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Isotopic effects in low-energy lithium-hydrogen collisions
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The cross sections and rate coefficients for the inelastic processes of mutual neutralization, ion-pair formation,
and (de)-excitation in lithium-hydrogen collisions are calculated based on the ab initio electronic structure
[J. Phys. B: At. Mol. Opt. Phys. 32, 81 (1999)] and the hopping probability current method [Phys. Rev. A
88, 052704 (2013)] for the nonadiabatic nuclear dynamics. For each given set of collisional parameters,
calculations of the probability current evolution were repeated 2.621 44 × 109 times, and this leads to a high
accuracy of the inelastic state-to-state transition probabilities, the cross sections, and finally, the rate coefficients.
The isotopic effects on the processes in collisions 6Li / 7Li + H/D/T, where (H/D/T) represents hydrogen,
deuterium, and tritium, for different isotopes are studied. In addition, the deexcitation resonance processes
6,7Li(2p → 2s) + H/D/T were treated by the branching probability current method. It is found that the isotopic
effects are different for different collisional partners and for different electronic states involved into a process,
varying from negligible effects for high-lying Li states to strong effects for low-lying Li states. The resonance
transition process is one with the strongest isotopic effects: replacing H by T changes the rate coefficient by up
to four orders of magnitude. Unfortunately, there is no experimental data for the processes with strong isotropic
effects, only for the processes with moderate effects, up to 60%.
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I. INTRODUCTION

Lithium (Li) is of particular importance in astrophysics.
This chemical element was created in Big Bang nucleosyn-
thesis, cosmic ray spallation, and stellar processes, see review
[1] for atomic, molecular, and optical physics in the early Uni-
verse as well as Refs. [2–4] for lithium chemistry in the early
universe. Information about lithium can help to solve some
important problems, for instance, the cosmological lithium
problems including both the primordial lithium problem [5]
and the so-called Spite plateau problem (or the second lithium
problem) [6] as well as radial migration, ages of stars, stellar
clusters, and so on [7,8]. One of the most important is the
primordial 7Li problem [9], consisting of the fact that 7Li is
predicted by the standard Big Bang nucleosynthesis theory in
a very small primordial production in the first minutes of the
Universe at about ten orders of magnitude lower than hydro-
gen (H) and helium (He), but this small amount of lithium
is still a factor of 3 to 4 greater than 7Li observations in the
oldest stars although deuterium and 4He measurements agree
well with the predictions, see Refs. [5,10–16] and very recent
references therein. The prediction for the 6Li isotope is even
lower with a not measurable tiny isotopic ratio of 6Li/7Li
being equal to 2.75 × 10−5 [11]. On the other hand, 6Li can
be produced by the interaction of energetic nuclei of Galactic
cosmic rays with the nuclei of the interstellar medium. This
production channel should increase the 6Li abundance and,
hence, the isotopic ratio up to 1%. Other possible production
channels might be nonstandard physics in the Big Bang or
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pregalactic origin. The recent analysis of the lithium profile
of the primary star provides the ratio 6Li/7Li = 8% with an
upper limit <10% [11]. One should also mention the second
lithium problem related to the asymmetry of the 7Li doublet
line at 670.8 nm produced by the presence of 6Li. Solutions
of these and many other problems require accurate measure-
ments or calculations of lithium abundances in stars. The
calculations, in turn, rely in large part on accurate atomic data,
both radiative and collisional ones.

The most accurate calculations of abundances are whose
obtained from nonlocal thermodynamic equilibrium (NLTE)
stellar atmosphere modeling. It has been recognized a long
time ago that the main uncertainty in NLTE calculations is
coming from the lack of quantum data on inelastic processes
in collisions of a treated chemical element with hydrogen
[17,18]. The matter of the fact is that the H-collisional rate
coefficients have been estimated by the so-called classical
Drawin formula [19], but later on it has been shown that the
Drawin formula is not correct [20], leading to deviations from
the rate coefficients obtained by full quantum calculations up
to several orders of magnitude. Thus, reliable quantum data on
inelastic processes in collisions of a treated chemical element
with hydrogen are highly desired.

In addition to the aforementioned problems, there ex-
ist some open questions concerning different isotopes, even
in the primordial lithium problem [5]. Another example is
the existence of a 6Li plateau, which appears questionable
after a reanalysis of three-dimensional NLTE stellar atmo-
sphere modeling instead of a one-dimensional model for
both 6Li and 7Li [7]. Again, accurate NLTE line formation
analysis requires accurate rate coefficients for inelastic pro-
cesses in lithium-hydrogen collisions for different isotopes.
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Concerning inelastic lithium-hydrogen collisional processes
needed for NLTE studies, isotopic effects should be studied,
that is, influence of using different isotopes of both collision
partners on partial rate coefficients for inelastic processes
in 6Li / 7Li +H/D/T, where D and T represent deuterium
and tritium, collisions should be investigated. Thus, in as-
trophysics there exists a high demand for quantum data on
inelastic processes in lithium-hydrogen collisions for differ-
ent isotopes of both lithium and hydrogen. Investigation of
isotopic effects in inelastic lithium-hydrogen collisional pro-
cesses is the goal of the present paper.

In addition to astrophysical importance, the isotopic effects
in different collisions, in general, and in lithium-hydrogen
collisions, in particular, are of interest in laboratory plasma
physics, planetary ionospheres, in the chemistry, and so on.
Moreover, these collisions are important from a fundamental
point of view: Experimental studies of this kind of systems
remain an important challenge [21]. Despite this, comparison
of experimental and theoretical results gives an important
test of both an experiment and a theory. For this reason,
lithium-hydrogen collisions have been studied by both experi-
mentally [21–24] and theoretically [21,25–28]. Investigations
of these collisions continue up to present: Recently, exper-
imental [21,24] and theoretical [21,28,29] data have been
published, mainly for mutual neutralization processes in low-
energy lithium-hydrogen collisions. So, there is an interest
in isotopic effects not only in 6Li / 7Li, but also in H/D/T.
Moreover, for NLTE stellar atmosphere modelings, one needs
to know cross sections and rate coefficients for different
isotopes not only for mutual neutralization, but also for ex-
citation and deexcitation processes. This kind of information
for (de)-excitation processes is currently unknown. Thus, the
investigation of the isotopic effects for all kinds of processes
in lithium-hydrogen collisions is the goal of the present paper.
Throughout the paper, atomic units (au) (me = e = h̄ = 1) are
used unless stated otherwise.

II. BRIEF THEORY

Accurate determination of lithium abundances from NLTE
modelings of stellar atmosphere spectra requires accurate rate
coefficients of inelastic processes in lithium-hydrogen col-
lisions. In general, this information could be derived from
experimental measurements, but, in practice, experimental
abilities are very limited, so the only real source to acquire
collisional information is theoretical calculations. Obviously,
the most accurate rate coefficients of inelastic collisional
processes are those obtained by full quantum calculations. Un-
fortunately, full quantum calculations are still time consuming
and, hence, performed only for a few chemical elements col-
lided with hydrogen atoms or/and anions: Na [30,31], Li
[26,27] (only mutual neutralization processes), Mg [32,33],
and Ca [34]. Moreover, NLTE calculations typically require
information about hundreds, thousands, and even 106 state-
to-state inelastic collisional processes,1 which makes full

1A state-to-state process from a given initial channel to a well-
defined final channel is called a partial process.

quantum calculations not realistic. As such, more approxi-
mate, but still quantum and reliable model approaches are
sufficient.

