 2.26E−10 2.23E−10 2.18E−10
13 3.23E−09 1.34E−09 1.12E−09 9.57E−10 8.97E−10 8.81E−10 7.52E−10
14 – 2.05E−10 1.62E−10 1.34E−10 1.24E−10 1.21E−10 9.32E−11
15 1.36E−10 – 1.36E−10 8.85E−11 7.83E−11 7.40E−11 4.61E−11
16 3.25E−10 4.10E−10 – 3.55E−10 2.95E−10 2.69E−10 1.46E−10
17 6.39E−11 6.35E−11 8.46E−11 – 9.71E−11 8.00E−11 3.66E−11
18 1.78E−10 1.68E−10 2.11E−10 2.91E−10 – 3.31E−10 1.18E−10
19 4.16E−10 3.82E−10 4.61E−10 5.75E−10 7.92E−10 – 3.09E−10
i 2.02E−08 1.50E−08 1.57E−08 1.66E−08 1.78E−08 1.95E−08 –

well separated groups of molecular states in LiH+. Apart
from the first group which includes the LiH+ ground
state as well as an infinite number of Rydberg-like excited
states Li+(1s2) + H(nl) and Li(1s2nl) + H+, the second
group of scattering channels, as listed in Table 2, consists
of Li+(1snl) + H states (n ≥ 2) plus the ion-pair state
Li2+ + H−. Because of the large energy gap between the
two groups, nonadiabatic transitions between molecular
states from the different groups can be neglected. Nona-
diabatic transitions between low-lying states in the first
group have been studied previously by [15,16], as men-
tioned above. The present study of inelastic Li2+ + H−

and Li+ + H collisions is performed for 35 scattering chan-
nels leading to the 34 excited Li+(1snl 1,3L) states (n ≥ 2)
below the Li2+ ionization limit interacting with the hydro-
gen atom, as well as the ionic pair Li2+ + H− in its ground
state (Tab. 2). Like in the case of LiH2+, quasi-stationary
widths of the treated molecular states are negligible.

The asymptotic model adiabatic potentials for the
LiH+ (2Σ+) molecule are plotted in Figure 5. A series
of avoided crossings due to the ionic-covalent interac-
tions is clearly seen. Landau–Zener parameters in each
nonadiabatic region are determined using the adiabatic-
potential-based formula [17,28] followed by calculations
of nonadiabatic transition probabilities with the multi-
channel formula [24,26]. Inelastic cross sections and rate
coefficients for the recombination processes due to the
transitions between the states listed in Table 2 are then
calculated as usual.

The temperature dependences of rate coefficients with
large and moderate values for the charge recombination
processes in Li2+ + H− collisions are plotted in Fig-
ure 6. In the upper part of the figure there is a series
of partial processes with high rate coefficients which cor-
respond to the recombination processes into the final
states Li+ (1s3d 1D), Li+ (1s3p 1P ), Li+ (1s4s 1,3S),

https://epjd.epj.org/
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Fig. 5. The LiH+(2Σ+) adiabatic potential energy curves obtained by means of the model approach. The potentials are
measured from the ground state asymptote. The potential channels are defined in Table 2.

Li+ (1s4p 1,3P ), Li+ (1s4d 1,3D), Li+ (1s4f 1,3F ). The
rate coefficient values of these recombination processes
are of the order of magnitude of 10−8 cm3/s. Actual
numerical values for these rate coefficients at temper-
ature T = 10 000 K are summarized in Table 4. Below
this group a number of recombination processes with
moderate rate coefficients appear, with values between
10−10 and 10−8 cm3/s. Other rate coefficients with val-
ues smaller than 10−10 cm3/s are not shown in the figure.
The calculated partial rate coefficients for all processes
in ionic-lithium–hydrogen collisions between the states
listed in Table 2 are available online as supplementary
materials to this paper. For the total recombination rate
coefficient (the thick black curve) at temperature T =
10 000 K a value equal to 2×10−7 cm3/s is obtained, which
practically coincides with the total recombination rate
coefficient in Li3+ + H− collisions.

