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@Oynknusa penakcanuu. B olmem, mupruHa perakcaluoOHHOW (yHKIMH M3MepeHa IS
MIOJIOBHHBI IIMPHUHBI KA MOTEPh U COCTABISAET OT 4 110 6 Aekan, HO oHa cuMMeTpuyHa. C yBe-
JMYEHUEM TeMIIepaTyphl HIMPUHA B-TiHKa yMeHbInaeTcs. [Ipennonaraercs, yto gpopma QyHKIMH
penakcaiyu sl ciiydasi J-peiakcaliy CBsi3aHa ¢ paclpeieIeHueM Kak 110 SHepruy aKTUBALUH,
TaK ¥ O MPEIIKCIOHEHIUAIBHOMY MHOXHTENIO, T. €. CBA3aHA C MOJIEKYJISIPHBIM OKpY’>KEHHEM
penakcupyromux aunosei. OObIYHO CII0KHO MOIYYUTh HHPOPMALIMIO O TpeolIIajaromeM Mexa-

HU3MC IMOJABUKHOCTHU, UCXO U3 aHAJIN3d TaKUX MIUPOKUX PCIAKCAITUOHHBIX ITHKOB.
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EXTENDED STUDY OF LOW-ENERGY INELASTIC
MAGNESIUM-HYDROGEN COLLISIONS

Quantum calculations of cross sections for inelastic processes in Mg+ H and
Mg + H collisions are improved. It is shown that the largest cross section among the
endothermic processes, with a value of approximately 100 A corresponds to the process
of ion-pair formation: Mg(3s4s'S) + H— Mg" + H. The mechanism of the process is
based on nonadiabatic transitions between the MgH(*2") molecular states, which provide
the main mechanism for inelastic processes in Mg + H collisions. On the other hand,
nonadiabatic transitions between MgH(Il) states affect some cross sections rather sig-
nificantly. For example, transitions between the MgH(2H) states increase the cross sec-
tion for the excitation process Mg(3s3p IP) + H— Mg(3s3d ID) + H by almost an order
of magnitude as compared to the cross section obtained within the MgH(*2") symmetry.

Keywords: atomic collisions, nonadiabatic transitions, inelastic cross sections.
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PACIHMPEHHOE U3YUYEHUE HEYIIPYT'UX
HU3KOYHEPTETUUYECKHNX MG + H CTOJIKHOBEHUI

Vayuwenvr xeanmosvie pacuémul ceuenuti Heynpyeux npoyeccog Mg+ H u
Mg" + H . IToxasano, umo naubonvuiee ceuenue cpeou 3HOOMEPMULECKUX NPOYECCO8 CO
suauenuem npumepno 100 A> coomeememayem npoyeccy popmuposanus wonnoii napol:
Mg(3s4s IS) +H— Mg +H. JJoMunupylowum MeXauusmMom Heynpyeux npoyeccos,
PACCMOMPEHHBIX 8 OAHHOU pabome, SGNISIIOMCS NEePEX00bl MeHCOY MgH(22+) MONLEKYSP-
oMy cocmosanuamu. C  Opyeoti Ccmopowwvl, Headuabamuyeckue nepexoovl MexHcoy
MgH(IT) MOREKYNAPHBIMU COCMOAHUAMU MOSYM 3HAUUMETbHO NOBIUAMb HA HEKOMOPbIE
ceuenus. Hanpumep, nepexoowt mexcdy MgH(II) cocmosnuamu yeenuuusaiom ceuenue
npoyecca 6036yaicoenus Mg(3s3p 'P) + H— Mg(3s3d 'D) + H noumu na nopsdok, no
cpasnenuio ¢ ceuenten, noayuenusim ¢ yuémom monsko MgH(*E") cummempuu.

KaioueBble cj10Ba: aTOMHBIC CTOJIKHOBECHUS, HeaAnaOaTHIeCKUE IePEX0bl, HEYTI-
pyTHe ce4eHusl.

1. Introduction

The measurement of abundances of chemical elements in stellar atmospheres, as inter-
preted from stellar spectra, is of fundamental importance in modern astrophysics, see, e.g.,
[16, 2, 20]. Inelastic processes in collisions of different atoms with hydrogen atoms are important
for the non-local thermodynamic equilibrium modeling of stellar spectra which is the main tool
for relative and absolute chemical abundances, see, e.g., [2, 3]. Magnesium is an element of sig-
nificant astrophysical importance, see [1, 19] and references therein. Thus, the need for investi-
gation of inelastic collisions of hydrogen atoms with magnesium atoms is well justified.

