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Abstract: In this thesis, we utilize the discrete-state-in-continuum model and
projection operator formalism, successfully used to describe inelastic electron-
molecule collisions, to model resonant electron photodetachment. An integral
part of this work is the development of numerical methods that enable the
quantitative evaluation of resonant electron photodetachment. Additionally,
we seek analogs in photodetachment physics to phenomena observed in
electron-molecule collisions, such as boomerang oscillations. The study utilizes
these methods on simplified diatomic molecule models, particularly inspired by
LiH and N molecules. The findings suggest the potential for extending these
numerical methods to more complex molecular systems in future research.

Keywords: Electron photodetachment, resonance, Schrodinger equation,
discrete-state-in-continuum model, numerical methods

1il



Nazev prace: Teorie odtrzeni elektronu z molekuldrniho aniontu
Autor: Jan Zlatnik
Ustav: Ustav teoretické fyziky

Vedouci bakalafské prace: doc. RNDr. Martin Cizek, PhD., Ustav teoretické
fyziky

Abstrakt: V této praci vyuzivame model diskrétniho stavu v kontinuu a
formalismus projekénich operatori, které se tispésné pouzivaji pro popis
nepruznych srazek elektronu s molekulou, k modelovani rezonan¢niho elek-
tronového fotodetachmentu. Soucasti této prace je vyvoj numerickych metod,
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inspirovanych molekulami LiH a N,. Vysledky prace vykazuji potencidl
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Introduction

Electron photodetachment is a process in which a molecular anion decays
into a neutral molecule and an electron after absorbing a photon. In resonance
photodetachment, the amplitude of this process can be amplified or reduced
by the presence of a meta-stable anion state.

This thesis aims to develop numerical methods for calculating the am-
plitude of the resonance photodetachment process. We utilize the non-local
discrete-state-in-continuum model and projection-operator formalism, ap-
proaches that have proven very successful in describing low-energy inelastic
electron-molecule collisions leading to vibrational excitation, as discussed in
sources such as [1]. In this thesis, we also address the vibrational excitation
to draw comparisons with the photodetachment process.

In our study, we focus exclusively on diatomic molecules. We simplify the
model by assuming only one excited meta-stable anion state and only one
energetically accessible electronic state of the neutral molecule. Moreover,
we consider only the first partial wave of the outgoing electron and photon
absorption is treated in the dipole approximation. Although our description is
simplified, it could potentially be extended to more complex systems in future
work. The molecular models used in this study are significantly simplified and
are intended to provide qualitative insights into molecular dynamics rather
than a precise quantitative description of specific molecules.

In the first chapter, we describe the photodetachment process, explain the
fundamental concepts used to theoretically address the inelastic resonance
photodetachment, and derive the equations that this thesis aims to solve.
Additionally, we introduce the fixed-nuclei approximation, which simplifies
the resonance photodetachment process by neglecting the nuclear dynamics.

The second chapter is divided into three parts. The first part details
how to reformulate the integro-differential equation for the photodetachment
amplitude into a system of linear equations. The second part describes the
numerical methods and procedures used in our computations. In the last
part, we delve into the numerical properties of our approach, discussing its
limitations as well as the convergence properties of our numerical methods.



In the final chapter, we apply our numerical methods to two molecular
models. The first model, inspired by the LiH molecule, serves as a test
model on which the numerical methods were developed. We use this model
to explain several physical phenomena and to analyze the accuracy of the
fixed-nuclei approximation. The model inspired by the Ny molecule is used
to test the developed numerical methods in a different regime. Additionally,
we investigate this model to determine whether the boomerang oscillations
phenomenon, observed in vibrational excitation by electron scattering cross-
sections, as described for example in 2], has its analog in the photodetachment
process.



Chapter 1

Theory

In this chapter, we initially provide a fundamental description of the
photodetachment process. We then outline the derivation of specific equations,
with the primary goal of this thesis being the numerical solution of these
equations. The derivations are largely taken from the article written by my
supervisor [3].

1.1 Resonance photodetachment

Electron photodetachment is a process in which a photon v is absorbed
by a molecular anion M ™, resulting in the decay of the anion into a neutral
molecule M and an electron e~. Resonant photodetachment describes a more
specific process, in which the absorption of a photon ~ leads to the electronic
excitation of the anion into a meta-stable state (M™)*, which undergoes
vibronic dynamics and decays into the electron-molecule scattering continuum
e+ M(vy) B

Y+M = (M) = e + M(vy). (1.1)

In this thesis we use the non-local discrete-state-in-continuum model

to calculate the electron spectrum for the photodetachment. This method

is very successful approach in the description of the low-energy inelastic
electron-molecule collisions leading to vibrational excitation |1} 3]

e +M(y) - (M7)" = e + M(vy), (1.2)

which we also address here to compere the dynamics with the photodetachment
process.



1.2 Dipole approximation

The initial state |¥q) for the photodetachment process is assumed to
be the ground state of the molecular anion M, treated within the Born-
Oppenheimer approzimation |3]. The ground state wavefunction is a product
of the vibrational and electronic part |¥o) = |xo)|po), where |¢g) is the
ground electronic state of the anion and the vibrational wavefunction yo(R)
solves the stationary Schrodinger equation

[TN + VO(R)] Xo(R) = Eoxo(R), (1.3)

where T'y is the vibrational kinetic energy operator, Vy(R) is the potential
energy function depending on the nuclear geometry R and Ej is the energy
of the initial vibrational state |xo) 3]

In this thesis, the photon absorption is approached through the dipole
approximation with the goal of calculating the photodetachment amplitude

A= (D[ W) = (¥ [ D] xo)lgo), (1.4)

where D denotes the electrostatic dipole operator and |¥(7)) represents the
scattering wavefunction subjected to outgoing boundary condition fixing the
final vibrational state of the neutral molecule |v¢) and the outgoing electron
state |ef) [3]. During this process, the total energy E is conserved according
to the following relation

E=¢e,+Ey=¢+ E,,, (1.5)

where €, represents the photon energy and F,,, the vibrational energy of the
final state of the neutral molecule [3].

1.3 Discrete-state-in-continuum model

To calculate the scattering wavefunction |[¥(7)), the discrete-state-in-
continuum model and the projection-operator formalism is used. We assume
that there exists a diabatic basis in the Hilbert space of electrons with the fixed
nuclei of the molecule which consists of discrete states and electron scattering
continuum states [3]. In this thesis, two discrete states are considered: the
ground state of the anion |¢g) and the excited meta-stable anion state |¢1),
however, more discrete states could be in principle included.

We can define projector to the discrete state part of the electronic Hilbert
space

Q = Y |da) (¢l (1.6)
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and the complementary operator projecting on the background electron
continuum e~ + M

P=1-0. (1.7)
In this subspace, it is convenient to use a basis consisting of the solutions to the
background scattering problem with the fixed nuclei electronic Hamiltonian

H o1 This is done while considering that the neutral molecule has only one
energetically accessible electronic state. Simultaneously, we assume only the

| | | | | |
3k LiH model
— W(R)
Vo(R)
Vi(R)
2 - -
En Ef
1+ ’ ' -
E LiH
Sa) = Li- +H
Us —
— Li+H~™
1L ] i
ol Vo) ]

Figure 1.1 Schematic of the photodetachment process in the LiH model, as
described in Appendix [A] The diagram showcases potential curves for the neutral
molecule W (R), the ground state of the anion Vy(R), and the electronically excited
anion Vi (R), which includes a depiction of the resonance width. Also depicted are
the incoming photon energy ¢, the total conserving energy F, and the outgoing

electron energy ey, illustrating the energy transitions and interactions within the
photodetachment process.



first partial wave of the outgoing electron [3]
PHaPle) = [W(R) +de), (1.8)

where W (R) represents the energy of the ground electronic state of the neutral
molecule and e identifies the energy of the outgoing electron. Using this basis,
we can express the projector onto the continuum part of the Hilbert space at

a fixed R
P = /|e)(e| de. (1.9)

The fixed nuclei Hamiltonian Hg can be expanded in the aforementioned
basis

(¢q | Hey | par) = Va(R)0gar, (1.10)
(¢a] Her|€) = Vie(R)bar, (1.11)
(e|Hy|€) = [W(R) + €] 6(e — €). (1.12)

We assume that the bound state |¢g) is well isolated with non-crossing
potentials V5(R) and Vi(R), and therefore we neglect the coupling between
the two discrete electronic states [3]. We also ignore the coupling between
the ground state and the continuum, while the non-zero amplitude Vi (R) is
responsible for electron autodetachment from the state |¢1) [3].

