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Cover illustration: The figure shows the main experimental result of this thesis, the
measured integral of the kinetic energy distribution of the electrically trapped, ultracold
(T < 1 mK) gas of formaldehyde molecules. The solid curve represents the expected
distribution for a thermal ensemble at a temperature of 420 µK in a perfect box potential
and serves as a comparison. As an inset, the chemical formula and structure of the
formaldehyde molecule is sketched.
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Abstract

Fascinating applications of ultracold (T < 1 mK) polar molecules ranging from con-
trolled chemistry to the investigation of dipolar quantum gases or precision tests of
fundamental physical theories exploit the rich internal level structure and the electric
dipole moment of the molecules. Realizing such applications demands a high level of
control over both external and internal degrees of freedom of the molecules. Moreover,
many of the envisioned experiments rely on structurally and chemically diverse species,
motivating the development of various ‘direct’ cooling and control techniques which are
applicable to preexisting molecules. To date, the long-standing goal of direct cooling to
the submillikelvin temperature regime has been demonstrated with two methods, with
one of the two first experimental realizations being the main focus of this thesis: Using
optoelectrical Sisyphus cooling, an ensemble of 3×105 formaldehyde (H2CO) molecules
was generated at a temperature of about 400 µK, with the molecules populating a single
rotational state with more than 80 % purity and staying electrically trapped for tens of
seconds.

Optoelectrical Sisyphus cooling proceeds in an electrostatic trap which produces
box-like potentials for low-field-seeking molecular states. Kinetic energy is removed
by allowing molecules to repeatedly move up the electric-field gradient of the trapping
potential in a rotational state with strong Stark interaction, and back down in a state
with weaker Stark interaction. Dissipation is provided by a vibrational spontaneous
decay. The approach makes use of generic properties of polar polyatomic molecules
and should thus be widely applicable. With formaldehyde, we demonstrate a reduction
in temperature by three orders of magnitude and an increase in phase-space density
by a factor of about 104, only limited by technical imperfections. In the thesis, the
structural requirements of the molecule species and the experimental implementation
of the scheme are detailed. In particular, the consequences of the asymmetric-rotor
structure of formaldehyde for experiments and technical improvements of the electric
trap, resulting in a better homogeneity of the box-like trapping fields, are illuminated.
Moreover, the produced molecule sample is characterized thoroughly.

A major motivation for cold and ultracold molecule research is the interest in spec-
troscopy with ever-increasing precision. The low temperature of our cooled molecules
and the box-like trapping potential with its tunable offset field offer ideal conditions
for high-resolution spectroscopy on trapped molecules. Thus, the second focus of this
thesis is on the demonstration of a novel method to observe narrow spectral lines with
trapped polar molecules. Specifically, we combine techniques well-known from optical
atomic clocks, i.e. the choice of a ‘clock’ transition with vanishing first-order diffe-
rential Stark shift and measurement at a ‘magic’ electric field with minimal residual
Stark broadening, with the preparation methods developed in the first part of the thesis
to perform precise microwave spectroscopy. As a result, Doppler-limited line widths
down to 3.8 kHz are measured, the narrowest spectral features observed with electrically
trapped molecules so far, yielding a relative uncertainty of 10−8.

v





Contents

Abstract v

1 Introduction 1
1.1 Applications of ultracold polar molecules . . . . . . . . . . . . . . . . . . 3
1.2 Approaches to generating ultracold polar molecules . . . . . . . . . . . . 6
1.3 Directly cooled polar molecules at submillikelvin temperatures . . . . . 10
1.4 Outline of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Theory essentials: optoelectrical Sisyphus cooling and the formaldehyde
molecule 13
2.1 Optoelectrical Sisyphus cooling . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 The slightly asymmetric rotor formaldehyde . . . . . . . . . . . . . . . . 18
2.3 Formaldehyde in a static electric field . . . . . . . . . . . . . . . . . . . 25

2.3.1 The Stark interaction . . . . . . . . . . . . . . . . . . . . . . . . 26
2.3.2 Two-level approximation for inversion-doublet states . . . . . . . 26
2.3.3 Modified transition probabilities . . . . . . . . . . . . . . . . . . 30

2.4 Internal states for Sisyphus cooling . . . . . . . . . . . . . . . . . . . . . 33
2.4.1 The choice of rotational states . . . . . . . . . . . . . . . . . . . 33
2.4.2 Internal-state nomenclature . . . . . . . . . . . . . . . . . . . . . 35
2.4.3 Transition frequencies . . . . . . . . . . . . . . . . . . . . . . . . 37

2.5 A closed level scheme for cooling . . . . . . . . . . . . . . . . . . . . . . 37
2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3 The electric trap and experimental foundations 41
3.1 The box-like electrostatic trap . . . . . . . . . . . . . . . . . . . . . . . . 41

3.1.1 Design and operation principles . . . . . . . . . . . . . . . . . . . 42
3.1.2 A new trap: technical improvements . . . . . . . . . . . . . . . . 43
3.1.3 A tunable box-like trap potential . . . . . . . . . . . . . . . . . . 45
3.1.4 Lifetime of molecules in the trap . . . . . . . . . . . . . . . . . . 47

3.2 The experimental apparatus . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.3 Internal-state control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.3.1 Rotational-state detection of formaldehyde . . . . . . . . . . . . 53
3.3.2 Diagnostic applications of internal state control . . . . . . . . . . 57
3.3.3 Rotational-state preparation via optical pumping . . . . . . . . . 61

3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4 Sisyphus cooling to submillikelvin temperatures 65
4.1 Measuring the kinetic energy of trapped molecules . . . . . . . . . . . . 65

4.1.1 RF knife-edge filters for asymmetric rotor molecules . . . . . . . 66
4.1.2 Experimental investigation of K-flip RF transitions . . . . . . . . 67
4.1.3 Total energy, kinetic energy and offset potential energy . . . . . 70

vii



4.2 The cooling sequence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.2.1 Trap loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.2.2 Choice of laser and radio frequency for efficient cooling . . . . . . 75
4.2.3 Ramping to lower trapping potentials . . . . . . . . . . . . . . . 77
4.2.4 Unloading cooled molecules from the trap . . . . . . . . . . . . . 79

4.3 Experimental cooling results . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.3.1 Final temperature . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.3.2 Subtraction of the offset potential energy . . . . . . . . . . . . . 84
4.3.3 Counting trapped molecules: calibration of the detector . . . . . 85
4.3.4 Number of molecules and cooling factor . . . . . . . . . . . . . . 86
4.3.5 Internal-state purity . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.4 Discussion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5 Doppler-limited high-resolution spectroscopy on trapped molecules 91
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.2 Eliminating Stark broadening . . . . . . . . . . . . . . . . . . . . . . . . 93
5.3 Understanding the spectral shape . . . . . . . . . . . . . . . . . . . . . . 96
5.4 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.4.1 Experimental sequence . . . . . . . . . . . . . . . . . . . . . . . . 99
5.4.2 Influence of the trap electric fields . . . . . . . . . . . . . . . . . 100
5.4.3 Doppler-limited spectra in a ‘magic’ electric field . . . . . . . . . 101
5.4.4 Experimental limitations . . . . . . . . . . . . . . . . . . . . . . . 104

5.5 Prospects for narrower spectra . . . . . . . . . . . . . . . . . . . . . . . 105

6 Outlook 109

A The electric trap and surface charges: additional measurements 113

B Measurement of the electric-field distribution in the trap 117

C Details on molecule detection with the quadrupole mass spectrometer 119
C.1 QMS settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
C.2 Deflection of slow molecules from the ionization region of the QMS . . . 119
C.3 Parametric heating of trapped molecules . . . . . . . . . . . . . . . . . . 123
C.4 Determination of the sensitivity coefficient of the QMS . . . . . . . . . . 124

D Data evaluation and statistics 129

Bibliography 131

List of Publications 147

Acknowledgments 149

viii



1 Introduction

The study of molecules plays a central role in physics. On the one hand, at present
smaller molecules consisting of only a few atoms make up the most complex physical
systems which scientists can anticipate to model and understand in full detail, from
first principles based on quantum mechanics. Therefore, experiments on quantum-
controlled molecules of increasing complexity are ideal tools to test and develop our
ever-improving fundamental theoretical understanding as well as precise predictions
and calculations. On the other hand, molecules play important roles in more complex
structures and phenomena, including not only chemistry or condensed matter but also
star formation and life. A better understanding of molecules and their interaction with
each other hence can give valuable insight into much more intricate processes and help
solve fundamental open questions in science and technology.

Molecules are investigated with diverse methods in a number of fields of physics. For
example, femtosecond physics [Kra09] aims at resolving fast processes, within molecules
or during molecular interactions, with ultrashort laser pulses. Laser pulses also permit
the manipulation of internal molecular states with coherent control techniques [Sha12b].
Full control of the internal and external degrees of freedom of a molecule, and hence of
its individual molecular quantum states, however, requires cooling to very low tempera-
tures. It is the availability and further development of cooling techniques for molecules
which allowed the observation of subtle physical effects related to molecules and estab-
lished the research field of cold and ultracold molecules [Car09, Kre09]. This discipline,
which this thesis contributes to, is introduced in the following with a focus on neutral
polar molecules.

Typically, two temperature ranges are distinguished in the field, the cold (1 mK to
∼K) and the ultracold (< 1 mK) regime [Bel09, Car09, Lem13]. In the cold regime,
the thermal energy is comparable to an interaction energy caused by strong external
electric or magnetic fields available in the laboratory. This allows trapping of molecular
samples and isolation from the environment with such external fields. Further cooling
can lead to the ultracold temperature regime. In atomic physics, this regime is reached
when (non-dipolar) scattering processes can be entirely modeled with a single partial
wave which is the case at submillikelvin temperatures, motivating the above definition.
For molecules, however, a rigorous definition based on scattering properties is more
involved and depends on the species, the existence of an electric dipole moment, and
in the case of a non-zero dipole moment on the applied electric field [Boh09].

Investigations of ultracold matter started with the demonstration of laser cooling
and trapping of alkali atoms [Chu98, Coh98, Phi98] and, among other spectacular
achievements, led to the creation of Bose-Einstein condensates in 1995 [Cor02, Ket02],
boosting this line of research. More recently, quantum-controlled, ultracold atomic
systems are routinely used for applications like quantum simulation of condensed matter
systems [Gro17], quantum information processing and the investigation of light-matter
interaction [Rei15], or precision measurements with interferometric techniques [Cro09].
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2 Introduction

Despite the unsurpassed quantum-control achieved over alkali, alkaline earth or sim-
ilar atoms, attaining likewise control over other, more complicated forms of matter
is desirable. Molecules offer a wide range of internal degrees of freedom, including
electronic, vibrational, rotational, and hyperfine states, which can be used for manip-
ulation. Additionally, polar molecules can carry a strong permanent electric dipole
moment which lets them react to external electric fields and provides a long-ranged,
anisotropic, state-dependent, and thus tunable interaction between individual molecu-
les. Moreover, due to the more complex structure, external degrees of freedom like
orientation and alignment also influence interactions of molecules with each other and
their environment and can be exploited for the purpose of control.

These properties render cold and ultracold polar molecules ideal systems for a num-
ber of research directions. Unsurprisingly, molecular systems are the natural choice for
the investigation of chemistry at low temperatures where tunneling effects and reso-
nances can dominate collisions or chemical reactions (see below). Less obviously, certain
molecules are very sensitive probes of fundamental physics [Wal16, DeM17]. For in-
stance, precision spectroscopy is used to investigate the shape of the electron [Hud11,
Bar14a, Bar17] or the chirality of matter [Dau99, Die15, Tok17]. Advancing control
over molecular quantum states also enables applications in quantum physics, where in
particular the strong dipole-dipole interaction can be harnessed to investigate interact-
ing many-body systems [Yan13], to perform quantum simulations [Wal13, Wal15], or to
process quantum information. A few of these applications of ultracold polar molecules
are discussed in more detail in the following section.

The diverse structure of molecules, appealing to various research interests, however,
also makes it challenging to cool and control them. Consequently, there is no general
approach to producing ultracold molecules yet. The existing strategies include ‘indi-
rect’ methods for the assembly of ultracold molecules from laser-cooled ultracold alkali
atoms, accessing the lowest temperatures but being restricted to diatomic molecules
with laser-coolable constituent atoms. Wider applicable are ‘direct’ techniques for cool-
ing of preexisting molecules. Both approaches are summarized in Sec. 1.2. In fact, at
the time this thesis work began, direct cooling to the ultracold temperature regime had
not yet been reported. One such demonstration is the main topic of this thesis: opto-
electrical Sisyphus cooling allowed the creation of an electrically trapped, rotational-
state-controlled gas of formaldehyde (H2CO) molecules at submillikelvin temperatures.
To date, this is still the largest ensemble of molecules ever produced in a laboratory in
this temperature regime. In the meantime, other groups used ‘direct’ laser cooling, only
applicable to special molecules, to generate diatomic radicals at similar temperatures.
These recent and complementary results are outlined in Sec. 1.3.

Cooling and trapping of the molecules, a prerequisite of many applications, is not the
only challenge which has to be addressed towards improved control over molecules. For
example, the strong interaction of polar molecules with external electric fields which we
exploit for both cooling and trapping often causes a broadening of spectral lines if cold
molecules are spectroscopically investigated inside an electric trap. Nevertheless, very
narrow spectral features can be observed if the motion of the molecules and the trapping
environment are controlled well, as shown in the last part of this thesis. By combining
the unique design of our electric trap [Eng11] with a clever choice of experimental
parameters we demonstrate a method to obtain narrow spectral lines with cooled and
electrically trapped molecules—a first application of optoelectrical Sisyphus cooling.
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Formaldehyde, the molecule used for all experiments in this thesis work, is a proto-
typical polar polyatomic molecule. It is sufficiently simple to allow for a deep theoretical
understanding [Hud06c]. Yet, it is a generic representative of asymmetric rotor molecu-
les and features electronic, vibrational, rotational and hyperfine states with transition
frequencies encompassing the ultraviolet-, infrared-, microwave- and radio frequency
domains. Next to being a model system for molecular spectroscopy [Eli12], formalde-
hyde is extensively studied in various other fields of physics because it is, for example,
an important interstellar [Brü03] and atmospheric [Per09] molecule. Previous investi-
gations of formaldehyde in the context of cold molecules are specifically mentioned in
the following introductory sections.

1.1 Applications of ultracold polar molecules

Ultracold molecules carrying a permanent electric dipole moment are of interest in many
fields of physics and physical chemistry. A few intriguing applications are discussed in
the following paragraphs. For a more comprehensive overview of the field, the reader is
directed to recent reviews or special issue collections of articles [Car09, Kre09, Dul11,
Jin12, Lem13, Doy16]. Besides the following topics, recent results and future prospects
of using molecules for tests of fundamental physical theories by performing precise
spectroscopy are outlined in the introduction to Ch. 5 which covers the results on
precision spectroscopy of electrically trapped formaldehyde obtained during this thesis.
Not discussed at all are the fascinating perspectives of quantum-many-body physics and
quantum simulations with polar molecules (see e.g. the review [Mos16] and references
therein).

Ultracold collisions and chemistry. Investigations of ultracold molecular collisions
and chemical reactions are ultimately driven by the desire to completely probe and,
as an extension, control the scattering properties and reaction paths of molecules on
the quantum level [Bel09, Bal16, Boh17]. At low temperatures where the de-Broglie
wavelength of a molecule exceeds its size or even the separation of molecules, quantum
effects play an important role in these processes. In this regime, resonances in the inter-
action energy are predicted for collisions and, more specifically, chemical reactions. For
example, high reaction rates and resonances at ultralow temperature were calculated for
several reactions [Wec05b, Wec05a, Qué08], despite usually very high classical reaction
barriers of up to a few hundred Kelvin, as first shown for the reaction F+H2 → H+HF
by Balakrishnan and Dalgarno [Bal01]. Moreover, a dependence on external fields can
give a handle for control over collisions [Kre05] and chemical reactions [Tsc15], allowing
the adjustment of reaction rates or reaction resonances. This is particularly interesting
for polar molecules with their long-ranged and electric-field-dependent dipole-dipole
interaction.

Towards control of chemical reactions at low temperatures, a process involving for-
maldehyde, H2CO + OH → HCO + H2O, was theoretically investigated in detail by
Hudson et al., suggesting that the collision and reaction cross sections can be modified
by orders of magnitude by changing either the molecular state, or the external electric
field [Hud06c]. This reaction is of interest in atmospheric chemistry, for instance. Both
reactants can be cooled to low temperatures and even electrically trapped, allowing
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controlled experiments. While Hudson et al. were able to produce cold molecular
beams of both species via Stark deceleration (see Sec. 1.2), the predicted reaction rates
at low temperature were not large enough for observation in their experiment. They
recommended trapping of at least one species and secondary cooling of the reactants,
increasing the sample density, to make measurements feasible [Hud06c].

Collisions and chemistry at ultracold temperatures have been extensively studied in
the context of molecule formation with ‘indirect’ methods (see Sec. 1.2). However,
chemistry in the ultracold regime with a polar molecule as a reactant has only been
observed with the alkali dimer KRb in the group of Ye. Their results are summarized
in a very recent review [Boh17] and include observation of a dependence of the reaction
rate on the number of populated initial internal states by Ospelkaus et al. [Osp10] and
on the applied electric field by Ni et al. [Ni10]. Further, exploiting the anisotropic
dipole-dipole interaction, preparation in a single molecular quantum state, and Fermi
statistics, de Miranda et al. [Mir11] could suppress the reaction rate by two orders
of magnitude by confining the molecules in a two-dimensional trap and the motional
ground state. However, due to the reliance on molecule production with ‘indirect’
methods, the developed techniques are restricted to few chemical species.

For the use with more diverse molecule species, the lowest collision temperatures
down to 10 mK and the finest energy resolution are currently achieved with the very
promising merged beam approach: two atomic or molecular beams with reactants are
joined by bending one of them with a magnetic [Hen12] or electric [Ber14] guide into the
other. This allowed the observation of resonances in the Penning ionization reaction of
metastable He with H2 by Henson et al. [Hen12]. By controlling the rotational state of
H2, Klein et al. showed that a subkelvin reaction resonance appears only if the molecule
is rotationally excited which in this case probes the anisotropy of the collision [Kle16].
Jankunas et al. investigated electron-transfer reactions with more complex molecules,
namely ammonia [Jan14a, Jan15] and CH3F [Jan14b]. This technique is in principle ap-
plicable to all molecules with a magnetic or electric dipole moment, with the drawback
of short interaction times due to the relatively large forward velocity of the beams.

Longer interaction times, allowing the study of weak or slow processes, can be ob-
tained with trapped molecules. In this direction, Wu et al. observed dipolar collisions in
slow and dense beams of CH3F and ND3 molecules confined in an electric guide [Wu17].
Further, the effect of electric fields on atom-molecule collisions potentially useful for
sympathetic cooling was investigated by Parazzoli et al. by overlapping electrically
trapped ND3 with Rb in a magneto-optical trap [Par11]. A dependence of collisional
loss on an external electric field was also observed for magnetically trapped OH [Stu13].
Recently, Akerman et al. demonstrated cotrapping of O2 with Li in a magnetic trap,
however, to date without results on collisions [Ake17]. ‘Direct’ cooling of diverse species
to ultracold temperatures would expand the research possibilities in this field.

Physics and chemistry in space and the earth’s atmosphere. Small molecules are
present not only in the atmosphere of our planet [Rot13] but also in interstellar space.
Radio telescopes and infrared spectrometers allow the observation of distant molecules
and determination of their abundance which gives insight into the formation of more
complex molecules and stars [Ber07]. In interstellar space, H2 is the most abundant
molecule accounting for 99.99 % of all molecules, followed by, e.g., CO, H2O, OH, CO2

and H2CO [Agú13]. In fact, formaldehyde, H2CO, was the first polyatomic organic
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molecule to be detected in the interstellar medium by microwave spectroscopy [Sny69]1

and, formed from CO and various hydrogen compounds, it plays an important role dur-
ing star formation in so-called cold dark interstellar clouds. In these clouds, molecules
with mean densities from 102 to 106 cm−3 collide and react at temperatures around
10 K [Ber07]. Thus, laboratory investigations of chemical reactions in this [Smi11] or a
lower [Kra16] temperature regime are of great interest.

Precise spectroscopic studies under controlled laboratory conditions are also useful
for comparison with astronomy data. Then, spectroscopic data from space reveals the
temperature, the density, the kinetic temperature and other important characteristics
of these clouds [Ber07]. Moreover, accurately calculated potential energy surfaces of the
molecules are needed to model collisions and chemical reactions [Boh17]. Verification of
these calculations requires precise knowledge of the molecular structure. Consequently,
while the processes in interstellar clouds happen at temperatures of ∼ 10 K or more,
investigating the structure of the molecules and collisions between them at significantly
lower temperatures could be useful to gain more insight into astrophysical chemistry.

Quantum information processing. A large variety of physical systems are already
utilized and considered for quantum information processing [Nie10], a field with huge
scientific and technological interest and progress. Ultracold polar molecules combine a
few attributes which make them particularly interesting. On the one hand, long-lived
rotational or hyperfine states allow for information storage with potentially long co-
herence times and information access with microwave radiation. On the other hand,
the long range dipole-dipole interaction facilitates entanglement generation and gate
operations encompassing qubits in distinct molecules. These specific features are ex-
ploited in a number of concrete proposals relying entirely on polar molecules [DeM02,
Yel06, Kuz08] or making use of the coupling of molecular rotational states to supercon-
ducting microwave stripline resonators in hybrid systems [And06, Rab06, Rab07]. All
approaches require trapped ultracold molecules and control over all quantum states.
Towards this, an important experimental achievement was the observation of a coher-
ence time on the order of one second between hyperfine levels of ultracold 23Na40K
molecules by Park et al. [Par17].

More complex molecules can have additional benefits for quantum computing. Wei
and coworkers pointed out the upside of polar symmetric top molecules, similar to
those used in this thesis, as qubits: “These offer advantages resulting from a first-order
Stark effect, which renders the effective dipole moments nearly independent of the
field strength. That permits use of much lower external field strengths for addressing
sites” [Wei11]. As a second example, the many internal degrees of freedom can be used
to build an entire quantum computer from a single molecule, as proposed by Tesch
and de Vivie-Riedle [Tes02]. In contrast to having one qubit per particle, as in the
case of atoms or diatomic molecules, the various vibrational modes of one polyatomic
molecule serve as qubits. As a first experimental step in that direction, Hosaka et
al. implemented a Fourier transform in iodine molecules based on population transfer
via shaped femtosecond laser pulses [Hos10]. The authors pointed out that for future
scalability of the approach, cooling, trapping and addressing of individual molecules
will be necessary.

1Various isotopologues of formaldehyde were detected in different environments in space, see, e.g., the
introduction of Ref. [Mül17].
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1.2 Approaches to generating ultracold polar molecules

Molecular structure and the envisioned applications of ultracold polar molecules are di-
verse. So are the methods to produce ultracold polar molecules. As it was pointed out
before, ‘indirect’ techniques associating molecules from laser-cooled ultracold atoms and
‘direct’ cooling of preexisting molecules are distinguished and briefly outlined. While
‘indirect’ approaches presently give access to the lowest temperatures, various appli-
cations of ultracold molecules profit from chemically and structurally diverse species.
Therefore, a growing number of research groups pushes the development of ‘direct’
cooling technology. In the following, the focus is on a summary of the state of the
art, not on a detailed explanation of the techniques which can be found in the cited
references.

Indirect methods. Formation of ground-state molecules from ultracold atoms is al-
ways a two-step process. First, weakly bound, highly excited molecules are created
during atomic collisions via Feshbach association or photoassociation [Ni09]. Second,
the molecules are transferred to their ground state via a coherent state transfer [Ni08]
or internal state cooling by optical pumping [Vit08, Man12], carrying away the bind-
ing energy of ground-state molecules of a few thousand Kelvin with photons in both
cases. The aim is to map the temperature of the ultracold atoms to the newly created
molecules and avoid heating in the formation process.

The coldest temperatures, the highest densities, and the best control over the inter-
nal state of the molecules is achieved with experiments pursuing Feshbach association
because this is a fully coherent and therefore reversible process which can in principle be
controlled extremely well [Ni09, Mos15]. Two near-quantum-degenerate atomic gases
are overlapped and the magnetic field is scanned adiabatically over a Fano-Feshbach
scattering resonance such that the two free atom states are converted to a highly vi-
brationally excited bound molecular state via the avoided crossing of the resonance.
The adiabatic transfer to the ground state is achieved with a coherent two-photon STI-
RAP process [Ber98]. This approach requires a high initial phase-space density and
was first demonstrated with non-polar Cs2 [Dan08] and Rb2 [Lan08] and polar KRb.
Notably, in the latter case Ni et al. produced about 30000 ground-state KRb molecules
at a temperature of 350 nK and a density of 1012 cm−3, resulting in a near-quantum-
degenerate gas of polar molecules with a phase space density of 0.02 [Ni08, Ni09]. More
recently, ultracold ground-state molecules were produced with a few more species using
the same techniques, namely bosonic RbCs [Mol14, Tak14] and NaRb [Guo16] as well
as fermionic NaK [Par15, See18]. All these experiments produced 103 to 104 molecules
at temperatures of a few hundred nanokelvin and densities around 1011 cm−3. Despite
these successful demonstrations, a major drawback of the method is its limited applica-
bility. It can only produce polar diatomic molecules consisting of certain laser-coolable
alkali or similar atoms. Moreover, the experiments are very complex and demanding
which can also be seen from the fact that it took many years to apply the techniques
demonstrated in 2008 for KRb to other polar species, regardless of substantial effort
by a number of research groups.

In the second indirect approach, photoassociation [Ulm12], two laser-cooled atoms
sufficiently close to each other are transferred to an electronically excited, bound molec-
ular state via laser excitation. A subsequent photon emission, stimulated or sponta-
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neous, transfers the molecule to the molecular electronic ground state, usually a vibra-
tionally excited state, from which a transfer to the absolute ground state is possible.
A number of polar alkali dimers have been produced in the vibrational and electronic
ground state, e.g., RbCs [Sag05] and LiCs [Dei08]. However, the temperatures of
∼ 100 µK achieved with this technique are higher and the densities of ∼ 104 cm−3 and
phase-space densities of ∼ 10−14 are orders of magnitude lower than what was demon-
strated with Feshbach association [Ni09]. The reasons are a finite transition probability
from the free atom states into the bound molecular excited state and spontaneous de-
cay from the excited state to many molecular electronic ground states, limiting the
efficiency of molecule production [Ulm12]. Therefore, it seems that Feshbach associa-
tion is being established as the technique of choice to produce trapped ultracold gases
of alkali dimers, despite the high complexity of the scheme discussed above.

Direct production of cold and slow molecular beams. Direct cooling to the ultracold
regime, potentially applicable to a huge variety of molecule species, essentially always
starts with the production of a cold molecular beam and subsequent trapping of the
molecules. We give an overview of the three most common techniques to produce cold
beams, each of them used by various research groups at present and applicable fairly
generally. Two of the methods produce internally cold molecular beams with a large
forward velocity. In these cases further deceleration is necessary to allow for trapping,
as discussed in the following.

One approach to produce a beam of slow and thus motionally cold polar molecu-
les is velocity filtering, as first demonstrated by Rangwala et al. with H2CO and
ND3 [Ran03]. It is based on separating the slowest fraction of molecules which are
present in any thermal ensemble from the fast molecules by selectively trapping low-
velocity molecules in two dimensions in an electrostatic quadrupole guide, or any other
electric or magnetic guide, and directing them away from the faster ones. It can produce
an intense beam of slow, trappable molecules (T < 1 K) in low-field-seeking rotational
states [Rie05, Eng11]. In this thesis, velocity filtering is used as a very simple and
robust source of formaldehyde molecules to load our electrostatic trap [Eng11]. The
drawback is that the distribution of internal states reflects the much higher temperature
of the effusive nozzle used to load the quadrupole guide2.

Cooling of internal and external degrees of freedom to a temperature of a few Kelvin
is achieved via a pulsed supersonic expansion of a high pressure gas into vacuum.
Adiabatic cooling and collisions in the nozzle convert the thermal energy of the gas to
forward velocity of the beam resulting in a beam of molecules which are cold in the
co-moving frame of reference and travel with a longitudinal velocity of many hundred
meters per second in the laboratory frame. Deceleration of the beam with conservative
forces then delivers cold, trappable molecules [Bet00].

The very dense and short pulses of molecules produced in a supersonic expansion
can be decelerated effectively by using time-varying and inhomogeneous electric fields
in a Stark decelerator for polar molecules or magnetic fields in a Zeeman decelerator for
paramagnetic molecules, as summarized in Refs. [Hog11, Mee12]. In this approach, the
electromagnetic fields are tailored such that the traveling molecular beam always sees

2See thesis of M. Motsch [Mot09b] for details on operation and characterization of velocity filtering.
The thesis also includes further experiments on guided beams of cold formaldehyde [Mot07].
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a potential hill allowing deceleration to a selectable longitudinal velocity or almost to
rest. It was first demonstrated by Bethlem et al. with CO molecules employing a Stark
decelerator [Bet99] and resulted in production of the first ensemble of trapped molecules
where ND3 was held in a quadrupole electric trap [Bet00]. Hudson et al. produced
a cold beam of formaldehyde with a similar Stark decelerator [Hud06c]. In a more
advanced design, so called moving-trap or traveling-wave decelerators confine the packet
of molecules in three dimensions during the slow-down process, reducing losses due to
transverse motion of the molecules and allowing trapping in the decelerator [Qui13]
or an efficient transfer to an adjacent trap [Liu17, Ake17]. In particular, the group of
Bethlem used their moving-trap Stark decelerator to trap 2 × 104 CH3F molecules at
a temperature of 40 mK [Men15], to prepare a small number of ammonia molecules at
submillikelvin temperatures via adiabatic cooling [Qui14], and to construct a molecular
fountain [Che16]. Note that deceleration can also be accomplished with chip-based
Stark decelerators [Mee09], microwave [Mer12], or intense optical fields [Ful04]. The
described variations of a supersonic expansion followed by deceleration of the beam are
widely applicable. The pulsed operation, however, makes it difficult to obtain both
large numbers of slow molecules and high densities. Moreover, production of a large
number of ultracold molecules requires application of a dissipative cooling scheme to
the trapped molecules.

A third option to produce an internally cold molecular beam is via collisions with a
cryogenic buffer gas of Helium or Neon, first demonstrated for CaH molecules in the
group of Doyle [Wei98] and reviewed comprehensively by Hutzler et al. [Hut12]. Cryo-
genic buffer-gas cooling is the most general technique as it does not set any require-
ments on the structure of the cooled molecules. Recently, it allowed cooling molecules
as complex as CH3ReO3 [Tok17] or CF3CCH [Wu17]. While the first experiments were
performed inside the cryogenic buffer-gas cell, it is now most common to create an
aperture in the cell and work with the resulting molecular beam, allowing separation
of the cooled molecules from the buffer gas [Hut12]. Combining a buffer gas cell with
an electric quadrupole guide, van Buuren et al. created an internally cold beam of
formaldehyde molecules [Buu09].

Depending on the operating conditions of the cell (and the mass of the molecule
species), cold beams of buffer-gas-cooled molecules have a mean forward velocity of
about 50 m/s to 200 m/s. Even for comparatively low buffer-gas densities, leading
to smaller forward velocities, very slow, trappable molecules are absent in the beam
due to inevitable collisions in the vicinity of the nozzle, accelerating the slow molecu-
les [Mot09a]. Hence, for subsequent trapping of a substantial fraction of the beam the
molecules have to be further decelerated to below ∼ 20 m/s, a typical capture velocity
of a molecule trap [Tru17b].

A beam of buffer-gas-cooled molecules can be pulsed, but with larger pulse durations
and relative velocity spreads than after supersonic expansion, or continuous. Therefore,
conventional Stark and Zeeman decelerators cannot be applied efficiently3. Continuous
deceleration of electrically guided polar molecules was demonstrated by exploiting con-
servative centrifugal forces on a rotating disc [Che14]. The combination of a cryogenic
buffer-gas cell with this centrifuge decelerator recently lead to the construction of a
very bright source of slow molecules in our group, delivering record-large fluxes of 1010

3The use of a traveling wave decelerator was proposed though [Fab14].
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CH3F, ND3, or CF3CCH molecules per second at velocities < 20 m/s and densities
∼ 109 cm−3 [Wu17]. This approach is widely applicable to polar molecules and ideal
for loading a trap. An alternative for molecules amenable to laser cooling (see below)
is the use of Doppler slowing [Met99]. With this technique, buffer-gas cooled molecules
have been successfully slowed to below the capture velocity of a trap [Bar12, Yeo15].
As Doppler cooling is a dissipative process allowing compression of the phase space,
it can also compress the velocity distribution while slowing the molecules, as recently
proven by Truppe et al. [Tru17b]. However, laser slowing to date delivers substantially
smaller samples of molecules and is less general than other techniques.

Direct cooling to the ultracold regime. In order to bring molecules deep into the
submillikelvin temperature regime, trapping and application of a dissipative cooling
process allowing an increase of the phase-space density is mandatory. In particular,
this also requires some means to remove entropy. In this paragraph, we outline the
existing strategies, while the experimental demonstrations of cooling to submillikelvin
temperatures are summarized in the next section.

A general method of dissipating energy and entropy is via collisions between particles.
Evaporative cooling, i.e. removal of hot particles and rethermalization to lower temper-
atures of the remaining ones, or sympathetic cooling with colder particles of a different
(atomic or molecular) species requires dense samples of trapped molecules. Despite the
generality of this approach only very few results in this direction have been reported.
Evaporative cooling of OH molecules in a quadrupole trap was investigated by Stuhl et
al. [Stu13]. Regardless of possible first indications of evaporative cooling [Stu13], the
ultracold temperature regime has not been reached yet and control over collisions and
molecule losses turned out to be surprisingly difficult [Ree17]. Towards sympathetic
cooling of molecules with ultracold atoms many theoretical calculations have been per-
formed, see, for example, Refs. [Lar06, Tok11, Lut14]. A preparatory experimental
achievement was already mentioned before: Akerman et al. trapped 109 oxygen mole-
cules and 105 lithium atoms in the same trap, a prerequisite for future investigations
of inter-species collisions [Ake17].

Another approach is to use a large number of spontaneously emitted photons for
dissipation in laser cooling and magneto-optical trapping (MOT), the standard meth-
ods to produce ultracold atoms [Met99]. However, as significant cooling requires ten
thousands of photons to be resonantly scattered from the molecule, Doppler cooling
and similar techniques can only be applied to a special class of molecules which feature
fast-decaying electronic transitions with highly diagonal Franck-Condon factors. Only
then the molecules decay to a small number of vibrational states after spontaneous
emission of a photon, allowing Doppler cooling with a manageable number of repump-
ing lasers. These conditions are fulfilled for a number of diatomic radicals [Di 04] and
selected polyatomic radicals [Isa16, Koz16, Koz17b].

Experimentally, transverse laser cooling of a molecular beam of SrF was demon-
strated by Shuman et al. [Shu10] and a MOT of the same species by Barry et al. [Bar14b].
These first results later led to the production of diatomic radicals at submillikelvin
temperatures, as discussed in Sec. 1.3. Laser cooling using an electronic cycling transi-
tion was recently also demonstrated for the polyatomic molecule SrOH by cooling the
transverse motion of a molecular beam [Koz17a]. Nonetheless, for the large majority
of molecule species other cooling mechanism have to be found, notably as many of
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the more complex and chemically stable molecules including formaldehyde predissoci-
ate with high probability and are hence destroyed upon electronic excitation with an
ultraviolet laser [Moo83].

The aforementioned difficulties arising from exciting molecules electronically mo-
tivated the development of alternative cooling methods using spontaneously emitted
photons more efficiently. These dissipative cooling techniques rely on using inhomoge-
neous, internal-state-dependent potential landscapes created with electric or magnetic
fields for energy extraction and a single or only a small number of spontaneous photon
emissions to remove entropy and ensure the irreversibility of the process. One such
method, single photon cooling, was proposed by Narevicius et al. [Nar09]: Molecules
in their initial state move in a strongly varying potential and are optically excited at
the classical turning point where they maximize the potential energy and minimize
the kinetic energy. A single spontaneous decay to a final state exhibiting a shallow
potential thereby takes out a large fraction of the molecular kinetic energy. Such an
optical pumping process could also be used to transfer molecules from one to another
trapping environment [Sha12a]. Although it did not involve cooling, part of these ideas
were realized by accumulating NH molecules in a magnetic trap via optical pumping
from an untrapped state to a trapped state [Mee01, Rie11]. Combining state-dependent
electric potentials with optical pumping via a vibrational excitation allows construction
of a closed, repeatable, Sisyphus-type cooling scheme for polyatomic molecules. Here,
only a few tens of spontaneous decays are needed to reduce the kinetic energy of the
molecules by orders of magnitude. The method was developed by Zeppenfeld et al.
in our group [Zep09] and implemented in a proof-of-principle experiment reducing the
temperature of CH3F molecules by a factor of 13 to 29 mK shortly before this thesis
work began [Zep12, Zep13, Eng13, Pre12]. The aim of this thesis was pushing for-
ward the technique and accessing the ultracold temperature regime with polyatomic
molecules.

1.3 Directly cooled polar molecules at submillikelvin
temperatures

Direct cooling with a dissipative method to the ultracold temperature regime was only
realized very recently, with one of the two first demonstrations being the main focus
of this thesis [Pre16]: 3 × 105 electrically trapped formaldehyde (H2CO) molecules
at a temperature of about 400 µK were produced. In this section, complementary
results obtained with three-dimensional laser cooling of diatomic radicals [Di 04] are
summarized. Other techniques, including the remaining ones mentioned in Sec. 1.2,
have not yet been successful in producing directly cooled ultracold molecules.

The first diatomic radical cooled to below 1 mK was SrF. Norrgard et al. built a
magneto-optical trap (MOT) confining 2000 SrF molecules at a temperature of 400 µK
and with a lifetime in the trap of 0.5 s. Their results [Nor16] were published back-
to-back with the main results of this thesis work and slightly improved later [Ste16],
reaching a temperature of 250 µK with 104 molecules. More recently, two groups inde-
pendently realized a MOT of CaF. Truppe and Williams et al. trapped about 2× 104

CaF molecules in their MOT at temperatures down to 730 µK [Tru17a, Wil17]. An-
deregg et al. obtain larger ensembles of (1.0±0.3)×105 CaF molecules at a temperature
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of (340± 20) µK with their setup [And17]. Consequently, the latter group reaches the
largest particle density of (7± 3)× 106 cm−3 in a MOT. All of these experiments start
with a molecular beam produced with cryogenic-buffer-gas cooling and laser slowing
(see above paragraph on production of cold beams) to produce molecules with veloc-
ities smaller than the capture velocity of a MOT. To be more specific, Truppe and
Williams et al. report a capture velocity of their MOT of 11 m/s [Wil17]. The achiev-
able particle numbers are thereby limited mainly by difficulties in efficiently slowing
the molecular beam, while the temperature of the ensembles comes close to the the-
oretical temperature limit of a MOT, the Doppler temperature [Met99], in all three
experiments.

Going one step further, Truppe and Williams et al. used a three-dimensional op-
tical molasses [Met99] to cool their ensemble of CaF to 50 µK, to below the Doppler
limit, reaching a number density of (0.8± 0.1)× 105 cm−3 and a phase-space density of
(2.4 ± 0.6) × 10−12 [Tru17a]. The group also transferred the molecules to a magnetic
trap [Wil18], a step towards investigation of molecule collisions at ultracold temper-
atures. However, these impressive results of cooling to submillikelvin temperatures
obtained with direct laser cooling have been restricted to two metal fluoride molecule
species up to now, SrF and CaF.

1.4 Outline of this thesis

This thesis presents experiments proving direct cooling of polyatomic polar molecu-
les to the ultracold temperature regime and showing high-precision spectroscopy of
electrically trapped molecules. Using the method of optoelectrical Sisyphus cooling,
a record-large ensemble of electrically trapped formaldehyde, H2CO, was prepared at
submillikelvin temperatures and in a single rotational state. The molecules were then
used to implement a method for precision spectroscopy in our box-like electric trap.

The general idea of optoelectrical Sisyphus cooling, the relevant aspects of the internal
structure of formaldehyde, and the choice of internal states for the implementation of
cooling are detailed in Chapter 2. In this theoretical discussion, the consequences of
the asymmetric rotor structure of formaldehyde and its properties in the electric field
are emphasized. Despite the complexity of the molecule, the resulting level scheme for
cooling is simple and clearly structured.

To achieve the long-standing goal of direct cooling to the ultracold regime, the ex-
perimental apparatus and methods were improved substantially, based on conclusions
drawn from previous thesis work with optoelectrical Sisyphus cooling and rotational-
state control of CH3F molecules [Zep13, Eng13, Glö16]. Chapter 3 introduces the
electric trap and the surrounding apparatus as well as important improvements im-
plemented in the course of this thesis. In particular, the homogeneity of the box-like
trapping fields could be enhanced, a significant step not only for cooling but also for the
spectroscopy work. Additionally, experimental techniques on rotational-state detection
and rotational-state preparation which have been refined and adapted to formalde-
hyde are presented in the same chapter along with new measurements of molecular
parameters and characteristics of our system.

The experimental results on optoelectrical Sisyphus cooling of formaldehyde are elu-
cidated in great detail in Chapter 4. This part includes a thorough explanation of
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the method to measure the kinetic energy of the trapped molecules, details of the ex-
perimental sequence, and a characterization of the molecule ensemble obtained after
cooling. The main outcomes of the experiments covered in this chapter were previously
published in an article [Pre16].

As a first application of the preparation techniques, and as a demonstration of
the high level of control achieved, high-precision spectroscopy of trapped formalde-
hyde molecules is investigated in Chapter 5. Stark broadening has been eliminated
and Doppler-limited spectroscopic lines have been observed by probing a rotational
transition with vanishing first-order differential Stark shift in a ‘magic’ electric field.
The proof-of-principle experiments performed with this method result in measured line
widths of a few kHz for rotational transitions in formaldehyde, the narrowest spectral
features observed with electrically trapped molecules so far, with prospects to attain
much higher precision in the future. The text concludes with an outlook to future
experiments in Chapter 6.



