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Abstract

A series of experimental studies on superexcited small molecules have been performed giving

new information on the formation and fragmentation dynamics of small superexcited

molecules. Highly monochromatized synchrotron radiation has been applied in the 5-30 eV

energy region, corresponding to valence shell excitation, and in the 60-600 eV region,

corresponding to core shell excitation, to reach these neutral states above the ionization

potential.

The superexcited states in the irradiated N2 and CO and molecules have been probed in the

valence excitation region by detecting dispersed fluorescence with vibrational resolution

emitted from subsequently produced fragments using a liquid nitrogen cooled CCD detector

together with a grating spectrometer. The measurements have resulted in the discovery of

non-Rydberg doubly excited resonances. These states are reached directly by simultaneous

promotion of two valence electrons to in space close lying orbitals or via potential curve

crossings. The experimental results have been compared with the results from extensive

calculations.

A time-of-flight mass spectrometer has been built and used to measure branching ratios and

kinetic energy distributions of ionic fragments produced from molecules in core excited

valence and Rydberg states. The measurements have been performed on CO, OCS and CS2

molecules using different coincidence and angular resolved techniques. The results include

new information on the geometry and fragmentation dynamics of these highly excited

molecules. Monte Carlo simulations have been performed to interpret some of the data

suggesting new models for the fragmentation dynamics. Strong evidences for state and site

selectivity in the fragmentation dynamics of core excited molecules have been obtained.
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Chapter 1. Introduction

A physical description of the properties and the time-evolution of a perturbed system of

particles on an atomic scale requires that the principles of quantum mechanics are taken into

account. According to quantum mechanics the properties of interest and the time-evolution

are found by solving the appropriate Schrödinger equation for the system in question.

However, except for very simple systems no analytical solutions can actually be found and

instead approximations and numerical methods must be used. How good these solutions are

must of course be determined by comparison with experimental results. When it comes to

description of the origin, properties and fate of molecular superexcited states, which in this

thesis is defined as neutral excited states above the first ionization potential of the molecule,

the situation is highly complex since they involve several multielectron effects.

First of all, as will be exemplified at several places in this thesis, the origin of

some of these states requires double electron excitation to take place which cannot be

described by the independent particle model. Furthermore, the main decay processes from

superexcited states are of collective radiationless nature making them often highly unstable

and therefore extremely short-lived. The subsequent fragmentation dynamics of the system is

strongly related to the outcome of these processes which especially is the case for decay from

superexcited states reached by promotion of a core electron to a valence or a Rydberg orbital.

As will be shown, some core excited states actually exhibit electron localization effects on the

subsequent fragmentation dynamics. These and other features make studies of these states

most challenging and an overview of molecular photofragmentation processes in general is

given in Chapter 2.

Technological advances have provided scientists with new means to study and

obtain an understanding of these processes in detail which have inspired great efforts both

from theoreticians and experimentalists. From the theoretical point of view in this and related

fields a limiting factor has often been the computing power. With the advent of faster and

faster computers new results are continuously obtained. From the experimental point of view

great advances have occurred in two major areas: excitation sources and detection systems.

Naturally, excitation sources of new and improved properties give scientists better

opportunities to reach and explore superexcited states. Furthermore, the experimentalists are

forced to study these states by measuring the properties of the resulting fragments. In this

particular case the measurements are performed by detecting the emitted photons, electrons or

ions in various, often complicated, experimental setups often utilizing the state-of-the-art

technology. The results presented in this thesis have been possible to obtain only by

technological advances in these two areas which is illustrated in Chapter 3 in which a

description of the used experimental equipment is provided. Chapter 4 explains how the

obtained data was analyzed and what simulations were performed to interpret the data.

Chapter 5 and Paper I-IX finally present the obtained results.
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Chapter 2. Overview of Molecular Photofragmentation Processes

This chapter provides a background to the problems treated in later chapters. The first section

briefly describes the general theory of molecular structure. The second section describes

photoabsorption processes which if enough energy is provided leads to fragmentation of a

certain molecule. The last section describes the decay processes leading to such

fragmentation. The discussion in this chapter is based on related parts of references 2.1-12.

2.1. Molecular structure

The internal structure of a molecule consist of subatomic particles which have wavelike

properties. Therefore a description must utilize quantum mechanics which is done by solving

the Schrödinger equation for the wavefunction

H EΨ Ψ= (2.1)

where the Hamiltonian operator H  consists of a kinetic energy operator and a potential

energy term as

H T V= + (2.2)

The non-relativistic kinetic energy term T has the form

T = − ∑ + +
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where Z I  is the atomic number of the nucleus I, e the elementary charge and ri  and R I  are

the coordinates of the electron i and nucleus I respectively.

Since a molecule consists of three or more charged bodies an exact solution for Ψ  is not

possible to obtain. However, the Hamiltonian H  can be rewritten as

H H T= +elec nucl (2.5)

where

H T Velec elec= + (2.6)

and

Telec

e
i

electronsh

m
i i i

= − + +
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= − + +
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(2.8).

Now, electrons move much faster than the heavier nuclei so the electronic motions can in an

approximation be treated separately by considering the nuclei to be fixed in space. The

nuclear motions can also be treated separately by considering the nuclei to move in an average

field provided by the electrons. The wave function can thus in this approximation be

expressed as a product

( ) ( )Ψ Ψ Ψ Ψ Ψ= elec nucl elec nucl= r R R, (2.9)

where Ψelec  and Ψnucl  are the separated electronic and nuclei wavefunctions.

The Schrödinger equation now takes the form

{ }T V T Eelec nucl elec nucl elec nucl+ + =Ψ Ψ Ψ Ψ (2.10).
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Neglecting terms containing the electronic wavefunction differentiated by the nuclear

coordinates makes it possible to write an electronic Schrödinger equation for nuclei fixed in

space

H Eelec elec elec elecΨ Ψ= (2.11)

and a nuclear Schrödinger equation

{ }T E Enucl elec nucl nucl+ =Ψ Ψ (2.12).

The steps leading from equation 2.1 to 2.11 and 2.12 are called the Born-Oppenheimer

approximation. It must be remembered though that this is an approximation which in some

cases, as will be shown in later chapters, has its limitations.

2.1.1. Electronic structure

Equation 2.11 is still too complicated to be solved exactly for a many-electron system. The

wavefunction Ψelec  describing N electrons can by another approximation be considered as a

product of wavefunctions called orbitals each representing a number smaller than N of

electrons. However, electrons are fermions with spin ±½ and the Pauli principle, which is a

postulate of quantum mechanics based on experimental evidences, states that the total

electronic wave function must be anti-symmetric with respect to interchange of the

coordinates of any two identical fermions. A consequence of this is that each orbital can

represent at most two electrons with opposite spins. By taking the Pauli principle into account

the total wavefunction Ψelec  can thus approximately be built up by a combination of spin

orbitals which are products of orbitals and spin functions α  or β  defined as

( ) ( )
( ) ( )

α α

β β

+ = − =

+ = − =

1
2

1
2

1
2

1
2

1 0

0 1
(2.13)

where the number in each parenthesis is the spin of electron i. A resulting combination

representing the anti-symmetric total wavefunction of N electrons filling each orbital is

represented by the Slater determinant
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The problem is now to determine the orbitals which can be done by the Hartree-Fock self-

consistent field (HF-SCF) method. In principle this method is performed by repeatedly

calculating one orbital in an average potential from the other electrons in their approximate

orbitals and the potential from the nuclei. The calculated orbital creates a new total

wavefunction and a new average potential for another electron is calculated and so on for all

the electrons. This is repeated until there is no further change obtained and the orbitals

experience self-consistent fields. For calculation of molecular orbitals (MO) it is often

advantageous to utilize linear combinations of atomic orbitals (LCAO) which are already

calculated. A most important result from such LCAO expansion for the discussion in this

thesis is that the inner molecular orbitals have strong atomic-like characters and form the so-

called core shells while the outer orbitals form the so-called valence shells which are

delocalized over the molecule and are responsible for the chemical bonds. Excited states can

be represented by exchanging occupied spin orbitals in the obtained determinant by virtual

orbitals which are orbitals that are unoccupied in the ground state of the system. The HF-SCF

method is based on the independent particle model in which a considered electron moves in

an average field of the others but in the real system the motions of electrons are correlated.

Thus depending on the demand more sophisticated methods are needed. It can be shown that a

more accurate wavefunction can be obtained by a linear combination of determinants each

representing a different state of the system. Such obtained wavefunctions can be said to be

configuration interaction (CI) corrected. The coefficient for each determinant building up the

total wavefunction is found by minimizing the energy E in the Schrödinger equation with

respect to the complete electronic Hamiltonian. This is the variational principle.

With the rapid development and availability of computer power it is now possible even for the

layman to perform calculations using commercial software packages like e.g. Gaussian [2.3].

However, as mentioned above and as we will see exemplified in this thesis new methods are

constantly under development and as often in science this development is closely linked to

experimental progress.
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2.1.2. Vibrational and rotational structure

The kinematics of the nuclei in equation 2.12 can be divided into translational, vibrational and

rotational parts, each corresponding to energies E transl , Evib  and Erot . The translational part is

simply the free-particle motion of the center of mass of the whole system which is not

quantized.

The electronic energy eigenvalue in equation 2.11 Eelec  varies as a function of internuclear

distances and if Eelec  has local minima molecular bonding can occur. For diatomic molecules

Eelec  as a function of internuclear separation R is represented by a potential curve, see figure

2.1. If the function has a minimum the curve is attractive, otherwise repulsive. In equation

2.12 Eelec  can be exchanged by a potential ( )V R  which in a first approximation close to

minimum point Re  (see figure 2.1) is given by a parabola

( ) ( )V R R Re=
1

2

2
k - (2.15)

where k is the force constant of the bond. By solving equation 2.12 for the vibrational motions

the permitted energy eigenvalues are found as

Evib h= 



ν v +

1

2
(2.16)

v
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4
3
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1

v=0

R
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Figure 2.1. A molecular attractive potential energy curve.
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where v is the vibrational quantum number from 0, 1, 2,... and ν  is given by

ν
π µ

=
1

2

k
(2.17)

where µ  is the reduced mass.

The potential described by equation 2.15 is only a good approximation for small values of v.

A better approximation is to utilize the Morse potential

( ) ( ){ }V R D ee
a R Re= − − −1

2

(2.18)

where De  is the depth of the potential and a is given by

a
hcDe

= 2
2

π ν
µ

(2.19)

The energy eigenvalues are now given by

Evib eh h x= 



 − 



ν νv +

1

2
v +

1

2

2

(2.20)

where the anharmonicity constant xe  is given by

x
a h

e =
2

8µν
(2.21).

For polyatomic molecules not only one but 3N-5 (linear) or 3N-6 (bent) modes are possible

where N is the number of nuclei. In this thesis mainly linear polyatomic molecules with three

nuclei will be discussed. This gives three vibrational quantum numbers to consider: v1

(symmetric stretching), v2 (bending) and v3 (anti-symmetric stretching) since the two bending

modes are degenerate.

The energy Erot  also undergoes quantization when solving the Schrödinger-equation 2.12 for

the rotational motions of the system since the wavefunction must satisfy cyclic boundary

conditions. The energy eigenvalues of the three possible rotations about the three axes a, b

and c are described with three angular momentum quantum numbers Ja, Jb and Jc and three

moments of inertia Ia, Ib and Ic as
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( ) ( ) ( )
Erot

a a
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b b
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b b

c

h J J
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J J

I

J J

I
=

+
+

+
+

+









2

28

1 1 1

π
(2.22).

The moments of inertia in this formula are slightly changed at high rotational quantum

numbers due to centrifugal distortions since bonds are stretched causing changes in the

moments of inertia. There is also a slight vibrational quantum number effect on the moment

of inertia since the mean nuclear separation changes at high values.

2.2. Electronic excitation

An electric dipole transition can occur from an initial state Ψi  to a final state Ψf  by

absorption of a photon if the transition dipole moment

Ψ Ψf iM ≠ 0 (2.23)

where M  is the electric dipole operator defined as

M r= ∑eα α
α

(2.24)

where eα  and rα  are the charge and position of particle α respectively. The transition

intensity between the initial state Ψi  and the final state Ψf  is proportional to the square of the

left part of equation 2.23.

The energy of the absorbed photon is

E h= ν (2.25)

and for transitions between vibrational and rotational states this energy is of the order of 0.1

eV and 0.001 eV respectively while electronic transitions from the ground state requires

several electron-volts.

