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Abstract
In medicine, tomography is a well-established method to reconstruct threedimensional images from the interior of the examined human body. In
X-ray computed tomography, the patient is rotated around one axis and
two-dimensional projections of the X-ray absorption are recorded under
discrete projection angles. The full three-dimensional distribution of the
absorption coefficient is reconstructed by an algorithm to image the interior
of the human body. We adapt the method of tomography to photoelectron
distributions from aligned and randomly oriented gas-phase molecules. The
three-dimensional distribution of electrons that are created by strong field
ionization of naphthalene molecules with a circularly polarized 30 fs long
pulse with central wavelength of 800 nm is imaged in the momentum space.
In analogy to the medical application, the molecule is rotated and twodimensional projections of the angular distribution of the photoelectrons in
the momentum space are recorded. The projection is physically carried out
by an electrostatic lensing method called velocity map imaging. The molecular ensemble is spatially ordered by inducing molecular alignment with a
high-power laser pulse. The molecular axes follow the polarization of the
laser field and the electron distribution is sampled under different angles to
record images for the three-dimensional reconstruction. The method gives
insight into the polarization plane, a view that is only hardly accessible
with a standard velocity map imaging. Under this view, counter-intuitive
angular shifts from the expected angle of 90 degrees between the instanteneous electric field and the most probable emission direction were measured.
It is the first time that these angular shifts were measured for a complex
molecule.

Resumee på dansk
Inden for lægevidenskab er tomografi en veletableret metode til at rekonstruere tredimensionelle billeder af indre dele af den undersøgte menneskekrop.
I røntgen (CT-scanning) roteres patienten om en akse, og todimensionelle
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projektioner af absorptionen af røntgenstråling optages for et diskret sæt
af projektionsvinkler. Den fulde tredimensionelle fordeling af absorptionskoefficienten rekonstrueres af en algoritme for at genere billeder af menneskekroppens indre dele. Vi har tilpasset den tomografiske metode til
fordelinger af fotoelektroner fra alignede og tilfældigt orienterede molekyler
i gasfasen. I impulsrum afbildes den tredimensionelle fordeling af elektroner, der skabes ved stærkfeltsionisation af naphthalenmolekyler med en
cirkulært polariseret, 30 fs lang laserpuls med en central bølgelængde på 800
nm. I analogi til lægevidenskabelige anvendelser roteres molekylet, og todimensionelle projektioner af fotoelektronernes vinkelfordeling i impulsrum
optages. Projektionen foretages fysisk ved en metode, der anvender en elektrostatisk linse og på engelsk kaldes velocity map imaging. Det molekylære
ensemble er rumligt ordnet ved at inducere molekylær alignment med en
laserpuls af høj effekt. Den molekylære akse følger polarisationen af laserfeltet, og elektronfordelingen måles ved forskellige vinkler for at optage
billeder til den tredimensionelle rekonstruktion. Metoden giver indsigt i
elektronfordelingen i polarisationsplanen. Dette er en svært tilgængeligt
synsretning med traditionel velocity map imaging. Ved denne synsretning
måltes kontraintuitive forskydninger fra de forventede 90 grader for vinklen
mellem det øjeblikkelige elektriske felt og den mest sandsynlige udsendelsesretning for elektroner. Det er første gang disse vinkelforskydninger måles
for komplekse molekyler.
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Chapter 1

Introduction
Photoelectron spectroscopy (PES) concerns the measurement of the kinetic
energy distribution of the electrons released when atoms or molecules are
ionized by electromagnetic radiation. PES builds on work on the photoelectric effect by Albert Einstein in 1905 and has become a widely used
and powerful method to probe the energy levels and the electronic structure of the target. In its traditional form, the absorption of a single photon releases the electron from the target and the energy of the electron is
recorded. The focus of PES has moved from atomic targets on to molecules,
clusters and surfaces. For molecules, it is traditionally used for the determination of the binding energy of molecuar orbitals and, if possible, of
the vibrational substructure [1]. Groundbreaking work was contributed
by Kai Siegbahn who received the Nobel price in 1981 for the development of Electron Spectroscopy for Chemical Analysis shared with Nicolaas
Bloembergen and Arthur Shavlov for their work on laser spectroscopy. The
accessibility of synchrotron radiation led to a many experimental studies
of photoionization. In addition, modern laser physics brought a variety of
contributions to photoelectron spectroscopy. The development of pulsed
laser sources with high intensities and short pulse lengths opened up the
opportunity to study nonlinear processes that involve more than one photon. In the field of strong field ionization, two different regimes for the
initial ionization steps are distinguished, the multiphoton regime and the
1

tunneling regime that were first characterized by Keldysh in 1964 [2]. The
use of pulsed laser opens up the possibility of time-resolved measurements.
By the combination of femtosecond pump-probe schemes with PES, time
resolved measurements with femtosecond resolution can be carried out that
give insights into the processes of the coupled vibrational and electronic dynamics after photoabsorption [3, 4]. In addition to the energy spectrum,
the photoelectron angular distribution (PAD) is a useful measure. The potential of PADs is exploited the most when they are measured either for a
defined rotational and vibrational state of the cation [5] or when they are
measured in the molecular frame [1, 6, 7]. There are two ways of measuring
the molecular frame photoelectron distribution (MFPAD). One is by coincidence measurements of the ion fragments and electrons. This method can
be applied when the ionization of the target molecule leads to fragmentation within the axial recoil limit. The axial recoil limit is approached when
the molecular orientation at the time of ionization is reflected by directions
of the recoiling ion fragments. This method was succesfully demonstrated
primarily for small molecules for synchrotron radiation [8, 9, 10, 11] that
ionizes from the inner shells as well as for UV radiation [12, 13, 14] that
releases valence electron. Another way to record molecular frame photoelectron distributions is to perform measurements on fixed-in-space molecules.
Experimentally, PADs can be obtained from field-free time-of flight methods, rotating energy analyzers and electron-ion coincidence measurements
[1]. In addition, photoelectron imaging and angle resolved photoelectron
spectroscopy provide the angular resolution as well as the energy resolution. There is a wide range of experimental methods to obtain photoelectron images and angle resolved photoelectron spectra. One important and
wide-spread technique for electron imaging is velocity map imaging (VMI)
that was developed in 1997 [15, 16]. This method allows imaging of 2D
projections of charged particle distributions of the ionization volume in the
momentum space. The combination of pulsed lasers with photoelectron
imaging can provide information about wavepacket dynamics in electronic
and vibrational states. As an example, Bisgaaard et al. extracted information about ultrafast electronic-vibrational dynamics during photochemical
2

reaction in CS2 molecules from Time Resolved Molecular Frame Photoelectron Spectroscopy (TMRPES) [17]. Holmegaard et. al demonstrated
succesfully that photoelectron images from strong-field ionzation of fixedin-space molecules contain information about the nodal plane structure of
a molecule [18]. Photoelectron imaging is restricted to 2D projections. It
is clear, that in general a three dimensional photoelectron distribution contains more information than its 2D projection. A common method to record
three dimensional photoelectron distributions is by reaction microscopes or
COLTRIMS (COld Target Recoil-Ion Momentum Spectroscopy)[19, 20].
This method allows one to record the photoelectron distribution over the
full 4π solid angle. For small systems, it is possible to perform electron-ion
coincidence measurements that lead to electron distributions in the molecular frame based on the ion recoil direction. In the group of Paul Corkum,
PADs in the polarization plane with circular polarization from HCl [21] and
H2 [22] were obtained with this method, a geometry that is only hardly accessible with imaging methods like e.g. VMI.
In 2009, Wollenhaupt et al. introduced a method to obtain three dimensional photoelectron distributions from atoms with VMI by tomographic
reconstruction [23]. Further results with this method were presented by
Smeenk et al. with linear and elliptical polarization [24]. The basic problem that tomography is facing is the problem of the reconstruction of an
object or a distribution from its projections. The Austrian mathematician Johann Radon found an analytical solution to this problem back in
1917. Meanwhile, further sophisticated mathematical methods have been
developed and applied that are customized to specific problems. The most
common method is the filtered backprojection, a transform method that
is based on the Fourier transform. Tomographic reconstruction is widely
known from its medical application, where projections of the X-ray absorption coefficient are measured under a large number of angles [25, 26]. The
reconstruction leads to the three dimensional distribution of the X-ray absorption coefficient. The method of tomographic reconstruction found its
way into various fields of science including atomic, molecular and optical
science (AMO). Examples of the application of tomographic reconstruction
3

in AMO are the tomographic reconstruction of molecular orbitals [27] and
quantum state tomography [28, 29].
Recently, the method was extended to the reconstruction of three dimensional photoelectron distributions from 2D projections that are recorded
by VMI spectrometers. In analogy to the medical application, where projections of the X-ray absorption coefficient are recorded under each angle
by rotation of the detector, the photoelectron cloud can be rotated with
respect to the detector. In the works of the group of T. Baumert and M.
Wollenhaupt and in the group of P.Corkum, the photoelectron distribution was rotated by the rotation of the polarization of the ionizing laser.
In the group of K. Reid, this method was applied to obtain the three dimensional PAD from randomly oriented molecules [30]. These experiments
pave the way to more complete experiments on molecules. The work that
has been carried out suggests to combine tomographic reconstruction with
fixed-in-space molecules with the goal to obtain 3D photoelectron momentum distributions in the molecular frame.
Molecular alignment or orientation prior to the ionization event is a powerful method to perform measurements in the molecular frame. The case
when one molecular axis is confined with a laboratory frame axis is called
one dimensional alignment and the alignment of all three axes of an asymmetric top molecule is called three dimensional alignment. If there is an
asymmetry along one of the axes, i.e. when there is an additional headversus-tail-order, the molecules are said to be oriented. The original motivation to develop methods to orient and align molecules was the attempt to
control molecular reactions that depend on the relative orientation of the
reactants to each other. A famous example of steric effects in molecular
reactions is the SN 2 type reaction between methyl iodide and the chlorine
anion Cl− + CH3 I → Cl CH3 + I− [31]. The reaction rate depends strongly
on the orientation of the methyl iodide relative to the chlorine anion and
is maximized when the chlorine anion attacks the carbon atom from the
opposite side of the iodine atom. An early experiment involving oriented
molecules was performed in 1966 where the reactive scattering of methyl iodide with potassium was studied using methyl iodide molecules that where
4

oriented with a hexapole field setup [32].
A further strong motivation are experiments that depend on the orientation of the molecular axes relative to the laboratory frame. In studies
of photochemical processes, the absorption depends strongly on the orientation of the transition dipole moment relative to the polarization of the
absorbed light. Studies of high harmonic generation (HHG) have proven
that the emitted harmonic radiation does not only depend on the molecular alignment [33], but also contains information about the molecular and
electronic structure [34]. Itatiani et al. reconstructed molecular orbitals
by tomographic reconstruction from HHG measurements [27]. The development of free electron lasers open new applications and motivations for
the use of aligned molecules as targets for studies of phototelectrons and
X-ray diffraction experiments. In general, in diffraction experiments, the
diffraction pattern is not only enhanced for a spatially ordered sample, but
it also contains more information [35]. Diffraction patterns of a randomly
oriented sample contain only one-dimensional information. This is a general property that holds for photons as well as for electrons that were used
to record self diffraction patterns from the molecule’s own photoelectons
that were rescattered on the molecule by the driving force of the laser field
[36]. A high degree of alignment is crucial for experiments of photoelectron holography where a reference wave interferes with a signal wave that
was scattered from the molecule or the molecular ion. The resulting electron wave contains information about the molecular structure [37]. Various
methods have been developed to confine molecular axes in space. Molecules
arrange on a substrate in specific ways that makes it possible to induce a
spatially order sample on a surface. Puschnig et al. have reconstructed
orbitals from molecules that were fixed in space by chemisorption on a substrate [38]. Aligned molecules in the gas phase can be realized by means of
hexapole focusing, where a single quantum state of the molecule is selected
or by the interaction with a strong electric dc field. The latter technique is
known as brute force-orientation [39, 40] and is based on the interaction of
the permanent dipole moment of the molecule and the strong external static
electric field. Alternatively, alignment can be achieved using nonresonant
5

optical fields [31]. In this case, the mechanism behind alignment is based
on the interaction of the dipole moment that is induced by the nonresonant
electric ac field. There are two methods to induce molecular alignment with
optical fields, adiabatic and nonadiabatic alignment. The former one uses
pulses that are long compared to the rotational period of the molecule and
nonadiabatic uses pulses that are short compared to the rotational period
[41, 42]. The advantage of adiabatic alignment is that very high degrees
of 1D and 3D alignment can be obtained [43, 44, 45]. The advantage of
nonadiabatic alignment is that it is possible to obtain alignment after the
pulse is turned off, i.e. under field free conditions. Laser induced alignment
can be extended to orientation by an additional static electric field [46, 47].
In this work, laser induced adiabatic alignment is combined with the tomographic reconstruction of the 3D electron momentum distributions in the
molecular frame from strong field ionization of naphthalene from images obtained by an VMI spectrometer. It is the first time that the 3D molecular
frame photoelectron distribution is recorded from a complex molecule. The
method can be applied to a wide range of other nonpolar molecules than
naphthalene. In close analogy to Computed X-ray Tomography in medical
sciences, the molecule is rotated and 2D projections of the photoelectron
momentum distribution under discrete angular steps. The projection is
physically carried out by the VMI spectrometer. This procedure provides
data for the reconstruction of the 3D molecular frame photoelectron distribution in the momentum space.

6

Chapter 2

Basics and Theory
2.1
2.1.1

Molecular Alignment and Orientation
Overview

The goal of molecular alignment is to confine one or more axes of the
molecules with axes of the laboratory frame. In this work, only laser induced alignment was employed and in this section, the theoretical background of laser induced alignment and orientation is presented. One discriminates between alignment and orientation in one and three dimensions.
One-dimensional alignment means that one molecular axis is confined along
one laboratory frame axis without any preferential direction of the molecule
along this axis. In the case of an additional head-versus-tail order, the
molecules are said to be oriented. Alignment and orientation can be extended to three dimension. In this case, all three axes of the molecule are
fixed with respect to the laboratory frame. The different cases are shown
in Fig. 2.1.

2.1.2

Adiabatic Laser Induced Alignment

In general, the interaction of a molecule with an external nonresonant,
time-varying electric field is described by the Hamiltonian
Ĥf ull = Ĥrot + Ĥint
7

(2.1)

Figure 2.1 – The difference between one and three-dimensional alignment
and orientation illustrated for iodobenzene.

where Ĥrot describes the field free molecule in the rigid rotor approximation
and Ĥint describes the interaction of the molecule with the electric field.
The electric field is described by
E = E0 (t) cos(ωt)ê

(2.2)

with (t) being the pulse envelope in time, ω the central laser frequency,
ê is the unit vector that defines the polarization of the field and E0 is the
field amplitude. The operator Ĥint can be split up into two terms,
Ĥint = Ĥdip + Ĥind

(2.3)

Ĥdip describes the interaction of the permanent dipole moment and the
field and Ĥind describes the interaction of the field with the dipole moment
that is induced by the electric field. The two terms Ĥdip and Ĥind can
be considered as the first two terms of an expansion of the interaction
potential into a power series in the electric field. Ĥdip is the product of the
negative permanent dipole moment operator µ̂ projected onto the electric
8

field vector E ,
Ĥdip = −µ̂ · E

(2.4)

For polar molecules in static electric fields, Ĥdip plays a significant role
and is used for the brute-force-orientaton [39, 40]. In optical fields, the
molecule cannot follow the oscillations of the electric field and the resulting
interaction between the permanent dipole and the electric field is averaged
out over an optical period. The resulting torque on a molecule in an optical
field is purely determined by the second order term, the interaction between
the induced dipole moment and the electric field. Adiabatic laser induced
alignment is based on the interaction between the time-varying electric field
E (t) and the induced dipole moment that is linked to the polarizability of
the molecule. The polarizability is a general property of all atoms and
molecules and describes the charge redistribution in an atom or molecule
due to the distortion of the electron cloud. In general, unlike an atom,
most molecules have an anisotropic polarizability that is characterized by
a second order tensor and the interaction with the electric field is described
by
1X ∗
Ĥind = −
 αρρ0 ρ0
(2.5)
4 0 ρ
ρ,ρ

where i are the components of the electric field and αρρ0 are the elements
of the second rank polarizability tensor in the molecular frame. When we
consider the special case of a linear or symmetric top molecule (i.e. αxx =
αyy 6= αzz ) in a linearly polarized laser field, the interaction Hamiltonian
becomes
1
(2.6)
Ĥind = − 2 (∆α cos2 θ + α⊥ )
4
where ∆α = αk − α⊥ is the difference of the polarizabilities parallel and
perpendicular to the molecular axis which is by definition along the z-axis,
i.e. αk = αzz and α⊥ = αyy = αxx . The laser field creates a double-well
potential that constrains the free rotational movement of the molecule and
forces the molecular axis to align with the polarization vector of the electric
field.
Adiabaticity comes into play when the electric field is turned on. The basis
9

of this process is the adiabatic theorem in quantum mechanics that was
formulated by Ehrenfest and proven already in 1928 by Born and Fock [48].
It states that when a system that is in a state characterized by a certain
quantum number undergoes an adiabatic change, the probability of a transition into a state with a different quantum number is infinitely small. The
energy levels can however differ from its initial value. The adiabatic model
was first theoretically applied to alignment by Friedrich and Herschbach
[49, 50]. When the envelope of the electric field changes slowly with respect to the rotational period, the field free rotational eigenstates evolve
adiabatically into the eigenstates of the full interaction Hamiltonian, as it is
illustrated in Fig. 2.2. The resulting states are called pendular states. They