Like in the LiH2+ collisional system, rate coefficients
for the ion-pair formation, excitation and de-excitation
processes are smaller than their recombination analogs.
Differences however are not as large here. According to
Table 4 and Figure 7, the highest rate coefficients for ion-
pair formation, excitation and de-excitation processes in
the LiH+ system are only about one order of magnitude
smaller compared to the largest recombination rate coef-
ficients. This is due to smaller energy defects in the LiH+

collisional system compared to the LiH2+ system. Deter-
minations of the ion-pair formation rate coefficients Kfi

are done again applying relation (1), using the correspond-
ing recombination rate coefficients Kif . Since the energy
thresholds ∆Eif are here not as large as for similar pro-

cesses in Li2+(nl) + H collisions, ion-pair formation rate
coefficients in Li+(1snl) + H collisions are obtained with
larger values (Fig. 7). For higher temperatures several par-
tial ion-pair formation rate coefficients in Li+(1snl) + H

collisions can become larger than 10−9 cm3s−1 which is
roughly an order of magnitude higher than in Li2+(nl)+H
collisions (Fig. 4).

The high rate coefficient values obtained here show that
charge recombination and the inverse processes, ion-pair
formation, in Li2+ + H− and Li+(1snl) + H collisions are
efficient in producing Li+ ions, as well as H− anions.
Therefore, like in Li3+ + H− and Li2+(nl) + H collisions,
it can be guessed that at high H− abundances the charge
recombination Li2+ + H− → Li+(1snl) + H can effectively
produce excited lithium ions Li+(1s3l, 1s4l) which quickly
cascade down to ground-state ions Li+(1s2), where mutual
neutralization in collisions with hydrogen negative ions
finally results in production of lithium atoms. If the abun-
dance of H− is low, electron recombination processes can
create excited ions Li+(1snl) which through collisions
with neutral hydrogen atoms can efficiently increase the
abundance of H− anions due to high rate coefficients of
the ion-pair formation processes. The same expectations
can therefore be formulated as in the case of Li3+ + H−

and Li2+(nl) + H collisions, that formation of lithium ions
and atoms as well as production of hydrogen negative ions
could be influenced by the present collisional processes.

5 Conclusion

Inelastic processes in low-energy collisions in the sys-
tems Li3+ + H−, Li2+ + H and Li2+ + H− and Li+ + H are
investigated for all collisional channels with the excited
ionic lithium states Li2+(nl) and Li+(1s nl) up to and
including the corresponding ion-pair states. Since the col-
lision potentials between hydrogen and the highly excited
lithium ions considered here are not accessible by rig-
orous ab initio calculations, a model potential approach
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Fig. 7. The partial rate coefficients for ion-pair formation processes in Li+(1snl)+ H collisions. The labels for the initial channels
are the same as in Figure 6 for the final channels of the recombination processes.

is applied. Based on the long-range asymptotic adiabatic
potentials the multichannel model is employed. Nonadia-
batic transition probabilities in each nonadiabatic region
are calculated within the Landau–Zener model using
the adiabatic-potential-based formula. Inelastic cross sec-
tions are obtained and used to calculate rate coefficients

for recombination, ion-pair formation, excitation and de-
excitation processes.

For both collisional systems total rate coefficients for
the charge recombination processes are determined with
maximum values between 10−7 cm3/s and 10−6 cm3/s over
a wide temperature range at least up to T = 20 000 K.
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In case of the inverse, ion-pair formation, processes rate
coefficients in both collisional systems start for tem-
peratures much below T = 1000 K at small values due
to their endothermicity, but with increasing tempera-
tures the rate coefficients for several partial processes
are rapidly increasing reaching maximum values of the
order of 10−10 − 10−9 cm3/s at temperatures close to
T = 20 000 K.

With their large rate coefficient values the charge
recombinations and their inverse processes, the ion-pair
formations, are thus found to be very efficient in producing
lithium cations and/or hydrogen anions in both collisional
systems discussed here. But in spite of this finding, the
probability that the formation of LiZ+ and H− ions in
interstellar or stellar-atmosphere environments could be
influenced by these collisional processes is very low due to
the fact that under conditions where the multiply charged
lithium ions exist the H− ions are readily destroyed. We
assume that the present results are important from a
fundamental point of view, most likely the results on
the charge recombination constitute useful predictions for
possible upcoming experiments, as well as possible appli-
cations, and therefore, the rate coefficients are calculated
and presented for all processes in the considered collisions
for completeness of the data.
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Opt. Phys. 32, 81 (1999)
13. H. Croft, A.S. Dickinson, F.X. Gadéa, MNRAS 304, 327
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