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Abstract. We describe the major low-energy electron-impact processes involving
H;‘ and HD ™, relevant for the astrochemistry of the early Universe: Dissociative re-
combination, elastic, inelastic and superelastic scattering. We report cross sections and
Maxwellian rate coefficients of both rotational and vibrational transitions, and outline
several important features, like isotopic, rotational and resonant effects.
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1. INTRODUCTION

The models of the early Universe (Lepp et al., 2002; Coppola et al., 2016)
state that atomic hydrogen, helium and lithium - and their cations - have been the
very first species produced by the nucleosynthetic activity which followed the Big
Bang. Later on, atoms reacted to form simple molecules, like HeH", Hy, HD, LiH
and their cations. These latter ones face Dissociative Recombination (DR):

ABT(N v ) +e” — A+B, (1

[ i

Ro-Vibrational Transitions (RVT):

ABT(N; v ) +e7(e) = ABT(N/ ) ) +e (€), )
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and Dissociative Excitation (DE):

ABT (N v +e” - A+ BT +e, (3)

AR

where N /NJT and v;" / v;f are the initial/final rotational and vibrational quantum
numbers of the target ion, and ¢ /¢’ the energy of the incident/scattered electron.

The dissociative recombination was first bravely proposed as elementary pro-
cess in the Earth’s ionosphere, as a competitor to the photoionisation providing free
electrons (Bates and Massey, 1947). Currently, it is considered a corner-stone re-
action in the synthesis of interstellar molecules and plays an important role in the
ionized layers of other planets, exoplanets and their satellites. In the modeling of
the kinetics of cold dilute gases, the ro-vibrational distribution of molecular species
is governed by competition between formation and destruction processes, absorp-
tion, fluorescence, radiative cascades, and low-energy collisions involving neutral
and ionized atomic and molecular species as well as electrons. Rate coefficients for
such elementary reactions are badly needed, in particular for the chemical models of
the early Universe, interstellar medium, and planetary atmospheres.

Within a semiclassical scenario, a two-step process characterizes the DR. First,
the electron is captured by the molecular cation while exciting an electron, similarly
to the dielectronic recombination of atomic cations. A neutral molecule is formed, for
many species in a doubly-excited, repulsive electronic state, located above the lowest
ionization potential. Second, the molecule dissociates rapidly along the potential
energy curve of this dissociative state. The (re-)ejection of an electron may occur
- autoionization - with low probability due to rapid dissociation which lowers the
electronic energy below the lowest ionization limit. The molecule stabilizes then the
electron capture by dissociating.

The spectroscopic information, given by the output of RVT reactions (2), is
sensitive to the quantum numbers of the target ion (initial: {Nf, v;r } and final:
{N}r, v;f}) and consequently it provides the structure of the ionized media. As
for the RVT, they are called Elastic Collisions (EC), Inelastic Collisions and Super-
Elastic Collisions (SEC) when the final energy of the electron is equal, smaller or
larger respectively than the initial one.

This paper aims to illustrate our theoretical approach of the reactive collisions
of electrons with H; and HD™ cations at low - below 1 eV - energy, from basic ideas
to computation of cross sections and rate coefficients, via details of the methods we
use. The results we show are a part of a huge series of data we are about to pro-
duce, relevant for the kinetic modelling of the early Universe. This data generation
was initiated by previous publications of our group (Motapon ef al., 2014; Epée et
al., 2016). In the present study, the accent is put on HD™ rather than on H2+, since
most of the latest experiments - performed in storage rings - focused on this iso-
topomer, is subject of quick vibrational relaxation and, consequently, more easy to
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vibrationally resolve than the homonuclear species. We have to notice that, whereas
for this latter isotopomer, the rotational transitions involve rotational quantum num-
bers of strictly the same parity (even or odd), this rule is not valid for the deuterated
variant. However, we have assumed it for HD™ too, since no data are so far available
for the gerade/ungerade mixing, and since the transtions between rotational quantum
numbers of different parity are much less intense than the others (Shafir et al., 2009).

Our paper is organized as follows: The introduction is followed - Section 2 -
by a brief description of the employed theoretical approach and of the major compu-
tational details. In section 3 we present and discuss our calculated cross sections and
rate coefficients. The paper ends with conclusions - Section 4.

2. THEORETICAL APPROACH

We presently use a stepwise version of the Multichannel Quantum Defect The-
ory (MQDT) to study the electron-induced reactions described in Egs. (1-3). In the
last decade, we made evolve this approach and applied it successfully for comput-
ing the dissociative recombination, ro-vibrational and dissociative excitation cross
sections of H; and its isotopoloques (Waffeu et al., 2011; Chakrabarti et al., 2013;
Motapon et al., 2014; Epée et al., 2016), CH' (Mezei et al., 2019), SHT (Kashinski
et al., 2017), BeH" and its isotopologues (Niyonzima et al., 2017; Pop et al., 2017,
Niyonzima et al., 2018), etc.

