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Zusammenfassung

Neutrale polare Molekiile konnen unter Ausnutzung des Stark-Effekts in zeit-
lich verdnderlichen inhomogenen elektrischen Feldern fokussiert und abgebremst
werden. Unter Verwendung des Prinzips der alternierenden Gradienten (AG)
wurde ein neues Experiment zur Fokussierung und Abbremsung von grolen Mo-
lekiilen aus einem Molekularstrahl aufgebaut. In der neuen Apparatur konnte
mit Benzonitril ein Prototyp fiir ein grofles Molekiil mittels alternierender Gra-
dienten fokussiert und abgebremst werden. Dies gelang fiir Benzonitril sowohl in
seinem absoluten Grundzustand, der bei ausreichend tiefen Temperaturen stabil
gegeniiber inelastischen Stoflen ist, als auch in angeregten Rotatitionszusténden.
Aufgrund der Komplexitit der Stark-Mannigfaltigkeit mit einer groflen Zahl
von echten und vermiedenen Kreuzungen war zu Beginn der Arbeit nicht be-
kannt, ob auch angeregte Rotationszustédnde von Benzonitril abgebremst werden
konnen. Dieses konnte jedoch im Rahmen dieser Doktorarbeit gezeigt werden.
Des Weiteren sind OH Radikale unter Verwendung desselben experimentellen
Aufbaus sowohl in tieffeldsuchenden als auch in hochfeldsuchenden Zustdnden
fokussiert und abgebremst worden. Fiir die Abbremsung von Molekiilen in tief-
feldsuchenden Zustédnden mit Hilfe von alternierenden Gradienten wurde ein
neues Hochspannungs-Schaltschema verwendet, um die Phasenstabilitéit der ab-
gebremsten Pakete zu gewéhrleisten. Dariiber hinaus wurde die Kopplung der
transversalen und longitudinalen Bewegung in dem verwendeten AG-Abbremser
untersucht. Alle Fokussier- und Abbremsmessungen stimmen gut mit den Er-
gebnissen von Simulationen iiberein. Die durchgefiithrten Experimente demon-
strieren, dass die Fokussierung und Abbremsung neutraler Molekiile mittels al-
ternierender Gradienten eine allgemein anwendbare Methode ist: Sie erlaubt,
polare Molekiile in sowohl tieffeldsuchenden wie auch hochfeldsuchenden Quan-
tenzustidnden als auch im Grundzustand und in angeregten Rotationszustdnden
abzubremsen. Weiterhin zeigt diese Doktorarbeit, dass die leistungsstarke Me-
thode der Abbremsung mit Hilfe von zeitlich verdnderlichen inhomogenen elek-
trischen Feldern auf grofle mehratomige Molekiile und in Zukunft sogar auf Bio-
molekiile angewendet werden kann.
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Abstract

Exploiting the Stark effect, neutral polar molecules can be focused and decel-
erated in an array of time-varying inhomogeneous electric fields in alternating-
gradient configuration. Using this principle, a new experiment for the focusing
and deceleration of large molecules from a molecular beam has been set up. With
the new setup, the alternating-gradient focusing and deceleration of benzonitrile,
a prototypical large molecule, have been demonstrated. Benzonitrile has been
decelerated in its absolute ground state, which is not susceptible to inelastic col-
lisions at sufficiently low temperatures, as well as in rotationally excited states.
Because of the complexity of the Stark manifold with a large number of real and
avoided crossings, it was not a priori clear whether benzonitrile in excited rota-
tional states could be decelerated. However, this has been successfully demon-
strated in this thesis. Furthermore, using the same alternating-gradient setup,
OH radicals in both low-field-seeking and high-field-seeking quantum states have
been focused and decelerated. For the deceleration of molecules in a low-field-
seeking quantum state using an alternating-gradient decelerator, a new high
voltage switching scheme has to be applied in order to achieve phase stability
for the decelerated packets. In addition, the coupling of transverse and lon-
gitudinal motion in the alternating-gradient decelerator has been studied. All
focusing and deceleration measurements agree well with the outcome of trajec-
tory simulations. The experiments performed in this thesis demonstrate that
alternating-gradient focusing and deceleration is a general method: it allows to
decelerate polar molecules in both low-field-seeking and high-field-seeking quan-
tum states as well as in ground and rotationally excited states. Furthermore, it
shows that large polyatomic molecules, eventually biomolecules, are amenable
to the powerful method of Stark deceleration using time-varying inhomogeneous
electric fields.
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Chapter 1

Introduction

1.1 Motivation

Scientists are innately curious to study nature in ever more detail in order to
better understand its underlying fundamental properties and processes. Such in-
vestigations require the continuous development and optimization of dedicated
experimental techniques. The advances in experimental methods over the past
decade have enabled research on cold molecules [1-3]. Cold molecules are advan-
tageous for many different applications, for instance, they can be employed for
metrology and fundamental physics studies. Measurements of the electric dipole
moment (EDM) test the standard model and theories beyond [4]. Using the po-
lar molecules PbO [5, 6] and YbF [7] an increased sensitivity for measurements
on the electric dipole moment compared to the measurements using atoms [§]
is predicted. For this purpose, first experiments to produce slow, cold beams
of YbF have been performed [9]. Cold OH radicals can be used to study the
time variation of the fine structure constant « in laboratory experiments [10]. In
addition, there are many prospects for cold chemistry [3], and most recently, the
imaging of a chemical reaction under well defined conditions has been shown [11].

In this thesis, the alternating-gradient (AG) focusing [12] and deceleration [13]
technique (see section 1.3) — a method thus far only applied for the produc-
tion of cold small molecules — is extended to large molecules, and eventually
biomolecules. Over the last decades, research on biomolecules in the gas phase
has made tremendous progress, and details of the structural and dynamical prop-
erties of biomolecules have been unravelled [14-16]. Decelerating the molecules
allows for increased observation times and, in principle, a higher spectral res-
olution [17]. In particular, this would enable novel studies on the “molecular
building blocks of life”. In a molecular beam, biomolecules occur in multiple



2 Introduction

conformational structures [18-20]. For tryptophan, for example, six conform-
ers have been observed with calculated dipole moments ranging from 1 D to
8 D [19-22]. The state selection intrinsic to the AG decelerator naturally pro-
vides packets of slow, selected conformers '. These state- and conformer-selected
packets of molecules can be aligned or oriented, which would be highly beneficial
for, for instance, electron or X-ray diffraction imaging studies [24, 25|, where dis-
entangling the overlaying contributions from different species is an onerous task.
The tunable velocity and the narrow velocity distribution of the AG-decelerated
beams is also of great advantage for matter wave interferometry experiments [26].
Fundamental physics studies would also benefit from improved sources for cold
large molecules. This would have a possible application in the search for parity
violation in chiral molecules [27, 28|, where the most sensitive measurements
so far have been performed on the hyperfine components of vibration-rotation
transitions of CHFCIBr [29].

1.2 Production of cold molecules

Owing to the increased spectral complexity of molecules compared to atoms,
a closed cooling cycle does not exist for molecules, and thus the laser cooling
methods, as used for the production of cold atoms [30-32], cannot be applied to
molecules [33]. Generally, there are two groups of methods for the production
of cold molecules: either by association of ultracold atoms, or by direct cool-
ing of the pre-existing molecules. The first method is only suitable for small
molecules built from atoms which can be cooled to ultracold temperatures, and
the produced molecules are, at least initially, in highly excited, weakly bound
states. The second method, direct cooling of molecules, can cool molecules in
strongly bound states, including their absolute ground states. In addition, the
direct cooling method is much more general, as it is applicable to practically all
molecular species for which a stable molecular beam can be generated.

Bose-Einstein condensation of atoms has been observed, for the first time
in 1995 [34, 35]. Eight years later, three groups managed to produce molecular
Bose-Einstein condenstates of “°K dimers [36] or of Li dimers [37, 38]. They
achieved this feat using Feshbach resonances, scattering resonances where the
atoms are transferred from an atomic state to a weakly bound highly vibra-
tionally excited molecular state in an external magnetic field [39]. Two atoms
can be associated to a molecule in a vibrationally excited state by resonant
absorption of a photon (photoassociation) [40], and, using another laser, the

'Recently, the cis and trans conformers of 3-aminophenol have been separated in a
quadrupole selector using AG focusing [23].
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molecules can be transferred from this highly excited state to a bound molecu-
lar state. With this technique, homonuclear [41, 42] and heteronuclear ultracold
molecules [43-46] have been produced. Recently, it has been shown that RbCs
molecules can be transferred from a vibrationally excited state to the vibrational
ground state using a stimulated transfer process [47]. It was proposed that a
more efficient way of producing stably bound molecules will be achieved using
shaped laser pulses [48]. To date, the ionization process of cold rubidium dimers
has been optimized using shaped laser pulses [49].

Instead of the association of ultracold atoms, molecules can be directly
cooled, for instance, using a helium buffer gas. Paramagnetic species could
then be confined in a magnetic trap in anti-Helmholtz configuration. This was
first demonstrated for the trapping of europium atoms [50] and extended to the
paramagnetic molecules CaH, NH, ND, CrH, and MnH [51-53]. Typically, with
temperatures of a few hundred mK and a trap lifetime of a few hundred ms,
molecular densities of about 10® /cm? have been achieved.

For many direct cooling methods, molecular beams are employed. However,
in molecular beams, the molecules are moving fast with respect to the laboratory
frame. Therefore, different techniques have been developed to reduce their ve-
locity. For instance, the slowest molecules from thermal molecular beams can be
filtered using a bent quadrupole guide. This velocity filtering has been employed
for H,CO [54] and D,O molecules [55] in low-field-seeking states, as well as ND3
molecules in both low-field-seeking and high-field-seeking states [56]. Similarly,
thermal beams can be slowed down by gravity in a vertical fountain configura-
tion, which has been demonstrated for perfluoroalkylated carbon spheres with
masses of up to 6000 u [57]. However, these samples are internally hot and the
population is distributed over a large number of quantum states and over differ-
ent conformers.

An advantage of using supersonic jets instead of thermal beams is that the
molecules are internally cooled to rotational and translational temperatures on
the order of 1 K due to the adiabatic cooling in the expansion region [58].
However, they also move fast in the laboratory frame with velocities between
300 m/s and 2000 m/s, depending on the seed gas. There are different ap-
proaches for bringing molecules from a supersonic jet to rest in the laboratory
frame: molecules can be slowed and cooled by billiard-like collisions [59], using
counter-rotating nozzles, by which slow molecular beams of O, C3HF, and SFg
have been achieved [60, 61], or, alternatively, exploiting electric or magnetic
fields.
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Pioneering experiments, where not the longitudinal but the transverse mo-
tion of an atomic beam was manipulated by application of external magnetic
fields, were already performed in 1922: In the Stern-Gerlach experiment, the di-
rection quantization was demonstrated by deflecting a beam of silver atoms with
an inhomogeneous magnetic field [62]. In 1926, similar experiments were per-
formed using molecules in inhomogeneous electric fields [63]. About twenty-five
years later, atomic beams were focused onto a detector by exploiting the Zeeman
effect in magnetic [64, 65] or the Stark effect in electric fields [66]. A quadrupole
focuser with a static electric field was used to focus ammonia molecules in the
upper state of the inversion doublet, which is low-field seeking in an electric
field, while defocusing the molecules in the lower component, which is high-field
seeking [67]. In this way, the inverted population needed for the demonstration
of the maser [68], could be produced.

While previously only the transverse motion of atomic and molecular beams
had been manipulated, in 1999 the successful deceleration of a beam of metastable
CO molecules using an array of time-varying inhomogeneous electric fields was
demonstrated [69]. Since the Stark effect of the molecules in the electric field
is exploited for the slowing of molecules, the new device was called “Stark de-
celerator”. Molecules in low-field-seeking states are confined to a minimum of
an electric field, which can readily be created on the molecular beam axis. A
molecule in a low-field-seeking state gains potential energy and therefore loses
kinetic energy when entering a region of high electric field. Once this molecule
in its low-field-seeking state leaves the field, it gains its kinetic energy back, and
thus its velocity stays constant. But, if the electric field is switched off rapidly
while the molecule is in the electrode stage, it cannot gain back the kinetic en-
ergy and is therefore decelerated. This process is phase stable [70, 71]; typically
about 100 electrode stages are used in order to decelerate molecules to a stand-
still. In the past decade, tremendous advances have been made in the Stark de-
celeration of small, polar molecules in low-field-seeking states. Different isotopo-
logues of ammonia [71, 72], OH radicals [73, 74|, metastable NH radicals [75],
H,CO [76], and SOq [77] have been decelerated. Furthermore, decelerated NDj
has been trapped in electrostatic [72] and alternating-current electric traps [78],
and OH radicals have been trapped in electrostatic [73] and magnetoelectro-
static [79] traps. For instance, OH radicals in their low-field-seeking state have
been trapped in an electrostatic trap at a temperature of about 100 mK with a
density of 10" /cm? [73]. ND3 molecules in low-field-seeking states have also been
confined in a hexapole ring [80, 81| and a “molecular synchrotron”, where the
molecular packet is focused both transversely and longitudinally (“bunched”) in
the ring [82]. Recently, the guiding of metastable CO molecules on a micro chip
has been realized [83].
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For the deceleration of atoms and molecules in Rydberg states, schemes
that employ phase stability have also been proposed [84], and recently, deceler-
ated Rydberg hydrogen atoms have been trapped using electrostatic fields [85].
Furthermore, the magnetic analog of the Stark decelerator, the Zeeman decel-
erator, has been used to experimentally demonstrate the deceleration of hydro-
gen [86, 87] and neon atoms [88], and, most recently, of oxygen molecules [89].
An optical analog of the Stark decelerator utilizes a high-intensity pulsed optical
lattice [90], which has been used for the deceleration for NO [91] and benzene [92].

1.3 Production of cold large molecules

Most methods presented thus far are limited to small molecules in low-field-
seeking quantum states (e.g. Stark deceleration), or do not internally cool the
molecules (e.g.velocity filtering). For large molecules with a dense manifold
of rotational states all states are high-field seeking at the relevant electric field
strengths. Furthermore, the ground state of any molecule, which is not sus-
ceptible to inelastic collisions at low enough temperatures, is high-field seeking.
However, for molecules in high-field-seeking quantum states, normal Stark de-
celeration does not work. To confine such molecules, a maximum of the electric
field on the molecular beam axis would be required. Since Maxwell’s equa-
tions do not allow to create such a maximum using static electric fields [93, 94],
dynamic focusing, also referred to as alternating-gradient focusing, has to be
used. AG focusing was first proposed for charged particles in linear particle
accelerators (LINAC) [95]; this is now a well established technique [96]. In
1966, the application of AG focusing to neutral molecular beams, where the
forces are about eight orders of magnitude smaller than for a molecular ion, was
proposed by Auerbach et al. [12]. In a single AG lens, the molecules experi-
ence a focusing force in one transverse direction and a defocusing force in the
perpendicular direction. In an array of AG lenses that alternately focus and
defocus in the transverse directions, the molecules can be dynamically focused
and phase-stably transported along the molecular beam axis. In the following
decade, AG focusing was experimentally demonstrated for molecules by Kakati
and Lainé [97-99] as well as by Giinther et al. [100-102], and, more recently, for
metastable argon atoms [103] and caesium atoms [104]. However, attempts to
manipulate the longitudinal velocity remained unsuccessful for a long time [105].
For the deceleration of molecules, the longitudinal electric field gradients at the
entrance and exit of the AG lens can be exploited. In practice, for molecules
in high-field-seeking states, this is done by switching the high voltage on when
the molecules are already inside the AG lens, and by keeping the voltages on
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when the molecules exit the lens. This was first demonstrated in 2002, when
CO in its metastable a®II state was decelerated from 275 m/s to 260 m/s [13]
and in successive experiments on the AG focusing and deceleration of diatomic
molecules in high-field-seeking states: the transverse distribution of metastable
CO exiting the decelerator has been experimentally observed using an imag-
ing system [106], and YDbF in its X?3Tground state has been decelerated from
287 m/s to 277 m/s [9)].

It is important to experimentally demonstrate AG focusing and decelera-
tion also for large molecules, as this would enable the production of cold, slow
samples thereof. This would vastly extend the range of species whose motion
and orientation can be precisely controlled, and would allow for a variety of
new experiments, as mentioned above. Once the molecules in high-field-seeking
quantum states are decelerated, three-dimensional confinement would be possi-
ble. For instance, the molecules in high-field-seeking states could be confined
in alternating-current electric traps, the analog of Paul traps for ions [107],
where the same principles of dynamic focusing as in the AG decelerator are em-
ployed [78, 108, 109].

In this thesis, the AG focusing and deceleration of benzonitrile (C;H5N)
molecules in their ground state and rotationally excited states have been demon-
strated. Benzonitrile is prototypical for large asymmetric top molecules that
exhibit rich rotational structure and a high density of states. As this is the
case for every large or heavy molecule, all states are high-field-seeking at the
relevant electric field strengths, such that these molecules cannot be deceler-
ated in a normal Stark decelerator, and the concept of AG focusing has to be
applied. Benzonitrile has a relatively large dipole moment of 4.5 D, resulting
in a sufficiently large Stark-energy-to-mass ratio for AG deceleration. In ad-
dition, benzonitrile was suggested to be abundant in space, based on similar
molecular species, such as benzene (CgHg), diacetylene (C4Hs), and triacetylene
(CgHz) [110], which already have been detected in the proto-planetary nebula
CRL 618 [111]. Furthermore, in this thesis, the AG focusing and deceleration of
the OH radical in both low-field-seeking and high-field-seeking quantum states
using a single experimental setup is presented. The experiments on benzonitrile
and OH radicals demonstrate that, in principle, any polar molecule can be de-
celerated using AG focusing and deceleration.
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This thesis is organized as follows: in chapter 2, the molecular properties of
benzonitrile and OH and their Stark effects are discussed. Chapter 3 explains the
theoretical principles of AG focusing and deceleration. The experimental appa-
ratus, which has been newly set up in the framework of this thesis, is discussed in
chapter 4. Chapter 5 describes the precise measurement of the dipole moment of
benzonitrile using Fourier-transform microwave spectroscopy. In chapter 6, the
results on the AG focusing and deceleration of benzonitrile in different quantum
states are presented. The results on the AG focusing and deceleration of OH
in both low-field-seeking and high-field-seeking quantum states are discussed in
chapter 7. Finally, a short summary and an outlook are given in chapter 8.






Chapter 2

Molecular properties

The Stark shifts of the molecules in electric fields are needed for the simulation
of the molecular motion in an alternating-gradient decelerator. Hence, in this
chapter, the calculations of the energy levels for benzonitrile and OH without
and with electric fields are summarized.

The internal eigenstates of a molecule are determined from the Schrodinger
equation A
HY =WV (2.1)

where H is the Hamiltonian, W the internal energy, and ¥ the wave function of
the molecule. In the Born-Oppenheimer approximation, the couplings between
the motion of the nuclei and the motion of the electrons of the molecule are
neglected [112]. In this approximation, the molecular wave function separates
into the wave function for the motion of the electrons and the wave function of
the nuclei with two components: vibration and rotation. The internal energy
W of a molecule is given by the sum

W = Wel + inb + Wrot ) (22)

where Wy is the electronic energy, Wy, the vibrational energy, and W,y the
rotational energy of the molecule.

2.1 Molecular properties of benzonitrile

2.1.1 The rigid asymmetric rotor

Benzonitrile (C7H5N) is an asymmetric top molecule, characterized by three
non-equal and non-zero principal moments of inertia [,, I, and I.. Because
benzonitrile is studied in a supersonic jet at low temperatures, practically the

9
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(@]
A 4
[s5)

Figure 2.1: Sketch of the molecular structure of benzonitrile (CyHsN) and the prin-
cipal axes of inertia a, b, and c.

whole population is in its electronic and vibronic ground state, but many dif-
ferent rotational states are occupied. Therefore, in this section, the rotational
properties of rigid asymmetric tops are detailed [113, 114].

The molecular structure and the principal axes of inertia of benzonitrile are
illustrated in figure 2.1. The principal axes are conventionally labelled such that
for the corresponding moments of inertia it is I, < I, < I.. The rotational
Hamiltonian of a rigid asymmetric rotor is [113]

- J2o g P

HM:A#+B#+C§, (2.3)
where ja, jb, and J,. are the quantum mechanical operators of the components
of the angular momentum about the principal axes. The rotational constants
A, B, and C are defined in terms of the moments of inertia as

A = h?/(87°1,) (2.4)
B = h*/(87°L) (2.5)
C = h*/(87°1,). (2.6)

The rotational constants of benzonitrile are A = 5655 MHz, B = 1547 MHz,
and C' = 1214 MHz [115] (see chapter 5.3). The asymmetry of a molecule can
be characterized by Ray’s asymmetry parameter s [113]

2B—A-C

K= — (2.7)
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symmetry E C§ CY) C§

A T 1 1 1
B, 1 1 -1 -1
B, 1 -1 1 -1
B. 1 -1 -1 1

Table 2.1: Character table of the Four-group [113].

where k = —1 for a prolate (I, = I.) and k = +1 for an oblate (I, = I,)
symmetric top; for benzonitrile Kk = —0.85. J is the quantum number for the
total angular momentum, M the projection of the angular momentum on a
space-fixed quantization axis (here the z-axis), and K the projection of the
angular momentum on the figure axis of the symmetric rotor. The quantum
number K, describes the projection in the limit of a prolate symmetric top and
K. for an oblate symmetric top, respectively. For an asymmetric rotor, every
J-level is (2J 4 1)-fold degenerate in K and (2J + 1)-fold degenerate in M.

The eigenvalues of asymmetric rotor molecules can be calculated as follows.
The Hamiltonian H,.; for the asymmetric rotor is set up in the basis of symmetric
top wave functions |JK M). Then the Hamiltonian is numerically diagonalized
and the eigenvalues and eigenfunctions are determined. The symmetric top wave
functions are [116]

2J + 1\'?
) = (2252) Dkl6.000, (25)

where Dé’:‘M(gb, 0, x) are Wigner rotation matrices, which describe the molecular
rotation in the laboratory frame in terms of the Euler angles ¢, 6, and x [113].
There are six different possibilities to assign the principal axes of inertia a, b,
and ¢ with the Cartesian body-fixed axes x, y, and z. In this work, the represen-
tation I' is used, where x corresponds to ¢, y corresponds to b, and z corresponds
to a [113], as it is one of the most suitable representations for benzonitrile. The
Hamiltonian belongs to the symmetry group V, the Four-group, which is iso-
morphous to the group D,. The ellipsoid of inertia is symmetric with respect to
the identity operation £ and with respect to rotations of 180° about any of the
principal axis of inertia [113]. The character table for the Four-group is given in
table 2.1.
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K, K, character

ee A
€o B,
00 By
oe B.

Table 2.2: Symmetry of the wave function, which depends only on K, and K, for
the asymmetric rotor; e: even, o: odd [113].

In the symmetric top basis, the non-zero matrix elements of H,o are [113]

(JKM|H,o| K M) = b+C (J(J+1) - K?) + AK? (2.9)
(JKEM|H,ot|JK £ 2M) = CTTB\/J(J +1)— (K £1)(K £2)
x \/J(J+1) - K(K=+1). (2.10)

The matrix is block diagonal in J and M. Symmetrized wave functions can
be constructed as a linear combination of the wave functions by applying the
Wang transformation [117]. This yields a factorization of the matrix for any
value of J and M into four submatrices according to the four symmetry species
of the Four-group. These submatrices are diagonalized independently, and the
resulting states are labelled as Jg, k.. The symmetry of the wave function of
the rigid asymmetric rotor depends only on the evenness or oddness of K, and
K. and is directly determined from the representations of the Four-group A, B,,
By, and B,, as given in table 2.2.

2.1.2 Selection rules and nuclear spin statistics

The AJ selection rules for electric dipole transitions of an asymmetric rotor
are [113]
AJ =0,+1. (2.11)

The AJ = —1 transitions are designated as P-branch, AJ = 0 as ()-branch,
and AJ = 1 as R-branch. The dipole moment of benzonitrile is y = pu, =
4.515 D [115] and pp = p. = 0. Transitions with the transition dipole moment
parallel to the a inertial axis are referred to as a-type transitions. The AK,, AK,
selection rules are given in table 2.3 [113].

For the calculation of the population, the nuclear spin statistical weights
have to be considered. Benzonitrile has Cy, symmetry and two pairs of identical
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dipole permitted AK, AK,

component transitions

ta # 0 €o < eo, 0e <+ 00 AK,=0,£2,... AK,=+1,43,...
y # 0 ee < 00, 0e «—~eo AK,=+1,43, ... AK,=+1,43,...
e # 0 ee < eo, e0 o0 AK,==+1,+£3,... AK.=0+2,...

Table 2.3: Selection rules for the asymmetric rotor for different transition dipole
components [113].

K,K. weight

ee 5)
€o 5)
oe 3
00 3

Table 2.4: Nuclear spin statistical weights for benzonitrile.

protons. Using the numbering shown in figure 2.1, the protons with number 1
and 2 are identical to the protons with number 5 and 4, respectively. Because
protons have the nuclear spin I = 1/2, they are fermions and the total wave
function must be antisymmetric with respect to the exchange of two identical
protons. Whether the rotational wave function is symmetric or antisymmetric,
depends only on the evenness and oddness of K, and K,.. Therefore, to obtain
the asymmetry of the total wave function, the wave functions with different
evenness and oddness in K, and K. contribute to the population with a different
weight [118]. In this way, the nuclear spin statistical weights for benzonitrile are
calculated and given in table 2.4.

2.1.3 Stark effect of benzonitrile

The interaction of a molecule with a non-zero electric dipole moment with an
external electric field is known as the Stark effect. The Stark effect of large
asymmetric rotor molecules is due to the coupling of the closely spaced rotational
states with J = J', J = J' + 1, and M = M’ by the electric field. M is the only
good quantum number in the electric field. The M components of the states
which are degenerate in the field-free case will split into (J + 1) sublevels in
the electric field. Levels with M # 0 (M = 0) are two-fold degenerate (not
degenerate). The Hamiltonian of an asymmetric rotor in an electric field is
composed of the field-free Hamiltonian H,, as given by equation (2.3) and the
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Stark contribution ﬁStark

H = Hyot + Hspar - (2.12)
For an electric field E = Eé,, directed along the z axis, it is
Hsok = —fiE = —E Y 1P, (2.13)
g=a,b,c

®,, are the direction cosine matrices which are tabulated [113], and connect the
laboratory frame components of the electric field with the components of the
dipole moment in the rotating molecular frame. The non-zero matrix elements
of fIStark in the basis of the eigenvectors of the prolate symmetric rotor |JK M)
corresponding to the y, component of the dipole moment are [119]

J(Jﬁ( et 24
V(I +1)2 = K2,/(J +1)2 — M2
(J 4+ 1)/ (2] + 1)(2J + 3)

The energies W of different states are obtained by numerical calculation of the
eigenvalues of the Hamiltonian H. Our basis set includes all states up to J =
25. The energy calculations are performed with the home-built program package
libcoldmol [120].

