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Outline of the Thesis
When I first joined the Femtolab more than 6 years ago the main focus was on
establishing and characterizing laser-induced alignment in the adiabatic as well
as the nonadiabatic regime, since then the focus has shifted towards applications of aligned and even oriented molecules and laser induced alignment and
orientation, although interesting on its own, is being viewed more and more as
a tool in further applications.
For that reason this thesis is divided into two parts. In the first part (Chapter 1-7) laser-induced alignment and mixed-field orientation of quantum-stateselected molecules is discussed. In the second part (Chapter 8-12) strongly
aligned and oriented molecules are used as targets in molecular frame photoelectron angular distribution experiments from strong field ionization.
Chapter 1 A historically inspired introduction to, and motivation for, controlling the spatial orientation of molecules, is provided.
Chapter 2 In this chapter the main concepts and theory behind laser induced
alignment and mixed field orientation is introduced.
Chapter 3 The experimental setup including the optical, vacuum and detection
system is described in details.
Chapter 4 It is demonstrated how the inhomogeneous field of an electrostatic
beam deflector can be used to select the lowest lying rotational quantum
states of a molecule.
Chapter 5 It is shown how laser induced 1-dimensional alignment and mixedfield orientation is strongly enhanced using quantum-state-selected molecules as targets. Alignment and orientation is induced in the adiabatic
regime using the combined action of a 10 nanosecond long laser pulse
and a weak static electric field. Unprecedented degrees of alignment and
strong orientation is achieved.
Chapter 6 The experiments from Chapter 5 are extended and full 3-dimensional
alignment and mixed-field orientation is demonstrated.
Chapter 7 Nonadiabatic alignment is briefly discussed and demonstrated for
linear molecules.
Chapter 8 An introduction to molecular frame photoelectron angular distributions is provided. Traditional photoelectron spectroscopy is discussed and
extended to the strong field regime. The main concepts of strong field ionization are outlined.
iii

Chapter 9 The first experimental evidence of the photoelectron angular distributions from multiphoton ionization on the molecular alignment of a linear molecule is demonstrated.
Chapter 10 Photoelectron angular distributions from strong field ionization of
1-dimensionally oriented molecules are measured and pronounced anisotropies
are observed that are absent when the measurements are conducted on
randomly oriented molecules.
Chapter 11 Photoelectron angular distributions from strong field ionization of
3-dimensionally oriented molecules are demonstrated. Striking structures
appear due to the suppression of electron emission in nodal planes of the
fixed electronic orbitals.
Chapter 12 The angular dependence of the ionization yield on molecular alignment is measured.
Chapter 13 This final chapter concludes the experimental findings and methods described in this thesis. Future perspectives are outlined, including
conformer selection and applications of aligned and oriented molecules.
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Part I

A LIGNMENT AND
O RIENTATION OF
Q UANTUM -S TATE -S ELECTED
M OLECULES

1

1
INTRODUCTION TO ALIGNMENT AND
ORIENTATION
The spatial orientation of a molecule is of crucial importance for its interactions
with other molecules, atoms or electromagnetic fields. Motivations for confining molecules in space can be found in many areas of chemistry and physics,
ranging from the possibility of studying or controlling a chemical reaction to
imaging of a molecular orbital. All with the common denominator that the experimental outcome strongly depends on the orientation of the molecule. In the
following a brief introduction to the concepts and development of laser-induced
alignment and orientation is provided.
In the gas phase molecules are randomly oriented and rotate unhindered
(Fig. 1.1 a)). If a single axis of the molecule is confined with respect to a spacefixed axis the molecule is said to be 1-dimensionally (1D) aligned (Fig. 1.1 b)).
For asymmetric top molecules complete rotational confinement requires that
all three axes of the molecule are fixed to space-fixed axes, this is termed 3dimensional (3D) alignment (Fig. 1.1 c)).
An ensemble of gas phase molecules has inversion symmetry even when 3D
aligned. If, in addition to 1D or 3D alignment, the molecules have a preferred
direction with respect to the space fixed axes, i. e. if the inversion symmetry is
broken, they are said to be 1D or 3D oriented (Fig. 1.1 d) and e), respectively).
3
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b) 1D alignment

d) 1D orientation

c) 3D alignment

e) 3D orientation

a) “Random”

Figure 1.1: Definitions of the different regimes of molecular alignment and orientation. See text for details.

Most gas phase experiments are done under conditions where the molecules
are randomly oriented. Orientational averaging then becomes an unavoidable
experimental fact of life obscuring measurements of molecular properties and
leading to blurring and potential loss of information.
Recently, Albert Stolow provided a very illustrative analogy by referring to
the ancient Indian tale of six blind men encountering an elephant [1]. In the tale
each man approaches the elephant from different directions and naturally their
perception of the elephant strongly disagrees. One finds the squirming trunk,
another the swinging tail, a third a leg and so on, they conclude that the elephant
is a snake, a rope, a tree and so on. The morale of the story is that reality may
be viewed differently depending upon ones perspective or angle of approach.
There is a lot of wisdom to be found in this tale, however without dwelling I will
restrict myself to say that the same is true for molecules. Molecular properties
and dynamics differ depending on from where they are viewed or probed.
The phenomenon is well known in X-ray diffraction of crystals. Similar to
gas phase measurements in the molecular versus the laboratory frame is the
difference between single-crystal and the random orientation of crystallites in
powder X-ray diffraction with the former revealing the greatest details of molecular structure and information.
The desire to control molecular orientation has roots that go fare back in his4

5

Figure 1.2: There are many versions of the ancient Indian tale. In this Japanese
ukiyo-e print by Hanabusa Itchõ it is blind monks that investigate the elephant.
Each monk experiences something different depending on his angle of approach,
and a clear analogy can be made to how measurements of molecular properties
depend on the direction from which the molecules are viewed or probed.

tory. More than 30 years ago linear dichroism spectroscopy experiments were
performed on aligned samples of molecules [2]. Linear dichroism spectroscopy
is the measurement of the difference in absorption of linearly polarized light parallel and perpendicular to an aligned molecule. Molecular orientation, probed
by linear dichroism, was obtained using different techniques. One approach was
based on stretched polymer films. Adding small molecules to a polymer film either before or after the film is stretched mechanically, causes the absorbed molecules to align their longest axis preferentially along the direction of the stretch.
Another technique, called flow orientation, was used to align DNA or long polymers, where the orientation is caused by the viscous drag when the solution is
flowed between narrow walls. A common feature for these methods is that they
all depended on some kind of external field or intermolecular force present during the experiment.
Historically one of the main motivations for confining molecules in space in
the gas phase was investigation of steric effects in bimolecular reactions and the
control of the rate of a chemical reaction for different collision geometries. A
5
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classical example is the anion - molecule nucleophilic substitution (SN 2 type)
reaction, such as the substitution of iodine with chlorine in methyliodide:
Cl− + CH3 I → ClCH3 + I−
The reaction rate of this reaction depends strongly on the orientation of methyliodide relative to the attacking chlorine ion. The probability for the reaction to
occur is significantly higher when the chlorine ion attacks methyliodide along
the C-I bond from the methyl end.
The first attempts to control molecular orientation in the 1960’s utilized electrostatic fields. Polar molecules were rotationally state-selected and oriented by
the electrostatic hexapole technique via the first-order Stark effect, using moderate field strengths [3, 4]. The beauty of the technique is that it allows selection of
a single rotational quantum state. The drawback, however, is that it applies to
a limited range of species. Suitable molecules are symmetric tops, asymmetric
tops with a dipole moment along the A or C axis, linear polyatomic molecules
excited in bending vibrations, and diatomics with electronic angular momentum. Molecules selected in a single rotational state, with their angular momentum precessing around the external field are per definition oriented, however
the confinement is modest and limited by the selected state.
In the early 90’s an alternative approach nicknamed ’Brute-force orientation’
was proposed individually by Loesch and Remscheid [5] and later by Friedrich
and Herschbach [6]. In this approach a strong homogeneous electrostatic field
was applied to create directional hybrids of the field-free rotational states via the
second- and higher- order Stark effect. If the interaction energy of the molecule
with the field exceeds the rotational energy the molecules will orient. This technique extended the class of oriented molecules beyond those accessible via the
hexapole state selection. The requirements for this approach is strongly rotationally cooled molecules with large dipole moments and very strong dc fields.
In parallel, it was realized that the strong electric fields of a focussed nonresonant laser pulse could be used to align molecules much more efficiently than
static fields. A rigorous theoretical framework for using infrared non-resonant
laser pulses to induce dynamical alignment was developed independently by
Friedrich and Herschbach [7] and Seideman [8] in the mid nineties.
Historically, as early as 1976 Zon and Katsnel’son presented a theoretical
treatment of a symmetric top molecule in an intense, nonresonant laser field
[9]. They presented an analytical solution to the time independent Schrödinger
equation, and the effect on the rotational spectrum. However, the implication
that this could lead to spatial orientation of the molecules was only sparsely
discussed.
The idea of using intense laser fields to induce molecular alignment was
addressed in several gas phase studies from the late 80’s and throughout the
6
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90’s [10, 11]. The speculations were based on observations of ionic fragments,
resulting from breakup of laser produced multiple charged molecular ions,
ejected with initial velocities primarily aligned along the laser polarization vector. Two possible explanations were offered for the observations, namely geometric alignment and dynamical alignment. In geometrical alignment the ensemble of molecules are not actively aligned, merely a subset of the randomly
oriented molecules are selected due to a strong angular dependence on the ionization yield. More interesting is however the proposal of dynamical alignment
where, in contrast, alignment is achieved through the interaction of an induced
dipole moment and the laser field exerting a torque on the molecules. Later it
became clear that the anisotropy in the angular distributions cannot unambiguously be explained by molecular alignment and the strong angular dependence
of enhanced multiple ionization [12, 13] has played an important role in the
studies.
From the mid nineties the field has developed rapidly. It was realized that
the pulse duration of the laser field applied to induce alignment plays a significant role in the alignment dynamics [7, 8]. In the adiabatic regime long pulses
compared to the inherent rotational period of the molecules are applied. Molecules are aligned with the laser field present and return to field-free rotor states
when the pulse is over again. The first experimental demonstration of adiabatic alignment came from Kim and Felker [14] and was followed by studies
by Stapelfeldt and coworkers [15, 16]. The adiabatic regime demonstrated high
degrees of alignment.
An especially advantageous feature of laser induced alignment is the possibility of producing aligned molecules under field-free conditions. It was proposed that employing short nonadiabatic laser pulses [8], again short with respect to the rotational period of the molecule, a rotational wave packet would
be formed, resulting in time-dependent alignment. The first experimental evidence of transient alignment was demonstrated by Rosca-Pruna and Vrakking
[17]. The adiabatic and non-adiabatic regime will be treated in greater details in
Chapter 2.
In contrast to the static field techniques laser induced alignment is generally
applicable to any molecule, only requiring an anisotropic polarizability tensor.
The drawback, however, is that the head versus tail resolution achieved in orientation is lost due to the oscillatory nature of the non-resonant near-infrared
laser field.
As molecular alignment became well established both theoretically and experimentally, including 3-dimensional alignment [18–23], attention expanded
towards realizing sharp alignment and orientation simultaneously. Friedrich
and Herschbach suggested in 1999 to exploit the combined action of a static electric or magnetic field and a laser field to induce molecular orientation through a
7
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pseudo first order Stark effect [24, 25]. In the adiabatic regime this was demonstrated by Sakai and coworkers [26, 27] and Buck et al. [28]. Even in the nonadiabatic limit orientation due to the electrostatic field alone can be enhanced
by a combined action with a nonresonant laser field [29]. Laser field-free molecular orientation has been demonstrated by Sakai and co-workers using a combination of a dc electric field and a laser pulse with adiabatic turn-on and nonadiabatic turn-off (often referred to as switched laser field) to induce dynamic
orientation in OCS molecules [30]. Vrakking and coworkers selected NO molecules in a single quantum state using a hexapole state selector [31] and, subsequently, a combination of a static and femtosecond laser field to induce molecular orientation [32, 33]. A route to both laser and static electric field-free orientation was first suggested by Kanai and Sakai [34], further elaborated in [35]
and, recently, Matthias Kling and co-workers reported the first experimental
observation of non-adiabatic field-free orientation of a heteronuclear diatomic
molecule (CO) induced by an intense two-color (800 and 400 nm) femtosecond
laser field [36]. The method relies on an all optical approach and alignment and
orientation is induced through the interaction with the polarizability and hyperpolarizability of the molecule. In this way orientation, although very weak, is
obtained under completely field-free conditions.
Over the past decade molecular alignment and orientation has grown into
an active research area with a broad variety of demonstrated and projected
applications in molecular science. It has sparked the emergence of new techniques that in turn have put even higher demands on molecular orientation
techniques. Among the applications are areas such as ultrafast optics [37], tomographic reconstruction of molecular orbitals [38], photoelectron angular distributions from fixed-in-space molecules [39–41], high-order harmonic generation
[42–45], molecular dynamics, and solution chemistry [46] and new applications
such as diffractive imaging at emerging X-ray free-electron lasers such as LCLS
at Stanford or XFEL at Hamburg [47–51].
Any application of aligned or oriented molecules will benefit significantly
from or simply require a strong degree of orientation. In the recent developments of laser induced alignment and orientation much effort has been made in
the direction of field-free alignment and orientation, however, thus far often at
the cost of a significant loss in the degree of orientation. In the following chapters it will be demonstrated how unprecedented degrees of alignment and orientation can be obtained from molecules selected in the lowest rotational quantum
states after spatially separation in an electrostatic beam deflector.
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2
MOLECULES IN STATIC ELECTRIC AND
LASER FIELDS

2.1

Introduction

In this chapter the main concepts and theory behind laser induced alignment
[52, 53] and mixed field orientation [24, 25] will be introduced.
Let us first consider the interaction between a molecule and a strong electromagnetic laser field, described by
E(t) = ε(t) cos(ωt)

(2.1)

where ε(t) = E0 ε(t)ê, E0 is the field strength, ε(t) is the pulse envelope, ê is the
unit vector in the field polarization direction and ω is the central frequency.
The interaction is well described within the dipole approximation as
Vint (t) = −µ · E(t)

(2.2)
P
where µ is the electric dipole moment operator of the system, µ = e j rj ,
where e is the electron charge and rj denotes the coordinates of electron j.
In the quantum mechanical approach the wave packet describing the initial
state of the molecular ensemble is formally expanded in a complete set of rovibronic eigenstates
9
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|ψ(t)i =

X

cn (t) e−iEn t/~ |ni.

(2.3)

n

The rotational dynamics of a molecule during and following the interaction
with a laser pulse is evaluated by solving the time-dependent Schrodinger equation
∂
i~ |ψ(t)i = Ĥ|ψ(t)i,
(2.4)
∂t
Exploiting the orthonormality of the expansion basis set, hm|ni = δmn and projecting onto a specific eigenstate |mi leads to a set of coupled, linear, first order
differential equations
i~

X
∂
cn (t) =
cn (t) e−iEnm t/~ Vnm (t)
∂t
n

(2.5)

where Enm = Em − En , Vnm (t) = hm|Vind (t)|ni
The effective perturbation can be expanded in a Taylor series
1
Vnm (t) = −µnm · E(t) − E∗ (t) αnm E(t) − ...,
2

(2.6)

The interaction is sometimes referred to as the non-resonant dynamic Stark effect (NRDSE) and the coupling of field-free states via NRDSE can be divided
into two regimes [54, 55]. When the field frequency is turned near an electronic
resonance the dipole coupling of neighboring eigenstates dominates and the coherent superposition in the field attempts to oscillate at the frequency of the laser
pulse. In the other limit neighboring states are coupled through electronic states
far off resonance (non-essential states). These states have negligible population
and do not participate in the dynamics directly. They mediate the dynamics by
Raman coupling the populated states in the presence of the non-resonant laser
field.
In the following we will only consider a non-resonant (implying far off resonance) non-ionizing laser pulse, i. e. far detuned from vibronic and electronic
transition frequencies. Considering only the ground state dynamics α can to a
good approximation be described by the usual static polarizability. In the laboratory frame the interaction potential can now be expressed in terms of the pulse
envelopes. Recalling that the electric field oscillates many times within the pulse
envelope allows us to reduce the expression in Eq. (2.6) as the term cos (ωt) averages to 1/2 over an optical period and the induced potential reduces to
Vind (t) = −

1X ∗
ε (t) αij εj (t),
4 i,j i
10

(2.7)
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where i, j = X, Y, Z are the space-fixed coordinates and αi,j is the polarizability
tensor component.
Next we consider a polar molecule subjected to a dc electric field. The interaction potential of the permanent dipole moment with the static electric field
can be described by
Vstat = −µ0 · Estat
(2.8)
where µ0 is the permanent dipole moment.
The total Hamiltonian for a molecule subjected to a static electric and nonresonant laser field now becomes
Ĥ = Ĥ0 + Veff

(2.9)

where Ĥ0 is the field-free hamiltonian and Veff = Vind + Vstat . Within the
rigid-rotor approximation Ĥ0 reduces to the rotational Hamiltonian
Ĥrot =

Jˆy2
Jˆ2
Jˆx2
+
+ z ,
2Ixx
2Iyy
2Izz

(2.10)

where the operators Jˆi with i = x, y, z represent the total angular momentum
of the molecule and Iii are the corresponding principal moments of inertia with
respect to the molecular frame.
It is clear that for a molecule with an anisotropic polarizability tensor the interaction between the molecule and the laser depends on the relative orientation
between the molecule and the polarization of the laser prior to the interaction.
The molecules will experience a net torque pulling the major axis of polarizability towards the polarization axis of the laser, i.e. the molecules will align in the
most favorable geometry along the polarization of the laser. In addition, the
asymmetric deformation of the interaction potential can lead to orientation of
the permanent dipole moment of a polar molecule.
There are different ways of obtaining laser induced alignment and orientation. Using a laser pulse with a slowly evolving pulse envelope, slow in comparison with the rotational period of the molecule, will cause the molecule to
follow the instantaneous intensity of the pulse and thus align slowly, reaching
the most favorable orientation at the peak of the pulse. The molecule undergoes
an adiabatic transition from a field-free state to at state described by both the
field and the molecule.
If, on the other hand, a short laser pulse is used, again short compared to
the rotational dynamics of the molecule, the molecule experiences a rotational
kick in the direction of the the polarization of the laser, making the molecules
rotate. The interaction is said to be nonadiabatic. From a quantum mechanical
point of view the interaction with the laser field creates a coherent superposition of eigenstates through a series of nonresonant Raman transitions, that is,
11
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a rotational wave packet is created, that will de-phase and re-phase creating a
time-dependent alignment long after the pulse has been switched off.
A detailed description of the different ways of obtaining alignment and orientation will be presented in the following sections.

2.2

Adiabatic Alignment

The early work on ’brute force orientation’ in connection to reactive scattering experiments with molecular beams inspired Friedrich and Herschbach to
propose the idea of exchanging the static field with the electric field of a nonresonant laser pulse, triggering the idea of laser induced adiabatic alignment
[7, 56]. In the adiabatic limit the turn-on and turn-off times of the alignment
pulse are slow compared to the rotational period of the molecule. Upon the
slow turn-on of the alignment pulse the adiabatic theorem [57] states that each
eigenstate of the field-free Hamiltonian will evolve adiabatically, being carried
over to the corresponding eigenstate, called the pendular state, of the complete
Hamiltonian representing both the field and the molecule as given in Eq. (2.9).
As the laser field is slowly turned off again at the end of the pulse the system
returns to the original isotropic field-free eigenstates and no alignment remains.
Quantum mechanical calculations solving the time dependent Schrödinger
equation have been carried out on the dynamic alignment of molecules by varying the pulse evolution time [58, 59]. In this way the adiabatic limit was determined. At pulse durations only a few times the rotational period of the
molecule, τpulse > Trot the interaction was found to be truly adiabatic and pendular states faithfully followed the field.
In case of a linear molecule interacting with a linearly polarized laser field
the induced interaction potential reduces to the expression
Vind (t) = −


E0 (t)2
∆α cos2 θ + α⊥ ,
4

(2.11)

where the polarizability anisotropy, ∆α = αk − α⊥ , is the difference in polarizability parallel (αk = αzz ) and perpendicular (α⊥ = αxx = αyy ) to the internuclear axis. For αk > α⊥ Eq. (2.12) creates a potential well, where the lowest
energies are obtained for θ = 0 and 180◦ . Since θ is the angle between the internuclear axis and the laboratory fixed axis in which the laser is polarized, it is
favorable for the molecule to align its internuclear axis parallel to the polarization of the laser field. Hence, in the presence of the field the molecules librate
around the polarization of the axis rather than rotate freely. Since the motion is
much similar to an oscillating pendulum, the eigenstates in the presence of the
field are termed pendular states. In Fig. 2.1 a, the effective interaction potential
12
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Figure 2.1: a) Effective induced potential for carbonylsulfide (OCS) at a laser intensity of 1 × 1012 W/cm2 . b) Sketch of the lowest lying field-free and pendular states
of a linear molecule.

has been plotted for carbonylsulfide (OCS) exposed to a linearly polarized laser
field with an intensity of I0 = 1 × 1012 W/cm2 .
In the case of a linear molecule only two quantum numbers are required
to describe the field-free rotational motion; The angular momentum quantum
number J and the magnetic quantum number M . In the case of a linearly polarized laser field the projection M of the angular momentum vector J onto the
laboratory fixed Z-axis is a conserved or "good" quantum number. The pendular states are thus labeled M and J˜ corresponding to the J quantum number of
the field-free rotor state that it adiabatically correlates to. A striking feature of
adiabatic alignment is that the hybrid pendular states occur as pairs or tunneling doublets, due to the confinement in the double well potential. The spacing
of the doublet states corresponds to the tunneling rate between the two parts of
the well. In Fig. 2.1 b, the lowest lying field-free and pendular states of a linear
molecule molecule are sketched. The pendular states are linear combinations of
˜ i = P dJM |JM i, involving either even or
the field-free rotational states, |JM
J
odd J’s. Each resulting wave function has definite parity given by (−1)J . As a
consequence the each pendular state of a tunneling doublet has opposite parity.
From Fig. 2.1 it is clear that each pendular state experiences a different degree
of confinement due to its position in the double well. No additional states are
being created by the interaction with the laser field, since all the rotational quantum states initially populated are adiabatically transferred to the corresponding
pendular states. As a consequence the degree of alignment is determined by
the rotational quantum state in which the molecule resides prior to exposure to
the alignment field. Consequently, the degree of alignment becomes a function
of the rotational temperature of the ensemble of molecules. The dependence is
13
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monotonous with the strongest alignment obtained at the lowest rotational temperatures. Furthermore, since Eq. (2.12) depends on the square of the pulse
envelope the interaction follows the intensity profile of the laser pulse. The
strongest interaction and hence the strongest alignment is, therefore, found at
the peak of the alignment pulse. The higher the peak intensity of the laser field
the stronger the confinement of the pendular states in the double well, however
limited by the threshold of ionization. It is possible to achieve very high degrees
of confinement using adiabatic alignment [60]. One disadvantage of adiabatic
alignment is, however, that the laser field is present during the alignment. This
may perturb with applications of aligned molecules.

2.3

Mixed-Field Orientation

The theoretical framework for laser induced orientation by the combined action
of a static electric and a laser field was likewise proposed by Friedrich and Herschbach in 1999 [24, 25]. In ’brute force orientation’ directional hybrid states are
created that librate around the static field axis. Orientation achieved in this way
requires very strong static fields. The effective potential of a molecule in a combined static electric and laser field is described by Eq. (2.7) and Eq. (2.8). For a
linear molecule in a laser field linearly polarized along the axis of a dc electric
field this reduces to

E0 (t)2
∆α cos2 θ + α⊥ − µ0 Estat cos θ,
(2.12)
4
where θ is the angle between the static field axis (i. e. laser field polarization
vector) and the permanent dipole moment axis of the molecule, corresponding
to the static field and dipolemoment being parallel at θ = 0◦ and antiparallel at
θ = 180◦ .
In Fig. 2.2 the effective potential of carbonylsulfide in the presence of a nonresonant laser field (a) and its combination with a static electric field (b) is plotted. Moderately intense dc fields are required to perturb the potential, however,
combining the action of a static electric and a non-resonant laser field in the adiabatic regime it is possible to achieve high degrees of orientation even with a
weak static field for any polar molecule, linear, symmetric or asymmetric receding in its low-lying rotational states. Orientation achieved in this regime can be
ascribed to a pseudo first order Stark effect of the pendular states created by the
adiabatic alignment laser field. As described in the previous section the pendular states occur as tunneling doublets of opposite parity in the double well potential. Introducing a static electric field connects the nearly degenerate energy
levels and the second order alignment is converted into strong first order orientation through a pseudo first order Stark effect. In a simplistic two-state model
Veff (t) = −
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Figure 2.2: Comparison of the effective potential for carbonylsulfide (OCS) resulting
from a laser field alone (a) and the combination of a laser field and a static electric
field (b). A laser intensity of 1 × 1012 W/cm2 and a electric field of 15 kV/cm have
been assumed. A sketch of the first tunneling doublet (a) and their splitting, when
the static field is included (b) as well as the spheroidal wave functions (a) and linear
combination hereof (b), are shown to illustrate the mechanism responsible for mixed
field orientation. See text for details.

˜ i
the interaction with the static field creates linear combinations of the lower |JM
and upper |J˜ + 1 M i pendular state of the tunneling doublets, resulting in the
wave functions

˜ i
ψ+ ∝ |J˜ + 1M i + |JM
˜
˜ i
ψ− ∝ |J + 1M i − |JM

(2.13)
(2.14)

The wave functions of the first two pendular states of a linear molecule are
sketched in Fig. 2.2 a). Due to the opposite parity of the two pendular states involved in the wave functions the amplitude of the ψ+ wave function will cancel
at θ = 180◦ and localize at θ = 0◦ (see sketch on Fig. 2.2 b). Likewise the amplitude of the ψ− wave function will cancel at θ = 0◦ and localize at θ = 180◦ .
In other words both ψ+ and ψ− represent oriented states. Under typical experimental conditions more than one state is initially populated. Therefore, the net
orientation of a molecular sample will be strongly reduced. In practice describing the mechanism behind mixed field orientation is much more complicated.
For at detailed description of the theory the reader is referred to [24, 25].
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Nonadiabatic Alignment

If a short laser pulse is used to induce alignment, again short compared to the rotational dynamics of the molecule, the molecule experiences a rotational kick in
the direction of the the polarization of the laser, making the molecules spin. The
interaction is said to be nonadiabatic. In the quantum mechanical description
the interaction with the laser field creates a coherent superposition of eigenstates
through a series of nonresonant Raman transitions, i.e. a rotational wave packet,
that will de-phase and re-phase creating a time-dependent alignment long after
the pulse has been switched off. The creation of a rotational wave packet by
a short nonresonant kick pulse was considered to induce molecular alignment
by Seideman [8], that found substantial rotational excitation under conditions
typically used in time-resolved spectroscopy experiments. The dynamics introduced by non-adiabatic alignment is in close resemblance to the rotational
recurrences introduced by weak fields in Rotational Coherence Spectroscopy
(RCS) [61, 62]. In RCS, a field having its roots in the pioneering work by Lin
and coworkers [63, 64], coherent superpositions of rotational states are induced
in either the ground or an electronically excited state by irradiation of a sample
of molecules with a short pump laser pulse. Subsequently the time-evolution is
measured by a delayed probe pulse or a fast photodetector, observing polarized
emission as a function of time or by monitoring an observable associated with
a transition induced by a delayed probe, respectively. The angular confinement
in RCS experiments is modest, however the position of the rotational revivals
provide direct information about the rotational constants of the molecule and
important spectroscopic information of numerous molecular systems has been
gained from RCS experiments [61, 62, 65].
Although a quantum mechanical approach is necessary in order to fully describe and understand nonadiabatic alignment, classical mechanics provides a
clear intuitive understanding and has proven to be correct in describing the
short time dynamics of non-adiabatic alignment [66–68]. This classical approach
is often referred to as the δ-kick model.

2.4.1

δ-Kick Model

In the short pulse limit the laser pulse is much shorter than the rotational period
of the molecule. Due to inertia, the molecules do not respond immediately to
the alignment pulse, hence the molecular rotation is frozen in the interaction
moment with the laser pulse. In classical terms the laser pulse imparts a kick on
the molecules, leading them to spin towards the direction of the polarization of
the laser field [66, 67].
Consider a classical ensemble of linear rigid rotors, initially in their ground
16
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state and isotropically distributed, interacting with a short electromagnetic pulse
trough the interaction potential described in Eq. (2.12). The rotors will experience a torque, τ = −r × F , where the force is given by the negative of the
gradient of Eq. (2.12) F = −∇ Vind (t). The angular momentum transferred to
the rotors can be calculated from
Z
Z
(2.15)
J = τ dt = 14 ∆α E0 (t)2 dt sin(2θ0 ) ≡ IP sin(2θ0 ),
where θ0 is the initial angle between the rotor and the polarization of the laser
pulse, I is the moment of inertia and P is the interaction or kick strength. The
magnitude of the angular momentum of a rigid body rotating around a symmetry axis is given by |J| = I|θ̇|, therefore the angular velocity of the molecules
depends on their orientation with respect to the polarization of the alignment
laser prior to the interaction, as follows
θ̇ = −P sin(2θ0 ).

(2.16)

It is clear that for rotors initially oriented close to the polarization axis of the
laser pulse, i. e. θ0 ∼ 0◦ ,180◦ where sin(2θ0 ) ≈ 2θ0 , the angular velocity becomes
proportional to the initial angle. At t = 1/(2P ) all these rotors will be aligned
along the polarization axis. Molecules initially located at large angles, i. e. close
to 90◦ , will lag behind and not reach confinement at the same time as the rest
of the ensemble of molecules. Therefore, no matter how hard the molecules are
kicked by the alignment pulse there is a limitation to the degree of alignment.
It is clear that since all the rotors have nonzero angular velocities upon alignment, the ensemble of rotors is only aligned for at short period of time.

2.4.2

Quantum Mechanical Description

To understand the alignment dynamics following irradiation by a short laser
pulse it is necessary to solve the time dependent Schrödinger for the total Hamiltonian given in Eq. (2.10). Solving the time dependent Schrödinger equation is
not a trivial problem, and cannot be done analytically, but demands an numerical approach. The solution emerges from expanding the unknown initial wave
function in an appropriate orthonormal rotational basis
X
|ψi (t)i =
Cni (t) |ni.
(2.17)
n

The subscript i denotes the set of initial conditions, including the energy level of
the initial state. The choice of rotational basis set {|ni} is a matter of convenience
and numerical efficiency and often chosen to be the orthonormal eigenstates of
Ĥrot .
17
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Substituting Eq. (2.17) into the time-dependent Schrödinger equation and
projecting onto a specific eigenstate |n0 i leads to a set of coupled first order differential equations
i~

X
∂ i
Cn0 (t) = Cni 0 (t)En0 +
Cni (t) hn0 |V̂ind (t)|ni.
∂t
n

(2.18)

The solution to the set of coupled differential equations determines the form
of the wave packet. Once the expansion coefficients are found it is trivial to
compute all observables of interest as a function of time.
After the interaction with the laser pulse the molecules rotate free of external
fields. The time evolution of the wave packet is found by considering the time
evolution of each of the components in the wave packet
X
|ψi (t)i =
Cni (t0 ) |ni · eiEn (t−t0 )/~ ,
(2.19)
n

where t0 is the time when the molecules are said to be field-free and En are the
eigen-energies of the stationary Schrödinger equation

2.4.3

Measuring the Degree of Alignment

To quantify the degree and the time-evolution of the alignment the most commonly used observable is the expectation value of hcos2 θi
The initial state is a thermal average of states defined by the rotational temperature, Trot , making the thermally averaged expectation value an incoherent
sum of expectation values
X
hcos2 θiT =
wi (Trot )hψi (t)| cos2 θ|ψi (t)ii ,
(2.20)
i

where wi (Trot ) are normalized weight functions. The population of the initial
states is normally assumed to follow the Boltzmann distribution. In that case
the probability that a given P
initial state is populated is given by wi (Trot ) =
−Ei /kB Trot
−Ej /kB Trot
Q−1
e
where
Q
=
is the rotational partition function.
rot
rot
je
Since the eigenstates are time-dependent the expectation value of cos2 θ likewise
becomes time-dependent. Upon the time evolution of the wave packet the different components of the wave packet will come into and out of phase with each
other leading to recurrences in the alignment degree at well-defined time delays.
These recurrence of the alignment degree are termed rotational revivals.
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3
EXPERIMENTAL SETUP
Two types of experiments will be presented in this thesis. In the first experiments molecular alignment and orientation is induced by a combination of a
non-resonant, non-ionizing laser field and a static electric field and subsequently
characterized. In the second type of experiments photoelectron angular distributions from aligned or oriented molecules are measured. The basic idea behind
the experiments is threefold. First, an ensemble of rotationally cold molecules
is prepared in a supersonic expansion into vacuum. After the expansion the
molecular beam is skimmed twice before entering a electrostatic beam deflector,
where polar molecules are deflected according to their initial rotational quantum state. Second, after the deflector a subset of quantum states is selected and
crossed by a non-resonant, non-ionizing laser pulse inducing alignment and orientation by the combined action of the laser and a static electric field. Alignment
and orientation is created either in the adiabatic limit using a nanosecond laser
pulse or in the impulsive limit using a short (fs-ps) laser pulse, creating a rotational wave packet. Finally, either the degree of alignment and orientation of the
ensemble of molecules is measured or the molecules are singly ionized and the
molecular frame photoelectron angular distributions (MFPADs) are measured.
There are different approaches to characterizing molecular alignment and
orientation such as weak field polarization techniques [69], optical Kerr effect
[54, 70], Raman [14], linear dichroism [71, 72] and resonant dissociation [73]. The
19
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Figure 3.1: Schematic overview of the experimental setup.

approach used in our lab to detect alignment and orientation relies on photofragment imaging from Coulomb explosion.
A schematic overview of the experimental setup is provided in Fig. ??. A
detailed description of the distinct parts of the setup and experimental steps is
provided in the following sections.

