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The Landau-Zener model is used to systematically compute mutual neutralization cross sections for collisions
between Mg*/H~, Na*/H~, Lit*/H~ and Li*/Cl~. Potential energy curves for electronic states that are relevant
for mutual neutralization are taken from available literature. Where non-adiabatic couplings are available, they
are utilized to compute the diabatic potential energy curves, crossing distance and electronic couplings. In cases
where non-adiabatic couplings are not available, they are approximated using a Lorentzian function. The reaction
cross sections are computed for the energy range 0.001 eV to 1000 eV. The results are compared with other
available experimental and theoretical results and are found to be very comparable. There is an observable trend
in the reaction cross section involving ions of metals and hydrogen at collision energies below 10 eV, with the
heaviest metal showing the largest reaction cross section and the lightest metal with the lowest cross section.
At collision energies below 10 eV, isotope effect is also found to have an effect on the reaction cross section for

Lit/CI".

1. Introduction

Mutual neutralization is a reaction where a cation and an anion col-
lide, exchanging charge and forming a neutral resonant molecule, which
then breaks apart into neutral fragments. The formed fragments could
be electronically excited. This elementary reaction is of interest, given
that quantitative reaction cross section or branching ratio information
is needed for many collision systems that are of relevance in plasma
physics or interstellar chemistry. Experimental studies of mutual neu-
tralization have been carried out for collisions of systems involving H*
and H™ [1, 2], Het and H™ [3, 4], O* and O~ and between N* and
O~ [5, 6] to name just a few. On the other hand theoretical calcula-
tions have been carried out for systems such as Het and H™ [7, 8], Li*
and H™ [9, 10], Lit and F~ [11], He* and H™ [12, 13, 14], Mg* and
H~ [15] and collisions of H* and C1~ [16].

A qualitative comparison of the computationally inexpensive semi-
classical calculation with a full quantum calculation could give much
insight into the most appropriate approach one could take to theoret-
ically model a mutual neutralization reaction. A fully quantum model
of the process is most dependable since it can fully account for many
significant interactions like non-adiabatic effects, rotational couplings
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and spin-orbit couplings [8, 14, 16]. However, this approach has lim-
itations due to the mammoth task one has to undertake in performing
high level electronic structure calculations for potential energy curves
of highly excited and coupled states. This approach, often time, also
has to go with very sophisticated calculations of the non-adiabatic cou-
plings between the states. This is proving a challenge to adequately
undertake, in particular for systems with many electrons. On the other
hand, the Landau-Zener model [17, 18], can provide mutual neutraliza-
tion reaction cross sections that are comparable with the fully quantum
studies [16, 19, 20, 21]. The Landau-Zener model is only dependent
upon parameters like the asymptotic energies for the states involved,
electronic couplings and the crossing distance. These parameters can
be systematically obtained without having any electronic structure data
and non-adiabatic couplings [19]. The mutual neutralization reaction
involves an ion-pair potential and covalent states potential. The ion-
pair will exhibit a long range Coulombic form, while the covalent states
are asymptotically converging, such that the potential energy curves for
such states will be flat at larger internuclear distances.

Mutual neutralization involving ions of metals and hydrogen sys-
tems, like collisions between Mgt and H™, are of interest to the astro-
phyics community. The reaction cross sections and reaction rates are a
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major objective for astrophysicists involved in the three-dimensional
modeling of stellar atmospheres. Here, such a process will compete
with the radiative processes to populate the atomic levels [22]. In cold
plasma environments, it is believed that such collisions are predominant
and it is of interests to the astrophysics community to understand the
driving mechanisms and fragments formed [23, 24]. However, most of
these collision reaction rates are unknown or often estimated with very
large uncertainties [25].

This study is carried out in order to obtain reaction cross section for
mutual neutralization of the systems as depicted by equations (1)- (4);

Mgt +H™ - Mg+H 1
Na* +H™ - Na+H 2)

Lit+H —Li+H 3
Li* +CI” - Li+ CL “

First, diabatic potential energy curves, electronic couplings and crossing
distance are computed. Then the nuclear dynamics are studied using the
Landau-Zener [17, 18] model. The reaction cross section is computed
for collision energies of 0.001 eV to 1000 eV.