(JK M|Hsgarie| JK M) = —

(J + 1K M|Hggopre| JK M) = — toE . (2.15)

The energies W of all M levels of the Jg,k, = 0gp and 4¢4 states of benzo-
nitrile as a function of the electric field strength are presented in figure 2.2(a).
Their corresponding effective dipole moments g, defined as

ow
a_E )
are shown in figure 2.2(b). The energies are given in units of wave numbers.
In the limit of an infinitely strong electric field, the Stark effect is linear and
the effective dipole moment approaches the permanent dipole moment, which is
indicated by a horizontal line in the graph. The maximum electric field strength
on the molecular beam axis in our experiment is 142.5 kV/cm. The rotational
ground state Ogg has only a single M level, whereas the 44 state splits into five
M levels. It is clearly seen that all energies decrease with an increasing electric
field strength. Therefore, the states are high-field-seeking (hfs) at the relevant
electric field strength.

pesi(E) = — (2.16)

In figure 2.3, the energies of the lowest levels Jy, x, M = 0goM, . .., 495 M for
small electric fields are plotted. It can be seen that all levels which are low-
field seeking (Ifs) at low electric field strengths, become hfs at higher electric
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Figure 2.2: (a) Energies and (b) effective dipole moments peg of all M levels of
benzonitrile in its Jx, k., M = 0900 and 404M (M = 0,...,4) state as function of the
electric field strength. The horizontal line in (b) indicates the value of the permanent
electric dipole moment. The bends in the energy and the rapid changes of the effective
dipole moment as a function of the electric field strength are due to avoided crossings.
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Figure 2.3: Energies of the lowest levels Jg, x M as function of the electric field
strength for small electric fields. The right-hand graph shows an expanded view,
where real and avoided crossings are visible.

field strengths due to the high density of states. For instance, the lowest energy
eigenstate with 1fs behavior at small electric fields, the Jx, x M = 10;0 level,
has its turning point at 3.0 kV /cm, above which it is hfs. Furthermore, the high
density of states and the different effective dipole moments of the Jk, x, M levels
cause real and avoided level crossings at low electric field strengths. Whether a
level crossing is real or avoided, depends on the symmetries of the states which
are defined by K,K, (see table 2.2). If two states have the same symmetry, the
crossings are avoided, otherwise they are real. Avoided crossings result in bends
of the Stark energy and rapid changes of the effective dipole moment as shown
in figure 2.2 for the 44 state.

2.2 Centrifugal distortion and hyperfine effects

So far, in the treatment of the asymmetric rotor, the nuclear framework has been
regarded as rigid. This simplified model does not include centrifugal distortion
and nuclear quadrupole coupling. However, for the relevant low states of benzo-
nitrile, these contributions are small compared to the rigid rotor contributions,
and can be neglected in the description of alternating-gradient deceleration (see
chapter 6). If a higher precision is desired, i.e., for the description of spectro-
scopic experiments, these effects need to be considered. For a rotating molecule,
the centrifugal force distorts the molecule and the rotational constants depend
on the moments of inertia. In order to describe this effect, the rotational Hamil-
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tonian is expanded in a power series in ja, jb, and J.. The quartic centrifugal
distortion effects lead to the correction terms A, Aji, Ak, 07, and dx in Wat-
son’s arreduction [121].

If the nuclei of a molecule have a nuclear spin I, a hyperfine structure will
occur as a result of the interaction of the molecular fields with the quadrupole
moments of the nuclei [113]. The nuclear spin of the *N atom is I = 1, and the
resulting magnetic quadrupole moment couples with the molecular rotational
angular momentum J to the quantum number F' with values J + I, J + [ —

., |J = I|. If the hyperfine structure is considered, the F' quantum number
replaces the J quantum number. Accordingly, F' splits into (F' + 1) distinct
My sublevels, with Mp = 0,1,..., F in an electric field. Levels with +Mp are
two-fold degenerate, and Mp = 0 is not degenerate. The influence of the nuclear
spin quadrupole interaction on the undisturbed energy levels can be described
by the nuclear coupling constants Xaa, Xo, and Xe. [113]. The influence of the
nuclear spin of the hydrogen atoms is small and can here be neglected.

2.3 Molecular properties of the OH radical

2.3.1 Field-free energy levels of OH

The OH radical is a diatomic open shell molecule, because one electron is miss-
ing to fill the outer 2pm shell completely. OH can be treated as a symmetric top.
Due to the open-shell structure, OH has a non-zero total electronic orbital angu-
lar momentum L and a spin angular momentum S and the spin-orbit coupling
must be included in the determination of the energy levels. The projections
of L and S on the intermolecular axis are A = 1 and & = 1 /2, respectively.
For low rotational states, OH is described best by the Hund’s case (a) coupling
scheme [122]: A and ¥ couple to the total angular momentum along the inter-
nuclear axis 2, with Q = 1/2 or Q = 3/2. The electronic ground state 2*1Aq =
*TIg has two spin-orbit manifolds 2IT5/, and *II; .

The Hamiltonian consists of tAhe rigid rotational Hamiltonian ﬁmt and the
spin-orbit coupling Hamiltonian Hgo [116]

-

H=Hy+Hso=B(J—L—-S?+AL-S, (2.17)

where B is the rotational constant and A the spin-orbit coupling constant. The
rigid rotor wave functions |JQM) (see equation (2.8) with K = €2, which is the
conventional notation for diatomic molecules) are symmetrized by applying the
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Wang transformation. The symmetrized wave function is [116]
1
V2

where € = +1. States with e = 41 are labelled with e and states with e = —1
are labelled with f, respectively. The parity p of the wave function is [116]

|JQMe) = — (|JQM) + €| J — QM) , (2.18)

p=e(—1)"75. (2.19)
The eigenfunctions of the Hamiltonian H are [123]

Pl Me) = Ci(J)|JQ=1/2Me)+Co(J)|JQ=3/2M¢e) (2.20)
Pl Me) = —Co(J)|JQ=1/2Me)+Ci(J)|JQ=3/2Me) (2.21)

C1(J) and Cy(J) are mixing coefficients given by

i) = ,/% (2.22)
Co() = ,/% (2.23)

with
X = VAJ+1/224+Y(Y —4) (2.24)
A
= —. 2.25
p (2:25)
The eigenenergies I are obtained as
) 1\? 1
) 1\? 1

Because A is negative for the vibrational ground state [124], the *II5 ), state is
lower in energy than the ?II; 5 state. In this calculation, the rotational levels

with e = +1 and € = —1 are degenerate. By including the gyroscopic effect of J
on S and [_:, these states split into two components [125], which are named A-
doublet. The components with € = 1 are lower in energy than the components
with € = —1 for low values of J [126]. States with ¢ = —1 and ¢ = +1 are
labelled with e and f, respectively. Based on equation (2.19) the parity of the
X?M5,v = 0,J = 3/2e state is negative, while the X?II3/5,v = 0,J = 3/2 f
state is of positive parity.
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2.3.2 Hyperfine structure of OH

In the J = 3/2 ground state level, a magnetic hyperfine structure in OH occurs
as a result of the coupling of the spin of the hydrogen nucleus I = 1/2 with
the overall angular momentum J. As shown in figure 2.4(b) each A-doublet
component splits in two hyperfine levels with /' =1 and F = 2. In an electric
field, the hyperfine components themselves split into distinct My levels. The
matrix elements for the hyperfine splittings are given elsewhere [127]. In this
thesis, the hyperfine splitting is observed in the measured field-free spectra (see
section 7.2).

2.3.3 Stark effect of OH

Based on the symmetric rotor wave functions (see equation (2.8)), the matrix
elements (JQM | Hggar |2 M') for the Stark Hamiltionian (equation (2.13)) are
evaluated using Wigner 3.J symbols [128]. The Stark Hamiltonian can be sim-
plified for diatomic molecules as OH, because the dipole moment y = 1.67 D
is directed along the internuclear axis [127]. From the selection rules for dipole
coupling, it follows that only states with Q@ = Q. M = M’, and J = J' or
J = J' +1 couple. To first order, the energies of the two A-doublet components
of the ?II5/5, J = 3/2 rotational state of OH are given by the eigenvalues of [128]

Wiy @
e -
where W), is the zero-field A-doublet splitting and the off-diagonal elements are
Q = <2H3/2JMf’Hstark‘zng/zJM€> (229)
MQeff
= —pub——-—m 2.30
S TAESTE (2.30)
with . .
Qo = (§C1(J)2 + §CQ(J)2> : (2.31)
The eigenvalues of the matrix (2.28) are
W, Wi\’
Wstark = TA + <TA> + Q2. (2.32)

The plus sign represents the Ifs upper A-doublet component f and the minus
sign the hfs lower A-doublet component e. The Stark shift of the Il state
of OH as a function of the electric field strength is shown in figure 2.4(a). The
A-doublet f component splits in two levels with M = —9/4 and MQ = —3/4,
and the e components splits in two levels with MQ = 9/4 and MQ = 3/4.
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Figure 2.4: Energies of the 2Tl /2 state of OH as function of the electric field strength
without (a) and with (b) hyperfine structure. The real crossing of two hyperfine levels
at 0.65 kV is indicated by an arrow.

2.4 Molecules suitable for alternating-gradient
focusing and deceleration

The technique of alternating-gradient deceleration is in general suitable for polar

molecules in Ifs and hfs states. Whereas molecules in Ifs states can also be decel-
erated using a Stark decelerator [69], which is referred to as the “normal Stark
decelerator” in the remainder, molecules in hfs states can only be decelerated
in an alternating-gradient decelerator. For a good deceleration ability, a large
effective dipole moment-to-mass ratio is needed. Some molecular candidates
with hfs states, which already have been decelerated in an alternating-gradient
decelerator or are interesting candidates for future experiments, are listed to-
gether with their relevant molecular properties in table 2.5. The Stark shifts
at 100 kV/cm and the effective dipole moments are obtained from Stark effect
calculations for the known rotational constants and dipole moments of these
molecules (see sections 2.1.3 and 2.3.3).

Metastable CO [13, 106], YbF [9], and CaF [106] have been decelerated in
an alternating-gradient decelerator previously. The alternating-gradient focus-
ing and deceleration of benzonitrile in several rotational states (chapter 6) and
OH radicals in both Ifs and hfs states (chaper 7) is demonstrated in this thesis.
Many other molecules are interesting candidates and some of them are discussed
in the following: NDj has already been decelerated in a lfs state in a normal
Stark decelerator. Using a microwave transition, it has been pumped from the
Ifs state to a hfs state and then trapped in the hfs state using an alternating-
current (AC) electric trap [78]. However, this technique only works for molecules
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with a suitable level structure. So far, ND3 has not been directly decelerated
in its hfs state. For many biological processes, the asymmetric top molecule
water plays an important role. However, for alternating-gradient focusing and
deceleration experiments, water and heavy water have a relatively small effective
dipole moment. Since the effective dipole moment of D,O is about a factor two
larger than the dipole moment of HyO, D,O should be favored for alternating-
gradient experiments. So far, D,O in Ilfs states has been transversely focused
in a quadrupole guide [55], but has not been decelerated yet. Another possible
candidate is the symmetric top molecule CH3F which has a reasonable effective
dipole moment-to-mass ratio. Because of its only 20 % smaller dipole moment
compared to benzonitrile, but only half its mass, HCCCN is a promising candi-
date for future experiments and could be decelerated in an alternating-gradient
decelerator with about 60 % of the stages, as needed for benzonitrile. Pyri-
dazine has been aligned in a strong laser field, where an enhancement of the
resonantly enhanced multiphoton intensity of 40 % has been observed [129]. It
has a slightly higher effective dipole moment-to-mass ratio than benzonitrile,
and a supersonic jet can be easily produced by co-expansion in a carrier gas.
Hence, it is a promising candidate for deceleration experiments.

One of the aims of the work of this thesis is to explore the capability of the AG
decelerator for the deceleration and trapping of biomolecules. This would allow
precise studies of the intrinsic properties of these species, for example, dynamical
processes on timescales ranging from femto-seconds to fractions of a second, i.e. ,
interconversion between conformational structures. A suitable biomolecule is the
nucleic acid base guanine, which has four different tautomers with significantly
different effective dipole moments. The effective dipole moment-to-mass ratio
for the largest tautomer is comparable with the one of benzonitrile. In a long AG
decelerator, the different tautomers could be separated from each other and the
individual tautomers may be decelerated. Similarly, the different conformers of
the amino acid tryptophan may be separated from each other. However, because
the effective dipole moments of some conformers of tryptophan are quite similar,
the separation of all conformers will be more difficult.
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Chapter 3

Theory of alternating-gradient
focusing and deceleration

3.1 Introduction

For large molecules with a dense manifold of rotational states, all states are hfs
at the relevant electric field strengths, which means that their dipole moment
is oriented parallel to the electric field. To confine such molecules, a maximum
of the electric field on the molecular beam axis would be needed. Since such
a maximum cannot be created using static electric fields, dynamic focusing,
also referred to as alternating-gradient focusing, has to be used. In a single
AG focusing lens, the molecules experience a focusing force in one transverse
direction and a defocusing force in the perpendicular direction. In an array of
AG lenses that alternately focus and defocus in the transverse directions, the

Figure 3.1: Sketch of the electrode arrangement in our alternating-gradient deceler-
ator setup. The orientation of the electrode pairs is changed after the first electrode
stage, and then after every three electrode stages.

23
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molecules can be dynamically focused and transported along the molecular beam
axis [12]. In figure 3.1 such an array of AG lenses, as it is used in our decelerator
setup, is shown. For the deceleration, the longitudinal electric field gradients at
the entrance and exit of the AG lenses are used. In practice, for molecules in
hfs states, this is done by switching the high voltage on when the molecules are
inside the AG lens, and keeping the voltages on when the molecules exit the
lens. So far, only a few proof-of-principle experiments on the AG focusing and
deceleration of diatomic molecules (metastable CO and YbF (see section 2.4))
in hfs states have been performed [9, 13, 106, 146]. A detailed discussion of the
design criteria and motion in an AG decelerator, based on reference 106, is given
in the following.

3.2 General principles

In order to keep a particle in static equilibrium in three spatial directions around
the position 7= 0, two conditions must be fulfilled for the force field F (7): The
applied force must vanish at 7 = 0 and for small displacements the force field
should tend to restore the particle towards the position 7 = 0. Therefore, it
is necessary that V - F(7) < 0. The properties of the force field for molecules
experiencing a linear Stark shift are summarized here and are discussed in de-
tail by Auerbach etal. [12]. Using the approximation of a linear Stark shift,
analytical solutions can be found and the principle of AG focusing can be un-
derstood. However, the real Stark shifts, especially for rotationally excited states
of benzonitrile, are more complicated. For detailed simulations, the real Stark
shifts discussed in chapter 2 are needed.

The force F (7) acting on a molecule in an inhomogeneous electric field is
given by
FO#) = _VWStark(E)ﬂ (31)

where Wggan(E) is the Stark shift of the polar molecule in an electric field of
magnitude E = |FE|. For molecules with a linear Stark shift, it is

WStark(E) - _MeffEa (32)

where g is the effective dipole moment (see section 2.1.3). Equation (3.1)
written in components is

3
o Meft 0o 82(1)

=1
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where ® is the electrostatic potential. The divergence of the force for a molecule
with a linear Stark shift then becomes

= = fleft
V-F = E3X

23: (8(1))2( 92® )2 (acb) (a@) ( 92® ) ( 92® )
ikl al'k 8@8% 81‘1 8wk 8@8% 8xk8x]
Schwarz’s inequality shows that the left-hand term of the sum is larger than
or equal to the right hand term and thus the sum is positive or zero. Therefore,
the sign of V - F depends solely on the sign of fier. Molecules in Ifs states
have a negative pg, which results in V.- F < 0, and so focusing is readlly
achieved. However, molecules in hfs states have a positive peg resulting in V.-F >
0. The corresponding difficulties in the focusing of molecules in hfs states are
comparable to the fact that ions with the charge ¢ cannot be confined in a stable
equilibrium by using electrostatic forces only, because for an electrostatic force
field F itis V- F = qVE = 0. However, for trapping V- F < 0 is needed. This
is known as Earnshaw’s theorem [147]. Analogue techniques as used for ions,

for instance, in Paul traps [107] or charged particle accelerators [95, 96], can be
exploited for the focusing of neutral polar molecules.

. (34)

3.3 Electrode geometry

In this section, the influence of the geometry of the electrodes of an AG de-
celerator is discussed. An electrode geometry for which abberation effects are
minimized, is important for a maximum acceptance and optimum performance
of the decelerator.

3.3.1 Two-dimensional model

For simplicity, first a two-dimensional model of infinitely long electrodes is con-
sidered. This is a good approximation for the fields in the center of an AG lens
of a decelerator. The effects at the ends of the electrodes which are needed to
decelerate the molecules, are neglected in this two-dimensional model, but will
be discussed in the next section.

For an AG lens without any abberation effects, molecules would experience
a harmonic interaction potential in the transverse plane which is focusing in
one direction and defocusing in the perpendicular direction. For molecules that
experience a linear Stark shift (limit of high electric field strengths), the ideal
electric field strength is also harmonic, that is F(x,y) = Ey + n(2? — y?). In the
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following, it is explained how an approximate harmonic field can be produced
(see also references 106, 148). The electric field is the negative gradient of a
scalar potential E = —ﬁfb, which can in two dimensions be represented as a
multipole expansion in polar coordinates r = /22 + y2, 0 = tan™! (%) as

o(r,0) = B, [i C;—” (%)ncos(nG) + i%" (:—O>nsin(n9)] . (3.5)

n=1

Here, ro, @y are scaling factors for the electrode size and the applied voltages,
respectively. a,, b, are dimensionless constants. The magnitude of the electric

field in the center is given by Ey = (®g/r¢)/a? + b2.

Some restrictions to the general solution (equation (3.5)) of Laplace’s equa-
tion are made, such that the potential is suitable for an AG lens: In the origin,
the electric field strength should be non-zero and symmetric under reflection in
the z- and y-axis. Therefore, ® should be, for instance, symmetric under re-
flection in the z-axis and anti-symmetric under reflection in the y-axis. This is
achieved by setting b, = 0 and using only odd terms of n. Keeping only the co-
efficients ay, az, and a5 and converting to Cartesian coordinates, equation (3.5)
is simplified to

T 23 — 3xy? x® — 10a3y? + 537y4> ‘ (3.6)

P = —
(z,y) 0 (alm + ag 37’8 as 57"8

From this potential, the electric field magnitude can be calculated using

e = (2) 4 (22)' 7

For r < ry this can be expanded in a power series in az/a; and as/a;. For
as < az < a; one obtains

E(z,y) =
Ey <1+%M+2<(%>2_3%> xziﬁ +%(x4ty4) +> . (3.8)

aq g aq aq Ty aq )

The first two terms have a harmonic form and are dominating. The successive
terms represent the abberations of the AG lens. In order to produce these fields,
hyperbolically shaped electrodes need to be chosen which surfaces map onto
the equipotentials. For ease of machining, the electrodes of the AG decelerator
used in this thesis are circular in the z-y plane, with which the electric field in
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Figure 3.2: Electric potentials for different electrode configurations. The white
circles represent the electrodes which have a diameter of 6 mm. A high voltage of
415000 V is applied between the two opposing electrodes positioned along the z-axis.
For the four-electrode configuration the other two electrodes are grounded. (a) Two-
electrode geometry, which is used in this thesis, where the distance of two opposing
electrodes is 2 mm. (b) Potential for the asymmetric four-electrode configuration,
where the distance between the two opposing electrodes positioned along the x-axis
(y-axis) is 2 mm (5.3 mm). (c) Potential for a symmetric four-electrode configuration,
where the distance between all opposing electrodes is 4 mm.
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Figure 3.3: (a) Sketch of an electrode stage for the two-electrode configuration.
(b) Electric field in the two transverse directions for the center of the AG lens. (c)
The transverse forces of the ground state of benzonitrile, where F}(0,y) represents
the focusing and Fj(x,0), the defocusing force. For direct comparison, —F,(0,y) is
plotted.

equation (3.8) can be approximated to a certain extent. The electrodes in our
experimental setup have a radius of 3 mm and a surface-to-surface distance of
2 mm. In the following, it is 7o = 1 mm. The corresponding two-dimensional
electrostatic potential, when a high voltage of £15000 V is applied to the elec-
trodes, is shown in figure 3.2(a). From the fit of the numerically calculated
potential using the program package Comsol [149] to the multipole expansion
in equation (3.6), the coefficients are calculated. For &, = 14256 V one obtains
a; = 1.0000, a3 = 0.1415, and a; = 0.0194. Especially the relatively large as;
term results in an anharmonic electric field and, therefore, in an abberation of
the AG lens.

Figure 3.3(a) shows a sketch of an electrode stage for the two-electrode con-
figuration. Figure 3.3(b) shows the electric field along the two principal axes.
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In figure 3.3(c), the forces for benzonitrile molecules in their ground state are
depicted. It is shown that close to the axis the absolute value of the focusing
and defocusing force are equal for small displacements from the molecular beam
axis. For larger displacements, however, the absolute value of the defocusing
force increases compared to the focusing force. This is due to the abberation of
the AG lens for this electrode geometry, and results in a smaller acceptance of
the AG decelerator than in the ideal case, where focusing and defocusing forces
have the same absolute value. For molecules with a linear Stark effect, a good
choice for the electrodes would be one that yields as = 0 [148]. This can be
approximated using two circular electrodes with a diameter of 6 mm centered at
(z,y) = (&4 mm, 0), on which the high voltage is applied, and two additional
grounded electrodes centered around (x,y) = (0,45.65) mm. The electric po-
tential is shown in figure 3.2(b). For &5 = 14211 V and 9 = 1 mm the multipole
coefficients are a; = 0.9932, a3 = 0.13623, and a5 = —0.0008, resulting in a con-
siderably smaller as and, hence, a smaller abberation. The maximum electric
field strength between neighboring electrodes for this configuration is only a
few percent higher than in the two-electrode configuration, such that no electric
flashovers should occur if a high voltage of 15000 V is applied to the electrodes.
A disadvantage of this asymmetric four-electrode configuration is that one needs
two times more electrodes, which have to be aligned precisely.

Another possibility is to arrange four circular electrodes on a square, where
two opposing electrodes are addressed with a high voltage and the other two
electrodes are grounded. The advantage of this symmetric four-electrode con-
figuration is that the focusing and defocusing direction of the electrode pattern
(see section 3.4) can be changed by applying the high voltage to the perpen-
dicular electrode pair. When the molecules are decelerated to lower velocities,
it is also possible to adapt the focusing and defocusing pattern to these lower
velocities. The potential for a possible symmetric four-electrode configuration,
where the electrodes are centered at the positions (z,y) = (5 mm, 0) and
(z,y) = (0,£5 mm) and a high voltage of £15000 V is applied for the electrode
pair oriented along the x-axis, is shown in figure 3.2(c). For &5 = 6048 V and
ro = 1 mm it follows a; = 0.9999, a3 = 0.19676, and a5 = —0.0094. The negative
as coefficient has an absolute value about half as large as for the two-electrode
case. The disadvantage of this asymmetric four-electrode configuration is a de-
crease of the electric field strength in the center by a factor 2.4, when the same
voltages are applied. If in this configuration the high voltage is only increased by
about 10 %, the same maximum electric field strength between neighboring elec-
trodes is achieved as in the two-electrode configuration. Therefore, the electric
high voltage cannot be increased considerably without risking electric flashovers.
An even smaller as value is achieved when the electrodes are placed at a square
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with (z,y) = (£6 mm, 0) and (z,y) = (0, £6 mm), but then the electric field is
decreased by a factor of 3.5 compared to the two-electrode configuration.

For the AG deceleration, not only an electric field with small abberation, but
also a high electric field strength on the molecular beam axis is needed in order to
decelerate the molecules within a suitable number of electrode stages. Therefore,
the two-electrode configuration or the asymmetric four-electrode configuration
with less abberation should be preferred. The configuration with four elec-
trodes arranged in a square, can be used for the transverse focusing of molecules
as has been demonstrated for deuterated ammonia [56, 97|, deuterated water
molecules [55], and aminophenol [23]. The dynamics inside a quadrupole guide
using AG focusing has recently been studied analytically [150].

3.3.2 End effects

In the following, the finite length of the electrodes is considered, and the conse-
quences of the fields at the ends of the electrodes on the forces on the molecules
are studied. Equation (3.4) describes the divergence of the force for a molecule
with a linear Stark shift. Now, we restrict ourselves to small displacements from
the molecular axis in order to simplify this equation. For the electrode pair
shown in figure 3.3(a), the electrostatic potential is symmetric with respect to
the x-z plane and antisymmetric in the y-z plane with ¢ = 0 everywhere on
this plane. Therefore, on the molecular beam axis, all terms of equation (3.4)
vanish except for 0®/0x and 9*®/0z0z. Because —0®/Ox is the only non-zero
component of the electric field, it is —0®/0x = E. On the axis, this leads to

2
V.F= “gf (%-f) . (3.9)

Close to the center of the AG lens, it is 0E/0z = 0 and 0F,/0z = 0. It follows,
as shown in figure 3.3(c), that for the spring constants in the two transverse
directions k, = —0F,/0z and k, = —0F, /0y, it is k, = —k, such that they are
equal in magnitude but with opposite sign. This means that the focusing and
defocusing forces close to the center of the lens are equal. However, in the fringe
field at the end of the AG lens, it is 0E/0z # 0 and OF,/0z # 0. For a linear
Stark shift, it is k, = —0F,/0z = —pegd*FE/02*, and equation (3.9) results in

1 (OE\?> O°FE
ko +ky = —Hesr <E (%) _W> (3.10)

0 (10F
/VLeffEa (Ea) . (311)
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Figure 3.4: (a) Force F, and (b) spring constant k. for benzonitrile in its ground
state plotted along the molecular beam axis as a function of z. The shaded areas
highlight the region of the hemispherical end cap of the electrodes.

In figure 3.4(a), the force F, and (b) the spring constant k, for benzonitrile
in its ground state along the molecular beam axis are given as a function of
z for electrodes with hemispherical end caps, as shown in figure 3.3(a). The
forces and spring constants are calculated for the case that the next electrode
pair at a center-to-center distance of 20 mm to the previous electrode pair is
arranged perpendicular and grounded. The shaded area represents the region
of the hemispherical end cap, and z = 0 defines the center of the electrode pair,
where k£, = 0. Molecules moving along the beam axis towards the end of the AG
lens, experience a deceleration force, as F, is negative. In the region between
z =2 mm and z = 5 mm the hfs molecules are bunched, which means that the
molecular packet is focused in longitudinal direction. Between z = 5 mm and
z = 10 mm the molecules are still decelerated, because F), is negative, but are not
bunched anymore, resulting in a broadening of the decelerated molecular packet.

Figure 3.5 shows the transverse forces at a transverse displacement of 0.1 mm
from the molecular beam axis as a function of z. As already shown in fig-
ure 3.3(b), the transverse forces F,(0.1 mm, 0, 0) = -F,(0, 0.1 mm, 0) =
0.30 ecm™! are of equal strength close to the center of the electrodes. In the
fringe field of the electrodes, i.e., between the rounded end caps, the abso-
lute value of the defocusing force |F,| strongly increases (by about 60 %) for
z = 3.9 mm compared to its value inside the lens (z = 0 mm), while the abso-
lute value of the focusing force Fj steadily decreases. In the deceleration process
of molecules in hfs states, the area of the fringe fields where the defocusing force
is larger than the focusing force, has to be exploited in order to longitudinally
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Figure 3.5: Transverse defocusing force F, and focusing force with opposite sign
—F, for the ground state of benzonitrile at a transverse displacement of 0.1 mm from
the molecular beam axis as a function of z. The shaded area highlights the region of
the hemispherical end cap of the electrodes.

bunch the molecules (see section 3.5 for details). This results in a decreased
transverse acceptance for the deceleration of molecules in hfs states.

3.4 Analytical description of the equations of
motion

In this section, the motion of molecules in the AG decelerator is analyzed. In a
first approach, the transverse and longitudinal motion are treated independently.
This is a good approximation for small velocity changes of the molecules. Later,
the coupling of the transverse and longitudinal motion will be discussed.

