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Résumé

Résumé
This thesis presents three different projects concerning studies of the structure
of gas phase molecules in molecular beams. The molecules are manipulated and
probed using pulsed laser beams. In the experiments, the molecules were studied
by recording distributions of ions or electrons following ionization by the probe
laser pulse. Laser induced alignment of the molecules was employed in the experiments. This allows more structure in the electron angular distributions and
ensures that the emission direction of ions can be related to the geometry of the
molecule.
The two molecules 2-hydroxypyridine and 2-pyridone comprise a tautomer
pair and are structurally identical except for the position of a single proton.
However, they exhibit very different permanent electric dipole moments. In a
molecular beam the two tautomers were separated using a strong inhomogeneous
electric field. The separation was studied by recording the photoelectron spectra
and photoelectron angular distributions following ionization by 400 nm femtosecond laser pulses. Clear contributions to the photoelectron spectra from each of
the two tautomers were observed and used to characterize the deflection of each
molecular species. The most deflected part of the molecular beam was identified
as a pure sample of the more polar 2-pyridone.
Laser aligned 1-ethynyl-4-fluorobenzene molecules were ionized using femtosecond X-ray pulses with photon energies in the vicinity of 750 eV from a free-electron
laser. The motivation for this experiment was the structural information encoded
in the liberated electron as it scatters on the molecule following the ionization.
The photoelectron angular distributions are therefore interpreted as diffraction
patterns of the molecular structure. Photoelectron diffraction patterns at several
different de Broglie wavelengths were recorded. The diffraction patterns were
observed to vary with the electron wavelength and showed good agreement with
simulations. This is very encouraging since in future experiments the technique
can possibly be used to study structural changes in the molecule on an ultrafast
timescale and achieve the goal of recording a molecular movie.
Substituted biphenyl molecules were Coulomb exploded and correlations between the emission direction of fragment ions were studied in an angular covariance analysis. This method was used to determine certain bond angles as well as
the angle between the two phenyl rings in the molecule, the so-called dihedral angle. Using the covariance analysis it was possible to identify the two enantiomers
of the axially chiral biphenyl molecule based on the sign of the measured dihedral
angle. The measurement of the dihedral angle was also used in an experiment
studying the torsional vibration in biphenyl molecules. The torsional motion was
initiated by an intense nonresonant femtosecond pulse pulling the two phenyl
rings towards a planar arrangement. After the pulse is over the torsional vibration persists. It was shown that the amplitude of the torsional motion could be
doubled if a second laser pulse was applied in phase with the motion induced by
the initial pulse. Similarly the amplitude was greatly reduced when the second
laser pulse was applied out of phase with the motion in the molecule.
iv
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Dansk Resumé
Denne afhandling præsenterer tre forskellige projekter, der søger at beskrive strukturen af gasfasemolekyler i molekylestråler. Molekylerne manipuleres og probes
ved hjælp af pulserede laserstråler. I eksperimenterne blev molekylerne studeret
ved at optage fordelinger af ioner og elektroner efter ionisation af molekylerne
med en probelaserpuls. Laserinduceret alignment af molekylerne blev brugt i eksperimenterne. Dette tillader mere struktur i elektronvinkelfordelingerne og sikrer,
at udsendelsesretningen af ioner kan relateres direkte til molekylets geometri.
De to molekyler 2-hydroxypyridin og 2-pyridon udgør et tautomerpar og er
strukturelt identiske bortset fra positionen af en enkelt proton. De har dog meget
forskellige permanente elektriske dipolmomenter. I en molekylestråle blev de to
tautomere adskilt ved hjælp af et stærkt, inhomogent elektrisk felt. Adskillelsen
blev studeret ved at optage fotoelektronspektre og fotoelektronvinkelfordelinger
efter ionisation af molekylerne med 400 nm femtosekundlaserpulser. Klare bidrag
fra hver af de to tautomere blev identificeret i fotoelektronspektrene og brugt til
at karakterisere afbøjningen af hvert molekyle. Det blev vist at den mest afbøjede
del af molekylestrålen udelukkende udgøres af 2-pyridon – den mest polære af de
to tautomere.
Laseralignede 1-ethynyl-4-fluorbenzen molekyler blev ioniseret af femtosekund
røntgenpulser med fotonenergier i omegnen af 750 eV fra en frielektronlaser. Motivationen for dette eksperiment var den strukturelle information, der indkodes
i den frigjorte elektron, når den efter ionisationen spreder på molekylet. Fotoelektronvinkelfordelingerne fortolkes derfor som diffraktionsmønstre af molekylets
struktur. Fotoelektrondiffraktionsmønstre blev optaget ved flere forskellige de
Broglie bølgelængder. I overensstemmelse med simuleringer observeredes det, at
diffraktionsmønstrene ændrede sig når elektronbølgelængden ændredes. Dette er
meget opmuntrende, da teknikken i fremtidige eksperimenter muligvis kan bruges
til at studere strukturelle ændringer i et molekyle på en ultrahurtig tidsskala og
opfylde drømmen om at optage en såkaldt molekylær film.
Substituerede bifenylmolekyler undergik Coulombeksplosion efter bestråling
med ultrakorte nærinfrarøde laserpulser, og korrelationer imellem udsendelsesretningen af ioniske fragmenter studeres i en vinkelkovariansanalyse. Denne metode
blev brugt til at fastslå bestemte bindingsvinkler såvel som vinklen mellem molekylets to fenylringe, den såkaldte dihedralvinkel. Ved brug af kovariansanalysen
blev de to enantiomere af det aksialt kirale bifenylmolekyle identificeret på baggrund of fortegnet af den målte dihedralvinkel. Målingen af dihedralvinklen blev
også brugt i et eksperiment, der undersøgte torsionsvibrationen i bifenylmolekyler. Torsionsbevægelsen blev igangsat af en intens, ikke-resonant femtosekundlaserpuls, der trækker de to ringe mod en plan struktur. Efter pulsen er ovre,
fortsætter torsionsvibrationen. Det blev vist, at amplituden i torsionsbevægelsen
kunne fordobles, hvis molekylerne blev udsat for endnu en laserpulse i fase med
bevægelsen induceret af den første puls. På lignende vis kunne amplituden stærkt
reduceres, hvis den anden puls anvendtes ude af fase med bevægelsen i molekylet.
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Chapter

1

Introduction
This thesis presents the main projects I have worked on during my four years as
a Ph.D. student in Femtolab at the Department of Chemistry, Aarhus University.
From the beginning of my Ph.D. study it was clear that I would be working on
more than one project. One project focused on experiments at free-electron laser
facilities. Two other projects involved experiments performed in Femtolab. The
central theme of the experiments is medium-sized molecules and their interaction
with external fields. The studies have been conducted on organic molecules consisting of 12 to 23 atoms in molecular beams. The interaction with laser pulses
has been used both to control the molecules and to probe them. In all the experiments molecules have been studied by detecting electrons or ions resulting
from ionization. Laser alignment has been employed as a tool to increase the
information obtained from the experiments.
This chapter gives an introduction to the experiments described in the thesis.
A small section is devoted to each project and describes the motivation and
outline for the experiments.

Tautomer Selection
One of the projects concerns the separation of the two molecular species 2-hydroxypyridine and 2-pyridone constituting a tautomer pair – a pair of interconverting structural isomers. Photoelectron spectroscopy is performed on these
molecules to identify them in the molecular beam. In this experiment the electrons from the highest occupied molecular orbitals are liberated by three-photon
ionization with 400 nm femtosecond laser pulses. The different ionization potentials of the two tautomers enables the identification of them in photoelectron
1

1. Introduction
spectra. In addition to the identification of the two tautomers, the experiment
aims at the spatial separation of them. This is possible because they have very
different permanent electric dipole moments. The separation of the molecules is
performed in the molecular beam using an electrostatic deflector. This allows
the most polar molecule to be deflected out of the direct molecular beam and
studied in the pure form. Such a sample is typically difficult to obtain, since the
tautomers exist as a mixture in the gas phase at the temperatures necessary to
produce a molecular beam. These experiments are described in chapter 4.
In addition to the kinetic energy of the photoelectrons from the two tautomers,
the photoelectron angular distributions are recorded. Little information can be
obtained from the photoelectron angular distributions from randomly oriented
molecules, so the molecules are laser aligned prior to ionization. This allows much
more structure in the angular distributions, since averaging over all molecular
orientations is avoided.
The aim of the experiments is to identify differences in the photoelectrons
emitted from the two molecular species. In this experiment these differences are
used to determine to what extend electrostatic deflection separates the two molecular species. In addition, the identification of signal from each of the tautomers
could be used to interpret the behavior of each species in experiments conducted
on a mixed sample. The ultimate goal of these experiments is to conduct timeresolved studies of photo-induced processes in the tautomer pair. The current
experiment is only a step in this direction.

Free-Electron Laser Experiments
The free-electron laser experiments were conducted at the Linac Coherent Light
Source at SLAC National Accelerator Laboratory and at the Free-Electron Laser
in Hamburg. These experiments uses femtosecond X-ray or extreme ultraviolet
pulses to interrogate molecules. The experiments focus on recording photoelectrons and photoions from molecules following irradiation by the free-electron laser
pulses. The free-electron laser experiments were performed in a large collaboration and are therefore not my own experiments. The majority of the free-electron
laser experiments were the main project of other Ph.D. students in the collaboration. The number of pages in this thesis taken up by free-electron laser experiment
does not do justice to the amount of work behind the experiments. My main role
in these experiments have been to set up and operate the optical laser systems
as well as to perform various practical work. During the first free-electron laser
experiments that I took part in, no optical lasers were used. I was included in
these experiments to perform general practical work and to get familiar with the
large machines of these complex experiments.
Chapter 5 describes the experiment on photoelectron diffraction on the laser
aligned 1-ethynyl-4-fluorobenzene molecule following ionization by a free-electron
laser photon of approximately 750 eV. The motivation for this experiment is the
structural information encoded in the photoelectron as it scatters on the molecule
following ionization. As in the experiment on tautomer selection, it is necessary
2

to align the molecules prior to ionization in order to avoid averaging the angular
distribution over all random orientations of the molecules. With this in mind the
experiments described in chapter 5 studies photoelectron angular distributions
and the effect on laser alignment of the molecule prior to ionization by the freeelectron laser pulse. The goal is to test if the angular distributions relate to the
structure of the molecule.

Covariance Experiments and Torsional Motion
The last project of this thesis concerns the determination of the structure of
medium-sized molecules using Coulomb explosion as a probe. These experiments
rely on detecting the velocity vector of multiple ionic fragments from the molecule
and studying correlations between the fragment velocities. Chapter 6 describes a
covariance experiment studying correlations between ionic fragments of different
mass. This was made possible by the use of the Pixel Imaging Mass Spectrometry camera described in the same chapter. The experiment was performed in
collaboration with the group of Mark Brouard from Oxford University, which is
a part of the consortium developing this detector.
In the experiments a substituted biphenyl compound was studied by a covariance analysis of the emission angle between the substituent ions following
Coulomb explosion. This enables the determination of the location of the substituents in the molecule, certain bond angles, and the angle between the two
phenyl rings, the so-called dihedral angle. The determination of the dihedral
angle is of great interest, since it allows an identification of the two enantiomers
of the axially chiral biphenyl molecules. All these measurements are performed
on aligned molecules. This is necessary since the fragment velocities are only
measured in two dimensions. By aligning the molecule in certain directions it
is sufficient to measure the two-dimensional fragment velocities to obtain bond
angles in the molecule. This is well known from the macroscopic world. To study
for instance angles within a macroscopic three-dimensional object it is necessary
to view the object from a certain direction. This is also true for microscopic
objects like molecules. By laser aligning the molecules, they can be viewed from
the direction, that allows the interesting angles to be studied.
The experiment described above uses femtosecond laser pulses to Coulomb explode molecules and determine certain angles within the molecule using the covariance technique. This method is well-suited for applications in femtosecond pumpprobe experiments since Coulomb explosion can be induced by ultrashort laser
pulses. Chapter 8 describes the first time-resolved covariance experiment performed in Femtolab. The experiment builds upon previous experiments [1, 2]. In
the current experiment the torsional vibration in a substituted biphenyl molecule
is investigated by studying the covariance between the emission direction of different charged fragments following Coulomb explosion. Also this experiment was
performed in collaboration with the Oxford group. The torsional motion in the
molecule is induced using nonresonant femtosecond laser pulses and the experiment aims at controlling the amplitude of this torsional motion by employing
3
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multiple synchronized laser pulses. Compared to previous experiments, both the
control over the torsional motion and the detection methods are significantly
improved.
To support the experiments on torsional motion in biphenyl molecules, a
model is developed extending existing models [3, 4] to more accurately describe
the experiments. The model describes the interaction between the two phenyl
rings and a laser field. The model treats the rotation of the two phenyl rings
around the molecular axis quantum mechanically. It represents the state of the
molecule as a wavefunction which is propagated in time under the effect of the
laser pulses. These pulses induce both a torsional vibration and an overall rotation
(and alignment) of the molecules. The new model extends the previous models
to correctly describe the adiabatic three-dimensional laser alignment employed
in the experiment. This model and a number of simulations performed with it
are described in chapter 7. In addition to the simulations, the model provides an
understanding of the mechanism behind the experiments of chapter 8.

Theory and Experimental Setup
As described above, alignment of molecules plays an important part of the experiments of my Ph.D. work. Contrary to many previous theses from Femtolab
students, the focus of my work is not on the development of alignment techniques,
but on their application to experiments in molecular physics. A short presentation
of laser induced alignment and orientation is given in chapter 2. Also presented
there, is electrostatic deflection. These techniques are common to all the projects
and are therefore presented in a chapter of their own. The theoretical background
necessary for the description of a specific experiment is presented in conjunction
with the experiment in question. This is the case, for instance, for the photoelectron angular distributions discussed in section 4.6 and the torsional motion
induced by nonresonant laser pulses discussed in chapter 7.
The experiments all involve the interaction between molecules in a molecular
beam and laser pulses. They were performed in vacuum machines specially built
for molecular beam experiments. The setup for the different experiments vary
and it is difficult to describe a single experimental setup used for all experiments.
Therefore chapter 3 presents a general experimental setup of the laser systems
and the deflector machine used in the experiments performed in Femtolab. The
details of the experimental setup pertaining to each experiment is described in
the chapter concerning the experiment. Appendix A and appendix B contain additional information about the operation of the laser setup and detection systems
in Femtolab.
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Chapter

2

Theory of Laser Induced Alignment
and Orientation
The majority of the experiments described in this thesis employ laser alignment
of molecules to increase the information content retrieved from the experiments.
This section describes the theoretical background for laser alignment. In this thesis alignment refers to the confinement of one or more axes of a molecule to axes
defined in the laboratory frame. If one axis is confined the term one-dimensional
(1D) alignment is used. If all three axes of the molecule are confined, the term
three-dimensional (3D) alignment is used. In Fig. 2.1 2-pyridone molecules displaying three different types of alignment are shown.
Figure 2.1(a) shows randomly oriented molecules. In Fig. 2.1(b) the molecules
are 1D aligned with the most polarizable axis (close to the C-O bond) in the
vertical direction. Notice that, while 1D alignment confines the C-O bond in the
vertical direction, the oxygen end of the molecule is equally likely to point in
the upward or downward direction. The term orientation is used if this up-down
symmetry is broken. Figure 2.1(c) shows 3D aligned molecules with the most
polarizable axis fixed in the vertical direction and the second most polarizable
axis (perpendicular to the C-O bond and in the plane of the molecule) confined
along the direction perpendicular to the detector. Since two axes in the molecules
are fixed the third axis is also fixed. The least polarizable axis (perpendicular to
the plane of the molecule) is confined along the horizontal direction.
Historically one of the main motivations for controlling the direction of gas
phase molecules was the study of steric effects in bimolecular reactions. The first
examples of oriented molecules were provided in the 1960s using electrostatic
hexapole focusers [5]. Through the first-order Stark effect, hexapole focusers
5
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(a)

(b)

(c)

Figure 2.1: 2-pyridone molecules displaying three different types of alignment
with respect to the detector (gray disc in the background). (a) shows randomly
oriented molecules. (b) displays 1D aligned molecules with their most polarizable
axis aligned in the vertical direction. The most polarizable axis in 2-pyridone is
very close to the bond between the oxygen atom (shown in red) and the nearest
carbon atom (shown in black). (c) shows 3D aligned molecules with their most
polarizable axis aligned in the vertical direction and their second most polarizable
axis aligned in the direction perpendicular to the detector. The second most
polarizable axis is in the plane of the molecule and perpendicular to the most
polarizable axis.

allow the selection of single low-field seeking quantum states for certain types of
molecules: symmetric tops, asymmetric tops with a dipole moment along the Cor A-axis (the axes of with the largest and smallest moment of inertia), linear
polyatomic molecules excited in bending vibrations, and diatomics with electronic
angular momentum [6].
The approach to alignment followed in this thesis was introduced in the 1990s
by Friedrich and Herschbach [7] and Seideman [8]. It relies on the strong electric
field of a nonresonant laser beam to align molecules via the second-order Stark
effect. The interaction can produce molecular alignment using long laser pulses
(termed adiabatic alignment) or short laser pulses (termed nonadiabatic alignment). Short time after the introduction, the first demonstration of adiabatic
alignment came from Kim and Felker [9] and later by Stapelfeldt and coworkers [10, 11]. Nonadiabatic alignment was demonstrates a few years later [12].
Since the introduction of laser induces alignment, the field has grown rapidly
to achieve for instance 3D alignment in the adiabatic [13] and nonadiabatic [14,15]
regimes, and to combine long and short pulses to produce nonadiabatic 3D alignment in adiabatically 1D aligned molecules [16, 17]. Laser alignment has several
attractive properties. It is capable of achieving very high degrees of alignment.
It only requires an anisotropic polarizability compared to the requirement of an
electric dipole moment for multipole focusers. The following section describes the
theory behind laser induces alignment of molecules. A drawback of the method is
that in the oscillating electric field of a laser pulse any effect of orientation in the
sample cancels. This problem has, however, been solved by the use of combined
laser and electrostatic fields as discussed in section 2.3. Concluding this chapter,
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section 2.4 describes electrostatic deflection. This phenomenon relates to laser
induced alignment and orientation in many ways and is therefore presented in
this chapter.

2.1

Molecule-Laser Interactions

The theoretical description of laser induced alignment given here follows the work
of Friedrich and Herschbach [7, 18]. Reference [19] provides a review of both
experimental and theoretical aspects of the early work in laser induced alignment.
This section gives a short description of alignment, mainly focusing on alignment
of linear molecules by linearly polarized laser fields.
Using the Born-Oppenheimer and rigid-rotor approximations, the Hamiltonian of a molecule can be written as the sum of an electronic, a vibrational, and
a rotational Hamiltonian. The focus is on the rotational Hamiltonian [20],
Ĥrot =

Jˆy2
Jˆ2
Jˆx2
+
+ z ,
2Ixx
2Iyy
2Izz

(2.1)

where Iii is the moment of inertia along the i-axis and Jˆi is the (total) angular
momentum of the molecule along the same axis. The x-, y-, and z-axes are the
principle axes of the molecule, in which the moment of inertia is diagonal.
In the simple case of a linear molecule, where Ixx = Iyy = I, the eigenstates
of the field free Hamiltonian in Eq. 2.1 are the spherical harmonics represented
as |JM i. Here J is the angular momentum quantum number, and M is its
projection onto the laboratory-fixed Z-axis. The energy of such a rotational state
is given by
E=

~2
J (J + 1)
2I

(2.2)

To describe the interaction between a molecule and a laser pulse, we consider
a laser beam with an electric field given by
~ (t) = E
~ 0 (t) cos (ωt) = E0 (t) cos (ωt) Z,
~
E

(2.3)

where E0 (t) is the envelope of the electric field, ω is its angular frequency, and
~ is the laboratory fixed axis in which the field is polarized. The
the unit vector Z
interaction between a molecule and the electric field of the laser beam from Eq. 2.3
can be written as
~ (t) − 1 E
~ † (t) α E
~ (t) ,
V̂ (t) = −~
µ·E
2

(2.4)

if the hyperpolarizability and higher-order terms in the expansion are neglected.
~ is the permanent electric dipole moment of the molecule and α is its polarizµ
ability tensor. If we reasonably restrict the analysis to laser fields with slowly
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varying amplitudes and angular frequencies much higher than the rotational frequency of the molecule, the first term Eq. 2.4 averages out. If, in addition, we
only consider molecules where α is diagonal in the principle frame of the molecule,
the matrix multiplication in Eq. 2.4 reduces to a single sum. Averaged over an
integer number of optical periods, the potential takes the form
V̂ (t) = −

1X
2
αii |E0,i (t)| .
4 i

(2.5)

The additional factor of 21 arises from averaging the electric field over an integer
number of cycles. Notice that the field amplitude along the molecule-fixed i-axis,
E0,i , appears in the equation now. It is necessary to represent the electric field
~ is described in
in the molecular coordinate system to obtain the potential. Z
~
spherical coordinates. θ is the polar angle, the angle between Z and the z-axis. φ
~ onto the
is the azimuthal angle, the angle between the x-axis and the project of Z
~ 0 can be written in the molecule-fixed coordinate
xy-plane. Using these angles, E
system and inserted in Eq. 2.5. This yields

1
2
V̂ (t) = − |E0 (t)| αzz cos2 θ + sin2 θ αxx cos2 φ + αyy sin2 φ .
4

(2.6)

For a linear molecule αzz = αk and αxx = αyy = α⊥ , and the expression reduces
to


1
2
V̂ (t) = − |E0 (t)| αk − α⊥ cos2 θ + α⊥
(2.7)
4
From this expression it is seen that if α⊥ < αk , the interaction between the
linear molecule and the laser field will result in a minimum in the potential at
θ = 0 or π. Since θ is the angle between the most polarizable axis (the z-axis)
and the polarization of the laser field, the minima in the potential correspond to
aligning the molecule along the laser polarization. Thus, laser induced alignment
can been explained by the double well potential (as a function of θ) imposed on
the molecules by the laser field.

2.2

Adiabatic Alignment

As mentioned earlier the field-free rotational states of a linear molecule, the eigenstates of the Schrödinger equation with the Hamiltonian from Eq. 2.1, are label
|JM i. If the laser field giving rise to the potential in Eq. 2.7 is turned on slowly
these states adiabatically evolve into the eigenstates of the Schrödinger equation
with the Hamiltonian given by Ĥrot + V̂ (t). These states are called pendular
˜ i. V̂ (t) commutes with JˆZ , so M is still a
states. They are labeled by |JM
good quantum number for the pendular states. J, however, is not. Instead the
quantum number J˜ is used. J˜ of a pendular state equals J of the field-free state
that it adiabatically corresponds to. The order of the states does not change
during the adiabatic transfer. Thus, the n’th field-free state is transferred into
8
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the n’th pendular state (if the states are ordered according to increasing energy).
The lowest-energy pendular states are bound by the potential in Eq. 2.7 and are
thus aligned. They consist of pairs of closely spaced states coupled by tunneling
between the two wells. Such a pair is also referred to as a tunneling doublet.
Since the lowest-energy pendular states are well aligned, a high degree of
alignment can be obtained by populating only these states in an experiment.
For this, the adiabatic transfer used to label the pendular states can be used
experimentally – an approach termed adiabatic alignment [9, 10]. If a molecule is
in a low rotational state and a laser field is turned on slowly, it will populate a low
pendular state, and thus be well aligned. In order to start in a low-energy fieldfree state it is necessary to start with a cold molecular ensemble. In the laboratory,
cooling of the molecules is achieved by supersonic expansion in a pulsed molecular
beam. The adiabatic transfer from field-free states to pendular states requires
that the potential in Eq. 2.7 is turned on slowly and that the electric field envelope
is very smooth. In this context slow means that the potential should vary on a
timescale longer than the period of the rotational motion of the molecule. In the
laboratory an injection-seeded laser is employed to obtain the smooth turn-on
and long (10 ns) pulses needed for adiabatic alignment.
In order to characterize the degree of alignment, it is useful to measure θ, since
for perfectly aligned molecules θ = 0 or π. In practice, the number hcos2 θ2D i is
measured. θ2D is the angle between the laser polarization and the two dimensional projection of the molecular axis onto a detector. The brackets represent
averaging over a number over molecules. Perfect alignment along the laser polarization corresponds to hcos2 θ2D i = 1 and randomly oriented molecules result in
hcos2 θ2D i = 0.5. Usually hcos2 θ2D i is measured by ionizing the molecules with an
intense femtosecond laser pulse and recording the recoil direction of the charged
fragments following Coulomb explosion. In the axial recoil approximation [21],
θ2D can be inferred by recording the velocity distribution of the fragments. This
method was used to test whether the molecules used for the FEL experiments
described in chapter 5 could be aligned. Figure 2.2 shows two F+ ion images from
1-ethynyl-4-fluorobenzene following Coulomb explosion. The Coulomb explosion
pulse was polarized perpendicular to the detector in order not to display any
angular selectivity. In Fig. 2.2(a), the alignment laser was off. In Fig. 2.2(b) the
alignment laser was polarized in the vertical direction. It is clear that the fluorine
ions are preferentially ejected from the molecule in the direction of the polarization of the alignment laser. In these measurements hcos2 θ2D i = 0.507 for the
randomly oriented molecules and hcos2 θ2D i = 0.937 for the aligned molecules.
So far the theoretical description of adiabatic alignment has focused on linear
molecules. An asymmetric top molecule, such as 1-ethynyl-4-fluorobenzene, in a
linearly polarized laser field is also described by Eq. 2.6. As shown in Fig. 2.1, it
is possible to adiabatically align the most polarizable axis along the laser polarization. The molecule will be free to rotate around the most polarizable axis [19].
If instead an elliptically polarized laser field is used, the molecule will align the
most polarizable axis along the major axis of the polarization ellipse and the second most polarizable axis along the minor axis of the polarization ellipse [22, 23].
9
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Figure 2.2: F + ion images from 1-ethynyl-4-fluorobenzene following Coulomb explosion. (a) Alignment laser off, hcos2 θ2D i = 0.507. (b) Alignment polarized in
the vertical direction, hcos2 θ2D i = 0.937. In both images hcos2 θ2D i was calculated for ions in the radial region corresponding to the two aligned contributions
in panel (b). The Coulomb explosion pulse polarization was perpendicular to the
detector. The large signal at the center of the image is caused by singly charged
water ions.

This adiabatic 3D alignment is not described by Eq. 2.6. In order to describe
3D alignment, it is necessary to use an elliptically polarized laser beam, and thus
to include a second dimension in the electric field of Eq. 2.3. Therefore the potential is not constant under a rotation of the molecule around the Z-axis and
the third Euler angle has to be included when the electric field is transformed
into the molecular coordinate system. Reference [24] gives the full expression for
elliptically polarized laser pulses. In principle this is a straightforward derivation,
but it is quite cumbersome and does not contribute much to clarify the subject.
The adiabatic alignment described in this section was employed in the majority of the experiments described in this thesis. In addition to alignment in
the adiabatic regime, nonadiabatic alignment is frequently employed in experiments [25–27]. In nonadiabatic alignment, short and intense laser pulses are
used to induce alignment. Instead of an adiabatic transfer of population from
the field-free to the pendular states, the short laser pulse transfers population
between the field-free states creating a rotational wave packet [8, 28]. After the
pulse ends the degree of alignment of the wave packet reaches a maximum after
which it decreases due to dispersion of the wave packet. The alignment occurs under field-free conditions after the laser pulse is over, which is attractive for many
purposes. Typically, the peak in alignment only lasts a few picoseconds. However, for linear [12] (and symmetric top [29]) molecules the wave packet revives
and the alignment reappears at certain times after the initial alignment. This
10
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revival occurs due to the regular spacing of the rotational energy levels in Eq. 2.2.
Nonadiabatic alignment only plays a minor role in the experiments in this thesis.
In chapter 8 kick pulses used to induce a torsional motion in a biphenyl molecule
also imparts a overall rotational motion and alignment of the molecule, similar
to what was observed in references [16, 30].

2.3

Mixed-Field Orientation

The above description explains how it is possible to align the axes of a molecule
in the laboratory frame. It does not, however, describe if an axis in the molecule
is parallel or antiparallel to a laboratory-fixed axis. For instance in the ensemble
of 2-pyridone molecules in Fig. 2.1(b) the oxygen end is equally likely to point
upwards or downwards. This up-down symmetry arises from the even (around
θ = π2 ) shape of the potential in Eq. 2.7. Because V̂ (t) commutes with the parity
operator the pendular states are eigenstates of the parity operator. Therefore,
2
2
the wavefunction of a pendular state must obey |ψ(x, y, z)| = |ψ(x, y, −z)| and
there is equal probability for the molecule to point upwards and downwards. In
order to break this up-down symmetry it is necessary to break the symmetry of
the potential.
One approach to orient molecules is called mixed-field orientation and was
proposed by Friedrich and Herschbach [31, 32]. This approach combines a weak
electrostatic field with a strong laser field to orient molecules. For the static
~ z , the interaction with the permanent electric dipole moment, µ
~ E,
electric field, E
does not cancel, and Eq. 2.4 can be written as
~ z + V̂ (t) ,
V̂tot (t) = −~
µE · E

(2.8)

where V̂ (t) is the potential from Eq. 2.7. The addition of a static field polarized
in the same direction as the laser field, breaks the symmetry of the alignment
potential if the molecule has a permanent electric dipole moment. One well in
the potential becomes deeper than the other and the tunneling doublet states are
not eigenstates of the parity operator. The two states in a tunneling doublet are
formed as superpositions of the tunneling doublet states without the static field.
Each superposition is predominantly localized in one of the potential wells. The
lower state within the tunneling doublet orients in order to lower the energy of
the permanent electric dipole in the static field and the upper state orients the
other way. Thus the tunneling doublets form an alternating sequence of rightway orienting and wrong-way orienting states. In order to achieve orientation
experimentally, it is necessary, that more molecules populate right-way orienting
states than wrong way-orienting states. Since a thermal distribution will populate states of both orientations, it is advantageous to be able to select certain
quantum states before the molecules are aligned and oriented. In the laboratory
the electrostatic deflector, which is described in the following section, has been
employed with this purpose [33, 34].
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In the original model by Friedrich and Herschbach only a very weak static
field is needed to fully mix the tunneling doublets and form the orienting states.
Recently, it has been shown both experimentally [35, 36] and theoretically [37]
that the adiabatic picture does not describe mixed-field orientation in the experimentally achieved regimes. One specific problem is that the static field leads to a
transfer of population between the two states in a tunneling doublet. In addition
to mixed-field orientation, other methods are also capable of orienting molecules.
The so-called "brute force" approach utilizes very strong static electric fields to
achieve orientation [38, 39]. De and coworkers demonstrated all optical field-free
orientation in CO molecules using an asymmetric two-color field [40].

2.4

Electrostatic Deflection

The sections above showed that in order to achieve adiabatic alignment and orientation, it is crucial, that the initial molecular sample is rotationally cold. This
ensures that the pendular states populated align well and that a larger part of the
population is transferred into right-way orienting states. Cold molecular beams
are employed in the experiments of this thesis to achieve this. The electrostatic deflector is used for the same reason. The idea of using inhomogenous electric fields
to separated rotational states goes back to Stern in 1926 [41]. The electrostatic
deflector provides a strong inhomogeneous (along the X-axis only) static electric
field, that the molecular beam passes through. In the deflector, the potential of
a molecule is modified by the Stark shift,
~
V̂Stark = −~
µ · E.

(2.9)

A simple classical calculation leads to the deflection of a molecule in the electrostatic field. The force in the X-direction, F , on the molecule can be calculated
as the negative of the gradient of the potential, V . Applying the chain rule, F
can be obtained as
F =−

∂E ∂V
∂E
∂V
=−
= µeff (E)
.
∂X
∂X ∂E
∂X

(2.10)

µeff (E) is the effective dipole moment, defined as the negative derivative of the
energy of the molecular state with respect to the electric field strength. Notice
that the effective dipole moment depends on the electric field strength. As the
molecules pass through the deflector they experience a force in the X-direction
(perpendicular to the molecular beam). Thus, at the exit of the deflector the
molecules have acquired different velocities in the X-direction depending on their
effective dipole moment. They will therefore continue to disperse on their way to
the interaction region with the laser beam.
In order to calculate the force on a molecule in a certain state, it is necessary
to know the derivative of the energy of the state with respect to the electric field
strength. Simulations of the deflection has been performed in for instance reference [34]. Generally molecules in low rotational states have the highest effective
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dipole moments and exhibit the strongest deflection. Therefore, the part of the
molecular beam that is deflected the most also contains the coldest molecules.
This is the key reason for using the deflector in the majority of the experiments:
it selects the molecules that will align and orient the strongest. This was demonstrated experimentally in reference [42].
When orientation of molecules is required, the electrostatic deflector is very
useful. As described in section 2.3, the oriented states are formed as superpositions of the two states of a tunneling doublet. Each pair of tunneling doublets
forms a right-way orienting and a wrong-way oirenting superposition. To achieve
the highest degree of orientation it is critical that only states orienting in one way
are chosen. The deflector helps to achieve this, since much fewer rotational states
are present in the most deflected part of the molecular beam. This property was
used in references [35, 43] to select a sample of carbonyl sulfide in which approximately 90 % of the molecules were in the lowest rotational state. This sample
was used to study the nonadiabatic effects in mixed-field orientation discussed
above.
In the experiment on tautomer selection in chapter 4 the electrostatic deflector was employed in order to spatially separate two the tautomers, 2-pyridone
and 2-hydroxypyridine. Since the two tautomers have the same mass and very
different electric dipole moments, they are dispersed by the electrostatic deflector.
Previously, this approach has been applied to spatially separate the conformers of
3-aminophenol, which also exhibit very different dipole moments [44]. A similar
thought was behind the installation an electrostatic deflector in the free-electron
laser experiments described in chapter 5. Here the purpose was not only to achieve
higher degrees of alignment and orientation, but also to deflect the molecules out
of the helium carrier gas used in the molecular beam. While this gas is typically
not a problem when molecules are studied with optical lasers, the helium atoms
often cause a large background signal with the X-ray pulses from a free-electron
laser.
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3

Experimental Setup
The majority of the experiments presented in this thesis were conducted in Femtolab using the so-called deflector machine. This chapter serves to describe the
experimental setup of these experiments. The laser systems used are described
in section 3.1. Since the experiments employ the lasers for different purposes,
only a general overview of the setup is provided here. The details specific to the
laser setup in each experiment are provided in later chapters. Apart from the
laser system, the majority of the experiment is controlled by the many functions
of the deflector machine. Section 3.2 describes the vacuum system, molecular
beam setup, electrostatic deflector, and detection system composing the deflector
machine.
The experimental setup for the free-electron laser experiments is not described
in this chapter. The principles behind the detection, molecular beam, and laser
setups are, however, similar to what is described here. The most significant
difference is of course the free-electron laser itself. A short description of the
free-electron laser setup is given in chapter 5.

3.1

Laser Systems

The manipulation and detection of molecules using lasers is a central theme in
the experiments of this thesis. This section describes the laser systems used in
the experiments. Nanosecond laser pulses were used in adiabatic alignment experiments. Femtosecond laser pulses were used both to manipulate the molecules
and to probe them. During my time as a Ph.D. student a new femtosecond
laser system was installed. The experiments are therefore performed using two
different femtosecond lasers.
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In the old femtosecond laser system a Spectra-Physics Tsunami Ti:Sapphire
oscillator is pumped by a continuous wave (CW) Spectra-Physics Millenia V
(Nd:YVO4 , 5 W, 532 nm). The oscillator delivers lasers pulses with a central
wavelength of 800 nm and duration of 100 fs at a repetition rate of 82 MHz with
pulse energies on the order of 10 nJ. These pulses are amplified in a SpectraPhysics Spitfire HPR regenerative chirped pulse amplifier. The amplifier delivers 130 fs pulses, with a pulse energy of approximately 2.0 mJ at a repetition
rate of 1 kHz. The Spitfire HPR is pumped by a Spectra-Physics Evolution-30
Q-switched Nd:YLF laser (20 mJ pulses at 527 nm). The laser beam from the
amplifier is split in several arms. In one arm the beam passes through an argonfilled capillary, in which self-phase modulation is responsible for broadening the
spectrum of the laser pulse [45]. Following the capillary, the laser pulses are
temporally compressed to approximately 30 fs using a prism compressor. These
short pulses are typically used for Coulomb explosion of molecules. The laser
beams in the other arms are frequently used for frequency doubling to generate
400 nm pulses, to pump an optical parametric amplifier (Light Conversion Ltd.
TOPAS), or as so-called kick pulses to induce nonadiabatic alignment or torsion
in molecules.
The new femtosecond laser system consists of a Spectra-Physics Mai Tai SP
femtosecond oscillator with build-in pump laser. This laser delivers pulses with
≤ 35 fs duration, central wavelength of 800 nm at a repetition rate of 84 MHz.
These pulses are amplified in a Spectra-Physics Spitfire Ace-35F regenerative
chirped pulse amplifier pumped by a Spectra-Physics Empower-45. This Qswitched pump laser delivers 527 nm pulses of approximately 20 mJ pulse energy.
The Spitfire Ace produces 35 fs pulses with pulse energy of approximately 5.2 mJ
at 1 kHz repetition rate. In the experiments described in this thesis, this pulsed
beam is typically used with the same purposes as the Spitfire HPR laser beam.
One difference is that the pulse duration is lower and the setup for spectral broadening is bypassed. In practice this removes many meters of beam line from the
laser to the vacuum chamber, which improves the stability of the experiment.
In the laboratory a Q-switched Nd:YAG laser (Spectra-Physics Quanta-Ray
Pro-270 adapted for a repetition rate of 20 Hz) was used for adiabatic alignment.
This laser delivers 10 ns pulses with a wavelength of 1064 nm and pulse energies
up to 1.5 J. Typically it is operated with the amplification stage turned off and
in alignment experiments pulse energies of approximately 150 mJ are typical. To
ensure that the turn-on of the pulse is very smooth the alignment laser is operated
with an injection seed laser installed. The seed laser beam (a few mW CW beam
at 1064 nm) passes through the cavity. When the Q-switch opens, a large number
of seed laser photons is already present and ready for amplification. This has the
effect that the Q-switched pulse builds up faster and with less timing jitter with
respect to the trigger. What is more important is that, since the Q-switched
pulse is an amplification of the seed laser photons it is possible to limit the
frequency bandwidth of the Q-switched pulse by supplying a narrowband seed
laser beam. This is the main purpose of the seed laser: it limits the bandwidth
of the nanosecond laser and ensures that it delivers near-transform-limited pulses
16

3.1. Laser Systems
with a smooth turn on. As described in chapter 2, this is very important in order
to achieve a high degree of molecular alignment in the adiabatic regime.
Both femtosecond systems provide a trigger that can be used to synchronize
other equipment. This (1 kHz) trigger is used to trigger a Stanford Research
Systems Delay Generator (SRS DG535). This delay generator triggers the flash
lamps pumping the laser rods in the alignment laser approximately 49.8 ms after it
receives a trigger from the femtosecond system corresponding to the first femtosecond pulse. This means that the flash lamp trigger arrives approximately 200 µs
before the 51’st femtosecond pulse. The alignment laser Q-switch is triggered
with a delay of a few tens of nanoseconds and, therefore, receives the trigger for
the 51’st femtosecond pulse, approximately 200 µs after the flash lamps. Thus the
alignment laser Q-switch receives the trigger corresponding current femtosecond
pulse, while the alignment laser flash lamps receive a delayed trigger corresponding to an earlier femtosecond pulse. This setup minimizes timing jitter between
the alignment pulse and the Coulomb explosion pulse. The delay generator also
triggers an additional delay generator used to synchronize the pulsed molecular
beam, an oscilloscope, and the CCD camera recording events on the detector as
described in the following sections.
In order to use the beams from the nanosecond and femtosecond lasers described above it is necessary to combine them. Fig. 3.1 shows a typical example
of how this is done for the overlap of the adiabatic alignment beam (blue) and a
short femtosecond beam (light red) used for Coulomb explosion. The Coulomb
explosion beam could be either the direct output from the Spitfire ACE or the
spectrally broadened and compressed output of the Spitfire HPR. The laser beams
propagate to the vacuum chamber with horizontal polarization. The polarization
is controlled by the combination of a half-wave plate and a quarter-wave plate.
The order of the wave plates is chosen for the experiment. If the quarter-wave
plate is placed last with its axes in the horizontal and vertical directions, it is
easy to change between linear and elliptical polarizations where the major axis is
horizontal or vertical by rotating the half-wave plate. This is typically used for
the alignment laser, since molecules are often aligned in the vertical or horizontal
direction. If instead, the quarter-wave plate is placed first, rotating it determines
the ellipticity of the laser beam. The half-wave plate can then by used to rotate
the entire polarization ellipse, keeping the ellipticity constant.
After the wave plates, the femtosecond beam is reflected from a mirror in close
to zero degrees and passes through a dichroic mirror coated for high transmission
at 800 nm. This mirror is also coated for high reflection at 1064 nm and reflects the
alignment beam in close to zero degrees. The two zero-degree mirrors ensure that
the polarization of the two laser beams are not changed. The polarizations of the
beams are examined using a Glan polarizer (Thorlabs GL15), that is inserted after
the dichroic mirror. From the dichroic mirror the beams propagate collinearly
to a focusing lens with a focal length of 300 mm. This lens focuses the beams
into the vacuum machine where they are overlapped with the molecular beam.
The focusing lens is placed on a XYZ translation stage (motorized in the vertical
direction), used to control the exact position of the laser foci inside the vacuum
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Vacuum chamber
Lens
HWP
QWP

QWP
HWP
Coulomb beam
YAG beam
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Figure 3.1: Typical optical setup used to overlap the femtosecond laser beam for
Coulomb explosion and the nanosecond Nd:YAG laser beam used for adiabatic
alignment. The Coulomb beam is displayed as a light red line, the alignment
beam as a blue line and the combined beam as a red-blue dashed line. The
following notation was used: HWP: half-wave plate. QWP: quarter-wave plate.
DM: dichroic mirror. Unlabeled optics represent mirrors.

machine. The overlap of the foci, as well as the determination of their sizes are
described in appendix A. Typically the beams are focused to beam waists of
20 µm to 30 µm. This results in intensities of the alignment laser of 1011 W/cm2
to 1012 W/cm2 , while the Coulomb explosion pulses typically have intensities of
1 × 1014 W/cm2 to 5 × 1014 W/cm2 .

