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Abstract

Title: Elastic Electron Scattering from Anesthetic Molecules — Sevoflurane, Isoflurane, Des-
flurane and Halothane — in the Intermediate Energy Range

Abstract:

This doctoral dissertation presents an experimental investigation of elastic electron scatter-
ing from the volatile anesthetic molecules halothane, isoflurane, sevoflurane, and desflurane in
the intermediate electron energy range. Differential cross sections (DCSs) were measured using
the crossed electron—molecular beam technique for a range of incident electron energies and
scattering angles. Based on the obtained experimental data, integral cross sections (ICSs) and
momentum transfer cross sections (MTCSs) were derived in order to provide a more complete
description of the scattering processes.

The measured cross sections exhibit pronounced forward scattering characteristic of highly
polarizable halogenated molecules, reflecting the important role of long-range interactions and
molecular dipole effects. Systematic differences in the scattering behavior were analyzed in
relation to molecular structure, degree of fluorination, and the presence of heavier halogen
atoms such as chlorine and bromine.

The experimental results were compared with available theoretical calculations, primarily
those based on the Independent Atom Model with screening-corrected additivity rules and
interference effects (IAM-SCAR+I). Overall very good agreement between experiment and
theory was observed, confirming the applicability of these theoretical approaches for complex
polyatomic systems in the investigated energy range.

Particular attention was devoted to desflurane, for which experimental elastic electron scat-
tering data were not previously available in the literature. The present work therefore provides
the first set of experimental DCS, ICS, and MTCS data for this molecule.

The obtained results contribute to the broader understanding of electron—molecule inter-
actions in biologically and environmentally relevant systems and provide valuable benchmark
data for future theoretical and experimental investigations in atomic and molecular collision
physics, atmospheric chemistry, and medical physics.

Key words: elastic electron scattering, differential cross sections, integral cross sections,
momentum transfer cross sections, anesthetic molecules, halothane, isoflurane, sevoflurane, des-
flurane, electron—molecule collisions

Scientific field: Physics
Scientific subfield: Atomic and Molecular Physics



Caxerak

HacaoB noktopcke qucepranmje: EnacTuyHo pacejame eJIeKTPOHA CPEImbHX SHepTrja Ha MOJICKY-
JTUMa aHecTeTuka — ceBoiypany, uzodaypany, AecaypaHy U XajJoTaHy

Caxerak:

OBa JIOKTOpCKa TUcepTalnHja MpeacTaBiba eKCIIEPUMEHTATHO UCTPAaXHBAKE €ITaCTUIHOT paceja-
Ha eJIEKTPOHA Ha MOJIEKYJIMMa UCNIapJbUBUX aHECTETHKA XaJloTaHa, u30(ulypaHa, ceBoQIypaHa U ec-
(dbnypana y obmacTu cpempbux eHepruja enekrpona. Judepenuujanmau nonpeunu npecenu (DCS) usz-
MEpPEHH Cy MPUMEHOM METOJIE YKPIITEHUX €JIEKTPOHCKO-MOJIEKYJICKUX MJjla3eBa 3a Pa3iuunuTe eHep-
THje ynaJHuX eJeKTPOHa U YIIIOBe pacejama. Ha 0CHOBY HOOMjeHUX €KCIIEpUMEHTATHUX pPe3yliTara
onpehenu cy unterpannu nonpeunu npecenu (ICS) u nonpeunu npecenu npenoca ummnyica (MTCS),
yuMe je oMoryheH MOTIyHHU]U OMHC MPoIleca pacejama.

M3mepenu nonpeuHu npeceiy noka3yjy U3paxeHo Mpeibe pacejambe KapaKTepUCTUYHO 32 BUCOKO
nojapu3abuIHe XaJOreHU30BaHe MOJIEKyJle, IITO YKa3yje Ha 3Hauyaj AyroAOMETHUX WHTEpakiuja u
edexara MOJIEKYICKOT JUMOTHOT MOMeHTa. CHcTeMaTCKe pa3jivKe y MOHAIIaky MOMPEYHUX IMpeceka
aHaJM3UpPaHE Cy Y 3aBUCHOCTH O/ MOJIEKYJICKE CTPYKTYpE, CTeTieHa (pIIyOpHHALIN]€ H TPHCYCTBA TEKUX
XaJIOTEHUX aToMa Kao IITO CY XJIOp U OpoM.

ExcnepyMeHTalIHu pe3yaTaTu yrnopeheHu cy ca JOCTYITHUM TEOPUjCKUM IIPpOopadyyHUMa, Ipe cBera
ca pe3yiTaTiMa JoOMjeHUM MPUMEHOM MOjiea He3aBUCHUX aToMa ca screening-corrected additivity
rules n natepdepennmonum epexkruma (IAM-SCAR-+I). YoueHo je Beoma g00po crarame usmely
€KCIEPUMEHTAIHUX U TEOPHJCKUX PE3YITAaTa, ITO NOTBPhyje MPUMEHIBUBOCT OBUX TEOPH]CKUX IPU-
CTYTIa 32 OIHUC CIOXKEHUX MOJIMATOMCKUX CHCTEMa Y UICITUTHBAHO] CHEPTETCKO] 00JIacTH.

IToceOHa naxxwa nocseheHa je Mosiekyi1y aecquiypaHa, 3a KOjU y JIUTEpaTypu 0 cajia HUCY I0-
CTOjaJIu eKCIIEPUMEHTAITHY MOAALM O eJIACTUYHOM pacejamy enekTpoHa. OBaj paj cTora npeacraBiba
npBu ckyn excriepuMmenTtannux DCS, ICS u MTCS nozgaraka 3a oBaj MOJIEKYII.

JloOujeHu pe3yiTartd JONPUHOCE IUPEM pa3yMeBamky MHTEPAKIMja €IECKTPOHA ca OHOJONMIKU U
€KOJIOIIKM PeJIeBAaHTHUM MOJIEKYJIUMa U MPE/ICTaBJbajy 3HauajHe peepeHTHe nojaatke 3a oyayha te-
OpHjCKa U EKCIIEPUMEHTAJIHA UCTPaKBamba y 00J1acTH aTOMCKE M MOJIeKyJIcKe (hu3nke, atMochepcke
XeMHje ¥ MEIUIIMHCKE (PU3HKE.

KibyuHe peun: enacTHUHO pacejame eJIeKTPOoHa, Tu(epeHIINjaTHI NOMPEYHN IPECey, MHTETPaTHU
MIOTIPEYHH MPECEIIH, MOTIPEYHH MPECEIH MPEHOCA UMITYIICA, MOJICKYJIH aHECTETHKA, XaJloTaH, H30(ry-
paH, ceBodurypas, necqypas, eJIeKTPOHCKO--MOJIEKYJICKH Cyaapu

Hayuna o0aact: ®usuka
Y:ka Hay4yHa o0snact: OU3uKa aTOMa U MOJIEKYIIa
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Chapter 1

Introduction

The interaction of electrons with complex molecular systems represents one of the central top-
ics of contemporary atomic and molecular physics. Electron—molecule collisions govern a wide
range of microscopic processes occurring in plasmas, planetary and terrestrial atmospheres,
radiation chemistry, biological media, and technologically important environments. In partic-
ular, elastic electron scattering from polyatomic molecules provides fundamental information
on the spatial distribution of molecular charge, polarization effects, and interaction potentials,
while also serving as an essential input for modelling electron transport and energy deposition
processes.

Among complex molecular targets, volatile halogenated anesthetics occupy a particularly
important position due to their simultaneous relevance in medicine, environmental science, and
molecular collision physics. Molecules such as halothane, isoflurane, sevoflurane, and desflurane
are widely used in modern inhalation anesthesia because of their favorable pharmacological
properties, chemical stability, and controllable anesthetic action. At the same time, their high
degree of halogenation, strong molecular polarity, and large number of electrons make them
challenging and scientifically attractive systems for experimental and theoretical investigations
of electron scattering phenomena.

In recent decades, increasing attention has also been devoted to the environmental impact
of volatile anesthetics. Owing to their relatively long atmospheric lifetimes and strong infrared
absorption characteristics, several of these compounds contribute to greenhouse warming and
atmospheric chemical processes. In addition, electron-induced fragmentation and dissociation
mechanisms may play a role in their atmospheric degradation pathways. Consequently, detailed
investigations of electron interactions with anesthetic molecules are important not only from the
standpoint of fundamental collision physics, but also for understanding broader environmental
and atmospheric effects associated with these compounds.

Despite numerous studies devoted to their spectroscopy, electronic structure, and photo-
chemical behavior, experimental data for electron scattering cross sections of volatile anesthetics
remain relatively limited, particularly for intermediate electron energies and larger polyatomic
systems. Reliable differential, integral, and momentum-transfer cross sections are nevertheless
essential for testing theoretical models and for improving the understanding of electron-driven
processes in biologically and environmentally relevant media.

The present dissertation is devoted to the experimental investigation of elastic electron
scattering from several representative volatile anesthetic molecules in the gas phase. Special
emphasis is placed on the determination and analysis of differential cross sections, their compar-
ison with theoretical predictions, and the identification of trends related to molecular structure,
halogen substitution, and degree of fluorination. Through this study, the thesis aims to con-
tribute to the broader understanding of electron—molecule interactions in complex halogenated
systems and to provide new experimental data of relevance for molecular physics, atmospheric



chemistry, and related interdisciplinary fields.

1.1 Historical Development of Anesthetic Agents

The history of surgical anesthesia is a narrative of continuous evolution, driven by the search for
an “ideal” agent—one that provides rapid induction and emergence, predictable potency, and a
high safety profile with minimal side effects [[l]. The modern era began in the mid-19th century,
although the analgesic properties of certain gases were known earlier. A transformative shift
occurred in the 1950s with the introduction of halogenated hydrocarbons, which eliminated the
hazard of explosions associated with diethyl ether and cyclopropane [2,3].

Nitrous Oxide (N,0): Often referred to as “laughing gas,” nitrous oxide is the oldest
inhalation agent still in clinical use. Its anesthetic properties were first synthesized by
Joseph Priestley in 1772 and later demonstrated for dental extraction by Horace Wells
in 1844 [3]. While it lacks sufficient potency to be used as a sole anesthetic agent (due
to its high MAC value), it remains a staple in modern practice as an adjunct to volatile
anesthetics [[].

Halothane (CyH BrClFs): Introduced clinically in 1956, halothane was the first suc-
cessful fluorinated hydrocarbon. It revolutionized anesthesia by being non-flammable and
relatively easy to administer [4]. However, its significant metabolism ( 20%) led to con-
cerns over hepatotoxicity, which eventually paved the way for the development of more
stable fluorinated ethers [[].

Enflurane (C3H>CIF;0): Developed by Ross Terrell in 1963 and introduced into clinical
practice in the early 1970s, enflurane represented an important step toward the use of
halogenated methyl ethyl ethers. Although it offered better stability than halothane, it
was later largely replaced by its isomer, isoflurane, due to enflurane’s potential to induce
seizure-like EEG activity at high concentrations [3].

Isoflurane (C3HyCIlF50): An isomer of enflurane, isoflurane was synthesized in 1965.
Its clinical introduction was delayed until the early 1980s due to early concerns regarding
potential toxicity [3]. Isoflurane became a global mainstay because of its remarkable
metabolic stability (only 0.2 % metabolism) and reduced risk of cardiac arrhythmias
compared to halothane [1].

Sevoflurane (C,H;3F;0): Synthesized by Bernard Regan in 1968, sevoflurane underwent
a prolonged development period due to its degradation in carbon dioxide absorbents [5].
It was first introduced for clinical use in Japan in 1990 before reaching the U.S. and
Europe. Due to its extremely low blood-gas solubility and non-pungent odor, it has
become the gold standard for pediatric inhalation induction [3].

Desflurane (C3HyFs0): Introduced in the 1990s, desflurane is characterized by its
extremely low solubility, allowing for the most rapid recovery among halogenated agents.
Its unique physical properties, such as a high vapor pressure, require the use of specialized
heated vaporizers [[].

The transition from early gases like NoO and flammable ethers to modern fluorinated agents
reflects a sophisticated refinement in molecular engineering. In the context of this dissertation,
understanding the historical shift toward these specific halogenated molecules is essential, as
their unique electron-molecule interaction cross-sections are fundamental to both their biological
function and their role as atmospheric greenhouse gases [L,0].
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1.2 Classification of Anesthetic Agents

Anesthetic agents are broadly classified based on their route of administration and their chem-
ical structure. This classification is significant for the present study as it narrows the focus
down to volatile halogenated agents, whose physical properties are governed by their specific
molecular architectures [[L,[7].

Classification by Route of Administration

Anesthetics are primarily divided into two main groups:

1. Intravenous Anesthetics: Compounds such as propofol, etomidate, and barbiturates,
which are administered directly into the bloodstream. These are typically larger, more
complex organic molecules.

2. Inhalation Anesthetics: Gases or volatile liquids that are delivered through the respi-
ratory system. This group is further divided into:

« Non-volatile gases: Such as Nitrous oxide (N,O) and Xenon (Xe).

 Volatile liquids: This subgroup includes the halogenated hydrocarbons (e.g., Halothane)
and halogenated ethers (e.g., Isoflurane, Sevoflurane, Desflurane), which are the pri-
mary focus of this research.

Chemical Classification of Volatile Agents

From a molecular physics perspective, the chemical classification is based on the carbon skeleton
and the type of halogen substitution. The molecules investigated in this work belong to two
structural classes:

 Halogenated Alkanes: Represented by Halothane, which is a substituted ethane
derivative containing fluorine, chlorine, and bromine atoms.

« Halogenated Ethers: Represented by Isoflurane, Desflurane, and Sevoflurane.
These molecules contain an ether linkage (C-O-C) and are heavily fluorinated.

This distinction is important for electron scattering studies, as the presence of different
halogen atoms and the ether functional group significantly influences the molecular electrostatic
potential and, consequently, the differential and total scattering cross-sections [§].

1.3 Structure and Properties of Volatile Anesthetics

The volatile anesthetic agents investigated in this work—Halothane, Isoflurane, Sevoflurane,
and Desflurane—are small, halogenated organic molecules. Their chemical behavior and physi-
cal stability are primarily determined by the presence of halogen atoms (F', Cl, and Br) which
have replaced hydrogen atoms on an alkane or ether backbone. Halothane (CyH BrClF3) stands
out as a halogenated ethane derivative and is the only agent in this group containing a bromine
atom. In contrast, Isoflurane, Desflurane, and Sevoflurane are halogenated ethers characterized
by the presence of a C'— O — C linkage, which contributes to their high chemical stability and
reduced metabolic rate compared to older agents [1,3].

The most prominent feature of these molecules is their high degree of fluorination. Fluorine
atoms are exceptionally electronegative, which leads to a strong induction effect and a non-
uniform distribution of electronic charge within the molecular frame. This asymmetric charge



distribution results in permanent molecular dipole moments and influences the overall molec-
ular polarizability. While Halothane and Isoflurane contain heavier halogens like bromine or
chlorine, which increase the ”electron cloud” size and polarizability, Desflurane and Sevoflurane
are more heavily fluorinated, leading to different electronic environments [, 6].

From an experimental standpoint, the volatility of these agents is their most defining char-
acteristic. They are liquids at room temperature but possess relatively low boiling points and
high vapor pressures, which allows them to be easily transitioned into the gas phase for study.
Their stability in the gas phase and resistance to degradation are essential for ensuring consis-
tent measurements. The transition from the alkane-based Halothane to the modern fluorinated
ethers reflects an evolutionary path toward molecules that are not only safer for clinical use
but also exhibit distinct physical signatures due to their specific atomic arrangements [3, 6]

1.4 Environmental Impact of Volatile Anesthetics

In addition to their medical importance, volatile halogenated anesthetics have attracted con-
siderable attention due to their environmental impact. After administration, only a relatively
small fraction of the inhaled anesthetic is metabolized in the human body, while the remaining
amount is exhaled unchanged into the atmosphere. The extent of metabolism differs among
anesthetics: approximately 20% of halothane is metabolized, compared to about 0.2% for isoflu-
rane, 2-5% for sevoflurane, and only around 0.02% for desflurane [2]. Consequently, a significant
portion of these compounds eventually reaches the atmosphere, where they can participate in
various photochemical and electron-induced processes.

The environmental relevance of inhalation anesthetics arises primarily from their long at-
mospheric lifetimes, strong infrared absorption characteristics, and, in some cases, the presence
of chlorine or bromine atoms that contribute to ozone depletion mechanisms. Due to their high
chemical stability, many fluorinated anesthetics are resistant to rapid degradation in the lower
atmosphere, allowing them to persist long enough to reach higher atmospheric layers. Their ac-
cumulation has therefore raised concerns regarding their contribution to anthropogenic climate
change and atmospheric chemistry.

Among currently used anesthetics, desflurane is considered to have the largest environmen-
tal impact because of its exceptionally high global warming potential (GWP) and long atmo-
spheric lifetime. In contrast, sevoflurane undergoes somewhat larger metabolic degradation
and exhibits a substantially lower atmospheric persistence. Isoflurane occupies an intermediate
position, while halothane, although now less commonly used clinically, remains important due
to the presence of both chlorine and bromine atoms, which are directly linked to ozone depletion
chemistry.

The atmospheric behavior of volatile anesthetics has been investigated in several experimen-
tal and theoretical studies. Ryan and Nielsen [9] analyzed the environmental consequences of
modern inhalation anesthetics and emphasized that desflurane possesses a significantly higher
climate impact compared to sevoflurane and isoflurane due to its combination of high radiative
efficiency and long atmospheric residence time. FEarlier studies by Langbein et al. [10] also
demonstrated that inhalation anesthetics act as greenhouse gases with non-negligible radiative
forcing effects, particularly in the case of highly fluorinated compounds.

Besides their climatic effects, halogenated anesthetics are also relevant from the perspec-
tive of atmospheric degradation mechanisms. In the atmosphere, these molecules may undergo
reactions initiated by UV radiation, hydroxyl radicals, low-energy electrons, and other reactive
species. Such processes can lead to fragmentation, radical formation, and release of halogen
atoms, which may subsequently participate in catalytic ozone destruction cycles. Therefore,
understanding the interaction of electrons with anesthetic molecules, including elastic scatter-



ing and electron-induced excitation or dissociation processes, is important not only from the
standpoint of fundamental molecular physics but also for improving the understanding of their
atmospheric fate.

The following sections summarize the most important environmental parameters of volatile
anesthetics, including their global warming potential, ozone depletion potential, atmospheric
stability, radiative properties, and electron-induced atmospheric processes.

1.4.1 Global Warming Potential (GWP)

One of the principal parameters used to quantify the climatic impact of greenhouse gases is
the global warming potential (GWP). This quantity expresses the cumulative warming effect
produced by a given gas relative to carbon dioxide and represents one of the standard mea-
sures employed in atmospheric chemistry and climate science [9,[11]. The GWP enables direct
comparison between different greenhouse gases by taking into account both their infrared ab-
sorption properties and their persistence in the atmosphere. In environmental studies, GWP
values are commonly evaluated over time horizons of 20, 100, or 500 years, with the 100-year
value, denoted as GWP1go, being the most widely adopted reference [9,[11].

The GWP of a gas is formally defined as the ratio between the time-integrated radiative
forcing caused by the release of a unit mass of the investigated gas and that produced by the
same mass of COy over a selected time interval H [9,[11]:

/ ’ RF,(t) dt
GWP(H) = —20

RFco,(t)dt

)

0

where RF,(t) and RFco,(t) represent the radiative forcing generated by the investigated
gas and carbon dioxide, respectively.

Radiative forcing represents the perturbation of the Earth’s radiative balance caused by the
presence of greenhouse gases in the atmosphere [[11]. Molecules that efficiently absorb infrared
radiation within the atmospheric transparency window contribute more strongly to radiative
forcing and therefore exhibit larger GWP values. Volatile anesthetics belong to this category
because they contain multiple halogen atoms, particularly fluorine, which give rise to intense
infrared absorption bands associated mainly with vibrational modes involving C-F bonds [9,11].
Consequently, these compounds can efficiently absorb terrestrial infrared radiation emitted by
the Earth’s surface.

Although the atmospheric concentrations of anesthetic gases are significantly lower than
those of major greenhouse gases such as COy, CHy, or NyO, their environmental relevance
should not be neglected [9,[10]. Due to their relatively large radiative efficiencies and chemical
stability, volatile anesthetics may contribute measurably to anthropogenic greenhouse warming.
Their environmental significance is additionally enhanced by the fact that only a small fraction
of the administered anesthetic is metabolized in the human body, while the majority is exhaled
unchanged and eventually released into the atmosphere through hospital ventilation systems
2,9].

The environmental impact of inhalation anesthetics has therefore become an increasingly
important topic in recent years, particularly in the context of sustainable healthcare and re-
duction of medical greenhouse gas emissions [J]. Several studies have demonstrated that the
choice of anesthetic agent can significantly influence the total environmental footprint of anes-
thetic procedures. Ryan and Nielsen [9] showed that desflurane exhibits substantially larger
greenhouse effects compared to sevoflurane and isoflurane under comparable clinical condi-
tions. Earlier investigations by Langbein et al. [10] similarly identified volatile anesthetics as



greenhouse gases with measurable radiative forcing contributions.

Among commonly used anesthetic agents, desflurane possesses by far the highest GWP
values and is therefore considered the most environmentally problematic modern inhalation
anesthetic. Reported GWPy, values are approximately 2540 for desflurane, around 510 for
isoflurane, and about 130 for sevoflurane [9,[10]. Halothane, although less frequently used in
modern clinical practice, also exhibits a relatively large global warming potential, estimated to
be close to 1900 [10]. These differences arise primarily from variations in molecular structure,
infrared absorption efficiency, and atmospheric degradation pathways.

Highly fluorinated molecules generally exhibit enhanced infrared absorption because of the
strong polarity of C-F bonds and the large number of vibrational modes active in the in-
frared spectral region. Sulbaek Andersen et al. [11] investigated the atmospheric chemistry and
radiative properties of several halogenated anesthetics and demonstrated that their infrared
absorption cross sections contribute significantly to their greenhouse characteristics. Their
study emphasized that even compounds present at relatively low atmospheric abundances may
possess notable climatic effects if their radiative efficiencies are sufficiently large.

In addition to molecular composition, clinical practice also plays an important role in de-
termining the environmental burden associated with anesthetic gases. High fresh gas flow rates
and prolonged administration times can substantially increase anesthetic consumption and
therefore atmospheric emissions [9]. As a result, strategies aimed at reducing the ecological
footprint of anesthesia have attracted growing attention. These approaches include minimizing
fresh gas flows, optimizing anesthetic delivery systems, implementing gas capture and recycling
technologies, and favoring anesthetics with lower GWP values whenever clinically appropriate.

Because the environmental behavior of anesthetic gases depends strongly on their molec-
ular properties and interaction mechanisms, detailed studies of their physical and chemical
characteristics are of considerable importance. Investigations of electron scattering, molecular
excitation, fragmentation, and radiative interactions therefore contribute not only to the un-
derstanding of fundamental molecular collision processes but also to the broader understanding
of the atmospheric fate and environmental impact of volatile anesthetics.

1.4.2 Ozone Depletion Potential (ODP)

In addition to their contribution to greenhouse warming, halogenated volatile anesthetics may
also affect stratospheric ozone chemistry due to the presence of chlorine and, in some cases,
bromine atoms. The ozone depletion potential (ODP) is a relative metric used to quantify
the ability of a compound to destroy stratospheric ozone compared to a reference substance,
typically CFC-11.

Formally, the ODP of a compound x is defined as:

/ AOs(x, 1) dt
0

/ AOy(CCIF, 1) dt
0

ODP, =

)

where AO;3(z,t) represents the ozone column perturbation induced by emission of species
z [10].

Among volatile anesthetics, halothane exhibits the highest ozone depletion potential due
to the presence of both chlorine and bromine atoms, which enables highly efficient catalytic
ozone destruction cycles. Reported values indicate an ODP of approximately 1.56 relative to
CFC-11 [10], making halothane the most ozone-relevant anesthetic in this class.

[soflurane and sevoflurane contain chlorine atoms but no bromine. Their ozone depletion
potentials are therefore significantly lower. Reported values are approximately ~ 0.02 for



isoflurane and ~ 0.01 for sevoflurane, indicating only a minor contribution to stratospheric
ozone destruction compared to halogenated industrial compounds [L0].

Desflurane contains only fluorine atoms and does not release reactive chlorine or bromine
species in the atmosphere. As a result, its ozone depletion potential is effectively negligible
(ODP = 0), and its environmental impact is instead dominated by radiative forcing and its
high global warming potential [9,10].