3.4.1 Transverse motion

We can catch the essentials of the transverse motion by assuming that the
molecule moves at a constant velocity v, along the molecular beam axis. Fur-
thermore, close to the beam axis, the molecule experiences a linear force that is
focusing in one direction and defocusing in the other direction. The orientations
of the lenses alternate. Inside a lens, the equation of motion along the molecular
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beam axis can be written as

82
a—tf + k*0?r =0, (3.12)
which leads as function of z to
82
a—f +rr=0. (3.13)
z

The plus sign corresponds to a focusing force and the minus sign to a defocusing
force, respectively. /27 describes the number of oscillations per unit length and
depends on the spring constant k, by x = \/|k.|/mv2. The angular oscillation

frequency ) is
k off 2
Qo J Bl e 0% (3.14)
m m rga

for a linear Stark effect and using the first order term of equation (3.8). Equa-
tion (3.13) is a Hill’'s equation, a linear differential equation of second order,
and, therefore, its solution is uniquely determined by its initial values z(z) and
v.(z) and can be written as

(x(z)) M (e0) (x(z@) , (3.15)

vz(2) vz(20)

where M (z|zp) is the transfer matrix given by

( .
cos kl é sin kl

. F : focusing lens
—Qsinkl  cos kl

1 L
M (z|z) = 0 ”f) O : drift space (3.16)
coshkl & sinhkl

Qsinh kl  cosh &l

> D : defocusing lens

\

and | = z — zp. Depending on the case, the transfer matrix F' and the transfer
matrix D for a defocusing lens are used for the length L and the transfer matrix
O in the drift regions S in between the lenses. The transfer matrices for different
subintervals can be combined to

M (z9)20) = M (29]21) M (z1|20) - (3.17)

Thus, an AG array can be written as F'(L) - O(S) - D(L) - O(S5), leading to the
transfer matrix of a whole AG device with n such units M = (FODO)". For
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the AG decelerator described in this thesis, the single lenses are combined to
longer elements such that M = (FO) ((DO)}(FO)*)* (DO)%. The advantage of
combining short AG lenses to longer focusing or defocusing elements is that the
molecules can be decelerated in every single electrode. At the entrance of the
decelerator, only a single focusing element is used in order to achieve a good
acceptance in both transverse directions. The trajectories are stable, when all
elements of the transfer matrix remain bounded if n increases indefinitely. This
is fulfilled for —1 < $Tr(M) < 1 (see, for instance, reference 95).

As described in reference 95, the transfer matrix can be parameterized for a
unit cell with length [.o as

M(Z + lcell|z> = (Cosgb N aSin¢ ﬁSin¢ ) ) (318>

—ysin ¢ cos ¢ — arsin ¢

where «(z), 5(z), and v(z) are the Courant-Snyder parameters, which have the
same periodicity as the AG lens lattice. ¢ is the phase advance per unit cell.
In our parametrization 3(z) and ~(z) are given in the units s (second) and s~*,
in contrast to the particle accelerator literature, where the units are m (meter)
and m~!. The phase advance and Courant-Snyder parameters are related to one
another such that

v dB(z)

alz) = SR (3.19)
140%(2)
1(z) = 50 (3.20)
1 ztleen  q )
) :Zl mw@. (3.21)

In this parametrization, the transfer matrix that describes a single lattice unit
is identical to the matrix for n units if ¢ is substituted for n¢. The trajectories
of the molecules are stable for —1 < cos ¢ < 1, which means that ¢ is real.

The solution of the differential equation (3.13) gives the trajectory of a
molecule moving through the AG lattice, which is

x(z) = \/[(2)e; cos (p(2) + 0;) (3.22)

where ¢; and ¢; define the initial conditions of the particular molecule. The
z-dependent phase ¢(z) is given by ¢(z) = 1/v, foz 1/6(%")dz". The motion of
a molecule is a product of two periodic functions. The wavelength of the first
function is .y and of the second function is 27leen/¢. For ¢ < 27 the first
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motion has a shorter period than the second motion and is called micromotion.
The second motion is named macromotion. Similar trajectories are found for
ions in Paul traps [107]. Furthermore, using equations (3.21) and (3.22) and it
can be shown that

Y(2)x? + 20(2) v, + B(2)02 = ¢ . (3.23)

This describes an ellipse in the phase space of coordinates x and v,. The shape
of the phase space ellipse evolves periodically with z, but the phase space area
me; remains constant in accordance with Liouville’s theorem. Molecules with
the same value of ¢; lie all on the same ellipse, even if they differ in 9;. All
molecules with 0 < ¢; < € are inside the ellipse defined by e. The value € defines
the size of the beam in phase space and is called the emittance of the beam.
Equation (3.22) shows that the transverse displacements of a set of molecules lie
within a beam envelope given by the periodic function ++/3(z)e. Analogously,
the velocity spread of a set of molecules lies within a beam envelope defined by

+v/7(2)e.

For an AG array with an aperture dy, only trajectories with /3(2)e < dy/2
are transmitted without loss. The transverse acceptance is defined as the phase
space area occupied by the beam of the largest emittance consistent with this
criterion and is md%/(45max). The transverse acceptance of the AG decelerator
obtained from numerical trajectory simulations is discussed in section 3.8.

3.4.2 Longitudinal motion

So far, only the transverse motion, which determines the focusing and transport
of the molecules through the decelerator, has been discussed. For the deceler-
ation of molecules, the longitudinal electric field gradients at the entrance and
exit of the AG lenses are exploited. Therefore, the longitudinal motion has to
be considered.

The electric field strength for the case that two successive electrode pairs
are oriented parallel to each other and are both put on high voltage is shown
in figure 3.6(a). The Stark energy for the ground state of benzonitrile along
the molecular beam axis is shown in figure 3.6(b). The potential energy W
can be expanded around the point of inflection defined by 9°W/9z% = 0 at
2z = z; = 5.0 mm in a Taylor series.

1
Wiz +2)=WI(z)+Wi(z)z+ EW”/(zi)z?’ + . (3.24)
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Figure 3.6: (a) Electric field strength and (b) energy of the ground state of benzo-
nitrile in an electric field along the molecular beam axis. The dotted line marks the
point of inflection.

where W'(z;) = ZY|._., and W"(z;) = 8;7@/ »—z. Close to z = z;, the potential
energy is well approximated using the first two terms. By definition, the syn-
chronous molecule is always at the same position within an AG lens when the
high voltages are switched on and off. The position d at the relevant lens denotes
the position of the synchronous molecule where the high voltage is switched off.
Therefore, the change of kinetic energy (Wiens — W(d)) is for the synchronous
molecule the same in every lens, where Wy, is the Stark shift of the molecule
inside the lens. If the energy reduction per stage is small compared to the total
kinetic energy, the change in energy on a distance scale larger than the size of an
electrode stage can be described as originating from a constant average force [70]

o VVlens - W(d)

-~ 1D
where D is the distance between to successive AG lenses. For a non-synchronous
molecule being at position z when the high voltages are switched off, the dif-

ference between its force and the force on the synchronous molecule at d is
expressed as

Fy (3.25)

—W(z)+ W(d) w’
F—-F;= ~——>»(~z—d). 2
d . Sz (3.26)
This is a harmonic oscillator, and the angular frequency with which the non-

synchronous molecules oscillate around the synchronous molecule, is determined

as
!
w, =14/ W , (3.27)
m

where m is the mass of the molecule. For benzonitrile in its ground state and
the decelerator geometry used in this thesis, it is D = 20 mm and W'(z;) =
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5.0771072° J/m from which the longitudinal frequency is calculated to w, /27 =
610 Hz, which means that molecules moving with 320 m/s experience about one
oscillation period for the length of the decelerator.

The potential energy in an AG lens can also be analytically approximated
by [151]

W(z,y,2) = Wo (14 B((y/r0)* — (x/r0)*)) f(2), (3.28)

where
_tanh(2'/l + L/2l) — tanh(2'/l — L/2I)

/) 2 tanh(L,/2])

(3.29)

gives a phenomenological approximation of the behavior along the molecular
beam axis. W, is the potential at z = 0, rq determines the transverse aper-
ture of the decelerator, § describes the transverse curvature of the potential,
and [ describes the curvature of the lens along the molecular beam axis. It is
2/ = mod(z — D,2D) — D, where mod(a,b) is the remainder on the division
of a by b. For the parameters Wy = —9.9 ecm™!, ry = 0.001 m, L = 0.013 m,
D = 0.020 m used in this thesis, suitable parameters of the potential energy of
benzonitrile in the ground state are [ = 0.002 m and § = 0.15. However, the
approximation of the potential along the molecular beam axis is not very good.
Especially, the electric field in between two lenses is not described properly. Us-
ing the approximation, it is W = 0 in between two lenses, but in the case of two
successive electrodes arranged parallel to each other, it is W = 25 kV /ecm and for
a perpendicular arrangement of two successive electrodes it is W = 13 kV /cm.
Because of the curvature of the electrode at the end caps, the parameter L
should not be the real length of the lens. An effective length about 10 % smaller
gives a better representation of the real potential along the molecular beam axis.
Furthermore, in the approximation, the parameter (3 has the same value for the
focusing and defocusing direction. This is a good approximation for molecules
close to the molecular beam axis. However, for molecules in hfs states the ab-
solute value for the defocusing force is larger than for the focusing force further
away from the molecular beam axis (see figure 3.3(c)). For a better descrip-
tion, two individual parameters, one for the focusing and one for the defocusing
direction, would be needed. The fringe fields at the ends of the AG lens and
the coupling between longitudinal and transverse motion are also not included
in the analytical potential. In summary, the analytical potential can be helpful
as a first approximation, but in order to achieve a quantitative description of
all relevant effects in the AG decelerator, numerically calculated potentials are
needed.
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3.4.3 Coupling between transverse and longitudinal mo-
tion

The transverse and longitudinal motion are coupled in the AG decelerator. This
is immediately clear from equation (3.12), where the transverse motion also
depends on v, which is not constant during the deceleration process. If the
molecules are decelerated too much without changing the focusing parameters,
the molecules will not be accepted. Therefore, the focusing length f has to
be reduced during the deceleration process. This is experimentally shown for
the deceleration of OH in its lfs state in chapter 7. When the molecules are
decelerated to low velocities, it is useful to reduce the length of the electrodes
or, alternatively, to change the (FO)™(DO)™ pattern such that the value of
m is reduced over the length of the decelerator. For the deceleration to very
low velocities, advanced electrode geometries with smaller abberation effects are
desirable (see section 3.3).

3.5 High voltage switching schemes

For the description of the time sequence, at which the high voltages applied to
the AG decelerator are switched on and off, we use the concept of a synchronous
molecule (see section 3.4). As discussed above, a molecule in its hfs state will
gain kinetic energy when it enters the AG lens and will lose kinetic energy when
it leaves the lens. In figure 3.7, the high voltage switching scheme for the syn-
chronous molecule in a hfs state is depicted. Figure 3.7(a) shows transverse
focusing, as discussed above. The high voltages for the synchronous molecule
are switched on and off symmetric around the center of the AG lens (z = 0 mm)
and, therefore, no change in velocity occurs. Additionally, the molecular packet
is bunched in longitudinal direction. The time interval during which the high
voltages are applied to an AG lens, in combination with the velocity of the syn-
chronous molecule, determine the focusing length f. Figure 3.7(b) shows the
switching scheme for the deceleration of molecules in their hfs states. The volt-
ages are switched on when the synchronous molecule is inside the AG lens and
off when the molecule is at the falling flank of the electric field. The amount
of kinetic energy that is removed per AG lens depends on the position of the
synchronous molecule on the molecular beam axis at the time when the high
voltages are switched off. This position, relative to the center of the AG lens,
is denoted by d. The high voltage is not switched off at the minimum of the
electric field, but at different positions up to z = 5 mm at the falling flank. This
allows to bunch a molecular packet: faster molecules are already closer to the
electric field minimum and are decelerated more strongly, while slower molecules
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that lag behind are decelerated less. In this way, a narrow spread of longitudinal
position and velocity is achieved throughout the decelerator. This is known as
longitudinal phase stability and has been studied previously for the normal Stark
decelerator for the deceleration of molecules in Ifs states [70]. Alternatively, a
molecule in a hfs state could also be accelerated by switching the high voltage
on at the rising flank of the electric field and off when the molecule is inside the
AG lens.

The AG decelerator can also be used to focus and decelerate molecules in
Ifs states. This is demonstrated experimentally in this thesis for OH in its Ifs
X?M5,v=0,J = 3/2f state (see chapter 7). In order to achieve phase stabil-
ity in this case, the field must be switched on and off a second time, when the
synchronous molecule is in between two electrode pairs. Figure 3.8(a) shows the
switching scheme for transverse focusing and longitudinal bunching of molecules
in a lfs state. The parameter b determines the amount of longitudinal bunching
and describes how long the high voltage is switched on, while the synchronous
molecule is in between two electrode pairs. In figure 3.8(a), the bunching pa-
rameter b is applied symmetrically around the minimum of the electric field
(z = —10 mm). That way, faster molecules as the synchronous molecule are
decelerated and slower ones accelerated. This results also in an oscillation of
the molecules in the packet around the synchronous molecule, and the packet
is effectively kept together. To achieve transverse focusing, the fields are then
switched on and off once more per stage when the molecules are inside the elec-
trode pair, and the parameter f describes the transverse focusing length.

Figure 3.8(b) illustrates the switching scheme for the deceleration of molecules
in Ifs states. The position d is defined relative to the minimum of the electric
field strength, and its value on the rising flank of the electric field determines
the amount of kinetic energy removed per stage. The deceleration of molecules
in Ifs states is more efficient than for molecules in hfs states, which is due to the
better transverse focusing and longitudinal bunching properties of the fields for
molecules in Ifs states. For molecules in Ifs states, the focusing force is larger
then the defocusing force, which results in a larger acceptance of the decelerator.
The electric field along the molecular beam axis allows to longitudinally bunch
molecules in Ifs states in a larger region than molecules in hfs states. This is
discussed in more detail in combination with experimental results in chapter 7.
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Figure 3.8: Sketch of two electrode pairs and the corresponding electric field along
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seeking states, the voltages are switched on and off twice as often as for molecules in
high-field-seeking states.
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3.6 Numerical electric field calculations

A precise simulation of the electric field in the decelerator is needed to determine
the force on a molecule in this field accurately. The three-dimensional electric
field and its gradient in the electrode stages of the AG decelerator are calculated
by finite element methods using the program package Comsol Multiphysics [149].
A sketch of an electrode pair as used in our setup is shown in figure 3.3(a). The
electrodes of an electrode stage are 13.0 mm long, have a diameter of 6.0 mm,
spherical end caps with a radius of 3.0 mm, and are 2.0 mm apart. The drift
space between two successive electrode pairs along the molecular beam axis is
S = 7.0 mm. To calculate the electric field inside an electrode pair, the two
opposing electrodes with high voltages of +15 kV and —15 kV are placed in
the center of a grounded cylinder with an outer diameter of 100 mm. The elec-
tric field is calculated for the two different configurations of successive electrode
stages, which occur in the AG decelerator (see figure 3.1). In both cases, the
center of the first electrode pair is at * = y = z = 0 mm. In one case, the two
successive electrode stages are both oriented along the same transverse direction,
for instance, both along the z-direction and both set on high voltage. In the
other case, the two successive electrodes are oriented in different directions, for
example, the first electrode stage, which is the one set on high voltage in the cal-
culations, is oriented along the z-direction and the second electrode stage, which
is grounded, along the y-direction. For this geometry, the following symmetry
planes are present: The z-y plane at z = 0 mm and z = 10 mm (z = 20 mm
for the second case), the z-z plane for y = 0. The y-z plane in between the
electrode pair with opposing high voltages is for x = 0 an antisymmetry plane.
In electrostatics, antisymmetry correspondences to the ground boundary condi-
tion. Because the mesh generation in Comsol Multiphysics is problematic at stiff
edges, here only the z-y symmetry plane is used for the electric field calculations.
Hence, the electric field is calculated for half an electrode pair (cut in the z-y
plane at z = 0 mm) inside the surrounding cylinder with end caps at z = 0 mm
and z = 10 mm (or z = 20 mm), which have symmetry boundary conditions.
For an efficient electric field calculation, a fine mesh with a maximum element
size of 0.0002 mm? is generated inside a cuboid centered about the molecular
beam axis with the dimensions £ X ¥y X z =4 mm X 4 mm X 10 mm. Outside
this cuboid a relatively course mesh is generated. The norm of the electric field
is calculated and both the norm and its derivatives in all three directions are
exported from Comsol on a z X y X 2z = 3 mm X 3 mm X 10 mm grid with
a step size of 0.1 mm. The electric field of the whole decelerator is described
by rotations and combinations of the electric fields for the two cases of single
electrode stages. In the following section, the trajectory simulations using the
numerically calculated electric fields are discussed.



3.7 Numerical trajectory simulations 43

3.7 Numerical trajectory simulations

For an exact description of the motion of molecules in an AG decelerator, three-
dimensional electric field calculations (see section 3.6), the Stark shifts of the
molecular levels (see sections 2.1.3 and 2.3.3), and three-dimensional trajec-
tory simulations are necessary. These trajectory simulations also allow to study
effects due to coupling between longitudinal and transverse motion (see chap-
ter 7). The trajectories are obtained from numerical integration of the three-
dimensional equations of motion for the molecules in the electric field of the AG
decelerator using Runge-Kutta methods. These calculations are performed with
the home-built software package libcoldmol [120].

For the simulations, a molecule in a specific quantum state and a certain elec-
trode pattern of the AG decelerator are used. The initial six-dimensional phase
space distribution of the molecular packet is described by the mean values of
the initial positions and velocities. Their spatial widths in the transverse plane
Ax and Ay are defined by the diameter of a uniform circular distribution. The
widths of the spatial longitudinal direction Az and of the velocities Av,, Av,,
and Awv, are defined by the full widths at half maximum (FWHM) of Gaus-
sian distributions. In this range, the initial phase space position of a certain
molecule is randomly chosen. Furthermore, the initial time ¢, and the initial
time width At (FWHM of Gaussian distribution) of the molecular packet are
defined. Using the parameters f, d, and b for the switching schemes, a switching
time sequence is calculated from the longitudinal (one-dimensional) motion of
the synchronous molecule. This switching sequence is then used in the three-
dimensional trajectory simulation of the whole molecular packet. A delay time,
which is related to the time of flight (TOF) of the synchronous molecules from
the nozzle to the beginning of the decelerator, determines the delay between
the initial time and the beginning of the switching sequence. Furthermore, the
position and size of the skimmer are included in the simulations. For molecules
with stable trajectories through the decelerator, TOF profiles are determined.
The properties of the laser detection are included in the simulations. For the
TOF profiles, only molecules are considered which are in the centered rectangle
with the size z X y = 1 mm x 20 mm. The rectangle represents the relevant
size of the detection laser beam. Furthermore, the laser line width and Doppler
broadening effects are considered. For the calculation of TOF profiles, typically
20 million molecular trajectories are simulated. The calculation time is about
120 min for 20 million trajectories on one CPU of our Opteron cluster. From
the simulations, also the phase space distributions at different positions of the
decelerator are obtained. The exact parameters and results of the trajectory
calculations are discussed in combination with the experimental data in chap-
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Figure 3.9: Trajectories of some benzonitrile molecules in their ground state in
the alternating-gradient decelerator. (a) and (b) show trajectories for weak focusing
with a focusing length of f = 2 mm and (c) and (d) for strong focusing with f =
5 mm. The arrangement of the focusing and defocusing AG lenses for the z-direction
is indicated above the plots. The molecules move at a constant velocity of v, =
320 m/s. Simulations for different initial transverse positions xg as indicated and for
vy, = 0 are given in (a) and (c). Panels (b) and (d) show the results for different
transverse velocities v, as indicated and for xg = 0. Further initial conditions are
Yo = 2o = 0 mm and vy, =0 m/s.
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ter 6 for benzonitrile and in chapter 7 for OH, respectively.

Figure 3.9 shows some typical trajectories for benzonitrile molecules in their
ground state. The focusing or defocusing behavior of the AG lenses is indicated.
All trajectories have the same initial conditions for the longitudinal velocity of
v,, = 320 m/s, which corresponds to the experimental mean velocity of benzo-
nitrile seeded in xenon, the transverse velocity v,, = 0 m/s, and the initial
positions yp = zp = 0 mm. The trajectories in figures 3.9(a) and (c) differ in
their transverse starting position xy, but have the same initial conditions for
vz, = 0 m/s. For weak focusing (figure 3.9(a)), the displayed trajectories are
stable throughout the length of the decelerator, whereas for stronger focusing
(figure 3.9(c)), the trajectories with a larger displacement of xy = 0.35 mm and
ro = 0.45 mm are not stable and leave the decelerator. In contrast, the tra-
jectories in figures 3.9(b) and (d) differ in their transverse initial velocity v,,,
but have the same initial position xp = 0 mm. In this case, for strong focusing
all displayed trajectories are stable, but for weak focusing the trajectories with
Uz, = 0.7 m/s and v,, = 0.9 m/s are unstable. This shows that for stronger
focusing the transverse spatial acceptance is decreased, while the transverse ve-
locity acceptance is increased and vice versa.

In the plots, the superposition of the micromotion and macromotion is clearly
seen, as analytically predicted by equation (3.22). The amplitude of the micro-
motion with the wavelength 120 mm will increase if the focusing strength or
the transverse displacement increases. The wavelength of the macromotion is
larger in the case of weak focusing and smaller for strong focusing, as expected
from the discussions above. The analysis of trajectories with different initial
conditions shows that the transverse size of the molecular beam has a minimum
at the center of the defocusing triplet and a maximum at the center of the fo-
cusing triplet. This behavior is at the basis of the dynamic stability of the AG
decelerator [106].

3.8 Transverse acceptance and misalignment

In order to obtain the transverse acceptance of the decelerator, one million
trajectories of benzonitrile molecules in a 96 stages long decelerator with a
((FO)*(DO)?)'® grid have been calculated. From the trajectory simulations,
the ratio of molecules which are detected behind the decelerator compared to
the total number of molecules is determined. This ratio is multiplied by the ini-
tial four-dimensional phase space volume to obtain the transverse acceptance.
The transverse acceptance of the AG decelerator for benzonitrile molecules in
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Figure 3.10: Transverse acceptance of a AG decelerator with a ((FO)3(DO)?)16 grid
for benzonitrile molecules in the ground state at a velocity of 320 m/s.

their ground state as a function of the focusing length f is given in figure 3.10.
A maximum acceptance is obtained at f = 3.6 mm, and a smaller side maxi-
mum occurs around f = 5.0 mm. For f > 6.2 mm all molecules are defocused
and not accepted. For such a long decelerator, contributions from molecules on
metastable trajectories are negligible. The molecules travel with a constant ve-
locity of v, = 320 m/s throughout the decelerator, and no longitudinal velocity
spread is assumed. The initial molecular packet is uniformly spread in a phase
space region with Az x Ay x Av, x Av, =2 mm x2 mm x10 m/s x10 m/s. It
should be noted that if the acceptance is obtained from three-dimensional tra-
jectory simulations and the longitudinal spread of the packet as well as bunching
effects are considered, the optimum acceptance will be achieved for f =5 mm
in agreement with experimental measurements (see chapter 6.5).

Misalignments of the electrodes cannot be avoided completely in a real decel-
erator, which has consequences for the transverse acceptance. In order to discuss
this issue in more detail, the transverse acceptance is determined from trajectory
calculations of benzonitrile molecules in their ground state in a ((FO)?(D0O)?3)!
configuration with 96 electrode stages for v, = 320 m/s and f = 3.6 mm. The
decrease of the transverse acceptance as a function of the misalignment of the
electrodes is shown in figure 3.11. In the simulations, two different cases of
misalignment in the two transverse directions are considered. For alternating
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Figure 3.11: Decrease of the transverse acceptance for a ((FO)3(D0)3)' grid as
a function of the degree of misalignment A for alternating (solid line) and random
(dashed line) misalignment. See text for details.

misalignment, it is assumed that the centers of successive AG lenses are alter-
nately displaced by +A, —A, +A.... In the second case, the values for the
displacements of the lenses in both transverse directions are chosen randomly
from a Gaussian distribution with a standard deviation of A. The normalized
acceptance given for random misalignment is obtained from the average of the
acceptances of ten randomly chosen electrode stage displacements for the decel-
erator with the same standard deviation. In our AG decelerator setup, the real
transverse misalignment is about A ~ 50 um (see chapter 4.4). This means that
in the case of alternating misalignment the normalized acceptance is reduced
to 51 % and in the case of random misalignment to 27 %. Because the exact
misalignment of single electrode pairs of the decelerator is difficult to determine,
the random misalignment may be regarded as a good approximation. However,
misalignment effects due to the displacements of the individual electrodes in
single AG lenses, which also occur in our setup, are not considered, because new
electric field calculations for every misalignment value would be necessary. This
means that the real decrease of the transported molecules throughout the decel-
erator may be worse than the effects shown in figure 3.11. A further discussion
of the misalignment effects including the displacements in longitudinal direction
is given in chapters 6.3 and 7.4, when the agreement between measurements and
simulations is discussed.






Chapter 4

Experimental setup

4.1 Overview

A new alternating-gradient decelerator apparatus for the focusing and deceler-
ation of large molecules has been set up. All focusing and deceleration experi-
ments presented in chapters 6 and 7 are performed in the newly designed and
built molecular beam machine. The overall setup has a modular design to allow
for an easy extension.

Figure 4.1 shows an overview of the experimental setup. Benzonitrile is
co-expanded in xenon through a pulsed nozzle. 27 mm downstream from the
nozzle, the molecules pass a skimmer and then enter the AG decelerator. The
decelerator, in which the molecules are focused and decelerated, consists of 27
AG lenses arranged along the molecular beam axis, and has a total length of
533 mm. For all pairs of electrodes, voltages are switched between +15 kV and
ground. Alternatively, a bias voltage of up to £300 V can be applied. The
applied high voltages create a maximum electric field strength of 142.5 kV/cm
on the molecular beam axis. Behind the decelerator benzonitrile molecules are
detected by laser-induced fluorescence (LIF) on the Sj,v" = 0« Sp,0v” = 0
transition at 274 nm using time-resolved photon counting. A frequency-doubled
and frequency-stabilized, narrow-linewidth, continuous ring dye laser is used for
rotational-state-specific detection.

The measurements for the deceleration of OH are performed in the same
setup, with some modifications to the source and the detection. HNOj is co-
expanded in xenon. OH is produced from HNOj3 via photodissociation at 193 nm.
Downstream from the nozzle, the molecules are skimmed and then enter the
decelerator chamber. OH molecules exiting the AG decelerator are also detected

49
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Figure 4.1: Sketch of the experimental setup for the focusing and deceleration of
benzonitrile and OH. Benzonitrile is co-expanded in xenon. For OH experiments
HNOj3 is co-expanded in xenon and OH is produced via photodissociation at 193 nm.
After the supersonic expansion the molecular beam is skimmed. The molecules are
focused and decelerated using the alternating-gradient (AG) decelerator and finally
detected by laser-induced fluorescence with a photomultiplier tube (PMT). All dis-
tances are given in mm. The distances for the experiments with OH, which differ from
the one for benzonitrile, are given in brackets.
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by LIF via time-resolved photon counting after excitation on the A?X}

2V =

1<—X2H3/2, v = 0 transition at 282 nm.

4.2 Vacuum system

The experiment is performed under high vacuum conditions. A sketch of the
vacuum system is shown in figure 4.2(a) and a photo in figure 4.2(b). It is com-
posed of three stainless steel vacuum chambers, namely the source chamber, the
deceleration chamber, and the detection chamber. Each chamber consists of a
tube with an inner diameter of 235 mm, two CF 250 flanges at the ends, and
other flanges for various purposes, like detection, mounting of pressure gauges,
and mounting of electric feedthroughs. A 1.5 mm diameter skimmer (Beam Dy-
namics, model 1) separates the source chamber from the differentially pumped
deceleration and detection chamber. The skimmer is mounted directly on a
home-built gate valve [152], which is integrated in a CF 250 flange. An explo-
sion drawing of the gate valve is shown in figure 4.3. The skimmer mount and
the gate valve are optimized for a small distance of 10 mm between the base
of the skimmer and the beginning of the deceleration chamber. This short dis-
tance allows for a small molecular packet and a high molecular density at the
beginning of the AG decelerator. Free space on both sides of the skimmer is
provided to not disturb the supersonic expansion. The skimmer is fixed on a
sledge which is moved using a linear motion feedthrough mounted on the CF 16
flanges. The vacuum seal is provided by a Viton O-ring. Two levers, moved by
two linear motion feedthroughs, are used to fix the sledge in the skimming or
sealing position. The CF 100 flanges at the sides and CF 63 flange at the top
allow for optical access between the nozzle and the skimmer.

