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Preface
This thesis has been submitted to the Graduate School of Science and Technology at Aarhus University, in order to fulfill the requirements for a PhD degree.
All of the studies presented were conducted at iNANO and the Department of
Chemistry Aarhus University, in the period from fall 2008 to summer 2012 under
supervision of Professor Henrik Stapelfeldt, Department of Chemistry.
During the first years of my PhD (2008-2010) I took part in improving the
techniques for fixing molecules in space through alignment and orientation of
molecules. The single most important upgrade has been the incorporation of a
deflection chamber in our molecular beam machine. The deflection chamber was
designed and constructed in collaboration with Frank Filsinger, Jochen Küpper
and Gerard Meijer at the Fritz Haber Institute der Max Planck Gesellschaft in
Berlin. The ability of the deflector to bend the trajectories of polar molecules
depending on their rotational quantum state and effective dipole moment has led
to the achievement of perfect conformeric separation as well as unprecedented
degrees of adiabatic alignment and mixed-field orientation, which has further
enabled a wide range of applications of these strongly confined targets.
The first generation of experiments on deflected molecules relied on ion detection to verify both alignment and orientation. In the final part of the PhD (20102012) I extended this technique to image the ejected photoelectrons from singly
ionized 3D oriented molecules, revealing characteristic features of the highest lying molecular orbitals. This has allowed for further extension of the possible
experiments involving deflected molecules, with recent research including the
use photoelectron angular distributions to retrieve orbital information through
tomographic reconstruction. In this time span we have also fully characterized
an improved version of the hold and spin alignment technique, which produces
stronger 3D alignment of asymmetric top molecules. The ability to tightly confine the molecular plane has proven to produce even more pronounced features
from the molecular orbitals in photoelectron angular distribution experiments.
Furthermore, I have shown that the combination of tight 3D alignment and timeresolved Coulomb explosion imaging can be used to induce and image the torsional motion of an axially chiral biphenyl molecule on the natural sub-picosecond
time scale.
The work presented in this dissertation will primarily focus on experiments
in which I have been (one of) the driving force(s). In addition, I will try give a
more complete description of the experiments as compared to that presented in
the papers which has been published, since the condensed nature of articles does
not always comply with presentation and discussion of all the recorded data.
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Dansk Resume
Molekyler er ikke blot faste strukturer som når de tegnes på et stykke papir. Tværtimod er de altid i bevægelse, hvilket betyder at selv stive molekyler på gasform
vil kunne rotere frit i forhold til hinanden. En sådan samling af molekyler betegnes som tilfældigt orienterede.
I mange eksperimenter er denne tilfældige orientering ikke hensigtsmæssig
da molekylernes rumlige orientering i høj grad er bestemmende for hvorledes de
vekselvirker med andre molekyler, atomer eller elektromagnetisk stråling. Dette
medfører at man i sine målinger uundgåeligt kommer til at midle over alle de
forskellige måder de enkelte molekyler ligger på, hvilket potentielt kan betyde at
de molekylære egenskaber, man ønsker at bestemme, udviskes.
Ved at benytte laserkemiske teknikker til at fastholde molekyler langs en eller
flere akser, er det muligt at indføre en sammenhæng mellem molekylets og laboratoriets koordinatsystem, hvorved midlingen undgås. Molekyler, som fastholdes
langs en akse, siges at være alignede og hvis molekylets retning langs aksen samtidig kontrolleres, kaldes de orienterede. I denne afhandling abejdes der med to
hovedaspekter af alignede og orienterede molekyler: Den første del af afhandlingen omhandler videreudvikling af teknikker der kan kontrollere molekylernes
rumlige orientering, mens afhandlingens anden del udforsker eksperimentelle
anvendelser af disse molekyler.
Arbejdet har især fokuseret på hvorledes orientering af stive molekyler kan
anvendes til at måle udsendelsesretningen af fotoelektroner i molekylets koordinatsystem. Teoretiske beregninger under de førnævnte forudsætninger har
tidligere forudsagt en undertrykkelse af elektronudsendelsen langs molekylets
knudeflader. I denne afhandling præsenteres de første eksperimentelle observationer og studier af denne effekt.
Langt de fleste molekyler er dog ikke stive men i stedet fleksible strukturer.
Dette gør dem i stand til at skifte imellem forskellige molekylære former, hvorved
studierne af dem yderligere kompliceres. Ved at kombinere muligheden for at
fastholde fleksible molekyler med brugen af ultrakorte laser pulser til at eksitere
molekylær bevægelse langs en given reaktionskoordinat er det muligt at "byde
molekylerne op til dans" ved at kontrollere deres bevægelser og derved få molekylerne til at "twiste" i takt.
Afhandlingen illustrerer blot få af de mange anvendelsesmuligheder forbundet med evnen til at kontrollere det enkelte molekyles rumlige orientering. Fuld
kontrol af denne vil potentielt muliggøre studier af fx kemiske reaktioner set fra
molekylets synsvinkel.
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Outline
The central topics of the thesis can be divided into two major contributions, where
the underlying theme of both parts is the manipulation of molecules with external
fields. The first part (Chaps. 4 – 5) concerns the development and characterization
of alignment and orientation as a technique, whereas the second part (Chaps. 6 –
10) investigates some of the many interesting prospects of the ability to control
the spatial orientation of molecules. A brief description of the contents of the
individual chapters is given below.
Chapter 1 The need for controlling the spatial orientation of molecules is motivated from a historical perspective and set in relation to the experimental
work presented in this thesis.
Chapter 2 The basic principles and concepts of laser-induced alignment and mixedfield orientation are introduced followed by an introduction to molecular
frame photoelectron angular distributions in the strong field regime.
Chapter 3 A thorough description of the experimental setup is provided. This
will cover the optical setup, the molecular beam machine and the detection
system.
Chapter 4 Electrostatic deflection by an inhomogeneous field is used to isolate
the lowest lying rotational states of polar molecules. These molecules are
further used for alignment experiments and to extend mixed-field orientation to the general class of polar asymmetric top molecules where the most
polarizable molecular axis is non-parallel to the dipole moment.
Chapter 5 A new approach for obtaining strong three-dimensional alignment is
demonstrated, characterized and compared to the established techniques.
The technique uses two laser pulses to produce the alignment and relies on
the combined effects of adiabatic and non-adiabatic alignment.
Chapter 6 The angle dependent ionization yields is recorded for fixed-in-space
linear and asymmetric top molecules.
Chapter 7 Molecular frame photoelectron angular distributions are measured by
strong-field ionization of the highest lying molecular orbitals. These measurements present the first observation of suppression of the electron emission along the confined molecular plane, which can be ascribed to the nodal
planes structures of the HOMO (and the HOMO-1).
Chapter 8 Time-resolved photoelectron angular distributions are recorded for a
rigid asymmetric top molecule, which is set into controlled motion about
an arrested molecular axis. The photoelectron angular distributions are observed to exhibit pronounced changes as the molecular plane rotates, which
also can be explained by the nodal planes structures of the HOMO (and the
HOMO-1).
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Chapter 9 The alignment technique developed in Chap. 5 is used to fixate an axially chiral molecule which allows for efficient excitation of the intramolecular torsional motion. The induced dynamics is followed on a femtosecond time scale by Coulomb explosion imaging and reveals torsional motion
with an amplitude of 3◦ and a period of 1.25 picoseconds.
Chapter 10 It is demonstrated that electrostatic deflection can be used to spatially
separate and isolate the lowest lying rotational states of both the cis and
trans conformer of 3-aminophenol. The technique is also applied to the trans
and gauche conformations of 1,2-diiodoethane, where the presence of the
iodine atoms provides observables that allow for individual imaging of the
isomers.
Chapter 11 The experimental findings are summarized and the chapter concludes
by discussing future experiments and possible applications of aligned and
oriented molecules.
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1

Introduction

The common theme of this thesis is the development of methods to control the
spatial orientation of gas phase molecules and, in particular, the use of spatially
oriented molecules to study intramolecular processes induced by irradiation with
intense femtosecond laser pulses.
An important nomenclature, used throughout this thesis, specifying the definition of spatial orientation of molecules is alignment and orientation. Here, alignment refers to confinement of the molecule-fixed axes along laboratory axes and
orientation refers to the molecular dipole moments pointing in a specific direction. A graphical illustration of an ensemble of linear molecules that are either
only aligned or both aligned and oriented is provided in Fig. 1.1.

(a)

(b)

”Random”

(c)

Alignment

Orientation

Figure 1.1: Illustration of the difference between alignment and orientation for an ensemble of linear carbonyl sulfide molecules. Normally when molecules are found in the gasphase they comprise an ensemble of randomly oriented molecules, as seen in (a). Here
there is no preference regarding the spatial orientation, and the molecules can rotate unhindered with respect to each other. When aligning, the situation shown in (b), the most
polarizable axis (here the internuclear axis) of the molecule is confined with respect to a
laboratory axis, however, the ensemble will still possess inversion symmetry, half pointing
upward and the other half downward. Orientation, shown in (c), refers to the situation
where the molecules are fixed along a laboratory axis and have a preferred direction in
space.
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There are two major motivations for using aligned or oriented molecules in
studies of molecular processes:
1) The alignment and orientation of a molecule determines its interaction with other
molecules, atoms or polarized electromagnetic radiation. If the spatial orientation
can be controlled the orientational dependence of the interaction can be explored
and exploited.
2) Angular resolved measurements performed from a laboratory perspective on an ensemble of randomly oriented molecules will suffer from an unavoidable averaging
over the different spatial orientations, thereby potentially blurring the experimental observables. A much richer source of information is obtained when the measurements are made relative to the molecular frame, i.e. for aligned or oriented
molecules, in which case the averaging can be strongly reduced or even eliminated.
These aspects of confining molecules will be thoroughly investigated throughout this thesis and represent the fundamental cornerstones of the work presented.
In particular, I will present investigations where aligned or oriented molecules
have been employed to:
a) Study the yield of strong-field ionization as a function of the relative orientation between the laser field and the molecule. In particular, carbonyl
sulfide, benzonitrile and naphthalene molecules are aligned before being
singly ionized by a linearly polarized femtosecond laser pulse. For the molecular species investigated, strong pre-alignment is the only possible way
to perform these measurements as the ionization step does not induce fragmentation.
b) Record molecular frame photoelectron angular distributions (MFPADs) from
polar molecules, here illustrated for the asymmetric top molecule benzonitrile. Orientation is achieved by the combined action of laser and electrostatic fields upon which single ionization is induced by a circularly polarized femtosecond laser pulse. The MFPADs exhibit pronounced up-down
asymmetries perpendicular to the fixed permanent dipole moment, which
reverses when the helicity of the ionizing probe pulse is flipped. Furthermore, orientation in three dimensions allows for the striking observation of
suppression in the electron emission along the confined molecular plane.
c) Achieve efficient excitation of rotations or vibrations which initiate controlled dynamics along specific reaction coordinates in the molecules. These
studies have concerned two different systems: The rigid naphthalene molecule and a flexible axially chiral molecule. The experiment on naphthalene
represents a further extension of the experiment described in b) involving
the measurement of time-resolved PADs of the controlled rotation about a
fixed axis which exhibits pronounced changes as the molecular planes rotate into alignment. In the second experiment the technique is used to induce and monitor torsion of an axially chiral molecule with femtosecond
resolution. For both of these experiments the aligned molecules ensure
selective initiation of the dynamics and the most informative view in the
imaging process.
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The introduction to the three applications of aligned and oriented molecules,
listed as a) – c) above, will be given in the pertinent chapters describing each
of them.
In this chapter I will provide a brief introduction to how it is possible to create
strongly aligned molecules by moderately intense laser pulses as well as molecules that are both strongly aligned and oriented by the combined action of a
moderately intense laser pulse and a weak static field.

1.1

Laser-Induced Alignment: Basics

The basic principle of all the experiments described in this thesis relies on confinement of the molecules through the following scheme. A non-resonant laser
pulse, with a duration which is long compared to the classical rotational periods of the molecule, is used to create directional superpositions of the rotational
eigenstates parallel to the laser polarization state. Although a strong confinement
is produced, the symmetric nature of the superpositions created cannot possess
directionally of the confined states, and, as a consequence, the molecular ensemble will consist of a 50/50 mix where half points along (against) the polarization
axis. This process is termed laser-induced alignment and the creation of such directional states will indirectly infer a relationship between the molecular frame
(MF) and the laboratory frame (LF). In relation to this, the term alignment can be
further specified with one-dimensional (1D) alignment referring to the situation
where only one molecular axis is confined by the external field whereas threedimensional (3D) alignment describes the complete confinement of all three molecular axes. For apolar species, i.e. molecules with inversion symmetry, alignment
automatically translates into full control of the spatial orientation as the "head and
tail" of the molecule will be identical, in which case the molecules are said to be
fixed-in-space. For polar species, i.e. molecules without inversion symmetry, an
additional head-for-tail preference has to be induced to obtain complete control
of the spatial orientation. This is possible through additional control of the direction of the dipole moment which can be achieved by introducing a weak static
field when the directional superpositions of eigenstates are formed in the laser
field. In analogy to the apolar species, a polar molecule is termed fixed-in-space
when it is both fully confined and oriented.
Once the relation between MF and LF is confirmed the experiment can be
conducted. This will involve the use of one or two additional laser pulses. When
used, the first pulse, with a duration which is short compared to the classical rotational periods of the molecule, impacts a kick on the aligned molecules thereby
creating a coherent superposition of rotational (low lying vibrational) eigenstates
in rigid (flexible) molecules. As the wave packet evolves the rotational (vibrational) states will experience a further localization shortly after the kick. The
enhanced confinement will, however, only be transient and persists for a few
picoseconds before the components of the wave packet dephases. Employing a
short intense femtosecond probe pulse it is possible to monitor the wave packet
dynamics by strong-field ionization of the molecules. In the studies presented
in this thesis ionization occurs in two regimes depending on the investigated observable; when detecting electrons the intensity of the probe laser is adjusted such
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that the molecules are primarily singly ionized, whereas ion detection relies on
multiple ionization to induce fragmentation of the molecules.

1.2

Controlling the Spatial Orientation of Molecules: Historical
Aspects

The interest in aligned and oriented molecules is not a new phenomenon and can
be traced back to at least the mid 1960’s where reactive scattering experiments
set out to investigate the steric dependence in terms of reaction rates for chemical
reactions in different collision geometries [1].
The first schemes to control molecular orientation employed electrostatic fields
and relied on selection of individual rotational quantum states. Such state selection was achieved in two ways by either focusing or dispersing the individual
states. The focusing technique was demonstrated using a hexapole, where single
rotational quantum states could be selected. Hexapole focusing has the advantage that it allows for high densities of target molecules, but suffers from the fact
that it only applies to a limited amount of molecular species, as it works best for
molecules with first order Stark shifts. This also implies that even weak electrostatic field may produce strongly orientated states due to their linear Stark effect.
In such a field the molecules will precess with their angular momentum along the
field direction and are therefore per definition oriented [2].
The idea for the alternate approach, where the populated rotational states are
dispersed, dates back to the 1920’s where Kallmann and Reiche theoretically described how molecules with different dipole moments would follow different
trajectories when traversing an inhomogeneous field [3], which was later verified experimentally by Wrede in 1927 [4]. Elaborating on the ideas of Kallmann
and Reiche, Stern proposed that this technique could be used for selection of individual rotational quantum states due to the different quantum states having
different Stark shifts [5]. If the experimental conditions comply with the lower
densities of target molecules experienced in separation by dispersion, this technique can be applied to a large range of molecules as it only requires that the
investigated molecules possess a dipole moment. However, the fact that selection by dispersion applies to molecules, which do not possess a linear Stark shift,
also implies that these species are not oriented by a weak static field. Orientation
of such species through a pseudo-first-order Stark effect is only sparsely discussed
below and will be treated in detail in Sec. 2.2.
With the development of supersonic jets a different approach to obtain spatially oriented molecules was introduced by Loesch and Remscheid [6] and Friedrich and Herschbach [7] in the early 90’s. In light of the effective rotational cooling produced in the expanding molecular beam they suggested a so called "brute
force" technique where a strong electrostatic field was used to transform the fieldfree rotational states of polar molecules into directional hybrids. This transition
would occur when the interaction energy exceeded the rotational energy, at which
point the free tumbling pinwheeling motion of the molecules would become arrested and thereby force the molecules to orient along the field direction. Brute
force orientation is, therefore, naturally most efficient when employing high static
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fields and strongly cooled molecules with large dipole moments, but in principle
it applies to all polar species.
Apolar species are only poorly confined by the static fields used for brute
force orientation as the lowering of the energy from fixing the induced dipole
moment along the static field will be negligible compared to the rotational energy.
Friedrich and Herschbach therefore proposed that such species instead could be
dynamically aligned by a nonresonant laser pulse which exerted a torque on the
molecules and thereby created spatial confinement along the laser polarization
[7]. This approach was fundamentally different and potentially much more interesting than earlier experimental investigations, in which pulsed lasers had been
used to create geometric alignment in excited states due to the angular dependency of the transition, i.e. selection of the subset of molecules with the desired
spatial direction. [8, 9].
The aspects and implications of dynamical alignment were independently
treated theoretically by Friedrich and Herschbach [10] and Seideman [11] for
nonresonant and resonant infrared laser pulses during the mid 90’s. In later studies Seideman [12] and Friedrich and co-workers [13] furthermore demonstrated
that the duration of the laser pulse with respect to the classical rotational periods
of the molecule would ultimately determine the alignment dynamics. Based on
their calculations the alignment produced could be characterized by two regimes
termed adiabatic and non-adiabatic [13]. In the adiabatic regime, the pulse duration will be long compared to the rotational periods of the molecule and the
alignment reaches its maximum at the peak of the laser pulse and returns to a
randomly oriented ensemble at the end of the pulse. The concept of adiabatic
alignment was demonstrated experimentally by Kim and Felker through pendular state spectroscopy [14] and by Stapelfeldt and coworkers via ion imaging
[15]. The non-adiabatic regime pertains to the opposite situation where the pulse
duration is short compared to the rotational periods. Here the laser populates
a broad rotational wave packet through non-resonant Raman transitions, creating time-dependent alignment as the wave packet dephases and rephases. The
induced dynamics are therefore closely related to the rotational recurrences in rotational coherence spectroscopy, used to extract e.g. rotational constants, dating
back to the 70’s and early 80’s [16, 17]. In the non-adiabatic regime the alignment
is created under field-free conditions which is a major advantage compared to
adiabatic alignment, however, the produced confinement in non-adiabatic alignment will be less strong. The first experimental observation of the transient confinement predicted in non-adiabatic alignment was realized by Rosca-Pruna and
Vrakking [18]. Both the adiabatic and non-adiabatic regime will be described in
greater details in Chap. 2.
In principle strong confinement by laser-induced alignment can be applied
to any species, apolar as well as polar, as long as the polarizability tensor is
anisotropic. However, due to rapid oscillations of the laser field the technique
does not provide any head versus tail order and so orientation will not occur in
ensembles of polar molecules. A natural next step was therefore to investigate
how the properties of the sharp confinement from laser pulses could be merged
with orientation via the static fields. One way of achieving this was suggested by
Friedrich and Herschbach who realized that by employing a static electric or magnetic field as the adiabatic laser pulse had generated the directional superposi-
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tions of the rotational states, the molecules would experience a pseudo-first-order
Stark shift forcing them to orient along the static field [19, 20]. This technique was
shortly after implemented experimentally by Buck et al. [21] and later by Sakai
and coworkers [22]. Recently, mild orientation has also been demonstrated under completely field-free conditions by either employing a two-color laser field
when combining the fundamental alignment beam with its second harmonic [23]
or though the use of intense single-cycle terahertz pulses [24]. In the two-color
scheme the asymmetric nature of the oscillating field breaks the inversion symmetry of the ensemble through interaction with hyperpolarizability of the molecule. Here, the induced asymmetry will depend on the relative phase difference
between the two colors and through careful control of this phase relationship it is
therefore possible to produce mildly oriented states in either direction of the field
polarization. In contrast the orientation by an asymmetric single-cycle (or halfcycle) terahertz pulse can, classically, be explained as arising from the interaction
of the electric field with the permanent dipole moment of the molecule. A detailed quantum mechanical description show that the orientation occurs due to a
resonant coupling of neighbouring rotational quantum states with opposite parity (∆J = ±1, ∆M = 0) and thereby breaks the symmetry. Efficient orientation
therefore requires that the spectrum of the terahertz pulse covers the transition
frequencies of the populated rotational states.
As is clear from the above highlighted research on alignment and orientation of molecules,1 the theoretical understanding and experimental production
of laser aligned and oriented molecules has developed tremendously in the forty
years since the initial reactive scattering experiments. Although the area of reactive scattering is still heavily investigated, with recent experiments involving
charge-transfer between the scattered species [25] and imaging of the nucleophillic
substitution dynamics [26], the extensive progress has caused a natural expansion of the uses in research. The ability to produce fixed-in-space molecules is
viewed more and more as a tool to create confined targets which are then used
for further experiments. This development is exemplified by the many applications of the aligned and oriented molecules, including high-harmonic generation
[27] which have further allowed for tomographic reconstruction of the highest
lying molecular orbital of N2 [28]. Another research area which has experienced
massive interest is that of photoelectron angular distributions. Without fixed-inspace molecules these experiments would be of very little interest, since the information about molecular properties and dynamics will be greatly diminished due
to averaging over the different molecular orientations [29]. It is therefore crucial
to posses experimental techniques in which the molecular frame can be related
to the laboratory frame [30, 31] or simply making the molecular and laboratory
frames coincide [32].
As of today, alignment experiments have focused primarily on rigid molecules. A large number of molecular systems are, however, flexible structures. In
particular many molecules contain carbon-carbon single bonds with a rather low
barrier for rotation. Stable molecular arrangements which have identical connectivities but differ in the spatial positioning of their functional groups are termed
1 The given references only represent a small selection of the massive progress within this area of
research.
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conformers. Although sub-Kelvin temperatures can be reached in supersonic expansions, several of the different molecular conformers will be populated [33].
The study of such systems therefore provide further complications, since probing an ensemble of conformers will mask the molecular properties of the individual conformations, which might be widely different [34]. This provides a need
for techniques by which the individual conformers can be isolated and subsequently probed. To this date the applicable techniques involve population transfer schemes [35], electric multipole focusing [36] and electrostatic deflection [37].
If laser alignment can be extended to control the internal rotations of these
floppy molecules, this would provide an unusual method to control molecular
conformations. The hopes for such experiments would, of course, be to monitor
the transition from one conformer into the other(s) in real time using femtosecond
pump-probe techniques.
Furthermore, some conformeric pairs are chiral, exemplified by biarylic derivatives. Previous studies on these types of molecules have proven that laser techniques can be used to induce torsion and thereby manipulate the dihedral angle
between the phenyl planes [38, 39]. If the current laser techniques can be improved to fully control the dihedral angle of biaryl-like molecules, this would
provide a way to dictate the chirality of the molecules.

2

Theory

The ability to determine the spatial orientation of molecules is crucial for all of
the experiments described in this thesis. It is therefore important to understand
the fundamental theory of laser-induced alignment and mixed-field orientation,
although it should be emphasized that the primary goal of the research presented
in this thesis has been the scientific applications of the confined targets described
in Chap. 1. A particularly interesting aspect of this research has been the use
of strong-field ionization to investigate alignment-dependent ionization yields
(Chap. 6). Furthermore, these experiments have been extended to extract molecular frame photoelectron angular distributions (Chaps. 7 and 8), which have
proven to be sensitive to nodal plane structures in the ionized orbital.
This chapter is therefore divided into two parts: The first part introduces the
main concepts and theory of laser-induced alignment [40, 41] and mixed field
orientation [19, 20]. The second part provides a brief description of time-resolved
photoelectron spectroscopy [42], photoelectron angular distributions [43] and the
three steps associated with the semiclassical model for strong-field ionization,
where the electron is released in the presence of an intense laser field [44, 45].

2.1

Manipulation of Molecules with Laser Fields

In quantum chemistry one of the most significant advances was made when Born
and Oppenheimer derived the separability of the total molecular wave function
into its electronic and nuclear components [46]. If the molecule can be described
as a rigid-rotor, it is furthermore possible to separate the nuclear component into
a vibrational and rotational part, in which case the general Hamiltonian for a
molecule under field-free conditions may be written as a sum of contributions
from the electronic, vibrational and rotational Hamiltonians:
Ĥ0 = Ĥel + Ĥnuc = Ĥel + (Ĥvib + Ĥrot )

(2.1)

In alignment and orientation one or more molecular axes are fixed to the laboratory frame. According to the uncertainty principle there is a fundamental limit
on the accuracy with which certain pairs of physical properties can be simultaneously know. The creation of spatial confinement of the molecular orientation,
9
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will therefore be accompanied by a corresponding increase in its conjugate coordinate. The conjugate coordinate to polar angle is angular momentum [12, 19],
and thus the important part of Ĥ0 is to consider the rotational Hamiltonian
Ĥrot =

Jˆy2
Jˆx2
Jˆ2
+
+ z
2Ixx
2Iyy
2Izz

(2.2)

where Jˆi is the operator for the total angular momentum, and Iii is the corresponding angular momentum with respect to the molecular frame (i = x, y, z).
To produce laser-induced alignment the target molecule is brought to interact
with a strong non-resonant and non-ionizing laser field described by:
E(t) = ε(t) cos(ωt)

(2.3)

where ω is the central frequency and ε(t) = E0 ε̂ε(t) is the electrical field vector,
with E0 being the field strength, ε(t) the pulse envelope, and ε̂ the unit vector
in the field polarization direction. In a rapid oscillating laser field the interaction
with the molecule can be described by the induced potential (Vind ). This potential
is to a good approximation described by the interaction of the laser field with the
permanent dipole moment and the polarizability. However, as the laser pulses
used for alignment experiments in this thesis typically have durations greater
than 200 fs and wavelengths in the near-infrared, the interaction of the electric
field with the permanent dipole moment will average to zero [10]. If it is furthermore assumed that the polarizability tensor is diagonal in the same major axis
system as the moment of inertia, the laser-induced potential is given by:
Vind (t) = −

1X
αii |Ei (t)|2
2 i

(2.4)

where αii is the ii the polarizability tensor component with respect to the molecular frame.
The result of Eq. (2.4) is a direct consequence of the molecular framework
being too slow to change its spatial position at the pace of which the oscillating
laser field changes sign (1.8 fs at 1064 nm). Although the nuclei are too slow to
respond to the ac field, the laser pulse is still capable of pulling the surrounding electrons slightly away from their equilibrium position and thereby induce
a dipole in the molecules. This is accounted for by the polarizability term and
since the induced dipole changes sign with the oscillating field this interaction
will produce a nonzero contribution.
In the limiting case where the turn on time of the laser pulse is slow, compared
to the classical time scale for molecular rotations, the explicit time dependence of
the rapid oscillations can be disregarded, and Eq. (2.4) reduces to
X
1
αii |E0,i |2
Vind (t) = − ε2 (t)
4
i

(2.5)

Here the time average of cos2 (ωt) accounts for the additional factor of 1/2.
If instead the molecule is placed in a static electrical field the molecular framework has time to adjust according to the field direction. In the case of polar molecules the interaction with the permanent dipole moment therefore no longer
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cancels, and is given by:
Vstat (t) = µ0 Estat = µ0 Estat cos θ

(2.6)

where Estat is static field strength, µ0 the permanent dipole moment, and θ the
polar angle between the two vectors.
For a molecule in a combined static and non-resonant oscillating electric field
the expression for the total Hamiltonian of Eq. (2.1) needs to be modified by the
effective potentials induced by the two fields:
Ĥ = Ĥ0 + Vint = Ĥrot + (Vind + Vstat )

(2.7)

From the fact that most molecules are three-dimensional structures with nonisotropic charge distributions it is clear that it will be easier to drive the electrons
in the directions where the polarizability is largest. For this reason the interaction
potential (Vint ) will ultimately depend on the spatial direction of the molecule
compared to the polarization of the laser. As a consequence the laser field exerts
a torque on the molecules which guide them toward the energetically most favorable geometry, thereby creating a relation between the spatial arrangement of the
molecular ensemble and the laboratory frame. Furthermore, it should be noticed
that the interaction potential for polar molecules, will be slightly asymmetric due
to the contribution from Eq. (2.6). This deformation of the potential infers a headfor-tails preference and provides possible way of orienting the molecule.
Laser induced alignment and orientation is normally classified by two regimes,
depending on the duration of the laser pulse. If the duration of the laser pulse is
long (short) compared to the classical rotational dynamics of the molecule, the
alignment is said to be adiabatic (non-adiabatic). In adiabatic alignment the ensemble of molecules is slowly aligned as the most polarizable axis (MPA) of the
molecule coincides with the major axis of the laser polarization, and returns to a
random distribution at the end of the pulse. In non-adiabatic alignment the molecules receive a rotational kick, making the MPA spin toward the direction of laser
polarization axis, providing dynamics long after the pulse is over.
The following sections will present a detailed description of the different approaches to achieve alignment and orientation.

2.1.1

1D Adiabatic Alignment

As previously stated the term adiabatic refers to the slow turn on and turn off
times of the laser pulse envelope, compared to the molecules’ natural rotational
periods, and the following describes the molecular interaction with such a laser
pulse. According to the adiabatic theorem the slowly varying pulse envelope will
transfer each eigenstate of the field-free Hamiltonian to separate field-dressed
pendular states as described by Eq. (2.7) [47]. Pendular states can be described as
superpositions of the field-free eigenstates, which are directed along the applied
field axis as shown in Fig. 2.2 [10]. In the case of a linearly polarized laser field
the pendular states will pursue a librational motion of the MPA about the field
polarization direction. From Eq. (2.5) the induced potential, and thereby confinement, is seen to follow the intensity profile (square of the pulse envelope). Each
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of the pendular states will therefore be returned to their initial field-free states at
the end of the pulse, at which point no confinement remains.
Theoretically, adiabatic behavior [10, 48] has been characterized using quantum mechanical calculations and determined to occur when the pulse duration is
larger than the rotational periods of the molecule, i.e. τpulse > Trot [13, 49].
In this thesis the majority of the investigated molecules are substituted benzene analogs belonging to the class of asymmetric top molecules which are characterized by three distinct moments of inertia. For an asymmetric top molecule
subjected to a linearly polarized field along the Z axis the induced interaction
potential reduces to [40]:
Vind (t) = −



(E0 ε(t))2
sin2 θ αxx cos2 χ + αyy sin2 χ + αzz cos2 θ
4

(2.8)

where θ and χ represents respectively the polar Euler angle between the polarization axis of the laser field and the principle axis of the molecules and the Euler
azimuthal angle about the molecular z axis, with αii defined as in Eq. (2.4). In
the general class of asymmetric top molecules, used for alignment experiments,
αzz will be larger than both the αyy and the αxx component, e.g. iodobenzene
and naphthalene. Direct insights about the induced confinement for this situation can be visualized in Fig. 2.1, where the potential is plotted employing the
polarizabilities of iodobenzene [50].
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Figure 2.1: Laser-induced potential for the asymmetric top molecule iodobenzene. The
induced potential is calculated at a laser intensity of 1 × 1012 W/cm2 . Here θ represent the
polar Euler angle between the polarization axis of the laser field and the principle axis of
the molecules and χ the azimuthal angle about the molecular z axis.

From this plot two global minima are observed at θ = 0◦ and 180◦ which
corresponds to the formation of pendular eigenstates along the laser field polarization axis. However, as the potential is symmetric it will be equally likely for
the molecule to point in either direction along the aligned axis. In addition the
graph shows that for molecules which are not perfectly aligned the lowest energies are found when the second most polarizable axis (SMPA) resides in the
plane spanned by the MPA and the polarization of the laser field (χ = 0◦ , 180◦ ).
This should, however, not be mistaken for 3D confinement since the potential in
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Eq. (2.8) is independent of the third Euler angle φ. The additional directionality
therefore only refers to the molecular frame, since the molecular z axis is free to
precess around the laboratory Z axis.
It is further clear that for αzz > αyy = αxx , Eq. (2.8) becomes independent of
χ, and the interaction simplifies to that of a symmetric top or linear molecule [48]:
Vind (t) = −



(E0 ε(t))2 
αk − α⊥ cos2 θ + α⊥
4

(2.9)

where αk = αzz (α⊥ = αxx = αyy ) is the polarizability parallel (perpendicular)
to the molecular axis. Similar to asymmetric tops, the symmetric tops and linear
molecules form a double well potential in θ with minima occurring at θ = 0◦
and 180◦ , which is equivalent to confinement along the laser polarization direction. For these classes of molecules a more simplistic and intuitive picture of the
confinement is obtained, as shown for carbonyl sulfide (OCS) in Fig. 2.2.
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Figure 2.2: (a) Sketch of the lowest lying field-free states of a linear molecule, and (b) how
these are transferred into their corresponding pendular state when a linearly polarized
laser field is applied. The induced potential is calculated for OCS at a laser intensity of
1 × 1012 W/cm2 . The splitting of the near degenerate pendular states has been enlarged
and so their position on the sketch only serve an illustrative purpose.

In this sketch J denotes the angular momentum quantum number and M the
magnetic quantum number of the field-free states in the linear molecule. Turning
on the adiabatic laser field, these eigenstates are now transferred into their corresponding pendular states J˜|M | . In this transition process two important features
are observed: First, the pendular states are formed in pairs as nearly degenerate doublets, where each doublet will be a combination of an even and an odd
parity eigenstate. Secondly, the occupation of the pendular states is identical to
the initial rotational state distribution if the adiabatic approximation is valid. In
Fig. 2.2 (b) it is furthermore clear that the lowest lying eigenstates are more tightly
confined, and so the rotational temperature is a crucial parameter in alignment
experiments [51].
From the combined information of Eq. (2.4) and Fig. 2.2, the success of adiabatic alignment can be summarized to depend on the following three parameters:
1) The initial rotational energy, where lower lying states will be more strongly
aligned, 2) The polarizability of the molecule, where not only the size of the individual polarizability components but also ratio between them will be important,
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and 3) The intensity of the laser field, where a stronger field will induce a deeper
potential which confines the molecules to span a smaller range of angles.
Adiabatic alignment has proven to be extremely successful in achieving high
degrees of alignment [52], however, one concern related to its applications is the
fact that it may perturb the molecular system being investigated since the field is
present during the alignment.

2.1.2

1D Non-adiabatic alignment

In 1D non-adiabatic alignment a short linearly polarized laser pulse is used to
produce confinement of the molecular MPA. Quantum mechanically the inferred
laser-induced alignment can be explained by the field creating a wave packet of
rotational eigenstates through a series of non-resonant stimulated Raman transitions [11]. This indirectly creates post-pulse time-dependent alignment of the molecules as the superposition of the rotational eigenstates dephases and rephases.
A correct theoretical description of the alignment dynamics is found by numerical solution of the time-dependent Schrödinger equation. However, a simple
classical model based on the interaction with a δ-function pulse will be sufficient
to attain the physical insights needed to understand the experiments in this thesis, and so only this will be discussed in the following. For the full quantum
mechanical description the reader is referred to Refs. [41, 53].
δ-Kick Model
In the limit where the laser pulse is much shorter than the rotational periods of
the molecule, the δ-kick model provides a simple and intuitive picture of the dynamics induced by the laser pulse [54, 55]. The model assumes that the inertia of
molecular skeleton will prevent an immediate response to the short pulse, and as
a consequence, the molecules can be considered stationary during the interaction
with the electrical field. From a classical mechanics perspective the laser "kicks"
the molecules, forcing them into a spinning motion towards the pulse polarization direction. In this thesis the only experiment involving pure non-adiabatic
alignment, was conducted on the linear OCS molecule (see Chap. 6). For a linear
molecule subjected to a linearly polarized field the induced interaction potential
is given by Eq. (2.9), in which case the resulting torque exerted on the molecules
by the induced potential will be given as:
τ = r × F = r × (−∇Vind )

(2.10)

As Vind (t) of Eq. (2.9) is solely dependent on θ, the θ̂ vector component will be
the only non-zero contribution to ∇V̂ind , which from the cross product with r
provides a torque directed along φ̂:
τ =−

(E0 ε(t))2
(αk − α⊥ ) sin(2θ0 )φ̂
4

(2.11)

where θ0 is the initial polar angle between the molecular axis and the polarization
axis of the laser pulse. As expected Eq. (2.11) shows that the torque will rotate
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the molecules along the shortest pathway towards the axis of the laser pulse polarization. The induced angular momentum is given by the time integral of the
torque, from which the angular velocity of the rotors can be found as:
Z
1
1
τ dt = −P sin(2θ0 )φ̂
(2.12)
ω= J=
I
I
where P is a collection of the constants referred to as the kick-strength parameter:
R
1 (E0 ε(t))2 dt
(αk − α⊥ )
(2.13)
P =
4
I
Although this model is very simple, Eq. (2.12) correctly predicts that the behavior
of the alignment dynamics at short time delays [54–56]. For instance we can deduce that the imparted angular velocities will be proportional to the initial angle
when the molecules reside at small angles where sin(2θ) ≈ 2θ. For this subset
of the molecules the time it takes to reach the laser pulse polarization axis, can
be found to be t = θ0 /ω = 1/(2P ). Since t does not depend on the initial angle,
θ0 , all of these molecules will line up along the polarization axis of the laser at
exactly the same time delay, which is termed the prompt alignment. It is also
apparent that the prompt 1D alignment will be brief since the molecules have
different angular velocities and will continue spinning. Furthermore, the δ-kick
model illustrates a fundamental limitation of non-adiabatic alignment as sin(2θ),
and thereby the angular velocity, approaches zero for molecules initially oriented
perpendicular to the laser polarization axis. The obtained 1D confinement therefore strongly benefits from pre-alignment which has been shown to significantly
enhance the degree of alignment by using multiple kick pulses [57], or by the
combined interaction of a femtosecond kick pulse and a nanosecond adiabatic
alignment pulse [58].
As previously stated, one of the great advantages of non-adiabatic alignment
is that the molecular confinement is a post-pulse phenomenon and therefore occurs at field-free conditions. Furthermore, the molecular confinement is not only
restricted to the prompt alignment, but will be present every time the rotational
wave packet (or parts of it) rephases, the exact times being related to the rotational constants of the molecule [59]. The induced confinement at the prompt
alignment and the following revival will, however, typically never be as good as
for adiabatic alignment.

2.1.3

3D Alignment

For apolar linear molecules, 1D alignment of the molecular axis will be sufficient
to produce complete confinement of the molecule. Asymmetric tops, however,
have complex 3D structures, and so 1D alignment will only help to confine the
MPA as shown in Sec. 2.1.1. If, however, control over two molecular axes is
obtained, the third axis will a priori be confined if the molecule is rigid, in which
case the molecules are said to be 3D aligned or fixed-in-space.
To obtain 3D confinement the electrical field(s) used must have components in
two orthogonal directions. Experimentally, this can be achieved in several ways,
which include either adiabatic laser pulses [60], non-adiabatic laser pulses [61] or
combinations hereof [62, 63].
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In the following the different approaches of obtaining fixed-in-space molecules in either the pure adiabatic regime or when using a combination of adiabatic
and non-adiabatic pulses will be discussed in further detail.
Elliptically Polarized Nanosecond Pulses
The simplest approach to obtain electric field components in two orthogonal directions is through a single elliptically or circularly polarized pulse. In the case
of elliptically polarized pulses the expression for the induced potential becomes
rather involved and only the general features of the interaction will be discussed
here. For a derivation of the exact expression the reader is referred to Eq. (6.3)
in Ref. [64]. Of special interest is that the induced potential will now depend
on all three Euler angles, with global minima when respectively the MPA and
SMPA are confined to the major and minor axes of the polarization ellipse. For a
rigid molecule this will automatically align the least polarizable axis in the direction perpendicular to the plane of the elliptical laser pulse, thereby creating 3D
alignment of the molecule. Experimentally, strong 3D alignment for substituted
benzene compounds have previously been obtained by the use of elliptically polarized nanosecond laser pulses [60, 65].
If instead a circularly polarized laser pulse is used the induced potential will
have global minima when the plane spanned by the MPA and SMPA coincides
with the polarization plane of the electrical field. However, since the MPA and
SMPA will be free to spin within the polarization plane, the obtained confinement
corresponds to 1D alignment of the least polarizable axis perpendicular to the
polarization plane.
Combined Long and Short Laser Pulses
A different approach to 3D alignment of asymmetric tops includes the use of
both adiabatic and non-adiabatic pulses. The idea is to combine the best properties of adiabatic and non-adiabatic alignment by first employing a linearly
polarized nanosecond pulse to adiabatically align the molecular MPA, and then
close to the peak intensity where the molecules are tightly confined introduce an
orthogonally polarized non-adiabatic kick pulse to excite rotational motion about
the MPA. Experimentally, this polarization geometry will serve to minimize the
interaction between the MPA and the kick pulse, thereby leaving the alignment
produced by the adiabatic pulse virtually undisturbed [62, 63]. Similar to 1D nonadiabatic alignment, the induced 3D alignment in this approach can be explained
in terms of classical mechanics by the δ-kick model described in Sec. 2.1.2. This is
depicted for benzonitrile in Fig. 2.3 for the situation where the MPA is perfectly
1D aligned (θ = 0◦ , 180◦ ). In this figure the side view geometry (left) shows that
the MPA (cyan) will change its spatial orientation such that it coincides with the
polarization axis of the adiabatic laser pulse (EAlign , black). The polarization of
the kick pulse (EKick , purple) is adjusted to be orthogonal to the adiabatic alignment beam and will traverse a plane containing the second-most-polarizable-axis
(SMPA, orange) of the individual molecules. In this plane the angle between
the SMPA and the polarization of the kick pulse (χ, red) will be random for the
individual molecules due to the free rotation about the MPA. The effect of the
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Figure 2.3: Illustration of the principle behind the combined long and short pulse technique for an asymmetric top molecule (here benzonitrile). The left (right) side of the figure
depicts the molecule in side (end) view geometry where the MPA is fixed parallel (perpendicular) to the detection plane. See text for further details.

kick pulse is further illustrated in the end view geometry (right), which shows
the microscopic interaction over an optical period.1 As the kick pulse propagates through the molecular ensemble it induces a dipole moment (µind , green)
along the SMPA, changing sign with the oscillations of the laser field. An induced
dipole in an electrical field will experience a torque (τ ) which will force the SMPA
towards the kick pulse polarization direction. As previously shown, the δ-kick
model correctly predicts that the SMPA of the molecules will reach the kick pulse
polarization direction at the same time, in the limit where sin(2χ) ≈ 2χ, thereby
producing prompt 3D alignment of the molecules. However, as the molecules
will continue spinning about the MPA the obtained 3D alignment will only be
transient.
It is clear that for this approach to be successful the molecular MPA needs
to be strongly confined along to the polarization direction of the adiabatic pulse.
The criterion of strong 1D alignment will be fulfilled for molecular systems where
the polarizability of the MPA is significantly larger than the two remaining axes
of polarizability. This can be verified directly from the induced potential by averaging Eq. (2.8) over χ:
Vind

1
= − (E0 ε(t))2
4


αzz



1
1
2
− (αxx + αyy ) cos θ + (αxx + αyy )
2
2

(2.14)

Furthermore, if the non-adiabatic kick pulse is to produce significant alignment of the SMPA, it will additionally require a large difference in the polarizability of the second and third most polarizable axis. This is readily shown in the
limit of perfect 1D alignment of the MPA, in which case the induced potential
from interaction with the kick pulse can be written as:


1
Vind,⊥ = − (E0 εkick (t))2 αxx + (αyy − αxx ) cos2 χ
4

(2.15)

1 For kick pulses which are significantly shorter than the rotational period of the molecule, as is
the case here, the molecules can be considered stationary during the interaction.
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This expression is derived from Eq. (6.3) in [64], where the space fixed Z axis is
chosen to be perpendicular to the polarization plane of the two orthogonal laser
pulses. With this convention perfect 1D alignment along the space fixed Y axis
(here the polarization direction of the adiabatic laser pulse) is therefore obtained
when θ = 90◦ and φ = ±90◦ . Furthermore, only the electric field from the nonadiabatic kick pulse [EX 2 = (E0 εkick (t))2 ] is accounted for in Eq. (2.15).
In Sec. 2.1.2 it was shown that the kick strength is inversely proportional to
the moment of inertia. The most efficient rotational impact is therefore achieved
for molecules where the moment of inertia about the MPA is low compared to the
inertia about the two remaining axes, in which case rotation about (of) the MPA
will be maximized (minimized).

2.2

Mixed-Field Orientation

In addition to alignment, polar molecules can be oriented by inducing a preferred
direction of the dipole moment. Orientation is possible in pure static electrical
fields where Eq. (2.6) shows that the energy is minimized when the permanent
dipole moment coincides with the direction of the static field [6, 7, 66]. This
technique is often referred to as "brute force orientation" and typically requires
a strong static field to achieve even a modest degree of orientation. Furthermore,
the confinement along the static field axis will depend on the rotational distribution of the molecular ensemble since the molecules will librate around this axis.
If, however, an oscillating laser field is introduced in addition to the static
field, the field-molecule interaction potential is described by combining Eqs. (2.5),
(2.6) and (2.7). For an asymmetric top molecule in a linearly polarized laser field
parallel to the static field direction, this expression reads:


(E0 ε(t))2
sin2 θ αxx cos2 χ + αyy sin2 χ + αzz cos2 θ − µ0 Estat cos θ
4
(2.16)
where θ is the polar angle between the permanent dipole moment of the molecule
and the common axis inferred by the laser and static field, with θ = 0◦ (θ = 180◦ )
corresponding to parallel (antiparallel) geometry. In this "mix" of static and laser
fields the tunneling doublets produced from the adiabatic alignment will experience a pseudo-first-order Stark shift [19, 20], which converts the second order
alignment into first order orientation. The pseudo-first-order Stark shift is caused
by even a weak static field by coupling the nearly degenerate pendular states of
opposite parities in the tunneling doublet. As a result, the set of eigenstates in the
tunneling doublet are transformed into their corresponding linear combinations,
with one being the sum and the other the difference of the two original pendular
states. Due to the difference in parity of the initial pendular states the produced
linear combinations will receive opposing orientations with one confined to each
side of the double well potential. It is therefore clear that the orientation produced
by this technique will be strongly diminished if the two eigenstates of the tunneling doublet are close to evenly populated. For this reason the original theoretical
scheme of the mixed-field orientation [19] relied on flipping the direction of the
"wrong way" oriented molecules, which occurs for the majority of the states when
the static field strength becomes comparable to the laser field. In the experimental
Vint = −

2.3. Electrostatic Deflection

19

setup in Femtolab (see Chap. 3) the static field strength in the mixed-field interaction region will, however, be much too low (>0.8 kV/cm) to invert the direction
of the wrong way oriented linear combinations of eigenstates.
Efficient orientation by mixed-fields therefore requires that the majority of the
molecules reside in the states that adiabatically correlates to right way oriented
states or alternatively that the fraction of molecules in these quantum states can
be selected. A simple way of achieving state selection is by electrostatic deflection
which is discussed in the following section, and as will be shown in later chapters
this technique can help to significantly change the population ratio between the
eigenstates of a tunneling doublet in certain regions of the molecular beam.
Here it should, however, be noted that recent experimental studies have shown
that the theoretical calculations based on the adiabatic description presented above
are not correctly reproduced [67]. Part of this discrepancy may be explained
by the field polarization geometry in the experiments, which is different from
the parallel geometry in the simulations. However, as the proposed orientation
mechanism only relies on the projection of the static field onto the laser polarization,2 theoretical calculations which use the projected field strengths should comply with the experiments. Furthermore, calculations solving the time-dependent
Schrödinger equation for the full three-dimensional problem, show that population transfer between the eigenstates of a tunneling doublet occur due to the
presence of the static field as the doublets are formed [68]. In particular, these
calculations show that the effect of population transfer can be minimized in the
limit of strong static fields and long alignment laser pulses (∼ 50 ns in the case of
carbonyl sulfide).