The reactive collision between an electron and a diatomic cation target can
follow two pathways, a direct one when the electron is captured into a (most of-
ten doubly-excited) dissociation state of the neural and an indirect one where the
electron is captured in a bound mono-excited Rydberg state which in turn is predis-
sociated by the dissociative one. Both pathways involve ionization and dissociation
channels, open if the total energy of the molecular system is higher than the energy
of its fragmentation threshold, and closed in the opposite case. The open channels
are responsible for the direct mechanism and for the autoionization/predissociation,
while the closed ionization channels imply the electron capture into series of Ryd-
berg states (Giusti, 1980; Schneider et al., 1994). The quantum interference between
the indirect and the direct mechanisms results in the total processes.

A detailed description of method has been given in previous articles (Motapon
et al., 2014; Mezei et al., 2019), and here, the main ideas and steps will be recalled.

1. Building the interaction matrix: Within a quasidiabatic representation, for a
given set of conserved quantum numbers of the neutral system, A (projection
of the electronic angular momentum on the internuclear axis) and N (total ro-
tational quantum number), the interaction matrix is based on the couplings be-
tween ionization channels - associated with the ro-vibrational levels N, v of
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the cation and with the orbital quantum number [ of the incident/Rydberg elec-
tron - and dissociation channels.

Computation of the reaction matrix: We adopt the second-order perturbative
‘exact’ solution (Ngassam et al., 2003) of the Lippmann-Schwinger integral
equation (Florescu et al., 2003; Motapon et al., 2006).

Diagonalization of the reaction matrix: We end up in building the eigenchannel
short-range representation.

Frame transformation We switch from the Born-Oppenheimer (short-range)
representation, characterized by N, v, and A to the close-coupling (long-range)
representation, characterized by N, v+, A™ for the ion, and [ (orbital quantum
number) for the incident/Rydberg electron.

Building of the generalized scattering matrix: Based on the frame-transformation
coefficients and on the Cayley transform, we obtain the generalized scattering
matrix, organized in blocks associated with energetically open (o) and/or closed
(¢) channels:

o Xoo Xoc
X‘(Xm X) @)

Building of the physical scattering matrix: Applying the method of elimination
of the closed channels” (Seaton, 1983) we get the scattering matrix:

1
X ce —exp(—i27mv)

S:XOO_XOC Xco~ (5)
The diagonal matrix v in the denominator above contains the effective quantum
numbers corresponding to the vibrational thresholds of the closed ionisation
channels at the current total energy of the system.

Computation of the cross-sections: For the target initially in a state characterized
by the quantum numbers N;", v;" /\;r, and for the energy of the incident electron

1 Y
€, the dissociative recombination and the ro-vibrational transitions global cross-
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sections read respectively

_ (sym,A)
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A,sym
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where sym is refering to the inversion symmetry - gerade/ungerade - and to
the spin quantum number of the neutral system, /V is standing for its total rota-
tional quantum number, and p(*¥"") is the ratio between the multiplicities of
the neutral system and of the ion.

3. RESULTS AND DISCUSSIONS

The results presented in this work are the first ones going beyond our previ-
ous studies performed on HD™ (Waffeu et al., 2011; Motapon et al., 2014) and
H; (Epée et al., 2016) for low collision energies relevant for astrophysical applica-
tions. Indeed, not only we extended the range of the incident energy of the electron
but, furthermore, we considered for the first time simultaneous rotational and vibra-
tional transitions (excitations and/or de-excitations).

The calculations were performed using the step-wise MQDT method including
rotation, briefly outlined in the previous section. We have used the same molecular
structure data sets as those from our previous studies (Waffeu et al., 2011; Motapon
et al., 2014; Epée et al., 2016). The cross sections have been calculated with the
inclusion of both direct and indirect mechanisms for the X+, TT and A - singlet and
triplet, gerade and ungerade - symmetries at the highest (second) order of perturba-
tion theory. The energy range considered here was 10~° — 1.7 eV, while the energy
step was taken as 0.01 meV.

Our results are presented in figures 1-4, where we have chosen three differ-
ent initial ro-vibrational levels of the ground electronic state of both target systems,
namely (N7, v;") = (0,0), (1,0) and (0,1), corresponding to ground state, lowest
rotationally excited state and lowest vibrationally excited state respectively. The cal-
culated cross sections (Figs. 1-3) are restricted to low collision energies - € < 0.5
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Fig. 1 — Dissociative Recombination (DR) and Elastic Collisions (EC) of HD™T (X2 Z;’), effect of the
excitation of the target. Black: target in its ground state (V. j‘ =0, v;" = 0). Red: target rotationally
excited (IV z+ = l,vj' = 0). Blue: target vibrationally excited (/V Z+ = 0,1}?‘ =1).

eV - where the rotational effects are the most relevant, while for calculating the rate
coefficients (Fig. 4) we have used the cross sections on the whole energy range.

