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RESUMO

Nesse trabalho estudamos o espalhamento de elétrons de baixa energia por formamida
e metano. Utilizamos o método Schwinger multicanal implementado com pseudopoten-
ciais de norma conservada (SMCPP) dentro da estratégia da base minima de orbitais
para interacéo de configuragdes simples (MOB-SCI) para calcular as se¢bes de choque
integral e diferencial elasticas e eletronicamente inelasticas. Em todas as se¢des de
choque observamos o efeito do acoplamento multicanal. Embora fenémenos fisicos
emergentes do espalhamento elastico foram estudados, a sensibilidade das secbes
de choque eletronicamente inelasticas a pseudoresonancias e efeitos de threshold
nos impede de explorar mais a fundo fenbmenos associados a excitacao eletrénica.
Discutimos as dificuldades e desafios enfrentados durante esse estudo. Além disso,
através do modelo binary-encounter-Bethe calculamos a secdo de choque de ionizacao
total para a formamida e 0 metano, e a secao de choque total foi estimada para esses
sistemas.

Palavras chave: espalhamento de elétrons; secao de choque; excitacao eletronica.



ABSTRACT

In this study, we investigated the scattering of low-energy electrons by formamide and
methane. The Schwinger Multichannel method implemented with norm-conserving pseu-
dopotentials (SMCPP) was used with the minimal orbital basis for single-configuration
interaction (MOB-SCI) approach to calculate the elastic and electronically inelastic inte-
gral and differential electron scattering cross sections. In all cross sections, we observed
the influence of the multichannel coupling effect. While physical phenomena related
to the elastic scattering were explored, the sensitivity of the electronically inelastic
cross sections to pseudoresonances and threshold effects inhibit our ability to study
phenomena related to the electronic excitation of these molecules. These difficulties
and challenges were discussed. Furthermore, the binary-encounter-Bethe model was
employed to obtain the total ionization cross section for formamide and methane; and
the total cross sections for these systems were estimated.

Key-words: electron scattering; cross section; electronic excitation.
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CHAPTER 1

Introduction

The interactions between low-energy electrons (LEEs) and molecules have interested
the scientific community for many decades. LEEs have the potential to initiate many im-
portant chemical and physical reactions that take part in many environments, extending
from technological applications to the biological and astrophysical media [1]. Thus, to
fully understand the underlying physics and chemistry of these environments, mathe-
matical models must take into account the interactions between LEEs and molecules [2,
3]. Furthermore, the abundance of physical phenomena that emerge from electron-
molecule interactions holds great appeal from an academic standpoint, given the pres-
ence of numerous open questions. For instance, the unequivocally determination of
electronic excitation cross sections is still a challenging task, as will be discussed
throughout this dissertation.

The interaction between LEEs and molecules are important in industrial tech-
niques used to manufacture microchips and semiconductors, such as in plasma-
enhanced chemical vapor deposition (PECVD, Fig. 1.1 (a)) and focused electron beam
induced deposition (FEBID, Fig. 1.1 (b)). In PECVD a gas composed of precursor
molecules that contains atoms of interest is pumped into a reaction chamber. Then, a
plasma is used to promote chemical reactions on this gas and, through these reactions,
creates a deposit on a substrate [4, 5]. This plasma environment has a vast quantity of
low-energy electrons that interact with the precursor molecules. In FEBID a high energy
electron beam is used to dissociate the precursor molecules that are adsorbed on a
substrate to create a deposit [6]. This high energy beam also ionizes the constituents of
the substrate and the deposit itself, generating a vast quantity of secondary LEEs that
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Figure 1.1 — (a) Pictorial representation of the plasma-enhanced chemical vapor deposition
(PECVD) technique: Precursor molecules are introduced in a reaction chamber
where a plasma (represented in pink) is generated. This plasma is rich in low-
energy electrons, also depicted in the figure. The reactions promoted by the plasma
dissociates the molecules, leaving a deposit in the substrate and the waste is
pumped out of the reaction chamber. (b) Figure adapted from Thorman et al. [7]
depicting the focused electron beam induced deposition (FEBID) technique. A
high-energy primary beam of electrons dissociated precursor molecules that are
adsorbed on the substrate, manufacturing the deposit. This primary beam also
ionizes the molecules of the substrate and the deposit itself, producing secondary
low-energy electrons that may dissociated the precursor molecules outside the
region of the primary beam.

interact with the adsorbed molecules outside the primary beam range, possibly dissoci-
ating these molecules, creating imperfections and consequently limiting the resolution
obtained through this technique [7]. Therefore, understanding how low-energy electrons
interact with the precursor molecules used in these industrial techniques is fundamental
to understand the nature of these processes and to improve their efficiency.

LEEs also play an important role in astrochemistry [8]. They are produced
in vast quantities on the interstellar medium through the interaction between high
energy radiation (viz., cosmic rays, v rays, x-rays, high energy electrons and ions)
and matter. In turn, these secondary LEEs interact with the molecules present in
the interstellar medium promoting physical and chemical reactions that may lead to
molecular dissociation and the production of free radicals (Fig. 1.2). Therefore, LEEs
may play a fundamental role in the synthesis of complex organic molecules in the
interstellar medium [9, 10]. Particularly, these may be prebiotic molecules, that is,
precursor molecules that are involved in the synthesis of complex organic molecules
which are considered building blocks for the formation of life [11]. Thus, LEEs may be
related to the origin of life itself, emphasizing the importance of including the electron-
molecule interaction in mathematical models that describe these environments.
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Figure 1.2 — Figure taken from Shulenberger et al. [10] depicting the production of low-energy
electrons in the interstellar medium due to the interaction between an incident
high-energy ionizing radiation and matter and the subsequently chemical reactions
promoted by the low-energy electrons produced.

In the biological medium there is a vast production of LEEs due to the interaction
between high-energy ionizing radiation and the biological material (Fig. 1.3 (a)). These
secondary LEEs have the potential to initiate significant chemical and physical reactions.
Interest in these interactions between LEEs and molecules within the biological medium
has grown since Boudaiffa et al. published their seminal work in the early 2000’s [13].
These authors showed that LEEs are capable of damaging the genetic material through
single- and double-strand breaks of DNA for incident electron energies that are bel-
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Figure 1.3 — (a) Pictorial representation of the interaction between a primary high-energy radia-
tion (yellow arrow) with the biological medium. These interactions produce a vast
quantity of secondary low-energy electrons that may interact with molecules in the
environment (Adapted from Ref. [12]). (b) Measurements of double strand-breaks
of DNA due to the impact of low-energy electrons are given in A; single strand-
breaks of DNA in B; and the loss of supercoiled character of DNA in C (Taken from
Ref. [13].).
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low the ionization threshold of the molecules (Fig. 1.3 (b)), bringing to attention the
importance of LEEs in the biological environment. As a consequence of this work, many
studies regarding the interactions between bio-molecules and LEEs have been made
throughout the years (See, for instance, Ref. [14] and references therein). These have a
direct impact on improving the efficiency of radiotherapy treatments, since in this context
a high-energy ionization radiation beam is irradiated upon the biological environment.
For this to be most effective, that is, destroy the highest amount of malignant cells in
the cancerous tissue while keeping the healthy tissue as undamaged as possible, it is
necessary to know how the primary high-energy radiation and its by-products, i.e. LEEs,
interact with bio-molecules [2]. An example of how interactions between LEEs and
molecules can be beneficial to radiotherapy is illustrated by radiosensitizers. These are
molecules that, upon interacting with LEEs, produce fragments capable of enhancing
injury to tumor tissue by accelerating DNA damage [15-17].

Another important aspect shown by Boudaiffa et al. [13] is that, for incident
energies below the ionization threshold, the induced damage is highly dependent on
the incident electron energy (Fig. 1.3 (b)). This is due to the formation of a resonant
state, that in turn may lead to molecular dissociation and ultimately to DNA damage.
A resonant state is a transient negative ion (also refereed to simply as resonance)
formed by the capture of the incident electron by an unoccupied molecular orbital [18].
These resonances can be categorized into two types, determined by whether the

Neutral Anion

Core Excited

Resonance
é Excited ——
— State Feshbach
Q Resonance
(-
Ll
Shape
Ground Resonance
State

Figure 1.4 — Schematic representation of different types of resonant states. The energy of the
ground and an electronically excited state of the neutral molecule are represented
in the left. In the right three possible resonances are shown. The shape resonance
has the ground state of the neutral molecule as a parent state, while the Feshbach
and core excited resonances have the electronically excited state of the molecule
as a parent state.
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molecule maintains its electronic ground state throughout the scattering of the incident
electron or undergoes electronic excitation (Fig. 1.4). If the molecule does remain in its
electronically ground state, a shape resonance is formed. The name "shape resonance"
is derived from the shape of the electron-molecule interaction potential, that will be
further explained in chapter 2. The character of the orbital in which the incident electrons
is temporarily trapped is what determines the character of the resonant state, namely
the anti-bonding ¢* and =* characters. Now, if during the scattering process the incident
electron is captured by the molecule and simultaneously the molecule is electronically
excited, the anionic state formed can either be classified as a Feshbach resonance
or a core excited resonance. For Feshbach resonances, the parent state—that is, the
electronically excited state to which the neutral molecule is excited during the scattering
process—has an energy level above the resonant state. Conversely, the opposite occurs
for core excited resonances, where the resonant states lies above the parent state.