3.2

The Deflector Machine

The deflector machine consists of three separate vacuum chambers: the source
chamber, the deflector chamber, and the target chamber. The source chamber is
pumped by a 1900 L/s turbo pump (Pfeiffer TPU 2301 P C) backed by a 70 m3 /h
rotary vane pump (Pfeifer DUO 65). The combination of the two large pumps
ensures that the pressure in the source chamber is low during operation of the
molecular beam. The pressure is monitored by a full-range vacuum gauge (Pfeiffer
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PBR 260, combined Pirani and Bayard Alpert hot cathode). When operating the
molecular beam at typical conditions and a 20 Hz repetition rate, the pressure in
the source chamber is approximately 1 × 10−6 mbar. The gauge is calibrated for
air. With the helium carrier gas filling the chamber, the actual pressure is 5.9
times higher (according to the specifications of the gauge).
The deflector and target chambers are subjected to a much lower gas load
than the source chamber. Each of these chambers is pumped by a 520 L/s turbo
pump (Pfeiffer TMU 521) sharing a 27.5 m3 /h sliding-vane backing pump (Edwards E2M28). The pressure in these chambers is also measured by a full-range
vacuum gauge (Pfeiffer PBR 260) in each chamber. The pressure is usually around
5 × 10−10 mbar in the deflector chamber and 1 × 10−9 mbar in the target chamber, when the molecular beam is not turned on. The operation of the molecular
beam (at 20 Hz repetition rate) results in a significant pressure increase in the
deflector chamber (to approximately 1 × 10−8 mbar) but only a minor increase
in the target chamber (on the order of 10 %). During experiments, where the
background gas contributes significantly to the signal, the target chamber vacuum can be improved by operating a liquid-nitrogen cold trap. This trap freezes
out background gas (especially water) in the chamber and the pressure decreases.
The pressures in all backing lines are measured by Pirani gauges (Pfeiffer TPR
280).

Molecular Beam
The molecular beam is produced in the source chamber by a supersonic expansion
in a pulsed valve (high-temperature, high-repetition-rate Even-Lavie valve). The
valve is usually operated with helium as a carrier gas at a backing pressure of
80 bar. The sample is placed on a piece of fiber glass filter paper in the internal
sample reservoir of the valve. In the experiments in this thesis no solvents were
used to dissolve the sample before it was applied to the filter paper. The use of
solvent were found to cause problems as described in section 4.3. The sample
reservoir is heated to enter a regime, where the vapor pressure of the sample
is a few mbar, which typically results in good operation of the molecular beam.
The carrier gas and the vapor phase of the sample undergo supersonic expansion
into the vacuum chamber, which cools the molecules to rotational temperature of
approximately 1 K [46]. Figure 3.2 shows the setup of the molecular beam. The
Even-Lavie valve is seen furthest to the left in Fig. 3.2(a). The Even-Lavie valve
is mounted on a translatable flange, sliding on an O-ring. Four bolts are used to
control the position of the valve in the directions perpendicular to the molecular
beam. The molecular beam is skimmed to 3 mm (by a Beam Dynamics Model
50.8) before it leaves the source chamber and enters the deflector chamber.

Electrostatic Deflector
In the deflector chamber the molecular beam is skimmed to 1 mm (by a Beam
Dynamics Model 2) and passes through an electrostatic deflector as shown in
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Figure 3.2: Molecular beam setup in the deflector machine. (a) shows the path
of the molcular beam from the pulsed valve, through skimmers, the electrostatic
deflector, and the capacitor plates to the interaction point with the lasers inside
the VMI spectrometer. (b) shows a cross section of the electrostatic deflector
consisting of the rod electrode (dark green) and the grounded trough electrode
(gray). The contour plot shows the electric field strength, when a voltage of 10 kV
is applied to the rod electrode. The figures are adapted from reference [36].

Fig. 3.2(a). The deflector consists of a grounded trough electrode with a rod
electrode at high voltage mounted above it. The beam travels parallel to the two
electrodes. A cross section of the deflector is displayed in Fig. 3.2(b). In addition
to the trough (gray) and the rod (dark green) electrodes, the figure also shows the
electric field strength in the deflector, when a voltage of 10 kV is supplied to the
rod electrode. 10 kV is a typical voltage for operation of the electrostatic deflector.
The field strength in the deflector is almost constant along the horizontal (Y)
direction, but varies in the vertical (X) direction. The electrostatic deflector was
designed such that the gradient of the electric field is close to constant in the
vertical direction and zero in the other directions. From Eq. 2.10, this results in
a dispersion of the molecules in the vertical direction depending on their effective
dipole moment. With the deflector geometry used, high-field-seeking states are
deflected upwards.
The electrostatic deflector is mounted at a fixed position inside the deflector
chamber. To probe the deflected molecules it is therefore necessary to probe the
molecular beam at different vertical positions. In the laboratory this is done by
moving the focusing lens in the vertical direction. The lens is mounted on motorized stage in the vertical direction and therefore the molecular beam can be easily
probed as a function of lens height. The density of molecules as a function of
lens height is called a deflection profile and describes how much the molecules are
deflected. Ion velocities can be measured following Coulomb explosion to probe
the degree of alignment or orientation at different positions in the deflected molecular beam. These are only few examples of measurements, where the deflected
molecular beam is probed at different vertical positions to utilize the different
properties of the dispersed molecular quantum states.
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Between the electrostatic deflector and the interaction point with the laser
focus two capacitor plates have been installed as shown in Fig. 3.2(a). A weak
electric field is maintained between these to ensure that the molecules do not enter
a field-free region after the electrostatic deflection. In a field-free environment the
quantum states of different M quantum numbers are degenerate and will mix due
to Majorana transitions. Thus, the capacitor plates help to preserve the molecule
in the M state it occupied during the deflection process. This is not important
for the experiments in this thesis, but very important for experiments aiming
to achieve mixed-field orientation, since transitions between different M states
may result in a change from a right-way orienting to a wrong-way orienting state.
The effect of the capacitor plates on the degree of orientation is discussed in
reference [36].

Detection
After the capacitor plates, the molecular beam enters the target chamber, where
it interacts with the laser beams. The detection system consist of a velocity map
imaging (VMI) system [47]. This device is a combination of three circular electrodes called the repeller, extractor, and ground electrodes, each with a circular
hole in the center. As seen in Fig. 3.2(a) the electrodes are perpendicular to the
molecular beam. The molecular beam passes through a hole with a diameter of
3 mm in the repeller electrode. The holes in the other electrodes are 20 mm in diameter. The molecular beam overlaps with the laser beams between the repeller
and extractor electrodes.
When voltages are applied to the repeller and extractor electrodes, the VMI
spectrometer projects charged particles onto a two-dimensional detector. The
ground electrode is always at ground potential. The VMI spectrometer maps the
X- and Y-components of the velocity of a charged particle directly to the X- and
Y-coordinates in which the particle hits the detector. For the VMI spectrometer
in our laboratory, this requires that the ratio between the repeller and extractor
voltages is chosen to be approximately 32 (the exact voltage ratio is found by
experimental optimization of ion images). In order to shield the charged particles
(especially electrons) from magnetic fields, the VMI spectrometer is enclosed in
a cylindrical-shell µ-metal shield.
In the detection plane the charged particles are focused onto a microchannel
plate (MCP) detector (El-Mul Technologies B050V, chevron MCP with 38 mm
active diameter) backed by a phosphor screen (El-Mul Technologies, ScintiMax
P47). On the MCP surface the impinging charged particle liberates electrons
that are accelerated through the MCP by a high voltage difference across the
MCP (typically 1800 V). In subsequent collisions through the MCP this signal is
amplified. The electrons ejected from the rear side of the MCP are accelerated
onto the phosphor screen by a voltage difference between the MCP rear and the
phosphor screen (typically 2000 V). The position of the phosphorescence from
the screen is recorded by a camera, thus recording the velocity of the charged
particle in the detector plane. The absolute velocity of the particles was calibrated
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using the characteristic electron energies from above threshold ionization [48] as
described in appendix B.
In the experiments, light from the phosphor screen was recorded using several
different charge coupled device (CCD) cameras (Allied Vision Technologies Pike
F-032B, Allied Vision Technologies Marlin F-046B, and Allied Vision Technologies Prosilica GE680). This was done because of technical problems and long
repair times for the cameras. All three cameras have similar pixel sizes and are
operated at a resolution of 640×480 pixels. The Marlin F-046B is equipped with a
lens with a longer focal length and smaller aperture than the other cameras. This
results in less light being detected. Using this camera, electron images recorded
at low extraction fields on the VMI spectrometer are often up-down asymmetric.
The asymmetry most likely stems from a small difference in the amplification
in the MCP detector. The problem could be overcome by increasing the spectrometer voltage, and thus the kinetic energy of the electrons impinging on the
detector or by increasing the gain of the camera. These two solutions are not
practical in the experiments since higher extraction fields also result in smaller
electron images on the MCP detector, and a higher gain of the camera results in
excessive noise in the recorded images. Instead, data recorded with the Marlin
F-046B camera was symmetrized by adding the vertical mirror image to the image. Subsequently, the horizontal mirror image was added. This symmetrizing
was performed for the data shown in section 4.6.
The light recorded from the phosphor screen is transferred from the CCD
camera to a computer. Using the computer, a Labview program controls the
camera, delay stage, lens stages, and delay generators. The data from the camera
is transferred to the Labview program in the form of an image (a matrix of
intensities). In Labview the image is processed to retrieve the coordinates of
the individual ions or electrons hitting the detector. The coordinates of the
hits, and not the full images, are stored on the computer. This significantly
limits the amount of data stored on the computer and simplifies the subsequent
data analysis. The details of the hit finding or centroiding procedure is given in
reference [49].
The VMI spectrometer imposes a static electric field on the molecules at the
interaction point with the lasers. This field can be used to mixed-field orient the
molecules as described in chapter 2. This implies that in order to change from
aligning the molecules to also orienting them, the polarization of the alignment
laser is rotated, such that there is a nonzero component of the static electric
field in the direction of the laser polarization. This poses some limitations to the
geometries that are accessible in the experiment. It is, for example, not possible
to orient molecules when they are aligned in the detector plane.
The VMI spectrometer can also be operated in a time-of-flight mode. Since
only electric forces act on the charged particles they experience an acceleration
proportional to q/m (their charge-to-mass ratio).
p The time it takes them to
reach the detector is therefore proportional to m/q. This assumes, that the
particles are initially at rest. In practice some broadening of the peaks in time-offlight measurements is observed due to the initial velocity of the fragments from
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for instance Coulomb explosion. The time-of-flight spectrum is measured by an
oscilloscope (typically a Lecroy WaveSurfer 42Xs-A) capacitively coupled to the
MCP. The oscilloscope indirectly measures the voltage change across the MCP
when a charged particle impinges on the MCP.
The time-of-flight measurement is very useful since it shows the mass-tocharge ratio of the charged fragment produced when the molecules are ionized. It
is used to determine if there are impurities (air, solvents, old samples, etc) in the
molecular beam. It is used determine the proper intensities for single ionization
of molecules. In addition it can be used to determine at what delay a certain
fragment reaches the MCP. If this is known, the detector can be gated to image
only this fragment. In practice, this is done by applying a constant voltage of
1200 V to the rear side of the MCP detector. The voltage on the front side is
then ramped rapidly from 0 V to 600 V when the desired fragment arrives and
subsequently back to 0 V using a using fast high-voltage pulser (build at the department, gate width is 90 ns or larger). This ensures that only the signal from
the desired fragment is amplified by the MCP and recorded by the camera. This
gating of the detector requires that the time-of-flight is recorded at the same
repeller and extractor voltages as the VMI images (at a voltage ratio of approximately 23 ). In other situations, the time-of-flight mass spectrum is recorded with
a ratio between the repeller and extractor voltages of 3. This is done to ensure
that the many ions created with very little kinetic energy are not focused to the
same position on the MCP and cause damage to the detector.
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4

Tautomer Selection
This chapter describes the study of the tautomer pair consisting of 2-hydroxypyridine and 2-pyridone. The two molecular species are structurally very similar.
The goal of the experiment was to spatially separate the two molecular species
using the electrostatic deflector described in section 3.2. The separation allowed
studying the photoelectron angular distributions and photoelectron kinetic energy
distributions for each of the molecular species even though the molecular beam
exists as a mixture of the two forms.

4.1

Motivation

A tautomer pair consists of two structural isomers, that rapidly interconvert
between the two forms [50]. Since the two molecular species are structural isomers,
the conversion involves the breaking and formation of bonds within the molecule.
There are many different groups of tautomers, often labeled by the functional
groups taking part in the tautomerization. In many of these groups the structural
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Figure 4.1: Example of tautomerism between the keto (left) and enol (right)
forms of a molecule.
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Figure 4.2: Sketched structures of the tautomers studied in this chapter and
one of their dimers. (a) 2-hydroxypyridine. (b) 2-pyridone. (c) the mixed dimer
(2-hydroxypyridine · 2-pyridone).

change is obtained by the movement of a hydrogen atom from one atom to another,
nearby atom. This is also the case for the common keto-enol tautomers displayed
in Fig. 4.1. The hydrogen atom in the keto form moves from the α position (next
to the carbonyl group) to the oxygen atom of the carbonyl group to form the enol
form. The electrons rearrange to form the carbon-carbon double bond of the enol
instead of the carbonyl double bond of the keto.
In this chapter the tautomer pair studied is 2-pyridone and 2-hydroxypyridine. The two molecules are shown in Fig. 4.2. These form a lactam-lactim pair.
Lactam-lactim pairs are very similar to the keto-enol pair described above. The
carbon in the α position is replaced by a nitrogen, and carbon and nitrogen are
part of a cyclic structure. Due to this similarity, often the keto and enol names
are used to describe lactam-lactim pairs. This is also the case in this chapter,
where keto refers to 2-pyridone and enol refers to 2-hydroxypyridine. This specific
tautomer pair and its dimers have been studied extensively by spectroscopy using
microwave [51], laser [52–55], and synchrotron [56] sources as well as by theoretical
[57, 58] and x-ray chrystallagraphic [59, 60] methods.
One reason for the special interest in these molecules is that they have served
as a model system for pairing of nucleobases. The structure of the dimers is determined by two hydrogen bonds between hydrogen in one molecule and oxygen
(in 2-pyridone) or nitrogen (in 2-hydroxypyridine) in the other [54]. The mixed
dimer (2-pyridone · 2-hydroxypyridine) is sketched in Fig. 4.2. This double hydrogen bond is very similar to the bond between the nucleobase pairs binding the
two strands together in the DNA double helix, as shown by Fig. 4.3. In the isolated molecules tautomerization takes place via an intramolecular proton transfer.
Similarly, double intermolecular proton transfer can take place in the dimers of
the molecules. During the double proton transfer in the mixed dimer, the keto
form is transformed into the enol and the enol form is transformed into the keto.
Therefore the initial and final states are the same. In the mixed dimer, this leads
to a splitting of the ground state observed in both experiments [53] and calculations [57]. In the pure dimers (2-hydroxypyridine)2 and (2-pyridone)2 double
proton transfer leads to a transformation from one pure dimer into the other. In
DNA such proton transfers from one nucleobase to the other influence DNA sta26
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Figure 4.3: Structure of DNA showing hydrogen bonds between nucleobases
linking the two strands together. The figure is from http://en.wikipedia.org/
wiki/Nucleobase.

bility [61,62]. This has lead to much interest in proton transfer in the nucleobases
and model system hereof, e.g. the dimers of 2-pyridone and 2-hydroxypyridine.

4.2

Outline

This section describes the experiments on the two tautomers 2-hydroxypyridine
and 2-pyridone. Figure 4.4 shows the molecular structure of the two tautomers.
The two species are in equilibrium between the keto form (2-pyridone) and the
enol form (2-hydroxypyridine). From the literature the position of this equilibrium is known to depend on the environment. For example the keto form is
dominant in the crystal phase [59,60], while a more equal mixture is found in the
gas phase, where relative abundances of approximately 3:1, in favor of the enol
form, have been reported, [51]. The keto and enol forms exhibit very different
dipole moments, 4.3(2) D and 1.39(3) D respectively have been reported from experiments [51]. Good agreement is found with density functional theory (DFT)
calculations at the B3LYP/TZVP level, resulting in 4.429 D and 1.391 D, [63].
Therefore it is expected that molecules of both the enol form and the keto form
are present in the molecular beam and that they will be spatially separated by
electrostatic deflection as described in section 2.4. In addition, the same calcula27
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(a)

(b)

Figure 4.4: Molecular structure of the two tautomers. (a) shows 2-pyridone. (b)
shows 2-hydroxypyridine. The magnitude and direction of the dipole moment
is shown for each molecule. It points from the black to the red end of the bar.
Blue axes show the direction and magnitude of two largest components of the
polarizability tensor, see discussion after Eq. 4.2 for details. Atomic coordinates,
dipole moments and polarizabilities are from [63].
tions give the following polarizability tensors for the

10.586 −0.003
α2-pyridone =  −0.003 13.043
0.000
0.000


α2-hydroxypyridine

10.700
=  0.031
0.000

two tautomers

0.000
0.000 
5.324


0.031 0.000
12.383 0.000 
0.000 5.344

(4.1)

(4.2)

All entries are written in units of Å3 , and the tensor is calculated in the principle frame of the molecule (the coordinate system where the moment of inertia is
diagonal). In Fig. 4.4, the direction of the blue axes represent the x-axis (horizontal) and y-axis (vertical) of the principle frame. The lengths of the axes are
proportional to the diagonal elements of the polarizability tensor. It is seen that
the polarizability tensors are nearly diagonal in this coordinate system. In addition the three diagonal entries are different in magnitude, suggesting that the
molecules can be both 1D and 3D adiabatically aligned.
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The experiments aimed at recording photoelectron kinetic energy distributions
(photoelectron spectra) and photoelectron angular distributions for a molecular
beam with a mixture of the two tautomers. The electrostatic deflector was employed to spatially separate the two species, allowing the contribution from the
very polar 2-pyridone and the less polar 2-hydroxypyridine to be studied individually. The goal is to identify contributions from each tautomer to the photoelectron
angular distribution and the photoelectron spectrum. 2-pyridone and 2-hydroxypyridine have different ionization potentials leading to different contributions in
the photoelectron spectrum. This is utilized in section 4.4 and section 4.5, to
characterize the deflection of each species and obtain a photoelectron spectrum
for each of them.
The implication of being able to separate the two tautomers and identify their
individual photoelectron spectra and molecular frame angular distributions is experiments aimed at following keto-enol transformations on the natural atomic
time scale. Pioneering work along those lines were reported by Stolow and
coworkers on excited state proton transfer in o-hydroxybenzaldehyde studied by
femtosecond time-resolved photoelectron spectroscopy [64]. These molecules are
available in the pure enol form and as such separation of the two tautomers prior
to the time-resolved measurements was not needed.
In my experiments both unaligned and aligned molecules were studied. This
was done to analyze differences in the photoelectron angular distribution from the
two molecular species, and possibly identify the contribution from each species to
the photoelectron angular distribution. The photoelectron angular distributions
are discussed in section 4.6.
For the experiments described here the molecules were ionized by 400 nm
femtosecond laser pulses. This choice was motivated by the fact that it produced
well defined structures in the photoelectron spectra that enables us to identify
the contribution from the keto and enol form of the molecules. As discussed in
section 4.7, 400 nm pulses are likely not the most obvious choice as a probe for
future studies of time-resolved dynamics. For this one-photon ionization from
electronically excited states with wavelengths in the UV region may prove useful
for identifying which orbitals the electrons are removed from. References [65–67]
provide comprehensive examples of the success such time-resolved photoelectron
spectroscopy in tracking dynamics in excited states of molecules. Alternatively,
ionization in the tunneling regime with intense, circularly polarized laser pulses in
the near-IR region, i.e. 800 nm or longer wavelengths, could be most interesting
for identifying the dipole moment, polarizability and orbital structure of the
molecule just prior to ionization [33].
The experiments described in this chapter were conducted in two periods
separated by more than a year. This was done partly to fit the experiment
in the schedule of other experiments and partly in order to purchase optical
components needed to overlap the alignment and probe laser beams. The results
in this chapter are exclusively from the second experimental period as much of
the setup was perfected and led to better results.
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4.3

Experimental Setup

This section will describe the experimental setup used in the experiments on tautomer selection. The majority of the experimental setup is described in chapter 3
and only a few differences will be described here. Crystals from a 2-hydroxypyridine sample, bought from Sigma-Aldrich, were used in these experiments.
Initially, the sample was dissolved (various solvents were tested), transferred to
a piece of glass filter paper, and heated to remove the majority of the solvent
used. The filter paper was placed in the sample reservoir of the Even-Lavie valve.
The valve was then installed and heated to evaporate water and any remaining
solvents from the filter paper. Under these conditions the Even-Lavie valve frequently clogged and the sample degraded and turned black, leading to a very
long and tedious cleaning of the Even-Lavie valve. The molecular beam would
only perform well at sample reservoir temperatures below 140 ◦C. Even below
this temperature the sample was dark brown when removed from the reservoir indicating that it had somewhat degraded. Therefore a new method was developed
to introduce the sample. The crystals were rolled directly into the filter paper.
No solvents were used to dissolve the sample. In addition, when the sample was
placed in the Even-Lavie valve, the sample reservoir was evacuated immediately
and subsequently filled with the helium carrier gas, before heating the sample.
This lead to much better performance of the molecular beam. The Even-Lavie
valve did not clog and the beam ran at sample reservoir temperatures as high
as 230 ◦C. During the experiments, a backing pressure of 80 bar of the helium
carrier gas was used. The temperature of the sample reservoir was kept at 170 ◦C.
This was found to be a good compromise between too little signal at lower temperatures and many dimers and a rotationally warmer molecular beam at higher
temperatures.
In the experiments the observable was 2D photoelectron images produced
when the molecules were ionized by a 400 nm laser beam. In the initial experiment, this beam was produced from the Spitfire HPR femtosecond laser system.
In the final experiments, described in this chapter, the newer Spitfire Ace laser
system was used. In both cases (a small part of) the fundamental output from the
femtosecond amplifier was used for second harmonic generation in a beta barium
borate (BBO) crystal of 500 µm thickness cut for type I second harmonic generation at 800 nm (θ = 29.2°, φ = 90.0°). The light at the fundamental frequency
was separated from the second harmonic by a dichroic mirror coated to be high
reflecting at 400 nm and transmissive at 800 nm. The 400 nm beam was directed
to the vacuum chamber. To facilitate measurements of angle- and energy resolved
photoelectrons from aligned molecules, the laser beam was overlapped with the
nanosecond alignment laser beam. This was done on an overlap mirror coated
for high reflectivity at 1064 nm and high transmission at 800 nm. This mirror is
usually used to overlap the nanosecond alignment laser beam with the fundamental output (800 nm) of one of the femtosecond laser systems. The nanosecond
laser beam was reflected off the mirror at close to 0°, while the 400 nm beam was
transmitted. This was found to work well, with low loss (6.5 %) in the mirror.
30

4.4. Electrostatic Deflection
After the overlap mirror, the two beams where focused into the vacuum chamber by an achromatic lens with a focal length of 300 mm (custom air spaced doublet of UVFS and UV CAF2 lenses, clear aperture 21 mm, AR coated for 266 nm,
305 nm, 800 nm and 1064 nm from Eksma Optics). Using this lens, the very similar focal lengths of the two beams make it easy to overlap the two foci in space.
The two laser foci were overlapped and characterized as described in appendix A.
To ensure that all molecules ionized by the 400 nm beam are aligned, the focus
of the alignment laser beam should be larger than that of the 400 nm laser beam.
In this experiment ω0 was 30 µm for the alignment laser focus. With an intensityFWHM duration of 10 ns and a pulse energy of 100 mJ this gives a peak intensity
of 6.6 × 1011 W/cm2 . This intensity was used for all the alignment experiments
described in this chapter.
For 3D alignment, the alignment laser beam was elliptically polarized with a
3/1 ratio of the intensity along the major and minor axes of the polarization ellipse.
For the 400 nm probe beam ω0 was 21 µm. In all the experiments described here,
photoelectrons were recorded with pulse energies of 11.5 µJ and pulse durations
estimated to be 250 fs resulting in a peak intensity of 6.3 × 1012 W/cm2 . The
pulse length estimate assumed a 35 fs transform limited 400 nm pulse propagating
through 25 mm of BK7 glass to the interaction region in the vacuum chamber
(fused silica yields similar results). The large pulse length is due to the group
delay dispersion of the materials and air between the doubling crystal and the
target chamber. Since no time-resolved experiments were performed, these long
pulses were acceptable. For time-resolved experiments, the pulses could have
been compressed by utilizing, for instance, a prism compressor.
The VMI spectrometer was used to velocity focus the created photoelectrons
onto the MCP detector. Three-photon ionization of 2-pyridone and 2-hydroxypyridine at 400 nm creates photoelectrons of low kinetic energy (typically up to
1 eV). In order to employ the full resolution of the CCD camera, the extraction
field of the VMI was adjusted to fit the size of the photoelectron distribution to
the size of the MCP detector. In the experiments, the repeller electrode voltage
was 1500 V and the extractor electrode voltage was 1000 V.

4.4

Electrostatic Deflection

The main goal of this experiment was to spatially separate 2-hydroxypyridine and
2-pyridone using electrostatic deflection to study the photoelectrons from the two
species individually. This section explains the characterization of the molecular
beam deflection, which proved to be more involved than first assumed, due to
the presence of dimers in the molecular beam. The deflection was characterized
both by measuring ion time-of-flight mass spectra and by studying photoelectron
kinetic energies.
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Figure 4.5: Deflection profiles of selected ion species. Panel (a) [(b)] shows the
amount of ions detected for mass-to-charge ratios (m/q) from 93 u/e to 98 u/e
with the electrostatic deflector at 0 kV [10 kV]. u is the atomic mass unit and e
is the positive elementary charge. (c) shows the maximum of the peak at m/q =
95 u/e [m/q = 190 u/e] as filled circles [open circles]. Data for the m/q = 190 u/e
peak was multiplied by a factor of 5 to be visible on the same scale as the larger
signal from the m/q = 95 u/e peak. Data recorded with the electrostatic deflector
at 0 kV is shown by light red symbols. Data recorded with the electrostatic
deflector at 10 kV is shown by blue symbols.

Electrostatic Deflection – Ion Time of Flight
Initially, much time was spent investigating the deflection profiles of the ions
produced, when the molecular beam was irradiated by the 400 nm laser beam.
In practice the time-of-flight mass spectrum was recorded as a function of the
position of the focusing lens, mapping out the density of molecules at different
positions in the molecular beam. When the electrostatic deflector is turned on,
molecules with a high effective dipole moment will experience a force in the
vertical direction, resulting in a shift of the signal from these molecules in the
deflection profiles, [42, 44]. Since the time of flight is recorded for all ions at the
same time, it is possible to study the effects of deflection for all different ion
species produced by the laser pulse. At the very low laser intensity used, all
signals are believed to stem from single ionization. Therefore, the mass to charge
ratio (m/q) in the ion time-of-flight spectra is interpreted as the mass of a singly
charged ion.
In Fig. 4.5 two contour plots display the time-of-flight mass spectrum in the
mass range from 93 u to 98 u for a range of lens positions through the molecular
beam with the deflector turned off [panel (a)] and on [panel(b)]. The ion signal
is shown as the voltage change of the MCP detector, measured by a capacitively
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coupled oscilloscope. In the contour plots many ions are detected with a mass of
95 u or 96 u. At first this was very puzzling, since the masses of 2-hydroxypyridine and 2-pyridone are both 95 u. The deflection profiles shows that, as expected,
the signal at mass 95 u does deflect, when the electrostatic deflector is turned on.
Cuts through the two dimensional contour plots are shown in panel (c). The
light red (blue) filled circles show the deflection profile for the mass 95 u peak
with the deflector voltage at 0 kV (10 kV). It is clear that a part of the molecular
beam is deflected upwards, when the deflector is turned on. The signal at 96 u,
however, does not deflect significantly. The lack of deflection suggests that these
ions stem from warm or non-polar parent molecules. As other experiments, [56],
have found large cluster signals in molecular beams this is the most likely source
of the signal. Indeed dimers were found, when the VMI voltages were adjusted
to include their large mass in the time-of-flight spectrum. The signal from the
dimers are, however, much smaller than the signal at 96 u (by a factor of roughly
ten). It is interesting that only one fragment ion heavier than 95 u is produced in
the ionization process of the dimers and in such large amounts. In continuation
of the discussion opening this chapter, the presence of the mass 96 u peak is
interpreted as intermolecular proton transfer in the cation of the dimer. Panel
(c) shows the deflection profile of the dimer (190 u) as open circles. It is seen
that the dimer signal does not deflect, even though at least the mixed dimer is
polar. This is important as it allows a discrimination between the signal from
the dimers and monomers.

Electrostatic Deflection – Photoelectron Kinetic Energy
This section describes the effect of molecular deflection on the photoelectron
spectra. Since different species of the beam deflect to different degrees it is
possible to decompose the photoelectron spectra into a sum of three different
components, showing different degrees of electrostatic deflection. As described
below this can be used to characterize the molecular deflection in more detail
than what was possible from the ion time-of-flight mass spectra described earlier
in this section.
The molecular beam was irradiated by the 400 nm laser pulses and the resulting photoelectrons were recorded. As the laser focus was scanned through the
deflected molecular beam the photoelectron distribution changed significantly.
The focus was moved in steps of 0.04 mm. At each position 100,000 electron images were recorded. Each image contained between 0 and 8 electrons per laser
shot. The 400 nm laser pulses were linearly polarized in the vertical direction.
Fig. 4.6 shows photoelectron images at three selected positions in the deflected
molecular beam. At the most deflected part of the molecular beam (at 10.48 mm)
a ring appears, as seen in Fig. 4.6(c). As discussed later in this chapter, it
consists of two rings with very similar radii. The outermost part of the ring is
marked by white arrows in all three panels to aid comparison. Fig. 4.6(b) shows
photoelectrons recorded at a lens position of 9.84 mm, which is just outside the
undeflected molecular beam. Therefore it contains only molecules that do display
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Figure 4.6: Raw photoelectron velocity map images obtained at three positions
in the deflection profile. (a) h = 7.92 mm (depleted part). (b) h = 9.84 mm
(slightly deflected part). (c) h = 10.48 mm (most deflected part). For comparison
between the three panels, white arrows mark the outer radius of the ring seen in
panel (c). The lens positions in (a), (b), and (c) should be compared to the full
deflection profile in Figure 4.7.

some deflection. Here the ring seen in the most deflected part of the beam is
still present. In addition, a large, more diffuse contribution is seen at smaller
radii. This contribution has to arise from molecule that were deflected, but not
deflected as much as the molecules probed at 10.48 mm. Fig. 4.6(a) was recorded
at 7.92 mm, which is in the depleted part of the beam, from where many of
the molecules have been deflected away. Here the low-radius signal, seen in the
slightly deflected part of the beam is present. There is also a hint of the sharp
ring seen in the most deflected part of the beam. In addition, a more diffuse
signal with a slightly larger radius has appeared.
The rough inspection of the electron images above, reveals that at least three
contributions are present in the photoelectron distributions. To investigate these
contributions in more detail the focus is moved from the electron images to the
radial distributions, since the discussion above showed large differences in the radial extents of the three images. Instead of analyzing the raw radial distributions,
the inverse Abel transformation was performed on the images to obtain the speed
and kinetic energy distributions. This is possible because the polarization of the
400 nm laser beam was in the plane of the detector.
For the kinetic energy calibration of the spectrometer I used the method based
on electrons from above threshold ionization described in appendix B. The Abel
inversion was performed using the pBasex [68] algorithm with 128 radial and 8
angular basis functions. The result is displayed as a contour plot in panel (a)
of Fig. 4.7. The two axes are the lens position and the kinetic energy of the
photoelectrons. This clearly shows how the kinetic energy of the photoelectrons
varies for the regions of the molecular beam containing different species as expected from the electron images in Fig. 4.6. In the most deflected part of the
molecular beam, only the molecules with the largest effective dipole moment are
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Figure 4.7: Photoelectron spectra, fE , as a function of the lens position with
10 kV applied to the electrostatic deflector. Panel (a) [(b)] shows the recorded
[fitted] spectra – see text for details. Each photoelectron spectrum is normalized
to an integral of 1. (c) shows the deflection profile of each of the three basis functions used in the fit shown in (b) as full lines. Blue: Basis function displaying the
strongest deflection. Light red: Basis function displaying slight deflection. Black:
Basis function displaying no deflection. The dashed line is the total number of
electrons detected per laser shot.

present. This means that the photoelectron spectrum found here is pure in the
sense that it originates from only one molecular species. At other positions in
the molecular beam, the distribution is a sum of three different distributions. If
all three distributions were known, a weighted sum of them could be fitted to
the distribution to obtain the composition of the molecular beam at position h.
The photoelectron spectrum, fE,h (E), at this point is given as a superposition
of three basis functions:
fE,h (E) = ah,1 · bas1 (E) + ah,2 · bas2 (E) + ah,3 · bas3 (E) ,


bas1 (E)
= ah  bas2 (E) 
bas3 (E)

(4.3)
(4.4)

where ah,i is the coefficient of the i’th basis function, basi (E). ah is the row
vector of the three coefficients at h. The three basis functions are unknown.
That problem can be overcome by assuming some knowledge of the distributions.
Three kinetic energy distributions recorded at 8.00 mm, 9.80 mm, and 10.50 mm
are investigated in the search for the three basis functions. From Eq. 4.4 the
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three kinetic energy distributions, fE,8.0 , fE,9.8 , and fE,10.5 , can be described as

 


fE,8.0 (E)
a8.0,1 a8.0,2 a8.0,3
bas1 (E)
 fE,9.8 (E)  =  a9.8,1 a9.8,2 a9.8,3   bas2 (E) 
(4.5)
fE,10.5 (E)
a10.5,1 a10.5,2 a10.5,3
bas3 (E)


bas1 (E)
(4.6)
= a  bas2 (E) 
bas3 (E)
The matrix a transforms the unknown basis into the three measured kinetic
energy distributions. Assuming it exists, the inverse matrix, a−1 , performs the
very useful transformation




bas1 (E)
fE,8.0 (E)
 bas2 (E)  = a−1  fE,9.8 (E) 
(4.7)
bas3 (E)
fE,10.5 (E)
Assuming that a is known (in order to produce the basis functions), a fit of
Eq. 4.3 to the radial distribution at each lens position will reveal "how much" of
each basis function is present at this position. This fit was performed (using the
fminsearch function of MATLAB) by minimizing the error errh
Z
2
errh = (fE,h (E) − ah,1 · bas1 (E) − ah,2 · bas2 (E) − ah,3 · bas3 (E)) dE
(4.8)
For each h the ah resulting in the lowest error was stored along with errh . Given
three basis functions, the fit described above reveals how well the three basis
functions describe the photoelectron spectrum (through errh ) and how much of
each basis function is present at each position in the molecular beam (through
ah ). This means that it is possible to investigate what choice of basis functions
will describe the experimental data the best. errh is the error associated with
a certain basis at a certain lens position. To describe how good the basis is at
describing the experimental data, the following error was defined
X
err =
errh · countsh ,
(4.9)
h

where countsh is the number of electrons detected per laser shot at lens position
h. err describes how well a certain basis describes the entire data set. It does
not, however, tell how much physical meaning is in the basis. To accomplish this,
three additional error terms were used. If the basis functions and the kinetic
energy distributions are normalized to have an integral of 1, all entries in a are
positive or zero, and the sum of each row must be 1. These conditions lead to
the first additional error terms, defined as
X  1 + ai,j 2  if 0 > ai,j 
erra =
.
(4.10)
0
if 0 ≤ ai,j
i,j
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This terms gives a large error if any entry in a is negative. The second error term
is defined as
XZ
errsign =
|min (0, basi (E))| dE,
(4.11)
i

where min(x, y) returns the lowest of x and y. This terms is the integral of the
negative values of the basis functions and gives an error whenever, a negative
value is found in the basis functions.
The last term consists of the two sums.
errdef =

hX
max

|ah,x | +

hX
max

|ah,y | ,

(4.12)

h=h2

h=h1

where h1 = 9.9 mm, h2 = 10.5 mm and x is chosen to minimize the first sum and
subsequently y is chosen different from x to minimize the last sum. This term
will be minimized if only one basis function is present for h > 10.5 mm and only
two are present for h > 9.9 mm. The total error is defined as
errtot = err + 1000 · erra + errsign + 0.1 · errdef .

