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Cover illustration: The figure shows a UV spectrum of cold formaldehyde (H2CO)
molecules in the presence of an electric field leading to a line splitting allowing to
detect individual M -sublevels. The inset shows an illustration of the detection setup
and a sketch of the chemical structure of formaldehyde.
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Abstract

The long ranged dipole-dipole interaction and rich internal level structure of po-
lar molecules render them ideal candidates for applications ranging from quantum
information processing to high precision spectroscopy. A prerequisite for these ap-
plications is a high level of control over the external and internal degrees of freedom
of the molecules. Optoelectrical Sisyphus cooling has proven to be capable of cooling
formaldehyde (H2CO) to sub-millikelvin temperatures, hence bridging the gap for
chemically diverse species to the ultracold temperature regime. In this thesis the
design and implementation of a continuous wave optical detection scheme based on
laser induced fluorescence (LIF) for Sisyphus cooled formaldehyde is presented. The
state selectivity of the method is then exploited to prepare the molecules in their
rotational ortho ground state. Furthermore, a coherence measurement between spe-
cific rotational states is developed and demonstrated.

The detection relies on electronic excitation of the molecules by a UV-laser via the
Ã1A2 ← X̃1A1 41

0 transition and the subsequent spontaneous decay of the molecules
under the emission of fluorescence light. Due to a bad Franck-Condon overlap there
is no cycling transition available and efficient collection of the fluorescence light is
indispensable. To this end, a light collection optics is designed covering a large solid
angle of 75 %. Stray background light is suppressed by a factor of more than 109

mainly by performing extensive laser beam cleaning, an intricate in-vacuum aperture
setup, and the use of filters. This way a state selective detection scheme is realised
which even allows to resolve individual Stark-sublevels and has a rotational state
dependent detection efficiency of up to 9 %. Due to the state selectivity, optical
pumping of Sisyphus cooled formaldehyde molecules into the ortho ground state
can be demonstrated. This is a key step towards loading of the molecules into a
microwave trap for further cooling in the future. Finally, specific pairs of rotational
states, generic to rigid rotor molecules, which are degenerate at arbitrary electric
fields are identified. These states are experimentally distinguished by the creation
of coherent superpositions with radio frequency radiation and a coherence time of
about 130 µs is determined. This value is limited by the movement of the molecules
in the trap and achieving significant increases in the near future should be feasible.

v
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1 Introduction

Today, experiments are able to exert ultimate control over motion and internal states
of atoms. This achievement was mainly spearheaded by the rapid advances in the 80s
and 90s of the last century. With the advent of laser cooling [Chu98, CT98, Phi98]
the fresh field of ultracold atomic gases evolved at an unprecedented pace com-
ing to a first culmination with the creation of Bose Einstein condensates of alkali
atoms [Cor02, Ket02]. This development led to a plethora of exciting applications
in the fields of e.g. quantum information processing or precision measurements only
enabled by the supreme control achieved over the quantum states and the trans-
lational degrees of freedom of atoms. Nowadays, molecular systems have become
an area of rapidly increasing interest, with the goal of achieving a similar level of
control as for atoms.

Molecules in particular offer two distinct features from atoms. Their rich in-
ternal level structure not only consists of electronic excitations and nuclear de-
grees of freedom but also incorporates rotational and vibrational degrees of free-
dom which add further interesting properties to molecular systems compared to
atomic ones. Furthermore, molecules can have a permanent electric dipole mo-
ment enabling the interaction with external electric fields and providing the pos-
sibility of a long-ranged anisotropic interaction. Therefore, there is great inter-
est in molecules from a number of different fields ranging from quantum infor-
mation processing and precision measurements to controlled chemistry and quan-
tum simulation. There are many exciting applications for molecules which have
been proposed in the past and some have already been realised. An overview over
some of these applications and proposals most relevant for the work presented in
this thesis is given in Section 1.1. For a broader and more detailed overview the
reader is referred to a number of review articles and books published in recent
years [Bel09, Car09, Hog11, vdM12, Lem13, Boh17, Saf18, Koc19].

Most applications require or at least greatly benefit from an increased control over
the internal and external degrees of freedom. However, the complexity of molecules,
which on one hand makes them much more interesting systems than atoms, on
the other hand also renders them much harder to control. Due to the promising
applications realisable by achieving quantum state control over ultracold1 molecules,
there is great effort to improve control over molecules despite the experimental
challenges. For some simple diatomic species there is a workaround by synthesising
the molecules from atoms previously cooled to the ultracold temperature regime. For
molecules not accessible to this scheme a number of different techniques is employed
for cooling, ranging from laser cooling, which in some cases can be adapted to

1Typically, the cold molecule community uses the nomenclature of the atomic community and refers
to temperatures < 1 K as the cold temperature regime, in contrast to the ultracold temperature
regime < 1 mK.

1



2 Introduction

molecules, over beam experiments to approaches such as optoelectrical Sisyphus
cooling which forms the basis for the work of this thesis. An overview over different
techniques to cool molecules and gain increasing control is provided in Section 1.2.

A further complication of working with molecules is their detection. The standard
technique for atoms, which relies on repeatedly driving an electronic transition and
either collecting the fluorescence light or measuring the absorption, is only applicable
to a limited number of molecule species due to their complex internal level structure.
Since the first part of this thesis deals with the implementation of a detection scheme
for the special case of formaldehyde, an overview of different techniques used for the
detection of molecules is given in Section 1.3. Finally, an overview of the work in
this thesis is presented in Section 1.4.

1.1 Applications of cold molecules

Precision measurements An important area of application for cold molecules is
the field of high precision measurements which pursues the main goal of testing
fundamental physical theories [Wal16, Saf18]. Here, a prime example is the search
for the electron’s electric dipole moment (eEDM) where molecules have intrinsic
advantages over atomic systems due to high effective internal electric fields and a
lower susceptibility to systematic effects [Hin97]. The precision of atomic systems
was first surpassed in 2011 at Imperial college with the molecule YbF [Hud11]. To
date, the most precise upper bound for the eEDM is set by the ACME collaboration
in ThO with |de| < 1.1× 10−29 e cm [ACM18] with another order of magnitude
increase in sensitivity in sight [Pan19, Wu20]. Both groups work with molecular
beams resulting in a limited interrogation time and would benefit greatly from being
able to work with a trapped cloud of ultracold molecules [Cai19]. Another promising
complementary approach is being followed by the Cornell group at JILA where the
molecular ion HfF+ is employed [Cai17, Zho20].

Molecular systems are not only sensitive to a non-vanishing eEDM, but also to
other fundamental constants such as the proton-electron mass ratio and the fine
structure constant [Tru13, Bie16]. For the diatomic molecule Sr2 Zelevinsky and
coworkers recently demonstrated a vibrational molecular lattice clock with a quality
factor of 8× 1011, which in the future can also provide further insight into funda-
mental physics [Kon19].

Cold collisions and chemistry Another very broad field of applications for cold
and ultracold molecules is the investigation of chemical reactions and collisions be-
tween these molecules which is described in a number of review and special issue
articles [Car09, Kre09, Dul11, Jin12, Lem13, Doy16, Bal16, Boh17]. At sufficiently
low temperatures many reactions are suppressed by potential barriers. Nonethe-
less, due to tunnelling, reaction resonances are predicted to appear and were first
observed in the case of the Penning ionisation reaction of He with molecular hydro-
gen [Hen12]. Particularly interesting is the possibility to adjust reaction rates with
external fields [Kre05, Tsc15]. This has been demonstrated for the polar molecule
KRb [Ni10] where the molecular gas close to quantum degeneracy shows an in-
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creased loss rate depending on the applied electric fields. The investigation of re-
actions in a gas of ultracold KRb has recently been intensified by the Ni group at
Harvard that could directly observe reaction intermediates [Hu19] and furthermore,
steer reaction pathways via this short-lived intermediate [Liu20b]. For this type of
molecule an important loss process turned out to be ’sticky collisions’, where the
colliding molecules stay in relatively long-lived two-molecule collision complexes en-
abled by the high density of rovibrational states in molecules, leading to an increase
in losses [May12, May13, Chr19, Cro20]. This is experimentally confirmed by the
mentioned experiment with KRb [Hu19, Liu20b] as well as in RbCs [Gre19].

This type of controlled chemistry experiments at the time being is limited to
molecules accessible to ’indirect’ cooling methods (see Section 1.2) which can only
address a few diatomic species consisting of alkali atoms. For the investigation
of chemical reactions with a similar level of control with chemically more diverse
species, ’direct’ cooling methods have to advance further. Nonetheless, first dipolar
collisions have been observed within an electric quadrupole guide for CH3F and ND3
molecules [Wu17]. By cotrapping O2 and Li in a magnetic trap [Ake17] an increased
loss rate has been observed, demonstrating losses due to collisions between trapped
molecules and atoms. For directly laser cooled CaF molecules loaded into an optical
tweezer [And19] an increased two-particle loss rate is observed compared to loading
only a single molecule [Che20].

Quantum information processing As a final application, polar molecules have been
proposed as ideal candidates for quantum information processing applications. The
strong electric dipole moment allows for a long ranged dipole-dipole interaction for
e.g. gate operations, whereas the stable rotational states provide ideal qubit storage
possibilities [Koc19]. A first proposal from D. DeMille dates back to 2002 [Dem02]
where polar molecules are placed in an one-dimensional array with an electric field
gradient which allows addressing of the individual sites. The dipole-dipole interac-
tion can be exploited to create entanglement between the trapped molecules. In
Ref. [Wei11] it is pointed out that using symmetric rotor molecules for such a
system is advantageous due to the low electric fields needed as a consequence of
their linear Stark shift and the fact that the effective dipole moment is nearly inde-
pendent from the applied electric field. Other proposals based on polar molecules
investigate the possibility to turn the dipole-dipole interactions between the mole-
cules ’on’ and ’off’ by switching between states with high and low electric dipole
moments in order to allow for robust quantum computation [Yel06, Kuz08]. An
alternative approach consists of coupling polar molecules to a microwave stripline
resonator [And06, Rab06, Rab07] which could help to overcome the issue of fast
decoherence typically present in solid-state systems. In a recent proposal by Yu et
al., the possibility is discussed to trap certain types of symmetric top molecules,
which in principle should be laser coolable, in an optical array [Yu19]. Individual
lattice sites could be addressed by tightly focussed laser beams and by changing the
internal states of the molecules appropriately, universal quantum gates should be
realisable.

All of the above proposals require ultracold trapped molecules with exquisite
internal state control. First steps into this direction have already been taken. For
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indirectly cooled ultracold NaK molecules a coherence time between nuclear spin
states on the order of 1 s has been achieved [Par17]. Between rotational states
coherence times of 0.75 ms and 0.61 ms have been reported for two very different
systems, namely optically trapped RbCs and magnetically trapped CaF [Bla19].
For the latter system Caldwell et al. have recently improved the result to 6.4 ms
by using rotational states with exceptionally low magnetic sensitivity [Cal20]. The
measurements presented in the last chapter of this thesis directly line up with these
results, as for the polyatomic slightly asymmetric rotor formaldehyde a coherence
time between rotational states insensitive to electric fields of > 100 µs is shown (see
Chapter 6).

1.2 Cooling techniques for molecules

As mentioned previously, cooling techniques for molecules can generally be separated
into two categories. For ’indirect’ cooling techniques molecules are synthesised from
atoms previously cooled to ultracold temperatures. ’Direct’ cooling refers to tech-
niques which work with preexisting molecules.

Indirect cooling methods To create a gas of ultracold diatomic molecules the
constituent atoms can be cooled by conventional techniques, i.e. laser-cooling, and
subsequently diatomic molecules can be forged from these atoms. By scanning a
magnetic field over a Feshbach scattering resonance, vibrationally highly excited
molecules can be formed. The molecules are then brought into the ground state
via coherent state transfer (STIRAP). This technique was first demonstrated for
polar molecules in 2008 where a gas of ultracold KRb near quantum degeneracy was
produced [Ni08]. Due to extraordinary experimental challenges involved with this
type of experiment only in recent years this feat could be repeated for molecules
such as RbCs [Tak14, Mol14], NaK [Par15, See18, Vog20], and NaRb [Guo16]. Most
recently the development culminated in the creation of a quantum-degenerate Fermi
gas of KRb molecules with a temperature of 0.3 times the Fermi temperature [De 19].

Another indirect approach to cooling of molecules is photoassociation where two
ultracold atoms are electronically excited such that a bound, electronically excited
molecule is formed. The excess energy is removed via the emission of a photon. This
technique was first demonstrated for Cs2 [Fio98] but has since then also been applied
to the creation of polar molecules [Sag05, Dei08]. However, the temperatures and
densities achieved with photoassociation are not competitive with the ones that have
been demonstrated with Feshbach association.

While these indirect cooling methods are able to produce the coldest temperatures
and highest phase-space densities to date, their applicability is limited to a few
diatomic molecule species whose constituent atoms can be laser cooled. At the time
being only molecules consisting of alkali atoms have been demonstrated, but there
are also efforts to extend the schemes to earth-alkali atoms [Bar18].

Direct cooling methods In order to bring chemically more diverse molecules species
into the cold or ultracold temperature regime direct cooling methods have to be ap-
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plied which work with already preexisting molecules.
A particularly simple and robust approach to create molecules samples at cold

temperatures applicable to a wide variety of species is velocity filtering. The basic
idea relies on the fact that a thermal gas contains a certain number of very slow
and cold molecules. By inserting such a gas into a finite potential of e.g. an electric
quadrupole guide, only the molecules below a certain threshold are trapped. Strictly
speaking this method does not cool, however, it has been employed very success-
fully for the creation of high flux molecule beams of polyatomic molecules [Ran03].
The technique can produce velocities < 10 m

s which are ideal for trapping of the
molecules [Eng11]. For this work, the first step to produce cold molecules samples
is velocity filtering of molecules inserted via a liquid nitrogen cooled nozzle into a
quadrupole guide (see Section 2.2.2).

Another technique to provide cold molecules is supersonic expansion which re-
lies on letting a high pressure gas expand into vacuum. Due to collisions during
the expansion the internal and external degrees of freedom of the molecules are
cooled. However, they move at a fast velocity on the order of 400 m

s . In order
to slow this molecule beam down, a number of deceleration techniques have been
developed which are summarised in two review papers [Hog11, vdM12] and only a
few examples are presented here. The approach of a Stark decelerator relies on the
switching of electric fields, such that the moving molecule beam continuously expe-
riences a potential hill, and was first demonstrated for the molecule CO by Bethlem
et al. [Bet99]. For paramagnetic molecules a moving trap Zeeman decelerator can be
employed where the molecules are trapped in a rapidly moving magnetic potential
which is brought to a stand-still to slow down the molecules. This technique has
been used successfully to load molecular oxygen into a magnetic trap [Ake17].

In order to create a slow beam of internally cold molecules buffer gas cooling is
used which is reviewed in Ref. [Hut12]. The molecules are cooled by collisions with
a cryogenic inert buffer gas, typically He or Ne, and the technique is applicable to
almost any type of molecule. It has been used for cooling of naturally occurring
molecules such as ND3 and H2CO from a room temperature source [vB09] but also
for molecules created within the buffer gas cell by laser ablation at temperatures
of ∼ 1000 K [Max05]. Upon extraction of the molecules from the cell they typi-
cally have a forward velocity of about 100 m

s and therefore still have to be slowed.
However, using the above mentioned conventional Stark and Zeeman decelerators
is difficult due to a continuous, or at least very broad, molecule output. Therefore,
other slowing techniques have to be employed. A very versatile method is using
a centrifuge decelerator where the molecules have to overcome a centrifugal poten-
tial barrier on a rotating disc and are hence decelerated efficiently [Che14]. With
this apparatus a flux exceeding 1× 1010 1

s at velocities < 20 m
s could be realised for

the molecules ND3, CH3F and CF3CCH making it an ideal option for loading of a
trap [Wu17]. A different approach applicable to molecules which can be laser cooled
(see next paragraphs) is laser slowing which was first demonstrated for SrF [Bar12].
Most notably, it was used to slow a beam of CaF such that the velocity spread is
compressed by a factor of 10 by using chirped laser pulses [Tru17a]. Other proposals
include a continuous Zeeman slower for molecules which up to now only has been
tested for atoms [Pet18] and a Zeeman-Sisyphus decelerator [Fit16]. However, these
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techniques have in common that they are only applicable to a limited number of
molecule species which are laser coolable.

The direct cooling techniques mentioned up to now are only suitable to bring
molecules into the temperature regime between about 1 K and 1 mK. To bring mo-
lecules into the ultracold temperature regime it is indispensable to first trap the
molecules and then apply a suitable cooling mechanism. Currently, the main focus
in the community lies on advancing the standard techniques used by the atomic
community, namely magneto-optical trapping (MOT) and laser cooling of molecu-
les. Since this technique requires to scatter a huge number of photons, an optical
cycling transition is needed which is only available for a limited number of molecules
species with favourable Franck-Condon factors. After an electronic excitation these
molecules preferentially decay back into the vibrational ground state limiting the
number of repumping lasers needed to achieve a closed cooling cycle. First trans-
verse laser cooling of the molecules SrF was shown already in 2010 by Shuman et
al. [Shu10] with a first MOT of the same molecule species realised in 2014 by Barry
et al. [Bar14]. After M. Tarbutt had worked out the detailed working principle of a
molecular MOT [Tar15], laser cooled molecules first entered the ultracold tempera-
ture regime, again for the molecule SrF, in 2016 where a temperature of 400 µK was
achieved [Nor16a]. Since then the field has been progressing rapidly and a tempera-
ture of about 50 µK has been achieved with gray molasses cooling for the molecules
CaF [Tru17b, And18] and SrF [McC18]. By improving the cooling scheme with ve-
locity selective coherent population trapping even lower temperatures of about 5 µK
could be achieved for CaF [Che18, Cal19] and most recently also for YO [Din20].
As a consequence of this rapid development some of these molecules have now been
transferred into magnetic traps [McC18, Wil18], dipole traps [And18], and optical
tweezers [And19]. Laser cooling is also under development for a number of other
species such as BaH [Iwa17], MgF [Xu19], BaF [Che17, Alb20], AlF [Tru19], and
also for polyatomic metal hydride radicals such as SrOH [Koz17], CaOH [Bau21],
YbOH [Aug20] or CaOCH3 [Mit20].

Despite the recent advances and growing interest, laser cooling is still only appli-
cable to a specific class of molecule species. The Rempe/Zeppenfeld group pursues
an alternative approach which does not rely on a good Franck-Condon overlap and
hence addresses a complementary group of molecules with different properties. Op-
toelectrical Sisyphus cooling, unlike laser cooling, does not rely on the photon recoil
but exploits the strong interaction of the permanent electric dipole moment of polar
molecules with electric fields to create a dissipative cooling process [Zep09]. Cooling
takes place in an electric trap [Eng11] and the scheme is in principle applicable to
many polar polyatomic molecules. Cooling was first demonstrated for the symmetric
rotor molecule CH3F which was cooled down to a temperature of 29 mK [Zep12].
Cooling to ultracold temperatures could be demonstrated for the slightly asymmet-
ric rotor molecule H2CO which was cooled to a temperature of 420 µK [Pre16]. This
is the cooling scheme which is employed for the work of this thesis.
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1.3 Detection of cold molecules

For the detection of cold molecules there are a number of techniques available which
can in general be divided into two categories. Either charges, resulting from ionisa-
tion of the molecules, or photons, typically following an electronic excitation of the
molecules, are detected.

Arguably, the simplest method to detect molecules via their ionisation products
is through a quadrupole mass spectrometer (QMS). An electron beam ionises the
molecules and the products are guided by an AC quadrupole guide filtering a cer-
tain particle mass to an ion detector [Pau53]. The spectrometers are commercially
available and the detection method is robust and can quickly be adjusted to de-
tect different molecule species. In particular in the Zeppenfeld/Rempe group it
was used with great success in a variety of experiments involving different molecule
species [Zep12, Glö15a, Pre16, Wu17]. A caveat of the method is its low detection
efficiency and the lack of state selectivity, even though the latter point could be
addressed by performing intricate difference measurements [Glö15b].

Another technique based on the detection of charges is resonance enhanced mul-
tiphoton ionisation (REMPI) where molecules are excited with high intensity UV
laser pulses above their ionisation threshold via a multiphoton transition. This tech-
nique has been demonstrated for many different molecule species such as O2 [Epp97,
Ake17], ND3 [Bet00], NO [Kir13], CH3F [Men15], or OH [Gra17] and typically rota-
tional state selectivity can be achieved. For formaldehyde there are also a number of
REMPI schemes available [Par16], however, they have not yet been employed for the
detection of cold H2CO. Detection of molecules via REMPI has also been combined
with velocity map imaging (VMI) which by using ion lenses images charges origi-
nating from different positions with equal velocities onto the same position where
they can be detected by a multi channel plate, hence providing a velocity resolving
detection [Epp97, QP12, vZ14].

When a detection scheme is based on the detection of photons, typically laser
induced fluorescence (LIF) is the chosen method which is based on electronic ex-
citation of the molecule and a subsequent decay under emission of a fluorescence
photon. For molecules used for laser cooling this is straightforward as they fea-
ture a cycling transition which allows to extract a huge number of photons per
molecule. Therefore, detection via LIF is the standard technique for the molecule
species mentioned above which are being laser cooled. The good signal-to-noise ra-
tio that can be achieved also allows for a precise determination of the temperature
of the molecule cloud by measuring its expansion in the absence of confining laser
beams [Nor16a, Tru17b, Che18, Cal19].

In the absence of a cycling transition, detection via LIF is more complicated.
Signal levels are very low because only a single photon can be extracted from each
molecule, making stray light from the excitation laser a problem. Therefore, the
detection signal is typically gated with a pulsed molecules source or by using a pulsed
laser. This way many molecules species could be detected such as H2CO [Hud06],
YbF [Hud11], NO [Wan13], and OH [Sch16]. A large part of this thesis is dedicated
to the implementation of such a detection scheme for H2CO, however, with the
added difficulty of a continuous wave detection.
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For indirectly cooled molecules consisting of alkali atoms there typically is no
cycling transition available, which is why this type of molecules for detection is
dissociated into its constituents which both feature cycling transitions and are easily
detected via either fluorescence or absorption imaging [Liu20a]. For very dilute
samples a better option can again be ionisation of the molecules by e.g. REMPI
which can also detect reaction intermediates or in combination with VMI provide
information about the molecules’ velocity [Aik10, Liu20a].

Generally, absorption can be a powerful tool to detect molecules as it can also
provide deep insights into molecular kinetics [Spa16]. However, typically samples
are not dense enough for this technique to be commonly applied. Nevertheless,
for astrophysical sources of molecules, where absorption is the only possible way of
detection, it is of immense importance [Lac17].

A potential indirect detection technique for cold molecules could be to measure
their interaction with Rydberg atoms as proposed by M. Zeppenfeld [Zep17]. Via
Förster resonant energy transfer during collisions of molecules with Rydberg atoms
the resulting state change in the Rydberg atom can provide a non-destructive way
of detecting molecules [Jar18].

1.4 This thesis
This thesis is dedicated to the design and experimental implementation of an optical
detection of H2CO based on laser induced fluorescence for an experiment cooling this
molecule via optoelectrical Sisyphus cooling. Furthermore, the state selectivity of
the detection is exploited for rotational ortho ground state pumping of H2CO and
first experiments towards achieving long coherence times between rotational states
of this molecule.

The necessary background of molecular theory is presented in Chapter 2 with a
focus on the derivation of selection rules via the symmetry properties of the molecule
and their interaction with external fields. Additionally, the optoelectrical cooling
scheme and the preexisting experimental setup are shortly summarised. The basic
idea of a detection of H2CO via laser induced fluorescence and the experimental ap-
paratus constructed to this end is explained in Chapter 3. Particular emphasis is
set on the suppression of stray light via laser beam cleaning and an in-vacuum setup
of apertures. The detection scheme is characterised in detail in Chapter 4 and
its state selectivity which can even resolve individual M -sublevels is demonstrated.
Furthermore, excited state lifetimes of the involved transitions are measured and
a quantum yield is extracted which is subsequently used to determine the detec-
tion efficiency. As a first application of the detection Sisyphus cooled molecules are
prepared in their rotational ortho ground state by optical pumping in Chapter 5.
These molecules are then used to demonstrate a coherence time between rotational
states of H2CO in Chapter 6. In particular, the process on how to distinguish
these states in the given setup is theoretically outlined and demonstrated experi-
mentally. Finally, the thesis concludes with an outlook in Chapter 7 summarising
the measurements enabled by the new detection scheme, future applications of the
investigated rotational states, and the envisioned future of the experiment.



2 Theoretical and experimental
foundations

This chapter discusses the theoretical and experimental basis needed for understand-
ing the experiments presented in this thesis. Only a short overview of the most rel-
evant aspects is given as for many topics a detailed discussion is already presented
in previous theses from the Rempe group. The Hamiltonian of the rigid rotors in-
cluding the interaction with electric fields is presented in the thesis of Christian
Sommer [Som11]. Alexander Prehn focussed on the rotational states of formalde-
hyde and the possibility to describe their interaction with electric fields by a two-
level approximation [Pre18], whereas a numerical solution was presented in this
authors diploma thesis [Ibr13]. In the diploma thesis of Erich Dobler a summary of
how the molecular structure and symmetry lead to electric dipole selection rules is
given [Dob16]. A description of the experimental setup can be found in the theses
of Barbara Englert [Eng13] and Alexander Prehn [Pre18]. The design of the electric
trap for confining the molecules is described in great detail in the thesis of Martin
Zeppenfeld [Zep13]. All these topics are only summarised as a comprehensive treat-
ment can be found in the original literature or text books and citations for further
reading are provided in each section.

The molecular theory background for this thesis is provided in Section 2.1. The
discussion is mainly limited to the special case of the asymmetric rotor formaldehyde
as all presented measurements are performed with this molecule. After introducing
the structure of formaldehyde, vibronic excitations are discussed and the corre-
sponding selection rules are derived from symmetry considerations. Following this,
rotational states are examined and a brief overview of the hyperfine structure of
formaldehyde is given. Finally, the interaction with externally applied electric and
magnetic fields is presented. In Section 2.2 the employed cooling scheme, optoelec-
trical Sisyphus cooling, is presented followed by an overview of the experimental
apparatus.

2.1 Theory of formaldehyde H2CO
Formaldeyhde is a naturally occurring molecule relevant to many areas of science. It
is part of the present day Earth’s atmosphere [Bur99] and is believed to also have oc-
curred in the primitive Earth’s atmosphere [Pin80]. It can be found in comets [Sch93]
as well as in interstellar clouds [Man08a]. Formaldehyde, despite being polyatomic,
still has a relatively simple structure and is a prototype molecule for photochem-
istry of small molecules [Moo83]. It has various favourable properties such as a
sharp absorption spectrum and accessible frequency ranges which together with the
aforementioned reasons make it one of the best studied molecules to date [Clo83].

9
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Already almost a century ago the near- and mid-UV spectrum of formaldehyde was
investigated in detail [Hen28] and the interest in this molecule continues on to the
present day with e.g. precise studies in the submillimeter wavelength regime [Mül17].

A comprehensive treatment of the theory of asymmetric rotor molecules, their
structure and resulting energy levels as well as the interaction with external fields
can be found in the original literature. These topics are also discussed in great detail
in text books [Her66, Gor70, Kro75, Tow75, Dem03, Bun06, Her15]. The purpose of
this section is to give a short summary of the basic theory crucial for understanding
the measurements presented in this thesis. For most of this section a fully separable
wavefunction Ψtot is assumed [Bun06]. In the Born-Oppenheimer approximation the
movement of the electrons is assumed to be much faster than the movement of the
nuclei which justifies the separation of the electronic and vibrational wavefunction.
Furthermore, in the rigid rotor model there is no interaction between the rotation
and vibration of the molecule. Neglecting the influence of hyperfine interaction on
the molecular energy, the complete wavefunction can then be separated

Ψtot = ΨelecΨvibΨrotΨnspin (2.1)

where Ψelec is the electronic wavefunction, Ψvib the vibrational wavefunction, Ψrot
the rotational wavefunction and Ψnspin the nuclear spin wavefunction. Even includ-
ing these approximations, solving the Schrödinger equation can be very challenging,
in particular for the electronic degrees of freedom. However, by applying group the-
ory, which is a very powerful tool in molecular physics, to the individual components
of the wavefunction, a number of useful qualitative results such as selection rules can
be derived. To this end, it is instructive to investigate the structure of formaldehyde.
A detailed treatment of group theory and its application to molecules can be found
in Ref. [Bun06].

Structure of formaldehyde Formaldehyde is a four-atomic molecule with the em-
pirical formula H2CO. In its electronic ground state1 X̃1A1 it is a planar molecule
and its structure is shown in Fig. 2.1(a). The molecule fixed coordinate system
α = (x, y, z) is shown together with the principal axes (a, b, c). The coordinate
system’s assignment is in principle arbitrary and here the recommendations by Mul-
liken for molecules of point group C2v, to which formaldehyde belongs, are fol-
lowed [Mul55]2. The principal axes mapping is given by the Ir representation which
assigns an axis to the ordered number of rotational constants A > B > C [Kin43].
This particular representation is most convenient for prolate asymmetric tops as it
minimizes off-diagonal elements in the rotational Hamiltonian (see Section 2.1.2).
Formaldehyde is a polar molecule with a permanent electric dipole moment µ of
2.33 D which in the vibronic ground state points along the internal axis a [Fab77].

1The first letter X̃ symbolises the electronic ground state with the spin multiplicity 2S + 1 as
superscript. It is followed by the irreducible representation of the wavefunction. Electronically
excited states are labelled in the same way except that the initial letter is exchanged by Ã, B̃,
C̃, etc. for electronically excited singlet states and ã, b̃, c̃, etc. for triplet states [Her66].

2The recommendations by Mulliken are not followed consistently in the literature. This results
mainly in an inconsistent definition of the B1 and B2 irreducible representation of the point
group C2v.



2.1 Theory of formaldehyde H2CO 11

(a)

z (a)

y (b)

x (c)

(b)

z (a)

y (b)

x (c)

)

Figure 2.1: Structure of formaldehyde. The molecule fixed axes x, y and z are assigned
following the recommendation by Mulliken for the point group C2v [Mul55]. a, b and c are
the principal axes of the molecule according to the Ir representation [Kro75]. (a) Planar
structure of the electronic ground state X̃1A1. (b) Pyramidal structure of the first elec-
tronically excited state Ã1A2 where the hydrogen atoms are tilted out of the original plane.

C2v E C2 σxz σyz

A1 +1 +1 +1 +1 Tz v1, v2, v3
A2 +1 +1 −1 −1 Rz
B1 +1 −1 +1 −1 Tx Ry v4
B2 +1 −1 −1 +1 Ty Rx v5, v6

Table 2.1: Character table of the point group of formaldehyde C2v. It consists
of the symmetry operations unity E, two-fold rotation C2 and two planes of symmetry σxz
and σyz. The transformations of the irreducible representations A1, A2, B1, B2 when a
symmetry operation is applied are listed. Also, the elements of translation Tα along and
rotation Rα about an axis α = (x, y, z) as well as the vibrational modes vn are assigned to
their corresponding irreducible representation. Table adapted from Ref. [Bun06]

It is possible to derive the selection rules purely from a consideration of the sym-
metry properties of the molecule which is why they are investigated more closely
here. The point group of formaldehyde C2v consists of the following symmetry
operations: unity E, two-fold rotation about the z-axis C2 and the two planes of
symmetry σxz and σyz. The corresponding character table of its irreducible repre-
sentations A1, A2, B1, and B2 is shown in Table 2.1. Also listed are the symmetries
of the translations Tα along and rotations Rα about a molecule fixed axis and the
symmetries of the vibrational modes of formaldehyde. These elementary symmetry
properties of formaldehyde are crucial for the deduction of the selection rules in the
following sections.
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2.1.1 Vibronic excitation
In this section the selection rules for vibrational and electronic (vibronic) transitions
in formaldehyde are discussed which can be determined from the symmetry of the
involved wavefunctions. Only electric dipole transitions are considered within the
approximations necessary for a fully separable wavefunction (see Equation (2.1)).
This implies that the nuclear angular momentum quantum number I does not change
(i.e. ∆I=0). Furthermore, no spin-orbit interaction is assumed resulting in the
selection rule ∆S=0 for the spin S.

Electronic excitation The first electronically excited state of formaldehyde is the
Ã1A2 state3. In this state the molecular structure is not planar anymore but rather
pyramidal as shown in Fig. 2.1(b) [Mou75]. In the rigid rotor case this structure
would correspond to the Cs point group but due to tunnelling the G4 molecular
symmetry group needs to be used. It is isomorphic to C2v which is why in literature
it is commonly referred to the point group C2v instead [Bun06].

