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Abstract

This thesis is based on experimental results from measurements on methyl halides at a photon energy
corresponding to the He IIβ emission line. Double ionization processes involving the valence electrons
of the molecules CH3F, CH3Cl and CH3I are studied by means of a magnetic bottle TOF-PEPECO
spectrometer. Resulting double ionization data of these molecules suggest that mainly direct double
photoionization is observed as a continuous energy sharing between the ejected electron pairs. As a
mean to further understand the double ionization processes, a "rule of thumb", for double ionization in
molecules, is applied to the data presented in the double ionization spectra. This is done in order to
quantify the effective distance between the two vacancies created in the dications. It is found that the
distance between the vacancies may be related to the bond distance between the carbon and halogen
atoms. Further investigations call for quantum chemical calculations to scrutinize this hypothesis.

Keywords: Double photoionization, methyl halide, time-of-flight magnetic bottle spectrometer,
coincidence measurements

Sammanfattning

Det här examensarbetet är baserat på experimentella fotojonisations studier av metyl halider vid en
fotonenergi motsvarande He IIβ emissionslinjen. Valenselektronerna i dubbeljonisations processerna för
CH3F, CH3Cl och CH3I har studerats under användning av en så-kallad magnetisk flask TOF-PEPECO
spektrometer. Resultaten av dessa mätningar visar att mestadels direkt dubbeljonisation processer före-
kommer, där elektronerna delar kontinuerligt på energin som friges vid jonisationen. Den dubbla jonisa-
tions processen är ytterligare studerad genom att tillämpa en tumregel för dubbeljonisation i molekyler,
vilket ger en indikation av hur stort avståndet är mellan de två vakanserna som skapades när molekylerna
joniserade. Resultaten från tumregeln visar att avståndet mellan vakanserna kan vara relaterade till bind-
ningsavståndet mellan kol-atomen och halogen-atomen, i respektive metyl halogen. För att ytterligare
bekräfta dubbeljonisations processerna i dessa molekyler, krävs kvantmekaniska beräkningar.

Nyckelord: Dubbeljonisation, metyl halider, flygtid magnetisk-flask-spektrometer, koincidens
mätningar
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1 Introduction
The dynamics and the correlation between electrons in ionization processes are not only of importance in
fundamental physics. The understanding of the ionization mechanism in atoms and molecules is highly
relevant in respect to systems affected by high energy radiation in for example astrophysics and in the
Earth’s outer atmosphere. Multi-ionization studies of comparatively simple atoms or molecules can be used
to enhance our understanding of more complex ionization processes, and to test and improve theoretical
calculations in atomic and molecular physics.

Organic molecules containing halogen atoms are very stable. This stability allows these molecules to
enter the Earth’s outer atmosphere, whereas less stable molecules will be dissociated e.g. by absorption of
energetic photons before they can reach the same height as the halide molecules. As the halide compounds
reach the outer atmosphere they get ionized by high energy photons, and the halides are dissociated into the
atmosphere where they can act as catalyst components for the depletion of the ozone [1]. In this context,
the understanding of the ionization process of methyl halides are of great interest, in addition to the needs
of developing and testing adequate theoretical models of these processes.

This thesis discusses experimental results from measurements of molecules belonging to the methyl halide
family, more precisely methyl iodide (CH3I), methyl chloride (CH3Cl) and methyl fluoride (CH3F). Multiple
ionization processes involving valence electrons for these molecules were measured by a spectroscopic tech-
nique utilizing a magnetic bottle time-of-flight photo-electron photo-electron coincidence (TOF-PEPECO)
spectrometer. This technique was introduced in 2003 by John H. D. Eland at Oxford University, United
Kingdom [2]. More details about this technique will be presented in section 3 of this thesis, where information
about it is presented including descriptions of the components of the experimental set-up. The remaining
part of section 1 will present a general introduction to atomic and molecular orbitals and the basic concepts of
spectroscopy in order to provide the necessary background for the interpretation of the experimental results
obtained. This is followed by chapter 2, which will present information on various ionization processes which
are relevant for this thesis. The results from the measurements will be discussed and concluding remarks
will be given in sections 4 and 5, respectively.

1.1 Atomic and molecular orbitals
To understand the concept of atomic orbitals it is best to start from the most basic atom, the hydrogen
atom. The hydrogen atom is a two particle system, and is therefore less complicated than larger atoms
involving more electrons. The orbital motion of the electron in the hydrogen atom can be determined by the
time-independent Schrödinger equation [3], which is given by the general form EΨ = ĤΨ, where E is the
energy for the system, Ψ is the wave function of the electron in the hydrogen atom, and Ĥ is the Hamiltonian
that describes the kinetic energy operator and the potential energy acting on the electron wavefunction. The
result is proportional to the same wave function of the system, multiplied by the stationary energy of the
system. For the case of the hydrogen atom the Schrödinger equation can be written as

EΨ(r) =
[
−h̄2

2m ∇
2 + V (r)

]
Ψ(r) .

By solving the Schrödinger equation with the potential energy, V (r), for the hydrogen atom, where h̄ is
Plank’s constant (divided by 2π), m is the electron mass, r is the radius, and ∇2 is the Laplace operator,
one gets the energy eigenvalues of the hydrogen atom. For larger atoms containing more electrons in the
orbits around the atom, it is no longer a simple two particle system that has to be solved by the Schrödinger
equation. As more electrons are added to the system, it gets a lot more complicated to solve the Schrödinger
equation analytically. Already for the helium atom, which is a three particle system, the Schrödinger
equation can only be solved approximately and/or numerically, leading to estimates of the energy and the
wave function for many electron systems.