(4.13)

The factor of 1000 was included to ensure that there were no negative values in
a. The factor of 0.1 was included to lead to errors of similar size for the different
error terms. errtot can be calculated for any basis and will describe how well the
basis fulfills the conditions underlying the different terms in Eq. 4.13. We are after
the basis that best fits all these conditions. This basis was found (again using
fminsearch) by varying the first two components in every row of a to minimize
errtot . The last component in each row is found from the requirement that the
sum of each row is 1. The a matrix minimizing errtot was


0.248
a =  0.006
0.000

0.546
0.376
0.010


0.207
0.618  ,
0.990

(4.14)

The physical meaning behind the matrix above is that only one basis function
is needed to describe the most deflected part of the beam. The somewhat deflected part of the beam requires two basis functions and the depleted part of the
beam requires all three basis functions. Figure 4.7(b) displays the photoelectron
spectrum as a function of the lens position with a assuming the form in Eq. 4.14.
This is the result of the fit to the experimental data shown in Fig. 4.7(a). As seen
by eye, the two distributions agree well with each other. Since the fit essentially
retrieves the amount of signal present from the three basis functions, that best
describe the data, it is possible to extract deflection profiles for each of the three
basis functions. To be more specific, the deflection profiles relate to the molecules
and clusters of the molecular beam. The three deflection profiles are shown in
Fig. 4.7(c).
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The minimization can result in different minima. The results shown in Fig. 4.7
and Eq. 4.14 are for the minimum with the lowest error. Different starting points
in the fit lead to different results. As seen in Fig. 4.7, the minimum with the lowest error displays physically meaning. The amount of each of the basis functions
present at different positions in the molecular beam displays smooth curves. One
is substantially shifted from the undeflected beam, one is slightly shifted, and
one is essentially not shifted, as expected from the dipole moments of the molecules. The other minima of the fit were investigated by providing 100 different
randomized starting points for the minimization algorithm and studying all the
results. Many of these resulted in the fit with the lowest error. The other fits
have large errors and result in unphysical deflections of the different components
of the molecular beam. Many result in peaks or dips in the deflection profiles, that
are much narrower than the molecular beam itself and would require focusing of
the molecular beam to be physically meaningful. Other have regions of negative
values in basis functions. Only the fit with the lowest error was considered a
plausible solution.

4.5

Photoelectron Spectra

The analysis in section 4.4 described the photoelectron spectrum as a function of
lens position in terms of three basis functions. The three basis functions from the
best fit are shown in Fig. 4.8. From the figure it is seen that the three components
found in the photoelectron spectra give rise to signal at different energies. This
is expected if they arise from different molecules or clusters. It also allows a
comparison with earlier work done on the tautomer pair consisting of 2-hydroxypyridine and 2-pyridone. Vertical dashed lines in the figure show photoelectron
kinetic energies expected from the ionization potentials previously reported for
the molecules. These were calculated as the energy of three photons subtracted
by the ionization potential. The ionization potentials for the 2-hydroxypyridine
and 2-pyridone form are 8.9384(6) eV and 8.4479(6) eV respectively, as reported
by Ozeki et al. [52]. Similar values are reported by Poully et al. [56].
For 2-pyridone ionization leaving the cation in the vibrational ground state
should lead to a photoelectron kinetic energy of 0.85 eV. This is believed to be the
origin of the highest peak observed in most deflected component of the molecular
beam at 0.83 eV. In addition to this peak the most deflected part of the molecular
beam has another close lying peak at 0.62 eV. This peak is shifted from the main
peak by 0.21 eV and is assigned to ionization leaving the cation in a vibrationally
excited state. From [63] the carbonyl (C=O) stretch mode is found at 1750 cm−1
(0.217 eV). A dashed line in figure Fig. 4.8 is plotted 0.217 eV below the line
obtained from the ionization potential. It is seen to match the observed splitting.
The vibrational energy fits the expected value for a carbonyl stretch, [50]. This
agrees well with the fact that this frequency is absent in the frequencies calculated
for 2-hydroxypyridine [63], and the photoelectron spectra of the slightly deflected
component.
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Figure 4.8: Full lines show the three basis functions obtained from the fit to
the data in Fig. 4.7. Blue: Basis function displaying the strongest deflection.
Light red: Basis function displaying slight deflection. Black: Basis function
displaying no deflection. Vertical dashed lines show kinetic energies calculated
from ionization potentials from the literature. Blue: 2-pyridone. Light red: 2-hydroxypyridine. The distributions are essentially flat beyond 2.5 eV.

For 2-hydroxypyridine the ionization potential leads to a kinetic energy of
0.36 eV. This agrees with the highest kinetic energy present in the low energy
structure in the slightly deflected component of the molecular beam. This highest
kinetic energy was identified at 0.36 eV. The signal appears as a broad structure
instead of a sharp peak. Again, this is believed to be caused by vibrational
excitation in the cation. However, for 2-hydroxypyridine, the different levels are
not resolved in the experiment making it impossible to assign the vibrational
states. Apart from this low energy part, the photoelectron spectrum also shows a
weak distribution with energies from 1 eV and upwards, which was not assigned.
The component of the molecular beam, that does not display deflection has
a main signal around 1.17 eV. This is not compatible with the enol or keto form,
so the signal must arise from some other species. Based on the deflection profile
of the ion time of flight (especially the dimer and the signal at m/q = 96) it is
expected that this signal comes from dimers (or higher clusters) formed by 2-hydroxypyridine and 2-pyridone, though no ionization potentials were found in the
litterature. Besides this peak, there is a feature below 0.5 eV, which is believed
to be noise induced by the fitting. The dimer signal does not appear by itself
anywhere in the deflection profile, so it is the result of subtracting two out of
three contributions from their sum. Therefore noise is expected, where the two
other distributions have a significant value. Similar effects are seen at 0.65 eV
and 0.85 eV, where the most deflected component has a large value.
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This analysis of the photoelectron spectra, shows that it is possible to obtain
knowledge about the composition of the molecular beam observing photoelectrons. Often this has been avoided, since it is not possible to distinguish electrons emitted from different molecules when they are detected. The deflection of
the molecules, however, allows discrimination of the different species in the data
analysis.

4.6

Aligned Molecules

Section 4.4 described how the molecular beam was characterized and three component were identified as the tautomer pair and their dimers (or higher clusters). The work discussed in this section had the goal to record photoelectron
angular distributions (PADs) from aligned molecules. The two tautomers have already shown significant differences in the radial distribution of the photoelectrons.
PADs may provide complementary information to the PES provided the PADs
are recorded in the molecular frame (MF). The electron images were recorded for
both 1D and 3D aligned molecules.
Figure 4.9 shows the four different types of molecular alignment employed in
the experiments. Panel (a) shows molecules randomly aligned with respect to the
detector. This is the molecular alignment used in the experiments in section 4.4
and section 4.5. Using a vertically polarized alignment laser pulse, the most
polarizable axis of the molecules were 1D aligned in the vertical direction as
shown in panel (b). Panel (c) shows the molecules 3D aligned with the most
polarizable axis in the horizontal direction. In this thesis, this type of alignment
is termed horizontal 3D alignment, i.e. horizontal refers to the alignment of the
most polarizable axis. Panel (d) shows the molecules vertically 3D aligned.
As seen from Fig. 4.4, both 2-pyridone and 2-hydroxypyridine have electric
dipole momenta, that are not in the direction of the most or second most polarizable axes of the molecule. Also this type of molecules were found to exhibit
mixed-field orientation [69], where the electrostatic field of the VMI spectrometer
breaks the head-to-tail symmetry. Mixed-field orientation is not well described
in the framework of adiabatic alignment and was found to depend critically on
the electrostatic field strength [35]. Thus at the low extraction fields used in the
experiment, the degree of orientation was most likely low. In addition, the orientation depends on the position in the molecular beam, since the low rotational
states exhibits both the strongest electrostatic deflection and the highest degree
of orientation, [34, 42]. The weak and non-constant orientation is not a problem
in this experiment. Since all aligned axes and the polarization of the probe laser
pulse are either in the plane of the detector or perpendicular to it, the projection
of photoelectrons from the weakly oriented molecule is identical to the case of no
orientation. Other experiments have probed orientation by aligning molecules at
an angle with respect to the spectrometer axis [70] or utilized it by streaking photoelectrons in circularly polarized laser fields [33]. These effects are not relevant
with the laser geometry used in this experiment.
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(a)

(b)

(c)

(d)

Figure 4.9: Samples of aligned molecules shown relative to the MCP detector
(gray disc in background). All molecules shown here are 2-pyridone, but the result
would be very similar for 2-hydroxypyridine since the polarizability tensors are
very similar as seen from Fig. 4.4, Eq. 4.1, and Eq. 4.2. The most polarizable
axis is very close to the oxygen-carbon axis. (a) shows unaligned molecules.
(b) shows 1D aligned molecules with the most polarizable axis aligned in the
vertical direction. (c) shows 3D aligned molecules with the most polarizable axis
aligned in the horizontal direction. (d) shows 3D aligned molecules with the most
polarizable axis aligned in the vertical direction.
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Photoelectron Angular Distributions
The main observables in the current experiment are the angular and kinetic energy distributions of photoelectrons. As already used the kinetic energy distributions allow an identification of energy levels of the molecules from relatively
simple calculations concerning conservation of energy. Thus, photoelectron spectroscopy has provided much information about molecular structure [71]. Section 4.5 showed an example of this, where the two tautomers where identified
from their different ionization potentials and the energy of a vibrational mode in
one tautomer was identified.
Photoelectron angular distributions have been widely used as a structural
tool for small molecules since the early days of laser and synchrotron physics [72].
Reid [73] provides a comprehensive review of photoelectron angular distributions
following multiphoton ionization applied to a number of experimental schemes.
Here, only a few equations needed to discuss the experiment are presented. In
the most general form, the photoelectron angular distribution I can be expressed
as
I (θ, φ) ∝

LX
max

L
X

BLM YLM (θ, φ) ,

(4.15)

L=0 M =−L

where θ and φ are the polar and azimuthal angles, respectively, relating the emission direction of photoelectrons to the laboratory fixed polarization of the ionizing laser pulse. The expansion coefficients BLM depend on molecular orbitals,
experimental geometry, molecular alignment etc. YLM (θ, φ) are the spherical
harmonics [20], defined by


M (2L + 1) (L − M )!
YLM (θ, φ) = (−1)
PlM (cos θ) eiM φ ,
(4.16)
4π (L + M )!
where PlM (cos θ) are the associated Legendre polynomials. Nonzero BLM with
odd L therefore result in up-down asymmetric parts in the angular distribution
and are typically only present in the case of an oriented molecular sample. Therefore only even L are needed to describe the angular distributions measured in
this experiment. Nonzero BLM with nonzero M lead to a φ-dependence in the
angular distribution. In the experiments performed with cylindrical symmetry
(all laser beams polarized in the vertical direction) Eq. 4.15 therefore reduces to
I (θ) ∝

LX
max

BL0 YL0 (θ)

(4.17)

L=0

In the case of randomly oriented molecules the expression simplifies further. In
that case Lmax = 2n, where n is the number of photons used to ionize the
molecule, and for a three-photon process
I (θ) ∝ B00 Y00 (θ) + B20 Y20 (θ) + B40 Y40 (θ) + B60 Y60 (θ) .
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This expression should describe the data recorded for unaligned molecules in the
experiment. The vertically 1D aligned molecules ionized by the vertically polarized 400 nm pulse should be described by Eq. 4.17, and thus allow for much more
structure in the PADs. In the case of vertical 3D alignment, the cylindrical symmetry is broken and nonzero values of M has to be included as well. This allows
even more structure in the PADs. As the alignment scheme is extended from
unaligned through 1D aligned to 3D aligned molecules, more distinct features are
allowed in the PADs of the two molecules, possibly enabling the identification of
contributions from 2-hydroxypyridine and 2-pyridone.
Photoelectron angular distributions also play an important role in the freeelectron laser experiments described in chapter 5. In those experiments, the PADs
arising from direct ionization are measured. In addition to these, a wealth of
effects involves more than one electron. These include satellite effects, where the
photon energy is shared directly between two or more electrons, and Auger decay,
where an ion left in an excited state decays by emitting an electron with the excess
energy. Following ionization photoelectrons scatter from neighboring atoms in the
molecule. Through this scattering, the angular distribution of photoelectrons is
sensitive to the position of other atoms in the molecules. In the free-electron
laser experiments, ionization occurs after absorption of a single photon. Thus for
randomly oriented molecules Eq. 4.17 takes the simple form
I (θ) ∝ 1 + βP2 (cos (θ)) ,

(4.19)

where β is called the anisotropy parameter and depends on the photon energy.
The anisotropy parameter is the only parameter necessary to describe a PAD
from a sample of randomly oriented molecules. The PAD varies from being
proportional to cos2 (θ) (for β = 2) through isotropic (for β = 0) to being proportional to sin2 (θ) (for β = −1). If the molecule is aligned, the PAD is more
complicated and is described by Eq. 4.15. When the molecule is fixed in space,
the expansion coefficients (in Eq. 4.15) can be calculated from matrix elements
between the initial and final states of the electron [74]. Reference [73] lists a
number of experiments studying PADs recorded in the molecular frame of small
molecules.
In the current experiment, PADs were recorded following multiphoton ionization induced by a linearly polarized laser pulse. Another possibility for recording
the PADs was ionization of 3D aligned molecules with a circularly polarized
800 nm pulse. At intensities relevant for single ionization of 2-hydroxypyridine
and 2-pyridone, this probe will lead to tunnel ionization. The photoelectron angular distributions following tunnel ionization are very sensitive to nodal planes in
the orbital, from which the electron originates. The nodal plane can be observed
as a pronounced dip in the angular distribution, when the nodal plane and the
polarization plane of the ionization pulse coincide [70].
The orbitals of 2-hydroxypyridine and 2-pyridone were investigated via DFT
calculations at the B3LYP level. The resulting highest occupied molecular orbitals (HOMOs) are seen in Fig. 4.10. Similar HOMOs were obtained from a
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Edge = 13.35 Space = 0.1000 Psi = 25
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Figure 4.10: Highest occupied molecular orbitals for (a) 2-hydroxypyridine and
(b) 2-pyridone illustrated by isosurfaces of constant norm square of the wavefunction.

Hartree-Fock calculation. As seen from the figure, both 2-hydroxypyridine and 2pyridone were found to have nodal planes in the HOMOs. Therefore ionization of
the 3D aligned molecules by circularly polarized 800 nm pulses was tested early in
the experiment. No suppression of photoelectron emission in the nodal plane was
observed. The idea of tunnel ionization was abandoned since much better radial
separation between the photoelectrons from 2-pyridone and 2-hydroxypyridine
was observed with the 400 nm probe as discussed in section 4.2.

1D Alignment
Photoelectrons from 1D aligned molecules were recorded to study the effect of
the alignment laser pulse on the photoelectron spectra. Both the alignment pulse
polarization and the probe pulse polarization were in the plane of the detector
facilitating an inverse Abel transformation of the data. Combined with the energy
calibration described in appendix B, the Abel inverted images make it possible
to retrieve the kinetic energy distributions of the photoelectrons. Figure 4.11
shows the photoelectron images at different positions in the deflected molecular
beam. The upper row was recorded with the alignment laser turned on. The
middle row was recorded with the alignment laser turned off. The data was
recorded with the Allied Vision Technologies Marlin F-046B CCD camera. As
described in section 3.2 the poor light collection capabilities of this camera result
in asymmetric images. The data shown in Fig. 4.11 (and Fig. 4.12) has therefore
been symmetrized, as described in section 3.2. The lower sensitivity of this camera
is also the reason that a minimum is seen at zero kinetic energy in the center of
the images of the unaligned data shown in Fig. 4.11. The data is recorded for
the same conditions as the images in Fig. 4.6, which show clear maxima in the
image centers. The minimum in the center of the images observed in this section
is believed to stem from a reduced sensitivity after years of bombarding the MCP
center with molecular ions and other ions with a very small velocity in the detector
plane.
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Figure 4.11: (a)-(c) show photoelectron images recorded from vertically 1D
aligned molecules at selected positions in the molecular beam. (d)-(f) show photoelectron images recorded from unaligned molecules at selected positions in the
molecular beam. (g)-(i) show corresponding photoelectron spectra obtained from
the Abel inversion of the 1D aligned images (light red) and the unaligned images
(blue). For each column, the lens position is written above the electron images.
The images are symmetrized as described in section 3.2.
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The lower panels of Fig. 4.11 show the photoelectron spectrum retrieved from
the inverse Abel transformed images. Both the images and the photoelectron
spectra show clear differences between the aligned and unaligned molecules. In
the images, the angular features significantly sharpen, when the alignment laser
pulse is present. This is expected from the discussion of the effect of alignment on
the PADs earlier in this chapter. In the kinetic energy distributions the alignment
laser pulse introduces a broadening of the peaks and new structures appear in the
spectra. Most striking are the features that have photoelectron kinetic energies
shifted from the peaks by one alignment laser photon energy (1.17 eV). These
peaks, marked by vertical dashed lines in Fig. 4.11, show that the alignment laser
pulses not only prepare an aligned sample of molecules for the probe laser pulses
to ionize. They also play a role in the ionization process itself. Apart from this
extra peak, the peaks in the photoelectron spectra of the aligned molecules also
appear broader than in the unaligned case. The 0.85 eV peak show signal out to
1.25 eV.
The physics underlying the broadening of the peak in the photoelectron spectra is not fully understood. The ponderomotive energy in the alignment laser
focus is 70 meV. This is smaller than the broadening. The ponderomotive potential effectively increase the ionization potential and decrease the phototelectron
kinetic energy. For the long (10 ns) alignment pulses employed, the electron effectively sees a conservative potential [75] and regains the ponderomotive energy
as it moves out of the focus of the alignment field. Hence the ponderomotive
potential of the alignment laser pulse should not lead to a broadening of the photoelectron spectrum. The broadening of the peak could be due to a difference
in the Stark shift of the neutral ground state and the ground state of the cation.
The Stark shift of the ground state of the neutral molecule (assuming a 10 Å3
polarizability) in the alignment laser focus is 9 meV. In order to result in a broadening of hundreds of meV, the polarizability of the cation is required to be more
than an order of magnitude larger than that of the ground state of the neutral
molecule. The broadening is not explained by the ponderomotive potential or the
difference in Stark shift between the initial and final states.
Another explanation could be that the alignment laser pulse dresses all states
in the molecule. Some may shift into resonance during the ionization process. The
ionization by the 400 nm probe pulse is in the perturbative regime and the process
is highly sensitive to resonances. Time-dependent perturbation theory provides
a familiar example. In the case of a periodic perturbation of angular frequency ω
and constant amplitude turned on at t = 0, the transition from the initial state,
2
a, to another state, b, is proportional to sin2 [(ωba − ω) t/2])/ (ωba − ω) (see
equation (2.367) of [20]). ~ωba is the energy difference between state a and state b.
The transition probability increases dramatically at resonance. In the experiment,
the presence of the alignment laser beam may lead to states shifting into or out
of resonance. States above the final state could shift into resonance and become
more probable pathways to a lower energy final state. Another possibility is a
REMPI scheme, where a state is temporarily populated e.g. two photon energies
above the ground state. Absorption of an additional photon leads to ionization
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leaving the cation in other states than after direct three-photon absorption. Both
these mechanisms require that there is a lower energy state in the cation, than
the one populated by three-photon absorption without the alignment laser beam
present.
Another possibility is that molecules left in a highly excited state by the
ionization laser pulse are ionized by the alignment laser pulse. This should lead
to electron kinetic energies of up to 1.17 eV for one-photon ionization at 1064 nm.
These highly excited states are known to exist. When they are field ionized by
the VMI electric field, they lead to electrons with no kinetic energy appearing in
the center of the electron images, e.g. in Fig. 4.6. The cause of the broadening is
most likely a combination of ionization of highly excited states contributing to the
photoelectron spectrum close to 1.17 eV and some of the other effects discussed
to broaden the spectrum, smearing out the two peaks from 2-pyridone.

3D Alignment
Electron images were recorded from 3D aligned molecules to investigate the emission direction of the electrons in the molecular frame. The aim was to produce
more structured PADs than for the unaligned case and possibly, enable distinct
features in the PADs from the two molecular species to be identified.
The electron images recorded from 3D aligned molecules are shown in Fig. 4.12
together with the radial distributions obtained from them. An Abel inversion of
the data is not possible since the elliptical polarization used to 3D align the molecules breaks the rotational symmetry around the vertical direction. Therefore the
raw radial distributions rather than the kinetic energy distributions are shown.
Notice that they are normalized to have an integral of 1. The radial distribution
of photoelectrons in the most deflected part of the beam appears independent on
the direction of the major axis of the 3D alignment. There is, however, a clear
effect on the ionization yield as seen from the number of electron recorded per
laser shot (eps). It is seen that it is much more likely to ionize molecules that are
aligned with the most polarizable axis along the probe laser polarization. In the
other regions of the molecular beam, the radial distributions show strong effects
of the direction of the most polarizable axis. A direct comparison to the inverse
Abel transformed radial distributions in Fig. 4.11 is not possible. In principle
it is still possible to retrieve the full three dimensional velocity distribution of
the photoelectrons using tomographic reconstruction of the electron images [76].
However, this requires rotating both laser polarizations in small steps of for example 2°, and recording high statistics electron images at each step. This procedure
is very time consuming and was not pursued in this work.
The degree of alignment in these experiments was not characterized in detail.
From the polarizabilities in Eq. 4.2 it is expected that the molecules will align well.
To probe the degree of alignment is hard. Most often this is done using Coulomb
explosion and recording the recoil direction of a suitable fragment ion species.
In the axial recoil approximation the direction of the fragment ion velocity is
the direction of the bond it formed in the molecule at the time of the Coulomb
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Figure 4.12: Photoelectron images recorded at three positions (written above
each column) in the molecular beam, with horizontal 3D alignment [(a)-(c)] and
vertical 3D alignment [(d)-(f)]. The images are symmetrized as described in section 3.2. (g)-(i) show photoelectron radial distribution from the electron images
above. Also shown is number of electrons recorded per laser shot (eps) in the
image. Light red: Horizontal 3D alignment. Blue: Vertical 3D alignment. Dotted
vertical lines mark three radial regions, R1 ([10, 65[ pixels), R2 ([65, 100[ pixels),
and R3 ([100, 190[ pixels), used to define the angular distributions in this chapter.
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explosion. In 2-pyridone and 2-hydroxypyridine there are no obvious observables.
Early in the experiment, images of the O+ ions were recorded. These did not
show any clear angular structure that could be used to identify the molecular
orientation. In 2-pyridone oxygen is part of the carbonyl group, so it requires
the breaking of this double bond to eject O+ from the molecule. It is not clear
whether this happens along the carbon-oxygen axis. In 2-hydroxypyridine, the
oxygen is part of the hydroxyl group and is not expected to exhibit axial recoil.
In the dimers the situation is even worse, since the oxygen in one molecule is
likely pointing towards the other molecule in the dimer, and O+ is not expected
to show any clear directionality. In addition, it is not clear, whether dimers
formed in the supersonic expansion are rotationally cold and will align at all.
These speculations in combination with blurry O+ images recorded early in the
experiment means that the characterization of the molecular alignment is reduced
to investigating the electron images.
In both 2-pyridone and 2-hydroxypyridine, αxx and αyy are similar in size
and much larger than αzz . Since the most and second most polarizable axes
have similar polarizabilities it was unclear if it would be possible to 3D align the
molecules or if would only be possible to fix the plane of the molecules in the plane
of the alignment pulse polarization, leaving them free to rotate around the least
polarizable axis. This behavior is expected to happen in for instance benzene,
where there is no difference between the most and second most polarizable axes.
The clear difference between the count rates with horizontal and vertical 3D
alignment is encouraging, since it shows that the molecules are not free to rotate
around the least polarizable axis, despite the small difference between αxx and
αyy .

Experimental Photoelectron Angular Distributions
From the electron images shown in Fig. 4.11 and Fig. 4.12, the angular distributions fθ2D (θ2D ) were produced. θ2D is the angle between the probe laser polarization (vertical) and the two-dimensional velocity of the electron measured by the
MCP detector. The angular distributions are normalized to have an integral of
1. The angular distributions were produced for different radial ranges, as shown
in Fig. 4.12, chosen to highlight the different species present in the molecular
beam. The angular distributions are shown in Fig. 4.13 for no alignment (light
red), vertical 1D alignment (blue), and vertical 3D alignment (black). The PADs
are ordered, so that in a column all PADs are recorded at the same lens position,
and in a row, all PADs are obtained for the same radial region.
In all the electron images considered in this chapter, the majority of the electron emission occurs in the vertical direction, along the ionization pulse polarization. This is also reflected in the PADs shown in Fig. 4.13, where all distributions
show maxima at 0° and 180°. There are, however, differences in the details of
the angular distributions. First, I focus on the most deflected part of the molecular beam at h = 10.5 mm. Here the molecular beam consists exclusively of
2-pyridone, and from Fig. 4.8, the most interesting radial region is R2 defined
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Figure 4.13: Angular distributions recorded for three different lens positions
and for the three radial regions R1 ([10, 65[ pixels), R2 ([65, 100[ pixels), and
R3 ([100, 190[ pixels) shown in Fig. 4.12. For each row the radial region is written
to the right of the rightmost graph. For each column the lens position is written
above the uppermost graph. The colors represent the three different alignments
used. Light red: Unaligned. Blue: Vertical 1D alignment. Black: Vertical 3D
alignment.

50

4.6. Aligned Molecules
in the caption of Fig. 4.12. In panel (f) The PAD for unaligned molecules (light
red) exhibits a smooth cos(2θ2D )-like behavior. The peak-to-valley ratio is about
3.2/2.2 ≈ 1.45. 1D aligning the molecules clearly have an effect on the PAD
(blue). This PAD is not described by a single cosine function since the peaks
are broad and the valleys narrow and sharp. In addition, the peak-to-valley ratio is about 3.7/1.8 ≈ 2.06. This is consistent with the expectations based on
the discussion in section 4.6 which predicts stronger modulated structures in the
PADs when they are recorded for aligned molecules. The PAD for vertical 3D
alignment (black) is very similar to the one for vertical 1D alignment. Fixing the
second most polarizable axis of the molecule to the laboratory frame, does not
increase the structure in the PAD. If anything, the peak-to valley ratio decreases
a little. The extra structure allowed by nonzero values of M in Eq. 4.15, does
not appear in the PADs recorded. One explanation could be the projection of
the three-dimensional electron momentum onto the two-dimensional detector and
the fact that even a perfectly 3D aligned molecular sample is still a mixture of
four different orientations (oxygen end up or down combined with nitrogen side
left or right). This may also lead to some of the effects of terms with nonzero M
not being visible in the data, simply because they average out.
Now I discuss panel (i) which is the angular distributions for the innermost
radial region, termed R1 . Since only 2-pyridone is present in the molecular beam,
the PADs in R1 are projections of the same 3D photoelectron distributions, that
were already discussed in panel (f). It is seen that the overall shape of the PADs
are similar to what was found in panel (f). The anisotropy is, however, smaller.
Finally, panel (c) depicts the PADs for the outermost radial region, R3 . In this
region, there are very few counts in the unaligned images, so the PAD is quite
noisy. However, it is clear, that there is less difference between the three PADs,
than what was seen in panel (f). The only differences are small dips in the
aligned PADs at θ2D = ±90°. This part of the PAD is not well understood, since
it consists of peaks, that were not assigned in the PES in section 4.5.
In the slightly deflected part of the molecular beam at h = 9.8 mm, the
molecular beam consists of both 2-hydroxypyridine and 2-pyridone. From Fig. 4.7
the mixture is expected to be close to equal. Panel (e) shows the PADs recorded
in the radial region R2 , where electrons from 2-pyridone should be found. The
PADs here are very similar to the ones seen in panel (f). The main difference is
that the count rate is higher and hence the noise in the PADs is lower. Obtained
in the lowest radial region R1 , panel (h) contains photoelectrons from both 2hydroxypyridine and 2-pyridone, so any difference in the PADs from the two
molecules should appear as a difference between the PADs in panels (h) and (i).
Again, however, the PADs recorded at the two different positions in the deflected
part of the molecular beam are very similar. No difference in the PADs are
observed, even though the radial distributions of Fig. 4.12 clearly shows, that the
lower energy 2-hydroxypyridine electrons are now present in the molecular beam.
Panel (b) shows the PADs recorded in the largest radial region R3 . Also in this
radial region, the PADs are similar to those obtained in the most deflected part
of the molecular beam.
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In the depleted part of the molecular beam at h = 7.8 mm the analysis of the
PADs is more complicated, since the molecular beam contains both 2-hydroxypyridine, 2-pyridone, and clusters formed by the two molecules. This has very little
effect on the PADs however. It seems that in the depleted part of the molecular
beam, the effect of aligning the molecules is slightly larger. This is counter to the
effect, that the depleted part should contain the warmest molecules and therefore
display the lowest degree of alignment. One explanation could be, that the PADs
obtained from the cluster depend more strongly on the alignment due to the
larger extent of the clusters compared to the single molecules. This is, however,
only pure speculation. The effects is very small and not further discussed.
The similarity between the PADs recorded with different amounts of 2-hydroxypyridine and 2-pyridone could be explained by the very similar HOMOs of
the two molecules as seen in, Fig. 4.10. The only major difference in the HOMO
shape is the density at the carbon atom of the carbonyl group. This could be
the explanation for the very similar PADs obtained in the different regions of the
deflected molecular beam. Distinction between the PADs is complicated by the
influence of the alignment laser pulse on the kinetic energy of the photoelectrons.
This makes it hard to assign a certain radial region to a specific molecular species.

4.7

Conclusion and Outlook

The experiment presented in this chapter aimed at recording photoelectron spectra and molecular frame photoelectron angular distributions from the two tautomers 2-hydroxypyridine and 2-pyridone. The motivation was to distinguish
between the two tautomers and investigate whether spatial separation by electrostatic deflection was a possible way to perform experiments on one tautomer
alone. In the process dimers or higher cluster were discovered in the molecular
beam, making the experiment more involved. However, the investigation of the
photoelectron spectra lead to a satisfying characterization of the molecular beam
and the electrostatic deflection of the molecular species present. The species
were identified as 2-hydroxypyridine and 2-pyridone from the ionization potentials found in the literature.
The analysis of the photoelectron angular distributions for aligned and unaligned molecules did not show effects, suitable to identify the two tautomers.
The PADs looked remarkably similar for all radial regions and all positions in the
deflected molecular beam, perhaps owing to the similar HOMOs of 2-hydroxypyridine and 2-pyridone. In addition, the analysis was complicated by the effect of
the alignment laser pulse on the kinetic energy of the photoelectrons. More structure may be present in the PADs in the form of suppression in the nodal planes
as discussed in section 4.6. The lack of nodal plane suppression, observed early in
the experiment, was likely caused by clusters in the poorly performing molecular
beam. Future experiments could investigate this by recording the PADs of 3D
aligned molecules ionized by circularly polarized 800 nm pulses if the molecular
beam is probed in the deflected part, where no dimers are present. In addition, a
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probe of circular polarization may lead to effects of the electric dipole moment [33]
– a property where the two molecular species are very different.
Photoelectron spectra recorded with 400 nm and, potentially, PADs following
ionization by a circularly polarized 800 nm pulse could be useful tools to extract
structural information about the two tautomers. Both could serve to probe structural changes in the ground state in a femtosecond pump-probe scheme. A more
likely scenario for future experiments is to follow dynamics in electronically excited states. The could involve a UV-pump UV-probe scheme, where the evolution
of an excited state is probed by ionization with a UV photon. As mentioned, this
method has been successful in following the excited state intramolecular proton
transfer in a molecule similar to 2-pyridone [64]. It would be very exciting to
perform such experiments on the pure sample of 2-pyridone that the electrostatic
deflector prepares.
Another obvious future experiment could be to study the mass 96 u peak in
the time of flight. This peak is believed to be the protonated molecular ion of
2-hydroxypyridine and/or 2-pyridone originating from the dimer. It is produced
in relatively large amounts when the dimer is ionized by 400 nm pulses. This
could enable the study of the binding between the proton and the molecule. This
binding is exactly what binds two molecules into a dimer, and is what sparked
the interest in this specific tautomer pair. By seeding the molecules in neon
instead of helium, the molecular beam travels slower and the polar molecules
exhibit stronger deflection. This can be used to deflect a larger part of the
molecules away from the interaction region to produce a more pure sample of
the dimers. The protonated molecular ion could be studied either directly in the
time-of-flight mass spectra or by imaging the velocity distribution of the ions, e.g.
in combination with the PImMS camera to study correlations between emission
direction of different ion species as described in chapter 6.
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Chapter

5

Photoelectron Diffraction
This chapter describes an experiment probing the structure of gas-phase molecules
with pulses from an X-ray free-electron laser (FEL). During the last decade a
number of FEL facilities have been built [77,78]. These machines generate intense
radiation with a tunable photon energy and a pulse duration down to a few
femtoseconds. Operating in the X-ray and UV regimes, FELs have been built
with the goal of structural determination. They combine the wavelength region
of synchrotrons with the pulse durations and intensities of femtosecond lasers.
Many different successful experiments have utilized these attractive aspects of
FELs.
Among the first and most famous X-ray FEL experiments are the structural determination of nano crystals [79] and single viruses [80] by X-ray diffraction. These experiments utilize short (tens of femtoseconds) and intense (up
to 1016 W/cm2 ) X-ray pulses to record the X-ray scattering pattern of a sample before the sample is damaged. This approach has been termed diffraction
before destruction and overcomes the problem that the very large number of photons necessary to obtain a diffraction pattern from small samples will inevitably
lead to radiation damage. The diffraction-before-destruction approach allows
structural information about bio molecules, for which large crystals for X-ray
diffraction experiments cannot be grown. A similar approach has been applied
to single-molecule X-ray diffraction [81]. In that work the scattering patterns of
X-ray photons from laser aligned 2,5-diiodobenzonitrile molecules were recorded.
The recorded diffraction patterns were in agreement with the internuclear separation between the two iodine atoms, which represent the main scatterers in the
molecule.
The experiments described above rely on the scattering of X-ray photons from
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the sample. This approach works well for large samples or samples containing
heavy atoms to scatter the photons. For small molecules of light atoms, the scattering cross section is too low for significant scattering of X-ray photons. Instead,
processes induced by the absorption of an X-ray photon can be studied. During
my time as a Ph.D. student I took part in several experiments using short X-ray
pulses to study small molecules and atoms by recording the resulting photoelectrons and photoions. Sequential multiphoton ionization of krypton atoms was
studied by recording the distribution of krypton ions in a time-of-flight measurement [82]. Charge redistribution [83] and Coulomb explosion [84] was studied in
small selenium containing hydrocarbon molecules following ionization by an FEL
X-ray pulse. These experiments served to describe the process of radiation damage, the nuclear dynamics during the FEL pulse, and the fragmentation pattern
of the molecules. These studies are interesting since the effect of nuclear dynamics
is often assumed negligible during the duration of the femtosecond pulses. Photoelectron angular distributions were recorded for adiabatically aligned 1-ethynyl4-fluorobenzene (pFAB) to study the scattering of the outgoing photoelectron on
the remaining molecular ion [85, 86]. Thus, the photoelectron angular distribution was interpreted as a diffraction pattern containing information about the
molecular structure.
The above-mentioned experiments in which I participated were all performed
at the Linac Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory. In addition to these, I was also involved in a photoelectron diffraction
experiment on laser aligned carbonyl sulfide performed at FLASH (the Freeelectron LASer in Hamburg) at DESY (Deutsches Elektronen-SYnchrotron). The
carbonyl sulfide experiment was very similar to the experiment on pFAB. The
data analysis of this experiment is still on-going.
Of the experiments mentioned above I was most involved in the experiments
on photoelectron diffraction. The FEL experiments described in this chapter were
performed in a large collaboration. The collaboration consists of groups with
experience in different fields of physics. Our laboratory was included because
of our experience in molecular alignment. The collaboration was lead by the
Max Planck Advanced Study Group (ASG) at the Center for Free-Electron Laser
Science (CFEL) in Hamburg. The ASG was specialized in free-electron laser
studies and brought most of the experimental equipment. The molecular beam
setup and the electrostatic deflector were supplied and operated by the Controlled
Molecule Imaging group at CFEL in Hamburg. Beamline and laser scientists from
SLAC National Accelerator Laboratory contributed with expertise in the LCLS
beamline and laser systems. This is far from a complete list of the participating
groups but merely serves to show the size of the collaboration. The experiment
described in the current chapter should therefore be regarded as the work of
the collaboration and not of me alone. The experiments have been published
in references [85, 86] and an extensive description is given in the dissertation by
Rebecca Boll [87].
In the experiment I was mainly involved in setting up and operating the
alignment laser and the optics to combine the alignment and femtosecond laser
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beams with the FEL beam. In addition, I also helped with the operation of the
molecular beam setup. Prior to the FEL experiment, Sankar De and I performed
a number of test experiments in our laboratory in Aarhus to investigate how well
pFAB performed with respect to molecular alignment, electrostatic deflection, the
pulsed molecular beam, and Coulomb explosion.

5.1

Free-Electron Lasers and Outline

The working principle of FELs will not be presented in details, since the focus
of this chapter is on using the radiation from the FEL to interrogate molecular
structure and not on the machine itself. McNeil and Thompson provide a good
introduction to the mechanisms behind FELs [88]. In short, an FEL generates
radiation by sending high energy electron pulses through magnetic undulators in
much the same way as a synchrotron. The wiggling motion through the undulator
causes the electrons to emit electromagnetic radiation.
In an FEL the wiggling motion allows the electrons to interact with radiation
present along the beam. This interaction effects the rate at which the electrons
dissipates their kinetic energy in the form of electromagnetic radiation. The dissipation depends on the position of the electron within the cycle of the radiation
and thus acts as a force in the direction of propagation leading to bunching of
the electrons. When these electron bunches pass through subsequent undulators,
the electrons within a bunch emit light in phase, leading to very intense bursts of
light. Thus, additional radiation is emitted coherently with respect to the initial
radiation. The term free-electron laser is used to emphasize this similarity with
conventional lasers.
If the initial light, leading to bunching and amplification, is created by the
wiggling motion of the electron beam, the process is termed self-amplified spontaneous emission (SASE). During the experiments described in this chapter LCLS
was operated as a SASE FEL. Because the initial step in SASE is spontaneous
emission, the photon energy spectrum of a SASE FEL is generally very noisy,
and the X-ray beam is not coherent in the longitudinal direction (only in the
transverse direction). The initial radiation can also be supplied to the FEL, in
which case the FEL is termed a seeded FEL [89, 90]. As an example, the FERMI
FEL I in Trieste, Italy is seeded by an ultraviolet pulse from a conventional laser
system [91]. Since the experiments described in this chapter were performed,
a self-seeding mode of operation has been demonstrated at LCLS [92]. In selfseeding operation the X-ray beam generated during the first section of undulators
is sent through a monochromator to select a certain wavelength region and the
resulting, filtered X-ray beam is then used to seed the subsequent undulator section. In reference [92] the bandwidth of the X-ray pulse was reduced by a factor
of approximately 40 to a value close to the transform limit by employing the
self-seeding mode of operation. In addition to the better energy resolution the
self-seeded X-ray beam also displays longitudinal as well as transverse coherence
making it very suitable for pump-probe measurements.
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Figure 5.1: Molecular structure of the pFAB molecule used for photoelectron
diffraction at LCLS.