2.2.1. The Franck-Condon principle

The vibrational structure of the transition intensity between two electronic states will exhibit a

certain distribution. This distribution can be explained by the Franck-Condon principle which

states that transitions between electronic states in a molecule occur so quickly that the relative

positions of the nuclei do not have time to change. Therefore only vertical transitions
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Figure 2.2. Transition between two electronic states in a molecule which according to the

Franck-Condon principle occurs vertically in the diagram.

occur between vibrational levels of different potential curves (see figure 2.2). Furthermore, in

a classical picture the molecules spend most time at the turning points which are the

internuclear separations at which the oscillating nuclei change their direction. The exception

is for molecules in their lowest vibrational level in each electronic state which spend most

time with separation Re . The intensity of a transition can be obtained by separating the

wavefunctions of the initial and the final states into electronic and vibrational parts as

Ψ Ψ Ψi elec i vibr i= , , (2.26)

Ψ Ψ Ψf elec f vibr f= , , (2.27)

neglecting rotational motion which inclusion does not change the derivation. Furthermore, the

dipole moment operator M  can be divided into an electronic and a nuclear part as

M M M=   elec nucl+ (2.28).

The transition dipole moment can then be written as
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Ψ Ψ Ψ Ψ Ψ Ψ
f i elec f vibr f elec nucl elec i vibr iM M M= + =, , , ,

Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ
elec f vibr f elec elec i vibr i elec f vibr f nucl elec i vibr i, , , , , , , ,M M+

(2.29).

The second term is zero since the operator  Mnucl  does not depend on the electronic

coordinates leaving the orthogonal wavefunctions Ψelec i,  and Ψelec f,  unchanged. The

remaining first term can be rewritten as

Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ
elec f vibr f elec elec i vibr i elec f elec elec i elec vibr f vibr i nucl

d d, , , , , , , ,M M= ∗ ∗∫ ∫τ τ

(2.30)

where d elecτ  and d nuclτ  are the respective volume elements of the space of the electronic and

nuclear coordinates. The second integral can assume non zero values since the vibrational

wavefunctions associated to different electronic states are not orthogonal. The intensity of a

transition is thus proportional as

I d df i elec f elec elec i elec vibr f vibr i nucl, , , , ,∝ ∗ ∗∫ ∫Ψ Ψ Ψ ΨM τ τ
2 2

(2.31)

where the second squared integral known as the Franck-Condon factor indicates the overlap

between the initial and final vibrational wavefunctions.

It should be emphasized that the molecules treated in this thesis are all in gas phase and at

room temperature. This means that the molecules are almost all initially found in their

vibrational ground states as described by the Boltzmann distribution.

2.2.2. Ionization and superexcitation

Ionization of an atom or a molecule can occur if enough energy is absorbed to release an

electron from the system. The minimum energy required is called the ionization potential

which is of the order of several eV and which approximately according to Koopman’s

theorem [2.2] is equal to the orbital energy of the least bound electron. Of course if even more

energy is provided not only the least bound electrons but electrons from inner orbitals may be

ejected each with different ionization potentials. Energy conservation gives the Einstein

relation

h
m

E Ee
f iν = + −

v2

2
(2.32)
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where hν  is the provided energy, 
me v2

2
 the kinetic energy of the outgoing electron, E f  the

energy of the final ionized system and Ei  the energy of the initial neutral system. Thus by

measuring the kinetic energy of the outgoing electron as a function of excitation energy

information on the electronic structure may be obtained which is the basis for what is called

photoelectron spectroscopy. It should be noted that the ionization cross section decreases for

each orbital as the excitation energy is increased sufficiently above its ionization potential.

Now, the system may absorb energy far above the ionization potential and form a short-lived

neutral state. Such states, which are called to be superexcited [2.10], can decay in several

ways and not necessarily by ionization. These decay processes will be described in section

2.3.

Single step double excitation of electrons in atoms and molecules represent interesting cases

where correlation effects play an important role. Excitation of core electrons is another

interesting special case since the subsequent fragmentation dynamics is governed to some

extent by the initial site of the excited electron and the state to which it was promoted. Much

of the results presented in this thesis will concern these two particular cases.

2.2.3. Orientation effects on excitation

The internuclear axes of molecules in gas phase are of course randomly oriented. However, if

the excitation source is highly polarized, which is the case of synchrotron radiation as will be

discussed, measurements can reveal an anisotropic angular distribution of ionic fragments

emitted after a certain excitation. This implies that the excited molecules are oriented which in

turn implies that the transition probability depends on the angle between the internuclear axes

and the polarization vector. The orientation actually reflects the change of symmetry of the

angular momentum between the initial and the final states. For example, a Σ to Σ transition

has the highest probability to occur when the internuclear axis of a linear molecule is oriented

parallel to the electric vector of linearly polarized radiation while a Σ to Π transition has the

highest probability to occur when the same molecule is oriented perpendicular to the

polarization vector. A quantitative description is given [2.11] by the differential cross section

( )[ ]d

d

σ σ
π

β θ
Ω

=
4

1+ P2 cos (2.33)

where P2(x) is the second Legendre polynomial defined as

( )P x2 =
−3 1

2

2x
(2.34)
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Figure 2.3. Relative differential cross sections for different values of the asymmetry β

parameter. The polarization vector of the incident photon beam is in the θ=0° direction.

and where θ is the angle between the internuclear axis and the polarization vector of the

radiation and where β is the asymmetry parameter ranging from -1 to 2. Figure 2.3 shows

plots formed by expression 2.31 representing the relative differential cross section as function

of θ for various β parameters. As will be shown later the β parameters can be measured for a

certain transition by detecting the anisotropy of emitted fragments thus giving experimental

information on the symmetry of the excited state if the geometry of this state is known and

information on the geometry of the excited state if the symmetry is known. Both these

methods are based on the assumption that the fragmentation from the excited states occur

much faster than the rotational periods of the molecules.

2.3. Fragmentation

Depending on the excitation energy different fragmentation channels are available for the

molecule. Following Nenner and Beswick [2.10] the excitation energies are divided into three

main regions: below the first ionization potential (about 1-10 eV), above the first ionization

potential and below the first core electron excitation potential (about 10-50 eV) and above the

first core electron excitation potential (above 50 eV, typically a few hundred eV).
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2.3.1. Below first ionization potential

Excited states with energies below the first ionization potential of the molecule can decay by

radiative emission or by dissociation if the state is non-bonding. Table 2.1 shows the

ionization potentials of molecules relevant to this thesis. Predissociation can also occur from a

bound state if the potential curve is crossed by the potential curve of another repulsive state.

The time scales of these processes are of the order of 10-8 s for fluorescence and 10-13 s for

dissociation. For predissociation the timescale depends on the coupling strength between the

excited state and the repulsive state.

Molecule Ionization potential (eV)

N2 15.6

CO 14.0

NO 9.3

O2 12.1

CO2 13.8

OCS 11.2

CS2 10.1

SF6 15.7

Table 2.1 Ionization potentials of molecules in gas phase treated in this thesis.

2.3.2. Above first ionization potential

Electronic configurations corresponding to excited states created by promotion of electrons

from different orbitals in the ground state to unoccupied orbitals can be divided into different

Rydberg series depending on the ionic configuration into which these series converge. Above

the respective convergence limit the ionized configuration created by direct ionization and the

released electron are described by the respective continuum wavefunction. Due to

configuration interaction between superexcited states and these continuum states

corresponding to similar energies so called autoionization can occur from the former.

Autoionization, which occurs on a timescale of 10-12 to 10-15 seconds, is together with

predissociation the most important decay processes from superexcited states. It should be

added that ions may also form either in direct or indirect processes by ion-pair formation like

for instance

AB+ h A B+ -ν → + (2.35).

Direct ionization and autoionization are often followed by a dissociation like for instance
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( )AB+ h AB + e+ -ν →
∗

( )AB A + B+ +∗
→ (2.36).

At higher energies in this region double ionization is also possible like

AB+ h AB + e + e2+ - -ν → (2.37).

2.3.3. Above first core electron excitation potential

Core electron excitations create a vacancy in the core orbital which in about 10-15 seconds is

filled by an outer orbital electron by Auger decay processes for which at least one Auger

electron is emitted. If the core electron is promoted to the continuum and an Auger electron is

emitted this results in double ionization in two steps like

( )AB + h AB + e+
core
-ν →

∗

( )AB AB + e+ 2+
Auger
-∗

→ (2.38)

If the molecule is resonantly excited to a short-lived neutral (superexcited) state by promotion

of a core electron to an unoccupied orbital the decay occurs by emission of one or more Auger

electrons like

( )AB+ h ABν → ∗∗

( ) ( )
( )
AB AB + e

AB AB e

+
Auger
-

+ 2+ -

∗∗ ∗

∗

→

→ +
(2.39).

If the promoted core electron participates in the subsequent decay by filling the core hole the

process is called participator decay while the opposite is called spectator decay, see figure 2.4

for a two-step diagram of these processes. For states where the core electron is promoted to

Rydberg orbitals which are far from the core hole the spectator decay is a dominant process.

For states where the core electron is promoted to a non-occupied valence orbital the

participator decay process also can occur. Similar to the case of valence electron excitations

molecular ionization by core electron excitation is often followed by dissociation. However,

measurements reveal a richer variety of combinations of fragments emitted from the core

excited molecule with a higher abundance of atomic ions relative the abundance of molecular

ions which can be explained by the higher degree of multiionization. Since the type of
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Figure 2.4. The participator and spectator models

describing decay from core excited states.

electronic decay processes occurring affects the final valence-hole configuration this has

importance for the resulting fragment branching ratios and kinetic energy distributions.

Furthermore, the symmetry and the localization of the orbital to which the core electron is

excited to can play an important role in the fragmentation processes, as will be further

discussed and shown.

Participator Spectator

hν
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Chapter 3. Experimental Setup

This chapter presents the techniques and equipment utilized to perform the experiments

providing the results presented in chapter 5 and the Papers I-IX. The first section explains

how synchrotron radiation (SR) is obtained and why it was used in these experiments. The

second section describes the different beamlines utilized to obtain focused and

monochromatized synchrotron radiation. The third section describes the different detector

systems used in the experiments.

3.1. Synchrotron radiation generation

A non-relativistic charged particle moving perpendicularly to a magnetic field is centripetally

accelerated and emits electromagnetic radiation with an angular distribution of a Hertzian

dipole [3.1], see figure 3.1a. However, at relativistic speeds the radiation will be observed as

emitted into a narrow cone around the velocity vector, see figure 3.1b, and strongly Doppler-

a) v<<c

b) v≈c

y

x

Figure 3.1 Angular distribution of emitted radiation from a charged centripetally accelerated

particle at a) non-relativistic and b) relativistic velocities. The three-dimensional distribution

is obtained by rotation about a) the y-axis and b) the x-axis.
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shifted towards shorter wavelengths with a broad continuous spectrum, so called synchrotron

radiation [3.1-3]. This is observed when relativistic electrons travel around a storage ring1

emitting radiation when passing bending magnets. The name synchrotron radiation comes

after the kind of machine where it was first observed [cf. 3.2].
The angular distribution is explained by considering the angle ψ e  between

radiation emitted in a specific direction and the velocity vector of the particle which after a

Lorentz transformation into the laboratory frame is observed as the angle ψ  given by

( )
( ) ( )

tan
sin cos /

cos / cos /
ψ

ψ γ ψ

ψ ψ
= =

⋅ + ⋅ ⋅

+ ⋅ + ⋅ ⋅

v

v
perpendicular

parallel

e e

e e

c w c c

w c w c c

1

1

2

2

( )
=

+

sin

cos

ψ

γ β ψ
e

e

(3.1)

where v  are the relativistic added velocity components of the emitted radiation relative the

particle velocity vector [3.4]. The constant c  is the speed of light in vacuum and w  the speed

of the particle giving β  and γ  as

β =
w

c
(3.2)

and

γ
β

=
−

1

1 2
(3.3).