From a mathematical point of view, an atomic orbital is a probability function describing the wave-like
behaviour of the electrons in an atom. The physical region around the atomic nucleus defining an atomic
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Table 1: The relation between the principal, angular momentum and magnetic quantum numbers.

l = 0 l =1 l = 2 l = 3 . . .
n = 1 ml = 0
n = 2 0 -1, 0, 1
n = 3 0 -1, 0, 1 -2, -1, 0, 1, 2
n = 4 0 -1, 0, 1 -2, -1, 0, 1, 2 -3, -2, -1, 0, 1, 2, 3
. . . . . . . . . . . . . . . . . .

orbital can be seen as a probability density, where the electron(s) is(are) calculated to represent a standing
wave bound to its orbital. Solving the Schrödinger equation for an atomic system, gives the energy as
discrete levels for the electrons in a specific atom. The atomic orbitals are characterized by a set of quantum
numbers (n, l,ml), which is obtained from the solution of the Schrödinger equation. The principal quantum
number, n, describes the energy of the orbital and is always a positive integer starting from n = 1. The
angular momentum for the electrons in an orbital is described by the angular momentum quantum number
l, which is a positive integer value satisfying the relation 0 ≤ l ≤ n− 1. The magnetic quantum number, ml,
describes the magnetic moment of an electron in its orbital, and is an integer value satisfying the relation
−l ≤ ml ≤ l. These results are for simplicity summarized in Table 1, where the relation between these three
quantum numbers is summarized.

Figure 1: Illustration of the atomic orbitals characterized by the n, l and ml quantum numbers. The
figure shows the discrete energy levels for an arbitrary atom, with the 1s22s22p3 electron configuration.

The orbitals get their names from the principal and angular momentum quantum numbers. The names
s-, p-, d- and f-orbitals are referred to the orbitals with the angular momentum quantum numbers l = 0, 1,
2, and 3 respectively. These labels together with the principal quantum number are usually used to denote
the electronic configuration of atoms. As an example, Figure 1 illustrates the energy levels for an arbitrary
atom/ion with the 1s22s22p3 electron configuration, where each orbital is characterized by the quantum
numbers n, l, and ml. Each orbital can hold a maximum of two electrons, one with the spin (s = ±1/2)
quantum number up (↑) and one with spin down (↓). This is due to the Pauli exclusion principle [3], which
states that two electrons cannot occupy the same quantum state, i.e. the same quantum numbers. If all
this is followed the electron configuration is consecutively denoted as 1s22s22p63s23p64s23d10..., where the
superscripted numbers are the number of electrons in each orbital.

Like atomic orbitals, molecular orbitals are also a mathematical probability function describing the wave-
like behaviour of the electrons in a molecule. Most commonly the molecular orbitals can be described as a
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linear combination of atomic orbitals (LCAO) [3], contributing to the molecular orbitals. Two atomic orbitals
can interact and form molecular orbitals if they are compatible with each other in terms of symmetry, which
can be determined from group theory [4]. If two atomic orbitals are compatible through symmetry, an electron
in the resulting molecular orbitals can be approximated to have a wave function that is a superposition of
the two atomic orbitals. This can be expressed, in the case of two atomic orbitals A and B by a linear
combination of atomic orbitals, as

Ψ± = N(ψA ± ψB)

where Ψ± are the molecular wave functions, ψA/B are the atomic wave functions from atom A and B
respectively, and N is a normalization factor. This can be visualized as when the two atomic orbitals come
close together, they start to overlap and create areas with high electron density. The resulting molecular
orbitals can essentially be of three different types: bonding, anti-bonding and non-bonding. The bonding
and anti-bonding orbitals are formed when the interaction between the atomic orbitals is constructive and
destructive respectively, which is evident from the ± sign in the expression for the LCAO mentioned above.
The non-bonding orbitals are different from the bonding and anti-bonding orbitals in the sense that they
result from zero interaction of the atomic orbitals. This applies to the case where the atomic orbitals are
not compatible in terms of symmetry, and as a result the non-bonding orbitals have the same energy as the
atomic orbital of one of the atoms in the molecule. The bonding molecular orbitals have lower energy than
the atomic orbitals involved in the formation of the molecular orbitals, while the anti-bonding orbital have
higher energy than the atomic orbitals. An anti-bonding orbital is often marked in the literature and figures
by a superscripted asterisk following the label of the molecular orbital.

Figure 2: Schematic representation of molecular orbitals of a molecule AB. Two σ molecular bonds,
one bonding and one anti-bonding orbital arise from the interaction between 1s and 2p atomic orbitals.
The rest of the bonds are non-bonding, and arise from the 2p and 2s atomic orbitals which are not
involved in any interaction.

The interaction of the atomic orbitals in the LCAO theory can be characterized by the symmetry of
the resulting molecular orbitals. The labels for diatomic molecular orbitals are σ, π, δ and φ, which can
be compared to the name of the atomic orbitals (s, p, d, f,...). Often those labels are also used to label
polyatomic systems. A molecular σ bond results from the interaction of two atomic s-orbitals, or two atomic
p-orbitals that lie along the internuclear axis for the bond formed between the atoms in the molecule. As
a result, the σ-orbital is symmetric around the internuclear axis of the molecule. A molecular π bond is
the result of two atomic p-orbitals which are perpendicular to the internuclear axis of the molecule. Such a
molecular orbital is asymmetric around the internuclear molecular axis. Molecular orbitals of higher energy
arise from the interaction of higher energy atomic orbitals (such as d, f,...), and will be symmetric with
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respect to these atomic orbitals. Some molecular orbitals are illustrated in Figure 2, where the orbitals from
two arbitrary atoms interact and form molecular orbitals.

