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"What we observe is not nature itself, but nature exposed to our
method of questioning.”
Werner Heisenberg

"To achieve great things, two things are needed; a plan , and not
quite enough time.”
Leonard Bernstein






ABSTRACT

The interaction of ionising radiation with the biological environment, produces a set of
secondary species along its track with particular relevance to low-energy electrons (LEE)
(<20 eV) at a rate of ~ 10*/ MeV of incident radiation. We note that these LEEs are the main
agent causing direct damage to DNA /RNA strands and play a key role in the presence
of radiosensitizers which have been extensively used in radiotherapeutic procedures
in cancer treatment. In order to comprehensively describe the underlying molecular
mechanisms of such electron interactions with radiosensitizers, since a recent literature
survey has indicated scarce or event absent studies on those molecular targets, in this thesis
we present a set of novel experimental investigations on a prototype radiossensitized
biological tissue equivalent molecule (TEM), halothane, CF;CHBrCl, as well as used as
anaesthetic compound. We report a set of electron energy loss distribution functions under
dipolar and non-dipolar conditions, with the particular relevance to the low-lying triplets
states of halothane. Such studies have been performed in a crossed electron-molecular
beam experiment where high-resolution electron energy loss spectroscopy (HREELS) data
has been obtained. This will then serve as one of the input parameters in modelling the
nanoscopic effects of radiation damage to TEM in Low Energy Particle Track Simulations
within the clinical environment.

Keywords: halothane, radiosensitizer, electron scattering, dipole allowed transitions,
singlet-triplet excitation
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RESUMO

A interacdo de radiagdo com meio biolégico produz vérias espécies secundarias, nome-
adamente eletrdes secundarios de baixa energia (LEE) (< 20eV) a uma taxa de ~ 10*/ MeV
de radiagdo incidente. Verifica-se que os LEEs sdo os principais agentes de dano nas
cadeias de DNA/RNA e tém um papel decisivo na presenca de radiosensibilizadores
que tém sido vastamente utilizados em procedimentos radioterapéuticos no tratamento
de cancro. De forma a descrever claramente os mecanismos moleculares subjacentes a
interacdo de LEEs com radiosensibilizadores, uma vez que na literatura estudos sobre inte-
racdo da radiacdo com estes alvos moleculares sdo escassos ou até inexistentes, no &mbito
destas tese foram efectuados estudos de interac¢do de LEEs com halotano,CF;CHBrCl.
Halotano,CF;CHBrCl, é usado comumente como anestésico e é considerado como pro-
tétipo molecular equivalente de material biolégico (TEM). Neste estudo obteve-se o
primeiro conjunto de fungdes de perda de energia de eletrdes em condi¢des dipolares e
ndo-dipolares, com especial relevancia para os estados tripletos de baixa energia. Estes
estudos foram efetuados num aparelho de feixes cruzados onde foram obtidos resultados
de perda de energia de eletrdes de alta resolucdo (HREELS). Estes dados serdo utilizados
como parametros de input em modelagdo dos efeitos nanoscépicos da radiacdo em TEM
usando o Low Energy Particle Track Simulations no meio clinico.

Palavras-chave: halotano, radiossensbilizador, dispersao de eletrdes, condi¢des dipolares

permitidas, excitagdo singuleto-tripleto
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CHAPTER

INTRODUCTION

1.1 Biological effects of radiation

In 2008 an estimated 12.7M new cases of cancer were diagnosed worldwide, i.e. today,
cancer accounts for one in every eight deaths worldwide - more than HIV/AIDS, tu-
berculosis, and malaria combined (Cancer Research UK and American Cancer Society).
The number of patients needing radiotherapy treatments is increasing in modern society
meaning an urgent need for advanced research in radiation biology and biophysics with
the uttermost goal of developing new drugs and better attuned clinical protocols. This
form of therapy can be external and employing electromagnetic radiation (X-rays or y
rays) or employing accelerated charged particles (e.g. electrons, protons or fast-neutrons)
[1]. Internal radiotherapy or brachytherapy [2] makes use of radioactive seeds (radiation
source) that are placed near the tissue requiring irradiation. In such cases the irradiated
areas may be as reduced as possible and the secondary effects in the surrounding healthy
tissues are to be minimized.

After the interaction of the ionising radiation with the biological environment, a set of
different (bio-)physical/chemical processes are triggered and can be classified according
to the time scale as schematically shown in figure 1.1. These (direct or indirect damaging)
mechanisms are a result of different inter-linked stages that may result in mutagenesis
and even formation of cancer. The first stage is the physical stage with processes occurring
within a time scale of < 1071° s, where mainly excitation and ionisation events occur as a
result of the incident radiation and where there is production of H,0O*, H,O* and radical
species in local track regions.The products of these processes will eventually lead to other
physico-chemical processes that in turn damage key biological units (e.g. DNA/RNA).
As a consequence, a chain reaction of mechanisms and processes will eventually result in
mutagenic effects in the physiological environment, with the final consequences being felt
even as far as decades later in the form of cancer and other health problems.
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CHAPTER 1. INTRODUCTION

Chronology of radiation damage

0 Irradiation
10-156 — lonisation / excitation Physics
10-125 — Thermalisation gt :
Formation of radicals B
10%s — Radical / molecule Chemis?
reactions v
second — Biochemical reactions
minute — DNA { l Bio-chemistry
hour — lesions
Cellular
day — Cellular repair :
i death Biology
year — Cancer
descendants — Mutation

Figure 1.1: Chronological diagram of radiation induced damage. Adapted from: [3]

Over the last decades, we have noticed a worldwide concerted effort in understanding
the biological effects of radiation. In particular regarding in the detailed and compre-
hensive knowledge of the underlying mechanisms of the direct and indirect action of
high energy (keV to MeV) radiation with biological medium. When radiation interacts
with biological medium (e.g. tissue), it will produce along its track several processes
such as direct ionisation, with abundant secondary electrons (SE). These have an energy
distribution below 20 eV and are produced at a rate of ~ 10*/ MeV of incident radiation.
Secondary electrons are thermalized quickly (< 1071 s) to subexcitation energies, how-
ever they can produce highly reactive species. On the other hand, the pioneering studies
of Sanche and co-workers [4] [5] [6] have shown that subexcitation electrons can attach to
DNA molecules and induce cell and tissue damages (at particular molecular sites of the
nucleobases). Note that low energy electrons (LEE) are responsible for DNA damage and

subsequent biological effects by direct and indirect action.

1.1.1 Direct and indirect action of radiation

Secondary electrons before being thermalized in the medium will lose energy through
inelastic interactions such as ionisation, excitation, dissociation, among many others. SE
can trigger other process including dissociative electron attachment, or hydrate in the
medium and induce chemical changes [7]. Some of this processes can thus initiate the chain

of events which results in radiation induced direct action. For example (see figure 1.2), in

2



1.1. BIOLOGICAL EFFECTS OF RADIATION

the vicinity of DNA (up to 2 nm), a secondary electron produced from an ionisation event
from an incoming photon interaction with the physiological environment (e.g. water) may
lead to DNA damage. In direct action mechanism, the radiation damage is induced by a
secondary electron which results from the interaction of a photon with the physiological
environment. In the indirect action mechanism, the secondary electron which results from
the interaction of a photon with, the physiological environment, may interact with a water
molecule and produce highly reactive products (e.g. H,O", OH).

Figure 1.2: Direct and indirect action mechanisms. Adapted from [8].

