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Abstract

The creation of a degenerate quantum gas of polyatomic molecules is a long standing
goal in quantum science. To reach this goal, external and internal control of the mole-
cules has to be gained. While the former is extensively studied, the latter has hardly
been investigated so far. A widely applicable, comprehensive approach for controlling
the rotational states of trapped polyatomic molecules is presented in this thesis. It in-
cludes the development of a rotational-state detection method, the first rotational-state
cooling of polyatomic molecules and the preparation of a motionally cold ensemble in
a single state. The toolbox for this approach comprises the selective driving of rotatio-
nal transitions and optical pumping via vibrational transitions and only uses generic
properties of symmetric top molecules.

The developed rotational-state detection method is based on state-selective removal
of molecules from an electrically trapped ensemble. The trap depletion is analyzed in
detail and the measured dynamics is nicely explained by a rate model. The rotational-
state cooling is realized via the first implementation of optical pumping to trapped
polyatomic molecules. By integrating rotational-state cooling with motional Sisyphus
cooling, internal and external degrees of freedom are concurrently cooled. An additional
optical pumping process prepares more than 70 % of the population in a single rotational
Stark-substate. In total, starting from a room temperature gas bottle, where thousands
of rotational states are populated, a motionally cold (≈ 30 mK) and almost pure state
ensemble of about 106 trapped CH3F molecules was produced in a DC electric trap
using only a single laser and microwave radiation. This approach for controlling the
rotational state of trapped polyatomic molecules represents a crucial step towards an
ultracold molecular gas in a single internal state. An extension of the optical pumping
to transfer the population into the absolute ground state could be a next step as it
creates favorable conditions for studying evaporative cooling of polyatomic molecules.
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Chapter 1

Introduction

Molecules can offer fascinating characteristics like a wealth of internal degrees of free-
dom, a large permanent electric dipole moment, and a variety of chemical properties.
Intrigued by these features, research groups originating from seemingly different fields
in physics unite in the very lively and rapidly developing research area of cold and ultra-
cold molecules. This fascinating development throughout the last decade is in particular
highlighted in the books [Smi08, Kre09] and special issues [Car09a, Jin12, Her13, Car15]
dedicated to this field.

In order to explore the new applications of cold and ultracold molecules, the internal
and external degrees of freedom of the molecules have to be controlled. Therefore,
many different techniques to produce molecules at low or ultralow temperatures were
developed. In this context, two temperature ranges are commonly distinguished, the
cold (1 mK to few K) and the ultracold (< 1 mK) regime [Bel09b, Car09b, Lem13],
whereas a more rigorous definition of cold and ultracold can be based on scattering
properties of the molecules [Boh09]. The control of the internal state is equally im-
portant and can be accomplished by optical pumping, but only few implementations
were demonstrated up to now. In particular, a method for control and cooling of the
rotational states of trapped polyatomic molecules by optical pumping was lacking prior
to this thesis.

1.1 Applications of cold and ultracold molecules

The presence of an electric dipole moment as well as a rich structure of internal states
are essential for many applications in many-body physics with quantum gases, quantum
information processing, controlled collisions and spectroscopy. From the perspective of
this thesis those are the most important applications of cold and ultracold molecules.
They are therefore discussed in more detail in the following and particular advantages
of polyatomic molecules are highlighted. The large body of work on the interaction
of molecules with attosecond laser pulses [Cor07] and coherent control of molecular
dynamics [Sha03], will be omitted as they are beyond the scope of this thesis.

Cold collisions and quantum chemistry The particular interest in collisions at low
energies, or chemical reactions at low temperatures, has several reasons [Kre08, Bel09b,
Boh09, Her09, Qué12]: Controlling molecules at the quantum level requires the know-
ledge of their scattering properties, which can be dramatically different at ultralow
temperatures. In this regime, the collision processes are expected to be dominated by
quantum effects and can in particular be strongly influenced by the long-range inter-
molecular forces. In addition, external fields are likely to have a strong influence on the
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Chapter 1 Introduction

reaction dynamics which can be used to tailor the process. The experimental study of
cold collisions and chemical reactions allows to draw conclusions about the potential
energy surface which can then be compared to ab-initio calculations which together
yields a gain in fundamental understanding of these effects. Chemical reactions at low
temperatures also provide insights about the cold chemistry in interstellar gas clouds.
In these cold (≈ 5 K) clouds, the coldest naturally occuring chemical reactions take
place. Up to date, more than a hundred molecule species were found and huge effort is
put into understanding these chemical reactions in more detail [Her08, Tie13, vH11].

A large variety of cold-collisions experiments is performed with crossed or merged
beams [Van12, Nar12, Jan15]. In 2006 the group of G. Meijer [Gil06] demonstrated the
first observation of collisions of Stark decelerated OH radicals with a crossed cold Xe
beam. They achieved collision energies from 50 to 400 cm−1 with a high state purity
of the OH radials and found a clear threshold behavior. The collision energies can
be further reduced by merging two beams and selecting the relative forward velocity
and therewith the collision energy. With such a system, several resonances could be
observed in the Penning ionization He(3S1)+H2 → H+

2 +He [Hen12]. Recently, Penning
ionization experiments with Ne∗ and CH3F were performed [Jan14a]. A disadvantage
of the merged beam technique, however, is the large forward velocity of both beams
and therewith a short interaction time.

Trapping of molecules can dramatically increase the interaction time and therefore
gives access to slow or weak processes. The first approach towards this goal is a combi-
nation of trapped ensembles and molecular beams. For example, Parazzoli [Par11] and
coworkers measured the electric field dependence of elastic and inelastic cross sections
for collisions of Stark decelerated ND3 molecules with Rb atoms in a magneto-optical
trap. Collisions of magnetically trapped OH molecules for the sake of evaporative co-
oling were studied and a large dependence of the loss rate on electric field strength was
observed [Stu13].

There is also a large body of work on collisions of cold molecules with cold ions [Rot06,
Bel09a, Ton10, Wil08, Hal12]. The group of T.P. Softley [Wil08], for example, studied
the reaction of velocity-filtered CH3F with Ca+ Coulomb crystals at single-particle
sensitivity. The use of a source providing molecules at very low, tunable velocities in
well-defined internal states would lead to only a few partial waves contributing to the
collision and would hence drastically increase the resolution.

High-resolution spectroscopy and the study of fundamental physics It is well known
that high-resolution spectroscopy of atoms or molecules constitutes a key element for
experimental investigations in physics. Spectroscopy not only provides insights on
the structure needed for controlled manipulation but also yields a sensitive probe to
test theory. The particular advantage that comes with cold or ultracold molecules is
twofold. Control of the internal states of molecules allows to prepare the ensemble in a
particular internal state and slow or even stopped motion results in longer interaction
times thereby increasing the spectral resolution.

A prominent example for the particular benefit of spectroscopy on molecules is the
search for variations of fundamental constants, a problem that traces back as far as
the work of Dirac [DIR37]. A possible variation of e.g. the fine structure constant
manifests differently on vibrational, rotational and electronic transitions of molecules
and thus opens compared to atoms additional possibilities for the intensive study of this
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1.1 Applications of cold and ultracold molecules

problem [Gin04, Chi09, Kaj09, Jan14b]. As an example, spectroscopy data obtained
in the laboratory can be compared to measurements in the interstellar medium to
put limits on the drift of the proton-to-electron mass ratio or the variation of the
fine structure constant [Bag13, Tru13]. Moreover, precision spectroscopy on molecules
can be exploited to put constraints on existing theories of higher dimensions [Sal15].
Those extra dimensions should become visible in a change of the gravitational strength.
Molecules can probe space time on length scales of the bonding length and thereby put
constraints on the compactification radii of extra dimensions.

Spectroscopy on molecules also allows measuring parity violation [Dau99, DeM08] or
testing time-reversal symmetry [Hin97]. In recent years, cold polar molecules emerged
as ideal candidates to measure the electron electric dipole moment (EDM) [Hud11].
Compared to atoms, the effective internal electric fields of polarized molecules are
orders of magnitude larger and act thereby on the EDM of the electron, thus providing
a sensitive probe. With buffer-gas cooled ThO molecules, the highest level of precision
|de| < 8.7 × 10−29 e · cm so far was reported [Bar14], thereby probing new physics at
the TeV energy scale. However, to boost the sensitivity even more, further cooling of
the molecules is needed [Tar13].

Quantum information processing Due to their long range dipole-dipole interaction
and the rich internal structure, molecules are considered to be ideal candidates for
quantum information processing. Already in 2002, D. DeMille [DeM02] proposed the
use of polar molecules as qubits. They are held in a one-dimensional array of traps
with the dipole moment pointing up or down relative to an external electric field. This
system possesses many advantages: a field gradient allows for addressing individual
sites, the dipole-dipole interaction provides a way to quickly create entanglement and
these arrays appear feasible to scale up to obtain large networks. The entanglement
of these arrays of molecules was studied by Q. Wei and coworkers [Wei10, Wei11a,
Wei11b]. In [Wei11b] they especially investigate the entanglement of polar symmetric
top molecules as candidate qubits thereby pointing out the advantage resulting from
a first-order Stark shift: an effective dipole moment that is nearly independent of the
field strength.

Another approach is the combination of molecules with solid-state systems [Rab06,
And06], where the molecules serve as optical interfaces and provide the long-term sto-
rage, overcoming the key issue of rapid decoherence in solid-state systems. In particular,
typical transition frequencies between rotational states of molecules are often in the mi-
crowave regime allowing for a strong coupling with microwave photons confined by a
strip-line resonator. Preparing these molecules in a crystalline one-dimensional dipolar
chain is studied as a candidate for a high-fidelity quantum memory in reference [Rab07].
This approach protects the molecular qubits from the damaging effects of short-range
collisions.

Yelin, Kuznetsova and coworkers studied schemes for robust quantum computation
with polar molecules [Yel06] and provided an analysis of the experimental feasibility of
polar-molecule-based phase gates [Kuz08]. They in particular address the task of swit-
ching ”on” and ”off” the strong dipole interaction of polar molecules using hyperfine
states. De Vivie-Riedle and coworkers [Tes02] developed schemes for quantum compu-
tation with vibrationally excited states. Each normal mode of polyatomic molecules
can be used to define quantum bits and they discuss how to employ this idea for the
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Chapter 1 Introduction

polyatomic molecule acetylene (C2H2). First experimental results in this direction of
quantum computation with molecules have been obtained with Li2 [Val02] and iodine
molecules [Hos10] based on population transfer with shaped ultrashort laser pulses.
Cooling and trapping of molecules with the prospect of individual addressing of single
molecules, however, is necessary to scale up the system [Hos10].

Quantum many-body physics The achievements in cooling the motion of atoms and
controlling their internal degrees of freedom has opened a beforehand unimaginable
playground. One of the intensively studied areas is the work on many-body physics, e.g.
simulating solid state physics, studying phase transitions or research on low-dimensional
systems [Blo08]. The dynamics in these experiments is usually determined by the
character of the interparticle interaction, which in non-polar atomic systems is typically
an s-wave isotropic short range interaction described by the scattering length a.

Already in 2000 it was found that the properties of a Bose-Einstein condensate change
dramatically if the interactions are dominated by long-range and anisotropic dipole-
dipole forces [San00]. Since then, quite a number of proposals for new physics with
dipole-dipole interaction came up, like new quantum phases [Gór02, Mic07] or new
toolboxes for lattice-spin models [Mic06, Ort09] which are nicely reviewed in [Lah09,
Tre11, Bar12].

The first and fascinating observation of dipolar behavior in a quantum gas was made
with chromium atoms, which have a large magnetic moment of several Bohr magnetons
in their ground state [Gri05, Stu05]. Compared to the magnetic dipole moments of
atoms, polar molecules posses much larger dipole moments and thus allow to deeply
advance into the dipole-dipole interaction dominated regime. However, the production
of an ensemble of polar molecules near quantum degeneracy remains a challenge and
has only been achieved by assembling ultracold atoms, as first demonstrated by the
group of J. Ye and D. Jin [Ni08]. The same group also realized the first lattice spin
model with ground-state polar molecules [Yan13]. Despite recent progress [Mos15],
realizing a degenerate quantum gas of molecules in an optical lattice with high filling
remains an open goal.

Despite these challenges and the technical effort, assembling ultracold alkali atoms
seemed for long times the only feasible method to produce ultracold molecules and
thus many of the proposals mentioned above focus on diatomic molecules. However,
recent proposals demonstrate that polyatomic molecules and in particular symmetric
top molecules have clear advantages compared to diatomic molecules [Wal13, Wal15].
In particular the dipole-dipole interaction of symmetric top molecules in a static electric
field due to their linear Stark shift corresponds to the dipole-dipole interaction of ma-
gnetic dipoles in a magnetic field. This correspondence does not exist for alkali dimers
revealing the benefits of symmetric top molecules for simulating quantum magnetism.

1.2 Producing ensembles of cold polyatomic molecules

The various applications of cold and ultracold molecules have driven the development
of new and very diverse experimental approaches to produce these molecules. The
techniques which are applicable to polyatomic molecules are summarized below. In
particular the effects of these methods on the internal-state distribution is discussed.
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1.2 Producing ensembles of cold polyatomic molecules

Owing to the focus on polyatomic molecules, a discussion of the production of ultracold
molecules by assembling ultracold alkali-atoms is omitted, despite the fact that this
method reaches the lowest temperatures [Ni09, Mos15] . Another promising technique
that is not discussed is laser cooling of molecules. This approach can be applied to
certain diatomic molecules [Di 04] and resulted recently in a few thousand sub-mK SrF
molecules in a magneto optical trap [Nor15].

Velocity filtering A technique that is applicable to a wide range of polar molecule spe-
cies is velocity filtering. The concept is simple: Every thermal gas contains a small frac-
tion of molecules with very low energy. These molecules can be filtered using velocity-
selective trapping, e.g. a static electric quadrupole guide that only guides this low
energy faction. This method does not cool, but nevertheless provides a simple and very
robust method to continuously produce molecules at about 1 K [Ran02, Jun04, Mot09]
with a flux of about 1010/s. Cold polar molecules produced by velocity filtering can
easily be trapped by suitable electric traps [Rie05]. This technique is therefore parti-
cularly well suited to be combined with the microstructured DC electric trap [Eng11]
used in this thesis.

The internal state distribution of the guided molecular beam depends on the rota-
tional constants of the molecule species and the applied trapping field. It was first
investigated via depletion spectroscopy by Motsch et al. [Mot07] and a good agreement
of expected and measured rotational state distribution was found. Investigations of the
rotational state populations inside a hexapole guide were performed by B. Bertsche and
coworkers [Ber10, Ber11] and also showed a rather broad distribution covering tens of
rotational states.

Deceleration techniques For decelerating molecules after supersonic expansion, va-
rious methods are intensively studied [Hog11]. One of the advantages of this technique
is its applicability to several small polyatomic molecules species as e.g. NH3,ND3,
H2CO, CH3F. However, it is important to note, that the cooling takes place due to
collisions during the supersonic expansion and not during the deceleration. The de-
celeration shifts the center-of-mass velocity to lower velocities in the laboratory frame
which due to phase space arguments directly sets limits on the achievable temperatures
and molecule numbers with this method.

Deceleration is e.g. based on the interaction of polar molecules with time-varying
electric field to slow neutral molecular ensembles [Bet99, Van12]. These Stark decele-
rators have also been built on a chip [Mee09] or in the form of traveling traps [Ost10].
Deceleration of molecules can also be based on Rydberg-Stark states [Yam04] and on
magnetic [Nar12], microwave [Mer12] or optical fields [Ful04]. A continuous decelera-
tion of polar molecules was recently achieved with a centrifuge decelerator [Che14].

Trapping of decelerated polyatomic molecules was demonstrated by several groups.
Traveling-wave decelerators have, for example, been used to trap ammonia molecules.
In a subsequent adiabatic cooling, temperatures below 1 mK with few molecules were
achieved [QP14]. Meng at al. [Men15] used in 2015 a traveling wave decelerator to slow
CH3F molecules to rest, the heaviest and most complex molecule decelerated to rest
till then. They were able to trap 2 × 104 CH3F molecules at a temperature of about
40 mK.
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Chapter 1 Introduction

The internal distribution of the decelerated ensembles depend on the collisions du-
ring the supersonic expansion and the properties of the deceleration. These collisions
effectively cool the rotational state of the molecules, whereas the vibration is poorly co-
oled [vdM05]. The resulting state distribution is further reduced by the state-selective
deceleration process and often results in high rotational-state purities. However, an
experimental analysis by the group of Lewandowski showed, that Stark deceleration
can be inefficient in producing molecules in a single rotational state [Fit12] and further
filtering or internal cooling might be needed.

Buffer-gas cooling A method capable to cool the internal and external degree of
freedom of a wide variety of molecule species is buffer-gas cooling, nicely reviewed
in [Hut12]. Molecules are cooled by collisions with a cryogenic gas like He or Ne inside
a cryogenic cell. A small hole allows the formation of a molecular beam together with
the buffer-gas. The buffer-gas density has a strong influence on the beam formation:
For low buffer-gas densities, the molecular beam almost matches a Maxwell-Boltzmann
distribution. Unfortunately, the slow molecules are missing in the beam. In addition,
the low pressure results in a low molecule number due to freezing of the molecules on
the walls of the cell. For higher buffer-gas densities, the wind of the buffer-gas leads to
a better extraction of molecules from the cell, but results in a higher forward velocity of
the molecular beam. A cell design for good extraction of molecules with small forward
velocities is under current study.

If there are sufficient inelastic collisions with the buffer gas, the internal distribution
thermalizes with the buffer gas. Typically the rotational degree of freedom therma-
lizes equally fast as the motional degree, however, the vibrational relaxation is less
efficient [Hut12]. The rotational-state distribution has been studied in several expe-
riments [Van09, Twy14] proving that the rotational state can efficiently be cooled to
the lower rotational states for the molecules ND3 or H2CO. However, for larger mole-
cules with small rotational constants, even at cryogenic temperatures a huge number
of states are still populated and further filtering or internal cooling is needed to achieve
pure state ensembles.

Optoelectrical Sisyphus cooling This is the cooling method employed in this the-
sis, and it can be used to cool polyatomic molecules to sub-mK temperatures [Zep09,
Zep12, Pre15]. In the current implementation, it proceeds in an electric trap, which
is loaded via velocity filtering. As discussed above, velocity filtering provides mole-
cules at temperatures below 1 K, but with a rather broad rotational-state distribution
containing hundreds of states even for relatively light molecules such as CH3F. Sisy-
phus cooling, however, only cools molecules populating two neighboring (freely chosen)
rotational states. Thus the number of cooled molecules could be significantly enhanced
by rotational-state cooling. Narrowing the rotational-state distribution is in particular
a prerequisite for applying Sisyphus cooling to molecule species with a small rotational
constant, where the initial rotational-state distribution is even broader. In addition,
Sisyphus cooling does not produce an internally pure-state ensemble. To reach this
goal, an additional method for controlling the internal state is needed.
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1.3 Internal cooling of molecules

1.3 Internal cooling of molecules

The fascinating applications of cold and ultracold molecules require a further internal-
state control than the one provided by the discussed cooling methods so far. Both,
narrowing the population distribution by internal-state cooling and preparing the mo-
lecules in well-defined and freely-chosen quantum states can be accomplished by optical
pumping. The extremely useful technique of optical pumping is one of the first methods
that were used to manipulate atoms with light. It was developed by the 1966 Nobel
laureate Alfred Kastler in 1950 [Kas50] and shortly afterwards experimentally observed
[Bro52, Haw53]. Since then, optical pumping has been a versatile tool for many appli-
cations in quantum optics and was in particular used for internal-state preparation.

Optical pumping of molecules for the purpose of internal state cooling has been
demonstrated by the group of P. Pillet in 2008 [Vit08, Sof09]. Photoassociated Cs2 mo-
lecules initially populating several vibrational states were pumped to the vibrational
ground state with a shaped femtosecond laser pulse. In combination with a narrow-
band cw laser, the vibrational and rotational states were concurrently cooled into the
respective ground states with up to 40 % efficiency [Man12, Man13]. Vibrational cooling
of a heteronuclear molecule, photoassociated NaCs, via optical pumping was achieved
in 2012 in the group of N. P. Bigelow [Wak12]. Population transfer by optical pum-
ping, without the purpose of narrowing the distribution, has also been used to pump
Stark-decelerated metastable CO into the absolute internal ground state [Blo11] or to
efficiently load CaF [Lu14] or NH [Rie11] molecules into a magnetic trap.

