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Summary

The main subjects of the thesis is split are two. The central theme of both
experiments is the manipulation of molecules with external fields. The first half
is molecular beam experiments in a supersonic jet while the second half deals
with experiments conducted in liquid helium droplets.
By the non resonant interaction of a laser pulse with a molecule we may
align the most polarizable axis of the molecule according to the laser electric field
polarization. Two distinct regimes exist. For laser pulses much longer than the
rotational period of the molecule, the molecule is adiabatically transferred from a
rotational state to an aligned pendular state; in the following we will refer to this
as adiabatic alignment. On the other hand if the pulse length is much shorter
than the rotational period of the molecule, the interaction creates a rotational
wave-packet by a series of Raman transitions. Shortly after the interaction with
the laser pulse the rotational wave-packet comes into phase and strong alignment
is created. As the rotational wave-packet evolves it dephases and the alignment is
lost, however, at well defined times the wave-packet comes into phase again and a
revival of the alignment is observed. By the combination of adiabatic alignment
and the interaction with a weak static field molecular orientation, where the
inversion symmetry of alignment is broken, is created.
In chapter 4 we use electrostatic deflection to select the linear molecule Carbonyl Sulfide (OCS) in a near rotational ground state. The OCS molecules are
the adiabatically aligned, and we investigate the effect of the rotational selection
on alignment. Furthermore we investigate the mixed field orientation. By direct comparison of experiments with both time dependent and time independent
simulation we demonstrate that the usual adiabatic criterion with the rotational
period is no longer valid for mixed field orientation. In chapter 5 we continue
the experiments on OCS and investigate the nonadiabatic dynamics in the rotationally state selected beam as well as the direct beam. We demonstrate how
the deflection facilitates the selection of a nearly pure rotational state with a
well defined parity. In the parity selected beam the quarter revivals, normally
lost by the averaging over rotational states of different parity, are visible. By
the comparison with simulations we find that 92+2
−5 % of the molecules are in the
rotational ground state. In addition we demonstrate that the parity selection
also enhances the visibility of higher order wave-packet dynamics compared to
the direct beam. In chapter 6 we extend the class of molecules that benefit from
rotational state selection by demonstrating significantly enhanced alignment and
orientation of the asymmetric top molecule iodobenzene (IB) following rotational
state selection. While the size of this molecule does not allow the same isolation
vii
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Summary

of a single rotational state, the benefit in terms of alignment and orientation
enhancement is very significant.
Following the demonstration of electrostatic deflection as a tool for the selection of rotational states we extend the use to molecules with multiple stable
conformers in chapter 7. We show how the electrostatic selection can separate
the two conformers of both 3-amino-phenol and 1,2-diiodoethane.
In chapter 8 we investigate the alignment of molecules in helium droplets.
Following a series of failed attempts to probe alignment of molecules in helium
droplets produced in a pulsed droplet valve, we demonstrate alignment of IB in
droplets produced from a continuous nozzle. Both adiabatic and non adiabatic
alignment has been demonstrated. The nonadiabatic alignment shows interesting dynamics very different from the corresponding gas phase dynamics and is
promising for both applications in investigating the droplet molecule interaction
as well as applications in field free alignment due to the long persistence of the
alignment observed in droplets.

Dansk Resume

Denne afhandling omhandler to forskellige typer af eksperimenter. Det centrale
tema i begge eksperimenter er manipulation af molekyler med eksterne felter.
Den første halvdel omhandler molekylære beam eksperimenter i en supersonisk
jet, mens den anden halvdel omhandler eksperimenter på molekyler i flydende
helium dråber.
Ved en ikke resonant vekselvirkning mellem en laserpuls og et molekyle kan
molekylet alignes efter laser pulsens elektriske felt polarisation. Der eksisterer to
forskellige regimer. For laser pulser som er meget længere end molekyletes rotations periode vil pulsen adiabatisk overføre molekylet fra en fri rotationel tilstand
til en aligned pendular tilstand. I det følgende refererer vi til dette som adiabatisk
alignment. Hvis på den anden side pulsen er meget kortere end rotationsperioden,
vil pulsen skabe en rotationel bølgepakke ved en serie af Raman overgange. Kort
tid efter vekselvirkningen kommer den rotationelle bølgepakke i fase og molekylet
aligner. Efterfølgende kommer de rotationelle tilstande ud af fase og alignment
af molekylet er tabt. På veldefinerede tidspunkter vil bølgepakken komme i fase
igen og revivals af alignment kan ses. Ved at kombinere adiabatisk alignment med
vekselvirkningen med et svagt elektrostatisk felt kan der skabes orientering, hvor
inversions symmetrien fra alignment er brudt.
I kapitel 4 bruger vi elektrostatisk afbøjning til at selektere det lineære molekyle carbonyl sulfid (OCS) i en næsten ren rotationel grundtilstand. OCS molekylerne bliver derefter adiabatisk alignede og vi undersøger effekten af rotationel
selektion på graden af alignment. Derudover undersøger vi den kombinerede orientering med elektrostatiske felter. Ved direkte sammenligning mellem eksperimenter og tidsuafhængig såvel som tidsafhængig teori viser vi, at det sædvanelige
kriterium for adiabatisk opførsel baseret på den rotationelle periode ikke længere er gyldigt for kombineret statisk og laserfelts orientering. I kapitel 5 forsætter vi eksperimenterne på OCS og undersøger ikke-adiabatisk alignment i det
tilstands-selekterede beam såvel som det ikke selekterede beam. Vi demonstrerer
hvordan afbøjningen gør det muligt at udvælge en næsten ren kvantetilstand med
en veldefinerer paritet. I det paritets-selekterede beam findes kvarte revials som
normalt ikke er synlige pga. midling over tilstande med forskellig paritet. Ved
sammenligning med simuleringer finder vi at 92+2
−5 % af molekylerne befinder sig i
grundtilstanden. Derudover demonstrerer vi, at tilstandsselektionen medfører at
højere ordens dynamik som normalt ikke kan observeres i det direkte beam bliver
synlig. I kapitel 6 udvider vi den klasse af molekyler som kan udnytte rotationel
tilstands selektion. Vi demonstrerer signifikant forbedret alignment og orientering af den asymmetriske top iodobenzen (IB) efter rotationel tilstandsselektion.
ix

x
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Selvom størrelsen af dette molekyle ikke tillader den samme isolation af en enkelt
kvantetilstand er fordelene for alignment og orientering meget signifikante.
Efterfølgende demonstrerer vi i kapitel 7 hvordan elektrostatisk afbøjning kan
udvides fra at selektere rotationelle tilstande til også at selektere en specifik
konformer af et molekyle som findes i flere forskellige stabile konformerer. Vi
demonstrerer hvordan de to konformerer af de to molekyler 3-amino-phenol og
1,2-diiodoethan kan adskilles.
I kapitel 8 undersøger vi alignment i helium dråber. Først gennemgår vi
en række af forfejlede eksperimenter med en pulseret helium dråbe kilde. Efterfølgende demonstrerer vi både adiabatisk og ikke-adiabatisk alignment i helium
dråber fra en kontinuert kilde. Den ikke-adiabatiske alignment udviser interessant
dynamik som er meget forskellig fra den dynamik som observeres for isolerede molekyler. Ikke-adiabatisk alignment i helium dråber er både lovende som metode
til at undersøge helium molekyle vekselvirkningen og i direkte anvendelse af den
langsomme dynamik som observeres in helium dråber.
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Introduction
Initially when I started my working on my ph.d project the goal was to build
up a helium droplet apparatus in Aarhus and do experiments on alignment of
molecules in droplets. While we eventually succeeded in demonstrating alignment, which will be the subject of chapter 8, the pathway to this was much
longer than originally anticipated. Early on I had the pleasure of spending a
month in the group of Alkwin Slenczka in Regensburg learning about helium
droplet spectroscopy. At approximately the same point in time the idea of combining electrostatic deflection with laser induced alignment was conceived and
the new vacuum chamber originally planned as a helium droplet machine ended
up being used as a molecular beam machine instead. I got heavily involved in
these experiments which are a large part of the following and and for at while
this stopped the progress of the helium droplet experiment. Later we rebuilt
an older molecular beam machine to do the helium droplet experiments. This
was followed by a long period of non working experiments using a pulsed droplet
source, after which we finally succeeded in demonstrating alignment in helium
droplets using a continuous nozzle.
The central theme of this thesis is the spatial alignment and orientation of
molecules. With 1D alignment we will understand the ability to fix a molecular
axis to a laboratory fixed axis defined by an external field either parallel or anti
parallel i. e. an aligned molecular ensemble is still inversion symmetric with no
head for tail orientation. In addition, 3D-alignment refers to confining all three
molecular axes to three mutually orthogonal laboratory-fixed axes but still retaining inversion symmetry. On the other hand orientation refers to experiments
that break the inversion symmetry and introduce a preferred direction in space
for the molecules. Typically orientation also implicitly includes alignment such
that molecules are really confined along one specific axis, but in principle orientation may also just refer to the confinement of a molecular axis to one hemisphere
relative to the other. In addition we will refer to 3D-orientation as the full ori1
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entational confinement of an arbitrarily complicated molecule. In the case of
molecules with some remaining symmetry (i. e. the orientation and alignment is
introduced in the same coordinate system) this can be achieved by orienting one
axis of the molecule combined with 3D-alignment, however, for more complex
molecules this need not be the case. The earliest motivation for achieving spatial
control of molecular systems is the investigation of steric effect on reaction rates
in bi molecular reactions for instance the (SN 2)
Cl− + CH3 I → CH3 Cl + I−
This type of reaction occurs when the Cl– ion attaches the methyliodide molecule
along the C–I bond from the C end forming a planar transition complex followed
by the elimination of an I– ion. Since this mechanism is predicted from the
molecular geometry and reaction rates of various molecules with different degrees
of sterical hindrance, it is naturally interesting to directly measure the orientation
dependent rates for the isolated system in gas phase. The first examples of
creating spatial orientation were done by rotational state selection of molecules
using hexapole focusers [1, 2]. The hexapole focusers work best for molecules with
first order Stark shift such as symmetric tops, bent vibrational modes of linear
molecules, linear molecules with electronic angular momentum and asymmetric
tops with the dipole moment along either the A or C axis i. e. the axis of smallest
and largest angular momentum. Some of these states may be quite strongly
oriented by a modest field due to their linear Stark effect. In a classical picture
the strong orientation of symmetric top states such as |JKM i = |2, 2, 2i, where M
and K label the projection of the angular momentum on the space and molecule
fixed axis respectively, may be understood by the fact that the angular momentum
is restricted to both a space and a molecule fixed axis making the molecule precess
around the electric field axis [3]. Another way of understanding the orientation
that directly connects to the mixed field methods presented in the following is
seen for linear molecules. The λ doubling of molecules with electronic angular
momentum as well as the l-doubling of bent vibrational states is responsible for
the pair of near degenerate states in the molecular spectrum. These states are
coupled by the static field and are strongly oriented in opposite directions. If one
of the states is selected by a hexapole focuser strong orientation may be achieved
e.g. [4] oriented OCS molecules in the |1, 1, 1i state of the bent vibrational state
(011 0). The hexapole selected molecules have been used to study the orientation
dependency in reactive scattering experiments [5]. Multipole focusing is, while it
does work best for molecules (or molecular states) with linear Stark effect, not
restricted to these. For instance the |JM i = |1, 1i rotational states or the linear
vibrational ground state of OCS has been selected [6, 7]. However the purity in
such cases may be smaller. However, these states are not strongly oriented as
they have no linear Stark effect but may still be orientable with a mechanism
closer to brute force orientation as discussed below.
Closely related to the multipole selection of rotational states is the electrostatic deflection of molecular beams. Electrostatic deflection of molecular beams
is an old technique that dates back to a proposal by Kallmann and Reiche in
1921 [8] and was first demonstrated by Wrede in 1927 [9] while the first proposal
of using it to select rotational states was by Stern in 1926 [10]. The electrostatic
deflection may be used to measure dipole moments of molecules and clusters [11].
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Much of the work presented in the following will focus on the application of
electrostatic deflection to select rotational states and show that this improves
alignment and orientation. While the electrostatic deflection does not allow the
focusing of a single rotational state but rather disperses the rotational states, it
can perhaps be regarded as less elegant than the multipole technique. However,
compared to the multipole technique it is much more flexible and not restricted
to low field seeking states limiting the usefulness especially for big molecules. A
recent elegant application of electrostatic deflection is seen in the selection experiments by Ulbricht et al. [12]. They use micro-machined gratings in the form of
a three grating matter-wave interferometer to create and probe a spatially modulated molecular beam. By inserting an electrostatic deflector between second and
third grating they deflect molecules before the third grating and thus shift the
spatial modulation of the beam according to the molecule specific deflection. The
deflection for polar molecules is similar to what can be done in a regular molecular
beam deflection experiment as outlined above and is basically determined by the
dipole to mass ratio. However, non polar molecules are also subjected to a force
by the electrostatic deflector according to their polarizability. In a normal beam
experiment the deflection of non polar molecules is negligible, however, since the
beam past the two gratings has a spatial modulation with a period of ∼ 1 µm
only a very minor deflection is needed to separate molecules. This method is
applied to the separation of the two fullerenes C60 and C70 . Unfortunately, this
method most likely is not directly applicable to molecular beams as target for
alignment and orientation since the gratings are likely to scatter molecules from
one rotational state to another and has not been explored further.
Following the hexapole orientation another technique known as brute force
orientation was introduced. It was first considered by Loesch and Remscheid
in 1990 for linear and symmetric top molecules [13] and experimentally demonstrated by Friedrich and Herschbach [14] along with several other works and later
extended to asymmetric top molecules by Bulthuis et al. [15]. We will return to
brute force orientation below in the context of pendular spectroscopy in helium
droplets. Compared to multipole selection the brute force orientation does not
need a low field seeking rotational state to create orientation. The orientation
simply relies on molecules with a large dipole moment and thus has fewer restrictions on molecules that can be oriented. The brute force technique only relies
on low rotational states i. e. cold molecular beams, large dipole moments and a
strong static field, but the orientation is typically modest.
Some early forms of laser induced alignment exploited the angular selectivity
of light absorption to either create an aligned excited state with the alignment
determined by the angular dependency of the transition or by the selective removal of molecules aligned the “wrong way” [16, 17, 18]. In the same way the
reaction dependence on the angle between a molecular beam of various small
molecules and the atomic orbital on a Ca atom in an excited p state was studied [19]. The Ca atom was excited into p state with the direction of the orbital
determined by the polarization of the laser allowing the angular dependency of
the reaction to be investigated. The first experimental indications of real laser
induced alignment in the sense of not just sub-selecting molecules but actually
using a laser to rotate the molecules to point along the right axis came from
multiphoton dissociative ionization experiments where it was observed that frag-
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ments are ejected along the polarization axes [20, 21]. At the time two different
explanations were suggested, the first named geometric alignment is essentially
similar to the above and the directionality is due to the angular selectivity of the
probe. The other explanation known as dynamic alignment is more interesting
and suggested that the selectivity is due to the torque exerted on the molecules
by the laser aligning them along the laser polarization. In reality the effect is
probably a combination of the two and the geometrical alignment is by no means
negligible [22, 23]. Even though the first theoretical treatment of molecules in non
resonant laser fields by Zon and Katsnel’son [24] is from 1976, the implications
for alignment were only realized much later. Zon and Katsnel’son treated the influence of a laser field on the rotational spectrum but did not discuss alignment.
Inspired from the mechanism of brute force orientation Friedrich and Herschbach
pointed out that non polar molecules that cannot be brute force oriented can be
brute forced aligned by the interaction between the field and the polarizability of
the molecule [25]. In addition they concluded that using a laser very large field
strength can be achieved and thus strong alignment. This was followed up by
more detailed theoretical treatments of the laser induced alignment in the middle
of the 1990s as Friedrich and Herschbach [26] and Seideman [27] independently
theoretically treated the alignment of molecules by intense laser fields. The first
real experimental measurements by Kim and Felker came the year after [28] and
was followed by the work of Stapelfeldt and co-workers [29, 30] demonstrating
alignment from molecular imaging.
Early experiments relating to nonadiabatic alignment and rotational revivals
were theoretically predicted [31] and observed [32] in the 1970’s in terms of “susceptibility echos” and “transient birefringence” following excitation with a ps laser
pulse. Later rotational coherent spectroscopy (RCS), where a transition is driven
with a short pulse creating a wave-packet in a excited state [33, 34], was used
in the 1980s. The first theoretical proposal of creating nonadiabatic alignment
related to confinement was by Seideman in the 1990s following the theoretical
treatment of adiabatic alignment [27, 35, 36]. In 2001 the first experimental
demonstrations of nonadiabatic alignment were performed by Rosca-Pruna and
Vrakking [37, 38].
While it was already in the initial proposals of alignment realized that the
alignment is fundamentally limited compared to orientation since no head for
asymmetry is introduced, it was first shown by Friedrich and Herschbach in 1999
that orientation could be introduced by a combination of an adiabatic laser field
and a static electric field [39, 40]. The pendular doublets created by the laser field
are hybridized into two strongly right and wrong way orienting states by even a
very small static field. As the field strength is increased the wrong way orienting
states may become right way orienting. Later the mixed field orientation was
extended to nonadiabatic alignment [41] and to symmetric top molecules in 2008
by Härtelt and Friedrich [42, 43]. The first experimental demonstrations followed
in 2001 when Buck and coworkers carried out experiments on HXeI molecules,
probing orientation by photodissociation with a ns pulse [44, 45]. A couple of
years later Sakai and coworkers reported studies on OCS and on HCl molecules
probed by fs Coulomb explosion [46]. These experiments showed very modest
degrees of orientation since the wrong way orienting states are not really turned
into right way orienting states and have almost the same population. An alterna-
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tive way of achieving mixed field orientation was demonstrated by Ghafur et al.
in 2009 [47, 48]. They nonadiabatically aligned NO molecules state selected by a
hexapole focuser. By the combination of nonadiabatic alignment and the static
field orientation of the hexapole selected state both strong alignment and orientation could be achieved. This method is, however, subject to the same limitations
in terms of available molecules and selectable states as the regular hexapole experiments. In some situations it may be desirable to achieve completely field free
orientation. One way of achieving this was demonstrated independently by De et
al. [49] and Oda et al. [50]. They have created orientation by the combination
of two laser fields of different color. The two colors were generated from the same
laser pulse by second harmonic generation thereby maintaining a well defined
phase relationship between the two pulses. The asymmetric field created by the
two lasers interacts with both the polarizability and the hyper-polarizability of
the molecule resulting in orientation. While the orientation induced with this
method is modest, it has been shown to be sufficient to break the inversion symmetry and facilitate the creation of even harmonics in high harmonic generation
normally forbidden by inversion symmetry [51].
A natural extension to the successful alignment in gas phase is to consider
the alignment of molecules in a solution. While some work has demonstrated
the nucleation [52, 53] and self assembly of molecules on water surfaces [54],
no real significant alignment has been demonstrated due to the much higher
temperature and frequent scatterings undergone in liquid phase. However, in
this respect liquid helium droplets are an ideal environment. They are cold and
superfluid allowing “free” rotation while they still act as a solvent. In addition
they are transparent for visible and infrared light potentially allowing strong laser
pulses to be used to control molecules. While it would seem natural to use bulk
helium as a liquid matrix for embedding molecules similar to argon matrices,
it is typically not feasible since the molecules either aggregate or are absorbed
at container surfaces. However, the surfaces of a helium droplet in a beam are
interfaces to vacuum and compared to vacuum the helium is a better solvent.
The first spectra of molecules in helium droplets were performed by Scoles et al.
[55] while the first high resolution rotationally resolved spectra were recorded in
the group of Toennies shortly after resolving the rotational P and R branches in
IR spectroscopy of SF6 [56, 57]. The superfluid nature of bulk 4He is most clearly
understood from the dispersion relations by an argument due to Landau [58]. At
small momentum the excitation of helium is dominated by phonons that have a
linear dispersion relation E = vs × ~k, where vs is the speed of sound and ~k is
the size of the corresponding momentum. The combination of momentum and
energy conservation for a particle that moves through a medium is equivalent to
the following criterion [59]:
ve ≥

~k
E
E
+
≈
~k 2m
~k

(1.1)

Where ve is the minimal initial speed allowed to allow both momentum and energy conservation. For a normal fluid with a quadratic dispersion relation this
can be realized for all speeds. The criterion reduces to stating that the speed is
proportional to the wave number of the liquid. For a linear dispersion relation the
criterion, however, leads to a minimum allowed velocity. The dispersion relation
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for helium is, however, more complicated with a local mimimum in energy as a
function of momentum, as first measured by Henshaw and Woods [60] by neutron
scattering, that ultimately defines the critical velocity. Excitations near this minimum are known as rotons. Excitation of the rotons leads to a critical velocity of
ve ≈ 58 m/s. The superfluid nature of helium droplets is one reason why they are
an interesting environment for aligning molecules in. Several experiments that
indicate superfluidity of the droplets have been performed. From the point of
view of alignment experiments it should be sufficient that rotationally resolved
spectra of the molecule can be recorded in a droplet, however, more firm evidence
is available from other experiments. In 1998 Grebenev et al. demonstrated how
the transition from the non superfluid 3He to 4He by gradually adding 4He atoms
to a 3He droplet doped with a single OCS molecule, changed the IR spectrum
from a single broad feature to a rotationally resolved spectrum with P and R
branches [61]. It is known that the 4He will cluster around the molecule and the
experiment was therefore interpreted as a demonstration of the molecular motion
becoming superfluid as the first solvation shells were replaced by 4He atoms. Another proof of the superfluid nature came from experiments on Gluoxal molecules
in 4He and 3He droplets. The experiments probed the S1 ← S0 transition of the
molecule. In the case of 4He the transition was observed to consist of a sharp
zero phonon line and a phonon wing separated from the zero phonon line [62].
This indicates superfluidity as it fits with the gap in the excitation spectrum of
4
He due to the low energy phonons being inaccessible. Moreover the remaining
phonon wing could be well fitted by the use of the dispersion relation from bulk
4
He dominated by rotons and maxons. Furthermore, no such gap is observed
between the zero phonon line and the phonon wing in 3He.
In addition to spectroscopic tools Braun et al. demonstrated in 2004 how
photodissociation and ion imaging is directly applicable to molecules in helium
droplets [63, 64]. Their studies of anisotropy and speed distributions provide new
insight into the interaction between the molecule and the droplet upon dissociation [65, 66, 67]. A related class of experiments on droplets, that so far has
only been partially explored is, photoelectron spectroscopy on droplets. The first
experiments were done on bare droplets in 2003 by Peterka et al. [68]. They
found that low kinetic energy electrons produced ∼ 1.5 eV below the ionization
threshold of atomic helium. In another experiment Radcliffe et al. investigated
the photoelectrons from silver clusters grown in droplets [69]. In an experiment
the following year Loginov et al. recorded the first photoelectron spectrum of an
organic molecule embedded in a helium droplet. The photoelectron spectrum
was found to resemble the one recorded for bare molecules in gas phase with a
small droplet induced shift and broadening. In the future it could be interesting
to combine molecules doped in droplets with strong field photoelectron angular
distributions of aligned molecules that are sensitive to the orbital structure of the
probed molecule [70, 71].
A type of experiment that relates to molecular orientation is pendular spectroscopy on molecules in droplets. The group of Roger Miller have pioneered the
use of pendular state spectroscopy on molecules in helium droplets. They demonstrated that molecules can be oriented by applying a static field of 10 kV/cm
across the target region. The molecules orient inside helium droplets and thus
form pendular states. The pendular states are thus essentially brute force ori-
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ented molecules inside a droplet. The droplet has the ideal property for brute
force orientation in that the rotational temperature is very low and thus relatively good orientation can be achieved. From a spectroscopic view this has the
consequence that the P and R branches of a ro-vibrational transition efficiently
collapse onto a Q branch [72]. The direct vibrational transitions on the Q branch
are normally forbidden by symmetry, however, as the rotational states are transformed into the pendular states, the transitions between pendular states that
adiabatically correlate with the same rotational state are no longer forbidden.
The effect was also observed in similar experiments in gas phase by the same
group [73, 74]. The collapse of the rotational spectra on the Q branch not only
increases the sensitivity but has also been shown to aid the disentanglement of
spectra from clusters of molecules [75, 76] by collapsing the P and R branch of the
spectra of individual oligomers onto a single peak. Thus, the spectra are much
less dense and peaks from individual oligomers can more easily be separated from
each other. In addition it provides a way of measuring the angle between the permanent and transition dipole moment since the permanent dipole moment orients
according to the field [77]. This has in turn been extended to aid the identification of molecules that exist in multiple conformers since these generally have
different dipole moments and angles between the permanent and transient dipole
moment [78, 79]. In chapter 8 we will present experiments that demonstrate how
the ideas of laser induced alignment can be extended to molecules in droplets.
Another way of viewing both the electrostatic deflection and helium droplet
experiments is as different ways of creating cold molecules. Alternative ways
of producing cold molecules besides multipole selectors mentioned above are
Stark [80, 81, 82] and Zeeman deceleration [83, 84] which are capable of decelerating selected internal states in specific molecules and thus reducing both
the translational and internal temperature of a molecular sample but are typically limited in the available molecules. In addition buffer gas cooling [85, 86]
can be used to lower the overall temperature of sample followed by trapping and
the removal of the buffer gas. In this way helium droplets are quite similar to the
buffer gas where the droplet takes the role of the buffer gas that removes internal
energy from the molecular system while the biggest advantage of the electrostatic
deflection is the applicability to all polar molecules in a beam.

Chapter

2

Theory
In this chapter we will summarize the theoretical background of laser induced
alignment and mixed field orientation as well a very basic discussion of theoretical calculations related to helium droplet experiments. The description of
alignment using both time independent and time dependent calculations as well
as the extension to mixed static and laser field orientations of both techniques
will be discussed. In chapter 4 the limitations of the time independent mixed field
description will be discussed in the context of an adiabatic orientation experiment
performed on OCS molecules.

2.1

Alignment and orientation

Field free molecules
Within the ridged rotor approximation the general Hamiltonian of the molecule
may be written as the sum of an electron, a vibrational and a rotational Hamiltonian
Ĥ0 = Ĥrot + Ĥvib + Ĥel

(2.1)

And in the following we will consider only the rotational Hamiltonian, which in
the most general form can be written as:
Ĥrot =

Jˆy2
Jˆx2
Jˆ2
+
+ z
2Ixx
2Iyy
2Izz

(2.2)

Here Jˆi is the angular momentum along the i axis and Iii is the corresponding angular momentum. The x, y, z axes are the molecular fixed principle axes
of inertia. In linear molecules the eigenstates of the field free Hamiltonian are
spherical harmonics |J, M i where J is the angular momentum quantum number
9
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and M is the projection on the space fixed Z axis and the energy of a rotational
state may directly be written as
E = B × J(J + 1)

(2.3)

Where B = ~/4πcI. For symmetric tops one further quantum number is necessary to characterize a given state. The symmetric top states |J, K, M i are in
addition to J and M labeled by K as the projection of the angular momentum
on the figure axis of the molecule [87]. For asymmetric top molecules K is no
longer a good quantum number and no closed analytical solution exists for the
eigenstates of the rotational Hamiltonian in correspondence with the classical
chaotic motion of asymmetric tops [88]. The asymmetric top problem is solved
in the basis of the Wang symmetrized asymmetric top wave functions [89, 90].
1
6 0
|J, K, M, si = √ (|J, K, M i + (−1)s |J, −K, M i), for K =
2
|J, 0, M, 0i = |J, 0, M, 0i, for K = 0

(2.4)

In order to solve the problem a Hamiltonian matrix containing all the states
up to a maximum J value Jmax is set up. Since M remains a good quantum
number individual matrices are set up for individual M values. We note that in
the field free case J is also still a good quantum number, however, this is not
the case as soon as any interaction with an external field is present. The Wang
transformation factorizes the rotational Hamiltonian matrix into 4 sub-matrices
according to the evenness and oddness of K and s.
Wang
= E + + E − + O+ + O−
Ĥrot

(2.5)

For a given J these 4 sub-matrices are independent, however, as the interaction
with the external field is turned on and J is no longer a good quantum number,
they should be sorted according to their symmetry within the four-group V of C2i
rotations around the three principal axes of inertia and the evenness and oddness
of J [87, 91].
Wang
Ĥrot
= HA + HBa + HBb + HBc
(2.6)
The factorization of the Rotational Hamiltonian matrix into these 4 sub-matrices
allows for independent diagonalization reducing the complexity of the numerical diagonalization. The eigenstates found by the diagonalization are labeled as
|J, Ka , Kc , M i where Ka and Kc are pseudo quantum numbers used for labeling. They correspond to the K quantum number that a given asymmetric top
state correlates to in the oblate and prolate symmetric top limit. In addition
to the regular rotational Hamiltonian centrifugal distortion has been included in
the Watson A reduced form [92] for asymmetric top molecules. The centrifugal
distortion is necessary to accurately describe higher lying rotational states where
the ridged rotor approximation is not fully valid.

Electrostatic Deflection
As the molecules are subjected to the strong inhomogeneous electric field we
modify the Hamiltonian to include an additional term that describes the potential
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set up from the interaction of the molecule with the electrostatic field:
X
~ =−
V̂Stark = −~
µE
µi Ei

(2.7)

i

~ is the static electric field used
Where µ
~ is the dipole moment of the molecule, E
and Ei is the projection of the static electric field on the molecular fixed i axis.
In the simple case of high symmetry the dipole moment is parallel with the one of
the molecular axis and the sum simplifies to a single term. We will here consider
the dipole moment along the molecular fixed z axis and the electric field along
the space fixed Z axis.
V̂Stark = −µz Ez = −µz cos θEZ

(2.8)

Where θ is the angle between the molecular fixed z-axis and the space fixed Zaxis. The matrix elements of the operator in the basis of symmetric top wave
functions can now be evaluated by expressing the projection of the electric field
in terms of Wigner d functions [93]. The matrix elements are given in [94]. By
setting up the matrix of all states up to Jmax and including the Stark shift along
with the rotational Hamiltonian and the centrifugal distortion, the Stark shift
can readily be calculated for specific electric field strength by diagonalizing the
Hamiltonian to find the eigenenergies of all states. The four group symmetry
of the Wang transformation is partially broken as the molecules interact with
static field and only the C2z rotation around the dipole moment axis remains as
a symmetry provided that this axis is parallel to a principal axis of the molecule.
The more general system where this is not the case will not be considered here.
Thus the matrix is factored into two independent matrices for a given M or if
the dipole moment is not parallel with any of the axes no further symmetries
exist. To map the energies of Stark shifted states to the field free rotational
states and the initial population on these states it is assumed that all avoided
crossings within a specific symmetry are traveled adiabatically and the energy
order of the states remains the same as in the field free case. This is not always a
valid approximation as it has previously been pointed out that the nonadiabatic
behavior plays a role for the behavior of asymmetric top molecules in strong
electric fields in the context of brute force orientation and fringe field effects of
molecules entering and leaving strong static fields [15, 95]. We will return to
the effects of nonadiabatic behavior in the context of mixed field orientation in
Sec. 2.1 and in chapter 4 but ignore it for electrostatic deflection.
The deflection of a rotational state in an inhomogeneous electric field is most
easily calculated in a classical picture where the deflection is caused by the force
exerted on the molecules by the electric field. The force is given as the negative
gradient of the potential energy (W ), and assuming that the electric field only
has a gradient along the X-axis but is essentially constant perpendicular to the
X-axis. It may be written.
F =−

∂E ∂W
∂E
∂W
=−
=
µeff (E)
∂X
∂X ∂E
∂X

(2.9)

Where the effective dipole moment is defined as the negative derivative of the
energy with respect to the electric field. The deflection of individual states is
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dependent on the derivative of the energy at the specific field strength and the
gradient of the electric field. As the gradient is determined by the deflector
geometry and the total potential across the deflector, the scale of the deflection
can directly be controlled by the strength of the electric field. However, as the
effective dipole moment also depends on the electric field strength and may even
change sign as avoided crossings are passed, the ratio of the deflection of individual
states is further complicated and change with the field strength (see chapter 6).
A plot of the Stark shifts or even more clear the effective dipole moment directly
illustrates how much a given rotational state deflects at a given electric field
strength compared to other rotational states. The force on a molecule acts as
long as the molecule is inside the deflector and thus at the end of the deflector the
molecules will be dispersed according to the acceleration provided by the force
and the time spent inside the deflector. In addition the molecules will further
disperse as they fly from the end of the deflector to the interaction region as
the acceleration within the deflector has provided the molecules with a velocity
perpendicular to the original beam axis as they leave the deflector.
To gain quantitative insight into the deflection Monte Carlo Trajectory calculations have been performed by Frank Filsinger and Jochen Küpper [96]. The
calculations fly the molecules through the full flight path from the valve to the
detection region and extracts these trajectories for individual molecules with randomized starting parameters matching the phase space of the molecular beam
(position and velocity). This is done for a large number of molecules with random initial parameters to obtain a state specific deflection profile and repeated
for all populated rotational states. To calculate the deflection profiles the Stark
shift of the individual rotational states is used along with the electric field gradient of the deflector, which is calculated from a cross section of the deflector
using a finite element method. From the state specific calculations a molecular
beam averaged deflection profile is done by a Bolzmann distribution with a given
temperature. As we will see the Bolzmann distribution is not always able to
reproduce all experimental observations. We will return to this in chapter 4, 5
and 6 where the deflection profiles for individual molecules are compared to the
trajectory simulations.

Adiabatic Alignment
By adiabatic alignment we understand the alignment of molecules using a non resonant laser interaction with a laser pulse that is much longer than the rotational
period of the molecule Trot . The theoretical treatment of adiabatic alignment
closely resembles the one outlined above for the Stark shift with the exception
that the interaction with the static field is replaced with an interaction with laser
field. In a similar way the slow turn on of the laser ensures that a population
is adiabatically transferred from the field free state to the pendular states of the
laser. Adiabatic alignment was first considered theoretically by Friedrich and
Herschbach in 1995 [26, 97]. It has been explicitly demonstrated by Ortigoso et
al. that the adiabatic criterion is valid for Tlaser > 5 × Trot [36]. They compared
the adiabatic results with the results obtained for the same parameters using a
direct numerical integration of the Schrödinger equation across the laser pulse.
We will return to the importance of the adiabatic criterion when we consider
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mixed field orientation where both experimental and theoretical results demonstrate that the pulse length to rotational period criterion is not sufficient to ensure
adiabatic behavior.
We consider the interaction of a molecule with a laser electric field given by:
E(t) = (t)E~0 cos(ωt) = (t)E0 cos(ωt)Ẑ

(2.10)

where (t) is the envelope that describes the pulse shape and E0 the peak amplitude of the electric field and ω the angular frequency. If we neglect the hyperpolarizability interaction and higher terms, the interaction can be expressed as:
V̂Laser (t) = −

X

µi Ei (t) −

i

1X ∗
E (t)αij Ej (t)
2 i,j i

(2.11)

Here the sum over i and j is a sum over the molecular fixed axis defined by the
diagonal coordinate system of the moment of inertia. As the laser pulses used for
alignment in all cases considered here contain multiple cycles of the electric field,
the average interaction with the dipole moment is zero. Furthermore in all of the
cases considered here the polarizability is diagonal in the same major axis system
as the moment of inertia. Thus we can write the interaction potential with the
laser as:
X1
V̂Laser (t) = −
αii |Ei (t)|2
(2.12)
2
i
In the adiabatic limit we can disregard the explicit time dependence of the fast
oscillation and the potential can be expressed as:
V̂Laser (t) = −

(t)2 X
αii |E0,i |2
4
i

(2.13)

Where the addition factor of 1/2 is due to the time average of the cos2 (ωT ).
The potential can now be expressed via the angles between the molecular fixed
coordinate system and the labfixed system. Here θ is the angle between the
molecular fixed z axis and the laboratory fixed Z axis and χ is the angle from the
molecular fixed xz plane to the lab fixed XZ plane. In addition we have taken E0
to be real.
V̂laser = −


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

(2.14)

From this potential we can see the origin of the alignment. At θ = 0, π the
potential has global minima if αzz > αyy and αzz > αxx . For θ different from zero
the potential does seem to indicate a preferred direction of the χ angle. However,
as the potential is independent of the third Euler angle φ i. e. the potential is
independent of the molecular z-axis precession around the lab fixed Z-axis, this
directionality will be lost in a sample averaged over all χ values. As this is
a double well potential we can predict that the eigenfunctions of the potential
will consist of doublets each consisting of two parity eigenstates with positive and
negative parity but none of them oriented. To introduce 3-dimensional alignment
an elliptically polarized laser pulse can be used instead of a linear. While the
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derivation of the potential is straight forward the expression is rather involved and
will not be given here. The full expression is given in [98, Chapter 6]. However,
the potential may be simplified for linear and symmetric top molecules where
αxx = αyy :

(E0 (t))2
V̂laser = −
α⊥ + ∆α cos2 θ
(2.15)
4
Here α⊥ = αxx = αyy ,αk = αzz and ∆α = αk −α⊥ and θ, the angle from the laser
polarization to the molecular axis, is now the only relevant angle, as expected.

