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ABSTRACT

Potential energy curves and matrix elements of radial non-adiabatic couplings of the *=* and *IT states of the NeH molecule are calculated
using the electronic structure package MOLPRO, in view of the study of the reactive collisions between low-energy electrons and NeH™.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0261152

I. INTRODUCTION

Neon is envisaged as a coolant in the divertor of the Interna-
tional Thermonuclear Experimental Reactor (ITER),I * since it can
absorb energy via its excitation and ionization through reactions
with rapid electrons. Dielectronic recombination of the formed ions,
followed by the electronic relaxation process,

Ne® +¢” — Ne*™ - Ne+ hy, (1)

allows safe dissipation of heat along the walls through radiation. On
and near the surface of the reactor, collisions between neon atoms
with vibrationally excited H,* can produce NeH™,

Ne+H; (v; >1) - NeH" + H, )

the reaction for ground state ions being endothermic by 0.54 eV.’
The presence of NeH" in the edge plasma implies the need for quan-
tifying the reactivity of this ion. This quantification can be achieved
from the calculation of the cross sections and rate coefficients, which
characterize the efficiency of collisions between NeH" and other

species present in the plasma. Among them, the collisions with elec-
trons, resulting in dissociative recombination (DR)* and vibrational
transitions (VTs),

Ne + H (DR),

-, - ©)
NeH™™ +e” (VT),

NeH" + ¢~ — NeH*,NeH"* - {

are particularly important.

Cross sections for the DR of NeH" were already measured at
the storage ASTRID ring, with results reported in 2005.° Theoretical
evaluations of the cross sections have also been performed for colli-
sion energies ranging between 5 and 22 eV,* and they agree with the
experimental ones between 6 and 10 eV.? So far, theoretical results
have not been available for the physically important electron colli-
sion energies below 5 eV, where experiment’ measures significant
cross sections of about 107 cm?.

The low energy DR of the hydride cations relying on the ele-
ments preceding and following neon in the Periodic Table—helium
and argon, respectively—is well understood and quantified. Helium
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and argon were the subject of detailed investigations* focusing on
their abundances in the interstellar media, and both are present in
the edge plasma.

HeH™", one of the oldest molecules in the Universe, was
observed in 2016 in the nebula NGC 7027.7 It is the simplest molec-
ular prototype that recombines with electrons exclusively through
the indirect pathway, proceeding via electron capture into Ryd-
berg states, without having a diabatic dissociative neutral state that
crosses the cation.”” The initial state-selective measurements per-
formed on the Cryogenic Storage Ring'’ have shown a dramatic
decrease in the DR rate coefficients at very low collision ener-
gies, which can cause higher abundances in cold interstellar envi-
ronments. The most recent calculations of Curik et al.'"'* using
energy-dependent rovibrational frame transformation combined
with Multichannel Quantum Defect Theory (MQDT) have con-
firmed the experimental observations.

As for ArH", it was detected more than one decade ago in the
Crab Nebula."” Prior to its discovery, Mitchell et al.'* working in
the ASTRID storage ring had estimated the anisotropic rate coeffi-
cient below 2 eV lower than 10~ cm” s . The molecular structure of
ArH was addressed,'” and it was found that the asymptotic limit of
the lowest diabatic electronic state of this molecule is 1.822 eV above
the ground vibrational level, which implies—if restricted exclusively
to Rydberg-valence coupling—no recombination below this energy
and, consequently, a negligible rate coefficient.'® However, Kélosi
et al.'"” measured low but non-negligible DR rates into the ground
state of ArH, claiming the mechanism of non-adiabatic coupling
between the ionization continuum and the ground electronic state.
This scenario is supported by theoretical considerations in the same
study, as well as computations in progress by Larson and Orel."”

Unlike HeH"” and ArH™,'®> NeH" remains undetected in these
media. Recent work by Sil et al.® suggests that NeH"* could be formed
in nova ejecta via the reaction

Ne + HeH" - NeH" + He,

with a rate coefficient of ~10™° cm® s™". This pathway appears more
likely than the alternative reaction proposed by Theis et al.,'*

Ne" +H, > NeH" + H,

which is considered unfavorable. The formation of NeH™ is expected
to be heavily dependent on the abundance of HeH™, which is more
prevalent due to the significant presence of helium and atomic
hydrogen in the environment. However, NeH" production is con-
strained by the low cosmological abundance of neon’ and the under-
abundance of molecular hydrogen. Another potential explanation
for the non-detection of NeH™ may lie in its DR behavior. A high DR
rate coefficient at interstellar medium relevant temperatures could
significantly reduce its steady-state concentration, making detection
more challenging.

