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ABSTRACT

Recently, several negative molecular ions, C,N~ (n = 1,3,5) and C,H™ (n = 4,6,8), were
observed in the interstellar medium (ISM). It was suggested that the anions are formed in the ISM
by the process of radiative electron attachment (REA). A simple statistical model was developed
in 1980’s to estimate rate coefficients of the REA reactions. Some of the rate coefficients obtained
in the model are consistent with the observations, the others are not. More importantly, some of

the approximations employed in the model are not physically justified.

The aim of this thesis is a development of a quantum-mechanical approach to study the pro-
cess of radiative electron attachment to linear molecules of astrophysical interest. The approach is
based on accurate ab initio calculations of electronic bound and continuum states of the negative
ion. Cross sections and rate coefficients for formation of the following molecular negative ions
by REA were determined: CN—, CoH™, CsN—, C4H™, CsN—, CgH™, and CgH™. All the calcula-
tions presented in the thesis were carried out using the MOLPRO and UK R-matrix (Quantemol)
suites of programs. Uncertainty quantification of the results, obtained for each studied system,
was performed. The uncertainty of the final cross sections and rate coefficients were obtained by
varying parameters of the computational model such as a chosen Gaussian basis set, the size of the

R-matrix box, and other parameters of the model.

A second process, closely related to the radiative electron attachment, photodetachment (PD), was
also studied in the thesis. Photodetachment cross sections for the C,N~ (n =1,3,5), C,H™ (n =
4,6, 8) and C; molecules were determined using an approach similar to the one employed for REA
from the same transition dipole moment matrix elements. The obtained REA cross sections and
rate coefficients were validated by comparing the present theoretical results with the experimental

data from recent photodetachment experiments.
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Overall, given that the agreement between theoretical and experimental PD cross sections is good,
the obtained REA cross sections are also accurate. Therefore, the present results suggest that the
observed abundance of these ions in the ISM can hardly be explained by the REA process. In other
words, these anions are formed in the interstellar medium by a process different than radiative

electron attachment.

Dissociative electron attachment (DEA) is another process of anion formation, which could pos-
sibly explain formation of certain molecular anions in the ISM. The CIF attachment was studied
using a first principle approach: ab initio calculation of the CIF and CIF~ potential energy curves
and R-matrix calculations were performed to determine the DEA cross section and rate coefficient.

A good agreement with experimental data was demonstrated.

A theoretical approach to evaluate cross sections for rotational excitation of linear neutral molecules
by an electron impact was developed and applied to acetylene, HCCH. The differential cross sec-
tions for e-HCCH scattering were calculated between energies 0.1 eV and 10 eV. The momentum

transfer cross section and eigenphases for e-HCCH scattering were also calculated.
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CHAPTER 1: INTRODUCTION

Electron-Molecule Collision and its Applications

In recent years, experimental [1, 2, 3, 4] and theoretical research [5, 6] on formation and manip-
ulation with negative molecular ions has attracted considerable attention because of the important
role the ions play in many technological applications. In a laboratory environment, different types
of molecular anions are often formed by dissociative electron attachment or by charge transfer in

a low-energy collision with a highly-excited Rydberg atom, such as Rb or Cs [7].

Collisions of low-energy electrons with molecules are of fundamental interest in the interstel-
lar medium (ISM) [8] in many applications in modern technologies, such as, in lasers and in the
ignition of internal combustion engines. They are also considered as the main process in cool plas-
mas and discharges. They appear in the upper atmosphere of the Earth and other planets, such as
auroras [9] and lightning [10]. Determining the energy balance and transport properties of elec-
trons in low-temperature gases and plasmas under a wide variety of conditions is another important
role of these collisions processes. Other applications include magnetohydrodynamic power gen-
eration [11], electron lasers, such as the CO, laser [12], the interstellar medium of outer space
[13], and other example of nonequilibrium plasmas [14]. In the case of magnetohydrodynamic
power generation, a process similar to the mechanism that occurs in the magnetosphere of earth’s
atmosphere, in which plasma is the working fluid [15], the electrical conductivity of the coal-
fired plasma is restricted by electron-molecule scattering [14]. The CO, electron laser includes
electron-impact excitation of vibrational and rotational states of the CO; molecule. Knowledge of
the relevant electron collision cross sections is essential to the computer modeling and optimiza-
tion of this laser system. Obtaining such data by experiment is extremely difficult, and because of

that, theory plays an important role here. In the ISM, rotational excitation of molecules in elec-



tron collisions is considered as an important mechanism for cooling the electrons and establishing
rotational temperature of the gas. In addition, in the upper atmospheres of the Earth and other
planets, inelastic electron-molecule collision processes cause the decrease of photo-electrons and
other electrons produced by cosmic rays and photoionisation of atmospheric components. Vibra-
tional and rotational excitation of molecules are specifically important at electron energies below

electronic-excitation thresholds [14].

Another motivation for experimental and theoretical studies of electron-molecule scattering pro-
cesses comes from modeling of discharge environments, such as planetary atmospheres bombarded
by photons and charged particles [16, 17], understanding of atmospheric reentry physics in space
programs [18], and modeling of chemical plasmas for surface treatments [19, 20, 21, 22]. In a
recent study by L. Sanche [23], the damage to DNA caused by the impact of low energy elec-
trons was discussed. Other applications include anomaterials fabrication using focused electron-
beam-induced processing [24, 25] and more recently pretreatment of biomass to obtain biofuels

[26, 27, 28].

There were several attempts to utilize negative ion beams for materials science. One of such
attemps is negative ion beam technology [29], which is attracting a lot of attention [30]. In fact, for
negative ion production, heavy negative ions could be produced in high yields through secondary-
ion production method by sputtering [31]. For a development of a negative ion implanter of a high

current negative ion source [30], negative ions are believed to be a good solution [30].

The possibility for atomic anions to be formed in the ISM by radiative electron attachment (REA)
in electron-atom collisions, namely, the formation of H™, was first suggested by McDowell [32] in
1961. Later, Dalgarno and McCray [13] discussed the role of negative atomic ions in the formation

of neutral molecules in the ISM.



Compared to neutral molecules or positive ions, some key properties of negative ions, such as
electron affinities, are very difficult to obtain accurately. The electron affinity is the difference
between binding energy in atom and in the corresponding negative ion. In fact, electron correlation

influences significantly the properties of a negative ion [33].

The discovery of several molecular anions, C,N~ (n = 1,3,5) [34, 35, 36, 37] and C,H™
(n =4,6,8)[38, 39, 36,40, 41, 37,42] in the ISM has prompted a discussion about the mechanism
of their formation. In fact, before the discovery, the formation of molecular anions in the ISM was
theorized by Herbst [43], who suggested that the anions could be formed in the ISM by radiative

electronic attachment.

Models show that the negative ions should also be present in the planetary atmospheres and
may play a significant role in upper atmospheres of Titan [44, 45, 46, 47] and similar planets
(moons) having a high concentration of nitrogen and carbon (see, for instance, Ref. [48]). How-
ever, the mechanism of their formation in the ISM has not yet been well established. They are
produced under various physical conditions, and several different mechanisms may contribute to
their formation. Among several proposals on the formation mechanism of the anions in the ISM,
are dissociative or radiative electron attachment. To validate any of the proposed mechanisms of
anion formation, one has to know the rate constants (cross sections) for corresponding processes.
Following the initial idea of the formation mechanism suggested by Herbst [43, 49, 50], it is now
generally accepted by the astronomy community that negative molecular ions are likely formed by

the process of radiative attachment of an electron to a neutral molecule.

Measurements of cross sections for electron-molecule collisions are both expensive and difficult to
perform. The theoretical calculation of cross sections requires the use of sophisticated procedures
based on the application of quantum mechanics. Knowledge of cross sections and branching ratios

for such electron-molecule collisional processes involving small polyatomic negative ions is crucial



also in plasma modeling (in laboratory, in the ISM, or in technological applications). In addition,
studies of negative ions should be of interest in problems related to the spectra of high temperature
plasmas and stellar atmospheres [51]. One of the dominant sources of spectral opacity is the
photodetachment of negative ions [52], since the binding energies of the negative ions correspond

in general to radiation in the visible and infrared regions.

Theoretical Methods

Some of the needed cross sections (rate coefficients) could be obtained via experiment. However,
for many reactions involving formation and reactivity of negative molecular ions, an experimental
approach is not possible due to the instability of anions. At present, with the current available
ab initio quantum-chemistry packages and the abundant computational resources, it appears that
theoretical approaches based on first principles only, can be successfully applied to study different

mechanisms for the formation of negative molecular ions and their reactivity.

Theoretical description of electron-molecule collisions involving excited or continuum electronic
states of anions is difficult. Despite significant progress made in quantum-chemistry first-principle
methods, which can describe very accurately the ground electronic state, an accurate description
of highly excited bound states remains a difficult problem. In addition, accurate determination
of the electron-molecule scattering states at energies between 10 meV and 10 eV is even more

complicated.

In order to study REA theoretically, one should be able to obtain electronic wave functions for
electron-molecule scattering. Although theoretical treatments of collisions of electrons with di-
atomic or linear triatomic molecules have reached significant level of sophistication and reliability,

theoretical calculations on electronic collisions with nonlinear polyatomic molecules are still at a



relatively primitive stage [53]. The development of efficient theoretical methods for the ab initio
calculation of low-energy electron-molecule scattering cross sections has confirmed to be difficult.
There are three main methods, which are able to provide cross sections for processes involving
collision between electrons and simple diatomic molecules with atoms from the first two periods
of the periodic table. These methods are the complex Kohn variational method [54], Schwinger
variational method [55], and the R-matrix method [56, 54]. In this section, I describe the UK R-
matrix method employed in this thesis. The two other ab initio variational methods, the complex

Kohn and the Schwinger method, are also briefly discussed below.

R-Matrix Approach

Over the past years there was a considerable progress in development more effective techniques for
calculating cross sections for electron-atom/molecule collisions. One of them is the R-matrix ap-
proach. The R-matrix approach was first introduced by Wigner and Eisenbud [57], and in the early
1970s [58], the R-matrix theory was established as a standard ab initio procedure for calculating

electron-atom and electron-molecule collision cross sections.

In addition, the approach was applied for scattering of light and heavy particles: nucleons, nuclei,
electrons, atoms, and molecules [60]. In recent years, the R-matrix theory was developed to such a
level that it can provide a complete theoretical framework for the treatment of different processes
involving electron-molecule collisions. At low-energy collisions, when electron-impact ionization
is energetically forbidden the following reactions can happen: elastic scattering (AB + ¢~ —
AB + e7), electronic excitation (AB + e~ — AB* + e¢7), vibrational excitation (AB (v” =
0) + e~ — AB (v') + e7), rotational excitation (AB (N") + e~ — AB (N') + e7), dissociative
attachment/recombination (AB + e~ — A~ + B, ABT + e~ — A + B), impact dissociation

(AB +e= — A+ B + ¢e7). All of these processes can have AB™ as a common intermediary.



external

R-matrix boundary, r, internal

Figure 1.1: Partitioning of configuration space into an internal and an external region by a boundary surface
of radius 7 in the R-matrix theory of electron-molecule collisions [59].

The R-matrix method for treating electron-molecule collisions, used in this thesis, is designed to
obtain accurate wave functions for this intermediary and therefore gives an effective theoretical

framework of modeling all the processes described above [61].

The R-matrix method is based on a division of the configuration space into two regions (Fig. 1.1):
an internal region, which contains the wave function of the target molecule and an external region
for which simplified equations can be solved [59]. The two regions are separated by a spherical
boundary of radius ry, known as the channel radius, which is centered on the target center of mass,
g in the figure. This radius is chosen large enough so that, in the external region, the different
parts of the studied system interact only through long-range forces and antisymmetrization effects
can be neglected. Because distances in the internal region are restricted, eigenstates of the system
form a discrete basis there. In this region, a scattering wave function can be expanded at an
arbitrary energy over these eigenstates. Therefore, the R-matrix can be calculated by inversing the

logarithmic derivative of the wave function at the boundary [60].



The R-matrix method has many advantages, such as the inner region problem needs to be solved
only once and also the energy dependence is obtained completely from the solution in the outer
region, which is a much simpler problem. Another important advantage of the R-matrix method,
is the ability to produce solutions at a large number of energies at little extra computational cost

[59].

Before discussing the results obtained by this method, the basic principles of R-matrix are briefly
discussed below. A radial scattering wave function for channel ¢, at R-matrix boundary, » = a, can
be written as [59]

Fi(a) = ;Rixa,E)a%n_a, (1.1)
where a is the radius of the R-matrix sphere. F;(r) represents the outer region radial wave function
for channel 7, describing the motion of the scattered electron and R;;(r, E') is the R-matrix linking
channels 7 and j with scattering energy F and radius for R-matrix propagation, r. The subscript ¢
numerates the channel or the different asymptotic quantum states of the colliding particles before
and/or after the collision. The R-matrix, 2;; (a, E), connects the radial wave function to its deriva-
tive. It can be seen from the formula that the R-matrix depends on distance and energy. In matrix

notation Eq. (1.1) is written as

dF

F(a) =R(a, F)a—|r=q - 1.2
(@) = R(a, B)a" (12)
In the other words, for any radial distance, the R-matrix is defined by
F(r)
R(r, E) = e (1.3)

where a prime is used to denote the derivative.



To derive an expression for the R-matrix, connecting solutions of the Schrodinger equation in the
inner region and the outer region, first consider the general Schrodinger equation given by an N +1

electron Hamiltonian, 7, and its wave function w, within the frozen nuclei approximation:

(H—-E)w(F)=0, (1.4)

By considering this equation over a finite spherical volume, which has a surface at » = a, an extra
term needs to be added, which is derived by Bloch [62], such that the operator remains Hermitian.