Outline
Photoelectron diffraction is an interesting alternative to X-ray diffraction since
for light atoms, elastic scattering cross sections for photoelectrons are orders of
magnitude larger than for X-ray photons (for similar wavelengths). X-ray photons with a wavelength of a few angstroms (photon energies of a few hundred
electronvolts) have elastic scattering cross sections on a carbon atom on the order of 10 b [93]. Electrons with the same wavelength (kinetic energy of tens of
electronvolts) have elastic scattering cross sections on a carbon atom on the order
of hundreds of Mb [94]. Thus electrons have a much larger elastic scattering cross
section than photons with comparable wavelengths.
In the experiments described in this chapter photoelectron angular distributions (PADs) from molecules following ionization by the FEL pulse were used as
a probe to study molecular structure. The pFAB molecule (shown in Fig. 5.1)
was studied by photoelectron diffraction. The photon energy of the FEL pulse
was tuned to the region around 750 eV. Thus, photoelectrons removed from the
fluorine 1s level (binding energy of 696.7 eV in atomic fluorine [93]) will have kinetic energies of a few tens of electronvolts. Photoelectrons from the other atoms
in the molecule (carbon and hydrogen) as well as Auger electrons will have much
higher kinetic energy and are quite well separated from the fluorine 1s electrons
on the detector. This allows an identification of electrons from a unique location
within the molecule.
In the current experiment, ionization of the molecule liberates an electron
from a certain atom in the molecule, and the scattering pattern of the electron
is recorded. Instead, a pulsed electron source could be used to obtain electron
diffraction patterns [95]. Optical-pump electron-probe measurements using this
probe is however restricted in the time resolution achieved – mainly by a velocity
mismatch between the pump and probe pulses. Hensley and coworkers report a
time resolution of 850 fs for such an experiment [96]. In the case of photoelectron
diffraction, there is no velocity mismatch between pump and probe pulses since
both are electromagnetic waves. Hence, the method holds the potential for timeresolved measurements of molecular structure.
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As described in section 4.6, the PAD for a sample of randomly oriented molecules ionized by a single photon can be described by the anisotropy parameter
β. For aligned molecules more structure is allowed in the PAD, and potentially
more information can be obtained from it. Therefore adiabatic alignment of the
pFAB molecules was employed to increase the amount of structure present in the
PAD. A nanosecond laser synchronized to the FEL pulse was used to induce the
molecular alignment prior to ionization by the FEL pulse. Since only PADs from
aligned molecules should show structure, the effect of alignment was studied in
the experiment. This was done by focusing on the difference between PADs from
aligned molecules and PADs from randomly oriented molecules. Both 1D aligned,
3D aligned, and oriented molecules were studied. In this chapter the focus is on
PADS from the 1D aligned molecules, since they allow an Abel inversion of the
data, and are simplest to analyze. It is not possible to directly retrieve the structure of a molecule via the PAD. Rather, this requires comparison of the recorded
PAD to simulations. These simulations could for instance be performed with
the structure of a set of proposed transition states to determine if a molecular
reaction occurs via these transition states.
The FEL photon energy was varied to record diffraction patterns at various
photoelectron wavelengths. If the PADs can be interpreted as diffraction patterns,
varying the wavelength of the photoelectrons should have a pronounced effect
on the PADs. The LCLS 800 nm femtosecond laser was employed to Coulomb
explode the molecule. The ambitious goal was to record PADs at different times
after the initiation of the Coulomb explosion. This would result in a variation
of the PAD because of the changing molecular structure. These measurement,
however, did not yield a clear result and are not further discussed.

5.2

Experimental Setup

This section gives a short description of the experimental setup for the experiments on photoelectron diffraction. The experiments were conducted in the
CAMP (Cfel Asg Multi-Purpose) end station [97] at the AMO Beamline of LCLS.
In many ways the experimental setup is similar to the setup in our laboratory in
Aarhus. The only thing that is drastically different is the FEL pulse, that induces
the ionization.

Laser Setup
The optical setup at the free electron laser experiments serves the same purposes
as the setup in our laboratory. The molecules were adiabatically 1D or 3D aligned
by a 10 ns (intensity-FWHM) pulse from a Nd:YAG laser (YAG pulse, linear
or elliptical polarization, λ = 1064 nm, EYAG = 0.50 J, ω0 ≈ 60 µm, IYAG ≈
8 × 1011 W/cm2 ). The beam waist and peak intensity was obtained in a way
similar to what is described in appendix A. The molecules were ionized by 80 fs
FEL pulses (linear polarization, ~ωFEL = 723 eV to 754 eV, EFEL = 0.6 mJ to
59

5. Photoelectron Diffraction
To incoupling
chamber

Iris
Periscope

Mirror Iris Dichroic mirror
Mirror

mp
du

Be

am

du
mp
am

Nd:YAG
telescope

QWP (PC)

Be

Nd:YAG
laser

Be

am

du

mp

Femtosecond laser

HWP (PC)

Safety
Shutter

Periscope
TFP

HWP
TFP
(IC)

TFP

Mirror

Figure 5.2: The setup of the alignment laser used at the AMO Beamline of LCLS.
The following notation was used. TFP: thin-film Polarizer. HWP: half-wave
plate. QWP: quarter-wave plate. IC: intensity control. PC: polarization control.

1.2 mJ, ω0 ≈ 40 µm). The beam waist of the alignment beam was chosen larger
than the beam waist of the FEL beam to ensure that all the ionized molecules
were aligned.
The alignment laser used in the FEL experiments was a Spectra-Physics
Quanta Ray Pro 230 Q-switched Nd:YAG laser, operated with an injection seeder.
The Nd:YAG laser was installed on the optical table at the AMO Beamline at
LCLS as shown in Fig. 5.2. The polarization of the alignment laser beam was
cleaned using a thin-film polarizer (TFP). A half-wave plate (HWP) and two additional thin-film polarizers were used for intensity control. The polarization of
the alignment beam was controlled by a half-wave plate and a quarter-wave plate
(QWP). A telescope was used to control the size and divergence of the alignment
laser beam in order to match the size and position of the FEL focus.
LCLS provides a femtosecond laser system at 800 nm wavelength, synchronized to the FEL pulse to facilitate femtosecond pump-probe experiments. Aside
from acting as a pump to induce Coulomb explosion, this laser pulse was used
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Figure 5.3: Sketch of the overlap of the molecular beam, optical laser beams and
free-electron laser beam. The Cartesian coordinate system shows the axes of the
coordinate system used in this chapter. The double-sided VMI setup is mounted
with the spectrometer axis in the z-direction (perpendicular to the page).

during the preparation of the experiment to ionize the molecules, thereby taking
the role of the FEL. This was very important as it allowed us to align the optics
setup prior to the actual experiment. The femtosecond laser pulse was used to
characterize the degree of alignment, the operation of the molecular beam, and
the electrostatic deflection. As shown in Fig. 5.2, the femtosecond laser beam
was overlapped with the alignment laser beam on a dichroic mirror, coated for
high reflection at 800 nm and high transmission at 1064 nm. After this overlap
mirror the two laser beams propagated collinearly.
The Nd:YAG laser was triggered by the FEL trigger system provided at LCLS.
The flash lamps that pump the laser rods were triggered by the previous FEL
pulse since they need to be triggered long (approximately 210 µs) before the actual
laser pulse is emitted. The trigger for the Q-switch was provided by the trigger
for the actual FEL pulse. This was necessary in order to reduce the time jitter to
a value much smaller than the pulse length of the alignment laser. The repetition
rate of the experiment was limited by the repetition rate of 30 Hz of the alignment
laser. As LCLS was operated at a repetition rate of 120 Hz, only one out of four
FEL pulses was used to record PADs from aligned pFAB. The remaining three
pulses were used to record various background data. One out of four pulses was
used to record PADs from randomly aligned pFAB. Two out of four pulses were
used to record electrons from the background gas in the chamber.
In the experiment it was necessary to spatially overlap the foci of the optical
alignment and femtosecond lasers with the focus of the FEL beam. This was done
using so-called holey mirrors as sketched in Fig. 5.3. These dielectric mirrors
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reflect the two optical laser beams at 45°, while the FEL beam passes through a
hole of 2 mm diameter in the center of the mirror. The holey mirror was placed
in a small vacuum chamber of its own, separated from the main chamber by a
bellow to isolate the mirror from vibrations present in the main chamber. The
optical laser beams were focused by a 750 mm focal length lens before the beams
entered the vacuum chamber with the holey mirror. Downstream from the foci a
second holey mirror enabled the optical laser beams to exit the vacuum machine.
The holey mirrors played an essential role in adjusting the overlap of the
optical and FEL beams. The hole in each mirror leaves a dark spot with a
diffraction pattern in the laser beam. Both these dark spots could be observed in
the laser beams after the second holey mirror. When the two diffraction patterns
overlap, the focus of the optical lasers was on the line between the centers of the
holes in the two holey mirrors. The holey mirrors were adjusted, such that the
FEL beam passed through the center of the holes. Thus, when the optical laser
beams were aligned to the two holes, they were overlapped with the FEL beam to
some extent. After this, the overlap was adjusted by monitoring a live signal in
the chamber. The alignment pulse fragments a part of the ionic species created
by the FEL pulse. This fragmentation was maximized to fine-tune the overlap
between the FEL and alignment foci.
An essential problem of overlapping the three laser beams is posed by their
very different wavelengths. As mentioned above the alignment and FEL beams
are focused to approximately the same beam waist, but have wavelengths that
are different by a factor of approximately 750. Therefore the Rayleigh range (the
length) of the two foci will be very different and the alignment laser beam will
defocus much faster than the FEL beam. In addition, ionization by the FEL
pulse is a one photon process. This means that ionization will not be restricted
to the FEL focus, but will occur along the FEL beam. As a result, molecules
from a very large volume contribute to the acquired signal. As described below,
however, the molecular beam was skimmed to roughly 3 mm. Therefore, the part
of the molecular beam, that is overlapped with the FEL beam, will be in the focus
of the alignment laser beam if the Rayleigh range of the alignment beam is more
than a few millimeters. For the beam waist and wavelength used, the Rayleigh
range of the alignment beam is approximately 10 mm, so all the molecules in
the molecular beam, that are ionized by the FEL pulse, should be aligned by
the alignment pulse. Molecules in the background gas will still be ionized by the
FEL pulse outside the alignment beam focus, but these molecules are rotationally
warm and would not align significantly even in the focus of the alignment laser
beam. Because the FEL beam is not restricted to ionize the molecules in the
molecular beam there will always be a signal from background molecules present
in the data.

Molecular Beam
The molecular sample was brought into the main chamber in a molecular beam.
The pFAB molecules were mixed in a helium carrier gas in the sample reservoir of
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a pulsed Even-Lavie valve. A backing pressure of 50 bar of helium was used. The
vapor pressure of the molecules was controlled by adjusting the temperature of
the sample reservoir. When the valve was not heated but operated continuously
it reached a temperature of approximately 40 ◦C which was used in the experiment. The molecular beam passed through an electrostatic deflector in order
to select molecules in the lowest rotational states and achieve the highest degree
of alignment. The molecular beam was skimmed to 2 mm before the deflector
and to 3 mm after the deflector. The pulsed valve, skimmers and deflector were
mounted on remote controlled translational stages to be able to control them inside the vacuum system. When the deflector was turned on the molecular beam
was deflected away from the interaction region. The remote controlled stages
were used to move the entire molecular beam setup in parallel in order for the
molecular beam to reach the interaction region. By recording the ion yield as
a function of the position of the molecular beam setup, deflection curves were
measured. This is different from what is usually done in our laboratory, where
the molecular beam and the electrostatic deflector are fixed and the laser foci are
scanned through the molecular beam. This setup was chosen to avoid moving
the alignment and FEL foci with respect to the molecular beam. The two foci
are moved independently and such a movement will very likely result in a loss of
the overlap.

Detection System
To record the PADs a VMI setup was used as described in section 3.2. In the
experiment at LCLS the main chamber was equipped with a double-sided VMI
system allowing both positively and negatively charged particles to be detected.
The electrons were detected on a MCP phosphor-screen detector in one end of
the VMI spectrometer. Simultaneously, the degree of alignment was monitored
by observing the F+ ions on a similar detector in the other end of the setup. The
time-of-flight (TOF) mass spectrum was recorded via a capacitive coupling of the
MCP to a data acquisition system. By observing the TOF trace, different ions
where identified and the F+ ion images were recorded by gating the MCP detector.
Using a fast high voltage pulser this was done by switching the voltage across the
MCP to amplify the signal only in the time interval where the F+ ions reach the
detector. From these F+ ion images the degree of alignment was determined. The
images from the CCD cameras, as well as a number of experimental parameters
were stored individually for each FEL pulse.

5.3

Photoelectron Diffraction on pFAB

The experiment described in this section took place during May and June 2011 at
the AMO beamline of LCLS. The experiment aimed at recording photoelectron
angular distributions from adiabatically aligned and oriented pFAB molecules
following irradiation by the FEL beam. The photon energy of the FEL was
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(a)

(b)

Figure 5.4: Electron images for pFAB. The fluorine 1s photoelectron kinetic
energy is 62 eV. The polarization of the FEL pulse is in the y-direction. Notice
that the camera was rotated with respect to the x- and y-axes. (a): Raw electron
image recorded with the alignment laser off. (b): Difference between electron
images recorded with the alignment laser on and off. The alignment pulse was
elliptically polarized with the major axis in the y-direction and the minor axis in
the z-direction and induced 3D alignment of the molecules.

chosen in the vicinity of 750 eV to ionize the molecule and result in photoelectron
kinetic energies of roughly 30 eV to 60 eV for fluorine 1s electrons from pFAB.
During the experiment data was recorded for different photon energies of the
FEL beam and for different polarizations of the alignment laser beam. For each
setting the data was stored under a run number and analyzed using the CFELASG Software Suite (CASS) [98]. Since information about the pulse energy of the
FEL and many other parameters are stored for each shot, the data was processed
prior to the actual analysis. In this process a number of constraints were used to
discard data based on the stored parameters. For example, an acceptable range
was set for the FEL photon energy, the status (on or off) of the alignment laser
was determined, the hit finding on the CCD data was performed, etc.
After the post processing, the individual images were added to form an image
for the chosen set of constraints for the entire run. Typically this yields images
for the aligned molecules ionized by the FEL pulse, unaligned molecules ionized
by the FEL pulse and background gas ionized by the FEL pulse. Figure 5.4(a)
shows an image for unaligned molecules ionized by the FEL pulse. The fluorine 1s
photoelectron kinetic energy is 62 eV. The difference between the images recorded
with the alignment laser on and off is shown in Fig. 5.4(b). The difference is shown
since the two images look very similar when compared by eye. This is due to a
combination of a contribution from the background gas and a rather low degree
of alignment. Notice that the aligned data in Fig. 5.4(b) was obtained from
3D aligned molecules, while the remaining part of the chapter only concerns 1D
alignment. The figure is meant as an example of the photoelectron images and
the effect of the alignment on the PAD.
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Figure 5.5: Photoelectron images from pFAB 1D aligned in the direction of the
y-axis. The data was recorded at five different photon energies resulting in five
different kinetic energies for the fluorine 1s electrons from pFAB (indicated in the
upper left corner of each panel). The photoelectron distributions are plotted in
polar coordinates. The vertical axis represents the distance from the center of the
image. The horizontal axis represents the angle between the FEL polarization
and the electron detection. The figure is adapted from reference [85].

In the images a region was defined that overlapped with the outermost fluorine
1s photoelectrons. This region is indicated by the two rings in Fig. 5.4. The data
in such a region was represented in polar coordinates. Figure 5.5 shows several
examples of such polar representations where the vertical axis represents the
distance from the center of the image and the horizontal axis represents the angle,
θ, between the FEL polarization and the detection of the electron on the detector.
The data was recorded with the pFAB molecules 1D aligned in the direction of the
y-axis. From these photoelectron images the angular distributions were obtained
by integrating over the radial coordinate.
To be able to compare the recorded photoelectron angular distributions to
simulations, the ion velocity map imaging system recorded the F+ ion images
following the FEL ionization. From the ion images the degree of alignment was
characterized. It was found that the F+ ions were well described by the sum
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of an aligned part, for which cos2 θ2D = 0.85, and an isotropic part with low
kinetic energy. The achieved degree of alignment (for the aligned part only) is
significantly lower than the value of 0.94 obtained in our laboratory in preparation
for the FEL experiment. The origin of the isotropic contribution is not completely
clear. It is believed to arise from clusters of pFAB in the molecular beam or from
a deviation from axial recoil [21] of the F+ ions. A small signal of the dimers
was observed in the time-of-flight mass spectrum. This is likely because the
temperature of the Even-Lavie valve was too high during the experiment. As
mentioned the valve was mounted on a translational stage in vacuum and thus
dissipated heat quite poorly. Thus, it was operated at a temperature 20 ◦C higher
than in our laboratory, which may have resulted in clusters in the molecular beam.
The isotropic, low-energy contribution to the F+ ions was mainly observed when
the alignment laser was on and could be caused by fragmentation of large ionic
species by the alignment pulse following the FEL ionization. If these large ionic
species are fragmented to yield F+ ions, they will likely form an isotropic low
energy distribution, which could explain the isotropic distribution observed.
The lower degree of alignment for the aligned part could be caused by a
problem of the overlap between the alignment and FEL foci. Since the holey
mirror used to overlap the FEL and alignment laser beams is mounted inside the
vacuum machine it is likely very sensitive to vibrations caused by turbopumps,
cryostats and other equipment. The holey mirror was mounted in a vacuum
chamber of its own in an attempt to reduce these vibrations, but they could
very well still affect the overlap. Alternatively, the lower degree of alignment
could be caused by a problem with the injection seeding of the alignment laser.
At the time of the experiment the seed laser was rapidly deteriorating. The
spatial profile of the seed laser changed from a TEM00 -like mode to a multimode
structure. The alignment laser appeared to be seeded during the experiment,
but it certainly is possible that a non perfect performance affected the degree of
alignment obtained. It is my feeling that the low degree of alignment was caused
mainly by a combination of non-axial recoil, and alignment laser problems.

Photoelectron Angular Distributions
As discussed in section 4.6 the photoelectron angular distribution from unaligned
molecules can be described by a single parameter, the anisotropy parameter β.
This shape is reproduced in the data we recorded for unaligned molecules. As the
effect of alignment is not very big on the overall image, the difference between the
PAD from the images with the alignment laser on and off is used to display the
effect of aligning molecules prior to ionization. These difference PADs are shown
in Fig. 5.6 as polar plots. The data was acquired for several photon energies
and was recorded with pFAB molecules 1D aligned in the direction of the y-axis
(indicated by double arrow in Fig. 5.6). Both difference PADs for the raw data
(points) and difference PADs for the Abel inverted data (filled areas) are shown.
It is interesting that as the kinetic energy varies, the PADs change character.
The two broad negative peaks seen at 31 eV change into a four-peak structure at
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Figure 5.6: Polar plots of photoelectron angular distributions obtained at various
photoelectron kinetic energies for pFAB molecules 1D aligned in the direction of
the y-axis (marked by the double arrow). Filled circles show the raw experimental
data. Filled areas display the experimental data after inverse Abel transformation.
Lines show the result of a calculation (see text for details). Notice that the color
of the signal represent the sign of the data. Blue: Negative. Cyan: Positive. The
figure is adapted from reference [85].

36 eV and evolves into two narrow positive peaks when the energy is increased to
46 eV. Continuing to even higher energies, the change is reversed and only two
broad negative peaks are seen at 62 eV. The variation in the photoelectron angular
distribution as a function of the kinetic energy is very promising. The different
kinetic energies correspond to different de Broglie wavelengths, and hence the
diffraction pattern is expected to change when the energy is varied. This change
is the closest these experiments have come to a molecular movie. The variation
in the PADs show that the experiment was quite sensitive to variations in the
diffraction pattern. It suggests that a similar experiment may be capable of
recording a PAD changing due to a change in molecular structure and not due
to a change in the probe wavelength.
To rationalize the measurements, a density functional theory calculation was
performed with a linear combinations of atomic orbitals B-spline code previously
used in successful studies of photoelectron angular distributions from fixed-inspace molecules [99, 100]. The results of these simulations, in the form of difference PADs, are displayed as dotted lines in Fig. 5.6. The simulation assumes the
experimentally achieved degree of alignment. It is seen to describe the features
of the measured data very well. This is an important point, since the photoelectron diffraction pattern does not directly reveal the structure of the molecule.
A comparison with simulated PADs is necessary in order to retrieve structural
information from the experimental data.
In addition to the data at various photon energies for 1D aligned molecules
as displayed in Fig. 5.6, also data for 3D aligned molecules and for mixed-field
oriented molecules were acquired. These measurements are not presented here,
but can be found in references [86,87]. Here I will only mention that even though
the PADs for oriented molecules are allowed to be up-down asymmetric much
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Figure 5.7: Simulated PADs for 1D aligned pFAB at a photoelectron kinetic
energy of 35 eV. The four panels show PADs for different structures (shown
to the left in each panel) relevant to the photodissociation of pFAB following
absorption of a 219 nm photon [101]. The figure is adapted from reference [85].

of this information is lost when the PADs are recorded by the velocity map
imaging spectrometer. This is because the orientation is achieved by the static
electric field of the VMI spectrometer. This field points towards the detector
and therefore no orientation can be achieved when the molecules are aligned in
the plane of the detector. To see the effect of the orientation in the recorded
photoelectrons (or ions), the molecular axis was aligned in an angle of 45° with
respect to the VMI spectrometer axis (between the y- and z-axes in Fig. 5.3).
With this alignment geometry the orientation of the molecules were seen in both
ions and photoelectrons [86]. The interpretation of the data is complicated by the
projection onto the two-dimensional detector and the lack of rotational symmetry.

5.4

Conclusion and Outlook

In the experiment, PADs were recorded for pFAB molecules at several photon
energies of the FEL pulse. The molecules were 1D aligned to enable the interpretation of PADs as photoelectron diffraction patterns. As the photon energy,
and thus the photoelectron wavelength, was varied the structure of the difference
PADs changed. The difference PADs obtained in the experiments were compared
to simulations and good agreement between the two was seen. The simulations
assumed the experimentally obtained degree of alignment ( cos2 θ2D = 0.85) for
the aligned molecules. In addition to this aligned part, an isotropic distribution
of F+ ions was also observed. This distribution was most likely caused by a
combination of non-axial recoil and clusters in the molecular beam.
As shown above the measured PADs show a clear variation in the structure
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when the de Broglie wavelength of the electron is varied. As the goal of the experiment was to study a change in a molecule using photoelectron diffraction, a
number of simulations were performed on the pFAB molecule using various geometries of the molecule. The geometries reflect possible snapshots of the molecule
during a photodissociation process in which HF is ejected from the molecule following absorption of a 219 nm photon [101]. Figure 5.7(a) shows the PAD for the
equilibrium structure of pFAB. In Fig. 5.7(b) the C-F distance is doubled compared to the equilibrium structure to represent the ejection of a fluorine atom.
Figure 5.7(c) and (d) display the PADs expected for two transition states described in reference [101]. As seen, the PADs depend strongly on the molecular
structure. It is especially encouraging, that the PADs of the two transition states
are so different. This may enable the identification of which transition state is
involved in the photodissociation.
The isotropic part of the F+ images is problematic for a full description of the
experiment. If the contribution arises from clusters in the molecular beam, these
will likely not be aligned and will add an unaligned contribution to the PADs.
The isotropic F+ contribution could also arise from fragmentation induced by the
alignment pulse of large ions following the FEL ionization. Such a contribution
would lead to an F+ ion ejected some time after the ionization process in a
direction different from the C-F axis at the time of ionization. This does not,
however, affect the alignment at the time of ionization by the FEL pulse. Since
the origin of the contribution is not known, it is unclear whether or not the
molecules, that gave rise to it, were aligned at the time of the FEL pulse.
Future experiments should try to avoid this problem in order to better determine the degree of alignment in the experiment. Most likely another molecule has
to be used. One candidate is 2,6-difluoroiodobenzene. This molecule will be used
in an experiment at FLASH during December 2014. The goal is to record iodine
4d photoelectron angular distributions for aligned molecules ionized by the FEL
pulse. It is the plan to photodissociate the molecule (by a 266 nm photon) and
observe the PADs change as the iodine atom moves away from the two fluorine
atoms in the molecules. The fluorine atoms are included in the molecule to act
as two large scatterers close to the iodine atoms. In addition they can be used to
determine the degree of 3D alignment in the molecule [23].
In addition to this photoelectron diffraction experiment at FLASH, another
FEL experiment is planed for October 2014. This experiment concerns X-ray scattering on single 4,4’-diiodobiphenyl molecules at LCLS. This molecular species
was chosen since it has a larger internuclear separation of the iodine atoms than
the molecule used in reference [81]. The plan is to laser align the molecule and
record the double-slit diffraction pattern imposed on the X-ray beam by the two
iodine atoms.
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6

Covariance Experiments
This chapter describes experiments performed in Femtolab using covariance analysis to increase the amount of information extracted from the acquired data. The
covariance analysis is used to study correlations between charged fragments following Coulomb explosion of substituted biphenyl molecules which consist of 23
atoms. These experiments were the first in Femtolab to study correlations between ions of different masses. They employ the Pixel Imaging Mass Spectrometry
(PImMS) camera [102–104], a special detector well suited for these covariance experiments. These experiments were conducted in Femtolab at Aarhus University
in collaboration with the group of Mark Brouard from Oxford University, which is
a part of the PImMS consortium developing this camera [105]. Alexandra Lauer,
Craig S. Slater, and Sophie Blake traveled to Aarhus with the PImMS camera
and took part in the experiment. The results of the experiments were published
in reference [106]
In the experiments the molecules are aligned in different, favorable geometries,
that allow correlation between fragment ions to directly reveal structural information about the molecule. The first two sections describe the advantages of the
covariance method in combination with Coulomb explosion of aligned molecules
and introduce the experiment. Section 6.3 and section 6.4 focus on the details
of the experimental setup and the covariance data analysis. In section 6.5 and
section 6.6 bond angles for the molecule studied are extracted. Section 6.7 shows
the possibility to identify the two enantiomers of the molecule studied. Here we
will consider only time independent measurements to emphasize the capabilities
of the covariance experiments. In the very similar experiment presented in chapter 8 time-resolved covariance studies of structural change in molecules is the
main topic.
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6.1

Covariance and Coulomb Explosion

Correlations are present in many aspects of physics. When they are not fully
understood, they can seriously complicate the analysis of experimental results. If
they are tamed, however, they provide a new dimension to the results. Correlation
measurements are in no way a new phenomenon. In 1956 Hanbury Brown and
Twiss published their now famous experiment, correlating the time of arrival of
photons from the star Sirius recorded at two positions of variable separation [107].
From the spatial variation of the correlation between the two intensities, Hanbury
Brown and Twiss calculated the angular diameter of the star.
A more recent and very relevant experiment was conducted by Frasinski et
al. in 1989 [108]. Diatomic and triatomic molecules were Coulomb exploded
by multiphoton ionization and the time-of-flight (TOF) mass spectrum of the
fragment ions was recorded for each laser shot. The TOF spectrum for the i’th
laser pulse represents the number of ions detected at time x and is denoted Xi (x).
The time-of-flight covariance, C, employed by Frasinski is defined as
C (x, y) = hXi (x) Xi (y)ii − hXi (x)ii hXi (y)ii ,

(6.1)

where hii denotes averaging over all laser shots. It correlates the number of ions
recorded at time x with the number of ions recorded at time y. An intuitive way
to understand Eq. 6.1 is obtained by studying the two terms individually. The
first term represents the probability to detect an ion at time x and an ion at time
y in the same laser shot. The second term is the product of the probability to
detect an ion at time x and the probability to detect an ion at time y. Hence the
second term is the probability to detect an ion at time x and an ion at time y,
assuming that the two ions are not correlated. Therefore Eq. 6.1 expresses how
much more probable it is to detect an ion at time x and an ion at time y in the
same laser shot, than what would be expected for uncorrelated events. Frasinski
used this to discriminate between different fragmentation paths that lead to the
same fragment. Since the analysis employs the correlation between a signal (the
time of flight) and itself it is also called an autovariance analysis.
In this chapter I show and discuss that the covariance method provides a very
strong tool for probing the structure of large molecules in low repetition rate
experiments using Coulomb explosion imaging. For decades coincidence measurements have provided similar information about Coulomb explosion of smaller
molecules using various sources of ionization [84, 109–111]. These typically involve recording the full three-dimensional momentum of all charged fragments,
e.g. using COLTRIMS [112, 113]. This has been used both to study the fragmentation of molecules [110] and to access the molecular frame at the time of
ionization [114].
To ensure that all fragments measured are from the same molecule, it is critical that the average number of molecules probed is much less than one. To collect
a sufficient data material it is necessary to record signals from a large number of
laser shots which in practice rules out low-repetition-rate experiments like the one
described in this chapter. Another severe limitation to coincidence experiments
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is that the efficiency to detect all fragment ions is drastically reduced when the
number of fragments increases. In addition, the maximum number of ions detected within a short window of time is often limited. This speaks against using
coincidence methods for the studies of larger molecules where multiple fragments
are produced.
For large molecules and at the low repetition rates imposed by the alignment
laser, covariance analysis opens an opportunity for performing correlation experiments. In this chapter the molecule 3,5-difluoro-3’,5’-dibromo-4-cyanobiphenyl
is studied. Employing laser alignment, it is possible to view the molecule from
different directions in space to obtain different information about its structure.
This is necessary since the VMI imaging technique, contrary to COLTRIMS, only
provides a two-dimensional measurement of the fragment velocity.
A thorough analytical comparison between covariance and coincidence experiments is given in references [115, 116]. Especially the discussion about experimental stability is useful. Fluctuations in sample density or laser intensity will
lead to a higher detection probability for all ions, thus creating correlations between ions, simply from instability in the experiment. To overcome this problem,
partial covariance has been used [117]. The idea behind the partial covariance is
to measure for instance the ionization pulse energy and calculate the covariance
between pulse energy and ion time-of-flight to characterize the influence of the
fluctuating pulse energy. The effect of the fluctuating pulse energy can then be
removed from the covariance map to obtain the partial covariance map, where
ion-ion correlations due to pulse energy fluctuations have been removed. In this
work no attempts were made to compute the partial covariance.
The pulse-to-pulse intensity fluctuations from the laser systems in our laboratory are small, and the effect of this is believed to be much smaller, than in the
FEL experiments described by Kornilov et al. [117]. In the experiments in this
chapter fluctuations in sample density is believed to be more important. Since
the experiments are performed in the deflected molecular beam, the number of
molecules in the laser focus, depends both on the density and the temperature
(since low rotational states display stronger deflection) of the molecular beam.
It is however, not practical to measure the target density in the experiment, so
no partial covariance was performed. Instead alignment geometries favoring low
sensitivity to fluctuation in laser intensity and sample density were used. This
will be further discussed in section 6.4 in the discussion of the data analysis.

6.2

Outline

The experiments described in this chapter all concern Coulomb explosion of
the axially chiral biphenyl compound 3,5-difluoro-3’,5’-dibromo-4-cyanobiphenyl
(BFCBP). The experiment builds upon another Coulomb explosion imaging experiment by Hansen et al. [1]. Here it was shown, using an autovariance analysis,
that the emission direction of identical fragments from a very similar molecular
species were correlated. In that experiment three-dimensionally aligned mole73
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Figure 6.1: The structure of BFCBP. (a) Molecule seen from the side. The
figure shows both θF , the angle between the C-F bond and the molecular axis,
and θBr , the angle between the C-Br bond and the molecular axis. (b) Molecule
seen from the end. Notice that the molecule is not planar, but has an angle, the
dihedral angle φd , between the two benzene rings.

cules of 3,5-difluoro-3’,5’-dibromo-4’-cyanobiphenyl were Coulomb exploded and
the fragment ions were velocity focused onto an MCP detector. For each ion
detection the angle between vertical and the two-dimensional velocity recorded
by the MCP detector was determined. Investigation of the covariance between
these angles showed that pairs of identical fragment ions (pairs of two F+ ions or
two Br+ ions) relating to the molecular structure were more likely to be detected
with a relative angle of 180° between them. This agrees with the structure of the
prealigned molecules as seen from the point of view of the detector.
The experiment by Hansen et al. employed a gating of the MCP detector
to detect either F+ ions or Br+ ions. This limits the information to what can
be obtained to the autovariance analysis. Therefore, no knowledge was obtained
about the detection of F+ ions relative to Br+ ions. The rest of this chapter
describes experiments in which a new detection method using the Pixel Imaging
Mass Spectrometry (PImMS) camera allows the detection and identification of
all fragment ion species [103, 104]. This allows a more detailed analysis of the
molecular structure based on the Coulomb explosion process.
The BFCBP molecule is seen in Fig. 6.1 both from the side and from the end.
As illustrated by the figure, these two views provide very different information
about the molecule. In the experiment both these views are obtained by adiabatic
alignment of the molecule, either such that the most polarizable axis (the C-C
axis connecting the two benzene rings) is vertical, resulting in a side-view of the
molecule, or with the most polarizable axis horizontal, resulting in an end-view of
the molecule. The molecules were ionized by intense femtosecond laser pulses to
induce Coulomb explosion. The femtosecond pulses were linearly polarized in the
direction of the most polarizable axis to ensure circular symmetry around this axis.
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Using molecule in the end-view, the correlations in the emission direction of F+
ions and Br+ ions are used to determine the dihedral angle φd seen in Fig. 6.1(b).
Using molecules in the side-view, the correlations between the recoil direction of
N+ and F+ ions and between N+ and Br+ ions are used to determine θF and θBr
[Fig. 6.1(b) ]. In the last part of the experiments circularly polarized ionization
pulses were used to study circular dichroism effects in the molecule. This study
is meant as an illustration of the ability to identify the two enantiomers.

6.3

Experimental Setup

This section contains a description of the experimental setup in Femtolab. The
setup has already been described in chapter 3, and only modifications of the
setup pertinent to the experiments on the biphenyl molecules are included in
this section. As the experiment was performed in collaboration with the Oxford
group, quite a few people were involved in the actual measurements. The Oxford
group brought the PImMS camera and equipment to operate it (power supplies,
computer, etc) and they were in charge of operating the camera. I operated the
part of the experiment, that was part of the permanent setup in Femtolab: the
lasers, the molecular beam, electrostatic deflector, VMI setup, and the vacuum
machine. Combining the PImMS camera with the Femtolab setup was very easy.
Replacing the CCD camera with the PImMS camera went effortlessly. The first
measurements were made within a day of the arrival of the Oxford team.

Optical Setup
This experiment was performed with the same optical setup as used in chapter 8.
The only difference is that in this chapter the so-called kick pulses were not
used. These were only used in the experiment of chapter 8 to induce a torsional
vibration in the molecule. The description of the kick pulses are included in this
section, since they were part of the experimental setup and a few measurements
were actually conducted with them at the time of the first PImMS experiment in
Femtolab.
A total of three pulsed laser beams were combined, to align the molecules,
induce torsional motion and probe the molecular structure. All laser beams were
characterized as described in appendix A. The alignment was performed with a
linearly polarized nanosecond alignment pulse from the Nd:YAG laser (YAG pulse,
λYAG = 1064 nm, τYAG = 10 ns, ω0,YAG = 33 µm, IYAG = 8.0 × 1011 W/cm2 ,
EYAG = 150 mJ). The molecular structure was probed by Coulomb exploding
the molecules with short femtosecond pulses (probe pulse, λCou = 800 nm, τCou =
30 fs, ω0,Cou = 25 µm, ICou = 3.4 × 1014 W/cm2 , ECou = 103 µJ).
The existing laser setup was modified for these experiments. Figure 6.2 shows
a sketch of the optical setup. The first step was to combine the kick laser pulses
with the Coulomb explosion pulses. Both beams originate from the same amplified femtosecond laser system (the Spitfire HPR system). The kick beam is
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Vacuum chamber

HWP
QWP

Lens

HWP
Coulomb beam
DS (Micos)

HWP
TFP

YAG beam

HWP
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HWP

DS

50-50 BS
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Figure 6.2: The optical setup used in the covariance experiments. The Coulomb
and kick beams are displayed as light red lines, the YAG beam as a blue line and
the combined beam as a red-blue dashed line. The following notation was used:
HWP: half-wave plate. QWP: quarter-wave plate. TFP: thin-film polarizer. BS:
beam splitter. DS: delay stage. Unlabeled optics represent mirrors.

split into two beams on a thin-film polarizer (Eksma Optics 420-0526E), using a
half-wave plate to control the polarization and therefore the ratio of pulse energy
in each arm. One arm contains a half-wave plate to control the polarization so
both arms are horizontally polarized. The other arm contains a manual delay
stage (Thorlabs PT1/M) to control the time delay between the two arms. After
these components the two arms are combined on a 50-50 beam splitter.
Following recombination, the two pulses in the combined kick beam are sent
onto a longer and motorized delay stage (Micos LS-110) to delay both pulses by
the same amount. After the long delay stage the kick beam is directed to the
chamber. The polarization is horizontal so the beam is transmitted by a thinfilm polarizer (custom rectangular Eksmaoptics BK7 TFP, 50.8 mm × 101.2 mm).
This polarizer is used to overlap the kick beam with the Coulomb explosion beam,
that has vertical polarization and is reflected by the thin-film polarizer.
After the thin-film polarizer the Coulomb explosion beam and the kick beam
76

6.3. Experimental Setup

(a)

(b)

Figure 6.3: Samples of aligned molecules of BFCBP relative to the MCP detector
(gray disc in the background). Molecules with their most polarizable axes aligned
in the horizontal [vertical] direction are shown in panel (a) [panel (b)].

propagates collinearly to the chamber. The combined beam is sent through a
half-wave plate that rotates the polarization by 90°. After the wave plate the
beam is overlapped with the nanosecond alignment laser beam. Exploiting the
wavelength difference between the nanosecond and femtosecond pulses, this is
done using a dichroic mirror. After this all three beams are focused into the
vacuum chamber. For the experiments with circular polarization of the Coulomb
explosion pulse, the kick beam was blocked and a quarter-wave plate was installed
after the thin-film polarizer.
The molecular alignment induced by the YAG pulse is illustrated in Fig. 6.3.
This chapter only concerns data from 1D aligned molecules. Therefore only horizontal 1D alignment and vertical 1D alignment are shown in the figure. As seen,
the two different types of alignment highlight different structures in the molecules. In horizontal 1D alignment, the dihedral angle in BFCBP is seen from
the detector point of view. In vertical 1D alignment, the relative locations of the
substituents are seen.