The vacuum fore pressure of 7- 1072 mbar is provided by two oil-free piston
pumps (Pfeiffer Vacuum, XtraDry 150-2), which are connected to a fore-vacuum
line. The fore-vacuum regions for the source chamber and the remaining cham-
bers are separated by a valve. Because of the gas load of the molecular beam, a
1380 1/s turbo molecular drag pump (Pfeiffer Vacuum, TMU1601 P) mounted
on a CF 250 flange is used to pump the source chamber. Under normal operation
conditions and at a repetition rate of 40 Hz, a pressure of about 2-107° mbar is
achieved. In the deceleration and detection chamber the pressure is 8-10~% mbar.
Without the molecular beam the pressure in the deceleration chamber is about
1072 mbar. A 230 1/s turbo molecular drag pump (Pfeiffer Vacuum, TMU 261
P) mounted on a CF 100 flange pumps the deceleration chamber, and a 920 1/s
turbo molecular pump (Pfeiffer Vacuum, TMU 1001 P) mounted on a CF 200
flange pumps the detection chamber. In both high vacuum chambers the pres-
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Figure 4.2: (a) Sketch of the vacuum system. (b) Photo of the vacuum chambers of
the alternating-gradient decelerator setup. The source chamber, deceleration cham-
ber, and detection chamber with its molecular drag pumps are visible. The electric
shielding of the feedthroughs and the ion gauge are labelled.
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Figure 4.3: Explosion drawing of the home-built gate valve integrated in a CF 250
flange. The individual parts are: (1) upper skimmer mount, (2) skimmer, (3) lower
skimmer mount, (4, 18) shaft holders, (5) hardened steel plate, (6, 19) lever arms, (7)
slots for alignment pins, (8) chamber flange (CF 250), (9, 11, 13) CF 16 flanges, (10,
15) CF 100 flanges, (12) CF 63 flange, (14) Viton O-ring, (16) sledge, and (17) linear
motion feedthrough guide.
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sure is measured using a compact cold cathode gauge (Pfeiffer Vacuum, IKR
270).

4.3 Source

4.3.1 Benzonitrile

The molecular beam of benzonitrile (C;H5N) is produced using a pulsed solenoid
nozzle (General Valve, Series 99) with a 0.8 mm orifice, which is operated at
27° C. A gas system allows for quick changes of the seed gases. For instance, for
first measurements it is convenient to seed benzonitrile in argon. This yields,
due to the smaller mass of argon compared to xenon, a higher beam velocity,
and therefore the free-flight intensity is increased. For deceleration measure-
ments, benzonitrile is seeded in xenon because of the lower initial velocity of the
molecular beam for the heavier seed gas. In most measurements presented in
this thesis, benzonitrile is seeded in xenon at a stagnation pressure of 0.7 bar.
The gas flows through a bubbler with some milliliters of benzonitrile (Fluka,
> 99 % purity), which is a clear liquid and has a vapor pressure of 1.33 mbar
at room temperature. The connections between the bubbler and the nozzle are
all stainless steel tubings with an inner diameter of 4 mm and a total length of
about a meter. The nozzle is operated with a home-built pulsed nozzle driver
(Fritz Haber Institute (FHI) electronic laboratory (Elab) 3076), which provides
an electronic pulse for the nozzle with a voltage of 300 V. With potentiome-
ter settings between 0 and 10, the time widths are adjusted between 60 us
and 300 ps. The opening time of the nozzle depends on this electronic trigger
pulse and is typically between 140 us and 200 us (see figure 4.4). The nozzle
is mounted on a translation feedthrough, which allows for an adjustment in all
three spatial directions. The rotational temperature for benzonitrile seeded in
xenon is typically 3.0 K (see chapter 6.2). The molecular packets in this super-
sonic jet have a mean velocity of approximately 320 m/s and a velocity spread
at FWHM of about 10 %. 27 mm downstream from the nozzle, the molecules
pass the skimmer and enter the differentially pumped decelerator chamber.

Figure 4.4 shows the time-of-flight distributions of benzonitrile molecules
seeded in 0.7 bar of xenon, which are detected in the source chamber via laser-
induced fluorescence (LIF) at 274 nm (see section 4.6). In order to perform the
measurements in figure 4.4, the distance between the nozzle and the skimmer is
increased to 42 mm, and the molecules are detected 24 mm behind the nozzle.
The dependence of the signal intensity and signal width on the potentiometer
setting of the pulse nozzle driver are studied, in order to obtain an intense signal
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Figure 4.4: Laser-induced fluorescence signal of benzonitrile molecules measured in
the source chamber using different potentiometer settings for the opening time of the
nozzle. The time is given relative to the electronic trigger signal for the pulsed nozzle
driver. From all curves the background is subtracted, and they are offset for clarity.

and a narrow width of the molecular packet. This is achieved here for a poten-
tiometer setting of 0.78 or 0.79, where the FWHM at the detection position is
140 ps or 160 ps, respectively. It should be noted that the tensions of the springs
inside the nozzle change during operation and therefore, the potentiometer set-
ting has to be adjusted after some days. Typically, this adjustment is performed
by optimizing the signal intensity and width of the TOF distributions detected
behind the decelerator. The times are related to the electronic trigger time for
the pulse nozzle driver. The delay between the electronic trigger pulse and the
mechanical opening of the nozzle is about 0.40 ms, depending on the nozzle
voltage and potentiometer setting.

Alternatively, the produced molecules can be detected in the source chamber,
using a quadrupole mass spectrometer (Pfeiffer Vacuum, Prisma QME200). Via
the mass spectrum, the quality of the molecular beam in the source chamber is
monitored, because for most experiments the LIF detection is only performed
in the deceleration chamber. A mass spectrum of benzonitrile seeded in xenon
under normal operation conditions is given in figure 4.5. The features at about
132 u (66 u) correspond to the different isotopes of singly (doubly) ionized xenon.
Benzonitrile is detected at 103 u, and some of its fragments occur around 50 u
and 76 u.
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Figure 4.5: The graphs show the mass spectrum of benzonitrile seeded in xenon
measured in the source chamber. The right-hand graph is an expanded view of the
left-hand graph such that the mass signal of benzonitrile at 103 u is clearly visible.
The peaks at 50 u and 76 u are due to fragments of benzonitrile.

4.3.2 OH

The production of a pulsed beam of OH radicals is described in detail else-
where [128, 153]. The setup and geometry of the gas system is the same as
described above. In brief, xenon at a pressure of 3 bar flows through a bubbler
with liquid HNOj. The pulsed nozzle is modified such that a 6 mm long quartz
capillary (Suprasil 1) with an inner diameter of 1 mm is directly mounted to the
orifice of the nozzle. OH radicals are produced by photodissociation of gaseous
HNOj. The output of an ArF excimer laser (Neweks, PSX-501-2), operated at
193 nm and providing a pulse energy of 4 mJ within 5 ns long pulses, is focused
onto the end of the capillary using a cylindrical lens with a focal length of 50 cm.
The molecular packets of OH radicals have mean velocities of about 360 m/s
and a velocity spread of approximately 25 %. Due to the production process,
the initial position is well defined to approximately 2 mm, which corresponds to
an initial time spread of about 6 us at a velocity of 360 m/s. 20 mm downstream
from the nozzle, the OH molecules pass the skimmer and enter the differentially
pumped decelerator chamber.

4.4 Alternating-gradient decelerator

In figure 4.6(a), a sketch of the electrode pattern and in figure 4.6(b) a photo of
the AG decelerator are shown. The decelerator consists of 27 electrode stages
arranged along the molecular beam axis. This axis is referred to as the longitu-
dinal direction or the z-axis. The AG decelerator has a total length of 533 mm
from the beginning of the first electrode stage to the end of the last electrode
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Figure 4.6: (a) Sketch of the electrode pattern at the beginning of the decelerator
for the four backbone rods. (b) Photo of the rear end of the alternating-gradient de-
celerator with electrode pairs, electric insulators, backbone rods, and triple junctions.

stage. The first AG lens starts 37 mm behind the tip of the skimmer. The
precise alignment of the electrodes is of great importance for the performance of
the AG decelerator. Therefore, the alignment and mounting of the decelerator
is done such that imperfections due to the machining process of all individual
parts of the decelerator can in principle be compensated for.

Several steps are needed for the setup of the decelerator: First, the alignment
pins which connect the electrodes with the backbone rods are pressed into the
electrodes. Then, the electrodes with the alignment pins are pressed into the
backbone rods and are aligned to the same height on a flat marble plate. The
backbone rods with the electrodes are mounted on the electric insulators, and
all parts are fixed and adjusted in an outer frame. Finally, the decelerator is
mounted in the vacuum chamber on two aluminum feet, which are adjusted us-
ing micrometer screws. The alignment of the decelerator to the molecular beam
axis is facilitated using a theodolite.

The stainless steel electrodes are 13.0 mm long, have a diameter of 6.0 mm,
and spherical end caps with a radius of 3.0 mm. The highly-polished electrodes
are produced by Schmidt & Lorentz with a measured root mean square surface
roughness value of about 30 nm. The low roughness is needed to withstand
the high electric fields. The electrodes have two blind holes with diameters of
2.99 mm at a center-to-center distance of 5 mm. Into these holes two slotted
alignment pins with a diameter of 3.0 mm and a length of 24 mm are pressed
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using a toggle press. Afterwards, the toggle press is used to press the electrodes
with the alignment pins into the stainless steel backbone rods, which have a sim-
ilar regular pattern of 2.99 mm diameter boreholes every 5 mm over the whole
length of the backbone rod. The height of the electrode surfaces compared to
the rods is controlled using polished spacers. The four backbone rods have a
diameter of 14 mm, a length of 538 mm, and spherical end caps with a radius of
7 mm. Successive electrodes are placed at center-to-center distances of 20 mm
along the backbone rod.

The (FO) ((DO)}(FO)*)* (DO)? grid for the focusing (and defocusing) of
molecules discussed in chapter 3 is implemented by the arrangement of the elec-
trodes in the rods, as sketched in figure 4.6(a). At the entrance of the decelerator,
a single electrode is pressed in the first rod. This is followed by a 67 mm gap,
leaving out three electrodes. Behind the gap, three successive electrodes are
pressed in. For the second backbone rod, three successive electrodes are pressed
in such that they fit in this gap. This pattern of three electrodes and a gap
for the three rotated electrodes is repeated along the whole rod. The third and
fourth backbone rod have the same electrode pattern as the second and first rod,
respectively. The second rod is mounted rotated by 90° relative to the first rod,
and every two opposing rods exhibit the same pattern. After the mounting of
the rods, the two opposing surfaces of the electrodes of a stage are 2 mm apart.
By starting the electrode pattern of three successive AG lenses with a single one,
the transverse acceptance of the AG decelerator is increased.

After all electrodes are pressed in the rods, the alignment of the electrode
top surfaces is controlled on a flat marble plate. Using stainless steel foils with
different thicknesses between 10 pym and 100 pm, it can be checked whether
all electrodes have the same height while lying on the marble plate. If one
electrode is higher than a neighboring electrode, it will be pressed further in,
using a smaller spacer at the toggle press. If one electrode is already pressed
in too far, it will be taken out again and will be pressed into the rod using a
larger spacer. This process is iterated until all electrodes are aligned relative to
each other on the marble plate. The height of the electrodes relative to the rod
varies, because the rod is slightly bent due to the machining process. Even if
the height of the electrodes can be adjusted quite precisely, the electrodes may
be tilted in the transverse direction, which is reduced as much as possible by
tilting the electrodes back with a small screw clamp. After the alignment of
the electrodes, two mounts are pressed in each rod from the side opposite to
the electrodes. The stainless steel mounts have a special shape such that the
alumina electric insulators are inserted into them. This highly reduces the local
electric field strength at the triple junctions, which are the boundaries between
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electric conducting materials (mounts of the electrodes), electric insulating ma-
terials (ceramics), and vacuum. This shielding of the triple junctions largely
reduces the probability of electric surface flashovers [154]. The other side of the
insulators is fixed on an aluminum plate using another stainless steel mount.
The four subunits consisting of the electrodes, rods, insulators, mounts, and the
plate are then fixed onto the outer frame. Using micrometer screws transverse
to the molecular beam axis and special bronze alignment tools, these subunits
are adjusted such that every two opposite top surfaces of the electrodes of one
stage are 2 mm apart. For the two upper subunits, stainless steel foils with
different thicknesses are put between the frame and the subunits to adjust the
height properly. In the transverse direction, the gaps between the electrodes
vary between 1.95 and 2.05 mm. Furthermore, parallel to the molecular beam
axis, the gaps between two successive electrodes of different rods are adjusted
to be 7 mm, using micrometer screws. After the alignment and fixing, the
longitudinal distances between two successive electrodes vary between 6.95 and
7.15 mm. These deviations are mainly due to discrepancies of the distances of
the boreholes in the backbone rods, into which the electrodes are pressed, and
variations of the length of the single electrodes between 12.9 and 13.0 mm.

After the mounting and alignment of the AG decelerator module itself, it has
to be positioned inside the vacuum chamber. For that purpose, two aluminum
feet of the decelerator stand on two bronze baseplates. These are mounted onto
the stainless steel tabs in the lower tubes of the CF 100 flanges of the decelera-
tion chamber close to the 230 1/s turbo drag pump, as indicated in figure 4.2(a).
Using alignment tools and micrometer screws, both feet are levelled and the
AG decelerator is screwed onto the feet. Two plexiglas disks with a precisely
centered 0.8 mm diameter borehole are fixed on the knife edge of the CF 250
flanges at both ends of the vacuum chamber to define the molecular beam axis.
The theodolite is aligned to this axis, and the skimmer as well. Using two bronze
alignment tools with a centered 0.8 mm borehole, which can directly be posi-
tioned on any electrode stage, the AG decelerator is also aligned to this axis. In
the alignment process, the feet of the decelerator are adjusted using micrometer
screws. Furthermore, the AG decelerator is aligned to be centered in the vac-
uum chamber in the longitudinal direction. After the alignment procedure, the
feet of the AG decelerator are fixed with screws to the bronze baseplates, which
are fixed to the tabs in the lower CF 100 tubes, and the micrometer screws are
removed. The theodolite facilitates to also align the nozzle to this axis. Later,
also the LIF detection zone and the light baffles are aligned to the molecular
beam axis by means of helium neon (HeNe) lasers.
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Figure 4.7: Sketch of the electronics setup that is used for the alternating-gradient
(AG) decelerator. The left-hand side represents the positive high voltage assembly,
the right-hand side the negative high voltage assembly. The four circles in the middle
represent the four backbone rods of the AG decelerator. The switches are triggered
by the burst unit and are switched between + 15 kV and a bias voltage. All boxes
are grounded.
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4.5 Electronics

A sketch of the electronics setup is shown in figure 4.7. Each backbone rod
of the AG decelerator is connected via 30 kV electric feedthroughs (Hositrad
16729-03-CF) to a fast 20 kV push-pull switch (Behlke Elektronik, HT'S-201-03-
GSM). Two of these switches operate at a positive high voltage, the other two
operate at a negative high voltage. Two switches that operate at the same po-
larity are built together with accessory devices in a radiation shielded box (FHI
Elab 3499.1, 3499.2). Two diagonally opposing rods share a trigger pulse, which
is provided by a home-built burst unit (FHI Elab 3388) with a time resolution
of 10 ns. The burst unit itself, as well as the nozzle, the excimer laser, and
the data acquisition, are triggered by a home-built delay generator (FHI Elab
3294.1). Both units are controlled using the program package KouDA [155]. The
high voltages for the switches are provided by two 20 kV power supplies (FuG,
HCK 400-20000, 40mA), which each load a 500 nF capacitor (FHI Elab 3499).
The capacitors minimize the voltage drop during the length of the applied time
sequence to a few percent. For a single switching sequence, high voltages are
typically switched on 13 or 14 times for about 3-20 us each. Due to the differ-
ent switching scheme for molecules in Ifs states (see chapter 3.5 and 7), the high
voltages are switched twice as often for the experiments on OH in its Ifs state.
The typical length of a burst is approximately 1.7 ms, and the exact parameters
depend on the calculated switching sequence. The rise and drop time of the high
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voltage is about 300 ns, which is defined by the accessory electronic devices of
the switches, and is short enough that the motion of the molecules during the
rise time can be neglected, but long enough to avoid damage of the switches.
Time sequences are applied up to 40 times per second. The switches of same
polarity share a single 20 kV high voltage power supply and 500 nF capacitor.
Instead of switching between a high voltage and ground, the switches can alter-
natively be operated to switch between a high voltage and a bias voltage. This
bias voltage of up to 300 V has the same polarity as the high voltage and is
provided by 300 V laboratory power supplies (Delta, ES0300-0.45). The bias
voltage is applied for the suppression of transitions at low electric field strengths
(see chapters 6 and 7). Because of the fast switching times, the high voltage
switches as well as the electric feedthroughs and cables are radiation-shielded.

Before switched high voltages are applied to the AG decelerator, it is exposed
to substantially higher DC voltages to reduce the risk of electric flashovers. In
this procedure called “current conditioning” [154], first a relatively small DC
high voltage of, for instance, £5 kV is applied to the two diagonally oppos-
ing backbone rods of the AG decelerator. The two other rods are grounded.
Meanwhile, for each polarity the currents, which are limited by two 100 M2 re-
sistors, are measured with digital multimeters (Fluke 87 V). If both currents are
smaller than 50 nA for at least ten minutes, the high voltage will be increased
by 0.5 or 1 kV. Otherwise, the high voltage is kept for another ten minutes.
This procedure is iterated until DC high voltages of +19 kV can be applied to
the decelerator, corresponding to a maximum electric field of 180.5 kV/ecm on
the molecular beam axis and 210.0 kV/cm on the electrode surfaces. To avoid
electric flashovers, the maximum DC voltage is chosen more than 25 % larger
than the maximum switched high voltage used in the measurements [154]. This
procedure has to be repeated for the other two backbone rods and, furthermore,
every time after the decelerator has been exposed to air. During the AG focus-
ing and deceleration experiments, voltages are switched between £15 kV and
ground or a bias voltage, creating a maximum electric field of 142.5 kV/ecm on
the molecular beam axis.

4.6 Detection

4.6.1 Laser system

A scheme of the laser system is shown in figure 4.8. It consists of an argon ion
laser (Coherent Innova Sabre, 15 W) which pumps a ring dye laser (Coherent
RDL899-21). The light exiting the dye laser is frequency-doubled using a beta
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Figure 4.8: Scheme of the laser system and the calibration and frequency stabiliza-
tion devices. The specified values for the laser powers are typical values. See text for
details.

barium borate (BBO) crystal in the focus of an enhancement cavity (Spectra
Physics, LAS WaveTrain). A fraction of the laser light is branched off for cali-
bration and frequency stabilization devices. The calibration devices include an
iodine cell, a wavelength meter, and a Fabry-Pérot interferometer (FPI). In ad-
dition, the frequency of the ring dye laser is externally stabilized relative to a
frequency stabilized HeNe laser.

In more detail, the laser system is placed on an actively stabilized optical
table. A laminar flow box blows filtered and temperature-controlled air on the
laser table, leading to a temperature of (22.2 +0.3)° C after a warming up pe-
riod for the argon ion laser of about one hour. The argon ion laser is typically
operated to provide 5-6.5 W at 514 nm. It pumps a continuous, tunable, and
narrow-linewidth ring dye laser. The laser dye Rhodamine 110 (Radiant Dyes)
has a lifetime of 250 hours/W and can be tuned between 535 nm and 570 nm.
The power decrease during the lifetime period is partly compensated by an in-
crease of the power of the argon ion laser from 5 W up to 6.5 W. 300-550 mW
laser light is produced at the desired wavelength of 548 nm for the detection
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of benzonitrile and 564 nm for the detection of OH. The dye laser allows to
scan a frequency range of up to 30 GHz without mode hops. Some modifica-
tions of the ring dye laser have been implemented for a more stable and more
reliable operation: The dye nozzle has been replaced by a low pressure special
nozzle (Radiant Dyes, RDSN02). Furthermore, a different dye circulator (Ra-
diant Dyes, RD10000W) and an additional high pressure air cushion (Radiant
Dyes, RDAC10) have been used. The air cushion is filled with 5 bar of argon to
absorb vibrations of the dye circulator. In addition, the servo motor driver has
been replaced by a home-built one (FHI Elab 3774), which drives the master
cavity of the ring dye laser more stably. It is used for slow frequency scans when
molecular spectra are recorded. For fast scans (for instance during the align-
ment of the ring dye laser), one can switch back to the internal servo motor drive
electronics. A plexiglas cover which allows for all optical adjustments protects
the ring dye laser. A nitrogen flow helps to keep the optical elements clean from
dust particles.

Behind the ring dye laser, the laser light is split into a main path containing
98 % of the laser intensity and a side path for the calibration and frequency sta-
bilization devices. The laser light of the main path is coupled into the WaveTrain
resonator, which is actively stabilized using the Pound-Drever-Hall method [156].
The main component of the WaveTrain is a BBO crystal, a non-linear crystal,
in which the second harmonic is generated such that the laser light exiting the
ring dye laser is frequency doubled. The resonator is a ring cavity and consists
of the BBO crystal, two resonator mirrors, and a prism, which is mounted on a
piezoelectric transducer. The resonator is tuned by translating the prism. The
advantage of this resonator design is that the beam path is unaffected from the
translation of the prism. If the phase and mode matching conditions are ful-
filled, the injected power is up to a hundredfold enhanced inside the resonator
and about 15-30 mW of frequency-doubled light is produced. The ultraviolet
(UV) light is transported via two large periscopes to the decelerator setup in
the neighboring laboratory. The beam path is about 15 m long.

At the molecular beam machine, the UV light is guided via a second periscope
and several mirrors through the detection chamber, where the LIF detection is
performed (see section 4.6.2). The UV light exiting the vacuum chamber can be
stabilized in its position, using an active beam align detector (MRC). It consists
of a quadrant diode detector which detects the UV light and a piezoelectric con-
trolled UV mirror. The signal on the detector is fed back to this mirror, which is
used as the first mirror of the periscope next to the laser system. Using the ac-
tive beam alignment system, the center of the UV light beam can be positioned
within about 0.1 mm.
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The laser light that is branched off behind the ring dye laser is used for cal-
ibration and frequency stabilization devices. A part of the light is coupled into
an optical fiber and transmitted to a wavelength meter (High Finesse, WS-6),
with which the absolute frequency of the laser light is quickly determined with
an accuracy of £700 MHz. A home-built iodine cell [157] allows to determine the
absolute frequency with an accuracy of about 200 MHz by comparison with the
known iodine absorption spectrum [158]. In a box, stabilized at a temperature
of (27.00 £ 0.02)° C, a home-built confocal FPI is placed. The mirrors of this
confocal FPI are mounted on a 0.5 m long Zerodur rod (Schott, length extension
class 1), which length extension is specified to be less than +5 - 107% m/K at
room temperature. The free spectral range of the confocal FPI at room tem-
perature has been determined to (149.94867 + 0.00022) MHz by several iodine
spectra measurements in a well defined frequency range [157]. Here, the confo-
cal FPI is used at 27° C, such that the error of the free spectral range is about
50 % increased. The photodiode signals behind the FPI and the iodine cell are
recorded using a 12 bit A/D converter and acquired with KouDA. In frequency
scans of the molecular spectra, the FPI signal is recorded in order to provide
the relative frequency calibration for these scans.

Using the internal frequency stabilization of the ring dye laser only, frequency
shifts of about 5 MHz/min, probably due to temperature fluctuations, have been
observed. This stability is not sufficient for the experiments presented in this
thesis, because of the natural linewidth of the transitions for benzonitrile of
8 MHz [159]. Hence, the frequency of the ring dye laser is externally stabilized
using a HeNe (Sios SL-03, 0.8 mW) laser, which is frequency-stabilized on or-
thogonally polarized longitudinal modes. Using a scanning FPI (Toptica, FPI
100-0500-2.0) the continuous tunable ring dye laser can be frequency-stabilized
relative to the HeNe laser [160, 161]. Behind the HeNe laser an optical isolator
with an isolation of 44 dB (Laser 2000 10-2D-633-VLP) is placed in order to
protect the laser from feedback of back-reflected laser light. The HeNe laser
beam and a fraction of the dye laser beam are linearly polarized at a 90° angle
with A/2 plates. The beams are superimposed using polarization beam splitter
cubes, and coupled into a scanning FPI with a free spectral range of 1.0 GHz.
The scanning FPI is surrounded by a temperature- and pressure-isolated box.
Behind the piezoelectric driven scanning FPI, the two laser beams are separated
with a polarizing beam splitter cube and detected with home-built peak detec-
tors.

The voltage ramp which drives the scanning F'PI is generated by a industrial
computer running KWorks (MEN mikro elektronik, Kahlua Box) and home-built
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software and amplified with a home-built high voltage amplifier (FHI Elab 3399).
The peak detectors detect transmission peaks for both lasers, and the time
between the start of the voltage ramp and the detection of the transmission peak
is measured by a counter (MEN mikro elektronik, M97). From the difference
between the count number of the ring dye laser transmission peak and the count
number of the HeNe transmission peak, a feedback signal is generated. This
signal is fed back to the servo motor driver of the master cavity of the ring
dye laser, such that the difference between the two transmission peaks is kept
constant. The parameters of the laser stabilization are controlled by KouDA.
Furthermore, the software allows for frequency scans in which the count number
of the frequency-stabilized ring dye laser is scanned relative to the count number
of the HeNe laser. One count in a scan corresponds to a frequency shift in the
UV of approximately (0.22+0.01) MHz. The frequency in the scans is calibrated
more accurately by recording the transmission peaks of the confocal 0.5 m long
150 MHz FPI and linearizing the spectra to the transmission peaks. KouDA
also allows to record scans over a larger range than the free spectral range of
the scanning FPI of 1 GHz. With the frequency stabilization setup, the mean
frequency of the dye laser is stable to about +1 MHz/hour.

4.6.2 Laser-induced fluorescence detection

The UV beam exiting the WaveTrain is not parallel, but divergent and astigmatic
and does not have a Gaussian beam profile, as desired for the LIF detection.
Because of the long beam path from the laser table to the AG decelerator setup
of about 15 m, the UV beam diverges, and some less intense side modes of the
beam profile become visible. The divergence of the UV beam can be almost com-
pensated, using a UV lens with a focal length of 250 mm behind the WaveTrain,
such that the size of the UV beam is smaller than the diameter of the mirrors
(25 mm) everywhere along the beam path. Directly behind the lower mirror of
the periscope, near the molecular beam setup, the diameter of the UV beam is
decreased using a telescope, as is shown in the scheme of the optical setup for
the LIF detection in figure 4.9. The telescope consists of two lenses with focal
lengths of 500 mm and 75 mm, respectively. The side modes of the UV beam
are blocked by the first pinhole behind the telescope, where only the central part
with a diameter of about 2 mm passes through. The later pinholes are adjusted
such that stray light inside the vacuum chamber is minimized. Because of the
spatial filtering of the central part of the laser light and the long path length,
the power of the UV light transmitted through the vacuum chamber is decreased
by about a factor three compared to the power at the laser table. 5-10 mW UV
light with a beam diameter of about 1 mm is available at the interaction point
with the molecular beam, which is adequate for the LIF detection. The UV
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Figure 4.9: Scheme of the optical setup at the molecular beam apparatus for laser-
induced fluorescence (LIF) detection. The LIF of the molecules is collected with a
LIF zone and detected after filtering using a photomultiplier tube (PMT).

beam enters the vacuum chamber via a Brewster window, which is a Suprasil
window mounted under the Brewster angle to allow for a full transmission of
the perpendicularly polarized light. The Brewster windows are mounted on ro-
tatable flanges to adjust the Brewster angle relative to the polarization plane
of the UV light. Inside the Brewster windows, light baffles are mounted for
the reduction of stray light. The light baffles consist of a blackened tube with
blackened pinholes and skimmers each with a 5 mm diameter opening, through
which the UV beam enters. After the detection of the molecules, the UV beam
exits the vacuum chamber through a second Brewster window with a light baffle.