Mixed Field Orientation
The mixed field orientation as proposed by Friedrich and Herschbach [39, 40]
is also modeled using an adiabatic model. The orientation is caused by the
greatly enhanced so called “pseudo first order Stark shift” of the states in the
tunneling doublet of the adiabatic alignment. The eigenfunctions of the cos2 θ
potential are tunneling doublets with even and odd parity. Neither of the states
in a tunneling doublet are oriented since they have equal probability in the two
potential wells. The interaction of the static field couples the tunneling doublets
into right and wrong way orienting states respectively as the sum and difference
of the pendular states formed by the laser interaction. The original theoretical
proposal by Friedrich and Herschbach relies on the fact that most of these states
eventually become right way orienting as the static field interaction becomes
comparable with the laser field interaction. For the type of experiments that we
are interested in, this is clearly not the case as the strength of the static field is
limited to less than 1 kV/cm.
The simplest problem to handle theoretically is the parallel static and laser
field. For this situation the potential can simply be written as.
V̂tot =V̂laser + V̂Stark

(E0 (t))2
(sin2 θ(αxx cos2 χ + αyy sin2 χ) + αzz cos2 θ
4
− µz cos θEZ

=−

(2.16)

In this case the symmetry of the problem remains identical to the symmetry of
the static field problem, and the Hamilton matrix can be diagonalized in using
the same Wang transformed matrices as in the static field problem. I have implemented the numerical solutions for asymmetric top molecules on top of the Stark
calculations implemented by Frank Filsinger and Jochen Küpper. The numerical
simulation has been verified to be identical to the ones calculated by Friedrich
and Herschbach for linear molecules. In addition the simulations implement matrix elements that make it possible to calculate the alignment and orientation
for asymmetric top molecules, but the simulations were never used beyond linear
molecules.
To calculate the alignment along with other parameters from the simulations
two different methods have been used. The simplest one is to use the HellmannFeynman theorem [99]:


∂H
∂E
=
(2.17)
∂P
∂P
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By inspection of the symmetric top Hamiltonian (Eq. 2.15) we see that the mean
value of the alignment cosine can be extracted by differentiating the second term
with respect to 1/4∆αE02 (t)


EJKM + 14 E02 (t)α⊥
(2.18)
hcos2 θi = −
1/4∆αE02 (t)
Thus we see that the alignment cosine can be extracted from the AC stark curve
of the molecule. In a similar way the orientation cosine hcos θi can be extracted
from the DC stark curves as seen from Eq. 2.8. However, the Hellmann-Feynman
method is limited to extracting mean values of operators that are present in
the Hamiltonian and it is not obvious how it can be used for asymmetric top
molecules. For instance it is not obvious that it is possible to extract the orientation as defined by our usual experimental observable, the ratio of molecules
pointing towards one hemisphere to the total number of molecules. To extract
any observable from the wave function we simply calculate the expectation value
by direct evaluation of the expectation value of the operator.
˜ Ka , Kc , M |XUp |J,
˜ Ka , Kc , M i
NUp /NTotal = hJ,

(2.19)

Where XUp is a modified Heaviside step function that is 1 for θ < π/2 and zero
otherwise. The experimental beam is typically an incoherent mixture of multiple
initial states. The state composition may be defined by the distribution in the
initial beam that is typically approximated by a Bolzmann distribution at a given
temperature. Alternatively the distribution may be determined by the numerical
simulations of the state content in a deflected beam supported by experimental
evidence for the state composition.
X
hcos2 θiavg. =
wJ,K
(2.20)
˜ a ,Kc ,M (NUp /NTotal )J,K
˜ a ,Kc ,M
˜ a ,Kc ,M
J,K

In Fig. 2.1 an example of the numerical simulations for carbonyl sulfide (OCS)
is shown. The simulations show that the orientation becomes nearly perfect for
very modest static fields and realistic laser intensities. At zero laser intensity
where brute force orientation is the only mechanism responsible for the creation
of orientation, the net orientation experienced of the individual rotational states
is nearly zero and the up over total ratio stays close to 0.5. At 1.33 × 1011 W/cm2
the orientation of the two states in the lowest lying doublet approaches 1 and -1 as
the static field is turned up to 1 kV/cm. As the laser intensity is further increased
to 8.3 × 1011 W/cm2 all states are either fully right or wrong way orienting. As
will be demonstrated in chapter 4 this theoretical method does not reproduce the
experimental data. This is due to two distinct problems. The obvious problem
is that the simulations are done in a parallel geometry while the experiments
cannot be done in this geometry. The orientation mechanism only depends on
the projection of the static field on the laser polarization axis since this is the
only component that couples the two tunneling doublet states. Thus one would
expect that the simulations can still replicate the experimental conditions provided that the projection of the static field is used in the calculations. However,
during the turn on of the laser real crossings take place between states of different M values in the parallel geometry, but since these states may be coupled by
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the perpendicular component of the static field the crossing are no longer real
in the non parallel fields. Since the static field interaction is weak these crossings may now be traveled both diabatically and adiabatically in a way that is
hard to predict from the adiabatic simulations and thus they may influence the
orientation in unpredictable ways. In addition it will be demonstrated by time
dependent Schrödinger equation calculations performed by Juan J. Omiste and
Rosario González-Férez on the full 3-dimensional problem that the formation of
the tunneling doublets is not perfect in the presence of the static field leading to
transfer of population from one state in a doublet to the other.
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Figure 2.1: Orientation of OCS as a function of the static field strength at four
different laser intensities. The calculations are done using an adiabatic model in
the parallel static and laser field geometry.

Nonadiabatic Alignment and Orientation
In this thesis only one nonadiabatic experiment is done on OCS. The numerical
simulations accompanying this experiment are done by Christer Z. Bisgaard using
the numerical simulations program written as a part of his ph.d project. In the
following we will sketch the theoretical background for these simulations. Initially
we will describe the fully classical δ-kick model. This provides a model that
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gives an intuitive picture of the nonadiabatic alignment dynamics that aids the
understanding of the full quantum mechanic solution.
The δ-kick Model
The δ-kick model is a classical model due to Averbukh et al. [100, 101]. The model
describes an ensemble of classical linear rotors that are influenced by a potential as
given in Eq. 2.15. This potential exerts a force on the molecules F~ = −∇V . The
resulting torque of the force is then τ = ~r × F~ and the total angular momentum
transferred by the torque can be calculated as the time integral of the torque.
Z
Z
1
(2.21)
J = τ dt = ∆α E(t)2 dt sin(2θ0 ) ≡ IP sin(2θ0 )
4
Where P is the interaction strength and I is the moment of inertia and θ0 is
the stating angle of the molecule. As the angular momentum is proportional to
the angular velocity |J| = I|θ̇| thus θ̇ = −P sin 2θ0 . Molecules with θ > π/2
gain a velocity towards θ = 0 while molecules with π/2 < θ < π gain a velocity
towards θ = π, for small θ it is a well known approximation that sin θ ≈ θ, and
for small angles the angular velocity is directly proportional to the angle from
the alignment axis.
|θ̇| ≈ 2P θ0
(2.22)
In this case the time to travel the angular distance θ0 is given by τ = θ0 /2P θ0 =
1/2P independent of θ0 and the molecules will come into alignment at the same
time producing what is known as the prompt alignment. It is also apparent
that the time to align depends on the kick strength. As the kick strength is
proportional to the time integral of the intensity the prompt alignment appears
at earlier times. It is also clear that a fundamental limitation of the alignment
is imposed by the small kick strength of molecules aligned perpendicular to the
alignment axis since the angular velocity goes to zero. This also explains why
higher degrees of alignment can be obtained when the molecules are kicked with
series of two or more laser pulses [102]. The first laser pulse pre aligns most
molecules closer to the alignment axis where the second one is able to tightly
confine the molecules along the laser polarization axis.

Quantum Mechanic Description
In nonadiabatic alignment experiments the pulse length of the laser pulse is very
much shorter than the rotational period of the molecule and the adiabatic picture
of rotational state transfer from the field free states to the pendular states is not
valid any more. Instead the problem should be solved by explicit integration of
the time dependent Schrödinger equation.
i~

∂
|ψ(t)i = Ĥ|ψ(t)i
∂t

(2.23)

The short laser pulse results in a number of Raman transitions from the initial
rotational state to the wave-packet consisting of many states. The width of
the wave-packet i. e. the highest populated rotational state following the laser
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interaction is efficiently determined by the fluence of the laser thus a more intense
laser pulse creates a broader wave-packet, but as the laser intensity should be
kept below ionization the fluence can also be increased by adjusting the length
of the laser pulse provided it is kept short compared to the rotational period of
the molecule. In the simplest case of linear molecules the wave function is most
easily written in the basis of spherical harmonics i. e. the eigenstates of the field
free Hamiltonian.
X
|ψi (t)i =
CJi (t)|J, M = Mi i
(2.24)
J

Where i denotes the initial state that the wave-packet originates in. Since M is
a good quantum number no explicit summation over M is needed and each M
may be treated individually. Rewriting the time dependent Schrödinger equation
(Eq. 2.23) in terms of the time dependent expansion coefficients (Eq. 2.24) we
can write down a differential equation for the individual coefficients using the
Hamiltonian including the laser interaction (Eq. 2.15):
X
i~ĊJi (t) = EJ CJi (t) +
CJi 0 (t)hJ, M |V̂laser |J 0 , M i
(2.25)
J0

Where EJ is the field free M independent energy of the rotational state. After
the interaction with the laser pulse the wave functions can trivially be developed in time since the individual coefficients develop according to the field free
eigenenergy of the state.
X
|ψi (t)i =
CJi (tend )|J, M ieiEJ (t−tend )/~
(2.26)
J

Where tend is the time at which the intensity from the laser pulse has dropped
enough to ignore the interaction. The expectation value of a given operator
can be extracted similar to how it is done in the adibatic simulations by direct
evaluation of the expectation value and weighted summation over all initial states.
For instance hcos2 θi can be found as:
X
i
hcos2 θii = hψi (t)| cos2 θ|ψi (t)i =
Cli∗ Cm
hJl , Mi | cos2 θ|Jm , Mi i
(2.27)
l,m

and
hcos2 θi =

X

wi hcos2 θii

(2.28)

i

In the same way the expectation value of arbitrary other operators can be extracted which we for instance will use to extract the hcos2 (2θ2D )i in chapter 5
Since the wave-packet has a regular time development there exists a time
t = 1/2B where the rotational states of a linear or symmetric top wave-packet
comes into phase again and a revival of the alignment can be observed. Furthermore at integer multiple of t the additional revivals are found at fractions of the
full revival, with the half revival at t = 1/4B typically being the only directly
observable fractional revival. We return to fractional revivals in chapter 5. For
asymmetric tops the revival pattern is more irregular we will briefly discus this
in the context of helium droplets in Sec. 8.2.
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Since the evaluation of the wave-packet is highly dependent on the intensity
of the laser kick pulse, which efficiently determines the number of states populated following the laser interaction, it is important to include an average over the
focal volume which is probed. The time scale of the fastest dynamics in a wavepacket is set by the highest populated states and as these are different at different
intensities the dynamics is also different. In general the average over multiple intensities reduces much of the dynamics observed around the rotational revivals
and has been included in all time dependent simulations. In addition, while it is
much less crucial, it has also been included in the both the time dependent calculations of long pulse orientation described below as well as the time independent
calculations used in chapter 4 for best possible quantitative agreement.
Nonadiabatic orientation has not been treated extensively in any of our theoretical or experimental work. As shown by Cai et al. [41] field free post pulse
orientation can be created, however, the strength of the static field interaction
compared to the rotational energy used in these calculations is much larger than
the one readily available in our VMI setup.

Time dependent Simulations of Mixed Field Orientation
The numerical simulations of the mixed field long pulse orientation performed by
Juan J. Omiste and Rosario González-Férez is conceptually similar to the simulations of nonadiabatic alignment. However, some further complications exist.
The simulations include both the static field of the VMI and the ns adiabatic
alignment pulse. The simulations solve the time dependent Schrödinger equation
for a Gaussian laser pulse from a time where the laser interaction is very much
smaller than the static field interaction until the laser pulse has reached the peak
intensity where the orientation and alignment is measured. The duration of the
laser pulse compared to the one used in the nonadiabatic experiments means
that it is more numerically demanding to solve the long pulse problem. To aid
the interpretation of the discrepancies between the time dependent and adiabatic
simulations the resulting wave functions of the time dependent simulations are expanded on the adiabatic field dressed states. From the expansion coefficients one
can directly see the divergence of the time dependent simulations from the adiabatic simulations. We will return to the time dependent simulations in chapter 4.
Nonadiabatic behavior of the mixed field orientation was previously considered
by Omiste et al. for the asymmetric top molecule benzonitrile [103]. However,
these simulations do not solve the time dependent Schrödinger equation. Rather
they consider the avoided crossings between states according to a criterion given
by:
Ĥ
|ji
hi| ∂∂t
1
(2.29)
η=
(Ei − Ej )2
For η  1 the energy gap between the states is large and the change in energy
is small and thus the crossing is most likely traveled adiabatically. On the other
hand if the change is fast and the energy gap small the crossing may be traveled
diabatically. In the middle there is a number of crossings that are neither fully
diabatic nor fully adiabatic. Work on the mixed field orientation by Härtelt et al.
[42, 43] has also theoretically investigated the orientation of molecules in mixed
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fields. They find that the order of the turn on of the static and laser field gives
rise to label switching of the quantum states due to the different crossings even
when including a similar criterion for the traveling of adiabatic crossings. In
addition Arango et al. have performed theoretical calculations of classical and
quantum mechanic rotors in tilted fields. While they focused less on orientation
they have demonstrated monodromy and chaotic behavior for molecules in tilted
fields [104, 105, 106].
In both mixed field simulations Omiste et al. have implemented a more realistic way of extracting observables corresponding to experimental measures including the Jacobian of the projection of the 3 dimensional distribution onto the
detector screen:
ργ (θ(x, y), φ(x, y))
Ai (x, y)
(2.30)
ρiγ (x, y) = p
a a2 − x2 − y 2
Where Ai (x, y) is a function that accounts for the selectivity of the probe laser.
Here x and y correspond to the detector coordinates and θ and φ are the angles
that between the laser polarization axis and the molecular axis.

2.2

Droplets

The theoretical modeling of molecules in helium droplets is, due to the large
helium system, significantly less straight forward than the modeling of the interaction between static and laser fields. In chapter 8 we briefly outline our
ideas about how to model the nonadiabatic alignment dynamics in droplets. In
the following we will restrict the discussion to a brief review of other theoretical work that aids the understanding of the helium droplet molecule interaction.
Several types of diffusion and path integral Monte Carlo simulations and continuum hydrodynamics simulations [107] has been performed on various molecules in
droplets. They seem to indicate that there exists a first solvation shell of helium
atoms localized around an embedded molecule. The presence of the molecule
is responsible for a non superfluid fraction of the first solvation shell similar to
the healing length at the surface of a condensate. The non superfluid fraction of
the first solvation shell may adiabatically follow the rotation of the molecule and
is thus responsible for the increased moment of inertia seen for some molecules
in droplets. However, the calculations show that this is not a constant frozen
shell but rather a dynamic effect where helium atoms are exchanged between the
condensate and the solvation shell dynamically.
With respect to alignment experiments in droplets the second important thing
beyond rotational dynamics is the fragmentation and dissociation of molecules
inside droplets. Braun and Drabbels have simulated the dissociation of molecules
inside helium droplets [63, 66, 67] in connection with their experiments on photo
dissociation of molecules in droplets. Since the speed of the fragments typically exceed the critical speed of the superfluid, it is expected that the speed
and angular distributions of the fragments are affected by the droplet during the
fragmentation process. Braun and Drabbels performed a series of Monte Carlo
simulations that model the interaction of the molecular fragment and the helium
solvents as number of binary hard sphere collisions. They found that these simulations could consistently explain all recorded speed distributions while they did
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not fully explain all recorded angular anisotropy. This is attributed to the fact
that thermal motion of the helium atoms in the droplet is not included. The comparison of simulations and experiments did not reveal any special significance of
the critical velocity and moreover the hard sphere collisions are fully classic. The
model neglects any higher order collisional processes such as helium helium collisions and the neglect the kinetic energy transferred to the helium atoms following
the collisions. The authors speculate that the fact that this can be neglected is a
sign of the very high heat conductivity of the droplet due to the quantum nature
of the droplet.

Chapter

3

Experimental Setup
In this chapter we will introduce the experimental setups used in this work. The
work has been done on two different vacuum machines. A supersonic molecular beam deflection machine and a helium droplet machine. In addition the
helium droplet machine is used to run reference experiments on molecules in a
supersonic jet to allow direct comparison between droplet and jet experiments
under near identical conditions. These machines share much of the design but
do, however, also have distinct capabilities with respect to droplet production
and molecular pickup and electrostatical deflection. The machines will therefore
be described separately in what follows. In addition the laser setup available to
both experimental setups will be described. The laser setup is centered around
a fs Ti:sapphire laser and a ns Nd:YAG (YAG) laser that will be described individually.

3.1

Deflector Machine

In the following the molecular beam machine used in the supersonic experiments will be described. The internal components in the machine are depicted in
Fig. 3.1. To aid the decryption in the following sections we will define a coordinate system with the X-axis being the axis where the deflection is performed with
high field seeking molecules being deflected in the positive direction. The laser
beams propagate along the positive Y-axis and the molecular beam propagates
along the positive Z-axis.

Source
In the source chamber a pulsed molecular beam is formed in a supersonic expansion using a high temperature high repetition rate Even-Lavie valve [108].
The valve operates with a molecular sample that is either inserted in a sample
23
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Figure 3.1: Schematics of the deflector setup. Showing the molecular beam path
along the positive Z-axis from the valve through the deflector and parallel electrostatic plates to the Velocity map image spectrometer (VMI) where they are
crossed by the focused laser beams, which propagate along the positive Y-axis,
in a perpendicular geometry. Ions are ejected towards the detector. The detector
signal is then recoded using a CCD camera. The parallel plates are installed as
an upgrade of the system and are not present in all experiments. They have replaced a skimmer between the deflector and VMI spectrometer. Note that while
the relative size of individual objects is to scale the distances are not.

holder in the valve body or externally mixed with the seed gas. The valve can
be heated to a temperature of up to 250 ◦C thus liquid of solid samples with a
vapor pressure in the order of a few mbar in the temperature range from 20 ◦C
to 250 ◦C can be directly inserted into the valve. Liquid samples are fixated on
a of glass fiber filter paper while solid samples are dissolved in a suitable solvent
(e. g. CH2 Cl2 ) before fixating and the solvent subsequently evaporated. Liquid
samples with a too high vapor pressure at room temperature (e. g. CH3 I or CS2 )
can be inserted into an external cell that is cooled to reduce the vapor pressure
while gaseous samples (e. g. OCS) are mixed with the carrier gas in a premixed
sample bottle at a fixed partial pressure, which is then used in the expansion.
The valve is mounted on an X-Y translatable flange. The flange can be slided
in the X-Y plane by adjusting four screws while sliding over an o-ring and being
held in position on the chamber by four clamps in addition to the force exerted
by the pressure difference.
The valve nominally operates at repetition rate of up to 1 kHz, however, in
our experiments we are limited to a maximum repetition rate of 200 Hz due to
limitations in the detection system. The pressure in the chamber is monitored
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using a full range combined Pirani and Bayard Alpert hot cathode gauge (Pfeiffer
PBR 260). The typical operating pressure at 20 Hz is ∼ 1.2 × 10−5 mbar while
it rises to ∼ 6 × 10−5 mbar at 100 Hz. We note that hot cathode gauges underestimate the pressure of helium by a factor of ∼ 6 thus the above pressures are
the typical readout pressures multiplied by a factor of 6. The source chamber
is pumped by a 2000 L/s turbo pump (Pfeiffer TPU 2301) backed by a rotary
vain pump (Pfeiffer). At the exit of the chamber the molecular beam is skimmed
by a single skimmer (Beam Dynamics model 2, 1 mm or Beam Dynamics model
50.8, 3 mm). The small original skimmer (model 2) was replaced by a longer and
larger opening skimmer (model 50.8) between experiments since simulations by
Uzi Even indicate reduction in cooling due to turbulence from back scattering of
the rejected fraction of the molecular beam which could be reduced by a bigger
skimmer. However, we have observed no or very little difference in beam temperature. The source chamber is separated from the rest of the apparatus by a
pneumatic gate valve (VAT) allowing the source chamber to be vented and the
molecular sample exchanged without breaking the vacuum in the deflector and
target chamber.
Test experiments indicate that the beam temperature increases, i. e. the peak
degree of alignment drops, at a repetition rate beyond 100 Hz. This may be
due to either the increase in background pressure or due to internal heating of
the pulsed valve. Similar effects attributed to internal heating of the valve and
partly compensated by external cooling have been seen in preliminary experiments performed by Sebastian Trippel in the group of Jochen Küpper at CFEL
DESY [109] as well as in the limitation of the repetition rate of the pulsed cryogenic valve [110]. We have not investigated the temperature dependency further
but restricted all experiments to 100 Hz or less. Since all experiments involving
the YAG laser system (Sec. 3.3) are limited to 20 Hz due to the laser, the only
experiments performed at 100 Hz are the nonadiabatic experiments on OCS in
chapter 5

Deflector
The deflector chamber is a single cubic chamber. It is pumped by a 500 L/s turbo
pump (Pfeiffer TMU 521) and the pressure is monitored by an identical full range
gauge. The deflector is mounted on a copper support extending from the far end
of the chamber with the total distance from the pulsed valve to the deflector of
41 cm. On this support the deflector is mounted with five screws. In the four
corners of the support adjustable screws are mounted where the deflector sits
on top of the screws. These allow the height as well as the tilt around the Z
and Y axis to be precisely adjusted. The Y and Z position and the tilt around
the X axis is adjusted by the positioning of the deflector. When the deflector
is adjusted to the correct position as defined by the molecular beam axis it is
fixed with a fifth screw in the center of the support. The deflector consists of
a rod kept at a high potential with a curvature of 3.0 mm mounted on top of a
trough with a curvature of 3.2 mm kept at ground potential. This configuration
creates a two wire field with a strong gradient in the vertical direction along the
X-axis but a near constant field along the Y-axis thus only dispersing the beam
along the X-axis. At the entrance of the deflector an additional 1 mm skimmer is
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mounted to collimate the molecular beam. After the skimmer the molecule enters
the deflector with a length of 15 cm. After the deflector the molecules propagate
towards the target chamber. The molecules travel a distance of 17 cm in between
the deflector and the VMI in the target chamber. In this region the molecules
are further deflected since the deflection exerts a rotational state specific force
on the molecules that provide a state specific velocity at the exit the deflector.
In order to reduce Majorana transitions between individual M quantum states
that are degenerate at zero field we have inserted a set of parallel plates between
the deflector and the entrance of the spectrometer in the target chamber. They
provide a constant electric field of 2 kV/cm. In Sec. 4.2 and 4.4 we investigate the
effect of the field on mixed field orientation. In the first experiments performed
a 1.5 mm skimmer (Beam dynamics model 2) was instead present separating the
deflector chamber from the target chamber.

E (kV/cm)
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10 kV
2
1
0
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-2 -1 0 1 Y (mm)
Figure 3.2: Calculated electric field inside the deflector at a voltage of 10 kV.
Note that the gradient is almost only vertical thus deflecting molecules in the
vertical direction only. The field is calculated using a 2D finite element method.

Target Chamber and Velocity Map Imaging Spectrometer
The target chamber is a cylindrical chamber containing a velocity map imaging (VMI) spectrometer [111, 112] where the molecular beam is crossed by the
laser beams and imaged onto a Multi channel plate detector (MCP) backed by a
phosphor screen in a fixed assembly (El-Mul 38 mm active area). The chamber
is pumped by a 500 L/s turbo pump (Pfeiffer TMU 521) and the pressure monitored by an identical full range gauge. The two chambers are backed by the same
rotary vane pump. The parallel plates maintaining the electric field after the deflector extends into the target chamber with an opening between the two plates of
∼ 0.25 cm × 0.25 cm. Thus the two chambers cannot be regarded as differentially
pumped and only a small pressure difference can be maintained between them.
The VMI spectrometer allows the direct imaging of ionic velocity components
in the X-Y-plane to positions on the detector. The VMI spectrometer consists
of three electrostatic plates as illustrated in Fig. 3.1 The two plates surrounding
the laser interaction region are named repeller and extractor and have individual
adjustable voltages while the third plate is kept grounded. The spectrometer can
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be operated with both positive and negative voltages to observe both ions and
electrons by reversing the voltages. The spectrometer and the flight path from
the spectrometer to the detector is screened by a µ-metal shield from the earth’s
magnetic field. Here we will only consider ion experiments where the magnetic
field is unimportant due to the much higher mass to charge ratio. In ion experiments the spectrometer is operated in two different modes. When doing time of
flight experiments the voltages are set at a ratio of 3 to 1 where the ions are not
velocity focused to avoid destroying the detector by focusing zero kinetic energy
fragments to a single spot. In ion image experiments voltages are changed to
a ratio of ∼ 3 to 2 with the precise ratio found by optimizing the images. In
several of the experiments we have investigated the orientation as a function of
the static field. The static field produced by the VMI is changed by adjusting the
repeller and extractor voltages but keeping the ratio constant. However, to keep
the images focused the field is only one third of the maximum field that could be
obtained with the same voltage in the spectrometer.
The detector is run with the use of a high voltage pulser applying a short
negative high voltage pulse to the front side of the detector. This pulse allows the
gating of single ions with a width down to 90 ns. In time of flight measurements
the front side of the MCP is grounded. On the back side of the detector a
constant positive voltage is applied and the time of flight signal is capacitively
decoupled and monitored on an oscilloscope (Lecroy 452 or Lecroy 42xs-A). When
recording images a higher positive voltage is applied to the phosphor screen to
extract electrons onto the screen from the back side of the MCP. The image on
the MCP is recorded using a 200 Hz VGA resolution camera (Allied vision Pike
F032).

3.2

Droplet Machine

The droplet machine has been run in two different configurations initially with a
pulsed valve and subsequently with a continuous nozzle. The pulsed valve design
of the chamber was modeled according to the experience of running a similar
pulsed valve setup by Dominik Pentlener et al. in the group of Alkwin Slenczka
in Regensburg [113, 110] by me in cooperation together with Paw Simesen and
Jochen Maurer on the basis of the design of the Regensburg system of Dominik
Pentlener and Alkwin Slenczka and later modified in cooperation with Dominik
Pentlener. The target chamber is reused from a molecular beam machine with a
vertical molecular beam constructed mainly by Simon Viftrup [114]. The vertical
design allowed us to keep the molecular beam machine with only one modification.
The VMI electrodes were moved to center the interaction region in the center of
laser view ports which is also the center of the droplet beam in a perpendicular
geometry. Unfortunately we were unable to get working experiments in this
setup as will be detailed in Sec. 8.1. Based on the experimental findings of
Braun and Drabbels [63, 65], and specifically the observation of spatially resolved
anisotropic ion images from helium droplets in a continuous droplet beam, we
chose to modify the setup to use a continuous nozzle. This required modifications
to the source chamber but otherwise left the setup unmodified. An exploded
view of the chamber with both the pulsed droplet valve and the pulsed molecular
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beam valve is seen in Fig. 3.5 along with the definition of a laboratory fixed
coordinate system. The droplet beam propagates along the positive Y-axis and
the supersonic beam along the positive Z-axis, while the laser beam propagates
along the positive X-axis.
CCD

Detector
Skimmer
Gate Valve
Cryostat with pulsed
droplet valve
VMI
Spectrometer
Gate valve
Doping cell
and cold shield

Z

Skimmer

Y

X

Supersonic EL valve

Figure 3.3: Interior of droplet chamber with pulsed droplet valve. The vertical
molecular beam machine is, apart from the absent deflector, very similar to the
deflector machine. The droplet setup is horizontal with the valve mounted on a
cryostat and the doping cell shown in front of the cold shield is used to reduce the
unsolvated background. The droplet beam enters the VMI from the side along
the Y-axis while the supersonic beam propagates in the vertical direction and
enters the VMI from the back along the Z-axis. The laser beams (not shown)
enter from the back perpendicular to both the molecular and the droplet beam
along the Z-axis.

Source chamber
The droplet source chamber is based on a CF-160 6-way cross (Kurt J. Lesker
company). The helium droplet valve is mounted on the second state of a cold
finger of a closed cycle cryostat (Sumitomo heavy industries RDK-408D2). The
cryostat is mounted on an X-Y-Z translatable flange mounted on one end of
the cross. The flange is X-Z translatable on an o-ring similar to the molecular
beam valve. The cryostat and valve and cylindrical body around the cryostat can
slide on 6 adjustable rods allowing the Y position to be adjusted. In the pulsed
valve experiments the valve can be adjusted with a distance from the valve to
the exit skimmer in the range from 8 cm to 33 cm. At the exit of the chamber
a 4 mm skimmer (Beam Dynamics model 50.8) is mounted on a reducer flange
from CF-160 to CF-40. Connecting this to the doping chamber is a bellow and a
pneumatic gate valve (VAT) allowing the source chamber to be sealed from the
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doping chamber. In addition the chamber has a full range gauge mounted on
one of the side flanges to monitor the pressure. The temperature of the valve

Figure 3.4: Continuous droplet nozzle mounted on cryostat. The heating element
can be seen connected by red wires and the Si temperature diode in the lower left
corner. Around the valve the shield around the second stage of the cryostat can
be seen. The shield is mounted on the first stage of the cryostat. The outermost
steel cylinder is part of the vacuum chamber that seals on an o-ring (not shown)
on the outside that allows the cylinder to slide back and forth.
is controlled by the combination of the fixed cooling rate of the cryostat and a
heating element mounted directly on the valve. The temperature is monitored
using a Si diode (Lakeshore cryogenics DT-670B-CU) and the temperature is
controlled using a closed loop temperature monitor and heater power supply
(Lakeshore cryogenics 331) that can stabilize the temperature within ∼ 0.1 K.
The helium and electronic connections are wrapped around the second stage of
the cryostat before reaching the molecular valve in order to pre cool the helium
and reduce the heating of the valve by the thermal conductance of the wire and
steel tube in direct connection with the chamber walls. The chamber is pumped
by a single 700 L/s turbo pump (Pfeiffer hipace 700). The valve is a Even-Lavie
valve similar to the molecular beam valve described above with a nominal valve
opening diameter of 50 µm. The valve design resembles the high temperature
version, however, it is specially optimized for cryogenics operation by changes
to the current pulse etc. [113, 110]. In the continuous experiments the pulsed
valve is exchanged with a nozzle with a permanent opening of 5 µm. The nozzle
is mounted identical to the pulsed valve on the second stage of the cryostat see
Fig. 3.4. However, the vacuum chamber has been modified to shorten the distance
between the skimmer and nozzle. The distance can be adjusted all the way to a
zero distance between the nozzle head and the tip of the skimmer, and care should
be taken to avoid the skimmer and nozzle hitting each other. The skimmer has
been mounted on a cylinder extending from the position of the original skimmer
towards the center of the chamber as seen in Fig. 3.5. In addition the skimmer
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Figure 3.5: Continuous droplet nozzle mounted in the source chamber seen from
the top. In front of the nozzle the skimmer is mounted on an extension to shorten
the distance from the nozzle to the skimmer.

has been replaced by a 1 mm (Beam dynamics model 2) skimmer to reduce the
helium gas load in the next vacuum chamber. To operate the continuous valve an
additional 2000 L/s (Pfeiffer Hipace 2300) has been mounted together with the
existing 700 L/s pump. This setup is somewhat unfavorable since the 2000 liter/s
turbo pump is mounted on a CF-250 flange. Which has to be reduced to CF160 to match the chamber. The reducer lowers the effective pumping speed to
between 34 and 12 of the nominal pumping speed of the turbo pump. In addition
the extension to shorten the distance seen on Fig. 3.5 creates an unfavorable
pump way from the backside of the skimmer to the turbo pump in the doping
chamber. Thus a redesign of the machine with a bigger flange size i. e. CF-250
flanges and modifications to allow the cryostat to be moved closer to the end
flange of the chamber is expected to enhance the performance of the machine.

Doping
The doping chamber consists of a vertical cylinder pumped by a 300 L/s turbo
pump (Leybold turbovac 361). In the center of the chamber a doping cell with
a rectangular cross section is inserted crossing the helium droplet beam. The
doping cell has a width of 30 mm. The pressure of the doped species in the cell is
controlled by adjusting an adjustable leak valve between the doping cell and the
sample reservoir (Kurt J. Lesker company). The doping cell is separately pumped
by a 80 L/s turbo pump (Edwards EXT 70H) and has two 5.0 mm openings to
allow the droplet beam to enter and exit. After the exit of the doping cell the
molecular beam passes through a 5.0 mm hole in a copper cold shield cooled by a
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liquid nitrogen reservoir mounted from the top of the chamber. The shield acts
as a trap and helps to significantly lower the partial pressure of free molecules
escaping the doping cell and ultimately diffusing into the target chamber. The
pressure in the chamber is monitored by a full range gauge. The pressure in the
doping cell can separately be monitored by a capacitive diaphragm gauge (Pfeiffer
CMR 275) but unfortunately we find that the sensitivity of the gauge is too low
to be useful at pressure conditions where we obtain singly doped droplets. This is
most likely due to a combination of the position of the gauge between the doping
cell and the turbo pump which does not fully reflect the pressure in the doping
cell and the low build-in sensitivity of the gauge (1 × 10−5 mbar). The doping
chamber is again separated from the target chamber by another 1 mm skimmer
(Beam dynamics model 2) and a pneumatic gate valve (VAT).

Figure 3.6: Doping cell seen from the top with the main turbo pump in the
bottom. The cooling shield between the doping cell and skimmer is not shown
since it is mounted on the removed top flange.