The main mechanism responsible for the DNA damage reported by Boudaitfa et
al. [13] is known as dissociative electron attachment (DEA) [20]. Firstly, a resonant
state is formed. Then, this resonance may either decay by autodetachment, where the
additional electron is emitted to the continuum leaving the molecule vibrationally excited
in an electronic state, where shape resonances leave the molecule in the ground state

Dissociative electron attachment Neutral dissociation through catalytic electron

Potential energy

anion
neutral

anion
neutral

(a) (b)

Figure 1.5 — Schematic representation of the dissociation dynamics started by low-energy elec-
trons. (a) Dissociative electron attachment: An incident electron is captured by
the molecular target forming an anion of ¢* or #* character, that may dissociate
directly or indirectly, respectively. (b) Neutral dissociation through catalytic electron:
the target molecule is electronically excited by the incoming electron, which after
autodetachment leaves the molecule in an electronically excited state. In turn,
this electronically excited state may dissociate forming neutral fragments. (Figure
adapted from Lozano et al. [19])
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while Feshbach and core-excited resonances may leave the molecule electronically
excited'; or may dissociate into neutral and anionic fragments. The dissociation may
occur in a direct or indirect pathway [21-24]. In the direct one the electron is captured
by a o* molecular orbital and the anionic state of the molecule is dissociative [21]. On
the other hand, in the indirect pathway a non dissociative anionic state is formed by the
capture of the incident electron into a 7* molecular orbital and, as the nuclei relaxes due
to the transition from the ground to the anionic state, the potential curve from the stable
7 anion crosses the potential curve of the dissociative ¢* anion, leading to molecular
dissociation (Fig. 1.5 (a)) [22]. In the case of DNA, the incident electron is captured by
one of the DNA basis, that dissociates through DEA and ultimately lead to single- and
double-strand breaks in the DNA molecule itself [25—-27]. Therefore, the knowledge of
how these resonances form and what are their products are relevant to understand the
chemical reactions that may occur in the biological environment.

As mentioned in the previous paragraph, in contrast to shape resonances,
Feshbach and core excited resonances may leave the target molecule in an electronically
excited state after autodetachment. Thus, not only these resonances may undergo DEA,
but also produce neutral fragments through the excitation of the molecular target to a
dissociative electronically excited state [19] (Fig. 1.5 (b)). Therefore, investigating the
electronic excitation of molecules by electrons may promote important insights regarding
possible molecular dissociation mechanisms [19, 28].

With these applied and academical motivations in mind, a handful of theoretical
methods have been developed to calculate the cross sections for the scattering of
electrons by molecules over the years [29—-34]. The cross sections are physical quantities
that characterize electron-molecule interactions, and are going to be discussed in detalil
in chapter 2. Although these methods have been established for many decades and
provide a good description of the elastic scattering, where there is no energy exchange
between the incident electron and the molecular target, the description of electronic
excitation of molecular targets by electron impact is still challenging. From the theoretical
point of view, the cross section calculations for such process rely on the description of
the electronic excited states, a method that is capable of addressing such a collision
problem and a computational facility capable of addressing such expensive calculations.
There are only few ab-initio methods that allow these calculations, such as the R-
matrix [29], the complex Kohn [30] and the Schwinger multichannel [31, 32] methods.
Other theoretical approaches make use of a complex potential to take the inelastic
processes into account (in this case inelastic means all that is not elastic) [33, 34], thus
not being able to resolve individual excitation channels. As a consequence of these
difficulties, there is a lack of cross sections in the literature regarding electronically

' Note that, due to energy conservation, Feshbach resonances do not decay to their parent state, but
may decay to another low-lying electronically excited state of the molecule.
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inelastic scattering of electrons by molecules.

In the present work, we studied the interaction between LEEs and formamide
and methane. The ball and stick model of these molecules are shown in Figs. 1.6 and
1.7. Our work focused on the electronic excitation of these molecules by electron impact.
With these calculations we intended not only to complement the set of cross sections
available in the literature for these systems, contributing with reliable data for modeling
the biological, astrophysical and technological media; but also study important aspects
of the description of the scattering process itself, such as the formation of resonances,
Ramsauer-Townsend minimum and multichannel coupling effects.

Formamide [HCONH,] (Fig. 1.6) is the simplest molecule containing a peptide
bond. For this reason, it is an important building block for complex organic molecules
and has been used to study the low-energy electron damage on the peptide backbone
of proteins [36]. Besides that, it has also been observed in the interstellar medium [37,
38] and is an important prebiotic molecule that may be associated with the origin of life
itself [11]. Thus, the interactions between electrons and formamide are relevant both
in the biological and interstellar environments. A few experimental studies have been
published in the literature [39-41], none of which have reported cross sections. Although
the electron-formamide interactions have been extensively studied theoretically [42-50],
only two studies reported electronically inelastic cross sections [43, 46]. This motivated
us to further study the electron interactions with formamide, focusing on the electronic
excitation of the molecule [51].

Methane [CH,] (Fig. 1.7) is one of the simplest poliatomic molecules that exist.
This system has important applications in technological fields, such as in plasma
enhanced chemical vapor deposition [52, 53]. It is also an important prebiotic molecule,
which is widely distributed in the interstellar medium [54, 55]. Additionally, methane is a
potent greenhouse gas in the Earth’s atmosphere contributing to global warming [56].

Figure 1.6 — Schematic representation of the chemical structure of formamide (generated with
MacMolPlIt [35]).
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@

Figure 1.7 — Schematic representation of the chemical structure of methane (generated with
MacMolPlIt [35]).

Because of methane’s simplicity and many applications, its interaction with electrons
has been comprehensively investigated and a thorough survey of the literature can be
found in the works of Fuss et al. [57], Song et al. [58] and Gadoum and Benyoucef [59].
The elastic scattering of electrons by methane generally shows a consensus, with most
of the theoretical [60—66] and experimental [33, 67—69] data from the literature being in
agreement. On the other hand, the knowledge on the electronically inelastic scattering
of electrons is still not fully understood. In the literature, only a few electronically inelastic
cross sections can be found [70-75]. These are mostly theoretical cross sections that
due to computational constraints included only a few electronically excited states of the
molecule in the calculations, and their results do not agree well among themselves [71—
75]. This motivated us to revisit the scattering of electrons by methane, focusing on the
electronic excitation of the molecule and in the inclusion of the multichannel coupling
effects in the scattering calculations, involving a large number of electronically excited
states.

This dissertation is organized as follows: In chapter 2 the theory and methods
used to obtain the electron scattering cross sections are discussed. Then, the results for
each molecule are going to be presented in separate chapters. The elastic, electronically
inelastic, ionization and total electron scattering cross sections by formamide and
methane are depicted and analyzed in chapters 3 and 4, respectively. Finally, the main
conclusions derived from our results are presented in chapter 5. Additionally, appendix A
contains the scientific contributions that resulted from our work, appendix B discusses
the elastic electron scattering cross sections for dimethyl peroxide and ethylene glycol,
appendix C presents additional details regarding the scattering calculations, and in
appendix D some numerical values used in the calculations are tabulated.
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CHAPTER 2

Theory

In this chapter the theory behind the scattering of electrons by molecules will
be presented. In Sec. 2.1 we discuss basic concepts relevant to the study of electron
scattering by molecular targets, such as the definition of cross section, the concept
of scattering channels, the scattering amplitude and the scattering Hamiltonian. Then,
the Schwinger multichannel (SMC) method and its characteristics will be presented
in Sec. 2.2, including a thorough description of the different approximations in which
the scattering calculations may be performed. This method was used to obtain the
elastic and electronically inelastic electron scattering cross sections in the present
dissertation. In Sec. 2.3 the binary-encounter-Bethe model, which was used to calculate
the ionization cross sections, is presented. Finally, in Sec. 2.4 we explore the physical
phenomena observed in the cross sections calculated in this work from a theoretically-
oriented perspective. More precisely, the formation of shape resonances, the Ramsauer-
Townsend minimum and the multichannel coupling effect are going to be discussed.

2.1 Basic concepts

The scattering problem consists of the collision between the particles of an
incident beam and a target [76]. After this collision occurs, the scattered particles are
captured by a detector outside the range of the interaction potential. In Fig. 2.1 a pictorial
representation of the scattering process is presented. A beam of incident particles,
labeled "A", is collimated and mono-energetic such that the incident particles have a
well defined energy and do not interact amongst themselves. This beam is directed
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Figure 2.1 — An incident beam of particles "A" being scattered by a target composed of scattering
centers "B". The scattered particles are detected outside the range of the interaction
potential. Figure taken from Ref. [76].

towards a target composed of particles "B", called scattering centers. The distance
between the particles "B" of the target can be taken to be larger than the de Broglie
wavelength of the incident particles, such that coherence effects can be disregarded. Not
only that, if the target is sufficiently thin, multiple scattering by several scattering centers
can also be neglected. Thus, within these conditions that are experimentally achievable,
the initial problem of a beam composed of many particles "A" being scattered by a
target composed of many scattering centers "B" is reduced to the scattering of a single
particle "A" by a single scattering center "B". In the present work, the incident beam
"A" would be composed of electrons, while the target consists of a gas composed of
molecules of interest.