3.1

The Optical Setup

The cornerstones of our optical setup are the femtosecond and nanosecond
laser systems. A schematic illustration of the laser and optical setup is shown
in Fig. 3.2. The nanosecond laser system consists of an injection seeded, Qswitched Nd:YAG laser (Spectra Physics, Quanta Ray Pro 270-20). The laser
operates at a repetition rate of 20 Hz and delivers 10 ns long pulses at a wavelength of 1064 nm with pulse energies up to 1.5 J.
The femtosecond laser system is a regenerative, chirped pulse amplified
Ti:Sapphire laser system. The system is divided into 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), that through second
harmonic generation provides a 532 nm output of more than 5 W. The gain
medium in the Tsunami laser is a Ti:sapphire crystal, and the laser operates
around 800 nm. It generates sub 100 fs pulses through Kerr lens modelocking.
The pulses have an energy of ∼10 nJ and a repetition rate of 82 MHz.
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Figure 3.2: Schematic overview of the optical setup.

22

Experimental Setup

The train of low energy laser pulses from the oscillator are used to seed
the amplifier. The amplifier is a Spectra-Physics Spitfire-HPR laser operating
at 1 kHz. To operate without the risk of optical damage, the Spitfire uses the
technique of chirped pulse amplification. The seed pulses are first temporally
stretched using positive Group Velocity Dispersion in a grating stretcher, before
regenerative amplification in a Ti:Sapphire crystal that has been optically excited by a pulse from a Nd:YFL laser (Evolution-30 laser, that like the Millenia
is a diode pumped, intra-cavity doubled laser. It produces Q-switched pulses
with average energy > 20 mJ at 527 nm, with a repetition rate of 1 kHz). Only
one out of 82 000 pulses from the Tsunami is amplified, giving a repetition rate
of 1 kHz. The pulse to be amplified is admitted into the resonator by a Pockels cell. A second Pockels cell switches the pulse out of the resonator again,
insuring that the pulse is ejected after sufficient round trips, giving an overall
amplification greater than 106 . After amplification the pulses are re-compressed
in a grating compressor. The final output from the laser is ∼130 fs pulses with
a central wavelength of 800 nm, pulse energies of up to 2.3 mJ and a repetition
rate of 1 kHz.

3.1.1

Alignment Pulses

To induce adiabatic alignment the fundamental output from the nanosecond
laser is used. The requirement for adiabatic alignment is a smooth turn-on of the
nonresonant aligning laser pulse on a time scale that is longer than the inherent
rotational period of the molecules. The rotational periods of the molecules studied in this thesis are all less than 1 nanosecond. The injection seeder ensures a
smooth temporal envelope and the pulse duration of 10 ns fulfills the criteria of
the slow turn-on. Furthermore, at a wavelength of 1064 nm, the photon energy
corresponding to 1.17 eV is far too low to excite any electronic states and far too
high to address any vibrational states of most molecules, making it suitable for
alignment. To control the pulse energy a combination of a half wave plate and a
sequence of thin film polarizers is used. A half and a quarter wave plate ensures
full control of the polarization state of the pulse. The nanosecond laser is synchronized electronically to the femtosecond laser with an overall timing jitter of
less than +/-1 ns.
To induce nonadiabatic alignment a nonresonant, nonionizing near infrared
laser pulse is needed. For this purpose part of the output from the femtosecond
laser system is used. In order to create a high degree of alignment the temporal
duration of the alignment laser is crucial, hence using the direct output from the
laser of 130 fs limits the kick strength the molecules can withstand before ionizing. Therefore an easy way of controlling the duration of the alignment pulse is
needed. Experimentally this is achieved by changing the temporal chirp of the
22
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laser pulses using a grating stretcher. The grating stretcher exploits the fact, that
the wavelength dependent reflection angle of a grating or a prism introduces
group velocity dispersion [74, 75]. We use a folded, single grating design as
shown in Fig. 3.3 (a).
In the grating stretcher the collimated, transform-limited output from the
laser is sent onto the diffraction grating, causing different frequency components of the laser pulse to be reflected at slightly different angles. After the
grating a combination of a cylindrical lens and a folding mirror (M1 ) is used as
a 1:1 telescope, projecting the image of the grating back onto the grating. For a
configuration where the grating is displaced from the focal distance of the lens,
the beam reflected from the grating will experience a temporal chirp as different
frequency components travel different path lengths. The pulse, however, also
gains a spatial chirp. The spatial chirp is removed by reflecting the beam back
towards the grating for a second complete passage, using a second folding mirror (M2 ). This removes the spatial chirp while doubling the temporal chirp, and
effectively stretching the transform limited pulse.
The total amount of group velocity dispersion (GVD) added to the pulse can
be calculated from the following expression [74, 76]
"
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where λ is the central wavelength of the laser, γ is the near Littrow angle of the
grating, d is the groove spacing of the grating and ε is the displacement of the
grating from the focal point. The width of the pulse with a certain amount of
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GVD can be calculated as [77]
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where τ0 is the full width at half maximum (FWHM) of the transform limited
Gaussian pulse.
One benefit of introducing a telescope in connection with gratings is that it
allows us to control the sign of the dispersion, as ε can take on positive as well
as negative values. If l < f , i.e. ε < 0, the setup acts as a stretcher, creating a
positive chirp, while the opposite is true for ε > 0.
From Eq. (3.1) and Eq. (3.2) one can calculate the displacement required to
stretch a pulse. In our setup d−1 = 1200 mm−1 and the near Littrow angle at
λl = 800 nm is γ = 28.7◦ . In order to stretch the pulse from its original 130 fs to
a pulse duration of 2 ps, calculations predict, that the displacement of the grating
from the focal point is 10.6 mm. Experimentally we found it to be ∼ 11.5 mm,
which is in good agreement with the calculated value.
In order to enhance the degree of alignment a double pulse arrangement
can be used. In this regime the first pulse serves to pre-align the ensemble of
molecules before a second pulse is sent in. In order to have optimum conditions
a control of the relative intensity and temporal delay of the two pulses is needed.
For this purpose we use a modified Mach-Zender interferometera (Fig. 3.3 (b).
To separate and adjust the relative energy in the two arms a half-wave plate in
front of a polarizing beamsplitter (PBS) is used. The second half-wave plate in
the setup ensures that the polarization of the two pulses is the same, by rotating
the polarization by 90◦ . Placing the mirrors of one arm on a translational stage
(TS) ensures control of the relative timing. The two pulses are finally recombined
in a 50/50 beamsplitter (BS).
The pulse energy of the nonadiabatic alignment beam is controlled using a
combination of a half-wave plate followed by a polarizing beam-splitter cube.
The grating stretcher described above was later upgraded by replacing the
reflective grating with two holographic transmission gratings to avoid distortion of the beam profile by the cylindrical lens and to minimize losses.

3.1.2

Probe Pulses

To probe the degree of alignment a Coulomb explosion probe is used. The basic
idea behind this probe scheme is to create a multiply charged, unstable molecular ion by ripping off several electrons using an intense laser field. Due to
a The modification consists of using the combination of a half-wave plate and a polarizing beamsplitter.
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the excess positive charge of the molecule, the Coulomb repulsion between the
nuclei will cause the molecular ion to dissociate rapidly. The molecule Coulomb
explodes transferring the Coulomb energy to the ion fragments in the form of
kinetic energy [16].
For many molecules, the Coulomb explosion process leads to fragment ions
that recoil along particular bond axes. Recording the emission direction of the
fragment ions, therefore, provides direct information about the spatial orientation of a particular bond at the instant of ionization. As an example, for iodobenzene recording the velocity vectors of I+ ions gives information about the C-I
axis, which is also the axis that is being aligned by a linearly polarized alignment pulse.
Iodine ions are easily isolated from other ions in a time-of-flight spectrometer, due to the large mass to charge ratio. The iodine ions are accelerated by
a static electric field towards a detector. Velocity map imaging of the I+ fragment can provide a quantitative measure of the degree of alignment as will be
addressed in Sec. 3.2, where a detailed description of the detection system is
given.
It is essential for the experiment that the probe pulse does not distort the orientation of the molecule on its own prior to dissociation. Therefore the molecule
effectively has to be frozen during the multi electron ionization otherwise the
electric field from the laser pulse could exert a large torque on the molecule,
creating alignment on its own. Therefore, the Coulomb explosion pulse has to
be short and intense enough for the molecule to dissociate before changing the
alignment dynamics.
In this setup the short pulses are generated from the last part of the 130 fs
output from the femtosecond laser system. The creation of short pulses is, according to the time-energy uncertainty principle, limited by the spectral width
of the pulse. Broadening the spectrum of the pulses using self phase modulation in an argon filled hollow core fiber, followed by recompression in a pair of
prisms, intense 800 nm pulses with a duration of ∼ 30 fs, focussed down to peakintensities up to 5.4 × 1014 W/cm2 are obtained. The beam is focussed into a 50
cm long hollow core fiber with a core diameter of ∼ 250 µm, using a f = 60 cm
lens. The hollow core fiber is placed inside a 125 cm long plexiglas tube, with
BK7 windows in each end, for the beam to propagate through. After the tube a
concave lens with f = −100 cm re-collimates the beam.
The dielectric response of an isotropic media changes and becomes nonlinear
when exposed to an intense electric field, which can lead to self phase modulation [78]. The nonlinear medium used here is argon.
With a pressure of 2 − 2.5 bar inside the tube and a pulse energy of ∼ 400 µJ
before the tube, we obtain a spectral broadening from ∼ 10 nm to ∼ 50 nm. The
transmission efficiency through the tube is ∼ 65%
25
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After broadening of the spectrum the pulses are re-compressed in a pair of
prisms. Similar to gratings negative angular dispersion can be obtained in a
pair of prisms. The group velocity dispersion generated in a pair of Brewster
cut prisms from angular dispersion is given by [75, 77]
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where Lp is the distance between the apexes of the two prisms. Angular dispersion is however not the only contribution to the GVD in a prism compressor.
Since the beam passes through a certain amount of glass in each prism the GVD
induced in the material can not be neglected. With x = lg corresponding to the
mean glass path, the total dispersion of the prism sequence reads [77]
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where n0 and n00 can be calculated using the Sellmeier equations [79].
To ensure that the pulses are as short as possible inside the vacuum chamber,
it is necessary to compensate for the dispersion in optical components after the
compressor. This is done by fine tuning the amount of prism glass, while optimizing the ion signal from multiphoton ionization of argon inside the chamber.
For the photoelectron measurements a singly ionizing pulse is needed. For
that purpose the intensity of the probe pulse is damped using reflective density
filters until the molecules only undergo single ionization, with essentially no
fragments. The density filters introduce dispersion to the pulse, due to the extra
amount of glass added to the beam path. This is however compensated for by
tuning the amount of glass introduced in the prism compressor.

3.1.3

Combining and Characterizing the Beams

The laser beams are all overlapped collinearly along a single axis before focussing onto the molecular beam. The 800 nm nonadiabatic alignment beam
and the Coulomb explosion beam are overlapped in a 0◦ beam-splitter by taking the reflection of the Coulomb beam and sending the alignment beam in from
behind. The nanosecond YAG beam is overlapped with the 800 nm femtosecond
beams in a zero degree dichroic mirror with hight reflectivity for 1064 nm. In this
fashion a collinear overlap is ensured, however with the disadvantage of a high
loss of pulse energy of the 800 nm beams. The beams are then focussed onto the
molecular beam using a f = 30 cm lens. With telescopes in the nonadiabatic and
adiabatic alignment beams, the spotsizes of the beams in the focus are adjusted.
The polarization states of the different beam are controlled by half wave and
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quarter wave plates placed in the beam path of each beam just before collinear
combination.
Overlapping the beams is closely connected to the characterization of the
beam. The characterization of the beams requires the measurement of three
parameters; The pulse energy, Epulse , and the spatial and the temporal pulse
profile, determined by the focal spot size, w0 , and the pulse duration τ .
The intensity of a Gaussian laser pulse can be described as [80]
I(r, t) = I0 (t) exp(−2

r2
),
w20

(3.5)

where r is the distance from the center of the beam, r2 = x2 + y 2 , w0 is the spot
size measured from the center of the pulse till the place where the the intensity
has dropped to I0 /e. It can be calculated from the full width at half maximum
value
wF W HM
w0 = √
.
(3.6)
2 ln 2
For a Gaussian pulse envelope we can derive
I0 (t) =
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where τ is the pulse duration measured at FWHM and I0 is the peak intensity.
The pulse energy can be found by integrating Eq. (3.5) over x, y and t. From
that one can derive an expression for the peak intensity
√
4 ln2 Epulse
I0 = 3/2
.
(3.8)
w0 2 τ
π
The spatial overlap of the two beams is ensured by first overlapping the
beams in a 10 µm pinhole outside the vacuum chamber. This is done by inserting a metal mirror before the vacuum chamber window. In order to imitate the
conditions inside the vacuum chamber, the beams propagate through a replica
of the vacuum chamber window. In the focus of the beams the 10 µm pinhole
is placed. The transmission through the pinhole is measured with a photodiode. By optimizing the photodiode signal a good spatial overlap is ensured.
Depending on the molecules a final optimization of the overlap is done inside
the vacuum chamber, by optimizing the yield of a particular photofragment, in
a geometry sensitive to the presence of both laser pulses.
The temporal overlap is found by carrying out a cross-correlation using sumfrequency mixing in a non-linear crystal.
First the pinhole is replaced by a BBO (beta barium borate: β-BaB2 O4 ) crystal, this ensures that the crystal is placed in the foci of the two laser beams.
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First, the alignment beam is set to have ordinary polarization with respect to the
crystal (in this setup this means vertical polarization) using a half-wave plate.
From the alignment pulse alone it is now possible to generate 400 nm using
type I second harmonic generation in the BBO crystal. The frequency doubled
400 nm light is measured with a photodiode through a bandpass filter (TR03).
After optimization of the signal the two beams are combined, with the Coulomb
beam being polarized orthogonally to the alignment beam. At 800 nm type II
second harmonic generation is obtained by turning the crystal 22◦ with respect
to type I SHG around the ordinary axis of the crystal, i. e. vertical axis. At this
angle 400 nm is generated only when the two beams are overlapped in time.
By measuring the photodiode signal as a function of the delay between the two
pulses the cross correlation trace is found. The cross-correlation measurement
has been completely computerized with a data acquisition program that measures the photodiode signal while changing the delay of the alignment beam.
The alignment beam is optically delayed using a translational stage. This stage
is driven by a stepper motor, also computer controlled through the data acquisition program.

3.2

Vacuum and Detection System

The experiments described in this thesis were all performed under ultra high
vacuum in two different vacuum chamber systems.
The experiments involving carbondisulfide (Chapter 7) were conducted on
a vacuum chamber constructed in 2006. This vacuum chamber system is composed of two differentially pumped vacuum chambers, a source chamber and
a target chamber separated by a 1-mm-diameter skimmer. The purpose of the
skimmer is twofold: One, it determines the width of the molecular pulse in the
interaction region and two, it enables differential pumping of the two chambers.
The vacuum system is based on ultra high vacuum (UHV) technology. Each
chamber is pumped by a 500 l/s turbomolecular pump backed by foreline vacuum pumps. The background pressure in the source chamber is ∼ 3×10−8 mbar.
The molecular beam is expanded from a miniaturized, pulsed, high pressure
Even-Lavie valve placed at the bottom of the source chamber, operated at a maximum repetition rate of 40 Hz. When the valve operates at a stagnation pressure
of 100 bar and a repetition rate of 33 Hz, the pressure in the source chamber stays
below 2 × 10−5 mbar due to the very short opening time of the valve (∼10 µs).
From the source chamber the molecular beam expands vertically through the
skimmer into the target chamber, where one or more laser beams can be made
to intersect it at 90◦ . The skimmer is located ∼15 cm above the nozzle and after
another ∼30 cm the molecular beam reaches the interaction region. At this point
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the gas pulse is ∼3 mm wide. From the interaction region the ion fragments are
guided by a static electric field onto the detection system, positioned on axis
with the molecular beam. The background pressure in the target chamber is
∼ 6 × 10−10 mbar and increases to a maximum of 1 × 10−8 mbar when operating
at 33 Hz, 100 bar helium (He).
From early in my PhD project I took part in the design and construction of
a new molecular beam machine. The vacuum chamber system was finished
and operational in 2008 and since then all experiments were conducted on this
chamber. The molecular beam machine consists of three differentially pumped
vacuum chambers; The source chamber housing a pulsed valve (pumped by a
2000 l/s turbomolecular pump), the deflector chamber (pumped by a 500 l/s
turbomolecular pump) and the target chamber housing the ion/electron spectrometer (pumped by a 500 l/s turbomolecular pump). The molecular sample
is seeded in an inert carrier gas and expanded through a pulsed valve into vacuum. In order to obtain optimal cooling of the molecular beam, a miniaturized,
high pressure Even-Lavie valve [81] is used operating at a maximum repetition
rate of 1 kHz and at a backing pressure of 90 bar of helium (He) or 25-30 bar
of neon (Ne) limited by the onset of cluster formation. While rotational temperatures down to 0.4 K have been achieved under similar conditions [82], the
typical rotational temperature in our experiments is ∼ 1 K. Two 1-mm-diameter
skimmers placed 15 cm, separating the source and the deflector chamber, and
38 cm downstream from the nozzle collimate the molecular beam before it enters a 15-cm-long electrostatic deflector.
After passing through the deflector, the molecular beam enters the differentially pumped detection chamber via a third skimmer of 1.5 mm diameter. In
the detection area, the molecular beam is crossed by one or two laser beams that
are focused by a spherical lens with a focal length of f = 300 mm. The lens is
mounted on a vertical translation stage so that the height of the laser foci can be
adjusted with high precision. Ionic fragments produced in the Coulomb explosion are accelerated in a velocity focusing geometry towards the detector. The
detector can be gated with a time resolution of ∼ 90 ns, which allows for mass selective detection of individual fragments. A microchannel plate (MCP) detector
backed by a phosphor screen is employed to detect the position of mass-selected
ions.

3.2.1

The Molecular Beam

The molecular beam is created by a supersonic expansion of a mixture of the
molecular gas and a inert carrier gas (He or Ne).
In a supersonic expansion [83] a high pressure gas mixture of the molecular
sample and a carrier gas is expanded through a small orifice into vacuum. Since
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a large fraction of the mixture consists of the carrier gas, the molecule in question will undergo a large number of collisions with the carrier gas atoms. During
the expansion the random thermal motion of the static gas is converted into a directed motion in the expanding gas. The sample molecules are accelerated to the
light carrier gas velocity (1800 m/s for He and 800 m/s for Ne at room temperature). This leads to at direct cooling of the translational temperature, defined by
the width of the velocity distribution. In the early stages of the expansion, collisions in the jet between molecules with small relative velocities carry away the
energy of the internal degrees of freedom. The rotational and vibrational cooling achieved in the jet is thus determined by the total number of collisions the
molecules undergo before the carrier gas is too diluted downstream and hence
the cooling terminates [83].
In our laboratory we use two miniaturized, pulsed, high pressure valve (E.L.7-2004 and E.L.-7-4-2005-HRR) designed and built by Uzi Even and Nachum
Lavie [81, 82]. The valves are actuated by driving a current pulse through a
solenoid. The valve can be operated at a maximum repetition rate of 40 Hz and
1 kHz, respectively. The molecular gas is expanded through a conical nozzle
of 250 µm diameter. Compared to a sonic nozzle this reduces the divergence
of the beam significantly and hence increases the sample density in the interaction region [81]. In the experiments described in the following chapter different
molecules are studies.
The construction of the valve, with the sample holder located inside the valve
body makes it possible to run a wide range of molecules, liquids as well as
solids, as it can operate in the temperature range 30 − 250◦ C. The density of the
molecular gas is controlled by controlling the temperature. A vapor pressure of
a only a few mbars are required and expanded in up to 100 bar He or 20-25 bar
of Ne, limited by the onset of cluster formation. Hence, only a small fraction
of the mixture gas contains the molecule to be studied. This is a specially important feature of the valve as it provides an easy way of tuning the rotational
temperature of the seed molecule. At a stagnation pressure of only a few bars
the cooling is not very efficient and rotational temperatures of tens of Kelvins
are produced. Increasing the backing pressure, however, increases the cooling
efficiency and at a He stagnation pressure of 100 bar sub-Kelvin temperatures
can be achieved [82]. The rotational temperature is to some extent also effected
by the amplitude and duration of the current pulse driving the solenoid valve,
hence careful optimization is required prior to an experiment.

3.2.2

Electrostatic Beam Deflection

Two 1-mm-diameter skimmers (Beam Dynamics, Type II) placed 15 cm, separating the source and the deflector chamber, and 38 cm downstream from the
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nozzle collimate the molecular beam before it enters a 15-cm-long electrostatic
deflector. A cut through the electrodes of the deflector is shown in the inset of
Fig. 3.1 together with the electric field created. A trough with an inner radius of
curvature of 3.2 mm at ground potential and a rod with a radius of 3.0 mm at
high voltage create a two-wire field. The vertical gap across the molecular beam
axis is 1.4 mm, while the smallest distance between the electrodes is 0.9 mm. The
two-wire field geometry is ideally suited for molecular beam deflection. The
gradient of the electric field along the vertical direction is large and nearly constant over a large area explored by the molecular beam, while the electric field is
very homogeneous along the horizontal direction. Thus a polar molecule experiences a nearly constant force in the vertical direction independent of its position
within the deflector, while the force in the horizontal direction (i. e. broadening
of the beam in the horizontal direction) is minimized. In our setup, the deflector
is mounted such that molecules in high-field-seeking (low-field-seeking) quantum states are deflected upwards (downwards).
The new vacuum chamber was later upgraded. Two changes were imposed.
First, to ensure better cooling the first skimmer was replaced by a larger one of
different shape (Beam Dynamics 50.8, 3 mm aperture). Second, a set of capacitor
plates (17 cm long) were inserted in the region between the deflector and the interaction region, i. e. from the exit of the deflector to the repeller plate of the VMI
spectrometer discussed next. The purpose of the capacitor plates is to maintain
a weak field after the molecules leave the deflector. The separation between the
plates is 2.7 mm. To make room for the capacitor plates the final skimmer was
removed. The effect of the capacitor will be discussed in App. A.

3.2.3

The Velocity Map Imaging Spectrometer

In the interaction region the molecular beam is crossed at right angles by the
focussed laser beams. In this experiment the molecules are first hit by the nonadiabatic or adiabatic alignment pulse and subsequently Coulomb-exploded to
create detectable ion-fragments that recoil along the bond axis as described in
Sec. 3.1.2. From the recoil velocities of the ion fragments one can extract direct
information about the spatial orientation of the molecules prior to dissociation.
Hence, a way of detecting the ion-fragments is needed.
To project the ions onto a detector a velocity map imaging spectrometer is
used. It consists of an open three-electrode electrostatic lens that accelerates the
ions towards a position sensitive detector.
Velocity map imaging was first introduced by Eppink and Parker [84, 85] in
1997. They showed how electrostatic ion lenses allowed mapping of all particles
with the same initial velocity vector onto the same point on a 2D detector, irrespective of their position of creation in the ionization volume. It is essential that
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the position on the detector only depends on the initial velocity of the ion and
not the spatial position, since the probed volume cannot be regarded as a point.
In the interaction region the molecular beam has a with of a few mm (∼ 3 mm in
the "old" and ∼ 2 mm in the "new" vacuum chamber system) and the Coulomb
explosion beam is focused to a spot size of ∼25 µm, leading to a Rayleigh range
[80] given by ZR = πw20 /λ ≈ 2.5 mm. The ions are hence created in a long ellipsoidal volume, which would lead to a significant blurring of the image due
to this non-point source geometry if imaging did depend on the point of creation. The velocity map imaging spectrometer consists of 3 electrostatic plates
with circular apertures; repeller, extractor and ground plate. The ratio between
the repeller and extractor voltage has to be chosen correctly in order to ensure
sharp velocity focussing. Experimentally the focussing of the electrostatic lens
is checked by looking at the spot created by an ion without initial kinetic energy,
such as a molecular parent ion. Focussing of the electrostatic lens is obtained for
the minimum spot size on the detector.
By varying the voltages of the repeller and the extractor but keeping the ratio
constant one can vary the strength of the extraction field.
The flight length from the interaction region to the detector is ∼25 cm (for
both vacuum chamber systems). Since all ions of the same charge experience the
same force from the electrostatic field the acceleration and therefore the velocity
of the ion during the flight to the detector, depends on their mass alone. In this
way the electrostatic lens also serves as a time-of-flight (TOF) mass spectrometer,
separating the different ion fragments temporally, as the arrival timep
of the ion
is proportional to the square root of the mass-to-charge ratio, TOF ∝ m/q.
The spectrometer is caged in a µ-metal shield. These cylinders of metal
with high magnetic permeability provide a shield against background magnetic
fields in the time-of-flight region, from the interaction region to the detector.
The heavy ions are unaffected by these stray magnetic field, and the µ-metal
cylinders are mainly implemented in the vacuum chamber for the experiment
on electron detection.

3.2.4

The Detection System

The detector consists of a 50 mm diameter (active diameter ∼ 41.5 mm) microchannel plate (El-Mul Technologies, Ltd., chevron MCP, B050V) backed by a
phosphor screen (El-Mul Technologies, Ltd., ScintiMaxTM P47) of similar size.
When an energetic particle, an electron or an ion, impacts the front of the detector it kicks off electrons. When a sufficiently high voltage difference is applied
between the front and the back of the MCP, these electrons are accelerated towards the back, building up signal with each additional impact to the channel
walls, and hereby creating an electron avalanche. The many micron-size diame32
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ter channels in the MCP guide the electron pulses created from each hit through
the material without changing the transverse direction, i.e. the position from
which the electrons leaves the MCP corresponds to the point where it was initially hit. The electrons leave the MCP and are accelerated towards the phosphor
screen if the potential difference between the backside of the MCP and the phosphor screen is sufficiently high. When the electron pulse impacts the phosphor
screen it excites the phosphor creating localized spots which subsequently emits
a flash of light. These phosphorescent blobs, visible to the naked eye, are then
recorded by a charge coupled device (CCD) camera (Allied Vision Technologies,
Marlin F-046 (Max. 52 Hz) and Pike F-032 (Max. 208 Hz)), outside of the vacuum chamber. The detector can be gated by applying a fast high-voltage pulse
to the front of the MCP only at the arrival time of the ion-fragment of interest.
In this way the detector only has sufficient gain to produce a electron pulse in
the time interval of interest. The detector can be gated with a time resolution of
∼ 90 ns, which allows for mass selective detection of individual fragments.
The spectrometer, as discussed previously, separates the ions temporally according to mass, and time-of-flight measurements can be conducted using the
MCP as a fast high gain amplifier. Using a fast oscilloscope it is possible to measure the rapid voltage changes induced by the ion fragments hitting the detector,
and the ion yield as a function of flight time is recorded.

3.2.5

Data Acquisition and Processing

Each image from the CCD camera is immediately transferred to the computer. In
a data acquisition program (developed by Simon S. Viftrup and later upgraded
by Jens Hedegaard Nielsen) each blob is identified and its center coordinates
are calculated and stored on a shot-to-shot basis. The identification of the center
position ensures that all ion hits are counted with the same weight regardless of
the blob size, which may vary due to the non-uniform sensitivity of the detector. This also ensures higher resolution; in principle even sub-pixel resolution is
obtained. Several approaches are taken to reduce noise in the images. First of
all the phosphorescent blobs only appear on the detector for a very short time,
therefore the exposure time of the camera is set to the lowest possible value,
25 µs. Second a threshold is applied to the camera gain; in this way the gain
is kept at a level where the blobs are just big enough for the center to be determined precisely without saturating the CCD. Furthermore the elipticity of each
blob is calculated and very asymmetric blobs are considered double blobs (two
blobs hitting the detector too close to be separated within the camera resolution)
and its center is counted twice.
From the stored blob positions angular and radial distributions can be calculated and by assuming a Gauss shape of each blob an ion image can be con33
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structed. It is important to keep in mind that the ions are projected onto a 2D
detector, hence the ion image is a two dimensional projection and thus only contains information about the ion velocity in the detector plane. From the angular
distribution one can extract a qualitative measure of the degree of alignment in
the form of hcos2 θ2D i, where θ2D is the angle with respect to the vertical axis
in the image. In our data analysis program one can specify the radial region
from which hcos2 θ2D i is calculated, in this way it is possible to determine the
qualitative alignment degree of at specific kinetic energy channel.
Furthermore it is important to notice that the measured value of hcos2 θ2D i
not only contains information about the two-dimensional angular distribution
of the molecule, but also depends on the angular selectivity of the probe with
respect to the molecule in question.
Unless certain assumptions can be made about the initial 3D distribution,
the value of hcos2 θ2D i can not be directly transferred to hcos2 θi, and the two expectation values should not be confused. In general hcos2 θ2D i provides a good
qualitative measure.

3.2.6

Timing

The entire data acquisition system is synchronized to the repetition rate of the
femtosecond laser. The Synchronization and Delay Generator (SDG) controlling
the timing necessary for the Spitfire regenerative amplifier to operate, provides
a master trigger signal of 1 kHz, which is send to a Stanford Research Systems
Delay Generator (SRS DG535), from which all necessary delays are generated
digitally. The SRS lowers the repetition rate down to match the maximum repetition rate of the data acquisition system, with the limiting factor being the
computational time during center determination of the blobs. Experiments involving the nanosecond laser were conducted at 20 Hz limited by the repetition
rate of the laser system. The SRS controls the timing of the trigger pulses to the
various elements in the setup: the valve, the high voltage gate on the MCP, the
camera and the Q-switch of the nanosecond laser.
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ELECTROSTATIC DEFLECTION OF COLD
MOLECULAR BEAMS

4.1

Introduction

For a large range of experiments in chemistry and physics, a high level of control over the external and internal degrees of freedom of molecules would be
very beneficial. This includes control over the translational and the rotational
motions, as well as the selection of a single quantum state or a small subset
of states. Such quantum-state-selected targets provide unique possibilities, for
example, for manipulating the external degrees of freedom with static electric
fields [5, 86] or optical fields [7, 52], or both [24, 25]. The quantum-state selection also naturally discriminates between individual stereo-isomers of large
molecules [87]. The resulting samples of aligned or oriented individual isomers
offer unique prospects for novel experiments with complex molecules, such as
femtosecond pump-probe measurements, X-ray or electron diffraction in the
gas-phase [47, 48], high-harmonic generation [88] or tomographic reconstructions of molecular orbitals [38]. Moreover, it would provide considerably increased control in reaction dynamics experiments [3, 4, 89].
Strong cooling can be achieved in supersonic expansions of molecules seeded
in an inert atomic carrier gas. For small molecules (consisting of just a few
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atoms) only a few rotational states are populated at the typical temperatures
on the order of 1 K. For larger polyatomic systems rotational cooling down to
or even below 1 K still leaves the molecular ensemble distributed over a considerable range of rotational states, thereby often masking quantum state specific effects. State selection can be performed using inhomogeneous electric or
magnetic fields. The interaction of the dipole moment with an external field is
known as the Stark effect. The Stark effect can be used to manipulate molecules,
with the resulting force depending on orientation of the dipole with respect to
the electric field. In a purely classical description the force on a molecule in a
inhomogeneous electric field is given by the negative gradient of the Stark potential energy
F(r) = −∇VStark (E)
(4.1)
For a molecule with a linear Stark shift the potential energy depends on the
magnitude of the electric field, E
VStark = −µeff (E)E

(4.2)

where µeff (E) is the effective dipole moment, which is an inherent property
of the quantum state. The possibility to deflect polar molecules in a molecular beam with an electric field was first described by Kallmann and Reiche
in 1921 [90] and experimentally demonstrated by Wrede in 1927 [91]. As early
as 1926, Stern suggested that the technique could be used for the quantum state
separation of small diatomic molecules at low temperatures [92]. In 1939 Rabi
et al. [93] introduced the molecular beam resonance method, by using two deflection elements of oppositely directed gradients in succession, to study the
quantum structure of atoms and molecules. Whereas deflection experiments
allow the spatial dispersion of quantum states, they do not provide any focusing. For small molecules in low-field-seeking states this issue could be resolved
using multipole focusers with static electric fields. These were developed independently in 1954/55 in Bonn [94, 95] and in New York, where they were used
to produce the population inversion for the first MASER experiments [96, 97].
About ten years later, molecular samples in a single rotational state were used
for state specific inelastic scattering experiments by the Bonn group [98] and,
shortly thereafter, for reactive scattering [99, 100]. In the following decades, multipole focusers were extensively used to study steric effects in gas-phase reactive
scattering experiments [3]. Also for the investigation of steric effects in gassurface scattering experiments [101] and photodissociation [102], the preparation of oriented samples of state-selected molecules using electrostatic focusers
was essential. For the last decade, it is also possible to manipulate the speed of
small molecules using switched inhomogeneous electric fields in the so-called
Stark decelerator [103]. More recently, also the optical [104] and magnetic [105]
analogs have been demonstrated.
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Obtaining similar control over large molecules is more difficult, because all
low-lying quantum states are high-field seeking at the required electric field
strengths. In order to confine these molecules, dynamic focusing schemes are
necessary [106–108]. Dynamic focusing of large molecules has been demonstrated in the alternating-gradient (AG) deceleration of benzonitrile [109] and
in the conformer selection of 3-aminophenol [87]. However, if focusing is not
necessary, spatial dispersion of quantum states can still be achieved using static
electric fields in a Stern-Gerlach-type deflector. This molecular beam deflection
has been used extensively as a tool to determine dipole moments and polarizabilities of molecular systems ranging from diatomics [91] over clusters [110] to
large biomolecules [111].
In this chapter quantum-state selection of large molecules will be demonstrated, following the original proposal of Stern [92]. A detailed analysis of
electrostatic beam deflection is presented. It is shown, how the rotational temperature of cold supersonic jets can be determined with high precision from
deflection measurements and that indeed a small subset of quantum states can
be addressed in deflected samples of large molecules. In particular, the ground
state has the largest Stark shift and molecules residing in this state are deflected
the most. Our goal is to isolate and use rotational ground state molecules, or at
least samples of molecules in the few lowest lying states, as targets for various
experiments. Since the deflection does not change the initial state distribution
but merely disperses it, it is crucial that the population of ground state molecules in the molecular beam is initially as large as possible. Therefore, the rotational temperature of the molecular beam is made as low as possible using a
high-pressure supersonic expansion [81]. In the following chapters it is shown
how the resulting state-selected molecules can be used to improve laser-induced
alignment and mixed field orientation.
The design and construction of the electrostatic beam deflector was made by
our collaborators, Frank Filsinger, Jochen Küpper and Gerard Meijer at the Fritz
Haber Institut der Max Planck Geshelshaft in Berlin. The simulations presented
in this chapter have all been performed by Frank Filsinger.