Overall, the differences in ODP among volatile anesthetics are primarily governed by molec-
ular composition. Bromine-containing compounds exhibit the highest ozone depletion effi-
ciency, chlorine-containing compounds show weak but non-zero effects, while fully fluorinated
anesthetics do not contribute to catalytic ozone depletion chemistry.

1.4.3 Atmospheric Lifetime and Degradation Mechanisms

The atmospheric lifetime of volatile halogenated anesthetics is a key parameter governing their
environmental impact, as it determines the time scale over which these compounds can par-
ticipate in radiative forcing and stratospheric chemistry. Atmospheric removal processes are
primarily controlled by chemical degradation in the troposphere, rather than physical deposi-
tion, due to the relatively inert nature of these molecules under ambient conditions.

The dominant sink for most volatile anesthetics is reaction with hydroxyl radicals (OH),
which represent the primary atmospheric oxidizing species. OH-initiated abstraction processes
lead to stepwise degradation of the parent molecule and formation of reactive intermediates.
Additional contributions may arise from photolysis and electron-induced dissociation processes
in the upper atmosphere, where higher-energy radiation and secondary electrons are present
8,111].

Among the anesthetics considered, halothane exhibits relatively fast atmospheric removal
compared to fully fluorinated compounds due to the presence of weaker C-Cl and C-Br
bonds. Reported atmospheric (tropospheric) lifetimes vary between approximately 2 years (OH
reactivity-based estimate) and about 7 years (combined OH and spectroscopic modelling), re-
flecting methodological differences in kinetic modelling approaches [[10,[12]. This relatively short
persistence, combined with the presence of bromine, makes halothane particularly relevant for
stratospheric ozone chemistry.

[soflurane shows an atmospheric lifetime of approximately 3-5 years, depending on the
adopted OH concentration and kinetic model assumptions [10]. Sevoflurane is somewhat more
reactive, with a shorter atmospheric lifetime of approximately 1-2 years, primarily due to its
higher susceptibility to OH-initiated degradation pathways [10,[13]. These differences reflect
variations in molecular structure and the availability of reactive sites for radical attack.

Desflurane is significantly more stable in the atmosphere than the other anesthetics con-
sidered. Reported atmospheric lifetimes range from approximately 9 to 21 years, making it
one of the most persistent modern volatile anesthetic agents [9,13]. This exceptional stability
is attributed to the strong C-F bonds and the absence of reactive halogen substitution that
would otherwise facilitate faster degradation.

The primary degradation pathway for all compounds remains OH radical chemistry, which
initiates hydrogen abstraction or addition processes depending on molecular structure. In
halogenated systems, this leads to fragmentation and eventual formation of smaller fluorinated
or chlorinated species. In addition, photochemical processes in the upper atmosphere and
low-energy electron interactions may contribute to molecular dissociation, particularly through
dissociative electron attachment (DEA) channels [8,14].

Electron-molecule scattering processes are increasingly recognized as relevant in atmospheric
chemistry of halogenated anesthetics. Low-energy electrons can induce transient negative ion
formation, resulting in bond cleavage and fragmentation. These mechanisms are particularly



efficient for molecules containing C—CIl and C-Br bonds, while fully fluorinated compounds are
considerably more resistant to electron-induced dissociation due to the high bond strength of
C-F bonds [§].

Overall, the atmospheric lifetime of volatile anesthetics spans more than an order of mag-
nitude across different compounds, ranging from approximately 1-2 years for sevoflurane, 3-5
years for isoflurane, 2-7 years for halothane, and up to 9-21 years for desflurane. These dif-
ferences arise from variations in molecular structure, bond strengths, and reactivity toward
atmospheric oxidants. The increasing fluorination of modern anesthetics enhances atmospheric
stability, while simultaneously reducing chemical reactivity, thereby extending their environ-
mental persistence.

1.4.4 Radiative Properties and Infrared Absorption

Volatile halogenated anesthetics exhibit significant radiative efficiency due to their strong ab-
sorption of infrared (IR) radiation in the atmospheric transparency window. This property is a
direct consequence of their molecular structure, which is dominated by C—F, C-Cl, and in some
cases C—Br bonds, leading to multiple vibrational modes active in the mid-infrared region.

The radiative efficiency of these compounds is primarily determined by their ability to
absorb outgoing longwave terrestrial radiation, thereby contributing to an enhanced greenhouse
effect. Highly fluorinated molecules, in particular, exhibit strong and broad absorption bands
associated with C-F stretching and bending vibrations. These absorption features overlap with
the so-called “atmospheric window”, where Earth’s outgoing radiation is only weakly absorbed
by major atmospheric constituents such as HyO, CO,, and Os.

Among the anesthetics considered, desflurane shows the highest radiative efficiency due to
its extensive fluorination and complex vibrational structure, which results in strong absorption
across multiple IR bands. Isoflurane and sevoflurane also exhibit significant infrared activity,
although their spectral features are somewhat reduced due to differences in molecular symmetry
and bond distribution. Halothane, containing both chlorine and bromine atoms, shows distinct
absorption features in the mid-infrared region, contributing to its radiative forcing despite lower
fluorination compared to modern agents.

Recent atmospheric studies have demonstrated that even trace concentrations of these com-
pounds can produce measurable radiative forcing due to their high IR absorption cross sec-
tions [11]. Sulbaek Andersen et al. further showed that radiative efficiency, combined with
atmospheric lifetime, is a key determinant of the overall climate impact of halogenated anes-
thetics [[L1].

Overall, the radiative properties of volatile anesthetics are governed by molecular vibrational
structure, with fluorination playing a central role in enhancing infrared absorption strength and
spectral overlap with the atmospheric window [§].

1.4.5 Electron-Induced Processes in the Atmosphere

In addition to photochemical and radical-driven degradation pathways, electron-induced pro-
cesses represent an important mechanism in the atmospheric chemistry of halogenated volatile
anesthetics. These processes are driven by low-energy electrons, which are abundant in the up-
per atmosphere due to cosmic ray interactions, photoionization events, and secondary electron
cascades.

A key mechanism in this context is dissociative electron attachment (DEA), in which a
low-energy electron is temporarily captured by a molecule, forming a transient negative ion
state that subsequently dissociates into fragment species. This process can lead to selective



cleavage of weak chemical bonds, particularly C—CI and C-Br bonds, resulting in the formation
of reactive halogen radicals.

The importance of low-energy electron interactions in atmospheric and molecular processes
has been extensively discussed by Campbell and Brunger [15], who emphasized the role of tran-
sient negative ion formation and electron-driven fragmentation in complex molecular systems.
In a more recent atmospheric chemistry study, Campbell and Brunger [16] further highlighted
the relevance of electron-induced processes in atmospheric environments, particularly under
conditions where secondary electrons are generated through ionization and radiative processes.

Experimental and theoretical studies have shown that halogenated anesthetics exhibit mea-
surable cross sections for electron-molecule scattering and DEA processes, indicating that these
compounds can undergo fragmentation under low-energy electron impact conditions [8]. The
efficiency of these mechanisms depends strongly on molecular composition, with bromine- and
chlorine-containing molecules generally being more susceptible to electron-induced bond cleav-
age than fully fluorinated compounds.

Halothane is particularly sensitive to electron-induced dissociation due to the presence of
both chlorine and bromine atoms, which provide energetically favorable dissociation pathways
following electron attachment. Isoflurane and sevoflurane also exhibit electron-induced frag-
mentation channels associated primarily with C-Cl bond cleavage. In contrast, desflurane,
which contains only fluorine substituents, is considerably more resistant to DEA processes due
to the high bond strength of the C—F bond and the absence of efficient low-energy dissociative
channels.

Electron-driven fragmentation processes may therefore complement conventional atmo-
spheric degradation pathways such as OH-initiated oxidation and photolysis. In particular,
low-energy electron attachment can initiate rapid molecular dissociation and formation of re-
active radical species, thereby linking microscopic electron scattering phenomena with macro-
scopic atmospheric chemistry effects [8,15,16].

Overall, electron-induced processes provide an important additional perspective for under-
standing the atmospheric behavior of volatile anesthetics. Their investigation is especially
relevant for halogenated systems, where transient negative ion formation and subsequent frag-
mentation may influence both molecular stability and environmental degradation pathways.

1.5 Review of Previous Experimental and Theoretical
Investigations of the Studied Anesthetic Molecules

Volatile halogenated anesthetics have been widely studied due to their relevance in both medical
applications and atmospheric chemistry. From a molecular physics perspective, these systems
are of interest because of their structural complexity, strong polarization effects, and rich elec-
tronic and vibrational structure.

A variety of experimental and theoretical techniques have been used to investigate their
properties, including spectroscopic methods, quantum chemical calculations, gas electron diffrac-
tion, and electron-scattering experiments. These studies provide information on molecular
structure, electronic states, and electron-induced processes such as scattering and fragmenta-
tion.

In the following subsections, previous investigations of halothane, isoflurane, sevoflurane,
and desflurane are summarized, with emphasis on results relevant to molecular structure, spec-
troscopy, and collision dynamics.



1.5.1 Halothane

Halothane has been extensively investigated due to its historical importance as one of the first
widely used halogenated inhalation anesthetics and its unique chemical composition containing
fluorine, chlorine, and bromine atoms. Its molecular structure makes it particularly relevant not
only in medical applications but also in studies of atmospheric chemistry, photodissociation dy-
namics, and electron-driven processes. A summary of the most relevant previous experimental
and theoretical studies is provided in Table [1.1l.

A significant contribution to the understanding of the electronic structure and excited-state
properties of halothane was provided by Ferreira da Silva et al. [17], who combined ab initio
calculations of Rydberg and valence transitions with high-resolution vacuum ultraviolet (VUV)
photoabsorption measurements in the wavelength range from 115 nm to 300 nm. Their study
demonstrated that halothane exhibits rich electronic excitation features in the VUV region.
Importantly, they also estimated its photolysis lifetime and concluded that, in the stratosphere,
ultraviolet photoabsorption represents the dominant mechanism for the release of chlorine and
bromine atoms, which play a critical role in catalytic ozone depletion processes.

Electron-induced fragmentation processes in halothane have also been investigated in de-
tail. Lozano et al. [18] studied negative ion formation through electron transfer from neutral
potassium atoms over a wide collision energy range (8-1000 eV) using a crossed-beam exper-
imental setup. Their results showed that the dominant anionic fragments are Br—, ClI~, and
F~, with bromine anions representing the most efficient dissociation channel. These findings
were supported by electronic structure calculations, confirming the fragmentation pathways
and energetics of the system.

Complementary studies by Marotta et al. [19] further examined the ion chemistry of halothane
in air plasma at atmospheric pressure. Their results confirmed that Br~ is the predominant
negative ion formed, followed by Cl~, emphasizing the importance of halogen-containing frag-
ments in plasma-driven decomposition processes. These investigations collectively highlight the
susceptibility of halothane to electron-induced and ion-driven dissociation mechanisms.

From a structural perspective, Scharf et al. [20] provided a detailed determination of the
gas-phase molecular geometry of halothane, contributing to a more precise understanding of
its conformational properties. Their study also included theoretical modelling of intermolecu-
lar interactions using density functional theory and molecular dynamics simulations, providing
effective pair potentials that reproduce available thermodynamic properties and gas-phase be-
havior of halothane. This work was later complemented by Tang et al. [21], who analyzed both
the charge distribution and molecular structure of halothane and sevoflurane, providing insight
into the relationship between electronic structure and molecular polarity in halogenated anes-
thetics. Their results further clarified the electronic charge redistribution within the molecule,
offering improved insight into the dipole moment distribution and its relevance for intermolec-
ular interactions and collision processes.

A combined experimental and theoretical study of the vibrational and structural properties
of halothane was reported by Czarnik-Matusewicz et al. [22]. Using ab initio calculations to-
gether with IR and Raman spectroscopy, the authors analyzed the conformational stability and
vibrational modes of the molecule. Their results confirmed the preference for the staggered con-
former and showed good agreement between calculated and measured vibrational frequencies
after appropriate scaling. The study provides a reliable description of the equilibrium geom-
etry and internal dynamics of halothane, which are important for understanding its dipole
distribution and interaction with electrons in scattering processes.

Further insight into the photodissociation dynamics of halothane has been obtained through
time-resolved and wavelength-specific studies. Yokoyama et al. [23] investigated photodissocia-
tion at 157 nm, while Saha et al. [24] extended these studies to near 234 nm excitation. These
works demonstrated that halothane undergoes efficient bond cleavage upon UV excitation, with
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Table 1.1: Summary of previous experimental and theoretical studies on halothane relevant to
its molecular structure, spectroscopy, electron-induced processes, and scattering dynamics.

Authors

Type of study

Method / Conditions

Main results

Ferreira da
Silva et al. [17]

Lozano et al.

18]

Marotta et al.
[19]

Scharf et
al. [20]

Tang et al. [21]

Electronic excitation
+ photophysics

Electron-induced
fragmentation (DEA)
Plasma ion chemistry

Molecular structure
+ intermolecular
interactions
Electronic structure

Ab initio calculations; VUV
photoabsorption (115-300
nm)

Crossed electron—molecular
beam (8-1000 eV)
Atmospheric
plasma experiments
DFT + molecular dynamics
(gas/liquid phase)

pressure

Quantum chemical calcula-
tions

Rydberg and valence states; UV-
induced Cl and Br release; ozone
depletion

Formation of Br—, C17, F~; Br™
dominant channel

Formation of Br~ and Cl™ nega-
tive ions in plasma conditions
Equilibrium structure; effective
pair potentials; thermodynamic
consistency

Charge distribution and dipole
moment relevant for intermolec-
ular interactions

Czarnik- Vibrational structure ~ Ab initio (MP2, DFT) + Staggered conformer stability; vi-

Matusewicz IR /Raman spectroscopy brational mode assignments

et al. [22]

Yokoyama et al. Photodissociation UV photolysis at 157 nm Efficient bond cleavage and frag-

23] dynamics mentation pathways

Saha et al. [24]  Photodissociation UV excitation (~234 nm) Energy-dependent  dissociation
dynamics mechanisms

Maioli et Elastic electron scat- SMCPP + IAM-SCAR+I + DCS, ICS, MTCS; reasonable

al. [25] tering experiment (10-50 eV) agreement between theory and

experiment

dissociation pathways strongly dependent on photon energy and molecular electronic structure.

Among the most relevant studies for the present work is the combined theoretical and ex-
perimental investigation of elastic electron scattering from halothane reported by Maioli et
al. [25]. In this study, differential, integral, and momentum transfer cross sections (DCSs,
ICSs, and MTCSs) were calculated using the Schwinger multichannel method with pseudopo-
tentials, as well as the independent atom model incorporating screening-corrected additivity
rules and interference effects (IAM-SCAR+I). Experimental DCSs were measured for incident
electron energies of 10, 20, 30, and 50 eV over a scattering angle range from 7° to 100°. The
comparison between theory and experiment showed overall reasonable agreement, validating
the applicability of the employed theoretical frameworks for complex halogenated molecules.

Collectively, these studies demonstrate that halothane is a prototypical system for under-
standing the interplay between molecular structure, electron-driven processes, and atmospheric
relevance in halogenated anesthetic compounds.

1.5.2 Isoflurane

Isoflurane has been extensively studied due to its widespread clinical use as a modern halo-
genated inhalation anesthetic and its structurally related nature to other fluorinated ethers such
as sevoflurane and desflurane. Its molecular complexity and conformational flexibility make it
an important system for investigating structure—property relationships, electron-induced pro-
cesses, and photon—molecule interactions. A summary of the most relevant previous experi-
mental and theoretical studies is provided in Table [L.2.

A detailed investigation of the geometric structure and conformational properties of isoflu-
rane, together with desflurane, was reported by utilizing a combination of Gas Electron Diffrac-
tion (GED) and quantum chemical calculations [26]. Both molecules were found to exist as
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mixtures of two conformers in the gas phase. The dominant conformer of isoflurane is char-
acterized by a nearly trans configuration of the C—-C—-O—-C skeleton and a trans orientation of
the CHF2 group, while the minor conformer adopts a gauche orientation. These results high-
light the importance of conformational flexibility in determining the molecular geometry and
its associated electronic properties.

Electron-induced fragmentation processes in isoflurane have been investigated through dis-
sociative electron attachment (DEA) experiments performed by Matias et al. [27]. Using a
crossed electron—molecular beam setup combined with a two-sector field mass spectrometer,
anion efficiency curves for the resulting negative fragments were measured over an electron
energy range of approximately 0-17 eV. The dominant anionic channels were observed in the
2-3 eV and 9 €V regions, while the Cl~ fragment exhibited a pronounced resonance at around
0.6 eV. Complementary quantum chemical calculations were used to determine thermochemi-
cal thresholds for anion formation, providing important insight into the underlying dissociation
mechanisms.

Negative ion formation in isoflurane has also been investigated using ion mobility spectrometry—
mass spectrometry (IMS-MS) by Gonzélez-Méndez et al. [28]. The study showed that pre-
viously reported Cl~ signals are not due to dissociative electron attachment, but rather to
chlorine-containing impurities in earlier experiments. It was further demonstrated that isoflu-
rane exhibits high vertical attachment energies, which suppress efficient DEA processes, and
that observed weak ion—molecule complexes are predominantly clustering products rather than
direct fragmentation channels.

Further insight into the electronic structure of isoflurane was provided by Lange et al.
[29], who investigated the lowest-lying electronic excited states of isoflurane and sevoflurane in
the photon energy range of 5.0-10.8 eV. Synchrotron-based photoabsorption spectroscopy was
combined with quantum chemical calculations to assign low-lying singlet valence and Rydberg
states, as well as to identify contributions from triplet states. These results provide a detailed
description of the excitation landscape relevant for photon—molecule interactions.

A recent study by Kopyra et al. [30] further investigated electron-impact induced fragmen-
tation of isoflurane, providing detailed insight into its dissociation dynamics under electron
collision conditions. The work combines experimental measurements and theoretical modelling
to analyze the formation of fragment ions as a function of incident electron energy. The re-
sults demonstrate that electron-induced processes play a significant role in the fragmentation
pathways of isoflurane, complementing previous DEA studies and further highlighting its sus-
ceptibility to electron-driven decomposition mechanisms.

The most comprehensive study relevant to electron scattering from isoflurane is presented in
the PhD thesis of E. Lange [B1]. This work includes both theoretical and experimental investi-
gations of elastic electron scattering. Theoretical differential and integral cross sections (DCSs
and ICSs) were obtained using the Schwinger multichannel method with pseudopotentials, as
well as the independent atom model with screening-corrected additivity rules and interference
effects (IAM-SCAR+I). Experimental DCSs were measured in the 10-50 eV energy range and
over a scattering angle range of 8° to 70°, using a high-resolution electron energy loss spec-
trometer. The absolute normalization of the experimental data was achieved by scaling to the
IAM-SCARAI results at a scattering angle of 30°, and overall good agreement between theory
and experiment was observed.

Together, these studies highlight the relationship between molecular structure, electronic
states, and electron-driven processes in isoflurane.
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Table 1.2: Summary of previous experimental and theoretical studies on isoflurane relevant to
its molecular structure, spectroscopy, electron-induced processes, and scattering dynamics.

Authors

Type of study

Method / Conditions

Main results

Hermann et
al. [26]

Matias et al.
1)

Gonzalez-
Méndez et

al. [2§]

Lange et al. [29]
Kopyra et al.
3]

E. Lange (PhD
thesis) [B1]

Molecular structure
+ conformational
analysis

Electron-induced
fragmentation (DEA)

Negative ion chem-
istry (IMS-MS)
Electronic excitation

+ photoabsorption

Electron-impact frag-
mentation

Elastic electron scat-
tering

Gas Electron Diffraction
(GED) + quantum chemical
calculations

Crossed electron—molecular
beam (0-17 eV)

Ton mobility spectrometry—
mass spectrometry; cluster
formation analysis

Synchrotron radiation (5.0
10.8 eV)

Electron collision experi-
ments + theoretical mod-
elling
SMCPP + TAM-SCARA+I +
experiment (10-50 eV, 8°—
70°)

Two conformers in gas phase;
dominant trans C-C-O-C skele-
ton; CHF; trans orientation; mi-
nor gauche conformer

Formation of C17, F~ fragments;
resonances at 2-3 eV and 9 €V;
Cl™ peak at ~0.6 eV

Cl~ signals due to impurities;
high vertical attachment energy
suppresses DEA; ions mainly
from clustering processes
Low-lying valence and Rydberg
states; identification of singlet
and triplet excitations
Energy-dependent fragmen-
tation; strong electron-driven
dissociation pathways

DCS, ICS, MTCS; good agree-
ment between experiment and
calculations

1.5.3 Sevoflurane

Sevoflurane is a widely used halogenated inhalation anesthetic characterized by a fully fluori-
nated structure, which makes it particularly relevant for studies of electron—molecule interac-
tions, scattering processes, and atmospheric chemistry. Its relatively large size, high polariz-
ability, and permanent dipole moment contribute to complex collision dynamics, making it a
suitable system for both experimental and theoretical investigations. A summary of the most
relevant experimental and theoretical studies on sevoflurane is given in Table

From a structural perspective, Tang et al. [21] also investigated sevoflurane alongside
halothane, providing insight into its molecular geometry and charge distribution. Their results
confirmed the influence of fluorine substitution on the electronic density and dipole moment,
which are key factors governing intermolecular interactions and scattering behavior.

Electron scattering from sevoflurane has been investigated in several studies. Lozano et
al. [B2] reported total electron scattering cross sections over a broad energy range, showing good
agreement with theoretical calculations based on the IAM-SCAR~+I approach and confirming
its applicability to complex polyatomic systems.

The electronic excitation spectrum of sevoflurane has also been examined together with
isoflurane by Lange et al. [?]. Using synchrotron-based photoabsorption spectroscopy combined
with quantum chemical calculations, low-lying valence and Rydberg states were identified in
the 5.0-10.8 €V energy range, providing insight into the excited-state structure relevant for
photon-induced processes.

A detailed investigation of the conformational properties of sevoflurane was reported by
Lesarri et al. [33], who employed Fourier-transform microwave spectroscopy supported by ab
initio calculations. The study showed that, under isolated gas-phase conditions, sevoflurane
predominantly adopts a single stable conformation characterized by a gauche fluoromethoxy
group and a near-symmetric arrangement of the molecular backbone. The experimentally
determined structure and dipole moment components provide an accurate description of the
molecular geometry relevant for interaction processes.
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Table 1.3: Summary of previous experimental and theoretical studies on sevoflurane relevant
to its molecular structure, spectroscopy, electron-induced processes, and scattering dynamics.

Authors

Type of study

Method / Conditions

Main results

Tang et al. [21]

Lesarri et al.
[33]
Dom et al. [35]

Lozano et al.
32]
Kaur et al. [B4]

Lange et al. [29]

Molecular structure
+ electronic proper-
ties

Molecular  structure
+ conformational
analysis
Intermolecular
interactions
Electron  scattering
(TCS)

Electron  scattering
(theory)

Electronic excitation
+ photoabsorption

Quantum chemical
calculations

Fourier-transform microwave
spectroscopy + ab initio cal-
culations

Spectroscopy + theoretical
calculations (C-H---7 com-
plexes)

Magnetic beam experiment
(1-300 eV) + IAM-SCAR+I
Single-centre expansion +
model potentials (1 eV-H
keV)

Synchrotron radiation (5.0
10.8 eV)

Charge distribution and dipole
moment; influence of fluorination
on electronic structure

Dominant stable conformer; ac-
curate gas-phase geometry and
dipole components

Stable weak complexes; binding
energies confirm role of dispersion
and weak hydrogen bonding
Total cross sections; good agree-
ment with theoretical predictions
DCS, ICS, ionization cross sec-
tions; importance of polarization
effects

Low-lying valence and Rydberg
states; consistent with isoflurane

A recent theoretical study by Kaur et al. [34] reported a comprehensive set of electron-
impact scattering cross sections for sevoflurane over a wide energy range from 1 eV up to
5 keV. Elastic differential and integral cross sections were calculated using the single-centre-
expansion formalism with model potentials, while ionization cross sections were obtained using
the binary-encounter-Bethe approach. The results show good agreement with available exper-
imental total cross sections, confirming the reliability of simplified theoretical approaches for
describing electron scattering from complex polyatomic molecules.

Intermolecular interactions of sevoflurane were investigated by Dom et al. [35], who studied
weak C-H---7 hydrogen-bonded complexes formed between sevoflurane and benzene using a
combination of spectroscopic measurements and theoretical calculations. The results showed
that such weak interactions are energetically stable, with experimentally and theoretically de-
termined binding energies in very good agreement, providing insight into the role of dispersion
and weak hydrogen bonding in stabilizing molecular complexes.

1.5.4 Desflurane

Desflurane has been studied as a representative fluorinated ether anesthetic due to its structural
similarity to related compounds such as isoflurane and sevoflurane. Its molecular structure and
conformational flexibility have been the subject of both experimental and theoretical investi-
gations. A concise overview of the most relevant previous experimental and theoretical studies
is presented in Table .