The scattering process may have several distinct outcomes, each of which is
denominated scattering channel. In the elastic channel, the incident particle and the
target do not exchange energy during the scattering process, such that the final and
initial states of the collision are equal. In the inelastic channels, the target molecule is
electronically, vibrationally and/or rotationally excited by the incoming electron. These
excitations can only occur if the energy conservation law, given by

k? k?
E=F+—+=F+ —, (2.1)

2 2
is respected. In the equation above E is the collision energy, E;y is the initial (final)
energy of the target and Ei(f) is the initial (final) linear momentum of the incident particle.
A channel can only be treated as open in the scattering calculation if equation (2.1)
is respected, otherwise the channel is treated as closed and not accessible through
the scattering process. Furthermore, the molecule may be ionized or dissociate into
fragments due to the interaction with the incident electron. These channels are related
to reaction scattering channels, where the species present in the initial and final states

differ [76].

Each scattering channel is related to a cross section, which is the physical
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quantity that contains all the information about the scattering process. Therefore, to
study the interaction between electrons and molecules one needs to find the cross
sections of interest. The differential cross section (DCS) for a given channel is defined as
the ratio of the number of scattered particles per unit time associated with that channel
(dny) within a solid angle (df2), to the incident flux of particles (F;):
do dn

d—g{( 10,0) = 7 d];z‘

Since the interaction between the incident electron and the molecule depends on the
energy and the scattering angle, the DCS should also depend on the same quantities.
This is reflected on the dependence of do/d2 on k, § and ¢ in the equation above.
From the DCS, one can find the integral cross section (ICS) through

os(k) = / 109 (1.0, 9), 2.3)

(2.2)

g
which gives a more general description of the scattering process since it does not carry
the angular dependence of the DCS. The cross sections can be interpreted both as a
relative probability of a specific interaction to occur and as an effective area of the target
seen by the incident particle that participates in the scattering process [76]. Additionally,
the momentum transfer cross section (MTCS)

o TP (k) = /dQ(l — cose)‘fm (k; 0, ) (2.4)

gives a useful description about the momentum transferred from a particle when it
collides with a target, disregarding angular dependencies. The angular information about
the scattering process is used in the MTCS computation, where the term (1 — cosf)
makes the higher scattering angles (higher momentum transferred) contributes more to
the integration than the lower scattering angles (lower momentum transferred).

The interest of the present work is the interaction between electrons and
molecules. Thus, our aim is to find the cross sections for the electron scattering by
molecules. In a system composed of the incident electron and a molecule with N
electrons and M nuclei, the time independent scattering Hamiltonian (H 1), in atomic
units’, can be written as

Hypy=Hn+ TN +V =Ho+V (2.5)

where H, is the unperturbed Hamiltonian constructed as the sum of the electronic
Hamiltonian of the target molecule within the Born-Oppenheimer approximation, Hy,
and the kinetic energy operator of the incident electron, Ty .1. V is the interaction
potential between the incident electron and the target. These operators are defined as

N

HN:Z‘_+ZZ‘—+ZZ|TZ_TJ| (2.6)

i=1 i=1 A=1 Ti =1 j>1

' h=m.=e=4dne =1
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VQ
Iy = —% (2.7)
and N y
1 Z
Ve o e (2.8)
i |TN+1 - ri| A=1 ‘TN—&-I — RAl

where 7y, is the position of the incident electron, Z, and R, are the atomic number
and position of the molecular nuclei A and 7; is the coordinated of the ith molecular
electron.

As mentioned before, in equation (2.6) the molecular Hamiltonian H is written
within the Born-Oppenheimer approximation. In this approximation the nuclei are treated
as static objects since their mass is much larger than the mass of the electrons that
compose the molecule. As a consequence, the kinetic energy of the nuclei is zero
and the interaction potential between nuclei is a constant that can later be summed to
the electronic energy. All theoretical development from this point forward will be done
assuming this approximation. The first term of the molecular electronic Hamiltonian
presented in equation (2.6) is the kinetic energy of the electrons, the second term is the
electron-nuclei attractive potential and the last term is the electron-electron repulsive
potential. The eigenstates of this Hamiltonian are obtained through the Hartree-Fock
method [77], which gives the ground state of the molecular target ®, (7, ..., 7). The
potential operator that represents the interaction between the incident electron and the
molecular target given in equation (2.8) is the sum of the repulsive potential between
the incident electron and the molecular electrons and the attractive potential between
the incident electron and the nuclei.

The stationary scattering wave function ¥ (7, ..., 7x1) satisfies the Schrédinger
equation

HU(F, ..., Pye) =0, (2.9)

where H = E — Hy,, with E being the total energy of the collision, subjected to the

asymptotic boundary condition [76]

Nopen

W (71, o Pvgt) —— S5 (P o Pvan) + Y fRp, ki) ®p(7, oo, Ty)
=1

€ikf7’1\]+1

(2.10)

TN41—00 T'N+1

where i and f indicates the initial and final states of the system, respectively. Each final
state is associated with a different scattering channel, and the sum on the second term
of the equation above runs over the N,,.,, possible accessible channels. Note that these
Noen channels have to respect equation (2.1) and that this boundary condition is only
valid outside the range of the interaction potential (ry; — ).

The first term in equation (2.10), Sg (71, ..., "n+1), IS Written as a product of a

T

molecular state (7, ..., 7x) and a plane wave e "™+

SE (Fla "'7FN+1) = (I)i(Fb ) FN>eiEi.FN+1 (21 1)

7
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which is the solution of the unperturbed Hamiltonian H, (V' = 0 on equation (2.5))

2

L ki L
HOSEi(’f’l, ...,’f‘N+1) = |:Ez + E:| SEl_(Th ...,TN+1). (212)

The second term in equation (2.10) is composed of a superposition of final states of the

eiker+l

target after the scattering, ® (7, ..., 7), and the spherical waves, , modulated by

T'N+1
a function f(k;, k;), denominated scattering amplitude. The boundary condition given in

equation (2.10) comes from a simple interpretation about the scattering process: firstly
the system is formed by a free particle, which is the incoming electron (plane wave),
and the molecular target is in an initial state. After the collision occurs, the molecule
is left on a given final state and the scattered electron is represented by an outgoing
spherical wave modulated by the scattering amplitude. In this way, all information about
the scattering process is stored in the scattering amplitude f(/%}, l%}). In fact, it can be
shown [76] that this quantity is directly related to the differential cross section by

oy, 1i0.0) = |y T 213)

Therefore, to study how electrons interact with molecules one need to calculated
the scattering amplitudes of interest and through equation (2.13) obtain the relevant
cross sections. In the present work, the amplitudes for the elastic and electronically
inelastic channels were calculated through the Schwinger multichannel method. For the
ionization cross sections, the BEB model was used. In what follows, both these methods
are going to be discussed.

2.2 The Schwinger Multichannel Method

The Schwinger multichannel method (SMC) [31, 32, 78-81] is an extension of
the Schwinger variational principle [82] for the scattering of low-energy electrons and
positrons by molecules. It is a variational approach to obtain the scattering amplitudes
of interest. In this section we will derive the expression for the scattering amplitude used
in the SMC method and discuss the approximations used to perform the scattering
calculations. Hereafter, we will focus only on the scattering of electrons by molecules,
since the scattering of positrons by molecules is not in the scope of the present work.

2.2.1 Scattering Amplitude

The general solution of the Schrédinger equation is given as a sum of the solu-
tion of the unperturbed Hamiltonian H, with a particular solution obtained through the
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Green’s function method. This solution is known as the Lippmann-Schwinger equation
which, in bra-ket notation, is given by [76]

W) =15, + GOVITE), (2.14)

where |S,;i f) corresponds to an eigenstate of the unperturbed Hamiltonian H, which, if
projected in the coordinate space, gives

<Fl, ey FN, FN+1‘SEi,f> = ®Ei,f (Fl, ey FN)eiki,f'FN+1_ (21 5)
Gf)i) is the free-particle Green’s operator given by
G5 =1lim (E — Hy +ie) ™ (2.16)
0 e—0 0 ’ )

and V' is the interaction potential given in equation (2.8). The indexes (+) are associated
with two distinct forms of the scattering wave function \\IISE;) in the asymptotic region.

The (+) case corresponds to an incident plane wave that has a linear momentum ks
summed to an outgoing spherical wave, while the (—) case is associated with the sum of
an incoming spherical wave with momentum %; and a scattered plane wave with linear
momentum Ef. Although only the (+) case gives the correct physical interpretation of
the scattering problem, both solutions are mathematically possible.

Projecting equation (2.14) into the coordinates space, analyzing its behaviour
in the asymptotic region and considering that it is subject to the asymptotic condition
given in equation (2.10) the scattering amplitude can be written as [76]

1

Jlhy ) = =5 (S IVI9E") (2.17)
and )
fllg ki) = =5 (U IVISE ), (2.18)

depending on the sign chosen for the asymptotic condition.