2 Theory essentials: optoelectrical
Sisyphus cooling and the formaldehyde
molecule

In this chapter it will be shown that optoelectrical Sisyphus cooling which was pro-
posed [Zep09] for and first demonstrated [Zep12, Zep13, Eng13, Pre12] with symmetric
top molecules is applicable to formaldehyde, a small asymmetric rotor molecule. It
turns out that the resulting level scheme for cooling of the external motion, which
makes use of the rotational and vibrational degrees of freedom of the molecule, is fairly
simple and can be implemented with decent experimental complexity. On the one hand,
the slightly asymmetric rotor structure of formaldehyde makes the choice of internal
states for cooling a little more intricate. On the other hand, the diverse structure offers
extreme flexibility for future applications in quantum optics because state manifolds
with different properties and widely varying transition frequencies are available, as will
be illustrated throughout the chapter. For example, this could allow to couple cooled
formaldehyde molecules with other physical systems in a wide frequency range.

Besides the vibrational and rotational level structure of formaldehyde, its properties
in a static electric field are most important for optoelectrical Sisyphus cooling. Some of
the theoretical calculations for formaldehyde leading to the presented cooling scheme
were worked out by Martin Ibrügger in his diploma thesis [Ibr13]. In this chapter we
demonstrate that the main characteristics for our experiments can be understood with
a simple analytical model.

Accordingly, the chapter describes the theoretical concepts this thesis work is based
on and is structured as follows: Section 2.1 explains the general idea and requirements
of optoelectrical Sisyphus cooling and motivates the choice of the molecule species.
Formaldehyde and the relevant aspects of its molecular structure are introduced in
Sec. 2.2. Section 2.3 describes the interaction of the molecule with a static electric
field. With these foundations at hand, the internal states for Sisyphus cooling are
chosen in Sec. 2.4 and the detailed level scheme is developed in Sec. 2.5.

2.1 Optoelectrical Sisyphus cooling

In general, any mechanism that cools the external degrees of freedom of a particle has
to fulfill the following requirements. There has to be a means to extract kinetic energy
from the particle and a dissipative process to remove entropy. If the scheme does not
dissipate the entire kinetic energy in a single step, the cooling process should also be
repeatable to allow cooling by a large factor. Additionally, trapping of the particle or
the ensemble of particles is desirable to maintain control over it during the experiment.

Figure 2.1 sketches how these requirements are implemented in optoelectrical Sisy-
phus cooling, a cooling method designed for polar molecules with a strong electric-field

13
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Figure 2.1: Working principle of optoelectrical Sisyphus cooling shown in
an energy-level and state-transition diagram. A molecule initially residing in a
strongly trapped low-field-seeking state |s〉 looses kinetic energy by performing an induced
transition (fRF) to the more weakly trapped state |w〉 in the high-field region of the trap.
Coupling |w〉 and a vibrational excited state |e〉 with an infrared laser in the low-field
region of the trap closes the cooling cycle because the molecule is pumped back to its
initial state |s〉. Due to the irreversible spontaneous emission in the last step the process
only works in the direction which leads to cooling. The frequency foffset is defined in the
text. The inset shows a sketch of the Stark-shifted set of M sublevels of the rotational
state J = 3 of a molecule, including one possible choice of the states |s〉 and |w〉.

interaction. A suitable electrostatic trap featuring low electric fields in the central part
and strong trapping fields at the edges of the confining volume produces a box-like po-
tential for low-field-seeking rotational states as shown. Kinetic energy is extracted by
allowing molecules to repeatedly move up the electric-field gradient of the trapping po-
tential in a state with strong Stark interaction, |s〉, and back down in a state with weaker
Stark interaction, |w〉. This is achieved by constructing a unidirectional cycling pro-
cess as follows. The two states are coupled with radio frequency (RF) radiation which
resonantly induces transitions in the high-field region of the trap. Moreover, only the
state |w〉 is coupled with an excited vibrational state |e〉 in the low-field region, allowing
for spontaneous decays from |e〉 to (both of) the ground states. In combination, this
constitutes a repeatable cooling cycle. Such a scheme, which exploits state-dependent
potential energy curves along with optical pumping, is commonly called a Sisyphus
cooling process [Pri83, Zep09].

For a practical implementation of the scheme, one can think of many different choices
for the internal molecular states represented by |s〉, |w〉, and |e〉 if a few conditions are
fulfilled. First, as we use electrostatic trapping fields all of the states have to be low-
field seeking to keep the molecules trapped during cooling. Second, the electric-field
interaction of state |s〉 has to be stronger than the one of state |w〉. Third, sufficiently
strong transition dipole moments should exist between the pairs of states |s〉 and |w〉
as well as |w〉 and |e〉. Fourth, a spontaneous decay channel from state |e〉 to state
|s〉 is required and other decays from state |e〉 should predominantly lead to trapped
low-field-seeking states incorporated in the cooling scheme to minimize losses while
allowing many repetitions of the Sisyphus cycle. Finally, the states have to be chosen
such that unwanted transitions to states outside the cooling scheme induced by the
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applied radiation fields or other processes such as black-body radiation are minimized.
As we will see throughout this chapter, a particularly simple scheme, sufficiently

closed to allow many repetitions, can be constructed by using the rotational and vi-
brational degrees of freedom of a molecule: The states |s〉 and |w〉 are identified with
successive trapped M sublevels of one rotational state J , split apart by the Stark ef-
fect (see inset of Fig. 2.1). Here J is the total angular momentum of rotation and
M its projection on the external quantization axis [Tow75], as reviewed in the next
section. The state |e〉 is a vibrational excited state with the same rotational quantum
number J . In fact, this choice of states, used in the current and previous experimental
implementations [Zep12, Zep13], differs from the initially proposed assignment [Zep09].

With the building blocks of optoelectrical Sisyphus cooling being established now,
the following paragraphs are devoted to a more detailed explanation of a few important
aspects of the cooling method and the choice of the molecule species for experiments.
While the discussion is fairly general and does not require knowledge of the particular
quantum states chosen for the implementation, it implies the choice of successive M
sublevels as states |s〉 and |w〉.

Amount of extracted energy. A key benefit of this cooling method is the ability
to choose and adjust the amount of kinetic energy which is extracted in one cycle of
the process. Using a simple picture, this amount is given by the radio frequency fRF

which couples the two ground states |s〉 and |w〉 minus the offset splitting foffset of the
same two states in the low-field region of the trap (cf. Fig. 2.1). Consequently, the
portion of energy which is dissipated can be chosen very high for uncooled molecules
initially (fRF − foffset ∼ h · 5 GHz ∼ kB · 0.24 K in a realistic experimental sequence,
see Sec. 4.2.1) to extract as much energy as possible. As cooling advances, fRF has
to be lowered such that molecules which now possess less kinetic energy still reach the
point in the potential where the RF is resonant and cooling can continue. We choose
stepwise adjustments of fRF.

Selecting Stark-split M sublevels for the implementation, particles can in principle
be cooled by a factor of ∼ 2 per cycle, if the cooling RF is matched tightly to the
molecular temperature and an appropriate set of internal states is chosen [Pri83]. In
practice, however, it is beneficial to adjust fRF such that molecules with a range of
different kinetic energies are able to undergo a transition from |s〉 to |w〉 at the expense
of slightly lower energy reduction per cycle. Considering this and the actual level scheme
used in experiments (Sec. 2.5) an energy reduction by a factor of ∼

√
2 per Sisyphus

cycle is realistic (Sec. 4.2.2 and [Zep12]). Even with the reduced cooling factor, only
about 20 cycles are needed to decrease the molecules’ kinetic energy by a factor of 1000.

Optical pumping via a vibrational transition. Optical pumping to the strongly trapped
state |s〉 is a crucial part of the cooling cycle. Because of the efficient energy extrac-
tion discussed previously, a vibrational excitation can be used for this purpose. Al-
though spontaneous decay rates of vibrational modes for most molecule species are
slow, . 100 Hz, limiting the speed of cooling, this choice offers several advantages.

First, from electronically excited states non-radiative decays dominate over purely
radiative transitions for many molecule species, and especially polyatomic molecules
suffer from rapid predissociation upon electronic excitation [Her66]. Second, electroni-
cally excited molecules would decay to a large number of final vibrational states because
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there are very few selection rules for the vibrational degree of freedom for electronic
transitions. This precludes construction of a closed cycling scheme via an electronic
transition, except for special molecules with highly-diagonal Franck-Condon factors,
which are (mostly diatomic) radicals [Di 04, Isa16, Koz16]. In contrast, molecules
with a single quantum of excitation in a single vibrational mode will predominantly
decay back to the ground state with strict selection rules for the rotational quantum
numbers, except in cases of strong resonances with other vibrational modes [Zep09].
Consequently, construction of a closed cycling scheme based on vibrational excitation
is possible. Finally, vibrational transition wavelengths lie in the mid-infrared which
is more easily accessible with present-day laser technology than the (deep) ultraviolet
radiation required to excite electrons in many chemically stable molecules.

Fundamental limit of cooling. Fundamentally, the lowest temperatures reachable by
optoelectrical Sisyphus cooling are limited to a few times the recoil temperature of
the photons used for optical pumping [Pri83, Zep12]. The recoil temperature [Met99]
associated with the fundamental excitation of the v1 C-H stretch vibrational mode of
formaldehyde is 25 nK and is similar for other molecule species suitable for optoelectrical
cooling. The factor “a few times” stems from the fact that a molecule will typically
scatter more than one photon during optical pumping from state |w〉 to the state |s〉
because the excited state |e〉 usually decays to both of the ground states. However,
in our large-volume, box-like trap most likely the cooling process will turn out to
be inefficient at considerably larger temperatures in the low µK-regime due to slow
diffusion of molecules to the trap boundaries or due to other limitations of the trapping
geometry1. Further, rather technical limitations of the present experiments will be
discussed after the experimental results in Sec. 4.4.

Suitable molecule species. In principle, optoelectrical Sisyphus cooling can be applied
to all polar molecules with a strong Stark interaction and pure rovibrational states.
The former, a large Stark shift, is needed for electric trapping (see also Sec. 3.1).
The latter requirement is twofold: First, low-field-seeking excited vibrational states
should decay to low-field-seeking ground states to keep the molecules trapped during the
cooling sequence. This is naturally the case for symmetric-top molecules [Tow75]. For
asymmetric rotors this condition is fulfilled, if the molecule possesses near-degenerate
inversion-doublet rotational states which are coupled strongly already by the moderate
electric field in the central low-field region of the trap. Then, a linear Stark shift and
appropriate selection rules are found. Such states exist for the slightly asymmetric
molecule formaldehyde as will be shown throughout the chapter. Presumably, such
states can also be found for many more molecule species. Second, the molecule should
possess a suitable vibrational transition which is sufficiently isolated (in energy space)
from other vibrational modes such that Fermi resonances which lead to losses from the
closed cycling scheme do not occur or are sufficiently suppressed.

Additionally, the decay rate of the vibrational mode should be large enough to achieve
substantial cooling in a time shorter than the lifetime of molecules in the electric trap
(which will be finite in any real experiment). Many symmetric-top molecules with

1General requirements for the trapping geometry for optoelectrical Sisyphus cooling are discussed in
Barbara Englert’s thesis [Eng13]. Optoelectrical Sisyphus cooling to temperatures close to the recoil
temperature might be possible in a harmonic trap.
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permanent electric dipole moments & 1 Debye and a vibrational decay rate of 10–100 Hz
fulfill these requirements and were identified in the original proposal [Zep09].

The present experimental setup, in particular the molecule source, puts another con-
straint on the choice of the molecule species. Our effusive nozzle which is cooled with liq-
uid nitrogen produces thermal ensembles in a temperature range of 110–300 K [Mie10].
On the one hand, the rotational constants of the species determine the number of states
populated after the limited precooling, which can range from dozens of states to many
thousand or more. The smaller the rotational constants are, the more states are pop-
ulated in this temperature range. On the other hand, Sisyphus cooling acts only on a
small set of states. Consequently, the choice of a molecule with rather small mass and
therefore large rotational constants greatly enhances the population in the set of rota-
tional states used for the experiments. Apart from the more fundamental requirements
discussed earlier this was an important reason for the choice of fluoromethane (CH3F)
for the first demonstration of optoelectrical Sisyphus cooling [Zep12, Eng13].

Note that the possibility of applying our method to diatomic polar molecules with
highly diagonal Franck-Condon factors and with optical pumping via an electronic
transition is currently being investigated in our group by Manuel Koller. First results
indicate that for this class of molecules Doppler cooling is often the preferable technique.

Formaldehyde as an ideal test molecule. Formaldehyde (H2CO)2, the molecule species
chosen for the experiments in this thesis, has several properties making it an ideal can-
didate to substantially advance optoelectrical Sisyphus cooling compared to the experi-
ments with fluoromethane, without the need to construct a more complex experimental
apparatus. The key points are summarized in the following list.

� Although being an asymmetric rotor, formaldehyde features sets of rotational
states in which inversion doublets are coupled already at moderate electric field
strengths in the trap, resulting in a strong linear Stark shift and allowing creation
of closed cycling schemes of trapped low-field-seeking states (Secs. 2.3 – 2.5).

� A large vibronic-ground-state electric dipole moment of 2.33 Debye [Fab77], 25%
larger than the one of CH3F, ensures strong electric trapping of molecular states
with a linear Stark shift (see Sec. 3.1).

� The v1 C-H stretch vibrational mode suitable for optoelectrical Sisyphus cooling
decays with a rate of ∼ 60 Hz [Rot13], 4 times faster than the v1 mode of CH3F
used before [Zep12]. This allows much faster cooling and in particular results in
a larger fraction of hot molecules being cooled initially during trap loading and
therefore kept in the trap (see Sec. 4.2.1).

� The large rotational constants of formaldehyde (A = 282 GHz, B = 38.8 GHz,
C = 34.0 GHz [Brü03]) lead to a sufficiently narrow thermal rotational state
distribution already at ∼ 150 K permitting the use of a simple and robust effusive
nozzle with liquid nitrogen precooling as a molecule source (Secs. 2.4 and 3.2).

2The systematic IUPAC name for formaldehyde is methanal and following the newest standards the
chemical formula is written CH2O. In this thesis, the name and the symbol most common in the
literature of molecular physics are used, formaldehyde and H2CO.
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2.2 The slightly asymmetric rotor formaldehyde

In this section, the formaldehyde molecule (H2CO) is introduced and the structural
properties playing a role for the development of the cooling scheme are summarized.
As it was shown in the introduction, formaldehyde is extensively studied in physics.
The spectrum of formaldehyde and its structure has been investigated from early anal-
yses of infrared (IR) [Nie34, Her45] and ultraviolet (UV) [Die34] absorption spectra
and the advent of microwave spectroscopy [Bra49, Law51] to the present [Mül17] in
different spectral ranges corresponding to different internal degrees of freedom: pure
rotational spectra (and hyperfine structure) in the radio frequency, microwave, and re-
cently Terahertz domain [Cha73, Fab77, Cor80, Brü03, Mül17], vibrational transitions
in the IR [Pin78, Bro78, Bro79, Rot13], as well as electronic excitations in the UV
spectral range [Mou75, Clo83, Zep07, Mot08].

The theory of molecular structure is explained in great detail in textbooks [Her45,
Tow75, Kro75, Bun12]. In earlier theses from our group several aspects of the the-
ory relevant to our experiments with cold molecules were already presented. Christian
Sommer described the molecular Hamiltonian with emphasis on rotation and electric-
field interaction [Som11]. The rotational energy structure in an electric field was
calculated specifically for optoelectrical Sisyphus cooling of formaldehyde by Martin
Ibrügger [Ibr13]. Erich Dobler summarized how selection rules for electric dipole tran-
sitions in formaldehyde involving all degrees of freedom can be derived from symmetry
considerations of the molecule structure [Dob16].

Here, the emphasis is on the identification of suitable internal states for optoelectrical
Sisyphus cooling of formaldehyde and previous knowledge of the basic structure of
molecules is assumed. Understanding the choice of internal states for cooling of this
slightly asymmetric rotor molecule, should allow readers to assess whether other similar
or even more asymmetric molecules of interest could be cooled with our method.

The general molecule structure and the relevant internal degrees of freedom, vibra-
tion, rotation, and effects of the nuclear spins are discussed briefly. In particular, the
rotational level structure is investigated with respect to finding the desired inversion-
doublet rotational states (defined below) which are coupled strongly already at mod-
erate electric field strengths. Further, the hyperfine interaction due to the spins of
the hydrogen nuclei strongly influences the thermal population of rotational states and
hence the choice of states for experiments. Moreover, the experiments on precision
spectroscopy presented in Ch. 5 have almost reached an accuracy which is comparable
to the magnitude of the hyperfine interaction.

Molecule structure. Formaldehyde is a four-atom prolate asymmetric top molecule.
Its structure along with its inertial axes (a, b, c) and the molecule-fixed coordinate
system (x, y, z) in Ir representation [Kro75] is shown in Fig. 2.2. Here, the assignment
of the axes (a, b, c) is given by the rotational constants A > B > C [Kro75]. In the
electronic and vibrational ground state formaldehyde is a planar molecule [Clo83] with
a permanent electric dipole moment along the symmetry axis. Electronically excited
states do not play a role in this work.

Vibrational modes. As the investigated cooling method makes use of vibrational spon-
taneous decays, a vibrational mode has to be picked for experiments. H2CO has six
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Figure 2.2: Structure of formaldehyde (H2CO). A molecule-fixed right-handed
coordinate system (x, y, z) is assigned to the principal axes (a, b, c) of the molecule
using the Ir representation suitable for prolate asymmetric tops [Kro75]. The planar
molecule lies in the xz plane. The magnitude of the electric dipole moment [Fab77], with
the arrow pointing from negative to positive charge, is given in Debye (D) for the vibronic
(vibrational and electronic) ground state. Formaldehyde has a mass of mH2CO = 30.03 u.
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Figure 2.3: Vibrational modes of formaldehyde. Arrows indicate the motion of
nuclei in the molecular plane, + and − show motion perpendicular to this plane. The
numbering of modes v4 to v6 is not consistent in the literature. Here, the nomenclature
follows Refs. [Her45, Rot13]. The transition energy of the fundamental excitation is given
in wavenumbers [Rot13]. In this thesis only the totally symmetric v1 mode plays a role.
Its fundamental excitation decays with a rate of ∼ 60 Hz [Rot13].

normal vibrational modes, all of them non-degenerate [Her45]. They are summarized
in Fig. 2.3. Five modes live in the molecular plane, one of them, here labeled v6, leads
to oscillations perpendicular to the plane.

Three considerations play a role in our experiments. First, the type of mode, i.e.
the symmetry of the vibration, determines the selection rules for transitions between
rotational states in the vibrational ground and excited state (see below). Thus, the
totally symmetric or parallel vibrational modes, v1, v2, and v3, where the nuclei move
symmetric to the axis of the electric dipole moment, and the three remaining perpen-
dicular modes are distinguished and lead to distinct selection rules for the rotational
quantum numbers. In particular, perpendicular vibrations cause a transition electric
dipole moment along the axes b or c of the molecule. Second, for efficient cooling, a
large spontaneous decay rate is desired. Third, the energy of the mode determines the
laser frequency required to excite the vibration.

Considering all three points, in this work only the totally symmetric v1 C-H stretch
mode is used for the purpose of optical pumping within optoelectrical Sisyphus cool-
ing and rotational-state preparation. To this end, Q-branch transitions3 to the first
vibrational excited state v1 = 1 are driven with an IR laser around a wavelength of

3The total angular momentum of rotation J is not changed, ∆J = 0.
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3.6 µm from different rotational ground states. With this choice, the transition electric
dipole moment is always parallel to the a axis in the presented experiments, leading to
relatively strict selection rules for the rotational quantum numbers. Thus, in our case,
the angular momentum selection rules for rovibrational transitions are equal to those
for purely rotational transitions.

Comparing the transition energy of the vibrational modes with the source temper-
ature T = 150 K in our apparatus, one finds that formaldehyde almost exclusively
populates the vibrational ground state under the conditions of our experiments. More
specifically, the ratio of the vibrational transition energy hfvib and the thermal energy
kB · 150 K ranges from 11 to 27 for the vibrational modes of formaldehyde.

Rotational level structure and selection rules. Optoelectrical Sisyphus cooling takes
place in an electrostatic trap and requires internal states with a strong electric-field
interaction (Sec. 2.1) to achieve large trap depths and allow for the construction of
closed cycling schemes of trapped, low-field-seeking states. Sizable Stark shifts varying
linearly with the applied field are observed whenever two opposite-parity states with
small separation ∆ are coupled strongly by an external electric field [Tow75]. The
electric-field interaction is investigated in the following Sec. 2.3. Here, we identify
which rotational states of an asymmetric rotor are coupled by the electric field and
investigate the separation of these doublets for formaldehyde.

In a symmetric-top molecule, the rotational state |J,K,M〉 is characterized by the
quantum numbers J , the total angular momentum of rotation, K, the projection of
J onto the molecular symmetry axis, and, in the case of an external field, M , the
projection of J onto the external quantization axis [Tow75]. Without external field and
neglecting hyperfine structure, the two states |J,±|K|,M〉 with |K| > 0 are degenerate.
However, these states are not parity eigenstates, i.e. not eigenstates of the parity
operator or the inversion of all space-fixed coordinates, because inversion leaves the
pseudovector J unchanged but flips the axis of the molecule and thus the sign of
K [Kro75]. As the molecular Hamiltonian is invariant under inversion, the molecules
have to obey parity conservation in free space and one would expect the existence of
energy eigenstates which are also parity eigenstates.

In fact, the states

∣∣J, |K|±
〉

=
1√
2

(|J,+|K|〉 ± |J,−|K|〉) (2.1)

are parity eigenstates with parity ± [Kro75] and are formally the correct eigenstates if
no external field is applied. The pair of states

∣∣J, |K|±
〉

is called an inversion doublet.
Since the dipole moment of symmetric-top molecules is by definition parallel to the sym-
metry axis of the molecule, the inversion-doublet states are coupled by electric-dipole
matrix elements governed by the symmetric-top selection rules for purely rotational
transitions (or rovibrational transitions involving a parallel vibrational mode) [Tow75]

∆J = 0,±1; ∆K = 0; ∆M = 0,±1; (K = 0 : ∆J = ±1). (2.2)

Due to the degeneracy of the inversion doublets, the pair of states is strongly coupled
already in tiny external electric fields, leading to large, linear Stark shifts even in
the limit of zero field. In the field, inversion symmetry is broken and the degenerate
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Figure 2.4: Rotational energy levels of asymmetric rotors. The levels are plotted
for J = 1 (a) and J = 3 (b) as a function of asymmetry parameter κ. Formaldehyde
has κ = −0.961 (red line). The calculation was performed with the rotational constants
A = 282 GHz and C = 34.0 GHz of formaldehyde [Brü03], with varying B, C ≤ B ≤ A.
The arrows in part (a) indicate which states are coupled by an external field if dipole
moments along the corresponding principal axes are present in the molecule.

symmetric-top rotational states |J,±|K|,M〉, superpositions of the
∣∣J, |K|±

〉
, are the

correct eigenstates. Therefore, often the wave functions |J,K,M〉 are used to describe
the molecule even if an external electric field is not explicitly applied.

For asymmetric rotors the situation is fundamentally different because a symmetry
axis of molecular rotation, with respect to which the |J,K,M〉 were defined before,
is no longer clearly defined. However, the |J,K,M〉 can still serve as a useful set of
basis functions to describe an asymmetric-top rotational state, but are now defined
with respect to one of the two ‘special’ axes a or c with which the largest or smallest
rotational constant A or C is associated. Most relevant for our experiments is the
following consequence of the asymmetric structure: the rotational Hamiltonian (in
the basis of symmetric-top wave functions) couples states with ∆K = 0,±2 [Kro75],
resulting in a splitting ∆ between the inversion-doublet states

∣∣J, |K|±
〉
.

One parameter determining the magnitude of the inversion splitting ∆ is the degree
of asymmetry, i.e. the deviation of the rotational level structure from the limiting
symmetric-top cases. It is quantified by Ray’s asymmetry parameter [Tow75]

κ =
2B −A− C
A− C (2.3)

which is a function of the rotational constants A, B, and C and is equal to −1 or +1
in the case of a prolate or oblate symmetric top with symmetry axis a or c, respec-
tively. The rotational energy shows a universal behavior with respect to κ, as depicted
in the so-called correlation diagrams of Fig. 2.4. With varying κ the rotational en-
ergy of a particular state smoothly changes between the two limiting cases. Hence,
an asymmetric-top rotational state |J,KA,KC ,M〉 is labeled by KA and KC , the K
quantum numbers of the limiting symmetric top cases4. The |J,KA,KC ,M〉 are parity
eigenstates. In the limits of near-prolate or near-oblate slightly asymmetric tops, the
two rotational states |J,KA,KC〉 with equal KA or equal KC are close-by in energy (cf.

40 ≤ KA,KC ≤ J and the sum (KA +KC) is either J or J + 1.
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Fig. 2.4) and are predominantly given by the symmetric-top inversion-doublet states∣∣J, |K|±
〉

with |K| = KA or KC , respectively.

Whether two asymmetric-rotor states with a small energy separation are actually
coupled by an external electric field, depends on the specific direction of the molecular
dipole moment with respect to the principal axes of the molecule (given by the principal
moments of inertia). The following electric-dipole selection rules for KA and KC apply,
if a dipole moment along the principal axes exists [Kro75]:

µa 6= 0 : ∆KA = 0,±2, ... ∆KC = ±1,±3, ...

µb 6= 0 : ∆KA = ±1,±3, ... ∆KC = ±1,±3, ...

µc 6= 0 : ∆KA = ±1,±3, ... ∆KC = 0,±2, ...

(2.4)

States coupled by dipole moments along different axes are also marked with arrows in
Fig. 2.4(a). Consequently, states are close-by in energy and can be coupled strongly
by an external field if the asymmetry is moderate and reasonable dipole moments exist
along the axes a or c for prolate or oblate asymmetric molecules, respectively. In case
the dipole moment is only along the b axis, the coupled states are always separated
by a large amount of energy. Then, linear Stark shifts cannot be observed, even with
large laboratory electric fields, as shown in the thesis of Michael Motsch for the H2O
molecule which is of this type [Mot09b].

Focusing on the correlation diagram for J = 3 in Fig. 2.4(b) and prolate molecules
(the left side of the plot), it is already obvious that the splitting of states with equal
KA > 0, the inversion doublets, also depends on the value of KA relative to J . For fixed
J and larger KA the splitting becomes smaller. Moreover, the increase of the splitting
with larger asymmetry is also slower. The situation is reversed for oblate rotors.

Since formaldehyde is a slightly asymmetric prolate top molecule with its dipole
moment along the a axis, the states with equal KA > 0 constitute the inversion doublets
which can potentially be strongly coupled by an external electric field and exhibit linear
Stark shifts. The inversion splitting ∆ of these doublets and the effects of the slight
asymmetry of formaldehyde will be investigated in more detail now.

The general form of the wave function of a prolate asymmetric top is [Tow75]

|J,KA,KC ,M〉 =
∑

K=KA±2n

aKAKC
JK |J,K,M〉 (2.5)

with expansion coefficients aKAKC
JK and the symmetric-top wave functions |J,K,M〉.

Here, for symmetry reasons only states |J,K,M〉 with even or odd K appear in the sum.
The above sum is also the reason for the presence of higher-order ∆KA = ±2,±4, ...
and ∆KC = ±3,±5, ... electric-dipole transitions in the first row of Eq. (2.4). As
formaldehyde is only slightly asymmetric, the above expansion is dominated by the
two symmetric-top wave functions |J,±|K|,M〉 with |K| = KA which form the parity
eigenstates

∣∣J, |K|±
〉

in Eq. (2.1). For the same reason, the higher-order transitions in
Eq. (2.4) are greatly suppressed in our case, by at least a factor of 102 [Cor80, Rot13].
Thus, for many practical purposes the selection rules for electric-dipole transitions in
formaldehyde reduce to the ones for symmetric-top molecules (∆J = 0,±1, ∆KA = 0,
and ∆M = 0,±1). We will come back to this during the discussion of loss channels
from the cooling scheme.
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Figure 2.5: Rotational states of formaldehyde. (a) Energy levels of formaldehyde
for the lowest J . For J fixed the energetic order of the states is given by KA − KC .
The rotational constants are A = 282 GHz, B = 38.8 GHz, and C = 34.0 GHz [Brü03].
(b) Inversion splitting ∆ of the states with equal KA > 0. The dots represent the
splittings calculated with the full set of rotational and centrifugal distortion constants
of Ref. [Brü03]. The lines are calculated with Eq. (2.6). The inset shows that the
approximate formula of Eq. (2.6) is only valid for smaller J .

As a further consequence of the slight asymmetry, the inversion splitting ∆(J,KA)
can be approximated by an equation given by Wang [Wan29, Tow75]

∆(J,KA) =

(
A− B + C

2

) |bp|KA (J +KA)!

8KA−1 (J −KA)! [(KA − 1)!]2
(2.6)

in terms of another asymmetry parameter for slightly asymmetric prolate molecules

bp =
C −B

2A−B − C =
κ+ 1

κ− 3
(2.7)

which varies from −1/3 to zero and is equal to −0.0098 for formaldehyde. Equa-
tion (2.6) enables quick calculations of the order of magnitude of the inversion splitting
and reveals its scaling. Evidently, ∆(J,KA) scales with the asymmetry bp to the power
of KA. As |bp| � 1 the splitting decreases for larger KA. At the same time ∆(J,KA)
increases with larger J , for KA = 1 proportional to bp · J(J + 1).

Figure 2.5 shows the rotational energy of formaldehyde for the lowest values of J
and the inversion splitting ∆(J,KA) for the states with equal KA > 0 where the
discussed effects are also observable. We note again that the smallest splittings ∆ are
observed for inversion doublets with KA = J , as already seen in the previous Fig. 2.4(b).
∆(J,KA=J) decreases by about two orders of magnitude per increment of KA = J .
The inset of Fig. 2.5(b) shows when the approximation of Eq. (2.6) breaks down due
to centrifugal distortion of the rotational energy levels.

Even for the only slightly asymmetric molecule formaldehyde and already for small
KA the inversion splittings vary by orders of magnitude depending on the choice of
states. This allows engineering the response of formaldehyde to an electric field which
not only changes the energy levels due to the Stark shift but also modifies the selection
rules for electric dipole transitions as will be discussed in the next section. Moreover,
the flexibility to choose a suitable inversion splitting basically at will could be useful in
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the future: it potentially allows to couple formaldehyde molecules resonantly to other
physical systems in a wide frequency range (see also outlook, Ch. 6).

For optoelectrical Sisyphus cooling we desire states with a small inversion splitting
such that linear Stark shifts occur already at small electric fields which speaks in favor
of states with large KA = J . However, the thermal population of the states in the
source has to be considered as well (Sec. 2.4). From the foregoing discussion one can
already see that suitable states for optoelectrical Sisyphus cooling can most probably be
found for molecules with considerably larger asymmetry, too. Moreover, the inversion
splitting is also relevant for the experiments on precision spectroscopy presented in
Ch. 5: Since the splitting has a large effect on the response of the rotational states
to an external field, as discussed in the next section, it strongly influences the ‘magic’
electric field in which Stark broadening is minimized for a transition with vanishing
first-order differential Stark shift.

Hyperfine interaction and statistical weights. All isotopologues of formaldehyde ex-
hibit hyperfine structure. If hyperfine structure is not resolved, the number of hyperfine
states which is different for distinct rotational states, has to be considered as a statis-
tical weight, e.g., if thermal rotational-state distributions are calculated. As it was
pointed out before, this influences the choice of internal states for the implementa-
tion of Sisyphus cooling. In this paragraph, the statistical weights and the order of
magnitude of hyperfine interaction are discussed.

In the naturally most abundant isotopologue5, H12
2 C16O, which is the one used in our

experiments, the hyperfine interaction is only due to the spins of the two protons and
therefore very weak. Two effects contribute to hyperfine structure, the magnetic spin-
spin interaction of the two proton spins and the magnetic spin-rotation interaction
of the total spin of the two protons I with the small magnetic field induced by the
molecular rotation (I · J -coupling) [Tow75].

The two spin-1
2 protons can couple to a spin-singlet state, I = 0, or to a spin-triplet

state, I = 1. These nuclear spin states combine with rotational states of different sym-
metries because the complete molecular wave function has to be antisymmetric under
permutation of the two identical protons (fermions) due to the generalized Pauli ex-
clusion principle [Kro75]. In our case of a totally symmetric vibronic wave function,
rotational states with a symmetric wave function (KA even) combine with the antisym-
metric nuclear spin singlet state, and states with KA odd combine with the spin triplet
state. These and the remaining allowed combinations of vibronic, rotational and nu-
clear spin wave functions along with the statistical weights are listed in Table 2.1. For
experiments which rely on a thermal source as ours, it is therefore preferable to work
with rotational states with odd KA due to the higher statistical weight S = 3 and hence
threefold thermal population. Note that these symmetry considerations also determine
that only states |J,K,M〉 with even or odd K contribute in the expansion of prolate
asymmetric-top states |J,KA,KC ,M〉 with even or odd KA in terms of symmetric-top
states |J,K,M〉 in Eq. (2.5).

The experiments on precision spectroscopy presented in Ch. 5 reach line widths down
to a couple of kHz. Thus, we briefly touch on the order of magnitude of hyperfine inter-
action in formaldehyde. In the absence of external electromagnetic fields, the angular

5The natural abundance of H12
2 C16O is 99% [Rot13].
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KA χ(ψr) χ(ψev) χ(ψns) χ(Ψ) Statistical weight

even +1 +1 −1 −1 1
odd −1 +1 +1 −1 3

even +1 −1 +1 −1 3
odd −1 −1 −1 −1 1

Table 2.1: Statistical weights of rotational states of formaldehyde due to hy-
perfine structure. The character χ of the total wave function Ψ has to be antisym-
metric (−1) under proton exchange due to the Pauli exclusion principle. The character
of the rotational wave function χ(ψr) is determined by whether KA is even or odd. The
vibronic ground state and the v1 = 1 vibrational excited state are totally symmetric
χ(ψev) = +1. This fixes the character of the nuclear spin wave function χ(ψns) and
determines whether the proton spins are coupled to the singlet (−1) or triplet (+1) state
with the respective statistical weights. Table adapted from Ref. [Kro75].

momentum of rotation J and the total spin of the protons I couple to the well-defined
total angular momentum F = J + I [Tha64]. This results in hyperfine splittings of
states with odd KA from a few kHz to a few tens of kHz [Fab77]. When a moderately
strong electric field is applied which results in Stark shifts much larger than the hyper-
fine splittings, F is not a good quantum number any more and the projections of J and
I onto the external quantization axis, MJ and MI , have to be considered separately.
This strong-field limit is valid in our electric trap. Then, the hyperfine splitting is
even smaller, . 1 kHz, for the rotational states used in our experiments [Fab77]. Con-
sequently, even with the highest-precision measurements we have performed so far in
the trap, hyperfine structure could not be resolved and will therefore not be examined
in more detail. Notably, other isotopologues containing Deuterium or with nuclear
spin in the carbon or oxygen atoms, like for example H13

2 C16O, have larger hyperfine
interactions [Tha64, Tuc71, Cha73, Fab77, Mül17].

2.3 Formaldehyde in a static electric field

Optoelectrical Sisyphus cooling and electric trapping rely on the Stark effect which is
caused by the interaction of the rotating molecular dipole, described by the rotational
quantum states, with an external electric field. In this section, it is shown that the
relevant consequences of the electric field for our experiments can be understood with a
simple model considering only single pairs of inversion-doublet states strongly coupled
by the electric field. Besides causing a Stark shift of the energy levels, the strong mixing
of the inversion doublets modifies transition probabilities for electric-dipole transitions
such that a closed level scheme of low-field-seeking and thus trapped states for opto-
electrical Sisyphus cooling can be constructed (Sec. 2.5). Additionally, unwanted but
weakly allowed RF transitions from low-field-seeking to high-field-seeking states will
play a role when strong RF radiation is applied to the molecules, as needed to measure
their kinetic energy with RF knife-edge filters (Sec. 4.1).
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2.3.1 The Stark interaction

Assuming a static electric field E = EZ applied in Z-direction in the space-fixed coor-
dinate system F = (X,Y, Z), the combined Hamiltonian of rotation and electric-field
interaction has the form [Tow75]

H = Hrot +Hs = Hrot + EZ
∑

g=x,y,z

µgλ
g
Z = Hrot + EZµzλzZ (2.8)

with the direction cosine matrix λgF transforming the molecule-fixed coordinate system
g = (x, y, z) into the space-fixed system F . As formaldehyde has its dipole moment
along the z = a axis and the vibronic ground state is totally symmetric, only the z-
component of the interaction Hamiltonian yields a non-zero contribution for symmetry
reasons [Tow75] and Hs = EZµzλzZ , as shown in the last part of Eq. (2.8).

To obtain precise Stark shifts for the full range of electric fields used in the experi-
ment, the total Hamiltonian H(EZ) can be diagonalized numerically. The Stark shift νs
of a state |J,KA,KC ,M〉 is then given by the difference of the newly calculated energies
and those in the field-free case. The eigenstates and energies of formaldehyde in an
electric field are commonly calculated in the symmetric-top basis using the direction
cosine matrix elements summarized in Table 2.2. Since only the factors λzZ are non-zero
in our case, states are coupled by the static field EZ with the selection rules6

∆J = 0,±1; ∆M = 0. (2.9)

Consequently, Hs is diagonal in M , but couples states with different J , leaving M
as the only good quantum number in an external electric field. In the field, the M
sublevels are split by the Stark effect and only states with M 6= 0 remain energeti-
cally degenerate in ±M . The relevant factors of the direction cosine matrix element
〈J,KA,KC ,M |λzZ |J ′,K ′A,K ′C ,M〉 are

〈J |λzZ
∣∣J ′
〉
〈J,M |λzZ

∣∣J ′,M
〉 ∑

K=KA±2n

aKAKC
JK a

K′AK
′
C

J ′K 〈J,K|λzZ
∣∣J ′,K

〉
. (2.10)

Electric-field-dependent energies of the lowest rotational states obtained by numerical
diagonalization of the full Hamiltonian are shown in Fig. 2.6. As expected from the
asymetric rotor structure, many states have only quadratic Stark shifts. We will see in
the following that the properties of the states we are interested in can be understood
with a simpler, analytical model. However, the selection rules and the factors of the
direction cosine matrix elements summarized here will still be needed.

2.3.2 Two-level approximation for inversion-doublet states

When two states coupled by the electric field are energetically much closer to each
other than to any other state, as it is the case for most sets of inversion doublets
(Sec. 2.2), the energy shift due to the electric field is comparably large, can be linear,
and is predominantly caused by the close-lying state [Tow75]. Then, the Stark shift and
modified transition rates can be calculated approximately with excellent precision by

6The asymmetric rotor Hamiltonian Hrot couples states with ∆KA even and ∆KC odd (Sec. 2.2).
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Figure 2.6: Stark-shifted lowest rotational energy levels of formaldehyde. The
energy levels were calculated by numerical diagonalization of the full asymmetric ro-
tor Hamiltonian with electric field interaction using the free software package PGO-
PHER [Wes17] and the molecular constants of Ref. [Brü03]. Rotational states J ≤ 20
are included in the calculation. States are labeled with |J,KA,KC〉. Note that states
with M 6= 0 are doubly degenerate in ±M . The dotted lines in the central panel will
be discussed later in the text. Stark energies for all rotational states J ≤ 20 up to an
energy of about 8 THz are plotted in Ref. [Ibr13].

J ′ = J + 1 J ′ = J J ′ = J − 1

〈J |λgF |J
′〉 1

4(J+1)
√

(2J+1)(2J+3)

1
4J(J+1)

1
4J
√

4J2−1

〈J,K|λzF |J
′,K〉 2

√
(J+K+1) (J−K+1) 2K −2

√
J2−K2

〈J,K|λyF |J
′,K±1〉

= ∓i 〈J,K|λxF |J
′,K±1〉 ∓

√
(J±K+1) (J±K+2)

√
(J∓K) (J±K+1) ∓

√
(J∓K) (J∓K−1)

〈J,M |λgZ |J
′,M〉 2

√
(J+M+1) (J−M+1) 2M −2

√
J2−M2

〈J,M |λgY |J
′,M±1〉

= ∓i 〈J,M |λgX |J
′,M±1〉 ∓

√
(J±M+1) (J±M+2)

√
(J∓M) (J±M+1) ∓

√
(J∓M) (J∓M−1)

Table 2.2: Direction cosine matrix elements in the symmetric-top basis. The
matrix elements 〈J,K,M |λgF |J ′,K ′,M ′〉 for the transformation from the molecule-fixed
coordinate system g = (x, y, z) into the space-fixed system F = (X,Y, Z) can be sepa-
rated into three factors [Cro44].
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considering pairs of coupled inversion-doublet states and finding an analytical solution
for the two-level system coupled by the electric field E .

We consider the two states of an inversion doublet |+〉 = |J,KA,KC=J−KA,M〉
and |−〉 = |J,KA,KC=J−KA+1,M〉 of a prolate asymmetric rotor with energy E±
(Hrot |±〉 = E± |±〉), separation ∆ = (E+ − E−)/h, and opposite parity. After appli-
cation of the field E the two states are coupled to a low-field-seeking state |l〉 and a
high-field-seeking state |h〉

|l〉 = aJKA|M |(E) |+〉+ bJKA|M |(E) |−〉
|h〉 = −bJKA|M |(E) |+〉+ aJKA|M |(E) |−〉

(2.11)

where the Hamiltonian in the basis (|+〉, |−〉) is given by the matrix7 [Tow75]

Hrot +Hs =

(
E+ −µEλzZ
−µEλzZ E−

)
. (2.12)

By diagonalizing the Hamiltonian, the energy of the coupled states

Wl/h =
E+ + E−

2
± h
√(

∆

2

)2

+
µ2E2

h2

∣∣〈+|λzZ |−〉
∣∣2 (2.13)

and the coefficients a, b are obtained:

(a, b)JKA|M | (E) =

√
s±∆

2s
with s =

√
∆2 +

4µ2E2

h2

∣∣〈+|λzZ |−〉
∣∣2. (2.14)

Here, the direction cosine matrix element 〈+|λzZ |−〉 is given by Eq. (2.10) with J ′ = J
and hence simplifies to (cf. Table 2.2)

〈+|λzZ |−〉JKA|M | =
2M

4J (J + 1)

∑

K=KA±2n

2KaKAKC
JK a

KAK
′
C

JK ≈ KAM

J (J + 1)
(2.15)

with K ′C = KC + 1 as defined above.
The final approximately-equal sign in the preceding equation only holds for slightly

asymmetric rotors: As already explained in Sec. 2.2, in the sum over K the absolute
values of all but two expansion coefficients aKAKC

JK are very small and the asymmetric
rotor state |J,KA,KC〉 in Eq. (2.5) is predominantly given by the two symmetric-top
wave functions |J,±|K|〉 with |K| = KA forming the symmetric-top inversion doublets.
Hence, the matrix element 〈+|λzZ |−〉JKA|M | for the slightly asymmetric rotor can be ap-
proximated by the corresponding symmetric-top matrix element 〈J,K,M |λzZ |J,K,M〉
with K = KA for the purpose of this model8. However, this does not necessarily mean

7The indices of the dipole moment µ and the electric field E are omitted for simplicity.
8Approximating the sum over K in Eq. (2.15) with a single value, for the states with J = KA = 3

of formaldehyde, induces an error on the 10−4 level for Stark energies and transition probabilities
for strong ∆KA = 0, ∆KC = 1 transitions. This is much smaller than the deviation of, e.g.,
the energy levels obtained by the two-level model from the ones given by the diagonalization of
the full Hamiltonian with electric-field interaction. The error is small because the asymmetry of
formaldehyde is small and states with small inversion splitting are chosen for experiments. The small
error induced by the approximation also indicates the strong suppression of ∆KA 6= 0 transitions
(Secs. 2.2 and 2.5). If high accuracy is needed or higher-order ∆KA,KC transitions are investigated,
the calculations of this and the next subsection can be performed in the |J,K〉 basis of symmetric-
top states, including all states coupled by the asymmetric-rotor Hamiltonian. The stated error was
estimated in this way.
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Figure 2.7: Inversion-doublet rotational levels in a static electric field.
(a) Stark shift of the rotational levels J = KA = 3 vs. electric field, calculated with
the two-level Hamiltonian. The upper lines correspond to the low-field-seeking states |l〉.
The dashed lines show the linear approximation obtained with Eq. (2.16). The electric
field E where h∆ = µE|〈+|λzZ |−〉|JKA|M | is marked with dashed arrows for |M | = 1, 3.