Velocity Map Imaging and The PImMS Camera
In this experiment the PImMS camera [103, 104] was introduced to the experimental setup to achieve not only spatial, but also temporal information about the
charged particles detected by the MCP phosphor-screen detector. The PImMS
camera replaced the CCD camera usually used to detect the light emitted by the
phosphor screen. The key feature of the PImMS sensor is the temporal information it provides. The position of the light emitted from the phosphor screen
determines (two dimensions of) the velocity of an ion. The time at which the
light was emitted reveals the mass-to-charge ratio of the ion and can be used to
identify which ion species it belongs to.
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The PImMS sensor consists of an array of 72 by 72 individual pixels. The timing of the PImMS sensor is controlled by a clock synchronized to the femtosecond
laser system. The amount of light reaching each pixel is converted to a voltage
by a set of four photodiodes. When this voltage exceeds a set threshold value
the pixel stores the time of the clock in one of four 12 bit registers. This time
stamp is binned with a bin size of 12.5 ns, leading to a total acquisition time of
51.2 µs. This acquisition time is much longer than the few microseconds used in
the experiment. However, 12.5 ns was the smallest time bin available at the time
of the experiment. A new version of PImMS will have even smaller time bins, to
give higher resolution in the time data [105].
The trigger for the PImMS camera was provided by a Stanford Research
Systems Delay Generator (SRS DG535), usually used to trigger the CCD camera,
molecular beam and oscilloscope. This implied that the installation of the PImMS
camera was very easy. In order to acquire data, a few more details had to be
cleared. A camera lens was chosen, that was able to produce a focused image of
the phosphor screen with a magnification that made the image of the phosphor
screen fit the PImMS sensor and had a large numerical aperture to ensure high
detection efficiency. The voltages for the MCP and phosphor screen were varied
to ensure high detection probability and distinction between different charged
particles. In addition the PImMS sensor thresholds were adjusted, to optimize
the signal and reduce noise in the images. In this experiment of this chapter, the
VMI spectrometer was operated with a repeller voltage of 7500 V and an extractor
voltage of 5000 V. The front of the MCP detector was grounded, the back was
at a voltage of 1750 V. The phosphor screen voltage was 4750 V. This produced
sharp ion images and the detection efficiency had reach a constant level. In total,
the installation of the PImMS camera took roughly a day including optimization.
The output from the PImMS camera is not a matrix of intensities for all pixels
as usual for a CCD camera. It produces a list where each detection is represented
by five entries: the pixel row, pixel column, clock cycle and laser shot in which
the event occurred as well as the register in which the event was stored. This
list is stored using a Labview program on a computer. The PImMS camera was
connected to a laptop computer, brought from Oxford with the camera. Delay
stages, lens position stage, and delay generators were controlled from a different
computer, so the data acquisition and control was not fully automatized. In a
more permanent installation of a PImMS camera, this could easily be incorporated into the software to automatize experimental control and data acquisition.

6.4

Data Analysis

Analysis of data from the PImMS camera is quite different from the analysis usually performed of the data from the CCD camera. One difference is that the CCD
camera stores a matrix of intensities, while the PImMS camera stores a list of coordinates for each event. Another, more important difference is that the PImMS
data also includes time information. This section describes the data analysis
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leading to the results of the covariance experiments. Much of the analysis is also
described in references [106, 118]. The analysis was performed independently by
Craig Slater and me. This section describes how I have performed the analysis.

Data Format and Centroiding
The PImMS camera records the event that a single pixel receives enough light,
that its voltage exceeds a set threshold value. This is termed a pixel event in the
following. The data from the PImMS Labview program is written in 5 columns
representing the x coordinate, y coordinate, time code, and laser shot number
for the detection of light as well as the register number in which the event was
stored. The i’th event in each pixel is stored in register i.
Each row in the data file corresponds to a pixel exceeding the threshold voltage.
As each event on the phosphor screen (termed an ion event) typically covers more
than one pixel on the PImMS sensor, each ion event leads to more than one pixel
event written in the data file. To overcome this problem, post processing of the
data was performed. The first part in this post processing was centroiding of
the data, to represent each ion event only once in the data file. The centroiding
algorithm loops over all the pixel events for each laser shot. It starts with the pixel
event with the lowest time code and defines this as an ion event. It looks through
other pixel events to see if any are nearby, in the sense, that they are spatially
separated by three pixels or less and temporally separated by eight time codes
or less. If any nearby pixel events are found, these are include in the ion event.
The procedure is repeated for these pixel events to see if any more nearby pixel
events belong to the same ion event. When no more nearby pixel events are found,
the coordinates for the ion event are defined. The coordinates (both spatial and
temporal) are defined as the coordinates of the pixel event with the lowest time
code. If multiple pixel events in one ion event are registered with the lowest time
code, the coordinates of the ion event are the mean of the coordinates of these
pixel events. By inspection of ion events from many laser shots this procedure
was found to represent the data nicely.
Centroiding provides a single set of coordinates for each ion event. In addition,
it represents each ion event by the earliest light detected from the event. This
is of great importance since each ion event is typically spread over many time
codes (up to approximately 15 time codes, see reference [106]), mainly due to
the phosphor screen life time of 114 ns (100 % intensity to 10 % intensity) for the
P47 phosphor used in the MCP phosphor-screen assembly [119]. The outermost
pixels for each ion event receive less light than the pixels near the center of the
ion event. Therefore the central part of the ion event will exceed the threshold
voltage faster than the outermost part. As the timing of these first pixel events
are closer to the real time of the event, centroiding improves the time resolution
of the data.
After centroiding was performed it became clear that there was a slow drift
in the timing of the PImMS camera with respect to the laser system. This was
clear as the time codes for each peak in the PImMS data drifted. The drift most
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likely occurred inside the PImMS camera, since no drift was observed in the ion
time of flight measured with an oscilloscope capacitively coupled to the MCP
detector. To correct for this drift a reference time-of-flight spectrum was chosen.
All other spectra were convolved with this one. Each time-of-flight measurement
was shifted by the amount leading to the maximum in the convolution. This
ensured, that the time-of-flight for a certain ion mass did not change during the
experiment. This corrects for the long term drift of the time codes from the
PImMS camera, since it works on the timescale of minutes, corresponding to one
ion image being recorded.
In addition to the long term drift, the data also shows some shot-to-shot
fluctuations in the timing. The narrow peaks were observed to shift rapidly. To
overcome this problem, the position of the H+ ion was used as a reference and all
time-of-flight spectra were shifted to have the average position of the H+ peak at
the reference position. This peak was chosen since it is very short in time and was
present in practically every laser shot. Only very few laser shots did not result
in H+ ions in the spectrum. This shifting of the time codes was found to further
sharpen the time data. Also peaks from He+ ions and background gas get sharper.
Therefore, it is believed that the sharpening is caused by better synchronization
and is not an artifact induced by time-of-flight correlations between fragment ions
from the same molecule.
Correction for the long term time drift is much simpler and less time consuming, so it was employed in the majority of the analysis. Only in section 6.7, where
the time resolution is crucial was the shot-to-shot correction included. Future experiments could handle the shot-to-shot jitter by directing a small part of the
ionization pulse to the PImMS camera, to serve as an optical T = 0 peak in the
time-of-flight data.
Figure 6.4 shows the first ion data recorded with the PImMS camera in Femtolab. The data was recorded from BFCBP molecules adiabatically aligned in the
vertical direction. The molecules were Coulomb exploded with a vertically polarized 800 nm pulse. The lower panel of the figure compares the raw time-of-flight
measurement (light red) with the time-of-flight after centroiding and correction
for long term drift of the time codes (dark blue). It is seen that the centroiding
and long term drift correction improve the sharpness of the time-of-flight curves.
As an example, the FWHM width of the H+ peak is 35 ns, which is significantly
less than the lifetime of the phosphor screen [119]. This increase in the time resolution allows ion species of different mass-to-charge ratios to be clearly imaged.
The upper panel of Fig. 6.4 shows ion images recorded for selected peaks in
the time-of-flight spectrum. Several of the ion species display some structural
information already in these raw ion images. For instance, the N+ ions are seen
to recoil along the direction of the molecular axis as expected from their position
at the far end of the molecule. F+ , Br2+ , and Br+ ions recoil at an angle with
respect to the molecular axis. Because of the rotational symmetry around the
vertical direction, this leads to two tori around this axis. When projected onto
the two-dimensional detector, the tori appear as two broad lines perpendicular to
the axis of rotational symmetry. These ion images from PImMS provide a very
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Figure 6.4: Ion data obtained with the PImMS camera for BFCBP molecules
1D aligned in the vertical direction and ionized with a vertically polarized 800 nm
laser pulse. The lower panel shows time-of-flight mass spectra. Light red: Raw
time-of-flight mass spectrum. Dark blue: Time-of-flight mass spectrum after
centroiding and long term drift correction. Both time-of-flight curves have been
normalized to have an integral of 1. The upper panel shows the ion images for
selected regions in the time-of-flight spectrum. The label above each ion image
describes the dominant ion species in the image. The range of the color scale has
been chosen individually for each ion species.

neat and intuitive representation of the molecule. The aim of the experiments,
however, is the more detailed covariance analysis presented in the next section.

Covariance Analysis
As seen in the previous sections, the PImMS camera performed well in combination with velocity map imaging of charged fragments from Coulomb explosion
of aligned molecules. However, the images shown in Fig. 6.4 could have been
obtained using the existing setup and gating the MCP for each ion species sequentially, as described in section 3.2. Since the different fragment ions are recorded
for different laser shots, this method only allows the study of correlations between
ions of the same mass-to-charge ratio. This was used for the autovariance analysis
presented in [1].
This section describes how the PImMS data was used in covariance analysis of
correlations between fragments with different mass-to-charge ratios. As described
earlier, the PImMS data provides the (x, y, t) coordinates for each ion detection.
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All these data are added to give a summed image, like the ones seen in Fig. 6.4.
From this image the center of the image is determined. After this the spatial
coordinates are transformed to polar coordinates, where r is the distance in pixels
to the image center and θ is the angle between the ion hit and the vertical direction.
The PImMS data is a list of ion events recorded for each laser shot, l. A certain
time region is chosen to select all ion events from the ion species, X. In order to
calculate the covariance, the list of X events is binned by creating a histogram,
~ l,X of the angles. This histogram is specific to each laser shot and ion species.
Θ
~ l,X is a column vector, where each entry is the number of X ions detected
Θ
within each angle bin


Θl,X,1
 Θl,X,2


~ l,X = 
Θ
(6.2)
 ..
.
 .

Θl,X,nbins
Θl,X,i is the number of X ions detected in laser shot l for which θ is in the interval
[(i − 1/2) ∆θ, (i + 1/2) ∆θ[. Here ∆θ is the bin size and nbins = 360°/∆θ is the
number of bins of the histogram.
Similar to the autovariance of Eq. 6.1 from [108], CX,Y (i, j) is the angular covariance between the count rates of ion species X where θ is in the interval [(i − 1/2) ∆θ, (i + 1/2) ∆θ[ and ion species Y where θ is in the interval
[(j − 1/2) ∆θ, (j + 1/2) ∆θ[. It can be obtained as
CX,Y

N
N
N
1 X
1 X
1 X
Θl,X,i Θl,Y,j −
Θl,X,i
Θl,Y,j ,
(i, j) =
N
N
N
l

l

(6.3)

l

where N is the number of laser shots included in the analysis. As seen from the
form of Eq. 6.3, the calculation can be reduced to much simpler matrix algebra
with the vectors introduces in Eq. 6.2.
CX,Y =

N
N
N
X
X
1 X~
~ l,Y T − 1
~ l,X
~ l,Y T
Θl,X Θ
Θ
Θ
2
N
N
l

l

(6.4)

l

Instead of calculating each entry in CX,Y from Eq. 6.3 individually, all entries can
be calculated simultaneously using the relatively simple matrix notation above.
In the algorithm calculating the covariance in the laboratory, the procedure is
further simplified. The analysis of angular distributions result in a matrix of the
form





ΘX
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Figure 6.5: The contour plots show the matrices of equation Eq. 6.6 in the case
of angular distributions from F+ and Br+ ions from Coulomb exploding BFCBP
molecules 1D aligned with the molecular axis perpendicular to the detector. (a)
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calculated as the difference between (a) and (b). To ease comparison the range
of the color scale is the same in all three panels.
With this matrix the calculation becomes
CX,Y

N
1
1 X
= ΘX ΘY T − 2
ΘX
N
N
l

N
X

!T
ΘY

,

(6.6)

l

where the sum is performed over the laser shots (in the horizontal direction in
P ~
Eq. 6.5). Therefore, l Θ
X is really just the angular distribution of X ions in all
the laser shots. Notice that all the simplifications mentioned above are somewhat
artificial. All entries are calculated in exactly the same way. The difference is
more a question about esthetics and computational speed.
In the above discussion, the angular distribution was used as an example of an
observable in the calculation of the covariance. This was chosen since the angular
covariance is used in this and the following chapters. Any observable (radius, x
coordinate, time of flight etc), that can be assigned to a single ion hit can be
used in the analysis. The only requirement is that the observable is measured for
every ion detected at every laser shot. This rules out covariance analysis of e.g.
Abel inverted data and background subtracted data, where only the distribution
is known.
Figure 6.5 shows an example of the three matrices related by Eq. 6.6. The
data shows the matrices produced for the angular covariance map for F+ ions (ion
species X) and Br+ ions (ion species Y ) from BFCBP molecules. The molecules
were 1D aligned with the molecular axis perpendicular to the detector, so that
the F+ and Br+ ions form tori seen from the end and not from the side as seen
in Fig. 6.4. This produces uniform angular distributions, that are well suited to
display the matrices. The angles were sorted in bins of 2° width to produce the
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angular distributions. Panel (a) shows the probability to detect all combinations
of X and Y angles (the first term in Eq. 6.6). There is clearly some structure in the
matrix. Panel (b) shows the outer product of the two angular distributions (the
second term in Eq. 6.6). This matrix is constant except for some noise induced by
the binning of the angles and the relatively low spatial resolution of the PImMS
camera. This flat angular distribution is very suitable for covariance experiments
since fluctuations in sample density or laser intensity will correlate detection of
ions evenly distributed over the entire angular range. This implies, that the
covariance induced by fluctuations will lead to an overall increase in CF+ ,Br+ .
This is highly desirable, since it enables easy discrimination, between covariance
induced by fluctuations and covariance induced by the molecular structure.
The matrix shown in Fig. 6.5(c) shows the same structure as observed in panel
(a) but with a higher contrast. The effect of the covariance analysis is to correct
for detection of the uncorrelated events shown in panel (b). The structure seen
in panel (a) and (c) relates to the dihedral angle of the BFCBP molecule and is
discussed in section 6.5.

6.5

The Dihedral Angle of BFCBP

As seen from the covariance map in Fig. 6.5 (c), there seem to be a linear relationship between θF+ and θBr+ . The two angles seem to have the maximal covariance
on lines described by
(6.7)

θF+ = θBr+ + const,

where const can take four different values, approximately ranging from 40° to
320°. The four values of const are wanted since they relate to the structure of
the molecule. Instead of working with the matrix, where the interesting lines are
diagonal, a skew version of CF+ ,Br+ , called SF+ ,Br+ , is made. The entries in the
skewed matrix are produced from the equation
SF+ ,Br+ (i, j) = CF+ ,Br+ (i + j − 1

mod nbins , j) .

(6.8)

As seen from the equation above, the j’th column is shifted downwards by j − 1
entries. The modulo operator ensures cyclic behavior, so the j − 1 entries for
which nbins < i + j − 1 are taken from the entries with the lowest i. The result
of shifting the columns of CF+ ,Br+ to obtain SF+ ,Br+ is seen in Fig. 6.6. As seen
in panel (b), the lines of constant θF+ − θBr+ are now horizontal.
In order to obtain the four values of const, that represent the most probable
combination of θF+ −θBr+ a sum is performed in the horizontal direction, resulting
in the vector
X
~ F+ ,Br+ (i) =
S
SF+ ,Br+ (i, j).
(6.9)
j
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Figure 6.6: Three different representations of CF+ ,Br+ . The data is the same as
what was used in Fig. 6.5. (a) shows the initial matrix CF+ ,Br+ as in Fig. 6.5(c)
(b) shows the skew version SF+ ,Br+ where the each column has been shifted as
~ F+ ,Br+ as filled black circles,
described in the discussion of Eq. 6.8. (c) shows S
~ F+ ,Br+ is shown as
calculated from Eq. 6.9. A fit of four Gaussian functions to S
a light red curve.

Each entry in this vector is the sum of the covariances of entries in which the
difference in detection angles of F+ and Br+ ions has a certain value. The entries
~ F+ ,Br+ , thus correspond to the most probable differwith the highest values in S
+
~ F+ ,Br+ as a function of
ence in angle between F and Br+ ions. The value of S
+
+
θF − θBr is plotted in Fig. 6.6(c). A sum of four Gaussian functions was fitted
to the data set. This fit is shown in Fig. 6.6(c) as a light red curve. From the fit,
the centers of the four peaks are found at 43.4°, 137.3°, 222.9°, and 317.0°. Since
the molecule is seen in end-view, these angles are related to the dihedral angle,
φd , of the molecule shown in Fig. 6.1(b).
In the axial recoil approximation, where the fragment ions from the Coulomb
explosion are ejected from the molecule along the axis of the bond they formed
in the molecule [21], the dihedral angle is exactly the difference in angle between
F+ and Br+ ions. Therefore the centers of the peaks in the fit above can be
interpreted as the average dihedral angle, hφd i. The four different values all
represent the same dihedral angle. Two of them appear due to the presence of
two fluorine atoms in every molecule. One fluorine gives a signal at φd . The
other gives a signal at 180° + φd . Each of these peaks have a twin, that is
mirrored around 180°. This mirrored peak appears since the molecular sample is
not oriented and/or because the molecular beam exists as a racemic mixture of
the two enantiomers of BFCBP. In an enantiopure sample, that is oriented, the
data in Fig. 6.6 would only show two probable values of θF+ − θBr+ . This subject
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will be discussed again in section 6.7.
The two peaks from neighboring fluorine and bromine atoms (found at φd ≈
40° and φd ≈ 320°) are broader and lower than the peaks from fluorine and
bromine on opposite sides of the molecules (found at φd ≈ 180±40°). This difference in width is believed to arise from the different Coulomb interactions found
between neighboring and opposite pairs of F+ and Br+ ions. Since the peaks
from F+ and Br+ ions from opposite sides of the molecule give rise to the narrowest peaks, these were chosen for the determination of the dihedral angle. The
result is hφd i = 42.8°. The FWHM of the peaks from neighboring (opposite side)
fluorine-bromine pairs in the fit in Fig. 6.6 is 47.3° (40.9°). The width of these
peaks are believed to reflect the Coulomb explosion dynamics and the imperfect
alignment, rather than the distribution of dihedral angles in the molecules probed.
This is supported by a similar analysis of the angular covariance between Br+ and
Br+ ions and between F+ and F+ ions. This analysis shows a strong covariance
signal at 180° with a width of 44.0° for the Br+ -Br+ covariance and 51.4° for
the F+ -F+ covariance. These covariance signals are independent of the dihedral
angle in the molecule, since both observables are on the same benzene ring. Since
these widths are similar to the ones measured between Br+ and F+ ions the
Coulomb explosion process and imperfect alignment are believed to be the main
contributions to the width. Similar widths are found in a number of experiments
on Coulomb explosion of other molecules – see the discussion in section 6.8.

6.6

Covariance Images

Section 6.5 showed how the angular covariance maps were used to characterize
the molecular structure of the BFCBP by determining the dihedral angle φd .
This angular covariance map is very similar to the time-of-flight covariance map
introduced by Frasinski et al. [108]. In the analysis presented so far only the
angle in which the ion is detected is used. No information about the speed of
the fragments is found in the covariance maps. In addition, it requires some
experience to become familiar with the covariance maps.
A more intuitive presentation of the data is the covariance image introduced
by Slater et al. [106]. These show the emission velocity of one ion species relative
to another ion species. As the name suggests, covariance is employed to relate
the two ions to each other and produce these images. The analysis begins by
defining a unique pixel number p for each pixel. Similar to Eq. 6.2 the following
vector is constructed for each laser shot, l, and each ion species X


Pl,X,1
 Pl,X,2


~l,X = 
P
(6.10)
 ..
.
 .

Pl,X,nbins
In the equation above, Pl,X,p is the number of X ions detected on pixel number
p in the l’th laser shot. When this list of detections in each pixel is constructed
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it is straightforward to calculate a pixel-to-pixel covariance map, describing the
correlation between ions detected in different pixels. The calculation is performed
in the exact same way as for the angular covariance. The result is, however, not
directly useful. Since each pixel number represents two dimensions (x and y), the
covariance map represents data in four dimensions.
No good way was found to represents the pixel-to-pixel covariance map directly. Instead, focus was moved to one ion species, Y . For each pixel, pY , the
covariance between the amount of Y detected on this pixel and the amount of X
on all other pixels can be found. This data corresponds to one column in the big
pixel-to-pixel covariance map. Since the focus is now on only one pixel for the Y
data, the X data can be converted from a long list labeled by pixel numbers into a
matrix labeled by x and y coordinates of each pixel. This is just a rearrangement
of the data. In this way, the covariance between the amount of Y signal at pixel
pY and the amount of X signal on all pixels is collected in the matrix IpY . This
matrix has the same dimensions as the PImMS sensor and is best thought of as
a picture of the probability to detect X, when Y was detected at pY .
The covariance image is obtained as follows. IpY is produced for all pY . The
angle θ (pY ) of the pixel pY is computed from the x and y coordinates of pY .
IpY is rotated by an angle of −θ (pY ). The covariance image, ImX,Y is the
sum of all the rotated IpY . The rotation results in all the Y ions being detected
vertically above the center of the covariance image. The position of a signal in
the covariance image therefore corresponds to the velocity of the X ion in the
reference frame where Y was moving in the vertical direction. Therefore Y is
called the reference ion, and X is called the imaged ion. The covariance map
is still only two-dimensional. The coordinates describing the data in the images
are (in the polar coordinates) θX − θY and rX . This information is therefore not
exactly the same as the angular covariance map, even though there is a large
overlap between the two.
Figure 6.7 shows four examples of covariance images for BFCBP horizontally
1D aligned. The images are produced from the same data shown in Fig. 6.5. Panels (a), (b), (c), and (f) show the raw ion images. These clearly show the circular
symmetry around the horizontal axis perpendicular to the detector. Apart from
this, they reveal very little about the molecular structure. Panels (d), (e), (g),
and (h) show covariance images. Each covariance image is produced using the
ion image shown to the left as reference ion and the ion image above it as the
imaged ion. For the F+ and Br+ ions, this gives four combinations of reference
and imaged ions.
Panel (d) shows the covariance image of F+ ions using F+ ions as reference ion.
The most significant contribution to this image is the large vertical line above the
center. This is the strong autovariance signal, caused by the correlation between
an ion and itself. Not much information is extracted from this line. The most
interesting feature is the signal below the center. This is caused by an F+ ion
emitted in the opposite direction of the F+ ion used as reference. In other words,
this is caused by the detection of two F+ ions from the same molecule. With the
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Figure 6.7: Covariance images for F+ and Br+ ions and the ion images, from
which they are derived. The data was recorded for BFCBP molecules in horizontal
1D alignment. The velocity of the reference ion is vertical in the upwards direction.
(a) and (b) show ion images of the imaged ions. (c) and (f) show ion images of
the reference ions. (d), (e), (g), and (h) show covariance images, for the ion
image in the same column, using the ion image in the same row as reference.
The range of the color scale is the same in all ion image and the same in all
covariance images. The range was chosen to highlight interesting features in the
images. Therefore some features (the H2 O+ ion signal in the F+ ion images and
the vertical autovariance line in the covariance images) substantially exceed the
range of the color scale.
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molecules 1D aligned in the horizontal direction, this signal is expected to appear
at an angle of 180° with respect to the reference ion. As it appears directly below
the center, this expectation is fulfilled. However, the signal also has a finite size,
indicating, that the axial recoil approximation is not perfectly fulfilled, or that
the molecules are not perfectly aligned as discussed in section 6.5.
Panel (e) shows the Br+ covariance image with F+ as reference ion. Since it
shows the correlation between two different ion species, no autovariance signal
is seen. The signal is split into four different peaks. As discussed, these appear
partly due to the presence of two bromine atoms in each molecule, partly because
the sample is not oriented and not enantiopure. This results in four possible recoil
directions in the reference frame of the fluorine containing benzene ring.
Panel (g) displays the covariance image of F+ ions using Br+ ions as the
reference. The image is very similar to the one in panel (e). The four areas of
signal from F+ ions are seen at larger radii. This is a result of the larger mass of
Br+ ions compared to F+ ions. In the Coulomb explosion, more kinetic energy
is transferred to the fragments of low mass. This is also apparent from the raw
ion images in panels (a) and (b). In addition there is a noisy region in the center
of the image. This is the result of ionization of water. Owing to the large kinetic
energy of F+ ions the time-of-flight region assigned to F+ ions is so large that
it includes the singly charged water ion. The four different F+ ion velocities
appearing when fixing the Br+ velocity are discussed again in conjunction with
Fig. 6.9.
Panel (h) contains the covariance image of Br+ ions using Br+ as the reference
ion. This image shares the features of the image in panel (d). A strong line above
the center correlates detection of an ion with itself. The signal below the center
appear at lower radii than for F+ ion. In addition it looks a little smaller in size.
This is consistent with the discussion in section 6.5.
While the covariance images in Fig. 6.7 show information very similar to the
angular covariance maps, Fig. 6.8 presents a view of the molecule from a different
perspective. The figure shows covariance images of fragment ions from BFCBP
recorded with vertical 1D alignment of the molecules. Now the images are not
sensitive to the dihedral angle, but to the angle between the most polarizable
axis and the recoil directions of the fragments, e.g. θF and θBr defined in Fig. 6.1.
This is highlighted by using the N+ ion as the reference for the covariance images.
This ion is expected to recoil along the most polarizable axis of the molecule.
From the raw N+ ion image in panel (d) it is seen that the N+ ions exhibit
an angular emission distribution that is strongly peaked in the vertical direction.
Panel (a) shows the ion image for H+ . It is seen that there is a vertical component
and a horizontal component. From the covariance image in panel (e) it is seen
that the horizontal component is similar to what was seen in the ion image. The
vertical component, however, is only present in the lower part of the image. The
part in the top is not present in the covariance image. This agrees with the
two different sites at which the hydrogen atom is present in the molecule – see
Fig. 6.1. The hydrogen atoms in the orto position with respect to the biphenyl
axis are expected to recoil approximately in the horizontal direction when the
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Figure 6.8: Covariance images for H+ , F+ and Br+ ions using N+ as the reference
ion. The molecules were vertically 1D aligned prior to Coulomb explosion. The
velocity of the reference ion is vertical in the upward direction. (a), (b), and (c)
show ion images of the imaged ions. (d) shows an ion image of the reference
ions. (e), (g), and (h) show covariance images, for the ion image in the same
column. (h) and (i) show the Abel inversion of the covariance images in (f) and
(g) obtained using the pBasex algorithm – see text for details.

molecule is aligned in the vertical direction. The hydrogen atom in the para
position, however, is expected to recoil along the most polarizable axis in the
opposite direction of the nitrogen atom. This is manifested in the covariance
image, since the H+ is only observed in the lower part of the covariance image.
In addition, the low energy H+ ions in the center of panel (a) are not seen in the
covariance map. They are not correlated with N+ ions and are believed to arise
from ionization of H2 in the background gas present in the target chamber.
Panel (b) shows the projection of the double torus structure of the F+ ions
also seen in Fig. 6.4. The emission direction of F+ ions is clearly split in a part
in the upward direction and a part in the downward direction. This shows that
the F+ ion has a large recoil in the direction of the most polarizable axis with
a minimum in the plane perpendicular to it – a characteristic that will be used
in section 6.7. The ion image is up-down symmetric. The covariance image in
panel (f), however, is very up-down asymmetric. The signal appears exclusively
in the upper part. This is perfectly consistent with the fact that nitrogen and
fluorine atoms are bonded to the same benzene ring, on neighboring carbon atoms
(Fig. 6.1).
In panel (c) the ion image of Br+ shows the same structure as the F+ ion image.
The ions appear in two broad lines, and there is a minimum of Br+ ion emission
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in the plane perpendicular to the most polarizable axis. The Br+ covariance
image is also up-down asymmetric. However, the signal appears exclusively in
the lower half of the image. In BFCBP, bromine and nitrogen atoms are located
on different benzene ring, almost opposite each other. This is clearly revealed in
the covariance images.
From the covariance images in panel (f) and (g) it is clear, where in the
molecule, bromine and fluorine atoms are substituted. This was the first demonstration of the ability of the covariance images to provide structural information,
since there was some controversy about the structure of the molecule. The covariance analysis showed that the nitrile group was on the fluorine substituted
benzene ring, whereas the NMR spectra performed by the chemists who synthesized the sampled showed it on the bromine containing ring. A lot of effort
was put into checking the sign and origin of all angles, the time-of-flight regions
for all species, etc. In the end the conclusion was that the covariance analysis was right. But so was the NMR study. It turned out that there were two
samples in the chemical storage, 3,5-difluoro-3’,5’-dibromo-4’-cyanobiphenyl and
3,5-difluoro-3’,5’-dibromo-4-cyanobiphenyl (the only difference is the position of
the nitrile group). We had taken one sample and discussed with the chemists
who synthesized the other sample. In the end, this little controversy increased
our faith in the PImMS data and the covariance analysis.
Assuming perfect vertical 1D alignment of the molecules, the covariance images in panels (f) and (g), represent two dimensional projections of three dimensional velocity distributions showing rotational symmetry around the vertical axis.
Therefore inverse Abel transformation of the data will provide the full three dimensional distribution and reveal the angle between the most polarizable axis
and the velocity of the Br+ or F+ ions. This inverse Abel transformation was
performed using the pBasex [68] algorithm with 128 radial and 10 angular basis functions. The results are seen in Fig. 6.8(h),(i). The two panels show cuts
through the full three-dimensional distribution. The peaks in the angular distributions from pBasex give the most probable angle between N+ and F+ ions and
between N+ and Br+ ions. The peak was defined as the region where the angular
distribution exceeded 30 % of the peak height. The average angle weighted by
the angular distribution was determined. The average angle is 60.7° for F+ ions
and 126.3° for Br+ ions. From these values the angles defined in Fig. 6.1 are
θF = 60.7° and θBr = 53.7° and the uncertainty in the peak position is estimated
to be around 1°. Both these angles are expected to be close to 60°, so the result
for θF fits the expectation. The result for θBr , however, does not agree with
the expected value. The discrepancy is thought to be mainly caused by non axial
recoil and is a fundamental limitation in Coulomb explosion imaging experiments.
The measurement shows that it is possible to probe the structure of the
molecule using Coulomb explosion in combination with covariance analysis of
the fragment ion velocities. The measured angles are within a few degrees of the
expected values. This is really a remarkable accuracy for an ultrafast probe of
structure of gas phase molecules. Pulsed electron sources [96] and x-ray pulses
from free-electron lasers [81] are other candidates for similar ultrafast gas phase
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structural determination. These are, however, technically much more involved.
The femtosecond nature of the probe pulse makes the covariance measurement
an obvious probe in a pump-probe experiment performed with table-top laser
sources. This kind of experiment was conducted on a molecule very similar to
BFCBP and will be discussed in chapter 8.

6.7

Chirality

As mentioned in section 6.5 the two enantiomers of BFCBP give rise to two
different signals in the angular covariance maps. It would be of great interest to
be able so determine directly, the handedness of a molecule from the covariance
data. Such chiral recognition has recently been performed using coincidence
measurements in a COLTRIMS setup [110] and using microwave spectroscopy
[120]. This section describes how this is also possible with data from the PImMS
camera.
In the experiment described below, the BFCBP molecules were horizontally
1D aligned and ionized by circularly polarized 800 nm laser pulses. This probe
was chosen to test if one helicity would favor ionization of one enantiomer over the
other. The sample is a racemic mixture and the circularly polarized probe was
seen as the only possible way to produce a signal with an excess of one enantiomer.
Circular dichroism is a well known phenomenon, but the effects are usually very
small, and at the time of the experiment it was clear that we would probably not
see any effect. The experiment described below is mainly meant as an illustration,
that chiral recognition is possible using the combination of alignment and angular
covariance.
As mentioned earlier the BFCBP molecule is an axially chiral molecule. Hence
it does not have a chiral center, but an axis of chirality (along the C-C bond
joining the two benzene rings) [121]. The two enantiomers of a molecule are
labeled as the P and M enantiomers. The P (plus) enantiomer forms a righthanded helix, whereas the M (minus) enantiomer forms a left-handed helix around
the axis of chirality. Both enantiomers are shown in Fig. 6.9
The result of the data analysis of section 6.5 was to measure the dihedral
angle, including its sign. Since the sign of this angle is different for the two enantiomers, it seems obvious to try to assign the handedness of the molecule. There
is, however, a problem. In velocity map imaging, only two dimensions of the
ion velocities are measured. In this projection all information about the handedness of the molecule is lost, since chirality is a three dimensional phenomenon.
However, all hope of chiral recognition using velocity map imaging is not lost.
The role of the third dimension can be played by the orientation of the molecule.
This is seen in Fig. 6.9. For simplicity, the molecules are rotated to have the
bromine-containing benzene ring in the vertical direction in all panels. This does
not affect θF+ − θBr+ , since both angles are changed by the same amount when
the molecule is rotated around the most polarizable axis.
If a molecule is oriented it is enough to measure the sign of φd to determine
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Figure 6.9:
Effect of orientation and chirality on the sign of the measured
dihedral angle as seen from the detector. (a) shows the orientation that leads
to an early F+ ion signal. (b) [(c)] shows the sign of the dihedral angle seen by
the detector for the M [P] enantiomer. (d) shows the orientation that leads to
a late F+ ion signal. (e) [(f)] shows the sign of the dihedral angle seen by the
detector for the M [P] enantiomer. The circular axes in the lower panels indicate
θF+ − θBr+ .

its handedness. In the discussion in this section φd only refers to the angle
between two neighboring fluorine and bromine atoms and thus φd ≈ ±43°. In
earlier experiments it has been attempted to mixed-field orient the molecule [122].
This resulted in a very low degree of orientation. The reason for this is not well
understood, but as mixed-field orientation couples pendular states that are nearly
degenerate [31], it could be problematic that the low energy torsional vibrational
states are also degenerate. These vibrational modes will be discussed in more
detail in chapter 7. For now I assume that it is not possible to mixed-field orient
the molecules to an extent, that will be useful for chiral recognition.
A very similar approach to chiral recognition is much more successful. Instead of orienting the sample as previously attempted, the orientation can be
determined from the PImMS data. This is possible in the horizontal alignment,
since the fluorine ion recoil velocity has a component along the laser polarization
as seen for vertically 1D aligned molecules in Fig. 6.8(b). When the alignment
is changed to horizontal 1D, an F+ ion will either have an initial velocity towards or away from the detector, depending on whether the fluorine end of the
molecule is pointing towards or away from the detector. This velocity results
in a reduced or increased time of flight which can be measured by the PImMS
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Figure 6.10: The time-of-flight mass spectrum for BFCBP in horizontal 1D
alignment ionized by 800 nm pulses of circular polarization is shown by the light
red line. Compared to the time-of-flight spectrum in Fig. 6.4, some peaks (e.g. the
F+ and N+ peaks) have split and now appear as two peaks due to the horizontal
1D alignment. The inset shows a magnification of the region around the arrival
time of F+ ions. Light red filled circles show the experimental data. It is clearly
split into an early and a late part. Three selected peaks are marked as early
(subscript E) or late (subscript L) parts of the F+ and N+ distributions. Two
Gaussian functions (dotted black lines) and their sum (full black line) are plotted
in the inset. These where fitted to the F+ peaks and are meant as a guide to the
eye. Shaded gray areas mark the regions used as early and late F+ ions in the
analysis.

camera. A magnification of the time-of-flight spectrum around the arrival time
of the F+ ions is displayed in Fig. 6.10. It is seen that the F+ ion time of flight
is split into two peaks. This means that, even though it is not possible to orient
the molecules, an oriented subset of the molecules can be selected for the data
analysis. The same argument holds for the Br+ ions. They also show a minimum
of emission in the direction perpendicular to the most polarizable axis as seen in
Fig. 6.8(b). However, natural bromine exists as the two isotopes 79 Br and 81 Br in
almost equal amounts. This means that the Br+ time of flight depends on both
the orientation of the molecule and the isotope. This hinders the determination
of the orientation of the molecule in the time-of-flight spectrum.
From Fig. 6.10 it is clear that the F+ ions arrive in two (partly overlapping)
distributions. The dotted lines in the inset show two Gaussian functions fitted
to the time-of-flight. From these two functions the degree of orientation was
estimated as the ratio of the amounts of ions in the early and the late part.
The result was that 51 % arrive in the early peak. This degree of orientation is
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Figure 6.11: Angular covariance matrix and skew projection showing the signal
from the P and M enantiomers in the early part of the F+ ions. (a) shows
the angular covariance map CF+ ,Br+ . Each broad line of high intensity in the
covariance map arises from a single enantiomer. (b) shows the skew projection
~ F+ ,Br+ as filled black circles. A fit of four Gaussian functions to S
~ F+ ,Br+ is
S
shown as a light red curve. Each enantiomer gives rise to two peaks in (b). The
enantiomers are labeled as P or M below the peaks.

practically non-existing and could arise from a detector dead time from the early
F+ ions, decreasing the detection probability of the late F+ ions. In addition
the value is obtained from a fit of only a few points. The number does however,
agree well with what was observed by Hansen [122]. This only shows that mixedfield orientation is not a viable way to obtain oriented samples of the biphenyl
compounds studied.
Analysis on an oriented sample of the BFCBP was performed by calculating
the angular covariance map where one ion species includes all Br+ ions and the
other ion species includes F+ ions with a time code less than 454. The same
analysis was performed on the molecules oriented the other way. These were
chosen as molecule with a time code larger than 454. The shaded gray areas in
the inset of Fig. 6.10 show the time-of-flight region used for the two orientations.
The angular covariance maps for these two F+ ion orientations were produced.
~ F+ ,Br+ , is shown
An example of such a covariance map and its skew projection S
in Fig. 6.11(a) and (b). As illustrated by Fig. 6.9 each enantiomer in an oriented
molecule will lead to two possible values of φd in the measurement. Therefore it
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is possible to assign an enantiomer to each of the peaks in Fig. 6.11(b). These
are labeled as P and M beneath the peaks. In order to determine the amount of
~ F+ ,Br+ .
each enantiomer ionized, a sum of four Gaussian functions was fitted to S
The area beneath each of the Gaussian functions in the fit was calculated. These
were divided by the same areas from the entire F+ time-of-flight region in order
to correct for differences in the detection efficiency. The amount of signal in the
peaks separated by 180° were added, since these arise from the same enantiomer.
This procedure was repeated for the early F+ ions and late F+ ions to get both
orientations and for circularly polarized ionization pulses of both positive and
negative helicity. In this way the probability for the two helicities to ionize the
two enantiomers were compared.
The circular polarization was obtained by inserting a quarter-wave plate in
the ionization beam. The directions of the two axes (fast and slow) in this
quarter-wave plate were found, but it was not investigated which axis was fast
and which was slow. Therefore circular polarization of both helicities could be
produced, but it is not known which helicity was positive and which was negative.
It was not possible to investigate how well for example left hand circular light
ionizes the P enantiomer, only the difference between the two helicities could
be investigated. Therefore the result is labeled as "process 1" and "process 2".
Process 1 includes all P enantiomers ionized by one helicity and all M enantiomers
ionized by the other helicity. Process 2 includes the two other combinations.
Since the measurement was performed with two helicities and two orientations,
the probability for each process was measured four times. This lead to the result,
that process 1 gave rise to 50.5(5) % of the signal and 49.5(5) % arose from process
2. The uncertainty is the standard deviation from the four different measurements.
It is seen that both numbers are approximately one standard deviation from 50 %.
Hence no circular dichroism was observed within the uncertainty.
This experiment showed that it is possible to distinguish the two enantiomers
of BFCBP. Ionization by a circularly polarized laser pulse was chosen, because it
may preferentially ionize one enantiomer. No such preference was observed and
the main result of the experiment was the chiral recognition. These measurements
rely on the temporal separation of F+ ions and would gain from a higher time
resolution, to completely separate the early F+ ions from the late F+ ions. Lower
extraction fields on the VMI electrodes would give longer flight times but also
larger images on the detector. Other experimental parameters, such as a larger
detector, shorter VMI spectrometer, or heavier substituent observables would
increase the splitting induced by orientation. These were, however not practical
in the present experiment, but should be considered in future experiments.