Acting on equation (2.14) with the interaction potential through the left side and
rearranging the terms one obtains

AR = VIS ) (2.19)
where
A® =y —yvePv. (2.20)

Substituting equation (2.19) into equation (2.18) a third expression for the scattering
amplitude is found
I 1
g ki) = == (WA [9 L), (2.21)

2w ks
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which combined with equations (2.17) and (2.18) leads to the functional expression of
the scattering amplitude

S5 o 1 _ _
FEr )] = == (85, VI9E) + (O VIsg) — @D a@e)| (222)

An important property of the operator A®*) can be derived from the functional
given in equation (2.22). This functional has to be stationary upon arbitrary variations of

the scattering wave function. Thus, perturbations of the first order in the kets and bras
W) = 1w+ 100)

7 () (:) (Z—) (2:23)
( K |:<\P,;f |+<5\Ijgf |

lead to

5 | F(Ry k)| = =m0 )] [VISE) — AP | = (2m)? (S IV — (0014 sw?)
(2.24)
and thus it is necessary that

(2.25)
(S, [V — (w140 =0,

The first equation above is simply equation (2.19) with the (+) sign. Taking the Hermitian
conjugate of the second equation we obtain

VISg,) = [AD) ) =0 (2.26)

and since this equation and equation (2.19) with the (—) sign have to simultaneously be
true, the operators A*) have to respect

[AD]H = A, (2.27)

Now, expanding the scattering wave function in a known basis set {|x,.)}, such
that

Za (k) xtm) (2.28)

and

I—Za (Ff) (xal- (2.29)

With this, the coefficients o'’ and ', are variational parameters. Using equations (2.28)
and (2.29) in the functional expression of the variational amplitude given in equa-
tion (2.22), and imposing variational stability in the first order, one obtain

P (ki) = (A )mn{xal VIS,) (2.30)

n

=0,
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and
al,"(kp) = Y (d)mn{Sg, |V [xim) (2.31)
where
o = (x| A xn) (2.32)
This allows the scattering amplitude to be written as
Fkg k) = ——ZZ S VI (47 (x| V| )- (2.33)

Although all calculations done so far are correct, an important detail was not
considered. Since we are dealing with the scattering of an electron by a molecular target
the incident particle is indistinguishable from the electrons of the target molecule. Thus,
|W i;) and consequentially the right side of equation (2.14), has to be antisymmetric.
It was shown that for this to be true, in addition to the discrete states of the molecular
target the continuum states also have to be included in the Green’s function Goi) [83].
Hence, equation (2.16) has to be rewritten in the basis set composed of H, eigenstates.
This is possible through the use of the closure relation

1y, = i / PPk D k) (D, k| (2.34)

where |,k are the eigenstates of H,

. k2
Ho|®, k) = [E + ] B, ) (2.35)

z: (2.36)

n

represents the summation over all discrete states and the integration over continuum
states of the molecule. Then, the Green’s function may be written as

Gt —hmi / Pk @ )¢ q)kﬁi - (2.37)

—h]mi/d3 |(I) k (I) k| (2.38)
e—0 :l:ZE

The continuum states representing ionization channels would lead to a long-ranged
potential, not properly described by the boundary condition given in equation (2.10). Ad-
ditionally, handling an infinite number of continuum states is computationally impossible.
To deal with these problems, we introduce a projector operator P, constructed as

and

. 2
or, since £ = E, + 2,

open

P= Z D ;) (D] (2.39)
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responsible for projecting the wave function onto the space composed of N,,.,, discrete
states of the molecular target. In the case of elastic calculations, only the ground state
|®,) of the target is included in the construction of the projector. In the case where
electronically inelastic channels are included in the scattering calculations, the projector
is enlarged from the elastic case to also include electronically excited states of the
molecule. This projector defines the open-channel space in the scattering calculations,
that is, the space composed of all electronic states of the molecule that are accessible
during the scattering process.

The Lippmann-Schwinger equation (2.14) projected onto the P-space is written
as
PIU) =155, )+ GRVIwE), (2.40)

where G = PGS is the Green’s operator projected onto the open channel space
defined by P:

(;(i)_hmZ/d?’ ’(ka Cka' (2.41)
ize

Although this projection solves the previous problem related to the continuum
states of the Green’s function, it has a shortcome. Applying the potential V' through the
left on equation (2.40) we find

+
A<i>\\1/]gi;> =V|S;, ) (2.42)
such that now the operators A*) becomes
A® —yp vy (2.43)

which no longer respect the condition given in equation (2.27), since V' P is not necessar-
ily Hermitian. To solve this we, recover the information contained in the complementary
space of P lost upon projection, and then obtain a new expression for the operator A(+)
that satisfies equation (2.27) [84]. A projector onto the complementary space of P can
be defined as (1 — aP), where a will be chosen latter. Therefore, the wave function can
be written as
W) = aPULY) + (1 - aP) W) (2.44)
which satisfies the Schrddinger equation
H|wE) = 0. (2.45)

Using the Lippmann-Schwinger equation (2.40) projected onto the P-space and equa-
tion (2.44) we obtain

a(|Sy,) + GEVIT)) + (1 —aP) ¥ )| =0 (2.46)
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that, with [84]

[Hy, P] =0,

oy L (+) (+) (2.47)

HP[W") = 3 (B = Ho)P + P(E — Ho)] [W.”) = VP[U.")
and after some mathematical manipulations leads to

A<+>|\1ug>> =V|S;) (2.48)
where the new form of the operator A+ is
1 N N .
A = 5(PV +VP)~ vy + Hg- g(HP +PH)|. (2.49)
a

The operator A) in the equation above almost satisfies equation (2.27). However, there
is an issue with the operator 7'y, contained within H:it couples the continuum functions
that describe the scattered electron, causing H to lose its Hermiticity. To address this
issue and ensure that equation (2.27) is satisfied, we need to guarantee that

H S ) (2.50)

a
is Hermitian, that is,

(-1

(VS
<k‘fa

11~ a N A
_a @y _ gL (g @ )
[H 2(HP+PH)} o) = (w)- [H S(PH+HP)| W), (251)

One way to ensure this is if both sides of the equation above vanish for a specific choice
of a, that is,
(-) _ a5 3 )y _
(ot |a [ S(HP+ PH)} vl =o. (2.52)
This was shown to happen if a = N + 1 [31, 79], ensuring that the operator presented
in equation (2.50) is Hermitian and, consequentially, the validity of equation (2.27) is

secured.

In this way, the final form of the scattering amplitude is given by

flhig ki) = —o= Z St V) (471, Ol VISE) (2.53)
where
and
1 .
A = F(PV+VP) - VeV 4+ NLH {H e 1(HP + PH)|. (2.55)

There are a couple of important points that should be noted about this expression of the
scattering amplitude. Firstly, note that the wave function always appears multiplied by
the potential V' (equations (2.17), (2.18) and (2.21)). In addition to that, the asymptotic
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boundary condition is contained in the Green’s function. As a consequence, the scatter-
ing wave function is not subjected to the boundary condition and the basis functions
only need to describe the scattering within the range of the potential. These enable the
use of square integrable functions (L?), such as Cartesian Gaussian functions (CGs),
as a single-particle basis set for the scattering calculations, greatly reducing the com-
putational cost, since all integrals can be evaluated analytically. The only exception is
the term involving the operator VGED”V, which is evaluated with a numerical quadrature.
This approach avoids the use of very large basis sets in the scattering calculations due
to the slow convergence of the matrix elements of the operator VGEJ)V [85]. Despite the
computational advantages, the use of CG functions has a shortcoming: since these are
short-ranged functions, the long-ranged interactions are poorly described. Thus, when a
molecule has a permanent dipole moment, the Born-closure procedure is employed to
correct the cross section for the long-ranged electron-dipole interactions. This procedure
is described in appendix C.1. Another strategy to reduce the computational cost of the
scattering calculations is the use of norm-conserving pseudopotentials of Bachelet,
Hamann and Schlttter (BHS) [86] to represent the core electrons and nuclei of the
molecule, which is discussed in apendix C.2. The implementation of these pseudopo-
tentials was done by Bettega, Ferreira and Lima [87, 88], and the method itself is now
denominated as Schwinger multichannel method implemented with pseudopotentials
(SMCPP). This version of the method was used in all calculations presented in this
work. Finally, note that the scattering amplitude given in equation (2.53) is calculated
in the reference frame of the molecule. Thus, in order to compare the calculated cross
sections with the experimental results measured in the laboratory-frame, we need to
perform a frame transformation. This is discussed in appendix C.3. It is also worth noting
that the present calculations were performed with the current parallel implementation of
the SMCPP code [89].

2.2.2 Approximation Level

The distinct levels of approximation in which the scattering calculations can
be performed through the SMCPP method will be discussed in details in this section.
Additionally, the strategy used to describe the electronically excited states of the target
for the multichannel coupling calculations is also presented.

The scattering calculation can be performed in two distinct levels: the elastic and
multichannel coupling approximations. In the former, the molecule remains in the ground
state during the scattering process, such that only the elastic channel is treated as open
in the scattering calculations. In the latter, the molecule is allowed to be electronically
excited by the incident electron and electronically inelastic channels are now accessible
during the scattering process. Furthermore, the elastic calculations can be performed
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in two distinct approximations, the static-exchange (SE) and the static-exchange plus
polarization (SEP) approximations. All these approximations are related to how the
projector operator P, given in equation (2.39), and how the basis set used for the
scattering calculation, given by the set {|x..)} in equation (2.53), are constructed. Each
|xm) that composes the basis set is called a configuration state function (CSF) and
it is constructed as the antissimetrized product of a target state and a function that
represents the continuum electron. The set {|x,,)} is also called configuration space,
since it contains the CSFs used in the scattering calculations. In this section, we will
discuss these distinct approximations in detail.