The solid arrows denote the RF transitions investigated in Sec. 2.3.3. (b) Deviation
of the Stark shift obtained with the two-level Hamiltonian from the exact computation
for states shown in (a) and the complete range of electric fields relevant in experiments.
The dashed lines in the inset denote the offset electric fields commonly applied during
experiments in the central region of our trap, the fields for which transition frequencies
are most often calculated (see also Sec. 3.1).

that the properties of the states |l〉 and |h〉 are equal to those of symmetric-top states
because the model described here takes into account the non-zero inversion splitting ∆
which can vary by orders of magnitude for formaldehyde as already established in
Fig. 2.5(b).

Figure 2.7(a) shows the Stark shifts calculated with the two-level Hamiltonian for
the inversion doublet characterized by J = 3 and KA = 3, the states around which the
cooling scheme will be developed later. The two-level Hamiltonian was solved for each
|M | > 0 separately as a static electric field does not couple levels with distinct |M |. This
model does not give a Stark shift for M = 0 states since the matrix element 〈+|λzZ |−〉
vanishes in this case (Table 2.2). For the states |M | > 0 the transition from quadratic
to linear Stark shift is evident. The electric field strength at which this happens is
directly proportional to ∆ and 1/|M |. In the limit of vanishing field, E → 0, |l〉=|+〉
and |h〉=|−〉. Hence, the states are the parity eigenstates in this limit. In contrast, in
the limits of ∆→ 0 and E → ∞ the coefficients (a, b)JKA|M | → 1/

√
2 and the states |l〉

and |h〉 are fifty-fifty mixtures of the states |+〉 and |−〉, i.e. approximately given by
the |J,±|K|〉 symmetric-top states. Then, linear Stark shifts

ν(1)
s = −µE

h

KAM

J(J + 1)
(2.16)

are observed, as usually obtained for symmetric-top molecules by first-order quantum
mechanical perturbation theory for states with |KA| > 0. For |M | = 1, 3 the linear
approximation is shown as a dashed line in Fig. 2.7(a). Thus, the inversion doublet
investigated here is coupled strongly already at small electric fields.
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The two-level approximation gives precise Stark shifts for electric fields sufficiently
small such that interactions with other states J ′ 6= J can be neglected. For very high
electric fields this does not hold any longer, as shown in the central panel of Fig. 2.6
for the inversion doublet J = 1, KA = 1: for large electric fields the Stark shift again
depends quadratically on the applied field and the two-level approximation (dashed
lines) deviates noticeably from the numerical diagonalization of the complete Hamilto-
nian because states J ′ 6= J contribute significantly. However, for the states and electric
fields used in experiments this is usually not an issue (see also the following Sec. 2.4).
To give an idea of the order of magnitude, the deviation of the two-level calculation
from the exact numerical solution is shown in Fig. 2.7(b) for the states investigated
in part (a) and the range of electric fields used in experiments. Transitions between
rotational states are usually driven in electric fields E . 1 kV/cm, where inversion dou-
blets are coupled strongly but interactions with states J ′ 6= J can be neglected. Hence,
frequencies for Stark shifted transitions are mostly calculated using the simple formula
for linear Stark shifts, Eq. (2.16). Considering a Stark broadening in the electric trap
of usually many MHz, the error caused by this procedure is completely negligible for
most transitions driven in experiments, with one exception being the special transition
with vanishing first-order differential Stark shift used for precise spectroscopy in Ch. 5.

2.3.3 Modified transition probabilities

An external electric field not only causes an energy shift but also modifies relative
transition probabilities between individual M sublevels of an inversion doublet. This
is investigated in the final part of this section using the coupled states |l; J,KA, |M |〉
and |h; J,KA, |M |〉 obtained before with the two-level Hamiltonian with applied elec-
tric field. More specifically, electric-field-dependent relative transition probabilities
within the inversion doublet characterized by J = KA = 3 and composed of the states
|l; 3, 3, |M |〉 as well as |h; 3, 3, |M |〉 are calculated for the three RF transitions

|l; 3, 3, 3〉 → |l; 3, 3, 2〉 , |l; 3, 3, 3〉 → |h; 3, 3, 2〉 , and |l; 3, 3, 3〉 → |h; 3, 3, 3〉 . (2.17)

Here, the common initial state |l; 3, 3, 3〉 is low-field-seeking but two of the final states
are high-field-seeking. The three transitions, which are marked with solid arrows in
Fig. 2.7(a), constitute all allowed electric dipole transitions within the inversion doublet
and from the chosen initial state because it holds ∆M = 0,±1.

Experimentally, the situation is relevant for the construction of the cooling scheme:
optoelectrical Sisyphus cooling as described in Sec. 2.1 relies on induced RF transitions
like |l; 3, 3, 3〉 → |l; 3, 3, 2〉, from strongly trapped states with large |M | to more weakly
trapped states with smaller |M |. At the same time, transitions to untrapped, high-
field-seeking states, like the remaining two, cause losses and have to be avoided. From
the following discussion, one can directly conclude which conditions have to be fulfilled
for construction of a closed level scheme of trapped, low-field-seeking internal states for
cooling. Moreover, the resulting quantitative predictions will later be used during the
optimization of our method to measure the molecules’ kinetic energy via RF knife-edge
filters (Sec. 4.1). In the optimization process, unwanted transitions to high-field-seeking
states were observed and had to be taken care of.

The transition rate r for a specific electric-dipole transition |1〉 → |2〉 is propor-
tional to the matrix element squared of the two states with the electric dipole oper-
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ator [Tow75]: r ∝ |〈2|µ ·ERF |1〉|2 with the dipole moment vector µ and the electric
field of the RF ERF. As µ = µz = µ in formaldehyde this is essentially reduced to
a direction cosine matrix element squared, r ∝ µ2E2

RF|〈2|λzF |1〉|2. We are only in-
terested in relative transition probabilities and will therefore solely evaluate the last
factor |〈2|λzF |1〉|2 for the three chosen RF transitions. In contrast to our previous eval-
uation of direction cosine matrix elements, for RF transitions the matrix elements in
all three space-fixed directions F = (X,Y, Z) have to be considered in the calculation.
For example, ∣∣∣∣〈h; 3, 3, 2| 1√

2
(λzX − iλzY ) |l; 3, 3, 3〉

∣∣∣∣
2

(2.18)

has to be evaluated for the ∆M = −1 transition |l; 3, 3, 3〉 → |h; 3, 3, 2〉.
The matrix elements are calculated using the expansion of the states |l, h〉 in terms

of |±〉, as noted down in Eq. (2.11). Here, matrix elements 〈±|λzF |±〉 vanish because
they connect states with equal parity [also seen from the selection rule for ∆KC in
Eq. (2.4)]. Moreover, following Eq. (2.15), matrix elements of type 〈±|λzF |∓〉 are
approximated with the respective ones for symmetric tops since formaldehyde is only
slightly asymmetric and we consider “strong” ∆KA = 0, ∆KC = 1 transitions. Then,
we find:

|l; 3, 3, 3〉 → |l; 3, 3, 2〉 : r(E) ∝ 3

16
|a2b3 + b2a3|2,

|l; 3, 3, 3〉 → |h; 3, 3, 2〉 : r(E) ∝ 3

16
|a2a3 − b2b3|2,

|l; 3, 3, 3〉 → |h; 3, 3, 3〉 : r(E) ∝ 9

16

∣∣a2
3 − b23

∣∣2.

(2.19)

The relative transition rates r depend on the static electric field E applied to couple
inversion doublets via the coefficients a and b [Eq. (2.14)]. The index of a coeffi-
cient represents the corresponding M sublevel the two-level Hamiltonian was solved
for, e.g., a2 = a332(E). The prefactors, the squared Clebsch-Gordan coefficients,
3/16 and 9/16 stem from the different |〈+|λzF |−〉|2 which were approximated with
2|〈3, 3, 2|λzY |3, 3, 3〉|2 or |〈3, 3, 3|λzZ |3, 3, 3〉|2 in the symmetric-top basis |J,K,M〉.

The dependence of the transition probabilities on the applied electric field is shown
in Fig. 2.8(a). Without or with very weak electric field the transitions |l〉 → |h〉 are
strong as can be expected from parity considerations and the selection rule ∆KC = 1
for asymmetric rotors. In this case, RF or IR transitions with ∆J = 0 from low-field-
seeking to low-field-seeking states, |l〉 → |l〉, as needed for cooling cannot be driven
effectively in asymmetric rotors. The two ∆M = −1 transitions to |l〉 and |h〉 are
equally probable for the static electric field E = h∆/(2µ|〈3, 3, 2|λzY |3, 3, 3〉|). In electric
fields much larger than that, the inversion doublets are strongly coupled and transitions
|l〉 → |l〉 dominate as desired for cooling in the electrostatic trap.

Sisyphus cooling is performed with offset electric fields of 625 V/cm to 40 V/cm.
Hence, unwanted transitions from low-field-seeking to high-field-seeking states induc-
ing losses from the trap are suppressed at least four orders of magnitude compared
to the desired transitions for this set of states and there is no indication that such
transitions occur during cooling. However, very strong RF radiation was applied as a
knife-edge filter to measure the energy distribution of the cooled molecules. During the
optimization of these filters at offset electric fields of about 40 V/cm, |l〉 → |h〉 transi-
tions had to be taken into account, despite their strong suppression (see Sec. 4.1). As
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Figure 2.8: RF transition probabilities within inversion-doublet states in a
static electric field. (a) Dependence of the relative transition probabilities on electric
field for the three transitions discussed in the text (see legend). Transitions |l〉 → |h〉
dominate if the inversion doublet is only weakly perturbed by the external field. |l〉 → |l〉
and |l〉 → |h〉 are equally probable for electric fields satisfying h∆/2 = µE|〈+|λzF |−〉|.
For the ∆M = −1 case this field is marked by the dashed line and the black arrow.
For experiments, the inversion doublets should be strongly coupled such that transitions
|l〉 → |l〉 dominate. (b) Ratio of transition probabilities of |l〉 → |l〉 over |l〉 → |h〉
transitions vs. inversion splitting ∆ for the four most commonly applied offset electric
fields in the trap. The calculation was performed for the transitions named in panel (a).

the unwanted transitions |l〉 → |h〉 reverse the sign of the interaction with the external
field, i.e. flip the effective dipole moment, and couple states which have distinct K
quantum numbers in the high-field case, we denote them as K-flip transitions.

So far, the discussion ignored transition frequencies. Assuming linear Stark shifts
and a homogeneous electric field, the frequency of the ∆M = −1 (∆M = 0) K-flip
transition from the initial state |l; 3, 3, 3〉 is five (six) times larger than the frequency of
the |l〉 → |l〉 transition. Thus, unwanted transitions induced by radiation sources would
not be an issue if the electric field strength could be controlled precisely. Nonetheless,
the strong coupling of the inversion doublet states by a static electric field is crucial for
our experiments for two reasons. First, in any real electrostatic trap a distribution of
electric-field strengths has to be present, simply to confine the molecules. Consequently,
for a given applied frequency, molecules can accidentally come into resonance with the
unwanted K-flip transition somewhere in the trap where the electric field is five (six)
times smaller. As the RF for cooling fRF is applied in the high-field region of the
trap and is deliberately chosen much larger than the splitting of M -sublevels foffset in
the low-field region to extract a large amount of energy (Sec. 2.1), molecules indeed
probe electric fields satisfying the unwanted resonance condition. Second, optoelectrical
Sisyphus cooling relies on vibrational spontaneous decays which are governed by the
same selection rules and relative transition probabilities. Both effects would cause
molecule losses due to K-flips to untrapped, high-field-seeking states if the inversion
doublets were not coupled strongly by an electric field. Thus, for the construction of
the cooling scheme, the use of inversion doublets with small inversion splitting ∆ is
beneficial, as also illustrated by Fig. 2.8(b).
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2.4 Internal states for Sisyphus cooling

With the principles of optoelectrical Sisyphus cooling and the key properties of formal-
dehyde having been established, suitable internal states for the implementation of the
cooling scheme are now selected and their properties briefly discussed. After that, the
nomenclature of internal molecular states used in the rest of the thesis is defined and
precise frequencies for all used transitions are summarized.

2.4.1 The choice of rotational states

Building on the results of the previous sections, the following criteria can be established
for the selection of a set of inversion-doublet rotational states for optoelectrical Sisyphus
cooling. First, the picked inversion doublet should be coupled strongly already with
small electric fields, much smaller than the offset electric field present in the trap (see
Sec. 3.1), ensuring strong suppression of K-flip transitions and large, linear Stark shifts.
This calls for inversion doublets with a small splitting (Sec. 2.3) and, thus, for states
with large J = KA (Sec. 2.2). Second, the selected states should have large Stark shifts
such that the trap depth for molecules in the (low-field-seeking) states is large. This
condition, too, is fulfilled best by states with large J = KA, since the Stark shift in
linear approximation, given by Eq. (2.16), approaches µE/h for J = KA = M → ∞.
Third, as a thermal source provides the initial molecule sample and Sisyphus cooling,
as implemented here, acts only on a small set of states, the thermal population of
the chosen states should be high to cool as many molecules as possible9. Due to the
threefold statistical weight of rotational states with odd KA (Sec. 2.2), an inversion
doublet with J = KA odd is preferred, of which the one with J = KA = 3 which was
already investigated in Sec. 2.3 shows the highest population for our source parameters.

Thermal rotational-state distribution. Our source consists of a precooled nozzle and
an electrostatic quadrupole guide for velocity filtering (see Sec. 3.2) delivering molecules
in low-field-seeking states to our trap. The thermal population of low-field-seeking
states in the guide is given by a Boltzmann distribution for the temperature of the
nozzle, T = 150 K, weighted with the Stark shift squared at the confining electric
field strength E = 30 kV/cm of the guide [Mot09b]. The calculated10 rotational-state
distribution is displayed in Fig. 2.9. The state manifold KA = 3 is the most abundant
one and fulfills the remaining criteria defined above as well. Therefore, it is used for
experiments. Note that for the densities present in the quadrupole guide and in the trap,
thermalization is slow. Consequently, the state distribution in the trap is initially equal
to the distribution in the guide. The comparably narrow rotational-state distribution
at T = 150 K was an important reason for the choice of the molecule species, as already
explained in Sec. 2.1.

9Rotational-state cooling, as demonstrated before in our group [Glö15a, Glö16], can increase the num-
ber of initially populated states addressed by Sisyphus cooling. However, for now, these techniques
are limited to a state manifold with a single KA quantum number.

10Rotational states J ≤ 30 are included in the calculation. The Stark shifts at E = 30 kV/cm were
obtained with two approaches to limit the computational effort. For most states, in particular the
ones with high J , the two-level approximation of Sec. 2.3.2 was used. For states with smaller J , for
which quadratic Stark shifts at high electric fields cause a significant deviation from the two-level
model, the Stark shift was computed with the diagonalization of the full Hamiltonian with J ≤ 15.
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Figure 2.9: Thermal rotational-state distribution of formaldehyde in our
molecule source. The population of rotational states is plotted vs. the rotational
energy in zero electric field. The distribution is given by a Boltzmann distribution for
the nozzle temperature T = 150 K weighted with the Stark shift squared for the max-
imum electric field in the quadrupole guide of 30 kV/cm (see text). The occupation of
states with large positive Stark shifts is enhanced strongly, states with negative Stark
shift (high-field seekers) do not contribute because they are not trapped. Additionally,
the threefold statistical weight of states with odd KA is evident. States with higher
population are labeled with |J,KA〉. For a few bars the occupation of M sublevels is re-
solved: from top to bottom the segments of the bars represent sublevels with descending
|M |. The inset shows the distribution vs. J .

Sisyphus cooling is implemented in the states |J,KA,KC〉 = |3, 3, {0, 1}〉, with the
second set |4, 3, {1, 2}〉 needed to close the cycling scheme. Further, the states |5, 3, {2, 3}〉
play a role in rotational-state preparation and detection. The thermal population of
the low-field-seeking states of these sets is 13 %, 10 %, and 7 %, respectively, with the
majority of molecules being in the highest M sublevels (Fig. 2.9). Molecules entering
the trap in a state which is part of the first two sets have a chance to get cooled. Hence,
almost a quarter of all molecules are addressed by optoelectrical Sisyphus cooling. For
optical pumping to strongly trapped states, an essential part of the cooling scheme, the
totally symmetric v1 C-H stretch vibrational mode of formaldehyde is excited (Sec. 2.2).
All involved states are summarized in Fig. 2.10.

Stark shifts. The calculated Stark shifts for the three experimentally relevant sets of
rotational states are shown in Fig. 2.11. As expected, the Stark shift is linear11 for larger
electric fields (plots on the left). In a given set of rotational states as defined above,
the state with the smaller value of KC becomes the low-field-seeking state, whereas the
one with larger KC turns into the high-field seeking state (curves on the right). In the
same plots, the transition from quadratic to linear Stark shift is seen and the inversion
splitting ∆ is specified. The inversion doublets are strongly coupled for electric fields
greater than about 1 V/cm, 10 V/cm, and 40 V/cm. As these conditions are fulfilled

11Careful inspection of the left panels of Fig. 2.11 reveals that the energy levels bend down slightly
for the highest electric fields shown due to the onset of quadratic Stark shifts at large fields. Ex-
perimentally, the tiny deviation [cf. Fig. 2.7(b)] from the linear approximation of Eq. (2.16) is not
relevant.
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Figure 2.10: Level scheme showing all states and transitions of formaldehyde
addressed in this thesis work (without M substructure). The states |0; 3, 3,M〉
and |0; 4, 3,M〉 are used for Sisyphus cooling, the manifold |0; 5, 3,M〉 plays a role for
rotational-state preparation and detection (see Sec. 3.3) and the experiments on precision
spectroscopy presented in Ch. 5. Long wavy arrows indicate the dominant spontaneous
decay channels, whereas the short, gray wavy arrows indicate strongly suppressed loss
channels (see Sec. 2.5). The rates [Rot13] for the dominant decay channels (red) hold if
the inversion doublets are strongly coupled by the electric field. Rates for K-flip tran-
sitions (gray arrows to K ± 3) strongly depend on the applied field and are therefore
not specified. Rates for higher-order ∆K spontaneous decays to states with |K| 6= 3
due to the slightly asymmetric rotor structure of formaldehyde are found in the litera-
ture [Rot13].

almost always in experiments, unwanted K-flip transitions (Sec. 2.3.3) are strongly
suppressed and formaldehyde in the chosen rotational states behaves very similarly to
a symmetric-top molecule. Thus, the use of symmetric-top rotational quantum numbers
J , K = KA, and M is appropriate.

The precise calculation of Stark shifts from the full Hamiltonian was only performed
for the vibrational ground state. In the excited state v1 = 1, the dipole moment is
slightly smaller. This leads to slightly smaller splittings of M sublevels without chang-
ing the general properties of the chosen rotational states in the vibrational excited state.
These smaller splitting were measured via Stark spectroscopy allowing deduction of the
dipole moment in the excited state (see Sec. 3.3.2) and subsequently the calculation of
Stark shifts with Eq. (2.16).

2.4.2 Internal-state nomenclature

Experiments are performed on molecules in low-field-seeking states because only those
are trapped in the electrostatic trap. To label internal states and distinguish low- and
high-field seekers the following convention is used for the remainder of this thesis. With
the vibrational quantum number v and symmetric-top rotational quantum numbers J ,
K, and M the doubly degenerate Stark shifted molecular states, strongly coupled by
a static electric field, are identified with |v; J,∓K,±M〉 where ∓K ≡ |K| = KA is
chosen positive and M remains a signed integer. Then, the sign of M specifies the
character of the state: +M is a low-field-seeking energy level, whereas −M is a high-
field-seeking state. Consequently, the label, e.g., |0; 3, 3,M>0〉 refers to the trapped,
low-field-seeking states characterized by the quantum numbers J = 3 and KA = 3.
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Figure 2.11: Stark shifts of the rotational states of formaldehyde which are
addressed in experiments. The curves were calculated with the free software package
PGOPHER [Wes17] using the molecular constants of Ref. [Brü03]. Rotational states
J ≤ 20 are included in the calculation. Plots in each row show the same set of states.
On the left, the linear scaling for large electric fields up to 35 kV/cm is observed. The
zoom-in on the right (with different scales for each row) displays the transition from
quadratic to linear Stark shifts for small electric fields. The vertical axes are centered
between the two states which are coupled strongly by the external field. The dashed line
shows the Stark shift in linear approximation [Eq. (2.16)] for the highest M sublevel.
States are labeled with symmetric-top quantum numbers on the left, and in asymmetric-
rotor notation |J,KA,KC〉 on the right. The splitting of the inversion doublets without
electric field is specified. State |8, 1, 7〉 is energetically close to |4, 3, 1〉 and |4, 3, 2〉 but is
not coupled to these states and therefore does not cause problems.
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Transition Frequency (MHz) Accuracy (MHz) Reference

|0; 3, 3, 0〉 ↔ |0; 4, 3, 1〉 291384.360 0.10 [Brü03, Wes17]
|0; 3, 3, 1〉 ↔ |0; 4, 3, 2〉 291380.440
|0; 4, 3, 1〉 ↔ |0; 5, 3, 2〉 364288.899 0.03
|0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 364275.188

|0; 3, 3, 0〉 ↔ |1; 3, 3, 1〉 83 373 325.55 0.02 [Ibr13]
|0; 3, 3, 1〉 ↔ |1; 3, 3, 0〉 83 373 326.79
|0; 4, 3, 1〉 ↔ |1; 4, 3, 2〉 83 372 828.58
|0; 4, 3, 2〉 ↔ |1; 4, 3, 1〉 83 272 838.23

Table 2.3: Precise frequencies for relevant transitions of formaldehyde in the
absence of external electric fields. States are labeled with |v1; J,KA,KC〉. Purely
rotational transition frequencies were calculated with PGOPHER [Wes17] using the
molecular constants of Ref. [Brü03]. The listed vibrational transitions were measured
precisely in our group by Martin Ibrügger with saturation spectroscopy using a multi-
pass Herriot cell [Ibr13]. Data on the full infrared spectrum is available in the HITRAN
database [Rot13]. In the relevant 3.6 µm range the HITRAN data is accurate to about
10-60 MHz [Per06, Per09].

2.4.3 Transition frequencies

Precise frequencies for transitions between distinct inversion doublets are calculated in
the following way. Transition frequencies in the absence of external fields are listed
in Table 2.3. Since experiments are performed in the regime of linear Stark shifts
and Eq. (2.16) shall be used to calculate Stark-shifted transition frequencies, we first
calculate a hypothetical center frequency coupling two inversion doublets. It is given by
the mean of the frequencies of the two transitions allowed without electric field (those
listed in the table). The resulting center frequencies are included in Fig. 2.10. The
Stark shift in linear approximation is added to the center frequency using the electric
dipole moments for the vibrational ground state (v = 0), 2.33 Debye [Fab77], and the
vibrational excited state (v1 = 1), 2.29 Debye (measurement in Sec. 3.3.2). If available,
measured values for the offset electric field in the trap (Sec. 3.1.3) are used for the
calculation of Stark-shifted transition frequencies.

2.5 A closed level scheme for cooling

Finally, the complete level scheme for optoelectrical Sisyphus cooling of formaldehyde
is now introduced (Fig. 2.12) and potential loss channels are discussed. The two main
ingredients of cooling (Sec. 2.1), namely optical pumping to strongly trapped states in
low electric fields and induced transitions to more weakly trapped states in high electric
fields, are implemented as follows.

For optical pumping a ∆M = +1 infrared (IR) transition from states |0; 3, 3,M<3〉
is driven. From the excited state |1; 3, 3,M〉 molecules decay to two ground state
manifolds due to the selection rule ∆J = 0,±1. Therefore, the states |0; 3, 3,M>0〉
and |0; 4, 3,M+1〉 are coupled with microwave (MW) radiation. This results in optical
pumping to and accumulation of molecules in the strongly trapped highest M sublevels
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Figure 2.12: Detailed scheme for optoelectrical Sisyphus cooling of formal-
dehyde as explained in the main text. Radiation (solid arrows) couples rovibra-
tional states, wavy arrows indicate spontaneous decay channels and their branching ratio
(without resolving the M substates). The Stark splitting of neighboring M sublevels and
transition frequencies [Cor80, Brü03, Rot13] are given for the homogeneous-field region
of the trap (Vtrap = ±1500 V as used for most experiments, see Sec. 3.1.1).

based on the selection rule ∆M = 0,±1. Note that the laser frequency is chosen
such that the transition |0; 3, 3, 2〉 ↔ |1; 3, 3, 3〉 is resonant in the offset electric field.
Nevertheless, also the second marked IR transition is driven with that laser frequency
at a slightly reduced rate as the Stark shifts in the ground and excited states are very
similar for equal rotational quantum numbers (see also Sec. 3.3). In contrast, distinct
MW frequencies are applied to drive several transitions with ∆J = ±1.

Coupling neighboring M sublevels with RF radiation in the strong-field edge region
of the trap closes the cooling cycle: transitions to more weakly trapped states remove
kinetic energy. Consequently, the strongly trapped, |s〉, and more weakly trapped
states, |w〉, used to introduce the cooling scheme in Sec. 2.1 are identified with successive
M sublevels of the rotational-state manifolds |0; {3, 4}, 3,M〉. Of course, the RF acts
on all trapped molecules, although the potential energy curves and transitions in the
high-field region of the trap are only sketched for one set of states in the figure. To
minimize losses to untrapped states M ≤ 0, the RF transitions have to be driven at
a slow rate compared to the optical pumping rate to strongly trapped states since the
M sublevels are equidistant [Zep12]. The spontaneous decay rate of ∼ 60 Hz limits the
optical pumping and hence the speed of cooling. Despite this restriction, the choice to
remove kinetic energy via RF transitions between successive M sublevels is appealing
because the resulting level scheme is particularly simple.

An alternative would be to identify states with distinct J quantum number with
the states |s〉 and |w〉, e.g. the states |0; 3, 3, 3〉 and |0; 4, 3, 2〉, and extract kinetic
energy by driving a MW transition between those states in high electric field [Zep09,
Eng13]. In theory, this could speed up cooling because the Stark-shifted transitions
|0; 3, 3,M〉 ↔ |0; 4, 3,M〉 differ in frequency and the chosen transition could be driven
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selectively without causing losses to untrapped states if the electric fields are engineered
carefully. In practice, however, driving the transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 2〉 selectively
has proven difficult since it requires large MW power due to the large differential Stark
shift and a small transition-dipole moment (cf. Sec. 3.3.1).

The presented scheme is sufficiently closed to allow many repetitions of the cool-
ing cycle. However, minor loss channels exist and are discussed now. Foremost, the
most weakly trapped state |0; 4, 3, 1〉 is not repumped and therefore constitutes a loss
channel. However, decays to this state happen rarely for two reasons. The squared
Clebsch-Gordan coefficient for the decay from |1; 3, 3, 2〉 to |0; 4, 3, 1〉 is only 1/48. Fur-
thermore, after initial accumulation of molecules in the strongly trapped states, the
molecules predominantly cycle within the two highest M levels of the two sets of states
because the rate of optical pumping to strongly trapped states is a lot larger than the
coupling to lower M levels by the RF. In consequence, the excited state |1; 3, 3, 2〉, which
possesses the unwanted decay channel, is less populated because the state |0; 3, 3, 1〉 is
less populated. Combining the two reasons with the fact that only about 20 complete
Sisyphus cycles are needed to cool the molecules by a factor of thousand (Sec. 2.1)
it can be concluded that losses via the state |0; 4, 3, 1〉 are not significant (see also
Ref. [Zep12]).

Even weaker loss channels exist through K-flip transitions, either induced by the RF
or via a vibrational spontaneous decay, as discussed in Sec. 2.3. These K-flip transitions
to high-field-seeking and thus untrapped states with KA = 3 are strongly suppressed
because all inversion doublets used in experiments are strongly coupled by the electric
field. For example, considering a spontaneous decay from the excited state |1; 3, 3, 3〉
in the low-field region of the trap (offset electric field Eoffset = 625 V/cm, as used in
the beginning of the cooling sequence), decays to the untrapped states |0; 3, 3,−M〉 are
suppressed by a factor of 4× 10−7 compared to those to the trapped states |0; 3, 3,M〉.
For the lowest offset field used for cooling, Eoffset = 40 V/cm, the suppression still is
10−4. These values were calculated with the model described in Sec. 2.3.3.

Finally, the asymmetric rotor Hamiltonian allows higher-order ∆K transitions with
∆KA = ±2,±4, ... and ∆KC = ±1,±3, ... (Sec. 2.2). Consequently, spontaneous decays
to states with J = 2, 3, 4 and KA odd can happen, but are strongly suppressed as well.
For instance, the strongest of these weakly allowed decays, decays from our excited state
to the inversion doublets characterized by J = 3, KA = 1 and J = 2, KA = 1 occur with
rates of about 7×10−4 Hz and 9×10−4 Hz according to the HITRAN database [Rot13].
Such loss rates can be safely neglected for Sisyphus cooling. Nevertheless, these strongly
suppressed decay channels are included in Fig. 2.10.

2.6 Summary

In conclusion, a scheme for optoelectrical Sisyphus cooling of formaldehyde was pre-
sented. Despite the asymmetric rotor structure of the molecule, rotational states with a
strong electric-field interaction suitable for Sisyphus cooling, namely inversion doublets
with a small splitting, can be identified. Towards this end, the splitting of inversion-
doublet rotational states was investigated. The inversion splittings varying by orders
of magnitude depending on the rotational state could potentially be useful for future
experiments because this allows to couple formaldehyde to other physical systems in
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a large range of frequencies. The inversion splitting is also relevant for the method
developed for precision spectroscopy in the final part of the thesis as it is one factor
determining the magnitude of the ‘magic’ field required to eliminate Stark broadening
on the chosen transition.

Moreover, it was shown that the experimentally significant properties of the rota-
tional states in a static electric field can be understood with a simple analytical model
considering pairs of inversion-doublet states. It allows to quickly calculate Stark shifts
and strengths of electric-dipole transitions in the electric field. The rotational states
chosen for experiments have inversion splittings on the order of MHz, leading to strong
coupling of the inversion-doublet states at small electric fields of a few V/cm and ef-
fective suppression of unwanted transitions to untrapped high-field-seeking states by a
few orders of magnitude.

The complete level scheme for cooling incorporates only a small number of states
and transitions and is sufficiently closed to allow many repetitions of the cooling cycle
without loosing many molecules. Despite the many degrees of freedom formaldehyde
possesses as an asymmetric polyatomic molecule, the experimenter can work with a
simple and clearly structured level scheme. Moreover, only three radiation sources are
needed to implement motional cooling, a single IR laser, a single microwave source,
and a single RF generator. Thus, the experiment can be performed with a fairly un-
complicated setup, built around an electrostatic trap and the aforementioned radiation
sources.

The cooling scheme makes use of quite general properties of polar molecules. Hence,
it should be applicable to various other molecule species, for example the symmetric-top
molecules suggested in the original proposal [Zep09]. In addition, however, this chapter
showed that suitable states for cooling should also be identifiable in molecules with a
larger rotational asymmetry than formaldehyde as long as the molecule has a sizable
component of the dipole moment along the axis which would be the symmetry axis of
the corresponding symmetric-top limiting case, a prerequisite for a strong coupling of
inversion-doublet rotational states by a static electric field.



3 The electric trap and experimental
foundations

The key device required for the implementation of optoelectrical Sisyphus cooling is
a suitable electrostatic trap which confines molecules in low-field-seeking rotational
states in clean potential landscapes. Therefore, in this chapter the electric trap and the
surrounding apparatus are introduced. A general challenge for most experiments with
cold and ultracold polyatomic molecules is the very limited performance of established
detection methods. This has been and still is one of the big challenges we face with our
experiments: A really robust, efficient, and accurate detection scheme which suits our
experimental needs has not yet been developed (see outlook, Ch. 6). Nevertheless, by
refining the experimental setup and transferring internal-state control techniques which
were developed earlier during experiments with fluoromethane to formaldehyde, both
data acquisition and diagnostics in the experiment could be improved substantially. For
example, it is now possible to measure the population of all different M sublevels of a
specific rotational state |0; J,K,M〉, whereas it was restricted to selected M sublevels
before. As these developments were very helpful for cooling of formaldehyde to submil-
likelvin temperatures, a section on internal-state control and its applications is included
in this chapter. The following description gives references to earlier publications and
emphasizes how the setup was changed and how previously developed techniques were
improved and adapted to formaldehyde.

The experimental foundations of this thesis are described in the following order. Sec-
tion 3.1 introduces the electric trap, changes made to it during this thesis work, and
its key properties which are verified with measurements on formaldehyde molecules.
The experimental apparatus and its evolution are described in Sec. 3.2. Adaption of
internal-state control techniques to formaldehyde and their use for diagnostic measure-
ments are presented in Sec. 3.3. Two examples for the latter, which also yield molecular
parameters, are discussed: an experiment determining the IR driving rate and verifying
the spontaneous vibrational decay rate as well as the spectroscopic measurement of the
dipole moment in the excited vibrational state.

3.1 The box-like electrostatic trap

The electric trap and the majority of the surrounding experimental setup where con-
structed before this thesis work began and are described in several articles and theses.
The trap was designed by Martin Zeppenfeld [Zep13]. First trapping of molecules was
achieved in 2011 with 1/e trap decay times of about 10 s [Eng11]. The characterization
of the first version of the trap is described in Ref. [Eng13]. Successful operation of
the trap led to the initial demonstration of optoelectrical Sisyphus cooling [Zep12] and
internal state control [Glö15a] of fluoromethane.

Knowledge gained with previous experiments suggested that cooling to submillikelvin
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Figure 3.1: Electric trap. The trap consists of two microstructured capacitor plates
and a surrounding perimeter electrode which is connected to the input and output qua-
drupole guides. Its dimensions are 3× 20× 40 mm3 [Zep13]. (a) Schematic cut through
the trap along the longest dimension. The homogeneous offset field is produced by apply-
ing a voltage of 2Voffset across the capacitor whereas high trapping fields near the surface
of the plates are provided by high voltage ±Vµ applied to neighboring microstructure
electrodes (see first inset). A plate consists of chromium electrodes on a glass sub-
strate coated with the polymer Cyclotene for better high-voltage performance (second
inset) [Eng13]. (b) 3D drawing of the trap showing the connection to the quadrupole
guides and application of the radiation fields for cooling (see also photograph in Fig. A.3).

temperatures would require installation of a new, slightly refined version of the trap.
After introducing the general working principle of the trap in Sec. 3.1.1, the improve-
ments and the underlying reasons are discussed in Sec. 3.1.2. A unique feature of the
trap is the large low-field region with quasi-homogeneous electric fields in its center.
This leads to box-like potentials for low-field-seeking rotational states and spectroscopic
separation of rotational M sublevels which is required for cooling. A method to deter-
mine the homogeneity of the electric fields in the trap and thus the spectral resolution
was introduced by Ref. [Glö16]. In Sec. 3.1.3 it is shown that the homogeneity of elec-
tric fields could be improved substantially with the new trap and new parameters of
operation. Finally, the lifetime of formaldehyde molecules in the trap is investigated in
Sec. 3.1.4.

3.1.1 Design and operation principles

A box-like trapping potential for low-field-seeking molecular states is produced by
combining a microstructured plate capacitor with a perimeter electrode surrounding
the trapping volume and providing confinement from the side [Zep09, Zep13, Eng11,
Eng13]. The geometry of the trap is shown and explained in Fig. 3.1. In particular, the
low field in the center of the trap is generated by applying a voltage of 2Voffset across
the capacitor. The confining electric fields are produced by the electrode microstruc-
ture on the plates (±Vµ on neighboring electrodes) and the field between the perimeter
electrode (Vring = 3Vµ) and the capacitor plates (±Voffset � Vring). The trapping fields
decay exponentially towards the trap center [Zep13] but contribute to the field in the
low-field region. This results in tunable, quasi-homogeneous offset fields in a large
fraction of the trap volume, with a finite roughness owing to ±Vµ.

The offset electric fields are needed for two reasons. First, a non-zero offset field
dramatically reduces losses of trapped molecules due to Majorana flips (transitions
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from low-field-seeking to high-field-seeking molecular states). Second, the offset field
provides spectroscopic separation of different M sublevels, facilitating internal-state
control by, e.g., optical pumping. On the other hand, the trapping signal decreases for
too large offset fields (see also Fig. A.2). Optimization measurements [Mie10, Eng13,
Kro14] found Voffset = 0.05 · Vµ as a good compromise. The strength of Voffset relative
to Vµ is chosen differently only if a particular absolute field strength is needed, e.g., to
adjust the offset electric field to molecular properties or transitions.

For the following experiments, different trap voltage configurations are used. If not
given explicitly, the preceding relation for Vµ and Voffset holds and a single value is
quoted to characterize a specific trap voltage configuration. For example,

Vtrap = ±1500 V : Vµ = ±1500 V and Voffset = 0.05 · Vµ = ±75 V (3.1)

is used frequently and results in the offset Stark splittings specified in the detailed
cooling scheme in Fig. 2.12, calculated with the measured offset electric field strength
(Sec. 3.1.3). Note that the voltage configuration can in principle be chosen indepen-
dently for the two halves of the trap since the electrode microstructure is cut in half
along the longest dimension [Zep13].

The design trap depth [Zep13] is determined by the electric field strength between
the perimeter electrode and the capacitor plates, Etrap ∼ 3Vµ/0.9 mm = 50 kV/cm for
Vtrap = ±1500 V. For the state |0; 3, 3, 3〉 of formaldehyde this would result in a Stark
shift of µEtrap/h ·3/4 = 44 GHz corresponding to an energy of 3/2 ·kB ·1.4 K. However,
molecules with a kinetic energy close to the trap depth are lost from the trap very
quickly (see Sec. 3.1.4).

For most of the following experiments, the processes happening in the trap—including
optoelectrical Sisyphus cooling and internal-state preparation—are modeled using rate
equations to describe population transfer between molecular states [Zep12, Glö16].
Thereby it is assumed that coherences do not play a significant role. This assumption
is justified by the experimental parameters. As will be seen, driving rates of vibrational
and rotational transitions on the order of or well below 1 kHz compare to a Stark
broadening of a few to many MHz for most addressed transitions. Moreover, the RF
for cooling has to be applied at very small rates ∼Hz to avoid losses to untrapped states
(Sec. 2.5). Considering the trap geometry and the velocity of the molecules, evidently,
molecules on average come into resonance with the RF many times before a transition
happens justifying the use of rate equation models.

3.1.2 A new trap: technical improvements

Over the years, several ideas were developed to improve the trap characteristics com-
pared to the initial design [Zep13], in particular regarding the trap depth, the homo-
geneity of the offset electric fields, and the ability to unload molecules at submillikelvin
temperatures for detection. In this section, the implemented changes and the under-
lying reasons and ideas are summarized. Especially the improved homogeneity of the
electric fields resulting from these changes was important for the experimental achieve-
ments presented in this thesis. In detail, these changes are a rotation of the trap by 90◦,
installation of a new perimeter electrode with reduced dimension, and use of a fresh
set of otherwise unchanged microstructure plates, combined with a reduced maximum
voltage ever applied to the new set of plates (see below). Moreover, the reduction of
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voltage noise on the trap electrodes also had a small positive effect on the homogeneity
of the electric fields. This last technical effect is not discussed here in more detail.

Rotation of the trap. Initially, the trap was mounted in the vacuum chamber with
the longest dimension pointing in vertical direction, the direction of gravity, resulting in
a distance of 30 mm from the bottom of the trap to the center of the quadrupole guide
used for unloading molecules towards the detector [Zep13]. This caused a gravitational
sag for the molecules, corresponding to a temperature

Tgrav =
g ·mH2CO · 30 mm

3
2kB

= 709µK (3.2)

for formaldehyde with mass mH2CO, gravitational acceleration g, and the Boltzmann
constant kB. Therefore, the trap was rotated such that the longest dimension lies in the
plane perpendicular to gravity, eliminating the gravitational sag. There remains a small
voltage-dependent potential barrier between the trap and the quadrupole guide [Zep13].

Perimeter electrode with reduced dimensions. For reason which will not be reviewed
here1, the lifetime of molecules with an energy larger than about 1/4 of the nominal
trap depth was estimated to be very short, limited to about 2 s at most, too short for
significant cooling of the hotter molecules. This effectively decreases the trap depth of
the originally designed geometry by a factor of four [Zep13]. To overcome this issue
Martin Zeppenfeld designed a new perimeter electrode reaching 1 mm further into the
original trapping volume on both sides along the longest dimension. This new electrode
was installed during the reconstruction of the trap. However, experiments with the new
trap showed no performance improvement or deterioration related to this change so far.