4.2

Experimental

The experimental setup was described in details in Chapter 3. In brief about
3 mbar of iodobenzene (Sigma Aldrich, 98% purity) or benzonitrile (Sigma
Aldrich, 98% purity) is seeded in an inert carrier gas and expanded through
a pulsed valve into vacuum. In order to obtain optimal cooling of the molecular
beam we use our miniaturized, high pressure Even-Lavie valve [81] operating
at a backing pressure of 90 bar of He or 25-30 bar of Ne limited by the onset
37
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of cluster formation. The molecular beam is first skimmed twice before entering the electrostatic beam deflector. The gradient of the electric field along the
vertical direction is large and nearly constant over a large area explored by the
molecular beam, while the electric field is very homogeneous along the horizontal direction. Thus, a polar molecule experiences a nearly constant force in the
vertical direction independent of its position within the deflector, while the force
in the horizontal direction (i. e. broadening of the beam in the horizontal direction) is minimized. In our setup, the deflector is mounted such that molecules
in high-field-seeking (low-field-seeking) quantum states are deflected upwards
(downwards). After passing through the deflector, the molecular beam enters
the differentially pumped detection chamber via a third skimmer of 1.5 mm diameter. In the detection area, the molecular beam is crossed by the probe laser
beam focused by a spherical lens with a focal length of f = 300 mm. The lens
is mounted on a vertical translation stage so that the height of the laser foci can
be adjusted with high precision. To characterize the beam deflection the probe
beam (30 fs (FWHM) pulses, 800 nm, beam-waist ω0 = 21 µm) is used to determine the density in the molecular beam via photoionization.

4.3

Results and Discussion

In the first experiment, the deflection of benzonitrile molecules (BN, C7 H5 N)
seeded in 90 bar of He is investigated. BN is an ideal candidate for electrostatic
beam deflection due to its large permanent dipole moment of 4.515 D. From the
precisely known molecular constants [112] the Stark curves (potential energy)
of a given rotational quantum state can be calculated as a function of the electric field strength. For details of the exact procedure the reader is referred to
[113]. Figure 4.1 shows the Stark energies for the lowest rotational states of BN.
Due to the small rotational constants and the resulting high density of rotational
states, a large number of states is populated even under the cold conditions in
a supersonic expansion. At a rotational temperature of 1 K, the typical temperature in our experiments (vide infra), 66 rotational quantum states (with 419
M -components) have a population larger than 1% relative to the ground state.
At the electric field strengths present in the deflector, indicated by the shaded
area in Fig. 4.1, all low-lying quantum states are high-field seeking. This is due
to mixing of closely spaced states of the same symmetry and typical for large
asymmetric top molecules. The Stark shift and thus the force a molecule experiences in an inhomogeneous electric field depends on the rotational quantum
state. Molecules in the ground state have the largest Stark shift and are, therefore, deflected the most. In general, the Stark shift decreases with increasing J
quantum number. Thus, the lower the rotational temperature of the molecular
38
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A = 5655 MHz
B = 1547 MHz
C = 1214 MHz
µ = 4.515 D

Figure 4.1: Potential energy as a function of the electric field strength for the lowest
rotational quantum states of benzonitrile. The shaded area indicates the actual electric field strength inside the deflector. In the inset, the molecular structure is shown
together with the relevant molecular constants [112].

beam is, the more the beam is deflected.
Figure 4.2 shows vertical intensity profiles of BN for various high voltages
applied to the deflector. Vertical intensity profiles are obtained by recording
the BN+ signal from photoionization by the fs-laser as a function of the vertical position of the laser focus. If no high-voltage is applied to the deflector, the
molecular beam extends over about ∼ 2 mm. In this case, the size of the molecular beam in the detection region is determined by the mechanical aperture of
the experimental setup, i. e. by the dimensions of the deflector and the last skimmer before the detection region. As the high voltage is turned on, the molecular
beam profile broadens and shifts upwards. At a voltage of 10 kV, a large fraction of the molecules is deflected out of the original, undeflected beam profile.
A small fraction of the molecules, however, is almost unaffected by the deflector.
In order to understand these experimental findings, Monte Carlo simulations
have been employed. For details the reader is referred to [113]. In brief, trajectory calculations are performed for molecular packets of individual rotational
quantum states. These calculations yield single-quantumstate deflection profiles. Then, the single-state profiles are averaged according to the populations
of the respective states in the original molecular beam (i. e. at the entrance of the
deflector). From these simulations, it is obvious that the molecules in the original beam are not rotationally thermalized, an effect that has previously been
39
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C7H5N+ signal (arb. units)
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Figure 4.2: The vertical spatial profile of the molecular beam measured by recording
the laser induced BN+ signal (see text). The experimental data are shown together
with the corresponding simulated profiles.

observed in rotationally resolved spectroscopy [114, 115]. A number of different descriptions of the populations of rotational states has been given [115]; we
use the formula for a two-temperature model originally proposed by Wu and
Levy [114]. Finally, the rotational temperature of the low-temperature component in the molecular beam is obtained by fitting the simulated deflection profiles to the experimental data using a local optimization algorithm. All deflection profiles measured at the different voltages are fitted simultaneously, where
the fraction w of the low-temperature component, a general intensity scaling factor s between undeflected and deflected profiles, and the rotational temperature
Trot of the low-temperature component are the fitting parameters. Best agreement between experimental data and simulations is found for q = 0.93 and
Trot = 0.8 K. The resulting simulated deflection profiles nicely reproduce the experimental data as shown in Fig. 4.2 (solid lines). In particular, the undeflected
part of the molecular beam for 10 kV can be perfectly simulated, which indicates,
that the use of a two-temperature model was indeed justified. For comparison,
also a simulated deflection profile for 10 kV using a one-temperature model is
shown (dashed line in Fig. 4.2).
In order to estimate the uncertainty of Trot , deflection profiles are calculated
for different rotational temperatures. For each fixed rotational temperature, the
best values for s and q are determined using the fitting procedure outlined
above and the resulting deflection profile for a voltage of 10 kV is plotted in
Fig. 4.3. With increasing Trot , the peak of the beam profile shifts towards smaller
40
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Y (mm)

Figure 4.3: The vertical profile of the molecular beam measured by recording the
laser induced BN+ signal (see text). The experimental data are shown together with
the corresponding simulated profiles for different rotational temperatures. Simulations are shown for the two-temperature model; see text for details.

y-values, while, at the same time, the intensity in the undeflected part of the
beam profile is reduced. From the comparison of experimental data and simulation, an uncertainty of Trot of ±0.2 K is estimated.
The deflection of iodobenzene molecules (IB, C6 H5 I) is investigated in the
same way. Vertical intensity profiles are measured by recording the signal of I+
ions, created by Coulomb explosion with a circularly polarized probe pulse, as a
function of the vertical position of the probe laser focus. Figure 4.4 a) shows
deflection measurements for IB seeded in 90 bar of He. IB (mass 204 u) is
heavier than BN (mass 103 u) and has a considerably smaller dipole moment
of only 1.625 D [116] compared to BN. Therefore, smaller deflections are observed for IB (see Fig. 4.2) under identical expansion conditions. However, the
interaction time with the electric field and the time-of-flight from deflector to
detection region can be increased when Ne is used as a carrier gas instead of
He. Changing the carrier gas reduces the mean velocity of the molecular beam
from 1800 m/s to 800 m/s and significantly enhances the observed deflection
as shown in Fig. 4.4 b). Following the fitting procedure outlined above, Trot can
be determined for IB as well. In the case of IB, a one-temperature model with
a rotational temperature of 1.05 K fits the experimental data best for the deflection measurements both in He and Ne. The uncertainty of Trot is estimated to be
±0.1 K for IB seeded in Ne and ±0.2 K for IB in He. The somewhat larger un41
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I+ signal (arb. units)

a

A = 5669.13 MHz
B = 750.41 MHz
C = 662.64 MHz
µ = 1.625 D

b
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5 kV
10 kV
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Figure 4.4: The vertical profile of the molecular beam measured by recording the
laser induced I+ signal (see text). The experimental data are shown together with
the corresponding simulated profiles. Figure (a) shows the beam profiles for a He
beam, Figure (b) shows the respective profiles for a Ne beam. Arrows indicate the
laser positions for alignment and orientation experiments (vide infra).

certainty for the measurements in He reflects the small deflections observed for
He. The simulated deflection profiles for IB are shown as solid lines in Fig. 4.4
and agree well with the experimental data .
The main purpose of the deflection studies presented in this work is to provide quantum-state-selected samples of large molecules for further experiments.
The degree of deflection that a molecule experiences in the electric field of the
deflector depends on its quantum state. The relevant quantity is the effective
dipole moment µeff (the negative slope of the Stark curve), which depends on the
electric field strength. Molecules residing in low rotational quantum states have
generally the largest µeff and are, therefore, deflected most. These molecules can
simply be addressed by moving the laser focus in the detection region towards
the upper cut-off of the molecular beam profile. In order to understand the
laser-induced alignment and orientation experiments presented in sections 5.4.1
and 5.4.2, it is crucial to know the relative populations of individual quantum
states that are probed at a given height of the laser focus. The position of the
laser focus within the molecular beam profile during the alignment and orientation measurements is indicated by an arrow in Fig. 4.4 b. At this position, the
intensity of the deflected beam is 9% of the undeflected peak intensity. The composition of the molecular packets in the detection region can be extracted from
the simulated deflection profiles. Table 4.1 provides an overview of the most
abundant quantum states present in different regions of the beam profiles for IB
at a rotational temperature of 1.05 K. For comparison, also the population of each
42
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rotational quantum state in the undeflected beam for this rotational temperature
is given. At the position of the laser focus for the orientation experiments (last
column in table 4.1), the population of the lowest quantum states is significantly
enhanced compared to the undeflected beam. The fraction of ground state molecules is enhanced by a factor of five, for instance. About 97% of the population
resides in the few quantum states listed in table 4.1 with the JKa Kc = 303 state
being most abundant. Moving the laser focus even closer towards the upper
cut-off in the beam profile should reduce the number of quantum states that
are probed even further. If a reduction of the beam intensity by two orders of
magnitude can be afforded, only 4 quantum states are predicted to be probed
with 37% of the molecules being in the JKa Kc = 303 state. At first glance, it is
surprising that this state and not the absolute ground state, which is expected
to have the largest µeff , is populated most in the deflected beam. In order to understand this, the Stark curves for the most deflected quantum states of IB are
shown in Fig. 4.5 a, together with their effective dipole moments (Fig. 4.5 b).
Below the relevant electric field strengths, both the JKa Kc M = 303 2 and the
JKa Kc M = 413 3 M -sublevels have avoided crossings with close-by states of the
same symmetry (dashed lines in Fig. 4.5 a). These avoided crossings lead to large
local effective dipole moments that are comparable to the ground-state µeff .
Thus molecules in these quantum states are deflected as much as ground-state
molecules. Furthermore, states with M 6= 0 are doubly degenerate, whereas the
ground state with M = 0 is only singly degenerate. Therefore, the population
of molecules in the JKa Kc M = 303 2 to begin with, i. e. in the undeflected beam,
is even larger than the population in the ground state. From table 4.1 it is clear,
that it will be difficult to isolate the rotational ground state of iodobenzene in our
setup. Nevertheless, if the fraction of ground-state molecules could be increased
from 1% in the undeflected to 26% in the deflected beam, dramatic effects are to
be expected for a variety of further experiments.
We point out that we are assuming adiabatic following of potential energy
curves in all simulations. Nonadiabatic transitions are unlikely in the strong
fields inside the deflector, since the number of avoided crossings and their energy gaps generally increase with electric field strength. Moreover, the probability for nonadiabatic following depends on the rate of change of the field
strength, which is only due to the slow translational motion of the molecules.
However, nonadiabatic transitions have been observed in different Starkdecelerator beamlines at real [117] and avoided crossings [118] for small electric fields.
Similarly, when the deflected molecules in the experiments reported here enter
On the other hand, the local effective dipole moments of the neighboring states (dashed lines in
Fig. 4.5 a) are reduced by these crossings. At an avoided crossing, the two levels that are involved
"exchange" their effective dipole moments. For large asymmetric top molecules, many avoided
crossings can lead to a complicated shape of the adiabatic Stark curve and a strongly varying effective dipole moment with the electric field strength.
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3.24
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1.90
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1.15
3.24
1.55
1.55
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2.65
5.43
2.54

4.80
2.22
1.92

0.19
1.07
99.41

100.00


1.26

1.91

96.67

41.46

Table 4.1: Relative population of individual quantum states in the deflected part of
the molecular beam profile for Trot = 1.05K. Left: IB in He at 1 % of peak intensity
of undeflected beam. Center: IB in Ne at 1 % of peak intensity of undeflected beam.
Right: IB in Ne at 9 % of peak intensity of undeflected beam (here orientation images were taken). PM denotes relative population of individual M-sublevels in %,
PJKa Kc the sum over all M-sublevels, and PJfree
the relative population of a given
Ka Kc
rotational quantum state in a free jet.
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Figure 4.5: (a) Potential energy as a function of the electric field strength for selected
quantum states of IB. Solid lines represent quantum states that are present close to
the upper cut-off of the molecular beam profile for IB seeded in Ne. The respective
JKa Kc quantum numbers are given in the figure. (b) Effective dipole moment for
selected quantum states of IB. The shaded area represents the range of electric field
strengths in the deflector at 10 kV.

a field-free region, scrambling of population over the various M components
of their rotational state will occur. For small molecules, like OCS or ClCN,
the preparation of an ensemble of molecules, all in a single quantum state will
be feasible with the present setup. For these systems, the number of quantum
states that are populated in a supersonic jet is significantly smaller compared to
large asymmetric top molecules like IB or BN. The spacing between neighboring
quantum states is larger and the number of avoided crossings smaller. Thus, the
differences in the effective dipole moment between individual quantum states
are larger and, therefore, the degrees of their deflection will vary considerably.
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5
LASER INDUCED 1D ALIGNMENT AND
ORIENTATION

5.1

Introduction

Any application of aligned or oriented molecules will benefit significantly from,
or simply requires, a strong degree of alignment or orientation. One efficient
method to optimize the degree of alignment or orientation is to ensure that the
molecular sample initially resides in the lowest-lying rotational states. This is
achieved by lowering the rotational temperature as much as possible. In practice, strong cooling can be obtained by supersonically expanding a small fraction of the molecular gas of interest in an inert carrier gas. Very strong degrees
of alignment have been reported using molecular beams with a rotational temperature around 1 K [60]. However, optimizing the degree of orientation in the
mixed laser and static electric field method imposes an even stronger requirement on the initial rotational state distribution.
In this chapter it is shown how laser-induced 1D alignment and mixed field
orientation, can be strongly enhanced using rotational quantum-state-selected
molecules. The state selection is obtained by passing a cold molecular beam
through an electrostatic deflector that spatially disperses molecules according
to their rotational quantum state as described in the previous chapter. Here,
47

48

Laser Induced 1D Alignment and Orientation

alignment and orientation occurs in the adiabatic limit where the laser pulse
duration is much longer than the inherent rotational periods of the molecule
[15, 56]. The state selection leads to strong enhancement in the degree of orientation and alignment of carbonylsulfide (OCS) and iodobenzene (IB) molecules
compared to that achieved when no deflection is used.

5.2

Experimental Setup

A gas mixture of ∼10 mbar carbonylsulfide (OCS) and 10 bar of Ne or 3 mbar of
iodobenzene (Sigma Aldrich, 98% purity) and 90 bar of He or 20 bar of Ne (limited by the onset of cluster formation) is expanded supersonically into vacuum
through our Even-Lavie valve forming a pulsed molecular beam. The molecular beam is skimmed twice and enters a 15-cm-long electrostatic deflector that
spatially disperses the molecular beam in the vertical direction according to the
initial rotational states as described in Chapter 4. After passing through the
deflector, the iodobenzene molecules enter the differentially pumped detection
chamber via a third skimmer of 1.5 mm diameter. The experiments involving
OCS were performed after the vacuum chamber system had been upgraded,
hence after exiting the deflector the OCS molecules pass through a homogeneous field from the capacitor plates ensuring no mixing of the M -states. In the
experiments the capacitor-plates were kept at a potential of 500 V.
In the detection chamber the molecular beam is crossed at 90◦ by two focused laser beams. The lens is mounted on a vertical translation stage so that
the height of the laser foci can be adjusted with high precision. The target of
adiabatically aligned and oriented molecules is prepared by the combined action of a 10 nanosecond long laser pulse and the weak static electric field already used to project ions or electrons onto the 2-dimensional particle detector.
The 10 ns (FWHM) long pulses from a Nd:YAG laser (1064 nm, ω0 = 36 µm)
are overlapped in time and space with the 30 fs probe laser pulses (λ = 800 nm,
ω0 = 21 µm) . The probe pulses are used to Coulomb explode the molecules
and subsequently the recoil directions of the ionic fragments are recorded. In
the case of the linear OCS molecules S+ ions are recorded to determine the molecular axis orientation. For iodobenzene molecules I+ ions are recorded to determine the orientation of the symmetry axis of the molecule. 2D ion images
of S+ and I+ recorded with a CCD camera provide direct information about the
instantaneous molecular orientation of the OCS and C-I bond axis, respectively,
with respect to the laboratory frame and are therefore the basic observables in
these experiments. All experiments are conducted at 20 Hz, limited by the repetition rate of the YAG laser. The experiments described here are conducted on
undeflected molecules compared to the most deflected molecules, i. e. a subset
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of molecules selected in the lowest lying rotational quantum states.

5.3

Laser-Induced Alignment and Orientation of a
Linear Molecules

In this section the linear molecule carbonylsulfide (OCS) is studied. OCS has a
dipole moment of 0.71 D and polarizabilities α|| = 7.516 Å3 and α⊥ = 3.875 Å3 .
The For a linear molecule alignment and orientation of the mayor polarizability
axis and dipole moment is sufficient to achieve full orientational control over
the molecule.

5.3.1

Deflection of the Molecular Beam

Initially the effect of the electrostatic beam deflector is characterized for OCS
seeded in Ne. Figure 5.1 shows the vertical intensity profile of OCS for various
high voltages applied to the deflector. The vertical spatial profiles are obtained
by recording the OCS+ signal from photoionization by the femtosecond laser as
a function of the vertical position of the laser focus. Compared to the vertical
intensity profiles obtained for iodobenzene and benzonitrile, described in the
previous chapter, the molecular beam with no voltage applied to the deflector
extends over about ∼ 2.5 mm instead of 2 mm. The reason for the change in the
molecular beam size is that the experiments on OCS were performed after the
upgrade of the molecular beam apparatus, i. e. with the first skimmer changed
from 1 mm to 3 mm and the final skimmer replaced by a set of capacitor plates.
The modifications, thus, broadened the molecular beam. Again as the high voltage is turned on, the molecular beam profile broadens and shift upwards. When
9 kV are applied to the detector the cutoff seems to end quite abruptly, indicating
that the molecular beam is hitting the edges of the deflector or other components
in the vacuum chamber. For that reason a maximum of 7 kV is applied in the
following studies.

5.3.2

Laser-Induced Alignment

Next, alignment induced by the YAG pulse is studied. The basic experimental
observables are 2-dimensional (2D) S+ ion images from Coulomb explosion of
the OCS molecules. The geometry of the laser pulse polarizations with respect
to the velocity map imaging (VMI) spectrometer is illustrated in Fig. 5.2. The
YAG pulse is linearly polarized along the vertical direction (laboratory fixed
Y -axis), hence parallel to the detector plane. The Coulomb explosion probe is
linearly polarized perpendicular to the detector plane (laboratory fixed Z-axis).
49
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Figure 5.1: Experimentally measured vertical spatial profile of the molecular beam
of carbonylsulfide for different deflection voltages applied, measured by recording
the OCS+ signal.

This ensures that there is no detection bias on the molecular orientation in that
plan.
Figure 5.3a shows a S+ ion image obtained from the probe pulse only. The
images is circularly symmetric as to be expected from a random oriented ensemble of molecules in the present probe geometry. When the YAG pulse is included
(Fig. 5.3, image b), the S+ image exhibits strong angular confinement along the
polarization of the YAG pulse. The S+ ions appear in a radially localized region corresponding to a fragmentation channel of the Coulomb explosion. The
channel is ascribed to the OCS molecules being doubly ionized by the probe
pulse, resulting in fragmentation into a S+ + OC+ ion pair. In the images the
central region has been cut away. OCS has an ionization potential of 11.4 eV
and is very hard to Coulomb explode even with the intensities applied here, as
a consequence the overall S+ signal is very weak compared to the molecular ion.
A large fraction of the S+ ions are thus created from single ionization of OCS,
through the S+ + OC fragmentation channel. S+ ions leaving a neutrally charged
carbonyl group have lower kinetic energy than those from the Coulomb explosion channel and will end up in the central part of the detector. Furthermore,
S+ has the same mass to charge ratio as O+2 and a large fraction of the ion hits
50
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Figure 5.2: 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 to characterize alignment, including a sketch of the resulting molecular alignment. Repeller,
extractor and ground refers to the electrostatic plates of the VMI spectrometer.

in the central region originate from ionization of O2 background gas present in
the target chamber. This has been verified experimentally by blocking the molecular beam. The pronounced angular confinement observed in images b and c
is quantified by calculating the expectation value of hcos2 θ2D i, where θ2D is the
angle between the YAG pulse polarization and the projection of the S+ recoil velocity vector onto the detector plane. For OCS, hcos2 θ2D i values are calculated
only from ions detected in the radial region corresponding to the S+ + OC+ fragmentation channel. It should be noted that hcos2 θ2D i = 0.50 would correspond
to perfectly randomly oriented molecules, whereas hcos2 θ2D i = 1 would correspond to the quantum mechanically unfeasible situation of perfectly 1D-aligned
molecules. Image a is recorded with only the probe laser present. This should
correspond to a target of randomly oriented molecules. As expected in the chosen probe geometry the image is circularly symmetric and hcos2 θ2D i = 0.512.
When the YAG pulse is included (image b) a pronounced angular confinement
is observed along the polarization of the YAG pulse and hcos2 θ2D i is increased to
0.875. These observations are in complete agreement with previous studies [60].
When the deflector is turned on at 7 kV and the laser foci moved towards the
edge of the most deflected molecules (at the position corresponding to 2.15 mm
of Fig. 5.1), corresponding to molecules in the lowest rotational states, the angular confinement is further enhanced (image c) leading to a hcos2 θ2D i value
of 0.908. To investigate the influence of the YAG intensity on the molecular
alignment, measurements were performed as a function of YAG intensity. In
Fig. 5.4 hcos2 θ2D ivalues are plotted as a function of YAG intensity. Again, im51
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Figure 5.3: S+ ion images illustrating alignment, recorded when the probe pulse
Coulomb explodes the OCS molecules. The polarization of the YAG and the probe
pulses are kept fixed at βalign = 90◦ and βprobe = 0◦ of Fig. 5.5. The labels "undeflected" and "deflected" correspond to images recorded at lens position, Y = 0.0
with the deflector turned off and Y = 2.15 mm with the deflector at 7 kV. The intensities of the YAG and the probe pulse are 1.4 × 1012 W/cm2 and 5.4 × 1014 W/cm2 ,
respectively. The color scale indicates the relative number of ions and is the same
for the subsequent figures of ion images in this chapter.
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Figure 5.4: Degree of alignment as a function of the YAG intensity for OCS. The
labels "undeflected" and "deflected" correspond to images recorded at lens position
Y = 0.0 with the deflector turned off and Y = 1.9 mm with the deflector at 7 kV.
The intensity of the probe pulse is 5.4 × 1014 W/cm2
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Figure 5.5: Schematic of the velocity map imaging spectrometer used to detect ions.
The alignment of the molecules, illustrated by the OCS model, is determined by
the alignment laser polarization, 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 Oend towards the repeller where positive voltage is highest. Repeller, extractor and
ground refers to the electrostatic plates of the VMI spectrometer.

provements are observed when deflected rater than undeflected molecules are
employed.

5.3.3

Mixed-Field Orientation

Next, orientation of the OCS molecules due to the combined action of the YAG
pulse and the static electric (Estat ) from the VMI electrodes is discussed. Figure 5.5 illustrates the polarization state of the YAG and the probe pulse with
respect to the static electric field of the VMI electrodes. The important difference
compared to the alignment data is that the YAG polarization is rotated away
from the axis perpendicular to the static field. Thus, the orientation data result
from geometries where the angle βalign between the YAG polarization (the molecular bond axis) and the static electric field is different from 90◦ , see Fig. 5.5.
To image orientation the probe pulse is linearly polarized in the vertical direction (laboratory fixed Y -axis), i. e. parallel to the detector. This ensures a clear
separation of S+ from the S+ + OC+ fragmentation channel. The choice of probe
polarization does not secure that any molecule will be ionized, and thus detected, with the same probability independent of βalign . In fact, we expect an
underestimation of the degree of orientation. Only a circularly polarized probe
pulse would fulfill the requirements, however due to the limitations in the field
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Figure 5.6: S+ ion images illustrating alignment for βalign = 45◦ and −45◦ , respectively, recorded when the linearly polarized probe pulse Coulomb explodes the
OCS molecules. The probe is polarized parallel to the detector, at βprobe = 90◦ .
The labels "undeflected" and "deflected" correspond to images recorded at lens position Y = 0.0 with the deflector turned off and Y = 2.15 mm with the deflector at 7 kV. The intensity of the YAG and probe pulse are 1.4 × 1012 W/cm2 and
5.4 × 1014 W/cm2 , respectively. The static field is Estat = 594 V/cm.

strength of the probe pulse, we were not able to use a circularly polarized probe
pulse. The linearly polarized probe will induce some bias on the angular distribution of the S+ ions (see Fig. 5.6 image a and d), however, importantly, it is
up/down symmetric. Figure 5.6 shows S+ ion images for both deflected and
undeflected molecules with the YAG laser at βalign = 45◦ and −45◦ , respectively,
where βalign is the angle between the static electric field, Estat , and the alignment
laser field, Ealign . The amplitude of the static field is 594 V/cm. As mentioned,
the linearly polarized probe alone gives rise to an image that exhibits some angular confinement, however the images are up/down symmetric. When the
YAG pulse is included at βalign = 45◦ or −45◦ a strong angular confinement
of the S+ shows that the OCS molecules are sharply 1-dimensionally aligned
along the polarization of the linearly polarized alignment pulse. In addition, a
pronounced asymmetry of the S+ ions emitted either parallel or anti-parallel to
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Figure 5.7: a,b S+ ions images from deflected molecules for βalign = 45◦ and -45◦ ,
respectively and Estat = 345 V/cm . In a 73 % of all S+ ions appear in the upper half
of the detector. In b 28 % of all S+ ions appear in the upper half of the detector. c, d
Images of S+ ions for β = 45◦ and −45◦ , respectively with the static field increased
to Estat = 594 V/cm. In c and d respectively 80 % and 19 % of all S+ ions appear in
the upper part of the detector. The images are recorded at lens position, Y = 1.9 mm
with the deflector turned on at 7 kV. The intensity of the YAG and probe pulse are
8 × 1011 W/cm2 and 5.4 × 1014 W/cm2 , respectively.

Estat , with an excess of S+ in the upper (lower) region for βalign = 45◦ (−45◦ ),
shows that the molecules are oriented with the S-end preferentially pointing toward the extractor electrode where the electrical potential is lowest. Hence, the
permanent dipolemoment of OCS is pointing in the same direction as Estat .
To quantify the up/down asymmetry, i. e. the degree of orientation, we determine for each image the number of S+ ions, Nup , in the upper part of the
S+ +OC+ channel (i. e. ions detected in the upper half of the images) compared to
the total number of ions, Ntotal , in the channel. The ratio Nup /Ntotal is then used
to quantify the degree of orientation. In Fig. 5.6 image b and c 66 % and 33 %
of the ion hits are detected in the upper half of the image, respectively. When
the deflector is turned on and the foci of the lasers are moved to the edge of the
most deflected molecules (Fig. 5.6 image e and f) the alignment and orientation
is significantly improved, with 81 % (19 %) of the ions appearing in the upper
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Figure 5.8: Degree of orientation as a function of the YAG intensity for OCS. The
polarization of the YAG and the probe pulses are kept fixed through the series at
βalign = 30◦ and βprobe = 90◦ of Fig. 5.5. The labels "undeflected" and "deflected"
correspond to images recorded at lens position Y = 0.0 with the deflector turned off
and Y = 1.9 mm with the deflector at 7 kV. The labels "low field" and "high field"
refer to two different extraction fields corresponding to 345 V/cm and 594 V/cm,
respectively. The intensity of the probe pulse is 5.4 × 1014 W/cm2 .

half of the region corresponding to the S+ + OC+ channel of image e (f). To investigate the influence of the amplitude of the static field and the intensity of the
YAG pulse measurements were performed at two different values of the static
electric field as a function of YAG intensity. Figure 5.7 shows S+ ion images from
Coulomb explosion of the deflected OCS molecules similar to Fig. 5.6 image e
and f, with the YAG pulse polarized at βalign = 45◦ or −45◦ with the amplitude
of the static field at Estat = 345 V/cm and 594 V/cm, respectively. A clear effect
of the static field is observed.
To summarize and quantify the degree of orientation even further the Nup /Ntotal
ratio is plotted as a function of the intensity of the YAG pulse for undeflected
and deflected OCS molecules at two different amplitudes of the static field (see
Fig. 5.8).
When state selected molecules are used a high degree of orientation is observed even at low intensity of the YAG pulse. Although the change in alignment degree shown in Fig. 5.4 between undeflected and deflected molecules
was minor, the difference here is striking and clearly shows the advantage of
selecting the lowest lying rotational states for strongly increasing the degree of
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Figure 5.9: S+ ion images illustrating orientation for βalign = 45◦ and −45◦ , respectively, recorded when the linearly polarized probe pulse Coulomb explodes the
deflected OCS molecules. The probe is polarized parallel to the polarization of the
YAG pulse, at βprobe = 45◦ and -45◦ , respectively. The images are recorded at lens
position 2.15 mm with the deflector turned on at 7 kV. The intensity of the YAG and
probe pulse are 1.4 × 1012 W/cm2 and 5.4 × 1014 W/cm2 respectively. The static
field is Estat = 594 V/cm.

orientation. As mentioned previously the choice of probe geometry clearly underestimates the degree of orientation. To quantify the extent of the error, S+ ion
images were recorded at βalign = 45◦ and −45◦ , with the probe pulse polarized
parallel to the YAG pulse at βprobe = 45◦ and −45◦ , respectively (Fig. 5.9). The
images are recorded under conditions otherwise similar to Fig. 5.6 e and f. A
clear improvement is observed with the number of ions appearing in the upper
half of the region corresponding to the S+ + OC+ channel increasing from 81 %
(Fig. 5.6 image e) to 84 % (Fig. 5.9).
Finally, it should be noted that although preparation of a single quantum
state should be feasible for OCS, this has not been verified experimentally yet.
The degrees of alignment and orientation achieved in this section are not consistent with the selection of the rotational ground state. From the measurement we
can not eliminate the possibility of bent states being populated in the supersonic
expansion, that are also deflected.
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5.4

Laser-Induced Alignment and Orientation of Asymmetric Top Molecules

In this section the methods described in the previous section are extended to the
general class of asymmetric top molecules. To illustrate 1D-alignment and orientation of state selected asymmetric top molecules experiments are performed
on iodobenzene. The vertical profiles of the molecular beam were already characterized in Chapter 4.