2.3

Electrostatic Deflection

In state-of-the-art supersonic expansion even large polyatomic molecules seeded
in a buffer gas can be cooled to sub-Kelvin temperatures [69]. However, even
for a molecular ensemble of large molecules cooled to a rotational temperature of
1 K, a wide range of rotational states will still be populated, and additionally as
the fast cooling process can trap the molecules in a non-thermalized equilibrium,
non-rigid molecules may be distributed over several different conformations. In
measurements where all of the populated states are probed it is therefore nontrivial to extract insights about the individual conformations for non-rigid molecules,
and additionally it will spoil the effect of mixed-field orientation for rigid molecules as discussed in Sec. 2.2.
One way of achieving quantum-state selection is through dispersion of the
molecules in a Stern-Gerlach type deflector (see Sec. 3.2.2). This technique relies
on the interaction of a polar molecule with a strong inhomogeneous electric (or
magnetic) field, which influence the trajectory of the molecules. The deflection
is caused by the Stark effect and can be described in classical terms where the
electrical field exerts a force on the molecules in the direction opposite to the field
gradient, thereby causing a deflection of the molecular beam. This force can be
calculated for the situation where both the field gradient and the effective dipole
2 The component of the static field which is parallel to the laser polarization will be responsible
for the coupling of the pendular states in the tunneling doublet.
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moments [µeff (E)] of the individual quantum states are known, and is given by:

F(r) = −∇U = −

∇U
∇E = µeff (E) · ∇E
∇E

(2.17)

As the effective dipole moment is defined as the negative derivative of the potential energy (U ) with respect to the electric field, the force exerted on the individual
states will depend on the derivative of the energy at the specific field strength
and the gradient of the electric field. Changing the parameters of electrical field
strength or velocity of the molecular beam, the force, and thereby deflection of
the individual molecules, can be controlled. The extent of deflection for each of
the individual quantum states is visible when plotting their Stark shifts as a function of the field strength. In such plots the effective dipole moment at a specific
field strength of the specific states can easily be compared, since it is given by the
slope of the curve at that particular point, with steeper slopes indicating a larger
deflection amplitude. In general, the low lying rotational quantum states posses
the largest Stark shifts and are therefore deflected the most, which potentially
allows for selection of a small subset of rotationally cold molecules [69], or in
favorable cases even the selection of the pure rotational ground state [70]. As previously mentioned the molecules residing in these states are of extreme interest
as they provide excellent targets for further experiments requiring either aligned
[52] or oriented molecules [65].
Further insights about the rotational state composition of the molecular beam,
and thereby the rotational temperature, can be extracted by performing Monte
Carlo Trajectory calculations which simulate the experimental conditions experienced by the molecules. These calculations have been performed by our collaborators Frank Filsinger and Jochen Küpper, and for a thorough description the
reader is referred to Refs. [69, 71, 72]. In brief, the trajectories are calculated for a
large number of molecular packets, with each packet representing a separate rotational quantum state in which the individual molecules receives different starting
parameters in order to match the conditions of the supersonic expansion. This allows for obtaining molecular beam profiles of the individual rotational quantum
state, from which a beam averaged deflection profile can be constructed by assuming a Boltzmann distribution of the populated states. Fitting the calculated
deflection profiles to the experimental data employing a Nelder-Mead simplex
algorithm using e.g. the rotational temperature, Trot , as a fitting parameter, it is
possible to estimate the temperature of the expansion at the entrance of the electrostatic deflector.
It should be emphasized that deflection only helps to disperse the initial state
distribution, not to alter the its composition. Expansion parameters of the molecular beam are therefore crucial in effort to produce rotationally cold molecules
and achieve the best possible state selection.
From Eq. (2.17) it is also clear that electrostatic deflection potentially allows
for the separation of individual conformeric species of flexible molecules, if these
have significantly different dipole moments. This aspect will be further discussed
in Chap. 10.
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Photoelectron Spectroscopy and Photoelectron Angular
Distributions

Photoelectron spectroscopy (PES) is based on Einstein’s photoelectric effect from
which a photon can ionize an atom or molecule. The occurrence is termed photo
ionization and promotes the electron from a bound orbital to the continuum. During this process conservation of energy requires that the excess photon energy is
transformed into kinetic energy of the charged species, as well as internal energy
of the cationic state:
(2.18)
~ω = Ip + Mint + KEM + + KEe−
where Ip is the ionization potential of the molecule, KEM + and KEe− are the kinetic energies of the parent ion and the released electron, and Mint = (Mel +Mvib +
Mrot ) is the energy of the excited electronic, vibrational and rotational degrees of
freedom. Here, the kinetic energy term of the ion can often be neglected, due
to conservation of momentum, as the ion is far heavier than the photoelectron.
In traditional PES monochromatic light is used to induce photo ionization of the
molecules followed by detection of the photoelectron energy distributions. In this
limit it is clear from Eq. (2.18) that the kinetic energies of the ejected electrons provide direct insights about the produced cationic state(s). However, the extracted
information can also be discussed in terms of the molecular orbital energies in the
neutral molecule. Here the connection between the measured ionization energies
and the molecular orbital model is provided by Koopmans theorem, which states
that the negative of an eigenvalue obtained from a Hartree-Fock calculation on
an occupied orbital equals the vertical ionization energy, i.e. the energy needed
for the removal of an electron from that particular orbital.
A particularly interesting aspect is to use PES to study dynamics on the molecular time scale which is possible using femtosecond time-resolved PES (TRPES) During the past decade this technique has set new standards for the details
in which coupled electronic and vibrational dynamics occurring following photoabsorption can be studied [29, 73, 74]. The basic principle employed in almost
all studies to date consists of initiating the photoinduced process in a molecule
by a fs pump pulse (typically visible or UV pulse) and then probing the evolution of the process by measuring the kinetic energy distribution of the outgoing
photoelectrons created through ionization with a delayed UV fs probe pulse [42].
As mentioned, TRPES has proven to be an extremely powerful technique for
investigation of diabatic (i.e. non-adiabatic) coupling phenomena between different potential energy surfaces. In particular for regions of space where the energy
of two potential energy surfaces approach each other the validity of the separation of electronic and nuclear motion in the Born-Oppenheimer approximation
breaks down, which leads to a finite transition probability of traveling from one
surface to the other. Such a transition creates an additional photoionization channel which is often shifted in energy compared to the initial excited state. In most
situations it is possible to observe this energy difference in the effective ionization
potential from the two channels. It is therefore clear that the extend of curve crossing between potential energy surfaces as function of the pump-probe time-delay
will be directly reflected by the measured photoelectron kinetic energy distribution [75].
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An additional observable providing complementary information to the kinetic energy is the emission direction of the photoelectron, or phrased more clearly,
the outgoing electron partial wave. The symmetries of these partial waves will
furthermore make an imprint on the symmetry of the ion it leaves behind (and
vice versa) as these will be related through the following requirement:
Γi ⊗ Γµ̂ ⊗ Γ+ ⊗ Γe− ⊇ ΓTS

(2.19)

That is, in order for the transition probability to be different from zero, the direct
product of the symmetries represented by the initial state, the transition dipole
operator, the cation and the detached electron must contain the totally symmetric
irreducible representation of the molecular point group [42]. From Eq. (2.19) it is
clear that diabatic transitions which changes the symmetry of the state about to
be ionized indirectly affects the symmetry of the detached electron. Additional
insights about the molecular system can therefore be obtained by extracting the
photoelectron angular distributions (PADs). For polyatomic molecules the information held by the PADs is, however, only fully conserved if it is recorded for defined vibrational and rotational states of the produced cation [76] or with respect
to the molecular frame [43, 77, 78]. The wish to obtain molecular frame PADs
(MFPADs) is by no means a new phenomenon. In fact the idea has intrigued
experimentalists for decades with the first proposal dating back a half century,
when it was realized that such measurements could potentially circumvent the
issue of averaging over the different spatial orientations normally encountered in
standard gas-phase ensembles [79].
Pursuing the latter approach one way of obtaining MFPADs is to determine
the molecular frame after the ionization event. This is possible when ionization
by e.g. synchrotron radiation removes an inner shell electron and the produced
fragment ions from the rapid dissociation of the molecule recoil in directions
that unambiguously defines the molecular orientation at the moment of ionization. Detection of these ion fragments in coincidence with the detached electrons,
kinematic complete data can be obtained from which the full tree-dimensional
PAD can be extracted in the recoil frame [80–83]. Such coincidence methods have
proven to be extremely successful, in particular when applied to small molecules where also UV radiation has been used to study valence electrons [29, 84, 85]
and ultimately follow the photodissociation dynamics along the entire reaction
coordinate [29]. The other experimental approach to MFPADs is to fix the molecular axes according to the laboratory frame prior to the ionization event. This
provides the obvious advantage that a much broader variety of molecules can be
studied as no fragmentation is required during the photoionization step, which
also allows for studying the molecular species in additional intensity regimes, e.g.
where the molecules are only singly ionized. Spatial control of the molecules can
be accomplished using either resonant photoexcitation to create a mild 1D alignment for molecules in excited states [78, 86], or alternatively by alignment and orientation methods, based on the application of moderately intense, non-resonant
laser pulses and weak electrostatic fields. As outlined and thoroughly described
in the first part of this chapter, laser-induced alignment techniques are able to
confine the principal axes of polarizability sharply along space-fixed axes [40]
and thereby provide the desired fixed-in-space targets for e.g. photoionization
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of apolar molecules possessing inversion symmetry. The first experiments showing MFPADs measurement on aligned molecules involved apolar linear species
[87, 88] which where shortly hereafter extended to time-resolved studies investigating the diabatic photodissociation dynamics of CS2 probed by single-photon
ionization [89]. However, to be able to fully exploit time-resolved MFPADs for
exploring ultrafast molecular dynamics the method needs to be extended to the
general class of asymmetric tops. In addition, complete confinement of molecules lacking an inversion center, i.e. polar molecules, must also be addressed to
include a directional order besides having their axes confined, i.e. the molecules
must be oriented as well as aligned. One approach to efficient breaking of the
head-for-tail symmetry of a molecular ensemble is through mixed-field orientation by the combined action of a laser pulse and a weak static electric field as
discussed in Sec. 2.2 and experimentally demonstrated in Refs. [20, 22, 69, 90] for
compounds as large as substituted benzenes.

2.5

Strong-Field Ionization

Accompanied by the advances and commercial availability of intense fs lasers,
strong field physics has emerged as a large scientific community with prospects
ranging from orbital imaging [28] to probing of nuclear dynamics on an attosecond time scale [91]. Compared to traditional PES which is often a resonant few
photon process, the single-ionization in the strong field regime is characterized
by the fact that the strength of the laser field is able to compete with the Coulomb
forces in the molecules causing the trajectory of the liberated electron to be strongly
influenced by the remainder of the intense laser field. Strong-field ionization
therefore represents an alternative approach for measuring PADs from which
both dynamical and structural information can be accessed [92].
A key feature of strong-field ionization is that the optical frequency of the laser
field will often be sufficiently low to be considered quasi-static during the ionization event if it occurs within a fraction of an optical cycle. In this limit the interaction of the laser field with the target species can be described as an ionic core
holding a single-active-electron and considering all other electrons to be frozen
in their respective orbitals based on Hartree-Fock calculations [93]. For atoms the
ionic core creates a Coulomb potential and the effective potential trapping the
electron can therefore be viewed as a superposition of the Coulomb potential and
the electric interaction potential from the laser field. Depending on the laser field
intensity and optical frequency the ionization process will be classified by one of
three regimes as represented in Fig. 2.4. For the case of low optical frequencies
and low field strengths, deformation of the Coulomb potential by the field will be
negligible and ionization can only proceed by the absorption of N photons, with
N · Ephoton > Ip0 , as shown in Fig. 2.4 (b).
As the field strength increases the oscillations of the field will start to bend the
tails of the Coulomb potential, which eventually falls below the energy level of
the ground state, causing the effective barrier for ionization to become both thinner and more shallow. The bound electron will therefore have a finite probability
of tunneling through the barrier [see Fig. 2.4 (c)]. For even stronger fields the
field amplitude can suppress the Coulomb barrier to the point where the electron
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is no longer bound by the effective potential leading to over-the-barrier ionization as depicted in Fig. 2.4 (d). These three regimes are often referred to as the
(a)

(b)
Energy

Ip0

(c)

(d)

γ >> 1

γ << 1

Multiphoton Ionization

Tunnel Ionization

Radius

Field-free Potential

Over-The-Barrier
Ionization

Figure 2.4: Schematics representation of the different regimes in strong-field ionization
illustrated for an atomic Coulomb potential. The unperturbed potential is shown in (a)
with Ip0 denoting the field-free ionization potential. The distortions of this potential and
ionization mechanism associated with the situations for multiphoton, tunneling and overthe-barrier regimes follow in (b), (c) and (d), respectively. See text for further details.

multiphoton, tunneling and over-the-barrier ionization. An approximate indication of dominating ionization mechanism for a given set of molecular and laser
parameters is given by the Keldysh parameter [94]:
s
p
ω (1 + ς 2 )cε0 Ip0
γ=
(2.20)
e
I0
where ω is the laser frequency, Ip is the field-free ionization potential and −1 ≤
ς ≤ 1 allows for an arbitrary polarized electric field. In this picture the condition
for multiphoton ionization requires that γ  1, whereas tunneling (and overthe-barrier ionization) will occur when γ  1. The boundary between the two
regimes, where γ ∼ 1, therefore has to be considered somewhat floating and is
likely to contain contributions from both ionization mechanisms. With this in
mind Eq. (2.20) tells us that ionization will predominantly occur in the multiphoton regime when the optical frequency is increased for a fixed peak intensity. This
finding can be physically interpreted as a breakdown of the quasi static approximation where the rapidly oscillating field changes sign before the electron has
time to tunnel through the perturbed potential. Furthermore, when the peak intensity is fixed the electric field strength will be determined by its√
helicity, which
in turn affects the Keldysh parameter increasing by a factor of 2 for circular
(ς = ±1) compared to linear (ς = 0) polarization.
As previously mentioned the electrons in strong-field ionization are liberated
in the presence of an intense field and an alternate (and useful) way of expressing
the Keldysh parameter is through the ponderomotive energy:
s
Ip0
(2.21)
γ=
2Up
q2 E 2

Here the ponderomotive energy is given by Up = 4me ω02 and represents the energy a free charged particle (here an electron, q = e) acquires in an electromag-
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netic field due to its quiver motion.3 Depending on the polarization state of the
electrical field the detached electron will respond differently to the remainder of
the field leading to widely different post-ionization outcomes. For strong-field
ionization in the tunneling regime (γ  1) these are nicely captured by the semiclassical three step model [44, 45], describing the ionization step, the acceleration
of the electron in the field and the possible interaction with its parent ion. In this
model the freed electron escaping the potential is assumed to have zero kinetic
energy. Furthermore, as it appears in the continuum on the outer side of the potential barrier the interaction due to the ion-electron Coulomb force is neglected,
and the dynamics of the electron is governed solely by Newtons equation of motion for a charged particle in an electric field. For this reason the electron receives
a linear drift momentum determined by the field strength and phase at the instant
of tunneling, and the following trajectory of the freed electron will ultimately depend on the polarization of the electrical field.
Considering first a linear polarization state the field will tend to accelerate the
electron back towards its parent ion when the sign of the electric field reverses.
This can easily be visualized in a classical picture by considering a bagatelle game.
Here a marble (the electron) can be released from its hole (the Coulomb potential)
when tilting the table (applying the electric field), however, if the table is then
tipped in exactly the opposite direction (field changes sign) the marble is brought
on collision course with the hole in which it used to reside. Once the electron is
found in the vicinity of its parent ion it has the possibility of recolliding, leading
to recombination, elastic or inelastic scattering. When recombining with the ion
the excess energy, which the electron has picked up in the field, is emitted as a
single broad spectrum covering the XUV to soft X-ray region. As the electrons
will be more prone to detach near the peaks of the oscillating laser field where
the barrier for tunneling will be at its lowest, the ionization-recombination will
occur twice pr optical period of the laser pulse, and the broad spectra generated
on each half cycle therefore have to be added coherently. As a consequence the
resulting spectrum will only hold frequency components at the odd harmonics of
the fundamental laser frequency, and is often referred to as high harmonic generation (HHG) [95–97]. If instead the electron rescatters elastically of the ion, it
is able to absorb more laser photons than required for ionization, which leads to
the observation of above threshold ionization (ATI). In this case high energy photoelectrons will be produces, with the energy distribution containing dominant
peaks separated by exactly one photon energy [98, 99]. Finally, inelastic scattering of the electron can lead to further ionization of the parent ion which is termed
nonsequential double ionization as the doubly charged ion is created in two distinct but correlated steps [100].
If the polarization of the strong laser field is changed from linear to elliptical
the trajectory of the ejected electron is less likely to revisit its parent ion and for
|ς| > 0.3 the recollision phenomena discussed above will be strongly suppressed
[101]. In this situation the classical picture of the bagatelle game is also helpful,
since it is intuitive that the marble will pursue a spiralling motion moving further
3 The situation where a charged particle in a electromagnetic field emerges adiabatically into a
field-free region, the energy associated with the quiver motion is transformed into a directed kinetic
energy. For this reason the ponderomotive energy (Up ) is sometimes referred to as the ponderomotive
potential.
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away from its hole with each consecutive revolution when the tilt angle of the
table is described by an elliptical or circular motion. The ability to turn off recollision is extremely useful in experiments where PADs are recorded as the trajectory
of the electrons can be fully mapped from the time of generation until detection
which often allows for a more clear interpretation of the data. In Chaps. 6-8 the
strong field approach is used to singly ionize carbonyl sulfide (OCS), benzonitrile
(C6 H5 CN) and naphthalene (C10 H8 ) molecules using either linearly or circularly
polarized fs pulses. In these experiments the linearly polarized fs pulses are used
to map out the angular dependence of the total ionization yields from fixed-inspace molecules, whereas the circular fs pulses are used to investigate both PADs
and time-resolved PADs from 3D aligned and oriented asymmetric top molecules. In particular the experiments involving PADs show striking structures which
appear due to suppression of electron emission in nodal planes of the highest
lying molecular orbitals.

3

Experimental Setup

The experimental setup can be divided into three independent parts: A molecular
beam apparatus which generates a sample of cold molecules, an optical laser system used to manipulate and ionize the molecules and finally a data acquisition
program to record the induced manipulation. In short the ions (or electrons) produced by laser-molecule interaction are accelerated toward a position sensitive
detector by a VMI spectrometer. Upon impact the detector will fluoresce locally
at the impact position, which is monitored by a charge-coupled device (CCD)
camera.
The content of this chapter will present a detailed description of the laser systems and the molecular beam apparatus, followed by a brief description of the
data acquisition procedure and the electronic synchronization of the setup.

3.1

Optical Setup

A schematic overview of the optical setup is shown in Fig. 3.1. This can be divided into a femtosecond laser system providing short pulses of durations ranging from 30 fs to 3 ps, and a nanosecond lasersystem with an output pulse of 10
ns. These two systems will be described separately in the following sections.

3.1.1

Femtosecond Laser system

The laser system used in this setup is a regenerative, chirped pulse amplified
Ti:Sapphire laser system. The system consists of two parts, an oscillator and
an amplifier. The oscillator (Spectra-Physics, Tsunami) is pumped by a diode
pumped Nd:YVO4 cw laser (Spectra-Physics, Millenia V), providing an output of
>5 W at 532 nm, through intra-cavity doubling. The gain medium in the oscillator (Tsunami) is a Ti:sapphire crystal, operating at 800 nm, generating sub 100 fs
pulses through Kerr lens modelocking. The pulse train leaving the oscillator has
a repetition rate of 82 MHz, each pulse having an energy of less than 10 nJ.
The pulse energy is increased in an amplifier (Spectra-Physics, Spitfire-HPR)
operating at 1 kHz. To avoid damage of the optics inside the amplifier, the seed
pulses from the oscillator are first temporally stretched using positive Group Velocity Dispersion in a grating stretcher. The pulse train is then regeneratively
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Figure 3.1: Schematic overview of the optical setup. See text for further details.

amplified in a optically excited Ti:Sapphire crystal. Excitation of the Ti:Sapphire
crystal occurs through a 1 kHz Q-switched Nd:YFL laser (Coherent, Evolution-30)
producing pulses with average energies of approximately 20 mJ at a wavelength
of 527 nm. This limits the number of amplified pulses and thereby the repetition
rate of the Spitfire-HPR to 1 kHz.
Pulses selected for amplification are coupled into the resonator via one Pockels cell and out through a second Pockels cell, with the exact number of round
trips in the resonator being determined by the maximum attainable amplification.
At the optimal timing of the Pockels cells, the amplification factor is greater than
100. The amplified pulse train is then recompressed in a grating compressor, with
the final output being 130 fs pulses at a central wavelength of 800 nm, a repetition
rate of 1 kHz and pulse energies of up to 2.3 mJ. By the use of two beam splitters
(BS in Fig. 3.1) the pulses leaving the amplifier are split into three beam lines,
which will be described in the following sections.

3.1.2

Excitation or Dissociation Pulse

The first beam line (∼680 mJ) can be used to pump a Traveling wave Optical Parametric Amplifier - white light Continuum (Light Conversion TOPAS-C) providing pulses with a duration of 110 fs being tunable in the range from ultra violet to
far infra red (0.190-20 µm). The TOPAS has not been used in the experiments described in this thesis, but the beam line can relatively easy be integrated with the
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established beam lines thereby allowing for new types of experiments involving
e.g. investigation of excited state dynamics.
Alternatively, the incoupling mirror to the TOPAS can be removed, in which
case the beam is either frequency doubled to produce 400 nm light, or frequency
tripled by sum frequency mixing of the 800 nm and 400 nm beam to yield light at
266 nm. The 400 nm beam is guided to the vacuum chamber and used without
further modifications where it can be used to access excited states of the target
molecules or as a probe beam to ionize the molecules. In contrast the 266 nm
beam is compressed in a prism compressor. The purpose of the compressor is
two fold, since it both aids the production of short laser pulses (200 fs) and spatially separates the 266 nm beam from the residual 800 nm and 400 nm light.
Before arriving at the chamber the beam travels onto an automatized delay stage
(Thorlabs Z825B) and through a half-wave-plate (HWP), which allows for control
of both the timing of the beam and the pulse polarization direction. The 266 nm
beam line was originally established to be used as pump pulses for alignment experiments on iodine containing hydrocarbon compounds, since it dissociates the
C-I bond, producing neutral fragments, which could then be probed by 2+1 resonance enhanced multiphoton ionization from a delayed nanosecond laser pulse
[102]. More recently, the 266 nm pulses have been used in experiments aiming to
study photoelectron angular distributions. The high photon energy of the 266 nm
light can cause problems when investigating photoelectrons, since the energy exceeds the work function of practically any metal. Stray light incident on a metal
surface will therefore liberate electrons in additional to those from the target molecules, and great care must be taken to avoid this.

3.1.3

Non-adiabatic Alignment or Kick Pulse

The second beam line (∼600 mJ) is used to induce non-adiabatic alignment. Here
the pulse duration will be short compared to the rotational dynamics of the molecule (τnon-ad < Trot ), and used on its own, the molecule will experience a rotational
kick of its most polarizable axis towards of the laser polarization direction. Alternatively, the beam can be used as a kick pulse on molecular ensembles which
are prealigned by a nanosecond laser, in which case it induces a controlled motion around the fixed axis. The combination of long nanosecond pulses and short
femtosecond pulses has previously been used to 3D align molecules [62].
In the setup the non-adiabatic alignment pulse is send through a holographic
transmission grating stretcher (Kaiser Optical systems), which is used to control
the pulse duration by changing the distance between the gratings. The pulse
leaving the stretcher can be tuned from 0.2 to 3 ps, with the exact duration in
an experiment being optimized according to the rotational period of the sample
molecule. The stretched pulse is directed onto a computer controlled delay stage
(Micos, LS-110) allowing for easy adjustment of the time delay between this pulse
and the probe pulse (see Sec. 3.1.4). Recording data at different delays, it is possible to follow the molecular dynamics introduced by the non-adiabatic kick pulse.
A HWP in the beam allows for control of the linearly polarization direction of the
laser field.
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3.1.4

Probe Pulse

The final arm of the femtosecond beam line (∼400 mJ) is used to produce probe
pulses in two regimes. For ion imaging an intense pulse is used to induce extensive fragmentation which allows for determination of the spatial direction of the
molecule, whereas much lower intensities are employed for photoelectron imaging to ensure that the molecules are preferentially singly ionized.
When aligning and orienting molecules a method is needed which can establish the spatial orientation of the probed molecular sample. This can be achieved
in several different ways [14, 103–106], the most common being photo-fragment
imaging [104]. The principle of this technique is a two-step mechanism in which
the molecule fragments, creating neutral species and charged ions, followed by a
measurement of the recoil velocity of the individual charged fragments. The first
step is usually initiated by an intense laser pulse, which removes multiple electrons during its interaction with the molecule. This leaves a highly charged molecular skeleton which breaks into pieces due to the Coulomb repulsion between
the different nuclei outweighs the attraction forces of the remaining electrons.
This phenomenon is often referred to as Coulomb explosion and the effect can be
enhanced by the use of a linearly polarized probe pulse, since this accelerates the
freed electrons back towards their molecular ion and thereby potentially causes
further ionization (see Sec. 2.5). The fundamental success of using Coulomb explosion to record the spatial direction is related to the axial recoil approximation,
stating that the recoil velocity of the fragments coincides with the bond axis. This
is normally fulfilled by ensuring that the time elapsed from interaction with the
probe pulse to Coulomb explosion takes place is much shorter than the rotational
period of the molecules.
For this reason the probe beam requires further temporal compression of the
130 fs output from the amplifier. This is achieved in two steps: First a f = 60 cm
lens is used to focus the beam into an argon filled hollow core fiber positioned
at the center plexiglass tube at ∼1.3 bar overpressure. Passage through the hollow core fiber increases the pulse bandwidth due to self-phase-modulation1 [93],
broadening the spectral width from ∼10 nm to ∼50 nm. As the beam leaves the
hollow core fiber it is recollimated by a f = −100 cm concave lens. In the second step the beam is temporarily compressed in a prism compressor providing
flat-phase pulses of 30 fs. Characterization of the pulse duration and chirp is established using a GRENOUILLE setup (Swamp Optics, 8-20USB) [107], which is
further described in Sec. 3.1.6.
Focusing the beam provides peak intensities of up to ∼5 × 1014 W/cm2 , which
in most cases will be high enough to produce efficient Coulomb explosion of the
molecules. The lower intensities needed for single ionization in the photoelectron measurements are obtained by placing reflective density filters in the beam
path. The addition or removal of these filters when switching between ion and
photoelectron measurements is compensated by tuning the amount of glass introduced in the prism compressor to yield equally short pulses for both types of
probe pulses.
1 An ultrashort laser pulse induce a varying refractive index of the medium by means of the optical
Kerr effect. This variation in refractive index in turn produce a phase shift in the pulse, creating
addition frequency components to the initial spectrum.
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Before reaching the vacuum chamber the probe beam is send through a HWP
and a quarter-wave plate (QWP) allowing for full control of the laser polarization
from linear through elliptical to circular [108].

3.1.5

Nanosecond Laser system

The nanosecond laser system basically consists of an injection seeded Q-switched
Nd:YAG laser (Spectra Physics Quanta Ray Pro 270, YAG). The direct output has
a repetition rate of 20 Hz delivering up to 1.5 J pr. pulse with a wavelength of
1064 nm and a duration of 10 ns. The YAG power send onto the optical table can
be adjusted by a HWP preceded by a thin-film polarizer (TFP) and followed by
two additional TFPs, with all TFPs inserted in Brewster’s angle. In this way the
first TFP serves to clean the polarization from the YAG, transmitting almost perfect linearly polarized light. The axis of the polarized light can be rotated from 0◦
to 90◦ by turning the HWP, where a shift of 0◦ (90◦ ) corresponds to full transmission (reflection) by the following TFPs, which also serve to clean the polarization
further. Due to the reasonably low photon energy (1.17 eV) and the slow turnon and turn-off times of the YAG pulse compared to the rotational period of the
molecule (τYAG > Trot ), these laser pulses are ideal for adiabatic alignment [40].
When conducting alignment experiments the pulse energy rarely exceeds 0.15 J
in our setup. Similar to the probe beam, the adiabatic alignment beam is send
through a HWP and a QWP to control the exact polarization of the laser field.
Additionally, the YAG pulses can be frequency doubled and used to pump a
High Performance Narrow Linewidth Dye Laser (Lambda Physics, SCANMATE
2). The output wavelength of the dye laser will be tunable, with the tuning range
and color being determined by the dye used in the circulation reservoirs. The
laser is limited to a repetition rate of 20 Hz and generates pulses with a temporal
width of 1 ns and a spectral bandwidth of less than 1 cm−1 (the dye laser is not
shown in Fig. 3.1). The combination of wavelength tunability and narrow bandwidth makes the dye laser an excellent tool for obtaining e.g. electronic excitation
spectra, and has recently been used to selectively probe the two conformers of 3aminophenol through resonance enhanced two photon ionization (see Chap. 10).

3.1.6

Spatial and Temporal Overlap and Beam Characterization

Spatial and Temporal Overlap
In all the experiments described in this thesis the laser beams are overlapped
collinearly. Spatial overlap of the adiabatic beam line with the non-adiabatic
beam and the probe pulses is achieved using a zero-degree BS to overlap the two
800 nm beams and a zero-degree dichroic mirror reflecting 1064 nm and transmitting 800 nm. In the current setup the non-adiabatic beam is send to the BS from
behind and the probe beam is reflected of the front. Both beams are transmitted
by the dichroic mirror which allows the reflected 1064 nm beam to be overlapped
with the two 800 nm beams as illustrated in Figs. 3.1 and 3.2. In experiments
where only adiabatic alignment is of interest the BS can be replaced by a high reflecting 800 nm mirror, thereby allowing for higher peak intensities of the probe
pulses.
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The three beams are focused onto the molecular beam by a standard 2" BK7
lens (f = 30 cm), which is mounted on a XYZ tower where the vertical translational stage allows for high-precision scanning of the laser foci across the molecular beam in the deflection direction (see Sec. 3.2.2).
Spatial overlap is initially obtained on a 10 µm pinhole using a fast photodiode
(Thorlabs det-200) outside the vacuum chamber, or alternatively by imaging the
foci onto a CCD camera using a microscope objective.2 To mimic the experimental
conditions the overlap is made by inserting a metal mirror after the focusing lens,
which directs the beams through a replica of the vacuum chamber window and
onto a 10 µm pinhole positioned at the foci of the beams. Optimizing the transmission through the pinhole using a fast photodiode the beams can be spatially
overlapped.
The fast photodiode is also sufficient to achieve temporal overlap of the YAG
with the two 800 nm beams. Here the beams are synchronized such that the probe
pulse arrives at the peak of the YAG pulse where the degree of alignment is at its
highest. Temporal overlap between the probe and non-adiabatic beam has to be
found by cross-correlation measurements using type-II frequency doubling in a
β-BaB2 O4 (BBO) crystal. In the cross-correlation measurements the BBO crystal
replaces the pinhole and the non-adiabatic beam is set to be ordinary polarized
with respect to the crystal. The signal produced from type-I frequency doubling
is optimized on the fast photodiode through a bandpass filter (TR03). Following
optimization, the crystal rotated around the ordinary axis to the phase-matched
condition of type-II frequency doubling (22◦ compared to type-I frequency doubling at 800 nm), and the probe beam is now introduced with its polarization
orthogonal to the non-adiabatic alignment beam. In this geometry 400 nm light
will only be generated when the two beams are overlapped in time, and a crosscorrelation can be obtained by extraction of the photodiode signal as a function
of the delay between the two beams (see Sec. 3.3.2).
Once overlapped on the pinhole, the overlap is optimized on the ion yield of a
suitable ion fragment in the time-of-flight mass spectrum. This online optimization relies on the ionization dependence of molecular orientation with respect to
the laser polarization axis due to the mechanism of enhanced ionization [109].
Using telescopes in each of the three beam lines the beam waists can be adjusted such that the probe beam (ω0 =∼ 25 µm) is more tightly focused than the
non-adiabatic pulse (ω0 =∼ 35 µm) which is smaller than or similar to that of the
YAG laser (ω0 =∼ 40 µm).
By restricting the probe beam to only probe molecules residing in the center
of the YAG focus, a selection of the best aligned molecules is ensured since the
intensity of the adiabatic alignment laser will be highest here.
Beam Characterization
An important aspect of experimental reproducibility and subsequent comparison
with theoretical calculations is to be able to characterize the parameters of the
2 This technique only applies to the wavelength range specified by the camera. In our setup this
is limited to the near-infrared, making it difficult to determine the exact position of the YAG focus
which appears very diffuse.
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laser pulses, which includes specification of the pulse energy as well as the spatial
and temporal pulse profile.
The probe beam is characterized using a GRENOUILLE setup [107]. As for
the spot size measurements described in Sec. 3.1.6, these measurements are done
by mimicking the experimental setup, but here also the lens is replaced with a
glass piece of equal substrate and thickness. The GRENOUILLE is a simplified
version of the FROG device [110], which in principle can be used to perform full
characterization of the laser pulse.
In short, the GRENOUILLE uses a cylindrical lens to focus the input pulse
onto a Fresnel biprism, which splits the beam into two parts and crosses them at
an angle in a thick frequency doubling crystal producing type-I frequency doubling. Beam splitting followed by recombination in a nonlinear-optical gating
element corresponds to an autocorrelation, which can be used to determine the
pulse duration. The doubling crystal, however, also acts as a low-resolution spectrometer. This ability arises due to the thickness of the doubling crystal which
only has a small phase-matching bandwidth and the frequency doubled wavelengths are therefore produced at different angles.
The information incoded in the light leaving the doubling crystal can be retrieved by imaging the crystal onto a camera. Here the position in the crystal
(i.e. delay) is mapped into horizontal position on the camera, whereas the angle (i.e. wavelength) is mapped into vertical position on the camera. Software
supplied with the GRENOUILLE analyze the retrieved images on a shot-to-shot
basis and presents the results in a set of graphs. These provide information about
the pulse duration and its phase as a function of time, as well as the pulse spectrum and its spectral phase. The probe laser beam path is aligned to produce the
shortest possible pulse durations while maintaining a flat-phased spectrum. This
optimization is done while monitoring the information in the graphs which are
updated in real-time (10 frames pr. second).
Once the pulse duration is known the pulse energy (Epulse ) and the focal spot
size are determined. The pulse energy is measured by a power meter outside the
vacuum chamber, taking into account the reflection losses on the lens and chamber window surfaces, to give the estimate of the pulse energy at the interaction
region. The spot size is found by scanning the focus of the beam across a 10 µm
pinhole using the same setup as for spatially overlapping different beam lines
(see Sec. 3.1.6). These three parameters combined allow for calculation of the
peak intensity (I0 ) of the laser pulse. Assuming that the pulse is Gaussian in both
space and time, the peak intensity is given by [108]:
√
4 ln 2 Epulse
(3.1)
I0 = 3/2
ω02 τ
π
where ω0 is the spot size measured from the center of the profile till the position
where the intensity has dropped to I0 /e, and τ is the pulse duration measured at
FWHM.
Similar to the probe beam the peak intensity can be found for the other beam
lines using Eq. (3.1). Here the pulse energy and focal spot size is found as described above, whereas the pulse duration for the YAG and non-adiabatic alignment pulses are measured from the trace of a fast photo diode and through cross
correlation with the probe beam.
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3.2

Molecular Beam Apparatus

An exploded view of the molecular beam apparatus used in these studies is
shown in Fig. 3.2. It consists of three vacuum chambers: the source chamber,
pumped by a 2000 l/s turbomolecular pump (Pfeiffer, TPU 2301) backed by a
rotary vain pump (Pfeiffer), followed by the deflector chamber and, finally, the
target chamber – both pumped by 500 l/s turbomolecular pumps (Pfeiffer, TMU
521) and backed by the same rotary vane pump. The source chamber is connected
to the deflection chamber by a flexible bellow followed by a pneumatic gate valve
(VAT), which allows for separate venting of the source chamber. In the original
design the deflection and target chamber could also be vented separately without breaking vacuum in the other chamber by means of a pneumatic gate valve
(VAT), but later upgrades to improve the effect of the deflection now prevents
this. The pressure is separately monitored in the three chambers by three identical combined Pirani and Bayard Alpert hot cathode gauges (Pfeiffer PBR 260).

Y

Deflector

Z

Skimmers

X

Target

Deflection

Valve

Source

Figure 3.2: Exploded view of the molecular beam apparatus consisting of (from the right)
the source chamber, the deflection chamber and the target chamber – see text for further
details. In the alignment experiments described in Chaps. 6, 7 and 10 two laser beams
are used: a 1064 nm YAG beam (blue cylinder) and a 800 nm probe beam (red cylinder).
An additional 800 nm femtosecond beam (green cylinder) can be included to induce, for
instance, rotational dynamics as discussed in Chaps. 8 and 9. The pair of circular discs in
each laser beam represents a half-wave and a quarter-wave plate (the additional femtosecond beam line only contains a half-wave plate) used to control the polarization state of the
laser pulses.

3.2.1

Source Chamber

A pulsed molecular beam is formed by expanding a mixture of carrier gas and
the molecular gas into the source chamber through a high-pressure Even-Lavie
valve (E.L.-7-4-2005-HRR) [111, 112]. The base plate of the valve body is held to a
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translatable flange with an o-ring between both the valve and the flange and the
flange and the chamber with four additional clamps to secure the position. This
allows for easy positioning of the valve in the XY plane by sliding the flange over
the o-ring while turning four screws.
The ability to both run the valve at high stagnation pressures and fine tune
the valve opening time ensures creation of a cold molecular beam without cluster
formation. The temperature of the expansion can be estimated by two independent techniques. One relies on comparison of experimentally observed degrees
of alignment with theoretical calculations for a temperature averaged sample of
molecules [51], whereas in the other method vertical molecular beam profiles of
electrostatically deflected molecules are measured and compared with simulations. In this setup the typical temperature of the beam is ∼ 1 K [69].
The pulsed valve has a maximum repetition rate of 1 kHz but to obtain optimal cooling of the molecular beam this setup is limited to a repetition rate of
200 Hz due to the pressure rise in the source chamber (> 2 × 10−5 mbar). However, in the experiments described here the valve was only run at 20 Hz limited
by the repetition rate of the alignment laser. The valve has an incorporated thermocouple combined with a resistive heater and can be operated in the 30-250◦ C
temperature range. This provides ideal conditions for adjusting the vapor pressure of the seed molecules, allowing the carrier gas to be seeded with a large
variety of molecular species. Depending on the stable phase of the sample molecule at room temperature the molecules can be introduced to the valve in several
ways: Solid samples and liquid samples with low vapor pressure can be fixed on
a small glass fiber filter and inserted directly into an internal sample reservoir,
whereas liquids with higher vapor pressures needs to be mixed with the carrier
gas in an external reservoir which is cooled in order to avoid clustering. Gaseous
samples can also be run by connecting the gas line to a premixed bottle of the
target molecule in the seed gas. When introducing new sample molecules the
front part of the gasline connected to the valve is exposed to the surrounding air.
After reassembly the gas line therefore needs to be evacuated and then flushed
with buffer gas several times to remove any nitrogen or oxygen in the beam. A
more detailed description of how to run and perform maintenance on the valve
is given in App. B.
The produced molecular beam is skimmed twice, at respectively 14 and 38 cm
from the nozzle of the Even-Lavie valve, to collimate the expansion. The first
skimmer, positioned at the exit of the source chamber, is conically shaped (3-mm
Beam Dynamics model 50.8) with a large orifice to both increase the number of
target molecules and prevent clogging effects. In the deflector chamber the molecular beam passes through the second skimmer (1-mm Beam Dynamics model 2)
before entering a 15-cm-long electrostatic deflector.

3.2.2

Deflection Chamber

The deflector design is inspired by Chamberlain et al. [113] and is very simple.
It basically consists of a trough-shaped electrode with a 3.2-mm-inner-radius of
curvature kept at ground potential and a polished rod with a radius of 3.0 mm to
which high voltage (up to 10 kV) can be applied. The rod is kept floating above
the trough by two pieces of macor, providing a minimum distance of 0.9 mm
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between the electrodes and 1.4-mm-separation at the molecular beam axis, see
Fig. 3.3 (a). The deflector is fixed to a copper support through a single screw in
the center of the support, with the four corners resting on four additional screws
which allow for full adjustment of both the entrance position and the direction to
perfectly match the propagation defined by the molecular beam.
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Figure 3.3: (a) Cross section of the deflector as seen when looking towards the expanding
molecular beam. Here the color code shows the precise field strengths experienced by the
molecules when applying 10 kV to the rod electrode, with the white cross denoting the
center of the expansion as it enters the deflector. (b) Schematic drawing of the capacitor
plates preserving a non-zero electrical field in the region following the deflector exit.

The rod-trough electrode geometry creates a two-wire field which is strongly
inhomogeneous along the Y axis (vertical direction) while almost perfectly homogeneous in the X direction which is clearly visible in Fig. 3.3 (a) where the color
code represent the field strengths inside the deflector. Polar molecules traversing
the deflector therefore experience a force along the Y axis, due to the gradient of
the electrical field, causing deflection of the beam in the vertical direction. This
gradient is nearly constant over the entire volume of the expanding beam, and
hence the force on the molecules will be independent of position inside the deflector. Deflection, however, will not take place in the X direction since the gradient
here is zero, thus minimizing broadening of the beam. The extent and direction
of deflection for a molecule depends on the effective dipole moment of the particular quantum state. In the current setup, the deflector is mounted such that
molecules in high-field-seeking (low-field-seeking) quantum states are deflected
upward (downward). As the molecules exit the deflector, they travel through a
steel tube connecting the deflection and target chamber. This region is occupied
by a parallel plate capacitor consisting of two 17-cm-long polished stainless steel
plates separated by 2.7 mm using two macor pieces. A schematic drawing of the
capacitor plates is shown in Fig. 3.3 (b). The plates are oriented parallel to the
deflection direction, and preserve a non-zero electric field in the expansion region from the exit of the deflector to the entrance of the VMI target chamber. The
presence of the capacitor plates therefore help to minimize Majorana transitions
between individual M quantum states which become degenerate at zero field.
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Velocity Map Imaging Spectrometer

The target chamber houses a VMI spectrometer consisting of an open three-electrode
electrostatic lens [114], of which the first two (repeller and extractor) are connected to high voltage supplies, whereas the third (ground) is kept at ground
potential. Between the repeller and extractor electrodes the molecular beam is
crossed by two (or more) pulsed laser beams as indicated with the red and blue
(and green) cylinders in Fig. 3.2. Applying positive (negative) voltages to the
electrostatic lens, ions (electrons) in the interaction region are accelerated towards
the detector (see Sec. 3.2.4). As a special precaution for imaging electrons, the
spectrometer is caged in a single concentric mu-metal cylinder to minimize the
influence of external magnetic fields on the trajectories of the electrons.
The spectrometer can be run in either imaging or time-of-flight mode. In the
imaging mode the ratio between the voltages of the repeller and extractor is approximately 3/2, which produce velocity focusing of the investigated ions (or
electrons), such that species produced with identical velocity components in the
XY plane are focussed to the exact same position in the detection plane. In the
time-of-flight mode the repeller-extractor voltage ratio is detuned from focusing
conditions by applying 3 kV and 1 kV, respectively. As for the imaging mode the
flight time to the detection plane will still be proportional to squareroot of the
mass/charge ratio which allows for identification of the ionic fragments based
on their flight time, but in this case the image blurs considerably and ions born
with zero kinetic energy are focused into a line rather than a point, which serves
to prolong the lifetime and detection efficiency near the detector center.

3.2.4

Detection System

In imaging mode a 2D projection of the ion (or electron) impact position is obtained by creating a large voltage increase (1.8 kV) across a 50-mm-diameter
chevron-stacked micro-channel plate detector (El-Mul Technologies, Ltd., chevron
MCP, B050V) backed by a similar size phosphor screen (El-Mul Technologies,
Ltd., ScintiMaxTM P47). The acceleration of the charged species in the VMI ensures that the particles acquire sufficient kinetic energy to liberate electrons upon
impact with the MCP front. The large voltage difference between the MCP front
and back creates efficient acceleration towards the MCP back which ensures a
high gain and thereby strong amplification of the signal, with the avalanche of
electrons still remaining confined by micron sized capillary pillars. Applying
an additional voltage increase (2.0 kV) between the MCP back and the phosphor screen, these localized electron bursts are extracted to the screen creating
localized phosphorescence at the impact position. A 200 Hz VGA resolution
CCD camera (Allied Vision Technologies, Pike F032) monitors the phosphorescent phosphor screen and real-time software analysis determines and saves the
coordinates of each individual particle hit. When imaging ions the MCP can be
gated by applying a fast high-voltage pulse (≥90 ns) to its front providing sufficient gain only at the arrival time of the species of interest making it mass/charge
selective.
In the time-of-flight mode only the MCP back is kept at a high voltage (typically 1.6 – 1.75 kV), whereas both the MCP front and phosphor screen are kept at
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ground potential. In this configuration the MCP back can be used as a high-gain
amplifier, which allows for real-time monitoring of the ion yield as a function of
time on an fast oscilloscope (Lecroy 452 or Lecroy 42xs-A) by capacitative decoupling of the signal.

3.3
3.3.1

Data Acquisition and Data Processing
Image Acquisition

The data collected by the CCD camera is transferred directly to the laboratory
computer where an image acquisition program (developed by former Ph.D. students Simon S. Viftrup and Jens H. Nielsen) conducts real-time analysis of the
individual frames. The program is multithreaded to support usage of multiple
CPU cores and using a standard quad core computer the analysis will be limited
by the 200 Hz acquisition rate of the camera.
A detailed description of the program and the underlying analysis steps can
be found in [115, 116] and only a brief description of the main points will be given
in the following. As the computer receives a frame from the camera it detects the
observed impact positions and writes a list with calculated centroid coordinates
which is saved instead of the actual image. When the user specified number of
frames have been acquired the lists containing the recorded impact coordinates
are merged to a single data file. Furthermore, integrated control of translational
stages allow for easy acquisition of delay scans, in which the program automatically moves the stage and saves individual data files at the user specified stage
positions. The data files can now be used to extract information about the angular
and radial distributions of impact positions. Additional information is obtained
by plotting an image containing the combined information of the impact radii
and ejection angle. From these images it is possible to quantify the molecular
confinement of individual ionic channels with specific kinetic energies by calculating hcos2 θ2D i, where θ2D refers to the angle with respect to the Y axis (vertical
axis in the images). Here it should be noted that the image produced is a 2D projection of the real 3D distribution. For certain polarization geometries of the laser
cylindrical symmetric images are obtained in which case the full 3D distribution
can be reconstructed from the 2D image by the use of the inverse Abel transformation [117, 118]. However, the angular selectivity of the polarization geometries
required for reconstruction can in principle produce a biased image and thereby
overestimate the confinement. Therefore, unless stated otherwise in the text, the
hcos2 θ2D i values reported in this thesis refer to values extracted directly from the
2D images, which are unbiased and circularly symmetric (hcos2 θ2D i=0.5) when
only the probe laser is present.

