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des ions moléculaires en astrophysique et pour le
traitement des déchets, (ii) le role des collisions
impliquant électron-molécules neutres et électron-
radicaux pour les procédés de dépollution atmo-
sphérique et (iii) la formation de molécules fluo-
rées pour la conception de matériaux. Avec mes
doctorants, nous avons développé des méthodes
théoriques basées sur les premiers principes pour
calculer les sections efficaces et les constantes de
vitesse pour les processus d’excitations rotation-
nelles, vibrationnelles et électroniques ainsi que la
recombinaison dissociative de diverses molécules.

Ces résultats pourraient étre utilisés ultérieurement
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pédagogique est actuellement testé a Centrale-
supélec et a 'Université of Central Florida. FEnfin,
je présenterai mon programme de recherche pour les
4 années a venir. Ce programme s’inscrit dans la
continuité des travaux précédemment entrepris.
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Abstract: Electron-molecule collisions are of
fundamental importance in a plethora of research
fields ranging from engineering to plasma. The
present habilitation compiles my achievements and
contributions within each of the following research
axis: (i) mechanisms of destruction of molecular
ions in astrophysics and waste treatment, (ii) role of
collisions involving electron-neutral molecules and
electron-radicals for atmospheric depollution pro-
cess and (iii) formation of fluorine based-molecules
in the development of materials. We developed
theoretical approaches based on first principles to
compute cross sections and related rate coefficients
for electron-impact rotational, vibrational and elec-
tronic excitations as well as dissociative recombina-

tion of various molecules. These outcomes could be
used later in plasma kinetics modeling in order to
improve the performance of a process.

Another contribution within the physics education
axis will be also outlined in this habilitation. We
developed a complete course of undergraduate quan-
tum mechanics based on numerical experiments,
whose the beta version is available on http://prd-
mecaqu.centralesupelec.fr/index.html. This peda-
gogical tool is currently tested at Centralesupélec
and at the University of Central Florida. Finally, I
sketch the planned research work for the next 4-year
period. This work is a continuation of the above
research items.
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Overview of research works

After a MsC degree in Applied Physics from the Université Pierre et Marie Curie (2007)
and a Ph.D. in fundamental physics from the Université Paris-sud (2010), I worked as a
post-doctoral associate at the Marquette University (US) studying dynamics of destruction
of the ozone molecule (2011) and, after one year, also as a post-doc at LSPM-CNRS (2012)
modelling electron-molecule collisions for plasma applications. I joined Laboratory LGPM of
CentraleSupélec as an assistant professor in 2012 and started modeling fundamental elemen-
tary processes and performing numerical simulations for various applications ranging from
engineering to plasma.

My research activities are mainly focused on describing elementary fundamental processes
involving electron, atoms and molecules. In many fields of research and applications, it
is essential to have accurate cross sections for different processes taking place in collisions
between molecules and electrons. Among such processes are electron-impact rotational (RE),
vibrational (VE), or electronic (EE) excitation of molecules, dissociative recombination (DR),
dissociative electron attachment (DEA). Over the last years, I focused on (1) studying simplest
diatomic systems to benchmark our developed theoretical models, afterwards (2) extending
these models to large molecular ions and (3) to the neutral species.

- Starting with the HeH" molecular ion, one of the simplest molecular ion formed in the
early universe, we developed a theoretical approach that combines the multi-channel
quantum defect theory (MQDT), vibrational-frame-transformation (VFT) and the UK
R-matrix code to compute electron-impact VE of HeH'. In ISM, the temperature is
not high, such that only the ground state vibrational state of HeH™" is significantly
populated. Hence, knowledge of rate coefficients of rotational transitions may be also of
great importance for the analysis of experimental and astronomical spectra. Thus, we
generalized our model to include RE process for its isotopologues.

- Another important species relevant in ISM is CHT. Theoretical description of low-
energy e~ —CHT™ collisions is complicated due to the presence of a low-energy electronic
resonance and several low-energy excited electronic states of CHT. In this situation, the
standard VFT approach, used in many theoretical studies on electron-molecule collisions,
is not well adapted due to the energy-dependence of the scattering matrix. We improved
our model on HeH™ by adapting the VFT to CH™ with the help of "closed-channel
elimination" procedure (CCE-MQDT). Cross sections for vibronic excitations (VE+EE)
and DR of CH" were computed.
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- Equipped with the theoretical method developed on diatomic molecules, we have applied
it to more complicated systems and computed DR and VE cross sections of polyatomic
ions of astrophysical (CHoNH3, NHyCHOH™) and material development (BFJ ) inter-
ests. Additional approximation of the theoretical method was introduced: the use of
the normal mode approximation (NMA) for vibrational states of the target molecules.
Our theoretical studies have allowed us, on one hand, to provide an upper limit for the
total rate coefficient of DR, where data are not available, on the other hand, to confirm
previous calculations.

- More recent studies include neutral molecules, especially, NO, molecules that have a
number of applications in engineering and science. Similarly, cross sections for electron-
impact vibrational excitation of NOg and NoO were calculated for the first time.

My research activities also encompass other applications such as (a) describing the forma-
tion of MnO oxides on a Fe-Mn alloy surface and (b) thermal and mass characterizations of
bio-materials using the Lattice Boltzmann methods (based on the kinetic theory of gases).
Both applications either requires ab initio calculations or are based on methods similar to
those developed in quantum physics. It should be stressed that the above research were car-
ried out in close collaboration with experimentalists and modelers in plasma and material fields.

Last but not least, my experience in numerical simulation and programming allowed me to
develop a complete course of undergraduate quantum mechanics (QM) based on numerical ex-
periments, whose the beta version is available on http://prd-mecaqu.centralesupelec.fr/index.html.
This tool was tested this semester on the 1st-year students of Centralesupélec and is currently
used at the University of Central Florida from August 2020 in QM course, given by Prof. V.
Kokoouline.


http://prd-mecaqu.centralesupelec.fr/index.html

Introduction

Over the last decades, low-temperature plasma science and technology has attracted the
attention of many research groups due to a plethora of applications ranging from material
development (semi-conductor and photovoltaic industries [Duchaine et al., 2012, Gonzatti
et al., 2010, Bartschat and Kushner, 2016| for instance), to waste treatment (|Bundaleska et al.,
2013]), to air pollution control (atmospheric depollution [M and E, 1993, Baeva et al., 2002])
and to astrophysical environments (interstellar medium [Lepp et al., 2002, Millar et al., 2017]),
nay to nuclei fusions reactors (|[Hagelaar et al., 2011, Boeuf et al., 2011]) and to the biomedical
(|Boudaiffa et al., 2000, Shomali et al., 2015b]) or recently to food processing [Misra et al., 2016].

The above applications and advances were supported by significant efforts in understanding
the mechanisms governing the plasma sources, especially those involving collisions between
electron, atoms and molecules. Numerical plasma simulations require two main ingredients:
(i) a physical model for describing the discharge plasma and (ii) a numerical algorithm for
solving the set of equations for different species. In modeling plasma, there are two approaches:
kinetic (atomistic) and fluid (hydrodynamic). In the former approach, one tracks the position
and velocity of each particle of plasma, or more exactly a macroparticle representing a large
number of particles of a given specie, by solving either the equations of motion (Newton’s
Law) or kinetic equation, viz. the Boltzmann or Vlasov— if collisions are ignored— equation, for
a space-time distributions of the charged species energy or velocity distribution probabilities.
As an example of kinetic models, we can cite the Particle In Cell with Monte-Carlo Collisions
(PIC-MCC) which is commonly adopted to simulate the plasmas immersion ion implantation
(PIII) for material development (see paper .7 dealing with the study of BFy).

On the other hand, in the fluid description, the plasma is considered as a continuous medium
(macroscopic picture) where average quantities such density, temperature and mean velocity
are of great interests. A set of equations for conservation of species mass, momentum and
energy, derived form the Boltzmann equation, is then solved. Each approach has its own
advantages and drawbacks. When some species are described with the kinetic approach and
the others with the fluid one, we have the hybrid model. To describe the plasma chemistry,
a 'reactive flow’ model that describes the coupled phenomena of chemistry and diffusion-
convection transport of chemical species is combined with the kinetic or continuum discharge
model. For a self-consistent plasma simulation, it is ought to determine the self consistent
electromagnetic field taking into account the plasma sheath space charges and/or the high
frequency plasma oscillation using either Poisson’s (electrostatic approximation) or Maxwell
equations. As it is beyond the scope of this habilitation (Habilitation a Diriger des Recherches)
to discuss details on plasma models and numerical algorithms, find here an interesting reviews
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[van Dijk et al., 2009], [Samukawa et al., 2012] and [Adamovich et al., 2017], that give a
detailed snapshot of the state of the art in this field.