The right side of equation 3.1 is at maximum for the angle ψ e =90° giving

tanψ ψ γ≈ ≈ 1 (3.4)

which is the typical vertical emission angle. It follows from formula 3.4 that the vertical

opening angle of the cone is roughly 2 1γ −  which for a 550 MeV storage ring like MAX I in

                                                       
1 A storage ring consists of a periodic structure of bending dipole magnets separated by straight sections.
Electrons with relativistic energies are injected into the ring, which is kept in ultra high vacuum (10-10 Torr), in
bunches and travels around in trajectories bent by the dipole magnets. The bunches are refocused by quadrupole
and sextupole magnets along the way. The energy losses due to synchrotron radiation are compensated by
accelerating RF fields.
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Lund, Sweden, gives ~2 mrad which can be considered as highly collimated. The horizontal

opening angle of the emitted radiation is given by the observable electron trajectory and is

normally limited by an aperture giving a few mrad [3.5].
The energy radiated per electron, unit angular frequency and unit solid angle is

described by the formula [3.1]

( ) ( ) ( )d I

d d

e

c c
K K

2 2

3
0

2

2
2

2

2 3
2

2

2 2 1 3
2

12

1

1

ω ψ
ω π ε

ωρ
γ

ψ ξ
ψ

γ ψ
ξ

,
/ /Ω

= 





+






 +

+








(3.5)

where

( )( )ξ
ω
ω

γ ψ= +
2

1
2 3 2

c

/
(3.6)

where the so-called critical frequency, above which the emitted intensity drops rapidly, is

given by

ω
γ
ρc

c
=

3

2

3

(3.7).

In formulas 3.5-7 e  is the electron charge, ε 0  is the vacuum permittivity, c  the speed of

light, ω  is the frequency of the emitted radiation, ρ  is the bending radius of the electron

trajectory, ψ  is the angle between the direction of photon emission and the orbital plane and

K2 3/  and K1 3/  are the modified Bessel functions of the second kind. The critical frequency ω c

is defined so half of the power is emitted with frequencies above ω c  and the other half with

frequencies below ω c . Figure 3.2 shows a plot of the photon flux calculated using formula

3.5 as a function of wavelength relative the critical wavelength λ c  easily obtained from

formula 3.7. As can be observed, the flux ranges continuously over a wide region dropping

sharply for wavelengths below λ c . In MAX I the relativistic electrons have trajectories with

a radius of curvature of approximately 1.2 m when passing the bending magnets

giving λ c =50 Å which corresponds to photon energies of 250 eV.

The two terms containing the modified Bessel functions in the last bracket of

equation 3.5 represent the polarization components of the emitted radiation parallel and

perpendicular to the orbital plane. The degree of polarization can thus be expressed as
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Figure 3.2. Spectral distribution of the number of photons within 0.1% bandwidth emitted per

second per mrad horizontal angle per mA beam current per GeV electron energy integrated

over all vertical angles. The critical wavelength λ c  is defined in the text.
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   (3.8).

From this equation it can be seen that the radiation emitted in the orbital plane (ψ =0°) is

100% linearly polarized in the electron plane of motion.

Equation 3.3 can also be written as

γ =
E

m c0
2

(3.9)

0.1 1 10 100 1000 10000
10

4

10
5

10
6

10
7

10
8

10
9

10
10

Ph
ot

on
s/

s/
m

ra
d/

m
A

/G
eV

 in
 0

.1
%

 b
an

dw
id

th

λ /λ
c



21

where E  is the kinetic energy and m0  the rest mass of the particle. From this formula and by

integration of equation 3.5 over all angles and frequencies the total emitted radiation per

revolution by a relativistic electron in a circular orbit can be derived to be

( )
I

e E

m c
=

2

0

4

0
2 43ε ρ

(3.10)

and from this follows that the total emitted power is expressed as

( )
P

e c E

m c
r =

1

4

2

30

2

2

4

0
2 4πε ρ

(3.11).

These two formulas illustrate why electron or positrons instead of for instance protons are

used in synchrotron radiation facilities since the emitted power is proportional to m0
4− . In a

storage ring there are of course many electrons circulating around at the same time. These

electrons are initially emitted from an electron gun, then accelerated by a preaccelerator and

thereafter injected into the storage ring in compact groups which are called bunches. The

bunches are further accelerated in the storage ring by applied radio-frequency (RF) fields

which also replaces the energy lost by synchrotron radiation. The length of a bunch gives the

pulse duration of each flash of emitted radiation reaching an observer which for MAX I and

MAX II is 80 and 20 ps respectively. MAX I has a circumference of 32.4 m which gives

repetition times of roughly 100 ns when the machine is run in single-bunch mode with only

one bunch injected. In the multi-bunch mode bunches have even separation of the order of

one to ten meters giving shorter repetition times and higher photon flux.

Synchrotron radiation with improved characteristics as compared with the use of

bending magnets can be obtained from storage rings by insertion devices (ID). These devices,

called wigglers or undulators, consist of magnetic structures placed in a straight section of the

storage ring forcing the particles to change direction several times as they pass. Wigglers

consist of few strong magnets forcing the particles to take bends sharper than in bending

magnets resulting in radiation with higher critical wavelengths. Undulators consist of periodic

arrays of weaker magnets providing a vertical magnetical field as

( )B Bz = 0 02sin π ζ λ (3.12)

where B0  is the amplitude, ζ  is the coordinate along the undulator and λ 0  is the undulator

wavelength. Relativistic electrons passing the field are forced to change direction several

times in sinusoidal motions causing peaks or harmonics in the emitted synchrotron radiation

spectrum due to constructive interference effects, see figure 3.3. A characteristic parameter

for undulators is defined as [3.2]
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Figure 3.3. Schematic diagram of an electron beam passing the magnetic field of an undulator

producing synchrotron radiation.
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where k is the number of the harmonics, γ  is found in equation 3.9 and θ  is the angle of

emission relative the undulator axis. In the forward direction θ ≈ 0  only odd harmonics are

emitted. By varying the vertical gap between the magnets thus varying B0 , the wavelengths of

the harmonics can be controlled. The photon flux of the harmonics is proportional to the

square of the number of periods N giving intensity values several orders of magnitude higher

than from bending magnets. However, the widths of the peaks are proportional to the inverse

of N giving an emitted power proportional to N. The MAX I Beamline 51 undulator [3.6,7]
consists of a 35 period magnet array with a period λ 0 =24 mm, a maximum peak field

B0 =0.84 T and an adjustable gap size of 6-120 mm providing photons in the 60-600 eV

energy region with a high degree of linear polarization (better than 99%) in the storage ring

plane.

Thus synchrotron radiation can be produced with continuous spectral

distribution from the infra-red to the hard X-ray region and high degree of collimation in the

forward direction tangential to the orbit. Furthermore the produced synchrotron radiation is

strongly polarized, highly intense and has an even time structure with short pulses. These
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combined properties are not found in other light sources like lasers, discharge lamps and X-

ray tubes producing radiation at shorter wavelengths. Synchrotron radiation is therefore a very

convenient, not to say indispensable tool, for several kinds of experiments in several fields of

science including atomic and molecular physics, solid state physics and biophysics. At present

date many facilities around the world have been built dedicated to the production of such

synchrotron radiation. From a historical point of view the development of these facilities can

be divided like follows:

First Generation Machines: (used during 1960’s and 1970’s) These machines

were built for other purposes like high energy physics and were used in parasitic modes.

Second Generation Machines: (built and used during 1980’s) These machines

were dedicated for production of SR using bending magnets and insertion devices. The MAX

I facility belongs to this category, see table 3.1 for parameters.

Third Generation Machines (built during the 1990’s) These machines consist of

storage rings with improved insertion devices and are in some cases connected to realization

of the free-electron lasers2. The MAX II facility belongs to this category, see table 3.1 for

parameters.

MAX I MAX II

Electron energy 550 MeV 1.5 GeV

Circumference 32.4 m 90 m

Current up to 300 mA up to 200 mA

RF 500 MHz 500 MHz

Horizontal emittance 4x10-8 m rad 8.8x10-9 m rad

Bunch length 80 ps 20 ps

Beam lifetime 4 - 6 h > 10 h

Number of straight sections 4 10

Table 3.1. Storage ring parameters of MAX I and MAX II [3.8].

3.2. Beamlines

Most applications of synchrotron radiation require focusing and monochromatizing by

components constituting a so-called beamline before entering an experimental station.

Synchrotron radiation in the vacuum ultraviolet energy region and at wavelengths below

(<2000 Å) can only be focused by total reflection techniques using mirrors. Furthermore, in

the soft X-ray region and at wavelengths below (<300 Å) reflection only occurs at grazing

incidence. This makes controlling of synchrotron radiation complicated. Monochromatized

photons at these energies are obtained by diffraction of the synchrotron radiation either by

                                                       
2In a free electron laser, which generates tunable, coherent and high-power electromagnetic radiation, a
relativistic electron beam passing an undulator couples to and amplifies an electromagnetic wave copropagating
with the beam.
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crystals (hard X-rays) or reflection gratings (vacuum ultraviolet). A beamline must be kept

under constant high vacuum (∼10-10 Torr) which is done by ion and turbomolecular pumps.

At this point of time (late 1998) seven different beamlines are in operation at

MAX I and one is in operation and several are being built in connection with MAX II. In our

experiments we have exclusively used beamline 52 and beamline 51 of MAX I which will be

described more in detail as follows.

Beamline 52, presented in figure 3.4 (drawn after reference [3.9]), provides

monochromatized photons in the energy range 5 to 30 eV with a maximum resolving power

of about 1000 [3.9,10]. The synchrotron radiation from a bending magnet strikes a gold-

coated spherical mirror 10 m away from the source. This mirror focuses the radiation onto a

variable entrance slit of an off-Rowland circle mounted3 1 m normal incidence

monochromator with a grating groove density of 1200 l/mm. Both the spherical mirror and the

monochromator are held under ultrahigh vacuum conditions. The monochromatized radiation

then enters the toroidal refocusing mirror chamber via a second variable slit where it is

Synchrotron radiation
from bending magnet

Spherical
focusing
mirror
R=3170 mm

Slits

1-m Normal Incidence
Monochromator
1200 l/mm

Toroidal
Refocusing
Mirror
Rmax=3839 mm
Rmin=116 mm

Focus inside
Experimental
Chamber

Figure 3.4. Schematic view of beamline 52.

                                                       
3If the entrance slit and the grating are positioned on a Rowland circle which has a diameter equal to the radius
of the concave grating sharp spectral images are obtained at the circle without any further collimation. It can be
shown [3.10] that if the entrance slit is displaced a certain distance inside the Rowland circle then, to a good
approximation the image is displaced the same distance outside the circle. This gives a simple mean to maintain
a good focus in a scanning instrument through simultaneous rotation and translation of the grating, i.e. off-
Rowland circle mounting.



25

Figure 3.5. Relative photon flux spectrum from beamline 52 measured in May 1997 with a Si-

diode detector.

refocused into the experimental chamber via a differential pumping stage where a pressure of

about 10-8 Torr is obtained by a cryopump. The photon flux is peaked at 550 Å giving 109-

1010 photons/s with 200 µm slits at 100 mA ring current [3.9,10]. Figure 3.5 presents a

measured flux spectrum using a Si-diode. It should be emphasized that in the lower energy

range below 12 eV there is a considerable contribution from higher order light.

Beamline 51 [3.11-13], presented in figure 3.6 (drawn after reference [3.12]),
provides monochromatized photons in the energy range 60 to 600 eV with a resolving power

of about 10000 at 90 eV. The radiation is emitted from the undulator described in section 3.1.

The radiation is monochromatized by a modified Zeiss SX700 grazing incidence

monochromator which consists of a plane mirror, a plane grating and a plane elliptical mirror.

After the monochromator the radiation passes an exit slit and a refocusing toroidal mirror

from which it is focused into the experimental chamber. The monochromator is held under

constant ultrahigh vacuum, while the chamber containing the toroidal mirror acts as

differential pumping stage so that gas phase experiments can be carried out in the

experimental chamber. The beam width at the focal spot is below 1 mm. The obtained photon

flux at 90 eV is in the 1011 photons/s range with a beam current of 100 mA and with 200 µm

slit.
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Figure 3.6. Schematical optical layout of beamline 51. U=undulator, PM=plane mirror, PG=

plane grating, PEM=plane elliptical mirror, S=exit slit, TM=refocusing toroidal mirror,

E=experiment.

3.3. Detection techniques and systems

There are several experimental techniques available to study photofragmentation processes in

molecules, each with advantages and disadvantages [cf. 3.14]. The photoabsorption technique,

where the transmitted intensity of a gas is measured as a function of photon energy, gives

information on excitation energies from one state to another and absorption cross sections.

However, little or no further information on the decay dynamics and the subsequent fate of

the molecule is provided. Photoelectron spectroscopy, where the kinetic energies and

emission angles of emitted electrons after ionization are measured, gives a more detailed

picture of structure and dynamics, see section 2.2.2. However, this technique is only

applicable to ionizing processes. Furthermore, signals in photoelectron spectra from weak

processes can easily be drowned by features from signals from stronger processes as well as

background noise. Fluorescence spectroscopy on the other hand, where the emitted radiation

from the fragments is recorded, offers advantages in some of these cases. Therefore this

technique has been used in several of the experiments resulting in this thesis and the

experimental setup is described in subsection 3.3.1. Ion mass spectroscopy gives information

on photodissociation processes and dynamics following excitation or ionization of a molecule.