New microstructure plates and operation voltages. From early Sisyphus cooling
experiments on [Zep13], there was experimental evidence for the existence of surface
charges on the microstructured capacitor plates which alter the electric-field distribu-
tion in the trap. The microstructure plates2 which were recently used in the experiment
are completely coated with the polymer Cyclotene (Fig. 3.1). This allows much higher
voltages to be applied to the electrodes without flashovers than with uncoated versions
of the commercially fabricated microstructure [Eng13] and, thus, increases the maxi-
mally reached trap depths3. However, due to the insulating property of the polymer,
surface charges might easily accumulate in this additional layer and disturb the elec-
tric fields. These additional charges manifest in measured electric-field distributions
differing substantially from the expected ones (Sec. 3.1.3). Furthermore, even if the
trapping voltages were switched off completely, molecules survived in the trapping vol-
ume much longer than expected. Additionally, these problems seemed to worsen over
time. Investigations showed that very pronounced surface charges could be removed by
heating up the entire vacuum chamber hosting the trap to 200 ◦C for a few days (see
Appendix A and Refs. [Kro14, Pre16]).

1Explanation of the trap design in full detail [Zep13] would be required.
2Fabricated via optical lithography by IMT Masken und Teilungen AG.
3Information on the high-voltage performance of microstructure plates differing in electrode material,

coating, etc. can be found in Refs. [Mie10, Eng13, Kro14].
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To eliminate the unwanted charges completely, at least for some time, a new set of
microstructure plates was installed during the reconstruction of the trap and prior to
the experiments with formaldehyde. Moreover, the maximally applied trap voltages
were reduced from Vtrap = ±1800 V to Vtrap = ±1500 V hoping for less accumulation
of surface charges or a longer time for the build-up of disturbing charges. Indeed,
hints for surface charges even after two years of operation appeared only at an order of
magnitude lower trap voltages.

The changes significantly improved the homogeneity of electric fields (see next sec-
tion) and reduced the problems experienced with surface charges on the microstructured
capacitor plates and thus paved the way to production of molecules at submillikelvin
temperatures. Additional data which shows improved trap performance is summa-
rized in Appendix A. Unfortunately, the problem with surface charges persists on a
substantially reduced level [Pre16], evidence of which is discussed in Ch. 4.

3.1.3 A tunable box-like trap potential

The trap potential experienced by the molecules, which is given by the distribution of
electric fields in the trap, can be investigated by performing spectroscopy on the mole-
cules. Evidently, a box-like potential with a large homogeneous-field region translates
to a strongly peaked electric-field distribution, with the width of the peak giving the
roughness of the offset. In the following, we discuss the electric-field distribution in
the trap and show that the trapping potential indeed is box-like. By comparing the
current distribution to the one obtained with the previous trap it is demonstrated that
the homogeneity of the offset electric field could be improved substantially with the
changes introduced in the preceding section. The reduced roughness of the potential
floor is particularly important for cooling to very low temperatures: the regions of low
and high electric field needed for Sisyphus cooling are not well-defined any more if the
kinetic energy of the molecules is comparable to the roughness of the offset potential
energy. Furthermore, the shape of the electric-field distribution determines our ability
to selectively drive specific Stark-shifted rovibrational transitions.

A measured electric-field distribution is obtained via Stark spectroscopy on the single
rotational transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 of formaldehyde which shows a linear diffe-
rential Stark shift (Sec. 2.4 and Fig. 2.11). The line shape of this transition is almost
exclusively given by Stark broadening induced by the electric fields in the trap4. There-
fore, the electric-field distribution can be directly calculated from the spectroscopic
measurement. The measurement scheme is investigated in great detail in Ref. [Glö16].
Here, a slightly refined protocol is used which is summarized in Appendix B.

Figure 3.2 displays the measured and calculated electric-field distributions of the
current version of the electric trap. Indeed, the offset electric field in the central trap-
ping region is well defined by the peak of the distribution. Compared to the maximum
nominal trapping field of 50 kV/cm for a trap voltage of Vtrap = ±1500 V the peak
is very narrow. Consequently, the fields in the center of the trap can be regarded as
quasi-homogeneous. The trapping fields are visible as the high-field tail of the distri-
bution. Evidently, fields smaller than the offset electric field exist as well. However,

4Other broadening mechanisms like Doppler broadening and the natural line width are at least three
orders of magnitude smaller, see also Ch. 5.
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Figure 3.2: Electric-field distributions. Measured (markers) and simulated (lines)
data for the current (installed June 2014) and previous (in operation March 2012 to May
2014) trap, all normalized to the maximum signal. The FWHM of the measured distri-
butions are given. The two versions of the trap were operated with different standard
voltage configurations for experiments. The month of the measurement is indicated in
the legend. The simulation scales with trap voltage Vtrap. Equally, the measured distri-
butions and their width are expected to scale with Vtrap. The inset shows a simplified
sketch of a potential which serves as an intuitive picture indicating the main features of
the actual potential: high trapping fields, a homogeneous offset field with an associated
roughness, and regions of smaller electric field.

these small-field dimples occupy only a small fraction of the total trap volume. Note
that the measured distribution is convolved with the probability for molecules to be
at a given potential energy, which mainly influences the high-field tail of the distribu-
tion [Glö15b, Glö16]. Due to the limited kinetic energy5 of the molecule ensemble used
for spectroscopy the measured probability vanishes for high electric fields.

The aspects of the box-like potential which are most relevant to this work can be
captured by two parameters of the measured electric-field distribution. First, the cen-
ter of the peak defines the homogeneous offset electric field which is determined as
Eoffset = 625 V/cm for the current trap. This allows calculation of the Stark splitting
of M sublevels in this region as foffset = (µEoffset/h)[K/J(J + 1)], using the linear ap-
proximation for the Stark shift [Eq. (2.16)]. Second, an estimate for the roughness of
the offset field is given by the full width at half maximum (FWHM) of the distribution
of ∆Eoffset = 19 V/cm. For a specific ensemble of cooled molecules, the potential can
be treated as box-like, if the kinetic energy of the molecules is much larger than the
roughness of the floor of the electric box.

The measured distributions are compared to a simulation performed in April 2015
by Martin Zeppenfeld. The electric fields were simulated on a grid (10 µm × 10 µm
× 20 µm grid spacing) considering the entire three-dimensional trap geometry. The
simulation predicts the peak position, i.e., the value of the homogeneous offset field,
and the shape of the distribution quite well, indicating a good understanding of the
trap electric fields. However, the measured peak is even narrower than the simulation.
This deviation is attributed to numerical inaccuracies of the simulation.

The electric-field distribution of the previous trap is shown in Fig. 3.2 as well. It was
measured with fluoromethane (CH3F) and Vtrap = ±1800 V [Glö15b]. Although both

5Cooling with the standard sequence (Sec. 4.2) was stopped at final fRF − foffset = 189 MHz.
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the peak position and the width are expected to scale with Vtrap, the distribution for
the previous trap is much broader which we attribute to the existence of severe surface
charges or other experimental imperfections. Consequently, the changes to the trap, in
particular the replaced microstructured capacitor plates and the lower maximum trap
voltage, led to a better homogeneity of the offset electric field. Most probably, cooling
to submillikelvin temperatures would not have been possible with the old trap due to
the large roughness of the offset potential (see Sec. 4.2.3). Note that both measurements
were performed after each trap was operated for experiments over more than a year.

To selectively drive the rovibrational transitions needed for optoelectrical Sisyphus
cooling and rotational-state preparation, the frequencies for the IR or MW radiation
are chosen to be resonant to the desired transitions in the offset electric field Eoffset.
Due to the narrow distribution, the occurrence probability for the field Eoffset is strongly
enhanced, giving a good spectroscopic separation of the molecular states. Thus, in the
rest of this work, any IR or MW transition specified in, e.g., an optical pumping scheme
is meant to be driven in the offset electric field if not stated differently. Nevertheless,
other, undesired molecular transitions which might be many MHz away from a target
transition can be Stark shifted into resonance when molecules probe different electric
fields, especially the high trapping fields. As this can strongly influence the result of,
e.g., optical pumping we will come back to this throughout the thesis6.

We will make use of the tunability of both the magnitude of the offset electric field
and its roughness. During optoelectrical Sisyphus cooling the roughness is reduced
by scaling the trap voltages to lower values at the expense of smaller trapping fields.
Therefore, measured electric-field distributions for three smaller trap voltages are shown
in Ch. 4 (Figs. 4.7 and 4.9). The ability to tune Eoffset by adjusting the offset voltage
Voffset is exploited for precision spectroscopy in a ‘magic’ electric field as shown in Ch. 5.

3.1.4 Lifetime of molecules in the trap

A very important characteristic of any trap is the lifetime of molecules in that trap, as
it sets the timescale on which useful experiments can be performed. For optoelectrical
Sisyphus cooling a lifetime on the order of seconds is needed, as a slow vibrational
spontaneous decay is used for dissipation. The lifetime in our trap heavily depends on
the kinetic energy of the molecules, even if it is much smaller than the trap depth: fast
molecules get lost quicker because they probe the regions of small electric field, where
Majorana flips can happen, and the entrance and exit holes of the trap a lot more often
than slow molecules [Zep13].

For the maximum trap voltage of Vtrap = ±1500 V, the hottest uncooled molecules
are lost from the trap with a 1/e decay time of less than 1 s (see Sec. 4.2.1) whereas
for colder uncooled molecules this increases to about 10 s [Eng11]. These numbers can
be further improved by cooling the molecules [Zep12]. Figure 3.3 shows the remaining
formaldehyde signal versus storage time for two representative cooling sequences. The
coldest molecule ensemble produced so far can be stored with a decay constant of 30 s
at Vtrap = ±100 V (kinetic energy ∼ 3/2 · kB · 0.4 mK, experimental sequence described
in Ch. 4, final fRF − foffset = 3.1 MHz). This number improves if the trap voltage is
increased relative to the molecular kinetic energy. To demonstrate this, a slightly hotter
ensemble (with a shorter cooling sequence, final fRF−foffset = 22 MHz) is prepared and

6The topic was discussed in great detail in Rosa Glöckner’s thesis [Glö16]
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Figure 3.3: Lifetime of cooled molecules in the trap. Molecules are cooled (cooling
stopped at the specified value of fRF−foffset), prepared in the state |0; 3, 3, 3〉, and stored
in the trap for a varying amount of time with the same trap voltage as was applied during
the final cooling step (see Ch. 4). The more energetic ensemble has a median energy of
∼ 3/2 · kB · 2.5 mK, whereas the colder one has ∼ 3/2 · kB · 0.4 mK. The trap voltage is
15 times smaller for the colder ensemble. State detection for the states |0; 3, 3,M〉 was
applied prior to storage. The time τ denotes the fitted exponential decay constant.

stored with the maximum trap voltage of ±1500 V. Then, a 1/e decay time of almost
a minute is observed.

To obtain the data shown in Fig. 3.3, the molecules were cooled and prepared in the
single rotational M sublevel and most strongly trapped state |0; 3, 3, 3〉 prior to storage.
However, state detection (Sec. 3.3.1) was also applied prior to storage allowing for
redistribution of the rotational-state population during storage, e.g. by Majorana flips
or rovibrational transitions induced by blackbody radiation. In fact, the timescale for
rotational redistribution is faster than the timescale of trap loss for molecular ensembles
which have been cooled substantially. This was investigated for the hotter of the two
ensembles. If state detection is performed after storage, only molecules remaining
trapped and staying in the same rotational state are considered in the measured signal.
Then, the decay constant is (32±1) s. Nevertheless, this does not imply any practical
limitation. If needed, optical pumping to the initial state |0; 3, 3, 3〉 (Sec. 3.3.3) can be
applied continuously or every couple of seconds for a short time to keep the molecules
in that state. If optical pumping is applied continuously and the results are compared
to those in Fig. 3.3, the lifetime and the absolute molecule signal does not change for
the hotter ensemble [decay constant (61±3) s], whereas an even longer decay constant
of (45±3) s is observed for the colder one.

All lifetimes quoted here were obtained with the standard ratio of offset and mi-
crostructure electrode voltages, Voffset = 0.05 · Vµ. It was noted before that a non-zero
offset field is crucial to obtain long lifetimes. A few measurements indicating this fact
are found in Appendix A. Although no systematic investigation of molecule trapping
times was performed, the data shown here demonstrates the good performance of the
trap and indicates how much time is available to perform further experiments after
cooling.
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Figure 3.4: Schematic of the experimental setup. The slowest fraction of a thermal
molecule sample is loaded from a liquid-nitrogen-cooled source operated at T = 150 K
into the trap via an electric quadrupole guide. For detection, the molecules are guided
to a quadrupole mass spectrometer (QMS).

3.2 The experimental apparatus

In addition to a trap, a molecule source and detection method are also required. Opto-
electrical Sisyphus cooling additionally demands IR, MW and RF radiation sources. In
this section, the experimental setup and major changes to it are introduced, especially
regarding a better data acquisition which dramatically improved the usability and the
duty cycle of the setup, allowing more systematic measurements. The section concludes
with a description of the building blocks of an experimental sequence.

A schematic of the experiment is shown in Fig. 3.4. The design of the vacuum
system, the molecule source, and the initial installation of the trap are described in
earlier theses [Mie10, Eng13]. The individual parts and experimental parameters are
briefly reviewed below.

The molecule source. The source of formaldehyde molecules for our experiment con-
sists of three parts: an installation to produce gaseous formaldehyde outside the main
vacuum chamber, a nozzle with liquid-nitrogen precooling, and a velocity-filtering de-
vice inside the vacuum system.

Formaldehyde in the gas phase is produced as described in Ref. [Ibr13] by heat-
ing Paraformaldehyde powder7 to a temperature around 85 ◦C. Unwanted water and
polymer rests are removed from the gas by conducting it through a cold trap at a tem-
perature of ∼ −80 ◦C. The temperature of the cold trap can be maintained with dry
ice or more conveniently with an immersion cooler8. The reservoir of gaseous formal-
dehyde is filled by heating the Paraformaldehyde powder up for a few minutes to half
an hour. It is large enough to maintain a constant flow of gas into the main vacuum
chamber for a couple of days without refilling.

From the reservoir, the formaldehyde is injected into the vacuum system via a ce-
ramic nozzle which is kept at a temperature of about 150 K for precooling of all degrees
of freedom [Mie10]. The temperature is chosen as low as possible such that a suffi-
ciently high vapor pressure of formaldehyde still allows continuous operation without
ice formation at the nozzle.

7Paraformaldehyde, reagent grade, distributed by Sigma-Aldrich.
8The immersion cooler Julabo FT902 was used from the beginning of 2016.
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From the thermal gas, molecules are velocity filtered and guided to the trap via
a bent electric quadrupole guide [Ran03, Jun04] which selects molecules in low-field-
seeking rotational states with a translational temperature . 1 K. The source is run with
a rather small pressure of 4 Pa before the nozzle to ensure operation in the near-effusive
regime with a small boosting parameter [Mot09a, Mot09b]. In this way, collisional loss
of slow molecules on the way to the trap is suppressed while maintaining a sufficiently
high flux of molecules into the trap.

The quadrupole guide influences both the velocity distribution and the rotational-
state distribution of the molecular sample. For all experiments, the confining electric
field strength of the input quadrupole guide is chosen as Eload = 30 kV/cm, smaller than
the nominal confining field in the trap Etrap, to increase the guiding probability of slow
molecules [Eng13]. This is useful since molecules with an energy close to the nominal
trap depth are lost from the trap very fast9 (see also Sec. 4.2.1). The applied field results
in a transverse depth of the guide of 3/2 · kB · 0.8 K and a transverse cutoff velocity
of vcut = 26 m/s for the state |0; 3, 3, 3〉 of formaldehyde. The calculated rotational-
state distribution of guided, low-field-seeking states in the electric quadrupole guide
for the nozzle temperature T = 150 K was already shown and discussed in Fig. 2.9.
As rotational thermalization is very slow in our setup, the distribution in the trap is
initially equal to the distribution in the guide10.

The detector. For detection, molecules are unloaded from the trap via another qua-
drupole guide. A quadrupole mass spectrometer (QMS) serves as a time-resolved
molecule counter. Although the detection efficiency of the QMS is quite low, on the
order of 10−4 (see Table 4.4), this simple and robust device facilitates operation of
the experimental setup with a high duty cycle. Due to the low detection efficiency,
it is crucial to achieve experimental conditions with low background count rates. In
particular this requires careful optimization of the QMS parameters and preparation,
i.e. baking, of the ultrahigh vacuum chamber. Details on the commercial QMS and
the employed settings are summarized in Appendix C.

The fully automated IR laser system. A continuous-wave optical parametric oscil-
lator11 (OPO) is used to drive vibrational transitions in formaldehyde around a wave-
length of 3.6 µm. The OPO is stabilized to an optical frequency comb to sub-MHz
precision.

In the course of this thesis a fully automated frequency tuning and stabilization
system was developed. Additionally to precise stabilization, it permits fast frequency
tuning over more than 60 GHz and an instant relock to the frequency comb, in total on
a millisecond timescale. Considering the typical spontaneous vibrational decay rates
of polyatomic molecules of 10–100 Hz, the system allows quasi-simultaneous driving of
vibrational transitions from different rotational ground states with a single laser source
which is very useful for optical pumping (see Sec. 3.3). Furthermore, complex sequences

9Detailed considerations on the voltages applied to the quadrupole guide and the trap for trap loading
can be found in the appendix of Ref. [Eng13].

10Measured and calculated thermal rotational-state distributions of CH3F in our setup were compared
in Ref. [Glö15b] and were found to agree well.

11Lockheed Martin Aculight, Argos 2400-SF-15, module C with a wavelength range of 3.2–3.9 µm.



3.2 The experimental apparatus 51

involving many different IR frequencies are executed automatically allowing for around-
the-clock, remote-controlled operation of the laser. The complete laser system and the
control of its frequency are explained in a detailed article [Pre17] and are therefore not
elaborated further here. The developed system was already used before in experiments
on rotational cooling of fluoromethane [Glö15a] where vibrational transitions spaced
up to 12 GHz at a wavelength of 3.4 µm were driven quasi-simultaneously for optical
pumping.

To illuminate a large fraction of the trap, an elliptically shaped IR beam enters the
trapping volume between the capacitor plates (Fig. 3.1). About 200 mW of laser power
is irradiated onto the vacuum chamber currently. As a result, the addressed vibrational
transitions (Fig. 2.10) can be driven with a rate on the order of 1 kHz (see Sec. 3.3.2).
The full power is used for optoelectrical Sisyphus cooling. For fast switching of the
laser beam an acousto-optic modulator is installed. If a smaller driving rate is desired,
the effective driving power is adjusted by lowering the duty cycle.

Microwaves for rotational-state manipulation. At present, we can generate MW with
a frequency of 290 − 310 GHz to couple the rotational states J = 3 and J = 4 as well
as 355− 375 GHz to couple J = 4 and J = 5 in formaldehyde (Fig. 2.10). Up to about
20 mW of MW power can be generated in each frequency band with two independent
amplifier-multiplier chains12 which are seeded by a single MW frequency synthesizer13.
The ability to switch between different frequencies in ∼ 2 µs (currently limited by the
control electronics) allows efficient coupling of many rotational M sublevels at essen-
tially the same time, which is required for, e.g., rotational-state detection. The MW
radiation is directed onto the trap, passing one microstructured capacitor plate, with
horn antennas which are mounted outside the vacuum chamber. The radiation entering
the vacuum chamber is polarized linearly, perpendicular to the electrode structure on
the capacitor plate.

Incoupling of RF radiation. RF to couple neighboring M sublevels for cooling is
applied directly to the contact leads of the trap microstructure. Lower frequencies are
coupled in easily, whereas for frequencies higher than 1 GHz naturally occurring electric
resonances are exploited [Eng13] (the high-voltage sources and the trap form a complex
RC circuit). Due to these resonances, which occur in the entire spectrum, the applied
RF power has to be optimized for every used frequency.

Improved data acquisition and automation. Due to the low detection efficiency of
the QMS the measured signals are relatively small, even for large ensembles of trapped
molecules. As will be seen in the next chapter, the full sequence for cooling of the molec-
ular ensemble to about 400 µK takes approximately a minute owing to the relatively
slow vibrational spontaneous decay rate (Sec. 2.1). To reduce the statistical error, the
signals obtained from several repetitions of an experiment are averaged. Consequently,
systematic investigations require long measurement times. On the other hand, opto-
electrical Sisyphus cooling can be realized with a relatively simple setup which has been
described above.

12Both chains are commercial models: Virginia Diodes, high-power AMC series.
13FEI-Elcom Tech, model UFS-1044, 0.5–18 GHz, 250 ns frequency switching time.
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Step Voltages (V)

loading guide trap unloading guide

V Q
l1 V Q

l2 Vring Vµ Voffset V Q
u1 V Q

u2

loading 750 3750 4500 ±1500 ±75 -2260 -2240
storage -2250 -2250 4500 ±1500 ±75 -2250 -2250

unloading -2250 -2250 3
2 |V

(u)
µ | ±V (u)

µ
1
5V

(u)
µ 0 V

(u)
ring

Table 3.1: Voltages applied to the quadrupole guides and the trap in a typical
experimental sequence (e.g. for the measurements of Figs. 3.2 and 3.3). The two
distinct voltages needed for the quadrupole guide (electrode distance 1 mm) are labeled

with (V Qx1,2). Labels for trap voltages have been introduced in Sec. 3.1.1. The voltages

applied during unloading V (u) are discussed in Sec. 4.2.4.

Therefore, the experimental apparatus has been optimized for robust, automated,
and remote-controlled operation. Robust means that no part of the setup requires
alignments or adjustments on a regular basis. Only the reservoirs of gaseous formal-
dehyde and liquid nitrogen had to be refilled every couple of days. Moreover, complex
parameter scans, spectra, etc. can be performed in automated sequences without physi-
cal presence in the lab (see also the paragraph on the IR laser). Finally, data evaluation
and definition of the experimental sequences can be accomplished remotely. This was
realized with a new experimental control software developed within the first year of the
thesis work. It greatly improved the data acquisition and allowed for systematic studies
which had not been possible before. In fact, many of the measurements leading to the
results presented in Ch. 4 and Ch. 5 could be performed without the need to touch any
component of the apparatus for several weeks. This robustness also demonstrates that
our method to prepare ultracold molecules can serve as a starting point for new, more
complex experiments.

Structure of experimental sequences. All experimental sequences have a similar
structure [Eng11]. Firstly, molecules are loaded into the trap for time tload where
optoelectrical Sisyphus cooling or another manipulation of the properties of the molec-
ular ensemble inside the trap may already be performed. For most measurements in
this thesis it holds tload = 18 s. Then, the loading quadrupole guide is switched off and
the molecular ensemble is stored in the trap for a varying time tstore with further ma-
nipulation. Finally, the last guide segment is switched to a guiding configuration and
molecules are stochastically unloaded from the trap and counted with the QMS, usually
for tunload = 12 s. A few time-resolved unloading signals are shown later in Fig. 4.6.
Often, the integrated molecule count constitutes the signal of interest. For efficient un-
loading of molecules from the trap to the detector, the voltages applied to the trap and
the guide have to be adjusted to the kinetic energy and internal state of the molecu-
les [Zep13]. This is discussed together with the experimental results in the next chapter
(Sec. 4.2.4). Typical voltages used for a standard sequence with Vtrap = ±1500 V are
summarized in Table 3.1 (see Refs. [Zep13, Mie10, Eng13] for more details on the choice
of voltage settings).
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3.3 Internal-state control

The investigation and optimization of optoelectrical Sisyphus cooling greatly benefits
from control over the internal molecular states: State detection allows the analysis of
rotational-state distributions. Preparation of molecular ensembles in specific internal
states is not only interesting in itself but also, e.g., increases control over systematic
errors in measurements of the kinetic energy and gives better statistics for many char-
acterization measurements.

The basic techniques for rotational-state detection [Glö15b] and state preparation
via optical pumping [Glö15a] were already demonstrated in our experiment with flu-
oromethane. These methods and results are also described in Rosa Glöckner’s the-
sis [Glö16]. Both state detection and preparation are implemented by manipulating
the rotational states of molecules with MW and IR radiation.

In this section, the adaption of the techniques to formaldehyde and their advancement
is described. In contrast to previous experiments, rotational-state detection (Sec. 3.3.1)
now gives access to population in single J-state manifolds, e.g., |0; J=3, 3,M〉. More-
over, access to the population of all different single M sublevels of, e.g., the rotational
state |0; 3, 3,M〉 enables diagnostic measurements which were not possible before, two
of which are described in Sec. 3.3.2. Finally, optical pumping to single rotational states
is described with a focus on the target state |0; 3, 3, 3〉 (Sec. 3.3.3).

3.3.1 Rotational-state detection of formaldehyde

The detector, the QMS, is not sensitive to the internal state of the molecules. For state
detection a depletion technique is used: molecules populating certain sets of rotational
states are selectively removed from the trap before unloading and detecting the remain-
ing background of molecules. The difference between the total signal without removal
and the background signal after removal constitutes the state-selective unloading sig-
nal. MW radiation is used to deplete molecules from the chosen states by coupling
the states to untrapped states and therefore the method is called microwave depletion
(MWD) [Glö15b]. The level scheme in Fig. 2.10 shows the sets of states which can
currently be coupled with the available radiation sources.

Using MWD, state-sensitive depletion is performed by coupling trapped M sublevels
of at least two neighboring rotational states J to the respective untrapped M = 0
states via ∆M = ±1 rotational transitions as shown in Fig. 3.5(a). The population in
the addressed states is mixed and molecules reaching the M = 0 states get lost almost
immediately. Two considerations are important in assessing systematic errors and
optimizing the process. First, depletion should be saturated to measure all molecules
populating the target states. Second, the MWD pulse should not affect other sets of
states. In the following, two cases are discussed: detection of population in a manifold
of M sublevels, e.g., all trapped states |0; 3, 3,M〉, and detection of population in a
single M sublevel, e.g., |0; 3, 3, 3〉.

Population in distinct J-states. State detection for a complete manifold of trapped
M sublevels |0; J, 3,M〉 with J = 3, 4, or 5 is performed by depleting molecules from all
M levels in different combinations of two or three adjacent sets |0; J, 3,M〉. For exam-
ple, subtraction of the signal S remaining after depletion of J = 3, 4, 5 (|K| = 3),
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Figure 3.5: State detection of formaldehyde via microwave depletion (MWD).
(a) Scheme for MWD. Selected or all M sublevels in adjacent rotational states J are
coupled with ∆M = ±1 transitions to untrapped states to remove molecules in specific
rotational states from the trap and, thus, from the detected unloading signal. The
population of a rotational state is measured by comparing depletion signals with and
without the state being coupled to untrapped M = 0 states. (b) Saturation of the
MWD pulse. The signal remaining after application of the MWD pulse coupling the
states J = 3, 4 (|K| = 3), S(J 6={3, 4}) in the notation of the main text, is plotted as a
function of pulse duration (where the storage time was always identical). A depletion
time of 0.5–1 s suffices to obtain saturation. (c) Optimization of MW duty cycle for
the detection of population in single M sublevels. A MWD pulse depleting the states
J = 4, 5 (|K| = 3) is applied for 1 s together with a MW frequency with variable effective
power coupling |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 to two distinct molecule ensembles (see text for
further details). The measurements were conducted at a trap voltage Vtrap = ±100 V.

i.e. S(J 6={3, 4, 5}), from the signal remaining after removal of J = 4, 5 (|K| =
3), i.e. S(J 6={4, 5}), yields the state-selected signal for |0; 3, 3,M〉, i.e. S(J=3) =
S(J 6={4, 5}) − S(J 6={3, 4, 5}). Obtaining the population of the states |0; 4, 3,M〉,
S(J=4), is slightly more sophisticated because four individual measurements are re-
quired: S(J=4) = Sno depletion + S(J 6={3, 4, 5}) − S(J 6={3, 4}) − S(J 6={4, 5}). Note
that the full information about the population distribution in the three J-states which
are accessible with MW radiation at present can be acquired by measuring the four
individual signals in the preceding equation.

As shown in Fig. 3.5(a), a MWD pulse consists of various frequencies which are all
applied quasi-simultaneously with a single source by switching them quickly and cy-
cling through all of them in typically 5 ms. The frequencies of the pulse are chosen to
be resonant to the Stark shifted transitions in the offset electric field of the trap. The
effective relative MW power is set by adjusting the duty cycle for each frequency. The
total MW power for each amplifier-multiplier chain (Sec. 3.2) can be changed by tuning
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the duty cycle or the output power of the chain. For fast depletion of entire manifolds
of rotational states the full power and duty cycle are used and the relative duty cycles
are adjusted such that all applied transitions are driven with roughly the same rate
in the homogeneous-field region of the trap. The duty cycles are calculated consid-
ering the Clebsch-Gordan coefficient of the transition and Stark broadening (which is
proportional to the differential Stark shift) [Eng13, Glö16].

The time needed for saturation of depletion is optimized by observing the unloading
signal of molecules while scanning the duration of the MWD pulse. A representative
measurement is shown in Fig. 3.5(b) where good saturation is reached after 0.5 s. The
saturation timescale depends on the addressed sets of states and the trap voltage (higher
trap voltage leads to larger Stark broadening and thus a longer depletion time). In most
cases, the MWD pulse is saturated after 1 s of depletion, with 1/e decay times of the
aforementioned signal ranging from 0.1 s as seen in Fig. 3.5(b) to 0.3 s (depletion of all
states J = 3, 4, 5 (|K| = 3) at high trap voltage Vtrap = ±1500 V). Here, the high MW
power provided by the amplifier-multiplier chains comes in handy. Fast depletion not
only reduces the measurement time and losses due to the finite lifetime of the molecules
in the trap, but also increases the measurement precision. This is the case because the
rotational-state distribution of molecules in the trap changes on timescales of several
seconds, as we have already seen in the discussion of the lifetime of molecules in the
trap (Sec. 3.1.4). Note that the fitted exponential in the data plot only serves as a tool
to determine the saturation time. Realistic theory curves can be obtained from rate
models as discussed in Refs. [Glö15b, Glö16].

Resolving individual M -sublevels. To measure the population in a single M sublevel
of a rotational state a slightly more careful optimization is necessary. Using MW,
molecules residing in one M sublevel have to be removed without affecting molecules
in other M levels of the same rotational J-state by unwanted driving of respective
transitions in electric fields different from the offset field. For example, population in
the state |0; 3, 3, 3〉 is detected as the difference of the following: the molecule signals
after MWD for J = 4, 5 (|K| = 3) with the states |0; 3, 3, 2〉 and |0; 3, 3, 1〉 coupled
to |0; 4, 3,M〉 via ∆M = +1 transitions, and after MWD for the complete manifold
J = 3, 4, 5 (|K| = 3). Hence, the effective power of the MW frequencies coupling
|0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 and |0; 3, 3, 1〉 ↔ |0; 4, 3, 2〉 have to be optimized such that they
do not affect molecules in |0; 3, 3, 3〉 while removing all molecules in the two states
addressed intentionally.

A typical optimization measurement, which has to be performed for each critical
MW frequency and desired trap voltage, is shown in Fig. 3.5(c). The effective power of
the frequency applied to couple |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 is scanned by varying the duty
cycle of this MW while MWD for the states J = 4, 5 (|K| = 3) is applied at the same
time [Fig. 3.5(a) shows all components of this particular MWD pulse]. Data is taken
for two experimental sequences: In the first, molecules are prepared in |0; 3, 3, 3〉 prior
to depletion (higher data points). In the second, an additional RF pulse is applied
to distribute molecules over the states |0; 3, 3,M〉 (lower lying data points). In both
measurements, depletion occurs with two effective power scales. Resonant driving in
the homogeneous offset electric field Eoffset removes molecules from the state |0; 3, 3, 2〉
already at low power levels as intended. Less probable, unintended driving in other
electric fields affects molecules in states |0; 3, 3,M 6=2〉. Owing to the good homogeneity
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of electric fields and the choice of transitions the separation of power scales is excel-
lent. Consequently, depletion only from the desired state can be achieved with a small
systematic error. The relative population of the state |0; 3, 3, 2〉 for the two optimiza-
tion sequences can be inferred from the amplitudes of the double-exponential fits. As
expected, the share of molecules in |0; 3, 3, 2〉 is much larger in the second sequence.
Again, the fitted exponentials only serve as a tool to determine the saturation values
and rate models can be used to deduce driving rates, etc. [Glö16].

The measured effective power scales for depletion can also be compared to quan-
titative expectations. The MW frequency is chosen such that it is resonant to the
transition |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 for Eoffset. The same frequency is resonant to the
transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉, which has to be avoided, in an electric field three
times smaller than Eoffset. From the simulated electric-field distribution one can extract
that this field is 250 times less probable. Considering the Clebsch-Gordan coefficient
and the larger differential Stark shift the unwanted transition is attenuated by an-
other factor of two. Within the experimental uncertainty this estimate agrees with the
observed separation of effective power scales.

Potentially, unwanted depletion could also occur via ∆M = −1 or ∆M = 0 transi-
tions. Fortunately, these are suppressed even stronger. Particularly the former are a
lot weaker than ∆M = +1 transitions at a given electric field strength, e.g., Eoffset, due
to small Clebsch-Gordan coefficients and large differential Stark shifts. For example,
the ∆M = −1 transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 2〉 would have to be driven with 80 times
larger effective power than the ∆M = +1 transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 to achieve
equal transition rates. Unintended driving in other electric fields is further attenuated
by the strongly peaked electric-field distribution. In addition to that, ∆M = 0 tran-
sitions are suppressed even more by geometry arguments14, which was verified with
spectroscopic measurements. For these reasons, ∆M = +1 transitions are used, if
single M sublevels have to be resolved with MW.

State selectivity. So far, state selectivity was only considered within the manifold of
the used |K| = 3 states. Additionally, transitions coupling states with other K = KA

could lie close enough to play a role for depletion measurements [Glö16], especially
when applied to uncooled molecules. In this thesis, state detection is applied to en-
sembles of cooled molecules. Molecules in states not addressed by the cooling scheme,
i.e. not subject to continuous optical pumping to strongly trapped states, are almost
completely lost from the trap during cooling because of too small lifetimes in the trap
for uncooled molecules (Sec. 3.1.4) or depletion by the RF which is applied for Sisy-
phus cooling [Zep12, Glö15a]. Unintended driving of molecules in states with other
|K| = KA 6= 3 can therefore be neglected15.

14The MW radiation is polarized linearly parallel to the capacitor plates of the trap and perpendicular
to the electrodes of the microstructure such that it is not attenuated strongly by the grating-like
microstructure. In the central trap region with electric field Eoffset, the electric field component in
the direction of the MW polarization is negligible. In the outer regions it is weaker than the other
components [Zep13]. Hence, ∆M = 0 transitions cannot be driven efficiently.

15The transitions coupling the manifolds |0; 3, 2,M〉 ↔ |0; 4, 2,M〉 (291.6 GHz) and |0; 4, 4,M〉 ↔
|0; 5, 4,M〉 (364.1 GHz) are close to the transitions driven in this thesis [Cor80]. They should be
considered if the goal is to measure accurate rotational-state distributions of uncooled molecules.
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3.3.2 Diagnostic applications of internal state control

The improved control over the internal state can be utilized to investigate molecular
properties or experimental performance. In this section two diagnostic measurements
are presented as examples of improved experimental control. With one measurement,
the IR driving rate in the trap is determined and the spontaneous vibrational decay
rate from the used excited state is verified. In addition, IR spectroscopy on narrow
∆M = 0 transitions yields the electric dipole moment in the excited vibrational state.

Measurement of IR driving and spontaneous vibrational decay rates. In earlier
experiments with the electric trap, the rate with which molecular vibrational transitions
were driven by the IR laser could not be determined very well [Eng13, Glö16]. Moreover,
in contrast to before, an elliptical IR beam is now used to illuminate a large fraction
of the trap volume with the available laser power. However, the exact amount of
power seen by the molecules in the trap cannot be measured easily and the perimeter
electrode might cause shadows. It is therefore of interest to verify good coupling of the
IR laser to the trapped molecules. A method to measure the IR driving rate and the
spontaneous decay rate via state-selective depletion after laser excitation for varying
time is presented in the following.

In particular, a two-level system of the vibrational ground state |0; 3, 3, 3〉 and the
excited state |1; 3, 3, 2〉 is considered. Initially, all molecules are prepared in |0; 3, 3, 3〉
(see Sec. 3.3.3). Laser excitation and subsequent spontaneous decay leads to losses
from this two-level system, because the electric-dipole selection rules also permit decay
to the states |0; 3, 3, 2〉, |0; 3, 3, 1〉, and |0; 4, 3,M〉 with M = 1, 2, 3. Measuring the
remaining population in |0; 3, 3, 3〉 for different durations of the laser pulse and after a
suitable waiting time to allow for complete decay of the excited state population gives
access to the IR driving rate B and the spontaneous decay rate A. Here, the signal of
molecules in |0; 3, 3, 3〉 is measured as described in the preceding section.

Figure 3.6 shows the remaining signal of molecules in |0; 3, 3, 3〉 for varying laser pulse
duration ∆t and the fit of a theory curve to the data. Rate equations of the usual form

Ṗi =
∑

j

MijPj (3.3)

are used to model the population Pi in a state i with the matrix M containing the
coupling rates A and B. The state vector Pstate for the considered two-level system and
the two coupling matrices for laser driving, Mdriving, and subsequent waiting and decay
time, Mdecay, are summarized in an inset of the figure. Assuming that all molecules
populate |0; 3, 3, 3〉 initially, the dependence on ∆t is given by16

(
P|0;3,3,3〉(∆t)

P|1;3,3,2〉(∆t)

)
= exp (Mdecay · 1 s) exp (Mdriving ·∆t)

(
1
0

)
. (3.4)

Scaling P|0;3,3,3〉(∆t) to the measured signal for ∆t = 0 and fitting it to the data yields
the two desired rates (Fig. 3.6). Except for very short pulse durations, the agreement
of theory and data is excellent. The small deviation for short driving (leftmost inset)
might be due to a slightly inhomogeneous illumination of the trapping volume.

16In the experimental sequence, there is enough time for a complete decay of the excited state popu-
lation. In the rate model this time is fixed to 1 s� 1/A, as specified after Mdecay in the equation.
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Figure 3.6: Measurement of the IR driving and spontaneous decay rates.
Cooled molecules (final fRF − foffset = 134 MHz, kinetic energy ∼ 3/2 · kB · 14 mK) are
prepared in |0; 3, 3, 3〉 (see Sec. 3.3.3) and stored 1 s for laser excitation to |1; 3, 3, 2〉 with
pulse durations ranging from 16 µs to ∼1 s (IR frequency 83373136 MHz). From the
excited state, spontaneous decay to the initial state or other ground states is possible.
The state-selected signal of molecules remaining in |0; 3, 3, 3〉 is plotted versus the length
of the laser pulse (two insets show the same data for short times). A simple rate model
(solid line) is fitted to the data to extract the spontaneous decay rate A from the excited
vibrational state and the IR coupling rate B. The coupling matrices M for the rate
model (see main text) and the corresponding state vector Pstate are summarized together
with the fit result in the rightmost inset. The kink in the curve (see central inset) is a
signature of the two distinct rates involved in the depletion process. As a result, both
rates can be deduced relatively precisely.

The measured driving rate of B ≈ 3 kHz holds if the laser frequency is chosen to
be resonant to a molecular transition in the offset electric field as it was the case
here. Then, the driving rate depends only weakly on the temperature of the molecules,
because under normal conditions all molecules probe the offset field in the box-like
potential. The data was taken with substantially cooled molecules (kinetic energy
∼ 3/2 · kB · 14 mK) and shows that even these are driven with a high rate by the IR
laser. This is important for fast optical pumping to strongly trapped states during
Sisyphus cooling. By detuning the laser slightly, one could probe driving rates in other
regions of the box-like trapping potential. From the data, also the spontaneous decay
rate A = (59 ± 1) Hz from the state |1; 3, 3, 2〉 is extracted. The measurement agrees
with the value published in the HITRAN database [Rot13] for this state, 61.3 Hz.

Note that a similar measurement could be performed without control over single M
sublevels by measuring loss from the entire set |0; 3, 3,M〉 after laser excitation via a
∆M = −1 transition. Then, however, systematic effects arising from rotational-state
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dependent trap unloading efficiencies would have to be considered—demanding more
measurements and a more sophisticated evaluation to extract the same parameters.

Dipole moment in the v1 = 1 excited state. The electric dipole moment which is
used to calculate the Stark shift in linear approximation [Eq. (2.16)] depends on the
internal molecular state. The dependence on the rotational state is on the 10−3 level
for formaldehyde [Fab77] and can therefore be neglected in the experiments presented
in this thesis. The dipole moment in the excited vibrational state, however, varies mea-
surably from the ground state value. As a consequence of the distinct dipole moments,
infrared transitions between identical rotational states in the ground and excited vibra-
tional state have a non-zero differential Stark shift even in linear approximation. This
shift needs to be considered in calculations of transition frequencies and can hence be
used to determine the excited-state dipole moment.

Infrared transitions with equal rotational quanta in ground and excited state are best
suited for this investigation, because they feature a small differential Stark shift and
thus small Stark broadening in the electric trap. To perform accurate spectroscopy
on a single of these transitions, namely |0; 3, 3, 3〉 ↔ |1; 3, 3, 3〉, the molecular ensemble
has to be prepared in a single M sublevel. The following sequence is used: Cooled
molecules (kinetic energy ∼ 3/2 · kB · 14 mK) are optically pumped to |0; 3, 3, 3〉 (see
Sec. 3.3.3). Then, MWD is applied as explained in the preceding section to remove
molecules which might be left in other states than |0; 3, 3, 3〉 due to imperfect optical
pumping [driven MW transitions are sketched in Fig. 3.7(a) as solid and dotted green
lines]. Subsequently, molecules are excited with the IR laser to |1; 3, 3, 3〉 (dotted red
line in the figure) and MWD is applied again to measure only the molecules which are
left in the initial state |0; 3, 3, 3〉 after laser excitation and the following spontaneous
decay. By scanning the frequency of the IR laser, the depletion spectrum plotted in
Fig. 3.7(b) is recorded.