1.4 Vibrational excitation amplitude

The scattering wavefunction |¥(~)) can also be expanded in the basis
constructed in section [[.3]

WO = gl + [gale) de (1.13)

where the expansion into the ground state was omitted due to the previously
mentioned decoupling [3]. In the case of the vibrational excitation process
the T-matrix elements can be expressed as

Tvi = (T |V |v)|e) = (W1 | Ve,

where V = PH,0O + OH 4P [3]

Components of the scattering wavefunction can be determined by
solving the stationary Schrodinger equation with Hamiltonian H="Ty+Hyg,
subject to appropriate boundary condition [3]

V), (1.14)

) = 0+ [E - 1] /vlerwe ‘ (1.15)



[e) = |vp)6(e — €p) + [E — ho — ] " Vacln), (1.16)

where
Hy =Ty +Vi(R), (1.17)
ho =Ty + W(R) (1.18)

and the final vibrational states of the neutral molecule are solution to the
stationary Schrodinger equation

holvs) = E,,|vy). (1.19)

Substituting the equation ([1.16]) into (1.15)) yields after formal rearrangement
of terms

[0n) = [E — Hy — FI(E — ho)] " Vac, vg), (1.20)
with £'(¢) defined as

P(e) ::/ Vie(R)[e — e+ in] " 'Vie(R') de. (1.21)
0
Using the equation ([1.20]), expression ({1.14]) can be rewritten as
Tvg = (v | Vi, [E — Hi — F(E — ho)]""Vae, | vi). (1.22)

From this formula, the cross-section of the vibrational excitation process can

be also calculated
2

€;

3
Tyl (1.23)

Oisf —

1.5 Photodetachment amplitude

Analogously to equation (|1.22)), we aim to derive the expression for the
photodetachment amplitude (1.4]). However, in this case, it will be necessary
also to consider the continuum component which we obtain by substituting

equation ((1.20) back into equation (|1.16]

[e) = [vy)o(e —€f) +

- N N (1.24)
+ B —ho— ] Vi |E — Hy — FU(E = ho)] Wi, |vy).

We start by defining the fixed-R transition dipole moments for the discrete
state |¢1) and the background continuum |€)

p1(R) = (¢1| D] o), (1.25)
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He(R) = (e[ D | go)- (1.26)

Using these definitions, we can rewrite equation (|1.4)) as follows

A= (Wl o) + [ (el pelxo) de (127)

By substituting equations (1.15]), (1.24)) into equation ([1.27)), we obtain the

following expression for the components of the photodetachment amplitude,
which are labeled separately for their physical interpretation. The total
amplitude is then given by their sum A = Ag;, + Ares + Aatt

Agir = <Vf | 1te | Xo), (1.28)
Aves = (v | Vi, |[E — Hi — F(E — ho)] 11 | o), (1.29)
Aue = Uy | Vi, [E — Hy — F(E — ho)] " M(E — ho) | xo), (1.30)

where we have defined, similarly to F/(e),
Ni(e) = / Vie(R)[e — e + in] " po(R)) de, (1.31)
0

which can be interpreted as the transition amplitude through dipole transi-
tion to the continuum state |e) from which the electron is captured to the
metastable anion state |¢1) [3].

The components of the photodetachment amplitude can be explained as
follows: The direct amplitude Ag;y (1.28)) corresponds to the direct dipole
photodetachment from the ground state to the background continuum [3]

v+ M™ = M(yg) + e (1.32)

The resonant amplitude Ayes (1.28) represents the dipole transition to the
discrete state |¢;) followed by an autodetachment to the neutral molecule
and the background continuum [3|

Y+M = (M) = M(yy) +e . (1.33)

Finally, the attachment amplitude A, describes a more complicated
process in which the direct dipole photodetachment to intermediate continuum
state is followed by electron capture to |¢;) and subsequently succeeded by
an autodetachment [3]

Y+M > M) +e — (M) —= M(vy) +e . (1.34)

Assessing the relative importance of the aforementioned mechanisms is not
straightforward.

10



1.6 Fixed-nuclei approximation

This section introduces the fixed-nuclei approximation, which simplifies
the dynamics of molecular systems by assuming static nuclear positions R.
We will examine its impact on photodetachment amplitudes and aim to
draw comparisons with the full dynamical approach described in the previous
section. In the fixed-nuclei approximation, we can rewrite the conservation of
energy relation (|1.5)) as follows

E(R) =&, + Vo(R) = ¢; + W(R). (1.35)

Similarly to (1.13), we can expand the scattering wavefunction at fixed R [3]

WE)) = va(R)lén) + [ we(R)le) de (1.36)

where ¢;(R) and ¢.(R) are now R-dependent numbers, not wavefunctions
in vibrational space [3]. Using the following parametrization of electronic
Hamiltonian

Ha = 160Valon] + [10W + el(el de+ [llon)Viclel + | Vielonl) de, (1.37)

the fixed- R scattering problem with H, can be solved to find the components
El

Ui(R) = [E = Vi(R) — F(E - W(R))]" Vi, (R), (1.38)
Ve(R) = d(e — &) + [E — e = W(R)]" Vi(R)yu (R). (1.39)
It is noteworthy that in the fixed-nuclei approximation, the argument of the
non-local level-shift operator F' has shifted from E — hy to E — W (R), which

corresponds to the electron energy relative to the scattering threshold [3].
To calculate the fixed-R moment function

= (V(E)| Do), (1.40)

we substitute equations ((1.38) and ((1.39) into (1.36]). Using the definitions of
w1 (1.25) and e (1.26)), we obtain the expression [3]

p1Vie, n M(E — W)V,
¢—V—FE-W) e¢-Vi—FE-W)

= fie; + (1.41)

It is important to note that u is inherently R-dependent. For clarity, the
notation indicating dependence on R has been omitted in the above formula.

Moreover, the individual terms in the expression for the moment function pu

11



can be directly linked to the respective components of the photodetachment
amplitude as outlined in equations , and , specifically in
the order: direct, resonant and attachment [3].

To compare the results of the fixed-nuclei approximation with the photode-
tachment amplitude that includes full dynamics, it is necessary to incorporate
the distribution of the molecule across different internuclear separations R.
This is accomplished by averaging the moment function u(R) over all R with
a weighting function given by the wave functions of the initial vibrational
state of the anion yo(R) and the final vibrational state of the neutral molecule

vi(R)

Ax(vg) = s Ll xo) = [vi(R(Ro(R) AR (1.42)
Furthermore, we can define the integral fixed-nuclei approximation amplitude
for photodetachment (or its square) by summing over all final states. This

process, after applying the resolution of the identity, yields the following
simple formula

AR = S0l Loy [ xo) = [ Ixo(R)PIM(RIP AR, (1.43)

vy
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Chapter 2

Numerical solution

This chapter addresses the numerical solution of equations for photode-
tachment and vibrational excitation amplitudes, formulated in the theoretical
part To make these equations suitable for numerical methods, we first
need to reformulate them, which is the focus of the first section. The second
section details the implementation of numerical methods used for solving
them. The third examines their convergence and the accuracy of the results.

2.1 Reformulation of the problem

The equations for the resonant (1.29)) and attachment ((1.30) photodetach-
ment amplitudes, as well as for the vibrational excitation amplitude (1.22]),
are all formulated in the general form

(v | Vi, [E — Hy — F(E — ho)] ™ | ), (2.1)

where |p) represents a distinct right-hand side specific to each amplitude type.
In contrast, the direct photodetachment amplitude is more straightforward to
compute. The formula ([1.28]) can be directly applied using standard methods
discussed in Section [2.2], and no additional procedures are needed for its
computation.