E

Pulse length >> rotational period

2

3
3022
20 2

1

21
11
10
00

0
Field free rotor states

Pendular states

Figure 2.2 – Illustration of laser-induced adiabatic alignment. When the
molecules interact with an strong nonresonant laser pulse that is significantly
longer than the rotational period of the molecule, the field-free eigenstates
evolve adiabatically into pendular states and the molecules align along the
polarization vector of the electric field vector.

occur in pairs of tunnelling doublets, created by the double well-character
of the resulting potential. The aligned pendular states are superpositions
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of rotational J-states whose projections M onto the space-fixed z-axis and
the projection on the molecular axis K remain good quantum numbers.
The hybrid or pendular states are
X
˜ M, K >=
|J,
dJM K (∆ω)|J, M, K >
(2.7)
J

where the summation goes either over even or odd values of J, i.e. the
pendular states have a definite parity. The expansion coeffients dJM K (∆ω)
depend only on an interaction parameter ∆ω and their nature increase the
number of J states in the superposition with increasing ∆ω. The quanE2
tity ∆ω = 4B0 ∆α is an interaction parameter that reflects the strength of
the field-molecule interaction that depends on the peak intensity as well
as on the anisotropy of the polarization and the rotational constant B of
the molecule. It should be noted that it is easier to confine the molecules
in space for low rotational quantum numbers. Since the population of the
pendular states is predeterminend by the population of the initial states,
it is important to have the low lying J-states initially populated. In other
words, the way to achieve high degrees of adiabatic alignment is a rotationally cool sample.
Three Dimensional Adiabatic Alignment Qualitatively, in an elliptically polarized field, the molecule-laser interaction energy is minimized
when the most polarizable axis aligns along the major field axis and the
second most polarizable axis aligning along the minor axis. Then the third
axis automatically confined as well. Thus all three molecular axes are confined in space and the molecule is 3D aligned, as it is illustrated in Fig. 2.3.
The interaction term in equation (2.5)indicates that one can in principle
control all three axis of a molecule by the right choice of the polarization
state of the alignment field[45, 51]. We consider a system of a that is characterized by a set of Euler angles χ, φ, θ, where θ is the angle between the
electric field axis and the body-fixed z-axis of the molecule. χ is the rotation about the body-fixed z-axis and φ is the angle about the space-fixed
z-axis. In the case of a linear molecule or a symmetric top molecule in an
linearly polarized field with the polarization vector pointing in space-fixed
11

z-direction, the interaction term becomes equation (2.6). For a circularly
polarized field, the interaction term becomes
Ĥind =

||2
(αk − α⊥ ).
8

(2.8)

For αk > α⊥ (αk < α⊥ ), the molecule aligns parallel (pependicular) to
the polarization plane but can rotate freely in the polarization plane about
the azimutal Euler angles. In the case of an asymmetric top molecule in
elliptically polarized field, the interaction term depends on the Euler angle
χ and φ and thus the control over all three Euler angles is achieved.
As described above, pendular states are a superposition of field free rotor
states. Thus the dependence of the light-molecule interaction on the Euler
angles can be related to the quantum number of the states that are included
in this superposition that creates the alignment. The dependence of the
interaction on the angle θ is related to the a superposition of J values,
whereas M and K remain good quantum numbers. The dependence of
the interaction on χ is related to a superposition of states of J, K and the
dependence on φ relates to a superposition of M states. The control of all
three quantum numbers that characterize the molecular three dimensional
quantum numbers requires an elliptically polarized field. An elliptically
polarized field allows the complete control over the molecular axis in three
dimensions. A detailed overview of the theory of 3D alignment can be found
in reference [51].
Orientation The concept of laser induced alignment can be extended to
orientation where an additional head-versus-tail order is induced. Orientation cannot be created only by the fast oscillating laser field itself. The requirements for breaking the symmetry for orientation with high-frequentcy
ac fields is, besides the laser field, a weak additional static field and the
molecule has to have a permanent dipole moment [47]. The additional
weak field pertubes the symmetrical double well potential that is created
by the strong ac-field and induces an angular asymmetry. The pendular
states are a superposition of field free eigenstates and their parity depends
on the parity of the involved J-states. Consequently, the two states of the
12

Most polarizable
axis

second most polarizable
axis

elliptically polarized pulse

Figure 2.3 – An elliptically polarized pulse allows the control over all three
axes of the molecules and fixes it in the space. The most polarizable axis of
the molecule aligns with the major axis of the polarization ellipse and second
most polarizable axis aligns with the minor axis of the polarization ellipse.

tunneling doublet are of different parity. The static field mixes the states
and the resulting linear combinations lead to an population that maximizes
in one of the wells of the tunneling doublett. This corresponds to orientation of the molecule. When more than one initial state is involved, the
total degree of orientation is reduced due to possibly different initial states
that orient in different directions. After averaging over the rotational distribution, different initial sates result in a drastically reduced degree of
orientation.
Nonadiabatic Alignment Adiabatic alignment is not the only way to
create molecular laser-induced alignment. Non-adiabatic alignment can be
employed to create field free aligned molecules. The basis of non-adiabatic
alignment is the creation of a rotational wavepacket by coherent superposition of rotational states. The wavepacket is created by Raman-transitions
with the selection rule ∆J = ±2. The coherent coupling of the rotational
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states provides that the wavepacket has revivals after its dephasing. Full
1
revivals occur after 2Bhc
with partial revivals in between. The occurence of
revivals enables one to use this method for other purposes than for experiments that require the molecular alignment. It has been used for Rotational
Coherence Spectroscopy that enables one to gain information about rotational constants of the target molecule from the transient alignment signal
[52, 53, 54]. Furthermore, the possibility to extract collisional cross section from the collison-induced decay of the transient alignment was demonstrated [55]. These experiments require only a weak degree of alignment,
but the underlying mechanism is the same as in nonadiabatic alignment.
Since non-adiabatic alignment is not applied in this work, this method is not
described in more detail. A detailed overview of the theory of nonadiabatic
alignment can be found in reference [41].
Quantification of Molecular Alignment The degree of alignment in
a certain direction is commonly quantified by the squared direction cosines
that are averaged over the population of the pendular states at a given
temperature T . For the concrete case of the degree of adiabatic alignment of
a molecular frame axis with respect to a laboratory frame axis is quantified
by cos2 (θ) T . hiT denotes the averaging over the population distribution
at the rotational temperature T . The degree of alignment is quantified as
cos2 (θ)

T

=

X

wi cos2 (θ)

i

(2.9)

i

cos2 (θ) i is the expectation value of cos2 θ in the ith pendular state
and wi is its weight factor that is predetermined by the population of the
field free rotor states. θ denotes the angle between the space-fixed axis
and the molecular axis. Perfectly aligned molecules are characterised by
the number 1 of the squared direction cosines. A value of zero corresponds
to a planar distribution perpendicular to the laboratory frame axis. The
population is predetermined by the Boltzmann distribution of the initial
field states. A totally isotropically distributed sample is characterized by
the value 1/3.
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2.2

Strong field ionization

Strong field ionization processes are ionization process at high intensities
that typically involve more than one photon. In this chapter, common
models of the ionization process are introduced that are important for the
following chapters.

2.2.1

Three Step Model

In 1993, Paul Corkum introduced [56] a simple model of the strong field
ionization based on approaches that are adapted from plasma physics. This
model is now commonly known as the Simple Man’s Model or Three Step
Model. In this model, the whole process of strong field ionization is divided
into three separate steps. In the first step, the bound electron is released
from the atom or molecule typically described by tunneling. In the second
step, the electron follows a completely classical motion in the electric field
of the ionizing laser. When the electron is driven back to the parent ion by
the laser field, the third step is the interaction with the parent ion and its
consequent effects. During the first step, the electron is released from the
bound state to the continuum and its kinetic energy is assumed to be zero.
After the electron is released to the continuum, its dynamics is completely
governed by the electric field of the ionizing laser field. In order to keep
things as simple as possible, two approximations are made. First of all, the
magnetic field of the laser field is neglected. This approximation is justified
as the magnetic field is far smaller than the electric field component of an
electromagnetic field. The second approximation is the disregard of the
Coulomb force between the electron and the parent ion. The question, for
which cases this approximation is valid will be addressed later in the text.
The electric field for a laser field propagating along the z-axis is under
neglection of the pulse envelope given by:
E (t) = E0 (cos(ωt)ex + ξ sin(ωt)ey )).

(2.10)

The scalar ξ describes the ellipticity and the helicity of the electric field
of the electromagnetic wave. For ξ = 0, the light is linearly polarized and
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for ξ = ±1, the light is circularly polarized. From Newton’s equations of
motion the dynamics of the electron with the elementary charge e at the
position r follows:
r̈ = −

e
E0 (cos(ωt)ex + ξ sin(ωt)ey ))
m

(2.11)

Integration of the equation of motion results in
ṙ = −

e
E0 (sin(ωt)ex − ξ cos(ωt)ey )) + v0
mω

(2.12)

and

e
E0 (cos(ωt)ex + ξ sin(ωt)ey )) + v0 t + r0 .
(2.13)
mω 2
Here, v0 and x0 are specified by the condition of zero velocity at the time
of ionization and m is the mass of the electron. From these equations it
is easily shown that in the case of circular polarization, the electron does
not return to the parent ion. In the case of linear polarization, the electron
will recollide with the parent ion at a time depending on the exact time of
ionization. By contrast, for a circularly polarized field, the electron does
not recollide. For linear polarization, different effects are described by the
three step model. In the case of recombination, the system emits light at
harmonics of the laser frequency, a process that is called high harmonic
generation [57, 58, 59]. The process of elastic rescattering leads to above
threshold ionization (ATI) [60]. The electron interacts with the parent ion
and absorbs more photons than necessary for the ionization. This process
results in distinct peaks in the photoelectron spectrum that are separated
by the photon energy. In the case that the electron rescatters inelastically,
the system undergoes nonsequential double ionization [61].
r=

2.2.2

Final Electron Momentum Distribution

For pulsed laser with a subpicosecond duration, the final momentum distribution of the electrons is determined by the electric field and the ponderomotive effects due the spatial gradient of the electric field in a laser
focus are negligible [62]. Since the electron interacts with the electric field
during the whole pulse length, the final momentum distribution is given by
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integration of the force on the electron over the time. This will be discussed
in more detail in section 4.3.1 For an electron released at time t0 , the final
momentum pf , is, under the assumption of relatively long pulse that is
adiabatically switched off:
Z∞
pf = −|e|

E (t) = −|e|A(t0 )

(2.14)

t0

where A(t0 ) is the vector potential at the time of ionization t0 and e is the
electron charge. The vector potential advances the electric field by a phase
of π2 . This means, that the final momentum and the electric field are out
of phase by π2 .

2.2.3

Tunnel Ionization

The initial ionization step is commonly described in two different models,
tunnel ionization and multiphoton ionization. In the picture of tunnel ionization, the electric field superimposes with the Coulomb potential of the
atom or molecule. The time varying electric field changes the effective potential permanently. Between the maximum and minimum points of the
electric field, the slope of the field bends the tail of the Coulomb potential below the level of the electronic state, as indicated in Fig. 2.4(a) on
page 19. This creates a potential barrier that the electron can pass by
tunneling. The condition for tunneling ionization is given by the famous
Keldysh parameter.
s
Ip
(2.15)
γ=
2Up
Ip is the ionization potential and Up is the ponderomotive energy, the energy
of a free electron in a time-varying electric field. The pondermotive energy
has its origin in the quiver motion of the electron in the light field and is
in SI-units given by [2, 62]
e2 E02
Up =
(2.16)
4mω 2
The condition for tunnel ionization is γ << 1, i.e. when the ionization
potential is small compared to twice the ponderomotive potential. The
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Keldysh parameter has a graphic meaning when a time τ is introduced
that the electron spends in the tunnel barrier, although this picture is conceptually difficult. The tunneling condition is fulfilled when the electron
is fast enough to pass the potential barrier into the continuum before the
electric field changes its sign and the potential barrier to the continuum
disappears again. It should be noted that in the case of circular or elliptical polarization, the Keldysh parameter depends for a fixed peak intensity
on the ellipticity ξ of the ionizing pulse. The Keldysh parameter can be
expressed in terms of the electric field as [2, 63]
p
2Ip m
γ=ω
.
(2.17)
eE0
For a fixed peak intensity the electric field depends on the ellipticity ξ and
consequently the Keldysh parameter. For example, for circularly polarized
√
light is the Keldysh parameter 2 times the one for linearly polarized light
for the same peak intensity. The case when the Coulomb-potential is bent
that far that the Coulomb potential is below the electronic level is called
over-the-barrier ionization. In this case, the electrons is released without
tunneling through a potential barrier.

2.2.4

Multiphoton Ionization

In situations, when the Keldysh parameter fulfils the condition γ >> 1,
the system is in the multiphoton ionization regime. In contrast to the
tunnel ionization, the deformation of the Coulomb potential does play only
a minor role, as illustrated in Fig. 2.4(b) on the next page. The system
absorbs several photons and the electron can overcome the potential well.
For low intensities where pertubation theory can be applied, an expression
for the ion yield Γ as a function of the intensity I is found
Γ ∝ σn I n .

(2.18)

n is the number of photons that are absorbed in the ionization process
[64]. Ivanov et al. [65] assign the multiphoton ionization as the vertical
channel, since in a classical picture, the electron is shaken up the potential
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well. The tunnel ionization is considered as a horizontal channel where the
electron travels horizontally through the potential barrier. In real situations, the tunnel ionization and the multiphoton ionization are not strictly
separated processes. In many cases, the ionization process is a mixture of
the two mechanisms. In a simplified view, the electron can be brought to a
higher level by a multiphoton process from where the probability for tunnel
ionization is higher.

(a)

(b)

Figure 2.4 – The two different regimes of strong field ionization. (a)Tunnel
ionization. The electric field bends the Coulomb-potential and creates a potential barrier that the electron can pass by tunneling. (b) Multiphoton ionization. The electron is brought by the absorption of several photons to the
continuum.

2.2.5

Above Threshold Ionization

The electron can absorb more photons than necessary for the ionization.
The process is often mentioned in the context of rescattering of the electron
at the parent ion by the electric field, but there is also the possibility of
direct ATI, for example with circular [66] and elliptical [67] polarization.
The consequence of the absorption of the additional photons is that the
electron has excess kinetic energy. The discrete electron energies Eel are
given by
Eel = (N + S)~ω − Ip − Up
(2.19)
19

N is the number of photons that are necessary to overcome the potential
well and S is the number of additional photons that are absorbed [60]. The
electron has to overcome this additional potential as well since the available
continuum states are the ones where the emitted electron has to acquire the
kinetic energy from the electric field. It should be noted that, in the limit of
high frequencies, the pondermotive potential equals the dynamic Stark-shift
of the initial state and the pondermotive potential can be interpreted as the
additinal potential that the electron has to overcome. As a consequence of
equation (2.19), the energy spectrum shows distinct peaks that correspond
to the additional absorbed photons at distance between peaks that equal
photon energy. The appearance of ATI-peaks in the spectrum is typically
connected to multiphoton ionization.
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Chapter 3

Experimental methods and
setup
3.1

Optical setup

Laser systems The experiments involved two pulsed laser systems for
the generation of long nanosecond pulses and short femtosecond pulses.
The pulses for adiabatic alignment are generated by an injected seeded
Nd:YAG laser (Quanta Ray Pro 270-20 from Spectra Physics) with a pulse
length of 10 ns at the fundamental wavelength of 1064 nm. The injection
seeding helps to produce a smooth rise time of the pulse to induce adiabatic
alignment. The laser was operated at a repetition rate of 20 Hz and had
a maximum output power of 29 W. An schematic of the setup is shown in
Fig. 3.1
The femtosecond laser system consisted of a regenerative amplifier system
with Ti:Sapphire as gain medium that was seeded by an external modelocked oscillator that was pumped by a continuous-wave laser. The oscillator, a pulsed Ti:Sapphire laser with a repetition rate of 82 MHz and a pulse
length below 100 fs, was pumped by a Nd:YVO4 cw-laser (Spectra Physics
Millenia) with an output wavelength of 532 nm and an output power of
5.5 W. The output beam of the oscillator is seeded into the Spitfire laser
system. The laser medium, a Ti:Saph crystal is pumped by a Nd:YFL-laser
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Figure 3.1 – A schematic of the part of the optical setup that was used in
this thesis.

