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Abstract

The interaction of low energy electrons with neutral molecules is important
in various applications, for example in the plasma industry. The interac-
tion can either lead to direct scattering of the electron or the formation of a
Transient Negative Ion (TNI). This TNI is generally formed in a vibrationally
excited state and is therefore bound to relax. Relaxation can occur through
reemission of the electron or through a dissociative channel leading to forma-
tion of a charged moiety and one or more neutral counterparts in a process
termed Dissociative Electron Attachment (DEA).

This thesis is a part of the comprehensive study by our group, aimed at de-
termining a complete picture of DEA to group IV halides. The work can be
divided to two parts. In the first part measurements using the recently devel-
oped Velocity Slice Imaging (VSI) technique are presented. The compounds
measured were CF4, CF3Cl and CF3I. In all three compounds features were
observed that have not been accessible using more conventional experimen-
tal techniques. By using the VSI technique we reveal details on the DEA
process in CF4, showing that electron interacts with a superposition of the
molecules initial geometry and the target state (TNI) geometry. In CF3Cl the
F– signal was found to consist of two different resonances and not one as was
previously thought and in CF3I we saw clearly that the majority of the CF–

3
ions formed with the neutral iodine formed in the ground electronic states,
contrary to what has been observed in photoexcitation studies.

The latter part of the thesis presents the results of an investigation of DEA
to the tetrahalogenated molecules XY4 (X=C, Si, Ge and Y=F and Br). Even
though an effort has been put into clarifying the DEA processes of these com-
pounds in the past, the former studies are somewhat incomplete but here a
comprehensive DEA study is presented. The anionic yield as a function of
incident electron energy was recorded and both the appearance energies and
the energy at which maximum yield occurs was determined.
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Útdráttur

Víxlverkan lágrokurafeinda við sameindir gegnir mikilvægu hlutverki í ýms-
um ferlum, bæði náttúrulegum og í iðnaði. Slík víxlverkan getur annað hvort
leitt til beins endurkasts á rafeindinni eða tímabundið til myndunar á nei-
kvæðri jón. Þegar slík neikvæð jón myndast eykst innri orka sameindarinn-
ar um þá orku sem samsvarar hreyfiorku rafeindarinnar og rafeindasækni
sameindarinnar. Hún er því í örvuðu ástandi og þarf að að slaka og losna
við umframorku. Þessi slökun getur átt sér stað með því að rafeindin losn-
ar aftur frá sameindinni eða með rofi efnatengja; ferli sem kallað er rjúfandi
rafeindarálagning. Í rjúfandi rafeindarálagningu myndast neikvætt hlaðið
sameindarbrot og eitt eða fleiri óhlaðin sameindarbrot.

Í þessari ritgerð eru niðurstöður rannsókna á rjúfandi rafeindarálagningu á
valdar halógeneruðum metan-, sílan- og germanafleiður kynntar. Ritgerð-
inni má skipta í tvo hluta. Í fyrri hlutanum eru mælingar kynntar þar sem
notast er við hraðasneiðmyndartækni. Efnin sem mæld voru með þeirri
tækni eru CF4, CF3Cl og CF3I. Í öllum efnunum sáust ferlar sem ekki hafa
sést áður með hefðbundnum mæliaðferðum. Í rjúfandi rafeindarálagningu
á CF4 er sýnt að víxlverkan rafeindarinnarar við þessa sameind er best lýst
sem víxlverkan við samsetningu tveggja samhverfuástanda, þ.e. upphafs-
samhverfu sameindarinnar og aflagaða samhverfu neikvæðu jónarinnar. Í
CF3Cl er sýnt fram á að F– myndast í tveimur ferlum, en ekki einum eins
og áður var talið og í CF3I sést að meirihluti óhlaðins joðs myndast í grunn-
ástandi sínu í rjúfandi rafeindaálagningu öfugt við ljóseindaörvað tengjarof
þar sem joð klofnar frá sameindinni í örvaðu ástandi.

Í síðari hlutanum eru rannsóknir á rjúfandi rafeindarálagningu á XY4 (X = C,
Si og Ge og Y = F og Br) kynntar. Rjúfandi rafeindarálagning á sum þessara
efna hefur verið rannsökuð áður, en þær rannsóknir eru ekki jafn yfirgrips-
miklar og þær sem kynntar eru hér. Þversnið myndunar anjóna er mælt sem
fall af rafeindaorku og bæði myndunarþröskuldur sameindabrotanna og há-
mark líkinda fyrir myndun þeirra er ákvarðað.
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1 Introduction

Low energy electron collisions with molecules are important to a wide area
of research and industry. One important example is the major role low en-
ergy electrons play in plasma etching which is effectively used in the pro-
duction of integrated circuits [1–3]. Therefore, a detailed knowledge of these
collisions is important to understand and model the plasma etching process;
this includes knowledge of not only the absolute cross sections for the rel-
evant processes but also of the electron induced dissociation dynamics and
the symmetry of the negative ion states involved. Low energy electrons are
also important in atmospheric chemistry. Various halogenated molecules
such as CF4, CF3Cl and CF3I are effectively decomposed by electron driven
processes, more specifically, through dissociative electron attachment (DEA)
[4–6]. Both CF4 and CF3Cl are atmospheric pollutants due to their global
warming and ozone depleting nature, respectively, while CF3I has been sug-
gested as a replacement gas for these in plasma processing and in other ap-
plications. Due to its high bond selectivity, DEA has also been suggested as
a viable way to control chemical reactions on the molecular level, by ’single
molecule engineering’ [7]. A good example to illustrate this is DEA to CFCl3
[5, 8]. At close to 0 eV incident electron energy a C−Cl bond is exclusively
cleaved while at higher energies, between 2.5 - 4.5 eV an exclusive cleavage
of the C−F bond is observed. Such selectivity is common in DEA and thus it
is not far fetched to use it in chemical control.

At low electron energies the interactions of molecules and electrons is either
a direct scattering process or a resonant process leading to the formation of
a Transient Negative Ion (TNI), also termed a resonance. The first indication
of resonant features in the low electron energy regime was seen in measure-
ments on N2 by Haas in 1957 [9]. A few years later, the existence of TNIs
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1. Introduction

was confirmed by Schulz [10–12]. The TNI is usually formed in an excited
state and will therefore need to relax. The relaxation can either be through
reemission of the electron or through a dissociative channel, where one or
more chemical bonds are cleaved resulting in the formation of a negative
ion and neutral counterpart(s), i.e., DEA. In some case the lifetime of the an-
ion with respect to the reemission of the electron is sufficiently long so that
the metastable molecular anion can be detected using mass spectrometric
means.

MX + e− −−→ MX#− −−→ M + X− (1.1)

The DEA process in equation 1.1 shows a single bond cleavage. Multiple
bond ruptures and bond formations are, however, commonly observed in
DEA. One excellent example is the CN– formation from hexafluoroacetone
azine [13]. While a considerable number of fragments is observed at different
energies, CN– is exclusively and selectively formed through a contribution
centered at 1.35 eV. Hence, despite the complexity of this reaction the selec-
tivity of the DEA process still remains. This is only one example of many
more, see for example studies on tetrafluoroparabenzoquinone and fluori-
nated derivatives of toluene, aniline and phenol [14, 15].

The thermochemical threshold for a DEA reaction, such as the one in equa-
tion 1.1 is given by the difference of the bond dissociation energy (BDE) of
the ruptured bond and the electron affinity (EA) of the charge carrying moi-
ety. DEA is, however, a resonant process and thus often observed well above
its threshold energy. Therefore it is common that some excess energy is left
within the system [4, 16].

In order to get insight into the excess energy distribution the kinetic en-
ergy of the anions formed in DEA can be measured. This can be done by
measuring the width of a flight time distribution of anions through a mass
spectrometer, see for example [6, 17]. From the angular distribution of the
anions formed in DEA the symmetry of the resonant state can be obtained
[18, 19] and thus the nature of the resonance. The angular distribution can
be measured using a turn-table arrangement, where the mass spectrometer
is moved physically with respect to the electron beam and the differential
DEA cross section measured [20, 21].

Recently, experimental setups based on the Velocity Map Imaging (VMI)
technique have been developed for DEA measurement [22–25]. The VMI
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1. Introduction

technique has been applied successfully in imaging processes in photodis-
sociation [26], giving both the angular distribution and the kinetic energy of
the ions formed. One drawback of the VMI technique is the necessity of the
use of some reconstruction algorithms, such as inverse Abel transformation,
to obtain the information required from the measurements. This need for
reconstruction algorithms can be avoided by using the improved version of
VMI termed Velocity Slice Imaging (VSI) [22, 27]. By applying VSI in DEA
measurements, detailed and reliable information on the angular distribu-
tions and kinetic energy of anionic fragments in DEA can be obtained in a
fast and simultaneous way.

The halogenated methane derivatives CF4, CF3Cl and CF3I are all of high
symmetry and have been shown to have quite high cross sections upon DEA.
Therefore, these compounds are excellent model compounds to study funda-
mental aspects of DEA. Furthermore, these halogenated methanes have been
used extensively in industry, for example as refrigerants and as etching gases
in plasma processing. This is a current concern as due to its long lifetime in
the atmosphere, CF3Cl can get up to the stratosphere and upon cleavage of
the C−Cl bond there, the Cl radical contributes significantly to ozone deple-
tion [28]. Due to its strong C−F bonds, CF4 has a lifetime of 50.000 years
in the atmosphere and the molecule is therefore among the most effective
greenhouse gases, with global warming potential (GWP) around 6000, as
compared to GWP of 1 for CO2 [29]. CF3I has, on the other hand, a short
lifetime in the atmosphere due to the relatively weak C−I bond, which is
easily photolysed. Due to this short lifetime of CF3I it does not get up to the
stratosphere, and accordingly the molecule does not contribute significantly
to ozone depletion, even though the iodine radical is more effective in ozone
depletion than the chlorine radical [30]. Therefore, CF3I has been suggested
as a potential replacement gas for both CF4 and CF3Cl in industrial applica-
tions.

Within the framework of this Ph.D. project we applied the VSI technique
in DEA measurements on CF4, CF3Cl and CF3I to probe the dissociation
dynamics of electron attachment process. In all cases, VSI revealed funda-
mental aspects that have not been accessible with conventional experimental
methods. For CF4 we could show that the electron attachment was best de-
scribed as the interaction of the incoming electron with a quantum superpo-
sition of the target and product (TNI) states. We attribute this to a lifting of
the degeneracy of the orbital to which the electron is attached, i.e. a coupling
between the electronic and nuclear coordinates by the Jahn-Teller effect. For
CF3Cl we could unambiguously show that the F– ion formed through a con-
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1. Introduction

tribution around 4 eV has a completely different dissociation profile to what
has been previously concluded, i.e., that the F– signal was due to two over-
lapping resonances. In CF3I we could show that the dissociation proceeds
from the same initial parent state as the corresponding photolysis process.
The dissociation pathways are, however, completely different. While in pho-
todissociation the relaxation is diabatic, yielding iodine in its first excited
state, the relaxation in the DEA channel yielding CF–

3 is adiabatic and the
TNI goes through conical intersections onto a dissociation asymptote lead-
ing to the formation the neutral iodine in its ground state.

In addition to the VSI measurements on CF4, CF3Cl and CF3I we conducted
crossed beam DEA measurement on the tetrahalogenated group IV deriva-
tives XF4 and XBr4 (X = C, Si and Ge). These compounds are all currently,
or have the potential to become, important in industrial applications such as
in the semiconductor or optical industries. However, even though DEA to
some these molecules has been reported, these studies are incomplete and
comprehensive studies are non-existent. Here, the objective is to give com-
prehensive picture of DEA to the molecules. By these measurements we
establish benchmark values on the appearance and peak energies of the res-
onant peaks in addition to relative cross sections. Furthermore, the results
are placed in context with earlier published results. In all the fluorinated
compounds the F– and XF–

3 (X = C, Si and Ge) formation was observed in
addition to F–

2 formation. Further fragmentation was observed in GeF4. In
the brominated compounds we observed the formation of the two comple-
mentary ion pairs Br– and XBr–

3 as well as Br–
2 and XBr–

2 (X=C, Si and Ge). In
SiBr4 the molecular anion, SiBr–

4, was observed but was not seen in the other
compounds.

The structure of the thesis is as follows. In chapter 2 an overview of the
theory of the formation and decay of TNIs will be given. Special emphasis
will be placed on DEA and the angular distribution and kinetic energy of
the anions formed. In chapter 3 the experimental setups will be described,
both a VSI-DEA spectrometer as well as a crossed beam DEA apparatus.
Thereafter, in chapter 4 the results of the measurements will be discussed.
First, the results of the VSI measurements on CF4, CF3Cl and CF3I will be
presented and later the DEA measurements to the group IV tetrahalides. In
chapter 5, the results will be summarized. The six papers resulting from the
work done within the Ph.D. project are appended.

4



2 Theoretical Overview

In this chapter an overview of the theory of the formation and decay of Tran-
sient Negative Ions (TNIs), formed after the interaction of free, low energy
electrons with neutral molecules is given. The first section deals with the
electron capture, followed by a section discussing the relaxation of the so
formed TNI. The relaxation can occur through reemission of the electron or
by bond dissociation. In addition, the energy can be redistributed within the
TNI, leading to longer lifetime of the anion. In the section dealing with the
relaxation the focus will be on the main topic of this thesis, dissociative elec-
tron attachment (DEA). The thermochemistry of DEA will be discussed as
well as the cross sections. The last section of the chapter deals with the angu-
lar distribution of the anionic fragments formed upon DEA and the relation
of the angular distribution to the symmetry of the TNI state. Furthermore,
the kinetic energy release (KER) in the process will be discussed.

2.1 Formation of temporary negative ions

At low electron energies, (< 15 eV) the capture of a free electron by a molecule
is a resonant process, i.e. it only takes place in a specific energy range [4].
This leads to the formation of a TNI, also termed a resonance; these terms
will be used interchangeably throughout the thesis. The formation of a TNI
can be described by the equation:

MX + e− −−→ MX#−. (2.1)

The anion is generally formed in an excited state, denoted with the # in
equation 2.1, and is therefore bound to relax. The possible relaxation path-
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2. Theory
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Figure 2.1: A two dimensional Born-Oppenheimer diagram representing the
formation of the resonance and the subsequent relaxation. The attachment
and DEA cross sections are reflected by the Franck-Condon overlap of the
respective potential curves on the right side of the figure. The electron affin-
ity of the charge carrying fragments is denoted with EA in the figure and the
threshold energy with Eth. The electron attachment and DEA cross sections
are denoted with σEAt and σDEA, respectively.

ways will be discussed is section 2.2. The attachment of the electron is a ver-
tical transition in the Franck-Condon region, see figure 2.1, from the neutral
to the anionic state. The transition probability is proportional to the Franck-
Condon factor (FCF). The FCF for a process is given by the square of the
overlap integral of the wave functions for the anionic state, Ψf , and the ini-
tial neutral state, Ψi:

FCF = | 〈Ψf |Ψi〉 |2. (2.2)

The electron affinity (EA) of an atom or a molecule is the energy difference
between the neutral atom/molecule and the anion in their respective ground
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2.1. Formation of temporary negative ions
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Figure 2.2: Nomenclature for various types of resonances. If the electron is
attached to the molecule in its ground state the resonance is termed shape
resonance. If, on the other hand, the electron is attached with concomitant
excitation of one of the higher electrons of the molecule, the resonances are
termed core-excited shape- or Feshbach resonances, depending on whether
the TNI is higher or lower in energy than the parent state. Figure adapted
from ref. [4].

states. The EA is considered positive when the anion is lower in energy than
the neutral species, but negative when it is higher in energy. A positive EA
is essential for the formation of an anion with lifetime long enough for it to
be detectable by mass spectroscopic means.

A capture of an electron by the target molecule, forming the TNI, can pro-
ceed through several different pathways. The electron can be captured either
by the molecule in its ground state or by concomitant excitation of one of the
core electrons of the molecule. The possible capturing processes will be dis-
cussed in sections 2.1.1-2.1.3.

2.1.1 Shape resonances

Free electrons, as in the current electron beam, can be described as a wave-
packet consisting of a combination of partial waves with various angular
momentum quantum numbers, l. At 0 eV electron energy the l value is zero,
but at higher energies, higher l values become more abundant. If a molecule
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2. Theory

has an unoccupied orbital characterised by particular angular momentum
values an electron wave packet possessing the same symmetry, i.e., combi-
nation of l values, can be trapped in the vicinity of the molecule [31]. In such
cases the electron is trapped within a potential barrier which arises due to
interaction of the electron and the molecule. For a molecule with non-zero
polarizability, α, the attractive polarization potential between the electron
and the molecule can be expressed with the charge-induced dipole poten-
tial:

Vα = − α

2r4
. (2.3)

However, at longer electron-molecule distances a repulsive centrifugal po-
tential, due to the angular momentum of the electron, becomes dominant:

Vl =
l (l + 1)

2r2
. (2.4)

The sum of equations 2.3 and 2.4 gives the effective potential between the
electron and the molecule:

Veffective = Vl + Vα =
l (l + 1)

2r2
− α

2r4
. (2.5)

Veffective is shown on the left panel in Figure 2.3 for various l values. From the
figure and equation 2.5 it can be seen, that for l = 0 ( s-waves) no centrifugal
barrier is formed, i.e. the left term is zero, but for l > 0 a barrier is formed,
whose height increases with increasing l. At very short electron-molecule
distances, however, a strong repulsive force acts between the trapped elec-
tron and the valence electrons of the molecule, explained by the Pauli ex-
clusion principle. Therefore, the true potential as a function of electron-
molecule distance, has a general shape as shown in the right panel of fig-
ure 2.3. When an electron approaches a molecule it will most likely be de-
flected. But it can, with certain probability, tunnel through the potential bar-
rier, shown in figure 2.3. If the electron tunnels through the barrier, it gets
trapped for some time before it can tunnel back out. A TNI formed via this

8



2.1. Formation of temporary negative ions
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Figure 2.3: The left panel shows schematically the effective potential, i.e. the
sum of the centrifugal and attractive potentials, between the electron and the
molecule for l = 0 − 3 as a function of the distance between them. On the
right panel the total effective potential between the electron and the molecule
is shown for l = 3.

process is termed a shape resonance. As the negative ion states in shape reso-
nances lie above the neutral ground state, the autodetachment (AD) channel
is open, i.e. reemission of the electron is likely, and hence the lifetime of
shape resonances is generally short, AD will be described in more detail in
section 2.2.1. Shape resonances are usually seen at low electron energies, in
the range from 0-4 eV [31, 32], but exceptions are known, for example in CF4
[33, 34].

2.1.2 Core-excited resonances

In the case of shape resonances, the electron is attached to a molecule in
its ground electronic state, usually at low incident electron energies. At
higher energies, the incoming electron can cause electronic excitation in the
molecule concurrent to the trapping. In such cases, one of the higher valence
electrons of the molecule is excited to a previously unoccupied molecular
orbital. If the negative ion state lies energetically above the neutral state,
the incoming electron is trapped within the molecule in a process similar to
what has been described in section 2.1.1, forming a core excited shape res-
onance [31, 32]. Since core excited shape resonances lie energetically above
the parent state, their autodetachment-lifetime is usually short. If, however,
the anionic state is below its parent state in energy the resonance is termed a
core-excited Feshbach resonance [31, 32]. In these, the AD channel is closed,
leading to a much longer lifetime of the resonance. The electron can detach
by reabsorbing some energy from the system or alternatively, by decaying
into another state from which AD is favoured.
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Figure 2.4: Vibrational Feschbach resonances in the hypothetical molecule
MX. The figure is adapted from the cases of HF [35] and HCl [36]. See text
for further details.

These types of resonances are often referred to as two particle, one hole reso-
nances, since two electrons (generally) occupy a previously unoccupied or-
bital whereas a ’hole’ is left in a lower orbital. A schematic of these reso-
nances is shown in figure 2.2.

2.1.3 Vibrational Feshbach resonances

In molecules where the long-range electron-molecule interactions are strong,
i.e. molecules possessing permanent dipole moment or have sufficient po-
larizability, vibrational Feshbach resonances (VFRs) can be observed [32, 35–
37]. Such a resonance is formed via coupling of the incoming electron with
the vibrations of the molecule. These anionic resonances are usually associ-
ated with vibrationally excited states of the molecule and the resonant state
lies slightly below the vibrationally excited state in energy, leading to a long
lifetime of the anionic state. VFRs are generally observed at very low in-
cident electron energies and are mainly associated with the attachment of
s-wave electrons. To illustrate this type of resonance, a hypothetical case
of MX is depicted in Figure 2.4. It should, however, be noted that as these
resonances are due to coupling of the electronic and vibrational degrees of
freedom, the Born-Oppenheimer (BO) approximation breaks down in these
cases, therefore figure 2.4, depicted within the BO approximation, is strictly
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2.2. Decay of temporary negative ions

speaking not physically correct. VFRs are for example seen in HF and HCl
[35, 36]. VFRs have also been observed in some non-polar molecules, which
have sufficient polarizability, for example in CO2 [38].

2.2 Decay of temporary negative ions

As mentioned above, and illustrated in figure 2.1, the TNI is generally formed
in an excited state and will thus seek ways to relax. After the formation of
the TNI there are two possible relaxation pathways. These are AD, where
the electron is reemitted, and DEA, where chemical bonds are broken. Fur-
thermore, the TNI can be stabilized with intramolecular vibrational energy
redistribution (IVR), leading to an extended lifetime of the anion so it can be
detected by mass spectroscopy.

MX + e−(ε0) −−→ MX#− AD−−→ MX + e−(ε1 ≤ ε0) (2.6)
DEA−−−→ M + X− (2.7)
IVR−−→ MX−∗ (2.8)

2.2.1 Autodetachment

The most prominent relaxation channel is the AD channel where the elec-
tron is scattered after some time in the vicinity of the molecule, see equation
2.6. If the energy of the scattered electron is equal to the incident electron
energy, the scattering is elastic but if it is lower the scattering is inelastic.
The lifetime, τa of the resonance with respect to AD is given by Heisenberg’s
uncertainty principle:

τa ∼
~
Γ
. (2.9)

Where Γ is the width of the negative ion state and ~ the reduced Planck’s
constant. From this, it can be seen, that for a narrow resonance the lifetime
is long, and vice versa. The lifetime is different between molecules and is
over a very broad range. For example, it is on the order of tens of femtosec-
onds for N–

2 [39], i.e. on a vibrational timescale, while it can be in the range
of milliseconds for larger molecules, as will be discussed in section 2.2.2. In
elastic scattering the electron is autodetached with the same energy as it orig-
inally had, but in inelastic scattering some part of the initial kinetic energy
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of the electron is left within the molecule, i.e. in the rotational, vibrational
and/or electronic degrees of freedom. The energy left within the molecule in
an inelastic scattering process can be measured using Electron Energy Loss
Spectroscopy (EELS). There, the kinetic energy difference of the incident and
scattered electrons is measured [40–42], corresponding to the energy quanta
left within the molecule. This can give information on the vibrational modes
excited and the electronic states in the molecule. Furthermore, the differ-
ential cross section of the scattered electrons, i.e. their angular distribution,
can be measured [43–45]. From the angular distribution, the symmetry of
the orbital describing the TNI can be deduced [46], giving insight into the
electronic configuration of the ion.

2.2.2 Stabilization through IVR

In certain cases the TNI can be stabilized by intramolecular vibrational en-
ergy redistribution (IVR). Then, the TNI can have long enough lifetime with
respect to AD in order to be detected by mass spectrometer, so it is described
as a ’metastable’ anion. Stable molecular ions are usually seen close to 0 eV
incident electron energy, for example in SF6 [4], but examples are known
at higher energies, such as in para-benzoquinone [47] and tetrafluoro-para-
benzoquinone [14] as well as in C60 where the molecular anion is observed
up to ∼13 eV [48]. At around 0 eV the electron beam mainly consists of elec-
tron with zero angular momentum, i.e. s-waves. In general, s-wave attach-
ment is only allowed for totally symmetrical molecular orbitals. In some
cases, however, a nuclear distortion due to the vibrations of the molecule
can allow s-wave attachment into other orbitals, this has been termed ’s-
wave leakage’ [49, 50]. A prerequisite for the formation of these metastable
anions is a positive EA of the molecule. Furthermore, as the TNI is usually
formed in a vibrationally excited state, as shown in figure 2.1, it must have
enough vibrational degrees of freedom to where it can distribute the excess
energy. This redistribution of the energy makes AD unlikely, as the energy
would have to be reabsorbed into the reaction coordinates allowing AD.

2.2.3 Dissociative electron attachment

In DEA the relaxation of the TNI occurs through the rupture of chemical
bonds, see equation 2.7. The thermochemical threshold of a given DEA pro-
cess is defined as the minimum energy required for the reaction to happen.
For a single bond cleavage, such as in equation 2.7, it is the difference be-
tween the bond dissociation energy (BDE) of the rupturing bond and the EA
of the charge carrying moiety:
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2.2. Decay of temporary negative ions

Eth = BDE(M−X)− EA(X). (2.10)

However, multiple bond ruptures and new bond formations are not uncom-
mon in DEA. For such a reaction, with multiple bond cleavage and subse-
quent bond formation, the threshold equation becomes more complex. In
these cases the threshold is the sum of the BDEs for all the ruptured bonds
less both the BDEs of the formed bonds and the EA of the charge carrying
fragment:

Eth =
∑

i

BDE(Educt)i −
∑

k

BDE(Product)k − EA(X). (2.11)

Often, DEA reactions are observed well above their threshold, as is shown
in figure 2.1. In such cases the excess energy is distributed as an increase in
the internal energy of the fragments formed or as a translational energy of
these fragments. The internal energy excitations can be within the rotational,
vibrational and/or electronic degrees of freedom. The appearance energy
(AE) of ions in DEA, i.e. the lowest energy where the anionic signal is seen
in measurements, is given by the following equation for single bond rupture:

EAE = BDE(M−X)− EA(X) + Eex + EKER. (2.12)

The first two terms in this equation are analogue to equation 2.10, while
the latter two terms account for the increase in internal energy and the KER
in the process. The KER is a sum of the translational energy of both the
anionic fragment and the neutral counterpart(s). The EA of many atoms
and molecules is known. Furthermore, the BDEs are known in many cases,
or can be approximated quite well. Therefore, by measuring the KER and
using equation 2.12, one can obtain information on the amount of excess
energy left within the fragments formed.

The cross-section of a DEA process is a measurement of the reaction prob-
ability. It can be estimated as the product of the attachment cross-section,
σEAt, i.e. the probability that the neutral molecule will attach the incoming
electron, and the survival probability of the anion with respect to AD.
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σDEA ∼ σEAt · e−τd/τa . (2.13)

The survival probability, e−τd/τa , depends on the time, τd, it takes the TNI
to reach the crossing point of the potential energy curves for the neutral and
the TNI, respectively (see Figure 2.1), and the its autodetachment lifetime,
τa. Absolute cross-sections of DEA processes are valuable for application in
industry, most noticeable in plasma processing [1–3], but also in more recent
applications such as Focused Electron Beam Induced Deposition (FEBID)
[51–54]. For details on absolute cross-section measurements, see for example
an early work by Rapp and Briglia [55] and more recent work by Fedor, May
and Allan [56]. Absolute cross-section measurements are not the topic of the
current thesis.

2.3 Angular distribution of anions formed through DEA

In his paper from 1962, Dunn [57] showed that the angular distribution of
fragments formed through DEA is normally anisotropic. A few years later,
in 1968, O’Malley and Taylor [18] derived an equation describing the angular
distribution of negative ions formed via DEA. Their main assumptions were
three, i) only one resonance contributes at a time, ii) the rotational timescale
is much longer than the dissociation timescale, i.e. the axial recoil approxi-
mation holds, and iii) the coupling between the neutral and resonant states is
due to a purely electronic matrix element. Their expression for the differen-
tial cross section for a transition from a state described with the vibrational
wave function χv to a resonant state described with χJr was:

dσ

dΩ
(Ω) =

4π3

k2
i

e−τd/τag
∑

Λr

∣∣∣∣∣∣

∞∑

l=µ

〈χJr |Vl|µ||χv〉Y ∗lµ(Ω)

∣∣∣∣∣∣

2

. (2.14)

Here, ki is the incident electron momentum, g is a spin-weighing factor, Vl|µ|
is the electronic transition element and Y ∗lµ(Ω) are spherical harmonics. The
angular momentum is conserved in the process, giving the selection rule:

µ = Λr − |Λt| (2.15)
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2.3. Angular distribution of anions formed through DEA

were Λr and Λt are the axial orbital momentum quantum numbers for the
resonant state and neutral state, respectively.

Later, Tronc et al. [19] showed that under the Pure Resonant Scattering (PRS)
approximation, the matrix element in Equation 2.14 can be written as:

〈χJr |Vl|µ||χv〉 = ilal|µ|(k). (2.16)

Where al|µ|(k) is a weighing coefficient of the partial wave with the respec-
tive l value. However, the PRS approximation is quite crude, as it does not
take direct scattering into account. Therefore, in order to improve the ap-
proximation Tronc et al. [19] included potential scattering (PS) from a spher-
ically symmetric potential. The assumptions made in the PRS approximation
do not change, and therefore the final form of the matrix element within the
PRS-PS approximation becomes:

〈χJr |Vl|µ||χv〉 = ileiδlal|µ|(k) (2.17)

where δl is the phase-shift of the respective partial wave due to PS. Equation
2.14 can now be rewritten in a simpler form as:

dσ

dΩ
(θ, φ) ∝

∣∣∣∣∣∣

∞∑

l=µ

ileiδlal|µ|Yl|µ|(θ, φ)

∣∣∣∣∣∣

2

. (2.18)

At this point, it should be noted, that the considerations above are, strictly
speaking, only valid for diatomic molecules. It can, however, in some cases
be justifiable to use it for polyatomic molecules, e.g. if the dissociation is
quasi-diatomic. In such cases the breaking bond must be oriented along the
principal (highest symmetry) axis and majority of the excess energy must
be released as kinetic energy of the fragments formed, rather than inducing
excitations within them.

Azria et al. [58] have, however, by similar consideration obtained an expres-
sion for the angular dependency of the DEA fragments formed from poly-
atomic molecules. Again, the main assumptions are similar to the one for
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diatomic molecules, that is, that the angular dependency is due to the ma-
trix element 〈φr|He|φkiEi〉 where φr and φkiEi are the resonant and target
wave-functions and He is the electronic Hamiltonian. The target wave func-
tion, φkiEi , contains the incident plane wave eikr, representing the captured
electron. This gives the angular dependency of the attachment process. We
thus have to expand the plane wave in a linear combination of spherical har-
monics which form a basis for the irreducible representation of the neutral
molecule. If these functions are denoted with φεlm, where m > 0 and ε = ±1:

eikr = 4π

∞∑

l=0

l∑

m=0

iljl(kr)
∑

ε=±1

φε∗lm(r)φε∗lm(k). (2.19)

Where jl(kr) are spherical Bessel functions. Furthermore, by assuming that
the axial recoil approximation is valid, the following formula can be obtained
by inserting 2.19 into 2.14:

dσ

dΩ
(k) ∝ | 〈φr|He|φkiEi

〉 |2 ∝

∣∣∣∣∣∣
∑

l,m,ε

ileiδlaεlmφ
ε∗
lm(k)

∣∣∣∣∣∣

2

. (2.20)

In which,

aεlm =

∫
φ∗rHeφkiEi

jl(kr)φ
ε
lm(r)dr. (2.21)

From this equation, it can be seen that aεlm is real and non-zero only if φεlm
forms a basis for Γr × Γi where Γr and Γi are the irreducible representa-
tions of the resonant and initial states, respectively. In measurements of
the angular distribution of fragments formed through DEA, it is common to
measure the angle of scattered ions with respect to the electron momentum
vector [19, 22, 58] as will be explained in detail in the next chapter. There-
fore, in order to obtain a formula for the angular distribution as a function
of the scattering angle with respect to the electron beam momentum vector,
the functions φε∗lm(k) can be transformed via rotation matrices to functions of
the form χεlm(θ, φ) where the angles θ and φ are the polar angles of the mo-
mentum vector in the dissociation frame. The plane wave, representing the
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2.3. Angular distribution of anions formed through DEA

electron beam, is symmetric with respect to rotation about its momentum
vector axis and therefore, the DEA process has azimuthal symmetry. Thus
we can, by averaging over the angle φ obtain the final form of the function
describing the differential cross section, or angular distribution, of ions from
a polyatomic target molecule:

I(θ) ∝ 1

2π

∫ 2π

0

∣∣∣∣∣∣
∑

l,m,ε

ileiδlaεlmχ
ε
lm(θ, φ)

∣∣∣∣∣∣

2

dφ. (2.22)

The general shape of the angular distribution, however, is given by a linear
combination of the partial distributions for the allowed l values with the
respective weighing factor, aεlm.