5.4.1

Laser-Induced Alignment

For iodobenzene the basic experimental observables are 2D I+ ion images recorded
when the IB molecules are irradiated with both the YAG pulse and the probe
pulse. The geometry of the laser pulse polarizations with respect to the velocity
map imaging VMI spectrometer is similar to the one applied in the alignment
experiments of OCS (see Fig. 5.2). Hence, the YAG pulse is linearly polarized
along the vertical direction and the probe pulse linearly polarized perpendicular to the detector plane, ensuring no bias on the molecular orientation in the
plane of the detector. This results in a circularly symmetric I+ image, when only
the probe pulse is used (Fig. 5.10, image A1). When the YAG pulse is included
(Fig. 5.10, image A2-A4), the I+ images exhibit strong angular confinement along
the polarization of the YAG pulse.
The I+ ions appear as two radially localized regions, corresponding to two
different fragmentation channels of the Coulomb
√ explosion. The radius of the
outermost (and weakest) ring is approximately 2 times larger than the radius
of the innermost (and brightest) ring. Since the radius is proportional to the velocity of the ions, the I+ ions from the outermost ring originate from a Coulomb
explosion channel that releases twice as much kinetic energy as the channel producing the I+ ions in the innermost ring. As pointed out in several previous
studies from our group (see for instance [16]), this is only consistent with the
innermost ring originating from IB being doubly ionized by the probe pulse and
fragmenting into an I+ + C6 H+5 ion pair, and the outermost ring originating from
I+ ions formed by triple ionization and fragmentation into an I+ + C6 H52+ ion
pair. As shown in the previous section the pronounced angular confinement observed in images A2 and A4 is quantified by calculating the expectation value
of hcos2 θ2D i, where θ2D here is the angle between the YAG pulse polarization
and the projection of the I+ recoil velocity vector onto the detector plane. In
this section hcos2 θ2D i values are calculated only from ions detected in radial region corresponding to the outermost fragmentation channel. By doing so, the
YAG intensities probed are restricted to a narrow range close to the maximum
value, as the high nonlinearity of the multiphoton process occurs efficiently only
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Figure 5.10: I+ ion images illustrating alignment, recorded when the probe pulse
Coulomb explodes the IB molecules seeded in 90 bar He. The polarizations of the
YAG and the probe pulses are kept fixed as illustrated in Fig. 5.2. The labels "no
deflection", "deflection", and "depletion" correspond to images recorded at lens position Y = 0.0, 1.0 and −0.9 mm, respectively, the latter two with the deflector at
10 kV (see Fig. 4.4a). The intensities of the YAG and probe pulse are 8 × 1011 W/cm2
and 5 × 1014 W/cm2 , respectively. Estat = 297 V/cm. The color scale indicates the
relative number of ions. This color scale is the same for all subsequent figures showing ion images in this chapter.

in the spatial regions close to the focal point of the YAG beam. Image A1,
recorded with only the probe pulse present, should correspond to a target of
randomly oriented molecules. As expected the image is circular symmetric and
hcos2 θ2D i = 0.515. When the YAG pulse is included (image A2) a pronounced
angular confinement is observed along the polarization of the YAG pulse and
hcos2 θ2D i is increased to 0.947. When the deflector is turned on and the laser
foci moved to the edge of the most deflected molecules (at the position marked
in Fig. 4.4 a), corresponding to molecules in the lowest rotational states, the angular confinement is further enhanced (image A3) leading to a hcos2 θ2D i value
of 0.968. By contrast, when the experiment is conducted on the least deflected
molecules in the depleted region (image A4), corresponding to molecules in the
highest rotational states, the alignment is weakened and hcos2 θ2D i = 0.900.
We repeated the alignment measurements when IB was seeded in Ne. The
results are displayed in Fig. 5.11. Like in the He case a pronounced improvement
is observed when deflected rater than undeflected molecules are employed. Figure 5.11 shows images of I+ recorded at three different intensities of the YAG
laser for both undeflected and deflected molecules seeded in Ne. The effect of
the deflector is clearly seen when comparing, for instance, image B1 (deflected)
and A1 (undeflected). At this low YAG intensity 2.3 × 1010 W/cm2 weak alignment is obtained in the nondeflected beam with hcos2 θ2D i = 0.695. Going to the
edge of the deflected molecular beam (position indicated in Fig. 4.4 b) a clear en60
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Figure 5.11: I+ ion images illustrating alignment at different intensities of the YAG
pulse, recorded when the probe pulse Coulomb explodes IB molecules seeded in
20 bar Ne. The labels "no deflection" and "deflection" correspond to images recorded
at lens position Y = 0.0 mm (deflector turned off) and 2.15 mm (deflector at 10 kV),
respectively. The intensity of the probe pulse is 5 × 1014 W/cm2 .
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Figure 5.12: Degree of alignment as a function of the YAG intensity for IB seeded in
20 bar Ne or 90 bar He. The intensity of the probe pulse is 5 × 1014 W/cm2 .

61

62

Laser Induced 1D Alignment and Orientation

hancement is observed (image B1) with the hcos2 θ2D i value rising to 0.869. Also,
at high YAG intensity 1.2 × 1012 W/cm2 the difference in angular confinement
comparing the undeflected (image A3) to the deflected molecules (image B3) is
visible. While hcos2 θ2D i = 0.929 represents the limit of the degree of alignment
of IB seeded in Ne in the undeflected beam, employing the deflector leads to
an unprecedented degree of laser-induced alignment of hcos2 θ2D i = 0.972. To
quantify the angular information of the images, hcos2 θ2D ivalues are plotted as
a function of YAG intensity; the results are displayed in Fig. 5.12 for molecules
seeded in Ne as well as Hea . Even at very low laser intensities, a high degree of
alignment can be obtained from an ensemble of quantum-state-selected molecules. The tendency shown in this graph with a steep rise and early saturation
of the degree of alignment agrees with previous results investigating the dependence of alignment on the rotational temperature of the ensemble of molecules [60]. Effectively, the quantum-state selection corresponds to a "colder" albeit nonthermal beam. The contrast between the undeflected and the deflected
beam is greater when Ne is used instead of He as a carrier gas. In the undeflected beam the maximum degree of alignment that can be achieved is smaller
in Ne because the rotational cooling in the supersonic expansion is less effective
due to the lower stagnation pressure [81]. Additionally, in the deflected beam, a
better degree of alignment is expected for Ne, as the efficiency of the quantumstate selection in the present setup is significantly enhanced due to the longer
residence time in the deflector (see Chapter 4).

5.4.2

Mixed-Field Orientation

Next, we discuss orientation due to the combined action on the molecules
from the YAG pulse and the static electric field, Estat , from the VMI electrodes.
Figure 5.13 illustrates the polarization state of the YAG and the probe pulse with
respect to the static electric field of the VMI electrodes. The important difference
compared to the alignment data is that the YAG polarization is rotated away
from the axis perpendicular to the static field. Thus, the orientation data result from geometries where the angle βalign between the YAG polarization (the
C-I bond axis) and the static electric field is different from 90◦ , (see Fig. 5.13).
In contrast to the OCS experiments, orientation of IB is imaged using a circularly polarized probe pulse. This ensures that any molecule will be ionized and
thus detected with the same probability independent of βalign . This circularly
polarized probe will induce some bias on the angular distribution of the I+ ions
a It should be noted that the measurements presented in Fig. 5.12 with He as a carrier gas, were
recorded under slightly different conditions than the remaining results on IB presented in this chapter. The results were recorded after the vacuum chamber had been upgraded with exchange of the
first skimmer and introduction of the capacitor plates, which may have led to slightly better cooling
of the undeflected beam.
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Figure 5.13: 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 to characterize orientation, including a sketch illustrating molecular orientation.

(see Fig. 5.14 image A1 and C1), however, importantly, it is up/down symmetric. Figure 5.14 shows I+ ion images for different βalign values for both deflected
and undeflected molecules seeded in He. As mentioned, the circularly polarized probe alone gives rise to an image that exhibits some angular confinement
with hcos2 θ2D i = 0.70 (Fig. 5.14, A1). Consequently, including the YAG pulse at
βalign = 90◦ , results in an image (Fig. 5.14, B1) that appears slightly different from
the corresponding image with a linearly polarized probe (Fig. 5.10 A2), but still
shows that the molecules are tightly aligned. Focusing first on the nondeflected
data of Fig. 5.14 (rows A and B) two prominent changes are observed as the polarization of the YAG pulse is gradually rotated away from the detector plane
(images A2-A6 and B2-B6). First, the location of the I+ rings shifts closer to the
center of the images. This is due to the fact that the C-I axis alignment and thus
the emission direction of the I+ ions follows the YAG pulse polarization. When
the C-I axis is aligned at an angle βalign , the magnitude of the I+ velocity vector
recorded on the detector will be reduced by the factor sin(βalign ). The detrimental
effect on the radial (velocity) resolution is obvious at βalign = 135◦ / 45◦ (image
A5 and B5) and 30◦ / 150◦ (image A6 and B6), where the two I+ explosion channels, I+ + C6 H+5 and I+ + C6 H52+ , become indistinguishable as they merge in the
2D projection onto the detector plane. Second, as the YAG pulse polarization is
turned away from 90◦ , the up/down symmetry of the images, characteristic for
the alignment data described in Sec. 5.4.1 (and Fig. 5.14 column 1) is broken. For
images with 90◦ < βalign < 180◦ (images B2-B6), more I+ ions are detected in the
upper part,whereas for 0◦ < βalign < 90◦ (images A2-A6), more I+ ions are de63
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Figure 5.14: I+ ion images illustrating orientation for different values of βalign ,
recorded when the circularly polarized probe pulse Coulomb explodes the IB molecules seeded in 90 bar He. The labels "no deflection" and "deflection" correspond
to images recorded at lens position Y = 0.0 mm (deflector turned off) and 1.0 mm
(deflector on at 10 kV), respectively. The intensity of the YAG and the probe pulse is
8 × 1011 W/cm2 and 5 × 1014 W/cm2 , respectively. Estat = 595 V/cm

tected in the lower part. The asymmetry becomes more pronounced as the YAG
polarization is rotated closer to the axis of the static field. We interpret these observations as orientation due to the combined effect of the YAG laser field and
the projection of the static electric extraction field Estat on the YAG polarization
axis. This projection (numerical value: | cos(βalign )|Estat ) increases as βalign is rotated toward 0◦ or 180◦ , which is expected to cause an increase in the orientation
[24, 25], in agreement with the experimental findings. As discussed in Chapter 4,
all states of IB are high-field seeking, hence the orientation is expected to place
the I-end of the molecules toward the repeller plate (see Fig. 5.13), where the
electrical potential is highest, because the dipole moment of IB is directed along
the C-I axis pointing from iodine ("negative end") toward the phenyl ring ("positive end"). The expected resulting molecular orientation at a given angle of βalign
is shown in Fig. 5.13. Thus, for 0◦ < βalign < 90◦ , the I+ ions are expected to preferentially be ejected downward and, for 90◦ < βalign < 180◦ , they will be ejected
64
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Figure 5.15: I+ ion images of deflected IB seeded in 20 bar Ne, illustrating orientation at two different intensities of the YAG pulse. The images are recorded at lens
position Y = 2.25 mm with the deflector at 10 kV. The intensity of the probe pulse
is 5 × 1014 W/cm2 . Estat = 595 V/cm

upward. This is in agreement with the up/down asymmetry in the images. The
alignment (image D1) and orientation (images C2-C6 and D2-D6) improve significantly when the deflector is turned on and the foci of the lasers are moved to
the position of the most deflected molecules (position marked in Fig. 4.4 a). The
markedly better orientation resulting in a much more pronounced up/down
asymmetry is clearly visible even when the YAG pulse is only turned slightly
away from perpendicular, i. e. comparing deflected and undeflected images for
βalign = 100◦ (images C2 and A2) and βalign = 80◦ (images D2 and B2). From the
previous discussion it appears that the highest degree of orientation is achieved
when βalign is rotated toward 0◦ or 180◦ . This is clearly seen from the images in
rows C and D and, again, the improvement obtained with deflected molecules
is striking (compare image C6 to A6, or D6 to B6).
Similar orientation measurements were conducted for IB seeded in Ne instead of in He. Figure 5.15 shows I+ images at a series of βalign values for two
different intensities of the YAG pulse recorded with the deflector at 10 kV at the
position marked in Fig. 4.4 b. Compared to the images displayed in Fig. 5.14
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Figure 5.16: Orientation of iodobenzene represented by N(I+ )up /N(I+ )total as a function of βalign , seeded in either He or Ne. Experiments conducted with He as a carrier gas are obtained at lens position Y = 1.0 mm for the deflector at 10 kV and
lens position Y = 0.0 mm for the deflector off, the intensity of the YAG pulse was
7.8 × 1011 W/cm2 . Experiments involving the Ne carrier gas correspond to the lens
position Y = 2.25 mm for deflector at 10 kV, the intensities of the YAG pulse are
displayed in the insert. The intensity of the probe pulse for all curves was fixed at
5 × 1014 W/cm2 . Estat = 594 V/cm.

rows A and B, although recorded at slightly different intensities of the YAG
pulse, a significant improvement is observed. Furthermore even at low intensity
of the YAG a high degree of orientation for IB seeded in Ne is achieved. At the
same time some loss in the angular confinement, i. e. in the alignment degree,
is visible. We assign the clear improvement in the up/down asymmetry to the
more stringent state selection in Ne compared to He as described in Chapter 4,
hence, manifesting itself in a higher degree of orientation.
To quantify the up/down asymmetry, i. e. the degree of orientation, we determine for each image the number of I+ ions, N(I+ )up , in the upper part of the
I+ +C6 H+5 and I+ +C6 H52+ channels (i. e. ions detected in the upper half of the images) as well as the total number of ions, N(I+ )total (= N(I+ )up +N(I+ )down ). This
ratio, as a function of βalign , is displayed in Fig. 5.16. Focusing first on curves
C and D, representing IB seeded in He, the difference between the data for the
deflected molecules and the data obtained with the deflector turned off is striking and shows the advantage of selecting the lowest-lying rotational states for
strongly increasing the degree of orientation. The further improvement when
Ne is used instead of He is clear from curves A and B. These two curves also
show that the pronounced degree of orientation is maintained when the intensity of the YAG pulse is lowered by an order of magnitude compared to the
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maximum value of 1.2 × 1012 W/cm2 .
In Fig. 5.16 a the ratio N(I+ )up /N(I+ )total is plotted as a function of βalign for
deflected and undeflected molecules seeded in He for two different extraction
fields. The difference between the data for the most deflected molecules and the
data obtained with the deflector turned off is striking and shows the advantage
of selecting the lowest-lying rotational states for strongly increasing the degree
of orientation. From the data for deflected molecules it is also obvious that increasing the static electric field by a factor of 2 leads to better orientation. In
addition, Fig. 5.16 a shows the results obtained for the least deflected molecules
in the depleted region (Y = −0.9 mm). The degree of orientation is significantly
reduced compared to that obtained without deflection. In Fig. 5.16 b) the ration
is plotted as a function of βalign for deflected molecules seeded in Ne at two different intensities of the YAG pulse (curve A and B), compared to the undeflected
(curve D) and deflected (curve E) molecules seeded in He. The improvement
when Ne is used instead of He is clear from curves A and B. These two curves
also show that the pronounced degree of orientation is maintained when the intensity of the YAG pulse is lowered by an order of magnitude compared to the
maximum value of 1.2 × 1012 W/cm2 . Even at extremely low intensity of the
YAG (4.7 × 1010 W/cm2 ) marked with purple stars (C), a high degree of orientation is achieved when molecules are selected in the lowest rotational quantum
states.
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6
LASER INDUCED 3D ALIGNMENT AND
ORIENTATION

6.1

Introduction

One of the great advantages of laser induced alignment and orientation is its
extension to the general class of molecules.
As it was seen in the previous chapter in the case of a linearly polarized laser
field, the most polarizable axis of a molecule is aligned along the polarization
direction of the aligning laser, which is sufficient to ensure strong angular confinement of the figure axis of the molecules and, therefore, complete alignment
control of linear and symmetric top molecules. This is termed 1-dimensional
(1D) alignment. For asymmetric top molecules, 1D alignment does not suffice
to provide complete alignment control. Rather, all three molecular axes of polarizability must be confined to laboratory-fixed axes. The first report on 3D
alignment came from Stapelfeldt and coworkers in 2000 [18]. Here adiabatic 3D
alignment was experimentally demonstrated by confining the two most polarizable axes of 3,4-dibromothiophene through the use of an elliptically polarized
laser field.
Field free 3D alignment has been explored both theoretically and experimentally using two timedelayed orthogonally polarized femtosecond laser pulses by
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Underwood and coworkers [19, 20]. Later Rouzee et al. [21] presented theoretical
framework as well as experimental evidence of field free 3D alignment induced
by an elliptically polarized kick pulse. In a different approach strong 3D alignment has recently been achieved by Stapelfeldt and coworkers by combining
the techniques of adiabatic and nonadiabatic alignment [22, 23]. In these experiments a linearly polarized nanosecond laser pulse strongly adiabatically aligns
the most polarizable axis of an asymmetric molecule (3,5-difluoroiodobenzene)
while and orthoganally polarized femtosecond kick pulse excites controlled rotation about the aligned axis.
As already mentioned in the case of polar molecules, confinement of the
molecular axes is not sufficient to achieve full orientational control; it is also
necessary to control the direction of the permanent dipole. As described in the
previous chapter orientation can be added to alignment by combining the strong
laser field with a weak static electric field. Therefore, we use 1D orientation to
denote 1D alignment and, simultaneously, a preferred direction of the permanent dipole moment. Likewise, 3D orientation refers to 3D alignment occurring
together with a preferred direction of the permanent dipole moment. 3D orientation was demonstrated by Sakai and coworkers in 2005 [27] using the combined action of a static electric and an elliptically polarized nanosecond laser
field.
In the previous chapter it was seen how 1D alignment and orientation was
strongly enhanced using rotational quantum-state selected molecules. In this
chapter the method is extended and it is demonstrated how the use of rotational
state-selected molecules also enables significant improvement of laser induced
3D alignment and (mixed-field) 3D orientation. The studies are carried out on
2,6-difluoroiodobenzene (C6 H3 F2 I) molecules in the adiabatic limit.

6.2

Experimental Setup

A mixture of a few mbar of C6 H3 F2 I and 90 bar of helium is expanded into
vacuum using our pulsed Even-Lavie valve to produce a molecular beam with
a rotational temperature of approximately 1 K. After passing through two 1 mmdiameter skimmers, the molecular beam enters a 15 cm-long electrostatic beam
deflector. After passing the deflector, the molecular beam enters the target /
detection area through a 1.5 mm-diameter skimmer where it is crossed by one
or two laser beams that are focused by a spherical lens with a focal length of f =
300 mm. The lens is mounted on a vertical translation stage so that the height of
the laser foci can be adjusted with high precision. One laser beam, consisting of
30 fs-long pulses (800 nm, beam-waist of ω0 = 21 mm which corresponds to 4 ×
1014 W/cm2 ) is used to probe the molecules. In the first part of the experiment,
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this laser beam is used to characterize the deflection by determining the density,
at a given height, of the molecular beam via photoionization. Hereafter, this
laser beam is used for Coulomb exploding of the molecules to determine their
alignment and orientation by imaging the ionized fragments on the plane of
the microchannel plate (MCP) detector. The second laser beam, consisting of
10 ns-long pulses from a Nd:YAG laser (1064 nm, ω0 = 36 mm), is used to align
and orient the molecules. Two intensity values of the pulses are applied: 1.2 ×
1012 W/cm2 and 1.8 × 1011 W/cm2 , denoted hereafter as IYAG,high and IYAG,low ,
respectively. The 2D ion images are recorded with a CCD camera. In particular,
the I+ and F+ fragment ion distributions are useful experimental observables
since these ions recoil along the symmetry axis and in the plane of the molecule,
respectively. Thereby, they allow the determination of the molecular orientation
at the time of the probe pulse. Also, the time-of-flight (TOF) of the ions from the
laser interaction spot to the MCP is recorded. The experiments are conducted at
20 Hz, limited by the repetition rate of the YAG laser.

6.3

Results and Discussion

6.3.1

Molecular Beam Deflection

The effect of the deflector on the molecular beam is illustrated in Fig. 6.1 by the
vertical intensity profiles, which are obtained by recording the I+ signal from
photoionization due to the femtosecond probe laser as a function of the vertical position of the laser focus. When the deflector is turned off, the molecular
beam extends over ∼ 1.7 mm, mainly determined by the diameter of the last
skimmer before the target area. When the deflector is turned on, the molecular
beam profile shifts upwards. The shift becomes more pronounced as the voltage
on the deflector is increased from 5 to 10 kV, consistent with the observations in
Chapter 4. Molecules in the lowest rotational quantum states have the largest
Stark shifts and are, therefore, deflected the most, consistent with the observations of Chapter 4. The following, experiments are conducted on quantum
state-selected molecules by positioning the laser foci close to the upper cut-off
region in the 10 kV profile at the lens position indicated by the arrow in Fig. 6.1
(Y = 1.18 mm).

6.3.2

1D and 3D Alignment

First it is confirmed that C6 H3 F2 I can be 1D aligned similar to the studies of
iodobenzene in Sec. 5.4.1. From quantum chemistry calculations [119] the polarizability components of the C6 H3 F2 I molecules are determined to be αzz =
21.3 Å3 , αyy = 14.5 Å3 , and αxx = 8.5 Å3 , where the z-axis is parallel to the
71
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Figure 6.1: Vertical profiles of the molecular beam measured by recording the I+
signal as a function of the vertical position of the fs probe beam focus. The experimental data are shown by black squares (deflector off, 0 kV), red circles (5 kV) and
blue triangles (10 kV). The arrow denotes the position of the probe laser focus for
acquiring images and TOF spectra of deflected molecules described in the following
sections.
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Figure 6.2: 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 to characterize orientation, including a sketch illustrating molecular orientation.
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C-I axis, the y-axis is perpendicular to the z-axis but still in the molecular plane,
and the x-axis is perpendicular to the molecular plane. It is therefore expected
that a linearly polarized laser field will align the C-I axis along the polarization
axis. With an elliptically polarized beam, the largest polarizability axis of the
molecule is expected to be aligned along the major axis of the elliptical field,
and the second most polarizable axis along the minor axis of the field. Therefore, it is expected that an elliptically polarized field will align the C-I axis along
the major polarization axis and the molecular plane to the polarization plane.
Initially, the linearly-polarized YAG pulse is used to induces 1D alignment of
the C6 H3 F2 I molecules. In Fig. 6.3, 2D I+ ion images recorded with and without
the YAG pulse for deflected and undeflected molecules. In the absence of the
YAG pulse, the I+ ion images are circularly symmetric (Fig. 6.3, images A1 and
B1) due to the circular symmetry introduced by polarizing the probe pulse perpendicular to the detector plane. When the YAG pulse, polarized parallel to the
detector plane, is applied, the I+ ions exhibit strong angular localization about
the polarization axis (Fig. 6.3 A2-A3 and B2-B3), showing that the C-I axis of
the molecules is strongly confined along the YAG polarization, i. e. the C6 H3 F2 I
molecules are 1D adiabatically aligned. Images obtained with the YAG polarization parallel to the plane of the detector will in this chapter be regarded as
a "side-view" image of molecular alignment. Similar to iodobenzene the degree
of alignment is quantified by hcos2 θ2D i, where θ2D is the angle between the projection of the I+ recoil velocity on the detector plane and the YAG polarization.
The I+ ions appear as two angular confined radial rings. The innermost (and
brightest) ring results from I+ ions when C6 H3 F2 I is doubly ionized by the probe
pulse and fragments into an I+ + C6 H3 F+2 ion pair, whereas the outermost ring
results from I+ ions formed from triple ionization and fragmentation into an I+
+ C6 H3 F22+ ion pair. The value of hcos2 θ2D i is determined in the radial range
corresponding to the outermost ring. In the absence of the YAG pulse (Fig. 6.3,
image A1 and B1), hcos2 θ2D i = 0.50, as expected for randomly oriented molecules. The degree of alignment for the undeflected molecules at high intensity
of the YAG pulse is hcos2 θ2D i = 0.94 (image A3). When the deflector is turned
on and the laser foci moved close to the upper cutoff region in the 10 kV profile (Y = 1.18 mm), corresponding to the lowest lying rotational states of the
C6 H3 F2 I molecules, the 1D alignment sharpens with an increase in the alignment degree corresponding to hcos2 θ2D i = 0.96. Similar a clear improvement in
the degree of alignment is observed at low intensity of the YAG pulse (compare
image A2 to B2) with hcos2 θ2D i improving from 0.87 to 0.92.
To verify 3D alignment images are recorded with the YAG pulse polarized
perpendicular to the detector plane, corresponding to the "end-views" of the
molecules. All images in Fig. 6.4 are recorded in the end-view geometry. The
tight confinement of the I+ ions near the center (A2-A4 and C2-C4), compared
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Figure 6.3: I+ ion images illustrating alignment, recorded when the probe pulse
Coulomb explodes the C6 H3 F2 I molecules. The polarizations of the probe and the
YAG pulses are kept fixed perpendicular and parallel to the detector, respectively,
in a geometry similar to the one illustrated in Fig. 5.2. The labels "undeflected" and
"deflected" correspond to images recorded at lens position Y = 0.0 mm (deflector turned off) and Y = 1.18 mm (deflector at 10 kV), respectively. I+ images are
recorded with the probe pulse alone (image A1 and B1), with the YAG included at
an intensity, IYAG,low = 1.8 × 1011 W/cm2 (images A2 and B2) and with the YAG
included at an intensity, IYAG,high = 1.2 × 1012 W/cm2 (images A3 and B3) for undeflected (row 1) and deflected (row 2) molecules, respectively. The color scale indicates the relative number of ions and applies for all the subsequent figures of ion
images in this chapter.
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Figure 6.4: Ion images of I+ and F+ fragments recorded in "end-view" illustrating
1D and 3D-alignment. Alignment is obtained at an intensity of the YAG pulse of
IYAG,high = 1.2 × 1012 W/cm2 . Column 1 is recorded with the probe pulse only. In
column 2 the YAG pulse is included polarized linearly perpendicular to the detector.
In column 3 and 4 the YAG pulse is elliptically polarized with an ellipticity intensityratio corresponding to 4:1 and 2:1, respectively. Rows A and B correspond to I+ and
F+ ion images, respectively, recorded at lens position Y = 0.0 mm with the deflector
turned off. In rows C and D, I+ and F+ ion images, respectively, are recorded at lens
position Y = 1.18 mm and the deflector turned on at 10 kV.
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to the I+ distribution without the YAG pulse (Fig. 6.4, image A1 and C1) is an
alternative way to visualize the 1D alignment. In order to quantify the angular
confinement, the average distances hXi and hY i of I+ ions along the horizontal
(X) and vertical (Y ) axes from the center of the end-view images are calculated,
see Fig. 6.4 image A1. Without the YAG hXi = 37.4 pixels and hY i = 34.8
pixels. Including the YAG hXi = 19.0 pixels and hY i = 19.0 pixels without
voltages applied to the deflector (image A2 in Fig. 6.4), and hXi = 12.3 pixels
and hY i = 12.2 pixels with 10 kV applied to the deflector (Fig. 6.4, C2).
1D alignment is also visible in the F+ images. In the absence of the YAG
pulse, the F+ image, recorded in the end-view, takes the form of a circularly symmetric ring or donut shape (Fig. 6.4 B1 and D1). This is caused by the fact that
the linearly polarized probe field preferentially ionizes molecules with their C-I
axis along its polarization vector. When the linearly polarized YAG pulse is applied, the circular symmetry is conserved and the ring structure becomes more
sharply defined to a localized radial area with no signal detected in the central
region (Fig. 6.4, image B2 and D2). Such a ring structure is only compatible with
the C-I axis being sharply aligned perpendicular to the detector plane and with
the rotation of the molecular plane uniformly distributed around the C-I axis.
Next, we investigate the effect on the molecular alignment when the YAG
polarization is changed from linear to elliptical. The end-view of the F+ ions
shows a dramatic change (Fig. 6.4 B3, B4, D3, D4). The initial circular symmetry
is replaced by sharp localization along the minor axis (vertical in Fig. 6.4) of the
elliptically polarized YAG pulse. The angular localization of the F+ ions, largest
for the 2:1 ellipticity ratio (B4 and D4), shows that the molecular plane is confined to the plane defined by the elliptical polarization, and the conservation of
their radial confinement shows that the C-I axis remains localized around the
major polarization axis. To quantify the planar confinement, the angular distributions of the F+ ions were determined by radial integration of the images.
The results are displayed in Fig. 6.6. Focusing on panel (a), containing the undeflected data, it is seen that, for the linearly polarized YAG pulse, a uniform
distribution emerges, whereas for elliptical polarization, the angular distribution is localized. For the 4:1 ellipticity ratio (meaning that the intensity along
the major axis is four times the intensity along the minor axis) the full widths
at half maximum (FWHM) of the peaks in the angular distribution are 52.5◦ ,
and for the 2:1 ratio they are 48.5◦ . Regarding the localization of the C-I axis,
more precise insight is obtained by observing the I+ end-view images. It is seen
that the initial circular distribution (Fig. 6.4 A2) develops into an elliptical shape
when the YAG polarization is changed from linear to elliptical. This shows that
the C-I axis has suffered a small distortion along the minor axis, but remains
tightly confined. The distortion is largest for the 2:1 ellipticity ratio. This is evident directly from the images as well as from the X and Y values. With the 4:1
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Figure 6.5: Same as Fig. 6.4 however with the intensity of the YAG pulse lowered to
IYAG,low = 1.8 × 1011 W/cm2
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ratio (A3) hXi = 18.1 pixels and hY i = 21.0 pixels, whereas for the 2:1 ratio (A4)
hXi = 18.2 pixels and hY i = 23.4 pixels. Returning to the F+ images, the C-I
axis distortion is actually visible by slightly more radial smearing in the 2:1 image compared to the 4:1 image. Thus, we conclude that the elliptically-polarized
YAG pulse induces pronounced 3D alignment of the C6 H3 F2 I. The confinement
of the molecular plane increases as the polarization state is brought closer to circular polarization, but also gives rise to a larger distortion of the linear confinement of the C-I axis. These findings are consistent with previous observations
on other molecules [18, 120].
When the deflector is turned on, the 3D alignment improves. The F+ ion
images show stronger confinement for both the 2:1 and the 4:1 configuration
(Fig. 6.4 D3, D4) compared to the corresponding undeflected data (Fig. 6.4 B3,
B4). This is also clear from the angular distributions in panel (b) of Fig. 5. For
the 4:1 ratio, the FWHM decreases from 52.5◦ to 43.0◦ , and for the 2:1 ratio, from
48.5◦ to 37.0◦ . Turning to the I+ end-view images in row C, it is seen that although the C-I axis is still distorted when an elliptically YAG pulse is employed,
the C-I axis confinement is much improved compared to the situation for undeflected molecules (compare Fig. 6.4 image C3, C4 to image A3, A4). With the deflected molecules, hXi = 10.7 pixels and hY i = 15.3 pixels for the 4:1 ratio, and
hXi = 10.9 pixels and hY i = 17.3 pixels for the 2:1 ratio. We conclude that both
1D and 3D alignment are significantly enhanced when quantum state-selected
molecules are used.
Next, it is investigated if strong 3D alignment and orientation can be maintained as the intensity of the YAG pulse is lowered. Maintaining strong alignment even with a weaker alignment field may prove to be important in future
applications. Figure 6.5 show 2D ion images of I+ and F+ at low intensity of the
YAG pulse. The images reveal the same tendency as the high intensity images
shown in Fig. 6.4. Again, considerably stronger confinement of the C-I axis and
of the molecular plane, i. e. better 1D and 3D alignment, is obtained for deflected
relative to the undeflected molecules. Focussing for instance on the end-view
image of I+ obtained with the linearly polarized YAG pulse (Fig. 6.5 C2) shows
a circular spot with hXi = 15.7 pixels, and hY i = 15.8 pixels for deflected molecules, whereas for the undeflected molecules hXi = 22.5 pixels, and hY i = 22.6
pixels (Fig. 6.5 A2). The images of the F+ ions for the 2:1 ratio exhibit stronger
angular confinement when deflected molecules (Fig. 6.5 D4) rather than undeflected molecules (Fig. 6.5 B4) are used. This is also evident in the corresponding
angular distributions in Fig. 6.6(c) that show a peak with a FWHM of 55.5◦ for
the deflected molecules relative to more than 72◦ for the undeflected molecules.
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1D and 3D Orientation

The permanent electric dipole moment of C6 H3 F2 I is 2.25 D. It is parallel to the
C-I axis with the negative end pointing in the direction of the iodine atom. Consequently, it is expected that a static electric field, collinear with the major polarization axis of the alignment field, will force the iodine end of each molecule
to point in the direction of the positive electrode of the static field. Our final
task is to prove that the molecules are oriented in addition to being aligned.
This is accomplished by supplementing the ion images already presented by
time of flight measurements of the I+ ions. The most optimal information is obtained by using the end-view geometry. In this situation, the C-I axis is aligned
parallel to the static electric field from the electrodes (693 V/cm) in the ion spectrometer. The TOF spectra of the I+ ions will now allow us to conclude that
the permanent dipole moment (directed from the carbon atom on the C2 axis
to the I atom) is preferentially pointing towards the repeller plate (high electrostatic potential) as we expect. The TOF spectra recorded with the probe pulse
alone are shown in Fig. 6.7 (a) and (b). As mentioned in connection with the
F+ ion images, the linearly polarized pulse is preferentially ionizing molecules
with their axes along its polarization axis which explains the appearance of a
forward and a backward peak [121] centered around 4.045 µs. A mild asymmetry in the signal strength of the forward and the backward peak is observed.
For undeflected molecules, the asymmetry, defined as I+ b /I+ f is 52/48. For
the deflected molecules the asymmetry increases to 59/41. To get an insight
into the origin of this asymmetry, we calculate the molecular orientation due
to the static electric field itself. First, the ensemble-averaged orientation cosine
hcos θiis calculated quantum mechanically, where θ is the polar angle between
the molecular C-I axis and the static field direction. For an ensemble at a rotational temperature of 1 K hcos θi = 0.011, whereas for an ensemble corresponding to the state-selected molecules after the deflector (height = 1.18 mm, see
Fig. 6.1) hcos θi = 0.079a . To obtain the backward-forward ratio, b/f, we approximate the orientational distribution function [122] by the truncated series
n(θ) = 1 + a1 P1 (cos θ) = 1 + hcosi cos θ. Higher order Legendre polynomials can
be neglected for the low electric field strength employed here. Furthermore, we
assume that the molecules are probed with a detection efficiency scaling as cos2 θ
to account for the alignment selectivity of the probe pulse. Using the calculated
values for hcos θi we get b/f = 52/48 for the 1 K ensemble and b/f = 60/40 for
the state-selected ensemble. Both numbers agree well with the observations. We
conclude that the observed backward forward asymmetry in the time of flight
spectra observed in the absence of the YAG pulse is due to weak orientation
induced by the static field, as well as due to alignment selectivity of the probe
a The

value is estimated form the simulations performed on iodobenzene in Chapter 4.
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beam. When the YAG pulse is included, two changes of the TOF spectra occur. First, the forward and the backward peaks become more separated. This
results from the strong alignment induced by the YAG pulse. All molecules are
confined near the TOF axis, which will cause I+ ions to be ejected directly towards or 180◦ away from the detector, thus causing the maximum separation
between the forward peaks. Second, the asymmetry increases. For the undeflected data (Fig. 6.7c) the backward-forward ratio is 63/37 and for the deflected
data (Fig. 6.7d) it is 73/27. The TOF spectra for the elliptically polarized YAG
(both 4:1 and 2:1 ratios) are essentially identical to the ones for the linearly polarized YAG.
Finally, a strong degree of orientation is achieved even with low intensity of
the YAG pulse. The TOF spectra show a backward-forward asymmetry of 58/42
(Fig. 6.5 e) for the undeflected molecules, which increases to 67/33 (Fig. 6.5 f) for
the deflected molecules.
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7
NONADIABATIC ALIGNMENT

7.1

Introduction

Nonadiabatic or impulsive alignment has been explored in numerous studies
of both linear, symmetric top and asymmetric top molecules [19, 32, 73, 123–
126]. Alignment results from interference among the eigenstates forming the
rotational wave packet. In the case of a linearly polarized, nonresonant laser
pulse, the most polarizable molecular axis aligns along the polarization direction shortly after the pulse and at subsequent wave packet revivals. For linear
molecules the revival pattern is perfectly periodic, as expected for a wave packet
of discrete levels that corresponds to regular motion in the classical limit. Here,
experimental observables exhibit alignment transients at integer multiples of the
rotational period of the molecule, Trot = 1/(2B) (B is the rotational constant expressed in frequency units) and at fractions thereof. These transients are termed
rotational revivals. Symmetric top molecules also have discrete regular spectra
and exhibit similar revival patterns, although having an additional structure,
due to the availability of two rotation axes. Asymmetric top molecules display
much more interesting rotational dynamics, due to the irregularly space energy
level structure.
In this chapter (and thesis) the studies are restricted to linear molecules.
Nonadiabatic alignment is demonstrated for carbondisulfide (CS2 ) and car83
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bonylsulfide (OCS) molecules. For the later, it is demonstrated how selecting
the molecules in the lowest rotational quantum-states leads to great enhancement of nonadiabatic alignment.