3.3.2

Oscilloscope Trace Acquisition

When the molecular sample is renewed or replaced a set of standard activities
must be performed to achieve optimal conditions. These include time-of-flight
measurements to verify the presence and purity of the target molecule (see Sec. 10.2.1),
scanning of the molecular pulse profile by stepping the EL-valve delay, and to
record molecular beam profiles by scanning a laser focus across the molecular
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beam profile (see e.g. Sec. 4.2). All of these activities require monitoring of an
oscilloscope and have been automatized and collected in a single LabView program (developed by former Ph.D. student Jens H. Nielsen). First of all, this saves
a lot of time and more importantly prohibits mistakes and readout uncertainties.
Furthermore, since the program saves the entire time-of-flight trace, it allows for
better and more extensive data analysis. For instance, the deflection of individual
ionic fragments can now be investigated by recording only a single molecular
beam profile. This feature is extremely useful to extract information about the
molecular fragmentation if the investigated sample molecule consist of a mix of
conformations.
As an extra feature the program also controls the motorized delay stages in
both the non-adiabatic alignment beam and the 266 nm beam. The ability to simultaneously scan the stage and read out the signal from a fast photodiode at
each stage position allows for automatized recording of cross-correlation traces.
The traces are used to establish the position of t0 and determine the pulse duration in regimes where neither the GRENOUILLE or fast photodiode are usable.

3.4

Timing and Electronic Synchronization

Controlling the timing of the lasers is crucial since many of the experiments rely
on a stable temporal overlap between the laser pulses. Furthermore, the timing
of the laser pulses must be matched to intersect the pulsed molecular beam at
the interaction region of the VMI, followed by triggering of the camera such that
it captures the phosphorescence, thereby requiring additional synchronization of
the EL-valve and CCD camera.
Synchronization of the entire data acquisition system is achieved by the combined use of a Synchronization and Delay Generator (SDG II) and two Stanford
Research Systems Delay Generators (SRS DG535). The SDG II controls the timing
of the Pockels cells in the Spitfire regenerative amplification system and is used
to produce a 1 kHz master clock fixed at ∼415 ns prior to the out-coupling of
the fs pulses, which is passed on to the two SRS boxes. Here, the first SRS box
digitally divides down the trigger signal to match the 20 Hz repetition rate of
the ns laser system, and provides two triggers for firing of respectively the flash
lamps and the Q-switch. To achieve optimal performance of the ns laser system,
the flash lamps have to be fired ∼160 µs before the Q-switch, which is possible by
triggering the flash lamps on the previous pulse, whereas the Q-switch readily
can be triggered directly from the direct signal of the divided master clock due
to the initial 415 ns delay on the firing of the fs pulses. The second SRS box receives the divided master trigger of 20 Hz and is used to control the opening of
the EL-valve, the CCD camera and the position of the gate of the high-voltage
fast pulser when recording ion images. Similar to the flash lamps, the EL-valve
and the CCD camera have to be triggered on the previous pulse due to extensive
internal delays and/or flight time of the molecular beam. The timing of these are
however less crucial since both the minimum opening time and the pulse width
of the molecular beam is >20 µs.

4

Deflection, Alignment and Orientation of
Asymmetric Top Molecules

So far, the vast majority of alignment and orientation experiments performed on
asymmetric tops have investigated the situation where the MPA and permanent
dipole moment vector are coinciding. In general, this will, however, not be the
case, and the ability to produce 3D orientation for such molecules attracts special interest since they include important biomolecules such as amino acids and
nucleic acids.
One-dimensional and three-dimensional alignment for these species will still
be governed by Eq. (2.8) in Chap. 2 and Eq. (6.3) in Ref. [64], and can be obtained in the adiabatic regime using linear or elliptically polarized laser pulses as
described in Secs. 2.1.1 and 2.1.3. Much less is known about how mixed-field orientation apply to the general species of asymmetric tops. Following the simplistic
picture outlined in Sec. 2.2, it may be envisioned that adiabatic 1D alignment of
the MPA combined with the interaction of a weak static field could potentially induce 3D orientation of these molecules. In particular if the spatial direction of the
1D alignment allows for positioning of the dipole moment parallel to the static
electric field axis, this may confine the direction of the permanent dipole which
evidently corresponds to 3D orientation of the molecule. In the simplest case the
polar asymmetric top molecule is planar which entails the dipole moment to reside in the plane spanned by the MPA and SMPA. For this subset of molecules 3D
orientation could possibly be induced as described above, but may benefit further
from applying an elliptically polarized pulse positioned such that the major and
minor polarization axes confine the molecular plane with the permanent dipole
moment pointing along the static field direction [65].
To further investigate and characterize the behavior of the general class of
asymmetric tops in mixed-fields, deflection, alignment and orientation experiments were conducted on 6-chloropyridazine-3-carbonitrile (C4 N2 H2 ClCN, to be
denoted CPC). The data presented in the following sections will extend the findings published in Ref. [65], and combined with Chap. 5 serve as the backbone for
understanding the alignment techniques used in the following chapters.
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4.1

Experimental Setup

The experimental setup was described in detail in Chap. 3, and only a brief description of the specific expansion and laser parameters will be given in the following. A few mbar of CPC (ChemFuture PharmaTech, >97% chemical purity) is
seeded in an inert helium carrier gas at a backing pressure of 90 bar and expanded
supersonically into vacuum through a pulsed Even-Lavie valve [111] heated to
170◦ . The expansion is skimmed twice before entering the electrostatic deflector,
where the molecules are dispersed along the gradient of the field (Y axis) which
is nearly constant in the region explored by the molecular beam. Polar molecules are therefore subject to a constant force along the Y axis independent of their
position within the deflector, whereas broadening is minimized along the X axis
where the field is homogeneous. In the target chamber the molecular beam is
crossed at 90◦ by two collinear laser beams, which are focused by a spherical lens
(f = 30 cm) mounted on a motorized translation stage allowing for the height of
the foci to be adjusted with high precision. The molecules are aligned and oriented by the combined effect of a adiabatic laser pulse (YAG pulse: λ = 1064 nm,
τFWHM = 10 ns, ω0 = 34 µm, IYAG = 8 × 1011 W/cm2 ) and the weak static field
from the VMI spectrometer (Estat varied between values of 286 V/cm, 571 V/cm
and 714 V/cm). The YAG pulse is overlapped in space and time with a Coulomb
explosion pulse (probe pulse: 800 nm, 30 fs, 24 µm, Iprobe = 5 × 1014 W/cm2 ) fragmenting the molecules into charged ions which subsequently are focused onto
the two-dimensional particle detector from which the recoil directions are determined. For CPC molecules Cl+ ions are recorded to determine the spatial orientation of the C-Cl bond axis with respect to the laboratory frame. In addition, the
N+ or H+ fragment ion distributions are particularly useful observables, since
these ions recoil in the plane of the molecule. All of the experiments are conducted on deflected molecules at a repetition rate of 20 Hz limited by the YAG
laser.

4.2

Deflection of 6-Chloropyridazine-3-carbonitrile

As explained in Sec. 2.3, electrostatic deflection is an extremely versatile, effective
and simple approach to achieve quantum-state selection. The technique can, in
principle, be applied to all polar species and is capable of dispersing the individual molecules according to their effective dipole moments, allowing for isolation
of a subset of molecules in the lowest lying rotational quantum states. This is easily visualized from plots of either the Stark shift or the effective dipole moment
as a function of the static field strength, respectively. In such plots the slope or
amplitude will directly illustrate how the individual rotational state deflects at a
given electric field compared to each other [69].
A sketch of the molecular structure of CPC is shown in Fig. 4.1 (a) along with
the position of the MPA (black arrow) and dipole moment vector (red arrow). The
molecular framework consists of an aromatic pyridazine ring to which a nitrile
and a chlorine substituent is attached adjacent to each other providing an overall
planar structure. However, as the N-N bond will be shorter than the remaining C-N and C-C bonds in the aromatic ring, this will cause the bond angle of
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Figure 4.1: (a) Sketch of the molecular structure of CPC with the positions of MPA and
dipole moment vector indicated by the black and red arrows. (b) Coordinates of the individual atomic positions in CPC from geometry optimized quantum chemical calculations,
showing a slight shift of the chlorine and nitrile bond angles towards the nitrogens in the
pyradizine ring.

the substituents on the ring to shift slightly towards the pyridazine nitrogens, as
can be visualized from the energy optimized geometry of the molecule shown in
Fig. 4.1 (b). The polarizability components of CPC are determined from quantum
chemical calculations employing the B3LYP functional with an aug-pc-1 basis set1
and found to be αzz = 22.3 Å3 , αyy = 12.0 Å3 and αxx = 7.88 Å3 , where the z and
y axes are shown in Fig. 4.1 (b) and the x axis is perpendicular to the molecular plane. The calculations also show that the dipole moment vector is located at
an angle of 57.1◦ with respect to the positive z axis in the direction towards the
C-H bond as indicated by the red arrow. This is in accordance with the chemically intuitive picture where the overall dipole moment of the molecule is largely
determined by the vectorial sum of the local dipole moments from the partially
negative chlorine substituent, as well as the nitrogen atoms in the nitrile group
and the pyridazine ring.
The combined molecular properties of possessing a large permanent dipole
moment (5.21 Debye) and being a reasonably light molecule (139 u), makes CPC
an excellent candidate for electrostatic deflection. However, compared to linear
molecules as e.g. OCS, the rotational constants associated with rotations perpendicular to the MPA of CPC will be much smaller thereby providing a far higher
density of rotational states. As a consequence a large number of rotational quantum states will be populated even at the low temperatures produced in supersonic expansions.2
1 Unpublished calculations performed by Professor Frank Jensen, Department of Chemistry,
Aarhus University.
2 For benzonitrile which has a similar molecular skeleton 66 rotational quantum states (with 419
M-components) will be populated >1% compared to the rotational ground state, at a rotational tem-
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CPC+ signal (arb. units)

Furthermore, all of the lowest lying states will be high-field seeking with almost identical Stark shifts at the field strengths used for deflection, and will therefore experience a similar force along the gradient of the field as they traverse
the deflector. A dominating presence of high-field seeking states is generally observed for large molecules with small rotational constants and a close energy level
spacing. These conditions force the rotational states which are initially low-field
seeking to interact with higher lying high-field seekers and will eventually be
converted into high-field seeking states by avoided crossings upon encountering
a state of identical symmetry. It is therefore not possible to isolate an ensemble
of the pure rotational ground state for CPC, as has previously been shown for
OCS [70]. However, typically, the Stark shifts of the individual molecules will
decrease as the rotational quantum number J increases due to the monotonously
increasing energy level spacing. Electrostatic deflection will, thus, still enable the
selection of a subset of rotationally cold molecules, which has been shown to be
advantageous for the attainable alignment and orientation of molecules [52, 65].
Undeflected
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Figure 4.2: Vertical profiles of the molecular beam measured by recording laser-induced
CPC+ signal as a function of the vertical position of the fs probe beam focus. The experimental data is shown by black squares (deflector off, 0 kV), red circles (5 kV) and blue
triangles (10 kV). The blue arrow at Y = 2.0 mm indicates the position of the laser foci for
acquiring ion images of deflected molecules.

To characterize the electrostatic deflection the probe pulse is scanned across
the molecular beam where the ion yield detected at each focus position is proportional to the relative density of molecules. The effect of deflection on the molecular beam is illustrated in Fig. 4.2. Grounding the deflector (black squares), the
molecular beam extends over roughly 2.5 mm, determined by the diameter of the
skimmer before the deflector and the natural broadening of the beam. Increasing
perature of 1 K [69].
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the deflection voltage to 5 kV (10 kV) shown by the red circles (blue triangles),
the molecular beam profile broadens and shifts upward (positive Y values). As
discussed in Sec. 2.3, the molecules in the lowest rotational quantum states are
deflected the most as they possess the largest Stark shifts and can, therefore, be
selected by positioning the laser foci in this region. The measurements described
in this chapter were conducted with the laser foci close to the upper cut-off region
in the 10 kV profile, indicated by the blue arrow in Fig. 4.2 (Y = 2.0 mm).

4.3

One-dimensional Adiabatic Alignment

In adiabatic 1D alignment the MPA is confined along the direction of the linearly
polarized YAG pulse. From the calculated polarizability tensor components given
in the previous section and the molecular structure shown in Fig. 4.1 it appears
that the Cl+ ion provide a good but not ideal observable as it will recoil in a slight
angle (∼ 3◦ ) compared to the MPA. The polarization state of the probe and YAG
laser are changed between two geometries termed side view and end view (see
Fig. 4.3) to establish strong confinement of the MPA.

Side view

End view

EYAG

Eprobe

Y
X
Z

Estat

Eprobe

Estat

EYAG

Figure 4.3: Schematic illustration of the polarization state of the YAG and the probe pulse
with respect to the static electric field and the detector plane for the two imaging geometries used to characterize 1D alignment. For both geometries the resulting alignment can
be visualized from the included molecular drawings.

Considering first side view geometry, the probe pulse (YAG pulse) is linearly
polarized perpendicular (parallel) to the detector, ensuring no bias on the molecular orientation in the detection plane. The resulting Cl+ image when only
applying the probe pulse [Fig. 4.4 (a1)] is observed to be circularly symmetric.
When the YAG pulse (8 × 1011 W/cm2 ) is included [Fig. 4.4 (a2)] the ejected Cl+
ions show a strong angular confinement along its polarization axis, thereby indicating that the C-Cl bond axis resides within a small polar angle of the direction
defined by the YAG polarization.
Closer inspection of the radial distribution of the images of the m/q region for
Cl+ (not shown) reveal that the ions produced appear in three localized regions
enclosed by the pink, cyan and green circles in Fig. 4.4 (a2): An intense part
within the pink ring which is centered on the detector and partly removed by the
center cut in Fig. 4.4 (a2), along with two distinct channels further out (pink to
cyan and cyan to green) which are also reasonably resolved in the image.
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Here the ions appearing near the center of the detector are most likely low energetic hydrocarbon fragments (e.g. C3 H+ , C2 N+ or C4 N2 H2+
2 ), which overlap
with the Cl+ peaks at 35 and 37 amu in the TOF spectrum, and therefore contaminate the image. In (a2) the radial extent of the contamination is seen to progress
far into the region of the inner channel (pink to cyan), providing a uniform background as these hydrocarbon fragments are not expected to recoil along the C-Cl
bond. The true alignment of this axis is, therefore, significantly reduced by these
additional fragments. However, the outermost channel (cyan to green) is almost
completely contamination free, providing a pure observable for the real confinement of this axis.
In spite of the somewhat broad channels, the radial distributions still allow for
determining
the radius-ratio of the two channels, which is found to be approxi√
in turn is
mately 2. As the radius is directly proportional to the velocity, which
√
proportional to the squareroot of the kinetic energy, this factor of 2 corresponds
to Cl+ ions in the outermost channel receiving twice the amount of energy in the
fragmentation process. Similar relationship between fragmentation channels has
been observed for iodobenzene and was established as double and triple ionization by the probe pulse [119]. If a similar fragmentation process is assumed for
CPC, the appearance of the inner and outer channel can be explained as the fragmentation of the molecule into an Cl+ + C4 N2 H2 CN+ or Cl+ + C4 N2 H2 CN2+ ion
pair.
As described in Sec. 3.3.1 the spatial confinement can be quantified by extracting the expectation value of hcos2 θ2D i from the chlorine ion images, where
θ2D is the projected polar angle in the detector plane between the polarization of
the YAG pulse and the Cl+ recoil velocity vector. The value of hcos2 θ2D i ranges
from zero to one, with a value of 0.5 corresponding to random orientation and
1.0 being the quantum mechanical unfeasible situation where the molecules are
perfectly aligned. To investigate the influence of the YAG pulse on the 1D alignment, a series of Cl+ images were recorded as a function of YAG intensity. The
hcos2 θ2D i values extracted from ions detected in the radial ranges corresponding
to the central peak and the two channels [marked on the image in Fig. 4.4 (a2)]
are given in Fig. 4.5.
All three curves follow a similar behavior with a sharp initial rise and early
saturation of the hcos2 θ2D i value. The saturation value is, however, widely different for the three investigated ranges. In the absence of the YAG pulse [Fig. 4.4 (a1)],
hcos2 θ2D i ' 0.50 for all three curves, as would be expected for an ensemble of
randomly oriented molecules, which increases to 0.55, 0.72 and 0.91 at a YAG intensity of 8 × 1011 W/cm2 , indicating a pronounced angular confinement along
the polarization direction for the two channels. As hinted previously the significant difference between the hcos2 θ2D i values of the two Cl+ channels are due to
the contribution from the contaminant ions in the inner channel which is minimized when only analyzing the Cl+ ions in the outermost channel. It is therefore
only the Cl+ channel produced from the Cl+ + C4 N2 H2 CN2+ ion pair which is a
useful observable. In addition, the nonlinearity of multiphoton processes ensures
that highly charged species are only efficiently produced in the spatial regions
close to the focal point of the probe beam. Restricting the analysis to only include
Cl+ ions imaged to the outer channel, therefore also corresponds to only probing
intensities near the peak of the YAG pulse, where the confinement is at its best
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Figure 4.4: Ion images recorded for Cl , N and H in side and end view clearly demonstrating 1D alignment of the MPA residing close to the C-Cl bond axis. Column 1 is
recorded with only a linearly polarized probe pulse perpendicular to the detector, whereas
in column 2 (3) a linearly polarized YAG pulse has been included polarized perpendicular
(parallel) to the detection plane. The top panel shows molecular sketches which indicate
the resulting alignment in the different imaging geometries. Alignment is obtained at a
YAG pulse intensity of 8 × 1011 W/cm2 .

(see Sec. 2.1.1).
Comparing the hcos2 θ2D i values for 1D alignment of CPC to the benchmark
value of 0.97 reported for iodobenzene at similar deflection and laser parameters
[52], the confinement obtained for CPC seems slightly less impressive. However,
it should be noted that as both the Cl+ ion will recoil in a polar angle of ∼ 3◦
compared to the MPA, assuming axial recoil of perfectly 1D aligned CPC molecules, and the fact that the outermost channel may be slightly contaminated by
hydrocarbon fragments, the measured hcos2 θ2D i will most likely underestimate
the true confinement of the MPA.
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Figure 4.5: Degree of alignment as a function of the YAG intensity for CPC seeded in 90 bar
helium. The intensity of the probe pulse is 5 × 1014 W/cm2 . See text for details.

To further substantiate the established 1D confinement, it is possible to image
the N+ ions. These images contain contributions from all three nitrogens in CPC,
that is, one from the nitrile group which is expected to recoil in almost the opposite direction of the C-Cl bond, and two from the pyridazine ring which recoil in
the plane of the molecule. The side view image from this measurement is shown
in Fig. 4.4 (b2) and confirm the expected behavior with two large signals observed
along the YAG polarization direction originating from the formation of N+ from
the nitrile group. Furthermore, the nitrogens from the pyridazine ring are seen
to map out two horizontal lines on each half of the detector, corresponding to the
2D projection of two doughnut distributions which is fully consistent with free
rotation about the MPA [62]. These observations are further corroborated by end
view images of N+ and H+ where both the probe and YAG pulse are linearly
polarized perpendicular to the detector plane. Here the H+ image [Fig. 4.4 (c3)]
show a circularly symmetric doughnut structure, indicating that the rotation of
the molecular plane about the C-Cl axis is uniform. Similar observations can be
made when investigating N+ ions from the pyridazine ring [Fig. 4.4 (b3)] although this feature will stand out less clear due to the additional N+ signal from
the fragmented nitrile which is imaged to the central part of the detector. Both
the images of N+ and H+ in Fig. 4.4 show a weak up-down asymmetry of 52%
and 54%, respectively. It should be stressed that this is not an orientation effect
but may be due to a slight non-uniform detection efficiency across the detector
when the detector gain is not high enough.
Combining the information extracted from the Cl+ , N+ and H+ images, it is
possible to verify that the YAG pulse provides strong confinement of the MPA
along the polarization direction but leaves the molecule free to rotate about this
axis.
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Three-dimensional Adiabatic Alignment

To obtain complete control of the molecular alignment for asymmetric tops, all
three molecular axes of polarizability must be confined to laboratory-fixed axes.
A simple approach to induce this type of confinement and obtain fixed-in-space
molecules is by applying a single, elliptically polarized laser field as described in
Sec. 2.1.3 [60]. For an elliptically polarized YAG pulse, the largest polarizability
axis (second most polarizable axis) of the molecule is aligned along the major
(minor) axis of the elliptical field, provided that αzz is significantly larger than αyy
which is again significantly larger than αxx . Therefore, the elliptically polarized
field is expected to align the C-Cl bond axis close to the major polarization axis
and the molecular plane to the polarization plane.
To qualitatively investigate the effect on the molecular alignment of CPC, the
image series for Cl+ , N+ and H+ were repeated having changed the YAG polarization from linear to elliptical. The ratio between the intensity along the major
and minor axis of the YAG polarization ellipse was chosen to be 3:1, which has
previously proved to provide reasonably good confinement of both the MPA and
the molecular plane for molecules with similar ratios between αzz , αyy and αxx
[65, 120]. The results are presented in Fig. 4.6, where the side (end) view images
correspond to positioning of the major axis parallel (perpendicular) to the detection plane. Focusing first on the side view image of Cl+ shown in Fig. 4.6 (a2),
the image appears similar to that for 1D alignment [Fig. 4.4 (a2)], however, with
a slightly stronger angular confinement as hcos2 θ2D i reaches 0.93. Intuitively an
increase in hcos2 θ2D i is interpreted as better confinement of the MPA. However,
for the elliptical polarization geometry the MPA of CPC molecule will be confined to a small librational motion in the polarization plane perpendicular to the
detector. As the molecular plane (and thereby the plane containing the MPA and
the C-Cl bond axis) is also expected to span the plane of the polarization ellipse,
the ejected Cl+ ions will be more prone to leave the molecule in the polarization plane, thereby increasing hcos2 θ2D i. The fact that the two channels observed
for 1D alignment are still conserved in the image with the elliptically polarized
YAG pulse confirm that the MPA is still confined along the major polarization
axis. This observation is further supported by the N+ image in Fig. 4.6 (b2),
which clearly show angular confinement of the nitrogen along the vertical axis of
the detector. As established for 1D alignment the signal near the detector edges
originates from N+ from the nitrile group, which directly complements the information from the Cl+ image. Furthermore, the angular localization of the N+
ions from fragmentation of the pyridazine ring along the Y axis, shows that the
molecular plane is confined to the plane defined by the elliptical polarization,
which is even further clear from the end view images of N+ and H+ . Comparing
the end view images in Fig. 4.4 (b3) and (c3) to those of Fig. 4.6 (b3) and (c3),
a striking difference is observed. In these images the initial circularly symmetric
distributions in Fig. 4.4 are replaced by clear localization of the ejected ions along
the minor axis of the elliptically polarized YAG pulse. The conservation of the
radial confinement in the images when changing from linear to elliptical polarization is only compatible with the C-Cl axis remaining localized near the major
polarization axis, i.e. perpendicular to the detector plane.
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Figure 4.6: Ion images recorded for Cl , N and H in side and end view clearly demonstrating 3D alignment of CPC with the C-Cl bond axis (molecular plane) residing close to
the major (minor) axis of the elliptically polarized YAG pulse. Column 1 is recorded with
only a linearly polarized probe pulse perpendicular to the detector, whereas in column
2 (3) an elliptically polarized YAG pulse (intensity ratio of 3:1) has been included with
its major (minor) axis polarized perpendicular (parallel) to the detection plane. The top
panel shows molecular structures which indicate the resulting alignment in the different
imaging geometries. Alignment is obtained at a YAG pulse intensity of 8 × 1011 W/cm2 .

4.5

Mixed-Field Orientation

In previous studies on state selected molecules, mixed-fields have proven to be
extremely successful in simultaneously achieving strongly confined and oriented
molecular targets [52, 65]. In these experiments orientation is introduced by the
combined action of the YAG pulse and the static electric field, Estat , of the VMI,
when the YAG polarization (βalign ) is rotated away from the alignment geometry
as shown in Fig. 4.7.
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Figure 4.7: Schematic illustration of the polarization state of the YAG and the probe pulse
with respect to the static electric field and the detector plane used for 1D and 3D orientation. In the orientation experiments the polarization direction of the probe pulse is kept
fixed to the plane of the detector, while βalign (the angle between the static field direction
and the (major) polarization axis of the YAG pulse) is changed. For both schemes the expected alignment and orientation can be visualized from the included molecular sketches.

For asymmetric top molecules in which the MPA and dipole moment vector
coincide, the rotation of the YAG pulse polarization provides a component of the
dipole moment along the static field axis, which promotes the pendular states of
the tunneling doublet into the corresponding oriented states. In the case of CPC
the dipole moment resides 57.1◦ from the MPA which according to the adiabatic
picture of mixed-field orientation should provide 1D oriented states even in the
alignment geometry, with the nitrogen atoms in the aromatic ring pointing away
from the detector (see schematic drawing above column (b) in Fig. 4.6). However,
even if this occurs it will be very difficult to probe the induced orientation using
ion imaging, as the produced oriented states, for symmetry reasons, would be an
even mixture of molecules pointing up and down, which evidently corresponds
to the original laser created pendular states. As the CPC molecules are rotated
away from alignment geometry the functional groups close to the MPA (here the
nitrile and chlorine) will be nice observables as they represent the orientation of
the molecules along this axis.
In the literature the orientation cosine hcos(θs )i is often used to characterize
the degree of orientation, hcos(θs )i referring to the expectation value of the quantity, with θs being the angle between the molecular axis and the direction of the
electrostatic field. The hcos(θs )i parameter cannot be extracted directly in our
current setup. However, as shown in the previous section the combination of
efficient rotational cooling methods and alignment techniques are capable of producing tightly confined molecular targets along the laser polarization axis. For
this reason, the degree of orientation can be quantified by dividing the number
of ions detected on the upper half of the detector by the total amount of ions detected (Nup /Ntotal ). A value in the range 0.5 − 1.0 (0 − 0.5) corresponds to upward
(downward) orientation of a molecular axis.
In order to characterize orientation it is less critical that the images produced
with the probe pulse alone are circularly symmetric, as long as the images are updown symmetric. It is, therefore, possible to use either a circularly or a linearly
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polarized probe pulse. The clear advantage of using circularly polarized probe
pulses is that all molecular orientations are ionized – and thus detected – with
equal probability, independent of the value of βalign . However, the limitations
in the field strength for circularly polarized pulses does not always comply with
efficient fragmentation of the molecule, in which case linearly polarized probe
pulses are necessary even if they introduce an orientation dependent bias of the
ionization. For CPC a linearly polarized probe pulse parallel to the plane of the
detector (see Fig. 4.7) was used to obtain a sufficiently large Cl+ signal. A selection of the ion images recorded at various βalign values are presented in Fig. 4.8
for both 1D (a) and 3D aligned molecules (b).
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Figure 4.8: Selection of Cl ion images obtained at different βalign values for the situation
where (a) the molecules are 1D aligned using a linearly polarized YAG pulse or (b) 3D
aligned using an elliptically polarized YAG pulse (intensity ratio 3:1). The dashed white
circles in (a) for βalign = 90◦ indicate the inner and outer boundaries of the radial ranges
used to determine the N(Cl+ )up /N(Cl+ )total . Both series of images are recorded on deflected molecules (10 kV) at Y = 2.0 mm with a static field strength of 714 V/cm.

Considering first the situation where the YAG pulse is linearly polarized [Fig. 4.8 (a)],
it is noticed that the Cl+ image at βalign = 90◦ appears different from that presented in Fig. 4.6 (a2) due to the difference in probe pulse polarization. From
the image we can conclude that the molecules are strongly confined with their
MPA along the YAG polarization direction, nevertheless, it will be difficult to
provide a quantitative measure of the alignment as the probe pulse gives rise to
additional angular selection along the vertical axis which will overestimate the
true degree of alignment. This will, however, not be a problem as it is only the
N(Cl+ )up /N(Cl+ )total value that is of interest in these images. In the series of
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images shown in Fig. 4.8 (a) two prominent changes occur as the polarization direction is gradually rotated away from alignment geometry, i.e. βalign 6= 90◦ . The
most obvious change is that the two Cl+ ions shift closer to the detector center
which is fully consistent with the interpretation that the MPA follows the YAG
polarization direction, since it is only the projection of the velocity vector components in the X and Y direction which is detected (see coordinate system in
Fig. 4.7). This will evidently lead to the observation of lower momentum ion
distributions as the YAG pulse component along the Y axis decreases by a factor
of sin(βalign ) when the polarization is rotated in the YZ plane. Furthermore, it
is clear that an up-down asymmetry arises in the images for βalign 6= 90◦ , with
more ions being imaged to the upper (lower) compartment of the detector when
0◦ ≤ βalign ≤ 90◦ (90◦ ≤ βalign ≤ 180◦ ). In addition, the asymmetry appears to
increase as the MPA is rotated closer to the axis of the static field, which suggests
that the best orientation is achieved in the end view geometry. Turning to the
situation where the YAG pulse is elliptically polarized [Fig. 4.8 (b)] the series of
images appear to be almost identical to the linear data in (a). This observation
is confirmed by the graph in Fig. 4.9 where the N(Cl+ )up /N(Cl+ )total has been
calculated for both series of images (green squares and blue circles) between the
radial ranges marked by the dashed white circles in Fig. 4.8 (a). The cyan squares
and red circles represent N(Cl+ )up /N(Cl+ )total values from image series recorded
at a lower extraction field (not shown).
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Figure 4.9: Orientation of the MPA in CPC represented by N(Cl)+
up /N(Cl)total as a function
of βalign for different YAG pulse polarizations and static field strengths. Squares (circles)
denote series conducted on 1D (3D) aligned molecules. All series are recorded for deflected
molecules (10 kV) at Y = 2.0 mm.
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As expected from the images, N(Cl+ )up /N(Cl+ )total is observed to follow the
same pattern for both 1D and 3D aligned molecules. In all series (both low and
high static field strength) the orientation initially becomes more pronounced as
the MPA is rotated away from alignment geometry and then saturates around
0.65 (0.36) at low (high) values of βalign . Unlike previous studies performed at
similar conditions of state selection and laser parameters [52, 65, 68] orientation of
CPC does not seem to increase with stronger static fields within the investigated
range.
In the case of a linearly polarized YAG pulse (see left side of Fig. 4.7), only
the direction of the MPA is confined, and N(Cl+ )up /N(Cl+ )total provides a direct
measure for the 1D orientation superposed on the 1D alignment along this axis.
As previously discussed in Sec. 4.2 the majority of the populated rotational states
for CPC will be high-field seeking and are therefore expected to position their net
component of the dipole moment along the static field direction. For βalign 6= 90◦
this corresponds to placing the partially negative nitrile end towards the repeller
electrode where the potential is highest, and as a consequence the C-Cl bond will
be directed towards the extractor electrode where the field is lowest. Thus Cl+
ions are expected to be imaged to the upper (lower) compartment of the detector
0◦ ≤ βalign ≤ 90◦ (90◦ ≤ βalign ≤ 180◦ ), which is fully consistent with the observed
up-down asymmetries in the images.
The orientation of the 3D aligned molecules in Fig. 4.8 (b) can also be viewed
as the extension of 1D orientation of the MPA. The interpretation of the images
for an elliptically polarized YAG pulse, however, becomes slightly more complex
when accounting for the orientation of the molecular plane, as 3D alignment combined with 1D orientation does not necessarily produce 3D orientation, due to the
asymmetric placement of the nitrogen atoms in the pyridazine ring. For any given
value of βalign the molecules will be confined in one of four spatial orientations as
shown in Fig. 4.10 for βalign = 57.1◦ .

EYAG
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Estat

(I)

(II)

(III)
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Figure 4.10: Schematic drawings of the four possible molecular orientations for 3D aligned
CPC with βalign fixed at 57.1◦ . The red arrow accompanying the schematics represents the
MPA
direction of the dipole moment vector for the individual geometries.
57.1°

μp

From these schematic drawings it can be seen that whereas (I) and (II) would
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both contribute to the expected orientation of the MPA, the spatial orientation of
(II) corresponds to wrong way orientation as it has a component of the dipole
moment vector anti-parallel to the direction of the static field. Furthermore, the
3D confinement in (III) would be right way oriented in terms of the direction of
the dipole moment, but with opposite orientation of the MPA compared to (I) and
(II) and will therefore give rise to Cl+ signal on the opposing detector half.
The fact that neither 1D or 3D data show a local maxima in the orientation at
values of βalign where the dipole moment is allowed to coincide with the static
field direction, indicates that the initial hypothesis where the direction of the
dipole moment can be used to control the orientation of the molecular plane is
not correct [65]. In addition the observation of identical βalign dependence and
saturation values of the series for 1D and 3D aligned molecules could suggest
that the induced mixed-field orientation only depends on the projection of the
static electric extraction field (Estat ) onto the MPA. The numerical value of this
projection is given by | cos(βalign )|Estat which increases as the YAG polarization is
rotated toward 0◦ (or 180◦ ) and will evidently be the same for the two situations in
agreement with the experimental data. An explanation for the failure of the simple model may lie in the assumption that orientation is believed to arise as a brute
force effect on top of the laser-induced alignment, whereas it may actually be the
combined effect of the two interactions which produce the oriented states. If this
is really the case, the interaction could effectively be reduced to the component
of the dipole moment vector along the MPA, since it is not straight-forward if the
components perpendicular to the alignment axis are capable of introducing the
state mixing required for transformation of the pendular states into their oriented
linear combinations.
To investigate the effect of state selection on the 1D orientation of the MPA
in CPC a series of Cl+ images were recorded as a function of the position in
the deflection profile while keeping βalign fixed at 40◦ . The images are shown
in Fig. 4.11 (a). Here the image at Y = −0.7 mm in the depleted part of the beam
is seen to be up-down symmetric, which changes drastically as the laser foci are
moved outside the original molecular beam profile at Y = 1.3 mm and peaks near
the cutoff of the deflected beam when Y = 2.1 mm. The orientation in the individual images is quantified by a N(Cl+ )up /N(Cl+ )total value calculated between
the ranges marked by the dashed white lines in the image at Y = −0.7 mm. The
resulting values are presented in Fig. 4.11 (b) and show a smooth increase of the
orientation throughout the deflection profile ranging from 0.49 in the depleted
beam to 0.62 in the region containing the most deflected molecules. This dependence clearly illustrates the effect of, and need for, state selection to obtain strong
orientation in the mixed-field regime.

4.6

Summary

In conclusion it was shown that polar molecules can be selected in the lowest
lying rotational quantum states by means of electrostatic deflection. For this ensemble of molecules adiabatic alignment can be used to obtain strong 1D and 3D
confinement, which, combined with a weak electrostatic field, additionally provides significant enhancement of the 1D orientation along the MPA. Although
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Figure 4.11: (a) Cl+ images recorded as a function of the vertical lens position. Throughout
the series the static field was 286 V/cm and βalign fixed at 40◦ . (b) Orientation of the MPA
in CPC extracted from the images in (a) within the ranges marked by the dashed white
lines in the image at Y = −0.7 mm.

perfect orientation is not expected even if all molecules are initially residing in
the rotational ground state due to population transfer as the tunnel doublets are
formed in the presence of the static field [68], the similar behavior for 1D and 3D
alignment suggests that the simple picture of mixed-field orientation fails. If this
is really a consequence of only the dipole moment parallel to the MPA being able
to create the oriented states is certainly one of the more intriguing open questions in mixed-field orientation which would clearly benefit from both additional
theoretical calculations and accompanying experiments.

5

Characterization of 3D Alignment of Asymmetric
Top Molecules

In the previous chapter only 1D alignment of the MPA was characterized using
hcos2 θ2D i as a measure for the confinement, whereas the additional alignment
of the molecular plane to produce 3D fixed-in-space molecules was qualitatively
verified from visual inspection of the ion images. To quantify the degree of 3D
alignment additional information needs to be extracted from the ions recoiling
along the molecular plane, when viewed in end view geometry. The following
sections aim to extend, improve and characterize the adiabatic alignment technique for the general class of asymmetric top molecules to obtain very strong 3D
confinement by combining the properties of adiabatic and non-adiabatic alignment.

5.1

Three-Dimentional Alignment: A Short Overview

The first report on 3D alignment for asymmetric top molecules used elliptically
polarized ns laser pulses, to create strong confinement of the most and second
most polarizable axis of a dibromothiophene molecule along the major and minor axis of the ellipse [60] (similar to what was shown for CPC in Chap. 4). Complementing techniques of achieving field-free 3D alignment have since been explored theoretically and experimentally by using either two synchronized orthogonally polarized fs pulses [61, 121] or a single elliptically polarized pulse [122].
A general concern related to alignment in the adiabatic regime, which has
strongly motivated the development of both theoretical and experimental framework for obtaining field-free 3D alignment, is that the adiabatic pulse may perturb the molecular system being investigated since the field is present during the
alignment which could be a problem for certain applications. One way around
this is to use switched wave packets where the alignment pulse is rapidly truncated at the peak of the ns pulse [106]. This ensures the slow turn-on that characterizes adiabatic alignment, and as the pulse can be turned off on a time scale
of ∼ 100 fs this should be fast enough to avoid considerable reductions in the
3D alignment if the molecular system is probed immediately after the truncation.
Nevertheless, 3D adiabatic alignment following the original approach of using
57
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a single elliptically polarized pulse has recently proven to be extremely useful
for observing features of the highest lying molecular orbitals by recording molecular frame photoelectron angular distributions [32, 120, 123]. Furthermore, the
creation of tunneling doublets in the adiabatic field allows for mixed-field orientation, which potentially can be used to induce 1D or 3D orientation. This
is particularly attractive if electrostatic deflection of the molecular ensemble is
employed prior to the alignment step [65]. These experiments should definitely
encourage further investigation and development of the technique.
A common feature for all previous experiments on adiabatic 3D alignment is
that a trade off between the confinement of the MPA and the molecular plane
is observed. In particular as the ellipticity is reduced in order to improve the
alignment of the most polarizable molecular axis the confinement of the molecular plane decreases. It is, however, possible to effectively reduce the impact
on the confinement of the MPA by the combined use of a pair of linearly polarized laser pulses with ns and fs durations, respectively. Here the ns laser pulse
serves to adiabatically align the MPA of the molecule and then, close to peak intensity where this axis is tightly confined, the orthogonally polarized fs pulse is
introduced to excite rotation about the aligned axis. Experimentally this polarization geometry will serve to minimize the interaction between the MPA and
the fs pulse, thereby minimizing the disturbance of the alignment produced by
the adiabatic pulse [62, 63]. Instead the fs pulse interacts with the axis of second
highest polarizability and sets the molecule into controlled rotation about the adiabatically aligned MPA. As for 1D non-adiabatic alignment this results in angular
confinement following the kick pulse, but here it will be the SMPA which aligns
along the fs pulse polarization. Since the MPA remains confined along the ns
pulse polarization, 3D alignment is observed due to the prompt alignment caused
by the fs pulse. The 3D confinement produced by this technique will, however,
also be limited. This is evident since the planes of the molecules will be uniformly
distributed about the MPA upon interaction with the kick pulse. For molecules
initially located at large angles with respect to the kick pulse polarization direction, the torque-angle proportionality induced by the kick breaks down and these
molecules therefore rotate into alignment at later times. The 3D alignment attainable by dual pulse techniques will, therefore, benefit tremendously from having
molecular ensembles where all the molecular planes are pre-positioned in directions close to the polarization axis of the kick pulse besides being fixed along their
MPA. This is possible when using a weakly elliptical polarized ns laser pulse. As
shown in Chap. 4 the elliptical polarized pulse preserves the strong confinement
of the MPA, attainable only through adiabatic alignment, as well as restricting
the molecular plane close to the minor axis of the polarization ellipse. Introducing the short fs kick pulse to this pre-aligned ensemble of molecules, the ability
to initiate controlled rotational motion within the non-adiabatic limit becomes
much more efficient, and the prompt 3D confinement followed by the kick will
consequently be significantly enhanced [115, 124]. Chapter 8 will further investigate the perspectives of this technique and show how the improved 3D confinement may help to enhance observed features, as e.g. nodal planes, in molecular
frame photoelectron angular distributions. The studies presented in this chapter
are performed on 3,5-difluoroiodobenzene (C6 H3 F2 I, DFIB) in the adiabatic limit
without the use of state selection.
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Characterization of 3D Alignment

Several ways of extracting – and displaying – the degree of 3D alignment have
been proposed. The more commonly used characterization schemes include direction cosines [121, 122] where the alignment is measured for the individual
molecular axes with respect to their target locations, or hcos2 %i expectation values where % represent an Euler angle [125]. For certain situations both of these
schemes have difficulties in clearly visualizing the 3D alignment, since they require several plots to characterize the 3D confinement. Furthermore, these schemes
lack a qualitative definition for comparing 3D alignment. This represents a great
challenge in the creation of e.g. optimization algorithms as they do not provide
a metric for ranking the situation where all axes are confined equally well to
that of strong 1D alignment and poor confinement of the remaining axes. In
an effort to address these issues theoretical investigations accompanied by calculation have tried to visualize 3D alignment by 3D plots showing the time evolution of the wave function produced by the laser field(s). In such a plot the
broadening of the localized lobes arising from the confinement provides a direct measure of the alignment [126]. In addition, a new metric for alignment has
recently been proposed, where the 3D confinement is described by a single quantity which applies to any possible spatial orientation of the molecule and, thereby,
resolves the issue of how to compare and rank the individual cases of 3D alignment [127]. In terms of the direction cosines this measure can be expressed as
cos2 δ = 14 (cos2 θxX + cos2 θyY + cos2 θzZ + 1) (Eq. (6) in Ref. [127]), which physically can be interpreted as the angle the molecules have to be rotated to reach the
desired spatial orientation, meaning that 1D alignment essentially can be considered as a limited form of 3D alignment.
From the definition of cos2 δ it is clear that coincidence measurements are
ideal for measuring the degree of 3D alignment, since these measurements are
capable of recording the information about the full 3D orientation of the individual molecules [30] from which the expectation value can be directly evaluated. Such kinematic complete measurements are often not compatible with the
large molecular species investigated in Femtolab and as an alternative approach
we, therefore, rely on the information from 2D momentum images recorded in
the end view geometry. This approach is naturally only valid when the MPA is
strongly confined perpendicular to the detector, in which case the Euler angles φ
and χ become indistinguishable allowing for the planar confinement to be evaluated from the angular distributions of the ions recoiling along the molecular
plane. For these ions the expectation value of hcos2 α2D i, where α is the angle
between the projection of an ion velocity vector on the detector plane and the Y
axis, provides a particularly good measure for the planar confinement. Furthermore, the average distance of observables recoiling along the MPA to the image
center in the vertical (hY i) and horizontal (hXi) direction gives additional information about the confinement of the MPA. The combined information from these
two measurements thereby provides an easy and transparent interpretation of the
3D alignment obtained [62], although it will be less quantitative than the hcos2 δi
expectation value due to the fact that only the 2D projection of the real 3D distribution is used to characterize the confinement.
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5.3

Experimental setup

The experiments presented in this chapter were conducted on a different molecular beam machine than that described in Chap. 3. The basic principles in terms
of creation of the molecular beam and the detection scheme are, however, very
similar for the two vacuum systems and only the most important differences will
be described in the following. For an extended and more detailed description
of the setup the reader is referred to Refs. [51, 115]. The molecular beam machine is composed of two vertical vacuum chambers: A source chamber and a
target chamber, with each of the chambers being pumped by a 500 l/s turbomolecular pump and backed by a single rotary vane pump. This configuration
provides background pressures of roughly 3×10−8 and 6×10−10 mbar in the two
chambers. The source chamber holds a pulsed, high pressure Even-Lavie valve
(E.L.-7-2004) placed on the bottom flange which can be operated in the temperature range 30–250◦ at repetition rates of up to 40 Hz and stagnation pressures of
up to 100 bar. The two chambers are separated by a 1-mm-diameter skimmer,
positioned 15 cm above the valve nozzle which allows for sustaining pressure
differences of several orders of magnitude between the chambers due to differential pumping. Thus, operating the valve at 20 Hz and opening times of 10 µs
with a backing pressures of 100 bar helium, the pressure in the source chamber
increases to ∼ 2 × 10−5 mbar whereas that of the target chamber stays below
1×10−8 mbar [51]. Furthermore, the skimmer helps to define the beam path and
width as the molecules expand into the interaction region of a VMI spectrometer in the target chamber 30 cm above the skimmer, where the molecular beam is
crossed at 90◦ by one or more laser pulses. The VMI spectrometer configuration is
an open three-electrode electrostatic lens which can focus either ions or electrons
onto a MCP-phosphor-screen detection system where a CCD camera (Allied Vision Technologies, Marlin F-046), synchronized to the laser pulse(s) captures the
phosphorescent impact events. Data acquisition and analysis is performed as described in Sec. 3.3. An expanded view of the vacuum chambers along with the
valve and detection system is shown in Fig. 5.1. It should be noted that this
molecular beam machine does not house an electrostatic deflector, and rotational
quantum-state selection is therefore not an option for the experiments performed
on this setup.
In this experiment the beam of cold molecules (∼1K) is formed by expanding a
few mbar DFIB seeded in 90 bar of helium into vacuum running the pulsed EvenLavie valve at 20 Hz while heating to 50◦ C. The cold molecular beam is directed
to the VMI spectrometer, where it is crossed by three pulsed laser beams. The first
pulse (YAG pulse: λ = 1064 nm, τFWHM = 10 ns, ω0 = 50 µm) serves to adiabatically
align the molecules in either one or three dimensions. The second pulse (kick
pulse: 800 nm, 150 fs, ω0 = 50 µm) excites rotation about the pre-aligned MPA of
the target molecules. The third pulse (probe pulse: 800 nm, 30 fs, 30 µm) is used
to characterize the 3D alignment for the ensemble of DFIB molecules through
Coulomb explosion followed by measuring the recoiling I+ and F+ fragments.
Recording ion images at different kick-probe time delays it is possible to visualize
the dynamics induced by the kick-pulse.
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Figure 5.1: Expanded view of the second molecular beam machine consisting of (from the
bottom) the source chamber and the target chamber. A cut has been made in each chamber to reveal the positions of the pulsed valve, skimmer, VMI electrodes and detection
system. It should be noted that the coordinate system representing the laboratory frame is
rotated to accommodate for the vertical geometry such that it matches the setup described
in Chap. 3 where the molecular beam (laser pulses) travels along the positive Z (negative
X) axis and detection occurring in the XY plane.