The most widely used framework to study atomic colli-
sional processes is the Born-Oppenheimer approach. Within
this approach the consideration is performed into two steps: (i)
electronic structure calculations at fixed nuclei, and (ii) nona-
diabatic nuclear dynamical treatment. A few quantum model
approaches have been proposed within the Born-Oppenheimer
approach for each step. They are as follows: various ab initio
methods (the highest accuracy), various asymptotic meth-
ods including one from Ref. [35], the atomic and molecular
orbitals based methods including one from [36,37], semiem-
pirical methods including one from Ref. [38], the simplified
model [39], etc., for electronic structure calculations, and the
reprojection method (the highest accuracy) [40,41], various
coupled channel equations methods, different nonadiabatic
models including the Landau-Zener (LZ) and the Landau-
Zener-Belyaev-Lebedev models [42], the probability current
methods (branching or hopping) [35], the multichannel ana-
lytic approach [43,44], the simplified model, the perturbation
theory, and so on for nonadiabatic nuclear dynamics. The
quantum model approaches have been successfully applied to
inelastic processes in collisions of various chemical elements
with hydrogen, see, e.g., Refs. [35,45–47] and references
therein. The calculated rate coefficients agree well with full
quantum results (including ab initio), especially for inelastic
processes with rate coefficients having the values in the range
of 10−11–10−7 cm3 s−1, that is, high and moderate values, see,
e.g., Fig. 1 in Ref. [39].

A choice of a dynamical model for calculating inelastic
transition probabilities, cross sections and rate coefficients
depends to some extent on electronic structure calculations.
If only asymptotic potentials are known, nonadiabatic tran-
sition probabilities, cross sections and rate coefficients can
be estimated by asymptotic models, in practice, by the
multichannel analytic approach, the simplified model, or the
perturbation theory. In this case, there is no sense to ac-
complish more complicated and time-consuming dynamical
calculations. In many cases asymptotic estimates are suffi-
cient for NLTE modelings. If electronic structure is calculated
with high accuracy by an ab initio method for the whole
range of the internuclear distance, then more complicated
and more accurate dynamical calculations can be performed,
e.g., by the reprojection method, the branching or hopping
probability current methods. These methods account not only
for long-range nonadiabatic regions, but also for short- and
intermediate-range regions, and this increases accuracy of
nuclear dynamical calculations, especially for rates with low
and intermediate values.

In the case of lithium-hydrogen collisions, the electronic
structure has been calculated by the ab initio pseudopotential
method [27], see that paper for description of the method
for comparison of the calculated data with the experimen-
tal ones and for corrections of the potentials to improve
them. The results of the calculations are given in the dia-
batic presentation for seven covalent and one ionic LiH(1�+)
molecular states listed in Table I. The diabatic representation
allows one to obtain the electronic structure in the adiabatic
representation.
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TABLE I. LiH( j 1�+) molecular states, the corresponding
asymptotic scattering channels (atomic states), the asymptotic ener-
gies (in units of eV) with respect to the ground-state level, and the
statistical probabilities for population of the molecular states.

Asymptotic scattering Asymptotic
j (nl ) channels energies (eV) pstat

j

1 (2s) Li(2s 2S) + H(1s 2S) 0.0 0.2500
2 (2p) Li(2p 2P) + H(1s 2S) 1.8480 0.0833
3 (3s) Li(3s 2S) + H(1s 2S) 3.3738 0.2500
4 (3p) Li(3p 2P) + H(1s 2S) 3.8343 0.0833
5 (3d ) Li(3d 2D) + H(1s 2S) 3.8795 0.0500
6 (4s) Li(4s 2S) + H(1s 2S) 4.3416 0.2500
7 (4p) Li(4p 2P) + H(1s 2S) 4.5223 0.0833
Ionic Li+(1s2 1S) + H−(1s2 1S) 4.6377 1.0

The paper [27] not only presents the results of the LiH
electronic structure calculations, but also compares them with
experimental data, e.g., with the observed vibrational spac-
ings for the A molecular state. The comparison shows good
agreement, especially after corrections of the diabatic poten-
tials. In particular, the ionic diabatic potential was shifted
by 420 cm−1 in order to reach the experimental value for
the hydrogen electron affinity (H−), and this shift improves
the agreement of the calculated and the experimentally mea-
sured vibrational spacings for the A state. It is known that
this electron affinity error is the main source of the discrep-
ancies in ab initio calculations involving H−. In addition,
Table II compares the available quantum chemical data from
Refs. [21,27,48], that is, the asymptotic energies for the scat-
tering channels, the positions of the long-range nonadiabatic
regions, and maximum values of the corresponding nonadia-
batic coupling matrix elements (NACME). One can see good
agreement between these data, except for NACME for two
uppermost-lying nonadiabatic regions. The source of these
discrepancies is calculation of the two-electron wave function
in H− with electron correlation, the same origin as one in
calculation of the ionic potential in the long-range region.
However, it turns out that these deviations are without much
importance. From this analysis we assess the error of the
calculated potentials being equal to 10−3 eV. Finally, one can

make the conclusion that the quantum chemical data calcu-
lated in Ref. [27] are accurate and can be used for treating
nonadiabatic nuclear dynamics not only at long-range, but
also at short-range nonadiabatic regions.

The goal of the present paper is to study isotopic effects
in lithium-hydrogen collision processes. There are two kinds
of isotopic effects: (i) the effects related to nonadiabatic nu-
clear dynamics with different nuclear masses, and (ii) the
effects related to mass-corrections (mass-polarization terms)
to potential-energy curves as well as corrections of NACME
due to changing of electron origins because of treating differ-
ent isotope(s). The former effects are studied and discussed
below; they determine the main isotopic effects. The situation
with the latter is the following. (a) According to the strict for-
malism of a scattering problem within the Born-Oppenheimer
approach, e.g., the reprojection method [40,41], the reduced
masses used in the coupled-channel equations are different in
an interaction region (molecular Jacobi coordinates, a reduced
mass of an electron and all nuclei in the quasimolecule) and
in asymptotic regions (state-specific scattering Jacobi coordi-
nates, a reduced mass of an electron and an atomic nucleus;
note different reduced masses in different scattering channels
for heteronuclear systems). It seems that different reduced
masses should result in different values of potentials in the
asymptotic regions where they must match the one another.
However, one should include into consideration the nonadi-
abatic corrections, that is, the matrix elements of the second
derivative with respect to the internuclear distances [40]. In
this case, the adiabatic potentials written in the molecular and
in the atomic Jacobi coordinates are equal to each other in
the asymptotic regions. Thus, the coupled-channel equations
for the scattering problem in the time-independent Born-
Oppenheimer approach should be solved in the molecular
Jacobi coordinates with one reduced mass of an electron-
nuclei system, and in the asymptotic region(s) these solutions
should be matched to their asymptotic form(s) with another
reduced mass(es), and the corresponding adiabatic effective
potentials (including the radial second derivative matrix el-
ements) should coincide with each other, see Ref. [40] for
details. This conclusion holds for all isotopic combinations.

(b) Another fundamental feature of the Born-Oppenheimer
approach is the dependence of NACME (both radial and

TABLE II. The comparison of the LiH( j 1�+) asymptotic channel energies (in units of eV), the internuclear distances Rc (in atomic units,
a.u.) of the centers of the long-range nonadiabatic regions and the maximum values of radial NACME (in a.u.) at corresponding Rc.