The gas-phase molecular structure and conformational properties of desflurane, together
with isoflurane, were studied using gas electron diffraction combined with quantum chemical
calculations [26]. The results showed that both molecules exist as mixtures of two conformers,
where the most stable form is characterized by an almost trans arrangement of the C—C-O-
C backbone and a trans-oriented CHF5 group. The less stable conformer adopts a gauche
orientation of this group, indicating the importance of subtle steric and electronic effects in
determining the equilibrium structure.

The conformational preferences and microsolvation effects of desflurane were further in-
vestigated using MP2 and DFT calculations [36]. It was found that the two lowest-energy
conformers are nearly isoenergetic, with their relative stability mainly governed by weak in-
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tramolecular F---H interactions. In addition, both conformers form stable complexes with a
single water molecule through CH- - - O and OH- - - F hydrogen bonding, while fluorinated ether
groups exhibit noticeable charge-transfer effects upon hydration.

Reaction dynamics of desflurane with chlorine atoms were studied theoretically by Zierkiewicz
[87] using high-level CCSD(T)/CBS calculations. Hydrogen abstraction from the CHF group
was identified as the most favorable reaction pathway, proceeding through a multi-step mecha-
nism. All investigated channels were found to be slightly endothermic, with reaction enthalpies
in the range of approximately 1.2 to 5.3 kcal mol~!, providing detailed insight into the energetics
and preferred reaction routes.

Vibrational properties and conformational behavior of desflurane were investigated experi-
mentally and theoretically using FT-IR and Raman spectroscopy in combination with ab initio
calculations [B8]. The results indicated that only the two lowest-energy conformers signifi-
cantly contribute to the observed spectra, while temperature-dependent spectral changes were
attributed to conformational redistribution. The study also suggested weak complex formation
with methyl fluoride, stabilized by non-classical hydrogen bonding interactions.

Further spectroscopic insight was obtained from vibrational absorption and circular dichro-
ism measurements in solution [39]. Combined with theoretical modelling, these data enabled the
identification of dominant conformers and provided detailed information on the stereochemical
characteristics of desflurane in the studied spectral range.

Overall, these studies demonstrate that the structural flexibility, weak intermolecular in-
teractions, and conformational dynamics of desflurane play a central role in determining its
physical and chemical behavior.

Available literature does not include studies on electron-scattering cross sections for desflu-
rane (DCS, ICS, MTCS, or TCS). Therefore, the present work represents a first step in this
direction for this molecule.

Table 1.4: Summary of previous experimental and theoretical studies on desflurane relevant to
its molecular structure, spectroscopy, intermolecular interactions, and reaction dynamics.

Authors Type of study Method / Conditions Main results

Hermann et Molecular structure Gas Electron Diffraction Two conformers in gas phase;

al. [26] + conformational (GED) + quantum chemical dominant trans C-C-O-C back-
analysis calculations bone; CHF5 trans orientation;

minor gauche conformer
Sutradhar et al. Conformational anal- MP2 and DFT calculations; Nearly isoenergetic conform-
[B6] ysis + microsolvation water complexation studies ers; stability governed by weak
F.--H interactions; CH---O and
OH- - - F water complexes
Zierkiewicz [37] Reaction dynamics CCSD(T)/CBS calculations; Hydrogen abstraction from CHF
Cl-atom reactions group dominant pathway; all
channels slightly endothermic
(1.2-5.3 keal mol 1)

Melikova et al. Vibrational spec- FT-IR (cryospectroscopy) + Two main conformers observed;
B troscopy + confor- Raman 4+ ab initio calcula- temperature-dependent spectral
mations tions changes; weak complex formation
indicated
Polavarapu et Vibrational absorp- Vibrational circular dichro- Identification of dominant con-
al. [BY] tion + VCD analysis ism (VCD) + theoretical formers; stereochemical charac-
modelling terization in solution
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1.6 Scope and Objectives of the Present Work

The interaction of low- and intermediate-energy electrons with complex polyatomic molecules
represents a fundamental problem in atomic and molecular physics, with significant implications
for fields such as radiation chemistry, atmospheric physics, and medical physics. In particular,
halogenated anesthetic molecules, due to their structural complexity, high polarizability, bi-
ological importance, and pronounced environmental relevance—including their relatively long
atmospheric lifetimes, high global warming potentials (GWPs), and contribution to greenhouse
gas emissions—constitute challenging targets for both experimental and theoretical investiga-
tions of electron—molecule scattering processes.

Despite numerous studies addressing the electronic structure, fragmentation dynamics, and
photon-induced processes in molecules such as sevoflurane, isoflurane, and halothane, experi-
mental data on elastic electron scattering remain limited, especially in the intermediate energy
range. Furthermore, for certain molecules such as desflurane, no experimental differential or in-
tegral cross-section data are currently available. This lack of comprehensive and systematically
obtained scattering data hinders the accurate modelling of electron transport and interaction
processes in biologically relevant media, as well as in atmospheric and environmental contexts
where electron-driven processes can influence molecular stability and decomposition pathways.

The primary scope of the present work is therefore to perform a detailed experimental inves-
tigation of elastic electron scattering from four representative volatile anesthetic molecules—
sevoflurane, isoflurane, halothane, and desflurane—in the gas phase and in the intermediate
electron energy range. The study is based on the crossed electron—molecular beam technique,
which enables precise determination of angular distributions of scattered electrons and, conse-
quently, differential cross sections (DCSs).

The main objectives of this dissertation can be summarized as follows:

« To measure relative and absolute differential cross sections for elastic electron scattering
from the selected anesthetic molecules over a range of incident electron energies and
scattering angles;

» To derive integral cross sections (ICSs) and momentum transfer cross sections (MTCSs)
from the measured DCS data, providing a more complete description of the scattering
process;

e To compare the obtained experimental results with available theoretical calculations,
particularly those based on the Independent Atom Model with screening-corrected addi-
tivity rules and interference effects (IAM-SCAR+I), in order to assess the validity and
limitations of these approaches for complex polyatomic systems;

o To identify systematic trends in the scattering behavior as a function of molecular struc-
ture, such as the role of halogen substitution, molecular size, dipole moment, and degree
of fluorination;

o To provide the first set of experimental electron scattering cross-section data for desflu-
rane, thereby filling an important gap in the existing literature;

o To contribute to the broader understanding of electron-driven processes in biologically
and environmentally relevant molecules, with potential applications in radiation damage
modelling, plasma medicine, and the assessment of atmospheric degradation mechanisms
of greenhouse gases.
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Through these objectives, the present work aims to extend the existing database of electron—
molecule scattering cross sections and to provide reliable experimental benchmarks for future
theoretical developments, particularly for complex halogenated systems of both biomedical and
environmental significance.

1.7 Structure of the Thesis

The present dissertation is structured in a systematic manner in order to provide a coherent
and logically consistent development of the investigated problem, from the general physical
context to the detailed analysis of the obtained results.

Chapter 1 introduces the scientific background and motivation of the study. It includes
an overview of the historical development and classification of anesthetic agents, as well as a
discussion of their chemical structure and physicochemical properties. The fundamental prin-
ciples underlying their anesthetic action are outlined, and particular attention is devoted to
their environmental impact, especially in the context of greenhouse gas emissions. Further-
more, a comprehensive review of previous experimental and theoretical investigations of the
selected molecules is presented. The chapter concludes with a clear formulation of the scope
and objectives of the present work.

Chapter 2 provides the theoretical framework necessary for the description and interpre-
tation of electron-molecule scattering processes. Starting from the fundamental concepts of
collision theory, the formal definition of differential and integral cross sections is introduced.
The partial wave expansion method is then developed in detail, including its connection to
measurable quantities via the scattering amplitude and the optical theorem. Subsequently, the
Independent Atom Model (IAM) and its refined variants, incorporating screening corrections
and interference effects, are discussed as practical approaches for treating complex molecular
targets.

Chapter 3 is devoted to the experimental methodology. It contains a detailed description
of the experimental apparatus employed in this work, with particular emphasis on the UGRA
electron spectrometer. The operating principles of its main components are presented, including
the electron source, energy analyzer, and detection system. The procedures for measuring
relative and absolute differential cross sections are described in a rigorous manner, together
with the methods used for data normalization and the evaluation of experimental uncertainties.

Chapter 4 presents the results obtained in this study and their detailed analysis. The
measured differential cross sections, as well as the derived integral and momentum transfer cross
sections, are reported for each of the investigated molecules: halothane, isoflurane, sevoflurane,
and desflurane. A systematic comparison with available theoretical predictions and literature
data is carried out, with the aim of assessing the consistency and reliability of the results.
Particular emphasis is placed on the identification of trends related to molecular structure and
on the role of electron—molecule interaction mechanisms.

Chapter 5 summarizes the main findings of the dissertation and formulates the principal
conclusions. In addition, possible directions for future research are outlined, both in terms
of further experimental investigations and the development of improved theoretical models for
complex polyatomic systems.

The dissertation is completed by a comprehensive list of references and an appendix con-
taining supplementary material relevant to the presented analysis.
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Chapter 2

Theoretical Background

A clear theoretical framework is essential for understanding electron—molecule scattering and
for interpreting the experimental results presented later in this work. Since scattering is a
fundamental process in atomic and molecular physics, the basic concepts must first be outlined
before moving to more specific models relevant to the present study. In this chapter the focus
will be on elastic scattering, where the energy of the incident electron is conserved, as this
process provides direct information about the effective interaction potential within the molecule.

The chapter begins with a brief overview of the general concepts of scattering theory, in-
troducing the scattering amplitude and the relation between differential and integral cross
sections. The independent atom model (IAM) is then presented as a practical approximation,
together with its limitations and the corrections needed when interatomic interference and
multiple scattering effects become important. In this context, the role of screening corrections
(SCAR), interference contributions, and the additivity rule (AR) is discussed, as well as their
reformulations when applied to molecular systems.

Finally, attention is given to specific cases where additional effects must be taken into
account, such as the influence of molecular dipole moments or the corrections required at
intermediate electron energies. The material presented in this chapter provides the theoretical
basis for the methodologies and interpretations used throughout the rest of the thesis.

2.1 Types of collision

To describe the process of electron scattering by a molecular target, we consider a homogeneous,
well-collimated beam of monoenergetic electrons with energy Fj, and initial wave vector lgm,
which is directed towards a target molecule (AB). The electrons propagate along the z-axis,
SO Ein = k2, and are scattered, emerging with a final energy and wave vector, F, and Er,
respectively. It is assumed that the experimental setup ensures that each molecule scatters the
incoming electrons independently, as if isolated. The scattered electrons are detected beyond
the range of the interaction potential, and the detector records the angle at which the electrons

are scattered following the interaction. Several processes may arise (Figure R.1):

1. Elastic scattering where no energy is transferred to the internal degrees of freedom
of the molecule, so the electronic and nuclear (vibrational and rotational) states of the
molecule remain unchanged after the collision. However, the scattered electron may
continue to move in a different direction and orientation from its initial path.

Elastic scattering arises from the interaction of the incident electron with the effective
molecular potential, which includes electrostatic, exchange, and polarization contribu-
tions. The relative importance of these interactions depends on the incident electron
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energy and the structural properties of the target molecule. In general, long-range in-
teractions such as polarization are more significant at lower energies, while short-range
interactions dominate at higher energies. Despite the absence of internal excitation, elas-
tic scattering reflects the spatial distribution of the molecular potential and provides
insight into the electronic structure of the target.

e (E,)
o
e (Em] @ — e -
AB elastic scattering
AB’ excitation

AB*+e™ ionization
A*+B~ ion pair formation

B A+B~  dissociative

attachment

Figure 2.1: The diagram illustrates the process of electron scattering on a molecule and some
possible outcomes. An incident electron with a known energy Fj, collides with a molecular
target AB, and may transfer a portion of its initial energy, AFE, to the target and scatter at an
angle relative to its original direction, retaining a residual energy. The excited target AB* may
subsequently emit a photon or undergo dissociation (dissociative excitation). The target may
also temporarily capture the incident electron and later dissociate into a neutral and a stable
negative fragment, as shown in the lower part of the Figure [40].

2. Inelastic scattering, where the incident electron transfers part of its energy to the
internal degrees of freedom of the target molecule, and can be classified as following E.

« Rotational excitation
A collision with a charged projectile induces changes in the rotational state of the
molecule. This scattering process is particularly important in the case of polar
molecules, where the long-range dipole potential strongly enhances the interaction
with low-energy electrons.

Rotational excitation involves very small energy transfers, typically in the meV
range, and is therefore most significant at low incident electron energies and small
scattering angles. The corresponding cross sections often exhibit a strong forward-
peaked behaviour. Due to the limited energy resolution of most electron scattering
experiments, rotationally inelastic processes are commonly indistinguishable from
elastic scattering and are therefore included in the quasi-elastic signal.

!The asterisk (*) denotes that the atom or molecule is in an excited state.
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« Vibrational excitation
The interaction of the incident electron with the molecule induces a change in its
vibrational state. This process involves energy transfers typically ranging from a few
tenths of an eV up to about 1 eV, depending on the molecular vibrational modes.

Vibrational excitation can occur via direct scattering, driven by the short-range
interaction potential, or through resonant mechanisms involving temporary electron
capture. In the latter case, the formation of a transient negative ion significantly
enhances the excitation probability. This process plays an important role in energy
transfer and redistribution in molecular gasses and plasmas.

« Electronic excitation
After the collision, the target molecule is left in an electronically excited state,
meaning that one of its bound electrons is promoted to a higher energy level. This
process requires larger energy transfer compared to rotational and vibrational exci-
tation, typically several electronvolts.

Electronic excitation is often accompanied by subsequent processes such as pho-
ton emission (radiative decay) or molecular fragmentation (dissociative excitation).
These channels are particularly relevant in atmospheric physics, plasma environ-
ments, and radiation chemistry, where they contribute to the production of reactive
species.

e Ionization
In this case, the incident electron has sufficient energy to remove a bound electron
from the target molecule, leading to the formation of a positive ion and two outgo-
ing electrons. This process occurs when the incident energy exceeds the ionization
threshold of the molecule.

Ionization is one of the dominant scattering channels at intermediate and high elec-
tron energies. It plays a crucial role in electron transport phenomena, gas discharges,
and plasma formation, as it leads to the generation of secondary electrons that can
further induce additional ionization events.

» Dissociative electron attachment and auto-detachment
A collision is considered fast when the velocity of the incoming electron is signifi-
cantly greater than that of the target electrons; under such conditions, the incident
electron acts as a weak perturbation. However, when the velocities of the incident
and target electrons are comparable, the incoming electron may be temporarily cap-
tured by the molecule, forming a transient negative ion state.

This intermediate state, often referred to as a resonance, can decay through different
pathways. In dissociative electron attachment, the molecule fragments into a neutral
and a negative ion:

e +AB — [AB7]" - A+ B~ dissociative electron attachment

Alternatively, the temporary anion may release the additional electron, leaving the
molecule in an excited or ground state:

e +AB — [AB7|" - AB" + e auto-detachment
These resonant processes are highly energy-dependent and are particularly impor-

tant at low and intermediate electron energies, where they can significantly enhance
inelastic cross sections.
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The different scattering processes described above are well documented in the literature
M1-51].

A specific mode of interaction or fragmentation of the composite system formed by the
incident electron and the target molecule AB during a collision is called a channel. It is
characterized by the number and type of particles resulting from the interaction. In elastic
scattering, the electron and the molecule remain in their initial states, meaning the system
stays within the same channel. In inelastic or reactive collisions, the system transitions from
an initial to a different final channel. A channel is considered open if the process it represents
is permitted by conservation laws (such as energy conservation); otherwise, it is referred to as
closed.

2.2 Cross section

In the context of collision experiments, the concept of cross-section is a fundamental measure
used to characterize the likelihood of specific interaction outcomes. In the formulation provided
by Bransden and Joachain [43], the cross section is defined as:

"The cross-section for a certain type of event in a given collision is defined as the
ratio of the number of events of this type per unit time and per unit scatterer, to
the flux of the incident particles with respect to the target.”

Owing to the fact that cross-sections are inherently independent of the incident particle flux, it
is customary to normalize this quantity to unity. Consequently, cross-sections can equivalently
be described as “transition probabilities per unit time, per unit target scatterer and per unit flux
of the incident particles with respect to the target.” [52]

Consider the scattering process between an incident electron beam and a molecular target.
Let N, denote the flux of incident electrons, defined as the number of electrons crossing a unit
area per unit time, perpendicular to the beam direction and at rest relative to the target. Let
nys represent the number of target molecules available to interact with the electron beam. If
we denote by Ny the total number of electrons scattered per unit time as a result of collisions
between the incoming electrons and the target molecules, then the scattering process can be
quantitatively described based on these parameters:

Nsc - NenMUsc (21)

In this context, os represents the total cross-section for the given scattering process. Total
cross-sections for elastic scattering, inelastic scattering, and other possible interaction channels
can be defined analogously. If we denote by N the total number of incident electrons that
have interacted per unit time with the target molecules, then the total cross-section oy is given

by:

Niot = NeNprOtor (2-2)

If only elastic scattering occurs between the electrons and the target molecules, then o
reduces to the integral elastic cross-section o.,. However, when additional scattering channels
are open (such as rotational, vibrational, or electronic excitation, or ionization), the total cross-
section becomes the sum of the integral cross-sections corresponding to each open channel:

Otot — Z(Ti (23)

where o; denotes the integral cross-section for the i-th open channel.
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If the electron were treated as a classical point-like particle and the atomic target as a
rigid sphere of radius a, the collision cross-section would simply be given by the geometric
cross-section, ma?. However, since electrons obey the laws of quantum mechanics, they also
exhibit wave-like behavior. Moreover, atomic or molecular targets do not have sharply defined
boundaries. As a result, the collision cross-section is not a constant but rather depends on the
incident electron energy Ej,.

It is clear from the above discussion that total cross-sections have the dimensions of an area.
In atomic units (a.u.), the natural unit of length is the Bohr radius ag ~ 5.29 x 107" m, so it
is convenient to express atomic cross-sections in units of a2 &~ 2.80 x 1072! m?. Alternatively,

cross-sections are also frequently reported in units of a3 ~ 8.80 x 107! m?.

2.2.1 Differential cross-section

Continuing with the description of the scattering process, let us define the concept of the dif-
ferential cross section, which quantitatively describes the probability that an incoming electron
is scattered into a specific direction.

Consider a uniform beam of non-interacting, monoenergetic electrons incident on a molec-
ular target consisting of n identical and well-separated molecules. It is assumed that the
molecules are spaced far enough apart to ensure that each scattering event involves only one
molecule, and that the target is sufficiently thin so that multiple scattering can be neglected.
The electrons, each with mass m, travel from infinity with velocity v, along the Z-axis.

Let N denote the number of incident electrons, with well defined energy FEj,, crossing a unit
area perpendicular to the beam per unit time—this defines the incident flux. Let d/N' represent
the number of electrons scattered per unit time into a small solid angle df2, centered about
the direction Q = (0, ¢), where 6 and ¢ are the polar and azimuthal angles with respect to the
beam axis.

Under the experimental conditions described above, the number of scattered electrons d/N’
detected per unit time within the solid angle df2 is found to be directly proportional to the
incident flux N, the number density of target molecules n, and the size of the solid angle df2.
This allows us to express the observed count rate as:

AN’ = Nno(Eq, 6, ¢) dQ, (2.4)

where o(FEi,, 0, ¢) = W is the proportionality factor known as the differential scatter-
ing cross section. It describes the probability that an electron is scattered into a given direction
(0, ¢) per target molecule and per unit solid angle. The unit of measurement for the differential
cross section with respect to angle is expressed in square meters per steradian [m?/sr|.

In many scattering experiments, the target molecules are randomly oriented in space, mak-
ing it possible to determine only the orientation-averaged cross section. As a consequence, the
differential cross section becomes independent of the azimuthal angle ¢. Furthermore, due to
the finite energy and angular resolution of the detection system, the measured cross section
represents a value averaged over these experimental variables.

Thus, the experimentally determined differential cross section, for a given incident energy
FEi,, is expressed as:

do(Ey, 0)
o 7’
where DCS(F}y,, 0) represents the number of scattered electrons per unit solid angle, averaged

over molecular orientations and experimental resolution, at the scattering angle # and incident

electron energy Ej,.

DCS(Ei, 0) = (2.5)
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The total scattering cross section is obtained by integrating the differential cross section
over all scattering angles. This means summing the contributions from all directions into which
scattering can occur. Mathematically, it is expressed as:

Ttot (Fin) = /Wd&) = 27r/0 w sin 6 d6. (2.6)

The total electron scattering cross section introduced above represents the sum of the inte-
gral cross sections corresponding to all energetically allowed (open) scattering channels (as in
Equation @)

Below the first inelastic threshold, the total electron scattering cross section reduces to the
integral cross section for elastic scattering. In this study, the main focus is on the differential
cross section for elastic electron scattering, d(fél, which is defined as the number of
electrons scattered per unit of time into a differential solid angle element df2 in the direction
specified by the angles (6, ¢), as a result of the interaction between an incident electron beam

of unit flux and a molecular (or atomic) target.

2.3 General Characteristics of Potential Scattering

Let us examine the non-relativistic scattering of a spinless particle with mass m in the pres-
ence of a potential V' (r). The dynamics of the system are governed by the time-dependent
Schrodinger equation:

(_zh_mvz n v<r)) U(r,t) = ih%\lf(r, £). (2.7)

This equation admits stationary-state solutions of the form:
Wlr, 1) = (r) P, 2.8)

where the spatial wave function ¢ (r) satisfies the time-independent Schrédinger equation

(=50 + Vi) ) wtr) = Evio) 29)

The energy E of the particle is well-defined.
For convenience, we introduce the reduced potential U(r), defined as:

2m
Iz
Using this substitution, the time-independent Schrodinger equation becomes:

Ur) = 22V (r). (2.10)

(V2 + k> = U(r)] ¥(r) = 0. (2.11)

In the following analysis, we assume that the potential V(r) decreases more rapidly than
1/r as r — oo. Under this condition, the scattering wave function, denoted 1 (r), satisfies the
free-particle Schrodinger equation in the asymptotic region:

(V? + k%) ¢x(r) = 0, (2.12)

At large distances, the wave function can be written as the sum of the incident and scattered
components:

Ui(r) = Pin(r) + Poc(r), (2.13)
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where ;, represents the incident plane wave, and 1. describes the scattered part of the
wave.

Assuming the incident particles are monoenergetic and propagate along the direction of the
wave vector k;, which we take to be aligned with the z-axis, the incident wave can be expressed
as:

Vin(r) = Ae™T = Ae'**, (2.14)

where A is a normalization constant.

Far from the scattering center, the scattered part of the wave function must describe an
outgoing flux of particles radiating away from the target. In this asymptotic region, the scat-
tered wave resembles a spherical wave whose amplitude depends on the direction r and the
energy F (or, equivalently, on the wave number k). The scattering wave function in this region
can be written as:

f E’ 97 ¢ ikr
ee(r) ~ A%e K
where 6 and ¢ are the polar and azimuthal angles of the position vector r, measured relative
to the direction of the incident beam (taken along the z-axis). Hence, the full wave function
Yk(r) in the large r limit takes the following asymptotic form:

¢k(r) ~ A eikz + f(E707¢)6ikr

r—00 r

: (2.15)

: (2.16)

where the first term represents the incoming plane wave and the second term corresponds to
the outgoing scattered wave.

The function f, known as the scattering amplitude, is a fundamental quantity in scattering
theory, as it is directly linked to the differential cross section via the relation:

do

Equation provides the essential connection between the asymptotic form of the wave
function ¢ (r) and the measurable quantity—the differential cross section. This relationship is
of fundamental importance, as it bridges the theoretical framework with experimental obser-
vations.

2.4 The Partial Wave Method

As established in previous section, both the scattering amplitude and the cross sections are gov-
erned by the asymptotic behaviour of the stationary scattering wave function. In this chapter,
we focus on exploiting this property in the special case of a central potential, i.e., a potential
that depends solely on the distance r from the scattering center. Under such conditions, the
solutions of the Schrodinger equation can be separated in spherical polar coordinates, al-
lowing us to establish a clear relation between the radial solutions and the asymptotic form
of the scattering wave function. This approach, commonly referred to as the partial waves
method, provides a systematic way to extract the scattering amplitude and corresponding cross
sections [44].