High energy photons or charged particles can interact with other cell constituents,
namely water. Basically, the water molecule may become ionised. This reaction can be

expressed as [8]:
H,0+hv — H,0" + e~ (1.1.1.1)

HZOJr is a radical ion, with a short life-time ( ~ 10710 s) and is highly reactive because
it contains an unpaired electron. So, the H,O" ground state is a singlet state. Subsequently,
the ion radical (HZO+) reacts with a water molecule forming an hydronium ion and a
hydroxil radical [9] [8] [10]:

H,0" + H,0 — H,0" + OH' (1.1.1.2)

There are other reactions whose products are highly reactive. For example, an electronic ex-
cited water molecule (H,O") releases energy either by autodetachment (losing an electron)
or by molecular dissociation expressed as:

H,0" — H,0* + e~ (1.1.1.3)

H,0* — H+ OH (1.1.1.4)

Briefly, direct action induced damage is associated with reactions envolving directly
the DNA strand by secondary electrons. Indirect action induced damage is associated with

reactions involving deposition of energy in water molecules (and/or other biomolecules)

3



CHAPTER 1. INTRODUCTION

leading to a production of highly reactive radicals which may attack the DNA at specific
sites. Indirect action induced damage is in fact responsible for two thirds of the damage
of the genome in a cell, with the remaining one third of the damage is induced by direct
action of high energy radiation [11]. Genome damage in a living cell may be a consequence
of base damage, apyrimidmic/apurinic site, single-strand break (SSB), double-strand

break (DSB), tandem lesions and various clustered lesions [10]. Not all lesions presents

Figure 1.3: Schematic representation of some types of DNA damage in dsDNA caused
by ionizing radiation: a base damage; b AP site; ¢ SSB; d DSB from two close-by SSBs;
e tandem lesion; f clustered lesion with two damaged bases at opposite strands; g SSB
with damaged base on opposite strand; h clustered lesion with three damaged bases; i
clustered lesion with a DSB (from two closeby SSBs) and two damaged bases. Adapted
from:[10].

the same level of severity. SSB have minor consequences, because they can be repaired.
Cluster lesions (DSB lesions in distant positions) can also be repaired. DSB in opposite

positions or separated by a few number of bases yields the majority of biological effects.

1.1.2 Low-energy electrons

Secondary electrons with energy below 20 eV [12] are produced at large quantities (at
rate of ~ 10*/ MeV of incident radiation [11]) and are responsible for the production of
reactive products. Namely, when low-energy electrons react with a water molecule they
will produce a unstable water anion. This anion can yield a one hydrogen radical and a
hydroxil anion. This chain reaction is expressed as [10]:

e” +H,0 — H,0* — H + OH" (1.1.2.1)

The time frame of LEE interactions is ultra-fast (of the order of femtoseconds). Though the
physical stage dominates with particular attention to excitation and ionisation processes.
Moreover, the probability of occurring ionisation or excitation are similar, but the ionisation
processes energy is larger than the excitation processes energy. Consequently, LEEs are
the major responsible for transferring energy in the medium [12]. Though, in order to

4



1.1. BIOLOGICAL EFFECTS OF RADIATION

properly describe the effects of radiation right after irradiation in a biological environment
(at a molecular level) we need a detailed knowledge and a comprehensive description of
electron induced processes with such biomolecular targets.

The need to describe radiation effects at the molecular level, in other words, provides a
nanoscopic description of radiation effects with key molecular targets within the biological
environment. Unlike conventional dosimetry which is based on the amount of energy
deposited per unit mass [13] here we have to refer to a micro and/or nanodosimetry
description. In fact, micro and nanodosimetry have motivated research describing low-
energy particle simulation [14] [15] [16] [17] [18] [19], since conventional dosimetry is
not adequate to infer radiation effects at nano-scale, e.g, in the vicinity of DNA (up to
2nm). These are based on MC (Monte-Carlo) codes, namely Low Energy Particle Track
Simulation (LEPTS) [20] [21].

1.1.3 LEPTS: Low Energy Particle Track Simulation

Several MC based simulations codes oriented towards radiotherapeutic and medical
imaging applications have been developed and are well-implemented in hospital and
clinical environments. The main goal of LEPTS is to provide a description of radiation
interactions with biological medium at nano-scale as an attempt to address the radiation
induced damage at molecular level. In other words, LEPTS aims to describe radiation
effects in nanovolumes.

As previously discussed, the genotoxic effects of radiation can be generated by the
products of water radiolysis, namely subexcitation electrons. Then, MC based codes in
order to give a proper description of the induced genotoxic damage caused by radiation
in biological tissue, have been improved in order to provide an accurately description of
the events. In other words, this kind of models must include accurate descriptions of [22]:

Different tissues such as muscle, bone, lung, etc.;

Different radiation types: photons, electrons and heavy charged particles;

Different energies ranges (~ 1-10 000eV);

Incident radiation geometries.

The main goal of Low-Energy Particle Track Simulation (LEPTS) is to provide inter-
action details at the nano-scale as an attempt to address the radiation induced damage
at molecular level. However, in order to accomplish the latter goal there is still a great
lack of data and research studies. LEPTS is a tool for nanodosimetry (a procedure to
quantify radiation damage in nanovolumes) which gives a molecular-level description of
radiation transport and energy degradation down to about 1 eV inherent processes. Since,
conventional dosimetry (amount of absorved energy per mass unit) is not suitable to infer

radiation effects a nano-scale, for example at DNA vicinity (up to 2nm).

5



CHAPTER 1. INTRODUCTION

MC based models should be improved in the following aspects in order to give a
realistic description of the effective genotoxic damage caused by the incident radiation in

a biological tissue [23]:

e The simulation has to take into account the molecular nature of the absorber medium
in order to predict the physical and/or chemical alterations actually induced in its

components.

o All different kinds of known inelastic collisions have to be considered in the interac-

tion model instead of restricting events to ionisations only.

e Low-energy electrons cannot be ignored by the interaction by applying a cut-off
value. The code should simulate the electron track until thermalization in order to
include scattering events that occur only at low energies, including subionisation

energies.

1.1.3.1 Programme Structure

LEPTS is a general purpose code written in C++ that combines its own routines with
existing MC programmes like GEANT4 and PENELOPE [21] [24], which can be used for
expanding the energy range upwards or for simulating other types of radiation.

LEPTS simulates each interaction event (collision) individually starting with the initial
conditions (positions, direction and energy) of the incident particle and giving as an output
its new coordinates and energy loss. Figure 1.4 shows a diagram which describes how
LEPTS processes a radiation-matter interaction event. In other words, the programme

Incoming electron: "S- Mean free path
_xb' E’ E % x

m 5
Outgoing electron’s > o
« angle —» B’ & 12| |2
) | O
L “\J J
secondary electron
generation?, E?
Outgoing . Sampling of
electron’s angle Energy { interaction type
>p loss —» E’ — subprocess

Figure 1.4: Diagram descibing how LEPTS processes a radiation-matter interaction event.
Adapted from:[23]

calculates the scattering angle and the particle’s energy loss specifically according to the
corresponding distribution functions (differential cross sections (DCS) and energy loss

spectra). If ionisation occurs, a secondary electron (outgoing particle) is tracked. The

6



1.1. BIOLOGICAL EFFECTS OF RADIATION

secondary electron is generated and enters the simulation process with its energy and
direction calculated by applying energy and linear momentum conservation laws. This
particle is tracked until its thermalization with the surrounding material, at which point it
transfers the remaining energy. All particles, including any secondary particles produced
are always followed by the same means as primary particles until their absorption or
thermalisation.

The interaction model used by LEPTS distinguishes two classes of scattering events:
elastic and inelastic scattering. For elastic collisions, since no energy is deposited in
the medium, the programme calculates the particle’s scattering angle according to the
distribution established by the corresponding differential cross sections (DCS). For inelastic
collisions, different subprocesses can occur with their relative frequency according with
partial cross sections depending on particle’s energy and molecular species encountered.
For electron scattering, these processes can currently include ionisation, vibrational and
rotational excitation, electronic excitation, neutral dissociation and dissociative attachment.
Once more, these processes relative frequency are a function of the particle’s energy and
molecular species encountered.

The interaction event is terminated when all secondary electrons have lost all of their
energy or had left the simulated volume. After simulation, the user is provided with
3D maps of all interaction events produced in the particle’s track, together with energy
information about the corresponding incident energy, energy deposition, particle type,
type of interaction, etc. [20]

Note that LEPTS can also simulate positrons interactions and bremmstrahlung produc-

tion is despicable, because the programme focuses on low-energy interaction.

1.1.3.2 Input information

As LEPTS is a MC based simulation code focused in low-energy interactions and is
necessary to collect low-energy electron (and positron) interaction data in materials of
biomedical relevance. In order to achieve more accurate descriptions of molecular-level
mechanisms, it is required to supply for each molecular component and incident parti-
cle three categories of input information: integral scattering cross sections, energy loss
distributions functions and angular differential cross sections. Input parameters can be
experimental data and/or theoretical data for energies in the range 1-10 000 eV. However,
preference is given to experimental results. Theoretical results are used if there are no
conclusive experimental results. Hence, new input parameters concerning low energy
interactions are urgently needed and should be generated experimentally.