The Bloch term (Eq. (5) at Ref. [59]) in the Schrodinger Eq. (1.4) gives

(H+L—-E)w=Lw, (1.5)

which is the Schrédinger equation for the space surrounded by the sphere given by » < a. The
operator H + L is considered as the inner region Hamiltonian. The Eq. (1.5) has the following

solution

w=(H+L-E)'Lw. (1.6)

The above equation is derived for the region of » < a, which results in discrete values of the

energy, Fj. and solutions wy.. The corresponding wave functions satisfies the following equation

<Wk|7’[ + L|Wk/> = (Skk’Ek N (17)

where the Dirac brackets mean an integration over the finite volume defined by » < a. wy are

the eigenfunctions of the inner region Hamiltonian and represent a complete basis set inside the



R-matrix sphere. The solution of Eq. (1.4) expanded in this basis set is given by

w(E) =) Au(E)wy. (1.8)

Inserting Eq. (1.6) into Eq. (1.7) gives

[wic) (Wi |L|w)
w(FE) = , (1.9
() zk: (Ey — E)
which can be rewritten as
1 wi(a) dF;
Fi(a) =5 2}; 5 - F zj:wjk(a)[r o> = 0Fj]li=a. (1.10)

where w;(a) are the amplitudes of the inner region functions at » = a. Thus, Eq. (1.10) can be

rewritten as

dF;
Fi(a) = Ryla, E)[rd—T] — bE}]|r=a (1.11)
J

where R;;(a, E) is the standard form of the R-matrix on the boundary [59], which is given by

Rii(a, E) = %Z% (1.12)

The main goal of the inner calculation is to provide the necessary numerical values to construct the

R-matrix of Eq. (1.12) on the boundary.



The Inner Region

The inner region wave function is obtained using the close-coupling approach [63], which is widely
used in other ab initio, low-energy electron-molecule collisions methods [64]. Thus the inner

region wave function is written as [59]

\I/kN+1 = AZ aijkcbfv(xl...xN)uij (XN—H) + Z bikXi\H_l(Xl-'-XN—‘rl) > (113)
1j i

7

where the target includes N electrons and functions which labeled as N or N + 1 referred to
the target or the compound scattering system respectively. ®2 is the wave function of i*" target
state and u;; denotes the extra orbitals, which represents the scattering electron. It should also be
noted that, the electrons with represented space-spin coordinates, x;, must obey the Pauli principle
and are therefore anti-symmetrized by operator A. The second summation in Eq. (1.13) includes
configurations with no amplitude on the R-matrix boundary, where all electrons are placed in

orbitals associated with the target.

The continuum basis functions as a partial wave expansion using polar coordinates (r, 6, ¢) is given

by

Uij(r7 67 ¢) = fij(r)yiiymxea ¢)E ) (114)

1
2

where Y}, ,,, is the normalized spherical harmonic and the (I;,m;) are related to the asymptotic
channel associated with the ;™" target state and these angular momentum quantum numbers. f;;(r)
is the radial part of continuum basis function, v;; . The function £ 1 is a one half electron spin

function [59].
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The Outer Region

In the outer region the wave function is given by [59]:

, (1.15)

VI

VMH(E) =) 0N (x1xn) Filrn1) Yiom, (6, 9) E
=1

where the sum runs over the n channels of the problem. For molecular problems, there are several
channels related to each target state, therefore for solving a one-state problem a multichannel outer

region problem needs to be solved.

For solving the outer region problem, information about asymptotic channels of the problem and
outer region potentials is needed. Asymptotic channel  describes a state of the target molecule and
a partial wave of the scattering electron, (/;, m;). If the target state related to channel i has energy

EXN, the related wavenumber of the scattering electron is given by

12 2m.(E — EN)

s B (1.16)

where m, is the electronic mass, and E is the energy of the scattered electron. An open channel is
defined when k? > 0 and closed when k? < 0. For a general scattering problem the outer region

solutions asymptotically, at large r for open channel can be written as

1
E]‘ ~ W(Sin 92(5” -+ cos QZKU) . (117)

For neutral targets the channel phase 6; is

1

The K-matrix in Eq. (1.17) is a symmetric matrix with the dimension equal to the number of

11



open channels. Many scattering observables can be obtained from the K-matrix. For example, the

scattering matrix S is expressed as [59]

(1.19)

T-matrix can also be directly derived from S-matrix from the equation T =S — 1.

In calculations presented in the thesis, the R-matrix approach is employed to model collisions
of electrons with the molecules of astrophysical interest mentioned above. Besides the R-matrix
method, there are two other ab initio variational methods for electron-molecule scattering used in

the community: the complex Kohn variational and Schwinger variational methods.

Complex Kohn Method

The complex Kohn method is an algebraic variational method for studying collisions of electrons
with polyatomic molecules [65]. In the complex Kohn method, to describe the scattering of an
electron incident in a channel I" of the target molecule, the first step is to choose the trial scattering
wave function, which is to be used in the variational principle [53]. The trial wave function is

defined by [54]

Urr (71, ey TN41) = ZA(XF(h; ey TN Frrr (1)) + Z d;I;/@u(Tla s TN s (1.20)

r H

where the first summation runs over open channels, denoted by xr, which are the target functions.
The functions ©,, are an orthonormal set of antisymmetric, square-integrable (N + 1) electron
functions used to represent polarization and correlation effects, which are not included in the first

summation [54]. The target functions xr is single or multiconfiguration descriptions of the bound

12



states of the target molecule and the second summation includes closed channel functions, which
also contain (N + 1) electron configurations [53]. The symbol I refers to all the quantum numbers
needed to represent a physical state of the system, i.e., the internal state of the target molecule, as

well as the energy and orbital angular momentum of the scattered electron [54].

The channel continuum functions Frr can be expanded as [54]

rFrer(r) =Y [ (00w S Srrr + Tl ( ) + Z Al or (1) (1.21)

Lm
where Y, is a normalized spherical harmonic, the ¢} are a set of square-integrable functions, and
the functions, f} and g/, are linearly independent continuum orbitals. The coefficients T}, .

al’, ', and dF " are to be determined from a stationary principle [54].

This method was successfully applied to calculate the radiative electron attachment (REA) and
photodetachment (PD) cross sections of some of the anions listed above in the previous works

[5, 66]. In the next chapter, I will compare our results with those obtained applying this method.

Schwinger Method

The Schwinger variational (SV) method was introduced by Schwinger [67] in 1947. The method
uses the Lippmann-Schwinger integral equation [68], equivalent to the Schrodinger equation, to

compute scattering amplitude and scattering matrices.

The first application of the SV method was published by Blatt et al. [69] in 1949 in a study
of neutron-proton scattering below 10 MeV. They applied the SV principle to obtain an estimate
for the bound state energy of the deuteron. Later, Kato demonstrated that the SV method gives

an upper/lower bound for the phase shift when the potential is purely positive/negative. He also
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established the upper and lower bounds for elastic electron-hydrogen scattering [70].

In the SV method, a Green’s function is introduced for the asymptotic electron continuum part
of the total wave function [71]. In Ref. [72], electron-molecule collisions were studied using
Schwinger variational principle with plane waves as a trial basis set. According to the study, for

electron-molecule elastic scattering, the bilinear variational construction of the scattering is

-5 o 1 _ B
Jkp ki) = =5 A4Sz, IVIEL") + (U VISg) — (U )V = VEIVIv)y, (12)

where |S,—51) is the input channel state, which is represented by the product of a plane wave l%—
times |®o), the initial (ground) target state. |S ,;f) is a plane wave with wave vector /;f. V' is the
interaction between the incident electron and the target, and G(()Jr) is the projected Green’s function

[73, 74]:

Dok ) (Do k|
GiP = / 2ok (Pok] 1.23
0 (E — Ho + ie) ’ ( )

where H, is the Hamiltonian for the IV electrons of the target, plus the kinetic energy of the incident

electron, and F is total energy of the system (target + electron). The scattering states, \Ill(;) and

1111({), are products of the target wave function |®, > and one-particle scattering wave function.
s
More details of this method and its applications can be found in the literature, for example in

Refs. [75] and [76].

14



Thesis Layout

The rest of the thesis is organized in the following way, chapter 2 discusses different mecha-
nisms for the formation of the anions discovered in the ISM. Cross sections and rate coefficients
for formation of the negative ions CN—, CoH™, CsN—, C;H™, C;N—, CgH™, CsH™, and C, by
REA are determined. The obtained results are compared with available experimental data of ab-
solute photodetachment cross sections and previous theoretical calculations performed using the
complex Kohn method. The rate coefficients are also computed for these molecules. Chapter 3
presents a theoretical study of dissociative electron attachment cross sections and rate coefficients
for molecules CIF/CIF~. The theoretical results are compared with recent experimental data. In
Chapter 4, a theoretical approach to evaluate cross sections for rotational excitation of linear neu-
tral molecules by an electron impact is developed and applied to acetylene, HCCH. The differential
cross section, momentum transfer cross section, and eigenphases for e-HCCH scattering are cal-

culated. Finally, in conclusion chapter 5 discusses the results obtained in the thesis.
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CHAPTER 2: FORMATION OF ANIONS BY RADIATIVE ELECTRON
ATTACHMENT

Molecular Anions: Formation and Destruction

Following the discovery of several molecular anions, C,N~ (n = 1,3,5) [34, 35, 36, 37] and
C,H (n = 4,6,8)[38, 39, 36, 40, 41, 37, 42] from several sources in the interstellar medium
(ISM), not only mechanism of their formation in the ISM, but also a better understanding of their
chemistry received considerable attention. Before the discovery, it was suggested by Herbst that
negative molecular ions coud be formed in the ISM by radiative electronic attachment (REA) [43]
as the following reaction:

e +A— A +hv, 2.1

where an electron attaches to a neutral species, A, by capture and emits excess energy as radiation

[40]. This process can be separated into the following reactions:

eT+A= AT, (2.2)

A S A +h, 2.3)

where A™*, the intermediate anionic complex, either experiences detachment back or stabilizes by

photon emission [77].

Generally, the REA process is too slow to produce a substantial number of electronically bound
anions M~ in electron-M collisions at thermal energies in the ISM. It is because the Einstein

coefficient between the initial continuum state of e~ + M and a bound anion state for spontaneous
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emission is very small, resulting in a REA cross section of the order of (137°F,;) ! in atomic units,
where E; is the energy of the incident electron in units of hartree. However, Herbst argued that
the Einstein coefficient for large molecules could be enhanced significantly if the incident electron
is captured by the target neutral molecule M forming a long-lived resonance (M ~)*, such that
the molecule becomes vibrationally excited. In order for this to happen at low collision energies,
the electronic state of the captured electron should be weakly bound. If the lifetime of (M ~)*
with respect to electron detachment is long enough and comparable to the radiative lifetime for
transition to the formed resonance, the (M ~)* resonance can emit a photon becoming a stable
anion M ~. The long autodetachment lifetime of (M ~)* comparable to the radiative lifetime is
one of the two main approximations of this approach, called the phase-space approach (PST). The
second important approximation is the unitary probability of forming the resonance (M ~)* in a
single e~ + M collision. There is also a requirement that the energy of the incident electron should
match the energy of the (M ~)* resonance (vibrational Feshbach resonance). It was argued that
if the molecule has many vibrational degrees of freedom, such vibrational Feshbach resonances
should be present virtually at any collision energy within the relevant characteristic energy interval,

which corresponds to kg7, where T is the temperature of the gas. However, the resonance width

of (M~)* should also be non-negligible for an effective electron capture.

The PST approach, was used in a number of studies [40, 43, 50, 78, 79, 41, 80] to calculate
the radiative electron attachment rate coefficients and model formation of the observed anions in
the ISM [43, 40, 80, 78, 79, 81]. This approach, which is widely accepted by the astrophysical
community was successful explaining the observed column density of CgH™, C¢H™, CsN~ and

C3N~ ions, while the agreement with observations is not as good for the C4H™ and CN~ ions [80].
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In Herbst notation, the REA process in PST is modeled as follows: First, the electron attaches to
the molecule

A(j) +e = (A1), (2.4)

Then, the electron can detach

(A™D() = AlG) + e, (2.5)

or radiate a photon, bringing the M~ system to a state stable with respect to autodetachment,
(ATD(G) = A7) + ho, (2.6)

where the symbol { denotes a complex system, j and j' represent states of rotational angular

momentum.

N
The cross section for the first step, Eq. (2.4), in any state j with momentum 5 = hk of the incident
electron, is given in PST by

h?

— _ 2.7
7= B 2.7)

where m, is the electronic mass, and E' is the energy of the collision [40].

The PST assumes that an incoming electron attaches to the molecule with the unitary probability
for s-wave scattering but the formed M~ complex is unstable. Once the electron is attached to the
radical, the extra energy of the compound can be released via two different competing processes.
The first outcome is the autodetachment of the electron from the radical. In PST, the statistical rate
coefficient for autodetachment is inversely proportional to the density of states at the total energy
of the molecular ion, such that autodetachment should decrease significantly for ions with many
degrees of freedom. The second process for energy release, which leads to negative ion stabiliza-
tion, is radiative relaxation. The ratio between the rate of radiative relaxation and autodetachment

represents the key parameter in the PST to determine the total rate of the REA reaction. Therefore,
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the PST has a great advantage of providing rates for formation of large negative ions by REA,
with only few parameters needed. On the other hand, PST employs some approximations that
must be critically revised. Certainly the strongest approximation used in PST is the assumption
of 100% efficiency in electronic capture, which could lead to a significantly overestimated REA
cross section. Without performing detailed quantum scattering calculations, the relevance of such

an approximation is relatively hard to quantify [5].