Target chamber
The target chamber is essentially identical to the one used in the molecular beam
experiments and here we will only focus on the few differences. In this chamber
the VMI spectrometer is arranged in a vertical geometry with the pulsed molecular beam entering from below through the backside of the repeller electrode. The
molecular beam setup resembles the deflector machine except that the molecular beam propagates along the vertical axis and no deflector is available. The
droplet beam, however, enters the VMI spectrometer from the side between the
repeller and extractor electrodes. The different geometries allow the use of both
the droplet and the molecular beam with the same laser setup. We note that the
different probe geometries principally result in different blurring effects on the
images due to the finite translational temperature of the beam. When probing a
beam parallel to the VMI field axis the transverse beam temperature will trans-
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late into a small blurring of the images while in the perpendicular geometry the
parallel beam temperature or velocity spread will translate into a blurring of the
images. This, however, also has the advantage that the center of the droplet beam
will be separated from the center ion image produced by diffusing bare molecules
with a mean velocity of zero [63]. The VMI spectrometer is otherwise identical
to the one used in the deflector setup and produces images that are projections
of the X-Y plane. It has one additional option not used in the deflector machine.
By inserting an extra flight tube the length from the VMI spectrometer to the
detector can be extended from ∼ 30 cm to ∼ 60 cm. This has been done between
the pulsed and continuous experiments shown in chapter 8. The flight tube has
the advantage of allowing further separation of the channels in the ion images at
the same voltages. In the droplet experiments we normally find that the speed
of the ionic fragments is lowered and thus a longer flight time is needed for the
same image size. Larger images can be achieved either by lowering the extraction
voltages or by a longer flight tube. However, lowering the voltages has the major
disadvantage that the speed perpendicular to the detector is reduced and thus
the detection efficiency. We note that alternatively ion optics in the form of an
enizel lens can be used to enhance the imaging capabilities of the setup [63].

3.3

Laser System

Femtosecond Laser System
The femtosecond laser system consists of a Ti:sapphire oscillator (Spectra Physics,
Tsunami), pumped by a CW Nd:YVO4 laser (Spectra Physics, Millennia V), delivering a 88 MHz pulse train. The pulses are amplified at a rep rate of 1 kHz in a
chirped pulse amplifier (Spectra Physics. Spitfire-HPR pumped by a Q switched
Nd:YVO4 laser Spectra Physics Evolution-30) generating ∼ 100 fs pulses with a
power of ∼ 2 mJ. These pulses are split and used for multiple purposes as illustrated in Fig. 3.7. In addition the oscillator seeds another amplifier (Clark) not
relevant to our experimental setup. The amplified beam is split into three different laser pulses. The power in all three arms can be adjusted using a combination
of a half wave plate rotating the polarization of the light and a thin film polarizer.
In the following the three different laser beams will be described. The workhorse
of most of our experiment is the Coulomb explosion laser pulse. The Coulomb
explosion pulse serves as a versatile tool to probe molecular orientation in almost
any molecular system. The molecules are non-resonantly multiple ionized leading
to Coulomb repulsion between the individual ionic fragments. Within the axial
recoil approximation the fragments are expected to be ejected along the molecular
bond axis. The approximation is in many cases valid and the Coulomb explosion
provides direct information about the orientation of the molecule. However, in
some molecular systems the axial recoil approximation is not valid as will be
demonstrated in Sec. 7.2. The Coulomb explosion fragmentation often produces
multiple radial channels that can be attributed to different charge states of the
ions following a Coulomb explosion. Among the fragments of a specific ion the
ones that correspond to the highest charge state in the remaining fragment are
the most tightly confined since they are predominately produced in the center
of the laser focus where the alignment laser intensity is highest and they have
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Figure 3.7: Scematics of femtosecond laser system.

the highest energy release during the fragmentation. The angular selectivity
(i. e. ionization probability as a function of angle between the polarization of the
laser and the molecular axis) of the Coulomb explosion pulse is in general not
known, thus the extracted 2D ion distributions are 2D projections of molecular
orientation distributions folded by this unknown function. In many cases the
highest probability of ionization is found when the laser is polarized along the
most polarizable axis of the molecule. To avoid a bias resulting in overestimation
of the molecular alignment we typically probe using a Coulomb explosion pulse
polarized perpendicular to the alignment axis thus providing a lower limit on the
alignment. However, for some molecules the angular selectivity is peaked perpendicular to the most polarizable axis of the molecule and is significantly different
in the individual channels see Sec. 5.3. The Coulomb explosion laser pulses must
be quite intense in order to non-resonantly multiple ionize the molecules. As
intense pulses of a few hundred fs are sufficient to introduce alignment in the
molecular sample we use a short laser pulse that fragments the molecules before
any laser rotational dynamics takes place. The pulse is intense but do not give
the molecule time to rotate before fragmentation. After ionization the distance
between the fragments rapidly increase and the rotational speed drops to zero.
The pulses are compressed to a pulse length of ∼ 30 fs. This is done by spectrally
broadening the pulses using self phase modulation in an argon filled hollow core
fiber and subsequently compressed in a prism compressor [115, 116]. The pulse
length has been measured using a GRENOUILLE [117] setup. On a day to day
basis the width of the stretched spectrum is monitored using a standard USB
spectrometer and compression is regularly optimized by adjusting the position of
one of the prisms mounted on a translational stage to maximize the ion signal.
The second beam is used to nonadiabatically align the molecules. In order to
achieve strong alignment it is necessary to be able to control the pulse length of
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the alignment pulses since the 100 fs pulses are too short to strongly align most
molecules without ionization. In addition the rotational alignment dynamics for
asymmetric top molecules depend on the length of the alignment pulse [118].
The pulses are stretched with a stretcher consisting of two transmission gratings
and a retro reflector capable of stretching the pulses to a length of up to 2 ps by
adjusting the spacing between the two gratings using a translational stage. To
allow changing of the delay between the nonadiabatic alignment pulse and the
probe pulse the alignment pulse runs on a computer controlled delay stage (Micos
LS-110 deflector experiment or Schneeberger R 9800 droplet experiment).
The third laser pulse is used to either pump a TOPAS or to generate the
third harmonic of the 800 nm at 266 nm. The TOPAS is capable of generating
tunable fs pulses from the IR to the UV region by optical parametric amplification
combined with second harmonic generation and sum frequency mixing. The
TOPAS setup has not been used in experiments presented here. By inserting a
mirror before the TOPAS the beam can instead be used to produce 266 nm light
by sum frequency mixing of 800 nm and the second harmonic. The 266 nm pulses
are then compressed using a prism compressor allowing the production of pulses
with a length down to a few hundred fs. In addition to compressing the pulses
the prism compressor also filters away the residual 400 nm and 800 nm light.
The 266 nm pulses are typically used to dissociate iodine containing molecules
by a n → σ ∗ transition promoting an electron from a nonbinding orbital to an
anti-bonding orbital. This dissociation probe has the clear advantage compared
to the Coulomb explosion probe that the angular selectivity is known, and it
is therefore possible to disentangle the full 3D angular distribution unlike the
Coulomb explosion experiments [119, 120]. However, in the present experiments
we have used the dissociation because the well known selectivity allows us to
probe the alignment by measuring the ion yield see Sec. 8.1 as well as the Coulomb
explosion ion yields in Sec. 5.3.

YAG Laser
The ns laser system consists of an injection seeded Q-switched Nd:YAG laser
(Spectra Physics Quanta Ray PRO-270) with a built-in second harmonic generation unit and a pulsed dye laser (Lambda physics ScanMate2) pumped by the
second harmonic of the YAG. See Fig. 3.8 for an overview of the setup. The direct
1064 nm beam is used to adiabatically align and long pulse orient the molecules.
The intensity of the alignment laser beam is adjusted by the combination of a
half wave plate and two thin film polarizers. The second polarizer is inserted to
obtain a clear polarization at low intensities. The finite extinction ratio of the
polarizer results in an elliptically polarized beam after the first polarizer, at low
intensities most of the beam is reflected from the polarizer but the intensity of
the leaked fraction of the wrong polarization is comparable with the transmitted intensity of the right polarization. The injection seeding of the YAG laser is
critical to obtain good degrees of alignment and orientation. The injection seed
ensures a stable buildup time from the Q-switch trigger to the laser pulse and
thus a stable intensity profile of the laser pulse and low shot to shot variations
of the intensity ensuring optimal conditions for alignment. In Sec. 4.2 we will
explore the nonadiabatic effects on orientation of OCS using long pulses. It will
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Figure 3.8: Scematics of the ns laser setup

be demonstrated that the turn on time of the ns laser pulse is critical for the
obtainable orientation. This is essentially related to the time variation of the
intensity and thus it is critical to have an as smooth as possible turn on of the
laser pulse. If the laser is non seeded it will lase in multiple different modes with
an unknown phase relationship between the modes, thus the laser pulses may
contain intensity spikes and associated fast variation of the intensity.
The dye laser is used to generate tunable visible light by pumping with the
second harmonic of the YAG laser. In experiments presented here we have used
the dye laser resonance enhanced multi-photon ionization (REMPI) iodine from
helium droplets (see Sec. 8.1) and for REMPI spectroscopy on 3-aminophenol
(see Sec. 7.1). To generate UV light the output of the dye laser is doubled in an
external KDP crystal and residual visible light filtered away.

Recombination of Laser Beams and Intensity Estimation
To obtain good alignment it is crucial to have a good overlap between the alignment and probe laser beam since any signal sampled outside the focus of the
alignment beam will reduce the degree of alignment. Typically the spot size of
the alignment beam is kept larger than the spot size of the probe beam to ensure optimal alignment conditions with the spot size controlled by telescopes in
the beams. A schematic illustration of the beam recombination is shown for the
deflector setup in Fig. 3.9. The droplet setup is similar but not identical. The
laser beams are overlapped in a co-linear geometry and focused by a f = 30 cm
lens into the vacuum chamber to typical spot sizes of ω0 = 25 µm to 40 µm. The
lens is mounted on a X-Y-Z-tower and one of the axes used to scan the molecular beam profile to characterize the electrostatic deflection as will be discussed
later. The co-linear geometry means that all overlaps between beams are done
by transmitting one beam through a beam splitter and reflecting the other. Thus
the recombination of two beams with the same wavelength results in the loss of
50 % of the total intensity. The recombination of the 800 nm fs beam and the
1064 nm ns beam is done using either a regular or a dichroic mirror coated for
reflection at 1064 nm and transition at 800 nm. All beams are equipped with
half-wave plates (λ/2) to easily control the polarization direction. Furthermore
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they may be equipped with quarter-wave plates if circular or elliptically polarized light is needed. The focus of the beams is overlapped by adjusting them in
a external pinhole. A removable mirror is inserted in the beam right after the
focusing lens and the intensity of all beams is reduced by a neutral density (ND)
filter before the lens. The beams transmitted through a “fake” window identical
to the vacuum chamber window and through a pinhole onto a fast photo diode.
By optimizing the signal of both beams in the same 10 µm pinhole optimal spatial
overlap is ensured. In a pure 800 nm experiment the overlap may also be made by
imaging both beams onto a CCD camera through a microscope objective. This is
in general faster, however, not suited for 1064 nm pulses due to the low response of
the camera and the slow repetition rate of the YAG laser. In addition the overlap
may in some cases be optimized directly on the molecular time-of-flight signal
recorded as described below. Typically the presence of the YAG laser causes
further fragmentation of the fragments created by the Coulomb explosion which
is a very sensitive probe for good spatial overlap. To establish overlap in time
YAG alignment pulse Coulomb Explosion pulse

Nonadiabatic Alignment pulse

f = 30 cm lens
Removeable
Mirror

To vacuum
chamber

Pinhole
Photodiode

Figure 3.9: Laser beam recombination in the gas phase deflection experiment
we need to consider two different cases. The overlap between the ns laser and
the probe can be established directly from the photo diode signal and controlled
electronically. Finally it may be optimized within a few ns by direct inspection of
the obtained degree of alignment. The overlap between two fs beams on the other
hand needs to be established on a timescale of 50 fs or better much faster than
the response of the photo diode. The overlap is established by cross correlation
of the alignment beam with the Coulomb explosion probe beam using type 2 sum
frequency mixing. In a usual procedure the beams are spatially overlapped. The
pinhole or camera replaced by a β barium borate (BBO) crystal and a high pass
filter, that transmits the 400 nm light but not the 800 nm, mounted in front of
another photodiode. The signal is recorded as a function of delay between the
two beams establishing the peak position as T0 . The overlap between the 266 nm
and 800 nm beam has been established in a similar way by difference frequency
mixing of the two beams. As the Coulomb explosion beam is at least a factor of
10 shorter than any alignment beam used, this also provides a good estimate of
the pulse length of the alignment beam. The estimate of the pulse lengths in a
combined 266 nm and 800 nm setup is more problematic since both beams are of
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comparable lengths.
A crucial parameter for comparing experiments to theory is the intensity of
the laser beams. Both the intensity of the alignment beam and the intensity of
the probe beam may be very important. The power is measured by a power meter
either before or after the beam machine. The reflection losses at the window and
lens surfaces are taken into account to get the best estimate for the pulse energy
in the interaction region. Assuming that the pulse is Gaussian in both time and
space the intensity profile may be written as:
I(X, Y, t) = I0 e−2X

2

2
2
/ω0X
−2Y 2 /ω0Y

e

2

e−4ln2t

/τ 2

(3.1)

Where τ is the full width at half maximum related to the standard 1/e width as:
√
(3.2)
τ = ωt × 2ln2
By direct integration of Eq. 3.1 an expression for the peak intensity may readily
be derived:
√
4 ln2 Epulse
(3.3)
I0 = 3/2
ω0X ω0Y τ
π
The pulse length is estimated from the cross correlation, GRENOUILLE trace
or for the ns pulse the photo diode trace. The spot sizes are estimated from a
scan of the pinhole across the laser focus. The measured profile is then fitted to
a Gaussian profile and the width extracted. No attempts are made to deconvolve
the finite size of the pinhole rather the raw profile is used as an estimate of the
laser focus spot.

3.4

Electronic synchronization

To perform long pulse alignment and orientation experiments the YAG and femtosecond laser system must be electronically synchronized with a jitter on the
order of 1 ns or less. The synchronization is done using two Digital Delay Generators (SRS DG 535) and a SDG II Delay generator which produces the master
trigger synchronized with the pocket cells that control in and out-coupling of
laser pulses in the femtosecond amplifier and thus the timing of the femtosecond
laser pulses. The main trigger is thus a 1 kHz pulse train which is sent to the first
SRS delay generator.
The YAG laser is triggered by two individual pulses triggering the flash lamps
and the Q-switch. Only the trigger of the Q-switch is critical for the synchronization of the two lasers. The flash lamps must be triggered ∼ 160 µs before the
Q-switch to optimize the laser performance The high voltage pulser must also be
synchronized with a jitter which is less than the minimum width of high voltage
pulse i. e. a jitter on the order of 10 ns is acceptable. The synchronization of the
pulsed valve is much less critical since the width of the molecular pulses are on
the order of 10 µs or more depending on the seed gas used in the experiment. The
CCD camera is also synchronized to the laser pulse and the time of flight of the
ions as imposed by the selection of a target ion using the high voltage pulser. The
cameras have a minimum opening time of 24 µs imposed by the shutter electronics and thus a jitter on the order on 1 µs is acceptable. In Fig. 3.10 an example
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of the timing at a repetition rate of 20 Hz is shown. The triggering at higher rep
rates is similar except that the YAG laser is bypassed since it only runs at 20 Hz.
The main trigger generated in the SDG II is set ∼ 400 ns before the trigger
of the out-coupling pocket cell. This allows sufficient time to trigger the Qswitch and the high voltage pulser using the direct master trigger. However, the
pulsed valve, flash lamps and CCD camera have too large internal delays or too
long flight time to allow direct synchronization with the main trigger. These are
therefore triggered on the previous pulse using the SRS delay generator with a
large internal delay. The first SRS delay generator triggers the YAG laser and the
T0 signal from this is used to trigger the second box that triggers the molecular
valve, CCD camera and high voltage pulser. The trigger for the YAG flash lamps
is set 49.8 µs after the main trigger and therefore also acts to divide the main
trigger down to 20 Hz. According to the manual the jitter between two pulses
using the standard internal clock in the SRS delay generator is lower than:
J > 1.5 ns + 25 ppm × ∆T

(3.4)

With a remark that the typical constant jitter is less than 0.5 ns. Thus the
expected jitter for the Q-switch is less than 1.5 ns while the jitter for pulses being
triggered on the previous laser shot is less than < 1.3 µs at a repetition rate of
20 Hz neglecting the jitter from the femto second laser system.

YAG Q-switch trigger
YAG Lamp trigger
High voltage pulser
Valve and camera trigger
Main trigger
−1.5

−1.0
−0.5
Time (ms)

0.0

Figure 3.10: Electronic timings in a 20 Hz experiment. All triggers before T0 are
derived from the previous pulse.

3.5

Data acquisition

Image acquisition
Image data is transferred from the CCD to the computer using a ieee1394b
(FireWire 800) high speed data connection. Due to the considerable amount of
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data in individual images (an uncompressed image at 480 × 480 pixels is 225 kB)
the data acquisition system has been designed to do online data analysis and only
store ion centroid coordinates. The online analysis, however, must be fast enough
to do the analysis at a rate comparable to the data acquisition rate. The first
femtolab data acquisition LabView data analysis program was written by Simon
Viftrup [114] and is limited by the single thread CPU performance limiting the
repetition rate to somewhere below 100 Hz depending on the specific CPU. To
make it possible to run the data acquisition at higher repetition rates the program was rewritten as a multithreaded Labview application by Simon Viftrup
and implemented and integrated into our experimental setup by me. The program is designed with an event driven main loop responsible for the control of the
program and the acquisition of images from the CCD camera. The raw images
are then put into a queue allocated in memory pending data analysis. The data
analysis runs in a number of independent threads with the number of threads set
according to the number of available CPU cores. In our case we use three threads
since the computer is a quad core with one core dedicated to the main thread.
When one thread states the analysis of an individual ion image it is removed
from the queue and the memory freed to allow a new image to fill up. When the
analysis of an individual frame is finished the list of coordinates is put on another
queue and the thread starts working on a new image from the queue. The queue
of coordinates is then written to a data file by a fifth loop. The fifth loop keeps
track of the number of images acquired and analyzed. When all images have
been acquired and analyzed this thread allows the main thread to continue to
the next data point by moving the translational stage or if no more data points
are queued to stop and wait for user interaction. With this configuration we are
able to analyze images online at a speed well beyond the 200 Hz limit set by CCD
camera and the data analysis speed can be further increased by using a computer
with more CPU cores available.
In the case of cylindrically symmetric images the full 3D image can be reconstructed using an inverse Abel transformation. Several efficient algorithms are
available for the reconstruction e. g. Gaussian basis set expansion and iterative inversion [121, 122]. In the experiments presented here only two small experiments
will use reconstructed full 3D distribution see Sec. 7.2 and Sec. 8.1.

Scope Trace Acquisition
In addition to acquiring ion images which are the most important form of data
we also capture data from an Oscilloscope. For these experiments we used a
LabView program developed to interact with a standard oscilloscope (Lecroy 452
or 42xs-A) using an ethernet connection. The combination of flexibility of an
oscilloscope and a LabView program makes it reasonably easy to automatize the
acquisition of several measurements. Two prototypical types of measurements
are performed using the program and may be scanned as a function of a number
of parameters. The first one is time-of-flight ion signals measured using the VMI
and MCP detector following ionization by a probe laser. The time-of-flight may
be calibrated by two known mass peaks and provide a mass spectrum. In addition the laser pulses are measured using a fast photo diode (Thorlabs det-200).
These can either be measured individually or as a function of another parameter.
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The program interfaces with three different translational stages (Micos, Schneeberger and Thorlabs) to measure cross correlations between the probe and pump
beam and establish T0 in time dependent experiments and to measure deflection
profiles by scanning the ion signal as a function of lens position. In addition
the program interfaces with the SRS delay generator controlling the delay between the molecular valve and the laser and thus it can measure the time profile
of the molecular pulse. The program is also equipped with a manual function
so that reasonably easy measurements of parameters that are not controlled by
automatizable equipment can be performed by pressing a button between every
step.
In many cases these measurements can be performed using a boxcar integrator
and averager in combination with a standard DAQ interface which we have used
in previous setups. The direct use of the oscilloscope, however, has the advantage
that it is possible to measure the signal directly as it appears on the oscilloscope
screen without any further adjustments. In addition using the oscilloscope we
can measure the entire time profile as a function of another parameter and thus
directly extract the variation at several different positions. One application of
this is that we can measure the deflection profiles for several different masses in
the same scan and directly confirm that the seed gas does not deflect while the
target molecule does or that different molecular peaks deflect the same.

3.6

Helium droplets

In the following we will briefly outline some of the basic principles of the droplet
experiments.

Droplet formation.
The formation of droplets and especially the size distribution of the droplets as
determined by the stagnation conditions in a continuous experiment will be described in the following. The size distribution has been shown to be very different
for continuous and pulsed droplet sources, which has significant implications on
the experiments that we will present in chapter 8. The formation of droplets in
a continuous beam is much more well understood than the formation in a pulsed
beam. In the continuous beam the expansion may either progress as a super or
subcritical expansion depending on the initial stagnation pressure and temperature [123]. At high stagnation temperatures the expansion starts from the gas
phase of helium below the critical point in the phase diagram in what is known as
a subcritical expansion. The formation of droplets in this regime leads to mean
sizes in the range of 102 to 104 helium atoms. At lower stagnation temperatures
the expansion is a breakup of the normal liquid helium phase which results in
bigger droplets in the range from 105 to 107 helium atoms. In addition droplets
of a size of 1010 atoms can be formed at stagnation temperatures below 4.2 K.
Based on measurements of the droplet size as a function of the temperature and
pressure as for instance in [123, fig. 6] one can estimate the mean droplet size.
In our experiments we have so far worked only in the subcritical regime at a low
stagnation pressure to limit the gas load on the system.
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In addition to the droplet size the distribution of droplet sizes in the expansion
is typically very important. The distribution of sizes in a subcritical expansion
is found to follow a log-normal distribution [124]:
√

(lnN −µ)2
1
e− 2δ2
2πN δ

(3.5)

Where µ and δ are fit parameters. From this the mean droplet size is given as:
N̄ = eµ+

δ2
2

(3.6)

While the full with half maximum (FWHM) value is:
∆N1/2 = eµ−δ
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Typically it is found that the FWHM in these distributions is comparable to the
mean droplet size and the droplet distribution is quite broad.
The size distribution for the pulsed droplet sources is less well known. In
addition there are more parameters determining the expansion such as the shape
of the nozzle opening, the sealing mechanism and the opening time of the valve.
The first experiments using a pulsed droplet valve was performed by Slipchenko
et al. [125] using a modified supersonic valve to produced helium droplets with a
mean size between 104 and 105 helium atoms and no sign of a sub supercritical
transition. The experiments by Pentlehner et al. [110] are conducted using a
Even-Lavie valve nearly identical to the one used in the present experiments.
However, it does come with a different driver mechanism where the principal
controllable parameter is the amplitude of the current pulse while the one used
here only controls the length of the pulse making it difficult to directly compare
droplet sizes. The experiments by Pentlehner et al. find a mean droplet size in
the range of 104 to 106 helium atoms and a size distribution that is significantly
narrower than the log-normal distribution of the continuous source. The estimate
of the size distribution is based on the inhomogeneous line-width of the electronic
origin of phthalocyanine molecules singly doped in droplets as measured by laser
induced fluorescence (LIF). In droplets from continuous sources a rather broad
wing to the blue is found. This is attributed to molecules embedded in smaller
droplets. However, in the spectrum of molecules recorded in the pulsed valve the
wing is absent. In addition it is found that the pulsed source produces droplets
in a bimodal distribution where the above mentioned sizes relate to the smaller
droplets. In addition a fraction of larger droplets that were detected by Rayleigh
scattering but never found to give a significant LIF signal from doped droplets is
found.

Pickup
The probability to pick up molecules by the droplets follow a Poisson distribution
provided any droplet size reduction upon pickup is neglected and the probability
of picking up k molecules is given as [126]:
Pk =

k̄ k −k̄
e
k!

(3.8)
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In a typical approximation the relative speed of the droplets and the molecules
is neglected and k̄ ≈ σρL, where σ ∝ N 2/3 is the cross section, ρ is the number
density, L the length of the pickup cell and N is the number of helium atoms
in the droplet. By varying the pressure, recording signal strength and fitting
to the Poisson distributions spectroscopic features can be assigned to specific
cluster sizes. In our experiments we are in general only interested in singly doped
droplets. As a “hot” molecule is picked up the energy is rapidly distributed into
the droplet. The typical temperature of an embedded molecule is 0.37 K [57]
limited by the evaporation of the droplet [127]. As energy is absorbed by the
system following for example a laser excitation and dissipated into the droplet,
additional helium atoms are evaporated and the system rethermalize at the same
temperature. This has been used extensively as a spectroscopic tool by probing
the droplet size with either a mass spectrometer or bolometer following the laser
interaction [128].

Chapter

4

Long Pulse Alignment and Orientation
of OCS

4.1

Introduction

Two experiments on carbonyl sulfide (OCS) are included in this work. The first
deals with long pulse alignment and orientation. The large rotational constant
0.2027 cm−1 [129], compared to the larger and heavier asymmetric top molecules,
combined with the simplified rotational level structure and the significant dipole
(0.71 D [130]) to mass (60 amu) ratio makes it an attractive target for electrostatic separation of single rotational states. In addition the electronic ground
state is a closed shell (X 1 Σ+ ) and the most dominant isotope 16O12 C32 S has
zero nuclear spin and thus no hyperfine structure. Furthermore OCS has also
been used as a target for the observation of orientation dependent photo electron angular distributions along with more complex molecules [70, 131]. OCS is
also, along with SF6 , among the most well studied molecules embedded in helium
droplet [61, 132, 133, 134, 135]. While the preliminary droplet alignment experiments that are the subject of chapter 8 are not performed on OCS, it remains an
attractive candidate for future studies due to the many published rotationally resolved spectra in droplets. The experiments in this chapter on the alignment and
orientation use the combination of a ns YAG laser and the permanent static field.
In chapter 5 we will investigate the nonadiabatic alignment of OCS under identical conditions and the results of the state purity analysis from these experiments
will be used in the analysis in this chapter. The data presented here is gathered
from two different experiments conducted in 2009 and 2011. The experiments
from 2009 focused on the detailed investigation of the alignment and orientation
as a function of position in the deflected beam and thus as a function of state
composition. Together with these experiments we performed adiabatic simulations of the orientation in a parallel static and laser field geometry. However, it
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quickly became apparent that both the quantitative and the qualitative correspondence between the experimental results and the numerical simulations were
poor. Pending better theoretical insight into the source of the discrepancy other
experiments on the nonadiabatic alignment of state selected OCS was performed.
The breakthrough came when our theoretical collaborators Juan J. Omiste and
Rosario González-Férez performed a full 3-dimensional time dependent simulation of the problem by solving the time dependent Schrödinger equation (TDSE).
These calculations highlight the breakdown of the adiabatic approximation in the
mixed field orientation calculations and will be an important point in the following. The improved theoretical insight as well as the cleaner deflection profiles
obtained in the nonadiabatic experiments with optimized valve conditions has
made us repeat the experiments under conditions similar to the ones used in
the nonadiabatic experiments. The long pulse alignment and orientation experiments are traditionally referred to as adiabatic alignment and orientation since
the timescale of the laser pulse envelope is much longer than the rotational period
of the molecule. However, as we will demonstrate, the mixed field orientation is
not adiabatic. In the following we will avoid the term adiabatic orientation, but
we may still refer to adiabatic alignment for alignment with ns pulses and we will
still use the term nonadiabatic alignment to cover alignment using a laser pulse
much shorter than the rotational period of the molecule.

Figure 4.1: Illustration of the laser field geometry in a) alignment experiments
b) orientation experiments
The experiments are conceptually among the simplest mixed field orientation
experiments that can be performed and the experimental setup is largely as explained in chapter 3. Only a short summary will follow here. A beam of OCS
molecules is expanded into vacuum. Either 1 mbar of OCS seeded in neon at a
pressure of 10 bar or 40 mbar seeded in 80 bar helium is used. The samples are
from premixed bottles of OCS in neon and helium with a fixed concentration.
The experiments involve deflection measurements, where the molecular beam is
dispersed using the electrostatic deflector and ionized by a focused Coulomb explosion laser scanned across the molecular beam. In the next experiments the
molecules are aligned using a linear polarized YAG laser pulse and subsequently
ionized using the Coulomb explosion laser. The alignment is measured in a geometry where the laser polarization is perpendicular to the static field axis of
the VMI while it is rotated away from the axis when orientation is induced. The
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alignment and orientation geometry is shown in 4.1. For OCS is was not possible
to measure S+ ions using a circular polarized probe laser which is unbiased with
respect to the β angle. Consequently the orientation is measured using a linearly
polarized laser pulse perpendicular to the VMI field axis. In addition we have
investigated the effect of turning on and off the static field in the region between
the deflector and VMI spectrometer as described in Sec. 3.1. Here the data will
be organized as follows. First we consider the recent experiments where the orientation is examined as a function of the angle between the alignment YAG laser
and the static electric field of the VMI and as a function of the intensity of the
YAG laser. These experiments will aid the understanding of the mechanism behind the orientation and contribute to the understanding of the state composition
in the deflected beam. This will aid the understanding of the older experiments
where the orientation and alignment is measured as a function of the position
in the deflected beam. But before this we will briefly consider the electrostatic
deflection of OCS
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Figure 4.2: DC stark shift and effective dipole moments of OCS. The shaded area
indicate the working field of the deflector at 7.0 kV
The DC stark shifts of the lowest lying rotational states are shown along
with their effective dipole moments1 in Fig. 4.2. The higher the effective dipole
moment is, the stronger the deflection is expected to be. Clearly the only states
that deflect significantly are |0, 0i, |1, 1i and |2, 2i. As will be demonstrated in
chapter 6 this is in sharp contrast to bigger molecules. In addition we note that
|2, 0i and |1, 1i are expected to deflect in the opposite direction since the effective
dipole moment is negative i. e. the energy increases with increasing field strength.
As the field strength is increased beyond ∼ 80 kV/cm |1, 1i becomes high field
seeking. It has been demonstrated that, in addition to states of the l-doubled
vibrationally excited states (011 0), which are selectable by exploiting their first
order Stark effect, the |1, 0i of the vibrational ground state (000), that we consider
in these experiments, can be selected with a multipole focuser [6]. As such this
is an alternative method for selecting a single quantum state in OCS which is,
however, not capable of selecting the absolute ground state, which can be done
using the electrostatic deflection. All states shown have different effective dipole
1 Negative

derivative of the Stark shift with respect to the static field.
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moments and are thus in principle separable. Therefore we expect to be able
to produce a deflected beam that only has population in at most a few states.
The reason for the clean deflection is three fold. Due to the small moments of
inertia and thus the large rotational constant many fewer rotational J states are
populated in a thermal beam at a given temperature compared to an asymmetric
top molecule. We will see that even the population in the J = 2 states is very low.
The lineal geometry of the molecule reduces the rotational state density since the
projection of the angular momentum on the molecular axis is fixed to zero, and
as a consequence of the reduced density of states the Stark shift quickly drops off
as J is increased and becomes insignificant for all sub levels in and above J = 3.
This makes OCS an ideal candidate for deflection experiments aimed at selecting
a single quantum state.

4.2

Orientation as a Function of Angle and Intensity

In this first experiment only OCS seeded in neon is investigated. In the first
part of the experiment the molecular deflection profiles are measured. The deflection profiles are obtained at a deflector voltage of 7.0 kV. The voltage is
lowered compared to the maximum voltage used for other molecules (see chapter 6) to avoid scattering of molecules and derivations of the VMI spectrometer
far from the center. See [116] for a detailed investigation in the context of adiabatic alignment and photo electron angular distributions. The deflection profiles
are measured by scanning the focus of the ionization laser across the molecular
pulse and recording averaged ion time-of-flight traces. The deflection profiles
obtained in connection with the experiments is shown in Fig. 4.3. The signal
is probed at the OCS+ peak using a 30 fs Coulomb explosion laser with an intensity of ICoulomb = 5 × 1014 W/cm2 . They are plotted along numerical Monte
Carlo trajectory simulations. The simulations are identical to the ones that will
be used for the experiments on nonadiabatic alignment of OCS and were originally preformed for these experiments (see Fig. 5.1). However, the experimental
conditions in terms of backing pressure, valve opening and deflector voltage are
identical so the simulations are equally valid to describe these experiments. The
molecules are seeded in 10 bar of neon. While the deflection profiles obtained
here are almost identical to the ones that will be presented for the nonadiabatic
experiments they do, however, show two small differences. In both cases the direct undeflected beam has a small bump approx. at 80 % of the original signal
level but this is shifted from the low side of the beam in these experiments to
the high side of the beam in Fig. 5.1. This represents the level of precision that
we are able to adjust the valve position with. To do better one should replace
the screws that control the valve position with screws with a finer thread, but it
might also represent a slight misalignment of the skimmers and deflector difficult
to eliminate. In addition the deflected beam has a smooth curve on both the
deflected and the back edge. In contrast the deflection profile in Fig. 5.1 has a
bump on the back edge. The undeflected beam is nicely fitted by the numerical
simulations as expected. We then compare the deflected beam to simulations at
0.2 K, 0.4 K and 0.6 K. None of the deflected profiles fully fatefully reproduce all
of the experimental profile, but unlike the deflection profile in Fig. 5.1 we find
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OCS+ Signal [arb.unit]

that the overall profile is most closely matched by the numerical simulations at
0.2 K. A shift of 0.2 K has big implications on the purity of the deflected beam.
At the position where these experiments are performed, indicated by the green
line in Fig. 4.3, the simulations predict that at 0.4 K 84 % of the molecules are
in the ground state while 96 % are in the ground state at 0.2 K. Based on the
deflection profiles and the nonadiabatic dynamics in chapter 5 we estimate the
state purity to be 92+2
−5 %. We note that in addition to the 0.2 K fraction the
beam must contain molecules in higher rotational states that are not deflected
strongly.
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Figure 4.3: Deflection profile of OCS recorded at a deflector voltage of 7.0 kV
compared to the undeflected beam. a) compared to numerical simulations at
0.2 K, 0.4 K and 0.6 K. b) State specific deflection profiles for T = 0.2 K. The
green line indicates the working position of the deflected experiments.
In the next two parts of the experiment we investigate the obtainable orientation in the deflected beam at 1.45 mm, indicated by the green line in Fig. 4.3.
We observe the orientation using ion images of S+ ions produced in Coulomb
explosion. In the first set of measurements the degree of orientation is recorded
as a function of the YAG pulse intensity, Ialign , for two values of Estat and shown
in Fig. 4.5. In addition we have measured the high static field case with and
without the homogeneous field between the deflector and the VMI described in
chapter 3. The low field images are all done with the homogeneous static field
turned on. Selected images for different Ialign values are shown in Fig. 4.4 for
both Estat = 286 V/cm and Estat = 571 V/cm with and without the homogeneous field. The images are dominated by two different channels. In the central
region a non directional channel is observed. This most likely primarily consists
of S+ ions leaving the OC fragment uncharged perhaps with a minor contribution
of O+
2 from residual oxygen in the chamber. At higher momenta we detect ions
that originate in the S+ + OC+ Coulomb explosion process. This channel may in
addition have a minor contribution from S+ + OC2+ in the outermost region. We
use this channel for our measurements as indicated by the white circles in Fig. 4.4.
At Ialign = 0 W/cm2 the images already show some directionality due to the selectivity of the probe laser. The images clearly demonstrate that the orientation is
enhanced as both the static field is enhanced and the laser intensity is enhanced.
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However, it is difficult to see the difference between the images with and without
the homogeneous static field. From the images we extract the up over total ratio
as the fraction of molecules in the upper half of the channel divided by the total
number of ions in the channel (Nup /Ntotal ). The result is shown in Fig. 4.5 for all
three field combinations. For low values of Ialign the orientation ratio is almost
the same for the two static fields and independent of the homogeneous field but
for Ialign > 2.5 × 1011 W/cm2 the results differ. For the large static field the orientation reaches a maximum of approximately 0.8 at Ialign = 5 × 1011 W/cm2 and
remains essentially constant out to 1.4 × 1012 W/cm2 . By contrast, for the small
static field the maximum orientation occurs already at Ialign = 3 × 1011 W/cm2
and the degree of orientation decreases as Ialign is further increased, dropping
to 0.70 at Ialign = 1.4 × 1012 W/cm2 . The orientation without the homogeneous
field is qualitatively identical to the orientation with the field on, however, the
peak orientation is lowered from 0.80 to 0.77. The effect is small but consistent
as has been verified by cyclic measurements with and without the homogeneous
field. We will explore this further in Sec. 4.4.
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Figure 4.4: S ion images of orientation at different laser intensities for low
field Estat = 286 V/cm and high field Estat = 571 V/cm. Off and on refers to
the homogeneus 2 kV/cm field between the deflector and the VMI. In all images
β = 45°. The white circles indicate the limits of the channel used to extract
the orientation ratio. While the outermost channel extends beyond the edges
of the image very few counts are present here. They are not visible on the
scale of the figure. Note that the ranges are changed from Estat = 286 V/cm to
Estat = 571 V/cm since the strong static field confines the ions more. The central
section of the images has been cut for clarity.