with (Spectra Physics Evolution-30) with a repetition rate of 1 kHz and a
operating wavelength of 527nm. The laser system makes use of the chirped
pulse amplification technique, i.e. the pulse is stretched before it passes the
gain medium and recompressed by a grating compressor afterwards. The
pulses pass the gain medium several times and gain energy at each round
trip. The pulse with the highest energy is coupled out by a pockels cell.
Only one out of 82000 pulses is amplified resulting in repetition rate of 1
kHz. The output pulses have a pulse length of 130 fs and a pulse energy of
2.3 mJ at a central wavelength of 800 nm.
Probe pulses After the output, the beam passes a telescope to adjust
the beam divergence and the position of the focus. The pulses from the
femtosecond laser system have a pulse length of 130 fs after the laser output.
For the ionization of the aligned molecules one has preferably shorter pulses.
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The compression of the pulses to a pulse length of 30 fs is realized by a
combination of self phase modulation in an argon-filled hollow core fiber
and recompression by a prism compressor. The reduction of the pulse
length requires these two steps since the pulse length is reciprocal to the
width of the spectrum of the pulse and spectral broadening is related to
spatial dephasing. The spectrum has to be widened and the pulses have to
be compressed again to obtain pulses that are close to the Fourier transform
limit.
The pulse with the initial pulse length of ∼ 130 fs is focused into hollow
core fiber by a lens with a focal length of 60 cm. The fiber has a diameter
of 250 µm and a length of 50 cm. It is placed in a glass tube with an
argon atmosphere under a pressure of 2-2.5 bar. After the fiber, the beam
is recollimated by a f = -100 cm lens. The physical process behind the
broadening of the spectrum is self-phase-modulation, a nonlinear effect of
third order in susceptibility. In centrosymmetric media like Argon, the
refractive index can be approximated as
n = n0 + n2 I

(3.1)

with an intensity independent part n0 an intensity-dependent contribution
n2 I, with I being the intensity of the beam. The instanteneous frequency
ω(t) is the time derivative of the phase Φ(t). For the spectral shift δω
follows [68]
ω0 n2 ∂I(t)
δω = −
x
.
(3.2)
2c
∂t
Spectral broadening could in principle be achieved by propagation of the
pulse through a bulk medium, but the result would be a non-uniform selfphase modulation. The recompression is performed by a prism compressor
with two prism that are passed by the beam twice. The compressor induces
negative angular dipersion that is transformed into negative into group
velocity dipersion (GVD), i.e. spatial dephasing of the pulse [69]. The
compression compensates for the dispersion that is induced in the hollow
core fiber. As a result, one obtains short pulses with a reduced pulse length.
It should be noted, that the prisms do not only induce angular dispersion
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but as well additional GVD that depends on the amount of glass that
is in the beampath. This gives the possibility to adjust and control the
GVD by adjustment of the position of one prism in the beampath. The
group velocity and thus optimal compression of the pulses in the vacuum
chamber is found by adjustment of the GVD and optimatization of the
ionization yield from the ionization of the target in the vacuum chamber.
The beam is guided by several 45 degree high reflection mirrors to the final
mirror, a 0 degree mirror or beamsplitter, depending on the experiment.
Before the 0 degree mirror, the beam passes two waveplates to control the
polarization state of the femtosecond beam. In some of the experiments
that are presented in the thesis and include only the femtosecond beam,
the waveplates were put after the final mirror, as indicated in the relevant
section.
Alignment pulses Directly after the output, the beam passes in total
three thin film polarizers (TFP) and a half waveplate. The first polarizer
guaruantees that the polarization state of the beam is clean before it encounters the half wave plate. The half wave plate in connection with the
two following TFPs is used to control the intensity in the beam. Since the
extinction ratio of one of the TFPs is only 1/200, it is necessary to place
two TFPs in the beam to be able to control the intensity of the beam down
to low intensity range. The polarizers are followed by a telescope to control
the divergence off the beam and the position of the focus. Before the final
zero degree mirror, the beam is sent through a quarter wave plate that is
followed by a half wave plate. The quarter waveplate is used to control
the ellipticty and helicity of the YAG beam and the half wave plate controls the angle of the polarization axis of the in general elliptical polarized
beam. The beam is reflected on a zero degree mirror that is passed by the
femtosecond beam from behind. The beams are overlapped colinearly and
and are focused by a lens with a focal length of 30 cm into the chamber.
The lens is mounted on a translational stage that allows one to adjust the
vertical position of the focus.
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Overlap The YAG and the fs beam are initially centered on two irises
in order to focus the beam at the same position into the chamber each
time and also to overlap the beams as good as possible. For the final overlap the beams that are strongly reduced in intensity are sent via a metal
mirror onto a pinhole that is mounted on a photodiode. The beams overlapped by maximizing the transmission of both beams through the pinhole.
The overlapped can be improved by maximizing the fragmentation of the
molecule and the peak structure in the time-of-flight signal. Furthermore,
the pinhole is used to characterize the foci and to measure their spotsizes to
determine the intensity of the beam. The peak intensity I is calculated under assumption of a gaussian pulse profile in time and space and is related
to the spotsize ω0 via
2Ptot
I=
(3.3)
πω0
The spotsize ω0 is defined as the radius where the intensity is only 1/e2
(≈ 13.5 %) of its peak value and Ptot is the total power in the beam.
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3.2

Vacuum setup

The vacuum chamber consists of three chambers pumped that are pumped
separately by turbo pumps that are backed by foreline pumps. In the
source chamber, the molecular beam is created and collimated by the first
of two skimmers. The deflection chamber contains a second skimmer and a
molecular beam deflector and the target chamber hosts the velocity imaging
spectrometer and the charged particle detector. A scheme of the vacuum
setup is shown in Fig. 3.2
Even-Lavievalve

skimmers

electrostatic
deflector

spectrometer electrodes
CCDcamera

2000 l/s
turbo
pump

500 l/s
turbo
pump

500 l/s
turbo
pump

micro
channel plate
backed by a
phosphor screen

Figure 3.2 – Schematic of the vacuum setup.

Rotational cooling and molecular beam source The source chamber
contains an Even-Lavie-valve [70], a state-of-the-art supersonic valve to
create a pulsed beam of cold molecules that, depending on the carrier gas,
travel at speed of 800-1800 m
s through the vacuum chamber. The use of an
pulsed Even-Lavie source has two reasons. First of all, it provides a high
degree of rotational cooling that is required for laser induced molecular
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alignment. Secondly, the pulsed character of the source keeps the pressure
in the source chamber as low as possible. The use of pulsed lasers demands
the availability of the sample only for a short time. The molecular sample
is evaporated in the sample holder into the carrier gas that has a pressure
of up to 90 bars, depending on the carrier gas. The high backing pressure
is necessary to achieve a high degree of rotational cooling [71]. The mixture
of the molecule and the carrier gas is expanded through a nozzle into ultra
high vacuum. During the expansion process, the sample gets cooled by
supersonic expansion. Since the nozzle diameter is significantly smaller than
the mean free path of the species that is expanded into vacuum, multiple
collisions occur during the time the gas passes through the nozzle. The
molecular sample is first accelarated to a high translational kinetic energy
and the internal kinetic energy is taken away by collisions. The collisions
lead to a momentum transfer in axial direction and result in a small velocity
distributions perpendicular to the axis of the nozzle. The cooling process
continues in the jet until the density of the mixture is small enough that
no more collisions occur.
The beam passes two skimmers that are sitting at distances of 14 and 38
cm from the nozzle of the Even-Lavie-valve. The first skimmer that is
positioned at the exit of the source chamber (Beam dynamics model 50.8)
has an orifice diameter of 3 mm and the second skimmer (Beam Dynamics
model 2) sits at the entrance of the deflector and has an orifice diameter of
1 mm. The skimmers collimate the beam and provide additional cooling.
Deflection of the molecular sample When a molecular beam passes
an inhomogeneous electric field, it is possible to deflect and dispers the
molecular sample with a permanent dipole moment according to the dipole
moment and the rotational state [44, 43, 72]. The deflection of the molecules
according to the rotational state and the permanent dipole moment is realized by an electrostatic deflector sitting in the deflection chamber that
follows the source chamber. It consists of two 15 cm long electrodes sitting
opposite to each other and surrounding the molecular beam path. The
upper one, a rod with a radius of 3.0 mm is set to a potential of several
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kilovolts, whereas the lower one, a trough with an inner radius of 3.2 mm
and of the same length as the rod, is kept at ground potential. The distance
between the electrodes is only 1.4 mm at the molecular beam axis.
VMI spectrometer and detector The detection unit consists of a velocity map imaging VMI spectrometer and a microchannel plate (El-Mul
Technologies, Ltd., chevron MCP, B050V) with a diameter of 50 mm that
is backed by a phosphor screen (El-Mul Technologies, Ltd., ScintiMaxTM
P47) of similar size. The method of velocity map imaging was introduced
in 1997 by Eppink and Parker [15, 16]. The design of a VMI-spectrometer
is based on an Einzellens. It consists of three electrode plates, the repeller
plate, the extractor plate and the ground plate. The interaction region of
the molecular beam and the laser beam is between the repellor and the
extractor plate. For ion imaging, the repellor plate is at a higher potential
than the extractor plate and the ground plate is kept at zero potential. The
extractor plate can be tuned to a condition that all charged particles with
the same momentum component perpendicular to the axis of the spectrometer are focused on the same spot in the detector plane. The spectrometer
and the ∼25 cm long flight path of the particles is surrounded by a µmetal-cylinder to reduce any influence from external magnetic fields. This
in particular important for measurements on electrons due to their small
mass-charge-ratio. The parallel projection of the momentum distribution of
the charged particles that are created in the spectrometer is imaged on the
detector plane, where the microchannel plate is situated in. A MCP is an
advancement of the channeltron and consists of channels with a diameter
of few micrometers. The incoming charged particles create an electron cascade that creates phosphorence on the phosphor screen behind the MCP.
The image is recorded by a charged-couple-device (CCD) camera (Pike F032) with the focus on the phosphor screen.
Furthermore, the signal on the MCP can be read out via a capacitive readout and the time of flight signal can be recorded via an ultrafast oscilloscope.
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3.3

Data acquisition

The charged-particle-image that is taken by the CCD-camera is processed
by a data acquisition program that was written originally by Simon Viftrup.
The coordinates of the maximum of the signal blobs the image from each
single shot are extracted and saved. Every single blob is weighted equally to
ensure that every particle that hits the detector contributes equally to the
final image. Unresolved blobs originating from two particles that hit the
detector at the same time are identified by its asymmetry and are not taken
into account in the final image. Usually, the images from several thousand
shots are stacked to obtain an ion or electron image with a reasonable
statistics. The shutter of the CCD-camera was set to its lowest value of 24
µs to reduce the noise in the images.
Timing The pulsed nature of the experiments require a sophisticated
timing and synchronisation of the various components. The origin of the
timing is the femtosecond laser system that sends out a master trigger
in form of an electric pulse that is routed by coaxial cables to the other
components of the experimental setup. For experiments that include the
Nd:YAG laser, the trigger signal is divided down by a Stanford Research
System delay box to 20 Hz, the fixed repetition rate of the Nd:YAG-laser.
The 20 Hz signal triggers the Q-switch of the laser and synchronizes the
YAG-pulse to the femtosecond laser pulse. The 20 Hz signal triggers the
molecular beam valve to synchronize the molecular beam pulse with the
laser pulses. For experiments that do not involve the Nd:YAG-laser, the
Even-Lavie-valve can be operated at a higher repetition rate. For imaging
of ions it is necessary to gate the detector in time on the right species. This
is realized by the connection of the front side of the MCP to a fast switch
that releases a pulsed electric voltage gate with a minimum width of 90 ns.
The gate can be set to a specific time delay with respect to the ionizing
pulse and only the species of interest is detected.
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Extraction of the degree of alignment The degree of alignment is
extracted from ion images from aligned molecules that are fragmented by
Coulomb explosion. Several electrons are ripped of by the electric field of
the ionizing laser and the multiple positively charged molecular ion breaks
apart due to repulsive Coulomb forces. The kinetic energy of the fragments
depend on the ionization state of the fragments. Different ionization state of
can be identified in discrete channels in the energy spectrum of the molecule.
By choosing a fragment that indicates molecular alignment, one can extract
a two-dimensional projection of the degree of alignment, cos2 θ2D . There
is no straight forward procedure to extract the real three dimensional degree
of alignment cos2 θ2D from the two-dimensional ion images. But the value
of cos2 θ2D is a well-established measure of the degree of alignment. In
the case of several energy channels in the ion image, the channel with
the highest kinetic energy is chosen for the calculation of the degree of
alignment since the ion distribution of the channels with higher kinetic
energy are more sharply confined. The channel are illustrated in Fig. 3.3
for iodine ions from fragmentation of aligned iodobenzene molecules.

(a)

(b)

Figure 3.3 – (a) I + -image from aligned iodobenzene molecules with the long
axis in the detector plane. The polarization of the probe pulse was pointing
into the detector plane. The outer channel corresponds to fragmentation into
C6 H52+ + I + and the inner channel to C6 H5+ + I + . The degree of alignment is
extracted from the outer channel. (b) An I + -image for unaligned molecules.
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3.4

Tomographic reconstruction

The fundamental problem in tomographic reconstruction is the question
how to reconstruct an object from its projections. The problem was addressed and solved for the first time by the Austrian mathematician Johann
Radon in 1917. In his work ’On the determination of Functions from their
Integrals along Certain Manifolds’ [73], the projections are represented as
a set of line integrals under a fixed angle and correspond to parallel projections. Radon showed that the object or distribution is analytically completely determined by the projections and that the original distribution can
be calculated without further assumptions from a complete set of the projections. In the context of tomographic reconstruction, parallel projections
are often called Radon transforms.
A wide range of applications of tomographic reconstruction in science have
been developed. The most commonly known application is the reconstruction of the absorption coefficient in computed X-ray tomography. Tomography has been established as a common method in atomic, molecular and
optical science in recent years [27, 24, 23].
A variety of reconstruction methods have been developed since then. The
methods are based on transform methods like the Fourier transform as
well as on iterative and algebraic reconstruction methods [25, 26]. The
most common method is the filtered back projection algorithm. The main
advantages of the filtered backprojection are the speed and efficiency in
computational resources. Like other Fourier transform-based reconstruction methods (e.g. the linogram method, the filtered layergramm method
or the optical reconstruction method) it is based on the Fourier slice theorem. The Fourier slice theorem connects the projections under each angle
with the Fourier transforms of the slices of the original object under the
same angle.

3.4.1

The Radon Transform and Fourier Slice Theorem

Initially, we will consider the two dimensional case since the extension to
three dimensions is trivial. In the two dimensional case, the distribution or
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object that we want to reconstruct can be expressed as real function f (x, y)
of the cartesian coordinates x and y. Following Johann Radon’s work, the
projections are described as line integrals under the angle θ from the y-axis
that are parametrized by the distance ξ from the origin. The geometry is
illustrated in Fig. 3.4. The cartesian coordinates x and y are expressed as

Figure 3.4 – Schematic of the geometry of the parallel projections. The arrows describe line integrals under the angle θ for different values of ξ. The
coordinate ξ is measured along the line where the distribution f (x, y) is projected on and η perpendicular to it, in the direction of integration.

a function of ξ and η, i.e. cartesian coordinates of a coordinate system that
is rotated by the angle θ. ξ is the coordinate parallel to the line on which
f (x, y) is projected on and η is the coordinate perpendicular to it. The line
integral is written as
Z ∞
p(ξ, θ) =
f (ξ cos θ − η sin θ, ξ sin θ + η cos θ)dη
(3.4)
−∞
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The p(ξ, θ) correspond to the data that are used for the reconstruction. For
a fixed angle θ, p(ξ, θ) is a projection under the angle θ with ξ being the
coordinate on the projected line. The limits of integration can be extended
to infinity due to the spatial limitation of the object
The Fourier slice theorem can be derived by starting with the inverse Fourier
transform P (q, θ) of the projection p
Z ∞
P (q, θ) =
e−i2πqξ p(ξ, θ)dξ
(3.5)
−∞

Z

∞

Z

∞

=
−∞

f (x, y)e−i2π(qx cos θ+yq sin θ) dxdy

−∞

This relation can be expressed as a function of cartesian spectral coordinates
u, v that are the frequency coordinates that relate to x and y in the position
space. In these coordinates, the two dimensional Fourier transform F (u, v)
of the original distribution f (x, y) is
Z ∞Z ∞
F (u, v) =
f (x, y)e−i(xu+yv) dxdy.
(3.6)
−∞

−∞

For a constant angle θ, F (u, v) can becomes
Z ∞Z ∞
v=sin θ
f (x, y)e−i2π(qx cos θ+yq sin θ) dxdy = P (q, θ) (3.7)
F (u, v)|u=cos θ =
−∞

−∞

This means that the Fourier tranform of a projection under the angle θ
equals a line under the same angle θ of the Fourier tranform of the object
f (x, y). This relation between the object f (x, y) and its parallel projections p(ξ, θ) is the important Fourier slice theorem (FST). It is the basis for
Fourier transform based tomographic reconstruction methods. The FST
itself provides in principle a reconstruction method. The direct use of the
FST as a reconstruction method can be summarized in two main steps. In
the first step the Fourier transform of each projection has to be carried out.
The object can be represented in the Fourier space as a function of the
cartesian spectral coordinates u and v. The subsequent two-dimensional
inverse Fourier transform of the object in the Fourier space leads to the
original object f (x, y) in cartesian spatial coordinates.
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In practice, however, this algorithm is not a suitable reconstruction method.
The discrete nature of real data requires a cartesian regridding from polar
coordinates in the Fourier space that leads to distortions in the reconstruction of the object[25, 26]. Therefore, an improvement of the direct Fourier
method is required.