Let us now examine the scattering of a spinless particle of mass m by a real central potential
V(r). We employ a spherical coordinate system in which the z-axis is aligned with the incident
beam, while the origin is chosen at the center of the potential, coinciding with the position vector
r. Since the potential is central, the Hamiltonian H, together with the angular momentum
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operators L? and L., mutually commute. This allows us to search for eigenfunctions that are
common to all three operators. As a consequence, the scattering wave function can be expanded
into partial waves characterized by definite quantum numbers [ and m:

Ye(®) =Y > (k) Ru(k,7) Vi (0, 0). (2.18)

=0 m=—1

Here the dependence on the wave number k& = +2mFE/h is made explicit both in the
expansion coefficients ¢, (k) and in the radial functions R;(k, ). The functions Y}, (6, ¢) are the
spherical harmonics, which describe the angular dependence of the wave function in spherical
coordinates. The essence of the partial waves method is to exploit this expansion in order to
derive a practical expression for the scattering amplitude.

Because the incident beam is directed along the z-axis, the system is axially symmetric with
respect to this axis. Consequently, only the terms with m = 0 contribute to the expansion.
The scattering wave function can then be written in the simplified form

o0

Yi(r) =Y alk) Ri(k,7) Yio(0), (2.19)

1=0
where the spherical harmonics reduce to

Yio(6) = ,/Ql; L P(cosd), (2.20)

with P, denoting the Legendre polynomials. This result greatly simplifies the analysis, since
the angular dependence of the scattering process is now fully described in terms of P;(cos#).

Let us now focus on the radial part of the problem. In order to simplify the radial
Schrodinger equation, it is convenient to introduce the new function

w(k,r)=rRk,r), (2.21)

together with the reduced potential U(r), as already defined in . This substitution elim-
inates the first derivative term that would otherwise appear in the radial equation when ex-
pressed in spherical coordinates. The radial equation then takes the compact form

d? I(1+1)

—_— 2_
dr? +k 72

- U(r)} w(k,r) =0. (2.22)

At large distances r — oo, the radial wave functions R;(k,r) take the asymptotic form

T 2

where 0;(k) are the so-called phase shifts, which contain all the information about the
interaction potential®, and can be obtained from expresion:

Ry(k,r) ~ ki sin (kr i + 5;(1{)) , (2.23)

tan0;(k) = —k /000 Gi(kr)U(r) Ry(k,7) r*dr, (2.24)

where j;(kr) is the spherical Bessel function.

2The phase shift §;(k) quantifies how much the presence of the scattering potential modifies the phase of the
I-th partial wave compared to free motion. Physically, it measures the delay (or advance) of the scattered wave
due to the interaction with the target.
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Inserting this asymptotic form into the partial wave expansion of the wave function
and comparing with the general scattering boundary condition .16, one obtains the expression
for the scattering amplitude:

=7 Z (21 + 1) €™ sin §,(k) Py(cos §). (2.25)

If we use the expression , the corresponding differential cross section is given by [53]

;lg( 0) = [f(k,0) k2zz (20 +1)(20" + 1) exp{i [0,(k) — 6y ()]}

1=0 I'=
x sin 0;(k) sin oy (k) P(cos @) Py(cosf). (2.26)

By using the orthogonality of the Legendre polynomials, one obtains for the total cross

section
o0

Grn(k) = 27 /O ;lﬂ(k ) sin 0.df — j‘# S (2 + 1) sin26(k). (2.27)
=0

The total cross section is often expressed in terms of the effective cross sections of the
individual partial waves,

Utot(k) = Zgl(k)> (228)

where in
o(k) = 7z — (20 + 1) sin?§;(k). (2.29)

2.4.1 Optical Theorem

Let us now return to relation . By noting that P,(0) = 1, the scattering amplitude in the
forward direction simplifies to

1 & S
f0=0)= > (20 +1) e ®) sin (k). (2.30)
From this expression, we immediately obtain for its imaginary part

1

Im f( = EX(; (21 + 1) sin® &, (k). (2.31)

A direct comparison with eq. then leads to the important result

4
o = % Im f(6 = 0), (2.32)

which is the celebrated optical theorem [H4], sometimes referred to as the Bohr-Peierls-
Placzek relation. Physically, it arises from the conservation of probability flux: the destructive
interference between the incident and scattered waves in the forward direction casts a “shadow”
behind the target, reducing the intensity of the incident beam. As a result, the total number
of scattered particles is directly proportional to the total cross section.
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2.5 Molecular Scattering - The Independent Atom Model

Having introduced the general concepts of scattering theory and the formulation of cross sections
in terms of the scattering amplitude, it is instructive to consider practical approximations that
allow for the treatment of electron—molecule collisions. One of the most widely used approaches
is the Independent Atom Model (IAM) [b5-58], which provides a simplified but effective
framework for describing molecular scattering processes.

The essential assumption of IAM is that the scattering of an electron from a molecule
can be approximated as the incoherent sum of the scattering events of its individual atomic
constituents. In this picture, the molecular target is decomposed into a set of atoms fixed
at their equilibrium positions, and the complex electron—molecule interaction is reduced to
a superposition of independent electron—atom collisions. The model therefore neglects any
simultaneous interaction of the incident electron with more than one atomic center, as well as
interference effects arising from the molecular electronic structure.

Despite these limitations, the IAM has proven to be a valuable tool for interpreting and
predicting scattering data, particularly at medium and high electron impact energies, where the
semiclassical nature of the approximation yields good agreement with experiment. However, for
low energies (typically below 20 eV), where exchange and correlation effects, molecular binding,
and multiple scattering contributions become increasingly important, the predictive accuracy
of the model is considerably reduced [59)].

To improve the performance of the IAM, several correction schemes have been introduced.
The Screening Corrected Additivity Rule (SCAR) [60,61] accounts for the fact that in-
ner atoms within a molecule are partially shielded by neighboring atoms, reducing their effective
contribution to the overall cross section. Furthermore, the interference correction [62,63] ex-
plicitly considers the coherent superposition of the electron waves scattered by different atomic
centers, thereby incorporating diffraction-like effects that become relevant at intermediate en-
ergies. In addition, for polar molecules, where long-range dipole interactions strongly affect the
scattering dynamics, further modifications of the IAM are required to properly account for the
enhanced forward scattering contribution.

The simplicity of the IAM, combined with these correction schemes, makes it a practical and
flexible method for estimating molecular cross sections in cases where more elaborate ab initio
approaches are computationally demanding. In the following section, the mathematical formu-
lation of the IAM and its corrected variants will be presented, together with their applicability
and limitations in the context of elastic electron scattering from molecular targets.

2.5.1 The Atomic Scattering Amplitudes

The scattering amplitudes of the constituent atoms of the investigated molecule can be obtained
using equation . To determine the phase shift for the I-th partial wave, the radial equation
.22 is solved numerically under the appropriate boundary conditions. In this procedure, the
reduced potential U(r) is replaced by a complex, spherically symmetric, and energy-dependent
optical potential V. (r) [57].

In general, the optical potential is written as the sum of a real and an imaginary part,

Vop(r) = Vr(r) +iVi(r), (2.33)

where the real part Vz(r) describes the elastic interaction between the incident electron and
the target, while the imaginary part V(r) accounts for the absorption of flux into all energet-
ically allowed inelastic channels. The inclusion of V;(r) ensures that the calculated scattering
amplitudes reproduce the correct balance between elastic and inelastic processes, in agreement
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with the optical theorem.
The real component Vgz(r) is given by:

Vi(r) = Vi(r) + Voo (r) + Veu (7). (2.34)

where V is the static term obtained from a Hartree—Fock calculation of the atomic charge
distribution [64], Ve, represents the exchange interaction arising from the indistinguishability of
the incident and target electrons [65], and V),,; denotes the long-range polarization potential [66].
For the elastic scattering process. the calculations were performed without including the
absorptive term iV (r) in equation @

2.5.2 TAM Approach with Interference

Under the assumption of the Independent Atom Model (IAM) approximation, the molecular
cross sections can be derived from the approximate expression for the multi-center scattering
amplitude [67]:

F(O)~ Y f(0)e' ™™, (2.35)

where ¢ = k F— lgz denotes the momentum transfer vector, r; are the positions of the atomic
centers, and f;(#) represent the individual atomic scattering amplitudes.

Since this expression corresponds to independent scattering from each atom, the IAM ap-
proximation is considered valid only when the interatomic distances are large compared to the
wavelength of the incident electron.

Based on the molecular scattering amplitude, the differential elastic cross section for a
molecule can be obtained by averaging the squared modulus of the scattering amplitude F(6)
over all molecular orientations [67, 6§]:

dUé“ ;’slefc“le Sln qr
e Z 10 q<r i) (2.36)
ij
which can be rewritten as
dO'nllOlSClﬂe 2 SIH(QTU) do.altortn g dOinterference
elastic i i (R €lastic 3 2-37
= DR DRSO =D T - T (2.37)

where ¢ = |¢] = 2ksin(#/2) is the momentum transfer and r;; is the distance between atoms

i and j. In the limit gr;; — 0, the second term approaches unity: stnlari) — q,

The second term represents the interference contribution to the totaﬁ differential elastic cross
section, arising from the interaction of waves scattered by different atoms within the molecule.
This contribution is particularly significant at small scattering angles, as it strongly affects the
integrated cross section and must be taken into account in precise simulations, such as Monte
Carlo calculations [69], and for experimental data normalization procedures [70].

Since only elastic processes are considered, which are sufficient for the objectives of this
study, under these conditions the total cross section will be equal to the corresponding inte-
grated elastic cross section.

By integrating equation , the total molecular cross section can be expressed as:
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U«Iarllaoslficcme = Z Tdtic + Ointerference (2.38)
atoms

where Oiyterference represents the integrated value of the interference contribution from the
differential cross section discussed previously. It is important to note that this interference
contribution would not appear in equation @ if the total cross section were directly derived
from equation @ by applying the optical theorem. This approach is known as the Additivity
Rule (AR) and has been extensively discussed in the literature [55,56.60,61,68,71-78].

As discussed in [62], the exact expression is that given in equation R.3§, whereas the discrep-
ancy with the AR approach arises from the approximate nature of equation R.35, which does
not fully satisfy the conditions of the optical theorem. It has also been shown that the inter-
ference terms are significant only at small scattering angles, yet their integrated contribution
Ointerference CaNNOt be neglected even at high energies.

At intermediate energies (10-100 eV), where atomic cross sections are not small compared
to the interatomic distances within the molecule, the IAM approximation ceases to be valid,
as atoms can no longer be considered independent scattering centers and multiple scattering
within the molecule becomes significant. Approximate methods have shown that significant
corrections are required for the TAM approach within this energy range [58,60,[74,[76,[79,80]. Tt
has also been demonstrated [60] that the energy range over which these corrections are relevant
depends on the size of the molecule: for Ny and CO, up to approximately 200 eV; for CO,, up
to 300 eV; and for benzene, even up to 600 eV.

2.5.3 TAM-SCAR Method

Representative calculations of molecular cross sections are based on a corrected version of the
IAM approach, known as the SCAR procedure (Screening Corrected Additivity Rule),
which approximately accounts for the effects of multiple scattering [59,60,81].

In this method, the overlap between the total atomic cross sections is evaluated for each
atom with respect to all others. For a pair of atoms ¢ and j at a distance r;;, the average mutual
overlap is given by oy; = 00;/a;j, with «; = max(47r;, 04,0;). Assuming o; > o, for short
interatomic distances (47r7“i2j < 0;) the atoms are considered to fully overlap, i.e. 0;; = o}, while
for larger separations the screening is approximated as 0;; = 0;0;/ (47T7"Z-2j), which corresponds
to atom j covering a fraction o;/(4mr7;) of the solid angle around atom ¢, or vice versa [61].

For diatomic molecules, the resulting SCAR cross section can be written as oscar = 01 +
09 — 012. An equivalent representation is obtained as a weighted sum of the total atomic cross

sections:

ohat =Y s ol (2.39)
atoms

where the screening coefficients are defined as s; = 1— %(712 Jo; fori = 1,2. These coefficients
can be interpreted as correction factors that account for the overlapped fraction of each atomic
cross section which does not contribute to the molecular value.

For polyatomic molecules, screening corrections involving three or more atoms must be
considered. These multiple overlaps can be approximately evaluated in a recursive manner, by
accounting for the screening of each additional atom with respect to the previously corrected
ones (see [60] for details). This procedure leads to the same general expression for the SCAR
total cross section as in equation E, with the screening coefficients given by

N
(_1)k‘+1 &
k=1
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(k)

where N is the number of atoms in the molecule, and the parameters ;" arise from k-atom

overlaps, defined recursively as

egl) =1,
(k—1)
N-—-k+1 ;€
5f)= A{_i‘ }: ]c;~ (k=2,...,N), (2.41)
5 (#0) K

with the sum extending over all atoms of the molecule except the ith one.

It should be noted that this treatment enables an approximate evaluation of multiple over-
laps in arbitrary molecules, requiring only the corresponding atomic cross sections and the
relative positions of the constituent atoms. Importantly, it does not rely on molecular symme-
try considerations and involves no adjustable parameters [61].

SCAR Extension to Elastic Differential Cross Sections

Calculating differential elastic molecular cross sections requires additional considerations. A
fully detailed treatment is rather complex, but a semiclassical interpretation allows for simple
and practical approximate expressions. The main contributions relevant to this analysis are
illustrated in Fig.2.2, which shows the spherical average of the molecule as viewed from one of
its constituent atoms [59].

rest of the
molecul

Figure 2.2: This figure presents an analysis of the screening coefficients that influence the wave
amplitudes associated with both the direct and redispersed (rescattered) contributions to the
observed differential cross section, taken from [59)].

It should first be noted that, owing to the average geometrical screening by the rest of the
molecule, the incident flux on each atom i is reduced by a factor s; (or /s; at the amplitude
level). However, the outgoing wave amplitude associated with atom i is not /s, f;, but rather
si fi, since the /s;f; contribution from atom 7 is further reduced by an additional /s; factor
due to the screening effect of the remaining atoms in the molecule.

Consequently, two contributions must be taken into account in the molecular elastic cross
section: a direct term arising from single scattering events, and a redispersed term originating
from the further scattering of the already attenuated ,/s;f; amplitudes:
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molecule __ _direct redispersed
Oeclastic — Oelastic + elastic ' (243)

The different terms in the above expressions can be estimated as follows. For the direct
contribution, the standard procedure used in non-screening studies [60, 67, 68] can be applied
to expression , but with s; f;(0) replacing f;(0), leading to

0 gastic o doga v Sin(gri)
10 = Z s; 0 + ; I/Sﬁjfz‘(@fj (q) - Tijj (2.44)
7 1]
ot = Y s oglete, (2.45)

The redispersed flux can then be estimated as the difference between the total and direct
contributions,
O_z;e;isitsilzersed _ Z Sz(l . Si) O',?laStiC. (246)
i
While the exact angular distribution of this term is difficult to obtain, two limiting cases
provide reasonable estimates: (i) for large deviations, directionality is lost and an isotropic
distribution can be assumed,

d redispersed redispersed
Uelastic — Uelastic (2 47)
dS) 47 ’
iso
ii) in case of strong forward scattering, the same angular dependence as the direct term
)
can be assumed,

elastic elastic elastic (2 4 8)

dQ Odirect dQ

elastic

< dgredispersed) O_redispersed do_djrect
same

Since the true distribution lies between these extremes, an interpolation is introduced by
weighting the two cases with factors Xis, and Xgame (Xiso + Xsame = 1):

molecule redispersed redispersed direct
M ~ X Zelastic + 1 + X O clastic daelastic (2 49)
d) T hso 47 same direct a0 .
elastic

A simple estimate for X, and Xg.me can be obtained by assuming that electrons deviating
by more than 45° belong to the isotropic group, while the rest follow the direct distribution:
[ dosidic i g g
01800 —do‘%g&% sinfdo

As seen in Eq., the direct contribution can be regarded as a screened version of Eq..
The first term of the sum corresponds to the individual atomic contributions reduced by the s;
factors, while the second term accounts for the reduced interference between different atoms in
the molecule.

It should be noted that the application of the Additivity Rule (AR)—i.e., neglecting the
integrated interference contributions while including them in the differential cross sections—can
lead to a discrepancy between Eqgs. and P.49. To avoid this inconsistency, an additional

Xsarne ~ Xiso =1- Xsarne- (250)
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reduction factor v is introduced, which is applied to the positive values of the interference term
% in order to satisfy the condition

do—interference
dQ)———— =0.
/ a0 0

However, it has recently been shown that, in order to properly account for multiple-center
interactions, the integrated interference contribution oipterference must be included in the calcula-
tion of the total cross section. Consequently, the AR approach requires revision. This method,
which incorporates interference contributions within the AR procedure, is referred to as AR+I.
In line with this, the SCAR method must also be reformulated to include these contributions.
This topic will be addressed in the following section.

2.5.4 Screening Corrections to the Interference Contributions

It should be noted that previous studies on interference terms in multiple-scattering calcula-
tions have been rather limited, typically restricted to first-order corrections in double or triple
scattering [60,78,81] or to small molecular systems [79]. These works suggest that multiple
scattering generally reduces both the integrated interference contribution and the differential
cross section at small scattering angles. However, due to their limitations, no general conclu-
sions can be drawn, emphasizing the need for a consistent incorporation of interference terms
within the SCAR and AR+I frameworks.

The analysis of interference contributions in multi-center potentials remains challenging,
particularly at low incident energies. Nonetheless, systematic studies across multiple geome-
tries, interatomic distances, and energies reveal consistent trends [62]:

« Interference contributions obtained via the AR method in [62] are well applicable when
interatomic distances are large compared to both the geometric cross-section radius and
the projectile wavelength.

e Otherwise, these contributions must be reduced or even neglected.

In order to quantitatively define this criterion, the interatomic distance r;; for each pair of
atoms i and j was compared with the length parameters defined as

— max <\/? \/E —) (2.51)

It should be noted that the expression /o / 7 corresponds to the radius of a circle with area

o, so the condition
rij = max (, / ﬁ, 1/ ﬁ) (2.52)
T s

represents the situation in which the geometric areas of the two circles begin to overlap —
specifically, the center of the smaller circle reaches the edge of the larger one.

Therefore, for any atom pair satisfying the condition £7;; > 1 and r;; > 3;;, the geomet-
ric overlap of the cross sections can be considered moderate, and the corresponding interference
effects can be attenuated.

A simple procedure can then be proposed by introducing a factor v;;, which smoothly
attenuates the interference terms according to whether r;; > 8;; or r;; < B;;. For practical
purposes, v;; can be defined as
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r2

Vi = —3 2.53
=i (259)

which provides the expected functional behavior. This procedure, referred to as the IAM-
SCARH+I treatment [62]. essentially differs from the previous SCAR method only by the

replacement of expressions E.SQ and 2.49 with the corresponding screened forms given below.

molecule _ atom 7
O clastic E Si * Oelastic + Ointerference (254)
atoms
dlrect o atom 1
Oelastic — § S O elastic ~+ Ointerference (255)
atoms

where the interference contribution is now defined as

sin(qr;

Ointerference — / (Z Vij iS5 fl Ci)f (") %) dd. (256)
i#] "

with s; being the screening coefficients introduced in Eq.. This simple procedure pro-

vides a significant improvement of both differential and integral scattering cross sections at
intermediate energies, while retaining the high-energy efficiency of the IAM method.

2.5.5 Polar Molecules

It should be emphasized that the IAM-SCAR procedure does not include vibrational or rota-
tional excitations. For polar molecules, however, additional dipole-driven rotational excitation
cross sections can be evaluated following the approach of Jain [82]. In this method, the differ-
ential and integral cross sections for rotational transitions of a free electric dipole are calculated
within the first Born approximation (FBA). These contributions can then be incorporated into
the IAM-SCAR results in an incoherent manner, simply by adding them as an independent
channel. Since rotational excitation energies are typically only a few meV, the Born approx-
imation is valid provided that the incident electron energy exceeds about 20 eV. Under these
conditions, rotational excitation cross sections J — J' are obtained by weighting the popula-
tion of the Jth rotational state at 300 K and estimating the mean excitation energy from the
corresponding rotational constants [75].

When the permanent dipole moment of the molecule is sufficiently large (as in the case
of anestetic molecules), the first Born approximation (FBA) becomes unreliable at medium
and large scattering angles. To address this limitation, a correction following the approach of
Dickinson [83] was introduced, which significantly improves the description of electron scattering
cross sections for strongly polar molecules. In this procedure, the differential cross section
retains the FBA expression at small angles, while a first-order corrective term is applied at
larger angles:

do®? D?
~ for 0<0, 2.57
dQ " 6B, sin?(0/2) (2.57)
d Dck D
7 T for 0> 6., (2.58)

A2 64E, sin®(6/2)

where D is the molecular dipole moment and E; the projectile energy. For dipole moments
larger than D = 0.75 D, the two expressions merge smoothly at the critical angle 6., defined as
their intersection point [[75].

33



The TAM-SCAR+I calculations in this study were conducted by the research group led by
Professor Gustavo Garcia at CSIC (Consejo Superior de Investigaciones Cientificas), Madrid,
Spain.
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Chapter 3

Experimental Setup and Methodology

A clear description of the experimental setup and methodology is essential for understanding
the measurements presented in this work and for assessing the reliability of the obtained results.
Since elastic electron scattering experiments are highly sensitive to the stability and precision of
the apparatus, careful attention must be given to both the instrumental design and the applied
measurement procedures.

In this chapter, the general principles of electron spectrometers are first introduced, with
emphasis on the detection of scattered electrons and the determination of differential cross
sections. The UGRA apparatus, which has been specifically designed and constructed at the
Laboratory for Atomic Collision Processes of the Institute of Physics in Belgrade, represents
the core experimental system used in this work. It is an electron spectrometer consisting of
three main components: an electron gun, a molecular (or atomic) gas source, and an analyzer
system with a detector for charged particles. Together, these elements enable precise studies
of electron—molecule interactions under well-controlled conditions. The chapter provides a
detailed description of the vacuum chamber, electron optics, analyzer lenses, and the double
cylindrical mirror analyzer (DCMA), as well as the detection system based on a channeltron.
The methodology for measuring relative and absolute differential cross sections is then outlined,
including the application of the relative flow method for absolute normalization. In addition,
procedures for extrapolating integral and momentum transfer cross sections are presented.
Finally, the evaluation of measurement uncertainties is discussed, ensuring a transparent and
comprehensive account of the experimental accuracy.

3.1 Fundamentals of the Electron Spectrometers

Figure @ presents a generalized schematic of the apparatus employed in electron spectroscopy
experiments. These experiments play a central role in probing atomic and molecular structures
and interactions, as well as in validating theoretical models that describe such phenomena.

The main components of the apparatus include a source of nearly monoenergetic electrons, a
collision chamber containing a dilute gas, an energy analyzer for detecting scattered electrons or
stable negative ion fragments, and a collector for the unscattered electron beam. Since negative
ions can also originate from the collision region and typically follow similar trajectories to
electrons in electrostatic systems, a mass-selective device with sufficient resolution to distinguish
ions from electrons is often desirable, although it is not always implemented in practice. In
most cases, the absence of a mass filter does not significantly affect the results, as the cross
sections for dissociative attachment are generally much smaller than those for inelastic electron
scattering [40].

Electrons can be generated by several methods, including thermionic emission, photoelec-
tron emission, secondary electron emission, and field emission. In most cases, they are produced
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via thermionic emission from a heated filament. The electrons then pass through a monochro-
mator, which selects a narrow portion from the initially broad energy distribution. Upon exiting
the monochromator with a fixed energy, the electrons are accelerated or decelerated to the de-
sired collision energy using a voltage V), before entering the interaction chamber. Scattered
electrons at a given scattering angle 6 are first slowed down or accelerated to an energy suitable
for the analyzer. In dissociative attachment experiments, stable negative ion fragments are
collected, energy-analyzed, and, if necessary, passed through a mass filter prior to detection.

FILAMENT GAS COLLECTOR
_.[MoNO-
CHROMATOR

A1 e ™,
Vi Va —%%PETECTOR

-l]—

Figure 3.1: Schematic representation of the general experimental setup for electron-impact
spectroscopy. Electrons emitted from the filament first pass through the monochromator at low
fixed energy, after which they are accelerated (or decelerated) to the desired collision energy
E;, by applying a variable voltage. The scattered electrons (or stable negative ion fragments)
are collected at an angle 6, slowed down to match the pass energy of the analyzer, subjected
to energy (and, if applicable, mass) analysis, and subsequently counted. Taken from [40].

Various implementations of the general setup depicted in Figure @ have been developed in
different laboratories. These designs primarily differ in the type of energy-dispersing elements
employed in the monochromator and analyzer (e.g., cylindrical or hemispherical electrostatic,
trochoidal, or Wien-filter), the nature of the target (stationary gas in a collision chamber versus
a molecular beam), the type of mass filter used (such as sector magnets, quadrupoles, or time-
of-flight devices), and other technical details. A notable class of instruments, the electron
transmission spectrometers, operates without an energy analyzer entirely.