Using the PST approach, the REA rate coefficients were determined and used to model abundance
of observed anions and their neutral counterparts [40]. The obtained abundances agree within
a factor 2-4 for large anions, but disagree significantly by factor of 100 or more, for the CN~
and C4,H™ anions [80, 40]. Therefore, the problem of anion formation in the ISM seems to be
unresolved given the significant disagreement between PST results and observations and, more

importantly, the very crude approximations employed in the PST approach.

Figure. 2.1 schematically shows two possible mechanisms for REA on the example of the
CN/CN~™ [66]: Direct REA, in which an electron incidents on CN ground vibronic state spon-
taneously emits a photon of energy fiw (green arrow) and directly decays to the CN~ ground state.
The energy of the photon equals to the difference between the initial total energy of the system F;,;
(horizontal dashed line) and the energy of CN~ ground state. There is another mechanism for REA,
in this thesis it is called indirect REA to distinguish it from the one discussed above. In the indirect
DEA, at the first step of the process, the incident electron is captured by non-Born-Oppenheimer
coupling into the ground electronic state of CN~ without a photon emission. Because of the con-
servation in total energy F,,, the vibrational level v~ of CN™ in the first step of the process is
highly excited: For low incident energies of the electron, it corresponds to v~ = 18 or 19. Next,
the electron in an excited vibrational level can either autodetach or stabilize by emitting a photon.
The photon changes the rotational and vibrational states of the CN~ molecule. In the second step,

the largest probability corresponds to a change of v~ by one quantum, Av~ = 1. The dashed red
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line presents the derivative of the vibrational ground state wave function of CN, which is involved
in the expression for the non-Born-Oppenheimer coupling. Below we discuss only the direct REA,

referring it simply as REA.

energy (eV)
o

2 2.5 3 3.5 4
internuclear distance (ao)

Figure 2.1: Schematic representation of REA on the example of CN/CN™~ [66].
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Direct Mechanism of Radiative Electron Attachment

In the direct mechanism, the electron during a collision with the molecule emits a photon and
forms a negative ion in one of the lowest vibrational levels. The cross section for the radiative
electron attachment of the electron to the neutral linear molecule M, such as C,H (n = 2,4,6,8)
or C,,N (m = 1, 3,5), which is initially in the X* Z+ electronic state with the vibrational level v

and energy F; , is given by [5]

4 mwPm, (v
L~ = )

0~ 3 k2h2 3 Z‘ m,ll—m (28)
Here, vy is the vibrational state of the ion M~ with total energy F; formed after REA and w
is the frequency of the emitted photon, hw = E; + E, — Ey; | and A are the electronic partial
wave angular momentum and its projection in the molecular frame respectively; dTr i are the
components of the transition dipole moment operator with 7 = —1, 0, +1 between the initial Wy

(M[X'o"]+incident electron) and the final W electronic states integrated over the vibrational

wave functions of the initial ,(¢) and final levels x,(q) of M and M ~, which is given by [5]

aeg) = / You () 1y W) v (@) (2.9)

where q represents all vibrational degrees of freedom.

The matrix elements (W s|d.|Wr;,) of the dipole moment operator are calculated from the elec-

tronic wave functions and can be expressed as

(Wylde|Wrin) = Z / ‘I’* (ri, - rN)ere Wrn(ry, - - rn)dPry, - dPry (2.10)

21



where |T") is the initial state of the neutral target and ry, is one of the three cyclic components

(m = 0,41) of the coordinate of the k' electron, which is given by

2k, =0
The = 2.11)

Floe £iye) V2, m==+1.

The electronic wave functions and transition dipole moments (T DMs) of Eq. (2.10), are calculated
using R-matrix approach. The matrix elements of the d,. and d, components of the transition dipole
moments between the final state of the CN™ ion and the initial state of the e~ + CN system are
shown in the Fig. 2.2 below [5], for several partial waves of the initial wave function as a function of
the internuclear distance, and for the energy e = 0.25 eV of the incident electron. The figure shows
the weak dependence of the transition-dipole moments with respect to variation of the internuclear
distance for the CN/CN™ [5]. In other words, the transition dipole moments depend very weakly

on the geometry of the molecule near the equilibrium position.

It is therefore reasonable to simplify the calculation of the vibrational integral of Eq. (2.9), approx-

imating it by a value of (V¢|d.|W¥ry,) evaluated at the equilibrium of the target molecule,

AV~ (Wl | W) g / Yo, ()X (9)d 2.12)

where the subscript O refers to the geometry of equilibrium of the target molecule.

For molecules such as C,H and C,,N, for which the potential energy surfaces of the initial
electronic state of the target and the final state of the negative ion are similar in shape, the Franck-
Condon integral in Eq. (2.12) is the largest for transitions with v; = v, for which the Franck-

Condon factor is approximately equal to the unity.
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Figure 2.2:  The d, and d., components of the TDMs as a function of the internuclear distance for
R =0.25¢eV [5].

For transitions to other vibrational levels, the integral is significantly smaller. Therefore, the total
REA cross section is well approximated by [5]

4 Twim,

T s

> Ul deTrin) o, (2.13)
I

This is the formula that will be used to study of REA in my thesis.

There are no experimental measurements of REA cross sections or rate coefficients for the anions

observed in the ISM. However, cross sections of the process inverse to REA, photodetachment
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(PD), were measured for a number of anions. Theoretically, in the fully-quantum approach cross
sections for REA and PD are obtained from the same transition dipole moment (TDM) matrix ele-
ments between continuum states of the M 4e~ system and bound electronic states of the molecular
anion. In a fully-quantum approach, vibrational Feshbach resonances (M ~)*, if vibrational motion
is included, are treated in the same way as continuum states of the M + e~ system, i.e. by using
TDM elements. The comparison of the PD cross sections obtained theoretically with experimental
data allows one to access the accuracy of the calculated TDM elements and, therefore, the validity
of the obtained REA cross sections. Theoretically, the PD cross section is obtained using the Eq.

(10) of Ref. [66]

2

, (2.14)

(vi—vn)
w,Dl—m

Ammw
70 = g 2|4

I

where v; is the vibrational state of the ion M~ with initial energy E;, v, is the vibrational state
of the final neutral molecule with energy energy F,; w is the frequency of the absorbed photon,
hw = FE, + E,; — E;, and E,; is the energy of detached photoelectron; The above cross section
takes into account averaging over initial rotational states of the negative ion and summation over

final possible rotational states of the final neutral molecule. In this case, the TDMs is given by

Al = / X (@) (W3] dr [ Trin) X (§)dT (2.15)

The electronic continuum functions W;, in the R-matrix calculations are normalized such that at

large distances, the incoming part of the total electronic wave functions behaves as

r Uy ~ V;_ke—“’”—?) . (2.16)
T

Therefore, there is a factor of /7 /2 between the continuum functions used in this study and the
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ones used in Refs. [5, 66], where the complex Kohn method and the MESA suite of codes were
employed. As a result, Eq. (2.14) above differs from Eq. (10) of Ref. [66] by a factor of 7 /2. With
respect to the energy-normalized continuum function ¢g(r), also often used in calculations, Wy

can be written as

bp(r) = ;Lne\l’rz,\- 2.17)
The TDMs then take the simple form
A~ (Wi e, [ G, (@@ .18
and the cross section is
o = 4”;230“’ [ (alvs)] Z| (Ul [ Trin) oy |? - (2.19)

Similarly to the PD cross section, if the geometry-dependence of transition dipole moments is
weak in the Franck-Condon region, the REA cross section can be approximated by
2 7r2w3me

O',L'%—

3 k2h2c3

| (Onvi)]” Z| (Wil de [ Urin) 0| - (2.20)

In this thesis, several processes involving electron-molecule collisions, namely the following reac-

tions, were studied:
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e +C,N—-C,N +hw withn=1,35 (REA); (2.21)

e +C,H—C,H +hw withn=2,4,6,8 (REA); (2.22)
e~ +CIF = CI” + F (DEA); (2.23)
— Cl+F- (DEA). (2.24)

For theoretical evaluation of PD and REA cross sections, the continuum electronic functions of
the e~ + M system should be calculated. In the previous study [5, 82, 66], the complex Kohn
variational method [53, 83, 84, 85] was used. The UK R-matrix approach [59, 86, 87] with Quan-
temol interface [88] is used in the present thesis. Recently, the possibility of calculation of tran-
sition dipole moments was added to the code [87]. The use of the R-matrix approach for these
molecules allows us to compare results of two methods and, therefore, validate the photoioniza-
tion/photodetachment module added recently to the UK R-matrix code. This aspect of the present
study appears to us to be also important because the UK R-matrix code is available to the com-
munity and can be used by virtually any prepared researcher. Calculating the PD and REA cross
sections, it was assumed that the molecules before and after the process are in the ground vibra-

tional levels, v,, = v; = 0.

In the R-matrix calculations the target molecule was represented using the complete active space
configuration interaction (CASCI) method build on Hartree-Fock (HF) orbitals. Calculations with
different sets of parameters were performed in order to evaluate the uncertainty of the obtained
photodetachment results. The following parameters were independently varied for each molecule:
(1) the Gaussian basis set, namely, the DZP and cc—PVxZ bases withx =D, T, Q; (2) the number
of target states employed in close coupling expansion was varied from 7 to 66; (3) the number of

active and (4) virtual states has also been varied; (5) the R-matrix sphere radius was varied in the
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interval of 10-15 bohrs. The polarizability and dipole moment of the C,N (n = 1, 3,5) and C,,H
(n = 2,4,6,8) molecules were calculated using the cc—PVQZ basis with spdf-functions and the
multi-reference configuration interaction (MRCI). The obtained results for equilibrium geometries,

electronic affinity, and the polarizability agree well with available data.

The rest of the chapter discusses applications of the above theoretical approach for determination
of cross sections and rate coefficients for formation of C,N~ (n = 1, 3,5), C,H™ (n = 2,4,6,8),
and C; by REA using the treatment presented above. The vibrational resonances are not included
into the treatment. However, we would like to mention only that since the electronic state of
the formed resonance (M ~)* is weakly-bound, vibrational modes of the target M and resonance
(M ~)* molecules should be almost identical, which means that the excitation of vibrational modes
and formation of vibrational Feshbach resonance should be very ineffective due to a small Franck-

Condon overlap between the initial vibrational state of M and the vibrational state of (M ~)*.

CN and CN™

The CN radical is found in many environments, such as, Sun’s atmosphere, terrestrial plasmas, and
flames [89]. It is also well-known in study of the cosmic microwave background [90]. It is often
used in laboratory experiments, such as photoelectron spectroscopy [91]. The anionic form, CN—,

was the smallest and the first molecular anions to be observed in the interstellar medium [92].

Structure of the CN and CN™ molecules have previously been determined in a number of theo-
retical and experimental studies. The ground electronic state of CN is X2X* and the only stable
electronic state of CN~ is XX T see the Fig. 2.1. Table 2.1 gives internuclear distances at equilib-
rium of CN and CN ™, the CN electron affinity (EA), dipole moment, d, and its spherically-averaged

polarizability, o, obtained in the present thesis and compared with published data.
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Table 2.1: Comparison of electron affinities - EA, dipole moments - d, polarizabilities «, and internuclear
distances (in A) of the CN and CN~ molecules at equilibrium obtained in this thesis and available in the
literature.

CN/CN~ ren (A) EA(eV) dD)  a(A3)
CN—¢ 1.182

prev. calc. 1.1771%3]
CN“ 1.173 3.8 1.48 2.7
exp. 1.17254 3.86240.0041%31  1.45%3

prev. calc. 1.17416] 1.390°71 2,884

%Calculated in this thesis

In the present thesis, the structure calculations were performed using MOLPRO [98] as discussed
in Ref. [5]. For theoretical evaluation of PD and REA cross sections, the continuum electronic
functions of the e~ + M system should be calculated. In the previous study [5, 82, 66], the complex
Kohn variational method [53, 83, 84, 85] was used. The UK R-matrix approach [59, 86, 87] with
Quantemol interface [88] is used in the present thesis. Recently, the possibility of calculation of
transition dipole moments was added to the code [87]. The use of the R-matrix approach for the
CN and CN™ molecules allows us to compare results of two methods and, therefore, validate the
photoionization/photodetachment module added recently to the UK R-matrix code. This aspect of
the present study appears to us to be also important because the UK R-matrix code is available to

the community and can be used by virtually any prepared researcher.

In the R-matrix calculations the CN target was represented using the complete active space con-
figuration interaction (CASCI) method build on Hartree-Fock (HF) orbitals. Calculations with
different sets of parameters were performed in order to evaluate the uncertainty of the obtained
results. The final calculation was made with the following parameters: We used the same atomic
orbital basis set cc—PVQZ as for the polarizability and dipole moment calculations mentioned

above. Partial waves with [ = 0 — 4 (up to the g-wave) functions were included. Four lowest
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Hartree-Fock orbitals of the target CN molecule were frozen in the CASCI calculations. The re-
maining five (out of 13) electrons were distributed over the active space that included seven orbitals
and ten virtual orbitals. The virtual orbitals were included in the calculations to improve the elec-

tronic continuum states near the target nuclei. The R-matrix sphere radius of 13 bohrs was used.
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Figure 2.3: Theoretical and experimental photodetachment cross sections for CN~. The cross section
obtained in this thesis (solid red curve) is compared with available experimental data (black triangle) [2] and
with the previous theoretical calculation (dot-dashed line) [S] performed using the complex Kohn method.
The uncertainty bar of the theoretical cross section is obtained performing calculations for different sets of
parameters in the computational model.