In the earlier works, Ref. [14, 9] quantum dynamical calculations have been performed for
three MgH(*Z") plus two MgH(*II) molecular states, as well as for the eight lowest-lying
MgH(’E") states, respectively, based on accurate ab initio quantum chemical data [15]. In
Ref. [12] it was shown that among the low-lying states the transitions between “£” molecular
states dominate over transitions involving states of other symmetries. For this reason, the inelas-
tic cross sections were calculated in Ref. [9] by taking into account only the transitions between
the eight lowest-lying MgH(°Z") states. In the present paper, we extend the earlier work in
Ref. [9] through a calculation including nine " states up to and including the ionic channel, and
the five lowest “I1 states based on improved ab initio quantum-chemical data.

2. MgH interaction potentials, nonadiabatic couplings and cross sections

2.1. Ab initio quantum-chemical calculations

The adiabatic potentials and nonadiabatic couplings were calculated using large active
spaces and basis sets since avoided crossings occur due to the Mg" + H™ ionic configuration [15].
All ’T7, °I1, %A, *£" and *IT electronic molecular states arising from Mg + H for energies up to
about 6 eV above the lowest atomic asymptote Mg(IS) + H(2Sg) were calculated at the MRCI
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level, as well as the couplings between these states. The details are described in Refs. [14, 15].
These new potentials (and couplings) are improved thanks to of an extension of the basis set,
comparing to ones used in Refs. [14, 15]. The presently used basis set is larger and will be pub-
lished elsewhere.

Table 1
The MgH molecular channels, the corresponding asymptotic atomic states
and the calculated and experimental (NIST [20] weighted average values)
asymptotic energies with respect to the ground state.
Some calculated asymptotic values were adjusted to fit the experimental data
j Molecular states Atomic asymptotic states Asymptotic energies (eV)
Calculation Experiment

1 1°%" Mg(3s*'S) + H 0.0 0.0

2 273" Mg(3s3p °P) + H 2.7142 2.7142
3 32" Mg(3s3p 'P) + H 4.3894 4.3458
4 45" Mg(3s4s °S) + H 5.1342 5.1078
5 52" Mg(3s4s 'S) + H 5.4237 5.3937
6 673" Mg(3s3d 'D) + H 5.7532 5.7532
7 7°%" Mg(3s4p °P) + H 5.9321 5.9321
8 82x" Mg(3s3d °D) + H 5.9460 5.9459
9 923" Mg (3s*S) + H 6.8916 6.8916
10 1°11 Mg(3s3p °P) + H 2.7142 2.7142
11 2 Mg(3s3p 'P) + H 4.3894 4.3458
12 3701 Mg(3s3d 'D) + H 5.7532 5.7532
13 4°11 Mg(3s4p °P) + H 5.9321 5.9321
14 5711 Mg(3s3d *D) + H 5.9460 5.9459

The nine lowest MgH(*Z") and the five lowest MgH(’IT) molecular states treated in the
present work are collected in table 1, including their asymptotic atomic limits. The correspond-
ing potential energy curves (PECs) are represented in figs. 1 as a function of the internuclear dis-
tance.
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A series of avoided crossings for the X" states is clearly seen. The background of these
avoided crossings is an interaction of covalent states with the Mg" + H™ ionic state. For the high-
lying molecular states the avoided crossings occur at large distances with small adiabatic split-
tings. These avoided crossings provide the main mechanism for inelastic processes in low-energy
Mg + H collisions, that is, for the processes of excitation, de-excitation, ion-pair production, and
mutual neutralization. The nonadiabatic couplings needed for performing quantum dynamical
calculations are depicted in figs. 3 and 4. They clearly confirm the presence of the nonadiabatic
regions, where nonadiabatic transitions take place.
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It is worth emphasizing that the five lowest MgH(*X") molecular states have practically the
same adiabatic potentials and nonadiabatic couplings as in the previous calculations [14, 9, 15].
The improvement mainly concerns the higher-lying states, starting from j = 6. Thus, inelastic
cross sections obtained with the more accurate quantum-chemical data presented here may be
expected to deviate more substantially for processes involving high-lying states.

2.2. Nonadiabatic nuclear dynamics

The nonadiabatic nuclear dynamical calculations are carried out within the standard adia-
batic Born-Oppenheimer approach by means of the multi-electron reprojection method [6] (see
also references therein) to account for the so-called electron translation problem. The method
takes into account non-vanishing asymptotic nonadiabatic matrix elements, provides the correct
incoming and outgoing asymptotic total wave functions, and removes nonadiabatic transitions
between atomic-state channels in the asymptotic region. First, the nuclear dynamics was per-
formed for the three low-lying X" and the first two “IT states [14]. It was concluded that the main
mechanism for nonadiabatic transitions between molecular states at low energies is due to the
radial couplings associated with the avoided ionic crossings in the X" symmetry. The same
mechanism, though in the 'E" symmetry, was found to be dominant in calculations for Li + H
and Na + H low-energy collisions [10, 11, 12, 13, 7, 8]. Based on this conclusion, the nonadia-
batic dynamics is then studied for the eight lowest molecular states in the X" symmetry includ-
ing the ionic channel [5], as the astrophysical applications [19, 4, 17, 18] show the importance of
ion-pair production processes.