As hinted above, characterizing the plasma chemistry, in order to improve the performance
of a process, requires tremendous amount of data from atomic and molecular processes.
Typically, atomic and molecular processes can be classified into surface reactions and gas-
phase reactions. The former are characterized by the adsorption process of a reactant, a
chemical process between two adsorbed species or an adsorbed species and a gas phase species,
and desorption of a product from the surfaces of small grains. It is generally acknowledged
that surface reactions are responsible for formation of complex organic molecules in space
[Garrod et al., 2008]. As for gas-phase reactions, we can categorize them into one-, two-
or three-body reactions. For example, an excitation/dissociation of molecules by electrons
impact, e+ M — M¥*, is a two-body reaction. The rate equations of species M that experience
such reactions may be written

8TZM*
ot

+V'<TLM*VM*):FM* (1)

where v+ is the velocity of specie M™* and nj+ its density. Above, I'jy;« designates the rate
production of M* per unit of time and volume. Note that solving the above equation, with
the transport flux term (involving diffusion and convection) in the left-hand side (the second
term), could be accomplished if the velocity vz« is well known. The latter can be obtained
from solving the specie momentum equation.

The most striking feature of Eq.(.1) is the presence of I'js+, which can take the following
simplified form
Ty = anenyy (.2)

with o or k (in ecm®-s™! ) being the rate coefficient of the two-body reaction. As we will see
in the next chapters, this coefficient is a macroscopic quantity depending on the cross section
collision and the energy distribution probabilities of the colliding particles (see Equation 1.31
in Chapter I). The challenge here lies in the determination of this rate coefficient which serves
as input parameters in computer simulations of plasmas. Moreover, accuracy in the rate coef-
ficients is very important since the uncertainty could affect the prediction of simulations. This
HDR attempts to address these issues, at least, partially for certain fundamental elementary
processes that are relevant at low-energy collision.

In this context, my main research interests are largely motivated by the lack of reliable
data for atomic and molecular reactions especially those involving electron-molecule collisions
at low-energy. In low-temperature and pressure plasmas, characterized by electron energies
of the order of ionization potential of atoms/molecules (~ 10 eV) and pressure of few Pa,
electron-molecule collisions are dominant because electrons interact with electromagnetic
fields and collide with the gas to produce radicals and excited neutral species in chemical
reactions [Kolobov, 2009|. Availability of accurate cross sections and related rate coefficients
for processes such as (i) rotational, vibrational and electronic excitations (RE,VE,EE), (ii)
dissociative recombination (DR) and (iii) dissociative electron attachment (DEA) is crucial
for plasmas modeling, as discussed above. Studies in this field can be conducted only in close
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collaboration with plasma experimentalists and modellers (see list of collaborations in CV).
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Figure .1: Schematic diagram summarizing the research activities performed over the previous
years. Note that the molecules drawn in bold have already been studied while the others are
wn progress to date. It should be stressed that certain molecules could play different role in
various applications.

This report presents an overview of my research works as assistant professor at LGPM
(from 2012 to 2020). Figure .1 resumes my achievements as well as the motivations regarding
to applications in low-temperature plasma science. Over the last years, LGPM acquired a
large expertise in chemical-based processes for environmental applications and in situ analysis
of molecules of astrophysical interest (through the MSL-Curiosity mission in collaboration
with NASA). My research fits into this context and is mainly focused on the development of
theoretical approaches to study processes relevant for material science, waste treatment, and
atmospheric depollution. This field of research is part of the LGPM project, proposed to the
HCERES committee, in which the modelling of materials at different scales is one of the two
target areas of excellence for the next five-year period.

The recent key achievements were motivated by the following:

- need of understanding basic mechanisms in plasma kinetics in laboratory, in the interstellar
medium (ISM), or in technological applications;

- identify key elementary processes needed in plasma modeling;
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develop theoretical approaches for the identified processes, especially, those involving
polyatomic molecules for which experimental and theoretical data are sparse;

- in theoretical modelling of the processes, the need of taking into account that the presence
of low-energy electronic resonances in electron-molecule collisions;

- an importance of uncertainty estimations of the theoretical models when experiential data
are not available, especially, for processes involving excited-state ions or such ions as
radicals. These excited-state ions and radicals are unstable in collisions with other
species present nearby;

- the use of theoretical approaches as complement of experimental data;

- improvement and validation of theoretical models by building collaborations with plasma
experimentalists and modelers;

- enrich KIDA, TAEA and LxCat databases for atomic and molecular reactions needed in
various applications.

Within this wide context, the main goal is to develop and improve theoretical methods
dictated not only by the lack of the fundamental understanding, but very practical interests
in applications in plasma engineering, plasma-depollution technologies, space sciences and
technologies (see Figure.1). Considering the cross-discipline importance of these applications
(in physics, chemistry, astrophysics, plasma physics, materials), it is necessary to build an
approach combining (i) the identification of the role of atomic and molecular species and key
processes leading to their formation and destruction, (ii) development and improvement of
theoretical models describing these processes, and (iii) experimental and theoretical validations
with the help of collaborations.

The above lead to the following main research axes:
I Mechanisms of destruction of molecular ions (in astrophysics and waste treatment).

IT Role of collisions involving electron-neutral molecules and electron-radicals (in atmo-
spheric depollution).

IIT Formation of fluorine based-molecules and oxide particles (in the development of mate-
rials).

Besides the above research items, I would like to report in this manuscript my contribution
in the field of physics education. I will further describe our initiative of transforming the
traditional undergraduate and graduate quantum mechanics (QM) courses of Centralesupélec
(CS) and the University of Central Florida (UCF) into actively engaging studio-mode styles.
This pedagogical initiative led to the following achievement :

IV Toolkit for teaching quantum mechanics.

Over my experience of teaching QM and computational physics at CS, I have noticed the
difficulties that students encounter in understanding the QM concepts. Typically, QM is
taught as a pure math course or a descriptive phenomenological discipline, in which different
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core concepts of quantum physics appear to students to be disconnected from each other and
from their real-life experience. Initially, the students are curious and participate in a course
but very quickly, the more the course progresses, the more they lose their motivation and
interest in studying QM. Nowadays, there is a broad consensus that the use of multimedia in
QM classes helps to make teaching QM more efficient. This conclusion highlights the link
between teaching and numerical tools as well as theoretical methods, developed in the above
three main research axes for describing and understanding different fundamental elementary
processes.

The present document compiles my achievements and contributions within each above
items. Since details on the employed theoretical approaches and the obtained results have
been published (see list of publication in Appendix V.2.C), I will restrict myself to underlining
the major ideas, sometimes with the inclusion of a few illustrations or tests. This manuscript
is organized as follows.

In Chapter I, I will present briefly my works on a variety of molecular ions, namely, HeH™,
CHT, CHQNH;_ and NHo,CHOH™. My main contribution to this topic is the development of
theoretical methods to compute DR and VE cross sections of molecular ions relevant in astro-
physics and waste treatment. The presented works were carried out in the context of two thesis:
Dr. Xianwu Jiang at CS and Dr. Chi Hong Yuen through a long term collaboration with UCF.

Chapter II is devoted to neutral molecules and radicals. Equipped with the theoretical
methods developed on molecular ions, I extended them to neutral systems and computed
VE cross sections of NOy and NoO that play an essential role in the atmospheric depollution
processes. The outcomes were obtained in the context of Dr. Hainan Liu thesis at CS.

It is important to note that my past research also encompasses other applications such
as metallic material and bio-material characterizations. For the sake of clarity, I will expose
in Chapter III only the works on BF; , playing a role in development of materials, since
the study of metallic materials lies rather on describing experimentally/theoretically the
formation of MnO oxides on a Fe-Mn alloy surface whereas the second one focuses on thermal
and mass characterizations of bio-materials using the Lattice Boltzmann methods (based on
the kinetic theory of gases). Both studies either require ab initio calculations (Li Gong’s
PhD on the determination of surface energy) or are based on methods similar to those
developed in quantum physics (Mathilde Louérat and Huan Du PhDs on the calculation
of thermal and mass diffusion coefficients). It should be stressed that the above research
were carried out in close collaboration with experimentalists and modelers in plasma and
material fields. Moreover, the BF; study has enabled to develop and formulate ideas for
further applications in particular for the HCO™ and NoH™ molecular ions in the context of Dr.
Abdillah Abdoulanziz’s thesis, co-supervised with Prof. Ioan Schneider at Université du Havre.

On the strength of my experience in numerical simulation and programming, I attempted
to contribute to physics education by developing a set of PYTHON numerical codes (published
in textbooks. See Appendix V.2.C) and designing a graphical interface allowing students to
prepare and run numerically-simulated experiments demonstrating all basic concepts taught
in QM course. An overview of the performed work, conducted in the context of the post-doc
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of Dr. Alexander Korovin and in collaboration with Prof. Viatcheslav Kokoouline at UCF, is
given in Chapter IV.

Finally, Chapter V concludes this report and sketches the planned research work for the
next 4-year period. Contributions within each of the above items and communications are also
given. Most relevant published papers related to each above items are provided in Appendix.



| — Mechanisms of destruction of
molecular ions

1.1 Context and Motivations

A number of process can occur when an electron collides with molecular ions. In low-
temperature ionized environments such as interstellar medium (ISM), planetary atmospheres
and technological plasmas (see Figure .1) (where the pressure is low and the electron density
is high), the main route for the ions destruction is the dissociative recombination (DR). This
results in stable and metastable small species and /or radicals that are in turn the basis of chain
of reactions leading to more complex species. Furthermore, DR competes with transitions
between the rotational, vibrational and electronic states of the target ions. Hence, detailed
knowledge of DR and competitive processes is necessary for modeling very cold and rarefied
environments, often in non-equilibrium.