An atom and molecule can be in the ground state, the lowest possible energy state. In this state the
electrons occupy the molecular orbitals such that the total energy of the system is minimized. The orbitals
corresponding to low energies are at a comparatively short distance to the atomic core and are therefore
called core orbitals. In contrast, higher energy orbitals that are occupied with electrons are called the valence
orbitals. Atoms and molecules can be excited by moving electrons to higher energy orbitals by the absorption
of photons whose energy corresponds to the energy difference between two orbitals. The first energy state
with higher energy compared to the ground state is called the first excited state, which is then followed
by the second excited state etc. Each energy state in molecules can be represented by a potential for the
electrons in that state. The potential gives information about how strong the bonds in the molecule are, and
how much energy is required to excite an electron such that it leaves the molecule. This process is usually
referred to as "ionization", or that the electron is excited into the continuum.

Figure 3: Molecular ground and excited states illustrated as molecular potentials. Electrons (e−) can
be excited to different energetic states and to the continuum, by photons with energy corresponding to
the energy difference of the states involved. The molecular potential is dependent on the bond length
of the system.

The distance between the atoms in a molecule is never constant. A molecule can vibrate [3], i.e. the
atoms in the molecule are in a periodic motion while the molecule as a whole may have a constant motion.
The vibrations of the atoms is discrete, and will increase the energy for the molecular bonds with additional
energy levels without a change in the electron configuration in the bonds. These additional vibrational
energy levels are excited when the molecule absorbs a photon with an energy corresponding to the increase
in energy according to the vibrational energy level spacing. Figure 3 illustrates the molecular potential
and the excitation of electrons to different vibrational states. The vibrational states are labelled v0, v1,
v2,..., vmax, where vmax is the highest vibrational energy level before the molecular bond will dissociate,
into atomic/molecular fragments. Figure 3 illustrates the molecular states as molecular potentials, including
vibrational states. The energy required to excite an electron from the electronic ground state (and from the
vibrational state v0) into the continuum is called the ionization energy, or binding energy of the electron [5].
This is the minimum energy required to ionize the molecule, and hence transfers the molecule into a positive
ion.
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1.2 Spectroscopy and photoionization
Spectroscopy implies the study of the interaction of light and matter, or more precisely the interaction
of radiated energy and electrons. The term spectroscopy is used in many fields of physics and chemistry,
where a physical property of the system studied can vary as a function of the frequency, energy or mass
upon interaction with radiative energy. Electron spectroscopy is the focus of this thesis, which is based on
measurements of the kinetic energy distribution of electrons emitted in an ionization process.

The process of electron emission by matter irradiated by light was regarded as a mystery until 1905, when
Einstein published one of his most famous works on what is known today as the photoelectric effect [6]. In his
work Einstein postulated that the light consists of small particles called photons. Until then light had only
been seen as a wave, where the frequency and amplitude of the wave determines the energy and intensity
of the light, respectively. Einstein proposed that each photon carries a portion of energy, which can be
transferred onto the electrons of matter and hence excite them to higher energy states. This was the start of
the spectroscopic revolution during the 20th century, and many of the experimental spectroscopic methods
frequently used today in physics and chemistry.

A photoelectron spectrum can be visualized as a histogram of kinetic energies of electrons emitted upon
the interaction of monochromatic light in the UV and x-ray region with a target system. Light of compar-
atively long wavelength (i.e. visible light) does usually not carry enough energy to ionize electrons from an
atom or molecule with a single photon. Radiation of shorter wavelength or higher energy is required. The
kinetic energy, Ekin, of an emitted photoelectron is given by the expression,

Ekin = hν − (Ef − Ei)

where Ei and Ef are the energies of the atom or molecule in the initial and final state associated with the
ionization process, and hν is the energy of the photon. In the ionization process, not only the energy, but also
the momentum has to be conserved between the departing electron and the ion. However, the momentum
change for the ion is small compared to the momentum change of the electron, and therefore can often be
neglected. A photoelectron spectrum therefore reflects primarily the energy of the departed electrons, and
the change of the energy before and after the ionization process. This energy is referred to as the ionization
energy, or the binding energy [5] of electrons of the atoms(molecules) investigated.

2 Multiple ionization processes
In an ionization process, it is also possible that several electrons are released as the result of single photon
absorption. These electrons can share arbitrary large parts of the energy available in the ionization process
from the photon. In an ordinary photoelectron spectrum these electrons will mainly be present as a back-
ground, because there is usually no way to distinguish these electrons from the electrons originating from
single ionization processes. To study multi-ionization processes efficiently, the electrons from the same ion-
ization process have to be isolated and interlinked by an experimental technique. This is done exceptionally
well by means of coincidence techniques, which will be described in more detail in section 3.

In this section, the multi ionization processes that are relevant to the experimental work of this thesis will
be described. The focus of this work is mainly based on double photoionization (DPI) processes involving
valence electrons. Although the thesis is on valence-valence ionization processes, the information discussed in
this section is relevant to both higher order multiple ionization processes and ionization processes involving
core electrons. The DPI process can be described by two types of separate process, a direct release of two
electrons upon the absorption of a photon or an indirect process, where the ionization process goes via
intermediate states. Although these two DPI processes are separate they can lead to the same end result in
terms of the final state of the ionized atom or molecule.

2.1 Single photon double ionization
Compared to single electron ionization by one photon, DPI is less likely to occur and more complicated
to describe. DPI can be separated into two different ionization processes, and the number of events from
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the ionization of different atomic/molecular states in multi-ionization are many more compared to single
ionization [7]. This is because in each multi-ionization process the different photoelectrons can result from
different electronic orbitals, and in the context of molecules from different molecular states. A way of
distinguishing and describing different ionization processes is by making use of the energy conservation law,
and in the context of DPI it is possible to write the following relation, for the ionization process of a sample
atom or molecule

hν + EA = EA2+ + ε1 + ε2 ,

where hν is the photon energy, EA and EA2+ are the energies of the initial and final ionized states, respec-
tively, and ε1 and ε2 are the kinetic energies of the two emitted electrons. From this expression of the DPI
process it is evident that the sum of the kinetic energies of the emitted electrons is determined by the energy
of the incident photon.