Firstly, we will focus on computing the operator inversion component
[E — H, — F(E — hy)]™" applied to |p) from the expression (2.1). This is

equivalent to solving the following equation for [¢)
[E — Hy = F(E = ho)lv) = ). (2.2)
We rearrange this equation as

(B — Hil¢) = o) + F(E — ho)[¢) (2.3)

13



We can now formally define the retarded Green’s operator G as the solution
¢) = GH€) to the equation [E— H,4]|¢) = |€), with the appropriate boundary
condition for an outgoing wave. Using this definition, we reformulate the
integro-differential Schrodinger-type equation into the purely integral
form of a distorted wave Lippmann-Schwinger equation

[0) = GP) + G E(E — ho)lW). (2.4)

Now it is time to tackle the non-local level-shift operator F. To begin with,
we assume that the fixed-R discrete-state-continuum coupling, as described
in (1.11)), can be written in a separable form [3]

Vie(R) = g(R) f(e). (2.5)
Thanks to this, we can rewrite the relationship given in into the form
e = o) [T L o) = gmF @ gR).  6)

0 €—€+1n

Secondly, due to the argument of F being £ — Bo, we can express this operator
in its spectral form using the spectrum of hg

F(E = ho) = Z|1/ E )V, (2.7)

where F is just a number given by the integral transform. Overall, can we
represent the action of the operator F' as

F(E - ho) = Zm E) (V' (2.8)

Using the relation for ' given in (2.8)), we can rewrite the equation (2.4))
into the following form

— S G F(E - ENW | §0) = G, (2.9)

Finally, we take the projection of this equation onto (r|j

Walv) =>(w|§gGD g1\ F(E =B g]¢) = w[§GT ). (2.10)

l//

Now we see that the equation we obtained is a system of linear equations,
which can be written in matrix form

I—-GFlp=r, (2.11)

14



where we have defined:

G: Gr = (| G g w) (2.12)
F:  Fy=0uF(E—-E,), (2.13)
P pr= (| gl), (2.14)
ro o= (e | § G | ), (2.15)

and I is the identity matrix.
Given the definition of [¢) in (2.4]) and p in (2.14]), it is now straightforward
to see that the amplitudes satisfy

As(vr) = Wr [ Vie, [0a) = flep)wr [ G10e) = fler)ps, (2.16)

where A, stands for Ayes, Aate, or Tyvg, and |1),) respectively. Considering the
form of the equation , the computation of individual amplitudes can be
streamlined by solving the system of linear equations for any given right-hand
side. This can be efficiently accomplished using LU decomposition and then
applying the solution to different right-hand side vectors r,. This process
yields amplitudes for all final states simultaneously.

As for the right-hand side vectors, we derive respective expressions from
the definitions of each amplitude (1.29)), (1.30)), (1.22)). For the resonant and
vibrational excitation amplitudes, their expressions are simple to evaluate

e = (| 9GP | xo), (2.17)
e = e § G OVie ) = fle) | GG ) = (Gavelr,  (218)
where we have used the definition of G (2.12)) and have defined

Qe : o™ =6 f(€). (2.19)
Here, |v;) corresponds to the initial vibrational state and ¢; to the initial
electron energy during the vibrational excitation process. Finding the right-
hand side vector for the attachment amplitude is a bit more complicated
given the presence of the M operator. This can be addressed in the same
manner as F, by applying the procedure outlined between equations and
, assuming that the fixed-R transition dipole moment to the background
continuum can be written in a separable form

pe(R) = gu(R) fu(e). (2.20)

Consequently, we derive an expression for the operator M

SI(E = h) = S 3) M(E = Eo) (| (2.21)

15



where, analogously to £'(¢), we have defined

9 ee f(E)fH(E) / ¢ /
M(e) =g(R ———=d R =g¢g(R R). 2.22
€)= a(R) [ O deg(R) = ((RDMEgR). (222
Overall, this allows us to derive the expression for the right-hand side vector
for the attachment amplitude

i =Y | 5GP G| VYME = BV |4u] x0) = (Caa)rs  (2:23)

V/

where we have again used the definition of G (2.12)) and have defined

Qo - o™ = M(E = E,) (V' | 3 | x0). (2.24)

2.2 Methods of numerical solution

For the purpose of numerical solution, we represent states |p) in the
vibrational Hilbert space as wavefunctions ¢(R) = (R | ) on a finite grid

R:= (Ri,Ri+AR,--- Ry — AR, Ry), (2.25)

where N is the number of grid points and AR = (Ry — Ry)/(N —1). Unless
stated otherwise, we assume R; = 0. The choice of Ry will be discussed later.
The inner product of two states in the vibrational Hilbert space, repre-

sented as the integral of the corresponding wavefunctions over R, is given
by

Ry

Wle) = [ v (R)$(R) R, (2:26)

1

where the integration over R is evaluated using the trapezoidal rule

Ry AR
| rRy R ~ S

Ry

F(B) +2 X f(Ra+GAR)+ f(Ry)| . (2:27)

Integrations over other intervals are treated analogously.

The main system of linear equations can be solved using any suitable
software. Specifically, we have used the DGESV and ZGESV procedures
from the LAPACK library [4] to solve it. To construct the system of linear
equations’ matrix and right-hand side vector, the following procedures must
be implemented and will be discussed in the subsequent subsections:

« Finding eigen wavefunctions and energies in individual potentials.

16



e Determining the retarded Green’s operator G™) with the appropriate
boundary condition.

« Calculating the integral transforms F(e) and M (e).

Once these procedures have been established, we will have all the necessary
ingredients to obtain the amplitudes for photodetachment and vibrational
excitation.

2.2.1 Computation of eigenstates

For our calculations, we need to numerically find the vibrational wave-
functions v(R) of the neutral molecule, which is described by the potential
W, and the ground vibrational wavefunction yo(R) of the anion, described
by the potential V. To solve this, we have implemented two procedures: grid
discretization and the Four-DVR method. Both methods are expected to
yield qualitatively similar results, yet they differ in their numerical properties.

We generally solve the stationary Schrodinger equation

o + V(R)| W(R) = Bu(R), (2.28)

where m is the reduced mass of the system. Due to the grid being finite,
we impose artificial boundary conditions of the zero wavefunction outside
the grid. The zero boundary condition at the origin R, can be understood
as addressing only the s-wave component of the whole 3D problem. In this
context, ¥(R)/R is interpreted as the radial function for the s-wave, where a
zero boundary condition at R = 0 is necessary. For bound states, we desire the
wavefunction to decay exponentially as R — oo, hence the boundary condition
at sufficiently large Ry is also natural. This fact is one of the limitations
we impose on Ry, but this will be discussed later. For unbound states,
this condition causes an artificial discretization of an otherwise continuous
spectrum. The density of this discretization again relates to the choice of Ry
and will be discussed later.

Grid discretisation The first method is based on the discretization of the
second derivative in the kinetic energy operator. This is commonly done using
a finite difference approach, where the second derivative is approximated by
a difference formula. In our case, the central difference formula was used,
which can be expressed as [5]

& o R+ AR) = 20(R) + (R — AR)

T (B) = AR : (2.29)

17



where AR is the grid spacing. If we denote (Ry + (j — 1)AR) as 9;, then
the Schrodinger equation (2.28) translates into an eigenvalue equation for the
eigenvalue E and the eigenvector ¥ = (¢, - ,¥n) of the matrix H

Hep = Ep, (2.30)

where H is an (N x N)-dimensional tridiagonal matrix of the Hamiltonian
with elements

R 1 .
= are tV ) e =3
h o1
Hy=—— for |i —j| =1 2.32
= or i — (2.32)

and all other elements are zero. In this procedure, the previously mentioned
artificial boundary conditions are implemented by essentially setting v, and
Y11 equal to zero.

To solve the eigenvalue problem , any suitable software can be used.
In our implementation, the DSTEDC procedure from the LAPACK library
[4], which is intended for the diagonalization of tridiagonal matrices, was
utilized. As a result, we obtained the first /V eigenenergies and eigenvectors,
which correspond to the first N wavefunctions evaluated at the grid points R.
To ensure proper normalization, eigenvectors were multiplied by the factor

1/VAR.

The Fourier Discrete Variable Representation (Four-DVR) method
is used to solve the Schrodinger equation using the basis of particle-
in-a-box wavefunctions [6]. The basis functions and corresponding energies,
given by the following equations, are taken from |[7]:

n?m?h?

on(R) = \/Esin [ngr(R — Rl)}, E, = o7 (2.33)

where L := Ry — R; represents the length of the box. In this method, the
artificial boundary conditions are inherently incorporated by the choice of
this basis.