7.2

Experimental Setup

A gas mixture of ∼20 mbar CS2 and up to 100 bar He or ∼ 10 mbar OCS and 10
bar Ne is expanded supersonically into vacuum. Experiments on CS2 were conducted in the "old" vacuum chamber system, hence after the supersonic expansion the molecular beam enters the detection chamber through a 1 mm skimmer.
In case of OCS the molecular beam is skimmed twice before passing through the
electrostatic deflector and capacitor plates. In the interaction region the molecular beam is crossed at 90◦ by two pulsed, 800 nm, focused laser beams: the first
to align the internuclear axis and the second to Coulomb explode the CS2 or OCS
molecules. The alignment pulse (0.3-0.5 ps) creates a coherent superposition of
rotational states, i. e. a rotational wave packet, in each molecule. As a result the
spatial orientation of the internuclear axis with respect to the alignment pulse
polarization becomes time dependent. The spatial orientation is measured by
Coulomb exploding the molecules using time delayed 30 fs pulses and recording the direction of the S+ ions for both molecules.

7.3
7.3.1

Results and Discussion
Nonadiabatic Alignment of Carbondisulfide

To characterize the alignment dynamics of carbondisulfide, S+ ion images were
recorded every 0.33 ps in the interval 0-165 ps, corresponding to the temporal
delay of the probe pulse with respect to the center of the alignment pulse. To
quantify the degree of alignment, the value of hcos2 θ2D i is calculated at each
position from the angular information of the S+ ion images. The calculations are
restricted to the radial range corresponding to S+ ions created from double ionization of CS2 through the S+ + CS+ fragmentation channel. The polarization of
the probe beam was chosen to be perpendicular to the plane of the detector. The
reason for choosing this particular geometry is that it is unbiased in the plane of
the detector and hence, corresponds to a circular symmetric ion image for randomly oriented CS2 molecules. In this probe geometry an isotropic distribution
corresponds to hcos2 θ2D i = 0.50. The polarization of the alignment beam is parallel to the detector leading to values of hcos2 θ2D i equal to 1 and 0 for perfectly
aligned and perfectly anti-aligned molecules, respectively. For CS2 the rotational
constant is B = 3.268 GHz. Therefore a full revival of the rotational wave packet
84
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is expected at 1/2B = 153.0 ps. Figure 7.1 shows a long time scan covering the
first full rotational period. Immediately after the alignment pulse the molecular
ensemble aligns. This alignment, often referred to as the post-pulse or prompt
alignment and encountered for by the δ-kick model, only lasts for at short time
period before the wave packet de-phases. At longer time delays a re-phasing of
the rotational wave packet is observed, hence the transients centered at 38, 77,
115 and 154 ps are identified as the quarter, half, three-quarter and full rotational
revivals respectively. In between the the rotational transients the wave packet
reaches a permanent level of alignment corresponding to hcos2 θ2D i ∼ 0.6 that
is not representative of an orientationally isotropic distribution of molecules as
discussed above. This permanent degree is due to the lack of molecules rotating
in the plane perpendicular to the field vector of the alignment beam. Hence, confining the angular momentum of the molecules to the plane perpendicular to the
polarization of the alignment pulse, the alignment pulse creates an anisotropic
distribution of M states in the rotational wave packet. The appearance of full
revivals as the rotational wave packet evolves is expected, however, to explain
the observation of quarter and half revivals we need to address the nature of the
molecule.
CS2 is at triatomic molecule with sulfur atoms placed at each end. Sulfur
nuclei are spin-0 bosons. Pauli’s exclusion principle states that; when two identical bosons are exchanged the overall wave function must remain unchanged.
During a 180◦ -rotation the two identical S nuclei are interchanged, however the
rotational wave functions change sign by (−1)J , hence, nuclear spin statistics
implies that only even J states in CS2 are permitted and therefore populated.
Both half and quarter revivals are expected for linear molecules with only
every second rotational states populated. Although weak, transients are also
observed at one eight of the rotational period. The explanation for this lies in the
projection of the full three-dimensional distribution onto the two-dimensional
plane of the detector, causing different selection rules for hcos2 θi and hcos2 θ2D i
and hence allowing revivals to occur at other fractions of the rotational period
for the projection onto the detector plane [127]. In Fig. 7.1 (b) expanded views of
the prompt alignment, the quarter, half, three-quarter and full rotational revival
are shown for 5 and 60 bar of He backing pressure. This illustrates the effect
of high and low rotational temperatures. In our experiments a high degree of
alignment is required, therefore optimum rotational cooling is is needed. The
position of the highest degree of field-free alignment was identified as the peak
of the half J the half revival. We discovered that by turning down the intensity
of the alignment pulse to 2.9 × 1012 W/cm2 the alignment dynamics became
slower, as expected, but furthermore the alignment degree at the peak of the
half revival actually increased. The degree of alignment at the peak of the half J
revival reached a maximum of hcos2 θ2D i = 0.76.
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Figure 7.1: Alignment dynamics of CS2 , quantified by hcos2 θ2D i, as a function of
time after the peak of the alignment pulse. (a) Long time scan covering the first
full rotational period (153 ps). The alignment pulse duration was 0.5 ps, and the
intensity was 1.1 × 1013 W/cm2 . (b) Expanded views of the prompt alignment and
some fractional revivals for 5 and 60 bar of He backing pressure, corresponding to
high (dashed lines) and low (full lines) rotational temperatures, respectively. The
laser pulse duration was 0.3 ps, and the intensity 1.1 × 1013 W/cm2 .
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Figure 7.2: Alignment dynamics of the prompt alignment (a), half J (b) and full J
(c) revival followed by the second kick pulse of a two pulse sequence. In the first
panel the crosscorrelation trace of the second alignment pulse is displayed. Both
pulses were 0.5 ps long. The first pulse had an intensity of 1.1 × 1012 W/cm2 .
At the time-delay of the first half J revival the second pulse, with an intensity of
3.0 × 1012 W/cm2 was send in.
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It is clear that obtaining a high degree of field-free alignment is essential.
The degree of alignment obtained in adiabatic alignment experiments by far exceeds that of nonadiabatic alignment. An explanation can be found in the δ-kick
model. In Sec. 2.4.1 it was illustrated why nonadiabatic alignment with a single
pulse cannot provide the same high degree of alignment as adiabatic alignment.
No matter how hard the molecules are kicked the ones originally at large angles
with respect to the laser polarization will always lag behind, i. e. fail to align at
the same time as the remaining molecules. To improve the degree of alignment
the idea of using multiple pulses was proposed by Averbukh and Leibscher [66–
68]. Experimental as well as numerical studies have shown that the strongest
degree of one-dimensional field-free alignment obtainable with a single pulse
can be enhanced using a two-pulse sequence in a parallel polarization geometry
[128, 129]. The idea is that the first pulse prealigns the ensemble of molecules,
i. e. enhances the number of molecules situated at small angles prior to the kick
of the second pulse. Experiments were preformed using a two-pulse sequence
of parallel polarization. Both pulses were 0.5 ps long. The first pulse had an
intensity of 1.1 × 1012 W/cm2 . At the time-delay of the first half J revival the
second pulse, with an intensity of 3.0 × 1012 W/cm2 was send in. The alignment
dynamics following the second kick pulse is displayed in Fig. 7.2. As seen from
Fig. 7.2 the two pulse sequence inverts the dynamics observed from one-pulse
alignment. Hence, anti-alignment or planar alignment is observed at the half J
revival, and alignment at the full revival. The best degree of alignment was obtained just 1 ps after the second alignment pulse, reaching an alignment degree
of hcos2 θ2D i = 0.81.

7.3.2

Nonadiabatic Alignment of Carbonylsulfide

To demonstrate the effect of quantum-state-selection on nonadiabatic alignment,
the half J revival of OCS molecules was characterize at different positions in the
vertical molecular pulse profile (Fig. 7.3) for the deflector turned on at 7 kV as
shown in Fig. 5.1. To characterize the dynamics S+ ion images were recorded
every 0.27 ps with respect to the center of the alignment pulse. At each position
hcos2 θ2D i values were calculatedfrom the angular information of the the ion images. Similar to the measurements in Sec. 5.3 the calculations were restricted to
the radial range corresponding to the S+ + CO+ fragmentation channel.
The rotational constant of OCS is B = 6081.5 MHz, therefore a full J revival
is expected at T = 1/(2B) = 82.2 ps. As for CS2 strong alignment is expected at
the half J revival (T = 41.1 ps). Strong enhancement in the degree of alignment
is observed as the foci of the lasers are moved from the depleted to the strongly
deflected region. The maximum degree of alignment obtained at the peak of the
J revival for deflected molecules corresponded to hcos2 θ2D i = 0.84.
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Figure 7.3: Alignment dynamics around the half J revival of OCS for different
lens positions, quantified by hcos2 θ2D i, as a function of time after the peak of the
alignment pulse. The alignment pulse duration was 0.5 ps, and the intensity was
8.3 × 1012 W/cm2 . The intensity of the probe pulse was 4.6 × 1014 W/cm2 . For all
traces the deflector was turned on a 7 kV, and the capacitor plates were at a potential
difference of 500 V.

It should be noted, that the possibility to obtain orientation in the nonadiabatic regime also was investigated. However, at the amplitudes of the static
field employed here, experiments revealed no evidence of molecular orientation.
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8
INTRODUCTION TO PHOTOELECTRON
ANGULAR DISTRIBUTIONS
One of the fundamental tasks in physics and chemistry is the study of molecular
structure and the observation of its evolution in time. The combination of photoelectron spectroscopy and ultrafast light sources is on track to set new standards
for detailed interrogation of dynamics and reactivity of molecules [40, 41, 130–
134]. A crucial prerequisite for further progress is the ability to not only detect the electron kinetic energy as has been done in traditional photoelectron
spectroscopy over decades, but also to measure the photoelectron angular distributions (PADs) in the molecular frame [39–41, 130, 134–137]. Different approaches can be taken to obtain molecular frame photoelectron angular distributions (MFPADs). At wavelengths in the XUV or X-ray (from a synchrotron)
or vacuum ultraviolet (VUV) range (from a frequency upconverted laser), single photon ionization can illuminate molecules from "within" [136]. At these
wavelengths photoelectrons are produced by ionization of a core orbital, leaving
the molecule in a highly excited state that decays quickly. In these types of experiments ionization is often followed by rapid disassociation of the molecule.
Until recently the only method for extracting MFPADs relied on determining
the orientation of the molecular frame after ionization by detecting molecular
fragments in coincidence with the photoelectrons [130, 138–141]. This is, how91
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ever, only possible if ionization leads to fragmentation thereby limiting both the
species and the specific processes that can be studied. In the limit of multiphoton
or tunneling ionization, characteristic for irradiation with strong laser fields, the
highest occupied molecular orbital (HOMO) is most efficiently ionized, thereby
creating (ground-state) ions that are often stable against dissociation. Hence,
the alignment of the molecules prior to ionization is imperative for gaining access to MFPADs in strong laser fields. Combining strong field single ionization
with the recent advances in the ability to control not only the alignment but
even the orientation of gas phase molecules, may also provide more insight into
strong-field ionization mechanisms. Single ionization of molecules by linearly
polarized laser pulses is a fundamental process and the key step to understanding other strong field phenomena [142, 143], such as above threshold ionization (ATI), double ionization and high harmonic generation (HHG). Strong field
physics has emerged as a field of great interest over the past few years as it has
opened the opportunity to image molecular orbitals [38] and probing of nuclear
dynamics with attosecond resolution [144].
The only demonstrations hitherto involved small linear unpolar molecules
[39–41]. A decisive milestone is extension to the general class of polar molecules.
In the following sections I will provide an introduction to the fundamental
processes and concepts involved in photoelectron spectroscopy studies and, additionally, highlight some historical milestones, preceding the experiments described in this part of the thesis, first in traditional photoelectron spectroscopy
and finally in the strong field regime.

8.1

Traditional Photoelectron Spectroscopy

A photon can ionize a molecule if the energy of the photon exceeds the energy
holding the electron to the molecule. In principle any energy above the ionization limit can lead to photoionization, with the excess energy being transformed
into kinetic energy of the ejected electron and internal energy (electronic, vibrational and rotational) in the molecular ion. Due to conservation of energy
~ω = Ip + Ekin,e− + Ekin,ion + Eint

(8.1)

where ω is the angular frequency of the laser field, Ip is the ionization potential
of the molecule, Ekin,e− and Ekin,ion are the kinetic energies of the electron and
parent ion, respectively and Eint is the energy associated with any excitation
of internal degrees of freedom in the molecule. Due to the large difference in
masses between the electron and the parent ion, the kinetic energy of the later
is often neglected. The observables in any form of photoelectron spectroscopy
experiment are the electron kinetic energy distributions and the photoelectron
angular distributions (PADs).
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In traditional photoelectron spectroscopy monochromatic light is used to
photoionize the molecules. In this regime the photoelectron kinetic energies
relates directly to the energy of the molecular orbitals involved in the photoionization. Over the last decades femtosecond time-resolved photoelectron spectroscopy has emerged as a powerful tool for investigations of photo-chemical
and photo-physical problems studied in real time [145]. This evolution has been
brought on by the advent of commercially available, broadly tunable femtosecond laser systems. Time resolved photoelectron spectroscopy is particularly
well-suited for ultrafast non-adiabatic processes as it is sensitive to both electronic configurations, i. e. molecular orbitals, and to vibrational dynamics. Most
time-resolved photoelectron spectroscopy (TRPES) experiments are basically
pump-probe experiments studying excited state dynamics. The probe, typically
a short visible or UV pulse excites the molecule, which is then at a variable delay probed by measuring the photoelectron kinetic energy spectrum originating
from ionization by another UV pulse. A natural application of TRPES has been
the study of excited state non-adiabatic couplings, involving the breakdown of
the adiabatic (e.g. Born Oppenheimer) approximation [145]. The coupling between two electronically excited states is observed as the kinetic energies of the
photoelectrons corresponding to ionization from the coupled states differ. The
dynamics can then be followed by observing the evolution in the intensity of the
different photoionization channels of the two coupled states [146].
As discussed previously the kinetic energy distributions are directly related
to the molecular orbital energy, however, more information can be extracted
from such measurements as the emission direction of the photoelectron, or to
be precise the outgoing electron partial waves, contains information about the
symmetry of the electronic state it was ejected from [147].
Γψf ⊗ Γµ ⊗ Γψi ⊗ Γe− 3 ΓT S

(8.2)

From Eq. (8.2) it is clear that if the symmetry of the initial state changes
due to a non-adiabatic process the symmetry of the outgoing electron must also
change. This is, however, only true when measured in the frame of the molecule.
As most molecules are non-spherical most physical and chemical properties depend strongly on their relative orientation either in interactions with each other
or with light. In the laboratory frame orientational averaging washes out, obscures or blurs the information contained in, for instance, the photoelectron angular distributions (PADs). Measuring PADs from fixed in space molecules has
been a goal for researchers since the 1970s when it was first proposed by Dill
[148] to be a "much richer source of information on photoionization dynamics, being
able to probe details "washed out" by the freely tumbling molecules of typical gas phase
experiments".
Back then, as already introduced in Chapter 1, fixed-in-space molecules
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could be obtained by techniques such as orienting molecules on surfaces (polymer films) or using molecular beam techniques. Since then a lot has happened.
One route to study molecular frame PADs is a recently developed technique based upon coincidence imaging spectroscopy of electrons and photofragment ions [130, 138–141]. In these type of experiments synchrotron radiation or
UV laser pulses are used for ionization followed by rapid dissociation of the
molecule. Measuring the recoil velocities of the electron and fragment ion in
coincidence allows one to extract the full tree-dimensional photoelectron angular distribution in the recoil frame using time and position sensitive detectors
and hence, follow the dynamics of a photodissociation process along the entire
reaction coordinate. This was demonstrated in 2006 by Geßner et al.on the dissociation of the NO-dimer [130].
A different approach to obtaining molecular frame PADs it to force alignment or orientation upon the ensemble of molecules onto the laboratory frame.
This approach is brought on by recent advances in the ability to align gas phase
molecules using short non-resonant, non-ionizing laser fields as described in
Part I. Previously, the orientational resolution obtained from laser induced alignment did not match to the degree that can be extracted using coincide techniques, however with resent improvements high degrees of alignment and even
orientation are obtained, that are comparable to that extracted from coincidence
measurements. These type of experiments presents the advantage of not requiring the molecule to be studied to dissociate when photoionized. Coincidence
measurements rely on the axial recoil approximation of the molecular fragments
and may be very difficult to generalize to more complex systems. However the
two techniques do not exclude each other. Rather, to gain full insight the two
techniques might complement each other.
In 2001 Suzuki and co-workers used a time resolved photoelectron imaging technique to study excited-state rotational wave packet dynamics in the S1
state of pyrazine [149]. Photoelectron angular distributions resulting from two
photon ionization of the S1 state proved to be very sensitive to the orientation
of the molecules in the excited state evolving wave packet, created by single
photon ionization from the ground state. The experiments are in close resemblance with rotational coherence spectroscopy experiments, (initially demonstrated by Felker and Zewail in the 1990’s [62]), as the alignment degree obtained in these experiments is very low compared to what can be achieve using
strong non-resonant, non-ionizing laser fields. Low or not, the weak degree of
alignment did lead to time-dependent anisotropic photoelectron angular distributions, hence effects are expected to become more pronounced with a higher
degree of alignment. Several theoretical studies imply that photoelectron angular distributions are indeed very sensitive to the alignment that can be created
by a laser pulse [150–152].
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The first demonstration of time resolved PADs on laser induced transiently
fixed-in-space molecules was presented in 2009 by Bisgaard et al. on CS2 molecules investigating the dynamics on the nonadiabatic photodissociation process
followed by photo excitation at 200 nm. The experiment is the laser-inducedalignment equivalent of the coincidence-measurement based NO-dimer studies
[130].

8.2

The Strong Field Approach

The advances in ultrafast intense laser technology has triggered a key interest
in strong field phenomena and single ionization of molecules in the multiphoton or tunnel regime presents a different approach to obtaining photoelectron
angular distributions and hereby gaining acess to time dependent structural information.
Characteristic of strong field ionization is that the electron is born in the presence of an intense laser field [143]. For linearly polarized laser fields the electron
is accelerated in the field and as the sign of the field reverses it can be driven
back to re-collide with the molecular core, due to the oscillations of the field.
The nature of the re-collision can lead to either elastic electron scattering, producing electrons with high kinetic energy, also referred to as above threshold
ionization (ATI), inelastic scattering causing further ionization (double ionization) or recombination accompanied by emission of a highly energetic photon,
known as high harmonic generation (HHG).
When atoms or molecules are submitted to intense laser fields multiphoton
processes can occur. A multiphoton process involves the net absorption or emission of more than one photon in an atomic or molecular transition and requires
relatively large radiation intensities. At high enough intensities the laser field
become strong enough to compete with the Coulomb forces in controlling the
dynamics of atoms and molecules.
To provide a simplified picture and gain more insight into the nature of
strong field ionization the semiclassical ’recollision’ model was proposed by
Corkum [142] and Kulander and coworkers [153] in the early 90’s. The model
suggested that strong field processes at low frequencies proceed through three
distinct steps. In the first step the bound electron is detached from its parent
ion by tunneling or over-the-barrier ionization. After tunnel ionization the unbound electron is assumed to have zero kinetic energy and interacts mainly with
the field. The dynamics is assumed to be essentially that of a free electron in the
field described by classical mechanics. Hence, the electron is accelerated by the
laser field and receives a linear drift momentum that only depends on the laser
field strength and phase at the time of the tunneling. In the third step the elec95
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Figure 8.1: Strong field ionization regimes a, b andc show a schematic representation of the perturbation of an atomic Coulomb potential for the tree main regimes
involved in strong field ionization.

tron is accelerated back to re-collide with the core leading to different outcomes
as mentioned above.
In light of the 3-step model the following subsections provide a more detailed description of the mechanisms involved in the distinct steps.

8.2.1

Ionization

The ionization step involved in strong field physics can be categorized into 3
main regimes depending on the laser field intensity and optical frequency.
At sufficiently low frequencies the ionization step can be viewed in the quasi
classical picture. The key idea is that ionization occurs in a fraction of the optical cycle so that the electric field can be regarded as quasi static. An effective
potential can be described as a superposition of the atomic or molecular potential and instantaneous laser field. At low intensities the ionization potential
is only slightly perturbed and ionization can only occur through the net absorbtion of N photons, this regime is referred to as multiphoton ionization (See
Fig. 8.1 a). As the intensity is raised the barrier becomes thinner and lower and
eventually the bound electron can tunnel through the barrier, referred to as tunnel ionization (Fig. 8.1 b). Finally, at very high field strengths the electric field
amplitude completely suppresses the Coulomb barrier below the energy level
of the ground state leading to over-the-barrier ionization or barrier suppression
ionization (Fig. 8.1 c).
A requirement for tunnel ionization to occur is that the barrier is lowered for
sufficient time for the electron to escape the tunnel. If the optical frequency is
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to high to qualify as being quasi static, ionization will occur in the multiphoton
regime. It should be noted that the boundaries between the different regimes
are floating. To quantify the regimes the Keldysh parameter was introduced in
1965 [154]. It is an approximate indicator as to the applicability of the tunneling
model. The Keldysh parameter is related to the tunneling time and the optical
period of the laser. The tunnel time is determined essentially by the mean free
time of the electron passing through a barrier of width
l=

Ip
eE0

(8.3)

From
p the virial equation this leads to an average electron velocity on the order
of Ip /me , hence giving rise to a tunnel frequency of
ωt = p

eE0
2me Ip

(8.4)

The Keldysh parameter is defined as the ratio between the angular laser frequency and the tunnel frequency
p
ω 2me Ip
ω
γ=
=
ωt
eE0

(8.5)

where ω is the angular laser frequency.
For γ  1, that is low intensity and short wavelength the ionization step
is dominated by the simultaneous absorption of many distinct photons, hence
multiphoton ionization. For γ  1 tunnel ionization of the bound electron
through a classical potential barrier provides the appropriate physical picture
for the ionization process. The two regimes are not expected to be separated
by a sharp transition and the intermediate regime with γ ≈ 1 is expected to
have contributions from both multiphoton and tunnel ionization. Experimentally this intermediate regime has, however, proved to be dominated by tunnel
ionization [40, 142]. It has been referred to as the non-adiabatic tunneling regime
and although the contribution from multiphoton ionization remains small in this
regime the tunneling in this regime differs from the quasi static limit [155].
The question of how long time it takes for the electron to tunnel through the
energetically forbidden region has been an issue of quite some debate. Does it
happen instantaneously or does it take a finite amount of time. Recently, Keller
and coworkers [156] shed some light on the matter with the first experimental
measurement of an upper limit to the tunneling time on the orders of attoseconds, much lower than the previously assumed conventional transversal time
for tunneling [157], indicating that there is no real tunneling delay time.
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Propagation in the Field

After ionization the electron dynamics can be described using classical mechanics. In the simplest of models the electron dynamics are essentially those of a free
electron in an electromagnetic field with the initial condition that the electron is
born with zero kinetic energy. The resulting model is known as the simple man’s
model. Following the notation of Corkum et al. [142, 158] the electric field of a
laser can be described as
E = E0 ε(t)(cos(ωt)êz + α sin(ωt)êy )

(8.6)

where α allows for arbitrary polarization, with α = 0 and α = 1 corresponding
to linearly and circularly polarized light, respectively. E0 is the field strength,
ε(t) is the pulse envelope, ê is the unit vector in the field polarization direction
and ω is the central frequency. In the nonrelativistic limit the electron will experience a force proportional to the electric field described by Newton’s second
equation
dv
= −eE
(8.7)
F = me
dt
When neglecting the pulse envelope, the velocity of the electron in the field of
the laser at time t is therefore
Z t
e
eE0
vx = −
(sin(ωt) − sin(ωt0 ))
(8.8)
E0 cos(ωt) =
me t0
me ω
Z t
e
eE0 α
vy = −
αE0 sin(ωt) = −
(cos(ωt) − cos(ωt0 ))
(8.9)
me t0
me ω
For a real laser pulse one should also include the pulse envelope in the above
equations, however for simplicity it is neglected.
As a response to the applied electromagnetic field the electron is forced into
a quiver or wiggling motion. The energy associated with this wiggeling motion
is referred to as the ponderomotive energy and for the electric field described in
Eq. (8.6) it is given by the mean kinetic energy
Up =

1
e2 E02
me hv 2 i = (1 + α2 )
2
4me ω 2

(8.10)

Note that the ponderomotive energy in this expression is dependent on the polarization state of laser pulse, however, this dependence disappears when it is
expressed in terms of the peak intensity, where I0 = 21 (1 + α2 )cεE02
Up =

e2 I0
2me ε0 cω 2
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Expressing the Keldysh parameter first in terms of the peak intensity and secondly in terms of the ponderomotive energy gives
s
p
r
ω (1 + α2 )ε0 c Ip
(1 + α2 )Ip
γ=
=
(8.12)
e
I0
2Up
A consequence of Eq. (8.9) is that for circularly polarized light the electron
trajectories can never return to interact with the parent ion. This is, however,
not true for linearly polarized light, where the atom or molecule that undergoes
ionization does not immediately become a well separated electron and ion, instead there is a significant probability of finding the electron in the vicinity of
the ion for one or more laser periods.