From the fitted detuning ∆f|0↔1;3,3,3〉 of the spectral line from the known zero-field
frequency, i.e. the differential Stark shift of the transition, the dipole moment in the
excited state µ|1;3,3,3〉 is deduced via the relation

∆f|0↔1;3,3,3〉 =
(
µ|1;3,3,3〉 − µ|0;3,3,3〉

) Eoffset

h

3

4
. (3.5)

Thereby a linear Stark shift is assumed (νs = −µE
h

KM
J(J+1) , see Sec. 2.3) and the measured

value of the offset electric field Eoffset (Sec. 3.1.3) is used. With the ground state dipole
moment µ|0;3,3,3〉 = 2.33 Debye [Fab77] one finds µ|1;3,3,3〉 = 2.29 Debye for the excited
vibrational state. As a consistency check, the same measurement17 was performed
for the transition |0; 3, 3, 2〉 ↔ |1; 3, 3, 2〉. It is shown in Fig. 3.7(c) and, as expected,
yields a differential Stark shift ∆f|0↔1;3,3,2〉 a factor of ∆f|0↔1;3,3,2〉/∆f|0↔1;3,3,3〉 =
0.64 ≈ 2/3 smaller. Note that the laser frequency is stabilized to a precision of only a
couple of hundred kHz. This uncertainty is not included in the fit and, apart from the
small dependence on the rotational state, is the second reason for specifying the dipole
moment only with an accuracy of two digits.

17After preparation of the molecular ensemble in the state |0; 3, 3, 3〉, the molecules were distributed
over the states |0; 3, 3,M〉 with an RF pulse. As needed, MWD for the states J = 3, 4, 5 (|K| = 3)
except for |0; 3, 3, 2〉 leaves a reduced number of molecules prepared in the single rotational state
|0; 3, 3, 2〉 [the dashed transitions in Fig. 3.7(a) are driven instead of the dotted ones].



60 The electric trap and experimental foundations

M = ±3
M = ±2
M = ±1
M =   0

M = ±3
M = ±2
M = ±1
M =   0

M = ±4

trapped states
untrapped states

M = ±5

(a)

v=0; J=3, K=∓3
v=0; J=4, K=∓3

v=0; J=5, K=∓3

v=1; J=3, K=∓3
M = ±3
M = ±2
M = ±1
M =   0

∆M=+1
∆M=+1

∆M
=0

MWD pulse
180 MHz

184 MHz
110 MHz

73 MHz

−30 −20 −10 0 10
0

100

200

300

400

500

600

IR frequency (MHz) − 83373326.17 MHz

U
nl

oa
di

ng
 s

ig
na

l (
co

un
ts

/s
eq

.)

spectrum
laser far detuned
Lorentzian fit:
line position
−10.30(0.04) MHz

(b)

|0;3,3,3〉 ↔ |1;3,3,3〉

−30 −20 −10 0 10

40

60

80

100

120

140

160

IR frequency (MHz) − 83373326.17 MHz

U
nl

oa
di

ng
 s

ig
na

l (
co

un
ts

/s
eq

.)

spectrum
laser far detuned
Lorentzian fit:
line position
−6.65(0.06) MHz

(c)

|0;3,3,2〉 ↔ |1;3,3,2〉

Figure 3.7: Determination of the dipole moment in the vibrational excited
state v1 = 1 via IR spectroscopy on state-selected molecules. (a) Level scheme
with driven transitions for state-selection via MWD (green) and IR spectroscopy (red).
Only the dotted or dashed transitions are applied (in addition to the solid ones) to
obtain the data in (b) or (c), respectively. The splitting of M sublevels is specified for
Vtrap = ±1500 V, the trap voltage used for spectroscopy. (b), (c) Depletion spectra of
the transitions |0; 3, 3, 3〉 ↔ |1; 3, 3, 3〉 and |0; 3, 3, 2〉 ↔ |1; 3, 3, 2〉. Extremely low laser
power is used to obtain narrow spectra of the two transitions with equal rotational quanta.
The error bars and the shaded regions specify the statistical error. The uncertainty of
the stabilized laser frequency is a couple of hundred kHz and is not included in the fit.

With the deduced dipole moment in the excited vibrational state, 2.29 Debye, Stark-
shifted IR transition frequencies in the regime of linear Stark shifts can now be cal-
culated accurately. The effect of the reduced excited state dipole moment on optical
pumping of the trapped molecules is the following: By choosing the IR frequency, one
can select from which M sublevel of a rotational ground state IR transitions are driven
with the highest rate. For example, for Sisyphus cooling both ∆M = +1 transitions
from states |0; 3, 3,M<3〉 have to be driven (Fig. 2.12). For the offset electric field
at a trap voltage of Vtrap = ±1500 V the two transitions |0; 3, 3, 2〉 ↔ |1; 3, 3, 3〉 and
|0; 3, 3, 1〉 ↔ |1; 3, 3, 2〉 are spaced 3.4 MHz. This compares to a FWHM of 5.6 MHz of
the peaked distribution of Stark shifts obtained from the electric-field distribution for
this trap voltage. As only one IR frequency resonant to the first transition is applied,
the second one is driven with a slightly reduced rate in the flank of the peak of the
distribution. Due to the high IR driving rates in the low-field region of the trap this
detail does not restrict optoelectrical Sisyphus cooling. It should, however, be taken
into account in detailed rate models of the optical pumping process.
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Figure 3.8: Optical pumping scheme for preparation of molecules in the single
M sublevel |0; 3,3,3〉. The M levels are only sketched for J = 3. Three IR frequencies
are applied quasi-simultaneously with a single laser by cycling through them every 25 ms.
In total, seven ∆M = +1 MW transitions are driven (reduced duty cycle, 10 ms total
cycle duration including waiting time). Solid arrows represent the driven transitions,
whereas wavy arrows indicate the spontaneous decay channels.

3.3.3 Rotational-state preparation via optical pumping

The preparation of the molecular ensemble in the single rotational state |0; 3, 3, 3〉
was already used for some of the measurements presented previously. It will also be
important for the correct determination of the molecular kinetic energy after cooling
(Secs. 4.1 and 4.3). Similar to Sisyphus cooling and previous work [Glö15a], optical
pumping via the vibrational mode in conjunction with MW coupling of rotational
states is used for preparation of molecules in specific rotational states. In this section,
the process is finally explained, using results obtained in previous sections. First, the
optical pumping scheme is introduced. Then, we show how losses to untrapped states
can be avoided with a correct choice of parameters.

Optical pumping to |0; 3,3,3〉. The driven transitions are sketched in Fig. 3.8. In
particular, three IR transitions are addressed quasi-simultaneously18: |0; 3, 3,M〉 ↔
|1; 3, 3,M+1〉, |0; 4, 3,M〉 ↔ |1; 4, 3,M+1〉, and (with reduced duty cycle) |0; 4, 3,M〉 ↔
|1; 4, 3,M〉. To achieve this, the IR frequency is quickly ramped between the three men-
tioned transitions every 10 ms, 10 ms, and 5 ms, respectively (Sec. 3.2 and Ref. [Pre17]).
For all three cases, the IR frequencies are calculated to be resonant to the specified tran-
sition with the highest possible value of M (in the offset electric field). Nevertheless, the
remaining transitions addressing lower M are also driven by the same laser frequency
with a reduced rate (Sec. 3.3.2). Furthermore, the levels |0; 4, 3,M>0〉 ↔ |0; 5, 3,M+1〉
are coupled in the ground state and |1; 3, 3,M>0〉 ↔ |1; 4, 3,M+1〉 in the vibrational
excited state with MW (see Fig. 2.10 for transition frequencies). Here, the MW in the
excited state are applied to increase the decay probability to the J = 3 states [Glö16].
As a result, the state |0; 3, 3, 3〉 is the only dark state in the manifold of addressed
vibrational ground states |0; J, 3,M〉 for J = 3, 4, 5. With this scheme, 1.5 s of optical
pumping suffice to accumulate cooled molecules in the target state with high efficiency.

18The rate of switching between the different IR frequencies is on the order of or larger than the
spontaneous vibrational decay rate.
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Avoiding losses to untrapped states. Losses during state preparation can occur, if
the applied IR and MW frequencies drive unwanted transitions out of the target dark
state or to untrapped states, which come into resonance when molecules probe electric
fields in the wings of the electric-field distribution in the trap. To minimize these losses,
the molecular structure as well as the influence of the electric-field distribution and the
temperature of the molecules have to be considered.

Unwanted driving of rotational (MW) transitions is eliminated by choosing only
∆M = +1 transitions, which generally possess large Clebsch-Gordan coefficients and
small Stark broadening, and adjusting the effective driving power (see also Sec. 3.3.1 and
Ref. [Glö15b]). In the described scheme, driving from the target dark state |0; 3, 3, 3〉 to
any unwanted state is further reduced by not applying MW to any transitions connected
to the states |0; 3, 3,M〉. Therefore, the MW couplings between J = 3 and J = 4 are
applied in the excited state, detuned ∼ 490 MHz from the ground-state frequencies.

For formaldehyde, the vibrational transitions have to be examined more closely be-
cause the Q-branch IR transitions of the v1 mode lie close together in frequency space.
In particular, the zero-field frequency of the ∆J = 0 IR transition from |0; 4, 3,M〉
is only 493 MHz red-detuned from the transition from |0; 3, 3,M〉 (Fig. 2.10 and Ta-
ble 2.3). Consequently, intentional driving of the ∆M = +1 transitions from the states
|0; 4, 3,M〉 in the offset electric field can lead to unwanted driving of the ∆M = −1
transitions from the states |0; 3, 3,M〉 in higher electric fields in the edge region of the
trap. Potentially, this results in loss from the target state and to untrapped states
and is investigated in Fig. 3.9. The plot displays calculated Stark shifted transition
frequencies for two trap voltages in the lower panel and the spectroscopic verification
for the higher trap voltage in the upper panel. As explained in the figure caption, the
described loss channel disappears completely for colder molecules. It can be suppressed
for hotter molecules by driving the J = 4 transitions with a lower effective power. Fur-
ther, losses are less probable at low trap voltages. Therefore, optical pumping is usually
performed at Vtrap = ±400 V or Vtrap = ±100 V, even for molecules with intermediate
temperatures. Note that unintended driving does not occur during optoelectrical Sisy-
phus cooling which relies on driving the transitions |0; 3, 3,M〉 ↔ |1; 3, 3,M+1〉 because
there are no other relevant transitions close to and blue detuned from the driven one.

Efficiency and losses. The efficiency of state preparation can be defined as the frac-
tion of molecules populating the target state after optical pumping with respect to all
molecules in the addressed states |0; J, 3,M〉 for J = 3, 4, 5. For hotter molecules it
is difficult to reach efficiencies close to one owing to the loss channel discussed above.
For the coldest molecule ensemble (kinetic energy ∼ 3/2 · kB · 0.4 mK) the efficiency is
close to 90 % for 1.5 s of optical pumping at Vtrap = ±100 V. A longer pumping time
does not increase this value, most probably because Majorana flips to less strongly
trapped states occur at a slow rate (cf. Secs. 3.1.4 and 4.3.5). With these parameters,
losses to untrapped states of (2±1) % are negligible. The measured rotational-state
distribution for this sequence is discussed with the cooling results in Sec. 4.3.5. Despite
these imperfections molecule ensembles populating a specific internal state with high
purity can be obtained even for hotter molecules by combining optical pumping with
state-selective depletion. This was discussed in Sec. 3.3.1 and was utilized for obtaining
the spectrum in Fig. 3.7(c).
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Figure 3.9: Stark shifted ∆J = 0 vibrational transitions addressing the states
|0; 3,3,M〉 and |0; 4,3,M〉. (a) IR depletion spectrum showing the corresponding
∆M = −1 and ∆M = 0 transitions, measured at Vtrap = ±1500 V. Laser excita-
tion via these transitions and subsequent spontaneous decay leads to population trans-
fer to untrapped states and, thus, a reduced signal of molecules at resonance. The
expected line shapes (vertically scaled to the data) are calculated from the simulated
electric-field distribution (Sec. 3.1.3) and the differential Stark shift (with the excited-
state electric dipole moment determined in the previous section). Here, the measured
spectrum is broader than the simulated one, most probably due to saturation effects.
∆M = +1 transitions are not observed because driving of these does not cause losses.
(b) Stark shifted transition frequencies for high trap voltage, Vtrap = ±1500 V, and low
trap voltage, Vtrap = ±100 V. Additionally, the expected line shapes are plotted for the
∆M = +1 transition |0; 4, 3, 3〉 ↔ |1; 4, 3, 4〉 (upward) needed for state preparation and
the ∆M = −1 transition |0; 3, 3, 3〉 ↔ |1; 3, 3, 2〉 (downward) which has to be avoided.
Evidently, parasitic driving of the unwanted ∆M = −1 transition is much more likely at
higher trap voltage. If the kinetic energy of the molecules is low enough (� 3/2·kB ·18 mK
for Vtrap = ±1500 V, � 3/2 · kB · 45 mK for Vtrap = ±100 V), molecules no longer reach
the high electric-field strengths where unwanted driving can occur.
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Optical pumping to other states. Although we focused on the state |0; 3, 3, 3〉, mo-
lecules can also be prepared in other target rotational states with this method. To
date, this works with good efficiency only when choosing the highest M sublevel as a
target state, |0; J, 3,M=J〉. In principle, the distinct dipole moments in the ground
and excited vibrational states could also allow optical pumping to other states.

3.4 Summary

In this chapter, the experimental apparatus and important techniques were introduced.
Both the setup and experimental methods have been adapted to formaldehyde and
improved substantially over previous results. Characterization measurements of the
electric trap with formaldehyde showed increased performance of the refined trap. In
particular, the homogeneity of the offset electric field of the box-like trapping potential
has been improved dramatically. Moreover, record storage times were observed for
cooled molecules held in our electric trap. Thus, the 1/e trap decay time can be as
long as one minute.

In addition, we presented the key parts of the experimental setup. The setup is
robust, remote-controllable and can be operated with a high duty cycle essentially
around-the-clock. Together with the results of Ch. 4 this shows that the method of
optoelectrical Sisyphus cooling can serve as a starting point for more complicated ex-
periments.

In the last section, precise control over the rotational state of the formaldehyde
molecules was demonstrated. It is achieved with optical pumping and state-selective
depletion methods. Especially for electrically trapped molecules, rotational-state con-
trol is important because the trapping potentials strongly depend on the rotational
state the molecules populate. Hence, these techniques greatly improve control over
systematic effects caused by electric trapping. Moreover, two applications of improved
rotational-state control were outlined, with one measurement yielding the electric dipole
moment in the v1 = 1 excited vibrational state, µ(v1=1) = 2.29 Debye, allowing for a
precise calculation of Stark-shifted IR transition frequencies. It will become evident in
the next chapter that the presented changes to the setup and the advancement of the
experimental methods were crucial to allowing optoelectrical cooling of formaldehyde
to submillikelvin temperatures.



4 Sisyphus cooling to submillikelvin
temperatures

The main experimental result of this thesis is the demonstration of direct cooling of
electrically trapped, gaseous formaldehyde (H2CO) to the microkelvin temperature
regime. The temperature was reduced by a factor of thousand and the phase-space
density was increased by a factor of ∼ 104 to produce an ensemble of 300,000 molecules
with a temperature of about 420 µK. Additionally, the molecules populate a single
rotational state with more than 80 % purity. With these results, our group was among
the first two to show direct cooling of molecules to below 1 mK (see Ch. 1). To date, our
ensembles of cooled formaldehyde molecules are still the largest ensembles of ultracold
(T < 1 mK) molecules produced so far in laboratories.

The most important results are published in a short article [Pre16] and some parts of
this chapter are presented in close relation to the paper. Here, optoelectrical Sisyphus
cooling of formaldehyde is demonstrated in more detail and with additional experi-
mental data. Especially the experimental sequence, optimization procedures, and the
method to measure the kinetic energy of the trapped molecules are discussed thor-
oughly. The latter requires the asymmetric rotor structure of formaldehyde to be taken
into account, as was already discussed in Ch. 2. After the presentation of the key
results, current technical limitations and possible solutions are summarized.

The chapter is structured as follows. Firstly, the method to measure the kinetic
energy of the molecular ensemble, RF knife-edge filters, is explained in Sec. 4.1. This
tool was used frequently for characterization measurements and the development of
the experimental sequence. Then, the sequence is described in Sec. 4.2 with an em-
phasis on aspects which are different from the initial proof-of-principle demonstration
of Sisyphus cooling of fluoromethane [Zep12, Zep13, Eng13, Pre12]. The molecular
ensemble produced by optoelectrical Sisyphus cooling is characterized in Sec. 4.3. The
experimental data yields the key numbers mentioned above. Additionally, we discuss
the influence of systematic effects originating in the trapping potential on the measured
kinetic energy. Finally, the obtained results and current technical limitations as well
as possible solutions are summarized in Sec. 4.4.

4.1 Measuring the kinetic energy of trapped molecules

For any demonstration of cooling, the molecular kinetic energy or temperature has
to be measured. To minimize systematic effects arising from unloading the molecules
from the trap (see Sec. 4.2.4), the method should preferably probe the molecules in the
electric trap. The tool of choice is a strong RF field which acts as a knife-edge filter
and only eliminates hotter molecules from the trap. It can be used to measure energy
distributions of trapped molecules or select molecules by energy.

As the energy threshold for depletion by RF radiation with a specific frequency
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depends on the internal molecular state, the ensemble is prepared in a defined rotational
state (or set of states) before application of the knife-edge filter. For the final energy
measurement and many optimization procedures molecules are optically pumped to
the state |0; 3, 3, 3〉 as explained in Sec. 3.3.3. Accordingly, the RF knife is discussed in
relation to the rotational states |0; 3, 3,M〉.

The principle of the knife-edge filter and its optimization for asymmetric rotor mo-
lecules is introduced in Sec. 4.1.1. Then, the unwanted K-flip transitions which are
induced in asymmetric rotor molecules by very strong RF fields (Sec. 2.3.3) are experi-
mentally investigated in Sec. 4.1.2. In the last Sec. 4.1.3, the terms total energy, kinetic
energy and offset potential energy are differentiated for further use.

4.1.1 RF knife-edge filters for asymmetric rotor molecules

In this section, two depletion processes caused by the RF knife are distinguished. The
use of RF radiation as a tool to measure the energy of a molecular ensemble in the trap
relies on the fact that RF can couple successive M sublevels of rotational states and
induce ∆M = −1, ∆K = 0 transitions to untrapped states within the low-field-seeking
manifold of states. Molecules reaching the M = 0 states are lost from the trap almost
immediately. The frequency fknife can be chosen such that molecules need a certain
total energy to reach the regions of high electric field where the RF is resonant. This
is illustrated in the left part of Fig. 4.1(a). As all molecules populate the same internal
state |0; 3, 3, 3〉 initially, a sufficiently strong RF pulse truncates the energy distribution
of the ensemble at a defined value by depleting all hotter molecules from the trap.

Due to formaldehyde being a slightly asymmetric rotor (Sec. 2.2) and the small but
not negligible inversion splitting ∆ = 0.65 MHz of the states |0; 3, 3,M〉 (Sec. 2.4), a
second depletion process can occur. It is caused by the strongly suppressed K-flip tran-
sitions (discussed in Sec. 2.3.3) which bring molecules directly from low-field-seeking
to high-field-seeking states via ∓K to ±K transitions (with ∆M = 0,±1). For a given
frequency fknife, these unwanted K-flip transitions occur in lower electric fields where
fknife equals approximately five or six times the splitting of M sublevels [Fig. 4.1(a)].
Therefore, this process commonly depletes molecules independent of their energy. We
have seen in the theoretical discussion that the matrix elements for the unwanted K-flip
transitions are suppressed by at least a factor of 102 for our experimental parameters.
However, for the knife-edge filters large RF power is applied to saturate the filtering
process in a short time. Consequently, K-flips have to be taken into account during
the experimental optimization of the RF knife.

The largely different matrix elements for the wanted transitions of the RF knife and
the unwanted K-flip transitions manifest themselves, when the RF power used for the
knife-edge filter is scanned. Such a power scan is performed for two experimental se-
quences producing molecular ensembles with about a factor of four difference in kinetic
energy [cooling stopped at fRF−foffset = 20 MHz or 3.1 MHz, corresponding to a median
kinetic energy of ∼ 3/2 ·kB ·1.8 mK or 0.4 mK, see Fig. 4.1(b)]. A knife-edge filter with
fknife = 16.5 MHz is applied at a trap voltage of Vtrap = ±100 V (foffset = 11.9 MHz).
The hotter ensemble is depleted completely with low power filters. In the colder en-
semble, depletion of molecules occurs with two power scales. The rapid decay at low
powers is due to the RF knife. Depletion at high RF power, on the other hand, is
caused by K-flip transitions.
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Figure 4.1: RF knife-edge filters. (a) Scheme of the Stark shifted energy levels
of the states |0; 3, 3,M〉 for different electric-field regions in the trap. RF applied with
a frequency fknife induces strongly allowed transitions in the edge region of the trap,
quickly depleting hot molecules which are able to reach the higher electric fields. This
process acts as the RF knife. Additionally, K-flip transitions can occur in regions with
lower electric field leading to unwanted depletion of hot and cold molecules. The latter
process is forbidden in first approximation and thus requires dramatically larger RF
power. (b) Scan of the RF power applied as a knife-edge filter (fknife = 16.5 MHz, 1 s
depletion time) for two cooling sequences producing molecular ensembles with different
energies. The molecules were prepared in |0; 3, 3, 3〉 prior to depletion. The data for the
hotter ensemble is well-fitted with an exponential model as shown because all molecules
are depleted by the RF knife. The scan for the colder ensemble is fitted with a double-
exponential model to account for the additional decay of signal at high RF powers due
to induced K-flip transitions.

Optimization procedure. The following recipe is used to chose an adequate RF power
for energy-dependent filtering without significant depletion via K-flips. For every de-
sired combination of knife frequency fknife and trap voltage an RF power scan1 is
performed with a molecular ensemble having a suitable energy to allow both depletion
processes to be resolved. The appropriate power for a knife-edge filter is then chosen
such that the low-power process is clearly saturated (power at least five times the fitted
decay constant) but depletion due to K-flips is still suppressed. From the calculations
of Sec. 2.3.3 we know that the two energy scales differ by at least two orders of mag-
nitude for our experimental parameters, as will be demonstrated more thoroughly in
the next section. Note again that during Sisyphus cooling K-flip transitions are not an
issue, because the RF is applied with dramatically reduced power.

4.1.2 Experimental investigation of K-flip RF transitions

In this section, K-flip transitions in formaldehyde are investigated experimentally in
more detail. A closer look is instructive for several reasons. Foremost, the observation
of RF depletion with two power scales was a mystery initially because it contradicts
the intuitive notion that the chosen states of formaldehyde are like symmetric-top ro-
tational states for which this behavior is not anticipated. Of course, the effect, caused
by the finite inversion splitting of the states, is expected, as was demonstrated theo-

1For fknife / 500 MHz a depletion time of 1 s suffices. For much higher frequencies more time is
required because the RF is coupled into the system less efficiently.
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retically in Sec. 2.3.3. Thus, depletion via K-flips is—at the moment—the only aspect
of the experiment where the asymmetric-rotor structure of formaldehyde manifests it-
self. Finally, a systematic investigation of the two depletion processes is a test of the
simple analytical model presented in Sec. 2.3 for inversion-doublet states in a static
electric field. Confirmation of this model also supports the conclusions drawn from it
for Sisyphus cooling, namely that K-flip transitions can be ignored during cooling.

Depletion due to the high-power K-flip process should happen at an electric field
where the knife frequency fknife equals five or six times the splitting of M sublevels.
Consequently, the process should start at lower power levels, if the resonance con-
dition is fulfilled in the offset electric field because this field is much more probable
than lower or higher electric fields owing to the strongly peaked electric-field distribu-
tion (Sec. 3.1.3). The hypothesis was tested by performing RF power scans resolving
both depletion processes with a fixed fknife while changing the trap voltage Vtrap. The
measurement is shown, explained, and compared to calculations in Fig. 4.2.

The data in Fig. 4.2(a) clearly reveals the influence of the electric-field distribution
on the fitted power constants and, thus, the observed transition probabilities. In par-
ticular, the constants of the high-power, K-flip process vary significantly. In contrast,
the low-power, ∆K = 0 RF knife process happens in the high-field region and, con-
sequently, the variation with trap voltage is almost negligible. The fitted relative RF
power constants directly relate to the relative transition rates of the two processes and
can therefore be compared with theory. Towards this end, the relative transition proba-
bilities obtained with the analytical model considering pairs of inversion-doublet states
(Sec. 2.3.3, Fig. 2.8) have to be weighted with the occurrence probability of the electric-
field strength where the transition is resonant. The electric-field probabilities are ex-
tracted from the measured2 (and scaled) electric-field distribution for Vtrap = ±100 V.
Figure 4.2(c) demonstrates that RF depletion in the trap is well-understood with this
model and the calculated relative transition probabilities match experimental observa-
tions remarkably well3. Hence, the data supports the given explanation that at high
power, K-flip depletion is occurring. It also shows that for the relevant |0; 3, 3,M〉
states the power scales can be clearly distinguished and are separated by about a fac-
tor of 100, if the K-flip process is not resonant in the offset electric field. For RF-knife
measurements the frequency fknife is usually chosen such that this condition is fulfilled.

The separation factor depends on the rotational state, i.e. the inversion splitting, and
on the applied electrostatic field, as discussed in Sec. 2.3. Both effects were observed
in experiments. For example, K-flip transitions are stronger and the separation factor
is smaller for the states |0; 4, 3,M〉 because the inversion splitting is a factor of seven
larger. Yet, the separation factor is much larger for higher trap voltages.

2For the relevant small trap voltages, the measured distribution deviates slightly from the simulated
one as will be discussed in Sec. 4.2.3. To model the RF depletion data correctly, the measured
distribution has to be used (see also the next footnote).

3The remaining discrepancy is most probably explained by the following effect. The RF-knife process
is resonant in higher electric fields. Moreover, the energy of the molecular ensemble is chosen such
that not all molecules reach the high electric fields where the RF knife is resonant. Otherwise,
the K-flip process could not have been resolved. Therefore, the probability that molecules actually
probe the high electric field is slightly reduced due to their limited kinetic energy. One could account
for this effect by measuring the electric-field distribution with a molecule sample of equal energy and
for every trap voltage configuration. However, the electric-field distribution used for the calculation
was only measured once, with molecules having about twice the kinetic energy.
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Figure 4.2: Experimental investigation of RF depletion processes. Cooled mo-
lecules (final fRF−foffset = 78 MHz) were prepared in |0; 3, 3, 3〉 and the remaining signal
vs. RF power was recorded for fknife = 58.5 MHz and with varying trap voltage Vtrap (1 s
RF depletion time). Both the ∆K = 0 and the K-flip depletion processes were resolved
and the data was fitted with a double-exponential model. (a) Fitted power constants for
the low- and high-power processes vs. trap voltage (the low-power constants are scaled
by a factor of 100). The arrows mark the voltage configurations where fknife is resonant
to the K-flip transition in the offset electric field, i.e. where fknife = 6·foffset (∓K ↔ ±K,
∆M = 0 transition resonant) or 5 ·foffset. As before, foffset is the splitting of M sublevels
of the states |0; 3, 3,M〉 in the offset electric field and varies from 8 to 13 MHz across
the horizontal voltage scale. (b) Remaining signal of molecules vs. RF power for two
representative trap voltages, Vtrap = ±83 V and ±93 V. The power constants plotted in
part (a) were extracted from fits to such individual measurements. (c) Ratio of fitted
power constants of the two processes compared to the ratio of calculated transition prob-
abilities. The calculation is based on the model developed in Sec. 2.3.3 and takes into
account the measured electric-field distribution in the trap, i.e. the probability to find the
electric-field strength where the respective depletion process is resonant. Here, the field
distribution was not recorded for every trap voltage, but the measured (and interpolated)
distribution for Vtrap = ±100 V [Fig. 4.7(c)] was scaled accordingly. (d) Calculated, rela-
tive RF transition probabilities for the low- and high-power processes. The contribution
of the ∆M = 0 and ∆M = −1 K-flip transitions is resolved. The calculated curve in
panel (c) is the ratio of the blue and green lines.
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Figure 4.3: RF knife-edge filters for different offset electric fields. Cooled
molecules (fRF − foffset = 20 MHz) are prepared in |0; 3, 3, 3〉 and probed with an RF
knife with frequency fknife = foffset + 15 MHz. The remaining signal is recorded vs. RF
power and fitted with a double-exponential model. The experiment is performed for
two trap voltages: Vtrap = ±50 V (a) and Vtrap = ±100 V (b). In both cases, the low-
power, RF-knife process filters out the same fraction of the molecular ensemble. The
electric-field distributions corresponding to these Vtrap are shown in Fig. 4.9(b). Note
that the separation of power scales is better for higher trap voltage as expected from the
theoretical discussions of RF depletion.

4.1.3 Total energy, kinetic energy and offset potential energy

It remains to be discussed how the molecules’ kinetic energy is deduced from RF-
knife measurements. An optimized RF knife-edge filter probes the total, that is the
kinetic and potential energy of the molecules. Given that all molecules populate the
same internal state, a filter with frequency fknife truncates the energy distribution of
a molecular ensemble at a known total energy and leaves only less energetic molecules
in the trap. By scanning fknife and observing the remaining signal of molecules, an
integrated energy distribution is obtained.

As all molecules populate the single internal state |0; 3, 3, 3〉 during energy measure-
ments and are trapped in a box-like potential, the kinetic energy can be calculated
from such a measurement by subtracting the known offset potential energy which is
given by Mhfoffset. To this end, foffset for the states |0; 3, 3,M〉 is deduced from mea-
sured electric-field distributions (Sec. 3.1.3) and is specified wherever it is used. The
threshold kinetic energy for depletion with an RF knife of frequency fknife is then given
by Ekin = Mh (fknife − foffset). For a given molecular ensemble and a fixed difference
fknife−foffset, the optimized RF knife should thus remove an equal fraction of molecules
from the trap independent of foffset, i.e., the trap voltage configuration. This is indeed
observed in the experiment as shown in Fig. 4.3.

The investigation of the electric-field distribution in the trap (Sec. 3.1.3) showed
that the trap potential deviates slightly from a perfect box potential. Nevertheless,
considering the uncertainty of our measurements, the assumption of a box-like potential
is valid for the purpose of the energy measurement. This will be further investigated
in Sec. 4.3.2 together with the presentation of the main cooling results.
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Figure 4.4: Full experimental cooling sequence. The RF applied for cooling is
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4.2 The cooling sequence

In this section, the experimental sequence to cool and detect a sample of formaldehyde
molecules is described. Many parameters cannot be determined from theoretical con-
siderations of the cooling scheme (Sec. 2.5) but have to be optimized in the laboratory.
Before describing a few aspects in more detail, the complete sequence is introduced. It
consists of six parts, as depicted in Fig. 4.4.

First, molecules are continuously loaded into the trap for 18 s, with cooling already
applied (see Fig. 2.12 for the state-transition scheme and Table 3.1 for voltages applied
to the trap and the quadrupole guides). As cooling increases the lifetime of molecules
in the trap substantially, cooling as many hot molecules entering the trap at different
times and with varying energy as fast as possible to an energy with a decent trap
lifetime is desirable. Therefore, six fRF for cooling are applied and cycled during trap
loading as discussed in Sec. 4.2.1. Then, the ensemble is stored and further cooled
while reducing fRF stepwise. The choice of IR and RF frequencies for efficient cooling
is outlined in Sec. 4.2.2. It turns out that the kinetic energy of amply cooled molecules
becomes comparable to the roughness of the offset electric field of the box-like trapping
potential. To avoid complications, the trapping potential is lowered two times during
cooling (Sec. 4.2.3).

After cooling, the molecules are prepared in the single rotational state |0; 3, 3, 3〉 as
already described in Sec. 3.3.3. Optical pumping is applied for 1.5 s. Thus, the trap
potential is identical for all observed molecules which is important for the determination
of their kinetic energy. For state detection, microwave depletion (MWD) is utilized to
only measure molecules in the states |0; 3, 3,M〉 (1 s of depletion time, see Sec. 3.3.1).
Next, the energy of the molecular ensemble is probed by applying RF knife-edge filters
as already introduced in the preceding section. Finally, the molecules are unloaded
from the trap and counted with the QMS (Sec. 4.2.4).

4.2.1 Trap loading

A carefully optimized trap loading sequence is extremely important, because it deter-
mines the size of the molecular ensemble which is available for further cooling. As both
the trap and optoelectrical Sisyphus cooling itself induce losses, a larger initial ensem-
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ble allows for cooling to lower temperatures. The most important parameter to choose
is the frequency of the RF for cooling, fRF, which is determined from characteristics of
the molecules loaded into the trap4. The resulting ensemble of cooled molecules after
trap loading is then compared to uncooled ensembles.

The hottest molecules loaded into the trap in state |0; 3, 3, 3〉 reach electric fields
of 30 kV/cm, determined by the loading quadrupole guide (Sec. 3.2), which translates
to a maximum Stark shift of 26 GHz. However, the most energetic fraction is lost
from the trap very quickly and is thus unlikely to be cooled. Furthermore, the trap
is loaded continuously with molecules having different energies and populating many
internal states with differing Stark interaction. Therefore, on one hand, the initial RF
for cooling should be large enough to extract a lot of energy from the hottest molecules
one could hope to cool. On the other hand, it should be small enough to allow many,
also less energetic molecules to reach the higher point in the potential where the RF is
resonant and hence to be cooled.

A single or very few cooling cycles are sufficient to increase the lifetime in the trap
to more than 10 s and allow cooling to much lower temperatures in many sequential
cooling cycles. However, RF transitions have to happen at a slow rate ∼Hz (Sec. 2.5).
Therefore, molecules with a 1/e trap lifetime shorter than 1 s will most probably be
lost already during trap loading.

Suitable fRF for trap loading are determined with the following measurement on
molecules populating |0; {3, 4}, 3,M〉, the rotational states on which Sisyphus cooling
acts. With a simplified and short sequence, an estimate for the energy-dependent
lifetime of molecules in the trap is acquired by recording the molecule signal with
the QMS under conditions usually applied for trap loading and storage, i.e. with
Vtrap = ±1500 V. Despite the high trap voltage5, a decaying signal of molecules leaking
through the quadrupole guide is obtained and allows deduction of the lifetime in the
trap. Energy selection is accomplished with RF knife-edge filters (Sec. 4.1.1). More
specifically, molecules are loaded into the trap for 6 s or 3 s with only optical pumping
to the highest M sublevels |0; 3, 3, 3〉 and |0; 4, 3, 4〉, which is part of Sisyphus cooling,
applied. Due to the high driving rate of IR vibrational transitions (Sec. 3.3.2) and the
spontaneous decay rate of ∼ 60 Hz, optical pumping to—and accumulation of molecules
in—the strongly trapped states saturates in a time � 1 s. Then, molecules are stored
for 2 s allowing for 0.5 s of continued optical pumping to the highest M sublevels, 1 s
for the application of the RF knife, and 0.5 s for state detection via MWD (Sec. 3.3.1).
Finally, the trap decay signal is recorded for 8 s or 4 s. By analyzing signal differences,
one obtains the results presented in Fig. 4.5. The findings can be transferred to the
selection of cooling frequencies, because the strong RF knife and a weak RF for cooling,
fRF, address the same molecules, but with distinct effects: removal from the trap by
transitions to untrapped states in the case of the strong filter or extraction of kinetic
energy when combined with optical pumping to a full Sisyphus cooling cycle.

Clearly, molecules which reach RF larger than 5 GHz still have a 1/e lifetime in the
trap of more than one second. Consequently, the initial fRF for cooling should be

4A note on the trap electric fields: In principle, it holds the higher the trapping fields, the more
molecules can be captured from the thermal source. However, the maximum voltages applied to
the trap were chosen even lower than in previous experiments for technical reasons (Sec. 3.1.2).

5The trap voltage Vtrap = ±1500 V is higher than the appropriate voltage one would apply to efficiently
unload molecules from the trap and observe the largest unloading signals (see Sec. 4.2.4).
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Figure 4.5: Estimate for the lifetime of uncooled molecules in the trap by
energy class for the rotational states |0;{3,4},3,M〉. The estimate is obtained
by measuring the decay of the molecule signal from the trap with the QMS and fitting
it with an exponential. The simplified experimental sequence used here is explained in
the text. RF knife-edge filters are employed to discriminate molecules by energy class.
The difference of two molecule unloading signals for two distinct filter frequencies gives
the estimated lifetime in the trap for molecule energies limited by the two frequencies.
(a) Estimated lifetime vs. total energy of the molecules. Vertical bars specify the
statistical error of the fitted decay time. Horizontal lines mark the range of energy
encompassed by the measurement (lower and upper filter frequencies). The dashed lines
towards high energy indicate that no upper knife-edge filter was applied for the respective
data points. (b) Trap unloading signal and fit for two representative energy classes.

on that order. The lifetime gradually increases for less energetic molecules. Even for
molecules addressed by frequencies in the range of 1.5 to 2 GHz the 1/e decay time is
only ∼ 7 s. To make sure that these molecules have a chance to survive trap loading, a
frequency in that range has to be used during loading as well.

A separate measurement yields the total duration of trap loading. When the loading
time is varied, the measured signal of molecules trapped after loading exponentially
approaches a saturation value with a certain time constant. The rising time was deter-
mined as ∼ 6 s by scanning the time for trap loading while the fRF = [5.1, 3.6, 1.9] GHz
were applied sequentially for cooling. The trap loading duration was fixed to 18 s for
further experiments, a reasonable trade-off between large signals and short sequences.

A suitable scaling factor between subsequent effective cooling frequencies (fRF −
foffset) of about 1/

√
2 was determined in earlier experiments [Zep12] and is further

motivated in Sec. 4.2.2. By trying different sets of fRF and considering that natu-
rally occurring resonances have to be exploited to couple sufficient RF power to the
molecules for frequencies > 1 GHz (Sec. 3.2), the final sequence was found: the six
fRF = [6.1, 4.3, 3.2, 2.3, 1.7, 1.3] GHz are applied sequentially three times during trap
loading for 1 s each as shown in Fig. 4.4.

The state-selected molecular ensemble generated after trap loading with the opti-
mized sequence is now characterized and compared to two uncooled ensembles: one
with only optical pumping to strongly trapped states applied (accumulated molecules)
and one without any manipulation at all (reference). The measurement is shown and
explained in Figs. 4.6(a) and (b). Both accumulation in the highest M sublevels and
cooling increase the signal substantially which is mainly attributed to better trapping.
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Figure 4.6: Molecule signal in the rotational states |0;{3,4},3,M〉 after vary-
ing trap loading sequences. (a) Trap unloading signal of formaldehyde. Molecules
are loaded (and cooled) for 18 s with another second of storage (and cooling) appended
(first 19 s of sequence in Fig. 4.4). MWD for state detection is applied for 2 s. Then,
molecules are unloaded and detected for 12 s with the unloading voltage optimized for
each sequence as described in Sec. 4.2.4. The ensemble of cooled molecules is compared
to two other ones: leaving only the RF for cooling off results in accumulation of molecules
in the highest M sublevels of the involved states, |0; 3, 3, 3〉 and |0; 4, 3, 4〉. This already
increases the signal compared to the reference sequence, where all radiation fields (except
for the MW for state detection) were left off and thus no manipulation of the molecular
ensemble takes place. The central panel (b) shows the same data with higher resolution
for short times after unloading begins. Evidently, the cooled molecules arrive at the
QMS later. (c) Trap unloading signal of fluoromethane. For comparison, a very similar
measurement from earlier experiments with CH3F is shown [Eng13, Pre12]. Cooling here
leads to a smaller increase in signal. Note that the cooling sequence optimized for CH3F
at the time differs from the one explained in this section. However, the resulting cooled
molecular ensemble was approximately equally cold.

One of the main reasons for the choice of formaldehyde for these experiments is the
four times faster vibrational decay rate in comparison to fluoromethane allowing faster
cooling (Sec. 2.1). Cooling is particularly time-critical during trap loading. Therefore,
the performance of formaldehyde is compared to fluoromethane here. Although ab-
solute signals for the two species cannot be related to each other easily, the increase
of the state-selected signal of cooled and accumulated molecules relative to the refer-
ence shows better cooling of formaldehyde. Here, the ratio of signals for the cooled,
accumulated, and non-manipulated ensembles is 1033/516/209 = 4.9/2.5/1. For flu-
oromethane, in contrast, only a much smaller increase was observed: 274/310/152 =
1.8/2/1 [Fig. 4.6(c)]. In both cases, it holds for the cooled sample (fRF−foffset) ≈ 1 GHz.

The 1/e lifetime of cooled molecules after trap loading, which populate mainly the
states |0; 3, 3, 3〉 and |0; 4, 3, 4〉 (see Sec. 4.3.5) was determined as (22±1) s giving plenty
of time for further cooling. When allowing new uncooled molecules to enter the trap via
the loading quadrupole guide during storage, which simulates the conditions present
during trap loading, the decay constant drops to about half. This might explain why
longer trap loading does not increase the molecule signal, although the observed 1/e
lifetime for a closed trap is already larger than the trap loading duration. Possibly,
cooled molecules are lost in collisions with uncooled molecules. However, this was not
further investigated experimentally.
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Step Vtrap (V) Frequencies (MHz)

foffset fRF ∆fv ∆fIR

loading ±1500 183.7 6090, 4316, 3160, 173.5 174
2288, 1686, 1258

storage ±1500 183.7 946, 726, 564, 452 173.5 174
±1500 183.7 373, 308, 262, 229, 206 173.5 140
±400 48.6 69, 60, 54 45.8 36
±100 11.9 17.2, 15 11.2 9

Table 4.1: Frequencies involved in the cooling sequence. foffset specifies the offset
splitting of M sublevels of the states |0; 3, 3,M〉 determined from the measured electric-
field distributions (Fig. 4.7) for the corresponding trap voltage Vtrap. Each RF for cooling,
fRF, is applied for 1 s during trap loading and for 2 s during storage (Fig. 4.4). ∆fv
denotes the differential Stark shift (for Eoffset) of the vibrational transition |0; 3, 3, 2〉 ↔
|1; 3, 3, 3〉 relative to the zero-field frequency 83373326 MHz. ∆fIR is the actual detuning
of the IR laser from the zero-field frequency during cooling, as explained in the text.

4.2.2 Choice of laser and radio frequency for efficient cooling

In this section, the choice of the RF and IR frequencies for cooling are described.
Together with the offset electric field Eoffset in the trap both frequencies determine
the amount of kinetic energy which is extracted from the molecules in one complete
Sisyphus cooling cycle (Fig. 2.12 and Secs. 2.1 and 2.5). In the following, we first
specify how consecutive fRF are calculated and the IR detuning is chosen. Then, the
approach is motivated and related quantities like the amount of extracted energy and
the resulting kinetic energy of the molecular ensemble are discussed.