Asymptotic energies (eV) Li(2s) + H Li(2p) + H Li(3s) + H Li(3p) + H Li(3d ) + H Li(4s) + H Li(4p) + H Li++H−

Croft et al. [27] (present paper) 0.0 1.8480 3.3738 3.8343 3.8795 4.3416 4.5223 4.6377
NIST [48] 0.0 1.8478 3.3731 3.8343 3.8786 4.3409 4.5216 4.6377
Launoy et al.[21] (ACV5Z + G basis) 0.0 1.8495 3.3721 3.8357 3.8770 4.3561 4.639

Positions of nonadiabatic regions, Rc (a.u.) 2s-2p 2p-3s 3s-3p 3p-3d 3d-4s

Croft et al. [27] (present paper) 7.20 11.30 22.05 34.40 35.90
Launoy [21] (ACV5Z+G) 7.19 11.41 22.12 34.05 35.97

Max radial NACME (a.u.) 2s-2p 2p-3s 3s-3p 3p-3d 3d-4s

Croft et al. [27] (present paper) 0.22 0.17 0.47 1.08 3.69
Launoy et al. [21] (ACV5Z + G) 0.21 0.18 0.50 1.24 2.04
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rotational couplings but not adiabatic potentials) on the origin
of electron coordinates [40]. The many-particle kinetic-energy
operator has its simplest form in Jacobi coordinates when the
electron coordinates are measured from a center of (fixed)
nuclear mass. In this case, replacing one nucleus by its isotope
changes a position of the center of nuclear mass, and, hence,
this changes corresponding NACME, whereas the potentials
remain unchanged. One of the consequences of this is the fact
that some radial NACME remain nonzero in the asymptotic
region.

(c) However, the usual practice is to use the electron mass
instead of a reduced mass (an electron—an atomic nucleus
and an electron—molecular nuclei). It turns out that the dis-
tinction between using of the electron mass and a reduced
electron-nucleus mass is without much importance. We es-
timate the error of such replacement to be of 4 × 10−3 eV,
which is close to the error value obtained from the com-
parison of the calculated and experimental energies. Thus,
this value is considered as the error for the calculated LiH
potentials [27]. This error bar covers the scatter of asymp-
totic energy deviation as compared to the experimental data
[48].

As shown below, the main isotopic effects in the treated
processes occur due to nuclear dynamics. So, the approach
to treat the nonadiabatic nuclear dynamics as accurately as
possible is the central point of the present paper. Since
the full quantum approach is still time consuming, a model
approach is preferable. A known accurate electronic struc-
ture allows one to make use of more complicated but more
accurate nuclear dynamics approaches. As such, nonadia-
batic nuclear dynamical calculations can be accomplished by
the deterministic branching or probabilistic hopping proba-
bility current methods. We choose the hopping probability
current method2 because this method requires adiabatic
potentials only. It provides reliable data, especially for in-
elastic processes with large and moderate values of rate
coefficients, the processes that are of main interest for
applications, and the computational time is much shorter
than for complete quantum calculations with a comparable
accuracy.

The detailed description of the hopping probability current
method is given in Refs. [28,45], so only the main idea of
the method is described below. The key point of the method
is an evolution of a probability current from a chosen initial
scattering channel as a function of an internuclear distance
R. Reaching a nonadiabatic region, a nonadiabatic transition
probability to hop into another molecular state after a single
traverse of the nonadiabatic region is calculated by means of
the LZ model [49–51],

p = exp

(
−ξ

v

)
, (1)

v being a radial velocity at the center of a nonadiabatic
region Rc formed by adjacent states, and ξ the Landau-
Zener parameter. In practice, it is more convenient to use the

2Reference [27] does not provide enough information for using the
reprojection method.

adiabatic-potential-based formula [42] [the Belyaev-Lebedev
(BL) formula], which expresses the LZ parameter ξ in terms
of the adiabatic energy splitting Z = Uup − Udown and its
second derivative Z ′′ with respect to R at the center of the
region,

ξ = π

2h̄

√
Z3

Z ′′

∣∣∣∣∣
R=Rc

, (2)

Uup and Udown being the adiabatic energies of two adiabatic
adjacent states. Then a random number is generated and
compared with p in each nonadiabatic region reached by the
probability current. From this comparison for each nonadia-
batic region, a decision is made whether a probability current
hops into another adiabatic molecular state or not. Finally,
after changing a direction of an evolution at one of classical
turning points, a probability current ends its evolution in the
asymptotic region (R → ∞) in one of the open scattering
channels. Take note that a probability current evolution in
an adiabatic molecular state j occurs with a corresponding
effective adiabatic potential U eff

j ,

U eff
j (R, J ) = Uj (R) + J (J + 1)h̄2

2μR2
, (3)

where Uj (R) is an eigenvalue of the electronic Hamiltonian,
that is, an adiabatic potential energy of the adiabatic state
j, J is a total angular momentum quantum number; μ is a
reduced nuclear mass. This procedure is repeated Ntot times,
and averaged populations of each scattering channel are de-
termined. A single probability current has a weight 1/Ntot ,
all currents give a distribution of populations among all open
final channels. The populations in the final channels yield the
inelastic state-to-state probabilities for each transition from
a given initial scattering channel i to each open final scat-
tering channel f , that is, the inelastic probabilities Pi f for
each state-to-state transition i → f . As soon as all inelastic
probabilities Pi f (E , J ) are known for each J and each colli-
sion energy E of interest, calculations of the inelastic partial
cross sections σi f (E ) and the partial rate coefficients Ki f (T )
(T being a temperature) for a transition i → f are straight-
forward,

σi f (E ) = π h̄2 pstat
i

2μE

∞∑
J=0

Pi f (E , J )(2J + 1), (4)

Ki f (T ) =
√

8

πμ(kBT )3

∫ ∞

0
Eσi f (E ) exp

(
− E

kBT

)
dE , (5)

pstat
i being the statistical probability for population of the

initial channel i, kB the Boltzmann constant. Rate coefficients
Kkn(T ) for exothermic processes k → n (we consider Ek >

En) depend weakly on a temperature T , so they are calculated
first, whereas the rate coefficients Knk (T ) for endothermic
processes n → k are then calculated via the detailed balance
relation,

Knk (T ) = Kkn(T )
pstat

n

pstat
k

exp

(
−�Ekn

kBT

)
, (6)

where �Ekn = Ek − En is the energy defect.
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In the present paper, the total repeating number Ntot =
2621 440 000 = 2.621 44 × 109, so the accuracy of the
present calculation is significantly higher as compared with
the previous calculation [28] where the repeating number was
equal to 163 840. The uncertainty of the nonadiabatic transi-
tion probabilities in the present calculation is 3.8 × 10−10 (a
weight of a single probability current 1/Ntot and, hence, the
minimum transition probability, which can be accounted by
the hopping probability current method for a given Ntot), and
it reaches the level of accuracy of full quantum calculations.

The main advantage of the probability current method used
in the present calculations is that the method takes into ac-
count all nonadiabatic regions, long and short ranges, not only
long-range regions located in a particular order and treated
within asymptotic approaches, although in some cases it is
sufficient to account only long-range regions, see Ref. [35].