In the REA calculations, the initial electronic state is the ground state X 22" of the neutral molecule,
the final state of the anion is X'X*. In the PD calculations the initial electronic state of CN~ is
X!Y*. For photoelectron energies below 1 eV above the CN+-e~ detachment limit, there is only
one electronic state open for photodetachment. Therefore, for higher photoelectron energies, where
there are more than one electronic channel open for detachment, a sum over all possible electronic

final states in the PD cross section calculations is evaluated.
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The obtained PD cross section is shown in Fig. 2.3. As mentioned above, calculations with dif-
ferent parameters of the computational model were performed to evaluate uncertainty of obtained
theoretical results. The theoretical uncertainty is shown by error bars in the figure. Figure 2.4
shows some of the PD cross sections obtained with different sets of parameters. The uncertainty
bars shown in the figure are obtained inspecting the distribution of the cross section values for a
given energy value. We stress here that the obtained uncertainty does not account for other sources
of uncertainties, for example, associated with neglected rotational structure of initial and final state

of the system.
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Figure 2.4: The figure shows the same data as in Fig. 2.3 and, in addition, cross sections obtained with
different sets of parameters of the computational model.

For CN/CN™, cross sections for the PD or REA processes with a final vibrational level different

than the initial vibrational level v,, # v; is much smaller than for the process with v,, = v;.
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It is because the electronic potential curves of the ground electronic states of CN and CN™ are
almost parallel to each others. The Franck-Condon factor | (v, |v;) \2 in Egs. (2.19) and (2.20) with
v, = v; = 0 is equal to 95%. Therefore, neglecting transitions v,, <> v; # v, in calculations of
total PD and REA cross sections (including all possible final vibrational levels) is justified. For
the v, = v; processes, the vibrational integral in the cross section formulas was performed in
two different ways: (a) The integral of Eq. (2.15) was computed explicitly from the geometry-
dependent matrix as discussed in Refs. [5, 66] and (b) an approximate formula of Eq. (2.18) was
used. Due to a weak dependence of transition dipole moments on molecular geometry near the CN
and CN™ equilibrium positions, the difference between the results of the two ways is negligible. It
is much smaller than the uncertainty of the cross sections with respect to parameters of the quantum

chemistry model discussed above.

The obtained PD cross section agrees with the only experimental data point [2] within experimental
and theoretical uncertainties. However, there is an appreciable disagreement, about a factor of
1.7, between the present result and the previous calculations [5, 66], where the complex Kohn
variational method was used. Although the source of disagreement is not clear, it is partially
explained by combined uncertainties of the present and previous calculations [5], which is about

40%.

The same transition dipole moments between bound and continuum electronic wave functions
are used for calculations of the PD and REA cross sections. The REA cross section for forma-
tion of CN™ obtained using Eq. (2.20) is shown in Fig. 2.5. The indicated uncertainty bars are
obtained using the same procedure as in the PD calculation. Notice that at small electron energies
the uncertainty is larger compared to higher collision energies. It is because the larger uncertainty
of transition dipole moments is larger for small electron energies. The figure also shows the pre-
vious complex Kohn calculations [5]. The agreement between the two results is not perfect but

reasonable given the combined uncertainties of the two calculations.
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Figure 2.5: Theoretical cross section of of CN~ formation by radiative electron attachment to CN. The
figure shows the result of the present calculations and compares it with the previous theory [5].

Figure 2.6 shows rate coefficients for REA to the CN molecule. The coefficient is obtained from
cross sections evaluated for a fixed geometry, i.e. such rate coefficients represent the direct REA
process in which the final state could be any vibrational level of the formed anion. For the purpose
of modeling chemical evolution of interstellar medium, rate coefficients summed over final vibra-
tional states are usually employed. For comparison, the CN coefficient obtained in the previous
theoretical study [5] is also shown in the figure. The agreement between the two theoretical results

is good.
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Figure 2.6: Thermally-averaged rate coefficient for radiative electron attachment to CN obtained from
cross sections calculated for geometry of equilibrium of CN [94]. The figure also shows the rate coefficient
obtained for CN in the previous study [5].

C2H and C2H_

The ethynyl radical, CoH, is the most studied among the C,,H species and also is one of the most
abundant interstellar polyatomic molecules known in the interstellar medium, playing an impor-
tant role in the formation and destruction of polyynes H(CC),, in comets and in the interstellar
media. It is also important in the laboratory as an intermediate in hydrocarbon reaction systems
of chemical processes, including combustion, discharges, and photolysis. In the laboratory, CoH
was first observed in 1963 by Cochran and co-workers [99] by electron spin resonance, and later
in 1973 in the gas phase [100]. Subsequently, experimental techniques applied to CoH (see, for
example, Ref. [101] and references therein) and was studied extensively with various experimental
and spectroscopic methods [102]. Ethynyl became of interest spectroscopically because of having

strong vibronic coupling between the CoH ground electronic state and the low-lying CoH excited
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state [103].

Table 2.2: Comparison of electron affinities - EA, dipole moments - d, polarizabilities «, and internuclear
distances (in A) of the CoH and CoH™ molecules at equilibrium obtained in this thesis and available in the
literature.

C,H/C,H~ rec ren EA(eV) dD) oA

C,H (Ix) 1.219 1.057

prev. calc. 1.2211041 1 o614

C,H(X?E ) 1.177 1.054 2.96 087 37
exp. 29611051

prev. calc. 1.20711061  1.06911061  2.9640.0411071  0.80197  4.41197!

¢ Calculated in this thesis

The structure of the Co;H and CoH™ molecules were previously determined in a number of the-
oretical and experimental studies (see [106, 108] and references therein). The ground electronic
state of CoH is X2X+ and the ground state of CoH™ is X'X*. Table 2.2 gives internuclear dis-
tances at equilibrium of CoH and CoH™, the C,H electron affinity (EA), dipole moment d, and its
spherically-averaged polarizability «, obtained in the present thesis and compared with published

data.

The R-matrix calculations performed for the CoH+e™ collisions are similar to the CN/CN™ cal-
culations. We employed the same atomic orbital basis set cc—pVQZ as used to determine the
polarizability and the dipole moment presented above. However, partial waves with [ = 0 — 4 (up
to g-wave) functions were included. Four lowest Hartree-Fock orbitals of the target CoH molecule

were frozen in the CASCI calculations.
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The remaining five (out of 13) electrons were distributed over the active space that included ten
orbitals. Six virtual orbitals were included in the calculations to improve the electronic continuum

states near the target nuclei. The radius of the R-matrix sphere was 12 bohrs.
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Figure 2.7: Theoretical and experimental photodetachment cross sections for CoH™. The cross section
obtained in this thesis (solid red curve) is compared with available experimental data (black diamonds)
[1] and with the previous theoretical calculation (dot-dashed line) [66] performed using the complex Kohn
method. The uncertainty bar of the theoretical cross section is obtained performing calculations for different
sets of parameters in the computational model.

In the REA calculations, the initial electronic state is the ground state X23F of the neutral molecule,
the final state of the anion is X'X*. In the PD calculations the initial electronic state of CoH™ is
XS, For photoelectron energies smaller than 0.5 eV above the CoH+e~ detachment limit, only
the electronic ground state XSt s open for photodetachment, whereas at higher energies, the
first excited A2II electronic state of CoH becomes opens for detachment. Consequently, for the
corresponding energies, a sum over the two possible final electronic states of CoH in the PD cross

section calculations was evaluated.
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The obtained PD cross section is depicted in Fig. 2.7. The theoretical uncertainty is shown by error
bars in the figure. Figure 2.8 shows some of the PD cross sections obtained with different sets of
parameters. The calculated PD cross section agrees well with the experimental data points [1] and

previous theoretical result [82] for low photoelectron energies.

For energies above the A2IT detachment threshold, the present cross section is significantly larger
than the experimental and complex Kohn results. It suggests that in the present R-matrix calcula-

tions, the transition dipole moments into the A2TT state of C,H are overestimated.
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Figure 2.8: Theoretical and experimental photodetachment cross sections for CoH™. The figure shows
the same data as in Fig. 2.7 and, in addition, cross sections obtained with different sets of parameters of the
computational model.

The Franck-Condon factor |(v,|v;)|” in Eqs. (2.19) and (2.20) with v, = v; = 0 is equal to 0.83
for PD to the X2X* state and 0.73 to the A2II state [82]. The same transition dipole moments
between bound and continuum electronic wave functions are used for calculations of the PD and

REA cross sections.
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Figure 2.9: Theoretical cross sections of REA to the CoH molecule. Two different cross sections were
calculated: the first one assuming that the target molecule is in the ground electronic state X?%* and the
second one assuming the target molecule is in the A%II state.

The REA cross section for formation of CoH™ obtained using Eq. (2.20) is shown in Fig. 2.9. The
two CoH™ curves shown in the figure correspond to two different initial electronic states of CoH.
The indicated uncertainty bars are obtained using the same procedure as in the PD calculation.
Notice that at small electron energies the relative uncertainty is significantly larger compared to
higher collision energies due to the fact that at low electron energies the uncertainty in evaluation

of TDMs is large.

Figure 2.10 shows rate coefficient for REA to the CoH molecule, obtained from cross section
evaluated for a fixed geometry. Such rate coefficient represent the REA process in which the final
state could be any vibrational level of the formed anion. For the purpose of modeling chemical
evolution of interstellar medium, rate coefficient summed over final vibrational states is usually

employed.
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Figure 2.10: Thermally-averaged rate coefficient for radiative electron attachment to CoH obtained from
cross section calculated geometry of equilibrium of CoH [106].

CsN and C3N~

The cyanoethynyl radical, C3N, was identified 30 years ago prior to laboratory detection [109]. The
negative molecular ion, C3N~, was detected in many environments, such as laboratory discharge,
the molecular envelope of IRC+10216 [35], and in the dark cloud TMCI1 [110]. The C3N and CsN~
both have an important role in the interstellar chemistry and also potentially significant constituents
of Titan’s ionosphere [45]. The interstellar detection of C3N was confirmed by the observation of
the radical in the low-pressure laboratory gas discharge of cyanoacetylene in nitrogen [111]. The
electronic structure of C3N and CsN~ was determined in a number of theoretical studies (see, for
example, Ref. [112] and references therein). Similarly to CoH and CoH™, the ground electronic

state of C3N is X251 and the ground state of CsN~ is X3
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Table 2.3 gives the internuclear distances at equilibrium of C3N and CsN~, the C3N electron affin-
ity, the dipole moment, and its spherically-averaged polarizability, obtained in the present thesis
and previously published. The present PD and REA calculations discussed below were performed

for the geometry of C3sN~ equilibrium, obtained in Ref. [113], which is also given in the table 2.3.

Table 2.3: Comparison of electron affinities - EA, dipole moments - d, polarizabilities o, and internuclear
distances (in A) of the C3N and C3N— molecules at equilibrium obtained in this thesis and available in the
literature.

_ 3
C3N/C3N TCC T'CyCsy TO3N EA(eV) d(D) Oz(A )
C3N—¢ 1.222 1.372 1.173
exp. 1.25201121 1 36611121 1,1711112]
prev. calc. 1.25201141 1 3661141 1 1710114]
C3N¢ 4.6 2.66 53
exp. 121700121 1.388M1121 11601121 4.3054-0.0011112]
prev. calc. 1.2140131 1 385011311 16201131 43401141 28671 56071

% Calculated in this thesis

Similarly to the previously discussed molecules, the R-matrix calculations were performed for
several sets of parameters, and the final calculations were made with the cc-PVTZ Gaussian basis
set. Ten lowest HF orbitals of the target molecule were frozen. The remaining five (out of 25)
electrons were distributed over the active space that included nine orbitals and six virtual orbitals.
The R-matrix sphere radius of 13 bohrs was used. As in the case of CoH/Cy;H™, in the REA
calculations, the initial electronic state is the ground state X232+ of the neutral molecule, the final
state of the anion is X'X*. In the PD calculations the initial electronic state of CsN™ is X1y,
For photoelectron energies above 1 eV, where there are more than one electronic channel open for
detachment, a sum over all possible electronic final states in the PD cross section calculations is

evaluated.
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The Franck-Condon factor between two ground-level vibrational wave functions of C3N and CsN™

can be calculated using the expression in Ref. [82]

A2

(v, = 0Jv; = 0)[> = e~ %, (2.25)

where A? = A2+ A2+ ...+ A% is the distance squared between the minima of the C3N and C3N~
potentials in the space of dimensionless normal coordinates. The quantity A; is the distances
between the two minima along the normal coordinate :. Therefore, the normal mode coordinates
as well as minima of the C3N and C3N~ potentials should be calculated, which was made using
the MOLPRO code. Deriving the above equation, it was assumed that normal coordinates of the
two potentials are the same but equilibrium positions are not. We have verified the accuracy of this
assumption performing calculation of the Franck-Condon factor using the C3N and C3N™ normal
coordinates (which are slightly different). The difference in the result was insignificant compared
to the uncertainty of the electron-scattering calculations. For C3N/C3N~, the Franck-Condon factor

calculated using Eq. (2.25) is 0.89.

Figure 2.11 shows the C3N~ photodetachment cross sections and the corresponding uncertainties
obtained using the procedure described above. The red (upper) curve represents the result obtained
without taking into account the vibrational Franck-Condon overlap. In other words, the curve was
calculated assuming that the Franck-Condon factor in Eq. (2.19) is unity. The blue (lower) curve
takes into account the Franck-Condon factor of 0.89. This result corresponds to the cross section
for photodetachment without change in the vibrational level v; = v, = 0. In order to obtain the
PD cross section with any possible final level v,, a sum over v, should be taken in Eq. (2.19).