For a given trap potential, successive fRF for cooling are calculated as follows:

fRF,i+1 ≈
fRF,i − f∗offset√

2
+ f∗offset,

f∗offset =

{
foffset for fRF,i > 400 MHz

foffset − (∆fv −∆fIR) for fRF,i < 400 MHz

(4.1)

Here, foffset denotes the splitting of M sublevels of the states |0; 3, 3,M〉 in the offset
electric field Eoffset as specified in Sec. 3.1.3. For colder molecules, i.e. for later cooling
steps, the IR frequency for optical pumping to strongly trapped states is changed
[second case in Eq. (4.1)], modifying the subtracted offset and increasing the amount of
extracted energy as explained below. The resulting fRF were already plotted in Fig. 4.4
and are summarized in Table 4.1, where also the remaining symbols are defined. The
selection of the first fRF after a reduction of the trapping fields is discussed in the
following Sec. 4.2.3.

Scaling of the effective cooling frequency. The sequence of fRF was determined with
the following reasoning [Zep12]. An RF transition leading to cooling can take place,
if a molecule in the box-like potential has sufficient kinetic energy to reach resonance
with fRF: Ekin ≥ Mh(fRF − foffset). After the RF transition, the molecule’s energy is
reduced by a factor Ekin/ [Ekin − h (fRF − foffset)]. For efficient cooling, fRF should be
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as large as possible and molecules with a range of energies should be able to perform one
final RF transition in the cooling step. As cooling mainly takes place in the uppermost
M levels of the rotational states |0; 3, 3,M〉, M = 3 and 3h (fRF − foffset) ≤ Ekin ≤
4h (fRF − foffset). On average, the reduction in kinetic energy then is on the order
of 3.5/2.5 '

√
2 per step and thus the subsequent frequencies are chosen according

to the above equation. As a consequence of this choice, the molecules perform about
one induced RF transition per applied frequency or per 2 s of cooling and their kinetic
energy is approximately halved every 4 s.

Red-detuning the laser. To increase the efficiency of cooling, i.e. to remove a larger
fraction of the total molecular energy per Sisyphus cycle, the IR frequency needed
for optical pumping is changed for later cooling steps. In particular, the transition
|0; 3, 3, 2〉 ↔ |1; 3, 3, 3〉 is driven in lower electric fields E < Eoffset at the expense of a
reduced driving rate. In the equation and the table the differential Stark shift of the
transition for Eoffset is denoted by ∆fv. To extract more energy per Sisyphus cycle,
the laser is detuned ∆fIR < ∆fv from the zero-field frequency of the transition [second
case in Eq. (4.1)]. The detuning specified in the table was optimized experimentally by
maximizing the signal of cooled molecules. The smaller fields where the transition is
resonant in this case are less probable. Considering the simulated and measured electric-
field distributions for the used trapping configurations, one finds that the electric-field
probability is reduced to approximately 8 % of the value measured for the offset electric
field (see also Fig. 4.7, where the respective electric fields are marked). Therefore,
the IR driving rate is lowered from about 3 kHz (Sec. 3.3.2) to ∼ 240 Hz which is still
four times faster than the spontaneous decay rate and ensures sufficiently fast optical
pumping to strongly trapped states. In the beginning of the sequence, the modified
detuning is not applied because the increased energy extraction is small relative to the
large fRF and quick optical pumping is more important.

Amount of extracted energy. Keeping in mind the level scheme and the fact that
cooling mostly takes place in the highest M sublevels after initial optical pumping, the
portion of energy which is extracted in each Sisyphus cycle is found to be roughly

∆Ekin ' h [fRF − foffset + (∆fv −∆fIR)] . (4.2)

For this relation it is assumed that the spontaneous decay takes place when the molecule
is in the offset electric field, the most probable electric-field strength. However, this
does not always have to be the case. Evidently, the detuning of the laser increases the
amount of extracted energy and its relative effect is larger for smaller fRF.

Estimate of the resulting kinetic energy. For an optimized6 cooling sequence down
to a final fRF, the order of magnitude of the molecules’ kinetic energy can be estimated
from the final cooling frequency as

Ekin,final ' 3h (fRF − foffset) '
3

2
kBTfinal. (4.3)

6The RF power has to be adjusted for every frequency (Sec. 3.2). The procedure making use of RF
knife-edge filters is explained in Ref. [Eng13].



4.2 The cooling sequence 77

0 400 800 1200
0

0.2

0.4

0.6

0.8

1

V
trap

=±1500V

(a)

Electric field (V/cm)

E
le

ct
ric

-fi
el

d 
pr

ob
ab

ili
ty

 (a
rb

. u
.) 0 100 200 300 400

Stark splitting J=3 (MHz)

0 100 200 300 400

V
trap

=±400V

(b)

Electric field (V/cm)

0 20 40 60 80 100

Stark splitting J=3 (MHz)

0 20 40 60 80 100

V
trap

=±100V

(c)

Electric field (V/cm)

0 5 10 15 20 25 30

Stark splitting J=3 (MHz)

1.0 MHz
3.6 V/cm

1.6 MHz
5.4 V/cm

5.6 MHz
19 V/cm

Figure 4.7: Measured (dots) and simulated (solid line) electric-field distribu-
tions for the trap voltage configurations used during cooling (cf. Sec. 3.1.3,
the data shown in (a) is identical to Fig. 3.2). The FWHM is given for the measured
distributions. The applied trap voltages varied over a factor of 15 (see the lower right
corner of the panels). The upper horizontal axes show the Stark splitting of the states
|0; 3, 3,M〉 in frequency units and arrows pointing to these axes indicate the frequen-
cies of the RF coupling (fRF) applied sequentially for cooling. The long dashed arrows
point to the electric field strengths to which the red-detuned IR frequency for cooling is
resonant (Sec. 4.2.2).

This follows from the notion that most of the molecules performed a Sisyphus cycle
with the specified final fRF and are now cold enough to not reach resonance with fRF

in high electric fields any more. The factor 3 stems from M = 3 for the initial and
final state of the Sisyphus cycle, |0; 3, 3, 3〉. With the discussion of the final results this
order-of-magnitude estimate will be substantiated.

The estimate shows that the final kinetic energy of a molecular ensemble is tunable
over a large range by adjusting the cooling sequence. Furthermore, distinct sequences
are easily distinguishable by specifying the final cooling frequency. This was already
used previously and will continue to be helpful. Different cooling sequences and the
resulting molecular ensembles are simply labeled with the frequency difference fRF −
foffset applied in the final cooling step.

4.2.3 Ramping to lower trapping potentials

The potential produced by our electrostatic trap was investigated in Sec. 3.1.3. It is
mainly characterized by the offset electric field Eoffset determined by the sharp peak of
the electric-field distribution and an associated roughness of the potential floor given
by the width of the peak. We regard it as box-like for molecules in low-field-seeking
states, if the kinetic energy of the molecules is sufficiently larger than the roughness of
the offset field. In this section, it is shown that we have to reduce the electric potential
in the course of cooling to fulfill this condition. Besides, characteristics of the reduced
potential are discussed.

As cooling progresses, fRF approaches foffset and (fRF − foffset) becomes comparable
to the width of the electric-field distribution. This can be seen in Fig. 4.7(a), where
vertical arrows denote the last six fRF applied with the initial trap-voltage configuration
Vtrap = ±1500 V. Thus, the molecules do not move in a well-defined box potential
anymore and spend significant time in not very well-defined isolated regions of low
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electric field which we call dimples. Moreover, with continued cooling with the same
trapping potential and the red-detuned IR frequency the molecules would accumulate
in these low-field dimples. To maintain a simple box-like potential, the trap voltages are
ramped down adiabatically (0.5 s ramp time) twice during cooling to Vtrap = ±400 V
and Vtrap = ±100 V. This shifts the offset of the potential, foffset, and reduces the width
of the field distribution as intended. In total, five more cooling steps are performed in
a reduced potential as shown in Figs. 4.7(b) and (c) as well as Table 4.1.

After a ramp to a lower trapping potential, a suitable f ′′RF for further cooling in the
reduced potential has to be selected. The following phase-space arguments are applied.
The available phase space volume for a molecule with exactly enough energy to come
into resonance with f ′′RF in the reduced potential, i.e. with total energy E0 = 3hf ′′RF,
should be about half as large as the phase space volume corresponding to the f ′RF of
the previous cooling step in higher trapping fields. The phase space volume Ω available
to a molecule with total energy E0 in a potential V (E) is given in energy space by

Ω ∝
∫ E0

0
V (E)(E0 − E)

√
E0 − EdE. (4.4)

Here, V (E) is the trapping potential given by the electric-field distribution, the fac-
tor (E0 − E) is the kinetic energy of the molecule, and

√
E0 − EdE the phase-space

element. For the numerical calculation of f ′′RF, Eq. (4.4) and the simulated electric-
field distributions are used and yield the frequencies specified in the above table.
Note that due to some adiabatic cooling during the ramp to lower potentials the f ′′RF

calculated from phase-space considerations is smaller than what would be obtained
with a modified version of Eq. (4.1), accounting for the changed trapping potential,
fRF,i+1 ≈ (fRF,i − f∗offset,high potential)/

√
2 + f∗offset,low potential > f ′′RF.

Disturbed electric fields for very low trap voltages. Before continuing with the de-
scription of the cooling sequence, the electric-field distributions in Fig. 4.7 are discussed
more closely because the ones for smaller trap voltages deviate from the expectation and
show hints for the existence of surface charges on the microstructured capacitor plates,
as already mentioned in Sec. 3.1. As one can see from the simulated distributions,
the curves are expected to scale with the applied trap voltage. However, the relative
widths of the distributions increase and a slight shift of the peak is observable for small
voltages. In particular, reducing the voltage by a factor of four from Vtrap = ±400 V
to Vtrap = ±100 V [Figs. 4.7(b) and (c)] still reduces the strength of the homogeneous
field by the same factor, but it narrows the width only by a factor < 2. This effect is
even more pronounced when the voltage is halved once more to Vtrap = ±50 V [see also
Fig. 4.9(b)]: While foffset scales as expected, the width is not compressed noticeably
anymore. This is attributed to surface charges on the electrode microstructure. Thanks
to the installation of the new trap (Sec. 3.1.2) these hints for surface charges appeared
at a substantially reduced voltage in the experiments with formaldehyde facilitating
cooling to much lower temperatures. Nevertheless, the observations were one of the
reasons for not attempting to cool formaldehyde molecules to even lower temperatures
with the present setup.

Lifetime of cooled molecules in the trap. The section on the trapping potential is a
suitable place to list the measured values for the lifetime of cooled molecules in different
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Vtrap (V) final (fRF − foffset) 1/e decay time (s)

±1500 1074 MHz 26± 1
189 MHz 34± 1
22 MHz 57± 2 [61± 3]

±400 5.4 MHz 21± 1 [57± 2]
±100 3.1 MHz 30± 2 [45± 3]

Table 4.2: Lifetime of molecules in the trap after different cooling sequences.
Molecules are prepared in the state |0; 3, 3, 3〉 and stored with the voltage configuration
which was used in the final cooling step. The measurement sequence is identical to the
one used for Fig. 3.3 (third and fifth data set in the table). Continuous optical pumping to
|0; 3, 3, 3〉 increases the decay time for low trap voltages (decay constants in parentheses,
see Sec. 3.1.4).

trapping potentials (see Table 4.2). The measurement procedure and important effects
determining the lifetime were already discussed in Sec. 3.1.4. In particular, it was noted
before that the lifetime of molecules in the trap depends non-trivially on their kinetic
energy and the trap voltage applied for storage, as seen here as well.

4.2.4 Unloading cooled molecules from the trap

As a final step of the experimental sequence molecules have to be unloaded from the
trap and counted with the QMS. In general, this requires optimization of the trapping
voltages during unloading. Apart from that, presently, very cold molecules can only be
detected with the QMS, if the ensemble is parametrically heated before unloading. In
this section, both aspects are discussed.

In order to efficiently extract the molecules from the trap and guide them to the
ionization volume of the QMS, the electric fields in the trap and the quadrupole guide
have to be adjusted to the kinetic energy of the molecules and to the Stark shift of the
rotational state or set of states [Zep12, Glö15b] (detailed description in Ref. [Eng13]).
On one hand, a small confining electric field strength leads to losses of hotter molecules.
On the other hand, a higher electric field strength reduces the probability for colder
molecules to find the trap exit hole to the QMS.

To optimize the trap voltage applied during unloading we usually measure the inte-
grated unloading signal with varying voltages applied. For unloading, a higher offset

electric field between the capacitor plates, i.e., Voffset = 1
5V

(u)
µ is applied because it was

found that during molecule extraction (as opposed to storage) a higher offset electric
field increases the molecule signal.

Data for optimizing the unloading voltage for a few cooling sequences is shown in
Fig. 4.8. Looking at the more energetic molecular ensembles at first (cooling stopped
at higher frequency fRF − foffset), we note that the optimal unloading voltage shifts
towards lower values as the molecules are cooled further, satisfying the expectation. In
particular, both the left and right flanks of the curves are shifted. For the three coldest
ensembles, however, where the optimal unloading voltage based on scaling should be
considerably smaller than 200 V, only the right flank of the curve shifts and we observe
a dramatic decrease in signal. Apparently, the unloading efficiency drops abruptly if
molecules are cooled further.
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Figure 4.8: Unloading molecules from the trap. Molecule signal vs. trap voltage

±V (u)
µ (with Voffset = 1

5V
(u)
µ , cf. Table 3.1) applied during unloading for various cooling

sequences. Here, the molecules were not prepared in |0; 3, 3, 3〉. Instead, we measured
the signal of molecules populating the states |0; {3, 4}, 3,M〉. Solid lines are guides to
the eye and keys specify when cooling was stopped.

The reason for this drop in efficiency lies in the QMS itself. In the QMS, molecules
are ionized by bombardment with an electron beam and the emerging molecular ions
are guided, filtered, and counted. For electron acceleration and ion collection static
voltages are applied in or around the ionization volume. There is strong experimental
evidence that very cold and thus slow molecular beams are deflected from the ionization
volume by the resulting electric fields inhibiting molecule detection. The measurements
leading to this conclusion are summarized in Appendix C.2. Unfortunately, the present
setup does not allow adjustment of the QMS electric fields in a way which permits
efficient electron-impact ionization and detection of slow molecular beams at the same
time.

Efficient unloading and detection of colder ensembles in the trap is possible by para-
metrically heating the molecules directly before trap unloading, using the following
sequence. Rapidly ramping to an increased offset electric field in one half of the
trap [Eng11] with the other half remaining at the usual offset allows molecules re-
siding in the region with higher field to roll down an electric field gradient and be
accelerated. After a hold time of 50 ms, the configuration of offset electric fields in the
two halves of the trap is reversed. In total, we switch the offset electric fields 20 times
during 1 s, with the ramps performed in about 1 ms. Molecules which were sufficiently
cold initially thereby gain enough kinetic energy to be optimally unloaded from the

trap at a voltage of V
(u)
µ = ±200 V. With parametric heating applied, a dramatic loss

in signal for a final cooling frequency of (fRF − foffset) < 189 MHz is no longer observed,
showing that the severe losses without heating are caused during unloading and not
during cooling. However, the heating also causes some losses.

Parametric heating is applied for sequences with final (fRF − foffset) < 189 MHz. Af-
ter heating, all molecular ensembles have approximately the same energy distribution,
independent of how far they have been cooled before. This was verified by record-
ing energy distributions for different cooling sequences after heating (Appendix C.3).



4.3 Experimental cooling results 81

Therefore, all ensembles can be unloaded with a fixed set of unloading voltages after
heating.

Note that the deflection of slow molecular beams from the QMS ionization volume
might explain why higher molecule signals have been observed with a larger offset

voltage Voffset = 1
5V

(u)
µ . Due to the higher offset field in the trap molecules are slightly

accelerated while they transition from the trap to the quadrupole guide, increasing
the chances of the molecules to overcome the potential barrier around the ionization
volume of the QMS.

A final interesting feature in Fig. 4.8 is the fact that from (fRF − foffset) = 1074 MHz
to (fRF − foffset) = 268 MHz, we observe an increase in signal for optimal unloading
voltage. This is observed despite an expected decrease in molecule number due to losses
during additional cooling. However, the increased signal can be explained by a higher
detection efficiency in the QMS for slower molecules since the ionization probability is
proportional to the inverse velocity (see also Sec. 4.3.3).

4.3 Experimental cooling results

This section is devoted to the characterization of the molecular ensemble produced after
the full optoelectrical Sisyphus cooling sequence shown in Fig. 4.4. The obtained data
represents the key experimental achievements of this thesis work. Comparison of the
fully cooled ensemble with molecules produced with modified experimental sequences
will reveal some characteristics of the cooling method and numbers for the cooling
factor and the increase in phase-space density.

The results are presented in the following order: At first, the energy distribution
of the molecules (Sec. 4.3.1) and the influence of the offset potential energy on it
(Sec. 4.3.2) are examined. In order to measure the number of molecules unloaded from
the trap, the sensitivity of the QMS used for detection has to be calibrated (Sec. 4.3.3).
Then, the cooled molecular ensemble is compared to an uncooled reference in Sec. 4.3.4.
Finally, we investigate the internal-state purity in Sec. 4.3.5.

4.3.1 Final temperature

Optoelectrical Sisyphus cooling is not expected to produce a thermal ensemble of mo-
lecules. Furthermore, the trapped gas is dilute, inhibiting quick thermalization (see
also outlook, Ch. 6). Therefore, the temperature of the ensemble is not defined strictly.
To assign a number to the cooled gas nonetheless, the energy distribution is measured
using RF knife-edge filters as explained in Sec. 4.1. Scanning the filter frequency fknife

and recording the remaining signal of trapped molecules yields an integrated distribu-
tion of the total molecular energy. After careful consideration of the offset potential
energy, a value for the median kinetic energy energy is extracted from the data.

The inset of Fig. 4.9(a) shows the remaining signal in the state |0; 3, 3, 3〉 vs. fknife.
To address the issue of offset subtraction, the energy distribution is measured for two
distinct trap voltages: Vtrap = ±100 V, the trap potential present in the final two
cooling steps, and Vtrap = ±50 V. In both cases, a knife with fknife ≈ foffset, resonant
to the offset of the box-like potential, depletes all molecules from the trap as expected.
With rising knife frequency we observe steeply rising flanks which are clearly separated
due to the different potential energy offsets. At higher frequencies a slight further
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Figure 4.9: Measurement of the kinetic energy via RF knife-edge filters. (a) In-
tegrated energy distribution of the fully cooled molecules. The inset shows the signal
of molecules remaining in the state |0; 3, 3, 3〉 vs. fknife, with the filter applied with two
distinct trap voltages. The dashed lines mark the potential energy offset foffset, which
is 11.9 MHz (5.7 MHz) for Vtrap = ±100 V (Vtrap = ±50 V). The main panel shows the
same data vs. kinetic energy, normalized to the signal without an RF knife and on a
narrower horizontal scale. The solid line represents an integrated Boltzmann distribu-
tion for a temperature of 420 µK. (b) Measured and simulated electric-field distributions
for the two relevant trap voltages used to determine foffset (cf. distributions for higher
voltages in Figs. 3.2 and 4.7).

increase towards the data point without RF knife is visible. Those molecules, about
10 % of the ensemble, were not cooled efficiently in the last cooling steps and therefore
have a much higher kinetic energy than the vast majority of the fully cooled ones. If
necessary, this high-energy part of the molecular ensemble could be removed from the
trap by applying a suitable RF knife.

To obtain a kinetic energy distribution from the measurement, the contribution of
potential energy has to be considered. To this end, the trap potential is treated as
box-like. Systematic errors caused by this simple approach will be investigated in
the subsequent section. They are smaller than the statistical uncertainty of the data.
The offset potential energy, Mhfoffset, extracted from the measured electric-field dis-
tributions [Fig. 4.9(b)], is subtracted. Consequently, we find for the kinetic energy
Ekin = Mh (fknife − foffset). The measured data with the offset potential energy sub-
tracted is shown in the main panel of Fig. 4.9(a). Normalized to the signal without RF
knife, the two curves obtained with different trap voltages show a good overlap. This
is expected from the fact that the subtraction of a well-defined offset potential energy
should not influence the kinetic energy distribution.

From the data, a median kinetic energy of Ekin = 3
2kB (420± 90) µK is computed,

with the factor of 3 accounting for the three translational degrees of freedom in a
box potential. The energy at which half of the molecular ensemble is depleted was
determined by fitting the curve for Vtrap = ±100 V with a linear slope in the vicinity of
this kinetic energy. As a comparison, we additionally plot a Boltzmann distribution for
a temperature of 420 µK. The good agreement of thermal distribution and measured
data supports the interpretation of Ekin/

(
3
2kB

)
as an approximate temperature.
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Figure 4.10: Kinetic energy distributions for three cooling sequences. The
integrated energy distributions were measured with RF knife-edge filters at a trap voltage
of Vtrap = ±100 V [cf. Fig. 4.9(a)]. The experimental sequence is equal to the one
summarized in Fig. 4.4, with cooling stopped two and four steps earlier for two of the
data sets. The data for the coldest ensemble is identical to Fig. 4.9(a). Again, the
solid lines show integrated Boltzmann distributions for the specified temperatures which
correspond to the determined median kinetic energy for the respective molecule sample
(see Table 4.3).

The same procedure was carried out for three shorter cooling sequences producing
molecular ensembles with higher energy. For these, the frequency fknife,median of the
RF knife removing the more energetic half of the molecules and the deduced median
kinetic energy in units of mK are given in Table 4.3. The results confirm the order-
of-magnitude estimate for the final kinetic energy after cooling made in Sec. 4.2.2:
Efinal ' 3h (fRF − foffset). Furthermore, the data shows that the molecular kinetic
energy is approximately halved every two cooling steps. Note that the deviation of
the measured energy distribution from a Boltzmann distribution is larger for more
energetic ensembles. In fact, the measured distributions are narrower than a thermal
distribution for molecules cooled to intermediate energies, as shown in Fig. 4.10 for two
of the ensembles with larger energy.

final (fRF − foffset) fknife,median − foffset median Ekin

(MHz) (MHz) (3/2 · kB mK)

45 37± 6 3.5± 0.6
20 19± 1 1.8± 0.1
5.4 9.2± 0.6 0.89± 0.05
3.1 4.4± 1.0 0.42± 0.09

Table 4.3: Median kinetic energy after a varying amount of cooling. The
experimental sequence is identical to the one summarized in Fig. 4.4, with cooling stopped
earlier for the three uppermost data sets. From top to bottom, each measurement probes
a cooling sequence prolonged by two cooling steps at a time.
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4.3.2 Subtraction of the offset potential energy

For the previously presented energy measurements the simple assumption of a box
potential was used to subtract a large amount of offset potential energy. In this section,
the validity of the approach is investigated considering also the measured, actual trap
potential which deviates slightly from a perfect box (Sec. 3.1.3).

First, we assume a molecular temperature of T = 420 µK and calculate thermal
energy distributions for the two trap voltage configurations relevant to the measurement
and compare the result to the case of a simple box potential. A Boltzmann distribution
p (E) dE in a given potential V (E) is calculated as

p (E) dE = a

∫ E

0
V
(
E′
)

exp

(
− E

kBT

)√
E − E′dE′. (4.5)

Here, V (E) is given by the measured electric-field distribution in the trap and a is
a normalization factor. The exponent is the Boltzmann factor and

√
E − E′dE′ the

phase-space element in units of energy [cf. Eq. (4.4)]. To simplify comparison with the
measured data, the integrated Boltzmann distribution

f (E) =

∫ E

0
p
(
E′
)

dE′ (4.6)

is investigated. The resulting distributions for Vtrap = ±100 V, Vtrap = ±50 V, and
a box potential with a perfectly defined offset are plotted in Fig. 4.11(a). The close
proximity of the curves already indicates that the simple assumption of a box potential
is useful. The deviation from the curve assuming a box potential is smaller for the
lower trap voltage, because the offset potential energy accounts for a smaller fraction
of the total molecular energy.

With the RF knife-edge filter the total molecular energy is probed. Therefore, as
a second consideration, we calculate the mean kinetic energy 〈Ekin〉 for a given total
energy E0 and potential shape V (E). It is given by

〈Ekin〉 (E0) =

∫
V (E) (E0 − E)

3
2 dE∫

V (E)
√
E0 − EdE

. (4.7)

In this relation, the enumerator is proportional to the phase-space volume Ω of a
particle with total energy E0 and kinetic energy (E0 − E) [Eq. (4.4)]. Dividing Ω
by the contribution of the potential alone, the denominator in Eq. (4.7), yields the
mean kinetic energy as specified. The resulting dependency 〈Ekin〉 (E0) is shown in
Fig. 4.11(b) for Vtrap = ±100 V and a simple box potential. The two lines basically
overlap for larger total energies (large fknife). As expected, deviations are visible for
energies close to or below the offset potential energy given by the peak of the electric-
field distribution. The function 〈Ekin〉 (E0) for Vtrap = ±100 V is not monotonically
increasing close to the offset region because compression of the gas to a total energy
below foffset would lead to adiabatic heating. The molecules are faster in the small-field
dimples than they are above the offset potential where an ample volume with constant
potential energy is available.

Nevertheless, these details only slightly affect the determination of the molecular
kinetic energy as performed in the previous section. For the median total energy of the
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Figure 4.11: Influence of the trapping potential on the measured kinetic en-
ergy. (a) Integrated Boltzmann distributions (in frequency units for the state |0; 3, 3, 3〉)
for a temperature of 420 µK in different potential landscapes, namely the actual trap
potentials given by the measured electric-field distributions for the respective trap volt-
age [Fig. 4.9(b)], and a perfect box potential. The latter curve is equal to the dis-
tribution plotted in Fig. 4.9(a). (b) Mean kinetic energy for a given total energy for
Vtrap = ±100 V and a box potential. To simplify comparison to the knife-edge filters, the
horizontal energy axis is chosen in units of frequency (for the molecular state |0; 3, 3, 3〉).
fknife,median for the coldest molecular ensemble is marked with the corresponding statis-
tical error (shaded area). The mean kinetic energies one obtains for a total energy given
by fknife,median with different assumed potentials are specified by the horizontal lines.
The gray curve shows the measured electric-field distribution for Vtrap = ±100 V (right
vertical axis) with the white line specifying foffset.

coldest produced molecular ensemble one obtains values for the mean kinetic energy
which lie within each others statistical measurement uncertainty (see figure). The
situation plotted in Fig. 4.11(b), i.e. consideration of a sample of molecules with a
kinetic energy substantially smaller than the offset potential energy, is the one in which
the assumption of a perfect box potential induces the largest systematic error for a
kinetic energy measurement. The error is smaller for smaller trap voltages, i.e. smaller
offset potential energies, as well as for larger molecule energies with an unchanged
potential. The results of this section show that the simplified subtraction of the offset
potential energy and the assumption of a box potential is acceptable.

4.3.3 Counting trapped molecules: calibration of the detector

To determine the number of cooled molecules, the sensitivity of our detector, the QMS,
has to be calibrated. With the procedure described here, the number of molecules
unloaded from the trap can be determined. The result is estimated to be accurate to
within a factor of 2.

For the calibration, the following parameters of the molecular beam exiting the trap
have to be determined. A given molecule traversing the ionization region of the QMS
has a low ionization probability. Therefore, the QMS count rate s is proportional to
the number density of molecules in the ionization region, n, independent of molecule
velocity, i.e. s = C · n. The coefficient C quantifies the sensitivity of the QMS. The
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number of molecules N leaving the trap is then equal to

N = S ·A · v · 1

C
. (4.8)

Here, S is the background subtracted signal (counts) measured by the QMS and inte-
grated over the time of unloading. A is the area of the molecular beam at the QMS
and v is the velocity of molecules in the QMS.

Most of the quantities in Eq. (4.8) can be obtained easily and relatively accurately.
The integrated signal S is measured directly and the beam area A is measured by
varying the position of the QMS [Mie10]. The velocity v is extracted from the median
energy of molecules in the trap measured via RF knife-edge filters after heating them
for efficient unloading and based on the fact that the potential energy of molecules is
entirely converted to forward kinetic energy before molecules enter the QMS.

The greatest difficulty in measuring the number of molecules exiting the trap origi-
nates from the need to determine the sensitivity coefficient C of the QMS. In principle,
this is measured by applying a constant pressure of gas at room temperature to the
QMS vacuum chamber, and measuring the QMS count rate while monitoring the pres-
sure with a Bayard-Alpert gauge. This procedure suffers from several problems. First,
even taking into account gas correction factors, the specified accuracy of our Bayard-
Alpert gauge is at best 20 %. Second, since a titanium sublimation pump attached to
the system cannot easily be turned off, a constant input stream of gas is needed to
maintain a constant pressure. It is thus not clear if the pressure at the QMS is equal
to the pressure at the Bayard-Alpert gauge. Finally, depending on the molecule, frag-
mentation in the QMS and in the Bayard-Alpert gauge can lead to a substantial partial
pressure of fragments in the vacuum chamber which distorts the result. To reduce the
third effect, the sensitivity coefficient of the QMS was measured for oxygen and nitrogen
and the value for formaldehyde was extrapolated based on ionization cross sections and
fragmentation probabilities for electron impact ionization from the literature [Kim04,
Lin15]. The sensitivity coefficient for formaldehyde obtained from nitrogen differs from
the one obtained from oxygen by about 15 %, which we attribute to the sources of
error identified above. The exact procedure and data used to determine the sensitivity
coefficients are summarized in Appendix C.4.

Obtaining the overall error for the molecule number N is difficult since the main
source of error, from the sensitivity coefficient C of the QMS, is hard to quantify, as
discussed above. As a conservative value, it is estimated that the number of molecules
exiting the trap is determined to within at least a factor of two. Note that when
comparing different ensembles in the trap, the effect of the sensitivity coefficient cancels,
so that relative populations can be determined much more accurately.

The calibration of the molecule number N was performed twice—for the ensemble
generated with the full cooling sequence and for an uncooled reference ensemble. The
key results are discussed in the next section.

4.3.4 Number of molecules and cooling factor

Optoelectrical Sisyphus cooling can deliver large numbers of cooled molecules as will
be shown now. Then, key figures of the ensemble of cooled molecules are compared to
a reference of uncooled molecules in order to quantify the amount of cooling observed
in the presented experiments.
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Cooled molecules Reference ensemble

Temperature (mK) 0.42± 0.09 460± 23
Number of molecules N 3× 105 1× 106

Rotational states |0; 3, 3, 3〉 |0; 3, 3,M〉
Number density n (cm−3) 1× 105 4× 105

Phase-space density 5× 10−13 4× 10−17

Velocity in QMS (m/s) 5.1± 0.9 19.5± 0.5
Integrated signal S (counts) 131± 5 108± 2
Detection efficiency N/S 4× 10−4 1× 10−4

Table 4.4: Comparison of cooled molecules to a reference ensemble. The cooled
molecules are produced according to the sequence of Fig. 4.4. The uncooled reference
ensemble consists of molecules unloaded from the trap after 18 s of trap loading and 2 s of
storage without any manipulation (except for state detection via MWD). Temperature
and velocity of the cooled molecules were determined with RF knife-edge filters, whereas
a time-of-flight measurement [Eng13, Pre12] was used for the reference ensemble for
technical reasons.

We find that 3×105 molecules are unloaded from the trap at the end of the full cooling
sequence. From this number and the previously determined approximate temperature
of 420 µK, the phase-space density can be calculated as ρ = nΛ3, with the number
density n and the thermal de-Broglie wavelength Λ = h/

√
2πmH2COkBT . Here, the

volume of the trap is 0.3×2×4 cm3 (Sec. 3.1.1). The outcome and other characteristic
quantities of the cooled molecular ensemble are listed in Table 4.4 and compared to
the following reference. Unloading molecules from the trap after 18 s of trap loading
and 2 s of storage without any manipulation, results in detection of 106 molecules with
a temperature of about 460 mK in the rotational states |0; 3, 3,M〉. The comparison
yields a reduction of kinetic energy by a factor of 1000 and an increase in phase-space
density (neglecting internal molecular states, i.e. the M sublevels of |0; 3, 3,M〉) of
about 104 caused by optoelectrical Sisyphus cooling.

With cooling to intermediate temperatures much larger ensembles can be produced.
This is shown in Fig. 4.12 where the integrated unloading signal is plotted vs. the
final effective RF for cooling of the last ten cooling steps. The relative signals can
be approximately related to molecule numbers using the sensitivity calibration for the
coldest molecular ensemble (lowest data point) because the unloading procedure involv-
ing parametric heating (Sec. 4.2.4) creates identical unloading and detection conditions
for all ensembles shown in the figure (Appendix C.3).

From the data one can also see that per decrease of the kinetic energy by a factor
of two (two cooling steps, two data points in the figure), a loss of signal of about 20
to 30 % is observed. These losses are caused by a prolonged trapping time and by
cooling itself. During the very last cooling step (lowest data point), larger losses are
seen. Attempts to add another step of Sisyphus cooling confirmed this trend making
further cooling with the present setup increasingly difficult. These losses at very low
molecule energies are attributed to technical imperfections which are discussed in the
final Sec. 4.4 of this chapter.
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Figure 4.12: Molecule signal in the state |0; 3,3,3〉 vs. final effective cooling
frequency. The effective cooling frequency is given by fRF − foffset + (∆fv −∆fIR) [cf.
Eq. (4.2)]. The experimental sequence is equal to the one shown in Fig. 4.4 except that
cooling was stopped earlier for the higher data points.

4.3.5 Internal-state purity

As a final characterization, the internal-state distribution after optoelectrical Sisy-
phus cooling is investigated now. Therefore, state detection via MWD is applied
(Sec. 3.3.1) directly after Sisyphus cooling or after subsequent optical pumping to the
state |0; 3, 3, 3〉. The obtained data is presented in Fig. 4.13 and discussed in the fol-
lowing.

Although molecules enter the trap in many different rotational states initially, after
Sisyphus cooling the majority of molecules populate only the highest ground-state M
sublevels involved in the cooling scheme, namely |0; 3, 3, 3〉 and |0; 4, 3, 4〉, owing to
two filtering effects. First, the lifetime of uncooled molecules is a lot shorter than
the duration of the cooling sequence such that molecules not being cooled get lost
quickly. Second, the RF for cooling which slowly drives transitions to lower lying M
sublevels acts on molecules in all rotational states. Molecules not addressed by the IR
laser will be lost due to induced RF transitions to untrapped states and the lack of
optical pumping to strongly trapped states. This is also observed in the rotational-state
distribution shown in Fig. 4.13(a): about 90 % of the trapped molecules populate the
states |0; {3, 4}, 3,M〉.

By appending the optical pumping scheme for preparation in |0; 3, 3, 3〉 (Sec. 3.3.3),
the molecules can be prepared in a single rotational M sublevel with high purity as
shown in Figs. 4.13(b) and (c). Some molecules remain in other rotational states
addressed by the state preparation scheme, |0; {4, 5}, 3,M〉, whereas (5± 1) % are in
states which are not addressed by optical pumping at all. Combining the J and M
distributions, (83± 3) % of the ultracold molecules are measured in the target state
|0; 3, 3, 3〉. It is noted that with a careful combination of optical pumping and state-
selective depletion it should be possible to obtain even higher purities (cf. Sec. 3.3).

Majorana flips to lower M sublevels. The state detection techniques employed here
allow a detailed investigation of loss mechanisms from the trap and the time evolution
of rotational-state distributions. While no systematic studies in these directions were
performed, a final experimental observation indicating Majorana flips to lower M sub-
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Figure 4.13: Rotational-state distribution after optoelectrical Sisyphus cool-
ing and state preparation. State detection is performed via microwave deple-
tion (MWD, Sec. 3.3.1) after the full cooling sequence excluding RF knife-edge filters.
(a) J distribution directly after cooling. Molecules in the set of states |0; J={3, 4}, 3,M〉
populate mainly the highest M sublevels of the two J states due to optical pumping to
strongly trapped states which is part of Sisyphus cooling. (b) J distribution after Sisy-
phus cooling and state preparation in |0; 3, 3, 3〉 as explained in Sec. 3.3.3. (c) Distribu-
tion over the M sublevels of |0; 3, 3,M〉 after Sisyphus cooling and state preparation: the
vast majority of molecules populates the highest M sublevel. In combination, (83± 3) %
of the molecules are measured in the single rotational state |0; 3, 3, 3〉.

levels is discussed. The population of M sublevels of the rotational state |0; 3, 3,M〉
which is plotted in Fig. 4.13(c) was measured directly after state preparation. If the
measurement is performed after 5 s of storage and waiting time, the distribution al-
ready has changed: only (80± 3) % of the signal originates from the highest M = 3
level, whereas (16± 2) % and (4± 2) % of the molecules are measured in M = 2 and
M = 1, respectively. At the same time, about 20 % of the molecules were lost from
all the states |0; 3, 3,M〉. At least part of the Majorana transitions and losses can be
suppressed by continuous optical pumping to a strongly trapped state as indicated in
Sec. 3.1.4. This demonstrates once more that optical pumping, and in general control
over the internal molecular state is useful for electric trapping of molecules.

4.4 Discussion and outlook

It was demonstrated that optoelectrical Sisyphus cooling is capable of producing large
ensembles of ultracold (T < 1 mK) polar molecules. By applying the method to for-
maldehyde (H2CO) it was shown that even simple species of the most general class of
molecules, asymmetric rotors, can be cooled to low temperatures and controlled to a
very high degree: 300,000 molecules are held in the trap, with a temperature of about
420 µK and populating a single rotational state with a purity of over 80 %. Moreover,
the method relies on rather general properties of polar molecules and should therefore
be applicable to other species [Zep09].

The results were achieved with a simple and robust technique and, thus, should
also be usable in other experiments. The method is simple because it requires only
a single laser, a single microwave, a single RF source and an electric trap which can
be reproduced easily. The scheme was implemented in a robust experimental setup
which was routinely operated 24 hours a day and where the experimental sequences are
remote-controlled.
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At present, the achieved temperature is limited by technical imperfections which
was suggested by increasing losses in the last cooling step and characterization mea-
surements of the trap electric fields. First, the roughness of the offset electric field is
larger than expected for low trap voltages and does not further decrease when lowering
the applied voltages. There are strong experimental hints that the disturbed electric
fields are caused by surface charges on the microstructured capacitor plates of the trap.
These imperfections, however, now appear at considerably lower voltages than before
and hence could be reduced substantially. The issues could be overcome with an im-
proved manufacturing process for the microstructured electrodes which delivers good
high-voltage performance without a dielectric coating on the electrodes. Investigations
in this direction are ongoing in our group [Kro14]. Second, measurements suggested
that the coldest molecules are heated in the trap at a slow rate, possibly due to im-
perfect voltage sources. New devices with better specifications are already available
in the laboratory and are awaiting tests. Furthermore, a different detection setup (see
outlook, Ch. 6) would eliminate the need for parametric heating and, thus, a technical
source of molecule losses.

More fundamentally, cooling can be improved in the following ways. The experimen-
tal tools explained in this and the preceding chapter allow for detailed characterization
measurements. Developing a full simulation of the optoelectrical cooling process in
the electric trap in close relation to experimental observations could yield a quanti-
tative understanding of losses during cooling and might allow a reduction of the very
same. Additionally, the electric trap itself causes losses. Despite the observation of
record trapping times with 1/e decay times up to one minute, promising ideas for an
improved design of the microstructured electrodes already exist [Zep13] and could lead
to even better trapping and thus larger ensembles of molecules. Although a number
of new characterization measurements for trap loading were presented in this chapter,
the process is not entirely understood yet. In particular, it is still unclear whether the
number of molecules loaded into the trap is limited by technical effects or by physical
properties of the molecules, e.g., by collisions. Systematic measurements could provide
a deeper understanding of this part of the sequence and open up ways to enlarge the
initial sample of molecules available for cooling. Note that the temperature limit Tgrav

below which formaldehyde molecules do not possess enough kinetic energy to cover the
height of 3 mm in gravity any more is close: Tgrav = 71 µK [cf. Eq. (3.2)]. The mi-
crostructured capacitor plates of the trap are separated by this distance in the present
setup. Well below that temperature it is likely that slow diffusion of molecules between
different regions of the trap will make optoelectrical Sisyphus cooling to even lower
temperatures hard with the current apparatus, demanding an extension of the setup
(Ch. 6).

Despite the imperfections and possible improvements, the achieved temperatures
and molecule numbers enable further experiments already now. For example, the low
velocity of the cooled molecules of ∼ 0.6 m/s is ideal for high-resolution spectroscopy.
In this direction, a first proof-of-principle experiment on precision spectroscopy in the
electric trap is presented in the next chapter. Further exciting research possibilities for
our experiment and ultracold formaldehyde molecules are discussed in the outlook of
this thesis (Ch. 6).



5 Doppler-limited high-resolution
spectroscopy on trapped molecules

The majority of this thesis work and the preceding chapters of this text focused on
the development of cooling and control techniques for electrically trapped, polyatomic
molecules. The final experimental part of the thesis presents a technique and first
results for high-precision spectroscopy on electrically trapped molecules. On the one
hand, this project is closely connected to the remaining experiments because it makes
use of the same setup and all of the previously developed techniques. On the other
hand, it also stands on its own to some extent since it tackles a separate problem,
namely measuring a spectral line very accurately, which can in principle be approached
from many different directions. Therefore, this chapter begins with an introduction to
precise spectroscopy with molecules and its applications, as it was promised back in
Ch. 1, before reporting on the results obtained in this thesis.

5.1 Introduction

Precise measurements of atomic transition frequencies, which now reach relative ac-
curacies below 10−17 [Ros08], have enabled groundbreaking progress in science and
technology, ranging from optical atomic clocks [Lud15] to tests of fundamental physical
theories [Gri09]. Despite the lower accuracy achieved with spectroscopic investigations
of molecules so far, the structure and symmetry of molecular systems can often pro-
vide a more sensitive probe of fundamental physics [Ste14, DeM17]. For example, in
the search for physics beyond the standard model and time-symmetry violating in-
teractions, experiments on ThO molecules [Bar14a, Bar17] and 180Hf19F+ molecular
ions [Cai17] now provide the most precise upper limit for a permanent electric dipole
moment (EDM) of the electron. Molecules are also used to test parity violation [Dau99,
DeM08, Qua11, Cah14, Die15, Tok17], measure fundamental constants [Dau07, Mej15,
Bie16], as well as their possible time variation [Hud06b, She08, Bag13, Tru13]. More-
over, precise knowledge of molecular constants is required in, among other fields, cold
chemistry and collision studies, and for the interpretation of astrophysical spectra, a
research area where formaldehyde is of immense importance (Sec. 1.1).