In this chapter, I will present my works on two types of ions: (i) those with low-energy
electronic resonances appearing for geometries near the equilibrium of the target ion (in a
fixed-nuclei picture) and (ii) the ions without such low-energy electronic resonances. Two
theoretical treatments were developed in Section 1.3 to be applied in Section 1.5 to systems
relevant in ISM as HeH™, example of ions of the first type, and in technological plasmas
(as well as ISM) such as CH™, that have the two first excited electronic state at a relatively
low energy, below 5 eV. With some additions, the theoretical method developed for ions of
the first type was extended to more complicated systems with several vibrational degrees
of freedom, such as NHoCHOH™ or CHsN H; (illustrated below) of planetary atmospheres
interest. The theoretical method was initially introduced for BF;r with few vibrational degrees
of freedom, viz. four-folded. This theory will be described in details in Chapter IV. The
basics of theoretical approaches developed for both diatomics and polyatomics are similar and
exposed in the next Section 1.2.

Cross-sections and related rate coefficients of the electron-induced dissociation and/or
excitation of molecular cations presented in this chapter were obtained in the context of
collaboration with Prof. V. Kokoouline at the University of Central Florida (UCF) and two
dissertations: Dr. Xianwu Jiang at Centralesupélec (CS) and Dr. Yuen Chi Hong at UCF.
The following works have been published in different papers. Only relevant studies and related
articles are included in Appendix V.2.C, with the inclusion of some illustrations or tests. The
obtained results could serve in kinetic modeling of ionized media such as cold plasmas and

1



2 CHAPTER I. MECHANISMS OF DESTRUCTION OF MOLECULAR IONS

interstellar clouds.

1.2 The basics of the theoretical approaches

Generally, electron-molecule scattering calculations are performed either in the laboratory-
frame (with respect to which the molecule rotates) in the framework of the Close-Coupling
(CC) theory [Arthurs et al., 1960] or in the body-fixed frame making use of the Fized-Nuclei
(FN) theory [Chase, 1956].

In CC theory, a set of coupled second-order ordinary differential equations is solved for
one-electron wave function where the total wave function is expanded on the unperturbed
states of the isolated molecule, typically, via the products of functions of the internal states of
the molecule (called a channel) with angular functions (often spherical harmonics) describing
the rotation of electron around the molecule. The scattering (or reaction) matrix can be
deduced when matching the propagated one-electron wave function, from the internal region
to a distance where the potential is negligible, to a well know asymptotic form [Lane, 1980].
This method was applied for studying electron-atom/molecule and atom/molecule-molecule
collisions [mot, 1966, McGuire and Kouri, 1974, Green, 1975, Bohr et al., 2014, Mukherjee and
Mukherjee, 2015, Zammit et al., 2017]. However, including the rovibrational states into CC
equations introduces complications into the calculation, which is especially the case for polar
molecules where the long-range nature of the dipole potential requires a large number of partial
waves to be considered [Sanz et al., 2012|. This leads to a strong rotational coupling in the
equations and, consequently, slow numerical convergence because the laboratory-frame, where
the scattered electron is referred, is not appropriate at small electron-molecule separation,
where the electron is close to the molecule. This discussion will be completed in Section 11.4
on the NOg2 study. More details can be found in Ref.[Lane, 1980].

On the other hand, FN theory adopts the philosophy of the Born-Oppenheimer approxi-
mation (BO) [Born and Oppenheimer, 1927| in which the motion of nuclei can be separated
from that of electrons because they are munch lighter (about 2000 times) and, hence, move
faster than nuclei in a molecule. Performing bound states (electronic structure) calculations
is thus possible and one can find the energy spacing of electronic, vibrational, and rotational
levels of the order of 1000, 100, and 1 meV, respectively. The energy-time uncertainty prin-
ciple enables to obtain the respective time scales 10717, 10716, and 10~'* s. This result
reveals that time scale for electronic processes is usually much shorter (about 10 or 100
times) than the nuclei motion, in agreement with the BO consideration. In a similar spirit,
the motion of electrons in the continuum, in the framework of FN approximation, is fast
in such a way that the nuclei can be viewed as fixed during the scattering process. This
assumption, however, break downs when the scattering electron energies are close to excita-
tion thresholds or to a narrow and long-lived resonance, where the collision time becomes
long. As for CC, collision with a polar molecule, characterized by a strong long-range inter-
action potential, is also a circumstance for which FN approximation can not be readily applied.

In this context, the Frame Transformation (FT) approach of [Fano, 1970] takes the
advantage of both representations by exploiting the features of electron-molecule interaction
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in accordance with the electron scattering distance. Indeed, close to the nuclei, the electron
undergoes a strong Coulomb acceleration and acquires a high velocity such that nuclei can be
viewed as being stationary, justifying the use of FN approach in the framework of BO approx-
imation. The electron nearby the nuclei form together a new complex that should be treated
as many-electron system. The rising exchange and electron-electron correlation interactions
lead to a strong coupling between the angular momentum of the scattered electron and the
internuclear axis (the angular momentum component is constant of motion in case of diatomic
molecules). In such situation, the body-frame representation is more appropriate than the
laboratory-frame. On the contrary, when the electron is far from nuclei, its collision energy
becomes comparable to the energy of nuclei motion and their respective angular momenta
remain uncoupled. Consequently, nuclear Hamiltonian has now to be introduced to take into
account the effects of the rotational/vibrational molecule making thus the laboratory-frame
more appropriate. In this representation, vibrational and rotational quantum numbers of the
target molecule, in addition to the angular momentum of the scattered electron are utilized.
The total angular momentum is here a collision constant.

The theoretical methods developed on diatomic (described in next section) and polyatomic
molecules (described in next chapters) employs the above approach where once the scattering
matrices are obtained in the framework of FN approximation, FT is performed for describing
interactions between rovibronic channels of the target molecules induced by the incident
electron. Nowadays, there are two types of computational approaches in the FN approximation
that are the most employed; variational approaches and bound states approaches. The Kohn
Complex Kohn Variational method [Schneider and Rescigno, 1988] is based on the variational
principle, where the T'—matrix is chosen as the variational quantities instead of the K —matrix
[Takatsuka and McKoy, 1981|. Some recent applications making use of this method could be
found in [Douguet et al., 2015a, Douguet et al., 2015¢|. A second approach is the Schwinger
Multichannel Method which is based on the Schwinger variational principle for obtaining the
scattering amplitude [Schwinger, 1947|. This method utilizes the Green’s function matrix
element and the electron-molecule interaction method. Details on this approach can be found
in Ref.[da Costa et al., 2015| and references therein.

The ab initio R-matrix methods, to which we further direct our main attention, are other
methods based on variational or on bound states approach [Burke, 2011]. They adopt the
philosophy of the FT procedure by considering two regions of space in agreement with the
interaction nature between an electron and a molecule. Compared to the above variational
approaches, R-matrix method has a great advantage that the inner region problem is solved
independently of the scattering electron energy. The dependence on that energy has only to be
considered in the outer region where obtaining solutions is somewhat fast and straightforward.
In practice, the employed inner region in F'T approach is extended to a large distance and the
whole problem can be thus solved in the framework of the body-fixed frame representation.
This assumption called Adiabatic Nuclei Approzimation is the central idea of R-matrix method.
It is valid under certain circumstances, as stated above for the FN approximation, where
electron energies are away from excitation thresholds or long-lived resonance and there are
no significant long range interactions. The validity of these assumptions and, hence, of the
theoretical models employed in the performed studies will be justified in the following section.
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1.3 Theoretical methods for collisions between electron and di-
atomic molecular ions

Theoretical models employed in the studies of Section 1.5 are based on first-principles. They
require three main ingredients summarized in Figure [.1. A brief description follows.

1.3.A The ab initio R-matrix method

Initially introduced by Wigner [Wigner, 1946, Wigner and Eisenbud, 1947| to treat nuclear
reactions, R-matrix methods were early extended to study the scattering of electron-atom
[Burke et al., 1971, Burke and Robb, 1976 and electron-molecule [Burke et al., 1977], based on
the developments of Schneider [Schneider, 1975, Schneider and Hay, 1976]. A comprehensive
reviews on the methodology and applications in atomic, molecular and optical processes can
be found in [Burke and Tennyson, 2005, Burke et al., 2007].

In the following studies, the open-access UKRmol suite [Carr et al., 2012] with Quantemol-
N interface |[Tennyson et al., 2007] will be used. Recent applications can be found in [Loupas
et al., 2018, Gupta et al., 2019, Loupas and Gorfinkiel, 2019|. The implemented R-matrix
approach is drawn in Figure 1.2. This method aims in calculating, as its name suggests, the
R-matrix (in its simplest form):

R
rF'(r)’

R(r,€) (I.1)
that relates the radial wave function F(r) to its derivative F'(r) at a radius r and for a specific
scattering electron energy e.