In this method, we introduce a new numerical parameter Npyr, which
corresponds to the number of particle-in-a-box wavefunctions considered
in the expansions; therefore, all the following matrices are (Npyr X Npyr)-
dimensional. The implementation of this method consists of two steps. Firstly,

we compute the matrix elements of the R operator on a grid shifted by —C,
where C' := (Ry + Ry)/2. If Ry =0, then C' = L/2. This adjustment ensures
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that the diagonal matrix elements are zero. For the matrix elements of the
operator R, the following relations hold:

2 (BN-C  'mm . [nm
R: R,,= 7)o sin {L(R — R + C’)]Rsm {L(R —Ri+C)|dR
—8Lmn

= I form+n=1 mod 2 (2.34)
After diagonalizing this matrix, we obtain matrix A, whose columns are the
eigenvectors of the operator R. The diagonal matrix D of its eigenvalues is
represented as R = AIDA”. The eigenvalues in I are then shifted back by
+C.
The second step involves the construction of the Hamiltonian matrix
H = T 4 V. Here, the matrix T, which represents the kinetic energy operator,
is diagonal with the energy values of the corresponding particle-in-a-box
energies on its diagonal, (T),, = E, . The matrix V, which accounts for
the potential energy, is expressed as

V = AV(D)AT, (2.35)

where V(D) is the potential energy evaluated at the eigenvalues of the operator
R. From ([2.28) we again derive an eigenvalue equation

Hap = E1p, (2.36)

where E corresponds to the eigenenergies of the system. However, this time the
eigenvectors 1 are Npygr-dimensional, and their elements are the coefficients
for the sought vibrational wavefunctions in the ¢, basis. Consequently, we
can calculate the k-th vibrational wavefunction at any R € (R, Ry) using

the relation
NDVR

W ®(R Zwk)sm[ (R — Rl)} (2.37)

where ﬁzgf) are the components of the k-th eigenvector ¥»®). The received
cigenenergies E®) require no further transformation. The number of vi-
brational wavefunctions calculated is Npygr. In our implementation of the
Four-DVR method, both diagonalizations were carried out using the DSYEV
procedure from the LAPACK library [4].

2.2.2 Construction of the Green’s operator

The next crucial step involves calculating the retarded Green’s operator
G™) with the appropriate boundary conditions, as outlined between equations
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and . It turns out to be more computationally efficient not to
calculate the full Green’s operator; but rather to implement a procedure
that solves the non-homogeneous Schrodinger equation with the appropriate
boundary conditions for its solution ¢ (R):

[~ i) 6(R) = o(R). (2.38)

where H 1= T ~ + Vi(R), T ~ represents the vibrational kinetic operator, and
the right-hand side is given by ¢(R).
The appropriate boundary conditions for this equation are specified as

follows

V'(R)
(R)
These conditions ensure that the solution describes an outgoing wave, char-
acterized by the wavenumber k defined by the relation k := v/2mFE/h. For
negative energies, k is redefined as k = i,/2m/|E|/h, leading to an exponen-
tially decaying wavefunction, which conforms to physical expectations.

To solve the equation ([2.38]), we begin by solving for the Green’s function
G(R,R)

¥(0) =0,

o ik. (2.39)

[E—Ty—Vi(R)|G(R,R) = 6(R - R), (2.40)

where ¢ is the Dirac delta distribution. This equation, along with the required
boundary conditions, can be addressed by first tackling the homogeneous
equation R

B =Ty = Vi(R)| ¥rp(R) =0, (2.41)

where the regular solution ¥ (R) satisfies the condition ¢¥g(0) = 0, and the
irregular solution ;(R) meets the criteria for an outgoing wave at R —
0o. It can be easily verified that the following combination of these two
solutions satisfies equation while simultaneously meeting both boundary

conditions ([2.39))

m Y1 (R
G(R,R) = {QﬁQVl;ER'%wR(R) for R < R’

el (R)  for R > R,

(2.42)

where W (R’) is the Wronskian determinant defined as
W(R') = ¢r(R)Y(R) — dr(R)ei(R), (2.43)

and due to the nature of the differential equation (2.41)), W(R’) is constant
across all R’ (as derived from [8]), allowing its computation at just one specific

R.
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To calculate the regular and irregular solutions vy 1 of the equation (2.41])
on the grid R (see (2.25))), we can use the Numerov method which utilizes
the discretization of the second derivative in (2.41]). Using [9], we can derive
the following relationship between the values of 1g 1 at adjacent points on R

14+ G5 ] o = 2[1 = 258 [y + [1 4+ GFE] o1 0 (2.44)

where ¢, = Yr/1(Ry) and & = 23 [F — Vi(Ry,)]. We can then calculate the
regular solution 1r by setting the boundary condition at R, and R,, and then
propagate ¥ (Ry) for k € {3,4,---, N} using (2.44). Similarly, the irregular
solution v is obtained by applying the boundary condition at Ry and Ry_1,
and subsequently propagating v(Ry) backwards for k € {N—2, N—3,--- /1}.
The corresponding boundary condition for the regular solution is

Yr(R1) =0 and Ur(R2) = AR, (2.45)

where the condition ¥g(Rs) is actually arbitrary, as it merely sets the normal-
ization of ¥g, which does not affect the Green’s function G(R, R') (2.42). For
numerical safety and to prevent excessively large function values, we choose
AR. In a similar manner, the boundary condition for v is arbitrary and
using any two values whose discretized derivative corresponds to an outgoing
wave is possible. For simplicity, we choose

¢I(RN) == €ikRN and ¢I(RN—1) = GikRNfl. (246)

After obtaining the regular and irregular solutions g/, we need to
compute the Wronskian determinant W (R') (2.43)). This is achieved by using
a discretization formula for the necessary derivatives of both solutions. In our
case, we utilized a discretization formula with the same order of error as the
Numerov method |9]. However, a higher-order formula could be used without
significantly increasing computational demand, as the Wronskian needs to
be calculated at just one specific R, as previously discussed. The utilized
higher-order central difference formula for the derivatives is [5]

W~ —Vjr3 + 2 — 45041 + 45051 — 950 + ;3

J 60AR ’
where j € {4,--- | N — 3} is chosen to avoid edge effects and ensure accurate
derivative estimates across the domain.

Now we have all the elements necessary to derive the final solution of
(2.38) with the boundary condition ([2.39) using the formula:

(2.47)

2m

R2W

V(R) = [ G(R RYp(R) R = 10 in(R) [ on(R)p(R) dR
fa (2.48)

runl®) [ (o) are,
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where we have used the constancy of the Wronskian determinant W (R') = W.
The calculation for ¢(R) can be optimized by first computing the ‘primitive
functions’ Uy /1(R) at all R in R:

Ug(R) = lewR(R’)go(R’) AR, Uy(R) == /RRWI(R’)@(R’) AR’ (2.49)

This can be achieved by successively applying the trapezoidal rule (2.27) on
each interval (Ry, Ry.1) for all points in R, which results in the recursive
formulae:

U (Rin) = Ua(B) + S [0 (BB + o (Buesn)p(Ris)], (250)

Ui(Ry—1) = ‘I’I(Rk:)+¥[1/}1(3k) (Rx) + r(Ri—1)(Re-1)] (2.51)

where Ug(R;) = ¥1(Ry) = 0. Ultimately, using the computed ‘primitive
functions’ g1 (R), we obtain the final formula for the sought solution ) on
the grid R:

Y(Ry) =

h2W [V1(R;)UR(R;) + Yr(R;)Ui(R;)] (2.52)

2.2.3 F and M operators

The final step involves calculating the mtegral transforms F (e . ) for
the non-local level-shift operator F' and M(e - ) for the M operator.
Utilizing the identity for the integral transform derived in [10], we express

©  f*(e) f “( 2
]-"(s)—/o €_€+an—pV/ d i f2(e). (2.53)
This identity, formulated for F(e), similarly applies to M(e).

The formula (2.53) can be, in principle, used to calculate the integral
transforms F(e) and M (e) for general functions f(e) and f,(e). However, the
presence of the principal value integral requires careful numerical treatment,
and the trapezoidal rule cannot simply be used, as, for example, for each
different €, a unique grid in € would have to be chosen which is symmetrical
around e. The fact that this integral has an unbounded upper limit poses
another, yet more easily solvable problem. In this thesis, however, we assume
a special form of functions f(e) and f,(e)



where A, By, A,, B,, and « are constants specific to the chosen molecular
model, as detailed in Appendix [A] This allows us to compute the principal
value integral in (2.53]) analytically using a formula derived from [11]

—T(1+ a)|e|°T(—a; Ble))e ™ <0,

o ge~he
p.V./O . dr = ce—Be [71’ COt(OHT) _ F(a)(ﬁs)_o‘ 0 (256)
—1F1(—04,1—04555)] 7

where I'(a) is the gamma function, I'(a; z) is the upper incomplete gamma
function, and | F(a, b; ) is the confluent hypergeometric function.