2.3.1 Angular distribution fitting functions

In order to calculate the partial distributions, a simplified version of equation
2.22 can be used, giving the general form of the transition amplitude as:

A = 〈Negative ion state|Partial wave|Neutral state〉 . (2.23)

The functions describing the negative ion and neutral states are defined with
respect to the principal symmetry axis of the molecule and the spherical har-
monics representing the incident electron beam are defined with respect to
the momentum axis of the beam in the laboratory frame. In order to trans-
form these functions to the dissociation frame they must be rotated using
Euler-angles. In the case of the molecular states these are (0,β,0) where β is
the angle between the principal axis and the dissociating bond while for the
electron beam these angles are (φ,θ,0). In order to transform spherical har-
monics from one frame to another the following equation can be used [59]:

Yl,m′(θ, φ) =

l∑

m=−l
Yl,m(β, α)Dl

m,m′(α, β, γ). (2.24)

The functions Dl
m,m′(α, β, γ) can be written as:
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Dl
m,m′(α, β, γ) = e−imαdlm,m′(β)e−im

′γ . (2.25)

Here, the dlm,m′(β)e−im
′γ is the small Wigner d-matrix [60], given by:

dlm,m′(β) =
√

(l +m′)!(l −m′)!(l +m)!(l −m)!

×
∑

x

(−1)m−m
′+x cos2l+m′−m−2x(β2 ) sin2x+m−m′

(β2 )

(l +m′ − x)(l −m− x)!x!(x+m−m′)! (2.26)

where max(0,m′ − 1)≤ x ≤min(l-m,l+m’).

Here, an example of the derivation of the fitting functions within the C3v

point group will be shown, namely for the transition from a neutral state
of A1 symmetry to an TNI state of the same symmetry assuming pure p-
wave capture. The spherical harmonic basis function for the A1 orbital of
the neutral is the totally symmetric Y 0

0 while the basis function for the TNI
state coupling with a p-wave is Y 0

1 . The p-wave electron can be represented
with Y 0

1 . By using the Euler-rotation matrix the following expression for
Y 0

1 (a, b) transformed into different coordinates, for example the laboratory
frame, by Euler angles (α, β, 0) is:

Y 0
1 (a, b) = eiα

sin (β)√
2

Y −1
1 + cos (β)Y 0

1 + e−iα
sin (β)√

2
Y 1

1 . (2.27)

The expression for basis function for the TNI state, obtained by rotation
through the Euler-angles (0,β,0) is therefore:

Y 0
1 =

sin (β)√
2

Y −1
1 + cos (β)Y 0

1 +
sin (β)√

2
Y 1

1 . (2.28)

In a similar manner, the expression for the partial wave rotated via the Euler-
angles (φ,θ,0) is:
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Y 0
1 = eiφ

sin (θ)√
2
Y −1

1 + cos (θ)Y 0
1 + e−iφ

sin (θ)√
2
Y 1

1 . (2.29)

The expression for the neutral state, Y 0
0 is a constant and is skipped in the

following calculations. This constant will give equal contribution for each
term in the weighing coefficients in equation 2.22. By putting equations 2.28
and 2.29 into equation 2.23 and simplifying using the fact that the spherical
harmonics are orthonormal, the p-wave transition amplitude can be written
as:

Ap =
sin (β)√

2
eiφ

sin (θ)√
2

+ cos (β) cos (θ) +
sin (β)√

2
e−iφ

sin (θ)√
2
. (2.30)

The square modulus of the transition amplitude, averaged over the angle φ,
gives the final angular distribution:

Ip,θ =

∫ 2π

0

|Ap|2dφ = sin2(β) sin2(θ) + 2 cos2(β) cos2(θ). (2.31)

As a convention and for simplification, π is dropped out of every term, it
will simply come into the weighing coefficients in the fitting procedure. If
one wants to calculate the angular distribution for the capture of two partial
waves, say p- and d-waves, the expression is:

I =

∫ 2π

0

(|Ap|2 + |Ad|2 + 2ab|Ap||Ad| cos δ)dφ (2.32)

where δ is a phase difference between the partial waves, which arises due to
potential scattering.

2.3.2 Kinetic energy distribution

Usually, DEA processes are seen well above their thermochemical threshold,
as discussed in section 2.2.3. In those cases, the excess energy needs to be
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distributed. This excess energy can be converted into kinetic energy of the
fragments formed and/or to internal excitations of these. In cases where the
excess energy goes to the kinetic energy of the fragments it is distributed
according to the inverse ratio of their masses due to conservation of linear
momentum. It can therefore be shown, that if only one bond is cleaved the
total kinetic energy in the process, i.e. the KER, is:

EKER = Ei · M
m

(2.33)

where Ei is the kinetic energy of the ion produced while m and M are the
masses of the neutral fragment and the parent molecule, respectively. In
those cases where the anionic fragment is large and the neutral fragment is
small, a correction due to the thermal motion of the target gas should be
made [5, 61]. Including this correction, equation 2.33 can be written as:

EKER = Ei · M
m
− 3

2
kT

mi

m
. (2.34)

In which k is the Boltzmann constant, T is the gas temperature and mi is the
mass of the anionic fragment.

The kinetic energy of the ionic fragment formed through DEA can be mea-
sured using for example the Velocity Slice Imaging technique, which will be
discussed in a detail in chapter 3.1. By applying equations 2.12 and 2.33, in-
formation regarding the excess energy distribution within the fragments can
be obtained.
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Two different experimental setups were used for the measurements reported
in this thesis. The Velocity Slice Imaging (VSI) technique was used in stud-
ies on CF4, CF3Cl and CF3I which were performed at the Open University
in Milton Keynes, UK in collaboration with Professor Nigel Mason and Pro-
fessor E. Krishnakumar. Measurements on the group IV tetrahalogenated
compounds, XF4 and XBr4 (X = C, Si and Ge), were done at the University
of Iceland, except on GeF4 which were done by Professor Hiroshi Tanaka
and Professor Masamitsu Hoshino at the Sophia University in Japan using a
commercial apparatus described in reference [34]. This work was also done
in collaboration with Professor Michael Brunger from Flinders University in
Australia and Professor Paulo Limao-Vieira at Universidade Nova de Lisboa
in Portugal.

In section 3.1 the VSI instrument in Milton Keynes will be described. There-
after, in section 3.2 a description will be given for the apparatus in Iceland,
called SIGMA.

3.1 Velocity Slice Imaging apparatus

The Velocity Map Imaging (VMI) technique has been applied successfully
in imaging processes in photodissociation. It was first described by Eppink
and Parker in 1997 [26] but it originates from the ion imaging technique de-
scribed by Chandler and Houston in 1987 [62]. In VMI the whole Newton
sphere of ions, see figure 3.2 is recorded and a mathematical reconstruction
algorithm, such as inverse Abel transformation, is needed to obtain the ve-
locity distributions of the ions. This reconstruction can, however, introduce
noise to the images. An alternative method to overcome the need of this
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Figure 3.1: Schematic of the VSI apparatus. The black circles show the New-
ton spheres expanding through the TOF tube. See text for further details

reconstruction is VSI [27]. There, only a thin slice of the Newton sphere is
recorded at each time. By recording the central slice of the Newton sphere,
information regarding the angular distribution of the ions is obtained and
the radius of the distribution is directly related to the KER in the process.

The VSI-DEA apparatus is shown schematically in figure 3.1. It is similar to
an instrument that has been described in detail before [22]. It is a crossed
beam apparatus, with crossed electron and effusive gas beams. The base
pressure of the instrument is on the order of 10−9 mbar but a typical opera-
tion pressure is 5×10−7 mbar. The electron source is a tungsten filament and
the electrons are focused towards the reaction region by a lens in the Pierce
geometry. A typical full width at half maximum (FWHM) of the electron
energy distribution in the current measurements is 0.5 eV. The electrons are
accelerated by applying a potential difference between the Pierce element
and a grid electrode, followed by a grounded anode. The electron beam is
pulsed by applying a negative bias to the grid electrode and override it with
a short positive pulse (pulse length of ∼200 ns). The electron pulse is guided
in direction towards the reaction region by a magnetic field, produced by a
pair of Helmholtz coils located outside the vacuum chamber. In the reac-
tion region the electrons collide with a gas introduced to the chamber via an
effusive gas inlet. The unreacted electrons are collected in a Faraday cup.
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Figure 3.2: A schematic of the angular dependency in DEA is shown on the
left panel. The differential DEA cross section, as a function of the angle θ, is
measured using the VSI technique. The right panel shows a 2D representa-
tion of the formation of a Newton sphere, for two dissociation events.

After the electron pulse the Newton sphere of ions formed are allowed to
bloom out in space, for about 200 ns. The Newton sphere formation is shown
schematically in figure 3.2. After the 200 ns the Newton sphere is extracted
towards the Time of Flight (TOF) mass spectrometer. It should be noted,
that the Newton sphere continues to extend during the field free flight in the
TOF tube. The extraction optics are in a velocity map imaging configuration
[22, 26] and consists of three electrostatic elements; pusher, puller and a lens
electrode. The aperture of the puller electrode is covered with a 90% trans-
mission wire mesh in order to avoid field penetration the collision region.
At the end of the flight tube, the Newton sphere strikes a Position Sensitive
Detector (PSD). This PSD in the current setup, consists of a z-stack of three
microchannel plates (MCPs), used to amplify the signal, in front of a phos-
phor screen. When the electrons from the MCPs strike the phosphor screen
it illuminates. The intensity of the screen is monitored by a Charge-Coupled
Device (CCD) camera which is connected to a computer, where the signal is
analysed. The back of the MCPs and the phosphor screen are pulsed by a
2 kV pulse with duration of 100 ns. Therefore, only a thin slice of the New-
ton sphere is recorded at a time. The central slice of the sphere was found in
each case by adjusting the time delay between the extraction pulse and the
detector pulse. As discussed earlier, the central slice of the Newton sphere
contains full informations on the angular distribution of the anions formed
in DEA and its radius is directly related to the kinetic energy of the ions.
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3. Experimental Setups

3.1.1 Kinetic energy calibration

The kinetic energy scale is calibrated by measuring the kinetic energy of
O– from O2. As no internal excitation is possible in O– at these low elec-
tron energies, the excess energy is entirely converted to kinetic energy of the
fragments, where O– carries half of the excess energy. The thermochemi-
cal threshold for the O– formation is 3.66 eV [63, 64] and the excess energy
is the incident electron energy less the threshold energy. The O– VSIs were
recorded under the same voltage conditions as the compounds of interest
and that data used to calibrate the kinetic energy scale.

3.2 SIGMA

The measurements at the University of Iceland were conducted on a crossed
electron and molecular beam apparatus equipped with a quadrupole mass
spectrometer. A schematic of the instrument, called SIGMA, is given in fig-
ure 3.3. The apparatus is described in detail in reference [65]. Gas phase
molecules are introduced to the high vacuum chamber via an effusive gas in-
let. The base pressure in the chamber is on the order of 10−8 mbar, and dur-
ing measurements a typical pressure reading is 5−10×10−7 mbar, measured
with a cold cathode gauge. The molecules cross an electron beam formed in
a trochoidal electron monochromator (TEM) [66]. The electrons are emitted,
with broad energy distribution, from a tungsten filament (M1 in figure 3.3)
and are guided by a magnetic field, produced by a pair of magnetic coils
located outside the chamber, with typical field strength of 40 Gauss. The
electrons pass through the electrodes M2-M4 and thereafter, they enter the
deflection region, M5 and M6, which has crossed electric and magnetic field.
In this crossed fields the electrons drift with a constant speed in the x direc-
tion, independent of their velocity in the z-direction:

vx =
E ×B

|B|2 . (3.1)

As B is orthogonal to E equation 3.2 simplifies to:

vx =
E

B
(3.2)
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Figure 3.3: A schematic of SIGMA. See text for further details. Reprinted
from reference [67]. Copyright © 2013 Benedikt Ómarsson.

The aperture on lens M7 is offset with respect to M4 in the x-direction. As the
electrons drift with constant speed in the x-direction, only a small fraction of
the original electron beam passes through M7, i.e. electrons with a narrow
range of z speed component. The monochromator lenses are referenced to
a floating potential while the collision region is referenced to ground poten-
tial. By ramping the monochromator’s reference potential, the electrons can
be accelerated or decelerated towards the collision region. There, the elec-
trons collide with the sample gas. The negative ions formed are extracted by
a weak electric field (∼1 V/cm) between C2 and C3 and thereafter focused
into a commercial Hiden Epic 1000 quadrupole mass spectrometer by lenses
F1-F3. The electrons which traverse through the collision region are focused
into a Faraday cup by lenses C4 and C5. The current in the Faraday cup
gives an idea of the electron current through the monochromator and fur-
thermore, it reduces the possibility that electrons can be scattered back to the
collision region. In the present measurements the gas temperature was typi-
cally around 60 ◦C during measurements and the monochromator was kept
at 120 ◦C by two fluorescent bulbs inside the vacuum chamber.
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Figure 3.4: Typical ion yield curves for SF–
6 from SF6 and O– from CO2.

3.2.1 Energy calibration

The electron energy scale is calibrated with a three point calibration method.
The reference compound used are; SF6 which yields SF–

6 through a narrow
resonance at 0 eV and CO2 which yields O– through two contributions cen-
tered at 4.4 and 8.2 eV [68]. The width of the resonance yielding SF–

6 has
been shown to be less than 1 meV [69]. The experimentally observed signal
is, however, a convolution of the electronic energy distribution and the true
resonance profile. Thus, due to the very narrow width of the SF–

6 resonance,
the observed width of the SF–

6 peak gives a good estimation on the true elec-
tron energy distribution. In the current measurements the electron energy
resolution, i.e. the FWHM of the SF–

6 peak, was usually around 150 meV.
Typical ion yield curves for SF–

6 and O–/CO2 are shown in figure 3.4.

3.2.2 Appearance energy determination

The AE of a given DEA process is the lowest incident electron energy where
some signal is seen. In absence of a function derived to fit the AE of a DEA
process we use an exponential function with a scaling factor to reproduce the
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3.2. SIGMA

rising side of the peaks. This is similar to the Wannier-type function, which
is derived as a threshold law for ionization processes [70]. The function is of
the form:

f(E) = b+ c(E −AE)p. (3.3)

Where b is a constant to account for the background signal, c is a scaling
coefficient, E is the variable incident electron energy, AE is the appearance
energy determined and p is an exponential factor. This function has been
shown to reproduce the onset of the signal well, see for example [34, 71].
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4 Results

In the previous chapters a discussion of the theory governing DEA has been
given, as well as description of the experimental setups used in the current
work. In this chapter a summary of the measurements presented within the
thesis will be given.

The first three sections, 4.1-4.3, deal with VSI measurements revealing the
dissociation dynamics of the halogenated methane derivatives CF4, CF3Cl
and CF3I, respectively. The nature of the attachment processes and the dis-
sociation dynamics will be discussed. The symmetry of selected resonances
observed in the molecules will be deduced as well as the respective kinetic
energy distributions of the fragments. For a further discussion, please refer
to papers I-IV in the thesis.

In the last two sections, 4.4 and 4.5, DEA to the tetrafluorinated and tetra-
brominated group IV compounds will be discussed. DEA in these com-
pounds has been studied before to some extent, but these studies are in-
complete while here, comprehensive DEA studies are presented. The AEs
and peak maxima are reported and discussed in context with the nature of
the resonances. A further discussion on these measurements can be found in
papers V and VI.
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4. Results

4.1 Dissociative electron attachment to CF4 probed by ve-
locity slice imaging

4.1.1 Introduction and motivation

Carbon tetrafluoride, CF4, is an important compound in various aspects of
industry and has been researched extensively with respect to electron col-
lisions, as will be reviewed in more detail in section 4.4. Due to the high
symmetry of the molecule, i.e. tetrahedral, it is a very suitable compound to
study the fundamental aspects of electron-molecule collisions. Prior to the
current study, two studies concentrating on the angular distributions of the
fragment anions formed through DEA have been published. These are from
Le Coat et al. in 1994 [72] and from Xia et al. in 2012 [73]. Furthermore,
Illenberger conducted a KER measurement on the compound in 1981 [17].
There, he showed that the F– peak consists of two overlapping resonances,
one of which yields F– with high kinetic energy while the other yields ions
with near thermal kinetic energy. In the previous angular dependency mea-
surements by Le Coat et al. [72], the high KER resonance was assigned as
a shape resonance of T2 symmetry yielding both F– and CF–

3. The low KER
resonance yielding only F– was, however, assigned as a T1 symmetry core
excited resonance. In the case of CH4 it has been proposed that molecule
undergoes distortion due to the Jahn-Teller effect (JTE) in DEA [74]. The JTE
causes lift of degeneracy, and therefore a symmetry distortion, upon attach-
ment or excitation of an electron to an degenerate orbitals [75], resulting in
strong coupling between the electronic and nuclear degrees of freedom. In
the current case of CF4, where the electron is trapped into a triply degener-
ate t2 orbital the degeneracy could be lifted, leading to distortion due to the
JTE. It should be noted, that the nuclei are heavier in CF4 than in CH4, which
would, in turn, slow down the nuclear movement and reduce the distortion
due to the JTE.

4.1.2 Details of the analysis method

In its ground state, CF4 possesses a tetrahedral symmetry, hence belongs to
the Td point group. The ground state electronic configuration is expected
to be . . . (4a1)2(3t2)6(1e)4(4t2)6(1t1)6, leading to 1A1 ground state [76]. The
lowest unoccupied orbitals are of a1 and t2 symmetry but their order is un-
certain, see for example refs. [34, 77, 78] and references therein. Thus, upon
electron attachment, shape resonances of A1 or T2 symmetry could be ex-
pected. Core-excited resonances of T1 or T2 symmetry might also be ex-
pected through excitation of an electron from the highest occupied molec-
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4.1. DEA to CF4 probed by VSI

ular orbital (HOMO) or HOMO-1. The basis functions for the irreducible
representations of the Td point group are given in table 4.1 [79]. Due to the
high centrifugal barrier of the A2 representation, l = 6 [46], we exclude it
from the table. For degenerate orbitals, multiple basis functions are possible.
For example, for the doubly degenerate E irreducible representation, two ba-
sis functions are possible for each value of l, i.e. one for each orbital. If the
CF4 molecule is subject to the JTE, its symmetry is expected to be lowered
from Td to C3v [77]. The basis functions for the irreducible representations of
the C3v point group are given in table 4.2 [80]. The angular distributions are
measured using the instrument described in section 3.1 and to fit the angular
distribution we used the methodology described in section 2.3.1.

Table 4.1: The basis functions for the irreducible representations of the Td
point group [79].

Basis function

A1 Y 0
0

E (Y 0
2 ,Y 2

2 )

T1

(√
3
8Y

3
3 +

√
5
8Y

1
3 ,−

√
3
8Y
−3
3 +

√
5
8Y
−1
3

)

T2 (Y 1
1 , Y

0
1 , Y

−1
1 )

(Y −1
2 , Y −2

2 , Y 1
2 )(√

3
8Y

3
3 +

√
5
8Y

1
3 , Y

3
0 ,−

√
3
8Y
−3
3 +

√
5
8Y
−1
3

)

Table 4.2: The basis functions for the irreducible representations of the C3v
point group [80].

Basis function

A1 Y 0
l l=0,1,2,3 ; Y 3

3 − Y −3
3

A2 Y 3
3 + Y −3

3

E (Y −ll ,−Y ll ) l=1,2,3 ; (Y 2
l , Y

−2
l ) l=2,3

4.1.3 Results and discussion

Two anionic fragments were observed in the current study, F– and CF–
3 and

the respective ion yield curves are shown in figure 4.1. Due to the low in-
tensity of the F–

2 signal, as will be discussed in section 4.4, it was not seen in
the current experiment. The F– anion is formed through a broad contribution
stretching from about 4 to 10 eV while CF–

3 is formed through a narrower con-
tribution from approximately 5 to 9.5 eV. As mentioned in the introduction,
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Figure 4.1: Dissociative electron attachment ion yield curves for CF4 in the
energy range from ∼ 1.5 to 11.5 eV. The arrows indicate where the VSIs were
taken. Figure taken from reference [81]. Copyright © 2014 Springer-Verlag
Berlin Heidelberg.

the F– signal is known to consist of two overlapping resonances, resulting in
this broad peak.

Figure 4.2 shows the VSIs for F– at 5.5, 6.5 and 7.5 eV, respectively, as well
as the respective fitted angular distributions. Similarly, figure 4.3 shows the
VSIs for and fitted angular distributions at CF–

3 at 5.5 and 8.5 eV, respectively.
The electron beam momentum vector points downwards through the center
of the distribution on the VSIs.

The best fits using the the Td point group functions were obtained by using
a combination of p, d and f waves which indicates a T2 symmetry. These fits
are, however, not optimal, especially not for CF–

3. The R2 values are below
0.89 and 0.68 for the F– and CF–

3 fits, respectively. As mentioned above, the
symmetry of CF4 might be lowered from Td to C3v upon attachment of the
electron to the triply degenerate t2 orbital. This would lead to the splitting
of the t2 orbital to a1 and e orbitals within the C3v point group. In such case
the a1 orbital would be lower in energy [77]. Hence, while the target state
belongs to the Td symmetry group, the product state (the TNI) is of C3v sym-
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4.1. DEA to CF4 probed by VSI
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Figure 4.2: The velocity slice images of F– at 5.5 eV (top), 6.5 eV (middle)
and 7.5 eV (bottom) along with the fitted angular distribution. The direction
of the electron beam is from top to bottom through the center of the VSIs.
Figure adapted from reference [33].

metry. As we expected the JTE to lead to strong coupling of the electronic
and nuclear modes of the molecule we attempted fits with a linear combina-
tion of the functions for the T2 symmetry in Td and A1 symmetry in C3v , thus
presuming that the incoming electron interacts with a superposition of both
states. By doing this, we obtained much better fits, shown with the solid
lines in the fits in figures 4.2 and 4.3.

This notation is further supported by the KER distribution of the ions, shown
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Figure 4.3: The velocity slice images of CF–
3 at 5.5 eV (top) and 8.5 eV (bottom)

along with the fitted angular distribution. The direction of the electron beam
is from top to bottom through the center of the VSIs. Figure adapted from
reference [33].

in Figure 4.4. The kinetic energy of the high KER F– shows a monotonic
rise with increasing electron energy. By extrapolating the line to zero kinetic
energy, an estimation of the thermochemical threshold of the process is ob-
tained. In the current case, we obtain a threshold of 2.47 eV. By using the
well-established values of 5.67 eV for the BDE of C−F [63] and 3.40 eV as
the EA of fluorine, we calculate a thermochemical threshold of 2.27 eV for
the F– formation. The AE is 0.20 eV higher, so an excess energy of 0.20 eV is
left within the CF3 radical at the threshold for the formation. Furthermore,
the slope of the line is 0.30; i.e., 30% of the available excess energy goes into
kinetic energy of the ions. Conservation of linear momentum allows us to
calculate a value of 38% as the total kinetic energy released in the process.
The kinetic energy distribution of CF–

3 does not fall onto a single straight
line but rather onto two lines, with a breakpoint at approximately 7 eV. We
anticipate that this is due to energetical restrictions leading to the CF–

3 ion
being formed in different geometries at different incident electron energies:
the ground state geometry of Cs symmetry and a strained geometry of C3v

symmetry [82]. As introduced in section 2.2.3, the thermochemical threshold
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4.1. DEA to CF4 probed by VSI

5 6 7 8 9 10

0.5

1

1.5

2

2.5

Electron energy [eV]

K
in

et
ic

 E
n

er
g

y
 [

eV
]

5 6 7 8 9 10

0

0.3

0.6

0.9

1.2

Electron energy [eV]
K

in
et

ic
 E

n
er

g
y

 [
eV

]

Figure 4.4: Kinetic energy release as a function of incident electron energy
for F– (left) and CF–

3 (right). Figure adapted from reference [33].

in DEA is the BDE of the ruptured bond less the adiabatic EA of the charge-
carrying fragment. This has the consequence that, if the electron energy is
below the BDE, the forming anion must relax to its ground state configura-
tion in the dissociation process; this is necessary so that the EA is available
in the process. This, in turn, will restrict the dissociation process and thus
allow enough time for internal energy redistribution. We presume that this
is the case below 7 eV. At higher energies, however, the energy contribution
from the EA is not needed and accordingly, the anion does not need to re-
lax towards its ground state geometry and the dissociation process is faster.
Therefore, the electronic energy is rapidly converted to nuclear kinetic en-
ergy, resulting in higher KER in the process and accordingly the increased
slope in figure 4.4.

4.1.4 Conclusions

The fragment anions F– and CF–
3 were observed in DEA to CF4. The F– ion

was observed through two overlapping resonances, one with high KER and
the other with close to thermal KER, while CF–

3 was only observed through
the high KER resonance. The angular distributions of the anions could not
be fitted satisfactorily by assuming the ground state Td symmetry of the
molecule. A much better fit was obtained by assuming a quantum super-
position of the initial Td symmetry configuration and the target state config-
uration of C3v symmetry. Furthermore, the KER distribution of CF–

3 reveals
the fast conversion of the electronic kinetic energy to nuclear kinetic energy,
i.e. the JTE in the process.
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4. Results

4.2 Dissociative electron attachment to CF3Cl probed by
velocity slice imaging

4.2.1 Introduction and motivation

Chlorotrifluoromethane (CF3Cl), also known as CFC-13, was used exten-
sively in industry. It has, for example, been used as a refrigerant and also
to some extent in plasma processing. It has high ozone-depleting potential
as well as a very long lifetime in the atmosphere, with a mean atmospheric
lifetime of around 640 years [83]. The use of the compound in industry has
been banned in accordance with the Montreal Protocol [84]. In order to get
better insight into the dissociation dynamics of the title compound after col-
lision with low energy electrons, we have conducted an experimental study
on DEA to CF3Cl by exploiting the VSI technique. DEA to the molecule
has been measured using more conventional techniques in few earlier stud-
ies [8, 85, 86], but the study here reveals new aspects not seen in the earlier
measurements. The fragments that have been observed in the earlier DEA
studies are F–, Cl–, FCl– and CF2Cl–. Furthermore, Illenberger measured the
KER in the dissociation channels yielding Cl– [17].

Mann and Linder [87] published an electron scattering study on CF3Cl, where
they reported three resonances located at 2.0, 5.5 and 8.5 eV. They attributed
these resonances to temporary occupation of σ*(C-Cl), σ*(C-F) and σ*(C-F)
orbitals of a1, e and a1 symmetry, respectively. Sunohara et al. [88] later came
to the same conclusion. An alternative conclusion was made by Underwood-
Lemons et al. [89, 90], who performed ab-initio self-consistent field calcula-
tions on the scattering process as well as measurements on the total scatter-
ing and DEA cross sections. They concluded that the resonances yielding
Cl– are due to trapping of the incoming electron into σ*(C-Cl) orbital of a1

symmetry and π*(C-Cl) orbital of e symmetry for the higher and lower reso-
nance, respectively, while the resonance yielding F– was ascribed to trapping
of the electron into an a1 symmetry σ*(C-F) orbital. Tarana et al. [91, 92] con-
ducted a detailed theoretical work on effect of two vibrational modes in DEA
to CF3Cl. They studied the Cl– formation through the low energy resonance
and found that vibrational redistribution is important in the dissociation pro-
cess.

4.2.2 Details of the analysis method

The ground state CF3Cl belongs to the C3v point group and accordingly the
electron configuration is:
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4.2. DEA to CF3Cl probed by VSI

. . . (3a1)2(2e)4(4a1)2(5a1)2(3e)4(6a1)2(4e)4(5e)4(1a2)2(7a1)2(6e)4 → X1A1.

Here the lowest unoccupied molecular orbital (LUMO) is expected the be
of a1 symmetry and the LUMO+1 and LUMO+2 have e and a1 symmetry,
respectively [87, 90]. Therefore, 2A1 or 2E shape resonances might be ex-
pected. Furthermore, core-excited resonances of E, A1 or A2 symmetry are
possible upon electron attachment together with excitation from the HOMO,
HOMO-1 or HOMO-2, respectively. There are three irreducible representa-
tions within the C3v point group, that is, the one-dimensional A1 and A2 as
well as the two-dimensional E representation. The basis functions for the ir-
reducible representations within the C3v point group were given in table 4.2
in section 4.1.2.

The angular distribution of the fragment anions formed in DEA to the molecule
were measured as described in detail in section 3.1. In order to fit the mea-
sured angular distribution we followed the procedure described in section
2.3.1, using the appropriate basis functions from table 4.2.

4.2.3 Results and discussion

Here we discuss two fragments, Cl– and F–. The other fragments, FCl– and
CF2Cl–, were observed, but their intensity was too low to acquire VSIs of
acceptable quality for angular distribution analysis. The F– and Cl– yields as
a function of electron energy is given in figure 4.5.

The Cl– contribution comes from two independent resonances peaking at 1.3
and 4.9 eV, respectively, while the F– ion is only apparent through one peak
centered at 4.1 eV. The position of the peaks is in accordance with earlier
measurements [8, 85, 86]. The VSIs for Cl– and F– are shown in figures 4.6
and 4.8, respectively. The VSIs were taken at the energy values denoted with
the arrows in figure 4.5.

4.2.3.1 Cl– from the resonance centered at 1.3 eV

In figure 4.6 a-f, the VSIs of 35Cl– from the lower energy resonance are shown,
from 0.6 eV to 2.1 eV. Scattering at lower incident electron energies is mostly
orthogonal to the electron beam momentum vector, while at higher energies
it changes to the forwards and backward directions. This can be readily ex-
plained by the fact that at lower energies the low angular momentum com-
ponents of the electron beam are most abundant, but at higher energies the
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Figure 4.5: Cl– (red) and F– (blue) yield from CF3Cl as a function of electron
energy. The arrows indicate where velocity slice images were taken. Figure
taken from [93]. Copyright © 2012 Springer-Verlag Berlin Heidelberg.

higher angular momentum components become more abundant. The round
central distribution in the middle of the images at lower energies is due to
overlap of the 35Cl– and the slower moving 37Cl– Newton spheres. The DEA
process is azimuthally symmetric around the electron beam momentum vec-
tor and, accordingly, this overlap fades out as the intensity moves from the
directions perpendicular to the electron beam towards the directions parallel
to the beam. The fitted angular distribution is shown in figure 4.7 for Cl– at
0.6, 1.2 and 1.8 eV. In this case we have the bond cleavage along the symme-
try axis of the molecule and, furthermore, most of the available excess energy
goes to kinetic energy of the fragments. In such a case the process can be
viewed as quasi-diatomic and, accordingly, we used the diatomic model dis-
cussed in section 2.3. In all cases, the angular distribution is fitted excellently,
with R2 values of 0.90, 0.95 and 0.98 at 0.6 eV, 1.2 eV and 1.8 eV, respectively.
The fit was obtained by using a combination of s, p and d waves, i.e. partial
waves with l values of 0, 1 and 2. Within the C3v point group, this combi-
nation of partial waves is only allowed for the A1 symmetry [46]. Thus, we
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4.2. DEA to CF3Cl probed by VSI

Figure 4.6: The Velocity Slice Images of 35Cl– from CF3Cl at incident elec-
tron energy values indicated below each figure. The direction of the electron
beam is from top to bottom through the center of the VSIs.

conclude that the electron is trapped in the a1 symmetry LUMO.

At the lower energy part of the peak the s-wave contribution dominates, but
at higher energies the p wave dominates and the contribution from the d-
wave increases. This is expected, as the low energy electron beam mainly
consists of low angular momentum partial waves but at higher energies the
higher angular momentum waves become more prominent.

From the radius of the angular distribution, the kinetic energy of the anions
can be obtained. From that kinetic energy, the KER in the process can be
calculated, see equation 2.33. The value of the KER for each VSI shown in
figure 4.6 is given in table 4.3. For comparison, the values from Illenberger
[17] are also listed as well as the maximum excess energy available.

At the low energy side of the peak, the measured kinetic energy stretches
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4. Results

Table 4.3: KER at various incident electron energy values, ε(e−), compared
with the calculated maximum thermochemical values; KERmax as well as
values from Ref. [17]. All values are in eV.

ε(e−)a KERa KERmax
b ε(e−)c KERc

0.6 0.74 0.42 0.75 0.76
0.9 0.80 0.72 1.00 0.85
1.2 0.86 1.02 1.25 0.86
1.5 0.92 1.32 1.40 0.87
1.8 1.01 1.62 1.60 0.93
2.1 1.10 1.92 1.80 1.04

2.00 1.06
2.20 1.05

aPresent measurements
bFrom thermochemical data, Ref. [63, 64]
cFrom Ref. [17]

well above the maximum kinetic energy available from thermochemical data,
as calculated using equation 2.10. We attribute this to the finite resolution of
the electron beam, which is around 0.5 eV. At the lower energies the cross
section is rising steeply, so that the high energy part of the electron energy
distribution contributes stronger to the signal. In a similar manner, the ki-
netic energy might be redshifted at higher electron energies. Furthermore,
the excess energy is effectively converted into kinetic energy at low ener-
gies, but with increasing electron energy a larger part of the excess energy
goes into internal energy of the radical counterpart CF3. The reason for this
might be that at low energies the TNI is formed close to the crossing point
(see figure 2.1) and therefore the dissociation process is fast, with less energy
randomization. At the higher energy, however, the TNI is formed further
away from the crossing point, hence the process is slower and the energy
randomization is likely to be more efficient.