It should be mentioned that for the deexcitation processes
6Li(2p)/ 7Li(2p) + H/D → 6Li(2s)/7Li(2s) + H/D corre-
sponding to the resonance lines 670.776/670.791 nm, the
deterministic version of the probability current method [35],
the so-called branching probability current method, was used
at low collisional energies. The reason is that the nonadiabatic
transition probabilities between the ground and the first
excited molecular states at collisional energies below 1 eV
are so low that even Ntot = 2.62 × 109 probability currents
in the hopping probability current method are insufficient
for calculations of the total state-to-state probabilities.
The branching probability current method can handle such
low nonadiabatic transition probabilities, otherwise, the
hopping probability current method works perfectly well. It
is worth mentioning that although the inelastic state-to-state
probability for the transition Li(2p → 2s) in collisions with
hydrogen is very low, nevertheless, it is important to know the
rate coefficients for these transitions as accurate as possible
because NLTE modeling of lithium spectrum in stellar
atmospheres are using these resonance lines for determining
lithium abundances.

Thus, the combination of the accurate ab initio electronic
structure calculations [27] and the accurate nuclear dynamical
calculations performed in the present paper yields the accurate
cross sections and rate coefficients for the inelastic processes
in lithium-hydrogen collisions for different isotopes.

III. 6Li / 7Li +H/D/T COLLISIONS

In the present paper, the isotopic effects on all par-
tial inelastic processes of mutual neutralization, ion-pair
formation, excitation, and deexcitation in lithium-hydrogen
collisions are considered for different isotopes of both col-
lisional partners, namely, in collisions z6Li +H, 6Li +D,
6Li +T, 7Li +H, 7Li +D, and 7Li +T as well as in colli-
sions of the corresponding positive and negative ions. Let us
first compare the results of the present calculations with the
recent experimental data [21,24] and the recent calculations
by other authors [21,27].

The present paper is performed by making use of the accu-
rate ab initio electronic structure calculations [27] for seven
covalent and one ionic molecular states shown in Table I.
The analysis of the calculated potentials and couplings pre-
sented in the paper by Croft et al. [27] as well as the data

collected in Table II and discussed above allow us to estimate
the potential-energy error to be equal to 10−3 eV and, hence,
to treat nonadiabatic nuclear dynamics accounting not only
for the long-range, but also for the short-range regions. The
probability current method, which accounts for both long- and
short-range nonadiabatic regions, was chosen for this purpose.

For the treated inelastic processes the rate coefficients are
computed in the temperature range of 1000–10 000 K. The
calculated rate coefficients are available online as the Supple-
mental Material [52] to the present paper. The examples of the
calculated rate coefficients, that is, the rates for T = 6000 K,
are shown in the Appendix. For computing the rates, the
cross sections are calculated in the collision energy range of
0.001–100 eV. Concerning the quantum number J in the sum
(4) for computing the cross sections, the upper summation
limit Jmax depends on the collision energy E , and it is de-
termined as a value of the total angular momentum quantum
number exceeding which all inelastic state-to-state transition
probabilities are equal to zero.

The main isotopic effects appear due to nonadiabatic nu-
clear dynamics, that is, due to the motion of particles with
different nuclear reduced masses of the collisional partners.
Two main effects [from here and on noted as (I) and (II)] occur
in nuclear dynamical calculations: (I) At a given collision
energy Ecol, the radial velocity v at the center of a nonadia-
batic region depends on the reduced nuclear mass μ of the
system. At a fixed value of the Landau-Zener parameter ξ , the
Landau-Zener transition probability (1) is lower for heavier
colliding partners, and a cross section decreases; it should
be pointed out that this effect is stronger at low collisional
energies (lower than 1 eV) than at high energies. (II) On the
other hand, increasing a reduced nuclear mass leads to slower
growing of the effective potential-energy Eq. (3) as a function
of the total angular momentum quantum number J . So, the
upper limit in sum (4) is greater for heavier colliding partners,
and a cross section increases. Thus, there are two opposite
isotopic effects, and results of their influence on partial cross
sections are not uniquely defined.

In general, two cases should be considered in lithium-
hydrogen collisions: (i) isotopic effects due to the lithium
isotopes 6Li and 7Li in collisions with hydrogen, and (ii) iso-
topic effects due to the hydrogen isotopes, that is, hydrogen,
deuterium, and tritium, in collisions with lithium. We analyze
both effects below.

Before discussing the isotopic effects, let us briefly
mention the main features of the inelastic processes in lithium-
hydrogen (Li + H and Li+ + H−) collisions. The details of
these features and the comparison with other available data,
but isotopic effects are described in Ref. [28].

The first feature is that the mutual neutralization processes
are dominant over other inelastic processes. The second one
is that among the partial mutual neutralization processes, the
largest values of the cross sections and rate coefficients cor-
respond to the process with the final channel Li(3s) + H and
then the next processes with the final channels Li(3p, 3d ) +
H. The rates of the mutual neutralization processes depend on
a single binding energy of the final channel with the maxi-
mum rate at the binding energy roughly equals −2 eV. For
the excitation and deexcitation processes, the rate coefficients
depend on two binding energies of the initial and the final
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FIG. 1. Branching ratio of the cross sections for the partial mu-
tual neutralization processes 7Li+ +D− → 7Li(3s, 3p, 3d ) + D to
the total cross section for the neutralization processes 7Li+ +D− →
7Li(3s, 3p, 3d ) + D as a function of the collision energy. Solid line
corresponds to the present calculation, red circles correspond to
the experimental data of Ref. [24], blue, magenta, and dark yellow
circles correspond to the experimental data of Ref. [21].

channels with the maximum values of the binding energies
approximately equal also −2 eV. The maximum values of the
rate coefficients for excitation and deexcitation processes are
roughly by an order of magnitude smaller than that for the
mutual neutralization processes. Outside of these regions with
the maximal values of rate coefficients3 the rates get lower
values. The reaction mechanism of the partial processes with
the highest and moderate rates mainly correspond to the long-
range ionic-covalent interactions, whereas for the processes
with low rates the mechanisms are both the ionic-covalent and
the short-range “loop” ones.

Let us turn to the comparison of the present lithium-
hydrogen-collision data with the previous recent experi-
mental and theoretical data [21,24,27]. It is worth not-
ing that the experimental data [24] consist of three
signals corresponding to the mutual neutralization pro-
cesses 7Li+ + D− → 7Li(3s, 3p, 3d ) + D. One of the signals,
7Li+ + D− → 7Li(3s) + D is well separated, whereas two
others, 7Li+ + D− → 7Li(3p, 3d ) + D, are not distinguish-
able. The experimental data [21] consist of three distinguish-
able signals, 7Li+ + D− → 7Li(3s, 3p, 3d ) + D. No other
signals were observed. The present calculation shows that
the signals for other partial processes are too weak to be
detected in agreement with the experimental observations. All
experimental signals were measured in relative units, so in
order to have them in absolute units, e.g., in Å2, one needs
to have a reference point. Such a reference point could be
a calculated cross section, for instance, for the partial pro-
cess with the highest cross section 7Li+/6Li+ + H−/D− →
7Li/6Li(3s) + H/D.