The above equation dictates the central idea of the R-matrix method: partition of con-
figuration space into an inner and outer regions. The boundary is a sphere, with a radius
noted r = a, centered at the center of mass of the molecule. This radius is chosen such as
the electronic charge cloud of the target is negligible at the boundary. Usually in the inner
part of configuration space, exchange and polarization interactions are dominant between
N-electrons target and the scattering one. As a result, the collision problem within finite
volume can be treated as a molecular bound state problem by constructing and diagonalizing
an Hamiltonian matrix augmented with the Bloch operator (holding the Hermicity of the
Hamiltonian) leading to solve a N + 1 eigenvalue problem (see Eq.(8) of Ref [Tennyson, 2010]).
The scattering wave function is constructed using close-coupling expansion where the scatterer
spin is taken into account and the target wave function is represented through a Configuration
Interaction (CI) expansion. A standard quantum chemistry methods are employed to obtain
the variational parameters in the CC expansion.

In the outer region, asymptotic expansion such as a long range multipolar interactions
between the scattering electron and the target is employed. For target ions, the dominant
term is Coulomb potential of the separate charges, viz. a = 0 in Eq.(I1.12). Once the wave
functions are generated in the inner region, the R-matrix is constructed at the boundary
r = a for a given incident energy e and it is propagated to the outer region (see Eq.(23) of
Ref [Tennyson, 2010]) where the radial scattering electron wave function can be matched at
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the boundary r = a4y >~ 70 bohr (such that coupling potentials to be negligible) to Coulomb
functions

1 0. . ) r if €; >
Fll;(r) N T (sm 0;i(r)dij + cos 0;(r) K (R)) ife; >0 (1.2)
0 otherwise
where
l; In(2k; )
0i(r) :kir_277+n(kr)+0i’ ai:argl“<li+1—z> , (1.3)
i ™

and index 7 refers to the entrance channel before a collision and j refers to the outgoing
channel after the collision. In the above equation, KZI;(R) are the elements of the reactance
matrix [Aymar et al., 1996, Tennyson, 2010] depending on the nuclei geometry, here the
internuclear distance R, parametrically and obtained for each scattering electron energy e.
Above, I' designates the constants of motion corresponding to the irreducible representation
of the molecular point group, in particular the total angular momentum projections A of the
electron-molecule system.

In the cross section calculation, the scattering matrix S''(R) is needed, which is obtained
from KT (R) as
S'(R) = (1+:K"(R))(1 — K" (R))™!. (1.4)

The above matrices relate the amplitudes of the incoming and outgoing waves functions.
Another observable defined from these scattering quantities is the eigenphase sums (analogous
to the phase shift of potential scattering)

o'(e,R) = Zarctan (K};) or o'(e,R) = Z logéfg), (I.5)

i

where K (resp. SL) are the eigenvalues of the K-matrix (resp. S-matrix). We will see further
that eigenphases are very helpful for testing the validity of the scattering models, identifying
potential problems with calculations and studying the calculations convergence.

Table I.1: Correlation tables for Doo, — Dop, and Cy,, — Coy, point groups for diatomic
molecules. In the same rows, irreducible representations I' of the same symmetry are provided.

Doov D2h Coov CZU
o5 A, ST A
Ei By, ¥ Ao
Eg_ Blg 11 B1 & By
E; A, A Al @ Ay
I1, By @ B3y
Hu B2u %) BSu
Ay Ag ® By
Au Au D Blu

In practice, our calculations are performed in the abelian subgroups Dy, Co,, Cs or C
of the natural point groups of the molecules. Descent correlation tables for the most popular
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point groups encountered in our studies are given in Table I.1. We choose a large R-matrix
sphere of radius ranging from a = 10 to 14 bohrs, according to the size of the studied systems,
and continuum Gaussian-type orbitals (real spherical harmonics for the angular part) with
partial waves [ < 4, viz. a total of 25 partial waves mapped to the irreducible representations
of the abelian point groups in Table 1.2. Thus, an element of the scattering matrix in Eq.(I1.4)
writes Shy 1y (R) where [, A (noted sometimes m or A, in case of ¥ electronic states of the
target) and i enumerate, respectively, the electron angular momentum and its projections on
the molecular axis Z, and the electronic state of the target molecule. This element represents
the scattering amplitude when the electron scatters from one channel (I\i) to another (I’\'i'),
while the nuclei do not have time to move.

Table 1.2: Mapping of spherical harmonics of partial waves (I\) in each irreducible representa-
tions I' of the abelian point groups that are encountered in our studies.
c, A
00,1-1,10,11
2-2,2-1,20,21,22
3-3,3-2,3-1,30,31,32,33
4-4.4-3,4-2,4-1,40,41,42,43,44

Cs A A’
00,1-1,11,2-2,20,22 10,2-1,21
3-3,3-1,31,33,4-4,4-2.40,42,44  3-2,30,32,4-3 4-1,41 43
Coy  Ax By By Ap
00,10,20,22 11,21 1121 2-2
30,32,40,42,44 31,33,41,43 3-3,3-1,4-3,4-1 3-2,4-44-2
D2h Ag Blg BQQ B3g Au By Bo, B3u
00,20,22 2-2 21 2-1 10 1-1 11

40,4244 4-44-2 41,43 4-34-1 3-2 30,32 3-3,3-1 31,33

1.3.B Frame transformation

As stated in Section 1.2, the theory of frame transformation connects the laboratory frame
and the body-frame representations that are each suited for different ranges. This is based
on the fact that the couplings between the scattering electron and the target are different
according to the r regions.

Lower panel of Figure 1.2 depicts these regions, namely, the R—region, v—region and the
j—region. In the first region, the strength of couplings, induced by the scattering electron,
between different vibrational and rotational states (v,j) of the target and the scatterer are
small in comparison with the interaction potential V(r), suffered by the incident electron.
Therefore, the FN approximation is justified in this R—region (recall that R refers collectively
to all nuclei coordinates) and the R-matrix calculations can then be performed where the
scattering quantities (see above) depend on the nuclei geometry R parametrically. We will
come back to this point in Section 1.4 with more details.
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Figure 1.2: Schematic diagrams for the R-matrix method (upper panel) as well as the R-
/q—region, v—region and the j—region (lower panel) according to the local kinetic energy
of the electron given in Egs.(I.6) and (1.7). The frame transformation procedures (FT)
connecting the molecular-frame to the laboratory-frame are also represented. Note that these
transformations constitute the [-uncoupling transition from the Hund-coupling case b to case
d [Chang and Fano, 1972].

Now, where the interaction potential V' (r) becomes comparable to the strength of couplings
between different v and/or j, these later can not be neglected and hence vibrational frame
transformation and rotational frame transformation need to be accomplished in v—region and
j—region, respectively. Transitions between each regions can be estimated by defining the

local kinetic energy
€vj = €—V(r) — Ey;, (1.6)

where € is the scattering energy and V (r) is the attractive potential. E,; is the rovibrational
energy of the target that can be expressed as

Eyj = hw <v+;> +Bj(j + 1), (1.7)

white w and B being respectively the vibrational frequency and the rotational constant of the
target in the harmonic and rigid rotator approximations.



1.3 THEORETICAL METHODS FOR COLLISIONS BETWEEN ELECTRON AND DIATOMIC MOLECULAR IONS9

Making use of the above expressions, the values 7, and r; in Figure 1.2 can be estimated for
e —V(ry) ~ hw and € — V(r;) ~ B. It follows that, when r < r,, one can apply a vibrational
frame transformation (nay full frame transformation) assuming then e,; ~ €,;; while for
r < rj, only rotational frame transformation can be applied with the assumption €,; ~ €,;.
In the region r > r;, FN approximation is no longer valid because the nuclei and electrons
have to be treated on a more equal footing, justifying the laboratory-frame description. These
considerations are the basis of the theoretical models described below.

Vibrational Frame Transformation

Once the matrix element Sly v a(R) is obtained from the R-matrix calculations for a given
geometry R and each symmetfy (one of the irreducible representation I' of the point group
corresponding to a given projection A of the total angular momentum of the electron-molecule
complex), one can employ the procedure of frame transformation

St = (Yo (R) [Shy (R)|[Uo(R)), Sy a(R)S(R —R) = (R NU| SR\, (1.8)

where the brackets above imply an integration over the vibrational coordinates which requires
the vibrational wave functions.

Bound vibrational wave functions: We calculated vibrational wave functions v, (R)
above and related energies F, by solving the Schrodinger equation for vibrational
motion along R,

n? o?

Tou0R? + V(R)| Y»(R) = Eyty(R), (1.9)

where p the reduced mass and V(R) is the internal potential of the considered
molecule. The above equation is solved using a DVR-type method, described in
details in Section IV.2.B. In the numerical calculation, the distance R is discretized on
a grid, on which the potential energy V(R) is calculated with the ab initio methods
(plus a basis set) with the help of Molpro package [Werner et al., 2008|.

Dissociative vibrational wave functions: To compute dissociative recombination (DR)
cross section of CH™, for instance, the vibrational continua states need to be consid-
ered. They could be discretized by the outgoing-wave basis functions defined by a
complex absorbing potential (CAP). Similar to the technique of Siegert pseudostates
calculations |Tolstikhin et al., 1998|, a purely imaginary potential (CAP) is added to
the above Schrodinger equation (1.9) in order to simulate an infinite grid. Different
shapes of CAPs are described in the literature [Vibok and Balint-Kurti, 1992|, we
choose an exponential form

L
W(R) ={ A5eXP (_ Rj%cmo) Rz Reap (1.10)
0 R < Rcap

where Aj is the CAP strength and Rcoap its starting point. L specifies the entire
grid length of the internal potential V' (R) of CHT. These parameters will be adjusted
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in the studies to reduce the uncertainty on the obtained DR cross sections.