The amount of energy required to eject an electron from any orbital is referred to as the ionization energy
(IE). As a result of ionization, the resulting ion will be positively charged and attract the remaining electrons
by a stronger electric field compared to the neutrally charged state. The increase in attraction between the
remaining electrons and the ion will increase the energy required to ionize a second electron. This increase in
IE has been studied for atoms [8], and the ratio between the double ionization energy (εDIE) and the single
ionization (εIE) energy has been empirically determined to be equal to

εDIE

εIE
≈ 2.8 .

This process is more complex for molecules, because different ionization processes can come into play and
the molecule can change its geometrical structure, or even dissociate into fragments. Furthermore, there is
also an uncertainty of the actual location from where the electrons are liberated. There is a similar expression
for molecules for the ratio of the ionization energies. For molecules this ratio contains an additional term
representing the Coulomb repulsion between the two vacancies (holes) created as a result of the electrons
ejected. The lowest DIE for molecules have been empirically determined [9] to be approximated as

εDIE ≈ 2.20 · εIE +
11.5

r12
,

where r12 is the distance, in Ångström, between the two holes in the doubly ionized system (dication).

2.2 Direct double ionization
As mentioned above, the double ionization process can occur in form of direct DPI, which refers to the
simultaneous release of the two photoelectrons. This can be understood as a one step process and expressed
as

γ + A→ A2+ + e−1 + e−2 ,

where γ denotes the photon, A and e− denotes an atomic/molecular system and the photoelectrons, re-
spectively. Since in this case there is no intermediate state involved, the kinetic energy of the two electrons
released in the ionization process is shared in an arbitrary way. I.e. a continuous energy relation between
the two electrons is therefore an indicator that the DPI process is of this kind. The direct double ionization
process can be further discussed in terms of two mechanisms, in particular the knock-out and the shake-off
mechanism [10,11].

The knock-out mechanism is physically more intuitive, while the shake-off process is more complex
to describe. The knock-out process, as the name implies, can be imagined by a collision between one
photoelectron and a second electron in the same atom/molecule. In this process a photon will transfer its
energy to eject a first electron, whereby the excess energy of the photon is taken up as kinetic energy of the
outgoing photoelectron. This electron may then knock-out a second electron, and will hence transfer some of
its kinetic energy to this second electron in the process, as illustrated in Figure 4. As a result two electrons
may leave the system, ending up in a dicationic state, with a correlated total kinetic energy sum.
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Figure 4: Schematic illustration of a knock-out process in an atom. An incoming photon transfers its
energy to a first electron, which then collides with a second electron. In this process the two ejected
electrons will share the energy transferred by the photon.

In the framework of direct ionization described in terms of classical mechanics, the shake-off process
can be seen as a "half-collision" process that is complementary to the knock-out process in single photon
multiple ionization. Quantum mechanically, the shake-off process can be described as a sudden change in
the potential after the first electron is ionized from the atom/molecule. After the sudden change of the
potential, the remaining electrons in the system do not have time to adjust to a new energy state, and hence
there is a certain probability that the system will relax by ionization of a second electron. This is discussed
more thoroughly in Ref. [11], where a mixed quantum-classical approach for the calculation of the shake-off
process with finite energies can be found.

2.3 Indirect double ionization
A multi ionization process can also involve one or several intermediate excited atomic or molecular states
of finite lifetime(s). The intermediate state(s) will decay by the emission of a second electron, which in the
case of primary inner shell ionization can be an Auger electron [12]. In such a process this can be written as

γ + A→ (A+)∗ + e1 → A2+ + e1 + e2 ,

where the photon (γ) will initially remove an electron, elevating the system into an excited singly ionized
state ((A+)∗). This excited atomic or molecular state may then decay by the emission of a second electron,
resulting in a double ionized state (A2+) with two ejected electrons of well defined energies (e1 and e2). This
kind of process can have several excited intermediate states, resulting in a higher order of multi ionization,
again for instance in the form Auger cascades. The Auger decay is schematically illustrated in Figure 5, as
a two step ionization process.

Auger decay is typically the result of photoionization of an inner shell orbital, whereby a so called core
hole is created. This vacancy can then be filled by an electron from an outer shell, whereby the excess
energy can then be transferred to a third electron, which is emitted with a well defined kinetic energy. The
latter is true because the energy difference is defined by only the energy levels involved in the transition, and
are therefore independent of the photon energy used in the primary core ionization step. Therefore Auger
decay can be a good complimentary tool for double (and possibly higher order) ionization studies, because
electrons from Auger decay can usually be identified as electrons with definite kinetic energies independent
of the photon energy.
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Figure 5: Schematic illustration of a two step Auger decay. The process typically starts with an inner
shell electron being ejected that leaves behind a core hole in an ion, which tends to decay further. The
hole is then filled by another electron from a more energetic orbital, resulting in an energy transfer to
a third electron that gets ionized.

3 Experimental technique
The results presented in this thesis were achieved by an experimental technique that utilizes a magnetic
bottle time-of-flight spectrometer [13]. The DPI studies of the sample molecules were done by coincidence
measurements of the kinetic energy of the electrons released in the ionization process. The kinetic energy
of the electrons are determined from the flight time it takes for each electron to travel a specific distance
in a high vacuum flight tube. The ionization studies in this thesis are carried out in a high vacuum system
in order to prevent unwanted events in the interaction region since both the UV-radiation used and the
electrons released are easily absorbed by unwanted gases. I.e. the high vacuum provides the UV photons
and the emitted electrons an interaction free pass through the flight tube.

This section will present information on the time-of-flight (TOF) experimental technique used in this
thesis. The information comprises a brief description of coincidence measurements in TOF-spectroscopy,
the light source, and the magnetic bottle spectrometer used in the experiment. In addition to this, the
calibration of the data collected and the time-to-energy conversion of the electrons will also be presented in
this section.