Figure 1 depicts the branching ratios of the recent ex-
perimental data [21,24], the recent calculation [21], and the

3These regions are called the optimal windows for inelastic pro-
cesses in collisions with hydrogen.

present calculation. The good agreement of the experimental
[21,24] and the present theoretical data is seen for all three
processes 7Li+ + D− → 7Li(3s, 3p, 3d ) + D in the collision
energy range of 0.05–1 eV. The recent measurements [21,24]
do not provide data for collision energies higher than this
range. For collision energies Ecol lower this range, the present
calculation yields nearly constant branching ratios with de-
creasing Ecol, whereas the experimental data demonstrate the
slow increase branching ratios for the (3s) and (3d) states or
the decrease for the (3p) state [21]. According to the definition
of a cross-section σi f (Ecol ) Eq. (4) a cross section at the
zero-energy limit behaves as follows: σi f (Ecol ) = const/Ecol

where const is an individual constant for each partial process;
see also Ref. [21] for the similar energy dependence. Such
energy dependence for all partial processes leads to constant
branching ratios as a function of Ecol. The matter of the fact is
that decreasing or increasing an absolute value of one partial
cross section can result in increasing or decreasing branching
ratios for other cross sections though their absolute values are
kept unchanged. Thus, the increasing or decreasing branching
ratio at decreasing collision energy does not necessary mean
increasing or decreasing const values.4.

Launoy et al. [21] also reported a theoretical study of
the mutual neutralization processes in 7Li+ + D− collisions.
That study was based on the ab initio electronic structure
calculation (potentials and NACMEs) with augmented basis
functions located at different positions.5 They treated the nu-
clear dynamics by means of the multichannel LZ approach
in which only long-range nonadiabatic regions created by
the ionic-covalent interaction were taken into account, al-
though the ab initio calculations indicate on the existence of
short-range nonadiabatic regions as well. The LZ parameters,
including locations of nonadiabatic regions, were determined
from calculated maximal values of NACMEs, which are, in
turn, determined by the augmented basis functions and their
locations. The augmented functions and their locations were
adjusted by Launoy et al. [21] in such a way that the calcu-
lated branching ratios for the mutual neutralization processes
in 7Li+ + D− collisions to agree with the measured ones.
Finally, Launoy et al. [21] found the augmented functions
and their locations which provide branching ratios in the best
agreement with the experimental data, the accuracy was found
within ≈±(3–5)%. We estimate our present results to be
within ≈±(5–10)% with both experimental and theoretical
data [21,24]. We treat this as good agreement and assume
the same accuracy for other processes in lithium-hydrogen
collisions, in particular, for the excitation and deexcitation
ones. However, some discrepancies between theoretical and

4The energy dependence of a cross-section σi f (E ) = const/E has a
singularity at the zero-energy point. In the very limit, every constant
const in the cross-section σi f (E ) Eq. (4) is determined by the only
partial wave with J = 0, although at low but not zero energy each
const is determined by several partial waves with the quantum wave
numbers J = 0, Jmax, but const are still constants with high accuracy

5Note that NACME depends on a location of an electron origin.
Although it is not stated exactly in Ref. [21], we assume that in that
paper the electron origin was put in the center of nuclear mass as it
should be, see Ref. [40].
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experimental data still exist, and this warrants further exper-
imental and theoretical investigations, perhaps by means of
the inclusion of other reaction mechanisms or performing full
quantum calculations and/or additional measurements.

It is worth emphasizing that some rate coefficients com-
puted in the present paper deviate in both directions from
the values published in Ref. [28]. For example, at T =
6000 K the largest rates for the mutual neutralization pro-
cesses with the final channels Li(3s, 3p, 3d ) + H were equal
to 9.47 × 10−8, 4.00 × 10−8, and 3.71 × 10−9 cm3/s, re-
spectively, [28], whereas the present calculation yields 8.50 ×
10−8, 3.74 × 10−8, and 3.53 × 10−9 cm3/s, that is, 11, 7, and
5% smaller. On the other hand, the new rate coefficient for
the mutual neutralization with the final channel Li(4s) + H at
T = 6000 K is larger than the old one by 32%, that is, 2.31 ×
10−10 cm3/s (old) vs 3.05 × 10−10 cm3/s (new). All these
changes occur due to an increase in the total number of prob-
ability currents by four orders of magnitude, which increases
the accuracy substantially as well as due to the increase in
the reduced nuclear mass in the present calculation. Changing
rate coefficient values with the changing of probability cur-
rents number affects not only mutual neutralization, but other
process rates as well, in particular, excitation and deexcitation
ones. For instance, the new rate for the resonance transition
process 7Li(2p → 2s) + H at T = 6000 K is smaller by a
factor of 38 than the old rate, that is, 6.53 × 10−14 cm3/s
(old) vs 1.71 × 10−15 cm3/s (new). Obviously, the larger rate
coefficient the less dependent its value on a probability current
number used in calculation, although this rule is approximate.

Concerning the isotopic effect, Launoy et al. [21] wrote
that they also obtained the experimental branching ratios for
Li+ + H− collisions, and these values are similar to those
measured for Li+ + D−. Finally, they concluded: “We ob-
served no clear isotope effect.”

A. Lithium isotopic effects

Let us discuss the effects due to participation of different
lithium isotopes in lithium-hydrogen collisions. In the present
paper, the inelastic processes for all transitions between the
scattering channels collected in Table I are calculated for all
possible isotopic pairs, and the isotopic effects are analyzed.
Since the mutual neutralization processes are of particular
importance, the cross sections for these processes are shown
in Figs. 2 and 3 for different isotopes. It is seen from these
figures that the isotopic effects due to participation of differ-
ent lithium isotopes in 6,7Li +H/D/T collisions are marginal
for the majority of the processes.6 At high collision en-
ergies, the difference between cross sections in collisions
of hydrogen with different lithium isotopes is negligible.
For example, the cross sections for the process 6,7Li(2p) +
H → 6,7Li(2s) + H at energy Ecol = 100 eV are σ

6Li H
21 =

0.256 1464 Å2 and σ
7Li H
21 = 0.250 8187 Å2, and the differ-

ence is ≈2%.7 On the other hand, the same process at Ecol =

6Note that the solid lines correspond to participation of the isotopes
7Li, whereas the dashed lines correspond to 6Li.

7Low indices show an initial i and a final f channel and, hence, the
transition i → f , see Table I.

FIG. 2. Cross sections σi f (in the units of Å2 multiplied by the
collision energy Ecol (in the units of eV) for the mutual neutraliza-
tion processes in collisions of various isotopes of Li+ + H−. Solid
lines correspond to 7Li+ + H−/D−/T− collisions, and dashed lines
correspond to to 6Li+ + H−/D−/T− collisions.

0.1 eV has the cross-sections σ
6Li H
21 = 2.748 31 × 10−7 Å2,

σ
7Li H
21 = 2.26535 × 10−7 Å2, and the difference ≈20%.

For all processes, a difference between cross sections for
6Li / 7Li +H and 6Li / 7Li +D is varying from 1–3% to 25–
40%. At low collision energies (<1.0 eV), the difference is
typically larger than at higher collision energy. A small differ-
ence can be explained by the fact that in this case the reduced
masses μ (in atomic unit of mass, a.u.m.) are close to each
other:

(1) μ
6Li H = 0.863 197, μ

7Li H = 0.881 238;
(2) μ

6Li D = 1.508 872, μ
7Li D = 1.56 4870;

(3) μ6Li T = 2.008 810, μ
7Li T = 2.109 300.

One can see from Figs. 2 and 3, that the cross sections for
the mutual neutralization processes with participation of the
lithium isotope 6Li are slightly larger than the cross sections
with the isotopes 7Li, or there is no difference at all. Thus, the
first conclusion is that for the mutual neutralization processes
the influence of the isotopic effect (I) is stronger than the effect
(II).