4.2.3.2 F– formation

Upon DEA to CF3Cl the F– anion is apparent through one peak, stretching
from about 2.6 to 6.2 eV. Six VSIs across the peak are shown in figure 4.8.
From the images it is clear that two different dissociation processes con-
tribute to the signal. One of these processes has low KER, resulting in the
distribution in the center, while the other process has higher KER giving the
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Figure 4.7: Fitted angular distribution of Cl– at incident electron energy val-
ues (a) 0.6 eV, (b) 1.2 eV and (c) 1.8 eV.

well defined outer shape. The angular distribution of the low KER process
cannot be deduced using the current setup. We can, however, rule out a three
body breakdown:

CF3Cl + e− −−→ F− + CF2 + Cl (4.1)

as this would have a thermochemical threshold of 5.69 eV, which is consid-
erably higher than the AE of the low KER ion. The outer distribution, on the
other hand, has clear and distinct angular distribution. The fitted distribu-
tion is shown in figure 4.9. The dissociating bond is not along the principal
symmetry axis of the molecule and thus we use the polyatomic model, dis-
cussed in section 2.3, to fitted the angular distribution. Excellent fits were
obtained by using a combination of s, p, d and f waves. This indicates that
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4. Results

Figure 4.8: The Velocity Slice Images of F– from CF3Cl at incident electron en-
ergy values indicated below each figure. The direction of the electron beam
is from top to bottom through the center of the VSIs.

the symmetry of the negative ion state is A1. We therefore conclude that the
incoming electron is trapped into an a1 symmetry σ∗(C-F) orbital, which is in
good agreement with the calculations by Underwood-Lemons et al. [90]. The
f-wave becomes more prominent at higher electron energies, but the contri-
bution from the partial waves is not changing as dramatically as in the case
of Cl–, see section 4.2.3.1. The fits at 4.0 eV and 4.6 eV have R2 values of 0.98
and 0.94, respectively.

4.2.3.3 Cl– from the resonance centered at 4.9 eV

The images for the higher resonance all show isotropic distribution with low
KER and therefore no direct information on the symmetry of the resonance
can be deduced from the image and, accordingly, we only show one of these
images here. The AE can be roughly estimated to be 3.4 eV. The thermochem-
ical threshold for the three body breakdown:

CF3Cl + e− −−→ CF + F + Cl− (4.2)

is 5.47 eV [63, 64]. Since it is so much higher than the AE, this possibility can
be ruled out. In their paper, Underwood-Lemons et al. [89], attributed this
to an e symmetry orbital which mainly has a Cl 3p character but also some
π∗(C−Cl) character. This is in accordance with the low kinetic energy seen
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Figure 4.9: The angular distribution of the high kinetic energy F– from CF3Cl
at (a) 4.0 eV and (b) 4.6 eV fitted with a combination of s, p, d and f waves.

from the VSIs. We can, however, neither confirm nor refute this using the
current experimental setup.

4.2.4 Conclusions

We have deduced the symmetries of the TNIs formed in electron attachment
to CF3Cl, dissociating to yield Cl– and F–. The lower resonance yielding
Cl– was found to be due to trapping of the electron into an a1 symmetry
σ∗(C-Cl) orbital, but no direct information could be deduced from the angu-
lar distribution of the higher energy resonance. The low KER of this higher
energy resonance is, however, in good agreement with the assignment of
Underwood-Lemons et al. [90], which concluded that the resonance had
π∗(C-Cl) character. The peak for the F– formation was shown to be consist of
two overlapping resonances, one of which yields F– with low kinetic energy
and has not been reported before, while the other yields the ion with consid-
erable kinetic energy. The higher KER resonance was found to have an A1

symmetry and was accordingly assigned as an a1(C-Fσ∗) resonance.
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4.3 Dissociative electron attachment to CF3I probed by ve-
locity slice imaging

4.3.1 Introduction and motivation

Trifluoroiodomethane, CF3I has been suggested as a replacement for the ex-
tensively used CF4 in the semiconductor industry. Due to the low dissoci-
ation energy of the C−I bond in CF3I, the compound is easily photolysed
in the atmosphere and therefore its lifetime there is short [29]. The environ-
mental effects of CF3I are much less than of CF4, i.e., the global warming and
ozone depleting potentials are much lower for CF3I than for CF4 [28, 29].
A weak absorption band, the A-band, is responsible for this short lifetime.
The A-band is observed between 350-200 nm in the photoexcitation spectra
of CF3I [94]. This band has been assigned to three excitations, which in the
Mulliken-notation are 3Q1, 3Q0 and 1Q1. The 3Q1 and 1Q1 states yield the
neutral iodine in its ground state, while the 3Q0 yields the iodine its first
excited state [94, 95]. Gedanken [96] showed, by using magnetic circular
dichroism, that 84% of the oscillatory strength of the A-band was due to the
3Q0 state but 9% and 7% were due to the 1Q1 and 3Q1 states, respectively.

In previous DEA measurements two peaks were observed, a narrow peak
around 0 eV and a broader distribution centered at 3.8 eV. The lower energy
peak exclusively yields I– while the other yields F–, CF–

3 and FI– [6, 97]. In
previous KER measurements by Oster et al. [6], CF–

3 from CF3I was shown
to be formed with high kinetic energy, with approximately 85% of the avail-
able excess energy converted to translational energy of the fragments. They
concluded the high KER resonances was of core-excited nature where two
electrons occupied the σ∗ LUMO, i.e., the TNI was formed in a highly repul-
sive state. Oster et al. [6] could, however, not obtain any information on the
symmetry of the 3.8 eV resonance. Here, we’ve conducted a VSI measure-
ments where we concentrate on the process yielding CF–

3 from CF3I with the
objective of clarifying the nature of the resonance.

4.3.2 Details of the analysis method

CF3I is in the C3v point group and therefore, the analysis is similar to the one
for the isosymmetric molecule CF3Cl as described in section 4.2.2. The break-
ing bond in the current case is the C−I bond, which is oriented along the
principal symmetry axis of the molecule. We thus use the diatomic model,
proposed by Tronc et al. [19], to fit the angular distribution.
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4.3. DEA to CF3I probed using VSI

Figure 4.10: Potential energy curves for the ground state of CF3I and the
excited 3Q0 and 1Q1 states, adapted from ref. [98]. The dashed curves repre-
sent the 2A1 and 2E anionic states corresponding to the 3Q0 and 1Q1 states,
respectively.

4.3.3 Results and discussion

As mentioned in the introduction it is a well known and documented fea-
ture that the neutral iodine is formed in two different states in photodis-
sociation of CF3I (see for example references [94–96, 98, 99] and references
therein). The ground state of iodine has the term symbol 2P3/2 and the first
excited state has the term symbol 2P1/2. In figure 4.10 the schematic poten-
tial energy curves for the 3Q0 and 1Q1 are reproduced from reference [98]
along with hypothetical potential energy curves for the corresponding an-
ionic states (dashed lines). The 3Q0 state is due to excitation of an electron
from a σ(C−I) bonding orbital of a1 symmetry and the 1Q1 state is due to ex-
citation of an iodine lonepair electron from an orbital with e symmetry. The
anionic states possess the same symmetry, that is, the symmetry of the orbital
from which the electron was excited. Thus, the anionic states corresponding
to the 3Q0 and 1Q1 states are expected to be 2A1 and 2E states.

The ion yield curve for the CF–
3 formation from CF3I is given in figure 4.11.

The main contribution is through a peak stretching from about 2.5-5 eV, with
maximum intensity at 3.7 eV. There are also two minor contributions peaking
at approximately 6.0 eV and 7.5 eV, but these will not be discussed here. The
VSIs were taken at three energy values, at 3.3 eV, 3.8 eV and 4.3 eV, i.e., the
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Figure 4.11: The ion yield curve for the CF–
3 formation from CF3I. The arrows

indicate where the VSIs were taken.

rising edge, center and falling side of the peak, respectively, as shown with
the arrows on figure 4.11. These three VSIs are shown in the left panel of
figure 4.12. The VSIs show two different distributions, one with high KER,
the outer circle, and the other with low KER, the central distribution.

The thermochemical thresholds for a single bond cleavage, such as in the
current case, can be calculated using equation 2.10. One obtains a threshold
of 0.53 eV for the iodine formed in its ground state and of 1.47 eV for the
first excited state (thermochemical data taken from references [63, 64, 100]).
The total available excess energy, i.e. the incident electron energy less the
thermochemical threshold, for the three energy values from where the VSIs
were taken is compared with the measured KER in table 4.4

Table 4.4: The most probable excess energy in the channels yielding CF–
3 with

the neutral iodine formed in the ground and excited states compared with
the measured KER of the outer angular distribution. All values are in eV.

Electron energy 3.3 3.8 4.3

Eexcess(2P3/2) 2.77 3.27 3.77
Eexcess(2P1/2) 1.83 2.33 2.83
KER 2.08 2.62 2.85
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4.3. DEA to CF3I probed using VSI

Figure 4.12: VSIs and fitted angular distribution of CF–
3 at 3.3 eV (top), 3.8 eV

(middle) and 4.3 eV (bottom). The electron beam points downwards through
the center of the VSIs, as indicated by the white arrows.

As can be seen from the comparison in table 4.4 it is energetically not possi-
ble to form the iodine in the 2P1/2 excited state. In table 4.4 the most probable
KER is given. We, however, note that the FWHM of the kinetic energy dis-
tribution is around 0.5 eV and therefore, the KER distribution stretches to
values higher than the tabulated energies.

The fitted angular distribution of the high KER process is shown in the right
panel of figure 4.12. The best fits were obtained by using a combination of
s, p, d and f waves with µ = 0. This combination of partial waves indi-
cates that the symmetry of the negative ion state is A1. For the other two
irreducible representations, within the C3v point group, i.e. the A2 and E
representations, the angular distribution would converge to zero intensity
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4. Results

at the extreme angles due to the sine components in the spherical harmon-
ics with µ > 0. By integrating the signal of the VSIs we can estimate the
contribution from the two different images. Due to the 100 ns ontime of the
detector we detect almost all the Newton sphere for the low KER process but
only a fraction of the Newton sphere for the high KER process is recorded.
From the integration we find that 96-98% of the signal is due to the CF–

3 being
formed in the ground state with the remaining 2-4% being the formation of
the iodine in the excited state.

4.3.4 Conclusions

We have shown that the 3.8 eV resonance leads to the formation of a 2A1 an-
ion whose parent state is the 3Q0 state seen in photodissociation. Contrary to
the photodissociation studies, where the iodine is formed in its first excited
state, 2P1/2, DEA almost exclusively yields ground state iodine. The 3Q0

state correlates with a dissociation asymptote that yields the excited iodine,
as shown in figure 4.10. We therefore conclude, that while the photodisso-
ciation proceeds through the diabatic pathway towards excited iodine, the
TNI dissociates in an adiabatic manner through conical intersections onto
the 1Q1 dissociation asymptote. Due to the need of a spin flip, the adiabatic
pathway is not as abundant in the photodissociation. In the TNI, however,
no spin flip is required and therefore the adiabatic pathway is preferred.
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4.4. DEA to the group IV tetrafluorides

4.4 Negative ion formation through dissociative electron
attachment to the group IV tetrafluorides

4.4.1 Introduction and motivation

The group IV tetrafluorides CF4, SiF4 and GeF4 are important molecules in
various industrial applications. This is especially true for CF4 which has
been used extensively in plasma etching. Electron interactions with CF4 have
been studied extensively, as reviewed by Christophorou et al. [101, 102].
Carbon tetrafluoride has been the subject of many DEA studies through-
out the years [5, 17, 72, 73, 78, 103–107]. Most of the authors reported F–

and CF–
3 ion formation. Illenberger [17] showed that the F– peak was due

to two overlapping resonances but CF–
3 was only formed through one reso-

nance. In 1992 Iga et al. [107], reported the formation of F–
2 which had not

been previously seen, but in a recent study by Kumar et al. [78] this was
disputed. Further studies on electron interactions with CF4 include, for ex-
ample, measurements on the vibrational inelastic scattering cross sections
[76, 108]. For a full literature review of electron interactions, see the review
articles by Christophorou et al. [101, 102] and article V in this thesis. The
other compounds, SiF4 and GeF4, have not been studied as extensively with
respect to electron collisions. For SiF4 we are aware of four DEA studies
[104, 107, 109, 110]. All these studies showed the formation of F– and SiF–

3,
while only the most recent [107, 110] reported F–

2 formation. To our knowl-
edge, only one previous complete DEA study on GeF4 has been published,
by Harland et al. in the 1970s [111, 112], showing the formation of F– F–

2, GeF–
2

and GeF–
3 as well as the molecular anion, GeF–

4. Another, more limited, study
by Wang et al. [105] is concentrated on the F– and GeF–

3 yields.

4.4.2 Results and discussion

Figures 4.13, 4.14 and 4.15 show the ion yield curves observed upon DEA
for CF4, SiF4 and GeF4, respectively, in the incident electron energy range
from about 0-14 eV. Both CF4 and SiF4 were measured in the laboratory in
Reykjavík using the apparatus described in section 3.2 and GeF4 was mea-
sured at the Sophia University in Tokyo, Japan using an apparatus described
in [34]. In cases where the peaks in the ion yield curves consist of contribu-
tion from more than one resonance, the respective peaks were fitted with
Gaussian functions in order to deconvolute the contributions. These fits are
shown with colored solid lines in the ion yield curves. The arrows in figures
4.13 - 4.15 indicate the AE of each peak, obtained by fitting a Wannier-type
threshold law to the rising side of the peaks, as described in section 3.2.2.
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Figure 4.13: Dissociative electron attachment ion yield curves for CF4 in the
energy range from ∼ 0 to 15 eV. The arrows indicate the AEs determined for
each peak and the solid lines in a) are Gaussian fits, representing the two
overlapping resonances, see text for further discussion. Figure taken from
reference [34]. Copyright © 2013 Elsevier B. V.

4.4.2.1 Carbon tetrafluoride

As shown in figure 4.13, three fragments were observed from CF4. These are
F– through two overlapping resonances, the complementary ion CF–

3 through
one resonance and F–

2 also through one contribution. The contribution near
0 eV in the ion yield curve of F– is most likely not due to DEA to CF4, but
rather due to DEA on CF3 radicals formed on the hot filament. Some of these
radicals may find their way to the collision region of the monochromator
where they are dissociated and appear as impurities in the ion yield curve.

The AE of the F– signal is 4.7±0.1 eV. From earlier KER measurement it was
known that the peak consisted of two overlapping resonances [17, 72], one
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4.4. DEA to the group IV tetrafluorides

of which yields high KER ions but the other yields ions with near thermal
kinetic energy. The peak maximum is at 7.7±0.1 eV and the Gaussian fits
give the peak maxima of 6.5 eV and 7.7 eV for the lower and higher energy
contributions, respectively. From the Gaussian fits to the ion yield curves it
can be seen that the higher energy resonance has almost three times higher
contributions than the lower. Care should be taken when comparing the
intensities of high and low KER ions, as the extraction in the current instru-
ment discriminates against the high KER ions, i.e., some of the higher KER
anions are lost in extraction. The AE of the CF–

3 peak is 4.5±0.1 eV and the
peak maximum is at 7.2±0.1 eV. Unlike F–, the complementary anions, CF–

3,
is only formed through the lower energy resonance, which has high KER
[17, 33]. As discussed earlier, the high KER resonance is due to trapping of
the incident electron to a previously unoccupied t2 orbital, for more detailed
discussion on this, please refer to section 4.1.

We also observed the formation of F–
2 with the AE of 5.6±0.1 eV and peak

maximum at 7.0±0.1 eV. The formation of this ion has been disputed by Ku-
mar et al. [78]. Special care was taken when measuring the F–

2 to exclude
the possibility that this was an artifact in the measurements. We are thus
confident that it is, in fact, formed via DEA. By using standard thermochem-
istry data [113, 114] we derive a thermochemical threshold of 4.75 eV for the
formation of F–

2, i.e., well below the observed AE.

4.4.2.2 Silicon tetrafluoride

The DEA ion yield for SiF4 is shown in figure 4.14 in the energy range from
about 0-15 eV. The molecule shows similar fragmentation pattern as CF4,
yielding F–, SiF–

3 and F–
2. The complementary fragments F– and SiF–

3, are
observed through three resonances. The main contribution of these ions
have an AE of 10.2±0.1 eV and the peak maxima are at 11.2±0.1 eV and
11.1±0.1 eV, for F– and SiF–

3, respectively. Furthermore, F–
2 is formed through

this same resonance, with an AE of 10.3±0.1 eV and peak maximum at
11.1±0.1 eV. In addition, F– and CF–

3 are formed through two other reso-
nances. The lower energy resonance is seen between 9 and 10 eV in the ion
yield curve, but the higher energy resonance is close to 12 eV. The AEs of this
lower energy contribution cannot be estimated, due to the low signal to noise
ratio. An estimation of the AE for the higher energy resonance was obtained
from a Gaussian fit and was found to be around 11.9 eV for both F– and SiF–

3.
Due to the overlap with the larger peak, the onset of the higher peak could
not be fitted with a Wannier-type function. The current AEs and peak max-
ima are compared to values found in the literature in table 2 in article V. Our
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Figure 4.14: Dissociative electron attachment ion yield curves for SiF4 in the
energy range from ∼ 0 to 15 eV. The arrows indicate the AEs determined for
each peak. Figure taken from reference [34]. Copyright © 2013 Elsevier B. V.

values for the peak maxima are in good agreement with the literature values
while the AEs are generally slightly lower in our measurements.

An enhancement in the vibrational excitation cross section around 7 eV has
been attributed to a 2T2 shape resonance [115] in accordance with photo-
excitation spectroscopy [116, 117]. No indication of such low energy reso-
nance were observed in the current measurements, and due to the short life-
times towards AD for shape resonances, one would expect to see a contribu-
tion lower than 7 eV in the DEA channel. Assuming the virtual orbital order
for SiF4 to be 6a1, 6t2, 7a1 [116, 117] we tentatively assign the low intensity
contribution as a shape resonance resulting from a temporary occupation of
the 7a1 LUMO+2 orbital.
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4.4. DEA to the group IV tetrafluorides

Using EELS it has been shown that the lowest energy valence transitions are
located at 11.80 eV and 13.0 eV. These have been assigned as 1t1 → 6a1 and
5t2 → 6a1 transitions, respectively [118]. Accordingly, we attribute the two
higher resonances seen in the DEA measurements as core-excited resonances
of T1 and T2 symmetry, respectively. The configuration of the outermost
electrons in the TNIs would therefore be . . . 5t261t156a1

2 and . . . 5t251t166a1
2

for the lower and higher energy resonance, respectively.

4.4.2.3 Germanium tetrafluoride

The ion yield upon DEA for GeF4 is shown in figure 4.15. The dissociation
pattern is much richer than seen for the other congeners, CF4 and SiF4. The
formation of F– is observed already 0 eV and also through three other con-
tributions, with peak maxima close to 7 eV for the lowest resonance and at
8.1 ± 0.3 eV and 10.9 ± 0.3 eV for the two higher resonances, respectively.
The complementary anion, GeF–

3, is observed through two of these contri-
butions, with peak intensities at approximately 6.8 and 8.0 ± 0.3 eV. Further
fluorine loss from the parent molecule was also observed as GeF– and GeF–

2
these were, however, only minor contributions. The GeF– anion was ob-
served through one resonance with peak value of 7.3 ± 0.3 eV and GeF–

2 was
observed through two contributions, with maxima at around 7 eV and at 8.6
± 0.3 eV. The molecular anion, GeF–

4, was also observed through a contribu-
tion at threshold. Similarly to CF4 and SiF4, F–

2 was also formed in DEA to
GeF4, but with considerably lower intensity than the other fragments (not
shown here).

In their study, Harland et al. [111, 112], observed the same fragments as
in the current study, except GeF–, which is the lowest intensity fragment in
out measurements, see figure 4.15. There are, however, three differences be-
tween the current and previously reported studies [105, 111, 112]. The first
is that the most intense fragment observed in our study is F– through a 0 eV
contribution, which is not seen in the other measurements, the second is the
GeF– formation seen by us but not in the earlier studies. The third differ-
ence is that we observe a general trend of the redshift of the peak maxima
compared to the earlier studies.

By applying equation 2.10 the observation of F– already at 0 eV indicates that
the BDE of Ge−F is lower than the EA of fluorine, which is 3.40 eV [119]. This
is a considerably lower BDE than the value of 5.4 eV reported by Harland et
al. [112], 4.91 - 5.16 eV as calculated by Li et al. [120] or 5.56 eV as calculated
by Wang and Zhang [121]. For a further discussion on the BDEs in GeF4,
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Figure 4.15: Dissociative electron attachment ion yield curves for GeF4 in the
energy range from ∼ 0 to 13 eV. The arrows indicate the AEs determined for
each peak. Figure taken from reference [34]. Copyright © 2013 Elsevier B. V.

please refer to article V.

A steep rise below 2 eV is observed in the total electron scattering cross sec-
tion of GeF4 [122]. This is attributed to an A1 symmetry resonance. Accord-
ingly, we attribute the 0 eV contributions of GeF–

4 and F– around 0 eV to be
associated with the a1 low lying orbital. The contributions peaking around
7 eV can be assigned as a shape resonance of T2 symmetry, in accordance
with the enhancement seen in the total scattering cross section [122]. The
contributions observed around 8 eV in the current measurements are, how-
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4.4. DEA to the group IV tetrafluorides

ever, more difficult to assign. In the vacuum-ultraviolet (VUV) spectrum,
the lowest transition is seen with maximum at 10.42 eV, which is assigned as
t2 → σ∗ transition [123]. This is consistent with the lowest energy peak in
EELS which is a broad peak with maximum at 10.42 eV, assigned as one or
more transition from HOMO and/or HOMO-1 to the two first LUMOs [118].
It should be noted at this time that resonances are usually seen at lower en-
ergies in DEA than EELS due to the competition of DEA with AD. It is thus
possible, in analogy to the SiF4, that the 8 eV contribution observed in DEA
to GeF4 originates from a core excited resonance of T1 symmetry that corre-
sponds to a t1 → a1 (HOMO–LUMO) transition which is unresolved at the
lower-energy side of the first peak in the EELS measurements. Similarly the
high energy contribution in the F– yield at around 11 eV may correspond to
the second peak observed in the EELS, that has tentatively been assigned as
a t2 → a1 transition [118].

4.4.3 Conclusions

We have conducted a DEA study on the group IV tetrafluorides; CF4, SiF4
and GeF4. In all cases, DEA yields F–, XF–

3 and F–
2 (X=C, Si and Ge). The

F–
2 formation from CF4 had been disputed earlier, but its formation was con-

firmed here. Further fragmentation was observed from GeF4 yielding both
GeF–

2 and GeF–. In the case of GeF4 the molecular anion, GeF–
4, was observed,

while it was not seen for the other molecules, CF4 and SiF4. The AEs of all
the peaks observed in the ion yield curves was deduced. The nature of the
resonances was discussed in context to previously published results, where
applicable.
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4. Results

4.5 Negative ion formation through dissociative electron
attachment to the group IV tetrabromides.

4.5.1 Introduction and motivation

Motivated by our earlier studies on the group IV tetrafluorides, which was
discussed in chapter 4.4, we conducted a DEA study on the group IV tetra-
bromides, namely CBr4, SiBr4 and GeBr4. The use of the tetrabromides in
industry is not as extensive as is the case for the tetrafluorides. Carbon tetra-
bromide has, however, to some extent been used as an etching gas in chemi-
cal vapour deposition, see for example ref. [124] while both SiBr4 and GeBr4
have been used for the deposition of silicon and germanium nanoparticles,
respectively, see for example refs. [125, 126]. Studies on electron interac-
tions with the group IV tetrabromides are scarce. DeCorpo and Franklin
[127] reported a study on the electron affinities of the halogen compounds
using DEA and Pabst et al. [128] published a DEA study on the tetrachlo-
rides and tetrabromides of silicon and germanium in 1977. They observed
resonances yielding Br–, Br–

2, XBr–
3 and XBr–

2 (X=Si and Ge) from the bromi-
nated compounds. A more recent study was published by Sunagawa and
Shimamori [129] dealing with the rate constant and cross sections for bromi-
nated methanes, including CBr4. Furthermore, Modelli et al. [130] reported
the electron transmission spectrum and Xα calculations for various com-
pounds, including CBr4. They reported resonances located at 0.42, 3.4 and
5.7 eV in CBr4. Wan et al. [131] published an electron transmission study on
SiBr4, reporting resonances at 1.2 and 4.5 eV. To our knowledge, no such elec-
tron transmission study has been published for GeBr4. In addition, several
studies dealing with elastic electron scattering from the compounds have
been reported [132–134].

4.5.2 Results and discussion

The DEA ion yield curves for the compounds, CBr4, SiBr4 and GeBr4, are
shown in figures 4.16, 4.17 and 4.18, respectively. The ion yield curves were
recorded in the range from 0 eV to 15 eV, but only showed up to 10 eV as
nothing was seen there above. All of the three molecules showed similar dis-
sociation patterns yielding the complementary fragment pairs Br– and XBr–

3
and Br–

2 and XBr–
2 (X = C, Si and Ge). In addition, the molecular anion was

observed around 0 eV for SiBr4 but not for the other molecules. The arrows
in figures 4.16-4.18 indicate the AEs of the respective ions. These were ob-
tained by fitting a Wannier-type threshold law to the experimental data, as
discussed in chapter 3.2. We also fitted the threshold with a linear functions
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Figure 4.16: Dissociative electron attachment ion yield curves for CBr4 in the
energy range from ∼ 0 to 10 eV. The arrows indicate the AEs determined for
each peak. Figure taken from reference [71]. Copyright © 2014 Elsevier B. V.

for comparison. Those values along with calculated threshold values are
given in table 1 in paper VI. The thermochemical thresholds were calculated
using Density Functional Theory (DFT) [135] at the B2PLYP/ma-TZVP level
[136, 137].

4.5.2.1 Carbon tetrabromide

Figure 4.16 shows the ion yield from CBr4 as a function of incident elec-
tron energy. In the energy range from ∼ 0 - 10 eV we observed two distinct
contributions. The ionic fragments Br–, Br–

2, CBr–
2 and CBr–

3 were all formed
through the lower energy contribution while the higher energy contribution
yielded Br–, Br–

2 and CBr–
2.
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The AEs for the lower energy peaks is around 0 eV for Br–, Br–
2 and CBr–

3 but
around 0.3 eV for CBr–

2. The peak maximum for Br– is at 0.2 eV, at 0.4 eV for
both Br–

2 and CBr–
3 and at 0.8 eV for CBr–

2. Modelli et al. [130], using electron
transmission spectroscopy, assigned a peak centered 0.42 eV as a T2 shape
resonance, which is in good agreement with the current results. Using their
Xα calculations they placed the A1 resonance, associated with the LUMO at
-1.42 eV and accordingly, this resonance is not expected to be seen in DEA.
Modelli et al. [130] also observed two other resonances, located at 3.4 and
5.7 eV. The position of the one at 3.4 eV, is in agreement with the location of
the higher energy resonance observed in the current study. This resonance
could, however, also be of core-excited nature and therefore a definite as-
signment is not possible using the current data.

4.5.2.2 Silicon tetrabromide

The ion yield curves from SiBr4 are shown in figure 4.17. The most notice-
able difference from CBr4 is the formation of the molecular anion through a
narrow 0 eV contribution. The fragmentation pattern observed was identical
to that of CBr4, i.e., the formation of Br–, Br–

2, SiBr–
2 and SiBr–

3.

We tentatively attribute the formation of the molecular anion to a vibrational
Feshbach resonance associated with the a1 symmetry LUMO of the molecule
but also note that the anion might be formed in a non-adiabactic capturing
process similar to what is observed in SF6 [69] and CCl4 [138]. The Br– for-
mation also peaks at 0 eV and we attribute that contribution to the same res-
onance. It should, however, be noted that the thermochemical calculations
yield a value of 0.43 eV for the formation of Br–. As can be seen from figure
4.17, the ion yield for Br– stretches well above 1 eV. The higher energy tail of
the peak we believe is due to a T2 shape resonance, which is in agreement
with the electron transmission results from Wan et al. [131]. The comple-
mentary fragment, SiBr–

3 is also observed through this same resonance, peak-
ing slightly above 1 eV. Due to the hygroscopic nature of SiBr4, HBr can be
formed through the reaction of the molecule with humidity from air. There is
a resonance in HBr yielding Br– which is centered at around 0.5 eV [56]. This
resonance might effect the observed Br– signal in the current measurements.
A low energy peak is seen in the ion yield curve for SiBr–

2. We exclude the
possibility that this ion is formed through the T2 resonance discussed above,
as the calculated thermochemical threshold for its formation is 2.61 eV, i.e.
well above the observed AE. We rather attribute this to DEA to SiBr3 radical
formed from decomposition of SiBr4 at the hot filament.
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Figure 4.17: Dissociative electron attachment ion yield curves for SiBr4 in the
energy range from ∼ 0 to 10 eV. The arrows indicate the AEs determined for
each peak. Figure taken from reference [71]. Copyright © 2014 Elsevier B. V.

From SiBr4 all the ions are formed through a higher lying resonance which
appears at 4.3, 4.5 and 4.8 eV for Br–, Br–

2 and SiBr–
2, respectively. The contri-

bution of SiBr–
3 was too small in order to obtain the AE for that process. The

peak for the SiBr–
3 formation is positioned considerably lower than the peaks

for both Br–
2 and SiBr–

2 while the contribution of Br– is broader. This is ana-
logue to CF4 where F– is formed through two different resonances, see dis-
cussion in section 4.1. The SiBr–

3 is only observed through the lower energy
resonance but Br–

2 and SiBr–
2 are only observed through the higher energy
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resonance. These contributions agree well with the results of the electron
transmission measurements [131] which showed a peak around 5 eV. These
resonances might also be due of core-excited nature with T1 (HOMO excita-
tion) or the T2 (HOMO-1 excitation) symmetry.

Finally, it should be mentioned that the current data show qualitative agree-
ment with the earlier measurements by Pabst et al. [128], which showed the
formation of SiBr–

3 and SiBr–
2 through the higher energy resonance. They did,

however, not cover lower energies where the A1 resonance was observed in
the current study.
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Figure 4.18: Dissociative electron attachment ion yield curves for GeBr4 in
the energy range from ∼ 0 to 10 eV. The arrows indicate the AEs determined
for each peak. Figure taken from reference [71]. Copyright © 2014 Elsevier
B. V.
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4.5.2.3 Germanium tetrabromide

The DEA profile of GeBr4, shown in figure 4.18 has certain similarities to that
of CBr4. A low energy contribution is observed yielding Br–, Br–

2 and GeBr–
3

with a peak maxima in the range 0.4-0.5 eV and AEs at ∼0 eV in all cases.
The branching ratios qualitatively follow the calculated thresholds, i.e., the
most energetically favourable channel dominates.

To our knowledge, there is no electron transmission study of GeBr4 in the
literature. It should, however, be noted that GeBr4 has similar BDEs to those
of CBr4. Thus it is more appropriate to compare GeBr4 with CBr4 rather than
with SiBr4 where the BDEs are higher. We thus assign this lower resonance
as a T2 symmetry shape resonance in analogy with the ETS measurements
in CBr4. This assignment is further supported by the lack of both a 0 eV
contribution and the fact that the molecular anion is not observed, which
might be expected through the A1 symmetry resonance like in the case of
the SiBr4.

The higher energy peaks have AEs ranging from 2.0 - 2.7 eV. Similar to what
was observed from SiBr4, Br–

2 and GeBr–
2 are predominantly formed through

the higher energy resonance with GeBr–
3 only formed through the lower en-

ergy resonance and Br– through both. The asymmetry and shift to higher
energy of the low Br–

2 yield indicates that the branching ratio for this frag-
ment is only sufficient for its observation through the higher flank of this
resonance.

4.5.3 Conclusions

DEA to the group IV tetrabromides yields two pairs of complementary frag-
ments, i.e. Br– and XBr–

3 as well as Br–
2 and XBr–

2 (X = C, Si and Ge). In
addition, the molecular anion was also observed in the case of SiBr4 while
it was not the case for the other two molecules. All the molecules show
a low energy contribution which coincides well with a T2 shape resonance
(LUMO+1) observed in the electron transmission spectra of both CBr4 and
SiBr4 [130, 131]. For SiBr4 an even lower resonance is observed yielding both
the molecular anion and Br– which we attribute to a vibrational Feshbach res-
onance associated with the a1 symmetry LUMO of the molecule. At higher
incident electron energies two contributions are observed in the ion yield
curves for SiBr4 and GeBr4 while only one is observed for CBr4. The nature
of these processes is not clear from the current measurements. They might
either be shape resonances or due to core-excited resonances. EELS and/or
vibrational scattering studies might reveal the nature of these processes.
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5 Summary

In this thesis, detailed studies on DEA to group IV tetrahalides that possess
either C3v or Td symmetry were presented. The measurements are part of
the effort to obtain a comprehensive picture of low energy electron interac-
tions with the group IV halides. The work presented was divided to two
parts. In the former, VSI measurements to the halogenated methane deriva-
tives CF4, CF3Cl and CF3I were presented. These VSI measurements give
insight into the, often very complicated, dissociation dynamics in DEA. In
the second part of this thesis, comprehensive DEA measurements on group
IV tetrahaldies, XY4 (X = C, Si and Ge and Y = Cl and Br) using a crossed
electron and molecular beam apparatus were presented.

By applying the VSI technique, the angular distribution of anions formed
through selected resonances in CF4, CF3Cl and CF3I and the kinetic energy
released in the respective channels could be acquired. This gave a more com-
plete picture of the dissociation dynamics than has been achieved before.