3.4.2

Filtered backprojection

A more suitable algorithm is the filtered backprojection, a very fast and
efficient method for tomographic reconstruction. Nowadays, this method
the most common method of tomographic reconstruction. It is in principle
a coordinate transformed version of the direct usage of the Fourier slice
theorem. The distribution f (x, y) can be expressed as a Fourier integral in
polar coordinates
Z ∞ Z 2π
f (x, y) =
F (q, θ)e2πiq(x cos θ+y sin θ) qdθdq
(3.8)
0

0

with F (q, θ) being the Fourier coefficients. The integration over the angle
can be split in two parts
Z ∞Z π
F (q, θ)e2πiq(x cos θ+y sin θ) qdθdq
(3.9)
f (x, y) =
0

Z

πZ

∞

F (q, θ)e2πiq(x cos(θ+π)+y sin(θ+π)) qdqdθ

+
0

0

0

The additioanl factor q comes from the Jacobi determinante from the coordinate transformation. By using the symmetry properties of the Fourier
transform[74],
F (q, θ + π) = F (−q, θ)
(3.10)
the relation (3.9) can be rewritten under usage of the FST as
Z ∞Z π
f (x, y) =
F (q, θ)e2πiq(x cos θ+y sin θ) |q| dqdθ
−∞

0

∞

Z

Z
=

−∞

π

P (q, θ)e2iπs sin θ |q| dqdθ

0
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(3.11)

Zπ
=

hθ (ξ)dθ
0

The integrand hθ (ξ) is called a filtered projection. This means that the
object can be reconstructed from the high pass filtered Fourier transforms
of the projections P (q, θ) with the factor |q| acting as the high pass filter in
the frequency domain. For each angle, the reconstruction can be divided in
three main steps. Initially, the Fourier transform P (θ, q) of each projection
p(ξ, θ) is calculated and P (θ, q) is multiplied by |q|. The inverse Fourier
transform of |q| P (θ, q) is a line of the object f (x, y) under the angle θ. The
whole object is assembled in the position space by repeating this procedure
for each angle. The high pass filtering step can as well be performed as
a convolution in the position space [75]. The result of the reconstruction
provides an object in two dimensions, however, the extension of this method
to three dimensions is trivial. For parallel projections, the object can be
decomposed into slices and the filtered backprojection can be performed
for each slice. The projections are a functions of the third coordinate z and
the reconstruction procedure can be performed slicewise and independently
of the coordinate z. The three dimensional object is then obtained after
performing the reconstruction for each value of z.

3.4.3

Filtered Backprojection for Discrete Signals

In the case of real data the projections are recorded as a function of a
discrete spatial variable. The relations for the filtered backprojection have
to be adapted to the discretized sampled interval ∆ξ. With D being the
number of sampling steps, the sample step size for the spatial frequency
is ∆q = 2Q
D . Q is the total length of the sampled array in the frequency
space. For each angle, the filtered backprojection becomes
hθ (j

1
2Q
)=
2Q
D

D/2−1

X

P (θ,

k=−D/2

2Q 2πi(jk/D)
2Q
) k
e
D
D

In general, the projections are taken under a discrete number of angles Np
with an angular step size of ∆θ = Nπp . The total reconstructed distribution
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f (x, y) becomes for discrete sampling in the spatial coordinate as well as in
the projection angle
f (x, y) ≈

Np
π X
hθn (x cos θn + y sin θn )
Np

(3.12)

n=1

In this case the data were backprojected for a frequency range [−Q, Q] =
[−D/2, D/2]. This results in a sharp cutoff in the frequency domain that
may lead to artefacts. The resulting frequency domain filter is commonly
referred as Ram-Lak filter [75]. This filter strongly emphasizes the high
frequeny parts of the spectrum that is used for the reconstruction and may
lead to artefacts in the reconstructed distribution.

3.4.4

Windows in the Fourier space

Frequency domain windows are used to avoid artefacts by strongly emphasizing the high frequency parts of the spectrum and thus a variety of
frequency domain windows are used in tomographic reconstruction. With
the window function W (k 2Q
D ), the relation from above becomes
1
2Q
hθ (j
)=
2Q
D

D/2−1

X
k=−D/2

P (θ,

2Q
2Q
2Q 2πi(jk/D)
) k
)e
W (k
D
D
D

This means that the original high pass filter |q| is multiplied by the window
function W (q). The Ram-Lak filter that was mentioned above corresponds
to the multiplication with a rectangular function. The most common filter
that is used in computerized tomography is the Shepp-Logan filter that
corresponds to a sinc function as window function. For measurements with
rather low statistics, a variety of smoother filter function are used, like e.g.
the Hanning or Hann window, a modified cos function.
W (q) = rect(q)(0.5 − 0.5 cos(2πq))

(3.13)

The resulting filter function is a high pass filter with smooth falling edge.
The smooth edge avoids to emphasize the high frequency parts of the spatial
spectrum as well as a sharp cutoff in the frequency space that might lead
to artefacts in the reconstruction.
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3.4.5

Tomographic Reconstruction and Abel inversion

The Abel transform describes the projection of an object with rotational
symmetry with respect to an axis in the detector plane. It is closely related
to the Fourier transform and the Hankel transform, the two dimensional
Fourier transform where the transform kernel is radially symmetric. It is
well known, e.g. from the diffraction of light from a circular aperture, and
it can be shown that the Hankel transform of an object f (r) is related to
the zeroth order Bessel function via
Z ∞
F (q) = 2π
f (r)J0 (2πqr)rdr
(3.14)
0

where

2π

Z
J0 (2πrq) =

e−2πiq(cos(θ)) dθ

(3.15)

0

is the 0th order Bessel function of the first kind. The backtransformation
is given by
Z ∞
f (r) = 2π
F (q)J0 (2πqr)qdq
(3.16)
0

The projection of an arbitrary object f (x, y), can be simplified for radially
symmetric objects f (r) to
+∞
Z
p(x) =
f (r)dy

(3.17)

−∞

With y =

√

r2 − x2 follows
+∞
Z

p(x) = 2
x

f (r)r
√
dr
r 2 − x2

(3.18)

This relation is called the Abel transform of an object f (r). The original
object can be reconstructed from its Abel transform. The original object
f (r) is related to its Abel transform p(x) = A(f (r)) via the one-dimensional
Fourier transform F1 and the Hankel transform H0 .
f (r) = H0 F1 A(f (r))
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This relation shows the close relation between Fourier transform based
tomographic reconstruction algorithms and the inverse Abel transformation. The inverse Abel transformation can be considered as a version of the
Fourier slice theorem for radially symmetric objects. The Abel inversion is
a well established method for the reconstruction of the three dimensional
distribution from a projection. The inverse Abel inversion cannot be applied to objects without radial symmetry.
In practice, the inverse Abel transformation is not directly carried out by
the Hankel-Fourier method. Instead, one uses the pBASEX method that
expands the projection into a basis of gaussian functions and uses regularization to solve the inverse problem [76].

3.4.6

Tomography and Photoelectron imaging with VMI

VMI allows one to record parallel projections of charged particle distributions in the momentum space. The VMI-spectrometer focuses every
particle with the same velocity component in the detector plane to the
same point on the detector regardless the velocity component perpendicular to the detector plane. This means that each recorded point on the
detector corresponds to all particles with a certain momentum in the detector plane and the whole range of momenta perpendicular to the detector
plane. Mathematically, this is the same as integrating over all the momenta
perpendicular to the detector, i.e. the distribution is projected onto the detector plane. The image that is recorded on the detector corresponds to
the parallel projection, i.e. the Radon transform of the three dimensional
particle distribution. By rotating the electron distribution, projections can
be recorded under different angles and thus the full range of projections
that is necessary to reconstruct the object by tomographic reconstruction.
The quantity that is recorded in the two dimensional images is a propability
distribution in the momentum space integrated over the axis perpendicular
to the detector. In the case of electrons the recorded quantity is thus the
propabilty distribution of the electrons that are created in the laser focus.
The result after the reconstruction is the full three dimensional photoelec-
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tron distribution in the momentum space.
The first time tomographic reconstruction was combined with VMI photolelectron imaging was in the group of Matthias Wollenhaupt and Thomas
Baumert in 2009 Potassium atoms were ionized with linearly and elliptically
polarized laser at 785 nm by Resonance enhanced multi photon ionization
(REMPI). The electron distribution was rotated by rotation of the polarization of the ionizing laser and projections were recorded for each angle
for the reconstruction. In the group of Paul Corkum and David Villeneuve,
the photoelectron distribution from Argon atoms ionized by strong field
ionization was reconstructed [24]. The Argon atoms were ionized at 800
nm by tunnel ionization with elliptical and linear polarization [23].
The method can be extended to photoelectron distributions from molecules
[5]. The case of randomly distributed molecules are in close analogy to the
experiments on atoms. The target has on average no preferential direction
of ionization. The case of aligned molecules is different from the case of
a randomly oriented target. The electron distribution follows the position
of the molecule and the geometry is determined by the common geometry of the polarizations and of the probe laser. If the probe does have no
anisotropy in the polarization plane, i.e. the polarization state is circular,
any anisotropy in the electron distribution is determined by the position of
the molecule. Under the assumption of perfectly aligned molecules, the tomographic reconstruction gives the photoelectron distribution in the molecular frame by rotating the molecule and taking projections for each angle.
To obtain molecular frame electron distributions for different polarization
schemes, i.e. linear or elliptical polarization, the ionization polarization has
to be rotated synchronous with the molecular axes. A further possibilty to
extract information from fixed in space molecules is the rotation of the ionization beam with the molecule fixed in the laboratory frame.
In practice, the reconstruction was carried out with MATLAB code that
is based on the built-in MATLAB-function ’iradon’. The filtering step was
done in the Fourier space and as frequency domain window, a Hann or
Hanning type window as used. The cutoff of the window was chosen as 0.5
of the full frequency range. By comparison with the reconstruction from
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the full frequency it was ensured that no relevant information got lost. Furthermore, post reconstruction processing by a three dimensional gaussian
spatial filter was performed to smoothen data. Again, it was ensured by
comparison with the unsmoothended dataset that no information was lost.
The spatial gaussian smoothing is a common method in tomographic reconstruction that suffers from low statistics [77]. Since under the conditions
that are used in this thesis, the 2D projections are symmetric with respect
with the center, the data were symmetrized prior to the reconstruction. To
make sure that no mistake was induced, the data for the unsymmetrized
and the symmetrized data sets were compare in the 2D images as well as
in the reconstructed data were compared. No difference except a smoother
result were observed.
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Chapter 4

Results and Discussions
4.1

Strong field ionization of molecules

The concepts of strong field ionization are of a general nature and can be
applied to atoms as well as to complex molecules. In general, the effective
ionization potential varies with the orientation of the molecule relative to
the electric field vector of the ionizing light wave and the electrons can
be ejected more easily into a preferential direction. The ionization yield,
i.e. the number of emitted electrons is thus strongly dependent on the
instantaneous direction of the electric field with respect to the molecular
axes. When a molecule interacts with a strong infrared field, the Stark
shift has to be taken into account for the correct description of the effective
ionization potential. An expression for the effective ionization potential
Ipef f that includes the Stark effect is presented in [18] :
Ipef f =

Ip0 (µ+
M − µM )Eprobe cos θ
2
M ) − (αM − αM + )) cos2 θ
[((αkM − α⊥
+ 12 Eprobe
⊥
⊥
M − αM + )]
+(α⊥
⊥

Here, Ip0 is the field-free ionization potential, θ denotes the angle between
the instantaneous electric field and the internuclear axis, the superscripts
M and M + denote if the polarizabality or dipole moment refers to the
molecule or the molecular ion and α⊥(k) denote the polarizabality perpen41

dicular (parallel) to the internuclear axis. Finally, Eprobe denotes the amplitude of the electric field of the probe pulse that ionizes the molecule. A
more general model describes the effective ionization potential for complex
molcules [78].
1
Ipef f = Ip0 + (µN − µI )E + E T (αN − αI )E
2

(4.1)

with E being the electric field of the probe pulse, µN and µI are the permanent dipole moments of the neutral molecule and the molecular ion and αN
and αI are the polarizabilities of the neutral molecule and the molecular
ion. For a circularly polarized probe pulse, the simple man’s model that is
introduced in Section 2.2.1 on page 15 predicts that the electron is emitted
at an angle of 90 degrees from the direction of the electric field at the time
t0 of ionization. For fixed-in-space-molecules, the molecular frame photoelectron distribution reflects the orientation-dependent effective ionization
potential of the molecule, shifted by 90 degrees under, the assumption that
the interaction between the emitted electron and the mother ion can be neglected [21, 22]. Furthermore, the photoelectron distribution is expected to
reflect the symmetry of the orbitals the electron is emitted from and their
nodal planes. This suppression was predicted theoretically [79, 80] and confirmed experimentally in photoelectron images, obtained from strong field
ionization of three dimensionally oriented benzonitrile molecules [18]. The
influence of the symmetry of the orbital the electron is ionized from can
be expressed in terms of the theory of molecular point groups [3, 81]. In
general, a dipole transition from an initial state to a final state is allowed
according to the selection rules, when the direct product of the irreducible
representions of the initial state (Γi ), the dipole operator (Γd ) and the final
state (Γf ) contains the totally symmetric representation of the molecular
symmetry group (Γts ).
Γi ⊗ Γd ⊗ Γf ⊇ Γts
(4.2)
In the case of ionization, the irreducible representation of the final state consists of the direct product of the irreducible representations of the molecular
ion (Γion ) and the free electron wave function of the outgoing electron (Γel )
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and the relation becomes
Γi ⊗ Γd ⊗ Γion ⊗ Γel ⊇ Γts

(4.3)

This means, that the symmetry element of the outgoing electron is influenced by the symmetry element of the initial state. Furthermore, relation
(4.3) also shows that the outgoing electron reflects changes of the symmetry of the initial state due to nonadiabatic changes. For the case when the
polarization plane coincides with the nodal plane, the electrons are emitted
under an angle Ω from the nodal plane. A simple analytical expression for
the angle of the off-the plane emission direction was derived in [18].
Ω= √

2ω
πE0 κ

(4.4)

q
with κ = 2Ip0 and E0 being the peak electric field of the probe pulse.
Finally, ω is the central frequency of the probe laser field.

4.2

Photoelectron images from aligned molecules

4.2.1

Naphthalene ionized with circularly polarized probe
pulses

The molecular sample was seeded in Helium and expanded into ultrahigh
vacuum with a backing pressure of 80 bars and crossed by the alignment
laser pulse and the probe pulse. The alignment, the fundamental of the
Nd:YAG laser with a wavelength of 1064 nm and a pulse length of 10 ns
was focused to an intensity of 8 · 1011 W/cm2 at a spotsize of 34µm. The
sample was ionized with 30-fs-long circularly polarized probe pulses at an
intensity of 0.9 · 1014 W/cm2 at a spotsize of 24µm. At this intensity,
the molecule undergoes primarly single ionization without fragmentation.
The single ionization was confirmed in the time-of-flight-spectrum that is
recorded via a capacitive readout of the MCP. The upper limit of the fraction of the fragmented molecules was estimated to 26% by integration of
the peaks for the singly ionized molecular ion and the signals for the fragments. This number is, however, far higher than the real number. First
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of all, the fragmented molecules break up in several fragments and each of
these is counted whereas the singly ionized molecular ions give only one
count per ionized molecule. Furthermore, studies have shown that the detection effiency of an MCP detector is in general higher for fragments with
a smaller mass and a higher kinetic energy including a higher charge state
[82, 83]. An extraction field from the spectrometer of 300 V/cm was used.
The wavelength of the alignment laser is nonresonant with any vibrational,
rotational or electronic transitions of the molecule and is thus suitable for
laser induced adiabatic alignment of naphthalene. Naphthalene was adiabatically 3D aligned with an elliptically polarized alignment pulse with an
ellipticity of 0.577. In the past, a ratio of 3:1 of the major and minor polarization axis in intensity, i.e. an ellipticity of ξ = 0.577 in electric field, has
turned out to be an excellent choice for three dimensional adiabatic alignment [45, 84]. Previously, 3D alignment has been experimentally verified by
Coulomb-exploding the molecules with a probe pulse that is ∼5 times more
intense than the probe pulse that is used here, and detecting the emission
direction of singly charged atomic fragments. Such useful observables are
not available in the case of naphthalene, but the analysis of recoiling H+
ions do provide some evidence of 3D alignment. When ionizing naphthalene with probe pulses of an intensity ∼ 1014 W/cm2 in the case where the
major polarization axis is along the time of flight axis (perpendicular to the
detector plane) and the minor axis vertical we observed that the H+ ion
distribution localized along the minor polarization axis. In analogy with
previous studies, we interpret this as 3D alignment of the molecules with
the long molecular axis along the major polarization axis and the short
molecular axis along the minor axis.
For the electron studies, circular polarization of the probe beam was employed. The circular polarization prevents the electrons from rescattering
[56] and this method gives, as described above, a clean photoelectron distribution without any rescattering effects. A photoelectron image for 3D
aligned molecules is shown in 4.1(b) next to an image from the randomly
oriented sample with the ionization beam only in 4.1(a). Photoelectron
angular distributions were extracted from the images in the radial momen44

q
tum range of |p| = p2x + p2y from 0.55 to 0.99 a.u. and shown in Fig. 4.2.
The electron image shows a strong modulation compared to the image