3.1 Time-of-flight spectroscopy
The basic principle of a time-of-flight experiment is to measure the time it takes for a particle to travel a
specific distance. The TOF can then be used to calculate the kinetic energy of, in our case, the electrons
detected at the end of the high vacuum tube. In order to obtain a good resolution in the resulting energy
spectra, an accurate timing of each electron is required. This means that each new ionization event has
to start a clock and it must be stopped as the electrons reach the detector. This is most easily done by
utilizing a pulsed light source (which is described in section 3.4), where the radiation pulse itself can be
used for triggering ionization events. By taking the pulse signal from the light source, it is possible to get a
time reference for each electron pair that are released in the DPI process discussed in this thesis. In order
to enable the detection of electrons of very low kinetic energies, which corresponds to comparatively long
flight times, a small DC potential (∼500 mV) is typically applied in the interaction region to accelerate the
electrons a bit.

The flight times for the electrons are then converted to kinetic energy, Ekin, by a formula that is given
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by the kinetic energy, Ekin = mv2/2, of the electrons in the flight tube. Taking into account that there are
time delays in the timing of the TOF, we get the simple relation

Ekin =
D2

(t− t0)2
+ E0

where the kinetic energy is measured in eV and the flight time, t, is measured in ns. The parameters D, t0
and E0 are fitting parameters related to the physical properties of the spectrometer set-up. The parameter D
is related to the length of the electron flight path from the interaction region to the location of the detector,
t0 is related to the time delay between the ionization event and the start signal, and E0 is related to the
kinetic energy gained or lost between creation of the electron and its detection. To get as accurate results
as possible these three parameters are calibrated by recording electron spectra of well known samples. One
sample that has been studied many times before is the oxygen molecule, and its valence band photoelectron
spectrum is very well known and is therefore highly suitable for the calibration of our parameters. The
reference spectrum used for the calibration can be found in Ref. [14], where the photoelectron spectrum of
O2 has been studied in the 12-28 eV energy range, with both the 584 Å and 304 Å Helium lines. In the
calibration of the three parameters, the time-of-flight value of each peak determined from a measured O2

spectrum is matched to its respective kinetic energy. The kinetic energy is given by the binding energy
spectra in Ref. [14] and the photon energy used in the calibration measurement. An example calibration can
be seen in Figure 6 , where the three parameters are fitted to the data points given by the peaks.

Figure 6: Example of a calibration of the parameters D, t0 and E0. The peaks of a measured
photoelectron spectrum of O2 is fitted to a reference spectrum.

3.2 Coincidence measurements
A coincidence experiment is performed by detecting two or more signals originating from the same event or
under the same conditions. These signals are assumed to be related by a physical parameter, such as time or
space. The aim for a coincidence measurement is to determine whether the different signals are correlated,
and to understand what cause can possibly produce such an event. Within the scope of this thesis, each
event is assumed to be correlated if it is detected within a time period after the ionization initiated by a
pulsed light source has occurred. The time window for the coincidence measurement is determined by the
flight time it takes for near-zero kinetic energy electrons to reach the detector.

12



It is unfortunately impossible to only detect truly correlated signals. There are also unwanted correlated
signals registered at the detector, originating form different events. These events typically show up as noise
in our data, and are regarded as false coincidences originating e.g. from two different ionization events. In
order to get reliable data from a coincidence measurement, the signal from false coincidences have to be kept
as low as possible, so even the weakest correlated signals can be pulled out from the background noise. The
background from uncorrelated coincidences can be described by a Poisson distribution, where the probability
for n photoionization events, P (n), to occur per coincidence time window is

P (n) =
λn

n!
e−λ ,

where λ is the average number of ionized sample atoms or molecules per coincidence event, and depends on
several factors in the experimental set-up. The largest factors are the intensity of the light and the number
of target atoms/molecules in the light-matter interaction region. Both of these can usually be controlled,
and can therefore be optimized for an appropriate ratio of electron counts per second and the number of
predicted false coincidences. For the experimental set-up used in this thesis the case is more complicated
because what is detected is the total number of electrons, which is not the number of electrons released in a
specific ionization process. What is certain is that the false coincidences will be distributed according to the
shape of the true photoelectron spectrum. The equation represents statistical background noise which can
be predicted from violation of the of energy conservation. There is also non-statistical noise which originates
from other sources in the high vacuum system. The level of such contributions to the background is hard to
predict, and should therefore be minimized as much as possible when setting up the experiment. They can
certainly be minimized by arranging for a comparatively low base pressure in the high vacuum system, and
by removing other possible sources of electrons from the expected photoelectron flight path, such as metal
surfaces.

By examining the coincidence data in a multidimensional way, as represented by a coincidence map,
useful information on the electron pairs can be extracted. In a coincidence map usually the electron pair
data is plotted in a pseudo two dimensional colour map, where the electron intensity is displayed as colour
intensities in the map. An example of a coincidence maps is shown in Figure 7, where the first arrival electron
versus the second arrival electron are plotted against each other on the axes. Accordingly, the kinetic energy
of the fast or the slow electron can be plotted on one axis and on the other axis the kinetic energy of the
other electron. In this way an energy sharing between the two electrons manifests as a diagonal electron

(a) Time-of-flight (b) Kinetic energy

Figure 7: Example of coincidence maps, where the electron pair data for (a) the time-of-flight and
(b) kinetic energy is plotted. The first electron is plotted against the second electron on the axes, and
thus displays an energy sharing between them. The dashed diagonal line in (b) highlights a diagonal
line in the coincidence map indicating direct photoionization, and the arrow shows an island indicating
indirect photoionization.
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intensity line(s) in the map. Such a line(s) indicates that as the kinetic energy is increased for one electron
the kinetic energy is decreased for the other electron.