8.2.3

Rescattering

In case of a linearly polarized laser field there is a significant probability within
the first laser periods after ionization of recollision of the electron with the ion
with very high kinetic energy leading to HHG, multiphoton two electron ejection and very high energy above threshold ionization electrons, all consequences
of the electron-ion interaction. In this section I will focuss on above threshold
ionization.
It was discovered in 1979 by Agostini et al. [159] that at sufficiently high intensities the ejected electron can absorb photons in excess of the minimum number required for ionization to occur. This phenomenon is called ’above threshold
ionization’ (ATI). The photoelectron spectra exhibited several peaks, separated
by the photon energy and appearing at
Ee− = (N + S)~ω − Ip

(8.13)

where Ee− is the energy of the emitted electron, N is the minimum number of
photons required for ionization, S is the number of excess photons absorbed
and Ip is again the ionization potential of the atom or molecule.
Several observations where made from the ATI spectra. At high intensities
peak suppression of the first ATI peaks is observed due to the energies of the
atomic states being Stark shifted in the presence of a laser field. For low laser
frequencies the AC Stark shifts of the lowest bound states are small in magnitude. However, the induced Stark shifts of the Rydberg and continuum states
are essentially given by the electron ponderomotive energy Up . With the upwards shift of the energies of the Rydberg and continuum states by about Up
compared to the lower lying states there is a corresponding increase in the intensity dependent ionization potential
Ip (I0 ) ' Ip + Up
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When interpreting the ATI spectra one has to identify the regime in which the
ionization takes place. For relatively long (picosecond) pulses the photoelectron
escapes from the focal volume while the laser is still on. As the electron travels
out of the inhomogeneous laser focus it experiences a force given by ∇Up . The
electron quiver motion is then converted into radial motion, increasing the kinetic energy by Up and hence exactly canceling the decrease in energy caused by
the (Stark shifted) increase in the ionization potential and Eq. (8.13) still applies.
However, for short (sub-picosecond) pulses the laser field turns off before the
photoelectron can escape from the focal volume resulting in a more complicated
ATI spectrum. The observed photoelectron appear at distinct energies given by
the values
Eelectron = (N + S)~ω − Ip − Up
(8.15)
relative to the shifted ionization potential. Photoelectrons produced at different
spatial regions of the focal volume are emitted at different intensities and, thus,
have different energies. Another phenomenon observed in strong field multiphoton ionization is termed Freeman resonances and first described by Buchsbaum and Freeman in the late 80’s [160]. Freeman resonances result from different states of the atom or molecule being brought into multiphoton resonance
during the laser pulse, by the intensity dependent Stark shift, resulting in substructure of the ATI peaks.
In the following chapters carbondisulfide (CS2 ), carbonylsulfide (OCS) and
benzonitrile (C7 H5 N) molecules, fixed in space by combined laser and electrostatic fields, are ionized with intense, linearly or circularly polarized, 30 femtosecond laser pulses. For 1-dimensionally aligned CS2 the angular distribution
of the photoelectrons exhibits a significant dependence on the angle between
the polarizations of the aligning and ionizing laser fields. For 1-dimensionally
oriented OCS the molecular frame PADs exhibit pronounced anisotropies, perpendicular to the fixed permanent dipole moment, that are absent in PADs
from randomly oriented molecules. For 3-dimensionally oriented C7 H5 N additional striking structures appear due to suppression of electron emission in
nodal planes of the fixed electronic orbitals.
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9
MULTIPHOTON IONIZATION OF
LASER-ALIGNED CARBONDISULFIDE
MOLECULES
In this chapter field-free aligned carbondisulfide (CS2 ) molecules are singly
ionized by multiphoton absorption from intense, linearly polarized 25 fs laser
pulses. The angular distributions of photoelectrons exhibits a significant dependence on the angle between the polarizations of the aligning and ionizing laser
fields. At time of the measurement it represented the first experimental evidence
of the dependence of the photoelectron angular distributions (PADs) on the laser
- field orientation [39]. Since then only few studies have been reported [40, 41].
The main observables in the experiments presented in this chapter are 2D
PADs measured as a function of the angle between the polarization of the ionization pulse and the polarization of the alignment pulse, i. e. the internuclear axis
of CS2 . Prior to the photoelectron experiments the rotational dynamics following the alignment pulse is characterized by Coulomb explosion and subsequent
velocity map imaging of the S+ fragment ions. In this way optimum field-free
alignment of the CS2 molecules is ensured. The experimental details for achieving alignment are described in Sec. 7.3.1 of Chapter 7. Alignment is induced in
the nonadiabatic (impulsive) regime using a 0.5 ps (FWHM) long pulse. When
focussed to a spotsize of 51 µm it has a peak intensity of 2.9 × 1012 W/cm2 . No
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Figure 9.1: Schematic illustration of the polarization state of the alignment and the
probe pulse with respect to the static electric field and the detector plane used to
characterize alignment, including a sketch of the resulting molecular alignment. Repeller, extractor and ground refers to the electrostatic plates of the VMI spectrometer.

ionization is observed from this pulse alone. As described in the Chapter 7 the
best degree of field-free alignment is identified to occur at the peak of the first
half J rotational revival, ∼ 76 ps after the peak of alignment pulse. At this position a degree of alignment corresponding to hcos2 θ2D i = 0.76 is obtained. In
the subsequent measurement the time delay between the alignment and probe
pulses are kept fixed at ∼ 76 ps. To create electrons the Coulomb explosion
probe pulse (25 fs, 27 µm) used for ion imaging is lowered to a peak intensity of
7.7 × 1013 W/cm2 . At this intensity CS2 primarily undergoes single ionization
and dissociated fragment ions are barely visible in the time of flight spectrum of
CS2 , contributing no more than ∼ 4-5% of the total ion signal.
The aligning and ionizing laser pulses are both linearly polarized. For all
relative orientations the polarization of the ionizing pulse is kept polarized in
the plane of the detector with βprobe = 90◦ , i.e. along the laboratory fixed Y -axis,
while the polarization of the alignment pulse (βalign ) is controlled by rotating a
half-wave plate situated in the beam path. A schematic illustration of the probe
geometry is shown in Fig. 9.1.
Photoelectron images recorded at different relative orientations are displayed
in Fig. 9.2 as a function of the vertical (pY ) and horizontal momentum (pX ), parallel and perpendicular to the probe pulse, respectively. The images are recorded
over 50000 laser shots and contain 2 − 5 × 106 electron hits. Image (a) is a reference image obtained from the probe pulse alone. In Fig. 9.2 (b)-(d) alignment is
induced at different relative angles (b) ∆β = 0◦ , (c) ∆β = 45◦ and (d) ∆β = 90◦ ,
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Figure 9.2: Two-dimensional photoelectron images as a function of the vertical momentum pY and the horizontal momentum pX from multiphoton ionization of (a)
unaligned molecules and aligned molecules at an angle (b) ∆β = 0◦ , (c) ∆β = 45◦
and (d) ∆β = 90◦ , where ∆β is the angle between the polarizations of the alignment
and ionizing pulse. A ring structure is observed in the images corresponding to different above-threshold ionization (ATI) channels. N in (a) denotes the number of
photon absorptions associated with the rings. The images have been symmetrized
and are shown in a logarithmic color scale. The ionization pulse used to produce
the photoelectron images has a peak intensity of 7.7 × 1013 W/cm2 .

where ∆β = βprobe −βalign is the angle between the polarizations of the alignment
and probe pulse.
The attention is first drawn to the radial structure observed in the images.
The images exhibit well defined radial ring structures corresponding to the momenta of the electrons, i. e. the kinetic energy of the electrons, clotted around a
series of discrete values.
In this context it is important to keep in mind that we cannot measure the full
3D distribution. What we measure is the projection onto the two dimensional
detector plane. This limitation is imposed by the lack of any time resolution in
our measurement scheme; the longitudinal component of the electron velocity
remains unknown. The complete three-dimensional distribution can be reconstructed from the measured two-dimensional distribution by Abel inversion,
however, only in cases where the distribution is cylindrically symmetric with
the axis of symmetry parallel to the plane of the detector. Of the various conditions for which we make the measurements, this condition is satisfied only for
two configurations - the ionization pulse must be polarized in the plane of the
detector, and the molecules are either unaligned, or aligned along the polariza103

104

Multiphoton Ionization of Laser-Aligned Carbondisulfide Molecules

tion vector of the ionization pulse. The radial distribution of the Abel inverted
unaligned image is shown in Fig. 9.3. Again, a well defined radial ring structure
is observed.
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Figure 9.3: The radial distribution of the Abel inversion (Basex) of thepunaligned
image of Fig. 9.2 (a), displayed as a function of the electron momentum p2X + p2Y .

To interpret the observations of the photoelectron images we need to account
for the intensity effects connected with strong field ionization. A characteristic phenomenon observed in photoelectron spectroscopy in the multiphoton
regime is above-threshold ionization (ATI), the absorption of additional photons
by an electron already above the ionization potential leading to a series of peaks
spaced by the photon energy. A further consequence of strong field ionization
is the ac Stark effect, that shifts and modifies the potential energy surfaces during the strong electric field of the laser pulse, manifesting itself in terms of the
induced ponderomotive potential (Eq. (8.10)).
The ponderomotive potential is connected with the wiggle motion of charged
particles in response to an applied electromagnetic field of strength E0 and frequency ω. This results in a red shift in electron kinetic energy and a broadening
of the photoelectron spectrum. The ionization threshold of CS2 is Ip = 10.08 eV
and with a peak intensity of 7.7 × 1013 W/cm2 of the 800 nm ionizing pulse the
ponderomotive shift is 4.6 eV. The kinetic energy on an electron ionized by N
photons is
Ekin = N ~ω − Up − Ip
(9.1)
The photon energy ~ω is 1.55 eV, leading to a minimum of 10 photons required
to overcome the ionization threshold corresponding to the innermost pair of half
rings in Fig. 9.2. Each of the subsequent pair of half rings in the progression at
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Figure 9.4: Experimental PADs for the (a) 11-, (b) 12-, (c) 13- and (d) 14-photon
ionization channels extracted from the images in Fig. 9.2. In each panel the number
of electrons recorded per laser pulse as a function of φ2D are displayed, where φ2D is
the angle between the two-dimensional projection of the electron emission direction
and the vertical ionizing pulse polarization.

larger radii result from absorption of additional photons. The peaks in the radial distribution of Fig. 9.2 and Fig. 9.3 are therefore identified as the absorption
of N = 10, 11, 12, ... etcetera photons. A further observation is the very sharp
radial substructure in the the two innermost ring, corresponding to the lowest
multiphoton orders. This is yet another intensity effect ascribed to Freeman resonances. Freeman resonances are due to Rydberg states brought into resonance
by the ac Stark shift, giving rise to fine structure in the ATI spectra [145].
Next, the attention is turned towards the emission direction of the photoelectrons. As observed in the four images of Fig. 9.2 the bulk of the electron
emission occurs along the polarization vector of the ionization pulse for all multiphoton absorption channels. Looking closer, however, structural differences
are observed in the patterns for the different molecular alignment orientations
of Fig. 9.2 (b)-(d). The differences are most easily observed for electrons in the
outermost rings emitted perpendicular to the polarization of the probe pulse,
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i. e. along the X-axis. The differences are especially pronounced when the parallel geometry is compared to the perpendicular geometry, i. e. comparing Fig. 9.2
(b) and (d).
To quantify the dependence of the electron emission on the relative orientation, ∆β, photoelectron angular distributions (PADs) at the different ∆β’s
for each individual multiphoton channel by integrating radially over the corresponding pair of half rings in the images. The results, represented as the number
of electrons recorded per laser pulse versus φ2D , where φ2D is the angle between
the 2D projected electron ejection direction and the vertical ionizing pulse polarization, are displayed in Fig. 9.4 for the (a) 11-, (b) 12-, (c) 13- and (d) 14-photon
ionization channels extracted from the images in Fig. 9.2, corresponding to no
alignment pulse and ∆β = 0◦ , 45◦ and 90◦ . The angular resolution is better than
10 degrees. For each ATI channel in Fig. 9.4 a strong dependence on the magnitude of the electron signal upon the orientation of the molecules is observed.
The ∆β = 45◦ geometry provides the largest and ∆β = 90◦ the smallest signals. These observations are consistent with measurements, based on detection
of ion yield of intense-laser single ionization of the carbondioxide (CO2 ) molecules in 2007 [161], where the ionization probability as a function of alignment
angle was studied. The highest occupied molecular orbital (HOMO) of CO2 has
Πg symmetry similar to CS2 .
The PADs do not only differ in the overall signal, the PADs change qualitatively between the different orientations for electrons centered around 90◦ or
270◦ (i. e.along the X axis). Focussing for instance on the the 12-photon channel
Fig. 9.4 (b) a local maximum is observed in the PAD around 90◦ and 270◦ for
α = 45◦ , whereas the PAD recorded for α = 90◦ exhibits a global minimum.
Similar differences between the angular distributions recorded at different orientations are observed for higher order photon (ATI) channels.
To accompany our experimental results numerical calculations are performed
using the Strong Field Approximation (SFA) by our collaborators in the theoretical group of Lars Bojer Madsena . For a detailed description of the theoretical
model the reader is referred to [39]. The calculations are performed using the
laser pulse parameters identical to the experimental values. Furthermore the
results include an averaging over the focal volume of the ionizing pulse and
the initial rotational temperature is taken to be 2 K. The results of the numerical
calculations are shown in Fig. 9.5.
Angular distributions corresponding to the 11-, 12-, 13- and 14-photon absorption channels are displayed in Fig. 9.5. The results in the figure show a
qualitative agreement with the experiment with minima at φ2D = 90◦ (270◦ )
and maxima around φ2D = 0◦ (180◦ ), but the detailed modulation differs somea Lundbeck Foundation Theoretical Center for Quantum System Research, Department of Physics
and Astronomy, Aarhus University, Denmark
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Figure 9.5: Calculated PADs using laser pulse parameters identical to the experimental values. (a)-(d) represent the signals obtained by integrating the dP =
dpY dpX distribution over the circular areas identified as different ATI channels. The
different curves correspond to the unaligned, ∆β = 0◦ , ∆β = 45◦ , and ∆β = 90◦
geometries as detailed by the legends in (d). For ease of comparison, we have scaled
the ∆β = 90◦ alignment by a factor of 3.

what in size and shape from the experimental observations. At a quantitative
level, on the other hand, there are significant differences. In the experimental
data there is typically a factor of 8 between the minimum and the maximum in
each PAD, whereas in the theoretical result this factor is ∼ 5.9 − 8.1 in the 11-,
∼ 11.5−38.0 in the 12-, ∼ 20.0−77.0 in the 13- and ∼ 46.0−85.0 in the 14-photon
absorption channel. In general the theoretical model overestimates the φ2D dependence. The calculations also differ from the experimental measurements in
the magnitudes of the electron signals. Theory predicts the ionization yield to
decrease in the order of ∆β = 0◦ , 45◦ , unaligned and 90◦ . In the experimental
data this is not the case as as the order is 45◦ , unaligned, 0◦ , and 90◦ for the 11and 12- photon absorption channels while it is 45◦ , 0◦ , unaligned, and 90◦ in
the 13- and 14-photon absorption channels. Several possible reasons for the discrepancy between the measurements and the predictions of the SFA have been
investigated by the theoreticians. They believe that the discrepancy is associated
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with the excited state spectrum of the CS2 molecule and possibly with the final
state Coulomb interaction, none of which are accounted for in the SFA.
There is reason to believe that high-lying Rydberg states could change the
outcome of the calculations as intermediate Rydberg resonances are observed
in our experimental data, hence indicating a similar strong influence of excited
states. Unlike atoms, however, no standard approach exists for calculating the
excited electronic states of molecules even in a simple system like CS2 . The
ability to align a molecular ensemble prior to the interaction with an intense
femtosecond laser pulse presents new challenges for theory in the description
of even the first ionization step.
To investigate the photoelectron angular distribution from aligned molecules
even further a series of measurements were performed under similar conditions
as described above, however, in these experiment the intensity of the ionizing
laser pulse was lowered to a peak intensity of 4.1 × 1013 W/cm2 . Again, alignment was created using a 0.5 ps (FWHM) long pulse, focussed to a spotsize of
51 µm with a peak intensity of 2.9×1012 W/cm2 . No ionization is observed from
this pulse. The ionizing laser pulse is fixed at a time delay between the aligning
and ionizing laser pulses of ∼ 76 ps. The 25 fs (FWHM) ionizing pulse is focussed to a spotsize of 27 µm and has a peak intensity of 4.1 × 1013 W/cm2 . At
this intensity CS2 only undergoes single ionization and no dissociated fragment
ions are observed in the time of flight spectrum of CS2 .
Photoelectron images recorded at different relative orientations of the aligning and ionizind laser pulses are displayed in Fig. 9.6. The images are recorded
over 150000 laser shots (200000 laser shots for ∆β = 90◦ ) and contain 1.5 − 2.5 ×
106 electron hits. Image (a) is a reference image obtained from the ionization
pulse alone. In Fig. 9.2 (b)-(d) alignment is induced corresponding to different
angles (b) ∆β = 0◦ , (c) ∆β = 45◦ and (d) ∆β = 90◦ .
As observed for the measurements at higher ionization intensity the images
of Fig. 9.6 display a well defined radial ring structure. Compared to Fig. 9.2
fewer radial rings are observed in Fig. 9.6, consistent with the lower intensity
applied. Furthermore is should be noted that lowering the intensity also diminishes the affect of the ponderomotive potential, which for the intensity of
I0 = 4.1×1013 W/cm2 reduces to 2.49 eV, hence lowering the minimum number
of photons required for ionization to 9 photons. Lowering the intensity of the
probe changes the Keldysh parameter from γ = 1.05 in the previous to γ = 1.42
in the present study. As a consequence ionization is extended further into the
multiphoton regime. In the images of Fig. 9.6 this is visible as a sharpening
and even more well-defined radial ring structure. Similar to Fig. 9.2 changes
are observed in the structure of the angular distribution for different angles ∆β.
The differences are particularly pronounced for electrons in the outermost rings
emitted perpendicular to the polarization of the probe pulse, i. e. along the X108
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Figure 9.6: Two-dimensional photoelectron images as a function of the vertical momentum pY and the horizontal momentum pX from multiphoton ionization of (a)
unaligned molecules and aligned molecules at an angle (b) ∆β = 0◦ , (c) ∆β = 45◦
and (d) ∆β = 90◦ , where ∆β is the angle between the polarizations of the alignment and ionizing pulse. A ring structure is observed in the images corresponding
to different above-threshold ionization (ATI) channels. The images have been symmetrized and are shown in a logarithmic color scale. The ionization pulse has a peak
intensity of 4.1 × 1013 W/cm2 .

axis.
In an attempt to enhance the orientational contrast of the photoelectron measurements the molecular alignment was enhanced. It is clear that obtaining a
high degree of field-free alignment is essential.
Molecular aligment was enhanced using a two pulse sequence of parallel
polarization as described in Chapter 7. Both pulses were 0.5 ps long. The first
pulse had an intensity of 1.1 × 1012 W/cm2 . At the time-delay of the first half
J revival the second pulse, with an intensity of 3.0 × 1012 W/cm2 was send
in. The alignment dynamics following the second kick pulse was displayed in
Fig. 7.2. As seen from Fig. 7.2 the two pulse sequence inverted the dynamics
observed from one-pulse alignment. Hence, anti-alignment was observed at the
half revival, and alignment at the full revival. The best degree of alignment
was obtained just 1 ps after the second alignment pulse, reaching a hcos2 θ2D i
of 0.81. At this position a series of photoelectron images were recorded from
single ionization in the multiphoton regime using a 25 fs (FWHM) laser pulse
with a peak intensity of 3.7 × 1013 W/cm2 . The results are displayed in Fig. 9.7.
An enhancement of the orientational contrasts in the PADs is observed. It could
be argued that the measurements were performed under conditions that were
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Figure 9.7: Two-dimensional photoelectron images from multiphoton ionization of
(a) unaligned molecules and two-pulse aligned molecules at an angle (b) ∆β = 0◦ ,
(c) α = 45◦ and (d) ∆β = 90◦ , where ∆β is the angle between the polarizations
of the alignment and ionizing pulse. The images have been symmetrized and are
shown in a color scale. The ionization pulse used to produce the photoelectron
images has a peak intensity of 3.7 × 1013 W/cm2 .

not completely field-free, however, instabilities in our experimental setup at the
time of acquisition, prevented us from fully exploiting the enhanced two-pulse
alignment and the results should be viewed as preliminary. The strong contrasts
do, however, encourage further investigations.
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10
MFPADS FROM TUNNEL IONIZATION OF
CARBONYLSULFIDE
In this section carbonylsulfide (OCS) molecules are fixed in space by the combined action of laser and electrostatic fields, prior to ionization with intense circularly or linearly polarized, 30 fs laser pulses. When measured in the molecular
frame of the 1-dimensionally oriented OCS molecules the photoelectron angular distributions (PADs) exhibit pronounced anisotropies that are absent in PADs
from randomly oriented molecules.

10.1

Circular Polarized Probe Beam

Experimentally a target of adiabatically aligned and oriented molecules is created by the combined action of a 10 nanosecond laser pulse and a weak static
electric field. Before reaching the interaction point with the laser pulses and
the static field the molecules are selected in the lowest-lying rotational quantum
states by our electrostatic deflector. Hereby alignment and orientation is optimized, which is crucial for observation of the molecular frame photoelectron
angular distribution (MFPAD) effects discussed next. The degree of alignment
and orientation is initially measured by Coulomb exploding the molecules by
an intense femtosecond (fs) probe laser pulse as described in Chapter 5.
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Figure 10.1: Schematic of the experimental setup used to produce photoelectron images showing an OCS molecule oriented with its permanent dipole moment (bold
red arrow) pointing in the direction of the static electric field. The LCP probe pulse
ionizes the molecule and imparts an upward momentum to the freed electron resulting in recording on the upper part of the detector (see text for details).

To obtain MFPADs the same experimental setup used to measure the degree
of alignment and orientation as described in Sec. 5.3 is used, but several important changes are imposed. The 30 fs probe pulses are still applied, however, the
polarization is changed from linear to circular and the intensity is lowered to a
peak intensity of ' 2.4 × 1014 W/cm2 . At this intensity OCS only undergoes
single ionization with essentially no fragmentation. The intensity puts the dynamics in the tunneling regime [154] with γ = 0.89 and the circular polarization
ensures that no recollision of the freed electron with its parent ion occurs. Both
conditions are important for the interpretation and modeling of the observed
PADs.
In Fig. 10.1 the key idea of the experiment is illustrated. An OCS molecule is
ionized by a left circularly polarized (LCP) pulse. The linear polarization of the
alignment laser is parallel to the static field axis. To extract electrons instead of
ions in the PAD measurements the polarity of the velocity map imaging spectrometer is inverted. Hereby, the OCS molecules are confined along the static
field axis with the S-end facing the repeller electrode.
The resulting electron images are shown in Fig. 10.2. With only the probe
pulse (Fig. 10.2a and b) the electrons emerge in a stripe parallel to the polarization plane (Y, Z) of the probe pulse. The images are up-down symmetric and
the marginal difference between the images obtained with left and right circu112
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Figure 10.2: Two-dimensional momentum image of electrons produced when a randomly oriented sample of OCS molecules are ionized by the LCP (a) probe pulse.
The polarization plane of the probe pulse is perpendicular to the image (detector). b, Same as a but for a RCP probe pulse. c, d, as a and b but with the
OCS molecules aligned along the Y -direction by the alignment pulse polarized
parallel to the image plane. e, f, as a and b but with the OCS molecules aligned
along the Z-direction by the alignment pulse polarized perpendicular to the image
plane. g, h, as e and f but with the intensity of the alignment pulse lowered from
Ialign, YAG = 8.4 × 1011 W/cm2 to Ialign, YAG = 2.8 × 1011 W/cm2 . The amplitude of
the static field in these measurements is Estat = 345 V/cm.
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larly polarized (LCP and RCP) pulses may be due to experimental imperfections
in the purity of the polarization state and a weak orientation of the molecules
caused by the static field alone. When the molecules are 1-dimensional (1D)
aligned along the Y -direction the images are essentially unchanged and no updown asymmetry is observed. When the alignment laser polarization is positioned along the Z-direction (see Fig. 10.1), a strong up-down asymmetry is
observed (Fig. 10.2 d and e). The asymmetry reverses as the helicity of the probe
pulses is flipped. For LCP (RCP) probe pulses the number of electrons detected
in the upper part compared to the total number in the image is ∼ 64 % (39 %).
To investigate the influence of the aligning laser field on the PADs, similar measurements where preformed at 1/3 of the intensity as shown in image g and
h. At this intensity the degree of orientation is only slightly changed and the
images appear to be almost unchanged compared to before, hence, decreasing
the field strength of the aligning laser does not seem to influence the electron
trajectories and we conclude that no error in the measurements is introduced by
the presence of the aligning laser field. The number of electrons detected in the
upper part compared to the total number in image g (h) is ∼ 66 % (38 %).
Prior to the PAD measurements, ion imaging measurements equivalent to
the experiments presented in Chapter 5 reveal that the OCS molecules are
strongly oriented along Estat . The ion imaging method described in Chapter 5
is, however, not applicable when the molecules are aligned along Estat because
all S+ ions will collapse in the center of the detector. As an alternative we
note that Estat = 345 V/cm in the PAD measurements. This value falls in between the value of the effective static field, i. e. Estat along the OCS bond axis,
of Fig. 5.7 a and b (∼ cos(45◦ ) × 345 V/cm = 244 V/cm) and Fig. 5.7 c and d
(∼ cos(45◦ ) × 595 V/cm = 420 V/cm) in Chapter 5. In the former (latter) case
the orientation corresponds to a 73 % (80 %) up-to-total ratio. Therefore, the orientation degree in the PAD experiment geometry should be at least 77 − 78 %.
Although this neglects quantum mechanical coupling effects of the two fields
[24], it provides a good approximation of the degree of orientation in the PAD
measurements. The vertical probe geometry applied in Fig. 5.7 does, however,
underestimate the degree of orientation, because the probe pulse preferentially
ionizes (probes) the molecules aligned along its vertical polarization axis where
the static field is zero and the molecules are not oriented. As a consequence, in
the PADs measurements a degree of orientation is estimated to about 80 % of the
molecules having their O-end facing the detector and 20 % facing oppositely.
To investigate the influence of the intensity of the ionizing laser pulse, measurements at three different intensities were performed. Figure 10.3 shows the
electron images obtained with a left circular polarized (LCP) pulse. In a, d and g
only the probe pulse is included for increasing intensity of the ionization pulse
corresponding to Iprobe = 1.76 × 1014 W/cm2 in a, Iprobe = 2.44 × 1014 W/cm2
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Figure 10.3: Two-dimensional momentum image of electrons produced when a randomly oriented sample of OCS molecules are ionized by the LCP for increasing
intensity of the ionization pulse corresponding to Iprobe = 1.76 × 1014 W/cm2 in a,
Iprobe = 2.44 × 1014 W/cm2 in d and Iprobe = 2.89 × 1014 W/cm2 in g. b, e and
h, same as a, d and g, respectively, but with the OCS molecules aligned along the
Z-direction by the alignment pulse polarized perpendicular to the image plane. In
c, f and i the radial distributions of the upper and lower parts of images b, e and h
are shown. Estat = 345 V/cm
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in d and Iprobe = 2.89×1014 W/cm2 in g. In b, e and h the molecules are aligned
in the geometry shown in Fig. 10.1 and again clear up/down asymmetries are
observed. In c, f and i the corresponding radial distributions are given for the
upper and lower half of images b, e and h respectively. Several observations
can be made from the data. First of all as the intensity of the probe is increased
the count rate increases and the electrons seem to acquire more momentum, i.e.
extend further out towards the edge of the detector. The number of electrons
appearing in the upper half of the images compared to the lower half is almost
unchanged as the intensity is increased with ∼63% in b and ∼64% in e and h.
To try to explain the experimental findings we rely on a quantitative picture,
based on a simple two step model together with the theoretical simulations performed by our collaborators in the group of Lars B. Madsen.

10.1.1

Ionization

In the first step the OCS molecules are ionized. Calculations of the Keldysh parameter for a peak intensity Iprobe ' 2.4 × 1014 W/cm2 gives γ = 0.89 placing
the ionization step in the tunneling regime and further evaluations show that
the tunnel emission happens over-the-barrier. Calculations of the ionization potential (Ip0 ) of OCS (computed as the positive energy of the highest occupied
molecular orbital (HOMO)), is 11.4 eV, in agreement with the experimental value
of 11.2 eV [162]. The OCS molecule has a dipole moment of 0.71 Debye pointing from the O-end towards the S-end. The OCS molecule has two degenerate
HOMO orbitals shown in Fig. 10.4. Population analysis indicates that 75 % of the
HOMO electron density is localized on the S-end, 15 % on the O-end and only
10 % on the C atom. This suggests that ionizing from the HOMO orbital would
give rise to a larger dipole moment, in agreement with theoretical calculations.
The HOMO-1 orbital of the OCS molecule has a significantly higher ionization
potential (17.1 eV from Hartree-Fock calculations), and its contribution to the
ionization dynamics is expected to be negligible.
In the presence of the strong probe field the energy levels in the neutral and
cations are modified by Stark shifts. This leads to an effective ionization potential, Ipeff (θ), given by:
Ipeff (θ)

+

= Ip0 + (µOCS − µOCS )Eprobe cos θ
(10.1)
+
1 2
OCS
OCS+
OCS
OCS+
E
[{(αkOCS − αkOCS ) − (α⊥
− α⊥
)} cos2 θ + (α⊥
− α⊥
)]
+
2 probe
+

where µOCS (µOCS ) is the permanent dipole moment of OCS (OCS+ ), αkOCS and
+

+

OCS
OCS
(αkOCS and α⊥
) the polarizability components of OCS (OCS+ ) parallel
α⊥
and perpendicular to the internuclear axis, Ip0 the ionization potential of OCS
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Figure 10.4: Visualization of the degenerate HOMO orbitals of OCS, at an isodensity contour value of 0.1. The orbital to the left lies in the polarization plane of
the laser field, and is expected to contribute more to the total ionization yield than
the orbital to the right, which has a nodal structure in the polarization plane. The circles with arrows pointing counter clockwise illustrate the circularly-polarized field.

in the absence of any external fields, and θ the polar angle between the instantaneous direction of the circularly polarized probe field and Z-axis (Fig. 10.1).
Since the ionization (tunneling) rate depends exponentially on the effective ionization potential [163] Eq. (10.2) shows directly that the oriented OCS molecules may have an asymmetric ionization probability depending on whether the
probe field has a component parallel or anti-parallel with the permanent dipole
moment. The permanent dipole moment is larger for the cation than for the
neutral molecule, leading to larger Stark shifts for the cation than for the neutral
molecule. This suggests that the effective ionization potential is lower, hence
ionization is more probable, when the instantaneous probe field is pointing in
the same direction as the dipole moment than opposed to.
The situation is illustrated in Fig. 10.5a. Indeed calculations confirm that
Ipeff (θ = π) is smaller than Ipeff (θ = 0), i. e. the ionization rate is larger for Eprobe
parallel rather than anti-parallel to the permanent dipole moment. More generally Eq. (10.3) describes that Ip is smallest, and therefore ionization most probable, for π/2 ≤ θ ≤ 3π/2, corresponding to the half part of the optical period
where the probe field has a component pointing towards the S-end. This angular
dependence of the ionization probability causes a forward-backward asymmetry of the electron emission from the molecule with more electrons ejected when
the field is pointing in the direction of the permanent dipole moment.

10.1.2

Propagation in the Field

After ionization the electrons escape the molecule in the presence of the remaining part of the strong probe laser field and are therefore subjected to the force
117

118

MFPADs from Tunnel Ionization of Carbonylsulfide

a
є OCS+
I p0

I peeff (θ = 0 ) > I p0
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‐Aprobe(t0) p < 0
y
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Figure 10.5: Principle of OCS ionization and electron emission. a, Sketch of the
effective ionization potential for Eprobe anti-parallel to µOCS (left), no Eprobe (middle)
and Eprobe parallel to µOCS (right). The energy levels of OCS (OCS+ ) are shown
by bold black (blue) horizontal lines. b, Illustration of the momentum transfer to
the electron due to the force from the LCP probe field. In the tunneling process
the electron escapes oppositely to the instantaneous direction of the probe field and
acquires the final momentum, −Aprobe (t0 ). When Eprobe is parallel (anti-parallel)
to µOCS the electron receives an upward (downward) momentum, i.e., pY > 0
(pY < 0). The ionization rate is higher in the parallel case causing more upward
than downward electrons.

described by Newton’s second RLaw Eq. (8.7). This leads to a final momentum
∞
distribution: pf = me vf = −|e| t0 Eprobe (t)dt = −|e|Aprobe (t0 ), where t0 is the
instant of ionization. The vector potential, Aprobe (t), for LCP (RCP) advances
the field by a phase of π/2 (−π/2) causing the forward-backward asymmetry
in the ionization step to be transferred into an up-down asymmetry in the final
momentum distribution (along the Y -direction, Fig. 10.1a). This is illustrated in
Fig. 10.5b. The ejected electrons drift perpendicular to the electric field direction
at the moment of ionization.
To explain the experimental findings the group of Lars B. Madsen has modeled the ionization process by modified tunneling theory. There model is based
on the static tunneling rate [163, 164] for an s-state with the binding energy of the
highest occupied molecular orbital (HOMO) in OCS, taking saturation [165] into
118
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Figure 10.6: Calculated photoelectron images and angular distributions. a, Calculated 2-dimensional electron momentum distribution for ionization of 1D aligned
and oriented OCS employing a LCP probe pulse similar to the one used in the experiment ( Fig. 2d). b, Calculated (blue curve) angular distribution of the photoelectrons from the distribution in a. The red curve is the experimental angular
distribution obtained from the image displayed in Fig. 10.2e.

account and, importantly, including Stark shifts of both OCS and OCS+ energy
levels due to the interaction between the probe laser field, Eprobe , and the permanent and induced dipole moments. The calculated momentum distribution,
projected onto the plane corresponding to the detector, is shown in Fig. 10.6 a
for LCP probe pulses with the same characteristics as the experimental pulses.
(The result with RCP pulses is identical except for having the opposite up-down
asymmetry). Focal volume effects are included [166] and an orientation of 80/20
based on the experimental findings is assumed. The similarity with the measurements (Fig. 10.2 d) is clear. In particular, the theoretical up/total ratio of
65 %, compares very well with the measured value (64 %). A more quantitative
comparison is provided in Fig. 10.6b, where the experimental and numerical angular distribution, obtained by radially integrating the distribution in Fig. 10.2 d,
for LCP is plotted. The agreement is gratifying.
The observations of Fig. 10.3, showing that when the intensity is increased
the electrons extend further out on the detector, can also be understood by simple classical arguments. In the simple classical picture the maximum kinetic
119
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energy the electrons can pick up from a circularly polarized field is given by
Ekin,max =

1
e2 E02
2
= Up
me vmax
=
2
2me ω 2

(10.2)

where the maximum velocity the electron can accumulate from the field is readily obtained from Eq. (8.9).
p Expressed in terms of the maximum acquired momentum it reads pmax =
2Up /me .
The maximum drift momentum corresponding to the intensities applied in
the experiments shown in Fig. 10.3 yield pmax = 0.88 a.u., 1.03 a.u. and 1.12 a.u.
respectively, and are indicated on the radial distributions by an arrow. Although
the values lie close to or above the active area of the detection region, the trend
is quite clear and fits well with the cutoff in the data. Only very few electrons
are expected to acquire the maximum drift velocity as is also seen in the radial
distributions. This is to be expected due to focal volume effects and ionization
not occurring only at the peak intensity. Furthermore, simply the fact that the
images shown in Fig. 10.3 represent 2D projections of the full distribution also
contribute.