Ɵ

(a)

(b)
detector

x k
y
z

x

(c)

Figure 4.1 – Two-dimensional momentum images of photoelectrons when
naphthalene molecules are ionized by a left handed circularly polarized probe
pulse with a peak intensity of 0.9 · 1014 W/cm2 . (a) Randomly oriented
molecules (b) 3D aligned molecules with the polarization axis pointing into
the paper plane and the short molecular axis vertical along the y-axis. The
peak intensity of the alignment pulse was 8 · 1011 W/cm2 . (c) Geometry of the
molecule and the detector plane. k indicates the propagation direction of the
probe pulse

of the random sample. The most prominent feature is a dip with a minimum at px = 0. As suggested, the comparison with the orbital structure
gives rise to assigning the dip to the suppression due to the nodal planes.
The highest occupied orbitals, obtained from a quantum chemistry calculation [85] are shown in Fig. 4.3. The orbitals exhibit a nodal plane in the
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(a)

(b)

Figure 4.2 – The angular distribution of photoelectrons
corresponding to the
q
images in Fig. 4.1. Only electrons with |p| = p2x + p2y in the interval between
0.55 a.u. and 0.99 a.u. are included. (a) Randomly oriented molecules (b) 3D
aligned molecules.

molecular plane. The coincidence of the nodal planes and the suppression

Figure 4.3 – The highest five occupied orbitals of naphthalene from quantum
chemistry calculations [85]. The orbitals exhibit a nodal plane that coincides
with the molecular plane.

of the electron emission in the direction of the nodal planes suggests that
the nodal planes suppress the electron emission. This interpretation was
already applied in [18] and the suppression of the electron emission due to
the nodal planes was predicted in [79]. From the electron image, the PAD
can be extracted and thus the direction of the maximum emission can be
extracted. The PADs for the aligned molecules and the random sample
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are extracted for the radial momentum range of 0.55 to 0.99 a.u. and are
shown in Fig. 4.2. The angle on the x-axis of the plot is measured from
the horizontal in the mathematical positive sense as illustrated in 4.1(a).
The PAD for the aligned molecules shows a four-peak-structure due to the
suppressed electron emission with the minima at θ = 90◦ and θ = 270◦ ,
i.e. the angles that coincide with the nodal plane of the molecules. The
PAD for the random sample shows no suppression at the regions around
θ = 90◦ and θ = 270◦ degrees. For the off-axis emission angle Ω that is
described in equation Equation 4.4, the maxima of the PAD were extracted
by the evaluation of a smoothing spline interpolation of the PAD and for
the angle of the off-axis-emission, a value of Ω = 21 ± 1◦ was found. The
theoretical calculation according to equation (4.4) leads to a value 21.1◦
and the theoretical value is in good agreement with the experimental value.

4.3

Three dimensional photoelectron distributions
from randomly oriented targets

In this section, I describe how three dimensional photoelectron distributions are obtained by tomographic reconstruction from a set of projections
for randomly oriented naphthalene molecules and argon atoms. As pointed
out before in subsection 3.4.6, the photoelectron images that are recorded
with VMI are two dimensional projections of the three dimensional photoelectron momentum distribution. That means, by recording a full set of
photoelectron images over a range of 180 degrees, the data can be used
to reconstruct the full three dimensional photoelectron distribution in the
momentum space using tomography. Photoelectron images were recorded
from argon and randomly oriented naphthalene molecules with an elliptically polarized probe pulse. The setup that was presented in section 3.1
was modified in a way to ensure a polarization state of the probe pulse that
is as clean as possible. The wave plates were placed in line after the zero
degree mirror and an additional quarter wave plate was inserted in order
to compensate for any ellipticity of the incoming beam. The quarter wave
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plate was followed by an additional quarter wave plate, that induces the
chosen ellipticity, and by a half wave plate. The polarization axes can be
turned by the half wave plate without altering the ellipticity of the pulse.
This is a general principle [23] that holds for any arbitrary incoming polarization state.
For both experiments with argon and with naphthalene, an ellipticity of
0.71 in electric field corresponding to a ratio of 2:1 in intensity of the major and the minor axis of the polarization ellipse was chosen for the probe
pulse. For the tomographic reconstruction of the three dimensional electron distribution the electron distribution has to be rotated with respect
to the detector plane. This is done by rotating the polarization ellipse of
the probe pulse since the electron distribution is locked to the axes of the
polarization of the laser beam. Thus, the reference frame for the reconstruction is given by the axes of the polarization ellipse and the resulting
three dimensional distribution is then given in the frame of the polarization
axes. The coordinates that are used in this section are shown in Fig. 4.4

θ

y’

z’

x’
beam
propagation
direction

Figure 4.4 – Coordinate system in the frame of the polarization ellipse of the
probe pulse with the beam propagation direction into the paper plane. The
polarization ellipse is marked with orange. The angle θ that is used for the
PADs in the appendix is the angle from the major axis of the ellipse in the
mathematical positive sense and is measured in the py0 -pz0 -plane.
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4.3.1

Argon

Initially, experiments on argon with elliptically and circularly polarized
probe pulses were performed. These experiments had a pure test character.
The aim of the measurements was to obtain data on a target that was
studied before by other groups [24, 86] and to test the method for the
tomographic reconstruction. A sample of argon with a purity of 99.990%
was expanded through the Even-Lavie-valve into the vacuum chamber with
a repetition rate of 100 Hz. The molecular beam was crossed only by the
probe pulse. Besides the dataset with the elliptical polarization, an image
with circular polarization was recorded.
Circular Polarization
The laser pulses had a peak intensity of 2.7 · 1014 W/cm2 . Under these
conditions, argon undergoes only single ionization as was confirmed by the
time-of-flight spectrum. The originally recorded electron image, i.e. the
two dimensional projection, is shown in Fig. 4.5. The image shows a rather

Figure 4.5 – Two-dimensional momentum image of electrons when argon is
ionized by a circularly polarized probe pulse with an intensity of 2.7 · 1014
W/cm2 . The laser propagates along the x-axis and the polarization is in the
y − z-plane.

weak intensity in the central part with a rather small width in the px direction. The width increases with higher momenta and reaches a maximum
at py0 = 0.67 a.u. in the py -direction. The signal intensity increases with
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higher momentum until it reaches the maximum at py0 = 0.67 a.u. that
coincides with the maximal width of the distribution. As the distribution
is symmetric around the px -axis and has a clear maximum at a momentum
outside the center, the projection suggests that the original distribution
has a torus-like shape. Since the distribution is symmetric around the px axis, 1) By Abel inversion, introduced in subsection 3.4.5 and 2) By the
tomographic algorithm. This allows a comparison of the tomographic reconstruction with the Abel inversion. For the tomographic reconstruction,
the same electron image was used as the projection under each angle. The
projection was duplicated to match a range from 0 to 178 degrees in steps
of 2 degrees. For the Abel inversion, I used the pBASEX method [76] to
reconstruct the 3D momentum distribution. The comparisons of the results obtained by Abel inversion and tomographic reconstruction offers a
nice possibility to verify that the tomographic reconstruction method is in
agreement with the well established Abel inversion method. The results are
shown in Fig. 4.6. This result indicates that the tomographic reconstruction
method is an appropriate method to obtain three dimensional distributions
from two dimensional projections.
Elliptical polarization
The ellipticity of 0.71 in electric field, i.e. a ratio of 2:1 in intensity of the
major and the minor axes of the polarization ellipse was created by the second quarter wave plate. The peak intensity of the laser pulses was kept at
2.7 · 1014 W/cm2 . Under these conditions, argon undergoes only single ionization. The data were recorded in steps of two degrees of the polarization
axis over a range from 0 to 178 degrees to obtain sufficient data to perform
the tomographic reconstruction with the filtered backprojection algorithm,
introduced in subsection 3.4.2. The data were symmetrized prior to reconstruction. An isosurface representation of the 3D momentum distribution
was created and is shown in Fig. 4.7 to give the reader an impression of
the overall shape of the electron distribution. For the isosurface, the data
were smoothened with a spatial three dimensional gaussian filter with a
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(a)

(b)

Figure 4.6 – The photoelectron momentum distribution in the (px ,py )-plane
from argon that is ionized by a circularly polarized probe pulse with an intensity of 2.7 · 1014 W/cm2 . The distributions were obtained by (a) Abel
inversion and (b) the tomographic reconstruction method. The result from
the Abel inversion is in good agreement with the result from the tomographic
reconstruction

standard deviation of 9 · 10−3 a.u. after the reconstruction. For the rest
of the analysis, half of the standard deviation was considered as sufficient.
This is a common method in the case of tomographic reconstruction of data
that suffer from low statistics [77]. An isosurface represents a fixed value
of the electron density of the photoelectron momentum distribution. The
surfaces show two bulb-shaped regions that correspond to directions where
the emission probability is high. The bulbs are situated approximately at
the minor axis of the ellipse. The shape of the isosurface suggests a closer
look at the data in the polarization plane, i.e. the plane where px = 0 and
that is perpendicular to the detector plane. In order to have good statistics,
a certain range in the px0 -direction of the data was used and projected onto
the polarization plane. Two of the projections are shown in Fig. 4.8. The
first one in 4.8(a) shows the projection from the data with ranging from
-0.047 to 0.047 a.u. and 4.8(b) shows the range for -0.47 to 0.47 a.u.. The
projections show that the most probable emission direction of the electrons
is shifted with respect to the minor axis of the polarization ellipse, i.e. in
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Figure 4.7 – An isosurface of the photoelectron momentum distribution from
argon with elliptical polarization of the ionization pulse and the coordinate
system that is used with elliptical polarization with ellipticity of 0.71 in electric
field and a peak intensity of 2.7 · 1014 W/cm2 . The polarization ellipse is
the reference for the three dimensional dataset. The vector k indicates the
propagation direction of the laser beam. The long axis of the polarization
ellipse is in y 0 -direction.

the y 0 -direction. From the simple man’s model one would expect that the
most probable emission direction is in direction of the of the minor axis of
the polarization. The electric field is described by equation Equation 2.10.
For a time of ionization t0 , the final momentum distribution is then given
by
Z∞
pf = −|e|

E (t) = −A(t0 ) =

E0
(sin(ωt0 )ex − ξ cos(ωt0 )ey ).
ω

t0
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(4.5)

(a)

(b)

Figure 4.8 – Projections of the 3D momentum distribution onto the polarization plane when argon is ionized with an elliptically polarized probe pulse
with a peak intensity of 0.9 · 1014 W/cm2 and a ratio of 2:1 of the major and
the minor axis of the poalrization ellipse for two different ranges of px0 . (a)
The projection with px0 ranging from -0.047 to 0.047 a.u. (b) The projection
with px0 ranging from -0.47 to 0.47 a.u.

.
where A is the vector potential. The time with the highest ionization
probability is t0 = 0 since for ξ 6= 1, the electric field reaches its maximum
at that time. These electrons have the final momentum
pf = |e|ξ

E0
ey
ω

(4.6)

That means that the electrons are emitted, like for circular polarization
off-set by an angle of 90 degrees with respect to the instantaneous electric
field vector, but with a momentum of |e|ξ Eω0 ey The probability of ionization, given by tunneling, is the highest when the electric field reaches its
maximum. The electrons are emitted at an angle of 90 degrees with respect to the electric field and these electrons have the low momentum of
ξ|e| Eω0 ey . The electrons that are emitted at the minimum of the electric
field have the higher momentum of |e| Eω0 ex . Consequently, according to
the simple classical model one expects, that the electron distribution is elliptically shaped and has a maximum along the minor axis. In principle,
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the measurements confirm this result. More thorough calculations in the
quasiclassical approximation confirm this result [87] and similar results are
obtained by other groups as well [24]. From a closer look at the data it is
obvious is that the maximum is not at an exact angle of 90 degrees with
respect to the major polarization axis. An offset angle of 15 was measured
basedq
on photoelectron angular distribution that was measured around for
|p| = p2y0 + p2z 0 ranging from 0.494 to 0.752 a.u. and shown in 6.2(a) in the
appendix. The measurement of an offset angle from the expected angle of
90◦ between the electric field vector and the corresponding final momentum
with elliptical or close-to-circular polarization was measured before by several other groups experimentally [88, 67, 63, 89] and treated theoretically
[90] for strong field ionization of atoms.

4.3.2

Discussion

The first time, that this angular offset was described and interpreted was
by Bashansky et al. [88]. The authors assigned the angular shift to the
fact that the angular momentum of the electron during its escape from the
ion field is constant whereas its linear momentum is not. Consequently,
the classical electron describes a hyperbolic trajectory. Popruzhenko et
al. [89] described the experimentally measured asymmetries by Coulombcorrected quantum trajectories. One of the most recent interpretations of
the angular shifts was in the context of the interpretation of the shifts with
the tunneling time, i.e. the time the electron spends in the tunneling barrier
[86]. The authors include the influence of the Coulomb-potential as well as
the induced dipole moment from the interaction between the laser field and
the polarizabilty of the atom.
Simulations were carried out on the presented dataset by the group of Lars
B. Madsen (who also performed the calculations in [86]) that take into
account the full interaction between the ion core and the electron after it
is released to the continuum. Since the effective intensity is lower than
the calculated peak intensity due to the pulse length and focal volume
effects, the exact effective intensity was extracted from the comparison of
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the radial distribution with simulations from Lars B. Madsen’s group. In
order to obtain the right intensity, the radial distribution was compared
with simulations and the correct effective intensity of 1.6 ·W/cm2 of the
ionization beam was extracted. The simulations from Lars B Madsen are
shown in Fig. 4.9. The angular shift that was extracted from the data are
in excellent agreement with the simulations. The simulations reveal the
origin of the angular shift. The underlying reason is the interaction of the
freed electron with the Coulomb field of the ion core. The electric field of
the laser, however, induces a dipole moment that reduces this effect. The
instantaneous electric field induces the dipole moment in a way that the
negative partial charge at the end where the electron is situated at the
time of ionization. The effective electric field that acts on the electron is
thus reduced because of the field from the induced dipole moment that
counteracts the Coulomb field from the core.

4.3.3

Naphthalene

The results from the argon experiment motivate experiments on complex
molecules and naphthalene was chosen as a target. First, experiments very
similar experiment to those on argon, just described, were carried out.
An image with circular polarization was recorded and one full set of data
with elliptical polarization for the tomographic reconstruction of the threedimensional photoelectron momentum distribution.
Circular polarization
In analogy to the experiment with argon, a photoelectron image with circular polarization was taken at a peak intensity of 0.9 · 1014 W/cm2 , an intinsity where naphthalene undergoes mainly single ionization, as confirmed
from the time-of-flight spectrum. The image is essentially identical to the
one shown in 4.1(a) An estimate for the fraction of fragmented molecules
is given in subsection 4.2.1. The reconstruction was performed by Abelinversion as described for the experiment on argon in section 4.3.1 and
is shown in Fig. 4.10. The electron distribution exhibits differences com-
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Figure 4.9 – Simulation from Lars B. Madsen and Darko Dimitrovski for
argon. (a) shows the radial distribution as a function of intensity that was
used determine the correct effective intensity. (b) shows the angular shift as
a function of the intensity

pared to the one from argon that go beyond the expected smaller size in
py -direction due to the lower peak intensity. In principal, the distribution
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Figure 4.10 – Cut through the 3D momentum distribution in the (px0 , py0 )plane with pz0 = 0 when naphthalene molecules are ionized by a circularly
polarized probe pulse with an intensity of 0.9 · 1014 W/cm2 . The displayed
image is obtained from the 3D distibution, determined by Abel-inversion with
the pBASEX- method.

is still torus-like shaped, but the distribution does not have a maximum in
the center of the circle-like structures that compose the torus.
Elliptical polarization The peak intensity was kept at 0.9 · 1014 W/cm2
and the target still undergoes mainly single ionization as it was confirmed in
the time-of-flight spectrum. An estimate for the upper limit of fragmented
molecules in the same way as for circular polarization leads to a value of
27%. As in the experiment on argon, the angular step size was 2 degrees and
the polarization ellipse was turned from 0 to 178 degrees. Two sets of data
were recorded, for both, left-and right handed polarization. The ellipticity
was, as in the argon experiment, 0.71 in electric field, i.e. the ratio of the
major and the minor axis of the polarization ellipse was 2:1 in intensity.
The tomographic reconstruction was performed the same way as for the
argon experiment. When the target molecules are randomly oriented, we
expect that the electron distribution will be similar to the one recorded for
argon. As for argon, isosurfaces were created for different isovalues that
are shown in Fig. 4.11 for both left-and right-handed elliptical polarization.
The isosurfaces resemble an elliptically distorted spheroid. Compared to
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Figure 4.11 – Isosurfaces of the reconstructed photoelectron momentum distribution from strong field ionization of naphthalene with elliptically polarized
light with a ratio of 2:1 of the major and the minor axis of the polarization
ellipse and a peak intensity of 0.9 · 101 4 W/cm2 for an isovalue of IV = 0.02.
(a) shows the isosurface for left handed helicity an (b) for right handed helicity of the probe pulse. The vector k indicates the propagation direction of
the probe pulse.