5.4

Three-Dimensional Adiabatic Alignment by the Use of
Long and Short Laser Pulses

Previous experiments on both two-pulse 1D non-adiabatic alignment [128] and
1D alignment by the combination of long and short pulses [58] have shown that
the degree of alignment can be significantly enhanced if the molecules are weakly
aligned prior to the interaction with the kick pulse. For this reason it seems
intuitive that confinement of the molecular plane should improve when a linearly polarized non-adiabatic pulse is used to kick an ensemble of 3D adiabatic
aligned molecules along the plane spanned by the second and third most polarizable axes. Revisiting the theoretical discussion of alignment in Sec. 2.1.3,
it was established that the perfect molecular candidate for such an experiment
must possess large differences in both its polarizability components and its moments of inertia with respect to the molecular axes. Here, a polarizability tensor
with αzz > αyy > αxx ensures optimum 3D alignment by the elliptical adiabatic
pulse, whereas a small moment of inertia about the MPA is crucial (Ib > Ia < Ic )
since the kick-strength is inversely proportional to the inertia. Furthermore, the
molecule should preferably fragment to produce Coulomb explosion channels
that allow for unambiguously extraction of the spatial orientation of the mole-
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cules. With this in mind DFIB is a optimal test candidate since the heavy iodine is located on the MPA which provides a small moment of inertia about
this axis compared to the two remaining axes (see Fig. 5.3).1 The polarizability of DFIB is expected to be asymmetric and similar to that of iodobenzene with
3

3

3

αzz = αa = 21.5Å , αyy = αb = 15.3Å and αxx = αc = 10.2Å [129], since
the addition of the two fluorine substituents does not change the polarizability
significantly. In addition, the iodine and fluorine ions will act as suitable observables providing accessible Coulomb explosion channels both along the direction
of MPA and in the plane of the aromatic ring.
To thoroughly investigate the alignment obtained through this approach, I+
and F+ images were recorded from a sample of pre-3D-aligned DFIB molecules
positioned in the end view geometry (see Fig. 5.3). The intensity of the kick pulse,
linearly polarized along the Y axis, was 2×1013 W/cm2 while the total YAG pulse
intensity was 8×1011 W/cm2 with a 3:1 intensity ratio. The normalized measures
hXi, hY i and calculated values of hcos2 αion i are presented in Fig. 5.2 as a function
of the kick-probe time delay. As previously mentioned hY i and hXi are found by
extracting the average distance to the center of the vertical and horizontal axis for
each ion hit in the I+ end view images [see Fig. 5.3 (a1)], and in the F+ images
αion represents the angle between the projection of an ion velocity vector on the
detector plane and the Y axis [see Fig. 5.3 (b1)].
Considering first the situation prior to the kick pulse a clear asymmetry is observed in the I+ images when comparing the average values along the X and Y
axes of respectively 43 and 56 pixel, with hcos2 αion i of the F+ images reaching
0.727 (not shown). For comparison the values for pure 1D adiabatic alignment at
similar conditions and same YAG pulse intensity are symmetric with 48 pixels in
the X and Y direction and hcos2 αion i = 0.500, while those for unaligned molecules are 84 pixel and hcos2 αion i = 0.502. Pixels are, however, not an ideal measure
for the confinement as it depends on the resolution of the camera, the applied
extraction field and the magnification factor of the spectrometer. Hence, normalizing the pixel value to the value obtained for unaligned molecules gives much
more useful and relevant insights about the confinement which, furthermore, allows for easy comparison of the alignment produced in different experiments if
the same probe parameters are used. With this choice of normalization a value of
1 corresponds to the molecules having an average distance to the image centerline matching that of a completely random distribution, whereas values smaller
than this reflects confinement of the axis perpendicular to the detector.
The stronger (weaker) confinement in the X (Y ) direction is to be expected
from the elliptical nature of the YAG pulse which confines the librational motion
to the polarization plane. In addition this directly confirms that recording I+ images in the side view geometry (hcos2 θ2D i = 0.931) is not ideal for characterizing
the alignment of the MPA when employing elliptically polarized pulses. As the
kick pulse interacts with the ensemble of molecules, hXi remains extremely well
controlled making only a single oscillation with a small amplitude of a ∼0.02 followed by stabilization at its initial value after t = 12 ps (see Fig. 5.2). A similar
progress is observed for hY i with the first oscillation being exactly out of phase
1 Using a geometry optimized structure calculations on the moments of inertia gives I
a =
4.80 × 10−45 kg m2 , Ib = 1.74 × 10−44 kg m2 and Ic = 2.23 × 10−44 kg m2 .
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Figure 5.2: Top: Average distance to the center of the image along the vertical axis and
the horizontal axis is computed for each ion hit in the I+ end view images followed by
normalized to the values for unaligned molecules. The normalized averages in the Y (X)
direction are denoted by hY i (hXi). Bottom: hcos2 αion i calculated from angular distributions of F+ end view images. The major axis of the YAG is perpendicular to the detector
and the ellipticity-intensity ratio is 3:1 with a total intensity of 8 × 1011 W/cm2 , while the
intensity of the kick pulse was 2 × 1013 W/cm2 .

with hXi and having slightly larger amplitudes which increase hY i to a maximum
value of 0.75 after 4 ps. At longer times the trace is seen to stabilize at the pre-kick
value. Investigation of the planar alignment in the same time window show several interesting features. Most noticeable is the strong degree of confinement of
the molecular plane peaking at t = 2 ps with hcos2 αion i = 0.849. At this kick-probe
time delay it is found that confinement in the X direction (hXi = 0.46) is actually
better compared to pre-kick values, whereas the distortion in the Y direction is
slightly worse with hY i = 0.72. These observations clearly confirm that the C-I
axis is still strongly confined to the major axis of the YAG polarization at the time
delays of the increased planar confinement. Furthermore, the improved planar
alignment is seen to persist for more than 3 ps, which will often be sufficiently
long to record time-resolved experiments of intramolecular processes. The duration of this time window can to some extent be controlled by the fluence of the
kick pulse, which will be discussed in further detail in Sec. 8.5. For t > 4 ps the
planar confinement is seen to drop permanently below its initial value prior to
the kick and after a few oscillations it settles near hcos2 αion i ∼ 0.65. The fact that
hcos2 αion i at long times falls in between the pre-kick value and 0.50 where the
planes are randomly located around the MPA can be interpreted as the angular
momentum of the molecular plane, gained by the kick pulse, is so high that a
fraction of the molecular planes simply rotates out of the angular range where it
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was originally confined by the YAG pulse. The ion images recorded at the peak
value of planar confinement (t = 2 ps) are shown in the fourth column of Fig. 5.3.

5.5

Comparison to 3D Adiabatic Alignment

To compare the 3D alignment one can obtain from the different adiabatic approaches, 3D alignment data was collected for several different pulse parameters including varying the fluence (pulse intensity and pulse duration) of the
kick pulse and the ellipticity of the YAG pulse. A selection of the findings from
these measurements at their most optimum conditions are presented in Fig. 5.3.
Throughout these images the total intensity of the YAG pulse is kept fixed at
7 × 1011 W/cm2 . The kick pulse intensity of 2 × 1013 W/cm2 is also identical in
the two combination experiments shown in the third and forth column.
When comparing the quantitative numbers for both the confinement of the
MPA and planar alignment we see great similarities in the 3:1 adiabatic (hXi = 0.51,
hY i = 0.66 and hcos2 αion i = 0.727) and the 1D adiabatic combination experiment
(hXi = 0.48, hY i = 0.65 and hcos2 αion i = 0.724). However, the angular distribution
of the molecular plane is quite different as can be seen in the graphs shown in the
third row of Fig. 5.3 [(c1) and (c3)]. In particular the adiabatic 3D alignment with
only the elliptically polarized ns pulse produces a somewhat broad distribution
of the molecular planes with respect to the minor axis of the ellipse, but strongly
depletes the regions corresponding to molecular planes residing at large angles
(α = π/2, 3π/2). This is different for the combination of orthogonally linearly polarized long and short pulses which gives a sharper confinement of the molecular
plane at α = 0, π, with a noticeable uniform background contribution from molecules initially located at large angles compared to the kick pulse polarization.
As explained in Sec. 2.1.2 this observation is to be expected from the fact that
the interaction with the kick pulse is greatly reduced in the regions near π/2 and
3π/2. This has the consequence that molecules with their planes initially located
perpendicular to the polarization of the kick pulse will only be weakly rotationally excited and, therefore, not align along the polarization axis at the same time
delay as the molecules with their plane residing near the kick pulse polarization.
When the elliptically polarized YAG pulse (3:1 intensity ratio) is combined
with the linearly polarized kick (fourth column in Fig. 5.3) the weakness of the
interaction with the kick pulse observed in column 3, is overcome by prealigning
the molecular plane to angles near α = 0, π. This is clearly illustrated from the
angular distribution (c4) where the signal around π/2 and 3π/2 is almost completely depleted and an improved angular confinement along the vertical axis
is obtained. By comparing the I+ end view images in column 1 and 4 it can be
seen that the increased confinement of the molecular plane comes at the cost of
a slightly weaker confinement of the C-I axis along the Y direction with hY i increasing from 0.66 prior to the kick to 0.72 at the peak of planar confinement.
If instead the values are compared to the case of adiabatic 3D alignment with a
2:1 intensity ratio, as shown in column 2, both hXi and hY i indicate a stronger
alignment of the MPA. In addition, the hcos2 αion i value also shows significantly
better confinement of the molecular plane, thus indicating an overall superior 3D
alignment by the combined long and short pulse approach.
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Figure 5.3: I+ and F+ images recorded in end view geometry (see top) for different pulse
parameters and schemes. The third row shows the angular distribution of the F+ ion
images which are used to calculate hcos2 αion i. The total intensity of the YAG pulse is the
same for all four columns (7 × 1011 W/cm2 ) and in the third and fourth column the kick
pulse intensity is 2 × 1013 W/cm2 .
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The combined long and short pulse technique is also expected to produce
stronger 3D alignment than the equivalent non-adiabatic approaches using either
a single elliptically or two linearly polarized fs pulses [61, 122]. A strict quantitative comparison is, however, difficult since the alignment in the cited experiments
uses different measures to characterize the angular confinement. Comparison is
therefore purely based on previously published experiments on DFIB similar to
those presented in column 3 of Fig. 5.3 [63]. In Ref. [63] the C-I axis of the molecules is, however, more weakly confined prior to the interaction with the kick
pulse (hcos2 θ2D i = 0.862 and hXi ∼ hY i ∼ 0.74). With these alignment conditions
the observed loss in alignment of the MPA becomes much more pronounced following the kick pulse with hY i approaching 1.0 at the delay of maximum distortion. Analogously, the 1D alignment obtained after the first kick pulse in the
dual fs kick pulse approach [61] is simply too weak, and a major distortion in the
alignment of the most polarizable molecular axis by the second pulse is therefore
unavoidable. Since the rotational wave packets excited by the use of a single elliptically polarized fs pulse [122] is similar to that when using the two optimized
orthogonal fs kick pulses, these schemes will produce nearly identical post-pulse
evolution and 3D alignment [126]. It should, however, be noted that the 3D alignment reported in Refs. [61, 122] occurs at field-free conditions, which is a clear
advantage if the investigated molecular system is easily perturbed by external
fields. In experiments where 3D aligned molecules are needed under field-free
conditions the combined long and short pulse scheme can be extended to additionally include rapid truncation of the YAG pulse [106] upon establishment of
the 3D alignment.
For polar species which can be used for electrostatic deflection it is possible to
obtain even better 3D confinement using only an elliptically polarized YAG pulse
when the measurement is performed on a subset of the lowest lying rotational
states. This was, recently, shown for a DFIB analogue, 2,6-difluoroiodobenzene,
the only difference being that the two fluorine substituents are, instead, positioned next to the iodine, thereby increasing the dipole moment from 0.2 to 2.3 Debye [65]. The parameters describing the corresponding 3D alignment obtained for
state selected ensembles in Ref. [65] with laser parameters similar to those of column 1 in Fig. 5.3 are found to be: hXi = 0.30, hY i = 0.45 and hcos2 αion i = 0.907.
Not only do these values show a striking improvement of the confinement compared to adiabatic 3D alignment of non-deflected molecules, but they are also
significantly better when compared to the combined long and short pulse technique. This observation clearly demonstrates the advantage of quantum-state
selected samples for achieving optimal 3D alignment of the molecules.

5.6

Summary

In this chapter the different approaches of achieving 3D alignment in the adiabatic
regime were characterized and compared. In particular, photo-fragment imaging
of DFIB was used to show that the 3D confinement produced with an elliptically
polarized ns pulse alone appears identical to that obtained from the combination
of linearly polarized ns and fs laser pulses when comparing the observables representing average measures of the degree of alignment. However, the alignment
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produced in these two control schemes are qualitatively different with the pure
adiabatic pulse producing a single broad distribution of the molecular plane centered at the desired spatial direction, whereas the combined pulse scheme gives
a much sharper distribution along this direction but with a pronounced uniform
background. In comparison to these techniques the combination of an elliptically
polarized ns laser pulse and a linearly polarized fs pulse provides a striking enhancement of the planar confinement without significant loss in the alignment of
the MPA. The improved alignment can be sustained for a few ps by optimizing
the fluence of the kick pulse, which will be further discussed in Chap. 8.
One could envision that the alignment could be even further improved for polar species by combining the alignment from the combination of ns and fs pulses
with state selected molecules. For such a molecular ensemble the best possible
alignment is found by further lowering the YAG ellipticity to the regime where it
is just able to attain sufficient planar confinement to clean up the angular distributions of the molecular plane at large angles. At the same time this would provide
an even stronger confinement of the MPA and still allow for the alignment of the
molecular plane by the kick pulse to be effective.

6

Alignment-Dependent Ionization Yields From
Strong-Field Ionization of Fixed-in-Space Molecules

The ionization step leading to single ionization in the multiphoton or tunnel ionization regime is a fundamental process which is thought to be well understood
for atoms [44]. However, for larger molecules much less is known. Of particular
importance is the understanding of the dependence of the initial ionization step
on the molecular orientation with respect to the external field. Commonly used
theories to explain strong-field phenomena extended to larger systems are the
molecular tunneling theory (MO-ADK) [130] and the strong-field approximation
(SFA) [131, 132]. Recent experiments, however, have shown disagreement with
these theories [133], and the interpretation of the underlying physics has been
and still is an area of debate [134–140]. To fully test existing theories and to guide
the way for new theory development, experiments extended to larger and more
complex molecular systems are needed.
The work presented in this chapter will try to address some of these challenges
through a combined experimental and theoretical study of the yield of strongfield ionization, by a linearly polarized probe pulse, as a function of the relative
orientation between the ionizing laser field and aligned the molecule.

6.1

Introduction

Experimentally alignment-dependent ionization rates have only been obtained
for small molecular systems such as N2 , O2 , CO, CO2 and C2 H2 [133, 141–143].
Many of these previous experiments have involved several steps when extracting alignment-dependent ionization rates from the measurements which complicates the interpretation. The direct measurement of the angular dependence
of ionization was reported in Ref. [133] where the molecules were aligned nonadiabatically, demonstrating the essential need for creation of an ensemble of
highly aligned molecules. An alternative to prealigning the molecules is to infer their spatial orientation after the ionization event. In favorable cases, this can
be accomplished if the ionization process leads to fragmentation of the molecule
and the recoil directions of the ionic fragments uniquely defines the molecular
orientation at the time of ionization. Recently, this approach was used to deter69
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mine the angular dependence of the total ionization yield for HCl molecules ionized by intense circularly polarized infrared femtosecond laser pulses [144]. For
larger molecular species it is often impossible to access molecular frame information using fragmentation measurements. This fact is important since it puts more
than technical constraints, like low counting statistics, on the type of systems that
can be investigated by recoil methods. In addition, the often encountered situation where ionization does not cause fragmentation also cannot give access to
orientation or alignment-dependent measurements by recoil spectroscopy.
Hence, in general, molecular frame measurements require pre-alignment or
pre-orientation of the molecules. The latter approach has recently been employed
in a series of joint experimental and theoretical studies on molecular frame photoelectron angular distributions (MFPADs) for three different adiabatically aligned
and oriented molecules, carbonyl sulfide (OCS), benzonitrile (C7 H5 N, BN) and
naphthalene (C10 H8 , NPTH) molecules, ionized by intense infrared circularly polarized femtosecond pulses [32, 120, 124, 145]. In these studies the theoretical
description of the MFPADs was accomplished by amending the existing theories
of strong-field ionization [32, 145, 146]. The findings in these experiments are
described in great detail in Chaps. 7 and 8. Here, linearly polarized pulses are
employed to perform measurements on the alignment dependence of the ionization yield on OCS, BN and NPTH molecules. In order to model the angular
dependence of the total ionization yield, the calculations rely on the same molecular tunneling theory, which will be further discussed in Sec. 7.6. In short the
theory accounts for the Stark-shift induced by the molecular dipole and polarizability of the orbital energy level from which ionization takes place and includes
the experimentally measured alignment distribution.

6.2

Experimental Setup

A mixture of 90 bar helium and either 10 mbar OCS, 5 mbar BN or 5 mbar NPTH
is expanded into vacuum through the pulsed Even-Lavie valve. The resulting
molecular beam is collimated using skimmers before entering an electrostatic deflector. Traversing the deflector, polar molecules (OCS and BN) are dispersed
along the gradient of the field according to their effective dipole moment which
depends on the individual rotational quantum states of the molecules [52, 69].
This dispersion allows for quantum state selection of the molecular ensemble
in the interaction region downstream from the deflector where the molecular
beam is crossed by one or more laser beams producing either adiabatically or
non-adiabatically aligned targets. Alignment in the adiabatic regime is achieved
using the output from an injection seeded YAG laser (20 Hz, τFWHM = 10 ns,
λ = 1064 nm), whereas field-free alignment, only implemented for OCS, is obtained by stretching a part of the output from the 1 kHz amplified Ti:sapphire
laser (800 nm) to 0.5 ps and performing the experiment at the peak of the half
revival 40.5 ps after the non-adiabatic alignment pulse. The degree of alignment
is initially measured by Coulomb exploding the molecules using an intense femtosecond probe laser pulse (1 kHz, 30 fs FWHM, 800 nm) and detecting the axially recoiling S+ fragments from OCS and CN+ fragments from BN [32]. Unlike
OCS and BN, NPTH does not contain good observables which allow for a precise
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measurement of the degree of alignment. Confinement of the molecular axes can,
however, still be demonstrated through H+ ion imaging, providing information
about the spatial direction of the molecular plane [124].
Using similar alignment laser parameters but inverting the voltage on the VMI
spectrometer, electrons rather than ions are focused onto the detector. In the experiment the (major) polarization axis of the alignment pulse is kept fixed along
the static field axis of the VMI spectrometer whereas the angle, Θ, of the linearly polarized probe pulse with respect to the static field is varied between 0◦
and 180◦ . Using this particular alignment geometry the direction of the dipole
moment for OCS and BN will be parallel to the static field breaking the headsfor-tails symmetry of the ensemble to produce oriented molecules. The degree
of orientation is estimated to ∼ 80% for both OCS and BN. As the probe pulse
contains more than a few cycles and has an uncontrolled carrier-envelope phase
the ionization yield will only depend on the alignment and not on the orientation
in the current experiment. A detailed description of the orientation estimate and
how it is established will for this reason not be given here, and rather the reader is
referred to Sec. 7.3 where the discussion is pertinent for the experimental results.
As mentioned the probe laser has equal probability of ionizing molecules with
opposite orientations due to symmetry reasons and as such it would be sufficient
to record the yield only in the range 0◦ – 90◦ . However, by measuring the full
interval from 0◦ to 180◦ the observation of identical behavior of the yield in the
0◦ – 90◦ and 90◦ – 180◦ ranges verifies that only alignment and not orientation is
important for the probe pulse used. In addition, this observation also confirms
the absence of systematic errors in the data.
In all measurements the intensity of the probe pulse has been adjusted to
a regime where the molecules investigated primarily undergo single ionization
without fragmentation. As a consequence, the electrons produced will be from
the ionization step alone and it is, therefore, possible to obtain alignment-dependent
ionization yields by either integrating the measured electron signal from a TOF
trace or measuring the count rate in the electron images, for each of the various
angles between the probe and alignment laser. To prevent fluctuations in the laser
intensity from affecting the measurements, the total ionization yield has been normalized to that obtained from unaligned molecules in all of the experiments.

6.3
6.3.1

Experimental Results and Comparison with Theory
Carbonyl sulfide, OCS

In order to measure the angular dependence of the total ionization yield a high
degree of alignment is required. This is achieved by inducing adiabatic alignment of OCS molecules prepared in the lowest rotational quantum states [70].
Using a linearly polarized alignment pulse in side view geometry (parallel to the
detection plane), with an intensity of IYAG = 8.4 × 1011 W/cm2 (10 ns, 1064
nm) a degree of alignment of hcos2 θ2D i = 0.90 is obtained, θ2D being the angle
between the YAG polarization and the molecular axis. Figure 6.1 displays the
ionization yield, obtained by measuring the total electron signal as a function of
the angle between the MPA and the linear polarization, Θ, for two different intensities of the probe pulse. Figure 6.1 furthermore shows that there is hardly any
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Eprobe

Θ

Figure 6.1: Total Ionization yield of adiabatically aligned OCS molecules as a function of
the angle between the polarization axes of the alignment and probe pulses. The ionization yield is measured at two different intensities of the probe beam; Iprobe,high = 1.8 ×
1014 Wcm−2 and Iprobe,low = 1.5 × 1014 Wcm−2 (30 fs, 800 nm). The filled squares and
circles represent the measurements and the dashed curves, to guide the eye, are Legendre
polynomial fits.

difference between the alignment dependence of high and low probe intensities,
both showing a clear minimum of the signal when Θ = 0◦ and a maximum in
the ionization yield at Θ = 90◦ . The two degenerate highest occupied molecular
orbitals (HOMOs) of OCS have nodal surfaces coinciding with the internuclear
axis. For a highly aligned ensemble of OCS molecules there will be no or little
contribution from the orbital density of the HOMOs which can participate in the
ionization process when the field is strictly parallel to the internuclear axis. Some
suppression of the emission along this axis is therefore expected. However, such
an argument does not explain why there is a maximum in the ionization yield at
Θ = 90◦ .
A reasonable concern of the experiment is whether the presence of the YAG
laser field perturbs the ionization pathway and, in particular, the measured alignment dependence. To experimentally test this, the alignment dependence of the
ionization yields was also measured from field-free aligned OCS molecules. Using
similar experimental conditions, the measurements were repeated, replacing the
adiabatic pulse with a 0.5-ps-long non-adiabatic alignment pulse at an intensity of Inon−ad. = 8.3 × 1012 W/cm2 (800 nm). At the peak of the half revival of OCS, occurring 40.5 ps after the alignment pulse, an alignment degree
of hcos2 θ2D i = 0.84 was obtained. The ionization yield was extracted from the
total electron signal measured at an intensity of the probe beam corresponding
to Iprobe,low = 1.5 × 1014 W/cm2 (30 fs, 800 nm). Figure 6.2 provides a comparison of the alignment-dependent ionization yield of single ionization of fieldfree aligned and adiabatically aligned OCS molecules. The ionization signal from
field-free aligned molecules exhibits an alignment dependence similar to that observed for adiabatically aligned molecules, i.e., a clear suppression at Θ = 0◦ and
a clear enhancement at 90◦ . The only discrepancy lies in the ratio (R) between
the yield, Y , at Θ = 0◦ and at 90◦ ,
R=

Y (Θ = 0◦ )
.
Y (Θ = 90◦ )

(6.1)
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For adiabatically aligned molecules R = 0.65 and for field-free aligned molecules
R = 0.74. This difference can most likely be ascribed to the fact that the degree of
alignment is stronger in the adiabatic case.
When calculating the theoretical ionization yields the permanent dipole moment of OCS results in large Stark shifts due to the probe pulse that should be
considered to correctly account for the experimental observations [32, 145]. Also,
the alignment distribution of the molecules has to be taken into account. This is
achieved using a Gaussian approximation for the alignment distribution which
applies in cases of adiabatic alignment [10]. The alignment distribution is used
for all molecules analyzed here, the only input being hcos2 θ2D i. The calculations performed employ a Stark-shift corrected [145] molecular orbital tunneling
theory (MO-ADK) [130] and takes into account the HOMO, the dipole and the
polarizability of OCS, see Ref. [146]. The ionization potential of the HOMO is
Ip0 = 11.4 eV and for the probe intensity in the experiment with adiabatic alignment the Keldysh parameter [94] γ ' 0.7.
From Fig. 6.2 it is apparent that the theory cannot reproduce the maximum for
the ionization yields perpendicular to the molecular axis. Instead, the ionization
yields peak at approximately 45◦ with respect to the molecular axis. Direct comparison to the conventional MO-ADK theory [130], the Stark-shifted MO-ADK
theory represents an improvement of around 10◦ with respect to the experimental findings.
Previously, ionization of OCS with circularly polarized (CP) fields has been
studied [32, 145], and it was found that ionization occurs efficiently when the field
points along the permanent dipole moment, i.e. along the molecular axis. In this
connection, two important differences between strong-field ionization induced
by CP and by linearly polarized (LP) fields should be noted. First, there is a
fundamental difference relating to recombination and rescattering of the ejected
electron. In CP fields, the wave packet of the tunneled electron does not revisit
the parent ion, whereby recombination and rescattering is minimized and the
instantaneous ionization rate is mapped to the final momentum distributions.
In LP fields this one-to-one mapping is lost. The experimental results therefore
point to the fact that the total ionization yields by LP laser pulses should not
be calculated solely based on ionization rates, although such calculations have
reproduced the experimental results for small molecules like O2 and N2 [133].
Second, there is a difference relating to the influence of electronically excited
states on the ionization process. For example in Ref. [88] comparison between
theory and experiment on strong-field ionization of laser-aligned CS2 indicated
that excited states play a role. For an arbitrary orientation between the external
field and the molecular axis, the molecular orbital is no longer an LZ eigenstate
in the laboratory fixed frame. Circular polarization, however, still changes the Λ
quantum number monotonously towards higher values. For linear polarization
lower Λ values will be favored due to selection rules and, additionally, linearly
polarized light also gives a statistically higher weight to low Λ states since there
are simply more photon absorption pathways that lead to a low Λ. The fact that
within the excited state spectrum only states with relatively low Λ are within
reach by few-photon absorption means that excited states are expected to play
a larger role for linear polarization than for circular polarization. Along these
lines, it should also be noted that the discrepancy between the experiment and
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Figure 6.2: Total ionization yield of field-free aligned OCS (blue triangles, hcos2 θ2D i =
0.84) and adiabatically aligned OCS molecules (red squares, hcos2 θ2D i = 0.90) as a function of the angle between the polarization axes of the alignment pulse and probe pulses.
The filled symbols represent the measurements and the dashed curves, to guide the
eye, are Legendre polynomial fits. The ionization yield is modeled using standard MOADK [130] (solid magenta curve) and Stark-shift modified MO-ADK [32, 145, 146](solid
green curve). Both calculations assume a hcos2 θ2D i = 0.90. The intensities of the
laser pulses used for the experiments and theoretical calculations are Inon−ad. = 8.3 ×
1012 W/cm2 (0.5 ps, 800 nm), IYAG = 7.7×1011 W/cm2 (10 ns, 1064 nm) and Iprobe = 1.5×
1014 W/cm2 (30 fs, 800 nm).

the theory, observed for OCS, is similar to recent studies on CO2 [133]. In the
case of CO2 different theoretical methods and possible explanations for the discrepancy included the influence of excited states [134], the influence of HOMO-1
and HOMO-2 [137] and orbital modification and interference [139]. The debate
is ongoing, see also Refs. [135, 136, 138, 140]. In the case of OCS, all candidates
proposed in the theories for CO2 are candidates for OCS as well. For OCS it is
particularly interesting that experimental data for the alignment-dependent ionization yields exist for both linearly polarized probe pulses and for circularly polarized probe pulses [32, 145]. The two sets of results for OCS will stimulate further development of theory. In this connection, it is furthermore interesting that
very recent time-dependent density-functional theory (TDDFT) calculations on
OCS [147], performed for linearly polarized laser pulses at approximately twice
the intensity considered here, also do not agree with the present experimental
trends. In Ref. [147] the calculated yield is smaller at Θ = 90◦ than at Θ = 0◦ and
is larger, again, at Θ = 45◦ in agreement with the theoretical model predictions
shown in Fig. 6.2, but in disagreement with the experimental findings.
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Benzonitrile, BN

In the case of BN the alignment-dependent ionization yields from both 1D and
3D oriented molecules can be recorded. First, the alignment dependence of the
ionization yield is studied for 1D adiabatically aligned and mixed-field oriented
molecules. As for OCS the 1D alignment is induced by a linearly polarized YAG
pulse resulting in confinement of the C-CN axis [the MPA, indicated by the dashed
blue line in Fig. 6.3 (a)] along the YAG polarization with hcos2 θ2D i= 0.89, θ2D
being the angle between the YAG polarization and the C-CN axis. A full characterization of the spatial confinement in the ensemble of BN molecules, using
identical expansion and alignment laser parameters, is provided in Sec. 7.3. The
experimental results obtained from the total electron signal as a function of Θ is
displayed in Fig. 6.3 (a). As opposed to OCS, a clear maximum in the ionization
yield is observed when the polarizations of the YAG and probe pulses are parallel
(probe pulse polarized along the C-CN axis), and a clear minimum is observed
when they are orthogonal.
Next, the alignment dependence of the ion yield is measured for 3D oriented
molecules. BN is an asymmetric top molecule and the linearly polarized YAG
pulse leaves the molecule free to rotate about the arrested C-CN axis. If instead
an elliptically polarized YAG pulse is employed (here with an intensity ratio of
3:1 along the major and the minor polarization axis) it was shown in Chaps. 4
and 5 that the C-CN axis will remain restricted along the major polarization axis
while the molecular plane aligns with the polarization plane, i.e. the molecule
becomes 3D aligned [60]. The experimental results are shown in Fig. 6.3 (b). As
for 1D oriented molecules a clear enhancement of the signal is observed at Θ = 0◦ ,
whereas the yield is almost constant when 60◦ < Θ < 120◦ .
Compared to OCS, BN is a larger molecule and has a larger dipole moment
and larger polarizibilities [120]. The ionization potential of the HOMO is Ip0 = 9.79 eV
and at the intensity of the experiment the Keldysh parameter [94] γ ' 0.82.
Using Stark-shifted MO-ADK theory [32, 120, 145, 146], it is possible to explain
the alignment-dependent ionization yields for linearly polarized probe pulses.
This theory models the HOMO of BN with the simplest orbital that has a nodal
plane in the molecular plane of BN, i.e. the 2px orbital where the x axis points
toward the reader in Fig. 6.3(b), and includes the Stark shift of the ionization
potential [120]. These results are then convoluted with the alignment distribution, assuming that the MPA is restricted to deviate from its ideal position only
in the directions of the confined molecular plane. This procedure is followed for
naphthalene in the succeeding section. The agreement between the theory and
experiment is gratifying.

6.3.3

Naphthalene, NPTH

Naphthalene is also an asymmetric top molecule and so the alignment dependence of the ionization yield can be studied for both 1D and 3D adiabatically
aligned molecules using linearly or elliptically polarized YAG pulses, respectively. Similar to BN, NPTH has very large polarizabilities, but zero dipole moment. The ionization of NPTH has previously been studied using longer laser
pulses, with the primary focus of the experiments being the role of dissociative
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Figure 6.3: Experimental measurement of the total ionization yield from (a) 1D and (b)
3D adiabatically aligned BN molecules (red squares, hcos2 θ2D i = 0.89) as a function of
the angle between the major polarization axis of the alignment and the probe pulse. The
filled symbols represent the measurements and the dashed curves, to guide the eye, are
Legendre polynomial fits. The theoretically calculated ionization yields for the case of
3D aligned BN molecules (hcos2 θ2D i = 0.89) is shown in (c). The intensities of the laser
pulses used for the experiments and theoretical calculations are IYAG,1D = IYAG,3D =
7.7 × 1011 W/cm2 (10 ns, 1064 nm) and Iprobe = 1.2 × 1014 W/cm2 .

ionization channels and their signatures in the energy distributions [148, 149].
The present study will focus on the alignment-dependent ionization yields.
For NPTH the only experimental information about the molecular alignment
stems from H+ ions created in the Coulomb explosion. In the presence of the YAG
pulse, linearly polarized perpendicular to the detector plane, the H+ ion image
has the shape of a doughnut. As shown in Sec. 4.3 this observation verifies that
the long axis of the molecule is confined along the YAG polarization with the molecular plane being randomly oriented about this axis [63]. This is to be expected
since the long molecular axis possess the largest polarizability and will therefore
align along the YAG polarization. The H+ ion images do, however, not immediately provide quantitative information about the degree of alignment. Due to
the high polarizability anisotropy of NPTH the alignment is expected to be high
[124], and of the same order as for BN. Nevertheless, a conservative estimate for
the degree of alignment, hcos2 θ2D i = 0.85, is used in the theoretical calculations.
The experimental results of the ionization yield, obtained from the total electron
signal as a function of Θ is displayed in Fig. 6.4 (a).
If the YAG polarization is changed from linear to elliptical (again with an intensity ratio of 3:1) 3D alignment is induced with the long molecular axis along
the major component of the elliptically polarized field and the short molecular
axis (still in the molecular plane) along the minor axis. The experimental results
are shown in Fig. 6.4 (b) (red squares). Comparing the experimental results in
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Fig. 6.4 (a) and (b) it is clear that the measured ionization yields for 1D and 3D
aligned molecules show similar features. In particular, the ionization yield peaks
when the polarizations of the alignment and probe pulses are parallel and reaches
a minimum when they are orthogonal. For 1D aligned molecules the modulation
ratio, R = 2.1, is slightly larger than for 3D aligned molecules, R = 2.0.
To confirm that the angular dependence of the experimental ionization yields
displayed in Fig. 6.4 indeed results from an alignment dependence rather than
from some combined effects of the two laser fields, the measurements were repeated for identical laser intensities but for a backing pressure of the helium
carrier gas in the supersonic expansion of only 15 bar. When the helium pressure is lowered from 90 to 15 bar the rotational temperature increases and the
degree of alignment deteriorates significantly [51]. With these conditions (pink
circles) it can be seen from Fig. 6.4 (b) that the pronounced angular dependence
of the ion yield essentially vanishes. In particular, for the measurements on 3D
aligned molecules R dropped from 2.0 to 1.3, which is close to the ratio observed
for purely collisionally aligned molecules [150, 151], that is, with only the probe
pulse present, R = 1.1 (black diamonds).
From quantum chemical calculations [152] the ionization potentials for the
highest lying molecular orbitals of NPTH are determined to be Ip0 (HOMO) = 8.05 eV,
Ip0 (HOMO-1) = 8.84 eV with the following orbitals being more tightly bound,
e.g., Ip0 (HOMO-2) = 10.61 eV.1
The HOMO of NPTH possess three nodal planes, one coincides with the molecular plane and the other two are orthogonal to both each other and to the molecular plane. The HOMO-1 also possesses three nodal surfaces of which one coincides with the molecular plane. The small energy difference between the HOMO
and the HOMO-1 has the consequence that they are both expected to contribute
to the ionization signal calculated by MO-ADK theory at experimental Keldysh
parameters [94] of a typical value of γ ' 0.9. Comparison of the theoretically
calculated alignment-dependent ionization yields to the experiment in Fig. 6.4 it
is seen that the theory is capable of reproducing the overall trend of the measured
ionization yields. Specifically, in Fig. 6.4 (a) the case of 1D aligned molecules is
considered. The theoretical calculations corresponding to this case were obtained
by averaging over the set of results obtained for different angles of orbital rotation around the molecular axis (angles with steps of 10◦ are considered), and then
convoluting with the alignment distribution. Due to both the small difference
in the ionization potential of the HOMO and HOMO-1 for NPTH and the symmetry of the HOMO-1, the angle-dependent ionization rates from both HOMO
(solid orange line) and HOMO-1 (solid cyan line) are comparable if not equal, see
Fig. 6.4 (a). Also, because of the large polarizabilities of both NPTH and its cation
the Stark shift of the ionization potential should be taken into account. Including
the Stark shifts (solid dark yellow line) does not change much in the alignmentdependent ionization yields, and on the scale of the figure it is difficult to distinguish the three theoretically calculated curves. All three curves reproduce the
overall trend in the experiment, but not the correct ratio, R, between the experimental ionization yield along and perpendicular to the molecular axis. As is clear
1 These calculations are performed at the Hartree-Fock level of theory using a TZV basis, including
a few diffuse orbitals.
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Figure 6.4: Total ionization yield of (a) 1D and (b) 3D adiabatically aligned NPTH molecules (red squares) as a function of the angle between the major polarization axis of
the alignment and the probe pulse. For comparison (b) also shows the ionization yields
for both pure collisional alignment with only the probe pulse (black diamonds) and 3D
alignment on rotationally hot molecules (magenta circles). All measurements are represented by filled symbols and the dashed curves, to guide the eye, are Legendre polynomial
fits. For the case of 1D aligned molecules the theoretically calculated ionization yields
has been modeled in (a) using the HOMO (solid orange line), the HOMO-1 (solid cyan
line) and the HOMO including Stark shifts (solid dark yellow line). The ionization yields
from 3D aligned molecules is modeled theoretically in (c) using an fxyz orbital (green
line), and the true HOMO (cyan line). All calculations assume hcos2 θ2D i = 0.85. The
intensities of the laser pulses used for the experiments and theoretical calculations are
IYAG,1D = IYAG,3D = 7.7 × 1011 W/cm2 (10 ns, 1064 nm) and Iprobe = 8.2 × 1013 W/cm2 .

from the figure, the theory predicts a larger R than the experiment. This may be
due to influence from electronically excited states in the ionization process or possibly to distortion of the HOMO and HOMO-1 by the strong ionizing field. The
same discrepancy between theory and experiment persists for 3D-oriented targets as well. Here, Fig. 6.4 (c) presents the theoretical curves from Stark-shifted
MO-ADK theory for a HOMO modeled by a fxyz orbital (green line) as in [124]
and by taking the true HOMO of NPTH from a quantum chemistry calculation
(turquoise line). In both cases the Stark shifts are included. The curve corresponding to the true HOMO of NPTH is very similar to the theoretical curves
for the 1D-aligned target. On the other hand, in the calculation using the model
fxyz orbital two nodal planes are visible in the ionization yield. Interestingly, this
curve seems to fit very well to the experiment for ionization perpendicular to the
molecular axis, pointing to a possible orbital modification by the field, especially
for the geometry where the molecular axis and the ionizing field are orthogonal.
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Summary

In conclusion the chapter presented a set of experimental data for the alignmentdependent strong-field ionization yields for aligned OCS, BN and NPTH using
linearly polarized probe pulses. The alignment-dependent yields were compared
with simple theoretical models. For OCS the maximum (minimum) ionization
yield occurs when the polarization of the ionizing field is perpendicular (parallel)
to the internuclear axis. The theoretical model employed here, as well as numerical TDDFT approaches [147], predict a maximum elsewhere – in our case at an
angle of 45◦ between the OCS axis and the polarization of field. As discussed
this discrepancy may be caused by the influence of electronically excited states in
the multiphoton ionization process. It is an open question whether this is correct
(indicating a shortcoming of the TDDFT to account for excited states), or whether
the discrepancy is due to some other dynamics not accounted for in approaches
used so far.
For BN and NPTH the ionization yield is maximized (minimized) when the
ionizing field is parallel (perpendicular) to the molecular axis with the largest
polarizability. In both cases the present modeling accounted for that behavior,
with BN providing a gratifying overall agreement between experimental data
and theory, whereas for NPTH the theory overestimates the ratio between the
ionization yields parallel and perpendicular to the MPA.
The results furthermore indicate that the angular behavior of the total ionization yields in linearly polarized fields cannot, in general, be described by ionization rates only. In this sense, the analysis suggests that to map out the instantaneous ionization rate of the molecule it is better to use circularly polarized laser
pulses because both rescattering with the parent ion and the influence of excited
molecular states is minimized.
Future experiments aim to extend these studies by introducing an elliptically
polarized probe pulse. In this way it would be possible to turn off rescattering
without loosing the directionality of the ionization, which may lead to insights
about the contribution from rescattering and recombination in the ionization step.

7

Molecular Frame PADs from Strong-Field Ionization
of 3D Oriented Benzonitrile

Over the past decade the combination of photoelectron spectroscopy and femtosecond pump-probe techniques has kept pushing the benchmarks for the details in which molecular dynamics and reactivity could be studied [29, 73, 87, 144].
A major breakthrough which has fueled this progress is the ability to obtain photoelectron angular distributions (PADs) from fixed-in-space molecules [89]. This
technique exceeds the traditional form of photoelectron spectroscopy since it allows for determining not only the kinetic energy of the freed electron but also the
emission direction.
Until recently, the only available method relied on determining the orientation of the molecular frame after ionization [29, 84, 85]. As previously stated this
approach relies on the ionization process to produce ionic fragments from which
the spatial orientation of the molecule can be determined in coincidence with the
detached photoelectron. The ability to fix the molecular frame prior to the ionization event increases both the types of molecules that can be investigated and
the probe schemes which can be employed, since it does not require subsequent
fragmentation [88].
In a serious effort to extend the "fixing before ionization" technique to the
general class of polar molecules, the setup in Femtolab was used to confine the
spatial orientation of benzonitrile molecules (C7 H5 N, BN) [32, 120].
The following sections present a small selection of the data acquired from this
experiment, explaining the observations using qualitative symmetry arguments
based on the appearance of the highest lying occupied molecular orbitals of BN
and by a more quantitative approach through a modified tunneling theory.

7.1

Experimental Setup

Three-dimensional orientation of a supersonic expansion of BN molecules is achieved through adiabatic alignment and orientation by the combined action of an
elliptically polarized ns pulse and a weak static electric field. The parameters of
the alignment pulses are identical to those described experimentally in Sec. 6.2
and theoretically in Secs. 2.1.3 and 2.2. Following orientation, the molecules are
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examined using a strong circularly polarized fs laser pulse which is adjusted to the
intensity regime where BN primarily undergoes single ionization without fragmentation.

7.2

Deflection of benzonitrile

BN has a large permanent dipole moment of 4.515 Debye [153] and therefore
experiences a force along the gradient of the field as it traverses the deflector.
The effect on the molecular beam is illustrated in Fig. 7.1 by the vertical intensity
profiles, which are obtained by recording the BN+ signal from photoionization
due to the femtosecond probe laser (Iprobe ' 2 × 1014 W/cm2 ) as a function of the
vertical position of the laser focus. Grounding the deflector (black squares), the
molecular beam extends over roughly 2.5 mm, determined by the diameter of the
skimmer before the deflector and the natural broadening of the beam. Increasing
the applied deflection voltage to 5 kV (red circles), the molecular beam profile
broadens and shifts upward (positive Y values). As explained in Sec. 2.3, the
molecules in the lowest rotational quantum states have the largest Stark shifts and
are, therefore, deflected the most. The measurements described in this chapter
were conducted on quantum-state selected molecules simply by positioning the
laser foci close to the upper cut-off region in the 5 kV profile, indicated by the red
arrow in Fig. 7.1 (Y = 1.55 mm).

+

BN signal (arb.
. units)

1.0

Undeflected
5 kV

0.8
0.6
0.4
0.2
0.0

-1.0

-0.5

0.0
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Figure 7.1: Vertical profiles of the molecular beam measured by recording laser-induced
BN+ signal as a function of the vertical position of the fs probe beam focus. The experimental data is shown by black squares (deflector off, 0 kV) and red circles (5 kV). The arrows
indicate the position of the laser foci for acquiring ion and electron images of undeflected
(black, Y = 0 mm) and deflected (red, Y = 1.55 mm) molecules.
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Alignment and orientation

BN is an asymmetric top having C2v symmetry, and can be 1D or 3D aligned using
a linearly or an elliptically polarized YAG pulse, respectively. One-dimensional
alignment occurs along the MPA which for BN is the C2 -axis (C-CN axis), leaving
the molecule free to spin around this axis, whereas 3D alignment additionally
confines the spatial direction of the benzene ring along the minor axis of the ellipse. Using end view geometry, the dipole moment pointing from the nitrile
group toward the phenyl ring will coincide with the direction of the static electrical field of the VMI spectrometer, thereby orienting the molecules toward the
repeller [extractor] when imaging ions [electrons] as illustrated in Fig. 7.2 (a)
[Fig. 7.4].
To verify alignment and orientation of BN, the molecules were Coulomb exploded by an intense fs probe pulse (Iprobe ' 5 × 1014 W/cm2 ), recording the
impulse and direction of the CN+ fragments which recoils along the C2 -axis. Figure 7.2 (b) shows the obtained CN+ image when only including the fs probe
pulse, being linearly polarized parallel to the detector. Ionization will be most
probable for molecules with C2 -axes pointing along the laser polarization, which
is also clear from the image indicating a mild confinement (hcos2 θ2D i = 0.63).
The situation when including a linearly polarized YAG pulse at βalign = 90◦
is shown in Fig. 7.2 (c), with βalign referring to the angle between the YAG polarization and the static electric field. In this image a pronounced increase in the
angular confinement is observed (hcos2 θ2D i = 0.89), which clearly confirms 1D
alignment. Nevertheless, it is difficult to qualitatively compare these values to
those obtained for similar molecules (e.g. iodobenzene hcos2 θ2D i = 0.97) for several reasons. For instance, the probe geometry overestimates the attained degree
of alignment due to enhanced ionization along the polarization direction which
make these hcos2 θ2D i values seem even less impressive. However, it should also
be noted that the CN+ fragment is overlaid with other ion fragments from the
benzene ring in the TOF spectrum (e.g. C2 H+
2 ). These hydrocarbon fragments are
not expected to recoil along the C-CN axis and therefore significantly lower the
real hcos2 θ2D i value. In the alignment measurements the contribution from the
contaminant ions is minimized by only analyzing the CN+ ions with the highest
kinetic energy corresponding to the outermost ring seen in the images of Fig. 7.2.
Three-dimensional alignment is achieved by changing the polarization of the
YAG pulse from linear to elliptical. The intensity ratio between major and minor axis of the ellipse was chosen to be 3:1, which was established in Sec. 4.4
to provide reasonably good confinement of both the C2 -axis and the molecular
plane. CN+ ion images recorded with the major polarization axis at βalign = 90◦
(not shown) are similar to the image in Fig. 7.2 (c), but with a slightly stronger
angular confinement (hcos2 (θ2D )i = 0.91). The increased hcos2 θ2D i value does
not reflect an improved C2 -axis alignment, but rather that the elliptically polarized pulse confines the (small) librations of the C2 -axis to the polarization plane,
which is perpendicular to the detector. This also confirms that the C2 -axis is still
confined along the major axis of the ellipse since the large librations of the nitrilegroup associated with a loss of confinement of the C2 -axis would diminish the
Coulomb explosion channels in the image, leading to the observation of a stripe
parallel to the polarization plane.
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Figure 7.2: Alignment and orientation of BN by ion detection. (a), Schematic of the
VMI spectrometer used to detect ions or electrons. The alignment is determined by the
alignment laser polarization, illustrated by the inserted BN molecule here shown for
βalign = 45◦ . The static electric field of the spectrometer, pointing from the repeller to
the extractor electrode for ion detection, breaks the head-for-tail symmetry by preferentially placing the CN-end towards the repeller where the positive voltage is highest. When
detecting electrons the polarity of the electrodes is inverted forcing the CN-end of the molecules towards the extractor electrode. (b)-(f) CN+ ion images. (b): probe pulse only,
vertically polarized. (c), (d): βalign = 90◦ . In (d) the backing pressure has been lowered
from 85 to 15 bar helium and the deflector turned off, which significantly increase the rotational temperature of the expanded molecules, resulting in a decrease in the degree of
alignment from hcos2 (θ2D )i = 0.89 in (c) to hcos2 (θ2D )i = 0.76 in (d). (e), (f): βalign = 45◦
and -45◦ , respectively. In (e), [(f)] 71 % [28 %] of all CN+ ions appear in the upper half of
the detector. All ion images were recorded with Estat = 286 V/cm.