10.2

Linearly Polarized Probe Beam

In this section photoelectron angular distributions from strong field ionization
with intense, linearly polarized, 30 fs laser pulses of 1D oriented OCS molecules
are measured. The experimental procedure is similar to the one described in the
previous section, however, with the important difference that the polarization
of the probe pulse is now changed back from circular to linear. Hereby the complexity is increased both experimentally, due to the enhanced number of probe
geometries possible, but also in the interpretation as the linearly polarized probe
pulse allows rescattering of the electron. The intensity of the probe pulse is lowered to Iprobe = 1.73 × 1014 W/cm2 placing the ionization in the tunnel regime
with γ = 0.74.
Figure 10.7 shows photoelectron images recorded as a function of angle between the polarization axis of the probe beam and the molecular alignment axis.
In all the images the linearly polarized probe beam is kept fixed along the Y direction, hence parallel to the plane of the detector. When only the probe beam
is included (Fig. 10.7 a and f) the bulk of the electron emission occurs along
the polarization vector of the probe pulse. In addition, some radial structure
is observed in the images, with the electron momentum distribution appearing
to some extend to be grouped around a series of discrete values. These observations are ascribed to ATI channels characteristic of multiphoton ionization.
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Figure 10.7: 2D photoelectron images as a function of the horizontal momentum pX
and the vertical momentum pY from tunnel ionization of unaligned OCS molecules
(a), from adiabatically aligned OCS molecules with βalign = 90◦ (b) and from adiabatically oriented molecules with βalign = 0◦ (c), βalign = 45◦ (d) and βalign = −45◦
(e), where βalign is the angle between the polarization of the alignment pulse and the
static electric field from the VMI electrodes. All images are recorded with the probe
pulse polarized vertically, i. e.along the y-direction (βprobe = 90◦ , where βprobe is the
angle between the polarization of the probe pulse and the static electric field from
the VMI electrodes).
Clear up-down asymmetries are observed in images d and e with the number of
electrons detected in the upper part compared to the total number of electrons corresponding to 53% and 46%, respectively.
f - j shows the
p angular distribution obtained for a momentum distribution corresponding to p2X + p2Y = 0.04 − 0.78 a.u. of the images a - e.
The experiment was conducted with Iprobe = 1.73 × 1014 W/cm2 , Ialign, YAG = 8.4 ×
1011 W/cm2 and Estat = 345 V/cm.
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Although the intensity places the ionization in the tunnel regime, one has to remember that the boundaries between tunnel and multiphoton are floating and
ionization occurs not only at the peak intensity, but due to focal volume averaging ionization at lower intensity approaching the multiphoton regime is highly
likely to contribute.
When the alignment laser is included parallel to the polarization of the probe
laser (image Fig. 10.7 b and corresponding angular distribution g) a broadening
is observed, with more electrons emitted off axis, as well as a overall decrease
in the electron emission signal. A narrowing and an increase in the signal is observed when the aligning laser is turned perpendicular to the detector (Fig. 10.7 c
and h). However the most striking features appear when the molecules are oriented at +45◦ ( Fig. 10.7 d and i) or −45◦ (Fig. 10.7 e and j). Pronounced up-down
asymmetries are observed with the number of electrons detected in the upper
part compared to the total number of electrons corresponding to 53 % and 46 %
for d and e, respectively. The asymmetry increases
pwith increasing momentum.
For a momentum distributions corresponding to p2X + p2Y = 0.39 − 0.78 a.u.
number of electrons detected in the upper part compared to the total number
of electrons increases to 56 % and 42 % for image d and e, respectively. From
the measurements of alignment and orientation we know that the geometries
depicted in Fig. 10.7 d and e correspond to a degree of orientation of 73 % of the
molecules having the S-end pointing away from the detector.
Similar to the experiment described in Fig. 10.7 PADs were obtained from
field-free aligned molecules Fig. 10.8. Here molecular alignment is obtained in
the non-adiabatic regime using a 0.5 ps long, 800nm kick pulse that sets up a
rotational wave-packet in the molecule. The probe beam is then synchronized to
the peak of alignment at time delay of t = 40.5 ps with respect to the alignment
kick pulse, corresponding to the half J revival of OCS as described in Chapter 7.
For experimental reasons measurements were preformed at a slightly lower
intensity of the probe beam, corresponding to Iprobe = 1.50 × 1014 W/cm2 . At
this intensity the Keldysh parameter is γ = 0.80, still placing the ionization step
in the tunnel regime. The observations of Fig. 10.8 a-c are very similar and perfectly consistent with the corresponding observations of Fig. 10.7 a-c. However
in Fig. 10.8d where the molecules are aligned at +45◦ no up/down asymmetry is
observed. The important difference between the experiments shown in Fig. 10.7
and Fig. 10.8 is that since the alignment is induced in the nonadiabatic regime
for the latter, only alignment and not orientation of the molecules is observed.
This shows that the asymmetry of Fig. 10.2 d and e originates from orientation of
the molecular dipole moment rather than from an artifact of the ionizing probe
field. It is important to note that asymmetries have been observed previously
in PADs from strong field ionization of atoms with short (few cycle) pulses. In
these experiments the asymmetry originated from the asymmetric nature of the
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Figure 10.8: 2D photoelectron images as a function of the horizontal momentum
px and the vertical momentum py from tunnel ionization of unaligned OCS molecules (a) and from non-adiabatically aligned OCS molecules with βalign = 90◦ (b),
βalign = 0◦ (c) and βalign = 45◦ (d), where βalign is the angle between the polarization of the laser pulse and the static electric field from the VMI electrodes. All images are recorded with the probe pulse polarized vertically, i. e.along the y-direction
(βprobe = 90◦ , where βprobe is the angle between the polarization of the probe pulse
and the static electric field from the VMI electrodes).
Compared to Fig. ?? image d displays no up/down asymmetry since alignment
takes place in the non-adiabatic regime, where no orientation of the molecule is observed.
e - h shows the
p angular distribution obtained for a momentum distribution corresponding to p2X + p2Y = 0.04 − 0.78 a.u. of the images a - d.
The experiment was conducted with Iprobe = 1.50 × 1014 W/cm2 , Ialign, 800 = 8.3 ×
1012 W/cm2 and Estat = 345 V/cm.
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carrier envelope phase stabilized few cycle pulses [167–169]. The mechanism
responsible for the asymmetry observed in the experiments described in this
section is however completely different. The pulses imposed here are relatively
long (not few cycle) and even more importantly not carrier envelope phase stabilized, hence they cannot introduce asymmetry on their own.
To investigate the origin of the asymmetries in the PADs further, experiments
were conducted at different geometries of the alignment and probe pulse polarizations.
In Fig. 10.9 images were recorded with the probe beam polarized at βprobe =
+/ − 45◦ , where βprobe is the angle between the polarization of the probe pulse
and the static electric field from the VMI electrodes. In images a and b only the
probe beam is included at βprobe = +45◦ and −45◦ respectively. The images are
perfectly up/down symmetric. The radial structure observed in Fig. 10.7 is no
longer resolvable in these geometries due to the collapse of the 2D projection
of the electron momentum distribution towards the center of the detector. In
Fig. 10.9 c and d the OCS molecules are adiabatically oriented with βalign =
0◦ , where βalign is the angle between the polarization of the laser pulse and the
static electric field from the VMI electrodes. Clear up/down asymmetries are
observed with the number of electrons detected in the upper part compared to
the total number of electrons corresponding to 56 % in c, 43 % in d. Again, the
asymmetry increases with increasing momentum giving rise to 59 % and 40 %
of the electrons appearing in the upper part of
pimages c and d, respectively, for
a momentum distributions corresponding to p2X + p2Y = 0.39 − 0.78 a.u. In
Fig. 10.9e and f and Fig. 10.9 g and h the polarization of the alignment laser is
turned to βalign = +45◦ and βalign = −45◦ respectively. When the probe beam
is parallel to the alignment beam e and h a broadening of the electron emission
as well as a clear asymmetry is observed, with the number of electrons detected
in the upper part compared to the total number of electrons corresponding to
54 % in e and 45 % in h. When the probe beam is perpendicular to the alignment
beam Fig. 10.9 f and g no asymmetry is observed.

10.2.1

’Simple Woman’s Model’

In the previous section it was seen how the asymmetries in the PADs obtained
with a circularly polarized probe laser were governed by an asymmetry in the
ionization rate that manifested itself as an up/down asymmetry through the
propagation of the electron in the remaining part of the field. However, here
the underlying mechanism is different. In the case of a linearly polarized laser
field Eq. (10.2) still holds and an asymmetry in the ionization probability is to be
expected for an oscillating field alternating between having a component parallel or anti-parallel to the molecular dipole moment. However, this cannot en124
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Figure 10.9: 2D photoelectron images as a function of the horizontal momentum px
and the vertical momentum py from tunnel ionization of unaligned OCS molecules
(a and b) and from adiabatically oriented OCS molecules with βalign = 0◦ (c and
d), βalign = 45◦ (e and f) and βalign = −45◦ (g and h), where βalign is the angle
between the polarization of the laser pulse and the static electric field from the VMI
electrodes. The images a, c, e and g are recorded with the probe pulse polarized
along βprobe = 45◦ and images b, d, f and h are recorded with the probe pulse
polarized along βprobe = −45◦ , where βprobe is the angle between the polarization of
the probe pulse and the static electric field from the VMI electrodes.
Clear up-down asymmetries are observed in images c, d, e and h with the number
of electrons detected in the upper part compared to the total number of electrons
corresponding to 56% in c, 43% in d, 54% in e and 45% in h.
The experiment was conducted with Iprobe = 1.76 × 1014 W/cm2 , Ialign, YAG = 5.6 ×
1011 W/cm2 and Estat = 345 V/cm.
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counter for an asymmetry in the PADs, as justified by the following arguments.
Let us consider the situation illustrated in Fig. 10.10 with the probe polarized
vertically along the Y -direction and the molecule fixed at βalign = 45◦ . The linearly polarized laser field can then be describes as

E = E0 cos(ωt)êY

(10.3)

From Eq. (10.2) we know that ionization is most likely to occur when the laser
field is pointing in the direction of the S-end, hence for simplicity let us assume
that the molecule is only ionized in an interval π2 ≥ ωt ≤ 3π
2 , corresponding to
the field pointing in the negative y-direction. Relying on the simple man’s model
and neglecting the pulse envelope the final velocities becomes proportional to
sin(ωt) as seen from Eq. (8.9), which in the interval π2 ≥ ωt ≤ 3π
2 is equally
likely to adopt negative as well as positive values. The mechanism responsible
for the up/down asymmetry must be found elsewhere. The main difference
compared to the case of the circularly polarized laser field is that as the linearly
polarized field alternates it can drive the electron back towards the ion allowing
the electron to rescatter. The emitted electron can no longer be viewed as free
after the initial ionization step as it stays in the vicinity of the parent ion for
several laser cycles and the interaction with the molecular ion (potential) can no
longer be neglected. In an attempt to interpret the observed finding one could
speculate that as the electron returns to the molecular ion its trajectory will be
influenced by the forces originating from the molecular dipole as illustrated in
Fig. 10.10. For the two situations shown in Fig. 10.10 there will be a net force
from the dipole pulling the electron in the positive Y -direction, independent of
whether the electron returns from the positive or negative Y -direction. For the
situation illustrated in Fig. 10.10 this would result in more electrons detected on
the upper half of the detector, consistent with the experimental observations in
Fig. 10.7 d. In fact this simple picture is consistent with all the geometries of
Fig. 10.7 to Fig. 10.9.
Of course this is greatly simplifying the underlying physics as the rescattering of the electron with the molecules is very complex and recombination
with the molecules is completely neglected. Only the dipole forces and not the
coulomb potential is considered. However since the coulomb potential is spherical symmetric its is unlikely to participate in any asymmetric distribution. This
attempt to interpret the experimental findings should give a qualitative picture
of the mechanism and the group of Lars B. Madsen are currently working on
interpreting the data more quantitatively.
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Figure 10.10: Schematic illustration of the rescattering of the electron responsible
for the asymmetry of the PADs. See text for details

10.2.2

Symmetry Considerations

Another experimental feature that can be interpreted using simple arguments
is the broadening of the off-axis electron emission when the polarization of the
probe and the alignment laser coincides (Fig. 10.7 b, Fig. 10.8 b and Fig. 10.9 e
and h).
As mentioned in the introduction in connection with TRPES the photoelectron angular distributions reveal or hold information of the orbital that is ionized from. Theoretically this has been shown to be the case also in the strong
field regime. In theoretical studies a strong dependence on the anisotropy and
the yield of the photoelectrons upon the orientation between the molecule and
the field has been observed. In particular, electron emission in nodal planes is
suppressed and interpreted to be a consequence of the symmetry of the highest
occupied molecular orbital [170, 171]. If similar although simplified arguments
are applied in case of OCS the strong connection between the PADs and the
symmetry of the molecular orbital becomes clear. In simple terms the ionization
rate is described by Fermi’s Golden Rule [? ]
Wf ←i = 2π~|hψf |Ĥint |ψi i|2 ρ

(10.4)

where hψf |Ĥint |ψi i is the transition dipole moment from the initial state ψi to the
127

128

MFPADs from Tunnel Ionization of Carbonylsulfide

final state ψf through the interaction described by the interaction Hamiltonian
operator and ρ is the density of states.
The ionization step is often expressed in terms of the vector potential of the
electromagnetic field and the momentum operator. In the dipole approxima2
N
e
A(t) · P + e2m
A2 (t) [172]
tion the laser-atom interaction is given by Hint (t) = m
L
which in the length gauge can be simplified to Hint (t) = −E(t) · µ (ref to atoms
and molecules) where the electric dipole moment operator µ and the electric
field E describe the ionization step.
In order for the transition to occur the ionization probability must be nonzero. In terms of symmetry this is equivalent to the following condition being
satisfied
Γf ⊗ ΓµE ⊗ Γi 3 ΓT S
(10.5)
requiring that the product of the symmetry species of the initial state Γi , the
dipole operator ΓµE and the final state Γf must contain the totally symmetric
irreducible representation ΓT S of the molecular symmetry group, in order for
the transition be allowed.
OCS is a linear molecule belonging to the point group C∞v . The degenerate
HOMO shown in Fig. 10.4 has Π symmetry.
Considering one single active electron initially occupying the highest molecular orbital(HOMO) and the final state being that of the free electron wave the
expression in Eq. (10.5) can be written as:
Γe− ⊗ ΓµE ⊗ ΓHOM O 3 ΓT S

(10.6)

This is, of course, an approximation equivalent to the single active electron
strong field approximation that neglects any electron-electron interaction as well
as electron-ion interactions. The electromagnetic field is so strong that the electron is promoted to the continuum too fast for any rearrangement in the parent
ion electron configuration to take place and by far exceeding the Coulomb attraction.
For simplicity we will consider the situation where OCS oriented with the
principal axis aligned along the laboratory fixed Z-direction. In this situation
the laboratory frame (X, Y, Z) coincides with the molecular frame (x, y, z). In
the experimental setup the electric field can only have field components in the
Y Z-plane and EX is zero, hence the transition can only occur through the y
and z components of the electric dipole moment operator. The symmetry of the
electric dipole moment operator is given by the symmetry of the corresponding
components (x, y, z) specific for the point group. For a linearly polarized probe
field in the Z-direction Eq. (10.6) reduces to
Γe− ⊗ Γz ⊗ ΓHOM O 3 ΓT S
128
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From a character table of the C∞v point group Γz is found to have Σ+ symmetry,
hence being totally symmetric. In order for the above equation to be satisfied
the emitted electron must also have Π symmetry. In other words, in the single
active electron approximation, when the linear polarization axis of the probe
field coincides with the principal axis of the OCS molecule, i. e. with the nodal
planes of both degenerate HOMO orbitals, suppression of the electron emission
in this direction is expected. Emission along this axis is symmetry forbidden. An
overall decrease in the ionization yield is likewise expected and also consistent
with the observations (Fig. 10.7 b, Fig. 10.8 b and Fig. 10.9 e and h).
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11
MFPADS FROM TUNNEL IONIZATION OF
BENZONITRILE
One of the strengths of our method is the extension to the general class of molecules. Although 3D MFPADs have been obtained using the coincidence method
[141] the technique requires a triple (or at least double) ionization scheme to extract the full 3D information. Therefore, the method presented here is unique in
extracting PADs from strong field single ionization of 3D oriented molecules. To
illustrate the potential of our method experiments were conducted on benzonitrile (C7 H5 N) molecules (Fig. 11.2).
Experimentally a target of adiabatically aligned and oriented benzonitrile
molecules is created by the combined action of a 10 nanosecond laser pulse and
a weak static electric field. A gas mixture of ∼ 5 mbar C7 H5 N and 90 bar of
He is expanded into vacuum from our Even-Lavie valve. Before reaching the
interaction point with the laser pulses and the static field the molecules are selected in the lowest-lying rotational quantum states by our electrostatic deflector. Similar to the PAD measurements on OCS described in the previous chapter,
Coulomb explosion imaging measurements confirm that high degrees of alignment and orientation are achieved prior to the PAD measurement on C7 H5 N.
Figure 11.1 a and b shows CN+ ion images from Coulomb explosion of C7 H5 N
with the alignment pulse at βalign = 45◦ or −45◦ and the probe pulse linearly po131
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Figure 11.1: Orientation of C7 H5 N by ion detection. a, b Images of CN+ ions for
βalign = 45◦ and -45◦ , respectively and Estat = 286 V/cm . In a 69 % of all CN+
ions appear in the upper half of the detector. In b 30 % of all CN+ ions appear in
the upper half of the detector. The intensity of the alignment and probe pulses are
7.7 × 1011 W/cm2 and 4.5 × 1014 W/cm2 , respectively.

larized in the vertical direction (The probe geometry is similar to that of Fig. 5.5).
Again, the angular confinement and the asymmetry of the CN+ ion images give
clear evidence of alignment and orientation of the C7 H5 N molecules. However,
it should be noted that the asymmetry of the images clearly underestimates the
real degree of orientation of the C7 H5 N molecules. In particular, CN+ is not an
ideal observable because, unlike I+ from Coulomb explosion of iodobenzene,
it overlaps with other fragment ions in the time of flight spectrum of C7 H5 N.
Hence, the ion images of Fig. 11.1 also contain contributions from carbohydrate
fragments from the benzene ring of equal (or nearly equal) mass-to-charge-ratio
(e.g. C2 H+2 ). These "contaminant" ions are not expected to recoil along the CCN axis. Furthermore, the ion images are recorded at Estat = 286 V/cm which
is significantly lower than the electrostatic extraction field in the electron PAD
measurement described next (Estat = 467 V/cm). It is to be expected that the
degree of orientation should increase strongly when Estat is increased. Also, the
orientation will improve due to the increase in the amplitude and the increased
static field along the permanent dipole axis when the alignment laser is polarized parallel to Estat . For the purpose of optimizing the experimental conditions,
the CN+ ion images proved, however, fully sufficient.
Next, photoelectron angular distributions are measured. Figure 11.3 displays
the electron images and Fig. 11.4 the corresponding angular distributions. The
intensity of the probe pulse in these experiment is 1.2 × 1014 W/cm2 , placing the
ionization slightly away from the tunneling regime. Even without the alignment
pulse a weak up-down asymmetry (Fig. 11.3 a and b) is observed, which we ascribe to mild 1D alignment and orientation of the molecules due to the static
field, the large effective dipole moment, and the very low rotational tempera132
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Figure 11.2: Schematic of the experimental setup used to produce photoelectron
images showing a C7 H5 N molecule oriented with its permanent dipole moment
pointing in the direction of the static electric field. The LCP probe pulse ionizes
the molecule and imparts an upward momentum to the freed electron resulting in
recording on the upper part of the detector (see text for details).

ture. When the 1D alignment pulse, linearly polarized along the static field axis,
is included the asymmetry increases (Fig. 11.3c and d) due to stronger alignment
and orientation. For LCP the up/total ratio is ∼55%, for RCP it is ∼44%. Unlike
OCS described in the previous chapter, C7 H5 N is an asymmetric top molecule
and the linearly polarized alignment pulse only confines the C-CN symmetry
axis of the molecule, while the benzene ring remains free to rotate around this
axis. Additional confinement of the molecular plane, and thus 3D alignment and
orientation, is obtained by using an elliptically polarized alignment pulse with
the major axis along the static field axis and the minor axis vertical in the images.
This equivalent to the 3D alignment and orientation of 2,6-difluoroiodobenzene
described in Chapter 6. The total intensity, 7.7 × 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 images (Fig. 11.3 e and f) have essentially
the same up-down asymmetry as in panel c and d (since the degree of 1D alignment and orientation is practically unchanged), but they exhibit striking new
structures that are not seen in the PADs from 1D oriented molecules. In particular, electron emission in the polarization plane, coinciding with the nodal plane
of the HOMO (and the HOMO-1), is suppressed. Such effects were predicted
previously but never observed [170, 171].
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Figure 11.3: Experimental photoelectron images from C7 H5 N. Two-dimensional
momentum image of electrons produced when C7 H5 N molecules are ionized by
a LCP probe pulse (a, c, e) or RCP probe pulse (b, d, f). In a and b the molecules are
essentially randomly oriented (no alignment pulse used). In c and d the molecules
are 1D oriented (linearly polarized alignment pulse) and in e and f the molecules are
3D oriented (elliptically polarized alignment pulse). The intensity of the probe pulse
is 1.2×1014 W/cm2 . In e the experimental off-the-nodal-plane angle, Ωexp ' 18◦ ±1◦
is shown. See equation (2) for our analytical expression.
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Figure 11.4: Angular distributions obtained from the corresponding photoelectron
images displayed in Fig. 11.3.

11.1

Symmetry Considerations

Simple symmetry arguments can be applied to quantify the observed features
of the PADs.
Benzonitrile is an asymmetric top molecule. It has a C2 rotational axis along
the principal axis of the molecule, a mirror plan in the molecular plane and perpendicular to the molecular plane along the principal axis placing the molecule
in the symmetry group C2v . Similar to the arguments used in Sec. 10.2.2 considering one single active electron initially occupying the highest molecular orbital
(HOMO) and the final state being that of the free electron partial wave it was
seen that in order for the transition to occur the following conditions should be
satisfied
135
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Figure 11.5: The four highest occupied molecular orbitals of C7 H5 N. The molecular
plane coincides with the Y Z plane.

Γe− ⊗ ΓµE ⊗ ΓHOM O 3 ΓT S

(11.1)

Adapting the geometry shown in Fig. 11.2 where benzonitrile is 3D oriented
with the principal axis aligned along the laboratory fixed Z-direction, the laboratory frame (X, Y, Z) coincides with the molecular frame (x, y, z). In the experimental setup the electric field can only have field components in the Y Z-plane
and EX is zero, hence the transition can only occur through the y and z components of the electric dipole moment operator. The symmetry of the electric
dipole moment operator is given by the symmetry of the corresponding components (x, y, z) specific for the point group.
Γe− ⊗ (Γy ⊕ Γz ) ⊗ ΓHOM O 3 ΓT S

(11.2)

From a character table of the C2v point group [173], Γy and Γz are found to have
B2 and A1 symmetry, respectively. Applying symmetry arguments it can readily
be seen that the HOMO shown in Fig. 11.5 has B1 symmetry, hence
Γ e − ⊗ B 2 ⊗ B 1 3 A1
Γ e − = A2

∨ Γ e − ⊗ A1 ⊗ B 1 3 A1

(11.3)

∨ Γ e− = B 1

(11.4)

Similar arguments can be applied taking the initial state to be the HOMO-1
with symmetry A2 resulting in exactly the same symmetries of the final outgoing electron. In conclusion assuming a single active electron initially occupying
the HOMO with B1 symmetry is promoted to the continuum through ionization with a probe beam of circular polarization in the Y Z-plane will result in
136
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an electron final state of either A2 symmetry (through the field Y component)
or B1 symmetry (from the field Z component). In this case the photoelectron
angular distribution should reflect the symmetry of the final electron state and
indeed both symmetries are consistent with the experimental observations. The
PADs of Fig. 11.3 corresponds to 2D projections of the final electron state onto
the XY -plane. A pronounced dip is observed in the Y Z-plane consistent with
a suppression of the electron emission in the nodal plane of the HOMO. In addition, the A2 symmetry should also give rise to a dip in the XZ-plane. A suppression of the electron emission in the XZ-plane may be weakly indicated in
the images, however, since the electrons do not acquire drift momentum in this
direction by the probe field, a clear effect is not observed experimentally.

11.2

Tunnel Model

For C7 H5 N, the molecular structure, population analysis, and orbital energies
were obtained from Hartree-Fock calculations performed by the group of Lars
B. Madsen. The four highest occupied molecular orbitals and corresponding
orbital energies are shown in Fig. 11.5. Unlike OCS the HOMO and HOMO1 orbitals of C7 H5 N are nearly degenerate in energy, hence contributions from
orbitals other than the HOMO can not be neglected in the ionization step.
To provide a more qualitative explanation of the experimental findings for
3D oriented C7 H5 N calculations were performed. In case of C7 H5 N, the emission takes place slightly away from the tunnel regime (the Keldysh parameter is
1.16). In the case of 1D oriented molecules, the theoretical model developed for
OCS still applies. However, in the case of the 3D-oriented molecule, the model
has to be extended to include the emission off the molecular orbital nodal plane.
The plane of the polarization of the laser field coincides with the nodal plane of
both HOMO and HOMO-1 orbitals.
In the model perfect 3D orientation in the way shown in the lower panel
of Fig. 11.3 is assumed. The initial state of a molecule is modelled by a simple 2px orbital with the angular node in the polarization (Y, Z) plane and the
p-lobes parallel to the X-axis. The presence of the nodal plane prevents electron
emission in the polarization plane. This is observed in the calculated electron
momentum distribution displayed in Fig. 11.6 for LCP. Initial electron emission
in the perpendicular direction is, however, possible and is incorporated by including a factor describing the momentum distribution in the X-direction in
the initial orbital. The slight asymmetry of the up/total ratio (52 %) visible in
Fig. 11.6 is still governed by laser-induced Stark shifts, as described for OCS,
whereas the observed left-right splitting (along the X-axis) of the momentum
distribution projected on the detector plane is due to the presence of the nodal
137
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Figure 11.6: Calculated 2-dimensional electron momentum distribution for ionization from the HOMO and HOMO-1 of 3D aligned and oriented C7 H5 N employing
a LCP probe pulse similar to the one used in the experiment (Fig. 4e).

plane. Lars B. Madsen and coworkers have obtained a new closed analytical expression for the off-the-nodal-plane angle, Ωtheo (Fig. 11.3e), and at the intensity
1.23 × 1014 W/cm2 ,
p
Ωtheo = arctan(2ω/ πE0 κ) ' 18.8◦ ,
(11.5)
p
2Ip0 . To obtain a corresponding experimental value of the offwith κ =
the-nodal-plane angle angular distributions from the outermost electrons of
Fig. 11.3 e and f are plotted. The electrons that reach furthest out on the detector
correspond to the the electrons that have required the highest momentum, and
should thus come closest to the analytical expression.
The experimental value of the off-the-nodal-plane angle is found to be Ωexp =
18◦ ± 1◦ (Fig. 11.7) in good agreement with the theoretical predictions. The experimental observation of a nonzero electron signal in the polarization plane is
partly due to non perfect alignment of the molecule and possibly also due to a
contribution from the HOMO-2 whose nodal plane is perpendicular to the laser
polarization plane.
One of the major concerns in connection with adiabatic alignment is if the
presence of the YAG field can perturb the ionization step or the electron trajectory and thus the experimental outcome. One concern could be that the presence of the YAG field could lead to shifting of the energy levels of high lying
Rydberg states of the molecule into resonance hereby creating a different ionization pathway. Such effects will depend strongly on the specific molecule. For
138
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Figure 11.7: Angular distributions obtained from the corresponding photoelectron
images displayed
p in Fig. 11.3e and f of the outermost electrons corresponding to the
radial range p2X + p2Y = 0.59 − 0.99 a.u. The angle Ωexp is determined from the
angular distributions by a four peak fit as shown.

benzonitrile it is observed in the time of flight (TOF) that the presence of both
the YAG and probe in the above experiments leads to excessive fragmentation of
the molecule. For comparison it should be noted that the presence of the YAG in
connection with the experiments performed on OCS molecules did not induce
changes in the TOF and left the parent molecular ion unchanged.
To investigate the mechanism responsible for the fragmentation we performed measurement at different time delays between the YAG and the probe.
When only the probe is present only the parent molecular ion is observed in the
TOF. Sending in the YAG pulse at a time delay much earlier than the probe, no
change is observed in the TOF. Including the YAG pulse at the same time as,
or much later than the probe pulse leads very similar fragmentation patterns.
This suggests that the mechanism responsible for the fragmentation proceeds in
two distinct steps. First, the molecules are singly ionized by the probe pulse and
secondly the YAG pulse dissociates the unstable cation initially produced. Since
the timescale for dissociation is much longer than the time for the electron to
escape the vicinity of the core, the observed fragmentation should not effect the
electron trajectory.
To confirm that the effects described above truly are results of strongly oriented molecules, experiments were performed under conditions where no orientation and only poor alignment of BN is expected. Running the Even-Lavie
valve at low He backing pressure leads to poor cooling. Under these conditions
hardly any change was observed in the electron images from the probe alone
and the inclusion of the YAG pulse, suggesting that the effects observed are not
field induced.
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The results presented here show that molecular frame PADs can be obtained
for a broad range of species independent of whether 1D or 3D orientation is
needed to fully fix the molecule in space. Strong-field ionization by fs circularly
polarized pulses is an ultrafast probe, sensitive to molecular properties such as
nodal planes. The field drives the electrons monotonously away from the parent
ion without rescattering effects blurring the ionization dynamics.
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12
ANGLE DEPENDENT STRONG FIELD
IONIZATION YIELDS

12.1

Introduction

As already mentioned strong field physics is emerging as a promising field for
studying the structure and dynamics of molecular systems. However, interpretation of the underlying physics has been and still is an area of quite some
debate. Single ionization from multiphoton or tunnel ionization is a fundamental process and a crucial first step to understanding most molecular strong field
phenomena. Of particular importance is the understanding of the dependence
of the initial ionizations step on the molecular orientation. Exact theoretical calculation of the alignment dependent ionization rates are obtained by solving the
time dependent Schrödinger equation, however these full ab initio calculations
are only available for H+2 [174, 175] and H2 [176]. Commonly used theories to
explain strong field phenomena extended to larger systems are the molecular
tunneling theory [177] and the strong field approximation [178]. However resent experiments have shown to disagree with these theories [161]. Thus far
experimental alignment dependent ionization rates have only been obtained on
small molecular systems such as N2 , O2 , CO, CO2 and C2 H2 [161, 179–181]. In
some of the previous measurement extracting the angle dependent ionization
141
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rates form the measurement have involved several steps, complicating the interpretation. The first direct measurement of the angular dependence of ionization
was reported in 2007 by Pavičić et al[161] where the molecules where aligned
non-adiabatically, demonstrating the essential need for creation of an ensemble
of highly aligned molecules.
Recently, a different theoretical approach has been proposed by Abu-samha
and Madsen [182]. They use ab initio theory within the single electron approximation, demonstrating the importance of including the dynamics of the excited
state manifold. There theory explained the breakdown of the molecular tunneling theory and strong-field approximation, that neglects excited electronic structure. The calculations are in unprecedented agreement with the experiments by
Pavičić et al [161].
To fully test existing theories, experiments extended to larger and more complex molecular systems are needed. For that reason we performed measurements on the angular dependence of the ionization yield on carbonylsulfide
(OCS) and benzonitrile (C7 H5 N) molecules. The results presented here are preliminary and have not yet been compared to theory.