6.8

Conclusion and Outlook

This chapter has shown some of the potential uses of covariance analysis in combination with velocity map imaging. These measurements were only possible,
because the PImMS camera allows identification of the different ion species from
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the ion time of flight. The dihedral angle of BFCBP was measured from the
angular covariance maps similar to the time-of-flight covariance introduced by
Frasinski and coworkers [108]. Previously, this dihedral angle was only determined from the difference between the average of the Br+ angle and the average
of the F+ angle. The covariance analysis measures the angle between pairs of F+
and Br+ ions from the same molecule and is therefore a much better observable.
For instance, it does not require the molecules to be 3D aligned to work.
The covariance images introduced in reference [106] were used to describe the
geometry of the molecule when seen from the side. These images are in many
ways a more intuitive representation of the covariance data, since they directly
show, the velocity of one ion in the combined reference frame of the alignment
laser and the reference ion velocity. These images were used to determine the
angle between the C-F bond and the molecular axis and between the C-Br bond
and the molecular axis.
All the angles determined from covariance analysis rely on axial recoil of the
fragment ions. As seen from the width of the angle between pairs of Br+ ions, the
ions do not recoil perfectly along the bond axis, thereby limiting the accuracy of
the method. The strength of the measurements is that the probe is a femtosecond
laser pulse. Therefore the measurement is very suitable for pump probe schemes,
where the covariance measurements are used to follow the structural dynamics in
a molecule. Such pump probe measurements are described in much more detail
in chapter 8, where they are used to follow the torsional motion of a biphenyl
compound.
The widths of the measured peaks in the angular covariance maps are an
ongoing study in the laboratory at the time of writing. As seen in this chapter,
the peaks have a FWHM of tens of degrees. This is also the case for unaligned
molecules of a symmetry that should lead to back-to-back emission in the axial
recoil approximation. This is a problem, since the degree of alignment is often
characterized by the width of a peak the angular distribution. From the width
of the peaks in the angular covariance maps it seems that non-axial recoil may
contribute much more to the width in the angular distributions than previously
assumed. Thus the degree of alignment inferred from the angular distributions
is probably underestimating the true degree of alignment. This work is mainly
performed by Lars Christiansen and Benjamin Shepperson. Another motivation
for them has been the difference between the Coulomb explosion of molecules in
a supersonic jet and in helium nanodroplets.
The experiments also showed that it is possible to identify the two enantiomers
of BFCBP. This was done using the angular covariance map in combination with
selection of an oriented sample based on the time of flight of the F+ ions. No
circular dichroism effect was observed in the molecule. However, the analysis
showed how the discrimination is possible. This measurement relies on the temporal separation of F+ ions and would gain from a higher time resolution, to
completely separate the early F+ ions from the late F+ ions. As mentioned earlier the circular dichroism effects are often very small. Future experiments could
include measurements on photoelectron circular dichroism, which have shown
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much larger effects, [123, 124]. This could be done by switching the VMI polarity
to first record the electrons and subsequently the ions as was shown in reference [125]. Such a measurement would allow a triple angular covariance map of
two ion species and the electrons. Such triple covariance maps have been applied
to time-of-flight measurements [126]. This would allow a certain volume in the
covariance map to describe the photoelectron angular distribution from one enantiomer and another volume to describe the photoelectron angular distribution of
the other enantiomer. If the molecules are ionized by circularly polarized light,
such angular distributions should show photoelectron circular dichroism.
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7

Simulation of Torsional Motion
In this chapter I will describe the interaction between laser pulses and biphenyl
compounds leading to a torsional motion in the biphenyl compound. The purpose of this description is twofold. First the interaction between an intense,
nonresonant laser pulse and the molecule provides an insight into the physical
mechanisms behind the experiments in chapter 8. The interaction is described in
section 7.1. Second, the interaction is used in a model simulating the experiments.
The model has been developed in several steps, all describing the motion of the
two benzene rings in biphenyl molecules.
The first model was developed by Christian B. Madsen [127] and applied to the
torsional motion in two different biphenyl compounds [1, 2]. Experimentally, the
molecule was 1D or 3D aligned and then subjected to a kick pulse initiating both
a rotation around the long axis of the molecule and a torsional motion. The model
separates the motion of the molecule into a rotational part and a torsional part.
The rotational part was treated classically and the model is therefore termed the
semiclassical model or the 1D model, since only the torsion is described quantum
mechanically. The semiclassical model is discussed in section 7.2.
A new model was introduced by Christian Brandt in the work described in
his master’s thesis [4]. Here it was shown that the separability employed in the
semiclassical model is only a good approximation in a short time interval after
the kick pulse. The new model described the motion of the benzene rings individually in a fully quantum mechanical treatment. In reference [4] this so-called
two-dimensional (2D) model was applied to describe the experimental results of
Hansen and coworkers [1]. While the model gives a more complete description
of the torsional motion of the molecules following the interaction with a laser
pulse, it still does not describe the experimental conditions perfectly. The simu99
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lations assumes that the molecule experiences no external fields, except for the
kick pulses used to induce the torsional motion. In the experiments by Hansen,
the molecules were 3D aligned by a nanosecond laser pulse during the entire interaction and subsequent motion. This alignment field affects both the initial state
prior to the kick pulse and the dynamics of the final states but is not included in
the 2D model. The 2D model is described in section 7.3.
The semiclassical and 2D models are not the only models aiming at describing
the interaction between laser pulses and the torsion in biphenyl (and similar)
compounds. References [128, 129] describe the model employed by the group of
Tamar Seideman and an application of it to study the effect of dissipation on the
torsional motion. This model fixes one phenyl ring in space and describes the
motion of the other phenyl ring in a basis. The basis is the eigenstates for the
field-free molecule, assuming a model potential, resulting in analytical expressions
for the basis functions.
Reference [130] studies torsional motion induced in an substituted biphenyl
compound displaying axial chirality and possessing four stereoisomers. The approach is to fix one phenyl ring in space and describe the motion of the other
ring. This is done in the basis that diagonalizes the time-independent Schrödinger
equation. Time-dependent interactions between the (permanent) electric dipole
moment and exotic subcycle laser fields are studied and a pump-dump scheme
for enantiopurification is developed. The same approach (combined with UV electronic excitation) has resulted in a number of schemes able to switch between two
chiral or between chiral and achiral isomers of axially chiral molecules [131, 132].
The semiclassical and 2D models describe the majority of the physics involved
in the experiments of chapter 8. The simulation of torsional motion in this thesis employs an extension of these models. To better describe the experiments I
included the effect of 3D adiabatic alignment in the 2D model. This extended
2D model is described in section 7.4. The simulations with the model use a further development of the Matlab code written by Christian Brandt. The reader
is referred to his thesis for details about the semiclassical model and original 2D
model [4]. The description in this thesis only provides an overview of the semiclassical and 2D models and their approach to the problem. Section 7.5 includes
the results of some simulations using the extended 2D model. The model was
used to simulate the experiments of torsional motion presented in chapter 8 and
reference [133]. I acknowledge the work and assistance of Christian B. Madsen,
Christian B. Brandt, and Lars Bojer Madsen regarding the models presented in
this chapter.

7.1

Laser-Molecule Interactions

This section describes the interaction between the laser field and the molecule under experimental conditions similar to those described in chapter 8. The molecule
studied is 3,5-difluoro-3’,5’-dibromo-4’-cyanobiphenyl (FBCBP), but the models
are easily applicable to similar molecules. The long (most polarizable) axis in
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Figure 7.1: Sketch of the FBCBP molecules relative to the coordinate system
used in the models. Each ring is free to rotate around the z-axis shown in (a).
(b) shows the two angles φF and φBr describing the individual rotation of the two
benzene rings as the angle between the benzene rings and the x-axis. The sign of
the angle is positive from the x-axis to the y-axis. Thus φF < 0 and φBr > 0 for
the molecule i (b).

the molecule is fixed along the z-axis, as seen in Fig. 7.1(a). Therefore the only
motion allowed in the molecule is the rotation of the two benzene rings around
the z-axis. Each of these rotations is described by a coordinate, φF and φBr , describing the angle between the benzene ring and the x-axis as shown in Fig. 7.1(b).
The angles are calculated with a sign, so that the dihedral angle, φd , the angle
between the two benzene rings is given by
φd = φBr − φF .

(7.1)

Note that in this chapter the sign of φd is defined as in the theoretical work on
the models. This sign convention is opposite, the sign used in the experiments of
chapter 6 and chapter 8. This should not cause too much confusion, since usually
the absolute value of φd is discussed.
Within the molecule the two benzene rings interact giving rise to a torsional
potential, Vtor , shown in Fig. 7.2. The torsional potential is most easily seen
as an interplay between the conjugated electron system of the two rings favoring a planar geometry (and an even larger conjugated electron system) and the
steric hindrance between the hydrogen atoms on each ring disfavoring the planar
geometry. This leads to a minimum in Vtor close to φd = 39°, as seen in Fig. 7.2.
The figure shows a quantum chemical calculation (at density functional theory
level [134, 135] using Turbomole 6.4 [136], as described in Ref. [1] performed by
Mikael P. Johansson) of FBCBP as filled light red circles. Also shown is a fit to
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Figure 7.2: Torsional potential for FBCBP. The filled light red circles display
the result of a quantum chemical calculation (see text for details). The blue line
is a fit to the calculation and served as the potential used simulating the torsional
motion in the biphenyl compound.

this data (blue line) of the form
Vtor =

6
X

ak · cos (2kφd ) ,

(7.2)

k=0

where ak are fitting parameters. From the fit, the following values were found,
(a0 , a1 , . . . , a6 ) = (1.52, −0.508, 1.41, 0.229, 0.0427, 0.00210, 0.00489) · 10−3
in atomic units. This potential is slightly different from the potentials used
in references [2, 4], since this calculation was performed on the molecule with
the cyano group. The earlier calculation neglected the effect of this group. A
comparison to the earlier potentials shows that the cyano group only weakly
changes the shape of the torsional potential.
The potential enables torsional vibrations to occur, in the sense that a wave
packet can be trapped, oscillating between the two sides of one of the four potential wells. The wave packet can be created from the vibrational ground state by
an intense nonresonant laser pulse, a so-called kick pulse. The laser field interacts
with the molecule via the Stark effect. The polarizability tensor of the molecule
depends on the dihedral angle and hence, the laser pulse will initiate a change
in the dihedral angle. A molecule placed in a laser pulse of electric field, F~ will
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experience a second-order Stark shift given by
1
Vkick = − F~ † αF~ ,
2

(7.3)

where α is the polarizability tensor. Elaborate derivations of this expression
based on stimulated Raman transitions are given in references [4,137], where it is
applied to rotational and torsional wave packets. Exploiting that the laser pulse
is polarized in the x-direction in the laboratory frame and the long axis of the
molecule is fixed, Eq. 7.3 can be written in the more explicit form

2
Vkick (t) = − F0 4(t) αxx cos2 φBr + αyy sin2 φBr − 2αxy cos φBr sin φBr , (7.4)
where F0 (t) is the electric field amplitude and Vkick (t) is averaged over one
laser period. In this definition the bromine-substituted benzene ring acts as
reference, when transforming from the laboratory frame to the molecular frame.
This means that the polarizability tensor takes a simple form depending only on
the dihedral angle. The polarizability tensor was calculated by Mikael Johansson
(see comments for Eq. 7.2) and in atomic units the relevant entries are:
αxx =220.5 + 17.00 · cos (2φd )

(7.5)

αyy =130.1 − 20.13 · cos (2φd )

(7.6)

αxy = − 18.85 · sin (2φd )

(7.7)

Combined with the torsional potential, Vkick is used to describe the dynamics
of the molecule. In the quantum mechanical description, the molecule is described
by the two coordinates (φBr , φF ). The evolution of the molecule is dictated by a
Hamiltonian of the form
H=−

1
1 ∂2
∂2
−
+ Vtor (φBr − φF ) + Vkick (φBr , φF , t) ,
2IBr ∂φBr 2
2IF ∂φF 2

(7.8)

where the potential terms are given by equations (7.2) and (7.4), and IBr (IF )
is the moment of inertia of the bromine-containing (fluorine-containing) benzene
ring. As seen in the equation above only the interaction with the kick pulse is
time dependent. Before and after the interaction, the molecule evolves according
to the field-free Hamiltonian
Hf f = −

∂2
1 ∂2
1
−
+ Vtor (φBr − φF ) .
2
2IBr ∂φBr
2IF ∂φF 2

(7.9)

The following sections describe three models and their approach to solving
the evolution of a molecule under the Hamiltonians given in Eq. 7.8 and Eq. 7.9.

7.2

Semiclassical Model

The semiclassical model was introduced by Christian B. Madsen [3, 127] and was
used to describe the results of a number of experiments on biphenyl compounds
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in Femtolab [1, 2]. In the semiclassical model, the coordinates of the problem are
changed from φBr and φF to the angles defined as
φd = φBr − φF

(7.10)

and
where

Φ = (1 − η) φBr + ηφF ,

(7.11)

η = IF / (IBr + IF ) .

(7.12)

φd is the dihedral angle encountered earlier and Φ describes an overall rotation
angle with different weights for the two rings, so that rotationally the molecule
behaves as one entity with a total moment of inertia I = IBr + IF and a reduced moment of inertia Ired = (IBr IF ) / (IBr + IF ). If φd and Φ are assumed
independent and 2π periodic, the time-dependent Schrödinger equation with the
Hamiltonian in Eq. 7.9 separates into two simpler equations describing the fieldfree dynamics of a product wavefunction.
−
−

1 ∂2
X (Φ) = αX (Φ)
2I ∂Φ2

1
∂2
χ (φd ) + Vtor (φd ) χ (φd ) = βχ (φd ) ,
2Ired ∂φd 2

(7.13)
(7.14)

where ψ (Φ, φd ) = χ (φd ) X (Φ) is the product wavefunction and α and β represent
the rotational and vibrational energy respectively. The equation describing the
rotation is solved classically, and the equation for the torsional motion is treated
quantum mechanically. The rotational motion is described by the torque, τ , on
the molecule given by
∂ hVkick i (Φ, t)
,
(7.15)
∂Φ
where hVkick i is the expectation value of Vkick . From this equation the evolution
of Φ can be found by integrating over the kick pulse. The initial state is used to
calculate the expectation value during the kick pulse, after this point the intensity
is zero, and the angular velocity is constant. Therefore the evolution of Φ can be
calculated independently of φd .
The strategy employed when solving the φd dependent part, is to find eigenstates of the Hamiltonian from Eq. 7.14
I Φ̈ = τ = −

Hφd = −

1
∂2
+ Vtor (φd )
2Ired ∂φd 2

(7.16)

This Hamiltonian is diagonalized in the basis of the Hamiltonian obtained by
neglecting the Vtor . This procedure results in the eigenstates, |χn i, of the torsional
potential shown in Fig. 7.2. These field-free states are used as basis when the kick
pulse and the subsequent dynamics are modeled. Also the initial state is chosen
from this basis. The equation to be solved is
i
104

∂
χ (φd ) = [Hφd + Vkick (Φ, φd , t)] χ (φd )
∂t

(7.17)

7.3. Two-Dimensional Model
This is done by expanding χ (φd ) in the basis, inserting the expansion in the timedependent Schrödinger equation above and subsequently projecting onto each of
the basis states. This results in a set of coupled differential equations, one for
the evolution of each expansion coefficient. When the expansion coefficients have
been calculated, the evolution of χ (φd ) as a function of time has been determined.
The section above describes how the interaction between the molecule and the
kick laser pulses was described in the semiclassical model. This procedure was
used in earlier experiment on torsion in biphenyl molecules, [1, 2]. As mentioned
earlier, the model has some shortcomings. The rotation of the molecule is only
well described by a classical model for a very short time. In addition, the idea
of a localized rotational state in field-free conditions does not agree well with
quantum mechanics, where such a state will disperse and loose its localization.
These quantum effects quickly become important. This problem is not severe
in the description of earlier experiments, since the data acquisition is limited
by similar problems. This limitation is discussed again in chapter 8. Another
problem is the complete decoupling of rotational and torsional motion. This
separation assumes that both Φ and φd are 2π periodic, which is not true in
general. To overcome these limitations the 2D model, described in section 7.3
was developed.

7.3

Two-Dimensional Model

The two-dimensional model takes a very different approach to the dynamics described by the Hamiltonian in equation Eq. 7.8. The natural coordinates to work
in are φBr and φF and these are the coordinates used in the two-dimensional
model. The goal is to obtain the evolution of a wavefunction ψ (φBr , φF , t) under the influence of the Hamiltonian. Rather than describing ψ in a basis, it is
represented directly on a grid of φBr and φF . This means that both φBr and
φF are represented as N values ranging from −π to π. The grid is the resulting
N × N combinations of φBr and φF . The grid representation of the wavefunction
is simply the value of the wavefunction for each combination of φBr and φF .
In order to propagate the wavefunction from time t0 to time t under the
influence of the Hamiltonian, the time evolution operator is utilized [138]
U (t, t0 ) = e−iH(t−t0 ) .

(7.18)

In practice the time evolution is split into M steps of length ∆t = (t − t0 ) /M .
During each step the Hamiltonian is assumed to be constant. Each such step is
performed by splitting the Hamiltonian in kinetic (T ) and potential energy (V )
terms:
e−iH∆t ≈ e−iV ∆t/2 e−iT ∆t e−iV ∆t/2

(7.19)

In this split-step approach the kinetic and potential energy terms are treated
separately [139]. In order to apply the time evolution operator to the grid representation of the wavefunction, the kinetic and potential energy terms should be
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represented on the same grid as the wavefunction. The potential energy terms in
Eq. 7.8 are already functions of φBr and φF and are therefore easily represented
on the grid. The kinetic energy term has to be handled in a different way. Here
the Fourier transform is used to represent the wavefunction on a grid of kF and
kBr , the wavenumbers corresponding to φF and φBr . In Fourier space T is diagonal, with eigenenergy kF 2 /2IF + kBr 2 /2IBr . The kinetic energy is therefore
obtained by element-wise multiplication of the Fourier transformed wavefunction
by a matrix containing the kinetic energy on the grid of kF and kBr , see reference [4] for details. Subsequently the inverse Fourier transform is used to obtain
the real space wavefunction again.
To summarize, each ∆t step involves multiplication of the wavefunction by
exp (−iV ∆t/2), Fourier transformation, multiplication by exp (−iT ∆t), inverse
Fourier transformation, multiplication by exp (−iV ∆t/2). This produces the
wavefunction at time t0 + ∆t from the wavefunction at time t0 . In order to
start the calculation the initial wavefunction, ψini , has to be known. The ground
state of the Hamiltonian in Eq. 7.9 was used as the initial state. The potential
energy terms in this initial (before the kick pulses) Hamiltonian is called Vini for
consistency with the following sections.
The ground state was obtained by exploiting that propagation in time was
already described and implemented by the split-step model. A random wave
function is used as a starting point. This wavefunction is propagated in time using
the split-step method, only now ∆t is replaced by i∆t [140]. This means that
complex exponential terms become real. When they act on the wavefunction the
amplitude of the wavefunction is changed. After each time step the wavefunction
is normalized. The high energy part of the wavefunction, usually leading to fast
oscillations, now leads to fast decay of the wavefunction. The low energy part
decays slower. After each time step, the wavefunction contains slightly less high
energy character and after many steps it approaches the ground state of the
potential.
The method of propagation in imaginary time was employed to obtain the
grid representation of the ground state wavefunction prior to the kick pulses.
The result is displayed in Fig. 7.3. Panel (a) shows the initial potential (the
torsional potential) used in the propagation. Panel (b) displays the modulus
squared of the resulting initial wavefunction. This ground state was subjected to
the kick pulses by applying the split-step method including the time dependent
Vkick . The combined potential of torsion and such a kick pulse with an intensity
of 7.5 × 1012 W/cm2 is shown in panel (c). The two potential energy matrices
[panels (a) and (c)] are shown with their original amplitude, whereas the modulus
squared of the wavefunction has been divided by a factor of 40 to fit the range
of the color scale. As expected from the discussion above, the wavefunction is
restricted to certain values of φBr −φF , since the wavefunction only has significant
population on lines described by φF = φBr + const. Notice the strong similarity between the wavefunction in Fig. 7.3(b) and the angular covariance map in
Fig. 6.6. Both show a representation of the probability for observing a certain
combination of φBr and φF .
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Figure 7.3: Initial wavefunction and potentials used in the 2D model of torsional
motion. (a) shows the initial potential (the torsional potential) in atomic units
(a.u.) used in the propagation in imaginary time to obtain the initial wavefunction.
(b) shows the modulus squared of the initial wavefunction divided by a factor of 40
to enable representation on the same color scale as panels (a) and (c). (c) shows
the potential (torsional potential and kick potential) at the peak of intensity of
a kick pulse. The intensity is 7.5 × 1012 W/cm2 .

It is instructive to compare Fig. 7.3(a) and (c). As seen the magnitude of
the potential including the kick pulse is much larger than that of the torsional
potential. This is promising since the goal of this study is the description of
experimental manipulation of the torsional degree of freedom as implemented in
the experiments discussed in chapter 8. The potential in panel (c) shows minima
imposed by the kick pulses on the torsional potential where φBr and (to a smaller
extent) φF are close to 0 or ±π. Maxima are seen where φBr and φF are close to
±π/2. These structures can be understood as the laser field exerting a torque on
the phenyl rings driving them into a geometry, where they are parallel with the
laser polarization.
As seen in Fig. 7.3(b), the ground state wavefunction used as initial state
depends on φd (through the torsional potential). There is, however, no other
constraints on the values of φF or φBr . Therefore the wavefunction corresponds
to a 1D aligned molecule, that is free to rotate around the z-axis. To be able
to describe the 3D aligned molecules used in experiments, the wavefunction was
multiplied by a Gaussian function of Φ (the weighted sum of φF and φBr from
Eq. 7.11) [4]. This produces a wavefunction that is similar to the 3D aligned
wavefunctions from the experiments. However, this only lasts a short time, since
there is no potential restricting the wavefunction to the initial values of Φ. Therefore it disperses over time and the 3D alignment is lost. This is a serious problem
if the model is applied to describe experiments performed on timescales longer
than a few picoseconds or experiments utilizing multiple kick pulses. Section 7.4
explains how I extended the 2D model to include a proper description of adiabatic
3D alignment.
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7.4

Extended Two-Dimensional Model

The problem with the description of molecular alignment in the 2D model was
addressed to describe the experiments in chapter 8. As mentioned in the previous
section, the model handles the torsional potential well and can produce a 3D
aligned initial wavefunction to propagate in the torsional potential. The problem
is that this wavefunction is not an eigenstate of the Schrödinger equation with
the Hamiltonian from Eq. 7.9 and therefore not a stationary state. It will evolve
in time even in the absence of the kick pulses.
To address this problem and come as close as possible to the experimental
conditions the model was extended to include 3D alignment. In the experiments
the molecules are adiabatically transferred from low rotational states to the 3D
aligned states, when the alignment laser pulse is turned on. In principle a similar
process could be used in the simulation. The wavefunction shown in Fig. 7.3
could be subjected to an alignment pulse with a very slow turn on. This should
transfer the lowest energy state without the alignment laser to the lowest energy
state with the alignment laser. This approach however requires propagating the
wavefunction in nanoseconds and not picoseconds, which is the timescale of the
experiments. Therefore it was thought too time consuming and another approach
was chosen.
The alignment field was included in the potential Vini used in the propagation
in imaginary time. Thus the propagation in imaginary time now results in the
ground state of the combined torsional and alignment potentials. In this description the alignment pulse is modeled as a constant intensity. This is justified, since
the experimental pulses have durations on the order of 10 ns. The interaction between the alignment pulses and the molecule is the same as between the kick
pulses and the molecule, namely the Stark shift. The Hamiltonian describing the
combined torsional and alignment potentials is therefore given by
H=−

1
∂2
1 ∂2
−
+ Vtor (φBr − φF ) + Val (φBr , φF ) ,
2IBr ∂φBr 2
2IF ∂φF 2

(7.20)

where the alignment potential is defined in the same way as the kick potential:
Val (t) = −


F0,al 2 (t)
αxx cos2 φBr + αyy sin2 φBr − 2αxy cos φBr sin φBr . (7.21)
4

F0,al 2 is the square of the electric field amplitude of the alignment laser pulse in
the x-direction. In the experiments alignment pulses of elliptical polarization are
used to induce 3D alignment. The ratio of intensities in the major (z) and minor
(x) axis of the polarization ellipse is measured. This is done by dumping one
polarization with a Glan polarizer (Thorlabs GL15) and measuring the power in
the remaining polarization.
Typically the ratio is F0,z 2 /F0,x 2 = 3. Since I = 1/2·

2
2
c0 F0,x + F0,z the electric field amplitude in question is calculated as F0,al 2 =
2I
2I
1
= 14 c
. All examples and simulations in this chapter use F0,x =
F0,z 2 /E0,x 2 +1 c0
0
1.37 × 109 V/m corresponding to I = 1.0 × 1012 W/cm2 and F0,z 2 /F0,x 2 = 3.
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Figure 7.4: Initial wavefunction and potentials used in the 2D model of torsional motion extended to include adiabatic 3D alignment. (a) shows the initial
potential (the torsional and alignment potentials) in atomic units (a.u.) used in
the propagation in imaginary time to obtain the initial wavefunction. (b) shows
the modulus squared of the initial wavefunction divided by a factor of 500 to
enable representation on the same color scale as panels (a) and (c). (c) shows
the potential (torsional potential, alignment potential, and kick potential) at the
peak of intensity of a kick pulse. The kick pulse intensity is 7.5 × 1012 W/cm2 .

Since the interaction between the molecule and the combined torsional and
alignment potentials is described, the initial state can be produced by propagation
in imaginary time. The result is displayed in Fig. 7.4. Panel (a) shows the initial
potential used for the propagation in imaginary time. The initial potential now
includes both the torsional potential and the alignment potential. It is seen that
the torsional potential is much stronger than the alignment potential, since the
potential looks almost exactly the same as the potential in Fig. 7.3(a). The
modulus squared of the initial wavefunction, however, is very different. As seen
in panel (b) it is still restricted to the fixed values of φBr − φF dictated by the
torsional potential. In addition, both φF and φBr are restricted to values close to
0 or ±π. This is the effect of the alignment potential. The two benzene rings are
fixed in directions close to the polarization of the alignment laser pulse. Due to
the torsional potential, they are not, however, perfectly aligned in this direction.
Because of its larger polarizability, the bromine containing ring is aligned closest
to the alignment polarization.
Figure 7.4(c) shows the combined torsional, alignment, and kick potentials
during a kick pulse with an intensity of 7.5 × 1012 W/cm2 . The similarity between
the alignment and kick potentials is underlined by the fact that the wavefunction
in panel (b) has maxima where the potential in panel (c) has minima. It is
seen that the wavefunction has eight regions of maximum amplitude. These arise
from the eight minima of equal potential in the combined torsional and alignment
potentials. They can be understood from the molecular structure as discussed in
chapter 6 for the very similar BFCBP. By rotating the bromine containing ring
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through an angle of π around the z-axis, the molecule returns to its initial state.
Therefore the wavefunction has maxima separated by π in φBr . The same holds
for φF . This leads to four copies of each maximum. In addition there is the issue
of chirality. One enantiomer is obtained as the mirror image of the other. This
process changes the sign of φBr and φF . Therefore the wavefunction has eight
maxima and the potential has eight minima.
The eight minima of the initial potential leads to eight nearly degenerate states
near the ground state. These eight states are so close in energy, that propagation
in imaginary time does not favor the absolute ground state over the other seven
states. Therefore the propagation in imaginary time can result in any of these
states or any linear combination of them. The state shown in Fig. 7.4(b) is the
linear combination, where the population in all potential wells have the same
amplitude and phase. This state, termed the delocalized state, was chosen and
used for all calculations where the population is spread over all the potential wells.
In addition, a localized state was chosen. This state only has population in one
of the potential wells. This state is used in examples, where the wavefunction
moves between region where φd has different signs.
In the experiments, the mean value hφd i of the dihedral angle is usually determined. In the simulations it is, therefore, often the goal to determine the
expectation value of the dihedral angle, also termed hφd i. The expectation value
is defined as:
Z π Z π
2
hφd i =
(φF − φBr ) |ψ (φF , φBr )| dφF dφBr
(7.22)
−π

−π

Numerically, the value was calculated in a way very similar to the way the average
value of the dihedral angle was calculated in section 6.5. The matrix representing
ψ on the grid was shifted and integrated along lines of constant φd . This gives a
distribution of φd with four peaks (separated by π and mirrored around 0) termed
σ (φd ). If the expectation value in these peaks is found, the result would be 0,
since the distribution is an even function (at least for the delocalized state). Since
typically only the amplitude of oscillations is studied, the sign of φd is neglected
and the peaks positioned at φd − π are shifted to φd . This adds the four peaks,
so the the value of hφd i can be obtained. When the localized wavefunction is
used, there is only one peak in the distribution of φd , so it is straight forward to
calculate the expectation value.
The simulations shown in this thesis were performed with a grid size of 4096×
4096 and ∆t = 150 a.u. (3.6 fs). These are almost (the time steps are slightly
smaller in my version of the code) the same values used by Christian Brandt in
the original implementation [4] and were chosen to ensure convergence. With
these parameters it took 1.5 hour to find the initial wavefunction and 1.5 hour to
propagate it from −2 ps to 5 ps on my laptop PC. In the description above the
kick potential always represents a Gaussian laser pulse. However, the propagation
only depends on intensity as a function of time and any intensity as a function of
time can be used in the implementation of the model. Gaussian pulses are used
in this thesis since they are comparable to the pulses used in the experiments.
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7.5

Simulations

In the previous section I extended the two-dimensional model to include adiabatic
3D alignment. This extension enables the model to describe the experiments on
torsional motion performed in the laboratory. This section provides examples of
simulations performed with the model. Some simulations are included because
they are relevant to the experiments of chapter 8. Others are included because
they are relevant to future experiments or describe interesting physics.

Single Kick Pulses on 1D and 3D Aligned Molecules
In the first example I display the effect of a kick pulse on the molecules. This has
also been described in references [1–4] and is mainly included here to describe
the simulations. The simulation was performed with a single kick pulse (peak
intensity of 7.5 × 1012 W/cm2 and intensity-FWHM duration of 200 fs) and was
performed both on 1D aligned molecules and on 3D aligned molecules. The
results are shown in Fig. 7.5. Panel (b) [panel (d)] displays the initial 1D [3D]
aligned wavefunction before the kick pulse. The wavefunctions in these panels
are identical to the ones seen in Fig. 7.3 and Fig. 7.4.
Panel (a) [panel (c)] displays the 1D [3D] aligned wavefunction at time 0.305 ps
after the peak of the kick pulse. To see the change in hφd i it is simplest to
determine the distance between two areas populated by the wavefunction (one
on each side of the diagonal, where φd = 0). The combination of the initial and
kicked wavefunctions is intended to bring forwards the difference in the separation
between two such areas. In panel (a) it is seen that for some values of φBr (−π/2
for instance), φd increases (or more precisely, population moves to regions of
higher φd ), while for other values (0 for instance) it decreases.
For the 3D aligned case in panel (c), φd decreases for all values of φBr populated by the wavefunction. This is seen by inspecting the populated areas that
are directly beneath the white line separating the initial and the kicked wavefunctions. The distance between the populated areas is smaller on the left side
than on the right side of the line. The location of the white line was chosen to
show this difference in the distance for the initial and kicked wavefunction, since
it is difficult to see at first glance. The decrease in φd for all populated areas for
the 3D aligned wavefunction can be ascribed to the shape of the kick potential.
For some values values of φBr the kick potential has a maximum on the diagonal,
pushing the wavefunction to regions of higher φd . For other values of φBr , the
kick potential has a minimum on the diagonal, drawing the wavefunction to lower
values of φd . The 3D aligned wavefunction is already trapped in the areas, where
the kick potential has minima and is therefore pulled towards regions of lower
φd . The 1D aligned wavefunction, however, populates all values of φBr . Hence,
in some areas the wavefunction is pulled towards lower φd , while in other areas
the wavefunction is pushed towards higher φd .
Panel (e) shows the evolution of hφd i as a function of time after the kick
pulse for both 1D and 3D aligned molecule. The kick pulse intensity is shown
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Figure 7.5: The effect of a single kick pulse on 1D [(a) and (b)] and 3D [(c)
and (d)] aligned molecules. (b) and (d) show the initial wavefunctions. (a) and
(c) show the wavefunctions 0.305 ps after the kick pulse where the wavefunction
reaches an extreme in hφd i. The initial and kicked wavefunctions are separated
by the white line to emphasize the change in hφd i following the kick pulse. (e)
displays hφd i as a function of time after the kick pulse for 1D (light red line) and
3D (dark blue line) alignment and the kick pulse intensity (filled blue area).
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as a function of time by the filled blue area. The initial value of hφd i for for
the 3D aligned wavefunction (38.93°) is slightly smaller than for the 1D aligned
wavefunction (39.04°). A small difference is expected since the alignment pulse
interacts with the wavefunction by the same mechanism as the kick pulse, which
certainly is expected to lead to a minimum in the potential at lower values of φd .
However the very small difference of 0.11° is neglected in the following discussions.
For both types of alignment, the kick pulse gives rise to oscillations in hφd i
with a period of 1.22 ps. This period is related to the energy separation between
the vibrational levels supported by the torsional potential. Even though vibrational and rotational dynamics are not decoupled I will describe the results of the
simulations based on a vibrational wave packet. As the dynamics is simulated
by propagating a grid representation of a wavefunction, it does not distinguish
between rotational and vibrational levels, so these terms are only used to promote
the results of the simulations.
When comparing the two graphs in Fig. 7.5(e), it is clear that the 3D aligned
molecule exhibits a much larger amplitude in the oscillations. From panels (a)
and (c) this can be explained by the fact that the 3D aligned molecule only has
population, where the kick pulse draws the wavefunction towards lower values of
φd . For the 1D aligned molecules, this is not the case and when calculating hφd i,
much of the dynamics average away. This example shows why the 3D alignment
is important in order to measure the effect of torsional motion in the laboratory.
This point is utilized in chapter 8.

Two Kick Pulses
In the previous section the dynamics of the torsion induced by a single kick
pulse was studied by following hφd i as a function of time. Now the time has
come to study the effect of two kick pulses on the torsional motion. This is also
done by following the time evolution of hφd i for a 3D aligned molecule. The
most interesting aspect of the double kick simulation is control of the amplitude
by adjusting the pulse-to-pulse separation. From a classical point of view it is
obvious when to apply the second kick pulse to reach the largest amplitude. The
pulse will draw the molecule toward lower values of φd and should arrive at the
time where the molecule is already moving in this direction. From the curve in
Fig. 7.5(e), 1.22 ps after the first pulse would be such a time. This time was chosen
for the second kick pulse. The result is seen as the dark blue curve in Fig. 7.6.
To aid comparison, the curve from the single kick simulation of Fig. 7.5 is shown
as the black curve. It is seen that the amplitude in the two-pulse simulation is
increased by approximately a factor of two compared to the one-pulse simulation.
Classically, if we imagine pushing the molecule towards lower φd while it is
moving towards higher φd , we could stop the motion. This is also possible in
the simulation. The light red curve shows a double kick simulation where the
two kick pulses were separated by 0.61 ps. It is seen that the oscillation of hφd i
completely stops after the second kick pulse.
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Figure 7.6: hφd i as a functions of time after two kick pulses separated by 0.61 ps
(light red line) and 1.22 ps (dark blue line). The first kick pulse arrives at t =
0 ps. As a reference, the black curve shows the single kick data also presented
in Fig. 7.5(e). All simulations employ 3D alignment and kick pulses with peak
intensities of 7.5 × 1012 W/cm2 and intensity-FWHM durations of 200 fs. The
intensity of the kick pulses are shown as filled areas in the same color code as the
lines. The black area is included in all pulse sequences.

Classical ideas lead to the simulation of the kick in phase or out of phase
with the motion already induced in the molecule by the first kick pulse. The
simulation proved that these classical ideas worked well for this system. There
is, however, also a very satisfying optical and quantum mechanical explanation
behind the success. A sketch of the this explanation follows. As mentioned earlier,
the period of 1.22 ps is the result of the energy separation between the vibrational
states in the torsional potential. This energy separation is thus 2π~/1.22 ps. The
kick pulses excite a superposition of these vibrational states. When evaluation
the expectation value of φd , the energy difference leads to beats between the
different vibrational states, which are seen as oscillations in hφd i.
Since the excitation of the wave packet is a stimulated Raman transition, one
photon from the laser pulse is absorbed and re-emitted with a different energy
within the spectrum of the laser pulse. Therefore the excitation of the wave packet
requires that the spectrum of the laser pulse contains signal at two frequencies
separated by the energy separation of the vibrational levels.
If the electric field of a single pulse is termed E0 (t), the electric field E (t) of
the double pulse sequence can be written as the convolution
Z

∞

E0 (t − T ) (δ (t) + δ (t − tsep )) dT

E (t) =

(7.23)

−∞

= (E0 ∗ d) (t)

(7.24)

where δ is the Dirac delta function, tsep is the time separation of the two pulses,
d is the sum of the two delta functions, and ∗ is the convolution. To obtain
the spectrum of the double pulse sequence, the Fourier transformation, F, is
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performed.
(FE) (ω) = [F (E0 ∗ d)] (ω)
√
= 2π (FE0 ) (ω) · (Fd) (ω)

(7.25)
(7.26)

The last step exploits that the Fourier transformation of a convolution of two
functions is proportional to the product of the Fourier transformations of the two
functions [141]. Regardless of the spectrum of √
the initial pulse, the double pulse
spectrum is the initial spectrum multiplied by 2π (Fd) (ω). A closer inspection
of this term is instructive:
Z ∞
√
√
1
2π (Fd) (ω) = 2π · √
[δ (t) + δ (t − tsep )] e−iωt dt
(7.27)
2π −∞
Z ∞
=
δ (t) e−iωt + δ (t − tsep ) e−iωt dt
(7.28)
−∞
−iω·0

=e

+ e−iω·tsep

(7.29)

The first of these terms equals 1. The second term varies with ω. The absolute value of the sum oscillates between 0 (ω = N · π/tsep for odd N ) and 2
(ω = N · π/tsep for even N ). This means that the spectrum of the double pulse
sequence is the spectrum of E0 but multiplied by a modulation in ω with a period
of 2π/tsep . For the stimulated Raman transition, this implies that a photon absorbed at a peak in the spectrum is very likely to be re-emitted at another peak
separated by 2π/tsep , whereas no photons will stimulate emission at an angular
frequency separated by π/tsep from the absorption frequency. This agrees with
the fact that a large amplitude is seen when tsep = 1.22 ps since here the energy
difference of peaks in the spectrum matches the energy level separation found
above (~2π/1.22 ps). On the other hand, when tsep = 0.61 ps, no oscillations in
hφd i is observed, since the most likely energy separation of the absorbed and emitted photons is ~2π/0.61 ps, which does not match the energy separation between
the vibrational states.
As shown in this section two kick pulses allow more energy to be transferred
to the vibrating molecule. A number of simulations (not included in this thesis)
showed that at reasonably low torsional amplitudes, the amplitude is proportional
to the fluence of the kick pulses. This is in agreement with Eq. 7.4, stating
that the potential is proportional to the intensity of the laser pulse. Therefore
the same amplitude can be obtained by a set of two laser pulses or by a single
laser pulse of twice the intensity. Experimentally, the intensity of laser pulses
are usually increased to the point just before ionization occurs. It is therefore
not possible to employ a laser pulse of twice the intensity, since it will cause
substantial ionization. However, a pair of laser pulses will results in the same
amplitude with less ionization of the molecules. In addition, the tunability of the
torsional amplitude and the selection of the populated vibrational modes, based
on the pulse-to-pulse delay is an extremely elegant form of control. A number of
such coherent control schemes using the Stark shift to control various dynamics
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have been demonstrated. The discussion of the field of dynamic Stark control
is postponed to chapter 8, where the experimental demonstration of two-pulse
control of the torsional amplitude is presented.