In summary there are only a few implementations of optical pumping of cold neutral
molecules, despite the fact that there is a huge need for internal state control of mo-
lecules and that optical pumping is a widely used technique for atoms. In particular,
an implementation for polyatomic molecules was still lacking prior to this thesis. It is
hampered by the much more complex internal structure of molecules compared to the
atomic species typically used in quantum optics. Optical pumping of molecules could,
for example, lead to rapid trap loss due to population transfer to untrapped states or
even to the dissociation of molecules while driving electronic transitions.

Compared to atoms, however, the multitude of internal states also brings new pos-
sibilities for manipulation as for example driving vibrational transitions to manipulate
the rotational state. Optical pumping of molecules via vibrational transitions has been
concurrently demonstrated for the molecular ions HD+ [Sch10] and MgH+ [Sta10] in
2010, achieving 78 % and 36 % ground-state population, respectively. One advantage
of using molecular ions is their long storage time which enables driving vibrational
transitions despite the orders of magnitude slower decay rate compared to electronic
ones. Second, the trapping is independent of the internal state of the ions and therefore
optical pumping cannot lead to losses of the ions. Handling these two issues, however,
allows one to implement optical pumping via vibrational transitions also for trapped
neutral molecules as will be demonstrated in the course of this thesis.

1.4 Outline of this thesis

In this thesis, a comprehensive approach of controlling cold polar molecules is pre-
sented. Based on previous work [Eng13, Zep13] which demonstrated a method to
motionally cool trapped polyatomic molecules to sub-mK temperatures [Pre15] via an
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Chapter 1 Introduction

optoelectrical Sisyphus mechanism, this thesis adds a key missing element: control of
the internal states. Note that parts of this thesis have been published beforehand in
the publications [Glö15b, Glö15a].

The experimental and theoretical foundations of this thesis are given in chapter 2.
In particular, the properties of the employed molecule fluoromethane (CH3F) are dis-
cussed and the experimentally exploited internal states and transitions are introduced.
Furthermore, a short summary of the theoretical concepts of rotational-state control
is given and the experimental setup is briefly described. The key element of the ex-
perimental setup, the DC-electric homogeneous-field trap, is investigated in detail in
chapter 3. In particular, a new method for measuring the electric-field distribution is
presented. This analysis is used to discuss the ability to resolve individual rotational
and vibrational transition, a prerequisite for controlled manipulation of the internal
states by radiation fields. In addition, any investigation of internal-state control is
impossible without means to detect the internal state. Chapter 4 presents a widely
applicable method for rotational-state detection based on state-selective removal of
molecules from the trapped ensemble. In particular, the dynamics of this depletion is
analyzed experimentally and compared to results from a rate model. Chapter 5 presents
the major result of this thesis, the first rotational-state cooling of trapped polyatomic
molecules via optical pumping. It can be integrated seamlessly with motional Sisyphus
cooling providing a concurrent cooling of the internal and motional degrees of freedom
of polyatomic molecules. By a subsequent additional optical pumping process, a mo-
tionally cooled ensemble can be prepared in a single rotational M substate, achieving
a cold and almost pure state ensemble of polyatomic molecules. Finally, the outlook
in chapter 6 provides an overview about possible further experiments and discusses the
applicability of the approach to other molecule species.
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Chapter 2

Experimental and theoretical foundations

This chapter summarizes the experimental and theoretical basics of this thesis. In par-
ticular, the molecule of choice, fluoromethane (CH3F), is introduced and the important
properties of symmetric top molecules are discussed in section 2.1. An overview about
the experimental setup and the basic elements of the experimental sequences used in
this thesis is presented in section 2.2. Section 2.3 of this chapter introduces the ex-
ploited rotational states and gives an overview about all transitions that are driven in
this thesis. Finally, the theoretical concepts of the presented rotational-state control
are discussed in section 2.4

2.1 The molecule CH3F

All experimental results presented in this thesis are obtained with the polar molecule
fluoromethane (CH3F). It is a prototypical symmetric top molecule and has a very
large inversion barrier and thus a negligible inversion splitting. In addition, the hy-
perfine levels with opposite parity are coupled already at low electric fields of less
than 1 V/cm resulting in a linear Stark shift [Bul91]. CH3F is therefore well suited
for simulating quantum magnets [Wal13, Wal15] and in addition is used to study che-
mical reactions [Bul91, Wil08] or nuclear spin conversion in molecules [Nag96]. For
the purpose of the experiments performed in this thesis, the favorable selection rules
for vibrational and rotational transitions of symmetric top molecules are of particular
importance.

The fascinating theory of molecules and molecular spectra is explained in detail in
several textbooks. In particular the series of Herzberg [Her45], Microwave Spectroscopy
by Schawlow and Townes [Tow55] and Molecular Symmetry and Spectroscopy by Bunker
and Jensen [Bun06] can be recommended. In this brief introduction, the focus is on the
employed rotational and vibrational states. Electronically excited states of the closed
shell molecule CH3F are not considered at all. Because of the lack of strict selection
rules for the vibrational quantum number, any electronic excitation would lead to the
loss of internal state control and in addition contains the risk of rapid predissociation.
Hence, for all experiments presented in this thesis, only vibrational and rotational
transitions are used.

Rotational states of a symmetric top molecule The rotational state of a symmetric
top molecule is described by three quantum numbers: the total angular momentum J ,
its projection onto the molecular symmetry axis K, and the projection on the electric
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Chapter 2 Experimental and theoretical foundations

constant symbol value

dipole moment µ 1.85 D
rotational constants A0 155.352 GHz

B0 25.536 GHz
centrifugal distortion DJ 60.217 kHz

DJK 439.57 kHz
DK 2106.923 kHz

Table 2.1: Summary of molecular constants for CH3F [Hüt10, Lid90].

field axis M . In the following, the rotational state will be denoted by |v; J,∓K,±M〉,
the ± signs being chosen such that ∓K is positive. This notation effectively ignores the
sign of K, reflecting the fact that states with K, M and −K, −M are identical under
inversion symmetry. The opposite sign for K and M allows low-field-seeking states to
be expressed with positive state indices. v denotes the vibrational quantum number of
the used v1 mode.

In the case of no interaction with external fields the rotational energy is given by

EJ,K/h = B0J (J + 1) + (A0 −B0)K
2 (2.1)

−DJJ
2(J + 1)2 −DJKJ(J + 1)K2 −DKK

4 + ...

Here, the first two terms correspond to the rigid rotor approximation with rotatio-
nal constants B0 and A0 and the last three are small first-order corrections due to
centrifugal distortions.

In the presence of an electric field the degeneracy of the M states is lifted according
to the first order Stark effect,

∆ν = −µE
h

KM

J(J + 1)
. (2.2)

Here µ is the permanent electric dipole moment and E is the electric field strength.
For typical electric fields in the experiment, this splitting is on the order of tens to
hundreds of MHz and depends on all three rotational quantum numbers J ,K and M .
The associated molecular constants of CH3F are summarized in Tab. 2.1.

Vibrational states To describe the vibration of a molecule it can be regarded as an
N -body harmonic oscillator, where N is the number of nuclei. The vibrational energy
is then given by (3N − 6) normal coordinates Qr each of them describing a collective
normal mode of vibration. The normal coordinates of CH3F span the representation
ΓQ = 3A1 ⊕ 3E of the molecular symmetry group C3v(M). Thus CH3F has three non-
degenerate vibrational modes and three degenerate ones which are listed in Fig. 2.1.

A comparison of the transition energies and the temperatures at our experiment im-
mediately shows that the molecules almost exclusively populate the vibrational ground
state which is often the case for small polyatomic molecules. Thus no vibrational co-
oling is needed and the sufficiently fast spontaneous decay of the vibrational excited
states allows implementing optical pumping via vibrational transitions. In this work,
Q-Branch vibrational transitions at the v1-mode at 2996 cm−1 are driven. The corres-
ponding excited state has a spontaneous decay rate of about 15 Hz [Eng13].

10



2.2 Experimental setup and sequence

v1 symmetric CH-strech mode
2930 cm-1 (2996 cm-1, 2863 cm-1)

v2 symmetric CH-bend mode
 1464 cm-1 

v3 CF-strech mode
 1049 cm-1 

v4 asymmetric CH-strech mode
 3006 cm-1 

v5 asymmetric CH-bend mode
1467 cm-1 

v6 CH-swing mode
 1182 cm-1 

Figure 2.1: Vibrational modes of CH3F. A Fermi resonance of the v1 and the 2v5 mode
leads to a splitting for the v1 symmetric strech mode [Gra81]. In this thesis, purely the
v1 mode at 2996 cm−1 is used to drive vibrational transitions. The spontaneous decay
rate of this mode is about 15 Hz.

QMS 
ionization
volume

segment 1 segment 2 segment 3

effusive source
(N2-cooled, T=110K)

microstructured 
electric trap 

IR laser
@ 3.4 µm

MW horn
antenna

4cm

2cm

quadrupole 
guide

55cm

Figure 2.2: Experimental setup. Molecules are loaded from a thermal liquid-nitrogen
cooled source into the trap via an electric quadrupole guide. For detection, the mole-
cules are guided to a quadrupole mass spectrometer.

2.2 Experimental setup and sequence

All experiments proceed in a DC-electric trap providing trapping times of up to 30 s and
a trap depth of about 1 K. Its unique design allows one to apply a tunable homogeneous
electric field in a large fraction of the trap volume [Zep13]. Figure 2.2 shows the
integration of the trap into the experimental setup where the individual parts are
described below. Additional information about the setup can be found in [Mie10,
Pre12, Eng13].

The source Cold polar molecules at about 1 K are produced via velocity filte-
ring [Ran02, Jun04]. Starting from a room temperature gas bottle the molecules are
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Figure 2.3: Rotational-state distribution for CH3F in the electric quadrupole guide for
velocity filtering from a thermal source at a temperature of 110 K.

precooled to 110 K in the liquid nitrogen cooled nozzle to reduce the internal and ex-
ternal temperature of the molecules. From the nozzle, the molecules are injected into
a DC-electric quadrupole guide providing a trapping field of Eload = 30 kV/cm, where
the low energy fraction of the molecules (. 1 K) is guided to the electric trap. All
measurements were performed with a molecule pressure at the nozzle of 4 Pa resulting
in a small boosting parameter [Mot09].

The thermal population of rotational states in the liquid-nitrogen cooled nozzle can
be calculated using Maxwell-Boltzmann statistics as no external fields are present in the
nozzle. However, the population in the electric quadrupole guide differs as the trapping
force depends on the molecular state, and the Maxwell-Boltzmann distribution has to
be weighted with the Stark shift squared [Mot09]. The resulting population distribution
is shown in Fig. 2.3. We find the highest population in the lowest rotational J states
of the |K| = 3 manifold.

CH3F offer a few great advantages for this type of source. First, it can be bought in
a gas bottle and thus no chemical process for the production of the molecules is needed.
Second, a rather narrow rotational state distribution is loaded into the trap. Finally,
CH3F has large dipole moment of 1.85 D which results in strong interactions with the
electric fields resulting in favorable trapping properties.

The detection of molecules The molecules are unloaded via a second electric quadru-
pole guide and detected with a quadrupole mass spectrometer (QMS). The detection
efficiency of the QMS is about 10−4. Molecule detection with a QMS is a simple and
robust technique, but does not give access to information about the internal state of
the molecules. However, in combination with state-selective depletion, detecting the
internal states of molecules is possible. This method of rotational-state detection is
described in chapter 4. The employed settings at the QMS are given in Tab. 2.2.

The OPO laser system A widely tunable single mode optical parametric oscillator
(OPO), Aculight Argos SF-15, is operated at a wavelength of 3.4µm and provides the
infrared (IR) radiation needed to drive vibrational transitions of our molecules. The
frequency of the pump (1064 nm) and the signal (1555 nm) is stabilized to a frequency
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2.2 Experimental setup and sequence

parameter value parameter value

SEM voltage 2400 V mass 32.9 a.u.
resolution 120 ion source type crossbeam
detector type Ion-counter emission current 0.6 mA

Table 2.2: Settings used at the QMS (Pfeiffer Vacuum QHG700+QMH410-3). The
considerably reduced background of the QMS at the mass of CH3F is a notable technical
advantage of the choice of this molecule species.

comb allowing for sub-MHz frequency precisions. In addition, the frequency of the idler
is measured with a wave meter at a precision of about 20 MHz.

The frequencies of the employed vibrational transitions lie within 20 GHz (see below).
Fortunately, the frequency of the pump can be mode-hop-free tuned by up to 100 GHz
with a suitable high voltage applied to a piezoelectric crystal at the fiber Bragg grating
of the seed laser. In addition, the signal frequency can be tuned by several hundred
MHz by varying the cavity length with a mirror mounted on a piezoelectric crystal. A
fast ramp and relock system was designed and implemented [Pre12] and allows one to
ramp and relock the frequency of the pump and signal within less than 10 ms. Hence,
the frequency of the idler can be changed with a rate that is fast compared to the
spontaneous decay rate of the vibrational excited state. This technique is used for a
quasi-continuous driving of several vibrational transitions with only one laser source.

Microwave radiation To drive the rotational transitions of interest in our mole-
cule, microwave (MW) radiation at about 200 GHz and 300 GHz is needed. A MW-
synthesizer (Aeroflex 2218 OEM Modular Synthesizer) provides MW radiation with
frequencies ranging from 500 MHz up to 18.4 GHz. A switch directs the radiation to
two amplifier multiplier chains (AMC) which multiply the frequency by x12 or x24.
The power of the resulting MW radiation is about 2 mW at 200 GHz and about 15 mW
at 300 GHz. The radiation is directed onto the trap with horn antennas outside of the
vacuum chamber.

For most applications, it is necessary to drive several rotational transitions simul-
taneously. Fortunately, the MW-synthesizer can switch the output frequency within
about a µs. Thus, all needed frequencies be cycled and one total cycle is about 20 ms
long often including a dark time. This is fast compared to the driving rate of the
rotational transitions and hence the transitions can be regarded to be driven quasi-
simultaneously. In the following it is assumed that the power used to drive the indivi-
dual rotational transitions can be set by the duty cycle of the corresponding frequency.
This assumption is based on the discussion, that the driving of transitions can be des-
cribed by rates (see section 2.4). However, e.g. doubling the length of a MW pulse
by doubling the duty cycle leads only to twice the effective power if even during these
pulses coherent processes can be ignored. Thus the molecules have to be in different
electric fields during the pulse which might fail for slow molecules or short pulses. The
distance which the molecules move during one pulse can in a first guess be compared
to the periodicity of the micostructures of 200µm (see section 3.1). The total output
power of the AMCs can also be reduced by applying a voltage at the user controlled
attenuation port.
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Figure 2.4: Summarized level scheme showing the relevant internal states of CH3F.
Transition frequencies are given for zero electric field. As indicated by the zoom, the
rotational states split in an electric field according to the linear Stark effect. Only the
low-field seeking states (positive M values) are trapped with the DC electric trap.

Experimental sequence The experimental setup consists of three segments as shown
in Fig. 2.2. The voltages in each segment can be controlled individually allowing dif-
ferent configurations for loading molecules to the trap, storage of molecules in a closed
trap and unloading molecules to the QMS [Eng11]. In the majority of the measure-
ments presented in this thesis, the trap was loaded for 16 s. Motional and/or rotational
cooling of molecules can already be applied during the loading. The time for storage
differed for the individual experiments. If applicable, state-sensitive depletion for the
purpose of state detection (chapter 4) was implemented at the end of the storage time
directly before unloading and detecting the molecules for 12 s. The timings of the se-
quences are given together with the data and appendix A provides an overview about
experimental steps.

2.3 The level scheme

Exploited internal states The level scheme shown in 2.4 is the basis of all internal
state manipulation in this thesis. The choice of the rotational states was based on
the high relative population (see Fig. 2.3). It was found that the lowest rotational
states J = 3, 4 with |K| = 3 are best populated with ≈ 17 %. Additional 9 % of the
molecules populate the rotational states J = 5, 6; |K| = 3. The high population is of
great advantage, as it allows manipulating a large fraction of the trapped ensemble
when addressing these states. Note that the rotational states split in an electric field
according to the linear Stark effect and only the low-field seeking states (positive M
values) are trapped with the DC electric trap.

Figure 2.4 also indicates all driven rotational and vibrational transitions and the
branching ratios for the spontaneous decay. The current setup allows the driving of
the rotational transition J = 3 ↔ J = 4 and J = 5 ↔ J = 6 with MW radiation. For
these pure rotational transitions, the selection rules are

∆K = 0 ∆M = 0,±1 ∆J = 0,±1 (∆J = 0 only for K 6= 0). (2.3)

Driving Q-Branch vibrational transitions benefits from the close vicinity of the tran-
sition frequencies: all needed transition frequencies lie within the tuning range of the
OPO which allows one to quasi-simultaneously drive these transitions with the same
laser source. By exciting the v1 vibrational mode, the dipole moment oscillates along
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2.4 Theoretical concepts of rotational-state control

the molecular symmetry axis. Thus, K cannot be changed during excitation or the
spontaneous decay which leads to the same selection rules as for the pure rotational
transitions.

Blackbody radiation Another, however, non-intended population transfer is caused
by blackbody radiation. This population transfer leads to a repopulation of states
during the internal state manipulation. The effect of blackbody radiation can then
only be neglected if the timescale for repopulation is much slower than the time nee-
ded for manipulation. In the past, the effect of blackbody radiation on molecular
states was associated with blackbody induced driving of rotational transitions [Hoe07].
CH3F, however, has a relatively small rotational constant B0 and thus blackbody in-
duced transitions between rotational states can in good approximation be neglected
for experiments described in this thesis. For transitions between vibrational states the
transition strengths for various vibrational modes of a molecule can vary over a large
range and each vibrational mode has to be considered individually. Indeed, the v3 CF-
stretch vibration in CH3F lies at 1049 cm−1 and has a spontaneous decay rate of about
13 Hz [Per74]. At room temperature this leads to blackbody rate of Γbb = 0.075 Hz,
which is relevant on the timescales of the experiments. Note that only dipole allowed
transitions contribute and can therefore only lead to a change of the M and J values
with K being conserved.

2.4 Theoretical concepts of rotational-state control

As indicated in the level scheme in Fig. 2.4 all rotational-state manipulation processes
are based on driving rotational and vibrational transitions. To understand the concept
of the here presented rotational-state manipulation, two basic processes have to be
considered: First, population can selectively be transferred to untapped states. This
transfer leads to a removal of molecules from the trapped ensemble, a process that
is denoted depletion. It is particularly used for the rotational-state detection method
in chapter 4. The second basic process is population transfer between trapped states.
Here, coupling two states with MW radiation leads to an equalization of the population.
In addition, optical pumping is used to accumulate the population within chosen states.
In particular, optical pumping allows one to implement rotational-state cooling and to
prepare the ensemble in single M substate (see chapter 5). These core concepts are
described with simple examples below.

For an analysis of the state manipulation, it is important to know, how these processes
can be described. In this thesis, all coherent processes are ignored and the population
transfer is described with rate equations. This assumption can be validated by the
experimental parameters: The MW rate is at most on the order of hundreds of Hz
and has to be compared to the Stark broadening in the central trap region of many
MHz. The argument for the infrared radiation is slightly different. Although the laser
intensity might locally be high enough to drive coherent processes, the molecules pass
the small laser beam only once in a while in the large trapping volume.