Coincident methods using time-of-flight techniques, where time correlations between two or

more particles are measured, have shown to be successful in this case and were also used to

obtain the results presented in this thesis. The experimental setup used is described in

subsection 3.3.2.

3.3.1. Fluorescence detection

By utilizing the dispersed fluorescence technique detailed knowledge of relative intensities of

vibrational and rotational transitions may be obtained. In our case this has been attained by

letting the synchrotron radiation from beamline 52 enter through a differential pumping

chamber (10-7 Torr) into the experimental chamber, which is filled with the target gas (10-2
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Figure 3.7. Schematic view over the dispersed fluorescence experimental setup.

Torr), via a glass capillary of inner diameter 3 mm (see figure 3.7 for a schematic view of the

experimental setup). The background pressures in the differential and experimental chambers

were kept in the 10-7 Torr range by several 60 l/s turbomolecular pumps. The pressures were

measured with Pirani and Penning gauges. The purity of the target gases were above 99.99%

and injected via a needle valve. The emitted fluorescence was passing a glass window and

collected by a lens system and focused onto the entrance slit of Jobin Yvon spectrograph.

Initially a spectrograph with a focal length 18 cm and a 360 g/mm grating was utilized

providing vibrationally resolved measurements in the 190-470 nm range. Later the system

was changed to a 46 cm spectrograph with 600 and 1200 g/mm gratings providing

vibrationally resolved spectra in the 400-1000 nm ranges. Since the intensity of the

fluorescence produced by the synchrotron radiation excited molecules in many of the cases

studied is weak, these relatively small spectrometers were chosen since they allow an optimal

throughput together with a resolution sufficient for the present applications. Several

configurations of the lens system were tried to optimize the signal. Initially a simple convex

lens of diameter 80 mm and focal length 100 mm was used mounted parallel with the beam

(see figure 3.7). However, two problems were encountered. The first problem was that the

fluorescence signal was too low compared to the detector noise. The second problem was that

a small amount of straylight from the beamline in the optical region entered the experimental

chamber thus disturbing the measurement. In the first attempt to solve these problems a new

chamber was constructed making it possible to position the lens 30° off the beam axis (see

figure 3.8(a)). However, this configuration indeed reduced the straylight problem but did not

offer a high enough signal intensity. In another attempt a spherical mirror and a lens were

mounted inside and a lens outside the chamber all three perpendicular to the beam (see figure

3.8(b)). This removed the straylight completely, but the signal was unfortunately even weaker
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a)

Lens

Entrance slit

Spherical mirror

Lens inside experimental chamber

Lens outside experimental chamber

Entrance slit

b)

c)

Lenses outside experimental chamber

Entrance slit

Figure 3.8. Different fluorescence collecting systems: (a) lens 30° off-axis, (b) spherical

mirror and lens perpendicular and (c) lenses almost parallel to the synchrotron radiation beam.

The bold black line is the synchrotron radiation beam incident from left in the figures.
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Figure 3.9. Dispersed fluorescence spectrum of photoionized O2 in the visible range. Peaks in

spectrum marked ∆v=2,1,0 correspond to vibrational bands of the A2Πu-X
2Πg molecular ionic

transition.

in this configuration. Instead, the best solution was to perform each measurement in an almost

parallel configuration, thus reducing the straylight as much as possible and at the same time

providing a maximum path length through the interaction region, with and without the studied

gas at each excitation wavelength and then subtract the two resulting spectra taking into

account the change in ring current. Thus, in this configuration it was only a matter of

optimizing the signal, which was done with a lens system as shown in figure 3.8(c). After

passing the spectrograph the dispersed fluorescence reaches a CCD (charged coupled device)4

detector which allows a recording of an entire spectrum in one shot. This is possible since

each pixel column interacts with a certain wavelength region of the dispersed fluorescence.

This particular CCD system with a detector size 25 mm × 8 mm divided into 1024×256 pixels

was chosen since it allows high detection efficiency together with a low level of dark current5

which is obtained with a liquid nitrogen cooling system. The obtained data was collected by a

commercial computer analyzing program displaying the intensity as a function of wavelength.
                                                       
4A CCD (charged coupled device) detector is a semiconductor component consisting of a two-dimensional array
of pixels each capable of trapping the by radiation released electrons in a potential well. The acquired charge in
each pixel after a certain acquisition time is readout by shifting the charge from one pixel to another until it
reaches the output electronics. CCD’s offers high sensitivity together with low noise levels and are position
sensitive [3.15].
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An example of such a spectrum is shown in figure 3.9. The intensity of the synchrotron

radiation was recorded by a silicon or GaAs diode connected to a picoamperemeter during

each measurement. The data analysis of the recorded spectra will be described in chapter 4.

3.3.2. Coincident time-of-flight detection

By utilizing the time-of-flight (TOF) mass spectrometer technique together with

coincidence techniques detailed information on fragmentation dynamics may be obtained [cf.

3.16,17]. A schematic view of the instrument used for such measurements in our experiments

is shown in figure 3.10. Ions and electrons are created in photoionization and

photodissociation events in the interaction region where the synchrotron beam intersects an

effusive gas jet. Depending on their sign charged particles are accelerated in opposite

directions by adequate voltages applied to two fine conducting meshes M2 and M3 mounted

parallel to each other at distance 10 mm providing a homogeneous electric field E23. An

AB

A+

B+

e-

e-

signal signal

MCP MCP

M1 M2 M3 M4 M5

E12 E23 E34 Drift tube:
Field Free Region

Timing
Electronics

hν

Figure 3.10. Schematic view of a time-of-flight mass spectrometer for coincidence

measurements. Full head arrows symbolize the initial velocity vectors of the respective ion

after photoionization of the parent molecule. See text for further details.

                                                                                                                                                                            
5 Dark currents are leakage currents which result in unwanted charge build-up in the pixels without any incident
radiation. Dark currents have a strong thermal dependence.
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electron or a negative ion is after passing through mesh M2 further accelerated by field E12

provided by a potential difference between the meshes M1 and M2. After passing mesh M1

the negative particle strikes the surface of a microchannel plate (MCP) detector6 of effective

diameter 25.4 mm giving out a pulse width of the order of 1 ns. A positive ion passes after

further acceleration by a field E34 through a field free region with a length of 210 mm. The

field E34 is provided by a potential difference between the meshes M3 and M4 which have a

distance of 10 mm. The field free region is provided by the drift tube which is a conducting

tube to which ends the meshes M4 and M5 are mounted. Exiting the field free region through

mesh M5 the ions reach another microchannel plate detector with kinetic energies around 2

keV. The pulses from each detector is amplified by fast preamplifiers providing short signals

which can be time correlated in several ways. The flight time of a certain ion can thus be

time

Electron MCP

Ion MCP

Yes No Coincidence

t1 t5t4t3t2

t2-t1 t3-t1
Time-of-flight

C
ou

nt
s Add a count in respective channel

Figure 3.11. Schematic explanation of the time-of-flight coincidence technique. An electron

and two ions originating from the same parent molecule are detected at times t1, t2 and t3 by

respective detector giving increase in respective channel in the photoelectron-photoion

coincidence time-of-flight spectrum. The two electron signals detected at times t4 and t5 are

not in coincidence with any ions and are therefore ignored.

                                                       
6 These detectors consist of one or more microchannel plates (MCP) and an anode. Each MCP consists of a
closely packed array of ~105 glass channels with internal diameters on the order of 10 µm. By applying a voltage
across the front and the end of each channel which are coated with a resistive material a potential gradient is set
up along the plate. When an incident particle collides with the inner wall of the front side of a channel secondary
electrons are emitted and further accelerated. When these secondary electrons are pulled further inside the
channel and collide with the wall surface secondary electrons are again emitted and so on. Thus a signal is built
up with a gain around 104. To further increase the gain several MCP are often used in series. The output
electrons finally collide with an anode giving a signal. The detection efficiencies are claimed by most
manufactures to be in the 25-50% range for electrons and 20-40% for positive ions at relevant kinetic energies.
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Figure 3.12. Examples of photoelectron-photoion coincidence time-of-flight mass spectra.

These particular spectra were acquired from the CS2 molecule excited by photons with

energies a) 163.10 eV (the S 2p π*
3/2 resonance) and b) 163.70 eV (non-resonance). An

amount of Ar was added to the gas for calibration purposes. The measurements were

performed at the magical angle.

measured by recording the time difference between the signals obtained from the two

microchannel plate detectors, one detecting the electron and the other detecting the ion. By

implementing a coincidence condition on the allowed differences in time of arrival between

the two signals for a recorded event in the form of a time window started by one of the signals

and by recording a high number of events a time-of-flight coincidence spectrum may thus be

obtained, see figure 3.11 for a schematic description. Since ions with different mass-over-

charge ratio obtain different velocities from the accelerating fields there will be a dispersion

in flight times required to travel from the interaction region to the detector and peaks will

appear in the spectrum corresponding to different ion species. This is possible if the total

electron and ion yields are low enough so that recording of false coincidences between

particles not emitted in the same event is avoided and in addition that the time dispersion

between different ion species is high enough. Examples of such photoelectron-photoion

coincidence (PEPICO) spectra are shown in figure 3.12. Furthermore, by fulfilling the so

called space focusing condition, which is a relation between the applied voltages and the

geometry of the system, the time dispersion created by the finite size of the interaction region
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defined by the photon beam and the gas jet is minimized. This and the variations in widths of

a certain peak in the time-of-flight spectra which depend on the initial kinetic energies of the

detected ions will be discussed in chapter 4. By operating the instrument at high voltages a

high collection efficiency is obtained which is desirable in some experiments, while low

voltages will discriminate ions with velocities not initially directed towards or opposite the

detector which is desirable in other experiments. Low voltages also improve the resolution of

each peak which makes it possible to extract details of the fragment velocity distributions. By

recording the coincident flight time differences between ions created from the same molecule,

a photoion-photoion coincidence (PIPICO) spectrum is obtained (see figure 3.13). From such

spectra information on the fragmentation dynamics following multiionization can be derived.

Still more information may be obtained by recording the coincident flight time differences

between the time arrivals of one electron and two different ions, so called photoelectron-

photoion-photoion coincidence (PEPIPICO) measurements, by which it is possible to obtain

more detailed information on the fragmentation processes following multiionization (see

figure 3.14). The data analysis performed on PIPICO and PEPIPICO spectra will be described

in chapter 4. Initially PEPICO and PIPICO spectra were acquired with a time-to-amplitude

(TAC) converter measuring the time differences between start and stop signals. The output

signals from the TAC have a height proportional to the measured time difference and were

sent to a multichannel analyzer (MCA) card installed in a computer, which then displayed the

number of coincidences as a function of flight time differences. Later a high resolution (0.5

ns) multichannel scaler PC card (FAST Model 7886) was installed making it possible to

perform multi-coincidence studies by letting the start pulse start a counter which runs with a

certain frequency for a preset sweep time. The card then registers stop pulses in a memory

Figure 3.13. Example of a photoion-photoion coincidence spectrum. This particular spectrum

was acquired from CS2 excited by 167.14 eV photons.
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Figure 3.14. Example of photoelectron-photoion-photoion coincidence time-of-flight mass

spectrum. This particular spectrum was acquired from OCS excited by 164.2 eV photons (the

S 2p π*
3/2 resonance).

during this sweep time so many stop pulses can be registered after one start pulse during the

sweep time. The time-of-flight mass spectrometer was mounted in an experimental chamber

rotatable around the axis defined by the polarized synchrotron radiation beam which made it

possible to perform angular resolved experiments. The background pressure in the chamber

was in the 10-7 Torr range, which was obtained with a 500 l/s turbomolecular pump. The

target gas was injected by a grounded needle with an inner diameter 0.5 mm into the

spectrometer between mesh M2 and M3, giving a chamber pressure of about 5x10-6 Torr

which was constantly monitored. The pressure was measured with the same equipment as

described in section 3.3.1. To minimize the disturbance of the electric field between mesh M2

and M3 from the needle (which was positioned midway between the meshes with the tip 10
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mm from the beam) the respective potentials applied to these meshes were always set

symmetrically around zero. The intensity of the photon beam was monitored by a silicon or a

GaAs diode connected to a picoamperemeter positioned in the beam behind the spectrometer.