FIG. 3. The same as in Fig. 2 but for low-lying final channels:
f = 1, 2.
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FIG. 4. The partial cross sections corresponding to the deex-
citation process Li(2p) + H → Li(2s) + H. The black solid line
corresponds to the process in 7Li +H collisions, the black dashed
line corresponds to the process in 6Li +H collisions, the red solid
line corresponds to the process in 7Li +D collisions, the red dashed
line corresponds to the process in 6Li +D, blue solid line corresponds
to the process in 7Li +T, and the blue dashed line corresponds to the
process in 6Li +T.

It is worth emphasizing that Figs. 2 and 3 present the
mutual neutralization cross sections multiplied by the col-
lision energy, and these products go to constant values
at low-collision energies. This confirms that at the zero-
collision-energy limit only the s partial wave contributes into
the cross section as it should be in according to Eq. (4).
Finally, this leads to the following collision-energy depen-
dence of the mutual neutralization cross section σi f (Ecol ) =
const/Ecol. As mentioned above, this energy dependence re-
sults in constant branching ratios at the collision energy
goes to zero. This is what is observed experimentally in
Refs. [21,24], see also Fig. 1.

B. Hydrogen isotopic effects

Let us first discuss hydrogen isotopic effects for the pro-
cesses with participation of the ground and the first excited
states of lithium. For the processes in 6Li +H/D/T and
7Li +H/D/T collisions with participation of the ground-state
Li(2s) + H/D/T and the first excited-state Li(2p) + H/D/T
the isotopic effects are most significant, see Figs. 3 and 4.
For these processes the difference between the cross sec-
tions in 6Li +H/D/T and 7Li +H/D/T collisions may exceed

two orders of magnitude. For example, at collision energy
Ecol = 0.01 eV the cross sections for the resonant deexcita-
tion process 7Li(2p) + H/D → 7Li(2s) + H/D are σ

7Li H
21 =

4.505 31 × 10−7 and σ
7Li D
21 = 9.692 28 × 10−10 Å2, that is,

replacing H by D at Ecol = 0.01 eV decreases the resonant
deexcitation cross section by a factor of 465.

Comparing the present cross sections with the previously
calculated data, one can note that the great difference between
the cross sections can be explained by the significant differ-
ence in the reduced masses, almost up to a factor of 2:

(1) μ
6Li H = 0.863 197, μ

6Li D = 1.508 872, μ
6Li T =

2.008 810;
(2) μ

7Li H = 0.881 238, μ
7Li D = 1.564 870, μ

7Li T =
2.109 300,
where the reduced masses are written in units of a.u.m. In this
case, both effects influence differently for different processes.
For the processes with participation of the ground and the
first excited states, the cross sections for 6Li / 7Li +D are
significantly lower than for 6Li / 7Li +H, more than one order
of magnitude. So, one can conclude that in this case the effect
(I) is stronger than the effect (II). On the other hand, for
processes with participation of the states 3–7 and ionic (see
Table I) the cross sections are slightly greater in collisions
6Li / 7Li +D than in 6Li / 7Li +H. It can be concluded that for
these processes the effect (II) is stronger than the effect (I).

C. Rate coefficients

Let us now discuss the calculated rate coefficients for the
processes in lithium-hydrogen collisions. The rate coefficients
for all considered inelastic processes in lithium-hydrogen
collisions are calculated for the temperature range of 1000–
10 000 K. The rates for the mutual neutralization processes
into the final-states Li(3l ) at temperatures of T = 6000 K are
collected in Table III. This table also shows the comparison of
the data, calculated in the present paper with ones measured
by Launoy et al. [21] for the states Li(3s), Li(3p), Li(3d ),
see also Fig. 1. One can see that the rates for the mu-
tual neutralization processes into the final scattering channels
Li(3l ) + H, calculated in the present paper are in good agree-
ment with the experimental data [21,24]. It is also seen
that the present total rate coefficient is in a good agreement
with one computed by Croft et al. [26].8 Both calcula-

8Unfortunately, it is not possible to compare with the partial rates
from Ref. [26].

TABLE III. Rate coefficients (in units of cm3/s) of the mutual neutralization processes into the final-states Li(3l ) at temperatures of
T = 6000 K calculated in the present paper, measured in Ref. [21] and computed in Ref. [26] (from Fig. 2). Numerals in square brackets
represent the power of 10.

3s 3p 3d Total

Present calculation 7Li+ + H− 8.50[−8] 3.74[−8] 3.53[−9] 1.26[−7]
7Li+ + D− 6.30[−8] 3.54[−8] 3.51[−9] 1.02[−7]
6Li+ + H− 8.59[−8] 3.74[−8] 3.60[−9] 1.27[−7]
6Li+ + D− 6.43[−8] 3.54[−8] 3.49[−9] 1.04[−7]

Experiment [21] 7Li+ + H− 7.43[−8] 2.72[−8] 7.72[−9] 1.10[−7]
7Li+ + D− 5.54[−8] 2.57[−8] 7.48[−9] 8.90[−8]

Croft et al. [26] 7Li+ + H− 1.18[−7]
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FIG. 5. The rate coefficients for the processes
6,7Li(2p) + H/D/T → 6,7Li(2s) + H/D/T as a function of the
temperature for the range of 1000–10 000 K. Black solid line
corresponds to 7Li +H collisions, red solid line corresponds to
7Li +D collisions, blue solid line corresponds to 7Li +T collisions,
and dashed lines correspond to 6Li +H/D/T collisions, respectively.

tions, the present one and one by Croft et al. [26], indicate
that the maximal cross section and the maximal rate co-
efficient correspond to the partial process of the mutual
neutralization with the Li(3s) + H final channel. The sec-
ond maximal cross section and rate coefficient correspond to
the mutual neutralization process into the Li(3p) + H final
channel.

The rate coefficients for the deexcitation processes
6,7Li(2p) + H/D → 6,7Li(2s) + H/D, related to the reso-
nance lines 670.776/670.791 nm, have low values. Figure 5
shows the temperature dependences of the rate coefficients
for these processes. One can see that the rate coefficients
for these processes have values lower than 10−15 cm3 s−1 at
low temperatures (T < 5000 K), and only at temperatures
higher than 10 000-K the rate coefficients exceed the value
of 10−14 cm3 s−1 for the processes in collisions with H. The
rate coefficients of the processes in collisions with deuterium
have values of, at least, one order of magnitude lower than
those in collisions with H, see Fig. 5.

The isotopic effects for these processes are the following.
At temperature T = 1000 K the rate coefficients of the pro-
cesses in 6Li +H collisions are ≈20% higher than the rates
in 7Li +H collisions with the difference decreasing to ≈11%
at 10 000 K. Concerning the collisions of 6,7Li with D, the
similar behavior is hold, but the difference goes from ≈49%
at T = 1000 K down to ≈22% at 10 000 K.

The isotopic effects are clearly seen in Fig. 6 where the rate
coefficients for the mutual neutralization processes are plotted
as functions of the excitation energy of the final lithium state
at temperatures of T = 6000 K. Similar plots are depicted in
Fig. 7, but for the excitation and deexcitation processes for
the initial scattering channel Li(3s) + H. One can see in both
figures that: (i) the isotopic effects is greater for participation
of different hydrogen isotopes than lithium isotopes; (ii) the
isotopic effects are larger for low-lying states than for high-
lying ones.