Below 5 eV, the lack of theoretical data for the cross sec-
tions can be initially addressed by producing the ab initio adia-
batic potential energy curves (PECs) of NeH corresponding to the
bound Rydberg states energetically open for dissociation (below
v =0 of the ion’s ground state), similarly to Refs. 19-23, and
non-adiabatic couplings responsible for the transitions among the
different Born-Oppenheimer adiabatic states. Here, we consider
both the relevant NeH PECs and compute the matrix elements,
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TABLE 1. H atom Rydberg basis set.

Type Exponent Coefficient
s 0.006 685 1.0

s 0.002 670 1.0

p 0.024 684 1.0

p 0.007 169 1.0

p 0.002 867 1.0

d 0.003 600 1.0

which give the radial non-adiabatic couplings (NACs) between all
the explored states of the neutral. In the current study, we focus on
these two aspects, while the dynamical calculations will be consid-
ered in a further study, relying on the current molecular structure
data results.

The organization of this paper is as follows: In Sec. II,
the computational steps are presented. Section III contains the
results—PECs, spectroscopic data, NACs—and we provide the
concluding remarks in Sec. I'V.

Il. COMPUTATIONAL DETAILS

The potential energy curve calculations for NeH and
NeH" in its ground state were carried out using the MOLPRO
quantum chemistry program suite’* at the Multi-Configurational
Self-Consistent Field (MCSCF)—Multi-Reference Configuration
Interaction (MRCI) level of theory with a complete active space
(CAS) of 8,3,3,0 orbitals in the C,, point-group symmetry. The
CAS corresponds to the complete valence active space extended to
include the n =2 and n = 3 orbitals of hydrogen. We started with
the augmented correlation-consistent polarized valence triple zeta
(aug-cc-pVTZ) basis sets implemented in MOLPRO, and we have
extended the hydrogenic part of the basis by two s, three p, and one
d diffuse atomic orbitals (AOs) with exponents from Ref. 21, which
are given in Table I.

In this way, the chosen basis set provides a more accu-
rate description of the states correlating with the n=2 and n =3
hydrogen dissociation limits.

For the neutral molecule, the MCSCF wave functions were opti-
mized by state-averaging the five lowest >Z* states (5 A, states in
the Cy, symmetry of the calculation) and the two lowest 2T states
(®B2/*B states in the Cy, symmetry of the calculation). To summa-
rize, the ground state of NeH™, X '=*, and the lowest seven states
of NeH, respectively, X 2yt A%yt B2, C2t, 42%3%, 2210, and
523* have been calculated.

The NACs between the states of the neutral were calculated
using the following expressions:

a0 = (AR Giann) @
R G e N e IO
{7}
)

Here, T stands for the symmetry of the molecular state, i and j
denote different electronic states belonging to the same symmetry,
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and we focus exclusively on couplings that satisfy i <j. R is the
internuclear distance, and {r} denotes the complete set of electronic
coordinates linked to the electrons of the neutral. In order to cal-
culate the NACs using Egs. (4) and (5), one has to integrate over
the electronic coordinates. This is achieved numerically using the
MOLPRO derivative coupling (DDR) procedure for A(R) and by
using the central finite difference scheme for the derivative to obtain
B(R). The spectroscopic description of the target, including the
15 vibrational levels of the ground state of NeH™, were obtained by
using the Numerov-Cooley method™*”’ to solve the nuclear-motion
Schrodinger equation.

I1l. RESULTS AND DISCUSSIONS

Figure 1 displays the ab initio PECs of the ground electronic
state of NeH" (IZ+) (blue curve), the repulsive ground electronic
state of NeH, and the mono-excited Rydberg states of NeH for both
symmetries *Z* and *IL, up to the Ne + H(n = 3) dissociation limit
(black curves). The dissociative ground state of the neutral X Iyt
correlates with the Ne + H(1s) atomic limit, where Ne stands for the
' S ground state of atomic neon. The excited states correlating with
the Ne + H(n = 2) limits from bottom to top are A *~* — B[l - C
23*, and the states tending to the Ne + H(n = 3) are 4 *2* — 2 °II
- 52%*%. Our results compare well with those from Theodorakopou-
los et al.”’ (red curves).