3.1.1 Spectra

With the general setup illustrated in Figure @, four distinct types of spectra can, in principle,
be obtained. However, most practical instruments are specialized and typically cannot record
all four types.

+ Electron Transmission Spectrum (ETS)

In electron transmission experiments, the analyzer is omitted, and the total transmitted
electron current, I;, arriving at the collector is measured. The decrease in the electron
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current caused by the presence of gas allows the approximate determination of the total
scattering cross section as a function of the incident electron energy, although this is
limited by the incomplete rejection of scattered electrons. The formation of a temporary
negative ion often results in relatively narrow features in the total cross section, mak-
ing electron transmission spectroscopy a useful tool for probing the electronic states of
negative ions. To enhance the visibility of weak variations in the cross section due to
resonances, ETS data are often presented in derivative form, showing the derivative of
the transmitted current, dI;/dE;,, as a function of the incident electron energy, Ej,.

Energy-Loss Spectrum (ELS) In energy-loss experiments, the scattered electron cur-
rent is measured as a function of the energy loss, AE. This can be achieved either by
keeping the analyzer voltage, V4 (and hence the residual electron energy, E,.), fixed while
scanning the incident voltage, V; (incident energy E;,), or vice versa. The former ap-
proach is often preferred, as the excitation dynamics depend on the excess energy above
the excitation threshold, and spectra recorded at constant F, exhibit a more uniform
behavior across the entire energy-loss range.

Peaks in the energy-loss spectrum indicate that the target molecule can absorb a specific
amount of energy and possesses a corresponding excited state, either vibrational or elec-
tronic. Therefore, energy-loss spectroscopy provides direct information about the excited
states of the neutral target molecule.

Electron energy-loss spectroscopy is a valuable complement to optical spectroscopic meth-
ods, as it allows the observation of transitions that are forbidden under electric dipole or
spin selection rules. This technique has enabled the identification of numerous previously
unobserved electronic states in various molecules [84-90].

Energy-Dependence Spectrum (EDS) In energy-dependence experiments, the prob-
ability of exciting a specific state of the neutral molecule is measured as a function of the
incident electron energy, £;,. This is accomplished by simultaneously scanning both E;,
and F,., thereby maintaining a constant energy loss, AFE, corresponding to the selected
excitation feature. The presence of a temporary negative ion state often leads to an en-
hancement or variation in the excitation probability, meaning that the energy-dependence
spectrum provides valuable insight into the electronic states of negative ions.

Two important subclasses of this technique are the energy dependence of vibrational
excitation and the energy dependence of electronic excitation. The former is particularly
effective for detecting very broad shape resonances, since the cross sections for non-
resonant vibrational excitation are typically quite small; as a result, the method is not
significantly affected by the background signal that complicates ETS. Nevertheless, strong
excitation of infrared-active vibrations can also occur in the absence of a resonance. The
energy dependence of electronic excitation, on the other hand, is especially useful for
identifying core-excited resonances.

Dissociative Attachment Spectrum (DAS) In dissociative attachment experiments,
a mass filter is placed in series with the analyzer and adjusted to transmit only a specific
stable fragment anion, such as O~, H™, Cl7, CHjs, or CoH™, while the yield of this
fragment is measured as a function of the incident electron energy. In many cases, it
is also desirable to record the kinetic energy distribution of the fragment ions, as this
provides valuable information for elucidating the underlying dissociation mechanisms.

Typically, the formation of stable fragment anions occurs exclusively via the dissocia-
tion of a temporary molecular anion; consequently, the dissociative attachment spectrum
carries direct information on the electronic states of the negative ion.
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Electron scattering experiments represent a fundamental tool in modern atomic and molec-
ular physics, as they provide direct information on interaction dynamics and allow stringent
tests of theoretical models. Among the available experimental approaches, the crossed-beam
technique has proven to be particularly powerful due to its ability to deliver high resolution in
both angular and energy distributions of the scattered particles.

In electron spectroscopy experiments, the count rate of scattered particles (most commonly
electrons) is monitored as a function of variable parameters such as incident energy, residual
energy, scattering angle, and energy loss. The resulting dependencies are directly proportional
to the differential cross sections of the process under investigation, provided that the geometrical
factor and the transmission of the system are properly taken into account. In such experiments,
molecular beams are most frequently used as the target, offering several advantages over a static
gas atmosphere. These advantages primarily concern the well-defined preparation of atoms or
molecules for collision and the favorable shape of the interaction volume.

The experimental results presented in this work were obtained using the UGRA apparatus
(an acronym for UGaona RAspodela, i.e., Angular Distribution), located at the Laboratory
for Atomic Collision Processes, Institute of Physics, Zemun. The applied technique was the
crossed-beam method, in which an electron beam intersects a molecular beam at right angles,
with the scattered particles subsequently analyzed in terms of both angle and energy.

3.2 General Description of the UGRA Apparatus

The UGRA apparatus is an electron spectrometer whose principal components include an elec-
tron beam source (electron gun), a molecular (or atomic) beam source, and an analyzer system
equipped with a detector for charged particles. Together, these elements enable the precise
study of electron—molecule (or electron—atom) interactions under well-controlled conditions. A
photograph of the apparatus from the outside is shown in Figure B.1], while Figure presents
the interior of the vacuum chamber. A schematic diagram of the experimental setup is given
in Figure B.4.

Figure 3.2: Picture of the UGRA Apparatus.
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Figure 3.3: Photograph of the interior of the UGRA apparatus, showing the main components
housed within the stainless-steel vacuum chamber.

The target gas is formed by a stainless-steel gas needle, with a length of [ = 40 mm and
a diameter of d = 0.5 mm, positioned vertically from above into the scattering region. The
needle operates in the effusive regime, which ensures higher particle density and improved beam
collimation.

According to Lucas [], the properties of the atomic beam can be predicted and optimized.
The optimum atomic beam is obtained when 7(0)?/(N H?) is maximized, where I(0) is the axial
intensity, N the throughput, and H the beam halfwidth. It has been shown that 7(0)?/(N H?)
[2/d. Thus, the optimum beam is achieved when the ratio of the square of the tube length to
its diameter is maximum, which in our case corresponds to 3200. These expressions are valid
for tubes where v = d/l < 10 and for sufficiently low gas pressures such that the particle mean
free path satisfies A > d. In our experimental setup, v = 80 and \ = d.

The incident electron beam is generated by thermionic emission from a hairpin-type cathode
operated at a heating current of about 2-2.5 A. The electron gun produces a well-collimated,
nearly monoenergetic beam that intersects the molecular beam at right angles in the center of
the interaction region. The gun is mounted on a rotatable platform, enabling adjustment of the
scattering angle over a range of approximately —40° to +130° with respect to the optical axis of
the analyzer. The angular resolution of the apparatus is about 4+2°, as estimated from elastic
scattering on argon [@] For this purpose, calibration measurements are routinely performed
by locating the characteristic deep minimum in the elastic differential cross section of argon at
well-known incident electron energies and comparing with published reference data | @]

Electrons scattered under a given angle are energy-selected using a double cylindrical mirror
analyzer (DCMA). Before entering the analyzer, the electrons were decelerated (or accelerated)
and focused by a four-element cylindrical lens system. After energy analysis, they are refocused
by a three-element lens into a single-channel electron multiplier (channeltron), which operates
in the pulse-counting mode. Each detected electron produces a pulse that is processed through
a sequence of electronic modules (amplification, discrimination, and filtering) before being
converted into a standard TTL signal.
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Figure 3.4: Schematic representation of the UGRA experimental setup, consisting of an electron
gun, a molecular (or atomic) beam source introduced through a gas needle, and an analyzer
system with a detector for charged particles []

All elements of the spectrometer are enclosed in a stainless-steel cylindrical vacuum chamber
equipped with two concentric p-metal shields, which suppress the influence of the Earth’s
magnetic field and other external perturbations. The chamber is evacuated by a turbomolecular
pump backed by a rotary pump, achieving a base pressure on the order of 10~" mbar. Typical
operating pressures during measurements are on the order of 107 mbar, under which multiple
scattering remains negligible. Pressure inside the chamber is monitored by an ionization gauge
mounted at its base.

Data acquisition and experimental control are carried out using an I/O interface card oper-
ated by a dedicated C++ program (AQUGRA), developed in our laboratory. The program records
the electron counts as a function of incident energy and scattering angle, while simultaneously
storing key experimental parameters such as chamber pressure, electrode voltages, electron gun
settings, and analyzer configuration for each experimental point.

3.2.1 Vacuum Chamber

All components of the experimental setup are enclosed within a cylindrical stainless-steel vac-
uum chamber, 690 mm in diameter and 550 mm in height, allowing the achievement of ultra-
high vacuum conditions. The interior of the chamber is shown in Figure . Inside, two
concentric aluminum plates are mounted: the larger plate is fixed to the chamber base, while
the smaller plate can rotate above it. Both plates have central circular openings through which
the gas needle passes.

The chamber is surrounded by two concentric p-metal shields to suppress the influence
of the Earth’s magnetic field and other external magnetic disturbances down to the order of
10°7T [@] Vacuum is maintained using a turbomolecular pump (TMP), which operates by
transferring momentum from the rotating elements of the pump to the gas molecules. The
pump consists of a series of angled rotor and stator disks: the rotor disks rotate while every
second disk remains stationary as a stator. The rotor blades are oriented such that gas molecules
acquire significant velocity in the pump outlet direction after collisions with the blades, while
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the stator blades decelerate and compress the gas before it enters the next rotor-stator stage.

For proper TMP operation, a pre-vacuum on the order of 102 mbar is required, which is
provided by a rotary backing pump connected in series with the TMP. Chamber pressure is
monitored using an ionization gauge mounted at the chamber base, which measures the ion
current produced by electron collisions with gas molecules. The lowest pressure achieved in
the system was 3 - 1077 mbar. During our experiments, the base pressure was approximately
6 - 10~ mbar, and the working pressure was about 4 — 7- 1076 mbar.

] T ——y

Figure 3.5: Detailed schematic of the electron gun, generated using the SIMION software,
adapted from [@]

The electron gun used in the present experiments, shown schematically in Figure @, was
designed and built in the Laboratory for Atomic Collisions at the Institute of Physics. It is
capable of producing an electron beam current of a few microamperes within the energy range
of 40-300 eV. Primary electrons are generated via thermionic emission from a tungsten-thorium
(W-Th) hairpin cathode, with a current between 2.1 and 2.3 A. The cathode current must be
gradually increased at the start of operation to prevent burnout, initially in 0.1 A steps every
5 minutes up to 1 A, and then every 2 minutes until reaching the working current.

The electron gun consists of a system of cylindrical electrodes, which can be divided into
two functional groups:

o The extraction and collimation section, comprising electrodes W, A1, C, and A2.

o The focusing section, including electrodes A2, S, V, and M, which direct the beam into
the interaction region.

Fine adjustment of the beam trajectory is accomplished using four deflector electrodes located
within electrode S. The electron energy is determined by the potential difference between the
cathode (center of the tungsten filament) and the last electrode M, which is held at ground
potential. All other electrodes “float” relative to the cathode. Since the experimental setup
does not include a monochromator, the electron energy spread is governed by the initial thermal
distribution of electrons and is approximately 0.5 eV in the energy-loss mode.

The gun assembly is enclosed in a grounded copper shield and mounted on a movable
support, allowing rotation around the gas needle that produces the target molecular or atomic
beam. The interaction volume is defined by the overlap of the electron and target beams and
the acceptance angle of the analyzer. Due to the relatively wide spatial profile of the electron
beam, the interaction volume remains essentially independent of the rotation angle once the
system is properly aligned and the beam is well-focused.

The primary beam current, measured before the target gas is introduced, is monitored
with a Faraday cup. Typical currents were in the range of 100-300 nA at a cathode current
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of 2.22-2.3 A, depending on the electron energy. The Faraday cup, placed at an angle of
46.3° relative to the electron beam axis, allows precise calibration of the beam alignment and
assessment of the angular distribution. During measurements, the beam current and other
relevant experimental parameters—including electrode voltages, electron beam energy, and
rotation angle—are continuously recorded using a digital ammeter and data acquisition system.

Figure presents the primary electron beam current as a function of the z-coordinate
of the Faraday cup. Both the experimental data and the corresponding SIMION simulation
are shown. Measurements were performed at an incident electron energy of 100 eV, with the
Faraday cup positioned at 43.1° relative to the analyzer system. During these measurements,
the electron gun electrode voltages were set to W = —129V, A =1479V, C=-34.1V,S =
1038 V, V; =145V, D, = 5.7V, and D, = —1.7 V, while the cathode current was 2.23 A.
The D, and D, electrodes, located within the S electrode, were used to fine-tune the beam
trajectory perpendicular to the electron gun axis.
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Figure 3.6: Dependence of the primary electron beam current on the z-coordinate of the Fara-
day cup. Experimental data are compared with SIMION simulations. Measurements were
performed at an incident electron energy of 100 eV, with the Faraday cup positioned at 43.1°
relative to the analyzer system.

3.2.3 Analyzer System

Scattered electrons emerging from the interaction region at a given angle 6 first pass through
an analyzer lens. In the UGRA apparatus, this function is performed by a four-electrode
cylindrical lens, whose schematic is shown in Figure B.7.
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Figure 3.7: Schematic of the four-electrode cylindrical lens used in the UGRA apparatus.
Adapted from [@]
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The first electrode (M) is always held at zero potential relative to the interaction region,
and its length is sufficient to prevent penetration of electric fields into the interaction volume.
The last electrode (UC) is connected to the inner cylinder of the analyzer. The voltages on the
central electrodes (CE1 and CE2) are defined relative to UC.

The analyzer lens in the UGRA apparatus serves multiple purposes:

o It collects the charged particles emerging from the interaction region and directs them
toward the entrance of the energy analyzer, simultaneously focusing the beam for precise
energy analysis.

o It defines the particle energy immediately at the analyzer entrance, allowing energy scan-
ning of the investigated electrons while maintaining a fixed transmission energy of the
analyzer.

e Since there are no entrance apertures before the analyzer lens to define the acceptance
angle, the potential distribution along the lens also affects the angular resolution of the
measurements.

O O

Figure 3.8: Schematic representation of the analyzer system. The energy analysis is performed
by a double cylindrical mirror analyzer (DCMA). At the entrance of the analyzer, a four—
electrode cylindrical electron lens is employed, while at the exit a three—electrode cylindrical
lens is used for focusing and guiding the transmitted electrons. Adapted from [@]

The energy analyzer employed in the UGRA apparatus is a double cylindrical mirror an-
alyzer (DCMA). This device essentially consists of two cylindrical mirror analyzers (CMA)
arranged in series, a configuration that combines favorable optical properties with relatively
simple construction. A schematic cross section of the DCMA used in our experiments is shown
in Figure B.§. The radii of the inner and outer cylinders are Ry = 6 mm and Ry = 12 mm,
held at potentials UC and V|, respectively. Charged particles enter the analyzer under an
angle of § = 45° with respect to the cylinder axis.
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The pass energy E, of the electrons transmitted through the analyzer is determined by the
potential difference between the two cylinders and the construction parameters of the device.
In general, the relation is linear and can be expressed as

E, =k AVpema,

where £ is a constant defined by the geometry of the analyzer. For the DCMA implemented
in the UGRA apparatus, experimental characterization has shown that & =~ 1.32. In our
measurements, the potential difference AVpcpra was typically fixed at 23 V, resulting in a
pass energy of approximately 30.2 eV. For instance, to select electrons of 100 eV, they must be
retarded to the pass energy by applying UCM ~ —69.8 V at the final electrode of the entrance
lens.

The energy resolution of the analyzer is typically 3%-4% of the pass energy E,. Thus, in
order to achieve high energy resolution on the order of a few tens of meV, one would operate at
low pass energies of only a few eV. However, in the present work the analyzer was predominantly
used in the high-pass-energy regime, which provides a stronger signal and constant transmission
at the expense of energy resolution. This trade-off is particularly important for measurements
of differential cross sections as a function of incident electron energy, where signal intensity and
stability are of primary concern.

The complete analyzer system in the UGRA setup is complemented by two lens assemblies:
a four-electrode cylindrical lens at the entrance, which directs and focuses electrons into the
DCMA, and a three-electrode cylindrical lens at the exit, which collects and guides transmitted
electrons toward the detector.

3.2.4 Electron Detection System

The detection of scattered electrons in the UGRA apparatus is performed using a channeltron,
i.e., a single-channel electron multiplier. This device operates by applying a high voltage across
its length, with the configuration depending on the type of particles being detected. For electron
detection, the channeltron entrance (the “nose”) is grounded, while a large positive voltage is
applied to its opposite end. In contrast, when detecting positive ions, a high negative voltage
is applied at the entrance in order to accelerate the ions toward the channeltron, while the exit
is grounded.

Upon striking the inner wall of the channeltron, each incident particle (electron or ion)
produces secondary electrons. These secondary electrons are subsequently accelerated along the
length of the channeltron, where they impact the walls again, generating additional secondary
electrons. Since the potential difference is positive along the entire length of the tube, this
avalanche multiplication process continues until a large number of electrons is produced, with
a typical gain of the order of 10%. The resulting pulse is transmitted through an RC filter,
preamplifier, and amplifier before reaching a fast discriminator. Finally, the analog signal is
converted into a logical T'TL signal, which is then directed to a multichannel analyzer, a counter,
and a ratemeter.

One of the intrinsic limitations of channeltrons is the saturation effect, which occurs when
the density of space charge inside the detector becomes sufficiently large to repel secondary
electrons before they acquire enough energy for further collisions. Moreover, the operational
characteristics of a channeltron gradually change over time, due to modifications of the high-
resistance inner surface. This degradation process can be accelerated by interactions with
reactive molecules [99]. A practical manifestation of this aging effect is the progressive increase
of the operating voltage: during extended periods of measurement, the required working voltage
of the channeltron typically shifts from approximately 2.2 kV up to 2.8 kV.
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The acquisition of experimental data is carried out by a Tracor Northern TN-1705 multi-
channel analyzer, which generates a variable voltage linearly dependent on the channel number,
so that signals are accumulated over a predefined dwell time per channel. In addition, a Na-
tional Instruments multifunctional I/O card is employed for computer control and data transfer,
operating under the dedicated C++ software package AQUGRA [92,07,99].

3.3 Types of Measurements and Methods

The UGRA apparatus allows for the following types of measurements:

e Energy Distribution Spectra of Positive Ions When determining these spectra,
the incident energy FEjy, scattering angle 6, and pass energy E, are kept fixed. The
intensity of the positive ion current [ is recorded as a function of the accelerating voltage
UCM applied to the last electrode of the entrance electron lens, ie., I = f(UCM).
The accelerating voltage UCM is stepwise varied (scanned), thereby transferring the
additional energy required for the efficient detection of ions. In this way, the resulting
spectra provide the dependence of the positive ion current on the kinetic energy of the
ions after the collision, I = f(FEyn), where lower kinetic energies correspond to higher
values of the accelerating voltage UC'M.

e Electron Energy-Loss Spectra These measurements provide the dependence of the
scattered electron intensity on the energy lost during the collision. During the acquisition
of such spectra, the pass energy £, incident electron energy Ej, and scattering angle 6
are kept constant. Similar to the procedure for recording positive ion kinetic energy
distribution spectra, the electron count rate is collected as a function of the potential
applied to the last electrode of the entrance analyzer lens, UC'M, which in this case acts
as a retarding potential.

o Excitation Functions These measurements provide the dependence of the intensity of
a given process on the incident electron energy Ey. During the acquisition, the scattering
angle ¢ and the pass energy £, are kept constant, while the measured quantity is the
signal intensity I as a function of Ej.

+ Relative Differential Cross Sections (rDCSs) The relative differential cross sec-
tions (rDCSs) are determined by measuring the count rate of scattered electrons at the
maximum of the elastic peak in the electron energy-loss spectrum. Two types of rDCS
measurements can be performed. In the first, the count rate is recorded as a function of
the scattering angle 6, while keeping the incident electron energy Ej, the pass energy E,,
and the potential UC'M fixed. In the second, the count rate is measured as a function of
the incident electron energy Ej, with fixed parameters 0, E,, and UCM. In this work,
the measurements of primary interest are those performed as a function of the scattering
angle 6.

» Absolute Differential Cross Sections (DCSs) The absolute differential cross sections
(DCSs) are determined using the relative flow method [L00-103], in which the signals of
elastically scattered electrons from the target molecule are compared with those from a
reference gas under identical experimental conditions. In this procedure, both the incident
electron energy Ejy and the scattering angle 6 are kept fixed. The data obtained in this
way are used to normalize the relative cross sections to an absolute scale.

In the present work, the last two types of measurements—relative differential cross sections
and absolute differential cross sections—are of primary interest.
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3.3.1 Measurement of Relative Differential Cross Sections for Elastic
Electron Scattering

Crossed-beam experiments represent a powerful method for investigating particle interactions
and for determining differential cross sections. In such experiments, the cross section is related
to the measured intensity of the scattered signal through a rather complex expression that
includes both geometrical and instrumental functions [104]. The cross section, averaged over
the angular and energy resolution of the apparatus, can be expressed as the product of the
measured signal intensity and a proportionality function.

In the case of an idealized scattering geometry and a perfect apparatus, this proportionality
function would be constant, i.e., independent of the scattering angle and the electron energy.
However, in real experiments, several factors come into play: an extended interaction volume, a
non-localized and non-uniform target density, as well as distributions of the incident beam flux.
As a consequence, the proportionality function becomes dependent on the scattering angle.
In addition, electron optics, and thus the detector efficiency, generally depend on the electron
energy.

Therefore, the proportionality function applied to the measured intensity of scattered elec-
trons, in order to derive the cross section, is a function of both the scattering angle and the
electron energy. Although, in principle, this function could be used to obtain absolute cross
sections, in practice it is far more reliable to generate only relative cross sections and perform
the normalization to an absolute scale by other means.

The relationship between the intensity of scattered electrons and the differential cross section
can be obtained by assuming that the electron and molecular beams originate from distant
point-like sources, characterized by a small divergence of the electron beam and a significant
divergence of the molecular beam, respectively. Both beams are considered to be spherically
symmetric.

Furthermore, it is assumed that the angular response function of the detector is independent
of the scattering angle, being equal to unity inside the scattering volume and zero outside, and
that it is independent of the energy response function. The spatial and energy distribution
functions of the primary electron beam are taken as independent, while the target molecules are
assumed to be randomly oriented, making the scattering process independent of the azimuthal
angle ¢.

Under these assumptions, for elastic electron scattering one obtains:

I(Ey,0) = DCS(Ey, 0) F(Eq) Veg, (3.1)
where:

o I(Ep,0) — measured intensity of elastically scattered electrons of initial energy Ej at
scattering angle 6,

« DCS(Ey,0) — differential cross section,
o F(Ep) — dimensionless function representing the detector response,

o V.g — effective scattering volume, defined as:

Vg = / p(r) £(r) AQ(r) GIO(r)] dr, (3.2)
with:

« p(r) — spatial distribution density of target molecules,
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o f(r) — spatial distribution function of incident electrons,
o AQ(r) —solid angle of the detector at position r,

o G[0(r)]dr — angular dependence of the differential cross section.

The integration is performed over the scattering volume, which is defined by the intersection
of the incident electron beam with the molecular target beam within the acceptance angle of
the detector [[L04

From Eq. (@), the expression for the differential cross section as a function of the scattering
angle at a given incident energy Ej can be written as:

‘[EO (0)
F(Ey) Vest’

In the experiment, the intensity Ig,(f) is directly measured, while the determination of
DCSg,(0) (up to the constant 1/F(Ey)) requires knowledge of the effective scattering volume
Ver(0), or alternatively, that this volume be made constant across the angular range.

One common method of obtaining the correction for the effective scattering volume, par-
ticularly important at small scattering angles, is by comparing the measured differential cross
sections for a reference target (e.g., Ar) under identical experimental conditions with the al-
ready established reference data [93,06]. In addition, the impact of correction factors can be
reduced by increasing the acceptance angle of the detector.

In the present work, the scattering volume within the “field of view” of the detector was
adjusted such that V.g(0) remained effectively constant across most of the angular range. The
validity of this procedure was experimentally verified by comparing our results for Ar with the
previously reported measurements [93,96]. Corrections were applied only when necessary, i.e.,
for small scattering angles (6 < 40°).

DCSE,(0) = (3.3)
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Figure 3.9: Correction curve obtained by comparing the measured relative differential cross

sections for Ar at 100 eV with previously published data [96]. The normalization to the reference

data provides the correction factors at small scattering angles.

On Fig. @, the correction curve is shown, where our measured relative cross sections
for Ar at 100 eV were compared with the previously published data [96]. Our relative cross
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sections were normalized to the reference data in order to achieve the best agreement, and the
comparison yielded the correction factors that were subsequently applied at small scattering
angles. In this way, the effective scattering volume correction was determined directly under
our experimental conditions, ensuring that deviations arising from the angular dependence of
Ver(0) were properly accounted for.