36

References

3.1. J. D. Jackson, Classical Electrodynamics 2nd edition (Wiley, New York 1975)

3.2. E. Koch, D. E. Eastman and Y. Farge in Handbook of Synchrotron Radiation vol. 1 ed. E.

Koch, 1 (North Holland, Amsterdam 1983)

3.3. R. P. Feynman, R. P. Leighton and M. Sands, The Feynman Lectures on Physics

(Addison-Wesley 1963)

3.4. S. Rosander, Acceleratorteknik (The Royal Institute of Technology 1988)

3.5. R. L. Johnson in Handbook of Synchrotron Radiation vol. 1 ed. E. Koch, 173 (North

Holland, Amsterdam 1983)

3.6. H. Ahola and T. Meinander, Rev. Sci. Instrum. 63, 372 (1992)

3.7. Å. Andersson, S. Werin, T. Meinander, A. Naves de Brito and S. Aksela, Nucl. Instr.

Meth. A 362, 586 (1995)

3.8. MAX-LAB Activity Report 1996, edited by J.N. Andersen, R. Nyholm and S. L.

Sorensen

3.9. M. Kirm, Doctoral thesis: Investigation of Wide Gap Crystals and Highly Charged Ions

in the Vacuum Ultra Violet Using Synchrotron Radiation and Accelerated Ions, University of

Lund (1995)

3.10. S. L. Sorensen, B. J. Olsson, O. Widlund, S. Huldt, S. -E. Johansson, E. Källne, A. E.

Nilsson, R. Hutton, U. Litzen and A. Svensson, Nucl. Instr. Meth. A 297, 296 (1990)

3.11. S. Aksela, A. Kivimäki, R. Nyholm and S. Svensson, Rev. Sci. Instrum. 63, 1252 (1992)

3.12. S. Aksela, A. Kivimäki, A. Naves de Brito, O. -P. Sairanen, S. Svensson and J.

Väyrynen, Rev. Sci. Instrum. 65, 831 (1994)

3.13. S. Aksela, A. Kivimäki, O. -P. Saiaranen, A. Naves de Brito, E. Nõmmiste and

S.Svensson and J. Väyrynen, Rev. Sci. Instrum. 66, 1621 (1995)

3.14. I. Nenner and J. A. Beswick in Handbook of Synchrotron Radiation vol. 2 ed. G. V.

Marr, 355 (North Holland, Amsterdam 1987)

3.15. W. R. Leo, Techniques for Nuclear and Particle Physics Experiments 2nd ed., (Springer-

Verlag 1994)

3.16. T. Baer, J. Booze and K.M. Weitzel in Vacuum Ultraviolet Photoionization and

Photodissociation of Molecules and Clusters ed. C. Y. Ng, 259 (World Scientific 1991)

3.17. J. H. Eland in Vacuum Ultraviolet Photoionization and Photodissociation of Molecules

and Clusters ed. C. Y. Ng, 297 (World Scientific 1991)



37

Chapter 4. Data Analysis and Simulations

This chapter describes the performed data processing, analysis and simulations of the

dispersed fluorescence and the time-of-flight coincidence data providing the results presented

in chapter 5 and in all the papers in the present thesis.

4.1. Dispersed fluorescence data

Vibrationally resolved dispersed fluorescence spectra of an electronic transition in a

photoionized molecule give information on the vibrational population distribution of the

upper ionic state. According to the Franck-Condon principle (see chapter 2) this distribution is

governed by the overlap between the initial and final vibrational state wavefunctions. The

initial state is in this case the molecular ground state, while the final state is the upper

molecular ionic state. Deviations from the distribution given by non-resonant excitation can

occur if the excitation energy corresponds to a discrete autoionizing resonance. Such

deviations can be monitored by constructing a vibrational population branching ratio spectrum

from the dispersed fluorescence data which is done by integrating the intensity of each

vibrational peak in the acquired fluorescence spectra and then plotting the ratio as a function

of excitation energy. However, the data must be processed in one or two steps each

introducing an error before integration can take place. In most of our experiments two

measurements were performed at each excitation energy, one with and one without gas. The

reason for this was discussed in chapter 3. The first step is thus to subtract the spectrum

measured without gas from the spectrum measured with gas taking into account the decrease

in photon flux from the storage ring during the acquisition times. Since the noise levels are

very low, this only introduces a small error which is estimated from repeated measurements to

contribute with less than one percent to the total uncertainty. For the N2
+ B X 2 2Σ Σu g

+ +−

emission (Paper I) the next step was to deconvolute the spectrum by fitting an instrumental

function to each peak, see Paper I figure 1, since they were not well resolved. From the

integrated area of each peak at each excitation energy an intensity ratio spectrum can be

constructed which is converted to a vibrational branching ratio spectrum by utilizing the

formula [4.1]

σ
σ

ν
ν

u

u

ul ul ul

u l u l u l

I q

I q′ ′ ′ ′ ′ ′ ′

=
⋅( )

( )

3

3 (4.1)

where σ σu u′ is the ratio between the vibrationally resolved cross sections of two different

vibrational levels of the upper ionic electronic state denoted u  and ′u  respectively, Iul  and

Iu l′ ′  are the measured intensities where l  and ′l  denotes two different vibrational levels of the

lower ionic electronic state, qul  and qu l′ ′  the respective Franck-Condon factors and ν ul  and
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ν ′ ′u l  the frequency of the fluorescence emission. Furthermore, any difference in the quantum

efficiency of the detector between the two integrated wavelength intervals must be taken into

account when calculating this ratio. The N2
+ B X 2 2Σ Σu g

+ +−  emission is quite intense giving

good statistics and the estimated errors calculated from the standard deviations of the data

from the fitted functions was approximately 5-7%. The CO+ A X 2 2Π Σ− +  and 

B X 2 2Σ Σ+ +−  vibrational lines (Paper II) were well resolved. Therefore no deconvolution

procedure was necessary and the intensity could be obtained by direct integration over each

peak. However, the recorded intensity was considerably weaker resulting in higher

uncertainties (see branching ratio spectra in Paper II) especially at higher excitation energies.

The error estimations were calculated from the standard deviations of the baseline in each

spectrum over a large wavelength interval multiplied with the integration intervals of each

peak taking part in the calculation. This showed to be a practical and good estimate by

comparison of the results from several independent measurements at the same excitation

energy.

As will be demonstrated in chapter 5, neutral dissociation processes can be

studied by dispersed fluorescence measurements from which the intensities of atomic lines

emitted by fragments created in these processes can be acquired. Therefore it is desirable to

create excitation functions of these lines where the measured intensity of the line in question

is displayed as a function of excitation energy. A problem (not encountered when measuring

vibrational branching ratios) is to in a satisfactory way normalize the intensity against the

photon flux which differs in time and also depends on the chosen photon energy. This

problem was solved when extracting the excitation functions shown in Paper III from the

measured NI emission lines 3p 4P0-3s 4P, 3p 4D0-3s 4P, 3p 4S0-3s 4P and 3p 2D0-3s 2P by

normalizing against the second order N2
+ B X 2 2Σ Σu g

+ +−  ionic molecular emission lines

visible in the spectra and whose total fluorescence yield spectra have previously been

measured [4.2]. The error bars were calculated in a similar way as for the results in Paper II.

The reproducibility between two different experimental sessions (May 1998 and September

1998) was well within the error bars.

4.2. Time-of-flight coincidence data

Consider an electron and an ion initially between meshes M2 and M3 in the time-of-flight

mass spectrometer described in chapter 3 at a position (x0, y0, z0) in the coordinate system

defined in figure 4.1 at a time t0 . The time difference between successful detections by the

respective MCP detectors is given by

( )∆t t t t t t tion electron ion electron= − − − = −0 0 (4.2)
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Figure 4.1. Definition of the coordinate system of the time-of-flight mass spectrometer. Vn,

V1, V2, V3, V4 and Vp are applied voltages to meshes and MCP detectors. The electron MCP

detector, meshes M1, M2, M3, M4, M5 and the ion MCP detector (see figure 3. 10) are

positioned perpendicularly to the z-axis at z-coordinates zn, z1, z2, z3, z4, z5 and zp respectively.

where the tion  and telectron  are the respective flight times of the ion and the electron. Since the

flight time of the electron is approximately three orders of magnitude shorter than the ion

time-of-flight under the conditions applied in all performed measurements presented in this

thesis telectron  might be set to zero. This leaves tion  to be calculated which is given by the

formulas
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where t1 , t2 , t3 , t4 are the respective time-of-flights between planes z0 and z3 ,

z3  and z4 , z4  and z5 , z5  and zp  defined in figure 4.1,

v0z  is the z-component of the initial velocity of the ion,

v1z , v2z are the respective z-components of the velocities when passing

planes z3  and z4 ,

a 23 , a 34 , a 5 p are the respective accelerations of the ion with a mass m and

charge q from the fields given by V2 , V3 , V4 , Vp  and z2 , z3 , z4 ,

z5 , zp  defined in figure 4.1.

As shown by Wiley and McLaren [4.3] by fulfilling the space focusing condition a minimum

in time-of-flight differences between ions of equal parameters starting at different positions is

Figure 4.2. The calculated flight time of a carbon ion as a function of initial z-coordinate at

various drift tube voltages V4  while keeping V V V2 3= − = 135  and V Vp = −2000 .
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obtained. This is shown in figure 4.2 where the flight times calculated with formulas 4.3 are

shown as a function of the initial z-component of the position at various voltages V4  applied

to the drift tube while keeping the other voltages constant. As can be observed the theoretical

value V V4 = −1200  gives a minimum difference thus minimizing the broadening of the

peaks in the time-of-flight spectra due to a finite ion source volume. This value agrees with

Table 4.1. Table shows calculated time-of-flight of ions created from the OCS molecule with

initial momentum parallel (third column) and anti-parallel (fourth column) to the z-axis under

the same conditions as in figure 4.2 and V V4 = −1200 . The initial kinetic energy of all ions

is 5 eV except for OCS+, OCS2+ and OCS3+ which are given a thermal energy of 0.05 eV.

Ion
Mass

(u)

TOF

(µs)

TOF

(µs)

C2+ 12.01 1.32 1.36

O2+ 16.00 1.52 1.57

S3+ 32.07 1.79 1.79

C+ 12.01 1.86 1.94

CO2+ 28.01 2.02 2.08

O+ 16.00 2.14 2.24

OCS3+ 60.08 2.45 2.46

CO+ 28.01 2.836 2.96

OCS2+ 60.08 3.00 3.001

S+ 32.07 3.04 3.17

CS+ 44.08 3.56 3.72

OCS+ 60.08 4.26 4.24
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 experimental tests of photoionized Ar+ ions. The space focusing condition has been fulfilled

in all performed time-of-flight measurements, which simplifies the following discussion since

the mass resolution of the instrument was high enough to prevent any overlap between the

observed features in the spectra. This can also be exemplified by table 4.1 where the

calculated flight times of different ions starting at z m0 = 0 001. with the initial momentum

directed towards the ion MCP detector and at z m0 = −0 001. with the initial momentum

directed away from the ion MCP detector. From this example follows that it is a relatively

simple task to uniquely assign features in a time-of-flight spectrum providing there is no

overlap between ions with different mass to charge ratio due to high kinetic energy releases.

By changing the extraction field strength between mesh M2 and M3 and carefully measuring

the change in the total ion yield, it can experimentally be deduced that above a certain field

strength the ion collection efficiency of the MCP detector is saturated, which means that the

lost contribution by high kinetic energy ions missing the detector is negligible. At such high

fields it is possible to extract branching ratios between the created ions from the mass

spectrum, which is calculated by dividing the integrated number of counts of each peak by the

integrated number of counts of all peaks. The absolute values of these ratios should be

considered with some caution since the mass dependence of the MCP detector efficiency is an

unknown factor. However, the branching ratios are anyway useful since the changes between

different excitation energies are of main interest here as will be exemplified in Chapter 5. The

uncertainty of each ratio rl is given by the formula

∆r =
I

I

Il
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k

l
l

k
k

k
k

w w
σ
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⋅2

2
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where σ  is the standard deviation of the baseline, I k  the total number of counts of the peak k

and wk  the interval over which I k  is integrated. As can be seen in the example presented in

table 4.2 the uncertainty calculated from this formula is very small in a coincidence spectrum

of typical quality. It should be emphasized though that branching ratios are not an efficient

way to demonstrate relative differences in the partial cross section of a weakly produced ion

at different excitation energies. For example, a total increase of 9.7% of the CS2
+ ion

Table 4.2. Branching ratios of time-of-flight photoelectron-photoion coincidences and

calculated uncertainties of ionic fragments from the CS2 molecule excited by photons with

energies 163.10 eV (the S 2p π*
3/2 resonance). See also figure 3.12.