Figure 2 shows the NACs A(R) corresponding to Eq. (4)
between the molecular states having 23" (solid curves) and
1 (dashed curves) symmetry, up to the Ne + H(n =3) disso-
ciation limit. The couplings involving the highest excited state
5?3 are not shown as their magnitudes are negligible (approxi-
mately 10™% a5!). One can notice that the couplings of the *X* states
are the more important ones, while the coupling involving the two
*TI states is about one order of magnitude smaller. Similarly to PECs,

4 T —
NeH' X 's" ]
21 Ne+H(3s,3p,3d)|

PEC (eV)

Ne+H(ls)]

_ | | R | | | | | |
12 1 1.5 2 2.5 3 35 4 4.5 5

Internuclear distance (a,)

FIG. 1. Ab initio PECs of the ground electronic state of NeH* and of the
lowest—ground and Rydberg—electronic states of NeH. The black solid lines
stand for the neutral with 2=* symmetry, the black dashed lines represent the
neutral with 2IT symmetry, and the blue solid line corresponds to the ion's ground
state X '*. Our results are compared with the calculations of Theodorakopoulos
et al.?" (red lines).
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FIG. 2. Radial non-adiabatic couplings A(R). The color code is the same as for
Fig. 1.

we have compared our NACs (in black) with those calculated by
Theodorakopoulos et al.”’ presented in red. One can conclude that
the current results are consistent with the previous ones. The sharp
peak of the A-C coupling is due to the strong interaction between
these two electronic states.

Figure 3 contains all the NACs A(R) given by Eq. (4) (already
shown in Fig. 2), in comparison with B(R) given by Eq. (5). One can
see that the most significant B(R) NAC is the A-C one, followed
by C-4, X-A, X-C, X-4, A-4, and B-2, which predicts the impor-
tance of the Rydberg correlating with the Ne + H(n = 3) limit for
the internuclear dynamics.

To fully characterize the molecular system, we have calculated
the major spectroscopic data of the molecular target and for the neu-
tral system. They are shown in Tables II, II1, IV, and V, where our
results are compared with previous theoretical results,”"**”**"*
experimental results,”*””’ and data from the NIST Chemistry
WebBook.”
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FIG. 3. First-derivative radial non-adiabatic couplings A(R) and second-derivative
radial non-adiabatic couplings B(R), between the states of NeH.
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TABLE II. Equilibrium separation (Rs), absolute minimum energy [E(Re )], and well-depth (Ds) for NeH* (X '=*) PECs:
comparison with the theoretical “T” as well as experimental “exp.” data from the literature. Data from the present work are
labeled as “PW". ¢y represents the percentage difference between the calculations and the experimental measurements for
De. All other: Atomic orbitals calculated with SCF.

Source Level of theory Basis set R, (a0) E(R.) (Hartree) De(eV) & (%)

28,29

Exp 1.87310 . 2.27511

PW MRCI* See Sec. 11 1.89199 —128.896 45 2.268 88 0.27
T30 CCSD(T) CBS 1.87328 -128.953 63 2.29197 0.74
T MRCI + Q AV6Z 1.873 28 —128.948 51 2.29613 0.92
T 1.87291 2.178 69 4.43
T+ MRCI aug-AO 1.87555 R 2.28751 0.54
T CI TZP 1.893 50 R 2.32000 1.93
T SCF cc-pVTZ 1.86270 —128.88105 2.37000 4.00
T CI aug-AO 1.87083 . 2.148 31 5.90
T MRCISD" . 1.87310 . 2.296 15 0.92
T* MRDCI aug-AO 1.894 83 —-128.97870 2.29000 0.65
T MRCI® aug-AO 1.876 50 S 2.31000 1.51
T CEPA® AO 1.88198 -128.34903 2.27598 0.04
T SCF STO 1.850 04 -128.624 20 2.100 00 8.34
T CI STO 1.868 94 —128.681 80 2.27000 0.23
T MRDCI aug-AO 1.867 00 S 2.43000 6.37
T MRCI cc-pV5Z 1.873 00 S 2.29900 1.03

? Atomic orbitals calculated with MCSCF.
® Atomic orbitals calculated with SCF-CASSCE.
€ Atomic orbitals calculated with SCEP.

Table II refers to the molecular ion and shows values for its TABLE IV. Comparison of our computed NeH* (X '=*) and NeH Rydberg state dis-
equilibrium geometry, the potential energy at equilibrium, and its sociation limits relative to Ne + H(n = 1) (eV) with previous theoretical results”*?*
dissociation energy. We compare our calculated parameters with and data from NIST Chemistry WebBook.>® The relative differences between our
other theoretical results™**>***** and evaluate the relative differ- results and the NIST data are given by e (%)

ences of the dissociation energy in contrast to the experimental

Level This work Petsalakisetal.”> Loetal”>  NIST & (%)

n=2 1020509 10.217 88 10.20209 10.19880 0.062

o ) n=3 12.09383 12.108 53 12.09201 12.08750 0.052
TABLE III. Calculated vibrational energy levels £, (eV) for NeH* (X'=*) with HIP