For CF4 it was shown that the DEA process cannot be described within the
rigid ground state symmetry of the molecule, Td, and can thus not be treated
within the current framework of theory. Instead, the DEA process is best
described as the interaction of the incoming electron with a superposition of
the target and product states, i.e. the Td symmetry target state and the TNI
product state of C3v symmetry, formed upon the attachment of the electron.
The degeneracy of the triply degenerate t2 orbital, to which the electron is at-
tached in this process, is lifted during the attachment process due to strong
coupling between the electronic and nuclear coordinates, i.e., by JTE. This
notation of the strong influence of the JTE in the attachment process is fur-
ther supported by the kinetic energy distribution of the anions. In F– the
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KER rises linearly with increasing incident electron energy while for CF–
3

two distributions are apparent. As discussed in section 2.2.3, a DEA process
becomes energetically possible when the sum of the incident electron energy
and the EA of the charge carrying fragment in the process compensate for
the BDE of the breaking bond. Thus, at incident electron energies below the
BDE, a full contribution of the EA is needed and therefore the CF–

3 anion must
relax towards its ground state geometry. This, in turn, dampens the disso-
ciation process and allows redistribution of the energy. At electron energies
above the BDE, on the other hand, the dissociation can proceed without this
relaxation of the anion, making the process faster. Hence, the dissociation
proceeds in a quasi-diatomic manner and the excess energy is converted to
kinetic energy rather than to internal energy of the fragments.

For CF3Cl we could clearly show that the low energy resonance yielding
Cl– is of A1 symmetry and is associated with considerable KER. Due to the
low KER of the higher energy resonance yielding Cl– we could not obtain
its symmetry. The F– contribution peaking at 4.1 eV was shown to consist
of two overlapping resonances, which had not been observed before. One
of these resonances produced fragments with thermal kinetic energy while
the other was associated with fragments having considerable KER. The high
KER resonance was assigned as a shape resonance of A1 symmetry but due
to the low KER the other resonance could not be unambiguously assigned.

CF3I has been suggested as a suitable candidate to replace CF4 in plasma
processing. Due to the weak C−I bond it breaks down easily in the atmo-
sphere and therefore, does not contribute significantly to global warming or
ozone depletion. Using VSI we could visualize the complete dynamics of
this process and unambiguously show that the electron driven dissociation
proceeds from the same initial parent state as the corresponding photolysis
process, i.e., a state where an electron is excited from an a1 symmetry σ or-
bital to the σ∗ C−I antibonding orbital. However, in contrast to photolysis,
which leads nearly exclusively to the 2P1/2 excited state of iodine, electron
induced dissociation leads nearly exclusively to the 2P3/2 ground state. We
attribute this to the changed spin multiplicity of the negative ion allowing
an adiabatic dissociation through a conical intersection, while this path is
efficiently repressed by a required spin flip in the photolysis process.

In the second part of this thesis DEA to the group IV tetrahalides, XY4
(X = C, Si and Ge and Y = F and Br), is presented. Many of these molecules
have been used extensively in industry throughout the years or have the po-
tential to be used in the semiconductor industry or in optical applications.
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Nonetheless, to date, DEA data on the bulk of these molecules is limited
or non-existent. We thus undertook a comprehensive study to clarify the
DEA to these molecules in the energy range from 0 - 15 eV. This includes
determination of appearance energies, peak maxima and relative cross sec-
tions in order to establish benchmark values. Furthermore, the nature of
the resonances involved in DEA were discussed in the context of the cur-
rent measurements and complementary measurements in the literature. For
the fluorine derivatives we observed a fragmentation pattern yielding F–,
XF–

3 and F–
2 in all cases (X = C, Si and Ge). The disputed F–

2 formation in
CF4 could be showed unambiguously . In GeF4 a more extensive fragmenta-
tion was observed, yielding both GeF–

2 and GeF–. In addition the metastable
molecular anion, GeF–

4, could be identified. For the brominated molecules,
two complementary ion pairs were observed from all compounds, i.e., Br–,
XBr–

3, XBr–
2 and Br–

2 (X = C, Si and Ge). The metastable molecular anion was
observed for SiBr4, through a narrow 0 eV contribution. All the fragments
were observed with more than one contribution and the nature of the DEA
resonances observed was discussed in context with the literature.
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Frı́mann H. Ómarsson,1 Ewelina Szymanska,2 Nigel J. Mason,2 E. Krishnakumar,3 and Oddur Ingólfsson1,*
1Department of Chemistry and Science Institute, University of Iceland, Dunhaga 3, 107 Reykjavı́k, Iceland

2Department of Physical Sciences, The Open University, Walton Hall, MK7 6AA Milton Keynes, United Kingdom
3Tata Institute of Fundamental Research, Homi Bhabha Road, Colaba, Mumbai 400005, India

(Received 8 April 2013; published 6 August 2013)

Exploiting the technique of velocity slice imaging, we have performed a detailed study of reactive

electron scattering with CF4. We have measured the electron impact energy dependence of both the

angular and kinetic energy distributions of the channels yielding F! and CF!3 anions. These data provide

an unprecedented insight into the quantum superposition of the target state and product channels,

respectively, of Td and C3v symmetry, and shed new light on the dissociation dynamics.

DOI: 10.1103/PhysRevLett.111.063201 PACS numbers: 34.80.Ht

In molecules with a highly symmetrical configuration of
the nuclei, the electronic term may be degenerate, and
hence it is possible to find nuclear displacements that lift
the degeneracy and reduce the point symmetry. Under such
circumstances, the minima in the adiabatic potentials cor-
respond to a finite number (>1) or even a continuous set of
nuclear configurations. Thus, it becomes impossible to
describe the state of the molecule by assuming that the
nuclei are fixed at a certain position of equilibrium corre-
sponding to one particular minimum in the adiabatic
potential. For a molecule with a threefold or higher sym-
metry, this phenomenon is described by the Jahn-Teller
effect (JTE) [1], but a similar effect is observed when
breaking lower symmetries, such as in the case of CO2

[2,3]. The dynamics induced by this effect are related to
electrical and magnetic properties of molecular systems,
and there are many illustrations of the JTE in spectroscopic
studies. However, in contrast, less is known about its con-
sequences in scattering studies, despite the fact that, e.g., in
low energy electron scattering of gas phase molecular
targets, the angular distributions of the final products are
dictated by the symmetry of the resonance states involved.
In this context, Ziesel et al. [4] inferred that in a very low
energy (< 0:1 eV) electron collision with CCl4, the s-wave
attachment is enabled through lowering of the symmetry of
the target from Td to C3v. Similarly, in C6H6, the nuclear
distortion caused by the JTE lowers the symmetry of the
molecule and thus allows the swave to ‘‘leak in’’ to form a
symmetry allowed virtual state [5–7]. Furthermore, in a
recent dissociative electron attachment (DEA) study on
CH4, the JTE is proposed to be reflected in the angular
distribution of the H! ions [8]. It has therefore been
proposed that, in general, in the scattering dynamics of a
low energy projectile interacting with highly symmetric
molecular targets, the description of the scattering pro-
cesses within a single (rigid) point group is inadequate
[5,9,10]. DEA is such a process, where an incident electron
is captured by the molecular target (ABC) in a low energy

(< 10 eV), reactive scattering process, to form a transient
negative ion (TNI), i.e., a resonance (ABC!#). In DEA, this
resonance subsequently decays to produce a negative ion
fragment and a neutral counterpart:

e! þ ABC ! ABC!# ! ABþ C!: (1)

Thus, in DEA, characteristic features of both the initial
target and the TNI may be reflected in the angular distri-
bution and kinetic energy release of the respective frag-
ments. It should be noted that generally the TNI may also
decay in to the elastic or inelastic channel by reemission of
the electron, and the whole scattering process is a super-
position of these three channels.
In this Letter, we have studied DEA to carbon tetrafluo-

ride CF4, which in its ground state is tetrahedral, i.e., of Td

symmetry, and therefore is a very suitable model compound
to study the fundamental aspects of electron-molecule inter-
actions such as the coupling between electronic states and
nuclear motion. The outer valence electron configuration of
CF4 is . . . ð4a1Þ2ð3t2Þ6ð1eÞ4ð4t2Þ6ð1t1Þ6, leading to a 1A1
ground state. The two lowest virtual orbitals in CF4 are
expected to be the 5a1 and 5t2 antibonding !% orbitals;
however, their relative positions are not well established
(see, for example, Refs. [11,12] and references therein). In
electron attachment to CF4 in its undistorted Td symmetry,
we expect the formation of a shape resonance of eitherA1 or
T2 symmetry, or a core excited resonance of E, T2, or T1

symmetry. However, upon electron attachment to the triply
degenerate t2 orbital, the molecular anion is expected to
assume C3v symmetry, by stretching one of the C-F bonds,
and thus the triply degenerate t2 orbital will split into a
nondegenerate a1 and a doubly degenerate e orbital [11].
We therefore explored whether such degeneracy can be
observed in the DEA products, resulting from reactive
electron scattering from this target. In the current mea-
surements, we use the velocity slice imaging (VSI) tech-
nique [13], where angular distributions can be recorded
over the whole angular range 0&–360& simultaneously.
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The experimental setup has been described previously [13].
In brief, it consists of a molecular beam crossed with a
magnetically collimated, pulsed electron beam, a time of
flight mass spectrometer operating in a VSI configuration,
and a phosphor screen detector with pulsed bias and a CCD
camera. After electron-molecule collisions, the product
anion cloud expands for 200 ns to form a Newton sphere.
Using this method, we can obtain angular distributions of
the fragment anions directly, without having to use a recon-
struction algorithm such as the inverseAbel transformation.
Such distributions may then be fitted using the method
described by Azria et al. [14], which is a polyatomic exten-
sion of the diatomic model originally proposed by
O’Malley and Taylor [15] and later modified by Tronc
et al. [16]. Details of the theory behind the fitting procedure
and its application can be found in these references and
more specifically in Refs. [8,17].

In Fig. 1, velocity slice images for the F! ions are shown
at incident energies of 5.0 and 7.5 eVand for the CF!3 ions
at incident energies of 5.5 and 8.5 eV. Angular distributions
in DEA are symmetric about the electron momentum axis,
which passes down through the center of the distributions
in Fig. 1, and therefore we fitted the angular distributions
over the range from 0&–180&; these fits are shown in Fig. 2.
The angular distributions for F! and CF!3 are approxi-
mately mirror images with respect to the vertical axis,
confirming that these anions are produced via the same
resonance. These angular distributions can only be repro-
duced satisfactorily if contributions from both the Td and
the C3v point groups are considered. This is also apparent
in a recent VSI study on CF4 [18], where the
CF!3 angular distribution was fitted within a single

symmetry Td point group, but s-wave contributions were
included in these fits to achieve acceptable agreement. We
note that in the description of resonant electron scattering
by molecules within the Td point group, such s-wave
contributions are not allowed [19]. Using a single symme-
try Td point group, the current fits to the F! and
CF!3 angular distributions result in R2 values below 0.89
and 0.68, respectively (dashed lines in Fig. 2). In contrast,
fits considering contributions from both the Td and the C3v

point group, by using a linear combination of these, show
R2 values in excess of 0.96 for both fragments (solid lines
in Fig. 2). Even though the difference is more apparent for
CF!3 , it should be noted that the extreme angular values,
describing the forward and backward (0& and 180&) com-
ponents, are also fitted considerably better for F! using the
two point-group fit method. We further note that such
forward or backward asymmetry can arise when there is
more than one partial wave contribution, where at least one
is even and another one odd, and their coherent action gives
an odd function for the intensity. Here, for the T2 symmetry
within the Td point group alone, we have p, d, and f waves.
We can explain these results by a quantum mechanical

superposition of the Td and C3v states in the scattering
process, requiring a dynamic description of the scattering
event. Because of the lifting of the degeneracy of electronic

FIG. 1 (color online). Velocity slice images of F! (upper) at
5.5 eV (left) and 7.5 eV (right) and of CF!3 (lower) at 5.5 eV
(left) and 8.5 eV (right). The electron beam traverses downward
and through the center of each figure.
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FIG. 2 (color online). Fitted angular distribution for F! (upper
panel) at (a) 5.5 eVand at (b) 7.5 eVand for CF!3 (lower panel) at
(c) 5.5 eV and at (d) 8.5 eV. The dotted lines show fits using a
single symmetry Td point group, and the solid lines are fits using
a linear combination of contributions from both the Td and C3v

point groups. The former give an R2 value of <0:89 and <0:68
for F! and CF!3 , respectively, while the latter give R2 values in
excess of 0.96 in all cases. In particular the fits, using a single
symmetry Td point group, fail to reproduce the angular distri-
bution around 0& and 180&.
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states, the incoming electron interacts with both the Td

configuration and the C3v configuration, when forming the
resonance. This is subsequently reflected in the angular
distribution of the anionic fragments produced by the
decay of the resonance. Thus, any description of the scat-
tering process within a single symmetry group fails, as the
resulting angular distributions can no longer be described
within the framework of a static scattering center using a
single symmetry group. We attribute this to the fast nuclear
separation, caused by the lifting of the degeneracy of the
triply degenerate t2 orbital not allowing the angular distri-
bution of the anionic fragments to be depicted within the
single Td point group describing the initial symmetry of the
molecule.

This is also manifested in the kinetic energy release
(KER) arising from the dissociative relaxation of this
resonance. Figure 3 shows the KER for (a) the F! and
(b) the CF!3 fragmentation channel, i.e., the total kinetic
energy that is released in the respective fragmentation
processes. The KER in the F! channel shows a monotonic
rise with increasing electron energy with a slope of 0.4,
which corresponds to 40% of the available excess energy
being released into the kinetic energy of the fragments. In
contrast, the plot of the KER through the CF!3 channel
shows two distinct sections discernible in the electron
energy dependency. For the first, below 7 eV, the slope is
about 0.6, but for the second, above 7 eV, the slope is close
to unity. Hence, the CF!3 formation proceeds through two
distinct processes with the majority of the available excess
energy transferred into KER above 7 eV. This is also
evident from the different kinetic energy distributions in
the CF!3 ion yield, which is about 0.2 eV narrower
(FWHM), for the forward component, at 8.5 eV than at
5.5 eV. Hence, above 7 eV, where the bulk of the excess
energy goes into KER, the distribution is narrower than

below 7 eV, where part of the excess energy goes into
internal excitation and thus causes the kinetic energy dis-
tribution to broaden. We note at this point that earlier KER
measurements using time of flight did not reveal these
distinctive components [20,21].
We attribute these two components in the CF!3 KER, to

thermochemical restrictions of the DEA leading to internal
vibrational redistribution (IVR) when this process pro-
ceeds at electron incident energies below the F3C-F bond
dissociation energy (BDE). In contrast, at electron incident
energies above the F3C-F BDE, these restrictions do not
apply, and strong coupling of the electronic and nuclear
kinetic energy is clearly manifested in the substantially
higher KER. For a ‘‘simple’’ DEA process, e.g., the CF!3
formation fromCF4, the thermochemical threshold is given
by the difference between the BDE of the F3C-F bond and
the adiabatic electron affinity of the CF3 radical; see
Eq. (1). Accordingly, if the incident electron energy is
less than the F3C-F BDE, i.e., <5:67 eV, the nascent
CF!3 product anion has to relax toward its equilibrium Cs

geometry for molecular dissociation to occur (see Fig. 4,
pathway 1). Hence, at incident energies below the F3C-F
BDE, a contribution from the adiabatic electron affinity is
needed in order to make the reaction thermochemically
possible.
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FIG. 3. Measured KER versus incident electron energy for the
F! channel (left) and the CF!3 channel (right). While the KER in
the F! channel shows a monotonic rise with increasing incident
electron energy, two distinct sections are clearly discernable in
the CF!3 channel. From these, the KER in the higher energy
section is close to unity; i.e., all excess energy goes into the
kinetic energy of the fragments.

FIG. 4. Schematic representation of dissociation pathways
yielding the relaxed CF!3 1 and the strained (unrelaxed) CF!%

3

2 in DEA to CF4. The reaction paths are depicted on the left
along a reaction coordinate Q. For the relaxed CF!3 formation
(solid lines), this reaction coordinate represents the F3C-F bond
elongation as well as relaxation of the FCF angles toward the
CF!3 equilibrium geometry. For CF!%

3 (dashed line), on the other
hand, this reaction coordinate represents the F3C-F bond elon-
gation only. The shaded area represents the Franck-Condon
transition from the neutral ground state to the anionic potential
energy surface, and "1 and "2 the thermochemical threshold for
reaction pathways 1 and 2, respectively. On the right-hand side,
the schematic potential energy curves of CF!3 and CF!%

3 are
given as a function of RCF, i.e., equal elongation of all C-F
bonds.
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This, in turn, restricts and slows down the nuclear sepa-
ration and thus promotes IVR of the available excess
energy at the cost of the KER. However, if the incident
electron energy is larger than the F3C-F BDE, dissociation
can proceed in a quasidiatomic manner, without relaxation,
and CF!3 can be formed in an excited (geometrically
unrelaxed) state: CF!%

3 (pathway 2 in Fig. 4).
This in turn allows for rapid conversion of electronic

kinetic energy into nuclear kinetic energy and thus unre-
stricted separation without substantial IVR, resulting in
substantially higher KER in the process.

This interpretation is further supported when we com-
pare the difference between the thresholds for the CF!3 and
CF!%

3 formations we derive from our current study with a
recent theoretical study on DEA to CF3 by Hayashi [22],
where he calculated the potential energy surfaces for CF3,
CF!3 , and CF!%

3 as a function of the CF distance. In his
study, the FCF angle was fixed at the 111& equilibrium
angle of the neutral radical for both CF3 and CF!%

3 and at
the 99.8& equilibrium angle of the ground state anion for
CF!3 . The total energy was then explored along a coordi-
nate of equal stretching of all C-F bonds, hence, under C3v

symmetry constraints. The minimum total energy of CF!3
was found to be 1.72 eV below that of the neutral radical, in
good agreement with the electron affinity of CF3 [23]. In
contrast, for CF!%

3 , the minimum total energy was found to
be about 0.5 eV below that of the neutral radical, i.e., about
1.2 eV above the geometrically relaxed CF!3 anion. At the
threshold for a given DEA process, the ions are formed
with zero kinetic energy and the threshold energy, Eth can
thus be obtained from the current data by extrapolating the
electron energy dependency of the KER to zero kinetic
energy. With this method, we obtain a threshold of 3.79 and
5.11 eV for the formation of CF!3 below 7 eV and CF!%

3

above 7 eV, respectively. This is a difference of 1.32 eV,
which compares well with the value of about 1.2 eV de-
rived in the calculations by Hayashi [22].

Hence, at incident electron energies below the F3C-F
BDE, the momentum of the nuclear separation is damped,
due to the required relaxation of the product CF!3 . This
restricts the fast nuclear separation expected from the
strong electronic and nuclear coupling responsible for
the JTE, and thus leads to increased IVR. In contrast, above
the F3C-F BDE, the TNI (or ‘‘resonance’’ CF!4 ) can re-
spond instantaneously to the changing electronic configu-
ration, and the F3C-F bond dissociation can proceed in a
quasidiatomic manner. This contrast leads to a clear mani-
festation of strong electronic and nuclear coupling in the
substantial KER increase in the CF!3 formation above
about 7 eV.

In contrast, F! formation is very different from that for
the CF!3 formation, as no geometry change is necessary for
the 3.40 eVelectron affinity of fluorine to be available over
the whole width of this resonance. Thus, the incident
electron energy dependence of the KER in the F! channel

shows a monotonic rise over the whole width of this
resonance.
In summary, by using the new approach of VSI to study

the reactive scattering process of DEA to CF4, we have
shown that the quantum superposition of the target and
product states, respectively of Td and C3v symmetry, is
clearly manifested in the angular distributions of the prod-
uct anionic fragments, hence making it impracticable to
describe such a distribution within a single Td point group
of the target’s initial symmetry. Furthermore, the different
KER in the CF!3 formation above and below about 7 eV
reveals fast conversion of electron kinetic energy into
nuclear kinetic energy provided through the lifting of the
degeneracy of the t2 LUMO in this system, i.e., the JTE in
this scattering process.
F. H. Ó. acknowledges grants for short-term scientific

missions to Milton Keynes from the two COST actions
CM0601 (ECCL) and CM0805 (Chemical cosmos) as well
as support from the Eimskip University Fund. O. I.
acknowledges financial support from the Icelandic Center
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Abstract. A Velocity Slice Imaging (VSI) study on Dissociative Electron Attachment (DEA) to carbon
tetrafluoride, CF4, is presented. Two fragments are observed; F− produced from two, partly overlapping,
resonances and CF−

3 deriving from a single resonance. The angular distributions of these anionic fragments
and their kinetic energy distributions are reported and are then discussed in context of the influence of
the Jahn-Teller effect on the symmetry of the resonant states involved.

1 Introduction

Carbon tetrafluoride, CF4, is an important gas in plasma
processing, but at the same time a highly potent green
house gas. Owing to its widespread use in industrial ap-
plications and its stability, it is a persistent atmospheric
pollutant and its degradation in the atmosphere is of
increasing concern [1]. Due to the role of electron in-
duced processes in plasma and discharge assisted process-
ing techniques as well as the potential role of low energy
electrons in the decomposition of atmospheric CF4, it is
probably one of the more extensively studied molecules
with regards to its interaction with electrons as has been
reviewed by Christophorou et al. [2,3]. Furthermore, neu-
tral CF4, in its ground state, is tetrahedral, i.e., of Td

symmetry and a very suitable model compound to study
fundamental aspects of electron molecule interaction. CF4

has been widely researched with respect to dissociative
electron attachment (DEA) [4–10]. The DEA cross section
for CF4 is fairly high (≈1.7×10−18 cm2) [8], making DEA
potentially an efficient pathway for the breakdown of this
compound in the atmosphere. In most of the DEA stud-
ies two negative ion fragments; F− and CF−

3 are reported,
but Iga et al. [8] and a very recent study by Bjarnason
et al. [10] also reported the formation of F−

2 . In previous
DEA studies the kinetic energy release (KER) in both the
F− and the CF−

3 channels has been measured [11,12], and
it has been shown that the F− ion yield consists of con-

⋆ Contribution to the Topical Issue “Electron and Positron
Induced Processes”, edited by Michael Brunger, Radu
Campeanu, Masamitsu Hoshino, Oddur Ingólfsson, Paulo
Limão-Vieira, Nigel Mason, Yasuyuki Nagashima and Hajime
Tanuma.

a e-mail: odduring@hi.is

tributions from two, partly overlapping, resonances. The
first, lower-energy resonance, has high KER while F− re-
sulting from the higher energy resonance shows close to
thermal kinetic energy distribution. In contrast, the CF−

3
ion yield is derived explicitly from the lower energy reso-
nance and is being produced with high KER. The angular
dependence of the fragment anions formed upon DEA to
CF4 has been reported, by Le Coat et al. [12] in 1994
and in 2012 by Xia et al. [13], however, the assignments
of these resonances is still associated with some inconsis-
tencies. From the angular distribution, Le Coat et al. [12]
and Xia et al. [13] both conclude that the higher KER
resonances is a shape resonance of T2 symmetry, where
the incoming electron is trapped in a low lying t2 orbital.
However, to fit the angular distribution observed from this
resonance, Xia et al. [13] used a combination of s, p, d
and f waves, while s-wave is not allowed for a resonance
of T2 symmetry within the Td point group [14]. Le Coat
et al. [12] assigned the higher-energy contribution (low
KER) in the F− yield to a 2T1 core excited resonance as-
sociated with an electronic excitation from the t1 HOMO
to the LUMO. They used p and d partial waves to fit the
angular distribution, which is not allowed for a T1 reso-
nance within the Td point group [14]. The assignment of
the first, T2-symmetry, resonance agrees well with inelastic
vibrational scattering results from Mann and Linder [15]
and Boesten et al. [16] that locate this resonance at about
8 eV. Mann and Linder, however, tentatively assigned a
higher lying resonance with A1 symmetry and a maximum
close to 9 eV, which does not agree with the F− angular
dependency measured by Le Coat et al. [12].

Le Coat et al. [12] used a conventional turntable ar-
rangement to measure the angular distribution of the
anions, from about 20◦–115◦. In contrast, in the newly
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developed VSI method, the angular distribution can be
recorded over the whole angular range simultaneously.
Hence, the probability of a systematic error in the mea-
surements is decreased considerably. Furthermore, the
angular distribution at around 0◦ and 180◦ with respect
to the electron beam is of special interest in DEA, since
these directions are most sensitive to angular dependent
effects and hence can be used as sensitive tool for identify-
ing the symmetry properties of the resonances. Moreover,
any forward-backward asymmetry can also be easily iden-
tified. A forward-backward asymmetry is observed if the
wave packet captured in the process consists of more than
one partial wave, where at least one is even and another
odd. On the other hand, if the process is due to a sin-
gle partial wave capture a symmetric distribution would
be expected. Therefore VSI may provide additional detail
compared to the earlier measurements and at the same
time, comparisons with these give a valuable opportunity
to further establish the relatively new VSI setup. As a ref-
erence for the importance of the measurements over the
whole angular range we refer to the study on DEA to
O2 by Prabhudesai et al. [17] which showed the presence
of two resonances, not one as earlier turn-table measure-
ments indicated [18].

In a recent letter [19] we reported on the angular distri-
bution and the KER for both F− and CF−

3 formed up on
DEA to CF4. In that contribution we argue that the sym-
metry of the molecule is lowered from Td to C3v in the
attachment process resulting in an angular distribution
that is best described as a superposition of both symme-
try states. This is also reflected in the KER in the CF−

3
channel where we observe two distinct contributions, an
effect we attribute to the strong coupling of the electronic
and nuclear coordinates in this highly symmetric molecule,
i.e., the Jahn-Teller effect [20].

In the current paper we discuss these resonances
in more detail and in the context of the advantages
of VSI over conventional measurements of the angular
dependence in DEA.

2 Experimental and analytical methods

2.1 Experimental setup

The experimental setup is similar to that described ear-
lier by Nandi et al. [21]. In brief it consists of a crossed
molecule and electron beams, generated from an effusive
gas inlet and a pulsed electron gun, respectively; a time
of flight (TOF) mass spectrometer operating in a velocity
map imaging configuration [21] and a position sensitive
detector (PSD) with pulsed bias. The PSD consists of a
Z-stack of three microchannel plates in front of a phospho-
rous screen 75 mm in diameter. The intensity on the phos-
phorous screen is monitored with a CCD camera, which is
connected to a computer. A pair of Helmholtz coils gen-
erates a magnetic field of about 50 G, to collimate the
electron beam. After the electron-molecule collision the
ions formed are allowed to expand for about 200 ns before
being extracted to the TOF tube. The central slice of the

Table 1. The basis functions for the irreducible representa-
tions of the Td point group.

Basis function

A1 Y 0
0 ;Y 0

0

E (Y 0
2 ,Y 2

2 )

T1

!"
3
8
Y 3

3 +
"

5
8
Y 1

3 , −
"

3
8
Y −3

3 +
"

5
8
Y −1

3

#

T2 (Y 1
1 , Y 0

1 , Y −1
1 )

(Y −1
2 , Y −2

2 , Y 1
2 )!"

3
8
Y 3

3 +
"

5
8
Y 1

3 , Y 3
0 , −

"
3
8
Y −3

3 +
"

5
8
Y −1

3

#

Newton-sphere contains information on the angular distri-
bution of the anions and their kinetic energy and thus we
only record this central slice by pulsing the detector bias
with appropriate time delay after the ion extraction pulse.
By using this slicing method the angular distribution of
the fragment anions can be obtained directly, without hav-
ing to use a reconstruction algorithm such as inverse Abel
transformation. The kinetic energy scale was calibrated
by measuring the DEA resonance yielding O− from O2

at 6.5 eV under the same voltage conditions as the CF4

measurements. The radius of the distribution of the ions
depends only on their initial kinetic energy and not the
mass and thus the kinetic energy scale can be directly cal-
ibrated using this method. Furthermore, this molecule is
an excellent calibrant since there are no internal excita-
tions possible and thus all the excess energy in the process
is converted to kinetic energy of the fragments.

The CF4 gas was purchased from Air Liquide UK
(Coleshill) with a stated purity of 99.9% and was used
as delivered.

2.2 Data analysis

2.2.1 Fitting the angular distribution

The valence electron configuration of CF4 is
. . . (4a1)

2(3t2)
6(1e)4(4t2)

6(1t1)
6, leading to 1A1 ground

state [16]. In its ground state the molecule is of tetrahe-
dral symmetry, and thus within the Td point group. The
irreducible representations for the Td point group are five;
the one-dimensional A1 and A2, the two dimensional E
and the three dimensional T1 and T2 representations. The
basis functions expressed in terms of spherical harmonics
for each of the irreducible representation can be seen in
Table 1 for partial waves up to l = 3. Due to the large
centrifugal barrier for the A2 representation, l = 6, [14]
we exclude the possibility of a resonance with that
symmetry. Accordingly, we skip the A2 representation
in the table. In a recent letter [19] we suggested that
the CF4 molecule is subject to the Jahn-Teller effect
upon attachment of the incoming electron to the triply
degenerate t2 orbital. This leads to a split up of the t2
orbital to a1 and e orbitals, where the a1 orbital is lower
in energy, lowering the overall symmetry of the molecule
to C3v. We therefore also tabulate the basis functions for
the C3v point group (see Tab. 2).
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Table 2. The basis functions for the irreducible representa-
tions of the C3v point group.

Basis function

A1 Y 0
l l = 0, 1, 2, 3 ; Y 3

3 − Y −3
3

A2 Y 3
3 + Y −3

3

E (Y −l
l , −Y l

l ) l = 1, 2, 3; (Y 2
l , Y −2

l ) l = 2, 3

In photo-excitation spectroscopy [22] the virtual or-
bital order for SiF4 has been assigned as 3a1, 4t2, 4a1,. . .
the first two of these MOs, are of antibonding σ∗ charac-
ter, and for CF4 the same order has been calculated at the
CCSD level (6-311++G* basis set) [9]. It should, however,
be noted, that the relative positions of the lowest unoccu-
pied MOs for CF4 are not well established. Nonetheless, in
electron attachment to CF4, assuming Td symmetry, one
expects the formation of a shape resonance of either A1

or T2 symmetry, where trapping of the incoming electron
in one of the anti-bonding low lying virtual MOs leads to
bond dissociation and the observed negative ion forma-
tion. Core excited resonances of E, T2 or T1 symmetry
can also be expected if an electron is excited from one of
the highest occupied MOs to one of the low lying virtual
orbitals with concurrent trapping of the incoming elec-
tron in the same, previously unoccupied MO. In order to
deduce the symmetry of the observed resonances we fol-
lowed the procedure described by Azria et al. [23], which
is a polyatomic extension of the diatomic model proposed
by O’Malley and Taylor [24] and the later improved ver-
sion by Tronc et al. [25]. In this approach we used the
basis functions shown in Tables 1 and 2 for partial waves
with l values ranging from 0–3, that is s, p, d and f par-
tial waves. In the formulation by Azria et al. [23] the dif-
ferential cross-section is given as a linear combination of
the allowed partial waves with a weighting coefficients de-
noted by al. The phase difference between individual par-
tial waves, due to potential scattering, is denoted with δl.
The general shape of the angular distribution is expressed
as:

I = |⟨Negative ion state|Partial wave (l)|Initial state⟩|2.
(1)

The principal axis of the CF4 molecule, assuming the Td

point group, is a C3 axis lying through one F atom and
the central C atom. The basis functions representing the
molecular orbitals are defined with respect to this axis.
However, the partial waves representing the electron beam
are defined in the laboratory frame. In order to have all the
functions defined in the same coordinates and to be able to
compare them with the measurements, we transform the
basis functions and the expression for the partial waves
via Euler angles to the dissociation frame of the molecule.
This is the principal axis, i.e., the direction of the breaking
C-F bond. The angles we used are (0, β, 0) for the basis
functions, where β is the bond angle. For the partial wave
representing the electron beam we used (φ, θ, 0) which are
the polar angles of the electron momentum vector in the
dissociation frame.

2.2.2 Kinetic energy release

The thermochemical threshold for a reaction is the min-
imum energy required for the process to occur. For
example, for the F− formation from CF4:

CF4 + e− → CF3 + F−, (2)

the thermochemical threshold can be formulated as:

Eth(F−) = BDE (CF3-F) − EA(F). (3)

Here BDE (CF3-F) is the bond dissociation energy of the
C-F bond in CF4 and EA(F) is the electron affinity of flu-
orine. At threshold, there is no available excess energy and
thus the kinetic energy of the fragments is zero. However,
above threshold, excess energy will be available, which in
some cases, can be transferred into translational energy of
the parting fragments. The translational energy of the an-
ionic fragment formed in DEA can be measured using the
VSI technique, as the radius of the velocity slice image is
directly related to the kinetic energy of the anion formed.
Through conservation of linear momentum the total ki-
netic energy release in the process can be obtained using
the equation:

E = Ei
M

m
(4)

where E is the total KER, Ei is the measured kinetic
energy of the ion and M and m are the masses of the
parent molecule and the neutral fragment, respectively.
As mentioned above, the kinetic energy scale was cali-
brated by measuring the KER of the resonance yielding
O− from O2, peaking at 6.5 eV, under the same conditions
as the current measurements.

3 Results and discussion

The ion yield from DEA to CF4 is shown in Figure 1. Two
fragments are observed; F− which is formed through a
broad contribution from about 4 to 10 eV, and CF−

3 , which
is formed through a narrower contribution between 5.0
and 9.5 eV. In a recent publication by Bjarnason et al. [10],
the exact appearance energies for F− and CF−

3 were shown
to be 4.4 eV and 4.5 eV, respectively, and the ion yield
peaks were located at 7.6 eV and 7.2 eV, respectively. This
apparent discrepancy is mainly due to the limited electron
energy resolution in the current experiment. Due to the
low cross section for the disputed F−

2 formation from CF4,
which was only confirmed recently [10], this fragment was
not observed in the current experiment.