With reference to CS data, in the last years several studies have been performed [25] [26]
[27] if we consider that the biological environment is mainly described by a composition
of water or even by a set of chemical compounds that ultimately can be used as tissue
equivalent materials (TEM). However only few can be used as input data in biomedical
applications [28] [29]. CS of simple target molecules such as water [28], methane [29]

7



CHAPTER 1. INTRODUCTION

or pyrazines [30] have been obtained and used in trial experiments as input data for
simulations. Molecular targets that combines atoms such as H, C, N, O and P can be used
as tissue equivalent material. TEM are substances that upon radiation interactions, namely

absorbing and scattering properties, can match those of a relevant biological medium [31].

1.1.4 Energy Loss Distribution Functions:

Energy loss distributions functions are a critical parameter as an input. In order to correctly
simulate the particle’s track, it will be required to know the energy transferred in every
interaction or event. In other words, LEPTS receives as input an electron (and/or a
positron) energy loss spectra obtained experimentally, when available [13] [7]. From the
electron energy loss spectra the mean excitation energy or average excitation energy, E,
of the target can be calculated. The collision stopping power can be calculated from the
mean excitation energy, E, and the integral inelastic cross section, 0;,,. First, the collision
stopping power is defined as the average energy loss per unit path length due to inelastic
collisions with the bound electrons of the medium. Then, assuming an homogeneous
target of molecular density N [13] [32] [33], the collision stopping power can be calculated
by:

- <ZE> =N)_E.0on (1.1.4.1)

X/ col n

In the equation 1.1.4.1, n is the number of accessible excited states. Although, if we

assumed an average excitation energy, the collision stopping power can be expressed as

[13] [32] [33]:
1/dE N+
—— | 5= = —FEo; 1.1.4.2

P <dx ) col M Tint ( :
Where p is the target density in the collision volume, N, is the Avogadro number and
M is the molar mass. Finally, the mean excitation energy or average excitation energy, E

can be calculated from the corresponding energy loss spectra, regarded as a distribution
probability function, as follows [13] [32] [33]:

E_ 5o I(E)EdE

1.1.4.3
[0 I(E)dE ( )

Where Ej is the incident energy and I(E) is the electron intensity for a given energy loss.

1.1.5 Low-energy electrons in Chemoradiation Therapy - CRT

Low-energy electrons are able to induce SSB and DSB in DNA /RNA, which may corre-
spond to severe structural changes that ultimately may lead to loss of integrity of such key
structures. LEE are the major responsible for radiation damage, because their creation rate
is large and they have a short range in the biological medium [14]. So, within a nanoscopic
point of view, LEE are able to spread the radiation energy and to largely increase the
radiation dose. Léon Sanche has reported that “controlling the local density of LEE and

8



1.2. HALOTHANE

the reactions they induced should result in the control, within a short range, of a large amount
of the energy deposited by high energy radiation in cells” [22]. Though LEE can be used to
increase radiosensitization of DNA. Briefly, if there is an increase on the sensitivity of the
DNA to LEE, then the DNA should become more radiosensitive. This is accomplished by
amplifying the DNA-LEE interaction. Chemoradiation therapy consists in the treatment
of cancer with chemotherapy and high energy radiation [22]. Over the last years several
clinical studies with 5-fluorouracil and cisplatin have been performed. The treated patients
with these agents showed increased survival as compared to other treatments. Halouracils,
such as 5-bromouracil and 5-chlorouracil, have been proposed as radiosensitizers. These
molecules result from the substitution of a hydrogen group in the Cs position of the uracil
molecule for an halogen atom (see figure 1.5). This replacement leads to a higher dissocia-
tion yield of DNA and subsequent increase of apoptosis (cell death) rate [18] [3] [34] [35].
Before the irradiation, the halogen atom does not change the biological properties of DNA
,i. e. there is no change in the gene expression. As far as we are aware, there are no studies
in the literature regarding simulation of low-energy electrons with radiosensitiziers in par-
ticle track codes. Hence, there is an urgent need for radiosensitiziers equivalent materials.
At this time, LEPTS is not able to predict damage in biological medium at the molecular
level. In fact, the majority of biological medium simulations are performed using gaseous
or liquid water [7] and more recently with pyrimidine [7]. So, we propose halothane,
CF3;CHBr(Cl, as an underlying molecular constituent for describing radiation damage in
cancerous tissue in the concomitant chemoradiation therapy. Because, halothane is a larger
molecule that contains halogens, carbons and hydrogen atoms, can be used in order to

better understand the role of halogens in biological constituents.

0 0 0 0]
v\ F Cl Br
|5 H NH NH NH
: | | |
o, 2k P A
N 0 N 0 N (4] N 4]
H H H H
a b c d

Figure 1.5: The nucleobases: a- Uracil b- 5-fluorouracil,c- 5-chlorouracil,d- 5-bromouracil.

1.2 Halothane

Halothane (CF;CHBrCl, 2-bromo-2-chloro-1,1,1-trifluoroethane) is a halogenated hydro-
carbon non-flammable that is extensively used as an anaesthetic by inhalation to induce
and keep anaesthesia. It reduces the arterial pressure and decreases heart rate. The total

number of inhalation anaesthetics has been suggested a worldwide used 10 kylotons/year

9



CHAPTER 1. INTRODUCTION

(mainly in developed countries)[36], where more than 80 % is exhaled unchanged by the
patient [37]. In other words, halothane as an halogenated hydrocarbon has a considerable
global-warning potential. It is known that the ozone layer is damaged by chlorine and
bromine containing compounds called, e.g. CFC) (chlorofluorocarbons). Note that anaes-
thetic gases such as halothane are used in medicine without restrictions. The vacuum
ultraviolet photoabsorption spectrum has been studied by Dumas et al. [38], Langbein et al.
[37], Bilde et al. [39], Orkin et al. [40], and more recently Ferreira da Silva and co-workers
[41], reporting absolute values from high-resolution photoabsoprtion studies in the energy
range of 4.0-10.8 eV (310-115 nm). In the latter work special attention was devoted to
provide a systematic assignment of the spectral features. Moreover, such contribution
addressed for the first time a combined set of different levels of theory to fully support
the spectral features in the valence, Rydberg and lowest ionic states. As far as we are
aware there have been no attempts to experimentally determine the low-lying triplet states
which are of extremely relevance regarding the low-energy electronic state spectroscopy
of a molecule. These play a crucial role as local states to contribute to the lowest yields of
molecular degradation.

The sample of CF;CHBrCl was purchased from Sigma Aldrich with quoted purity of

> 99 %. The sample was degassed by repeated freeze-pump-thaw cycles prior to use.

9

Figure 1.6: Structure of the halothane molecule. Adapted from [42]. Atom colors mean: F -
light green; CI - green; Br - red; C- black; H - white.

1.2.1 Structure and properties of Halothane

Theoretical studies have shown that the staggered conformer of halothane is more sta-
ble than the eclipsed conformer [43] [44]. Halothane has symmetry C; in the electronic
ground state. The symmetry class available to a C; molecule is A and the calculated
electron configuration of the outermost valence orbitals of the X'A ground state is
..(41a)?(42a)?(43a)?(44a)?(45a)? (46a)? [41]. The highest occupied molecular orbital (HOMO)

10
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and the second highest occupied molecular orbital (HOMO-1) have Br 4p lone pair char-
acter, whereas the HOMO-2 (44a) and HOMO-3 (43a) have Cl 3p lone pair characters.
The lowest unoccupied molecular orbitals, 47a (LUMO) and 48a (LUMO+1) are mainly of
0*(C — Br) and 0*(C — CI) antibonding character [41]. In addition, the calculated triplet
transitions have shown very weak oscillator strengths (< 0.0001), resulting in 10 and
almost 100 times lower for “Br” and “Cl”, respectively, than the corresponding singlet
transitions [41]. These results will be particularly relevant when assessing the nature of

the underlying transitions as discussed below.

1.2.2 Chemical and Physical properties:

Boiling Point: 50,2 °C (at 101,325 kPa);
Density: 1,868 g/ cm3;
Molar Mass: 197,4 g/mol. [42]

1.2.3 Safety and Hazards:

Exposure routes: The substance can be absorbed into the body by inhalation of its vapours,
by ingestion, by skin and/or eye contact.