The toolbox for rotational-state control In the following, the main ingredient of
the toolbox for rotational-state control are discussed. Figure 2.5(a) shows the most
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Figure 2.5: Concepts for rotational-state control by driving rotational transitions. (a)
Removal of molecules from state 1 by driving a transition to an untrapped state. (b)
Coupling two rotational transitions for equalizing the population. (c) A combination
of (a) and (b) with consequences as discussed in the main text.

simple example of an depletion process. Specifically, two rotational states are coupled
with MW radiation. The state 0 is considered as an untrapped state and thus all the
population N1 of state 1 is transferred to state 0 but not the other way around. As
this loss of molecules can be described by rates, the remaining population is simply
given by N1(t) = exp(−Γ · t) · N1(t = 0), with t being the time for which the MW
radiation is applied and Γ being the driving rate. In order to deplete all molecules in
N1, Γ · t has to be sufficiently large to neglect the remaining population in state 1 and
the process is then considered to be saturated. Figure 2.5(b) shows a second important
process, the coupling of two trappable rotational states with MW radiation for the sake
of equalizing the population. As well known, solving the corresponding rate equations
yields N2(Γ · t) = (1−exp(−2Γ · t))/2 for N2(t = 0) = 0 and thus saturates at a relative
population of N2(∞) = N1(∞) = 0.5.

In the experiment it now often necessary to couple several rotational states to one
untrapped state with e.g. a ladder of MW couplings. The simplest example of such a
ladder is a combination of the two examples in (a) and (b) as given in Figure 2.5(c).
This situdation is already slightly more complicated as illustrated in the following. We
consider Γ = 1 Hz, t = 5 s for the two processes in (a) and (b). For these parameters,
both are almost saturated as the population distribution differs by less than one percent
from the one for t =∞. Choosing Γ1 = Γ2 = 1 and t=5 s for the model in (c), however,
results in still more than 15 % of the population being in the state 1 or 2. Even with
the optimal ratio of Γ1 = 1.5 · Γ2 (Γ1 + Γ2 = 2) the population in the state 1 or 2
improves only by less than one percent. Thus, for an implementation of such a or a
bigger ladder in the experiment, all MW driving rates are adjusted to be equal (see
section 3.5 for details of the implementation). In most presented experiments, it is
necessary to drive all involved transitions with such a rate, that the transitions can be
considered to be saturated. Thus, many of the characterization measurements shown
in this thesis determine the needed MW power or time for a saturated driving of the
transitions.

The other ingredient of the toolbox is the driving of vibrational transitions. The core
concept can be explained by the examples in Fig. 2.6. First, the Stark splitting in the
vibrational excited state is almost the same as in the ground state. Thus all depicted
IR transitions within each scheme have in good approximation the same frequency and
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Figure 2.6: Concepts for rotational-state control by driving vibrational transitions. The
concepts are explained in the main text by the example of driving a ∆J = 0 transition
from the J = 3, |K| = 3 state with ∆M = −1 (a), ∆M = 0 (b), and ∆M = +1 (c).

are thus driven simultaneously for ∆J = 0 transitions. Second, the spontaneous decay
can transfer population back to J = 3, |K| = 3 and due to the selection rule ∆J = 0±1
also to J = 4, |K| = 3. The selection rule ∆K = 0 however, forbids a decay to states
with J < 3.

In Fig. 2.6(a), a ∆M = −1 vibrational transition is driven thereby lowering the M
quantum number. Together with the spontaneous decay (∆M = 0,±1), this leads to a
successive removal of molecules from the J = 3, |K| = 3 states to either the untrapped
M = 0 states or to J = 4, |K| = 3 with M < 4. In particular the highest M = 4
substate of J = 4, |K| = 3 cannot be populated, which will be used for implementing a
single M substate detection in chapter 4. Driving a ∆M = 0 transition as in Fig 2.6(b)
also results in a depletion of the population in the states with J = 3, |K| = 3, but
on a slower timescale as more spontaneous decay events are needed. In particular,
most of the population is transferred to J = 4 which will be used for implementing
rotational-state cooling in chapter 5. A ∆M = +1 transition on average increases the
M quantum number, see Fig 2.6(c). In particular, the state |0; 3, 3, 3〉 is the only dark
state within J = 3, |K| = 3 and thus all the population either accumulated in this state
or is transferred to J = 4. This process shows the basic principle of a preparation of
the population in single rotational states as will be discussed in chapter 5.

Rate model Some of the processes for rotational-state control are analyzed using rate
equations in the following. These rate equations have the usual form

ṗi(t) =
∑
j

Γi,jpj(t) (2.4)

where pi is the population in state i and Γi,j is the rate for driving a transition from a
state i to a state j. The solution of such a coupled system is given by

P (t) = exp(Γ · t) · P (t = 0) (2.5)
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with P (t) = {p1(t), p2(t), ...} and the matrix Γ = (Γi,j). These rate equation systems
easily involve hundred states and thus all results presented in this theses are obtained
by numerical calculations and not analytically.

To determine Γ several contributions have to be taken into account: rotational states
coupled with MW, vibrational transitions driven via the laser, the spontaneous decay
from the vibrational excited states, and blackbody induced driving. For large molecule
densities, two-body inelastic collisions could also lead to population transfer. However,
with the density in the trap estimated to be in the range 106 − 107 cm−3 [Zep12], this
is not an issue in the present experiment.

Unlike for the spontaneous decay and the blackbody induced population transfer the
driving of the MW and IR transitions depends on the applied power. The appropriate
rates for the model are determined as follows: For IR transitions, the driving rate is
much faster than any other relevant process in the trap and in particular it is much
faster than the spontaneous decay rate of 15 Hz. The exact rate hence does not influence
the end result as long as it is sufficiently large, and a value of 1 kHz was chosen.
For rotational transitions, the discussion is more elaborated as e.g. the electric field
distribution has to be considered. The driving rate ΓMW

i,j with which a rotational
transition from state i to state j is driven is derived in section 3.5.

In addition to the coupling matrix Γ, the initial rotational-state distribution inside
the electric trap has to be calculated. The used population distribution is shown in
Fig. 2.3. For the initial population distribution in the rate models, the rotational states
J = 1 to J = 8 with all possible K and M values are included unless stated differently.
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Chapter 3

Spectral resolution inside the
homogeneous-field electric trap

The main ingredient of the experiment is a DC homogeneous-field electric trap. The
first storage of molecules with this type of trap was demonstrated in 2011 [Eng11]
achieving trapping times of about 10 s. In 2012 it was used to implement motional
cooling of polyatomic molecules using a Sisyphus scheme [Zep12] (see also section 5.2).

The trap was carefully designed to dramatically reduce the problem of Stark broa-
dening and thus to significantly increases the spectral resolution compared to, e.g.,
quadrupole traps. However, Stark spectroscopy performed by simply scanning one
MW frequency showed rather broad features. This chapter presents a new method
for a detailed investigation of the electric-field distribution. With this method, the
spectrum of a single rotational transition is measured which allows one to extract the
electric-field distribution. A comparison of the simulated and the measured distribu-
tion verifies the expectations of a narrow electric-field distribution. This analysis is of
particular importance for the characterization of internal-state detection and manipu-
lation of trapped molecules. The consequences of the electric-field distribution of the
trap for state-selective driving of rotational and vibrational transitions are discussed at
the end of this section.

3.1 The electric trap

The design concept and theoretical considerations about the electric-field distribution
are given in great detail in [Zep13]. Here the major aspects of the trap are briefly
summarized. A drawing of the trap is given in Figure 3.1. It consist of two microstruc-
tured capacitor plates facing each other with a distance of 0.3 cm. A voltage difference
between the capacitor plates leads to a homogeneous electric field inside the trap. The
voltages applied to the two plates are in the following denoted by ±VOffset. Additio-
nally applied high voltage differences at the neighboring electrodes of the microstucture

VOffset Vµ VRing Ehom comment

±90 V ±1800 V +5400 V 815 V/cm most often used configuration
±70 V ±1400 V +1400 V unloading of molecules cooled to T ≈ 150 mK
±15 V ±300 V +300 V unloading of molecules cooled to T ≈ 30 mK
±450 V ±1800 V +5400 V 3.11 kV/cm used for measurements in Fig 3.5(b) and Fig. 5.4.

Table 3.1: Voltage configurations used in this thesis. The electric-field strength in the
homogeneous electric-field region of the trap is given as measured below.
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Figure 3.1: The electric trap. a) A drawing of the trap consisting of two microstructured
capacitor plates and a surrounding perimeter electrode. The microstructured plates are
made out of a 250 nm thick chromium layer on glass and were fabricated by IMT Masken
und Teilungen AG. To improve the high voltage performance, the whole microstructure
is coated with Cyclotene. b) Schematic picture of a cross section trough the trap
perpendicular to the axis given by the guides. c) Schematic electric-field strength
depending on the position between the two microstructured plates.

(±Vµ) create the needed trapping fields which decay exponentially toward the trap cen-
ter. This design leads to a box-like potential as indicated in Fig. 3.1(c). A perimeter
electrode (VRing) ensures three dimensional trapping and is connected to the loading
and unloading quadrupole guides. The voltage configurations used in this thesis are gi-
ven in Tab. 3.1 together with the electric-field strength of the homogeneous-field region
Ehom measured below.

3.2 The scheme for measuring the electric-field distribution

The electric-field distribution is investigated by measuring a spectrum of the single
MW transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉. The line shape of this transition has several
contributions, e.g. the natural line width, Doppler broadening, and Stark broadening.
However, the natural line width of a MW transition is many orders of magnitude smaller
than of an optical transitions as the spontaneous decay rate scales with the transition
frequency cubed. Also the Doppler broadening scales with the frequency and is in the
order of a few tens of kHz. Hence, the line shape of this transition is almost exclusively
given by the Stark broadening and thus reflects the electric-field distribution. The
extracted electric-field distribution can then be used to calculate the line shape of any
other transition of interest.

The scheme for measuring the MW spectrum is based on measuring the loss of the
population in the single M substate |0; 4, 3, 4〉 via the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 rotational
transition. As depicted in Fig. 3.2, driving IR transitions from J = 3 with ∆J = 0
and ∆M = −1 (red vertical arrows) and coupling all |0; 3, 3,M 6= 3〉 ↔ |0; 4, 3,M + 1〉
rotational transitions with microwaves (horizontal orange arrows) leads to depletion
of all states within the manifold except the |0; 4, 3, 4〉 state (see also section 4.1.3).
Thus, by adding a fourth MW frequency (dashed green line), any additional depletion
can only be caused by the depletion of the |0; 4, 3, 4〉 state via the target transition
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Figure 3.2: Level scheme for Stark spectroscopy of the rotational transition |0; 3, 3, 3〉 ↔
|0; 4, 3, 4〉. The line shape is predominantly given by the Stark broadening inside the
trap and can be converted into an electric-field distribution as described in the main
text.

|0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉. To obtain the line shape of the transition this MW frequency
is varied. The target transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 is always driven resonantly at
the corresponding electric field values thereby probing the probability for a molecule
to be at a position in the trap with the given electric-field strength. This probability
is essentially the electric-field distribution.

Based on the fact that this process can be described by rates, a simple theoretical
model can be used to extract the electric-field distribution from the data. First, the
rate Γ with which molecules are depleted from the |0; 4, 3, 4〉 state using a specific MW
frequency is proportional to the effective driving power P of the applied frequency.
Second, it is also proportional to the probability ρ(E) to find an electric-field strength
E inside the trap at which the transition frequency is resonant to the applied MW
frequency. This assumption implies that the probability distribution for the molecule
in the electric field is constant which is valid as long as the total energy of the molecules
is much larger than the potential energy. Thus this assumption is good for measuring
the peak of the electric field distribution but will fail at some point for the high-
electric field part of the distribution. In total we find Γ ∝ ρ(E) · P . Based on the
expectation that the number of molecules N remaining in the state |0; 4, 3, 4〉 is given
by N ∝ exp(−Γ ·T ) with T being the depletion time, the electric-field distribution can
be calculated via ρ(E) ∝ log(N)/P .

3.3 Experimental optimizations

This section discusses additional measurements that are needed to obtain the electric-
field distribution. First, an example of the necessary optimization of the used MW
power is given. Second, the above assumed exponential behavior of the depletion is
verified.
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Figure 3.3: Power scan of the MW frequency driving the rotational transition
|0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉. a) Experimental result. The power is scanned by varying
the duty cycle of the applied frequency as discussed in section 2.2. The optimal power
is determined by the first and fast depletion process which is saturated at a duty cycle
of about 0.005 % b) Summary of the experimental sequence.

3.3.1 Determination of the microwave power

For the above explained scheme to work the driving of the MW transitions |0; 3, 3,M〉 ↔
|0; 4, 3,M + 1〉 with M < 3 (orange solid arrows) have to be saturated. This is needed
so that the populations of the states |0; 4, 3,M < 4〉 are almost completely removed and
hence increasing the driving rate of these transitions does not lead to more depletion. It
is thus ensured, that the addition of the fourth MW frequency results only in a depletion
of the |0; 4, 3, 4〉 state via the target transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉. To saturate the
MW transitions |0; 3, 3,M〉 ↔ |0; 4, 3,M + 1〉 with M < 3, the applied MW power has
to be adjusted. In the following, a typical measurement for such an optimization of the
MW power is shown for the |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 rotational transition.

Experimental sequence First, the molecules are cooled to about 150 mK by optoe-
lectrical Sisyphus cooling (see section 5.2) for improved statistics. Afterwards, one
second of accumulation is applied to equally distributes the cooled molecules between
the |0; 3, 3, 3〉 and |0; 4, 3, 4〉 states. To transfer as much population to the |0; 4, 3, 3〉
state as possible two seconds of optical pumping are applied. Specifically, the infrared
transitions |0; 3, 3,M〉 ↔ |1; 3, 3,M〉 are driven which transfers population to the J = 4
state via the spontaneous decay. To avoid accumulation in the |0; 4, 3, 4〉 state, the
MW transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 are additionally driven and thus the population
is transferred either to untrapped states or to the lower M ≤ 3 states within J = 4.
After this preparation of the ensemble, the scheme for measuring the MW power de-
pendence of driving the |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 transition is applied. Specifically, the IR
transitions |0; 3, 3,M〉 ↔ |1; 3, 3,M − 1〉 are driven thereby depleting the population
in J = 3, |K| = 3. In addition, the |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 MW transition is driven
which is expected to cause an additional depletion of the |0; 4, 3, 3〉 state. The amount
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Figure 3.4: Power scan of the MW frequency driving the rotational transition
|0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 used for measuring the electric-field distribution below. a)
Experimental result together with exponential fits for different detunings from the the
transition frequency at zero electric field f0. The power is scanned by varying the duty
cycle of the applied frequency. The behavior fits well with an exponential validating
the theoretical approach described in the main text. b) Summary of the experimental
sequence.

of depletion depends thereby on the power of the applied MW frequency. This power
is scanned by varying the duty cycle of the MW frequency as explained in chapter 2.2.

Results Figure 3.3 shows the result of the measurement. The depletion clearly occurs
with two different power scales. The inset shows a zoom of the first and fast decrease
which is caused by driving the |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉 transition thereby depleting
the population of the |0; 4, 3, 3〉 state as expected. The additional slow process can
be attributed to driving the close-lying other transitions |0; 3, 3,M〉 ↔ |0; 3, 3,M + 1〉
(M 6= 2) in the inhomogeneous electric-field regions of the trap. This driving of the
target transition in the inhomogeneous electric-field regions is in particular the reason
for not choosing the MW power to be large as possible. Although this driving has no
influence on the measured line shape, it reduces the population in |0; 4, 3, 4〉 and thus
the measured signal, which would have to be compensated with longer measurement
times to obtain the same statistics. As the fast process saturates at a duty cycle of
about 0.005 % this value can be chosen to ensure a saturated driving of the rotational
transition |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉. The microwave power of the |0; 3, 3, 1〉 ↔ |0; 4, 3, 2〉
was determined in the same way.

3.3.2 Verification of exponential behavior

The model for extracting the electric-field distribution from the MW spectrum assumes
an exponential dependence of number of depleted molecules on the depletion time.
This dependence is experimentally measured in the following, validating the theoretical
approach. Instead of varying the depletion time, the power of the microwave radiation
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is varied to avoid influences of blackbody radiation induced population transfer or of
long storage times.

Experimental sequence A molecular ensemble is cooled to 150 mK with a subsequent
second of accumulation. During the two seconds of depletion a scheme similar to the
one for measuring the MW spectrum is applied. Specifically, a ∆M = −1 vibrational
transition from J = 3 is driven together with the |0; 3, 3,M 6= 3〉 ↔ |0; 4, 3,M + 1〉
rotational transition depleting all states within the manifold except the |0; 4, 3, 4〉 state
(see scheme in Fig. 3.2). In addition, a fourth MW frequency is added of which the
MW power is scanned. This scan is repeated for four different MW frequencies: on
resonance (red cross), close to the resonance (blue triangle) and far off (green star and
black circle). The frequency is given as a detuning from the zero electric field transition
frequency between J = 3↔ J = 4 of f0 = 204.242 GHz.

Results Figure 3.4 shows the results of the measurements together with exponential
fits. The good agreement of the exponential fitting with the data justifies to assume
the depletion of the rotational state |0; 4, 3, 4〉 via the transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉
to be well approximated with an exponential. As expected, the depletion is fastest for
the MW frequency, that is resonant in the homogeneous electric-field region of the trap
(red cross) and gets slower for larger detunings.

3.4 MW Spectrum and extracted electric-field distribution

This section discusses the measured electric-field distribution for two different trapping
configurations. In particular the overall shape is compared with a simulated electric-
field distribution. The dependence of the peak position and width are discussed quali-
tatively.

Experimental sequence As before, a molecular ensemble cooled to 150 mK with a
subsequent second of accumulation is used. Before unloading 2 s of depletion is applied
as explained above (sec. 3.2). As the occurrence probability of the electric field values
varies by more than an order of magnitude, two MW frequency scans are performed.
First, a higher power of the scanning MW is used (duty-cycle of the |0; 3, 3, 3〉 ↔
|0; 4, 3, 4〉 transition is 2.2 %, see Fig. 3.4 for comparison). It is adjusted to measure
the flanks of the line shape but leads to a complete depletion at the peak. Second, a
narrow scan around the peak value is performed with about ten times less power which
allows one to resolve the peak.

Simulation of the electric-field distribution A numerical simulation of the electric-
field distribution allows one to compare the measurement with expectations. For that
purpose the electric fields were simulated on a grid. To simplify the simulation of
the large trapping volume with the small structures of 200µm on the microstructured
capacitor plates, the simulation was done in two steps. First, the electric field of
the ring electrode was simulated while the microstructures were replaced with metal
plates. In particular, both plates were set to zero voltage. Afterwards, the electric
field of the microstructure was simulated which needs a much higher resolution than
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Figure 3.5: Measured and simulated (black line) electric-field distribution in the elec-
tric trap. The spectral line shape of the single MW transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉
is measured to obtain the electric-field distribution. For comparison with the simula-
tion the measured depletion signal is converted into the electric-field distribution as
explained in the main text. The frequency scale for the unconverted data on the top
axis is given relative to the zero electric field frequency 204.242 GHz of the transition
J = 3, |K| = 3↔ J = 4, |K| = 3. To resolve the flanks, the spectrum is measured with
a higher MW power (blue circles). In addition, a narrow scan at lower power around
the peak value (red dots) is performed.

the simulation of the fields of the ring electrode. To simplify the calculation, only one
slice perpendicular to the plates was simulated. The thickness of the slice is chosen
such that one periodicity of the structure is simulated. An array of these slices then
gives in good approximation the electric field of the microstructure. Both fields, the
one obtained from the microstructure and the one from the ring electrode, were finally
added to calculate the electric-field distribution.

Results and comparison with the simulated electric-field distribution The result
of the measurement and the simulation are shown in figure 3.5 for two different elec-
tric field configurations. The measurements have been converted into the electric-field
distribution using the theoretical approach described above. The result fits nicely to
the simulation where only a small horizontal scaling by less than 5 %, attributed to
inaccuracies in the simulation, is needed to overlap the two.