the argon data, the shape appears to be more isotropic. The surfaces
are only slightly thicker at the minor axis than on the major axis of the
elliptic electron distribution. Nevertheless, one observes an angular shift
that deviates from the 90◦ -shift of the maximum electron emission with
respect to the maximum of the instantaneous electric field expected from
the simpleman’s model and other models. It is reasonable to suggest that
the shift is of the same origin as the one that was observed from argon in
section 4.3.1. In general, the isosurfaces look very similar for both helicities
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up to the different angular shift for both helicities. In order to study the
angular shifts in more detail and for a more detailed study of the data in
the polarization plane in general, projections of the 3D dataset onto the
polarization plane were created.
The projections in this geometry reveal differences compared to the data
from argon. The first projections were created from the data within an
interval in the px0 -direction from 0.194 to 0.3885 a.u. and are shown in
4.12(a) and 4.12(c). For this interval, the projection shows similarities to
the argon data including the angular shift that was already visible in the
isosurfaces. The data show maximum emission, up to the angular shift,
in the direction of the minor axis of the polarization ellipse, i.e. along
the py0 -axis. This is consistent with the simple man’s model and with the
argon data. The angular shift was extracted from the PADs in the region of
higher momenta in the px0 -direction. The PADs are shown in Fig. 6.1 in the
appendix. The shift was determined to 11◦ consistently for both helicities.
By comparison, it is 15◦ for argon. A second projection was created for each
helicity for an interval from -0.039 a.u. to 0.039 a.u. along the p0x -direction.
These projections are shown in Fig. 4.12(b) and 4.12(d). In this region of
lower momenta, there is an additional unexpected structure. It consists of a
maximum in the center and a ring-like structure around it. The maximum
of the ring is at 0.229 a.u. of momentum or 0.0272 a.u or 0.7393 eV in
energy. For comparison, the energy of a photon from the ionization beam
is 1.55 eV. The ring structure appears in the projections for both helicities.
It is also clearly visible in a cut through the detector plane along the long
axis of the polarization ellipse, i.e. through the px0 −py0 -plane that is shown
in Fig. 4.13.
Discussion The experimental results on naphthalene and argon illustrate
that there are pronounced differences. One surprising feature of the photoelectron distributions in the naphthalene case is the ring structure at
|p| = 0.229 a.u. that is visible in Fig. 4.12. and Fig. 4.13, where a cut
through the py0 − pz 0 plane of the distribution is shown. The ring structure
resembles a typical feature of a resonant process, but it is not clear, what
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(a)

(b)

(c)

(d)

Figure 4.12 – Projections of the 3D momentum distribution onto the polarization plane when naphthalene is ionized with an elliptically polarized probe
pulse with a peak intensity of 0.9 · 1014 W/cm2 and an ellipticity of 0.71 in
electric field for two different ranges of px0 . (a) and (c) The projections with
px0 ranging from 0.194 to 0.389 a.u. (b) and(d) The projections with px0
ranging from -0.039 to 0.039 a.u.. (a) and (b) show the projections for right
handed and (c) and (d) for left handed elliptical probe pulse.

kind of mechanism should be behind this process. One possibilty could
be the occurence of a so called low energy structure that was measured
and interpreted as a rescattering effect [91, 92]. Although this low energy
structure was only measured for linear polarization, one cannnot exclude
the possibilty that it can be observed for elliptical polarization as well. Fur-
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Figure 4.13 – Cut through the photoelectron momentum distibution in the
py0 -px0 -plane with pz0 = 0 from naphthalene with an elliptically polarized
probe pulse with a peak intensity of 0.9 · 1014 W/cm2 and an ellipticity of
0.71 in electric field with left handed helicity. The long axis of the polarization
ellipse lies in the paper plane.

thermore, it is possible that it is an ATI-structure where the rings of the
higher order are absent. The structure disappears when the polarization is
turned to the circular state, as it is seen in Fig. 4.10.
As in the case for argon, there is a deviation from the expected angle of
90◦ between the most probable electron emission direction and the maximal instantaneous electric field. It is the first time that this angular offset
shift was observed for a complex molecule. The measured angular shift of
11 degrees is compared to the simulations from Lars B. Madsen and Darko
Dimitrovski that are shown in Fig. 4.14. Surprisingly, the angular shift that
was determined from the experimental data fits better to the simulation for
the perfectly oriented sample than for the simulation for the random data.
There are two possible reasons for this surprising result. One could be
the orientational selectivity of the probe pulse. The ionization effectivity
depends on the relative orientation of the major polarization ellipse with
respect to the molecular axis. This means that the subset of the molecules
with the long axis along the major axis of the polarization ellipse and with
the carbon ring plane in the polarization plane are ionized most efficiently
[93]. The results confirm that the strong field ionization of molecules is a
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more complex topic than the strong field ionization of atoms.
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Figure 4.14 – Simulations on strong field ionization of naphthalene with
elliptically polarized pulses. (a) shows the radial distribution that was used to
extract the correct effective intensity and (b) is a simulation for the angular
shift for a totally random sample (solid) as well as for a perfectly aligned
sample (dashed).
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4.4

Three dimensional photoelectron distributions
from fixed-in-space naphthalene molecules

The photoelectron images from aligned molecules that are shown in subsection 4.2.1 are projections of the three dimensional photoelectron distribution in the momentum space. When the distribution is rotated around the
px0 -axis, projections under each angle can be recorded. This allows the retrieval of the full three dimensional electron distribution in the momentum
space by tomographic reconstruction. For randomly oriented molecules,
the distribution was rotated by rotation of the polarization of the probe
laser. In the case of aligned molecules, the whole photoelectron momentum distribution is rotated by rotating the polarization of the alignment
pulse in coincidence with the polarization of the probe pulse. If the probe
pulse is circularly polarized, it is sufficient to rotate the polarization of the
alignment pulse. The electron distribution reflects the anisotropy of the
molecular ensemble that is created by the molecular alignment.
The molecules were adiabatically 3D aligned with an elliptically polarized
alignment laser as described in section 4.2.1. Thus, the molecules are fixed
in space in three dimensions and the axes of the polarization ellipse determine the position of the molecular axes. This means that the molecules
can be rotated around the px0 -axis (that coincides with the x-axis). Consequently, the molecules can be rotated with respect to the detector plane
and photoelectron images can be taken under each angle β between the
major axis of the polarization ellipse and the detector plane. The geometry
is illustrated in Fig. 4.15 on the following page
For perfectly aligned molecules, the result from the tomographic reconstruction would be the 3D photoelectron momentum distribution in the
molecular frame. For high degrees of alignment, the two dimensional electron images are an approximation to photoelectron images in the molecular
frame. The momentum coordinate axes of the reconstructed distribution
are specified by the spatial axes of the molecule, i.e. the x0 -axis of the
molecule points into the same direction as the px0 -axis of the reconstructed
electron momentum distribution.
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Figure 4.15 – Schematic of the data acquisition principle. The molecules
are fixed in space by an elliptically polarized, 10 ns second long laser pulse
and ionized by a 30 fs long circularly polarized pulse. The molecular axes
are aligned with respect to the axes of the polarization ellipse. Photoelectron
images are recorded with a VMI-spectrometer under a complete set of angles
between the molecular axes and the detector plane.
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The probe pulse was circularly polarized and the alignment laser had an a
ratio 3:1 in intensity of the major and the minor axis of the polarization
ellipse. The intensity of the ionization laser was 0.9 · 1014 W/cm2 spotsize of
24µ m and the alignment laser was focused to an intensity of 8 · 1011 W/cm2
spotsize of 34µ m. For the same reason as for the randomly oriented
molecules, an additional quarter waveplate was inserted in the probe beam,
the rest was as in Fig. 3.1 indicated. The extraction field from the VMI
spectrometer was 300 V/cm. The polarization ellipse of the alignment pulse
was rotated in steps of two degrees corresponding to varying the angle β
from 0◦ to 178◦ . The definition of the angle β is illustrated in Fig. 4.16 on
the next page. For each value of β, a 2D photoelectron image was recorded.
The reconstruction was performed by the filtered backprojection method.
The experiment was performed for both helicities of the ionization pulse
whereas the helicity of the alignment laser was kept fixed. The original
photoelectron images were symmetrized prior to the reconstruction.

4.4.1

Original data

A selection of the original data is shown in Fig. 4.17 on the following page
for left handed circular polarization of the ionization beam. The data show
the evolution of the 2D electron images with the angle β between the major polarization axis and the detector plane that is illustrated in Fig. 4.16
on the next page. The data show the evolution of the shape of the photoelectron distribution and, in particular of the dip at px0 = 0, that was
desribed in Section 4.2.1 on page 43 for the two dimensional images. The
suppression appears to be the strongest when the long axis of the molecule
is perpendicular to the detector plane.

4.4.2

Isosurfaces

Isosurfaces are created for various isovalues. The results are shown in
Fig. 4.18 and Fig. 4.19. For the surfaces, the data were smoothened with a
spatial three dimensional gaussian filter with a standard deviation of 8·10−3
a.u. after the reconstruction and for the rest of the analysis half of the stan65

β

Figure 4.16 – Illustration of the angle β that describes the angle between
the long molecular axis and the detector plane.

Figure 4.17 – Two-dimensional momentum images of photoelectrons when
3D aligned naphthalene molecules are ionized by a left handed circularly polarized probe pulse with an intensity of 0.9 · 1014 W/cm2 for different angles β
between the long axis of the molecule and the detector plane. The intensity
of the alignment pulse was 8 · 1011 W/cm2 . The images demonstrate the variation of the photoelectron distribution for different relative orientations of the
molecule with respect to the detector plane.
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dard variation was considered as sufficient. Al already mentioned, this is
a common method in the case of tomographic reconstruction of data that
suffer from low statistics [77]. The isosurfaces have in general a shape of
a strongly modulated torus or ellipsoid. In the plane px0 = 0, the surfaces
show a groove that is stronger along the pz 0 -axis than along the py0 -axis,
i.e. the groove is the strongest at the long axis of the isosurface. Since the
groove coincides with the molecular plane, the interpretation from the twodimensional images can be adapted to assign the groove to the suppressed
electron emission due to the nodal planes. A detail that catches the eye
is the hollow-out in the center of the surface along the px0 -axis, a feature
that is only hardly visible in the original 2D images. It is also obvious
from the isosurfaces that there is an angular shift in the data that is in disagreement with models that neglect the Coulomb-interaction of the electron
with the ion core. So far, these angular shifts have been measured only for
atoms, and in the framework of this thesis, for randomly oriented molecules
with elliptical ionization pulses. The angular shifts obtained with circularly
polarized pulses and 3D aligned molecules are studied in more detail when
the projections onto the polarization plane are discussed in subsection 4.4.3.
The difference between the isosurfaces in their shape from different helicities of the probe pulse is only small, but visible. In particular, the shape of
the hollow-out along the px0 -axis shows a difference, it is much steeper for
the left handed circularly polarized probe pulse. Furthermore, the isosurfaces for the right handed polarization appear to be a bit more compact.
It should be noted that the distributions were scaled to the same total sum
over the complete volume.

4.4.3

Projections onto the polarization plane

As in the case for the experiments with the data from randomly oriented
molecules, projections onto the polarization plane were performed. One of
the reasons to study the data in this geometry is to quantify the angular
shifts. Projections of the full dataset onto the polarization plane are shown
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Figure 4.18 – Isosurfaces, for different isovalues (IV) of the photoelectron
momentum distribution produced when 3D aligned naphthtalene molecules
are ionized by a left handed circularly polarized ionization beam. The experimental settings were the same as in Fig. 4.17 on page 66, except the helicity
of the probe beam.
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Figure 4.19 – Isosurfaces, for different isovalues (IV) of the phototelectron
momentum distribution produced when 3D aligned naphthtalene molecules
are ionized by a right handed circularly polarized ionization beam. The experimental settings were the same as in Fig. 4.17 on page 66
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Figure 4.20 – Projections of the 3D momentum distribution onto the polarization plane when 3D aligned naphthalene molecules are ionized with an
circularly polarized probe pulse with a peak intensity of 0.9 · 101 4 W/cm2 .(a)
left handed circular polarization (b) right handed circular polarization of the
probe pulse. (c) shows the geometry of the projections. k indicates the propagation direction of the probe and the alignment pulse

for both helicites in Fig. 4.20 together with the corresponding geometries
of the position of the molecule and the laser beams. The projections show
a longer and a shorter axis of the - roughly speaking - elliptically shaped
data. From the simple man’s model, one expects that the most probable
electron emission approximately is along the pz 0 -axis. It was shown before
that naphthalene has its maximum of electron emission along the long axis
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of the molecule when it is irradiated with a strong linearly polarized laser
field at a wavelength of 800 nm [93]. The projections indicate that the
emission in the pz 0 -direction is higher than in the py0 -direction, but it is
obvious that the electron distribution has an angular shift deviating from
the 90◦ that one would expect from the simple man’s model. The data
appear to be shifted in different directions for the two opposite helicities
of the probe pulse, as one would expect from the measurements on the
randomly oriented molecules. A further difference between the two projections
q is that the electron density seems to be higher in the region of
|p| = p2y0 + p2z 0 < 0.25 a.u. for the projection from the ionization with a
right handed circularly polarized pulse.
A more detailed analysis will show that the angular offset depends on the
momentum of the electrons. The projections indicate that in the case of
fixed-in-space molecules one cannot talk of a single angular shift. It appears
that the regions of lower radial momentum show a stronger angular shift
than the regions of high radial momentum. A further feature that catches
the eye is a ring-like structure that has its maximum at 0.225 a.u. of momentum, i.e. a similar momentum as the ring structure that was observed
for the data from naphthalene with an elliptically polarized probe pulse
(see Fig. 4.12 on page 60).
The angular offset was determined by extracting the PADs from the projections onto the polarization plane in the same way as it was described for the
data set on randomly oriented targets that was presented in section 4.3.3.
Initially, the projection of the whole data set, i.e. the full range of momenta in all three directions was used to extract the angular shift from the
projections.
The angular shifts are extracted for different radial momenta
q
2
|p| = py0 + p2z 0 . The results are summarized in Fig. 4.22 on page 73 where
the shifts are plotted against the radial momentum. The momentum value
for each datapoint stems from the average over the interval of px0 that was
taken into account. The intervals that were used here ranged from 0.155
a.u. to 0.699 a.u. and the each interval spanned 0.078 a.u.. The data
with the angular distributions for the different radial ranges are presented
in Fig.6.3 and 6.4 in the appendix. The angle θ is measured from the long
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Figure 4.21 – Illustration of the angle θ between the long molecular axis coinciding with the major axis of the polarization ellipse that is used in the photoelectron angular distributions from the projections onto polarization plane.

axis of the molecule, i.e. from the y 0 -direction counter-clockwise, as illustrated in Fig. 4.21. The angular shift is obtained by subtracting 90◦ from
the angle of the maximum photoelectron emission over a specified interval
of radial momentum. Furthermore, the dependence of the angular shift
on the px0 -direction was studied for both helicities of the ionizing beam.
The angular distribution was extracted from the radial region where the
signal intensity is higher than 3/4 of the maximum signal intensity, unless
it overlaps with the ring structure. The region of the ring structure was
not taken into account in the PADs since we do not exactly know its origin.
The distribution was divided into sections along the px0 -coordinate and the
angular shift was extracted by taking the PAD in the polarization plane
for each section. The projections for the different intervals are shown in
Fig. 4.24 and Fig. 4.23 for both helicities. The PADs and radial distribu72

Figure 4.22 – The angular shifts for both helicities as a function of the radial
momentum |p|. The angles were extracted from the PADs from the projections
onto the polarization plane shown in the Fig. 4.20 on page 70. For the radial
momentum value, the average radial momentum was taken.

tions are shown in the appendix in Fig. 6.5-6.14 The radial distribution
was measured as well from each projection in order to determine the maximum of the radial momentum. For the fit, an asymmetric gaussian model
was used since the theory suggests in general a gaussian distribution for the
electron momentum distribution in tunneling processes [94, 95, 18]. The
results are summarized in Fig. 4.25 together with simulations from Lars B.
Madsen and Darko Dimitrovski.
Discussion As already mentioned, the angular shift depends on the momentum in the px0 -direction as well as on the radial momentum |p|. The
shifts are lower for lower momenta. In general, the electrons at low momenta stem from ionization at low intensities of the probe pulse and the
electrons with high momenta stem from ionization at a high intensity from
the different intensities in the focal volume of the ionizing laser beam. Simulations were carried out by Darko Dimitrovski and Lars B. Madsen providing the angular shift as a function of the laser intensity. The simulations
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Figure 4.23 – Projections of the 3D momentum distribution onto the polarization plane from 3D aligned naphthalene molecules ionized with a lefthanded circularly polarized probe pulse. Various ranges in px0 direction were
included in the projection.(a)0.117 - 0.194 (b) 0.194 - 0.272 a.u. (d) 0.2720.350 a.u (e) 0.350 - 0.427 a.u.(f) 0.427 - 0.583 a.u.. (c) shows the geometry
of the projections. The molecular plane coincides with the paper plane and
the laser pulses are propagating into the paper plane.
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Figure 4.24 – Projections of the 3D momentum distribution onto the polarization plane from 3D aligned naphthalene molecules ionized with a righthanded circularly polarized probe pulse. Various interval in px0 direction were
included in the projection.(a)0.117 - 0.194 (b) 0.194 - 0.272 a.u. (d) 0.2720.350 a.u (e) 0.350 - 0.427 a.u.(f) 0.427 - 0.583 a.u.. (c) shows the geometry
of the projections. The molecular plane coincides with the paper plane and
the laser pulses are propagating into the paper plane.
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(a)