In the present study, the inelastic cross sections for Mg + H and Mg" + H™ collisions are
calculated for all transitions between the nine lowest X" symmetry states, as well as for all tran-
sitions between the five lowest *II symmetry states, based on the improved quantum-chemical
data. The cross sections calculated within the *£" symmetry for the endothermic processes are
presented in fig. 5 for each particular initial channel. The collision energy £ is the kinetic energy
in a given initial channel. The comparison of the present cross sections with those obtained in
Ref. [9] shows that the calculations are stable, though some cross sections deviate due to the new
and more accurate quantum-chemical data. It is seen that the ion-pair formation process,
Mg(3s4s 'S) + H — Mg" + H', has the largest cross section, of approximately 107 A%, among the
endothermic processes.

The previously calculated cross section for the same process had a value of 100 A [9], that
is, the deviation is within a few percent. This is within the expected accuracy of 20 % [5].
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Fig. 5. The inelastic cross sections oj(E) for transitions j — k& (k> j) in low-energy Mg + H collisions.
The label j of the initial state from which transitions occur is indicated in each panel.
The key for the final states & is given in the bottom right panel

Nonadiabatic transitions between MgH(’II) states may affect the excitation (but not ion-
pair formation nor mutual neutralization) cross sections due to transitions between highly excited
states of magnesium atoms colliding with hydrogen atoms. The inelastic cross sections calcu-
lated within the *IT symmetry are shown in Fig. [6]. The labels for the processes within the
MgH(*IT) are presented in table 1. One should keep in mind that not all atomic channels col-
lected in table 1 can produce MgH(*IT) molecular channels. Thus, the inclusion of the additional
channels of the MgH(*IT) molecular symmetry increases inelastic cross sections for those transi-
tions that can occur within both the MgH(*IT) and the MgH(*Z") symmetries.

For example, in the case of the excitation process Mg(3s3p 'P)+H — Mg(3s3d 'D) + H,
accounting for transitions between the MgH(’II) states increases the cross section by almost an
order of magnitude as compared with the cross section obtained within the MgH(*Z") states.

The importance of “IT channels should be confirmed by taking into account the rotational
couplings that mix X and IT states. This work is in progress.
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Fig. 6. The inelastic cross sections cj(E) for transitions j — k (k> )
in low-energy Mg + H collisions calculated within the *Z" symmetry (solid lines)
and within the *IT symmetry (dashed lines). Note that only the transitions corresponding to the same initial and
the same final atomic states of Mg but occurring in different molecular symmetries (*£" and “IT) are presented
in the figure. For example, the transitions j =3 — k=6 and j=11 — k= 12 correspond to the excitation
Mg(3s3p 'P — 3s3d 'D) + H in the X" and “IT symmetries, respectively

The physics for the inelastic processes in the treated collisions was carefully studied in
Ref. [9] and several mechanisms were found. The present calculations confirm the previous con-
clusions. It is shown that some of the mechanisms are determined by interactions between adja-
cent molecular states due to interactions between ionic and covalent configurations. However,
mechanisms at short distances, not restricted to adjacent states, are found to be important for
some processes. These mechanisms explain the relatively large cross sections for excitation of
highly excited states.

3. Concluding remarks

In the present study, the cross sections for the inelastic processes in Mg + H and Mg + H
collisions are calculated based on improved quantum-chemical data and on estimates of account-
ing for nonadiabatic transitions not only in the MgH(*Z") symmetry, but also in the MgH(*II)
symmetry. It is shown that the process of ion pair formation: Mg(3s4s 'S) + H — Mg" + H™ has
the largest cross section, approximately 100 A% among the endothermic processes. This process
occurs due to the nonadiabatic transitions between the “X" states. On the other hand, nonadiabatic
transitions between MgH(*II) states significantly affect some excitation cross sections due to
transitions between highly excited states of magnesium atoms colliding with hydrogen. As an
example, accounting for transitions between the MgH(II) states increases the cross section for
the excitation process Mg(3s3p 'P) + H — Mg(3s3d 'D) + H by almost an order of magnitude as
compared with the cross section obtained within the MgH(>L") symmetry.
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