To investigate the symmetry selection rules for a transition into this first electron-
ically excited state the dipole transition matrix element for a transition from the
initial state |Ψ′〉 to the final state |Ψ′′〉 is considered

Df←i = 〈Ψ′tot|µA|Ψ′′tot〉 (2.2)

where µA is the dipole moment in the space fixed coordinate system A = (X,Y, Z)
which is connected with the dipole moment in the molecule fixed coordinate system
α = (x, y, z) via the direction cosines λαA [Bun06]:

µA = λαAµα (2.3)

Using this relation and the property that the wavefunction can be separated as
shown in Equation (2.1), the transition matrix element can be rewritten by exploit-
ing the fact that µα only involves vibronic coordinates, and that the λαA only involve
the Euler angles connecting the molecules fixed and the space fixed coordinate sys-
tem [Bun06]:

Df←i = 〈Ψ′elecΨ′vib|µα|Ψ′′elecΨ′′vib〉 〈Ψ′rot|λαA|Ψ′′rot〉 (2.4)

where the nuclear spin component is neglected. Considering only the electronic
contribution in Equation (2.4) it can be seen that for the integral to be non-zero the
product of the irreducible representation of the two involved electronic wavefunctions
Γ(Ψ′elec), Γ(Ψ′′elec) and the dipole operator Γ(µα) has to contain the totally symmetric
representation Γsym, i.e. A1 for the point group C2v [Her15]

Γ(Ψ′elec)⊗ Γ(µα)⊗ Γ(Ψ′′elec) ⊃ Γsym = A1. (2.5)

Since the irreducible representations of the wavefunctions of the electronic ground
state and the excited state are of symmetry type A1 and A2 respectively the dipole
moment µA would have to be of type A2. However, the dipole moment transforms in

3Disregarding the triplet state ã3A2 only accessible via a weak spin-forbidden transition
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Figure 2.2: Vibrational modes of formaldehyde. The numbering follows the one given
in Ref. [Bun06]. Below each mode its irreducible representation in the C2v point group is
given. Note that for the symmetry types B1 and B2 the definition depends on the choice
of the molecule fixed coordinate system. Here, the notation recommended by Mulliken is
employed [Mul55].

the same way as a translation vector which according to Table 2.1 cannot be of type
A2 [Bun06]. Therefore, this transition is electronically dipole forbidden. In order to
explain the occurrence of this transition it is necessary to also take into account the
vibrations of the molecule.

Vibrational excitation Formaldehyde has 6 vibrational modes which are sum-
marised in Figure 2.2. The modes labelled v1, v2 and v3 are totally symmetric
(irreducible representation A1) and give rise to a transition electric dipole moment
along the principal axis a (see Figure 2.1). Mode v4 causes a transition electric dipole
moment along axis b and is of irreducible representation B1 whereas the modes v5
and v6 give rise to a transition moment along the c axis and are of type B2 [Mou75].
Depending on the orientation of the involved transition moment a transition is called
a, b or c-type [Her66]. Of particular importance for this work is the mode v1 which in
the electronic ground state due to its fast spontaneous decay rate of about 60 Hz is
well suited as cooling transition for optoelectrical Sisyphus cooling (see Section 2.2.1
and Ref. [Pre18]). Furthermore, the mode v5 is used for optical pumping of the mo-
lecules into the ortho ground state |J= 1,Ka= 1,Kb= 0〉 after Sisyphus cooling of
the molecules in the state |J= 3,Ka= 3,Kb= 0〉 (see Chapter 5).

For pure vibrational transitions the selection rules can be derived from similar
symmetry considerations as for pure electronic transition by taking into account the
corresponding transition electric dipole moment. Within a harmonic approximation
of the molecular potential energy the selection rule is ∆v = ±1. Only when taking
into account the anharmonicity of the Morse potential higher vibrational transitions
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can occur governed only by symmetry selection rules.
Following up on the discussion of the electronic transition Ã1A2 ← X̃1A1, in

Equation (2.5) the symmetry of the vibrational wavefunctions involved has to be
taken into account [Bun06]

Γ(Ψ′elec)⊗ Γ(Ψ′vib)⊗ Γ(µα)⊗ Γ(Ψ′′elec)⊗ Γ(Ψ′′vib) ⊃ Γsym. (2.6)

With the help of Table 2.1 it is now easy to see that a transition between the vibronic
ground state and excitations of the parallel vibrational modes v1, v2 and v3 in the
electronically excited Ã1A2 state stay electric dipole forbidden4. However, transi-
tions between the ground state and excitations of the perpendicular modes v4, v5
and v6 of the first electronically excited state are allowed with the Ã1A2 ← X̃1A1 41

0
transition being considerably stronger than excitations of the vibrational modes v5
and v6. It is worth mentioning that the pyramidal structure of formaldehyde in
the first electronically excited state causes a significant inversion splitting of the
corresponding out-of-plane vibrational mode v4 of about 125 cm−1 [Her66]. An in-
version splitting of this type is probably best known from the ammonia molecule
NH3. The intensity of such a vibronic transition is given by the Franck-Condon
overlap | 〈Ψ′vib|Ψ′′vib〉 |2, that is the overlap of the vibrational wavefunctions of the
two involved states [Bun06].

2.1.2 Rotational states

In this section the rotational part of the wavefunction Ψrot is investigated. The
asymmetric rotor Hamiltonian

Hrot = AJ2
a +BJ2

b + CJ2
c (2.7)

not only couples states with ∆K=0, as it is the case for symmetric rotors, but
also states with ∆K= ± 2. Here, K is the projection of the total angular mo-
mentum J onto the molecular symmetry axis. As a result the degeneracy of the
parity eigenstates which form the solution of the Hamiltonian is lifted resulting in
rotational K-type doublet states. In this case K is not a good quantum number
anymore, nevertheless the K quantum numbers of the limiting cases of a prolate
and oblate symmetric rotor Ka and Kc are used to describe asymmetric rotor states
|J,Ka,Kc,M〉 [Kro75]. Asymmetric rotor states can be described by a linear com-
bination of symmetric rotor states of different K but with equal J and M

|J,Ka,Kc,M〉 =
∑
K

aJKaKcMK |J,K,M〉 . (2.8)

Formaldehyde is only a slightly asymmetric rotor with its dipole moment along the
a-axis which means that the main contribution to the expansion in Equation (2.8)
are the terms with |K| = Ka. A detailed discussion of the solution of the asymmetric
rotor Hamiltonian and the resulting energy level structure of the rotational states is
given e.g. in Refs. [Som11, Ibr13, Pre18] or in most textbooks on molecular physics.

4Magnetically these transition are allowed and can be observed [Her66].
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KaKc Γrot

ee A1
eo A2
oo B1
oe B2

Table 2.2: Irreducible representation of different rotational wavefunctions in
terms of the point group C2v. e refers to an even K quantum number whereas o
represents odd K. Table taken from Ref. [Bun06]

Rotational selection rules The selection rules for rotational transitions can again
be derived by looking at the symmetries of the involved wavefunctions. In order
to get a non-zero transition moment for a rotational transition the second term of
Equation (2.4) has to be totally symmetric

Γ(Ψ′rot)⊗ Γ(λαA)⊗ Γ(Ψ′′rot) ⊃ Γsym. (2.9)

The elements of the direction cosines λαA transform in the same way as a rotation
vector [Bun06]. Therefore, the irreducible representations of the elements of the
rotations Rα are listed in Table 2.1. They determine the type of the transition,
i.e. the directions of the transition dipole moment in the molecule fixed coordinate
system. As mentioned before, the three different types of transitions are labelled
a-, b- or c-type according to the direction of the transition dipole moment in the
molecule frame. The irreducible representation of the rotational wavefunction of an
asymmetric rotor can be determined by the symmetry species of the limiting cases
of a prolate and oblate symmetric rotor because the asymmetry of the molecular
structure does not affect the symmetry classification of the rotational states. This
results in an irreducible representation of the rotational wavefunction Γrot depending
on whether Ka and Kc are even e or odd o as summarised in Table 2.2. For a detailed
derivation the reader is referred to Ref. [Bun06] or to the thesis of Erich Dobler where
a summary for the case of formaldehyde is given [Dob16]. Combining the symmetries
of the rotational wavefunction given in Table 2.2 with the symmetry of the direction
cosine matrix in Table 2.1 it is easy to see that the selection rules depend on the
transition dipole moment:

a-type : ∆Ka = 0,±2, . . . ∆Kc = ±1,±3, . . . (2.10a)
b-type : ∆Ka = ±1,±3, . . . ∆Kc = ±1,±3, . . . (2.10b)
c-type : ∆Ka = ±1,±3, . . . ∆Kc = 0,±2, . . . . (2.10c)

Rotational transitions in the electronic ground state without vibrational excitation
or including a parallel vibrational excitation are a-type transitions. This means that
all transitions involved in the optoelectrical cooling scheme (see Section 2.2.1) obey
the selection rules given in Equation (2.10a). The rotational selection rules for the vi-
bronic transition Ã1A2 ← X̃1A1 41

0 on the other hand are given by Equation (2.10b)
as the involved transition dipole moment is of type b. This is the transition employed
for the detection of molecules discussed in Chapter 3 and Chapter 4. The selection
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rules for J and M are given by ∆J=0, ±1 and ∆M=0, ±1 just as for symmetric
rotors [Tow75].

2.1.3 Hyperfine structure
In this section a short overview of the occurrence and magnitude of the nuclear
hyperfine structure of formaldehyde is given. For this work hyperfine structure can
mostly be neglected, but in Chapter 6 it does have to be considered as a possible
limiting factor, also for future experiments. For the H2

12C16O isotopologue neither
the carbon nor the oxygen atom carry spin. Since there are no quadrupole moments,
the hyperfine structure of this molecule is entirely caused by the two hydrogen atoms
which are spin-1

2 particles. Due to the Pauli exclusion principle only wavefunctions
fulfilling

Γ(Ψrot)⊗ Γ(Ψnspin) = B1 or B2 (2.11)
are allowed. This is equivalent to a wavefunction antisymmetric to an exchange of
the spin-carrying H atoms. Of the (2I1 + 1)(2I2 + 1)=4 basic spin functions, with
the spin of the two hydrogen atoms I1/2, three are symmetric to an exchange of the
H atoms and only one is antisymmetric [Kro75]. The exchange can be seen as a
rotation of π about the principal axis a described by the C2 subgroup of C2v. The
behaviour of the different irreducible representations of the point group C2v upon a
two-fold rotation C2 is listed in Table 2.1. From Table 2.2 it can now be seen that for
even Ka the rotational wavefunction is symmetric under C2, meaning that in order
to fulfil Equation (2.11) these states can only combine with antisymmetric hyperfine
wavefunctions, whereas odd Ka rotational states, where the rotational wavefunction
is antisymmetric under C2, only combine with symmetric hyperfine wavefunctions.
The result is that in order to fulfil the Pauli principle, for states with odd Ka there
are three hyperfine substates whereas for even Ka there is only one state, i.e. no
hyperfine structure. When the hyperfine structure is not resolved it manifests in a
statistical weight for the population of the rotational state. States without hyperfine
structure have a statistical weight of S=1 while the states that do exhibit hyperfine
structure have a statistical weight of S=3. This partially explains the choice of
|J=3,Ka=3,Kc=0〉 as cooling state for the cooling experiments with optoelectrical
Sisyphus cooling, because due to the existence of hyperfine structure it has a higher
statistical weight and the highest population of the initial molecule ensemble5.

To investigate the size of the hyperfine splitting of formaldehyde the hyperfine
Hamiltonian is considered [Shi67]

Hhfs = Hss +Hsr. (2.12)

It has two contributions, firstly the direct spin-spin-interaction of the two protons
Hss and secondly the spin-rotation interaction Hsr which describes the motion of the
charges in the rotating molecule creating a magnetic field which interacts with the
spins [Tow75]. The spin-spin-interaction is given by

Hss = IH ·D · IH (2.13)
5When taking into account the influence of the Stark shift of the molecules on the velocity filtering

in the loading electric quadrupole guide. A detailed description is provided in Ref. [Pre18].
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where IH are the angular momenta of the protons and D is the spin-spin coupling
tensor. The elements of D are given by [Rea82]:

Dij = g2
Hµ

2
N

(r2δij − 3rirj)
r5 (2.14)

where gH is the g-factor of the proton, µN is the nuclear magneton and r is the
vector connecting the two interacting nuclei whose magnitude and orientation is
determined in Ref. [Tak63].

The second term in Equation (2.12), the spin-rotation interaction, is given by [Shi67]

Hsr = −CJJ · I (2.15)
with the spin-rotation parameter CJ . The molecular rotation is fast compared to the
Larmor precession of the nucleus so that the time average of the angular momentum
〈J2
α〉 has to be taken in order to calculate the magnetic field [Gor66]. This results

in the following expression for CJ [Tha64]

CJ =
∑

α=x,y,z
Mαα

〈J2
α〉

J(J + 1) (2.16)

with the spin-rotation tensor Mαα. This tensor has two contributions arising from
the electrons and the nuclei in the molecule. Measured experimental data, however,
typically already includes both contributions [Fab77]. In this thesis the calculation
of hyperfine splittings for formaldehyde (see Chapter 6) is based on the numerical
solution of Equation (2.12) with the free software PGOPHER [Wes17]. The mag-
nitude of the hyperfine splitting of formaldehyde is on the order of a few kHz so
that it can safely be ignored for most measurements in this thesis. It only becomes
relevant in the course of the coherence measurements presented in Chapter 6.

2.1.4 Interaction with external fields
The interaction of formaldehyde with electric fields is of great importance for this
work as they are the key element which enables trapping and guiding of the mole-
cules. Additionally, they are also very important for the detection of the molecules
as discussed in Chapter 4. The interaction with magnetic fields is also summarised
as it is important for the measurements presented in Chapter 6.

Interaction with electric fields - Stark effect Here, only a brief overview of the
interaction of formaldehyde with an external electric fields is given, because much
more detailed treatments have already been given previously in theses performed in
the Rempe group [Som11, Ibr13]. For formaldehyde in the vibronic ground state the
dipole moment is pointing in the z = a direction of the molecule fixed frame so that
for an external electric field applied in the Z-direction of the space fixed coordinates
the Stark Hamiltonian is

HStark = EZµzλ
z
Z , (2.17)

with the direction cosine λzZ connecting the molecule fixed coordinate system with
the space fixed coordinate system similar to Equation (2.3). The Stark Hamiltonian
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Figure 2.3: Properties of the J=1, K=1 rotational states of formaldehyde.
(a) Stark shift of the rotational states |J=1,Ka=1,Kc=0, 1,M〉 of formaldehyde in the
vibronic ground state. The energy splitting ∆ introduced by the K-type doubling of the
asymmetric rotor is shown. For small electric fields the states with M 6=0 experience a
quadratic Stark shift, typical for asymmetric rotors, whereas for large electric fields the shift
is essentially linear. Rotational constants for the vibronic ground state up to octic correction
are taken from Ref. [Brü03]. (b) Relative transition probability for transitions between the
|J=1,Ka=1,Kc=0,M=1〉 state and three other states of the J=1, Ka=1 manifold. Transi-
tion between sublevels with M=1 are allowed without electric field but suppressed in high
electric fields according to symmetric rotor selection rules. The transitions to the M=0
states asymptotically approach a probability of 1

2 .

couples states with different J and leaves M as the only remaining good quantum
number. In the field-free case states with different M quantum number are degen-
erate. By applying an external field this degeneracy is split up and only states with
±M remain degenerate. The eigenstates are typically expressed in an expansion of
symmetric rotor states similar to Equation (2.8).

A numerical diagonalisation results in the Stark shift, i.e. the energy difference to
the field-free case, and an exemplary result is shown in Figure 2.3(a) for the states
|J=1,Ka=1,Kc=0, 1〉. Here, for zero electric field the K-type doubling mentioned
in Section 2.1.2 can be observed. For higher electric fields the M -degeneracy is split
up and the M=±1 states are shifted quadratically as is typical for an asymmetric
rotor. The K-type doubled states get mixed so that for large enough electric fields
essentially pure symmetric rotor states arise resulting in a linear Stark shift (see
Ref. [Ibr13]). This behaviour can also be described in good approximation by a two-
level model as is done in Ref. [Pre18]. In this thesis, all Stark shifts are calculated
by the more precise but also computationally more expensive approach of a full
numerical diagonalisation of the Hamiltonian.

Due to the mixing of the two parity states in the electric field the transition
probabilities between rotational states are also altered. This can easily be seen
when considering the decomposition of the asymmetric rotor states |J,Ka,Kc,M〉
in terms of symmetric rotor states |J,K,M〉 as given in Equation (2.8). The electric
field dependent expansion coefficients aJKaKcMK then allow to determine the tran-
sition probability between states. An example is given in Figure 2.3(b) where the
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relative transition probabilities for a transition from the |J=1,Ka=1,Kc=0,M=1〉
state to three other states of the J=1, Ka=1 manifold in the vibronic ground state
is shown. The probability for a transition to the state |J=1,Ka=1,Kc=1,M=1〉
starts out at one for zero electric field as is demanded by the selection rules given
in Equation (2.10a). For higher electric fields this probability approaches zero as
the states gradually turn into the symmetric rotor states |J=1,±|K=1|,M=1〉 and
|J=1,±|K=1|,M=−1〉 where this transition is forbidden. The two transitions into
the M=0 sublevels approach a probability of 1

2 because both states are unaffected
by the electric fields up to high values where the mixing with different J states starts
to play a role. Therefore, only the composition of the state of origin changes and is
responsible for the change in transition probability. The transition considered here
is of particular importance in Chapter 6.

Interaction with magnetic fields - Zeeman effect For polyatomic closed shell
molecules the interaction with magnetic fields is in general quite weak compared to
the Stark effect. For moderate magnetic field strengths on the order of 1 G it is of
the same order of magnitude as the hyperfine interaction which is why the Zeeman
effect, unlike the Stark effect, is treated including hyperfine structure in this work.
The Hamiltonian describing the interaction is

HZeeman = −µm ·H (2.18)

with the magnetic moment µm and magnetic field strength H. Its solution is de-
scribed in great detail in Ref. [Gor70] for various types of molecules and here only a
few results relevant for formaldehyde are summarised. There are three effects con-
tributing to the Zeeman interaction. The first is the magnetic moment arising from
the rotation of the molecules interacting with the magnetic field. The second effect
are the nuclear spins directly interacting with the magnetic field. The last compo-
nent arises from the magnetic susceptibility which gives rise to a small magnetic
moment when an external magnetic field is applied. This second order contribution
is very small, and therefore ignored in this work.

First, the interaction of the magnetic moment caused by rotation is treated. In
this case the Zeeman energy shift for a magnetic field Hz in z-direction is given
by [Bur53, Fly65]

EZeeman = −µNgJMJHz with gJ = 1
J(J + 1)

∑
α=x,y,z

gαα〈J2
α〉, (2.19)

where µN is the nuclear magneton6. The gαα are diagonal elements of the molecular
g-value tensor in the principal axis coordinate system and 〈J2

α〉 is the time aver-
aged square of the angular momentum just as in Equation (2.16), again resulting
from the fact that precession around H is much slower than the rotation of the
molecule. The g-value tensor consists of a nuclear contribution corresponding to a
rigid system of rotating charges, and a more complex electronic contribution arising

6The molecular Zeeman effect is typically so small that it is expressed in terms of the nuclear
magneton µN instead of the Bohr magneton µB as is customary for atoms. This results in
molecular g-values on the order of 1.
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from the electrons precessing more or less freely in the molecule. Both contributions
almost cancel and leave a very small net value for the g-factor [Esh52, Bur53]. Ex-
perimental values for formaldehyde have been measured precisely and include both
contributions [Hüt68].

For the direct interaction of the nuclear spins of the molecule with the magnetic
field two cases have to be distinguished. In the weak-field case the Zeeman inter-
action is much smaller than the hyperfine structure, resulting in coupling of the
rotational angular momentum J with the angular momentum of the nuclei I to a
total angular momentum F , which precesses about the direction of the magnetic
field. This gives rise to a Zeeman energy shift of

EZeeman = −µNgFMFHz with gF = αJgJ + αIgI . (2.20)

The prefactors αJ and αI are given by the coupling of the two vectors J and I as

αJ = F (F + 1) + J (J + 1)− I (I + 1)
2F (F + 1) and (2.21a)

αI = F (F + 1) + I (I + 1)− J (J + 1)
2F (F + 1) . (2.21b)

The factor gI again consists of two contributions arising from the coupling of the two
hydrogen angular momenta I1 and I2. For the determination of gI similar prefactors
have to be constructed from the addition of the two vectors.

In the strong-field case the magnetic field is so strong, that the coupling between J
and I is broken down and both precess separately around H. The Zeeman energy in
this case is much larger than the hyperfine splitting. In this so-called Paschen-Back
regime, which for formaldehyde sets in at magnetic fields strengths of about several
tens of Gauss, the Zeeman shift is in principle given by Equation (2.19), just like
for molecules without nuclear coupling, however, the hyperfine splitting is changed.
The nuclear coupling energy in this case is simply given by

Enuc = −CJMJMI (2.22)

with the spin-rotation tensor CJ as defined in Equation (2.16). For formaldehyde
there are no nuclear electric quadrupole interactions which means that nuclear cou-
pling is quite small (refer to Section 2.1.3) and the Zeeman energy already exceeds
the hyperfine energy for magnetic fields of only a few Gauss. Typical values for the
Zeeman shift of formaldehyde are on the order of 1 kHz

G meaning that for magnetic
and electric fields achievable in a laboratory the Zeeman shift is much weaker than
the Stark shift which is rather on the order of 1 MHz

V/cm
.

Combined Zeeman-Stark effect including hyperfine interaction When electric
and magnetic fields are applied at the same time the treatment is considerably
more difficult. For arbitrary orientations of both fields, M is not a good quantum
number anymore resulting in rather complex expressions. This combined Stark-
Zeeman effect is investigated in Ref. [Kon60]. A detailed discussion is beyond the
scope of this thesis but the special case of parallel electric and magnetic field can be
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Figure 2.4: Sketch of the optoelectrical Sisyphus cooling cycle. Molecules in the
strongly trapped state |s〉 move into the high-field region where they are transferred to the
more weakly trapped state |w〉. Due to the weaker interaction they loose kinetic energy.
From the state |w〉 the molecules are pumped to an excited state |e〉 from where they can
spontaneously decay back to the initial state |s〉 which causes the process to be unidirectional.

treated rather easily as the energy shifts are simply additive [Tow75]. Therefore, the
result from numerically solving the Stark-Hamiltonian in Equation (2.17) is simply
added to the Zeeman shift. When the hyperfine structure needs to be considered
in this thesis the free software PGOPHER is used to calculate the Zeeman-Stark
effect [Wes17]. This software package also assumes that magnetic and electric field
are oriented in parallel which is a valid approximation for the experiments presented
in this thesis (see Chapter 6).

2.2 Experimental foundation

In this section a short introduction to the experimental foundations which were al-
ready preexisting at the start of this thesis is given. To this end the optoelectrical
cooling scheme is introduced in Section 2.2.1 which is the scheme used in the ex-
periment to cool polar molecules down to the millikelvin regime. Furthermore the
status of the experimental setup before the work of this thesis began is presented in
Section 2.2.2.

2.2.1 Optoelectrical Sisyphus cooling

Optoelectrical Sisyphus cooling was first proposed in Ref. [Zep09]. The basic idea
relies on a position dependent electric field trapping the molecules with high electric
fields in the border region and low electric fields in the central region with a strongly
trapped state |s〉 and a more weakly trapped state |w〉 as illustrated in Figure 2.4.
When molecules in the state |s〉 enter the high-field region they are slowed down
and their kinetic energy is converted into potential energy. In the high-field region a
transition into the state |w〉 is driven resulting in a loss of energy upon the molecules’
return to the weak field centre region due to the weaker interaction, i.e. lesser slope,
in this state. In order to make the process unidirectional the molecules are subse-
quently strongly driven into an excited state |e〉 from where they can spontaneously
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decay back into the initial state |s〉, thus closing the cycle.
For formaldehyde the states |w〉 and |s〉 are represented by the rotational M -

sublevels of the J=3, Ka=3 state in the vibronic ground state. Due to the strong
interaction of the permanent dipole moment of formaldehyde, i.e. the large Stark
shift, a large amount of energy can be removed in a single step [Pre16]. This has
the advantage that only a few dozen cooling steps are needed to cool the molecules
by several orders of magnitude. Therefore, the cooling scheme is not as susceptible
to loss channels as e.g. laser cooling. The excited state |e〉 is realised by the ro-
tational J=3, Ka=3 state of the first excitation of the v1 vibrational mode which
offers favourable selection rules due to its symmetry combined with a relatively fast
spontaneous decay rate of about 60 Hz which sets the time scale for the cooling
process. Molecules decaying into J=4, Ka=3 can easily be incorporated into the
cooling scheme by adding radiation sources in the millimetre wavelength regime as
repumpers.

Optoelectrical Sisyphus cooling has first been demonstrated for the symmetric
rotor fluoromethane [Pre12, Zep12, Zep13, Eng13] which was cooled down to a tem-
perature of 29 mK. A result mainly limited by the detection, as is addressed in more
detail in Chapter 3, but also by a slow vibrational decay rate and technical problems
with the microwave source. After significant improvements to the experiment the
cooling scheme was implemented for formaldehyde where a temperature of 420 µK
was achieved for a record number of approximately 3 · 105 molecules [Pre16, Pre18].
The limitation for this result was also of technical nature caused mainly by the
electric trap for the molecules [Pre16] that is introduced in the next section.

2.2.2 Pre-existing setup

In this section the experimental setup existing before the work of this thesis started
is presented. The main change to this setup performed during this thesis is the
implementation of a new detection scheme and setup which is discussed in Chapter 3.

Source and guiding of the molecules Gaseous formaldehyde molecules are created
by heating up paraformaldehyde in which the formaldehyde molecules are bound in a
complex with water. The water vapour is subsequently frozen out in a vacuum trap
at dry ice temperatures leaving a pure gas of formaldehyde. This process is explained
in more detail in Refs. [Ibr13, Pre18]. The molecules are then inserted into the
vacuum chamber via a heated liquid nitrogen cooled nozzle at 150 K [Mie10]. From
there the molecules are guided by an electric quadrupole guide [Ran03, Jun04] to the
electric trap as shown in the schematic overview in Figure 2.5. The finite potential
created by the quadrupole guides leads to velocity filtering of the molecules so that
they reach the electric trap with a translational temperature of . 1 K depending on
the applied voltages. Details about electric guiding are provided in Refs. [Mot09,
Eng13].

Electric trap The electric trap is the central part of the experiment and creates
the box-like potential needed for optoelectrical Sisyphus cooling. It was designed by
Martin Zeppenfeld [Zep13] and it is where cooling and trapping take place as well
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Figure 2.5: Overview of the experimental setup. Formaldehyde molecules are pro-
duced in a thermal source at 150 K and guided via a quadrupole guide to the electric trap.
Here the molecules are stored and can be manipulated by radiofrequency (RF), millime-
tre waves or an infrared (IR) laser. For detection the molecules are unloaded via another
quadrupole guide and detected by a quadrupole mass spectrometer (QMS).
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Figure 2.6: Basic design of the electric trap and integration into the experiment.
(a) The trap consists of two capacitor plates, shown here in a vertical schematic cut, which
create a homogeneous tunable offset field by applying the voltage ±Voffset. A microstructur-
ing on each plate allows the application of spatially alternating high voltages ±Vµ creating
high electric fields close to each plate. (b) Integration of the trap into the experimental
environment with the connecting quadrupole guide and various radiation sources.

as all other experiments performed to date [Eng13, Glö16, Pre18]. The fundamental
design of the trap is shown in Figure 2.6(a). It consists of two plate capacitors
that create a homogeneous tunable offset field providing the low-field region shown
in Figure 2.4. Each plate is microstructured and by applying spatially alternating
high-voltages to the microstructure electrodes a high electric field is created at the
edge of the trap as illustrated in Figure 2.6(a). Thereby molecules in low-field seeking
rotational states are confined and at the same time the potential hill necessary for
Sisyphus cooling is provided. The field decays exponentially towards the centre of
the trap and so only minimally distorts the homogeneity of the field in the centre.
To close the trap in the remaining two dimensions a perimeter electrode which is
directly connected to the electric guides is added as indicated in Figure 2.6. The
distribution of electric fields within the trap is shown in Figure 6.7. It has a sharp
peak representing the homogeneous electric field in the centre and quickly trails of
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towards lower and higher fields. The distribution is very asymmetric with a long
tail caused by the high confining electric fields. The achieved 1/e trap lifetime ranges
from 10 s for uncooled molecules [Eng11] up to 60 s when cooling is applied [Pre16].

Radiation sources For the manipulation of the internal states of the molecules
various radiation sources are available. Firstly, there is an infrared (IR) laser for vi-
brational excitation of the molecules. This laser is frequency stabilised to an optical
frequency comb and can be scanned on a ms-timescale over a frequency range of over
60 GHz [Pre17]. Since the ramping time is on the same order of magnitude as the
excited state lifetime of the v1 excitation the system allows a quasi-continuous driv-
ing of multiple transitions with sub-MHz precision. Secondly, radiofrequency (RF)
is coupled into the vacuum chamber and applied directly to the capacitor plates of
the electric trap. Due to the lack of any explicit impedance matching the coupling
is much more efficient for frequencies in the few hundred MHz range than for higher
frequencies in the GHz regime [Eng13]. The RF is mainly used to drive transitions
between M -sublevels of a single rotational state split up by the electric field of the
trap. Finally, there is also millimetre wave radiation available. It is created by am-
plifier multiplier chains fed by a microwave (MW) synthesizer providing frequencies
on the order of 10 GHz. Again, fast switching between different frequencies allows
for quasi-continuous driving of different transitions simultaneously. In this work the
radiation is mainly used as repumper between states with J=3, K=3 and J=4, K=3
for the optoelectrical cooling cycle.

Detection The molecules were unloaded from the trap via another quadrupole
guide and brought to a quadrupole mass spectrometer for detection (QMS). Details
about this detection can be found in Ref. [Pre18]. The replacement of the QMS by
an improved detection method is one of the major topics of this thesis.



3 LIF detection of formaldehyde:
Concept and experimental
implementation

Efficient detection of molecules is a formidable task. The standard detection tech-
nique for atoms, which is based on driving a cycling transition and either collecting
the emitted fluorescence photons or measuring the absorption, cannot in general be
transferred to molecules. Only for a few select diatomic species such optical cycling
transitions are available. Upon electronic excitation many polyatomic molecules pre-
dissociate and even when the excited state is stable, a lack of strict selection rules for
vibrational transitions results in a multitude of vibrational states being populated
after spontaneous decay. Therefore, an impractically huge number of repumpers
would be required to achieve a closed transition cycle. An alternative technique
is resonance-enhanced multiphoton ionisation (REMPI). However, due to the large
ionisation threshold of > 10 eV of formaldehyde the multiphoton excitation involved
requires either high laser powers or laser wavelengths in the deep UV or in some
cases both [Par16]. For these reasons, in the past a quadrupole mass spectrometer
(QMS) was employed at the experiment for optoelectrical Sisyphus cooling which
is an obvious and convenient choice. They are commercially available, allow robust
long term operation with close to no maintenance and are not limited to a particular
molecule species [Pre18]. These benefits come at the cost of a low detection efficiency
of only about 10−4 and a lack of state selectivity. Furthermore, the electric fields
present in a QMS, necessary for the ionisation of the molecules and the extraction
of ions, lead to problems when working with ultracold molecules. The molecules
relevant to optoelectrical Sisyphus cooling have a permanent electric dipole moment
whose strong interaction with electric fields prevents the direct detection of very
slow low-field-seeking molecules [Pre18].

Due to the disadvantages of a QMS, the concept as well as the technical im-
plementation of an optical detection scheme via laser-induced fluorescence (LIF) is
presented in this chapter. The basic idea and the work done prior to this thesis is
discussed in Section 3.1. The design of the light collection optics as well as a first
setup is presented in Section 3.2. Achieving low background light levels is critical
to observe the small number of photons emitted by the molecules. This turned
out to be a much bigger challenge than previously anticipated and the mitigation
of the influence of stray light is presented in Section 3.3. Finally, the setup which
allows detection of formaldehyde via LIF with a greatly improved background level
is summarised in Section 3.4.