In Figure 7a the time-of-flight of the electron pair data is plotted on the axes, and in Figure7b the
corresponding kinetic energies of the electron pairs is plotted. And just as described here, the kinetic energy
coincidence map shows diagonal lines that indicate an energy sharing between the electron pairs, with the
kinetic energy sum corresponding to these lines. The continuous energy sharing between an electron pair is
an indication of a direct photoionization process, where both of the electrons are ejected from the molecule
simultaneously. On the other hand, if the electrons would be ejected from an indirect photoionization process,
there would be no continuous energy sharing between the electrons, but instead a single correlation point.
In both cases the electrons have a constant kinetic energy sum corresponding to the molecular orbitals they
are ejected from. In addition to this type of coincidence map described above, the electron pair data can
also be displayed in other ways; e.g. the electron pair data can be plotted as the sum of the kinetic energy
of the electrons on one axis and the kinetic energy of one of the electrons on the other axis. This type of
map can be a good complimentary tool for the study of the electron pairs, as they may show features such
as indirect photoionization more clearly in form of lines corresponding to a constant kinetic energy for one
of the electrons.

3.3 Magnetic bottle spectrometers
The DPI studies in this thesis were done by using a magnetic bottle electron coincidence spectroscopy tech-
nique introduced in 2003 by John H. D. Eland at Oxford University, United Kingdom [2]. The spectrometer
set-up for the studies in this thesis was configured for TOF photo-electron-photo-electron coincidence (TOF
PEPECO) measurements, focusing on valence electrons, as the photon energy from the light source is too
low for core electron studies.

The basic operational principles [13] of such a magnetic bottle spectrometer is that an electron emitted
from a sample gas will have a velocity, v, with an initial angle, θi relative to the direction of the detector
(z-direction). In the presence of a magnetic field the electron will experience a Lorentz force, due to its
velocity v. As a result the electron will undergo a helical motion in the initial magnetic field, Bi, with an
angular frequency equal to

ωi =
eBi

me
,

where e and me are the electron charge and mass respectively. The helical motion will have a radius defined
by the angular frequency, called the cyclotron radius, and is given by the expression

ri = v sin θi/ωi .

From the expression for the cyclotron radius above, and the relation for the angular momentum, ~l = ~r×me~v,
the initial angular momenta for the cyclotron motion is given by

li =
m2
ev

2 sin2 θi

eBi
.

In a magnetic field as illustrated in Figure 8 the angular momenta for the electron can be assumed to be
conserved during each revolution in its motion. This is valid if the change of the magnetic field strength
is negligibly small during the period of one revolution. This assumption implies that the ratio between the
final and initial angular momenta is (at least approximately) equal to one (lf/li = 1), and can therefore give
the final angle, θf , for the velocity of the helical motion in the final magnetic field region,

sin θf

sin θi
=

(
Bf

Bi

)1/2

.

This expression shows that the transverse velocity component, perpendicular to the z-direction, will be
reduced as long as the relation Bi > Bf is valid. Since the total kinetic energy of the electron is conserved,
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Figure 8: Illustration of the magnetic fields used in a magnetic bottle for guiding electrons towards a
detector. In a magnetic bottle the relation Bi > Bf is ensured to be valid, which implies that the final
magnetic field will be parallel to the z-direction.

the velocity component in z-direction will have to increase, and therefore the electron trajectory in the
magnetic bottle will be parallelized relative to the z-direction. As the low field region can be extended
over a several meters long distance, the magnetic bottle efficiently constrains electrons in a trajectory near
parallel to the z-direction. Essentially the TOF spectrometer used in this thesis is a half magnetic bottle,
as illustrated in Figure 8, equipped with a microchannel plate (MCP) electron detector [16] located in
z-direction at the end of the flight tube opposite to the interaction region.

The MCP detector consists of glass plates perforated by small channels (typically with a diameter of 10-
100 µm). The channels are typically normal at an angle (∼ 8◦) relative to the MCP surface, so no electrons
are transmitted through the detector plate without any interaction with the channel interior. By applying a
potential across the plate, the electrons will be accelerated along the channels and secondary electrons will
be released in a cascade effect, leading to a detectable electronic signal. Typically the MCP detector consists
of two or three plates in a stack, to further improve the gain before the electrons are then accelerated onto
an anode. Such a detector allows an electron multiplication of 104 − 107, coupled with a time resolution
typically less then 100 ps and spatial resolution limited by the channel spacing and dimensions.

The spectrometer used in this thesis operates in a high-vacuum condition, typically in the 5−6·10−6 mbar
region when the sample gas is introduced. The latter is done close to the interaction region by an effusive gas
needle, which is aligned perpendicular to the light beam provided by a pulsed helium lamp. The electrons
released during operation are trapped by the magnetic field of a Neodymium permanent magnet forming the
first strong magnetic field Bi component of the magnetic bottle (see Figure 8). The permanent magnet has a
conical soft iron pole cap to get a uniform magnetic field, of about 0.5 T, close to the interaction region. The
magnetic field is extended through the flight tube by a solenoid wired around the flight tube. In this way
the magnetic bottle is extended to the MCP detector at the other end of the tube. As the emitted electrons

Figure 9: Schematic illustration of the TOF magnetic bottle spectrometer used in this thesis. A
permanent magnet and a solenoid form the basic components of the magnetic bottle instrument used
in this thesis.
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are trapped and guided by this solenoid field to the detector their time-of-flight can be measured during a
time-window determined by the slowest kinetic energy of the electrons released. To be able to measure the
time-of-flight of the electrons accurately, their travel has to be timed from when they are created up to when
they hit the detector. This is done either by a light detector, which registers the pulsed light signal and starts
the time window, or a pulsed electrical signal picked up by an antenna located close to the helium lamp.
The spectrometer is frequently calibrated as described above in section 3.1. Further calibrations are done
in between the measurements in order to keep track of even small changes of the spectrometer performance.
The metal flight tube is screened from external magnetic fields by Mu-metal mounted around the solenoid.
The TOF magnetic bottle spectrometer set-up is schematically illustrated in Figure 9.