This article is arranged as follows; Section 2 briefly outlines the
Landau-Zener model and methods for computing non-adiabatic cou-
pling elements, electronic couplings and the mutual neutralization cross
section. Section 3 reports on the reaction cross section results, with the
mutual neutralization reaction for Mgt + H~, Na* + H-, Li* + H~ and
Lit + Cl~ discussed in subsection 3.1, subsection 3.2, subsection 3.3 and
subsection 3.4, respectively. Finally, the discussion and conclusion are
given in section 4.

2. Landau-Zener model

The Landau-Zener model, developed independently by Landau [17]
and Zener [18], is a semi-classical model that approximates the proba-
bility, p,, of transition at a curve crossing (or at an avoided crossing) as
equation (5),

2
Py =€xp 2riy (5)
vk

where H, = H},(R,) is the off-diagonal element of the diabatic poten-
tial energy matrix at the curve crossing also known as the electronic
coupling [26], o7 is the classical radial velocity at the curve crossing, k
relates the diabatic potential energies, Vlf’ and Vj‘;, of the two interact-
ing states, i and j, at the curve crossing. For this model the difference
between the diabatic potentials is assumed to be linear, such that k is
approximated to be a constant and in the vicinity of an avoided cross-
ng,

d d _
12 —ij—kR, 6)

ii

where R, in equation (6), is the internuclear separation distance. The-
oretically, the diabatic potential energy curves are nothing but eigen-
functions of the electronic Hamiltonian, as shown by equation (7),

(¢! 1H 1) = V1. @)

where H, is the electronic Hamiltonian and ¢¢ is the diabatic electronic
wave-function.

The attractive ion-pair potential is assumed to take the form of equa-
tion (8),

.
g 1 se)

@y” R 2R
where E,, is the asymptotic energy, a(A*) and «(B~) are the polariz-
abilities of the positively charged and negatively charged ions, respec-
tively. Polarizabilities of the ions considered in the study are listed in

V.

ion—pair

(8)

Heliyon 8 (2022) e11443

Table 1. Polarizabilities of
ions considered in the cur-

rent study.
Species  a (a))
Mg+ 35.04 [27]
Na*t 1.22145 [28]
Lit 0.195702 [28]
Cl- 24.901384 [28]
H~- 216 [29]

Table 1, where g, is the Bohr radius. The adiabatic to diabatic trans-
formation is carried out using a transformation matrix, as outlined in
refs. [11, 19, 21]. The two-by-two transformation matrix, T, is of the
form

T ( cos[6;;(R)]  sin[6;;(R)] > ’

—sin[6;;(R)] cos[6;;(R)] ©

where 6,;(R) is defined a transformation rotational angle. It is obtained
by integration of the non-adiabatic couplings,

0,;(R)= / fi;(R)R, 10)
0

fij(R) are the non adiabatic elements and are known to peak near an
avoided crossing [11, 19, 20]. Where none are reported from literature,
the non-adiabatic coupling between the two states is approximated us-
ing a Lorentzian function of the form as given by equation (11),

r

—_— an
4(R-R.)" +T

f i j(R) =
where T is a constant and is optimized to ensure a complete diabatic
switch at the curve crossing [11].

The collision energy dependent mutual neutralization reaction cross
section, X;(E), for state i is obtained by equation (12)

fmﬂ)(

o(E)= 23 ¢ + g, a2
ki =0

where pf is the multistate Landau-Zener probability, ¢ is the rotational

quantum number, and k; is the asymptotic wave number of the incom-

ing channel,

k= \/2uE, as)

when assuming that the threshold energy for the incoming channel is
zero and E is the collision energy, while y is the reduced mass.

3. Results
3.1. Mutual neutralization of Mg* + H™

Using the adiabatic potential energy curves and non-adiabatic cou-
plings between eight 'T states of the MgH system that are reported
by Guitou et al. [30], a two-by-two strict diabatization [26] procedure
is carried out in order to obtain the electronic couplings and crossing
distance required as input for the Landau-Zener formula. The transfor-
mation is of the form given by equation (14)

vi=TVTT, 14

where T is the two-by-two transformation matrix as described by equa-
tion (9). V¢ and V¥ are the two-by-two matrices containing the adi-
abatic potential energies and diabatic potential energies, respectively.
The transformation yields adiabatic potentials of the covalent states that
are crossing with the ion-pair potential. These potentials are shown
in Fig. 1, where they are assigned using the asymptotic states of Mg.
The diabatic potential energy curves do not exhibit the sharp avoided
crossings that are exhibited by potential energy curves in the diabatic
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Fig. 1. Diabatic potential energy curves for MgH, obtained using the two-by-two
strict diabatization procedure.