4.2 Orientation as a Function of Angle and Intensity

49

The calculated degree of mixed-field orientation using the adiabatic model for
β = 45°, as in the experiment, is shown in Fig. 4.5. Here, we have used rotationalstate populations, in the coordinate system of the deflection field, with 92 % in
the 0̃, 0̃ state, adiabatically corresponding to the field-free J = M = 0 state, 4 %
˜ state. These states are projected onto a
in the 1̃, 1̃ state and 4 % in the 1̃, −1
coordinate system for the mixed-field orientation that is defined by the AC field
polarization which is rotated by β. The properly symmetrized states are then
|0, 0, ei, |1, 1, ei, and |1, 1, oi, respectively2 . The volume effect [103] is accounted
for by using an experimentally determined cubic dependence on the probe pulse
intensity (also see chapter 5). These calculations predict that the orientation is
independent of the applied DC field. Following a rapid initial rise with increasing
AC field strength it reaches a value of 0.96 already at 4 × 1011 W/cm2 and remains
constant. Clearly, these predictions are at odds with the experimental findings:
The simulated degree of orientation is much too strong and the decrease of the
orientation at intensities above 3 × 1011 W/cm2 , observed for the case of low
static field, is not reproduced.
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Figure 4.5: Orientation as a function of YAG intensity for two different static
fields. a) Estat = 286 V/cm and b) Estat = 571 V/cm with and without the
homogeneous field between the deflector and VMI region. The results of both
adiabatic and time dependent calculations are shown together with the experimental data.
The limit at 0.96 is imposed by the state selection. In the high field limit
|0, 0, ei and |1, 1, oi are perfectly oriented while the |1, 1, ei state is perfectly
wrong way oriented. The |1, 1, ei is wrong way oriented due to an avoided crossing
with the |1, 0, ei state. Due to the presence of the static field the |1, 1, ei has a
lower energy at zero laser intensity than the |1, 0, ei state and the two states are
2 Even and odd linear combinations of the positive and negative M states labeled according
to their parity under the only remaining symmetry of the problem σXZ i. e. the mirroring in
the laser static field plane. See Appendix A for a more detailed discussion of the quantum state
rotation)
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interchanged as shown in Fig. 4.6 compared to the β = 0° case in Fig. 2.1. In the
limit of β = 0° the adiabatic model predicts perfect orientation as M is a good
quantum number and there is no avoided crossing.

Figure 4.6: Energy of the four of the lowest lying adiabatic rotational states with
even parity as a function of laser intensity. The zoomed inset shows the formation
of the two doublets. In addition polar plots of the angular wavefunctions for the
same states at Ialign = 9.0 × 1011 W/cm2 are shown. Estat = 286 V/cm.
In the second set of measurements, shown in Fig. 4.7, the degree of orientation
is recorded as a function of β for the weak and the strong DC fields with and
without the homogeneous static field and for a fixed value of the laser intensity
of 9.1 × 1011 W/cm2 . In Fig. 4.8 selected images are shown for various β angles.
For both DC field strengths Nup /Ntotal decreases monotonically as β increases
from 30° to 150°. At all β values the strong field leads to larger orientation than
the weak field. For the strong static field without the homogeneous field we again
see a behavior similar to the one observed with the field on, however, for β angles
far away from 90° the maximum orientation is lower than with the field on. The
Nup /Ntotal ratios calculated from the adiabatic model are essentially identical
for the two DC field strengths. The sharp rise (fall) of the curve to a value
close to 0.96 (0.04) as β is increased (decreased) below (above) 90°, shows that
very strong orientation is reached already for a very modest static electric field
along the AC field polarization axis. This adiabatic-orientation behavior of the
orientation differs qualitatively as well as quantitatively from the experimental
results.
Since the adiabatic model clearly fails to describe the experimental observations, the next step is to compare with time dependent simulations done by
solving the time dependent Schrödinger equation. The time dependent simulations of the orientation as a function of intensity is shown in Fig. 4.5. Unlike
the adiabatic simulations the time dependent simulations agree with the experi-
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Figure 4.7: The orientation ratio as a function of β. For two different static field
strengths Estat = 286 V/cm and Estat = 571 V/cm. Field off/on refers to the
homogeneous field between the deflector and VMI spectrometer. The high field
data is recorded both with and without this. The experiments are compared to
both adiabatic and time dependent calculations. The adiabatic calculations at
the two field strengths are identical. In all cases Ialign = 9.1 × 1011 W/cm2 .

mental results in the observation that the orientation increases as the static field
is increased. In addition the simulations also reproduce the reduced alignment
at higher laser intensities Ialign > 3 × 1011 W/cm2 observed with the low static
fields. However, the orientation peak at low intensities at the low static field
is not as sharp in the experimental data. The numerical simulations are done
with a focal volume averaging and a I3Coulomb selectivity. If a I1Coulomb selectivity
is used the peak is significantly reduced and more closly resembles the experimental data, however, this is not consistent with the experimentally measured
selectivity. Turning to the angular dependency of the orientation in Fig. 4.7 the
time dependent simulations correctly reproduce the smooth angular dependency
where the orientation is gradually increased as β is turned away from 90°. Qualitatively the simulations differ quite a bit from the experimental results. One
possible reason for the derivation is the time profile of the laser pulse. As we
will see the length of the laser pulse together with the strength of the static field
plays a crucial role for the nonadiabatic nature of the orientation and thus for the
obtainable orientation. All simulations are done with a Gaussian laser pulse with
a FWHM length of 8 ns. Any further temporal structure is expected to lower the
orientation. The choice of a 8 ns reflects that the measured time profile of the
YAG pulse is not fully symmetric but has a faster rise time than the fall time.
Only the rise time is important as the probing is done at the peak of the pulse.
The physical picture responsible for the nonadiabatic picture is most clearly
seen by inspection of the projections of the time dependent wavefunctions onto
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Figure 4.8: S+ ion images of orientation at different β angles for low static field
Estat = 286 V/cm and high static field Estat = 571 V/cm. Off and on refers to the
homogeneus 2 kV/cm field between the deflector and the VMI. Up and down is
inverted for a specific β angle in S+ from OCS images compared to experiments
in iodobenzene (see Fig. 6.10) since the dipole moment here points from the
center towards the observable while it points from the observable to the center
in iodobenzene.

the basis of adiabatic pendular states. In Fig. 4.9 the decomposition of the
time dependent ground state 0̃, 0̃, e on the adiabatic eigenstates in the lowest
doublet is shown for three different angles as the alignment pulse is turned on.
The adiabatic states of the two lowest doublets are shown for reference in Fig. 4.6.
In all cases the state is not transferred adiabatically onto the right way orienting
ground state of the doublet but does get a significant contribution from the
other state in the doublet. Before the turn on of the laser field the rotational
states are essentially described by the corresponding field free states and only
very mildly mixed by the weak static field. At the turn on of the laser the
states are expected to be transferred to the adiabatic pendular states as shown
in Fig. 4.6. The insets of this figure shows the rotational wave function of these
states that are all perfectly oriented one way or the other. As the states come
closer the interaction between the two states in the doublet becomes stronger. In
any non perpendicular geometry the interaction between the two states becomes
important at some point as the laser intensity is increased and the level spacing
reduced. While this interaction caused by the non perpendicular static field
is ultimately responsible for the orientation of the two states it also mixes the
population in the two states when the energy splitting between the states becomes
comparable to the DC Stark interaction. The mixing probability is therefore
determined by the minimum separation between the states and the rapidness of
the approach of the two levels. Both are in principle experimentally controllable
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parameters. The splitting is determined by the strength of static field and the
speed of the approach by the pulse length of the alignment pulse. The adiabatic
time scale for orientation is therefore not determined by the rotational period but
rather by the inverse of the level splitting between the two states in the doublet.
As an example the population transfer shown in Fig. 4.9 for β = 45°, the ground
state 0̃, 0̃ is decomposed into 74.06 % |0, 0, eip and 25.94 % |1, 1, eip 3 . Therefore,
the resulting degree of orientation falls below that expected for a pure adiabatic
transfer since the |1, 1, eip state is wrong-way oriented. Similarly, other field-free
rotational states are mixed with different pendular states during the turn-on, for
instance the initial state 1̃, 1̃ ends up in a superposition of 13.00 % |0, 0, eip ,
37.10 % |1, 1, eip , 35.64 % |1, 0, eip , and 14.26 % |2, 2, eip . For β = 89.5°, the
electric field along the molecular axis is small, and the |0, 0, eip and |1, 1, eip states
contribute with 50.32 % and 49.68 %, respectively, to the time evolution of 0̃, 0̃ ,
resulting in a vanishing orientation. By contrast, alignment is expected to remain
strong since both the |0, 0, eip and |1, 1, eip states are tightly confined to the
molecular axis along the laser field polarization. The experimental observations
for perpendicular fields do indeed show no orientation but strong alignment see
Sec. 4.3 and [116].
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Figure 4.9: Square of the projections of time dependent 0̃, 0̃, e states onto the
corresponding pendular states for three different angles β. The peak intensity
is Ialign = 9 × 1012 W/cm2 and the static field strength Estat = 286 V/cm. The
time axis at the top refers to the time before the peak of the alignment pulse.
In the case of a static field of Estat = 286 V/cm and Ialign = 9 × 1011 W/cm2
the simulations show that the pulse length of 50 ns is needed to ensure adiabatic
behavior. The pulses that are a hundred times longer than the rotational period
3 Here the p refers to pendular, these are the eigenstates that the individual rotational states
should transfer to in the adiabatic limit
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do not ensure adiabatic behavior. As an alternative the full adiabatic transfer
may also be obtained with a 10 ns laser pulse if a static field on the order of
2 kV/cm is used. This is important since a free choice of laser pulse length is
typically not commercially available but a VMI spectrometer with a stronger
static field can reasonably easily be constructed and we may expect to be able to
increase the orientation further using a stronger static field.
While it has been explicitly demonstrated that the rotational time scale criterion is valid for alignment [36] the behavior is different for orientation. There
are several reasons for this. In most simulations of alignment the static field is
neglected and no mixing takes place between the two states of the doublet. If
the field included is perpendicular to the laser alignment field in a typical VMI
alignment experiment no mixing between the two sub levels is allowed due to
symmetry. For β close to 90° the state is an even mixture of the two oriented
states, this does at first seem like a contradiction of the argument above since the
states are fully mixed, however, we must remember that an even combination of
these states is exactly the original non oriented states of the laser created double
well potential. Furthermore even if the states are mixed no alignment experiment
is sensitive to the mixing of the sub states of a doublet since they align identically.

4.3

Alignment and Orientation as a Function of Position

In this part of the experiment we have investigated the orientation and alignment
as a function of position in the beam. The molecules are aligned using a laser of
Ialign = 9 × 1011 W/cm2 and oriented with a an additional static field of Estat =
571 V/cm. In all cases they are probed using a Coulomb explosion probe of
ICoulomb = 5 × 1014 W/cm2 . The molecules are either seeded in 10 bar of neon
or 80 bar of helium. In Fig. 4.10 the deflection profiles of OCS are plotted. The
deflection profiles are obtained by scanning the position of the Coulomb explosion
laser across the molecular beam profile while measuring the OCS+ signal on a
digital oscilloscope manually unlike the automatically obtained profiles in Fig. 4.3.
The deflection of OCS is also significant in helium and capable of dispersing parts
of the beam away from the direct undeflected beam. However, the deflection is
significantly larger when using neon as a carrier gas due to the lower molecular
beam speed. The beam is dispersed towards higher values by ∼ 0.4 mm when
seeded in helium while this increases to more than 0.8 mm when neon is used
as a seed. This happens even thou the voltage is increased to 10.0 kV when
expanding in helium compared to 7.0 kV in neon. Since the beam is deflected
stronger using neon as a seed gas one would expect a cleaner deflected beam,
however, a molecular beam expanded in helium is expected to be more efficiently
cooled due to the higher backing pressure permitted before cluster formation and
condensation. In the following we have investigated the alignment and orientation
as a function of position in the deflected beam. Essentially the procedure is similar
to what is done when measuring the deflection profile. The foci of the laser beams
are scanned across the deflected molecular beam. However, this experiment has
a number of additional challenges not seen in the deflection measurements. By
scanning the foci across the molecular beam the overlap between alignment beam
and Coulomb explosion beam is gradually lost and as a result the obtainable
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Figure 4.10: Deflection of OCS at a deflector voltage of 10.0 kV expanded in
helium (a) and 7.0 kV expanded in neon (b). Both measured at the OCS+ peak.

degree of orientation and alignment drops. This is compensated by redoing the
molecular beam overlap at several positions and scanning the lens position within
a length of 0.25 mm on both sides of the point where the overlap is done. In
addition the scans have been done twice to ensure that the observed shift is not
due to a bad overlap in a single series. The alignment as a function of position
is shown in Fig. 4.11. It is evident that the alignment peaks in the deflected
beam while it drops off in the depleted beam. The peak degree of alignment
is higher when seeded in helium than when seeded in neon (0.873 compared to
0.867) which is also the case in the central region (0.825 compared to 0.805). The
lower alignment in the central region is to be expected since the deflection in
neon disperses a larger fraction of the lowest lying states away from the center.
However, the peak alignment in the deflected region of the beam seeded in neon
should be identical or better than what is obtained in the helium beam since the
deflected beam is dominated by |0, 0i and |1, 1i where the |0, 0i state is expected
to align the best since it adiabatically correlates to the lowest lying and most
localized tunneling doublet. If any difference exists the deflected beam in neon
is expected to contain more of the ground state. However, when probing the
|1, ±1i states which we may write as the |1, 1, ei and |1, 1, oi along the X-axis
rotated 90° from the molecular beam axis as done in alignment experiments, the
|1, 1, ei state will be fully interconverted with the |1, 0, ei state, and the difference
in alignment between a pure ground state beam and a beam with a fractional
population in the |1, 1, ei and |1, 1, oi states may be insignificant. Thus we may
explain the constant region of maximum alignment as the region where we only
have population in the two deflected states |0, 0i and |1, 1i. This is consistent
with the high alignment being present in the entire region outside the original
molecular beam. We note that the alignment drops at the very outer edge of
the deflection profile. This is unexpected from the theory but may simply be a
consequence of the very low signal and correspondingly higher background. While
there is some background contamination in the chamber we have verified that it
is not normally a significant contribution in the deflected beam. However, it may
start to matter at the very edge. At the other edge we also observe a drop in
alignment for both neon and helium. In the case of helium this happens beyond
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the original beam in a region where the signal is very low and may as such be
an artifact similar to the front edge effect. However, in neon it happens within
a region where the signal is significantly stronger. By studying the numerically
simulated deflection profiles in Fig. 4.3 we see that we would expect a dominating
contribution from the weakly wrong way deflecting state |1, 0i i. e. the |1, 0, ei
state in the symmetrized notation. This state interconverts with |1, 1, ei which
belongs to the second tunneling doublet and is expected to align nicely. However,
this is not what we observe and thus the beam properly also contains a significant
non deflected portion of higher lying rotational states here.
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Figure 4.11: Alignment cosine of OCS extracted from S+ images as a function
of position. The molecule is seeded in both a) helium and b) neon. The laser
intensity is in both cases Ialign = 9 × 1011 W/cm2 .
Turning to the orientation as a function of position shown in Fig. 4.12 the
orientation is measured at an angle of β = 45°. It has a smooth behavior where it
increases through the deflection profile all the way from the center of the original
beam towards the edge with only the very last point in the helium series falling
below the rest. From our previous considerations we can understand this as a
consequence of the gradual diminishing of the |1, 1, ei and |1, 1, oi states as we
move further out in the deflected beam. In the case of neon the orientation rises
already from −0.5 mm well beyond the center of the original beam. However, for
helium seeded molecules the orientation only starts to rise outside the original
beam after 0.5 mm. One explanation for this behavior comes from the different
deflection strengths in the two seed gasses. Using neon the population of the lowest lying states is really diminished in the original beam. This happens gradually
towards lower positions and reduces the orientation. On the other hand the shift
is much smaller in helium and perhaps only a very small slice at the lowest values
has the lowest lying states significantly depleted, while most of the beam simply
has the population shifted by a few tenths of a mm. However, we do not observe
any part with lower orientation but the interpretation is consistent with the fact
that the minimum orientation in the depleted beam is lower in neon than in helium. (∼ 0.57 compared to ∼ 0.63). However, in no case do we see direct evidence
for the production of a beam dominated by wrong way orienting molecules i. e.
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the |1, 0i state. In conclusion while we approach a qualitative understanding of
some of the features in the deflected beam the quality of the deflection profiles
and the positioning of the molecular valve in these experiments along with the
spatial separation is too poor to fully resolve single state effects in the alignment
and orientation as a function of position measurements.
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Figure 4.12: Orientation of OCS extracted from S+ images as a function of
position. The molecule is seeded in both a) helium and b) neon. The laser
intensity is in both cases Ialign = 9 × 1011 W/cm2 and the static field strength
Estat = 571 V/cm. β = 45°

4.4

Effect of Parallel Plates Field on Orientation

The effect of the homogeneous field of the parallel plates is quite complicated
since the state composition depends on the rotation β. Here we will consider
the situation in the deflected beam where we expect all the non ground state
population to be of the |1, 1, oi and |1, 1, ei state of the quantization axis of the
VMI (the Z-axis of the experimental setup) provided that no Majorana transition
transfers molecules to the |1, 0, ei state. In Eq. A.5 the full dependency of the
state composition on the rotation is given. With β close to 0° (or equivalently
180°), where the orientation is the strongest, any drop in population in the |1, 1, oi
and |1, 1, ei states will transfer into a drop of the orientation as it goes from the
mostly right way orienting state into the mostly wrong way orienting state |1, 0, ei.
For β close to 90° the situation is different as the population in the |1, 1, ei states
of the Z-axis is transferred into the rotated |1, 0, ei state and all the population in
the |1, 0, ei state is transferred into the rotated |1, 1, ei state thus we expect the
dependency of the orientation on the Majorana transitions to be inverted in the
two limits. These arguments, however, assume that the avoided crossing between
|1, 1, ei and |1, 0, ei is traveled fully diabatic. If it is traveled fully adiabatic the
situation is expected to be inverted. The numerical calculations (not shown)
are somewhere in between and the |1, 1, ei state orients below β = 45° and anti
orients between β = 45° and β = 90°. While no calculations for |1, 0, ei have
been performed we expect it to be inverted compared to the |1, 1, ei state. This
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is in reasonable qualitative agreement with our experimental finding in Fig. 4.7
as we see an increased orientation at small angles (β closest to 0° or 180°) with
the electric field applied across the parallel plates. These are the angles where
the simulations indicate that the |1, 1, ei of the original molecular beam axis
orients. At β angles close to 90° we do not observe an increased orientation
depending on the homogeneous field. At these angles the orientation benefits from
a reduction of the population in the |1, 1, ei due to Majorana transition, however,
the transitions also reduce the population in the |1, 1, oi which is expected to
orient even better and this might be why no real difference is seen. However,
to further strengthen the analysis of the state interconversion real simulations
of the |1, 0, ei should be performed. We cannot examine the effect in the two
limiting cases, which would be the most interesting, since we cannot measure the
orientation at 0° and there is no orientation at 90° to provide a measure of the
transition between these states. In any case the difference between the results
with and without the homogeneous field indicates that there are some transitions
between M levels taking place between the deflector and VMI spectrometer.

Chapter

5

Nonadiabatic alignment of OCS

5.1

Introduction

In this chapter we will focus on nonadiabatic alignment of carbonyl sulfide (OCS).
In the following nonadiabatic alignment will be used as a term that covers alignment experiments where the alignment pulse is much shorter than the rotational
period of the molecule. This type of alignment experiments is also referred to as
impulsive alignment in the literature.
We note that orientation with a combination of a laser pulse significantly
longer than the rotational period and a static field has been demonstrated to
be nonadiabatic in chapter 4. However, the alignment process remains adiabatic
since nonadiabatic orientation only couples states in the same doublet in nonright-angle geometries. We will therefore continue to define nonadiabatic alignment according to the ratio of the rotational period and the laser pulse. Thus
the fundamental observable differences between adiabatic and nonadiabatic alignment will remain as usual. In adiabatic experiments the alignment persists only
as long as the laser pulse is present and the alignment follows the laser intensity
profile, while in nonadiabatic experiments the laser pulse generates a rotational
wave-packet with periodic rephasing of the alignment. The major advantage of
nonadiabatic alignment compared to adiabatic alignment is the possibility to obtain alignment of molecules under laser field free conditions thus removing any
concerns about the influence of the alignment laser on the properties probed.
The time dependency of the alignment is, however, also a fundamental limitation
since the alignment only persists for a short time, which for instance makes it
unattractive for spectroscopic studies. Nonadiabatic alignment has been applied
to a large number of molecules from linear molecules to asymmetric tops and extensions to 3 dimensional alignment of asymmetric tops have been demonstrated
[37, 136, 137, 138, 139]. In addition it has been shown how asymmetric top
molecules have rich wave-packet dynamics that can be controlled by adjusting
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the length or the alignment laser pulse [118] and how enhanced alignment can be
created by the combination of two alignment laser pulses [140] and with the use
of specially shaped laser pulses [141, 47].
The data and analysis in this chapter concerns a nonadiabatic alignment experiment on OCS which has been partially published in [142]. In the article we
examine the state composition and focus on the use of nonadiabatic alignment
as a tool for probing the rotational state composition in the electrostatically
deflected beam. In addition we demonstrate how the deflection also facilitates
enhanced nonadiabatic alignment as well as the observation of the quarter revivals. Here we will extend this work by investigating how the deflection also
enhances higher order wave-packet dynamics which is not directly probed by the
hcos2 θ2D i observable, i. e. alignment that is not along a specific axis but other
forms of localization of the wave-packet. The complexity of the molecules and
the alignment laser geometries is quite simple compared to what has been used
in other experiments since we focus on the one pulse alignment of a simple linear
molecule. Note that nonadiabatic alignment experiments have been performed on
OCS before, see [143]. Here we will demonstrate that the quantum state selection
performed by the static electric field can facilitate both an enhancement of the
field free alignment and reveal rotational dynamics not visible in the direct beam.
However, we note also that the present mixed field technique fails to introduce
any significant laser field free orientation.
In an experiment on O2 and N2 Dooley et al. [144] demonstrated how nuclear
spin statistic has directly observable consequences on the rotational alignment
dynamics. Since the 16O nuclei are bosons with spin 0 and the electronic ground
state is antisymmetric under rotation, the rotational wave function must be antisymmetric as well and the only allowed values of J are odd. On the contrary 14N
nuclei are bosons with spin 1 and the nuclear wave functions have parallel and
anti parallel linear combinations in the ratio 2:1 thus the even and odd rotational
states in a thermal beam will also be populated with the ratio of 2:1. At the
position of the quarter revivals at n/4 × 1/2B for n odd, the rotational wavepacket formed by even states has a revival, as does the wave-packet formed by
odd states. However, these two wave-packets are almost exactly out of phase and
the net alignment will be zero for a thermal beam of a molecule without spin statistical restrictions on the rotational wave function. If the rotational temperature
is low enough to have significant difference in the even and odd populations, they
might be partially observable still. Thus Dooley et al. observes strong quarter
revivals in O2 and partial quarter revivals in N2 directly caused by the nuclear
spin statistic.
On the contrary linear molecules without inversion symmetry, such as OCS,
have no restriction on their rotational J quantum number and even and odd
J states are expected to be evenly populated in a thermal beam. Since the
only allowed Raman transitions introduced by a nonadiabatic alignment laser
interaction are ∆J = ±2, 0 for linear molecules (for symmetric tops the same is
also true provided that M or K is zero and for asymmetric tops if M is zero).
The parity of the rotational wave function (evenness or oddness of J) is conserved
during the interaction with the nonadiabatic alignment laser, and thus the quarter
revivals are also observable for any linear molecule in a sample that has a well
defined parity of the initial rotational wave function. This is exactly where the
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electrostatical deflection can be used. It will be demonstrated that deflection of a
supersonic beam of OCS allows the selection of the rotational ground state with
high fidelity thus making it possible to observe these effects in molecules without
nuclear spin statistical restrictions in the rotational level population.
Nonadiabatic orientation using a combination of a static field and a shaped
laser pulse has previously been demonstrated [47, 48] using a hexapole state
selector to select a pure state of NO. This state is strongly orientable. The use of
a hexapole state selector allows selection with very high fidelity but the selectable
states are limited to low field seeking states (i. e. states that have a higher energy
as the field strength is increased). Such states are typically not available in larger
molecular systems due to the large amount of avoided crossings with higher lying
states, however, multipole selection is possible for OCS [6, 4]. In addition this
particular orientation experiment relies on the λ doublet in the electronic ground
state of NO. As these states are coupled by the static field and only separated
by a small energy, they are oriented in a way similar to the tunneling doublets in
an long pulse mixed field orientation experiment provided that one of the states
can be selected exclusively as done by the hexapole selector, and the orientation
is thus a highly molecule specific effect. Therefore we do not expect mixed field
orientation in nonadiabatic experiments on OCS, however we note that intrinsic
orientation has been observed in OCS using hexapole selected molecules in a
vibrationally excited bend state where l-doubling splits the rotational states [99,
4].

5.2

Results

In the experiment a premixed bottle of OCS in neon with a nominal concentration of 100 ppm is expanded into vacuum at a stagnation pressure of 10 bar. The
molecular beam is eletrostatically deflected according to the rotational states.
The deflected molecules are used as a target for nonadiabatic alignment experiments where we investigate the rotational state influence of the alignment as
well as using the alignment as a probe for the rotational state composition of
the deflected beam. Conclusions drawn from these studies will also be relevant
for the adiabatic alignment and orientation studies discussed in chapter 4. The
conditions for expansion and deflection are aimed at being as close as possible to
the ones used in the most recent part of the long pulse experiment in Sec. 4.2

Deflection
In the first part of the experiment the molecular deflection profiles are measured. The deflection profiles are obtained at an deflector voltage of 7.0 kV.
The conditions are identical to the ones in the long pulse experiment in chapter 4. The deflection profiles are measured by scanning the focus of the ionization laser across the molecular pulse and recording averaged ion time-of-flight
traces. The molecules are ionized using a Coulomb explosion laser pulse (30 fs
4.8 × 1014 W/cm2 ω0 = 25 µm). Compared to the setup in the early adiabatic
OCS experiments Sec. 4.3 and in the asymmetric top experiments in chapter 6
the data acquisition system was extended to allow semi automatic acquisition
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of the deflection profiles. Consequently this makes is feasible to obtain profiles
with higher resolution as well as obtaining the profiles for the complete time of
flight trace in one scan e.g. demonstrate that the carrier gas is not deflected
and directly see how far one needs to deflect to record a carrier gas background
free signal. The background free measurement is not important in this study but
could be relevant when probing electrons. The beam is deflected under conditions identical to the ones used in the second part of the long pulse experiment
using OCS Sec. 4.2. However, these experiments are actually performed before
the adiabatic experiments and thus a more detailed analysis has been performed
for these experiments. The profiles presented here are extracted from the parent
ion mass which is the most abundant peak in the time-of-flight spectrum. The
deflection profiles are plotted in Fig. 5.1. Note that compared to the profiles
obtained for the long pulse experiment in Sec. 4.2 these profiles have a shoulder
in the deflected beam within the area of the original non deflected beam. When
comparing this to the deflection profiles for benzonitrile shown in Fig. 6.2 it is
reasonable to interpret this as a non Bolzmann non deflectable component of
higher lying rotational states. The bump may be due to slightly different cooling
conditions even though the conditions are optimized identically. It is known that
running the pulsed valve over time will result in a weak magnetization of the
plunger mechanism in the valve and as a result thus reduce the valve’s ability
to seal and reduce the rotational cooling. Alternatively the bump may also be a
result of the slightly different position of the valve.
To characterize the deflection and the rotational state distribution it has been
fitted to the same Monte Carlo trajectory simulations used for the long pulse
data but they were originally done for this experiment. The simulations were
performed by Frank Filsinger (See Sec. 2.1 for a brief discussion and [94, 145] for
further details of the method applied to other systems). The best fit of the simulations is with a temperature of 0.4 K close to the minimum temperature limited
by condensation reported in [146]. Note, however, that while the simulations
reproduce most of the profile, it is not possible to fit a Bolzmann distribution at
any temperature to the full profile. This is again consistent with the interpretation of the shoulder as a high state component. However, as demonstrated for
the long pulse data even without the shoulder, the data cannot be fitted fully
by a Bolzmann distribution with one temperature. The fits are generally worse
than the ones obtained for the asymmetric tops in chapter 6, which probably
reflects that the fewer populated states are more sensitive to the non Bolzmann
distributions.
Another possible source of the discrepancy is collisional alignment as a result
of state dependent cross sections during the supersonic expansion [25, 147, 148,
149, 150, 151] creating a higher population in the “wrong way” deflecting state
|10i. The effect of collisional alignment will be discussed in Sec. 5.5 in the context
of nonadiabatic alignment. In any case it is evident from the comparison of the
simulations and the experimental deflection curves that the deflected beam is
nearly pure and primarily contains the ground state with a minor contribution
from the |1, 1i state. The numerical simulations have 89 % in the rotational
ground state at the position indicated by the green line where the following
experiments are performed (i. e. 1.5 mm). However, the composition is extremely
sensitive to the exact position of the fit and at 1.6 mm the simulation has 94 %

OCS+ Signal (arb.unit)

5.2 Results

63

1.0

Non Deflected:

0.8

Deflected:

Non deflected:

Exp.
Simulated

0.6

Exp
T =
T =
T =

Exp.
Simulated

Deflected:

def.
0.2 K
0.4 K
0.6 K

Exp.
T = 0.4 K
|00i
|10i
|11i
|22i × 5

0.4
0.2
0.0
−4

−3

−2

−1

0

1

2
3−4 −3
Position (mm)

−2

−1

0

1

2

3

Figure 5.1: Deflection profiles for OCS measured by scanning the position of
the focusing lens. The light green line indicates where the deflected alignment
experiments are performed. The experimental data are compared to simulated
Bolzmann weighted deflection profiles and state specific components of these. See
text for details.
in the ground state. We expect this to be the level of the precision with which
we can match the fit to the experimental result.
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Figure 5.2: Scan of the molecular pulse as a function of time delay. Negative
(positive) delays correspond to the trailing (front) edge of the molecular pulse.
To further investigate the effect of variations in the rotational cooling on the
deflection we measured the deflection at various delays between the molecular
beam and the ionization laser. The intensity profile of the molecular pulse is
shown in Fig. 5.2. The scan has been measured by changing the delay of the
molecular pulse with respect to the laser pulse (the molecular pulse is triggered on
an earlier laser pulse to make synchronization possible). The values on the time-
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axis refer to the delay of the molecular pulse with zero being the time where the
subsequent experiments have been performed. Thus negative values correspond to
a molecular pulse triggered earlier equivalent to probing molecules in the trailing
edge of the molecular pulse. In Fig. 5.3 we show the deflection profile at different
delays. It is evident that the differences between different times are relatively
minor, however, some differences are visible. In order to allow easy quantitative
comparisons all profiles have been scaled to the same area as described in the
figure caption. The area under the curves naturally scale as the unreflected peak
values shown in Fig. 5.2. At the value of 70 µs at the very front of the molecular
pulse and at −30 µs at the trailing edge the cooling is significantly reduced. In
principle the only observation that we can extract from these profiles is that
the relative population in the |00i and |10i states relative to the rest of the
states is dropping since these are the only states being significantly deflected.
However, this will most likely also influence the distribution among other states
as a reduction in cooling. At T = −15 µs the profile is almost identical to the
one obtained at T = 0 µs perhaps marginally less deflected, which could indicate
a slightly higher temperature. The possibility to measure deflection profiles at
different times may be used to gain insight about the temperature as a function of
position in the beam. Unfortunately the quantitative correspondence between the
simulations and the experimental results is not good enough to allow extraction
of temperature estimates at different times in the beam. In addition it would
be natural to measure more deflection profiles on the front edge of the molecular
pulse in order to examine the temperature at the front: It is often speculated that
the molecules at the front edge have the lowest rotational temperature since they
have a higher velocity in the beam direction and therefore must have undergone
more collisions and thus more efficient cooling in the expansion. In addition
it would be interesting to compare the temperature measurements by deflection
with other measurements sensitive to temperature performed at different timings.
(i. e. adiabatic or nonadiabatic alignment in the direct beam)