The peak position is mainly given by the offset field due to the voltages applied to
the capacitor plates. Results shown in Fig. 3.5(a) were measured with a typical offset
voltage between the capacitor plates of ±90 V and (b) with ±450 V. The resulting
FWHM is roughly 100 V/cm at a peak position of 815 V/cm in (a) and 120 V/cm at
3.11 kV/cm in (b), corresponding to a relative width of 12 % and 4 %, respectively. This
shows that the electric field is homogeneous in a large fraction of the trap volume.
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Chapter 3 Spectral Resolution

In addition to the low homogeneous field, also higher electric fields for trapping are
present in the trap. These trapping fields lead to the long tail of the distribution.
This long tail has consequences for the ability to resolve single transitions in any of the
experiments. In particular, transitions which would be separated by hundreds of MHz in
the homogeneous field region of the trap are Stark shifted into resonance. Even though
the driving rate of such transitions is substantially suppressed, the residual driving can
still cause unwanted effects. An analysis of the consequences for the rotational-state
detection based on rates is provided in section 4.1.

The excellent agreement of the measurement and the simulation shows that the
electric-field distribution is well understood. In particular, it proves that the single
MW transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 is driven as shape and peak position of the
spectrum scale with trap voltages as expected. When discussing the theoretical model
for extracting the electric field distribution from the measurement (section 3.2), is was
stated that the assumption of Γ ∝ ρ(E) might fail for high electric fields as the limited
kinetic energy of the molecules prevents them from reaching these high-field regions
of the trap. Indeed, the measurement lies below the electric-field distribution for high
electric fields.

3.5 Rotational-state selectivity

The previous analysis of the spectral resolution yields a basis for a discussion of the
J ,K and M selectivity of rotational and vibrational transitions inside the trap. For this
purpose one has to consider whether there are other transitions close to the ones that
are intended to be driven. Afterwards the frequency separations have to be compared
to the spectral resolution. General considerations were given in section 2.1. Here, a
detailed analysis for the MW transitions |0; 3, 3,M〉 ↔ |0; 4, 3,M±1〉 and |0; 5, 3,M〉 ↔
|0; 6, 3,M ± 1〉 is presented as well as for the IR Q-branch transitions from the J = 3,
J = 4 and J = 5 with |K| = 3 states used for the rotational-state detection schemes in
chapter 4 and the internal state manipulation in chapter 5.

Driving rotational transitions The rotational states mainly used in this thesis are the
lowest four states J = 3, 4, 5, 6 of the |K| = 3 manifold. In the experimental setup
used in this thesis, the rotational transition J = 3 ↔ J = 4 and J = 5 ↔ J = 6 can
be driven with MW radiation as described in section 2.2. Based on the selection rules
(equation 2.3) and the rotational energy of a symmetric top molecule (equation 2.1)
the transition frequencies can be calculated and the result is plotted in Fig. 3.6 for
all possible |K| and M values and a typical electric-field strength. The frequency for
driving rotational transitions between J and J+1 states is in first approximation given
by ν0 = 2B0(J + 1), and hence differs by at least 2B0 for different J . A dependency
on |K|, however, is only introduced by small corrections due to centrifugal distortion
and the Stark shift of the M sublevels, where both shifts are much smaller than B0.
Resolving the J quantum number with microwaves is thus substantially easier than
discriminating different |K| or M . Still, the rates at which the addressed and non-
addressed transitions are driven can be quite different, thus allowing for resolving the
K or the M quantum numbers.

Any population transfer within this thesis can be described by rate equations as
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Figure 3.6: Rotational transition frequencies for different K-values for the J = 3 ↔
J = 4 MW transitions (a) and the J = 5↔ J = 6 MW transitions (b). All transition
frequencies are calculated for the typical homogeneous electric field in the trap. The
blue crosses indicate the frequencies for zero electric field for the individual K states
and the red dots represent the frequencies of the Stark-shifted dipole-allowed transi-
tions between M substates. The arrows at the top mark as an example the transition
frequencies needed for microwave depletion (section 4.1.1) in the |K| = 3 manifold and
the dashed lines are guides to the eye. For infrared depletion(section 4.1.2) only the
highest four (a) or six (b) frequencies are needed.

motivated in section 2.4. The rate at which the addressed and non-addressed transitions
are driven can be calculated as explained in the following: Two components influence
the rate ΓMW

i,j with which a rotational transition from state i to state j is driven:
The wanted driving of this transition in the homogeneous field region of the trap (if
applicable) and the unwanted driving of this transition in the inhomogeneous electric
field regions due to other applied MW frequencies. For both processes the rate can be
calculated with the following assumptions. Applying a single fixed MW frequency ν
is considered, which does not necessarily match the transition frequency from state i
to state j in the homogeneous electric-field region. First of all, the rate ΓMW

i,j is then
proportional to the effective driving power P of the applied MW frequency. Second, it is
proportional to ci,j , the square of the Clebsch Gordan coefficient for transitions between
state i and state j. Third, the rate ΓMW

i,j is proportional to the spectral line shape
function ρi,j(ν) of the given transition. This can be written in terms of a coefficient

di,j =
(

KMj

Jj(Jj+1) −
KMi

Ji(Ji+1)

)
for the differential Stark shift of the transition and the

electric-field distribution ρ(E) as follows. With ν = ν0 +
Ei,j µ
h · di,j where Ei,j is the

electric field where the transition takes place, we have ρi,j(ν) = ρ(Ei,j)dEi,jdν ∝ ρ(Ei,j) 1
di,j

.

ν0 denotes the transition frequency in the absence of any electric fields. The rate ΓMW
i,j

for the single MW frequency is thus given by

ΓMW
i,j ∝ ρ(E) · ci,j

di,j
· P. (3.1)
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transition frequency

|0; 3, 3,M〉 ↔ |1; 3, 3,M〉 88916.7138(3) GHz
|0; 4, 3,M〉 ↔ |1; 4, 3,M〉 88922.3126(3) GHz
|0; 5, 3,M〉 ↔ |1; 5, 3,M〉 88928.7400(3) GHz
|0; 6, 3,M〉 ↔ |1; 6, 3,M〉 88935.8872(3) GHz

Table 3.2: Vibrational transition frequencies measured via saturated absorption spec-
troscopy without applying an electric-field.

To obtain the total rate with which the rotational transition from state i to state j is
driven, the contributions for the various applied MW frequencies have to be summed
up.

One particular consequence is discussed in the following. If several rotational tran-
sitions have to be driven with the same rate in the homogeneous electric-field region
of the trap, the effective power, adjusted via the duty cycle (see chapter 2.2), of the

MW frequencies is chosen according to Pi,j ∝ di,j
ci,j

. Thus, a rotational transition with

large Stark shifts and low Clebsch Gordan coefficient needs way more effective power.
For example, to drive the |0; 3, 3, 3〉 ↔ |0; 4, 3, 2〉 transition with the same rate as the
|0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 transition, an about 80 times higher MW power is needed. A
comparison with the measured electric-field distribution in Fig 3.5(a) reveals that a
MW frequency applied to drive the |0; 3, 3, 3〉 ↔ |0; 4, 3, 2〉 transition will despite the
rather large frequency separation of 226 MHz always drive the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉
transition in the inhomogeneous field region with an even 3.5 times higher rate. Howe-
ver, cooling the motional degree of freedom of the molecules is a possibility to reduce
or hinder the unwanted driving of the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 transition in the inhomo-
geneous field region as high electric fields cannot be reached by cold enough molecules
anymore.

Driving vibrational transitions Q-branch IR transitions are more randomly distribu-
ted than the discussed rotational transitions because the rotational constants of the
excited states can be quite different for different vibrational states. Couplings between
vibrational modes can additionally shift the transition frequencies. Thus each vibra-
tional transition has to be investigated individually. IR transition frequencies of the
v1 vibrational mode of CH3F are provided in [Gra81] and were verified via saturated
absorption spectroscopy in a room temperature cell. The transition frequencies of the
most important transitions were determined with sub-MHz resolution using a frequency
comb and are given in Tab. 3.2.

It was found that luckily the Q-branch IR transition from the J = 3, |K| = 3 state
is well isolated, with the closest relevant transition from a different state being several
GHz away (see figure 3.7). The spectral resolution is clearly better than this and
thus the driving of this transition is K and J selective. The IR transition from the
J = 5, |K| = 3 state is less isolated, as the J = 8, |K| = 2 transition lies close by.
However, according to the calculation in figure 2.3 only about 0.6 % of the molecules
loaded into the trap populate this state. The IR transition from the J = 4, |K| = 3
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Figure 3.7: Doppler-broadened absorption spectrum of the v1 vibrational mode of CH3F
obtained with a room temperature cell. The measurement is shown in the vicinity of
the relevant transitions. The transition frequencies for |K| = 1 lie quite close together
and increase for higher J , as indicated by the arrow. It could be verified that all
transitions in the Q-branch with |K| = 4 to 12 lie well outside the shown frequency
range [Gra81]. All non-identified lines thus correspond either to higher J,K states
or to other vibrational modes and can be neglected for the optical pumping schemes.
The transitions from J = 3 and J = 5 for |K| = 3 are well isolated, with only the
transitions from states with J > 8, |K| = 1 and J = 8, |K| = 2 lying in the vicinity of
the transition from J = 5, |K| = 3.

state is even less isolated. In particular the J = 2, 3, 4 states with |K| = 2 are close by
and these states are populated by about 9.7 % of the molecules.

Despite the fact that driving IR transitions can in special cases be regarded as being
perfectly J and K selective, resolving M is hardly possible while using the Q-branch.
The Stark shifts of the vibrational excited states are almost the same as in the ground
state and therefore the Stark shift does not lead to a separation of transitions with
different M quantum numbers.

3.6 Discussion

A new method for investigating the spectral resolution in an electric trap was presented
in this chapter. The approach is based on measuring the line shape of single MW
transition and extracting the electric-field distribution. The measurement shows that
the electric fields are indeed homogeneous in a large fraction of the trapping volume.
This results in a spectral resolution which is sufficient for implementing a rotational-
state selective detection based on state-selective depletion (see next chapter) and for
the implementation of rotational state control via optical pumping (see chapter 5).

The spectral resolution inside the trap can be greatly advanced by narrowing the
electric-field distribution and by a better suppression of the long tail. As discussed
in detail in [Zep13] a redesign with e.g. a reduced microstructure periodicity or mo-
dulation of the microstructure width could be a solution toward this goal. For all
spectroscopic purposes sufficiently cooling the motion of the molecular ensemble also
increases the spectral resolution. First, molecules are hindered to probe the long tail of
the distribution which hinders the unwanted driving of transitions in the high-electric
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field regions of the trap. Second, cooling allows one to reduce the trapping fields. As
the electric field distribution scales with the voltages, the Stark broadening then is
reduced.
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Chapter 4

Rotational-state detection

A prerequisite for internal-state cooling and control is the ability to state-selectively
detect molecules. Unfortunately, commonly used techniques for rotational-state
detection of cold molecules such as resonance-enhanced multi photon ionization
(REMPI) [Ant78, Twy14, Ber10] and laser-induced fluorescence (LIF) [Kin77] rely
on the excitation of electronic states. Especially for polyatomic molecules, however,
the excitation of electronic states can lead to rapid predissociation [Her66], causing
an enormous line broadening and thus a loss of state selectivity. In addition, almost
all electronic transitions lie in the ultraviolet (UV), some in the deep UV and the
generation of laser light at these frequencies can be experimentally challenging.

A rotational-state detection technique that is suitable for a large variety of mole-
cular species, especially polyatomic ones, is described in this chapter. The method is
based on state-selective depletion of trapped molecules. In contrast to previous expe-
riments [Mot07], this depletion method does not incorporate electronic excitations but
uses instead vibrational and rotational transitions to transfer the molecules from the
rotational state of interest to an untrapped state. A big advantage of this method is
that the detection of the molecules themselves can be accomplished by state-insensitive
techniques e.g. the ionization in quadrupole mass spectrometer.

This chapter is organized as follows: In section 4.1 schemes for detecting the popu-
lation of rotational states of symmetric top molecules are discussed. The focus lies on
two complimentary schemes. One exclusively uses rotational transitions the other one
is based on a combination of rotational and vibrational transitions. Both schemes are
discussed for the four lowest J states of the |K| = 3 manifold in CH3F. The key chal-
lenge for the experimental realizations of the described detection schemes is to resolve
all three symmetric top rotational quantum numbers J,K and M during the depletion.
Based on the discussion of the spectral resolution in chapter 3, the dynamics of the
depletion is examined using rate equations.

An experimental analysis of the detection method is provided in section 4.2. First a
potential caveat of the state-detection method is discussed in section 4.2.1. An excellent
agreement between the measurements and results of the rate model is obtained and
presented in section 4.2.2. Both confirm that discriminating the J quantum number is
relatively easy, while discriminating K and M is more difficult. Still, a signal that only
depends on the population of molecules in states with a single K can be achieved by
using a combination of depletion schemes. Section 4.2.3 gives results for the detection
of molecules exclusively populating a single M substate, characterized by single J,K
and M quantum numbers. As a final result, the quality of the detection methods is
investigated in section 4.2.4. In particular, the results of the various depletion schemes
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Figure 4.1: Schematic presentation of the idea for state detection via state-selective
depletion. To obtain a state-selective signal, two measurements are performed. First,
the signal caused by all molecules that populate the trap is recorded (black line). In
the second measurement, molecules populating the states that we want to detect are
selectively removed (depleted) from the trapped ensemble prior to the unloading and
detection with the QMS. The remaining molecules lead to the second signal (blue line).
The difference yields a signal that is proportional to the number of removed molecules
and that is therefore state-selective (gray shaded area).

are compared to one another as well as to the expected relative populations inside the
trap.

4.1 Depletion schemes

The general idea of all detection methods shown in this thesis is to selectively remove
(deplete) molecules in states which we want to detect from the trapped ensemble (see
Fig. 4.1). Unloading the rest of the ensemble from the trap to the QMS and detecting
the molecules gives a background signal. This background signal can then be subtrac-
ted from the signal of a measurement without depletion resulting in a state-selective
signal. The state-selective removal is realized with two methods which are based on the
considerations in section 2.4 and involve the driving of rotational and/or vibrational
transitions. As the molecular parameters (e.g. the rotational constants, or vibrational
transition frequencies, or spontaneous decay rates) can vary over a large range, the
individual advantages of the two methods can be used for different rotational states or
molecular species. Although the approach for detecting the rotational states can be
applied to many rotational states, it will be explained with a focus on the four lowest
J states of the |K| = 3 manifold in CH3F (compare section 2.3).

4.1.1 Microwave depletion

The scheme for MWD The transition frequency between rotational states depends
on the quantum numbers J and to some extent on K and M (see section 2.1). The first
detection method, microwave depletion (MWD), takes advantage of this. By driving
microwave transitions between neighboring rotational J states, sets of rotational states
are selectively depleted.

Figure 4.2 shows the implementation of MWD for the rotational states J = 3, 4, |K| =
3(a) and J = 5, 6, |K| = 3(b). All rotational transitions |0; J, 3,M〉 ↔ |0; J+1, 3,M±1〉
with J = 3(a) or J = 5(b) are driven thereby addressing all trappable M substates.
This couples all M substates of each set to the untrapped M = 0 states, successively
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Figure 4.2: Microwave depletion (MWD). Level scheme for MWD for the rotational
states J = 3, 4, |K| = 3(a) and J = 5, 6, |K| = 3(b). Untrapped negative M sublevels
are omitted. Stark shifts are plotted to scale and all involved transition frequencies
are calculated for a typical electric field in the homogeneous field region of the trap
(E = 815 V/cm with V = ±1.8 kV applied to the microstructures and an offset of
V = ±90 V applied between the capacitor plates; see chapter 3 for details). ν0 is
the MW transition frequency between the neighbouring J states for zero electric field
(bent blue arrows). The applied MW transitions between the M substates are marked
in green and orange and the corresponding frequencies specify the detuning from ν0.
(c) and (d) show the results of rate models for MWD as explained in the main text.

removing these states from the trapped ensemble. Note that all transition frequencies
are calculated to be driven in the homogeneous-field region of the trap. The key question
is now, whether this depletion is indeed rotational-state selective or whether other
states are depleted too. Based on the discussion is section 3.5 it is obvious, that an
unintended addressing of states with a different J quantum number can be excluded,
however, resolving |K| seems to be difficult.

Analysis of MWD based on rate equations The knowledge of the electric-field distri-
bution allows one to analyze the rotational-state selectivity of MWD with rate equations
(see section 2.4 for more details of the rate model). In particular, the timescales of the
depletion of the states of interest with |K| = 3 and of unwanted states with |K| 6= 3
can be identified. In addition, population transfer caused by blackbody radiation is
included. This population transfer leads to a repopulation of states during the deple-
tion and thus to an enhanced number of depleted molecules. The effect of blackbody
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radiation can then only be neglected if the timescale for repopulation is much slower
than the depletion.

The experimental implementation of MWD in the states with J = 3, 4, |K| = 3
involves seven frequencies, and an efficient depletion can be achieved by driving the
corresponding seven transitions with an equal rate (compare section 3.5). These seven
frequencies are implemented in the rate model and the initial-state distribution is the
same as in Fig. 2.3. Figure 4.2(c) shows the result of the rate model. The timescale
of the depletion process depends purely on the total applied MW power and is chosen
to match the experimental data in section 4.2.2. As can be seen immediately, states
with |K| = 1, 2 and |K| = 3 are depleted on almost the same timescale and it is thus
impossible to obtain a |K| dependent MWD depletion signal with the current spectral
resolution. By including population transfer caused by blackbody radiation an increase
of the population with M = 0 (dashed black curve) can be observed on long timescales.

The analysis is repeated for MWD of the J = 5, 6, |K| = 3 states and the result is
given in Fig. 4.2(d). Again states with |K| < 3 are depleted on the same timescale as
the |K| = 3 states. In contrast, states with |K| > 3 are less affected due to the larger
frequency separation (see Fig. 3.6). Including blackbody radiation in the rate model
results, as before, in an increase of the population with M = 0 (dashed black curve) on
long timescales.

4.1.2 Infrared depletion

The second detection method uses optical pumping via a vibrational excitation to de-
plete the population of the addressed states. These vibrational transitions typically lie
in the infrared and this method is hence entitled infrared depletion (IRD). The scheme
for depletiong the populatin in the states J = 3, 4, |K| = 3 is shown in Fig. 4.3 (left
side). A ∆M = −1 Q-branch vibrational transition from J = 3, |K| = 3 is driven
to pump the population to lower lying M substates, thus successively transferring the
population to the untrapped M = 0 states. In addition, a spontaneous decay leading
to population transfer to the states J = 4, |K| = 3. As a detection via depletion is only
useful if the population of the chosen set of states is entirely transferred to untrapped
states, the rotational states with J = 4, |K| = 3 must additionally be depleted. This
can be achieved with appropriate microwave couplings as shown in Fig. 4.3. IRD in
J = 3, 4, 5, 6, |K| = 3 additionally needs the driving of the vibrational transition from
J = 5, |K| = 3 and MW coupling between J = 5, |K| = 3 and J = 6, |K| = 3. The
concurrent driving of both vibrational transitions is realized by cycling the two needed
IR laser frequencies with the fast ramp and relock system described in section 2.2.

Analysis of IRD based on rate equations As for MWD, rate equations are used to
quantify the dynamics of IRD. The inset in Fig. 4.3 shows the results of a rate model
for IRD for the states J = 3, 4, |K| = 3. In contrast to MWD the highest possible
timescale for depletion is not given by the power of the IR or MW radiation but is
set by the spontaneous decay rate of the vibrational excited state. After about 2 s all
molecules of the J = 3, 4, |K| = 3 manifold are depleted.

Compared to MWD, IRD uses only four MW transitions. These transitions have
small differential Stark shifts and large Clebsch Gordan coefficients and thus need a
relatively low MW power to be driven at a faster rate than the spontaneous decay.
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Figure 4.3: Infrared depletion (IRD). The laser addresses the first vibrational excited
state of a parallel vibrational mode while driving a ∆J = 0, ∆M = −1 transition (red
arrows). The spontaneous decay (big orange arrows) leads to a population transfer
to lower lying M states. In the process the J ± 1 states get populated, which are
coupled to the J state using microwaves (orage lines). The left side shows the level
scheme for IRD for the rotational states J = 3, 4, |K| = 3 and the whole figure for
IRD in J = 3, 4, 5, 6, |K| = 3. The inset gives the result of a rate model for IRD in
J = 3, 4, |K| = 3.