Evaluating the sum, the dependence of w on v,, should, in principle, be accounted for.
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Figure 2.11: C3N~ photodetachment cross section obtained for a fixed geometry (the red curve) and for
the process where the final vibrational level of C3N is the same as the initial one, v; = v,, = 0 (the blue
curve). Available experimental data [2], also shown in the figure, should be compared with the cross section
obtained for a fixed geometry (red curve).

However, given the large value of affinity compared to the vibrational splitting between different
levels v,,, the dependence is weak and can be neglected when the sum over all v,, is evaluated.
TDMs in Eq. (2.19) also change not much over the energy interval of a few vibrational quanta v,,.
If the w and TDM dependences in Eq. (2.19) are neglected, the sum over all v,, of the vibrational
overlap gives unity. It brings the PD cross section summed over all possible final vibrational
levels v,, to the values calculated as a fixed geometry, i.e. to the values given by the red curve
in Fig. 2.11. The figure also shows the available experimental data [2]. In the experiment, the
vibrational structure of final states of C3N was not resolved and, therefore, the experimental data
should be compared with the theoretical result represented by the red curve. As one can see,
the agreement between theory and experiment is good. It is within theoretical and experimental

uncertainty intervals.
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The resonance in the PD spectrum around 6.2 eV (Fig. 2.11) is of the 'TT overall symmetry of the
CsN+-e~ system with three electronic partial waves, pm, dm, and fm contributing almost equally,

respectively, 20%, 20%, and 30% of the total cross section.
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Figure 2.12: The figure shows the same data as in Fig. 2.11 for a fixed geometry and, in addition, cross
sections obtained with different sets of parameters of the computational model.

Figure 2.12 shows the same data as in Fig. 2.11 and some of the PD cross sections obtained with

different sets of parameters. The theoretical uncertainty is shown by error bars in the figure.

The REA cross section for formation of C3N™ obtained using Eq. (2.20) is shown in Fig. 2.13. The

indicated uncertainty bars are obtained using the same procedure as in the PD calculation.

Figure 2.14 shows rate coefficients for REA to the C3N molecule. The coefficient is obtained from
cross sections evaluated for a fixed geometry. The REA coefficients for the v, = 0 — v; = 0

process can be obtained by multiplying the CsN values shown in Fig. 2.14 by the factor of 0.89.
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Figure 2.13: Theoretical cross section of of C3N~ formation by radiative electron attachment to C3N.
C,H and C;H™

In the ISM, the C4H radical was among the first molecules to be identified in IRC+10216 [115]
even before its laboratory characterization. The anionic form, C;H™, was detected in a gas dis-
charge in laboratory [35]. Several laboratory microwave spectroscopy studies were performed on
these molecules (see, for example, Ref. [101] and references therein). The electronic structure of
C,H and C4;H™ was determined in previous studies (see, for example, Refs. [116, 117]). Similarly
to CoH/CyH ™, the ground electronic state of C4H is X2¥+ and the ground state of C,/H™ is Xint,
The first excited electronic state A2IT of C4H lies only 0.026 eV above the X2X+ state. Table 2.4
gives the internuclear distances at equilibrium of C,H and C,H~, the C,H electron affinity, the
dipole moment, and its spherically-averaged polarizability, obtained in the present thesis or previ-
ously published data. The present PD and REA calculations discussed below were performed for

the geometry of C,H™ equilibrium, obtained in Ref. [118], given in the table.
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Figure 2.14: Thermally-averaged rate coefficient for radiative electron attachment to CsN obtained from
cross sections calculated for geometry of equilibrium of C3N™ [112].

Table 2.4: Comparison of electron affinities - EA, dipole moments - d, polarizabilities «, and internuclear
distances (in A) of the C4H and C4H~ molecules at equilibrium obtained in this thesis and available in the
literature.

C4H/C4H™ 70 Co TCyCy TCyCy TC,H EA(eV) d(D) Oé(AS)
C4H ¢ 1.247 1.382 1.193 1.051
prev. calc. 1.257007 1372007 12260171 1,0610117]
C,H(X?x ) 1.207 1.387 1.180 1.053 3.84 0.8 6.5
exp. 1.22701181 135901181 1 2110181 1 05501181 3,554 0.01(101
prev. calc. 1.20901191 1.38501191 118201191 1,05411191 3 46+0.07!197  (.811201 71171

@ Calculated in this thesis

The electron scattering calculations were performed in the same way as for the CoH/CoH™ pair with
the following differences. The final calculation was made with the cc—PVTZ Gaussian basis set.
Ten lowest HF orbitals of the target molecule were frozen. The remaining five (out of 25) electrons
were distributed over the active space that included sixteen orbitals (with ten virtual orbitals). The

radius of the R-matrix sphere was 12 bohrs. For C;H/C,H™, the Franck-Condon factor |(v,|v;)|”
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in Egs. (2.19) and (2.20) is equal to 0.75 for PD to the X252+ state and 0.88 to the A2IT state [82].

Figure 2.15 shows the C,H~ photodetachment cross sections and the corresponding uncertainties
obtained using the procedure described above. The results were obtained without taking into ac-
count the vibrational Franck-Condon overlap. In other words, the curve was calculated assuming
that the Franck-Condon factor in Eq. (2.19) is unity. The figure also shows the available experi-
mental data [2]. As one can see, the agreement between theory and experiment is reasonable but
not perfect. In addition, the results of the complex Kohn method and the R-matrix can differ by a

factor larger than five in some energy region.
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Figure 2.15: C4H™ photodetachment cross section obtained at a fixed geometry. Available experimental
data (green triangle) [1] and results of the previous calculation (dot-dashed line) [82] are also shown.

Figure 2.16 shows the same data as in Fig. 2.15 and some of the PD cross sections obtained with

different sets of parameters. The theoretical uncertainty is shown by error bars in the figure.

The REA cross section for formation of C4H™ obtained using Eq. (2.20) is shown in Fig. 2.17. The
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Figure 2.16: The figure shows the same data as in Fig. 2.15 and, in addition, cross sections obtained with
different sets of parameters of the computational model.

two C4H™ curves shown in the figure correspond to two different initial electronic states of C,H.
The indicated uncertainty bars are obtained using the same procedure as in the PD calculation.
Notice that at small electron energies the relative uncertainty is significantly larger compared to
higher collision energies due to the fact that at low electron energies the uncertainty in evaluation

of TDMs is large.

The obtained REA cross sections were used to determine REA thermally-averaged rate coeffi-
cients. For C4H, the excited electronic A2II state is only 0.026 eV above the ground state. There-
fore, at low temperatures it can be populated and should be accounted in rate coefficient calcula-

tions.
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Figure 2.17: Theoretical cross sections of REA to the C4H molecule. Two different cross sections were
calculated: the first one assuming that the target molecule is in the ground electronic state X2 T and the
second one assuming the target molecule is in the A?II state.

The rate coefficient for this situation is calculated using the following integral [121] (in atomic

units)
o(T) = % / h > 0d(Ba)w(s,T)EadE,, (2.26)
0 ~
=X

where the normalization constant N and the statistical factors w(s, T") are

* El
N=[ Y w(s T/ ==dE 2.2
/0 a wis, T\ —-dEBa, (2.27)

Eel

w(X,T) = exp(— ) (2.28)
. A E,
w(A,T) = Qexp(—k—;) exp(— le), (2.29)

and Ay is the difference between energies of the A2II and X2 Z+ states. Using the above equa-

tions, the rate coefficients were calculated from the cross sections at fixed geometry.
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Such rate coefficients represent the REA process in which the final state could be any vibrational
level of the formed anion. For the purpose of modeling chemical evolution of interstellar medium,
rate coefficients summed over final vibrational states are usually employed. Figs. 2.10 and 2.18

show the obtained rate coefficients for CoH and C,H.

- 3
rate coefficient (cm’/s)

._.
<,
7y
T
1

T

T

temperature (K)

Figure 2.18: Thermally-averaged rate coefficient for radiative electron attachment to C4H obtained from
cross section calculated for geometry of equilibrium of C4H [118].

Figure 2.18 shows rate coefficient for REA to the C4;H molecule, obtained from cross section

evaluated for a fixed geometry.
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CsN and CsN—

Carbon chain radical, CsN, was detected in the dark cloud TMCI1 and also in the circumstellar
envelope IRC+10216 [122]. It was detected for the first time by using a pulsed-discharge nozzle
Fourier transform microwave spectrometer [123]. Electronic structure calculations were also per-
formed for C5N and CsN~ [124]. For about two decades, the electronic structure of CsN and CsN~
has been a matter of some disagreement (see the discussion in Ref. [112]). Only quite recently,
it has finally been established that, similarly to CsN and CsN™, the ground electronic states of
C;N and C;N~ are X252+ and XS respectively. Table 2.5 gives properties of CsN and C5N—,
obtained in this thesis or previously published. In the same manner as in the case of C3N/CsN™—,
the present PD and REA calculations were performed for the geometry of CsN ™ equilibrium [124]
given in the table. Also, the target was represented using CASCI with HF orbitals. Assessment
of uncertainty was performed in the same way as for the other molecules. The final calculation
was made with the following parameters: The cc—PVTZ basis with partial waves up to the g-wave
was used. Sixteen lowest Hartree-Fock orbitals of the target molecule were frozen. The remaining
five (out of 37) electrons were distributed over the active space that included nine orbitals and five
virtual orbitals. The radius of the R-matrix sphere was 15 bohrs. Similarly to CN/CN™, in the REA
calculations, the initial electronic state is the ground state X235+ of the neutral molecule, the final
state of the anion is X'2*. In the PD calculations the initial electronic state of CsN™ is X'3* In
the case of C5N, the first excited electronic state at the geometry of equilibrium is relatively high,
around 2.5 eV above the detachment threshold. Our calculations have not been performed at such

energies. Correspondingly, there is only one possible final state in the PD calculations for CsN~.

Similarly to C3sN~, we have evaluated the Franck-Condon vibrational factor calculating the CsN~
PD cross section for the v; = 0 — v, = 0 process. The obtained value of the factor is 0.78.

Figure 2.19 shows the CsN~ photodetachment cross sections and the corresponding uncertainties.
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Table 2.5: Comparison of electron affinities - EA, dipole moments - d, polarizabilities «, and internuclear
distances (in A) of the C5N and C5sN~ molecules at equilibrium obtained in this thesis and available in the
literature.

_ 3
CsN/Cs5N Ty Co TCyCs T30y TC4Cs TCsN EA(eV) d(D) Oz(A )
CsN—¢ 1227 1357 1.198 1384  1.137
exp. 1.258[1121 1 34511121 1 2311121 1 3571121 1 17001121
prev. calc. 1.25801241 134511241 1 23111241 1 35711241 1 17011241
CsN¢ 4.48 35 92
exp. 1.24711121 1 29911121 1 2301121 1 308[1121 1 14811121 4 45+0.03(112]
prev. calc. 1.214012511 36611251 1 21201251 1 37111231 1 1611251 44501121 3 30971 g 4[97]

@ Calculated in this thesis

The notations are the same as in Fig. 2.11. To our knowledge, there is no experimental PD cross
section for the CsN~ anion. The resonance in the CsN~ PD spectrum around 5.1 eV is of the I

overall symmetry with the major contribution from the pr and dr partial waves.

Figure 2.20 shows the same data as in Fig. 2.19 and some of the PD cross sections obtained with

different sets of parameters. The theoretical uncertainty is shown by error bars in the figure.

The REA cross section for formation of C;N~ obtained using Eq. (2.20) is shown in Fig. 2.21. The

indicated uncertainty bars are obtained using the same procedure as in the PD calculation.

Figure 2.22 shows rate coefficients for REA to the C;N molecule. The coefficient is obtained
from cross sections evaluated for a fixed geometry. The REA coefficients for the v,, = 0 — v; =0

process can be obtained by multiplying the C5N values shown in Fig. 2.22 by the factor of 0.78.
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Figure 2.19: Cs;N~ photodetachment cross section obtained for a fixed geometry (the red curve) and for
the process where the final vibrational level of CsN is the same as the initial one, v; = v,, = 0 (the blue
curve).

CgH and C¢H™

The CgH™ was the first anion detected in space by McCarthy [126], in the radio band in the labo-
ratory and in the molecular envelope of IRC+10216. It was also identified in the dense molecular
cloud TMC-1 [126]. The ground electronic state of CgH is 2II. Table 2.6 gives properties of CH
and C4H ™, obtained in this thesis. In the same manner as in the case of C,H/C,H~, the present PD
and REA calculations were performed for the geometry of CgH™ equilibrium [118] given in the
table. Also, the target was represented using CASCI with HF orbitals. Assessment of uncertainty
was performed in the same way as for the other molecules. The final calculation was made with the
following parameters: The cc—PVDZ basis with partial waves up to the g-wave was used. Sixteen
lowest Hartree-Fock orbitals of the target molecule were frozen. The remaining five (out of 37)

electrons were distributed over the active space that included ten orbitals and five virtual orbitals.
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Figure 2.20: The figure shows the same data as in Fig. 2.19 and, in addition, cross sections obtained with
different sets of parameters of the computational model.