Nonadiabatic Alignment
In the next step of the experiment the nonadiabatic alignment is performed using
a linear polarized laser pulse (τ = 330 fs, 800 nm, 9.6 × 1012 W/cm2 ω0 = 35 µm).
The delay between the alignment and the probe laser is controlled using a computer controlled delay stage (Micos). The alignment is probed by the same
Coulomb explosion pulse used in the deflection measurements polarized perpendicular to the alignment laser. The alignment geometry is identical to the one
used in the adiabatic alignment experiments shown in Fig. 4.1 a). By scanning
the delay of the Coulomb explosion laser relative to the alignment laser time dependent alignment traces which probe the rotational wave-packet dynamics can
be obtained. We have measured the alignment traces from the time interval from
just before T0 to just after the half revival (−2 ps < t < 52 ps) and in the interval around the full revival at t = 1/2B = 82.2 ps [129] (77 ps < t < 89 ps).
The alignment is probed by recording S+ ions that originate in the S+ + CO+
channel as indicated on the images in Fig. 5.6. The alignment traces are plotted in Fig. 5.4. The undeflected signal (blue squares) is dominated by a prompt
alignment at 0.9 ps, the half revival at 40.6 ps, where the maximal degree of align-
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Figure 5.3: Deflection at different times in the molecular pulse. Note that for
direct comparison all traces have been scaled to equal integrals (i. e. the same
total signal) after which the highest value was scaled to unity. In the experiment
the signal is reduced as the laser is moved away from the center of the molecular
peak. The times directly refer to the molecular pulse profile in Fig. 5.2.
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Figure 5.4: Experimental alignment dynamics. In the direct beam and the deflected beam. The results are obtained in the direct beam (blue squares) and in
the deflected beam (red circles) at 1.5 mm as indicated in Fig. 5.1.
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ment is obtained, and the full revival at 81.6 ps in reasonable accordance with
the expected revival times. Two striking differences are visible when comparing
the undeflected alignment traces with the deflected one. At a time of ∼ 20 ps
corresponding to a quarter of the rotational period what looks mostly like a shift
in base line with weak modulations is visible in the non deflected data. However
when turning to the deflected beam the dynamics at this delay is much enhanced
and a quarter revival is clearly visible. This is consistent with the strong quarter
revivals observed by Dooley et al. in O2 . Note that quarter revivals are also observed in a very similar molecule CS2 where only the even J states are populated
due to nuclear spin statistic, see for example [116, chapter 7]. In addition the
half revival, which is the highest measured alignment peak and is expected to
be the global alignment maximum, is increased from 0.77 to 0.84 and the global
alignment minimum (anti alignment maximum) at the full revival at 81.6 ps is
also enhanced from 0.39 to 0.33. Two other noteworthy points, however, remain
almost unaffected. The peak of the prompt alignment at 0.9 ps is unaffected by
the deflection and the constant rotational state determined alignment before the
pulse is unchanged. Examples of images obtained at some of these positions are
shown in Fig. 5.6 for both the deflected and the undeflected beam. The effect of
the deflection is also directly visible in the images. At the peak of the alignment
40.6 ps it is evident that fewer counts are produced in the region away from the
alignment axis and at the anti alignment minimum at 81.6 ps stronger localized
perpendicular to the alignment axis is seen, whereas very little difference can be
seen at the prompt alignment at 0.9 ps consistent with the numerical value. In order to understand the effects of the state selection, time dependent Schrödinger
equation (TDSE) calculations of the alignment cosine hcos2 θi of wave-packets
originating in individual quantum states have been performed by Christer Z. Bisgaard [140] as described in Sec. 2.1. The focal volume average has been taken
into account using an experimental extracted ionization yield which was found
to scale with the cube of the intensity (I3Coulomb ). The numerical simulations are
plotted in Fig. 5.5 showing the dynamics of individual states in the range from the
prompt alignment to the first full revival. It should be noted that these simulations are for the full 3D distribution. Later a 2D projection of the 3D distribution
will be used. The 2D projections are expected to better reproduce the experimental data. However, it is still required that the angular selectivity of the probe
laser is known. We show simulations of a thermal beam at 0.4 K as well as the
ground state |0, 0i and the two other deflected states |1, 1i and |2, 2i, but since we
here probe the molecular sample using a laser rotated 90° from the quantization
axis defined by the static electric field of the VMI, we should consider the state
resulting from rotating the deflected states. We assume that the states quantified
by the deflector field are adiabatically transferred into the states of the VMI (see
Sec. 4.2). The ground state is spherically symmetric and non degenerate
so it is
√
not affected. |1, 1iZ is, however, equivalent to (|1, 1iX + |1, 0iX )/ 2 and we will
also compare the experimental results to this superposition of states. A more
elaborate discussion of the rotation is given in Appendix A. However, it is still
relevant to compare to the pure |1, 1i state since a combination of this state and
the ground state is in principle available for alignment experiments by turning
the polarization of the alignment laser pulse. Our present experimental setup and
probe method does not allow us to probe the alignment in this geometry since
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the quantization axis is defined by the static field axis of the VMI, and alignment
along this axis would produce a circular symmetric image.
The alignment cosine in the direct beam is qualitatively reproduced fairly
well by the numerical simulations at 0.4 K, but in general the experimental results have fewer oscillations around the peaks of the alignment dynamics than the
numerical simulations. This observation is valid in many of the following comparisons. These oscillations are usually state and intensity specific and can therefore
be removed by a combination of the thermal and probe intensity average. The
lack of these oscillations in the experimental beam may be explained by an additional high temperature component in the beam. In addition some of the weak
oscillations may not be observable in the 2D projection of the alignment. A more
puzzling difference is the ratio of the prompt alignment to the half revival. The
numerical simulations predict a stronger alignment at the half revival, whereas
in the experimental data these are almost identical. In Sec. 5.5 we will discuss
the effect of collisional alignment on this ratio. An alternative explanation could
be that a non Bolzmann component in the molecular beam produces lower alignment at the half revival and thus lowers the total alignment. In addition we note
that the simulations predict a higher value of hcos2 θi than the observed value
of hcos2 θ2D i. Normally the projection is obviously expected to have a higher
value than the full 3D alignment cosine. The lower value could indicate that we
underestimate the alignment by the present probe scheme possibly due to a non
perfect axial recoil. In Sec. 5.3 we investigate the ionization yield dependency on
the angle between ionization laser and the molecular axis.
When comparing the experimental quantum-state-selected results with the
numerical simulations it is clear that the experimental results are most closely
matched by the numerical simulations of the ground state. The experimental
trace has a skew structure with a local maximum at 18.9 ps followed by a strong
dip at 20.9 ps and a somewhat smaller local maximum. This is similar to the
central part of the ground state simulation. Whereas for the |1, 1i state the
order is inverted with a very small local maximum followed by a dip and large
local maximum. The mixed state resulting from the 90° turn of the alignment
axis has a symmetric structure with two identical local minimums surrounding a
local maximum. The prompt alignment is unchanged by the deflection consistent
with the numerical simulations that show very little difference between the ground
state and the thermal beam. On the other hand the |1, 1i and |2, 2i states are less
well aligned and also the permanent alignment of the states before the laser pulse
is lower as these states are primarily confined perpendicular to the quantization
axis. However, this characteristic
is almost totally lost when comparing to the
√
mixed state (|1, 1i + |1, 0i)/ 2, and thus the dynamic of the prompt alignment
is not a good measure of the state composition. In addition we can compare the
dynamics of the half and the full revival in the different states. We note that
this is a less sensitive measure since wave-packets originating in all states will be
in phase at these revivals. The |1, 0i state has significantly lower alignment at
the half revival and smaller anti alignment at the full revival (higher values of
hcos2 θi) and thus a large fraction of the mixed state will reduce the dynamics at
these revivals i. e. the mixed state has a skewed form at the half and full revival
with two maximums and two minimums of similar size unlike the pure states and
the experimental observations.
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In order to quantify the state content in the deflected beam we compare
the size of the quarter revival with the size of the prompt alignment peak. In
the experiment we find that the maximum alignment at the quarter revival is
higher than the prompt alignment. The same is the case for the simulation
of
√
the ground state. However, as more of the mixed (|1, 0i + |1, 1i)/ 2 state is
added the alignment at the quarter revival will quickly drop. By comparing
weighted averages of numerical simulations we find that at least 92 % of the
molecules have to be in the ground state in order for this to be the case. We note
that these comparisons are done between ratios of hcos2 θ2D i in the experimental
measurements and the ratios of hcos2 θi in the numerical simulations. However,
numerical simulations of the hcos2 θ2D i dynamics have also been performed at
selected times indicating that the time development is qualitatively identical.
When looking at the images in Fig. 5.6 obtained at T = 9.2 ps and T = 50.6 ps
corresponding to ∼ 1/8B and ∼ 5/8B it is evident that some form of dynamics
is happening and that the molecular sample is not randomly aligned even though
the hcos2 θ2D i value at these delays does not reveal much alignment dynamics
and neither is it expected to from the theoretical calculations. The images reveal
that the wave-packet is aligned with a fraction along the alignment axis and
a fraction perpendicular to the alignment axis. From direct inspection of the
images this effect is also most pronounced in the deflected beam. Following
Dooley et al. [144] who observed the same type of partial revivals we quantify
the alignment by extracting hcos2 (2θ2D )i from the experimental data. The result
is plotted in Fig. 5.7. Three odd 1/8th revivals in the measured time window
are visible. (The measured window around the full revival is not big enough to
include the 7/8 and 9/8 revival.) These fractional revivals are, as expected from
the images, only clearly visible in the deflected beam, and only visible as small
modulations in the direct beam, similar to the 1/4 probed by hcos2 θ2D i. However,
note that this probe enhances the 1/4th revival in the direct beam. This is in
good agreement with the interpretation that the quarter revivals are normally
extinct due to inverse phase of the even and odd J state wave-packets at these
revivals, as molecules aligned along both the alignment and the anti-alignment
axes contribute positively to hcos2 (2θ2D )i. We have also performed numerical
simulations to confirm this behavior and further strengthen our assessments about
the rotational quantum state composition of the deflected beam. In Fig. 5.8 we
plot the numerical simulations of hcos2 (2θ2D )i for the same states as in Fig. 5.5.
When comparing the numerical simulations with the experimental data the even
states and especially the ground state reproduce the experimental data most
closely. As for the alignment
√ cosine we compare with both the |1, 1i state and
the mixed (|1, 1i + |1, 0i)/ 2 state which is expected to be the dominant content
apart from the ground state, which is present when one probes the beam in a
geometry rotated 90° from the quantization axis.
In the following we will examine the position of the different peaks and compare them to the numerical results. While the positions of the peaks are not
completely reproduced by the simulations there are many similarities between the
numerical simulations of the ground state and the deflected beam. The prompt
peak is identical in the deflected and the direct beam. This is consistent with
the difference between the ground state and the Bolzmann distribution for the
numerical simulations while the |1, 1i and the mixed |1, 1i and |1, 0i respectively
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Figure 5.5: Simulations of the time dependent alignment. The 4 first panels show
the alignment cosine for 3 individual rotational states and one linear combination.
In the lowest panel the alignment cosine is displayed for a Bolzmann distribution
at 0.4 K. Focal volume averaging has been included using an I3 probe selectivity
extracted from intensity dependent ion yields and the measured focal spot sizes.
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Figure 5.6: Examples of images of S+ ions obtained from OCS at different delays (see panel for delay time). White circles indicate the radial ranges used to
calculate the alignment.

reduces and enhances the dynamics. Consider the first 1/8th revival which in the
experiment peaks at 9.3 ps followed by a double dip at 10.2 ps and 11.3 ps. The
ground state |0, 0i has a peak at 9.7 ps followed by a dip at 10.2 ps and one at
11.0 ps. On the other hand |1, 1i has a dip at 9.7 ps followed by a peak a 10.2 ps
and at 11.0 ps. The mixed |1, 1i and |1, 0i distribution is similar to the |11i state,
with the only difference being that the ratio between the peaks is different and the
overall modulation is smaller and the largest peak is the one at 11.0 ps. The 1/4th
revival is also well reproduced by the numerical simulations but this peak has the
same phase for both even and odd states consistent with the explanation above
as even and odd states exactly cancel each other in the alignment cosine and
thus will contribute constructively to hcos2 (2θ2D )i. However, the ground state
|0, 0i most closely matches the experimental results. The experimental data has
a small peak at 19.2 ps followed by a double dip at 20.4 ps and 21.2 ps and a
peak at 22.0 ps. The numerical simulations for |00i show a small peak at 19.7 ps
followed by a double dip at 20.2 ps and 21.1 ps and a peak at 21.6 ps. On the
other hand |11i has an earlier dip followed by a strong dip i. e. in the opposite
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Figure 5.7: Experimental observation of hcos2 (2θ2D )i dynamics extracted from
the same experimental images as in Fig. 5.4. hcos2 (2θ2D )i insensitive to dynamics
around 1/8th revivals where partial re-phasing of the wave-packet with little or
no alignment is observed. The 1/8th revivals are clearly enhanced in the deflected
beam compared to the direct beam.

order. The mixed state has multiple nearly identical dips inconsistent with the
observations. The experimental 3/8th revival has a dip at 30.0 ps and two small
peaks at 30.6 ps and 31.9 ps, which is consistent with the ground state that has
a dip at 30.2 ps and two peaks at 30.8 and 31.6 The |1, 1i state is inverted with
a peak at 30.3 ps and a dip at 30.8 ps. The mixed state is similar to the ground
state. However the order is different such that the peaks are found before the
dip i. e. not consistent with the experimental data. The half revival is not well
matched by any of the traces. The dynamics is in phase for the even and odd
states similar to the 1/4th revival but does not match the experimental data since
the oscillations are faster in the numerical simulations. In the experimental data
we have a dip at 39.0 ps followed by a peak at 40.7 ps and a dip at 42.3 ps In the
numerical simulations there are 3 peaks between the dips at 39.3 ps and 42.1 ps.
To make the comparison between the numerical data more direct we have
plotted the experimental data for the deflected sample on top of the numerical
simulation for estimated mixture based on the alignment observations in Fig. 5.9.
The simulation has been scaled by a factor of 0.6 and offset by 0.2 for comparison. As stated above the simulation faithfully reproduces much of the dynamics,
however, even in the qualitative simulations a few discrepancies remain. At 1.5 ps
and especially 2.5 ps the numerical simulations predict peaks that are not found
in the experimental data. Around the half revival the peak at 38.8 ps is absent
in the experimental data and the peak at 42.6 ps in the simulation is shifted to
43.3 ps in the experimental data. Similar effects are observed at the 1/4th re-
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Figure 5.8: Numerical simulations of hcos2 (2θ)i. The 1/8th revival at approx.
10 ps and the 3/8th at approx. 30 10 ps are clearly visible in the individual
states. However the beatings in the wave-packet originating in J=0 and J=1 are
almost exactly out of phase as exemplified by the |00i and |11i states. Simulations
performed by Christer Z. Bisgaard using the same parameters as in Fig. 5.5.

5.3 Alignment Dependent Ionization Yields

73

vival. In total it seems like the dynamics is slower perhaps indicating that we
over estimate the intensity and thus the highest populated states.
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Figure 5.9: Direct comparison between numerical simulations and the experimental data. The numerical data has been scaled by a factor of 0.6 and offset by 0.2
i. e. we are looking for qualitative but not quantitative agreement
Returning to the images in Fig. 5.6 at 13.2 ps one can see that the ions are
confined with 2 additional peaks between the regular alignment peaks. In order to quantify this we plot the next term in the series of hcos2 (nθ)i, namely
hcos2 (3θ2D )i, shown in Fig. 5.10. This directly reveals additional wave-packet
dynamics at fractional times of 6.0 ps, 13.2 ps, 27.2 ps ect. However we have not
performed numerical simulations of this term.

5.3

Alignment Dependent Ionization Yields

In another experiment [152], which will not directly be included in this work,
we have investigated the strong-field single ionization OCS using linear 800 nm
laser pulses. The ionization of OCS is peaked in the direction perpendicular to
the alignment axis of the molecule in contrast to the other molecules investigated
(benzonitrile and naphthalene). An observation which also contrasts the theoretical results using MO-ADK [153] and Stark-Shifted MO-ADK [70, 131, 154]. This
unexpected feature was first observed for adiabatic alignment and later reproduced for nonadiabatic alignment of OCS. This motivated us to investigate the
alignment dependent yield for the S+ ions created in the nonadiabatic alignment
experiments. In Fig. 5.11 we plot the yield as a function of delay for the time period from the T0 to after the first half revival. The position of the alignment peaks
is indicated by pale red lines and the anti alignment peak by a light blue line.
The overall integrated signal shows very weak modulation in phase with the alignment. However if we divide the signal into 2 parts: The signal in the OC+ + S+
channel and the signal confined at the center of the detector inside the channel,
we find that these have different dependencies on the alignment. The signal in
the center shows the normally expected strong field modulation where the yield is
enhanced when the molecule is anti aligned i. e. confined to the plane that spans

74

Chapter 5 Nonadiabatic alignment of OCS
0.7
6.0 ps

13.2 ps

hcos2 3θ2D i

0.6

0.5

20.1 ps
0.4

0

10

27.2 ps
20

30

40

50

t (ps)

Figure 5.10: Experimental observation of hcos2 (3θ2D )i dynamics extracted
from the same experimental images as in Fig. 5.4. The dynamics probed by
hcos2 (3θ2D )i is also sensitive to dynamics around 1/12th revivals.

the polarization axis of the ionization laser and suppressed when the molecules
are aligned i. e. confined perpendicular to the polarization axis of the ionization
laser. In other words the signal is enhanced when the molecular axis is along the
laser polarization axis. In contrast the signal in the channel is enhanced when
the molecules are aligned indicating that there is an enhanced probability for
ionization with a perpendicular probe. We note that there must be a competing
parallel channel as well, as seen from the images with only the Coulomb explosion
probe polarized in the plane of the detector shown in Fig. 4.4. A perpendicular
channel probed by a laser polarized perpendicular to the detector cannot give
a directional image without an alignment field as both anti aligned and aligned
molecules are perpendicular to the laser polarization. The modulation in both
signals is quite small. In the central part the modulation is smaller than 1 to 5
and the modulation in the measured channel is 3 to 2. However, we note that
the modulation of the center might be lowered by a contamination of residual O2
from the chamber. The O2 molecules are expected to have low energy since they
are results of single ionization with little momentum recoil. O2 has a rotational
period of 11.6 ps [144] with fully resolved quarter revivals every 2.9 ps and would
therefore undergo many rotational revivals in this time interval. However, any
oxygen in the chamber will be at room temperature and is thus expected to have
very weak revivals and thus contribute as a constant signal. We do not expect the
images of O+
2 to have any alignment induced spacial structure since they do not
undergo Coulomb explosion. In addition any cross contamination between the
two channels will reduce the modulation since they are out of phase. We do not
record the anti alignment on the peak of the full revival in the same trace so that
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we can directly compare the count rate between the half and the full revival, but
we expect the total modulation to be stronger than what is observed. In addition
to the modulation the overall signal seems to have a baseline shift across the scan
i. e. the total signal is increasing over the scan. This effect may be caused by a
drift in intensity of the molecular beam. In the experiment care has been taken
to check the reproducibility of the initial alignment after the scan to ensure that
no drift of laser overlap has happened during the scan, but no effort has been
made to normalize the count rate, which potentially can reduce the signal modulation. Extraction of the alignment dependent ionization rate from nonadiabatic
alignment experiments is most efficiently done by positioning the ionization laser
at the top of the alignment peak and while keeping the alignment laser polarization fixed rotate the ionization laser as described for the single ionization of OCS
in [71]. It is clear that rotating the alignment laser and keeping the ionization
laser fixed is problematic for two reasons. The rotation of the alignment laser
changes the axis between the dipole and the static field and while we have seen
very little orientation for OCS in nonadiabatic experiments with this low static
field strength, we cannot exclude any variation. In addition the ionization using
a 30 fs pulse should not be sensitive to the head to tail orientation of the molecule
since the laser pulse has many oscillations and has no carrier envelope phase stabilization. More importantly the rotation of the alignment axis will change the
alignment dynamics of a sample containing any polarized population in a rotational J quantum state since rotating the alignment axis rotates the axis between
this and the quantization axis. For the deflected beam of OCS this will change
the state composition between |11i and |10i that have significantly different peak
alignment values.
Nevertheless this simple derived experiment is enough to reveal that the ionization yields are modified by the probe. We find that the signal in the channel
originates in a preferentially perpendicular channel while the signal in the center
is from a preferentially parallel channel. In the context of alignment in helium
droplets probing the alignment using the yield as a probe could also be attractive
since the spacial information in the ion images might be fully or partially lost
when the ion fragment leaves the droplet. This will be discussed in Sec. 8.1.
However, this experiment indicates that the modulation in the Coulomb explosion yield is low and that the angular dependency is hard to predict since it is
molecule specific. A more attractive probe is a one photon type where the angular
selectivity is well known as will be discussed later.

5.4

Fourier Transform of the Alignment Trace

The most interesting question in the assessment of the state purity is the content
of J = 1 states in the deflected beam. Another way to try to answer this is to
use the Fourier transform of hcos2 θi since the only non zero matrix elements of
hcos2 θi are between states where J 0 = J ± 2 and the constant diagonal matrix
elements. Specifically it does not couple states that differ by 1 and therefore
the Fourier transform should contain two different sets of frequencies originating
from the even and the odd states respectively, and the ratio between them is
proportional to the relative fraction of population. Note that Dooley et al. used
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Figure 5.11: S+ Ion yield extracted from alignment data series. Positions of
maximum (minimum) alignment are indicated by pale red (blue) lines. Although
the modulation of the signal is modest, the peaks of alignment (anti alignment)
indicated by red (blue) pale lines are visible. The signal in the alignment channel
is out of phase with the rest of the signal. The signal in the center is suppressed
at the peak of alignment where the molecule is aligned perpendicular to the
ionization laser axis. However, the signal in the channel is enhanced during the
peak of the alignment. Note that the signal in the channel used for probing
alignment dynamics is scaled by a factor of 4 for clarity.

the same approach on O2 and N2 . However as we do not measure the full angular
distribution but only the 2D projection of the ion distribution, a complication
arises that really should be investigated further. We however made the Fourier
transform of the signal anyway and this is plotted in Fig. 5.12. The Fourier transform has been plotted for the direct beam (blue dashed line) and the deflected
(red full line). In this plot the beat frequencies between even (odd) states have
been indicated by green (yellow) lines. We see that all resolved lines coincide
nicely with the beating frequencies between the even states. However, the spectral resolution is too low to separate the individual lines and assess the quantum
state purity from the Fourier transform. While the beam has been zero padded
to increase the resolution and a Hamming window has been used to reduce artifacts from the finite length of the time series, it is obvious that to be able to
do a useful Fourier transform we need to record a longer scan including many
revivals. Furthermore it is either needed to use a probe technique that is sensitive
to the full angle or at least do a more detailed investigation of the influence of
only measuring the 2D projection. A full 3D distribution could be obtained by
using Abel inversion to fully reconstruct the 3D distributions from ion images
or by using 3D detector techniques. However, both of these methods will make
it difficult to measure a long scan at high temporal resolution. A more realistic
approach is to measure the alignment using an angle sensitive ionization yield
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probe since that will be sensitive to the full 3D angle between the molecule and
the laser polarization axis. This approach has recently been used in Fourier transformed rotational coherent spectroscopy in combination with time of flight mass
spectroscopy to precisely determine the rotational constants for many isotopes of
CS2 , by recording rotational wave-packets for the individual ion charge to mass
ratios [155]. This approach does, however, require a laser pulse well suited for the
specific molecule with a known angular selectivity i. e. single photon ionization
or a REMPI scheme.
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Figure 5.12: Fourier transformed power spectrum of the alignment cosine from
T0 to the first half revival. The Green (yellow) lines indicate the ∆J ± 2 beatings
between even (odd) rotational states of the vibrational ground state of 16O12 C32 S.
No centrifugal distortion has been included. To improve the frequency resolution
and remove artifacts, the data has been zero padded and a Hamming window
applied. However, to get more insight from the spectra a significantly longer
sampling time is needed i. e. measure a trace with several revivals.

5.5

The Effect of Collisional Alignment

Friedrich et al. [25] discuss two mechanisms for the collisional alignment. The
first is termed “Bulk alignment” and the second “Anisotropic rotational cooling”.
“Bulk alignment” can be observed even in bulk material. The first reports going
back to the 1960s see ref 16 of [25] for a list of early work. The bulk effect arises
since the cross section for scattering of a molecule transferring it from one M state
to another within the same J manifold depends on the value of M . A classical
easily understandable picture of the process is as follows. Molecules with high
values of |Mz |, i. e. a large projection of the angular momentum on the molecular
beam axis, are rotating with the broad side perpendicular to the molecular beam
axis and thus have the largest cross section for collisions with the carrier gas

78

Chapter 5 Nonadiabatic alignment of OCS

atoms and therefore undergo more collisions scattering them into different states
and ultimately suppressing states with high |Mz | values.
On the other hand Friedrich et al. also observed an effect that they call
“Anisotropic rotational cooling”. This effect is due to angular momentum exchange that changes the rotational J quantum number, for which the process
is most efficient for molecules with the angular momentum perpendicular to the
beam axis. This is simply due to the fact that the velocity difference between
the molecule and the carrier gas atom in this case is perpendicular to the angular momentum vector and thus results in the largest momentum change. In
the experiment by Friedrich et al. they probe the J = 13, 15 states in I2 . For
these relatively high lying states the two effects are counter acting and thus they
observe that the highest alignment occurs at slightly elevated rotational temperatures and a dip at the lowest temperatures where the “Anisotropic rotational
cooling” plays a larger role. On the other hand in an experiment by Aquilanti et
al. [148] the state distribution in the J = 1 rotational ground state of O2 is
probed. For the ground state the “Anisotropic rotational cooling” cannot scatter
molecules to lower lying rotational states and the collisional alignment is thus
peaked at the lowest temperature. O2 is a special case since the nuclear spin
statistic requires the ground state to have uneven rotational quantum number
and thus more than one M state and the possibility for orientation in the ground
state. Weida and Nesbitt [147] also did not see any signs of “Anisotropic rotational cooling” in their experiment on CO2 seeded in H2 . They observe that the
alignment increase in J = 8 states as the population decreases due to improved
rotational cooling, transferring the population to lower lying states below J = 8,
when the stagnation pressure is increased. In our experiment on OCS we are
mostly interested in the anisotropic rotational distribution in the lowest lying
rotational states above the ground state i. e. J = 1, 2. Thus we would expect that
any anisotropy is dominated by “Bulk alignment” processes. Another important
parameter determining the efficiency of collisional alignment is the velocity slip
between the molecules and the carrier gas. It is generally found that the collisional alignment is increasing with the velocity slip so that with lighter carrier
gases higher collisional alignment is achieved. Thus we would expect the collisional alignment to be reduced in the OCS in neon experiments compared to
the experiments using molecules seeded in helium. In addition the experiments
done by Weida et al. indicate that the alignment stagnates or even drops off at
backing pressures above 150 torr ( 0.2 bar). To try to estimate an upper boundary on the effect we will follow Bisgaard [156] where the effect on nonadiabatic
alignment is discussed. We express the rotational state distribution in the basis
of the molecular beam direction.
ρZ (J, Mz ) = NJ [1 + a2 P2 (cos υ)]

(5.1)
p
Where P2 is the second Legendre polynomial and cos υ = Mz / J(J + 1)) and
NJ is a normalization constant. This distribution must then be transferred to
the basis of the laser alignment axis from the basis of the molecular beam see
Appendix A for a discussion of the rotation. Following Bisgaard again we use an
upper boundary estimate of a2 = −1 to get an idea of the size of the effect. The
difference between the nonadiabatic simulations for a Boltzmann distribution and
for a collisionally aligned beam is shown in Fig. 5.13. It is clear that even at this
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unrealistic value of a2 the effect of the collisional alignment on the rotationalwave-packet dynamics is negligible. Thus the discrepancy between the prompt
alignment and the first half revival in the direct beam compared to the theoretical
calculations cannot be explained by collisional alignment.
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Figure 5.13: Numerical demonstration of effect of collisional alignment. Showing
the difference between a “collisionally aligned” distribution and the Bolzmann
distribution at 0.4 K.

5.6

Outlook and Conclusion

Another small effect that should be taken into account is the isotope composition
of OCS. The most common isotope of OCS is 16O12 C32 S, which has no hyperfine
structure. However, as approximately 4 % [157] of natural occurring sulfur is 34S
approximately 4 % of the sample will have fine structure. This of course ultimately
limits the state purity of the selected beam. It should be possible to gate the
time of flight spectrum sufficiently narrow to exclude any contamination from
this S isotope in the images. However, this is not easy in our present setup since
the two peaks are hard to discriminate both due to the non perfect termination
of the larger 32S+ signal as read out in our time of flight setup and the short
time separation between the peaks. However, it should be possible to also isolate
34
S by improved gating but may not be perfect. Schröter et al. [155] have seen
contamination effects in CS2 where the low abundance signal at mass 79 from
32 13 34
S C C and 33S12 C34 S is contaminated by the much more abundant mass 76
signal from 32S12 C32 S with an inverted phase due to saturation of the detector
that reduces the detection probability right after the abundant peak i. e. at the
following masses. The high frequency resolution of their scan allows the peaks to
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be separated in frequency and identified by the inverse phase in their scans. A
similar technique could be applied to deflected OCS and give much more precise
estimate of the state purity by Fourier transform as discussed above. In addition
it would be interesting to measure the revival structure for the 34S isotope in the
deflected beam and directly compare this to the 32S measurements. However,
this would be extremely time consuming due to the low signal. In the present
experiments the contamination of 32S in the 34S signal is unimportant as long as
the opposite can be excluded. Any contamination of 34S is expected to reduce
the fidelity of the revivals as rotational constants and revival times are slightly
shifted and we cannot fully exclude a small contribution from this isotope.
The most intuitive way of probing the rotational state composition would of
course be by means of spectroscopy. Rotationally resolved spectroscopy should
readily reveal the population of the different J states in a sample, but is not
straight forward to do in our deflected beam setup, but should provide a better
estimate for the purity of the beam.
In summary the selection of near single quantum state population in OCS has
been shown to significantly enhance the nonadiabatic alignment of the molecule
which should be highly useful in any application of nonadiabatic alignment. Based
on the observations above we estimate that 92+2
−5 % of the molecules are in the
rotational ground state at the measured point in the deflected beam. In addition the deflected molecules have all internal degrees of freedom cooled to the
ground state since 16O12 C32 S have no hyperfine structure and both vibrational
and electronic degrees of freedom frozen in the supersonic beam. The deflection
pre-selection can perhaps be combined with optical deceleration [158, 159]. This
will allow the formation of a sample of cold molecules both translational and
internal. The separation of individual rotational states does not scale to arbitrary big molecular systems as we will demonstrate in chapter 6. However, we do
believe that the selection of a nearly pure quantum state should extend to other
small molecules like IBr, ICN, ClCN, HCCF and CH3 I.

Chapter

6

Deflection, Adiabatic Alignment and
Orientation of Asymmetric Tops

6.1

Introduction

In this chapter we will extend the adiabatic alignment and long pulse orientation experiments from linear to asymmetric top molecules. The chapter is based
on data from two publications [94, 160]. Chronologically the experiments predate the experiments on OCS, however, since they add additional complications
compared to the experiments on OCS we will use the OCS experiments to gain
additional insight here. The fundamental difference from the lineal molecules
(and symmetric top molecules) is obviously that to gain full spacial control of the
molecular orientation we need to confine two axes of the molecular coordinate
system to the laboratory frame. In the high symmetry case that we consider here
the dipole moment is along the most polarizable axes and full 3D control can be
achieved by orienting the most polarizable axis and aligning the second most polarizable axis either by an elliptical ns laser pulse [161] or by the combination of a
linear ns and a perpendicular fs laser pulse. In the general case where the dipole
moment is not parallel to one of the axes of the polarizabillity coordinate system
full control becomes more challenging. Orientation of such molecular systems has
not yet been explored in full detail neither experimentally nor theoretically. We
will discuss these challenges towards the end of the chapter.
An additional difference is the much larger number of rotational states populated in molecular beam. More states are populated since the molecular rotational
constants are smaller for larger molecules due to the larger moments of inertia
thus increasing the number of rotational J states populated at a given temperature. Furthermore, because of the increased complexity of the asymmetric top
molecules we need to label individual rotational states not only with the angular momentum projection on a lab fixed axis with the M quantum number but
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also the projection on a molecular fixed axis with the rotational K quantum
number. In the following sections we will discuss two experiments performed on
Benzonitrile (BN) and Iodobenzene (IB). The experiments on BN will only discuss the deflection but we note that alignment and orientation experiments have
also been performed in our group [71]. Both experiments are performed using
the standard setup described in Sec. 3.1 but without the parallel plates inserted.
Instead the deflector and target chamber are separated by a 1.5 mm skimmer.
The lasers employed in this experiment are our basic adiabatic alignment setup
with a Coulomb explosion laser with a pulse length of τ = 25 fs FWHM and a
beam waist of ω0 = 21 µm and a τ = 10 ns FWHM YAG alignment pulse with a
beam waist of ω0 = 36 µm.

6.2

Benzonitrile

Benzonitrile (BN) is an ideal candidate for deflection experiments with a relatively large dipole moment (4.515 D [162]) and a relatively low mass (103 amu)
(especially compared to the iodine containing components often used in alignment experiments). These features have also made it a benchmark molecule for
AC stark deceleration [163, 164]
In Fig. 6.1 the Stark shifts of the lowest lying states in BN are plotted. The
shaded area indicates the region where the deflector operates. Obviously compared to the Stark shifts in OCS many more states have similar Stark shifts and
thus effective dipole moments1 and are therefore deflected with a similar force.
We note that unlike the small linear molecules e.g. OCS (compare with Fig. 4.2),
there are no low field seeking states among the states shown here except at very
small static fields. This is typical for larger molecules and is due to both the increased number of states and the smaller rotational constants reducing the level
spacing. Due to the reduced level spacing all states that are low field seeking at
small fields will interact with higher lying states of the same symmetry and be
turned into high field seeking states in the high field limit.
In the experiment a sample of BN (Sigma-Aldrich 98 % purity) at a partial
pressure of 3 mbar is seeded in 90 bar helium and expanded into vacuum. The
deflection profiles are recorded by scanning the focus of the Coulomb explosion
laser across the molecular beam.
The deflection profiles for BN are plotted in Fig. 6.2 for a series of different
voltages. Starting with the undeflected beam (black squares) we see that the
beam is slightly skewed with more intensity towards higher values than at lower
values. The profiles are somewhat more skewed than the profiles OCS in Fig. 5.1.
The shape of the initial profile depends critically on the spacial adjustment of
the skimmers, deflector and molecular valve. Especially critical is the position
of the valve since the skimmers and the deflector were carefully aligned when
inserted. The position of the valve will, however, change when it is removed
and the sample replaced. To reduce the skewness in the beam one can carefully
move the position of the valve and scan the molecular pulse profile repeatedly. A
very time consuming procedure with the manual scan implemented at the time of
these measurements but more easy with the automatic system now established.
1 Negative

derivatives of the Stark shifts with respect to the static field.
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However, the skewness does not influence the experiments. In addition the overall shape of the undeflected beam is different from the OCS experiments due to
the skimmer between the deflector and VMI region later replaced by the parallel
plates as explained in chapter 3. As the deflection voltage is gradually increased
the centroid of the molecular pulse is gradually shifted towards higher values. At
voltages above 8 kV it becomes obvious that a fraction of the molecular beam is
barely deflected at all. The deflection profiles are fitted to trajectory simulations
performed by Frank Filsinger as described in Sec. 2.1. However, these experimental deflection profiles cannot be fitted by a single temperature deflection profile
due to the non deflected fraction. In order to fit the full deflection profile a combination of the non deflected profile, simulating a high temperature component
with essentially no Stark shift, and the deflected profile at a given temperature
is fitted to the experimental data. Thus the deflection is fitted using two parameters, the temperature of the deflected beam (Trot ) and the cold fraction (q) i. e.
it is fitted according to:
I2T (x, Trot , q) = q × I(x, Trot , q) + (1 − q) × Iud (x)

(6.1)

Where I(x, Trot , q) is the calculated deflected profile and Iud (x) is the profile
used to fit the undeflected fraction which is approximated by the non deflected
profile. In Fig. 6.3 the deflection profile at 10 kV fitted to multiple different
temperatures in steps of 0.2 K from 0.4 K to 1.2 K is shown. As the temperature
is reduced the fraction of molecules in the most deflected states is increased, and
the relative weight of the most deflected fraction increases and shifts the peak
towards higher values. It is clear just from inspection that the profile at 0.8 K fits
the experimental data best. This was confirmed by performing a real numerical
optimization resulting in a temperature of Trot = 0.8 ± 0.2K with a corresponding
cold fraction of q = 0.93.