12.2

Results and Discussion

First, the ionization yield of single ionization of OCS molecules is measured as
a function of the angle between the polarization of the alignment and probe
laser pulse, ∆β. In order to measure the angular dependence a high degree of
alignment is required. For that reason, OCS molecules are selected in the lowest
rotational quantum states and alignment is induced in the adiabatic regime. Under experimental conditions equal to that of Chapter 5 and Chapter 10 with the
intensity of the YAG laser pulse corresponding to Ialign, YAG = 8.4 × 1011 W/cm2
a degree of alignment of hcos2 θ2D i = 0.90 is obtained. Figure 12.1 shows
the ionization yield as a function of the angle between the polarization axis
of the alignment and probe pulse, ∆β. Ionization yield is measured from
the total OCS+ signal at two different intensities of the probe beam, where
high and low intensity correspond to Iprobe, high = 1.77 × 1014 W/cm2 and
Iprobe, low = 1.48 × 1014 W/cm2 , respectively. The data has been normalized
to the total ionization yield from unaligned molecules. A clear suppression of
the signal is observed when ∆β = 0◦ , i. e. when the polarization vector of the
probe coincides with the internuclear axis of the OCS molecules. At ∆β = 90◦ a
clear increase in the ionization yield is observed. There is hardly any difference
between the angular dependence obtained for Iprobe, high = 1.77 × 1014 W/cm2
and Iprobe, low = 1.48 × 1014 W/cm2 .
The observations can to some extend be explained with molecular symmetry
142
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Figure 12.1: Measured ionization yield as a function of the angle between the polarization axis of the aligning and ionizing (probe) beam. Ionization yield is measured
at two different intensities of the probe beam, where high and low intensity correspond to Iprobe, high = 1.77 × 1014 W/cm2 and Iprobe, low = 1.48 × 1014 W/cm2
respectively. The ionization yield has been normalized to the total ionization yield
obtained when only the ionizing laser is included. Alignment is induced in the
adiabatic regime from 10 ns long YAG pulse with the intensity Ialign, YAG = 8.4 ×
1011 W/cm2 .

arguments. In Sec. 10.2.2 it was seen that the linear polarization axis of the probe
field coincides with the principal axis of the OCS molecule, i. e. with the nodal
planes of both degenerate HOMO orbitals, suppression of the electron emission
in this direction is expected. Emission along this axis is symmetry forbidden. An
overall decrease in the ionization yield is likewise expected and also consistent
with the observations.
As previously described one concern is if the presence of the YAG laser field
can in some way perturb the ionization pathway and thus the experimental outcome. For that reason the angular dependence of the ionization yield is measured from field-free aligned molecules, Fig. 12.2. The experimental conditions
for obtaining field-free alignment are equal to the ones described in Chapter 7
and Chapter 10. At a time delay between the probe and alignment pulse of
40.5 ps corresponding to the peak of the half J revival of OCS an alignment
degree of hcos2 θ2D i = 0.84 is obtained. Ionization yield is extracted from the
total electron signal measured at an intensities of the probe beam corresponding
Iprobe, low = 1.50 × 1014 W/cm2 . Figure 12.2 provides a comparison of the angle
dependent ionization yield of single ionization of OCS molecules as a function
of the angle between the polarization of the alignment and probe laser pulse,
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Figure 12.2: Measured ionization yield as a function of the angle between the polarization axis of the aligning and ionizing (probe) beam. The angle dependent ionization yield from field-free aligned molecules is compared to adiabatically aligned
molecules with the YAG field present. The intensity of the nonadiabatic laser pulse
used to induce nonadiabatic alignment is Ialign, 800 nm = 8.3 × 1012 W/cm2 , whereas
the intensity of the adiabatic (YAG) laser field is Ialign, YAG = 8.4 × 1011 W/cm2 . The
intensity of the probe beam in the measurement is Iprobe = 1.50 × 1014 W/cm2 . The
ionization yield has been normalized to the total ionization yield obtained when
only the ionizing laser is included.

between field-free aligned and adiabatically aligned molecules. The ionization
signal from field-free aligned OCS molecules exhibits similar angular dependence as seen for adiabatically aligned molecules with a clear suppression of
the ion yield when the polarization of the probe pulse is along the internuclear
axis and a clear enhancement at 90◦ . The only discrepancy lies in the contrast
between ∆β = 0◦ and 90◦ , with the biggest difference observed for adiabatic
alignment. This minor difference can be explained by the slightly worse confinement of the field-free aligned molecules with a hcos2 θ2D i = 0.84 compared
to hcos2 θ2D i 0.90 obtained from adiabatic alignment. The overall agreement between the measurements, however, provide a good indication that the presence
of the YAG field does not perturb the ionization.
Next, the angular dependence of single ionization of benzonitrile (BN, C7 H5 N)
molecules is investigated. Alignment is induced in the adiabatic regime from
a 10 ns long YAG laser pulse under conditions equal to the ones described
in Chapter 11. The intensity of the probe pulse in these experiment is 1.2 ×
1014 W/cm2 and the ionization yield is extracted from the total electron signal
resulting from single ionization. First the angular dependence of 1D aligned
molecules is measured (Fig. 12.3 a). As opposed to OCS, a clear enhancement of
144
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Figure 12.3: Measured ionization yield as a function of the angle between the major polarization axis of the aligning and ionizing (probe) beam. In a benzonitrile is
1D aligned and in b benzonitrile is 3D aligned. Alignment is created in the adiabatic regime from a 10 ns long YAG pulse. The total intensity of the YAG pulse,
7.7 × 1011 W/cm2 , is the same for the linearly polarized pulse used to induce 1D
alignment as for the elliptically polarized pulse with an intensity ratio between the
major and minor axis of 3:1, used to induce 3D alignment. The intensity of the probe
beam in the measurements is Iprobe = 1.23 × 1014 W/cm2 . The ionization yield has
been normalized to the total ionization yield obtained when only the ionizing laser
is included.

the signal is observed when the polarization of the alignment and probe pulse
are parallel, and a clear suppression is observed in a perpendicular geometry. As
previously described C7 H5 N is an asymmetric top molecule and the linearly polarized alignment pulse only confines the C-CN symmetry axis of the molecule,
while the benzene ring remains free to rotate around this axis. Additional confinement of the molecular plane, and thus 3D alignment and orientation, is obtained by 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, 7.7 × 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 angular dependence
of the ion yield from 3D aligned molecules is shown in Fig. 12.3 b. The total ionization yield has been normalized to that obtained from unaligned molecules.
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As for 1D aligned molecules a clear enhancement of the signal is observed at
∆β = 0◦ , where ∆β now is the angle between the major axis of the elliptically
polarized YAG pulse and the polarization axis of the probe pulse.
In summary we have seen that the ionization yield dependents strongly on
the molecular alignment with respect to the polarization of the ionizing pulse.
The interpretation of the data is not straightforward and represents new challenges for theory in the description of even the first ionization step.
It should be noted that these types of alignment dependent ionization yield
do not hold any information of the orientation of the dipole moment of a polar
molecule, even though the molecules were oriented in the present studies.
A different approach to molecular frame angle dependent ionization yields
has been proposed by Corkum and coworkers [134]. In their experiments the
MFPADs are linked to the angle dependent ionization probability from ionization by a circular probe pulse. These experiments are in close resemblance with
the experiment shown in the Chapter 10 and Chapter 11. However, due to the
lack of 3D resolution in our experimental setup, similar information cannot be
extracted from our measurements at present.
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CONCLUSIONS AND OUTLOOK
In conclusion, it has been shown that deflection of cold molecular beams with
an inhomogeneous static electric field enables the selection and the spatial separation of the most polar quantum states, i. e. the lowest-lying rotational states.
The method demonstrated here is complementary to state-selection for small
molecules using a hexapole focuser, which has been suggested to be applied
for improved alignment and orientation experiments [31] and recently been
experimentally demonstrated [32]. While a hexapole focuser only works for
small molecules in low-field seeking quantum states, beam deflection will apply broadly to a wide range of molecules, from diatomics to large biomolecules.
The deflection is strongest for molecules with a large permanent dipole moment
to mass ratio. For a given molecule the deflection is optimized by employing
stronger deflection fields, increasing the length of the deflector, or lowering the
speed of the molecule, for instance, by using neon rather than helium as a carrier
gas. For small molecules, the preparation of an ensemble of molecules all in a
single quantum state should be feasible.
As an application of the quantum-state-selected molecules it was shown that
selection of carbonylsulfide and iodobenzene in low lying rotational states allows to achieve unprecedented degrees of laser-induced 1-dimentional (1D) adiabatic alignment and mixed laser- and static-field 1D orientation. The method
was also extended to include laser-induced adiabatic 3-dimensional (3D) align147
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ment and mixed field 3D orientation as demonstrated on 2,6-difluoroiodobenzene.
In particular, we demonstrated that strong alignment and orientation can be
maintained even when the intensity of the alignment pulse is lowered to the
1010 − 1011 W/cm2 range. This can reduce unwanted disturbance from the laser
field in future applications of adiabatically aligned or oriented molecules. We
note that it should be possible to improve the degree of orientation obtained here
simply by increasing the static electric field. Due to experimental constraints it
was not implemented in the present work.
As an application of strongly aligned and oriented molecules photoelectron
angular distributions (PADs) were measured from 1D aligned carbondisulfide,
1D oriented carbonylsulfide and 3D oriented benzonitrile.
I believe our method will prove useful in a number of areas in molecular
science, a few of which are highlighted below.

13.1

Cleaning the Molecular Sample

13.1.1

Conformer Selection

For large (bio-)molecules, typically multiple structural isomers (conformers)
[183] are present even at the low temperatures in a supersonic jet [184]. Just
as random orientation of a molecular ensemble can lead to blurring of molecular properties measurements, the presence of different stereoisomers within a
sample can give rise to misinterpretation in the studies of molecular dynamics
as the measurements become an average over the properties of all the stereoisomers. Conformers of a specific biomolecule have the same mass, but differ by
the relative orientation of their functional groups. Typically these functional
groups have large local dipole moments associated with them and therefore the
individual conformers often exhibit large, and largely different dipole moments.
As described in Chapter 4, passing polar molecules through a strong inhomogeneous electric field will spatially disperse them according to their effective
dipole moment and can thus be exploited to spatially separate conformers. Such
separation has been demonstrated in an alternating gradient focusing selector
for the cis- and trans-conformers of 3-aminophenol [87].
Recently we have demonstrated that the static field of the deflector can also
be used to spatially isolate individual conformers of polar molecules [185].
To demonstrate the separation of stereoisomers of complex molecules using the electrostatic beam deflector experiments were performed on the cis- and
trans-conformers of 3-aminophenol. The dipole moment of cis-3-aminophenol
(µ0 = 2.33 D) is considerably larger than that of trans-3-aminophenol (µ0 =
0.77 D), hence a strong spatial separation of the states of the two conformers
is expected as illustrated in Fig. 13.1 a). Applying the experimental setup de148
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Figure 13.1: a) Illustration of the spatial separation of conformers in the electrostatic
beam deflector. b) Molecular beam intensity as a function of the vertical position
Y of the detection laser for cis- and trans-3-aminophenol. Experimental data are
given by symbols, and simulations by solid lines. The vertical profiles of the undeflected beams of cis- and trans-3- aminophenol are shown as circles (dark blue)
and diamonds (orange), respectively. Squares (light blue) and triangles (red): corresponding deflection profiles with high voltage (10 kV) applied to the deflector.
Inset: the fractional population of the cis conformer, which is obtained by dividing
the cis intensity by the sum of the intensities of cis and trans at the respective height
Y ; the horizontal line indicates the value in the original beam.

scribed in Chapter 3 a few mbar of 3-aminophenol seeded in ∼ 90 bar of He
is expanded into vacuum from our Even-Lavie valve and passed through the
electrostatic beam deflector.
Figure 13.1 b) shows the conformer-selective deflection profiles. The density
of a specific conformer is measured by resonance enhanced multiphoton ionization (REMPI) by a pulsed dye laser (Lambda Physik, ScanMate2) as a function
of the laser focus, Y . The two conformers of 3-aminophenol are measured individually at resonant excitation wave numbers corresponding to 34109 cm−1
for the cis- and 34467 cm−1 for the trans-conformer. When 10 kV is applied
to the deflector both conformers are deflected upwards. However, the shift is
considerably larger for the more polar cis conformer and above Y = 1.0 mm a
pure sample of the cis conformer exist. Additionally, due to the effective cooling (∼ 1 K) of the initial molecular beam the population of cis-3-aminophenol
is almost depleted for heights smaller than Y = −0.75 mm and a pure sample
of trans-3-aminophenol is obtained. The clean separation of the two conformers is also confirmed by the vibrationally resolved REMPI spectrum shown in
Fig. 13.2. The spectrum measured in the deflected part of the molecular beam
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Figure 13.2: UV spectra of 3-aminophenol for the original beam (black), the deflected ensemble (blue), and the depleted beam (red). The spectral signatures and
the complete discrimination of the individual conformers are thus demonstrated.

(Y = 1.15 mm) only contains bands arising form cis-3-aminophenol. In contrast,
the spectrum measured in the depleted beam (Y = −0.75 mm) exhibits features
only assigned to the trans conformer. As a further consequence of the beam deflection, the lowest rotational states of the cis conformer are deflected the most,
hence, a clean sample of cis-3-aminophenol can be selected in the lowest rotational states. Furthermore increasing the deflection for instance as described in
Chapter 4 by lowering the speed of the molecules by changing the carrier gas
from He to Ne, it should be possible to completely deflect the cis conformer
away and instead select the trans conformer in the lowest rotational states.
The unprecedented control over the molecular ensemble may prove extremely important in stereospecific experiments on conformer- and state-selected
samples.

13.1.2

Isolating Molecules from the Carrier Gas

Getting access to cold molecules in the gas phase typically involves using a
molecular beam from a supersonic expansion. Consequently, the target usually
consists of more than 99% carrier gas and less than 1% of the specific molecules. In several types of experiments the carrier gas can contribute to the particular signal measured, in fact so much that the molecular signal can be complete overshadowed by the signal from the atomic carrier gas. A polar molecule
150
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can be separated from the unpolar carrier gas and thus completely remove the
carrier gas background. This could be highly relevant in photoelectron spectroscopy with vacuum-ultraviolet (VUV), extreme-ultravioulet (EUV) [186], or
X-ray light sources, including attosecond pulses, or in high harmonic generation experiments with femtosecond laser pulses [187].

13.2

Alingment and Orientation

It was shown experimentally that 1D and 3D alignment and orientation (Chapter 5 and Chapter 6) is significantly improved when a subset of molecules reside
in the lowest rotational states are selected as targets. Alignment was induced
in the adiabatic regime, where the turn-on and turn-off time of the linearly- (1D
alignment) or elliptically- (3D alignment) polarized laser field occur slowly compared to the inherent rotational periods of the molecules. In addition, orientation was induced by the combined action of the laser field and a weak static
electric field.
3D alignment and orientation was demonstrated for 2,6-difluoroiodobenzene.
For this specific molecule the major polarizability axis is parallel to the direction of the permanent dipole moment. Consequently, 3D orientation was
achieved by positioning the major polarization axis of the elliptically-polarized
laser pulse along the direction of the static electric field. For molecules having
their permanent dipole moment coinciding with the major polarizability axis the
method described in this thesis will be generally applicable. For a large number of molecules this, however, is not the case. Achieving 3D alignment for the
molecules with the permanent dipole moment off-axis with respect to the major polarizability axis attracts special interest, since examples include important
biomolecules such as amino acids and nucleic acids. I believe 3D orientation
can also be achieved for a large fraction of these molecules by turning the 3D
aligned molecule, i. e. rotating the axes of the elliptically polarized laser pulse,
such that the permanent dipole moment coincides with the static field direction.
It is important to remember, however, that the dipole interaction can only confine one axis, hence the "head versus tail" order can only be established along
the permanent dipole moment axes. Depending on the molecule this may or
may not be enough to completely confine all axis of the molecule.

13.2.1

Nonadiabatic Alignment and Orientation

It was seen in Chapter 7 that nonadiabatic alignment induced by laser pulses
that are turned on and/or off rapidly compared to the molecular rotational
periods benefit significantly from selection of the lowest rotational quantum
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states. Nonadiabatic alignment was only briefly discussed. Selection of rotational states is, however, highly advantageous for nonadiabatic laser-induced
schemes to control the spatial orientation of molecules, as recently demonstrated
for NO molecules [32, 33].
For some applications a high degree of field-free alignment and orientation
is required. The main strategy applied in this thesis has been to prepare as cold
a sample of molecules as possible in order to optimize the degree of alignment.
A different approach is to design the optimal laser pulse for nonadiabatic alignment [188].
Obtaining field-free 3D alignment and orientation may be possible by, for
instance, using timed perpendicularly-polarized short pulses [125] or by truncating an adiabatic pulse to produce switched wave packets. In the case of 1D
alignment and orientation, it has been shown that such a conversion from adiabatic alignment (orientation) to field-free alignment (orientation) is possible by
femtosecond truncation of the adiabatic pulse [30, 54, 55]. One consequence of
the rapid turn-off method, or nonadiabatic alignment or orientation [32] in general, is that the alignment/orientation becomes transient, which could reduce
the utility for several important applications.

13.2.2

Brute-Force Orientation

Brute-force orientation [5, 122], that is, the spatial orientation of polar molecules using strong dc electric fields will benefit from the state selected samples
similar to what was demonstrated here. In fact, as the separation of quantum
states in the deflector is based on the interaction strength of the molecules with
the electric field, the states that are deflected most, are also oriented the most
inside the fields. To illustrate the achievable orientation, Frank Filsinger has calculated the ensemble averaged orientation in a homogeneous electric field of
250 kV/cm for iodobenzene for a thermal ensemble of 1 K. For this ensemble
hcos2 θ2D i = 0.757 is obtained. For a deflected, quantum-state-selected sample of
iodobenzene molecules at 1 % of the undeflected peak intensity (see Table 4.1,
Chapter 4), an increased ensemble averaged orientation of hcos2 θ2D i = 0.905 is
predicted.

13.3

Applications of Strongly Aligned or Oriented
Molecules

The results presented here show that molecular frame PADs can be obtained for
a broad range of species independent of whether 1D or 3D orientation is needed
152

13.3 Applications of Strongly Aligned or Oriented Molecules

153

to fully fix the molecule in space. Strong-field ionization by femtosecond circularly polarized pulses is an ultrafast probe, sensitive to molecular properties
such as nodal planes. The field drives the electrons monotonously away from
the parent ion without rescattering effects blurring the ionization dynamics. A
particularly interesting extension is time-dependent phenomena where a pump
pulse initiates a molecular transformation or reaction. The strong-field ionization probe used here is sensitive to the charge distribution of the valence electrons and could provide an efficient and ultrafast probe of, for instance, charge
migration processes in molecules [189]. More generally, molecular frame PADs
using laser oriented molecules will also be highly relevant for X-ray probing
of molecular dynamics where detection of high energy electrons can provide a
direct structural diagnostics of the changing molecular species [190].
In general, the ability to achieve very high degrees of alignment and orientation is of great interest for a number of applications. In addition to PADs form
fixed in space molecules, state-selected and even conformer-selected molecules
could be very beneficial for areas such (ultrafast) diffraction with electron or Xray sources [47, 48] and time-resolved studies of light-induced stereochemistry
[183].
Furthermore, Janssen and coworkers have shown that the ability to select
a single rotational state with a hexapole focuser enables new possibilities for
studying directional dynamics of fragments in photodissociation of small molecules [102]. The deflection method can strongly broaden the number of molecules to which single rotational state selection, and subsequent orientation, is
possible. In particular, it will offer access to studies of photoinitiated processes
in oriented targets of larger asymmetric tops.

13.3.1

Manipulating the Torsion of Molecules

So far manipulation of the external degrees of freedom of gas phase molecules
has been described. However, manipulation by induced dipole forces can also
be applied to the internal degrees of freedom such as vibrational motion [191].
Modification of energy potential barriers with pulsed laser fields have been applied to photoinduced bond breaking of small molecules to yield a desired final
product [55, 192]. In collaboration with the group of Lars B. Madsen we have
demonstrated that the laser-induced nonresonant polarizability interaction, not
only can induce molecular alignment, but can also be used to influence the internal rotation of an axially chiral molecule around the stereogenic C-C bond axis
[193, 194]. In the experiments the C-C bond axis of a substituted biphenyl molecules (3,5-difluoro-3’,5’-dibromobiphenyl) is fixed in space by adiabatic alignment with a 10 ns long laser pulse. A short femtosecond (kick) pulse linearly
polarized perpendicular to the fixed axis, initiated torsional motion of the two
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phenyl rings and sets the molecule into rotation around the stereogenic axis.
By recording F+ and Br+ ion fragments by time-resolved Coulomb explosion it
is possible to follow the internal as well as the external rotational motion. 3,5difluoro-3’,5’-dibromobiphenyl has two conformations that are mirror images of
each other, the Ra and Sa enantiomers illustrated in Fig. 13.3.
The dihedral angle between the two phenyl rings, i. e. the twisting angle
between the two phenyl rings, is controlled by transiently modification of the
field-free potential curve by a femtosecond kick pulse as illustrated in Fig. 13.3.
Oscillations in the dihedral angle have been observed experimentally as well as
theoretically [193, 194].
A perspective of the demonstrated laser control of the torsional motion is
time-resolved study of deracemization, hence following the dynamics involved
when one enantiomer is steered into its mirror form. Calculations predict that by
increasing the field-strength of the kick pulse and applying the right geometry
of the laser pulse polarizations can lead to a selective conversion from a racemate to yield a pure enantiomer. Discrimination between the two enantiomerforms experimentally requires that the inversion symmetry of the C-C bond axis
is broken. The ability to strongly 3-dimensionally orient molecules selected in
the lowest rotational states by the electrostatic beam deflection as described in
this thesis will enable us experimentally to discriminate between the two enantiomers, thus facilitate time-resolved studies of deracemization and selective
conversion to a pure enatiomer, predicted by theory, but thus far not observed
experimentally.
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Figure 13.3: Calculated kick pulse induced time-dependent torsional potential as
a function of tp measured with respect to the center of the pulse and dihedral angle between the Br and F-phenyl planes. The asymmetry in the potential is obtained by orienting the molecules (here with the Br-phenyl plane out of the paper), 3-dimensionally aligning them, and by polarizing the kick pulse at an angle
of 13◦ with respect to the second most polarizable axis . The red dashed curve illustrates the field-free torsional potential. The black and the grey curves illustrates
torsional paths of motion. For the Sa enantiomer the time varying potential induces
an oscillatory motion (gray curve) corresponding to torsion confined within the initial well. By contrast, due to the induced asymmetry between the two wells, the
initial Ra enantiomer is traversing the central torsional barrier, and ends up as an Sa
enantiomer undergoing internal rotation (black curve). The kick pulse has a peak
intensity of 1.2 × 1013 W/cm2 and a duration of 1.0 ps (FWHM). The simulations
have been performed in the group of Lars B. Madsen.
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SUMMARY
Molecular properties and dynamics depend strongly on the direction from where
they are "viewed" or probed and the spatial orientation of a molecule is of crucial
importance in its interaction with other molecules, atoms or electromagnetic radiation. In normal gas-phase experiments molecules are randomly oriented and
averaging over molecular orientations can lead to blurring and potential loss of
information. Historically the drive for seeking control over the spatial orientation of a molecule came from the possibility to control or enhance molecular
reactivity and interactions. Since then it has found wide spread interest in many
areas of physics and chemistry. Large efforts have been devoted to the development of new methods to enable control over the alignment and orientation of
gas phase molecules.
In this thesis molecular alignment is induced by the electric field from nonresonant, non-ionizing moderately intense laser pulses and additional orientation of polar molecules is achieved by the combined action of the laser and a
weak static electric field. Here alignment refers to confinement of molecule
fixed axes along laboratory fixed axes, and orientation refers to the molecular
dipole moment pointing in a particular direction. Laser induced alignment is
a very versatile approach to orientational control, generally applicable to any
molecule with an anisotropic polarizability. Any application of aligned or oriented molecules will benefit significantly or simply require a strong degree of
157
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molecular confinement. An efficient method to optimize the degree of alignment or orientation is to ensure that the molecular sample initially resides in the
lowest lying rotational states. Strong internal cooling to sub Kelvin temperatures can be provided from a supersonic expansion of the molecules in an inert
carrier gas and very strong degrees of alignment have been demonstrated using
such molecular beams. However, orientation in the mixed laser and static field
method imposes an even stronger requirement on the initial rotational state distribution. For that purpose additional selection of the lowest lying rotational
quantum states by deflection of a cold beam of polar molecules in an inhomogeneous static electric field was demonstrated. The underlying ideas can be dated
back to the 1920s, where it was proposed that electrostatic deflection should be
able to spatially disperse the rotational quantum states of the molecule, enabling
quantum-state selectivity. In particular the ground state experiences the largest
Stark shift and molecules residing in this state are deflected the most. The goal
of our experiment is to isolate and use rotational ground-state molecules, or at
least samples of molecules in the lowest-lying rotational states as targets for further experiments. So far selection of carbonylsulfide and iodobenzene in the
low lying rotational states has demonstrated unprecedented degrees of laserinduced adiabatic 1-dimensional alignment and mixed laser- and static-field 1dimensional orientation. The method was extended to include laser-induced
adiabatic 3-dimensional alignment and mixed field 3-dimensional orientation
as demonstrated on 2,6-difluoroiodobenzene. In particular, strong alignment
and orientation can be maintained even when the intensity of the alignment
pulse is lowered to the 1010 − 1011 W/cm2 range. This can reduce unwanted
disturbance from the laser field in future applications of adiabatically aligned or
oriented molecules.
The main focus of this thesis is on adiabatic alignment and orientation, however also field-free alignment induced by laser pulses with durations that are
sufficiently short compared to the rotational timescale for the molecule, can be
achieved and benefits greatly from quantum-state-selected molecules as targets.
The prospect of confining an ensemble of molecules to the laboratory frame
opens the door to various experimental studies from the molecules "point of
view". As an application of strongly aligned and oriented molecules molecular frame photoelectron angular distributions (MFPADs) from strong field
ionization in the multiphoton and tunneling regimes are measured. For 1dimensionally aligned CS2 the angular distributions of photoelectrons from
multiphoton ionization with intense linearly polarized 25 fs laser pulses, show
a significant dependence on the angle between the polarizations of the aligning
and ionizing laser fields. For 1-dimensionally oriented OCS the MFPADs from
tunnel ionization with intense, circularly polarized, 30 femtosecond laser pulses,
exhibit pronounced anisotropies, perpendicular to the fixed permanent dipole
158
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moment, that are absent in PADs from randomly oriented molecules. For 3dimensionally oriented benzonitrile additional striking structures appear due to
suppression of electron emission in nodal planes of the fixed electronic orbitals.
In a theoretical analysis, relying on tunneling ionization theory, it is shown that
the PADs reflect nodal planes, permanent dipole moments and polarizabilities
of both the neutral molecule and its cation. The calculated results are exponentially sensitive to changes in these molecular properties thereby pointing to
exciting opportunities for time-resolved probing of valence electrons dynamics
by intense circularly polarized pulses.
At present, tremendous efforts are applied to developments of novel approaches for studying ultrafast molecular dynamics, sparked by emerging freeelectron lasers. In that context samples of strongly aligned and oriented molecules as targets in electron or X-ray diffraction experiments, as well as MFPADs
from ionization of localized inner shell electrons by XUV or X-ray pulses, will
prove important.
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Appendix

A
THE INFLUENCE OF THE CAPACITOR
PLATES
As mentioned in Chapter 3 the "new" vacuum chamber system was modified
after the initial experiments. The first 1 mm skimmer in the source chamber was
replaced by a 3 mm skimmer of conical shape to ensure better cooling of the
molecular beam. Furthermore, a set of capacitor plates were placed between the
electrostatic beam deflector and the interaction region.
The idea of the capacitor plates is to preserve the M quantum number from
the exit for the deflector to the interaction region. In the deflector the the field
splits every field-free rotor state into J + 1 M -sub-levels. Every M -sub-level
has a distinct effective dipole moment associated with it and will, thus, experience a different force in the field. However, if the molecules enter a field-free
region between the deflector and the detection region, the M -sub-levels become
exactly degenerate and the M quantum number no longer defined. When entering the extraction field of the velocity map imaging spectormeter, the angular
momentum, J, is re-projected onto the field axis, and the molecule may end up
in a different M sub-level. The molecule "looses" its memory concerning the
M -quantum number that it had during the deflection. In principle, a very small
161
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Figure A.1: A: Experimentally measured vertical spatial profile of the molecular
beam of iodobenzene for different deflection voltages applied, measured by recording the I+ signal. To the right I+ images of deflected iodobenzene molecules recorded
with the YAG laser polarized at 150◦ (B1 and B2) and 30◦ (C1 and C2) are shown
for the capacitor plates grounded and at 500 V, respectively. The intensities of
the YAG and probe pulse are 8 × 1011 W/cm2 and 5 × 1014 W/cm2 , respectively.
Estat = 595 V/cm.

electric stray field is enough to preserve the projection of J onto the field-axis,
i. e. the M quantum number. However, if the M -splitting becomes very small
the probability to have transitions between different M -sub-levels increases.
To test the effect of the capacitor 1D alignment and mixed field orientation
experiments were conducted on iodobenzene molecules seeded in Ne. Figure A.1 A shows the deflection profiles obtained for iodobenzene for undeflected
molecules and with the deflector turned on at 10 kV. Due to the increased aperture of the first skimmer the deflection profile for the undeflected molecules is
slightly broadened.
Several measurement of alignment and orientation were performed with
barely any effect of the capacitor field observed. However, pushing the experimental conditions, i. e. going to the absolute edge of the most deflected molecules (indicated by an arrow in Fig. A.1 A) an effect was observed. Figure A.1
image B1 and C1, show the I+ images of iodobenzene recorded with the YAG
laser polarized at 150◦ and 30◦ , respectively, for the capacitor plates grounded.
The number of I+ ions detected in the upper half compared to the total number
of ions in images B1 and C1 is 0.79 and 0.21, respectively. When the capacitor
plates were turned on the asymmetry increased (Fig. A.1 image B2 and C2), and
optimum orientation was found for the capacitor plates at a potential of 500V,
with the number of I+ ions detected in the upper half compared to the total num162
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ber of ions increasing to 0.82 (image B2) and 0.19 (image C2).
The effect of the capacitor plates seems to be visible only when a subset of
the lowest lying rotational states is selected, consistent with the increasing importance of preservation of the M -states for increasing state selectivity.
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Milošević, H. G. Muller, and M. J. J. Vrakking, Imaging of carrier-envelope
phase effects in above-threshold ionization with intense few-cycle laser fields,
New J. Phys. 10, 025024 (2008).
178

REFERENCES

179

[170] T. K. Kjeldsen, C. Z. Bisgaard, L. B. Madsen, and H. Stapelfeldt, Role of symmetry in strong-field ionization of molecules, Phys. Rev. A 68, 063407 (2003).
[171] T. K. Kjeldsen, C. Z. Bisgaard, L. B. Madsen, and H. Stapelfeldt, Influence
of molecular symmetry on strong-field ionization: Studies on ethylene, benzene,
fluorobenzene, and chlorofluorobenzene, Phys. Rev. A 71, 013418 (2005).
[172] B. H. Brandsen and C. J. Joachain, Physics of Atoms and Molecules (Prentice
Hall 2003), 2 edition.
[173] P. Atkins and R. Friedman, Molecular Quantum Mechanics (Oxford University Press 2005), 4 edition.
[174] J. Fernández and L. B. Madsen, Above-threshold ionization, energy-resolved
photoelectron angular distributions, and momentum distributions of H+2 in intense femtosecond laser pulses, Phys. Rev. A 79, 063406 (2009).
[175] T. K. Kjeldsen, L. B. Madsen, and J. P. Hansen, Ab initio studies of strongfield ionization of arbitrarily oriented H2+ molecules, Phys. Rev. A 74, 035402
(2006).
[176] L. A. A. Nikolopoulos, T. K. Kjeldsen, and L. B. Madsen, Three-dimensional
time-dependent Hartree-Fock approach for arbitrarily oriented molecular hydrogen in strong electromagnetic fields, Phys. Rev. A 76, 033402 (2007).
[177] X. M. Tong, Z. X. Zhao, and C. D. Lin, Theory of molecular tunneling ionization, Phys. Rev. A 66, 33402 (2002).
[178] T. K. Kjeldsen and L. B. Madsen, Strong-field ionization of N2 : length and
velocity gauge strong-field approximation and tunneling theory, J. Phys. B 37,
2033 (2004).
[179] I. V. Litvinyuk, K. F. Lee, P. W. Dooley, D. M. Rayner, D. M. Villeneuve,
and P. B. Corkum, Alignment-Dependent Strong Field Ionization of Molecules,
Phys. Rev. Lett. 90, 233003 (2003).
[180] A. S. Alnaser, S. Voss, X.-M. Tong, C. M. Maharjan, P. Ranitovic, B. Ulrich,
T. Osipov, B. Shan, Z. Chang, and C. L. Cocke, Effects of molecular structure
on ion disintegration patterns in ionization of O2 and N2 by short laser pulses,
Phys. Rev. Lett. 93, 113003 (2004).
[181] A. S. Alnaser, C. M. Maharjan, X. M. Tong, B. Ulrich, P. Ranitovic, B. Shan,
Z. Chang, C. D. Lin, C. L. Cocke, and I. V. Litvinyuk, Effects of orbital symmetries in dissociative ionization of molecules by few-cycle laser pulses, Phys.
Rev. A 71, 031403(R) (2005).
179

180

REFERENCES

[182] M. Abu-samha and L. B. Madsen, Theory of strong-field ionization of aligned
CO2 , Phys. Rev. A 80, 023401 (2009).
[183] R. D. Suenram and F. J. Lovas, Millimeter wave spectrum of glycine - a new
conformer, J. Am. Chem. Soc. 102, 7180 (1980).
[184] T. R. Rizzo, Y. D. Park, L. Peteanu, and D. H. Levy, Electronic-spectrum of the
amino-acid tryptophan cooled in a supersonic molecular-beam, J. Chem. Phys.
83, 4819 (1985).
[185] F. Filsinger, J. Küpper, G. Meijer, J. Hansen, J. Maurer, J. Nielsen,
L. Holmegaard, and H. Stapelfeldt, Pure Samples of Individual Conformers: The Separation of Stereoisomers of Complex Molecules Using Electric Fields,
Angew Chem. Int. Ed. 48, 6900 (2009).
[186] C. Ng, Vacuum ultraviolet spectroscopy and chemistry by photoionization and
photoelectron methods, Annu. Rev. Phys. Chem. 53, 101 (2002).
[187] W. Li, X. Zhou, R. Lock, S. Patchkovskii, A. Stolow, H. C. Kapteyn, and
M. M. Murnane, Time-Resolved Dynamics in N2O4 Probed Using High Harmonic Generation, Science 322, 1207 (2008).
[188] S. Guérin, A. Rouzée, and E. Hertz, Ultimate field-free molecular alignment
by combined adiabatic-impulsive field design, Phys. Rev. A 77, 041404 (2008).
[189] A. I. Kuleff and L. S. Cederbaum, Charge migration in different conformers
of glycine: The role of nuclear geometry, Chemical Physics 338, 320 (2007),
molecular Wave Packet Dynamics - (in honour of Jörn Manz).
[190] F. Krasniqi, B. Najjari, L. Strüder, D. Rolles, A. Voitkiv, and J. Ullrich,
Imaging Molecules from Within: Ultra-fast, Ångström Scale Structure Determination of Molecules via Photoelectron Holography using Free Electron Lasers,
http://arxiv.org/abs/0910.3078 (2009).
[191] H. Niikura, F. Légaré, R. Hasbani, M. Y. Ivanov, D. M. Villeneuve, and
P. B. Corkum, Probing molecular dynamics with attosecond resolution using
correlated wave packet pairs, Nature (London) 421, 826 (2003).
[192] B. J. Sussman, D. Townsend, M. Y. Ivanov, and A. Stolow, Dynamic Stark
Control of Photochemical Processes, Science 314, 278 (2006).
[193] C. B. Madsen, L. B. Madsen, S. S. Viftrup, M. P. Johansson, T. B. Poulsen,
L. Holmegaard, V. Kumarappan, K. A. Jørgensen, and H. Stapelfeldt, Manipulating the Torsion of Molecules by Strong Laser Pulses, Phys. Rev. Lett.
102, 073007 (2009).
180

REFERENCES

181

[194] C. B. Madsen, L. B. Madsen, S. S. Viftrup, M. P. Johansson, T. B. Poulsen,
L. Holmegaard, V. Kumarappan, K. A. J. rgensen, and H. Stapelfeldt, A
combined experimental and theoretical study on realizing and using laser controlled torsion of molecules, J. Chem. Phys. 130, 234310 (2009).

181