The F− ion yield has been shown to consist of contri-
butions from two overlapping resonances [11,12]. Of these,
the lower energy resonance is found to result in high KER
while, in contrast, the higher energy resonance produces
anions with close to thermal kinetic energies. The CF−

3
ion yield is only observed to occur through the lower en-
ergy resonance, and similar to the F− anions through this
resonance, the KER in the CF−

3 channel is relatively high.
The CF−

3 channel, however, shows two distinct sections in
the energy dependency of the KER [19], as we will discuss
here below.
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Fig. 1. The ion yield of F− (upper) and CF−
3 (lower) as a

function of electron energy. The vertical arrows indicate where
VSIs were recorded.
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Fig. 2. The kinetic energy of the ions as a function of electron
energy for F− (left) and CF−

3 (right).

3.1 Kinetic energies of the product anions

Figure 2 compares the KER in the F− and CF−
3 channels,

as a function of incident electron energy, with the values
from Illenberger [11] and Le Coat et al. [12]. The dotted
lines show linear fits to the current data, and it is obvi-
ous that the points for F− do fall on a single straight
line. Here the agreement with the data from Le Coat
et al. [12] is very good, but the values from Illenberger [11]
are slightly lower, especially at higher incident electron en-
ergies. The current data points for CF−

3 , however, do not
fall on one line but two lines can be fitted through the
points. These lines cross at about 7 eV, and the slope is
considerably steeper above 7 eV. Up to about 7 eV the
current CF−

3 KER measurements agree well with these
from Illenberger [11] and Le Coat et al. [12], but above
7 eV the values reported by Illenberger [11] and Le Coat
et al. [12], are lower than these reported here. Nonetheless,
hints of similar increase in slope are seen in the KER re-
ported by Le Coat et al. [12] but this is not the case for the
values reported by Illenberger [11]. The reason for this in-
consistency might lie in the difference between the exper-
imental setups. In Illenberger’s measurements the kinetic

energy is obtained from the difference in the arrival time
at the detector between the anions formed with velocity
towards and away the quadrupole mass spectrometer. At
the higher energy part of the peak, where the DEA cross
section is low, the estimation of the peak maxima for the
arrival of the ions at the detector becomes difficult, which
might lead to errors in the kinetic energy derived. In this
context it should be mentioned that in using the velocity
slice imaging technique we have a direct way of measur-
ing the most probable kinetic energy of the ions, i.e., by
obtaining the radius of the respective velocity slice image.
Furthermore, we note that Le Coat et al. [12] observe a
low kinetic energy contribution to both the F− and CF−

3
KER distributions. While the low KER F− contribution
can be attributed to the second resonance, the low KER
CF−

3 contribution has not been observed by others. We
cannot offer any conclusive explanation for this, but only
suggest that it might be due to background signal.

Since the ions would be formed with zero kinetic en-
ergy at the threshold of the respective process, the thresh-
old can be obtained by extrapolating the data to zero ki-
netic energy. Using this method we obtain a threshold of
2.47 eV for the F− formation through the low energy (high
KER) resonance. The slope of a line through the data is
0.30 for F−, i.e., 30% of the available excess energy goes
into kinetic energy of the ions. In order to calculate the to-
tal amount of energy that goes into translational energy of
both the neutral and ionic fragment, we use equation (4)
and we obtain a value of 38% for the F− formation. This
can be compared to the values of 34% from Illenberger [11]
and 50% from Le Coat et al. [12]. Using equation (3) and
the well-established values of 5.67 eV for the C-F bond
dissociation energy [26] and 3.40 eV for the EA of fluo-
rine we obtain a thermochemical threshold of 2.27 eV for
the F− formation.

In the case of CF−
3 the KER continuously rises with

increasing electron energy, but from Figure 2 it is obvi-
ous that the points do not fall on a single straight line,
as in the case of F−. However, two lines can be fitted
through the points, with the breakpoint at about 7 eV.
The slope is greater at higher energies, i.e., above 7 eV,
hence, a larger portion of the excess energy goes into trans-
lational energy. We have discussed this effect recently [19]
and we anticipate that this difference is due to the CF−

3
anion being formed in two different geometrical configura-
tions. In its ground state configuration, CF4 belongs to the
Td point group. An arbitrary CF3 unit within CF4 thus
has C3v symmetry with the tetrahedral angle of 109.5◦.
The relaxed CF−

3 anion, on the other hand, is expected
to have a geometrical energy minimum of Cs symmetry
acquired by stretching of one C-F bond [27]. The CF−

3
anion relaxed under C3v symmetry constraints is, how-
ever, close in energy. The FCF angle and the equilibrium
C-F bond lengths of the C3v symmetry anion are calcu-
lated to be 99.8◦ and 1.48 Å, respectively [27]. In com-
parison, the neutral CF3 has an FCF angle of 111◦ and
a C-F bond length of 1.3–1.4 Å [27] and in the tetrahe-
dral CF4 molecule the FCF angle is 109.5◦ and the bond
length 1.39 Å. It is thus obvious that considerable energy
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redistribution is associated with the relaxation of the CF−
3

anion in the dissociation process. Furthermore, compared
with an unrelaxed CF−

3 anion with a C3v symmetry, the
Cs ground state of CF−

3 is about 1 eV lower in energy [27].
To cleave the C-F bond and form CF−

3 anions with an in-
cident electron energy below the bond dissociation energy,
5.67 eV, a contribution from the electron affinity is needed
(see Eq. (3)). Thus, in order to form CF−

3 below 5.67 eV
incident electron energy the CF−

3 ion must relax towards
its geometrical minimum. However, for incident electron
energies above the bond dissociation energy of the C-F
bond it is thermochemically possible to form the anion
without geometrical relaxation. The process forming this
unrelaxed ion is more direct, and therefore faster, i.e., a
greater part of the excess energy may appear as transla-
tional energy and correspondingly an increasing slope in
the kinetic energy distribution is observed. The thresh-
old energies obtained using the extrapolation method de-
scribed above are 3.79 and 5.10 eV for the lines below
and above 7 eV, respectively. The generally accepted EA
of CF3 is 1.82 eV [28] and this should be equivalent to
the value obtained by subtracting the threshold for the
CF−

3 formation from the C-F bond energy. Assuming that
we form the ion in its geometrically relaxed Cs symme-
try ground state, we obtain an electron affinity value of
1.91 eV from the threshold derived by extrapolation of
the KER component below 7 eV. This value is in a good
agreement with the value of 1.82 eV derived by Deyerl
et al. [28]. This is especially true when allowing for the
electron energy resolution of 0.5 eV in the current exper-
iment. The threshold difference obtained from the lines
below and above 7 eV is 1.31 eV. This is close to the dif-
ference between the relaxed Cs and and unrelaxed C3v

states, which is calculated to be about 1 eV [27]. Hence,
while the incident electron energy is below the C-F BDE,
the dissociation is dampened by the energetically neces-
sary relaxation of the forming CF−

3 ion. When the incident
electron energy, on the other hand exceeds the C-F BDE,
the process can proceed in a quasi diatomic manner with-
out geometrical relaxation of the forming CF−

3 ion. Thus,
above the C-F BDE the process is faster, leaving less time
for energy redistribution.

3.2 Angular distribution

In Figures 3a–3c velocity slice images for the F− ions are
shown, for incident electron energies of 5.5, 6.5 and 7.5 eV,
respectively. The fits to the respective angular distribu-
tions are shown in Figures 3d–3f. Similarly, the velocity
slice images for CF−

3 are shown in Figures 4a and 4b at
incident electron energies of 5.5 eV and 8.5 eV, respec-
tively, while Figures 4c and 4d show the corresponding
fits to the angular distributions. The respective incident
electron energies are signified by vertical arrows in Fig-
ure 1. The electron beam momentum vector is pointing
downwards through the center of the distribution in the
velocity slice images in Figures 3 and 4.

While the velocity slice image for F− at 5.5 eV shows
no indication of thermal F− ions these are clearly visi-
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(b) VSI at 6.5 eV (e) Fit at 6.5 eV

30 60 90 120 150 180

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Ω [deg]

N
or

m
. I

nt
en

si
ty

 

 
Expt. data
T

d
 + C

3v
 fit

T
d
 fit

(c) VSI at 7.5 eV (f) Fit at 7.5 eV

Fig. 3. The velocity slice images of F− at (a) 5.5 eV, (b) 6.5 eV
and (c) 7.5 eV. The corresponding fitted angular distributions
are shown in (d), (e) and (f).

ble at 6.5 eV and dominate at 7.5 eV. While the outer
distribution is due to the high KER resonance discussed
above, the central distribution is due to the low KER res-
onance, already identified by Illenberger [11] and Le Coat
et al. [12]. From the velocity slice images for CF−

3 , on the
other hand, it is obvious that the CF−

3 formation proceeds
only through one resonance with considerable KER. Fur-
thermore, from visual comparison of the CF−

3 velocity slice
images and the outer contribution in the F− images, it is
obvious that these are mirrored with regards to the for-
ward and backward scattering components. We can thus
unambiguously conclude that it is in fact the same reso-
nance yielding both the high kinetic energy F− and CF−

3
ions. This is further confirmed by comparison of the fits to
the respective angular distributions, which directly reflect
the mirrored symmetry.

As will be discussed in more detail below the expansion
of the Newton sphere of the F− low KER contribution is
limited, and we can therefore not fit the angular distribu-
tion. We can, however, estimate an appearance energy of
5–5.5 eV, from the emerging of this contribution in the ve-
locity slice images and from the studies by Illenberger [11]
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Fig. 4. The velocity slice images of CF−
3 at (a) 5.5 eV and (b)

8.5 eV. The corresponding fitted angular distributions are
shown in (c) and (d).

and Le Coat et al. [12]. The thermochemical threshold for
the reaction:

CF4 + e− → CF2 + F + F− (5)

is 5.99 eV as calculated from standard thermochemical
data [26,29], while the thermochemical threshold for the
formation of F− through the reaction:

CF4 + e− → CF3 + F− (6)

is 2.27 eV [26,29]. Below 6 eV, we can therefore rule out
the possibility that this is a three-body breakdown. How-
ever above 6 eV, it cannot be ruled out as a possible reac-
tion pathway. Below 6 eV efficient intramolecular energy
redistribution and statistical decay may occur. However,
it should be noted that for a statistical decay process an
angular isotropy would be expected and for the resonance
symmetry to be reflected in a three-body breakdown the
process would have to be fast enough for the axial recoil
approximation to hold.

Due to the low kinetic energy of the F− ions consti-
tuting the inner distribution in the velocity slice images
in Figure 3, the low KER Newton sphere cannot be sliced
properly in order to obtain the angular distribution of the
ions. Therefore we cannot determine if the symmetry of
the underlying resonance is in fact reflected in the angu-
lar distribution. It should, however, be noted, that in the
earlier turn-table study covering the range from 20◦–115◦

Le Coat et al. [12] fitted the angular dependency of the
low KER F− contribution within the Td point group with
contributions from p, d and f partial waves. They used the
diatomic model proposed by Tronc et al. [25] and this led
them to conclude that this contribution stems from a T1

symmetry core excited resonance with a resulting electron

configuration of . . . 3t62, 1t51, 3a2
1. However, for a T1 sym-

metry resonance within the Td point group, contributions
from p and d partial waves should not be allowed [14] and
this fitting procedure would thus rather imply that the
most adequate assignment of this resonance is a T2 sym-
metry core excited resonance associated with the electron
configuration . . . 3t52, 1t61, 3a2

1.

It should also be kept in mind that the angular dis-
tribution reported by Le Coat et al. [12] for this reso-
nance is fairly isotropic over the bulk of the angular range
measured and the largest anisotropy is at small angles
where their accuracy is compromised by experimental lim-
itations. The symmetry of this resonance is thus not well-
established.

For CF−
3 and the high KER F− contribution it can

be seen from Figures 3 and 4 that the general shape of
the angular distribution does not change with increasing
electron energy across the resonance. The relative ampli-
tudes of the maxima, on the other hand, change signif-
icantly. This is expected as the contribution from each
partial wave in the electron beam varies throughout the
resonance. The relative intensities of the contributing par-
tial waves as well as the phase difference between the indi-
vidual waves used in the fits can be seen in Tables 3 and 4
(see discussion here below). The angular distribution, of
both ions have three distinct minima, which indicates a
contribution from an F− wave. Considering the electronic
configuration of CF4 and the earlier work from Le Coat
et al. [12] we initially fitted these distributions with the
first three partial waves, allowed for a T2 symmetry res-
onance within the Td point group, i.e., the p, d, and f
partial waves (dashed lines in Figs. 3 and 4). As we have
discussed previously [19], these fits did not give satisfac-
tory agreement with the data (R2 about 0.9 for F− and
0.7 for CF−

3 ) and neither did other allowed combination of
partial waves, for specific symmetries within the Td point
group.

For CF4, however, the Jahn-Teller distortion upon at-
tachment of an electron to the triply degenerate and pre-
viously unoccupied t2 orbital might influence the angu-
lar distribution of the respective fragments. In this case
the molecule would assume C3v symmetry in the attach-
ment process and the t2 orbital would split into a non-
degenerate a1 and a doubly degenerate e orbital. The a1

orbital is lower in energy [30] and thus an a1 component
from the C3v point group might contribute to the angular
distribution. Motivated by this possibility, we fitted the
angular distribution of both the high KER negative ion
fragments with a linear combination of the expected func-
tions for a T2 resonance from the Td point group and an
A1 resonance from the C3v point group. These fits (solid
lines in Figs. 3 and 4) result in a R2 values in excess of 0.98
and 0.93 for F− and CF−

3 , respectively. Hence, these fits
are considerably better than the fits achieved only for con-
tributions from a T2 resonance from the Td point group.
This is especially true for the CF−

3 angular distribution.
Similarly, in DEA to CH4 the excitation of an electron
from the 1t2 HOMO results in symmetry lowering due
to the Jahn-Teller effect and it has been proposed that
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Table 3. Fitting parameters for the fitting of the angular distribution of the F− ions. The weighing coefficient for partial wave
x is given by ax (x = s, p, d, f) and the phase difference between them is given by δxy (x = s, p, d) and (y = p, d, f). The
weighing coefficients and the phase shifts for the angular distributions fitted within the Td symmetry group are shown in the
top two lines for incident electron energy of 5.5, 6.5 and 7.5 eV. The weighing coefficients and the phase shifts for the fits using
a linear combination of the Td the C3v symmetry groups are shown below these for the Td the C3v components separately. Here
cx (x = Td or C3v) denotes the relative contribution from each symmetry group, whereby cTd is set as 1.0.

F− 5.5 eV 6.5 eV 7.5 eV

ap:ad:af 1:1.06:0.90 1:0.85:0.90 1:0.91:0.84
δpd:δdf 0.00:1.85 0.00:2.03 0.00:1.84

cTd 1.00 1.00 1.00
ap:ad:af 1:1.32:1.34 1:3.13:2.28 1:0.74:0.80
δpd:δdf 3.92:1.25 0.99:4.03 0.02:1.91
cC3v 1.58 0.86 0.17

as:ap:ad:af 1:0.37:1.20:3.98 1:0.86:0.93:3.9 1:1.26:2.65:4.34
δsp:δpd:δdf 2.16:0.92:2.28 2.65:1.18:2.80 3.16:1.19:2.84

Table 4. Fitting parameters for the fitting of the angular dis-
tribution of the F− ions. The weighing coefficient for partial
wave x is given by ax (x = s, p, d, f) and the phase difference
between them is given by δxy (x = s, p, d) and (y = p, d, f).
The weighing coefficients and the phase shifts for the angular
distributions fitted within the Td symmetry group are shown in
the top two lines for incident electron energy of 5.5 and 8.5 eV.
The weighing coefficients and the phase shifts for the fits using
a linear combination of the Td the C3v symmetry groups are
shown below these for the Td the C3v components separately.
Here cx (x = Td or C3v) denotes the relative contribution from
each symmetry group, whereby cTd is set as 1.0.

CF−
3 5.5 eV 8.5 eV

ap:ad:af 1.00:2.37:1.91 1.00:0.40:1.22
δpd:δdf 3.63:5.28 3.14:3.14

cTd 1.00 1.00
ap:ad:af 1.00:0.75:0.94 1.00:1.41:4.88
δpd:δdf 1.57:3.10 0.98:0.91
cC3v 2.43 0.63

as:ap:ad:af 1.00:0.43:1.01:3.01 1.00:0.95:1.20:4.85
δsp:δpd:δdf 5.09: 5.20:5.12 0.44:1.02:0.80

this influences the angular distribution of the negative ion
fragments considerably [31]. Therefore, in these cases the
attachment process cannot be adequately described with
a static geometry within a single point group but must be
described as a superposition of the target state and the
product transient negative state.

4 Conclusions

In the energy range from 0–9 eV, dissociative electron
attachment to CF4 proceeds through two resonances. Of
these, the lower energy resonance, centered around 6 eV
in the ion yields, decays via both the F− and the CF−

3 for-
mation channels, with considerable kinetic energy release
in both cases. The higher energy resonance, on the other
hand, decays exclusively via the F− formation channel and
is associated with low kinetic energy release. The kinetic

energy of the CF−
3 versus the incident electron energy

could not be fitted with a single straight line, but excellent
agreement was found when fitting two lines, above and
below 7 eV, respectively. This indicates that the dissocia-
tion dynamics are not identical throughout the resonance.
We explain this by the need of the CF−

3 ion to relax to-
wards its geometrical most stable configuration when the
incident electron energy is below the C-F BDE. Above
the C-F BDE a contribution from the adiabatic electron
affinity of CF3 is not more necessary and the channel for
the formation of the unrelaxed ion becomes thermochem-
ically accessible. The process yielding the unrelaxed CF−

3
is, in turn, more direct and faster than the process yielding
CF−

3 in its geometrically relaxed configuration. Therefore
the slope of the line through the kinetic energy versus the
electron energy becomes larger at higher electron energies.

With the VSI technique we can record the angular dis-
tribution over the full 360◦ range simultaneously and a
simple visual comparison of the CF−

3 and F− velocity slice
images shows that these are mirror images with respect
to a vertical axis through the center of the distribution.
Therefore, we can conclude without doubt that the high
KER contribution to the F− ion yield and the CF−

3 ion
yield results from the same resonance. The angular dis-
tribution of the fragment anions is best described with a
linear combination of functions for C3v and Td symmetry,
an effect which we attribute to a Jahn-Teller distortion of
the molecule during the electron attachment process.

At last, it should be noted that the current approach in
fitting the angular distribution is empirical and not jus-
tified by previous theoretical treatment. Therefore it is
clear that further theoretical input is required in order to
establish the validity of the approach used here.
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Abstract. We have performed an extensive experimental study of dissociative electron attachment (DEA)
to CF3Cl. Exploiting the recently developed velocity slice imaging technique, we have recorded both angular
distributions and kinetic energy release of the product fragment anions of Cl! and F!. The DEA process
is dominated by the formation of resonances the symmetry of which have been explored and compared
with earlier measurements. A new resonance has been identified in the F! formation channel.

1 Introduction

Understanding of the dynamics of electron-molecule col-
lisions with halogenated methanes is relevant in several
industrial and environmental applications. These include
plasma processes where electron collisions are domi-
nant [1–4]. One of the most prevalent of the halomethanes
is CF3Cl, which has also been used extensively as a re-
frigerant (CFC-13). The use of this compound has now
been banned in accordance with the Montreal Protocol
as it is highly ozone depleting. Being resistant to photo-
degradation and with an inherent low reactivity to com-
mon atmospheric radicals (e.g. OH) it also has a long life-
time in the atmosphere. One of the few e!cient pathways
for the decomposition of this molecule in the upper atmo-
sphere is via dissociative electron attachment (DEA). This
process leads to the formation of product anions and neu-
trals. The neutral species are often reactive radicals which
may strongly influence the local chemistry, and in several
recent studies DEA has been developed as a tool for elec-
tron driven chemistry in plasmas and on surfaces [5,6].

DEA is a resonance driven process, i.e. the DEA
cross section is significant only over narrow energy re-
gions at low energies (below the molecular ionization po-
tential) [7,8]. In one of the first published DEA studies
on CF3Cl Illenberger et al. [9] observed Cl! formation
through two distinct resonances, with a maximum cross
section at 1.3 eV and 4.8 eV, respectively, and F! for-
mation through a resonance with a maximum at 4.1 eV.
They also observed FCl! and CF2Cl! from resonances
centered at 3.9 eV and 4.2 eV, respectively, but these ions
appeared with much lower yields. The cross section for

a e-mail: odduring@hi.is

the Cl! formation at 4.8 eV was reported to be approxi-
mately 5 times higher than the cross section for the Cl!

formation at 1.3 eV. Spyrou and Christophourou [10] re-
ported similar results with respect to the position of the
resonances, however, in their measurements the Cl! for-
mation through the lower energy resonance was found to
be a factor of about 1.8 more prominent than through the
higher energy resonance. The same observation was made
by Aflatooni and Burrow [11].

In its ground state, CF3Cl is in the C3v point group
and the ground state electron configuration is:
. . . (3a1)

2(2e)4(4a1)
2(5a1)

2(3e)4(6a1)
2(4e)4(5e)4(1a2)

2!
(7a1)

2(6e)4 " X1A1. Hence, the highest occupied molec-
ular orbital (HOMO) is the doubly degenerate 6e orbital,
which is essentially a lone pair located on the Cl atom.
Mann and Linder [12] published a low energy electron
scattering study on CF3Cl where they explored vibra-
tional excitation. The cross sections they observed show
complementary resonance structure to that observed in
DEA, with resonances in the vibrational excitation cross
section peaking at 2.0, 5.5 and 8.5 eV. These were assigned
to occupation of the a1(C-Cl!*), the e(C-F!*) and the
a1(C-F!*) valence orbitals, respectively. This assignment
was later confirmed by Sunohara et al. [13]. Underwood-
Lemons et al. [14,15] reported DEA and total electron
scattering cross section for CF3Cl and performed ab ini-
tio self consistent field calculations for the molecular or-
bitals involved in the scattering processes. The resonances
yielding Cl! and F! were assigned as shape resonances,
the first with the incoming electron trapped into the a1(C-
Cl!*) orbital, the second due to occupation of a1(C-F!*)
and the third one due to trapping of the electron into
an e(C-Cl"*) orbital. Tarana et al. have recently con-
ducted theoretical work addressing the role of vibrational
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energy redistribution in DEA to CF3Cl [16]. They studied
the Cl! formation through the low energy resonance and
found that the vibrational redistribution is important in
this dissociation process.

In this paper we present a comprehensive study of
DEA to CF3Cl exploiting the recently developed velocity
slice imaging technique, VSI [17] to determine the symme-
try of the resonances (TNIs) associated with the Cl! and
F! formation. From the measurements we can also obtain
the Kinetic Energy Release (KER; Ek) in the processes.

The VSI technique has proven to give reliable and ac-
curate results on the dynamics of DEA processes [18–20].
CF3Cl serves as an excellent benchmark molecule for
VSI studies since it is known to have quite high cross
section and considerable kinetic energy release upon
DEA [9–11,21].

2 Methods

2.1 The experimental setup

The experiments were conducted with an instrument sim-
ilar to the one described in detail by Nandi et al. [17].
In brief, the instrument consists of crossed electron and
molecular beams and a time of flight (ToF) mass spec-
trometer equipped with a position sensitive detector. The
electron beam is generated from an electron gun in the
Pierce geometry with an energy resolution of approxi-
mately 0.5 eV. The electron beam is collimated with a
magnetic field of approximately 50 G, and pulsed with a
pulse length of 200 ns. The molecular beam is from an
e"usive gas inlet. After the electron pulse there is a time
delay to allow the Newton sphere of the ions to expand for
about 200 ns before the ions are extracted into the ToF
mass spectrometer. The position sensitive detector used in
these studies is di"erent from that used in the instrument
described by Nandi et al. [17]. It consists of a Z stack of
three microchannel plates, 75 mm in diameter, in front
of a phosphorous screen. The detector voltage is pulsed,
so thin slices of the Newton sphere of the fragments can
be obtained. The position of the anionic fragments on the
phosphorous screen is recorded with a ccd camera which
is connected to a computer, where the signal is analyzed
further. By appropriate choice of the time delay between
the extraction pulse and the detector pulse the central
slice of the Newton sphere of the anionic fragments can be
selected for detection. The spatial distribution of the frag-
ments at the detector reflects their angular distribution,
and the radius of the distribution is directly related to
their kinetic energy. Using this VSI method it is therefore
possible to acquire the angular distribution of the ionic
fragments directly, without the use of any reconstructing
algorithms like inverse Abel transformation. At the same
time the KER can be measured.

In order to calibrate the kinetic energy scale in the
present experiments, measurements of the DEA to O2

yielding O! were made under the same voltage conditions
as the CF3Cl DEA measurements. The size of the veloc-
ity slice image on the detector depends only on the initial

kinetic energy of the ion, but not on their mass. Thus the
energy scale can be calibrated directly from the O! signal.
O2 serves well as a calibration compound since it dissoci-
ates via a two body break up and no internal excitation
is associated with the dissociation.

CF3Cl gas samples were purchased from Sigma Aldrich
with a stated purity of >99% and were therefore used
without any further purification.

2.2 Fitting the measured angular distributions

Using theoretical calculations by O’Malley and Taylor [22]
and the symmetry arguments of Dunn [23] it can be shown
that the angular distribution of fragments from DEA to
diatomic molecules is in general anisotropic and depends
on the initial and final molecular states. Tronc et al. [24]
showed that the di"erential cross section for a given DEA
process of a diatomic molecule can be expressed within
the PRS-PS (pure resonant scattering-potential scatter-
ing) approximation as:

!DA(#, k) #
!!!!

""

l=µ

ilei!ia(k)lµYlµ(#)

!!!! (1)

where k is the incident electron wave vector, # is the
scattering direction of the fragment ion, a(k)lµ is an en-
ergy dependent expansion coe!cient, Ylµ(#) are spherical
harmonics, $l is the phaseshift due to potential scattering
and µ = |%r ! %i| where %i and %r are the resonance
and target axial angular momenta respectively. Accord-
ingly angular distributions of the anionic products can be
obtained from the velocity slice images. Strictly speaking
the equation above only applies to diatomic molecules.
However, for direct dissociation along the center of mass
axis of the molecule, and with the dominant portion of
the energy released going into translational motion of the
fragments along the molecular axis, it can be justified to
use this diatomic approximation for polyatomic molecules.
The process yielding Cl! from CF3Cl fulfills these con-
ditions and can thus be treated as the dissociation of a
quasi-diatomic molecule (CF3–Cl). In order to obtain the
symmetry of the temporary negative ion state leading to
the formation of Cl! we have fitted the measured angu-
lar distribution with a function of the form described by
Tronc et al. using a nonlinear least square fit. The param-
eters obtained from the fitting procedure are the relative
contribution of each partial wave, al, and the phaseshift
of the waves included, $l.

In contrast, fragmentation of CF3Cl to yield F! does
not proceed along the C3 symmetry axis and can thus not
be described as a quasi-diatomic dissociation. Therefore in
analyzing the angular distribution of F! we use the theory
described by Azria et al. [25], where the general form of
the transition amplitude is given by:

$Negative ion state|Partial wave|Neutral state%. (2)

The functions representing the negative ion state and the
neutral state are the spherical harmonics basis functions
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Table 1. Character table for the C3v point group and the basis
functions for the irreducible representations.

I 2C3 3!v Basis function

A1 1 1 1 Y 0
l l = 0, 1, 2, 3 ; Y 3

3 " Y !3
3

A2 1 1 "1 Y 3
3 + Y !3

3

E 2 "1 0 (Y !l
l , "Y l

l ) l = 1, 2, 3 ; (Y 2
l , Y !2

l ) l = 2, 3

for the irreducible representations of the point group of
the molecule. Within the C3v point group there are three
possible irreducible representations: the one dimensional
A1 and A2 representations and the two dimensional E rep-
resentation. The character table for the C3v point group
is given in Table 1 along with the spherical harmonics ba-
sis functions for each of the irreducible representations. In
our case we calculate the transition amplitude from equa-
tion (2) using the ground state symmetry A1 as the initial
neutral state, which is represented by the basis function
Y0

0. The negative ion state is then acquired by using one
or more of the allowed partial waves up to l = 3. Since the
partial waves representing the electron beam are defined
with respect to the direction of the momentum vector of
the electron beam they have to be rotated into the dissoci-
ation frame. This is done using the Euler angles (&, ', 0).
In the same manner the basis functions representing the
electronic states A1, A2 and E are defined with respect
to the principal axis, i.e., the C3 axis. For F!, where the
dissociation does not proceed along this axis, it has to be
transformed to the dissociation axis using the Euler an-
gles (0, (, 0). Here ( is the angle between the principal
axis and the dissociating bond. To obtain the relative dif-
ferential cross section for the negative ion formation the
transition amplitude calculated above is squared and av-
eraged over the angle & due to the azimuthal symmetry
of the process. The measured angular distribution of the
fragments formed in DEA is then fitted with the resulting
function using a nonlinear least square fit.

3 Results and discussion

3.1 Ion yield

In Figure 1 the Cl! and F! ion yield from DEA to CF3Cl
is shown as a function of incident electron energy. These
results are in good agreement with the earlier work, show-
ing two resonances leading to Cl! formation being iden-
tified with maximum cross sections located at 1.3 and
4.9 eV, respectively and a contribution from F! formation
with maximum cross section at 4.1 eV. The two reso-
nances, leading to the Cl! formation were previously as-
signed as shape resonances of A1 and E symmetry, re-
spectively, and were associated with occupation of the
molecular orbitals a1(C-Cl!*) and e(C-Cl"*) [14]. The F!

formation was assigned by the same authors to a second
shape resonance of A1 symmetry and was associated with
the temporary occupation of the a1(C-F!*) molecular
orbital.
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Fig. 1. (Color online) Cl! and F! yield from CF3Cl as a
function of electron energy. The arrows indicate where VSIs
were taken.

In addition to Cl! and F!, two other negative ion frag-
ments are formed by DEA to CF3Cl. These are CF2Cl!

and FCl!, both are formed with low yields and with low
kinetic energies. The low kinetic energy can be rational-
ized in the case of CF2Cl! by the conservation of linear
momentum, as this fragment only takes approximately
2/9th of the available excess energy while the neutral
F atom takes the remaining energy. In the case of FCl!

we have a rearrangement process, which explains the low
kinetic energy.

3.2 Analysis of Cl! formation via low lying resonance
peaking at 1.3 eV

Angular distribution

Figures 2a–2f show various Velocity Slice Images of 35Cl!

from the resonance peaking at 1.3 eV. The velocity slice
images were recorded at 0.6, 0.9, 1.2, 1.5, 1.8, and 2.1 eV
incident electron energy, respectively, as is indicated by
the arrows in Figure 1. The momentum vector of the elec-
trons is pointing downwards and through the center of
the distribution. We take the zero degree angles to be at
the bottom of each image. At lower incident electron en-
ergies the scattering is mostly orthogonal to the electron
beam with less intensity in the forward and backward di-
rections. However, as the incident energy increases the an-
gular distribution changes and the scattering is more con-
centrated in the forward and backward directions and less
orthogonal to the electron beam. This can be explained by
increasing contributions from higher angular momentum
partial waves at higher electron energy. The contribution
seen in the center of the lower incident electron energy
VSIs of 35Cl! is due to overlap with the slower moving
Newton sphere of 37Cl!. Due to the azimuthal symmetry
of the process this fades away as the angular distribution
changes with increased electron energy.

Figure 3 shows the angular distribution of Cl! frag-
ments formed at incident electron energies of 0.6, 1.2 and
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(a) 0.6 eV (b) 0.9 eV

(c) 1.2 eV (d) 1.5 eV

(e) 1.8 eV (f) 2.1 eV

(g) 5.0 eV

Fig. 2. (Color online) The velocity slice images of 35Cl!

from CF3Cl at incident electron energy values indicated be-
low each figure. The direction of the electron beam is from top
to bottom.

1.8 eV, respectively. The angular distribution is fitted with
a function of the form proposed by Tronc et al. [24] (solid
lines). From these angular distributions it is obvious that
we have a finite contribution of ions over the whole an-
gular range and that there are two minima, indicating a
contribution of d-partial waves. We thus use a combina-
tion of the three first allowed partial waves, that is s, p
and d waves, to fit the distribution. As can be seen in
Figure 3 we have obtained an excellent fit of the angular
distribution, and the R2 values, the coe!cient of deter-
mination, are in all cases equal to or higher than 0.90. At
0.6 eV the contributions from s, p and d waves were found
to be in the ratio 1:0.6:0.36. At 1.2 eV these were found
to be 1:1.59:0.50, and at 1.8 eV the ratio was 1:2.4:0.96.
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Fig. 3. (Color online) Fit angular distribution of Cl! at
incident electron energy values (a) 0.6 eV, (b) 1.2 eV and
(c) 1.8 eV.

Hence, at the lowest incident electron energy s wave scat-
tering contributes most but when the electron energy is
increased, partial waves with higher l (that is p and d)
become more abundant. This is expected as the angular
momentum of the electrons increases with higher electron
energy and thus we have greater contribution from elec-
trons with higher value of l. The ratio of the contributions
from p and d waves to the contribution from the s wave,
the a(k)lµ values from equation (1), along with a phase
di"erence between the s and p waves and p and d waves
as well as the R2 values for the respective fits are summa-
rized in Table 2.