25
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3.1 Detection via the Ã1A2 ← X̃1A1 41
0 transition

The basic principle of an all optical detection method for formaldehyde relies on
exciting the molecules electronically and detecting the subsequent fluorescence pho-
tons emitted upon spontaneous decay. This process of excitation using laser ra-
diation followed by a decay via spontaneous emission of a fluorescence photon is
referred to as laser-induced fluorescence (LIF). A key property for an optical de-
tection method is the quantum yield, defined as the fraction of excited molecules
decaying under the emission of a radiation quantum. As mentioned above poly-
atomic molecules such as formaldehyde typically have no cycling transition avail-
able due to the decay of the excited state into a multitude of states in the ground
state. Furthermore, the molecules often predissociate upon electronic excitation,
resulting in a quantum yield significantly smaller than one. Therefore, the quan-
tum yield is directly proportional to the amount of photons that can be extracted
from each individual molecule and hence defines the detection efficiency that can
be achieved. The main goal of the detection scheme is to detect formaldehyde mo-
lecules after optoelectrical Sisyphus cooling, where they end up in the rotational
|X̃; J=3,Ka=3,Kc=0〉 state of the electronic ground state [Pre16]. Suitable for the
detection of formaldehyde is the transition Ã1A2 ← X̃1A1 41

0 which has favourable
decay properties with a high quantum yield and its radiative decay has already been
used for the detection of formaldehyde [Möh85, Hud06]. In particular, for the tran-
sition |Ã; J=2,Ka=2,Kc=1〉← |X̃; J=3,Ka=3,Kc=0〉 a value of 32.2 % is given for
the quantum yield in the literature [Shi81], which can be used to detect molecu-
les after cooling. For lower J quantum numbers even longer radiative decay times
have been measured corresponding to an even better quantum yield [Hen82]. A
further benefit of the Ã1A2 ← X̃1A1 41

0 transition is that the fluorescence spectrum
ranges from about 380 nm to 550 nm [Bou96] (see Figure 4.14) and thus is spec-
troscopically separated from the excitation wavelength which lies in the near UV
at 354 nm [Clo83]. An all optical detection of formaldehyde based on LIF on the
aforementioned transition should therefore be feasible.

In the master thesis Erich Dobler made in the Rempe group the possibility of a
LIF based detection was investigated in a room temperature setup with a pulsed
dye laser [Dob16]. A rotational state resolving spectrum was measured and the
individual lines could be identified. Furthermore, the quantum yield as a key prop-
erty of the excitation for the detection was investigated. The quantum yield can be
determined by

Φ = nfl
nabs

= τfl
τrad

(3.1)

with the number of fluorescence photons nfl, the number of absorbed photons nabs,
the fluorescence lifetime τfl and the radiative lifetime τrad.

To understand the connection of lifetimes to the quantum yield, the involved decay
rates can be considered. The quantum yield is of course given by Φ = Γrad

Γ with
the radiative decay rate Γrad and the total decay rate Γ = Γrad + Γnrad which also
contains the decay rate of non-radiative transitions Γnrad. The observable lifetime
of the fluorescence is given by τfl = 1

Γ and the pure radiative lifetime is τrad = 1
Γrad

.
This means that τrad is not directly accessible in a measurement and the second
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Figure 3.1: Sketch of the LIF detection setup. Molecules leave the electric trap (not
shown) via an electric quadrupole guide. The guide bends down and the molecules enter the
detection area where they are excited by a UV laser. The fluorescence light is then imaged
onto a photomultiplier tube (PMT) for detection.

part of Equation (3.1) cannot be used directly for a determination of the quantum
yield. Due to state changing collisions the measurements have to be performed at
low pressures [Mil78, Fai81] also making nabs too small to be measured easily. The
solution to this dilemma was measuring a pressure quenched value for Φ at high
pressures via the photon numbers which in combination with the pressure shortened
fluorescence lifetime τfl allows to determine τrad

1. By performing fluorescence lifetime
measurements at low pressures the absolute value of Φ can then be determined. This
procedure gave a result of 11.9 % for the quantum yield of the detection transition
but is potentially accompanied by significant systematic errors due to the indirect
measurement procedure. The values given in the literature are suffering from the
same problem of collisional relaxation and the values had to be extrapolated to zero
pressure [Shi81, Fai81]. A measurement without these shortcomings is presented
later on in this thesis (see Section 4.3).

Another important requirement for an efficient detection scheme is the amount
of laser power necessary to saturate the transition as it has to be ensured that
the majority of the molecules get excited and contribute to the fluorescence signal.
It is targeted to operate the detection in a continuous wave fashion in order to
avoid loosing fluorescence signal during the unloading of the molecules from the
trap which happens on a time scale of several seconds. Therefore, in the thesis of
Erich Dobler also an estimate for the laser power necessary to saturate the transition
was worked out by determining the Einstein B coefficient. For ultracold molecules
with a velocity of 0.5 m

s the result was 40 mW, a value easily achievable with a laser
setup as presented in the next section.

3.2 LIF detection setup and mirror design

In this section an overview over the ’initial’ setup is given, where ’initial’ refers
to the fact that experimental extensions necessary to control immense stray light
background levels are not yet included in the description (see Section 3.3). As
mentioned previously, predissociation of the molecules and the bad Franck-Condon
overlap which is responsible for the lack of a cycling transition result in less than

1This treatment assumes that there is no pressure dependence of the radiative lifetime τrad [Dob16].
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one fluorescence photon emitted per excited molecule. For an efficient detection it
is therefore indispensable to cover a large solid angle and have minimal losses to
collect as many of the emitted photons as possible. This constraint already excludes
excitation of the molecules within the electric guide because a large solid angle would
be blocked by the rods of the electric guide, besides the problem of Stark broadening
this would would bring along. Consequently, the molecules have to leave the guide
to allow detection in free space. To release the molecules the ends of the guide are
bent outwards for a focussing effect [Mie10] and covered by an end cap for shielding
from the high electric fields at the quadrupole guide. Nonetheless, after leaving the
guide the molecule beam still spreads out to some degree so that in order to minimize
the necessary laser power, detection close to the exit of the guide is preferential. To
allow for the detection of very slow molecules without gravity changing the direction
of the beam the guide is bent downwards releasing the molecules along the direction
of gravity. The UV laser is sent perpendicular to the molecule beam through the
detection area. Now, to achieve a solid angle as large as possible, the fluorescence
light is collected by an ’integrating sphere’ [Jac55] type light collection optics within
the vacuum chamber. The only openings are for the electric guide to enter, for the
excitation laser beam to enter and leave the detection region and for the collected
light to leave the sphere for detection. This light collection optics is referred to as LIF
mirror in this thesis. Detection of the light happens outside of the vacuum chamber
to maintain flexibility in terms of the detection device and possible spectral filters
employed for separating the excitation wavelength from the fluorescence spectrum.
In Figure 3.1 an overview of the setup is sketched.

LIF mirror design For the in-vacuum LIF mirror collecting the fluorescence light
and imaging it onto a detection unit the following approach is chosen: The first
half of the LIF mirror is spherical with a radius of R=47 mm and reflects the light
originating from the centre of the sphere back into its origin. The second half of
the LIF mirror is a prolate spheroid with a semi-major axis of c=67.65 mm and two
semi-minor axes of a=56.43 mm which focuses the fluorescence light originating in
the centre of the detection volume onto a photomultiplier (PMT) in the focal plane.
This uses the well-known property that an ellipse focusses rays originating from one
of its focal points onto its second focal point. A sketch of the imaging principle is
shown in Figure 3.2 where the area of origin of the fluorescence light is indicated by
a dashed circle. Also included in Figure 3.2 is the result of an optical ray tracing
simulation which is discussed later in this section. The centre point of the half
sphere coincides with one of the focal points of the spheroid. The semi-major axis
of the spheroid is aligned with the connection of the centre point of the half sphere
with its top point. This geometry results in light originating in the centre being
focused through a hole in the middle of the half sphere onto the second focal point
of the spheroid which is located outside of the mirror and of the vacuum chamber.
Due to the above mentioned spread of the molecule beam after leaving the guide the
fluorescence light is not originating from a point source but rather a volume of finite
size. Therefore, the light is not focussed on a point but a larger area influencing the
choice of the detector. A main constraint for the LIF mirror is that it has to be ultra-
high vacuum (UHV) compatible. To comply with this requisite and allow to build
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Figure 3.2: Imaging principle of the LIF mirror. Light originating in the centre is
retro-reflected into the origin by a half sphere. A spheroid focuses the light onto a focal
plane outside of the detection volume where a PMT for detection is placed. Also included
is a simulation of beam paths performed with Zemax. 103 rays originate in the centre of
the detection region in a volume of size 0.2 mm × 2.2 mm × 2.2 mm and are propagated
through the system. Here, 0.2 mm accounts for the approximate vertical focus of the laser
beam in the centre of the mirror where the molecules are excited. 2.2 mm corresponds to
the transversal spread of the molecule beam after leaving the guide (see Section 4.5.1 for
details). The rays are coloured according to the number of reflections, blue rays originate in
the centre, green rays have been reflected once and red rays have been reflected twice.

arbitrary shapes the base material chosen for the mirrors is oxygen-free copper. The
mirrors were then manufactured by the company Kugler by single point diamond
turning achieving a roughness of Ra < 4 nm2. A technical three-dimensional drawing
of the two LIF mirror halves is shown in Figure 3.3.

To achieve a high reflectivity over the spectral range of the fluorescence light the
mirrors are coated with aluminium. Due to technical issues during the manufactur-
ing process the coating in the very steep, outer part of the spherical mirror is very
thin, and therefore of bad quality not providing the targeted high reflectivity in this
area. In Figure 3.4 a photograph of the spherical part of the LIF mirror is shown
and at the upper edges the coating imperfections can be seen. A more detailed
discussion of the reflectivity of the surface of the LIF mirror is given in Section 4.5.2
with the discussion of the detection efficiency.

The electric quadrupole guide leads into the LIF mirror volume and releases the
molecules 10 mm above the centre point. At the exit of the guide the rods bend
outwards in order to minimize the beam spread of the molecule beam [Mie10]. The
guide end is covered by a guide cap which can be grounded or set to an arbitrary po-
tential to isolate the detection volume from the high electric fields in the quadrupole
guide. Due to the spread of the guide this cap has a diameter of 20 mm covering
a substantial solid angle. For this reason, the distance of the excitation volume to
the guide is a compromise because for closer distances a larger solid angle is blocked
whereas for larger distances the beam spread is larger requiring higher laser powers

2The value Ra is the arithmetical mean deviation of a surface commonly used to describe surface
roughness.
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(a) (b)

Figure 3.3: Technical drawings of the mirror collecting the fluorescence light for
detection of formaldehyde molecules. (a) Elliptical part of the mirror. On both sides
an elongated hole can be seen for the UV laser to enter and leave the detection volume. The
hole on the lower right of the figure accommodates the guide and the end cap for shielding
from the high electric fields at the electric quadrupole guide. (b) Spherical part of the
mirror. The elongated entrance and exit hole can again be observed just like the space for
the electric guide. The big hole in the centre is where the collected light leaves the mirror
and is imaged onto a photomultiplier tube.

due to the larger surface to be illuminated. The UV laser enters via an elongated
hole of size 6 mm × 50 mm and leaves on the opposite side via another hole of the
same size to avoid having to dump the beam close to the detection volume. The
holes are asymmetric to be able to accommodate an elliptical beam so that the com-
plete width of the spread-out molecule beam can be illuminated. In the centre of the
spherical part of the mirror there is another hole where the collected photons leave
the LIF mirror volume. Directly afterwards a re-entrant vacuum window is placed
which accommodates the single photon counting unit for detection of the photons
at the second focal point of the spheroid. In Figure 3.4 half of the laser entry and
exit holes are visible. Furthermore, half of the entry hole of the electric quadrupole
guide and the exit hole for the focused fluorescence light can be made out.

The coloured rays in Figure 3.2 are an optical depiction of a ray tracing simulation
in Zemax of the LIF mirror. 106 rays are simulated and originate in the centre of
the LIF mirror in a spheroidal volume given by the size of the excitation laser and
the molecule beam. The ray origination density is given by a Gaussian with 1/e2 size
of 0.2 mm×2.2 mm×2.2 mm. The smallest dimension of 0.2 mm corresponds to the
focus of the laser in vertical direction (see Section 3.3.3) while 2.2 mm is determined
by the size of the molecule beam as measured in Section 4.5.1. In the figure only 103

rays are shown for better visibility. The rays are imaged by the elliptical part of the
mirror through the hole in the centre of the spherical part onto a detection surface
of size 25 mm. The rays are colour coded according to segments. Rays originating
in the centre are of blue colour, rays that have been reflected once are red and rays
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Figure 3.4: Spherical part of the LIF mirror. In the centre the hole where the light
leaves for the detector is visible. On both sides half of the elongated hole for the laser can be
seen and on the left, half of the hole where the guide enters the detection volume is shown.
At the upper edge the imperfect coating can be recognised.

that have been reflected twice are green. This simulation results in an effective solid
angle coverage, i.e. the solid angle covered for the excitation volume and not for a
point source, of 79.3 %. The biggest loss is due to the close proximity of the guide
cap to the excitation volume accounting for a loss in effective solid angle of 15.1 %.
The influence of the apertures for the laser beam and of the finite detector surface
are much smaller with 2.0 % and 2.7 % respectively.

PMT for detection of photons As detection unit for the fluorescence photons
the photomultiplier tube (PMT) R6094P from Hamamatsu is used. It has a large
circular active area of 25 mm diameter and a low dark count rate of about 25 cnts

s .
The quantum yield, i.e. the detection efficiency for a single photon, peaks with 25 %
at 400 nm, and therefore coincides with the maximum of the fluorescence spectrum.
A detailed curve of the quantum yield of the PMT is shown in Section 4.5.2 with
the determination of the detection efficiency of the LIF detection setup. For solid
state systems much higher quantum yields can be achieved but at the cost of a
much higher dark count rate per surface area. Therefore, due to the particular
constraints of this experiment using such a detector is not beneficial. The PMT is
placed outside of the vacuum chamber in a re-entrant window at the focal plane
of the LIF mirror. In front of the mirror filters for the separation of the stray
light at the excitation wavelength from the desired fluorescence light can be placed.
The re-entrant window has an anti-reflective coating for the fluorescence light. A
measurement of the transmission is shown in Section 4.5.2.
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UV-laser The excitation frequency of 354 nm is generated by a UV laser combined
from several commercial products. First, a seed laser consisting of an extended-
cavity diode laser from the company LEOS provides light at a wavelength of 1062 nm
with 50 mW of power. This output is then amplified by a fibre amplifier provided by
Azur Light Systems with an output power of up to 20 W. The output is fed into a
frequency tripler, again manufactured by LEOS. It consists of two elements: First,
half of the input light is frequency doubled in a folded ring cavity with a non-linear
crystal to 531 nm with about 5 W of power. This light is subsequently combined
with the remaining light of the fundamental and sent into another cavity of the same
type where the sum frequency is created. This way, an output power of > 400 mW
at 354 nm can be achieved. Both cavities are length stabilized using a Hänsch-
Couillaud lock with automatic relocking. The seed laser is frequency stabilized onto
an optical frequency comb and has a specified linewidth of <100 kHz corresponding
to <300 kHz after frequency tripling. This is many orders of magnitude smaller than
the typical spacing between rotational lines of formaldehyde, so that rotational state
selective detection of the molecules is possible.

Stray light problem First measurements with the setup described in this section
showed an immense background caused by stray light of about 4× 1010 cnts

s mW . This
light has several sources: Firstly, there is a direct line of sight from outside the
vacuum chamber onto some parts of the LIF mirror which means that stray light
created at optics outside of the mirror can get imaged directly onto the PMT.
Secondly, light in the outer parts of the laser due to deviations from an ideal Gaussian
beam profile can hit the mirror surface directly or can get scattered and create stray
light. A third source of background signal is fluorescence light from optical elements.
At a wavelength of 354 nm virtually every optics such as mirrors, lenses, or vacuum
windows start to fluoresce due to the excitation of e.g. colour centres in the material.
This fluorescence background is particularly harmful because it can not be filtered
due to the spectroscopic overlap it typically has with the fluorescence spectrum of
formaldehyde.

The magnitude of the stray background light problem can be seen with a quick
estimate. For a laser power of 100 mW at 354 nm the photon flux of the excitation
laser beam is 1.8× 1018 1

s . Now, assuming a number of 106 1
s molecules with a

detection efficiency of 1 % a typical signal would be on the order of 104 1
s . Now, if

only a tiny fraction of 10−10 of the excitation laser light is scattered onto the surface
of the LIF mirror and is detected with an efficiency of 1 %, the background would still
be about two order of magnitude larger than the molecule fluorescence signal. From
this still very conservative example the extent of stray light suppression necessary
to achieve efficient detection of formaldehyde becomes clear. The next section is
dedicated to the various strategies used to overcome this difficult challenge.

3.3 Stray light suppression

The main strategy to tackle the immense problem of stray light suppression is to
add apertures at the entrance and exit of the LIF mirror such that there is no
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direct line of sight from the outside of the detection area onto the LIF mirror. This
prevents scattered laser stray light or fluorescence light of optical elements from
being collected by the LIF mirror and imaged onto the PMT. Equally important as
adding apertures is improving the beam quality in order to minimise the amount
of laser light hitting the aperture edges, and therefore the amount of stray light
created. Both techniques are insufficient on their own and can only unfold their full
potential in combination.

Stray light values are given in the unit cnts
s mW referring to the number of clicks

detected by the PMT due to stray light per second and every mW of laser power
sent through the chamber. The laser power necessary to saturate the detection
transition is on the order of several tens of mW depending on the temperature (see
Section 4.5.1) and the fluorescence signal of the molecules is on the order of 103

counts. Therefore, the targeted stray background count rate is about 10 cnts
s mW to

achieve a good signal-to-noise ratio.
This section presents the implementation of stray light suppression, mainly via

both of the mentioned techniques. Firstly, different measurement and detection
methods for stray light and the laser beam profile are presented in Section 3.3.1.
Secondly, a strategy for improving the laser beam quality is developed and imple-
mented in Section 3.3.2. Thirdly, the in-vacuum aperture configuration used to block
stray light is laid out in Section 3.3.3. Lastly, in Section 3.3.4 additional measures
helping to reduce the amount of stray light are summarised.

3.3.1 Measurement methods for stray light and laser beam profiles

In the course of the work of this thesis a variety of methods for the detection of stray
light and determining laser beam profiles were employed. Here, a short overview over
the techniques most widely used is given.

Beam profiler Probably the simplest method to determine a lasers intensity beam
profile is to use a beam profiler, i.e. a camera directly detecting the laser light of the
beam. For this thesis work the thermal camera Pyrocam III by Ophir-Spiricon is
available. In Figure 3.5(a) a beam profile measured with this camera is shown. The
main advantage is its ease of use as it allows determination of the beam profile at
various positions along a beam in a very short time. However, due to the finite pixel
spacing of 100 µm measurements get inaccurate for smaller beams that only cover
a few pixels. Also, a precise determination of the outer lobes of the beam profile is
not possible, due to a maximum signal-to-noise ratio of about 1000:1.

Knife Edge method Another standard technique for the determination of laser
beam profiles is the Knife Edge method. Here, the power of the beam is measured
by e.g. a photodiode and a sharp blade to minimise reflection at the edge, hence knife
edge, is moved incrementally into the beam covering it partially. The transmitted
power is measured and thus the integral over the two-dimensional beam profile can
be recorded. This technique is much more cumbersome than using a beam profiler.
However, precise values can be obtained even for small profiles on the order of tens
of microns. The technique is applicable roughly down to a suppression of 10−3-10−4
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Figure 3.5: Comparison of different laser beam profile measurement techniques.
(a) Measurement using a Beam profiler. (b) Measurement employing the Knife-Edge
method. (c) Picture of the fluorescence of paper illuminated by UV-light taken with a
digital camera. (d) Sending the main beam through a hole in the paper also allows the
visualisation of the very weak outer parts of the beam. The edge of the dark spot in the
centre corresponds to the slightly jagged edge of the hole in the paper.

in intensity in the outer parts of the beam because at some point scattered light
at the not perfect edge starts to dominate the measurement. In Figure 3.5(b) such
a Knife Edge measurement is shown. The beam profile starts to deviate from the
ideal Gaussian shape at about the 10−1 level of relative intensity which probably
corresponds to an actual physical deviation. However, at the 10−3 level there is
a further trailing off of the beam shape and it is not clear whether this is just a
measurement artefact from scattered light at the edge of the blade or if it actually
stems from light far outside of the assumed Gaussian shape.

Fluorescence on paper An excellent but somewhat qualitative detection method
for UV light is the observation of the fluorescence of paper. Due to the organic
compounds used to bleach white paper it fluoresces with high efficiency. This can
be used for either detecting scattered light or also for measuring laser beam profiles.
As the central spot of a beam causes the by far brightest spot, the beam can be sent
through a hole in the paper so that only the outer parts of the beam become visible.
This technique allows for very quick alignment of e.g. pinholes or iris apertures even



3.3 Stray light suppression 35

for rather low light levels due to the high sensitivity of the eye. To achieve an even
higher sensitivity the fluorescence can be recorded with a digital camera. To get a
quantitative measurement a calibration photo can be taken of the central part of
the beam. To do so, the exposure has to be adjusted in order to not overexpose the
photo. Using the whole dynamic range of a modern day commercial digital camera,
an extraordinary low relative intensities of <10−10 would in theory be resolvable3.
However, Rayleigh scattering in air dominates at this point and limits the sensitivity
to about 10−7-10−8. As an example, in Figure 3.5(c) the overall profile of a laser
beam with Gaussian shape is given. In Figure 3.5(d) the same beam is sent through
a hole in the detection paper making visible diffraction rings suppressed by about
four orders of magnitude.

LIF detection setup Ultimately, the most meaningful way to detect stray light is
with the LIF detection setup itself. When a low enough stray light level is detected
with this system, the consequence is that the detection of molecules is feasible.
For optimisation purposes the highly sensitive PMT can be exchanged by a simple
photodiode in order to avoid damage caused by too high light intensities. Once a
higher sensitivity is required the measurements can be performed with the PMT.
At room pressure Rayleigh scattering contributes to the stray light background with
about 1.5× 105 cnts

s mW making measurements for further improvements rather tedious
due to long waiting times caused by evacuation of the system.

3.3.2 Beam cleaning

In this section a strategy is developed on how the beam quality of the laser used for
detection of the molecules can be improved. However, beam quality is not a well
defined quantity. The beam propagation factor M2 based on the second moment of
the beam’s intensity profile is often quite useful for a description of the beam [Sie98].
For an arbitrary beam this value can be quite challenging to measure [Nem94] ren-
dering it unsuitable for an application where the beam has to be characterised many
times to arrive at an optimal solution. Furthermore, the M2 factor mainly describes
the focusing properties of a beam, not its shape. For this work the main interest
lies in the side lobes as a high intensity here can cause significant amounts of stray
light when the beam gets truncated by apertures and the light is scattered. There-
fore, the main focus is on the deviation of the beam profile from an ideal Gaussian
shape and at what relative intensity this deviation occurs. Note, that a beam with
a perfectly Gaussian intensity profile does not automatically indicate a 0th mode
Gaussian beam since the phase profile of the beam is also relevant. This becomes
apparent when focusing the beam and results in M2 > 1 [Sie98].

Improving the beam profile by sending the beam through an optical fibre is not
a satisfactory solution in the case described here. Optical fibres only approximately
support a Gaussian 0th order mode [Brü15] and the resulting beam profile does not
satisfy the demands for beam cleaning needed for LIF detection of formaldehyde.

3Assuming standard specifications of modern digital cameras, a practical upper bound for the
short calibration exposure is 1/8000s, F32, ISO 100. For the long exposure with the beam
passing through a hole an exposure of 60s, F2.8, ISO 25600 is assumed.
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Using a fibre as an initial beam cleaning step is also not an option as the high UV
power needed quickly degrade any standard fibre. As a result, a spatial filtering
approach was chosen to improve the beam quality.

Theory Spatial filtering is a very common approach to improve laser beam qual-
ity and creates a beam with a large overlap with a Gaussian TEM00 mode. The
working principle is to focus the beam through a pinhole and subsequently truncate
the arising diffraction rings with an aperture. In this paragraph the procedure is
investigated theoretically.

A simple method to simulate the influence of pinholes and apertures on a beam
consisting of an arbitrary combination of Hermite-Gaussian modes is to use a beam
propagation method based on Fourier transformations [Sie86]. To this end, such a
beam is considered in two dimensions with direction of propagation z and direction
of the electric field x. Its field can be decomposed into a distribution of plane waves
at the position z = 0

E (x, z = 0) = 1
2π

∫ +∞

−∞
A (kx, 0) eikxxdkx, (3.2)

with A (kx, 0) the complex amplitude of each plane wave component. This expression
simply corresponds to an inverse Fourier transformation. Propagation of the field
to arbitrary values of z is given by A (kx, z) =A (kx, 0) eikzz. Consequently, in the
paraxial approximation where kz =

√
k2 − k2

x ≈ k
(
1− k2

x
2k2

)
the field is given by

E (x, z) = 1
2πe

ikz
∫ +∞

−∞
A (kx, 0) eikxxe−i k

2
xz

2k dkx. (3.3)

Therefore, to find the field at position z, first the complex amplitude has to be deter-
mined by a Fourier transformation A (kx, 0) = 1

2π
∫+∞
−∞ E (x, 0) e−ikxxdkx, which can

then be propagated and transformed back to real space by employing Equation (3.3).
The effect of thin lenses onto the beam is also easy to implement in this formalism.

To this end, the field of a Gaussian beam in terms of the complex beam parameter
q (z) is considered [Sie86]

E (x, z) = 1
q (z)e

−ik x2
2q(z) with 1

q (z) = 1
R (z) − i λ

πw2 (z) . (3.4)

A lens simply transforms the complex beam parameter by

1
qf (z) = 1

qi (z) −
1
f

(3.5)

with the lens’ focal length f . Since the beam width w (z) is not affected by the lens,
its influence on the beam is simply given by a multiplication with the factor

e
ik x

2
2f . (3.6)

Propagating a beam in this manner has several advantages: Firstly, by relying on
Fourier transformations the propagation is computationally fast due to FFT algo-
rithms. Secondly, the method is applicable to arbitrary beams where a decompo-
sition into Laguerre- or Hermite-Gaussian modes would not be feasible anymore.
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And lastly, the effect of pinholes and apertures can easily be simulated by adjusting
the electric field in real space at the location of the aperture and continuing the
propagation with the adjusted field.

In Figure 3.6(a) an arbitrary beam consisting of many higher order contributions,
as can be seen by the strong side lobes and the higher frequency components on the
beam profile, is shown in blue. The red curve is a fit of a Gaussian TEM00 mode
of the electric field, which not only takes into account the width of the beam but
also the radius of curvature of the wavefront. The beam is in its far-field and gets
truncated such that 30 % of the power contained in the beam is cut away, indicated
by the gray dashed lines. In the next panel, in Figure 3.6(b), the beam is propagated
into its focus. In blue, the beam that got truncated in the far field is shown, now
featuring strong but smooth side lobes. The yellow curve is the propagation of the
original beam from Figure 3.6(a) without truncation. The gray dashed lines again
indicate the position of truncation for the altered beam, this time cutting away the
side lobes in the first minimum.

In Figure 3.6(c) the beam is once again propagated into the far field once for the
beam truncated in the focus (in blue, denominated ’Beam 2’) and once for the beam
without truncation in the focus (in yellow, denominated ’Beam 1’), but still including
the truncation shown in the first panel. This procedure is repeated in the following
panels of Figure 3.6(d)-(f). It can be seen that by this approach, i.e. truncating the
beam by cutting away any undesired features and then propagating the beam until
a Gouy phase of about π

2 has been accumulated before again removing the arising
side lobes, the beam profile can be cleaned quite effectively. The starting beam has
deviations from a Gaussian shape in the few times 10−2 relative intensity range,
whereas the final beam, after truncation three times in the far field and two times
in the focus, is nicely Gaussian down to the 10−5 level. Naturally, the exact mode
composition or field of the beam used in the experiment is not known. However, the
described procedure in theory proved to be effective for arbitrary beams and gives a
good starting point for the experimental implementation of a beam cleaning setup.

The above treatment is done for the two-dimensional case which would correspond
to rectangular apertures when applied to three dimensions. Since in practice aper-
tures are typically round the integrations in Equation (3.3) have to be performed
in cylindrical coordinates. This gives rise to Bessel functions in the transformation
stripping the method of the convenience to be able to perform Fourier transforma-
tions for the propagation. However, the result is qualitatively the same and the
strategy to clean the beam as described above remains.

Setup and result Based on the beam cleaning strategy developed theoretically
the beam cleaning setup sketched in Figure 3.7 is implemented. It consists of six
apertures truncating the beam in the far field combined with four pinholes cutting
into the beam in the focus. The collimated section between Aperture 4 and Aperture
5 is needed for propagating the beam from the optical table onto a small breadboard
in front of the vacuum chamber. Two apertures are added because also here some
additional Gouy phase is collected. In each step the beam is truncated in the first
minimum so that diffraction rings are removed. After the additional collection of a
Gouy phase of approximately π

2 the newly arising diffraction rings are again cut away.
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Figure 3.6: Theoretical development of a beam cleaning strategy. (a) The starting
beam in the far field with significant deviations from a Gaussian shape is shown in blue
whereas the red curve depicts a Gaussian fit of the field. The gray dashed lines indicates
where the beam is truncated. (b) The truncated beam (blue) and the original beam without
truncation (yellow) after propagation into the focus. (c) - (f) Repetition of the scheme
from the first two panels. The beam is truncated at the minimum of the side lobes and
then propagated from the focus to the far field and vice versa. The beams represented
in blue correspond to the beams excluding the previous truncation step but including the
truncations performed before.
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Figure 3.7: Beam cleaning setup for the UV laser. The beam is sent through a
succession of apertures and pinholes cutting away undesired features of the beam in the
focus and far field of the beam improving the overlap with a Gaussian beam shape in each
step.

Experimentally, this is performed by making use of the technique of observing the
laser beam via the fluorescence it causes on paper as explained in Section 3.3.1. In
the far field, a piece of paper can be placed directly at the position of the aperture
to image the beam and determine the necessary aperture size. However, this is
not possible at the foci due to the small size of the beam. Therefore, these foci are
projected onto much larger foci by a single focusing lens enabling the same procedure
as in the far field. Additionally, in both cases the beam can be widened to further
improve the visibility by using a defocusing lens without adding additional Gouy
phase. It was observed that with extreme care during alignment the end result does
no longer improve after three sets of pinholes and apertures. However, adding a
fourth pinhole substantially reduces the effort needed for alignment.

The result of the beam cleaning is shown in Figure 3.8. The beam shape is
recorded by taking photos of the fluorescence the UV light causes on a sheet of paper
with a common digital camera (Nikon D700 equipped with Nikon AF-S Nikkor 24-
70mm/2,8 E ED objective). To record the outer weak parts of the beam it is sent
through a hole in the paper in order to not saturate the photograph in centre of the
beam. To cover the full dynamic range several photographs with different exposures
have to be taken. Since the fluorescence of paper is located spectrally in the blue
wavelength regime for the evaluation the camera’s blue channel value is extracted.
The result is stitched together from the different exposures taken for each beam
profile. The scaling of each individual contribution to the beam profile measured in
this way is determined by the exposure time, F-number and the ISO value4.

The first two panels of Figure 3.8 show the beam in the near and the far field
before beam cleaning, as it is emitted by the laser setup described in Section 3.2.
Deviations from a Gaussian shape already occur at the 10−1 and 10−2 level respec-
tively. The last two panels show the beam after beam cleaning. It now follows a
Gaussian shape down to about the 10−5 to 10−4 level. This corresponds to a typical
result and with the appropriate care even better suppressions can be achieved. How-
ever, the resulting improvement is small compared to the additionally experimental

4The F-number is used in photography to describe the size of the entrance pupil of an objective
and determines the light collection efficiency. It is given by the ratio of the focal length and the
diameter of the entrance pupil. The ISO value describes the signal gain of a photographic image
sensor.
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Figure 3.8: Beam profile measurements via fluorescence on paper. The curves are
extracted from photographs of the fluorescence the UV laser beam induces on paper. In
order to cover the full dynamic range the curves are stitched together from various photos
of different exposure. To avoid saturation for the longer exposures the centre part of the
beam is sent through a hole in the paper. In panels (a) and (b), the beam before passing
through the beam cleaning setup is shown in the focus and the far field. Panels (c) and (d)
show the focus and far field after beam cleaning. A clear improvement by several orders of
magnitude is achieved.

effort necessary for alignment and already with the shown improved beam shape,
truncating the beam at e.g. three time the beam waist w (z) should create orders of
magnitude less stray light.

Evidently, these measurements are rather qualitative as perfect linearity is as-
sumed for all photographic parameters as well as the camera chip response or rather
the camera internal processing of the light captured by the chip. Also, it is not
possible to infer the absolute size of the beam from the measurements as there is no
size standard to compare with. However, the purpose of this measurement is not a
quantitative determination of beam parameters but rather a qualitative proof of the
effectiveness of the beam cleaning setup and this point is proven clearly.
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3.3.3 In-vacuum apertures

All optical elements contribute to the stray light background. Surface roughness
or bulk inhomogeneities lead to stray UV laser light. Furthermore, all surfaces,
in particular anti-reflective coatings, but also optical glass such as UV fused silica
fluoresces to some degree. This fluorescence typically spectrally overlaps with the
fluorescence of formaldehyde making it a particularly harmful contribution to the
stray light background. Due to these sources of stray light it is indispensable to
place apertures before and after the detection volume around the UV laser passing
through the vacuum chamber for a successful stray light suppression. The purpose
of these apertures is to block any direct line of sight path from outside of the vacuum
chamber onto the LIF mirror surface. Since the last unavoidable optical elements
before the detection area are the vacuum windows, the apertures have to be placed
inside of the vacuum chamber.