(b)

Figure 4.25 – The angular shifts as a function of the effective intensity
together with simulations from Lars B. Madsen and Darko Dimitrovski for
(a) left- and (b) right-handed circularly polarized probe pulses in the case of
perfectly aligned molecules. The effective intensity was determined from the
simulations shown in Fig. 4.26(a) on page 78. The green crosses indicate the
effective intensity from a asymmetric gaussian fit and the blue ones from the
maximum of the data of the radial distribution.
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are shown in 4.26(b) The classical simulations show that the shift decreases
with increasing intensity. This behaviour is consistent with the data from
the radially resolved analysis of the shift. Since we are not able to relate
the momentum to an intensity, it is very difficult to quantitatively compare
the simulations with the experimental data. The electrons with the highest
kinetic energy should stem from the ionization near the peak intensity of
0.9 · 1014 W/cm2 . For the highest radial momenta, the angular shift of of
8◦ left handed circular polarization and 12◦ for right handed circular polarization was extracted from the experimental data. The simulation predict
a value of 4◦ for an intensity of 0.9 · 1014 W/cm2 , what is clearly lower than
the measured value.
The analysis of the angular shift in dependence of the momentum in px0 direction shows a strong dependence of the angular shift of the px0 -coordinate.
The results are plotted together with the simulations for both helicities in
Fig. 4.25 on the previous page. For each section in the px0 -direction, a maximum in the radial distribution was assigned and thus an effective intensity
by taking the radial distribution and comparison with the simulations. This
procedure allowed me to assign an effective intensity to each interval that
was projected in the px0 -direction. It has to be noted that this procedure
gives only an approximation to the effective intensity since the radial distribution is also influenced by the modulation of the distribution due to the
influence of the nodal plane. Nevertheless, the data follow the simulations
although the values of the shifts tend to be lower than the values from the
simulations. There are several possible reasons for the deviation. First of
all, the method for the extraction of the effective intensity for each interval
of momentum is not completely correct due to the influence of the nodal
planes that influences the photoelectron momentum distribution. Furthermore, the simulations were carried out in the polarization plane whereas the
angular shifts were extracted from projections onto the polarization plane.
The simulations were carried out for perfectly aligned molecules as well as
for a degree of alignment of < cos2 (θ) > of 0.85. In reality, despite the high
degree of alignment, the molecules are non perfectly aligned. As indicated
in Fig. 4.26(b) on the following page, the angular shifts are reduced for not
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Figure 4.26 – Simulations for fixed-in-space naphthalene ionized with a
circularly polarized probe pulse performed by Darko Dimitrovski and Lars
B.Madsen(a)Simulation of the maximum of the radial momentum distribution as a function of the intensity for naphthalene molecules ionized with a
circularly polarized probe pulse. The simulations were used to determine the
correct effective intensity of the probe beam. (b)The angular shift as a function of the effective intensity of the probe pulse for naphthalene molecules
ionized with a circularly polarized probe pulse. Dashed line: Coulomb field
only. Full line: Full interaction including induced dipole and perfectly aligned
molecules. dotted line: not perfectly aligned molecules (see text).
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perfectly aligned molecules. It should be noted that the additional electric field from the alignment pulse is present during the whole ionization
process. Despite the small change in the effective electric field that stems
from the alignment laser, it can influence the angular shifts. Furthermore,
the alignment pulse has a helicity with the same sense of rotation or the
contrary sense of rotation from the probe laser. Thus, the difference in the
angular shifts could be partly induced by the alignment pulse.

4.4.4

Mapping of the ionization potential

A major part of this chapter consists in the analysis of deviations from the
simple man’s model concerning the PADs in the polarization plane. Furthermore, it was shown that the shifts depend on the momentum of the
electron and are thus not uniform over the momentum space. Nevertheless,
it is still possible to extract angle-sensitive information from the data. In
order to analyze the data under a fixed angular shift, one has to focus on
a region with the same radial momentum in the polarization plane. Furthermore, in order to take into account only the electrons that are emitted
when the electric field was at the maximum value, the electrons with the
highest momenta in the polarization plane should be taken into account.
The number of the emitted electrons depends on the instantaneous electric
field as well as on the effective ionization potential in the direction of the
instantaneous field. When we consider only the electrons with the highest
momenta, the shift can be assumed as uniform, the electrons experience the
same intensity of the probe pulse. Consequently, the intensity distribution
of the electrons with the highest momenta in the polarization plane reflects
the effective ionization potential of the molecule. This gives the possibility
to map the ionization potential in the plane of the molecule. The electron
yield was extracted and plotted as a function of the angle from the molecular axis with the angle θ defined as illustrated in Fig. 4.21 on page 72. The
data are shown in Fig. 4.27 on the following page and Fig. 4.28 on page 81
in the molecular frame and are not shifted to compensate for the angular
shifts. Three different intervals for the radial momentum |p| were consid-

79

Figure 4.27 – (a)The electron yield as from 3D aligned naphthalene molecules
ionized with a right handed circularly polarized probe pulse as a function of
the angle θ as it was defined in Fig. 4.21 on page 72 for different radial ranges
that are indicated in the projections onto the polarization plane (c)-(e). The
radial momentum ranges |p| are (c) 0.31 a.u. - 0.71 a.u. (d) 0.46-0.71 a.u. (e)
0.54-0.71 a.u.. (b) shows the geometry with respect to the projections(c)-(e).
The experimental settings were, except the helicity of the probe pulse, the
same as stated in the caption of Fig. 4.17 on page 66

ered for both helicities of the probe pulse, 1) from 0.31 a.u to 0.71 a.u., 2)
from 0.46-0.71 a.u. and 3) from 0.54-0.71 a.u.. For all three intervals of the
radial momentum, the angular distributions show clearly two maxima that
correspond to the minima in the ionization yield.
Cuts through the electron distribution One big advantage of the
availabilty of a three dimensional electron distribution is the possibilty to
view the electron distribution under any arbitrary angle. Besides the avail80

Figure 4.28 – (a)The electron yield as from 3D aligned naphthalene molecules
ionized with a left handed circularly polarized probe pulse as a function of
the angle θ as it was defined in Fig. 4.21 on page 72 for different radial ranges
that are indicated in the projections onto the polarization plane (c)-(e). The
radial momentum ranges |p| are (c) 0.31 a.u. - 0.71 a.u. (d) 0.46-0.71 a.u. (e)
0.54-0.71 a.u.. (b) shows the geometry with respect to the projections(c)-(e).
The experimental settings were the same as stated in the caption of Fig. 4.17
on page 66
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abilty of views under angles that correspond to the polarization plane and
the detector plane, one can choose any arbitrary angle. A cut through the
3D momentum distribution corresponds to the electron distribution in a
certain plane defined by a set of Euler angles. The definition of the Euler
angles, that are used in this part, is illustrated in Fig. 4.29. Cuts were

-x’’

-x’

θ

Y’’
k

Y’’
Z’

ψ

φ
Z’’

Figure 4.29 – Illustration of the Euler angles relevant for the understanding
of the cuts, shown in Fig. 4.30 on the following page of the 3D momentum distribution. The cuts are created in a plane that relates to the molecular frame
by a set of Euler angles {θ, φ, ψ}. The angle θ denotes the angle between the
x0 that lies perpendicular to the molecular plane and the x00 axes, the angle
describes the rotation of the plane around the molecule-fixed x0 -axis measured and φ describes the rotation around the x00 -axis that is perpendicular
to the plane where the cuts are taken. k indicates the laser beam propagation
direction.

created under various angles. In order to keep things simple, the data were
shifted by 15 degrees against the angular offset. This should approximately
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compensate for the angular offset shift due to the electron-ion-interaction.
For the calculation of the values on the surfaces, a tri-linear interpolation
was used. The cuts under θ = 90◦ in Fig. 4.30(a)-(c) correspond to an
(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Figure 4.30 – Cuts through the momentum distribution in the (pz00 , py00 )plane as it is defined in Fig. 4.29 on the previous page under various angles
from 3D aligned naphthalene molecules ionized with a left handed circularly
polarized probe pulse with a peak intensity of 0.9·1014 W/cm2 . With the Euler
angles from Fig. 4.29 on the preceding page, the geometry of the (pz00 , py00 )plane was as follows: (a) θ = 90◦ , ψ = 0◦ , (b) θ = 90◦ , ψ = 45◦ , (c) θ =
90◦ , ψ = 90◦ , (d) θ = 60◦ , ψ = 0◦ , (e) θ = 60◦ , ψ = −40◦ , (f) θ = 60◦ , ψ =
90◦ ,(g) θ = 50◦ , ψ = 0◦ , (h) θ = 50◦ , ψ = −40◦ ,(i) θ = 50◦ , ψ = 90◦ . The
angle φ was kept at zero in all images.
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geometry that is similar to the one in the original projected data, i.e. the
viewpoint is in the detector plane. In comparison to the original images,
the structure is stronger and the dip is much clearer. The data with the
short axis of the molecule parallel to the image plane, i.e. θ = 0◦ , shows a
very strong suppression of the electron emission, whereas in the geometry
with θ = 0◦ the suppression is only hardly visible. Furthermore, there is
only a small number of electrons emitted to regions of rather high momenta
of > 0.4 a.u., where the suppression in the geometry with θ = 90◦ is the
strongest.
The cuts under θ = 50◦ and θ = 60◦ have the purpose not only to study the
suppression due the nodal planes, but to obtain insight in the electron distribution in the direction of emission. That means that the plane is tilted
first around the x-axis and turned then by the angle ψ around the z-axis
and one obtains a ’tilted’ view. The views under ψ = 0◦ do not exhibit
major surprises, they resemble rather a stretched view of the views under
θ = 90◦ . The potential of these tilted cuts are demonstrated by the cuts
under ψ = −40◦ . The electron distribution shows 4 bulb-like structures in
the electron distribution that are reminiscent of molecular orbitals. It is
clear from the considerations in the frame work of strong field ionization
that the information about the orbitals is encoded in the electron distribution [94, 95, 96, 65]. The wavefunction of the outgoing electron is the
Fourier transform of the orbital in the position space that is scaled by a
exponential factor. In other words, it is in principal possible to extract the
information about the orbitals from the electron distributions, although it
requires major theoretical work.
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4.5
4.5.1

Discussion
Method

The method of tomographic reconstruction of three dimensional photoelectron momentum distributions has turned out to be a strong method for
the observation of three dimensional photoelectron distributions that lack
cylindrical symmetry. The method is complementary to other three dimensional electron imaging methods. In comparison to Abel-inversions,
tomography is able to reconstruct the electron distribution for configurations without cylindrical symmetry. In the case of aligned molecules, the
only geometry that would be suitable for Abel inversions would be for
one-dimensional aligned molecules with the probe pulse polarization parallel to the alignment pulse polarization and both polarizations parallel to
the detector plane. The tomography is complementary to setups that are
based on electron-ion-coincidence measurements, like reaction microscopes
or COLTRIMS setups [19]. In ref. [20], the lower limit for the momentum
resolution of a reaction microscope is estimated to ∆p = 0.08 a.u. whereas
for a VMI setup is capable of achieving significantly higher momentum resolution and, under the condition that sufficient data are recorded, nearly
the same resolution can be achieved in the reconstructed data [25]. The
most important advantage of VMI-tomography is the possibility to record
photoelectron distributions from singly ionized molecules in the molecular
frame with a comparably high count rate. For a complex system like naphthalene, it is not possible to reconstruct the orientation of the molecule
from its fragments and thus molecular frame photoelectron distributions
requires prealignment of the molecules. The required molecular alignment
with an alignment laser would restrict the repetition rate. Tomography
with VMI can be applied to ions with the possibility to record the distribution of ions and photoelectrons in the molecular frame, although no
coincidence measurement is possible. With our system, we are restricted
to a repetition rate of 20 Hz. A laser systems with a higher repetition rate,
can drastically reduced the data acquisition time as the repetition rate of
the supersonic valve can be increased up to 200 Hz and possibly to 1kHz.
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In genral, it is not necessary to use a pulsed supersonic valve for adiabatic
alignment. In principle it is also posssible with a continuous nozzle. It
was demonstrated that it is possible to adiabatically align molecules with a
stretched pulse from a Ti:Sapphire laser with a repetition rate of 1kHz [97].
Also, if the deflection chamber could be removed, i.e. the target region be
brought closer to the nozzle in the pulsed jet removed and skimmers with
a bigger diameter would be used, the density of molecules that reach the
interaction region could be increased significantly. This aspect emphasizes
the fact that VMI tomography is a serious method for the acqisition of
three dimensional charged particle distributions in the molecular frame.
Slice imaging [98] and event-counting methods [99, 100] are in principle
capable of retrieving three-dimensional charged-particle distribution, but
since electrons do not provide the required spread in time-of-flight, these
methods are not suitable to reconstruct electron distributions.
Adiabatic alignment has been so far the only method to three dimensionally
align gas phase molecules with a high degree of alignment. Alternative field
free methods have been developed [101, 102], but with a rather small degree
of alignment. The drawback of adiabatic alignment is that the field from
the alignment laser is on during the whole ionization process. With the
intensities that are used in the experiment, the peak electric fields along
the long and the short axis of the polarization ellipse are 2.1 · 109 V /m
and 2.1 · 109 V /m wheras the peak electric field of the ionization laser is
1.8 · 1010 V /m. The electric field varies between 11.7% and 8.9% of the field
of the ionizing laser. Although the relative phase between the two laser is
random, it definitely has a small influence on the photoelectron distribution. Furthermore, in measurements that aim on the retrieval of the orbital
information, the field of the alignment laser could modify the orbitals of
the molecule. Furthermore, the alignment field could ionize molecules that
were not ionized by the short pulse but left in an excited state. A solution
to this problem was suggested and applied by Albert Stolow and coworkers
[103] by the usage of a so-called plasma shutter that truncates the laser
field after its adiabatic turn on. It was also applied by another group
[104, 105] and we believe that it can be used for three dimensional field
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free alignment with the high degrees of alignment as with the full pulse.
Besides the presence of the alignment field, there are further drawbacks of
the method. One lies in the application of the reconstruction algorithm. In
data sets that suffer from rather low statistics, the filtering step can induce
negativity artefacts [77]. The reconstruction induced negative values in the
vicinity of the px0 -axis, but these negative values are restricted to a relatively small region and do not alter the complete results. The experiment
was performed with naphthalene as target molecule and one of the reasons
of its usage is the lack of a permanent dipole moment. Rotationally cold
molecules undergo orientation in the presence of the mixed field from the
alignment laser and the static field from the VMI spectrometer. With the
usage of the filtered backprojection algorithm, the method is restricted to
nonpolar species. Both problems could be solved by the use of algebraic
reconstruction algorithms. The negativity artefacts can be fixed by such
an algorithm since it allows to restrict the reconstruction to positive values
[25]. In principle, the second problem can be overcome by algorithms that
can perform the reconstruction from incomplete sets of data. The problem
of incomplete data sets is frequently addressed in geological physics and
mineral exploration [106, 107], where the size and the geological condition
do not allow to record a complete set of data for using transform methods.
In this case, algebraic iterative algorithms have to be used. These algorithms are in principle not more complicated than the transform methods,
but they require large computation time and memory space.
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Chapter 5