A =5655 MHz
B =1547 MHz
C =1214 MHz
µ =4.515 D

Figure 6.1: Stark Shift of the lowest lying rotational states in BN. The shaded
region indicates the field strength in the deflector at a voltage of 10 kV.
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Position (mm)

Intensity (arb. unit)

Figure 6.2: Deflection profile of benzonitrile (BN) measured at the molecular
ion by scanning the laser focus across the molecular beam at different voltages
(see legend). The points are experimental data while the full curves are bimodal
theoretical fits to the deflection profiles. The dashed line indicates the theoretical
deflection profile for only the cold fraction of the beam.

Position (mm)

Figure 6.3: Fits of the deflection profile for benzonitrile for different temperatures
of the deflected fraction in the numerical simulations.
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Iodobenzene

Iodobenzene (IB) has a dipole moment of 1.625 D [165] and a mass of 204 amu
and the deflection of IB is thus expected to be significantly less than the deflection
of BN for identical static fields and beam velocities. In Fig. 6.4(a) the deflection
of IB expanded in helium under identical conditions as the BN is plotted. As
expected the deflection is smaller, but still sufficient to move part of the deflected
beam outside the original beam to a carrier gas free region. In Fig. 6.4(b) the deflection of IB seeded in neon at 20 bar is plotted. As expected and fully consistent
with the deflection profiles for OCS (see Sec. 4.3) the deflection is significantly
stronger and the beam can be deflected more than a mm away from the original
beam. For IB the deflection profiles are again fitted by a trajectory simulation
yielding a temperature of 1.05 K in both carrier gasses with an uncertainty of
±0.2 K in helium and ±0.1 K in neon respectively. Note that like the profiles for
BN the undeflected profiles are slightly skewed, however, in the opposite direction
supporting the statement that this can be eliminated by careful adjustment of
the valve position.

Intensity (arb. unit)

a)

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

Position (mm)

b)

Position (mm)

Figure 6.4: Deflection of iodobenzene at 3 different voltages. Expanded in helium
(a), expanded in neon (b). The arrows on both figures indicate the positions where
the “deflected” alignment and orientations experiments have been performed.
Probed on the IB+ peak. The lines are numerical simulations.
In Fig. 6.5(a) the Stark shifts of selected individual states are plotted. The
states are labeled in the form JKa KC M as outlined in Sec. 2.1 (here Ka and Kc
are pseudo quantum numbers that label the asymmetric top state with the K
eigenstates that adiabatically correlate with it in the prolate and oblate symmetric top limit). While all states are high field seeking as expected the effective
dipole moment plotted in Fig. 6.5(b) highlights a feature fundamentally different
from the deflection of OCS but also seen for BN. In the shaded region that indicates where the deflector works the three states JKaKc M = 111 1, 303 2 and 413 3
have effective dipole moments close to the one of the ground state. Two of these
states have abrupt changes in the efficient dipole moments caused by avoided
crossings with higher lying states of the same symmetry. Unlike the experiments
on OCS it is therefore impossible to isolate the ground state fully using the electrostatic field. In principle two of these states could be suppressed by operating
the deflector at a different voltage. For example the 413 3 could be reduced in a
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deflector below 55 kV/cm. However, in real applications this is difficult because
it requires detailed knowledge about the molecule and setups tuned for the individual molecule in terms of length of the deflector and distance from deflector
to laser interaction region. In addition it will be difficult to operate at a voltage
where all states but the ground state are suppressed. Elaborate schemes with
multiple deflectors operated at different deflection voltages with inspiration from
Rabi’s double resonance method [166] that gradually remove individual states
can be imagined. However, this would require much more complex apparatus
and most likely a molecule specific design. In [94] a detailed account for the state
composition in the deflected beam is tabulated on the basis of the trajectory
simulations. At a level of 1 % of the original population only the above 4 states
are populated when the molecules are seeded in neon. Due to the fact that all
M 6= 0 states are doubly degenerated the population in the ground state is never
dominant and in fact the 303 2 state is the most abundant. At the experimental
conditions where the signal is reduced to 9 % more states are populated, but the
population on the ground state is still increased from approx 1 % to more than
6 %. In any case even if the population in all states but the ground state could
be removed, the total signal would be on the order of 1 % of the original signal
This would pose challenges in terms of background contamination and acquisition
time on the experiment.
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Figure 6.5: a) Stark shift curves for selected states in iodobenzene. b) Effective
dipole moments for the same states. The shaded area indicates the working field
strength of the deflector at 10.0 kV.

Alignment
In the next step of the experiment we investigate the influence of the deflection
on adiabatic alignment. Numerous adiabatic alignment experiments have been
performed on IB previously [30, 119, 167]. Due to high polarizabillity anisotropy
and a good observable, with only a single natural isotope well separated in mass
from any organic fragment, IB has become a benchmark molecule for alignment,
and is therefore attractive to investigate. The molecules are aligned perpendicular
to the static field axis defined by the VMI spectrometer and ionized by a Coulomb
explosion laser polarized parallel with the VMI field axis as shown in Fig. 6.6 a)
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Figure 6.6: Experimental setup with laser probe geometries defined. a) the geometry used to probe alignment b) the geometry used to probe orientation

In Fig. 6.7 ion images of I+ from adiabatic aligned IB in the deflected beam,
using a deflector voltage of 10 kV are compared to images obtained in the direct
and depleted beam. The image obtained without the alignment laser is circular
symmetric reflecting that the probe laser polarization perpendicular to the image
plane has no preferential direction in this plane. When applying the alignment
laser the ions localize parallel to the alignment axis producing two separate sets of
regions. The regions are due to Coulomb explosion of molecules in the channels
+
2+
I + + C 6 H+
respectively as can be confirmed by momentum
5 and I + C6 H5
conservation [30]. In all experiments we will extract the alignment from the
outermost regions since molecules that fragment into this channel are produced
in the center of the Coulomb laser focus where the probe intensity is highest and
thus limits the focal volume averaging due to the finite size of the YAG laser
focus. The ion image from the deflected beam (3) is clearly more confined along
the laser polarization axis than non deflected (2) and thus better aligned. On
the other hand the depleted image (4) is significantly less confined. However, in
all images the two channels can nicely be resolved indicating that this is only
a rotational state composition effect and not any other change in the molecular
beam.

probe only
1

no deflection
2

deflection
3

depletion
4

64
48
32
16
0

Figure 6.7: Alignment images of IB seeded in helium obtained in the direct
beam (0.0 mm) as well as the deflected (1.0 mm) and depleted beam (−0.9 mm)
compared to the selectivity of the Coulomb explosion laser alone polarized perpendicular to the alignment laser direction. Intensities Ialign = 8 × 1011 W/cm2 ,
ICoulomb = 5 × 1014 W/cm2
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In Fig. 6.8 examples of the alignment for IB seeded in neon. The images are
qualitatively identical to the ones using helium as expected. These images are
shown for different intensities of the YAG laser. The most striking difference
between the deflected and non deflected images is the great improvement of the
alignment at low intensity i. e. A1 compared to B1. This is especially interesting
in applications where a high YAG intensity is not acceptable either because the
intense YAG influences molecular dynamics or due to damage thresholds of optical components in experiments involving other laser sources. The alignment is
quantified in Fig. 6.9 where the degree of alignment is plotted as a function of
intensity. The largest difference between the non deflected and deflected alignment is at low intensities. At 2 × 1010 W/cm2 the alignment is changed from
hcos2 θ2D i = 0.69 to hcos2 θ2D i = 0.87 but the alignment is also significantly improved at high intensities. At 1.2 × 1012 W/cm2 the alignment is improved from
hcos2 θ2D i = 0.93 to hcos2 θ2D i = 0.97.
2.3 × 1010 W/cm2 2.3 × 1011 W/cm2 7.0 × 1011 W/cm2 1.2 × 1012 W/cm2
A2

A3

A4

Deflected

A1

64

48

Non deflected

B1

B2

B3

B4

32

16

0

Figure 6.8: Alignment images of IB seeded in neon at different laser intensities
in the deflected (2.3 mm) as well as the non deflected beam (0.0 mm). ICoulomb =
5 × 1014 W/cm2

Orientation
Orientation is introduced by turning the polarization of the alignment laser away
from the vertical direction and thereby aligning the molecule with a component
of the dipole moment along the laser polarization axis. The orientation is probed
by a circular Coulomb explosion laser pulse as illustrated in 6.6 b). The circular
probe is chosen in order not to introduce any orientation dependent bias from the
ionization. For any linear probe polarization the angle between the probe and
YAG laser changes when the YAG laser is rotated into the angle β from the static
field axis. This is not the case for a circular probe and the selectivity should be
β independent. In Fig. 6.10 examples of orientated images are shown in the deflected and non deflected beam for various different β angles on both sides of the
alignment geometry. As β is changed from 90°, orientation is introduced in a way
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Figure 6.9: Adiabatic alignment of IB seeded in neon as a function of intensity in the non deflected (0.0 mm) and deflected beam (2.15 mm). ICoulomb =
5 × 1014 W/cm2

similar to what is observed in OCS (see Sec. 4.2). However, unlike OCS, IB has
two clearly separate resolvable channels. The splitting in two different channels,
which is clearly resolvable at 90°, is gradually lost as β is changed and the projection of the momentum recoil on the imaging plane is reduced. Beyond β = 60°
the separation is invisible. Thus to have a fair measurement of the orientation
as a function of β it is measured from both channels. At β = 30° (β = 150°) the
observed orientation is maximized and the upwards and downwards recoiling ions
can still be clearly separated. We expect that the orientation will have the real
maximum value at 0°, however, we are unable to probe the orientation at angles
below 30° using the VMI spectrometer. The orientation in the deflected beam is
significantly enhanced compared to the orientation in the direct beam. At angles
close to 90° the orientation is hardly visible in the direct beam but clearly observable in the deflected beam. While the orientation in the non deflected beam
is directly observable from the images at small angles (i. e. A6) it is still much
smaller than the orientation in the deflected beam (C6). In addition the images
qualitatively demonstrate that the alignment is significantly increased in the deflected beam independent of the alignment angle β since all ions blobs are more
tightly confined in the images recorded in the deflected beam. No quantitative
measure of the alignment can easily be obtained from these images since the two
I+ channels are visible in the probe only image. This demonstrates the difference between the circular and perpendicular probe and why the circular probe
is unsuited as an alignment probe since the selectivity of the probe introduces
some artificial alignment. In addition the loss of momentum due to the projection makes it impossible to give a quantitative measurement of the alignment.
However, it is clear from inspection of the images that angular confinement is
also better in the deflected images.
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Figure 6.10: I ion images illustrating the orientation at different values of the
angle β. In the direct (0.0 mm) and deflected molecular beam (1.0 mm). IB
seeded in helium with Ialign = 8 × 1011 W/cm2 , ICoulomb = 5 × 1014 W/cm2 and
Estat = 594 V/cm

In Fig. 6.11 the orientation of IB seeded in neon is shown for the same angles
as in Fig. 6.10 for 2 different YAG intensities. For all angles the orientation is
improved compared to the measurements in helium. We expect this to be due
to improved quantum state selection in the deflected beam. The orientation is,
however, not significantly different as the intensity of the YAG is increased by
an order of magnitude (i. e. the orientation is already saturated at an intensity
of 1.2 × 1011 W/cm2 ). This is in contrast to the measurements on OCS where
the orientation is far from saturated at an intensity of 1.2 × 1011 W/cm2 . We
attribute this to molecular specific properties but a detailed measurement of
the orientation of IB as a function of intensity would certainly be interesting to
compare with the OCS data.
In Fig. 6.12 the quantitative measure of the orientation as the fraction of
molecules measured in the upper half of the detector relative to the total number
of ions is plotted. As observed from the images the best orientation is obtained
for deflected molecules seeded in neon and this is almost identical for the two
different laser intensities. The orientation for IB seeded in helium is indeed lower
due to the reduced state selection. The difference between high and low static
field in helium is similar to what has been measured for OCS seeded in neon. It is
clear that the orientation in the non deflected beam is much smaller than in any
of the deflected beams. It is, however, still non zero due to the low temperature
of the initial beam. In the depleted beam the orientation is almost absent but a
weak modulation with angle is still observable. In none of the cases can any sign
of a molecular beam dominated by “wrong way” orienting molecules be observed.
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Figure 6.11: I+ ion images illustrating of the orientation at different YAG laser
intensities at different β angles. IB is seeded in neon. In the direct beam (0.0 mm)
and deflected molecular beam (2.25 mm), ICoulomb = 5 × 1014 W/cm2 and Estat =
594 V/cm
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Figure 6.12: Orientation of IB as a function of β the angle between the laser polarization and the static electric field. In the direct (0.0 mm), depleted (−0.9 mm)
and deflected beam (He: 1.0 mm Ne: 2.25 mm). All series: High Static field:
594 V/cm except “He low static field”: 297 V/cm, Ialign,He = 7.8 × 1011 W/cm2 ,
Ialign,Ne,Low = 1.2 × 1011 W/cm2 , Ialign,Ne,High = 1.2 × 1012 W/cm2 , ICoulomb =
5 × 1014 W/cm2
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In conclusion significant orientation can be obtained for IB similar to that
observed for OCS. However, it still remains unclear exactly how this orientation
is influenced by the static field strength and adiabatic nature of the doublet
formation in the presence of the static field. Using a stronger static field and/or
a longer laser pulse it may also be possible to increase the orientation further.
From the detailed theoretical investigation of OCS (chapter 4) we know that
adiabatic behavior of the mixed field orientation requires significantly longer YAG
laser pulses or stronger static fields than what would be expected from traditional
criteria based on the molecular rotational constants and the adiabatic model. The
fact that the orientation does increase with static field as observed for IB seeded in
helium points in this direction. To clarify this time dependent calculations should
be performed on asymmetric tops as well. In addition the time independent
calculations on BN performed by Omiste et al. [103] have clearly shown that the
partial nonadiabatic nature of the avoided crossings between rotational states is
very important in order to understand the orientation process in big molecules.

6.4

Outlook

In this section the challenges related to extending orientation and full 3D control
to arbitrary big molecules is discussed. The 3D alignment of asymmetric top
molecules using an elliptically polarized laser can readily be extended to 3D
orientation by the combination of the elliptical laser with a static field [161,
71]. In principle aligning and orienting any bigger molecule does not expose
any fundamental problem. Provided that the molecule has polarizability tensor
with sufficient difference between the three axes it should be possible to align
the molecule as discussed previously and if the molecule has a significant dipole
moment, orientation should also be possible. There are, however, a number of
technical challenges.
Any alignment experiment needs a target of molecules produced in a rotationally cold state, however, the supersonic expansion that we use relies on the ability
to heat the molecular sample to produce a sufficient vapor pressure in the supersonic expansion. This will be more difficult to achieve for larger molecules. Colder
beams of big molecules have been produced by laser desorption of molecules from
a surface in front of a supersonic valve [168, 169]. Using this technique beams with
a temperature below 10 K have been produced. Another possible way around this,
in line with the rest of the work in this thesis, would be to embed the molecules
in helium droplets. Since the temperature is limited by the evaporative cooling of
the droplet no fundamental restrictions are imposed on the size of the embeddable
molecule except the size of the droplet. The probing of alignment by imaging relies on the axial recoil approximation and good observables; both of these will be
problematic for many big molecules but are not fundamental limitations in the
alignment but only in the probing. In Sec. 7.2 we explore the limitations of axial
recoil for the molecule 1,2-diiodoethane which demonstrates this partially. More
fundamental limitations may emerge when orientation of big molecules is considered. Alignment experiments on non rigid biphenyl deviates have shown that 3D
alignment of these molecules works well and that the torsion can be influenced by
an additional kick laser [170, 171]. However, additional experiments on similar
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more polar molecules indicate that the orientation is quite weak [172, 173] even
if the dipole moment to mass ratio should be comparable to IB. Whether this is
a fundamental limitation of non ridged molecules or a molecular specific property of the investigated molecules is not clear. Both theoretical investigations of
orientation and additional experiments on similar but ridged molecules would be
helpful to shed light on these aspects.
In the molecules considered so far the dipole moment is along the most polarizable axis as a consequence of the molecular symmetry. This is, however, not
the case for all molecules. Let us consider molecules with the dipole moment
confined in the plane spanned by the two most polarizable axes (as would be
the case for planar molecule). For these molecules in a first approximation, one
would expect that the orientation of the molecule can simply be done by rotating
the ellipse of the alignment laser so that the dipole moment of the molecule is
confined to the static electric field axis thus maximizing the projection of the
static field on the dipole moment axis. Preliminary experiments on 6-Chloropyridazine-3-carbonitrile (CPC) performed by Dominik Pentlehner and Jonas L.
Hansen, however, seem to indicate that the maximum orientation is found when
the most polarizable axis is aligned along the static field axis. This in turn has
the implication that there are several minima in the orientational energy surface
since the two solutions where the dipole moment is pointing either upwards or
downwards have the same projection onto the axis and thus identical energies. It
seems likely that the simple picture fails because it neglects that the orientation is
not a brute force effect on top of the strong angular confinement of the molecular
axes by the alignment laser but a combined effect of the two interactions that
split the doublets of the laser potential, i. e. the interaction with the static field
should mix the two tunneling doublet states formed by the laser field to introduce
orientation. It is not clear if an interaction with a dipole moment non parallel
with the alignment axis does introduce the mixing of the states that is needed
for the orientation. That would efficiently reduce the interaction to be with the
component of dipole parallel with the most polarizable axis of the molecule. This
is certainly one of the most interesting open questions in long pulse orientation
that will benefit from both from additional theoretical calculations and additional
experiments.
In conclusion we have demonstrated that the electrostatical deflection significantly enhances both alignment and mixed field orientation of the asymmetric
top molecule iodobenzene whereas the scaling to even more complex molecules
remains a challenge.

Chapter

7

Conformer Separation
Many complex molecules exist in different conformers corresponding to different
minimums on the potential energy surface. Since these conformers are structurally different and have different physical and chemical properties, it is necessary to separate them in order to access information about the individual conformations. We note that spectroscopic tools can typically provide other techniques
to separate signal from different conformers. For instance hole burning spectroscopy / depletion spectroscopy [169, 174] has been used to identify signals
from different conformers, while stimulated emission pumping was used to determine the barrier height between conformers [175]. These methods do not require
spacial separation of the conformers.
Many conformers are separated by energy barriers so low that they readily
interconvert at room temperature thus making a chemical separation impossible,
however, these conformers often have different static dipole moments and thus
react differently to electrostatic deflection. In earlier chapters we have demonstrated how the electrostatic deflection allows the sub selection of rotational states
in a beam of polar molecules due to their different effective dipole moments. From
this it is obvious that it is also possible to select molecular species that have different dipole moments. At least it should be possible to select the most polar
species alone since it will be deflected the most. In addition it will be demonstrated that it is also possible to select the low dipole moment conformer in
favorable situations.
In the next sections conformer separation by deflection will be demonstrated
for two different molecular systems. The first, molecule 3-aminophenol (3-AP),
has known resonance enhanced multi photon ionization (REMPI) lines different
for two different conformers allowing selective probing to measure state specific
deflection. The second molecule, 1,2-diiodoethane (DIE), has not been probed by
spectroscopic tools but is probed by Coulomb explosion demonstrating the ability
to selectively image one conformer. The first section is based on [176] while the
95
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second section is unpublished data.

7.1

3-aminophenol

As a first experiment on conformer separation we chose 3-aminophenol (3-AP),
which is an attractive target for several reasons. It has a known REMPI spectrum
with the two electronic origins of the S1 ← S0 transition of both conformers close
together in a region tunable by a single laser dye laser making it experimentally
realizable to measure both of these [174]. In addition 3-AP can be considered
a prototype for a very simple biomolecule, and to be able to control such a
molecule is a stepping stone towards more complex molecules. In addition our
collaborators from the Fritz Haber institute had already before this experiment
demonstrated the conformer selection of this molecule using an AC selector [177],
and as such the electrostatic deflection serves as a complementary method. Both
of these separation techniques require that the two conformers have different
dipole moments to function. The dipole moments of 3-AP are 0.77 D and 2.33 D
for the trans and cis conformer respectively [178]. The structure of the two
conformers are shown as insets in Fig. 7.1.
To investigate the experimental feasibility of the electrostatic conformer separation numerical deflection profiles have been calculated from the DC Stark shifts
of the conformers. We will assume that no interconversion takes place between
the conformers after the initial expansion, and as such the deflection can be simulated as the normal deflection of two different molecules with different dipole
moments. These calculations are identical to the ones used in the alignment and
orientation experiments outlined in Sec. 2.1.
The dipole moments along with the rotational constants have been measured
to high precision [178]. From Fig. 7.1, which show the Stark shift for the individual conformers, it is clear that the cis conformer has a larger Stark shift and
a larger effective dipole moment1 . Thus we expect the cis conformer to deflect
more strongly than the trans conformer. The deflection profiles will be compared
to the experimentally obtained ones.

Experimental Setup
The experimental setup is close to identical to the one used in alignment experiments detailed in chapter 3. However, the standard Coulomb explosion probe
laser has been replaced by a tunable UV ns probe frequency doubled from the
pulsed dye laser. A sample of 3-AP is inserted in the valve and expanded using a
backing pressure of 90 bar helium. The molecular beam is skimmed twice before
entering the electrostatic deflector where the molecules are deflected according to
their effective dipole moment in the individual rotational states of the two conformers. From here the beam is skimmed once more before propagating into the
VMI spectrometer. Note that in this setup the parallel plates designed to prevent
Majorana transitions in the beam had not yet been inserted and the beam passed
through a field free region between the deflector and the VMI spectrometer. In
the VMI spectrometer the molecular beam is crossed by the probe laser with a
1 The
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Figure 7.1: Stark Shift of the two conformers of 3-AP. The curves for trans-3-AP
are shown in red while the curves for cis-3-AP are shown in blue.

pulse energy of ∼ 0.1 mJ. Two experiments are performed to scan parts of the
two dimensional phase space spanned by the frequency of the probe laser and the
position in the deflection profile. We can measure the conformer specific deflection profiles by positioning the probe laser at peaks of the electronic origins for
the two conformers and scan the position of the focus through the beam. In addition we can scan the frequency of the ionization laser across the region spanning
the two electronic origins in both the deflected beam and the direct beam.

Results
First we have recorded the vibrationally resolved spectrum of the area of the
two electronic origins of the conformers as identified by Unterberg et al. [174]
to 34 108 cm−1 (cis) and 34 467 cm−1 (trans) using double resonance IR/REMPI
spectroscopy. The spectrum is shown in Fig. 7.2. The two peaks are clearly
visible close to the expected positions. They are shifted by a few wavenumbers compared to the spectra measured by Unterberg et al. , however, we have
performed no detailed absolute calibrations of the wavelength so this is to be
expected. The peak at 34 427 cm−1 has been identified as a 3-AP water cluster
by Unterberg et al. , however, we have not assigned the peak at 34 324 cm−1 .
It could be potentially interesting to measure the deflection profiles of these in
order to investigate the deflection and dipole moment of the complexes but this
has not been done yet. Next, since we have identified the position of the two
origins, we now have a conformer specific probe of the molecular beam intensity,
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and we can probe the conformer specific shape of the deflected beam. In Fig. 7.3
the conformer specific deflection profiles of 3-AP are shown. We have measured
the molecular profiles in the deflected as well as in the undeflected beam. In
the undeflected beam we find that the two deflection profiles are, except for an
overall scaling, nearly identical as expected. The overall scaling reflects that the
conformers have different populations in the initial beam due to their difference
in ground state energy. However, this cannot be regarded as an absolute measure
of the relative abundance since we have not made any effort to correct for any
transition strength differences and also we have not corrected for any intensity
difference in the laser beam at the slightly different wave lengths. Turning to
the deflected profiles we immediately see that the deflection of the cis conformer
is much more pronounced than the trans conformer. In particular in the region
from 1.0 mm to 1.5 mm the signal from the cis conformer is quite strong while that
from the trans conformer is almost absent. In addition we see that in the region
from −1.0 mm to −0.5 mm nearly all the population in the cis conformer has been
deflected away leaving behind a pure beam of the trans conformer. In all cases
we see that the deflection profiles are matched nicely by the corresponding numerical simulations further confirming the interpretation that the cis conformer
is deflected more strongly than the trans conformer. In the inset of Fig. 7.3 the
fractional signal from the cis conformer is plotted confirming the above mentioned
observation that the fraction can be tuned in almost the entire interval from 0 to
1. Next we measure the spectrum around the two origins in the deflected beam
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Figure 7.2: Rempi spectrum of 3-AP showing the origins of the transitions for
the two conformers. Measured in the direct non deflected beam.
at 1.15 mm and in the depleted beam at −0.75 mm. The spectra are plotted in
Fig. 7.4 together with the matching cuts from Fig. 7.3 of the undeflected total
beam. The spectra clearly show that both the two origins can be almost fully
suppressed at the right position in the deflected beam. The spectra also reveal
that the small peak at 34 461 cm−1 does not belong to the trans conformer but
to the cis conformer, and a small peak close to the origin of the trans conformer
from the cis conformer that is normally buried under the trans conformer origin
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is also revealed. We note that the conformer specific spectra can also be obtained
using double resonance spectroscopic schemes [174] so the spectra serve more as
an identification tool than an application of conformer selection.

2.5

Intensity (arb. unit)

2.0

1.0
0.8
0.6
0.4
0.2
0.0
-0.5

1.5

0.0 0.5 1.0
Position (mm)

1.0
trans (0 kV)
trans (10 kV)
cis (0 kV)
cis (10 kV)

0.5

0.0
-1.0

-0.5

0.0

0.5
1.0
Position (mm)

1.5

2.0

2.5

Figure 7.3: State specific deflection profile of the two conformers of 3aminophenol. The inset shows the fractional intensity of cis conformer as meassured by dividing the signal from the cis conformer with the total signal. The
points are experimental data while the lines are the corresponding numerical
simulations.
The deflection and thus conformer separation can be further improved by
changing the carrier gas from helium to neon. This will decrease the flight speed
and increase the dispersion, similar to what has been done in deflection of OCS
and iodobenzene. Additional experiments have been made on 3-AP seeded in
neon that show an improved deflection and in addition numerical simulations
performed by Frank Filsinger have indicated that it should be possible to select
individual conformers in molecules with more than two conformers for realistic
dipole moment differences and dipole moment to mass ratios [145, 179].

7.2

1,2-diiodoethane

In the next experiment we investigate 1,2-diiodoethane (DIE). This experiment
is essentially performed like the regular adiabatic alignment and orientation experiments with a combination of ns alignment laser (λ = 1064 nm, Ialign =
7 × 1011 W/cm2 and τ = 10 ns) and a Coulomb explosion probe (λ = 800 nm,
ICoulomb = 4 × 1014 W/cm2 and τ = 30 fs). The setup is identical to that which
has already been described in Sec. 3.1. The molecules are seeded in 25 bar of
neon.
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Figure 7.4: REMPI spectrum of 3-AP in the range close to the two origins. In
the depleted (dotted blue) mainly the trans conformer is seen and in the deflected
(dashed red) mainly the cis conformer is seen.

DIE exists in an anti conformer with a torsional angle of 180° and a gauche
conformer with the two iodine atoms in a torsional angle of 79°. The two structures are shown as inset in Fig. 7.5. At a temperature of 49 ◦C 88 % is found
to be in the anti conformer and 12 % in the gauche2 [180]. The anti conformer
has zero dipole moment due to inversion symmetry while the gauche conformer
has a dipole moment of 2.49 D [181]. Thus it is principally possible to deflect the
gauche conformer out of the original beam while not modifying the anti beam.
Since this molecule has iodine atoms which are known to be good observables, we
selected this molecule as a target for conformer specific alignment experiments.
In Fig. 7.5 we show the deflection profile of this molecule obtained by recording
the I+ signal as a function of position. The deflection profile clearly demonstrates
that a small fraction is deflected away from the beam while most of the beam
is left essentially unchanged, which is consistent with a small population of the
gauche conformer and most of the anti conformer. However, there is no way
to know if all of the gauche conformer is deflected away from the center even
though the deflection profile has a minimum between the deflected part and the
original beam. It cannot be excluded from the deflection profiles that the gauche
conformer is produced in a bimodal distribution where the high temperature component is almost undeflected similar to what has been observed for benzonitrile
in Sec. 6.2. Before recording any ion images we record a time-of-flight mass spectrum allowing us to check the purity and abundance of the molecular sample,
optimize experimental conditions as well as identify the correct timing of the ion
images on a specific ion. The mass spectrum of DIE is shown in Fig. 7.6. Almost
all peaks can be assigned to DIE. There are a few peaks from background contamination in the vacuum chamber H2 O and solvent residue CH2 Cl2 or CH5 OH. All
2 actually the gauche conformer is an axial chiral molecule with a corresponding droit conformer where the iodine atoms are turned the other way, but these naturally have identical
physical properties and we will refer to both of these as gauche
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Figure 7.5: Deflection profiles of DIE. The insets show the geometry of the two
different conformers of the molecule. The gauche conformer is deflected while the
anti is not.

these peaks are insignificant since I+ is the relevant observable that can clearly
be discriminated. However, one problematic peak can be identified. The timeof-flight contains a significant I+
2 peak. We expect that this peak must be due
to I2 molecules found in the sample. I2 will also contribute to the I+ signal. As
I2 is non polar we expect this to only contribute to the signal recorded in the
direct and depleted beam i. e. the anti conformer signal. The I2 signal is most
likely a residue from an impurity or a result of decomposition of the molecular
sample. In Fig. 7.7 images of I+ recorded in the deflected beam as well as in the
depleted beam and in the intermediate region where we expect a mixture of two
conformers to be present are shown. All images are recorded with the Coulomb
explosion laser and the ns YAG laser polarized in the vertical direction. Clearly
the three images are qualitatively different with different energy channels visible
in the depleted and the deflected image. The image in the mixed region does
seem like a mixture of the other two as could be expected. We will return to
this in the following. In order to understand the energy channels in these images
they have been Abel inverted using Gaussian basis-set expansion [121] to allow
extraction of the full 3 dimensional momentum distribution. Attempts have been
made to assign the individual peaks to different Coulomb explosion channels similar to what has been done for iodobenzene supporting the interpretation that
the channels correspond to I+ leaving the rest of the molecule in different charge
states. Similar identifications examined by Jonas L. Hansen have not been successful in unambiguously identifying the channels in DIE most likely because of
the more complex fragmentation pattern in a molecule with two iodine atoms and
additional fragmentation in the rest of the molecule unlike the pseudo diatomic
fragmentation in iodobenzene. However, the Abel inverted radial distributions
do support the interpretation that the data recorded at an intermediate position
is a mixture of the deflected and undeflected signal. In Fig. 7.8 the Abel inverted
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Figure 7.6: Mass spectrum for the DIE molecule. The unidentified peaks just
below 50 amu are most likely contamination from either dichloromethane used
to dissolve the molecule or ethanol used to clean the sample holder. In addition
there is also a small peak at 35 amu not visible at this level, which most likely
has, the same origin.
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Figure 7.7: Images of aligned DIE molecules obtained at three positions in the
deflected beam with parallel polarized YAG and Coulomb explosion lasers.
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radial distributions are shown. While the three distributions are very different,
it is clear that the intermediate distribution is very well matched by a weighted
sum of the two other distributions with a weight of 0.7 of the depleted radial distribution and 0.3 of the deflected. The three radial distributions corresponding
to the images have been normalized independently to a integral area of one and
no further normalization is needed for the weighted sum.
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Figure 7.8: DIE radial distribution extracted from the images in Fig. 7.7. The
weighted sum is a sum of 0.7 times the depleted curve and 0.3 times the deflected
curve. The signals shown normalized to a total area of one.