In order to achieve the demanded accuracy, isolation from the environment as well
as cooling and control of all degrees of freedom of the molecules, internal and exter-
nal, is often required. So far, the lowest temperatures and the highest level of con-
trol of ensembles of molecules have been achieved with ‘indirect’ production methods
(Sec. 1.2), i.e. by forming molecules from laser-cooled atoms via photoassociation or
magneto-association. From this active field of research two recent results demonstrate
the potential for performing precise spectroscopy with such molecules. By driving Rabi
oscillations between different vibrational states of photoassociated Sr2 molecules con-
fined in an optical lattice, line widths on the order of 100 Hz were measured [McG15].
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With ground-state 23Na40K molecules produced via magneto-association and held in a
crossed-beam dipole trap, a coherence time on the order of one second was observed
for nuclear spin states [Par17]. However, the range of molecular species to which these
techniques are applicable is limited, mostly to bialkali dimers and related constituent
atoms, and for most of the applications introduced above other species are more suit-
able. Therefore, ‘direct’ cooling techniques (Sec. 1.3) are more relevant for the prepa-
ration of molecule ensembles for spectroscopy and potentially applicable to a much
larger range of species. These ‘direct’ cooling and preparation techniques for high-
resolution spectroscopy, their current status, and representative spectroscopic results
are summarized in a recent review article [Wal16].

So far, most spectroscopic experiments with neutral molecules probing fundamental
physics or measuring transition frequencies with high resolution use beams of cold par-
ticles, limiting the interrogation time to ∼ milliseconds as, for instance, in Refs. [Vel04,
Hud06b, Tru13, Bar14a, Nij14, Cah14]. Longer interaction times can be achieved by
launching cooled or decelerated molecules in a fountain geometry [Bet08, Tar13]. A
molecular fountain of ammonia (14NH3) molecules with a free fall time of 266 ms was
demonstrated experimentally [Che16] but not yet used for spectroscopy. Ultimately,
for very long interaction times and hence high accuracy, however, spectroscopic exper-
iments with directly cooled and trapped molecules are desired [Wal16, Koz17b]. The
possibly very long interrogation time comes at the expense of Stark or Zeeman shifts
of the molecular energy levels, broadening spectral lines if no additional measures are
taken. Therefore, up to the year 2016 no precision spectroscopy had been performed
on trapped molecules produced with ‘direct’ methods [Wal16].

In this chapter, we combine techniques well-known from atomic clocks [Ye08], i.e.
the choice of a ‘clock’ transition with vanishing first-order differential Stark shift and
measurement at a ‘magic’ electric field with minimal residual Stark broadening, with
the experimental toolbox developed throughout this thesis to accurately investigate a
rotational microwave (MW) transition of formaldehyde. Our box-like electric trap, the
low temperatures achieved with optoelectrical Sisyphus cooling, and the high level of
rotational-state control give ideal conditions for precise spectroscopy. Here, the primary
motivation for this work is to find out how accurately we can probe molecular transition
frequencies with the current experimental apparatus.

In particular, Doppler-limited precision spectroscopy on electrically trapped and
cooled formaldehyde molecules is shown as a first application of optoelectrical Sisy-
phus cooling. By choosing the rotational ‘clock’ transition |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 and
tuning the trapping fields to a ‘magic’ offset electric field, line widths down to 3.8 kHz
are observed. The developed simulations fit the observed spectra and explain their
shape. Experimentally, the line position can be determined with sub-kHz statistical
uncertainty. However, the calculations of the differential Stark shift are less accurate,
limited by the precision of the rotational constants [Brü03]. Nevertheless, a relative
uncertainty of 10−8 is reached for both line width and position. The observed precision
is not yet better than what is achieved with conventional techniques employing molec-
ular beams. Nevertheless, this proof-of-principle experiment for the first time trans-
ferred successful techniques for precision spectroscopy in traps from atoms and simple
diatomic molecules to cooled and electrically trapped polyatomic molecules. Further-
more, a clear path towards narrower spectra opens up a way towards spectroscopy
experiments of unprecedented precision for this class of molecules.
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The remaining chapter is structured as follows. In Sec. 5.2 it is shown how Stark
broadening is reduced to the sub-kHz level for the chosen transition by adjusting the
offset electric field in the trap. A numerical simulation of the spectral shape, given
by Stark broadening and the energy distribution of the trapped molecules, is devel-
oped in Sec. 5.3. Then, Doppler-limited spectroscopy results for trapped formaldehyde
are presented in Sec. 5.4. Fits of the simulated spectra to the data demonstrate a
good understanding of the experiments. We also discuss technical effects which inhibit
spectroscopy measurements on the coldest molecular ensembles at the ‘magic’ electric
field with the current experimental sequence. Finally, prospects for obtaining narrower
spectra are examined in Sec. 5.5.

5.2 Eliminating Stark broadening

Electric or magnetic traps by definition rely on inhomogeneous electromagnetic fields
in order to confine the molecules. Hence, spectroscopic lines of trapped molecules are
usually broadened by Stark or Zeeman shifts and a reduction or the elimination of such
a line broadening is a major challenge on the way towards precise spectroscopy. To
achieve good trapping conditions in our electric trap, we prefer to work with molecules
in internal states with a large (linear) Stark shift. Therefore, the differential Stark shifts
usually depend linearly on the electric-field strength and line widths are dominated by
Stark broadening. In fact, this feature has been exploited to measure the electric-field
distribution in the trap (Sec. 3.1.3 and Appendix B). Thus, even in our box-like trap,
Stark broadening amounts to several MHz for most transitions and scales with the
differential Stark shift. To measure a narrow spectral line with trapped molecules, the
differential Stark shift of the chosen transition should be small, while the initial and
final states should, of course, be trapped, i.e. have sizable individual Stark shifts. In our
approach, Stark broadening is essentially eliminated with two measures: by selecting
a transition with vanishing first-order differential Stark shift and by tuning the offset
electric field in the trap to a ‘magic’ value where the remaining (quadratic) differential
Stark shift is minimal and hence the residual Stark broadening is minimized.

First, the conditions for vanishing first-order differential Stark shift ∆ν
(1)
s are exam-

ined.

∆ν(1)
s =

E
h

(
µ′

K ′M ′

J ′ (J ′ + 1)
− µ KM

J (J + 1)

)
(5.1)

is obtained from the formula for the linear Stark shift emerging from first-order per-
turbation theory for symmetric-top-like rotational states [Eq. (2.16)], with the electric-
field strength E , the potentially state-dependent electric-dipole moment µ, and the
rotational quantum numbers of the initial and final rotational states. Evidently, a

M = 0 ↔ M ′ = 0 transition would trivially eliminate ∆ν
(1)
s . However, the initial and

final molecular states would not be trapped then. Small differential Stark shifts can
be observed for ∆J,∆K,∆M = 0 vibrational transitions connecting trapped states, as
we have already seen in Sec. 3.3.2. Yet, for the vibrational mode we are presently able
to excite in formaldehyde, the dipole moments of the ground and excited vibrational
states differ significantly, causing a reduced but still linear Stark shift. Moreover, very
precise vibrational spectroscopy would require a more accurate frequency stabilization
of our infrared laser. Restricting ourselves to purely rotational, electric-dipole-allowed
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Figure 5.1: Level scheme for precision spectroscopy. The transition |0; 4, 3, 2〉 ↔
|0; 5, 3, 3〉 fulfills the condition for vanishing first-order Stark shift. This is seen from
the fractional first-order Stark shifts νs/νmax = νs/ (µE/h) which are specified for the
involved states [cf. Eq. (2.16)]. After optoelectrical Sisyphus cooling and state prepa-
ration, the molecules populate the state |0; 3, 3, 3〉 with high purity (Sec. 4.3.5). The
spectroscopy signal is obtained by coupling the states |0; 3, 3, 3〉, |0; 4, 3, 2〉, and |0; 5, 3, 3〉
with microwaves (MW) as shown and measuring the signal of molecules originating from
the states |0; 5, 3,M〉 after application of the MW.

transitions between trapped, low-field-seeking states, ∆ν
(1)
s can also be eliminated by

choosing a J ↔ J ′ = J + 1, M ↔M ′ = M + 1 transition with the additional condition

K(M + 1)

(J + 1)(J + 2)
− KM

J(J + 1)
= 0 (5.2)

which translates to J being even and M = J/2. Many of these |0; J,K, J/2〉 ↔
|0; J+1,K, J/2+1〉 transitions with even J exist and one of them, |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉,
is already part of our state-detection and state-preparation schemes (cf. Fig. 2.10). We

pick this ‘clock’ transition with vanishing ∆ν
(1)
s for further investigations.

Spectroscopic measurements of the selected transition with cooled molecules can be
performed with the scheme shown in Fig. 5.1. Starting with the molecules prepared in
the state |0; 3, 3, 3〉, two MW frequencies transfer population to |0; 5, 3, 3〉 via the tran-
sition under investigation. State detection is applied to measure the signal originating
from molecules in |0; 5, 3,M〉. Spectroscopy on molecules cooled with the present level
scheme (Sec. 2.5) can only be conveniently performed in the |K| = 3 manifold of states
since transitions with ∆K 6= 0 are strongly suppressed (Sec. 2.2), making a transfer of
cooled molecules to other K-manifolds difficult.

In order to find the optimal electric-field configuration for the measurement, the re-
maining higher-order differential Stark shift of the chosen transition is investigated. It
is plotted in Fig. 5.2(a) and was calculated by numerically diagonalizing the full rota-
tional Hamiltonian in a static electric field using the rotational constants of Ref. [Brü03]
and the vibronic-ground-state electric dipole moment of 2.3321 Debye [Fab77]. As ex-
pected, the Stark shift is comparably small and features a minimum around which the
calculated shift varies only slightly even for big variations of the electric field. The
‘magic’ electric field for minimal Stark shift is 1.05 kV/cm. Tuning the trapping po-
tential such that the offset electric field Eoffset of the box-like potential is exactly at
this value minimizes the residual Stark broadening. The required trap voltage config-
uration and the resulting simulated electric-field distribution are shown in Fig. 5.2(b).
The desired Eoffset is higher than what is usually used for trapping and cooling, but it is
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Figure 5.2: Differential Stark shift of the transition |0; 4,3,2〉 ↔ |0; 5,3,3〉
in the ‘magic’ electric field. (a) Stark shift vs. electric field. The minimum is
marked with a dashed line in the inset. Around the minimum, the Stark shift varies
only slightly even for largely different electric field strengths. The differential Stark
shift was calculated by numerical diagonalization of the full rotational Hamiltonian with
electric-field interaction using the rotational constants of Ref. [Brü03] and the electric
dipole moment of Ref. [Fab77]. Note that the shift is specified relative to the zero-field
center frequency 364282.0125 MHz coupling the two inversion doublets in question (cf.
Table 5.2 and Sec. 2.4.3). (b) Simulated electric-field distribution with the desired offset
electric field (see also Sec. 3.1.3). The gray lines mark the electric-field range of the
inset of part (a). The applied trap-electrode voltages are specified. (c) Distribution of
differential Stark shifts in the trap for the chosen voltage configuration. Stark broadening
in the trap is reduced to well below 1 kHz for optimal experimental parameters.

accessible with the current trap (cf. Sec. 3.1). From the differential Stark shift and the
field distribution, the distribution of Stark shifts in the trap is calculated for the ‘clock’
transition in the ‘magic’ trapping configuration [see Fig. 5.2(c)]. Evidently, the choice
of parameters results in a very narrow distribution and Stark broadening is reduced to
the sub-kHz level. Furthermore, the asymmetry of the distribution of Stark shifts and
hence of the expected spectral line shape, with the steep cutoff due to the minimum of
the differential Stark shift, allows for a precise measurement of this minimal shift. The
minimum originates in the interplay of two effects: the inversion splitting which domi-
nates the differential Stark shift for small electric fields and the quadratic, second-order
Stark shift observed at high electric fields. Thus, the ‘magic’ electric field for minimal
Stark shift strongly depends on the specific ‘clock’ transition, while the behavior shown
in Fig. 5.2 is qualitatively similar for other such transitions with vanishing first-order
differential Stark shift (see also the discussion of future prospects in Sec. 5.5).

The Stark broadening is now small enough to allow hyperfine structure to be resolved
(Sec. 2.2) if other broadening mechanisms are reduced to the same level. For the
chosen transition and the high offset electric field the hyperfine components are split
∼ 0.6 kHz [Fab77]. However, in the first proof-of-principle experiments on precision
spectroscopy presented here, the required resolution could not be achieved and hyperfine
structure is still covered by Doppler broadening, mostly for technical reasons as will be
seen throughout the chapter.
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Figure 5.3: Doppler broadening resulting from the velocity distribution of the
molecules. (a) Measured, integrated energy distribution for three molecule ensembles
in frequency units [Ekin = 3h (fknife − foffset)]. The distributions were recorded with
RF knife-edge filters (Secs. 4.1 and 4.3.1) at the ‘magic’ offset electric field desired for
spectroscopy. Molecules were prepared in the state |0; 3, 3, 3〉 and only those with a total
energy exceeding the offset potential energy are considered (see text). The extracted
median kinetic energies are summarized in Table 5.1. (b) Doppler broadening calculated
from the measured energy distributions for the three investigated molecule ensembles.

5.3 Understanding the spectral shape

In general, a spectral line has a non-zero line width due to a number of possible broad-
ening mechanisms [Tow75]. For purely rotational MW transitions, the natural line
width is in the range of mHz or below and can therefore be safely neglected [Tow75].
Stark broadening caused by the distribution of electric fields in the trap was already
discussed in the previous section and has to be considered. A line broadening can
also be caused by collisions between molecules and by Doppler shifts brought about
by the finite velocity of the molecules relative to the MW. As we have seen in Ch. 4,
the gas of trapped and cooled molecules is dilute which is why collisional broadening
can be neglected for our experimental parameters. Doppler broadening is significant
and is explored in this section. Broadening of the spectral line owing to a limited
interaction time of the molecules with the MW pulse or saturation of the molecular
transition is avoided by choosing the length and power of the MW pulse appropriately
(see Sec. 5.4.1). Consequently, the latter effects are ignored in the following, where a
numerical simulation of the spectral shape is developed, considering the trapping elec-
tric fields and the Stark shift (Fig. 5.2) as well as Doppler broadening calculated from
the measured energy distribution of the molecule ensemble.

Measured energy distributions. First, the energy distribution of the trapped molecu-
les is investigated with RF knife-edge filters (Sec. 4.1). The ideal offset electric field for
spectroscopy, Eoffset = 1.05 kV/cm, is larger than the offset electric fields present during
cooling, ranging from about 625 V/cm to 40 V/cm, depending on the final cooling step
(cf. Fig. 4.7). Therefore, the trapping potential is ramped to high offset fields adia-
batically for spectroscopy after cooling with the standard sequence (Fig. 4.4). As the
adjustment of the electric fields may influence the energy distribution of the molecules,
the energy was measured at the target electric field with conditions identical to those
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final (fRF − foffset) fknife,median − foffset median Ekin

(MHz) (MHz) (3/2 · kB mK)

762 638± 3 61.2± 0.3
189 143± 3 13.7± 0.3
22 27± 3 2.6± 0.3

Table 5.1: Median kinetic energy of the molecule ensembles prepared for
spectroscopy. For cooling, the sequence of Fig. 4.4 was used, with cooling stopped at
the specified final fRF (foffset = 183.7 MHz for |0; 3, 3,M〉). The energy distributions
[Fig. 5.3(a)] were measured at a high offset electric field, Eoffset = 1.05 kV/cm, where
foffset = 308.4 MHz (see also Sec. 5.4.2). In contrast to the measurements of Ch. 4,
here all molecules with a total energy smaller than the offset potential energy are not
considered for the distribution and the calculation of the median kinetic energy.

used for spectroscopy. As before, the molecules are prepared in the state |0; 3, 3, 3〉 after
cooling and prior to application of the RF knife.

Integrated energy distributions for three representative molecule ensembles are shown
in Fig. 5.3(a). Only molecules whose total energy E = 3hfknife exceeds the offset
potential energy Epot = 3hfoffset are considered in the plotted distribution because
only those contribute significantly to the spectroscopy signal. To this end, the signal
measured for fknife = foffset is subtracted from the data and the curve is normalized
to the measured signal without application of the RF knife, yielding the displayed
graphs. In the two more energetic ensembles, all molecules have energies exceeding
Epot. However, in the case of the coldest ensemble, about 30 % of the molecules do not
possess enough energy to reach the high offset electric field and are therefore discarded
in the evaluation. As a characteristic number, the median kinetic energy was extracted
from each distribution as previously described in Sec. 4.3.1. The values are summarized
in Table 5.1. Note here that the median kinetic energy of the coldest ensemble is a
factor of ten smaller than the molecules’ offset potential energy.

Doppler broadening. The measured energy distributions are used to numerically cal-
culate the expected spectral profiles resulting from Doppler broadening. To this end, a
distribution of the molecular velocity |v| is computed by interpolating and differentiat-
ing the measured data which represents an integrated distribution of the kinetic energy
Ekin = 1

2mH2CO|v|2. Then, for every point of the velocity distribution a Doppler profile
is calculated as described below. These individual spectral profiles are finally summed
up, weighted with the probability to find the absolute velocity |v| in the ensemble.

The measured data yields the distribution of the absolute value |v| of the molecular
velocity. For the calculation of the Doppler shift, however, the velocity component vz
parallel to the propagation direction of the microwave is relevant. Assuming an isotropic
velocity distribution in the trap, we account for this fact in the following way. For a MW
frequency f0 and a molecular velocity component vz, the Doppler shift is δf = f0vz/c,
with the speed of light c. The probability distribution pD(δf) of Doppler shifts for a
particular total molecule velocity |v| is then given by the distribution p(vz)dvz for that
velocity which is constant for −|v| ≤ vz ≤ |v| and zero everywhere else. Using spherical
coordinates and vz = |v| cos θ as well as dvz = |v| sin θdθ, this can be understood as
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Figure 5.4: Simulated Doppler-limited spectra in the ‘magic’ electric field.
The shape is given by the energy distribution of the molecules prepared for spectroscopy
and the small residual differential Stark shift. The simulation for cooling to a final
fRF − foffset = 11 MHz is discussed later in Sec. 5.4.4.

follows. The probability to find vz for a given |v| is

p(vz)dvz =

∫ 2π
0 dφ|v|2 sin θdθ

∫ 2π
0 dφ

∫ π
0 sin θdθ|v|2

=
2π|v|2 sin θdθ

4π|v|2
=

1

2|v|dvz. (5.3)

Hence, we find the constant Doppler profile for a single |v|,

pD(δf) =

{
const., for |δf | ≤ f0

|v|
c

0, for |δf | > f0
|v|
c

. (5.4)

Summation over the individual pD(δf) for all velocities |v| yields the expected Doppler
broadening for a given molecule ensemble. The results of the calculation are shown
in Fig. 5.3(b). For the three investigated ensembles Doppler broadening exceeds Stark
broadening by far. Nevertheless, we have to work with one of these ensembles in this
spectroscopy project, because colder ensembles of molecules cannot be produced at the
high ‘magic’ electric field easily with the present sequence, as will be elaborated in
Sec. 5.4.4.

Simulated spectral shape. Simulated line shapes for the transition |0; 4, 3, 2〉 ↔
|0; 5, 3, 3〉 in the magic offset electric field Eoffset = 1.05 kV/cm are obtained by combin-
ing the calculated Doppler profiles [Fig. 5.3(b)] and the distribution of differential Stark
shifts [Fig. 5.2(c)]. The resulting expected spectra are displayed in Fig. 5.4. Unsurpris-
ingly, the form is dominated by Doppler broadening, with the asymmetry being due to
the minimum of the differential Stark shift. Comparison with experimental data will
show that the line shapes calculated with the presented model match the observation
within the present experimental accuracy.
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5.4 Experimental results

In this section, measured spectra of the transition |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 of formalde-
hyde are presented, showing high-resolution rotational spectroscopy on trapped poly-
atomic molecules and demonstrating a high level of control over all experimental pa-
rameters. After specifying the experimental sequence (Sec. 5.4.1), we investigate the
influence of the trapping field on the observed line shape (Sec. 5.4.2) by comparing mea-
surements in distinct offset electric fields including the ‘magic’ field. Doppler-limited
spectra in the optimal electric-field configuration for different molecule energies, the
main result of this chapter, are presented in Sec. 5.4.3. Finally, practical limitations of
the achieved precision resulting from the current experimental sequence and the choice
of internal molecular states are discussed in Sec. 5.4.4.

5.4.1 Experimental sequence

The following experimental sequence is used to record the spectra presented in this
section. Formaldehyde molecules are cooled according to the standard optoelectrical
Sisyphus cooling sequence of Fig. 4.4, with cooling stopped at fRF− foffset = 726 MHz,
189 MHz, or 22 MHz. The entire cooling process takes place at a trap voltage Vtrap =
±1500 V with an offset electric field Eoffset = 625 V/cm (Sec. 3.1.3). Thereafter, the
ensemble is optically pumped to the state |0; 3, 3, 3〉 (Sec. 3.3.3). Then, the box-like
trapping potential is adiabatically ramped to Eoffset = 1.05 kV/cm in 250 ms. The MW
coupling for the spectrum is applied for 500 ms, as depicted in Fig. 5.1 and detailed
below. Next, the trapping potential is ramped down again and MWD is applied for
1.5 s for state selection (Sec. 3.3.1), removing all molecules from the trap which still
populate the states |0; {3, 4}, 3,M〉. Finally, the molecules remaining in |0; 5, 3,M〉 are
unloaded from the trap1 and detected with the QMS. Thus, the spectroscopic signal
consists of an increased number of molecules detected in the state manifold |0; 5, 3,M〉.

Microwave coupling. To record the spectrum, two MW are applied for 500 ms, cou-
pling the states |0; 3, 3, 3〉 ↔ |0; 4, 3, 2〉 and |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 with the frequency
of the latter MW being scanned. For quasi-simultaneous driving, the two frequencies
are cycled with a total period of 10 ms. The transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 2〉 has a
large differential Stark shift of −555 MHz at the ‘magic’ electric field and requires large
power because of the substantial Stark broadening and a small Clebsch-Gordan coef-
ficient. In every cycle, the corresponding MW is applied for 4 ms. For the remaining
time, the MW coupling for the transition under investigation is applied. Due to the
tiny Stark broadening, the radiation source, an amplifier multiplier chain (Sec. 3.2), has
to be attenuated dramatically to drive the transition well below saturation. This was
accomplished by using the built-in voltage-controlled attenuator of the chain and by
placing additional attenuating material2 between the microwave horn antenna and the
vacuum chamber. The applied power was optimized experimentally by scanning the

1The signal consists mainly of molecules in the state |0; 5, 3, 3〉 having a smaller Stark shift than the
state |0; 3, 3, 3〉. Therefore, a higher unloading electric field strength than in previous experiments
(Sec. 4.2.4) is required for optimal trap unloading. The coldest of the three molecule ensembles is
parametrically heated directly before unloading, as explained in Sec. 4.2.4.

2The custom-built attenuator consists of (part of) an old trap microstructure plate with rotatable
orientation, placed between cardboard.
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attenuator control voltage. In this way, power broadening of the spectral line due to
saturation of the molecular transition was eliminated and does not have to be consid-
ered in the numerical simulation. To allow precise frequency measurements, the MW
synthesizer was phase-locked to a stable 10 MHz frequency reference derived from the
H2-maser which is operated at the institute.

5.4.2 Influence of the trap electric fields

The specific electric-field distribution in the trap strongly influences the shape of the
investigated spectrum. Therefore, the field distribution was measured for the desired
offset electric field. Moreover, the spectral shape of the transition |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉
was investigated for different electric-field configurations in order to verify the previous
calculations, e.g., of the differential Stark shift (Fig. 5.2) and the expected spectral line
shape (Fig. 5.4).

Measured electric-field distributions3 for three offset electric fields, including the
‘magic’ field Eoffset = 1.05 kV/cm, are shown in Fig. 5.5(a). The simulation of the
electric-field distribution describes the observed data well enough to serve as useful
input for the previously discussed simulations of the spectrum of interest. Furthermore,
the applied voltages indeed produce the desired offset electric field and the distribution
is narrow, with the relative full width at half maximum being only 1.4 % at the ‘magic’
trapping configuration. Note that the simulated curves are scaled with a factor 1.005 in
horizontal direction to achieve good overlap with the data. This small discrepancy could
be due to, e.g., a slight deviation of the separation of the microstructured capacitor
plates of the trap from the specified value (cf. Sec. 3.1.1) or a tiny—and neglected—
dependence of the electric dipole moment of formaldehyde on the rotational state.

For the three offset electric fields, the distribution of differential Stark shifts of the
transition |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 was calculated. The benefit of the ‘magic’ offset elec-
tric field is apparent in Fig. 5.5(b). The two remaining trap voltage configurations
were chosen such that the Stark shift in the corresponding offset electric field is ap-
proximately 10 kHz larger, with one offset field being smaller than the ‘magic’ field
and the other one larger. The two distributions with the double-peak structure are
very similar but deviate slightly due to the exact form of the differential Stark shift
and specific electric-field distributions. Common to all three distributions is the sharp
cutoff at their left sides due to the minimum of the differential Stark shift.

Following the recipe outlined in Sec. 5.3, the expected Doppler-broadened spectra
were calculated for the molecule ensemble with intermediate kinetic energy and the
three trapping configurations. The measured spectra and the simulations fitted to them
are displayed in Fig. 5.5(c). The good overlap of experiment and theory demonstrates
decent control over all relevant parameters. As expected, the narrowest spectrum is
observed at the ‘magic’ offset electric field. Note that the small differences observed in
the (double-peaked) distribution of Stark shifts for the remaining two trapping config-
urations are also visible in the measured spectra.

3See Sec. 3.1.3 and Appendix B for details on the measurement procedure and the simulation.
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Figure 5.5: Spectral shape for different electric-field distributions in the trap.
(a) Measured and simulated electric-field distributions for three offset electric fields. The
simulated distributions were scaled with a factor 1.005 in horizontal direction. (b) Dis-
tribution of differential Stark shifts of the transition |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 for the three
trap voltage configurations. The curves are normalized to equal areas under the curves.
The data for Eoffset = 1.05 kV/cm is identical to Fig. 5.2(c). (c) Measured and simulated
MW spectra (final cooling frequency fRF − foffset = 189 MHz, Ekin ∼ 3

2kB · 14 mK). The
vertical scaling and the horizontal position of the simulated spectra was fit to the data
(see also Fig. 5.6). The calculated shape of the spectra is solely determined by the Stark
shift, the electric-field distribution, and the measured velocity distribution of the probed
molecules (Sec. 5.3).

5.4.3 Doppler-limited spectra in a ‘magic’ electric field

Finally, spectra in the ‘magic’ field are investigated for different molecular kinetic ener-
gies, showing that the line width is indeed limited by Doppler broadening. We discuss
the effects limiting the accuracy with which the line position can be determined.

The measured and simulated spectra are shown in Fig. 5.6. The measurement was
performed for the three molecule ensembles already investigated in Sec. 5.3. The agree-
ment of the observed shape with the numerical calculation is excellent in all cases,
demonstrating a good understanding of the performed experiment. The simulated
spectra have three free parameters, the baseline in vertical direction which is defined
by the measured signal with the MW coupling |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 left off, a vertical
scaling factor, and a frequency shift ∆fshift in horizontal direction. The latter two
parameters were determined with a least-χ2 fit.
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Figure 5.6: Measured and simulated Doppler-limited spectra of formalde-
hyde’s MW transition |0; 4,3,2〉 ↔ |0; 5,3,3〉. The detuning of the measured data
and the theory curves is specified relative to the frequency 364282.0128 MHz (the zero-
field center frequency coupling the two inversion doublets |0; 4, 3,M〉 and |0; 5, 3,M〉,
calculated from literature data [Cor80], see Table 5.2 and Sec. 2.4.3). The vertical scal-
ing and the horizontal position (∆fshift) of the simulated spectra (Fig. 5.4) were fit to
the data. The horizontal line marks the signal measured with the MW left off (shaded
region specifies the statistical error). The spectra were recorded with the three molecule
ensembles discussed in Sec. 5.3, with the molecular kinetic energy varying by a factor of
∼ 20 from panel (a) to panel (c).
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Transition Frequency (kHz) Reference

|v; J,KA,KC〉 = |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 364 275 141± 30 [Cor80]
|v; J,KA,KC〉 = |0; 4, 3, 1〉 ↔ |0; 5, 3, 2〉 364 288 884± 30
|v; J,KA,KC〉 = |0; 4, 3, 1〉 ↔ |0; 4, 3, 2〉 4 572.8± 0.2 [Cha73]
|v; J,KA,KC〉 = |0; 5, 3, 2〉 ↔ |0; 5, 3, 3〉 18 283.4± 0.2

|v; J,K,M〉 = |0; 4, 3,M〉 ↔ |0; 5, 3,M〉 364 282 013± 21 [Cor80]

|v; J,K,M〉 = |0; 4, 3,M〉 ↔ |0; 5, 3,M〉 364 282 010± 3.1

Table 5.2: Frequency of the investigated transition. The upper four lines of the
table summarize literature values of the transitions connecting the two inversion-doublet
state manifolds under investigation (no external electric fields), with asymmetric-top
rotational quantum numbers as state labels. For experimental purposes, a zero-field
center frequency coupling the two inversion doublets is calculated because the relevant
states are strongly coupled by the electric field (Sec. 2.4). All detunings are specified
relative to this frequency (fifth line). From our measured data and simulated spectrum a
new zero-field center frequency is calculated with smaller experimental error (last line),
limited by the accuracy of the calculated minimum of the differential Stark shift, that is
the accuracy of the rotational constants [Brü03] (see text).

Line width. By performing spectroscopy with cooled molecules in a low-millikelvin
temperature range Doppler broadening is reduced and line widths down to 3.8 kHz are
observed. This corresponds to a relative precision of 10−8. Doppler broadening can be
decreased further by using colder molecules. However, for this particular measurement
sequence with a relatively high ‘magic’ electric field, a further reduction of the molecular
temperature cannot be achieved easily as will be discussed in the following subsection.
Despite this limitation, the observed line width sets a new record for spectroscopy on
trapped polyatomic molecules.

Line position. To assess the precision with which the position of the spectral line is
measured, two cases can be distinguished. First, the position of the Stark-shifted line
can be determined with high accuracy, due to the sharp cutoff on the left side of the
spectrum, caused by the minimum of the differential Stark shift. From the fit of the
theory curve to the data, the position is determined with sub-kHz statistical uncertainty
(see fitted parameter ∆fshift). As the spectrum was simulated with a simplified model
and hyperfine structure was neglected, we estimate as a conservative value that the
Stark-shifted line position of the transition |0; 4, 3, 2〉 ↔ |0; 5, 3, 3〉 is measured with an
accuracy of at least a couple of hundred Hz.

Often, the transition frequency without electric field is of interest. It can be computed
from the measurement considering the calculated minimum of the differential Stark
shift, (172.5 ± 3.1) kHz. This value depends on the rotational constants and is thus
limited by their accuracy [Brü03]. Consequently, the zero-field center frequency of the
investigated transition can be deduced with a systematic uncertainty of 3.1 kHz. The
extracted frequency with marginally increased precision and measured values from the
literature are summarized in Table 5.2.

While we could measure the investigated transition with higher accuracy, the pri-
mary goal of the evaluation was not the precise specification of a particular transition
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frequency in formaldehyde. Rather, the aim was the demonstration of high-resolution
spectroscopy of a ‘clock’ transition of a polyatomic molecule in a ‘magic’ electric field
and the identification of general limitations and future possibilities for precision spec-
troscopy of trapped molecules in our experimental apparatus.

5.4.4 Experimental limitations

Although this thesis work demonstrated that optoelectrical Sisyphus cooling can pro-
duce molecules with an approximate temperature of 400 µK in our trap, spectroscopy
in the ‘magic’ field was not performed with molecules cooled that far. The underlying
reasons will be explained now.

For cooling, the trap electric fields are ramped down twice to reduce the roughness of
the floor of the box-like potential (Sec. 4.2.3). Thus, the coldest molecules are produced
in an offset electric field of only about 40 V/cm. On the other hand, the ‘magic’ offset
electric field for spectroscopy of the chosen transition is 1.05 kV/cm, even higher than
the offset field applied during trap loading (Eoffset = 625 V/cm). It turns out that the
coldest ensembles of molecules are either heated or accumulated in the low-field dimples
(E < Eoffset) during the inevitable adjustment of the offset electric field to high values.
Consequently, the coldest molecules produced during this thesis work cannot be probed
at high offset electric fields at the moment.

The difficulty of such an attempt can already be seen by inspecting the involved
energy scales. For the coldest ensemble for which spectroscopy results were shown in
this chapter [final (fRF− foffset) = 22 MHz], the median kinetic energy of the molecules
(fknife,median − foffset = 27 MHz) is already a factor of ten smaller than their offset
potential energy in the ‘magic’ trapping configuration (foffset = 308 MHz). Moreover,
the box-like potential contains dimples with a depth of up to the size of the offset
potential and the potential floor has a certain roughness. Taking the full width at half
maximum of the electric-field distribution as a lower bound for the roughness, one finds
that the median kinetic energy is only a factor of six larger than the roughness of the
‘magic’ potential floor. For colder molecules the situation is even worse: the kinetic
energy of the coldest ensemble produced in this thesis [final (fRF − foffset) = 3.1 MHz]
would not exceed the roughness of the offset potential any more.

Nevertheless, experimental investigations were carried out with molecules cooled to
a final (fRF − foffset) = 11 MHz, with the final two cooling steps performed at Eoffset =
165 V/cm according to the developed cooling sequence (Fig. 4.4). We performed all
preparatory measurements, simulated, and measured the spectrum. The simulated
spectrum is plotted in Fig. 5.4 with the simulations for the remaining cooling sequences.
It is emphasized that the simulated spectrum contains the measured energy distribution
at the ‘magic’ offset electric field. Apparently, the anticipated Doppler width is not
significantly reduced compared to the ensemble with a factor of two more kinetic energy
[final (fRF−foffset) = 22 MHz], for the reasons outlined above. Therefore, the measured
spectral shapes for these two ensembles show no significant deviation, which is why the
one for (fRF − foffset) = 11 MHz is not shown here. In essence, further cooling at a
reduced trap voltage with subsequent ramping to high offset fields reduces the number
of molecules due to losses during cooling but does not shift the molecular velocity
distribution to lower values. Note that different voltage ramps from low to high offset
electric field were tested with the colder molecule ensemble [final (fRF − foffset) =
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11 MHz]. In particular, slow ramps (250 ms ramp time) as used for the remaining
sequences, and fast ramps (1 ms) were compared. Neither of the two resulted in slower
molecules at the high offset electric field.

The issues discussed here limit the experimental tunability of the two relevant pa-
rameters, molecular temperature and offset electric field strength. If the target offset
electric field is high, the coldest molecule ensembles cannot be used for spectroscopy
with the present electric trap and experimental sequence. Nevertheless, the experiment
offers possibilities for obtaining narrower spectra with trapped formaldehyde molecules
as will be elaborated in the next section. Note that these restrictions are purely techni-
cal. With an improved design of the trap electrodes, the relative roughness of the offset
electric fields could be reduced [Zep13], enabling cooling to ultracold temperatures at
higher offset electric fields.

5.5 Prospects for narrower spectra

Summary of present results. With the presented experiments we transferred well-
known concepts for precision spectroscopy in traps, namely the choice of a narrow
‘clock’ transition and measurement in a ‘magic’ trapping field, from atoms and simple
diatomic molecules to electrically trapped and cooled polyatomic molecules. Doppler-
limited line widths down to 3.8 kHz were observed yielding a relative precision of 10−8

for the investigated transition and a new record for electrically trapped polyatomic mo-
lecules. The observed spectra were modeled and are well-understood theoretically. The
experiment on precision spectroscopy demonstrates the versatility of our electric trap
and the advantage of the specific trap design over previous electric traps: Stark broad-
ening could be reduced to a minimum because of the tunable, box-like trapping poten-
tial. Moreover, this first use of Sisyphus-cooled molecules for precision spectroscopy
illuminates the value of optoelectrical Sisyphus cooling and our rotational-state control
techniques for further applications in general.

Future prospects. Technical improvements of the electric trap could allow the ob-
servation of even narrower spectra, as described in the previous section. Apart from
that, the physical properties of our system can be exploited to perform more precise
spectroscopy. Two directions are highlighted. First, possibilities for the observation
of a Doppler-free spectroscopy signal were examined theoretically, taking into account
coherence between the two states coupled with the investigated transition. Preliminary
results from numerical simulations using the measured molecular energy distributions
at the ‘magic’ offset electric field suggest that effects related to saturation of the ‘clock’
transition could allow observation of a narrow Doppler-free feature with a different set
of experimental parameters. However, a detailed discussion of these simulations is be-
yond the scope of this text. Second, investigation of another rotational transition could
allow a further reduction of the Doppler width while keeping the advantage of minimal
Stark broadening due to a ‘magic’ electric field, as exemplified below.

Other ‘clock’ transitions. The condition for vanishing first-order differential Stark
shift is fulfilled for many transitions in formaldehyde and similar molecules, namely for
transitions |0; J,K, J/2〉 ↔ |0; J+1,K, J/2+1〉 with J even (Sec. 5.2). In these cases,
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Figure 5.7: Differential Stark shift of two more ‘clock’ transitions of formalde-
hyde. (a) Differential Stark shift of |0; 4, 4, 2〉 ↔ |0; 5, 4, 3〉, with respect to the zero-field
center frequency 364103.222 MHz coupling the two relevant inversion-doublet states. The
minimum of the Stark shift is at low electric field strengths, at which ultracold molecules
can be produced in the trap. As a comparison, the simulated electric-field distribution is
plotted for Vtrap = ±100 V, the trap voltage configuration used in the last cooling steps
of the optoelectrical Sisyphus cooling sequence (Fig. 4.4). (b) Differential Stark shift of
|0; 6, 5, 3〉 ↔ |0; 7, 5, 4〉, with respect to the center transition frequency 509562.126 MHz.

the differential Stark shift features a minimum or maximum at some ‘magic’ electric
field strength. The ‘magic’ field has to be calculated for every transition and can vary
over orders of magnitude. Therefore, there exist transitions having minimal differential
Stark shift at an electric field strength of only a few V/cm and ultracold (T < 1 mK)
formaldehyde can be produced and investigated in such electric fields with the present
trap.

The differential Stark shift of one such transition, |0; 4, 4, 2〉 ↔ |0; 5, 4, 3〉, is shown
in Fig. 5.7(a). Here, the ‘magic’ electric field strength is 36 V/cm, close to the offset
electric field strength used for the two final cooling steps in the complete optoelectri-
cal Sisyphus cooling sequence producing molecules at a temperature of about 400 µK.
Hence, a spectroscopic line with smaller Doppler width could be observed in this case.
It would require to implement optoelectrical Sisyphus cooling around the rotational
states |0; {4, 5}, 4,M〉. This is feasible, despite the fact that the initial thermal pop-
ulation of those states, ∼ 5 %, is reduced to about one fifth of the population in the
states used presently for cooling with our source parameters (Fig. 2.9). In fact, a se-
ries of proof-of-principle experiments was already performed during the time of this
thesis work and produced a signal of cooled molecules in this set of states. Due to
K being even, the |K| = 4 rotational states combine with a nuclear-spin singlet state
(Sec. 2.2) and a hyperfine splitting is not present in this case. In contrast, the |K| = 5
manifold of rotational states features another ‘clock’ transition with hyperfine splitting
and a comparably low ‘magic’ field of 140 V/cm. Moreover, the most suited set of
states for cooling in the |K| = 5 manifold, |0; {5, 6}, 5,M〉, has an even higher ther-
mal population of ∼ 9 % than the states in |K| = 4 (Fig. 2.9). The differential Stark
shift of the corresponding transition with vanishing first-order differential Stark shift,
|0; 6, 5, 3〉 ↔ |0; 7, 5, 4〉, is shown in Fig. 5.7(b).
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The presented results and the prospects for experiments with even higher precision
show the feasibility of high-resolution spectroscopy of trapped polar molecules. With
future developments it should be possible to resolve the hyperfine structure of formalde-
hyde with sub-kHz line splittings (in a moderately strong electric field, Sec. 2.2). With
colder molecules we should be able to observe Rabi oscillations in a two-level system
coupled by a transition with vanishing first-order differential Stark shift, a key step to-
wards coherent control over the internal molecular states. The combination of box-like
trapping fields with extremely long storage times of cooled polar molecules also offers
new possibilities for the investigation of weak forbidden transitions. As the employed
techniques rely on generic properties of polar molecules, the method presented here is
transferable to other species: transitions with vanishing first-order differential Stark
shift coupling trapped molecular states can be found in any symmetric-top molecule or
similar species.





6 Outlook

In this thesis, we reported on the production of an electrically trapped gas of for-
maldehyde at submillikelvin temperatures and a method to perform high-resolution
spectroscopy on electrically trapped and cooled molecules. Some directions towards
improving optoelectrical Sisyphus cooling with the present apparatus were already out-
lined in Sec. 4.4. Here, we present an overview of further advances and experiments
which are now possible.

The detection efficiency of the present detection setup, built around the quadrupole
mass spectrometer, is low, on the order of 10−4 (Table 4.4), resulting only in a small
number of detection events, although large samples of cooled molecules are created.
As a consequence, many repetitive measurements are required to obtain signals with a
small statistical uncertainty. A more efficient detection of cold beams of formaldehyde,
as generated in our setup, could be feasible via laser-induced fluorescence (LIF). In this
approach, each molecule is electronically excited with an ultraviolet laser and the flu-
orescence photon which is subsequently emitted with a certain probability is collected
with some optics and counted with a single photon detector. LIF was already used
to detect formaldehyde molecules in a cold beam before by Hudson et al. [Hud06c,
Hud06a]. Preparatory experiments on LIF of formaldehyde at room temperature, per-
formed in our group by Erich Dobler, suggest that formaldehyde molecules with a
temperature of 400 µK and in the state |0; 3, 3, 3〉 could be counted with an efficiency
of about one percent, a predicted improvement by a factor of 30 [Dob16]. Next to the
much higher efficiency, detection via LIF resolves the rotational state of the molecules
because the excitation frequency is state dependent. Thus, the use of LIF in our appa-
ratus would enable faster or more precise and systematic measurements. It is currently
being implemented in the laboratory and will be investigated with cooled molecules in
the doctoral thesis of Martin Ibrügger.