Dynamics at Long Times
The simulations discussed so far has focussed on the early dynamics following
one or two kick pulses. Now I focus on the dynamics at long times after the kick
pulses. The simulation concerns two kick pulses of the same intensity and duration (7.5 × 1012 W/cm2 , 200 fs intensity-FWHM) separated by 1.22 ps. Therefore
the early dynamics is described by the dark blue curve in Fig. 7.6. The result of
the simulation is displayed in Fig. 7.7. The results have been collected in four
panels to display different features of the curves. Panel (a) displays hφd i as a
function of time in a longer interval, than what was seen earlier. The early part
of the curve is familiar. The dynamics start with the first kick pulse at 0 ps and is
enhanced by the second kick pulse at 1.22 ps. The most interesting feature about
the curve in Fig. 7.7(a), is the decrease of the amplitude followed by an increase
at later times. This feature is interpreted as dispersion of the vibrational wave
packet created by the kick pulses.
The dispersion of the wave packet is caused by beats between different vibrational states, that start to oscillate out of phase. This leads to the oscillations of
very low amplitude seen in the region around 50 ps. The beat frequencies arise
from the energy difference between the different vibrational levels. Dispersion can
therefore arise if the vibrational levels are not exactly evenly spaced. It is seen
that at 105 ps the oscillation returns to the initial amplitude. This revival appears
when each beat is one oscillation out of phase with the next beat. Therefore the
beats appear to be oscillating in phase again and a revival in the oscillation is
seen.
The revival depends on the difference in the spacing between the vibrational
energy levels. For harmonic potentials, the energy spacing is constant and all
beats oscillate in phase. Therefore the dispersion is a testimony of the anharmonic
part of the vibrational potential. Similarly, dispersion also reveals that more than
two vibrational levels are populated, since in a two level system, only one beat is
present and its amplitude is constant. Since the amplitude decreases to close to
0°, at least three vibrational levels are significantly populated.
In Fig. 7.7(b), the curve from panel (a) is plotted out to 2500 ps. It is seen
that the sequence of dispersion and revivals persists for many revivals. After
roughly one nanosecond the clear revivals stop and the amplitude of the oscillations exhibit a seemingly less structured behavior. One reason to perform this
very long simulation was to obtain a knowledge about the states populated in the
vibrational wave packet. This information is not given directly by the simulation,
since it operates only on the wavefunction. As described above, the revivals appear because the vibrational level separation is not constant. As seen in panel
(b), the revival behavior only persists for a certain number of revivals. This gives
additional information of the wave packet. Namely that the beat frequencies
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Figure 7.7: hφd i as a function of time after two kick pulses separated by 1.22 ps is
shown in panels (a) and (b) for two different time intervals. The absolute value
of the Fourier transform, F of hφd i is shown in panels (c) and (d). The Fourier
transformed data has been normalized to have a maximal absolute value of 1.
The simulations employ 3D alignment and kick pulses with peak intensities of
7.5 × 1012 W/cm2 and intensity-FWHM durations of 200 fs.
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are not evenly separated either. If they were, the revival sequence would persist
indefinitely.
The content of the vibrational wave packet was studied by performing the
Fourier transformation of hφd i as a function of time. The absolute value of this
Fourier transform is plotted in Fig. 7.7(c) and (d) as a function of frequency.
Since the Fourier transformation is performed on an expectation value, only the
beat frequencies are present in the data. From panel (c) it is seen that the main
contribution to the signal is found at 0.8 THz. Very weak signals are also present
at integer multiples of this frequency although they are not visible in the figure.
Panel (d) shows a magnification of the region around 0.8 THz. It is seen that
the region consists of a number of closely spaced peaks. These peaks represent the
beats of nearly equal frequency discussed above. The peak at the largest frequency
is assigned to the beat frequency between the two states of lowest energy. The
peak with the second largest frequency is assigned to the second and third lowest
lying states. In this progression, the higher vibrational levels are separated by
less than the lower levels. This is expected as the energy approaches the barrier
in the torsional potential and the states approach the continuum. The average
separation between the four largest peaks in Fig. 7.7(d) is 9.6 GHz giving rise to a
revival period of 104 ps. The separation is most likely not even, since that would
lead to an endless revival structure in the oscillation.
From the peaks in Fig. 7.7(d) it is estimated that approximately six vibrational
states are significantly populated by the two kick pulses (corresponding to five
beat signals). This estimate is quite rough, since a proper description of the beat
signals involves not only the population in the two beating states, but also the
matrix element of φd between them. That description is beyond the scope of
this discussion and is not really compatible with the grid representation of the
wavefunction.
Under the (crude) assumption, that the potential is harmonic the energy of
the sixth vibrational state is 5.5 · E0 above the bottom of the potential. E0 is the
spacing between the vibrational levels. The energy of the sixth vibrational state
is therefore estimated to 5.5 · ~ · 2π/1.22 ps = 5.5 · 3.4 meV = 19 meV. The height
of the barrier in the torsional potential in Fig. 7.2 is 2.7 × 10−3 Hartree = 73 meV.
This shows that the wave packet is bound by the torsional potential, but not very
strongly bound. It also explains why the potential is not purely harmonic. A
harmonic potential extents to infinite energies, while in this case the populated
vibrational states already have 25 % of the energy (classically) required to cross
the barrier. This long-time simulation concludes the simulations relevant for the
experiments of chapter 8. The scenes is set to employ the extended 2D model for
the more exotic problems in the following section.

Over the Barrier
The previous section concluded with a study of the energy of the vibrational levels
populated by the wave packet compared to the barrier between the potential
wells shown in Fig. 7.2. This section explores this aspect of the simulation in
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further detail. Because the barrier between the potential wells separates the two
enantiomers of the chiral FBCBP molecule it is of great interest to study if it
can be traversed by the wavefunction and if this is possible under experimental
conditions.
As seen in the previous simulations the amplitude of the torsional vibrations
can be increased if two kick pulses are employed instead of one. Therefore it
is natural to increase the number of kick pulses employed even further. If the
amplitude of the motion is increased and higher vibrational states are populated,
it may be possible to force the wavefunction over the barrier and to assume the
other handedness. This approach was tested with the extended 2D model.
As an example, eight kick pulses (peak intensities of 7.5 × 1012 W/cm2 and
intensity-FWHM durations of 200 fs) where used to induce the torsional motion.
The first pulse arrived at t = 0 ps and subsequent pulses arrived with a delay of
1.216 ps, 1.221 ps, 1.247 ps, 1.274 ps, 1.313 ps, 1.423 ps, and 1.420 ps with respect
to the previous pulse. This set of delays was found by optimizing the amplitude
of the oscillation following the last kick. The optimization was performed for each
pulse individually. The delay of the i’th kick pulse was chosen to optimize the
amplitude after i kick pulses. This optimization was performed for i = 2 to i = 6.
The delays for the last two pulses were found by extrapolating the delays for the
first 6 pulses. This was done since the aim of the pulse sequence is to observe
motion across the barrier. This motion will lead to negative values of φd and
therefore is is not a good approach to maximize the amplitude of the oscillations
in hφd i. Therefore the extrapolation was used.
A more complete optimization could be obtained by optimizing the delay of
all pulses simultaneously to obtain the largest fraction of the wavefunction in
the other potential well. This is in principle straight forward, but very time
consuming. The pulse sequence obtained by individual optimization of six pulses
and extrapolation to eight pulses, describes the physics and is sufficient for this
example. The optimization was performed with a smaller grid with 512 × 512
points.
The increasing time between the pulses can be understood from the anharmonicity of the torsional potential. As seen earlier, the energy separation between
the vibrational states decreases with vibrational energy. Therefore the period of
the torsional motion becomes longer for higher excited states and the kick pulse
separation has to be increased to kick the wave packet in phase with its motion.
The eight-pulse kick sequence was applied to a localized wavefunction (one
where only one well in the potential is initially populated). The result of the eightpulse kick sequence is seen in Fig. 7.8(a). The graph shows hφd i as a function
of time after the initial kick pulse. As seen the amplitude increases after each
kick pulse. After the last kick pulse, the wave packet quickly disperses. This is in
agreement with the results seen earlier. The more vibrational levels are populated,
the faster the difference between the beat frequencies become important. The
intensity of the kick pulse sequence is shown by the filled blue area.
hφd i displays a minimum of 16.7° after the last kick pulse. This is quite
close to the barrier (at φd = 0°) and the wavefunction is expected to extend to
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0

Figure 7.8: The effect of eight kick pulses on the torsional motion. (a) shows hφd i
as a function of time (black line). Also shown is the intensity of the kick pulse
sequence (filled blue areas). See text for the exact delay of each kick pulse. (b)
shows σ (φd ), the modulus squared of the wavefunction integrated along lines of
constant φd . (c) shows σ (φd ) multiplied by a factor of 300 to show the effect of
barrier crossing on the same color scale as was used in (b).

significantly lower values than the expectation value. To investigate this, the
modulus squared of the wavefunction is integrated along lines of constant φd to
show the distribution of φd , as was done with the skew projection of the angular
covariance maps in section 6.5. This integrated wavefunction is called σ (φd ) and
is shown in Fig. 7.8(b) as a function of time during the eight-pulse kick sequence.
It is seen how σ (φd ) responds to the kick pulses by moving in an oscillating way.
In Fig. 7.8(c), σ (φd ) is shown multiplied by a factor of 300. Here it is clear
that after the eighth kick pulse a part of the wavefunction traverses the barrier
at occupies regions of negative φd . It is also seen that at subsequent oscillation
a little more population crosses the barrier. After one oscillation 0.3 % of the
(modulus squared of the) wavefunction occupies regions of negative φd . 5 ps later,
the number has reached 0.6 % and the asymptotic behavior seems to be variation
between 1.5 % and 2.0 % in the other potential well. Thus the eight pulses are
successful in increasing the energy of the wave packet to the point, where a part
of the wavefunction crosses the barrier.
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Figure 7.9: The effect of a suppression pulse on hφd i as a function of time. The
molecule was subjected to six kick pulses followed by a suppression pulse, see
text for details about the pulse parameters. hφd i is shown as a black line. The
intensity of the pulse sequence is displayed by the blue areas.

It is seen that this naive multiple kick sequence changes the handedness of a
part of the wavefunction. It does so, by increasing the energy in the vibrational
wave packet. Subsequently, however, the wave packet maintains the high energy
and therefore it is not confined to the new side of the potential barrier. A part
of the wavefunction will continue to move back and forth across the barrier and
no specific handedness can be assigned to the molecule. In addition, the fraction
of the wavefunction transferred to the other potential well is not impressive.
Another scheme was developed to stop the wavefunction once it was on the
other side of the potential barrier. This scheme exploits, that the kick pulses
not only change the slope of the potential in the bottom of the potential well
to induce torsional motion, they also lower the barrier between the potential
wells. An extra pulse was included with this purpose. Since the effect of this
extra pulse is to suppress the barrier is was termed a suppression pulse. The
barrier suppression accomplishes two goals. It allows the wavefunction to cross
the barrier. In addition, when the wavefunction has crossed the (temporarily
suppressed) barrier, the barrier returns to the initial height, effectively trapping
the wavefunction on the other side.
The barrier-suppression approach was simulated in order to understand if it
worked. First, six kick pulses (of the same separation, duration, and intensity as
in the eight-kick simulation) were applied. Then, after the last kick pulse, when
the wave packet is moving towards the barrier, a suppression pulse is applied to
lower the barrier and let the wave packet cross. The suppression pulse applied
in this simulation has a peak intensity of 2 × 1013 W/cm2 , an intensity-FWHM
duration of 950 fs and is delayed from the last kick pulse by 1.65 ps. The result
of the simulation is shown by Fig. 7.9.
The figure shows hφd i as a function of time after the first kick pulse. The
intensity of the kick and suppression pulses are shown by the filled blue area in
the bottom of the figure. As seen, the kick pulses increase the amplitude of the
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torsional amplitude. The suppression pulse lowers the barrier enough that 86 % of
the (modulus squared of the) wavefunction traverses the barrier and is trapped on
the other side. Once there, the wave packet oscillates with an amplitude similar
to the one it showed before the suppression pulse. The average hφd i (around
which hφd i oscillates) is however closer to 0° than earlier, due to the part of the
wavefunction still trapped in the initial well, for which φd > 0.
The amplitude of the oscillation and the population transferred to the other
well are both very sensitive to the delay and duration of the suppression pulse.
If the wavefunction is on top of the barrier when it reverts to its initial height,
the wavefunction gains a large amount of energy "rolling" down from the barrier.
The suppression pulse parameters used gave a good compromise between a large
population transfer and a low amount of vibration in the final well. It should be
noted, that if higher intensities are used for the suppression pulse, virtually all
the population can be transferred to the other well.
The two over-the-barrier simulations in this section served to test the model
and describe an interesting physical phenomena. The simulations are most likely
not experimentally feasible due to the pulse sequences employed. The eight-pulse
kick sequence did not transfer significant population to the other well, but still
required eight pulses. The suppression pulse sequence did manage to transfer a
large population into a trapped state in the other potential well. However, it
employed a long and intense pulse to do so. This pulse will most likely cause a
large amount of ionization if it is employed experimentally.

7.6

Conclusion and Outlook

In this chapter I have presented two models of laser induced torsional motion
and described how one was extended to include 3D alignment of molecules. The
extended two-dimensional model is a powerful simulational tool in that it does
not rely on representing a molecule in a certain basis. This is the strength of
the grid representation. In addition it makes the model simple to understand:
all work was performed on the wavefunction itself, which often offers an intuitive
representation of quantum mechanical problems.
A number of simulations were shown to present the work done with the model.
Some are meant as a support for the experiments of chapter 8. The simulations
clearly show, that in order to measure the effect of the kick pulse as a change in
hφd i, 3D alignment of the molecule prior to the kick pulses is necessary. For a 1D
aligned molecule the change in φd depends on the rotation around the molecular
axis. So part of the wavefunction moves towards lower φd following the kick pulse,
while other parts of the wavefunction moves towards higher φd . Therefore the
change in hφd i is very small compared to the 3D aligned molecule, where the
entire wavefunction moves towards lower values of φd .
The two-pulse simulation showed that using a pair of laser pulses, the amplitude of the oscillations in hφd i can be tuned by varying the delay between the
two kick pulses. The two-pulse in-phase and out-of-phase simulations were also
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realized in the experiments of chapter 8 to show the degree of control obtained by
tuning the pulse-to-pulse delay. The long time measurements were also partially
performed. In the description of these experiments the simulations proved very
useful. The majority of the predictions are fulfilled. There are however some
discrepancies, that are discussed in section 8.4 and section 8.6.
The simulations of motion over the barrier were not realized experimentally.
They are very demanding to perform in practice. Both pulse trains of multiple
pulses [27], and laser pulses shaped to exotic forms [142,143] have been employed
in experiments. However, both require a large amount of work in the laboratory
to be implemented. In addition, the experiments are likely not going to work
with the current molecules. The main limitation is ionization caused by the kick
and suppression pulses.
Other similar molecules could be used in experiments studying barrier crossing.
For instance, the fluorine atoms could be replaced by hydrogen atoms. This will
result in a decrease of the reduced moment of inertia by approximately 65 %
leaving the polarizability roughly unchanged. The torsional frequency increases
by approximately 70 %. This means that the molecule experience the same torsion
(the same kick potential) but that it moves faster down the slope of the potential
energy curve. Thus a shorter laser pulse will lead to the same torsional amplitude,
but will cause less ionization. Another possibility is to replace fluorine by very
polarizable substituents to increase the interaction between the kick pulse and the
torsional motion of the molecule. Further outlook for the simulations using the
extended two-dimensional model is provided in section 8.6 after the experiments
on control of torsional motion have been discussed.

123

Chapter

8

Torsional Motion in Biphenyl
Compounds
The experiments on controlling the torsional motion in biphenyl compounds are
described in this chapter. In many ways this is the culmination of chapter 6,
where the dihedral angle in biphenyl compounds was measured using the angular
covariance technique, and chapter 7, where a scheme was devised to control the
torsional motion in the molecules. In the experiment, torsional motion in the
molecules is induced and controlled using nonresonant 800 nm femtosecond pulses
interacting with the molecule via the Stark effect. This kind of control has been
termed dynamic Stark control (DSC) [144] and has been applied to a wide range
of physical system. Section 8.1 reviews previous work using DSC and work on
biphenyl (and similar) molecules. An outline of the experiment is given section 8.2.
The torsional motion is probed using the PImMS camera in combination with the
angular covariance analysis discussed in chapter 6. The covariance analysis and
the experimental setup is briefly described in section 8.3. In section 8.4 the
experiment on torsional motion induced and controlled by a pair of laser pulses
is presented. An experiment on the long-time evolution of this torsional motion
is described in section 8.5.
Also these experiments were conducted in collaboration with the group of
Mark Brouard from the University of Oxford. Craig S. Slater and Alexandra
Lauer traveled to Aarhus with the PImMS camera and took part in the experiments. Again the Oxford team were mainly operating the PImMS camera, while I
operated the setup in our laboratory (lasers, molecular beam, VMI setup, and vacuum machine) helped by Benjamin Shepperson from our group. The experiments
resulted in a manuscript [133] which has recently been accepted for publication.
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8.1

Motivation

The goal of this chapter is the experimental manipulation and time-resolved imaging of the torsional motion in biphenyl compounds by intense femtosecond laser
pulses. These pulses act to modify the potential energy surface on which the
molecular wavefunction evolves. As already presented in chapter 7 the potential
energy, V , can be expressed as
1
†
V = Vtor (φBr − φF ) − F~ (t) α (φF , φBr ) F~ (t) ,
2

(8.1)

This implies that the wavefunction can be manipulated with laser fields by controlling the shape of the potential – a fundamental mechanism in DSC. The controllable pulse shape [145], polarization state [146], and high intensities achievable
with femtosecond laser pulses, make them ideal for this kind of control. The versatility of DSC using femtosecond pulses to control atomic and molecular systems
has resulted in numerous applications studying a broad range of topics.
Dynamic Stark control is only one branch of the field of coherent control, which
strives to steer the evolution of atoms and molecules by laser-induced quantum
interference. Coherent control has been applied to a number of physical systems.
References [142, 147] review several examples of coherent control applied to selectivity in both chemical reactions and the population of states. Control of the
excitation probability of atoms has been performed by varying the relative phase
of two laser beams to control the interference between two paths from the initial
to the excited state [148, 149]. The inherent broadband nature of femtosecond
pulses can be employed to excite coherent superpositions of several vibrational
levels [150,151]. The evolution of such wave packets has been studied by a second
pulse [152] or used to initiate atom-molecule chemical reactions [153]. The study
of the evolution of a wave packet is central to the femtochemistry introduced
by Zewail [154]. The goal of femtochemistry is to study the participants in a
chemical reaction throughout the reaction, thus increasing the information about
reaction mechanisms beyond what can be learned from thermodynamical descriptions based on the initial and final states. Vibrational wave packets are also a
central concept to the current experiment. Here the wave packets are formed
in the electronic ground state by stimulated Raman transitions, typical of the
dynamic Stark control.
Impulsive laser induced alignment [12] has been one of the major applications
of DSC. Elaborate schemes to improve the degree of alignment by using multiple
laser pulses have been developed [25,155–157]. In these schemes, as in many other
successful DSC applications, the synchronization of the laser pulses is crucial in
order to obtain the best degree of alignment. Laser alignment in the adiabatic
regime is also an application of (less dynamic) Stark control [10]. The field of laser
induced molecular alignment has now evolved into a tool employed to increase
the information content of experiments in other fields of physics. This thesis is an
example of that. In addition to rotational control, also the velocity of molecules
has been manipulated using the Stark shift [158, 159].
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DSC has also been used to control vibrations of diatomic molecules as shown
in references [160, 161]. Here the potential energy surfaces of H2 + and D2 + are
periodically modified. The modification affects the potential energy at the outer
turning point of a vibrational wave packet. The period of the modification determines whether a vibrational wave packet is trapped or allowed to dissociate. In
similar experiment the branching ratio of two different final states for a dissociating wave packet in IBr+ was controlled by DSC [162]. The separation of the
potential energy surfaces of the two electronic (final) states was tuned using DSC.
Thus the probability for a Landau-Zener type crossing from one electronic state
to the other was controlled.
Earlier experiments and simulations on (for instance) biphenyl compounds
also employ DSC to modify the potential energy surfaces and initiate a torsional
motion [1, 2, 163, 164]. As shown by the many applications above, DSC is a very
versatile tool. This is in part due to the nonresonant nature of the laser pulses.
Strong broadband laser pulses can be employed to modify the wavefunction itself.
Often the manipulation of the molecules are performed in the electronic ground
state. This means that, contrary to many other coherent control applications, the
manipulation is performed on the entire population and not on a small percentage
of the molecules promoted to an excited state. In practice the nonresonant laser
pulses are often in the near infrared part of the spectrum, between the regions
where electronic and vibrational excitation lead to absorption.
Biphenyl compounds have attracted much interest in various fields of research.
Much of this interest stems from the relatively free rotation of the one phenyl
group compared to the other. The biphenyl compounds are axially chiral (at
least if φd is different from 0° and 90°). In these axially chiral molecules one
enantiomer can be converted into the other by a rotation of one phenyl group with
respect to the other. Compared to other chiral molecules, the barrier between
two enantiomers is typically lower for the axially chiral molecules. This has lead
to a large amount of theoretical work on torsional control in biphenyl compounds.
These include DSC [3,128,163] and interactions between the permanent dipole of
the molecule and the electric field of a laser pulse [130]. In reference [3] a scheme
was devised for enantiopurification of a racemic mixture of a biphenyl compound
using linearly polarized kick pulses. The scheme involves laser pulses crossing
each other in an angle of 13°, and is therefore experimentally difficult to realize.
In addition to the biphenyl molecules, a large amount of theoretical work has
been published concerning the interaction between axially chiral molecules and
laser fields to manipulate the handedness. Coherent control schemes using linearly
polarized laser pulses were developed by Shapiro et al. to obtain an enantiomeric
excess from photodissociation of an achiral molecule [165] and by preparing an
initially racemic mixture [166]. Reference [167] describes the model synthesis of
an axially chiral molecule using linearly polarized laser fields to control which
enantiomer is produced (with an enantiomeric excess of 93 %) using the laser
distillation approach of reference [166]. Many other schemes have been developed
[131, 168] and the field is still active [132].
Another reason for the interest in biphenyl compounds is the delocalized elec127
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tron system of the two phenyl groups. In the planar geometry the delocalized
electron system occupies both benzene rings and the electrons are shared between
the two rings. Since the overlap of the two conjugated electrons systems depends
on the dihedral angle biphenyl molecules have been proposed as molecular photoswitches. The current allowed to flow along the molecule is controlled by the
dihedral angle. The conductivity governing this current has been measured for
several similar biphenyl compounds in single molecule junctions using scanning
tunneling microscopy methods [169]. By investigating molecular species with
different dihedral angles the conductivity was shown to be approximately proportional to cos2 φd . Single biphenyl molecular junctions could therefore be imagined
as the center of ultrafast laser controlled charge transfer between two electrodes.
Many other such single molecule switches have been suggested and investigated.
The mechanisms behind these include mechanical [170], photoisomerization [171],
and excited-state proton transfer [172]. Using dynamic Stark control of the dihedral angle, dynamic transfer of charge across the junction could potentially be
controlled on an ultrafast timescale.
Despite the interest in torsion in biphenyl molecules only a few experimental
studies have been reported [1–3]. In these studies biphenyl molecules where adiabatically 1D [2, 3] or 3D [1] aligned and subjected to nonresonant kick pulses to
induce torsion and overall rotation of the molecule. Both experiments applied an
intense femtosecond pulse to induce Coulomb explosion and relied on the detection of F+ and Br+ ions to determine the angular distribution of fragments from
each benzene ring separately. The requirement of a localized angular distribution
is the main limitation in the earlier experiments, which excludes measurements
for more than approximately 5 ps. In addition to this, the previous experiment
initiated the torsional motion using a single laser pulse. As described in the following section the current experiment employs the covariance analysis to perform
measurements at much longer time delays and introduces a second kick pulse to
either enhance or counteract the effect of the first kick pulse.

8.2

Outline

In chapter 6 it was shown that the concurrent detection of all fragment ion species
from a molecule undergoing Coulomb explosion provides a probe for structural
analysis of molecules. Bond angles and fragmentation patterns are obvious examples of accessible information. Since the Coulomb explosion can be induced
by femtosecond laser pulses, Coulomb explosion imaging is suitable for ultrafast
pump-probe experiments, where the molecular response to a pump process is
monitored in time. The current chapter describes an experiment where the dihedral angle in 3,5-difluoro-3’,5’-dibromo-4’-cyanobiphenyl (FBCBP) was studied.
Notice that this is a different molecule from the one studied in chapter 6. The
nitrile group is located on the bromine-substituted benzene ring. The dihedral
angle was measured using the angular covariance analysis described in section 6.4.
Again correlations are studied between the F+ and Br+ ions. Owing to their ori128
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Figure 8.1: Sketch of the FBCBP molecule relative to the coordinate system used
in the experiment. The kick pulses are polarized in the direction of the x-axis.

gin on different benzene rings, these fragments are suitable to study the relative
motion of the two benzene rings.
The experiment served to control the torsional motion in FBCBP using one
or two kick laser pulses. Figure 8.1 shows the FBCBP molecule, the coordinate
system used, and the angles φF and φBr denoting the orientation of the fluorineand bromine-containing rings, respectively. In the experiment, the molecules
were 3D aligned and subjected to a kick pulse sequence with a polarization in the
direction of the x-axis. This molecular alignment with respect to the kick pulse
polarization was shown to be advantageous in chapter 7.
The effect of a kick pulse on the torsional motion in the molecule is studied by
measuring the dihedral angle. In this chapter it is defined as φd = φF − φBr . In
addition to the effect of a single kick pulse, which has been studied earlier [1,2,163],
the current experiment also studied the effect of a pair of kick pulses. This was
done to show that the delay between the kick pulses controls the amplitude of the
torsional motion and that the amplitude is greatly increased by using two kick
pulses.
The physical mechanism underlying torsional control by a pair of kick pulses
is illustrated in Fig. 8.2. Each panel shows the laser-modified torsional potential,
V , from Eq. 8.1 and the density of the ground state wavefunction for the FBCBP
molecule obtained from the extended 2D model described in chapter 7. Both
the wavefunction and the potential are two-dimensional objects. To represent
the wavefunction in one dimension, the modulus squared of the wavefunction was
integrated along lines of constant φd to obtain a distribution of population as a
function of φd . In chapter 7, this distribution was called σ (φd ). The potential
shown in the figure is a cut through the two-dimensional V . The cut intersects
the two points of maximum amplitude of the delocalized initial wavefunction and
is shown by the white line is Fig. 7.5.
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Figure 8.2: Calculated time-dependent torsional potential (dark blue line) and
norm square of the wave packet (filled light red area) subject to the dynamic
Stark shift from two, 200 fs kick laser pulses centered at time 0.00 ps and 1.22 ps.
(a): Prior to the first kick pulse. (b): During the first kick pulse. (c): Maximal
displacement after the first kick pulse. (d): Shortly before the second kick pulse.
(e): During the second kick pulse. (f): Maximal displacement after the second
kick pulse. Dotted black lines show the center of the initial wavefunction.

The panels in Fig. 8.2 represent different times (written in the top of each
panel) during a sequence of two 200 fs, 7.5 × 1012 W/cm2 pulses arriving at 0.00 ps
and 1.22 ps. Panel (a) shows the initial potential and density of the ground state
wavefunction as functions of φd prior to the kick pulses. The potential in the
range −90° to 0° is the mirror image of the potential presented here. It is seen
that the initial wavefunction populates the minimum in the potential.
The Stark shift induced by the intense nonresonant laser pulse, depends on
φd , through the φd -dependence of the polarizability, α. Thus the potential is
modified as long as the pulse is on. The modification of the potential shifts its
minimum and drives the molecule towards lower dihedral angles, i.e. the initial
wavefunction is converted to a wave packet moving to the left. Figure 8.2(b)
shows the wavefuncion and potential at the peak of the first kick pulse. It is
clear that the potential is modified and the minimum is shifted to lower φd . The
wave packet therefore moves towards lower values of φd . Before the wave packet
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reaches the new minimum, the pulse is turned off and the wave packet continues
its motion on the initial potential. This is shown in Fig. 8.2(c) where the wave
packet has reached the maximal displacement from equilibrium.
Panels (a) through (d) display how the wave packet motion is initiated by
a temporary modification of the potential by a single kick pulse. The effect of
a second laser pulse depends critically on its timing with respect to both the
position and velocity of the wave packet. If the second pulse arrives after one
torsional period, when the wave packet is moving towards lower φd values, the
wave packet will experience an additional downhill slope and accelerate. This situation is shown in Fig. 8.2(e). As a result it moves further away from equilibrium
than after the first pulse – compare Fig. 8.2(f) and (c). Alternatively, delaying
the second pulse by only half a torsional period the wave packet encounters a
temporary uphill slope, strongly decreasing its torsional energy and essentially
ceasing the torsional motion.
Two-pulse kick sequences are employed in the experiment both to increase
and to decrease the amplitude in the torsional motion. In addition to this, the
ability to measured hφd i at long times is used to study how well the motion is
confined to the torsional mode.

8.3

Methods

The experimental setup was already described in chapter 3 and section 6.3, so only
a short description is given here. A sketch of the setup is seen in Fig. 8.3. The sample of FBCBP was synthesized by Anders Thyboe Lindhardt at the Department
of Chemistry, Aarhus University as described in reference [1]. A cold molecular beam of FBCBP seeded in helium was crossed at 90◦ by three laser beams.
The molecules were adiabatically horizontally 3D aligned by a 10 ns (intensityFWHM) nonresonant pulse from a Nd:YAG laser (YAG pulse, elliptical polarization, Imajor /Iminor = 3.0, λ = 1064 nm, IYAG = 1.0 × 1012 W/cm2 ). The torsional
motion was initiated and controlled by one or two 200 fs (intensity-FWHM) laser
pulses (kick pulse, linear polarization, λ = 800 nm, Ikick = 3 × 1013 W/cm2 ).
After a variable delay the molecules were irradiated by an intense 30 fs (intensityFWHM) laser pulse (probe pulse, linear polarization, λ = 800 nm, Iprobe =
3 × 1014 W/cm2 ) causing them to Coulomb explode. The dynamics is measured
as a function of the delay of the probe pulse with respect to the first kick pulse.
As shown in Fig. 8.3, the kick pulses are polarized in the vertical direction and
the probe pulse is polarized in the horizontal direction. This ensures that the
effect of the kick pulse is maximal and that there is no angular selectivity of the
probe laser pulse. All pulses were characterized as described in appendix A. The
durations of the kick pulses were determined by an interferometric cross correlation between the kick pulses and the probe pulse, which is also described in
appendix A.
The velocity map imaging setup collects all positively charged ion species
and focus them onto the MCP phosphor-screen detector. As in the case of the
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covariance experiments in chapter 6, the phosphor screen was backed by the
PImMS camera. The PImMS camera recorded the two dimensional velocity of
all ion species. In this experiment, however, only the data for the F+ and Br+
ions is presented. This is because of the advantageous positions of fluorine and
bromine atoms in the molecule.
The torsional motion was imaged by calculating the angular covariance maps
as described in section 6.5. The angular covariance maps were integrated along
~ F+ ,Br+ in section 6.5).
lines of constant φd to obtain the distribution of φd (called S
A sum of four Gaussian functions were then fitted to this distribution to obtain
hφd i. Only the value of hφd i obtained for pairs of F+ and Br+ ions from opposite
sides of the molecules was used. The strong kick pulses used in the experiment
did lead to some ionization and fragmentation of the molecules. This influences
the value of hφd i measured. In the data analysis it was found that the average
value of hφd i (around which hφd i oscillates) was lower than the value measured
without the kick pulses. Therefore the distribution of φd was produced for the
measurements including only the alignment pulse and the two kick pulses (the
probe laser beam was blocked). The distribution of φd from this measurement
was subsequently subtracted from the distribution of φd measured in the timeresolved experiments to remove the background produced by the kick pulses alone.
This was done such that nothing was subtracted if the probe pulse arrives first,
half the background was subtracted if one kick pulse arrives before the probe pulse
and the full background was subtracted if two kick pulses arrived before the probe.
It turned out this background produced by the kick pulses constitutes up to 20 %
of the total signal. With the background subtraction the average hφd i increased
by approximately 1.5° and the amplitude of hφd i increased by approximately 0.5°.
After the background subtraction, the average hφd i is the almost identical before
and after the kick pulses.
For the time-resolved experiments presented in this chapter each time step
represents ions recorded during 10 000 laser shots. This is not enough statistics
to produce as nicely resolved covariance images and covariance maps as displayed
in chapter 6. Figure 8.3(b) and (c) display two examples of covariance images of
F+ ions using Br+ as the reference ion. Each of these images is a sum of three
covariance images, and therefore contains data from 30 000 laser shots. It is seen
that 10 000 laser shots represent too little data to produce pretty images. It is,
however, enough to determine hφd i, since the distribution of φd is obtained by a
projection of the covariance map. This reduces the dimension of the data from
two to one. From the fit of four Gaussian functions to the φd distribution both
the value of hφd i and the uncertainty (in the form of the standard deviation)
were obtained for each peak. From the two peaks corresponding to opposite side
pairs F+ and Br+ ions, the combined hφd i and its uncertainty uncertainty were
obtained and used as the result. The uncertainty is typically 1.0° for the data
recorded during 10 000 laser shots.
Some of the measurements were repeated and therefore served to obtain the
statistical uncertainty in the determination of hφd i. This value was found to
agree quite well with the uncertainty from the fit. Since only some measurements
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Figure 8.3: (a) Schematic of the experiment showing the FBCBP molecule, the
detector with a raw F+ ion image, the two kick laser pulses (vertical polarization)
that induce torsional motion and the probe laser pulse (horizontal polarization)
that Coulomb explodes the molecules. The alignment laser pulse is not shown, but
served to align the molecule as illustrated. (b), (c) covariance images showing
the emission direction of F+ ions with respect to the Br+ ion recoil velocity
(vertical). (b) is recorded at t = 4.00 ps and is obtained from the F+ ion image
on the detector in (a). (c) is obtained at t = 2.17 ps.

were repeated the uncertainty from the fit was used as the final value for the
uncertainty. For the measurements that were repeated, the combined uncertainty
for the fits of each repetition was used. Thus some measurements are seen to have
lower uncertainties.
The method to extract hφd i as described in chapter 6 does not require a 3D
aligned molecular sample. This is a significant improvement over earlier studies of
torsional motion [1,2]. These studies relied on an individual study of F+ and Br+
ions to determine the average of φF and the average of φBr . hφd i was subsequently
obtained as the difference between the two. To determine φBr and φF requires an
angular confinement of the ion images. The kick pulses affect both the torsion
and overall rotation around the molecular axis, so this confinement is lost after
typically 5 ps [1]. The current correlation method to determine hφd i is insensitive
to angular blurring of the ion distributions, as illustrated by the poorly resolved
raw F+ ion image shown in Fig. 8.3(a), compared with the derived F+ covariance
image in Fig. 8.3(b). The current method to extract hφd i only requires that
the long axis of the molecule is kept perpendicular to the detector plane. Thus,
the angular covariance map can be used to determine hφd i for much longer time
delays than in earlier experiments.
To support the experiments, the extended 2D model of chapter 7 was used to
perform simulations. In the experiments the molecules are cooled by the super133
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sonic expansion and likely have a temperature of approximately 1 K [46]. This
means that the best description of the experiment would be to simulate the effect of the kick pulses on all the states populated in a Boltzmann distribution of
the corresponding temperature. The final result would then be obtained as the
incoherent sum weighted by the Boltzmann factors. A density matrix approach
could be used for this weighted incoherent sum of states. As the energy separation between the vibrational levels was determined to be 3.4 meV, it is assumed
that most of the population is in the vibrational ground state in the molecular
beam. The rotational (or rather pendular for the aligned case) levels of such big
molecules are however much less separated and it is assumed that a large number
of pendular states are populated.
In the simulations the initial state was always chosen as the ground state
of the combined torsional and alignment potentials. This will most likely lead
to a difference between simulations and experiments. Figure 7.5 showed that
1D aligned molecules exhibit significantly smaller oscillations in hφd i than the 3D
aligned molecules, because the population was not confined to the regions around
the minima in the kick potential. Since the higher pendular states are less confined
than the ground state it is likely that they will show a smaller oscillation in hφd i.
Due to the large computational time required no effort was made to perform the
calculation on a Boltzmann distribution of hundreds or thousands of states.