The radius of the R-matrix sphere was 15 bohrs. The geometry of equilibrium of C¢H [118] was
used. Similarly to C,H/C4H™, in the REA calculations, the initial electronic state is the ground

state X2XF of the neutral molecule, the final state of the anion is Xiv+,

Table 2.6: Comparison of electron affinities - EA, dipole moments - d, polarizabilities «, and internuclear
distances (in A) of the C¢H and C¢H™ molecules at equilibrium obtained in this thesis and available in the
literature.

3
CgH/CeH™ 70, Co TCyCy TC3Cy TC,Cs TC5Ce TCgH EA(eV) d(D) OC(A )
CgH™ ¢ 1.226 1.363 1.199 1.373 1.189 1.067
prev. calc.
CgH® 1.180 1.381 1.183 1.380 1.185 1.053 2.1 12.8
exp. 1.25701181 1 33201181 1 23701181 1 341[1181 1 216[118] 1 056[118] 3.84+0.011011 4711271 13 6197]
prev. calc. 1.29901281 1 3711281 1 24701281 | 35401281 | 2211281 | O65M128]

@ Calculated in this thesis
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Figure 2.21: Theoretical cross section of of CsN~ formation by radiative electron attachment to CsN.

Similarly to C4H™, the Franck-Condon vibrational factor was evaluated calculating the C¢H™ PD
cross section for the v; = 0 — v, = 0 process. The obtained value of the factor is 0.78 for
the ground state [82], but the Franck-Condon for the excited state was not calculated. Figure
2.23 shows the C¢gH™ photodetachment cross sections at a fixed geometry and the corresponding

uncertainties.

Figure 2.24 shows the same data as in Fig. 2.23 and some of the PD cross sections obtained with
different sets of parameters. The theoretical uncertainty is shown by error bars in the figure. For

CgH™ more calculations are needed because results are not converged.
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Figure 2.22: Thermally-averaged rate coefficient for radiative electron attachment to C5;N obtained from
cross sections calculated geometry of equilibrium of CsN™— [112].
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The octatetranyl anion, CsH™, was observed in the Galactic molecular source TMC-1 [129]. Hav-
ing large dipole moment and also high binding energy makes CgH™ a good candidate for astronom-
ical detection [38]. Some experimental measurements were performed for CsH™, such as anion
photoelectron spectra [101]. The electronic spectra of the CsH™ also was observed in the gas phase
using photodetachment spectroscopy [127]. The electronic structure of CgH and CgH™ was deter-
mined in a number of theoretical studies (see, for example, Ref. [127] and references therein). The
ground electronic state of CgH is 2I1. Table 2.7 gives the internuclear distances at equilibrium of
CgH and CgH™, the CgH electron affinity, the dipole moment, and its spherically-averaged polariz-
ability, obtained in the present thesis. The present PD and REA calculations discussed below were

performed for the geometry of CsH equilibrium in Ref. [97].
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Figure 2.23: CgH™ photodetachment cross section obtained at a fixed geometry. Available experimental
data (green triangle) [1] and results of the previous calculation (dot-dashed line) [82] are also shown.

The same as the other molecules, calculations with different sets of parameters were performed in
order to evaluate the uncertainty of the obtained results. The final calculation was made with the
following parameters: We used the same atomic orbital basis set cc—PVTZ as for the polarizability
and dipole moment calculations mentioned above. Partial waves with [ = 0 — 4 functions were
included. Twenty two lowest Hartree-Fock orbitals of the target CsH molecule were frozen in
the CASCI calculations. The remaining five (out of 49) electrons were distributed over the active
space that included ten orbitals and five virtual orbitals. The virtual orbitals were included in the
calculations to improve the electronic continuum states near the target nuclei. The R-matrix sphere

radius of 15 bohrs was used.

Figure 2.25 shows the CgH™ photodetachment cross sections at a fixed geometry and the cor-
responding uncertainties obtained using the UK R-matrix code. To our knowledge, there is no

experimental PD cross section for the CsH™ anion.
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Figure 2.24: The figure shows the same data as in Fig. 2.23 and, in addition, cross sections obtained with
different sets of parameters of the computational model.

Table 2.7: Comparison of electron affinities - EA, dipole moments - d, polarizabilities «, and internuclear
distances (in A) of the CsH and CgH~ molecules at equilibrium obtained in this thesis and available in the
literature.

— 3
CsH/CgH TC,C» TCyCs TCsCy TC4Cs TCsCq TCsCr TCiCs Tosn  EAEV)  d(D) a(A”)
CgH™ ¢ 122 135 120 136 1.19 137 1.18 1.05
prev. calc. 1.25M1300 3601301 2301301 3611300 22[1301 370130) 210130 (61301
CgH? 1.18 138 1.18 137 1.18 137 1.18 1.05 2.9 18.3
exp. 3.9:£0.0111015 26[127h 1 82197]
prev. calc. 1.310711.34071 1 26071 1,35971 1 241971 1 37071 1 230971 1 087

@ Calculated in this thesis

Figure 2.26 shows the same data as in Fig. 2.25 and some of the PD cross sections obtained with

different sets of parameters. The theoretical uncertainty is shown by error bars in the figure.
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Figure 2.25: CgH™ photodetachment cross section at a fixed geometry using the UK R-matrix code and
the corresponding uncertainties.

Cy and C;

Collisions of electrons with small molecules containing carbon atoms play an important role in a
number of physical and chemical processes such as lasers, gas discharges, and combustion chem-
istry [131, 132, 133, 134]. In particular, Cs, the smallest carbon chain found in space, is one of
such molecules. Its spectrum is recognized in cometary tails, in the atmospheres of cool carbon
stars, and also in flames [135]. Employment of the carbon-based materials including graphite in
fusion experiments [136], such as graphite walls in fusion devices [136] is one of the applications
of C,, which has recently became of particular interest. The advantage of carbon-based materials
used as wall materials in fusion devices is the high thermal conductivity, such as the capability to

endure high heat loads appearing in the divertor region [136].
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Figure 2.26: The figure shows the same data as in Fig. 2.25 and, in addition, cross sections obtained with
different sets of parameters of the computational model.

Knowledge of cross sections for such electron collisional process is required for this and other
applications. Studying electron collisions with C; is challenging experimentally also difficult to
represent using standard ab initio methods, because of the large number of low-lying electronic

states of the system [135].

The ground state of Cy molecule is X! Z;r The electron affinity of dicarbon was measured
to be 3.269 £ 0.006 eV [103]. Our result, 3.2393 eV, obtained using the MOLPRO code, is in
agreement with the experiment. We made e - C, scattering calculations in order to determine PD
cross sections for C; molecule. Figure 2.27 shows the PD cross sections calculated for C, for
different parameters. The internuclear distances at equilibrium of equilibrium of C, was used
[137]. The red curve represents the results with the following parameters: We used the cc—PVQZ
atomic orbital basis set. Partial waves with [ = 0 — 4 functions were included. Three lowest

HF orbitals of the C, molecule were frozen in the CASCI calculations. The remaining six (out
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of 12) electrons were distributed over the active space that included eleven orbitals. Ten virtual
HF orbitals were included in calculations to improve the electronic continuum states in the inner

region. The R-matrix sphere radius of 12 bohrs was used.
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Figure 2.27: Theoretical photodetachment cross section for C; . The cross sections obtained with different
sets of parameters of the computational model.

These cross sections demonstrate that the position of the resonance depends on internuclear dis-
tance and for a larger orbital space the resonance goes into the discrete spectrum, i.e it becomes a
bound state. When the molecule vibrates, the photodetachment cross section will be a sort of an
average over the interval of geometries where the resonance is present and the region where it is

absent.

Figure 2.28 shows the electronic potential energy curves of C, and C, molecules, which was
calculated using the d-aug-pVQZ atomic orbital basis set with spd-functions using the multi-

reference configuration interaction (MRCI) method.
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Figure 2.28: Potential energy curves of Cy and C;, molecules was calculated using the d—aug-pVQZz
atomic orbital basis set with spd-functions using the MRCI method.

In Ref. [138] by P.I. Jones et al. a very large PD cross section was observed if the laser is tuned to
the v’ = 6 vibrational level of the final electronic state of C; (green curve in Fig. 2.28). This vibra-
tional state v’ = 6 is in resonance with v = 1 of the ground state of C (black curve in Fig. 2.28).
This is the reason why the PD cross section is enhanced. In fact, the electronic resonance in
Fig. 2.27 corresponds to the excited state of C; (green curve in Fig. 2.28). The C; results are not

complete and deserve a separate study.
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CHAPTER 3: FORMATION OF ANIONS BY DISSOCIATIVE
ELECTRON ATTACHMENT

The process, which could possibly explain formation of some molecular anions in the ISM, is
dissociative electron attachment (DEA) [40]. DEA cross sections are needed to model plasma in
many environments, including such technology applications as etching in semiconductor industry
or chemical and gas lasers [139]. It is difficult to study the process both theoretically and in the

experiment [140, 141].

In the DEA process, an incoming, low-energy electron attaches to a molecule which dissociates
after [140]
e +AB—-A"+B or A4+B". (3.1)

In this process, an electron becomes temporarily trapped in a resonant state of the molecule. This
resonance can autodetach again. Otherwise, it can dissociate, which happens only if the energetics

allow it and the resonance has a lifetime long enough for dissociation to happen [140].

The literature on low-energy electron attachment to homonuclear diatomic halogens is extensive,
if at times conflicted [142, 143, 144, 145, 146, 147, 148, 149]. These are the simplest systems that
can undergo dissociative electron attachment at thermal energies, making them attractive targets for
theoretical methods aimed at handling the complexities of electron-molecule interactions. They are
also obvious subjects for experiment, and measurements of the attachment kinetics to homonuclear
diatomic halogens extend back to the 1920s, the earliest days of any quantitative data on electron

attachment rates [150, 151].

After theoretical and experimental studies of the DEA process [152, 153] performed for Cl, and

F,, interhalogens received little attention. In this chapter, results of theory-experiment collabora-
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tion on DEA in CIF are presented. The experiment was performed by the group of Viggiano, who
meassured rate coefficients for the DEA process in CIF [154]. The experiment was performed at
temperatures from 300 - 900 K and at pressures of 1 - 2 Torr using a flowing afterglow - Langmuir
probe apparatus. In this experiment, CIF attaches an electron inefficiently (k=7.5 x 1079 cm3s~!)
at 300 K, with the rate coefficient rising to 1.5x 1078 cm®s~! at 700 K. At higher temperatures the

apparent rate coefficient falls steeply.

In DEA theory, accurate determination of crossing point(s) between potential curves of the neu-
tral molecule and the anion is crucial. For ab initio calculations it means that relative energy of
the neutral and anion curves should be determined as accurately as possible. With this goal, the
following procedure was tested and chosen in the present ab initio calculations. We use relatively
large standard atomic basis sets augmented with diffuse functions with s, p, d, and f orbitals,
d-aug-cc-pVQ7z for fluorine and aug-cc-pVvQ7z for chlorine. Diffuse functions are necessary
to accurately describe anion electronic states. With this basis, Hartree-Fock orbitals were deter-
mined for the neutral molecule. The same Hartree-Fock orbitals were used in the second step of
the calculations for the neutral and anion molecule. In that second step, natural orbitals were deter-
mined for both molecules. To ensure accurate relative energy of the CIF and CIF™ curves, not only
the same Hartree-Fock orbitals, but also the same orbital space was used in both the CIF and CIF~
calculations. In practice, a much larger compared to a standard single-molecule calculation was
needed to obtain converged results for CIF~. In a typical calculation, out of twenty two occupied
orbitals in all symmetries, the eight lowest orbitals were kept frozen. For the neutral molecule,
only the lowest 13T electronic state was determined. For the anion, the 2X and the 21T states were
calculated. Using the natural orbitals, configuration interaction calculations were performed as the
third step for the ground X" electronic state of CIF and for the two lowest states for each of the

2%>* and 2IT symmetries of CIF~. Again, the same orbital space for CIF and CIF~ was used.

Potential energy curves of CIF and CIF~ molecules are shown in Fig. 3.1. On the right side of the
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graph, labels "CI+F”, "CIl+F~”, and ”"CI~ +F” with short horizontal lines refer to the Cl+F, ClI+F—,
and CI~+F dissociation limits obtained in this thesis. The energies marked with the horizontal lines
are those obtained at i = 7 bohrs, the largest distance where the convergence is still reasonable
with the employed orbital space. The energy differences [Cl+F]-[CI+F~] and [Cl+F]-[F+Cl]
correspond to electron affinities of CI and F. In the present calculations [CI+F]-[CI+F~] = 3.0 eV
and [CI+F]-[F+Cl7] = 3.4 eV, whereas accurate affinities of F and Cl are 3.399 and 3.617 eV,
respectively. Although the difference is significant, it does not affect the DEA calculations in the

crossing region where accurate curves are necessary.

Each of the lowest curves of the 2Y* and II states dissociates only towards the F + Cl1~ limit.
Out of all the CIF~ curves, only the lowest 2X* state crosses the neutral state near the minimum
of the CIF potential. In addition, the ground state does not approach any other curve to the right
of the crossing. This suggests that if the CIF molecule is initially in one of the lowest vibrational
levels, the DEA products could only be F + C1~, which is consistent with the experimental results
presented below. Figure 3.1 also shows the probability density |x,(R)|* of the ground vibrational
level in the CIF potential, representing the Franck-Condon factor for this state. Electron beam
experiments are expected to show peaks corresponding to the higher-energy CIF~ states shown

in Fig. 3.1, but these are not relevant to the present thesis and would have to be calculated more

accurately.