2.2.2.1 Elastic approximation

The SE approximation is the simplest approximation in which the scattering
calculations can be performed. In this approximation the molecule remains in the ground
state, such that the open-channel space is solely composed by the elastic channel. This
level of calculation takes in consideration only the static potential from the Coulomb
interaction between the incident electron and the electrons and nuclei of the molecule,
and the exchange effects that emerge from the antisymmetrization of the wave function
due to the indistinguishability between the incident electron and the molecular electrons.
The polarization effects, that is, the relaxation of the molecular electronic cloud due to
the incident electron, is completely omitted in this level of calculation. Consequently,
this approximation is reliable for the qualitative description of the scattering at high
impact energies, usually higher than 10 eV, since in this regime the interaction time
between the incident electron and the target is small enough that the molecular cloud
does not have enough time to relax due to the incident electron. For lower impact
energies the interaction time increases and polarization effects become more relevant
in the scattering process. Typical collision times range from around 1 x 10~'%s at 1 eV to
2 x 10~'"s at 30 eV [79]. Thus, the SE approximation does not give the most reliable
description of the scattering in the low-energy regime. Additionally, since only the elastic
channel is treated as open in this approximation, the quantitative description of the
scattering at higher impact energies is harmed due to the absence of the multichannel
coupling effect (that will be discussed in detail in Sec. 2.4.3).

In this approximation, the projector P is constructed as
P =[®)(d] (2.56)

where |®,) is the ground state of the molecule, obtained with the Hartree-Fock method.
For the discussion that follows, it is important to remember that in the Hartree-Fock
method the ground state wave function is given by a single Slater determinant, that is

<fl,...,fN|<I)1> :(I)l(fl,fg,...,f]v> (257)
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and
(@) xe(@) - xa(@) oo xw(@)
¢1<fl,fz,...,fN>:¢% i) el ) W@ g
X1(@n) x2(@n) o Xa(@n) o xn(@N)
where ¢+v*' is a normalization factor and y;(Z;) are molecular spin-orbitals written as
Yi(Fa(w)
Xi(%) = or (2.59)
hi(F)B(w),

where 7 includes both spatial (7) and spin (w) coordinates, « (/5) represents an electron
with spin up (down) and v (z;, y;, z;) are spacial orbitals written as a linear combination
of atomic orbitals

wi - Z cm’Cp,- (260)

"
The atomic orbitals ¢, are expanded in a set of Cartesian Gaussian (CG) functions.
These functions are centered at the coordinates of a given atom A of the molecule
(Ra = (X4,Ya, Z4)) and have the form

ron = Nimn(r — Xa) (y — Ya)™(z — ZA)ne_aW_RA|2 (2.61)

Ilmn

where « is the exponent of the Gaussian function and the sum [ + m + n gives the
type of the CG function, such that if this sum is equal to 0, 1, or 2, the CG function
corresponds to an s, p, or d function, respectively. Note that, as discussed before, the
use of CGs function enables all integrals in equation (2.53) to be evaluated analytically.

In the SE approximation, the CSFs are constructed as
|Xm> = -A’(I)1> ® "Pm> (2.62)

where |p,,) is the scattering orbital that represents the incoming electron and A is the
antisymmetrization operator of NV + 1 electrons. In this approximation, the scattering
orbitals are the virtual orbitals (VOs) of the molecule obtained from the Hartree-Fock
calculation, which are directly orthogonal to the occupied molecular orbitals of the Slater
determinant |®,).

Another important aspect of the SE approximation is that it is the least computa-
tionally expensive calculation. Since only the ground state is included in the construction
of the projector P, only the scattering amplitudes for the elastic channels are calculated.
Furthermore, since the number of CSFs is equal to the number of VOs of the molecule,
usually ranging from 70 VOs for small molecules up to a couple hundred VOs for bigger
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molecules, the matrices that need to be evaluated in equation (2.53) are relatively small
and computationally easy to deal with.

In the SEP approximation, the molecular electronic cloud is allowed to relax due
to the presence of the incident electron. In turn, the description of the scattering process
in the low-energy regime (< 10 eV) is improved in relation to the SE approximation,
since the polarization effect is especially important for low-impact energies.

In this level of calculation the projector P is also written as in equation (2.56),
where only the elastic channels is treated as open. However, the configuration space
is enlarged in comparison to the SE approximation through the inclusion of CSFs
constructed as

|Xm> = A|(I)2> ® |90n> (2.63)

where |®7) are N-electron Slater determinants obtained by performing single (virtual)
excitations of the target from an occupied (hole) spin orbital y, to an unoccupied
(particle) spin orbital ... More explicitly, (Z1, ..., Zx|®!) = O (74, X9, ..., Zy) such that

x1(Th)  xe(@1) - xe(@) o0 xw(Th)
O (1, Ty o F) = % X1<.1'2) XQ(II'Q) . Xr<- SRR XN$$2) . (2.64)
x1(@n) x2(Zn) - xe(@n) oo xn (@)

Note the substitution of x, in equation (2.58) for y, in the equation above. This single
excitation can have two distinct spin couplings: singlets (S = 0) and triplets (S = 1),
while we restrain the CSF to have a dublet spin coupling (S = 1/2) since the total spin
of the scattering state must be conserved.

Historically, many criteria have been developed and applied for selecting the
hole, particle and scattering orbitals used to construct CSFs in the SEP approximation.
These range from selecting the n—lowest molecular orbitals as particle and scattering
orbitals [90] limited by the computational capability available, to using only the reso-
nant orbital to construct the configuration space [91], or employing a cut-off energy
criteria [92]. The strategy used to construct the CSF space for each of the calculations
presented in this dissertation is going to be discussed in the respective chapter of each
molecule.

Although the SEP approximation provides an improved description of the
electron-molecule interaction at low impact energies, it has two limitations: the vir-
tual excitations generate pseudoresonances in the higher impact energy regime and the
calculations becomes more expensive. Pseudoresonances are structures that appear in
the cross section due to channels that are energetically accessible but treated as closed
in the elastic approximation. To rectify this problem a more robust scattering calculation
that includes inelastic scattering channels is necessary. The way in which we perform
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these kind of calculations will be described in the next section. Additionally, since the
configuration space is enlarged, the matrices that need to be evaluated are now larger
in comparison to the SE approximation, which leads to more computationally expensive
calculations?.

2.2.2.2 Multichannel coupling approximation

In the approximations mentioned previously, only the elastic channel was in-
cluded in the open-channel space. When polarization effects are included, the SEP
approximation provides a good description of the scattering, both qualitatively and
quantitatively, for impact energies below the first electronic excitation threshold of the
molecule®. The approximation in which inelastic processes are taken into account in the
scattering calculations will be denoted as the multichannel coupling (MC) approxima-
tion in this dissertation. For energies above the first electronic excitation threshold the
incident electron may promote electronic excitations of the molecule, and the effects
associated with these excitations need to be taken into account in the calculations to fully
describe the scattering process. To do so, the projector operator P is now constructed
as

Nopen

P=>" |02y (2.65)
f=1

where |®;) is an electronic state of the molecule, being the ground state if f =1 or an
electronically excited state if f > 1; and the sum runs over all V,,.,, accessible channels.
Now, since the projector includes more than the elastic channel, an individual scatter-
ing amplitude is calculated for each of the possible electronically inelastic channels,
increasing considerably the computational cost of the scattering calculations.

For impact energies higher than the ionization energy of the molecule the
ionization channel is also energetically accessible. Although a complete description of
the scattering process should include ionization, this is not implemented in the current
version of the SMCPP method. Thus, this channel is omitted in the scattering calculation
performed with the SMCPP method presented here.

The first step to perform a scattering calculation in the multichannel coupling
approximation is to describe the possible final states of the molecule. The main challenge
here is to properly describe these electronically excited states while maintaining a
feasible computational cost for the scattering calculations. In the present work, these
states are described by the minimal orbital basis for single configuration interaction

2 Currently, for small molecules, the CSF space of a SE calculation contains something around 70 to
300 CSFs. For a SEP calculation this number increases to something in the thousands and tens of
thousands.

8 This is true only within the Born-Oppenheimer approximation. Otherwise, vibrational and rotational
excitation should also be taken into account above their respective thresholds.
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(MOB-SCI) approach [93]. To understand this strategy it is important to remember
some aspects of the Hartree-Fock method and of the configuration interaction (Cl)
technique [77].

The Hartree-Fock procedure yields not only the ground state Slater determinant,
shown in equation (2.58), but also a set of unoccupied molecular orbitals. With those,
one may construct singly-excited Slater determinants which represents the promotion of
an electron from a hole to a particle orbital with a given spin coupling, such as the one
presented in equation (2.64). However, the unoccupied orbitals obtained via Hartree-
Fock method describes the movement of an electron in a field of N electrons, and are
more suitable for describing the negative ion of the molecule rather than electronically
excited states.