Thus states with |K| = 1, 2 are still depleted but on a much slower timescale than for
MWD. This has mainly two consequences. First, the moderate increase of depleted
molecules on long timescales is here unlike for MWD not only given by repopulation
of the states due to blackbody radiation but also by the slow depletion of states with
|K| 6= 3. Second, IRD provides a detection method which is compared to MWD less
influenced by the depletion of states with |K| 6= 3.

Optimization of the MW power for IRD For MWD the total MW power was chosen
to be maximal as this yields the fastest depletion. The timescale for IRD is, however,
given by the spontaneous decay rate and compared to this rate, the driving rate of
the rotational transitions should be fast. In the following, the optimization of the MW
power is discussed for IRD in J = 3, 4, |K| = 3. Molecules are loaded for 16 s into the
trap and are stored for three seconds before unloading and detection. During the last
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Figure 4.4: Optimization of the MW power for IRD in J = 3, 4, |K| = 3. (a) The
MW power of the four needed frequencies is scanned by varying the duty cycle. Two
measurements are performed, the full IRD scheme (red triangles) and a measurement
without IR radiation (blue circles). The arrow marks the finally chosen value. (b)
Summary of the experimental sequence.

two seconds of storage IRD for in J = 3, 4, |K| = 3 is applied where the MW power of
the four frequencies is scanned by varying the duty cycle as discussed in section 2.2.
Note that the relative power of the four frequencies is fix to drive all transitions with the
same rate. The result of this measurement is shown in Fig. 4.4(a) (red triangles). A fast
depletion process is measured which can in comparison to the rate model be attributed
to the depletion of molecules populating the states J = 3, 4, |K| = 3 whereas the slow
decay comes from molecules populating the states J = 3, 4, |K| < 3. Thus, a too high
MW power leads to more unwanted depletion of states with |K| 6= 3. The chosen value
is marked by an arrow in Fig. 4.4(a).

The statement that the MW radiation alone depletes molecules is verified by repea-
ting the measurement without applying the IR radiation. Indeed, the unloading signal
decreases with increasing MW power (blue circles). Note that this depletion has its
origin not only in the depletion of states with J = 3, 4, |K| < 3, but also couples the
states within J = 3, 4, |K| = 3 to the untrapped states in the inhomogeneous electric
field region of the trap.

4.1.3 Single rotational M substate detection

Up to now we have discussed the depletion of sets of states while addressing all trapped
M substates. Now the detection of the population of a single M substate |0; J,K,M〉 is
considered. While a depletion of a single M substate alone is only possible for M = 1,
for M > 1 it is at least theoretically possible to deplete two sets of rotational states
which differ by the M substate of interest.

As an example, the detection of the M substate |0; 4, 3, 4〉 using MWD and IRD (see
figures 4.2 and 4.3) is discussed. In both cases the MW coupling |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉
is the only one that addresses the |0; 4, 3, 4〉 state. The population of this state is
detected by running the whole experimental sequence twice: The depletion (MWD
or IRD) is applied once with driving the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 transition and once
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Figure 4.5: Implementation of MWD (a) or IRD (b) without driving the |0; 3, 3, 3〉 ↔
|0; 4, 3, 4〉 transition, used for detection of the population in the single M substate
|0; 4, 3, 4〉 (see main text). The population remaining in the trap is plotted for the state
of interest |0; 4, 3, 4〉 and for all other states of the manifold J = 3, 4,|K| = 3.

without. The difference of both measurements yields the population in the |0; 4, 3, 4〉
state.

An extension to other single M substates is possible but at the same time more
challenging due to experimental limitations. Using MWD any M substate can be
detected by coupling all M substates up to the desired M substate and measuring
twice as explained above. However, to be able to implement this scheme, a sufficient
spectral resolution is needed to resolve all individual transitions. In the case of IRD
one has to keep in mind that spontaneous decay can lead to population transfer to the
state of interest.

Analysis of the single M substate detection based on rate equations The rate
models allow to test whether it is possible to deplete all molecules within the states
described by J = 3, 4, |K| = 3 apart from the |0; 4, 3, 4〉 state. Figure 4.5 shows the
result of a MWD (a) and an IRD (b) simulation where the coupling of the |0; 3, 3, 3〉 ↔
|0; 4, 3, 4〉 transition is not applied. The results presented in (a) show that for MWD the
|0; 4, 3, 4〉 state is depleted at a similar rate as the rest of the J = 3, 4, |K| = 3 states
and thus a single M substate detection is not possible. This is primarily due to the
high power needed to drive the |0; 3, 3, 3〉 ↔ |0; 4, 3, 2〉 transition (compare discussion
in section 3.5).

In contrast, using IRD, the detection of the population of the single M substate
|0; 4, 3, 4〉 is possible and was in fact used to measure the electric-field distribution in
section 3.4. The population of the |0; 4, 3, 4〉 state is still depleted but on a much slower
timescale. Blackbody radiation causes the unwanted loss of population from the single
M substate to further increase. However, these effects only result in a slight systematic
underestimation of the population.

4.2 Experimental results

In the following, experimental results for the state-selective detection methods MWD
and IRD are presented. However, first, a potential caveat of the state-detection method
is discussed. Then, measurements of the depletion time dependence are presented and
compared to the results of the rate model from the previous section. Subsequently, the
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population of the |0; 4, 3, 4〉 state is measured, achieving the main goal of the rotatio-
nal state detection: discriminating the population of a single rotational M substate
described by single J,K and M quantum numbers. A time dependent saturation mea-
surement is used to estimate the error of the single M substate detection.

Knowing the relevant timescales, finally the quality of the depletion techniques is
investigated: It is first examined to which extent the methods yield the same result.
Second, measured and expected relative state populations are compared. Third, it is
proven that all molecules populating the states of interest can be depleted.

4.2.1 Effect of unloading on the state-selective detection

Before presenting experimental results a brief discussion about a potential caveat of the
state-detection method is given. In our setup, molecules are detected outside the trap
with a QMS and the efficiency for unloading the molecules from the trap and guiding
them to the QMS depends on the kinetic energy and the Stark shift of the molecules.
Thus, the rotational-state distribution at the QMS is correlated to but not necessarily
identical to the rotational-state distribution inside the trap.

Knowing the rotational-state distribution at the position of the QMS is of inter-
est for many applications, e.g., a transfer of molecules to a different kind of trap or
crossed-beam collision experiments. Quantitative investigations of in-trap populations,
however, require the unloading efficiency to be taken into account. In the most gene-
ral case, this would require to determine the unloading efficiency as a function of the
kinetic energy and the Stark shift of the molecules for various applied trap voltages.
A full analysis of this topic, however, is beyond the scope of this thesis. Nevertheless,
below two cases where quantitative results for state populations inside the trap can be
obtained with considerably less effort are described. Almost all measurements shown in
this thesis fall into these two categories, allowing the effect of the unloading efficiency
to be ignored.

First, the trap unloading efficiency can to good approximation be ignored for direct
loading and unloading of molecules to and from the trap with no intermediate mani-
pulation other than the complete depletion of the population in the states of interest
needed for rotational-state detection. In this case, the mean energy of molecules in
a given state is to good approximation proportional to its Stark shift due to the use
of velocity filtering as the molecule source. The ratio of energy to Stark shift is thus
nearly independent of the molecular state. The same holds for the unloading efficiency
which depends predominantly on this ratio, so that the relative state populations are
nearly unaffected by the unloading process.

Second, if an experimental process prior to the state-selective detection changes nei-
ther the relative populations among a given set of states nor the kinetic energy of the
molecules in these states, the unloading efficiency for these molecules remains constant.
In this case, a change of the state-selectively measured signal for these states implies a
directly proportional population change inside the trap. This fact is used to measure
population changes in a single M sublevel in section 4.2.3 (the “given set of states”
being the single M sublevel). Moreover, it is used for quantitative investigation of
population changes caused by optical pumping inside the trap in section 5.3.

In addition to the quite general considerations above, the results of a first measure-
ment for the characterization of the unloading efficiency is given in Fig. 4.6(a). The
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Figure 4.6: Unloading particular rotational states. (a) Measured normalized unloading
signal versus the unloading voltage applied at the the ring electrode of the trap and
the unloading electric quadrupole guide. The dotted line shows the value that is used
throughout this thesis for unloading molecules at ≈ 30 mK. Vertical bars denote the
1σ statistical error. (b) Summary of the experimental sequence (see appendix A for
more information about the individual experimental steps )

normalized unloading signal of a Sisyphus cooled molecular ensemble pumped either
to the single M sublevel |0; 3, 3, 3〉 or to |0; 4, 3, 4〉 (see section 5.3) is measured versus
the unloading voltage at the ring electrode of the trap and the unloading electric qua-
drupole guide. The trapping voltage applied to the microstructure is kept constant at
Vµ = ±300 V with a voltage difference between the capacitor plates of VOffset = ±15 V.
The measurement shows a clear maximum mainly due to two processes. Too low vol-
tages cause trap losses of molecules and too high voltages prevent the molecules from
entering the exit guide. The overall form is discussed in detail in [Eng13, Zep12]. As
both ensembles have the same kinetic energy distribution the unloading efficiency dif-
fers only due to the different Stark shifts of the two states. The curve for the rotational
state |0; 4, 3, 4〉 is slightly shifted to higher unloading voltages due to the lower Stark
shift. Nevertheless, by adjusting the unloading voltage to VRing = ±300 V (dotted
line), both rotational states are unloaded with maximal efficiency.

4.2.2 Measurement of the time dependence

Measurements of the time dependence of the depletion process are presented in this
subsection. Specifically, these measurements yield the timescale needed for depletion
which can then be compared to other timescales such as the population transfer caused
by blackbody radiation or the trap lifetime. In addition, it is found that the predictions
from the rate model agree well with the measurement results, explaining the effect of
blackbody radiation and unwanted depletion of wrong K-states. For both problems
solutions are discussed in the following subsection. In particular, with a variation of
IRD a detection signal can be obtained which is independent of the population in wrong
K-states.

Comparison of rate model and experiment For a comparison of the results obtai-
ned via the rate model with experimental data, one has to keep in mind that several

39



Chapter 4 Rotational-state detection

0 1 2 3 4 5 6 7 8
0

20

40

60

80

100

120

time (s)

(a) MWD
J=3,4

0 1 2 3 4 5 6 7 8
0

20

40

60

80

100

time (s)

(b)

MWD
J=5,6

de
pl

et
io

n 
si

gn
al

 (c
ou

nt
s/

se
qu

en
ce

) 

de
pl

et
io

n 
si

gn
al

 (c
ou

nt
s/

se
qu

en
ce

) 

duration (s) experimental step
16
1
x
8-x
12

trap loading
storage
storage+MWD
storage
unloading and
molecule detection

Figure 4.7: Experimental results and comparison to the rate model for MWD. A satura-
tion measurement of MWD is shown for the |0; J, 3,M〉 states with J = 3, 4 in (a) and
J = 5, 6 in (b). The inset in (a) gives a summary of the experimental sequence used to
obtain the data in (a) and (b). The time where MWD is applied is varied from x=0 to
8 s. Both measurements show two timescales. The fast increase in (a) is given by the
depletion of the entire J = 3, 4 states, including also the unintended depletion of states
with |K| = 1, 2. The slow increase results from blackbody induced population transfer,
see main text for details. (b) shows the same behavior except for a more pronounced
slow increase. In addition to blackbody induced population transfer, this is due to the
slow depletion of states with |K| > 3.

experimental effects such as the unloading efficiency (see section 4.2.1) or trap losses
are not included. As an example: a molecule initially populating a high M substate
is transferred to a lower M state during depletion. In the experiment this molecule is
less well trapped and a higher loss rate is observed. In addition, the unloading filters
the molecules according to their Stark shift. Both effects are not reproduced in the
rate model. However, as the MW driving rate is a fitting parameter, the losses in
the experiment might be simulated by choosing a higher MW driving rate in the rate
model.

Experimental sequence All saturation measurements were performed with a similar
experimental sequence. Molecules are loaded without any manipulation for 16 s. The
state-selective depletion then is applied for varying amounts of time after the first
second of storage. The total storage time, however, is always the same (9 s for MWD;
7 s for IRD) which allows one to ignore trap losses. Finally, the molecules are unloaded
and detected with the QMS.

Microwave depletion for J = 3,4, |K| = 3 MWD is implemented according to the
scheme discussed in section 4.1.1. The result of the saturation measurement and the
rate model for the J = 3, 4, |K| = 3 states are presented in Fig. 4.7(a) and show an
excellent agreement. To fit the rate model to the data only two fit parameters were
used: The first one is the total power of the microwaves. This is a single fit parameter
as the effective power of the individual applied MW frequencies is set according to
Pi,j ∝ di,j

ci,j
(see section 3.5). The second one is a vertical scaling parameter to match

the population given by the rate model to the depletion signal.
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The saturation measurement shows two timescales, as expected from the rate model.
The fast increase is the depletion of the J = 3, 4 states, where the unwanted |K| = 1, 2
states are depleted almost equally fast as the |K| = 3 states of interest. A better
separation can only be achieved with a more homogeneous electric field in the trap.
Thus signal contributions due to the |K| = 1, 2 states are, at the moment, only limited
by the population of these states. The calculation of the population distribution as
presented in section 2.1 shows that 72 % of the molecules in the J = 3, 4 manifold
populate the |K| = 3 state. Thus using MWD the measured number of molecules
populating states with J = 3, 4 |K| = 3 is at most overestimated by 40 %.

The slow increase in Fig. 4.7(a) is a result of blackbody induced population transfer.
Whereas the timescale for the depletion via MWD is purely limited by the total MW
power, the timescale of blackbody induced population transfer is given by the tem-
perature of the setup. Thus the timescales of both processes are independent and a
sufficient separation is achievable.

The saturation measurement can now be used to choose the depletion time for state-
selective detection. While measuring the full saturation curve gives additional infor-
mation, measuring only a single point is sufficient for many purposes and requires
substantially fewer measurements. Hereby one has to find a compromise: On the one
hand, too long depletion times lead to larger errors due to the population transfer cau-
sed by blackbody radiation. On the other hand, the depletion of the states of interest
should be saturated. In this thesis, 2 s are picked for further measurements. Here the
influence of blackbody radiation on the detection result is on the order of a few percent
and is thus almost negligible.

Microwave depletion for J = 5,6, |K| = 3 A MWD measurement of the population
within the J = 5, 6, |K| = 3 states and the corresponding rate model is shown in
Fig. 4.7(b). The overall shape of the curve is similar to the one in Fig. 4.7(a) and again
agrees nicely with the rate model. However, compared to Fig. 4.7(a), (b) shows a much
more pronounced increase at longer depletion times. This is because in the manifold of
states with J = 5, 6 only about 40 % of the molecules populate the states with |K| = 3.
Moreover, as discussed in section 4.1.1, the states with |K| > 3 contribute on top of
the blackbody radiation to the slow increase of the signal. The error for detecting the
population of states with |K| = 3 is here larger than for the J = 3, 4 states, and MWD
should only be used to discriminate the total angular momentum J .

Full infrared depletion The rate model and the experimental result of the saturation
measurement for the states with J = 3, 4, |K| = 3 using IRD are given in Fig. 4.8(a).
The implementation is realized according to the scheme discussed in section 4.1.2. This
leads to the blue curve (blue diamonds) which is in good agreement with the rate model.
This method is denoted full IRD in contrast to K-selective IRD described below.

As already discussed above, the driving of the infrared transitions is J and K selective
and the unwanted depletion of states with |K| = 1, 2 is purely caused by the MW
radiation. This timescale is however much slower than the depletion of the states with
|K| = 3. Thus, in contrast to MWD, the unintended depletion of states with |K| = 1, 2
also contributes to the slow increase of the depletion signal, which is of great advantage:
By picking two seconds of depletion for further experiments, the detection signal is less
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Figure 4.8: Saturation measurement and comparison to the rate model for IRD. (a) The
blue diamonds show the result of an IRD saturation in the states with J = 3, 4, |K| = 3
according to the scheme shown in Fig. 4.3. The red triangles represent a reference
measurement, without applying the laser. The difference of the two (black circles) yields
a |K|-selective IRD measurement as explained in the main text. (b) IRD saturation of
the states with J = 3, 4, 5, 6 and |K| = 3. The difference of the full IRD signal (blue)
and the measurement with the laser only applied to the J = 3 state (green) yields the
K-selective signal of molecules populating the states with J = 5, 6 and |K| = 3. The
inset gives a summary of the experimental sequence for the data shwon in (a) and (b).
The time where IRD is applied is varied from x=0 to 6 s

influenced by the unintended depletion of states with |K| = 1, 2, thus reducing the
error.

|K|-selective infrared depletion The influence of the unintended depletion of states
with |K| = 1, 2 on the detection signal can completely be eliminated by subtracting out
the influence of the MW radiation. For that, the depletion effect of the microwaves is
examined with a reference measurement. Here the four MW frequencies for IRD were
applied but the laser was left off (Fig. 4.8(a) red triangles). As both measurements (the
full IRD and reference measurement) are equally affected by the unintended depletion
of states with |K| 6= 3, the difference of both measurements yields a |K|-selective
measurement (black circles). The drawback of this K-selective IRD is a slightly reduced
signal as the reference measurement also includes some depletion of states with |K| = 3.

Infrared depletion for J = 3,4,5,6, |K| = 3 The IRD scheme can easily be exten-
ded to incorporate also the J = 5, 6 rotational states as presented in section 4.1.2.
Figure 4.8(b) shows the corresponding rate model and saturation measurement. The
full IRD signal for depleting the manifold with J = 3, 4, 5, 6, |K| = 3 is given by the
blue curve (blue circles). The population in the states J = 5, 6, |K| = 3 is deduced as
explained in the following. By performing a second measurement without driving the
vibrational excitation from J = 5 (green triangles) the states J = 3, 4, |K| = 3 are
depleted as in (a) with, however, the MW couplings of the J = 5, 6, |K| = 3 states
being additionally present. Thus, the effect of driving other K states with microwaves
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Figure 4.9: Detection of the population in the |0; 4, 3, 4〉 state. (a) The figure shows two
saturation measurements. The red circles correspond to a full IRD measurement. The
black dots are measured without driving the transition |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉. The
number of molecules in |0; 4, 3, 4〉 is extracted from the difference of the two curves.
Due to the Stark broadening of the spectral lines, the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 transition
is slightly driven by the other applied microwave frequencies. Measuring only at a
single point with 2 s of depletion therefore underestimates the number of molecules in
the |0; 4, 3, 4〉 state as is explained in the main text. (b) Summary of the experimen-
tal sequence (see appendix A for more information about the individual experimental
steps).

is contained in this measurement, and the difference of both measurements in (b) gives
a |K|-selective signal for the molecule number in the states J = 5, 6, |K| = 3. IRD for
J = 3, 4, 5, 6, |K| = 3 is in the following in few cases also applied for four seconds to
better saturate the depletion.

4.2.3 Detection of the population in a single M substate

This subsection discusses the experimental results of the single M substate detection
which was discussed in section 4.1.3. According to the results of the rate model, the
scheme based on IRD is expected to work. With the means of a measurement of
the depletion time dependence, an estimation of the error of the single M substate
detection is obtained. Finally, a scheme to detect the population in the state |0; 3, 3, 3〉
is presented.

Detection of the population in the |0;4,3,4〉 state The experimental sequence is
summarized in Fig. 4.9(b). To improve statistics, an ensemble cooled to ≈ 150 mK is
used. The subsequent one second of accumulation transfers all molecules of J = 3, 4,
|K| = 3 to the two highest M substates of this manifold. Afterwards, the population in
J = 3 was distributed among the |0; 4, 3,M〉 states by driving a ∆M = −1 vibrational
transition from J = 3. Then, the molecules were stored for 6 s, and an IRD satura-
tion measurement was performed either with driving the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 MW
transition or without. To reduce the unwanted driving of the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉
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transition and thus to improve the quality of the single state detection the MW power
is reduced by about a factor of eight compared to the IRD measurements described
above. The laser is left on during the whole 6 s.