All calculated rate coefficients for the inelastic processes
in 6Li +H, 6Li +D, 6Li +T, 7Li +H, 7Li +D, and 7Li +T
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FIG. 6. The rate coefficients for the mutual neutralization pro-
cesses 6,7Li+ + H−/D−/T− → 6,7Li + H/D/T as functions of the
excitation energies of the final channels at temperatures of T =
6000 K. The symbols correspond to different collisional partners,
see the figure for the labels. The dashed line depicts the estimate
according to the simplified model.

collisions are tabulated for temperatures from 1000 to
10 000 K with the step 1000 K and available as the Sup-
plemental Material [52]. The examples of the calculated rate
coefficients are given in the Appendix for the temperature
T = 6000 K.

IV. CONCLUSION

In the present paper, the inelastic processes in
lithium-hydrogen collisions are studied, in particular,
for different isotopes of both lithium and hydrogen. The
following processes are investigated: Mutual neutralization
in collisions of the corresponding positive and negative ions
6Li+ +H−, 6Li+ +D−, 6Li+ +T−, 7Li+ +H−, 7Li+ +D−,
and 7Li+ +T− as well as the processes of ion-pair
formation, excitation, and deexcitation in collisions
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FIG. 7. The rate coefficients for the excitation and deexcitation
processes from the initial channels 6,7Li(3s) + H/D/T as functions
of the excitation energies of the final channels at the temperatures of
T = 6000 K. The symbols correspond to different collisional part-
ners, see the figure for the labels.
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6Li +H, 6Li +D, 6Li +T, 7Li +H, 7Li +D, and 7Li +T.
Fifty-six partial inelastic processes in total are treated. The
paper is performed by making use of seven covalent and
one ionic molecular states for which the ab initio electronic
structure has been calculated by Croft et al. [27]. The
nonadiabatic nuclear dynamics is treated by means of the
hopping probability current method (the probabilistic version
of the probability current method) [28,35,45]. In addition,
the branching probability current method (the deterministic
version of the probability current method) [35] was used for
treating the deexcitation processes 6,7Li(2p → 2s) + H/D/T
corresponding to the resonance lines. The hopping probability
current method requires to repeat calculations of probability
current evolution at each given set of initial collisional
parameters. In the present paper, this repeating number of the
currents is equal to Ntot = 2.621 44 × 109. This huge number
of the repeated probability currents provides high accuracy in
the calculations of the state-to-state transition probabilities,
roughly 2 × 10−5, and the minimal transition probability
being equal to 3.8 × 10−10. This accuracy exceeds the
accuracy of the previous quantum calculations, see Ref. [28]
and references therein. So, the first result of the present paper
is the rate coefficients for the different inelastic processes
in lithium-hydrogen collisions calculated with the highest
up to now accuracy for various isotopes of both lithium and
hydrogen.

The rate coefficients for the treated inelastic processes
are calculated for the temperature range of 1000–10 000 K.
The computed rate coefficients are available online as the
Supplemental Material [52] to the present paper. As the ex-
ample, the rate coefficients for T = 6000 K are shown in the
Appendix.

The comparison of the calculated data with the avail-
able recent experimental results [21,24] as well as with the
previously computed quantum total rate for the mutual neu-
tralization [27] shows good agreement. It is worth mentioning
that the recent experimental data [21,24] are available only for
the very limited number of states: Li(3s, 3p, 3d ) for a very
limited range of a collision energy and only for the mutual
neutralization processes. Within these limits, the isotopic ef-
fects look to be moderate. However, it is found in the present
paper that for some cases the isotopic effects can be strong,
whereas in other cases the effects are rather weak, see below
for particular findings. These findings were revealed due to
the present accurate dynamical calculations performed for all
partial processes between the considered states and for a rather
wide range of collision parameters, including accounting for
short-range nonadiabatic regions in addition to the long-range
ones due to the ionic-covalent interaction.

Analysis of the calculated rate coefficients shows that the
isotopic effects are greater for hydrogen isotopes than for
lithium ones. The isotopic effects on lithium are marginal: Re-
placing 6Li by 7Li changes a cross section or a rate coefficient
by a few percents only.

The next finding is the following. The larger value of a
cross section or a rate coefficient the weaker isotopic effect on
replacing a hydrogen atom by another isotope in its collisions
with a lithium atom in a low-lying states. Actually, this means
that an isotopic effect depends on an excitation energy (or a
binding energy) of the state(s) considered. If an asymptotic

energy of an initial or a final scattering channel belongs to an
optimal window, then an inelastic cross section and a corre-
sponding rate coefficient have maximal values and a hydrogen
isotopic effect is weak. In particular, for the Li(3s, 3p, 3d )
states, the hydrogen isotopic effects are from 1 to 50%. For
the higher-lying lithium states, the hydrogen isotopic effects
are practically negligible. For low-lying lithium states, in
particular, for the ground and the first excited lithium states,
the isotopic effects are the greatest. For example, changing a
hydrogen isotope in its collisions with a lithium atom in the
ground or the first-excited states could lead to changing of
partial cross sections and partial rate coefficients up to several
orders of magnitude.

The present accurate calculations allowed us to investi-
gate the hydrogen isotopic effect on the resonance process
Li(2p) + H/D/T → Li(2s) + H/D/T, which is important for
astrophysical NLTE modeling. It is found that the hydrogen
isotopic effect for this process is the strongest. For example,
at the temperature of T = 6000 K, the rate coefficients for
the process in collisions 7Li + H/D/T are equal to 1.71 ×
10−15, 3.26 × 10−17, and 3.02 × 10−18 cm3/s, respectively.

Generalizing these findings, the following rule can be for-
mulated: The hydrogen isotopic effects are negligible when a
Massey parameter (or the Landau-Zener parameter divided by
a radial velocity at a center of a main nonadiabatic region) is
small (a highly excited interacting states, a long-range region);
the effects are weak when a Massey parameter is close to unit,
and the hydrogen isotopic effects are strong when a Massey
parameter is large.

Thus, in the present paper, the hydrogen isotopic effects
have been studied for all states from the ground Li(2s) to the
high-excited one Li(4p) and to the ionic state Li+ + H−. This
allowed us to investigate the isotopic effects not only for the
mutual neutralization processes, but also for the excitation,
deexcitation, and ion-pair formation processes. It is found
that the hydrogen isotopic effects are different for different
hydrogen isotopes and for different states, in particular, the
isotopic effect is stronger for T than for D.
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APPENDIX: RATE COEFFICIENTS FOR DIFFERENT
ISOTOPES IN LITHIUM-HYDROGEN COLLISIONS

Table IV shows the examples of the rate coefficients for
all partial inelastic processes in lithium-hydrogen collisions
for the different isotopes at temperature T = 6000 K. The
partial processes treated are mutual neutralization, ion-pair
formation, excitation, and deexcitation. The initial and the
final scattering channels are listed in Table I. The lithium
isotopes are 6Li and 7Li, whereas the hydrogen isotopes are H,
D, and T. The complete set of the calculated rates is available
online as a Supplemental Material [52] to the present paper
[52].
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TABLE IV. Rate coefficients (in units of cm3/s) for all partial inelastic processes in lithium-hydrogen collisions for different isotopes at
temperature T = 6000 K. Numerals in square brackets represent the power of 10.