In order to investigate different aperture configurations and their effect on the
stray light background a test setup was built. This test setup has the same pro-
portions as the actual vacuum chamber setup with the difference that it is in air
and the inner part, where the LIF mirror would be located, is openly accessible.
Thus, investigating the influence of different beam cleaning approaches and aper-
ture configurations is greatly facilitated because the stray light can be observed
directly within the mock vacuum chamber. The same laser beam that is used for
the vacuum chamber can be used for the test setup.

As a first approach an aperture configuration consisting of two apertures on either
side, blocking the direct line of sight, was tested. Position and size of the apertures
was optimised such that for a diagonal connection between apertures, i.e. from the
upper edge of the first aperture to the lower edge of the second aperture, and a
line from the edge of the second aperture onto the surface of the LIF mirror, the
intersection angle is maximised. This should minimise the amount of diffracted
light hitting the mirror surface. Of course, a boundary condition is the depth up to
which the apertures are allowed to cut into the laser beam, because if the beam is
truncated to much any previous beam cleaning efforts would be in vain. With this
approach the amount of stray light background could be reduced significantly but
the achieved background, also including other measures described in Section 3.3.4,
was still about three orders of magnitude to high.

The test with two apertures showed that also the light diffracted or reflected at the
second aperture edge still causes a considerable amount of background. Therefore,
as next step a third aperture was added. The configuration was chosen such that
the two apertures closest to the LIF mirror block the direct line of sight onto the
mirror surface. The third aperture furthest away from mirror, together with the
middle aperture, now also creates a shadow on the edge of the closest aperture.
By again maximising the necessary scattering angles a considerable improvement
should have been possible by this blocking of the line of sight even for diffracted light.
Unfortunately, no significant improvement could be achieved with this configuration.
Most likely the reason is that at least one very small aperture is required, making
the configuration rather susceptible to misalignment.

As a consequence a more pragmatic approach, relying on practical considerations,
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is taken. The approach implements what has been learned with the previous tests,
i.e. that even the path onto the LIF mirror surface for scattered light has to be
blocked and that the configuration has to be robust towards slight misalignment,
which is achieved by further increasing the number of apertures. The configuration
was adjusted with the test setup before arriving at the final result. In the following
this result is described and the constraints that have to be considered are discussed.

Naturally, placing the outermost apertures as far away from the LIF mirror as
possible, facilitates achieving the goal of having multiple scattering events before
light can hit the LIF mirror surface. However, for large aperture distances the laser
focus in the centre of the LIF mirror has to be chosen larger in order to reduce the
divergence of the Gaussian beam. Otherwise the outermost apertures would have
to either cut deeply into the laser beam, which would create more stray light, or
larger apertures would be required which could not block beam paths from outside of
the chamber effectively. A larger focus on the other hand calls for larger apertures
close to the detection region in order to avoid truncating the laser beam there.
Therefore, a compromise between the size of the laser beam focus, the position of
the furthest apertures, and the size of the individual apertures has to be taken. The
position of the apertures furthest away from the LIF mirror determines the size of
the whole apparatus. The largest distance that can easily be fit into the laboratory
with the current infrastructure is 0.8 m which is why this value is chosen. The
number of apertures on each side of the detection area is set to six as this is still an
experimentally tractable number.

The configuration chosen for the apertures in horizontal and vertical direction
is presented in Figure 3.9. The apertures represented in black are spaced such
that the distance between individual apertures decreases logarithmically towards
the detection region which is shown in red. The laser beam passing through the LIF
mirror is indicated in grey. The maximum value to which the apertures can cut into
the beam without significantly inducing stray light is experimentally determined to
be 3w(z). This value is also plausible when looking at the beam profile in Figure 3.8,
as for this value the beam starts to deviate from the ideal Gaussian shape. The size
of the two pairs of apertures furthest away from the detection region is adjusted
to the size of the beam, truncating it at 3w(z). Therefore, their size is ultimately
given by the size of the laser beam focus. These apertures are the ones cutting
the deepest into the laser beam, thereby potentially creating stray light. The inner
apertures slowly open up towards the detection area. It can be seen from the blue
dashed line that with this design even light scattered at the second aperture is
blocked by several of the inner apertures from hitting the LIF mirror surface directly,
giving the setup the desired robustness towards misalignment. If a larger multiple
of the waist w(z) was chosen for the outer apertures to cut into the laser beam,
this would not be the case anymore. The size of the apertures is different in the
vertical (Figure 3.9(a), parallel to molecule beam) and the horizontal (Figure 3.9(b),
perpendicular to molecule beam) direction. In the horizontal direction the size
of the laser is given by the spread of the molecule beam as mentioned previously
in Section 3.2. A value of w0,hor=3.33 mm is chosen as design parameter for the
horizontal focus of the elliptical laser beam, which is based on the result of molecule
trajectory simulations. A measurement of the width of the molecule beam resulting
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Figure 3.9: Aperture configuration for the LIF detection setup. Apertures are
represented in black, the LIF detection mirror in red and the laser beam in grey. The out-
ermost two of the six apertures on each side cut into the beam at 3w (z). The remaining
apertures gradually open up towards the LIF mirror. Stray light created at the second
aperture (dashed blue line) is still blocked by several apertures. (a) Aperture configura-
tion in the vertical direction based on a beam width in the focus of w0,ver=0.18 mm. (b)
Aperture configuration in the horizontal direction based on a beam width in the focus of
w0,ver=3.33 mm determined by the size of the molecule beam.

in an actual width of 2.2 mm is presented in Section 4.5.1. In the vertical direction
the focus has to be much smaller due to the smaller entrance aperture of the LIF
mirror. For the reasons already mentioned a compromise has to be found which is
fulfilled by the design parameter of w0,ver=0.18 mm in the vertical direction.

The apertures are shaped as elongated holes. They are manufactured out of
copper and the aperture edge is made as sharp as possible with a width of <0.1 mm
to minimise reflections and diffraction at the edges. The apertures are aligned to each
other and to the laser beam with a precision of <0.1 mm. However, the alignment
of the apertures to the LIF mirror is less precise due to manufacturing tolerances of
the involved vacuum parts. A photograph of a part of the aperture setup is shown
in Figure 3.10.

3.3.4 Further measures

Additional measures to lower the amount of the stray light background, apart from
beam cleaning and adding apertures, are discussed in this section.
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Figure 3.10: Photograph of the aperture setup. The picture shows the innermost
four apertures of the setup. The elongated hole with different dimensions in horizontal and
vertical direction can be seen. The apertures are manufactured out of copper and oxidised
to reduce their reflectivity and make them black (see Section 3.3.4).

Blacken the inside of the vacuum chamber Blackening the insides of the vacuum
chamber can greatly reduce the stray light background [Xu18]. For this reason, the
apertures are manufactured from copper which allows blackening them by oxidation.
The copper is immersed in a hot solution of NaOH and NaClO2 which creates black
cupric oxide (CuO) on the surface [Nor16b]. The copper blackened by this procedure
has a reflectivity well below 1 % in the UV and experiences virtually no fluorescence.
Other parts of the vacuum chamber that cannot easily be manufactured from copper
are blackened by using the ultra-high vacuum proof paint MH2200 by Alion Science
and Technology which has a reflectivity on the order of a few percent [Ham17].

Vacuum windows under Brewster’s angle Instead of using windows with an anti-
reflective coating whose surface is oriented perpendicular to the laser beam, uncoated
windows under Brewster’s angle are used. This way the reflection can be reduced
to a bare minimum and even if a part of the beam is reflected due to misalignment
or a non-perfect linear polarisation of the laser beam, this part is reflected under a
large angle. Therefore, there is no risk of the reflection hitting the aperture edges
and creating additional stray light, as is the case for perpendicular windows, but
instead the reflection can be dumped safely.

Spectral filters Adding an optical long-pass filter in front of the PMT can lower
the background level by several orders of magnitude. The best solution was found
to be an absorbing colour filter (Schott GG385) that has a transmission of only
3× 10−4 for 354 nm while still having a high transmission rising from 0.5 at 380 nm
to 0.9 at 450 nm. A detailed transmission curve is plotted in Figure 4.15 together
with the determination of the detection efficiency. Adding additional colour filters
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does not improve the suppression of the laser frequency anymore because the filter
material itself slightly fluoresces with a spectrum in the region of the passband. In
principle, for interference filters much higher suppression factors and steeper slopes
of the the transmission curve can be achieved. However, due to the particular design
of the LIF mirror, many different angles of incidence for the incoming light occur,
for which the transmission edge gets shifted. This leads to the effect that stray light
at the laser frequency is not blocked by the filter once the angle is steep enough.
Furthermore, an interference filter has the disadvantage that the blocked light is
reflected instead of absorbed. Due to the elliptical part of the LIF mirror on the
opposite side of the filter the light will only be reflected back onto the filter with the
main loss mechanism being the finite reflection of the coating of the LIF mirror.

High quality optics The optics used in the beam cleaning setup, in particular all
optical elements after the beam cleaning, are chosen with great care. They have a
surface with a scratch-dig value5 of 10-5, which should minimise the amount of laser
light scattered by the surfaces. However, no relevant improvement could be found
in the detected stray light level by employing this type of low surface roughness
optics. What proved to be very important though, is to be aware of lens errors. For
many lenses, also from different manufacturer, unexplained lens error were observed
which can significantly increase the amount of stray light incident on aperture edges.
These errors include e.g. strong focused spots on a line somewhat resembling lens
flare or a weak defocussed beam originating in the centre of a focussing lens. The
origin of these errors was not further investigated as switching to a second identical
lens typically solves the problem.

A further criterion for the choice of optics are the fluorescence properties. All
optical elements employed only show a minimal amount of fluorescence under il-
lumination with UV laser light. This is of particular importance for the vacuum
windows which are by far the closest to the aperture setup. Mostly, the fluorescence
properties of optical glass and anti-reflective coatings are not specified and have to
be found by a trial-and-error approach.

Laser beam block In order to avoid creating more stray light in the detection region
the laser leaves the vacuum chamber through a similar aperture configuration as it
passes for entering the chamber. However, the beam still has to be extinguished
with great care. To this end, a special beam dump coated with Acktar black foil is
used which is specified to have a reflectivity of <10−6.

Mirror insets The origin of the remaining stray light after the implementation of
the in-vacuum apertures and the beam cleaning was again investigated in the test
setup. By putting a piece of paper with an elongated hole at the position of the laser
entry and exit aperture of the LIF mirror, such that the mirror surface is represented
by paper, and taking a photograph, the remaining stray light can be made visible

5Scratch-dig is a specification based on the number and size of surface impurities like grooves
(scratch) and holes (dig). Even though the value is somewhat objective a low scratch-dig value
is typically a prerequisite for stray light prevention.
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Figure 3.11: Mirror insets for the LIF mirror. (a) Blue channel of a photograph of
the fluorescence of paper positioned at the laser exit hole of the LIF mirror in a test setup.
The stray light remaining after beam cleaning and adding the apertures is mainly found
close to the edge of the exit hole. (b) LIF mirror insets made from copper before blackening
on a dummy model of the laser exit hole of the LIF mirror. (c) Picture of a blackened inset.
Note that the photo is strongly overexposed outside of the inset due to the low reflectivity
of the oxidised copper.

due to its fluorescence. The blue channel of this photo is shown in Figure 3.11(a).
In order to not be limited by Rayleigh scattering, in this measurement the amount
of stray light was greatly increased by introducing a very thin peace of lens cleaning
tissue outside of the aperture configuration. As can be seen from the photograph,
the stray light is mostly hitting the edge of the laser exit hole of the LIF mirror and
quickly abates away from the aperture. The source of the light is not entirely clear
and there is different conceivable options. Most likely it is light which is diffracted
or reflected at the edge of the second aperture as this is the last one which actually
cuts into the beam as can be seen from Figure 3.9. However, as previously explained
from this edge there is no direct line of sight onto the mirror surface. Therefore, it
has to be a second order process, i.e. the light is again reflected or diffracted at one
of the edges of the following apertures. Another possibility is that the stray light
created at the second aperture hits the backside of the apertures on the opposite
side of the detection volume and is reflected back into the mirror. For this beam
path there is a direct line of sight, but it is also a second order process as it involves
a reflection of diffracted light at a blackened copper surface.

Since the origin of the stray light at the LIF mirror edge is not clear it is hard
to remove its source. An obvious solution would be to increase the size of the laser
entry and exit apertures which would only slightly affect the covered solid angle
and prevent the light from being imaged onto the PMT. However, machining the
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LIF mirror poses a great risk of damage due to the delicate surface of the mirror.
Buying a completely new mirror with adjusted measures is also not an option due
to time and funding constraints. Therefore, a less invasive approach is chosen by
covering the most strongly affected area of the LIF mirror surface in order to absorb
the incident stray light.

Blocking the light at the edges is achieved by the use of special mirror insets. In
Figure 3.11(b) the application of the insets manufactured from copper is shown on
a dummy model of the laser entry and exit hole of the LIF mirror. The copper is
only 0.1 mm thin so that the size of the laser exit hole is not significantly affected.
The stripe within the detection volume has a height of 4 mm which results in a
loss of solid angle of only 4.5 %. The insets are clamped in place in order to be
minimally invasive and avoid any mechanical adjustment which would carry the risk
of damaging the diamond turned surfaces of the LIF mirror. Blackening the copper
insets by oxidation as previously mentioned ensures that light is effectively absorbed.
A photograph of one final blackened inset is show in Figure 3.11(c). The introduction
of these mirror insets could lower the stray light background by more than an order
of magnitude and hence provides a major reduction in stray light background after
the implementation of the in-vacuum apertures and the beam cleaning.

3.4 Final setup

The final setup for LIF detection of formaldehyde now includes all points addressed
in the previous sections. The UV laser beam profile is cleaned by a succession of
pinholes and apertures which truncate the beam in the focus and far field respectively
such that the resulting beam has a Gaussian profile down to the 10−5 level. All
optical elements are chosen carefully in order to minimise surface scattering and
fluorescence. The vacuum windows are uncoated and oriented at Brewster’s angle
to the beam to minimise the amount of reflection and be able to safely dispose of
any remaining reflected light due to the large reflection angle. Within the vacuum
chamber six apertures are installed on each side of the detection volume to block as
much stray light as possible from entering from the outside. The apertures as well
as other parts of the vacuum chamber are blackened to further reduce any reflection
of stray light. The edges of the insides of the holes for the laser in the LIF mirror are
covered by special blackened insets, absorbing the main part of the remaining stray
light. The resulting effective solid angle covered by the LIF mirror in combination
with the blackened insets is 74.8 %. The final ingredient is a filter in front of the
PMT to filter the stray laser light from the fluorescence light. An overview in the
form of a technical drawing of the vacuum chamber including the LIF mirror and
the apertures is shown in Figure 3.12. The length of the whole vacuum chamber
is about 3 m. Further details about the setup such as the reflectivity of the mirror
coating, the transmission of the re-entrant vacuum window and the filter and the
quantum yield of the PMT can be found in Section 4.5.2 together with an estimate
of the detection efficiency of the detection.

The stray light background achieved with the above setup is <10 cnts
s mW which cor-

responds to an improvement by about a factor of 4× 109 compared to the initially
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Figure 3.12: Technical drawing of the vacuum chamber containing the LIF de-
tection setup. In the centre the LIF mirror is located. The long arms of the chamber
contain the apertures used to block stray light from entering the detection volume. The
hole in the centre of the LIF mirror is the entrance pupil for the electric quadrupole guide.
On the lower side the casing of the PMT in a re-entrant vacuum window can be seen.

achieved value without stray light suppression (compare Section 3.2). A rough es-
timate is that only about one of every 1015 photons in the laser beam is detected
as a background count. The individual contribution of the different measures for
stray light suppression cannot always be quantified. One reason is that the parts
within the vacuum chamber cannot simply be removed in order to examine their
isolated effect. Another reason is that some measures are only effective in combina-
tion, such as the beam cleaning whose effect is greatly amplified by the in-vacuum
aperture setup. The aperture’s contribution is by far the largest even though hard
to quantify. An easily quantifiable contribution is that of the spectral filter for the
PMT which reduces the stray light by about a factor of 103. The insets blocking
the stray lights at the edges of the holes of the LIF mirror for the laser contribute
with another factor of about 10, however, only in combination with the in-vacuum
aperture setup.

In conclusion, with the added improvements to the initial setup it is now possible
to send a lasers beam of 100 mW through the detection chamber while maintaining a
background level of about the same magnitude as the fluorescence signal for typical
molecules numbers. This enables the efficient detection of formaldehyde molecules
via an all optical detection scheme with the added improvement of state selectivity
as will be shown in the next chapter.



4 Characterisation of LIF detection

The preceding chapter was dedicated to the presentation of the concept of a LIF
based detection scheme, its experimental implementation, and a discussion of the
solution to the problem of exceedingly high background levels caused by stray light.
This chapter deals with the characterisation of the detection method and presents
the initial measurements performed with the new setup.

To this end, first signals obtained with the new detection scheme are presented
in Section 4.1. The main advantage of the method, namely its state selectivity,
is demonstrated in Section 4.2. Following in Section 4.3 are measurements of the
excited state lifetimes leading to a value for the quantum yield of the radiative
decay of the involved Ã1A2 41 |2, 2, 1〉 state1 as well as other rotational states in
the vibronically excited state. In Section 4.4 first measurements of cooled molecules
are presented with a focus on highlighting the differences to the previous detection
method using a QMS, before the detection efficiency of the method is determined in
Section 4.5.

4.1 First LIF detection signals

In order to obtain a first signal of formaldehyde molecules with the newly built
detection setup a very simple measurement is performed. Voltages are applied to
the loading and unloading guides as well as the electric trap. This way molecules
are continuously loaded into the trap. The molecules leaving the trap are a mixture
of molecules passing directly from the entry to the exit of the guide and molecules
that were trapped for a certain amount of time. This configuration is referred to as
a fly-through measurement [Eng13] and most of the data presented in this chapter
is based on this type of measurement sequence. The exit guide of the trap brings
the molecules into the LIF detection volume where they are released. The UV laser
passes perpendicular to the molecule beam through the LIF mirror as described in
Section 3.2 to electronically excite the molecules. The resulting fluorescence light is
then imaged onto the PMT and recorded. Spatial overlap of the molecule beam and
the laser beam does not represent a problem, as both have a size on the order of
several mm and misalignment on this scale can be excluded. For a precise alignment
the exact shape and position of the molecule beam can be measured as shown in
Section 4.5.1. Now, to successfully record a first signal the frequency of the UV laser
has to be adjusted. The highest occupation of molecules in the loading guide after
precooling with liquid nitrogen and velocity filtering is in the rotational state |3, 3, 0〉
which is also one of the two states used for optoelectrical Sisyphus cooling. Therefore,

1In this work the asymmetric rotor notation |J,Ka,Kc〉 is employed as a standard. Whenever
symmetric rotor states |J,K,M〉 are used they are indicated as such.
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Figure 4.1: One of the first signal recorded with the newly installed LIF detec-
tion. Voltages at the electric loading and unloading guide are turned on at 0 s. The steep
initial rise in signal is caused by molecules flying directly through the trap and into the LIF
detection. The slower rise afterwards is caused by trapped molecules which are loaded into
the trap. At 3 s the voltages at the loading guide are switched off causing the signal to decay
with the same two time scales, a fast decay due to molecules only flying through the trap
and a slower decay caused by trapped molecules leaving the trap.

the laser is tuned to the transition |Ã; J=2,Ka=2,Kc=1〉← |X̃; J=3,Ka=3,Kc=0〉
as described in Section 3.1. However, the precise frequency is not known well enough
from theory. For this reason, to find a first signal, the frequency is adjusted by hand,
with the previously mentioned voltage configuration of a fly-through measurement
applied, until a live fluorescence signal is recorded by the PMT.

Fixing the UV laser frequency to the found value a first measurement can be taken
with the LIF detection setup. The result is shown in Figure 4.1. The voltages at the
electric guides and the trap are turned on at time 0 s2. This results in a fast rise in
signal over ∼50 ms caused by molecules only flying through the trap. The following
slower rise is caused by molecules which stay trapped for some time within the trap
and are unloaded much slower. At a time of 3 s the voltages at the loading guide
are switched off, whereas the trap and unloading guide voltages are still applied.
The signal first decays quickly due to the lack of molecules flying directly through
the trap. A much slower decay follows with the same time constant a the initial
slow increase, caused by the trapped molecules unloaded from the trap. The whole
curve is offset by about 0.5× 103 cnts

s due to the background caused by stray laser
light, which is not subtracted in this plot. This measurement shows a first signal
with the newly implemented detection setup and its main purpose is to demonstrate
the functionality of the whole system. Of course, there are a number of different
parameters whose influence on the measurement has to be characterised. For the
UV laser used for detection these parameters include the frequency, power, and
polarisation as well as the spectral and spatial width. Furthermore, electric fields
in the detection region play an important role and can be exploited to achieve M -

2Asymmetric voltages of size 3.6/0 kV are applied to the electric guides and a voltage of 1200 V±5 %
is applied to the electric trap. More details are given in Section 4.2.2 or Ref. [Pre16].
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Figure 4.2: Cut through technical drawing of the LIF mirror. To the right the
spherical part of the LIF mirror can be seen together with the re-entrant vacuum window
which contains the PMT. To the left the elliptical part of the mirror is shown (see Section 3.2
for details). From the top the electrical quadrupole guide enters the detection area with the
guide rods bending outwards to minimise the spread of the molecule beam [Mie10]. The cap
surrounding the end of the guide shields the detection volume from the high electric fields
within the quadrupole guide. Due to a hole in the cap, through which the molecules pass, a
small electric field due to the electric guide is still present outside of the cap. Furthermore,
an offset voltage can be applied to the guide cap creating an additional electric field between
the cap and the grounded LIF mirror. The direction of the electric field within the detection
volume is sketched by the blue arrows.

sublevel selectivity. To determine the detection efficiency also the quantum yields
of the involved electronically excited states as well as the imaging efficiency are
measured. These topics are addressed in the following sections of this chapter.

4.2 Demonstration of state selectivity
Rotational states for the Ã1A2 ← X̃1A1 41

0 transition typically have a spacing of
several GHz whereas the resolution of the detection should be on the order of about
a MHz. Therefore, state selectivity for different rotational states does not represent
a problem. However, rotational states split up by K-type doubling as well as indi-
vidual M -sublevels whose degeneracy is lifted by an electric field can have a much
smaller frequency splitting. In this section the state selectivity is investigated and
demonstrated for these cases. To this end, the electric field distribution within the
detection region is examined in Section 4.2.1. With this knowledge the UV spectra
presented in Section 4.2.2 can be understood. In Section 4.2.3 the spectral resolu-
tion is increased by eliminating Doppler broadening with Doppler free saturation
spectroscopy which allows measuring precise Stark maps to deduce a value for the
electric dipole moment of the electronically excited state as well as the determination
of an upper limit for the laser linewidth.

4.2.1 Electric field distribution in the detection area

The design of the LIF mirror is already presented in Section 3.2. A cut through
a technical drawing is shown in Figure 4.2. The electric quadrupole guide enters
the detection area from the top and is surrounded by a cap meant for shielding the
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detection volume from the high voltages applied to the guide. An offset voltage can
be applied to the cap while the mirror pieces themselves are always grounded. This
configuration leads to two origins of electric fields. The first is a voltage directly
applied to the guide cap while the second origin are voltages applied to the electric
quadrupole guide. Here, in principle many voltage configurations are possible. How-
ever, in practice there are only two relevant cases: Pairs of electrodes opposite to
each other are set to the same potential in order to create a rotationally symmetric
guiding potential for the molecules. This leaves two different configurations. For
asymmetric guide voltages one pair of electrodes is grounded and the other pair is
set to high voltages such that a smooth transition without difference in potential
from the trap to the guide can be achieved. This configuration is chosen for un-
loading after cooling the molecules via optoelectric Sisyphus cooling [Zep13, Pre18].
For symmetric guide voltages the same voltage but with opposite sign is applied to
each pair of electrodes. This configuration is used to minimise the electric field in
the detection area but comes with the caveat that a small potential hill is created
at the exit of the electric trap that can prevent the coldest molecules from leaving
the trap due to the asymmetric voltages applied at the trap at the transition into
the exit guide [Zep13, Pre18]. For symmetric guide voltages in first order it can be
assumed that no electric field is created inside the LIF mirror by the quadrupole
guide. Both contributions to the electric field, guide cap and quadrupole guide,
lead to an electric field which is approximately pointing downwards as sketched in
Figure 4.2. For a quantitative description of the electric field the setup is simulated
in SIMION [Man08b] which employs a finite difference method to solve the Laplace
equation. The calculation is performed by Maximilian Löw. From the simulation
an approximate formula for the magnitude of the electric field at the position of the
UV laser can be derived. The field is given by

E ≈ aUcap + bUguide, (4.1)

with the voltage applied to the cap Ucap, the voltage applied to the electric guide
in asymmetric configuration Uguide and the two constants a = 0.37 cm−1 and b =
8.2× 10−3 cm−1 which are determined by the simulation. This approximation is
quite sensitive to the exact height of the laser beam through the LIF mirror, i.e. the
distance to the guide cap. Also, the fact that the molecular beam spreads out (see
Section 4.5.1) is not considered. This spread leads to slightly varying electric fields
at different positions of the excitation volume. However, Equation (4.1) gives a good
starting point when the magnitude of the electric field needs to be determined to
e.g. measure UV spectra.

4.2.2 UV spectra
After understanding the electric fields within the detection volume the next step is
to investigate the behaviour of the transition used for detection in the presence of
such an electric field. This dependence on the electric field strength of the Ã1A2 ←
X̃1A1 41

0 |2, 2, 0/1〉 ← |3, 3, 0〉 transition is shown in Figure 4.3(a). Only transitions
starting from M -sublevels in the rotational state |3, 3, 0〉 which have a positive Stark
shift (|M |=3, 2, 1), and therefore are populated in the electric trap and guide, are
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Figure 4.3: Stark map and transition probabilities for the transition
Ã1A2 ← X̃1A1 41

0 |2, 2, 0/1〉 ← |3, 3, 0〉. The rotational M -sublevels in the electronic
ground state are colour coded. The type of transition (∆M=0, ±1) is indicated by the line
style (solid, doted and dash-dot). (a) Calculated transition frequencies from the trapped
rotational M -sublevels of the |3, 3, 0〉 state as given in the legend into the excited rotational
states |2, 2, 0/1〉 are shown depending on the electric field. The determination of the off-
set transition frequency of 847.257 760 THz is described in the main text. In the electronic
ground state a dipole moment of 2.3321 D is assumed [Fab77] and in the electronically ex-
cited state the dipole moment of 1.4566 D is taken from Section 4.2.3. (b) Relative transition
probabilities for the transitions shown in (a). The inset shows a magnification of the low
electric field range.

shown. The curves are calculated using the treatment presented in Chapter 2, with
the transition frequency determined later in this section and the dipole moment
in the excited state taken from Section 4.2.3. Without the presence of an electric
field the transitions into the upper state |2, 2, 0〉 of the rotational doublet in the
electronically excited state are forbidden due to parity and transitions into the lower
state of the doublet |2, 2, 1〉 are allowed as can be seen from the selection rules in
Equation (2.10b) as well as from a calculation of the transition probabilities in
Figure 4.3(b). With an electric field applied this is not the case anymore and for
high electric fields the initially allowed transitions become forbidden and vice versa.
For very small electric fields on the order of only a few V

cm the transition probabilities
change quickly as can be seen from the inset in Figure 4.3(b) which is due to mixing
of parity states in the ground state where the |3, 3, 0/1〉 states have a splitting of
only 0.65 MHz. In the excited state the splitting is 37.62 MHz which is the reason
why higher electric fields are necessary to couple both states and the transition
probability changes more slowly with the electric field.

To record a spectrum a fly-through measurement as described in Section 4.1 is
performed. Contrary to the measurement presented there, for the spectrum no time
dependence of the molecule signal is investigated but the voltages are continuously
applied and a steady state arises as the molecule signal saturates. The fluorescence
signal is then integrated for a certain amount of time before the frequency of the
laser is adjusted for the next data point in order to measure a spectrum. Such a
spectrum measured with symmetric voltages applied to the electric guide and no
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Figure 4.4: Measured spectra of the Ã1A2 ← X̃1A1 41
0 |2, 2, 0/1〉 ← |3, 3, 0〉

transition with and without electric field. Transitions are labelled A and B for the
|2, 2, 1〉 ← |3, 3, 0〉 and the |2, 2, 0〉 ← |3, 3, 0〉 transition respectively. Grey dashed lines
indicate the theoretical position of the various transitions between M -sublevels. Error bars
represent the 1σ statistical error. (a) UV spectrum with Ucap=0 V and symmetric guide
voltages of ±1.8 kV resulting in an electric field of approximately 0 V

cm . (b) UV spectrum
with a voltage of Ucap=150 V and asymmetric electric guide voltages of 3.6/0 kV applied to
the guide cap resulting in an electric field of about 85 V

cm . This leads to a splitting up of
the otherwise degenerate transitions resulting in several peaks. The addressed rotational
M -sublevels are labelled. The polarisation is chosen perpendicular to the electric field such
that transitions with ∆M=± 1 are driven.

offset voltage is presented in Figure 4.4(a).
The two peaks correspond to the two transitions at zero electric field shown in

Figure 4.3(a), i.e. the rotational doublet in the electronically excited state consisting
of |2, 2, 0〉 and |2, 2, 1〉. Each peak is a superposition of all possible transitions
between the rotational M -sublevels which are degenerate in the absence of an electric
field. The lines are fitted with a Gaussian model which allows the extraction of line
position, width and signal height. Since the UV laser is referenced to an optical
frequency comb the transition frequency can be determined precisely. The centre
between the two lines lies at 847.257 760 THz3 which deviates by about 500 MHz
from a value to be found in the literature [Clo83]. The width of the transition is
dominated by Doppler broadening. The measured width of 11.4 MHz corresponds to
a temperature of 530 mK. The temperature of the molecules determined via a time of
flight measurement [Pre12, Eng13] is considerably higher with 3.58 K corresponding
to a mean velocity of v̄ = 31.5 m

s which would result in a Doppler width of about
29.6 MHz. The much smaller measured value is due to the fact that the UV laser
is oriented perpendicular to the direction of the molecule beam. Since the outward
bending of the exit of the guide reduces the velocity spread of the molecule beam
and converts some of the transversal velocity into longitudinal velocity a smaller
transversal temperature is measured in the detection region. Also, for a fly-through

3The error of frequencies measured with a laser locked onto the frequency comb in this work is on
the order of 100 kHz. Since the UV laser used here is frequency tripled (refer Section 3.2) for
values in the UV the error is on the order of 300 kHz.
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measurement the longitudinal velocity of the molecules is generally higher than the
transversal velocity.

The relative height of the peaks is determined by the transition probabilities
shown in Figure 4.3(b) and the quantum yield of the excited state (see Section 4.3).
Even though no voltage is applied to the guide cap and symmetric guide voltage
are used, the transition to the |2, 2, 0〉 state has considerable strength despite being
forbidden at zero electric field. This is due to the fact that Equation (4.1) is only
an approximation and there still is a small electric field. As previously mentioned,
for the parity doublet in the ground state only small electric fields are necessary to
couple the states sufficiently so that transitions into both of the rotational states of
the electronically excited states become possible.

Rotational M -sublevel selectivity In the presence of an electric field in the detec-
tion region the degeneracy of the M -sublevels is lifted as can be seen in the Stark
map of Figure 4.3(a). In Figure 4.4(b) a spectrum of a fly-through measurement
is shown with a voltage of Ucap=150 V applied to the guide cap and asymmetric
guide voltages of 3.6/0 kV resulting in an electric field of about 85 V

cm according to
Equation (4.1). The laser polarisation is chosen perpendicular to the approximate
direction of the electric field and the direction of propagation of the molecule beam,
meaning that only transitions with ∆M=±1 are driven. Various peaks arise for the
different transitions whose degeneracy is lifted by the electric field. The theoretical
transition frequencies are indicated by the grey dashed lines and labelled with A and
B for |2, 2, 1〉 ← |3, 3, 0〉 and |2, 2, 0〉 ← |3, 3, 0〉 respectively. Also the M -sublevel in
the ground state before excitation by the UV laser is identified for each transition.
Some transitions are still relatively close together at the chosen electric field strength
so that they are not distinguishable but for M=3 and M=1 the peaks are already
isolated so that the individual substates can be detected separately. By further
increasing the electric field, sufficient separation between the lines can be achieved
so that detection of each individual M -sublevel is possible. The magnitude of the
signal for each peak observable in Figure 4.4(b) is, besides the transition probability
and quantum yield, mainly influenced by the population of the ground state for
each transition. M=3 has the highest Stark shift of the M -sublevels of the state
|3, 3, 0〉 and as such has the best trapping properties and the highest population.
Another important factor is the unloading voltage applied at the unloading electric
quadrupole guide. Due to the different Stark shift the size of the exit hole is larger
for molecules in lower M -sublevels which subsequently are unloaded less efficiently
and comprise an even smaller portion of the molecules arriving at the detection
setup.