Applying CAP, the Hamiltonian becomes non-Hermitian and eigenenergies turn to be
complex (as eigenfunctions. See Figure 1.14 for instance)

E, :Ev—z%, (L11)

where E, and - are the position and width (inversely proportional to half-time 7 = %)
of the dissociative state.

When plugging the dissociative vibrational wave functions into Eq.(I1.8), the obtained
scattering matrix appears to be subunitary in the bound and dissociative states ba-
sis. This defect of unitarity, i.e. loss of flux, can be identified with the dissociative flux.

Finally, summations over the partial waves (I\) and (I’\) yield the transition amplitude
Sy» from one vibrational level v to another v/. This latter is used to compute the vibrational
(de-)excitation (VE,VdE) cross sections.

Rovibrational Frame Transformation

As a second step, the rotational frame transformation is accomplished using the matrix
elements of the above S-matrix, leading to the laboratory-frame scattering matrix

J — E : VAN ' Jr A
Sj’,u’l’v’,j,ul’u —_— (_1) Cl,—)\/JA/Cl*)\JASl/)\,’U/,l)\’U 9 (1.12)
AN

where J is the total angular momentum of the e”-ion system, j, 4 and j’, i’ are the angular
momenta with their projections on the molecular axis of the target before and after the rota-
tional excitation of the projectile, and C'J;lf:\, s and C’; - wsa are Clebsch-Gordan coefficients.
Note that J is specified in the above S-matrix because j is defined from the Clebsch-Gordan
coefficients. Summing over [, I’ and J leads to the rovibrational (de-)excitation (RVE,RVdE)
cross sections. A detailed derivation of Equation (I.12) and ensued cross section are given in
Appendix of paper .4.

Note that when several electronic states of the target are involved in the calculations,
rovibronic frame transformation has to be accomplished, with some careful attention for target
states of p # 0, where an extra indices (¢/,4) in Eq.(I.12) standing for the electronic state
should be added. This development would a part of further works (see Section V).

The most striking features of Eqgs.(I.8) and (I.12) is the presence of vibrational and rota-
tional levels, initially absent in the nuclei-fixed S-matrix. The transition amplitude Sf\\,l,7 v(R)
is obtained for a scattering electron energy e computed with respect to the ground electronic
state energy of the target, i.e. the entering channel, provided that the electron energy is not
large enough to excite the target electronically. Consequently, performing frame transformation
procedures give rise to uncertainty in the choice of the energy origin in the S-matrix which can
resolved if Sﬁ},l, y/(R) is independent on the scattering energy within the spacing of rotational
and vibrational levels. This is in fact consistent with the above approximation €,; & €, on
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which the R-matrix calculations are carried out. Further discussion is postponed to Section I.4.

As a result, one can apply frame transformations as long as S(R, €,;) = S(R, €,;'), where
€vj is given by Eq.(1.6). This assumption could be verified by a detailed analysis of eigenpahse
sums of Egs.(1.5), as we will see in the applications.

1.3.C Elements of the Multi-channel quantum defect theory
Brief introduction

The quantum defect (QDT) theory was initially introduced by Ham [Ham, 1955] in solid
physics and then reformulated by Seaton [Seaton, 1966, Seaton, 1983| for atomic physics.
This theory is somewhat equivalent to the R-matrix or FT theories, described above, since
the r—region space is divided in accordance with the interaction between an electron and a
nuclei in an alkali atom. More specially, QDT deals with the properties of an excited electron
of Rydberg surrounding an ionic core (nuclei+core electrons). The basic idea is to assume
that beyond some distance from nuclei r > rg, the electron undergoes a purely Coulombic
field created by a positive point charge. Eigenenergies of that excited (Rydberg) electron can
be described by a phenomenological extension of the hydrogen expression, as formulated by
Rydberg [Rydberg, 1890)].

Exploiting the spherical symmetry of the atom, one needs only to solve the radial the
Schrodinger equation whose the solution can be written as a linear combination of regular,
fi(r) , and irregular, g;(r), Coulomb functions

R(r) = filr) cosmn — gi(r)sinm > ro, (113)

where p; denotes the quantum defect depending only on the angular momentum quantum
number [ and accounting for the corrections to the pure attractive Coulomb potential by
the core electrons. Notice that for the diatomic molecules, one should add to the angular
momentum [ its projection along the Z axis of the molecule A (sometimes noted m).

Making use of the asymptotic solutions of the above Coulomb functions, one can write

Eq.(I.13), at any negative energy E = —#, as follows (see Eq.(2.12) of Ref.[Aymar et al.,
1996]):
1
F(r) ~ — [sin (v -1+ DYVl — cos (m(v — 1 + Dr”e‘kr] [.14
1) v, e [ = ) (mly — 1+ ) (114

where v is the effective quantum and D is a constant depending on the gamma function. As
one is interested here by bound states, the exponential growth at infinity in Eq.(I.14) needs
thus to be killed which leads to sin (7(v — [ 4 1)) = 0 or v — [ + p = n,, an integer. Putting
the principal quantum number n = n, + [ and using the energy definition of the hydrogen
atom, we fall back into the famous Rydberg formula of the allowed energy values (in atomic
units)

1

Ey=T- ——
: 2(n — w)?

(1.15)
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with Z being the ionization energy (often set to zero). Equation (I.15) indicates that a series
of resonant states can be formed with an excited ionic core. This series of resonances is called
Rydberg series whose the energies are provided from the above formula. Therefore, the excited
states of atoms with a large principle quantum number, leading to a very large electric dipole
moments, are known as Rydberg atoms. In such atoms, the Rydberg electron is weakly bound
to the ionic core which makes it sensitive to external perturbations resulting in a wide range
of applications as in plasmas.

From Eq.(I.2) (by omitting here K-matrix), the radial wave function of the Rydberg
electron can be expressed as follows

1
F ~ —
") TR
where 6;(r) is given by Eq.(1.3). mu; appears as an additional phase shift with respect to
Coulomb functions. Quantum defect p; contains the information about short-range interaction
between the outermost electron and the ionic core.

sin [0;(r) + 7] (1.16)

A key result above is the smooth manner in which the quantum defect can be extrapolated
from below-threshold in Eq.(I.14) to above-threshold in Eq.(I.16) throughout a phase shifts

0p = Ty (I.17)

This is usually expressed as the Seaton’s theorem [Seaton, 1966]. Reshaping Eq.(I.15) yields
Pl =1 — ,/—ﬁl and hence pu,; depicts a weak dependence on n, in particular, on energy

E,;. We fall back here on the circumstance mentioned in the preceding section: the use of
smooth S-matrix in the frame transformation procedure since

Sp=eX = ehmu (I.18)
Eq.(1.17)

When several channels of electron excitation, distinguished by different core levels, or different
orbital momenta are taken into account in the calculations, one has the multichannel QDT,
noted MQDT. Generalizing QDT to include not specially Coulomb potentials, like molecular
ones, arises with a more complicated relation between energies and quantum defects that can
be described by the generalized quantum-defect theory GMQDT. More details can be found
in [Greene et al., 1979).

The quantum defect approach briefly discussed above has been widely used in the litera-
ture for studying different systems, from diatomic to polyatomic molecules, and processes
(VE,RE,DR) [Mezei et al., 2015, Moulane, Y. et al., 2018, Chakrabarti et al., 2018b, Douguet
et al., 2012b, Mikhailov et al., 2006a, Douguet et al., 2008a, Douguet et al., 2009a, Kokoouline
and Greene, 2001, Novotny et al., 2009, J. B. A. Mitchell and A. I. Florescu-Mitchell, 2005].
As an example, DR cross sections of NHj and HCO™T were computed by [Fonseca dos Santos
et al., 2014b| using a theoretical approach based on the computation of the scattering matrix,
via the complex Kohn variational technique, just above the ionization threshold and enables
the explicit determination of all diabatic electronic couplings responsible for DR. In addition,
authors used MQDT to demonstrate the precision of the scattering matrix by reproducing
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accurately ab initio Rydberg state energies of the neutral molecules, obtained from the
Rydberg formula of Eq.(I.15). As a result, complex Kohn variational technique reproduced
quantum defects calculated from bound state calculations, verifying Eq.(1.17). A very good
agreement with the experiments was found.

Closed-channel-elimination procedure

Going back to S-matrices, obtained previously after the frame transformation procedures,
with the above considerations, one can notice that the scattering matrices S of Egs.(I.8) or
(I.12) can be used for cross sections calculations only if the total energy of the system is high
enough for all collision channels to be open for ionization. When some channels are closed,
the scattering matrix should be modified applying the "closed-channel-elimination" procedure
and producing matrix SP"*(E) according to

. -1
SPS(E) = 8% — §%¢ |8 — ¢ 2E) | 5o, (L19)

Mathematically speaking, the above partition consists of eliminating exponential growth in
closed channels to impose the correct physical behavior in solutions of Eq.(2.42) of Ref.[Aymar
et al., 1996.