Symptoms: Eye, skin and respiratory system irritation, confusion, nauseas, somnolence,
dizziness, analgesia and anesthesia. Cardiac arrhythmia. Liver and kidneys damages.
Decreased audio-visual performance.

Target Organs: Eyes, skin, respiratory system, cardiovascular system, central nervous
system, liver, kidneys, reproductive system.

Effects of Short Term Exposure: The substance is irritating to the eyes. The substance
may cause effects on the central nervous system and cardiovascular system. Exposure at
high levels can cause unconsciousness.

Effects of Long Term Exposure: The substance defats the skin, which may cause dry-
ness or cracking. The substance may have effects on the liver. This may result in liver
impairment. Animal tests show that this substance possibly causes toxicity to human

reproduction or development. [42]
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1.3 Thesis Objectives and Outline

This work aims to obtain the first set of energy loss distribution function under electric
dipole favoured conditions and experimental evidence of the low-lying triplet states for
halothane. The results will be used as input parameter in MC based simulation code,
namely LEPTS. The High-Resolution electron energy loss spectrometer (HREELS) set-up
at CEFITEC, unique in Europe for gas phase experiments in the electron energy range
from a few eV up to 100 eV will be effectively used to produce essential set of data for
dose planning in radiotherapy [45].

This thesis is organized in six chapters, including the present one.

Chapter 2 is about the general principles, laws and models related with molecular
spectroscopy. In other words, this chapter is the basis used to analyse and interpret the
experimental results.

Chapter 3 is about the experimental setup, namely the VG-SEELS 400. Briefly, in this
chapter it is explained how to use the experimental set-up and its operating modes.

Chapter 4 is dedicated to the experimental results obtained in this work. Which are are
divided in two parts. The first part is about the dipolar conditions measurements and the
second part experimental evidence of low-lying triplet states of halothane.

Chapter 5 presents the general conclusions.

The last, chapter 6 discusses the future work and further studies regarding HREELS

and halothane.
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CHAPTER

MOLECULAR SPECTROSCOPY

Molecular spectroscopy consists in the study of transitions between different electronic
(and ro-vibrational) states of molecules following the absorption of particular amounts of
energy. This chapter is divided in two sections. The first is about electronic collisions and
the second is about photoabsorption.

2.1 Born-Oppenheimer approximation

The Born-Oppenheimer approximation is the assumption that the nuclear motion can
be separated from the electronic motion. Hence, the molecular wave function, ¢ can be
separated into two parts describing, respectively, the electronic, 1., and nuclear motion,
PN [46]:

P = ey (21.0.1)

Where 1, is the electronic motion wave function and ¥ is the nuclear motion wave
function. This approximation relies on the great differences between the electronic motion
velocity and the nuclear motion velocity. Electrons are viewed as moving in the field of
fixed nuclei. The vibrational and rotational motions of the nuclei have different periods
and energies associated. Then, another approximation consists in separating the nuclear

motions into its different components:

P = PPN, PN (2.1.0.2)

Where 1y, refers to the nuclear vibrational motion wavefuction and ¢, refers to the
nuclear rotational motion wavefunction. Therefore, the molecular state is characterized by
its electronic, vibrational and rotational states and the energy related to which state can be

estimated according to the Born-Oppenheimer approximation. So, the total energy of the
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CHAPTER 2. MOLECULAR SPECTROSCOPY

molecular state is the summed contribution of each of them [47]:
Ei =En, +En, +E; (2.1.0.3)

In this work, the rotational motions are not considered, because the experimental

set-up resolution is not enough to resolve such contributions.

2.2 Franck-Condon Principle

When a molecule absorbs energy it can lead to electronic transitions. The Franck-Condon
principle states that when a molecule changes its electronic state, the molecular geometry
is preserved. So, the internuclear distance and the velocity of the nuclei is conserved.
Such processes are described as vertical transitions. The probability of occurring a vertical
transition is defined by the Franck-Condon overlap integral. In other words, a transition
between two states i — j has an associated probability proportional to the dipolar moment

mean value, expressed as [46] [47]:

dij = / pidpydv = (y;|d] ) (2.2.0.4)
And,
- (2.2.0.5)

In the last two equations, ¢; and ¢; are the initial and final wave functions, respectively,

d is the dipolar moment operator which depends on the electric charge e and the distance
between charges, 7. Applying the Born-Oppenheimer approximation, the wave function
of the i,j states is separable into its different components, given by:

¥(7 R) = ¢°(7, R)p, (7, R) (2.2.0.6)

Where ¢ is the electronic state. In this case, ¢ = 7,j. And, v is the associated vibrational
state. In this case, v = 0", v'.
Replacing in equation 2.2.0.4:

/ ¢ (7, R)pr, (7, R)dy* (7, E)¢] L7 R)dV (2.2.0.7)
da

The mean dipolar moment amplitude is define

[ w@rdg;@av = (v @) ﬂwi(ﬂ} (2208)

Which is independent of the internuclear distance R. Finally, the transition probability

is given by:

' / Vo P50 dV’ (2.2.0.9)

Where P,_,; is the probability of transition from the v"th vibrational level of the ith

l—)]

electronic state to the v'th vibrational level of the jth electronic state.
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Energy

Figure 2.1: Vertical transition from the v”th vibrational level of the ith electronic state
to the v’th vibrational level of the jth electronic state. R} corresponds to the equilibrium
internuclear distance.

2.3 Electronic Collisions

When a free electron collides with molecules several processes can occur. Kinetically,
these processes are categorized into two classes: elastic scattering and inelastic scattering.
Electron attachment, which is a process that may lead to molecular fragmentation [46]
[48], but will not be thoroughly discussed here since it is not the main scope of this work.

ELASTIC SCATTERING: ¢(E;) + M — M +e(E,,0),E, = E;

In this kind of collisions, the electron’s energy loss is despicable. The electron loses
some energy due to the momentum transfer, however the energy lost is proportional
to the ratio between the mass of the electron and the mass of the molecule. Then it is
considered that energy transferred is very reduced towards energy lost to excitation of
internal molecular degrees of freedom (with the exception of rotation).

INELASTIC SCATTERING: ¢(E;) + M — M* +¢(E,,0),E, < E;

This kind of collisions occur when the electron loses a portion of its kinetic energy to
excitation of internal molecular degrees of freedom. A certain amount of energy is lost
by the electrons,E;, and transfered to excitation of the target molecules. In other words,

excitation energy, E;, is equal to the energy loss,E;, [46]:
E, =E (2.3.0.10)

By energy conservation:
E;=E +E (2.3.0.11)

Wherein M designates the target molecule, e designates the electron, M* indicates that
the molecule is in a rotational, vibrational and/or electronic excited state, E; corresponds

to the electron impact energy, E, corresponds to the residual energy of the electron.
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CHAPTER 2. MOLECULAR SPECTROSCOPY

2.3.1 Scattering Cross Section

Assume that a beam of N electron per second collides on a molecular target consisting of
Ny molecules (at low density). The number of electrons deflected N; per second by the
molecules, into a solid angle d(), defined by polar angles 6 e ¢ is given by [46] [48]:

do
N; = NMNdQ (E0,9 47) (2.3.1.1)

Ey is the kinetic energy of the electrons and dQ) = sin(0)d0d¢

The quant1ty & (Eo, 0, ¢) has dimensions of area per unit solid angle and is designated
differential cross section (DCS) for the elastic or inelastic process. However, for an inelastic
scattering process the DCS represents the excitation differential cross section of the target
from an initial state j to a final state j'. In this particular case, the target is gaseous then the
molecule freely rotates and the cross section becomes independent of the azimuthal polar
angle ¢. The total number of particles per second elastically scattered from an incident
beam of unit flux and energy Ey is obtained by integrating the differential cross section
over all polar angles. This integration yields the integral cross section (ICS) which is
defined by [48]:

o(Eo) = 270 /O " jﬂ (Eo, 8) sin(6)d6 (2.3.1.2)

The introduced definitions are applicable only to "ideal" measurements of electron-
molecule collision events. In practice, electron-impact cross sections are measured for an
ensemble of target molecules with instruments of finite energy and angular resolutions
and represent averages over ensemble and the instrumental ranges of the parameters.
Furthermore, with the exception of H, and other homopolar diatomic molecules, rotational
excitation (and in some cases even vibrational excitation) cannot be decoupled from elastic
scattering. Thus, the measured elastic DCS is represented by:

DCS(Eo, 6) = d‘f(fg’e) =YY Nio(Eo; 655 — /) (2.3.13)
77

Where j and j’ are the initial and final rotational state quantum numbers, respectively, and
N; is the population fraction of the state j.