3.4 Light source
For the TOF measurements in a magnetic bottle spectrometer, the light source is one of the crucial compo-
nents. Certain demands on the light source are necessary for high quality results, such as sufficiently high
energetic photons and the ionizing light pulses need to be short compared to the electron flight times to be
measured.

Figure 10: A simple electronic schematics of the helium lamp used in the experiment in this thesis.

The results presented in this thesis were obtained by using a pulsed helium discharge lamp (He lamp)
[17, 18] as the ionizing light source. The He lamp generates discharges in a capillary filled with helium gas.
The discharge will excite helium atoms and ions which will then emit light at several discrete energies in the
UV range. The photon energies available from this Helium lamp are summarized in Table 2, below. The
helium lines used in this thesis are mainly the He Iα, He IIα and the He IIβ lines, where the He IIβ line
was used for the DPI studies. The light is focused onto the sample gas beam by a tunable toroidal grating
monochromator, which selects the helium line that corresponds to the desired photon energy required for
the experiments.

During operation, the helium lamp fires ∼5-10 ns short light pulses at a repetition rate of several kHz.
A high-voltage (HV) source (typically operated at about 8 kV) charges a capacitor connected to a hollow

Table 2: The helium photon emission lines, with the corresponding wavelength and energies.

Helium line Wavelength (Å) Energy (eV)
He Iα 584.33 21.22
He I 320.29 38.71

He IIα 303.78 40.81
He IIβ 256.32 48.47
He IIγ 242.03 51.02
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cathode. A hydrogen Thyratron, which can fire at a repetition rate of several kHz, is connected to the
capacitor. The Thyratron rapidly connects, every now and then, the capacitor to earth, and as a result the
capacitor discharges through the capillary filled with Helium gas. The discharge excites the helium in the
capillary, which will then deexcite by the emission of photons at well defined energies. The basic circuit of
this lamp is illustrated in Figure 10. The operation of the lamp is tuned by the helium gas pressure, the
applied voltage and the Thyratron repetition rate. These factors will both determine the shape of the light
pulse and possible pre-pulses of the lamp. Sometimes a small quantity or air is mixed into the helium gas in
the start up process, in order to facilitate the discharge in the lamp. Afterglow effects can also be minimized,
by collisional deexcitation with such a gas mixture and metastable excited helium atoms in the lamp.

4 Results and discussion
The TOF-PEPECO measurements on the methyl monohalides, CH3I, CH3Cl and CH3F, resulted in flight
time spectra for the fast and slow electrons released in the ionization process. Figure 11 shows the single
ionization spectra of the methyl monohalides and of methane, recorded at the He Iα emission line. The
ionization spectra of these molecules have been presented before by Katsumi Kimura et al., Ref. [19], and is
therefore of importance in estimating the calibration errors in our measurements. The calibration errors are
obtained by comparing the peak values of the binding energy from our measurements, at the He Iα emission
line, to the binding energy spectra presented by the work of Kimura. The total calibration errors for the
kinetic energy of the electrons can be estimated to about ±100-200 meV. This is an accumulation of errors
in our measurements, where the main contribution comes from the resolving power of the spectrometer.

Figure 12 shows coincidence maps of CH3I measured at the He IIβ emission line. On the axes, the
first arrival electron vs. the second arrival electron are plotted as (a) time-of-flight and (b) kinetic energy
coincidence maps. As discussed in section 3.2, clearly there is an energy sharing between the kinetic energy
for the first and second arrival electrons, corresponding to the diagonal lines that can be seen in Figure 12b.

Figure 11: Single ionization spectra for the methyl halides and methane, recorded at a photon energy
corresponding to the He Iα emission line.
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(a) Time-of-flight (b) Kinetic energy

Figure 12: First arrival electron vs. second arrival electron coincidence maps for CH3I, measured at a
photon energy corresponding to the He IIβ emission line.

Similarly, this kinetic energy sharing can be seen in the coincidence maps of CH3Cl and CH3F, which are
shown in Figure 13.This is a clear indication of direct double photoionization in these molecules. There are
no clear indications of indirect double photoionization in the coincidence maps as no valid islands of electron
intensity can be seen that fulfill the principle of energy conservation. However, an occurrence of indirect
photoionization can not be ruled out. This is because the energy resolution in the maps might be limited
for distinguishing possible weak intensity islands in the low energy region of the maps (energies below the
diagonal line indicating direct photoionization).

Figure 14 shows the double ionization spectra obtained from the three methyl monohalide molecules.
The double ionization potential (DIP) in these spectra is obtained as the photon energy minus the sum of
the kinetic energies of the first arrival and second arrival electrons. In general the DIP spectra provides less
structure then the single ionization spectra. This is due to the presence of many more electronic states in
the dication, for the ejected electrons to originate from, than in the cation. As a comparison to the DIP
spectra in Figure 14, the DIP spectra for the methyl monohalides, measured at the He IIα emission line, are
shown in Figure 15. These spectra were measured by Professor J. H. D Eland with a 5.6 m long magnetic
bottle TOF-PEPECO spectrometer stationed (at the time of the measurements) at Oxford University. As

(a) CH3Cl (b) CH3F

Figure 13: First arrival electron vs. second arrival electron coincidence maps of CH3Cl and CH3F,
measured at a photon energy corresponding to the He IIβ emission line.
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the spectra in Figure 15 were measured by a 5.6 m long spectrometer the time resolution, and therefore
also the energy resolution, is much higher compared to the spectra in Figure 14. Another possible reason
for the difference in resolution is that at higher photon energies the kinetic energy of the ejected electrons
will increase, and therefore the flight time for the electrons will be less resolved. The relative intensities
for the structures shown in Figure 14 are different then in Figure 15, which is expected due to a wider
range of electronic states available for ionization at the photon energy corresponding to the He IIβ emission
line compared to the He IIα line. By a comparison between the two figures, an extra structure can be seen
between 23 and 25 eV for CH3I in Figure 14. This is regarded as an artefact originating from a comparatively
weak pre-pulse originated from the Helium lamp during the time of the measurement. Thus, this structure
is an smaller image of the first peaks seen in between 26 and 28 eV. The lowest DIP is the lowest energy
required for double ionization and it can therefore be expected that the two outermost valence electrons are
ejected in the ionization process.