The matrix SP"*(E) has N, x N, dimension, N, being the number of channels open for
ionization for a given total energy E of the system. The total energy could be written as a
sum of the energy of the entrance channel E; (rovibrational channel, F,;) and the relative
kinetic energy €,;, see Eq.(1.6), of electron and the target ion: E = E; + €,;. In the above
equation, the matrices §°°, §%¢, §° and S are submatrices of the original matrix S [Seaton,
1983, Aymar et al., 1996], partitioned as

SOO SOC
S = (8C0 SCC) ’ (1'20)
where the partition of the matrix elements in the “0’- and “c’-parts is made on the basis

whether the corresponding channel, ¢ or 4’, is open or closed for ionization for a given total
energy E. The quantity S(F) is a diagonal N, x N, matrix

Bini(E) = m@'i, (I.21)

where E; refers to energy of the corresponding closed channel ¢ (rotational, vibrational and/or
electronic channels) and N, = N — N, is the number of closed channels. It relies on the
effective quantum numbers, aside from 7 factor, of Eq.(I1.15) with Z being the closed ionization
channel FE;.

In summary, the first term in Eq.(I.19) is restricted to the open channels and the second
takes into account their mixing with the closed ones. The denominator is responsible for the
resonant patterns in the shape of the cross section when

det |8 — e728(Er)| has a local minimum. (1.22)
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This yields the position of Rydberg resonances (at first order if couplings between closed and
open channels are neglected). According to the partition (I.19), the eignephase can be written
as follows

d(E) = pg + 6, (1.23)

where 6y, = log §°°/21 is the background scattering phase shift contained in S°° and 4, is the

resonant scattering phase shift given by the resonant S-matrix of the Breit-Wigner form
E—-E —A—1]

E—-E - A+’

exp (2:6,) (1.24)

with v and A being, respectively, the width and shift, due to the couplings between closed
and open channels.

.4 Validity of the theoretical models

In most theoretical studies, there are two main identifiable sources of uncertainty [Chung
et al., 2016]. The first one is related to the uncertainties of the theoretical model in which
one often employs models with reduced dimensionality or neglecting competitive processes.
The second type of uncertainties arises from the choice of parameters of the model such as
the use of limited basis set or ab initio/fitted data. Both uncertainties will be assessed for
each studied system in Section L.5.

Besides the uncertainties stated above, the validity of the models is based on the frame trans-
formation approach underlying the R-matrix method employed throughout this manuscript.
In the case of ionic target where attractive potential V' (r) decaying slower than the centrifugal
barrier [(I + 1)/(2r?), the local kinetic energy €,; of Eq.(1.6) depends on r at 7 > 100 bohr.
At this distance, corresponding to the edge of the outer region in the R-matrix calculation,
the kinetic energy of the scattering electron increases by about 0.27 eV which is larger than
the spacing between vibrational levels. Hence, r; and ry in Figure 1.2 are larger than 100
bohr and thus the whole region of r can be considered as the R—region with €,; ~ €,sj. This
conclusion is consistent with the main hypothesis: adiabatic nuclei approximation can be
used in the R-matrix calculations and frame transformation can afterwards be carried out, if
S(R, €,j) is smooth with respect to €,;, at the end of the calculation when K-matrix has been
computed.

The energy dependence of the scattering matrix at threshold for attractive Coulomb
potentials lies on the presence of a large range region, namely Coulomb zone, where the
Coulomb potential dominates over the kinetic energy €. The reactance matrix is defined as
follows (from first-order perturbation theory)[Aymar et al., 1996]

Ky = —m (i | Vi [10i) (I.25)

where ;; and 1); are respectively the initial and final wave functions of the scattering electron.
One can see from the above equation that the matrix element of the short range potential Vi,
is proportional to a corresponding element of the reaction matrix. Therefore, the scattering
matrix, deduced from Eq.(I.4), depends on the amplitude of the electron wave function
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which changes little (for a given normalization!, i.e. usually a normalization per unit energy)
with respect to the scattering energy e at threshold since the local kinetic energy of (Eq.1.6)
(thus the local wavelength) is governed by the Coulomb potential and not by the value of
¢ = h?k?/2m. For r. > Z/e (obtained from € = V(r.) = Z/r., in atomic units), the wave
function oscillations are governed by the wavelength 1/k. When ¢ — 0, one has r. — oo and
the Coulomb zone covers now the entire asymptotic range resulting to an energy independence
of the electron wave function, thus the reactance matrix of Eq.(I1.25) and the related scattering
matrix.

To conclude, frame transformation procedures can be applied to ionic targets even at low
scattering energy. This will be the subject of applications in the next section.

1.5 Applications

This section concentrates on a few studies using the theoretical approaches described above.
Mechanisms of molecular ion destruction relevant to astrophysics are briefly presented and
discussed. More details are provided in the published papers, the most relevant of which, are
included in this manuscript.

I.5.A Rovibrational excitation of HeH' molecule by electron impact

To benchmark our theoretical approach, we started applying it to the simplest molecular ion
formed in the early universe, namely, HeH" [Lepp et al., 2002|. This cation is an important
specie in the interstellar medium (ISM) [Roberge and Dalgarno, 1982 and in the chemistry of
the planetary nebulae such as NGC7027 [Dabrowski and Herzberg, 1977, Black, 1978, Flower
and Roueff, 1979]. In the ISM, it is mainly formed in the radiative association process of He
and H' or of He™ and H [Zygelman and Dalgarno, 1990, Kraemer et al., 1995]. Collisions of
HeH™ with electrons play a significant role, in particular, leading to dissociation (dissociative
recombination) and rovibrational (de-)excitation of HeHt|Jimenez-Serra et al., 2006], due to
the relative abundance of electrons and HeH™ in the ISM.

In this section, we focus on the rovibrational excitation and (de)-excitation (RVE,RVdE)
process
e~ +HeH" (v,5) = e™ +HeH" (v, ), (1.26)

where v, j and v/, 7/ stand for the vibrational quantum number and angular momenta of the
target before and after the rovibrational excitation of HeH™.

Since the first electronically excited state A'Y*F, correlated with H(1s) + He't(1s) is
approximately 11 eV above the HT + He(1s?) dissociation limit for the X' *ground state,
the ground state of electronic configuration 12 is isolated and non-adiabatic effects are
expected to be small. Therefore, for low electron energy collisions (below 10 ¢V) only the
lowest electronic state is open for ionization in e~ — HeH™ collisions and the dimension of
the geometry-fixed scattering matrix does not change with energy. Consequently, HeH™" is

!The normalization should eliminate any energy dependence of the electron wave function amplitude arising
from the normalization factor in Eq.(I1.16).
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an ion of the second type —having the first excited electronic state at a high energy— and
we can thus directly apply our theoretical approach that combines the R-matrix code (the
obtained S-matrix from Eq.(I.4)), the rovibrational frame transformation (Eq.(1.12)) and the
elimination procedure in the sprite of MQDT (Eq.(1.19)).

B e e e B

eigenphase (rad)

o b b b b e b b b b @ B b b b b b B b biws 0.1

0 1 2 3 4 5 6 7 8 9 12 3 4 5 6 7 8 9
electron scattering energy (eV) electron scattering energy (eV)

ST

Figure 1.3: Eigenphase sum as a function of the electron scattering energy F,; (in eV) for
several internuclear distances R (in units of bohr) for the 2X+ (left panel), 2II (right upper
panel), and 2A (right bottom panel) symmetries. The color scheme used to label different
values of R is the same for all three panels. The dashed line represents the equilibrium
internuclear distance R, = 1.445 bohrs [Rabadan et al., 1998| of HeH™.

In the R-matrix calculations (carried out in Cy,, which is subgroup of Cs,,, natural point
group of HeH™), several basis sets, including 3-21G, DZP and 6-311G* as well as R-matrix
sphere radii were tested to assess the uncertainties arising from the scattering model. Stability
of the target properties such as dipole moment and ground state energy or positions of
resonances have been investigated in order to select the adequate set of parameters for the
final calculations. Moreover, in the calculations of the cross sections for reaction of Eq.(I1.26),
energies for vibrational and rotational transitions as well as vibrational wave functions of the
target (in addition to its potential energy curve) are needed to perform the frame transfor-
mations of Eqgs.(I.8) and (I.12). The obtained results are provided in papers .3 and .4 and
compared with available data.

As widely discussed in the preceding sections, the application of frame transformations
requires that K(R) and S(R) depend weakly on energy. A sharper energy-dependence is
observed only at certain higher energies, corresponding to positions of Rydberg states at-
tached to excited electronic states of the ion. A convenient way to represent a weak or a
strong energy dependence of the matrices is the eigenphase sum of Eqgs.[.5. Figure 1.3 of
paper .3 shows eigenphase sums for three symmetries (2-7F, 2II, and 2A) of the e~ + HeH™*
system and for several internuclear distances in HeH™. The chosen interval of internuclear
distances corresponds to the Franck-Condon region of the lowest vibrational level of HeH™.
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The variation of the eigenphase sums for 2IT and 2A is smooth for energies below 10 eV and
does not change significantly with R. The ?X+ eigenphase sums demonstrate a sharp energy
dependence at certain energies, which corresponds to a resonant state of HeH with energy
changing with the internuclear distance R.