The possibility to directly detect individual M -sublevels is a main improvement to
previously employed techniques which relied on spectroscopically separating MW-
transitions in the electric trap, a task which due to Stark broadening is hard to
achieve [Glö16]. M -sublevel resolved detection is a powerful tool for the character-
isation of e.g. the optoelectrical cooling scheme and Majorana flips in the electric
trap. A further application is discussed in Section 6.4.
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Figure 4.5: Dependence of the fluorescence signal on laser polarisation and elec-
tric field. Shown is the dependence of the height of the peak of the signal for the transitions
Ã1A2 ← X̃1A1 41

0 |2, 2, 0/1〉 ← |3, 3, 0〉 (compare Figure 4.4(a)) on the electric field for laser
polarisations parallel and perpendicular to the direction of propagation of the molecules in
the detection region. At about 2 V the electric field vanishes leading to an increase and
decrease in transition probability for polarisations oriented perpendicular and parallel to
the electric field respectively. Additional feature appear due to a change in the direction of
the electric field when the contribution from the electric guide and the guide cap start to
cancel. The grey curves show the sum of the signal of both polarisations for the two transi-
tions eliminating this additional feature. The overall shape is determined by the transitions
probability and the quantum yield as explained in the main text.

Dependence on laser polarisation The UV laser light is polarised linearly. De-
pending on the orientation of the linear polarisation with regard to the direc-
tion of the electric field in the detection region either ∆M= ± 1 or ∆M=0 tran-
sitions are driven by the laser. As presented in Section 4.2.1 the direction of
the electric field is oriented mainly in the vertical direction, meaning that for de-
tection of molecules in the M=3 sublevel of the |3, 3, 0〉 rotational state via the
Ã1A2 ← X̃1A1 41

0 |2, 2, 0/1〉 ← |3, 3, 0〉 transition the polarisation has to be perpen-
dicular to the orientation of the electric field. This is the standard polarisation used
throughout this work unless mentioned otherwise and also motivates the orientation
of the vacuum windows under Brewster’s angle mentioned in Section 3.3.4. A mea-
surement of the dependence of the detected fluorescence signal on the polarisation
and electric field is presented in Figure 4.5.

Plotted is the measured height of the two peaks shown in Figure 4.4(a), resulting
from the transitions to the rotational states |2, 2, 0/1〉 in the electronically excited
state with symmetric guide voltages of Uguide=±1.8 kV, for laser polarisations per-



4.2 Demonstration of state selectivity 57

pendicular and parallel to the direction of propagation of the molecules and therefore
the electric field in the detection region. The electric field is varied by applying a
small voltage to the guide cap. The range of Ucap=±10 V corresponds to an electric
field of about ±3.7 V

cm according to the approximate formula in Equation (4.1). The
electric field is sufficient to bring the transition probabilities to about 0.5 from 1
and 0 respectively as can be seen from the inset in Figure 4.3(b). This becomes
apparent in the increase and decrease of the signal for larger applied voltages. For
the smallest fields, which occur around 2 V, a relatively sharp peak and dip can be
seen in the signals for parallel and perpendicular polarisation of the |2, 2, 1〉 state
respectively. The reason for this behaviour is that for very small voltages the direc-
tion of the electric field is not well defined anymore mixing the signal from ∆M=±1
and ∆M=0 transitions. The fact that the centre is shifted to about 2 V is a sign for
the presence of a small offset electric field even for symmetric guide voltages which
is also confirmed by the electric field simulations. By summing up the signal of both
polarisations for the two transitions an artificial ’total’ signal can be constructed,
consisting of the molecules detected from M=3 (perpendicular polarisation) and
M=2 (parallel polarisation). Thus, polarisation effects are eliminated and smooth
curves are obtained without additional features for low electric fields as can be seen
from the curves in grey in Figure 4.5. The shape of the curve is determined by the
change in transition probability. The difference between both summed up curves at
higher voltages is explained by the about 40 % lower quantum yield of the |2, 2, 0〉
rotational state compared to the |2, 2, 1〉 state of the electronically excited state (see
Section 4.3). For the |2, 2, 0〉 ← |3, 3, 0〉 transitions the signal level never reaches zero
which is due to the fact that the electric field is not completely homogeneous, and
therefore never exactly zero for the whole excitation region. Due to the sensitivity
of the transition probability to small electric fields this results in a non-zero signal
for all applied voltage. The data in Figure 4.5 is stitched together from different
data sets with slightly varying background levels causing a systematic bias of about
5 % which is not represented in the error bars. However, the general shape of the
curves stays the same as the observed effects have a much bigger amplitude.

4.2.3 Doppler-free spectra

To further increase the resolution of UV spectra such as the ones shown in Figure 4.4
Doppler-free saturation measurements can be performed to eliminate Doppler broad-
ening, the dominating broadening mechanism. To this end the laser is reflected back
into itself instead of being dumped after passing through the vacuum chamber. In
order to keep the increase in background stray light low, care has to be taken to
match the spatial mode of incoming and outgoing laser beam. Measuring a spec-
trum with this setup leads to the occurrence of saturation dips in the spectrum as
can be seen in Figure 4.6. Here, a UV spectrum of the transition |2, 2, 0〉 ← |3, 3, 0〉
(denominated B as in Figure 4.4) is shown. The electric field is approximately 46 V

cm
leading to a splitting of the various lines for the rotational M -sublevels. The two
grey dashed lines indicate the theoretical position of the transitions from the M=3
and M=2 state in the electronic ground state. Without a Doppler-free measure-
ment the lines are not resolved as can be seen from the main peak in the spectrum
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Figure 4.6: Doppler-free saturation spectrum of the transition
Ã1A2 ← X̃1A1 41

0 |2, 2, 0〉 ← |3, 3, 0〉. Due to the applied electric field of ap-
proximately 46 V cm−1 the transitions between different M -sublevels are split up. The
theoretical position of the transitions is indicated by the grey dashed lines. By retrore-
flecting the UV laser beam back into itself Doppler-free features appear in the Gaussian
envelope allowing a precise determination of the line position by a Lorentzian fit.

displayed in Figure 4.4(b), which is even measured at a higher electric field, and
therefore larger splitting between the lines. However, with the retroreflected laser
beam two clear dips show up in the Doppler broadened profile allowing to resolve the
individual transitions and precisely determining their position by fitting a Gaussian
envelope overlaid with two Lorentzians. The main remaining broadening mechanism
is power broadening which motivates the use of a Lorentzian lineshape for the fit.

The technique of Doppler-free saturation spectroscopy allows a much more precise
determination of the line position than before, and therefore many of the transitions
which could previously not be distinguished can be resolved. In Figure 4.7 the result
of a measurement for many of the transitions between M -sublevels of the Ã1A2 ←
X̃1A1 41

0 |2, 2, 0〉 ← |3, 3, 0〉 transition at different electric fields are summarised.
The statistical error of the line position is quite small for most transitions with
σstat<50 kHz. More important are the systematic errors caused by an offset of the
frequency stabilisation of the laser to the optical frequency comb due to spurious
signals and small differences in the electric field due to realignment of the laser beam
path through the vacuum chamber between measurements, which slightly affect the
beam position. This amounts to a systematic error of about σsyst≈150 kHz in the line
positions. The theory curves are fitted to the measured data with the dipole moment
of the excited Ã1A2 41 state and the electric fields for each set of measurements as
free parameters. This results in a value of

µ = 1.4566± 0.0003stat ± 0.0043syst D (4.2)

for the electric dipole moment of the excited state. In the literature two values
can be found for the dipole moment. In Ref. [Fre66] µ=(1.56± 0.07) D is stated
which deviates by about 1.5σ from the result of this work. In Ref. [Vac89] values
for individual rotational states with J=2 are determined. They are obtained by
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Figure 4.7: Stark map of the Ã1A2 ← X̃1A1 41
0 |2, 2, 0/1〉 ← |3, 3, 0〉 transition.

The measured data points are obtained by Doppler free saturation spectroscopy. Each set
of data points is measured with the same voltage configuration. The corresponding electric
fields are fitted together with the dipole moment of the excited state as free parameters
resulting in a value of µ = 1.4466± 0.0003stat ± 0.0043syst D.

quantum beat spectroscopy of the decay of excited states with different M quantum
number which should make the measurement independent of the dipole moment of
the ground state. For the |2, 2, 0〉 state a value of µ=(1.4526± 0.0004) D is given
and for the |2, 2, 1〉 state a value of µ=(1.4538± 0.0004) D. This is consistent within
the error bar with the value obtained here, where it is not possible to resolve any
differences between the two rotational states with the current precision. For the
dipole moment of the ground state a value of (2.3321± 0.0005) D is used in the
calculation which is taken from Ref. [Fab77].

Power broadening As mentioned previously the main remaining broadening mech-
anism is power broadening. To investigate this fact the laser power used for a
Doppler-free spectrum can simply be reduced. In Figure 4.8 the dependence of the
width of the Doppler-free feature on the laser power is plotted. The spectra are taken
at about zero electric field in the detection region on the Ã1A2 ← X̃1A1 41

0 |2, 2, 1〉 ←
|3, 3, 0〉 transition. As the laser power is decreased the width of the transition de-
creases correspondingly. The curve can be fitted by a simple power broadening
model of a two-level system [Sie86] which qualitatively shows good agreement and
yields a linewidth of (1.00± 0.03) MHz at zero laser power. This value is still consid-
erably broadened by residual Stark broadening due to the electric fields still present
in the detection region even with symmetric voltages applied to the electric guide
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Figure 4.8: Power broadening of the Ã1A2 ← X̃1A1 41
0 |2, 2, 1〉 ← |3, 3, 0〉 tran-

sition. With approximately 0 V cm−1 in the detection region the UV laser power is varied.
The result is fitted with a simple power broadening model of a two-level system [Sie86]. The
remaining width of (1.00± 0.03) MHz is a combination of the laser linewidth and residual
Stark broadening.

and zero Volt at the guide cap. From simulations the remaining Stark broadening
can be expected to be on the order of a few hundreds of kHz which is about the
same size as the natural linewidth. Therefore, the measured value can only put an
upper bound onto the laser linewidth which is specified to be <300 kHz but comes
with the caveat that a detailed description regarding the definition is not provided
with the specification.

4.3 Excited state lifetime and quantum yield

An important characteristic of the detection scheme directly affecting the detection
efficiency is the quantum yield, i.e. the average number of photons emitted per
excited molecule. As discussed in Section 3.1 the fluorescence lifetime of the excited
state τfl is closely related to the quantum yield of the decay via Φ = τfl

τrad
with the

radiative lifetime τrad. In this section a measurement of the fluorescence lifetime for a
selection of rotational states of the Ã1A2 41 state is presented and the corresponding
quantum yield deduced.

Laser switching setup and measurement principle To measure the spontaneous
decay of the electronically excited state the UV laser has to be switched off on a
time scale much shorter than the lifetime of the state. From previous measurements
in the thesis of Erich Dobler it is known that the lifetime is on the order of 1 µs or
less [Dob16]. For switching off the laser a rather simple setup is chosen: Before the
beam cleaning setup (see Section 3.3.2) the laser is sent through an electro-optic
modulator (EOM). By applying a voltage to the crystal of the EOM it becomes
birefringent such that the laser polarisation is turned by 90°. By using a polariser
in the appropriate orientation the laser can be turned off on a rather short time
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Figure 4.9: Fluorescence lifetime of the Ã1A2 41 |2, 0, 2〉 state. In red the switching
of the laser is visible via the change in background counts caused by the laser. Switching
happens on a time scale of about 50 ns and with an extinction ratio of about 250 : 1 via
an EOM. In blue the fluorescence signal is shown (including laser background) which after
an initial peak caused by a surplus of unexcited molecules decays towards a steady state
value. When the laser is turned off a fluorescence decay time of τfl=(0.990± 0.015) µs can
be determined with an exponential fit.

scale of about 50 ns. The measurement sequence is rather similar to the one used
for taking UV spectra in the last section. Electric guides and electric trap are
operated in fly-through mode and the molecules continuously enter the detection
region. The difference to previous measurements is that the UV laser is pulsed and
the time dependence of the PMT signal is examined instead of the integrated signal.
An exemplary measurement for the fluorescence lifetime of the |2, 0, 2〉 rotational
state in the Ã1A2 41 vibronic state is presented in Figure 4.9. Shown in red is the
background signal caused by the UV laser, i.e. a measurement without molecules.
The signal rises and drops steeply when the laser is turned on and off respectively.
The remaining signal when the laser is turned off is mostly caused by the dark counts
of the PMT. However, with the EOM only a finite on : off extinction ratio of about
250 : 1 is achieved meaning that also some laser background is contributing to the
signal. The signal in blue shows the PMT signal when molecules are added. When
the laser is turned on the signal quickly rises as the molecules in the detection region
are excited and start to fluoresce. After an initial peak the signal approaches a lower
steady-state value which is determined by the rate with which new molecules enter
the detection region. The decay is governed by the fluorescence lifetime, however, a
much cleaner measurement is possible after the laser is switched off. The fluorescence
signal of the molecules persists but decays exponentially. This decay is given by
the lifetime of the excited state and in this case yields a fluorescence lifetime of
τfl=(0.990± 0.015) µs. The influence of the laser switching is negligible as long as
the fluorescence decay is much longer than the switching time. It only becomes
important for decay times on the same time scale, where thus only an upper limit
can be found. Fluorescence decay times are measured for a variety of states. A
summary of the measured decay times is provided in Table 4.3. In the first column
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the rotational state of the electronically excited state Ã1A2 41 and in the second
column the corresponding decay time is listed. The data is compared to values
that can be found in the literature. In Ref. [Wei80] fluorescence lifetimes were
measured in a gas cell at pressures of about 0.1 mTorr− 1 mTorr, causing collisional
perturbation on the order or 10 %. The values mostly agree within the error bar
except for those values that are limited by the time resolution due to the laser
switching time as mentioned before. In Ref. [Hen82] the lifetimes were measured in
a jet experiment which is claimed to be nearly collision free even though pressures
are still quoted as 0.1 mTorr. The values given here don’t nearly agree as well,
however, the experiment had a much lower resolution and no error bars are given.
In Ref. [Vac88] polarisation transient gain spectroscopy was performed enabling the
elimination of collisional effects. Only one state coincides with the states investigated
in this work and the values disagree by only a bit more than 1σ. The huge variations
in lifetimes of different rotational states is attributed to the coupling of the excited
state to a ’lumpy’ continuum. That means that some states strongly couple to other
rotational states in the electronic ground state leading to an increased non-radiative
decay whereas others do not [Wei80, Moo83].

Resulting quantum yield In principle detailed knowledge about the interaction
of the electronic ground and excited state is necessary to determine the quantum
yield, in particular the non-radiative decay channels such as dissociation and internal
conversion via conical potential energy surface intersections. This is a quite difficult
task and still subject to research in recent times [Ara08, Ian13]. A more tractable
approach is the assumption that the longest fluorescence decay time for states with
low J and K quantum numbers are already the pure radiative lifetime and that there
is no contribution from a non-radiative component. This is a commonly accepted
approach in literature, that is considered reasonable as there is no experimental
indication otherwise [Wei79, Wei80, Hen82] and it is also backed by theoretical
considerations [vD78].

The longest fluorescence lifetime measured in this work is the one of the rotational
states |0, 0, 0〉 and |1, 1, 1〉. They only differ by a few percent which is why for the
radiative lifetime their average is taken. Knowing the radiative lifetime the quantum
yield can easily be calculated with the relation Φ = τfl

τrad
. The result is summarised

in the third column of Table 4.3. In the literature only one source for absolute
pressure free quantum yields for the Ã1A2 41 state can be found in Ref. [Shi81]
and the accompanying paper Ref. [Fai81]. Here, the molecule D2CO which is not
subject to such huge variations in the fluorescence lifetime was used as a reference.
Furthermore, the number of absorbed and emitted photons is measured for varying
pressures ranging from 120 mTorr − 5 mTorr which means that the quantum yield
had to be extrapolated to obtain a zero pressure value. The results are shown in the
last column of Table 4.3. The agreement with the values determined in this thesis
work is poor, however: Due to the complicated process with several intermediate
steps to determine the quantum yield at zero pressure in Ref. [Fai81] a systematic
error of about 30 % is stated. The values obtained in this thesis work should not
contain relevant systematic effects for lifetimes much longer than the laser switching
time. Collisions don’t influence the measurement because even for a pessimistic
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Data Literature

Rot. state Ã1A2 41
0 Lifetime Quantum yield Ref. [Wei80] Ref. [Hen82] Ref. [Vac88] Ref. [Shi81]

|J,Ka,Kc〉 τ (µs) Φ (%) τ (µs) τ (µs) τ (µs) Φ (%)

|0, 0, 0〉 3.18± 0.04 97± 2 3.10± 0.16 4.67 - -
|1, 1, 1〉 3.37± 0.03 103± 2 - 2.65 - -
|1, 0, 1〉 2.76± 0.01 84± 1 2.76± 0.14 2.8 - -
|2, 2, 0〉 0.615± 0.003 18.8± 0.3 0.69± 0.03

}
0.89 - 32.2± 2.1

|2, 2, 1〉 0.995± 0.003 30.4± 0.4 - - -
|2, 1, 2〉 0.573± 0.007 17.5± 0.3 - 0.63 - -
|2, 0, 2〉 0.990± 0.015 30.2± 0.6 0.86± 0.04 0.88 0.85± 0.10 -
|3, 3, 0/1〉 0.188± 0.010 5.7± 0.3 - - - -
|3, 2, 2〉 0.188± 0.002 5.8± 0.1 - - - 6.8± 0.6
|4, 4, 0/1〉 0.042± 0.002 1.3± 0.1 0.025± 0.001 - - 0.75± 0.14
|4, 3, 2〉 0.16± 0.05 4.9± 1.6 - - - -
|4, 2, 3〉 0.459± 0.006 14.0± 0.3 0.49± 0.02 0.86 - 20± 2
|5, 4, 2〉 0.132± 0.004 4.0± 0.1 0.113± 0.006 - - 3.03± 0.57

Table 4.1: Summary of measured fluorescence lifetime in the Ã1A2 41 state and comparison with literature values. Lifetimes are
measured by switching the excitation laser with an EOM on a time scale of 50 ns. The quantum yield is calculated by taking the longest lifetimes
of the |0, 0, 0〉 and the |1, 1, 1〉 state as the radiative lifetime (see main text). Note that all values from literature except from Ref. [Vac88] are
subject to considerable systematic errors due to collisional quenching. In particular for the quantum yield of Ref. [Shi81] an additional systematic
error of about 30 % is stated.
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estimate the peak pressure in the molecule beam is <1× 10−8 mbar and thus many
orders of magnitude lower than for the measurements given in the literature. The
transition time through the detection area also only has a negligible contribution,
as the detection efficiency of the LIF mirror does not significantly change over the
distance the molecules can travel during the fluorescence decay.

Most relevant for this work is the quantum yield of the decay of the states |2, 2, 0/1〉
as those are the states used for the detection of molecules after completing the opto-
electrical Sisyphus cooling cycle and the state |1, 0, 1〉 which is used for the detection
of molecules in the experiments presented in Chapter 5 and Chapter 6. As can be
seen from Table 4.3 the state |2, 2, 1〉 has a higher quantum yield with (30.4± 0.4) %
than the state |2, 2, 0〉 which only has a quantum yield of (18.8± 0.3) %. This means
that it is favourable to detect the molecules via the lower state |2, 2, 1〉 of the dou-
blet in combination with low electric fields due to the influence of the transition
probability shown in Figure 4.3.

4.4 Detection of cold molecules

The LIF detection scheme has various advantages over the detection with a QMS as
is already mentioned in Chapter 3. One advantage, that only applies to very cold
molecules below a certain temperature threshold, is highlighted in this section. To
reach these temperatures close to 1 mK optoelectrical Sisyphus cooling is employed.
The cooling sequence for formaldehyde is presented in great detail in the thesis of
Alexander Prehn [Pre18]. Here, only a short summary is given.

Formaldehyde molecules are continuously loaded into the electric trap for 18 s.
During this time optoelectrical Sisyphus cooling is already being performed, mean-
ing that RF is applied to induce transitions between strongly and more weakly
trapped states, the IR laser is shone into the trap for vibrational excitation of the
molecules, and MW are used for repumping, as described in Section 2.2.1. The
RF is already cycled from higher to lower frequencies in order to cool initially hot
molecules with a short trap lifetime to temperatures where they have a longer life-
time and can therefore participate in the following cooling steps. After the load-
ing sequence, cooling continues without further loading of uncooled molecules for
12 s where the RF applied for cooling is lowered stepwise down to a frequency of
fRF−foffset= (308−184) MHz=124 MHz. This results in a molecular sample of 17 mK
and 13 mK in the case of a measurement with LIF detection and the previously em-
ployed QMS respectively. Naturally, the temperature of the molecules does not
depend on the type of detection used. The difference between the two values is
explained by the fact that many parameters of the cooling sequence changed as one
was measured with the previously employed setup with a QMS and for the other
many changes were implemented for the new LIF detection scheme requiring re-
optimisation of the cooling sequence. After the cooling sequence the molecules are
brought to a single rotational sublevel |J,Ka,Kc,M〉 = |3, 3, 0, 3〉 via optical pump-
ing. Details about the optical pumping scheme are provided in the thesis of Rosa
Glöckner [Glö16]. After this single state preparation the molecules are unloaded
from the trap for 12 s and guided to the detection area. In the case of detection via
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Figure 4.10: Comparison of detection properties for cold molecules with QMS
and LIF detection. A sample of cold molecules, with a temperature of 13 mK and 17 mK
for QMS and LIF detection respectively, is prepared by optoelectrical Sisyphus cooling. The
signal is integrated over 12 s of unloading time. (a) The voltage applied at the trap and
the quadrupole guide during unloading is varied. For a detection via LIF the maximum
is shifted significantly towards lower voltages meaning that colder molecules are unloaded
more efficiently. (b) Velocity distributions are reconstructed from the rising edge of a time-
of-flight measurement. The curves are matched via the high velocity part with >3 m

s . By
detection via a QMS a significant part of the lower end of the velocity distribution is missing.
The shaded areas indicate the statistical error.

LIF the UV laser is then set to the peak of the Ã1A2 ← X̃1A1 41
0 |2, 2, 1〉 ← |3, 3, 0〉

transition and the transition is broadened with electric fields in such a manner that
all molecules in the Doppler broadened transition are addressed (for details see Sec-
tion 4.5). For both detection methods, QMS and LIF, the signal is integrated over
the unloading time.

The unloading efficiency of the molecules from the trap is sensitive to the voltage
applied at the unloading guide. The electric fields inside the trap and the quadrupole
guide have to be matched. Low voltages, i.e. weak electric fields, create high losses for
faster molecules which aren’t confined anymore whereas high voltages (strong electric
fields) result in slow and inefficient unloading as the exit hole of the trap becomes
smaller. The molecules decay exponentially out of the trap via the unloading guide
with a time constant determined by the size of the exit hole4. For further details
about the unloading process the reader is referred to Ref. [Pre18]. In Figure 4.10(a)
a measurement is presented where the unloading voltage applied to the trap and
the guide is varied for both cases, with the old detection scheme with a QMS and
with the new detection scheme based on LIF. Both curves are normalised to their
individual maxima. It can be seen that the optimal voltage for unloading is shifted
considerably towards lower voltages. This is attributed to the fact that with the
QMS the coldest molecules can not be detected due to the electric fields deflecting the
molecules before they can enter the ionisation volume (see Ref. [Pre18] for details).

4The unloading time of 12 s is long enough so that the error due to integration up to different
values in decay constant is negligible and all signal is captured.
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For the new detection scheme no such limitation is to be expected because the electric
fields are much smaller, so that already gravity would be sufficient to overcome any
potential barrier. Therefore, colder molecules are detected meaning that a higher
signal level is achieved for lower voltages where cold molecules are unloaded more
efficiently.

A second measurement supporting the claim of a more efficient unloading of cold
molecules is shown in Figure 4.10(b). Here, velocity distributions are depicted for
the same molecule samples as described in the last paragraph, i.e. samples at a
temperature of 17 mK and 13 mK for QMS and LIF detection respectively. The
velocity distribution are reproduced from a rising edge measured with a time-of-
flight measurement as is explained in detail in Ref. [Pre12]. Since signal levels are
different in both measurements and less slow molecules are expected in the case
of detection with the QMS, the curves are matched to each other using the high
velocity end of the distribution with velocities >3 m

s which is roughly the point up
to which both distributions have a similar shape. It is immediately apparent that
the distribution measured with the QMS, despite its lower temperature of 13 mK,
that has been measured by a RF knife edge filter measurement within the trap (see
Ref. [Pre18]), is lacking the low velocity end of the distribution. Already between
2 m

s and 1 m
s there is a significantly smaller fraction of molecules in the distribution.

Below 1 m
s there are no molecules at all which is also true for samples cooled to

much lower temperatures, where instead only the measured signal decreases, which
required parametric heating of the molecules for detection in the past [Pre18].

Both measurements presented in this section show that the new detection scheme
based on LIF liberates the experiment from the particular disadvantage of the QMS
of not being able to directly detect cold molecules below a certain velocity threshold.

4.5 Detection efficiency

In this section the detection efficiency is determined which allows a calibration of
the detection scheme in terms of absolute molecule numbers. To this end, at first
laser power saturation measurements are presented in Section 4.5.1 to determine the
maximum signal theoretically achievable with infinite laser power where all molecules
would be excited. Afterwards, experimental losses caused by the detection setup are
discussed in Section 4.5.2 before determining the overall detection efficiency and
hence the number of molecules in Section 4.5.3.

4.5.1 Saturation with laser power

To investigate the increase of fluorescence signal with higher laser power and the
saturation properties of the molecule signal a simple model is introduced. The
molecule beam is modelled to have a number density n with a Gaussian profile in
both real (one dimensional) space y and frequency space ν:

n (y, ν) = n0 exp
(
− y2

w2
mol
− ν2

∆ν2
D

)
, (4.3)
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with the corresponding width parameters wmol and ∆νD respectively and the max-
imum density n0. The laser beam is described in a similar fashion, with the beam
width wlas in real space and the linewidth ∆νlas in frequency space such that the
spectral and spatial power density p is given by:

p (y, ν) ∝ exp
(
−2 y2

w2
las

)
exp

− ν2

∆ν2
las

(
1 + P

Pbroad

)
. (4.4)

In the second part of Equation (4.4) power broadening is considered with the total
laser power P and a broadening factor Pbroad. The saturation behaviour of the num-
ber of excited molecules with laser power N can then be modelled as follows [Sie86]:

N (P ) =
∫∫

n (y, ν) exp
[
− P

Psat
p (y, ν)

]
dydν, (4.5)

with the total number of molecules N0 and the saturation power Psat. Combining
Equation (4.3), Equation (4.4), and Equation (4.5) this results in the following
expression for the measured signal S in terms of the laser power P :

S = Smax ·

 1−

∫∫
exp

(
− y2

w2
mol
− ν2

∆ν2
D

)
exp

− P

Psat
exp

(
−2 y2

w2
las

)
exp

− ν2

∆ν2
las

(
1 + P

Pbroad

)
dydν

∫∫
exp

(
− y2

w2
mol
− ν2

∆ν2
D

)
dydν


,

(4.6)

with the maximum signal for infinite laser power Smax. The spatial dimension y
is chosen perpendicular to the direction of beam propagation for laser and molecule
beam. The first term in the integral of the numerator corresponds to Equation (4.3)
and describes the molecule beam in real and frequency space as Gaussian distribu-
tions. The second term corresponds to Equation (4.4) and accounts for spatial and
spectral hole burning. The integral in the denominator provides normalisation.

In order to apply the model, the parameters describing the molecule beam and the
laser beam have to be determined. The laser beam width is easily measured outside
of the vacuum chamber and by fitting the envelope of a Gaussian laser beam, a beam
width in the horizontal direction of wlas=2.3 mm is deduced. The spectral width of
the laser, or rather the spectral width of the molecule transition addressed by the
laser without additional broadening is determined in Section 4.2.2 with Doppler free
saturation spectroscopy to be ∆νL=(1.00± 0.03) MHz.
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Figure 4.11: Doppler width of the Ã1A2 ← X̃1A1 41
0 |2, 2, 1〉 ← |3, 3, 0〉 transi-

tion for three different temperatures. Solid lines are fits of Gaussian profiles to the
individual data sets. The resulting 1/e width ∆νD is plotted for each curve. Error bars
are the 1σ statistical error. The curve at 1.5 K is measured in a fly-through measurement.
The asymmetric voltages cause non-negligible Stark broadening resulting in an asymmetric
lineshape. The molecules for the curves at 100 mK and 25 mK are cooled to a final cooling
frequency of fRF−foffset= (1258−184) MHz and fRF−foffset= (375−184) MHz respectively.

Spectral width of the transition and laser broadening techniques The spectral
width of the transition depends on the temperature of the molecules due to Doppler
broadening being the dominating broadening mechanism. The width can easily
be determined by UV spectroscopy as described previously in Section 4.2.2. In
Figure 4.11(a) measurements of the Doppler width of the detection transition for
three different molecule temperatures is presented. The first sample are uncooled
molecules in a fly-through measurements (see Section 4.2.1) with a temperature of
1.5 K. The lineshape is rather asymmetric and does not have a nice Gaussian profile
due to asymmetric quadrupole guide voltages of 4 kV/0 V which create an electric
field in the detection region. This field is compensated by applying a negative voltage
at the guide cap resulting in inhomogeneous residual electric fields in the detection
region leading to further Stark broadening causing the asymmetric lineshape. Fitting
of a Gaussian profile is of course accompanied by a considerable systematic error
due to the deviation of the lineshape, nonetheless a width of about ∆νD=10 MHz is
determined. The remaining two curves shown in Figure 4.11 are measured with cold
molecules cooled to a final cooling frequency of fRF−foffset= (1258−184) MHz and
fRF−foffset= (375−184) MHz resulting in temperatures of about 100 mK and 25 mK
respectively. Stark broadening is not an issue anymore as the unloading voltages are
much lower for colder molecules. The Doppler width decreases as expected resulting
in widths of ∆νD=(4.68± 0.06) MHz for the hotter and ∆νD=(2.59± 0.06) MHz for
the colder sample.

For all three different temperatures investigated, the spectral width is much larger
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than the laser linewidth. In order to address all molecules two different techniques
are employed in the course of this thesis work. A simple method is to shift the
centre frequency of the transition by applying an electric field such that the laser
can address molecules of different velocity classes. If this shift happens on a timescale
faster than the transit time of the molecules through the laser beam and covers the
full spectral width of the transition, the whole molecule beam can be addressed.
For uncooled molecules with a velocity of 15 m

s this corresponds to a frequency of
at least 75 kHz due to the laser focus in the direction of molecules propagation of
about 200 µm. The amplitude of the applied voltage ramp needed to cover the
full spectral width of the transition varies for different temperatures and rotational
states. For uncooled molecules with a Doppler width of about 10 MHz as shown in
Figure 4.11, when there is no offset electric field present, voltages as high as ±30 V
are necessary. For colder molecules this value is smaller depending on the Stark shift
and the frequency width to be covered. Of course, this technique heavily relies on
a sizeable Stark shift of the molecules and has to be adjusted for each individual
state. In order to avoid this problem the laser itself can also be frequency broadened.
To do so, the laser is sent through an EOM acting on the phase of the laser beam
creating sidebands. By choosing the right modulation frequency and voltage the
laser linewidth can be broadened to cover the full spectral width of the molecule
transition. This technique is independent of the molecular state and its Stark shift.
However, the modulation still has to be adjusted for every temperature due to the
different Doppler widths.