For an inelastic collision there is a momentum transfer from the electron to the target.
The differential cross is a function of the incident electron momentum, ? the scattered
electron momentum, ? and the scattering amplitude f;;(6, ¢). The momentum transferred
is Kz -

da” H 1£i(6,9) (2.3.14)
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N\
" )

k

_>
Figure 2.2: For an inelastic collision the electronic incident momentum is k , the electronic

%
scattered momentum is ?, 6 is the scattering angle and K;; is the transferred momentum

to the target.

For an electric dipole transition, the differential cross section is:

©

dod e
L o it — I (2.3.1.5)

R

i
The spin forbidden transition differential cross section was reported by Dillon [49] for the

Helium atom:

Sz'j,z(?ij)‘2 (2.3.1.6)

“OIE

is the electric dipole transition differential cross section and (Ti? is the spin

Where U{‘}
forbidden transition differential cross section. ¢;;1 is the electric dipole matrix element and

¢ij2 is the spin forbidden matrix element.
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2.4 Selection Rules

For electron impact experiments under particular constrains, the probability of occurring
electric dipole forbidden transitions is higher than for photoabsorption. From the experi-
mental point of view, it is possible to express the relationship between cross section and
momentum transfer as a function of electron impact energy and scattering angle [46] [48]:

e If the impact energy is relatively high (~ 100 eV) and the scattering angle is small
(6 ~ 0) then spin and symmetry allowed transitions are favoured. Momentum
transfer is small and electrons excite the target as photons do. This fact is verified,
because the electron energy loss spectrum acquired in such conditions and the
photoabsorption spectrum are similar. Thereby, it is possible to use electrons under
particular experimental conditions to mimic photons to determine photoabsorption

cross sections. [48]

e If the impact energy is high or intermediate, symmetry forbidden transitions are

favored at high scattering angles in detriment to allowed symmetry transitions.

e If the impact energy is low (slow electrons) and the scattering angle is high, spin
forbidden transitions are magnified relatively to spin allowed transitions. Selection

rules for dipole transitions do not apply.

2.5 Photon-molecule interaction: Photoabsorption

In an attenuation experiment, when electromagnetic radiation passes through a static gas
sample several interactions can occur. Namely, Rayleigh scattering, Thomson scattering
and Raman scattering. Basically, light can be transmitted, scattered or absorbed (see figure

2.3) [46]. In this work context, the most relevant interaction is photoabsorption. Briefly,

Target
I i
—..—* ﬁ
Incident Transmitted

dx *
Scattered
photon bearn

Figure 2.3: Possible light interactions with target sample. I designates the incident photon

beam intensity, I; designates the scattered photon beam intensity and I; is the transmitted
photon beam intensity. The target has thickness dx. Adapted from: [46].

an incident photon flux is sent onto a target of given area, thickness and filled with a
molecular density # of the sample gas (absorber). The absorption of photons by the target
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results in the transition i — j and consequently the molecular density of the gas decreases
to the reduction of the number of absorber particles [46].

Absolute photoabsorption cross sections are a macroscopic quantity related to light
intensity attenuation. It can be obtained using the Beer-Lambert law [50]:

I, = Lye "™ (2.5.0.7)

Where [; is the radiation intensity transmitted through the gas sample, I is the incident
radiation intensity, n designates the molecular number density of the sample gas, ¢ is the

absolute photoabsorption cross section and x is the absorption path length.

2.5.1 Relation between Electron Impact spectra and VUV Photoabsorption
spectra

If the HREELS spectra is obtained with relative high incident electron energy (> 50 eV) and
a small scattering angle (~ 0°), the electric dipole transitions are favoured. In other words,
it is possible to use electrons as photons to determine photoabsorption cross sections. In
fact, it is possible to convert electron impact measurements under certain experimental
conditions to establish optical oscillator strengths. This is out of the work and will be
no further explored. In brief, the inelastic scattered intensity is converted to a relative
differential oscillator strength distribution using the following equations [46] [51]:

-1

AN\ 2
df 6
o I(E){ In |1+ (7> (2.5.1.1)
And, ) )
E E\"~
2 <2T> <1 _ T) (2.5.12)

Where T is the incident electron energy, E is the electron energy loss, I(E) is the
scattered electron intensity and  is the spectrometer angular acceptance (1.25° + 0.25). In
order to obtain absolute differential cross sections it is necessary to normalize the measured
HREELS spectra to an absolute measured spectra, for instance a VUV photoabsorption

spectra.
£ — hnqz ﬂ

g
o(g) = 2L & o(E) = 109,754 (2513)

dE

Where ¢(E) is in Mb and % is in eV ~1. Comparison of the HREELS cross section
values with those recorded using the synchrotron source provides a test for any systematic
error in the optical values arising from the line saturation effect and second-order light
from the light source and beam line [51] [41].
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CHAPTER

EXPERIMENTAL METHODS

In this study it was used an high resolution electron energy loss spectrometer - VG SEELS
400 - to study the halothane electronic states. This chapter aims to describe HREELS
spectrometer and the underlying experimental methods.

The equipment employed to study the electronic scattering by molecules is designated
electron scattering spectrometer. A spectrometer consists of several components. An
electron source, an electron monochromator, an electron energy analyser, a target and
peripherals electronic devices (see figure 3.1). Electron collimation, transport and energy
selection are achieved by electrostatic techniques and the vacuum chamber is lined with
magnetic shielding material in order to reduce the magnetic field intensity to a few
miliGauss along the electron path and in the scattering region. [46] [48].

3.1 Equipment Description: Vacuum Generator SEELS 400

The host research centre Atomic and Molecular Collisions Laboratory at the Centre of
Physics and Technological Research - CEFITEC - provides a HREELS equipment, VG-
SEELS 400, modified for gas phase measurements as represented in figure 3.2.

An hemispheric 150 °electrostatic monochromator equipped with a three element
lens defines the electron beam energy in order to be equal to the desired impact energy.
The lens focus the electron beam into the collision region. The electron beam typical
current ranges from 5 x 10719 A to 10 x 1071° A, as it can be measured by the Faraday cup
assembled on the spectrometer. The electron beam intersects the target beam (gas) which
flows through a 1 mm diameter needle, at 90 °. The analyzer system is of the same type
as the monochromator rotatable from ~ 5 °to +120 “around the positive direction. Both
electron energy selectors work in the constant pass-energy mode. The scattered electrons
signal is detected by an electron multiplier of the channeltron type. The residual pressure
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ELECTRON  COLLIMATOR {17 XENERGY SELECTOR TARGET

SOURCE -\ COLLIMATOR (2) FARADAY CUP
e mfé*
" . ) ANGLE)
ELECTRON MONOCHROMATOR
INCIDENT e~ BEAM ANALYZER
SCATTERED ELECTRONS COLLIMATOR B3) O

ENERGY ANALYZER 0
COLLIMATOR (4)
- :E:L CHARGED-PARTICLE
DETECTOR

i

ELECTRONIC PERIPHERAL
DEVICES

Figure 3.1: Basic components of an electron scattering spectrometer: electron monochro-
mator, target, analyzer and electronic devices. Adapted from: [48].

is about 1 x 10~7 mbar and when the gas is admitted the pressures rises to 1 — 1.5 x 107>
mbar. The resolution measured at the FWHM of the elastically scattered electrons elastic
peak is typically within 50 and 100 meV. The elastic peak corresponds to the electrons
with zero energy loss and it is used to determine differential cross sections. The electron
impact energy working range varies from 5 to 100 eV. In essence, the equipment allows the
detection of scattered electrons matching different momenta with high energy resolution
[48] [45].