To additionally confirm that the elliptically YAG pulse provides the expected
3D alignment, the handles positioned off the C2 -axis, recoiling in the plane of the
molecule, need to be imaged. For BN this corresponds to imaging H+ ions.
This is possible following the approach employed in previous chapters where
the molecular fragmentation is imaged from the end view geometry. Applying
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Figure 7.3: Ion images of H+ recorded with the probe laser (5 × 1014 W/cm2 ) linearly polarized perpendicular to the detector plane. (a) No alignment pulse. (b) Alignment pulse
included, linearly polarized perpendicular to the detector. (c) Alignment pulse included,
elliptically polarized. The major axis is perpendicular to the detector and the ellipticityintensity ratio is 3:1. The center has been removed to suppress a large spike of very low
kinetic energy H+ ions stemming from ionization of residual molecules in the target chamber.

only the probe laser, linearly polarized perpendicular to the detector plane, the
image is circularly symmetric as seen in Fig. 7.3 (a). Including the linearly polarized alignment pulse [Fig. 7.3 (b)], polarized perpendicular to the detector
plane, does not change the circular symmetry, which is fully consistent with the
C2 axis being aligned along the alignment laser polarization vector and the molecular plane free to rotate about this axis. Using an elliptically polarized alignment
laser being 3:1 in intensity ratio [Fig. 7.3 (c)], with its major polarization axis perpendicular to the detector, the produced H+ are seen to localize as two lobes
along the minor axis of the alignment laser polarization ellipse, thereby breaking
the circular symmetry. This observation clearly demonstrates confinement of the
molecular plane with its SMPA (for BN perpendicular to the C2 axis but still in
the molecular plane) aligned along the minor axis of the ellipse. Imaging H+ ,
however, has drawbacks since the images contain contaminant from ionization
of residual molecules in the vacuum chamber, and thus show less sharp confinement.
In the case of benzonitrile it is not possible to extract the degree of 1D orientation in the end view geometry (βalign = 0◦ ) by investigating the forwardbackward splitting ratio of CN+ fragments in the TOF spectrum since the splitting is overlaid by hydrocarbon fragments. In such situations the degree of orientation can be estimated by rotating the polarization of the linearly polarized
YAG pulse to βalign = 45◦ (−45◦ ) positioning the C2 -axis of the molecules at 45◦
(-45◦ ) with respect to the static electric field, Estat [see Fig. 7.2 (a)]. The CN+ images from these measurements are displayed in Fig. 7.2 (e) and (f). The observed
up-down asymmetry in the images show that the molecules are preferentially oriented with the nitrile group pointing toward the repeller for both βalign = 45◦ and
−45◦ , verifying that the permanent dipole moment of BN (green arrow in Fig. 7.4)
points in the direction of the static field.
As described in Sec. 4.5, the degree of orientation is determined from the ratio
N(CN+ )up /N(CN+ )total , which is found to be 28% (71%) for βalign = 45◦ (−45◦ ).
These numbers, however, underestimate the orientation percentages of BN in the

86

Chapter 7. Molecular Frame PADs from Strong-Field Ionization of Benzonitrile

photoelectron measurements described below due to the presence of equivalent
mass/charge hydrocarbon fragments, which will most likely have an even updown distribution on the detector. Furthermore, the PAD data are obtained with
a higher extraction field (Estat,e− = 467 V/cm) and in the end view geometry,
thereby maximizing the interaction between the permanent dipole of BN and the
static field. These factors will contribute to a higher degree of orientation and, as
a consequence, the ensemble of molecules in the PAD measurements is estimated
to have at least 80 % of CN-ends facing the extractor electrode. It should be noted
that the observed degree of orientation not only depends on the strength of the
static field, but also on the occupied rotational quantum states of the probed molecules as hinted in Sec. 2.2. For the purpose of optimizing the experimental conditions for the experiment described here, the CN+ and H+ ion images proved
fully sufficient.

7.4

PADs from single ionization of benzonitrile

For the PAD measurements the experimental setup is identical to that used for
the ion detection, but some essential parameters are changed. The polarization
state of the 30 fs probe pulses is changed from linear to circular and the intensity
is lowered to ' 1.2 × 1014 W/cm2 , corresponding to a regime where the BN molecules only undergo single ionization with essentially no fragmentation. Also, the
polarization of the alignment pulse is changed to the end view geometry where
the major axis is parallel to the static field axis. Finally, the polarity of the VMI is
inverted to extract electrons, thereby orienting BN with the nitrile group facing
the detector as shown in Fig. 7.4.
LCP

e-

Eprobe
Y
X
Z

Estat
Detector

Figure 7.4: Schematic of the experimental setup showing a benzonitrile molecule oriented
with its permanent dipole moment (green arrow) pointing in the direction of the static
electric field, Estat . The LCP probe pulse ionizes the molecule and imparts an upward
momentum on the freed electron resulting in recording on the upper part of the detector.

The images obtained from the PAD experiments are shown in Fig. 7.5. When
only the probe pulse is applied [panel (a3) and (a4)], the electrons emerge in a
stripe parallel to the polarization plane (YZ plane) of the probe for both left and
right circularly polarized (LCP and RCP) pulses. The images show a weak updown asymmetry that reverses as the helicity of the probe pulse is flipped, which
is more easily seen in the angular distributions [panel (a2) and (a5)] obtained by
radially integrating the respective images in the momentum range from 0.02 to
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0.85 a.u. Including a linearly polarized YAG pulse at βalign = 0◦ induces strong
1D alignment and orientation, schematically illustrated in Fig. 7.5 (b1), and the
up-down asymmetry increases [panel (b3) and (b4)]. For LCP (RCP) probe pulses,
the number of electrons detected in the upper part compared to the total number
in the image is ∼55% (44%). The enhanced asymmetry is also clearly visible in the
angular distributions [panel (b2) and (b5)]. This up-down asymmetry arises due
to the combined effects of the orientational dependence of the ionization yield
and the force experienced by the electrons from the probe laser field, as will be
explained in Sec. 7.6. The observation of an asymmetry without the YAG pulse
results from mild "brute force" orientation due to the interaction between the permanent dipole moment and the static field.
Additional confinement of the molecular plane, and thus 3D alignment and
orientation, is obtained using an elliptically polarized alignment pulse with the
major axis along the static field axis and the minor axis vertical in the images.
The total intensity, 7 × 1011 W/cm2 , is the same as for the linearly polarized pulse
and the intensity ratio between the major and minor axis is 3:1. The resulting
electron distributions [Fig. 7.5 (c3) and (c4)] show similar up-down asymmetry
as those found in the images of 1D oriented BN molecules, which is in accordance
with the observation that the degree of orientation is essentially unchanged when
extending the 1D alignment to 3D alignment. The 3D oriented images, however,
exhibit striking new structures that are not seen in the PADs from 1D oriented
molecules. In particular, the electron emission is suppressed along the vertical
direction, which is clearly seen as dips in the corresponding angular distributions
[panel (c2) and (c5)] at αe- = 90◦ and 270◦ , where αe- is the angle measured
counterclockwise with respect to the right horizontal direction in the images [see
panel (a3)].
These local minima in the vertical direction coincide with the nodal plane of
the HOMO (and the HOMO-1) which, for the 3D aligned and oriented molecules,
corresponds to the YZ plane. These effects have previously been predicted but
never experimentally observed [154].
To confirm that the observed structures in the PADs are not due to perturbation from the YAG pulse on the ionization process by the fs probe pulse, experiments were conducted on molecules with a much higher rotational temperature
but identical alignment laser intensities. The pronounced decrease in the degree
of alignment is easily visualized by comparing panel (d) [15 bar helium, deflector
0 kV, Y = 0 mm] with panel (c) [90 bar helium, deflector 5 kV, Y = 1.55 mm] in
Fig. 7.2. Figure 7.6 (a1) and 7.6 (b1) show the corresponding photoelectron images obtained for LCP and RCP when the molecules are 3D aligned and oriented.
Both the up-down asymmetry and the lobe-like structure is completely absent,
proving the importance of creating a tightly aligned and well oriented target to
be able to observe features in the produced PADs. The difference between the
experiments on strongly versus weakly aligned and oriented molecules is also
obvious from the angular distribution displayed in Figs. 7.6 (a3) and 7.6 (b3).
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Figure 7.5: Two-dimensional momentum images of electrons produced when BN molecules are ionized by a LCP probe pulse or a RCP probe pulse. The corresponding angular
distributions in the detector plane are shown next to the images. In row (a) the molecules are essentially randomly oriented (no alignment pulse). In row (a) the molecules are
1D aligned and oriented (linearly polarized alignment pulse) and in row (c) the molecules
are 3D aligned and oriented (elliptically polarized alignment pulse). The intensities of the
probe and YAG pulses are 1.2 × 1014 W/cm2 and 7 × 1011 W/cm2 , respectively. In row (c)
the intensity ratio between the major and minor axis of the YAG is 3:1.

7.5

Experimental findings explained through symmetry
considerations

A simple way to explain the suppression features observed in the electron emission for 3D oriented molecules is through symmetry considerations, since the
PADs hold information about the orbital from which the electron was ejected.
This approach is further motivated by theoretical studies [154, 155], where the
electron emission is seen to be suppressed along nodal planes which is interpreted to be a consequence of the symmetry of the HOMO. Following similar but
simplified arguments the ionization rate can be expressed in terms of the transition dipole moment (hψf |Ĥint |ψi i) between the initial (ψi ) and final state (ψf ):
Tf ←i = 2π~|hψf |Ĥint |ψi i|2 ρ

(7.1)

This equation is also known as Fermi’s Golden Rule, where Ĥint is the interaction
Hamiltonian operator and ρ is the density of states. For the case where the molecule is ionized the interaction can be described using the dipole approximation,
which in the length gauge reduces to [155]:
LG
Ĥint
(t) = −µ · E(t)

where µ is the electric dipole moment operator and E is the electric field.

(7.2)
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Figure 7.6: Two-dimensional momentum images of electrons produced when BN molecules are ionized by a RCP probe pulse [(a1) and (a2)] or a LCP probe pulse [(b1) and (b2)].
The images in column 1 (2) are recorded for weakly (strongly) 3D-aligned and oriented
molecules obtained by using 15 (85) bar of helium stagnation pressure (see text). The laser
pulse parameters were the same as those used in Fig. 7.2. The angular distributions in the
detector plane are compared in (a3) and (b3).

For ionization to occur, the transition probability given in Eq. (7.1) must be
nonzero. In group theory, which is the systematic discussion of symmetry, this is
equivalent to stating that the direct product between the irreducible representations of the initial (Γψi ), final (Γψf ) and dipole operator (ΓµE ) contains the totally
symmetric irreducible representation (ΓTS ). This selection rule is often expressed
as:
Γψf ⊗ ΓµE ⊗ Γψi ⊇ ΓTS
(7.3)
The symmetry of the initial state in Eq. (7.3) is given as the direct product of
the electron about to be removed (Γi ) with the total symmetry of the remaining
electrons (Γn−i
). Similarly, the symmetry of the final state can be found (Γf ⊗
i
Γn−i
).
This
impose
the following symmetry requirement on the transition:
f
Γf ⊗ Γn−i
⊗ ΓµE ⊗ Γi ⊗ Γn−i
⊇ ΓTS
i
f

(7.4)

In the most simplistic case two assumptions are made: First, the ionization process, in which the electron is promoted from a bound state to the continuum,
occurs on a much faster time scale than that for rearrangement of the remaining electron configuration of the parent ion to take place. Secondly, the ionizing
field is so strong that the liberated electron by far exceeds the Coulomb attraction. In this situation both electron-electron and electron-ion interactions can be
neglected, and Γn−i
will therefore be equal to Γn−i
; in which case Γi describes a
i
f
single active electron initially occupying HOMO, and Γf represents the outgoing
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wave of the freed electron. As the direct product between two identical symmetries will always span the total symmetric representation, Eq. (7.4) simplifies
to:
Γe− ⊗ ΓµE ⊗ ΓHOMO ⊇ ΓTS

(7.5)

From this expression it is clear that if the symmetry of the initial state is known
(here HOMO or HOMO-1) then it is possible to determine the allowed symmetries of the outgoing electron. A requirement for extracting this information experimentally is that the PADs are measured in the molecular frame.

9.79

10.06

12.78

13.33

Figure 7.7: The four highest occupied molecular orbital of BN shown in side view and end
view. The two highest lying orbitals are nearly degenerate with ionization energies of 9.79
and 10.06 eV, respectively. Both HOMO and HOMO-1 orbitals show nodal structures in
the molecular plane coinciding with the yz-plane.

The four highest occupied molecular orbitals, obtained from Hartree-Fock calculations, and their corresponding orbital energies are shown in Fig. 7.7. Here
the HOMO and HOMO-1 orbitals are seen to be nearly degenerate in energy, and
contributions from both orbitals are therefore expected in the ionization step. The
symmetry of the HOMO and HOMO-1 molecular orbitals can be found by determining the individual values of the symmetry operations belonging to the C2v
point group. During the identity operation, χ(E), and the vertical reflection in
the xz plane, χ(σv (xz)), the wave function is unchanged [ψ(x, y, z) → ψ(x, y, z)]
implying a character of +1, whereas for the χ(C2 (z)) and χ(σv (yz)) operations the
wave function changes sign [ψ(x, y, z) → −ψ(x, y, z)], implying a character of −1.
Comparing these findings to the C2v character table shown in Tab. 7.1 it is found
that the HOMO behaves like the irreducible representation B1 . A similar analysis
for the HOMO-1 shows that this orbital transforms as A2 .
For 3D oriented BN molecules, as shown in Fig. 7.5 panel (c1), the molecular
frame (x, y, z) coincides with the corresponding laboratory axes (X, Y, Z). Since
BN is ionized by a circularly polarized laser pulse, the probe field will possess
components only in yz (YZ ) plane for RCP and LCP and so the transition can
only occur through these components of the transition dipole operator. From the
character table these are found to be Γµy = B2 and Γµz = A1 . Considering only
ionization from the HOMO, the symmetry of the freed electron is found to be:
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C2v

E

C2 (z)

σv (xz)

σv (yz)

linear, rotations

quadratic

A1
A2
B1
B2

1
1
1
1

1
1
-1
-1

1
-1
1
-1

1
-1
-1
1

z
Rz
x, Ry
y, Rx

x2 , y 2 , z 2
xy
xz
yz

Table 7.1: Character table for C2v point group


Γi ⊗ Γµy ⊕ Γµz ⊗ Γf ⊇ ΓTS
⇓
B1 ⊗ (B2 ⊕ A1 ) ⊗ Γf = (A2 ⊕ B1 ) ⊗ Γf ⊇ A1
⇓
(
Γf =

A2

Allowed by the µy component

B1

Allowed by the µz component

This has the consequence that electrons ejected from the HOMO (B1 ) must
have either A2 or B1 symmetry when the probe pulse is circularly polarized. From
Tab. 7.1 it is seen that both A2 and B1 reflect nodal structures in the yz-plane
(σv (yz) = −1). Since the measured PADs in Fig. 7.5 correspond to a projection
of the final state onto the XY plane this feature should be reflected as a suppression of emission along the Y axis which is exactly what is observed. In addition,
the A2 symmetry should also produce a suppression in the XZ plane. This suppression is difficult to quantify since the electrons only acquire drift momentum
along the Y axis. However, close inspection of the images indicate that the observed structures show a tightening of the "waist" in the X direction, which may
be related to this fact.
The drift direction of the detached electron is determined by the probe polarization which in the current setup cannot be changed to coincide with the xz
nodal-structure. A possible way of achieving this is to induce a controlled rotation of the molecules about the fixed MPA, and then probe the ensemble when
the molecules are anti-align; i.e. when the molecular plane coincides with the lab
fixed XZ plane (see Chap. 8).
A similar analysis for the HOMO-1 orbital with A2 symmetry produces the
same set of possible symmetries for the outgoing electron as for the HOMO. A
minor contribution from the HOMO-1 orbital in the PADs will therefore not diminish the measurements since these will give rise to similar features as those
observed for ionization from the HOMO.

7.6

A Stark-shift Corrected Tunneling Theory

In search for a more qualitative explanation of the experimental findings including the up-down asymmetry and suppression observed in the 3D oriented ima-
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ges, a quantitative picture based on a simple two step model combined with theoretical simulations was used.1

7.6.1

Ionization

In the first step of the model BN molecules are ionized by a circularly polarized
probe pulse with a peak intensity of 1.23 × 1014 W/cm2 , which suggests that the
emission takes place slightly away from the tunnel regime (γ ' 1.16 [94]). However, for increasing molecular size the ionization is seen to become tunnel-like
at larger Keldysh parameters [156], and a tunneling model is therefore used in
the following. The calculated values of the ionization potential (Ip0 = 9.79 eV) is
found as the positive energy of the HOMO, which is shown in Fig. 7.7, along with
shapes and ionization energies of other high lying molecular orbitals. Theoretical
population analysis shows that for the HOMO 30% (70%) of the of the electron
density is localized on the CN-group (aromatic ring), whereas for the HOMO-1
the electron density will be exclusively localized on the aromatic ring. Since the
dipole moment of BN points from the CN-group towards the aromatic ring (see
Fig. 7.4), the population analysis indicates that ionization from either of these
orbitals should increase the dipole moment, in agreement with theoretical predictions. From Fig. 7.7 the HOMO-2 and the following orbitals are seen to have
somewhat larger ionization potentials and their contribution to the ionization dynamics is therefore expected to be small.
In the presence of a strong probe field the field-free ionization potential, Ip0 ,
has to be modified due to Stark shifts of the energy levels. Here the effective
ionization energy can be developed in terms of a Taylor expansion relative to the
field-free energy, which up to the second order in the field strength (E) is given
by:
1
(7.6)
Ipeff (E) = Ip0 + (µI − µM )E + ET (αI − αM )E
2
where µ is the permanent dipole moment vector, α is the polarizability tensor,
with the superscripts M and I referring to the molecule and the unrelaxed cation.
Here the use of the unrelaxed cation is justified by the assumption that the nuclei have no time to move to the new equilibrium position during the tunneling
process. From Eq. (7.6) it is clear that the effective ionization potential will depend on the polar angle between the instantaneous field direction and the dipole
moment vector [(µI − µM )E cos θ]. In the special case where the BN molecules
are oriented (here with the CN group pointing in the positive Z direction), this
may lead to an asymmetric ionization probability, since the tunneling rate depends exponentially on the effective ionization potential [157]. As mentioned the
permanent dipole moment for BN is slightly larger for the cation than for the
neutral molecule, and therefore gives rise to a larger Stark shift for the cation
than for the neutral molecule. The effective ionization potential is therefore expected to be lower, and hence ionization more probable, when the field direction
is parallel to the dipole moment, as opposed to the anti-parallel geometry. Expressed in more general terms Eq. (7.6) shows that the effective ionization potential decreases when the probe field has a component in the direction of the dipole
1 The development of the theory and the accompanying calculations were performed in the group
of Professor Lars B. Madsen, Department of Physics, Aarhus University.
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moment. Ionization will therefore be most likely for the half part of the optical
period where the instantaneous direction of the field is 90◦ ≤ θ ≤ 270◦ , leading
to a forward-backward asymmetry of the electron emission.
A quantitative estimate for the ionization rate at a given direction of the probe
field can be modeled by a modified tunneling theory, which will be further described near the end of the following section.

7.6.2

Propagation in the Field

In BN the tunnel exit is far from the center of mass, and the influence of the
molecular potential on the escaping electron can therefore be neglected in the
circularly polarized laser fields where no rescattering or recombination occur. For
this reason, the trajectory of the escaped electron can be accurately estimated by
solving Newton’s equations of motion for the detached electron in the probe laser
field [44].
Considering a multicycle LCP probe pulse, which is switched off adiabatically
at large times, the field amplitude can be assumed to be constant and Eq. (2.3)
reduces to
E(t) = E0 (cos(ωt)ε̂Z + sin(ωt)ε̂Y )
(7.7)
where E0 is the peak field strength and ω the angular frequency. The final photoelectron momentum at the detector can now be straightforwardly related to
the vector potential at the instant of ionization, t0 , and reads pf = me vf =
R∞
−|e| t0 E(t) = −|e|A(t0 ), with momentum components in the laboratory frame
given by:
E0
cos(ωt0 )
(7.8)
pY = −|e|AY (t0 ) = −
ω
E0
pZ = −|e|AZ (t0 ) =
sin(ωt0 )
(7.9)
ω
Here ωt0 will be the angle from the Z axis to the field vector at the time t0 . From
Eqs. (7.8) and (7.9) it is seen that the vector potential advances the field by a phase
of π/2, and the forward-backward asymmetry accumulated in the ionization step
is therefore transferred into an up-down asymmetry along the Y axis of the detection plane as illustrated in Fig. 7.8. A similar analysis for RCP probe pulses show
that the ejected photoelectrons still acquire drift perpendicular to the electric field
direction at the moment of ionization, but in this case the field will be advanced
by −π/2.
In the case of 1D orientation, as shown in Fig. 7.5 (b1), the BN molecules
will be free to spin about the confined axis. Due to averaging over all angles of
the molcular plane, the nodal structure of the HOMO and HOMO-1 will be lost,
and the ionization can be modeled by the static tunneling rate [157] for an s-state
with a binding energy identical to that of the HOMO. The theory accounts for the
saturation of ionization at high intensities [158], and includes both focal volume
integration [159] and Stark shifts of the neutral molecule and the cation as shown
in Eq. (7.6) [145].
Combining the information from the tunneling probability with the mapping
of the ejected photoelectrons, the momentum distribution in the plane of the detector can be determined for all possible field orientation (ωt0 ). In the calculated
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LCP

Y
X
Z

Figure 7.8: Momentum vectors (cobalt blue, purple and red arrows) of the ejected photoelectrons for different directions of the LCP probe pulse at the instant of ionization (light
blue arrows) propagating anti-parallel to the X axis, with the rotation direction indicated
by the green arrows. The colored picture seen on the detector illustrates the positions
to which the different colors of momentum vectors are mapped (top: blue, mid: purple,
bottom: red).

momentum distribution for a LCP probe pulse (not shown) the photoelectrons are
confined to a stripe along the Y axis of the detector with an up-total asymmetry
of 0.52. Direct comparison to the experimental data gives a fair agreement (0.55),
from which it is clear that the incorporation of the laser-induced Stark shifts in
the tunneling model is able to account for both the observed up-down asymmetry, and the fact that it reverses when the helicity of the probe pulse is flipped.
In the case where the BN molecules are 3D-oriented as shown in Fig. 7.5 (c1),
the nodal structures in both HOMO and HOMO-1 will be confined to the YZ
plane which coincides with the polarization plane of the probe pulse. This is
theoretical challenging in terms of the conventional tunneling picture, where the
negatively charged electron escapes through a very narrow cone in the direction
opposite to the field [130, 157], since this corresponds to the position of the nodal
plane and so there will be no population to perform the tunneling. To account for
this fact the Stark-corrected tunnel ionization rate, used for 1D-oriented molecules, has to be extended to include emission occurring off-the-nodal plane.
The theoretical model assumes perfect 3D orientation of the molecules and
models the initial state by a simple 2px orbital with a binding energy identical
to that of the HOMO. Similar to the HOMO, the 2px orbital has a nodal surface
in the YZ plane with the two p-lobes parallel to the X axis, and any dependence
of the electron emission caused by the angular node, should therefore be directly
incorporated in the calculated PADs. Unlike the spherical s-state, the 2px orbital
will have a preferred momentum distribution along the X axis. Emission perpendicular to the nodal plane is therefore possible and can be modeled by including
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a factor which accounts for the initial momentum distribution in the X direction
of the ionized orbital. The resulting calculations of the momentum distributions
from HOMO and HOMO-1, are shown in Fig. 7.9 (a). Here the up-total asymme-
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Figure 7.9:
Momentum distributions including volume effects for BN at
1.23 × 1014 W/cm2 for ionization from the HOMO and HOMO-1. (b) Angular distributions derived from momentum distributions. (Black solid) HOMO+HOMO-1;
(red dashed) HOMO; (blue dotted) HOMO-1. The results should be compared to the
corresponding experimental findings in Fig. 7.10.

try ratio of 0.52 can still be ascribed to the dependence of the ionization potential
on the static Stark shifts of the energy levels, i.e., the small difference between the
dipole moment of the neutral BN molecule and its cation. Furthermore, the distribution shows a left-right splitting along the X axis with full suppression of the
signal along the Y axis (αe- = 90◦ and 270◦ ). This feature can only be explained
by the presence of the nodal plane, and comparison with the experimental data
in Fig. 7.5 (c3) shows a good agreement at large radii, corresponding to high final
momenta. The degree of suppression seen experimentally is, however, much less
pronounced than the complete suppression predicted theoretically. Two factors
which could contribute to this disagreement is the lack of perfect alignment of the
molecular plane in the experiment and possible emission from the HOMO-2 since
this orbital has population in the polarization plane of the field (see Fig. 7.7).
In addition, the theory is able to provide a closed analytical expression for
the off-the-nodal-plane angle (Ωtheo ), based on the combined properties of the
expectation value of the orbitals traverse momentum along the X axis and the
maximum final momenta of the tunneled electron, which can be calculated from
Eq. (7.8). The off-the-nodal-plane angle is defined as Ωtheo ≡ arctan hXi/pmax
Y
and the analytical expression in atomic units reads:

Ωtheo = arctan

2ω
√
πκE0


(7.10)

p
with κ =
2Ip0 . At the intensity of the experiment (1.23 × 1014 W/cm2 ) this
corresponds to an angle of 18.8◦ . This angle can be directly compared to the
angular position of the maximum electron emission for the outermost electrons
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observed in the experimental images in Fig. 7.5 (c3) and (c4), as these comprise
the subset of electrons which have acquired the highest momentum, and therefore
provides the best comparison to the analytical expression. Figure 7.10 show the
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Figure 7.10: Angular distributions extracted from the radial range 0.59 a.u. ≤
p
p2X + p2Y ≤ 0.99 a.u. of the photoelectron images displayed in Fig. 7.5 (c3) and (c4).
The angle Ωexp is determined from the peak positions of a four Gaussian fit to the angular
distributions (green curves).

p
angular distributions extracted from the radial range 0.59 a.u. ≤ p2X + p2Y ≤
0.99 a.u., from which the experimental value of the off-the-nodal-plane angle is
found to be 17.9◦ ± 1◦ in satisfying agreement with the theoretical predictions.

7.7

Strong-Field Ionization From Excited States

A natural extension of the experiment described in the previous sections is to investigate PADs from electronically excited states. If the molecular orbitals from
these states posses nodal structures in the molecular plane, like the HOMO and
HOMO-1, then the obtained PADs should be sensitive to their presence. Furthermore, the analytically expression for the off-the-nodal-plane angle in Eq. (7.10)
suggests that excited states with lower ionization potentials, and thus requiring
lower probe pulse intensities, should give rise to a larger splitting in the angular
distributions.
For BN the appearance of the lowest-unoccupied-molecular-orbital (LUMO)
is found to be fairly similar to the HOMO, and posses a nodal surface in the molecular plane, with a slight increase of the orbital density shifted to the CN group.
In BN the HOMO-LUMO transition has been established to be 4.52 eV [160] and
therefore provides a sensible candidate since the LUMO state can be reached by
a single 266 nm photon (4.66 eV). This is still less than half the ionization potential (Ip0 = 9.79 eV) and ionization of the molecule is therefore expected to be
minimized as it requires absorption of three 266 nm photons.
Experimentally, the excitation of BN molecules was established by adding an
additional beam line with 266 nm pulses (in the following denoted the excitation
pulse) as described in Sec. 3.1.2, which required a change in the beam paths to
accommodate collinear overlap of the three laser beams. In this setup the spatial
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overlap was achieved by reflecting the excitation pulse on a 0◦ mirror (Eksma Optics: HR@257-275nm, HT@780-820nm), while propagating the probe pulse from
behind and then letting both of these beams traverse the dichroic mirror used
to overlap with the YAG pulse. Controlling the time delay between the excitation pulse and the probe pulse it was possible to obtain the cross correlation trace
between the two beam lines and thereby control the sequence in which the two
pulses arrived at the target region. To minimize scattered light produced by the
excitation pulse the focusing lens was changed to a f = 30 cm air-spaced achromatic doublet lens (Eksma Optics) anti-reflection coated at 266, 305, 800 and 1064
nm, and the chamber windows on the input and exit port were replaced by new
ones with anti-reflection coating at 266, 800 and 1064 nm (Eksma Optics).
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Figure 7.11: Time-of-flight signal measured for a linearly polarized excitation pulse and
a delayed circularly polarized probe pulse (black), a circularly polarized probe pulse and
a delayed linearly polarized excitation pulse (red), the linearly polarized excitation pulse
alone (blue) and the circularly polarized probe pulse alone (green). The insert shows an
enlarged picture of the m/q region near the mass of the molecular ion (103 u).

In the experiment the intensity of the circularly polarized probe pulse was
further reduced (5.5 × 1013 W/cm2 ) to ensure that the pulse selectively ionizes
molecules promoted to the excited state by the 266 nm pulse. The TOF signal from
the probe pulse alone is shown as the green trace in Fig. 7.11 and reveals a small
signal at the mass of the molecular ion corresponding to a small contribution from
ionization of ground state BN molecules. The blue curve shows the TOF trace
from the excitation pulse alone (τFWHM = 1.0 ps, I0,266nm = 4 × 1011 W/cm2 ),
which is seen to also produce BN+ ions and induce clear fragmentation of the
+
molecule in the regions around 77 (C6 H+
5 ) and 52-55 (C4 HX ) m/q. In the red trace
both excitation and probe beams are present with the probe pulse arriving at the
target region prior to the excitation pulse (∼10 ps). As expected the observed
signal amplitudes are comparable to that obtained when adding the two separate
traces of the green and blue curves. The TOF signal for the reversed order, in
which the excitation pulse arrives 2.5 ps before the probe pulse, is shown as the
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arb. units

black trace. Here, a large increase of the BN+ yield is observed, as is clearly
illustrated in the magnified view on the insert. This directly verifies the ability
to produce an excited state population of BN molecules, within which there is an
increased likelihood of ionization by the probe pulse. Ideally, the contribution to
the production of ions from all other probe schemes (green, blue and red curves)
than the latter should be zero since they otherwise will provide a background
signal which could lead to considerably blurring of the photoelectron images.
Although many laser parameters were tried, none of them allowed for this to be
the case, while still producing significant ionization when using the excitation
pulse followed by the probe pulse, and the experiment was conducted at the
conditions used to obtain the TOFs in Fig. 7.11.
Encouraged by the pronounced ionization from excited state molecules, PADs
were obtained from 3D oriented BN molecules by additionally including an elliptically polarized YAG pulse as described in Sec. 7.3.
3
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Figure 7.12: In (a) the background counts on the detector is shown for the situation where
all three laser pulses are present while the molecular beam is blocked. (b) show the photoelectron image for 3D oriented BN molecules for the situation where the probe beam
arrives at the target region prior to the excitation pulse, whereas the timing of the probe
and excitation pulse has been reversed in (c). The radial distributions from images (b) and
(c) are depicted in (d), as the red and black curves, respectively. (e) and (f) show the images in (b) and (c) with their centers cut to accentuate the electron distribution in the region
between 65-150 pixel marked by the two white rings. The intensities of the probe, excitation and YAG laser pulses are 5.5 × 1013 W/cm2 , 4 × 1011 W/cm2 and 7 × 1011 W/cm2 ,
respectively.

The images obtained for the situation where the probe beam arrives before
the excitation pulse and the reversed order are shown in Fig. 7.12 (b) and (c),
respectively. Both images are seen to be dominated by an irregular and nonsymmetrical structure in the central part of the image. This feature is not due
to the ejected photoelectrons from the BN molecules, but rather due to scattered
light from the excitation beam, which is capable of liberating electrons from the
metal surfaces in the vacuum chamber. If these electrons are created in the region
between the repeller and extractor they will be focused onto the detector along
with the real signal. Figure 7.12 (a) shows the image obtained when all three
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laser pulses are present while the molecular beam is blocked, clearly verifying
the non-symmetrical structure as "background counts" on the detector. However,
the majority of the background signal is confined to the central region within the
irregular structure and leaves the outer part of the detector with only a small
uniform contamination.
The extracted radial distributions from images (b) and (c) are plotted in (d),
and show that the range between 65-150 pixel will contain a slightly larger contribution of photoelectrons when the molecules are excited and then probed, compared to the order where the pulses are reversed. This region falls outside the
contaminated area near the center, and images (e) and (f) show the corresponding
images of (b) and (c) with their centers cut to accentuate the electron distribution
in the region between 65-150 pixel marked by the two white rings. Unfortunately,
it is extremely difficult to tell the two images apart, and furthermore there is no
indication of suppression of the electron emission along the molecular plane (vertical axis).

Figure 7.13: The background subtracted image is shown in (a) and (b). (a) represents the
unprocessed image following background subtraction, whereas in (b) the color map has
been changed to saturate at a signal intensity of 3 arb. units, to help visualize the electron
distribution in the region of interest. The angular distributions from the ranges of interest
(65-150 pixel), in the experimental data of (a) and Fig. 7.12 (f), are shown in (c). Here the
red curve is the raw data, the green curve is the signal following background subtraction
and the black curve is the normalized trace of the green curve.

To confirm this observation, a background removal procedure was performed
by subtracting the image in Fig. 7.12 (b) from that in (c) taking into account the
difference in count rate in the two images. This subtraction both serves to remove
the scattered light from the excitation pulse, but also the unwanted counts from
ionization of BN molecules in the ground state. The resulting image is shown in
Fig. 7.13 (a), with the corresponding angular distribution, of the range between
65-150 pixel, represented by the green trace in (c). The image clearly confirms
that the subtraction enables removal of the background structure created from
scattered 266 nm light, allowing for investigation of the PADs from the entire image. Inspection of the image (and angular distribution) shows that the electrons
emerge in an up-down symmetric stripe along the drift direction of the probe
pulse (vertical axis), with maxima occurring at αe- = 90◦ and 270◦ , indicating no
signs of suppression features of the electron emission along the molecular plane.
This is further emphasized in Fig. 7.13 (b) where the color map has been changed
to saturate at a signal intensity of 3 arb. units, to aid visualization of the electron
distribution in the region of interest. Direct comparison of the normalized an-
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gular distribution before and after the subtraction procedure is shown as the red
and black trace in (c), and confirm the previous conclusions, as they are seen to
be almost identical. The reason for the lack of suppression in the electron emission along the confined molecular plane could be a result of major contribution
to the ionization from higher lying orbitals, e.g. LUMO+1 and LUMO+2, which
potentially become populated due to further resonant excitation of the intermediate state by the YAG pulse. As both of these higher lying orbitals do not possess
nodal structures along the molecular plane, the combined ionization from LUMO,
LUMO+1 and LUMO+2 could wash out the suppression signature expected from
the LUMO. In experimental studies where excited states needs to be accessed, one
should therefore consider the use of switched wave packets where the alignment
pulse is rapidly truncated at the peak of the ns pulse.

7.8

Linearly polarized probe laser

A different approach to obtaining the PADs is to use a linearly polarized probe
pulse as described in Chap. 6. As previously mentioned this scheme will allow
for the released electron to revisit the vicinity of the parent ion and the effects of
recombination and rescattering can no longer be neglected. Furthermore, electronically excited states may receive a larger influence in the ionization process,
since these states, unlike for circularly polarization, will still be accessible due to
selection rules (See Sec. 6.3). In the limit where one or both of these features become dominant this will severely complicate the interpretation of the data, when
compared to the one-to-one mapping achieved through the circularly polarized
probe. Figure 7.14 shows a comparison of the PADs obtained for randomly oriented and 3D oriented molecules with a linearly polarized probe.
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Figure 7.14: Photoelectron angular distributions for a linearly polarized probe pulse
perpendicular to the detection plane. The intensities of the laser pulses used for
the experiments are IYAG,1D = IYAG,3D = 7.7 × 1011 W/cm2 (10 ns, 1064 nm) and
Iprobe = 1.2 × 1014 W/cm2 .

Here the probe pulse is polarized perpendicular to the detection plane with
a Keldysh parameter [94] of γ ' 0.82, and the 3D oriented molecules fixed as
shown in Fig. 7.5 (c1). Considering first the PAD from the randomly oriented
ensemble of molecules [Fig. 7.14 (a)] the electrons emerge in a circular symmetric
distribution around the Z axis, which is verified by the extracted angular distribution in (c) obtained by radially integrating the respective images in the momentum range from 0.02 to 0.8 a.u. When, in addition, an elliptically polarized
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alignment pulse is used to induce strong 3D alignment and orientation, following
the procedure described in Sec. 7.3, subtle substructures appear in the PAD. Close
inspection of the image and the corresponding angular distribution [Fig. 7.14 (b)
and (c)] clearly show four distinct suppression regions in the electron emission
direction occurring at αe- = 0◦ , 90◦ , 180◦ and 270◦ .
Similar to the previous findings, the presence of these suppression features
can be ascribed the appearance of the highest lying molecular orbitals shown in
Fig. 7.7. However, in contrast to the images obtained using circularly polarized
light, there will be no preferred drift direction in the detection plane for these
measurements. For this reason all four suppression regions can be directly ascribed to the features of the orbital(s) from which the electron is detached.
To investigate how the suppression is related to the orbitals, a simple symmetry analysis, as outlined in Sec. 7.5, can be made. Again ionization of the
HOMO and HOMO-1 is considered, but in this case the transition can only occur
through the Γµz component of the transition dipole operator. In Tab. 7.1 Γµz is
found to be the total symmetric representation A1 , which simplifies the criterion
for a nonzero transition probability to only occur when initial and final states are
of identical symmetry, i.e. Γf = Γi . This dictates that electron emission from
the HOMO produces an electron wave of B1 symmetry, whereas ionization of the
HOMO-1 will give rise to A2 symmetry. From Tab. 7.1 the B1 characters of reflection in the two mirror planes, χ(σv (xz)) = +1 and χ(σv (yz)) = −1, imply that
ionization of the HOMO can only account for suppression of the electron emission along the molecular plane where αe- = 90◦ and 270◦ . For the A2 symmetry,
however, reflection in the mirror planes gives characters of χ(σv (xz)) = −1 and
χ(σv (yz)) = −1, and ionization from the HOMO-1 will therefore contribute to
suppression of the electron emission both parallel and perpendicular to the molecular plane. The fact that additional minima are observed at αe- = 0◦ and 180◦
in Fig. 7.14 (c) can only be interpreted as ionization from HOMO-1, thereby indicating that ionization from multiple orbitals plays an important role [161].

7.9

Summary

In conclusion, the presented data shows the possibility of extending molecular
frame PADs to a broad range of species even if 3D orientation is needed to fully
fix a molecule in space. These PADs from 3D oriented BN molecules are clearly
seen to be sensitive to molecular properties as e.g. nodal planes, which manifests
itself as a suppression in electron emission along these planes and can be directly
related to the allowed symmetries of the freed electrons. Also, the observed updown asymmetry in the photoelectrons with the highest kinetic energy, corresponding to ionization from only the peak of the probe pulse, can be explained
by the ionization probabilities parallel and anti-parallel to the permanent dipole
moment. Furthermore, even as experiments employing linearly polarized probe
pulses can be problematic due to rescattering and recombination events, these are
still able to provide new insights about the orbital(s) which are ionized. Finally,
experiments investigating ionization from excited states revealed that the presence of the YAG pulse may be problematic, as it potentially induces ionization
and fragmentation of the molecules. In situations where excited states needs to be
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accessed, one should therefore consider the use of either switched wave packets
or non-adiabatic alignment.

8

Time-Resolved PADs from Strong-Field Ionization of
Rotating Naphthalene Molecules

A particularly interesting extension of the experiments regarding PADs discussed
in Chap. 7 is to investigate time-dependent phenomena where a pump pulse is
used to initiate a molecular transformation or reaction. This should be possible
since theoretical descriptions of strong-field ionization by circularly polarized fs
pulses show that PADs are sensitive to the charge redistribution of valence electrons [32]. If successful, this technique could provide an efficient and ultrafast
probe of e.g. charge migration processes in molecules [162].
As described previously, a prerequisite for extracting the maximal information
about the emitted electron is that the measurement is performed in the molecular frame. In favorable cases time-resolved phenomena can be studied when the
dynamics initiated by the pump pulse lead to rapid dissociation of the molecule
from which the spatial orientation of the molecule is determined in coincidence
with the emission direction of the photoelectrons [29, 84, 85]. A more general
approach which does not rely on fragmentation of the molecule is fix the spatial
orientation of the molecule prior to the pump-probe event. The first experimental
demonstration of this approach employed non-adiabatic alignment to create the
molecular confinement from which the photodissociation of CS2 could be probed
by single-photon ionization at the half J revival [89]. The fact that most molecules are nonlinear makes it an important goal to extend the method to larger
species such that time-resolved molecular-frame PADs can be fully exploited for
exploring ultrafast molecular dynamics.
A simple demonstration of how to extend these types of time-resolved studies
to the general class of molecules is possible by e.g. visualizing the molecular rotation of a rigid asymmetric top molecule. Such an experiment would build directly
on the findings described in Chap. 5, which clearly demonstrated that a ns laser
pulse was capable of confining the spatial alignment of the target molecule in one
or three dimensions while a fs kick pulse initiated rotation of the molecular plane
around the fixed long axis. In the case where the investigated molecule is planar,
and the HOMO has a nodal surface along this plane, the PADs are expected to
provide a sensitive probe exhibiting pronounced changes as the molecular plane
rotates into and out of alignment. Additionally, this would also produce insights
about the effects of the planar alignment on the observed modulation of the elec103
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Figure 8.1: Schematic of the key elements in the experiment. The polarization states of the
three laser pulses are shown for the case when the NPTH molecules are 3D aligned by the
elliptically polarized YAG pulse (long molecular axis along the Z axis and short molecular
axis along the Y axis) and electrons are detected (circularly polarized probe pulse). An
isocontour surface (value 0.02) representation of the HOMO of NPTH is overlaid on the
molecular structure.

tron emission along the molecular plane.
Naphthalene (C10 H8 , NPTH), which was also investigated in Chap. 6, provides an excellent candidate for such an experiment as it possesses a large anisotropy
between all three axes of polarizability1 and the HOMO, HOMO-1 and HOMO-2
have nodal plane structures along the molecular plane.

8.1

Experimental Setup

Most aspects of the experimental setup have been described previously in Chap. 6
and only a few important details will be pointed out. A pulsed molecular beam
is formed by expanding 5 mbar NPTH in 90 bar of helium into vacuum. The
molecules travel into a VMI spectrometer where they are crossed by three pulsed
laser beams (see Fig. 8.1). The first pulse (YAG pulse: λ = 1064 nm, τFWHM =
10 ns) serves to adiabatically align the molecules. The second pulse (kick pulse:
800 nm, 200 fs) initiates rotation around their long axis. The third pulse (probe
pulse: 800 nm, 30 fs) is either linearly or circularly polarized. When linear, it is
used to characterize the alignment of the molecular plane by Coulomb exploding
the molecules and recording the recoiling H+ fragments. When circular, and at
much lower intensity, it is used to singly ionize the molecules for the PAD measurements. Recording the 2D H+ ion and electron images at different times, t,
after the center of the kick pulse, the dynamics induced by the kick pulse can be
monitored.

1 For

naphthalene the polarizability tensor components obtained from ab initio calculations
3
3
3
(HF/6-311+G) are αzz = 22.22Å , αyy = 16.32Å and αxx = 8.55Å [163].
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In Fig. 8.2 the molecules are fixed in the end view geometry, i.e. the linear YAG
polarization confines the MPA along the Z axis (perpendicular to the detector
plane; see Fig. 8.1).
The circularly symmetric H+ ion image [Fig. 8.2 (a) Blocked] obtained with
only the YAG pulse and the probe pulse, linearly polarized along the Z axis,
shows that the orientation of the molecular plane around the fixed long axis is
random as expected. When the kick pulse is applied, linearly polarized along the
Y axis, the H+ ions gradually localize along the Y axis. The localization reaches a
maximum around t = 1.00 ps quantified by a maximum hcos2 αion i = 0.62, where
αion is the angle between the projection of the H+ ion velocity vector on the detector plane and the kick pulse polarization vector. At this time the NPTH molecules
are 3D aligned with their long axis confined along the Z axis and the short axis
confined along their Y axis.
Using the δ-kick model introduced in Sec. 2.1.2, the time it takes to rotate
the molecular plane into alignment is given by t = 1/(2P ), which can easily
be determined when assuming perfect 1D alignment of the MPA along the YAG
polarization. In this scenario the kick pulse can only interact with the second
and third most polarizable axes and the expression for kick-strength parameter,
P , defined in Eq. (2.13), is found by replacing αk and α⊥ with αyy and αxx .
Inserting the polarizabilities for NPTH and using kick pulse parameters identical
to those of the experiments presented in Fig. 8.2, one finds a time delay of 0.85
ps. This value is in satisfying agreement with the experimentally observed value
and substantiates the interpretation of ion images as being the rotation of the
molecular plane about the fixed MPA.
At later times the angular localization of the H+ ions gradually disappears
due to dephasing of the rotational states excited by the kick pulse [62, 63], although a weak confinement along the X axis occurs at t = 3.33 ps. This antialignment corresponds to mild 3D alignment with the short axis along the X
axis. The observations based on the H+ images are fully consistent with the experiments discussed in Chap. 5 on 3,5-difluoroiodobenzene [62, 63].
Turning to the photoelectron images presented in column (b) of Fig. 8.2, it
should be noted that these are recorded at a reduced intensity of the probe pulse
(8.0 ×1013 W/cm2 ) where NPTH primarily undergoes single ionization with minor fragmentation [148]. Based on the integration of the ion peaks in the mass
spectrum it is found that of all molecules ionized ∼ 85 % are left in a stable
state of the cation. However, this must be considered a conservative estimate as
the molecules which become multiple charged molecules are expected to break
up in several charged fragments, all of which will contribute to the TOF signal, thereby overestimating the true contribution of the undesired fragmentation. For these measurements the probe pulse is circularly polarized implying
that no recollision of the freed electron with its parent ion occurs. When the molecules are 1D aligned the electrons emerge in a stripe centered along the Y axis
[Fig. 8.2 Blocked]. Similar to the findings in Chap. 7 the elongated momentum
distribution can be understood by the fact that upon detachment, occurring at
the peak of the probe pulse, the electron gains momentum, in the polarization
plane, from the remainder of the strong probe field [32, 164]. At times after the
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Figure 8.2: Momentum images of H+ ions [column (a)] and electrons [column (b)] at different time delays following the kick pulse when 1D aligned NPTH molecules are Coulomb
exploded [column (a), linearly polarized probe pulse] or singly ionized [column (b), circularly polarized probe pulse]. Column (c) shows the corresponding PADs in the detector
plane obtained by radially integrating the respective images in the momentum range from
0.02 to 0.76 a.u.. For the electron images the momentum scale is defined by the white bar
(atomic units). Iprobe = 3.2 ×1014 W/cm2 (8.0 ×1013 W/cm2 ) in column (a) [column (b) and
(c)]. The YAG pulse is linearly polarized perpendicular to the detector plane (see Fig. 8.1)
with IYAG = 6×1011 W/cm2 . The kick pulse is linearly polarized parallel to the detector
plane with Ikick = 1.1×1013 W/cm2 .
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Figure 8.3: (a) Calculated 2D electron momentum distribution for ionization of NPTH,
3D aligned as shown on Fig. 8.1. The 30 fs circularly polarized probe pulse has a peak
intensity 8.0 ×1013 W/cm2 and volume averaging is included. (b) Contour plots of HOMO
and HOMO-1.

kick pulse a pronounced structure develops in the electron images. Notably, the
electron emission becomes suppressed along the Y axis seen as dips in the corresponding angular distributions (Fig. 8.2 t = 0.33 − 1.33 ps) at αe- = 90◦ and
270◦ , where αe- is the angle measured counterclockwise with respect to the X
direction [see Fig. 8.2 Blocked]. The suppression is largest when the molecular
plane is most tightly aligned along the (Y, Z) plane (t = 1.00 ps). At this time the
nodal plane of the HOMO [and the HOMO-1 – see Fig. 8.3 (b)] that coincides with
the molecular plane is aligned along the polarization plane of the probe pulse. As
demonstrated in Chap. 7 for a similar planar aromatic molecule, benzonitrile, this
leads to suppressed electron emission in the polarization plane and will manifest
itself as the observed dips along the Y axis [32].
For the present case of NPTH the MFPAD are calculated using the theoretical
model developed in Sec. 7.6 by considering single ionization with a circularly
polarized pulse using the strong-field approximation corrected such that the induced Stark shifts of the neutral molecule and its cation ion are taken into account
[146]. To model ionization from the HOMO the atomic fxyz orbital is employed,
since its structure and positions of nodal surfaces is essentially the same as that
of the HOMO. The results, displayed in Fig. 8.3 (a), agree qualitatively with the
experimental findings in Figs. 8.2 (b) t = 0.67 − 1.00 ps. Quantitatively, the calculation predicts complete suppression of electron emission in the polarization
plane of the probe pulse whereas the experimental PAD signal at αe- = 90◦ and
270◦ only dips ∼ 28 % with respect to the peak value. As will be shown below
stronger alignment of the molecular plane leads to much more pronounced dips
in the PADs. Note that the presence of minima at 0◦ and 180◦ in both Figs. 8.2 (c)
and 8.4 (c) is independent of the 3D alignment and reflects that electron emission
is suppressed perpendicular to the polarization plane [165, 166]
At longer times, where the confinement of the molecular plane is gradually
lost, the pronounced dips in the PAD disappears because the nodal planes in the
HOMO or HOMO-1 no longer coincide with the probe pulse polarization plane.
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At the time of the anti-alignment (t = 3.33 ps) this will happen again for the nodal
plane in the HOMO perpendicular to the molecular plane (and still containing
the long axis; see Fig. 8.1). No suppression of electron emission along the Y
axis is, however, observed - most likely because the planar confinement is too
mild at the anti-alignment. Furthermore, ionization from HOMO-1 (ionization
potential is 8.84 eV compared to 8.03 for the HOMO) may contribute because its
nodal planes [Fig. 8.3 (b)] do not coincide with the polarization plane when the
molecule is anti-aligned.
Having shown that it is possible to measure the time-resolved PADs from
strong-field ionization of NPTH molecules as they rotate around the fixed long
axis, an interesting extension of the experiment is to study the case where NPTH
is 3D aligned prior to the kick pulse. Similar to the procedure outlined in Chap. 5
this is accomplished by using an elliptically polarized YAG pulse with an intensity ratio between the major (along the Z axis) and the minor axis (along the
Y axis) of 3:1. The H+ image [Fig. 8.4 (a) Blocked], recorded with the YAG
pulse only, confirms the alignment of the molecular plane along the Y axis. The
hcos2 αion i value of 0.63 is almost the same as the highest value obtained with the
combined action of the linearly polarized YAG pulse and the kick pulse, which is
in full agreement with the data presented in Sec. 5.5 on 3,5-difluoroiodobenzene
molecules. The hcos2 αion i value is, nevertheless, somewhat misleading as the distributions of the molecular planes will be different for the two cases: Here, one
gives rise to a single broad distribution centered at the desired spatial direction,
whereas the other provides a much sharper distribution along this direction but
with a significant uniform background. However, this difference in the distribution of the molecular planes does not seem to influence the electron emission
much as the electron image obtained with only the elliptically polarized YAG
pulse in Fig. 8.4 is essentially identical to that observed at t = 1.00 ps in Fig. 8.2
where the 3D alignment peaks.
Returning to Fig. 8.4 it is seen that for time delays from t = 0.33 ps to t = 2.33 ps
the value of hcos2 αion i falls in the range 0.64 – 0.68, which is higher than the value
with the YAG pulse alone, i.e. the molecular plane is better aligned. This is similar
to enhanced 1D alignment by the combination of a long and a short laser pulse
reported previously [58, 167]. The effect on the electron images is striking: The
suppression of the electron emission along the Y axis is much more pronounced
than with the elliptically polarized YAG alone. The dips in the PADs at αe- = 90◦
and 270◦ go down to 46 % of the peak value. With the elliptically polarized YAG
pulse alone this number is 29 %, similar to the most pronounced suppression
obtained with the linearly polarized YAG pulse (at t = 1.00 ps).
For t > 2 ps the localization in the H+ images starts to decrease and concurrently the suppression in the electron images vanishes. The observation can
be interpreted as the angular momentum of the molecular plane, gained by the
kick pulse, is so high that the molecular plane simply rotates out of the angular
range where it was originally confined by the YAG pulse. This assumption is
corroborated by measurements at twice the fluence of the kick pulse where the
delocalization of the H+ ions is even more pronounced and suppression in the
electron images is absent at these time delays (see Sec. 8.5).
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Figure 8.4: Momentum images of H+ ions [column (a)] and electrons [column (b)] at different time delays following the kick pulse when 3D aligned NPTH molecules are Coulomb
exploded [column (a)] or singly ionized [column (b)]. Column (c) shows the corresponding PADs in the detector plane. For the electron images the momentum scale is defined
by the white bar (atomic units). The probe pulse is linearly (circularly) polarized with an
intensity of 3.2 ×1014 W/cm2 (8.0 ×1013 W/cm2 ) in column (a) [column (b) and (c)]. The
YAG pulse is elliptically polarized with the major axis perpendicular to the detector plane
and an intensity ratio of 3:1. IYAG = 6×1011 W/cm2 and Ikick = 5.5×1012 W/cm2 .