Thus, to obtain an improved description of electronically excited states, a new
set of virtual unoccupied orbitals can be generated in the field of (N — 1) electrons.
These orbitals are known as improved virtual orbitals (IVOs) [94], and have been used
in scattering calculations to incorporate electronic excitation of the target molecule in
the past [71-73]. While IVOs can improve upon the Hartree-Fock description, they have
limitations in accurately describing multiple electronically excited states simultaneously.
IVOs are generated using a chosen hole orbital with a specific spin coupling, which
means that electronically excited states associated with the promotion of electrons from
other hole orbitals or with a different spin coupling than the one used to generate the
IVOs are usually poorly described.

Because the scattering of the incident electron can excite the molecule to more
than one electronically excited states, the IVO strategy may not be entirely suitable for
describing the molecular target within the context of scattering calculations. To provide
a more accurate description of these states, the configuration interaction technique
(Cl) [77] may be employed. In the Cl technique, the molecular wave function is written
as

[Der) = ci|®o) + Y cl®) + D enl®n) + Y canl®n) +.. (2.66)
a;r a<bir<s a<b<cir<s<t
where |®,) is the reference Slater determinant, obtained through the Hartree-Fock
method, |®7) is a singly excited Slater determinant as given in equation (2.64), |®7?) is a
doubly excited Slater determinant and so on. In this way, the total Cl wave function |®¢)
is given as the linear combination of electronic configurations formed by excitations of
the reference Slater determinant |®,)4.

If all possible excitations are included in the expansion given in equation (2.66),
the procedure is known as full configuration interaction (FCI). Although this gives the ex-

4 Note that when one diagonalizes the molecular Hamiltonian with this wave function different configura-
tion couple among themselves ((®c1|Hy|®cr)), hence the name "configuration interaction".
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act molecular wave function within a given basis set, it is computationally very expensive.
Even for small molecules with a small basis set the number of possible configurations
needed to expand the FCI wave function makes the electronic structure calculations
impossible. One way to bypass this problem is to truncate the expansion (2.66) such that
only a few excitations are considered, lowering the number of configurations, leading to
a feasible computational cost. Particularly, if only the first and second terms are included
in the equation (2.66), that is, if only the reference and singly-excited Slater determinants
are included in the Cl expansion the procedure is called single configuration interaction
(SCI).

In the SCI approximation the wave function is written as®

|Bscr) = ca@1) + Y ch| D)) (2.67)
and the Slater determinants and coefficients are the same as explained before. If
all possible singly-excited Slater determinants are included in the expansion above,
the procedure is called full-single configuration interaction (FSCI). Although the FSCI
technique is viable for the electronic structure calculations of small molecules, it is not
possible to perform electron scattering calculations where the molecular wave function
is described within this approximation. The FSCI approximation leads to a large number
of electronically excited states, and since an individual scattering amplitude need to be
calculated for each possible channel in equation (2.53), the scattering calculations are
computationally impossible to be performed.

To solve this problem, a reduced set of singly-excited Slater determinants is
selected from the FSCI wave function in order to maintain a proper description of the
first few electronically excited states, while lowering the computational cost in a way that
makes the scattering calculations affordable. That is, the second term in equation (2.67)
is truncated in a way that the most relevant Slater determinants for the description of the
lower electronically excited states are maintained in the new expansion. This procedure
was develop by da Costa et al. [93], and is known as the MOB-SCI approach.

The set of Slater determinants used in the MOB-SCI expansion is selected
based on the coefficients obtained from a FSCI calculation. In practice, the first step
is to obtain a set of IVOs [94] to represent the unoccupied molecular orbitals of the
target. Then, a FSCI calculation is performed, that is, the molecular Hamiltonian (H y)
is diagonalized in the basis set of all possible singly-excited Slater determinants. This
diagonalization yields both the ground state and electronically excited states. For each
electronically excited state, a specific coefficient is obtained for each Slater determinant

5 Note that, due to Brillouin’s theorem [77], the ground state does not couple with singly-excited states,
thus ¢; = 0. However, in order to maintain consistency with equation (2.66), we include this term in
equation (2.67).
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from the basis set. Then, a subset of Slater determinants is selected in order to represent
accurately the first few electronically excited states obtained from the FSCI calculation.
This is done based on the coefficient of each Slater determinant obtained from the
FSCI calculation. Slater determinants with coefficients whose squared modulus is large
(close to one) have a significant contribution to the description of an electronically
excited state. On the other hand, the contribution of Slater determinants with small
coefficients is comparatively less relevant. Thus, we select only the Slater determinants
with coefficients whose squared modulus are large for the MOB-SCI expansion.

To illustrate this procedure, suppose that we are interested only in a given
electronically excited state o from an irreducible representation I', denoted as \@;F,S’g}>.
The expansion of this excited state after the FSCI procedure is given by®

[Dhset) = > ciTary. (2.68)

To describe this state within the MOB-SCI approach we would look at the coefficients
1) and select only those whose modulus square is large (close to one). The amount
of Slater determinants chosen is usually based on the computational capabilities avail-
able to perform the proceeding scattering calculations. Additional details about the
MOB-SCI procedure, including a numerical example, may be found in appendix C.4.

After the electronically excited states of the molecule are described, we move
forward to the scattering calculations. In this work, the configuration space used to
perform the scattering calculations in the multichannel coupling approximation is con-
structed as

[Xm) = A|®5) @ |¢n) (2.69)

where |®7) is the same set of singly-excited Slater determinants used in the MOB-
SCI expansion. A and |¢,,) are the antissimetrization operator and a scattering orbital,
respectively. In contrast to previous work published in the literature, where the configu-
rational space is enlarged by virtual excitation of the target (see, for instance, Ref. [95]),
recent computational advances and optimization of the code enabled the inclusion of
a relatively large amount of Slater determinants in the MOB-SCI expansion, such that
this set of Slater determinants produces a large configuration space leading to a proper
description of the polarization effects by itself, without the need to include further virtual
excitations [51, 96]. This will be showed more clearly in the results section of each
molecule, where the position of the shape resonance in the elastic channel obtained
through a CSF space constructed in this manner is in good agreement with experi-
mental data, indicating a good description of the polarization effects in the scattering
calculations.

6 Note that the term related to the ground state is equal to zero due to Brillouin’s theorem [77].



CHAPTER 2. THEORY 47

MOB-SCI spectrum Channel coupling strategy
50 50

47.5 47.5
45 45
ast e 101ch (42.50 eV)

8
& o
]

375 375

35
99¢h (33.54 ¢V)

325
30

Vertical excitation energy (eV)
[
b3

Vertical excitation energy (eV)

275 _—
25

]
=
th

225
20
17.5 89¢h (17.95¢eV)

15 | 80ch (14.87 V) ====----

21ch (9.85 eV)

751 4ch(7.50eV) =rmimimes s 3ch (6.80 €V)

2ch (5.80 V) cereeeees

25 25

Triplets Singlets Triplets Singlets

Figure 2.2 — (a) Schematic representation of vertical excitation energies of the electronically
excited states of a fictitious molecule AB obtained through a MOB-SCI calculation.
(b) Possible multichannel coupling strategy used in the scattering calculations. For
more details, see the text.

As the incident electron energy increases, the molecule can be excited to an
increasingly larger number of electronically excited states, due to the energy conser-
vation law (2.1). Ideally, to accurately describe the scattering process, all energetically
accessible states of the molecule for each impact energy should be included in the
constructions of the projector P, given in equation (2.39). Consequentially, there would
be as many distinct projectors P as there are energetically accessible channels, which
would lead to as many distinct scattering calculations. For instance, suppose that for
a given molecule AB a scattering calculation within the MOB-SCI approach is to be
done. Suppose also that the MOB-SCI approach is performed with a set of 50 Slater
determinants, such that there are 100 electronically excited states of the molecule
included in the scattering calculations (50 triplets and 50 singlets). This MOB-SCI spec-
trum can be represented as in Fig. 2.2 (a), where each horizontal line is associated
with a different electronically excited state. This calculation would be performed with
a maximum of 101 open channels: the elastic channel, 50 channels associated with
the excitation of the molecule to the 50 triplets states and 50 channels associated
with the singlets. If all energetically accessible channels are treated as open in each
impact energy, 101 distinct projectors P would be constructed, resulting in 101 distinct
scattering calculations. Additionally, to distinguish between closely lying states, one
would need a very fine energy grid. This is practically unattainable for most molecules.

To address this issue, we utilize a different channel coupling strategy. In practice,
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we select from all possible projectors P the ones that better describe the scattering in
selected energies. These projectors are chosen based on the availability of experimental
data, the presence of closely lying states or to investigate the influence of an individual
selected states of interest in the scattering process. Additionally, we may also choose
projectors that lead to intermediate levels of calculation. In this way the amount of
distinct scattering calculations associated with each projector P is reduced, making
it computationally feasible, while trying to maintaining an optimal description of the
scattering process throughout all impact energies.