Table 2. Landau-Zener formula input parameters for
Mg* +H™. Asymptotic energies are from ref. [30].

State R, (ay) H,, (eV) E,;, (eV) [30]
35218 10.84 0.04996 0

3s3p 3P 18.09 0.03065 2.712
3s3p'P 19.90 0.01385 4.38

3s4s3S 22.24 0.0003485 5.13

3s4s 1S 25.07 0.005978 5.42

3s3d'D  30.91 0.004903 5.75

3545 3P 31.98 0.00003639 5.93

3s3d D 32.19 0.002631 6.89

representation. In reality, each state is interacting with all other states,
at all internuclear distances, hence the non-smoothness of the poten-
tial energy curves. The Landau-Zener input parameters obtained are as
shown in Table 2.

The mutual neutralization reaction cross section obtained using the
parameters in Table 2 is shown in Fig. 2. Here the results are compared
with the results reported by Belyaev et al. [15].

3.2. Mutual neutralization of Na* + H~

The adiabatic potential energy curves for the NaH system are those
reported in ref. [31] and ref. [10]. Only five states of ! symmetry are
reported, together with their non adiabatic couplings. Using these states
and the couplings, electronic couplings are computed by performing an
adiabatic-to-diabatic transformation. Dicksinson et al. [10] employed a
two-by-two transformation to transform the adiabatic potential energy
curves of the electronic states to a diabatic representation. The same
method is employed here, with the aim of obtaining values for the elec-
tronic couplings which are critical in the Landau-Zener formula [19].
The diabatic states obtained are similar to those reported by Dicksin-
son et al. The Landau-Zener input parameters obtained are as shown in
Table 3.

The mutual neutralization reaction cross section is then computed
and here is compared with a previous theoretical result of Dickinson et
al. [10], and are shown in Fig. 3. Dickinson et al. used a fully quan-
tum model to compute the reaction cross section. This was compared
with some semi-classical calculations by Janev et al. [32] and Olson
et al. [33]. The interest in the present work is to increase the energy
range to 1000 eV for comparison with other systems. At collision en-
ergies above 10 eV, the present results deviates and gets smaller, even
though at lower energies both results are equal and following the same
trend.
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Table 3. Landau-Zener formula input parameters
for Na* + H™. Asymptotic energies are from [10],
while crossing distances are adapted from [31]

and [10].
State R, (ay) Hy, (eV) E,, (eV) [10]
3s 7.85 [31] 0.8604 0.012
3p 13.67 [31] 0.214 0.0091
4s 21.96 [10] 0.0234 0.007
3d 35.4 [10] 0.0108 0.0056
4p 43.0 [10] 0.00542 0.0051

3.3. Mutual neutralization of Lit + H~

The input parameters for the Landau-Zener formula were taken di-
rectly from the work of Launoy et al. [6]. Five 'Z+ states of the LiH
system are considered important for mutual neutralization. These are
states whose interactions (crossing distances) are below 50 a,. The mu-
tual neutralization cross section is compared with theoretical [6, 9] and
experimental results [2, 6], as shown in Fig. 4. The present calculation
is very comparable with the theoretical result by Launoy et al., although
there is a slight difference at energies above 10 eV. The interest in the
present work, for this system as well, is to increase the energy range to
1000 eV for systematic comparison with the other systems.