Chapter 8. Time-Resolved PADs from Strong-Field Ionization of Naphthalene

110

8.3

Off-the-Nodal Plane Emission Angle

From the experimental data presented in the previous section it is possible to
extend the analysis of the Stark-shift corrected tunneling theory in Sec. 7.6 to
investigate whether an increased degree of 3D confinement affects the experimentally observed off-the-nodal-plane angle. If the HOMO is modeled by a 2px
state, which captures the nodal structure along the molecular plane, the theoretically expected off-the-nodal-plane emission angle can be calculated using the
expression given in Eq. (7.10). Employing the probe intensity of the experiment
(8.0 × 1013 W/cm2 ) this corresponds to an angle of 21.7◦ . This angle should be
compared to the angular position of the maximum electron emission for the outermost electrons observed in the experimental 2D momentum images. By restricting the analyzed data to only include these electrons corresponds to selection of
the subset of electrons that have required the highest momentum, and therefore
provide the best comparison to the analytical expression.

Signal (arb. units)

Fig. 8.5 show the angular distributions at the optimum time delay of the best
3D alignment obtained through either kicking an ensemble of 1D [(a) t = 1.00 ps
in Fig. 8.2] or 3D [(b) t = 1.00 ps in Fig. 8.4] aligned molecules.
p Both distributions
represent data extracted in the radial range 0.60 a.u. ≤ p2X + p2Y ≤ 0.84 a.u.
From the peak positions of a four Gaussian fit (green curves) the experimental
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Figure 8.5: Angular distributions extracted from the radial range 0.60 a.u. ≤ p2X + p2Y ≤
0.84 a.u. of the photoelectron images displayed in Figs. 8.2 and 8.4 column (b) at t =
1.00ps. The angle Ωexp is determined from the peak positions of a four Gaussian fit to the
angular distributions (green curves).

value of the off-the-nodal-plane angle is determined to be 20.3◦ ± 1◦ (20.2◦ ± 1◦ )
for the case where the molecules are pre-1D (pre-3D) aligned. As the measured
values are identical within the uncertainty it seems that the improved planer confinement does not significantly influence the observed off-the-nodal-plane emission angle, which in both cases is slightly lower than the theoretically predicted
value. This difference may arise due to the HOMO being poorly modeled by a
2px state which does not account for the nodal structure in the YZ plane.
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Three-Dimensional Alignment Visualized Through
Ionization Yields

An alternate and complementary way of monitoring the rotation of the molecular plane into 3D alignment is through the total ionization yield. Here the overall
ionization is expected to go down when the molecular plane aligns with the polarization plane of the probe pulse due to the nodal structures of the highest lying
orbitals. These yields can easily be extracted, similar to the experiments described
in Chap. 6, by either integrating the peak of the electron TOF or extracting the
count rate from the electron images. Following the latter approach this information is directly available from analysis of the series of electron images presented
in the previous section. Figure 8.6 shows the count rate for different kick-probe
time delays of 1D adiabatically aligned ensembles of NPTH molecules. In this
graph the red circles represent the extracted ionization yields which have been
normalized to the yield at t = 0 ps.
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Figure 8.6: The total ionization yield (red circles) extracted from the 2D electron images
shown in Fig. 8.2 (b), where the NPTH molecules are 1D aligned prior to the kick. In addition the graph shows the relative suppression along the laboratory Y axis in the angular
distributions for the same images, which are obtained by dividing the signal measured at
αe− = 90◦ with the maximum value in the angular distribution. The solid lines represents
spline fits to the data sets to help guide the eye.

Prior to the kick pulse the normalized ionization yield is stable at ∼ 0.66,
which is strongly enhanced at t = 0 ps, when both the kick and probe pulses
are present. However, for the ensuing kick-probe delays a clear suppression of
the electron emission is observed with the ionization yields at 0.33 ps < t < 1.33
ps dropping significantly below the pre-kick value, and the minimum value occurring at t = 1.00 ps. At later times, t > 2 ps, the count rate is seen to return
to its initial value. A qualitative comparison of the reduced overall ionization to
the suppression observed in the PADs at αe- = 90◦ and 270◦ , can be made by
extracting the instantaneous measures for the electron emission along the Y axis.
Experimentally this is achieved from the angular distributions of the 2D momen-
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tum images by normalizing the values of the dips to those of the peaks. These
results are shown as blue squares with the corresponding axis on the right hand
side, and are in good agreement with the measured ionization yields. In particular both traces indicate that the additional alignment of the molecular plane peaks
at t ∼ 1.00 ps and returns to a uniform distribution about the MPA after ∼ 3 ps.
A similar analysis has been performed in Fig. 8.7 for the situation where the
YAG pulse 3D aligns the molecular ensemble prior to the kick. In this graph
the red circles and blue squares represent the extracted total ionization yields
and relative suppression along the Y axis. Here the ionization yields are seen
to follow a similar behavior to those measured in Fig. 8.6, but with a less pronounced modulation when compared to the pre-kick value. This observation is
to be expected since the YAG pulse already confines the molecular plane to the
polarization plane of the probe pulse, thereby effectively reducing the pre-kick
ionization yield. As for 1D adiabatic alignment, the main features of the relative
suppression are reproduced in the ionization yields, providing an overall good
agreement between the two measures.
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Figure 8.7: The total ionization yield (red circles) extracted from the 2D electron images
shown in Fig. 8.4 (b), where the NPTH molecules are 3D aligned prior to the kick. In addition the graph shows the relative suppression along the laboratory Y axis in the angular
distributions for the same images, which are obtained by dividing the signal measured at
αe− = 90◦ with the maximum value in the angular distribution. The solid lines represents
spline fits to the data sets to help guide the eye.

8.5

Influence of 3D-alignment on the kick fluence

Many experiments concerning aligned molecules aim to investigate molecular
dynamics. A crucial prerequisite is therefore that the enhanced planar alignment
and thus 3D alignment achieved by combining long and short pulses persists for
a time window, which is sufficiently long that time-resolved experiments of intramolecular processes can be recorded. As will be shown in the following it is to
some extend possible to control the duration of this time window by tuning the
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Figure 8.8: A schematic of the experimental setup is given in (a). Here the white arrow
indicates how the angular distributions are extracted from the raw data images. Contour
plots of the time evolution of the angular distributions of pre-3D-aligned NPTH molecules
following a fs kick pulse are shown in (b) and (c). In both series the YAG intensity was
fixed at IYAG = 6×1011 W/cm2 , whereas the kick power of Ikick = 1.1×1013 W/cm2 in (b)
was reduced to Ikick = 5.5×1012 W/cm2 when recording (c). The inserts in (a) show angular
distributions at the peak of planar confinement with the dashed lines indicating the exact
time delays in the contour plots. The distributions are extracted from 2D electron images
in the ranges between 0.02 and 0.76 a.u.

fluence of the kick pulse. Figure 8.8 displays time-resolved PAD contour plots for
NPTH molecules which have been 3D-aligned by the elliptically polarized YAG
pulse prior to interaction with the fs kick pulse. For clarity a sketch of the experimental setup is repeated in (a) which includes a raw data image, recorded
at the peak of planar confinement to help indicate how the angular distributions
are extracted from the electron images. In (b) and (c) identical laser parameters
have been used for YAG and probe pulses, whereas the intensity of the kick pulse
has been lowered by a factor of two in (c). From a direct comparison of the two
contour plots it is clear that the time-dependent evolution of the PADs follow the
same pattern. That is, the planar confinement increases shortly after interaction
with the kick pulse and then degrades at later times as the molecular ensemble
rotates out of alignment. The dynamics of the rotation is, however, widely different for the two kick intensities. For high kick power the greatest suppression
of the electron emission along the molecular plane is reached within 0.5 ps delay
with high kick power (b), whereas this occurs at 1.0 ps delay for the low kick
power series (c). The angular distributions at the peak of planar alignment for
each series is displayed in (a) and reveal that the traces are almost inseparable,
which suggests that the observed suppression is similar for the two cases. Closer
inspection of the contour plots also shows that the duration of the enhanced planar alignment (and thus 3D alignment) is extended to more than 2 ps with low
kick power which is twice as long as when using high kick power. This observation points to the fact that saturation of the induced 3D alignment can be reached
at quite low power of the kick pulse [55]. In general this finding is extremely
encouraging since the distortion of the spatial direction of the MPA will be less
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at low kick powers which leaves great prospects for further applications of this
technique.

8.6

Tomography - Extraction of the Full Three-Dimensional
Photoelectron Angular Distribution

So far, only the end view imaging geometry has been considered when extracting
PADs from single ionization of NPTH. However, from inspection of the appearance of the highest lying molecular orbitals in Fig. 8.3 it is obvious that the 2D projections of the isocontour surfaces onto the detector changes dramatically when
the molecule is rotated in the YZ plane. This becomes particularly clear when
viewed in the side view geometry. The PADs are therefore expected to depend
on the relative alignment of the NPTH molecules with respect to the detector
and a tomographic study could therefore be used to reconstruct the full threedimentional PAD. The information from such a reconstruction would potentially
provide additional insights about the ejected electrons.
To investigate the possibilities of using NPTH molecules for such a study,
several series of experiments were conducted in both end view and side view
geometry for the three different approaches of obtaining 3D alignment discussed
in the previous sections. The results from these measurements are presented in
Fig. 8.9, providing an accessible overview of the qualitative suppression features
observed in the electron emission for each of the different cases. The figure is
constructed such that panels (a1)-(d1) [(a4)-(d4)] show the laser polarizations geometries used to obtain the electron images shown in panels (a2)-(d2) [(a3)-(d3)].
In the following it should be emphasized that the laser parameters used here are
slightly different from those used throughout the rest of this chapter.
When the intensity of the circularly polarized probe pulse is reduced to a
regime where NPTH primarily undergoes single ionization, the ejected photoelectrons emerge as an up-down symmetric stripe along the Y axis as shown in
panel (a2) and (a3).2 The image recorded when employing the probe pulse alone
is included in both the side and end view columns as a reference. Including an
elliptically polarized YAG pulse having a 3:1 intensity ratio, with the major axis
being either perpendicular (b2) or parallel (b3) to the detection plane, creates adiabatic 3D alignment of the molecules. As previously discussed for the end view
image [(b2)] this causes striking structures to appear in the PAD. Overall, the
PADs in (b2) and (b3) hold similar features, but the composition of the images
are clearly different in their structures with the side view image [(b3)] appearing
more compact and with a less pronounced suppression along the Y axis. As in
the case for the end view geometry the suppression along the Y axis in the side
view geometry results from the nodal plane coinciding with the molecular plane.
The theoretical calculation performed in Sec. 8.2 will nevertheless fail to catch
any differences in the structure between end view and side view as it models the
HOMO by an fxyz orbital which is identical when viewed in the two geometries.
If instead the 3D alignment is obtained by the combination approach with two
linearly polarized laser pulses, the images look similar to when applying only the
2 Images (a1) and (a4) [(a2) and (a3)] are identical, and are only reproduced twice for an easier
comparison to the different imaging geometries of the alignment experiments.
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Figure 8.9: Comparison of PADs from 3D aligned NPTH molecules using either pure adiabatically alignment or combinations of long and short laser pulses. In all images the intensity of the circularly polarized probe pulse was Iprobe ' 0.9 × 1014 W/cm2 , while those of
the kick and YAG pulses were Ikick ' 2 × 1013 W/cm2 and Ialign ' 7 × 1011 W/cm2 , respectively. It should be noted that these laser parameters are slightly different from those used
throughout the rest of this chapter. Panels (e1) and (e2) present the angular distributions
extracted from the electron images. Here the probe only image is represented by the black
trace and the pure adiabatic alignment by the red trace whereas the two combination experiments employing linear or elliptically polarized YAG and a fs kick pulse are denoted
by the red and cyan traces, respectively. See text for further details.
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elliptically polarized alignment pulse. These images are shown in end view (c2)
and side view (c3), respectively. Both images are obtained when ionizing the
molecule 0.8 ps following the interaction with the kick pulse, which for the employed laser parameters was found to be the kick-probe time delay providing the
best attainable emission suppression along the Y axis. From direct comparison
with the purely adiabatic 3D aligned molecules in (b2) and (b3), the suppression
in the combination experiments appear more pronounced, which is most likely
due to slightly fewer photoelectrons having low kinetic energy in these images,
leading to an outward shift of the used colormap. This statement is further corroborated by analysis of the angular distributions of the region containing the
photoelectrons with the highest kinetic energy [red and blue traces in (e1) and
(e2)] as these are identical within the fluctuation of the signal.
The PADs obtained for the situation where the NPTH molecules are pre-3D
aligned upon interaction with the kick pulse are shown in (d2) and (d3) in the
end view and side view geometry, respectively. The images are recorded for ionization of the molecules at t = 0.5 ps, being the time delay which provided the best
attainable emission suppression along the Y axis. As expected, the improved 3D
confinement allows for seeing far richer structures in the PADs, which is particularly clear from the innermost region of the images (c3) and (d3) which becomes
fully resolved into an X-like shape in the latter. This feature is also reflected by the
angular distributions [cyan trace in (e2)], which show a much more pronounced
suppression of the electron emission at αe− = 90◦ and 270◦ when compared to
the alternative approaches used to produce 3D alignment.
From the data presented in Fig. 8.9 it is evident that NPTH is an interesting
candidate for tomography of the photoelectrons emitted when ionizing the highest lying molecular orbitals, since there is clearly a visible difference in the PADs
of the two presented imaging geometries. For molecules with an asymmetric polarizability tensor tomographic reconstruction could easily be accomplished by
recording a series of 2D images from 3D aligned molecules, only changing the position of the major axis of the adiabatic alignment pulse stepwise from side view
to end view. In such a series the molecular MPA would follow the major polarization axis of the YAG field, thereby allowing for sampling of the photoelectron
distribution at different relative orientations of the molecule with respect to the
detector. This approach has recently been implemented for NPTH by employing the pure adiabatic approach to achieve the 3D alignment [123], providing 2D
electron images similar to those shown in (b2) and (b3) of Fig. 8.9. Combining
the data from many of such 2D projections it is possible to reconstruct the full 3D
distribution using e.g. the filtered backprojection algorithm.
The basic principle of the backprojection technique is relatively easy to understand. In short the series of 2D images are simply "projected back" through
the 3D object along the direction they were acquired. Here overlapping regions
of signal from the projections will add constructively, i.e. the backprojected 3D
distribution becomes the sum of the 2D backprojected views [168]. A simple illustration of the projection and backprojection step is given in Fig. 8.10 for the
situation where a 2D object is reconstructed from a series of 1D projections.
From Fig. 8.10 it can be seen that even for a severely limited number of projections the backprojection is capable of reconstructing a rough estimate of a relatively complex structure, although it also becomes clear that the technique will
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Figure 8.10: Illustration of tomographical imaging by the unsophisticated backprojection
technique. In (a) projections of the real object are obtained in angles of 0◦ , 45◦ and 90◦ .
From the projected views the backprojection in (b) can now be used to reconstruct the
object. This is accomplished by projecting the series of views back through the object along
the direction they were originally acquired. In filtered backprojection the projected views
are convolved with a single or multiple filter functions before the backprojection step.

suffer from blurring and artifacts outside the reconstructed object. It is, however,
possible to correct for both blurring and artifacts by convolving each of the projected views with carefully chosen filter functions. In practice a commonly used
approach involves Fourier Transformation of the 2D momentum space projections into Fourier space upon which a combination of filters are applied, e.g. a
ramp and a Hann-type [168]. Under these conditions the resulting filter function
becomes a high-pass filter with a smooth falling edge which in many cases is ideal
for reconstruction of low statistics data sets at the expense of a loss in spatial resolution. Using the inverse Fourier Transform the filtered data is transformed back
into momentum space coordinates before employing the backprojection, hence
the name filtered backprojection. In the limit of infinite projections with infinite
resolution this approach will provide a reconstruction which is identical to the
original object.
The ability to do tomography is especially attractive since it allows for examining 2D cuts through the 3D reconstructed distribution which are otherwise not
directly available from the raw 2D projections [169]. For the particular case of
studying the PADs of NPTH this corresponds to 2D cuts through the 3D distribution parallel to polarization plane, which are only hardly accessible in a VMI
setup [99, 123, 170]. For NPTH these additional views of the PADs are able to
provide insights on the relation between the magnitude of the observed angular shifts [99, 171] for different regions of the photoelectron momentum distribution and the cationic molecular potential experienced by the emitted electron
[123, 170].
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Summary

The data presented in this chapter demonstrated the possibility of extending fs
time-resolved PADs to the general case of asymmetric top molecules by fixing
the molecule in space prior to the process of interest. In the present study this
was accomplished by monitoring the rotational motion of the molecular plane of
NPTH, but in principle the combination of time-resolved PADs and prealigned
(or preoriented) molecules will also apply to fundamental molecular transformations including dissociation and isomerization [38] and to the much faster motion
of charge migration [162, 172].
In addition, the ability to improve the degree of planar alignment by the combination of an elliptically polarized alignment pulse and a short kick pulse, as introduced in Chap. 5, offers strong improvement in the sensitivity to the presence
of nodal planes in strong-field ionization with circularly polarized fs pulses. This
interpretation is corroborated by calculations employing the strong-field approximation which ascribe the striking structures observed in the PADs to nodal planes
in occupied valence orbitals.
Furthermore, the enhanced planar alignment can to some extend be controlled
by adjusting the fluence of the kick pulse. In these experiments the improved
alignment can be extended to persist for at least 2 ps, which is sufficiently long
that time-resolved experiments of intramolecular processes will benefit – both for
strong-field probing and for XUV or X-ray probing using high-harmonic or freeelectron laser sources.
Finally it was shown that NPTH is an excellent molecular candidate for tomography with clearly visible differences in the appearance of the PADs in the
end view and side view imaging geometries.

9

Control and Femtosecond Time-Resolved Imaging of
Torsion in a Chiral Molecule

9.1

Chiral Molecules – It’s the Same Thing... Only Different!

Stereochemistry is characteristic for molecules and describes both the connectivities of the individual atoms as well as their relative spatial arrangement. This
branch of chemistry has intrigued scientists ever since Pasteur in 1848 observed
that crystals of salts derived from tartaric acid (HO2 CCH(OH)CH(OH)CO2 H)
could rotate linearly polarized light [173]. This optical property was explained
by van’t Hoff and Le Bel in 1874 [174, 175] by realizing the fact that tartaric acid
comes in three stereoisomeric forms, differing only in the spatial arrangement of
the functional groups on the stereogenic centers.
A fundamental aspect of stereochemistry is the study of molecular chirality
since stereochemical distinction is observed in many aspects of life. Especially
within the area of microbiology, molecular interactions are often seen to discriminate for a particular stereoisomer of an enantiomeric pair, just like in the macroscopic world where a glove only fits one hand and not the other. Organic chemists
have had great success in designing synthesis routes, finding catalysts and developing purification techniques which allow for isolation of enantiopure products
containing only a specific stereoisomer [176]. These advances have proven to
be of crucial importance to the pharmaceutical industry since several examples
have shown that whereas one stereoisomer might function as a therapeutic drug,
its enantiomeric counterpart can produce major deleterious side effects [177].
The control of molecules and their chemical reactions with lasers is one of
the main goals of femtochemistry [178], which potentially becomes interesting
from a stereochemistry point of view. In particular, if laser pulses can be used to
control the transition from one enantiomer of a chiral molecule to its mirror form,
this would provide an unusual way of controlling the chirality of the molecular
ensemble. The intriguing prospect of light-induced deracemization, i.e. creation
of enantiomeric excess, is a strong motivation for researchers and the topic has
therefore the been subject of a large number of theoretical studies [179–185].
Axially chiral molecules have attracted special interest since the energy barrier
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separating an enantiomeric pair is often low,1 in which case lasers at moderate intensities may be applied to facilitate efficient crossing of the barrier without fragmenting the molecule. For axially chiral molecules the stereogenic element is an
axis (connecting two atoms) rather than a point (a single atom) and the reaction
path separating the two enantiomers corresponds to torsion around the stereogenic axis [186]. Biphenyl and its analogs, where two aromatic rings are linked
by a C-C single bond, are examples of such axial chiral compounds, where the
chirality arises due to an asymmetric offset equilibrium angle between the two
phenyl rings. In the case of unsubstituted biphenyl these angles, termed dihedral
angles, are ±44.4◦ [187], where +44.4◦ and −44.4◦ corresponds to the two stable
conformations termed Ra and Sa , respectively. The twisted equilibrium geometry characterizes the group of biphenyl compounds and can be understood as the
result of opposing forces from conjugation and steric repulsion. Conjugation of
the delocalized π-orbital system on each of the rings will clearly favor parallel positioning of the rings, whereas the steric repulsion between the ortho-positioned
atoms2 will be minimized in the perpendicular geometry [188].
The first theoretical light-based scheme which successfully showed the production of enanotiomeric excess (50.0001% : 49.9999%) involved circularly polarized continuous wave monochromatic light [179]. However, a much higher
conversion rate is needed if the deracemization is to be confirmed experimentally
– not to mention to have practical applications. To this end studies showed that
almost perfect deracemization could be achieved by exposing phosphinothioic
acid (H2 OPSH) to picosecond terahertz laser pulses [180]. In these studies, the
key was to realize that changes in the torsional coordinate were associated with a
shift in the permanent dipole moment, a feature that was exploited by using polarization shaped laser pulses to transfer a racemate into the desired enantiomeric
form. Since this discovery, several different approaches have been proposed to
control torsional motion in axially chiral molecules. These approaches include
the use of coherent control or phase controlled pulses [189] to perform, e.g., laser
distillation [181] where excitation of one of the enantiomers can be enhanced by
coupling the ground state to a superposition of two excited states with opposite
parities, or by cyclic population transfer that relies on quantum interference in an
effective three-level-system [182]. Alternatively, the deracemization can be achieved by exploiting the fact that the direction of the electronic transition moment
vector to an excited state is different for the two enantiomers. One way to exploit
this directionality is a pump-dump scheme [183], where the population is gradually transferred from one enantiomer to the other. Another method would be
asymmetric excitation, where the excited state is repulsive and leads to dissociation, thereby removing this enantiomeric form from the ensemble [184]. A common feature for most of these schemes is that they either require or will benefit
from pre-aligned and oriented molecular targets [185].
Since alignment and orientation is generally required in the enantiomer-controlschemes, a more straightforward, and thereby experimentally feasible approach,
would be to rely on alignment concepts alone to control the torsion. Recently, this
1 In this respect the term low is relative and refers to comparison with multiply bonded systems.
At room temperature the potential barrier is often larger than kB T .
2 In biphenyl derivatives the ortho-position corresponds to the atoms located on the adjacent carbons when viewed from the stereogenic axis.
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has been the focus of several studies. These studies fall into two regimes: (i) the
adiabatic regime where the pump pulse that induces torsion is long compared
to the time scale of torsional dynamics [190–192] and (ii) torsion induced by a
short non-adiabatic pump pulse [38, 39]. For those axially chiral molecules where
the stereogenic axis and the MPA coincide it was suggested that torsion could be
controlled adiabatically by a single elliptically polarized ns laser pulse provided
that the torsional barrier is sufficiently low. This pulse potentially serves to both
induce 3D alignment and torsional motion by interaction of the minor axis of the
polarization ellipse with the polarizability components of the two moieties forcing them into coplanarity [190, 192]. The feasibility of this approach has recently
been disputed due to the coupling between overall rotation and torsional motion
leading to a breakdown of torsional alignment [191].
So far only very few experimental papers have investigated the possibilities
of simultaneously controlling and performing real-time monitoring of the torsion
in axially chiral molecules. In Refs. [38, 39] the stereogenic axis of a 3,5-difluoro3’,5’-dibromo-biphenyl molecule was held fixed-in-space by 1D adiabatic alignment with a linearly polarized 9 ns long laser pulse. In equilibrium the angle
between the F-phenyl plane and the Br-phenyl plane, i.e. the dihedral angle, is
±39◦ . Upon irradiation with a 700 fs long, intense (but non-fragmenting), nonresonant pump pulse polarized perpendicular to the ns pulse, torsion was induced
accompanied by overall rotation around the fixed stereogenic axis. The torsional
and rotational dynamics, measured by inducing Coulomb explosion with a short,
intense, delayed probe pulse and recording of the emission direction of recoiling
Br+ and F+ ions through ion imaging, showed that the amplitude and period of
torsion was 0.6◦ and 1 ps. While the period was in qualitative agreement with
the theoretical model prediction of 1.2 ps, the amplitude predicted by theory was
larger, 2.45◦ . The theory rationalized that stimulated Raman transitions, driven
by the pump pulse, create a wave packet of torsional eigenstates in the electronic
ground state leading to the torsion observed. It is one of the aims of the work presented in this chapter to resolve the discrepancy between theory and experiment.
The principle of the current experiment is similar to the previous work [38, 39],
but three key experimental factors were changed to achieve better resolved peaks
in the experimental ion images. This improvement allows for tracing of the torsional motion with unprecedented precision and, therefore, a quantitative rather
than a qualitative comparison to the calculated results. The three decisive factors are: 1) A sample of high chemical purity was used, resulting in higher contrast ion images. 2) The molecules were 3D aligned [60, 65] prior to the kick
and the probe pulses, i.e., the entire molecule was fixed-in-space not just the
stereogenic axis (1D alignment). This implies that the torsional motion stands
out much more distinctly in the ion images. 3) The molecule employed here,
3,5-difluoro-3’,5’-dibromo-4’-cyanobiphenyl, is almost identical to the molecule
studied in Refs. [38, 39] except that it has a nitrile group attached to the end of
the Br-phenyl. This gives the current molecule a dipole moment of 4.4 Debye
compared to 0.2 Debye3 for the molecule used previously. The large permanent
3 Dipole moments and polarizabilities were computed with Turbomole 6.2 [193] at density functional theory (DFT) level, employing the B3LYP functional which combines Becke’s three-parameter
hybrid exchange functional [194] with the Lee-Yang-Parr correlation functional [195]; the correlation
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dipole moment of the molecules enables the use of electrostatic deflection to spatially separate molecules according to their rotational quantum state [52]. Similar
to the deflection experiments in the previous chapters, the separation prior to the
interaction with the laser pulses, allows for focusing of the laser pulses onto a
subset of molecules with low rotational energy, thereby improving the attainable
degree of prealignment [52, 69].

9.2

Experimental Setup

A cold molecular beam (∼1K) is formed by heating less than fifty milligram of
solid 3,5-difluoro-3’,5’-dibromo-4’-cyanobiphenyl (C13 H5 F2 Br2 N, DFDBrCNBph)
to 170◦ C in 90 bar of helium and then expanding the mixture into vacuum through
a pulsed Even-Lavie valve. This chemical is not commercially available and
was synthesized specially for the experiment (for procedure see Appendix in
Ref. [198]). Here it should be noted that in the previously reported experiment the
molecular sample (3,5-difluoro-3’,5’-dibromobiphenyl, C12 H6 F2 Br2 , DFDBrBPh)
was slightly contaminated which can be seen directly from close inspection of
the NMR spectrum in Fig. 4 (d) of Ref. [39]. In particular, the NMR spectrum
shows a small impurity (5%) of the biproduct where both phenyl rings have fluorine substituents. This contamination is problematic since the vapor pressure of
the biproduct is higher than the target molecule and, therefore, the ratio between
impurity and target molecules will be higher in the molecular beam than the initial 5% in the powder sample. Furthermore, the SMPA of the impurity will be
located halfway between the two phenyl rings and, therefore, contribute to significant blurring of the F+ ion images and, thus, reduce the degree to which the
torsional motion can be experimentally resolved.
The beam of cold molecules passes through the electrostatic deflector that
deflects the molecules according to their effective dipole moment. Following
deflection, the molecules enter the VMI spectrometer (Fig. 9.1) where they are
irradiated by three pulsed laser beams similar to the experiments described in
Chaps. 5 and 8. The first pulse (YAG pulse: λ = 1064 nm, τFWHM = 10 ns, IYAG
= 6 × 1011 W/cm2 ) serves to adiabatically align the molecules. It is elliptically
polarized with the major axis parallel to the spectrometer axis, the Z axis (see
Fig. 9.1). The second pulse (kick pulse: 800 nm, 200 fs, Ikick = 2 × 1013 W/cm2 )
initiates torsion and is linearly polarized along the Y axis. The third pulse (probe
pulse: 800 nm, 30 fs, Iprobe = 3 × 1014 W/cm2 ) is used to characterize the spatial
orientation of the two phenyl planes by Coulomb exploding the molecules and
recording the recoiling F+ and Br+ fragments. It is linearly polarized either along
the Z axis or the Y axis. By recording series of images for different kick-probe delays, t, the evolution of the torsional motion can be monitored. To ensure that the
molecules probed are both aligned and torsionally excited, the spotsizes of the
three laser pulses are adjusted such that the foci of the YAG and kick pulses are
large (ω0 = 38 µm and ω0 = 35 µm) compared to the probe pulse (ω0 = 26 µm).
of the uniform electron gas was modeled with the Vosko-Wilk-Nusair VWN5 formulation [196]. The
doubly-polarized triple-zeta basis set, TZVPP, [197] was used throughout. This level of theory has
been shown to be suitable for the study of biphenyls [187].
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Figure 9.1: Schematic of the velocity map imaging spectrometer used to detect F+ and
Br+ ions. For illustrative purposes, the regions on the detector screen where F+ (Br+ ) ions
are expected to hit for perfectly aligned molecules, at equilibrium, are marked in yellow
(black). The images behind the detector are experimental data recorded 2 ps after the kick
pulse. The polarization state of the YAG (alignment) pulse (λ = 1064 nm, τFWHM = 10 ns,
IYAG = 6 × 1011 W/cm2 ) and the kick pulse (800 nm, 200 fs, Ikick = 2 × 1013 W/cm2 ) are also
displayed.

9.3
9.3.1

Experimental Results
Deflection

The effect of the deflector on the molecular beam is shown in Fig. 9.2 by the vertical intensity profiles obtained by recording the magnitude of an ion signal, produced by the probe pulse only, as a function of the vertical position of the laser focus similar to what was described in Chap. 4. Here, the C+ signal is used which is
the strongest peak in the ion TOF spectrum. When the deflector is off, the molecular beam extends over ∼1.5 mm, mainly determined by the diameter of the skimmer before the deflector. When the deflector is turned on, the molecular beam
profile broadens and shifts upwards (positive Y values). The molecules in the
lowest rotational quantum states have the largest effective dipole moments and
are, therefore, deflected the most, as explained in Sec. 2.3 and demonstrated in
recent work on iodobenzene and benzonitrile molecules [52, 69]. In the measurements described below, experiments were conducted on quantum state-selected
molecules simply by positioning the laser foci close to the upper cut-off region in
the 10 kV profile, indicated by the red arrow in Fig. 9.2 (Y = 1.3 mm). The motivation for using the deflected part of the beam is that despite the lower density
of molecules, the alignment is higher [52, 65, 69].

9.3.2

Adiabatic prealignment

The DFDBrCNBph is a chiral asymmetric top molecule, and the molecular composition in the supersonic expansion is a racemate, i.e. consisting of 50% of each
of the two enantiomers.
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Figure 9.2: Vertical profiles of the molecular beam measured by recording the C+ signal
as a function of the vertical position of the probe beam focus. The experimental data are
shown by black squares (deflector off, 0 kV) and red circles (deflector on, 10 kV). The red
arrow at Y = 1.3 mm indicates the position of the laser foci used to acquire ion images of
the deflected molecules.

Three-dimensional prealignment of the molecules is achieved by employing
the approach described in Sec. 2.1.3 where an elliptically polarized YAG pulse is
used to confine both the MPA and the SMPA of the molecule4 along the major
and minor axes of the polarization ellipse [40, 60, 65], respectively. In DFDBrCNBph the MPA is located along the stereogenic axis (C-C bond axis connecting
the two phenyl rings – see Fig. 9.1) whereas the SMPA is perpendicular to this at
an angle of 10◦ from the phenyl-plane with the nitrile and bromine substituents
towards the other phenyl ring (see Fig. 9.4). The effect of applying the YAG pulse,
having its major and minor polarization axes along the Z axis and the Y axis, respectively, can be seen in panels (a) and (b) at t = −1.00 ps in Fig. 9.3, showing
F+ and Br+ ion images from Coulomb exploding the molecules at the peak of the
YAG pulse. In both images two distinct features are observed. First, the center of
the detector is almost void of ions (a minor region has been cut in the F+ images
to exclude a contamination from residual water molecules in the chamber). This
observation is only compatible with the stereogenic axis (C-C bond axis) being
confined perpendicular to the detector plane, i.e. along the Z axis. Secondly, both
the Br+ and the F+ ions localize around the minor polarization axis of the YAG
pulse (the Y axis), the confinement being more pronounced for the Br+ ions. This
can be interpreted as the SMPA of the molecule being aligned along the Y axis.
The more diffuse signal of the F+ ions results from the fact that the F-phenyl ring,
at equilibrium, is offset 28◦ from the SMPA whereas the Br-phenyl ring is only
offset by 10◦ . Thus, the joint observations of the F+ and Br+ images demonstrate
that the molecules are 3D aligned as expected.
4 The dynamic polarizabilities of the molecule at equilibrium position, with bromine substituted
3
3
3
phenyl ring placed in the yz plane, are αzz = 46.78 Å , αyy = 31.99 Å , αxx = 16.80 Å at λ =
3
3
3
800 nm, and αzz = 45.74 Å , αyy = 31.59 Å , αxx = 16.71 Å at λ = 1064 nm

9.3. Experimental Results

9.3.3

125

Time-dependent Torsion

To investigate the torsional motion induced by the kick pulse two sets of image series were recorded for both F+ and Br+ ions at different kick-probe delays.
In the first series the probe pulse was polarized perpendicular to the detector
plane to ensure a detection efficiency that is independent of the orientation of the
F- and Br-phenyl-rings. The results are shown in panels (a) and (b) of Fig. 9.3.
The first striking observation is that from 0.67 ps to 3.67 ps the F+ images develop a pronounced four-peak structure consisting of a pair in the top and a pair
in the bottom part of the images. This observation verifies that the kick pulse
sharpens the alignment of the SMPA in agreement with the experiments on 3,5difluoroiodobenzene and naphthalene discussed in Chaps. 5 and 8, where it was
demonstrated that the combined action of 3D adiabatic prealignment and a short
kick pulse could greatly enhance the alignment of the molecular plane in a time
interval shortly after the kick pulse [124]. In addition, the angular separation of
the two regions in each F+ pair oscillates as a function of time. At t = 1.33 ps
the angular separation reaches a local minimum, at t= 2.0 ps a local maximum, at
t = 2.67 ps a local minimum etc. Turning to the Br+ ion images a similar improvement of the confinement along the Y axis (vertical) is noted. However, unlike the
F+ images a clear four-peak structure is not observed. This can be ascribed to the
fact that the Br-phenyl ring is much closer to the SMPA, i.e. Br+ ions from molecules with the Br-phenyl ring localized on each side of the SMPA will overlap
and prevent a distinct four-peak structure. It is, however, observed that the width
of the Br+ oscillates as a function of time in phase with that observed in the F+
images. These joint observations show that the dihedral angle between the Brphenyl ring and the F-phenyl ring changes as a function of time. In other words,
the torsional motion is directly imprinted in the recorded ion distributions.
The contrast can be improved significantly by recording the F+ and Br+ images with the probe pulse polarized parallel to the kick pulse polarization. These
data are displayed in Fig. 9.3, panels (c) and (d). The evolution of both ion species
is the same as that observed in rows (a) and (b), but the contrast is significantly
higher. In particular, the four-peak structure in the F+ images is very distinct
with complete separation between the two regions in each pair and the oscillations in the angular width of the Br+ images stand out very clearly. A qualitative
understanding of the improved contrast is that the probe pulse preferentially ionizes molecules with their SMPA close to its polarization axis. In other words, the
probe pulse selects the molecules with the strongest alignment of the SMPA.
The quantitative analysis is performed by fitting the angular distributions,
extracted from the ion images, with a sum of four Gaussian functions. From
these fits, the average angles, hφBr+ i, of the Br-phenyl ring, with respect to the
kick pulse polarization, can be extracted directly, from the peak positions of the
Gaussian functions. Similarly, the average angle, hφF+ i, of the F-phenyl-ring can
be found from the fit of the F+ angular distributions.
Figure 9.4 displays the average angle between the F-phenyl-rings (black squares)
and the kick pulse polarization as a function of kick-probe time delay for the time
interval where a clear four-peak-structure can be identified in the angular distributions. The dashed black line splined to the experimental measurements indicates that the oscillations observed in the images of the F-phenyl ring have an
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Figure 9.3: F+ [panel (a) and (c)] and Br+ [panel (b) and (d)] ion images obtained as a
function of the kick-probe time delay. Panels (a) and (b) [(c) and (d)] were obtained using
a linearly polarized probe pulse being perpendicular to [parallel with] the detector. The
delay of the probe pulse (λ = 800 nm, τFWHM = 30 fs, Iprobe = 3 × 1014 W/cm2 ) with respect
to the kick pulse (λ = 800 nm, τFWHM = 200 fs, Ikick = 2 × 1013 W/cm2 ) is indicated in each
row between panels (b) and (c).
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Figure 9.4: (a) Time-dependence of the dihedral angle (blue triangles) following the kickpulse, obtained by adding the orientation of the F-phenyl-ring (black squares) and the
orientation of the Br-phenyl-ring with respect to the SMPA – see text for details. (b) Sketch
of the molecular structure for the Ra enantiomer as seen in end view. The SMPA of the
molecule and the extracted angles are marked on the drawing. A similar sketch for the
Sa enantiomer can be constructed by reflection of the molecular structure in the plane
spanned by the MPA and SMPA.

amplitude of ∼2.5◦ with respect to the kick pulse polarization direction and a period of 1.25 ps. Closer examination of the oscillating trace reveals a small overall
increase towards larger hφF+ i which shows that the plane of the F-phenyl-ring
slowly moves away from the kick pulse polarization. Also the average angle between the Br-phenyl-rings (red circles) and the kick pulse polarization is shown.
In the time interval 1 – 4 ps the uncertainties on the measurements are small and
allow for determination of the period (1.25 ps) and amplitude (∼0.5◦ ) of the motion. For the Br-phenyl-ring a small decrease in hφBr+ i is observed with increasing
time delay. The slight decrease in hφBr+ i and corresponding increase in hφF+ i, are
fully compatible with an overall rotation of the molecule about the stereogenic
axis.
The average values, hφF+ i and hφBr+ i, can be used to calculate the instantaneous dihedral angle, φd , of the molecule by simple addition [see Fig. 9.4 (b)].
By retrieving these average values at every kick-probe time delay it is possible
to directly monitor the evolution of the dihedral angle of the molecule. The results for the dihedral angle (φd , blue triangles) are displayed in Fig. 9.4 (a) with a
dashed line included to help guide the eye and emphasize the torsional motion.
The oscillation is seen to have an amplitude of 3◦ and a period of 1.25 ps.
Fluorine and bromine ion images were also recorded for times larger than
4 ps. The results, including the 3.0 ps data, are shown in Fig. 9.5. For t > 4.0 ps
the F+ ion images loose their distinct four region structure and, instead, evolve
into a circular shape at t ≥ 8 ps. This prevents the tracking of the evolution of
hφF+ i. The images, however, confirm that the stereogenic axis of the molecule is
still tightly confined along the major axis of the YAG polarization ellipse, since
the central region is devoid of ions. The corresponding Br+ ion images show a
similar delocalization behavior, but the broadening is slower. This observation is
consistent with theory as discussed in Sec. 9.4.2.
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Figure 9.5: F+ (a) and Br+ (b) ion images obtained at long (t ≥ 3 ps) kick-probe time delays
obtained using a probe pulse linearly polarized perpendicular to the detector. The delay
of the probe pulse (λ = 800 nm, τFWHM = 30 fs, Iprobe = 3 × 1014 W/cm2 ) with respect to
the kick pulse (λ = 800 nm, τFWHM = 200 fs, Ikick = 2 × 1013 W/cm2 ) is indicated above
each of the vertical panels.
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Figure 9.6: Time dependence of the planar alignment of the individual phenyl-rings. The
hcos2 α2D i values are calculated from rotated angular distributions to remove the effect of
the torsion (see text for details). Black squares (red circles) correspond to the confinement
of the F-phenyl-ring (Br-phenyl-ring).

To quantify the time-dependence of the delocalization in the F+ and Br+ ion
images, hcos2 α2D i was determined for each image, where α2D is the angle between the projection of an ion velocity vector on the detector plane and the Y
axis after rotating the ion distributions such that the center of the fitted Gaussians
coincides with the Y axis. This is implemented by rotating the peaks fitted to the
angular distributions of F+ and Br+ ions, towards the Y axis by the following procedure: If the peak is located in the first or third quadrant the F+ (Br+ ) image is
rotated by −hφF+ i (−hφBr+ i) before calculation of hcos2 α2D i, whereas if the peak
is in the second or fourth quadrant the image is rotated by +hφF+ i (+hφBr+ i). This
procedure allows for calculation of the best estimate of the spread from the mean
by including all data. The hcos2 α2D i values are displayed in Fig. 9.6. A clear
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difference in the delocalization dynamics of the two phenyl planes is observed,
with the light fluorine substituted phenyl ring approaching hcos2 α2D i = 0.5 more
rapidly than the heavier bromine substituted phenyl ring. This is fully consistent
with semi-classical theoretical predictions presented in Sec. 9.4.2.