Going back to the hypothetical case of molecule AB. Suppose that the vertical
excitation energies obtained through the MOB-SCI strategy for the 100 electronically
excited states of molecule AB are as given in Fig. 2.2 (a). Suppose also that in the
literature there are experimental DCSs reported for this molecule at 10, 15 and 20 eV.
A possible coupling strategy would be to select the projectors that lead to the levels
of calculation shown in Fig. 2.2 (b). Each level of calculation is denoted by N,,..ch,
indicating that N,,., channels are treated as open in that level of calculation. In our
hypothetical scenario, the calculation performed with 2, 3 and 4 open channels (2ch, 3ch
and 4ch) would be done to investigate how the opening of these low-lying electronically
excited states influence the cross sections. The 21ch, 80ch and 89ch calculations would
provide the result where all energetically accessible channels are treated as open in
10, 15 and 20 eV, respectively. These are the best results regarding channel coupling
at the energies of the hypothetical experimental DCSs from the literature. Also, the
calculations with 21 and 80 open channels comprise the closely lying states between
8 and 10 eV and 11 and 15 eV, respectively. The 99ch calculation would be done to
open all closely lying states between 27.5 and 34 eV at once. Finally, the calculation at
101ch would treat all channels obtained within the MOB-SCI strategy as open in the
scattering calculations (100 electronically inelastic channels plus the elastic channel). In
this way, instead of performing 101 distinct scattering calculations, only 9 are performed:
the calculation where only the elastic channels is treat as open and the 8 levels of
calculation shown in Fig. 2.2 (b).

It is worth emphasizing that equation (2.1) must be respected in all calculations.
Therefore, for each multichannel coupling scheme the incident electron impact energy
must be above the threshold of the highest excited state within that level of calculation.
For instance, for the 2ch calculation shown in Fig. 2.2 (b), the impact energy of the
incident electron have to greater than 5.8 eV, so that the first electronically inelastic
channel is energetically accessible during the scattering process.

The comparison between the calculated DCSs and the measured data is
straightforward. One just need to take the DCS calculated with the highest amount of
open channels in a given energy and compare this result to the experimental data. For
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Figure 2.3 — Procedure to obtain the final MC cross sections for the fictitious molecule AB.
Firstly, the ICSs are calculated with the different levels of multichannel coupling,
as established in the strategy depicted in Fig. 2.2 (Left panel). Then, the ICS
calculated with the highest amount of open channels is selected in each energy
regime (Middle panel). Finally, the MC ICS is obtained concatenating the ICSs
selected in the previous step (Right panel). A low-energy resonance and the
multichannel coupling effect are also depicted in the figure.

instance, in the case of molecule AB, the 89ch DCS would be the best result at 20 eV,
since all energetically accessible channels are treated as open in this level of calculation;
and therefore this is the DCS that should be compared to the experimental data from
the literature. Now, to obtain a final integral cross section (ICS) that includes the effects
that arise from the electronic excitation of the molecule we use the ICSs calculated
with the largest open-channel space in each energy regime. To obtain the ICS of the
fictitious molecule AB (Fig. 2.2 (b)), the 1ch ICS would be used for impact energies
below 5.80 eV, the 2ch ICS would be used for energies between 5.80 and 6.80 eV,
the 3ch ICS would be used for energies between 6.80 eV and 7.50 eV, the 4ch ICS
would be used for energies between 7.50 and 9.85 eV, the 21ch ICS would be used for
energies between 9.85 and 14.87 eV, the 80ch ICS would be used for energies between
14.87 and 17.95 eV, the 89ch ICS would be used for energies between 17.95 and
33.54 eV, the 99ch ICS would be used for energies between 33.54 and 42.50 eV and the
101ch ICS would be used for energies above 42.50 eV. The ICS obtained through this
process is said to be calculated at the multichannel coupling (MC) approximation. This
procedure is depicted in Fig. 2.3. Note that in Fig. 2.3 a resonance and the multichannel
coupling effect are also depicted. These phenomena are going to be discussed later in
this chapter.

In summary, to perform scattering calculations in the multichannel coupling
approximation with the SMCPP method, electronically excited states of the molecule
must be included in the construction of the projector P given in equation (2.39). The
MOB-SCI approach is used to obtain these electronically excited states, which involves
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three steps: (i) generating a set of IVOs to represent the unoccupied molecular orbitals,
(i) performing a FSCI calculation, and (iii) select the relevant Slater determinants from
the FSCI expansion of the wave function to perform the MOB-SCI calculation. Once
the electronically excited states spectrum is obtained using the MOB-SCI method, a
channel coupling strategy is created, and the scattering calculations are performed for
different multichannel coupling schemes.

2.3 Binary-Encounter-Bethe model

In the Born-Oppenheimer approximation, the possible outcomes for an electron-
molecule collision are the elastic scattering of the incident electron, the electronic
excitation or the ionization of the molecular target. Thus, in order to perform a complete
study on the electron scattering by molecules and obtain an estimation of the total
cross section (disregarding vibration and rotational excitations) one must obtain the
total ionization cross section (TICS) in addition to the elastic and electronic excitation
cross sections. Although recently some effort has been made to include the ionization
channel in the SMCPP method [97], it remains restricted to dealing only with the elastic
and electronically inelastic channels. Thus, a different approach must be used to obtain
the TICS.

The binary-encounter-Bethe (BEB) model [98] provides a simple and easy-
to-use formula for the ionization cross sections. It emerges from the combination of
two theories: the Mott theory for collision of two free electrons, which provides the
description of the scattering of incident electrons with small impact parameter, and the
Bethe theory, which accounts for the electrons that collide with large impact parameters.

The BEB model is free from arbitrary parameters or fitting constants. The cross
section for the ionization of V; electrons from an occupied orbital with binding energy B;
and average kinetic energy U; by an incoming electron with energy F is

= T s mE) (2.70)

it —
oilt:) PR |

where a, is the Bohr radius, R is the Rydberg energy (13.6 eV), t; = FE/B;, and
u; = U;/B;. The TICS is obtained as the sum of the ionization cross sections of each
occupied molecular orbital, that is,

Nocc

oTICS = Zai(ti) (2.71)

where N,.. is the number of occupied molecular orbitals. All the necessary values to
calculate the ionization cross sections through this method (U;, B; and N;) are readily
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obtained from an electronic structure calculation for the ground state of the molecular
target.

It is important to emphasize that the calculations performed with the BEB model
are independent from the calculations performed with the SMCPP method. This entails
that the ionization channel does not compete for the flux that defines the elastic and
electronically inelastic cross sections, nor these compete for the flux that defines the
ionization cross sections.

Finally, by summing the total ionization cross section obtained through the BEB
model, with the elastic and electronically inelastic cross sections calculated with the
SMCPP method, we obtained the total cross section for the scattering of electrons by
the molecules studied’.

2.4 Electron Scattering Phenomena

Now that we have established the methods used to obtain the cross sections,
we shall explore some of the physical phenomena that emerge when electrons are
scattered by molecules. To keep things concise, we will focus our discussion on the
features that we observed in our results, namely shape resonances, the Ramsauer-
Townsend minimum, and the multichannel coupling effect.

2.4.1 Resonances

As stated in the introduction of this work, the scattering process can produce
a resonant state, which consists of the temporary capture of the incident electron by
the molecular target. These resonances are ubiquitous in electron-induced chemistry,
being responsible for the formation of charged radicals through molecular dissociation.
Thus, identifying and characterizing these resonances is a common goal of electron
scattering studies.

The capture mechanism of this complex phenomena can be understood in terms
of a simplified picture, where the effective potential given by Vg = —Vp + (4(¢ + 1)) /r?
describes the scattering process. This potential is composed of an attractive well and an
angular momentum barrier, as depicted in Fig. 2.4. An electron with energy FE; will be
simply scattered back into the continuum. On the other hand, an electron with incident
energy F, may tunnel through the potential barrier and be captured by the effective well,
forming a temporary bound state. In this case, a resonance is formed.

7

Once again, it is important to remember that we are working within the Born-Oppenheimer approxima-
tion. Thus, vibrational and rotational excitations are not considered.
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Figure 2.4 — Pictorial representation of the formation of a resonance. The effective potential
felt by the incoming electron (from the right) is composed of an attractive square
well and a angular momentum barrier. While an incident electron with energy E; is
scattered back to the continuum, the effective well traps an electron with incident
energy Es.

There are many signatures of resonances in the scattering calculations. Pro-
nounced Lorentzian profiles in the cross sections indicates the presence of a resonant
state. The central energy of these structures is the energy of the resonance, while
the width of the Lorentzian peaks is associated with the lifetime of the resonant state.
Through Heisenberg’s uncertainty principle, a relationship between the resonance’s
lifetime and its width can be derived:

AEAL ~ h, (2.72)

where AF is the resonance’s width, At is its lifetime and 7 is Plank’s constant over
2m. An example of how these profiles may appear in the cross sections is depicted
in Fig. 2.3 for the fictitious molecule AB previously introduced. Below 5.0 eV a small
structure is seen in the cross section, indicating the formation of a resonance.