C+ S2+ S+ CS2
2+ CS+ CS2

+

0.162±0.004 0.056±0.006 0.509±0.012 0.052±0.003 0.191±0.006 0.031±0.003
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production rate would in table 4.2 still be within the error while the corresponding number for

the dominating S+ ion is 2.4%. A more sensitive way to present any differences would

actually be to directly compare the intensity of each ion normalized to the photon flux at each

excitation energy. Another way to demonstrate small differences is to show a normalized

superposition of two spectra as shown in Paper IX.

The shape of a peak in a photoelectron-photoion coincidence spectrum contains

information on the kinetic energy distribution of the created ions, which can be extracted by

fitting a sum of probe functions to the measured peak. Each probe function u i  represents the

resulting time-of-flight spectrum of ions within the momentum magnitude interval

[ ]p p p pi i− +∆ ∆2 2,  , where ∆ p p pi i= +1 −  and is obtained by Monte Carlo simulations

where the finite size of the interaction region, the asymmetry β parameter of the transition and

the collection efficiency of the MCP detector are taken into account. How the β parameter is

measured will be explained further on. The experimental time-of-flight spectrum can be

expressed as a vector

[ ]S = ⋅ ⋅ ⋅c c c c c1 2 3 n-1 n (4.5)

where cα  is the experimental number of coincidences within the flight time interval α  and

the set of probe functions is expressed as a matrix

U =

⋅ ⋅
⋅ ⋅

⋅ ⋅ ⋅
⋅ ⋅ ⋅
⋅ ⋅ ⋅

⋅ ⋅ ⋅
⋅ ⋅ ⋅
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u u u

u u u u

1,1 1,2 1,3 1,n-1 1,n

2,1 2,2 2,3 2,n

3,1 3,2

m-1,1 m-1,n-1 m-1,n

m,1 m,2 m,n-1 m,n

(4.6)

where u i,α  is the simulated number of counts of the probe function u i  within the flight time

interval α . The amplitude of each probe function is thus obtained by solving the equation

S AU= (4.7)

where the amplitude vector A is defined by

[ ]A = ⋅ ⋅ ⋅a a a a a1 2 3 m-1 m (4.8)
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in which a i  is the amplitude of the probe function u i . An approximate solution A  is given by

a least square fit giving the amplitude of each momentum group pi . These amplitudes are

scaled by division with a factor Ei  in a kinetic energy distribution diagram since the

corresponding kinetic energy width ∆Ei  of each momentum group follows the relation

∆
∆
E

p
p Ei

i i∝ ∝ (4.9)

and the integrated number of counts in both representations must be constant. The peak shape

of a large group of ions with the same initial position (x0, y0, z0) in figure 4.1 and momentum

vectors with the same magnitude low enough for 100% collection efficiency with an isotropic

distribution of initial directions is rectangular. This is shown by first considering a sphere of a

radius p  which is the magnitude of the vectors. Cutting this sphere perpendicular to the z-axis

at pz  in the instrumental coordinate system creates two segments and the surface of the one

defined by the z-axis interval [ ]p pz ,  is expressed as

( )S p p pz= ⋅ −2π (4.10).

The derivative of this surface

∂
∂

π
S

p
p

z

= − ⋅2 (4.11)

is a constant and therefore not dependent on the value of pz , which is directly proportional to

the difference in flight time from a zero initial kinetic energy ion. The intensity of emitted

ions, which is inversely proportional to the partial surface element ∂ S  with momentum

vector components pz , does thus not depend on pz  either, which implies that all flight times

have the same probability. However, the real world offers some complications when

calculating probe functions, since both the detector area and the interaction region are of finite

sizes and the measurements are in some cases preferably performed with low fields to

increase the details in the peak shapes, which will result in a reduced ion collection efficiency.

Furthermore, the shape of the probe functions also depends on the anisotropy of the ionic

emission, which also must be taken in account. Figure 4.3 presents probe functions of the

carbon ion with the initial kinetic energy 5 eV and isotropic angular emission distribution

acquired by the use of Monte Carlo simulations written in MATLAB like the one displayed in

Appendix A. Three functions are displayed each assuming a cylindrical interaction region

defined by the beam crossing the gas jet with a radius 0.5 mm and different extensions along

the x-axis. As can be seen the shapes show a minor dependence on this extension whose exact
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Figure 4.3. Fitting functions of the C+ ion with 5 eV initial kinetic energy acquired by Monte

Carlo simulations with the same conditions as in the experimental spectrum presented in

figure 3.12 assuming different beam path lengths through the gas jet and an asymmetry

parameter β=0.

value is difficult to determine which therefore lowers the accuracy of the kinetic energy

distributions. However, the needle is positioned only a few millimeters from the interaction

region, so the extension is not expected to be larger than 2 mm which has been experimentally

checked by moving the mass spectrometer along the z-axis thus displacing the beam and

monitoring the drop in ion yield. Figure 4.4 presents probe functions calculated for the CO+

ion with 1.5 eV kinetic energy emitted with asymmetry parameters β=-1 and 2 assuming a

cylindrical interaction region with radius 0.5 mm and length of 2 mm under low field

conditions with the z-axis of the instrument positioned perpendicular to the synchrotron beam

at the magic angle 54.74° relative the polarization vector of the synchrotron radiation beam.

As can be seen the general shape of the functions are similar indicating that measurements

performed at the magic angle with low applied voltages are insensitive to differences in β
parameters between different kinetic energy groups. Such differences do therefore not affect

the resulting kinetic energy distributions. An experimental time-of-flight coincidence

spectrum is shown in figure 4.5 and the corresponding kinetic energy distributions and the

fitted sum of probe functions are shown in figures 4.6 and 4.7. The probe functions were

calculated with an asymmetry parameter β=-0.4 as measured by Bozek et al [4.4]. The errors
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Figure 4.4. Monte Carlo simulated probe functions of the CO+ ion with 1.5 eV kinetic energy

with angular emission distributions β=-1 and β=2 detected with low field conditions

( V V V2 3= − = 30 ) with the instrument positioned at the magic angle 54.74° relative the

polarization vector of the synchrotron beam.

of each amplitude in figure 4.6 were obtained from the diagonal elements of the error matrix

e  which inverse matrix by definition [4.5] has the elements

( )e-1
j, k,u u

jk

n

= ⋅
=

∑ 1
2

1 σ
α α

α

(4.12)

where

σ σ σα α
α

2

1

2

2

1

21

1
=

− −
− ⋅









+ +∑∑ ∑
= =n m

n

PF i
i

m

Sc a ui i,
i=1

m

, (4.13)

where the first term is the sample variance of the fit, the second the variances of each

participating probe function and the third the variance of the experimental data. The variance

of the values in each probe function depends on how many events are included in each Monte

Carlo simulation. Repeated runs including 100000 ions give a standard deviation less than 10

counts of the each probe function and the standard deviation in the experimental spectrum is

estimated from the base line to a similar value.
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Figure 4.5. Detailed view of the time-of-flight coincidence peak corresponding to CO+ ions

produced from the carbon 1s excited CO2 molecule at π* resonance acquired with 60 V/mm

field strength between mesh M2 and M3. The measurement was performed in the magic angle

configuration.
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Figure 4.6 (a-d). Kinetic energy distributions spectrum of the peak in figure 4.5 by a least

square fit of a set of probe functions obtained by Monte-Carlo simulations. Each square in the

figures corresponds to a probe function.
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Figure 4.7 (a-d). Experimental peak also shown in figure 4.5 and the sum of fitted probe

functions with relative amplitudes as shown in respective panel in figure 4.6.
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Figures 4.8 and 4.9 show the results of simulations with the same conditions as in Figure 4.4

but with the instrument positioned at 0° and 90° relative to the polarization vector of the

synchrotron beam and β set to –1 and 2 respectively. As can be seen, the collection efficiency

depends strongly on the position for the given values of β at low applied voltages, which

gives a mean to detect angular emission anisotropy effects of different ions by performing

measurements at identical conditions in different positions. Since the kinetic energy

distribution of an ion can be determined from measurements performed at the magic angle

(55.74°), an experimental β parameter can be obtained from measurements performed at

angles different from the magic angle like for instance 0° or 90° where the anisotropy effects

are largest. The value of β is then found with an accuracy of ±0.1 by the best fit of a synthetic

spectrum which only depends on the known kinetic energy distribution and the β parameter to

the experimental spectrum [4.4]. The result can be checked by comparing the results from

several angular positions of the instrument. However, this method assumes that the β
parameter is independent on the kinetic energy of the ion, which is not necessarily true and

therefore introduces a large uncertainty in the value. For instance, very little anisotropy has

been observed in low kinetic energy ions and the contributions from such ions are therefore

neglected for energies below certain values, typically around 1-2 eV. Another improved way

to derive approximate β parameters is to integrate the number of coincidence counts

corresponding to ions above a certain kinetic energy in the time-of-flight peaks measured at

several different angles and find a best fit of Monte Carlo simulations to the experimental data

assuming different β values and a kinetic energy distribution as obtained from measurements

at the magic angle, see figure 4.10 for examples of such simulations. The advantage lies in

that the performed fit involves data points acquired at several instrumental positions

simultaneously. However, both methods are to be seen as more or less provisional since the

dependence on the kinetic energy of the β parameters is yet to be explored. To resolve this

problem Saito et al. [4.6] and several other groups have turned their attention to the

development of position-sensitive detectors which, together with the time-of-flight

coincidence method, give more information in this matter. Presently, such a system is being

developed by the FYSIK I MAX group to be ready for experiments in the spring of 1999

using synchrotron radiation from the MAX II storage ring.

Branching ratio analysis of photoion-photoion coincidence (PIPICO) spectra is

in principle performed in the same way as the for photoelectron-photoion coincidence

(PEPICO) studies described above and gives information on the relative strength between

different dissociation reactions leading to two or more ions. Photoelectron-photoion-photoion

coincidence (PEPIPICO) maps exemplified in figure 3.14 on the other hand contain

information on the three-body fragmentation dynamics of multi-ionized molecules not

available from PEPICO or PIPICO studies since in PEPIPICO the flight times, and therefore

also the initial momentum components parallel to the instrumental axis, are measured
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Figure 4.8. The same simulated situation as in figure 4.4 with β=-1 and the instrument

positioned at the 0° and 90° relative the polarization vector of the synchrotron beam.

Figure 4.9. The same simulated situation as in figure 4.4 with β=2 and the instrument

positioned at the 0° and 90° relative the polarization vector of the synchrotron beam.
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Figure 4.10. Monte Carlo simulated angular distribution of the S+ ion emitted with an

asymmetry parameter β=-0.65 for a certain energy distribution.

individually of two coincidentally detected ions. Each coincident event is represented as a

count in a two dimensional map which axes represent the respective flight time and

analogously to PEPICO and PIPICO spectra a large number of recorded events result in peaks

which are easily assigned to a certain pair of ions. The shape and the slope of each assigned

peak in the coincidence map provide means to derive information on the geometry of the

dissociating molecule for reactions leading to two or more ions and whether the dissociation

occurred instantaneously or sequentially. In an arbitrary molecule ABC the conservation of

momentum gives a distribution as

p p p

p p

A B B C C

B B C

+ ⋅ + ⋅ =
⋅ + ⋅ =





cosθ θ
θ θ

cos

sin sin C

0

0
(4.14)

following the notations of Eland [4.7] where the momentum of fragment A defines an axis and

where θ B  and θ C  are the angles of the direction relative this axis of fragment B and C

respectively. For instantaneous dissociation from a linear molecule the formulas 4.14

degenerate to

p p

p

A C

B

= −
=



0

(4.15)
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which in the PEPIPICO map will result in an elongated peak shape with a slope bAC = −1 for

single charged ions A and B since the flight times of each ions can be written as

t t p

t t p t p

A A A z

B C B z B A z

= + ⋅
= + ⋅ = − ⋅

, ,

, , , ,

0

0 0

η
η η

(4.16)

where η  is a constant. This shows that the time deviations of these ions from zero initial

kinetic energy flight times tA,0  and tB,0  are anticorrelated. The detection of ions B+ and A+ or