This combination of s, p and d-partial waves is only
allowed in the case of a molecule in the C3v point group,
if the temporary negative ion state is of A1 symmetry. We
thus assign this TNI to a shape resonance where the in-
coming electron is directly trapped into the 8a1, LUMO.
The TNI then relaxes through a dissociative channel caus-
ing fragmentation of the molecule yielding Cl! and a
CF3 radical. This is in good agreement with previous
studies [14].

Kinetic energy distribution

The thermochemical threshold for a given DEA process:

XY + e! " X! + Y (3)

is given by:
Eth = DX!Y ! EAX (4)

where DX!Y is the bond energy and EAX is the electron
a!nity of the charge containing fragment; X. Using the
well-established values of 3.79 eV and 3.61 eV for the bond
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Table 2. The ratios of partial wave contributions, the phase
di!erence between them and the R2 values for the fits. Here a
is the weighing coe"cient of the corresponding partial wave.

0.6 eV 1.2 eV 1.8 eV

ap/as 0.06 1.59 2.40
ad/ap 0.36 0.50 0.96

"d " "s [rad] 0.84 0.10 0.15
"d " "p [rad] 1.23 0.02 0.08
R2 values 0.90 0.95 0.98

Table 3. Kinetic energy release; KER, at various incident elec-
tron energy values; #(e!), derived from the experiment using
equation (5). The experimental KER values determined here,
are compared with the calculated maximum thermochemical
values; KERmax, as well as values from reference [21]. All val-
ues are in eV.

#(e!)a KERa KERmax
b #(e!)c KERc

0.6 0.74 0.42 0.75 0.76
0.9 0.80 0.72 1.00 0.85
1.2 0.86 1.02 1.25 0.86
1.5 0.92 1.32 1.40 0.87
1.8 1.01 1.62 1.60 0.93
2.1 1.10 1.92 1.80 1.04

2.00 1.06
2.20 1.05

aPresent measurements.
bFrom thermochemical data, references [26,27].
cFrom reference [21].

energy and electron a!nity of Cl, respectively [26,27] we
calculate a threshold of 0.18 eV for the Cl! formation.
From the experiment, the kinetic energy of the ionic frag-
ment can be obtained directly from the velocity images in
Figure 2 and the total KER in the process may be cal-
culated with equation (5) using the principle of conserva-
tion of linear momentum and subtracting the contribution
from thermal motion of the target gas [28]:

Ek = Ei
k

M

m
! 3

2
RT

mi

m
. (5)

Here Ek is the total KER, Ei
k is the measured kinetic en-

ergy of the ion and thus includes the initial thermal energy
of the parent molecules. This is accounted for through the
second term in equation (5). M , m and mi are the masses
of the parent molecule, neutral fragment and ionic frag-
ment, respectively. In Table 3, the values for the total
KER derived from the velocity slice images at various in-
cident electron energies, are compared with the maximum
values calculated from thermochemical data, KERmax, at
the same energies and with previous measurements by
Illenberger [21].

It is clear from Table 3 that the KER at 0.6 and
at 0.9 eV is higher than the corresponding maximal
thermochemical values. This can be explained by the
comparably large energy spread of the electron beam

(FWHM & 0.5 eV) in our experiment. Due to the en-
ergy dependence of the cross section over the width of the
resonance, this can cause a shift of the kinetic energy to
higher values when it is measured on the rising flank of
the resonance, i.e. at low incident energies. Similarly the
kinetic energy from the higher energy part might shift to
a lower value. Furthermore, it is clear from Table 3 that
the excess energy is very e!ciently converted into kinetic
energy at the threshold of the process, but much less so
with increasing incident electron energy. In the incident
electron range from 0.9–2.1 eV, the KER only increases
by 0.3 eV. Hence, at higher incident electron energies a
larger part of the excess energy is transferred into internal
excitation of the neutral CF3 fragment. This is concorde
with the calculations from Tarana et al. [16].

These results are similar to those reported by
Illenberger [21] who explained the e!ciency of conver-
sion of the electronic energy into kinetic energy at the
threshold by a fast dissociation process, with virtually no
energy randomization. This may hold for the threshold
region where the TNI is formed close to its crossing with
the neutral potential energy curve. However, at higher in-
cident electron energy it is obvious that the conversion of
the electron energy into kinetic energy of the fragments is
much less e!cient. This can be explained in the simplified
model of potential energy curves, as the TNI is formed
further away from the crossing point when the incident
electron energy increases and correspondingly the dissoci-
ation takes longer time.

3.3 Cl! formation via the resonance at 4.9 eV

Figure 2g shows a velocity slice image of the Cl! formation
through the higher energy resonance at 5.0 eV. The figure
reveals a nearly isotropic angular distribution of the Cl!

ion, and that the kinetic energy of the product ions is
low. This cannot be attributed to a three-body breakup,
as the lowest thermochemical threshold for such a process;
CF3Cl + e! " Cl! + F + CF2 is 5.47 eV [26,27]. Hence,
well above the experimental threshold.

Due to low kinetic energy release and the fairly long de-
tector pulse in the current setup, it is not possible for us to
slice the Newton sphere of Cl! from this resonance prop-
erly. Hence, we cannot acquire the angular distribution of
the ions and the symmetry of this resonant state. Further-
more, the apparently isotropic angular distribution indi-
cates that the molecule rotates considerably within the
timeframe of the dissociation. In this case, the axial re-
coil approximation might not be valid and shorter detec-
tor pulses would not enable thinner slicing of the Newton
sphere.

Even though we cannot derive the symmetry of this
resonance from the current measurements, we clearly see
that the repulsive C-Cl character in the process is not
strong, hence the low kinetic energy. This is in good agree-
ment with previous calculations [14] which explained this
resonance by trapping of the incoming electron in an e
orbital, with predominant Cl 3p, but also some "*(C-Cl),
character.
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(a) 3.4 eV (b) 3.7 eV

(c) 4.0 eV (d) 4.3 eV

(e) 4.6 eV (f) 4.9 eV

Fig. 4. (Color online) The velocity slice images of F! from
CF3Cl at incident electron energy values indicated below each
figure. The direction of the electron beam is from top to
bottom.

3.4 F! formation via the contribution peaking
at 4.1 eV

Figure 4 shows Velocity Slice Images of the F! forma-
tion through the contribution peaking at 4.1 eV. Velocity
slice images were recorded at 3.7, 4.0, 4.3, 4.6 and 4.9 eV
(see Fig. 1). The electron beam goes from top to bottom
through the center of the distributions shown in Figure 4.
It is clear that there are two dissociation limits for the
F! formation, one with low kinetic energy giving con-
tribution in the center of the image, and another, with
high kinetic energy, which forms the outer distribution.
Hence, Figure 4 reveals that the F! yield centered around
the 4.1 eV maxima is composed of contributions from two
distinct resonances arising from very di"erent dissociation
dynamics.

Angular distribution

The angular distribution of the outer contribution main-
tains the same shape with increasing incident electron en-
ergy. However, due to the increasing kinetic energy of the
fragments the diameter of the outer structure increases.
Figure 5 shows the angular distribution of the F! frag-
ments from the outer contribution at an incident elec-
tron energy of 4.0 eV. The solid line is fitted to the data
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Fig. 5. (Color online) The angular distribution of the high
kinetic energy F! from CF3Cl at (a) 4.0 eV and (b) 4.6 eV
fitted with a combination of s, p, d and f waves.

Table 4. The ratios of partial wave contributions, the phase
di!erence between them and the R2 values for the fits of the
angular distribution of F!. Here a is the weighing coe"cient
of the corresponding partial wave.

4.0 eV 4.6 eV
ap/as 0.84 0.62
ad/as 1.40 1.36
af/as 1.74 1.95

"p " "s [rad] 1.43 1.00
"d " "p [rad] 1.26 1.47
"f " "d [rad] 2.38 2.90
R2 values 0.98 0.94

using the theory of Azria et al. [25] as described above.
The distribution has an obvious forward/backward asym-
metry with a peak at 40# and a smaller one at 120#. There
are also three local minima in the angular distribution,
showing that a contribution from an f partial wave is also
present. We therefore used a linear combination of the first
four allowed partial waves for the A1 (ground state) to A1

(excited state) symmetry transition, i.e., s, p, d and f
waves. By using functions corresponding to A1 symmetry
of the transient negative ion we have obtained an excellent
fit to the angular distributions of the outer ring contribu-
tions (see Fig. 5). The ratio of the contributions from p,
d and f waves to the contribution from the s wave, along
with a phase di"erence between the s and p, p and d and
d and f waves as well as the R2 values for the respective
fits are summarized in Table 4. The contribution from the
higher angular momentum, that is higher l value partial
waves, becomes larger as the incident electron energy in-
creases. These results are in agreement with the previous
assignment of this TNI to a shape resonance of A1 sym-
metry, formed by trapping of the incoming electron into
an a1(C-F!*) orbital.

Contributions from the second resonance can be seen
in the center of the velocity slice images of F! (Fig. 4)
and is associated with very low kinetic energy release.
The Newton sphere can therefore not be sliced to pro-
vide information on the symmetry of this resonance and
so we can not, at present, provide any definitive informa-
tion on the nature of this resonance. We can though rule
out the possibility that the low kinetic energy is due to
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Table 5. Kinetic energy release; KER, at various incident elec-
tron energy values; #(e!), derived from the experiment using
equation (5). The experimental KER values determined here,
are compared to the calculated maximum thermochemical val-
ues; KERmax. All values are in eV.

#(e!) KER KERmax

4.0 0.24 2.1
4.3 0.34 2.4
4.6 0.44 2.7
4.9 0.54 3.0

three-body breakup since the lowest calculated threshold
energy for such a process: CF3Cl + e! " F! + Cl + CF2

is 5.69 eV [26,27], and thus well above the experimental
threshold.

Kinetic energy distribution

Table 5 shows the measured KER values for the F! for-
mation from CF3Cl at various electron incident energies
and compares these to the maximum value calculated by
subtracting the thermochemical threshold energy from the
incident energy of the electrons. From the C–F bond dis-
sociation energy in, 5.30 eV [26], and the electron a!nity
of fluorine, 3.40 eV [27] we calculate a threshold energy
of 1.90 eV for the F! formation. It is therefore clear from
Table 5 that most of the excess energy in the process goes
into internal excitation of the neutral fragment i.e., into vi-
brational and rotational excitations of the neutral CF2Cl
counterpart.

4 Conclusions

We have performed an extensive study of DEA to CF3Cl
by measuring velocity slice images of the Cl! and F! frag-
ments. The lowest resonance, yielding Cl! with maximum
cross section at 1.3 eV, is a shape resonance with A1 sym-
metry, where the incoming electron is trapped directly into
the LUMO 8a1. Close to threshold all the excess energy
is released as kinetic energy of the fragments (KER) but
with increased electron energy the KER only increases
slightly. This is consistent with the temporary occupation
of a strongly antibonding a1(C-Cl!*) molecular orbital.
We cannot conclude, with full certainty, the symmetry of
the resonance yielding Cl! at around 4.9 eV. However,
the low kinetic energy release through this resonance is
consistent with previous assignment to a temporary occu-
pation of an e(C-Cl"*) molecular orbital with a strong Cl
3p character.

The F! formation with maximum cross section at
4.1 eV was shown to be due to two overlapping resonances.
One of these is a shape resonance of A1 symmetry where
the incoming electron is trapped into the low-lying a1(C-
F!*) orbital. Through this resonance the F! ions are pro-
duced with considerable kinetic energy. The kinetic energy
release in the F! production from the second resonance is
considerably less and thus we cannot determine its sym-
metry from our measurements.
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Phys. 37, 21 (1979)

10. S.M. Spyrou, L.G. Christophorou, J. Chem. Phys. 82, 2620
(1985)

11. K. Aflatooni, P. Burrow, Int. J. Mass Spectrom. 205, 149
(2001)

12. A. Mann, F. Linder, J. Phys. B At. Mol. Opt. Phys. 25,
1621 (1992)

13. K. Sunohara, M. Kitajima, H. Tanaka, M. Kimura, H. Cho,
J. Phys. B At. Mol. Opt. Phys. 36, 1843 (2003)

14. T. Underwood-Lemons, D.C. Winkler, J.A. Tossell, J.H.
Moore, J. Chem. Phys. 100, 9117 (1994)

15. T. Underwood-Lemons, T.J. Gergel, J.H. Moore, J. Chem.
Phys. 102, 119 (1995)

16. M. Tarana, P. Wielgus, S. Roszak, I.I. Fabrikant, Phys.
Rev. A 79, 052712 (2009)

17. D. Nandi, V.S. Prabhudesai, E. Krishnakumar, A.
Chatterjee, Rev. Sci. Instrum. 76, 053107 (2005)

18. N.B. Ram, V.S. Prabhudesai, E. Krishnakumar, J. Phys.
B At. Mol. Opt. Phys. 42, 225203 (2009)

19. N.B. Ram, E. Krishnakumar, Phys. Chem. Chem. Phys.
13, 13621 (2011)

20. D. Nandi, V.S. Prabhudesai, B.M. Nestmann, E.
Krishnakumar, Phys. Chem. Chem. Phys. 13, 1542 (2011)

21. E. Illenberger, Chem. Phys. Lett. 80, 153 (1981)
22. T.F. O’Malley, H.S. Taylor, Phys. Rev. 176, 207 (1968)
23. G.H. Dunn, Phys. Rev. Lett. 8, 62 (1962)
24. M. Tronc, C. Schermann, R.I. Hall, F. Fiquet-Fayard, J.

Phys. B At. Mol. Phys. 10, 305 (1977)
25. R. Azria, Y.L. Coat, G. Lefevre, D. Simon, J. Phys. B At.

Mol. Phys. 12, 679 (1979)
26. Y.R. Luo, Comprehensive Handbook of Chemical Bond

Energies (CRC Press, Orlando, 2007)
27. CRC Handbook of Chemistry and Physics, edited by D.R.

Lide, 89th edn. (Internet Version 2009) (CRC Press, Taylor
and Francis, Boca Raton, 2009)

28. M.A. Haney, J.L. Franklin, J. Chem. Phys. 48, 4093 (1968)

111





IV Article 4

Product state selectivity in Dissociative Electron
Attachment to CF3I revealed through Velocity Slice
Imaging

Frímann H. Ómarsson, Nigel J. Mason, E. Krishnakumar, Oddur
Ingólfsson

Manuscript submitted for publication (March 2014)

Frímann H. Ómarsson carried out the measurements and analysed the data.
He wrote first draft of the paper and continued editing until the submission.

113





IV. Article 4

 1 

State Selectivity and Dynamics in Dissociative Electron Attachment to 
CF3I Revealed through Velocity Slice Imaging 
Frímann H. Ómarsson, Nigel J. Mason, E. Krishnakumar, Oddur Ingólfsson 

 

In light of its substantially more environmentally friendly nature, 
CF3I is currently being considered as replacement for the highly 
potent global warming gas; CF4, in plasma processing. In this 
context we have studied the electron driven dissociation of CF3I to 
form CF3

− and I and we compare this process to the corresponding 
photolysis channel. By using the velocity slice imaging (VSI) 
technique we can visualize the complete dynamics of this process 
and unambiguously show that the electron driven dissociation 
proceeds from the same initial parent state as the corresponding 
photolysis process. However, in contrast to photolysis, which leads 
nearly exclusively to the 2P1/2 excited state of iodine, electron 
induced dissociation leads nearly exclusively to the 2P3/2 ground 
state. We attribute this to the changed spin multiplicity of the 
negative ion allowing an adiabatic dissociation through a conical 
intersection, while this path is efficiently repressed by a required 
spin flip in the photolysis process. This is an excellent example 
where free electron reduction (attachment) leads to spin multiplicity-
induced modification of dissociation dynamics. 
Trifluoroiodomethane, CF3I, has an exceptionally short lifetime in 
the earth’s atmosphere (few days) and its global warming potential 
(GWP) is estimated to be less than 1.[1] Tertrafluoromethane, CF4, 
on the other hand, is anticipated to have a lifetime of 50,000 years in 
the earth’s atmosphere, and a GWP of about 6000.[1] In the context 
of more environmentally friendly, green chemistry, CF3I is thus 
currently being considered as a replacement gas for CF4 in the 
semiconductor industry. Furthermore, even though atomic iodine is 
considerably more effective than chlorine or bromine in the 
destruction of stratospheric ozone, CF3I has an ozone depletion 
potential that is only a fraction of that of the chlorinated or 
brominated analogues[2] and is thus also considered as a possible 
replacement for other halocarbons. 
 The short lifetime of CF3I in the atmosphere is primarily 
attributed to efficient photolytic cleavage of the CF3-I bond through 
excitation to the A-band, which stretches from about 350-200 nm.[3] 
This band is composed of three electronic excitations, which in the 
Mulliken notation are represented as 3Q1, 3Q0 and 1Q1 
respectively.[4] The 3Q0 state represents a σ → σ* transition, is of A1 
symmetry and converges to the dissociation asymptote yielding 
iodine atoms in their excited 2P1/2 state. The other two states both 
result from n → σ* transitions, are of E symmetry and converge to 
the dissociation asymptote leading to iodine in its 2P3/2 ground state. 
The potential energy curves describing the dissociation of the CF3-I 
bond from the 3Q0 and 1Q1 states are depicted semi-schematically 
with solid lines in Fig. 1 as adapted from reference[5]. In the Frank-
Condon region the 1Q1 state is higher in energy than the 3Q0, leading 
to a crossing of the potential energy curves on the path along their 
respective dissociation asymptotes. The photodissociation dynamics 
of CF3I have been studied quite extensively [3-5] and the general 
picture has emerged that the oscillatory strength of the A-band is 
mainly in the transition to the A1 symmetry 3Q0 state and that 
photodissociation of the CF3-I bond proceeds primarily in a diabatic 
manner along the 3Q0 potential surface, leading to the excited 2I1/2. 
This was already shown by Gedanken in 1987 [6], by using Magnetic 
Circular Dichroism to determine the contribution from the 
individual states. In this study, he reported that 84% of the total 
oscillatory strength of the A-band was due to the 3Q0 state yielding 

the excited 2I1/2, while 9% and 7% were due to the 1Q1 and 3Q1 states, 
respectively, yielding the ground state 2I3/2. These ratios are 
important when considering CF3I as a plasma processing gas, as the 
energy difference between these two states of iodine is 0.94 eV.[7] 
This difference will be reflected in the kinetic energy release (KER) 
in the dissociation process and more importantly in the internal 
energy of the complementary CF3 fragment. Despite the fact that 
plasma processes are largely electron driven, electron-induced 
dissociation of CF3I has received much less attention than the 
corresponding photolysis process. The bulk of the work on the 
electron interactions with CF3I has been reviewed by Christophorou 
et al. [8] and the most comprehensive DEA studies on CF3I were 
made by the Illenberger's group in Berlin in the 1980s and 
1990s.[9,10] In these studies they show that DEA to CF3I proceeds 
through two resonances; a resonance close to 0 eV that exclusively 
yields I− with high KER and a core excited resonance close to 3.8 
eV that is associated with electronic excitation to the antibonding  
σ*CF3-I LUMO [10], concomitant to electron capture. This resonance 
is thus expected to be associated with the 2A1 or 2E transient 
negative ion (TNI) states corresponding to the σ → σ* and n → σ* 
A-band transition in the neutral. This resonance relaxes by 
dissociation (DEA) to form F− and IF− with low KER, pointing 
towards a three-body breakup, and to form CF3

− with exceptionally 
high KER through the direct dissociation ascribed to a two electron 
occupation of the σ*CF3-I LUMO. This process is analogous to the 
photodissociation observed through the A-band, as shown in Fig. 1, 
through a schematic representation of the potential energy curves for 
the 2A1 and 2E TNIs (dotted lines) and the corresponding 3Q0 and 
1Q1 parent states (solid lines). The dotted curves are purely 
schematic except for the dissociation limits which are lowered, by 
the 1.82 eV electron affinity of CF3

[11] as compared to the 
corresponding neutral states. Furthermore, due to the extra electron, 
we expect these TNIs to be destabilized at short and intermediate 
nuclear separation, as compared to the neutral parent states. 
 Here we present an experimental study on DEA to CF3I, 
exploiting the velocity slice imaging (VSI) technique [12] to elucidate 
the state selectivity and the dynamics of this process in the energy 
range corresponding to the respective A-band. In the VSI 
instrument[13], an effusive gas beam is crossed with a magnetically 
collimated, pulsed electron beam with a resolution of about 0.5 eV. 
The electron attachment is initially confined to the overlap of the 
electron- and molecular beams, but through the kinetic energy 
release in the DEA process, the fragments extend in space to form a 
Newton sphere, which extent is proportional to the time delay 
between the fragment formation and their detection. After a 200 ns 
delay the ions are extracted into a Time-of-Flight mass spectrometer 
and a thin, center slice of the Newton sphere is recorded with a 
position sensitive detector by pulsing the detectors voltage with an 
on-time of 100 ns. The center slice of the Newton sphere contains 
full information on the angular distribution of the anions formed and 
can thus be correlated with the initial state of the neutral molecule 
and the transient negative ion state formed through the angular 
dependency of the DEA cross section. Details of this relation and 
the fitting procedure involved are given in the supporting material 
and in refs. [14][15][16].  
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 Fig. 2 shows a CF3
− ion yield curve recorded in the energy 

range from about 1.5 to 10 eV and the left side of Fig. 3 shows the 
velocity slice images (VSIs) recorded at the energies indicated by 
the arrows in Fig 2, i.e., at the rising edge, the center and the falling 
edge of the CF3

− ion yield. On the right side of Fig. 3 the 
corresponding fits to the angular distributions are shown. As these 
angular distributions are symmetric around the electron beam (white 
arrows in Fig. 3), the fits are only shown for the range from 0-180°. 
From the VSIs it is clear that the CF3

− ion yield is composed of two 
discrete components; a low KER component appearing in the center 
of the figures and a high KER component apparent as the outer 
circle in the figures. For a single bond rupture in DEA, the 
thermochemical threshold is given by the difference between the 
respective bond dissociation energy (BDE) and the electron affinity 
(EA) of the charge-retaining fragment. In the current case, Eth = 
BDE(CF3-I) – EA(CF3), and with EA(CF3I) = 1.82 eV [11] and 
BDE(CF3-I) = 2.35 eV [17], the threshold for the CF3

− formation is at 
0.53 eV when the iodine is formed in its ground state and at 1.47 eV 
when it is formed in the  2P1/2 excited state. The total available 
excess energy in the system that can appear in the KER and in 
internal energy of the fragments is given by the difference between 
these threshold values and the incident electron energy.  
 
Table 1. Total available excess energy in the channels yielding 
iodine in the ground state (2P3/2) and first excited state (2P1/2) 
compared with the measured KER. All values are in eV. 
 
Electron energy 3.3   3.8   4.3  

Eexcess(2P3/2) 2.77  3.27  3.77 
Eexcess(2P1/2)  
KER 

1.83 
2.08 

2.33 
2.62 

2.83 
2.85 

 
Table 1 compares the total available excess energy in the 2I3/2 and 
2I1/2 channels with the measured KER, in the dissociation channel 
leading to the outer ring in the VSIs, at incident electron energies of 
3.3, 3.8 and 4.3 eV. It is clear from this comparison that the 
measured KER is in all cases higher than the available excess 
energy for the channel leading to the formation of iodine in its 2P1/2 
excited state. Hence, this channel can only be associated with the 
formation of iodine in its 2P3/2 ground state. The low KER 
component forming the isotropic distribution in the center of the 
VSIs, on the other hand, may be due to dissociation in to CF3

− and 
the 2P3/2 excited state of iodine. We note, however, that this 

contribution might also be rooted in a dissociation channel related to 
the three-body breakdown through which the IF- formation is 
observed.  
The relative intensities of the two different dissociation channels can 
be estimated directly from the VSIs by integrating their measured 
intensity distribution over the whole Newton sphere. In the current 
experiment (100 ns detector on-time) the detected ion slice is about 
1.6 mm thick, which is close to the diameter of the inner sphere, 
containing the low KER ions. The diameter of the outer sphere, on 
the other hand, is about 24 mm. This means that the bulk of the low 
kinetic energy fraction is detected directly, while only a fraction of 
the sphere containing the high-energy ions is recorded. Taking this 
into account and integrating the measured intensity distributions 
over the whole newton sphere, we find that about 96-98% of the 
total ion signal is due to iodine being formed in the ground state. 
Within the accuracy of this approach this is independent of the 
incident electron energy, and despite some variation between the 

Figure 1. Schematic potential energy curves for the neutral 
ground state of CF3I and the 3Q0 and 1Q1 excited states (solid 
lines), and for the corresponding 2A1 and 2E core excited 
negative ion states (dotted lines). The curves for the neutral 
states are adapted from reference [5]. 
 

Figure 2. The ion yield curve of CF3
–. The arrows indicate where 

VSIs were taken. The Gaussian fit to the peak is only meant to 
guide the eye. 
 

Figure 3. VSIs (left panel) and the respective fitted angular 
distributions (right panel) at 3.3 eV (top), 3.8 eV (middle) and 
4.3 eV (bottom). 
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datasets it is clear that at least 95% of the total ion signal is due to 
iodine being formed in the ground state. 
 Turning back to the angular distribution shown in Fig. 3 it is 
clear from visual inspection of the VSIs alone that there is a 
contribution in both the forward (180°) and backwards (0°) 
directions. Thus the initially formed TNI cannot be of E symmetry 
(see supporting material) and hence, must be associated with the A1 
symmetry 3Q0 component of the A-band. This is clearly confirmed 
by the fits to the angular distributions shown on the right side of Fig. 
1, which give an excellent agreement for l values of 0, 1, 2 and 3 
with µ = 0, i.e., values allowed for A1 symmetry within the C3v point 
group.    
 We thus conclude that in DEA to CF3I, the initial TNI state 
corresponds to a 2A1 core excited resonance associated with the 
same σ → σ* excitation observed to carry the bulk of the oscillatory 
strength in photodissociation. Unlike the photodissociation process, 
however, this core-excited resonance relaxes in an adiabatic manner 
through the conical intersection between the 2A1 and 2E anionic 
states corresponding to the 3Q0 and 1Q1 neutral states as depicted in 
Fig. 1.  
 The most plausible explanation for this fundamentally 
different dissociation dynamic in DEA compared to 
photodissociation lies in the spin multiplicity of the involved states. 
Explicitly, while a transition from the 3Q0 to the 1Q1 neutral state 
requires a spin flip this is not the case for the corresponding 2A1 and 
2E states. It may also be that the relative shift of the potential energy 
curves of the 2A1 and 2E states compared to the 3Q0 and 1Q1 parent 
states also favors this transition. This is however speculative at this 
point and remains to be verified by high-level theory. 
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a  b  s  t  r  a  c  t

Dissociative  electron  attachment  (DEA)  to  the group  IV tetrafluorides:  CF4, SiF4 and  GeF4,  is reported  in
the  incident  electron  energy  range  from  about  0  to 14 eV.  The  F2

− formation  from  CF4 is established  and
the  appearance  energies  (AEs)  for F−, CF3

− and F2
− are  determined  using  a  three-point  calibration  for the

energy  scale.  These  are  found  to  be  4.7  ± 0.1  eV, 4.5  ± 0.1  eV and  5.6  ±  0.1 eV, respectively.  For  SiF4 the  AEs
for F−, SiF3

− and  F2
−, through  the  dominating  resonance  are  found  to  be  10.2  ± 0.1  eV,  10.2  ± 0.1  eV and

10.3  ±  0.1  eV,  respectively.  From  GeF4 the  molecular  ion  GeF4
− and  the fragments  GeF3

−,  GeF2
−, GeF− and

F− are  all  observed  with  appreciable  intensities,  and the  F− production  is found  to  be significantly  close  to
0 eV incident  electron  energy.  The  present  findings  are  compared  with  earlier  experiments  and  discussed
in context  to the  thermochemistry  of  the  respective  processes  as  well  as the  nature  of  the  underlying
resonances.

© 2013 Published by Elsevier B.V.

1. Introduction

The group IV tetrafluorides CF4, SiF4 and GeF4 are all important
industrial processing gases that are used in a number of different
applications in the semiconductor and fibre optics industries. While
CF4 is mainly used in dry etching processes with a low temperature
plasma (and for chamber cleaning), SiF4 is also used e.g., in depo-
sition of dielectric glass layers on integrated circuits and inclusion
as a dopant to improve the refractive index in the cladding layers
of fibre optic cables. Although the use of GeF4 in industrial pro-
cesses is more limited, due to its hazardous nature, it still plays an
important role in ion implantation processes, and owing to the high
refractive index and low optical dispersion of GeO2, germanium is
important in many optical elements and is extensively used in the
core of fibre optics. While the extensive use of CF4 in industrial pro-
cesses is partly because of the fact that it is an inert gas and stable

∗ Corresponding author. Tel.: +81 3 3238 4227; fax: +81 3 3238 3341.
∗∗ Corresponding author. Tel.: +354 5254313, fax: +354 5528911.

E-mail addresses: masami-h@sophia.ac.jp (M.  Hoshino), odduring@hi.is
(O.  Ingólfsson).

at ambient conditions, CF4 is also a highly potent green house gas
and thus, due to its stability, a persistent atmospheric pollutant.

The importance of electron induced processes in plasma and
discharge assisted processing techniques, and the potential role
of electron-induced processes in the degradation of atmospheric
CF4, has triggered a number of studies dealing with electron
interactions with CF4. The bulk of these studies were summarized
and evaluated in 1996 in a review by Christophorou et al. [1] and
updated in 1999 by Christophorou and Olthoff [2].  More recent
investigations include theoretical calculations of the total cross
sections [3],  the vibrationally inelastic cross sections [4,5] and
the integral and differential elastic cross sections [6,7], as well as
experimental studies on the total cross sections [8] and on dissocia-
tive electron attachment (DEA) [9].  Studies on electron interactions
with SiF4 are less plentiful and a very recent literature survey for
them is given by Kato et al. [10], in their investigation on elastic and
vibrational excitation cross sections for SiF4. Germanium tetraflu-
oride is the least studied compound of the three tetrafluorides
of interest, with regards to its electronic structure and electron-
induced processes. To our knowledge the currently reported GeF4
studies are limited to two early DEA experiments [11–13],  an
electron energy loss spectroscopy (EELS) study by Kuroki et al.
[14], and a vacuum ultraviolet (VUV) fluorescence study by Boyle

1387-3806/$ – see front matter ©  2013 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.ijms.2013.02.006
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et al. [15], as well as measurements on the total scattering cross
sections (TCSs) conducted by Szmytkowski et al. [16]. In addition
there are theoretical calculations on the differential and integral
cross sections [17], and a recent study by Kato et al. [18] reporting
measurements and independent atom model calculations of the
differential cross sections (DCSs) for elastic electron scattering.

As reviewed by Christophorou et al. [1,2], a number of DEA stud-
ies on CF4 have been conducted in the last few decades, comprising
early work by Dibeler et al. [19], MacNeil and Thynne [20] and
Wang et al. [21]. There are also investigations by Illenberger and
co-workers that were conducted in the early 90s [22–24],  and more
recent studies from Iga et al. [25], Le Coat et al. [26] and Kumar et al.
[9]. However, the discrepancy between the energy dependency of
the main fragmentation channels reported in those investigations
is considerable, and the reported F2

− formation [25] remains dis-
puted [9].  The DEA studies reported thus far for SiF4, on the other
hand, agree fairly well with regards to the energy location of the
main resonance and in terms of the fragment formation. For GeF4
the DEA data reported is limited to studies from the early 70s; the
first, conducted by Harland et al. [11,12],  reports all the observed
fragments, while the latter, by Wang et al. [13], is restricted to the
GeF3

− and F− formation. The ion formation and the appearance
energies reported in these studies agree fairly well, however, they
differ considerably from those determined in the current study.
This, in turn, is reflected in a significant difference in the ther-
mochemical data derived here compared to that from the earlier
work.

In the last decade or so the Sophia and the Flinders groups
have conducted a series of elastic and discrete inelastic studies
on electron scattering from molecules with tetrahedral (Td) sym-
metry [10,18,27–29] and on halogenated methanes [30–37].  Here
we extend these to include for dissociative electron attachment to
a subset of those species, namely: CF4, SiF4 and GeF4. The main
emphasis is given to GeF4, where DEA studies are limited, and the
fragment formation and its energy dependence is not well estab-
lished. However, we also include new measurements on SiF4 and
CF4 for the purpose of making systematic comparison, to enable a
discussion of the less intense resonances observed in DEA to SiF4,
and to benchmark the fragment formation and its energy depend-
ency in DEA to CF4.

The structure of this paper is as follows. In Section 2 we provide
details of our experiments and any analysis tools we implement
to assist us in interpretation of the data. Thereafter, in Section 3,
we provide our results and a discussion of them. Finally, some
conclusions are drawn.