Another possible way to identify and characterize resonances is through the
diagonalization of the scattering Hamiltonian Hy ., in the CSFs space. This procedure
yields a set of eigenvalues and eigenvectors. From this set, the eigenvectors whose
eigenvalues are close to the resonant peaks in the cross sections may be analyzed.
Since shape resonances leave the molecule in its electronic ground state, the eigen-
vectors of the scattering Hamiltonian linked with shape resonances are expected to
be predominantly described by CSFs that are constructed with the ground state of
the molecule. Thus, if the sum of the square of the coefficients associated with the
static-exchange space of an eigenvector is large (close to one), this indicates that this
eigenvector may be associated with a shape resonance. Note that the CSFs that com-
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pose the static-exchange space are constructed with ground state Slater determinant of
the molecule. Additionally, single-particle orbitals may be constructed from the possible
resonant eigenstates of Hy.,. These orbitals are built as

Nge

165) =) lom) (x| T 1) (2.73)

where the sum runs over all n,. CSFs that belong to the static-exchange space (|xn),
eq. 2.62), |¢n) is the scattering orbital used in the construction of |x,,,) and |\If§V+1> is the
Hy 1 eigenvector. These orbitals provide an accurate representation of the resonant
states of the molecule and may be used to further identify and characterize shape
resonances. Valence orbitals are responsible for the capture of the electron in shape
resonances. Thus, if the single-particle orbital obtained with equation (2.73) has a
valence-like character, it provides further evidence for the formation of a resonant state.
Furthermore, the character of this orbital denotes the character of the shape resonance,
being of ¢* or ©* character.

Other approaches may also be used to study resonant states. The eigenphase
sum may be calculated, and a jump of 7 indicates the presence of a resonance [76],
albeit in some cases this is obscured by the non-resonant (background) scattering.
Another signature of resonances formation may be found in a time delay analysis [99],
but this is not yet implemented in the SMCPP method.

As previously mentioned, resonances can be of shape, Feshbach or core-
excited character. Shape resonances are formed by the capture of the incident elec-
tron into an unoccupied molecular orbital, while the molecule itself remains in the
electronic ground state. With the various tools available, shape resonances can be
relatively easy to identify and characterize. However, when considering resonances
involving simultaneous electronic excitation of the molecule, such as Feshbach and
core-excited resonances, the situation becomes more complex. The low-intensity of
these resonances and the high sensitivity of the electronically inelastic cross sections
to pseudoresonances and threshold effects makes the characterization of Feshbach
and core-excited resonances very hard, if not impossible, for most molecules with the
SMC method [19, 51, 95, 96]. Pseudoresonances are structures that have no physical
meaning and appear in the cross sections due to energetically accessible channels that
are treated as closed in a given level of calculation. Threshold effects are sudden in-
creases and decreases in the cross sections associated with the opening of an inelastic
channel that will be discussed in Sec. 2.4.3. Further theoretical work, that goes beyond
the proposal of this dissertation, needs to be made in order to uniquely characterize
these type of resonances.
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2.4.2 Ramsauer-Townsend Minimum

One may write the cross section in a partial wave expansion as [76]

(20 + 1) sin® 6,(k), (2.74)
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where k is the absolute value of the incident particle’s wave vector, and ¢, is the phase-
shift (eigenphase) associated with the partial wave with angular quantum number /.

In the low-impact energy regime the cross section is dominated by the s-wave
(¢ = 0) scattering. In this case, equation (2.74) reduces to

o(k) = oo(k) = — sin® 6y (k). (2.75)

Thus, the cross section goes to zero when sin? 6, = 0, which occurs when the eigen-
phase associated with the s-wave becomes zero or goes through 7. Especially, when the
potential felt by the incoming electron changes from attractive to repulsive the s-wave
eigenphase is equal to zero [62]. For apolar molecules, the potential that describes the
electron molecule interaction can be written as

V= ‘/static + ‘/emchcmge + Vrpol' (276)

In the expression above, V... is the static Coulomb potential (attractive), V.,change iS @
potential associated with the antissimetrization of the wave function (repulsive)?, and
Vo 1S @ potential associated with the polarization of the molecular target (attractive).

At specific impact energies, the net potential can change its sign, resulting
in a global minimum of the cross section. This phenomenon is known as Ramsauer-
Townsend (RT) minimum. Since the cross section represents a relative probability of
interaction, the RT minimum corresponds to an incident energy such that the molecule
becomes virtually transparent to the incident electron. It is important to note that this
effect only occurs when considering polarization effects. In the absence of polarization,
the attractive portion of the potential is not sufficiently strong, leading to a purely
repulsive potential in the low-impact energy regime.

2.4.3 Multichannel Coupling Effect

Polarization effects play a crucial role in the low-impact energy regime. These
effects are vital to accurately describe phenomena like shape resonances and the
RT minimum. As we move towards higher impact energies, where inelastic channels

8 In the sense of Pauli’s exclusion principle the incoming electrons cannot occupy a doubly occupied
spin-orbital, generating a "repulsive potential".
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become energetically accessible, the scattering behaviour is primarily governed by the
multichannel coupling effect [100].

To understand the multichannel coupling effect lets recall equation (2.2). The
differential cross section (DCS) for a given channel is defined as the ratio of the number
of scattered particles per unit time associated with that channel (dny) within a solid
angle (df2), to the incident flux of particles (F;):

dO‘f ) . dnf
Writing dn s as
2
Q
dny = ‘]frtd , (2.78)

where J; is the probability current associated with the scattered particles, rd2 is the
infinitesimal area into which particles are scattered and ¢ is unit time. Now, since

Fit = J, (2.79)

where J; is the probability current associated with the incoming wave function, we obtain

JfT‘2
Ji

dO’f
ds2

(k;0,0) = (2.80)

Therefore, the DCS for each final channel is associated with the probability current of
that individual channel. As a consequence, if the probability current decreases, the
corresponding DCS also decreases.

The probability flux is defined as

T = %% (xp*ﬁqf) , (2.81)

where VU is the scattering wave function. Note that for real potentials, which is the case
here, frespects the continuity equation

o = =
E—FV'J—O, (2.82)

where p = |¥|?. This entails that the total probability current is conserved throughout
the scattering process among all open channels, that is, total incoming and outgoing
fluxes must be equal.

The multichannel coupling effect is introduced in the scattering calculation
when inelastic channels are treated as open. This effect results in a decrease in the
magnitude of the cross sections. With the two concepts mentioned above, we are able
to understand that this effect arises from the competition for the probability flux between
the accessible channels. As more channels are treated as open, the competition for
the probability flux increases, decreasing the flux that defines each individual cross
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section, lowering its magnitude. To illustrate this, let’'s consider a scenario in which a
1ch calculation is performed, with only one channel treated as open. In this case, all
probability flux will define only the cross section associated with this channel. However,
if a second calculation is subsequently performed, where two channels are treated as
open (2ch calculation), the second channel will compete for the flux that was previously
solely defining the cross section of the first channel. Consequently, the magnitude of
the first channel’'s cross section decreases. Therefore, as the number of open channels
increases in scattering calculations, the magnitude of the cross sections decreases. It’s
important to note that as the incident electron energy increases, more channels become
energetically accessible. Hence, this effect becomes more significant at higher-impact
energies.

An useful classical analogy to gain some physical intuition about this effect is
that of water flowing through a pipe system [101], as depicted in Fig. 2.5. Initially, when
only one pipe is open (Fig. 2.5 (a)), all the water flows exclusively through that particular
pipe. Then, as more pipes are subsequently opened, the flow of water gets distributed
among the additional pipes, resulting in a reduction of the flux passing through the initial
pipe (Fig. 2.5 (b)).

Equipped with the concepts behind the multichannel coupling effect we may now
understand the origin of the threshold effects in the cross sections. Near the excitation
threshold the cross section associated with that channel increases rapidly with energy.
This generates an abrupt competition for the flux that defines each cross section in the
vicinity of the threshold, which causes the cross sections of the previously open channels
to rapidly increase or decrease, generating "jumps" in the cross sections, known as
Wigner cusps [102, 103]. This effect was observed experimentally for the vibrational
excitations channels of hydrogen halides [104] and appear in our cross sections when
electronically inelastic channels are taken in consideration in our calculation.

An example of how the multichannel coupling effect appears in our results

(a) (b)

Figure 2.5 — Pictorial representation of the multichannel coupling effect in the flow of water in a
pipe system. Firstly, only one pipe is open, thus all the water flows only through this
accessible channel (a). Then, more pipes are opened, allowing the water to flow
through them, which reduces the flux that flows through the original channel (b).
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can be seen in Fig. 2.3 for the previously introduced fictitious molecule AB. The left
panel showcases ICSs calculated using various multichannel coupling schemes. As
the number of open channels increases in the calculation, the magnitude of the cross
section decreases. Some small threshold effects may also be observed.
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CHAPTER 3

Formamide

In this chapter the cross sections for the elastic and electronically inelastic
scattering of electrons by formamide (Figure 3.1) are presented and discussed. This
work was done in collaboration with professor Giseli Maria Moreira and has been
published in the Physical Review A journal early 2023 [51].

Formamide is the simplest molecule containing a peptide bond, a fundamental
linkage between amino acids that constitutes the building blocks of proteins. As a
consequence, formamide is an important toy-model to investigate the interactions
between low-energy electrons and the peptide backbone of proteins [36]. Furthermore,

Figure 3.1 — Schematic representation of formamide’s chemical structure (generated with Mac-
MolPlt [35]).
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since formamide has been observed in the interstellar medium [37, 38] and can be
used as a starting point to synthesize DNA nucleobases [11], it is also considered an
important prebiotic molecule. Thus, the interactions between electrons and formamide
are relevant from both the biological and astrophysical perspectives.

Although measured cross sections were not published in the literature, the
electron-formamide interactions have been studied experimentally. Seydou et al. [39]
reported the formation of a 7* s