Co and Autovariance Techniques Applied to VMI Data
In recent years very detailed insight into atomic and molecular interactions with
lasers has been gained using methods based on coincidence detection. In COLTRIMS and reaction microscopes experiments ions and electrons can be detected
in coincidence to obtain fully differential cross sections for various processes
recorded [182].
In VMI experiments it is typically not possible to detect several ions in coincidence for several reasons. VMI experiments rely on the gating of the detector
to extract ion specific signals and read out the signal using an external camera
with a slow opening time on the level of several µs. For this reason it is difficult
to gate on several ionic species in coincidence. Furthermore the system is not
designed to allow the recording of both electrons and positive ions simultaneous.
However, in an experiment on a molecular species with more than one atom of
the selected observable one automatically records both ions and it is in principle
possible to do coincidence experiments on this selected class of molecules. It is
typically not feasible to do real coincidence measurements since they require low
count rates with only a few ions on the detector to identify the individual ions
originating from the same molecule. For this to be feasible the experiment should
have a high probability for detecting the ions since any image with only one of
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the ions detected is wasted. This requires both a high quantum efficiency of the
multi channel plate detector as well as a high efficiency of the camera detecting ions on the phosphor screen and an optimally tuned detection algorithm in
the image analysis software discriminating ion hits from noise. In addition it is
naturally necessary to ensure that the molecule undergoes sufficient Coulomb explosion to ionize both observables but still leave both of them in the same charge
state (i. e. in the case of DIE we need to produce two I+ ions and minimize both
the amount of I2+ and ICx H+
y ions created). Even in an experiment where the
count rate is much higher than in true coincidence experiments there will be a
statistical variation in the signal since the detection of one ion with a specific x
and y momentum results in the enhanced detection probability of another ion
with a corresponding momenta as determined by the molecular orientation and
the fragmentation process. This consideration and the observation of apparent
correlations in the individual raw ion images as seen during the experimental run
lead us to investigate the co and autovariance.
In a famous experiment from the 1950’es Hanbury Brown and Twiss demonstrated that the covariance of the intensity in two seemingly uncorrelated measurements could be used to measure the apparent diameter of a star [183]. The
measurements seem uncorrelated since the photons emitted from the stars originate at many different positions within the star. This type of experiment, known
as intensity correlation spectroscopy, has since been used in astronomy and Hanbury Brown and Twiss experiments type effects have been studied in quantum
optics experiments observing i.a. anti-correlations in photon detection from single photon sources. In an experiment on CO, N2 O and SO2 Frasinski et al.
[184] demonstrated that covariance (or more correctly autovariance) can be used
to identify correlations between channels in a time-of-flight (TOF) mass spectrum. The technique facilitates the extraction of correlation between ions in
different channels. In the case of the experiment on CO the autovariance allowed
identification of pairs of ions originating in the same fragmentation process, i. e.
correlations of O ions ejected in the forward direction and C ions ejected in the
backward direction in the TOF spectrometer (and vice versa), as well as correlations between different charge states of the ions. Here we demonstrate that
this can be extended to the analysis of ion images recorded in a VMI setup. We
will restrict this to two types of variance. In the first type we will look at the
angular autovariance. We extract the angles from the vertical axis for the individual ions and calculate the autovariance between these. In the second type
we will look at the covariance between the radial distances of the molecular ions.
We will assume that a single molecule can produce an ion on the top half of the
detector and an ion on the lower half. However, we will assume that there are no
molecules producing two ions on the same half of the detector. The validity of
this approximation can to some extent be verified by the angular autovariance.
This approximation allows us to efficiently separate the detector into two half
detectors and calculate the covariance between the radii of ions in the top and
bottom of the image.
In the following we will define more precisely what we understand by auto
and covariance. Here we are considering the general case of two distributions X
and Y that are measured as a function of the parameters x and y. The sum over i
refers to a summation over N experimental realizations. In our experiments this
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corresponds to N laser shots. In the following we will implicitly understand that
X is a function of x and Y is a function of y and note that hXi is the average of
X over the N realizations. The covariance is defined as:
C(x, y) =h(X − hXi)(Y − hY i)i
=hXY − XhY i − Y hXi + hXihY ii
=hXY i − hXihY i − hXihY i + hXihY i
=hXY i − hXihY i = hX(x)Y (y)i − hX(x)ihY (y)i
"
#"
#
N
N
N
1 X
1 X
1 X
=
Xi (x)Yi (y) −
Xi (x)
Yj (y)
N i=1
N i=1
N j=1

(7.1)

The qualitative interpretation of the covariance can be seen directly from the
definition. If X(x) is bigger than hX(x)i for a specific x and the same is true
for Y (y) then the covariance is positive and there is a positive correlation of an
event at x and one at y, and this gives an increased likelihood of an event at y
provided an event at x is observed. On the other hand if y is smaller that hyi
there is a negative correlation and a reduced likelihood for the event at y. In an
autovariance measurement the two distributions are identical and we immediately
see that the distributions are symmetric around the diagonal, and the diagonal is
just the ordinary variance of the signal. As an example the angular autovariance
i. e. the autovariance of the angular distribution extracted from the images is:
C(θ1 , θ2 ) =h(Θ − hΘi)(Θ − hΘi)i

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

(7.2)

Where Θi is the angular distribution from image number i.
In Fig. 7.9 and 7.10 the angular autovariance and the radial covariance is
plotted for the signal from the depleted beam. The angular autovariance has two
major features. A sharp channel with an autovariance of 180° in the range of
approximately −30° to 30° along with two broader distributions centered around
0° and 180°. The fact that the broad distribution is not significantly smaller at
0° compared to the one at 180° means that the angular autovariance cannot be
used to justify the assumption that the molecules ionize into an ion in the upper
and lower region of the detector, but we will still consider the radial covariance in
the following. In the radial covariance we again find a sharp channel in the range
100 pixels to 150 pixels. Calculations of an angular autovariance excluding this
range remove the sharp channel at 180°, which confirms that the same signal is
responsible for the two features. Remembering the signal at the mass of I+
2 in the
time-of-flight spectrum it is now obvious that this sharp channel must be due to
the contamination of I2 in the sample. Since I2 is a diatomic molecule the momentum of one ion is fully fixed by the momentum of the other since the momentum
of the electrons may be neglected at this scale. There are other intense signals in
the radial covariance, however, the most dominant contributions are on the axis
of the I2 signal and are most likely accidental contributions due to the large signal
from the I2 molecules always being present at the same radius. Thus to do a more
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detailed analysis it is necessary to eliminate the signal from I2 . Turning to the
gauche conformer the angular autovariance is plotted in Fig. 7.11. In this plot
we also see positive autovariance as two broad distributions centered at 0° and
180° However, no sharp features are observed consistent with the interpretation
that the sharp feature is due to non polar I2 molecules. The assumption that the
ions come out back to back is somewhat more well justified in this case as the
intensity around 180° is larger than arond 0°. In addition the autovariance peak
is oblong along the Y = X ± 180° diagonal i. e. events that result in one ion at
−2° have a weak preference for the other ion below 178°. In the radial covariance
plotted in Fig. 7.12 one interesting feature can be observed. As a correlation is
found between the signal at roughly 60 pixel and 150 pixel this indicates that the
peaks belong together such that the channel producing an ion at 60 pixel often
results in an ion detected at 150 pixel. Note that the observation is independently found as a correlation between a low momentum ion upwards and a high
momentum ion downwards and vice versa. The findings presented above should
demonstrate that the auto/co variance analysis can provide additional information which is not readily available from the averaged data. However, the exact
nature of the fragmentation process is still difficult to understand. In the iodine
elimination reaction typically probed by the dissociation at 266 nm, a bridged
structure with the left over iodine atom in the radical binding to both carbon
atoms was originally predicted by Skell et al. [185]. This transient structure has
since been observed in experiments in solutions of methanol [186] and cyclohexane
[187] by time-resolved X-ray liquidography and is found to result in the binding
of the dissociated iodine atom to the other iodine atom followed by dissociation
of the formed I2 molecule. However, experiments on the fluorinated version of
this molecule (C2 F4 I4 ), which only exists in the anti conformer, have shown no
signs of formation of a bridge complex when probing the transient structure using
ultra fast electron diffraction studies following irradiation by 266 nm light [188].
The observed I+
2 in our experiment is most likely formed in a similar elimination
reaction already in the sample before supersonic expansion. Since there is no
solvent cageing like effect in gas phase to prevent the I+ ions from leavening the
molecular fragments, it is unlikely that I+
2 could be formed via a bridge formation
as a result of the laser interaction in gas phase.
Extensions to other molecular systems
We have also successfully applied the angular autovariance technique to studies
of the torsional motion of the axially chiral biphenyl derivative 3,5-dibromo-3’,5’difluoro-[1,1’-biphenyl]-4-carbonitrile [172]. By plotting the angular autovariance
it can be confirmed that the four distinct regions of F+ ions, produced after 3D
aligning the molecule using an elliptical ns laser pulse and kicking the molecules
with a fs laser pulse perpendicular to the major axis of the ellipse to introduce
torsion around this axis, are indeed, as the axial recoil approximation suggests,
belonging together two and two separated by an angle of ∼ 180°.
These four regions represent the molecules in the two different enantiomers as
well as the two different orientations of the aligned molecules. Unfortunately it
is at present not possible to significantly orient this molecule and thus uniquely
identify the two sets of regions as belonging to the separate enantiomers. At long
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Figure 7.9: Angular autovariance of the anti conformer measured in the center
of the original beam depleted of the gauche conformer at a position of 0.0 mm.
The diagonal line has been cut from the image since it dominates the signal.

time delays between the kick pulse and the probe pulse (10 ps) the phenyl ring
with F substitutes acquires so large a spread in the mean value of the torsional
angle that the localization of the F+ ions seems to trace out a donut shape on
the detector. One could be worried that this would not only be an effect of
the torsional motion but perhaps a laser induced breakdown of the axial recoil.
However, the angular covariance analysis confirms that the close to 180° angle
between the ionic fragments is preserved even when they are delocalized.
If one can overcome the limitations in the dead time of the detector camera
setup there is no fundamental reason why it should not be possible to record the
covariance of different ionic species. The lifetime of the phosphor screens used on
our MCP is typically a few 100 ns so one can gate both a light and a heavy ion,
and even though the opening time of the camera is long compared to the time
scale of the time-of-flight it should be possible to gate on two different ions using
carefully positioned triggers with the recording of the first ion in the late end of
the gate and the second in the early end of the next gate. Alternatively one could
use a camera with a burst mode capable of taking several images fast after each
other with one external trigger. One example of an attractive experiment of this
type would be to measure the covariance of Br+ and F+ ions from the biphenyl
derivative confirming the covariance of a F+ ion on the left with a Br+ ion on
the right side. Since this scheme would no longer be restricted to molecules with
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Figure 7.10: Radial covariance of the anti conformer measured in the center of
the original beam depleted of the gauche conformer at a position of 0.0 mm.

two identical observables, a range of interesting experiments that would benefit
from the covariance can be envisioned. The covariance can be used to investigate
the validity of the axial recoil approximation. It is obvious from the data on
DIE that I+ ions from I2 in the channel where both are singly charged leave the
molecule back to back with identical momentum. We expect that they recoil
back to back along the bond axis due to symmetry, but the covariance cannot
probe this since the molecular ion may have excited state dynamics before break
up, which the covariance is insensitive to. In contrast ions from the channels
originating in DIE and from the F and Br atoms in the biphenyl derivative leave
the molecule with a back to back angle close to 180° but with some additional
blurring. There could be several reasons for this partial breakdown. If the two
ions are removed in a sequential process, the axial recoil approximation might be
more valid for the first one since the rest of the molecule will receive a momentum
kick from this process and the blurring will mainly be due to the position of the
second ion. If, however, excited state dynamics also takes place in the molecular
ion prior to fragmentation both ions may be equally blurred. An interesting
experiment would be to probe the axis recoil of iodobenzene. We know that this
molecule can be aligned extremely well as probed by the images of I+ ions, and in
addition iodobenzene has two resolved channels originating in processes leaving
the phenyl fragment singly and doubly charged. Provided that one can work in
a regime where the phenyl fragment does not undergo significant fragmentation,
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Figure 7.11: Angular covariance measured of the gauche conformer measured in
the deflected beam at a position of 1.3 mm.

2+
it should be possible to measure the covariance between I+ and CH+
5 or CH5
confirming the momentum conservation calculations identifying the channels in
the I+ images and illustrating that the fragments break up in an angle of 180°.
The experiment would, however, most likely be limited by the break up of the
CH+
5 ion since it is well known from previous experiments that the use of a ns
alignment laser introduces post ionization breakup of the CH+
5 fragments, so to
perform the experiment either the intensity of the ns has to be kept low or a
nonadiabatic alignment laser must be used.
We note that unlike reaction microscope experiments we do not claim to
perform “kinematic complete experiments” since we cannot record the full 3D
momentum distribution of the ions. It is possible to reconstruct the full 3D distribution in special cases using either Abel inversion or tomographical reconstruction [189], however, as these techniques apply to distributions averaged over many
experimental realizations, any covariance information would be lost in the process. In addition we have no way to record electrons and ions in coincidence, and
it is experimentally unfeasible to record all ionic species in a typical Coulomb explosion experiment due to the limitations in camera dead time mentioned above.
The major advantage of the covariance technique is the low additional complexity
of the covariance experiment. In the case of two identical observables the covariance information is available for free since it is already present in the data sets
used to calculate the average distributions of the molecular ions, and as demon-
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Figure 7.12: Radial covariance of the gauche conformer measured in the deflected
beam at a position of 1.3 mm.

strated above the covariance technique can extract information otherwise well
hidden in the ion images such as the presence of the I2 signal. In experiments
where two different ionic species are detected, the setup to detect both of them in
coincidence would require a little more care and perhaps a different camera but
still little added complexity. In addition a major advantage compared to reaction
microscope experiments is that we can still work at high count rates. While the
fluctuations in count rate relative to the absolute signal does go down when the
count rate goes up, it is still possible to extract the covariance since we subtract
the averaged background. In our experiments we can work with 10’s or maybe
100’s of ions per laser shot, which is typically limited by the molecular density
and the laser focus size. In addition it is unattractive to increase the count rate
much more even for ordinary averaging experiments since this will increase the
probability of multiple overlapping ion hits which are difficult to separate.

7.3

Outlook and Conclusion

We have demonstrated that it is indeed possible to separate the conformers of
3-aminophenol and 1,2-diiodoehhane. The comformer selection of 3-aminophenol
is probed by conformer specific REMPI spectroscopy and demonstrates excellent
extinction ratios between both conformers. The selection of the two conformers of
1,2-diiodoethane also allows full separation of the gauche conformer from the anti
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conformer while the purity of the anti conformer is hard to deduce but certainly
improved in the depleted beam. In addition the experiment demonstrates the
feasibility of using co and autovariance techniques to aid the interpretation of the
ion images. The electrostatic separation should scale to many more molecules
with multiple conformers and be useful for all experiments that need a clean
molecular sample.

Chapter

8

Alignment in Helium Droplets
This chapter will detail our efforts to align molecules in helium droplets. The experiments are performed using two different droplet production techniques. The
first series of measurements were performed using pulsed a Even-Lavie valve to
form the droplets [113, 110]. In the pulsed setup the spatial orientation of the
molecules was probed by different methods. Ultimately these experiments failed
to produce any convincing signs of alignment or even orientational selectivity of
the fragmentation from Coulomb explosion or resonant dissociation. In the first
half of this chapter we will show some of these failed attempts and discuss why
they failed. Many of the experiments are preliminary and as such the experimental parameters may not be as well determined as normal. As we were unable to
make these experiments work we chose to replace the pulsed valve with a continuous opening valve. The replacement of the valve was primarily motivated
by the published data from Braun and Drabbels [64, 63, 65, 66, 67] that explicitly demonstrated directionality in photodissociation of molecules from droplets.
Since we were unable to replicate even this observation using the pulsed droplet
apparatus the most natural step was to attempt the alignment experiments under conditions similar to the ones in the experiments of Braun and Drabbels.
This proved successful and the second half of this chapter shows the first preliminary alignment experiments on iodobenzene (IB) molecules embedded in helium
droplets. Both adiabatic and nonadiabatic alignment will be demonstrated.

8.1

Pulsed Helium Droplets

In the first attempt of aligning molecules in helium droplets we set out to probe
the alignment by Coulomb explosion. The Coulomb explosion is a simple probe
available for gas phase experiments since it only consists of a single non resonant laser pulse that just needs to be sufficiently intense to multiply ionize the
molecules and produce the ionic fragments in desired charge states. In Fig. 8.1
113
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one of the first mass-spectra obtained in our experimental setup by Coulomb explosion (τ = 30 fs, ICoulomb ≈ 1014 W/cm2 ) of droplets doped with Iodobenzene
is shown. The mass spectra are obtained at three different doping levels of the
droplets (Droplet formation: Stagnation pressure 80 bar, temperature 11 K). The
doping level is only determined by the pressure in the doping chamber read out
by the full range pressure gauge in this chamber and controlled by adjusting the
leak rate into the chamber. The pressures given here are the readout pressures
and not corrected for the ionization efficiency of the gauge. At a pressure of
1.3 × 10−8 mbar the signal from I+ and IB+ is unresolvable small (see insets).
However, at this low doping level a strong signal is observed at the masses of
+
He+ , He+
2 and He3 . The helium oligomers must be due to doped helium droplets
since the laser pulse is not capable of significantly ionizing bare helium droplets
due to the ionization potential of helium. This was also confirmed experimentally. As the doping pressure is increased the signal from I+ and IB+ starts to
appear at a pressure of 1.3 × 10−7 mbar, however, it is accompanied by a large
enhancement in the helium oligomer signal. The signal of the three smallest
oligomers dominates the total spectrum and, in addition, the oligomers are now
−7
visible all the way beyond He+
mbar the I+ and
10 . At a pressure of 5.0 × 10
+
IB signal is further increased, however, the helium oligomer signal increases as
well. The zero baseline between the peaks is no longer maintained, which clearly
indicates that the signal saturates the detector. The strong helium oligomer sig0.0
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Figure 8.1: Mass-spectra of Iodobenzene doped droplets probed using Coulomb
explosion at 800 nm
nal makes it impossible to image alignment and orientation using a Coulomb
explosion probe. We have attempted to image fragments, but the strong background signal has the consequence that the gating cannot separate ion counts
of the desired ion from the unwanted background. In other words the helium
oligomer signal is strong enough to produce ion hits on the phosphor screen of
the detector even when the voltage across the MCP is several hundreds of volts
below the threshold for detection of a typical ion signal. In a theoretical paper
from 2009 Mikaberidza et al. [190] investigated the ionization of xenon doped
helium droplets and found that under certain conditions the helium droplet may
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undergo explosive ionization. They found that at wavelength of 780 nm an intensity of ∼ 1014 W/cm2 is enough to explosively ionize helium droplets with 5 or
more xenon atoms embedded. This is in sharp contrast to pure droplets that are
almost transparent and cannot be ionized at this wavelength and intensity. The
mechanism for ionization is based on a formation of a nano plasma. The onset of
plasma formation and total ionization is set by a resonance between the dipole
plasmon frequency of the droplet and the laser frequency. The laser frequency
is smaller than the maximum dipole plasmon frequency of the droplet imposed
by the droplet charge density. However, an elongated nano plasma has a frequency, below the maximum frequency and at a given aspect ratio it will come
into resonance with the laser frequency leading to total ionization of the droplet.
An open question is how this mechanism scales to single organic molecules inside a helium droplet. Since the mechanism basically depends on a core of the
droplet with a lower ionization potential than the helium atoms, there is no reason why it should not apply to a cluster of organic molecules inside the droplet.
The open question, however, remains whether the process is efficient for helium
droplets doped with only a single molecule. The yield of helium oligomers clearly
scales with the doping level, however, more datapoints, with a better estimate
of the doping pressure, are needed to be able to make any conclusion about the
molecular cluster size in these helium droplets. The combination of laser induced
fluorescence on phthalocyanine doped helium droplets and Rayleigh scattering
experiments performed by Dominik Pentlehner et al. [113, 110] shows that the
droplets produced from the pulsed source are described by a bimodal size distribution with a fraction of very big droplets with more than 106 helium atoms.
While no signal from singly doped droplets could be recorded from these big
droplets they should easily pick up several molecules due to the larger geometrical cross section of the droplet. Perhaps just a few of these droplets could
produce a strong helium oligomer signal if they undergo total ionization. If this
is the case then there may in principle exist a useful signal from smaller droplets
that is just difficult to extract. Alternatively the oligomer signal may be due to
the smaller droplets either because the droplets are in fact multiply doped even
before we see a molecular signal in the mass spectrum or because the ionization
is efficient enough to fully ionize singly doped droplets. Mikaberidza et al. also
investigate the same process using a UV laser with a wavelength of 200 nm. At
this wavelength the laser frequency is higher than the dipole plasmon frequency
of the droplet and the plasma ionization does not take place. The laser pulse may
still ionize a small droplet or the core of a bigger droplet via the static field from
the ionized xenon cluster but is not capable of full ionization of a big droplet.
The combination of the reduced ionization of the droplet at higher frequencies
with the success of Braun and Drabbels in observation of directionality in the
dissociation of CH3 I and CF3 I from droplets using 266 nm light motivated us to
probe the experiments with a similar technique. In addition the A-band dissociation of a C-I bond by 266 nm light is a resonant process, and the laser intensity is
significantly reduced eliminating droplet fragmentation in any case. The A-band
dissociation of IB and methyl iodide CH3 I has been extensively used as a probe
for alignment along with Coulomb explosion probes [119, 120]. Compared to the
Coulomb explosion probe the major attraction of the dissociation probe is the
known angular dependency of the probe. Probing with a dissociation probe po-
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larized parallel to the alignment probe and the detector allows Abel inversion of
the cylindrically symmetric images. The real molecular angular distribution can
then be reconstructed from the angular distribution in the reconstructed images
by dividing with the angular selectivity of the probe. The A-band dissociation
of IB progresses via n → σ ∗ transition that is common for all molecules with
C-I bonds and a π → π ∗ transition involving the aromatic system in IB [191].
Poulsen et al. [119, 120] identifies two contributions in the images. The center
is dominated by a not very directional component from the π → π ∗ transition
while a directional ring is dominated by ions from the n → σ ∗ transition. Iodine
atoms are produced in either the electronic ground state (I) or a spin orbit excited
state (I* ). These states are selectively ionized by 2+1 photon resonance enhanced
multi photon ionization (REMPI) that is either tuned to resonance at 304.55 nm
or at 304.02 nm [192, 193]. The probe is in contrast to the work of Braun and
Drabbels that used a fs 800 nm pulse that non resonantly ionizes the fragments
following dissociation. Following the work of Braun and Drabbels we expect the
iodine atoms to leave the droplets after the dissociation and the ionization can
take place outside the droplet, such that no droplet induced shift of the REMPI
wavelengths is induced. However, the progression of IHen fragments observed by
Braun and Drabbels may have shifted wavelength compared to the bare I atoms
and may not be ionized using the resonant probe tuned to either of the isolated
atom resonances.
The first experimental realization of this probe was done by probing with only
a 266 nm probe obtained from sum frequency mixing the 800 nm with its second
harmonic. In Fig. 8.2 mass-spectra signal of IB doped droplets probed by 266 nm
light is shown. The helium droplet beam is produced at a backing pressure of
80 bar and an expansion temperature of 11 K. In panel a) the background with
the droplet beam blocked is shown. The mass spectra are recorded with a fixed
opening of the leak valve from the sample reservoir into the doping cell. The two
plots illustrate the effect of cooling the cold shield in the doping chamber. As the
shield is cooled the pressure is reduced by almost two orders of magnitude and the
iodobenzene contribution to the droplet free background is reduced significantly.
In panel b) the corresponding mass spectra with the droplet beam is shown. The
mass spectra are very different from the ones obtained when probing the droplets
using Coulomb explosion at 800 nm as the strong helium oligomer signal is absent. However, the spectra also reveals that a significant portion of the droplets
are not only singly doped but contain multiple molecules. The mass spectra
have dominant signals at the mass of the iodobenzene dimer (408 amu) as well as
fragments as I2 C6 H5 (281 amu) and (C6 H5 )2 (154 amu). Droplets with multiple
embedded molecules are expected to reduce the observed alignment and should
ideally be suppressed for the first measurements. In the next step we include the
REMPI laser pulse and tune its wavelength to both the I and I* resonance. The
corresponding intensity of the 266 nm laser pulse has been reduced compared to
8.2 in order to suppress the direct ionization of dissociated I atoms. In Fig. 8.3
examples of mass spectra with either the 266 nm pulse or the 304.55 nm pulse
alone and with both pulses are shown. The contrast between the iodine signal
from only the 266 nm laser pulse and the signal obtained with the addition of the
REMPI laser pulse tuned to the resonance is convincing and the signal signifi-
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Figure 8.2: Mass spectra recorded when iodobenzene is probed with a 266 nm fs
pulse (see text for details). a) Droplet beam blocked. b) Droplet beam included.

cantly enhanced. The signal with only the REMPI pulse is also much lower than
the signal from the combined pulses and, in addition, the signal from droplet-free
background is quite low. The progression of IHen is clearly visible as well. However, the spectrum does still contain traces of the clusters when only probing with
the 266 nm laser. The clusters are destroyed when including the REMPI pulse
and do most likely contribute to the I signal. However, as long as the fraction of
the cluster signal is not too big we may still at least observe directionality from
the singly doped droplets. These conditions should, therefore, be well suited for
the observation of directionality in the dissociation. In these measurements we
estimate the intensity of the two laser pulses to be I266 ∼ 2 × 1012 W/cm2 and
I304 ∼ 1 × 1010 W/cm2 , however, these are quite rough estimates since especially
the duration of the 266 nm is very uncertain. The droplets are produced at a
backing pressure of 80 bar and a stagnation temperature of 18 K. In Fig. 8.4 I+
images obtained at these conditions are shown. The images have no indication
of directionality from the droplets. The images in the top row, A1 to A3, with
the dissociation pulses polarized parallel with the detector are basically the unsolvated background superimposed with a small circular symmetric peak originating
from the droplets. In A3 the droplets are blocked and a clear directionality in
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Figure 8.3: Mass spectra recorded when IB is probed with the combination of
the 266 nm fs pulse and the 304.55 nm ns pulse. The mass spectra are recorded
with the 266 nm or the 304.55 nm individually or with both pulses. Also shown is
the spectrum with both pulses and the droplets blocked. The inset shows details
of the I+ signal.

the background is seen. The image with the droplet beam included and with
only the 266 nm pulse in A2 has a circular symmetric signal superimposed on
top of the anisotropic background. The center of the signal originating from the
droplets is shifted to the droplet speed in the direction of the polarization since
the ions are ejected perpendicular to the molecular beam path. In A1 where the
REMPI pulse is included the droplet signal narrows even further and the relative
background contribution diminishes due to the enhanced droplet signal. In B1
and B2 the polarization of the 266 nm probe laser pulse is rotated perpendicular
to the detector. The unsolvated background clearly reflects this and is now circular symmetric as expected, however, very little change is observed in the droplet
signal that remains strongly confined near the center. In B3 the signal from the
REMPI pulse alone is shown; in this case the droplet signal only consists of a
single small point superimposed on the unsolvated background. This is very disappointing since the lack of spacial information makes it impossible to use this
probe as a measure for any alignment. To further quantify the effect one should
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Figure 8.4: I images from IB probed using 266 nm and 304.55 nm laser pulses.
The 304.55 nm laser is tuned to the I resonance. The laser pulse and droplet
on/off conditions are given in each panel.

examine the radial distributions obtained from the images and we will do that in
the following for the I* resonance.
In Fig. 8.5 mass spectra measured with the REMPI laser tuned to the I*
resonance is shown probed with intensities of I266 ∼ 2 × 1012 W/cm2 and I304 ∼
1 × 1010 W/cm2 . These share many of the features with the ones obtained at
the I resonance. It is noteworthy that the signal from the REMPI pulse alone is
stronger under these conditions than at the I resonance. In a supersonic beam
the relative quantum yield by dissociation into the I* excited state compared to
the ground state I is only 0.0005 [191]. The helium droplets thus may have an
interesting effect on the branching ration worth investigating. We note that very
little difference can be seen between the parallel and perpendicular 266 nm probe
and certainly no sign of a split in the peak as a result of fragments recoiling
towards or away from the detector. This signal also has some contribution from
clusters destroyed by the REMPI pulse. In Fig. 8.6 examples of I+ images obtained using this probe are shown. Experiments are performed with and without
an alignment pulse (Ialign ∼ 2 × 1011 W/cm2 ). The images are Abel inverted
using the BASEX algorithm [121] and are directly compared to images obtained
in a supersonic beam using the same laser conditions in the same experimental setup (Supersonic expansion backing pressure 80 bar helium). The images
of molecules in the supersonic jet are in good agreement with what has been
recorded by Poulsen et al. [119, 120]. The unaligned image in D1 has a sharply
defined channel that peaks along the polarization of the dissociation laser pulse
but is rather broad. Note that the non reconstructed image is somewhat skewed
(not shown). This indicates that there is an issue with mapping this image in the
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Figure 8.5: Mass spectra recorded when IB is probed with the combination of the
266 nm fs pulse and the 304.02 nm ns pulse. The mass spectra are recorded with
the 266 nm or the 304.02 nm individually or with both pulses. Spectra with the
polarization of the 266 nm turned both parallel and perpendicular to the detector
are shown. Also shown is the spectrum with both pulses and the droplets blocked.
In this case the 266 nm pulse is polarized parallel to the detector. In all cases the
304.02 nm pulse is polarized parallel. The inset shows details of the I+ signal.

spectrometer possibly by a non centered focus. The skewness is removed in the
image by symmetrization before reconstruction. The symmetrization prevents us
from extracting trustworthy alignment cosines from the images but it does not
prevent a qualitative comparison of the aligned and unaligned images. As the
alignment laser pulse is included the angular distribution narrows and is further
confined along the alignment polarization axis. We do not observe a significant
extra channel at higher kinetic energy as observed by Poulsen et al. This channel
is due to the absorption of a YAG photon during the dissociation of the molecule.
Most likely the intensity of the alignment laser pulse in our experiments is too
low. The observations in the droplet experiments are unfortunately very different.
The unaligned image in C1 mainly consists of a single pointlike blob with very
little kinetic energy and no anisotropy. As the alignment pulse is included (C2)
little change is seen. The low momentum centroid remains almost unaffected but
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two weak semi rings are formed along the laser polarization. It may contain some
directional information but is ultimately too weak to conclude anything about
the molecular orientation. The corresponding kinetic energy distributions for the
four images are shown in Fig. 8.7. Here the kinetic energy scale is calibrated
against an ATI electron spectrum from argon [116]. As expected the supersonic
beam measurements are dominated by a single kinetic energy peak both with and
without alignment. A small redistribution of the probability is seen when including the alignment pulse. In the droplet based measurements most of the intensity
is concentrated in the center of the image with only a very modest contribution
at higher kinetic energies. As the YAG pulse is included this contribution does
indeed rise as seen in the images but no isolated kinetic energy channel can be
identified.
C1
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Figure 8.6: Abel inverted images of I . C1) and C2) Abel inverted images obtained for molecules in droplets with and without the alignment pulses. The
alignment laser pulse is polarized parallel to the detector. D1) and D2) corresponding images from supersonic beam under similar conditions. In all cases
the 266 nm probe pulse is polarized parallel with the detector. The images are
symmetrized with respect to both the vertical and horizontal axis before reconstruction. The center line is an artifact of the reconstruction.
Due to the failure of the experiments on IB we turned to another molecule.
This was motivated by analysis of the anisotropy of the dissociation. The anisotropy
of a dissociation process may be expressed via the anisotropy parameter β [194]
I(θ) = (1 + βP2 (cos θ))/(4π)

(8.1)

Where P2 is the second Legendre polynomial and the limiting values of β 2 for
a parallel transition and −1 for a fully perpendicular transition. Freitas et al.
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Figure 8.7: Comparison of kinetic energy distributions corresponding to the images in Fig. 8.6. The kinetic energy distributions are calibrated by the ATI
spectrum of argon and the area below the curves normalized to one. While the
supersonic measurements are dominated by a well defined channel the droplet
signal is concentrated at the center.

[191] found that the anisotropy parameter of iodobenzene probed at 266 nm in
a supersonic beam is β = 1.2. Compared to this the β parameter in CH3 I and
CF3 I are βCH3 I = 1.9 and βCF3 I = 1.6 respectively as collected from literature
by Braun and Drabbels [66]. Moreover Braun and Drabbels find that for bare
I atoms and small IHen clusters from droplets the β parameter is not much
smaller that the corresponding supersonic values. However, they do find that the
measured anisotropy parameter drops as the droplet size is increased. The larger
anisotropy parameter of iodine from these molecules motivated us to image these
molecules in the same way as iodobenzene. With a larger anisotropy parameter in
the supersonic jet it might be easier to image the dissociation since a larger drop
in anisotropy can be tolerated while still measuring an effect of alignment. These
experiments were, however, also inconclusive and no directionality was detected.
Since the probing of alignment by ion imaging was a failure we decided to probe
with a quite different schema. As the ionization probability depends on the angle
between the molecular axis and the laser polarization [172], the ionization yield
of molecules may be used as a probe of the alignment of the molecular axis. In
Fig. 5.11 an example of the yield recorded using a Coulomb explosion probe is
shown. This type of probe will, even if Coulomb explosion works in droplets, be
unsuitable for probing unknown alignment since the directionality of the probe is
unknown and in the case of OCS different for the two explosion channels that are
expected to be non separable in the droplets. However, the angular selectivity of
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the dissociation used in the previous experiments is known and this techniques
was for instance used by Bisgaard et al. to determine the alignment of CS2 [195].
As the anisotropy in gas phase is higher for CH3 I and the potentially problematic
π → π ∗ transition is absent, we chose to base these experiments on this molecule.
To verify the application of the technique we first conducted the measurements
in a supersonic jet. The experiments in the supersonic jet where both the yield
and alignment cosine can be directly measured allow direct comparison of these
measurements. Since the presence of a YAG pulse could influence the ionization
and fragmentation it is difficult to judge if an enhanced signal is due to alignment
or just enhanced ionization. However, in a nonadiabatic experiment the probing
is done under field free conditions, which makes the interpretation much clearer.
The conducted experiment is as follows. Molecular alignment is introduced by
a fs alignment laser pulse (τ ≈ 300 fs, I ≈ 1012 W/cm2 ). Following the alignment pulse at a variable delay the alignment is probed by the combination of
a dissociation pulse and ionization REMPI pulse tuned to the I* resonance. In
Fig. 8.8 the raw hcos2 θ2D i values for molecules in the supersonic jet are plotted.
Probing the alignment using a laser pulse polarized parallel with the alignment
laser pulse the prompt alignment is clearly visible and peaks 2 ps after the kick
pulse at hcos2 θ2D i = 0.80. Note that unlike the Coulomb explosion probe polarized perpendicular to the alignment direction e.g. Fig. 6.7, these images have
a high background level of hcos2 θ2D i = 0.72 due to the selectivity of the probe.
The next experiment probes the same with the dissociation pulse polarized perpendicular to the alignment laser pulse. This is evidently a rather bad probe of
the alignment and no alignment can be detected in the same trace. The probe
is unsuited since it favors ionization of molecules aligned perpendicular to the
alignment axis and thus does not significantly probe the aligned molecules. In
panel b) the corresponding yields are plotted. For the parallel probe the alignment is nicely reflected in the yields with a near matching curve. One additional
feature is a peak at 1 ps. We believe that this peak is an enhanced ionization effect not directly related to alignment. Based on inspection of the corresponding
image (not shown) it is obvious that something else happens at this time where
more kinetic energy channels open. This is supported by the fact that the peak
is also positive in the yield measurements with the polarization turned while the
subsequent yield at the peak of the alignment drops. The drop at the peak of
alignment is fully consistent with the alignment perpendicular to the ionization
laser polarization. The measurements in droplets do, however, not show any indications of alignment. As we will see from the measurements in droplets obtained
using the continuous source we should detect a modulation in the yield as a result
of the alignment. The absence of any modulation in the yield data is puzzling
since, in principle, there should be no difference between the pulsed and continuous source. The droplets produced in the pulsed source may be larger than the
droplets produced in the continuous source, and this could explain the apparent
absence of any spatial information due to by the size of the droplets. Braun and
Drabbels did observe that the anisotropy parameter drops with the mean droplet
size [66]. The effect may be explained by the number of binary collisions undergone by the iodine atoms during fragmentation. However, this effect is largest for
the high n IHen oligomers and should not be very prominent for the bare iodine
atoms. In addition they also observe a weak slowdown with droplet size for iodine
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atoms from CF3 I but not from CH3 I. The slowdown is significantly larger for
light fragments such as CH3 and the loss of anisotropy is also much larger. If
the droplets are very big there is a chance that the speed reduction also matters
for iodine atoms and could explain the lack of spatial resolution and anisotropy.
In any case any effect that removes the spacial information during the fragmentation process should not influence the yield measurements as the dissociation
probability should be independent of the droplet size. Thus the question remains
why no alignment information could be extracted from the ionization yields. Another tentative explanation could be that the fraction of singly doped droplets
is simply too small and the signal in most cases has been dominated by clusters
with different fragmentation patterns. Due to the failure of even reproducing
the spatial directionality of the experiments by Braun and Drabbels we chose to
move to a continuous droplets source.
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Figure 8.8: Comparison of hcos2 θ2D i and ion yields in supersonic jet with ion
yields in droplets. Probed at the I* resonance. In addition the cross correlations
of the probe and alignment pulses are shown.
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Continuous Droplet Source