3.4. Mutual neutralization of Lit + CI~

The potential energy curves of alkali halides have been known
to posses avoided crossing between low-lying adiabatic electronic
states [11, 34, 35, 36]. The potential energy curves for the LiCl system
that are relevant for mutual neutralization are reported by Kurosaki et
al. [37]. The potential energy curve of the lowest lying state is point-
ing to a possibility of the formation of stable LiCl, although this process
could be greatly hampered by the very high centrifugal barrier. The
Lorentzian function is used to approximate the non-adiabatic coupling,
with an optimized I"' = 0.25, to ensure a full diabatic transformation. The
avoided crossing is at R, = 61.8 a,, while after performing the adiabatic-
to-diabatic transformation, the electronic coupling, Hj, =4.152 x 1073
Hartree. The diabatic potential energy curves, are shown in Fig. 5.

Fig. 6 shows the Li* + Cl~ reaction cross section obtained in our
model. To our knowledge, there are no results for the mutual neutral-
ization cross section that have been previously reported. A comparison
with previous results for Lit + F~ [11], where a similar model was em-
ployed, has been done. Isotope effect is also studied for CI~.

3.5. Cross section comparison

The reaction cross section for reactions (1) - (4) are shown in Fig. 7.
For the collisions between ions of metals and hydrogen, there is an
observable trend, at collision energies below 10 eV. The reaction cross
section from the heavier metal is larger than the reaction cross section
formed from collisions between the hydrogen anion and a lighter metal
cation species. At higher energies, it is difficult to conclude since this
model seems to be breaking down, or neglecting some very important
quantum effects.

4. Discussion and conclusion

Using the Landau-Zener model, we have carried out systematic mu-
tual neutralization studies, investigating three metal-hydrides systems
and isotope effect in an alkali-halide system. The Landau-Zener formula
seems to work quite well for systems studied here. At low collision ener-
gies (below 10 eV), mutual neutralization reaction cross section results
computed are comparable to other results. The mutual neutralization
cross section for all species considered here are following the well-
known Wigner-threshold law at low collision energies [38]. At collision
energies above 10 eV, the cross section obtained using the Landau-
Zener formula deviates from fully quantum and experimental studies.
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Fig. 2. Mutual neutralization cross section for Mg*™ + H~, using the Landau-Zener method, compared with previous theoretical results [15].
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Fig. 3. Mutual neutralization cross section for Na* + H~, using the Landau-Zener method, compared with previous theoretical results [10].

This could be due to the fact that this model treats coupling, at the
curve crossing only. The neglected rotational and translational factors
could also be contributing to the discrepancy. A discrepancy between
the fully quantum study and the semi-classical model has recently been
observed for the mutual neutralization of Het + H™ process [21]. The
treatment of the radial velocity, v,, at the curve crossing classically
leads to a wrong asymptotic dependence of the reaction cross section

on Ui, rather than [7]. Thus the Landau-Zener model seems to be

vi
neglecting important effects at energies above 10 eV, which alters the
magnitude of the mutual neutralization reaction cross section. A fully
quantum study would be the most dependable in this energy range,
however this is limited to the availability of high level electronic struc-

ture data. Rotational factors have previously been observed to play an

important role in altering the magnitude of the reaction cross section,
for energies above 1 eV, as depicted in the study of mutual neutraliza-
tion of Het + H~ of Larson et al. [14].

In the metal-hydrides systems, the reaction cross section from in-
volving a heavier metal cation species is larger than the reaction cross
section from lighter metal cation species, at low collision energies. At
energies above 10 eV the model breaks down by neglecting a lot of
other factors, hence it is inconclusive on the cross section obtained in
this collision energy range.

The Lorentzian function can fully mimic the non-adiabatic coupling
elements for a two-state system. The alkali-halide systems considered
here are exhibiting a larger cross section for lighter species. This is the
case even when considering isotope effects, as seen in the case of colli-
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Fig. 4. Mutual neutralization cross section for Li* + H~, using the Landau-Zener method, compared with previous theoretical (points) and experimental results
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Fig. 5. Adiabatic (solid lines) and diabatic (dashed lines) potential energy curves for the two electronic states involved in the Li* + ClI~ mutual neutralization process.

sions between Li* and 3>C1~ /3’CI~. The heavier isotope exhibits a lower
reaction cross section at low collision energies. Olson et al. [7] observed
a similar trend for collisions involving isotopologues of H* and H™. This
method could be extended to mutual neutralization collisions involving
heavier ions, although much caution has to be taken into incorporating
spin-orbit coupling and relativistic effects.
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