The gamma function I'(a) is directly implemented in FORTRAN 90.
The upper incomplete gamma function I'(a; x) can be calculated using the
following continued fraction approach, detailed in [11]

lil-al2-a2
z+ 1+ z+ 1+ z+

[(a;z) = 2% (2.57)
To evaluate the confluent hypergeometric function, a series expansion method
can be utilized, also discussed in [11]

a ala+1) 2*  ala+1)(a L
Flaba) —1+% aar )T — 4 .. (2,58
1F1(a, b z) +b:c—|— b(b+1) 2! + b(b+1)(b+2) 3! * (2:58)
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Figure 2.1 Energetic profiles of the integral transforms F(e) (left) and M(e)
(right) for the LiH model, as detailed in Appendix
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2.2.4 Fixed-nuclei approximation

The numerical implementation of the fixed-nuclei approximation is now
straightforward. With the integral transforms M(e) and F(e) at hand (see
[2.2.3), we can evaluate the moment function u(R;e,) for all nuclear
separations R and any energy €, of the incoming photon using the conservation
of energy relation (|1.35]).

To further calculate the fixed-nuclei amplitudes, we first determine the
eigenstates in the potentials W (R) and Vy(R) (as discussed in[2.2.1)). Sub-
sequently, we integrate the moment function p(R;e,) over all R using the
derived eigenstate wavefunctions as a weighting function. This integration is
performed utilizing the trapezoidal rule ([2.27)).

2.3 Testing of convergence

In the previous section, several numerical parameters were introduced for
our calculations, namely:

e Ry — the length of the grid ([2.25)),
e N — the number of grid points (2.25)),

e Npyr — the number of particle-in-a-box wavefunctions used in the

Four-DVR method (2.37)),

e n, — this parameter, which has not been explicitly mentioned before,
represents the number of states (v|§ onto which the equation was
projected, and also the number of eigenstates |v) of flo used in the
expansion of the operators F and M . Therefore, it also determines
the dimension of matrices G, F and vectors p, r in the main equation
(2.11)).

The precise numerical values of these parameters must be carefully selected
to ensure that the results remain stable under small perturbations of these
parameters, while allowing for more substantial adjustments, such as increas-
ing the number of grid points, which should ideally lead to improved accuracy
without disproportionately affecting the final results. This confirms that the
results are numerically converged. Testing these parameters is intricate due
to their interdependencies.
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2.3.1 Bound eigenstates

In Section [2.2.1] we outlined two methods for calculating eigenstates
within a given potential: grid discretization and the Four-DVR method.
The accuracy of these methods depends on the parameters N and Npygr
respectively. To ensure accurate energy calculations for bound states, it is
crucial that the potential becomes constant near Ry.
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Figure 2.2 Convergence tests for the ground state energy calculations for different
potentials corresponding to the LiH model (see Appendix .
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Our molecular models (see Appendix [A]) utilize Morse potentials. Typically,
the convergence of bound state calculations can be assessed by comparing
numerically obtained energies E; with the analytically computed energies
for the bound states in the Morse potential (derived in [12]). However,
our boundary condition for a zero wave function at R = 0 differs from the
analytical solution, which assumes R € (—oo,00). Therefore, the analytical
energies only approximate our problem. For convergence analysis, we compare
with the energy Ef* obtained for the largest N or Npyg and the largest Ry.
While this value might be considered in some respects as the most precise
due to maximizing computational parameters, it may not truly be the most
accurate due to potential cumulative rounding errors. Thus, this comparison
should be approached with caution. Here, we present a convergence test for
the ground state energy, as illustrated in Fig. [2.2]

From Fig. [2.2] it is evident that the Four-DVR method achieves better
precision than the grid discretization method with a significantly lower number
of elements, making it computationally more efficient. Additionally, the Four-
DVR method allows for the computation of corresponding eigenfunctions on
any desired grid with any required accuracy, which is not feasible using the
grid discretization method. Therefore, we exclusively utilize the Four-DVR
method for subsequent calculations.

Furthermore, Fig. demonstrates that the ground state energy, when
sufficiently converged with respect to N or Npygr, does not depend on the
choice of Ry for Ry > 12a9. Thus, Ry = 12ag is considered sufficient for
achieving convergence in bound state calculations of the LiH model. We
also observe that convergence is fastest for the smallest Ry. This can be
explained by the higher oscillations in the basis functions for smaller Ry
in the Four-DVR method, which are better at describing a wavefunction
localized at the bottom of the potential. A similar explanation applies to the
grid discretization method, where higher resolution is achieved with a smaller
Ry for the same number of grid points V.

2.3.2 Discretized continuum

In the previous subsection, we primarily discussed the convergence and
accuracy of the bound spectrum of ho. However, the unbound part, mentioned
briefly in Section is equally important. Our numerical methods artificially
discretize this continuous spectrum due to inherent computational limitations.
This discretization directly ties to the choice of n,, the number of states
considered in our computations.

Due to computational limits, we can only consider a finite number of
states |v). Fortunately, the contribution of higher states |v) diminishes as
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the arguments of integral transforms F(F — E,) and M(E — E, ) approach
large negative values for E, > FE. As illustrated in Fig. 2.1 the real part
of integral transforms significantly decreases for large negative arguments
and their imaginary part is trivially equal to zero, justifying the neglect of
contributions from states |v;) for j > n, within the studied energy range
corresponding to the total conserving energy E.

Moreover, the described energy range is not the only important factor, as
the density of the discretization is also crucial. As observed from Fig. [2.1]
the integral transforms F(e) and M(e) contribute significantly when their
argument approaches zero. If the discretization is too sparse, the final results
show noticeable artifacts of this discretization, characterized by a non-smooth
behavior with sharp spikes. A denser grid helps mitigate these artifacts.

For energies large enough such that £, > W, the energies of the dis-
cretized continuum behave similarly to the particle-in-a-box spectrum, follow-
ing the relation [7]

n?m?h?
2mL? "
From this equation, we observe that the choice of Ry plays a role in another
aspect of the numerical convergence of our results. Firstly, a higher value
of Ry leads to a denser discretization. Furthermore, with a constant n,, a
higher Ry leads to lower maximal energy. Therefore, if we increase Ry we
need to proportionally increase n, to keep the maximal described energy

constant.

E, ~ (2.59)
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Figure 2.3 Dependency of energy E,; on the state |v;) in the potential W (R) of
the LiH model (see Appendix for different Npyr and Ry settings.
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Another non-trivial relation exists between n, and Npygr. To obtain
at least n, states |v), we need Npyr > n,. As illustrated in Fig. , for
J < Npyr the unbound energies F; follow the relation ; however, as j
approaches Npyg, the energy difference between consecutive states suddenly
increases rapidly. This phenomenon is caused by the cut-off in the calculated
eigenstates. From this, we deduce that n, can be safely varied within ranges
that are sufficiently distant from Npygr. The difference in energy density for
different Ry values can also be observed by comparing the images in Fig. [2.3]

2.3.3 ‘Tail’ implementation for the Green’s operator

Previously, we have demonstrated the advantages of selecting a smaller
Ry, where the boundary condition for the zero wavefunction of bound states
is adequately satisfied. However, it is possible to encounter a case where
the bound states in potentials Vj and W are converged with respect to Ry,
while simultaneously, the potential V;(R) is not close enough to zero at Ry.
Therefore, the enforced boundary condition for the outgoing wave on
the irregular solution ¢; during the construction of the Green’s operator G
will not be accurate. The resulting behavior of the wavefunction will resemble
an instance where the wavefunction reflects off a sharp potential edge. This
can be demonstrated using the simplest application of the Green’s operator
G, namely the scattered wavefunction for the vibrational excitation process
in the First Born approximation

1) = GV ) = f(e)GDglw). (2.60)

This phenomenon is illustrated in Fig. [2.4al Here, we clearly see that the
absolute value of the wavefunction oscillates, which corresponds to a situation
where the wavefunction is not perfectly outgoing but has been partially
reflected at the sharp edge of the potential.

Luckily, we can easily correct the inaccurate boundary condition by imple-
menting a ‘tail’ described by a numerical parameter ¢t during the construction
of the Green’s operator G, Essentially, this means that we create a new,
longer grid R’ with ¢ N number of points and final point R}y = tRy, thereby
extending the original grid to ¢-times its length while maintaining the step
size. Now, we can set the boundary condition for the irregular solution ) at
the end of this grid

Ui(Ryy) = e*Fivand  r(Ryy_y) = e™Fiv-a, (2.61)

where the potential V7 is safely close enough to zero. Afterward, we propagate
the irregular solution backwards using the same procedure as in Section [2.2.2]
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Figure 2.4 Comparison of scattered wavefunctions for vibrational excitation in
the first Born approximation, illustrating the effects of tail implementation.