Width of the molecule beam The spatial size of the molecule beam in the de-
tection area after leaving the electric quadrupole guide can easily be measured by
adjusting the focus of the laser beam. Instead of using a laser beam only focussed in
the vertical direction and collimated in the horizontal direction the beam is focussed
in both dimensions with a focus of size w0=200 µm at the position of the molecule
beam. Translating the laser in the horizontal direction allows probing the spatial
dimension of the molecule beam. The result of such a measurement for molecules
in fly-through configuration is presented in Figure 4.12. As expected the signal de-
creases when moving the focused laser from the centre position and a Gaussian shape
with width wmol = (2.21± 0.03) mm can be fitted quite well. The measurement is
performed with molecules with a mean velocity of (12.8± 0.2) m

s corresponding to
a temperature of about 590 mK. For the limiting case of molecules with zero initial
velocity the downward bend of the guide into the detection area increases the ve-
locity by about 1.7 m

s . Therefore, the influence of gravity can be neglected for the
investigated velocities. Since the guide voltage is roughly proportional to the energy
of the molecules the change of the molecule beam size due to spreading out after
leaving the guide [Mie10] with temperature is estimated to be small and introduces
a systematic error <10 %.

Saturation With the knowledge about the spectral width of the molecule transi-
tion and spatial width of the molecule beam, the model from Equation (4.6) can
be applied. A measurement of saturation curves for three different temperatures
is presented in Figure 4.13(a)-(c). For each temperature a measurement without
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Figure 4.12: Measurement of the shape of the molecule beam. The UV laser is
focused into the detection area with a waist of w0=200 µm and its horizontal position varied.
The fluorescence signal of molecules in fly-through configuration is recorded revealing a
roughly Gaussian shape of the molecule beam.

a broadened laser and one with a broadened laser or shifting of the transition is
shown. For 1.5 K and 100 mK an EOM is used, for the measurements at 25 mK
the transition is shifted via a voltage ramp. The solid curves are fitted to the
data using the model in Equation (4.6) with the constants as given in the last para-
graphs, the molecules beam width wmol=(2.21± 0.03) mm, the Doppler width for the
three different temperatures ∆νD1=(10.15± 0.03) MHz, ∆νD2=(4.68± 0.06) MHz
and ∆νD2=(2.59± 0.06) MHz, the laser beam width wlas=2.3 mm, and the laser
linewidth ∆νlas=(1.00± 0.03) MHz for the unbroadened case. For the broadened
laser complete coverage of the spectral line is assumed. The free parameters of the
fit are Psat, Pbroad and Smax. The resulting extrapolated signal Smax and the satura-
tion laser power Psat are given in each panel for both curves. The maximum signal
decreases for lower temperature as is to be expected due to losses during cooling.
It is important to note that only molecules in the rotational state |3, 3, 0〉 are de-
tected. Hence for uncooled molecules only a subset of molecules of about 15 % of
all molecules is detected [Pre18]. For the measurements at 100 mK about half of
the molecules are detected because only molecules in the states |3, 3, 0〉 and |4, 3, 1〉
are addressed by the optoelectrical cooling cycle and have a lifetime long enough to
survive until unloading starts. In principle the same applies to the molecules at a
temperature of 25 mK but here single state pumping is applied before unloading of
the molecules from the trap, transferring the molecules with high efficiency into the
M=3 sublevel of |3, 3, 0〉 so that >95 % percent of the molecules are in this single
state [Glö16, Pre18]. The value for the saturation intensity resulting from the fit
decreases for lower temperatures because it becomes easier to saturate the transition
as the molecules spend more time in the excitation volume due to their lower veloc-
ity. The values for a frequency broadened laser beam are considerably higher than
without broadening as the power spectral density is lower due to the larger spread
in frequency space. Note that the saturation power marks where the first subset of
molecules gets saturated and till which laser power the signal increase is linear, the
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Figure 4.13: Laser power saturation measurements. The laser power is varied
for three different temperatures with and without frequency broadening of the laser (see
main text for broadening techniques). The curves are fitted with the saturation model de-
scribed in Equation (4.6). The constants common to all fits are the molecule beam width
wmol=(2.21± 0.03) mm and the laser beam width wlas=2.3 mm. The laser linewidth is as-
sumed to be ∆νlas=(1.00± 0.03) MHz in the unbroadened cases and to cover the whole fre-
quency span of the transition in the broadened cases. The free parameters of the model are
Psat, Pbroad and Smax. The given error bars only include statistical errors. (a) Measurement
with uncooled molecules in a fly-through configuration. Only about 15 % of the molecules
are in the state |3, 3, 0〉 and are detected. The Doppler width is ∆νD=(10.15± 0.03) MHz.
Due to the considerable extrapolation Smax is assumed to be only correct within a factor
of 2. (b) Measurement with cooled molecules at a temperature of 100 mK with a Doppler
width of ∆νD=(4.68± 0.06) MHz. Half of the molecules are detected as they are equally
distributed between |3, 3, 0〉 and |4, 3, 1〉 after optoelectrical Sisyphus cooling. The system-
atic error is estimated to be about 20 %. (c). Measurement at a temperature of 25 mK
with a Doppler width of ∆νD=(2.59± 0.06) MHz. All molecules are detected due to optical
pumping into |3, 3, 0〉 after the cooling sequence. The inset shows a magnification of the low
laser power range. The systematic error is estimated to be <10 %.

total signal itself still rises by about at least a factor of 3 more.
In particular for the measurements with warmer molecules the value of Smax is

based on considerable extrapolation making the value very sensitive to systematic
effects. The given errors are only based on a propagation of the statistical errors
of the measured saturation curves and the constant values entering Equation (4.6).
Not included is the fact that the size of the molecule beam could vary for colder mo-
lecules even though this effect is estimated to be small as explained in the previous
paragraph. Furthermore, in principle it is possible that the applied voltage ramp
or the EOM does not lead to an excitation of the whole Doppler broadened line.
However, for both techniques, broadening with an EOM and shifting the transition



72 Characterisation of LIF detection

350 400 450 500 550 600 650
Wavelength (nm)

0

0.05

0.1

0.15

0.2

F
lu

or
es

ce
nc

e 
in

te
ns

ity
 (

no
rm

al
is

ed
)

Figure 4.14: Fluorescence spectrum of the X̃1A1 41 excited state of formalde-
hyde. The main intensity is emitted from 415 nm to 460 nm. Only about 0.5 % of the
molecules decay back to the vibronic ground state. Figure taken from Ref. [Bou96].

with a frequency ramp, very similar results are achieved, making this systematic
error unlikely. The values for Smax are consistently lower for the unbroadened case
which is probably due to the uncertainty in the spectral width of the laser or rather
the spectral width addressed by the laser without any broadening mechanism ap-
plied. For these reasons, the values obtained from the frequency broadened mea-
surements are the most trustworthy. Nevertheless, due to the strong extrapolation
the measurement for uncooled molecules at 1.5 K are estimated to only be correct
within about a factor of 2. For the broadened curve this is due to the strong ex-
trapolation and without broadening to the uncertainty of the laser linewidth. The
distorted spectrum in Figure 4.11 shows that due to Stark broadening the assumed
value of 1 MHz, which was determined under a different voltage configuration at the
quadrupole guide, is probably not precisely correct. For the measurements at colder
temperatures the values without broadening are estimated to be correct within 20 %
for the same reason, namely the lack of knowledge about the exact frequency span
the laser addresses without additional broadening. The curves for cooled molecules
and including frequency broadening are the most trustworthy with an estimated
systematic error of <10 %.

4.5.2 Experimental losses
In this section the losses in the detection setup caused by experimental constraints
and imperfections are discussed. Since most effects are wavelength dependent it is
useful to first have a closer look at the fluorescence spectrum of formaldehyde.

Fluorescence spectrum of the Ã1A2 41 state As already mentioned in Chapter 2
the Franck-Condon overlap for the Ã1A2 ← X̃1A1 41 transition of formaldehyde is
very small, making laser cooling impossible. This is also represented in the broad
fluorescence spectrum shown in Figure 4.14 which is taken from Ref. [Bou96]. Only
a negligible amount of about 0.5 % of the fluorescence intensity comes from a decay
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Figure 4.15: Experimental losses. (a) Plotted are transmissions and reflectivity of the
optical elements used for light collection in the LIF detection scheme. The reflectivity of
the LIF mirror is provided by the manufacturer Kugler. The transmission of the re-entry
vacuum window is measured with a spectrophotometer. The transmission of the Schott
GG385 colour filter is provided by a measurement from the distributing company Itos.
(b) Quantum efficiency of photomultiplier tube (PMT) R6094P from Hamamatsu as it is
specified in the datasheet. The measured data point for validation is obtained by exposing
the PMT to an attenuated light-emitting diode.

back into the v=0 vibrational mode of the electronic ground sate. Most of the
fluorescence is spread out from 385 nm to 510 nm with some weaker bands reaching
up to almost 620 nm. The discrete spectrum is caused by decays to individual excited
vibrational modes in the electronic ground state X̃1A1. The most intense bands are
located around 415 nm to 460 nm.

Transmissions and reflectivities of optical elements After excitation of the mo-
lecules there are three optical elements the fluorescence light interacts with before
detection by the PMT. First, the light is reflected by the surface of the LIF mirror
coated with protected aluminium5. The reflectivity as specified by the manufac-
turer Kugler is shown in Figure 4.15(a). It rises from about 80 % at a wavelength of
400 nm to almost 90 % at 600 nm. At the excitation wavelength it still has a sizeable
reflectivity of about 70 %. The coating of the spherical half of the LIF mirror is bad
in the very steep parts close to the edge (see Section 3.2). In this region the mirror
is assumed to have the reflectivity of copper which is about 45 % for the fluorescence
wavelengths and 35 % for the excitation laser wavelength.

The next optical element is the re-entry vacuum window incorporating the PMT.
The glass of the window is broadband anti-reflex coated and has a high transmission
of >98 % over the full width of the fluorescence spectrum. A measurement of the
transmission is also shown in Figure 4.15(a). The transmission for the excitation
wavelength of 354 nm is a bit lower with about 92 %.

The last optical element is a colour filter GG385 from Schott. As can be seen
5Protected aluminium consists of a layer of aluminium coated with an additional dielectric pro-

tective layer to prevent oxidisation of the aluminium on air.
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Figure 4.16: Imaging efficiency of the LIF setup for Rayleigh scattering. Signal
caused by Rayleigh scattering of the UV laser at 354 nm by nitrogen at room pressure. The
simulated curve is calculated with Zemax based on the Rayleigh scattering cross-section of
nitrogen in Ref. [Tha14] and includes all known experimental losses.

from the curve in Figure 4.15(a) it has a transmission of about 90 % for wavelengths
>400 nm. Its purpose is to filter out stray light from the excitation laser as explained
in Section 3.3.4 which is achieved with a suppression of 3× 10−4 as shown in the
inset of Figure 4.15(a).

Quantum efficiency of PMT For detection a photomultiplier tube (PMT) is used
as described in Section 3.2. It has a maximum quantum efficiency of 25 % at a
wavelength of about 400 nm which slowly decreases towards longer wavelengths.
The specified curve is shown in Figure 4.15. The quantum efficiency is experimen-
tally validated at 425 nm which results in a value of (25.6± 1.4) % confirming the
specification. The value is obtained by exposing the PMT to the attenuated emission
of a light-emitting diode.

Validation of imaging efficiency of the LIF mirror In order to verify the calcu-
lation of the imaging efficiency of the LIF mirror presented in Section 3.2 and the
experimental losses, a validation measurement is performed. To this end the vacuum
chamber is flooded with nitrogen at room pressure and the signal caused by Rayleigh
scattering of the UV laser beam at 354 nm recorded. The laser is focussed with a
waist of about 200 µm in the centre of the LIF mirror and the position of the laser is
varied along the horizontal direction, i.e. the larger dimension of the elongated hole
of the entrance aperture of the LIF mirror. By moving the laser from the centre
position the measured signal decreases due to a lower imaging efficiency as can be
seen from the result of the measurement plotted in Figure 4.16. For comparison the
amount of theoretically expected signal is also shown. It is based on a ray tracing
simulation with the software Zemax. The amount of scattered photons is calculated
using the Rayleigh scattering cross-section of nitrogen given in Ref. [Tha14]. The
angle distribution is weighted according to the common Rayleigh scattering angle
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Temperature Extr. signal Smax No. molecules in |3, 3, 0〉

Fly-through measurement 1.5 K (1.80± 0.12)× 104 (5.63± 0.24)× 105

fRF−foff=1074 MHz 100 mK (4.82± 0.10)× 103 (1.51± 0.11)× 105

fRF−foff=191 MHz 25 mK (3.49± 0.18)× 103 (1.09± 0.06)× 105

Maximum detection efficiency |3, 3, 0〉 (3.2± 0.1) %
Maximum detection efficiency |1, 1, 0〉 (8.8± 0.2) %

Table 4.2: Calibration of the absolute number of molecules and detection effi-
ciency of the LIF detection scheme. The extrapolated maximum signal Smax is taken
from the saturation measurements presented in Sec. 4.5.1. Only molecules in the state
|3, 3, 0〉 are detected which means that for the fly-through measurement at 1.5 K only about
15 % of all molecules are detected. For 100 mK half of the molecules are in the state |3, 3, 0〉
and for 25 mK more than 95 % due to optical pumping. The overall detection efficiency
depends on the state to be detected due to the varying quantum yield of the detection tran-
sitions available.

distribution with
(
1 + cos θ2) [Bor99]. The light is then propagated through the

LIF setup including the experimental losses given in this section. The result shown
in Figure 4.16 agrees very well with the measured values. On average the theory
curve deviates by only about 3 % from the experimental values. Therefore, it can be
assumed that the simulation of the imaging efficiency of the system is valid within
a few percent.

4.5.3 Number of molecules
To determine the detection efficiency and the number of molecules the experimental
losses in the system discussed in the previous section have to be combined with the
results from the saturation measurements. The molecules are excited by the UV
laser where the fraction of excited molecules is given by the model presented in Sec-
tion 4.5.1. Subsequently, the molecules emit fluorescence light with the spectrum
shown in Figure 4.14 and the quantum yield determined in Section 4.3. The light
is then collected and imaged onto the PMT by the LIF mirror with an efficiency of
about 58 %, a value which already includes the reflectivity of the LIF mirror. The
losses introduced by the vacuum window and the colour filter lead to a cumulated
transmission of about 88 %. The detection with the PMT happens with an average
efficiency of about 21 %. Combining these values allows to give an absolute number
of molecules based on the extrapolation of the signal in Section 4.5.1. The result
is summarised in Table 4.2. The molecule numbers are based on the extrapolation
from the saturation measurements with a frequency broadened laser. Error bars
include only statistical errors and the most significant systematic error by far comes
from the extrapolation of Smax as is argued in the previous section. Therefore, the
same estimation of systematic errors applies as already discussed in Section 4.5.1,
namely an error of 50 % for uncooled molecules at 1.5 K, about 20 % for the inter-
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mediate cooling sequence at 100 mK and <10 % for the coldest molecules at 25 mK.
Furthermore, an overall detection efficiency is given in Table 4.2 which of course
depends on the rotational state to be detected due to the quantum yield of the in-
volved transition. For this efficiency perfect saturation of the transition is assumed
and the systematic error is on the order of a few percent.

The molecule numbers given in this section are considerably lower than what has
been measured previously with a QMS where 3× 105 molecules at temperatures
<1 mK were given [Pre18]. The cooling steps applied to bring the molecules down
to 25 mK introduce losses of about 20 % per cooling step, each reducing the tem-
perature by a factor of

√
2. This is in good agreement with what has been observed

previously. Assuming that following cooling steps produce about the same amount
of relative molecule loss only about 3× 104 molecules would be left at 400 µK. This
is about a factor of 10 lower than what was previously assumed. The reasons for
this discrepancy are not entirely clear. As was discussed already in this section, the
values obtained with LIF should not have an error big enough to explain the differ-
ence. The number calibration performed with the QMS was claimed to be accurate
within a factor of 2 which consequently cannot account for the difference either. One
conclusion is that the calibration with either the QMS or the one presented here with
LIF have a considerable flaw that has been overlooked. Another possibility is that
for some undetected technical reason there are less molecules now than there were
in the past. However, no indication is found supporting this speculation.

Theoretically, the detection efficiency has been increased drastically by the new
detection scheme based on LIF. For the detection of the rotational state |3, 3, 0〉 the
increase by detection with the scheme based on LIF is about two order of magnitude
compared to the detection with a QMS where the detection efficiency ranged between
1× 10−4 and 4× 10−4, depending on the velocity of the molecules [Pre18]. However,
the issue of disagreeing molecule number remains unresolved for the time being
leaving a final conclusion still open.

Due to a higher background the increased detection efficiency does not automat-
ically translate into a similar decrease in measurement time. However, for colder
molecules the UV laser power necessary to saturate the detection transition de-
creases leading to higher signal to noise values for lower temperatures. Also, the
state selectivity of the method removes the need to perform difference measure-
ments to determine the number of molecules in a particular subset of rotational
states [Glö15a] halving the measurement time in many cases. Furthermore, the
state selectivity of the method enables a number of novel experiments previously
impossible. Two of these applications of the new detection scheme are presented in
the remaining chapters of this thesis.



5 Ortho ground state preparation

In this chapter the preparation of cold, Sisyphus cooled formaldehyde molecules in
the rotational ortho ground state is presented. The technique relies on the capabil-
ity to distinguish between different rotational quantum states of the formaldehyde
molecules making it an ideal application of the LIF detection scheme due to its state
selectivity.

Formaldehyde exists in the form of two different spin isomers, just as e.g. the
hydrogen or the water molecule. These isomers are labelled para and ortho. Para
means that both spins of the hydrogen nuclei are aligned antiparallel resulting in
an antisymmetric spin wavefunction. Therefore, the rotational wavefunction has
to be symmetric in order to fulfil the Pauli exclusion principle which requires the
total wavefunction to be antisymmetric (see Equation (2.11)). This results in para-
formaldehyde with antiparallel spins only being allowed in states with even Ka

quantum numbers (see Section 2.1.3). Ortho on the other hand stands for parallel
aligned hydrogen spins which in the case of formaldehyde requires odd Ka quantum
numbers to comply with the symmetry constraints of the Pauli principle. The con-
version between ortho and para states requires a nuclear spin flip, and therefore is
strongly spin forbidden. Not even collisions seem to give relevant conversion rates
as has been investigated in the context of astrochemistry [Tud06]. For astrophysical
sources the understanding of the ortho-para ratio of formaldehyde is crucial [Tro09]
as it can be used to e.g. determine the temperature of interstellar clouds [Dic99].
Due to the extremely low interconversion rate, ortho- and para-molecules can almost
be treated as two distinct molecule species. For this reason, it can also be argued
that there are two ground states. The para ground state is the energetically abso-
lute ground state with J=0. The ortho ground state with J=1, Ka=1 is actually
a doublet of parity states split up by K-type doubling (see Section 2.1.2) as is the
case for most states of an asymmetric rotor. Naturally, in a static electric trap such
as it is employed in this experiment only trapping of states with a positive Stark
shift is possible, limiting trapping to the |1, 1, 0〉 state.

Trapped molecules in the |1, 1, 0〉 state can be obtained by simply working with
molecules not previously Sisyphus cooled. The molecules entering the electric trap
have a Boltzmann internal state distribution at 150 K and are velocity filtered by
the electric quadrupole guide. This results in the |1, 1, 0〉 state being one of the
more abundantly populated states of the initial molecule sample in the trap with a
population of about 5 % [Pre18]. However, the trapped molecules have a temperature
of about 600 mK and cannot be cooled due to a missing second trapped M -sublevel
required for optoelectrical Sisyphus cooling (see Section 2.2.1). Also, the standard
cooling scheme is only accessible to symmetric rotor molecules or, as is the case
for formaldehyde, slightly asymmetric rotors where the states split up by K-type
doubling are strongly coupled by the electric field such that they behave like a
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symmetric rotor. To overcome this problem and provide molecules in the ortho
ground state at lower temperatures, in this chapter a technique is presented which
allows to first cool the molecules in the states |3, 3, 0〉 and |4, 3, 1〉, as is routinely
done with the standard optoelectrical Sisyphus cooling scheme [Pre18], and then
transfer those cold molecules to the state |1, 1, 0〉.

Ground state pumping is of considerable importance because in these states mo-
lecules are stable against inelastic collisions. This is an important requirement for
evaporative cooling as it relies on a favourable ratio between elastic and inelastic
collisions. To achieve the goal of bringing formaldehyde into the quantum degen-
erate regime the envisioned course is to first cool the molecules with optoelectrical
Sisyphus cooling to ultracold temperatures and then transfer them into a microwave
trap. Here, also molecules in low field seeking states such as |1, 1, 1〉 can be trapped.
This will allow further cooling via an adapted Sisyphus cooling scheme as outlined in
Chapter 7 and also bring evaporative cooling within reach. A further application of
optical pumping to the |1, 1, 0〉 state is the measurement of coherence times between
its rotational sublevels. This experiment is presented in detail in Chapter 6 of this
thesis.

In Section 5.1 the transfer scheme based on optical pumping and the involved
level structure is explained and an estimate for the efficiency is given. In Section 5.2
the experimental results are presented.

5.1 Optical pumping scheme

For formaldehyde optoelectrical Sisyphus cooling typically takes place in the rota-
tional states |3, 3, 0〉 and |4, 3, 1〉 of the vibronic ground state. The choice is mainly
motivated by the high population of these two states which contain about 20 % of the
molecules loaded initially into the electric trap [Pre18]. After cooling the molecules
are distributed equally between the highest M -sublevels of the two cooling states due
to coupling via MW (see Section 2.2.1). As a transfer technique to the ortho ground
state |1, 1, 0〉 an obvious choice is optical pumping via a vibrational excitation, be-
cause of the strict rotational selection rules. However, the v1 vibrational mode used
for the cooling cycle is not suitable for this transfer. Due to the A1 symmetry of
the mode, the rotational selection rules of Equation (2.10a) (∆Ka=0,±2, . . . and
∆Kc= ± 1,±3, . . .) apply. This means that for the two-fold transition involved in
optical pumping, first the excitation by a laser and then a subsequent spontaneous
decay, one of the two transitions would have to rely on a ∆K=2 transition, which
is strongly suppressed for slightly asymmetric rotors such as formaldehyde.

More suitable is the vibrational antisymmetric C-H stretch mode v5 which has the
symmetry type B2 (see Table 2.1) meaning that b-type selection rules ∆Ka= ± 1
and ∆Kc= ± 1 (refer to Equation (2.10b)) apply. The full pumping scheme based
on an excitation to this mode including all involved states is presented in Figure 5.1.
Shown are the different rotational states in the vibronic ground state X̃1A1 and the
two excited vibrational modes v5=1 and v1=1 involved in the pumping scheme as
well as the vibronic excited state Ã1A2 41 used for detection. Starting from the M=3
sublevel of the rotational state |3, 3, 0〉 an IR laser excites the molecules to the |2, 2, 0〉
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Figure 5.1: Detailed level scheme for optical pumping into the ortho ground
state |1, 1, 0〉. After Sisyphus cooling the molecules end up in the highest M -sublevels of
the states |3, 3, 0〉 and |4, 3, 1〉. Red solid lines indicate IR lasers for vibrational excitation
of the molecules. Wavy grey arrows represent spontaneous decays. The optical pumping
takes place inside the electric trap with a typical electric field strength of 628 V

cm coupling
the states with small K-type doubling. The J=4 state is incorporated by MW radiation in
combination with the IR laser coupling to the v1=1 mode, which transfers the molecules into
the highest M -sublevels and thus serves as repumper. For completeness also the detection
transitions driven by the UV laser are shown by the solid blue lines. This excitation takes
place in the LIF detection area with a much lower electric field. IR and UV frequencies are
experimentally determined values. The rotational constants used for the calculation of the
splitting caused by K-type doubling in the vibrational excited states and also the vibronic
excited state are taken from Ref. [Clo83]. The rotational constants of the vibronic ground
state are taken from Ref. [Brü03]. The vibrational decay rates are given in the HITRAN
database [Gor17]

rotational state of the X̃1A1 51 vibrational state. Since the molecules are trapped
in an electric trap (see description in Section 2.2.2) the optical pumping happens
in the presence of an electric field. For the standard setting used for cooling of the
molecules the electric field strength is 628 V

cm which easily couples the parity doublet
in the excited state which has a splitting of 74.6 MHz and makes this transition
possible. This is confirmed by a calculation of the transition matrix elements shown
in Figure 5.2.

From the rotational |2, 2, 0〉 state in the vibrationally excited state the molecu-
les decay according to the selection rules into the rotational states |J=1,Ka=1〉,
|J=2,Ka=1〉, |J=3,Ka=1〉 and |J=3,Ka=3〉 of the vibronic ground state X̃1A1 as
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Figure 5.2: Electric field dependence of transition probabilities for the states
involved in the ortho ground state preparation. The dashed line at 628 V

cm marks the
electric field strength of the electric trap operated with standard voltage configuration. The
target state |J=2,Ka=2,Kc=0,M=2〉 is located in the vibrationally excited state X̃1A1 51

whereas the other states are in the vibronic ground state X̃1A1. Depending on the splitting
caused by K-type doubling the electric field couples corresponding states with different rates
resulting in a characteristic shape of the curves with a steeper rise to about 0.5 followed by
a slower rise up to 1. The inset shows a close up of the graphs for low electric field values.

indicated in Figure 5.1. The molecules decaying into each particular manifold dis-
tribute approximately equally between the two states of the parity doublets because
the electric field is not strong enough to couple both states for the large K-type
doubling splittings of several GHz. This fact also becomes apparent from the tran-
sition probabilities in Figure 5.2. The only exception is of course the decay into
|J=3,Ka=3〉 which happens with about 99 % probability into the upper state of the
doublet |3, 3, 0〉. The decay rates into the various rotational states vary by more than
an order of magnitude. The strongest decay is the one back into the state of origin
|3, 3, 0〉 with 34.1 Hz. The molecules decaying via this channel can be repumped
with high efficiency as is explained in the next paragraph. The second strongest
decay with 24.6 Hz is the desired decay into the states |J=1,Ka=1〉, i.e. the ortho
ground state of the molecule. The two weaker decays with 14.1 Hz and 2.6 Hz lead
into the |J=2,Ka=1〉 and the |J=3,Ka=1〉 manifolds respectively. The part of the
molecules decaying into the upper state of these doublets with positive Stark shift
could in principle be repumped, however, due to a lack of appropriate radiation
sources these molecules are lost.

For completeness in Figure 5.1 also the vibronic states used for detection are
shown. For the detection of molecules in the state |3, 3, 0〉 the transition into the
state Ã1A2 41 |2, 2, 1〉 is used as is explained in great detail in Chapter 4. For
the detection of molecules in the upper state of the ortho ground state doublet
|1, 1, 0〉 the transition into the state Ã1A2 41 |1, 0, 1〉 is the most convenient choice,
as it offers a high quantum yield of the excited state of (84± 1) % as determined
in Section 4.3. Both of these detection excitations of course do not happen in the
electric trap but in the LIF detection region within the LIF mirror, meaning that
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the electric field is typically much weaker here than in the electric trap.

Accumulation1 for increased efficiency As already mentioned, after Sisyphus cool-
ing the molecules end up equally distributed between the highest M sublevels of the
states |3, 3, 0〉 and |4, 3, 1〉. Therefore, by only exciting the molecules via the transi-
tion X̃1A1 ← X̃1A1 51

0 |2, 2, 0〉 ← |3, 3, 0〉 half of the molecules are not addressed.
Another source of loss is the spontaneous decay back to the rotational state |3, 3, 0〉.
The selection rule ∆M = 0,±1 on the one hand ensures that molecules are only
driven to the M=2 sublevel of the excited |2, 2, 0〉 state, and therefore can only de-
cay to the M=1 state of the ortho ground state |1, 1, 0〉 and not to the untrapped
M=0 state. On the other hand, this selection rule allows decay back into lower, more
weakly trapped M - sublevels of the |3, 3, 0〉 state. The optical pumping transitions
from these states are blue-detuned from the transition originating in M=3. Due to
a negative differential Stark shift between ground and excited state the transitions
from these lower M sublevels are still driven, however much less efficiently because
they only take place in high electric field parts of the trap. Furthermore, lower
M -sublevels of the excited state can be populated by this process leading to loss via
spontaneous decay into the M=0 sublevel of the target state |1, 1, 0〉.

In order to avoid these two loss mechanisms and increase the efficiency, the mole-
cules can be accumulated into higher M -sublevels of the |3, 3, 0〉 state as is also done
during optoelectrical Sisyphus cooling. To this end, the molecules in |J=3,Ka=3〉
are excited with another IR laser to the |3, 3, 0〉 state of the v1=1 vibrational mode
via a ∆M= + 1 transition as shown in Figure 5.1. This way the molecules prefer-
entially decay back into the M=3 sublevel which is dark to this second IR laser.
The decay channel to |4, 3, 1〉 is easily closed with millimetre wave radiation as it is
commonly applied during cooling. This automatically includes the molecules in J=4
into the pumping scheme, doubling the number of addressed molecules. Its addition
to the optical pumping sequence substantially increases the efficiency of the state
preparation into the ortho ground state as can be seen from the experimental results
in the next section.

Since accumulation happens with a very high efficiency and close to zero losses,
the efficiency of the transfer into the ortho ground state |1, 1, 0〉 in theory amounts to
> 30 % when taking into account the losses into the states |2, 1, 1/2〉 and |3, 1, 2/3〉
as well as into the untrapped state of the ground state doublet.

Experimental setup The experimental setup for the ground state preparation is
rather straightforward. A second IR laser of the same type as the one already in
use for Sisyphus cooling is installed. Details about this laser can be found in e.g.
Ref. [Eng13]. The laser is not referenced onto the optical frequency comb but instead
frequency stabilised onto a wavemeter which is sufficiently precise for the present
application. The laser beam for optical pumping is superimposed on the IR laser
used for cooling, using a non-polarising beamsplitter, ensuring that the molecules

1Strictly speaking the process of accumulation into higher M -sublevels is of course also optical
pumping. However, for the sake of discriminability, in this work only the transfer of molecules
into the ortho ground state is referred to as optical pumping while the transfer of molecules into
higher M -sublevels of the same rotational state is referred to as accumulation.
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Figure 5.3: Saturation curves for optical pumping to the |1, 1, 0〉 state. The time
dependence of the state preparation in the |1, 1, 0〉 state is measured with and without
accumulation into the higher M -sublevels of |3, 3, 0〉 and |4, 3, 1〉. (a) Signal measured in
the state |3, 3, 0〉. After the optical pumping sequence an additional 0.5 s of accumulation is
added to make the molecules that decayed during optical pumping into lower M -sublevels
visible. This also mixes the states with J=3 and J=4. (b) Measurement of the signal in
the ortho ground state |1, 1, 0〉. With longer optical pumping time the signal increases as it
decreases in the initial state |3, 3, 0〉

are illuminated efficiently. To avoid losses during cooling or unloading the beam
path can be blocked by a remotely controlled mechanical shutter.

5.2 Experimental results

For an experimental demonstration of ortho ground state preparation, formalde-
hyde molecules cooled with a standard sequence as already described e.g. in Sec-
tion 4.4 are used. The molecules are cooled down to a final cooling frequency of
fRF−foffset= (909−184) MHz=725 MHz, corresponding to a temperature of about
60 mK, and detected after unloading via the transition Ã1A2 ← X̃1A1 41

0 |2, 2, 1〉 ←
|3, 3, 0〉. For the ground state preparation an additional 2 s of storage time is added
to the sequence after cooling. By shining in the infrared laser for optical pumping for
varying times during this additional storage time, the fluorescence signal, and there-
fore the number of molecules, in the detected state |3, 3, 0〉 decreases. This behaviour
can be seen in the measurement without accumulation during optical pumping in
Figure 5.3(a). Before unloading the molecules after the 2 s of optical pumping, an
additional 0.5 s of accumulation into the highest M -sublevels of the states |3, 3, 0〉
and |4, 3, 1〉 is added. This is necessary to make the molecules that decayed into
lower M -sublevels of the |3, 3, 0〉 state visible again2 without changing the detection

2Due to a lower Stark shift lower M -sublevels experience a different size of the exit hole of the
electric trap requiring different voltages applied to the electric guide an the ring electrode for
optimal unloading [Pre18]. Furthermore, the UV laser frequency as well as the voltage ramp
applied to the guide cap of the LIF detection have to adjusted for an efficient detection of lower
M -sublevels.
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Figure 5.4: UV spectrum of the Ã1A2 ← X̃1A1 41
0 |1, 0, 1〉 ← |1, 1, 0〉 transition.

This transition is used to detect molecules in the ortho ground state |1, 1, 0〉. The experi-
mental sequence is the same as the one used for the time dependence of the state preparation
with the only difference being that optical pumping is only applied for 0.75 s.

and unloading parameters. As a side effect the molecules in the state |4, 3, 1〉, which
were unaffected by the optical pumping, are redistributed between J=3 and J=4 by
the millimetre wave radiation of the accumulation scheme. Therefore, the measured
signal for the curve without accumulation during the optical pumping in Figure 5.3
can only drop down to half of the initial value with no optical pumping. However,
the signal is only depleted to about 60 % which can be attributed to the molecules
that decay to the lower M -sublevels.