3.1.1 Electron Source

The electron source produces an electronic beam that is transported to the target by two
collimators and one energy selector. This element is designed to generate a maximum
electron current with minimum angular divergence. The main component of the electron
source is the electron emitter. The electron emitter is a v-shaped tungsten filament. A
current between 2 and 3 A heats the filament which results in the emission of electrons by
thermoionic effect. The thermoionic effect is usually used as source of electrons. Briefly,
this effect occurs when a metal is heated to a sufficiently high temperature, and free
electrons are produced with an energy distribution given by [48]:

W+ E
kT

dN(E) e exp [— } dE (3.1.1.1)

dN(E) is the number of electrons emitted per second with energies between E and E + dE,
k is the Boltzmann constant, T is the absolute temperature and W is the metal work
function. Pure metals need to be heated to about 2000 K for electron emission. This fact
is disadvantageous, because the produced electrons have a broad energy width (~ 0.5
eV) and the heat dissipation is unwanted. The electron source is a Wehnelt-type. This kind

of source utilizes a Wehnelt cylinder and an anode in order to extract electrons from the
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Monochromator =
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Figure 3.2: Scheme of the electron energy loss spectrometer. 1 - Electron Source; 2- Energy
selector; 3- Zoom lens of the energy selector; 4- Interaction region; 5- Faraday Cup; 6-
Zoom lens of the analyzer; 7- Energy analyzer; 8- Detection device (channeltron). Adapted
from: [46]

filament. The v-shaped tungsten filament is placed inside a Wehnelt cylinder. When a
current passes through the filament, is heated and electrons are emitted by thermoionic
effect and a variable tension (negative relatively to the filament) is applied on the Wehnelt
cylinder resulting in the formation of an electron cloud. The hole in the cylinder forms
the shape of the electron beam. The beam intensity is controlled by the variable tension
applied on the Wehnelt cylinder. The electron cloud around the filament presents several
advantages, such as the reduction of the effects caused by irregularities of the filament

surface and the temperature variation on the filament.

WEHNELT CYLINDER—,

_——— TUNGSTEN
FILAMENT

_—— ANODE

Figure 3.3: Wehnelt-type electron source. Adpated from [48].
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3.1.2 Monochromator

The electron monochromator produces an electronic beam with angular divergence and
well-defined energy. The main components of the electrons monochromator are the elec-
tron source, the collimator and the energy selector. The electronic beam energy range is
large (~ 0.5 eV FWHM). It is focused into the energy selector entrance slit by the Wehnelt
grid and by the A3 focus lens (collimator 1 of the spectrometer). A hemispherical energy
selector is used in order to increase the resolution up to the energy resolution needed (~
50-100 meV) to study elastic or inelastic scattering from molecules. The device is formed
by a pair of spherical electrodes that have a dihedral angle of 150 “and separated by 9.5
mm. The entrance and exit slits are diametrically opposed. The mean radius, rp is 50 mm.

The pass energy E is defined by a constant voltage (V) applied on the electrodes [46]:

v
Ey= 1P _ 3.1.2.1)

)

Where g is the electronic charge, a and b are the inner and outer radius.

Figure 3.4: Cross section of the electrostatic hemispheric analyzer. Adapted from [46]

The energy resolution,AE , measured at the FWHM of the outgoing electronic distribu-

tion is given by [46]:
AE_AS 1,
E() - 21’0 4
Where a designates the semi-angular divergence of the incoming beam and AS is the

(3.1.2.2)

entrance slit width. The outgoing electrons are deflected by two pairs of plates that centre
the beam onto the target (xy shift). The entrance slit is polarized to a V potential, in order
to accelerate the electrons to a certain pass energy. The same V; potential is also applied to
the exit slit and to the first element of the lens. Hence, the incident energy of electrons, E;
is given by [46]:

Ei=gW+Ey+C (3.1.2.3)

Where C is a constant which depends on the surface potentials and the thermal energy
of the electrons emitted by the filament. A heating device is fixed on the selector and
maintains it to approximately 150 °C, in order to reduce the adsorption of the gas target
molecule on the surfaces and consequently avoid creating surface potentials. By invert-

ing the monochromator electrodes polarity, the entering beam is deflected on the outer
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spherical electrode allowing the measurement of the incoming electrons current. Tipically,
for an emission current of 5 x 107° A, a current of 5 x 10~® A is measured. The electrons
extracted from the electron source are collimated and focused into the energy selector
entrance slit by a collimator with a desired divergence angle. The collimator is formed by
two electrostatic lenses. The first lens accelerates the electrons and the second lens slows
down and focus the beam into the selector entrance slit.

3.1.3 Monochromator zoom lens

The electrostatic lens is formed by three elements and is used to focus the electron beam
into the target (collimator 2 of the spectrometer). Focusing of an electron beam is achieved
by passing it from one region to another with different constant electrostatic potentials
applied between the electrodes. The properties of the electrostatic lenses are defined by
geometric parameters (A,D,T) and the applied potentials (V;, V2, V3) on the lenses elements
(see 3.5).

V, V; v3

...........

T-wfat- Tomfs T g

- - A

Figure 3.5: Geometric parameters of the electrostatic lenses. Adapted from [46].

The lens is designated as asymmetric voltage lens when the potentials Vi, V; and V3
are different. A particular kind of asymmetric potential lenses are zoom lenses. Zoom
lenses in electron optics have the property that with an object of fixed position and energy,
the energy of the image can be varied whilst its position remains constant. The ratio %
controls the focusing strength whilst the ratio % is used to change the energy of the image
point. As V; has the same potential as the monochromator slit (Vj) and the third element
is grounded (V3 = 0 V), the energy of the image is not changed. The tuning of V, optimizes
focusing of the electron beam into the collision region where it interacts with the target
beam. In the energy analyser there is also a three element electrostatic lens that focus the

scattered electrons into the entrance slit of the energy selector.

3.1.4 Collision Region

The collision region is where the monoenergetic electron beam intersects the target beam.
This region is delimited by a molybdenum cylinder perfurated by a circular slit. In the
centre, a 1 mm stainless steel needle introduces the gas beam. The needle, the Mo cylinder
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Figure 3.6: The collision region has a volume equal to the intersection between the incident

electron beam and the molecular beam inside the view cone of the analyzer. Adapted
from: [52].

and the outer element of the zoom lenses (mounted on the monochromator and the

analyzer) are all grounded.

3.1.5 Faraday Cup

The Faraday cup is a device used to measure the electron current transmitted through the
interaction region. It is assembled on the same rotatable plate as the analyzer, which allows
positioning it in front of the transmitted beam. The collector is polarized by a stabilized
power supply and connected to an electrometer. A typical current value measured is about
10710 A

3.1.6 Analyzer

The scattered electrons at angle 6 are energetically analysed using analyser, identical to
the monochromator and of 1.25 “angular acceptance. The scattered electrons are focused
into the entrance slit of the analyzer by a zoom lens. The third element of the lens is at the
same potential, V., as the entrance slit of the analyzer. Hence, the allowed electrons to

enter the selector must have residual energy — E;:
E,=E —E >qViy (3.1.6.1)

Where E; is the initial or impact energy of the electrons before collision and E; is the energy
lost in an inelastic collision. Assuming an optimal tuning of the analyser lens V, potential,

the condition for an electron to be focused onto the analyser exit slit is:
Er = EO + quet (3.1.6.2)

Where Ej is the pass energy of the analyser. This condition shows that the retarding
potential V;,; allows for scanning the electrons that had lost a certain amount of energy.
Moreover, it’s not possible to analyse by this arrangement electrons having less energy
than the pass energy. This limitation prevents from scanning for very low residual energies.
At least, a collimator (collimator 4 of the spectrometer) accelerates and focus the electrons

on the detector.
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Figure 3.7: The channeltron’s gain depends on the applied voltage. The arrow indicates the
optimal value of voltage to apply, in order to obtain the highest gain (~ 2.4 kV). Adapted
from: [46].

3.1.7 Detection System

The signal from the analyzer ranges from about 1000 and 1 (or less) electrons per second.
There is no electrometer able to read this current intensity without previous amplification.
Detection of the electron current is achieved by an electron multiplier of the continous
dynode type - channeltron. It is made of lead glass partially reduced having the ability to
conduct electrons. Typical resistance is 50 M(). A high voltage is applied to its terminals.
When an electron enters the device and hits the surface, it generates secondary electrons.
The internal field of the device accelerates one of the electrons and each also generates
secondary electrons, and so on. The result is an amplification of the input signal in a short
time (~ 1 ns), leading to a detectable current as output signal. The gain of the electron
multiplier, G, is the ratio of the output current, I,,, to the number of output pulses, n:

Lout = Gng (3.1.7.1)

Typical value for G is of the order of 10”. The gain is a function of the applied voltage
(see figure 3.7). These devices show a performance of high gains while keeping a very good
singal-to-noise ratio. The noise is produced by the device itself, in the absence of input
signal and by thermic emission of electrons. So, the noise is function of the temperature
and of the applied voltage. Hence, the optimal tuning of the device is the one that gives
the highest gain for the lowest high voltage.