6Li +H

2s 2p 3s 3p 3d 4s 4p Li+ + H−

2s 1.64[−16] 3.05[−20] 2.30[−21] 2.19[−22] 3.16[−24] 1.54[−24] 5.58[−20]
2p 1.94[−15] 1.70[−14] 1.79[−15] 1.02[−16] 2.01[−18] 2.42[−19] 1.28[−14]
3s 2.08[−17] 9.75[−13] 8.08[−10] 7.10[−11] 8.35[−13] 8.03[−14] 1.86[−09]
3p 1.27[−18] 8.36[−14] 6.56[−10] 4.75[−11] 3.35[−13] 3.83[−14] 6.59[−10]
3d 7.95[−20] 3.10[−15] 3.78[−11] 3.11[−11] 1.27[−10] 1.13[−11] 4.15[−11]
4s 1.40[−20] 7.51[−16] 5.42[−12] 2.68[−12] 1.55[−09] 7.78[−11] 4.29[−11]
4p 3.22[−21] 4.26[−17] 2.47[−13] 1.45[−13] 6.55[−11] 3.68[−11] 1.76[−11]
Li+ + H− 1.76[−15] 3.40[−11] 8.59[−08] 3.74[−08] 3.60[−09] 3.04[−10] 2.64[−10]

7Li +H

2s 2p 3s 3p 3d 4s 4p Li+ + H−

2s 1.44[−16] 2.51[−20] 1.87[−21] 1.79[−22] 5.49[−24] 1.76[−24] 4.70[−20]
2p 1.71[−15] 1.55[−14] 1.63[−15] 9.24[−17] 1.83[−18] 2.28[−19] 1.18[−14]
3s 1.71[−17] 8.91[−13] 8.03[−10] 6.77[−11] 5.46[−13] 8.67[−14] 1.84[−09]
3p 1.04[−18] 7.61[−14] 6.52[−10] 4.60[−11] 2.84[−13] 3.85[−14] 6.59[−10]
3d 6.50[−20] 2.82[−15] 3.60[−11] 3.01[−11] 1.26[−10] 1.12[−11] 4.08[−11]
4s 2.43[−20] 6.82[−16] 3.55[−12] 2.28[−12] 1.54[−09] 7.64[−11] 4.30[−11]
4p 3.69[−21] 4.02[−17] 2.66[−13] 1.46[−13] 6.47[−11] 3.61[−11] 1.78[−11]
Li+ + H− 1.48[−15] 3.12[−11] 8.50[−08] 3.74[−08] 3.53[−09] 3.05[−10] 2.66[−10]

6Li +D

2s 2p 3s 3p 3d 4s 4p Li+ + H−

2s 3.66[−18] 2.44[−22] 3.26[−23] 2.79[−24] 2.06[−24] 6.40[−25] 3.67[−22]
2p 4.35[−17] 1.22[−15] 1.16[−16] 6.35[−18] 1.19[−19] 1.69[−20] 9.87[−16]
3s 1.66[−19] 7.01[−14] 6.92[−10] 5.90[−11] 6.27[−13] 7.51[−14] 1.40[−09]
3p 1.81[−20] 5.40[−15] 5.62[−10] 5.18[−11] 3.99[−13] 3.90[−14] 6.23[−10]
3d 1.01[−21] 1.94[−16] 3.14[−11] 3.40[−11] 1.05[−10] 9.39[−12] 4.03[−11]
4s 9.15[−21] 4.43[−17] 4.08[−12] 3.20[−12] 1.28[−09] 5.53[−11] 4.45[−11]
4p 1.34[−21] 2.99[−18] 2.31[−13] 1.48[−13] 5.42[−11] 2.61[−11] 1.77[−11]
Li+ + H− 1.15[−17] 2.61[−12] 6.43[−08] 3.54[−08] 3.49[−09] 3.16[−10] 2.65[−10]

7Li +D

2s 2p 3s 3p 3d 4s 4p Li+ + H−

2s 2.74[−18] 1.53[−22] 1.67[−23] 2.20[−24] 2.94[−25] 4.29[−25] 2.51[−22]
2p 3.26[−17] 1.01[−15] 9.51[−17] 5.24[−18] 9.65[−20] 1.73[−20] 8.19[−16]
3s 1.04[−19] 5.82[−14] 6.84[−10] 5.90[−11] 4.94[−13] 9.29[−14] 1.37[−09]
3p 9.23[−21] 4.43[−15] 5.56[−10] 5.20[−11] 5.70[−13] 6.65[−14] 6.23[−10]
3d 7.98[−22] 1.60[−16] 3.14[−11] 3.41[−11] 1.04[−10] 9.28[−12] 4.05[−11]
4s 1.30[−21] 3.60[−17] 3.21[−12] 4.57[−12] 1.27[−09] 5.46[−11] 4.37[−11]
4p 8.99[−22] 3.06[−18] 2.85[−13] 2.51[−13] 5.36[−11] 2.58[−11] 1.75[−11]
Li+ + H− 7.89[−18] 2.17[−12] 6.30[−08] 3.54[−08] 3.51[−09] 3.10[−10] 2.63[−10]

6Li +T

2s 2p 3s 3p 3d 4s 4p Li+ + H−

2s 3.80[−19] 1.13[−23] 7.29[−25] 5.53[−26] 7.01[−28] 1.09[−28] 1.86[−23]
2p 4.52[−18] 2.64[−16] 2.32[−17] 1.27[−18] 2.42[−20] 2.38[−21] 2.14[−16]
3s 7.68[−21] 1.51[−14] 6.26[−10] 5.35[−11] 6.10[−13] 5.26[−14] 1.17[−09]
3p 4.04[−22] 1.08[−15] 5.08[−10] 5.47[−11] 4.74[−13] 2.91[−14] 6.04[−10]
3d 2.01[−23] 3.89[−17] 2.85[−11] 3.58[−11] 9.51[−11] 8.33[−12] 4.00[−11]
4s 3.11[−24] 9.03[−18] 3.97[−12] 3.80[−12] 1.16[−09] 4.89[−11] 4.34[−11]
4p 2.29[−25] 4.19[−19] 1.62[−13] 1.10[−13] 4.81[−11] 2.31[−11] 1.76[−11]
Li+ + H− 5.86[−19] 5.66[−13] 5.40[−08] 3.43[−08] 3.47[−09] 3.08[−10] 2.64[−10]

022812-11



ANDREY K. BELYAEV AND YAROSLAV V. VORONOV PHYSICAL REVIEW A 104, 022812 (2021)

TABLE IV. (Continued.)

7Li +T

2s 2p 3s 3p 3d 4s 4p Li+ + H−

2s 2.54[−19] 6.57[−24] 3.80[−25] 4.42[−26] 3.63[−28] 7.02[−29] 1.09[−23]
2p 3.02[−18] 2.00[−16] 1.74[−17] 8.75[−19] 1.20[−20] 1.73[−21] 1.62[−16]
3s 4.48[−21] 1.15[−14] 6.13[−10] 5.20[−11] 6.86[−13] 6.27[−14] 1.14[−09]
3p 2.11[−22] 8.11[−16] 4.98[−10] 5.49[−11] 3.83[−13] 5.10[−14] 6.01[−10]
3d 1.60[−23] 2.67[−17] 2.77[−11] 3.59[−11] 9.38[−11] 8.25[−12] 3.99[−11]
4s 1.61[−24] 4.46[−18] 4.46[−12] 3.07[−12] 1.15[−09] 4.88[−11] 4.36[−11]
4p 1.47[−25] 3.05[−19] 1.93[−13] 1.93[−13] 4.76[−11] 2.31[−11] 1.77[−11]
Li+ + H− 3.44[−19] 4.30[−13] 5.24[−08] 3.41[−08] 3.46[−09] 3.09[−10] 2.66[−10]
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