The data is shown in Figure 4.9(a). The measurement with applying the |0; 3, 3, 3〉 ↔
|0; 4, 3, 4〉 coupling (red circles) is equivalent to the full IRD signal (except for the re-
duced MW power). The measurement without (black dots) has to be separated into
two regions: the fast increase yields the depletion signal of all molecules populating
rotational states within J = 3, 4; |K| = 3 except the state |0; 4, 3, 4〉. The subsequent
slower increase is caused by the unintended driving of the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 tran-
sition in the inhomogeneous electric field regions of the trap as well as by blackbody
induced population transfer.

The difference of both measurements yields a signal proportional to the number of
molecules in the state |0; 4, 3, 4〉 and thus the population of a state described by a
single J,K and M quantum number. Due to the unintended depletion of the |4; 3; 4〉
state in the black curve, this difference underestimates the population in the state
|0; 4, 3, 4〉. To obtain an estimation of the error the black data points are fitted with
a double exponential (blue, dashed). The slow part of this fit is plotted (solid green)
and the difference of the fully saturated red curve and the extrapolation of the green
curve to 0 s yields the signal of molecules in the |0; 4, 3, 4〉 state. The fast increase
saturates after about 2 s, meaning that the entire population of all states but the
|0; 4, 3, 4〉 state is depleted. For 2 s of single state detection, the number of molecules
is thus underestimated by approximately 20 %. This measurement shows that it is
clearly possible to distinguish between the |0; 4, 3, 4〉 state and the other states in the
J = 3, 4; |K| = 3 manifold.

Detection of the population in the |0;3,3,3〉 state The |0; 3, 3, 3〉 state can be
detected with a similar scheme. The MW coupling stays the same but the vibrational
driving is on the J = 4 states which has two consequences: First, the vibrational
decay transfers population to the J = 5 state. Thus MWD or IRD for depleting
the J = 5, 6 state is additionally needed. Second, the spontaneous decay from the
vibrational excited state |1; 4, 3, 3〉 transfers population to the target state |0; 3, 3, 3〉
with a branching ratio of 5 % which gives an additional error of the measurement.

4.2.4 Qualitative and quantitative investigation of the rotational-state
depletion methods

In this section the quality of the state detection methods MWD and IRD is investiga-
ted by comparing the discussed methods with one another and with expected relative
state populations. In addition, the ability of the depletion methods to deplete the to-
tal population within the states of interest is proven and the underestimation of the
population while using K-selective IRD is measured.

Comparison of the depletion methods First, the number of molecules detected
using MWD or IRD is compared for addressing either J = 3, 4, |K| = 3 or the
J = 3, 4, 5, 6|K| = 3 states. A summary of the experimental sequence is given in
Fig. 4.10(a). An ensemble is used which is directly loaded from the electric quadrupole
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Figure 4.10: Comparison of the detection methods. (a) Summary of the experimental
sequence. (b) MWD, IRD and K-selective IRD applied to a directly loaded ensemble in
the trap where other J and K states are present. Note that the total signal of trapped
molecules is 933(6) counts/sequence, if no depletion is applied.

depletion measured set of states expected
method rel. population for comparison rel. population

|K|-sel. IRD for J = 3, 4, |K| = 3 0.165(5) J = 3, 4, |K| = 3 0.170
|K|-sel. IRD for J = 3, 4, 5, 6, |K| = 3 0.233(5) J = 3, 4, 5, 6, |K| = 3 0.257
Full IRD for J = 3, 4, |K| = 3 0.217(5) J = 3, 4, |K| = 3 0.170
Full IRD for J = 3, 4, 5, 6, |K| = 3 0.298(5) J = 3, 4, 5, 6, |K| = 3 0.257
MWD for J = 3, 4 0.238(5) J = 3, 4, |K| = 1, 2, 3 0.235
MWD for J = 5, 6 0.210(5) J = 5, 6, |K| = 1, 2, 3, 4, 5 0.223

Table 4.1: Comparison of measured and expected relative state populations.

guide closely matching the rotational-state distribution shown in Fig. 2.3. The mole-
cules are stored for 3 s and either the depletion or nothing is applied during the last
2 s. The difference of these two measurements gives the resulting state selected signal
of molecules and is plotted for each method in Fig. 4.10(b), satisfying our expectations
from the previous discussions. In particular it can be seen that the |K|-selective IRD
measurement always results in the lowest signal as this method underestimates the
number of molecules in the |K| = 3 states of interest. In contrast, MWD and full IRD
overestimate the signal in |K| = 3 where the effect is stronger for MWD than for IRD
due to the enhanced depletion of states with |K| 6= 3. All three methods differ less for
the depletion of the states with J = 3, 4 than for the states with J = 3, 4, 5, 6 as the
contribution of |K| 6= 3 is stronger for J = 5, 6 than for J = 3, 4.

Comparison of measured and expected relative state populations The results in
Fig. 4.10(a) also allow a comparison with the expected rotational-state distribution in
Fig. 2.3. For this purpose, the depletion signal for the various methods is divided by the
total signal of trapped molecules of 933(6) counts/sequence, and the resulting measured
relative populations are shown in Tab. 4.1. The expected relative populations were
calculated taking into account those states listed in the third column of Tab. 4.1. In
particular, for MWD the population in states with |K| 6= 3 is also included, following the
discussion in section 4.1.1. The agreement between measured and expected populations
is remarkable, with deviations conforming to the previous discussions.
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Figure 4.11: Tests of the detection methods. (a) Summary of the experimental sequence.
(b) Proof that MWD and IRD deplete all molecules populating the states of interest.
Here a molecular ensemble is used where no other J and K states are present (see
main text). The detection is applied for 8 s to ensure full saturation. (c) Comparison
of the K-selective IRD measurement with MWD and full IRD for an ensemble where
no other K states are present. The K-selective measurement underestimates the signal
of molecules by less than 5 %.

Validation of the depletion method To verify that all molecules within a certain set
of states can be depleted an almost pure state ensemble produced by Sisyphus cooling
is used. Due to the long trapping time during cooling, a reduced trap voltage for
unloading, and the radio-frequency knife for cooling, almost only the cooled molecules
(≈ 30 mK) in the states |0; 3, 3, 3〉 and |0; 4, 3, 4〉 are unloaded for detection at the end
of the cooling sequence (see section 5.2). However, some molecules are pumped to
the J = 5, 6 states due to blackbody radiation. In addition, a Fermi resonance with
a doubly excited vibrational state can also lead to population of the J = 5 state.
Thus most of the molecules should populate the J = 3, 4; |K| = 3 states and some the
J = 5, 6; |K| = 3 states. Using this cold ensemble, testing the state-selective detection
methods is possible. The depletion was applied to the states J = 3, 4, 5, 6, |K| = 3 for 8 s
to ensure full saturation. Figure 4.11(b) shows the outcome of this measurement. Here,
both methods, MWD and full IRD, give the same result which is almost equivalent to
the total signal of trapped molecules of 155(2) counts/sequence. It can thus be stated
that the depletion transfers all molecules populating the states of interest to untrapped
states. A shorter depletion time leads to some error, however, already for two seconds
of depletion this can most often be ignored.

Additionally, the Sisyphus-cooled ensemble can be used to compare the |K|-selective
IRD measurement with MWD and full IRD, as states with |K| 6= 3 are hardly popula-
ted. The depletion is in each measurement applied for 2 s. Figure 4.11(c) shows that
the K-selective IRD measurement underestimates the signal by less than 5 % compa-
red to MWD and full IRD. However, in this measurement, the population was almost
exclusively in the highest M substates of J = 3, 4. A higher population of lower lying
M substates could lead to a higher underestimation when using |K|-selecitve IRD.
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4.3 Discussion

In summary, this chapter presented a detailed investigation of rotational-state detec-
tion of trapped molecules based on rotational-state selective depletion. This depletion
employs the driving of rotational and vibrational transitions to transfer molecules to
untrapped states. As suitable transitions can be found in any molecule, this technique
is extremely general and should be applicable to all trappable neutral molecule species.
Moreover, with use of only a single microwave synthesizer and (optionally) a single
infrared laser, the presented technique is simple to implement. Also an extension to
other types of internal states is feasible. Detecting hyperfine states would require a suf-
ficient spectral resolution, and detecting vibrational states could make use of different
rotational constants in different vibrational states.

The current experimental setup could be advanced twofold. First, adding a second
laser would allow to eliminate the need for MW coupling in IRD as these couplings could
be replaced by driving P- or R-branch vibrational transitions. This in particular yields
a K selective measurement that does not underestimate the population. Second, MW
coupling of the rotational states J = 4 and J = 5 could be implemented. This would
for example allow to measure the population within all M substates of the rotational
state J = 3 by taking the difference of the signals obtained for depletion in J = 3, 4, 5
and J = 4, 5. It could also advance the detection of single M substates in J = 3 by
applying MWD for J = 4, 5 and coupling only a single M substate of J = 3 to J = 4.
In particular, this would also allow the detection of the population in lower lying M
substates, which has multiple applications in the experiment. First, it would allow to
study the unloading efficiency in more detail, as the Stark shift of the observed state can
be varied of a larger range. Second, loss mechanism as for example Majorana losses
which change the M quantum number can be investigated in more detail. Finally,
searching for M changing collisions inside our trap could become possible.
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Chapter 5

Rotational-state cooling

This chapter presents a comprehensive method for rotational-state control of polyato-
mic molecules. As a first step, rotational cooling by optically pumping CH3F molecules
in the states J = 5 and J = 6 into the state J = 4 is demonstrated and analyzed in
section 5.1. Molecules in the states J = 3 and J = 4 can then be motionally cooled
via optoelectrical Sisyphus cooling [Zep09, Zep12] which can be integrated seamlessly
with the here presented rotational-state cooling. In particular, this combination allows
for a simultaneous cooling of the internal and external degrees of freedom of polyato-
mic molecules. Section 5.2 briefly reviews optoelectrical Sisyphus cooling and discusses
the results and the optimization of the combination with rotational-state cooling. A
subsequent M sublevel-dependent optical pumping transfers a majority of the trapped
molecules into a single M substate. This single state preparation is discussed in sec-
tion 5.3 for optical pumping into the final states |0; 4, 3, 4〉 or |0; 3, 3, 3〉. Together with
optoelectrical Sisyphus cooling, which eliminates all molecules in uncooled states from
the trap, this leads to a cold (≈30 mK) and almost pure state ensemble of trapped
CH3F molecules. The purity of this ensemble is studied in section 5.4 and compared
to differently prepared ensembles in section 5.5. Finally, section 5.6 discusses possible
extensions of rotational-state cooling to incorporate more states and possible schemes
to improve the single state preparation.

5.1 Rotational-state cooling

5.1.1 The scheme for rotational-state cooling

General schemes The rotational-state cooling (RSC) scheme presented in this thesis
is based on optical pumping via excitation of a vibrational mode using a scheme related

J+1 J+2
J-1

v=1

v=0
J MW

IR

IR

MW J+3

Figure 5.1: Simplified scheme for rotational-state cooling (RSC). Optical pumping via
a vibrational excited state with infrared (IR) and microwave (MW) radiation is used
to accumulate population in a lower rotational state.

49



Chapter 5 Rotational-state cooling

0 1 2 3 4
0

0.2

0.4

0.6

0.8

1

time (s)

re
l. 

po
pu

la
tio

n J=4

J=5 and J=6

untrapped states

|K|=3

J=4 J=5
J=6

∆M
=0

v=1

v=0
∆M=+1

M>0

b)

0.
29

0.
30

0.41

a)

0

0.1

0.2

0.3

0.4c)

re
l. 

po
pu

la
tio

n

|0
;4
,3
,4
〉

final M-substate

|0
;4
,3
,3
〉

|0
;4
,3
,2
〉

|0
;4
,3
,1
〉

un
tra

pp
ed

 s
ta

te
s

Figure 5.2: Implementation of rotational-state cooling (RSC) for CH3F. (a) Scheme of
the implemented RSC without resolving the M substates. (b) Result of a rate model
simulating the dynamics of RSC. (c) Simulated population distribution within the final
J = 4 rotational state for 4 s of RSC.

to those demonstrated for diatomic molecular ions [Sta10, Sch10]. The underlying idea
is shown in Fig. 5.1. Driving a ∆J = 0 vibrational transition from a given rotational
state J results in spontaneous decay to the states J ± 1. By coupling the states J and
J + 1 with microwaves, the entire population in the states J and J ± 1 accumulates in
the dark state J − 1.

This scheme can easily be extended to incorporate larger sets of initial states by,
e.g., applying the same couplings to subsequent pairs of rotational states as sketched
in Fig. 5.1 or as discussed in the outlook in section 5.6. In principle, the dark state of
such a scheme can be freely chosen.

Implementation for CH3F All internal state manipulation presented in this thesis
takes place in the homogeneous-field electric trap described in chapter 3. Thus, a key
challenge of the implementation of RSC is to ensure that most molecules stay trap-
ped during the optical pumping. Here, two features of the employed trap are of great
advantage. First, the narrow electric-field distribution of the trap allows one to spec-
trally resolve all relevant transitions with minimal Stark broadening and thus minimizes
accidental addressing of transitions that transfer the population to untrapped states.
Second, the long trap lifetime of up to 30 s [Zep12] is crucial for the implementation
of an optical pumping scheme based on spontaneous decays of vibrational excitations
with typical decay times of more than 10 ms. Despite its slow decay rate the use of a
vibrational mode is favorable due to strict selection rules as discussed in chapter 2.

RSC is implemented for CH3F molecules by pumping the population of the rotational
states with J = 5, 6, |K| = 3 to J = 4, |K| = 3. With this choice of rotational
states, RSC can be combined with optoelectrical Sisyphus cooling which motioanlly
cools molecules populating the rotational states J = 3, 4, |K| = 3 as will be discussed
in the following section. Incorporating higher rotational states is of little gain for the
relatively light molecule CH3F as the population of higher J-states is rapidly decreasing
(compare Fig. 2.3). Nevertheless, the implementation within the above mentioned
rotational states already proves that RSC is applicable to polyatomic molecules.

Figure 5.2(a) shows the optical pumping scheme with all applied radiation fields. A
∆M = 0,∆J = 0 vibrational transition from J = 5 is driven and transfers the popu-
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lation to the vibrational excited state. The subsequent spontaneous decay brings the
population with a probability of 29 % to our target state J = 4 and with another 41 %
to J = 6. For J = 4 to become the only dark state of the pumping scheme, J = 6
and J = 5 are coupled with MW radiation. In particular, the rotational transitions
|0, 5, 3,M〉 ↔ |0, 6, 3,M + 1〉 are driven. Using the ∆M = +1 rotational transitions
has the advantage of relatively small Stark shifts and high Clebsch Gordan coefficients.
Thus the needed MW power can be kept low which minimizes the problem of unin-
tentionally driving rotational transitions to untrapped states (see section 3.5 for more
details). The only state which is not incorporated is |0, 6, 3, 1〉, which is anyway hardly
populated and due to the small Stark shift quickly lost from the trap.

The changes in population caused by RSC can be calculated with a rate model
as detailed in section 2.4. The rate model used here simulates the driving of the
MW and IR transitions needed for RSC by rate coefficients between appropriate states
and the spontaneous decay from the vibrational excited state with a decay rate of
15 Hz. Note that it does not include unintenionally driving of rotational transitions
in the inhomogeneous electric-field region of the trap. The initial state distribution
consists of all trappable M substates in J = 5, 6; |K| = 3. The distribution over the
M sublevels represents the conditions of the velocity filtered source as calculated in
Fig. 2.3. Figure 5.2(b) shows the result of the rate model. The population of the
state J = 5, 6 is transferred to J = 4 within slightly more than two seconds. The
relatively long timescale of RSC is due to the slow spontaneous decay rate from the
excited vibrational state, combined with a probability of at most 1/3 for a molecule to
be in the excited vibrational state and a branching ratio of 0.29 for a decay from the
vibrational excited state to the states |0; 4, 3,M〉. The rate model also reveals about
10% losses, meaning that some molecules were pumped to untrapped states. Finally,
the rate model yields the final population distribution within the J = 4 state, see
Fig. 5.2(c). Most molecules, almost 40 %, end up in the highest M sublevel.

5.1.2 Experimental results of rotational-state cooling

For proof of RSC, two measurements are presented. First, the populations in the states
J = 3, 4 and J = 5, 6 are examined versus the time for which RSC is applied. In a
second measurement, the effect of the microwave radiation coupling J = 5 and 6 on
the population of molecules transferred to J = 3, 4 is studied more closely and the
contribution of individual M sublevels in J = 6 is identified.

5.1.2.1 Measurement of the time dependence of RSC

Sequence The experimental sequence is listed in Fig. 5.3(b). First, molecules are
loaded for 16 s into the trap and are then stored for 8 s and unloaded for 12 s. During
the last four seconds of storage the depletion necessary for |K| selective detection of
the state J = 3, 4, J = 5, 6 or all molecules in J = 3, 4, 5, 6 is applied. During the first
four seconds of storage, RSC is applied for a varying amount of time. To reduce the
problem of repopulation caused by blackbody radiation, RSC is applied directly before
the depletion. How to optimize the MW power for driving the rotational transitions
|0, 5, 3,M〉 ↔ |0, 6, 3,M + 1〉 is shown in the next section. The MW power used in this
measurement is the same as the marked value in Fig. 5.7(a).
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Figure 5.3: Results of RSC. (a) A saturation measurement of RSC. The rotational-
state-discriminated unloading signal detected with the quadrupole mass spectrometer
is plotted. The single black cross was measured while leaving the microwaves off (see
main text). Vertical bars denote the 1σ statistical error. (b) Implemented experimental
sequence. x is the time during which RSC is applied and varies from zero to four
seconds.

Result of RSC-saturation measurement Figure 5.3(a) shows the experimental results
of the implementation of RSC. A clear increase of the population in J = 3, 4 together
with a decrease of population in J = 5, 6 to almost zero is observed. A comparison with
the results of the rate model gives a nice agreement for the timescale of the process.
In both cases, the population of the states with J = 5, 6 decreases by a factor of two
within about 0.4 s. In addition, the rate model suggested about ten percent loss to
untrapped states. However, the measurement shows an increase of molecules in the
total set of states J = 3, 4, 5, 6.

The reasons for this discrepancy of the rate model and the measurement are described
in the following. RSC on average increases the Stark shift of the molecule. For example,
a spontaneous decay from the excited |1; 5, 3, 5〉 state to J = 4 has to end up in the
|0; 4, 3, 4〉 state, where the Stark shift is a factor of 1.2 higher. The excited |1; 5, 3, 3〉
state can decay to the |0; 4, 3,M = 2, 3, 4〉 states. The lowest possible M sublevel
|0; 4, 3, 2〉 has the same Stark shift as |1; 5, 3, 3〉. Therefore, the molecules, again, end
up in rotational states with on average higher Stark shifts. As the lifetime in the trap
increases with the Stark shift of the molecule [Eng11], one can expect to measure an
increase in signal. This effect is particularly visible by comparing the results measured
at 2 s and 4 s. Already after about 2 s almost all molecules from the states J = 5, 6
were pumped to J = 3, 4 (or lost to untrapped states), but the total signal still slightly
increases for longer RSC times. The molecules have been pumped to higher Stark shifts
earlier in the experimental sequence and hence the trap losses are slightly reduced.
Another experimental subtlety is different detection efficiencies in different internal
states which also might hide losses. As discussed in section 4.2.1, the detection efficiency
of non-manipulated molecules depends on the ratio of temperature and Stark shift.
However, RSC slightly changes the Stark shift possibly resulting in a slightly different
detection efficiency. Both effects, the change in the molecule’s lifetime and the possible
different detection efficiency are hard to be included in the rate model but the outcome
of the experiment can qualitatively be understood by the above considerations.
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Figure 5.4: MW spectrum of the rotational transitions coupling J = 5 and J = 6.
(a) Scheme for measuring the spectrum. Only a single MW frequency is applied and
scanned across all relevant transitions coupling J=5,6. (b) Contribution of single M
sublevels to RSC. The rotational-state-discriminated unloading signal detected with
the quadrupole mass spectrometer. Dashed vertical lines show the calculated transi-
tion frequencies. Vertical bars denote the 1σ statistical error. (c) Summary of the
experimental sequence.