Figure 1 shows the dissociative recombination (solid lines) and resonant elastic
scattering (dashed lines) cross sections of HD™ for the previously defined three ini-
tial target states. The background % trend is due to the direct mechanism, while the
resonant structures correspond to the temporary captures of the incident electron into
ro-vibrational levels of Rydberg states - indirect mechanism. The cross section of
EC exceeds the DR by at least two orders of magnitudes, and we found that the im-
portance of resonances and of the target-excitation effects are much less pronounced
than in the case of the DR, both on order of magnitude and on position and number
density of resonances.

Figure 2 illustrates the dependence of the ro-vibrational excitation - AN' =
0,2,4 and Avt = 0,1 - cross section on the excitation of the target. While the most
prominent AN = 2 Avt = 0 transition shows very little dependence, those involv-
ing more change in the ro-vibrational state are more sensitive to the target state.
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Fig. 3 — De-excitation of the lowest vibrationally-excited level (V. f =0, v;r =1)of HD™ (XQZ_;J"),
dependence on the final ro-vibrational state: (V. :r =0, U;r = 0) - vibrational de-excitation, black,
(N, ;r =2, vj =0) and (N j =4, v;r = 0) - rotational excitation and vibrational de-excitation, blue
and red respectively.

The largest sensitivity corresponds to the AN = 4 transition, where a unity
change in either and/or both rotational and vibrational quanta increases the cross
section with more than one order of magnitude.

The cross sections display threshold effects and, similarly to DR, prominent
resonances. On the other hand, concerning the intensity of the transitions, the AN =
2 Avt = 0 one is followed by the Av™ = 1 purely vibrational (blue curves) and by
either the AN = 4 purely rotational (red curves) or ANT = 2, Av"™ =1 (green
curves) ‘'mixed’ ro-vibrational excitations. The smallest cross sections caracterize
the ANt =4, Av™ = 1 excitations.

Figure 3 is an illustration of the dependence of the de-excitation cross section
on the final ro-vibrational state of the target ion. We have chosen as example the
case of HD (XL ) initially on its (N;" = 0,v;" = 1) level. The black, blue and
red curves correspond to the (Avt = —1, ANT =0), (Avt = -1, AN* = 2), and
(Avt = —1, AN = 4) transitions respectively. While bellow 10 meV of collision
energy the three cross sections have roughly the same shape and magnitude, above 10



9 Electron driven reactive processes involving H;‘ and HD" molecular cations in ISM 109

UL | T \\\\-'\-\‘ T

XE! (Nv) = (0,0

Lo
+

Y

_
o|

3

Rate coeficient (cm’™s

—_ = =
=]

-
-

=

-~
-

_—— S T —

| .fl HH“HHHH‘ Ll

(WRNII

== (2.2)

UG BRI DR BRRRLL IR BRRLLLL A L DR A

vood ol vl SNl

1 O I/ | i
10 100 1000 3000
Temperature (K)

Fig. 4 — Electron-impact dissociative recombination and ro-vibrational transitions of HD™ and H;‘ in
their ground state: Maxwell rate coefficients.

meV the ANT = 4 transition shows quite different resonance patterns and becomes
almost one order of magnitude smaller than the other two transitions.

And finally, in order to obtain the thermal rate coefficients, we have convoluted
our cross sections with the isotropic Maxwell distribution function for the kinetic
energy of the incident electrons:

oc(T)—87t/+ooG(e)£ex (—e/kT)de (10)
-~ @2rkT)*? Jo P ’

where o is one of the cross sections calculated according the eqs. (6) and (9) and &
is the Boltzmann constant.

The DR and RVT Maxwell rate coefficients for electron temperatures between
10 and 3000 K are given in Fig. 4 for HD and H targets initially in their ground
ro-vibrational state (N;",v;") = (0,0). The resonant EC rates are overall constantly
the highest. Among the othess proceses the DR ones predominates at very low tem-
peratures, and is surpassed by the lowest rotational excitation above 50 K. The higher
excitations become notable above 2000 K only. Figure 4 also illustrates the isotopic
effects: it is important for AN = 2 and 4 rotational excitations and for DR below

100 K electron temperature.
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4. CONCLUSIONS

The multichannel quantum defect theory results in the detailed modeling of
the reactive collisions of electrons with H; and HD. The account of the interfer-
ing mechanisms - direct and indirect - as well as of the major interactions - Ryd-
berg/valence, ro-vibronic and rotational - result in accurate state-to-state theoretical
cross sections and rate coefficients.

The results of the present paper are a first step in the extension of our previous
studies on reactive collision of HD' and H2+ with electrons to a wider range of in-
cident collision energy and to mixed - i.e. simultaneous rotational and vibrational -
transitions. The results concerning higher ro-vibrational levels are the subject of an
ongoing work. We do expect a strong dependence of the cross sections and Maxwell
rate coefficients on the target state. The provided collisional data are available on
demand to be used in the kinetics modeling in astrochemistry - early Universe, inter-
stellar molecular space - and cold plasma physics.
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