9.3.4

Covariance and Autovariance Mapping

Before discussing the theoretical results a covariance mapping analysis [199] is
introduced and applied to the experimental data. This analysis strengthens the
evidence for the interpretation of torsional motion, based on the fluorine and
bromine ion images in Fig. 9.3. Covariance mapping is a technique to reveal correlations, which in the high count rate regime would otherwise become blurred
or completely lost due to the large contributions from uncorrelated events. The
basic principle is to calculate the covariance, i.e. to obtain a crosscorrelation of
the spread in the data [200], to extract the deviation from the mean value for all
the individual frames of the ion image, pertaining to each (probe) laser shot. This
is fundamentally different from coincidence measurements in e.g. COLTRIMS
and reaction-microscopes [30, 31] where the count rate is restricted to less than
one event per laser shot, since the covariance map is produced from the correlations of the variance. Covariance mapping is therefore less restricted regarding
the number of events recorded per laser shot and will in principle work until the
number of events per shot produces a frame which is similar to that averaged
over all events. In this case the information cannot be extracted.
The covariance (C (x, y)) between two observables X(x) and Y (y) is defined
as the mean of the product between the observables hX(x)Y (y)i subtracted by
the product of the means hX(x)ihY (y)i:
C(x, y) =h(X(x) − hX(x)i)(Y (y) − hY (y)i)i
=hXY − XhY i − Y hXi + hXihY ii
=hXY i − hXihY i − hXihY i + hXihY i
=hX(x)Y (y)i − hX(x)ihY (y)i

"
#
N
N
N
X
1 X
1
1 X
Xi (x)Yi (y) −
Xi (x) 
Yj (y)
=
N i=1
N i=1
N j=1

(9.1)

Here X and Y correspond to the observed signals, with x and y being the variables investigated for correlation.
Although many different correlation techniques have been explored previously and have been applied to many different situations within natural science
[31, 201–203], to our knowledge no reports using covariance mapping to extract
angular correlation information from 2D ion images have been reported. A simple approach to achieve this is by replacing X and Y with Θ and Ξ, corresponding
to the angular distributions of the ion signal, and x and y with θ and ξ being the
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ion detection angle with respect to the Y axis (see Fig. 9.1).
C(θ, ξ) =h(Θ(θ) − hΘi)(Ξ(ξ) − hΞi)i
=hΘΞi − hΘihΞi = hΘ(θ)Ξ(ξ)i − hΘ(θ)ihΞ(ξ))i

"
#
N
N
N
X
1 X
1
1 X
=
Θi (θ)Ξi (ξ) −
Θi (θ) 
Ξj (ξ)
N i=1
N i=1
N j=1

(9.2)

Applying this version of covariance mapping to the impact coordinates of the
ions in the 2D velocity map images allows for extraction of the angular correlation between ejected fragments. In the experiment described here only one ion
species, e.g. F+ , is detected per laser shot and thus Θ = Ξ. As a consequence
Eq. (9.2) may be written as
C(θ1 , θ2 ) =hΘ(θ1 )Θ(θ2 )i − hΘ(θ1 )ihΘ(θ2 )i

"
#
N
N
N
X
X
X
1
1
1
Θi (θ1 )Θi (θ2 ) −
Θi (θ1 ) 
Θj (θ2 )
=
N i=1
N i=1
N j=1

(9.3)

Since this corresponds to investigating correlations of a signal with itself this approach is equivalent to obtaining an autocorrelation of the variance in the data,
and so the 2D maps depicting the correlation should be termed autovariance
maps. The principle of autovariance mapping is illustrated in Fig. 9.7. Following
each laser shot the ions focused onto the detector are recorded by a CCD camera
after which an image analysis program saves the impact coordinates, illustrated
by the yellow bars in the image analysis box. The experiment is repeated N times,
typically N ∼ 10.000, providing the averaged ion images (such as those shown
in Fig. 9.3) with the averaged angular distributions (Fig. 9.7 dashed black line).
The autovariance C(θ1 , θ2 ) can then be determined by applying Eq. (9.3) to all N
frames of the ion image, and is displayed as a 2D map of the ejection angles. In
this map the two axes correspond to the angular distribution from the averaged
image, with the positive Y axis denoting 0◦ .
Autovariance maps obtained through this procedure will tend to produce a
strong line along the diagonal of the map, since the observation of an ion in frame
Θi at the angle θ1 is naturally also observed in the same frame for the identical observable Θi at θ2 = θ1 . The diagonal, which is equivalent to the square of the rms
standard deviation by definition, will also act as an axis of symmetry for the correlation, since C(θ1 , θ2 ) = C(θ2 , θ1 ). The positive areas of the autovariance maps,
which fall outside the diagonal (θ1 6= θ2 ), indicate the correlation between ions
at θ1 and θ2 , showing an increased likelihood of observing an ion at θ2 provided
that an ion is detected at θ1 .
Figure 9.8 shows the angular autovariance maps obtained from both F+ and
+
Br ion images at two different kick-probe time delays. In these maps the dominant autocorrelation signal along the diagonal has been set to zero to increase
the contrast of the less intense correlations in the autovariance map. Also these
data sets have been binned in steps of 5◦ to smoothen out small fluctuations. A
striking feature of all autovariance maps is that the observed correlations are restricted to areas where the angle between the ejected ions is close to 180◦ . This is

9.3. Experimental Results

131

90
180
𝜃2(degrees)

Autovariance mapping

Y
Z

0

X

CCD Camera

〈Θ〉

Image Analysis F+

0

90
180
𝜃(degrees)

〈Θ〉
0

90
180
𝜃1(degrees)

Figure 9.7: The autovariance mapping principle illustrated for F+ fragments produced by
Coulomb explosion of laser aligned DFDBrCNBph. From the autovariance map seen on
the right it is possible to extract correlation information between the ejection angle of the
F+ ions. The blue arrows indicate the steps in the data acquisition and data processing
leading to the production of autovariance maps.

seen, e.g. in the F+ map at 2 ps, where the signal at ∼150◦ (∼210◦ ) is correlated
to the region at ∼-30◦ (∼30◦ ), see dashed squares in Figs. 9.7 and 9.8. In other
words, when an F+ ion is ejected downwards at an angle of 150◦ there is a high
probability that another F+ ion is ejected at -30◦ , i.e., just in the opposite direction.
A correlation signal is not expected to be observed for the set of angles near ∼30◦ and ∼210◦ (or ∼30◦ and ∼150◦ ), since signal in these regions of the map would
imply a correlation between F+ ions from opposing enantiomers. The fact that no
correlations are observed in these regions suggests that the positive signal in the
map cannot be due to artificial correlations and thereby corroborates the interpretation of the two ion species as direct observables of the orientation of each of the
phenyl rings. In analogy to this, the observation of four prominent positive areas
in the autovariance map at t = 2 ps confirms the interpretation of the four-peak
structure in the F+ ion images (see Fig. 9.3). Similar considerations hold for the
Br+ autovariance map at t = 2 ps. Notably, the appearance of a four-peak structure with positive covariance shows more clearly than the averaged ion image on
Fig. 9.3, that the Br-phenyl plane has a small angular offset with respect to the
kick pulse polarization. At t = 10 ps there is no longer a four-peak structure but
the distinct oblique lines show unambiguously that emission of both F+ and Br+
ions still occurs in pairs with an upward and a downward ion. The extension
of the covariance principle to obtain angular correlation between ions allows for
the extraction of additional information from the 2D images obtained using VMI
spectrometers. As shown here, a single detector setup can be used to obtain autovariance maps between ions of identical mass-to-charge ratios, which can be
used to both substantiate and clarify the interpretation of the recorded ion images. This may be extended to obtain the correlation between ions with different
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Figure 9.8: Autovariance maps for F+ (upper panels) and Br+ ions (lower panels) at kickprobe time delays of 2 ps (left column) and 10 ps (right column). To smoothen out small
fluctuations, the data has been binned in steps of 5 degrees. Also the large signal, due
to autocorrelation, along the diagonal of the maps, has been set to zero to reveal the less
intense correlations in the autovariance map.

mass-to-charge ratios by pulsing the front of the MCP twice per laser shot and at
the same time acquiring two images with the CCD camera. In addition, the technique can also be extended to obtain radial autovariance maps, for fragmentation
processes with multiple energy channels, or combined to encompass both angular and radial correlation of the 2D ion images, which will be further discussed in
Sec. 10.2.2.

9.4

Comparison with theory

The main findings of Sec. 9.3 were that the dihedral angle oscillates with a period
of approximately 1.25 ps and an amplitude of 3◦ . These findings were based on
an analysis of the data assuming that the two ion species fly towards the detector
in the plane of the (substituted) phenyl ring from which they originated. The
introduced covariance and autovariance analysis validated this assumption and
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so a theoretical description may build on this fact.

9.4.1

Early time dynamics: Torsional motion5

The purpose of this section is not to provide a new theoretical foundation for
understanding the experimentally observed ion images shown in Fig. 9.3, but
rather to compare the experimental findings to the previously developed theoretical model presented in Refs. [38, 39] concerning a similar molecular compound.
This section will therefore focus on the results one can extract from the model
and only provide a cursory description of the theory. For an extensive and more
complete treatment of the model the reader is referred to the above mentioned
references. Atomic units (|e| = ~ = me = a0 = 1) are used throughout this
chapter.
A useful starting point is to discuss the widths of the peaks in the ion images.
These may conveniently be quantified in terms of the variance
σi2 = hφ2i i − hφi i2 ,

i = Br+ , F+ .

(9.4)

For the sake of interpretation, it is possible to rewrite these two angles in terms
of the dihedral angle, φd = φBr+ − φF+ , and the overall rotation of the SMPA with
respect to the Y axis described by the weighted azimuthal angle, Φ = (1−η)φBr+ +
ηφF+ [see Fig. 9.4 (b)]:
φBr+ = Φ + ηφd ,
φF+ = Φ − (1 − η)φd ,
IF
.
η=
IF + IBr

(9.5)
(9.6)
(9.7)

where IF and IBr refer to the moments of inertia of the fluorine and bromine
phenyl ring. Consequently, the variance of the observed ions may be expressed
as
2
σφ2 Br+ = σΦ
+ η 2 σφ2 d + 2η(hΦφd i − hΦihφd i),
2
+ (1 − η)2 σφ2 d − 2(1 − η)(hΦφd i − hΦihφd i).
σφ2 F+ = σΦ

(9.8)
(9.9)

Previous investigations show that the variance of the dihedral angle is small
2
(See Figs. 3 and 9 in Ref. [39]). It is therefore obvious to ask if σΦ
 σφ2 d . As
follows from Eqs. (9.8) and (9.9) this can only be the case if the widths of the
angular distributions extracted from the ion images are comparable and the last
term in each of the equations is negligible, i.e. C(Φ, φd ) ∼ 0. Inspection of Figs. 9.5
and 9.6 confirms that for long times (t > 3 ps) this cannot be true as the widths
of angular distributions in the F+ and Br+ ion images are clearly different. For
shorter times, however, these widths are close (see Fig. 9.3). Furthermore, the
separability of the Φ and φd coordinates in this limit has previously been argued
[39] meaning that the last term in Eqs. (9.8) and (9.9) vanishes completely. In
this regime Φ is an adiabatic parameter and the short-term dynamics may simply
5 The theory and the accompanying calculations described in this section and Sec. 9.5.2 were developed and performed in the group of Lars B. Madsen, Department of Physics, Aarhus University.
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be discussed based on calculations with Φ fixed meaning that only torsion takes
place.
The torsional motion is then dictated by the time-dependent Schrödinger equation
i∂t Ψ(Φ; φd , t) = [Td + Vtor (φd ) + Vkick (Φ; φd , t)] Ψ(Φ; φd , t),
(9.10)
with

IBr+ + IF+ ∂ 2
(9.11)
2IBr+ IF+ ∂φ2d
being the rotational kinetic energy due to torsion, Vtor the torsional potential and
Vkick the polarizability interaction energy between the kick pulse and the molecule:
1
Vkick (Φ, φd , t) = − E02 (t)[αxx (φd ) cos2 (Φ + ηφd )
4
+ αyy (φd ) sin2 (Φ + ηφd )
Td = −

− 2αxy (φd ) cos(Φ + ηφd ) sin(Φ + ηφd )].

(9.12)

This equation has previously been solved for DFDBrBPh in Refs. [38, 39] using
a close coupling method with a value of Φ corresponding to the SMPA and kick
pulse polarization parallel. As initial state Ψ(t0 ), a state localized in the torsional
well at 39◦ is used (further details are given in Ref. [39]).
Figure 9.9 shows the result of the calculation. The torsional dynamics consist
of small, periodic oscillations. These oscillations stem from the fact that the kick
pulse leaves DFDBrBPh in a coherent superposition of the ground state and first
excited state of the torsional potential — essentially simple harmonic oscillator
states separated by 3.42 meV. The molecule used in the experiment is DFDBrCNBPh rather than DFDBrBPh. Quantum chemical calculations have, however,
shown that the torsional potential differs only slightly from that previously used
for DFDBrBPh. Since the kick pulse only populates the first few torsional states
where the potential is very close to harmonic, the main effect to take into account
is the shift of the minima of the torsional potential from one molecule to the other
(−0.9◦ ). It therefore follows that the previously calculated theoretical curve may
simply be shifted by −0.9◦ to obtain a comparison with the experimental results.
As seen in Fig. 9.9, this leads to an impressive agreement with the experimental
results.

9.4.2

Long time behavior: Dephasing of the phenyl rings

For longer time scales (t > 3 ps), the semi-classical model is no longer attractive.
The reasons are that the widths of the angular distributions extracted from the F+
and Br+ ion images (Figs. 9.3 and 9.5) start to deviate more significantly from one
another meaning that the variance is no longer dominated by Φ alone and, hence,
that the separability in Φ and φd breaks down [39, 191].
To provide a qualitative analysis in this long-time regime, a different theoretical limit is exploited where the phenyl-rings are treated as rigid rotors. In this
case, each of the rings, i = Br+ , F+ , can be described by a wave packet
2

Ψi (φi , t) =

X
Ji

J
1
−i i t
cJi √ eiJi φi e 2Ii ,
2π

(9.13)
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Figure 9.9: Comparison: Blue triangles - experimental results, dashed blue line - theoretical
calculation on DFDBrBPh shifted by −0.9◦ to match the dihedral angle of DFDBrCNBPh
at equilibrium.

where Ji labels a rotational state and cJi is a fixed constant after the end of kick
pulse.
To estimate the time scale, τi , that such a wave packet dephases, the time evolution of the coherence between two neighboring levels Ji and Ji +1 is considered:
Ψi (φi , t) = Ψi,J (φi , t) + Ψi,J+1 (φi , t)

(9.14)

For the two-level
system
in Eq. (9.14) it is well established that the coherence



beats like cos
given by

2Ji +1
2Ii t

[204]. Consequently, the two rings dephase at a ratio r

I + 2J + + 1
τF+
= F · Br
.
(9.15)
τBr+
IBr+ 2JF+ + 1
The value of Ji depends on the rotational kinetic energy, Ekin,i , of each ring.
Due to the a times higher polarizability of the Br-phenyl-ring compared to the
F-phenyl-ring, we assume that Ekin,Br = a × Ekin,F with Ekin,i = Ji2 /2Ii . This result
is achieved by integrating the torque of a classical rigid rotor from 0◦ to 90◦ to
obtain an energy estimate. From isolation of Ji in the expression for the kinetic
energy we then immediately have
s
s
JBr+
Ekin,Br · 2IBr+
I +
=
= a Br
(9.16)
JF+
Ekin,F · 2IF+
IF+
r=

In the limit where Ji  1 the result from Eq. (9.16) can be inserted in Eq. (9.15) to
provide an estimate for the dephasing ratio
s
s
IF+
IBr+
I+
r'
· a
= a F
(9.17)
IBr+
IF+
IBr+
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With a value of 0.21 for the ratio of the moments of inertia [39] and a = 2 computed with Turbomole 6.2 [193] (see footnote 3 on p. 122 for details) a value of
r = 0.65 is found, which is in qualitative agreement with the dephasing ratio of
0.68 obtained by comparing the full width at half maximum values of the Gaussian fits to the angular distributions extracted from the ion images.

9.5

The Prospects of Achieving Enantiopure Samples

The introduction raised the expectation of deracemization of the axially chiral
compounds, so it is therefore obvious to ask how the experiment presented in this
chapter may be extended to achieve this goal. Intuitively, one might think that
this problem is equivalent to converting one enantiomer to its mirror form, and
so increasing the interaction strength between the molecule and the kick pulse
should facilitate a way to cross the torsional barrier.
In principle the interaction strength can be increased through either a higher
intensity, a longer kick pulse or by trains of synchronized kick pulses [55, 57, 205].
However, here it should be strongly emphasized that, thus far, only alignment of
the DFDBrCNBph molecules have been addressed. That is, in these experiments
the molecules are 3D aligned with the MPA being fixed to the Z axis and an approximately equal number of the molecules having opposite directions. A vital
prerequisite for the success of all laser based deracemization schemes is that the
molecules can be oriented, referring to the creation of a heads-for-tails preference
in the molecular ensemble. This statement can be justified by close inspection
of Eq. (9.12) since it shows that the kick pulse interaction is only sensitive to the
projection of the rings onto the XY plane which will be identical for oppositely
oriented Ra and Sa enantiomers.6 In aligned ensembles of molecules the successful conversion of Ra into Sa enantiomers will therefore unavoidably be associated
with the simultaneous conversion of an equal number of Sa enantiomers into the
Ra form, and hence no net deracemization will occur.
For the class of biphenyl derivatives the aligned MPA is a C2 -symmetry axis
which will also coincide with the dipole moment vector, and 3D orientation can
thus be inferred from 3D alignment if, in addition, the direction of the dipole
can be controlled. The ability to orient the biphenyl derivatives is also attractive
from an imaging point of view as it provides a much clearer interpretation of the
observed peaks, which for perfectly oriented molecules can be directly associated
with either the Ra or Sa enantiomer. This is illustrated in Fig. 9.10, where the
two oriented enantiomers are shown with their nitrile group pointing away from
the detector. Here the F+ contributions from the Sa enantiomer will be imaged
to the upper-left and lower-right parts of the detector, whereas that of the Ra
enantiomer will be imaged to the upper-right and lower-left parts of the detector.
For short kick-probe delays the data presented in Fig. 9.3 showed that the F+
images could be fully resolved into the expected four peaks. An example of such
an image is reproduced in the right side of the figure (the particular image shown
is that of column (d), t = 2.00 ps) with the yellow and red arrows indicating how
6 Remember that the relationship between the polarizabilities components of a pair of enantiomers
for biphenyl derivatives are related by αxx (φd ) = αxx (π − φd ), αyy (φd ) = αyy (π − φd ) and
αxy (φd ) = −αxy (π − φd ).
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Sa-enantiomer

Ra-enantiomer
Figure 9.10: Schematic illustration of how contributions to the F+ ion images at short
kick-probe time delays can be used to discriminate between pure Ra and pure Sa from a
racemate for the specific situation where the molecular ensemble is perfectly oriented. See
text for further details.

the signal from the individual enantiomers translates into the two pairs of peaks.
In a serious effort to extend the confinement of the DFDBrCNBph molecules to also include orientation and thereby visualize the individual enantiomers
and potentially enable laser controlled deracemization, several experiments were
conducted. The results of these are discussed in the following section.

9.5.1

Mixed-Field Orientation of Biphenyl Derivatives

Based on the experimental approach described in Chaps. 4, 6 and 7, the applicability of mixed-field orientation was investigated for the floppy biphenyl compounds. In analogy with the experiments in Chaps. 4 and 7, the first attempts to
extract the degree of orientation of the molecular ensemble relied on detection of
either N+ or CN+ fragments, when aligning the molecules with their stereogenic
axis in an angle of βalign = 45◦ (or βalign = 135◦ ). Unfortunately, this proved
to be a difficult challenge since neither the N+ or the CN+ fragment were readily
present in the TOF spectrum, and obtaining images while scanning through the
respective mass/charge regions of the spectrum did not reveal any signs of clear
fragmentation channels. As an alternative, bromine ion images were obtained
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Figure 9.11: In (a1) and (a2) [(b1) and (b2)] β is fixed at 60◦ (−60◦ ), for the situation without and with deflection, respectively. In the undeflected case, (a1) [(b1)], the degree of
orientation determined from extracting up-total values is 49% (51%), which increases to
45% (55%) upon deflection as shown in (a2) [(b2)]. The alignment laser polarization and
the preferred molecular orientation can be seen in the schematics of the VMI setup shown
to the left.

with the major axis of the elliptically polarized YAG pulse rotated to βalign = 60◦ .
In this particular geometry the stereogenic axis of the molecules will be positioned at 60◦ with respect to the static electric field, Estat , of the VMI spectrometer
(see Fig. 9.11). Molecules with their CN group facing the repeller (extractor) will
therefore have one bromine substituent pointing against the static field whereas
the other will point partially downwards (upwards).
Assuming axial recoil of the Br+ ions, the substituents parallel to the static
field will be imaged to the center of the detector, whereas the bromine substituents
pointing downwards (upwards) will be detected on the lower (upper) compartment of the detector, thereby providing a direct way of accessing information
about the molecular orientation.
The resulting Br+ images are displayed in Fig. 9.11 for undeflected [(a1) and
(b1)] and deflected [(a2) and (b2)] molecules at βalign = 60◦ and βalign = 120◦ .
As expected, both undeflected and deflected images show a reversal in the updown asymmetry when the polarization of the alignment beam is rotated from
βalign = 60◦ to βalign = 120◦ . The up-total asymmetry in the undeflected image
is 49% (51%) for βalign = 60◦ (βalign = 120◦ ), which increases to 45% (55%)
when probing deflected molecules. The measured degree of orientation obtained
must be described as quite weak when compared to both those reported in the
previous chapters as well as for experiments on substituted benzenes performed
under similar conditions of initial rotational cooling, quantum state selection, and
alignment pulse intensity [52, 65]. However, if the comparison is instead based
on the ratio between orientation in the deflected and undeflected parts of the molecular beam, the observed ∼ 5-fold increase for DFDBrCNBph is similar to that
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of the benchmark molecule iodobenzene which shows roughly a 4-fold increase
at these values of βalign (55% undeflected to 70% in the deflected) [52].
The explanation for the weaker orientation in both deflected and undeflected
measurements is not clear but may arise due to far more rotational states being
populated than for rigid molecules [39] or simply because imaging of the "offaxis" Br+ ions in the suggested geometry is somehow problematic. An equivalent experiment was therefore conducted using neon as a carrier gas at a backing
pressure of 15 bar. Similar to previous experiments [52, 69] the deflection profiles obtained with the slower seed gas revealed an extended deflection of the
molecules (not shown), indicating a potential improvement of the state-selection
near the cut-off [69]. The Br+ ion images recorded in this part of the molecular beam did unfortunately not show improvements in the observed orientation
compared to the experiments with the helium carrier gas. To rule out the latter
explanation, regarding imaging of the "off-axis" Br+ ions, a follow-up experiment
was conducted on 4-fluorobiphenyl, where the fluorine atom is located along the
stereogenic axis and therefore provides an ideal observable for determining if a
head-for-tail preference is induced in the mixed-fields. These F+ images obtained
at βalign = 60◦ and βalign = 120◦ , however, revealed similar degrees of orientation as those observed for DFDBrCNBph. The established up-total values of 55%
and 45% therefore seem to represent a valid lower limit of mixed-field orientation.
The real orientation in the time-resolved torsion experiments may be stronger, as
these are performed in end view geometry where βalign = 0◦ and the aligned
MPA is parallel to the static field. Also the degree of orientation may be further
improved by increasing the static field strength of the spectrometer plates.
As of yet it is therefore not possible to fully discriminate between the Ra and
Sa enantiomers in the four-peak resolved F+ images, although the mixed-field
orientation experiments indicate that the top-right and lower-left (top-left and
lower-right) signals stem preferentially from fragmentation of the Ra (Sa ) enantiomer – see Fig. 9.10

9.5.2

Theoretical Simulations of Time-Resolved Deracemization

Assuming that the degree of mixed-field orientation can be significantly improved
by e.g. increasing the static field of the VMI or alternatively by employing either
terahertz pulses [24, 206] or two-color fields [23], theoretical calculations provide
interesting perspectives on the feasibility of a time-resolved deracemization experiment. The results of such simulations are presented in Figs. 9.12 and 9.13
for DFDBrBPh molecules with the torsional potential obtained from the quantum
chemical calculations scaled by a factor of one fourth. Furthermore, compared
to the experimental data the interaction with the linearly polarized kick pulse
in the simulations has been changed to occur in an angle of 13◦ with respect to
the SMPA which was found to be the optimal geometry for deracemization. At
present the off-set polarization geometry of the YAG and kick pulses does not
comply with the experimental setup where the beams are overlapped collinearly,
but may in principle be accomplished by the addition of an extra view port in the
target chamber.
Addressing first the simulation in Fig. 9.12, a direct illustration of the timedependent torsional potential is shown as a function of the kick-probe delay, with
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Figure 9.12: Illustration of the principle behind laser-induced deracemization. In the calculation the parameters of the kick pulse are assumed to be Ikick =1.2 × 1013 W/cm2 , with
τFWHM = 1 ps and the torsional potential scaled by a factor of 1/4. See text for further
details. The figure is reproduced from Ref. [39].

the red dotted curve at large delays representing the field-free time-independent
torsional potential.
Here the interaction with the kick pulse is seen to produce two striking features: For a perfectly aligned and oriented ensemble of DFDBrBPh molecules the
kick pulse will induce an asymmetry between the two field-free potential wells,
causing a slightly lower value for the Sa enantiomer for the situation when the
Br-phenyl ring is pointing out of the paper. Secondly, the required energy for
crossing the central torsional barrier at 0◦ is lowered tremendously in the presence of the kick pulse. The combined effect of the asymmetric potential and the
lowered barrier should facilitate efficient conversion of the molecules initially on
the Ra form which spill into the Sa form without changing those initially on the
Sa form. Enantiomeric excess is thus expected to be observed at positive kickprobe time delays.
To investigate the extent of purification, one can obtain by laser-induced deracemization, the φd dynamics were calculated for both enantiomers assuming
identical experimental conditions as those employed in Fig. 9.12. The results are
presented in Fig. 9.13 and show that the two enantiomers respond in an extremely
different manner to the time varying potential. In particular for the Sa enantiomer, initially located at φd = −39◦ [Fig. 9.13 (b)], the kick pulse induces an
oscillatory motion corresponding to a small amplitude torsion confined within
the Sa potential well. By contrast, due to the asymmetric potential the Ra enan-
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Figure 9.13: The calculated time evolution of the dihedral angle (φd ) for DFDBrBPh molecules. (a) shows the situation for 3D oriented molecules (here with the Br-phenyl ring
pointing out of the paper) found on the Ra form prior to interaction with the linearly polarized kick pulse in an angle of 13◦ with respect to the SMPA. (b) shows the identical
situation but for molecules initially on the Sa form. In the calculation the parameters of
the kick pulse are assumed to be Ikick =1.2 × 1013 W/cm2 , with τFWHM = 1 ps and the
torsional potential scaled by a factor of 1/4. The figure is reproduced from Ref. [39].

tiomer, initially located at φd = +39◦ [Fig. 9.13 (a)], is allowed to cross the torsional barrier at 0◦ and provide the internal rotation needed for conversion into
the Sa form.
A quantitative analysis of the calculated conversion efficiency shows that 49.5%
of the initial 50% Ra enantiomers are converted to the Sa form following the kick
pulse, whereas only 6.5% of the initial 50% Sa enantiomers are converted to the
Ra form. This corresponds to an enantiomeric excess (ee) of
ee =

Sa − Ra
= 0.93 − 0.07 = 0.86
Sa + Ra

(9.18)

where the value of 0.86 should be interpreted as an ensemble mixture composed
of 86% pure Sa enantiomer and 14% racemic enantiomers with 7% of the molecules in each of the Sa and Ra forms. These theoretical calculations clearly demon-
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strate a possible framework for which the current laser-based method would allow for a time-resolved study of the transition from one enantiomer into the other.
Furthermore, the inverse process, where an equal ee of the Ra form is created
from the racemic mixture can be achieved by either inverting the orientation of
the molecules or the propagation direction of the kick pulse. Here it should be
noted that deracemization will also be possible when employing the experimental laser pulse polarization geometry described in Sec. 9.3.3, although the ee in
this geometry will be lower.

9.5.3

Biphenyl Compounds as Molecular Switches

The dihedral angle in biaryls also determines important physical properties of
the molecule such as the electrical conductance across the C-C single bond linking the phenyl planes. Another interesting application of the ability to traverse
the torsional barrier is therefore related to the research area of nanomaterials and
molecular junctions [207–211], since it is obvious that the conductivity across molecules like biphenyl will strongly depend on the dihedral angle [212, 213]. The
induced torsional motion implies that the conductance can be controlled between
low and high values and these systems can therefore potentially be used to build
ultrafast switches based on laser controlled charge flow between two electrodes
to which the molecule can be attached. For such molecular switches one may
envision the use of optimal control schemes to produce complicated torsional dynamics and thereby match a user specified time-dependent series of current flows
through the molecular junction. The laser based torsion control scheme thereby
nicely complements the previously developed schemes of resonant light driven
molecular junctions where the photon absorption is associated with a large conformational change in the molecule and the conductance across it [214, 215]. Several additional aspects and control schemes for inducing large amplitude motion
in biphenyl derivatives will be discussed in Sec. 11.2

9.6

Summary

In conclusion it has been shown that it is possible to induce torsion in a substituted biphenyl molecule with a nonresonant kick pulse and image the motion in
real-time with an intense delayed probe pulse. The measurements show a distinct
torsional motion with an amplitude of 3◦ and a period of 1.25 ps for the first 4 ps
after the kick pulse, in excellent agreement with results from theoretical modeling. At longer times delocalization of the two phenyl rings of the molecule blurs
torsion.
An important prerequisite for the experiment is the ability to keep the molecules fixed-in-space during the time-resolved experiment, practically obtained by
3D aligning them in the adiabatic limit. This places both benzene rings of the molecule perpendicular to a 2D imaging detector. Upon Coulomb explosion by the
probe laser, Br+ ions from one benzene ring imprint an ion image on the detector
screen that uniquely identifies the spatial direction of this ring. Likewise, F+ ion
images identify the spatial direction of the second ring. The difference between
the spatial direction of the two rings determines the dihedral angle, i.e. the nor-

9.6. Summary

143

mal vibrational coordinate characterizing torsion. Such a procedure would not
be possible for samples of randomly oriented molecules.
Furthermore, an extended version of covariance mapping analysis was developed and applied to ion images. This revealed clear correlations between the
emission direction of ions supporting the interpretation of Coulomb explosion as
a direct and unique observable for the spatial direction of the two phenyl planes.
Finally, the prospects of extending the torsional control to achieve enantiomeric
separation were investigated and found to be crucially dependent on the ability
to orient the molecules. Unfortunately, conventional mixed-field orientation appears to be inefficient for obtaining the strong degrees of orientation needed for
such experiments and has so far only allowed for contaminated imaging of the
individual enantiomers.

10

Conformer Selection1

Essentially all non-rigid molecules exist as different structural isomers (conformers), where the connectivities within the molecules are identical, but differ in
their spatial arrangement of the functional groups. This area of chemistry is of
massive interest due to the fundamental aspects of understanding how isomerization takes place on the potential energy surface of the molecule, which is appealing to several scientific communities. State-of-the-art experiments involve
double resonance spectroscopic techniques in which it is both possible to induce
population transfer between the conformeric states [216] and estimate isomerization thresholds [217].
Another interesting aspect is to produce conformer pure samples. This would
be of great importance for the study of both dynamics [218] and molecular properties [34], since the data obtained from conformer specific ensembles would
reveal true insights about the individual isomers. Such experiments are normally
not possible due to contamination from the other conformers in the sample which
will also be probed. Cooling the molecules seems like the perfect solution to isolate the ground state isomer, but even in supersonic expansions, where temperatures below 1 K can be reached, several of the most stable conformations will be
populated [219]. This fact cannot be explained in terms of Boltzmann distributed
ensembles, and arises due to the fast cooling process as the gas mixture expands
into vacuum, thereby trapping the molecules in a non-thermalized equilibrium
[69]. A more advanced approach is therefore needed when isolating a single conformer.

10.1

Keep ’em separated

The approach used in our setup relies on dispersing the molecules in a SternGerlach type deflector. This technique resembles the underlying principles of a
mass spectrometer [220]. The mass spectrometer is able to filter the molecules
according to their mass to charge ratio, whereas electrostatic deflecting makes
a selection based on the ratio between mass and effective dipole moment. This
evidently has the consequence that only polar molecules deflect. However, it
1 All the simulated deflection profiles presented in this chapter were calculated by Post. Doc.
Frank Filsinger at the Fritz Haber Institute der Max Planck Gesellschaft.
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also enables conformer selection since different conformers of a molecule always
have the same mass, but may differ widely in their dipole moments. This is illustrated by the two conformers in 3-amino-phenol (3AP) shown in Fig. 10.1.
Herein, the only difference is the spatial orientation of the hydroxy-group, which
points toward (away from) the amine in the cis- (trans-) conformer. For this molecule the dipole moment will almost entirely correspond to the vectorial sum of
the local dipole moments associated with the hydroxy- and amine-group. These
dipole moments (indicated with red and blue vector arrows) will add for the cisconformer giving a high dipole moment of 2.33 Debye whereas they subtract for
the trans-conformer which, therefore, receives a lower dipole moment of 0.77 Debye [221].

OH
(a)

(b)

NH2
cis-3-AP

OH

NH2
trans-3-AP
Figure 10.1: (a) Molecular structures of the two conformers in 3AP. The direction of the
local dipole moments from the functional groups is indicated with colored vector arrows,
red belonging to the amine- and blue to the hydroxy-group. In (b) the energy of the lowest rotational quantum states of cis- (c3AP) and trans-3-aminophenol (t3AP) is shown as
a function of the electric field strength (E). The shaded area indicated on the figure corresponds to the field strengths inside the deflector in our setup.

Recalling that the force on a molecule in an inhomogeneous electric field is
given by F = µeff (E) · ∇E [See Eq. (2.17)], cis-3AP (c3AP) will experience a
stronger force in the inhomogeneous electrical field than the corresponding transconformer (t3AP), producing a pronounced difference in their deflection. This can
be further visualized by panel (b) in Fig. 10.1, where the energies of the lowest
rotational quantum states in the two conformers are plotted against the electric
field strength E. From these curves it is possible to extract the effective dipole moment (µeff ) of the individual quantum states as the negative gradient at a given
electric field. For 3AP the negative-gradients of the cis-curves are by far greater
than those of the trans-curves, directly explaining the separation theoretically.
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Conformer separation of 3-aminophenol

Based on the data presented in Fig. 10.1, 3AP was chosen as a candidate molecule
to investigate the possibility of achieving conformer separation based on electrostatic deflection. Previous studies on 3AP have documented that the excitation
energy needed to populate a resonant intermediate state is different for the two
conformers [222]. Ionizing the molecules through this intermediate state (D0 ←
S1 ← S0 ) by means of resonance enhanced two photon ionization (REMPI), it
was possible to obtain conformer specific deflection profiles using the VMI spectrometer to detect the molecular ion.
Experimentally the target molecules were produced by heating the Even-Lavie
valve to 110◦ C seeding the 3AP molecules in 90 bar of helium. Detection of the
molecules was achieved using the frequency doubled output of a YAG laser to
pump a dye laser producing an output of 0.1 mJ/pulse in the tuning range,
which was then focused onto the molecular beam by a 2”-diameter f = 30 cm
lens.
Tuning the frequency of the dye laser to the transition origin of the individual
conformers, the observed signal strength will be proportional to the density of
that specific conformer. Recording the ion signal as a function of the height of the
focusing lens (Y ) directly produces a molecular beam profile.
The results from these measurements are presented in Fig. 10.2 (a1). Here the
experimental data are given by symbols, and simulations by solid lines. The vertical profiles of c3AP are shown with triangles and those obtained for the t3AP
conformer with circles. The blue and red series are on undeflected molecules,
whereas high voltage (10 kV) has been applied to the deflector for the cyan and
orange deflection profiles. These data confirm the successful separation of the
two conformers producing pure c3AP in the deflected region (Y > 1.0 mm) and
pure t3AP in the depleted area (Y < −0.75 mm). This is clearly seen from (a2)
where the corresponding fractional populations of the deflected cis (cyan) and
trans (orange) conformers are plotted. In this graph the dashed lines are extrapolated values of fractional population distributions in the undeflected beam (cis
(blue), trans (red)), further demonstrating the effect of the deflection.
The clean separation of the two conformers was also confirmed by recording
a vibrationally resolved REMPI spectrum which can be seen in Fig. 10.3. In (a)
the full spectrum is shown whereas (b) shows a zoom of the shaded areas in (a)
containing the transition origins of the two conformers. The spectrum measured
on the undeflected molecules (black, 0 kV, Y = 0 mm) contains bands arising from
both conformers which is also expected from the undeflected molecular beam
profile. In contrast, the spectrum obtained in the deflected part of the molecular
beam (red, 10 kV, Y = −0.75 mm) only contains bands arising from the transconformer. A similar scan was recorded in the deflected part of the beam (blue,
10 kV, Y = 1.15 mm) and here the observed features can all be assigned to the
cis-conformer. The three peaks seen close to origin of the trans-conformer are not
to be interpreted as deflected trans-contamination, but arise due to the formation
of a 3-aminophenol-water complex (34461 cm−1 ) and excited vibrations of this
(34471 and 34481 cm−1 ) [222].
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Figure 10.2: (a1) The relative molecular beam intensity as a function of the vertical position
(Y ) of the detection laser for c3AP and t3AP. Experimental data is shown with symbols
(c3AP triangles and t3AP circles) and simulations by solid lines. The blue (c3AP) and red
(t3AP) molecular beam profiles are on undeflected molecules, whereas high voltage (10
kV) has been applied to the deflector for the cyan (c3AP) and orange (t3AP) deflection
profiles. In (a2) the corresponding fractional populations of the deflected cis (cyan) and
trans (orange) conformers are given. These are obtained by dividing the intensity of the
specific conformers by the sum of the intensities at the respective height (Y ). The dashed
lines corresponds to the undeflected fraction ratios [cis (blue), trans (red)].
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Figure 10.3: Electronic excitation spectra of 3-aminophenol. (a) depicts the scan for the
original beam (black), the deflected ensemble (blue), and the depleted beam (red). (b)
shows zooms of the shaded areas in (a) containing the transition origins for the cis (shaded
blue) and trans (shaded red) conformer, the spectral signatures demonstrates the complete
discrimination of the individual conformers.

10.2

Applications of conformer selected species

In the previous section it was shown how a conformer specific vibrationally resolved REMPI spectrum could be obtained through deflection. The extracted information from these spectra reveal no new insights since similar findings has
previously been published using double-resonance spectroscopic techniques [222].
The novel findings in our experiment are, therefore, not the spectra them-
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selves, but the way in which they are obtained. As stated earlier the spatial separation is of crucial importance for experimental studies of the individual conformers. One could imagine using conformer pure samples as targets for structure determining experiments involving high-intensity X-ray pulses from freeelectron lasers [223]. Such experiments would further benefit from the fact that
the deflected molecules also separate from the non-polar seed gas, thereby limiting unwanted background scattering.
Furthermore, it should be noted that the lowest lying rotational quantum
states have the largest effective dipole moments (see Fig. 10.1) and will, therefore,
be deflected the most. These states can be aligned and oriented extremely well
[52, 65], and are, therefore, of great interest if the conformer selected species are to
be used for such purposes. Revisiting the deflection profiles shown in Fig. 10.2, it
can be seen that the isolated trans-conformer molecules predominantly reside in
high-lying rotational quantum states, making them poor targets. It is, however,
possible to obtain the pure t3AP in its the lowest rotational quantum states by
optimizing expansion and deflection parameters.
This can be visualized by the deflection profiles shown in the Fig. 10.4 (a1)
and (b1), where the only difference is that the measurements are performed with
molecules seeded in 25 bar of neon (before 90 bar of helium). Although the
lower stagnation pressure used in these experiments (kept just below the onset of
clustering) will provide a slightly worse rotational cooling of the molecules, the
change of carrier gas also slows down the expansion velocity from ∼1800 m/s in
helium to ∼800 m/s in neon. The time it takes to pass through the deflector will,
thus, increase by more than a factor of two, resulting in much larger deflection
amplitudes.
This prediction is confirmed by the deflection profiles in Fig. 10.4 (a1), where
5 kV is applied to the rod shaped electrode. Compared to the profiles obtained
with the helium carrier gas in Fig. 10.2, the traces in neon show a pronounced
increase in the cut-off value of the deflection profiles for both the cis and trans
conformations. A closer inspection of the fractional distribution across the molecular beam in (a2), show that whereas the cold part of the c3AP molecules has
become even more separated, the rotationally cold t3AP molecules are still contaminated by the trailing part of rotationally warm c3AP molecules. At 1/5 of the
undeflected peak density (∼1.15 mm), which is usually chosen as the ideal position in the trade-off between achieving good quantum-state selection while still
having a reasonable signal, a 50/50 mix between the two conformers is observed
which is similar to what could be obtained in helium.
If, however, 10 kV is applied to the deflector [Fig. 10.4 (a2)], the deflection
becomes so strong that the beam is almost completely depleted of c3AP (cyan
triangles). This observation can be explained in two ways: Either the c3AP molecules deflect so strongly, that they scatter off the high-voltage electrode of the
deflection device or they completely miss the aperture of the skimmer which was
placed in front of the detection region before the chamber was upgraded with
capacitor plates. At this deflection voltage, however, the peak density of the less
polar t3AP molecules (orange circles) in the deflected beam is still comparable to
the original beam. Under these conditions a sample practically void of c3AP molecules is obtained close to the upper cut-off of the t3AP vertical profile where the
lowest rotational states of this conformer are located. At Y = 1.5 mm, where the
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Figure 10.4: Relative molecular beam intensity as a function of the vertical position (Y )
of the detection laser for cis- and trans-3-aminophenol. Experimental data is given by
symbols with connecting lines to guide the eye. The vertical profiles of c3AP are shown
with triangles and those obtained for the t3AP conformer are shown with cirles. The blue
and red series are on undeflected molecules, whereas high voltage has been applied to the
deflector for the cyan and orange deflection profiles [5 kV i (a1) and 10 kV in (b1)]. In
(a2) and (b2) the corresponding fractional populations of the deflected cis (cyan) and trans
(orange) conformers are given. The dashed lines corresponds to the undeflected fraction
ratios [cis (blue), trans (red)].

t3AP density corresponds to approximately 1/5 of the undeflected peak density,
the fraction of t3AP molecules in the sample is above 0.90, as shown in (b2) (orange circles). These data clearly demonstrate that not only the most polar conformation of a molecular ensemble can be isolated in its lowest rotational quantum
states, but that also less polar conformers can be addressed in a deflection setup.
To support the interpretation of the experimental data, simulated deflection
profiles and the resulting relative density profiles for three hypothetical "conformers" with effective dipole moments of 0.01, 0.03, and 0.05 cm−1 /(kV/cm) are
shown in Fig. 10.5. These dipole moments are comparable to the high-field
limits of the effective dipole moments read of Fig. 10.1 (b), being 0.013 and
0.039 cm−1 /(kV/cm), for the trans- and cis-conformer, respectively. From these
simulations it is obvious, that one can practically separate any of the three conformers by applying the appropriate deflection field. This of course only applies as
long as the molecular beam traversing the deflector is cold enough to minimize
the variation of effective dipole moments for the individual conformers.
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Figure 10.5: Left: Simulated molecular beam intensity as a function of the vertical position
(Y ) of the detection laser for three species with different effective dipole moments as indicated in the inset in units of cm−1 /(kV/cm). The dashed black line corresponds to the
undeflected beam profile. Right: Fractional intensities of the individual species. The simulations are shown for high-voltages of 3 kV [(a1), (a2)], 6 kV [(b1), (b2)], and 9 kV [(c1),
(c2)] applied to the deflector.

10.2.1

Imaging of conformer selected 1,2-diiodoethane

To show an application of conformer selection, an experiment was conducted
on 1,2-diiodoethane (to be denoted DIE in the following) with the prospect of
recording ion images from the individual conformers. Similar to aminophenol,
this is a simple molecule possessing only two stable conformers of which only one
is polar. The content of iodine atoms will furthermore make DIE a good candidate
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Gauche-DIE

relative intensity (arb. units)

for Coulomb explosion imaging because I+ ions can be unambiguously detected.
Molecular structures of the two conformers named anti- and gauche-DIE are
shown in both endview (top) and sideview (bottom) on Fig. 10.6. The anticonformation of DIE [Fig. 10.6 (a)] has C2h symmetry with a torsional angle of
180◦ and a net dipole moment of zero due to symmetry reasons. For this reason the anti conformation will not deflect. In contrast, the gauche form [Fig. 10.6
(b)] having C2 symmetry with a torsional angle of ±79◦2 has a dipole moment of
2.49 Debye [224], pointing from midways between the two iodines toward the CC single bond (dipole moment vectors are not shown in the figure). Since DIE is
a rather heavy molecule with MDIE = 282 u compared to 3AP with M3AP = 109 u
and the dipole moments of the polar conformers (gauche-DIE and c3AP) are comparable, deflection is expected to be less pronounced for DIE. To ensure maximal
deflection DIE was expanded in 25 bar of neon with the deflector at 10 kV.
To verify deflection, the focus of the Coulomb explosion laser was scanned
across the molecular beam detecting the I+ yield at the different lens positions.
Using this laser probe, all molecules within the focal volume will be ionized and
the detection will, therefore, not be conformer specific. Nevertheless, it will provide information about the sum of anti and gauche density throughout the beam.
This measurement is shown in Fig. 10.6 (c), where the red curve is measured
with the deflector off (0 kV) and the blue curve with high-voltage applied to the
deflector (10 kV). A small but distinct shoulder at Y > 1.0 mm appears in the
10 kV series, indicating that a minor fraction of the molecules are deflected. This
(c)

0 kV
10 kV

2
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0
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1

2

Figure 10.6: Deflection profiles for a molecular beam seeded with DIE. The profiles, shown
in (c), where measured by recording the I+ signal as a function of the vertical position of
the fs probe beam focus. The experimental data is shown by red circles (undeflected, 0
kV) and blue triangles (10 kV), with the solid lines included to guide the eye. In (a) and
(b) molecular structures of the anti and gauche conformer in end- (upper) and side view
(lower) can be seen. In these drawings the MPA of each conformer is indicated by a red
doubleheaded arrow.

2 The gauche form is axially chiral with the two equilibria at +79◦ and -79◦ corresponding to each
others mirror image. In this section they will both be referred to as the gauche conformation since
they have identical physical properties and no attempt is made to distinguish between the two enantiomers.
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observation is to be expected from previous findings in which the gas phase equilibrium ratio between the two conformations was determined to be 12% (88%) on
the gauche (anti) form at 49◦ C [225]. However, as the deflection profiles are not
conformer specific, the profiles themselves cannot be used to exclude if the gauche
molecules have a non deflected fraction, which in principle could be possible if
the molecules are produced in a bimodal temperature distribution [69]. If this is
the case, then only the cold portion of gauche molecules will deflect whereas the
high temperature component remains undeflected.
Further insights about the observed I+ signal can be gained from a time-offlight mass spectrum. As described in Sec. 3.3.2 the ion flight time is proportional
to the squareroot of the mass/charge ratio, and so by making a qualified assignment of the mass for two individual peaks in the spectrum the time axis can be
calibrated to a m/q axis by solving two equations with two unknowns. In Fig.
10.7 the observed ions have been assigned as different fragments based on their
m/q position in the spectrum. Except for the signal occurring at 46 and 256 m/q
all peaks can be assigned to either singly or multiple charged ions or fragments of
the DIE molecule. The impurities at 46 and 256 m/q can be explained by singly
charged ethanol (C2 H5 OH+ ) stemming from residual solvent after cleaning of
the sample holder, and singly charged molecular iodine (I+
2 ). Of these two the
ethanol signal is fairly common when replacing or inserting a new sample, and
can easily be pumped away prior to the experiments, whereas the iodine signal is
due to a synthetic impurity3 of the inserted sample molecules (>2%) and remains
present in the molecular beam until the sample is changed. Usually small impu-

Signal (mV)

CHX+

I3+

I2 +
C 2 H 4 I2 +
I2+

C2H5OH+

+

H+ H2 O

I+

CH2I+

C 2 H 4 I+

C2 HX+

m/q
Figure 10.7: Time-of-flight mass spectrum of 1,2-diiodoethane. All peaks in the spectrum
can be assigned to the molecular ion or fragments of the target molecule, except the I+
2
signal at 256 m/q from iodine, which in addition contaminates the I+ peak observed at
128 m/q. The peak at 46 m/q is a trace of residual ethanol from cleaning of the sample
holder.

rities (1-5%) are acceptable and less of a problem in imaging experiments, where
the observable can be discriminated by gating on a narrow m/q range. Unfortu3 Comparison to conventional mass spectrometry of the DIE molecule, reveal similar contamination from iodine [226].
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nately the impurity of molecular iodine is expected to fragment into I+ and therefore also contaminates both the deflection profile and the ion images. Similar to
the anti-conformation the iodine molecule is apolar, and so the contamination will
be restricted to cover only the Y values of direct beam profile even when deflecting. This observation may explain why the ratio between the two conformations
is different from that reported in Ref. [225]. As discussed in Sec. 9.2 even a small
impurity in the sample could potentially constitute a much larger fraction in the
molecular expansion if the contamination has a higher vapor pressure than the
target molecule. For this reason iodine provides a significant contribution to the
I+ signal in the undeflected part of the beam, thereby skewing the ratio between
the conformers in favor of the anti-conformation.
In an attempt to distinguish the two conformers, alignment images with different probe geometries were recorded throughout the molecular beam with the
deflector kept at 10 kV. These images are shown in Fig. 10.8 where (a1) [(b1)] illustrates the laser polarizations for images (a2)-(a4) [(b2)-(b4)]. (a2) and (b2) show
images from Y = 0 mm of the depleted beam, which should represent pure antiDIE (and I2 ), whereas in (a4) and (b4) the lens has been moved to Y = 1.3 mm of
the deflected beam, corresponding to a region where pure gauche-DIE is expected.
Between the two extremes at Y = 0.9 mm contributions from both conformers are
to be expected when comparing to the molecular beam profiles in Fig. 10.6.
These images clearly show different features not only in the intensity of the
different fragmentation channels, but also in the kinetic energy. To further visualize this, the radial distribution was extracted from the full 3D distributions
of images (b2)-(b4) after reconstruction by Abel transformation [118]. Normalized versions of these are shown in Fig. 10.9, from which it is evident that the
measured ion distribution is different in the two limiting cases (depleted and deflected). However, plotting a weighted average (black) of "pure" anti (dashed
blue) and pure gauche (dashed red), the radial distribution of the image containing contributions from both conformers (green) can be recreated. This strengthens our interpretation of these images being the individual conformers of DIE,
although the image of the anti-conformation will surely contain a contribution
from the iodine contamination.