Because we assume that the wavefunctions we apply the Green’s operator
on are zero outside the original grid R, it suffices to consider only the part
of the irregular solution on the grid R, where this segment has already
undergone propagation with the adjusted boundary condition. The fact that
the final wavefunction has the correct boundary condition, corresponding to
an outgoing wave, can be seen in Fig. [2.4D]

2.3.4 Convergence of the results

In the final stages of our analysis, we need to ensure that the results for
the photodetachment amplitudes and vibrational excitation amplitudes are
converged with respect to the numerical parameters previously discussed,
over the studied energy range. This convergence testing involves initially
identifying a set of numerical parameters assumed to yield converged results.
Subsequently, we increase these parameters as their elevation corresponds to
a reduction in the neglect of certain aspects of the problem. While doing
so, we respect the interdependencies between these parameters mentioned
in earlier sections. Then, all amplitudes are recalculated and compared
with the previous calculations to derive the following metrics: the average
relative deviation 77 and the maximum relative deviation n™**, defined for an
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amplitude A, by the relation

AP () — ATV(e)]

AT (2.62)

n(e) =

where the average and maximum are taken over the studied energy interval
e. If these relative deviations reach values within the desired accuracy, we
consider the results to be converged.

Tables describing the convergence of individual results are provided in
Appendix [B| for different molecular models (see Appendix . It is important
to note that the convergence parameters may vary significantly across models,
necessitating separate convergence analyses for each model.

30



Chapter 3

Discussion of results

In this chapter, we present our findings on the numerically calculated
amplitudes for photodetachment, specifically focusing on the LiH model. We
explore the physical interpretation of each component within the photode-
tachment amplitude and draw comparisons with the vibrational excitation
process, for which amplitudes were also computed. We continue our analysis
by examining the photodetachment amplitudes obtained using the fixed-nuclei
approximation and compare their accuracy and precision with those calcu-
lated using full dynamics for the LiH model. Additionally, we will introduce
the Ny model and discuss the phenomenon known as Boomerang oscillations
associated with it.

3.1 Photodetachment amplitude

In this section, we discuss the results shown in Fig. [3.1] which illustrates
the dependence of the numerically calculated photodetachment amplitude,
with the final vibrational state being the ground state |1g) of the neutral
molecule, on the energy of the incoming photon e,. Alongside the total
amplitude A, we also present individual components of the photodetachment
amplitude, namely: the direct amplitude Ag;,, the resonant amplitude A,
and the attachment amplitude A,;;. These components correspond to different
physical processes, detailed in Section through equations , ,
and (1.34). For clarity, it should be noted that the square of the total
amplitude |AJ? is not simply the sum of the squares of these contributing
amplitudes due to their non-trivial phase relationships.

From Fig. 3.1 we observe that the contributions from the resonant and
the attachment processes are similar. They are particularly significant around
an incoming photon energy of e, ~ 4eV. This energy corresponds to the

31



resonance energy, which is effectively the energy difference between the anion
ground state E,, and the energy of the discrete-state-in-continuum described
by the potential curve Vi(R), specifically at a value of R near where the
anion ground state is primarily localized. This can be seen in Fig. [A.1] which
illustrates the LiH molecular model.
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Figure 3.1 Energy dependence of the squared photodetachment amplitude |A|?
for the LiH model, where the final vibrational state is the ground state |vg) of the
neutral molecule. The graph illustrates contributions from different components
of the photodetachment process: direct (Agi;), resonant (Ayes), and attachment
(Aatt), alongside the full amplitude.

3.2 Decline for higher vibrational states

We now turn our attention to the decline in amplitude for higher vibrational
states within the photodetachment process. This section examines how the
amplitude of photodetachment transitions decreases when the final states

32



10° T 100 T T T

T T
LiH model i 2 vibrational LiH model
101k ey =3.0(eV) | 101k 9y vy ' excitation €, =4.0(eV) |
: ' ' L $ H tEg
. * = = HEL N
102 m. 1 1072 o ® oo
°m full amplitude
" u

10-3k . ., i 10-3k 4

- P L - vibrational -
2 p4 ey excitation =
= 107 . "ag E = 107 . 1
o * ° ey - o
< * *° =<
T 10k ® oo E T 10k ¢ E
* ° o full amplitude . .
* o ° ° * .
°
1075 . e e 1075 . E
. ® *
* ° ¢ *
107 direct . P'S 3 107 M * 3
* . direct . P
* *
I I I 10-81 | I I I ®

._‘
=)
*

0 3 6 5‘) 12 15 18 0 3 6 5‘3 12 15 18
lvr) lvr)

Figure 3.2 Dependence of the photodetachment amplitude for the LiH model
on the final vibrational state of the neutral molecule |vf), shown for two different
incoming electron energies €,. For comparison, the amplitudes of the direct
component of photodetachment and the vibrational excitation cross-sections by
electron scattering, using the same energy as the incoming photon, are also plotted.

are higher vibrational states of the neutral molecule. Fig. [3.2] illustrates
the dependence of the square of the full photodetachment amplitude |A|?
on the final vibrational state. For comparative purposes, we also include
values of the direct photodetachment amplitude and the vibrational excitation
cross-sections of the neutral molecule by electron scattering.

From the graphs in Fig. [3.2 calculated for two distinct incoming photon
energies; or incoming electron energies for vibrational excitation; it is observed
that for the energy €, = 3 eV, which is well below the resonance maximum, the
full photodetachment amplitude rapidly decreases with higher final vibrational
states. However, this decrease is significantly mitigated at the incoming
electron energy of e, = 4eV, corresponding to the resonance energy. The
direct component diminishes similarly at both energies, reflecting that in our
model, the direct component is largely influenced by the overlap between the
ground vibrational state of the anion |y,) and the final vibrational states of
the neutral molecule |vy), which declines rapidly for higher vibrational states.

Furthermore, Fig. |3.2] reveals that at the resonance energy, the full pho-
todetachment amplitude is comparable in magnitude to the cross-section
of vibrational excitation by electron scattering at the same energy as the
incoming electron. Additionally, from both graphs in Fig. and those in Fig.
B.3] it can be concluded that for higher final vibrational states, the resonant
and attachment processes dominate over the direct component.
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Figure 3.3 Energy dependence of the squared photodetachment amplitude |A|?
for the LiH model, shown for the fourth |v4) (left) and eighth |vg) (right) vibra-
tional states of the neutral molecule as final states. The graphs also illustrates
contributions from different components of the photodetachment process

3.3 Fixed-nuclei approximation

This section is dedicated to the discussion of the fixed-nuclei approxima-
tion, which was extensively described in Section [I.6] In Figure[3.4] we present
the full photodetachment amplitude calculated using the fixed-nuclei approxi-
mation, denoted as Apy and governed by Equation . Additionally, the
integral fixed-nuclei approximation amplitude for photodetachment, AS&“,
defined by Equation , is also depicted. To evaluate the precision of this
approximation, the full photodetachment amplitude A, computed using the
complete dynamics, is included for comparison. The comparative analysis al-
lows us to determine that the fixed-nuclei approximation provides qualitatively
similar results for the LiH model, although its limitations are evident. For a
detailed and precise comparison, the resonant and attachment components of
the amplitude for both the complete dynamics and fixed-nuclei calculations
are separately illustrated in Figure|3.5] The direct component is omitted from
this comparison as it remains invariant across both computational approaches,

reflecting no dynamic influence.

Additionally, both Fig. and include plots of the fixed-R moment
function p(R), along with its components, for various values of R. Compared
to the photodetachment amplitudes, the peaks of the moment function are
significantly narrower. The incoming electron energy e,, corresponding to
these peaks, i. e. the resonance energy, precisely matches the energy difference
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Figure 3.4 Energy dependence of the squared photodetachment amplitude |A|?
for the LiH model, comparing amplitude computed with full dynamics with fixed-
nuclei approximation and integral fixed-nuclei approximation amplitude. Addition-
ally, the graph includes values of the fixed-R moment function y for various R
values, provided in Bohrs.

between the potential curves Vy(R) and Vi(R) at the respective R values.
Figures [3.4) and [3.5] suggest that the final photodetachment amplitude results
from the broadening of the fixed-R moment functions across the distribution
of nuclei at different R values, as determined by the initial vibrational wave-
function yo(R) and the final vibrational wavefunction rvy(R). This is further
evidenced by the fact that the resonance peak of the full photodetachment
amplitude is closest to the peak of the fixed-R moment function u(R) at
R = 3.0 ag, approximately the bottom of the potentials Vy and W, where the
vibrational wavefunctions are most localized.
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Figure 3.5 Energy dependence of the resonant and attachment components
of the photodetachment amplitude for the LiH model, comparing full-dynamics
calculations with the fixed-nuclei approximation. The graphs also display values of
the fixed-R moment function p for various R values, provided in Bohrs.