While Fig. 5.3(a) shows an increase of molecules in the states J = 3, 4 closely tracking
the decrease of molecules in J = 5, 6, it does not prove conclusively that the increased
signal in J = 3, 4 originates from molecules populating initially the states J = 5, 6.
Therefore, the effect of the microwaves coupling the states J = 5 and 6 on the rotational-
state cooling is explored. Simply leaving these microwaves off leads to significantly less
population in the states with J = 3, 4 for 4 s of cooling, as shown by the cross in
Fig. 5.3(b). Since the microwaves only affect molecules in the states J = 5 and 6, the
increase of population in J = 3, 4 over time clearly originates from molecules in the
states J = 5, 6.

5.1.2.2 MW spectrum of the J = 5↔ J = 6 rotational transition

Contribution from single M sublevels in J = 6 can be identified by measuring a spec-
trum of the rotational transitions coupling the M sublevels of the J=5 and 6 states. The
used scheme is shown in figure 5.4(a). As before, the number of molecules populating
the states J = 3, 4 is detected while applying RSC. Compared to the measurement be-
fore, only one MW frequency is used, which is scanned across the transition frequencies
of the M sublevels of the J = 5 and 6 states.

This measurement consists of many data points and to improve the statistics a shorter
sequence is used. To optimize the short sequence, the voltage used during loading
and the time for loading the molecules into the trap have to be adjusted. First the
loading voltage, which influences the number and the temperature of the ensemble,
was optimized with a saturated loading time. Second, the loading and unloading time
was optimized to give the best statistical significance within the total length of the
experimental sequence. To increase the spectral resolution,the offset field in the electric
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trap is increased to obtain an electric-field distribution as in Fig. 3.5(b). This results
in a reduced relative line width as explained in section 3.4.

The sequence to measure the spectrum of the J = 5 ↔ J = 6 rotational transition
frequencies is given in Fig. 5.4(c). The trap is loaded and unloaded for 6 s. During
the storage time of 4 s the first two seconds are used to apply the pumping scheme as
described above. Each data point is measured twice, with and without applying IRD
in J = 3, 4 during the last two seconds of storage and the full IRD signal is plotted in
figure 5.4(b).

The Stark-shifted transitions coupling the three highest M sublevels can be clearly
identified proving a transfer of molecules from |0; 6, 3,M = 4, 5, 6〉 to |0; 4, 3,M ′〉. Lower
lying M substates yield smaller or negligible peaks because these are less populated
initially and the chance of losing the corresponding molecules to untrapped states during
the pumping process is higher.

5.2 Combination of internal and motional cooling

A key advantage of the here presented RSC scheme is that it can be integrated straight-
forwardly with optoelectrical Sisyphus cooling and thus enables the simultaneous co-
oling of the internal and external degrees of freedom. Optoelectrical Sisyphus cooling
is a newly in our group developed technique to cool the motion of electrically trapped
polyatomic molecules. The idea is applicable to wide variety of molecule species and
was first presented in a proposal on optoelectical cooling [Zep09] and experimentally
realized in a proof a principle experiment in 2012 [Zep12]. In that work an ensemble of
CH3F molecules was cooled to a mean kinetic energy of Ekin ≈ 30 mK×

(
3
2kB

)
purely

limited by technical issues.
This section first briefly reviews optoelectrical Sisyphus cooling. Then, the results for

adding RSC to the Sisyphus cooling sequence are presented together with a discussion
about the optimization of the combined experimental sequence. Finally, a proof that
RSC has hardly influences the motional degree of freedom is given. Specifically, the
kinetic energy of the ensemble with and without RSC is determined by measuring the
velocity distribution with a time-of-flight technique.

5.2.1 Optoelectrical Sisyphus cooling of CH3F

In addition to the above mentioned publications, optoelectrical Sisyphus cooling is
described in detail in the theses [Zep13, Eng13, Pre12]. Here a brief summary of the
process, the sequence and the main result is given.

The scheme for motional cooling The scheme for optoelectrical Sisyphus cooling
as used in [Zep12] is shown in Fig. 5.5. Kinetic energy is extracted by transferring a
molecule in |0; 3, 3, 3〉 to the weaker trapped state |0; 3, 3, 2〉 via radio-frequency (RF)
radiation in the edge region of the trap with high electric fields. The molecule is
afterwards pumped back to |0; 3, 3, 3〉 by driving a ∆M = +1,∆J = 0 vibrational
transition from J = 3 in the homogeneous electric-field region of the trap. As the
spontaneous decay can transfer population to the J = 4 rotational state, the rotational
substates |0;3,3,M〉 ↔ |0;4,3,M + 1〉 (M > 0) are coupled with MW radiation. This
results in a closed cooling cycle which removes a large fraction of a molecule’s kinetic
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Figure 5.5: Scheme for optoelectrical Sisyphus cooling (not to scale). The zoom shows
the Sisyphus process: Kinetic energy is extracted by applying RF radiation which
transfers the population from M = 3 to M = 2 in the edge region of the trap with high
electric fields. To repump the molecules to the M = 3 substate a ∆M = +1 vibrational
transition is driven in the homogeneous electric field region of the trap. The full scheme
is described in the main text.

energy in each cycle of the cooling sequence. To achieve efficient cooling, the RF
frequency is first as large as possible and then reduced as cooling progresses. The final
kinetic energy of the molecular ensemble is hence determined by the last applied RF
frequency.

The experimental sequence The experimental sequence for cooling a molecular en-
semble to a mean kinetic energy of Ekin ≈ 30 mK ×

(
3
2

)
kB as in [Zep12] works as

follows. The molecules are loaded for 16 s while all radiation needed for Sisyphus co-
oling are already applied. In particular the RF is set to 3.4 and 1.6 GHz in turns with
a duration of one second each. During storage Sisyphus cooling proceeds and the RF
decreases (1220, 840, 640, 480, 390 MHz) with each frequency being applied for 4 s.
Before unloading and detection of the molecules, state-selective depletion can be ap-
plied. The final velocity distribution of the ensemble has in the original work [Zep12]
been deduced with a time-of-flight measurement by switching the last guide to a gui-
ding configuration and recoding the arrival time of the molecules. The extracted mean
kinetic energy is Ekin = 29 mK ×

(
3
2kB

)
. Stopping Sisyphus cooling after applying

a RF frequency of 1220 MHz leads to an ensemble of molecules with a mean kinetic
energy of Ekin ≈ 147 mK ×

(
3
2kB

)
. For comparison, the non-cooled ensemble has a

mean kinetic energy of about 390 mK ×
(
3
2kB

)
. Note that the molecular ensemble in

these experiments is not expected to have a thermal distribution as elastic collisions
are missing. Thus temperatures given in this thesis are rather mean kinetic energies of
the ensembles.

Consequences of Sisyphus cooling In addition to the reduction in kinetic energy, Si-
syphus cooling has a few more effects, which are of importance for the results described
in this thesis. First, Sisyphus cooling increases the 1/e trap lifetime of the molecules
from initially ≈ 10 s to almost 30 s [Zep12]. Second, Sisyphus cooling depletes molecules
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Figure 5.6: Scheme for the combination of optoelectrical Sisyphus cooling (left panel)
and RSC (right panel).

populating rotational states outside of the closed level scheme (J = 3, 4, |K| = 3) due
to the applied RF frequency. Obviously, the RF radiation is not state selective and thus
couples the population to untrapped states unless there is repumping to higher M sub-
states as present within the closed cooling cycle. In addition, the long trapping times
and the low trapping potentials during unloading remove uncooled molecules from the
trapped ensemble. In fact, after cooling to 30 mK almost only molecules populating the
J = 3, 4, |K| = 3 states are unloaded. Third, within these states, mostly the highest M
substates |0; 3, 3, 3〉 and |0; 4, 3, 4〉 are populated due to the ∆M = +1 driving of the
vibrational transition. Finally, two loss channels of Sisyphus cooling specific to CH3F
cause slow population transfer from the J = 3, 4, |K| = 3 states to the J = 5 rotational
state: a Fermi resonance with the doubly excited vibrational v5 mode of CH3F and
population transfer caused by blackbody radiation as discussed earlier.

5.2.2 Combination of rotational-state cooling and Sisyphus cooling

Figure 5.6 shows the scheme for the combination of RSC (right panel) and optoelectrical
Sisyphus cooling (left panel). RSC transfers the population of the states J = 5, 6 to
J = 4. As J = 4 is part of the closed cooling cycle of Sisyphus cooling, molecules
initially populating the rotational states J = 5, 6 can now be motionally cooled, thus
enhancing the number of cold molecules.

The combination is implemented by adding RSC to the above described optoelectrical
Sisyphus cooling sequence. As Sisyphus cooling is already applied during trap loading
the depicted radiation fields for both, RSC and Sisyphus cooling, have to be applied
simultaneously. It is here of great advantage that the two vibrational transition lie
within the tuning range of the laser system. The fast ramp and relock system (see
chapter 2.2) allows one to switch the IR frequency quickly between both transitions and
results in a quasi-simultaneous drive. For that, the switching should be fast compared to
the decay time of the vibrational excited state. Also the ramp duration for a change of
the frequency of several ms has to be taken into account. The optimal relative durations
for the two IR frequencies have to be determined experimentally. In addition, it has to
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Figure 5.7: Optimisation of the MW power for the combination of Sisyphus cooling and
RSC. Optimisation during loading (a) and during the storage phase of the experimental
sequence (b). The MW power (duty cycle) is plotted for the |0; 5, 3, 5〉 ↔ |0; 6, 3, 6〉
transition. Note that all needed |0; 5, 3,M〉 ↔ |0; 6, 3, 6〉 (M > 0) are applied, however,
with a fixed relative power according to equation 3.1. The arrows point to the finally
chosen values. ∆M = 0 or ∆M = +1 refers to the driving of the vibrational transition
from J = 5, |K| = 3 as explained in the main text.

be deduced experimentally whether the driving of a ∆M = +1 or ∆M = 0 transition
from J = 5 yields the better results. A ∆M = +1 transition does not address molecules
populating the states |0; 5, 3, 5〉 and |0; 6, 3, 6〉 which is the case for a ∆M = 0 transition.
However, the RF frequency applied for Sisyphus cooling transfers the population of
these states to lower lying M substates. Driving a ∆M = +1 vibrational transition
transfers the population on average to higher M substates which minimizes losses.
In the following, the main steps for an optimization of the combination of rotational
and motional cooling are described prior to the discussion of the final results of the
combination such as enhanced number of motionally cooled molecules. In addition, the
influence of RSC on the final velocity distribution is measured.

Experimental optimization of the sequence At first, the power of the MW radiation
used to couple the J = 5, 6 rotational states is optimized during the loading phase.
The experimental sequence is based on Sisyphus cooling to ≈ 150 mK. RSC is added
during the whole time but the MW power is scanned during the loading phase and the
subsequent second. As explained in chapter 2.2, the effective MW power is adjusted
with the duty cycle of the applied MW frequency. The scan is performed twice with
driving a ∆M = 0 or a ∆M = +1 vibrational transition from J = 5.

The result is shown in figure 5.7(a) and yields several information. First, adding
RSC clearly enhances the number of molecules compared to only performing Sisyphus
cooling (dashed line). Second, the optimal MW power has a clear maximum in signal of
molecules populating the states J = 3, 4. With too low powers the J = 5, 6 rotational
states are not coupled fast enough, and population is lost due to the effect of the
RF, before it can be transferred to J = 4. Too high MW power causes unwanted
driving of rotational transitions that couple the population to untrapped M = 0 states.
Finally, the measurement clearly shows that the driving of a ∆M = +1 transition is of
advantage.
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Figure 5.8: Optimization of cycling the two needed IR frequencies. Optimization during
loading (a) and during the storage phase of the experimental sequence (b). 100% on the
horizontal axis refers to a measurement, where the laser is always stabilized to match
the transition frequency from J = 3, |K| = 3. This measurement equals the Sisyphus
cooling sequence. Sisyphus/Laser off (blue cycles in (a)) refers to a measurement, where
the laser is always stabilized to match the transition frequency from J = 3, |K| = 3
but where the laser light is blocked during the second interval. Sisyphus cooling/ RSC
(green triangles) denotes a measurement, where the laser is stabilized to the frequency
of the J = 3, |K| = 3 transition in the first interval and to the J = 5, |K| = 3 transition
in the second interval. Note that the time of the interval includes the time needed to
ramp the frequency which is ≈ 7 ms. The arrows point to the finally chosen values.

Figure 5.7(b) shows the result of repeating the optimization during the storage phase
of the sequence where the molecules are now motionally cooled to Ekin ≈ 30 mK×

(
3
2kB

)
.

The number of molecules for performing only Sisyphus cooling (black dashed line)
and for adding RSC during the loading phase (red dashed line) is given for reference.
Compared to these numbers, a clear increase in signal of motionally cold molecules in
J = 3, 4 is measured for continuing RSC also during the storage time. This continuation
closes the loss channels of Sisyphus cooling specific to CH3F. The measurement in
addition reveals that driving a ∆M = 0 IR transition from J = 5 yields a larger signal
than driving a ∆M = +1 transition. Here the RF does hardly transfer the population
of the |0; 5, 3, 5〉 and |0; 6, 3, 6〉 states to lower lying M substates as the molecules are
already precooled and the splitting in J = 5, 6 is noticeable smaller than in J = 3, 4.
Thus driving a ∆M = 0 is necessary to address molecules in these states. There is
also no strong dependence on the applied MW power. As the RF has less effect on the
molecules in J = 5, 6 it is not a problem if J = 5, 6 are coupled on a slightly slower
timescale. Therefore, a lower MW power during cooling is used as indicated by the
arrow in Fig. 5.7(b).

To optimize the timing of the IR frequency switching for a quasi-simultaneous driving
of the vibrational transitions from J = 5 and J = 3 the number of molecules in J = 3, 4
was measured for different timings. Figure 5.8(a) shows the optimization during the
loading phase of the sequence. As above, RSC is added to the Sisyphus cooling sequence
which cools to ≈ 150 mK. The horizontal axis shows the duration of the intervals where
the laser is stabilized to the frequencies of the transition from J = 3/J = 5 in ms. Note
that 6 ms for the frequency switch are needed within each interval, during which the
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Figure 5.9: Combination of Sisyphus cooling and RSC. (a) Experimental sequence. (b)
Measured number of motionally cooled molecules obtained by Sisphus cooling alone,
with RSC added during the loading phase of the sequence and during the whole Sisyphus
cooling. (c) Population distribution measured after Sisyphus cooling with and without
RSC. Horizontal bars denote the 1σ statistical error. Note that the population in
J = 3, 4 and J = 5, 6 adds to slightly more than 100% which can be explained by
population transfer due to blackbody radiation during the depletion time.

laser light towards the experiment is blocked. For the combination of Sisyphus cooling
and RSC (green triangles) the optimum signal is measured for being 20 ms on each of
the transitions. If the laser light is blocked during the time when the laser is stabilize
to the frequency of the transition from J = 5, effectively only apply Sisyphus cooling
is applied, however, with a reduced effective laser power (blue circles). This results in
a slightly reduced number of cooled molecules compared to the case where the laser
addresses the vibrational transition used for Sisyphus cooling all the time (black single
triangle). In summary, although it is of advantage for Sisyphus cooling to drive the
needed vibrational transition all the time, the largest signal of cold molecules is obtained
by adding RSC.

Figure 5.8(b) shows the optimization for the storage phase of the experimental se-
quence. In this measurement, the time interval for the IR frequency stabilized to the
frequency for the J = 3, |K| transition (including the ramp time) is always chosen to be
20 ms to ensure optimal Sisyphus cooling. The measurements reveals that the timing
of the laser being stabilized to the frequency of the transition from J = 5 in not critical
during the storage phase of the experimental sequence (green triangles). The finally
chosen timing is indicated by the arrow in Fig. 5.8(b).

Experimental results of the combination The number of molecules is measured for
three different experimental sequences (see Fig. 5.9(b)). First, Sisyphus cooling without
RSC results in about 150 counts/sequence. By applying RSC during trap loading and
the subsequent second, almost all molecules entering the trap in the states J = 5, 6
are pumped to J = 4. As expected from the initial rotational-state distribution, this
increases the signal of cold molecules by 49 %. By continuing the optical pumping
during the entire motional-cooling sequence the signal increases by 76 %. The above
mentioned two loss channels of the Sisyphus scheme specific to CH3F lead to a slow
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Figure 5.10: Comparison of measured velocity distributions. The velocity distribution
(red, no RSC) is the result from the original publication [Zep12] and measured via a
time-of-flight technique. The velocity distribution (blue, RSC (continued)) is measured
equally. The shaded regions denote the 1σ statistical errors.

population transfer to the J = 5 rotational state which is repumped by RSC. This can
be experimentally tested by measuring the population distribution of the ensembles (see
Fig. 5.9(c)). One finds that the relative number of molecules populating the rotational
states J = 5, 6 decreases if RSC is added to Sisyphus cooling. The remaining about
10 % population is an effect of the vibrational transition from J = 5, needed for RSC,
being only applied for 20 ms every 160 ms. Thus the repumping is rather slow and not
all the population can be transferred back to J = 3, 4. Furthermore, during the time
used for state-selective depletion, about three percent of the population in J = 3, 4 is
transferred to J = 5, 6 by blackbody radiation, which leads to an overestimation of the
population.

Velocity distribution of combined motional and rotational cooling At the end of this
section the influence of RSC on the velocity distribution is studied. Fig. 5.10 shows
the normalized velocity distribution measured for the combination of Sisyphus cooling
and RSC (blue) and the results obtained in the original publication of Sisyphus cooling
(red, ”no RSC”) [Zep12]. The slight shift of the velocity distribution can be explained
by newly optimized RF powers for Sisyphus cooling. The result proves that RSC does
not hinder Sisyphus cooling and leads to an equally cold, but according to Fig. 5.9,
larger ensemble of cold molecules.

5.3 Optical pumping into individual M sublevels

RSC as demonstrated thus far leaves molecules in a number of M sublevels in the
states J=3,4, or, combined with Sisyphus cooling, in the two states |0; 3, 3, 3〉 and
|0; 4, 3, 4〉 [Zep12]. As a final optical pumping step, the preparation of the motionally
cooled molecular sample in a single rotational M substate is presented.

Schemes for single state preparation The population can be prepared in |0; 4, 3, 4〉
by appending the optical pumping scheme sketched in Fig. 5.11(a) to the experimental
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Figure 5.11: Optical pumping to a single M sublevel. Level scheme for single state
preparation of the population in |0; 4, 3, 4〉 (a) and |0; 3, 3, 3〉 (c). Results of the rate
model for the final state |0; 4, 3, 4〉 (b) and |0; 3, 3, 3〉 (d).

sequence for combined rotational and motional cooling. Here, the |0; 4, 3, 4〉 rotational
state is the only dark state and for long pumping times all molecules initially populating
the |0; 3, 3, 3〉 state are either transferred to |0; 4, 3, 4〉 or to an untrapped state.

The efficiency and the time dependence of this process can be simulated with a rate
model as described in section 2.4. It includes the driving of the shown transitions, the
spontaneous decay from the vibrational excited states and population transfer caused
by blackbody radiation. The rate model starts with the assumption that all the popu-
lation is in the |0; 3, 3, 3〉 state. After 2 s of optical pumping 71 % of the population is
transferred from |0; 3, 3, 3〉 to the |0; 4, 3, 4〉 state as shown in Fig. 5.11(b). 13 % of the
population ends up in untrapped states and 15 % still populate the other M sublevels
within the manifold J = 3, 4, 5, 6. The maximal population of 77 % in |0; 4, 3, 4〉 is
reached after about 5 s. On longer timescales the population again decreases due to
losses caused by blackbody induced population transfer. The rate model shows that
without this effect, the population in |0; 4, 3, 4〉 would saturate at 85 % with 15 % losses
to untrapped states.