8.4

Two-Pulse Torsional Control

Here follows the experimental results. The results are divided into two sections.
This section focuses on the effect of multiple kick pulses. This only includes the
effect at early times after the kick pulses. Section 8.5 is devoted to the study
of the torsional motion at larger delays. Both parts will be compared to the
extended 2D model introduced in chapter 7.
In this section the 3D aligned molecules were subjected to one of three kick
pulse sequences:
• One kick pulse centered at 0.00 ps.
• Two kick pulses centered at 0.00 ps and 1.22 ps.
• Two kick pulses centered at 0.00 ps and 0.54 ps.
At a variable delay after the kick pulse sequence, the molecules were Coulomb
exploded to determine hφd i. This delay was scanned in steps of 0.17 ps by adjusting the position of the delay stage for the kick beam. The measured value of
hφd i as a function of the delay between the first pulse in the kick sequence and
the probe pulse is plotted in Fig. 8.4 for all three kick pulse sequences.
Figure 8.4(a) depicts hφd i as a function of time during the first 4 ps after a
single kick pulse as the filled black circles with errorbars. The intensity of the
kick pulse is shown by the filled light red area. The experimental data shows a
periodic motion with an amplitude of 3° and a period of 1.22 ps. This is in line
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Figure 8.4: hφd i as a function of time following a kick pulse sequence. Experimental results are shown as filled black circles with errorbars representing the
uncertainty as one standard deviation. The result of the corresponding simulation is shown by light red lines. The filled light red area show the intensity of the
kick pulse sequence. (a) one kick pulse at 0.00 ps. (b) two kick pulses at 0.00 ps
and 1.22 ps. (c) two kick pulses at 0.00 ps and 0.54 ps.

with the expectations based on the qualitative considerations relating to Fig. 8.2,
in particular the initial move of hφd i towards lower values. The observations
also agree well with the findings in reference [1] obtained for similar experimental
parameters (somewhat lower kick pulse fluence was used in that experiment).
The result of a simulation using the extended 2D model is shown by the
light red line in Fig. 8.4(a). The simulation used the same alignment and kick
pulse parameters as in the experiment, except for the kick pulse intensity. The
kick pulse intensity for the simulation was chosen a factor of four lower than
the experimental intensity in the center of the focus to match the amplitude
of the oscillations seen in the experiments. In addition, an offset of 2.0° has
been added to hφd i obtained from the simulation to match the average value of
hφd i observed in the experiment. With these two modifications the extended
2D model describes the data very well. The difference of 2° between the initial
hφd i in the model and the experiment could arise from imperfect axial recoil in
the Coulomb explosion process. Another possibility is that the minimum of the
torsional potential used in the model is somewhat different from the minimum
in the real torsional potential. It is not clear if the experiment or the simulation
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has the largest error. A difference of 2° is considered very small and is certainly
acceptable. The fact that the center intensity of the experiment is four times
higher than the intensity in the simulations is, however, somewhat disturbing. A
discussion of possible reasons is given later in this section.
Figure 8.4(b) shows the hφd i dynamics for two kick pulses separated by 1.22 ps.
It is seen that the amplitude of the first oscillation is similar to what was seen
in panel (a). The subsequent oscillations, however, occur with a much larger
amplitude. The amplitude increases from 3° to 6° when the second kick pulse is
applied at 1.22 ps. The light red line shows the result of a simulation with the
experimental parameters (performed with one fourth of the intensity and shifted
by 2.0°). Again it is seen that the model describes the experimental data very
well. The data shows that the coherent control of the torsional motion allowed to
pump more energy into the torsional vibration by applying the second kick pulse
at the right time.
In Fig. 8.4(c) the experimental data for two kick pulses separated by 0.54 ps
is shown. It is seen that the second kick pulse decreases the amplitude of the
oscillation from 3° to 1.5°. The experimental data is quite well described by the
model (shown as the light red line). This decrease in amplitude is smaller than
initially expected. The delay for the second kick pulse was found in the last
days before the PImMS camera was installed in the laboratory. Thus the raw
F+ ion images acquired with a CCD camera were used to study hφd i. In those
measurements the optimal kick-pulse delay to reduce the amplitude was found as
0.51 ps. At the time of the current experiment the kick-pulse delay was adjusted
to this setting on the manual delay stage. The cross correlation between the kick
beam and the probe beam showed that the kick pulse separation was 0.54 ps and
this was the value used. Given more time for the experiment, hφd i as a function
of time should have been measured for several delays between the two kick pulses
to find the optimal delay. This would, however, have required much more time
and other measurements would have been impossible. Therefore the delay of
0.54 ps was used. The simulation in Fig. 7.6 shows that the oscillations should
completely stop if the second pulse is sent at 0.61 ps. This would have been a
very nice measurement to showcase the abilities of dynamic Stark control and the
extended 2D model.
With all the three kick sequences used, it was seen that the extended twodimensional model describes the experimental data very well. As already mentioned, this required that the simulated data was offset by 2.0° and was calculated
with an intensity of one fourth of the experimental center intensity. There are
many possible causes of this discrepancy. As a first point it should be noted that
in the experiment a spatial distribution of intensities are used. This means that
the molecules that are further away from the center of the focus will experience
a lower intensity and thus a smaller amplitude in the torsional motion. No focal
volume averaging was performed in the simulation to account for this variation
of intensity. Focal volume averaging requires a knowledge of the probability for
probing molecules at various positions in the kick pulse focus. This is immensely
difficult in this experiment. The first problem is that the probe probability is not
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just the probability to ionize the molecules. It is the probability to create both
F+ and Br+ ions from the same molecule. The time-of-flight mass spectrum for
the very similar BFCBP molecule is shown in Fig. 6.4. Here it is seen that not
only Br+ ions but also significant amounts of Br2+ ions (and Br3+ ions which
coincides with a number of other peaks) are created in the Coulomb explosion.
The focal volume averaging would have to take into account that in the center of
the probe focus it is likely that Br+ ions are further ionized and therefore do not
contribute to the measurement of hφd i. In addition there is a spatial gradient of
the sample density since the experiment was performed in the deflected part of
the molecular beam. As seen earlier the sample density does change significantly
on the order of 0.1 mm. Because of the complexity of the focal volume analysis it
was not performed. We estimate that the focal volume averaging would result in
an effective intensity about a factor of 2 lower than the center intensity but not
a factor of 4.
Another possible explanation could be that the kick pulse intensity determined in the experiment was incorrect. The intensity of the kick pulses and the
amplitude of the torsional motion observed was compared to earlier experiments
by Hansen et al. [1]. It was found that those experiments obtained the same
amplitude (measured with a different method) but at an intensity that was 33 %
lower than the one in this experiment. The size of the kick pulse focus could have
been underestimated in the current experiment, or the position of the focus along
the laser beam could be slightly wrong. Both effects can lead to an overestimation
of the intensity.
Another curious point is that in reference [4] a similar discrepancy between
experiment and the semiclassical and the original 2D model is observed. It should
be noted that the intensity-FWHM pulse durations used by Hansen et al. was
interpreted as electric-field-amplitude-FWHM by Brandt. Thus the pulses used
in simulation for comparison with the experiment are actually shorter (and have
lower pulse energies), than the ones in the actual experiment. This leads to a
seemingly smaller difference between experiment and theory.
Since the discrepancy is not limited to the combination of the current experiment and the extended 2D model it is tempting to look for the solution in the
description of the experiment. One thing all models have in common is that the
initial state is very confined (close to perfect three-dimensional alignment). As
mentioned already, the initial state in the experiment is closer to a Boltzmann distribution. The simulations only describe the motion of the lowest energy state in
the combined torsional and alignment potentials. I believe this is the most problematic point in applying the extended 2D model to experiments. It is, however,
difficult to estimate the effect of this problem.
The experiment showed that the two-pulse torsional control scheme worked
very well. A single kick pulse resulted in an torsional motion with a period of
1.22 ps and an amplitude of 3°. It was possible to double the amplitude in the
torsional motion by applying the second kick pulse one torsional period after the
initial kick pulse. By applying the second kick pulse 0.54 ps after the first kick
pulse the amplitude in the torsional motion was reduced from 3° to 1.5°. The
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torsional motion was well described by the extended 2D model except that the
model overestimated the amplitude. To correct for this the simulations were
performed with an intensity lowered to one fourth of the experimental center
intensity. Part of the discrepancy is accounted for by focal volume averaging
and possibly an experimental overestimation of the kick pulse intensity. It is
believed that the almost perfect 3D alignment of the initial state used in the
simulation also plays an important role in the overestimation of the amplitude in
the torsional motion by the model.
In addition to the results regarding the torsional motion, this experiment
also proved that angular covariance mapping of different ionic species following
Coulomb explosion is a strong tool to track structural changes of large molecules.
Even the rather small oscillations of a few degrees are resolved using this technique combined with the PImMS camera. To my knowledge, this experiment was
the first of its kind. Another advantage of the covariance mapping method is
that the measurement can continue for kick-probe delays long after the angular
confinement of the imaged F+ and Br+ ions is lost. This is the topic of the
experiment described in the following section.

8.5

Late Dynamics

The previous section showed how the amplitude of the torsional motion could be
controlled by varying the delay between two kick pulses. This section applies two
kick pulses separated by 1.22 ps to induce a large-amplitude torsional vibration.
This torsional vibration is followed as a function of time for larger kick-probe
delays. In previous experiments this was not possible because the angular distributions of the raw ion images were used to obtain the average F+ angle and
the average Br+ angle. The data in the raw ion images only show angular confinement for a few picoseconds following the kick pulses. This is illustrated by
the ion images in Fig. 8.5. The figure shows the raw F+ ion images recorded
at the delays leading to maxima in hφd i following two kick pulses separated by
1.22 ps. The images are produced from the same data as the curve in Fig. 8.4(b)
showing hφd i as a function of time. It is clear that the ion images only provide a
good measurement of the dihedral angle for a few picoseconds: at t = 4.50 ps the
image is already so blurred that determination of the spatial orientation of the
fluorine-containing benzene ring is impossible. The same conclusion was reached
in reference [1].
The determination of hφd i using the angular covariance map technique does
not require that the ion images are angularly confined. A rotation of the molecule
around the most polarizable axis increases φF and φBr by the same amount and
leaves φd (the difference between them) unchanged. Therefore hφd i can be studied
for much longer time delays with the angular covariance method employed in this
chapter. The measurement of hφd i following two kick pulses separated by 1.22 ps
was performed out to 20 ps. The result is shown in Fig. 8.6. Panel (a) displays
hφd i as a function of time. Experimental results are shown as filled black circles
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t = −0.50 ps

t = 0.83 ps

t = 2.17 ps

t = 3.33 ps

t = 4.50 ps

Figure 8.5: F+ ion images for several time delays following a two-pulse kick
sequence with a kick-kick separation of 1.22 ps. The first image is recorded before the arrival of the kick pulses. The subsequent images are recorded at the
maximum values of hφd i. hφd i as a function of time is shown in Fig. 8.4(b) for
the same data set.
with errorbars (indicating one standard deviation). The light red line shows the
results of the simulation using the extended 2D model with an intensity of one
fourth of the experimental center intensity as discussed in the previous section.
It is seen that both in the experiment and in the simulation the amplitude of
the oscillations decrease as a function of time. In chapter 7 this decrease was
explained by dispersion of the torsional wave packet due to the anharmonicity in
the torsional potential.
In Fig. 8.6(a) it is seen that the amplitude of the torsional motion decreases
as a function of time, but that it is still present after 20 ps corresponding to
approximately 16 oscillations. As with the data in the previous section these
measurements include 10 000 laser shots per delay. The repetition rate of the
experiment is limited by the alignment laser operating at a repetition rate of 20 Hz.
This results in a raw acquisition time of 50 min per 1 ps scanned. In addition to
this comes the time spent overlapping laser foci, performing cross correlations,
changing positions of delay stages, etc. This makes the measurement quite time
consuming. Since the Oxford team was only visiting for a limited number of days
we did not continue the scan from 20 ps.
Beyond 20 ps we scanned shorter intervals at selected delays to determine if the
decrease in amplitude was due to dispersion or if it was caused by intramolecular
vibrational relaxation or another form of dissipation of energy from the torsional
motion. Thus we obtained hφd i in the four intervals shown in Fig. 8.6(b). Notice
that the time axis is discontinuous. 50 ps after the first kick pulse there is still
some torsional motion in the molecule. The amplitude is, however, significantly
reduced. After 100 ps the oscillation is not visible. 150 ps after the first kick
pulse, the torsional vibration appears again. The amplitude is similar to what
was observed after 10 ps or 20 ps. After 200 ps there is no clear structure in the
measured data.
The gradual decrease of the amplitude followed by an increase is interpreted
as dispersion followed by revival of the vibrational wave packet. This behavior
was seen in the simulations in section 7.5 and was also observed in the calculations
139

8. Torsional Motion in Biphenyl Compounds

48
(a)

hφd i (degrees)

46
44
42
40
38
36
34

0

2

4

6

8

48

1.0
(c)
0.5
0.0
0.6

12

14

16

18

20

F

(b)

hφd i (degrees)

46

10

44
42

0.7

0.8
0.9
Frequency (THz)

40
38
36
34
50

52

100

102

150 152
Time (ps)

200

202

Figure 8.6: Long-time dynamics following two kick pulses separated by 1.22 ps.
Experimental data is displayed as filled black circles with errorbars (representing one standard deviation). The result of a simulation with the extended 2D
model is shown as light red lines (see text for details about the simulation). (a)
displays hφd i as a function of time up to 20 ps. (b) shows hφd i as a function of
time in selected interval between 50 ps and 200 ps. Notice that the time axis is
discontinuous. (c) Shows the absolute value of the Fourier transform, F, of the
experimental data from panel (a) (black line) and from a simulation from 0 ps to
2500 ps (light red line). F has been normalized to have a maximum absolute value
of 1. The different beat frequencies are well resolved in the very long simulation
whereas the experimental data covers too short a time interval to resolve them.

by Ashwell and coworkes [128]. As already discussed this is a manifestation of
the anharmonic part of the torsional potential.
The result of the simulation is not shown in Fig. 8.6(b). It was shown in
Fig. 7.7 where it was found that the first revival of the simulated dynamics occurs
at 105 ps. This contrasts the experimental findings, which show a minimum in the
amplitude close to that delay. The Fourier transformation of hφd i as a function of
time was used to reveal the beat frequencies in the signal in chapter 7. The same
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analysis was performed on the experimental value of hφd i. The result is displayed
in Fig. 8.6(c) as the black line. The red line shows the result from the simulation.
It is seen that the beat frequencies are not resolved. Thus, it is not possible
to obtain the beat frequencies from the Fourier transform of the experimental
data. A much longer measurement (spanning more than one revival) is needed
for this. This is also the reason why it worked so well in the simulation, which
was performed up to 2500 ps. While the two Fourier transformations differ in
their resolution, both show clear maxima of the beats at 0.80 THz.
The Fourier transformation did not reveal the beat frequencies present in hφd i
as a function of time. From the measurement it appears that there is a minimum
in the amplitude of hφd i close to 100 ps. If this is the first minimum, a revival
should appear at twice the time. Since the amplitude at 150 ps is quite large
one guess is that the first revival appears close to 170 ps. This would fit the
experimentally observed amplitudes quite well.
Another option is that the minimum at 100 ps is close to the second minimum.
In this case there should be a minimum close to 35 ps, a maximum close to 70 ps,
a minimum close to 105 ps, and a maximum close to 140 ps. This is also possible
from the experimental data. It seems unlikely that the minimum at 100 ps is
close to the third (or higher) minimum, since this would require a minimum close
to 20 ps (or earlier), which is not observed. Therefore it seems most likely, that
100 ps is close to either the first or the second minimum. This gives possible
revival periods of 70 ps and 170 ps, obviously with very large uncertainties.
The experiment shows that torsional motion in the FBCBP molecule persists
for at least 150 ps. This is a remarkably long time for a vibration to be localized
in one mode in such a large molecule. Often intramolecular vibrational relaxation
(IVR) leads to a damping of such coherent vibrations [173]. One reason why the
wave packet persists is that the torsional mode is the lowest energy mode in the
molecule1 . Therefore, it requires at least two quanta of torsional energy to excite
other vibrational mode in the molecule. For vibrational modes of higher energy
it is more likely that the molecule can relax into modes of lower energy. In the
absence of such population transfer the torsional wave packet is allowed to persist
for the very long times observed in the experiment.
It was found that the simulation with the extended 2D model described the
decrease in the amplitude of the first 20 ps quite well. The dispersion and revival
structure in the experiment was also predicted by the simulation. The model did,
however, predict a revival period of 105 ps, whereas the experiment shows that
the actual value is most likely close to 70 ps or 170 ps. This discrepancy is most
likely due to a difference between the anharmonic part of the torsional potential
in the model and the actual potential of the molecule. The harmonic part of the
potential, however, appears to be well described since the vibrational frequency
of the simulation is in agreement with the experimental result.
1 The frequencies of the five lowest vibrational modes were calculated by Mikael P. Johansson. The results were 25.57 cm−1 , 48.14 cm−1 , 57.50 cm−1 , 67.43 cm−1 , and 120.23 cm−1 . For
comparison the frequency of the observed torsional motion is 27.3 cm−1 .
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8.6

Conclusion and Outlook

This chapter demonstrates that the torsional motion in a substituted biphenyl
molecule can be coherently controlled by a pair of strong, nonresonant femtosecond laser pulses. When the pulses are separated by a torsional period the torsional
amplitude approximately doubles compared to the result for a single pulse. In
addition it was shown, that the torsional motion could be significantly reduced
by applying the second kick pulse 0.54 ps after the first kick pulse. It is believed
that the decrease in amplitude would have been even stronger if the kick pulse
had been applied after 0.61 ps (half a torsional period). This is supported by
simulations with the extended 2D model.
The experiments on the long-term behavior of hφd i following two kick pulses
synchronized for maximal amplitude showed a pronounced dispersion and revival
structure. It was possible to follow the torsional motion out to at least 150 ps
corresponding to more than 120 oscillations. The persistence of the torsional
vibrations shows that IVR is a weak effect in the torsional mode. It is, however,
not possible to determine if IVR has reduced the amplitude at this point since it
is not know whether the measurement at 150 ps represent the peak of a revival.
This is because of the sampling of the dynamics at four short time intervals. This
also limits the information obtained about the structure of the revivals. The
most likely revival periods were determined to be 70 ps and 170 ps (with a large
uncertainty). While the sampling of short time intervals at long delays did not
provide definite results about the revival period and the role of IVR it did allow
the observation of revivals and the information that if present, IVR is weak. This
would most likely not have been the case if we had spend the same time recording
hφd i from 20 ps to 30 ps instead.
The experimental results show the ability of the angular covariance analysis
combined with the PImMS camera to provide a femtosecond probe with an uncertainty of approximately 1°. In addition, the data required for each step could
be obtained in approximately eight minutes at a repetition rate of 20 Hz. This
method is unique in that it allows femtosecond pump-probe studies of relatively
small structural changes in molecules to be performed in low-repetition-rate setups like the one in our laboratory.
The simulations showed very good agreement with the experiment. They
reproduced the overall shape of the oscillations in hφd i for all three kick-pulse
sequences applied with the correct period of the oscillations. The simulation did,
however, predict a different revival period and required an intensity lower than
the experimental center intensity by a factor of four.
Given the discrepancy between the hφd i amplitude obtained in experiment
and simulation it would be very interesting to simulate the behavior of other
states than the ground state of the combined torsional and alignment potentials.
It seems unlikely to perform the simulation on the full Boltzmann distribution.
It would however be fruitful to simulate the effect on a handful of higher lying
pendular states. These could be obtained by propagation in imaginary time. One
option is to calculate one state at a time and continuously subtract the projecting
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of the previously obtained states in a Gram–Schmidt type method. This method
would provide the states ordered according to their eigenenergy. This type of
analysis could reveal if the discrepancy between experiment and simulation arise
from the initial state chosen in the simulation.
In addition to these outlooks for simulations, it would be tempting to return
to the experiment. An obvious shortcoming of the experiment is that it was not
possible to determine the revival period from the torsional motion in the sampled
intervals at longer delay. For this reason it is not known whether the amplitude
measured at 150 ps was measured at the peak of the revival or whether even
higher amplitudes are present nearby. This, in turn, makes it impossible to study
IVR processes because it is not known if the decrease in amplitude from 0 ps to
150 ps is due to dispersion of the wave packet or arises from IVR.
An exciting experiment to try would be to sample the amplitude of the torsional vibration in additional short intervals to find the period of the revival
structure. Because of the four intervals already sampled only a few more intervals need to be sampled to find the approximate period. When the peak of the
revival is found, the decrease in amplitude between different revivals could be
studied to investigate the effect of IVR. In addition the number of kick pulses
and the intensity in them could be varied to determine the effect of IVR on wave
packets with different number of torsional states populated. IVR should play
only a little role for the lower vibrational states since their vibrational energy is
too low to populate other modes. This would be an exciting way to utilize the
long pump-probe times possible with the covariance measurements.
The early-time dynamics could be studied following kick-pulse sequences of
four or eight kick pulses [27]. This arrangement could be used to drive the wave
packet close to the point of crossing the barrier from one enantiomer to the
other. In principle it is possible to observe this crossing since hφd i changes sign.
In practice however, it is not possible, since the sample is a racemic mixture.
Therefore the molecules crossing from one potential well to the other will be
accompanied by a similar number of molecules moving the other way.
More exotic experiments could involve doping the FBCBP molecules in superfluid helium droplets. In this way the torsional motion could serve as a controlled
way to initiate a vibrational wavepacket and study the effect of dissipation on the
torsional motion [129]. The liquid helium environment ensures that initially the
molecules are cooled to 0.4 K. This study would be interesting, since the evolution
of rotational wave packets in helium droplets is not well understood [26]. All the
required techniques for such a study are present in our laboratory. A limiting factor in such an experiment is the sample density. It is necessary that each droplet
is doped with only one molecule (or rather that the amount of doubly doped
droplets is much smaller than the amount of singly doped droplets). This results
in a very low sample densities of the doped molecules and limits the amount of
data recorded with the 20 Hz alignment laser. Adiabatic alignment has, however
been characterized in this way [174], so it is likely that a early-time measurement
of the torsional motion in FBCBP molecules doped in helium droplets can be
performed.
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9

Conclusion and Outlook
In conclusion the experiments presented in this thesis retrieved structural information from the emission angle and kinetic energy of photoelectrons or from
velocity correlations between ions following Coulomb explosion. The results of
these experiments, and possible future experiments are discussed in this chapter.
In the description of the outlook, it is a part of the picture that I will be employed in a postdoctoral position in Femtolab following the submission of this
thesis. Thus, I will likely participate in many of the future experiments myself.

Tautomer Selection
The tautomer-selection experiment showed that it is possible to separate the two
tautomers using the electrostatic deflector. From the photoelectron spectra it
was possible to identify the two tautomers and determine to what extend they
were deflected. In addition, dimers of the two molecules were observed. The
deflection profiles showed, that the most deflected part of the molecular beam is
a pure sample of the most polar form. The photoelectron angular distributions,
however, did not yield any differences between the tautomers.
The experiment is a step in the direction of studies of photo-induced reactions
via time-resolved photoelectron spectroscopy. In the experiment three-photon
ionization occurred from the electronic ground state. This is likely not the probe
best suited for time-resolved photoelectron spectroscopy. Future experiments
could use a UV-pump UV-probe scheme to promote molecules to electronically
excited states followed by ionization from the excited states. It is possible conduct
such an experiment in the laboratory. The ultraviolet femtosecond pulses can be
generated by one of the two optical parametric amplifiers with mixing stages
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installed. Another interesting future experiment with the tautomer pair could
be to 3D align and orient the molecules and subsequently ionize them using
circularly polarized 800 nm femtosecond pulses. This probe is not suited for
time-resolved experiments in the excited state, but could serve to demonstrate
differences between the two tautomers.

Free-Electron Laser Experiments
The free-electron laser experiments in this thesis aimed at recording photoelectron
angular distributions from laser aligned molecules. The experiments investigated
the difference between photoelectron angular distributions from aligned molecules
and from randomly oriented molecules. The difference angular distribution is
interpreted as a diffraction pattern of the photoelectron reflecting the structure
of the molecular ion. Such photoelectron diffraction patterns were recorded at
several photoelectron wavelengths and comparison to simulations shows good
agreement.
The results of the experiment on photoelectron diffraction on laser aligned
pFAB molecules are very promising. A beam time at FLASH in December 2014
is already planned. Iodine 4d photoelectron diffraction patterns will be recorded
from laser aligned 2,6-difluoroiodobenzene. Following absorption of a VUV photon, the molecule undergoes photodissociation and the goal is to observe the
photoelectron diffraction patterns change as the iodine atom is ejected from the
molecule. In addition to this experiment, an experiment at LCLS is planned for
October 2014. In that experiment 4,4’-diiodobiphenyl will be laser aligned and
its X-ray diffraction pattern recorded using the free-electron laser pulse. This
experiment is a follow-up to the initial experiment in reference [81]. Its purpose
is to further test the method of X-ray diffraction of laser aligned molecules, by
using a molecule with a larger iodine-iodine separation.

Covariance Experiments and Torsional Motion
The covariance experiments on Coulomb explosion imaging showed that the
method is capable of measuring bond angles in a substituted biphenyl molecule.
The method uses Coulomb explosion of the molecules and therefore relies on the
axial recoil approximation to relate the measured velocities to the structure of the
molecule. In addition, the method uses laser alignment to view the molecule from
the optimal direction to observe specific angles. The dihedral angle and certain
bond angles were measured by viewing the molecule from the end and from the
side, respectively. Apart from being of interest to the time-resolved experiments,
the determination of the dihedral angle also enabled us to distinguish between
the two enantiomers of the axially chiral molecule.
The covariance technique was also used to measure the dihedral angle in the
experiment on torsional motion in a substituted biphenyl molecule. Torsional motion was induced and controlled by intense nonresonant femtosecond laser pulses
via the Stark effect. For a single 200 fs pulse this resulted in an oscillation in the
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average value of the dihedral angle with an amplitude of 3° and a period of 1.22 ps.
Using a second laser pulse the amplitude was controlled by the delay between the
two pulses. Delaying the second pulse by 1.22 ps resulted in a 6° amplitude of the
torsional motion. With a delay of 0.54 ps the amplitude was reduced to 1.5°. The
covariance technique allowed the measurements to be performed with very long
delays between the pump and the probe pulses. This enabled the observation of
dispersion and revival of the torsional vibration. It was not possible to determine
the period of the revival structure and the effect of intramolecular vibrational
relaxation on the amplitude of the torsional motion.
The measurement of torsional motion in the biphenyl compound was compared to simulations using the two-dimensional model extended to include threedimensional adiabatic alignment. The model was found to describe the overall
torsional motion very well. In addition to minor discrepancies regarding a small
offset in the dihedral angle and an incorrect determination of the revival period,
the model required an intensity which was lower than the experimental intensity
to reproduce the experimental data. Part of the difference can be ascribed to focal volume averaging, which is not included in the simulations. Another possible
explanation can be that the model assumes that all molecule are in the lowest
state of the combined torsional and alignment potential, whereas the experiment
is performed on an approximately thermal distribution of molecules. The effect
of a thermal distribution could be investigated in future work simulating the
torsional motion of other states than the ground state.
Many experiments could be performed on the biphenyl system using the combination of laser alignment and the covariance techniques. These experiments
include large-amplitude torsional motion induced by multiple laser pulses, longtime measurements to study intramolecular vibrational relaxation, and measurements in liquid helium droplets to study the dissipation of torsional energy into
the cold environment.
In addition to experiment on the already tested molecular system, a range
of new ideas have appeared since the covariance experiments of this thesis were
performed. The biphenyl molecule assumes a planar geometry in the first electronically excited state [175]. Thus, following a one-photon excitation to this
electronic state, a wave packet will evolve from an initial dihedral angle determined by the electronic ground state. The wave packet subsequently moves on
the excited-state potential energy surface oscillating between positive and negative dihedral angles and thus between the two enantiomers of the molecule. This
process will likely be studied in an experiment on 3,3’-difluorobiphenyl using
Coulomb explosion of the molecule to probe the dihedral angle following excitation by a UV photon. This is one of the experiments I will likely be conducting
during the next year.
An experiment on 4,4’-difluoroazobenzene is already in its early phase. The
azobenzene compound undergoes isomerization from the trans conformer to the
cis conformer upon irradiation by UV light. Benjamin Shepperson has recently
recorded ion images following Coulomb explosion of this molecule and studied
the F+ -F+ angular covariance map. In the trans conformer the two F+ ions
147

9. Conclusion and Outlook
were observed to recoil back-to-back. In the cis conformer, the two F+ ions are
expected to be ejected within the plane of the molecule and at a relative angle
close to 120°. The experiment aims a recording this change in geometry as the
molecule undergoes isomerization.
Correlation measurements open the door to a world of experiment that have
previously not been performed in Femtolab. In addition to the work in this
thesis, the method has already been applied to determine how well the axial recoil
approximation describes Coulomb explosion processes and the effect of a helium
droplet on dissociating dopant molecules. The future of these measurements is
truly exciting.
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Appendix

A

Focus Scan
The majority of the experiments described in this thesis were performed with two
or more focused laser beams interacting with the molecules under investigation.
This appendix describes how the position and size of the foci are determined as
well as how the pulses are overlapped (or appropriately delayed) in time. In the
experiment the laser beams are focused by a lens in front of the entrance window
in the vacuum chamber. When the foci are scanned a metallic mirror is placed
after the lens, reflecting the laser beams by 90°. The focused laser beams pass
through a "fake" window of the same material and thickness as the one used as
the entrance window of the vacuum chamber. The window is included to ensure,
that the foci produced outside the vacuum chamber are identical to the foci inside
the vacuum when the mirror is not present. The laser beams are attenuated, by
inserting neutral density filters before the lens (usually with an optical density of
5), to avoid damage to optics in the focus.
To determine the position and size of the focus a fast photodiode (Thorlabs
DET200) is mounted with a small pinhole (usually 10 µm diameter, eg. Thorlabs
P10C). The photodiode and pinhole are mounted on an XYZ translational stage
and scanned across the foci to measure their sizes and positions. The voltage, V ,
from the photodiode mounted with a 10 µm pinhole is recorded as a function of
the pinhole position, resulting in focus profiles like the one shown by the light
red filled circles in Fig. A.1(a). The focus position in the transverse directions
is adjusted using the last mirror before the laser beams are combined to ensure
that all laser beams focus in the same transverse position. The size of the focus
and the position along the laser beam are adjusted using a telescope. In this way
the laser beams are overlapped in space. The measurement in Fig. A.1(a) was
used to determine the beam waist of the 400 nm focus used in the experiments on
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Figure A.1: Beam waists determined by scanning a pinhole through the focus.
(a) shows the experimental data (light red filled circles) from the experiments
described in chapter 4 as well as a Gaussian fit (black line) to the data resulting
in a beam waist of 20.5 µm. (b) displays the result of a simulation of the energy
transmitted through a pinhole (light red filled circles) as a function of pinhole
position. X0 is the pinhole position in units of the beam waist. Also shown
is a Gaussian fit to the data. (c) shows the beam waist obtained from several
simulations similar to the one in panel (b). Ω0,fit is the beam waist of the fit in
units of the beam waist of the focus. R0 is the pinhole radius in units of the
beam waist.

tautomer selection. The beam waist was obtained from the Gaussian fit shown
as the black line in the figure, resulting in 20.5 µm. This width, however, reflects
both the actual beam waist and the size of the pinhole. The effect of the finite
pinhole size is characterized in the following.
In most experiments employing multiple laser beams, one or more beams
are used to manipulate the molecules and another beam is used to probe the
molecules. In most cases this scheme requires that the probe laser focus is smaller
than the manipulation laser foci, such that all the probed molecules experienced
the same intensity of the manipulation pulses. Therefore it is important to know
the sizes of all foci. This size is obtained from the measurement of voltage as a
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function of pinhole position. The laser beam is treated as a Gaussian beam with
a fluence, F , given as a function of the Cartesian coordinates, x and y, of the
focal plane
F (x, y) = F0 e−2(x

2

+y 2 )/ω0 2

,

(A.1)

where F0 is the peak fluence and ω0 is the beam waist of the focus. The energy,
E, reaching the photodiode depends on the position and size of the pinhole. If
all the energy (or a constant fraction of it) passing through the pinhole reaches
the photodiode, E is proportional to the integral of the fluence over the area of
the pinhole:
Z y0 +r0 Z x0 +√r0 2 −(y−y0 )2
2
2
2
e−2(x +y )/ω0 dx dy,
(A.2)
E (x0 , y0 , r0 ) = E0
√
2
y0 −r0

x0 −

r0 2 −(y−y0 )

where x0 and y0 are the coordinates of the center of the pinhole and r0 is the
radius of the pinhole used. The photodiode voltage measured as a function of
pinhole position in the laboratory relates to E as a function of x0 with y0 and r0
fixed.
To generalize the expression above all coordinates are expressed relative to ω0
and labeled with capital letters: X = x/ω0 , R0 = r0 /ω0 etc. This results in
Z Y0 +R0 Z X0 +√R0 2 −(Y −Y0 )2
2
2
E (X0 , Y0 , R0 ) = E0 ω0 2
e−2(X +Y ) dX dY. (A.3)
√ 2
2
Y0 −R0

X0 −

R0 −(Y −Y0 )

By keeping Y0 and R0 fixed and varying X0 the expression above calculates how
much energy passes through the pinhole as a function of pinhole position. This
results in curves like the one shown by the light red filled circles in Fig. A.1(b).
We are interested in the width of such curves. Therefore the beam waist of the
curve was determined by fitting an expression like Eq. A.1 to the result and
extracting Ω0,fit , the fitted beam waist in units of the actual beam waist. The
results of such a fit is shown as the black line in Fig. A.1(b). This was done for
several values of Y0 and R0 .
The errors in the simulated scans were determined by investigating how much
Ω0,fit differs from 1 for each scan. For Y0 = 0, this resulted in the data shown
as light red filled circles in Fig. A.1(c). As seen from the figure, the pinhole
introduces a very small error. The example above for a focus with ω0 = 20 µm
scanned with a pinhole with R0 = 0.25 (10 µm diameter), results in a Ω0,fit =
1.032. In this example the beam waist is only overestimated by 3.2 % even though
the pinhole diameter is half the beam waist of the focus. This error is by far small
enough to be neglected. The uncertainty related to the position of the pinhole is
close to an order of magnitude larger. For larger pinholes or smaller beam waists,
however, the two become comparable. The data in Fig. A.1(c) is well described
by the function (shown as a black line)
Ω0,fit (R0 ) = 1.00 + 0.024 · R0 + 0.56 · R0 2 .

(A.4)
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A. Focus Scan
After scanning a focus in the laboratory, the beam waist found can be corrected for the error induced by the size of the pinhole using Eq. A.4. This results
in a more precise determination of ω0 . Subsequently, the peak intensity, I0 , of
the laser pulses can be obtained. For a pulse with fluence given by Eq. A.1 and
a Gaussian time dependence with an intensity-FWHM duration given by τ , the
peak intensity is calculated as [176]
√
4 ln 2 Epulse
,
(A.5)
I0 = 3/2
ω0 2 τ
π
where Epulse is the pulse energy, easily obtained from the average power of the
laser beam, measured with a power meter (in the experiment, typically a Gentech
Tuner with UP19K-30H-H5-D0 power meter head or a Scientech 372).
In experiments utilizing multiple femtosecond laser pulses in a pump-probe
scheme, it is necessary to control the delay between the pulses. Experimentally,
a single laser pulse is split in two and the path difference of the pulses determines
their relative delay. Typically, the delay is control by a delay stage in the path
of one pulse. In order to determine the delay between the two pulses an interferometric cross correlation is performed [177]. This is done with the same mirror
placed after the focusing lens, reflection the laser beams by 90°. Typically the
cross correlation is performed by placing a BBO crystal in the focus of the laser
beams and utilizing type II sum frequency generation of the two beams to measure their temporal overlap when the delay of one pulse is scanned. This method
is used both to determine the delay corresponding to an temporal overlap of the
two pulses and measure the duration of the (convolution of the) two pulses. The
measurement is performed in the focus after the "fake" window in order to reflect
the actual conditions inside the vacuum chamber.
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B

Energy Calibration
In order to retrieve the velocity or kinetic energy of ions or electrons recorded by
the VMI setup it is necessary to perform an energy calibration. This appendix
describes how that was done for the electrons recorded from 2-pyridone and 2hydroxypyridine in the first experiment on this tautomer pair. It is therefore
not the exact same settings as used in the experiments described in chapter 4,
but the procedure is the same. To perform the calibration the VMI setup was
set to the voltages used to record the electrons. The pulsed valve was operated
with argon as carrier gas and the temperature was kept at room temperature so
no molecules from the sample were seeded in the argon gas. The argon beam
was sent to the VMI system, where 30 fs, 800 nm pulses, linearly polarized in
the vertical direction with peak intensity of approximately 1 × 1014 W/cm2 , were
used to ionize the argon atoms. At this intensity, ionization can occur as abovethreshold ionization (ATI) as observed by Agostini et al. [48]. In ATI the electron
can acquire energy corresponding to more than the minimum number of photons
needed to overcome the ionization potential of the atom. The electrons will
therefore appear with energies separated by one photon energy. It is these energies
that were used to calibrate the energy scale in the VMI setup.
Because the electrons of interest from the tautomers have very low kinetic
energy, the VMI was adjusted to image only the low energy electrons. This was
a problem during the calibration, since only two ATI peaks were imaged on the
detector. This was too little for a precise energy calibration. Therefore, a second
image was recorded with the extractor and repeller voltages increased to twice
the initial values. This gave several peaks in the photoelectron kinetic energy
distribution, that could be assigned to a different number of absorbed photons.
This enables the energy scale to be calibrated, by determining the kinetic energy
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Figure B.1: Electron images of above threshold ionization from argon recorded
at two sets of repeller voltage, Vrep , and extractor voltage, Vext . (a) shows an
electron image recorded at low voltages: Vrep = −1500 V and Vext = −975 V.
(b) shows an electron image recorded at high voltages: Vrep = −3000 V and
Vext = −1950 V.

as a function of the distance from the center of the distribution.
The two ATI electron images from argon for calibration purposes are seen in
Fig. B.1. The images obtained from the camera are all projections of the threedimensional velocity distribution onto the two-dimensional detector. All the data
was recorded with vertical laser polarization. Thus, the full three-dimensional
distribution can be retrieved by an inverse Abel transformation of the data. The
inverse Abel transformation enhances the features in the radial distributions,
which are smeared out due to the projection onto the two-dimensional detector.
The electron images were Abel inverted using the Basex program [178]. This
produces a cut through the three-dimensional velocity distribution as well as the
radial distribution of the Abel inverted image. In these radial distributions, the
ATI peaks separated by one photon energy were identified.
Figure B.2 shows the Abel inverted radial distribution (blue curve) as well as
the ATI peaks (black vertical dashed lines) for the data acquired with the high
spectrometer voltage. Also shown is the radial distribution of the ATI electrons
for the low spectrometer voltage (dashed light red curve), where the radius has
been divided by a factor of 1.3891 to overlap with the high-spectrometer-voltage
curve. This scaling factor was found by a (least squares) minimization of the
difference between the curves recorded at high and low voltages. The two sharp
peaks at 150 pixel at low voltage and 210 pixel at high voltage are artifacts from
the edge of the detector, also seen in the electron images in Fig. B.1.
For the n’th peak in the high-voltage data the radius, rn , was determined,
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Figure B.2: Radial distribution of ATI electrons from argon for the high (blue
curve) and low (light red dashed curve) spectrometer voltages defined in the
caption of Fig. B.1. The radius for the low spectrometer voltage data has been
divided by a factor of approximately 1.39 to overlap the two curves as described
in the text. ATI peaks used for energy calibration are shown by dashed black
lines.
and a fit of the equation
En /eV − c = a · (rn /pixel)2

(B.1)

was performed with a and c as fitting parameters. In this expression, En =
n · ~ω is the energy of n photons and c is an offset in the energy depending
on the ionization potential and Stark shift of the argon atoms as well as the
ponderomotive potential of the laser pulse. The kinetic energy, E, of the electrons
is obtained as the right side of Eq. B.1. To use the calibration function at low
spectrometer voltage, the radius has to be divided by 1.3891 as found above.
Therefore the kinetic energy was calculated as
E/eV = a/1.38912 · (r/pixel)2 = 1.00 × 10−4 · (r/pixel)2 .

(B.2)

The calibration converts a radius in pixels to a kinetic energy. Therefore different calibration functions have to be applied to data acquired with the different
cameras or different positions of the same camera. These different calibrations
were obtained by recording an image showing the size of the phosphor screen on
the detector for each camera. Using the size of the phosphor screen a distance in
pixels recorded with one camera can be converted to a distance in pixels for the
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camera, with which the calibration was performed. In this way the calibration
shown above was used for different cameras. For the voltages used in chapter 4
and with the Allied Vision Technologies Prosilica GE680 mounted as in those experiments, the energy calibration was given by E/eV = 1.04 × 10−4 · (r/pixel)2 .
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