3.4 Boomerang oscillations

In this section, we extend the application of our developed numerical
methods to a new molecular model inspired by the Ny molecule. This model,
detailed in Appendix [A] features significantly narrower and deeper potential
wells compared to the LiH model previously discussed, presenting a new
regime for testing our numerical approaches. Additionally, the energy range
studied here is substantially below the dissociative attachment threshold,
which differs from the conditions explored with the LiH model.

It should be noted that the Ny molecule, in reality, does not possess a
suitable low-lying anion state described by the potential V4. Consequently,
the No-inspired model utilizes realistic potentials W (R) and Vi (R), while the
potential V(R) is entirely fabricated. We have also devised the transition
dipole elements, borrowing them from the LiH model. This approach is
motivated by the desire to study mechanisms in the photodetachment physics
rather than specific molecular characteristics.

The motivation for exploring the Ns-inspired model is to investigate
whether the phenomenon known as Boomerang oscillations; observed in
vibrational excitation by electron scattering cross-sections; has its analog in
the photodetachment process. Boomerang oscillations refer to the energy
variations in the energy phase of the nuclear wave function, reflecting within
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Figure 3.6 Energy dependence of the vibrational excitation of the neutral
molecule by electron scattering cross-section for the N model depicting the
boomerang oscillations for two different final vibrational states.

the potential well of the molecular anion, a process documented in studies
such as [2|. Additionally, having developed numerical methods to calculate
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Figure 3.7 Energy dependence of the squared photodetachment amplitude |A|?
for the No model, where the final vibrational state is the ground state |vp) of the
neutral molecule. The graph illustrates contributions from different components
of the photodetachment process: direct (Agi), resonant (Ayes), and attachment
(Aatt), alongside the full amplitude. The data is presented in both standard (left)
and logarithmic (right) scales.
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vibrational excitation cross-sections, we present our findings for the Ny model
in Fig. 3.6l Our results qualitatively match those described in [2] for the N,
model.

On Fig. 3.7, we present the numerically calculated photodetachment am-
plitudes for the Ny model, with the ground vibrational state of the neutral
molecule as the final state. The individual components of the photodetach-
ment amplitude are also depicted. From this figure, it becomes apparent that
a phenomenon analogous to boomerang oscillations exists in the photode-
tachment process. This is particularly evident in the energy dependencies
of the attachment and resonant components, which are more apparent in
the logarithmic scale and display qualitative similarities to the vibrational
excitation cross-sections.

Furthermore, the attachment and resonant components exhibit similar pat-
terns but differ in magnitude, similar to observations made for the LiH model.
These boomerang-like oscillations in the photodetachment process manifest
within the full amplitude by modulating the dominant direct component.

Similarly to the LiH model, Fig. [3.7 shows that the first significant spike
in photodetachment amplitude occurs at an incoming electron energy of
approximately €, ~ 3¢eV. This resonance energy, which corresponds to the
energy difference between the bottoms of the potential wells V(R) and V;(R),
can be visually confirmed in Fig. [A.2] illustrating the Ny molecular model.

In addition, Fig. [3.8shows a comparison between the full photodetachment

SF L 50 T

N5 model N3 model
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401 e p(250ag) T
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30 i
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Figure 3.8 Energy dependence of the squared photodetachment amplitude |A|?
for the Ng model, comparing the amplitude computed with full dynamics against
the fixed-nuclei approximation. The right graph additionally includes the fixed-R
moment function p for various R values.
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amplitude calculated using complete dynamics and the fixed-nuclei approxima-
tion. Here, it is evident that the fixed-nuclei approximation fails to describe
the boomerang oscillations in the photodetachment process, as expected, be-
cause these oscillations are inherently linked to the nuclear dynamics, which is
ignored in the fixed-nuclei approximation. This figure illustrates that although
the fixed-nuclei approximation accurately captures the resonance energy peak,
it smooths over the boomerang oscillations, averaging out their effects instead
of displaying them.

On the second graph in Fig. [3.8 we additionally plot the fixed-R moment
function p for three different values of R. Compared to the LiH model, here
the moment function p exhibits much more erratic behavior even for closely
spaced values of R.
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Conclusion

In this thesis, we successfully developed numerical methods to compute
the amplitudes of the resonant photodetachment process. We utilized the
discrete-state-in-continuum model and projection operator formalism, gener-
ally used to describe low-energy inelastic electron collisions with molecules
leading to vibrational excitation. Additionally, we introduced the fixed-nuclei
approximation, which simplifies the resonance photodetachment process by
neglecting the nuclear dynamics.

We thoroughly described the implementation of each numerical procedure
for general applicability. Our computations were specifically implemented in
FORTRAN 90, utilizing the LAPACK library for commonly used numerical
procedures. The developed numerical methods were rigorously tested for each
studied model.

In our study, we focused only on diatomic molecules and implemented
several simplifications. We assumed only one energetically accessible elec-
tronic state of the neutral molecule and only one discrete metastable state.
Additionally, only the first partial wave of the outgoing electron was accounted
for. However, we see no obstacles in releasing these assumptions to study
more complex systems in future work.

Firstly, we applied the numerical methods to a model inspired by the
LiH molecule, which was the primary model on which the methods were
developed. We examined the amplitude of the photodetachment process while
providing a physical explanation of different components contributing to the
full amplitude. We observed a peak in the amplitude corresponding to the
resonance energy directly linked to the energy difference between the potential
wells of the stable and metastable anion states. In this model, we also studied
how the resonance mitigates the decline in photodetachment amplitude for
higher final vibrational states of the neutral molecule. Near this resonance
energy, the decline in amplitude for higher vibrational states was found to be
comparable to vibrational excitation by electron scattering, whereas outside
of this resonance region, the process was dominated by the rapidly decreasing
direct term.
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Secondly, we investigated the Na-inspired model in search of a process
similar to the boomerang oscillations, a phenomenon observed in vibrational
excitation by electron scattering cross-sections of the Ny molecule. In the
numerical calculations for this model, which tested the developed methods in
another regime, we indeed observed similar oscillations, proving the existence
of this analog, at least in our simplified models. Additionally, for the same No-
inspired model, we calculated the vibrational excitations using our numerical
methods and found that the results qualitatively agreed with those reported
in the scientific literature.

The fixed-nuclei approximation was quite successful in describing the
amplitudes of the photodetachment process for our LiH-inspired model. It
also provided us with a unique insight that the final energy dependence
curve of the photodetachment amplitude results from broadening the fixed-
nuclei moment functions across the distribution of nuclei determined by their
vibrational wavefunction. However, we also observed the limitations of this
approximation. The fixed-nuclei approach completely failed to describe the
boomerang oscillations, a phenomenon fully governed by nuclear dynamics,
in the photodetachment process for our Ny model.

In the future, we aim to use the developed numerical methods on other
molecular models. We would like to find analogs in the resonance photodetach-
ment of other phenomena observed in inelastic electron-molecule collisions,
such as threshold peaks and Wigner cusps.
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Appendix A

Molecular models

In this appendix, we describe the molecular models used in this thesis.
It is important to note that these models are significantly simplified and
are intended to provide qualitative insights into molecular dynamics rather
than precise quantitative predictions. These models are largely adapted from
existing literature, particularly from the work of my supervisor [3]. The
thesis focuses solely on describing the photodetachment process in diatomic
molecules. The models for different molecules are largely described by the
same functions, although their parameters vary across different models.

As outlined in previous chapters, our calculations of the photodetachment
process require knowledge of the following potential curves: the potential of
the neutral molecule W (R), the potential of the ground anionic state Vy(R),
and the potential of the electronically excited state Vi(R). Additionally, we
need information on the discrete-state-in-continuum coupling function Vi.(R)
and the fixed-R transition dipole moments for the discrete state u;(R) and
for the background continuum g (R).

To model the potential curves W(R) and Vy(R), we use a Morse potential.
For the discrete-state-in-continuum V; (R), we have opted to describe it using
a more general function. These functions are defined as follows:

W (R) = dye 2w BE-Bw) _ ody, e~awB=Rw) 4 (A1)
Vo(R) = doe 20 E=Fo) _ 94, e—%(R Ro) 1 by, (A.2)
Vi(R) = dye~ @ (B=F1) 4 5 pmonlB=pr), (A.3)

The discrete-state potential Vj(R) and its coupling function Vi.(R) are
usually selected to correspond with the fixed-nuclei scattering phase-shift, as
detailed in [3]. As discussed in Sections and [2.2.3] it is crucial for our
numerical methods that the discrete-state-in-continuum Vi .(R) assumes a
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separable form and its energy dependence is in a special form as follows:

Vie(R) = g(R) f(e), (A4)
v(e) = 2mf*(e) = A, [B%r exp {—B%} : (A.5)

The function g(R), which describes the radial-coordinate dependence, is
uniquely defined for each model.