Using the scattering matrix SP"* of Eq.(I.8), the cross section for purely vibrational
transition v — v’ is [Ayouz and Kokoouline, 2016]

2

2
7h
E : phys
O'Uu_v ‘S)\’l’v’,/\lv - 5>\lv,)\’l’v’ ) (127)
Qme NUAL

where m,. is the reduced mass of the electron-ion system. Figure I.4 demonstrates, as examples,
the cross sections of Equation (I.27) for the v =3 — v' = 0, 1,2,4 transitions. At very low
scattering energies, below 0.02 eV, the de-excitation cross sections are smooth functions
inversely proportional to the incident energy of the electron as predicted by the Wigner
threshold law. But at higher energies, especially, just below the energy of the each excited
threshold, ' = 4,5, -- -, the (de-)excitation cross sections and probabilities demonstrate series
of Rydberg resonances, where they vary significantly.

The inelastic cross section for the rotational excitation or de-excitation process j/'u'v’ < juw
of a linear molecule by electron impact is obtained from the scattering matrix of Equation (1.12)

z(lﬂ/2+al)8j£/};%/5/ ulve—i(l’ﬂ—/Q-l—Ul/) 2 ’ (128)

1 7h?
O-j/M/U/Fj,UzU(G) = QOee ;(2,} + 1)

where oy is the Coulomb phase shift given in Eq.(I1.3). In the above formula, the cross section
is averaged over degeneracy of the initial rotational state j. Its derivation is given in paper .4.
Note that in the ground electronic state of HeH™, the projection u of the electronic angular
momentum on the molecular axis of the target is zero. Therefore, for scattering energies below
the first excited electronic state A'XT of HeH™, = p/ = 0 in Eq.(1.28).

Cross sections for electron impact transitions between the lowest five 7, 7/ = 0 —4 rotational
states of HeH™' (without vibrational structure, i.e. a situation where the scattering electron
is not energetic enough to excite the target vibrationally) are given in Figure 1.5. Solid
lines in the figure represent the results obtained using the complete theoretical approach,
viz. the rotational frame transformation of Eq.(I.12) in combination with the closed-channels
elimination procedure from Eq.(I.19). The cross sections exhibit a strong resonant character.
The resonances are produced by closed rotational states of the target. These resonances
are washed out when thermally-averaged rate coefficients are computed. Therefore, in the
calculation of the rate coefficients, one can use cross sections averaged over the resonances.
Such averaged cross sections can be computed directly from the energy-independent scattering

matrix S7, replacing in Equation (I.28) the matrix elements S Jp ,}f"; . of the physical scattering
matrix with the corresponding elements 8 WU of the energy—lndependent matrix. The

cross sections calculated using the energy—mdependent scattering matrix are shown by dotted
lines in Figure L.5.

Furthermore, data relevant to the other isotopologues *HeD¥, 3HeH™ | and 3HeD¥ could
also be useful for plasma modeling. In this respect, cross sections as well as rate coefficients
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Figure 1.4: Cross sections of vibrational (de-)excitation from the vibrational level v = 3 to
several other levels /. The inset enlarges the region of Rydberg series of resonances close
to the v/ = 4 and v' = 5 ionization thresholds, situated at energy of 0.2465 and 0.4533 eV,
respectively, above the v = 3 threshold.

for collisions of the HeH™ isotopologues with electrons were computed. Figure 1.6 and 1.7
are a result of a thermal Boltzmann convolution (see Egs.(I.31) or (13) of paper .3) of the
cross sections of ‘HeH™ molecule and its isotopologue *HeD™, for instance. The obtained
results are in good agreement with the data available in literature. Due to the general
1/E.-dependence of cross sections of Eqs.(1.27) and (1.28), the calculated rate coefficients
oty jreyj(T) behave as 1/v/T for de-excitation and exp (—Ay ;s 4;/T) /V/T for excitation tran-
sitions, where Ay v = Eyjo — E, is the excitation energy. Therefore, similar to papers .3
and .4, for convenience of use, the rate coefficients were fitted to an analytical interpolation for-
mulas with up to four parameters. See Eqgs.(4), (5) and (8) in Ref.[Ayouz and Kokoouline, 2019].

To summarize, we reported in Refs.[Ayouz and Kokoouline, 2016, Khamesian et al.,
2018, Ayouz and Kokoouline, 2019| and briefly in this section the cross sections and rate
coefficients for rovibrational excitation of HeH™ and its isotopologues by electron impact.
These results were obtained in context of my collaboration with Prof. Viatcheslav Kokoouline
and, at least, partially during the dissertation of Marjan Khamesian (first author of paper
.3) at University of Central Florida (UCF), in which I was involved. Our data were included
in the JAEA database https://www-amdis.iaea.org/ DATASETS /e HeH/. They could be
used in modeling the hydrogen/helium plasma experiments as well as for modeling interstellar
clouds and planetary atmospheres, where the HeH™ ion is present.


https://www-amdis.iaea.org/DATASETS/e_HeH/
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Figure I.5: Rotational (de-)excitation cross sections for transitions between the four lowest
rotational states of HeH™. Solid lines represent the results obtained with the applied closed-
channel elimination procedure of Equation (I.19), while the dotted lines show the results for
which the procedure was not applied.
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Figure 1.6: Thermally averaged rate coefficients for several vibrational (de-)excitation transi-
tions of 4HeH™ (solid lines) and “HeD™ (dashed lines). Vibrational transition v — v’ labels
are shown in each panel. Results of a previous calculation [Rabadan et al., 1998 are shown in
dotted lines with circles.
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Figure I.7: Thermally averaged rate coefficients for several rotational (de-)excitation transitions
of *HeH™ (solid lines) and *HeD™ (dashed lines). Dotted lines in the upper left panel are
the calculations by Hamilton et al. [Hamilton et al., 2016], and lines with circles are those of
Curik and Greene [Curik and Greene, 2017] for *HeH.

1.5.B Vibronic excitation of CH" molecule by electron impact

Another important specie relevant in ISM is CH™, first detected in cold ionized environments
by Douglas and Herzberg [Douglas and Herzberg, 1941] in 1941 and later observed in many
background stars. It is believed that its formation mechanism is governed by the collisions
between CT and Hy. The main route for its destruction is the dissociative recombination
(DR), in competition with the rovibronic (de-)excitations processes.

This section aims to study the vibronic excitation and (de-)excitation process
e~ +CH'(i,v) = e~ + CHY(/,v), (1.29)

where v or v’ corresponds to the number of vibrational quanta in initial ¢ or final i’ electronic
state of the target ion. Rotational structure is neglected within this study. It will be considered
in future work (see Chapter V).

Theoretical description of low-energy e~ —CH™ collisions is complicated due to the presence
of a low-energy electronic resonance and several low-energy excited electronic states of CH™
which makes it an ion of the first type (see discussion in paper .5 and Ref.[Jiang et al., 2019]).
The a3II and A'II curves above the ground state X ' X1 of electronic configuration 102202302,
correlate with the C* (QP) +H(25) dissociation limit at large internuclear distances (see
Figure 1.12). In this situation, the standard frame transformation approaches, used above for
HeH™ and in many theoretical studies on electron-molecule collisions, is not well adapted due
to the energy-dependence of the scattering matrix. For this purpose, we improved our model
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on HeH™ by adapting the frame transformation procedures, described in Section 1.3, to CHT.
The central idea of the developed theoretical approach is that the e~ —CH™ scattering physics
below the A 'II state can be represented using an energy independent multichannel scattering
matrix evaluated at a higher energy, above the A 'II ionization limit in a combination with
the closed-channel elimination.
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Figure 1.8: Potential energy for the ground electronic state (upper panel) of CHT and its
dipole moment(bottom panel) obtained with different CAS and basis sets at the equilibrium
geometry R, = 2.137 bohrs.

Again, our approach employs the fixed-nuclear R-matrix (S-matrix in Eq.(I.4) is obtained
from calculations performed in Cy, which is subgroup of C,, natural point group of CH™)
with the vibronic frame transformation (in addition to electronic states) and the closed-channel
elimination procedure in a spirit of MQDT (Eq.(I.19)). To perform frame transformation
of Eq.(1.8), with the inclusion of the electronic states i and ', we take the (almost) energy-
independent 3 x 3 electronic scattering matrix, obtained at an energy above the A'II ionization
limit, to produce N x N matrix with N vibronic (or rovibronic) channels. Such a vibronic
scattering matrix is essentially energy-independent and a closed-channel elimination procedure
should be performed to obtain the physical energy-dependent matrix, which can be used to
compute cross sections and related rate coefficients.

Several parameters of the scattering model were first tested to investigate the stability
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of the target properties. Figure 1.8 depicts variation of the ground state energy and dipole
moment of CH" regarding different basis sets and complete active spaces CAS(ne,nq0), Viz.
number of electrons n, distributed in ny, active orbitals. Considering the dipole moment
1.617 D obtained with cc-pVQZ is closer to the experimental value of 1.683 D, this basis
with CAS(4,12) and a R-matrix sphere of radius 13 bohrs were thus selected for the final
calculations.