Table 3.1 below compares equilibrium positions R, for CIF and CIF~ obtained in the present work
with several previous calculations [155, 156, 157, 158, 159] and an experimental work [160]. The
values of 17, obtained in the thesis agree well with the most accurate previous theoretical work by
Li et al. [158] and with the RKR data available from the experiment [160]. The electron scattering
calculations were performed using the UK R-matrix code. In the calculation, the cc-pVTZ atomic

basis with [ = 0 — 4 orbitals were employed for the two atoms.
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Figure 3.1: Potential energy curves of CIF and CIF~ molecules. The solid curve is the ground electronic
state of the CIF molecule. The dashed green and dot-dashed blue curves correspond to the two lowest
electronic states of the 22" and 2IT symmetries of CIF~, respectively. The curve labeled |x,(R)|?* shows
the probability density of the ground vibrational level of the CIF molecule. The thick line labeled resonance
represents the energy of the lowest resonant state of CIF~. The labels CI+F, Cl+F~, and CI™+F with short
horizontal lines refer to corresponding dissociation limits as calculated in the thesis.

The target CIF molecule of the !X " symmetry was represented using a complete-active-space
configuration interaction (CASCI) method built on Hartree-Fock orbitals. Eight lowest Hartree-
Fock orbitals of the target CIF were frozen in the CASCI calculations. The remaining ten (out
of 26) electrons were distributed over the active space that included nine orbitals and six virtual
orbitals. The virtual orbitals were included in the calculations to improve the electronic continuum
states near the target nuclei. CIF is a small molecule and a small R-matrix sphere radius of 10

bohrs was used.
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Table 3.1: Equilibrium distances R, (in A) of the ground electronic states of CIF and CIF~ obtained in the
present thesis and previous study. The most accurate theoretical calculations are from Refs. ([157, 158])

R.(CIF) R.(CIF)
Present calculations 1.638 2.181
Calc., Ref. ([155]) 1.614-1.668 2.049-3.036
Calc., Ref. ([156]) 1.643-1.659 2.078-2.298
Calc., Ref. ([157]) 1.641
Calc., Ref. ([158]) 1.6294 2.148-2.156
Calc., Ref. ([159]) 1.63-1.69 2.25-2.40
Exp., Ref. ([160]) 1.628

The K-matrix K (R) obtained in the scattering calculations was used to determine energies and
widths of the 2% resonance for distances R <3.05 bohrs, where the curve is resonant. The
energies and widths were obtained from eigenphase sums generated by K (R). The eigenphase
sums for six values of R are shown in Fig. 3.2. As evident from Fig. 3.1, the 227 curve of CIF~
crosses the CIF X" potential near R, = 3.02 bohrs. The inset in Fig. 3.2 shows the resonance
energy F and width I' as a function of R. The full resonance width is obtained from fitting the

eigenphase sums to the Breit-Wigner formula [161].

The resonance energy is also shown with the thick green line, but now the energy of the CIF !X+
potential is added to the scattering energy E. Represented in this way the resonant curve (thick
green line in Fig. 3.1) should join smoothly the lowest 22+ curve of CIF~ obtained in bound-state
calculations. However, our basis in the bound-state calculations was not optimized for weakly-
bound states of 2X" curve of CIF~. Therefore, a part of the X curve below the crossing point is
not converged and missing in Fig. 3.1. This part of the 22T curve is replaced by a straight dotted

line to guide the eye.
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Figure 3.2: The eigenphase sums for e+ CIF scattering in the 2%+ symmetry for six different values
of the internuclear distance R near the crossing point of the CIF and CIF~ potential curves. For all shown
values of R, the CIF™ state is resonant, except for R = 3.05 bohrs, for which the CIF™ electronic state is
bound. The inset shows energies and widths of the resonant state. Energy F is the electron scattering energy.

Bound-state and scattering calculations show that the anion curve is crossing the neutral close to
the equilibrium internuclear separation in CIF. The inversion symmetry is broken, and the s-wave
component in the electron wave function contributes to the resonance composition. Our calculated

scattering matrices indicate a substantial intermixture of the s, p and d waves.

As an example, for internuclear distance R = 3 bohrs and near-resonant energy of 0.07 eV (see
Fig. 3.2), the probability of a partial-wave change after one collision from the so partial wave to
po is 0.49. The probabilities of the so — do and po — do transitions at the same energy and

internuclear distance are significantly smaller, 0.003 and 0.01 correspondingly.

Ab initio calculation of partial attachment amplitudes presents a big challenge for the nonlocal

complex potential theory [162] where the amplitudes should be calculated as functions of electron
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energies. But even in the local theory calculation of partial resonance widths is a nontrivial task,
and, to the best of our knowledge, has been accomplished only in calculations of DEA to water

[163] whose purpose was to extract information on the angular distribution of the DEA products.

In this part, [ am presenting the cross section calculation process, which was done in collaboration

with I. Fabrikant. An angular-independent attachment amplitude V' (R) can be calculated as

V(R) = (D(R)/2m)"2. (3.2)

This is a common approach used in many local DEA calculations which we also use in the present

thesis.

After I'(R) and the attachment amplitude V' (R) are obtained, we solve the inhomogeneous equa-
tion of the local complex potential model [164] ( also called the boomerang model [165] ) for the

wave function W (R) describing the nuclear motion in the anion state

(T'+ U(R) —il'(R)/2 = E)¥(R) = =V (R)x»(R), (3.3)

where T is the kinetic energy operator, U (R) is the anion potential energy, F is the electron energy

and x, (R) is the vibrational function of the molecule in the initial state.

The major deficiency of the local approximation appears in producing the DEA cross sections
with incorrect threshold behavior. This is, for example, a serious issue in attachment to F, and
Cl; molecules [166, 167]. Due to the >, symmetry of the low-energy resonance in this case, the
Wigner threshold law predicts £'/? energy dependence [143, 168] whereas in local calculations

the cross section diverges towards £ = ( as £~!. Bardsley [169] suggested a correction for the
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attachment amplitude in the form of the factor

(E/E.(R))"?, (3.4)

where E,.(R) is the resonance energy, that is U(R) — Uy(R), where Uy(R) is the potential energy
of the neutral molecule, and a is the threshold exponent. For nonpolar molecules, according to the
Wigner law, a = [ + 1/2 where [ is the lowest angular momentum allowed by symmetry. For polar
molecules, depending on the dipole moment, a varies between 0 and 1/2 [170]. In particular for the
CIF molecule whose dipole moment is 0.346 a.u.(0.8881 D) [171], a = 0.4152. The cross section
for an exothermic reaction behaves as £°~! that in the case of CIF leads to %5548 behavior at
low energies, in contrast to the 1/F behavior in the original version of the nonlocal theory. This

difference is important for thermal energies.

100 ¢ ' r , ' , r r r

-
o

DEA cross sections (10"° ¢cm?)
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electron energy (eV)

Figure 3.3: Dissociative electron attachment cross sections as a function of electron energy, calculated
with Bardsley’s correction, from the first five vibrational states of the CIF.
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Figure 3.3 presents the attachment cross sections for different initial vibrational states. At low
electron energies the attachment cross section is largest for v = 1 and 2; about 3-4 times those for
v = 0 and 3 at low-energy. The vibrational quantum for CIF is 97.1 meV. Therefore, accounting
for the Boltzmann factor, the v = 3 contribution is insignificant at 7' = 700 K. This dependence
of the DEA cross section on v is relatively weak; that is typical for the situation when the neutral
and anion curves cross close to the equilibrium internuclear separation. This results in a weak

dependence of the cross section on the vibrational temperature, as demonstrated in Fig. 3.4.
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Figure 3.4: DEA cross sections for CIF averaged over the vibrational state distribution. Numbers associ-

ated with each curve indicate the vibrational temperature in K.

Comparison with Experiment

The theoretical calculations described above confirm the exclusive production of CI~ from CIF. The

theoretical rate coefficients were obtained by averaging the cross sections from Fig. 3.4 over the
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electron energy distribution. The results do not show a significant temperature dependence because
the low-energy behavior of the cross section is close to £'/? meaning that the rate coefficient
weakly depends on . The growth of the CIF rate coefficient with temperature is slow and does
not indicate any activation energy typical for Arrhenius-type behavior [172]. In Fig. 3.5 we show
good agreement of experimental data with the second calculation at 7" = 300 K. However, the rate
coefficients calculated with Bardsley’s correction [169] grow slower than the experimental values.
It is not unusual for Bardsley’s correction to underestimate the DEA cross section, therefore it is
not surprising that at 7' = 700 K the experimental result lies closer to the first calculation. Overall,

considering all approximations involved in the theory, the agreement is satisfactory.
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Figure 3.5: Experimental DEA rate coefficients k, (in units of cm®s~! ) for CIF from 300 to 850 K. Points
connected by line segments are from the FALP apparatus (green line) and from the HT-FALP apparatus (red
line). Two open symbols represent the apparent rate coefficient which may be low due to decomposition or
other losses in the flow tube. The rate coefficient from electron scattering calculations is shown with (black
solid line) and without (black dashed line) Bardsley’s correction, as described in the text.

The electron attachment results for CIF is presented in Table 3.2 and Fig. 3.5. The apparent

rate coefficient for attachment to CIF falls off steeply above 700 K. Such a steep drop cannot be
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physical, and is typical of high temperature decomposition of the reactant on walls of the quartz

inlet line which is overheated by 10 - 20 % in the upstream region.

Table 3.2: Attachment rate coefficients k, (in units of cm®s~! ) for CIF from 300 to 700 K. FALP and
HT-FALP values were averaged for data taken at the same temperatures on both instruments. Error bars for
the measurements are approximately £25 %.

Temperature 300 400 500 600 700

Attachment rate coefficients 7.5x107° 1.4x107% 14x107% 14x10°% 1.7x10°8

CIF dissociatively attaches exclusively forming C17, forming little or no F~, throughout the entire
temperature range. The CI~ channel is more exothermic than forming F~ from CIF by only 0.21

eV. The theoretical calculations described above imply exclusive production of C1~ from CIF.

In this chapter, electron attachment to the interhalogen diatomic CIF was studied over the temper-
ature range 300 - 900 K using two flowing afterglow-Langmuir probe apparatuses. CIF exhibits
modestly increasing rate coefficient with increasing temperature, predominantly forming CI1™. The
CIF trend may be slightly steeper than that predicted from theoretical calculations, but the cal-
culated rate coefficients are nevertheless in agreement with experiment. No activation barrier to
attachment is indicated by the modest trends with temperature. Dissociative electron attachment
to CIF occurs near the equilibrium CI-F atomic separation. The lack of inversion symmetry in CIF
allows a substantial contribution of the s-wave component of the electron wave function to the
scattering cross section. Theory shows that the v = 1 and 2 vibrational levels of CIF dominate the

attachment resonance with little contribution from higher modes or v = 0.
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CHAPTER 4: RO-VIBRATIONAL EXCITATION OF MOLECULE

Rotational Excitation of Acetylene in Collision with Electrons

Acetylene, HCCH, is one of the most studied polyatomic molecules [173]. It was detected in many
environments, such as, the interstellar medium [174] and the planetary atmospheres, including
Jupiter [175], Saturn [176], Neptune [177], and Uranus [178]. Electron collisions play an important
role in the chemistry of acetylene plasmas [179]. In the ground electronic state, HCCH is linear
with D, symmetry [180]. Cross sections for various processes involving e - HCCH collisions
are important for understanding different phenomena, such as thermal diffusion in polyatomic
gases [181], resonance fluorescence [182], relaxation of nuclear spin-lattice [183], and ultrasonic

dispersion [184]. Others include cooling in both interstellar space [185] and in nozzle flow [186].

In this chapter, a theoretical approach to evaluate cross sections for rotational excitation of linear
neutral molecules by an electron impact is developed and applied to acetylene. The calculations

were made using the MOLPRO [98] and UK R-matrix (Quantemol) [59, 86, 87] suites of programs.