Conclusions, Summary and
Outlook
5.1

Conclusions and Summary

This thesis has introduced a new method to obtain the full 3-dimensional
photoelectron momentum distribution from ionization of molecules that are
fixed in space. The method relies on fixing the molecules in space, by laser
induced alignment, and recording of the projections of the photoelectron
momentum distribution for a large number of spatial orientations of the
molecules with respect to the 2D detector screen. Using tomographic reconstruction from all projections the full 3D molecular frame momentum
distribution was retrieved. The specific studies, presented here, employed
strong field single ionization of naphthalene molecules with a circularly polarized intense, infrared (800 nm) 30 fs long laser pulse. Our method is,
however, general and should be applicable to a range of other molecules
and other ionization schemes using other wavelength sources.
The full momentum photoelectron distribution allowed the determination of the photoelectron angular distribution in the polarization plane of
the probe pulse coinciding with the molecular plane of naphthalene. This
showed an anisotropic distribution that is shifted with respect to the principal molecular axes. The shift results from the fact that the electron
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is preferentially detached when the ionizing field coincides with the long
molecular axis and then its trajectory is influenced by the combined action
of the force from the remainder of the laser pulse and from the Coulomb
field of the ionic core of the molecular cation left behind. This is the first
observation of such an angular shift for a molecule
Such angular shifts were never observed before for a complex molecule.
The only measurement for a molecular system with circularly polarized
light was performed on H+
2 [108]. In comparison, for atoms angular shifts
have been observed when elliptically polarized fields are used for ionization
because here the electron is preferentially detached when the ionizing field
points along the major axis [88, 86, 63, 24]. Future experiments with strong
field ionization of molecules must take the angular shift into account.
The experiments were conducted with alignment performed in the adiabatic limit. Here the alignment field is on when the ionization event takes
place. Despite the alignment field is less than one tenth of the ionizing field
our observations indicate that it lead to some distortion of the trajectories
of the low energy electrons. Ideally, the molecules should be free of the
alignment field at the time of ionization. We believe this can be realized
with the plasma shutter technique as demonstrated for 1D alignment of
CS2 molecules [103]. The potential of extracting orbital information from
the data was demonstrated in skewed cuts through the photoelectron momentum distribution. Although the cuts through the electron distribution
demonstrate the potential of retrieving orbital information from the data,
it is clear that it requires major theoretical input to retrieve the molecular
orbitals from the data. The initial orbital and the outgoing electron wave
function in momentum representation are connected via an exponential
factor that acts as a filter of the initial wavefunction [36, 96, 65]. Singlephoton ionization may be a more obvious way to reconstruct the orbitals
since there is a direct connection between the observed PAD and the orbital
structure. With a resonant single photon ionization scheme, it would be
possible to reconstruct the orbitals by a scaled Fourier transform, as it was
demonstrated for molecules that were fixed in space by chemisorption on a
surface [38].
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5.2

Outlook

Conformer-specific experiments The experiments involving photoelectrons and tomographic reconstructions can be extended to conformer
selected targets. The possibility of conformer selection in a cold molecular
beam was demonstrated in an experiment in Aarhus. Complex molecules
have multiple structural isomers that correspond to multiple local minima
on an energy potential surface that exist also at the low temperatures in
a supersonic jet [109]. Conformers were subject of extensive studies with
various sophisticated spectroscopic methods. The idea of manipulation of
molecular beams by means of static inhomogeneous electric fields dates
back to the 1920’s [110, 111]. This method allows to spatially separate
conformers of neutral molecules in a beam of rotationally cold molecules
as they are available in our lab. Neutral polar molecules experience a
force in a inhomogeneous electric field that depends on their dipole moment and rotational state. When a beam of rotationally cold molecules is
sent through an area with an inhomogeneous static electric field, the sample is spatially dispersed according to the effective dipole moment of the
molecules. In general, the total dipole moment is the vectorial sum of the
local dipole moments. In small biomolecules, the functional groups have
large dipole moments and their orientation in different conformers have a
large influence on the total dipole moment of the molecule. Consequently,
the conformers of small biomolecules in a rotationally cold beam can be
selected by the electrostatic deflector described previously in the experimental section. As a target molecule, 3-aminophenole (Sigma-Aldrich, 98
%) was seeded in he with a backing pressure of 90 bar. In the group of
Jochen Küpper, the energies of the lowest lying rotational states as a function of the electric field strength were calculated and the result is shown in
Fig. 5.2. The Stark curves show clearly that the effective dipole moments
for the cis-conformer are significantly higher than for the trans-conformer
which leads a strong spatial separation of the conformers. The sample
was ionized by the REMPI-scheme with a tunable Dye laser that allows
conformer-selective ionization. The spatial separation was experimentally
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cis-3-aminophenol
μ0 = 2.33 D

trans-3-aminophenol
μ0 = 0.77 D

Figure 5.1 – Schematic of the experiment. The cis-conformer undergoes a
stronger deflection than the trans-conformer.

Figure 5.2 – The Stark curves of the lowest lying rotational levels of 3-AP.
Simulations performed by Frank Filsinger and Jochen Küpper

demonstrated by conformer-selective deflection profiles, i.e. the density of
the sample was measured as a function of the vertical direction of the laser
focus. The results demonstrate that both conformers are deflected, but the
cis-conformer was deflected significantly stronger than the trans-conformer,
as shown in the molcular beam profiles in Fig. 5.3. Above y = 1 mm, a
pure sample of cis-conformers is obtained. The low internal temperature
causes an almost complete depletion of the sample below - 0.75 mm. A
REMPI-spectra were recorded at heights of y=1.15 mm in the deflected
part and y=-0.75 mm in the depleted part of the beam to confirm the sepa-
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ration. The spectra are shown in Fig. 5.4 In the deflected part, only bands
of the cis-conformer are observed and in the depleted beam, only features
of trans-conformer are observed.
Whereas the trans-sample is overlaid

trans (0 kV)
trans (10 kV)
cis (0 kV)
cis (10 kV)

Figure 5.3 – Molecular beam profiles recorded for cis- and trans-3aminophenol. The symbols indicate the experimental data and the solid lines
simulations. In the deflected part of the beam (dark blue and red), the conformers are clearly separated. The profiles for the undeflected molecules are
marked with orange and light blue.

with the seed ags from the molecular beam, in the deflected part, a clean
sample of cis-conformers without any background from the seed gas is observed. The experiment demonstrated the successful separation of the cisand trans-conformers of 3-aminophenol by an inhomogeneous static electric
field.
The experiment paves the way for future photoelectron imaging experiments on conformer selected targets in molecular beams. It allows measurements of the photoelectron distribution of fixed-in-space-molecules from a
specific conformer. Since the sample undergoes transitions between the conformers at room temperature, the method presented here is one of very few
methods to create a sample of pure conformers in a molecular beam that is
necessary for experiments that involve aligned molecules. Furthermore, tomographic reconstruction of three dimensional photoelectron distributions
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Figure 5.4 – REMPI-spectra from the deflected (blue) and undeflected
(black) and depleted (red) part of the beam. The spectra confirm the clean
separation of the conformers

from fixed is space molecules can be extended towards conformer selected
species. The main challenges to overcome are the low statistics due the low
signal in the deflected part of the beam and the fact that the most deflected
molecules tend to orient in the electric field from the VMI spectrometer.
In principle, the second problem can be overcome by algorithms that can
perform the reconstruction from incomplete sets of data. The problem of
incomplete data sets is frequently adressed in geological physics and mineral exploration [106, 107], where the size and the geological condition do
not allow to record a complete set of data to use transform methods. In this
case, algebraic iterative algorithms have to be used. These algorithms are
in principle not more complicated than the transform methods, but they
require large computation time and memory space.
Rescattering experiments The quantum mechanical nature of electrons enables one to observe interference phenomena between electrons as
the famous Davisson-Gerner experiment impressively demonstrated. One
assigns a de Broglie-wavelength to the electrons that connects their energy
with a wavelength. This relation gives an estimate of the resolving ca-
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pacity of experiments that involve interference phenomena of electrons. In
surface science LEED (Low Energy Electron Diffraction) is a very common
method for structure determination of surfaces. In the gas phase, electron
diffraction patterns contain information about the molecular structure. The
standard gas phase method has two drawbacks: 1) The molecules are randomly oriented 2) The experiments do not provide any time resolution.
Both problems could be principally solved by experiments that use the
electrons that are rescattered by the ionizing laser pulse. The availabilty of
pulses down to few femtoseconds and high peak intensities gives rise to try
this method for experiments to determine molecular structure. The electrons are released by tunneling from the molecule and are driven back by
the laser pulse to the parent ion with high energy. Backscattered electrons
have a maximum energy of 10 times the ponderomotive potential Up . For
laser pulses with a peak intensity of the order of 1·1014 W/cm2 , the corresponding de Broglie wavelength is around 5 Å. This should in principal be
sufficient to resolve certain structures like e.g. the distance of the iodine
atoms in 1,4 diiodobenzene. Calculations on this topic have been carried
by several groups [96, 112, 113, 114, 115]. Furthermore, the possibility
to observe holographic structures was suggested. The first successful self
diffraction experiment was performed by Meckel et al. [36]. Further studies
have shown diffractive structures from atoms [116]. Holographic structures
have been measured on atoms with pulses from a free electron laser [117].
We used 3D aligned 1,4 diiodobenzene molecules as a target with the linearly polarized probe laser pointing perpendicular to the iodine-iodine axis.
The probe pulse had a peak intensity of 3.0·1014 W/cm2 The polarizations
of the alignment and the probe pulse were rotated in coincidence in steps
of two degrees over a range of 178◦ and the 3D photoelectron distribution
was reconstructed as for the naphthalene experiments. For a quantitative
analysis, it was suggested to look at the electrons with high kinetic energies. Unfortunately, at these high energies, the signal intensity is very
low. Furthermore, the detector cannot catch the electrons with the highest
momenta where one expects the diffraction patterns. Nevertheless, cuts
were created in the planes perpendicular and parallel to the polarization of
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the probe laser. The cuts are shown Fig. 5.5. Since diffraction structures

(a)

(b)

Figure 5.5 – Cuts through the 3D phototelectron momentum distribution
from strong field of fixed-in space 1,4-diiodobenzene molecules with a linearly poalrized probe pulse with a peak intensity of 3.0·1014 W/cm2 . (a) Cut
through the px0 − py0 − plane. (b) Cut through the px0 − pz0 − plane. The
intensity of the ellipically polarized alignment laser was 8·1011 W/cm2

are expected at higher energies, it is rather unlikely that the rich structure stems from self diffraction. The origin of the rich structure remains
unclear. One possiblity could be the occurence of holographic structures.
The nature of these experiments with multiple ionization of the target and
the complexity of the target molecule makes the interpretation difficult and
is big challenge for theoreticians.
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Chapter 6

Appendix
6.1

Fits of the angular distributions in the polarization plane for randomly oriented targets

The following plots show the angular distributions for Argon and randomly
oriented naphthalene molecules.

(a)

(b)

Figure 6.1 – Photoelectron angular distributions in the from the projection
of the photoelectron momentum distribution of naphthalene ionized with an
elliptically polarized probe pulse with ratio of 2:1 of the major and the minor
axis of the polarization ellipse and a peak intensity of 0.9 · 1014 W/cm2 onto
the polarization plane for the interval of px0 ranging from 0.194 to 0.389 a.u.
(a) for left handed poalrization (b) for right handed polarization
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(a)

(b)

Figure 6.2 – (a) Photoelectron angular distributions in the from the projection of the photoelectron moomentum distribution of argon ionized with an
elliptically polarized probe pulse with ellipticity of 0.71 and a peak intensity
of 2.7 · 1014 W/cm2 onto the polarization plane for the interval of px0 ranging from -0.49 to 0.49 a.u. (b) radial distribution from the same projection
togetter with an assymmetric gaussian fit

6.2

Fits of the angular distributions in the polarization plane for 3D aligned naphthalene
molecules
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The folling images show angular distributions from the momentum
intervals that are stated in the captions of the images.

(a) radial range from |p| = (b) radial range from |p| = (c) radial range from |p| =
0.155 a.u. to |p| = 0.233 a.u. 0.233 a.u. to |p| = 0.311 a.u. 0.311 a.u. to |p| = 0.389 a.u.

(d) radial range from |p| = (e) radial range from |p| = (f) radial range from |p| =
0.379 a.u. to |p| = 0.466 a.u. 0.466 a.u. to |p| = 0.539 a.u. 0.539 a.u. to |p| = 0.622 a.u.

(g) radial range from |p| =
0.622 a.u. to |p| = 0.699 a.u.

Figure 6.3 – Photoelectron angular distributions from the projections of the
3d elelctron momentum distribution from 3D aligned naphthalene molecules
onto the polarization plane for different intervals of the radial momentum,
as stated under each image. The ionization beam was left-handed circularly
polarized and had an intensity of 0.9 · 1014 W/cm2 . The data were fitted with
an asymmetric gaussian curve.
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(a) radial range from |p| = (b) radial range from |p| = (c) radial range from |p| =
0.155 a.u. to |p| = 0.233 a.u. 0.233 a.u. to |p| = 0.311 a.u. 0.311 a.u. to |p| = 0.389 a.u.

(d) radial range from |p| = (e) radial range from |p| = (f) radial range from |p| =
0.389 a.u. to |p| = 0.466 a.u. 0.466a.u. to |p| = 0.539 a.u. 0.539 a.u. to |p| = 0.622 a.u.

(g) radial range from |p| =
0.622a.u. to |p| = 0.699 a.u.

Figure 6.4 – Photoelectron angular distributions from the projections of the
3D elelctron momentum distribution from 3D aligned naphthalene molecules
onto the polarization plane for different intervals of the radial momentum, as
stated under each image. The ionization beam was right-handed circularly
polarized and had an intensity of 0.9 · 1014 W/cm2 . The data were fitted with
an asymmetric gaussian curve.

The folling images show the projections, the radial distributions and
the angular distributions from the momentum intervals that are stated in
the captions of the images.
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(a)

(b)

(c)

Figure 6.5 – (a)projection onto the polarization plane, (b) radial distribution
extracted from the radial range |p| = 0.272 − 0.544 a.u. and (c) angular
distribution for the projected range px0 = 0.116 − 0.194a.u. for left -handed
circularly polarized ionization beam.

(a)

(b)

(c)

Figure 6.6 – (a)projection onto the polarization plane, (b) radial distribution
extracted from the radial range |p| = 0.245 − 0.493 a.u. and (c) angular
distribution for the projected range px0 = 0.245 − 0.493a.u. for left -handed
circularly polarized ionization beam.
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(a)

(b)

(c)

Figure 6.7 – (a)projection onto the polarization plane, (b) radial distribution
extracted from the radial range |p| = 0.303 − 0.559 a.u. and (c) angular distribution for the projected range px0 = 0.272 − 0.350 for left -handed circularly
polarized ionization beam.

(a)

(b)

(c)

Figure 6.8 – (a)projection onto the polarization plane, (b) radial distribution
extracted from the radial range |p| = 0.350 − 0.427 a.u. and (c) angular distribution for the projected range px0 = 0.334 − 0.614 for left -handed circularly
polarized ionization beam.
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(a)

(b)

(c)

Figure 6.9 – (a)projection onto the polarization plane, (b) radial distribution
extracted from the radial range |p| = 0.354 − 0.653 a.u. and (c) angular distribution for the projected range px0 = 0.427 − 0.583 for left -handed circularly
polarized ionization beam.

(a)

(b)

(c)

Figure 6.10 – (a)projection onto the polarization plane, (b) radial distribution extracted from the radial range |p| = 0.311 − 0.626 a.u. and (c) angular
distribution for the projected range px0 = 0.116 − 0.194a.u. for right-handed
circularly polarized ionization beam.
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(a)

(b)

(c)

Figure 6.11 – (a)projection onto the polarization plane, (b) radial distribution extracted from the radial range |p| = 0.260 − 0.451 a.u. and (c) angular
distribution for the projected range px0 = 0.194 − 0.272a.u. for right-handed
circularly polarized ionization beam.

(a)

(b)

(c)

Figure 6.12 – (a)projection onto the polarization plane, (b) radial distribution extracted from the radial range |p| = 0.233 − 0.490 a.u. and (c) angular
distribution for the projected range px0 = 0.272 − 0.350a.u. for right-handed
circularly polarized ionization beam.
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(a)

(b)

(c)

Figure 6.13 – (a)projection onto the polarization plane, (b) radial distribution extracted from the radial range |p| = 0.264 − 0.532 a.u. and (c) angular
distribution for the projected range px0 = 0.350 − 0.427a.u. for right-handed
circularly polarized ionization beam.

(a)

(b)

(c)

Figure 6.14 – (a)projection onto the polarization plane, (b) radial distribution extracted from the radial range |p| = 0. − 0.626 a.u. and (c) angular
distribution for the projected range px0 = 0.427 − 0.583a.u. for right-handed
circularly polarized ionization beam.

104

Bibliography
[1] K.L. Reid. Photoelectron angular distributions. Annual Review of
Physical Chemistry, 54(1):397–424, 2003.
[2] L.V. Keldysh. Ionization in the field of a strong electromagnetic wave.
Sov. Phys. JETP, 20, 1964.
[3] A. Stolow. Femtosecond time-resolved photoelectron spectroscopy
of polyatomic molecules. Annual Review of Physical Chemistry,
54(1):89–119, 2003.
[4] S. Ullrich, T. Schultz, M.Z. Zgierski, and A. Stolow. Electronic relaxation dynamics in DNA and RNA bases studied by time-resolved
photoelectron spectroscopy. Physical Chemistry Chemical Physics,
6(10):2796–2801, 2004.
[5] P. Hockett, M. Staniforth, K.L. Reid, and D. Townsend. Rotationally
resolved photoelectron angular distributions from a nonlinear polyatomic molecule. Physical Review Letters, 102(25):253002, 2009.
[6] D. Dill. Fixed-molecule photoelectron angular distributions. Journal
of Chemical Physics, 65:1130–1133, 1976.
[7] T. Suzuki. Femtosecond time-resolved photoelectron imaging. Annual
Review of Physical Chemistry, 57:555–592, 2006.
[8] E. Shigemasa, J. Adachi, M. Oura, and A. Yagishita. Angular distributions of 1sσ photoelectrons from fixed-in-space N2 molecules.
Physical Review Letters, 74(3):359–362, 1995.
105

[9] D. Akoury, K. Kreidi, T. Jahnke, T. Weber, A. Staudte, M. Schöffler,
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