GZ:12Z:€l G20T Iudv L0

i ) ) 13.554 81 13.568 15 13.57945 13.59840 0.322
respect to Eq = —128.88998 Hartree, and comparison with the experimental val-
ues from Refs. 28 and 33. The relative differences between our results and the
experimental data are given by & (%).
ot This work Ex €0 (%) measurements.”””’ Our results agree well with existing experimen-
! p- 0170 tal and other theoretical results, typically within 2%, except for a few
1 0.33524 0.33197 0.98 studies™"""*" that employed lower levels of theory.
2 0.640 55 0.63593 0.72 In Table ITI, we list all the 15 vibrational levels of the cation cal-
3 0.919 20 091267 0.71 culated using the Numerov-Cooley method and compare them with
4 1.169 81 1.16138 0.72 experimental observations.”>”’ The relative differences obtained are
5 139213 1.38233 0.70 below 1%, which confirms the accuracy of our structure calculations.
6 1.585 60 1.57472 0.69 Table TV gives the dissociation limits of the electronic states
7 1.749 69 1.73799 0.67 of NeH" (X '=*) and of the NeH Rydberg states relative to
8 1.883 30 1.87132 0.64 Ne + H(n = 1), in comparison with previously computed limits"**’
9 1.986 43 1.97391 0.63 and with data from the NIST Chemistry WebBook."
10 2.058 81 2.046 29 0.61 Finally, Table V contains the excitation energies of NeH* and
11 210262 2.089 83 0.61 of NeH electronic states relative to the A *T* state of NeH for
12 212384 2.11051 0.63 all electronic states above the same A 2Z* state, calculated at the
13 212384 2.11731 0.31 equilibrium distance of the ion.
14 2.12384 2.11895 0.23 The corresponding energy differences AE(R.) are compared
with the previous calculations.”””’ One may notice that, except
J. Chem. Phys. 162, 134302 (2025); doi: 10.1063/5.0261152 162, 134302-4
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TABLE V. Energy differences AE(Re) (€V) at the equilibrium distance R of the NeH*
ground electronic state, between several states and the NeH lowest excited elec-
tronic state (A 25*). The results are compared with the previous theoretically obtained

data.22-23

State This work Petsalakis et al.”* Lo et al.”?
B2II 0.12045 0.223 65 0.17499
cizt 0.67190 0.704 51 0.647 47
2210 1.696 63 1.63268 1.662 43
473" 1.705 31 1.72214 1.627 43
525" 2.08265 1.990 53 ..
X1zt 3.05459 3.14235 3.07987

for the B state, where a significant gap occurs, the agreement is
satisfactory.

Our computational framework does not take into account the
Rydberg states of NeH built on the excited states of the NeH" ion.
For several molecular species, these “intruder” states play a visible
role in the spectroscopy of the neutral and in its dynamics. However,
this happens only when the lowest excited states of the ion are close
to the ground one, which is not the case for NeH?.?? Therefore, we
assert that our results are accurate, since not being affected by the
core-excited Rydberg state effects.

IV. CONCLUSIONS

The potential energy curves for the ground state '=* of the
NeH" ion and for the lowest five 22" states and two *II states of
the NeH molecule have been computed with high precision using
the MOLPRO quantum chemistry suite at the MCSCF-MRCI level
of theory, employing an extended complete active space (CAS) and
augmented basis sets optimized for dissociation up to Ne + H
(n = 3). The results show good agreement with previous experimen-
tal and theoretical studies, particularly with the work of Theodor-
akopoulos et al.,”” Petsalakis et al.,”” and Lo et al.”* for some of these
states. While the non-adiabatic couplings A(R) between the states
(A-C, X-A, X-C) up to Ne + H(n = 2) had already been addressed
by Theodorakopoulos et al.,”’ our calculations went beyond this pro-
ducing further, namely both the couplings A(R) and B(R) between
states dissociating up to the limit Ne + H(n = 3)—X-4, A-4, C-4,
X-5, A-5, C-5 for the *X* symmetry and B-2 for the *IT symme-
try. These couplings are essential for the calculation of cross sections
and rate coefficients in low-energy collisions between electrons and
NeH™."""" Work on this is currently in progress.

SUPPLEMENTARY MATERIAL

The supplementary material provides tabulated data for the
potential energy curves shown in Fig. 1 and the non-adiabatic
coupling terms A(R) and B(R) presented in Fig. 3.
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