Theory

Derivation of the Formula for Rotational Excitation Cross Section

The cross section for the transition in which the rotational quantum number changes from j to
4 was derived in the present thesis as follow. To derive the cross section formula for rotational

excitation, first, we write the spherical harmonic describing the incident electron in a e - HCCH
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collision as below
l

Yim, (6,0) = Y [Dh y ()] Yir(0, 9) , (4.1)

A=—1
where X is the projection of the electron angular momentum on the molecular axis, (6, ¢) and (6, ¢)
are spherical angles of the incident electron defined with respect to a fixed laboratory axis and the

molecular axis, respectively. In the laboratory frame (LF), we have
g 10> Vi, (0,6) = |a >, (4.2)

where |a > is a channel function describing the incident electron in LF and the state of the target
HCCH with the quantum numbers |j m; 4 [ m; >, and |j m; p > can be written in terms of the
Wigner function as follow

2j + 1
872

|j my p>= (D3, (], (4.3)

where j , m; , and p are the angular momentum of HCCH and its projections in the laboratory
frame and the molecular frame correspondingly, and D?  is the Wigner function depending on
mg

three Euler angles (2. Using equations above we have

2=\ Hr SDnl ] D, Q) ¥i0.0). @)

By using Eq. (A8) from Ref. [5]:

J+
Dj, ()DL \(Q) = Y D (QChM,. Ciny (4.5)
J' . M,A

where Cj‘-]ﬁA are Clebsch-Gordan coefficients, we can rewrite the formula (4.4), at fixed J and M,

as the following term, where A = 1 4+ A, with total angular momentum J = [ + j and projection
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M = m; + m; in the LF

25 +1
la>= /2= 37 D (DA ) Ot Ol Y (6, 9) (4.6)

A JMA

|b > is a channel function describing the final state defined by the quantum numbers |J M A; [\ j >

2J+1
b>= | = DI (] Y0, 6) @)

where |a > can be written in terms of [b >

‘a >= Z \/ 2J—|—1 jmjlml ]ul/\|b> . (48)

AJMA

Then we have
27 +1 _um JA

< bla >= 5.7 1 1 Cimatm Cinir 4.9)
z 2)+1 i A
<afb>= \/ SO, Ol (4.10)
NI 25"+ J'M JN
< b |CL 2J/ + 10 m l/ ;Cj/u/l/j\/ 9 (4.11)
W >= /22 CJ’ Gt 4.12
<@l >= O 1 d'milmi N *.12)
In order to calculate rotational excitation cross section from initial j to final j' we have
Ojrej = k? QJ — Z > @1+ V)| Tomgjrm: iojm, | (4.13)

!
me 1 ml

where k; are the incoming wave vectors and Tz'm; j'ml«l0jm,; are T-matrix elements.
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We define 1, and T, as follow

|Ta’a’2 — T* /Ta ‘a s

Twa =Y _ <alt/ ><V|T|b><bla>,
b’

Try =Y <alp><b|T* ) >< V] >,
b

where the elements of T-matrix are given by

2J/+1 /2 1
< V[T > \/ St \/ S+ / sin BdadBdy DYy (D)[D1,, (U] < UN|T|IA >

= 077 0nmmOan Ty,

/
< BTV >= 87505300581y UV

Using equations (4.14), (4.15), and (4.16) we have

| Twal? = ZZ <a|lb><b|T*b >< b|d >< d |/ ><V|T|b >< bla >
bbb

Z Z Z Z (27 4+ 1)(25'+1)

1
JIT0 MM AN AR W] AV M, [(2J+ D)2+ )2 +1)(2] +1)]2

! ! I AT ! ! / !
CJM OJA OJ M CJ A OJ M OJ /l/)\/CJM C

Jmlmg ™~ 5l m A T X m LU'm Jmjlmg ™~ julh

X077 0mnmrOaN 0050 i i Ox & Lo v un T -
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(4.15)

(4.16)

(4.17)

(4.18)

(4.19)



Then Eq. (4.13) can be written as

(27" +1)(21+1)
w Y YT Y S sl

JIM AN W NN mm/; ml

Xij iy Y Gl Jmglmg = jul

From the orthonormality of Clebsch-Gordan coefficients we have

JIM1 JM
Z C]mjlmlojmjlml 6J’J5M’M y

mjmy

Z jml' ]mzf/—5JJ5MM

mml

Then Eq. (4.20) simply becomes

(27" +1)(21+1)
9j'ei = ZZZ Z ZkZ (2J +1)2

JM AN W ANAN My

JA_~JA JA JM
C C C C /l/)\/C lml C],ul)\j—‘ll/\/ ZAI—}/)\ Nt

Jmglmy = ulN~ 5 W U~ 5

Using Eq. (5) of Sec. 8.7.2 from Ref. [187]

112
E Y Y —
CaabBCaab/ﬁ’ — H; 6bb'5ﬁ5’7
b

ay

where I, . = v/(2a + 1)(2b + 1)...(2c + 1). Therefore we have

S e, oo _ 241

Jmglmg ™~ gmlmy 2l+].
mj M
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C C /l/ C] ,U«/ll/\/C /l/ /C /l’)\/C C 7}//\/ l>\Tl’)\ AN

(4.20)

4.21)

(4.22)

(4.23)
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Therefore, the cross section for the rotational excitation is

725" + 1) 1 - .
Ojei =3 > mC}Z}XC;‘]’;/}’Z’X’Cj’ﬁ’l’)«CjﬁAﬂ’A’;l%ﬂ’X;lX’ : (4.26)
J JARIUAN

where i = ;1 = 0 for HCCH in the ground electronic state.

Eigenphases

Eigenphases of various doublet scattering states for e—HCCH scattering were calculated using the
UK R-matrix code. Figure 4.1 shows the eigenphases of e—HCCH scattering as a function of

energy. The calculations were made up to 9 eV obtained for various doublet scattering states, such

2 +

as ?Ag , 2Au, *B1g, By, *Bag, By, B, and ?Bs,, which are denoted by electron terms o

2 - 2 - 2 + 2 2 2 2 : 2 2 2
s o >, *I, *I1,, *11,, and °II,, respectively. Because “Bs, and “Bs, and also “By,

and ?Bs,, are degenerate states, therefore one curve is shown, II, and *II,, respectively.

Calculations with different sets of parameters were performed in order to evaluate the uncertainty
of the obtained results. The following parameters were independently varied: (1) the Gaussian
basis set, namely, the DZP and cc—PVxZ bases with x =D, T, Q; (2) the number of target states
employed in close coupling expansion was varied from 7 to 66; (3) the number of active and (4)
virtual states has also been varied; (5) the R-matrix sphere radius was varied in the interval of

10-15 bohrs.

The final calculation was made with the following parameters: We used the atomic orbital basis
set cc-PVQZ. Three lowest Hartree-Fock orbitals of the target HCCH molecule were frozen in
the CASCI calculations. The remaining eight (out of 14) electrons were distributed over the active
space that included nine orbitals and six virtual orbitals. The virtual orbitals were included in the

calculations to improve the electronic continuum states near the target nuclei. The R-matrix sphere
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radius of 12 bohr and the geometry of equilibrium of HCCH [188] were used.
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Figure 4.1: Eigenphases for e—HCCH scattering with different sets of parameters for various doublet
scattering states.

Differential Cross Section

In this section, the differential cross sections (DCS) calculated for e—HCCH scattering using the
UK R-matrix code were discussed. Figure 4.2 shows differential cross section for e—HCCH scat-

tering over a range of incident energy from 0.1 eV to 10.0 eV for different transitions j = 0 — 0,
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2, 4 with the solid, dashed, dashed-dotted lines, respectively.
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Figure 4.2: Differential cross sections for e—HCCH scattering is calculated for energies between 0.1 eV
and 10.0 eV. The differential cross sections shown with the solid, dashed, and dashed-dotted lines present
for transitions j =0 — 0, 2, 4, respectively.

The comparison of the differential cross sections obtained theoretically with previous calculation
allows us to validite the obtained results. Figure 4.3 compares the differential cross sections for
e—HCCH scattering with the previous work [189] at energy 10 eV for different transitions j = 0

— 0, 2, 4. The solid and dashed lines show the present and previous results, respectively.

Momentum Transfer Cross Section

In this section, I am presenting the obtained momentum transfer cross section (MTCS) for e—HCCH
scattering using the UK R-matrix code. Figure 4.4, the panel below, shows the obtained momentum
transfer cross section for e—HCCH scattering for different basis sets. The solid, dashed, dashed-

dotted lines show MTCS at bases cc—pVTZ, cc-pVDZ and cc-pVQZ, respectively. In the same
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Figure 4.3: Comparison of differential cross sectionsfor e—HCCH scattering with the previous work [189]
at energy 10 eV for different transitions j = 0 — 0, 2, 4. The solid and dashed lines show the present and
previous results, respectively.

figure, the panel above, compares the obtained momentum transfer cross section with the experi-
mental and previously theoretical results [173, 133, 190, 191]. The dashed line shows the present
work. There is almost a good agreement between the present and experimental results at energies

between 1 eV and 2 eV.

In this chapter, a theoretical approach to evaluate cross sections for rotational excitation of linear
neutral molecules by an electron impact was developed and applied to acetylene, HCCH. The
differential cross sections for e-HCCH scattering were calculated for energies between 0.1 eV and
10 eV, and for transitions j = 0 — 0, 2, 4. The momentum transfer cross section and eigenphases

for e-HCCH scattering were also calculated and compared with the previous works.
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Figure 4.4: Comparison of momentum transfer cross section for e—HCCH scattering with the previous
works. The dashed line on the graph above shows the present work.
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CHAPTER 5: CONCLUSION

In this thesis, we have studied the process of radiative attachment to the C,,H (n = 2,4, 6, 8), C,,N
(n =1, 3,5), and C; molecules as well as the photodetachment of their anionic species. REA cross
sections were calculated using Eq. (2.13) and discussed in chapter 2. Transitions dipole moments
needed in cross section calculations were computed using a new implementation of the UK R-
matrix [86, 87, 192]. Cross sections for the inverse process, electron photodetachment from the
negative molecular ion were also calculated using the same transition dipole moments. Structure
calculations are an essential part of the present thesis. They were performed using the MOLPRO

[98] and UK R-matrix (Quantemol) suites of programs.

Photodetachment cross sections were used to obtain the corresponding thermally-averaged rate
coefficients. The obtained REA rate coefficients evaluated at temperature 30 K are 7x 10716 cm3/s
for CN—, 7 x 10717 cm3/s for CoH™, and 2 x10716 cm?3/s for C;H~ [66]. At temperature 300
K, the rate coefficients are 2.5 x107% cm3/s, 1.4 x10715 cm?/s, 4.5 x107'® ¢cm?3/s, and 4.8
%1071 c¢m3 /s for CoH™, C4;H™, C¢H™, and CgH™ respectively. The rate coefficients at 300 K are
also calculated for CN~—, C3N~, and CsN~, which are 1.0 x1071% cm3/s, 4.7 x107!® cm?®/s, and
7.5 x10715 cm? /s respectively. The coefficients depend weakly on temperature between 10 K and
100 K and increase relatively quickly with temperature above 200 K. The validity of the obtained
results is verified by comparing the present theoretical results with experimental data from recent
photodetachment experiments [S]. Values of rate coefficients calculated in this thesis increase with
the size of molecules. This could be explained by a classical consideration that a larger size of a
molecule means, in general, a larger TDM with the rate coefficient being proportional to the TDM

squared.
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Table 5.1 below compares the radiative attachment rate coefficients for molecules CN—, CoH™,
C3N—,C4H™, CsN—, CgH, and CgH™ at 300 K obtained in the present thesis with the rate coeffi-
cient that would be needed to explain the observed abundance of anions assuming that the anions
are formed by REA in the ISM and previous theoretical calculation performed using the phase
space theory respectively. Because the theoretical REA rate coefficients validated by the PD ex-
periments disagree by several orders of magnitude with the values needed to explain the observed
abundance of anions in the ISM, the formation mechanism of observed anions must be different
than REA. The obtained REA cross sections are too small to explain formation of the molecular
anions described above by the REA process in the ISM: If one assumes that CN—, CsN~, and CsN~
are formed by REA from the corresponding neutral molecules, the REA cross sections should be

much larger, by more than five orders of magnitude than the values obtained in this study.

Table 5.1: Radiative attachment rate coefficients at 300 K

Present (cm?/s) Coefficient needed to explain Phase-space theory (cm?/s)

the observed abundance (cm?/s)

CN/CN~ 1.0x107%° Large 2.0x1071
C3N/C3N~ 47x1071 2.0x107° (2-4)x 10710
Cs;N/CsN— 7.5%x10715 ~2.0x 1077 2.0x1077,1.25x107 "7
CoH/CoH™ 2.5x10716 <1.5x107 4 2.0x1071°
C,H/C,H™ 1.4x10715 9x10~ 1 1.1x1078
CgH/CgH™ 45%x1071 1.4x1078 6.2x1078
CgH/CsH™  ~4.8x1071 2.5x1078 6.2x1078
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Dissociative electron attachment (DEA) cross sections and rate coefficients for the CIF molecule
were computed. Calculations confirm the exclusive production of CI~ from CIF. The calculated
rate coefficients are in good agreement with the experiment at 300 K. The results do not show a
significant temperature dependence because the low-energy behavior of the cross section is close

to £~'/2 meaning that the rate coefficient weakly depends on E.

As mentioned above, indirect REA mechanism via rotational resonances in low-energy continuum
spectra of electron-target collisions might increase the rate coefficients, but it is unlikely that the
increase could be as large as five or more orders of magnitude [5, 193]. One possibility in the
process of REA, which was not considered using a quantum-mechanical approach, is the role of
weakly-bound dipole states of molecules with a large dipole moment, such as C3N or C5N, which
according to recent studies [194, 195, 193] might enhance the REA cross section. On the other
hand, it has been suggested that some of the anions observed in space could be formed due to their
large dipole moment, which could provide a doorway to attach to the radical. Therefore, for the
completeness of the theoretical approach, the role of dipole states in the REA process should still

be considered.

Dipole bound states (DBS) of anions, which are electronic states close to the detachment thresh-
old were predicted to exist for neutral molecules with a dipole moment larger than about 2-2.5 D
[196, 197]. The rovibrational states below the threshold are bound states, but more excited rota-
tional DBS levels situated above the threshold can autodetach. These states can be rovibrational
Feshbach states that can also be reached in electron-molecule collisions by electron capture, which
should provide a longer timescale for the electron to remain around the molecule before it is cap-
tured into an available unoccupied molecular orbital [198]. In the ISM, the existence of long-lived
DBSs could increase the attachment rate, and subsequently increasing the abundance of anions
[197]. DBSs could play a fundamental role as intermediate states in the attachment of electrons to

neutrals. In Ref. [199] similar mechanism was studied in dissociative electron attachment experi-
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ments, and also it was discussed as doorway for attachment into valence states of anions [196]. If
this process is unlikely to occur for CoH due to its relatively small dipole moment, this possibility
can not be discarded for larger radicals such as C,H or CgH and should be the subject of future

efforts. The study of the role of the dipole/rotational resonances is under way.

At the end, a theoretical approach to evaluate cross sections for rotational excitation of linear
neutral molecules by an electron impact was developed and applied to acetylene, HCCH. The
differential cross sections for e-HCCH scattering were calculated for energies between 0.1 eV and

10.0 eV. The momentum transfer cross section and eigenphases were also calculated.
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