At the interaction point of UV beam and molecular beam in the vacuum
chamber, the molecules are electronically excited and their LIF photons are de-
tected using a lens system and a photomultiplier tube (PMT, Electron Tubes
Limited, B2F/RFT). The PMT is operated at 1700 V provided by a high voltage
power supply (Ortec, 0-3 kV). The LIF zone, which collects the fluorescence,
consists of a concave mirror with a focal length f = 50 mm and two uncoated
Suprasill plan-convex lenses with a diameter of 50 mm and f = 50 mm and
f = 100 mm, respectively. The lenses are arranged, such that the LIF of the
molecules is imaged onto the PMT. The concave mirror reflects the LIF back to
the interaction point with the molecular beam such that the LIF in the direction
of the mirror is imaged onto the PMT as well. The LIF signal exits the vacuum
chamber through a Suprasill window on a CF 40 flange. For the reduction of
stray light, a band pass filter (Schott UG 11, 2 mm thick) which filters visible
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Figure 4.10: Scheme of the laser-induced fluorescence detection for benzonitrile (left)
and OH (right). See text for details.

light and a spatial filter with a circular opening of 7 mm are placed in front of
the PMT.

The LIF detection schemes for both benzonitrile and OH are shown in fig-
ure 4.10. OH is probed via the A*?YF, v/ = 1 «— X?II3,5,0” = 0 transition
at 282 nm. From the A?Y* v = 1 state, the population decays mainly to
the X2II,v = 1 state, resulting in a off-resonant fluorescence at 313 nm [162].
The fluorescence is filtered from the excitation wavelength with two edge filters
(Laser Components, LC-300ALP-50). Benzonitrile molecules are probed via the
S1,v" = 0« Sp,v"” = 0 transition at 274 nm [163, 164]. The largest fraction
of the fluorescence of benzonitrile is resonant. But some dispersed fluorescence
occurs at wavelengths between 277-286 nm when the population decays to sev-
eral excited vibrational modes of the Sy state [165, 166]. This is so close to the
excitation wavelength at 274 nm, that edge filters are not available. Therefore,
special care has to be taken to reduce the UV stray light during the detection.

The alignment of the light baffles and the LIF zone is done using two HeNe
lasers. One HeNe laser is aligned to the molecular beam axis that is defined by
the skimmer and the bronze alignment tools with a 0.8 mm borehole, which is
placed on the electrodes of the AG decelerator. The other HeNe laser is aligned
to the center of the light baffles. Then the light baffles are aligned to be hori-
zontal, parallel, and on the same height as the molecular beam axis such that
the two laser beams cross. Furthermore, the distances of the lenses of the LIF
zone are arranged such that the stray light from a needle in the crossing of the
two HeNe beams, is imaged optimally onto the PMT.

The detection path can easily be changed to allow for LIF detection in the
source chamber. In that case, the UV light is aligned through two Brewster
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windows, and the LIF is detected using a LIF zone with a single f = 75 mm
lens. The same filters and the PMT are mounted above the LIF zone on the
source chamber.

4.7 Data acquisition

The PMT signal is amplified using an active 50 ) pre-amplifier. The signal
is discriminated if the negative signal is below an adjustable threshold of typ-
ically —40 mV. The data acquisition system utilizes an Acquiris digitizer card
(DC 440, 100 MHz) with a time resolution of 2.5 ns in a cPCI crate, which is
read out with KouDA. Time-resolved photon counting of the LIF signal is imple-
mented in rtKouDA [155] on VxWorks, which communicates over the network
with KouDA on the laboratory Linux computer. Photon counting is used to re-
duce the noise for low-intensity measurements and to increase the time accuracy
compared to an analogue detection. In most measurements, the signal is binned
in time intervals of 2 us and is recorded over 1.5-2.0 ms. A 12 bit A/D converter
is used to record the signals of the laser system, namely the laser power output
of the ring dye laser, the photo diode signal of the 150 MHz FPI, and the photo
diode signal of the iodine cell.

In KouDA, a gate defines a time interval, for which the photon-counting
intensity is evaluated. Signals are defined as operations on gates or data from
the 12 bit A/D converter. In the scans, the signal in these gates as well as
the signals of the 12 bit A/D converter are recorded as function of the ring
dye laser frequency. The data acquisition of the experiments with benzonitrile
is performed at 40 Hz. Due to the limits of the excimer laser used for the
production of OH, the data for OH are recorded at a repetition rate of 20 Hz.

4.8 Outlook

Currently, the AG decelerator setup is extended from one deceleration module to
two deceleration modules, and preparations for the extension to three modules
are in progress. This extension will allow to decelerate the molecules to much
lower velocities and to spatially separate the decelerated packet from the original
beam pulse. Because of the modular design of the setup, this extension is eas-
ily implemented. In between the deceleration and detection chamber, another
deceleration chamber with the new deceleration module is mounted. Special
care has to be taken for the alignment of the two decelerator modules on the
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molecular beam axis. From the analysis of the deceleration measurements and
trajectory simulations for one module, a higher acceptance for the deceleration
of molecules in hfs states is expected for an electrode pattern with two successive
electrodes in a row instead of three (see chapter 6.7). Therefore, the old module
with the (FO)?(DO)? grid is replaced by two new modules with a (FO)?*(DO)?
grid. The high voltage switches and the whole electronic setup are designed and
tested to operate for the extended setup as well. First measurements on the
deceleration of benzonitrile in the extended setup are underway.

A further improvement would be a more intense and shorter molecular beam
pulse of benzonitrile, as this would result in a higher signal intensity for the
decelerated molecules. This could possibly be achieved by replacing the General
Valve by an Even-Lavie valve [167]. Another advancement could be upgrading
the data acquisition system to operate at a repetition rate of about 100 Hz,
which is about the maximum repetition rate for the other components of the
experimental setup for the deceleration of benzonitrile.






Chapter 5

Fourier-transform microwave
spectroscopy of benzonitrile

5.1 Introduction

For a detailed analysis of the AG focusing and deceleration experiments pre-
sented in chapter 6, a precise knowledge of the dipole moment of benzonitrile is
necessary. Due to the Cy, symmetry of benzonitrile, only a non-zero y, compo-
nent of the dipole moment exists. However, the value of the dipole moment of
benzonitrile has been a matter of debate. To our knowledge, only two indepen-
dent and incompatible values of the dipole moment of benzonitrile in its elec-
tronic ground state had been published so far: From microwave Stark effect mea-
surements, a dipole moment of 4.14(5) D was deduced [168], and a similar value
based on the same measurements (4.18(8) D) is listed in the CRC Handbook of
Chemistry and Physics [141]. Recently, a different value of 4.48(1) D was deter-
mined from Stark effect measurements of the rotationally resolved laser-induced
fluorescence spectrum [159]. Therefore, a precise experimental determination of
the dipole moment using Fourier-transform microwave (FTMW) spectroscopy in
homogeneous electric fields is presented in this chapter. The following chapter
is based on reference 115.

5.2 Experimental setup

The technique of FTMW spectrometry is described in detail in reference 169. In
brief, a pulsed supersonic jet is expanded into a microwave cavity. A microwave
pulse with a certain duration is applied to the cavity. The spectral width of
this microwave pulse covers a band of frequencies which can include frequencies
resonant to rotational transitions of the molecule. While the microwave pulse

71



72 Fourier-transform microwave spectroscopy of benzonitrile

microwave
field

Stark field

Figure 5.1: Sketch of the Fourier-transform microwave spectrometer in Hannover.
The supersonic jet is pulsed into the resonator, which consists of two spherical mirrors.
For Stark effect measurements a high potential difference of up to 12 kV is applied
between the right mirror and the left mirror, which is grounded. The circular elec-
trodes between the reflectors are kept at a potential decreasing from right to left, in
order to homogenize the electric field. See text for details.

decreases, the now polarized molecular ensemble emits radiation at their reso-
nance frequencies. The free induction decay is detected and Fourier-transformed
to obtain the microwave spectrum.

The measurements have been performed using the Coaxially Oriented Beam-
Resonator Arrangement (COBRA) FTMW spectrometer in Hannover. The ex-
perimental setup is described in detail elsewhere [170, 171], and a sketch of the
setup is given in figure 5.1. In brief, benzonitrile (Fluka, > 99 % purity) is co-
expanded in 3.5 bar of neon at a temperature of 300 K through a pulsed nozzle
(General Valve, Series 9) with a 0.8 mm orifice. The supersonic jet is pulsed
coaxially into a broadband (2-26.5 GHz) microwave resonator [172]. The mi-
crowave resonator consists of two Fabry-Pérot type arranged spherical aluminum
mirrors with a diameter of 63 cm and approximately the same distance. In com-
parison with previous setups [169, 173, 174], it has been specially developed to
provide high sensitivity and resolution at low frequencies down to 2 GHz [175].
The microwave pulse with a duration of 0.5 us is coupled to the resonator, using
an antenna. The distance of the mirrors is tuned to select the frequency of the
standing wave.

Homogeneous electric fields for the Stark shift measurements are provided by
the Coaxially Aligned Electrodes for Stark effect Applied in Resonators (CAE-
SAR) setup [171]. In figure 5.1, the left mirror which includes the nozzle and
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a pair of microwave antennas is grounded, while the right mirror is set to a
high potential of up to 12 kV. In between the two mirrors, 18 coaxially aligned
circular electrodes are placed, held at increasing (from left to right) potentials,
in order to homogenize the electric field over a large region in the resonator.
This provides a more homogeneous electric field and therefore higher accuracy
for the Stark shift measurements compared to previous setups, where parallel
Stark plates above and below the resonator have been used [176]. Electric field
strengths of up to 203 V/cm have been applied in the present measurements.

Electric field strength calibration measurements are done, using the J =
1 «+ 0 transition of OC3®S (0.02 % natural abundance) and a documented dipole
moment of 0.71519(3) D [177]. For the calibration [178], an average effective
parallel-plate separation log is determined such that E = U/l.g, where U is the
applied voltage and E the electric field strength. The effective separation log
depends on the mirror separation. The electric potentials provided by a high
voltage power supply (FuG HCD-20000) are calibrated using a high-precision
voltmeter. For a displayed voltage Uaisp, the applied voltage is given by U/V =
3.86 (70) + 1.00203 (15) Ugisp/ V. For two different relative mirror positions z; =
7.21 mm and zy = 46.13 mm, the effective plate separation is determined to
le; = 0.58343(31) m and log, = 0.60099(55) m, respectively. The actual z-
position is noted for each measurement. Using a linear interpolation, the l.g
value for each measurement is calculated. The estimated uncertainties of z are
about 0.01 mm and much smaller than the error of l.¢ and can therefore be
neglected. In order to account for systematic errors, fits were performed at the
extreme values of the electric field as derived from calibration of the voltage and
of the effective plate separation l.g. The uncertainty of the dipole moment in
table 5.3 includes the systematic uncertainties.

5.3 Results

The lowest curve in figure 5.2 shows the measured field-free spectrum of the
Jier i B — Tl en F" = 1010 «— 0gp1 transition. The spectrum shows a Doppler
splitting of 6.9 kHz at a mean frequency of 2763.39853 (50) MHz, which arises
from the coaxial propagation of the supersonic jet into the microwave resonator.
The magnitude of the Doppler splitting depends on the jet velocity and the mi-
crowave frequency. The asymmetry of the curve results from a small deviation
of the frequency of the microwave pulse from the transition frequency.

Some of the lowest rotational transitions of benzonitrile in the range of 2.8
10.9 GHz are recorded with a linewidth (FWHM) of 2.5 kHz and a frequency
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Figure 5.2: Spectrum of the JK, K, — JK// K,,F = 1910 < Ogpl transition. The
bottom trace shows the Doppler doublet without any electric fields applied. The
stacked traces show the Stark-shifted spectra for linearly increased electric fields. The
traces are offset for clarity and the dashed line follows a square root function.
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accuracy of 500 Hz. The measured field-free microwave transition frequency of
these rotational transitions of benzonitrile together with their estimated uncer-
tainties are listed in table 5.1. The estimated uncertainties vary due to the differ-
ent signal-to-noise ratios for the individual measurements. Since the transition
dipole moment is determined by the single molecular dipole moment component
[tq, all transitions obey a-type selection rules. Whereas the frequencies for the
J =1+« 0 and 2 « 1 hyperfine transitions are reported for the first time,
the accuracy for the J = 3 «— 2 and 4 « 3 transitions have been considerably
improved with respect to previous measurements [179], and additional hyperfine
splittings could be resolved.

We have simultaneously fit the newly measured lines together with previ-
ously published microwave transitions [179, 180], using the QStark program
package [181, 182]. A weighted analysis of all lines has been performed, as-
suming for the transition frequencies from Fliege et al. [179] measurement ac-
curacies of 20 kHz and for the transition frequencies from Vormann et al. [180]
measurement accuracies of 5 kHz. The resulting rotational constants, centrifu-
gal distortion constants, and nitrogen nuclear quadrupole coupling constants of
benzonitrile are given in table 5.2. The values of the rotational constants are
in good agreement with those found in the literature [179, 180, 183]. The ni-
trogen nuclear quadrupole coupling constants agree with those determined by
the Kiel group using perturbation theory [179, 180] within the published error
limits, and, moreover, the accuracy of these nuclear quadrupole coupling con-
stants could be improved considerably in this study. The centrifugal distortion
constants agree within error limits with those of high-J microwave transition
measurements [183]. The inertial defect, which is also listed in table 5.2, is
defined as [113]

Al=1,—1,—1I,, (5.1)

where the moments of inertia are calculated from the rotational constants (see
chapter 2.1). The resulting value of the inertial defect AT = 0.0801 (12) u-A? is
small and confirms the planarity of benzonitrile.

In order to determine the dipole moment of benzonitrile, Stark effect mea-
surements in homogeneous electric fields have been performed on the Jj, ., F”
}/((/1/ Ké’F” = 1010 — 0001, 1011 — 0001, 1012 — 00017 and 4043 — 3033 tI‘ajLIlS(i:tiOIlS.
For the deceleration experiments, the Stark effect of the rovibronic ground state
of benzonitrile is of special interest, since it exhibits the largest Stark shift in
strong electric fields (see chapter 2.1.3). Additionally, the selected transitions

have good intensities.
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‘]}% KL J;,({{ Ky F" — F” frequency uncertainty obs.—calc.
(MHz) (MHz) (MHz)
lor < O 1 «— 1 2760.22090 0.00050 0.00030
lo1 <«  Ogo 2 «— 1 2761.49318 0.00150 0.00154
lo1 «—  Ogo 0 «— 1 2763.39853 0.00050 -0.00011
200 — lpn 1 «— 0 5502.12082 0.00100 -0.00095
200 — 1o 1 <« 1 5505.30033 0.00100 0.00052
200 — 1lp 3 «— 2 5503.27585 0.00100 0.00009
200 — lp 2 «— 1 5503.19315 0.00100 0.00092
200 — 1o 1 «— 2 5504.02800 0.00100 -0.00077
200 — 1o 2 «— 2 5501.92073 0.00100 -0.00046
200 — 1o 3 «— 2 5503.27579 0.00100 0.00003
211 «— 1y 1 «— 0 5856.56986 0.00100 -0.00059
211 «— 1y 1 «— 1  5855.10867 0.00150 -0.00070
211 «— 1y 2 «— 1 5853.96436 0.00100 -0.00029
211 «— 1y 1 « 2 5855.69296 0.00100 -0.00073
211 «— 1y 2 «— 2 5854.54929 0.00100 0.00032
211 «— 1y 3 «— 2 5855.28522 0.00100 0.00073
219 — 11 1 « 0 5191.71753 0.00050 0.00000
219 — 1p 1 « 1 5190.00134 0.00050 -0.00017
219 — 1y 2 «— 1 5189.02665 0.00150 0.00008
219 — 1p1 1 « 2 5190.68619 0.00150 0.00170
219 «— 1y 3 «— 2 5190.33981 0.00100 0.00062
303 — 202 4 «— 3 8206.82990 0.00100 0.00066
303 — 202 3 «— 2 8206.79124 0.00100 0.00102
303 — 209 2 «— 1  8206.56481 0.00100 0.00051
404 — 303 5 «— 4 10855.26125 0.00150 0.00071
404 — 303 4 «— 3 10855.24427 0.00150 0.00092
404 — 303 3 «— 2 10855.13590 0.00100 0.00043
404 — 303 3 «— 3 10857.01706 0.00050 -0.00008
4os — 303 3 «— 4 10855.62177 0.00200 -0.00178
4os < 303 4 «— 4 10853.84943 0.00050 -0.00032

Table 5.1: Measured hyperfine-resolved field-free transition frequencies, estimated
experimental uncertainties, and fit residuals. See text for details.
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A (MHz) 5655.2654 (72)
B (MHz) 1546.875864 (66)
C' (MHz) 1214.40399 (10)
Xaa (MHz) -4.23738 (36)
— Xee (MHz) 0.3397 (10)
Xbb (MHz) 2.2886 (11)
Xee (MHz) 1.9488 (11)
Ay (kHz) 0.0456 (15)
Ak (kHz) 0.9381 (56)
Ay (kHz) 0.50(38)
0y (kHz) 0.01095 (41)
0k (kHz) 0.628 (53)
AT (u-A?) 0.0801 (12)
number of measurements 93
o (MHz) 0.00524
o 0.675

Table 5.2: Rotational constants, "N quadrupole coupling constants, centrifugal dis-
tortion constants (Watson’s a-reduction), inertial defect, number of hyperfine-resolved
components included in the fit, overall standard deviation, and weighted standard de-
viation from the fit of the field-free lines of benzonitrile. See text for details.

@ 1 (b) 10 01
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Figure 5.3: (a) Field-free spectrum of the .J; &KéF, — J}/(!{ KgF// = 4943 — 3033
transition. (b) Stark-splitted spectrum of the same transition at an electric field
strength of 33.97 V/cm. The Doppler doublets with a splitting of +14.5 kHz for the
individual M}, «— M}, transitions are indicated.
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ta (D) 4.5152 (68)
number of measurements 78

o (MHz) 0.00228
o 0.709

Table 5.3: Dipole moment, number of measurements at different electric field
strengths, overall standard deviation, and weighted standard deviation from the fit of
the Stark shifts at various electric field strengths. See text for details.

As an example, some spectra of the Jg, i, F' = 1910 < 0ol transition for
different linearly increased electric fields are given in figure 5.2. The non-linear
behavior of the Stark shifts in the electric fields is demonstrated and indicated
by the dashed square root function. With increasing electric field strengths the
individual lines are broadened, the intensity and the signal-to-noise ratio de-
crease, and the mean frequency can be derived with less accuracy. These effects
are due to a residual inhomogeneity of the electric field.

In the electric field, the levels split into (£ + 1) distinct Mg sublevels. Due
to the perpendicular Stark field and microwave field vectors in the CAESAR
arrangement, only transitions with AMprp = 41 occur between the sublevels.
The observed 4943 < 3033 transition in an electric field of 34 V/cm is shown in
figure 5.3. For electric fields of up to 203 V/cm, the frequencies of the transitions
in the electric field could be determined with uncertainties between 0.5 kHz and
8 kHz, depending on the J-complexity of the Stark-split and -shifted spectra
and the electric field strength. From the Stark effect measurements, the electric
dipole moment is determined to u, = 4.5152(68) D, which is listed together
with the fit standard deviations in table 5.3. All measured Stark effect compo-
nents are listed in table 5.4. The value of the dipole moment is in agreement
(30) with the value from Stark shift measurements of the rotationally resolved
laser-induced fluorescence spectrum [159], but differs considerably from previous
microwave measurements [141, 168]. However, it should be noted that in the
original publication the author stated that “attempts to study the Stark effect of
benzonitrile encountered a number of difficulties,” see reference 168 for details.

5.4 Conclusions

From Fourier-transform microwave spectroscopy of benzonitrile in a supersonic
jet without and with applied electric fields, we have simultaneously determined
the rotational constants, nitrogen nuclear quadrupole coupling constants, and
centrifugal distortion constants of benzonitrile. The value of the dipole moment
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of benzonitrile is determined precisely to u, = 4.5152(68) D from Stark shift
measurements. This settles the issue regarding the value of the dipole moment of
benzonitrile and allows precise simulations for the alternating-gradient focusing
and deceleration measurements presented in chapter 6 of this thesis. Further-
more, it allows more precise predictions, which could help to detect benzonitrile
in space.

Jir ko — Jgprn  F Mp — F" My Stark shift  Stark shift  uncer- field

obs. obs.—calc. tainty strength
(MHz) (MHz) (MHz) (V/cm)
lot <  Ogo 10 « 11 0.0039 -0.0012 0.0010 3.43
lgr < Ogo 10 « 11 0.0194 -0.0008 0.0010 6.79
1ot < Ogo 10 « 11 0.0454 0.0004 0.0010 10.16
lot <« Ogo 10 « 11 0.0786 -0.0012 0.0010 13.52
lot <« Ogo 10 « 11 0.1230 -0.0014 0.0020 16.89
1ot <  Ogo 10 « 11 0.4907 -0.0049 0.0050 33.71
lgr < Ogo 10 « 11 1.1150 0.0017 0.0050 50.53
1ot < Ogo 10 « 11 1.9849 0.0065 0.0050 67.38
101 < Ogo 11 « 10 0.0092 0.0007 0.0010 3.43
1lo1 < Ogo 11 « 10 0.0323 -0.0006 0.0010 6.79
101 < Ogo 11 « 10 0.0740 0.0007 0.0010 10.16
101 < Ogo 11 « 10 0.1288 -0.0002 0.0010 13.52
101 < Ogo 11 « 10 0.1962 -0.0031 0.0020 16.89
101 < Ogo 11 « 10 0.7368 -0.0018 0.0030 33.71
lor < Ogo 11 « 10 1.5084 0.0017 0.0050 50.53
101 < Ogo 11 « 10 2.4690 0.0061 0.0050 67.39
lor < Ogo 00 «— 11 0.0071 -0.0003 0.0005 3.43
101 < Ogo 00 «— 11 0.0287 -0.0002 0.0005 6.80
101 < Ogo 00 «— 11 0.0641 -0.0006 0.0005 10.16
101 < Ogo 00 «— 11 0.1151 -0.0002 0.0010 13.53
101 < Ogo 00 «— 11 0.1789 -0.0020 0.0010 16.90
lor < Ogo 00 «— 11 0.2591 -0.0031 0.0010 20.26
1lo1 < Ogo 00 «— 11 0.3568 -0.0029 0.0020 23.63
101 < Ogo 00 «— 11 0.4732 -0.0014 0.0020 27.00
101 < Ogo 00 «— 11 0.6027 -0.0050 0.0020 30.36
101 < Ogo 00 «— 11 0.7583 -0.0019 0.0030 33.73
lo1 < Ogo 00 «— 11 0.9392 0.0057 0.0050 37.10
101 < Ogo 00 « 11 1.2460 0.0028 0.0080 42.27
lot < Ogo 20 «— 11 0.8772 0.0076 0.0060 33.72
lor < Ogo 20 «— 11 1.8011 -0.0004 0.0080 50.56
101 < Ogo 22 «— 11 0.4899 -0.0062 0.0060 33.73

Continued on next page
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J ;({1 K < }’((,l/ kr F "My, — F" M}, Stark shift Stark shift uncer- field
obs. obs.—calc. tainty strength
(MHz) (MHz) (MHz) (V/cm)
1lop1 <  Ogo 22 «— 11 1.5194 0.0036 0.0080 58.97
1op1 <  Ogo 22 «— 11 1.9893 0.0100 0.0080 67.39
lo1 < Ogo 22 «— 11 3.1052 0.0138 0.0080 84.25
211 «— 1lqo 11 <« 00 -0.0286 -0.0034 0.0020 3.50
211 «— 1y 11 < 00 -0.0920 -0.0007 0.0020 6.94
211 «— 1yg 11 <« 00 -0.2434 -0.0040 0.0030 13.80
211 <« 1lyo 11 <« 00 -0.2636 -0.0027 0.0030 17.24
211 «— 1y 11 « 00 -0.2591 -0.0041 0.0030 18.96
211 «— 1lyo 11 <« 00 -0.2444 -0.0049 0.0030 20.67
211 «— 1lyo 11 « 00 -0.2233 -0.0075 0.0060 22.39
211 «— 1yo 11 « 00 -0.1894 -0.0045 0.0050 24.11
211 <« 1lyo 11 « 20 0.7319 0.0028 0.0050 25.83
211 «— 1lyo 11 « 20 0.7717 -0.0006 0.0100 27.54
4os «— 303 30 «— 31 -0.0007 -0.0006 0.0005 8.54
4oas «— 303 30 «— 31 -0.0003 -0.0000 0.0010 17.01
4os — 303 30 «— 31 -0.0012 -0.0001 0.0010 33.97
doa — 303 30 «— 31 -0.0016 -0.0001 0.0010 42.45
404 — 303 30 « 31 -0.0018 -0.0002 0.0020 50.92
4os «— 303 30 «— 31 -0.0017 -0.0004 0.0020 59.40
4oas «— 303 30 «— 31 0.0433 -0.0010 0.0040  127.21
4os — 303 31 « 30 -0.0081 0.0015 0.0010 25.49
4os < 303 31 « 30 -0.0153 0.0017 0.0010 33.97
404 — 303 31 <« 30 -0.0253 0.0012 0.0010 42.45
4os «— 303 31 « 30 -0.0409 -0.0029 0.0020 50.92
4oy «— 303 31 « 30 -0.0493 0.0023 0.0029 59.40
4oa  — 303 31 «— 32 0.0075 0.0026 0.0020 17.02
4os «— 303 31 «— 32 0.0098 -0.0013 0.0010 25.49
404 — 303 31 «— 32 0.0203 0.0002 0.0010 33.97
4os «— 303 31 «— 32 0.0336 0.0014 0.0010 42.45
4oy «— 303 31 «— 32 0.0463 -0.0014 0.0020 50.92
4oa < 303 31 «— 32 0.1574 0.0009 0.0030 84.83
4os «— 303 32 «— 31 -0.0274 -0.0003 0.0010 33.97
404 — 303 32 «— 31 -0.0463 -0.0045 0.0030 42.45
4os «— 303 32 «— 31 -0.0606 -0.0001 0.0020 50.92
4oy «— 303 32 «— 31 -0.0804 -0.0003 0.0020 59.40
404 — 303 32 «— 31 -0.4982 0.0008 0.0030  203.49
4os «— 303 33 «— 32 -0.0080 0.0002 0.0010 17.02
404 — 303 33 «— 32 -0.0184 -0.0003 0.0010 25.49
4os «— 303 33 «— 32 -0.0351 -0.0033 0.0010 33.97

Continued on next page
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Jir o = Jgnn  F' Mp — F" My Stark shift  Stark shift — uncer- field

obs. obs.—calc. tainty strength

(MHz) (MHz) (MHz) (V/cm)

404 «— 303 33 «— 32 -0.2488 0.0006 0.0030  127.21
404 «— 303 33 « 32 -0.2500 -0.0001 0.0030  135.68
doa — 303 33 «— 32 -0.2423 -0.0001 0.0030  144.16
404 < 303 33 «— 32 -0.2265 -0.0014 0.0030  152.63
404 — 303 33 «— 32 -0.2001 -0.0022 0.0030  161.11
404 «— 303 33 «— 32 -0.1615 -0.0014 0.0030  169.59
404 — 303 33 « 32 0.1068 0.0030 0.0030  203.49
404 — 303 32 «— 33 0.0278 0.0023 0.0010 25.49

Table 5.4: Measured Stark shifts of hyperfine levels in the electric field, estimated
experimental uncertainties, and fit residuals.






Chapter 6

Alternating-gradient focusing
and deceleration of benzonitrile

6.1 Introduction

In this chapter, which is based on reference 143, the focusing and deceleration
of benzonitrile (C;H5N) using an array of time-varying inhomogeneous electric
fields in alternating-gradient configuration are demonstrated. Benzonitrile is a
prototypical large asymmetric top molecule that exhibits rich rotational struc-
ture and a high density of states (see chapter 2). At the rotational temperature of
3.0 K in the pulsed molecular beam, still about 1000 rotational states are popu-
lated. Experiments are performed with benzonitrile in various rotational states,
including its absolute ground state Ji., . = 0Ogo. This is the only state that
is stable against collisions at sufﬁcientlgf fow temperatures. Excited rotational
states have the added complication of real and avoided crossings as a function
of the electric field strength. It is not a prior: clear whether one can focus and
decelerate molecules in states within such a dense Stark manifold [119, 184].
However, this is successfully demonstrated in this chapter for the 1p; and 4,4
state. All focusing and deceleration measurements are compared to trajectory
simulations.