B+ and C+ in coincidence will in this case result in horizontal or vertical slopes depending on

which ion has the shortest flight time. In the case of sequential processes for which the

molecules dissociate in two distinct steps [4.7] like

( )ABC h AB C k l e E

AB A B E

k l

k m n

+ → + + + +

→ + +

+ + −

+ + +

ν 1

2

(4.17)

where k, l, m and n are integers and Eα  the released kinetic energy in respective dissociation

step the momenta are distributed in a more complex manner which in addition to the bending

angle of the molecular axis depends on the values of E1  and E2 . This bending angle can in

some cases be determined by other methods like total ion yield and angular resolved

measurements and if it can be shown that the molecule has a linear geometrical configuration

then the momentum of each fragment is given by

( )
( )

p p m m p

p p m m p

p p

A A AB

B B AB

C

= − −

= −

=

2 1

2 1

1

(4.18)

where the momenta gained by each fragment in respective dissociation step are given by

p
E m m

m
C AB

ABC
1

12
= (4.19)

p
E m m

m
A B

AB
2

22
= (4.20)

where mγ is the mass of the particle γ. This kind of reaction results in peak shapes which for

fragment A and C exhibits a slope
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in a map where the flight times of particles A and B are exhibited on the horizontal and

vertical axis respectively. Now, instantaneous and sequential dissociation are of course two

extreme cases of three-body dissociation processes and even early studies [4.7] have pointed

out situations when neither models can describe experimental data. As demonstrated in Paper

VIII and suggested by Eland [4.7] in some cases the presence of the third body should not be

ignored when considering the repulsion between the other two. An attempt to implement this

into Monte Carlo simulations to fit the experimental data obtained from the core excited OCS

molecule was to introduce the so called quasi two-step model. This simple model assumes a

linear molecule ABC allowed to dissociate like in figure 4.11, where first the bond between

AB+  and C+  breaks and AB+  dissociates into A+  and B within the range of the Coulomb

field of C+  with an energy E1 . This is followed by Coulomb repulsion between A+ and C+

releasing kinetic energy E2. Alternatively, if ion AB+  fragments into A and B+ the kinetic

Figure 4.11. Schematic view of quasi two-step dissociation model. See text for further

information.

hνABC

AB+ C+

A B+ C+

C+
A

B+



55

energy E2 is instead shared between fragments B+ and C+ . However, in this case B+ can be

obstructed by the A fragment and somewhat scattered. This is taken into account by allowing

fragments B+ to change direction within a given interval. Similar arguments can be used to

explain the resulting shape of other decay channels. An example of an experimental map and

the corresponding simulations based on the quasi two-step and the two step models are shown

in figure 4.12. As can be observed the quasi two-step model resembles the

Figure 4.12. Detailed view of photoelectron-photoion-photoion coincidence maps of fragment

ions from the core excited OCS molecule. Map a) is experimental, b) is from a Monte Carlo

simulation based on the quasi two-step model and c) is from a Monte Carlo simulation based

on the pure two-step model.
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experimental map closer. This model is of course very crude and should not at all be taken as

conclusive. Actually, many observed features can be explained as well by instantaneous

dissociation from certain bent configurations, which also demonstrates the need for more

involved calculations in this field. Furthermore, it should be remembered that in all of the

performed measurements only the momentum components along the instrumental axis are

actually measured, which limits the obtainable information from these experiments. A more

clear picture will eventually emerge by the incorporation of a photoelectron spectrometer and

a position sensitive detection system in these kind of experiments where, in addition to the

PEPIPICO data, the kinetic energies of the electrons and the momenta perpendicular to the

axis of the coincident ions in each event are obtained.
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Chapter 5. Results and Discussion

In this chapter an overview of the obtained results is presented and discussed. The first section

considers the search for non-Rydberg Doubly Excited Resonances. The second section

considers new information on photofragmentation processes following core electron

excitation of small molecules obtained by time-of-flight mass spectroscopy and coincidence

techniques.

5.1. The search for non-Rydberg Doubly Excited Resonances

Non-Rydberg doubly excited resonances (NRDERs) are formed by simultaneous excitation of

two valence electrons to in space close-lying orbitals. These resonances were first proposed

by Wendin [5.1] to exist in the N2 molecule to explain an experimentally observed broad

resonance at 23 eV in photoelectron spectra measured by Gürtler et al. [5.2] and Plummer et

al. [5.3]. Autoionization of such NRDER states into ionic states can cause deviations of the

Franck-Condon distributions of vibrational levels from direct photoionization processes. This

gives a mean to detection of NRDERs by measuring the vibrationally resolved emission from

the ionic states, see figure 5.1.

Poliakoff et al. [5.4,5] measured the final state vibrational distribution of the N2

X 1
g
+Σ - N2

+ B 2
u
+Σ transition in the 19-55 eV region by the dispersed fluorescence method and

observed deviations from the expected Franck-Condon distribution as provided by direct

photoionization. These results were compared with theoretical vibrational branching ratios

Figure 5.1. Excitation to autoionizing state a〉  leading to deviation from the vibrational

population distribution in state f 〉  as created by direct ionization.
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calculated by Basden and Lucchese [5.6] utilizing a two state coupled channel calculation

which predicted that the 3σg- ∈σu shape resonance7 should affect the 2σu
-1 excitation channel

resulting in non Franck-Condon behavior in the vibrational population of the resulting N2
+

B 2
u
+Σ  ion. However, the agreement between experimental and theoretical data was poor. For

this reason it was decided to remeasure the vibrational distribution of the N2
+ B 2

u
+Σ  state as a

function of excitation energy in the 19-34 eV region utilizing the experimental equipment

described in chapter 3. The acquired data was analyzed as described in chapter 4 producing

vibrational population branching spectra. Figure 2 in Paper I shows such a resulting

vibrational branching ratio spectrum and as can be observed several features can clearly be

observed not visible in the previous experiments [5.4,5] and not predicted by the previous

calculations [5.6]. Another group has recently observed the same features using the

coincidence (e,2e) technique [5.7]. At this stage it was necessary for a more comprehensive

theoretical study of the matter which was performed by prof. L. Veseth in collaboration with

our group. Many-body perturbation theory for general model spaces was used to calculate the

energies of doubly excited valence states accessible by electric dipole transition from the

ground state. Furthermore, the transition moments between the ground state and the excited

states, the total autoionization rates from the excited states and the partial autoionizaton rates

from the excited states to different ionized states were calculated. For details on this method

the reader is referred to the paper by Sannes and Veseth [5.8]. The calculations predicted a

few observable NRDERs with very short lifetimes (a few femtoseconds) which in the

measured spectra would be exhibited as broad features. From these results it was possible to

assign four of the five peaks in figure 5.1 to attractive NRDERs decaying into the B 2
u
+Σ  state

while the leftmost peak at 22 eV was assigned to large interchannel interaction between the

2σu
-1 excitation channel with the 3σg- ∈σu shape resonance.

The next step in the investigation was to search for NRDERs in other molecules

using the same methods as utilized for the N2 case. The first choice was the isoelectronic CO

molecule for which the dispersed fluorescence from the CO+ A 2Π  and B 2
u
+Σ  states was

studied in the 20-34 eV excitation region, see Paper II. The measured branching ratios of the

relative vibrational population of the A 2Π  state was fairly constant within the experimental

error and close to the expected Franck-Condon level as expected from direct transitions while

the B 2
u
+Σ  state showed clear deviations. Calculations similar to the case of N2 were

performed predicting several observable NRDERs. However, the autoionization is expected to

occur within the same Franck-Condon region as the excitation process due to the short

lifetimes of these doubly excited states. This explains the lack of observable features in the

emission from the ionic A 2Π  state which potential curve is significantly shifted from the

excitation Franck-Condon region. The deviations in the B 2
u
+Σ  vibrational population

                                                       
7 Shape resonances originates from angular anisotropy of potential barriers experienced by the outgoing electron.
The resulting features are often broad, i.e. several eV. The height and width of the barriers are sensitive to the
internuclear distance thus giving non Franck-Condon behavior in the ionization cross sections.
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branching ratio spectrum could be assigned to several of the calculated NRDERs.

Furthermore, since the potential curve of ionic ground state X 2Σ +  state is found in the same

Franck-Condon region as the potential curve of the B 2
u
+Σ  state some deviations should also

be observable in the ionic ground state. Deviations have indeed been observed previously

[5.9] at 19-22 eV using photoelectron spectroscopy which were associated to the shape

resonance in the 5σ-1 photoionization channel. Calculations based on Hartree-Fock

calculations [5.10] and multiple scattering methods [5.11], respectively, indicated that the

shape resonance alone could not be responsible for the observed feature which instead should

be explained by autoionizing states. This conclusion was confirmed by our calculations which

predict NRDER states strongly autoionizing to the ionic ground state at energies

corresponding to the features observed by Stockbauer et al. [5.9]. The explanation in terms of

NRDER states is further supported by the similarity in shape of the branching ratio curve in

the ground state to the shape of the branching ratio curve of the B 2
u
+Σ  state as can be

observed in Paper II figure 6.

The non-Rydberg doubly excited states studied so far (Paper I and II) were

reached by direct one-photon excitations. However, Rydberg excited states can be

predissociated by non-Rydberg doubly excited states of other symmetries not reachable by

direct photon excitation. This then results in neutral dissociation into excited atomic

fragments, see figure 5.2. New information on such processes could have implications for

Figure 5.2 Neutral dissociation from a superexcited Rydberg state via an attractive non-

Rydberg doubly excited state.

Non-Rydberg
doubly excited state

Superexcited Rydberg state

Ground state

 

Po
te

nt
ia

l e
ne

rg
y

Internuclear distance

th
re

sh
ol

d

Excited atomic fragments



61

other fields like atmospheric and plasma physics. Ukai et al. [5.12] studied neutral decay of

double-holed doubly excited resonances of N2 by measuring the vacuum ultraviolet

fluorescence excitation spectrum in the 20-38 eV excitation region and observed a number of

sharp Rydberg progressive doubly excited resonances (DERs). A broad structure at 23.5 eV

was assigned to a superposition of these peaks and not as proposed by Wendin [5.1] to

strongly repulsive valence excited DERs. However, these measurements were not wavelength

dispersed which limited the information on the states of the dissociating fragments. Therefore

we set out to search for atomic emission lines emitted from N2 excited in the 20-30 eV region

by dispersed fluorescence measurements, see Paper III. Excitation function spectra of the four

3p(4P0, 4D0, 2D0 and 4S0) levels were obtained from these data. Since all the observed

multiplets appear at their respective thresholds (see figure 5.2), the predissociations are

caused by an attractive molecular state. By comparison with calculations using many body

perturbation theory these predissociating states were identified as non-Rydberg doubly

excited states.

5.2. Studies of photofragmentation of small molecules in the core excitation region using
time-of-flight mass spectroscopy

One of the main objectives for building the time-of-flight instrument was to study

fragmentation processes following core excitation of small molecules. Of special interest was

selective effects on the subsequent fragmentation depending on which core electron was

excited and on the excited state. Such studies are of interest from the point of photochemistry.

However, for a more detailed picture of some of these processes it was necessary to perform

multi-coincidence- and angular resolved measurements as described in chapter 3. To interpret

some of the data it was also necessary to utilize Monte-Carlo simulations as described in

chapter 4.

Paper IV considers the decay dynamics of carbon 1s excited CO molecule. In

this paper ion branching ratios and kinetic energy distributions were presented for several

resonances with vibrational resolution. Significant differences were found between ion

branching ratios at various resonances, especially for the relative abundance of CO+

comparing the decay at π* resonance and the Rydberg resonances. This suggested that the

promoted electron participates in the decay associated with the π* resonance leading to stable

CO+, i.e. so called participator decay which is described in chapter 2. A higher abundance of

C+ ions relative to O+ ions at the C 1s π* resonance was observed and explained by the

dominating formation of the 3 2Σ+ and D 2Π states in CO+, which both are known to

predominantly dissociate into C+ + O. This also explained the high relative intensity of low

kinetic energy C+ ions, assuming that C+ + O dissociation gives lower kinetic energy than C+

+ O+ dissociation, which was observed in kinetic energy distributions extracted from the time-

of-flight spectrum as described in chapter 4. When comparing the kinetic energy distributions

at the Rydberg resonances surprising differences were found. These differences indicated a
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dependence on excitation energy and the l-quantum number of the Rydberg level, which is

unexpected in view of the spectator model for which variations in primary electron decay

processes following from different Rydberg states are not expected. Although this observed

selectivity is not fully explained, we suggested the existence of a significant competition

between direct dissociation and autoionization of the Rydberg electron followed by

dissociation from 2 valence hole 1 Rydberg electron states created after rapid decay of the

core hole state. The autoionization process reduces the energy of the 2 valence hole 1

Rydberg electron states, which lowers the mean value of the kinetic energy release during the

subsequent dissociation. The observed differences in kinetic energy distributions may then

partially be understood since the ratio between these processes certainly depends on the

location of the Rydberg electron. The last part of this paper presented kinetic energy

distributions following excitations at 298.3 eV, which is 2 eV above the C 1s ionization

threshold, and where excitations of the first member (3sσ) of the doubly excited C(1s-15σ-

1π*nlλ) Rydberg resonances and the σ* shape resonance are possible. Very few C+ and O+

ions with low kinetic energies and almost no CO+ ions were detected in this region. The

electronic configurations 1π-2 and 4σ-15σ-1 were found to be responsible for this behavior by

considering the Auger spectra and the potential curves of the CO molecule. These

configurations are expected to release kinetic energies in good agreement with the

observations.