In the next section we will consider the experiments done on molecules in droplets
formed by a continuous source. Unlike the pulsed droplet experiments these
worked as expected almost from the beginning.
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Figure 8.9: Mass spectra of Iodobenzene(IB) doped helium droplets. In an inset
zoom of the region following the iodine ion is shown. The molecular parent ion
at 204 amu is only shown in an inset. The region between 150 and 204 amu has
no detected events.
We investigated adiabatic alignment of iodobenzene (IB) molecules in helium
droplets with a linearly polarized pulse from a YAG laser (Ialign = 6 × 1011 W/cm2 ,
20 Hz λ = 1064 nm). As the density of droplets in the continuous beam is quite
low and we are limited by the repetition rate of the YAG laser, these experiments are presently quite time consuming but manageable since only two images
are needed to demonstrate alignment. The experiment is probed by Coulomb
explosion (ICoulomb ≈ 1014 W/cm2 30 fs). In Fig. 8.9 a mass spectrum for helium droplets doped by IB is shown. The droplets are formed in an expansion at
20 bar and 12 K with a mean droplet size of 104 atoms estimated from Fig. 2 in
[128]. The mass spectrum is compared to the one of the background without he+
lium droplets. Signals at the masses of small helium oligomers (He+ , He+
2 , He3
ect.) are produced with Coulomb explosion. However, these are on the order
of the molecular signals, or smaller, in sharp contrast to what was observed in
the Coulomb explosion experiments using the pulsed valve (Fig. 8.1). This may
indicate that the helium ionization does not take place via the plasma formation. The big peak at 18 amu is residual H2 O+ from the target chamber that
can be suppressed by improved baking of the chamber. The peak does, however,
not indicate significant doping of water in the droplet. In the mass range from
20 amu to 80 amu several fragments from the molecules are observed. At the
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mass of 127 amu a prominent peak of I+ is detected. The iodine ion is an ideal
observable for alignment in gas phase, however, the contrast between the iodine
ions produced from unsolvated molecules and the droplets is not good as approximately 3/4 of the signal is due to unsolvated molecules. This is significantly
worse than the contrast ratios in the pulsed helium droplets corresponding to the
lower count rate produced with the continuous source. Presently steps are being
taken to reduce the background by an additional liquid nitrogen cooled shield
in the target chamber. The large background makes the bare iodine atom unsuited as a probe of alignment. However, at higher masses a progression of IHe+
n
ions is observed. Since these ions are not produced from unsolvated molecules
they effectively form a background free signal. Braun and Drabbels measured
that the directionality in the photodissociation of CH3 I and CF3 I is preserved
in these IHe+
n [63, 66] fragments as expressed by the anisotropy parameter β.
The anisotropy parameter drops as a function of the number of attached helium
atoms but it does remain above 0.5 for all measured IHe+
n fragments i. e. up to
n = 16. The formation of the IHe+
n fragments is fundamentally different in this
experiment since iodine atoms travel out of the droplet as neutral atoms in the
photodissociation experiments while the IB molecules are multiple ionized inside
the droplets during the Coulomb explosion and leave the droplet as singly charged
ions. Braun and Drabbels demonstrate that their experimental findings can be
well modeled by a hard sphere interaction model where the iodine atoms undergo
multiple collisions with helium atoms as they leave the droplet [65] and conclude
that the iodine helium fragments are formed in a dynamic process during the
exit of the iodine atoms determined by the ratio of the collision energy and the
binding energy of the iodine helium complex. In this process helium atoms may
attach and leave the iodine atom. The ionization of the iodine helium complex
may involve some fragmentation, however, they conclude that this is negligible
since the complexes have characteristic images and speed distributions depending
on the number of added helium atoms (n). If they were predominately produced
from larger fragments a more uniform behavior would be expected. In the case
of singly charged iodine ions leaving the droplet as a result of Coulomb explosion
within the droplet there is no second ionization step, and the complex observed
in the mass spectrum is expected to fully reflect the charged complex that leaves
the droplet. The binding energy between iodine ions and the first few helium
atoms is expected to be larger than the iodine helium neutral binding energy,
thus we would expect a larger progression of the complexes in the Coulomb explosion neglecting the difference in kinetic energy of the ion and neutral iodine
atom. While the progressions seem much weaker than the bare iodine ion the
signal of the IHe+ fragment is comparable to the I+ signal when the unsolvated
background is subtracted. At the mass of 142 amu an additional droplet independent fragment is detected. The fragment is due to a contamination of CH3 I from
a previous experiment mainly trapped in the ball valves between the leak valve
and the sample reservoir and should be removed by replacement with a better
suited valve. The contamination is, however, expected to be a negligible part of
the iodine fragment but the molecular ion will be directly visible in the images
gated on multiple iodine helium fragments. The molecular ion of IB is produced
both from the droplets and in the unsolvated background. In the background the
ion is naturally produced by single ionization of molecules while the observation
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of these ions from the droplets perhaps is a bit more surprising since no kinetic
energy is contributed to the ion by the laser interaction. We do not observe
any additional progressions following any of the other ions in the mass spectrum
except perhaps the H+ ions. While the lower mass region of the spectrum has
contributions from multiple ions making the interpretation more complicated, we
do observe peaks at mass 5, 9 and 13 that could be due to HHe+
n fragments. In
addition we cannot exclude CHe+
n fragments but these are completely hidden by
other helium oligomers. This is to some extent consistent with the observations of
Braun and Drabbels who observed formation of helium fragments in the form of
CH3 Hen but not CF3 Hen [66]. They attribute the absence of these fragments to
the large internal energy of the fragments following dissociation. While we make
no guess about the internal energy of the various phenyl fragments we know for
sure that the atomic ions do not have internal rotational or vibrational energy.
The observation of progressions only on atomic ions is thus consistent with this
explanation. An additional I2+ ion is detected at mass 64. (i. e. the mass scale is
calculated on the basis of singly charged ions). No progressions can be detected
after this ion, however, the ion is mainly produced from the background and thus
the signal is maybe just very low. In Fig. 8.10 ion images obtained using Coulomb
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Figure 8.10: IHe+
n images recorded with (B1-B3) and without (A1-A3) YAG
alignment pulse. The localized spot present in all images is due to CH3 I+ . The
white rings indicate the ranges used to extract the hcos2 θ2D i values. The polarization direction of the probe is given for the droplet images in the figure while
the droplet free images in A3 and B3 are recorded with the probe pulse polarized
perpendicular to the plane. Here parallel refers to the vertical axis of the image
parallel to the alignment pulse polarization.
explosion of doped droplets are shown. Compared to the images obtained in the
pulsed experiment it is noteworthy that channels with clear anisotropies are now
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observed. The images all have a central blob that is only weakly affected by the
various laser geometries. This blob is expected to be due to mostly unsolvated
CH3 I+ fragments since it is also observed with the droplets blocked and is shifted
from the center of the droplet signal. In addition, the images with droplets show
channels outside this region. The top row (A1-A3) shows images resulting from
Coulomb explosion without an alignment laser. The bottom row (B1-B3) shows
the corresponding images including the YAG alignment laser pulse at an intensity
of Ialign = 6 × 1011 W/cm2 . The alignment laser is polarized along the vertical
axis of the image corresponding to the droplet beam axis (Z-axis). In image A1
and B1 the Coulomb explosion laser is polarized parallel to the alignment laser
while it is polarized perpendicular to the image plane (detector plane) in A2 and
B2. In images A3 and B3 the droplet beam is blocked and almost no signal is
observed outside the CH3 I+ blob. In A1 and A2 a behavior similar to the one observed in the supersonic beam is seen. When the laser is polarized perpendicular
to the detector a uniform circular pattern is found. The circular pattern’s center
is shifted compared to the center of the CH3 I+ blob due to the difference in speed
between the thermal CH3 I+ and the droplet beam. In A1 the Coulomb explosion
laser is polarized parallel with the detector and two distinct channels are created
along the laser polarization as the laser predominately ionizes molecules parallel
with the laser polarization axis. As the alignment laser is turned on in image B1
the two rings narrow significantly and hcos2 θ2D i increases from 0.67 to 0.87. In
B2 where the Coulomb explosion laser is polarized perpendicular to the detector
the circularly symmetric pattern from A2 is broken when the alignment laser is
included and clear alignment can be seen. The value of hcos2 θ2D i increases from
0.50 to 0.78. In the droplet blocked images only a few hundred blobs (compared
to more than 2800 in all the other images) are detected in the ranges and no
meaningful hcos2 θ2D i value can be extracted.
The experimental finding can directly be compared to the values obtained
in the same setup for the same laser parameters in the supersonic jet shown in
Fig. 8.11 (backing pressure 80 bar helium). The obtained alignment cosine values
are apparently lower than the ones seen in the supersonic jet where hcos2 θ2D i is
0.88 and 0.91 with the perpendicular and parallel probe respectively. There are
several reasons why the values are lowered. In a supersonic jet we can discriminate between two different channels where the iodine atoms leave the rest of the
molecular ion either in a singly or doubly charged state. The doubly charged
channel is the only one used to extract the alignment cosine since it restricts the
probe volume and the focal volume avg. effect that lowers the measured alignment see Sec. 6.3. In the droplets these channels cannot be separated and thus we
expect that the alignment is lowered. The total alignment as probed from both
channels in the supersonic jet is 0.83 (perpendicular probe) and 0.89 (parallel
probe). This indicates that the alignment is in fact not much lower than in gas
phase. The collapse of the two channels can most clearly be seen in the radial
distributions shown in Fig. 8.12. The distribution with droplets blocked has only
a small peak at low radius from the background. This peak is refound in the other
distributions from the droplets but not in the jet. In the jet the two channels are
clearly visible and it can be seen how these are absent in the droplet case and another channel appears at lower radius. With the perpendicular probe this is not
easily distinguishable from the contamination peak. However, as the alignment
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Figure 8.11: I images from supersonic jet corresponding to the droplet images
in Fig. 8.10. The white circles indicate the two rings used to calculate hcos2 θ2D i
values.

laser is applied the channel stands out clearly. In the parallel distributions the
channel can be seen under all circumstances.
Braun and Drabbels observed that the asymmetry parameter is lowered with
the number of helium atoms attached and in any case is slightly lower than in
the gas phase [65]. While we have not recorded images for individual iodine
helium fragments that permit the analysis of any gradual loss of anisotropy, it
does seem likely that the observed alignment is gradually lost in the same way as
has been observed in the photodissociation studies. Images obtained while gating
on individual iodine helium fragments as well as images obtained by gating on
the bare I+ ion should help clarify this effect. This however, requires that the
unsolvated background can be suppressed sufficiently.

Nonadiabatic Alignment
We now turn to the nonadiabatic experiments on iodobenzene embedded in helium droplets. In Fig. 8.13 a) we show an alignment trace obtained by scanning
the delay between the alignment laser (τ ≈ 500 fs, Ikick = 1 × 1013 W/cm2 ) and
the Coulomb explosion probe laser (τ ≈ 30 fs, ICoulomb = 2 × 1014 W/cm2 ). Compared to the adiabatic experiment this greatly benefits from the 1 kHz repetition
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Figure 8.12: Radial distributions of iodine images. a) radial distributions from
molecules probed by a perpendicular i. e. horizontal probe. In droplets extracted
from image A2 and B2 of Fig. 8.10. In supersonic jet extracted from C1 and
D1 of Fig. 8.12, as well as droplet free background A3 of Fig. 8.10. b) radial
distributions from molecules probed by a parallel i. e. vertical probe. In droplets
extracted from image A1 and B1 of Fig. 8.10. In supersonic jet extracted from
C2 and D2 of Fig. 8.12, as well as droplet free background no image shown. Note
that none of the images are Abel inverted and these are the raw pixel distributions
obtained from the camera that correlate to the two dimensional momentum. The
radial distributions are all normalized to an area of one.
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rate of the fs laser system. Since the source is continuous we are only limited
by the repetition rate of the laser. The Coulomb explosion laser is polarized
parallel with the alignment laser and thus the alignment free background value
of hcos2 θ2D i is 0.66. The alignment is probed on the IHe+ fragments as in the
adiabatic alignment experiments due to the large I+ signal from the unsolvated
background. The alignment dynamics is quite different from the one observed
in the supersonic jet with the same parameters. The prompt alignment peaks
after a period of ∼ 20 ps at a value of 0.76 and drops to the background value
after ∼ 100 ps thus the dynamics is very much slower than the one observed in
the supersonic jet [118, 196]. For direct comparison we have also recorded the
dynamics in gas phase as shown in panel c). This is extracted from both channels in the image for direct comparison with the droplet data. The selected scan
shows the first two J type revivals within the first half of the scan. In this case
the prompt alignment peaks after 1 ps at hcos2 θ2D i = 0.82 and has reached the
bottom level after 4 ps. The J/2 revival takes place after 352 ps and the full J
revival anti aligns after 706 ps in good accordance with the previously measured
values. In the length of the full scan performed in droplets we expect to see four
J type revivals in gas phase. In Fig. 8.14 selected images from the alignment
trace are shown. Panel E1 shows the image obtained with the probe pulse only
prior to the alignment pulse. It closely resembles the alignment free image in
Fig. 8.10 A1 except the smaller peak of CH3 I+ in this image. The image in panel
E2 is recorded with both the alignment and the probe pulse at a time delay of
t = 20 ps corresponding to the peak of the alignment curve in Fig. 8.13. While
the confinement is less pronounced than in the adiabatic experiment the effect
of the alignment is clearly visible. We do not observe any signs of a rotational
revival in the scanned period extending onto 1.6 ns. Some weak dynamic may be
visible at ∼ 1.1 ns. A closer inspection does, however, reveal that this cannot be
replicated and that the observed structure is most likely due to small shifts in the
centroids of the images as illustrated in image E3, where it clearly can be seen
that the centroid of the image is offset. The cause of this effect is unknown. The
fact that the alignment drops to the background value after the prompt dynamics
indicate that most of the rotational wave-packet is destroyed on this timescale.
The permanent alignment observed for isolated molecules is a consequence of
the anisotropic M state distribution in the wave-packet due to the Raman selection rules that limit transitions to ∆M = 0 while the transitions increase the J
quantum number and thus polarizes the angular momentum perpendicular to the
alignment axis. In jet experiments it is found that the timescale of the dynamics
is dependent on the fluence of the alignment laser. Since the peak intensity is
limited by ionization from the alignment laser it is only possible to increase the
fluence by increasing the pulse length. It is found as the pulse length is increased
from 200 fs to 2.0 ps the timescale of the dynamic becomes shorter while the peak
of the prompt alignment is growing. Qualitatively this can be explained by the
higher J states populated with increasing fluence. The timescale of the dynamics
is set by the dephasing time between the populated rotational states, and since
the energy gap between the states grows with J, the dephasing time will drop.
On the other hand the peak alignment is limited by the angular confinement of
the rotational state that increases with J. In addition, the revival pattern of
asymmetric tops is affected by the fluence. In the limit of short alignment pulse
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the spectrum is dominated by J type revivals spaced by 1/(2(B + C)) = 354 ps
while in the long pulse limit the revival trace is dominated by C type revivals
spaced 1/4C = 377 ps with the rotational constants given in Table 8.1 [118, 196].
The first preliminary experiments in droplets have shown no such dependence
on the pulse length. The irregular and fluence dependent alignment trace does
not make IB the ideal molecule for the observation of nonadiabatic alignment
since the alignments may be weaker and the position harder to predict. In addition, even if the rotational constants simply scale with a droplet dependent
factor determined by the first solvation shell of helium atoms, the ratio between
the rotational constants may change resulting in unpredictably different revival
dynamics. At the time of writing similar experiments have been performed on
CS2 and CH3 I that have very different behavior in gas phase with shorter revival
times [116, 197] and simpler regular dynamic since they are linear and symmetric
top molecules. However, in the droplet experiments a dynamics that resembles
the IB dynamics is seen. The prompt alignment peaks after ∼ 20 ps and drops to
the baseline value after ∼ 100 ps. This makes the difference even bigger than for
IB since revivals of the bare molecules do take place within the prompt peak as
resolved in droplets. In these experiments there were also no revivals detected. In
Fig. 8.13 b) the yield in the ranges defined by the two rings used for the hcos2 θ2D i
calculations is shown. The yield should be compared to the one obtained using
the resonant dissociation and REMPI probe in Fig. 8.8. The yield measurement
clearly maps the alignment dynamics similar to that deduced from the ion angular distributions with a peak at the same position as for the hcos2 θ2D i plot. In
contrast to the resonant yield no sharp enhancement is observed close to T0 since
the time overlap of these laser pulses is equivalent to superimposing a weak laser
pulse (alignment) on top of the stronger (Coulomb) with both laser pulses at the
same wavelength. A weak enhancement in the signal is, however, observed in the
period just before T0 . In addition to the prompt alignment dynamics the yield
shows some oscillations not observed in the alignment cosine. However, these
oscillations are most likely caused by small fluctuations in the image position,
which makes the count rate in the selected radial range fluctuate. In addition,
the count rate is dropping across the trace from above 12000 at the start to below
10000 at the end of the scan. The drop in count rate is most likely due to a drop
in the doping pressure. We also note that the modulation is only a factor of ∼ 1.2
so it might simply have been missed in the pulsed experiments.

8.3

Possible Interpretations of the Observed Dynamics

In this section I will try to give a qualitative explanation of the alignment dynamics observed in IB as well as in CH3 I and CS2 . As shown by an overview
of multiple homogeneously broadened linewidths in helium droplets by Choi et
al. [128] the linewidth increase by more than three orders of magnitude as the
rotational energy is increased from 1 cm−1 to 10 cm−1 . The data is selected such
that it only includes measurements where the linewidth of the rotational transitions is primarily attributed to the lifetime of the rotational states. At 1 cm−1
the line width is 3 × 10−3 cm−1 corresponding to an lifetime of 10 ns while at
10 cm−1 the line width is 1 cm−1 corresponding to a lifetime of 30 ps. Thus, the
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Figure 8.13: Nonadiabatic dynamics of IB in the droplets represented by a)
hcos2 θ2D i b) the yield of I+ ions (see text for details) c) and d) similar data
as in a) and b) but for isolated IB molecules from a supersonic jet. The inset
shows the early time dynamics.
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Figure 8.14: Images of I+ ions created by ionization with the fs probe pulse. E1)
probe pulse alone E2) probe pulse 20 ps after the alignment pulse. E3) probe
pulse 1.1 ns after the alignment pulse. Both pulses are polarized parallel to the
detector i. e. vertical in the image.

lifetime changes from a timescale that is long compared to the rotational period of most molecules to a timescale that is short compared to the rotational
period. The energy range of the large change in lifetime is correlated with the
excitation energy spectrum of roton modes in bulk helium. Thus the narrow line
width is explained by the fact that only phonon modes exist below the roton
energy level. The linear dispersion relation of the phonon does not allow them
to absorb energy from the molecule while not violating either momentum or energy conservation. The fastest dynamics observable in a rotational wave-packet

A
B
C

MHz

cm−1

5671.89
750.416
662.627

0.192
0.0250
0.0221

Table 8.1: Rotational constants of Iodobenzene from [198]
is limited by the beating between the highest populated states coupled by the
observed operator. For simplicity we will limit the following argument to linear
molecules. In linear molecules the fastest dynamics observed is given by the beat
frequency of the highest populated levels with ∆J = 2 since the cos2 θ operator
only couples states with ∆J = 2. The energy separation between these states is
B × Jmax × (Jmax + 1) − B × (Jmax − 2) × (Jmax − 1) = (4Jmax − 2) × B thus,
the timescale of the fastest observable dynamics is on the order of the inverse of
this, and we see that the part of the rotational wave-packet that corresponds to
excitations with an energy much larger than 1 cm−1 will decay at a timescale of
the rotations. Thus this explains the absence of fast dynamics in the alignment
trace. For IB we observe that the time to peak is approx. 20 ps corresponding
to an energy of 1.67 cm−1 . This falls within the region of rotational energies
identified by Choi et al. We may therefore suggest a possible explanation for
the slow dynamics observed not only for IB but also CH3 I and CS2 . Any rotational Raman excitation beyond the roton excitations is rapidly quenched by
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the droplet environment on the same timescale as the rotational dynamics. As
the higher lying states decay on the same timescale as they would dephase, the
dynamics changes. The remaining wave-packet confined to the lowest lying rotational states is now what ultimately puts the limit on the dephasing time of
the alignment since these states will achieve a rotational energy dependent phase
and gradually dephase as in the supersonic beam. But due to the much lower
energy of the highest populated states this happens on a very slow timescale of
∼ 70 ps. The peak of the alignment should decay in an exponential way as the
highest lying states are removed fast and the population in the lower lying states
are only weakly localized. This is, however, not really compatible with the experimental finding since the reduction in alignment is in fact minor compared to gas
phase. One further open question is the decay channel of the higher rotational
states. Pure rotational transitions have ∆J = ±1 so in the first approximation
the most broad rotational states formed in wave-packet are expected to decay
gradually into the highest lying states with narrow linewidth and they may in
addition preserve their M quantum number, but perhaps other droplet induced
decay channels exist. However, for the decayed population to contribute to the
alignment the phase lock introduced by the laser interaction must be preserved
and this is lost due to the randomness of the decay. In gas phase experiments a
permanent level of alignment is observed between the consecutive revivals. The
permanent alignment is due to the Raman selection rules that restrict transitions
to ∆M = 0 i. e. M  J and thus restrict the rotational angular momentum
to an axis perpendicular to the laser polarization axis. This permanent alignment is not observed in helium droplets. That may be because of the low upper
boundary on the J quantum number imposed by the helium solvent. Thus, the
polarization of the wave-packet is low and any permanent alignment is lost. In
addition the decay may not impose a ∆M = 0 restriction so the polarization
of the decayed population may be fully lost. Since the lowest lying rotational
states have lifetimes on the order of several nanoseconds it should in principle
be possible to observe rotational revivals from the lowest lying states. However,
until now we have not been able to observe any revivals neither in IB nor CS2
or CH3 I. A further explanation for the absence of revivals may be due to the
centrifugal distortion. In infrared spectroscopy it has been observed that the
centrifugal distortion is up to four orders of magnitude bigger in helium droplets
than in gas phase [57, 133]. The centrifugal distortion happens due to a partial
breakdown of the rigid rotor approximation and coupling to the vibration of the
molecule. The influence on rotational revivals by centrifugal distortion has been
investigated in supersonic jet experiments. A combined experimental and theoretical study examined the 42nd revival in methyliodide (CH3 I). The comparison
of the shape of the 42nd revival with earlier revivals and the theoretical calculations reveal that the centrifugal distortion has a significant impact on the shape
of the revival and thus on the long term alignment dynamics [197]. Thus the
much larger centrifugal distortion may influence already the very first revivals
for molecules embedded in helium droplets. Even if a wave-packet exists in the
lowest lying rotational states after the prompt alignment, the revival may be
completely lost due to irregularity of distorted rotational level spacing. However,
it may be possible to observe the first rotational revivals in a molecule with the
rotational constant below the broadening limit and exciting with a relatively weak
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laser pulse that limits the population in the rotational wave-packet to the lowest
states. In ref [197, Fig 10] it is demonstrated numerically how a longer laser pulse
with a lower peak intensity produces a wave-packet with a lower average J value
in the rotational wave-packet for CH3 I. The lower excitation happens due to a
lower peak intensity and also because the laser pulse length is no longer short
compared to the rotational period of the molecule, and a partial breakdown of
the nonadiabatic behavior is seen as a drop in the average J value just after the
laser excitation. It is counter intuitive, compared to the observation of enhanced
alignment in IB at the prompt peak, that the average J value is shown to drop
for longer pulses but this happens due to the reduced peak intensity.
We plan to further investigate the rotational dynamics in droplets by a simple model that involves slight modifications to gas phase wave-packet simulations.
The simulations are described in chapter 2 and are used to calculate the rotational wave-packet dynamics in OCS used in chapter 5. We plan to modify the
simulations by imposing a decay of all rotational states above an energy level
of 1 cm−1 combined with scaled rotational constants and centrifugal distortion
parameters. The calculation of alignment traces from such configurations should
provide a basis for an understanding of whether the rapid decay and the large
centrifugal distortion provides a realistic explanation for the observed dynamics
and perhaps the feasibility of observation of rotational revivals using tuned laser
parameters. If the alignment laser is tuned to produce a wave-packet in just the
lowest states it will perhaps be feasible to observe revivals. But the wave-packet
might also have too little modulation to allow any observations. This type of
numerical simulations does, however, not directly give any more physical insight
into the nature of the rotational dynamics and molecule solvent interaction since
the model mostly involves empirical modifications of the rotational constant.

8.4

Outlook and Conclusion

In conclusion we have demonstrated that both adiabatic and nonadiabatic alignment can indeed be induced in molecules embedded in helium droplets. The
adiabatic dynamics resembles the free molecule dynamics with only a minor or
perhaps no reduction in alignment. The dynamics of the nonadiabatic alignment
is on the contrary significantly different and seems to lose much of the molecular
specific character. From here many interesting experiments can be envisioned.
The detailed investigation of alignment on the bare iodine peak and the individual
IHen peaks should be examined and it will be very interesting to see the results
of the first attempts to theoretically model the dynamics. A simple application
which may prove very useful is the long time field free alignment accessible in
the droplets, and in addition further experiments involving multiple alignment
laser pulse experiments [102] may reveal more of the molecule helium interaction
dynamics. The large angular momentum transferred to molecules may also be
a way to form vortices in droplets due to the rotation similar to what has been
induced in bulk superfluid helium and alkali metal BECs [199]. The presence
of vortices in helium droplets has been extensively discussed [126], however, as
of today no definitive experimental proof of their existence has been seen. An
even more powerful way of introducing angular momentum may be to keep the
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molecules rotating in an “optical centrifuge” as theoretically proposed for Cl2 in
gas phase by Karczmarek et al. [200]. The optical centrifuge is a “slowly” rotating optical potential formed by two counter propagating lasers. By chirping the
laser pulses the rotation can be accelerated and ultimately break the molecular
bond by centrifugal distortion, and as such it should also be capable of potentially
transferring a lot of angular momentum to a droplet potentially creating vortices
in droplets. In addition we believe that alignment in helium droplets should extend the application of alignment to larger molecular systems, clusters, radicals
and other substances hard to produce in cold molecular beams. For very small
molecules it may be possible to introduce strong orientation by the mixed field
method as in gas phase for rotationally selected molecules. For instance HF has
a rotational constant of 19.47 cm−1 in droplets very close to the gas phase value
[201] and almost a factor of a hundred larger than the OCS rotational constant,
thus only the rotational ground state is populated in a droplet and very strong
mixed field orientation may be possible if this state adiabatically correlates to a
strongly oriented state.

Chapter

9

Conclusion and Outlook
In conclusion we have demonstrated both that alignment and in particular orientation can be strongly enhanced by employing quantum state selected molecules.
The state selection was shown to result in significant enhancements of both adiabatic alignment and mixed field orientation for the linear molecule OCS as well
as for the bigger asymmetric top molecule iodobenzene. We demonstrated by
detailed analysis and comparison with adiabatic and time dependent simulations
that the mixed field orientation of OCS cannot be described as adiabatic, which
was previously assumed. This holds promises for increasing the degree of orientation even further than what has been reported here by experimentally accessible
adaptions of the static field strength or laser pulse length. The orientation effect
on iodobenzene is less well understood theoretically, but we do expect that increasing the static field, even better orientation can be achieved. Another open
question is certainly also how the combined mixed field orientation scales to larger
molecules with reduced symmetry where the dipole moment is not along one of
the major axes of the polarizability coordinate system. This is a problem that
deserves both experimental and theoretical attention in the near future.
Furthermore, we have demonstrated how nonadiabatic alignment of OCS is enhanced when electrostatically deflecting the molecules. Both the maximum alignment and anti alignment is significantly enhanced. The electrostatic deflection is
able to select a nearly pure beam of rotational ground state molecules. The well
defined parity of the deflected beam is shown to have significant implications for
the rotational wave-packet dynamics observed following the nonadiabatic alignment. Quarter revivals which, are normally only observable in molecules with
nuclear spin statistical restrictions on the populated rotational states, are visible
in the deflected beam. In addition, we demonstrated that the rotational state
selection facilitates the observation of higher order wave-packet dynamics which
is normally not observable.
Another way of orienting molecules that may prove interesting in the coming
139
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years is the application of THz pulses to create the orientation. Asymmetric
near single cycle pulses of THz radiation can be created by a nonlinear effect
from a fs pulse in a lithium niobate crystal with peak intensities of the order
of 2.0 × 108 W/cm2 [202]. While theoretical calculations on using THz pulses
for orientation are more than ten years old e.g. [203], only recently was the
orientation demonstrated for OCS by Fleischer et al. [204]. The orientation was
measured for molecules in a gas cell at room temperature. The THz radiation
resonantly couples states of ∆J = 1 and thus breaks the inversion symmetry.
Due to the resonant nature of the excitation the spectrum of the THz pulse must
cover the frequencies of the rotational transitions. This means that for a beam
of OCS in the ground state it should have a significant spectral amplitude at
∼ 18 GHz. As seen from [202, Fig. 2] a typical spectrum peaks at ∼ 1 THz
and the spectral amplitude at ∼ 18 GHz is quite low. Together with simulations
performed in the group of Niels Engholm Henriksen [205] this indicates that
the achievable orientation is quite low for a realistic THz pulse in OCS while it
may be significantly higher for smaller molecules with larger rotational constants
that better match the THz spectrum. We plan to investigate orientation by
THz radiation in the near future in collaboration with the group of Peter Uhd
Jepsen from the Department of Photonics Engineering at the Danish Technical
University. A more advanced application of THz radiation has been suggested
by Spanner et al. [206] who investigate the interaction of a THz pulse with a
rotational wave-packet in a molecule created by a regular nonadiabatic alignment
pulse.
In addition we have demonstrated how electrostatic deflection can be used to
select a specific conformer of an organic molecule. We demonstrate the separation to the two molecules 3-amino-phenol and 1,2-diiodoethane. The separation
of individual conformers is readily applicable to any experiment where it is impossible to separate the signal from individual conformers by other means i. e.
spectroscopic tools.
In the last set of experiments we investigated the alignment of molecules in
liquid helium droplets. We demonstrated that iodobenzene molecules can be
strongly aligned both in the adiabatic and the nonadiabatic regime. The adiabatic alignment is quite close to what can be achieved in a supersonic jet. The
demonstration of adiabatic alignment is a significant step forward and may be
used to prepare molecules for many other experiments such as photoelectron angular distributions as already performed in gas phase [70, 71] which directly probe
the structure of the highest occupied molecular orbital. Even more interesting is
the nonadiabatic alignment in helium droplets. The fact that alignment is observable but significantly different from the alignment observed in the jet indicates an
interesting interaction between the molecules and the helium droplet. The similar dynamics between three very different molecules indicate that the interaction
with the helium droplet governs the alignment dynamics. The systematic studies
of alignment of these molecules at multiple intensities and pulse lengths combined
with simulations of nonadiabatic alignment in droplets will hopefully allow us to
fully understand the alignment dynamics. Moreover the long period of field free
alignment observed in helium droplets may make this a very useful target for
studies of various molecules not because of the droplet but because of the long
timescale available. In many cases the timescale of nonadiabatic alignment is
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too short to do experiments on the aligned molecules, and adiabatic alignment
is undesirable since the influence of the alignment field on the molecules cannot
be neglected. In this respect the 100 ps timescale of nonadiabatic alignment in
droplets is a significant improvement.

Appendix

A

Analysis of Rotational state composition

Here we will only consider the |1M i manifold for simplicity and these are the most
abundant states apart from the ground state. States with different J quantum
numbers cannot be coupled by the rotation. We will write the population in the
density operator formalism for an ensemble of J = 1 states in the basis of the
quantization axis (Z-axis):
t
t
(1 − t)|10ih10| + |11ih11| + |1 − 1ih1 − 1|
2
2

(A.1)

Where we quantify the distribution by the single parameter t. We assume that
the population in M = 1 and M = −1 is identical but we allow the ratio of |M| = 1
to |M| = 0 states to vary i. e. in a Bolzmann distribution t = 2/3 in expression
above and in the deflected beam t = 1.
The corresponding density matrix is:

1−t
t/2
ρz = 




t/2

(A.2)

The rotation through an angle θ in the xz plane of an individual ket can be
written as:
R(θ)|JMi =

J
X

hJM’|R(θ)|JMi|JM’i =

M 0 =−J

J
X

dJM,M 0 (θ)|JM’i

(A.3)

M 0 =−J

Following Omiste and González-Férez [207] we note that this can be written
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as:
t 1
1
√ (|11i + |1 − 1i) √ (h11| + h1 − 1|)
2 2
2
t 1
1
+ √ (|11i − |1 − 1i) √ (h11| − h1 − 1|)
2 2
2
t
t
= (1 − t) |1, 0, ei h1, 0, e| + |1, 1, oi h1, 1, o| + |1, 1, ei h1, 1, e|
2
2
(1 − t)|10ih10| +

(A.4)

Where e and o label the parity of the rotational wavefunction under the remaining
symmetry of the problem σXZ i. e. the mirroring in the plane spanned by the laser
and static field.
However, one can also directly apply the rotational operator Eq. A.3 on the
density operator in the original basis and derive the density matrix in the rotated
basis:


A
C
−C
t
t

(A.5)
ρβ =  C
4 +B
4 −B
t
t
−C 4 − B 4 + B
Where A,B and C are:

t
A = sin2 (β) + cos2 (β)(1 − t)
2
1−t
t
B = sin2 (β)
+ cos2 (β)
2 
4

sin β cos β
3t
√
C=
·
−1
2
2
In the limit where β = 90° this reduces to:

t/2
1−t/2

ρX =
2
3t−2
4



3t−2 
4
1−t/2
2

(A.6)

(A.7)

The population in the M = 0 state is thus t/2 and the population in each of the
In the limit of a regular Bolzmann distribution (t = 2/3)
|M| = 1 states is 1−t/2
2
it reduces to an even distribution in all states as expected since the Bolzmann
distribution should also be a Bolzmann distribution in a rotated coordinate system:


1/3

1/3
ρX,t=1/3 = 
(A.8)
1/3
In the deflected beam we expect that all J = 1 molecules are in the |11i and
|1 − 1i and thus t = 1 and the population in the
 2
sin β cos β
cos β 
sin (β)/2
− sin2β3/2
23/2
cos β
1
1
2
2

ρβ,t=1 =  sin2β3/2
(A.9)
4 (1 + cos β)
4 (1 − cos β)
sin β cos β
1
1
2
2
− 23/2
(1
−
cos
β)
(1
+
cos
β)
4
4
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Thus we see that the population changes from 100 % in the |M| = 1 states to
50 % in the |10i state and 50 % in the |M | = 1 states as β is varied from 0° to 90°
When we are only interested in the populations this can be simplified by writing
the weights of the diagonal elements in the density matrix as:
2

ρX (J, MX ) = |dJMX ,MZ (π/2)| ρZ (J, MZ )

(A.10)

Where the Ket and the Bra contribute a factor of dJM,M 0 each. The dJM,M 0 matrix
J
elements which describes rotations in the xz plane are real unlike the DM,M
0 that
describe rotations around arbitrary axis.
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F. Filsinger, G. Meijer, J. Küpper, D. Dimitrovski, M. Abu-samha, C. P. J.
Martiny, and L. B. Madsen. “Ionization of one- and three-dimensionallyoriented asymmetric-top molecules by intense circularly polarized femtosecond laser pulses.” Phys. Rev. A 83, 023406 (2011).
[72] K. Nauta and R. E. Miller. “Stark Spectroscopy of Polar Molecules Solvated
in Liquid Helium Droplets.” Phys. Rev. Lett. 82, 4480 (1999).
[73] P. A. Block, E. J. Bohac, and R. E. Miller. “Spectroscopy of pendular states:
The use of molecular complexes in achieving orientation.” Phys. Rev. Lett.
68, 1303 (1992).
[74] M. Wu, R. J. Bemish, and R. E. Miller. “Photodissociation of molecules oriented by dc electric fields: Determining photofragment angular distributions.”
J. Chem. Phys. 101, 9447 (1994).
[75] K. Nauta and R. E. Miller. “Nonequilibrium Self-Assembly of Long Chains
of Polar Molecules in Superfluid Helium.” Science 283, 1895 (1999).
[76] D. T. Moore, M. Ishiguro, and R. E. Miller. “Binary complexes of HCN with
H2, HD, and D2 formed in helium nanodroplets.” J. Chem. Phys. 115, 5144
(2001).
[77] F. Dong and R. E. Miller. “Vibrational Transition Moment Angles in Isolated
Biomolecules: A Structural Tool.” Science 298, 1227 (2002).
[78] M. Y. Choi, F. Dong, and R. E. Miller. “Multiple tautomers of cytosine identified and characterized by infrared laser spectroscopy in helium nanodroplets:
probing structure using vibrational transition moment angles.” Phil. Trans.
R. Soc. A 363, 393 (2005).
[79] M. Y. Choi and R. E. Miller. “Multiple isomers of uracil–water complexes:
infrared spectroscopy in helium nanodroplets.” Phys. Chem. Chem. Phys. 7,
3565 (2005).
[80] H. G. Bennewitz, W. Paul, and C. Schlier. “Fokussierung polarer Moleküle.”
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