3.3.2 Measurement of Absolute Differential Cross Sections for Elas-
tic Electron Scattering

In our experiment, we first measured the relative differential cross sections (rDCSs) for elastic
electron scattering from anesthetic molecules at a fixed incident electron energy as a function
of the scattering angle. The next step is to transform these relative measurements, which are
more straightforward to obtain and well established, into an absolute scale. This is achieved by
employing known reference absolute differential cross sections [93,96], thereby enabling reliable
normalization of the experimental data.

The relative differential cross sections are normalized to an absolute scale by means of a few
absolute points (in our case two or three) at different scattering angles using the relative flow
method, developed by Srivastava et al. [100], with argon, a gas of well-known absolute cross
sections, serving as the reference [101-103]. The essence of the experiment lies in comparing
the elastic scattering signals for the target molecule and the reference gas at the same incident
electron energy, the same scattering angle, and under identical experimental conditions. The
crucial aspect of absolute cross section measurements by the relative flow method is ensuring
that these experimental conditions remain the same, which is achieved by adjusting the gas
beams so that both the reference gas and the target molecule produce identical beam profiles,
i.e., the same angular flux distribution. To accomplish this, certain experimental requirements
must be satisfied.

It was demonstrated computationally by Olander and Kruger (1970) that for K > ~ (where
K is the Knudsen number, defined as the ratio between the molecular mean free path and the
gas needle length, K = \/L, and ~ is the ratio of the gas needle diameter to its length, d/L),
the angular distribution functions of any two gases are identical [105]. The necessary condition
is that the pressures at the gas needle are such that the mean free paths for both gases are the
same.

From gas-kinetic theory, the relationship between the mean free path, the pressure, and the
square of the molecular kinetic diameter is given by:

_RT
V21 Ny D2p’

where R = 8.314 J mol 'K™! is the universal gas constant, Ny = 6.022 x 10** mol™! is
Avogadro’s number, )\ is the mean free path, T is the gas temperature, p is the pressure behind
the gas needle, and D? is the square of the gas kinetic diameter.

From this expression, it follows that the mean free path of a gas molecule is inversely
proportional to both the square of its kinetic diameter and the pressure. To ensure identical
experimental conditions (i.e., the same beam profiles and the same mean free paths), the
pressures and the squares of the gas kinetic diameters for the reference gas (pyer, D2;) and the
target gas (p., D?) must satisfy the following relation:

(3.4)

Pz D2f
Po _ e 3.5
Dref D% ’ ( )

If these conditions are satisfied, the measured intensities of scattered electrons can be con-
verted into absolute differential cross sections using the following expression [101-103]:
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Nx Fref Mref
NrefFJ: Mx 7

where DCS,.(Ey, 0) and DCS,f(Ep, 0) denote the absolute differential cross sections for elas-
tic electron scattering from the target molecules and the reference gas, respectively. N, and
Nt are the measured intensities of the scattered electrons, F), and F are the corresponding
mass flows, while M, and M, represent the molecular masses of the target and the reference
gas, respectively.

This relation represents the essence of the relative flow method, since it allows the measured
relative differential cross sections for the target to be normalized to an absolute scale by direct
comparison with the reference gas of known absolute cross sections.

In addition to the measurement of the scattered electron intensities from both the target
molecules and the reference gas (N, and N,), another experimentally determined quantity is
the mass flow I’ of the two gases. Since the gas pressure can be efficiently monitored during
the experiment, it is necessary to establish a direct relation between the pressure and the
corresponding mass flow.

The preparation of the system for measurements is carried out as follows:

DCS,(Eo, 8) = DCS,et( Eo, 6) (3.6)

1) The schematic of the gas system of the UGRA apparatus are shown in Figure . Let us
first consider the sample gas line. By means of valves Vi and Vs, the line is evacuated with
a mechanical rotary pump to the forevacuum level (p &~ 1072 mbar) in several pumping
cycles, thereby removing any residual gas (with valves V., V4, and V5 kept closed), up
to valve V5, which is used to admit the gas into the chamber through the gas needle.
Then, the system is further evacuated by the turbomolecular pump to a high vacuum of
the order of 10~7 mbar.

Before admitting the sample into the vacuum chamber (by fine adjustment of valve V),
several freeze-thaw—pump cycles are performed at liquid nitrogen temperature, using
valves V., Vi, and V,. This procedure is crucial to clean the sample gas line from
impurities and to remove adsorbed contaminants from the walls.

The reference gas line is evacuated through valves V3 and V, down to the forevacuum
level, with valves V.., Vg, and V5 closed. In this way, forevacuum conditions are achieved
up to valves V4, and Vg, while opening valve V5 provides high vacuum from that point
onward.

2) The next step is to introduce the sample and reference gases into the chamber. The
reference gas is admitted through the gas needle by opening valve Vi and, with the
regulating valve Vy properly positioned (to direct the gas through the needle), by carefully
opening valve Vg until the desired pressure is reached and equilibrium is established. The
pressure at the needle, p,.r, is monitored with a Baratron gauge.

Subsequently, valve Vy is adjusted to divert the reference gas through the side leak, and
the chamber pressure is then monitored with an ionization gauge. When the pressure at
the needle drops nearly to zero, the sample gas is introduced into the chamber through
the needle. This is accomplished by opening valve V,,, positioning the distribution valve
V& accordingly, and carefully opening valve V; until the desired pressure is reached on
the Baratron gauge. The pressures of both gases are adjusted so that their mean free
paths are approximately the same, which is achieved when the condition from Eq.B.5 is
satisfied.

3) Once the sample gas is set to enter the chamber through the needle and the reference
gas through the side leak (i.e., with Vg directed toward the baratron and Vg set to the
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Figure 3.10: Gas system of the UGRA apparatus.

side leak), the pressure Pg at the baratron is measured by closing valve V;, starting from
ps- Using the LabView program, the change in pp over time was monitored to determine
dpp/dt. After recording the required dependence, valve V; is opened and the pressure is
allowed to return to the initial value p,. This measurement allows determination of the
gas flow for the sample. The same procedure is repeated for the reference gas, with the
sample now entering through the side leak and the reference gas through the needle.

The mass flow, F' = dn/dt, can be obtained from the measured pressure change over
time, dpg/dt [103], using the ideal gas law,

pVo = nRTy, (3.7)

where T} is the temperature, R is the universal gas constant, n is the number of moles of
gas, p is the pressure, and V; is the volume. Differentiating with respect to time gives

dp  RTydn
_— = — = F, .
at ~ Vy dt (38)

From this relation, the mass flow can be determined by measuring the pressure change over
time, under the condition that the gas volume V[ and temperature 7T remain constant.
The flow F' corresponds to the slope of the p(t) curve in the region where the pressure
varies linearly with time. Figure 3.11 shows examples of p(t) curves for the reference gas
and the sample gas, with the corresponding flows determined from the linear fit.
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Figure 3.11: Examples of p(t) curves for the sample gas (isflurane) and the reference gas (Ar),
used to determine the mass flow F' from the slope of the linear region.

The total pressure in the chamber (sample + reference gas) was monitored using an ioniza-
tion gauge and did not exceed order of magnitude of 107% mbar. When the molecules of the
sample gas (or the reference gas) are introduced into the chamber through the needle (with the
valve positions described previously) and the beam stabilizes, the measurement of the elastically
scattered electron intensity is performed at a specified incident electron energy and scattering
angle. A single measurement at a given energy Ej and angle 6 consisted of the following steps:

1. Measurement of the intensity of electrons scattered from the sample, N, (with the sample
gas entering the chamber through the gas needle and the reference gas through the side
inlet).

2. Measurement of the mass flow for the sample gas, F.

3. Measurement of the intensity of electrons scattered from both the sample and the reference
gas entering through the side inlet, representing the background signal to be subtracted.

4. Measurement of the intensity of electrons scattered from the reference gas, Nyes (with
the reference gas entering the chamber through the needle and the sample gas through
the side inlet).

5. Measurement of the mass flow for the reference gas, Fys.

For each fixed electron energy Fj and scattering angle 6, typically 2-3 consecutive measurements
were performed, and the mean value was calculated.

For gas targets (e.g., Ar), the determination of the gas flow can be performed with high
accuracy by monitoring the pressure variation over time. However, for some molecular tar-
gets, effects such as adsorption on surfaces can significantly influence the measurement of the
flow F' and, consequently, the value of the differential cross section. These effects are partic-
ularly pronounced during the pressure increase regime (Method of Pressure Increase, MPI, as
defined in [[106]) at room temperature, since the system is far from equilibrium and adsorp-
tion/desorption effects are not compensated [106].

These effects can be mitigated by heating the entire system, including the sample, tubing,
valves, and needle. Heating reduces adsorption, thereby increasing the accuracy of the F
measurement, which in turn improves the precision of the absolute differential cross section
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determination according to Equation @ Additionally, the heater power is adjusted to maintain
a small positive temperature gradient from the sample to the needle, preventing condensation
and improving the signal by increasing the vapor pressure of the sample.

3.3.3 Integral and Momentum Transfer Cross Sections

Since our experimental differential cross sections (DCSs) were obtained over a limited angu-
lar range, it is necessary to extrapolate them to include the smallest (0°) and largest (180°)
scattering angles in order to determine elastic integral cross sections (ICSs) and momentum
transfer cross sections (MTCSs).

The extrapolation was performed by considering the theoretically obtained shapes of the
DCSs at small (0-25°) and large (120-180°) scattering angles, while the experimental DCS val-
ues from 25° to 125° were retained. The theoretical DCSs were normalized to the experimental
points to ensure the best agreement. The normalized theoretical points at the extreme angles
were then treated as extrapolated experimental values.

Using the resulting DCSs over the full angular range, the ICSs and MTCSs were calculated
by standard integration:

ICS = 2r / DCS(6) sin 4 db, (3.9)
0

MTCS = 27T/ DCS(0)(1 — cos ) sin 6§ df. (3.10)
0

This procedure allows the evaluation of integral quantities that account for the entire angular
distribution of elastically scattered electrons, providing a complete description of the scattering
process.

3.3.4 Evaluation of Measurement Uncertainties

Uncertainties of the relative differential cross sections as a function of the scattering angle
include both statistical uncertainty, determined from the Poisson distribution, and system
stability uncertainty (,,Short Term Stability Error), estimated from the spread of repeated
measurements at the same energy and angle. In our measurements, the statistical uncertainties
were typically in the range of 0.1-5.5%, while the uncertainties due to short-term system insta-
bilities ranged between 0.3-18%. At small scattering angles (below 40°), the overall uncertainty
of the relative DCSs was increased by 20% in order to account for possible variations of the
effective scattering volume.

For the absolute DCSs, obtained by the relative flow method, the total uncertainty is pre-
dominantly determined by the accuracy of the reference absolute cross sections for argon. The
uncertainties related to the measured signal intensities and gas flow rates were found to be
small, owing to stable experimental conditions and a high signal-to-noise ratio. In this work,
we employed the absolute DCSs of Rankovié et.al.(2018) [96] as the reference set for incident
electron energies 50, 100, 150, 200 and 300 eV, while for 250 eV we used the data of Williams
and Willis (1975) [93].

The uncertainties of the reference absolute DCSs are about 20%, which represents the
minimum error contribution. The overall uncertainty for DCSs was calculated by summing the
squares of individual independent uncertainties and taking the square root. Consequently, the
aggregate uncertainty of our absolute DCS measurements was estimated to be about 20-25%,
while at small scattering angles it could reach up to 30%.

The total uncertainties of the integral cross sections (30%) arise from the absolute DCS
uncertainties (25% in average) and uncertainties of the extrapolation of DCSs to 0° and to 180°
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(15%) and numerical integration (8%). Following the same procedure as for DCS uncertainties,
the overall uncertainty was calculated by taking the square root of the sum of the squares of
the individual independent uncertainties.
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Chapter 4

Results and Discussion

In this chapter, the results of our measurements are presented and discussed for the series
of halogenated anesthetics investigated in this work. The analysis is structured by molecular
targets, with separate sections devoted to halothane, isoflurane, sevoflurane, and desflurane.
For each compound, the physical and chemical properties relevant to the experiment are first
summarized, followed by a description of the sample preparation and application of the relative
flow method. Subsequently, the measured differential, integral, and momentum transfer cross
sections are compared with available theoretical calculations and previously published data,
where such references exist. This organization enables a clear assessment of the consistency
and reliability of the present results and facilitates comparison across the studied molecules.

4.1 Halothane

Figure 4.1: Schematic representation of the molecular structure of halothane (CF3;CHBrCl),
illustrating the arrangement of the halogen substituents around the ethane backbone []

Halothane, commonly known as 2-bromo-2-chloro-1,1,1-trifluoroethane (CF3CHBrCl), is
a multihalogenated derivative of ethane. It is a clear, colorless, and highly volatile liquid
characterized by a sweet, chloroform-like odor. The compound has a boiling point of 50.2°C,
a molar mass of 197.379 g/mol, a vapor pressure of 243 mmHg [], and a dipole moment of
1.41 D [] The molecular structure of halothane is presented in Figure {.1|.

Halothane was first synthesized in 1954 by Charles Suckling and introduced into clinical
practice in 1956 as an inhalational anesthetic ] Since its introduction, halothane has been
extensively studied, and more recent investigations have increasingly focused on its environ-
mental impact.
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Table 4.1: Chemical properties of halothane.

Property Symbol Value

Boiling point T 50.2°C

Molar mass M 197.379 g/mol
Vapor pressure Do 243 mmHg
Dipole moment I 1.41 D
Estimated gas kinetic diameter Dy, 5.6 A

Global warming potential GWP  218*

Ozone depletion potential ODP 1.56**

* Computed value for halothane in relation to GWP for CClyFy (CFC-12, freon-12).
** ODP values relative to CCI3F (CFC-11, freon-11).

In this work, both experimental and theoretical cross sections for elastic electron scattering
from halothane are presented. Absolute differential cross sections (DCSs) were measured in the
intermediate incident energy range of 50-300 eV and for scattering angles between 20° and 110°.
Initially, relative DCSs were obtained and subsequently placed on an absolute scale by means
of the relative flow technique, employing argon as the reference gas (see Chapter g) The
experimental results are complemented by calculations within the IAM-SCAR+I framework
(Chapter E) In addition, integral cross sections (ICSs)and momentum transfer cross sections
(MTCSs) both experimental and theoretical, are reported for the same energy range.

Anhydrous halothane with a stated purity of more than 99% was employed as the target gas
in the present measurements. The sample was stored in a sealed glass container and introduced
into the scattering chamber through a stainless steel gas line and a needle system. Prior to use,
several freeze-pump—-thaw cycles were carried out under vacuum in order to remove dissolved
impurities. Since halothane is liquid at room temperature (boiling point 50.2°C; vapor pressure
243 mmHg at 20°C, see Table @), the container was heated to approximately 40°C to ensure
adequate vapor pressure. To avoid condensation of the vapor in the line or chamber, both the
gas line and the chamber were heated to establish a positive temperature gradient, from 40°C
at the container up to 50°C near the gas needle. Under optimal vacuum conditions, the base
pressure of the chamber was 6 - 10~7 mbar, which increased by about one order of magnitude
upon gas admission.

As described in Section , during the relative flow measurements absolute values can be
obtained by adjusting the pressures behind the gas needle for the reference gas, argon (pa,),
and the target gas, halothane (ppy), in such a way that their ratio is inversely proportional
to the square of their gas kinetic diameters (Da, and Dyp). With the gas kinetic diameter
of argon known as Dy, = 3.58 A and that of halothane estimated as Dy, = 5.6 A [110], the
required pressure ratio is found to be pa, : pur, & 2.45. In the present experiment, pressures
were set to pyr, = 1.0 X 107% mbar and pa, = 2.5 x 107% mbar, thus fulfilling this condition. For
each incident electron energy, three absolute reference points were determined at the scattering
angles of 40°, 70°, and 100°.

To the best of the author’s knowledge, only one previous study by Maioli et al. [25] has
provided combined experimental and theoretical DCSs and ICSs for electron scattering from
halothane. In that study, both theoretical and experimental investigations of elastic electron
scattering from halothane were carried out. On the theoretical side, differential and integral
cross sections were computed using the Schwinger multichannel method with pseudopotentials
(SMCPP), as well as the independent atom model with screening corrected additivity rule
and interference effects (IAM-SCAR+I). Experimentally, relative elastic DCSs were measured
with a VG-SEELS 400 electron scattering spectrometer for incident energies of 10, 20, 30, and
50 eV over the angular range 7°~100°. Absolute values of the experimental DCSs were obtained
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by normalization to the theoretical data at 30°, and the reported results showed reasonable
agreement with the theoretical predictions.

4.1.1 Differential Cross Sections
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Figure 4.2: Absolute differential cross sections (in units 1072*m?/sr) for elastic electron scat-
tering from a halothane molecule at energies of 50, 100, 150, 200, 250, and 300 eV. The present
results include the following: present experimental data (red circles), present theory (elas-
tic scattering - black solid line, rotational excitations - black dots and combined elastic and
rotational cross sections - red dashed line), experimental absolute points obtained by the rel-
ative flow_method (yellow stars), and experimental results by Maioli et al. at 50 eV (green
squares) [[107].

The experimentally determined absolute differential cross sections for elastic electron scat-
tering from halothane at incident energies of 50, 100, 150, 200, 250, and 300 eV are summarized
in Table and displayed in Fig. (red circles). In addition, the directly measured reference
points at selected energies and scattering angles of 40°, 70°, and 100°, obtained using the rela-
tive flow technique and employed to normalize the relative data to an absolute scale, are also
shown (yellow stars). The consistency observed between these independently obtained datasets
(relative and absolute) provides strong support for the reliability of the applied experimental
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procedures. Furthermore, Fig. @ includes a comparison of the present experimental absolute
cross sections with corresponding theoretical predictions.

As can be seen from Fig. , the overall agreement between experiment and theory im-
proves with increasing incident electron energy, culminating in an almost quantitative match
at 300 eV. The most significant discrepancy is observed at 50 eV around a scattering angle of
20°, which is most likely associated with detector saturation effects during the measurement.
Since our experimental data include unresolved rotational excitations, they should be regarded
as quasi-elastic. The theoretical model, therefore, provides both the purely elastic and the elas-
tict+rotational cross sections, with the purely rotational contribution also shown separately.
Importantly, the difference between the elastic and quasi-elastic cross sections is noticeable
only at very small scattering angles, while within the angular range of the present experiment
(20°-110°) this deviation remains negligible. For instance, at 50 eV, where the rotational ex-
citations reach their maximum contribution, their effect on the quasi-elastic signal varies from
only 1.5% to 4.5%, which is well below the experimental uncertainty (minimum value around
20%).

Consistent with general trends reported for molecular targets [?,7, 7], the DCSs display a
broad minimum near 100° at lower impact energies (50 and 100 eV), which gradually fades at
higher energies. In the 200-300 eV range, the angular distributions become nearly flat between
80° and 110°, confirming the dominant role of forward scattering and the diminishing influence
of low-energy rotational dynamics at larger scattering angles.

At an incident energy of 50 eV, our differential cross sections are compared with the ex-
perimental results reported by Maioli et al. [107]. A very good agreement is observed at a
scattering angle of 30°, while at the remaining angles our measured values tend to be somewhat
lower. It should be noted, however, that the absolute scale of the Maioli dataset was obtained
by normalizing to theoretical calculations (IAM-SCAR+I) at 30°, whereas the present results
are independently normalized using the relative flow method and are therefore free from any
theoretical input. In this respect, our data provide an important independent benchmark. Fur-
thermore, to the best of our knowledge, there are no previously published experimental DCS
data for halothane at incident energies above 100 eV. The present measurements thus fill an
evident gap in the literature and can serve as a valuable reference point for future theoretical
and experimental investigations.

4.1.2 Integral and Momentum Transfer Cross Sections

Figure @ shows the experimental and theoretical integral cross sections (ICSs) for electron
scattering from halothane. The experimental data include the present measurements of elastic
scattering over the 50-300 eV energy range, as well as previously reported results by Maioli
et al. [25] for 10-50 eV. The theoretical ICSs account for purely elastic scattering, inelastic
processes, rotational excitations, total cross sections, and the combined elastic plus rotational
contributions.

Figure @ illustrates that, while the overall shapes of the experimental and theoretical
integral cross sections are similar, the measured values are systematically lower than the cal-
culated ones. Since the experimental DCS data cover a limited angular range, the reported
integral cross sections rely significantly on extrapolation. To ensure consistency, the calculated
DCS were first normalized to the measured absolute values, and these normalized data were
then integrated. The resulting integral cross sections, presented in Table 1, carry an estimated
uncertainty of 35% due to the extrapolation procedure. At the single energy (50 e€V) where
comparison with the data of Maioli [25] is possible, excellent agreement was found.
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In Figure Q, the momentum transfer cross sections (MTCSs) for electron scattering from
halothane are shown. Experimental results, covering 50-300 eV, are plotted with error bars,
while theoretical values are given for 1-500 eV. The latter comprise purely elastic (solid black
line), rotational (dotted line), and combined quasi-elastic contributions (red dashed line).

As illustrated in the figure, in contrast to the integral cross sections, the experimental
momentum transfer cross sections exhibit an excellent overall agreement with the theoretical
predictions. This behavior can be attributed to the 1 — cosf weighting factor in Eq. ,
which is used to calculate the MTCS from the differential cross sections. Due to this factor, the
contributions from small scattering angles—where the largest deviations between experiment
and theory are observed—are significantly suppressed. Consequently, the MTCS is primarily
influenced by scattering at intermediate angles, where the experimental and theoretical DCSs
are in much better agreement. As a result, even though the DCSs at forward angles show
noticeable discrepancies, their impact on the MTCS is minor, and the overall match between
experimental and calculated MTCSs is very good across the measured energy range.

Table 4.2: Experimental differential and integral (in unit 1072° m?) cross sections for elastic
electron scattering from the halothane molecule. The absolute uncertainties, provided in paren-
theses, have been rounded to two significant figures. The relative uncertainties associated with
the differential cross sections (DCSs) vary between 21.2 % and 26.6 %, while the estimated
uncertainty for the integral cross section (ICS) is approximately 35 %. These uncertainty
estimates reflect both statistical and systematic contributions inherent to the experimental
procedure [[107].

DCS (1072 m?sr1)

0 (°) 50 (eV) 100 (V) 150 (V) 200 (cV) 250 (cV) 300 (cV)
20 6.5(1.4) 4.3(1.1) 3.92(98) 3.46(89) 3.44(92) 4.0(1.1)
25 5.7(1.2) 3.29(82) 2.31(58) 2.02(52) 1.82(48) 1.95(52)
30 4.43(94) 1.92(48) 1.33(33) 1.23(32) 1.09(29) 1.20(23)
35 3.41(72) 1.16(29) 0.80(20) 0.87(22) 0.76(20) 0.749(20)
40 1.99(42) 0.79(20) 0.60(15) 0.70(18) 0.55(15) 0.536(14)
45 1.43(30) 0.57(14) 0.49(12) 0.58(15) 0.43(11) 0.368(98)
50 0.96(20) 0.48(12) 0.392(98) 0.49(13) 0.318(85)  0.250(66)
55 0.77(16) 0.44(11) 0.319(80) 0.40(10) 0.224(60)  0.198(53)
60 0.61(13) 0.40(10) 0.255(64)  0.303(78)  0.179(48)  0.161(43)
65 0.50(11) 0.339(85)  0.194(48)  0.230(59)  0.150(40)  0.123(33)
70 0.429(91)  0.295(74)  0.142(35)  0.191(49)  0.120(32)  0.099(26)
75 0.377(80)  0.253(63)  0.107(27)  0.157(41)  0.098(26)  0.085(23)
80 0.340(72)  0.208(52)  0.095(24)  0.132(34)  0.087(23)  0.074(20)
85 0.304(64)  0.171(43)  0.092(23)  0.125(32)  0.085(23)  0.070(19)
90 0.284(60)  0.154(39)  0.098(24)  0.130(33)  0.084(22)  0.069(18)
95 0.275(58)  0.157(39)  0.118(30)  0.134(35)  0.088(24)  0.069(18)
100 0.285(60)  0.170(43)  0.138(34)  0.145(38)  0.094(25)  0.070(19)
105 0.320(68)  0.195(49)  0.166(41)  0.150(39)  0.099(26)  0.072(19)
110 0.370(78)  0.223(56)  0.187(47)  0.153(40)  0.103(28)  0.075(20)
ICS 31(12) 18.3(6.4) 13.3(4.7) 12.7(4.4) 12.6(4.4) 13.1(4.6)
MTCS 8.5 5.0 3.2 2.7 1.9 1.5
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4.2 Isoflurane

Figure 4.5: The figure provides a schematic representation of the molecular structure of isoflu-
rane, highlighting the arrangement of its halogen and oxygen atoms.

Isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoroethane, CF3CHCI-O-CHF5), devel-
oped originally by Ohio Medical Products approximately five decades ago, has become one of
the most widely employed inhalational anesthetics in clinical practice [] It is classified as a
non-flammable halogenated ether and is typically encountered as a clear, colorless liquid char-
acterized by a mild, somewhat ether-like odor. The compound possesses a molecular weight of
184.49 g/mol, a boiling point of 48.5 °C, and a vapor pressure of 330 mmHg [] Furthermore,
its estimated dipole moment amounts to 2.47 D ] The relevant physicochemical character-
istics of isoflurane are summarized in Table Y.3, while its molecular structure is illustrated in
Figure @

In recent years, beyond its medical applications, isoflurane has attracted increasing atten-
tion due to its potential environmental impact, particularly in the context of greenhouse gas
emissions and climate change considerations.

Table 4.3: Chemical properties of isoflurane.

Property Symbol Value
Boiling point T, 48.5°C
Molar mass M 184.49 g/mol
Vapor pressure Dy 330 mmHg
Dipole moment ! 247D
Estimated gas kinetic diameter D;p 5.57 A
Global warming potential GWP 1401*

* Computed value for isoflurane in relation to GWP of CO; for a 20-year time horizon.

In this section, we present both experimental and theoretical results for the elastic scattering
of electrons from the isoflurane molecule. The measurements were carried out over a selected
range of incident electron energies, Ej, extending from 50 to 300 eV, and within a scattering
angular interval between 25° and 125°. The reliability and consistency of the experimental data
are further supported by theoretical predictions obtained within the IAM-SCARA4I framework,
which provides a solid basis for comparison. In addition to the differential cross sections,
this study also reports integral cross sections (ICSs) and momentum transfer cross sections
(MTCSs), derived from both experiment and theory, covering the same energy range [B]
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Anhydrous isoflurane, with a stated purity exceeding 99%, was employed as the target gas
in the present experiments. Prior to use, the sample underwent several freeze—pump-thaw
cycles under vacuum in order to eliminate dissolved impurities, following the same preparation
procedure as described for halothane. The substance was introduced into the scattering chamber
through a gas needle connected to a line system originating from a glass reservoir. Under
optimal vacuum conditions, the base pressure in the chamber was typically 6 - 10~7 mbar,
increasing by approximately one order of magnitude upon admission of the gas.

For isoflurane, the same relative flow procedure was applied as described for halothane.
Using the gas kinetic diameter of argon (D, = 3.58 A) and the estimated value for isoflurane
(D = 5.57 A) []], the required pressure ratio was pa; : pir ~ 2.4. In the present measurements,
the pressures were set to pyp = 1.0x107% mbar and pa, = 2.4x107% mbar, in agreement with this
condition. For each incident energy, two absolute reference points were obtained at scattering
angles of 40° and either 70°, 80°, or 90°.

The key reference for isoflurane is the PhD thesis of E. Lange [31], which reports both
theoretical (SMCPP and IAM-SCAR+I) and experimental cross sections. Differential cross
sections were measured for incident energies between 10 and 50 eV and scattering angles from
8° to 70°, with the absolute scale established by normalization to IAM-SCAR+I at 30°. The
results showed overall good agreement between experiment and theory.

4.2.1 Differential Cross Sections

In the case of isoflurane, absolute differential cross sections for elastic electron scattering were
obtained at incident energies of 50, 100, 150, 200, 250, and 300 eV. These results are dis-
played in Fig. @ (red circles), together with the directly measured reference points at selected
scattering angles (40° and either 70°, 80°, or 90°), indicated by red stars. The latter points, de-
termined through the relative flow technique, were employed to scale the relative measurements
to an absolute level, ensuring consistency between independent datasets. The comparison with
theoretical predictions is also included in Fig. 4.6, providing additional verification of the exper-
imental procedure. A numerical overview of the obtained absolute cross sections is presented
in Table @

As illustrated in Fig. @, the experimentally obtained differential cross sections for isoflu-
rane exhibit a generally very good level of consistency with the corresponding theoretical results.
In particular, the agreement is excellent at an incident electron energy of 100 eV. Neverthe-
less, some discrepancies can be observed, most notably at 50 eV and a scattering angle of 25°,
where the measured values deviate from theory. This deviation is most likely a consequence of
saturation effects in the electron multiplier detector (channeltron), which can occur under ex-
perimental conditions optimized for high-statistics measurements at minimum. In this regime,
extremely high counting rates are encountered, primarily due to the relatively large incident
electron current, the limited energy resolution, and the fact that cross sections in this angular
range can vary by several orders of magnitude. Furthermore, at 150 eV our measured DCSs
are consistently lower than the calculated values, which consequently results in reduced values
of the corresponding integral cross sections (ICSs).

It should also be emphasized that, under the present experimental conditions, rotational
excitations cannot be separated from purely elastic scattering. Accordingly, the experimental
data represent “quasi-elastic” cross sections, which are therefore compared with the sum of the
calculated elastic and rotational contributions. This combined theoretical dataset is represented
by the red dashed line in Fig. 4.3, and provides a more realistic reference for comparison with
experiment. The analysis indicates that rotational excitations contribute significantly at small
scattering angles, with the effect being most pronounced at 50 eV. Given that isoflurane is
a polar molecule with a substantial permanent dipole moment [113], such a strong role of

61



rotational excitations is not unexpected.
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Figure 4.6: Absolute differential cross sections (in units of 1072 m?sr~!) for elastic electron
scattering from the isoflurane molecule are presented at incident electron energies of 50, 100,
150, 200, 250, and 300 eV. Several data sets are displayed for comparison: the present experi-
mental measurements are depicted as circles (green online), while the corresponding theoretical
predictions are given by a solid black curve for elastic DCSs, black dots for rotational DCSs,
and a red dashed line for their combined contribution. Experimental absolute reference points
obtained via the relative flow method are marked with red stars, whereas earlier experimental
results reported by Lange [B1] at 50 eV are shown as blue triangles.

In addition, the angular dependence of the DCSs exhibits trends characteristic of molecular
targets, consistent with previous observations reported in the literature [114,[115]. At incident
electron energies of 50 and 100 eV, a broad minimum appears around 100°, which becomes
less pronounced as the energy increases. At higher incident electron energies, the measured
DCSs exhibit a trend that resembles the Rutherford-type angular dependence. Specifically,
the cross sections become strongly peaked in the forward direction, reflecting the dominance
of small-angle scattering, while at larger scattering angles (above 80°) the DCSs flatten out,
showing only minor variations with angle. This behavior is consistent with expectations for
molecular targets at intermediate-to-high energies, where the scattering process is increasingly
governed by the long-range Coulomb interaction and the independent atom picture becomes
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more appropriate.

A comparison was made between the present results and those reported by Lange [31] at an
incident electron energy of 50 eV. At 30° scattering angle, our data and Lange’s measurements
are in good agreement, falling within the experimental uncertainty. At other angles, however,
the present values tend to be systematically lower than those reported previously. It is difficult
to provide a definitive explanation for the observed differences between our experimental results
and those reported by Lange. Nevertheless, it should be emphasized that the present cross
sections were normalized to an absolute scale by means of the relative flow method, whereas the
earlier data were placed on an absolute scale by normalization to the IAM-SCAR+I calculation
at a scattering angle of 30°. This methodological distinction may, at least in part, account
for the discrepancies. It also underlines the importance of applying independent normalization
procedures when comparing different experimental datasets, particularly in the case of complex
polyatomic targets such as isoflurane.

These new measurements fill a notable gap in the available experimental data for isoflurane,
providing, to the best of our knowledge, the first absolute differential cross sections in the
intermediate-to-high energy range of 100-300 eV.

4.2.2 Integral and Momentum Transfer Cross Sections
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Figure 4.7: Absolute integral cross sections (in units of 1072 m?) for electron scattering from
the isoflurane molecule. The present experimental measurements are displayed as circles (green
online). Theoretical values are presented for purely elastic scattering (black solid line), quasi-
elastic scattering including rotational excitations (red dashed line), rotational excitations (black
dots), inelastic scattering (orange dotted line), and total integral cross sections (green dashed
line). For comparison, the experimental data previously reported by Lange [B1] are indicated
by blue triangles.
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Figure @ presents the corresponding experimental and theoretical integral cross sections
(ICSs) for electron scattering from isoflurane. The figure includes the present experimental ICSs
for elastic scattering over the incident energy range of 50-300 eV, along with previously reported
experimental data by Lange [B1] for energies between 10 and 50 eV. The theoretical ICSs
comprise contributions from purely elastic scattering, inelastic processes, total cross sections,
rotational excitations, and the combined elastic plus rotational cross sections. The latter is
shown for comparison with the experimental data, as the current experimental setup does not
allow for a separation of purely elastic and rotationally inelastic contributions.

As shown in Figure @, the experimental and theoretical integral cross sections exhibit
similar overall trends; however, the measured ICSs generally display lower magnitudes compared
to the calculated values. This discrepancy is largely attributable to the limited angular coverage
of our differential cross section measurements, which heavily depend on extrapolation when
evaluating the integral cross sections. To ensure consistency in shape, the theoretical DCSs
were normalized to the experimentally determined absolute values prior to integration. The
resulting ICSs, provided in Table §.4, carry an estimated uncertainty of approximately 30%,
reflecting the uncertainties inherent in the extrapolation procedure (see Subsection for
further details). The most pronounced deviations occur at incident electron energies of 50 and
150 eV. At 50 eV, the discrepancy arises primarily from elevated deviations at small scattering
angles due to channeltron saturation effects. Similarly, at 150 eV, the measured DCSs are
systematically lower than theoretical predictions, which translates into reduced ICS values.
For the remaining energy points, the agreement between experiment and theory is satisfactory,
falling within the experimental uncertainties. Notably, at the single energy point of 50 eV where
comparison with Lange’s data [31] is possible, our measured value is observed to be slightly
lower in magnitude.
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Figure 4.8: Absolute momentum transfer cross sections (in units of 1072 m?) for electron
scattering from the isoflurane molecule. The present experimental data are shown as green
circles, while the theoretical momentum transfer cross sections are presented as follows: elastic
(solid black curve), rotational (black dots), and combined elastic+rotational (red dashed line).
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In Figure @, the momentum transfer cross sections (MTCSs) for electron scattering from
the isoflurane molecule are presented. The experimental results, obtained in the energy range
from 50 to 300 eV, are shown as discrete data points with associated error bars, while the
theoretical values are displayed for the wider interval from 1 to 1000 eV. The theoretical dataset
includes purely elastic contributions (solid black curve), rotational excitations (dotted black
curve), as well as the combined, quasi-elastic MTCSs (red dashed curve).

Overall, the comparison demonstrates fairly good agreement between theory and experiment
within the overlapping energy range. Furthermore, the experimental points follow the general
decreasing trend of the MTCS with increasing energy, in line with theoretical predictions. A
slight systematic offset remains, which can likely be attributed to experimental uncertainties
in the absolute scale of the differential cross sections, as well as to approximations in the
theoretical modeling.

The momentum transfer cross section plays a crucial role in describing electron transport
through molecular gases, as it quantifies the efficiency of momentum exchange between electrons
and target molecules [116-118].

Table 4.4: Experimental results for absolute differential cross-sections (DCSs), integral and
momentum transfer cross-sections (ICSs and MTCSs, respectively), later two in unit 1072° m?,
for elastic electron scattering from isoflurane. In parentheses are given absolute uncertainties
of the last two digits. The relative uncertainties associated with the differential cross sections
(DCSs) vary between 19.7 % and 32.1 %. The uncertainties of ICS and MTCS were estimated
to be of the order of 30 %.

DCS (1072 m2sr™!)

6(°) 50 (eV) 100 (eV) 150 (eV) 200 (eV) 250 (eV) 300 (eV)
25 5.0(1.5) 5.6(1.6) 3.07(983) 2.67(76) 3.29(96) 2.74(78)
30 3.4(1.0) 3.50(99) 1.97(63) 1.45(41) 1.79(52) 1.64(47)
35 2.52(75) 2.51(71) 1.09(35) 0.97(28) 1.32(39) 1.24(35)
40 1.98(59) 1.63(46) 0.70(22) 0.77(22) 1.00(29) 0.84(24)
45 1.48(33) 0.90(18) 0.53(13) 0.65(13) 0.57(12) 0.50(10)
50 1.28(28) 0.66(13) 0.45(11) 0.472(96)  0.389(84)  0.314(64)
55 1.06(23) 0.55(11) 0.351(88)  0.311(63)  0.266(58)  0.232(48)
60 0.82(18) 0.453(91)  0.259(65)  0.220(45)  0.215(47)  0.200(41)
65 0.68(15) 0.419(84)  0.205(52)  0.171(35)  0.198(43)  0.182(38)
70 0.57(13) 0.367(74)  0.160(40)  0.150(31)  0.187(41)  0.143(30)
75 0.46(10) 0.304(61)  0.144(36)  0.142(29)  0.152(33)  0.135(28)
80 0.430(95)  0.249(50)  0.135(34)  0.140(29)  0.124(27)  0.111(23)
85 0.409(90)  0.239(48)  0.138(35)  0.126(26)  0.118(26)  0.111(23)
90 0.397(87)  0.207(42)  0.136(35)  0.127(26)  0.122(27)  0.105(22)
95 0.386(85)  0.214(43)  0.137(35)  0.123(25)  0.111(25)  0.094(20)
100 0.418(92)  0.222(45)  0.132(33)  0.124(26)  0.106(23)  0.083(18)
105 0.46(10) 0.232(47)  0.140(35)  0.112(23)  0.102(23)  0.083(18)
110 0.53(12) 0.244(49)  0.143(36)  0.112(23)  0.096(21)  0.085(18)
115 0.62(14) 0.292(59)  0.164(41)  0.117(24)  0.102(23)  0.091(19)
120 0.70(15) 0.332(67)  0.170(43)  0.124(26)  0.099(22)  0.097(21)
125 0.79(17) 0.389(78)  0.199(50)  0.125(26)  0.099(22)  0.095(20)
ICS 33.1 30.4 21.5 22.4 18.4 18.0

MTCS 13.0 6.7 3.4 2.5 2.1 1.9

65



4.3 Sevoflurane

Figure 4.9: Schematic representation of the molecular structure of sevoflurane, illustrating the
spatial arrangement of its fluorine, hydrogen, carbon, and oxygen atoms.

Sevoflurane (fluoromethyl 2,2,2-trifluoro-1-(trifluoromethyl)ethyl ether, C,H3F7O) repre-
sents a modern halogenated ether anesthetic that has gained widespread acceptance in clinical
practice owing to its rapid onset and favorable pharmacokinetic profile. It is classified as a non-
flammable, highly fluorinated methyl isopropyl ether, typically encountered as a clear, colorless
liquid with a characteristic sweet odor. The compound is characterized by a molecular weight
of 200.06 g/mol, a boiling point of 58.5 °C, and a vapor pressure of 197 mmHg at 26 °C [21].
Additionally, its dipole moment has been reported as 2.33 D [21]. The key physicochemical
properties of sevoflurane are listed in Table , and its molecular structure is presented in
Figure {§.9.

Beyond its established role as one of the most frequently employed inhalational anesthetics,
sevoflurane has also attracted considerable attention in recent investigations, particularly with
respect to its environmental impact, occupational safety, and clinical applications [119].

Table 4.5: Chemical properties of sevoflurane.

Property Symbol Value
Boiling point T 58.5°C
Molar mass M 200.06 g/mol
Vapor pressure Dy 197 mmHg
Dipole moment I 233D
Estimated gas kinetic diameter Dgp 551 A
Global warming potential GWP  1980*

* Computed value for sevoflurane in relation to GWP of CO» for a 20-year time horizon.

In this section, experimental and theoretical results for electron scattering from the sevoflu-
rane molecule are presented. Measurements were performed for incident electron energies be-
tween 50 and 300 eV and scattering angles from 25° to 125°. The experimental findings are
compared with predictions of the IAM-SCAR+I model, ensuring reliability of the data. Along
with DCSs, corresponding integral and momentum transfer cross sections are also reported over
the same energy range [13].

Anhydrous sevoflurane (C4H3F;0), with a stated purity above 99%, was employed as the
target gas. Its preparation and introduction into the scattering chamber followed the same
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procedure as previously described for isoflurane and halothane, including several freeze—pump—
thaw cycles and admission via a heated gas line and needle to ensure stable vapor pressure. The
base chamber pressure was typically 5 x 10~7 mbar, rising by roughly an order of magnitude
during measurements.

For sevoflurane, the same relative flow procedure as for isoflurane and halothane was applied.
Using the gas kinetic diameters of argon (D, = 3.58 A) and sevoflurane (Dgp = 5.51 A), the
pressure ratio pa, : psp & 2.4 was maintained. Absolute reference points were recorded at
scattering angles of 40° and 80-100°, depending on the energy.

Sevoflurane differential cross sections were determined following the same methodology as
for isoflurane, as detailed in the PhD thesis of E. Lange [31], which provides the only available
reference for comparison. Measurements covered incident energies from 10 to 50 eV and scat-
tering angles between 8° and 70°, with the absolute scale normalized to IAM-SCAR+I at 20°.
The experimental results showed satisfactory agreement with theoretical predictions.

4.3.1 Differential Cross Sections

Absolute differential cross sections (DCSs) for elastic electron scattering from sevoflurane were
determined at incident electron energies of 50, 100, 150, 200, 250, and 300 eV, as shown in Fig.
. The presented data include experimentally obtained angular distributions, normalized to
an absolute scale using selected reference points derived via the relative flow method. These
reference values ensure internal consistency of the dataset and enable a reliable comparison
with theoretical predictions, which are also displayed in the figure.

It should be emphasized that the absolute reference points obtained via the relative flow
method show excellent agreement with the corresponding relative DCS values to which they
are normalized. In the normalization procedure, one reference point is used to scale the relative
angular distribution to an absolute level, while the second serves as an internal consistency
check of the angular dependence. The observed agreement of this second reference point,
within the experimental uncertainties, with the corresponding relative DCS value at the same
scattering angle confirms the reliability of the measured angular distributions and the validity of
the normalization procedure. A numerical summary of the experimentally determined absolute
cross sections is provided in Table K.5.

A systematic deviation between the experimental and theoretical DCSs is observed at small
scattering angles. This discrepancy can be attributed to the instability of the interaction volume
at those angles during the experiment, which leads to an underestimation of the measured
electron signal in the forward direction. Consequently, the experimental DCS values in this
angular region are systematically lower than the corresponding theoretical predictions. Since
small-angle scattering makes the dominant contribution to the integral cross section (ICS), this
effect results in somewhat lower experimental ICS values compared to theory, although their
overall energy dependence remains consistent.

A more pronounced discrepancy between experiment and theory is observed at an incident
energy of 150 eV, particularly at intermediate and larger scattering angles in the range from
approximately 80° to 125°, where the experimental data points are systematically lower than
the theoretical predictions. As can be seen in Fig. , this deviation is more significant than at
other energies and suggests a reduced scattered intensity in this angular region. This effect may
be related to increased experimental uncertainties at larger angles, where the electron count
rate is lower and the influence of background subtraction becomes more pronounced. Since
scattering at intermediate and large angles contributes significantly to the momentum-transfer
cross section (MTCS), this discrepancy leads to lower experimental MTCS values at 150 eV,
as will be discussed in the following subsection.

Note that, under the present experimental conditions, rotational excitations cannot be
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Figure 4.10: Absolute differential cross sections for elastic electron scattering from the sevoflu-
rane molecule are shown at incident electron energies of 50, 100, 150, 200, 250, and 300 eV.
The present experimental data are plotted as circles (blue online), while theoretical results
are represented by a solid black curve for elastic DCSs, black dots for rotational DCSs, and
a red dashed line for their combined, quasi-elastic contribution. Absolute reference points de-
termined using the relative flow method are indicated by yellow stars, and previously reported
experimental data by Lange [B1] at 50 eV are shown as green triangles.

separated from purely elastic scattering. Therefore, as already discussed in the case of isoflurane
(Section W.2.1)), the measured data correspond to the “quasi-elastic” cross sections. For a
consistent comparison with theory, these results are confronted with the sum of calculated
elastic and rotational contributions, which is shown by the red dashed line in Fig..

With regard to the normalization procedure, the relative flow method (RFM) was employed
to place the measured angular distributions on an absolute scale. In this approach, argon was
used as a reference gas, and its absolute differential cross sections (DCSs) were taken from the
literature. Specifically, the recommended values reported by Rankovié et al. [96] were adopted
for incident electron energies in the range 50-200 eV and at 300 eV, while for the energy of 250
eV, where no corresponding data from the same experimental setup are available, the values
from Williams and Willis [93] were used.

It should be noted that the reference datasets were obtained using different normalization
procedures. Rankovié et al. [96] employed helium as a reference gas within the relative flow
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framework, while Williams and Willis [93] normalized their data through phase-shift analysis of
relative angular distributions in the vicinity of the 2P /2,172 of argon. Despite these methodolog-
ical differences, the reported absolute DCS values are consistent within the stated experimental
uncertainties, as discussed in Ref. [120]. Given that the present normalization is also based
on the RFM and that the measurements of Rankovi¢ et al. were performed using the same
electron spectrometer (UGRA), their dataset was preferentially used wherever possible.

A comparison of the present sevoflurane DCS results with those reported by Lange [31] was
performed at an incident electron energy of 50 eV, as this represents the only available overlap
between the two datasets. Overall, a reasonable level of agreement is observed within the com-
mon angular range (8°~70°). In particular, at the intermediate angle of 50°, the present results
are in very good agreement with the data of Lange, falling within the quoted experimental
uncertainties.

At smaller and larger scattering angles, however, systematic deviations are observed. At
30°, the values reported by Lange are higher than the present results, which may be partly
attributed to the previously discussed underestimation of the signal at small angles in the
present experiment. On the other hand, at 70°, our results tend to agree better with the
corresponding theoretical predictions used for normalization in the work of Lange, while the
experimental values of Lange remain systematically higher.

Different normalization procedures were used in the two studies, which may partly account
for the observed discrepancies between the datasets.

4.3.2 Integral and Momentum Transfer Cross Sections
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Figure 4.11: Integral cross sections for elastic electron scattering from the sevoflurane molecule.
The present experimental data are shown as blue circles, while the theoretical results are repre-
sented by the solid black curve for purely elastic ICSs and the red dashed curve for quasi-elastic
ICSs. The figure also includes theoretical total, rotational, excitation, and ionization cross sec-
tions, as well as experimental data points reported by Lange [31].
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Figure shows the experimental and theoretical integral cross sections (ICSs) for elec-
tron scattering from sevoflurane. The presented experimental data include the present elastic
ICSs covering incident electron energies from 50 to 300 eV, together with previously published
results by Lange [B1] in the energy range of 10 to 50 eV. The theoretical curves account for
elastic scattering, ionisation and excitation processes, total cross sections, as well as rotational
contributions, including both purely elastic and elastic-plus-rotational components.

As shown in Fig. , the experimental ICS values exhibit a smooth decrease with increasing
incident electron energy over the investigated range. This behaviour is characteristic of electron
scattering from polyatomic molecules and reflects the reduced scattering probability at higher
energies. The present experimental data are in good overall agreement with the theoretical
elastic cross sections, particularly in terms of the energy dependence. Compared to previously
analysed ICS results for halothane and isoflurane, the present experimental ICSs for sevoflurane
show improved agreement with theory in terms of the overall shape of the energy dependence,
although they remain systematically lower in absolute magnitude.

This systematic offset can be traced back to the underestimation of the forward-angle scat-
tering intensity due to instability of the interaction volume, as discussed in the DCS analysis.
Since the small-angle region provides the dominant contribution to the ICS, this limitation
directly propagates into the integrated cross sections. Nevertheless, the good agreement in the
overall trend indicates that the essential features of the scattering process are well reproduced.

The inclusion of rotational contributions in the theoretical model (red dashed curve) leads
to an increase in the predicted cross sections, particularly at lower energies where dipole-
driven rotational excitations are more pronounced, consistent with the polar character of the
sevoflurane molecule. The rotational contribution (black dotted curve) decreases rapidly with
increasing energy and becomes negligible at higher energies compared to the elastic channel.

Theoretical results further show that, over the majority of the investigated energy range,
elastic scattering remains the dominant contribution to the total cross section. This emphasizes
the importance of the present experimental data, as they provide reliable benchmark values for
the leading scattering process.

In addition, the calculated inelastic channels, including ionisation (orange dotted curve) and
electronic excitation (purple dotted curve), become increasingly significant with rising electron
energy. Consequently, the total cross section (cyan dashed curve) exceeds the purely elastic
contribution, particularly above ~50 eV.