The channeltron’s output signal is pre-amplified and then sent to a counter which
accumulates the number of pulses during a given time period. The result of the count
is sent to the computer where it is divided by the total counting time, in order to give a
detection rate in number of counts per second.

3.1.8 Magnetic Fields and Shielding

The electrons trajectories are affected by magnetic fields. In order to minimize those
effects, the entire experimental set-up is placed in a mu-metal vessel, a material with high

magnetic permeability that provides very effective magnetic shielding. Furthermore, all
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the components of the spectrometer are made of non-magnetic materials. The heating
devices mounted on the apparatus are designed to produce as little as possible parasitic
fields, then it is useful to compensate them. This is achieved by circulating an electric
current (~ 0.15 A) into a single copper wire wrapped around the selectors.

3.1.9 Pumping System

The high-vacuum is achieved by a turbomolecular pump and a cryogenic pump placed
vertically from the needle. The turbomolecular pump backup is assured by a rotatory
pump. Between the rotary pump and the turbomolecular pump a foreline trap to prevent
the contamination of the vacuum chamber with rotatory oil vapours is placed. The base
pressure is ~ 1077 mbar. When the gas sample is admitted in, the pressures rises to

1—1,5 x 107> mbar. Such pressure conditions ensure binary collisions only.

3.1.10 Sample inlet system

The inlet system is used to transport the target gas from its source, which may be vapour
pressure of a liquid or a solid or a pressurized gas container. This system aims to bring the
target to the spectrometer under the adequate pressure. The pressure control is achieved
through a needle valve, which allows controlling very precisely the amount of sample to
be admitted in the vacuum chamber. The sample is introduced in the chamber through
a needle into the collision region. In order to maintain a constant pressure inside the
vacuum chamber, a controller manages the aperture of the needle valve. It is looped on the
output signal of an ion gauge assembled on the chamber. Since a valve allows to isolate
the spectrometer the liquid samples are thoroughly degassed using the inlet system, by

repeating freeze-pump-thaw cycles.

3.2 Electron energy loss scale calibration

Raw HREEL spectra are plots of the scattered electron intensity versus channel points.
In order to obtain abscissas in energy loss, which corresponds to excitation energy of
the target, the channel axis has to be related to the energy loss of the electrons. The peak
corresponding to elastically scattered electrons is designated elastic peak and corresponds
to zero energy loss. The retarding potential than for which the signal is detected gives the
zero of the energy loss scale. The step size, delivered by the analog-digital converter is
known and the relative error on the step is ~ 1073. Hence it is possible to change scale,

providing that the zero energy loss and step size are known.

3.3 Accuracy and precision

Precision on energy measurements depends on the step size used for a given scan. Unless

otherwise stated, spectra presented here have been measured with 8 meV steps. Therefore,
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precision is estimated at & 0.008 eV. Accuracy is variable and depends on the shape of the
structure whose energy position is to be measured.
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RESULTS AND DISCUSSION

4.1 Electric dipole favoured transitions

Under these conditions, the incident electron energy is relatively high (50 eV) and the
scattering angle is small (10 °). Though it is ensured that the electric dipolar transitions are
favoured and the electron energy loss spectra is comparable to the VUV photoabsorption
spectra. The resolution measured at the full width at full maximum (FWHM) of the the
elastic peak, was ~ 100 meV. The energy loss scale was calibrated to the elastic peak,
corresponding to the zero energy loss. In other words, the channel corresponding to the
maximum of the elastic peak will correspond to the zero of the energy loss scale. Herein,
the spectra was converted to relative differential oscillator strength using the method
described in Chapter 2. Finally, the spectra was normalized at 8.1 eV (~ 153 nm) from the
photoabsorption spectra and then absolute cross section values were obtained. The present
full range of the EEL spectrum of halothane, CF;CHBrCl, is shown in figure 4.1 from
5.0-15.0 eV together with the most recent high-resolution (0.075 nm) VUV photoabsoprtion
spectrum [41] recorded in the 5.0-11.0 eV energy region. The two spectra are in very good
agreement with differences arising only from different energy resolutions. The major EELS
bands have been classified mainly as valence transitions of (ng, — ¢*) and (n¢; — )
character and members of Rydberg series converging to the lowest ionization energies
[41]. The description of the electronic transitions are not within the scope of this work.
Notwithstanding it will be presented a briefly discussion of the several spectrum regions

based on the theoretical predictions in table 4.1.
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Figure 4.1: HREEL spectra of halothane, CF;CHBrCl, recorded at 50 eV, 10 ° scattering

angle, converted into differential oscilattor strength and normalized to the VUV spectra at
8.1eV

First Region: 4.8 - 6.6 eV

Based on the theoretical calculations presented in table 4.1 there is an absorption
broad band centred at 6.13(2) eV due a ¢* character [41]. So, the transition is labelled
as (ng, — 0*(C — Br)). Theoretical calculations predict four low-lying triplet states.
Namely at 5.783 and 5.899 eV and are labelled as np,(46a) — 0*(C — Br)(47a) and
npy(45a) — o*(C — Br)(47a), respectively. The other two states are at 6.903 and 7.115
eV and are labelled as np,(44a) — o*(C — Br)(48a) and n¢;(43a) — o*(C — Cl)(48a),
respectively.

Second Region: 6.6 - 8.0 eV
Based on the theoretical calculations presented in table 4.1 there is an absorption
broad band centred at 7.54(2) eV due a ¢* character [41]. So, the transition is labelled
as (nc; — 0*(C — Cl)). There is a second broad transition centred at 7.84(2) eV. This
transition is labelled as (n¢;(43a)) — 0*(48a)(C — CI)).

Third Region: 8.0 - 10.8 eV
The structure observed in this region is due to a vibrational series. Briefly, this series
are due to (CF;) symmetric and (C-C) stretching together with (CF;) symmetric
deformation modes. Other, features are due to Rydberg transitions which analysis is
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not within the scope of this work and so no further description will be presented

here.
Sate EeV) fi  <r~*>' HOMO(6e) HOMOA (45e) HOMO-2(4e) HOMO-3 () Mived character Exp. 6V)"® Cross Section (V)
4 - 19
240613 00083 1B o'(C-By 6132 18
Y4 6149 00081 13 (C-Br)
414 7406 00132 1% r(C-0) T 82
54 T4 00176 13 r'(C-0) T8O 1BTY)
64 809 0054 149 5/*(C-Br) 8125 28
TA 8175 006 1% 1(Br) /n(Cl) = 5
§14 8190 0025 14 HOMO-2 - 5s/a*(C - CI) + HOMO-1= ¢*(C - Br)
94 8367 00164 142 n(Br)/u(Cl) » *(C-CI)
104 8631 00007 137 n(Br)/u(Cl) =+ *(C-CI)
1A 8918 0200 140 1(Br)/u(Cl) » *(C-CI) 8926 34
14 906 000 157 5
134 915 0059 159 HOMO — 5p+HOMO-3 -+ 5
A 938 009 137 G M 3B

154

9.367

(.0667

160

Y 939

Table 4.1: Calculated vertical excitation energies (EOM-CCSD/aug-cc-pVTZ + Rydberg
level, CCSD/(PP)-cpVTZ geometry)(eV) and oscillator strengths compared with present
experimental VUV absorption cross sections of halothane CF;CHBrCl [41].

4.1.0.1 Oscillator strength

Photoabsorption and HREEL spectra are displayed in the 5.0-11.0 eV region of figure
4.1 (HREELS spectra recorded at 50 eV and 10 ° scattering angle). Comparison of the
optical cross section values with those obtained by HREELS is essential to be sure that
the optical measurements were free of line saturation effects and second order light.
Moreover, the HREEL spectrum allows us to provide values of oscillator strength
up to 15 eV (83 nm), in an extended energy range than the available compared to
data by photoabsorption due to the limited energy range of the monochromator.
In order to provide the optical absorption oscillator strength, the vibrational peaks
which overlap in the spectrum have been unfolded by using an approximate visual
peak fitting with Gaussian feature shapes. Table 4.2 gives the optical absorption
oscillator strength measured by HREELS and photoabsorption. There is an excellent
agreement between the two sets of data at least up to 9.5eV.