10.2.2

Autovariance Mapping

Previous studies on 1,2-diiodoethane and analogues hereof have established that
the mechanism for fragmentation of DIE in the gas phase is a two-step process where first one C-I bond is broken followed by a second C-I breakage of
the haloethyl radical (C2 H4 I•) [224, 227]. Following the procedure outlined in
Sec. 9.3.4 the analysis of the data presented in the previous section can be extended to obtain angular autovariance maps. Here the maps of individual conformers might reveal further insights in the fragmentation channels and mechanism
for the specific molecules.
The angular autovariance maps obtained for the depleted (anti, Y = 0.0 mm)
and deflected beam (gauche, Y = 1.3 mm) are shown in Fig. 10.10, where the data
is binned in steps of one degree and the signal along the diagonal has been set to
zero. In the depleted beam (a), where anti-DIE is expected to be dominant, two
major features are noticed: First, the positive autovariance signal is observed to
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Figure 10.8: (a2)-(a4) I+ ion images from aligned DIE obtained at three different positions
in the molecular beam profile, with the YAG laser polarized parallel to the detector and
the Coulomb explosion pulse perpendicular to the detector as shown in (a1). Images (b2)(b4) show the same situation as for (a2)-(a4) but with both Coulomb and YAG polarized
parallel to the detector. The geometry depicted in (b1) is normally not used for alignment
experiments since it introduces a biased ionization direction. However, these laser polarizations, posses cylindrical symmetry allowing for Abel transformation of the images.
Since imaging of the individual conformers is the goal of this study and not to investigate
the degree of alignment, the images (b2)-(b4) are better suited for this purpose. Only the
radial distributions extracted from (b2)-(b4) will be discussed in the following. In the experiment the intensities of the alignment and probe lasers were IYAG = 7.2 × 1011 W/cm2
and Iprobe = 4.2 × 1014 W/cm2 , respectively

be confined to four regions of the map, where signal at 0◦ (180◦ ) is correlated to
0◦ and 180◦ (0◦ and 180◦ ). Secondly, these areas of positive autovariance show two
characteristics consisting of a round peak distribution with a radius of roughly 30
pixel and a much sharper substructure within the peak, where the signal is confined to a single narrow line. The observation of a sharp structure in the depleted
beam agrees well with the expected presence of molecular iodine in this region,
since the fragmentation of a diatomic molecule will naturally provide axial recoil. The peak-like structure can most likely be assigned to the real signal from
the anti-conformer. Unlike the autovariance maps from DFDBrCNBph in Chap.
9, the correlation signal between 0◦ and 180◦ is now seen to be comparable to those
of 0◦ with 0◦ and 180◦ with 180◦ . The observation of signal at the two latter regions
are most likely due to contributions arising from accidental correlations between
the I+ fragments of iodine molecules with those produced from anti-DIE. In this
situation the angular autovariance map cannot be used to unambiguously conclude that the molecules fragment to produce one I+ ion on the upper and one
the lower compartment of the detector.
Focusing on the angular autovariance map for gauche-DIE shown in Fig. 10.10 (b),
the positive correlation signals are observed to occur at the same regions. The appearance of the autovariance peaks are, however, different and seen to produce
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Figure 10.9: Radial distributions of I+ fragments extracted from Abel transformed DIE
images [(b2), (b3) and (b4) in Fig. 10.8]. Normalized traces of "pure" anti and pure gauche
are shown in dashed blue and dashed red, respectively. Also included in the graph is a
weighted average of the radial distributions of the anti and gauche conformer (solid black
line), which was created by scaling the gauche signal by 0.35 and then adding this to the signal from the anti conformer followed by normalization. This reproduces the distribution
obtained from the image containing contribution from both gauche and anti conformers
(solid green line).

an oblong shape which has a tighter waist than the presumed anti peak but also
much wider than the sharp feature from iodine. The absence of the sharp autovariance signal in the deflected beam is fully consistent with the fact that the
apolar iodine molecules do not deflect. Compared to the round peak of the anticonformer, the gauche form therefore produces a more pronounced axial recoil, in
which the observation of an ion at θ1 slightly increases the probability of also observing an ion at θ2 = θ1 ±180◦ . Also the autovariance peaks close to the diagonal
(θ2 = θ1 ) are found to be significantly weaker than the off-diagonal correlations,
indicating a back-to-back break up of the molecule, in which each of the iodine
ions are imaged to opposite halves of the detector.
If the fragmentation process allows for dividing the detector in two halves
with one ion imaged to each half, this provides an easy way to extend the angular autovariance to radial covariance maps. The assumption that no two iodine
ions are imaged to the same half is to some extent verified by the observations
from particularly the gauche data. In this case the covariance between the radii of
the ions incident on the upper compartment with the radii of those on the lower
compartment can be calculated. In contrast to the autovariance maps this will
provide real covariance maps, since the detected impact radii on the upper and
lower half of the detector are now two independent variables. The calculated radial covariance maps for both the depleted (a) and deflected (b) parts of the beam
are shown in Fig. 10.11. In the depleted beam a sharp channel is observed along
the diagonal of the image between 105-135 pixel. Exclusion of this range when
calculating the angular autovariance, it is seen that the prominent sharp feature
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Figure 10.10: (a) and (b): Angular autovariance maps of the ion images obtained in the
depleted [Fig. 10.8 (b2)] and the deflected beam [Fig. 10.8 (b4)], representing the anti and
gauche form, respectively. The data in the maps has been binned in steps of one degree,
and the strong autocorrelation signal on the diagonal has been set to zero to reveal the less
intense correlations.
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Figure 10.11: (a) and (b): Radial covariance maps of the ion images obtained in the depleted [Fig. 10.8 (b2)] and the deflected beam [Fig. 10.8 (b4)], representing the anti and
gauche form, respectively. The indices u and l in the labeling of the axis refer to the upper
and lower compartment of the detector. A binsize of one pixel has been used for both
maps.

in Fig. 10.10 (a) disappears, thereby indicating that this signal gives rise to both
of the observed features. The fact that these correlated I+ ions are detected at exactly the same radii on the upper and lower half of the detector, suggest that the
ions have identical momentum. As hinted earlier the contaminant iodine molecules are expected to be responsible for this feature, which is further established
here, since this fragmentation pattern is fully consistent with the break up of the
iodine molecule. Less intense correlations observed in regions where one ion is
detected in the range 105-135 pixel and the second between 60-100 pixel or 165-
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175 pixel. However, as these are far weaker than the signal on the diagonal, this
may just be accidental correlations, since the I+ signal from I2 will almost always
be present in the same radial range. In contrast the covariance map of the deflected region in Fig. 10.11 (b) show no correlation signals along the diagonal of
the image, whereas peaks are seen to occur between the signal at 60 pixel and 150
pixel. This has the direct interpretation that the I+ ions from the gauche form can
be produced as an upward-downward pair where one of the I+ ions receives a
far higher momentum than the other. Furthermore, as the correlation is observed
on each side of the map diagonal (60 pixel on upper part with 150 pixel on lower
part and vice versa) this fragmentation mechanism is independently verified by
both compartments of the detector.
The combined data from the angular auto- and radial covariance clearly demonstrate that covariance analysis is capable of providing additional information
which is not apparent from the averaged images. In particular, the assumptions
of axial recoil can be investigated where contamination of I2 was observed to produce near perfect back-to-back fragmentation in which the two I+ ions received
identical momenta. For the conformers of DIE the fragmentation is also seen to
be 180◦ , but slightly more blurred which could indicate a very minor breakdown
of the axial recoil approximation. This may be explained by several factors – i.e.
if the fragmentation is sequential, such that the I+ ions are removed in a two (or
multiple) step process. Here the break off of the first I+ ion will imply a momentum to the fragment left behind, potentially skewing the axial recoil from the
secondary break off of the remaining iodine and leading to an overall blurring
even if the axial recoil approximation is valid for the first step. Furthermore, if
excited state dynamics is expected to occur in the highly charged molecular ion
prior to the onset of fragmentation, the axial recoil of both I+ ions may become
blurred.
Unlike the F+ and Br+ images in Sec. 9.3.3 the iodine images in Fig. 10.8
show multiple distinct channels, which most likely correspond to iodine fragments produced with different charged species [119]. As shown in the above, the
radial covariance maps provide an easy and effective way of investigating any
correlation between these ions. Direct comparison of these data with the radial
distributions in Fig. 10.9 allows for assignment of correlations between the different peaks. To quantify this information the pixel axis of the radial distribution
can be converted into kinetic energy. Mathematically this can be done by transformation between probability distributions. Here the radial distribution is initially
transformed into a velocity distribution. This is achieved either from photoelectron spectra of above threshold ionization (ATI) of argon, where the ATI peaks
provide a ruler across the detector as they will be separated by exactly the energy
of one photon, or by the following equation:
g(vr ) = f (rpixel · tTOF · K)

(10.1)

where vr is the velocity component of the I+ ions in the XY plane, with tTOF being
their time-of-flight and K is the detector resolution in pixel/mm. This is then
followed by a second transformation of the velocity distribution into a kinetic
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energy distribution [228, 229]:
h(KE) =

g(vr )
vr

(10.2)

That is, to obtain the energy distribution, the relative intensity of each term in the
velocity distribution has to be divided by the velocity of the I+ ions at that value
of rpixel .
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Figure 10.12: Kinetic energy distributions of I+ fragments extracted from Abel transformed DIE images (b2) and (b4) in Fig. 10.8. Normalized traces of "pure" anti and pure
gauche are shown as the black and red line, respectively.

The energy transformed distributions of the I+ ions are shown for the depleted
and deflected part as the black and red trace in Fig. 10.12. From the combined
auto- and covariance analysis the signal in the range 105-135 pixel was determined to arise from fragmentation of the iodine molecule, corresponding to the
dominant peak in the black trace observed at ∼ 3.1 eV. Assuming that the two
charged I+ ions are created at zero kinetic energy and only subject to repulsion
from each other, the initial potential energy will be equal to the final kinetic energy measured in the experiment. Integration of Coulombs law provides a direct
link between this energy and the distance between the charged particles, from
which the internuclear distance is found to be 2.3 Å, which is comparable to the
value of ∼ 2.66 Å for gas phase iodine [230].
In the gauche form (red trace of Fig. 10.12) the observed covariance signal corresponds to a correlation between the peaks at 0.9 eV and 4.7 eV. As the combined
energy of these peaks is lower than that observed for iodine, this implies that either the distance between the two I+ ions is longer than for I2 or that part(s) of
the carbon skeleton will also be charged. Simple ChemBioDraw 3D Ultra calculations show that the intermolecular I-I distance in the gauche form is 3.85 Å for
the gauche form, and can thereby not be used to exclude any of the explanations.

Chapter 10. Conformer Selection

160

A charged molecular skeleton will, however, provide a much more complex fragmentation pattern, which becomes even more tedious if the fragmentation is sequential and severely complicates the analysis. As of yet it has not been possible
to unambiguously identify and assign the correlated energy channels to a specific
fragmentation pathway.
Nevertheless, the power and perspectives of using combined auto- and covariance analysis should be obvious from the findings presented above, as they
clearly demonstrate that both covariance and autovariance methods applied to
ion imaging have a potential of providing additional information beyond what is
normally extracted from averaged quantities.
It should be noted that unlike coincidence measurements, as e.g. COLTRIMS
and reaction-microscopes [30, 31], the extension of covariance mapping to ion
imaging does not provide kinematic complete data, since it is only the 2D projection which is recorded. The full 3D momentum distribution of the ions can
be extracted in favorable cases through either Abel transformation (as shown in
this section) or alternatively by tomographic reconstruction. However, as both
of these techniques require high statistics, which implies averaging over a large
number of experimental realizations, the covariance in the data would naturally
be lost.

10.2.3

Summary

The results presented in this chapter clearly demonstrate the versatile applicability of the electric beam deflector for the conformer separation. In particular it
was shown that the deflection setup was capable of isolating not only the most
polar conformation of 3AP in its lowest rotational quantum states, but also the
less polar conformation could be addressed with impressive extinction ratios. It
may be envisioned that this unprecedented control over the molecular ensemble
can be exploited to perform stereospecific experiments on conformer- and stateselected samples.
Furthermore, for 1,2-diiodoethane the polar gauche form could be selected,
whereas the purity of anti conformer was difficult to establish due to contamination from apolar iodine. In addition the data analysis showed the possibility
of extending the implementation of auto- and covariance techniques to assist the
analysis and interpretation of the averaged ion images.

11

Outlook – What’s Next?

In the framework of this thesis, the established techniques of molecular alignment
were further developed by employing the combination of two laser pulses that
were long and short, respectively, with respect to the classical rotational periods.
The technique was fully characterized and compared to the conventional alignment approaches and showed a superior 3D confinement of asymmetric top molecules. Furthermore, the recently established technique of electrostatic deflection
was used to achieve quantum state-selection of polar molecules which proved to
be advantageous for a variety of experiments concerning the available degree of
alignment and orientation but also as a means for separating isomers. The main
focus of the work presented has, however, concerned the possible applications
of strongly aligned and oriented molecular targets, where, particularly, the detection of the detached electrons from strong-field ionization of singly ionized
species showed great prospects as it allowed for extraction of both the alignmentdependent ionization yields and MFPADs from aligned and oriented molecules.
Here the MFPADs revealed characteristic features of the highest lying molecular
orbitals, which was further extended to also record time-resolved MFPADs of a
rotating molecule. These experiments have touched upon some of the promising
aspects involving deflected molecules where recent advancements includes the
use PADs to do tomographic reconstruction of the full 3D distribution of the photoelectrons [123]. In addition, the combined efforts of electrostatic deflection and
the long and short pulse alignment scheme was shown to provide a way of inducing torsional motion in flexible biphenyl derivatives which could be monitored
by ion imaging by means of the substituents on the phenyl rings. Furthermore,
angular autovariance analysis of the ion images was introduced as a method to
extract further information from the 2D ion images.

There are still many interesting applications where alignment and orientation
methods would be extremely beneficial – in particular if these techniques can
be extended to larger molecular systems. A few of these are highlighted in the
following sections.
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Figure 11.1: Structure drawings of molecular candidates for various experiments. (a) Rigid
biphenyl compound where the torsional motion is arrested due to the additional linkage
between the phenyl rings. (b) Phenylpyrrole and (c) an ortho substituted halogen biphenylacetylene: Both compounds represent axially chiral molecules with a lower torsional barrier than biphenyl derivatives. See text for further details.

11.1

Extending Alignment and Orientation to Large Molecular
Systems

Three-dimensional alignment in the adiabatic regime can be extended to much
larger molecular systems than those presented in this thesis provided that the polarizability tensor is sufficiently asymmetric, i.e. αzz > αyy > αxx . Considering
the case of CPC from Chap. 4 as the prototype of rigid asymmetric top molecules
with non-coinciding MPA and dipole moment it should also be possible to combine the 3D alignment with strong 1D orientation for larger species using state
selection and mixed-fields. For these molecular systems orientation will occur
along the MPA and may require that the dipole moment has a component along
the MPA to allow for efficient mixing of the tunneling doublets to produce the
oriented states. The flexible biphenyl derivatives discussed in Chap. 9 present a
small step in the progress towards larger and more complex systems, showing
that it is not only possible to obtain strong 3D alignment for these species but also
to induce and monitor the torsional motion. Orientation of such non-rigid molecular compounds by state selection and mixed-fields, however, still represent an
experimental challenge, as the molecules do orient, but only weakly when compared to the rigid molecules. As of yet it is not fully established whether this
represents a fundamental limitation of the technique or simply is a molecule specific property of the compounds investigated. Future studies aim to clarify this
issue by conducting experiments on rigid biphenyl-like molecules. One way of
achieving this could be to lock the torsional motion about the stereogenic axis
by synthesizing a biphenyl compound with a hydrocarbon bridge between the
aromatic rings in addition to the C-C single bond, see Fig. 11.1 (a). As the molecular compounds become larger (500–10.000 u) it will also become somewhat
more challenging to produce the rotationally cold molecular targets required for
achieving strong alignment. For these molecules the vapor pressures will be so
low that the temperatures required to produce a decent number of gas phase molecules to seed the buffer gas, prior to supersonic expansion, by far exceed their
decomposition temperature. For this reason alternate approaches such as laser
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desorption of the molecules into an expanding supersonic jet [231] or embedding
of the molecules in liquid helium droplets [232] can be used. Of these the latter
approach is of extreme interest as it not only efficiently cools the molecules to
sub Kelvin temperatures but additionally mimics a soft solution matrix, which
potentially allows for studying the interaction between solute and solvent.
Recently the molecular beam machine described in Chap. 5 was upgraded by
Jens H. Nielsen and Dominik Pentlehner to additionally deliver either a pulsed
or continuous beam of helium droplets entering the VMI between the repeller
and extractor and orthogonal to the supersonic beam. The ability to run both
types of experiments on the same setup is extremely convenient as the gas phase
experiments provide a useful reference for the droplet experiments. Preliminary
experiments on 1D alignment, conducted on the benchmark molecules iodobenzene and methyl iodide, show that it is indeed possible to strongly confine the
MPA using either adiabatic or non-adiabatic alignment techniques. However, if
small enzymes are to be doped into the droplets it may become technical difficult to probe the induced alignment using conventional photo-fragment imaging
techniques.

11.2

Large Amplitude Torsional Motion in Flexible Molecules

Revisiting the experiments on the flexible biphenyl systems described in Chap. 9
it was mentioned in passing that the torsional amplitudes could be increased beyond the observed 3◦ motion by increasing the interaction strength between the
molecule and the kick pulse. This is possible by employing either a higher intensity, a longer kick pulse or by trains of synchronized kick pulses [55, 57, 205].
Of these options the two latter are preferred since increasing the intensity of the
kick pulse may initiate ionization and fragmentation of the molecules. As shown
for DFDBrCNBph, the first kick pulse provides temporarily localization of the
phenyl planes and induces torsional motion. The introduction of a second kick
pulse at the delay of peak localization should produce optimal conditions for
transferring the pulse energy into torsional motion. Using a swing-like analogy,
a well placed push can increase the oscillation amplitude, i.e. the addition of
additional kick pulses at proper delays should be able to enhance the oscillating
torsional motion [233]. Producing a train of kick pulses arriving at the interaction region with user controllable delays should be fairly easy to introduce to the
experimental setup using conventional fs pulse shaping techniques [234] as e.g.
spatial light modulators – see App. A.
The alternative pathway to achieve larger torsional amplitudes using the same
kick pulse parameter as for the DFDBrCNBph experiment is to change the torsion potential by selecting a new species of axially chiral molecules with lower
torsional barriers. These could e.g. include phenylpyrroles or ortho-substituted
halogen biphenylacetylenes, as depicted in Fig. 11.1 (b) and (c), where the steric
repulsion between the aromatic rings will be less than for biphenyl compounds.
However, as the torsional potential becomes more shallow the dihedral angle
will gradually decrease and therefore comes at the cost of the two moieties moving closer to the SMPA. As seen for the Br+ images, with an offset of ∼ 10◦ with
respect to the SMPA, the peaks merge along the Y axis and the situation where
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both moieties have smaller initial angles will therefore evidently be associated
with much larger uncertainties when extracting the spatial direction of that rings.
For this situation where the Coulomb explosion detection scheme may become
problematic a more viable approach could be transient absorption spectroscopy.
Here, absorption to the first excited state corresponds to a π to π ∗ transition, and
as the instantaneous value of the dihedral angle will strongly affect the conjugated π-system, a change in this angle will therefore directly translate into a shift
in the measured absorption spectrum [192].
In analogy to the experiments on excited states described in Sec. 7.7 one could
also consider inducing torsional motion by resonant excitation of the π to π ∗ transition. On the excited state potential energy surface the torsion is basically received for free as the equilibrium angle between the phenyl planes is widely different from that in the ground state. If this equilibration process in the excited
state can be monitored it should be possible to record a molecular movie of the
large amplitude torsional motion. A reasonable concern in such experiments is
the influence of the YAG pulse which can be problematic for these excited states,
since the π to π ∗ transition, or phrased more generally HOMO-LUMO transition,
is likely to red-shift the absorption spectrum. This can be visualized through subsequent excitation of electrons residing in HOMO-1 or HOMO-2 to the vacancy
produced in the HOMO when an electron is moved to the LUMO. Photons from
the YAG pulse are, therefore, more easily absorbed by the excited molecule which
potentially leads to ionization and fragmentation. As described in Sec. 5.1 this
problem may be avoided by the use of switched wave packets, where the alignment pulse is rapidly truncated at the peak of the ns pulse [106]. However, as
the YAG field is turned off, an overall rotation of the molecule is initiated which
is likely to blur the dynamics of the aromatic rings occurring on a ps time scale.
A possible solution where the YAG is truncated without initiating overall rotation, is to change the solvation environment. In particular, the alignment experiments performed on molecules embedded in helium droplets, as mentioned in
the previous section, show that the rotational dynamics is far slower than in the
gas phase. This observation could potentially allow for monitoring the field-free
torsional motion as the rings equilibrate in the excited state.

11.3

Strong-Field Ionization of Individual Molecular
Conformations

The ability to separate molecular conformations, described in Chap. 10, will also
allow for much more versatile probing schemes of the molecular properties and
dynamics since non-resonant light can be used to induce ionization. To investigate these prospects, preliminary experiments were conducted on the tautomeric
keto-enol equilibrium between 2-pyridone (C5 H4 NH(O), 2PY) and 2-hydroxypyridine (C5 H4 N(OH), 2HP). The molecular structures of 2PY and 2HP are shown
in the insert of Fig. 11.2 (b) and are essentially identical except from the connectivity of a single hydrogen atom, which in 2PY (2HP) is attached to the nitrogen (oxygen) atom to produce the keto (enol) form. The instantaneous position of the shuttling hydrogen atom has major effects on the dipole moment
being 4.32 Debye when on the keto and to 1.39 Debye on the enol form. Elec-

11.3. Strong-Field Ionization of Individual Molecular Conformations

(a)

2PY+2HP, 0kV
2PY+2HP, 10kV

2PY+ / 2HP+ (arb. units)

1.0

165

(b)

2-Hydroxypyridine (2HP)
0.5

0.0

-1.0

0.0
1.0
Y (mm)

2.0

2-Pyridone (2PY)

Figure 11.2: Vertical profiles of the molecular beam measured by recording the combined
laser-induced signal from the molecular ions (2PY+ +2HP+ ) as a function of the vertical
position of the fs probe beam focus. The experimental data is shown by red circles (deflector off, 0 kV) and blue circles (10 kV). The arrows indicate the position of the laser foci
for acquiring electron images in the deflected (blue), Y = 2.0 mm, and depleted (black),
Y = −0.7 mm, part of the beam.

trostatic deflection should, therefore, provide an ideal way of separating the two
tautomers with pure 2PY (2HP) residing in the deflected (depleted) part of the
beam. The molecular beam profile is shown in Fig. 11.2 (a) when recording the
combined 2PY and 2HP signal from photoionization by an intense laser pulse
(800 nm, 30 fs, I = 5 × 1014 W/cm2 ) as a function of the vertical position of the
laser focus. Grounding the deflector (red circles) a nice and smooth profile is observed, whereas increasing the applied deflection voltage to 10 kV (blue circles)
the molecular beam broadens and shows indications of the expected bimodal
structure. As a proof-of-principle experiment the photoelectron kinetic energy
distributions were recorded from the individual tautomers. For these experiments the probe beam was chosen to be a linearly polarized non-resonant 400
nm laser pulse with a pulse energy of 40 µJ and duration of 170 fs. Positioning
the probe beam at Y = −0.7 mm or +2.0 mm (indicated by the black and blue
arrows), it should be possible to selectively detach electrons from either the 2HP
or 2PY form. The results from these measurements are presented in Fig. 11.3.
Here the blue trace correspond to the photoelectron kinetic energy distribution
from pure 2PY, whereas the red trace represents pure 2HP. The two spectra show
markedly different structures with the 2PY spectrum having two sharp peaks at
0.64eV and 0.85eV whereas that for 2HP has broader peaks at 0.35eV and 1.21eV.
Also shown in the plot are the expected positions for observing peaks according
to literature values on the ionization potentials [235].1 For 2PY two ionization potentials are reported, with corresponding values of 0.68 eV and 0.85 eV, depending on whether the ionization process leaves the molecular cation in the vibrational ground state or an excited state, whereas only one value is found for 2HP,
with a corresponding value of 0.36 eV. As can be seen from the plots these values
1 These values are calculated as the difference in energy between three-photon absorption and the
established ionization potentials.

Chapter 11. Outlook – What’s Next?

166

Electron signal (arb. units)

1.00

Depleted (2HP, Y= -0.7mm)
Deflected (2PY, Y= 2.0mm)
Literature value 2HP
Literature values 2PY

0.75

0.50
2HP

2PY

0.25

0

0

1

2

3

4

Kinetic energy (eV)
Figure 11.3: Photoelectron kinetic energy distributions from spatially separated 2PY and
2PH. Here the blue (red) trace is recorded in the deflected (depleted) part of the beam at
Y = 2.0 mm (Y = -0.7 mm) corresponding to "pure" 2PY (2HP) – See Fig. 11.2 (a). The
dashed vertical lines represent the expected positions of the peaks according to literature
values of the ionization potentials.

nicely match those in the spectra – however the dominating peak at 1.21 eV in
the 2HP spectrum cannot be accounted for by this analysis which only considers
ionization of the HOMO.
Hartree-Fock calculations suggest that the HOMO-1 resides ∼ 1.6 eV below
the HOMO for 2HP.2 It is therefore possible to have a resonant two-photon transition to the first excited state which absorbs strongly in the region near 4.48 eV
with respect to the ground state [236], i.e. 2 · Ephoton = 2 · 3.1 eV ∼ ∆E =
ELUMO − EHOMO-1 = [4.48 − (−1.6)] eV. Once in the excited state, ionization
of 2HP can occur through the absorption of two additional laser photons. This
2+2 photon ionization scheme of the HOMO-1 orbital would provide the outgoing electron with a maximum kinetic energy of ∼ 1.8 eV. The fact that the peak
is broad and observed at a lower kinetic energy than the calculated maximum
could point to excitation of nuclear dynamics, i.e. that the cation is left an in a
vibrationally excited state. A similar ionization scheme for 2PY is unlikely as the
energy difference between HOMO and HOMO-1 is close to the probe laser photon energy (∼ 3.0 eV) in accordance with only two peaks being observed in the
spectrum.
As is clear from the preliminary data it is possible to record tautomer specific photoelectron kinetic energy distributions. An obvious next step is therefore to push these studies to record time-resolved MFPADs, where photoelectron
angular distributions are measured at different time delays for the individual
2 Unpublished calculation performed by Professor Frank Jensen, Department of Chemistry,
Aarhus University.
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tautomers which are fixed to the laboratory frame. The ultimate goal of such
an experiment is to impart dynamics in a specific molecular conformation and
then watch this evolve in the molecular frame by interrogating the system at well
known time delays. Here the combined information from the kinetic energy distribution and the PADs will provide excellent observables, as these are likely to
be strongly dependent on the dynamics [89, 237].

11.4

Controlling Fragmentation via Electron Recollisions

Another interesting application, where the ability to control the spatial orientation can be exploited, is selective bondbreaking. As described in Sec. 2.5, strongfield ionization by a linearly polarized laser pulse can lead to further ionization
of the parent ion via laser driven inelastic recollisions of the detached electrons.
This phenomenon is well established for atoms and small molecules where it has
also been seen to affect the fragmentation yields. Jonathan Marangos and coworkers at Imperial College recently demonstrated that for laser intensities in the
tunneling regime double ionization could be selectively controlled for the CO2
molecule. Furthermore, with the ability to switch on or off double ionization their
experimental data showed that it was possible to indirectly control the molecular fragmentation [238]. The control arises from the fact that double ionization
is strongly dependent on the recollision angle of the tunneled electron with respect to the internuclear axis, which can be effectively controlled when the laser
polarization direction can be fixed to the molecular frame. In a joint effort to try
to extend this control of ionization and fragmentation dynamics to larger species
an experiment was conducted in collaboration with Malte Oppermann, Sebastien
Weber and Jonathan Marangos from Imperial College.
The molecular target was selected to be 2,6-difluoroiodobenzene as previous
studies on this compound have verified that this molecule can be strongly 3D
oriented [65]. The suggested control scheme is illustrated in Fig. 11.4, and relies
on an elliptically polarized probe pulse to break the symmetry of the inelastic
recollision step by driving the electron towards either one or the other fluorine
atom depending on the helicity of the probe pulse. If such an asymmetry can be
induced in the bondbreaking it will be directly visible as an up-down asymmetry in the F+ image. A critical factor is that measurements with the probe pulse
alone does not induce sequential ionization of both fluorine atoms but leaves the
molecular skeleton singly charged and intact until recollision takes place. The experimental data from this experiment still needs to be thoroughly analyzed and
fully understood, but it is already clear from the raw F+ images that the symmetry breaking, if present, is a very small effect.

11.5

PADs From Spatially Oriented Chiral Molecules

In a recent experiment, circular dichroism effects in PADs were demonstrated for
randomly oriented ensembles of the chiral compounds camphor and fenchone
[239]. The experiment was performed with a single laser pulse (τFWHM =25 fs,
λ =398 nm) and relied on a 2+1 resonance-enhanced multiphoton ionization
scheme to produce singly charged species. The radii and angular distributions
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F+ ion image
Figure 11.4: Illustration of the proposed scheme for controlling the fragmentation dynamics for 2,6-difluoroiodobenzene. The molecules are fixed-in-space using mixed-field orientation followed by ionization of a weakly elliptically polarized probe pulse (solid red line).
Adjusting the ellipticity and helicity of the probe field, it should be possible to break the
symmetry of the recolliding electron by controlling the trajectory of the detached electron
(dashed blue line). The recollision should therefore increase the probability of breaking the
C-F single bond with which it collided and lead to an up-down asymmetry in the observed
F+ image.

of the detached electrons were recorded in a VMI spectrometer from which the
photoelectron circular dichroism was obtained as the difference between PADs
recorded with left and right circularly polarized light. Even as there was no control of the spatial orientation, the data show impressive circular dichroism effects of up to ±10%.3 Similar findings have been reported previously using VUV
single-photon ionization from synchrotron radiation [240].
Conventional circular dichroism, where the differential absorption of left and
right circularly polarized light is measured, has proven to be a powerful tool in
biochemistry as it can provide structural insights about the secondary structure of
biomolecules from the spectral signature. The fact that circular dichroism effects
are orders of magnitudes larger in the PADs than those for conventional circular dichroism makes the photoelectron approach superior for gas phase studies
involving chiral recognition. In addition one may expect the effects to become
even more pronounced if the measurements are preformed on 3D oriented targets, which could also provide further insights about the structures in the PADs
and ease the interpretation of the data. However, neither of camphor or fenchone
will be good candidates for such an experiment as their polarizability tensors are
close to being symmetric (αzz ∼ αyy ∼ αxx ). Possible molecules for such an
experiment could include limonene or its derivatives as shown in Fig. 11.5. In
particular, molecular compounds where the methyl group adjacent to the double bond in the six-membered ring is replaced by a halogen or a nitrile group
will be attractive since these substituents provide both a more favorable polari3 The value reported is based on the asymmetry of the odd Legendre polynomials, when fitting
the PADs to a series of the first four even and odd Legendre polynomials.
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(a)

(S) - limonene

(b)

(c)

(R) - limonene

Figure 11.5: Structure drawings of molecular candidates for experiments on circular
dichroism effects in PADs for oriented ensembles of the chiral molecules. The two
limonene enantiomers found in nature are shown in (a), along with other possible candidates where the methyl group adjacent to the double bond in the six-membered ring is
replaced by a nitrile group (b) and in addition the propen-2-yl substituent is replaced by a
methyl group (c). See text for further details.

zability anisotropy for alignment and larger dipole moment for deflection and
mixed-field orientation.

11.6

Summary

Many interesting prospects of aligned and oriented molecules are yet to be investigated. Evolving areas which will also have a major impact on the scientific community and its applications includes alignment in liquid helium droplets, which
is an actual step towards studying laser-induced alignment of solvated molecules,
and experiments concerning free-electron lasers which set out to study ultrafast
molecular dynamics. In conclusion, molecules aligned by laser pulses or oriented
by combinations of laser pulses and electrostatic fields are powerful experimental
targets as they not only provide a way of inducing molecular dynamics along a
specified reaction coordinate, but also allows for studying the subsequent reaction dynamics in the molecular frame.

A

The Spatial Light Modulator

A large fraction of the research conducted at the Danish universities is only possible due to public subsidies from the government and private funding of projects
from industrial companies. Especially within basic research where the perspectives regarding economic recovery is long (or non-existing), these funds are important, and an increasing amount of time is therefore spend in the office applying for grants to purchase new equipment, employ research staff, etc. Six
years ago, the FemtoLab group was in the surreal situation that the combined
income from the approved grants exceeded the expenses, leaving a small amount
of money at the end of the fiscal year. Instead of repaying the surplus (and thus
indicate that the size of next years grants should probably be smaller) the remaining amount was used to buy a state of the art Spatial Light Modulator (SLM). The
intention was to incorporate the SLM in the experimental setup, but since it arrived it has only managed to collect dust and is currently sitting on a shelf in the
corner of the laboratory. The hope of this appendix is therefore to get one step
closer to actually implementing the SLM in the current setup. In an attempt to do
so the following sections will describe how to successfully integrate the SLM in
the setup and how to control it through a user-friendly interface programmed in
LabVIEW.

A.1

Description and Experimental Integration of the SLM

The SLM-S640 (Jenoptik AG) is a nematic liquid crystal (LC) light modular, which
is comprised of a 64 mm long controllable display. The LC display is enclosed
by two anti reflex coated glass substrates with transparent electrodes dividing
the display into 640 compartments of 97 µm separated by 3 µm gaps. A detailed
sketch of the LC display is shown in Fig. A.1.
Due to an alignment layer on the electrodes the molecules comprising the LC
will attain similar directionality, in which the long axis of their oblong shape is
preferentially parallel to each other and to the glass substrate as indicated on
Fig. A.2 (a). The macroscopic alignment of the molecules in the LC creates a optically anisotropic material with birefringent properties. As such, a linear polarization state of the incoming laser pulse will be split into its respective components
parallel and perpendicular to the optical axis of the material and in this sense the
171

Appendix A. The Spatial Light Modulator

172

ITO groundplate
Nematic liquid crystal

ITO electrode (97μm)
Gap (3μm)

y

x
z

Figure A.1: Schematic of the SLM LC display design. The LC is confined between two
pieces of glass substrate to which the 640 transparent electrodes are attached. The figure is
reproduced from SLM-S640 manual.
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Figure A.2: Cross section of the sketch in Fig. A.1, showing the response of the LC molecules when applying a voltage across the transparent electrodes. In (a) U = 0, whereas in
(b) U 6= 0. See text for further details. The figure is reproduced from SLM-S640 manual.

LC display behaves much like a (electrically variable) quarter-wave plate. Applying voltage to the electrodes [Fig. A.2 (b)] creates an static electric field perpendicular to the glass substrate, causing the molecules (and thus the optical axis) to tilt
towards the field direction. That is, the angle ζ between the optical axis (red line)
and the beam propagation direction (dashed black line) diminishes as the static
field strength (U) is increased, which induces a change in the index of refraction,
and hence retardation, for the light polarized parallel to the y axis. In contrast
the light component in the x direction stays unaltered as it is perpendicular to
the optical axis. At maximal static field strength the value of ζ approaches 0◦ , in
which case the incoming polarization state is conserved since the oscillating field
will always be perpendicular to the optical axis independent of its polarization
state.
As indicated by the name, a Spatial Light Modulator can be used to modulate
light, e.g. laser pulses. This is achieved by dispersing the individual frequency
components onto the LC display. A simple configuration of how the SLM can
be implemented in the experimental setup is shown in Fig. A.3 and comprises
two diffraction gratings and two lenses in a 4f setup. Here, the first grating is
used to disperse the frequency spectrum of the laser pulse after which the lens is
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Figure A.3: A 4f setup comprised of a pair of gratings and a pair of lenses, with focal
length f , positioned exactly at a distance of f from one another. When placed in the Fourier
plane of the lenses (dashed black line) the LC display is able to manipulate the phase or
amplitude of the individual frequency components.

used to focus the individual frequency components, and thereby separate these
in the dimension along the LC display (x axis). If the SLM display is placed in the
Fourier plane of the lens, the pattern loaded onto the display is able to separately
manipulate each of frequency components through control of the voltage on the
640 electrodes. Following modulation the combination of the second lens and
grating serves to recombine and collimate the beam, after which the temporal
profile of the outgoing pulse can be found by the inverse Fourier transformation
of its frequency spectrum. The single display setup can be used to modulate
either the phase or the amplitude of the individual frequency components. In
order to attain independent amplitude and phase control, a dual display SLM
can be employed [169]. One way of achieving amplitude modulation using a
single LC display is to add two parallel polarizers in respectively the incoming
and the outgoing beam to the setup shown in Fig. A.3. Adjusting the polarizers
to be at 45◦ with respect to the optical axis, the polarization state of the outgoing
light can be altered individually for all of the frequency components to allow
anywhere between full transmission and full absorption by the second polarizer.
However, this approach will unavoidably also change the accompanying phase,
and the single display SLM is therefore generally used for experiments involving
phase-only modulations [241].

A.2

Controlling the SLM with LabVIEW

In an effort to ease the experimental integration of the SLM, a simple program was
developed to allow for intuitive control of the pattern on the LC display through a
user-friendly interface. The front panel of the program is comprised of four boxes
highlighted with colors in Fig. A.4. The red box in the top left corner encircles a
tab control which allows for complete control of the voltage applied to each of the
640 electrodes attached to the glass substrate. These can be controlled manually in
the pane shown in (a) [in fine, medium or rough steps] or alternatively by loading
a text file with a 640×1 column vector where each entrance reflects the voltage of
a particular electrode (b). In the upper right corner the blue box shows a virtual
image of the pattern set by the user. For easy interpretation the electrodes are
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(a)

(b)

Figure A.4: Screen shots of the interface for controlling the SLM. Here (a) and (b) reveal
features of the different panes in the tab controls. See text for details.

represented by the horizontal axis of the graph which is divided into a 640 strip
bar plot, where the voltage applied to the individual electrode can be visualized
by the height of that particular bar. The blue box holds an additional tab control
displaying two graphs in either frequency (a) or time (b) domain. Here, the graph
on the left can be set (or loaded) to match the parameters of the input pulse,
whereas the graph on the right simulates the modulated pulse that exits the SLM
by employing the pattern on the display. In the bottom left corner the yellow
square marks a decoration box from which the communication with the SLM can
be controlled. A far more detailed description of the individual features, along
with further documentation, is given in a separate report "SLM-S640 LabVIEW
projekt".

A.3

Virtual Tests

To get a better idea of how a particular pattern will modulate the incoming pulse,
the possibility of calculating the appearance of the output pulse in both the spec-
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tral and temporal domain was incorporated in the program (blue box of Fig. A.4).
In the program the calculations are performed by either setting or loading the parameters for the input pulse and then modulating the amplitude of the individual
frequency components according to the applied pattern on the LC display. Applying the inverse Fourier transform to the amplitude modulated spectrum the
output pulse can be visualized in the temporal domain. This is shown for a particularly interesting case in the blue box of Fig. A.4 (b) where the input pulse is
modulated by applying the function U(#strip ) = Umax sin2 (#strip ) to the LC display. Here, the incoming pulse (left graph) is a single peak pulse with τFWHM = 50
fs. This is transformed into a three peak pulse train where the individual pulses
are separated by ∼ 2.5 ps and the two side peaks have half the amplitude of the
central peak. The time delay between the pulses in the pulse train can be adjusted
by changing the front factor of the argument in the squared sine function, e.g. by
applying the expression U(#strip ) = Umax sin2 (0.5 · #strip ) the pulse to pulse time
delay becomes smaller. The ability to produce pulse trains with controllable delays would provide an extremely useful tool, when employed as a series of kick
pulses in experiments concerning large amplitude torsional motion of biphenyl
analogs as described in Sec. 11.2.

A.4

Summary

As demonstrated in the previous sections the LabVIEW-program provides a simple and intuitive way of constructing and applying a user defined pattern to the
LC and thereby acts a nice starting point for full implementation of the SLM in
the experimental setup. To fully exploit the SLM the program will of course have
to be upgraded upon integration of the SLM, since a much more usable front
panel would also display graphs of experimentally measured spectra and traces
of the incoming and modulated laser pulse in the blue box of Fig. A.4. Future developments could also include the use of learning algorithms by implementing a
feedback loop [241].

B

Operating The Even-Lavie Valve

In order to achieve the best possible laser-induced alignment one cannot only rely
on ideal laser parameters as Fig. 2.2 in Sec. 2.1.1 clearly illustrates that rotational
cooling will play an equally important role. The pulsed Even-Lavie valve is an
excellent source for obtaining efficient rotational cooling of the sample molecules as it allows operation with high stagnation pressures. However, to ascertain
the best possible performance of the valve it has to be run properly including
regular maintenance. These following sections present some of the established
procedures for ensuring optimal expansion conditions.

B.1

Introducing the sample

Solid samples are easily inserted in the valve cartridge by first dissolving the
sample in e.g. dichloromethane and then adding a few drops (3 - 4) of the solution onto a small glass fiber filter, which has been preheated to remove any water
absorbed in the filter. The filter is then reheated to evaporate remaining solvent
at which point the solid state crystals are recovered and become embedded in the
filter paper. Solids which are chemically unstable when solvated can be sprinkled directly onto the filter and carefully heated till the point where the crystals
liquidize and are adsorbed into the filter.
Liquid samples has to be handled according to their vapor pressure and can
roughly speaking be divided into two regimes: If the vapor pressure is "low"
the liquid can be adsorbed directly onto a glass fiber filter (as in the case of solid
samples), whereas liquids with "high" vapor pressure requires mixing with the
carrier gas in an external reservoir which is cooled in order to reduce the fraction
of molecules in the gas phase and thereby avoid clustering.
Gaseous samples are most easily run by ordering a premixed bottle of the target
molecule in the seed gas of preference, and then directly connecting this bottle to
the gas line. This approach gives very stable conditions regarding the seeding,
but it also leaves little (if any) flexibility if for some reason the partial pressure of
the sample molecule or the seed gas needs to be changed.
Before introducing a new sample it can be advantageous to reinsert the valve
cartridge empty. In this way it is possible to check if the valve is indeed cleaned
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properly. The most effective way of removing residual molecules from previous
samples is to pump the gasline while heating (∼ 150◦ C) the valve. Using this
procedure where the pressure in the gasline is switched back and forth between
0 bar (when pumping) and up to 90 bar (when running the valve to check for
residual molecules), it should be noted that it takes a few minutes for the valve
temperature to equilibrate when applying pressure.
When clean the new sample may be inserted. Doing so the front part of the
gasline connected to the valve is exposed to the surrounding air. After reassembly the gas line needs to be evacuated and then flushed with buffer gas several
times to remove any nitrogen or oxygen in the beam. If possible this should be
done before heating the valve to avoid backflow of the sample molecules into the
gasline.

B.2

Running the valve

By recording a trace of the temporal molecular pulse profile it is possible to get
an indication of whether the valve is running at too high an amplitude or alternatively if the valve can be pushed harder to increase the signal from the target
molecule in the expansion. Running at ideal conditions the pulse profile traces
out a smooth single peak Gaussian profile, whereas if too high opening times are
applied the plunger can be driven so hard that it slightly recoils upon sealing,
thereby allowing for the emission of a secondary molecular pulse. In this case
the molecular pulse profile shows a characteristic dip and if the pulse time is increased even further it evolves into a full double peak structure. When running
the valve in this regime it is often possible to get higher densities at the peak of the
primary molecular beam and thereby also higher count rates for the experiment,
but this most likely comes at the cost of a slightly worse rotational cooling in the
expansion. This statement is based on the fact that we for the double pulse structures so far not have been able to produce as good alignment as for the smooth
Gaussian single peak profiles when employing identical alignment parameters.
Furthermore extensive use at these conditions has been observed to be associated
with magnetization of the plunger.
Although liquids and gases do not require any heating of the valve to produce
a supersonic expansion of the target molecule, it is usually preferable to heat it
slightly anyway (30 - 40◦ C) to get stable temperature conditions since the valve
heats up from running. For solid samples higher temperatures are often needed.
The valve in our lab is specified to withstand temperatures of up to 250◦ C. This
is often enough to produce a decent number of gas phase molecules when running small benzene and biphenyl derivatives. At these elevated temperatures the
opening time of the valve has to be increased to insure proper functioning. Also
when turning off the thermocouple, the valve should be kept running while decreasing the opening time gradually as the valve cools down to about ∼ 50◦ C to
prevent clogging of the valve.
If for some reason the valve gets clogged anyway an efficient way to clean it
is by completely disconnecting the tubing which holds the valve cartridge and
then flush this peace of gasline, including the sinter filter using e.g. acetone. This
procedure should be repeated until the acetone leaving the tubing comes out col-
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orless. At this point the valve has to be thoroughly purged by flowing through
e.g. gaseous nitrogen to evaporate residual solvent from the cleaning.
Note: Be aware that turning off the power supply for the valve can generate a
spike in the current which potentially can lead to magnetization of the plunger!

B.3

Demagnetization of plunger

In Femtolab we have established the following procedure for demagnetizing the
plunger of the Even-Lavie valve. First the plunger is carefully removed according
to the practice described in the valve manual supplied by Prof. Uzi Even and Mr.
Nachum Lavie. Verify that the plunger is indeed magnetized using i.e. compass
needle. If necessary clean the plunger and ceramic guides through sonication in
a bath of dichloromethane.
Connect an inductor to an ac power supply e.g. 1600 windings, 3 ampere.
The plunger can now be demagnetized in one of two ways: Either the plunger
is inserted in the inductor and slowly turn up the current to 3 A and back to 0
A, turn it up again, but this time to 2.75 A and then back to 0 A. This descending
loop is continued until it converges to zero (0A → 2.50A → 0A → 2.25A → 0A →
2.0A → 0A → 1.75A → 0A → 1.50A → 0A → 1.25A → 0A → 1.0A → 0A →
0.75A → 0A → 0.50A → 0A → 0.25A → 0A). Alternatively 3 A is applied to the
coil and the plunger is then moved slowly away along the centerline of the coil.
Following this procedure it is verified that the plunger is no longer magnetized
using e.g. compass needle.
The valve is carefully reassembled (see valve manual for procedure) and leak
tested outside vacuum by placing a drop of ethanol or methanol on the nozzle
with high pressure still connected to the gas line. Formation of more than one
bobble each two-three seconds could indicate leaking in which case it is necessary
to disassemble the valve to recheck the gaskets should be checked and replace
them if needed (see valve manual for procedure).
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