Another source of uncertainty is related to the model itself. The choice of the 3 x 3
scattering matrix used in the channel-elimination procedure is not unique, because the matrix
depends on energy, even above the A I electronic state. To assess the result of uncertainty
in the choice of the energy at which the 3 x 3 scattering matrix is taken, we plot in Figure
1.9 eigenphase-sum derivatives obtained for 3 x 3 scattering matrices taken at three different
energies above the A 'II state: at 3.413, 3.563, and 3.713 V. Positions and the widths of the
resonances are nearly the same in all three calculations.

To validate the developed model, we compare the fixed-nuclei electronic scattering matrices
obtained (1) using the elimination procedure of the closed electronic states and by (2) a
direct scattering R-matrix calculation at the same internuclear distance, viz. R, = 2.137
bohrs. To do this, the physical scattering matrix SP"* (¢, R,) of Eq.(1.19) describing electronic
transitions at R, of CHT, was used to compute the fixed-nuclei cross section of the electronic
excitations from the X '3V state to the a ®II state as
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Figure 1.9: Comparison of eigenphase-sum derivatives computed for a fixed CHT geometry
using three different energy-independent 3 x 3 scattering matrices and the procedure of
elimination of closed electronic channels. The three matrices are taken at energies 3.413 eV
(black curve), 3.563 €V (red curve) and 3.713 €V (green curve). The inset shows an enlarged
view for 1.2-2.4 eV energies.
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Figure 1.10:  Cross sections for the X%+ — a3l electronic excitation of CHT at a fixed
geometry R, obtained in the direct R-matrix calculations (red curve) and using the QDT
channel elimination procedure (black curve).

Figure 1.10 compares the cross sections for the X%+ — ¢3II transition obtained in the
two approaches. The general agreement between the two curves is good, even for the widths
of the resonances. One noticeable difference is in the position of the minimum near 1.5 eV: In
the MQDT calculations it is shifted slightly to the left. The agreement is better at energies
approaching the a3II ionization limit.

Once the model is validated, a vibronic frame transformation of Eq.(1.8) can be performed
in order to compute the cross sections for vibronic excitation or (de-)excitation of CHT using
Eq.(1.27, where Sljzzj/,lmi (€, Re) is replaced with S’?Zgi,i,lmm (€). We noted here m as the
project of the angular momentum quantum number on the molecular axis instead of A. Figure
1.11 illustrates cross sections obtained for different combinations of initial and final vibronic
states. Panel (a) shows results for pure vibrational excitations between levels of the ground
electronic state X'X1. As expected, the cross section for the transition with Av = 1 is the
largest one between inelastic processes. Panel (b) gives cross sections from the ground vibronic
state X1¥T v = 0 to several vibrational levels of the a®II state. Since the potential curves
of the XXt and @311 states have similar shapes near equilibrium, the largest X%+ — @311
cross section is expected to be for Av = 0, as the present calculation indeed demonstrated.
Panel (c) gives cross sections for the de-excitation process a®Il,v =0 — XX+ v/ =0 — 3.

The obtained cross sections differ significantly from those of Ref.[Chakrabarti et al.,
2018b]. These disagreements can be attributed to approximations employed in their study:
(1) neglected differences in vibrational excitation threshold energies, (2) neglected dependence
of e”—CH™ scattering parameters with the internuclear distance, and (3) the neglected
resonances in closed vibronic channels. Thermally-averaged rate coefficients of the above
vibronic (de-)excitations
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a1l state (middle panel), and for vibronic de-excitations from the ground vibrational level
v =0 of a® to v =0,1,2,3 of the X'X+ state (right panel).
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are then computed and fitted to an analytical formula, analogously to HeH™. More details
and discussions can be found in paper .5.

Finally, we report in Ref[Jiang et al., 2019] and briefly in this section the cross sections
for vibronic excitation and de-excitation of CHT by electron impact using only first principles.
These outcomes were obtained in the context of Xianwu Jiang’s dissertation at Centralesupélec
and in collaboration with UCF. The developed theoretical approach can be applied to ions
with low-energy excited states, known to be difficult to treat theoretically using previous
theoretical methods. Our approach is quite general and can be applied also for a number of
different processes such as dissociative recombination, which is the subject of the next section.
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1.5.C Dissociative recombination of CH™

In the continuation of the preceding study, we consider in this section the following dissociative
recombination (DR) processes

- CH*(i,0) - CH*(22I) — C 1D)+ (1S) direct DR
‘ nY CH*(Rydberg) CH**(2 ) — C (D) + H (1) indirect DR
(1.32)

where CH**(22IT) and CH* are respectively the doubly-excited dissociative and singly excited
bound Rydberg states.

The state CH**(2 2II) is formed when the electron collision energy ¢ is not transferred
directly into kinetic motion of the nuclei, but rather to the electronic ionic clouds resulting in
the excitation of the target bound electrons. The striking feature of CH**(2 2II) is that it
is situated in the ionization-continuum of CH™. The potential energy curve of the doubly-
excited CH**(2 2II) is repulsive and intersects the curve of CH™T (X 1E+) near the equilibrium
geometry (see Figure 1.12). The resonant state CH**(2 2IT) is unstable against autoionization,
i.e. the re-emission of electron leading to vibronic excitations, because the excited electron has
sufficient energy to escape from CH. Generally speaking, if the dissociative process happens
fast enough so that the products of dissociation are already at a large distance from each
other after a time equivalent to the order of the autoionizing lifetime, most of the collisional
energy is already converted into nuclei kinetic energy and autionization becomes impossible.
In such a case, the system irreversibly breakdowns in one of the dissociative channels. This is
the direct dissociative recombination (DDR) process.

In contrast to the above situation, the indirect dissociative recombination (IDR) mechanism
can be considered as the result of two non-radiation transitions. When the kinetic energy
of the electron is transferred to the motion of nuclei, the electron then moves around a
vibrationally (or rovibrationally in general) excited core in a hydrogenic-like orbital of CH
with high principle quantum number (see Eq.(I.15)). The excited Rydberg state CH* is
in turn predissociated by the doubly-excited state CH**(2 2II) leading to dissociation into
C (ID) +H (IS) through non-adiabatic couplings, i.e. breaking the BO approximation. The
IDR process occurs very often in a closed shell ions, such as HeH™ or CHQNH; for example.

Both DDR and IDR in the reaction of Eq.(I.32) compete with the vibrionic excitation and
(de-)excitation processes, investigated previously. Consequently, for a comprehensive study of
mechanisms of destruction of CH™ in ISM, for instance, one has to take into account the role
of all these effects on the magnitude of the cross section at very low energy. As for the role of
rotational effects, it has been postponed to a further study.

The theoretical approach employed in this section is similar to the one above for describing
the VE and VdE processes. It combines the R-matrix code to compute electron-ion scattering
matrices (Eq.(I.4)), the vibronic frame transformation (Eq.(I.8) with the inclusion of electron
state indexes) and the closed-channel elimination procedure in a spirit of molecular quantum
defect theory to construct an energy-dependent scattering matrix (Eq.(1.19)). The main differ-
ence here is the inclusion of vibrational continua states in addition to vibrational bound states
(see Figure 1.12). This can be accomplished throughout the outgoing-wave basis functions
defined by a complex absorbing potential as described in Section I.3. Since the present work
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Figure 1.12: Potential energy curves (PECs) of the three lowest X3 (black), a®II (red) and
AMI (blue) electronic states taken from Ref.[Jiang et al., 2019]. The PEC of the 2211 resonance
state (violet dotted curve) is obtained from the R-matrix calculations. For more clarity, an
extrapolation was done below the ionic ground state (violet solid curve). 35 vibrational levels
for each PEC are shown by horizontal thin lines where colors corresponding to each respective
state. For illustration, the CAP is drawn in orange dashed curve while the vibrational wave
function of level v = 30 in X'X7T (black solid curve) state is displayed in black solid curve.
Rcap = 20 bohr represents the starting point of the CAP of Eq.(1.10) and the inset shows
the enlarged view of CAP region.

is still in development, I will only provide the first results below.

In figure 1.12 displaying the potential energy curves of CH™, the doubly-excited dissociative
state CH**(2 2II) crosses the ground electronic state X !X of CH* near the left turning
point of the first excited vibrational state. This gives rise to a DR process according to
Eq.(1.32). In the figure, 35 vibrational levels for each electronic states are drawn and the CAP
of Eq.(I.10) is also represented. The insight depicts, as an example, the long-range behavior
of a vibrational wave function of the discretized continuum.

Accurate description of DR in CH* of Eq.(1.32) requires including the 2 Il resonant state
in the MQDT treatment. So, performing the R-matrix calculations and selecting the 3 x 3
energy-independent scattering matrix (above the A 'TI threshold) according to the procedure
described in the preceding section, we can see in Figure 1.13 the positions of the 2 %II state at
different geometries R = 1.337, 1.437, and 1.537 bohrs. The figure compares the positions,
i.e. the derivative of eigenphase sum of e~ —CHT system, given directly from R-matrix to
those obtained from the closed-channel elimination procedure 