4.2 Spin forbidden transitions

Here we focus our attention on the triplet character of the low-lying transitions for
halothane. Figure 4.3 (HREELS spectra recorded at 10 eV and scattering angle of
40 °). shows an expanded view of the low-lying excited states between 5.0 and 8.0
eV, where the energy loss spectrum has been fitted with Gaussian profile curves

in order to resolve the underlying transitions. It is worth noting that our EELS at
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Figure 4.2: State resolved energy-loss by peak fitting the energy-loss peaks at 50eV and 10
° scattering angle.

Optical
oscillator strength
Energy Region (eV) HREELS Photoabsorption

5.00-6.70 (~ 6.13)  0.023 0.012
6.70 - 7.70 (~ 7.54)  0.073 0.075
7.70 -8.00 (~ 7.84)  0.119 0.125
8.25-9.25(~893)  0.196 0.312
9.25-10.80 (~9.33)  0.200 0.176

Table 4.2: Experimental oscillator strength for the excitation bands of halothane,
CF;CHBrCL

low electron impact energy and relatively high scattering angle enhances the singlet
to triplet transitions to the detriment of the singlet to singlet transitions (figure
4.1). If we compare the present low-energy electron energy loss spectrum in figure
4.3 with the corresponding photoabsorption from ref. [41] and the intermediate-
energy electron energy loss spectrum in figure 4.1, it is apparent that there must be

important contributions from singlet to triplet type transitions throughout. Indeed,
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Figure 4.3: Electron energy loss spectrum of halothane, CF;CHBrCl, at the incident energy
of 10 eV and a scattering angle of 40 °. The n — ¢* transitions maxima are also labelled.
See text for details.

the importance of the ¢®A and d® A states contribution to the unresolved 1A + 2 A
and 1A + d° A states of halothane was previously noted in the theoretical predictions

as shown in table 4.3.

The four lowest-energy triplet states have been predicted to be 31 in nature and to
lie in the 5.6-7.2 eV region (Table I). The first two of these, 2>A and b3 A are mainly
due to the highest occupied molecular orbital and second highest occupied molec-
ular orbital to the lowest unoccupied molecular orbital, c*(C — Br), in character.
The computed energies, including spin-orbit effects, lie between 5.68 and 6.01 eV
(see table 4.3). The 6.1 eV electron energy loss band is attributed to excitation of the
optically allowed transition n(Br) — o*(C — Br) [41] together with contributions
from triplet states. However, the calculated triplet transitions (4> A and b3 A) have
shown very weak oscillator strengths (see table 4.3), resulting in 10 times lower
than the corresponding singlet transitions [41]. Notwithstanding, we note that the
relevance of the spin-orbit effects reported previously as responsible for the un-
derlying contribution of the very large width of the 6.1 eV feature, where many
triplet and singlet transitions with low intensities may contribute, especially on

the low-energy side. Since in this energy region the EEL signal is considerably low
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and almost undistinguishable from the corresponding photoabsorption, we have
not tried any fitting procedure with Gaussian profile curves in order to resolve the
underlying transitions. The two other triplet states, A and dN?’A, are predicted to be
separated by about 0.2 eV in the vicinity of the optically allowed transition assigned
to n(Cl) — ¢*(C — CI), with an oscilator strength f; = 0.0176 and peaking at 7.54 eV
(see table 4.1). Of particular interest, from a detailed analysis of figure 4.1, is the fact
that the left-hand side of this band may contain more than one transition, where the
band becomes discernible at low impact energy and relatively high scattering angle.
In fact, the band shape can be reproduced by fitting with two Gaussian functions,
each centered around a fixed energy loss, as shown in figure 4.3. From these fits, our
experimental energies for states ZAand 3 A, are 6.9 and 7.1 eV, values which are
very close to those computed in ref. [1] and compared against the experimental EEL
data in table 4.3. These may be assigned to the (X'A — A, n¢;(44a) — o (48a))
and the (X'A — @A, nc)(44a) — 0&_;(48a)) transitions. The calculated triplet
transitions have shown very weak oscillator strengths, with 100 times lower than the
corresponding singlet. Further complementary studies can be envisaged from the
electron energy-loss measurements at energies approaching the excitation threshold,
where such may unequivocally confirm this observation. However, the present find-
ing does highlight the sensitive nature of low-energy electron collisions for probing
spin forbidden transitions. To our knowledge, this represents the first experimental
evidence of a triplet state at this excitation energy in halothane.

Cy Nature of transition This work Theoretical calculations
Exp.(eV) E(eV) fi E(eV) fi E (eV) fi
EOM-CCSD no spin-orbit with spin-orbit
A HOMO, np,(46a) — LUMO, *(C — Br)(47a) - 5.783 5.682 <0.0001
- 5.686 <0.0001
- 5.760 <0.0001
A  HOMO, npy(45a) — LUMO, ¢*(C — Br)(47a) - 5.899 5.865 0.0001
- 5.994 <0.0001
- 6.013 <0.0001
A'A  HOMO, np,(46a) — LUMO, o*(C — Br)(47a) 6.1 6.103 0.0063 6.515 0.0055 6.537 0.0016
B'A HOMO-1, ng,(45a) — LUMO, ¢*(C — Br)(47a) 6.1 6.149 0.0031 6.585 0.0028 6.597 0.0013
A HOMO-2, np,(44a) — LUMO+1, ¢*(C — Br)(48a) 6.9 6.903 6.914 <0.0001
6.920 0.0001
6.923 <0.0001
BA  HOMO-3, nc(43a) — LUMO+1, 0*(C — CI)(48a) 7.1 7.115 7.121 <0.0001
7.122 <0.0001
7.123 <0.0001

Table 4.3: Calculated vertical excitation energies(EOM-CCSD/cc-pVTZ, CCSD/(PP)-cc-
pVTZ geometry)(eV) and oscillator strengths for the lowest-lying singlet and triplet states
of halothane CF;CHBrCl, without and with spin-orbit effects. [41]
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In this work we recorded the first set of data on the energy loss spectrum under
electric dipole favoured conditions from 5.0-15.0 eV. This spectrum was normalized
at 8.1 eV (~ 153 nm) from the photoabsorption spectra and then absolute cross
sections were obtained. Therefore, this low-energy electron energy loss distribution
function will be used as an input for LEPTS. On other hand, we have reported EELS
for electron impact excitation of halothane, CF;CHBrCl, lowest electronic states.
The present electron spectroscopy data provides the first experimental evidence of
the triplet state nature of the lowest lying excitation of CF;CHBrCl. This has been
explored experimentally by means of electron interactions involving the excitation
to triplet states, where the lowest band maximum is shifted to higher energies with
of ~ 0.6 eV width.

In order to resort halothane as an underlying molecular constituent for describing
radiation damage in cancerous tissue in concomitant chemoradiation therapy, ex-
perimental and/or theoretical data will be needed. For example, electron energy
loss distributions for higher energies (~ 1 keV) and differential and integral electron
scattering cross sections are needed. Nevertheless, other halogenated compounds
can be used, as an underlying molecular constituent for describing radiation damage
in cancerous tissue treated combining radiation and chemotherapy. For example,
halobenzenes such as chlorobenzene, fluorobenzene or bromobenzene can be good

candidates to be used as equivalent tissue material.
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FUTURE WORK

In order to resort Halothane as an underlying molecular constituent for describing
radiation damage in cancerous tissue treated combining radiation and chemoterapy,
we will to gather more experimental (and/or theoretical) data. For example, electron
energy loss distributions for higher energies (~ 1 keV) and differential and integral
electron scattering cross sections. Regarding electron scattering cross sections we
propose the measurement of elastic scattering differential cross section from ~ 5-100
eV and other kinds of anaesthetics compounds such as sevoflurane and enflurane

(see figure 6.1).

Figure 6.1: a- Sevoflurane, b- Enflurane. Atom colors mean: F - light green; Cl - green; C-
Black; H - white.
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