A comparison with the experimental data reported by Lange [31] shows very good agree-
ment at the only overlapping energy of 50 eV. At this point, the present experimental value
is consistent with the data of Lange within the experimental uncertainties, providing mutual
validation of the two independent measurements. The present results therefore offer a seam-
less extension of the existing dataset toward higher energies (50-300 eV), while preserving the
overall trend in energy dependence. Any minor discrepancies can be attributed to differences
in experimental conditions and normalization procedures.

Figure M shows the experimental and theoretical momentum-transfer cross sections for
electron scattering from sevoflurane. The presented experimental data include the present
MTCS values obtained in the incident electron energy range from 50 to 300 eV. The theoretical
curves correspond to purely elastic scattering (solid black line), rotational contributions (black
dotted line), and the combined elastic-plus-rotational cross sections (red dashed line).

As can be seen from Fig. @‘, the experimental MTCS values exhibit a decreasing trend
with increasing electron energy, consistent with the behaviour observed for the integral cross
sections. Overall, good agreement between experiment and theory is observed across most of
the investigated energy range, particularly at low energy of 50 €V, where the experimental value
lies close to both the elastic and elastic-plus-rotational theoretical predictions.
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Figure 4.12: Momentum transfer cross sections for elastic electron scattering from the sevoflu-
rane molecule. The present experimental results (blue circles) are compared with theoretical
predictions, including purely elastic (solid black line) and quasi-elastic (red dashed line) con-
tributions.

A more pronounced deviation is observed at 150 eV, where the experimental MTCS value is
noticeably lower than the corresponding theoretical results. This behaviour is consistent with
the discrepancy identified in the DCS analysis, where reduced experimental intensities were
observed at intermediate and larger scattering angles. Since these angular regions contribute
significantly to the MTCS, the underestimation of the DCSs directly propagates into lower
MTCS values at this energy. At higher energies (200-300 eV), the agreement improves again,
with the experimental data following the theoretical trend within the estimated uncertainties,
although remaining slightly lower in magnitude.

The rotational contribution to the MTCS (black dotted curve) decreases rapidly with in-
creasing energy and becomes negligible compared to the elastic component above approximately
10 eV. Consequently, the difference between the purely elastic and elastic-plus-rotational the-
oretical curves becomes small at higher energies, indicating that the MTCS is dominated by
elastic scattering in this regime.

It should be noted that, to the best of our knowledge, no other experimental or theoretical
MTCS data for electron scattering from sevoflurane are available in the literature. Therefore,
the present results represent the first dataset of this kind and provide valuable benchmark
information for future studies.

71



Table 4.6: Experimental results for absolute differential cross-sections (DCSs), integral and
momentum transfer cross-sections (ICSs and MTCSs, respectively), later two in unit 1072° m?,
for elastic electron scattering from sevoflurane. In parentheses are given absolute uncertainties
of the last two digits.

DCS (1072 m?sr~1)

0(°) 50 (eV) 100 (eV) 150 (eV) 200 (eV) 250 (eV) 300 (eV)
25 3.6(1.1) 2.67(76) 1.57(39) 2.25(74) 1.82(56) 1.53(45)
30 3.07(93) 2.07(59) 1.31(32) 1.44(48) 1.20(37) 1.12(33)
35 2.17(66) 1.72(49) 0.86(21) 1.01(33) 0.99(30) 0.96(28)
40 1.89(43) 1.20(34) 0.72(14) 0.80(26) 0.84(26) 0.72(21)
45 1.77(40) 0.81(23) 0.58(11) 0.71(24) 0.67(16) 0.43(13)
50 1.57(36) 0.64(14) 0.499(94) 0.61(16) 0.43(10) 0.304(66)
55 1.31(30) 0.52(11) 0.407(77) 0.41(11) 0.282(67)  0.235(51)
60 1.01(23) 0.449(98)  0.304(57)  0.270(71)  0.223(53)  0.202(44)
65 0.82(18) 0.387(84)  0.222(42)  0.214(57)  0.220(52)  0.180(39)
70 0.68(15) 0.322(70)  0.163(31)  0.194(51)  0.189(45)  0.160(35)
75 0.55(13) 0.255(56)  0.133(25)  0.195(51)  0.162(38)  0.141(31)
80 0.47(11) 0.214(47)  0.122(23)  0.179(47)  0.150(36)  0.122(27)
85 0.380(86)  0.173(38)  0.133(25)  0.165(44)  0.139(33)  0.107(24)
90 0.339(77)  0.165(36)  0.132(25)  0.160(43)  0.127(30)  0.095(21)
95 0.327(74)  0.162(35)  0.136(26)  0.162(44)  0.117(28)  0.096(21)
100 0.347(79)  0.184(40)  0.135(25)  0.167(44)  0.109(26)  0.091(20)
105 0.396(90)  0.197(43)  0.137(26)  0.160(42)  0.111(27)  0.090(21)
110 0.48(11) 0.236(51)  0.153(29)  0.160(42)  0.118(28)  0.093(20)
115 0.59(13) 0.279(61)  0.169(32)  0.165(44)  0.113(27)  0.089(20)
120 0.71(16) 0.327(71)  0.188(35)  0.173(46)  0.116(28)  0.088(20)
125 0.85(19) 0.385(84)  0.202(38)  0.170(45)  0.122(29)  0.085(19)
ICS 37(10) 28.2(8.3) 21.5(5.6) 18.8(6.4) 16.6(5.2) 15.3(4.6)
MTCS  13.5(4.3) 6.1(1.5) 3.09(68) 2.90(85) 2.14(58) 1.66(43)
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4.4 Desflurane

Figure 4.13: Schematic representation of the molecular structure of desflurane, highlighting the
spatial configuration of its constituent fluorine, hydrogen, carbon, and oxygen atoms.

Desflurane (I-653, 2-(difluoromethoxy)-1,1,1,2-tetrafluoroethane, C3HyFgO) is a modern
volatile inhalation anesthetic widely used in clinical practice due to its rapid onset and very
fast elimination from the human body. In comparison with earlier halogenated agents such as
methoxyflurane, sevoflurane, enflurane, and isoflurane, desflurane undergoes minimal metabolic
degradation, which contributes to its highly favorable pharmacokinetic characteristics.

The compound is a colorless liquid with a molecular weight of 168.04 g/mol, a low boiling
point of 23.5 °C, and a high vapor pressure of approximately 700 mmHg at 22-23 °C ] Its
dipole moment has been reported as 3.39 D (theoretical) and 2.87 D (experimental) [] The
main physicochemical properties of desflurane are summarized in Table @, while its molecular
structure is shown in Figure #4.13.

Beyond its established clinical use as a widely applied inhalational anesthetic, desflurane
has recently received increased attention due to its environmental impact. Owing to its ex-
tremely low metabolic rate (0.02%), the compound is almost entirely exhaled unchanged into
the atmosphere [] Together with its long atmospheric lifetime of 8.9-21.4 years [@»@], this
leads to high environmental persistence. Consequently, desflurane exhibits the highest global
warming potential among commonly used anesthetics, with a 20-year GWP of 3714 relative to

COs [d].

Table 4.7: Chemical properties of desflurane.

Property Symbol Value
Boiling point T, 23.5°C

Molar mass M 168.04 g/mol
Vapor pressure Do 700 mmHg
Dipole moment (theoretical/exp.) u 3.39 /287D
Estimated gas kinetic diameter Dpr 5.8 A

Global warming potential GWP  3714*

* Computed value for desflurane in relation to COs over a 20-year time horizon.

This section presents both experimental and theoretical results for electron scattering from
the desflurane molecule. The measurements cover incident electron energies in the range from
50 to 300 eV and scattering angles between 25° and 125°. The obtained data are benchmarked
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against calculations within the TAM-SCARA4I framework, providing a consistent basis for vali-
dation of the experimental results. In addition to differential cross sections, the corresponding
integral and momentum transfer cross sections are also reported over the same energy inter-
val [?].

Anhydrous desflurane with a stated purity above 99% was used as the target gas. It was
introduced into the scattering chamber from a glass reservoir via a gas handling line and a needle
inlet. Under optimal vacuum conditions, the base pressure was approximately 6 x 107 mbar,
increasing by about one order of magnitude during measurements.

For desflurane, the relative flow method was applied in the same manner as for isoflurane and
halothane. Using the kinetic diameters of argon (Da, = 3.58 A) and desflurane (Dpp = 5.8 A),
a pressure ratio of approximately pa, : ppr &~ 2.6 was maintained. Absolute normalization was
performed using two reference angles, typically 40° and 70°-90°, depending on the incident
energy.

Unlike the previously studied molecules (halothane, sevoflurane, and isoflurane), for which
corresponding experimental datasets are available for comparison, no prior differential cross
section measurements have been reported for desflurane. Consequently, the present results
constitute the first systematic experimental study of electron scattering from this molecule
over the investigated energy and angular ranges.

4.4.1 Differential Cross Sections

In the case of desflurane, absolute differential cross sections for elastic electron scattering were
determined at incident energies of 50, 100, 150, 200, 250, and 300 eV. The results are pre-
sented in Fig. (orange circles), together with the directly measured reference points at
selected scattering angles (40° and either 70°, 80°, or 90°), indicated by blue stars. These
reference points were obtained using the relative flow technique and served to normalize the
relative measurements to an absolute scale, ensuring consistency between independently ac-
quired datasets.

It should be noted that at the incident energy of 300 €V only a single reference point was
obtained. The measurement at the second reference angle could not be performed because the
electron signal was extremely weak, resulting in an insufficient count rate for reliable normal-
ization. Nevertheless, the available normalization point allowed the relative data to be placed
on an absolute scale. A comparison with theoretical predictions is also included in Fig. ,
providing additional validation of the experimental procedure. A numerical summary of the
resulting absolute differential cross sections is given in Table §.8.

As shown in Fig. §.14, the experimentally determined differential cross sections for desflu-
rane are generally in good agreement with the corresponding theoretical predictions. In partic-
ular, excellent agreement is observed at incident electron energies between 100 and 200 eV. At
50 eV, the experimental and theoretical results are consistent on an absolute scale in terms of
magnitude; however, noticeable differences in the angular dependence are present, indicating a
different shape of the angular distribution.

Furthermore, at 300 eV the measured DCSs are systematically lower than the calculated
values in the angular range between 70° and 125°, which leads to reduced values of the cor-
responding momentum-transfer cross sections (MTCSs). A possible explanation for this dis-
crepancy is that, during the measurements, the electron count rate at larger scattering angles
decreased significantly, while the relative contribution of the background signal became more
pronounced. This may have reduced the accuracy of the extracted cross sections in this angular
region. In addition, at this energy only a single relative-flow absolute point was available for
normalization, which could further contribute to the observed disagreement at 300 eV.

On the other hand, theoretical calculations may also exhibit increased uncertainty at medium
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Figure 4.14: Elastic differential cross sections for electron scattering from desflurane measured
at incident energies of 50, 100, 150, 200, 250, and 300 eV. Experimental data are represented
by open circles (orange online), while the theoretical results are shown as a solid black line
(elastic), black dots (rotational), and a red dashed line indicating the combined quasi-elastic
contribution. The normalization points obtained via the relative flow method are denoted by
blue star symbols.

and large scattering angles for molecules with a significant permanent dipole moment, such as
desflurane [122]. This limitation, although partly mitigated by the correction proposed by
Dickinson [83], may additionally contribute to the observed discrepancies between experiment
and theory in this angular region.

Under the present experimental conditions, rotationally inelastic and purely elastic events
cannot be experimentally separated; therefore, the measured cross sections correspond to quasi-
elastic scattering. The comparison with theory is thus performed using the sum of elastic and
rotational contributions.

For consistency with the previously studied molecules—sevoflurane, isoflurane, and halothane—
the same approach is adopted here. Among all four systems, desflurane exhibits the largest per-
manent dipole moment, and consequently the most pronounced rotational contribution. This
effect is most clearly observed at 50 eV in the forward scattering region, where the enhancement
due to rotational scattering is strongest compared to the other investigated molecules.
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Furthermore, the angular behavior of the measured differential cross sections (DCSs) follows
trends typically observed for molecular targets and is consistent with previous studies reported
in the literature [?,7,7]. At incident electron energies of 50 and 100 eV, the angular distributions
display a broad minimum near 100°, which gradually becomes less pronounced as the incident
energy increases.

At higher energies, the measured DCSs begin to exhibit an angular dependence resembling
Rutherford-type behavior. In particular, the cross sections become strongly enhanced in the
forward direction, indicating the increasing importance of small-angle scattering. At the same
time, for larger scattering angles (above approximately 80°), the DCSs tend to level off and
show only weak angular variations. Such behavior is characteristic of electron scattering from
molecular systems at intermediate and higher energies, where the interaction is increasingly
dominated by the long-range Coulomb potential and the independent atom approximation
becomes progressively more applicable.

4.4.2 Integral and Momentum Transfer Cross Sections
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Figure 4.15: Integral cross sections (ICSs) for electron scattering from desflurane. The ex-
perimental results obtained in the present work are shown as orange circles, while theoretical
predictions are given by the solid black line for elastic ICSs and the red dashed line for quasi-
elastic ICSs. Additional theoretical curves for total, rotational, excitation, and ionization cross
sections are also included.

The energy dependence of the integral cross section (ICS) for electron scattering from desflu-
rane is shown in Fig. §.15. The experimental data (green circles), obtained at incident electron
energies in the range from 50 to 300 eV, exhibit a smooth decrease with increasing energy,
which is typical for electron scattering from polyatomic molecules.

The experimental ICS values were obtained by integrating the measured differential cross
sections over the full angular range. Since the measurements were limited to scattering angles
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between 25° and 125°, the angular distributions were extrapolated toward the forward (0°) and
backward (180°) directions using theoretical angular behavior, as described in Section @ To
ensure consistency, the calculated DCSs were normalized to the experimental absolute values
prior to integration. As a result, the derived ICS values listed in Table retain some de-
pendence on the extrapolation procedure and carry an estimated uncertainty of approximately
25%.

A comparison between experiment and theory shows excellent agreement with the calculated
purely elastic ICS (solid black line), which reproduces both magnitude and energy dependence.
The inclusion of rotational excitation channels (red dashed line) leads to a systematic increase of
the predicted cross sections, particularly at lower energies where dipole-induced rotational tran-
sitions are more significant due to the polar character of desflurane. The rotational contribution
is shown separately by the dotted black curve. Among all investigated molecules—sevoflurane,
isoflurane, halothane, and desflurane—this agreement is the best, both in terms of the overall
shape of the energy dependence and the absolute values of the cross sections.

The calculated inelastic contribution (orange dotted line) becomes noticeable above approx-
imately 10 eV. When all contributions are combined, the resulting total cross section (green
dashed line) lies above the experimental elastic ICS values, as expected.

The energy dependence of the momentum-transfer cross section (MTCS) for electron scat-
tering from desflurane is presented in Fig. f.16. The experimental values (green circles) were
obtained using the same extrapolated angular distributions as for the ICS analysis.

Overall, the experimental MTCS values show very good agreement with the theoretical
predictions. The theoretical curves reproduce both magnitude and energy dependence across
the investigated range. The experimental MTCS values, listed in Table @: carry an estimated
uncertainty of approximately 25%.
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Figure 4.16: Momentum-transfer cross sections for electron scattering from desflurane. The
present experimental data are shown as orange circles and compared with theoretical results,
including the elastic contribution (solid black line) and the quasi-elastic cross section (red
dashed line).
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A noticeable deviation is observed at the highest energy of 300 eV, where the experimental
MTCS is somewhat lower than the calculated one. This is consistent with the systematic
reduction of the measured DCS values at large scattering angles discussed above.

These new measurements fill a significant gap in the currently available experimental and
theoretical data for desflurane, providing, to the best of our knowledge, the first set of absolute
differential, integral, and momentum-transfer cross sections in the intermediate-to-high incident
electron energy range of 50-300 eV.

Table 4.8: Experimental results for absolute differential cross-sections (DCSs), integral and mo-
mentum transfer cross-sections (ICSs and MTCSs, respectively), latter two in units of 1072° m?,
for elastic electron scattering from desflurane. In parentheses are given absolute uncertainties

of the last two digits.

DCS (1072 m?sr~1)

0(°) 50 (eV) 100 (eV) 150 (eV) 200 (cV) 250 (eV) 300 (cV)
25 4.3(1.3) 4.4(1.4) 3.9(1.1) 3.31(95) 3.8(1.1) 2.13(60)
30 3.4(1.0) 3.6(1.1) 2.52(72) 1.79(51) 1.96(55) 1.24(35)
35 2.57(77) 2.39(74) 1.35(39) 1.10(32) 1.39(39) 0.99(28)
40 2.13(64) 1.52(47) 0.80(17) 0.80(23) 1.07(30) 0.65(19)
45 1.58(35) 0.88(21) 0.66(14) 0.70(14) 0.61(12) 0.351(72)
50 1.29(29) 0.65(15) 0.53(11) 0.48(10) 0.422(36)  0.235(48)
55 0.97(22) 0.52(12) 0.441(91)  0.331(69)  0.278(57)  0.157(33)
60 0.76(17) 0.46(11) 0.339(70)  0.215(45)  0.209(43)  0.137(29)
65 0.62(14) 0.44(10) 0.262(55)  0.168(35)  0.192(40)  0.128(27)
70 0.54(12) 0.382(90)  0.208(43)  0.158(33)  0.170(35)  0.121(26)
75 0.46(10) 0.333(78)  0.176(37)  0.143(30)  0.155(32)  0.091(19)
80 0.399(90)  0.273(65)  0.159(33)  0.139(30)  0.130(27)  0.082(18)
85 0.400(90)  0.234(55)  0.154(32)  0.135(29)  0.129(27)  0.064(14)
90 0.411(93)  0.222(53)  0.147(31)  0.116(25)  0.109(23)  0.060(13)
95 0.409(92)  0.212(50)  0.161(34)  0.124(26)  0.109(23)  0.058(13)
100 0.383(86)  0.224(53)  0.159(33)  0.117(25)  0.094(20)  0.059(13)
105 0.430(97)  0.212(50)  0.154(32)  0.115(25)  0.090(19)  0.054(12)
110 0.49(11) 0.237(56)  0.163(34)  0.134(28)  0.089(19)  0.059(13)
115 0.58(13) 0.286(68)  0.193(40)  0.138(29)  0.101(21)  0.059(13)
120 0.63(14) 0.325(77)  0.223(46)  0.139(29)  0.113(24)  0.059(13)
125 0.76(17) 0.42(10) 0.250(52)  0.160(34)  0.133(28)  0.064(14)
ICS 34.7 26.9(6.7) 21.4(5.3) 18.3(4.6) 17.8(4.4) 15.4(3.8)

(8
MTCS  13.0(3.
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Chapter 5

Final Remarks and Future Research
Directions

This chapter summarizes the main findings of the present work and outlines possible direc-
tions for future research. The key results obtained from both experimental measurements and
theoretical calculations are briefly discussed, with emphasis on their consistency and physical
significance. Finally, potential improvements and extensions of the current study are identified,
providing a basis for further investigations in this area.

5.1 Conclusions

This dissertation has presented a systematic experimental investigation of elastic electron scat-
tering from four volatile halogenated anesthetic molecules — halothane, isoflurane, sevoflurane,
and desflurane — in the intermediate electron energy range. Differential cross sections (DCSs)
were measured using the crossed electron-molecular beam technique, and the corresponding
integral cross sections (ICSs) and momentum transfer cross sections (MTCSs) were derived
from the experimental data. The obtained results provide new insight into electron—molecule
interactions in complex polyatomic systems of both biomedical and environmental relevance.

The measured angular distributions exhibit the characteristic strong forward scattering
behavior expected for highly polarizable halogenated molecules. In all investigated systems,
the DCSs increase significantly at small scattering angles, reflecting the important contribution
of long-range polarization interactions and, in some cases, permanent dipole effects. At larger
scattering angles, the cross sections decrease smoothly, while the angular structures become
increasingly sensitive to molecular geometry, atomic composition, and interference effects.

A systematic comparison between the investigated molecules reveals clear trends associated
with molecular structure and degree of halogen substitution. Halothane, containing both chlo-
rine and bromine atoms, exhibits comparatively enhanced scattering contributions related to
its larger polarizability and the presence of heavier halogen centers. Isoflurane and sevoflurane,
as fluorinated ethers, show scattering characteristics governed primarily by strong fluorination
and molecular dipole effects. Desflurane, despite being fully fluorinated and lacking chlorine
or bromine atoms, still demonstrates pronounced forward scattering due to its large molecular
size and high fluorine content.

The comparison between experimental data and theoretical predictions based mainly on the
IAM-SCARA+I approach demonstrates overall very good agreement across the investigated en-
ergy range. The theoretical models successfully reproduce the general angular dependence and
energy behavior of the measured cross sections, confirming that the Independent Atom Model
with screening-corrected additivity rules and interference effects provides a reliable framework
for describing elastic electron scattering from large halogenated polyatomic molecules at inter-
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mediate energies. Small discrepancies observed at lower energies and small scattering angles
likely originate from limitations associated with long-range correlation, polarization, and rota-
tional excitation effects, which become increasingly important in polar molecular systems.

One of the important outcomes of this dissertation is the extension of the available exper-
imental database for electron scattering from biologically and environmentally relevant anes-
thetic molecules. In particular, the present work provides, for the first time, experimental
elastic scattering cross sections for desflurane, thereby filling a significant gap in the existing
literature. These results constitute valuable benchmark data for future theoretical calculations
and modelling efforts.

The derived ICS and MTCS data further contribute to the understanding of electron trans-
port processes in complex molecular media. Such quantities are of considerable importance
in modelling low- and intermediate-energy electron propagation in atmospheric environments,
plasmas, radiation chemistry, and biologically relevant systems. Since volatile anesthetics are
also greenhouse gases with non-negligible atmospheric impact, improved knowledge of their
electron interaction properties may contribute to a better understanding of their degradation
pathways and electron-induced atmospheric processes.

Overall, the results obtained in this dissertation demonstrate that elastic electron scattering
from volatile anesthetic molecules is strongly influenced by molecular size, fluorination, halogen
substitution, and permanent dipole moments. The study confirms the importance of combining
high-quality experimental measurements with reliable theoretical approaches in order to achieve
a comprehensive description of electron interactions with complex molecular targets.

The present work therefore represents a meaningful contribution to the broader field of
atomic and molecular collision physics, while simultaneously providing data of relevance for
atmospheric physics, environmental chemistry, medical physics, and related interdisciplinary
research areas.

5.2 Future Research Directions

The results presented in this dissertation open several possibilities for future experimental and
theoretical investigations of electron interactions with biologically and environmentally relevant
molecules.

One important direction of future work involves extending the present experimental studies
to additional anesthetic agents and related molecular systems. In particular, measurements
of differential cross sections (DCSs), integral cross sections (ICSs), and momentum transfer
cross sections (MTCSs) are planned for nitrous oxide (N2O), which remains one of the most
widely used inhalation anesthetics in modern clinical practice. Due to its atmospheric relevance
as a strong greenhouse gas and its comparatively simple molecular structure, NoO represents
an important benchmark system for electron-molecule scattering studies. Such measurements
would also enable systematic comparisons between simple inorganic anesthetic molecules and
the more complex halogenated anesthetics investigated in the present work.

Future investigations will also focus on dissociative electron attachment (DEA) processes
in a broader range of anesthetic molecules. Particular attention will be devoted to the identi-
fication of fragmentation pathways, resonance structures, and transient negative ion formation
induced by low-energy electron impact. These studies are expected to provide valuable insight
into electron-driven molecular decomposition mechanisms, which are relevant for atmospheric
degradation processes, plasma chemistry, and radiation-induced damage mechanisms.

In addition to experimental work, further theoretical developments are required for a more
complete description of electron scattering from complex polyatomic systems. Improved theo-
retical treatments including more accurate polarization potentials, rotational excitation effects,
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and correlation contributions would be particularly important at lower electron energies and
small scattering angles, where deviations between experiment and theory become more pro-
nounced. The availability of new experimental benchmark data will therefore remain essential
for testing and refining future theoretical models.

Another promising direction involves extending the investigated energy range toward both
lower and higher electron energies. Low-energy studies are especially important because res-
onance phenomena and electron attachment processes become dominant in this regime, while
higher-energy measurements could provide additional information on the validity limits of ex-
isting scattering approximations and additivity-rule-based approaches.

Overall, future investigations of electron scattering and electron-induced fragmentation pro-
cesses in anesthetic molecules are expected to contribute further to the understanding of colli-
sion dynamics in complex halogenated systems and to provide data of relevance for molecular
physics, atmospheric chemistry, plasma applications, and environmental studies.
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