6.2 Rotationally resolved electronic excitation
spectrum
The experimental setup and the detection scheme are described in detail in chap-

ter 4. A part of the experimental vibrationless S; < Sy excitation spectrum,
which is detected behind the AG decelerator using laser-induced fluorescence,
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Figure 6.1: (a) Simulated rotationally resolved S1v' = 0J};, g — Sov” = 0J % jen
electronic excitation spectrum of benzonitrile at the rotational tcemperature of 3.0 K.
The frequencies are given relative to the origin at 36512.74 cm~!. (b) Expanded view
of the experimental (upper black trace) and simulated spectrum using nuclear spin
statistical weights of (K, = even) : (K] = odd) = 20 : 17 (middle black trace) and

(K] = even) : (K| = odd) =5 : 3 (lower grey trace). The line assignments for the
strongest transitions are given.
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is shown in figure 6.1(b). The individual rovibronic transitions are clearly re-
solved. For the frequency calibration, a 150 MHz Fabry-Pérot interferometer is
used (see chapter 4), which is sensitive to temperature changes and mechanical
vibrations. Hence, small frequency mismatches in the measured spectra can be
attributed to slight shifts of the free-spectral-range value.

The spectrum is simulated using the known molecular constants (see chap-
ter 5, references 159 and 115) and the program package Pgopher [185]. Good
agreement with the measured spectrum is achieved using a rotational temper-
ature of 3.0 K, the known natural linewidth (FWHM) of 8 MHz [159], and a
Gaussian contribution of 7.5 MHz which accounts for Doppler broadening and
laser linewidth. The transitions obey b-type selection rules. In order to record
time-of-flight profiles for the AG focusing and deceleration measurements, the
laser is set to the desired transition frequency. Specifically, the laser is set to the

erer < Jpengen = Lo1 <= 0o, 119 <= o1, or 413 «— 4¢4 transitions, for the focus-
inga and deceleration measurements on the 0o, 1o1, or 4¢4 states, respectively. In
figure 6.1(a), the complete 0 band of the S; « Sy transition of the simulated
spectrum at 3.0 K is presented.

In figure 6.1(b), two simulated traces are shown, which are calculated using
different spin statistical weights. The lower grey trace gives the spectrum using
the nuclear spin statistical weights with (K. = even) : (K : odd) = 5 : 3,
as expected for benzonitrile (see chapter 2.1.2), but the simulated intensities
of states with K! = 1 (transitions: 3p3 < 212 and 494 < 313) are too small
compared to the states with K = 0. For the middle black trace, a nuclear spin
statistical weight of (K! = even) : (K : odd) =20 : 17 =5 : 4.25 is used, which
matches the measured intensities for the lines with K! = 1 much better. This can
be understood as explained in the following. Before the supersonic expansion,
the nuclear spin states are in a thermal equilibrium at room temperature, and
the nuclear spin statistical weights are (K, = even) : (K. : odd) = 5 : 3.
During the expansion, the molecules are cooled to a rotational temperature of
3.0 K, but on the time scales of the experiment of a few ms the nuclear spins
of the molecules do not thermalize. Taking that into account, the population
in the beam is calculated. The populations of all states up to a certain J value
are determined from a thermal distribution at room temperature. Then the
levels are separated into individual ladders according to their spin symmetry
(see chapter 2). The relative nuclear spin statistical weights for each stack are
calculated to (K. = even) : (K : odd) = 5 : 4.16 at room temperature. If
one assumes that the nuclear spin statistics do not change during the supersonic
expansion, this ratio will remain constant during the experiment. Indeed, this
value matches the experimental measured intensities very well.
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Figure 6.2: LIF signal of benzonitrile in its ground state as a function of time of
flight from the nozzle to the detector. The lower (black) trace depicts the free-flight
signal, and the upper (grey) trace, which is offset for clarity, depicts the signal for
optimum focusing conditions.

6.3 Alternating-gradient focusing of benzonitrile

The switching scheme for the focusing of molecules in hfs states is discussed in
detail in chapter 3.5. For all experiments presented in this section, the molecules
are focused in both transverse and the longitudinal directions, but no change of
the synchronous velocity occurs. This is achieved by switching the high voltage
symmetrically around the center of the AG lenses. The amount of focusing and
bunching is described by the focusing length f.

TOF profiles from the nozzle to the detector for the 0y state are shown in
figure 6.2, both for free flight, i.e., when no voltages are applied to the deceler-
ator, and for optimum focusing conditions. When the high voltages are applied,
a structured TOF distribution is observed containing a background that resem-
bles the free-flight distribution. The peak intensity of the focused molecules
is enhanced by 30 % with respect to that of the molecules in free flight. For
the TOF profiles, 16000 single measurements are averaged, corresponding to a
measuring time of about 7 min at 40 Hz repetition rate.

In order to obtain the TOF from the nozzle to the detector, the delay time
between the electronic trigger signal and the opening time of the nozzle is de-
termined from the ground state focusing measurements as well as from the free-
flight measurements in the source chamber (see chapter 4.3) to 0.4022 ms and
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subtracted from the original data. In the remainder, the difference-TOF profiles,
obtained by taking the difference of the measurements with and without electric
fields, are shown and discussed. For the rotationally excited states, the difference
between the focusing or deceleration measurements and the TOF profile with
applied bias voltage (but no switched voltage) is taken. For the measurements
on the 1g; state, a bias voltage of £200 V and for the 4y4 state a bias voltage
of £300 V is used for the suppression of unwanted transitions between levels at
low electric field strengths.

Focusing sequences for the 0qg, 11, and 4o4 states are presented in figure 6.3.
In the experiments, three packets of focused molecules are observed. The cen-
tral peaks of the TOF distributions occur 2.07 ms after the molecules exit the
nozzle. These packets contain the synchronous molecule (see chapter 3.4). Here-
after, they are referred to as the “synchronous packets”, and they are shaded in
the simulated difference-TOF distributions. The peaks at earlier and later ar-
rival times correspond to molecular packets leading and trailing the synchronous
packet by one AG lens, respectively. These packets are also focused in all three
dimensions. However, due to the electrode pattern in our setup (see chapter 4.4),
they experience only 2/3 of the lenses at high voltage. This results in a reduced
overall focusing for these packets.

For the focusing of the 0y state, the synchronous packet is most intense for
a focusing length of f = 5 mm. From the number of detected photons, the
number of molecules per pulse confined in the central peak is estimated to be
approximately 10° molecules, corresponding to a density of about 107 cm™3. In
this estimation, the quantum efficiency of benzonitrile and the PMT, the detec-
tion solid angle, and losses at filters are taken into account. The same number of
molecules is calculated, if one assumes that for the supersonic expansion about
10% molecules in a volume of 0.01 cm? are per pulse are in the ground state. The
fraction of molecules which is accepted by the AG decelerator can be determined
using trajectory simulations with misalignment.

For smaller focusing lengths, a shallower time-averaged confinement poten-
tial is created, and less molecules are guided through the decelerator. For larger
focusing lengths, the synchronous packet is over-focused, also resulting in a de-
creased transmission. For f = 7 mm, the over-focusing is so severe that the
synchronous packet completely disappears. As expected, the non-synchronous
packets benefit from the increased focusing lengths. Figures 6.3(b) and 6.3(c)
show the focusing behavior for the 1¢; and 44 state, respectively. The observed
focusing effects are similar to those for the Oy, state. Due to the smaller Stark
shifts, a larger optimum focusing length of f = 6 mm for the 4y, state is ex-
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Figure 6.3: Sequence of difference-TOF profiles for the (a) Ogo, (b) 1o1, and (c)
494 states of benzonitrile obtained using different focusing lengths f for a constant
velocity of 320 m/s. The upper traces show the difference between the experimental
TOF profiles with and without high voltages applied. The lower traces show the

corresponding simulations, where the packets containing the synchronous molecule
have been shaded.
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Figure 6.4: The upper traces show simulations of difference-TOF profiles for the
different M levels for the 44 state of benzonitrile, and the lowest grey trace shows
the weighted sum. The switching sequence is calculated for a velocity of 320 m/s and
a focusing strength of f = 7 mm. The traces are offset for clarity.

perimentally found for the synchronous packet. For the 1j; state, a maximum
peak intensity is obtained between f = 5.0 mm and f = 6.0 mm. Actually,
f =5.5 mm (not shown) is the optimum focusing length for the 1y; state and,
therefore, used for the measurements in the next section 6.4.

The 4y, state has five individual M levels. Each M level has a distinct Stark
curve and, therefore, a distinct focusing behavior (see chapter 2.1.3). This is
illustrated in figure 6.4, where the simulations for the individual M levels of the
404 state for a beam with 320 m/s at a focusing length of f = 7 mm and the
weighted sum (grey trace) are shown. It is clearly seen that the synchronous
packet for the M = 1 level, which has the smallest effective dipole moment, is
optimally focused, while the M = 4 level, which has the largest effective dipole
moment, is strongly over-focused. The measured TOF profiles are composed of
these five individual contributions, where the non-zero M levels are two-fold de-
generate. Therefore, in the simulations of the measurements, the weighted sums
are given. For the 4¢, state in figure 6.3(c), a considerably weaker dependence
of the overall transmission on the exact focusing length is observed.

The simulated TOF distributions obtained from trajectory simulations match
the experimental results very well. The parameters, fitted to obtain a good agree-
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state Vs Av, At
0o 323m/s 30m/s 150 us
log 322m/s 30m/s 150 us
dos  323m/s 37m/s 150 us

Table 6.1: Beam parameters used in the simulations of the focusing measurements.
Listed are the longitudinal beam velocity v,,, the longitudinal velocity spread Aw,,
and the time width At. See text for details.

ment of the simulations with the original TOF distributions with and without
electric field, are listed in table 6.1. Before each measurement series, the param-
eters of the molecular beam are optimized in order to obtain a maximum signal
and a narrow time spread. However, the conditions of the molecular beam vary
slightly from day to day, and, therefore, the parameters of the simulations have
to be adapted. For all focusing measurements, the initial mean velocity of the
molecules is a bit larger then the velocity of 320 m/s, at which the molecules are
focused. The initial time width of At = 150 us corresponds to the opening time
of the nozzle (see chapter 4.3). Other parameters of the simulations are equal for
all traces: the initial widths of the molecular packet Az = Ay = Az = 2 mm
and the initial transverse velocity spread Av, = Awv, = 20 m/s. Ounly the
molecules which pass the 1.5 mm diameter skimmer are considered further in
the simulation. Behind the decelerator, only molecules in a 1 mm X 20 mm
rectangle along the transverse plane, representing the size of the detection laser,
are detected. The detection laser line width and Doppler broadening effects are
included in the simulations.

All simulated profiles are scaled down by a factor of seventeen. This can be
attributed to mechanical misalignments of the electrodes. The influence of the
misalignment on the transverse acceptance is discussed in chapter 3.8. In fig-
ure 6.5, the decrease of the focusing intensities is shown for the difference-TOF
profiles obtained from three-dimensional trajectory calculations for optimum
focusing for the 0y state of benzonitrile. For each electrode stage, the displace-
ment values in x, y, and z are randomly chosen from a Gaussian distribution
with the standard deviation A. For each misalignment trace, twenty simulations
with randomly chosen misalignments for five million molecules have been aver-
aged. A mechanical misalignment of about m = 100 pm is sufficient to explain
the scaling factor. From the setup of the decelerator, a transverse misalignment
of about +50 um and a longitudinal misalignment of about £100 ym is found
(see chapter 4.4), such that the scaling factor is slightly larger than expected.
However, in the simulations not all effects which occur in the experiment are
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Figure 6.5: Simulations of difference-TOF profiles for optimum focusing at 320 m/s
of the 0y state of benzonitrile. The bottommost trace is simulated without misalign-
ment, whereas for the upper traces displacement values for the electrode stages in x,
y, and z are randomly chosen from a Gaussian distribution with standard deviations
A indicated. The traces are offset for clarity.

included: misalignments of the detection laser, skimmer, or of the individual
electrodes in an electrode pair relative to each other. For example, the detection
laser is aligned to obtain optimum signal, but due to the long pathway from the
laser to the experiment, the laser position can move slightly. This is reduced
to about 100 pum by using an active beam align detector (see chapter 4.6). In
figure 6.5 it is also shown that with increasing A the synchronous peak decreases
stronger than the other peaks. This is also partly seen in figure 6.3, where the
relative heights of the non-synchronous peaks are larger in the experimental data
than predicted from the simulations. A better agreement of the simulations with
the measurements could be obtained if the misalignment was partly included in
all trajectory simulations instead of scaling all measurements down by an overall
factor. However, because a more realistic description of all misalignment effects
is very difficult, this is not done here.

For the measurements on the rotationally excited states, a bias voltage is used
instead of ground. The dependence of the integrated intensity of the synchronous
peak on the bias voltage is studied for the optimum focusing switching sequence
(f = 6 mm) for the 44 state. The results are shown in figure 6.6(a), where
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Figure 6.6: (a) Normalized integrated intensity as a function of the absolute value
of the bias voltage for optimum focusing with f = 6 mm for the 44 state. (b) Inset:
simulated bias voltage dependence of the TOF profiles without switched high voltages
applied.

a maximum signal is achieved for a bias voltage of 300 V. +300 V is the
maximum bias voltage that currently can be applied. For the 44, state avoided
crossings occur at fields up to 25 kV/cm (see figure 2.2), such that the bias
voltage of 300 V is not large enough to prevent all possible transitions. For a
bias voltage of £300 V, the normalized integrated intensity is increased by about
30 % compared to the measurement without bias voltage. For comparison,
the simulated bias voltage dependence for the TOF profiles without switched
high voltages applied for the 4y, state is shown in figure 6.6(b). Only a small
increase of the intensity of about 8% at a bias voltage of £300 V is obtained
in the simulations and is in good agreement with the measured TOF profile
with only a bias voltage applied. This small increase is due to focusing effects
of the 4y, state in the bias field. In figure 6.6(a), the error bars are relatively
large due to a limited number of measurements, experimental fluctuations of
the detection laser power and position, and the beam intensity. However, the
intensity of the synchronous peak is clearly increased for bias voltages larger
than 75 V compared to the case where no bias voltage is applied. This increase
cannot only be explained due to focusing effects of the bias field. Therefore,
the increased intensity for the synchronous peak is an evidence that unwanted
transitions at a zero electric field are indeed reduced by applying an additional
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bias voltage. Furthermore, from the comparison of the focusing measurements
for the different quantum states, it can be seen that no additional losses for the
404 state compared to the Oy state are observed when a bias voltage of £300 V is
used. This shows that, if a sufficiently high bias voltage is used, the transitions
between different states at avoided crossings will not be as severe as might have
been anticipated [119, 184].

6.4 Alternating-gradient deceleration of benzo-
nitrile

Figure 6.7 presents the results for the deceleration of benzonitrile in its Oy
and 4y4 states starting from 320 m/s and figure 6.8 the deceleration of benzo-
nitrile in its 1¢; state starting from 325 m/s. For the TOF profiles, 16000 single
measurements (20000 single measurements for deceleration of the 0y state) are
averaged. For the focusing measurements of the 0y state no bias voltage is
used, but in the measurements on the 1jp; state and 4q4 state bias voltages of
+200 V and +300 V are used, respectively. The bottommost (black) traces
show focusing experiments for a constant velocity of the synchronous molecule
of 320 m/s (325 m/s), using the optimum focusing lengths of f =5 mm for Oy
state, f = 5.5 mm for the 1y; state, and f = 6.0 mm for the 4y, state. The
other traces show experiments in which the synchronous packet is decelerated
from 320 m/s (325 m/s) to successively lower velocities, resulting in later arrival
times at the detector.

For the 0y state (see figure 6.7(a)) using d = 5.0 mm, the packet is deceler-
ated to 289 m/s, corresponding to a reduction of the kinetic energy by 18 %. For
the topmost trace, recorded using d = 5.5 mm, the molecules are decelerated
from 320 m/s to 275 m/s, which is a reduction of the kinetic energy of 26 %.
The 4¢4 state (see figure 6.7(b)) is decelerated from 320 m/s to 296 m/s using
d = 5.0 mm such that the kinetic energy is reduced by 14 %. The 4o, state
is decelerated less than the 0gy state for the same d value due to its smaller
effective dipole moment. 17 % of the kinetic energy is removed for the 4¢4 state
using d = 5.25 mm. For each deceleration measurement, the focusing length is
optimized, which is for the Oy state f = 5 mm for focusing and deceleration
to 312 m/s and f = 4.75 mm for all other deceleration traces. Generally, for
lower velocities smaller focusing lengths are needed. For the 4y, state, the fo-
cusing lengths are f = 6.0 mm for focusing and the deceleration to 313 m/s and
305 m/s and f = 5.75 mm for the other deceleration traces. The deceleration of
the 1o; state from 325 m/s is shown in figure 6.8. For d = 5.0, the molecules are
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Figure 6.7: Sequence of difference-TOF profiles for the deceleration of the (a) Opo
and (b) 44 states of benzonitrile from an initial velocity of 320 m/s to the indicated
final velocities. The positions d that have been used to reach these final velocities are
specified. The upper traces show the difference between the experimental TOF profiles
with and without high voltages applied. The lower traces show the corresponding
simulations, where the packets containing the synchronous molecule have been shaded.
See text for details.
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Figure 6.8: Sequence of difference-TOF profiles for the deceleration of the 1¢; state
of benzonitrile from an initial velocity of 325 m/s to the indicated final velocities. The
positions d that have been used to reach these final velocities are specified. The upper
traces show the difference between the experimental TOF profiles with and without
high voltages applied. The lower traces show the corresponding simulations, where the
packets containing the synchronous molecule have been shaded. See text for details.
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state Vs Av, At
0o 323m/s 30m/s 150 us
log 325m/s 32m/s 150 us
dos  325m/s 33m/s 200 us

Table 6.2: Beam parameters used in the simulations of the deceleration measure-
ments. Listed are the longitudinal beam velocity v, the longitudinal velocity spread
Av,, and the time width At. See text for details.

decelerated to 297 m/s and for d = 5.5 mm to 286 m/s, which means that 16 %
or 23 % of the kinetic energy are removed, respectively. The focusing lengths
are f = 5.5 mm for focusing and the deceleration to 318 m/s, 309 m/s, and
303 m/s. It is f = 5.25 for the other traces.

When deceleration to lower velocities is performed by increasing d, as is done
here, the signal intensity decreases due to the reduction in phase space accep-
tance. The observed intensities of the non-synchronous packets decrease more
strongly with increasing d. Because the molecules in these packets miss every
third deceleration stage, their trajectories are not stable and they are only ob-
served due to the finite length of the decelerator. One could also decelerate to
lower velocities by increasing the number of AG lenses for a given value of d (see
section 6.7).

The deceleration behavior of the 1g; state and of the 4q4 state are similar to
that of the ground state. This demonstrates that such molecules in rotationally
excited states can indeed be focused and decelerated. It is important to realize
that the optimum deceleration time sequences differ for the individual M levels.
Here, the time sequences are calculated for the M = 0 level. Apart from slightly
different final velocities and intensities, analogue results are obtained for time
sequences calculated for other M levels. For a considerably longer decelerator
and a given time sequence, the M levels could, in principle, be separated based
on their different Stark shifts (see also figure 6.4).

The optimum parameters for the deceleration simulations are listed in ta-
ble 6.2. The other initial parameters are equal to the parameters for the focusing
simulations, which are Az = Ay = Az = 2 mm and Av, = Av, = 20 m/s. For
all deceleration measurements up to d = 5.0 mm, the relative intensities and
the arrival times of the molecular packets at the detector are nicely reproduced
by the trajectory simulations. For the deceleration measurements for the 1g;
state, the overall scaling factor of seventeen seems to be too large. This can be
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understood by the behavior of the 1y; state when a bias voltage is applied which
is different from the behavior of the 4q4 state. The peak signal intensity of the
free-flight TOF of the 1g; state is decreased by about 20 % if a bias voltage of
4200 V is applied. However, this bias voltage results in a better contrast of the
focused and decelerated peaks compared to the free-flight TOF, and is therefore
used in the measurements. For the difference-TOF profiles the decreased dis-
tribution at £200 V is subtracted from the TOF profiles with switched electric
fields. Because the decrease of the signal with the bias voltage is not included
in the simulations, the overall scaling factor is too large for the 1y, state.

If the molecules are decelerated using d values larger than d = 5.0 mm,
the synchronous packet in the experimental measurements is detected earlier
than in the simulations. For example, for the Oy state (see figure 6.7(a)) the
synchronous packet is detected 5 us earlier for d = 5.25 and 7 us earlier for
d = 5.5 than predicted, which means that the molecules are decelerated a bit
less than expected. A similar effect is observed in the deceleration measure-
ments for the 1y state for large d values (see figure 6.8) and the 44 state (see
figure 6.7(b)). In chapter 3.4, it has been shown that the point of inflection
of the electric field along the molecular beam axis is at 5.0 mm. Only for d
values up to d = 5.0 mm the molecules are bunched properly in longitudinal
direction. When the molecules are decelerated using a larger d, they are no
longer bunched properly, resulting in a decreased intensity and a broader syn-
chronous peak. This is also seen in the corresponding simulations. Simulations
including misalignments of the electrodes show that the molecules are deceler-
ated and bunched less than in simulations without misalignment. Therefore, the
earlier arrival of the synchronous peak can be explained by misalignment effects.

Focusing and deceleration experiments have also been performed for the 6y
state of benzonitrile, which has been decelerated from 320 m/s to 300 m/s using
d =4.75 mm and f =5 mm. Due to the smaller overall Stark shift of the 6y
state, the AG focusing and deceleration is more difficult than for the other states
discussed above. Because of experimental difficulties with the detection, the data
are not presented here. Already in the current experiment, a significant amount
of state selection is achieved. Whereas the different low-energy rotational states
investigated in this thesis are focused and decelerated with similar acceptances,
higher rotational states often have negligible Stark shifts and are practically not
accepted by the decelerator. Partly, this is already observed in the poor accep-
tance for the 6gg state.
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6.5 Phase space acceptances

Phase space distributions allow a better understanding of measured TOF pro-
files. The distributions determined from trajectory simulations for optimum
focusing (f = 5 mm) for the Oy state, are shown in figure 6.9. For each graph
the horizontal axis corresponds to the position and the vertical axis to the ve-
locity along a specific direction in space. In the TOF profiles in figure 6.3(a)
three molecular packets are visible, i. e., the synchronous packet and the leading
and trailing non-synchronous packets. The phase space distributions are pre-
sented for the three molecular packets. For each molecular packet, the phase
space distributions are determined only for the molecules which arrive within
the arrival time interval corresponding to one of the three peaks in the TOF pro-
files. For the three molecular packets, the two transverse and the longitudinal
phase space distributions are given 20 mm before the center of the first AG lens
(figures 6.9(a), (b), and (c)) and 20 mm behind the center of the last AG lens
(figures 6.9(d), (e), and (f)). For instance, figure 6.9(c) shows the longitudinal
phase space acceptance before the entrance of the decelerator, and indeed the
three different peaks in the TOF profiles correspond to molecular packets, lead-
ing and trailing the synchronous packet by one AG lens (or 20 mm), respectively.
The cut-off shape of the three molecular packets in figure 6.9(f) is due to the
selection of the molecular packets due to their arrival time in the TOF profile.
The transverse acceptances before the entrance of the decelerator are similar
for all three molecular packets, but behind the decelerator the phase space is
rotated differently for the synchronous and non-synchronous packets. This is
due to the effect that the non-synchronous molecules experience only 2/3 of the
focusing fields.

By comparing the graphs before and behind the decelerator, it is seen that
the phase space areas remain constant, in accordance with Liouville’s theorem.
From the phase space areas the acceptance of the decelerator can be determined.
The approximate size of the phase-stable areas is indicated by a white rectangle,
which has in all graphs the same area in the phase space distributions before
and behind the decelerator. The rectangle gives only an estimate of the phase-
stable area, as this has an elliptical shape (see chapter 3.4). The approximate
transverse acceptance is about 2.5 mm x m/s along the z-direction, and about
4.2 mm x m/s along the y-direction. The transverse acceptance is larger for
y than for z, because the last two AG lenses are focusing in y-direction and
the whole decelerator consists of 14 focusing elements along the y-direction,
but only 13 focusing elements along the z-direction. In figure 6.9(d) the phase
space acceptance appears larger than the indicated rectangle, but the density
of molecules outside the rectangle is much smaller than inside the rectangle.
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Figure 6.9: Phase space acceptances for the Ogg state of benzonitrile obtained from
trajectory simulations for focusing using f = 5 mm at a velocity of 320 m/s. The
distributions are given for molecules which are accepted in the synchronous (black)
and the leading and tailing non-synchronous (grey) packets. (a), (b), and (c) show
the two transverse and the longitudinal phase space distributions 20 mm before the
center of the first AG lens (z = 0 mm), whereas (d), (e), and (f) show the distributions
20 mm behind the center of the last AG lens (z = 560 mm). The white rectangles give
an estimate for approximate size of the phase-stable area for the synchronous packet.
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The molecules outside the rectangle move on metastable trajectories and are
not considered in the given phase space area. The longitudinal acceptance is
about 30 mm x m/s, resulting in a total six-dimensional phase space acceptance
of about 315 mm? x (m/s)®. It should be noted that the exact determination
of the phase acceptance is difficult for a decelerator which only consists of 27
AG lenses. Molecules which move on metastable trajectories are also detected
due to the finite length. Therefore, the uncertainties of the given acceptances
are relatively large. The transverse four-dimensional phase space acceptance
obtained from three-dimensional trajectory simulations for this decelerator is
about 10.5 mm? x (m/s)®, which is larger than the transverse acceptance deter-
mined from pure two-dimensional simulations of a 96 stages long decelerator for
f=>5mm of 6.7 mm?x (m/s)” (see figure 3.10 in chapter 3.8). This occurs due to
a better longitudinal bunching for f = 5 mm and shows that three-dimensional
trajectory simulations are needed to describe the motions in the AG decelerator.

The transverse and longitudinal phase space distributions for the decelera-
tion of benzonitrile in the Oy state from 320 m/s to 289 m/s before and behind
the decelerator are shown in figure 6.10. As discussed before, for each molecu-
lar packet, the phase space distributions are determined only for the molecules
which arrive within the arrival time interval corresponding to one of the three
peaks in the deceleration TOF profiles. Figures 6.10(c) and (f) show the phase
spaces along the z-direction. At the entrance of the decelerator, the phase space
of the synchronous packet has an average velocity of about 320 m/s. Behind the
decelerator, the mean velocity is reduced to about 289 m/s, which shows that
the molecules are decelerated according to the applied high voltage switching
sequence. From the phase space distributions of the non-synchronous molecules,
it is seen that the non-synchronous peaks originate from molecules which start
with an average velocity of about 312 m/s one AG lens before or behind the syn-
chronous molecule. Due to the finite length of the decelerator, these molecules
are also accepted and decelerated to an average velocity of about 296 m/s behind
the decelerator.

For the deceleration phase space distributions, the transverse acceptance for
the synchronous packet along the x-direction is about 2.0 mm x m/s, and along
the y-direction about 3.8 mm x m/s. The longitudinal acceptance is about
25 mm X m/s, resulting in a total six-dimensional phase space acceptance of
about 190 mm?® x (m/s)’. All acceptances are reduced for the deceleration
compared to the focusing acceptances, resulting in a decreased intensity of the
synchronous packet in the difference-TOF profiles.