From the work of Kimura (Ref. [19]) we can see that the lowest single ionization potential, for the
three methyl monohalides, corresponds to the onset of single ionization and the lowest DIP should therefore
be determined from the onset values in the DIP spectra in Figure 14. The lowest DIP’s, for the methyl
monohalides, are therefore determined to be equal to 25.24 eV for CH3I, 29.70 eV for CH3Cl, and 35.82 eV
for CH3F.

We shall now apply the "rule of thumb", introduced in section 2.1, on the DIP data presented in Figure
14 and on the single ionization spectra in Figure 11. In addition to the methyl monohalides the methane
(CH4) DIP spectrum, measured at the He IIβ emission line, is shown in Figure 16. From the work of Kimura
it is seen that the lowest single ionization potential for CH4 does not correspond to the onset of the single
ionization but to a vertical transition. Hence, the lowest DIP should therefore be determined in terms of
the vertical transition (the maximum peak value of the spectrum shown in Figure 16). The experimental
single and double ionization energies and the effective hole distances calculated from the "rule of thumb" are
shown in Table 3. As the holes should repel each other, as a result of the Coulomb repulsion, the holes are
primarily expected to be created in different parts of the molecule. These values can therefore be compared
to the bond distance between the carbon atom and the halogen atom in the corresponding neutral molecule,

Figure 14: DIP spectra of the methyl monohalides, recorded at a photon energy corresponding to the
He IIβ emission line. The DIP is obtained as the photon energy minus the sum of the fast and slow
electrons.

19



Figure 15: DIP spectra of the methyl monohalides, recorded at a photon energy corresponding to the
He IIα emission line. These spectra were measured by J. H. D Eland at Oxford University.

and in the case for methane the hole distance is compared to the distance between the carbon atom and one
of the hydrogen atoms. We may expect that the effective hole distance should be as large as possible for the
corresponding molecule, due to the Coulomb repulsion. However, the location of the holes is dependent on
the orbitals involved in the ionization processes, and also on the nature of these orbitals (if they are bonding,
anti-bonding or non-bonding). So the opposite could be expected, that the effective hole distance is shorter
than the bond length between the carbon and the halogen atoms in the neutral molecule. From the work of
Kimura we can see that the outermost valence orbital is of a non-bonding nature in the case of CH3I and
CH3Cl, and therefore we would expect that the bond length between the carbon and halogen atoms should

Figure 16: DIP spectrum of methane recorded at a photon energy corresponding to the He IIβ emission
line.
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Table 3: Values for the lowest single ionization potential (εIP) and double ionization potential (εDIP)
are obtained from Figures 11 , 14 and 16 . The effective hole distances (r12) are calculated from the "rule
of thumb", and the bond distances (rC−X) for the neutral molecules are obtained from Refs. [20–23] .

Methyl monohalide εIP (eV) εDIP (eV) r12 (Å) rC−X (Å)
CH3I 8.91 25.24 2.05 2.14
CH3Cl 10.52 29.70 1.74 1.78
CH3F 13.18 35.82 1.69 1.38
CH4 13.36 38.46 1.26 1.1

not change much as the molecule gets doubly ionized. As seen in Table 3 the hole distances are shorter than
the bond length, but the change is not as large as in the case of CH3F and CH4. This may primarily reflect
a change in the electronegativity for the atoms in the molecule, and as a result the bond between the atoms
gets stronger. However, in the case of CH3F and CH4 the hole distance is larger than the bond length, which
may reflect a change in the bond length. As the change would be an increase in length, this would mean
that the holes may be created in a bonding orbital. In order to validate the hypothesis of this investigation,
quantum chemical calculations are required in order to determine the distance between the holes and the
nature of the valence orbitals involved in the lowest DIP.

5 Conclusions
In this thesis double photoionization has been studied for three methyl monohalide molecules (CH3F, CH3Cl
and CH3I) and for methane. The study was done with a time-of-flight magnetic bottle spectrometer, where
the ejected electrons have been examined by coincidence measurements. The measurements, which were
done at a photon energy corresponding to the He IIβ emission line, show that the double photoionization in
the methyl monohlides and in methane is mainly direct. Signatures of indirect photoionization could not be
seen. However, indirect photoionization can not be ruled out as the energy resolution may not be sufficiently
high to be able to distinguish possible weak indications of indirect photoionization.

The double ionization spectra of the methyl monohalides and of methane, measured at a photon energy
corresponding to the He IIβ emission line, was compared to the spectra measured at a photon energy
corresponding to the He IIα line. These spectra showed similar structures, although with different relative
intensities. From the measurements, the lowest double ionization potential for the molecules have been
experimentally determined to be equal to 25.24 eV for CH3I, 29.70 eV for CH3Cl, 35.82 eV for CH3F, and
38.46 eV for CH4.

The "rule of thumb" for double ionization in molecules was applied to the data presented, in order to
quantify the effective distance between the two vacancies created in the dications. It is found that the
distance between the vacancies may be related to the bond distance between the carbon and halogen atoms
in the case of CH3X (X= F, Cl, I), and possibly between the carbon and hydrogen atom in the case of CH4. In
order to validate the ionization processes and the effective distance between the vacancies in these molecules,
quantum chemical calculations are called for to determine the nature of the valence orbitals involved in the
lowest double ionization potential.
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