2. Experimental details

Electron attachment to CF4 and SiF4 was measured in the
Reykjavik laboratory using a recently constructed crossed beam
apparatus. In this instrument the electron beam is generated
by a trochoidal electron monochromator [38] constructed from
molybdenum. Electrons are emitted from a tungsten filament,
collimated by a magnetic field and subjected to a crossed electric
and magnetic field, which causes them to drift with constant speed
in a direction orthogonal to both the electric and magnetic fields.
The exit aperture of the crossed electric and magnetic field section
is offset from the entrance aperture, so that only electrons with
certain speed in the direction of the electron beam exit to the
reaction region. In the reaction region, the electron beam crosses
an effusive molecular beam and the ions formed are extracted
by a weak electric field towards a commercial quadrupole mass
spectrometer (Hiden EPIC1000). The electron energy resolution
was determined from the full width at half maximum (FWHM)
of the SF6

− signal from SF6 at 0 eV. The typical energy resolution

in the current experiments was 130 meV. Nominal background
pressure in the vacuum chamber was  on the order of 10−8 mbar.
When introducing the sample gas, the pressure was on the order
of 2 × 10−6 mbar. The gas inlet system is heated to ∼60 ◦C to avoid
compounds adsorbing onto its internal surfaces and the electron
monochromator is heated to ∼120 ◦C to exclude surface problems
such as charging of the electrostatic lens elements.

The electron energy scale was  calibrated using a three point cal-
ibration: the 0 eV SF6

− formation from SF6 and the 4.4 and 8.2 eV
resonances yielding O− from CO2 [39]. The CF4 and SiF4 gas sam-
ples were purchased from Linde gas and ABCR Gmbh & Co. KG with
a stated purity of 99.995% and 97% respectively, and were used
without further purification.

Electron attachment to GeF4 was investigated, at Sophia Uni-
versity in Tokyo, by using a tunable electron source assembled
directly at the entrance of a quadrupole mass spectrometer (Hiden
HAL 301 s/2) [40]. Briefly, an electron beam, with an energy res-
olution of ∼500 meV  (FWHM), was  generated with an iridium
filament coated with Y2O3, producing a typical electron current
of ∼0.5 !A. Negative ions formed in the interaction region were
extracted by a weak electric field, focused by an einzel lens, mass
analysed with a differentially pumped quadrupole mass filter, and
detected with a channeltron electron multiplier operated in pulse
counting mode. The electron energy scale, as well as the electron
energy resolution, is calibrated using the well known negative ion
yields of O− from CO2 near the resonant energies of 4.4 and 8.2 eV
[39]. Negative ion yields are thus obtained as a function of the
incident electron energy in these experiments. The typical base
pressure in the main chamber was  1.0 × 10−7 mbar and upon gas
admission (GeF4) this increased to about 2.0 × 10−6 mbar. Germa-
nium tetrafluoride (a gas) was purchased from Takachiho Chemical
Industrial Co., Ltd., with stated purity of 99%, and was used as deliv-
ered.

The F− ion yield from CF4, and the F− and SiF3
− ion yields from

SiF4, are known to be composed of contributions from two overlap-
ping resonances. In order to deconvolute the contributions through
the individual resonances, we fitted the respective ion yields with
two Gaussian-functions. For CF4 the kinetic energy release (KER)
in the F− production through the two overlapping resonances is
well characterized [24,26,41].  It should be noted that weak extrac-
tion fields discriminate against high KER ions, however, this should
mainly influence the relative cross sections and less the appear-
ance energies as the KER is the least at threshold. Thus, the KER
measurements can be used to estimate at what energy the higher
energy resonance starts to contribute to the ion yield. In accor-
dance with the KER measurements, we  have thus restricted the
fit representing the contribution through the higher energy reso-
nance in the F− ion yield from CF4 to show zero yield up to 5 eV.
For the overlapping resonances in SiF4 no such KER measurements
have been reported, however, the contribution through the low-
energy resonance dominates by far and the resulting fits are fairly
independent of the initial guess. For the ion yield from GeF4 no
prior information on the underlying resonances was available and
initially a single Gaussian curve was used to fit the data. Where
no satisfactory fit could be obtained, with this approach, a second
Gaussian was  added, but no particular restrictions were applied.

Due to the intrinsic uncertainty introduced in the deconvolu-
tions of the contribution from overlapping resonances, and the
somewhat subjective nature of the fitting procedure, peak positions
and appearance energies (AEs) from the Gaussian fits can only be
seen as a first-order estimate.

The appearance energy, for the anions observed, was  deter-
mined by fitting the onset of the ion yield curves with a Wannier
type functional [42] of the form:

f (E) = b + c(E − AE)p, (1)
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where E is the incident electron energy, b is a constant to account
for background signal, c is a scaling constant, AE is the appearance
energy of interest and p is an exponential factor. To account for the
finite resolution of the electron beam, we convoluted this thresh-
old equation with a Gaussian function with a FWHM describing the
energy resolution of that electron beam. However, we note that
the Wannier type function applied is derived as a threshold law
describing ionization cross sections. The DEA processes considered
here, on the other hand, generally proceed well above threshold
and the corresponding ion yield curves reflect a convolution of the
Franck–Condon overlap, the autodetachment rate and the dissoci-
ation rate. In lack of a more physically meaningful functional that
describes this process we have chosen to extract the AEs with a
Wannier type functional form rather than some other arbitrary
function. In general the Wannier type functional reproduces our
data well and, though it is clear that it gives additional uncertainty,
we are confident in the validity of the values presented, within the
respective error limits. For transparency, representative appear-
ance energy fits for selected fragments are shown in Fig. S1 in the
supplementary material. For F−, GeF2

− and GeF3
−, where we  expect

the onset of the ion yield to be composed of contributions from
two resonances, this procedure did not give satisfactory results. As
a consequence, two Wannier type functions were needed for each
anion to reproduce the observed change in the slope at the onset of
the ion yield. In these cases the stated AEs are derived from these
fits.

Error limits on our estimates for the appearance energies are
based on a contribution of the outcome of the ‘goodness of fit’
criterion from the fitting results, and our estimated measurement
uncertainties.

3. Results and discussion

Figs. 1–3 show, respectively, the relative cross sections for neg-
ative ion formation from CF4, SiF4 and GeF4, through electron
attachment, in the energy range from about 0 to 14 eV incident
electron energy. The solid lines show Gaussian fits to the respec-
tive data, while the vertical arrows indicate the relevant appearance
energies in each case for each molecule. The most intense contrib-
utions in these spectra are due to the rupture of one XF3 F bond
(X = C, Si or Ge), with charge retention on the fluorine atom or the
XF3 unit. A minor channel also leads to F2

− formation (not shown
for GeF4), and from GeF4 the molecular anion; GeF4

−, and the frag-
ments; GeF2

− and GeF− are also observed. The compounds CF4, SiF4
and GeF4 all posses Td symmetry and their valence electronic con-
figuration is expected to be . . .a1

2, t2
6, e1

4, t2
6, t1

6, i.e., the ground
state is 1A1. For further discussion on the valence electron configu-
ration of CF4 see for example Christophorou et al. [1] and references
therein, and for SiF4 and GeF4 see for example Kato et al. [10,18] and
references therein. From photoelectron spectroscopy [43,44] the
virtual orbital order for SiF4 is expected to be 6a1, 6t2, 7a1, . . .,  from
which the first two virtual MOs  are of antibonding "* character. The
same order has been calculated at the CCSD level (6-311++G* basis
set) for CF4 [9],  however, in a recent, full quantum-mechanical cal-
culation of the C 1s absorption spectrum of CF4 the order is found to
be reversed, with the 5t2 orbital now being 50 meV below the 5a1
orbital [45]. It is clear that the lowest two virtual orbitals in CF4 and
SiF4 are of a1 and t2 symmetry and it is plausible to assign the vir-
tual MOs  for GeF4 in analogy to those, however, it should be noted
that for CF4 and GeF4, the relative positions of the lowest unoc-
cupied MOs  are not that well established. Fragmentation through
DEA to these molecules is thus expected to occur through shape
resonances of either A1 or T2 symmetry, associated with single
electron occupation of one of the low lying unoccupied molecu-
lar orbitals, and/or core excited (two particle one hole) resonances

Fig. 1. Dissociative electron attachment ion yield curves for CF4 in the energy range
from ∼0 to 15 eV. The solid lines in figure (a) show Gaussian fits intended to decon-
volute the contribution to the F− ion yield through two distinct resonances. The
arrows indicate the estimated appearance energy (see Section 2).

Fig. 2. Dissociative electron attachment ion yield curves for SiF4 in the energy range
from ∼0 to 15 eV. The solid lines in figure (a) and (b) show Gaussian fits intended
to  deconvolute the contribution to the F− and SiF3

− ion yield through two distinct
resonances. The arrows indicate the estimated appearance energy (see Section 2).
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Fig. 3. Electron attachment ion yield curves for GeF4 in the energy range from ∼0
to  13 eV. The solid lines show Gaussian fits, intended to deconvolute the individ-
ual contributions where these are expected to originate from different resonances.
The arrows indicate the estimated appearance energies of the respective fragments
(see Section 2). Finally, panel (e) shows the energy dependence of the formation
probability of the molecular anion, GeF4

− .

of T1 and T2 symmetry, formed through electron excitation from
one of the HOMOs to one of the LUMOs with concurrent capture of
the incoming electron into the same previously unoccupied MO.

In DEA (see for example Illenberger and Momigny [46], Ingólfs-
son et al. [47] and Bald et al. [48] and references therein) the initial
formation of the transient negative ion (TNI) can be understood
as a vertical transition from the neutral ground state molecule to
the respective anionic state. Hence for a Franck–Condon transi-
tion, the probability is determined by the overlap of the respective
wave functions in that region of the potential energy surfaces. The
re-emission of the electron (autodetachment), from the TNI, is an
exothermic process and if the geometry of the anionic state differs
sufficiently from that of the neutral, the TNI is generally formed
in a vibrationally excited state (signified below by #). Correspond-
ingly, a TNI formed under single collision conditions is bound to
relax within a fairly short time from its formation, either through
reemission of the electron:

M + e−(ε1) → M#− → M(#) + e−(ε2; (ε2 ≤ ε1)), (2)

or through dissociation (DEA);

M + e−(ε1) → M#− → [M−Y](#) + Y−. (3)

In Eq. (3),  M is the neutral molecule and Y− the negative fragment
formed (e.g., F−, XF3

−, etc.). If the lifetime of the TNI is sufficiently
long, it may  also relax through photon emission. That process is,
however, not relevant within the time-frame of the current exper-
iment. Furthermore, in DEA the threshold energy (Eth) for a direct

dissociation process, which is approximately equal to the respec-
tive reaction enthalpy ("Hrxn), can be calculated from the bond
dissociation energy (BDE) of the bond that is broken, minus the
electron affinity (EA) of the neutral, radical precursor, of the nega-
tive ion fragment formed. For F− formation from XF4, through single
bond rupture, the threshold can thus be expressed by the equation:

Eth = "Hrxn = BDE(XF3–F) − EA(F).  (4)

3.1. Carbon tetrafluoride

Fig. 1 shows the DEA ion yield curves for CF4 in the energy range
from about 0 eV to 15 eV. From Fig. 1a it can be seen that, in DEA to
CF4, F− is formed through two  overlapping resonances. The appear-
ance energy of the first resonance is estimated directly from the
raw data, in the manner described in Section 2, and is found to be
4.7 ± 0.1 eV. The AE for the higher-energy resonance, on the other
hand, is estimated from previous KER measurements [24,26,41]
(see Section 2) to be at around 5 eV. The maximum intensity of
the total F− ion yield is at 7.7 ± 0.1 eV and from the Gaussian fits
we place the maximum contribution through the individual reso-
nances to be at 6.5 eV and 7.7 eV respectively. The CF3

− ion yield
(Fig. 1b) shows a narrower distribution with an appearance energy
of 4.5 ± 0.1 eV and maximum peak intensity at close to 7.2 ± 0.1 eV.
Table 1 now compares the AEs and the peak energies determined
here, with previously reported values. The AE of F− through the
lower energy resonance agrees, within the combined error limits,
with all other previously reported values (see Table 1), with the
exception of the AE reported by Kumar et al. [9] which is about
1.0 eV lower. The AE value for CF3

− determined here, on the other
hand, agrees fairly well with the values reported by Scheunemann
et al. [23] and Kumar et al. [9],  but is considerably lower (around
0.5–1.0 eV) than all the other reported values (see Table 1). Hence,
the AEs (and peak positions) determined in this study agree well
with the values reported by Scheunemann et al. [23], but are out-
side the combined error margins of all other studies, for either F−

or CF3
− or both.

In addition to F− and CF3
− we also observe F2

−, with an AE of
5.6 ± 0.1 eV, confirming the earlier observation from Iga et al. [25].
Note that in our experiment the maximum F2

− ion yield amounts to
about 0.5% of that for F− at its maximum. The stated purity of CF4
in the current experiment was  99.995%. Nonetheless, to exclude
any artefacts, care was  taken to record the F2

− yield at different
pressures and without heating the inlet system of the instrument.
We thus have no doubt that F2

− is produced through resonant DEA
to CF4. The most likely explanation for the lack of its observation,
in experimental work reported prior to the study by Iga et al. [25],
is either a lack of sensitivity in the earlier measurements or simply
that this fragment was not looked for. We  cannot, however, offer
any explanation as to why  this fragment ion was  not observed in
the more recent study by Kumar et al. [9].  Using the well estab-
lished BDE of F2; 1.64 eV [49], the EA(F2) value of 3.08 ± 0.1 eV [49]
and the "Hf values for CF3, CF2 and F [50], to derive the BDE  for
CF2 F, we calculate a thermochemical threshold; Eth, of 4.75 eV for
this process. Hence this is about 1 eV below the AE of F2

−. It is thus
clear, that the F2

− production proceeds explicitly over the high-
energy (low KER) resonance. It is also clear that the F2

− production
does not proceed directly along a strongly repulsive "*; C F coordi-
nate, but rather requires appreciable redistribution of the internal
energy. This, in turn, is consistent with the low KER observed for F−

formed through this resonance and, along with the lack of any CF3
−

production, indicates that the F− yield through this channel results
from a three-body break-up, with a fractional portion going into
the F2

− channel. The threshold for F− formation through a three-
body fragmentation of CF4, however, is about 6 eV, as calculated
from standard thermochemical data [50], which is at least 0.5 eV
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Table  1
Appearance energies and peak intensity positions for the formation of negative ions from CF4. (a) Current work, (b) Kumar et al. [9],  (c) Iga et al. [25], (d) Spyrou et al. [68],
(e)  Scheunemann et al. [23], (f) Harland and Franklin [69], (g) Wang et al. [21], (h) MacNeil and Thynne [20], (i) Bibby et al. [70] and (j) Dibeler et al. [19].

CF4 a b c d e f g h i j

Appearance energy (eV)
F− 4.7 ± 0.1 3.7 ± 0.1 4.6 ± 0.25 4.5 ± 0.1 4.5 ± 0.2 4.65 ± 0.1 4.8 4.7 ± 0.1 4.5 ± 0.1 4.5 ± 0.3

∼5a – – – – 6.2–6.5 – – – –
CF3

− 4.5 ± 0.1 4.4 ± 0.1 5.5 ± 0.25 5.1 ± 0.1 4.7 ± 0.2 5.4 ± 0.1 5.6 5.4 ± 0.1 5.0 ± 0.1 4.9 ± 0.3
F2

− 5.6 ± 0.1 – 4.8 ± 0.25 – – – – – – –

Peak  intensity position (eV)
F− peak 7.7 ± 0.1 6.5 ± 0.1 7.6 ± 0.25 6.7 ± 0.05 7.7 ± 0.1c – 6.5 – – –
High  KER 6.5 ± 0.1 – – – – 6.15 ± 0.1 – – – –
Low  KER 7.7b – – – – ∼7.5 – – – –
CF3

− 7.2 ± 0.1 7.1 ± 0.1 7.8 ± 0.25 7.1 ± 0.05 6.7 ± 0.2c 6.9 ± 0.1 7.1 – – –
F2

− 7.0 ± 0.1 – 6.8 ± 0.25 – – – – – – –

a Estimated from KER data from Refs. [26,41].
b From a Gaussian.
c Peak intensity position for F− is given at 6.7 eV and for CF3

− at 7.7 eV in Table 1, in [23]. But when observing Figs. 1 and 2 in [23], it is evident that it should be the other
way  around. Thus it has been corrected here.

above the DEA AE estimated for this resonance. At low incident
energies, i.e., below the thermochemical threshold for F− forma-
tion through three-body brake-up (6 eV), we thus expect the TNI
pre-dissociation state to decay via a single bond rupture with the
remaining excess energy being in vibrational and rotational exci-
tation of the neutral CF3 radical. Above 5.6 eV, however, a fraction
follows the reaction path leading to F2

−, and above 6 eV the actual
three-body fragmentation sets in so that the fractional F2

− yield
through this resonance decreases rapidly from about 0.7% at 7 eV
to less than 0.01% at 8 eV.

The energy scale in our experiments was calibrated by using
the formation of SF6

− from SF6 at 0 eV and O− from CO2 at 4.4 and
8.2 eV [39], i.e., through a three point calibration, and the appear-
ance energies and peak positions for CF4 were determined and cross
checked from at least three different measurements. We  are thus
confident to recommend the values we have determined from the
raw data for the AE of F−, through the lower-energy resonance, and
the AEs and peak positions for CF3

− and F2
− as benchmark values.

The peak position of the F− signal, on the other hand, is influenced
by the relative contributions from two resonances with very differ-
ent KER values, and is thus subject to instrumental effects such as
the extraction efficiency. The appearance energy of F−, through the
higher-energy resonance, is also subject to uncertainties imposed
in our fitting procedure, as described previously in Section 2. These
values should thus only be taken as first-order estimates.

As mentioned above, it has been shown that the lower-energy
contribution to the F− yield is associated with considerable KER
[24,26,41] and that this is also the case for the CF3

− formation. In
contrast, F− through the higher-energy resonance is produced with
thermal kinetic energy. In the total electron scattering cross sec-
tions of CF4, a broad enhancement in magnitude is observed with
a maximum around 8.9 eV [51]. In addition, through the angular
dependency of the vibrational inelastic electron scattering cross
sections, Boesten et al. [52] as well as Mann and Linder [53] have
identified a shape resonance of T2 symmetry with a maximum tran-
sition probability at 8 eV. This energy coincides well with that for
the maximum of the F− production through the higher-energy res-
onance (low KER). However, in an angular dependent DEA study,
Le Coat et al. [26] have shown that this resonance is identical with
the lower-energy (high KER) resonance leading to the F− forma-
tion, and that the same T2 symmetry resonance is also responsible
for the CF3

− formation. This was recently confirmed using the
Velocity Slice Imaging (VSI) technique [41]. The fact that this res-
onance appears narrower and shifted to lower energies in the
DEA studies, as compared to the scattering experiments, is readily
understood through the different manifestation of the autodetach-
ment lifetime in both experiments. Generally the autodetachment

lifetime decreases with increasing incident electron energy over
the width of the resonance. Thus DEA, which inherently com-
petes with autodetachment, often only appears through the low
energy side of the respective resonances. In the electron scatter-
ing experiments, on the other hand, the DEA channel, leading to a
thermodynamically stable fragment anion, is not detectable.

The assignment of the higher-energy resonance, i.e., the low
kinetic energy contribution in the F− ion yield, is not as well estab-
lished. Based on slightly increased intensity in energy loss spectra
for the excitation of #1 and 2#1 vibrational channels, Mann and
Linder [53], tentatively assigned this resonance as a 2A1 shape res-
onance. That resonance can be associated with the occupation of
the low-lying a1 virtual MO  (presumably the LUMO). However all
attempts by Le Coat et al. [26] to fit the angular distribution of F−

through this resonance, with s- and f-waves without any p- and
d-contributions, were unsuccessful. This led them to exclude that
possibility and to assign this contribution to a T1 core excited res-
onance. In this case they assume that the incoming electron would
be trapped in the low-lying a1 orbital (LUMO), together with excita-
tion of an electron from the t1 HOMO to the a1 orbital. We,  however,
pointed out that, within the Td point group, p and d waves are
not allowed for in T1 symmetry and that the angular distribution
observed by Le Coat et al. [26] for the higher-energy F− contribution
is rather consistent with a resonance of T2 symmetry. This reso-
nance is thus likely to be associated with an electronic excitation
from the t2 HOMO-1. In this context it is worth noting that the first
transition observed in EELS [54] and VUV spectroscopic [55] studies
is a Rydberg transition close to 12.5 eV, and that no HOMO–LUMO
valence transitions are observed.

In addition to the two resonances discussed above, Jones [51]
also observed a slight, broad enhancement/shoulder at around
3.6 eV in the total scattering cross sections of CF4. In that case he
tentatively assigned this structure as being due to the formation of
a 2A1 shape resonance through electron capture to the a1 LUMO.
This enhancement is also apparent in the elastic integral cross sec-
tions reported by Boesten et al. [52] and by Mann and Linder [56].
However, enhancement of any channel in their vibrational excita-
tion spectra is not observed in this energy range. Furthermore, the
CF3 F binding energy and the electron affinity of the fluorine atom
are well established to be 5.67 eV [57] and 3.40 eV [49], respectively,
and the EA of CF3 is at around 1.82 eV [58]. This puts the thermo-
chemical threshold for F− formation close to 2.27 eV, and that for
CF3

− formation at 3.85 eV. These dissociation channels should thus
be accessible over the bulk of the energy range in question. The
fact that no enhancement in vibrational excitation is seen in this
energy range, and that neither F− nor CF3

− is observed below the
threshold of the higher energy resonances, indicates strongly that
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Table  2
Appearance energies and peak intensity positions for the formation of negative ions from SiF4. (a) Current work, (b) Iga et al. [25], (c) Wang et al. [21], (d) MacNeil and Thynne
[20]  and (e) Sauers et al. [59].

SiF4 a b c d e

Appearance energy (eV)
F− 10.2 ± 0.1 10.2 ± 0.25 10.65 10.85 ± 0.05 10.85 ± 0.1

10.7a – – – –
SiF3

− 10.2 ± 0.1 10.1 ± 0.25 10.70 10.55 ± 0.05 10.35 ± 0.1
10.7a – – – –

F2
− 10.3 ± 0.1 9.7 ± 0.25 – 10.55 ± 0.10 –

Peak  intensity position (eV)
F− 11.2 ± 0.1 11.4 ± 0.25 11.4 – 11.25 ± 0.1

11.9b – – – –
SiF3

− 11.1 ± 0.1 11.4 ± 0.25 11.5 – 11.1 ± 0.1
11.9b – – – –

F2
− 11.1 ± 0.1 11.2 ± 0.25 – – –

a Estimated from a fitted Gaussian at three standard deviations below the mean.
b From a Gaussian.

the enhancement seen in the total and the integral elastic cross sec-
tions is not due to resonant electron capture into the a1 LUMO, or
that this resonance simply has too short a lifetime to couple suffi-
ciently with the respective vibrational modes and thus contributes
mainly to the elastic channel.

3.2. Silicon tetrafluoride

Fig. 2 shows the DEA ion yield curves for SiF4 in the energy
range from about 0 to 15 eV. In SiF4 the main contributions in
the F− (Fig. 2a) and SiF3

− (Fig. 2b) ion yields are through a fairly
narrow resonance, with appearance energies of 10.2 ± 0.1 eV and
10.2 ± 0.1 eV, respectively, and peaking in intensity at 11.2 ± 0.1 eV
and 11.1 ± 0.1 eV, respectively. Lesser contributions are also
observed between 9 and 10 eV and close to 12 eV. The latter of
these is proportionally more pronounced in the F− yield, and we
estimate the AE for this resonance to be around 11 eV. In addition
to F− and SiF3

−, F2
− is also formed in DEA to SiF4 with an AE of

10.3 ± 0.1 eV and a maximum intensity at 11.1 ± 0.1 eV. Similar to
CF4, the F2

− formation proceeds through a core excited resonance
(see below) from which the F− fragments have been shown to be
formed with close to thermal kinetic energy [21]. Table 2 compares
the AEs determined here, with the values from previous studies by
Iga et al. [25], Wang et al. [21], MacNeil and Thynne [20] and Sauers
et al. [59]. The agreement of the present results with the corre-
sponding values reported by Iga et al. [25] is typically good except
for the AE of F2

− which is about 0.6 eV higher in our study. Our
peak intensity positions also agree well with those from the other
studies, but our AE values are generally slightly lower (0.2–0.6 eV)
than those reported by Wang et al. [21], MacNeil and Thynne [20]
and Sauers et al. [59].

In the total electron scattering cross sections for SiF4 [60,61], a
broad magnitude enhancement is observed at around 8 eV. This
energy correlates well with an enhancement in the vibrational
excitation cross sections at around 7 eV, which has tentatively
been attributed to a 2T2 shape resonance [10] in good agree-
ment with results from photo-excitation spectroscopy [43,44].
Electron energy loss spectroscopy places the first valence tran-
sitions: 1t1 → 6a1 and 5t2 → 6a1, in SiF4 at 11.80 eV and 13.0 eV,
respectively [14]. This is in good accord with the energies at which
the F− and SiF3

− DEA ion yield peak maxima are found. In both
cases two resonances are observed with a maximum slightly above
11 eV and close to 12 eV, respectively. We  note that their peaks are
shifted to slightly lower energies, compared to the EELS data, due
to the inherent competition between DEA and relaxation through
autodetachment. Correspondingly we attribute the highest inten-
sity contribution in the DEA ion yield to a T1 symmetry core excited
resonance, with the electron configuration . . .5t2

6, 1t1
5, 6a1

2, while

the higher energy contribution close to 12 eV is attributed to a T2
symmetry core excited resonance, with the electronic configura-
tion . . .5t2

5, 1t1
6, 6a1

2. Consequently the low intensity contribution
observed, between 9 and 10 eV, most likely results from a high lying
shape resonance, and the comparably low intensity can be ratio-
nalized by the fact that shape resonances generally couple more
strongly with the autodetachment continuum and can thus have a
very short lifetime with regards to autodetachment [62]. Further-
more, assuming that the virtual orbital order for SiF4 is 6a1, 6t2, 7a1
[43,44] and that the resonant enhancement observed in vibrational
excitation at around 7 eV [10] is due to a temporary occupation
of the 4t2 orbital (LUMO + 1), it is reasonable to attribute the low
intensity contribution between 9 and 10 eV in the relevant DEA ion
yields to a temporary occupation of the 4a1 orbital, LUMO + 2.

3.3. Germanium tetrafluoride

In GeF4, in a behaviour that is very different from the other two
compounds of this study, F− appears with high intensity through a
resonance close to 0 eV (Fig. 3a). There is also a significant contribu-
tion at higher energy, mainly through a resonance with a maximum
yield at 8.1 ± 0.3 eV, but also through a lower energy contribution
with an AE close to 5.0 ± 0.3 eV. In addition to these contributions, a
further maximum in the F− yield is observed close to 11 eV. The first
two contributions at ∼0 eV and 8.1 eV are limited to well-defined
incident electron energy ranges and are thus clearly the result of
resonant electron capture, i.e., DEA. The high-energy contribution
also shows a clear maximum, but is apparently superimposed on a
monotonic rise of the F− yield that is typical for dipolar dissociation.

The complementary ion GeF3
− is apparently observed through

two resonances, with the total ion yield peaking at 8.0 ± 0.3 eV and
the lower-energy contribution close to 6.8 eV, as can be seen from
the deconvoluted ion yield in Fig. 3d (solid lines). From the parent
GeF4 molecule, further neutral fluorine loss, leading to the negative
ion fragments GeF2

− and GeF−, is also observed through these reso-
nances (see Fig. 3c and b). However, although the electron affinity of
germanium is predicted to be 1.80 eV [49], the bare metalloid anion;
Ge−, is not observed in our experiment. In addition to the nega-
tive ion fragments observed from GeF4, through DEA, the molecular
anion GeF4

− is also observed with fairly high intensity compared
to the other germanium containing fragment ions (see Fig. 3e).

To our knowledge, only one previous study on DEA to GeF4,
that looked at all the possible fragmentation channels, has been
conducted [11,12]. Notwithstanding that remark, we note another
more limited study that concentrated on GeF3

− and F− yields in
order to deduce the heat of formation of GeF3 [13]. Table 3 now
compares the AEs and the peak positions for all the ions observed
in the current study, against those detected in the early studies by
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Table  3
Appearance energies and peak intensity positions for the formation of negative ions
from GeF4. (a) Current work, (b) Wang et al. [13] and (c) Harland et al. [11].

GeF4 a b c

Appearance energy (eV)
F− Threshold – –

5.0 ± 0.3 8.4 8.60 ± 0.05
6.9 ± 0.3a – –

F2
− – – 8.70 ± 0.05

GeF− 5.1 ± 0.3 – –
GeF2

− 6.2 ± 0.3 – 8.70 ± 0.05
7.6 ± 0.3a – –

GeF3
− 3.9 ± 0.3 8.1 8.30 ± 0.05

6.7 ± 0.3a – –
GeF4

− Threshold ∼0.0 –

Peak intensity position (eV)
F− ∼0.0 – –

8.1 ± 0.3 9.0 9.1c

10.9 ± 0.3 – –
F2

− – – 9.2c

GeF− 7.3 ± 0.3 – –
GeF2

− 7.0b – –
8.6 ± 0.3 – 9.25c

GeF3
− 6.8b – –

8.0 ± 0.3 9.0 8.85c

GeF4
− ∼0.0 – –

a Higher AE value resulting from fitting with two Wannier type functions.
b From a Gaussian.
c Estimated from the peak widths and the appearance energies reported in [11]

(see  text).

Harland et al. [11] and Wang et al. [13]. Note that the current AEs
are determined directly from our calibrated ion yield curves (or
the relevant Gaussian fits). Harland et al. [11], on the other hand,
only show calibrated ion yield curves for F−, so that their other
peak intensity positions are determined from their reported AEs
and resonance widths. For F− this procedure gives the same value
as deduced from their calibrated ion yield curves, ergo confirming
the validity of our approach here.

There are three significant differences between the current
observations and those previously reported: (i) we  find the most
intense contribution in our spectra to be due to F− formation
through a low energy resonance centred close to 0 eV, which is
not reported in the previous experiments, (ii) in our experiment
we observe an appreciable contribution due to GeF− formation,
through a high lying resonance, with a yield maximum close to
7.3 eV, but no GeF− formation is observed in the previous experi-
ment [11,12] and (iii) we  find the maximum formation probabilities
of the commonly observed fragments red shifted by approximately
0.6–1.0 eV, compared to the earlier experiments. We  can only
speculate that this energy shift is a result of the calibration and
deconvolution methods used to determine the appearance energy
in the previous experiments, but we cannot offer any rationale for
why no GeF− or low energy F− contributions were observed in the
previous study [11].

The fact that F− is observed with considerable intensity at a 0 eV
threshold, along with the well-established electron affinity of flu-
orine; EA(F) = 3.40 eV [49], gives a BDE value of ≤3.40 eV for the
GeF3 F bond (see Eq. (4)). This is considerably lower than the pre-
viously reported average value of 5.4 eV, for the Ge F bonds in
GeF4 as determined in the experimental study by Harland et al.
[12]. The same observation is also true in comparison with values
calculated for the GeF3 F BDE by Li et al. [63], which are in the
range 4.91–5.16 eV (at 0 K), depending on the level of theory, and
in comparison with the value of 5.56 eV (also 0 K) calculated at the
G3//density functional theory (DFT) level by Wang and Zhang [64].
The experimental values for further F loss from GeF3, i.e., for the
BDE of GeF2 F, GeF F and Ge F are reported by Harland et al. [11]
to be 4.6, 6.4, and 5.0 eV respectively, and by Wang et al. [13] to

be 2.7, 4.6 and 5.0 eV, respectively. The corresponding values cal-
culated by Li et al. [63] are in the range 2.59–3.04 eV, 5.18–5.81 eV
and 4.78–5.48 eV respectively, and the values reported by Wang
and Zhang at the G3//DFT level of theory [64] are 2.96, 5.70 and
5.25 eV. Although the trend is similar in these studies, the disagree-
ment between the absolute values is considerable. Nonetheless, it
is clear that F− formation through the higher-energy resonance at
about 8 eV is not necessarily restricted to a single bond rupture, but
may  constitute the loss of at least one additional fluorine atom or
even a F2 molecule (BDE(F2) = 1.64 eV).

The complementary ion to F−, i.e., GeF3
−, is only formed

through the higher-lying resonances with an AE of 3.9 ± 0.3 eV
and 6.7 ± 0.3 eV, respectively. Note that neither the 0 eV reso-
nance, nor the high-energy contribution around 11 eV, is apparent
in the GeF3

− ion yield (see Fig. 3d). The fact that we observe
this fragment ion shows clearly that GeF3 has a positive EA,
and the absence of GeF3

− through the 0 eV resonance places it
below 3.40 eV. However, the resonant nature of the DEA process
and the high appearance energy of GeF3

− (3.9 ± 0.3 eV) does not
allow for any further elucidation of the thermochemistry for this
process.