In figure 6.10(f), only the molecules of the synchronous packet inside the
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Figure 6.10: Phase space acceptances for the Ogg state of benzonitrile obtained from
trajectory simulations for deceleration from 320 m/s to 289 m/s for f = 4.75 mm
and d = 5 mm. The distributions are given for molecules which are accepted in the
synchronous (black) and the leading or tailing non-synchronous (grey) packets. (a),
(b), and (c) show the two transverse and the longitudinal phase space distributions
20 mm before the center of the first AG lens, whereas (d), (e), and (f) show the
distributions 20 mm behind the center of the last AG lens. The white rectangles give
an estimate for approximate size of the phase-stable area for the synchronous packet.
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lower ellipse are phase stably accepted. The molecules in the upper area with
velocities of about 320 m/s are molecules originating from the phase space area
in figure 6.10(c) around the position z = —20 mm with an average velocity of
313 m/s before the decelerator. These molecules move on metastable trajecto-
ries and would be lost in a longer decelerator (see section 6.7). These metastable
phase space areas occur also for the focusing phase space distributions in fig-
ures 6.9(c) and (f). The longitudinal phase space areas have a similar structure
and area for pure one-dimensional simulations along the molecular beam axis.
Therefore, the longitudinal phase space acceptance is not reduced as a result
of loss effects due to the coupling of longitudinal and transverse motion, as ob-
served for the normal Stark decelerator [186]. A general advantage of the AG
decelerator compared to the normal Stark decelerator is the better decoupling
of the longitudinal and transverse motion such that unwanted parametric am-
plifications of the motions of the molecules can be avoided (see also chapter 7.6).

6.6 Deceleration measurements of benzonitrile
seeded in krypton

In all experiments shown so far, benzonitrile has been seeded in xenon in order
to obtain a molecular beam with a low initial velocity. Benzonitrile can also
be seeded in other carrier gases, for instance, in krypton. The disadvantage is
that, due to the smaller mass of krypton compared to xenon, the initial velocity
is larger. Therefore, a longer decelerator is needed to decelerate benzonitrile
to similar final velocities. One advantage is that the free-flight TOF profiles
of benzonitrile seeded in krypton have a higher intensity and a smaller time
spread due to a better quality of the produced molecular beam. In figure 6.11,
the lowest traces show free-flight and the upper traces focusing and deceleration
experiments for the 1o, state together with the corresponding simulations. Here,
the original TOF profiles and not the difference-TOF profiles are shown. The
peak intensity of the central peak for optimum focusing is a factor 2.6 increased
compared to the free-flight signal, which is a much larger enhancement factor
than for benzonitrile seeded in xenon. For the topmost traces, the synchronous
packet is decelerated from 385 m/s to 359 m/s for d = 5.0 mm, corresponding
to a reduction of the kinetic energy of 13 %.

The measurements were performed with an early version of the experimental
setup, where the distance from the exit of the decelerator to the detection region
was 103 mm (instead of 65 mm), resulting in a detection of the molecules 700 mm
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Figure 6.11: Sequence of TOF profiles for the deceleration of the 1¢; state of benzo-
nitrile seeded in krypton from an initial velocity of 385 m/s to the indicated final
velocities. The positions d that have been used to reach these final velocities are
specified. The traces are offset for clarity. The lowest traces show the free-flight TOF
profile without any high voltages applied. The upper traces show the experimental
TOF profiles with high voltages applied. The lower traces show the corresponding sim-
ulations, where the packets containing the synchronous molecule have been shaded.
The simulated free-flight TOF profile has been scaled up by a factor two.
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behind the nozzle and an about 8 % reduced detection efficiency for the focused
and decelerated molecules. No bias voltage was used. An optimum signal in-
tensity was achieved at a stagnation pressure of 1.2 bar. For each experimental
trace 1500 experiments have been averaged. The parameters of the simulations
are: an initial beam velocity of 382 m/s, a velocity spread of Av, = 25 m/s,
and a time width of At = 150 us. The other parameters are the same as for
the simulations for benzonitrile seeded in xenon. The delay time between the
trigger signal and the opening of the nozzle depends on the stagnation pressure,
and is 0.338 ms here, which has been subtracted from the measurements.

In figure 6.11, it is seen that for the decelerated synchronous packets the
intensity decreases stronger than expected from the simulations. The optimum
experimental focusing length in all measurements is f = 5.0 mm, but the sim-
ulations predict an optimum focusing length of f = 6.0 mm due to the higher
beam velocity. In these early measurements, the interpretation of the different
peaks in the TOF profiles was not fully understood. Therefore, the focusing
lengths and the delay times have not been optimized properly. Furthermore,
due to alignment difficulties, the skimmer was off-axis when the measurements
were performed. These experimental difficulties explain the mismatch in the
intensities of the simulated and measured TOF profiles for the deceleration mea-
surements. If the deceleration measurements of benzonitrile seeded in krypton
were repeated with optimum parameters in the current setup, a better agree-
ment between measurements and simulation would be expected.

In conclusion, the use of krypton as seed gas has the advantage of higher
beam intensities and a stronger enhanced focusing signal. Therefore, it can be
used for first focusing and deceleration measurements in a longer decelerator
setup. Because of the higher initial beam velocity, more stages are needed to
decelerate benzonitrile seeded in krypton to the same final velocity as benzo-
nitrile seeded in xenon. Thus, for the deceleration to low velocities, xenon is
preferred. Benzonitrile has also been seeded in 2.3 bar of argon, resulting in
a beam velocity of about 540 m/s. Small focusing effects have been observed,
when high voltages with a focusing length of f = 8 mm have been applied to
the decelerator.
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Figure 6.12: Simulations of TOF profiles for the alternating-gradient deceleration
of benzonitrile in the Oyy state from 320 m/s to the indicated lower final velocities,
using a decelerator consisting of 81 electrode pairs. (a) shows an arrangement, where
the focusing direction is rotated after two and (b) after three AG lenses by 90°. The
intensity is normalized on the intensity for guiding of molecules in the AG decelerator
consisting out of 27 AG lenses. During the deceleration process, the focusing lengths
have been decreased. See text for details.

6.7 An extended alternating-gradient decelera-
tor

In figure 6.12, simulations for the Oy, state of benzonitrile are shown for an AG
decelerator consisting of 81 electrode stages. The electrodes have the same ge-
ometry as used in the setup described before. In the simulations in figure 6.12(a),
the focusing direction is rotated after two AG lenses, corresponding to a (FO)-
((DO)*(FO)*)" grid (two-electrode pattern), and in figure 6.12(b) after three
AG lenses, corresponding to a (FO)((DO)*(FO)*)'3(DO)? grid (three-electrode
pattern). The intensity of the TOF profiles in both graphs is normalized on the
peak intensity for optimum focusing of molecules in the AG decelerator consist-
ing of 27 AG lenses. It is seen that for the two-electrode pattern the molecules
can be decelerated with larger intensities to lower velocities compared to the
three-electrode pattern. While the free-flight intensity is strongly decreased by
a factor of 15 for the longer setup, the integrated intensity for optimum focusing
is still 51 % of the integrated intensity in the short decelerator. This relatively
small reduction of the intensity for both the two-electrode pattern and for the
three-electrode pattern is due to the phase stability of the AG decelerator [106].
The simulations are calculated for an ideal decelerator without misalignment
effects. If a random misalignment with a standard deviation of m = 50 ym is
assumed (which should be realistic, because the alignment of the electrodes has
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final Simax fmin d normalized integrated
velocity intensity

(a)
320 m/s 8.0mm 8.0 mm - 0.51
264 m/s 8.0mm 525 mm 4.5 mm 0.41
240 m/s 8.0mm 3.75 mm 4.75 mm 0.30
213m/s 8.0mm 3.0mm 50 mm 0.19
188 m/s 80mm 2.0mm 525 mm 0.08
150 m/s 80mm 2.0 mm 5.5 mm 0.06

(b)
320 m/s 45 mm 4.5 mm - 0.51
261l m/s 45 mm 3.0mm 4.5 mm 0.18
238 m/s 4.5 mm 2.25 mm 4.75 mm 0.07
212m/s 45mm 20mm 5.0 mm 0.03
18 m/s 45mm 1.75 mm 525 mm 0.001
155m/s 4.5mm 125 mm 5.5 mm 0.0003

Table 6.3: Switching sequence parameters and integrated intensity for the syn-
chronous packet for (a) the two-electrode and (b) three-electrode pattern for the sim-
ulations shown in figure 6.12. The initial velocity is 320 m/s. For direct comparison,
the integrated intensity is normalized on the integrated intensity for optimum focusing
for the short decelerator. The focusing length is varied quadratically between fiax
and foin. See text for details.

been improved for the newly setup decelerator modules), an overall scaling factor
between measurements and simulations of 25 will be expected. Therefore, decel-
eration experiments in an extended setup with a two-electrode pattern should
be feasible.

The simulations presented in figure 6.12 are performed for reasonable d val-
ues, as used for the deceleration measurements for the short setup (see sec-
tion 6.4). In the long setup, the decelerated beam is completely separated
from the free-flight beam using d = 4.75 mm. In the decelerator with the
two-electrode pattern, benzonitrile can be decelerated for d = 5.0 mm from
320 m/s to 212 m/s with a normalized integrated intensity of 0.19 for the syn-
chronous packet. For d = 5.5 mm, the molecules are decelerated to 150 m/s,
corresponding to a reduction of the kinetic energy of 78 %, the synchronous
packet has a normalized intensity of 0.06. The integrated intensities together
with the parameters of the simulations are listed in table 6.3. In a decelerator
with a three-electrode pattern, benzonitrile is less efficiently decelerated, due to
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an over-focusing of the molecules especially at low velocities. For d = 5.0 mm,
the molecules are decelerated from 320 m/s to 212 m/s, and the synchronous
packet has a normalized intensity of only 0.031. For larger d values, almost
no intensity is left. The integrated intensities of the synchronous packet are
comparable for the two-electrode patterns: For the two-electrode pattern, the
peak intensity is larger, but the synchronous peak is narrower than for the
three-electrode pattern. However, for deceleration the acceptance for the syn-
chronous packet is much higher for the two-electrode pattern. In a two-electrode
pattern, the non-synchronous peaks experience only half the amount of focus-
ing than the synchronous peak, but 2/3 of the focusing for the three-electrode
pattern. Therefore, the non-synchronous packets are better accepted for the
three-electrode pattern. Non-synchronous packets are a disadvantage, because
for clean experiments with decelerated molecules, only one molecular packet is
wanted.

The switching scheme used for the calculations for the longer AG deceler-
ator, is similar to the one discussed before for the focusing and deceleration
of molecules in hfs states. In particular, the parameter d and, therefore, the
amount of kinetic energy removed per stage, remains constant. The amount of
transverse focusing should also remain constant over the decelerator, and the
molecules should spend the same time in the focusing field for all stages. In the
experiments presented in section 6.4, the velocity changes have been relatively
small and a constant focusing length f could be used. In the longer decelerator,
the molecules are decelerated to much lower velocities. Therefore, the focusing
parameter f has to be reduced over the course of the decelerator to compensate
for the velocity changes. If one assumes that the energy removed per lens is
small compared to the total kinetic energy of the molecule, the velocity changes
quadratically with the number of electric field stages. Therefore, the actual fo-
cusing length f,, for the AG lens n is changed quadratically over the deceleration
process

2 fmax - fmin

(ntotal -1 ) 2

fn:fmax_n s (61)
where the total number of electrode stages is n.. = 81. In table 6.3, the
maximum and minimum focusing lengths f,.x and fui, are listed, which are op-
timized for a maximum intensity for the synchronous peak. Switching sequences
with (in first order) linear changes of the focusing lengths have been used in the
deceleration experiments on OH in a Ifs state, and a 20 % increased signal com-
pared to switching sequences with constant focusing lengths has been observed
(see chapter 7.4).
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Based on the simulations discussed above, we are currently extending the AG
decelerator to 81 deceleration stages using refined mechanical alignment proce-
dures and the improved lens pattern, where we rotate the focusing direction
every two stages. With this setup, we expect to be able to decelerate benzo-
nitrile molecules from 320 m/s to 150 m/s with reasonable intensities. For the
deceleration to even lower velocities, hyperbolically shaped electrodes or the
asymmetric four-electrode configuration (see chapter 3.3) will be used. At low
velocities, the focusing direction is rotated every stage. It could also be nec-
essary to reduce the length and/or the voltage for the last electrode stages to
avoid over-focusing of the molecules. After the molecules will have been decel-
erated to about 20 m/s in an extended AG decelerator setup, three-dimensional
confinement will be possible. For instance, AC electric traps can be used, in
which the very same principles of dynamic focusing as in the AG decelerator are
employed [78, 108, 109, 187].

6.8 Conclusions

In conclusion, AG focusing and deceleration of benzonitrile in multiple quantum
states have been demonstrated. The focusing properties for benzonitrile have
been studied in three different low-lying rotational states, namely the absolute
ground state Ogg as well as the rotationally excited states 1p; and 4q4. Benzo-
nitrile has been decelerated in its absolute ground state 0y from 320 m/s to
about 275 m/s, and similar changes in velocity have been obtained for rotation-
ally excited states. All measurements agree well with the outcome of trajectory
calculations. If desired, in an AG decelerator different rotational states with sim-
ilar Stark shifts can be decelerated simultaneously, albeit with different accep-
tances. This demonstrates that alternating-gradient focusing and deceleration
can be performed for large asymmetric top molecules, in order to produce cold,
slow samples thereof. This vastly extends the range of species which motion and
orientation can be precisely controlled. Furthermore, phase space acceptances
for focused and decelerated molecules and the prospects of using krypton as a
carrier gas instead of xenon, have been discussed, in this chapter. Currently, we
are extending the AG decelerator setup, in order to decelerate benzonitrile to
velocities slow enough to directly load them into an AC trap.



Chapter 7

Alternating-gradient focusing
and deceleration of OH radicals

7.1 Introduction

In this chapter, the alternating-gradient focusing and deceleration of OH radi-
cals in both the low-field-seeking and high-field-seeking levels of the rovibronic
X?5/5,v =0, J = 3/2 ground state are demonstrated using a single experimen-
tal setup. For the AG deceleration of OH in the hfs X?II3/,v = 0,.J = 3/2e
state, the same switching scheme as for the deceleration of benzonitrile, pre-
sented in chapters 3.5 and 6.4, is employed. However, for the deceleration of
molecules in the Ifs X?IT5,5,v =0, J = 3/2 f state, a different switching scheme
has to be applied to achieve phase stability in all three dimensions (see chap-
ter 3.5). In this switching scheme, the high voltage is switched on and off twice
per AG lens.

Molecules in Ifs states have been decelerated using a normal Stark decelera-
tor [70]. The coupling of longitudinal and transverse motion in a normal Stark
decelerator and its influence on the phase stability have been studied, and reso-
nances similar to parametric oscillations in AC ion traps [188] and AC traps for
neutral molecules [109, 187] have been observed [186]. Exploiting overtones in
the Stark decelerator, the coupling can be changed, and improved transmission
through the decelerator has been observed [186, 189]. In these experiments,
only a fraction of the electric field stages is used for the deceleration, whereas
the remaining ones are needed for an optimized transverse focusing.

Recently, new concepts for electrode geometries for a normal Stark decelera-
tor using deceleration stages and quadrupole focusing stages have been proposed

109
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Figure 7.1: Hyperfine-resolved excitation spectrum of the (a) P;(1) transition
A’St o = 1,0 = 1/2 « X?Mg;,0" = 0,J" = 3/2¢ and (b) Q1(1) transition
A?vt o = 1,0 = 3/2 « X?My)p,v" = 0,J" = 3/2f. The frequencies are given
relative to the origins of the rotational transitions at (a) 35429.16 cm~! and (b)
35461.50 cm~1 [124], respectively. The hyperfine transitions F’ « F" are labelled.

in order to allow for the decoupling of transverse focusing and longitudinal ma-
nipulation of the molecular packet [190], but no experimental evidence for the
improvement as a result of such electrode geometries has been given yet. The
alternating-gradient focusing and deceleration of molecules in hfs states have
been demonstrated using the AG decelerator [9, 13, 106] (see also chapter 6). In
the following, it is demonstrated that an AG configuration can also be used for
the focusing and deceleration of molecules in Ifs states. Moreover, it allows to ef-
fectively circumvent the problems related to the inherent coupling of transverse
and longitudinal motion in the Stark decelerator for molecules in Ifs states.

7.2 Detection of OH

The experimental setup for the AG focusing and deceleration of OH is described
in detail in chapter 4. The same AG decelerator as for the measurements on
benzonitrile has been used, but the source has been modified to produce OH via
photodissociation of HNO3 with an excimer laser pulse. Compared to the benzo-
nitrile experiments, this has the advantage that the initial molecular packet is
narrow and well defined, when it enters the AG decelerator with an initial ve-
locity of approximately 360 m/s.

OH is detected via LIF with an excitation wavelength of 282 nm. Fluo-
rescence is predominantly around 313 nm (see chapter 4.6.2). The hyperfine-
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resolved excitation spectra for the Py(1) transition A?XT v = 1,J = 1/2 «
X?50,0" = 0,J” = 3/2e and Q;(1) transition A?°X*t o' = 1,J = 3/2 «
XI39,0" = 0,J" = 3/2 f of OH are shown in figures 7.1(a) and (b), respec-
tively. The splittings with a frequency of 55 MHz are due to the hyperfine
splittings in the A-doublet components of the X?II35,v = 0,J = 3/2v = 0
ground state [191]. The large splitting corresponds to the hyperfine spitting of
the A?YT v = 1 state and is 775.6 MHz for the A*%", v = 1, J = 1/2 state and
490.0 MHz for the A?X+, v =1,J = 3/2 state [192].

In all focusing and deceleration measurements of OH in its hfs X*II; 5, v =
0,J = 3/2e state, the F = 1 « F” = 2 transition shown in figure 7.1(a) is
used for detection. In an electric field, the X2H3/2,v =0,J = 3/2e,F = 2
state splits into the more polar MQ = 9/4 and the less polar MQ = 3/4 levels
(see chapter 2.3.1), which are simultaneously detected. In the simulations, the
appropriate weighting due to the number of hyperfine states belonging to these
two manifolds is included, which is 40 % for MQ = 9/4 and 60 % for M2 = 3/4.
OH in its Ifs *IT5/5,v = 0, J = 3/2 f state is detected using the [ =2 « F" =2
transition shown in figure 7.1(b). For the Ifs state, the appropriate weighting
due to the number of hyperfine states is 80 % for MQ = —9/4 and 20 % for
MSQ = —3/4. In the AG decelerator, both the more polar and the less polar M)
components are decelerated, although the switching sequences are optimized for
the more polar level, which is therefore accepted with a higher efficiency.

7.3 Focusing and deceleration of OH in a high-
field-seeking state

In figure 7.2, the focusing of OH in the hfs X2H3/2,v = 0,J = 3/2e state is
demonstrated. The lowest traces show the free-flight TOF profiles. Since OH
radicals are produced by photodissociation using an excimer laser pulse, the
initial position and time width of the molecular packet is well defined when it
enters the AG decelerator. This results in a sharp synchronous peak around
1.85 ms in the measured TOF profiles and simplifies the interpretation of the
deceleration measurements, which are presented later. For all focusing and de-
celeration TOF profiles shown in this chapter, 8000 single measurements are
averaged, corresponding to a measuring time of approximately 7 min at a 20 Hz
repetition rate. The optimum experimental and simulated focusing traces are
scaled such that they have about the same intensity. Compared to all other
traces, the simulated free-flight TOF profile (lowest trace) needs to be scaled up
by a factor of ten. The scaling factor can be attributed to misalignment of the
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Figure 7.2: Focusing sequence of OH in the high-field-seeking X2H3/2,v =0,J =
3/2e state at a velocity of 355 m/s, with the simulated time-of-flight profiles shown
underneath the experimental measurements for different focusing lengths f, as indi-
cated.



7.3 Focusing and deceleration of OH in a high-field-seeking state 113

measurements Uz Av,, Av,, Aty Atg
hfs focusing 363 m/s 110 m/s 70 m/s 400 ms 124 ps
(figure 7.2)

hfs deceleration 36bm/s 120m/s 70 m/s 420 ms 122 us
(figure 7.3)

Ifs focusing and bunching 360 m/s 120 m/s 70 m/s 440 ms 125 us
(figure 7.4)

Ifs deceleration from 345 m/s 350 m/s 120 m/s 70 m/s 440 ms 125 us
(figure 7.5)
Ifs deceleration from 305 m/s 330 m/s 120 m/s 70 m/s 620 ms 138 us
(figure 7.8)

Table 7.1: Parameters used in the simulations and delay times used for the measure-
ments of the AG focusing and deceleration of OH. Listed are the initial longitudinal
beam velocity v,,, the FWHM of a bi-Gaussian distribution Av,, and Awv,,, the delay
time of the trigger for the excimer laser relative to the trigger of the nozzle At;, and
the delay time between the trigger for the excimer laser and the trigger for the start
of the switching sequence Atsy. See text for details.

electrodes, as discussed in the following section. The overall focusing behavior is
similar to the focusing behavior of benzonitrile (see chapter 6.3). The optimum
focusing length is f = 4.5 mm, where the peak intensity is enhanced by 90 %
compared to the free-flight intensity.

A bias voltage of £300 V is used for all focusing and deceleration measure-
ments in this chapter. For each measurement sequence, the delay time between
the trigger signal of the excimer laser and the trigger for the nozzle At as well
as the delay time between the trigger for the excimer laser and the trigger for
the start of the switching sequence Aty are optimized. The optimum parame-
ters and the beam velocity depend on the stagnation pressure and opening time
of the nozzle. By choosing a larger At;, a slower part of the HNOj exiting
the nozzle is dissociated, resulting in a reduced mean velocity of the OH beam.
This is utilized for the deceleration of OH in the Ifs state starting from 305 m/s
presented later. Aty is optimized to obtain a maximum enhancement of the
focused signal compared to the free-flight signal at a certain velocity. Because
the free-flight TOF profile cannot be described properly by a Gaussian distribu-
tion, a bi-Gaussian distribution was used for the simulations. The bi-Gaussian
distribution has the FWHM Aw,, and Awv,,, where Av,, is smaller than Av,,.
The beam parameters and delay times for the focusing and deceleration mea-
surements shown in this chapter are given in table 7.1. The distribution with
a FWHM Aw,, contributes to the bi-Gaussian distribution with 30 %. For the
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Figure 7.3: (a) Graphical representations of the high voltage switching parameters
d and f. (b) Deceleration sequence for OH in its high-field-seeking X 2H3/2,v =
0,J = 3/2e state with the simulated time-of-flight profiles shown underneath the
experimental measurements for different focusing and deceleration parameters. The
lowest traces are free-flight profiles. The second (grey) traces show the arrival time
distribution for transverse focusing at a constant velocity of 355 m/s. The other traces

are TOF profiles for deceleration from 355 m/s to successively slower final velocities,
as indicated.
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transverse velocity spread, a FWHM of Av, = Av, = 36 m/s and for the ini-
tial molecular packet a size of Arx = Ay = Az = 2 mm are assumed. For the
free-flight simulations, 5 - 107 trajectories and for the focusing and deceleration
measurements 1 - 107 trajectories have been calculated.

For the deceleration of packets of OH radicals in the hfs X2H3/2, v=0,J=
3/2e state, the same switching scheme and similar d values as for benzonitrile
are used (see chapter 3.5), as indicated by the shaded areas in figure 7.3(a).
Due to the larger initial beam velocity of OH compared to benzonitrile, the
final velocities are larger as well. The deceleration measurements and the cor-
responding simulations are presented in figure 7.3(b). The lowest traces show
free-flight TOF profiles, the second two (grey) traces optimum focusing using
f = 4.5 mm at a velocity of 355 m/s, and all other traces the deceleration to
successively slower final velocities. For d = 4 mm, the packet is decelerated from
355 m/s to 345 m/s, for example. For the strongest deceleration to 316 m/s us-
ing d = 5 mm, the kinetic energy of the molecules is reduced by 21 %, resulting
in a shift of the arrival time of the synchronous peak from 1.85 m/s to 1.95 ms.
The optimum focusing length is f = 4.25 mm for the deceleration to 345 m/s,
332 ms, and 324 m/s. For the deceleration to 316 m/s, it is f = 3.75 mm.
The background structure in the TOF profiles originates mainly from the weak
focusing M = 3/4 component, but also from the M) = 9/4 component. Not
all features of in the background of the simulations are reproduced probably, as
this is for the weak focusing component more difficult. However, some features,
for instance, peaks with a later arrival time than the synchronous peak which
originate from the MQ = 9/4 component are well reproduced by the simulations
(see also section 7.4). The molecules in this peak are lost from the synchronous
packet during the deceleration process and arrive one electrode stage behind
when the synchronous packet arrives at the detector, as can be seen from tra-
jectory simulations and from the phase space distribution (see also section 7.5).

7.4 Focusing and deceleration of OH in a low-
field-seeking state

For the focusing and deceleration of OH is its Ifs X2H3/2, v=0,J =3/2 [ state,
the double switching scheme described in chapter 3.5 is used. Additional to the
focusing at the center of the AG lens, the high voltage is switched on and off once
more, when the synchronous molecule is in between two AG lenses. This allows
to longitudinally bunch the molecular packet. Figures 7.4(a) and (b) show TOF
profiles at a velocity of 345 m/s for different focusing lengths f using a constant
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Figure 7.4: (a) Focusing and (b) bunching sequences of OH in its low-field-seeking
X2H3/2,v = 0,J = 3/2 f state, with the simulated time-of-flight profiles shown un-
derneath the experimental measurements. The focusing length f and bunching length
b are indicated. The lowest traces are free-flight TOF profiles.
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Figure 7.5: (a) Graphical representations of the high voltage switching parame-
ters b, d, fmax, and fmin. (b) Deceleration sequence for OH in its low-field-seeking
X211, 12,0 =0,J = 3/2 f state, with the simulated time-of-flight profiles underneath
the experimental measurements for different focusing and deceleration parameters.
The lowest traces are free-flight profiles. The second (grey) traces show the arrival
time distribution for transverse focusing at a constant velocity of 345 m/s. The other
traces are TOF profiles for deceleration from 345 m/s to successively slower final
velocities, as indicated.
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bunching length b and for different values of b for constant f, respectively. The
optimum parameters are f = 2.5 mm or 3.0 mm and b = 4.0 mm. Without the
second switching step (b = 0 mm (not shown)), for molecules in Ifs states almost
no longitudinal bunching is achieved, and the intensity of the synchronous peak
in the TOF profiles is 75 % lower than for optimum bunching. The measure-
ments agree well with the simulations, when the simulated free-flight trace is
scaled up by a factor fifteen. For optimum focusing and bunching parameters,
the focusing intensity is three times larger than the free-flight intensity.

The experimental results for the deceleration of OH in its lfs XI5/, v =
0,J = 3/2 f state are shown in figure 7.5(b) together with their corresponding
simulations. For the topmost trace, the molecules are decelerated from 345 m/s
to 239 m/s. For molecules in Ifs states the transverse focusing forces are larger
than the defocusing forces, which is opposite for molecules in hfs states (see
chapter 3.3). Furthermore, due to the double switching scheme, a better decou-
pling of the transverse and longitudinal motion as for molecule in the hfs states
is possible, and the amount of transverse focusing and longitudinal bunching
can be adjusted almost independently. Therefore, molecules in Ifs states, com-
pared to molecules in hfs states, are decelerated to lower velocities in the same
experimental setup, removing more than 50 % of the kinetic energy.

As a typical example, the contributions of the different M) components to
the TOF profiles for the deceleration of OH from 345 m/s to 276 m/s are depicted
in figure 7.6. Below the experimental curve (topmost trace), the corresponding
simulations and the individual contributions of the M) = -3/4 component, the
MSQ =-9/4 component, and the combined simulation for both M) components
are shown. In all other simulated TOF profiles of this chapter, the combined sim-
ulations for both M€2 components are given. The synchronous peak at 2.12 ms
as well as the non-synchronous peak at 1.49 ms originate from the MQ = -9/4
component. The molecules in the non-synchronous peak at 1.49 ms have a initial
mean velocity of 438 m/s and are longitudinally bunched at this velocity. The
other non-synchronous peaks, especially the one with the late arrival time of
2.15 ms, originate from the M) = -3/4 component. Also the non-synchronous
peaks in the measurements are reproduced by the deceleration simulations. For
some focusing and bunching measurements the exact reproduction of the non-
synchronous peaks is more difficult (see figure 7.4). Due to misalignment effects,
the non-synchronous peaks in all measurements have a higher intensity than the
non-synchronous peaks in the simulations. This is probably, because the M2 =
-3/4 component is transversely less focused and defocused.