Lastly, the fixed-R transition dipole moments are also inspired by fixed-
nuclei scattering calculations for each model [3]. As mentioned in Section
2.1} the transition dipole moment to the background continuum must assume
a separable form. However, in our simplified models, we entirely omit its
radial dependence. From Section [2.2.3] it is again necessary that its energy
dependence follows a specified functional form

Vul€) =2 f(e) = 2mp? = A, {Biu]a exp [—BLJ. (A.6)

Furthermore, for the transition dipole moment to the discrete state, the
radial dependence is also omitted, and we choose a complex number with a
non-trivial phase [3]

w1 = 0.1+ 0.14. (A.7)

Here, we define the radial-coordinate dependence of the discrete-state-in-
continuum coupling function Vj.(R) for the various models, where R is always
given in Bohrs (ayp).

LiH model: .
gun(R) = [1 + 60'75(R*6)} (A.8)

N, model:
gn,(R) = o~ 1-5(R—2.0787) (A.9)

45



’ H LiH model | Ny, model ‘
’ W (R) potential curve ‘

dyy (6V) 2.5 12.2
aw (1/ag) 0.6 1.16419
R (ao) 3.0 2.0787
bw (eV) 0.57 -1.07

’ Vo(R) potential curve
do (eV) 2.1 8.0
ao (1/ao) 045 | 0.914033
Ro (ao) 3.1 2.9
bo (V) -0.13 6.17

’ Vi(R) potential curve
dy (eV) 1.9 11.1
51 (eV) 0.0 222
ai (1/ap) 0.6 1.9339
a1 (1/ap) - 0.96695
Ry (ao) 3.0 2.24877
p1 (ao) - 2.24877

| f(e) and i,
A (V) 1.0 0.25
B, (eV) 2.0 2.0
A, (a) 150 150
B, (eV) 0.8 0.8
«Q 0.2 2.5

Table A.1 Parameters of the molecular models for different diatomic molecules,
specifically LiH and Ns. The table lists values for various parameters defining
the potential curves W(R), Vo(R), and Vi(R), and also energy dependence of
discrete-state-in-continuum coupling function f(e) and fixed-R transition dipole
moment to the background continuum g,
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Figure A.1 Schematic of the model inspired by the LiH molecule. This graph
displays the potential curves for the neutral molecule W (R), the ground state of the
anion Vy(R), and the electronically excited anion V;(R), which includes a depiction
of the resonance width, as functions of the internuclear distance R in atomic units

(ao).
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Figure A.2 Schematic of the model inspired by the No molecule. This graph
displays the potential curves for the neutral molecule W (R), the ground state of the
anion Vy(R), and the electronically excited anion V;(R), which includes a depiction
of the resonance width, as functions of the internuclear distance R in atomic units

(ao).
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Appendix B

Convergence analysis data

This appendix provides detailed tables related to the convergence analysis
described in Section [2.3.4] The convergence of numerical results for pho-
todetachment amplitudes and vibrational excitation amplitudes was assessed
across a range of computational parameters. As outlined, the stability and
accuracy of the results were verified by systematic variations in key numerical
parameters, ensuring the reliability of our findings within the studied energy
range. For clarity, we present data only for the ground final state |vg), which
corresponds to 7o, and the last discussed final state |v;) for each model, which
corresponds to 7;. The index j represents the last vibrational state discussed
in Section [3| and may vary across different models. Deviations for states
between these extremes were generally within the range established by these
endpoints. Therefore, for clarity, we only present the first and last state,
showcasing the spread of precision across the spectrum. The following sections
provide a clear presentation of the data, documenting the convergence tests
for different models detailed in Appendix [A]

In the tables provided, the symbol # denotes the run number, and the
values of Ry are specified in atomic units (Bohrs). The relative deviations
n are presented as percentages to facilitate a clear understanding of the
variations in precision across different computational runs. This format helps
in directly comparing the impact of parameter adjustments on the convergence
of our results.
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LiH model

| Rv | N | no | Npwr | ¢
11.0 | 1 100 | 80 110 2 — — — —
12.0 | 1400 | 95 130 | 3] 0.021 | 0.149 | 0.304 | 2.651
13.0 | 1700 | 110 150 | 3 0.014 | 0.107 | 0.232 | 2.584
14.0 | 2 000 | 125 170 | 3] 0.010 | 0.084 | 0.186 | 1.957

3

3

3

3

max ‘

H 7o ‘nénax‘ 720 ‘7720

15.0 | 2 300 | 140 | 190 0.007 | 0.067 | 0.158 | 2.440
16.0 | 2 600 | 155 | 210 0.006 | 0.063 | 0.137 | 2.628
17.0 1 2900 | 170 | 230 0.005 | 0.045 | 0.115 | 1.287
18.0 | 3200 | 185 | 250 0.004 | 0.056 | 0.103 | 1.093

00~ O Ouk w N [Tk

Table B.1 Convergence Data for Photodetachment Amplitudes (A) for the LiH
Model. Relative deviations 1 are shown as percentages, with Ry values provided
in Bohrs.

‘RN‘ N ‘nn‘NDVR‘
11.0 [ 1 100 | 80 110 - — —
12.0 | 1400 | 95 130 0.070 | 0.206 | 0.367 | 2.938
13.0 | 1700 | 110 150 0.042 | 0.181 | 0.275 | 2.967

tH Mo ‘ ™ ‘ 20 ‘ N30 ‘
2
3
3
14.0 | 2 000 | 125 170 31 0.028 | 0.112 | 0.225 | 2.174
3
3
3
3

15.0 | 2 300 | 140 | 190 0.020 | 0.106 | 0.191 | 2.394
16.0 | 2600 | 155 | 210 0.015 | 0.096 | 0.163 | 2.568
17.0 | 2900 | 170 | 230 0.012 | 0.089 | 0.139 | 1.302
18.0 | 3200 | 185 | 250 0.010 | 0.077 | 0.122 | 1.277

00 1 O Ul W o |3k

Table B.2 Convergence Data for Vibrational Excitation Amplitudes (Tyg) for
the LiH Model. Relative deviations n are shown as percentages, with Ry values
provided in Bohrs.
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N> model

’#‘RN‘ N ‘nn‘NDVR‘tH Mo ‘U(r)nax‘ 2 " ‘

1 [10.0 | 1000 | 80 110 |1 - - - —

2 1105|1300 | 95 130 | 2] 1.395 | 6.117 | 62.564 | 77.667
3 11.0| 1600 | 110 | 150 |2 || 0.223 | 4.242 | 17.715 | 27.556
4 1 11.5 11900 | 125 | 170 |2 || 0.073 | 1.601 | 4.566 | 5.817
5 112.0(2200 | 145 | 195 |2 | 0.025 | 0.793 | 0.614 | 2.252
6 | 12512500 | 165 | 220 |2 | 0.014 | 0.444 | 0.125 | 1.038
7 113.0] 2800 | 185 | 245 | 2 0.009 | 0.268 | 0.018 | 0.537

Table B.3 Convergence Data for Photodetachment Amplitudes (A) for the No

Model. Relative deviations 7 are shown as percentages, with Ry values provided

in Bohrs.

(# | Rv | N [n. [Nowe|[t] 70 | og™ T2 s
1] 10.0 | 1000 | 80 110 |1 — — — -
2 [10.51] 1300 | 95 130 | 2 || 5.949 | 154.665 | 53.919 | 9894.866
3 111.0| 1600|110 | 150 |2 2.134 | 31.191 | 18.183 | 554.448
4 1 11.511900 | 125 | 170 |2 | 1.001 | 10.347 | 9.766 | 168.704
5 112.0(2200 | 145 | 195 |2 0.526 | 3.916 3.584 | 140.576
6 [ 1252500 | 165 | 220 |2 | 0.266 | 0.874 1.250 29.334
7 113.0 12800 | 185 | 245 | 2| 0.144 | 0.606 0.642 3.396

Table B.4 Convergence Data for Vibrational Excitation Amplitudes (Tyg) for
the No Model. Relative deviations n are shown as percentages, with Ry values

provided in Bohrs.
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