The presently used effusive molecule source with liquid-nitrogen precooling practi-
cally restricts the range of molecule species one can consider for optoelectrical Sisy-
phus cooling in our setup to those with comparably large rotational constants. This
constraint ensures a sufficient thermal population of the rotational states used in the
cooling scheme (Secs. 2.1 and 2.4). The variety of usable species can be extended by
using a cryogenic buffer-gas source and a subsequent decelerator to create a beam of
slow trappable molecules. In particular, this makes Sisyphus cooling of polyatomic
molecules much heavier than formaldehyde feasible. As already outlined in Sec. 1.3, a
buffer-gas source and a centrifuge decelerator were combined to a very bright source
of slow, trappable molecules in our group [Wu17]. This so-called cryofuge not only
enabled the observation of dipolar collisions of CH3F or ND3 molecules in the electric
quadrupole guide, but also the generation of large fluxes of slow CF3CCH molecules.
The successful experiments on optoelectrical Sisyphus cooling of formaldehyde pre-
sented in this thesis motivated the installation of a second copy of our electric trap at
the output of the cryofuge where optoelectrical Sisyphus cooling of other species will

109
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soon be investigated. Here, the molecule CF3CCH with a mass of 94 u is particularly
suited for Sisyphus cooling because of its large dipole moment of 2.3 Debye [Lid18] and
fast vibrational decay rate of about 87 Hz [Zep09]. Cooling of CF3CCH requires the
cryofuge as a source because the species has a rather broad rotational-state distribution
even at cryogenic temperatures of a few Kelvin owing to the small rotational constants.
The broader state distribution, however, offers the possibility to investigate the perfor-
mance of Sisyphus cooling with different level schemes, e.g., with a larger number of
M sublevels or with more rotational J-state manifolds. In general, experiments involv-
ing a large number of rotational states and transitions can be performed more easily
because rotational transition frequencies are closer together and many of them can be
accessed with a single broad microwave source. For example, this allows to investigate
state preparation and rotational cooling via optical pumping in a large set of states. If
applied successfully, state-preparation schemes encompassing a large number of states
could further broaden the range of molecule species coolable by optoelectrical Sisyphus
cooling to even more complex molecules.

An important motivation for cold and ultracold molecule research is the interest in
precise spectroscopy of chemically and structurally diverse species. In the previous
chapter, this field was introduced and a method for high-resolution spectroscopy of
trapped molecules was demonstrated. However, long interrogation times for precise
measurements can also be obtained by launching molecules in a fountain [Che16], with
the potential advantage of being able to probe the molecules in a field-free environment.
The large numbers of ultracold molecules produced by our method at tunable velocities
would constitute an ideal alternative source for such a device. In fact, the bunches of
slow, guided molecules which are extracted from our trap for detection at the moment
could easily by used for further experiments.

One of the long-term goals of our experiments is reaching quantum degeneracy with
directly cooled polar molecules. This requires cooling to much lower temperatures. As
we have outlined in Sec. 4.4, Sisyphus cooling to temperatures T � 70 µK is proba-
bly impossible in the current, comparably large, box-like electric trap because of slow
diffusion of molecules between different regions of the trap. However, Sisyphus cooling
could still be applied in a harmonic microwave or optical dipole trap. The temperature
reached with optoelectrical Sisyphus cooling now should already be low enough to al-
low an efficient transfer to such a microwave trap [DeM04]. Possible transfer schemes
include switching on the microwave trap exactly when molecules launched in a fountain
pass the trap or using a Sisyphus-type spontaneous decay event [Nar09] to continuously
accumulate molecules in a state which is trapped by the microwave trap. The latter
process allowed loading of NH [Rie11] and CaH [Lu14] molecules into a magnetic trap.
A transfer to a microwave or optical dipole trap is not only needed for further cooling
but also to trap molecules in their rotational ground state which is always high-field-
seeking and therefore not trapped in our electrostatic trap. Holding the molecules in
the ground state is beneficial because inelastic state-changing two-body collisions which
could lead to trap loss are then impossible, provided the kinetic energy of the molecu-
les is low enough. As a consequence, the ensemble can be compressed to increase its
density, a further advantage of a harmonic trap. Note that we have concentrated on
a microwave trap in the preceding discussion because of its (typically) larger volume
compared to an optical dipole trap. This facilitates an efficient transfer of molecules
into it from our large-volume electric trap.



111

0 5 10 15 20 25 30 35 40 45

0

50

100

150

200

250

Time (s)

S
ig

na
l (

co
un

ts
/s

)

continuous loading (higher density)
pulsed loading (lower density)

0 0.5 1
0.04

0.045

0.05

Approx. density (arb. u.)

To
ta

l l
os

s 
ra

te
 (H

z)

∆tstore = 14 s

trap loading storage + unloading

Figure 6.1: First experimental evidence for density-dependent loss. Mole-
cules cooled to a final fRF − foffset = 762 MHz and populating the rotational states
|0; {3, 4}, 3,M〉 used for Sisyphus cooling are probed to search for density-dependent
trap losses. Two ensembles with equal initial temperature but differing initial molecule
number are generated as follows. Performing the standard trap loading and shortened
cooling sequence (Fig. 4.4) results in a molecule ensemble with higher density. A lower-
density sample with approximately equal temperature is obtained by loading the trap in
a pulsed fashion with a duty cycle of about 40 % but applying Sisyphus cooling identi-
cally to before. This is shown in the left part of the figure (the step-like modulation of
both loading signals is due to the RF applied for cooling). Then, for each of the two
ensembles a total loss rate rl is estimated by comparing the integrated signal measured
directly after cooling and state detection, S0, with the signal obtained with ∆tstore = 14 s
of additional storage time, Sstore: rl = −1/∆tstore log (Sstore/S0). The right part of the
plot displays the four trap unloading signals obtained by varying the density and the
storage time. The inset shows the loss rates rl calculated from the lower and higher
density data (bars represent the 1σ statistical error). Here, the relative initial densities
are obtained from the ratio of integrated signals without additional storage (S0). This
last inference requires that the two ensembles have approximately the same energy and
rotational-state distributions and hence all effects related to molecule detection with the
QMS affect both ensembles equally. The fact that the normalized time-resolved unload-
ing signals S0 of the higher and lower density ensembles overlap very well (not shown)
supports the expectation of equal unloading and detection conditions for both ensem-
bles. The observed density-dependent loss rate is a first signature of collisions. However,
higher densities or a more efficient detection scheme are required for more systematic
studies.
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When the density is large enough that molecules collide frequently, the temperature
could also be further reduced with evaporative or sympathetic [Lar06, Tok11, Lut14]
cooling (see also Sec. 1.3). Both approaches require that elastic collisions dominate
inelastic ones and could be investigated with molecules held in a microwave trap in
their rotational ground state. Nonetheless, the collisional properties of formaldehyde
which are of interest not only for further cooling but also for the field of cold and ul-
tracold chemistry [Bel09, Stu14] can also be examined in the present apparatus. The
ability to control the final kinetic energy, the rotational state, and the offset electric
field as well as minute-long trapping times in our trap are ideal starting points for
collision studies and could provide valuable information before an extended experi-
mental setup is constructed. In fact, we already observed first experimental evidence
for density-dependent losses in the trap, a first indication of collisions. The measure-
ment is shown and explained in Fig. 6.1. From the data, basically two conclusions can
be drawn. First, there is hope to investigate collisions between cooled formaldehyde
molecules in our trap and the good control over experimental parameters in principle
allows systematic experiments. However, the effects observed so far and the count rates
are small and averaging over many experimental runs is required to obtain significant
results. Thus, second, it would be very tedious to explore collisions with the rather
inefficient detector used so far. But with a successful implementation of LIF detection
in the laboratory, systematic studies of cold and ultracold collisions of formaldehyde
present a very interesting research opportunity. For example, one could study the effect
of the electric-field strength on collisions, deduce thermalization rates and search for
scattering resonances [Boh09].

The rich internal level structure and the permanent electric dipole moment of polar
molecules allows to couple molecules to other physical systems in different frequency
domains, as already outlined in the introduction (Sec. 1.1). Two particularly interest-
ing systems are superconducting microwave stripline resonators and Rydberg atoms.
The former platform in combination with molecules was suggested for quantum infor-
mation processing [And06, Rab06, Rab07]. Since direct cooling of molecules has now
reached the submillikelvin temperature regime, molecules are cold enough to be poten-
tially trappable in shallow traps close to such resonators. Rydberg atoms, on the other
hand, are interesting because of their large dipole moment of several thousand Debye.
This leads to large coupling rates and can be exploited for, e.g., a non-destructive and
efficient detection scheme for polar molecules [Zep17]. For the realization of such hybrid
systems, formaldehyde as an asymmetric-rotor molecule has an additional benefit over
other types of molecules: the inversion-doublet states are coupled by dipole-allowed
transitions and their splitting varies over orders of magnitude depending on the rota-
tional state. Hence, a coupling frequency can be chosen with great flexibility. Moreover,
the choice of rotational-state manifolds with odd or even |K| determines whether the
rotational states interact with magnetic fields via the nuclear spin.



Appendix A

The electric trap and surface charges:
additional measurements

A crucial step towards producing an ultracold ensemble of molecules in our electric
trap was the removal of severe surface charges which distort the electric fields and had
accumulated in the previous version of the trap. As one consequence of these unwanted
additional charges, the measured electric-field distribution deviated substantially from
the expectation for the previous trap, even for high offset fields (Fig. 3.2). Prior to
the experiments performed for this thesis, the (large) surface charges could be removed
by installing a new pair of microstructured capacitor plates (Sec. 3.1.2). In the course
of the thesis, it turned out that the problem with surface charges persists, but on a
substantially reduced level (Sec. 4.2.3). This improvement is attributed to operation of
the trap with lower maximum voltages. Here, we show additional measurements which
were performed around the time of the exchange of the trap and show the removal of
severe disturbances of the trap electric fields.

One experiment giving hints to surface charges is measuring the lifetime of molecules
in the trap with the microstructured capacitor plates switched off, i.e. with Vµ =
Voffset = 0 V. Ideally, a very fast decay of the molecule signal is expected for increasing
duration of the switch-off, with the decay time depending on the kinetic energy of the
molecules. Such a measurement is displayed in Fig. A.1 for the previous trap and shows
that the signal decays with a time constant at least one order of magnitude too long.
In contrast, the curve obtained with the newly installed current trap and plotted in the
same figure satisfies the expectation of a fast signal decay.

Presumably, the unwanted charges accumulate in the dielectric coating of the mi-
crostructured capacitor plates, as already noted in Sec. 3.1. Moreover, an increased
ambient temperature should increase the mobility of these charges and might remove
them from the surface of the trap. This was tested experimentally with the previous
trap before its replacement. We heated up the entire vacuum chamber to 200 ◦C for a
few days and repeated the measurement after the bake-out. Indeed, the result is very
close to the one obtained with the new trap immediately after installation (Fig. A.1).
This suggests that the large surface charges which we had on the previous trap could
be removed with this procedure. Note, however, that the currently persisting issue
with small surface charges, visible as distorted electric-field distributions for low trap
voltages of Vtrap = ±100 V and Vtrap = ±50 V [Fig. 4.9(b)], could not be solved by
heating up the setup a second time.

Further evidence for disturbed electric fields can be obtained by measuring the signal
of trapped molecules and varying the offset electric field. If no offset field is applied,
trap losses due to Majorana flips to untrapped, high-field-seeking rotational states are

113



114 The electric trap and surface charges: additional measurements

0 10 20 30 40 50
0

5

10

15

20

25

30

Time (trap switched off) (ms)

U
nl

oa
di

ng
 s

ig
na

l (
co

un
ts

/s
eq

.)

previous trap, 05/2014
previous trap, after baking, 05/2014
current trap, 07/2014

τ = (1.7±0.2) ms

τ = (22±7) ms

τ = (1.8±0.1) ms

Figure A.1: Decay of the molecule signal with Vµ = Voffset = 0 V for the
previous and current electric trap. The measurement was performed with uncooled
CH3F molecules [Kro14]. Molecules were loaded into the trap for 4 s, stored for 2 s,
and unloaded and detected for 6 s with Vtrap = ±300 V applied to the trap during the
entire sequence (Vring = ∆Vguide = 3|Vµ|), except for a varying short time at the end of
the storage period during which Vµ = Voffset = 0 V. For these uncooled molecules one
would expect that the molecules cover the distance of 3 mm between the microstructured
capacitor plates in / 1 ms and get lost on approximately this time scale. The slow
decay of the signal for the previous trap prior to baking is attributed to severe surface
charges. Apart from the slower decay constant, the signal level without switch-off is
considerably reduced in this case, showing a poor performance of the trap. Both heating
up the vacuum chamber hosting the trap and installation of a new pair of microstructured
capacitor plates give a larger signal initially and a signal decay roughly satisfying the
expectation. Note that the offset (or rather slow additional decay) for the two lower
curves is due to a small number of molecules residing in the input and exit quadrupole
guides during the time of trap switch-off.

much more probable [Zep13]. Therefore, the smallest signal of trapped molecules and
the shortest lifetime of molecules in the trap is expected if Voffset = 0 V. However, this
was not the case for the previous trap, as shown in Figs. A.2(a) and (b). The poorest
trap performance was observed with a small offset field applied. Installation of the new
trap not only restored the expected behavior but also increased the signal of trapped
molecules, as demonstrated with Figs. A.2(a) and (c). Note that all measurements
shown in this appendix were performed with uncooled molecules, without application
of any radiation fields or state detection, and with the molecule CH3F.

Fig. A.3 shows a photograph of the currently installed electric trap.
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Figure A.2: Signal of trapped molecules and lifetime of uncooled molecules
in the trap, before and after replacement of the microstructured capacitor
plates. (a) Signal of trapped molecules vs. Voffset/Vµ. A modified, continuous measure-
ment sequence was used. The voltages Vµ = ±600 V and Vring = ∆Vguide = 3|Vµ| were
applied to the trap and the quadrupole guides and the signal was measured continuously.
The data shown is the difference of the signal obtained with all trapping fields applied
and the signal recorded with half of the trap left off. Consequently, the data contains only
contributions from molecules which actually entered the trap and stayed there for a while.
The smallest signal is expected for Voffset/Vµ = 0. (b), (c) Lifetime of uncooled molecules
in the trap for the previous and current trap. The trap was loaded with Vtrap = ±300 V
for 6 s, molecules were stored for a fixed time of 0.4 s with Vtrap = ±300 V and 0.6 s with
Vtrap = ±600 V, then stored for varying time and with varying Voffset (Vµ = ±600 V).
Finally, the trap was unloaded for 6 s with Vtrap = ±300 V. With the new trap, a higher
initial signal is measured and the fastest decay is observed for Voffset/Vµ = 0 as expected.
All data was obtained with CH3F.
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Figure A.3: Photograph of the electric trap. The picture shows the current ver-
sion of the trap in the vacuum chamber before the chamber was closed. One can see
the input and output electric quadrupole guides, the two glass pates holding the elec-
trode microstructure, and the perimeter electrode (cf. Fig. 3.1). The high-voltage elec-
trical feedthroughs are situated below the trap. The electrodes are connected to the
feedthroughs with Kapton-insulated wires. Photographs of other parts of the experimen-
tal setup are included in the Diploma thesis of Manuel Mielenz [Mie10].



Appendix B

Measurement of the electric-field
distribution in the trap

To measure the electric-field distribution in the trap [Sec. 3.1.3, Figs. 3.2, 4.7, 4.9(b),
and 5.5(a)], Stark spectroscopy on the single MW transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 is
performed. We use a slightly refined version of the scheme developed earlier [Glö15b]
to measure the spectrum and extract the field distribution.

In brief, we prepare a sample of molecules with sufficient population in the state
|0; 4, 3, 4〉 (cooling is applied and stopped at fRF − foffset = 189 MHz to obtain large
signals). Then, we drive suitable IR and MW transitions to optically pump molecules
in the states |0; 3, 3,M〉 and |0; 4, 3,M 6=4〉 to untrapped states and thus deplete all
molecules in those states from the trap. The frequencies are chosen such that the
transitions are driven resonantly in the homogeneous offset electric field and enough
power is applied to saturate the transitions (see Ref. [Glö16] for more details). Adding
another MW which couples the state manifolds |0; 3, 3,M〉 and |0; 4, 3,M〉 and varying
its frequency, results in a depletion spectrum of the desired transition |0; 3, 3, 3〉 ↔
|0; 4, 3, 4〉, as molecules still left in the state |0; 4, 3, 4〉 can now only be depleted from
the trap through this channel. The investigated Stark-shifted transition is always driven
resonantly at an electric-field strength corresponding to the applied probe frequency.
Thus, the amount of additional depletion (depending on MW power and frequency)
caused by the scanned MW samples the probability for a specific electric-field strength
to occur in the trap.

The number of molecules N remaining in the state |0; 4, 3, 4〉 after depletion is related
to the probability ρ(E) of finding an electric-field strength E in the trap via a simple
model [Glö15b]. The rate Γ at which molecules are depleted is proportional to ρ(E) and
the effective power P of the scanned MW. Additionally, we assume N ∝ exp (−Γ · t),
where t is the depletion time. We then find ρ(E) ∝ log (N) /P .

For the measurement we choose the duty cycle, meaning the effective power, of the
scanned probe MW in an iterative approach such that for every applied probe frequency
approximately half of the molecules are depleted from the state |0; 4, 3, 4〉. Using the
described model we plot the electric-field distribution versus electric-field strength. To
validate the applicability of the model we measured the field distribution for the highest
trap voltage also with half and twice the original MW duty cycle. The three resulting
curves for the electric-field distribution overlap. Note that the measurement samples
the electric field only up to a value of about 1200 V/cm for Vtrap = ±1500 V due to the
limited kinetic energy of the molecular ensemble used for spectroscopy. Additionally,
the method actually measures the distribution of electric fields weighted with a factor
of about

√E0 − E with E0 being the maximum electric field strength a molecule with
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given total energy can reach in the trap. Thus, this factor accounts for the probability
for molecules to reach a given potential energy. For both reasons, the high-field tail of
the distribution is not reproduced correctly. However, these systematics do not affect
the peak of the distribution, which we are mostly interested in, very much.



Appendix C

Details on molecule detection with the
quadrupole mass spectrometer

In this appendix, a few details on the detection of cold molecules with our quadrupole
mass spectrometer (QMS) are explained. Specifically, the used settings are summarized
in Sec. C.1. Experimental evidence for the claim that very cold and slow molecules are
deflected from the ionization volume of the QMS due to a potential barrier is presented
in Sec. C.2. Further, the effects of parametric heating of the trapped molecules which
was employed to overcome the issue of the potential barrier is discussed in Sec. C.3.
Finally, data for the determination of the sensitivity coefficient of the QMS is shown in
Sec. C.4.

C.1 QMS settings

The settings used for molecule detection with the commercial QMS are specified in
Table C.1. To obtain a good signal to noise ratio for the detection of beams of slow
formaldehyde molecules, a few parameters were optimized experimentally. In particu-
lar, the exact mass setting for ion filtering and the “resolution” have to be adjusted to
the molecule species and the settings noted in the table gave the largest signal to noise
ratio and were used for all measurements of this thesis performed with formaldehyde.

C.2 Deflection of slow molecules from the ionization region of
the QMS

The process of unloading cooled molecules from the trap for detection with the QMS
was discussed in Sec. 4.2.4. There, it was stated that very cold and thus slow molecular
beams are deflected from the ionization volume of the QMS by an unwanted potential
barrier. Here, we present experimental evidence supporting this claim.

The detection setup built around the QMS is sketched in Fig. C.1. Molecules exit the
electric trap and are guided to the ionization volume through an electrostatic quadru-
pole guide. Potentially problematic is the voltage difference between the cage around
the ionization volume and the grounded end cap of the quadrupole guide. The voltage
difference depends on the so-called ion reference voltage Vion,ref which has to be applied
to the cage for efficient electron-impact ionization of the molecules and extraction of
the resulting molecular ions. The voltage difference and the associated electric field
Ebarrier can cause a potential barrier and inhibit slow molecules in low-field-seeking ro-
tational states from reaching the ionization volume. This could explain the abrupt drop
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Parameter Setting

Device configuration

Analyser detector type SEM
Ion source type crossbeam
Mass range 340 amu

Ion source parameters

Emission current 0.6 mA
Protection current 4 mA
Ion reference voltage Vion,ref 105 V
Kathode voltage -85 V
Focus voltage -18.5 V
Field Axis voltage -16 V
Extraction voltage -135 V
Inner Deflection voltage -240 V

Protocol: Multiple Ion Detection

Mass 28.90 a.u.
Detector type Ion-Counter
SEM voltage 2400 V
CP Level 25
Resolution 90

Table C.1: Settings for the quadrupole mass spectrometer (QMS) used dur-
ing all experiments (Model: Pfeiffer Vacuum QMG700 + QMA410 + QMH 410-3 +
Quadera software).

in trap-unloading efficiency which was observed in Fig. 4.8 for the coldest molecules,
i.e. for molecules cooled to a final (fRF − foffset) ≤ 189 MHz. Of course, the height of
the potential barrier depends on the electric-field strength which, in turn, depends on
the exact shape of the metal surfaces in the detection region. Thus, Ebarrier is probably
position dependent and certainly difficult to measure or calculate without opening the
vacuum chamber. To test the hypothesis nonetheless, we systematically investigated
molecule unloading with a smaller Vion,ref which should result in a smaller potential
barrier if such a barrier exists.

Towards this end, the measurement usually used to optimize the trap voltage applied
during unloading and detection was repeated with two Vion,ref and otherwise equal
experimental parameters. Specifically, the integrated molecule signal was determined
for different trap voltages during unloading and for molecule samples with differing
kinetic energies. The data for the usual Vion,ref = 105 V and a reduced voltage Vion,ref =
65 V is displayed in Fig. C.2. Evidently, the smaller Vion,ref dramatically reduces the
overall detection efficiency by about a factor of ten. This is expected because the QMS
is not operated with optimized parameters any more. Apart from that, more subtle
effects are visible in a direct comparison of the curves obtained for different Vion,ref , as
shown in Fig. C.3.
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Figure C.1: Sketch of the molecule detection setup. (a) Detection geometry. Mo-
lecules leave the trap through the electrostatic quadrupole guide which is bent outwards
to focus the molecular beam into the ionization region of the QMS [Mie10]. Around the
quadrupole guide, there is a grounded metal cap to shield the QMS from the high electric
fields present in the guide. In the setup used in this thesis work, it was not possible to
apply a static voltage to the cap. For efficient electron-impact ionization and ion collec-
tion in the QMS, a voltage Vion,ref has to be applied to the cage around the ionization
volume of the QMS. (b) Photograph of the QMS detection region showing the ionization
region and the path the molecular ions take. Molecules fly into the plane of the picture,
the electron beam for ionization comes from the side of the cage. The photograph was
taken in 2009 by Martin Zeppenfeld.
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Figure C.2: Trap unloading voltage for two ion reference voltages at the

QMS. The integrated molecule signal vs. trap voltage ±V (u)
µ (with Voffset = 1

5V
(u)
µ and

V
(u)
ring = ∆V

(u)
guide = 3

2 |V
(u)
µ |) applied during unloading was recorded for various cooling

sequences and with the usual ion reference voltage Vion,ref = 105 V (a) and a reduced
Vion,ref = 65 V (b). The measurement is very similar to the one presented in Fig. 4.8
and discussed in Sec. 4.2.4. However, the molecules were prepared in the state |0; 3, 3, 3〉
prior to unloading and state detection for the states |0; 3, 3,M〉 was applied. Thus, the
majority of the detected molecules are in a well-defined internal state. Solid lines are
guides to the eye and keys specify when cooling was stopped. The lower Vion,ref results
in a dramatically reduced detection efficiency. The data for the two cases is compared
to each other in Fig. C.3.
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Figure C.3: Comparison of signals obtained with different ion reference volt-
ages at the QMS. The data (plotted vs. trap unloading voltage) for the normal and
reduced Vion,ref at the QMS shown here is identical to Fig. C.2 but normalized in two
different ways to facilitate comparison. (a) All curves normalized to their individual max-
imum. (b) The curves for each Vion,ref are normalized to the maximum of the leftmost
curve for a final (fRF − foffset) = 380 MHz corresponding to the respective Vion,ref . The
keys specify Vion,ref in all panels. In each row, equal molecule ensembles are investigated,
with the final fRF − foffset for cooling named in part (a).
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Conclusions about the unwanted potential barrier can be drawn by inspecting data
measured with molecule ensembles of different energy. It is expected that the optimal
trap unloading voltage, i.e. the maximum signal, for a specific molecule ensemble scales
with its kinetic energy. Thus, for smaller final fRF − foffset we expect the maximum
as well as both flanks of the curves to be shifted to lower voltages. This was indeed
observed in Fig. 4.8 for final (fRF − foffset) > 189 MHz. For the range of molecular
kinetic energies investigated here there is hardly any shift of the maximum and the
flanks observable for Vion,ref = 105 V [Fig. C.2(a)], but from fRF − foffset = 380 MHz
to fRF − foffset = 124 MHz a shift is visible for Vion,ref = 65 V [Fig. C.2(b)]. For even
colder molecules and Vion,ref = 65 V, only the right flank shifts with smaller kinetic
energy while the maximum and the left flank of the curve do not move further to the
left and the relative optimal unloading signal drops abruptly. Thus, for smaller Vion,ref

the same behavior is observed as for the usual Vion,ref (cf. Sec. 4.2.4). However, the
drop in molecule unloading and detection efficiency occurs for smaller molecular kinetic
energies. This is seen best in Fig. C.3(b). As the possible potential barrier should scale
with Vion,ref , this observation backs the above claim. Moreover, Fig. C.3(a) shows
that the optimal trap unloading voltage for different molecule energies depends on
Vion,ref . This behavior would not be expected if the voltages around the QMS ionization
volume would not produce a potential barrier. Consequently, the data discussed in this
section backs the assumption that the drop in unloading and detection efficiency for
cold and slow molecules is caused by the electric fields around the QMS ionization
volume. Hence, it should be possible to extract very cold and slow molecules from the
trap, once the new detection setup employing laser-induced fluorescence is operational
(Ch. 6). This would eliminate the need for parametric heating which was applied to
detect the coldest molecule samples produced in this thesis work.

C.3 Parametric heating of trapped molecules

To efficiently unload the coldest molecules from the trap and detect them with the QMS
parametric heating had to be applied (Sec. 4.2.4). Here, we detail how the trap electric
fields were switched for heating and discuss the energy distribution of the molecule
ensemble after heating.

For parametric heating we exploit the fact that the electric fields can be chosen
independently in the two halves of the trap [Eng11]. Rapidly ramping to an increased
offset electric field in one half of the trap (Vµ = ±100 V, Voffset = 0.25·Vµ) with the other
half remaining at the usual offset (Vµ = ±100 V, Voffset = 0.05 · Vµ) allows molecules
residing in the region with higher field to roll down an electric field gradient and be
accelerated. After a hold time of 50 ms, the configuration of offset electric fields in the
two halves of the trap is reversed. In total, we switch the offset electric fields 20 times
during 1 s, with the ramps performed in about 1 ms. In particular, Vµ = ±100 V for the
first ten ramps and Vµ = ±200 V for the last ten ramps, with the remaining voltages
scaled accordingly. The same heating protocol is applied after all cooling sequences
with a final (fRF − foffset) < 189 MHz.

After parametric heating, all molecule samples to which heating is applied have
approximately the same energy distribution. This was investigated using RF-knife-edge
filters (Sec. 4.1). A measurement for two cooling sequences resulting in median kinetic
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Figure C.4: Energy distribution of parametrically heated molecules in the
trap. The energy distribution after heating was measured for the least energetic molecule
ensemble for which parametric heating was applied [final (fRF− foffset) = 3.1 MHz] and
an ensemble with a kinetic energy about a factor of eight higher (see also Table 4.3).
The results show that the energy distributions after heating almost overlap, independent
of molecular energy before heating, as claimed in Sec. 4.2.4. As usual, the molecules
were prepared in the state |0; 3, 3, 3〉 prior to application of the RF knife for energy
measurement. The data was taken at a trap voltage of Vtrap = ±1500 V where foffset =
184 MHz.

energies differing by a factor of about eight prior to heating is shown in Fig. C.4. As
the measured curves overlap, all ensembles to which heating is applied can be unloaded

from the trap with the same set of unloading voltages (V
(u)
µ = ±200 V, V

(u)
offset = 1

5V
(u)
µ ).

Moreover, the calibration of the molecule number performed for the coldest ensemble
can be directly transferred to all other molecule ensembles detected after parametric
heating: except for the measured integrated QMS signal S all quantities influencing
the molecule number N in Eq. (4.8) are identical. The QMS signal S for all molecule
samples in question was shown in Fig. 4.12.

Note that the velocity v of molecules in the QMS needed for the calibration of the
molecule number, for the cooled molecules, was calculated from the data in Fig. C.4.
Towards this end, the median kinetic energy of the parametrically heated molecules was
determined as Ekin = 3h (fknife,median − foffset) with fknife,median = (430± 20) MHz, as
described in Sec. 4.3.1. Assuming that the entire kinetic energy and offset potential

energy of the molecules in the trap (Epot = 3hf
(u)
offset with f

(u)
offset = 78 MHz during

unloading) is converted to forward velocity during unloading, one finds the velocity in
the QMS

v =

√
6h

mH2CO

(
fknife,median − foffset + f

(u)
offset

)
= (5.1± 0.9)

m

s
, (C.1)

the value stated in Table 4.4.

C.4 Determination of the sensitivity coefficient of the QMS

The general approach used to measure the number of cooled molecules exiting the trap
was outlined in Sec. 4.3.3. It requires determination of the sensitivity coefficient C of
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Figure C.5: Fragmentation probabilities for electron-impact ionization of
H2CO (a) as well as N2 and O2 (b) [Lin15].
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Figure C.6: Ionization cross sections for electron-impact ionization of H2CO,
N2, and O2 [Kim04]. The ionizing electrons have an energy of 85 eV for our QMS
parameters (Table C.1).

the QMS. This quantity defines the QMS count rate s = C · n measured for a given
number density n of molecules in the ionization volume. In the main text, we already
sketched our procedure of extrapolating C for formaldehyde, H2CO, by measuring it
with the two test gases N2 and O2. Here, we briefly note down the performed steps
and show the obtained data without justifying and explaining every step in detail.

Measuring C of H2CO directly would require applying a constant pressure of the gas
at room temperature and monitoring the count rate with the QMS and the pressure
with the Bayard-Alpert gauge. Both the QMS and the Bayard-Alpert gauge employ
electron-impact ionization to measure the partial or total pressure in a given ionization
volume, respectively. Consequently, the direct measurement could be distorted due
to an over-estimated total pressure caused by fragmentation of H2CO [Fig. C.5(a)].
Therefore, we chose to determine C of H2CO indirectly by applying a constant pressure
of a test gas which produces less fragments to the vacuum chamber, measure the count
rate as well as the pressure for the test gas, and use known fragmentation probabilities
(Fig. C.5) and ionization cross sections (Fig. C.6) to deduce the expected H2CO count
rate for a given pressure. As a consistency check, the procedure was performed for N2

and O2.

First, mass spectra were measured for different total pressures of test gas in the
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QMS vacuum chamber. These are shown in Figs. C.7(a) and (d). Since there is
an unknown background pressure of residual unknown gas in the vacuum chamber,
differences between each of the measured mass spectra and recorded pressure values
are used in the further evaluation.

From the test-gas difference spectra stg(m, p) for a pressure difference p, an expected
H2CO signal sH2CO,calc(m, p) is deduced as follows. First, a sum of three shifted com-
ponents stg,i(m, p) of the test gas spectrum around the strongest peak is fitted to a
measured mass spectrum of formaldehyde (the three strongest peaks of it):

sH2CO,fit(m) = a1stg,1(m, p) + a2stg,2(m, p) + a3stg,3(m, p). (C.2)

Here, the stg,i(m, p) are obtained by shifting the test-gas difference spectra stg(m, p)
[in the mass range marked in Figs. C.7(a) and (d)] to the mass values of the three
strong formaldehyde fragmentation peaks, i.e. stg,i(m, p) = stg(m+∆mi, p). The co-
efficients ai in Eq. (C.2) are scaling factors determined with a fitting routine. Note
that the formaldehyde spectrum was obtained with a guided beam of uncooled formal-
dehyde molecules. Thus, no pressure p can be associated with it. The sH2CO,fit(m)
constructed in this way and the measured spectrum of guided formaldehyde are shown
in Figs. C.7(b) and (e). They show a good overlap.

Next, the H2CO count rate expected for the pressure p is calculated as

sH2CO,calc(m, p) =
1

Ftg

σH2CO

σtg
[b1stg,1(m, p) + b2stg,2(m, p) + b3stg,3(m, p)] , (C.3)

with test gas fragmentation probability Ftg (Fig. C.5) and the ionization cross sections
σ (Fig. C.6). The bi scale the fitted spectra to the signal level corresponding to p via
the relation

bi =
1

FH2CO

ai(p)∑
i ai(p)

(C.4)

which also takes into account the total fragmentation probability for the three strongest
formaldehyde mass peaks, FH2CO = 0.971.

In our normal experiments, formaldehyde molecules are counted by setting the mass
filter of the QMS to a fixed mass of 28.9 u (Table C.1). Therefore, finally, we use the
expected, pressure-dependent count rate for this mass setting, sH2CO,calc(m=28.9 u, p),
and plot it vs. number density n [using n = p/(kBT )] to fit the desired sensitivity
coefficient C of the QMS. The data and the fit results are shown in Figs. C.7(c) and
(f). As already noted in Sec. 4.3.3, the coefficient determined with nitrogen differs
from the one obtained with oxygen by about 15 %. The sources of error causing this
discrepancy were discussed before in that section of the main text. The coefficients
obtained here were used to calibrate the number of molecules unloaded from the trap
in Sec. 4.3.4.
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Figure C.7: Sensitivity calibration of the QMS. Panels (a)–(c) show the data
measured with N2, whereas panels (d)–(f) display the corresponding measurements with
O2. (a), (d) Mass spectra for varying test-gas pressure. The mass range enclosed by the
vertical dashed lines was used in the further evaluation. (b), (e) H2CO mass spectra
constructed from the test-gas spectra and fitted to the H2CO mass spectrum obtained
with guided molecules (see main text for further details). (c), (f) Calculated, density-
dependent H2CO count rate at mass 28.9 u with fitted sensitivity coefficient C of the
QMS. These coefficients were used to calibrate the number of (cooled) molecules unloaded
from the trap.





Appendix D

Data evaluation and statistics

All error bars associated with experimental data shown in this thesis represent the 1σ
statistical error deduced from the molecule count measured with the QMS. Due to the
low detection efficiency of the QMS, the number of molecules detected after a single run
of an experimental sequence is comparably low. To reduce the statistical uncertainty
measurements are typically repeated several or many times and the obtained signals
are averaged (Sec. 3.2). Tables D.1 and D.2 specify the number of repetitions and the
date of the measurement for all data plots included in this thesis.

Measurement Label Repetitions Date

Fig. 3.2 current trap 11 03/08/2015
previous trap 279 20/12/2013

∼ 114 09/01/2014
Fig. 3.3 fRF − foffset = 22 MHz 8 15/09/2015

fRF − foffset = 3.1 MHz ∼ 36 30/08/2015
Fig. 3.5(b) 6 19/06/2015
Fig. 3.5(c) 19 17/09/2015
Fig. 3.6 23 29/04/2015
Fig. 3.7(b) 4 21/05/2015
Fig. 3.7(c) 10 21/05/2015
Fig. 3.9(a) ∼ 26, ∼ 10 23, 24/09/2014

Fig. 4.1(b) 15 24/08/2015
Fig. 4.2 21, 18 10,25/07/2015
Fig. 4.3 22 09/09/2015

Table D.1: Number of repetitions of the experimental sequence (and date of
the measurement) for all data plots shown in this thesis. For some data series
the number of repetitions deliberately varies for different data points. Then, a range
is specified. Occasionally, important single data points, e.g., a reference signal level to
which the remaining data is normalized, were measured a multiple of the given number
of repetitions. This is not specified in the table but is often visible in the plot because
these points thus have smaller error bars. Note that a plotted data point is often a
difference signal extracted from two or more experimental sequences, a consequence of
our state-detection method (Sec. 3.3.1).
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Measurement Label Repetitions Date

Fig. 4.5 ∼ 200, ∼ 3500 21, 29/08/2014
Fig. 4.6(a), (b) ∼ 133 06/08/2015
Fig. 4.6(c) 57 14/06/2012
Fig. 4.7(a) 11 03/08/2015
Fig. 4.7(b) 7 03/08/2015
Fig. 4.7(c) 13 04/08/2015
Fig. 4.8 2 – 10 22/06/2015

3 10/07/2015
Fig. 4.9(a) Vtrap = ±100 V 47 03/07/2015
Fig. 4.9(a) Vtrap = ±50 V ∼ 11 08/07/2015
Fig. 4.9(b) Vtrap = ±100 V 13 04/08/2015
Fig. 4.9(b) Vtrap = ±50 V 17 05/08/2015
Fig. 4.10 47 03/07/2015
Fig. 4.12 18 19/08/2015
Fig. 4.13(a), (b) ∼ 180 16/09/2015
Fig. 4.13(c) ∼ 70 21/09/2015

Fig. 5.3(a) fRF − foffset = 762 MHz 8 18/08/2016
Fig. 5.3(a) fRF − foffset = 189 MHz 21 11/08/2016
Fig. 5.3(a) fRF − foffset = 22 MHz 33 26/07/2016
Fig. 5.5(a) Eoffset = 1.05 kV/cm ∼ 14 21/09/2016
Fig. 5.5(a) Eoffset = 0.81 kV/cm 12 24/09/2016
Fig. 5.5(a) Eoffset = 1.32 kV/cm 10 25/09/2016
Fig. 5.5(c) Eoffset = 1.05 kV/cm 41 26/08/2016
Fig. 5.5(c) Eoffset = 0.81 kV/cm ∼ 35 16/07/2016
Fig. 5.5(c) Eoffset = 1.32 kV/cm ∼ 39 13/07/2016
Fig. 5.6(a) 71 23/08/2016
Fig. 5.6(b) 41 26/08/2016
Fig. 5.6(c) 254 – 570 08–09/2016

Fig. 6.1 96 – 384 02/05/2015

Fig. A.1 previous trap 90 15/05/2014
Fig. A.1 after baking 370 21/05/2014
Fig. A.1 current trap 390 01/07/2014
Fig. A.2(a) previous trap 34 01/04/2014
Fig. A.2(a) after baking 23 22/05/2014
Fig. A.2(a) current trap 27 04/07/2014
Fig. A.2(b) 27 07/04/2014
Fig. A.2(c) 29 04/07/2014

Fig. C.2(a) 2 – 30 04/2016
Fig. C.2(b) 16 – 68 04/2016
Fig. C.4 10 01/09/2015

Table D.2: Continuation of the preceding table.
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Briaudeau, C. J. Bordé, and C. Chardonnet. Direct Determination of
the Boltzmann Constant by an Optical Method. Phys. Rev. Lett. 98, 250801
(2007) [cited on p. 91].

[Dau99] C. Daussy, T. Marrel, A. Amy-Klein, C. Nguyen, C. Bordé, and
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and P. Scheier. Ultra-Low-Temperature Reactions of Carbon Atoms With
Hydrogen Molecules. Astrophys. J. 818, L31 (2016) [cited on p. 5].

[Kre05] R. V. Krems. Molecules near absolute zero and external field control of
atomic and molecular dynamics. Int. Rev. Phys. Chem. 24, 99 (2005) [cited

on p. 3].

[Kre09] R. V. Krems, B. Friedrich, and W. C. Stwalley, eds. Cold Molecules:
Theory, Experiment, Applications. CRC Press, Boca Raton (2009) [cited on

pp. 1, 3].

[Kro14] M. Krottenmüller. Fabrication of Microstructures for Trapping of Polar
Molecules. Master’s Thesis. Technische Universität München (2014) [cited on

pp. 43, 44, 90, 114].

[Kro75] H. W. Kroto. Molecular Rotation Spectra. John Wiley & Sons, New York
(1975) [cited on pp. 18–22, 24, 25].
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lenz, C. Sommer, L. D. van Buuren, M. Motsch, and G. Rempe. Sisy-
phus cooling of electrically trapped polyatomic molecules. Nature 491, 570
(2012) [cited on pp. 10, 13, 15–17, 38, 39, 41, 43, 47, 56, 65, 73, 75, 79].

[Zep13] M. Zeppenfeld. Electric Trapping and Cooling of Polyatomic Molecules.
Dissertation. Technische Universität München (2013) [cited on pp. 10, 11, 13,

15, 41–44, 47, 52, 56, 65, 90, 105, 114].

[Zep17] M. Zeppenfeld. Nondestructive detection of polar molecules via Rydberg
atoms. EPL 118, 13002 (2017) [cited on p. 112].

http://dx.doi.org/10.1016/j.jqsrt.2016.04.010
http://dx.doi.org/10.1016/j.jqsrt.2016.04.010
http://dx.doi.org/10.1088/1367-2630/aa8e52
http://dx.doi.org/10.1088/1367-2630/aa8e52
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1103/PhysRevLett.120.163201
http://dx.doi.org/10.1126/science.aan3029
http://dx.doi.org/10.1126/science.aan3029
http://dx.doi.org/10.1038/nature12483
http://dx.doi.org/10.1038/nature12483
http://dx.doi.org/10.1126/science.1148259
http://dx.doi.org/10.1126/science.1148259
http://dx.doi.org/10.1103/PhysRevA.74.050301
http://dx.doi.org/10.1103/PhysRevA.74.050301
http://dx.doi.org/10.1103/PhysRevLett.114.223003
http://dx.doi.org/10.1103/PhysRevLett.114.223003
http://dx.doi.org/10.1007/s00340-007-2876-3
http://dx.doi.org/10.1007/s00340-007-2876-3
http://dx.doi.org/10.1007/s00340-007-2876-3
http://dx.doi.org/10.1103/PhysRevA.80.041401
http://dx.doi.org/10.1103/PhysRevA.80.041401
http://dx.doi.org/10.1038/nature11595
http://dx.doi.org/10.1038/nature11595
http://nbn-resolving.de/urn/resolver.pl?urn:nbn:de:bvb:91-diss-20131121-1172964-0-5
http://dx.doi.org/10.1209/0295-5075/118/13002
http://dx.doi.org/10.1209/0295-5075/118/13002




List of Publications

High-resolution spectroscopy on cold electrically trapped formaldehyde
A. Prehn, M. Ibrügger, G. Rempe, M. Zeppenfeld
arXiv:1807.06618 [physics.atom-ph] (2018)

Fast, precise, and widely tunable frequency control of an optical
parametric oscillator referenced to a frequency comb
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