Adding accumulation also during the optical pumping sequence includes the mole-
cules in the state |4, 3, 1〉 and repumps those decaying intoM=2 or lowerM -sublevels
of the state |3, 3, 0〉. A measurement of this sequence is also shown in Figure 5.3(a).
With accumulation the pumping process depletes the signal to almost zero, effec-
tively removing the molecules from the state |3, 3, 0〉, and therefore also the state
|4, 3, 1〉 which is coupled to the |3, 3, 0〉 state by MWs.

Molecules in the ortho ground state |1, 1, 0〉 To detect molecules in the ortho
ground state |1, 1, 0〉 the UV detection laser is tuned to the transition Ã1A2 ←
X̃1A1 41

0 |1, 0, 1〉 ← |1, 1, 0〉. A spectrum of this transition for cold molecules with
a temperature of about 60 mK in the |1, 1, 0〉 state is shown in Figure 5.4 and the
transition frequency is determined to be 848.532 705 THz. As expected for a Doppler
broadened transition the lineshape is nicely Gaussian but there is a small side peak
red-detuned from the transition whose origin is not clear. It cannot stem from the
splitting of the M=1 and M=0 sublevels in the excited state Ã1A2 41 |1, 0, 1〉 as
this splitting is only about 10 kHz for the electric fields in the detection region due
to the quadratic Stark shift of the excited state. Therefore, it is not clear if the
feature has a physical origin or if it is just an experimental artefact. The amount
of fluorescence signal at zero detuning from the transition frequency in Figure 5.4 is
the amount of signal in the ortho ground state |1, 1, 0〉.
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In Figure 5.3(b) the time dependence of signal in the state |1, 1, 0〉 with increasing
optical pumping time can be seen. The curves are measured for the same experimen-
tal sequence as described for the measurement in the state |3, 3, 0〉 in Figure 5.3(a)
with the only difference that molecules in the ortho ground state are detected in-
stead of the state |3, 3, 0〉. It can nicely be seen how the molecules appear in the
state |1, 1, 0〉 while they disappear in the state of origin |3, 3, 0〉. Without accu-
mulation during the optical pumping sequence the signal is much lower than with
accumulation applied. The saturation level is more than twice as high due to the
processes explained before: Twice as many molecules are addressed due to coupling
of the states |3, 3, 0〉 and |4, 3, 1〉 by millimetre waves and molecules from lower M-
sublevels are repumped.

The number of molecules pumped into the ortho ground state cannot directly
be determined from the presented measurement. To do so laser power saturation
measurement such as the ones discussed in Section 4.5.1 would have to be performed.
Nevertheless, it is immediately clear that the amount of signal in the the state |1, 1, 0〉
does not comply with the state transfer efficiency of > 30 % claimed in Section 5.1
and a detection efficiency which is higher by a factor of 2.7 due to the higher quantum
yield of the vibronically excited state than the detection efficiency in |3, 3, 0〉 as
determined in Section 4.5. There are several reasons for this discrepancy, two of
them lying within the detection. First, the UV laser power at the transition for the
detection of the state |1, 1, 0〉 is lower than for the detection of |3, 3, 0〉. How much
this affects the signal could only be determined with a saturation measurement. The
second reason is that laser broadening is not applied for the detection, and therefore
only a subset of all velocities in the Doppler broadened line is excited. A shifting of
the transition by using alternating electric fields is not possible for the state |1, 1, 0〉
due to the weak quadratic Stark shift. Finally, the trap lifetime of the molecules in
the ortho ground state is much shorter than in the |3, 3, 0〉 state as is shown later in
this section.

Infrared spectrum The optical pumping efficiency is quite sensitive to the infrared
frequency applied. A spectrum of the strongly saturated transition is presented
in Figure 5.5. Plotted is the signal in the state |1, 1, 0〉 depending on the exact
IR frequency. The curve is asymmetric due to the electric field distribution in the
trap which is presented in the context of another experiment in Figure 6.7. The
homogeneous electric field in the centre of the trap at 628 V

cm is the most preva-
lent value with the electric field distribution centred around it. For confinement
there are much stronger electric fields towards the edges of the trap leading to
a distribution with a very long tail towards high electric fields. There are also
lower electric fields due to the presence of electric field zeros in the trap. A de-
tailed description of the geometry and probability distribution of the electric fields
in the trap is given in Refs. [Zep13, Pre18]. The transition for optical pumping
X̃1A1 ← X̃1A1 51

0 |2, 2, 0〉 ← |3, 3, 0〉 has a negative differential Stark shift, meaning
that the Stark shift in the ground state is higher than in the excited state so that
the transition frequencies are red-detuned for higher electric fields. This explains
the shape of the infrared spectrum in Figure 5.5. The centre frequency for the ho-
mogeneous electric field is marked by the grey dashed line. For blue-detuned laser
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Figure 5.5: IR spectrum of the X̃1A1 ← X̃1A1 51
0 |2, 2, 0〉 ← |3, 3, 0〉 transition

used for optical pumping to the |1, 1, 0〉 state. The dashed line indicates the transition
frequency for the homogeneous electric field value in the trap of 628 V

cm . The asymmetric
shape of the transition is determined by the electric field distribution in the electric trap
and the negative differential Stark shift between initial and final state.

frequencies the signal quickly drops because due to the electric field distribution
in the trap there is only limited possibility to drive the transition in lower electric
fields. For red-detuned frequencies the transition can still be driven due to the ex-
istence of higher electric fields in the trap, however, with decreasing strength as the
probability for molecules to be in these fields also decreases.

MW coupling between the |1, 1, 0〉 and |1, 1, 1〉 doublet The state |1, 1, 0〉 is
only one of the two states that form the ortho ground state doublet. The second
state |1, 1, 1〉 has a negative Stark shift and is not trapped. Therefore, the molecules
transferred into this state, which are about half of the molecules decaying towards
J=1 as can be seen from Figure 5.2, are quickly lost from the trap and cannot be
detected. A way to visualise the state |1, 1, 1〉 is by coupling the molecules prepared
via optical pumping in the |1, 1, 0〉 state to the |1, 1, 1〉 state with microwaves. The
result of this measurement is shown in Figure 5.6. The amount of signal measured in
the |1, 1, 0〉 state without applying microwaves is indicated by the red baseline. When
applying microwaves two pronounced dips appear as the molecules are transferred
to the two M -sublevels of the |1, 1, 1〉 state. Both states are untrapped so that the
molecules are quickly lost from the trap resulting in a decrease of the LIF detection
signal. The splitting between the two lines is determined by the electric field in the
trap and the theoretical line positions for an electric field of 628 V

cm are indicated.
The width of the two transitions is again determined by Stark broadening, and
therefore the electric field distribution in the trap. The difference in depth between
the two lines is most likely caused by different coupling efficiencies of the microwaves
into the electric trap resulting in different effective power levels. This effect can also
distort the lineshape of the transitions.
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Figure 5.6: MW spectrum of the |1, 1, 1〉 ← |1, 1, 0〉 transition. Molecules trans-
ferred from the initial state |1, 1, 0〉 into the untrapped M -sublevels of the |1, 1, 1〉 state are
quickly lost from the trap resulting in a decrease in signal. The theoretical line positions for
an electric field of 628 V

cm are marked.
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Figure 5.7: Trap lifetime of molecules in the |1, 1, 0〉 state. The sample at 600 mK
is loaded directly into the trap without cooling applied. The colder sample at 60 mK enters
the trap in the states |3, 3, 0〉 and |4, 3, 1〉 where the molecules are Sisyphus cooled and then
transferred to the |1, 1, 0〉 state by optical pumping.

Trap lifetime increase from cooling As a final measurement the trap lifetime of
warm and cold molecules is compared. Warm refers to a molecule sample loaded
into the trap without applying any cooling which is not possible for molecules in
the |1, 1, 0〉 state with the standard cooling scheme at hand due to the lack of a
second trapped M -sublevel. As mentioned before, these molecules have a temper-
ature of about 600 mK. Cold molecules are prepared in the |1, 1, 0〉 state by the
optical pumping technique presented here after cooling them by optoelectrical Sisy-
phus cooling down to a temperature of about 60 mK. A measurement of the trap
lifetime for these two molecule samples is shown in Figure 5.7. The measurement is
performed by storing the molecules for a certain amount of time without applying
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any radiation and then unloading and detecting them. The amount of molecules
left in the trap decays exponentially with time. The colder molecules have the clear
advantage that the trap lifetime is considerably longer with (2.90± 0.06) s compared
to a lifetime of (0.30± 0.01) s for the uncooled sample. This lifetime is much shorter
than for the state |3, 3, 0〉 due to the much larger K-type doubling and the involved
quadratic Stark shift which facilitates losses via Majorana flips.

The optimal duration for an efficient preparation of molecules in the ortho ground
state |1, 1, 0〉 depends on the saturation time of the optical pumping and the trap
lifetime. The value giving the highest number of ground state molecules lies around
0.75 s. For longer times the signal starts to decrease again due to the trap lifetime.





6 Observation of coherence on rotational
states

For almost any applications of molecules in quantum information technology and also
high precision spectroscopy (see Sec. 1.1) it is indispensable to have long coherence
times between different states. However, the Stark and Zeeman shift of molecules
can lead to temporal and spatial variation of transition frequencies and hence destroy
coherence. Many times, in particular for atoms, this problem is addressed by using
clock transitions for which at certain ’magic’ electric or magnetic field values the
Stark or Zeeman shift has equal slopes in the involved states, making the transition
frequency independent of the applied external field. A caveat of these transitions
typically is, that a specific field value has to be applied leading to broadening for
field distributions of finite width.

In this chapter rotational states in molecules are discussed which represent a hid-
den degree of freedom in the molecule. The states are completely degenerate for ar-
bitrary electric field values and can in this regard be seen as ideal clock states to each
other. First measurements are presented that allow to experimentally distinguish
the two states and a coherence time of >130 µs between these states is determined
for cold formaldehyde molecules. The results rely on both of the main results given
in the previous chapters, i.e. the state selectivity of the detection method and the
ability to prepare cold Sisyphus cooled molecules in their rotational ortho ground
state. The chapter is structured as follows. First, the theoretical properties of the
states are presented in Section 6.1 together with a means to distinguish them, and
the main sources of decoherence that are to be expected are discussed. In Section 6.2
follows a description of the experimental sequence together with fundamental mea-
surements necessary for the interpretations of the coherence measurements which are
presented in Section 6.3 for uncooled as well as cooled molecule samples. Finally,
the chapter concludes with an outlook on how the coherence time can be further
increased in Section 6.4.

6.1 Theoretical background
All rotational sublevels of formaldehyde with M 6=0 are doubly degenerate in ±M as
is already mentioned in Section 2.1.4. Both states correspond to molecules with the
same orientation with respect to the external electric field, defining the quantisation
axis, but rotating in opposite directions as illustrated in Figure 6.1. They show
identical behaviour as long as the total quantum system, consisting of molecule and
environment, is invariant under time reversal symmetry. Electric fields are even
under time reversal which is why the states are degenerate for arbitrary electric
fields. Hence they can be seen as ideal clock states with respect to each other

89
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K=+1 K=-1

Figure 6.1: Illustration of formaldehyde molecules rotating in opposite direc-
tions. These two rotational states are exactly degenerate in electric fields and the degener-
acy is only lifted by e.g. magnetic fields.

in this regard. Magnetic fields however, are odd under time reversal and lift the
degeneracy via the Zeeman shift which is proportional to the quantum number M
(see Equation (2.19)). But as explained previously, for closed shell molecules the
Zeeman interaction is generally very weak and suppressed by about a factor of 103

compared to typical atoms (see Section 2.1.4). This results in a sensitivity on the
order of kHz

G . However, compared to atomic clock states where magic transitions
are used to cancel the first order Zeeman shift, molecular states are still about
104 to 105 times more sensitive [Sár14, Bot19]. Nonetheless, the molecular states
under investigation here are ideal candidates for quantum information processing
experiments with molecules as they require no electric field control and strongly
reduced effort to suppress external magnetic fields.

In order to distinguish both states a straightforward approach would be using σ+

and σ− light to selectively drive transitions. However, due to the existence of electric
fields in the trap pointing in all three dimensions and insufficient optical access
this is not possible. Therefore, this section first provides a theoretical description
of the physical effect allowing to distinguish the individual states of the typically
degenerate states via the occurrence of dark states in Section 6.1.1. This also enables
the coherence time measurements presented later on in this chapter. Furthermore,
the anticipated decoherence mechanisms of the system are described in Section 6.1.2.

6.1.1 Emergence of dark states

In a three level system, where two excited states are coupled to a third ground
state by an external radiation field, the eigenstates of the Hamiltonian including the
coupling field are superpositions of the excited states [Scu97, Mar01]. If the excited
states are degenerate the resulting superpositions are symmetric and antisymmetric
combinations of the two bare excited states in the absence of a coupling field. The
ground state does not contribute to these superposition states. This gives rise to a
decoupling of one of the superposition states such that this states becomes a dark
state whereas the other superposition states is coupled to the ground state and thus
is a bright state. This behaviour is well known in the atomic community in particular
in the context of coherent population trapping [Ari76].

In formaldehyde molecules such a system can be implemented in the form of
three M -sublevels of rotational states with M=0, ±1. Here, an obvious choice is
the ortho ground state |1, 1, 0〉 due to a lack of other interfering sublevels with
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higher M . According to Equation (2.8) asymmetric rotor states are a combination
of symmetric rotor states, however, the composition depends on the applied electric
field:

M = 1 : |Ψasym
1,1,0,1〉 = 1√

2 (1 + ε2)

[
(1− ε) |Ψsym

1,1,1〉 − (1 + ε) |Ψsym
1,−1,1〉

]
, (6.1a)

M = 0 : |Ψasym
1,1,0,0〉 = 1√

2

[
|Ψsym

1,1,0〉 − |Ψ
sym
1,−1,0〉

]
, (6.1b)

M = −1 : |Ψasym
1,1,0,−1〉 = 1√

2 (1 + ε2)

[
(1 + ε) |Ψsym

1,1,−1〉 − (1− ε) |Ψsym
1,−1,−1〉

]
(6.1c)

with the asymmetric rotor states |Ψasym
J,Ka,Kc,M

〉, the symmetric rotor states |Ψsym
J,K,M 〉

and an electric field dependent parameter 0 ≤ ε ≤ 1. In the presence of an exter-
nal RF-field coupling the sublevels with M= ± 1 to the sublevel with M=0, the
eigenstates of the Hamiltonian describing the system are:

|Ψsup
± 〉 = 1√

2

[
|Ψasym

1,1,0,1〉 ± e
−i2φ |Ψasym

1,1,0,−1〉
]
, (6.2)

with the phase φ determined by the polarisation of the coupling RF-field1. The M=0
sublevel |Ψasym

1,1,0,0〉 is not affected by the coupling RF-field and is still an eigenstate.
The transition matrix elements between the superposition states |Ψsup

± 〉 and the state
|Ψasym

1,1,0,0〉 can easily be determined via the direction cosine matrix elements [Tow75].
It becomes apparent that the superposition state |Ψsup

+ 〉 is a bright state and no
transition occurs for state |Ψsup

− 〉 which therefore is dark:

〈Ψsup
± |µ|Ψ

asym
1,1,0,0〉 = 1/0. (6.3)

The wavefunctions of the M=0 sublevels of an asymmetric rotor themselves are
symmetric and antisymmetric superpositions of the two M=0 sublevels of the corre-
sponding symmetric rotor with K=±Ka as can be seen in Equation (6.1b). There-
fore, for the lower state of the doublet the wavefunction can be expressed as:

|Ψasym
1,1,1,0〉 = 1√

2

[
|Ψsym

1,1,0〉+ |Ψsym
1,−1,0〉

]
. (6.4)

This expression implies that for a transition from the superposition states in Equa-
tion (6.2) to this M=0 sublevel of the lower state of the doublet, |J=1,Ka=1,Kc=1〉,
the opposite applies than for the transition into the M=0 sublevel of the upper state
investigated in Equation (6.3), meaning that the transition from the antisymmetric
superposition is possible whereas the state is dark for the symmetric superposition.

This behaviour gives a very convenient experimental handle on how to distinguish
the rotational sublevels. It also motivates the choice of the |1, 1, 0〉 state for the
experiments presented in this chapter. In principle, the same behaviour is found for
the three level systems formed by the M=0 and M=±1 states for any other choice

1Assuming an arbitrary polarisation Exx̂ + Eye
i2θ ŷ perpendicular to the direction of the electric

field z, the phase φ is given by φ = π − i 1
2 log

(
−Ex+iEy exp (i2θ)
Ex−iEy exp (i2θ)

)
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Figure 6.2: Stark shift of the |1, 1, 0〉 state. The inset shows the relative transition
probability for transition between M=1 and M=0. The dashed line indicates an electric
field value of 1731 V

cm which is where the electric trap is operated for the experiments in this
chapter (see Section 6.2.1). An overview over the Stark shift and the transition probabilities
of the |1, 1, 0〉 state which also includes the |1, 1, 1〉 state is given in Figure 2.3.

of J and K. However, only for J=1 it is ensured that all molecules in the trap
with J=1 populate the correct sublevels with M=±1, due to these levels being the
only trapped states with a positive Stark shift. This allows neglecting any higher
M -sublevels for which the method presented here to produce bright and dark states
does not work. Furthermore, uncooled and also cooled molecules are readily available
due to the technique developed in the last chapter.

Properties of the |1, 1, 0〉 state The Stark shift and transition probabilities for the
|1, 1, 0〉 and |1, 1, 1〉 doublet are already shown in Figure 2.3. In Figure 6.2 the low
electric field part of the figure is reproduced for the upper state of the doublet. Due
to the large K-type doubling splitting of 4.830 GHz the Stark shift is quadratic in
this electric field regime. This fact is also represented in the transition probability
shown in the inset of Figure 6.2 for a transition between the M -sublevels of the
|1, 1, 0〉 state, which is is very small for low electric fields. Therefore, a high offset
field has to be applied to the electric trap to increase this transition probability.
However, for higher electric fields also the transition frequency between the M -
sublevels is larger, resulting in less effective RF power to drive the molecules (see
Section 2.2.2). Furthermore, it has to be kept in mind that the transition from
|1, 1, 0〉 to |1, 1, 1〉 is also affected. Here, the transition probability decreases with
higher electric field. However, more importantly the effective radiation power in
the trap is much lower due to the large frequency caused by the K-type doubling
splitting and becomes even lower for higher frequencies, i.e. higher electric fields. For
these reasons, a compromise has to be found when choosing the electric field of the
trap in which the transitions between the various sublevels of |1, 1, 0〉 and |1, 1, 1〉
are driven. The electric field value chosen for the experiments in this chapter is
1731 V

cm (see Section 6.2.1) which results in a frequency for the transition from the
M=± 1 to the M=0 sublevel of the state |1, 1, 0〉 of 211.3 MHz and a frequency of
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Figure 6.3: Illustration of dephasing caused by geometric phases. In the left panel
the situation for molecules moving in an electric field only varying within a single plane is
illustrated. The point of constant phase symbolised by the arrowhead is not affected. In the
right panel the electric field also varies in the third dimension which can lead to dephasing.

5041.9 MHz for the transition to the M=0 sublevel of the lower state of the doublet
|1, 1, 1〉.

6.1.2 Sources of decoherence

In this section the major anticipated sources of decoherence between the two M=±1
sublevels of the ortho ground state |1, 1, 0〉 are discussed.

Geometric phases The quantisation axis of the molecules is provided by the elec-
tric field in the trap. The direction of the axis is therefore quite uniform for the
homogeneous field in the centre of the trap. However, for the trapping fields in the
border region there are also strong electric fields along the remaining two dimensions
as can be seen from the sketch of the trap in Figure 2.6. This leads to dephasing
of the rotation of different molecules due to the collection of geometric phase while
the molecules move through electric fields of different orientation. An illustration
of this process is provided in Figure 6.3. In the left panel the case for an electric
field only changing within a single plane is shown. The dashed circle indicates how
the direction of the quantisation axis changes within the plane and the solid circles
represent the rotation of the molecules. A point of constant phase is marked by an
arrowhead. As can be seen, the rotation stays in phase independent of the change of
direction of the electric field within the plane, once the molecule is again in a field
of the initial orientation. This situation changes for an electric fields also exploring
the third dimension and pointing out of the plane as is illustrated in the right panel
of Figure 6.3. Here, the point of constant phase does not coincide with the original
orientation after a molecule has passed through all three possible orientations of
the electric field. As a consequence, molecules that probe the border region of the
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|J=1,Ka=1,Kc=0,MJ=0〉 |J=1,Ka=1,Kc=0,MJ=± 1〉

F = 1, MF = ±1 4.9 kHz F = 1, MF = 0 8.5 kHz
F = 2, MF = 0 −0.4 kHz F = 2, MF = ±1 4.5 kHz

F = 2, MF = ±2 1.2 kHz
F = 0, MF = 0 −2.5 kHz

Table 6.1: Hyperfine splitting of the |1, 1, 0〉 state. The deviations of the hyperfine
sublevels of |1, 1, 0〉 from the centre frequency of the corresponding MJ -sublevels are given
for an electric field strength of 1731 V

cm . The states are described using the quantum number
F=J+I consisting of the coupling of the angular momentum of rotation J and the total
spin of the proton I. However, it is important to note that for sufficiently strong electric
fields F is not a good quantum number any more as the coupling of J and I is broken. The
splittings are calculated using the free software package PGOPHER [Wes17].

electric trap, where electric fields pointing in directions perpendicular to the one of
the homogeneous electric field in the centre of the trap are much more prevalent,
are likely to have lost all coherence after reflection at the trap wall. A possible
circumvention of this problem in the presently at the experiment employed trap is
outlined in Section 6.4. For the experiments presented in this work the consequence
is that the maximum coherence time achievable is limited by the time the molecules
need to cross from one side of the trap to the other. This time depends on the
velocity of the molecules, and therefore their temperature. There are two different
molecule samples used for the experiments presented here, one consists of molecules
which are already in the state |1, 1, 0〉 during loading of the trap, the other one is
first Sisyphus cooled in the states |3, 3, 0〉 and |4, 3, 1〉 to a final cooling frequency of
fRF−foffset=725 MHz and then transferred to the |1, 1, 0〉 state via optical pumping
as laid out in Chapter 5. The velocities of these samples are determined by time of
flight measurements to be about 13 m

s and 4.3 m
s respectively. Taking into account

the size of approximately 1.5 mm of the homogeneous field region of the electric
trap along the direction perpendicular to the microstructured capacitor plates form-
ing the trap, this results in a maximum coherence time due to the velocity of the
molecules of about 100 µs for the warmer sample and 350 µs for the cooled sample.

Hyperfine structure The state |1, 1, 0〉 exhibits hyperfine structure as explained
in Section 2.1.3 which means that instead of only three sublevels with M=0,±1
the state |1, 1, 0〉 actually consists of a total of nine sublevels with F = 0, 1, 2 and
their corresponding MF substates. In Table 6.1 the hyperfine splittings, i.e. the
deviation from the centre frequencies of the states without hyperfine structure, are
listed for the M -sublevels of the |1, 1, 0〉 state in an electric field of 1731 V

cm . The
choice of the electric field is motivated by the experimental parameter as explained in
Section 6.1.1. The hyperfine energies are calculated with the free software package
PGOPHER [Wes17] which employs the treatment given in Section 2.1. Due to
the hyperfine structure there are various transition frequencies involved resulting
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Figure 6.4: Zeeman shift of the M-sublevels of the |1, 1, 0〉 state including hyper-
fine sublevels. The states with MJ=±1 shift with a rate of ±1.15 kHz

G with the magnetic
field. The curves are calculated using the molecular g-factor given in Ref. [Hüt68] using the
treatment in Section 2.1.4. The electric field is assumed to be zero or oriented in parallel to
the magnetic field.

in dephasing, and therefore decoherence. The mean deviation of the transition
frequencies weighted with the individual transition moments which are also taken
from the software PGOPHER is 2.6 kHz, which in turn signifies that the states get
a unity phase shift on a time scale of 61 µs and therefore decohere. However, this
situation changes in the presence of magnetic fields which also affect the size of the
hyperfine splitting.

Magnetic fields As already mentioned, pairs of sublevels with the same absolute
value of M are only degenerate in electric fields. Their energy separation is still
sensitive to magnetic fields, even though about a factor of 103 less than for typical
atoms. An expression for the Zeeman interaction is provided in Section 2.1.4 in
Equation (2.19). The effect on the M -sublevels of the |1, 1, 0〉 state is plotted in
Figure 6.4. The M=0 sublevel is not affected by the magnetic field whereas the M=1
and M=−1 sublevels are shifted to higher and lower energies respectively with a rate
of 1.15 kHz

G . The hyperfine components of the individual sublevels are also shown
in the plot. However, already for very small magnetic fields the coupling between
J and I is broken and the Paschen-Back regime is entered. The hyperfine splitting
is reduced and also the transition moments are altered in this regime giving only
a mean deviation of about 1.9 kHz2 increasing the limit for the expected coherence
time due to hyperfine structure to about 85 µs. When an additional electric field is
applied the resulting Stark shift can be added to the Zeeman shift as long as both
fields are oriented in parallel. If the fields are not parallel the situation is more
complex as is already mentioned in Section 2.1.4 and the shift in Figure 6.4 can
only be a rough approximation. The Zeeman shift of the molecules does not per se
introduce decoherence it rather leads to Larmor precession between the M -sublevels

2Weighted by the individual transition moments calculated with PGOPHER [Wes17]
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Figure 6.5: Sketch of the experimental sequence. Molecules are prepared in the
|1, 1, 0〉 state by either directly using molecules loaded in this state or transferring previously
Sisyphus cooled molecules via optical pumping. During the storage time tstore a pair of RF
pulses of length tRF and time separation ∆t can be applied to the molecules where the second
pulse is optional. This pulse sequence is repeated for a number of N cycles during the storage
time with an appropriate waiting time twait between the cycles to allow for reshuffling of the
molecules within the trap. Finally the molecules are unloaded for an unloading time tunload.
The signal is integrated over the unloading curve.

split up by the magnetic field. This way the two M -sublevels are converting into
each other. However, this process does not necessarily affect the coherence as long
as the magnetic field is homogeneous over the trap volume. Due to the large size
of the electric trap and a lack of any measures for magnetic shielding it is likely
that there is an inhomogeneous magnetic field background. Assuming a rather high
inhomogeneity of about the size of the earth magnetic field of 0.3 G, this results in
a maximum shift of 0.7 kHz corresponding to a coherence time of about 220 µs for a
unity phase shift.

6.2 Experimental fundamentals

In this section the experimental foundation for the coherence measurements be-
tween rotational states of formaldehyde presented in this chapter is set. First, the
experimental sequence is introduced in Section 6.2.1 followed by a discussion of the
influence of the electric field distribution in Section 6.2.2. In Section 6.2.3 a funda-
mental requirement for a coherence measurement is proven, namely the possibility to
address individual molecules twice in the trap within the expected coherence time.

6.2.1 Experimental sequence

The experimental sequence for the experiments presented in this chapter is illus-
trated in Figure 6.5. First, a molecules sample in the ortho ground state |1, 1, 0〉
is prepared for which there are two different options. The first alternative are un-
cooled molecules for which the trap is loaded for 1.5 s and only the molecules that
already occupy the |1, 1, 0〉 state are detected. This results in a molecule sample
with a temperature of about 600 mK with a mean velocity of (12.9± 0.2) m

s . The
second alternative are Sisyphus cooled molecules. Here, first the standard optoelec-
trical Sisyphus cooling sequence (see Section 2.2.1) is applied to a final frequency
of in this case fRF−foffset=725 MHz. Since the cooling only incorporates molecules
occupying the states |3, 3, 0〉 and |4, 3, 1〉 subsequently those are transferred to the
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ortho ground state |1, 1, 0〉 with the sequence described in Chapter 5. The resulting
molecule sample has a temperature of 60 mK and a mean velocity of (4.3± 0.3) m

s .
The molecules are stored for the time tstore which ranges from 45 ms to 100 ms for
the different measurements performed. During the storage time a sequence of RF or
MW pulses is applied to drive the transition from the trapped M=±1 sublevels of
the |1, 1, 0〉 state to the untrapped M=0 sublevels of the |1, 1, 0〉 and |1, 1, 1〉 state.
The typical pulse length tRF varies between 5 µs and 500 µs. For some measure-
ments a second pulse is applied a time ∆t after the first pulse (see Section 6.2.3).
To improve statistics, an experiment, i.e. an RF pulse or a pair of RF pulses, can
be applied several times for the same molecules sample without unloading the trap
and refreshing the molecules sample. To do so an appropriate storage time twait is
incorporated to allow reshuffling of the molecules within the trap before the next set
of pulses is applied. This process is repeated for a number of N cycles. The reason
for this is that not all molecules in the trap can be addressed at the same time by
a single pulse due to the inhomogeneous fields in the trap (refer to Section 6.2.2).
The time twait necessary for sufficient reshuffling is dependent on the velocity of the
molecules and for measurements with uncooled molecules a minimum waiting time
of 2 ms is chosen whereas for cold molecules the time is increased to at least 3 ms.
Finally, the molecules are unloaded for a time tunload of 1 s for uncooled molecu-
les and 4 s for cooled molecules and detected by the LIF detection setup with the
UV laser tuned to the detection transition for the |1, 1, 0〉 state. The total signal
extracted consists of the integrated fluorescence signal over the unloading time.

During the storage time the offset electric field is increased to an electric field
strength of 1731 V

cm . The reason for this lies in the transition probability and the
effective available RF power as previously mentioned and a good compromise re-
sulting in the largest effective power for the involved transitions is achieved for the
chosen field strength. The precise value of the field strength is only determined by
theory according to the applied voltage configuration. The actual value probably
deviates by about 1 to 2 % due to experimental imperfections. However, the precise
value is of no importance as the resulting transition frequencies can be determined
by depletion spectroscopy. To do so, uncooled molecules are prepared in the trap
and stored for 50 ms. During the storage time single RF pulses of length tRF=10 µs
are applied driving the transition to the untrapped M=0 sublevels of the |1, 1, 0〉
and |1, 1, 1〉 states which are quickly lost from the trap. This cycle is repeated for
a number of N=100 times within a sequence for increased statistics. Varying the
frequency of the RF pulse results in a clear loss in signal for the transition frequency
allowing its precise determination. The measurement is shown in Figure 6.6 and
allows the extraction of the transition frequencies 211.3 MHz and 5041.9 MHz for
the transitions to |1, 1, 0〉 and |1, 1, 1〉 respectively. The depletion signal far detuned
from the transition line is still significant as can be seen from comparison with the
data point taken without the application of RF. The reason for this behaviour is not
entirely clear. Partly, it can be caused by the electric field distribution in the trap,
discussed in more detail in the next section, which broadens the transition. The
frequency spectrum of the applied RF pulses is rather clean, and therefore should
not cause the off-resonant driving of the transition. However, for the measurements
presented here no significant problem is to be expected by the fact that the baseline
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Figure 6.6: Depletion spectrum for the |1, 1, 0〉 state. Uncooled molecules are stored
in the |1, 1, 0〉 state in the trap at an electric offset field of 1731 V

cm . A sequence of RF pulses
is applied driving the transitions to the untrapped M=0 sublevels of the states |1, 1, 0/1〉.
(a) The transition frequency to the M=0 sublevel of the state |1, 1, 0〉 can be determined to
be 211.3 MHz by a Gaussian fit. (a) The transition frequency to the M=0 sublevel of the
|1, 1, 1〉 state is 5041.9 MHz.

of the spectrum is shifted downwards.

6.2.2 Influence of the trap electric field distribution

Understanding the distribution of electric fields in the electric trap is crucial for an
understanding of the measurements presented in this chapter. As already described
in Section 2.2.2 the trap consists of a microstructured plate capacitor. An offset
voltage applied to the capacitor plates creates a homogeneous electric field. Trap-
ping voltages applied to neighbouring electrodes of the microstructure create a high
electric field close to the surface of the plates confining the molecules. This trapping
electric field decays exponentially towards the centre of the trap making the homo-
geneous offset field the only relevant contribution in the centre [Zep12]. The electric
field probability distribution is shown in Figure 6.7. It shows a very narrow peak at
an electric field of 1731 V

cm which slowly decays towards higher and lower fields. The
distribution is very asymmetric with higher fields being much more probable than
lower fields due to the trapping electric fields confining the molecules. The curve
is based on a numerical simulation, however, the shape of the field distribution has
been experimentally confirmed numerous times [Glö16, Pre18].