Paper V presents vibrationally resolved total ion yield spectra recorded of the

core excited OCS molecule using the time-of-flight mass spectrometer. These spectra

revealed several previously unobserved states which were assigned to singly excited ns, np

and nd Rydberg levels. To obtain further information on such core excited states and their

subsequent decay dynamics, we utilized angular resolved photoelectron-photoion coincidence

yield measurements (see chapter 3 and 4). By using this equipment we could then directly

record the β-parameter, i.e. the degree of anisotropy, for different ionic fragments emitted in

the dissociation processes of the core excited OCS molecule. The experimental β-parameters

show several inconsistencies from their respective theoretical values indicating a bent

geometry. For example, the sulfur π* states at 164.2 and 165.5 eV should theoretically give a

value of β = -1 for the O+ and S+ ions assuming a pure Σ-Π transition, which clearly is not the

case. The sulfur π* states is therefore determined to be bent with an angle of 132° and 140°,

respectively, as calculated from their respective β-parameters by the method described in the

paper.

Paper VI presents results from studies of state selective photon induced

fragmentation of triply charged fragments from the core excited OCS molecule. Site selective

effects where different core electrons are promoted leading to different fragmentation in

molecules have been under intensive study [5.13-16] while relatively little information on

state selectivity was available. Therefore photoelectron-photoion coincidence (PEPICO)

measurements were performed at fragments emitted from the OCS molecule core excited at

different S(2p-1) and C(1s-1) resonances. The data showed that the S3+ ion only was formed at
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the valence-type sulfur core excited states while triply charged OCS ions are only formed at

Rydberg-type carbon core excited states. These results are evidences for state selective

fragmentation which in the sulfur case were explained by the anti-bonding character of the to

sulfur localized π* orbital. Sulfur core excitation to such a π* state is followed by rapid neutral

dissociation before the sulfur core hole is filled. The sulfur atom is thus excited with a core

hole whose electronic decay results in triple ionization. Such a process is unlikely for Rydberg

excited states due to delocalized character of Rydberg orbitals. The same explanation is valid

for the carbon core excitation case for which the π* resonance promotes bond-breaking of the

S-CO bond thus quenching the formation of OCS3+ compared to Rydberg resonances.

Paper VII addresses a fundamental question in molecular physics whether the

three-body dissociation of multiply ionized triatomic molecules occurs instantaneously or

sequentially [5.17]. The photoelectron-photoion-photoion coincidence (PEPIPICO) time-of-

flight (TOF) method (see chapter 3) was utilized to study the decay dynamics following

carbon 1s and sulfur 2p electron excitations of the OCS molecule using highly

monochromatized photons provided by undulator beamline 51. The small incident light

bandwidth permitted measurements at selected neutral states with the energies 164.2, 165.5,

166.9, 168.1 and 288.3 eV, corresponding to the S(2p-1) π*
3/2, π*

1/2, 4s3/2, 4s1/2, and C(1s-1) π*

resonances, respectively. The resulting coincidence data were used to create a two-

dimensional coincidence map which are displayed in the form of contour plots. A Monte

Carlo code (see chapter 4) was developed to interpret the obtained data simulating the

experimental situation which, together with previous measurements including branching

ratios, kinetic energy distributions and ionic β-parameters, gave new information on the

dynamics of three-body dissociation processes. The results indicated that the instantaneous

and sequential dissociation models should be replaced by quasi two-step models which means

that the second step occurs in the very vicinity of the first one.

Paper VIII presents high-resolution total ion yield and angular resolved

photoelectron-photoion coincidence (PEPICO) measurements of the S(2p) and the C(1s) core-

excited CS2 molecule, see chapter 3 for details on the experiments. The angular resolved

technique has proved to be a powerful technique in studies of the symmetries of core-excited

states of diatomic molecules [cf. 5.18] since, as explained in chapter 2, the orientation of the

excited molecules depends on the symmetry of the states involved in the transition. In

triatomic molecules angular resolved measurements may additionally be influenced by the

non-axial recoil occurring if the molecule is bent [cf. 5.19]. It was shown from the measured

data that the geometry of the S(2p-1) π* states are bent due to the Renner-Teller effect8, while

the linear geometry is preserved at the sulfur σ* and Rydberg levels. The Rydberg resonances

showed a vibrational structure with energy separations corresponding to asymmetric

stretching modes indicating strong vibronic coupling at the excited states. These are clear

                                                       
8 The Renner-Teller effect is the interaction of vibrational and electronic angular momentum in a linear molecule
giving a shift between degenerate energy-levels due to bending motions.
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hν
Figure 5.3. Schematic view of core electron shake-up excitation process forming a doubly

excited state.

examples of breakdown of the Born-Oppenheimer approximation. Furthermore, it was shown

from the measured β-asymmetry parameters that the transitions to core excited valence states

exhibit atomic characters while the Rydberg states exhibit molecular characters. The β-

asymmetry parameters measured at the carbon core π* resonance was lower than expected

also indicating a Renner-Teller splitting. Above the carbon 1s threshold four features were

discovered and assigned to doubly excited states. These states are probably formed by shake-

up processes where the outgoing core electron interacts and promotes a valence electron, see

figure 5.3.

Paper IX presents evidences for state selectivity in the fragmentation of the core

excited CS2 molecule. Most works in this area [5.13-16] have mainly concerned the study of

site specific fragmentation effects while we in Paper VI reported evidences of state selectivity

of the fragment process in the core excited OCS molecule which is further exemplified in this

paper. The experiment was performed by measuring relative ion yields with the time-of-flight

(TOF) mass spectrometer in the photoelectron-photoion coincidence (PEPICO) mode. The

abundances and peak shapes of the S+ and S2+ ions measured at the σ*
3/2 and σ*

1/2 resonance

exhibited differences as compared to the TOF mass spectra measured at all the other

excitation energies at the sulfur edge, both resonant and non- resonant. This is a clear

demonstration of state selectivity where the orbital of the promoted core electron determines

the subsequent ion fragment branching ratio. The behavior is explained by the existence of

decay channels where S*-CS neutral dissociation is followed by atomic core hole decay

resulting in S2+ ions. The relative strength of this channel is higher at S (2p) σ* states due to

its stronger repulsive character which is to be explained by the overlap of the σ* orbital on-

axis along the optimum bonding region. This causes bondbreaking more efficiently than the
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π* and Rydberg states, which were shown to exhibit vibrational modes and therefore attractive

characters. Furthermore, ionic fragment branching ratio acquired at both the sulfur (2p) and

carbon (1s) threshold were compared with measurements performed by Hayes [5.20]
illustrating the advantage of utilizing the TOF-method in these kinds of experiments

compared to the quadrupole mass spectrometer (QMS) technique. It was shown from the

experimental data that the decay processes following the C (1s) and the S (2p) electron

excitations to neutral states not necessarily have to be very different since they lead to the

same fragmentation reactions. Finally, the formation of the S2
+ ion at the sulfur edge was

reported.
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Appendix A.

MATLAB-program used for Monte Carlo simulations of time-of-flight detector system.

clear;

% number of misses

misses=0;

% angular position of the TOF relative
% the polarization vector of the radiation'
% beam, (magic angle=54.73)
ap=54.73*pi/180;

% transform matrix: transforms directions relative
% polarization beam to directions in TOF
% coordinate system
trans=[1 0 0; 0 cos(ap) -sin(ap); 0 sin(ap) cos(ap)];

% asymmetry parameter
beta=0;

% create sorting string
% with a slot width jump ns
i=1;
A(1)=1500;
jump=1;
while A(i)<1650

i=i+1;
A=[A A(1)+(i-1)*jump];

end;

% create TOF vector matrix
M=0*[1:1:i];

u=1.6603e-27; % 1 massunit in kg
mo=15.9994*u; % oxygen mass
mc=12.011*u; % carbon mass
ms=32.06*u; % sulfur mass



68

qe=1.60219e-19; % elementary charge (C)
eV=0.16021e-18; % 1 eV in J

% definition of TOF spectrometer properties;
VM2=200; % mesh 2 voltage (V)
VM3=-200; % mesh 3 voltage
VDT=-1778; % drift tube voltage
VMCP=-1800; % MCP voltage
M2M3=0.01; % distance mesh 2 - mesh 3 (m)
M3DT=0.01; % distance mesh 3 - drift tube
DT=0.21; % drift tube length
DTMCP=.01; % distance drift tube MCP
z3=.005; % z-coordinate mesh 3
z4=0.015; % z-coordinate front drift tube
z5=0.225; % z-coordinate end drift tube
zMCP=0.235; % z-coordinate MCP
pinhole=0.05; % pinhole at Z3 radius (m)
detector=0.0125; % MCP detector effective radius

% defining ion
m=mc;
q=qe;

% released kinetic energy (J)
KE=5*eV;

%initial momentum of respective ion (kgm/s)
p=sqrt(2*m*KE);

% number of released ions
for events=1:50000

   % random position in homogeneous interaction region
posx=0.001-rand*0.002;
posphi=rand*2*pi;
posr=rand*0.0005;
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  % (x,y,z) position of dissociating
% molecule in spectrometer reference
% frame, x parallell to beam, z against
% detecor
pos=[posx posr*cos(posphi) posr*sin(posphi)];

   % isotropic emission distribution in spherical
   % coordinate system
   % random theta: angle releative polarization axis
   % random phi angle around polarization axis
   theta=rand*pi;
   phi=rand*2*pi;

   % converting emission angles to vector
   % in coordinate system prim where z'is
   % parallel to the polarization vector
   % and x'=x
   pdir=[sin(theta)*cos(phi) sin(theta)*sin(phi) cos(theta)];

   % transforming this vector to TOF frame
   pdirection=trans*pdir';

   % converting vector to TOF coordinate system

   % initial z-velocity
   v0z=p*pdirection(3)/m;
   % acceleration between mesh 2 and mesh 3
   a23=(VM2-VM3)*q/(M2M3*m);
   % time to reach mesh 3 from initial position
   t1=(-v0z+sqrt(v0z*v0z-2*a23*(pos(3)-z3)))/a23;
   % z-velocity at z3 (mesh 3)
   v1z=a23*t1+v0z;
   % accelaration between mesh 3 and front drift tube
   a34=(VM3-VDT)*q/(M3DT*m);
   % time to reach front of drift tube from mesh 3
   t2=(-v1z+sqrt(v1z*v1z-2*a34*(z3-z4)))/a34;
   % z-velocity at z4
   v2z=a34*t2+v1z;
   % time to to pass drift tube
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   t3=(z5-z4)/v2z;
   % acceleration between drift tube and MCP
   a45=(VDT-VMCP)*q/(DTMCP*m);
   % time to reach MCP from end of drift tube
   t4=(-v2z+sqrt(v2z*v2z-2*a45*(z5-zMCP)))/a45;
   % total time-of-flight
   totalt=t1+t2+t3+t4;

   % condition for misses
   hit=0;

v0x=p*pdirection(1)/m;
   v0y=p*pdirection(2)/m;
   if ((v0x*t1+pos(1))^2+(v0y*t1+pos(2))^2 <=
pinhole^2)&((v0x*(t1+t2+t3)+pos(1))^2+(v0y*(t1+t2+t3)+pos(2))^2<=detector^2)

hit=1;
else misses=misses+1;
end;

% insert counts into matrix
j=1;

   k=1;
   tofs=0;
   if (hit==1)
      tofs=totalt*1e9;
      if (tofs>=A(1))&(tofs<=A(i))
     while tofs>(A(k)+jump)

k=k+1;
         end;
      % add value to probe function with anisotropic weigth

M(k)=M(k)+sin(theta)*(1+beta*(3*cos(theta)*cos(theta)-1)/2);
end;
end;

% return to for
end;

M=M'

misses
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