As already discussed in chapter 6.7, the focusing length f should be reduced
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Figure 7.6: Upper trace: measurement for the deceleration of the low-field-seeking
X2H3/2, v=0,J =3/2 f state from 345 m/s to 276 m/s. Lower traces: simulations for
the individual contributions of the M) = -3/4 component, the M = -9/4 component,
and the combined simulation.

quadratically along the decelerator, when significant changes in the velocity are
achieved in order to avoid an over-focusing. For the deceleration of OH in the lfs
state, this has been accounted for in first order, by reducing the focusing lengths
fn in the AG lens n linearly over the deceleration process:

fmax - fmin

Ntotal — 1

fn:fmax_n ) (7'1>
where fiax is the maximum focusing length, fi.;, the minimum focusing length,
and nga = 27 the total number of electrode stages. The variation of f is de-
picted in the graphical representation of the switching scheme by the shaded
areas in figure 7.5 (a). The linear change of the focusing length results in an
enhancement of the synchronous peak of up to 20 % compared to the optimum
measurement using a constant f. This is demonstrated in figure 7.7 for the
deceleration from 345 m/s to 276 m/s. The focusing parameters are optimized
for every time sequence and listed in table 7.2. For a small deceleration, f stays
nearly constant and the focusing length is only decreased by 1 mm during the
deceleration process. For the largest deceleration to 239 m/s using d = 6.0 mm,
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Figure 7.7: (a) measured and (b) simulated TOF profiles for the deceleration of OH
in its low-field-seeking X?II3/5,v = 0,J = 3/2 f state from 345 m/s to 276 m/s. The
black traces show results for a variation of the focusing length f over the length of
the decelerator, while the grey traces are obtained for the optimum constant focusing
length.

initial velocity final velocity Simax fimin b d
(a)
345 m/s 345 m/s 3.0mm 3.0mm 4.0 mm -
345 m/s 323 m/s 30mm 20mm 55 mm 3.5 mm
345 m/s 295 m/s 3.0mm 20mm 6.5mm 4.5 mm
345 m/s 276 m/s 25mm  0.75mm 7.0mm 5.0 mm
345 m/s 257 m/s 1.5mm 0.0mm 7.5mm 55 mm
345 m/s 239 m/s 0.0mm 00mm 80mm 6.0 mm
(b)
305 m/s 305 m/s 225 mm 225 mm 4.0 mm -
305 m/s 280 m/s 225 mm  1.5mm 55mm 3.5 mm
305 m/s 247 m/s 225mm 0.5 mm 6.5mm 4.5 mm
305 m/s 224 m/s 1.75mm 025 mm 7.0 mm 5.0 mm
305 m/s 200 m/s 0.7 mm 0.0mm 7.5mm 55 mm

Table 7.2: Switching sequence parameters fiax, fmin, 0, and d for the measurements
and simulations for deceleration of OH in its low-field-seeking state from (a) 345 m/s
and (b) 305 m/s shown in figures 7.5 and 7.8, respectively. The focusing length is
varied linearly between fia.x and fiin. See text for details.
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Figure 7.8: Deceleration sequence for OH in its low-field-seeking X 2Tl /2,0 =0,J =
3/2 f starting from 305 m/s, with the simulated time-of-flight profiles shown under-
neath the experimental measurements for different focusing and deceleration param-
eters. The lowest traces are free-flight profiles. The second (grey) traces show the
arrival time distribution for transverse focusing at a constant velocity of 305 m/s.
The following traces are TOFs for deceleration from 305 m/s to successively slower
final velocities, as indicated.
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Figure 7.9: Influence of misalignment for optimum focusing at 355 m/s for the (a)
high-field-seeking X2H3/2,v = 0,J = 3/2e state and (b) for optimum focusing and
bunching at 345 m/s for the low-field-seeking X2H3/2, v =0,J = 3/2 f state for three-
dimensional electrode displacements randomly chosen from a Gaussian distribution
with standard deviation A.

the electric field is switched on and off only once in between the electrodes,
because the amount of transverse focusing along the rising slope of the electric
field is already sufficient. An additional transverse focusing would over-focus
the molecules, resulting in a decreased intensity of the synchronous peak.

In additional experiments presented in figure 7.8, OH in the Ifs state is de-
celerated from 305 m/s to 200 m/s, the lowest velocity obtained for molecular
packets in an AG decelerator so far. In order to achieve this low velocity with the
same experimental setup, a longer excimer delay time At; has been chosen such
that a slower part of the HNOj exiting the nozzle is dissociated, resulting in a
slower molecular beam with an initial mean velocity of 330 m/s. By optimizing
the delay time At, between the trigger for the excimer laser and the trigger for
the switching sequence, a focused synchronous peak at a velocity of 305 m/s is
obtained, which is decelerated to lower velocities. The switching parameters are
also listed in table 7.2.

The intensity ratios and arrival times of all measurements with switched
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electric fields applied match the simulations very well. However, the simula-
tions predict a considerably larger intensity of the synchronous peaks of the
focused and decelerated TOF profiles compared to the free-flight measurements
than observed experimentally. As has been already discussed for benzonitrile
(see chapter 6.3), this can be attributed to mechanical misalignments of the
electrodes. The simulated decrease of the intensity for an increased random dis-
placement of electrode pairs with a standard deviation A is shown in figure 7.9.
The scaling factor of ten can be understood by a mechanical misalignment of
about +150 pm, which is larger than that predicted from the misalignment sim-
ulations for benzonitrile. One possible explanation may be that the decrease
in intensity compared to the simulations is not only due to the displacements
of the electrode stages but also partly due to frequency shifts in the detection.
The following effect has been observed. A shift of 4 MHz of the optimum de-
tection frequency for the focused and decelerated molecules compared to the
free-flight TOF profiles is observed and considered in the detection. This shift
is of opposite sign for molecules in Ifs and hfs states. A misalignment of the
single electrodes in the last electrode stage would deflect the molecular beam
towards or away from the detection laser, resulting in a frequency shift due to
the Doppler effect. The Doppler effect is included in the simulations for an ideal
decelerator without misalignment only. Since the natural linewidth of benzo-
nitrile is with 8 MHz [159] much larger compared to the 204 kHz for OH [193],
the frequency shift has not been observed for benzonitrile, and could partly ex-
plain the decreased detected intensity in the synchronous peak for focused and
decelerated molecules. The simulations for OH yield the same scaling factor for
the hfs and Ifs state, but the measurements in the Ifs state need to be scaled
by an additional factor 1.5. This larger factor may be a consequence of the
different high voltage switching schemes. As already discussed previously (see
chapter 6.3), no misalignment effects of the individual electrodes in an electrode
pair relative to each other are considered in the simulations. Because of the
double switching scheme for OH in its Ifs state, where the high voltages are also
switched on and off in between two electrode pairs, the individual displacements
of four neighboring electrodes relative to each other have to be considered. For
molecules in hfs states, only the displacement in between one electrode pair has
to be taken into account. Therefore, individual displacements of the electrodes
could result in a stronger decrease of the intensity for molecules in Ifs states,
which could explain the larger scaling factor.
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Figure 7.10: Simulated phase space distributions 20 mm behind the center of the
last AG lens for the high-field-seeking 2H3/2,v = 0,J = 3/2e, MQ = 9/4 state
of OH. (a), (b), and (c) show the two transverse and the longitudinal phase space
distributions for focusing using f = 4.5 mm at 355 m/s, whereas (d), (e), and (f) show
the distributions for deceleration from 355 m/s to 316 m/s. The grey phase space areas
depict the molecules in the captured packet, whereas the black areas depict all other
molecules which are not captured, but pass the decelerator on unstable or metastable
trajectories. For the longitudinal distributions only the captured packets are shown.
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Figure 7.11: Simulated phase space distributions 20 mm behind the center of the last
AG lens for the low-field-seeking 21_[3/2, v=0,J =3/2f, MQ = —9/4 state of OH. (a),
(b), and (c) show the two transverse and the longitudinal phase space distributions for
focusing using f = 3 mm and b = 4 mm at 345 m/s, whereas (d), (e), and (f) show the
distributions for deceleration from 345 m/s to 239 m/s. The grey phase space areas
depict the molecules in the captured packet, whereas the black areas depict all other
molecules which are not captured, but pass the decelerator on unstable or metastable
trajectories. For the longitudinal distributions only the captured packets are shown.
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7.5 Phase space distributions

Figures 7.10 and 7.11 show the phase space distributions obtained from trajec-
tory simulations for the hfs *II3,v = 0,J = 3/2e, MQ = 9/4 state and the
Ifs *Il3/9,v = 0,J = 3/2 f, MQ = —9/4 state, respectively. As discussed in
chapter 6.5, due to Liouville’s theorem the phase space areas before and be-
hind the decelerator stay constant. Therefore, only the phase space acceptances
20 mm behind the last AG lens of the decelerator are given. In figures 7.10(a),
(b), and (c) the phase space distributions for the hfs state for optimum focusing
at 355 m/s are shown, whereas figures 7.10(d), (e), and (f) show the distribu-
tions for the deceleration from 355 m/s to 316 m/s. The grey phase space areas
depict the molecules in the captured packet. For focusing, the transverse accep-
tance is about 3.0 mm x m/s along the z-direction, about 4.5 mm X m/s along
the y-direction, and the longitudinal distribution along the z-direction is about
49 mm x m/s. While the phase space acceptances for both transverse directions
are similar to the ones discussed for benzonitrile, the phase space distribution
along the z-direction for focusing (figure 7.10(c)) has not an ellipse but a helix
shape. This is due to the narrow initial longitudinal position and time spread
but large longitudinal velocity spread of the molecular packet. The longitudi-
nal phase space acceptance is actually larger as seen from the distribution, but
due to the initial conditions of the molecular packet, the phase space is not
homogenously filled. From the helix shape it can be seen that the longitudinal
bunching works best in the fringe fields of the electrodes, such that molecules
in a wide velocity range are accepted. The six-dimensional phase space volume
is 662 mm?® x (m/s)’. For the deceleration from 355 m/s to 316 m/s (see fig-
ure 7.10(d), (e), and (f)), the acceptances are about 1.8 mm x m/s along the
x-direction, about 3.2 mm x m/s along the y-direction, and the phase space
distribution along the z-direction is about 30 mm x m/s . This results in a six-
dimensional volume of 173 mm? x (m/s)”. As already described for benzonitrile,
the phase space volume of accepted molecules for deceleration is smaller than
for focusing.

In figures 7.11(a), (b), and (c), the phase space distributions for the lfs
state for optimum focusing at 345 m/s are shown, whereas figures 7.11(d), (e),
and (f) depict the distributions for the deceleration from 345 m/s to 239 m/s.
For focusing, the transverse acceptance is about 7.5 mm x m/s along x, about
3.0 mm x m/s along y, and the longitudinal distribution is about 32 mm x m/s.
The six-dimensional phase space volume is 720 mm?® x (m/s)®, which is slightly
larger than for focusing of the hfs state. For the deceleration from 345 m/s to
239 m/s (see figure 7.10(d), (e), and (f)), the acceptances are about 2.0 mmxm/s
along x, about 1.5 mm x m/s along y, and the longitudinal distribution is about
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Figure 7.12: (a) Longitudinal phase space evolution for the deceleration of OH in the
high-field-seeking ?II3/5,v = 0,.J = 3/2e, MQ = 9/4 state from 355 m/s to 316 m/s.
(b) Longitudinal phase space evolution for the deceleration of OH in the low-field-
seeking 2H3/2,v =0,J =3/2f,MQ = —9/4 state from 345 m/s to 239 m/s. The
formation of the captured phase-stable packet of decelerated molecules is indicated by
the dashed line.
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4 mm x m/s. This results in a six-dimensional volume of 12 mm? x (m/s)®,
which is considerably smaller than for focusing, mainly due to the decreased ac-
ceptance along the z-direction. The transverse phase space distribution plots for
focusing for the hfs state and the Ifs state are similar if 2 and y are interchanged.
Furthermore, the transverse acceptance for the hfs state is larger along y, while
for the Ifs state it is larger along x. This is due to the fact that the forces which
are focusing for the hfs state are defocusing for the Ifs state and vice versa. The
last two AG lenses are focusing in y-direction for the hfs state, but focusing in
x-direction for the Ifs state.

Figure 7.12 shows the longitudinal phase space evolution for the hfs *II5 5, v =
0,J =3/2e, MQ = 9/4 state for the deceleration from 355 m/s to 316 m/s and
for the Ifs *II35, v = 0, J = 3/2 f, MQ = —9/4 state from 345 m/s to 239 m/s, re-
spectively. In the figures, the phase space distributions of all molecules are given
at particular times, in which the synchronous molecule moves 60 mm or three AG
lenses. The first distribution is plotted for 2 = 0 mm, which is 20 mm before the
center of the first AG lens. The formation of the captured phase-stable packets
shown in figures 7.10(f) and 7.11(f) and their deceleration to lower mean veloc-
ities are demonstrated. The other molecules which are not captured move on
metastable trajectories. For the molecules in the hfs state also the formation of
a the metastable packet which is lost from the synchronous packet and arrives in
the last distribution 20 mm before with velocities between 315 m/s and 335 m/s
the synchronous packet is visible (see also figure 7.3). For the molecules in the Ifs
state beside the synchronous packet also the metastable packet which is bunched
at a velocity of about 433 m/s, similar to the metastable packet discussed in fig-
ure 7.6, is shown. These metastable packets result in non-synchronous peaks in
the TOF profiles and are well reproduced in the measurements, as discussed in
sections 7.3 and 7.4.

7.6 Coupling of transverse and longitudinal mo-
tion

In the following, the effects due to coupling of transverse and longitudinal mo-
tion for OH radicals in their Ifs 2H3/Q, v=0,J =3/2f MQ = —9/4 state in the
AG decelerator are studied using phase space distributions. In figure 7.13, the
longitudinal phase space acceptance of the AG decelerator for OH radicals in
their 1fs state is shown for different focusing high voltage switching sequences.
In contrast to the phase space acceptances discussed before, the acceptances are
given in the center of the second electrode pair (z = 40 mm) and have been
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Figure 7.13: The longitudinal phase-space acceptances for focusing of OH radicals
at a mean velocity of 345 m/s in their low-field seeking 2H3/2, v=0,J=3/2f MQ=
—9/4 state. Shown is the density of the projection of the phase space acceptance onto
the (z,v,) plane. Panels (a) and (b) are the acceptances for a one-dimensional model
along the molecular beam axis. Panels (¢) and (d) display the results of the full three-
dimensional calculations. In (a) and (c) high-voltages are switched analogous to those
in a normal Stark decelerator experiment, whereas in (b) and (d) the simulations are
performed with the optimum focusing switching sequence as used in the experiments.
See text for details.
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calculated for a two meter long AG decelerator. For each plot, 300 million tra-
jectories have been calculated.

The upper two images (figures 7.13(a) and (b)) show the phase space accep-
tance obtained from one-dimensional calculations where all molecules are con-
fined on the molecular beam axis. Generally, in such a calculation all molecules
eventually reach the detector. Therefore, in figures 7.13 (a) and (b) only the
initial phase space positions of molecules that reach the detector within the syn-
chronous packet are given in the shaded phase space areas. In figures 7.13 (c)
and (d), the density of initial phase space positions of molecules of the syn-
chronous packet with stable trajectories in full three-dimensional simulations
projected onto the (z, v,) plane are plotted. The density is given in units of
accepted molecules (of 300 million calculated trajectories) per mm-m/s.

In order to compare the AG decelerator with a normal Stark decelerator,
the high voltages for the AG decelerator are only switched on and off when the
synchronous molecule is in between successive electrode pairs, using a bunch-
ing length of b = 4 mm. This results in the one- and three-dimensional phase
space acceptances shown in figures 7.13 (a) and (c), respectively. In the three-
dimensional calculation only a small ring of phase-stable positions is observed
and for most phase space positions, i. e. , in the central part of the one-dimensional
distribution, the trajectories are not stable. The observed halo and the central
region of instability have been observed and analyzed before for the normal
Stark decelerator and are attributed to parametric instabilities as a result of
the coupling of longitudinal and transverse motion [186]. In the normal Stark
decelerator, this problem can partly be avoided by applying overtone switching
frequencies.

The AG decelerator used in this thesis allows to independently control the
longitudinal bunching and the transverse focusing strength such that paramet-
ric amplification from the coupling of longitudinal and transverse motion can
be minimized. The effect of applying an additional transverse focusing field ap-
plied around the center of the electrode pairs is shown in figures 7.13 (b) and
(d), where the acceptances are calculated using the optimum focusing switching
sequence (f = 3 mm and b = 4 mm) applied in the experiments described above.
In the one-dimensional calculation, the packet is split up into two smaller packets
due to the smaller lattice-cell lengths: the molecules encounter the force of the
electric fields every 10 mm instead of every 20 mm, due to the doubled number
of high voltage pulses (half of them for longitudinal bunching, the other half for
transverse focusing). Since the molecules do not know this, they might use the
fields for bunching instead of focusing and vice versa. These smaller packets are
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Figure 7.14: (a) Dependence of the integrated intensity for OH in the low-field-
seeking (Ifs) X?II3/5,v = 0,.J = 3/2 f, F = 2 state and (b) the high-field-seeking (hfs)
X2H3/2,v = 0,J = 3/2e, F = 2 state for optimum focusing on the absolute value
of the bias voltage. The bias voltage which corresponds to the electric field strength
along the molecular beam axis where the level crossing of two hyperfine states occurs
is indicated by the vertical dashed line. (c) Inset: simulated bias voltage dependence
of the TOF profiles without switched high voltages applied.

not observed, due to the small initial molecular packet of Az = 2 mm in the
experiments. For the three-dimensional calculation, the projection of the phase
space acceptance onto the (z,v,) plane closely resembles the one-dimensional
acceptance, and the central region of instability observed in figure 7.13(c) does
not exist at all. Instead, the phase space acceptance is highest around the
synchronous molecule, allowing to efficiently couple a molecular beam, which
typically has a Gaussian-like phase space distributions, into the AG decelerator.
From these findings it can be concluded that the AG decelerator allows to effi-
ciently decouple transverse and longitudinal focusing properties. However, since
for deceleration using large d values some transverse focusing already occurs
during the first switching step for bunching and deceleration, the transverse and
longitudinal motion may couple again. By choosing moderate d values and a
longer AG decelerator, this can be circumvented.

7.7 Influence of the bias voltage

OH radicals can be lost from a certain quantum state due to Majorana transi-
tions at zero electric field strength or due to non-adiabatic transitions at level
crossings. These effects are reduced by applying a bias voltage of 300 V to
the electrodes instead of switching them between high voltage and ground. The
dependence of the integrated intensity of the synchronous peak for OH in the
Ifs and hfs state on the bias voltage is presented in figures 7.14(a) and (b). For
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Figure 7.15: Squares of the mixing coefficients with states of positive and negative
parity as a function of the electric field strength for the F' = 1, Mp = 0 state (dashed
line) and F' = 2, Mp = 2 state (solid line). The bias voltage which corresponds to the

electric field strength along the molecular beam axis, where the level crossing of two
hyperfine states occurs, is indicated by the vertical dashed line.

comparison, the bias voltage dependencies of the integrated intensities without
switched fields applied for hfs and Ifs states are shown in the inset 7.14(c). For
the experiments with OH in the Ifs state, a continuous signal enhancement of
up to a factor of 3.5 can be observed when tuning the bias voltage from 0 V to
4300 V. This increase is mainly due to focusing effects of the lfs molecules in
the electric field and is also observed in the simulations of the free-flight TOF
profile. Furthermore, Majorana transitions at zero field are suppressed. For the
hfs states, a sudden rise in signal intensity can be observed for a voltage of about
+67 V, which corresponds to a maximum electric field strength on the molecular
beam axis of 640 V/cm. The threshold is broadened due to the inhomogeneity
of the electric fields along an electrode stage. At a field strength of 650 V/cm,
a real crossing between the X?II3/5,v = 0,J = 3/2¢, ' = 2, Mp = 2 and
X2H3/2,v =0,J =3/2¢,F =1, Mp = 0 hyperfine states occurs, as shown in
figure 2.4(b) in chapter 2.3.

Both hyperfine states have negative parity (see chapter 2.3). The coupling
of states with the same parity is dipole forbidden in the absence of an electric
field. In an electric field, however, hyperfine states of different parities mix. The
squares of the mixing coefficients are given by the projection of the hyperfine
states involved in the crossing on the hyperfine states of the two A-doublet
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components in the electric field. Only states with the same Mg contribute, and
the mixing coefficients for the X?I3,v = 0,.J = 3/2e, F' = 2, My = 2 state
are

|C—|2 = <67F = 27MF = 2|HStark|eaF = 27MF - 2>2 (72)
’C+|2 - <67F - 27 MF - 2|HStark|f7F - 27]\4F == 2>2, (73)

where |C_|? is the square of the mixing coefficient for negative parity and |C',|?
for positive parity. The mixing coefficients for the X?II3,5,v =0, J = 3/2e, F' =
1, Mr = 0 state are obtained accordingly. In figure 7.15, the squares of the
mixing coefficients for both hyperfine levels of the crossing are shown. For
positive parity, the mixing ratios at an electric field strength of 650 V/cm
are 1 % and 4 % for the X?I3p,v = 0,J = 3/2e,F = 1,Mp = 0 and
X2H3/2, v=0,J =3/2e, F =2, Mp = 2 state, respectively. This parity mixing
for bias voltages below the threshold can be sufficient to allow transitions from
the ' = 2, Mp = 2 state to the ' = 1, Mrp = 0 state. In our experiment, the
F =2, Mpr = 2 state is detected only, and, therefore, the detected intensity is
reduced. For a bias voltage above the threshold, no loss from the F' = 2 state
to the ' = 1 state can occur. Hence, this loss channel can be avoided by using
an electric field bias larger than the crossing. A nearly two-fold increase of the
signals is obtained for bias voltages above 100 V compared to bias voltages below
50 V.

7.8 Conclusions

The alternating-gradient focusing and deceleration of OH in both hfs and Ifs
states have been demonstrated using a single experimental setup. For the de-
celeration of the hfs state, the same switching sequences have been used as for
benzonitrile (see chapter 6) and previous experiments [9, 13, 106]. About 21 %
of the kinetic energy has been removed for the hfs state. In addition, the de-
pendence of the focusing intensity on the bias voltage has been studied, where
for the high-field-seeking quantum state, a threshold behavior has been found.
This is most likely due to a real crossing of hyperfine states at the corresponding
electric field strength.

More than 50 % of the kinetic energy has been removed in deceleration ex-
periments for OH in its Ifs state using an AG decelerator. This demonstrates the
versatility of the AG decelerator, which can, in principle, be used for the decel-
eration of molecules in any polar quantum state. Due to the short length of the
AG decelerator, a deceleration to a standstill was not possible. The results for
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the deceleration of OH in the Ifs state should be compared to the deceleration of
OH using a normal Stark decelerator, where OH in the Ifs state has been decel-
erated to standstill and finally trapped using an electrostatic trap [73]. However,
it has been demonstrated that the AG decelerator allows to separately change
the transverse and longitudinal focusing properties, avoiding the problems due
to the coupling of the transverse and longitudinal motion [186, 189].



Chapter 8

Summary and outlook

In the framework of this thesis, a new alternating-gradient decelerator experi-
ment for the focusing and deceleration of large molecules has been set up. Due
to its large Stark energy-to-mass ratio, benzonitrile (C;HsN) is a prime can-
didate for alternating-gradient focusing and deceleration, and is prototypical
for large asymmetric top molecules that exhibit rich rotational structure and a
high density of states. Using the new alternating-gradient decelerator, the fo-
cusing properties for benzonitrile have been studied in three different low-lying
rotational states, namely the absolute ground state Jg, k., = Opp and the rota-
tionally excited states 1g9; and 4¢4. Benzonitrile molecules in the ground state
have been decelerated from 320 m/s to 275 m/s and similar velocity changes
have been obtained for the rotationally excited states. Due to the complicated
Stark manifold with many real and avoided crossings, it was not a priori clear
whether excited rotational states of benzonitrile could be decelerated. However,
this has been successfully demonstrated in this thesis. These experiments show
that such large polyatomic molecules are amenable to the powerful method of
deceleration, using time-varying inhomogeneous electric fields. For the planning
and the theoretical description of the alternating-gradient focusing and deceler-
ation measurements, a precise knowledge of the dipole moment is essential. As
published values for the dipole moment of benzonitrile [159, 168] did not give
a consistent value, the dipole moment was determined to u, = 4.5152(68) D,
using Fourier-transform microwave spectroscopy.

In another set of experiments, OH radicals in both low-field-seeking and high-
field-seeking quantum states have been decelerated using the same alternating-
gradient decelerator setup. For the deceleration of low-field-seeking OH radicals,
a new high voltage switching scheme has been used in order to ensure phase sta-
bility. In addition, the decoupling of the longitudinal and transverse motion
in an alternating-gradient decelerator has been studied. OH in the high-field-
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Figure 8.1: Energy-to-mass ratio of the ground state of benzonitrile (solid line) and
the ground state of the six different conformers of tryptophan (dashed lines) as a
function of the electric field strength.

seeking X2H3/2,v = 0,J = 3/2e state has been decelerated from 355 m/s to
316 m/s which corresponds to a reduction of kinetic energy of 21 %. OH in
the low-field-seeking X?II3/9,v = 0, J = 3/2 f state has been decelerated from
345 m/s to 276 m/s, removing more than 50 % of the kinetic energy, and from
305 m/s to 200 m/s. These experiments demonstrate the versatility of the AG
decelerator, which can, in principle, be used for the deceleration of molecules in
any polar quantum state. In addition, the dependence of the focusing intensity
on the bias voltage has been studied, where for the high-field-seeking quantum
state a threshold behavior has been observed. This is most likely due to a real

crossing of hyperfine states at the corresponding electric field strength of the
threshold.

The long-term goal of the project initiated in the framework of this thesis
is the deceleration of large molecules and biomolecules to velocities low enough
for trapping in AC electric traps. In order to trap the molecules, they have to
be decelerated to almost a standstill. Therefore, the alternating-gradient decel-
erator is currently extended using a two-electrode pattern from 27 stages to 54
stages, and later 81 stages (see chapters 4.8 and 6.7). With a 81 stages long
device, the deceleration of benzonitrile to velocities of 150 m/s should be feasi-
ble, which corresponds to reduction of the kinetic energy by about 80 %. For
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the deceleration to even lower velocities, hyperbolically shaped electrodes or an
asymmetric four-electrode configuration (see chapter 3.3) will be used. Further-
more, it will also be necessary to reduce the length and/or the voltage for the
last electrode stages to avoid over-focusing of the molecules. After deceleration
to about 20 m/s in an extended alternating-gradient decelerator setup, three-
dimensional confinement in AC electric traps, in which the same principles of
dynamic focusing as in the alternating-gradient decelerator are employed, will
be possible. The trapping of molecules in their high-field-seeking states, which
were decelerated in a normal Stark decelerator in their low-field-seeking state
and were pumped to the high-field-seeking state using a microwave transition,
has already been demonstrated for ND3 [78, 108, 109]. The AC electric trap-
ping should also be feasible for benzonitrile, once decelerated to sufficiently low
velocities.

Interesting other molecular candidates for alternating-gradient focusing and
deceleration have been discussed in chapter 2.4. One possible future candi-
date is the amino acid tryptophan. In figure 8.1, the energy-to-mass ratio for
the ground state of benzonitrile and the ground state of the six different con-
formers of tryptophan as a function of the electric field strength are shown.
The more polar conformers IV, V, and VI have similar energy-to-mass ratios as
benzonitrile and could, therefore, be decelerated with comparable acceptances.
Because of their different Stark energies, the more polar conformers could be
separated from the less polar ones. The separation of the cis and trans con-
formers of 3-aminophenol in an electric quadrupole selector using AG focusing
has recently been demonstrated [23]. Similarly, using an alternating-gradient
decelerator, different conformers of decelerated molecules could be separated
from each other. A trapped sample of conformer-selected biomolecules would
enable precise studies of the intrinsic properties of these species, for example,
dynamical processes on timescales ranging from femto-seconds to fractions of a
second, i.e., interconversion between conformational structures.
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