Saturation with pulse length A first measurement to help understand the influ-
ence of the electric field distribution in the trap is the dependence of the amount of
molecules removed from the trap on the length of the applied RF pulses. To this
end, the experimental sequence described in a Section 6.2.1 is employed with a single
pulse applied in each cycle whose length is varied. The maximum available RF power
is chosen to achieve saturation of the molecule transition on a short time scale. The
pulse is repeated for a number of N=15 cycles during each experimental sequence.
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Figure 6.7: Electric field distribution. Probability distribution for the electric field in
the trap simulated for an offset electric field of 1731 V

cm . The grey area indicates the electric
fields addressed by a RF pulse frequency broadened to 10 MHz and corresponds to a trap
volume of about 10 %. The inset shows a zoom onto the homogeneous electric field in the
centre of the trap.

The measurement is performed for both transitions, i.e. driving the transition from
the trapped M= ± 1 sublevels of the |1, 1, 0〉 state to the untrappped M=0 sub-
levels of the |1, 1, 0〉 and |1, 1, 1〉 states with a transition frequency of 211.3 MHz and
5041.9 MHz respectively. The result of these measurements is plotted in Figure 6.8.
For a transition frequency of 211 MHz the amount of molecules depleted from the
trap follows a clear double exponential decay. This behaviour can be interpreted in
the following way. At first, the molecules which are in the homogeneous electric field
where the transition is resonant to the applied RF, are coupled to the untrapped
M=0 state from where they are quickly lost. This process saturates on a time scale
of about (4.3± 0.4) µs. The amplitude of this decay is (77± 2) cnts

seq. which is about
53 % of the total signal. With a number of N=15 cycles this corresponds to a de-
pletion of about 4 % per pulse. This value can be understood when looking at the
electric field distribution. The RF pulses are broadened to a width of about 10 MHz.
This way they address most of the homogeneous electric field as indicated by the
grey area in Figure 6.7. However, this area only corresponds to about 10 % of the
total volume of the trap as can be determined by integrating over the full electric
field distribution. These numbers are only rough estimates but are plausible when
taking into account that only one fourth of the molecules located in an electric field
addressed by the RF pulse can be depleted from the trap. A factor of 1

2 arises from
the fact that the molecules can only be equally distributed between the sublevels
M=1 and M=0 because losses from the trap happen on a time scale much longer
than the saturation time of the RF pulse. Another factor of 1

2 stems from the con-
sideration in Section 6.1 stating that each M=0 state of the doublet |1, 1, 0/1〉 is
dark to half of the trapped molecules in the sublevels M=± 1 of the state |1, 1, 0〉.

The second and slower decay in Figure 6.8, after the immediate saturation of the
molecule transition is caused by the movement of the molecules in the trap. While
the RF radiation is applied the molecules keep moving within the trap so that mo-
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Figure 6.8: Saturation measurements for increasing pulse lengths. Uncooled mo-
lecules are prepared in the M=±1 sublevel of the |1, 1, 0〉 state. RF pulses with a frequency
of either 211 MHz or 5 GHz are applied for a number of N=15 times with varying pulse
length tRF driving the transitions in to the M=0 sublevels of the states |1, 1, 0〉 and |1, 1, 1〉
respectively. The initial fast decay results from a depletion caused by saturation of the
transition of the molecules located in the homogeneous electric field of the trap addressed
by the pulse. The slow decay results from movement of the molecules in the trap refreshing
the molecules in the addressed fields. The inset shows a close up for short time scales.

lecules in the resonant homogeneous electric field volume are replaced. This means
that more molecules can be addressed and transferred to the untrapped M=0 sub-
level of the |1, 1, 0〉 state from where they eventually are lost. The decay happens on
a time scale of (67± 3) µs microseconds which corresponds to a distance of 0.86 mm
at the velocity of 12.9 m

s of the molecules. Given the dimension of the homogeneous
electric field of the trap this seems to be a reasonable result.

The transition into the M=0 sublevel of the state |1, 1, 1〉 at a transition frequency
of about 5 GHz qualitatively shows a similar behaviour as can be seen from the
second curve in Figure 6.8. However, the decay is much slower which is due to the
amount of power available at this frequency or rather the low incoupling efficiency
at high frequencies as has been mentioned earlier. Due to the slow saturation of the
depletion signal in the homogeneous field, the movement of the molecules and the
saturation can barely be separated. As a consequence, the measurements presented
in the remaining part of the chapter can unfortunately not be performed on the
transition between the M= ± 1 sublevels of the |1, 1, 0〉 state to the M=0 sublevel
of the |1, 1, 1〉 state.

The difference in signal between the two curves in Figure 6.8 which can be seen
for zero pulse length is due to changing experimental conditions on different days
and mainly caused by the molecule source and the available UV laser power for
detection.

Saturation with RF power In order to further investigate the claims made in the
previous paragraph, in particular about the movement of the molecules in the trap
and the fraction of molecules addressed by the RF pulses, the power of the applied
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Figure 6.9: Power saturation measurement. Uncooled molecules are stored in the trap
and RF pulses with a frequency of 211 MHz are applied leading to depletion of the molecules
from the trap by driving the transition to the untrapped M=0 sublevel of the |1, 1, 0〉 state.
With increasing RF power the depletion signal quickly saturates as the transition for the
molecules in the homogeneous electric field region addressed by the pulse is saturated. The
saturation level depends on the pulse length as for longer pulses the molecules move out of
the centre part of the trap and are replaced by previously unaffected molecules.

RF pulses is varied. This measurement is performed under similar experimental
conditions as the last measurement where the pulse length is varied. The transition
at 211 MHz is driven for different pulse lengths and the result plotted in Figure 6.9.
The pulse lengths are chosen such that for sufficient RF power the molecules in the
homogeneous field of the trap can easily be saturated during the available time.
The experiment is only performed with one cycle N=1 and instead of the measured
fluorescence signal the depletion caused by every pulse is plotted. Again, a double
exponential behaviour can be observed. The first initial fast increase in depletion
signal, and hence decrease in the number of molecules in the trap, is again explained
by the saturation of the transition of the molecules located in the homogeneous elec-
tric field part of the trap. The saturation value depends on the length of the applied
pulse due to the movement of the molecules in the trap. For longer pulses the mole-
cules in the addressed homogeneous electric field region are replaced by previously
unaffected molecules so that a greater number of molecules can be depleted in total.

The length of the applied RF pulses is much longer than the time necessary to
saturate the transition at higher power. Therefore, the saturation power does not
depend on the pulse length because it can be assumed that the transition can be
saturated for all molecules that enter the homogeneous field region during the time
of the pulse. As a consequence, the power for saturation is not affected, only the
number of molecules addressed, i.e. the amount of depletion.

The slow increase for higher power is most likely due to power broadening and
off-resonant depletion of molecules in electric fields where they are not on resonance.
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Figure 6.10: Effect of a second RF pulse on the molecules. Molecules are prepared
in the M=±1 sublevels of the |1, 1, 0〉 state at a temperature of 600 mK (a) or 60 mK (b).
A first RF pulse with a frequency of 211 MHz is applied coupling the molecules to the M=0
sublevel, hence causing depletion as indicated by the dashed line. After the first pulse a
second RF pulse is applied causing significantly less molecule depletion than the first pulse
for short time scales. The amount of depletion rises due to the molecules moving in and out
of the homogeneous electric field region addressed by the RF pulses.

6.2.3 Addressing the same molecule twice

For any coherence time measurement it is fundamental to be able to address a single
molecule at least twice within the coherence time. The capability of the system and
the measurement sequence to perform this task can already be deduced from the
saturation behaviour of the pulse length variation measurement shown in Figure 6.8
and the power variation measurement in Figure 6.9. However, it is also possible to
show this in a much more direct way. To this end pulses with the maximum available
power and with a length of 5 µs are applied which according to the measurement in
Figure 6.8 allows to saturate the transition for the molecules in the homogeneous field
region. In contrast to previous measurements a second pulse is applied shortly after
the first one as indicated in the description of the measurement sequence illustrated
in Figure 6.5. The time separation ∆t of the two pulses is varied and the amount of
depletion of molecules from the trap caused by the second pulse is determined. The
result is shown in Figure 6.10. The dashed line indicates the amount of depletion
caused by the first pulse applied to a molecule sample that did not interact with
a RF pulse shortly before. When the second pulse is applied, for very short time
separations of only a few microseconds much less molecules are depleted by this
second pulse than are depleted by the first pulse. The reason for this is that the first
pulse already distributes the molecules equally between the upper trapped sublevel
M=±1 and the lower untrapped sublevel M=0, meaning that applying another
pulse does not affect this distribution anymore. For longer time separations ∆t of
the pair of pulses, the molecules that were addressed by the first pulse start to move
out of the homogeneous field region and are replaced by molecules still unaffected by
the RF. These molecules are all in the M=±1 sublevels and can again be transferred
into the lower M=0 sublevel increasing the depletion caused by the second pulse.
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This behaviour directly shows that molecules are addressed twice due to the different
effect a second RF pulse applied shortly after the first one has on the number of
molecules.

This effect is shown for uncooled molecules at a temperature 600 mK in Fig-
ure 6.10(a) and a cooled molecule sample at 60 mK in Figure 6.10(b). The rise
constant extracted from an exponential saturation model fitted to the data is only
about 60 % bigger for the colder molecules even though a factor of three is to be
expected due to the three times larger velocity of the warmer sample. The reason
for this behaviour is not clear. A possible influence of magnetic fields is discussed
in the next section.

Another possible source of the rise in the depletion signal is decoherence. As
explained in Section 6.1 the application of radiation creates superposition states so
that only for half of the molecules the transition to the M=0 sublevel of the |1, 1, 0〉
state can be driven. The other half of the molecules can in turn only be transferred
into the M=0 sublevel of the |1, 1, 1〉 state. The superposition state depleted by
the first pulse can thus not only be repopulated by the movement of the molecules
coming from other areas of the trap but also by decoherence, causing that molecules
from the two distinct superposition states start to mix. However, from the present
measurement it is impossible to distinguish this effect from the simple movement of
the molecules within the trap.

For zero time separation of the pulses there is still a finite depletion signal caused
by the second pulse. This is mainly caused by the finite length of the applied
pulses. During the 10 µs for both pulses the curves are already expected to rise to
about 0.5 % and 0.3 % for the cooled and uncooled molecule sample respectively. The
remaining part of the depletion signal is most likely caused by the same experimental
imperfections that cause the significant background to be seen in the spectra of
Figure 6.6.

For long pulse separation times the signal does not rise to the same value of
depletion as caused by the first pulse but instead to a slightly lower value. This
could be caused by an insufficient time separation between the various cycles, which
means that the individual pairs of pulses are not entirely independent from each
other.

6.3 Observation of coherence

In order to see coherence between the two sublevels M=±1 the emergence of dark
states when the three involved states are coupled by radiation is exploited (see
Sec. 6.1). To this end, the degeneracy of the sublevels is lifted by applying a magnetic
field leading to Zeeman splitting. The magnetic field is created by placing a coil on
top of the vacuum chamber containing the electric trap. The coil has 224 windings
with a diameter of about 23 cm. It is oriented in a plane parallel to the capacitor
plates of the trap with a distance from the centre of the coil to the centre of the
trap of 134 mm. This way, according to theory, an on-axis magnetic field of 3.48 G

A
is created at the position of the trap with a direction parallel to the homogeneous
offset electric field in the trap. As mentioned before, a homogeneous magnetic field
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Figure 6.11: Magnetic field dependence of RF pulse pair measurement. Molecules
at a temperature of 600 mK in the |1, 1, 0〉 state are depleted by a first RF pulse. A second
RF pulse is applied after a time of 20 µs. Depending on the magnetic field given by the
current through a coil the molecules Larmor precess during this time separation between
the superposition states of the M=±1 sublevels of the |1, 1, 0〉 state so that the second pulse
addresses more or less molecules accordingly. The data is fitted by a simple cosine model as
guide to the eye.

does not lead to decoherence but rather produces an energy splitting between the
M=±1 sublevels, i.e. the Zeeman splitting. This means that if there is an imbalance
in the population of the two superposition states of the M= ± 1 sublevels and the
population of the states becomes time and magnetic field dependent.

For a first investigation of this behaviour a measurement similar to the one pre-
sented in the last section is performed. Pairs of RF pulses with a length of 5 µs are
applied with the difference that the time separation ∆t is set to a fixed value of 20 µs
and that a magnetic field is created by the coil. The measurement is performed for
molecules without previous Sisyphus cooling, i.e. at a temperature of about 600 mK.
The first pulse couples the molecules in one of the two superposition states to the
M=0 sublevel of the |1, 1, 0〉 state and creates an equal distribution of the population
between both states. In the time before the second pulse is applied the molecules
Larmor precess depending on the applied magnetic field between both sublevels and
the number of molecules that can be addressed with the second pulse changes. This
behaviour and its dependence on the applied magnetic field, i.e. the current through
the coil, is shown in Figure 6.11. The number of molecules addressed by the second
pulse oscillates with the magnetic field as the molecules precess between the ad-
dressed superposition state and the dark state. This effect gives clear experimental
evidence for the existence of both states and also shows that coherence persists be-
tween both states for a time larger than the pulse separation of 20 µs. Note that the
measurement presented in Figure 6.11 was performed with a not yet final version of
the coil creating the magnetic field. Therefore, the result cannot be quantitatively
compared to the remaining measurements involving a magnetic field in the following
part of this section.

For the determination of a coherence time, measurements for varying time sepa-
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Figure 6.12: Observation of coherence between superposition states of the
M=±1 sublevels of the |1, 1, 0〉 state at 600 mK. Molecules are prepared in the
|1, 1, 0〉 state without Sisyphus cooling resulting in a temperature of 600 mK of the molecule
sample. A first RF pulse of length 5 µs and frequency 211 MHz is applied and equally dis-
tributes the molecules between the arising superposition state |Ψsup

+ 〉 and the M=0 sublevel
of the |1, 1, 0〉 state. The second superposition state |Ψsup

− 〉 is left unaffected. The amount
of depletion caused by the first pulse is indicated by the black dashed line. Subsequently
a second RF pulse is applied with varying time separations between both pulses leading
to further depletion. The measurements are performed for three different magnetic fields
created by currents of (a) 2 A, (b) 4 A, and (c) 6 A through a coil on top of the vacuum
chamber. The magnetic field causes the molecules to precess between the superposition
states of the M=±1 substates resulting in oscillations in the depletion signal caused by the
second pulse. An observed coherence time can be extracted from the oscillation as shown
in the individual panels. This value includes the motion of the molecules in the trap.

rations ∆t with applied magnetic fields are performed. Such a measurement for an
uncooled ensemble of molecules at a temperature of 600 mK is shown in Figure 6.12
for different magnetic field strengths. The measurement sequence is the same as
the one discussed in the last section. Again pairs of RF pulses of length 5 µs are
applied for varying separation times ∆t. The first pulse distributes the molecules
between one superposition state and the M=0 sublevel of the |1, 1, 0〉 state. The
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depletion in molecule signal by this first pulse is indicated by the black dashed lines.
The second superposition state is the dark state and no population is driven to the
M=0 sublevel by the RF pulse according to the arguments given in Section 6.1
as only a transition into the M=0 sublevel of the |1, 1, 1〉 state would be possible.
With a magnetic field applied the molecules Larmor precess between both superpo-
sition states in the time between the first and second pulse. This way the number
of molecules that can be addressed with the second pulse varies with time leading
to oscillations in the depletion signal. This process is overlaid with the thermal
movement of the molecules in the trap leading to an exponential saturation in the
same way as without the presence of magnetic fields (see Figure 6.10). The data
is again fitted by an exponential saturation model, however, overlaid by a damped
oscillation. This allows to extract the oscillation frequencies given in the individual
panels of Figure 6.12. The frequency rises linearly with the applied magnetic field
as expected, but deviates by about 35 % from the calculated value when taking into
account the Zeeman shift of the molecules as shown in Figure 6.4 and the magne-
tic field of the coil. The molecular g-factor is known much more precisely [Hüt68]
making the magnetic field the most likely source of this discrepancy. It can only
be measured in free space where it nicely agrees with the theoretical values for the
given coil geometry. However, the magnetic properties of the vacuum chamber and
other materials surrounding the trap can have an influence on the magnetic field at
the position of the trap resulting in different values for the calculated and measured
oscillations frequencies.

The time scale of the exponential saturation of the signal caused by the movement
of the molecules and the time scale of the damping of the oscillation are not different
with statistical significance. This behaviour is reasonable because the oscillations
should disappear as the molecules addressed by the first pulse move out of the
homogeneous field region. For this reason both time scales are described by a single
free parameter in the fitted model. The extracted time scales agree quite well for the
different magnetic fields, with the only value not overlapping within the 1σ error
bars being the measurement at 6 A where the time scale deviates by about 2σ. By
combining the time scales to determine a coherence time a value of (59.4± 2.1) µs
is extracted. The values are also consistent with the time scale of the measurement
without magnetic field shown in Figure 6.10(a) with the measurement at 6 A again
deviating the most by about 3σ. The cause for the discrepancy might be that time
constants for movement and decoherence, i.e. damping of the oscillation, are in fact
not exactly the same as assumed in the model. It is important to emphasise that
the measured time constants are not necessarily the coherence times between the
different states. Since the damping of the oscillation is also caused by the movement
of the molecules in the trap and both time constants cannot be separated, the
obtained values can only be seen as a lower limit for the actual coherence time. The
amplitude of the oscillation gets smaller for higher oscillation frequencies due to an
averaging effect caused by the finite pulse length of 5 µs per pulse.

Similar measurements can be performed for a cold molecule sample at a tempera-
ture of 60 mK. The results for two different magnetic fields are plotted in Figure 6.13.
As is to be expected the oscillation frequencies are in excellent agreement with the
ones measured with uncooled molecule samples. The only difference lies in the decay
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Figure 6.13: Observation of coherence between superposition state of the M=±1
sublevels of the |1, 1, 0〉 state at 60 mK. Molecules are prepared in the 110 state via
optical pumping after being Sisyphus cooled as presented in Chapter 5. The coherence
measurement is the same as in Figure 6.12. The measurement is performed in the presence
of a magnetic field created by a current of (a) 2 A or (b) 4 A resulting in lower limits for
the coherence time of (129.0± 14.8) µs and (139.9± 11.4) µs respectively. The inset shows
a close up of the oscillations for short pulse separations.

time constant. Just like for the warmer sample the damping of the oscillation and
the exponential rise in depletion signal caused by the movement of the molecules in
the trap cannot be separated. The extracted coherence time from a combination of
both curves is (134± 9) µs. This value is considerably larger than the value obtained
for the measurement of movement of the molecules without magnetic fields in Fig-
ure 6.10(b). The unexpected fast decay in this measurement could potentially be
explained by a background magnetic field causing a slow oscillations of the depletion
signal. However, to explain the effect an oscillation frequency of about 3 kHz would
be necessary requiring a magnetic field of magnitude 1.3 G. The presence of such a
strong magnetic offset field seems unlikely and is also ruled out experimentally with
> 3σ confidence.

The way the magnetic field is created, by placing a coil on top of the vacuum
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chamber, is also a source of decoherence since the magnetic field is not perfectly
homogeneous at the position of the trap. The size of the homogeneous field region
of the trap of about 1.5 mm leads to a gradient of about 0.08 G

A over its thickness.
The finite size of the trap in the direction perpendicular to the coil axis also leads to
inhomogeneities in the magnetic field. At the position of the trap, the field 20 mm
removed from the coil axis differs by about 0.62 G

A from the centre value. This
results in a total gradient in the oscillation frequency induced by the precession in
the magnetic field of about 0.7 kHz

A over the trap volume. For high currents this puts
a significant limit onto the coherence time. For the measurement in Figure 6.12(c)
at a current of 6 A the limit is about 40 µs for a unity phase shift whereas for the
measurements at 2 A in Figure 6.12(a) and Figure 6.13(a) consequently the value is
three times higher with about 110 µs. However, only molecules in the border regions
of the trap experience the worst case difference in Zeeman shift so that only a subset
of molecules is affected. This can also be seen from the measurements presented in
this section which are not limited by the inhomogeneity of the magnetic field but
rather by the movement of the molecules in the trap.

6.4 Prospects for longer coherence times

Due to the insensitivity to electric fields much longer coherence times than the
ones measured here should be achievable for the M=±1 states of the molecules.
The problem of decoherence caused by hyperfine structure can easily be solved by
using states with even Ka which do not exhibit hyperfine structure. For uncooled
molecules this can be implemented rather quickly as the only change required is the
frequency of the UV laser for detection. For cold molecules there is no direct way to
transfer the molecules after Sisyphus cooling in the states |3, 3, 0〉 and |4, 3, 1〉 to a
state with even Ka. To do so the molecules can be cooled in e.g. the states |4, 4, 0〉
and |5, 4, 1〉 from where they can then be transferred to the |2, 2, 0〉 state by a very
similar scheme as the one presented in Chapter 5. Adjusting the cooling scheme
to this new set of states is in principle an easy task also benefiting from the state
selectivity of the LIF detection.

A further advantage of using the state |2, 2, 0〉 for measuring the coherence time
is the K-type doubling of the states. For the |2, 2, 0/1〉 states the splitting is only
71 MHz instead of 4.830 GHz as for the |1, 1, 0/1〉 states. This means that not only
transitions within the upper state of the doublet can be driven with the current
equipment, but also transitions into the lower state are possible due to the much
smaller frequency difference. Nonetheless, the frequency difference is still large
enough to be able to spectroscopically differentiate between the individual tran-
sitions in the trap. This way, oscillations of opposite phase should be measurable by
first driving the transition from one of the two superposition states of the M=±1
sublevels into one of the two M=0 sublevel with the first pulse and then coupling mo-
lecules to the second M=0 sublevel. Due to the fact that each transition is dark for
one of the two superpositions, for short pulse separations molecules can be depleted
by the second pulse and the depletion signal decreases as the molecules precess into
the other superposition. This behaviour is exactly the opposite as the one seen in
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Figure 6.12 and Figure 6.13. Since coherence measurements of this type are only
possible between M= ± 1 and M=0 the molecules first have to be transferred into
these states from the M=2 sublevel which initially is most likely the sublevel with
the largest population. Due to the possibility of the LIF detection scheme to detect
individual M-sublevels this task should not pose a major problem.

Decoherence due to the collection of geometric phase in the high electric fields in
the border region of the trap can potentially be suppressed by applying special volt-
age configurations at the trap. Typically the offset electric field in the centre of the
trap and the longitudinal fields created by the wedge structure of the microstructure
electrodes of the trap3 are of the same order of magnitude. However, it is possible
to apply voltage configurations where the offset field is bigger by e.g. a factor of 50
than the longitudinal fields which would greatly suppress the influence of geometric
phases and hopefully allow to retain coherence after reflection of the molecules from
the border of the trap. A caveat of this method is that the trapping potential is
greatly reduced and the method is therefore only available to the coldest molecules.

A further source of decoherence discussed previously in Section 6.1.2 are mag-
netic fields. A potential offset could easily be zeroed by Helmholtz compensation
coils which would at the same time solve the problem of inhomogeneous fields cre-
ated by the coil used for the experiments presented here. However, inhomogeneous
background magnetic fields cannot easily be removed. As the vacuum chamber and
other parts were not chosen with focus on their magnetic properties, it is unlikely
that very low magnetic fields can be achieved. Fortunately, the states are to some
degree protected by their insensitivity to magnetic fields as mentioned before in
Section 6.1. Even for the quite pessimistic estimate that the inhomogeneities over
the trap volume are on the order of the magnitude of the earth magnetic field, a
coherence time of >1 ms is achievable. Since the inhomogeneities are most likely
considerably smaller, coherence times of several ms seem realistic.

A challenge still remaining is the search for a measurement sequence which will
allow to measure such long coherence times. In the measurements presented here, the
molecules leave the addressed homogeneous electric field region on a time scale on the
order of 100 µs, not allowing to observe coherence times much longer than this value.
However, if a larger fraction of the molecules in the trap can be distributed between
M=±1 and M=0 and the coherence time is sufficiently long, potentially oscillations
could reappear after the molecules are reflected by the trap wall and re-enter the
homogeneous field region. Of course cooling the molecules into the ultracold regime
can also be part of the solution, unfortunately the scaling is unfavourable as the
velocity, and therefore the time the molecules spend in the homogeneous electric
field region, scales with

√
T . However, for temperatures <1 mK coherence times on

the order of 1 ms would be measurable.

3In order to avoid large volumes in the trap where the homogeneous electric field and the confin-
ing trap field cancel, which would increases molecule losses via Majorana flips, a wedge struc-
ture is implemented for the electrodes leading to longitudinal fields parallel to the microstruc-
ture [Zep13].
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In this thesis the design and experimental implementation of an optical detection
scheme based on laser induced fluorescence for cold formaldehyde molecules is pre-
sented. The new detection scheme is then characterised and its state selectivity
demonstrated. As a first measurement performed with the LIF detection scheme,
optical pumping into the ortho-ground state is demonstrated. Finally, a coherence
time is measured on rotational states and a path is outlined on how this time could
potentially be increased to over >1 ms. Both experiments heavily rely on the state
selectivity of the detection scheme and would be significantly hindered if not impos-
sible by using a QMS for detection. In this section an overview over future prospects
for the cooling experiment is provided together with future experiments enabled by
the work presented in this thesis.

Improving optoelectrical Sisyphus cooling The main advantage of the detection
of formaldehyde molecules via laser induced fluorescence over the previously em-
ployed quadrupole mass spectrometer is its state selectivity which even allows to
detect single M -sublevels in isolation. This is a particularly powerful tool for the
characterisation of the cooling scheme. It greatly facilitates the investigation of IR
excitation rates and the rate of the RF cooling transition. It also enables the in-
vestigation of trap unloading rates for different states. These capabilities will allow
an in-depth analysis of the cooling process and together with a comparison with
detailed simulations hopefully lead to further improvements of the optoelectrical
Sisyphus cooling scheme. Furthermore, the M -state selectivity of the detection will
also allow a comprehensive investigation of molecule dynamics in the electric trap.
Currently, the dominating loss mechanism for cooled molecules are most likely non-
adiabatic transitions into more weakly or untrapped states in electric field zeroes,
i.e. the equivalent to Majorana spin flips. With the possibility to directly measure
individual M -sublevels, the influence of the size of the K-type doubling splitting
of the rotational states, which determines the linearity of the Stark shift, on Majo-
rana flip rates can be investigated. Another point to be addressed is the enclosure
of the molecules at the entrance and exit holes of the trap. With suitable voltage
configurations it should be possible to create a potential barrier confining the mole-
cules already during the loading process. Increasing the trap lifetime of the initially
loaded uncooled molecules would allow to better incorporate those into the cooling
scheme and greatly increase the number of cooled molecules.

Trapping with microwaves In the long run the goal of the experiment is to reach
the quantum degenerate regime. To achieve this goal the molecules have to be
transferred into another type of trap with a better defined potential landscape. For
this there are mainly two options, an optical dipole trap or a MW trap, which both
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rely on the same principle of trapping the molecules in a strong electromagnetic field,
red-detuned to a transition, creating a confining potential. The main difference lies
in the wavelength of the trapping field. An optical dipole trap typically employs an
IR laser, which due to its large frequency results in a rather small trap volume. This
makes direct loading from the currently employed electrostatic quadrupole guides
difficult due to their comparably large size. Therefore, the choice is a MW trap as
has been proposed [Dem04] and is also under development in other groups [Dun15].

The design and implementation is currently under investigation in the doctoral
thesis of Maximilian Löw. The plan is to build an open resonator to facilitate
loading from a quadrupole guide and allow for sufficient optical access. The trap
will be operated at 50 GHz which is red-detuned by 90 GHz from the transition
|2, 1, 2〉 ← |1, 1, 1〉. This creates a trap depth of >1 mK requiring only 20 W pumping
power if optimal incoupling and a Finesse of 2500 are assumed. Therefore, the
molecules can first be brought into the ultracold temperature regime by conventional
optoelectrical Sisyphus cooling in the present electric trap as demonstrated in the
past [Pre16]. Subsequently, the molecules will be unloaded and brought into the
microwave trap. By applying the ground state preparation technique demonstrated
in Chapter 5 the molecules can then be trapped in their ortho ground state in the
nodes of the microwave standing wave within the resonator. For further cooling the
molecules can be excited via the v5 vibrational mode to the rotational para ground
state |0, 0, 0〉. In this state the 50 GHz of the trap are only 25 GHz red-detuned
from the |1, 1, 1〉 ← |0, 0, 0〉 transition giving a much stronger confinement potential.
The cooling transition is driven in the centre of the trap where the MW intensity,
and therefore the AC Stark shift is maximal. Therefore, the molecules can only
move to lower intensities of the trapping beam and since the confining potential is
stronger in the excited state than in the ground state a Sisyphus cooling process
can be driven. Eventually after further cooling is applied it is imaginable that the
MW trap could be overlapped with an optical dipole trap to decrease the trapping
volume and further increase the number density of the molecules.

Cooling towards quantum degeneracy For further cooling there are mainly two
options under consideration. The first is sympathetic cooling where the molecu-
les in the MW trap are overlapped with an ultracold atomic cloud at even lower
temperatures. Due to collisions molecules and atoms can thermalise decreasing the
temperature of the molecules. The second option is evaporative cooling where by
lowering the trap depth the hottest molecules are allowed to escape and the re-
maining molecules re-thermalise at a lower temperature. This is an inherently lossy
procedure, which is why a sufficiently high number of molecules would be necessary.
Both techniques rely on favourable collision properties of the molecules with elastic
collisions dominating over inelastic ones. Collisions between polar molecules are cur-
rently under investigation at a second experiment in the Rempe group where Buffer
gas cooled molecules are decelerated with a centrifuge decelerator [Che14] and then
stored in an electrostatic trap of the same design as the one employed for this work
(see Section 2.2.2). For fluoromethane first collisional results have already been ob-
tained [Wu17] and recent investigations in this direction are promising. In principle
the system also allows to investigate collisions between cold formaldehyde molecules,
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especially if combined with Sisyphus cooling which can readily be implemented at
the setup.

Molecule detection in the MW trap For detection of the molecules in the MW trap
LIF is not an ideal option. Due to the challenges involved with stray light reduction
its seems impossible to implement an in-situ detection covering a large solid angle
and at the same time allow for plenty of optical access. A more suitable option
is probably resonance-enhanced multiphoton ionisation (REMPI) where molecules
are ionized with an intensive UV laser pulse via a multiphoton excitation and the
ionization electrons are detected. In the past it has already been shown to be possible
to achieve rotational state selectivity with this technique [Par16] and relaxing the
condition of a continuous wave detection, high intensity pulsed UV lasers can be
employed. With a suitable electrode configuration it seems realistic to efficiently
guide the ionisation electrons out of the MW trap region in order to detect them
without significantly obstructing optical access.

In the future a promising alternative detection scheme is to use Rydberg atoms
due to their large electric dipole moments of thousands of Debye. Förster resonant
energy transfer in collisions between the trapped molecules with Rydberg atoms po-
tentially can provide a non-destructive and highly efficient detection method which
by repeatedly colliding individual molecules with Rydberg atoms could even ap-
proach unity [Zep17, Jar18].

Quantum information processing with molecules A final outlook concerns the
coherence measurements presented in the last chapter of this thesis. Immediate
steps to increase the coherence time with the present setup are already presented in
Section 6.4. In the long run such measurements could be performed in the future
MW trap which will provide a much cleaner environment for these experiments.
Since the used rotational states are completely insensitive to electric fields and also
protected from magnetic fields due to the weak magnetic interaction of closed shell
molecules, coherence times well over 1 s seem feasible provided that magnetic fields
are compensated in the setup.

By trapping single molecules in an optical lattice and employing the rotational
states under investigation here as qubit states, a promising quantum computing
platform could be realised [Yu19]. Via their strong permanent dipole moment the
molecules can interact and universal quantum gates between neighbouring lattice
sites could be realised. First experiments towards this direction could already be
performed with the envisioned MW trap even though in this setup the approach
is not scalable due to the large wavelength of the 50 GHz radiation. A different
approach involves coupling the molecules to a superconducting microwave stripline
resonator as has been proposed before [And06, Rab06, Rab07]. These schemes would
also greatly benefit from the extreme robustness of the ±M sublevels of symmetric
and slightly asymmetric rotor states shown in this work.
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[Möh85] G. R. Möhlmann. Formaldehyde Detection in Air by Laser-Induced
Fluorescence. Appl. Spectrosc. 39, 98 (1985).

[Mol14] P. K. Molony, P. D. Gregory, Z. Ji, B. Lu, M. P. Köppinger,
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computation with polar molecules. Phys. Rev. A 74, 050301(R) (2006).

[Yu19] P. Yu, L. W. Cheuk, I. Kozyryev, and J. M. Doyle. A scalable quan-
tum computing platform using symmetric-top molecules. New J. Phys. 21,
093049 (2019).

[Zep09] M. Zeppenfeld, M. Motsch, P. Pinkse, and G. Rempe. Optoelectri-
cal cooling of polar molecules. Phys. Rev. A 80, 041401(R) (2009).

[Zep12] M. Zeppenfeld, B. G. U. Englert, R. Glöckner, A. Prehn,
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