Different to the F− and GeF3
− formation channels, the fragments

GeF2
− and GeF− must constitute the loss of more than one fluorine

atom. The former of these is predominantly formed through a res-
onance whose AE is around 7.6 ± 0.3 eV, but also to a lesser extent
through a resonance whose AE is 6.2 ± 0.3 eV. Using the higher
limit of the BDE for GeF3 F, as determined in this study (3.4 eV),
and the BDE for GeF2 F reported by Harland et al. (4.6 eV) [11],
we derive a threshold of 8.0 eV for the formation of neutral GeF2.
The threshold for the GeF2

− ion, as determined here, is 6.2 ± 0.3 eV,
so this would give a lower limit of 1.8 eV for the electron affinity
of GeF2. If we, however, use the considerably lower BDE value of
2.7 eV, reported by Wang et al. [13], that takes into account excess
energy going into translational energy and internal excitation of the
fragments, in determining the enthalpy of formation for GeF3, the
threshold for neutral GeF2 formation is 6.1 eV. Hence, that value is
below the threshold we  observe for GeF2

− formation and thus does
not allow any estimation for the electron affinity of GeF2. Similarly
a threshold of 14.5 eV is derived for neutral GeF formation, using
the reported BDEs for GeF2 F and GeF F from Harland et al. [11]
and the higher limit of our estimate for the BDE of GeF3 F. With
our observed threshold for GeF− formation being 5.1 ± 0.3 eV, this
leads to an electron affinity value for GeF that must be higher than
9.4 eV. That result is clearly unrealistic. If we use the respective
BDEs reported by Wang et al. [21] the threshold for neutral GeF
is now about 10.4 eV, which moves the lower limit of the EA of
GeF to 5.3 eV. In both the cases considered above the loss of atomic
fluorine is presumed so if molecular fluorine; F2, is formed in the
respective dissociation process the threshold for the neutral for-
mation is lowered by 1.64 eV [57]. Thus the resulting lower limit
for the EA of GeF would now be ∼2.7 eV. Independent of the exact
value, the fact that we observe GeF−, shows clearly that the neu-
tral radical GeF has a positive EA, in contrast to earlier conclusions
[11]. It should be noted here that the BDEs reported by Harland
et al. [11] were derived through thermochemical considerations,
based on the threshold for positive and negative ion formation of
the relevant fragments and without taking into account any kinetic
energy release or internal excitation of the fragments formed. For
the negative ion formation, this approach is only valid if the ther-
mochemical threshold for the respective negative ion fragments
overlaps with the underlying resonance in such a way that its AE is
determined by the thermochemistry of the process and not a con-
volution of the formation probability of the TNI and its lifetime with
respect to autodetachment and dissociation. We  are thus sceptical
as to the validity of the BDEs reported by Harland et al. [11] in their
original study.
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In addition to the DEA processes discussed above, we also
observe the formation of the molecular anion; GeF4

−, through a
resonance close to 0 eV (see Fig. 3e). The combined extraction time
and the flight-time through the mass spectrometer in our experi-
ment is in the range of few tens of microseconds. Thus to maintain
stable trajectories, and to be detected at the channeltron, the GeF4

−

TNI must have a life-time in this range. This shows clearly that the
GeF4 molecule has positive electron affinity and that the life-time
of the molecular anion, formed through electron attachment under
single collision conditions, is in the higher microsecond range. That
result agrees well with the estimated lifetime of ≥2 !s reported
by Harland et al. [11]. Such formation of metastable molecular
anions, through gas phase low energy electron attachment, is well
known for highly symmetric molecules such as SF6, C6F6 and C60
(see for example Refs. [65,66] and references therein). We  note
that it has been ascribed to strong coupling of the initially formed
TNI state with the vibrational degrees of freedom of the molecule,
through instantaneous Jahn–Teller distortion caused by the incom-
ing electron. Hence the excess energy brought in through electron
attachment is removed from the reaction coordinate relevant for
autodetachment into vibrational excitation of the molecule.

In the TCSs for electron scattering from GeF4 a steep rise in mag-
nitude towards 0 eV incident electron energy is observed below
2 eV, which is mainly attributed to an a1 symmetry scattering com-
ponent in the elastic channel [16]. Additionally a broad but distinct
structure in the TCSs is observed between 4 and 10 eV, with a
maximum at about 6.5 eV [16]. This coincides with a low energy
shape resonance of T2 symmetry predicted by calculations cited in
Ref. [16]. Consistent with these assignments, we attribute the low
energy contribution around 0 eV in the F− and GeF4

− ion yields to a
low lying shape resonance associated with the temporary occupa-
tion of the a1 "* antibonding orbital (probably the LUMO). The ion
yield contributions close to 7 eV coincide well with the structures
observed in the TCSs around this energy, and are likely to be associ-
ated with the same shape resonance, i.e., the temporary occupation
of a higher lying "* orbital of T2 symmetry. The yield at around
8 eV, on the other hand, is more difficult to assign. In the EELS of
GeF4 [14] the electronic transitions display broad envelopes and
no attempt is made to assign them to a single transition. The low-
est energy peak (and at the same time the highest intensity peak)
has a maximum at 10.42 eV and is attributed to one or more tran-
sitions from the HOMO and/or the HOMO − 1, to one of the first
two LUMOs [14]. This is consistent with the VUV spectra, where
only one band (ascribed to a t2 → "* excitation) with a maximum
at 119 nm (10.42 eV) is observed [67]. As discussed earlier, the
energy dependence of the autodetachment rate commonly causes
the same resonance to appear at somewhat lower energy in DEA
than in EELS. It is thus possible, in analogy to the SiF4, that the
8 eV contribution observed in DEA to GeF4 originates from a core
excited resonance of T1 symmetry that corresponds to a t1 → a1
(HOMO–LUMO) transition which is unresolved at the lower-energy
side of the first peak in the EELS measurements. Similarly the high
energy contribution in the F− yield at around 11 eV may  correspond
to the second peak observed in the EELS, that has tentatively been
assigned as a t2 → a1 transition [14].

4. Conclusions

For the group IV tetrafluorides: CF4, SiF4 and GeF4, low energy
electron attachment leads predominantly to the formation of F−

and XF3
− (X = C, Si and Ge), but also F2

− although with considerably
lower intensity. In GeF4 the molecular ion GeF4

− and the fragment
ions GeF2

− and GeF− are also observed. Our study is, at large, in
agreement with results from previous studies on CF4 and SiF4. Fur-
thermore, for CF4, we have put effort into clarifying the AEs for

F− and CF3
−, and resolving the dispute in relation to F2

− forma-
tion from this compound. Contrary to CF4 and SiF4, our results on
GeF4 differ substantially from earlier DEA studies. This, in turn, is
reflected in the derived thermochemical values, which give a sub-
stantially lower GeF3 F BDE and shows unambiguously that the
GeF radical possesses positive electron affinity.

In our view further studies are still necessary to elucidate the
nature of the resonances leading to the observed fragments and the
dissociation dynamics behind some of the processes, although the
comparison of the DEA profiles of CF4, SiF4 and GeF4, along with
the available data on electron scattering from these compounds,
offers a fairly consistent picture. The higher-energy region of the
DEA ion yields for these group IV tetrafluorides is dominated by
core excited resonances associated with the first valence transi-
tions. However, in CF4, an appreciable contribution in both the CF3

−

and F− ion yields is also observed through a fairly high lying shape
resonance (peaking at 6.5 eV) of T2 symmetry. Apparently, this is
also the case for GeF4 close to 6.5 eV, but no signs of this reso-
nance are discernible in DEA to SiF4. Besides the more extensive
fragmentation observed from GeF4, the most noticeable difference
between GeF4 and the other compounds is the formation of the
molecular ion; GeF4

−, and the F− fragment, through a resonance
close to 0 eV incident electron energy. Based on the low energy we
assign this as a shape resonance, which according to the orbital
order is most likely of A1 symmetry. This is further supported by
calculations cited by Szmytkowski et al. [16] in conjunction with
total cross section measurements. The fact that this resonance is
not observed in CF4 and SiF4 is readily understandable, as neither
of those molecules is expected to have positive electron affinity
and as the CF3 F and SiF3 F BDEs are both clearly above the EA of
fluorine [49].
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a  b  s  t  r  a  c  t

As a part  of our efforts  to characterize  the  electron  attachment  reactions  of  the  group IV  tetrahalides,
XY4 (X  = C,  Si,  Ge and  Y  =  F,  Cl, Br)  we  here  follow  up on  our  previous  study  on  XF4 and  report  electron
attachment  to the  tetrabromides:  CBr4, SiBr4 and  GeBr4 in  the  incident  electron  energy  range  from  about
0 to 10  eV.  The  formation  of Br−, XBr3

−, XBr2
− and  Br2

− is observed  from  all  these compounds,  and  addi-
tionally  the  molecular  anion  is observed  from  SiBr4. The  main  DEA  contributions  from  CBr4 and  GeBr4

are  observed  through  a low  lying  resonance,  which  we assign  as a T2 shape  resonance  associated  with
a  single  occupation  of  the t2 symmetry  LUMO+1  of  these  molecules.  This  resonance  is  also  apparent  in
the  ion  yield  from  SiBr4, but  there  the  main  contributions  are  the  molecular  anion  and  Br− in  a narrow
energy  range  peaking  at  0 eV. We attribute  these  0  eV  contributions  to a vibrational  Feshbach  resonance
associated  with  the  a1 symmetry  LUMO.  Further  resonances  are  observed,  for  all  the  compounds  inves-
tigated  here,  in the  energy  range  between  3 and  6 eV.  To establish  the  thermochemical  thresholds  for
the  individual  channels  we have  conducted  DFT  calculations  from  which  we  report  the  threshold  values,
bond  dissociation  energies  and  electron  affinities  for  individual  fragments  and  their  neutral  precursors.
These  values  are  compared  to values  in the  literature  where  available,  and  discussed  in the  context  of
our experimental  results.

©  2014  Published  by  Elsevier  B.V.

1. Introduction

The current study is a part of our effort to characterize the
negative ion formation of group IV tetrahalides upon electron
attachment (EA), and at the same time to summarize the available
literature on low-energy electron interaction with these com-
pounds. The first investigation dealt with the tetrafluorides; CF4,
SiF4 and GeF4 [1]. In the current contribution we  report on results
for the tetrabromides; CBr4, SiBr4 and GeBr4, and the final contri-
bution will deal with the corresponding tetrachlorides; CCl4, SiCl4
and GeCl4. The interaction of many of these tetrahalides, with low-
energy electrons, is important in their current and potential use
in industrial processing techniques and in manufacturing. Most

∗ Corresponding author. Tel.: +354 5254313; fax: +354 5528911.
E-mail address: odduring@hi.is (O. Ingólfsson).

noticeably CF4 is extensively used in plasma etching, while SiF4 is
also used in dry etching processes, and SiCl4 is currently most signif-
icant for deposition of dielectric glass layers on integrated circuits
and in the production of fiber-optics [2]. Germanium tetrafluoride
has also been used for ion implantation [3], although it is difficult to
handle and its use is rather limited. Germanium tetrachloride, on
the other hand, is used extensively in the production of fiber-optics
where, due to its high refractive index and low optical dispersion,
GeO2 is a core component [4]. The group IV bromides are not com-
mon  in applications and though CBr4 has for example been used
as an etching gas in chemical vapor deposition [5], and SiBr4 and
GeBr4 have been used in the deposition of silicon and germanium
nanoparticles [6,7], we are not aware of any significant current use
in industrial applications. Correspondingly, experimental data on
low-energy electron interaction with the group IV tetrabromides
is limited and the same is true regarding theoretical calculations
relevant to their interaction with low energy electrons. To our

http://dx.doi.org/10.1016/j.ijms.2014.01.008
1387-3806/© 2014 Published by Elsevier B.V.
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knowledge electron attachment studies on these compounds are
limited to early studies by DeCorpo and Franklin [8] and by Pabst
et al. [9], and a more recent study by Sunagawa and Shimamori
[10]. The study by DeCorpo and Franklin focuses on determining
the electron affinity of the halogen molecules through dissociative
electron attachment (DEA) of a number of halomethanes and BF3.
In this study the authors report an appearance energy (AE) of 0.0 eV
for Br2

− from CBr4 [8]. The study by Pabst et al. [9], on the other
hand, focuses on DEA to the tetrachlorides and tetrabromides of sil-
icon and germanium. For the bromide compounds they observed
resonances yielding Br−, Br2

−, XBr2
− and XBr3

− (X = Si, Ge) anions.
This study, however, only covers electron energies above 1 eV and
does thus not reveal any information on the threshold region. In
the study by Sunagawa and Shimamori [10] measurements on
the rate constant and cross section for DEA from ∼0 to 2 eV for
various brominated methanes are reported. These include CBr4,
for which they reported an electron attachment cross section of
1.8 × 10−14 cm2 at threshold. In addition to these DEA studies, Mod-
elli et al. [11] reported electron transmission spectra for the fluoro-,
bromo-, and iodomethanes and supported these measurements
with X! calculations. In that study resonances for CBr4 are observed
at 0.42, 3.4 and 5.7 eV, from which the first is assigned as a t2 res-
onance, which the X! calculations place at 0.33 eV. The A1 anionic
ground state is not observed. This is in agreement with the X! cal-
culations, which derive a value of −1.40 eV for the A1 resonance.
Similarly, Wan  et al. [12] reported electron transmission measure-
ments of silane and the halogenated derivatives containing 1–4
fluorine, chlorine or bromine atoms. From their transmission spec-
tra the authors derive values for the total cross section, in the energy
range from about 0 to 12 eV, and for SiBr4 they also observed a res-
onance at 1.2 eV which was assigned as a T2 resonance. Another
resonance was observed [12] close to 4.5 eV, but its nature was
not discussed. To our knowledge no further measurements on low
energy electron interaction with the group IV terabromides have
been conducted. However, Joucoski and Bettega [13] have reported
Schwinger multichannel calculations of the differential and integral
elastic cross sections for a number of group IV tetrahalides, includ-
ing CBr4, SiBr4 and GeBr4. Varella et al. [14] also reported Schwinger
multichannel calculations of the differential and integral elastic
cross sections for carbon and silicon tetrahalides including SiBr4,
and Mozejko et al. [15] reported independent atom model calcu-
lations for a number of silicon and germanium halides, including
SiBr4 and GeBr4.

In their ground state all the group IV tetrahalides have tetrahe-
dral symmetry and thus fall within the Td point group. The valence
electron configuration of their ground state is thus expected to
be [16]: . . .(2a1)2(2t2)6(le)4(3t2)6(1tl)6. Correspondingly, the first
two unoccupied molecular orbitals (LUMOs) should be of a1 and
t2 symmetry, respectively [16]. A resonance of A1 or T2 symme-
try is therefore possible if the incoming electron is trapped into
the respective orbitals. Core excited resonances with T2 and/or
T1 symmetry may  also be expected if the electron attachment is
associated with electron excitation from one of the two highest
occupied molecular orbitals (HOMOs).

Here, we report DEA results for the three compounds, CBr4, SiBr4
and GeBr4, in the energy range from about 0 to 10 eV. We  estimate
the appearance energies for each of the fragments formed and com-
pare them with calculations on the thermochemical thresholds for
the respective processes. From our calculations we also report elec-
tron affinities (EAs) for Br, Br2, XBr2 and XBr3 and bond dissociation
energies (BDEs) for the sequential loss of the first two  halogens and
we compare these to values in the literature, where available. This
study is a part of our effort to characterize the dissociative elec-
tron attachment processes for the group IV tetrahalides, and more
generally constitutes a contribution to the ongoing effort of the
participating groups to evaluate the electron interaction properties

of molecules with Td symmetry and other halogenated methanes
[1,17–31].

2. Methods

2.1. Experiment

The experiments were conducted using an apparatus with
crossed electron and molecular beams, which has been described
before [1] and will thus only be discussed briefly here. The electron
beam is generated by a trochoidal electron monochromator [32],
and the electron energy resolution was  determined from the full
width at half maximum (FWHM) of the SF6

− formation from SF6 at
∼0 eV. Typical electron energy resolution in the current measure-
ments was  150 meV.

In the reaction region the electron beam crosses with an effu-
sive beam of the target gas, with any ions formed being extracted
with a weak extraction field and analyzed with a commercial
quadrupole mass spectrometer (Hiden EPIC1000). The pressure is
measured with a cold cathode gauge and the background pres-
sure is ∼2 × 10−8 mbar. The typical measurement pressure was  in
the range from 5 × 10−7 to 1 × 10−6 mbar. To calibrate the electron
energy scale, measurements of the SF6

− formation from SF6 and
the O− formation from CO2 were conducted prior to each measure-
ment. By undertaking this, a three point calibration was obtained
for the energy scale, with reference points at 0 eV from SF6

−/SF6,
and at 4.4 and 8.2 eV from O−/CO2 [33]. To avoid condensation of the
target gases, the inlet system was  heated to 60 ◦C and the extraction
lenses and those of the monochromator to 120 ◦C. The target gas
temperature is assumed to be at equilibrium with the inlet system,
i.e., 60 ◦C. The compounds were all purchased from Sigma Aldrich
with a stated purity of 99% for CBr4 and SiBr4, and >98% for GeBr4.
All the compounds were used as delivered. Both SiBr4 and GeBr4,
especially the former, are sensitive toward humidity (hygroscopic)
in air so special care was taken when introducing them into the
vacuum chamber.

The appearance energy of the negative ion fragments formed,
was obtained by fitting the rising side of the respective peaks by a
Wannier type threshold law of the form:

f (E) = b + c(E − AE)p (1)

Here E is the incident electron energy, b is a background con-
stant, c is a scaling factor, AE the appearance energy obtained from
the fit and p an exponential factor. To account for the finite energy
resolution of the beam, Eq. (1) was convoluted with a Gaussian of
the same FWHM as the SF6

−/SF6 peak recorded prior to each mea-
surement. In the current experiments this function reproduces the
onset of the ion yield curves well, and we are confident in the valid-
ity of our reported values, within the respective error margins. It
should, however, be kept in mind that the Wannier type thresh-
old law describes the threshold for ionization and not that for DEA.
For comparison we have thus also determined the thresholds by a
linear fit to the onset region. This approach gives threshold values
that generally coincide with the appearance of the signal in the raw
data. All fits are from three data sets recorded on different days, and
the error margins are based on the differences between these, the
‘goodness of the fits’. Please note that a low signal to noise ratio
contributes significantly to the uncertainty, and therefore the error
margins are greater where the signal is low.

2.2. Calculations

The total energy for the parent molecules and all relevant frag-
ments were calculated using density functional theory (DFT) [34]
at the B2PLYP/ma-TZVP [35,36] level. The zero point vibrational
energies (ZPEs) were calculated from the respective vibrational
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Fig. 1. Dissociative electron attachment ion yield curves for the anions observed
from CBr4 from ∼0 to 10 eV.

frequencies and added to the total energy. The thermochemical
thresholds were then obtained by subtracting the ZPE corrected
total energies of the optimized DEA fragments from those for the
optimized neutral molecules in their ground state. Note that this
does not account for the actual experimental temperature. This
quantity reflects the internal energy of the parent molecule and
should thus be subtracted from the 0 K threshold values. For the cur-
rent molecules this amounts to about 200 meV, as will be discussed
below.

3. Results and discussion

Figs. 1–3 shows the ion yield curves for electron attachment
to CBr4, SiBr4 and GeBr4, respectively, in the energy range from
0 to 10 eV. The intensity scale was normalized to the same nomi-
nal pressure for all observed fragments. However, care should be
taken when comparing the intensity for different fragments, as
the current pressure reading depends on the nature of the gas,
the transmission through the quadrupole is mass dependent and
the ion extraction is sensitive to the kinetic energy release in the
respective processes. The vertical arrows in the figures indicate the
appearance energy derived from fitting the threshold region with
Eq. (1). The fragmentation pattern observed for all three group IV
tetrabromides is identical, i.e., upon DEA we observe the comple-
mentary fragments, Br− and XBr3

−, and Br2
− and XBr2

− (X = C, Si,
Ge). In addition to the DEA products, the molecular anion is also
observed from SiBr4 at 0 eV. This is not the case for the other tetra-
bromides. Table 1 shows the calculated thresholds for all observed
fragments along with the experimental appearance energies and
the peak maxima in the ion yield curves. Where the experimental
appearance energies are above 0 eV, these are determined by fitting
Eq. (1), convoluted with the energy profile of the electron beam,
to the onset region of each fragment. For comparison the thresh-
olds are also determined by a linear fit to the onset region. These
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Fig. 2. Dissociative electron attachment ion yield curves for the anions observed
from SiBr4 from ∼0 to 10 eV.

numbers, which generally coincide with the signal onset in the raw
data, are shown in parenthesis. A comparison of the two  approaches
shows that the actual onset of the signal in the raw data is gener-
ally about 100–200 meV  above the threshold determined by using
Eq. (1). However, in all cases, the threshold values agree within the
respective error limits. The peak maxima are the average maxima
determined from three measurements and are not reported with
error margins. In general the experimentally determined AEs and
peak maxima for individual fragments, both show qualitatively the
same trend as the calculated thresholds. This is also true for the ion
yields through the higher-energy resonances, indicating that the
exit channels are strongly influenced by the thermochemistry of
the process, even if these are well above the threshold values.

Finally, Table 2 reports the calculated electron affinity values
for Br, Br2, XBr2 and XBr3 (X = C, Si or Ge) and the enthalpies for the
rupture of the Br–XBr3 and Br–XBr2 bonds. Also listed are experi-
mental values from the literature for the BDEs and EAs, where these
are available. With the exception of the BDE for Br–GeBr3 and the EA
of CBr3 the agreement of the calculated values with the respective
experimental values is in all cases close to or better than ±0.15 eV.

3.1. Carbon tetrabromide

For carbon tetrabromide, CBr4, we observe two  distinct contri-
butions in the ion yield curves, one low energy contribution and
a second with a maximum close to 4 eV. The onset for the lower
energy contribution is close to 0 eV for Br−, CBr3

− and for Br2
−, but

is at about 0.3 eV for CBr2
−. The maxima in the ion yield curves
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Table  1
Calculated threshold values, and experimentally determined appearance energies and peak maxima for all fragments observed. The appearance energies are determined by
fitting  Eq. (1), convoluted with the energy profile of the electron beam, to the onset region, and by determining the signal onset in the raw data by a linear fit to the onset.
The  values from the linear fits are shown in parenthesis. The peak maxima are the average, determined from three measurements, but are not reported with error margins.
For  SiBr3

− and GeBr3
− the appearance energies and peak maxima are rough estimates. All values are in eV.

CBr4 (calc) CBr4 (expt) CBr4 (max) SiBr4 (calc) SiBr4 (expt) SiBr4 (max) GeBr4 (calc) GeBr4 (expt) GeBr4 (max)

Br− −1.09 ∼0 0.2 0.43 ∼0 0.1 −0.14 ∼0 0.5
2.1  ± 0.1 3.7 4.3 ± 0.1 5.6 2.0 ± 0.1 (3.7)
(2.1  ± 0.2) (4.4 ± 0.1) (2.1 ± 0.1)

Br2
− 0.07 ∼0 0.4 1.42 4.5 ± 0.2 5.9 0.24 ∼0 0.5

2.7  ± 0.2 3.9 (4.8 ± 0.2) 2.1 ± 0.2 (4.2)
(2.8 ± 0.2) (2.3 ± 0.2)

XBr2
− 0.76 0.3 ± 0.2 0.8 2.61 4.8 ± 0.1 5.7 1.27 2.7 ± 0.1 4.0

(0.3  ± 0.2) 4.0 (4.9 ± 0.2) (2.9 ± 0.2)
3.0  ± 0.2
(2.9 ± 0.2)

XBr3
− 0.07 ∼0 0.4 0.80 0.3 ± 0.2 1.1 −0.43 ∼0 0.4

(0.3 ± 0.2) ∼2 ∼3
∼4  ∼5

Table 2
(a) Calculated (left) and experimental (right) electron affinity values; (b) calculated (left) and experimental (right) bond dissociation energies. All values are in eV.

(a) Electron affinities (b) Bond dissociation energies

Calculated Experimental Calculated From ref. [41]

Br 3.44 3.36 [37] Br–Br 2.16 2.01
Br2 2.64 2.55 [38] Br–CBr3 2.35 2.51
CBr2 1.96 1.88 [39] Br–CBr2 2.52 2.39
CBr3 2.28 2.57 [40] Br–SiBr3 3.87 3.82
SiBr2 1.45 – Br–SiBr2 2.43 2.33
SiBr3 3.07 – Br–GeBr3 3.30 2.95
GeBr2 1.62 – Br–GeBr2 1.74 1.76
GeBr3 3.74 –

for Br−, CBr3
−, Br2

− and CBr2
−, however, are successively shifted

to higher energy with the peak maxima for Br− at about 0.2 eV,
that for CBr3

− at about 0.4 eV and for Br2
− and CBr2

− at 0.4 and
0.8 eV, respectively. This low-energy contribution in the DEA yield
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Fig. 3. Dissociative electron attachment ion yield curves for the anions observed
from GeBr4 from ∼0 to 10 eV.

from CBr4 is in good agreement with the transmission spectra from
Modelli et al. [11], which place the T2 shape resonance for CBr4 at
0.42 eV. The different onsets and peak positions for the different
fragments formed through this resonance show qualitatively the
same trend as the calculated threshold energies for the respective
processes (see Table 1), indicating that the exit channels, and thus
the branching ratios are governed by the thermochemistry of the
processes.

The A1-resonance, associated with a single electron occupation
of the LUMO, was  not observed in the transmission spectra from
Modelli et al. and their X! calculations place this resonance at
−1.40 eV. We  thus do not expect any contributions from this res-
onance to the CBr4 ion yield curves. In addition to the T2 shape
resonance observed in the transmission spectra, Modelli et al. [11]
also observe two  higher lying resonances for CBr4. The first of these
is close to 3.4 eV, in good agreement with the higher energy contri-
bution in our DEA spectra, whilst the second one is close to 5.7 eV,
but it is not observed here. Due to lack of further data on CBr4,
any assignment of the 4 eV resonance observed here could only be
speculative. Specifically, we  have no means to distinguish if this
is a shape resonance associated with single electron occupation of
one of the higher lying unoccupied molecular orbitals, or if this is
a core excited resonance associated with an electronic excitation
from the t2 HOMO or t1 (HOMO-1).

3.2. Silicon tetrabromide

For silicon tetrabromide, SiBr4, the ion yield is generally lower
than for CBr4 and the main contributions are the molecular anion
through a narrow resonance at about 0 eV incident electron energy
and that of Br− through a contribution that peaks at about 0 eV but
extends well above 1 eV.

Distinct low energy contributions are also observed in the ion
yield for SiBr2

− close to 0 eV and SiBr3
− centered slightly above

1 eV. In the transmission spectra from Wan  et al. [12], the T2 shape
resonance in SiBr4 is located at 1.2 eV, and similarly one expects the
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A1 resonance to be shifted to higher energies with respect to CBr4.
This is also supported by the higher binding energies in SiBr4 as
compared to CBr4 (see Table 2). Hence, the higher binding energy
reflects the increased stabilization of the binding MOs  and thus
correspondingly stronger destabilization of the antibonding MOs.
In this context, and considering the observation of the molecular
anion, we attribute the 0 eV contributions to a vibrational Feshbach
resonance associated with the a1 LUMO, yielding a sufficiently long
living molecular anion to be observed in our experiment, i.e., with a
life time of some tens of micro seconds. This resonance also leads to
the formation of Br− at about 0 eV, where the calculated threshold is
0.43 eV, see Table 1. The complementary anion, SiBr3

−, with a calcu-
lated threshold of 0.80 eV, on the other hand, is not formed through
this resonance. Instead SiBr3

− is observed through a distinct contri-
bution peaking slightly above 1 eV, where the T2 shape resonance
is observed in the transmission spectra [12]. We  thus assign this
contribution to the formation of the T2 shape resonance located
close to 1.2 eV in the transmission spectra. Furthermore, we also
expect this resonance to be responsible for the higher energy tail
of the Br− formation that stretches well beyond 1 eV. We,  however,
note that DEA to HBr leads to the formation of Br− close to 0.5 eV
[42], and though we have taken extreme care to avoid hydrolysis
we cannot exclude a possible contribution from HBr impurities. We
also point out that a small contribution from SiBr2

− is also observed
at about 0 eV. However, the calculated threshold for this fragment
is 2.61 eV and this signal most likely results from decomposition of
SiBr4 to form SiBr3 at the hot filament and electron attachment to
a marginal fraction of these that find their way back to the reaction
region.

Finally, higher energy contributions between 5 and 6 eV are
observed in all DEA ion yields from SiBr4. This agrees well with
the transmission spectra where a resonance is observed close to
5 eV. Again, we cannot distinguish if this is a shape resonance asso-
ciated with single electron occupation of one of the higher lying
unoccupied MOs, or a core excited resonance originating from the
t1 HOMO or t2 (HOMO-1). It is, however, worth mentioning that
though the intensity of the SiBr3

− formation in this energy range
is very low, it is at a distinctly lower energy than for the Br2

− and
SiBr2

− formation. The Br− formation, on the other hand, overlaps
well with both these contributions. We  thus point out that, similar
to DEA to CF4 [1], these contributions may  stem from two reso-
nances, whereas SiBr3

− is only observed through the lower energy
resonance but Br− through both.

As mentioned above, Pabst et al. [9] conducted an early DEA
study including SiBr4. In that study they derive estimates for the
electron affinities of SiBr3 and SiBr2, from the appearance energy
of the corresponding negative ions and an estimation of the kinetic
energy release and internal energy of the fragments. Their study,
however, only covers the higher-energy range, i.e., well above 1 eV,
and the electron affinity values are thus not reliable. Nonetheless,
in the high-energy range their ion yield curves show qualitative
agreement with the present data.

3.3. Germanium tetrabromide

For germanium tetrabromide, GeBr4, we observe similar behav-
ior as for CBr4, i.e., a low energy contribution in the Br−, GeBr3

−

and Br2
− ion yields with an onset close to 0 eV. The intensity peaks

at about 0.5 eV in the ion yield for all of these fragments (0.4 eV
for GeBr3

−), and in agreement with the calculated thresholds, the
energetically most favorable channel dominates.

To our knowledge, there are no transmission spectra for GeBr4
available in the literature. However, considering the bond disso-
ciation energies as compared to the other tetrabromides, the A1
and T2 resonances should appear at energies similar to those for
CBr4 rather than SiBr4. Based on this consideration, and that we

do not observe the molecular anion from GeBr4 close to 0 eV, we
assign this contribution to the same T2 shape resonance we observe
in CBr4 and SiBr4. This is also supported by the facts that we only
observe one resonant low energy contribution and no contributions
through a 0 eV resonance. We  thus presume that the situation is
similar to CBr4, where the A1 resonance is appreciably below the
neutral ground state. Similar to the other tetrabromides, we  also
observe appreciable contributions from higher lying resonances in
the ion yield curves for GeBr4. As discussed for SiBr4 these con-
tributions are apparently through two resonances, a lower energy
resonance centered at around 3 eV and a higher energy resonance
centered at around 4 eV. Similar to SiBr4, GeBr3

− from GeBr4 is only
formed through the lower lying resonance and GeBr2

− and Br2
− are

predominantly formed through the higher lying resonance, while
Br− is apparently formed through both those resonances. The asym-
metry and shift to higher energy of the low Br2

− yield, indicates
that the branching ratio for this fragment is only sufficient for its
observation at the higher flank of this resonance. We  also note
that the energy of these resonances are similar to those observed
for CBr4, which in turn supports our notion that the low energy
contributions arise from the T2 resonance and that the A1 reso-
nance is shifted below the neutral ground state and is thus not
accessible.

4. Conclusions

For the group IV tetrabromides: CBr4, SiBr4 and GeBr4, low
energy electron attachment leads to the formation of the com-
plementary ions Br−, XBr3

−, Br2
− and XBr2

− (X = C, Si and Ge),
and from SiBr4 also the molecular anion SiBr4

− is sufficiently long
lived to be observed in the current experiment, where the time
elapsing from the formation of the anion to it is detection is on
the order of tens of micro seconds. From all four tetrabromides,
anion formation is observed through a low energy contribution
that coincides well with electron transmission spectra for CBr4
[11] and SiBr4 [12], where this resonance is assigned as a T2 shape
resonance, i.e., associated with single electron occupation of the
LUMO+1 of these tetrahedral molecules. This resonance dominates
DEA to CBr4, where it constitutes the main contribution to all frag-
ments observed, except CBr2

− where it is less pronounced. In GeBr4
this contribution is also the most dominate one, but contributes
mainly to the GeBr3

− yield. For SiBr4, on the other hand, the low
energy region of the electron attachment spectra is dominated by
the molecular anion and Br− formed close to 0 eV. However, contri-
butions to the Br− and SiBr3

− yield are also observed slightly above
1 eV. We  attribute the 0 eV contribution in the SiBr4 spectra to an A1
resonance associated with a single occupation of the LUMO. Accord-
ing to X! calculations the A1 resonance in CBr4 is 1.4 eV below the
neutral ground state and thus not accessible in electron attach-
ment experiments, but in the electron transmission spectra the T2
shape resonance is shifted from 0.42 to 1.2 eV for CBr4 [11] and
SiBr4 [12], respectively. We thus also expect the A1 resonance to be
shifted to higher energy in SiBr4 and the A1 resonance to be acces-
sible at about 0 eV incident electron energy. This assignment is also
supported by the higher Si–Br BDE found for SiBr4, compared to
CBr4, i.e., the corresponding antibonding orbitals (a1 LUMO and t2
LUMO+1) should both be destabilized in SiBr4, compared to CBr4.

In addition to the lower energy contributions we  also observe
contributions through higher lying resonances that peak at around
4 eV in the ion yields from CBr4, 5 and 6 eV in the ion yields from
GeBr4 and around 3 and 4 eV in the ion yields from SiBr4. These may
be associated with single electron occupation of higher lying MOs,
but may  also be core-excited resonances associated with electron
excitation from the t2 HOMO or t1 (HOMO-1). Electron energy loss,
and/or vibrational scattering studies would be helpful in clarifying
the nature of those resonances.
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Finally, although the relative cross sections determined here are
not quantitatively comparable, they allow the statement that DEA
is a fairly effective process in CBr4 while this is not the case for SiBr4
and even less so for GeBr4.
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