A slight modification of the scheme also allows pumping from |0; 4, 3, 4〉 to |0; 3, 3, 3〉.
Specifically a ∆M=+1 transition from J=3 and a ∆M=0 transition from J = 4 is
driven (Fig. 5.11(c)) to obtain |0; 3, 3, 3〉 as the only dark state. The result of the cor-
responding rate model is shown in Fig. 5.11(d). After 2 s, 51 % of the population is
transferred from |0; 4, 3, 4〉 to |0; 3, 3, 3〉 with 6 % loss to untrapped states and 40 % still
populating the other M sublevels of the J = 3, 4, 5, 6 manifold. The maximal popula-
tion of 67 % in |0; 3, 3, 3〉 is reached after about 7 s. Without the effect of blackbody
radiation the population in |0; 3, 3, 3〉 would saturate at 77 %. The lower efficiency and
the longer timescale compared to pumping into the |0; 4, 3, 4〉 state is a consequence of
less favorable branching ratios.
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Figure 5.12: Optical pumping to a single M sublevel. (a) Experimental sequence.
(b) Experimental results. Horizontal bars denote the 1σ statistical error.

Experimental sequence The experimental sequence is listed in Fig. 5.12(a). To cha-
racterize the single-state preparation (SSP) process first the experimental sequence for
the combined Sisyphus cooling and RSC as explained above is performed. The popula-
tion within the J = 3, 4, 5, 6, |K| = 3 manifold is thereby prepared in the |0; 3, 3, 3〉 and
|0; 4, 3, 4〉 substates. To evenly distribute the population among the two M substates,
accumulation (see appendix A) is applied for 2 s. Afterwards, either SSP according to
the schemes shown in Fig. 5.11 is applied or nothing is done as a reference. 2 s for SSP
were chosen, although according to the results of the rate model both schemes give
a higher population of the single M sublevel for a longer pumping time. However, a
longer pumping time also requires a longer trapping time and the trap losses quickly
overcome the few percent that could be gained. State selective depletion during the
last two seconds of storage allows for measuring the population within the single M
substates (see section 4.2.3).

Experimental results Figure 5.12(b) shows the results of the measurement. By ap-
plying SSP according to the scheme in Fig. 5.11(a), the population in |0; 4, 3, 4〉 increa-
sed by 70 %. This number also yields the optical-pumping efficiency, as the populations
in |0; 3, 3, 3〉 and |0; 4, 3, 4〉 were initially equal. By applying SSP according to the
scheme in Fig. 5.11(c), the population in |0; 3, 3, 3〉 increased by 51 %. In both cases
the outcome of the experiment fits nicely with the result of the rate model in Fig. 5.11(b)
and (d). The presented experiments show that one can significantly increase the popu-
lation in a highest M sublevel of choice. It can be estimated [Zep12] that finally about
106 cooled molecules populate this state.

5.4 A cold and pure state ensemble

All previous measurements examined optical pumping in the context of increasing the
absolute number of molecules in a particular state or set of states. In this section, the
state purity of the molecular ensemble is studied.

An internally pure-state ensemble can be produced by two techniques, transferring
all the population to a single state or some sort of filter process. Both processes are
used in this thesis as Sisyphus cooling filters the internal state (see section 5.2) whereas
RSC and SSP decrease the rotational state distribution and thus also increase the
phase-space density. As discussed in the previous section, this SSP process is not fully
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Figure 5.13: Enhancing the state purity by depleting molecules outside the target state
(cleaning). (a) Scheme for cleaning. All molecules in the J = 3, 4, 5, 6; |K| = 3 manifold
but the ones populating |0; 4, 3, 4〉 are depleted. (b) Measured relative population of
the |0; 4, 3, 4〉 state (blue filled bar) or J = 3, 4 states (shaded bars) compared to the
total trap signal. The basic sequence is the same as in Fig. 5.12(a) but with cleaning
applied for two or eight seconds before the state-selective depletion where applicable.
Vertical bars denote the 1σ statistical error.

saturated within the employed 2 s of optical pumping. The purity of the ensemble can
be further enhanced by depleting all molecules in the J = 3, 4, 5, 6; |K| = 3 manifold but
the ones populating |0; 4, 3, 4〉. This process is in the following referred to as cleaning.

The scheme for this cleaning is shown in Fig. 5.13(a). Driving a ∆M = −1 vibrational
transition from J = 3 depletes all molecules in this state. A ∆M = +1 transition from
J = 4 additionally empties the lower lying M substates in J = 4. Simultaneously,
MWD in J = 5, 6 is applied to deplete all the population remaining in these states.

Figure 5.13(b) shows the resulting population in the single M substate |0; 4, 3, 4〉
compared to the total trap signal (blue filled bars). Without cleaning, at least 65 %
of the molecules populate the |0; 4, 3, 4〉 substate. With 2 s of cleaning the relative
population increases to 70 % and even a longer cleaning process does not increase the
measured purity further for two reasons. First, the method for determining the number
of molecules populating the single M sublevel |0; 4, 3, 4〉 underestimates the population
by roughly 20 % (see section 4.2.3). However, a rate model for the process of cleaning
suggests, that the other M substates in J = 3, 4 are populated by less than one percent
after two seconds. If now the state |0; 4, 3, 4〉 is in good approximation the only one
which is populated within the J = 3, 4 manifold, one can measure the total population
with the J = 3, 4 states using full IRD which does not underestimate the population
(see chapter 4). Doing so, indeed a higher relative population of 92 % (shaded bars)
is measured which reveals that way more than 70 % of the molecules populate the
|0; 4, 3, 4〉 state. Second, the achieved purity in the experimental system is mainly
limited by blackbody induced population transfer which acts also during SSP, cleaning
and state-selective depletion. During two seconds, already 10 % of the population is
transferred from the |0; 4, 3, 4〉 state to other states. However, this limitation is of
technical nature and can be overcome by cooling down the electric trap or choosing a
molecule species not suffering from significant blackbody-radiation losses.
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5.5 Population of a single M sublevel in differently prepared
ensembles

In the last section before the outlook the population of the |0; 4, 3, 4〉 state is studied
for various ensembles. This analysis compares and contrasts all effects discussed in
this chapter. In particular, we will see that the relative population of the |0; 4, 3, 4〉
state is increased by one order of magnitude. The different preparation sequences are
detailed in the following. Finally, the effect of the preparation on the absolute number
of trapped molecules and the relative population in the state |0; 4, 3, 4〉 is discussed.

The experimental sequences All sequences have a loading time of 16 s and an unloa-
ding and detection time of 12 s in common. In addition, the state-selective depletion
for detecting the population of the |0; 4, 3, 4〉 state is always applied for two seconds 1.

• Reference: An ensemble of non-manipulated molecules is studied. After loading
and a subsequent second of storage the depletion and detection is appended. The
total storage time is 5 s and the mean kinetic energy is about ≈ 390 mK) [Zep12].

• RSC: RSC as described in section 5.1 is implemented during the loading and the
subsequent four seconds to transfer all the population from J = 5, 6; |K| = 3 to
J = 4; |K| = 3. The total storage time is 8 s.

• Sisyphus cooling: The used sequence is the same as in the original publica-
tion [Zep12], which is also described above in section 5.2. The total storage
time is 25 s.

• RSC + Sisyphus cooling: To prepare the ensemble, a the sequence for combining
RSC and Sisyphus cooling is used (see section 5.2). The total storage time is 25 s
and the mean kinetic energy is about ≈ 30 mK.

• SSP: Two seconds of single state preparation (see section 5.3) are appended to
the sequence of RSC + Sisyphus cooling. The target state of the optical pumping
scheme is the |0; 4, 3, 4〉 state. The total storage time is 27 s.

• SSP + cleaning: Two seconds of cleaning (see section 5.4) are added to the
previous sequence. The total storage time is 29 s.

Experimental results Figure 5.14 shows the results of the various measurements. The
non-manipulated reference ensemble consists of molecules populating many rotational
states (compare Fig. 2.3) and yields as expected the highest total trap signal but the
lowest population in the singleM sublevel |0; 4, 3, 4〉. Applying RSC leads to a reduction
of trapped molecules as the storage time is increased by four seconds. In addition,
the relative number of molecules populating the |0; 4, 3, 4〉-substate increases as RSC
transfers the population from J = 5, 6; |K| = 3 to J = 4; |K| = 3.

In addition, Fig. 5.14 shows that Sisyphus cooling prepares a large fraction of the
molecules in the |0; 4, 3, 4〉 state. As both states, |0; 4, 3, 4〉 and |0; 3, 3, 3〉, are coupled

1After the state-selective depletion additional two seconds of storage are present in the experimental
sequence which were used for cross checking the results with 4 s of state-selective depletion
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Figure 5.14: Analysis of differently prepared ensembles. (a) Total trap signal for
variations of the experimental sequence as described in the main text. (b) Population
of the |0; 4, 3, 4〉. (c) Percentage of molecules populating the state |0; 4, 3, 4〉. The
vertical solid lines represent the 1σ statistical error (which is smaller than the edge
of the bar if not visible). Note that the values for uncooled ensembles overestimate
the population relative to the other sequences due to an imperfect state detection (see
chapter 4).

with MW radiation, an equal distribution of the population among these two states
is expected. Thus, most of the molecules populating states other than those which
are addressed by Sisyphus cooling (J = 3, 4; |K| = 3) are lost. This loss manifests
itself as a drop of total trap signal. The effect of adding RSC to Sisyphus cooling is
twofold: First, the total number of trapped molecules increases and second the fraction
of molecules in the |0; 4, 3, 4〉 state rises slightly as loss channels of Sisyphus cooling
which transfer population from J = 3, 4 to J = 5, 6 are closed. The addition of the
scheme for pumping population from |0; 3, 3, 3〉 to |0; 4, 3, 4〉 increases the population
of the |0; 4, 3, 4〉 state to 65 % and also yields the highest number of molecules in this
state. The relative occupation is boosted a bit further by removing all molecules still
populating states other than the |0; 4, 3, 4〉 state. In total, the population of a single M
sublevel is augmented from initially ∼7 % to at least 70 % while the molecular ensemble
is motionally cooled by more than an order of magnitude. As discussed in the previous
section, it is expected that even ∼90% of the molecules populate this M sublevel.
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Figure 5.15: RSC extended to incorporate more states. (a) A possible extension in-
volving the driving of several vibrational transitions. The MW coupling could also be
replaced with a second laser, driving a ∆J = −1 transition from the rotational state
with J = N . (b) A possible extension involving only one vibrational transition but
many rotational ones. Combinations of both schemes are of course possible.

5.6 Outlook

This chapter presented results of the first rotational-state cooling via optical pumping
for trapped polyatomic molecules. Combined with optoelectrical Sisyphus cooling this
has led to a concurrent cooling of the internal and external degrees of freedom. A
subsequent additional pumping scheme allows finally to prepare the ensemble in a
single M sublevel of choice. Thus, starting from a room temperature gas bottle, a
motionally cold (≈ 30 mK) and almost pure state ensemble of polyatomic molecules
was obtained. In the following, extensions to other states and possible improvements
of the optical pumping schemes are discussed.

5.6.1 RSC extended to incorporate more states

Although extending RSC to incorporate higher rotational states is of little gain for
the relatively light molecule CH3F, it is still of interest to discuss suitable approaches
for implementing RSC to other molecules species. Figure 5.15 depicts two potential
schemes, which are described below, where also combinations of them are possible.
Which one is better suited depends on the individual molecular properties, e.g. the
spectral separation of the vibrational and/or rotational transitions as discussed for
CH3F in section 3.5.

The scheme in Fig. 5.15(a) shows an implementation which relies on the driving
of several vibrational transition. MW coupling is only needed for the two highest
rotational states. This MW coupling, however, could also be replaced with a second
laser driving a ∆J = −1 vibrational transition. To assess the value of this extension,

66



5.6 Outlook

several aspects have to be discussed. First, driving the many vibrational transitions
without huge financial and experimental effort is possible with the fast ramp and relock
system as soon as the dark time needed for ramping the frequency can be decreased
and as long as the transition frequencies lie within the tuning range of the OPO of
currently about 100 GHz. The Q-Branch ∆J = 0 transitions are in general close lying
transitions and e.g. for the molecule CH3F it is possible to drive all ∆J = 0 transitions
from J = 3 to J = 11 (|K| = 3) with a single laser. Other molecules have even more
closely lying ∆J = 0 transitions, e.g. formaldehyde with about 600 MHz separation of
the frequencies, which allows for even larger sets of states. Also a larger tuning range
of the OPO system can increase the number of accessible rotational states. Maybe also
quantum cascade lasers which are rapidly developing could be an alternative in the
future as they are expected to offer the possibilities for lasing on several freely chosen
frequencies simultaneously. They are likely to be much cheaper than OPO systems and
thus buying several might also be an option.

As a second aspect, losses to untrapped states have to be considered. The rate model
for RSC shown above suggested about 10 % losses(see Fig. 5.2). These losses can be
minimized by not only driving ∆M = 0 vibrational transitions but by alternating the
driving of ∆M = 0 and ∆M = +1 transitions. This, however, increases the duration of
the optical pumping process as the highest M substates are not addressed while driving
the ∆M = +1 transitions. It thus depends on the trap lifetime and on the spontaneous
decay rate of the vibrational excited state whether this option is better suited.

The scheme in Fig. 5.15(b) shows an alternative implementation which needs only
the driving of one vibrational transition but several rotational ones. An advantage
is that for the MW coupling of higher J states, several rotational transitions could
be addressed with a single broad-band amplifier multiplier chain. However, a good
spectral resolution is needed to avoid coupling of the rotational states to untrapped
states. Which of the two schemes in Fig. 5.15 is the best suited one, thus depends on
the molecular parameters, the spectral resolution, and the radiation sources available
in the laboratory.

5.6.2 Single state preparation

There are quite a few possibilities to improve the efficiency of pumping the population
to a single M substate. In the following some of these schemes are discussed in a bit
more detail: The population transfer from |0; 4, 3, 4〉 to |0; 3, 3, 3〉 can for example be
advanced by coupling the rotational states J = 4 and J = 5 with MW as shown in
Fig. 5.16(a). With this scheme, the number of involved states decreases compared to
the above demonstrated approach and thus losses decrease and the process is faster.
However, the needed radiation sources were not available in the experimental setup.
The efficiency can even be further increased by coupling the rotational states J = 3 and
J = 4 in the vibrational excited state (Fig. 5.16(b)) which increases the branching ratio
of the spontaneous decay to J = 3. It is also possible to transfer the population without
applying any MW radiation but instead driving a ∆J = −1 vibrational transition from
J = 4(Fig. 5.16(c)). Unfortunately, this transition is red detuned by about 200 GHz
and thus not within the tuning range of our current OPO system.

Another scheme to pump population from |0; 3, 3, 3〉 to |0; 4, 3, 4〉 employs selective
driving of the MW transitions (Fig. 5.16(d)). Compared to the demonstrated ap-
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Figure 5.16: Schemes for advancing SSP. (a) The efficiency for pumping to the |0; 3; 3; 3〉
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state. (c) Accumulation in the |0; 3; 3; 3〉 substate is possible without driving rotational
transitions but instead driving a ∆J = −1 vibrational transition on J = 4. (d) A
scheme for efficient population transfer to |0; 3; 3; 3〉 which relies on a sufficient spectral
resolution for driving the rotational transitions selectively.

proach again much less internal states are involved. However, to use this scheme a very
good spectral resolution is needed as the rotational transitions |0; 3, 3,M = 0, 1, 2〉 ↔
|0; 4, 3,M + 1〉 have to be driven without driving the |0; 3, 3, 3〉 ↔ |0; 4, 3, 4〉 rotational
transition. By additionally alternating the driving of the ∆J = 0 and ∆J = +1 vi-
brational transitions from J = 3, population is transferred to |0; 4, 3, 4〉, which is the
only dark state of this scheme. With this scheme, it should also be possible to pre-
pare population in lower M substates, for example the |0; 4, 3, 3〉. Here, the rotational
transitions |0; 3, 3,M = 0, 1, 3〉 ↔ |0; 4, 3,M + 1〉 have to be driven without driving the
rotational transition |0; 3, 3, 2〉 ↔ |0; 4, 3, 3〉. Thus |0; 4, 3, 3〉 is the only dark state.
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Outlook

In summary, a comprehensive approach to control the rotational states of trapped
polyatomic molecules was presented in this thesis. It includes the development of
a method to measure the spectral resolution inside the trap, the development of a
rotational-state detection scheme for trapped polyatomic molecules and the first optical
pumping for trapped polyatomic molecules demonstrating rotational-state cooling and
the preparation of the population in a single M sublevel. The starting point of these
results was the development of the motional cooling in previous theses [Zep13, Eng13].
Merging internal and external cooling yields a unified technique that allows one to
prepare an ensemble of about 106 CH3F molecules at about 30 mK in a singleM sublevel
of choice with a state purity of over 70%. Finally, the rotational-state control studied
in this thesis represents a crucial step towards the cooling of polyatomic molecules to
sub-mK temperatures, which was just realized in our lab [Pre15].

Further experiments with the current setup Beside the quest for even lower tempe-
ratures, the current temperatures should allow for the investigation of cold or ultracold
collisions. Because of the homogeneous electric field present in a large part of the trap-
ping volume, even the electric-field dependence of the collisions might be investigated.
The collision properties of polyatomic molecules in the (ultra)low temperature regime
are mostly unknown, but it is known that electric fields can dramatically change the
collision properties. Reference [Avd02] for example shows that weak-field seeking OH
molecules in small electric fields are stabilized against Stark relaxation which might
provides prospects for evaporative cooling of electrically trapped molecules.

The possibility to detect the population in rotational states or to prepare the en-
semble in a chosen internal state in combination with motional cooling also enables
spectroscopy on trapped molecules with good resolution. As an example, the linewidth
of the MW transition measured in this thesis has a FWHM of about 15 MHz. Cooling
molecules to few tens of µK would allow to reduce the trapping fields by a factor of
one thousand resulting in a FWHM of tens of kHz. By measuring the spectrum of
a transition with no first-order Stark shift, the linewidth can be further reduced. In
addition, the long storage time of the molecule this might open new possibilities for
spectroscopy on very weak transitions.

Suitable molecule species The presented manipulation schemes only use generic pro-
perties of symmetric top molecules and it can thus be expected that similar schemes
can be applied to other symmetric top molecules. However, to experimentally employ
these molecules, further considerations have to be made, e.g, what are the properties
for trapping and how does the trapping time compare to the time needed for the ma-
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nipulation. Finally, a source that provides molecules below 1 K with a manageable
internal-state distribution is needed.

The trapping properties of the molecules depend on the dipole moment and the trap-
ping configuration. While the dipole moment is a molecular parameter, the trapping
potential is solely a technical aspect. Thus, improving the trapping potential by clo-
sing electric field zeros and creating higher trap boundaries, should enable the use of
molecules with a lower dipole moment than the current 1.85 D of CH3F. The time nee-
ded for the optical pumping depends on the spontaneous decay rate of the vibrational
excited state. This timescale must be compared to the trapping time and a better trap
enables the use of molecule species with a slower spontaneous decay rate. An overview
of symmetric top molecules with relatively large dipole moments and fast spontaneous
decay rate is given in the original proposal of Sisyphus cooling of molecules [Zep09]. It
includes the molecules CF3H, CH3CCH, CF3CCH, N(CH3)3, CF3Cl, CF3Br, CF3I, and
BH3CO. In addition, also slightly asymmetric molecules as H2CO are suited because
a small electric field already suffices to obtain a level structure similar to the one of
symmetric top molecules [Pre15].

A new class of molecule species possibly opens up with the finding of polyatomic
molecules possessing highly diagonal Franck-Condon factors [Isa15]. For these special
molecules it might thus be possible to implement the manipulation schemes using elec-
tronic transitions, which would tremendously speed up Sisyphus and rotational-state
cooling due to the orders of magnitude larger spontaneous decay rate. One example
might be the symmetric top molecule CaCH3 which has a large dipole moment of about
two Debye.

Reaching quantum degeneracy The long term goal of the experimental approach
presented in this thesis is to reach quantum degeneracy with an ensemble of polyatomic
molecules. The most promising techniques to achieve this goal are evaporative or
sympathetic cooling. Therefore trapping of the molecules in an internal state, that is
stable against inelastic collisions is a prerequisite which often means that the molecules
have to be trapped in the rotational ground state. In the following, some steps towards
this goal are discussed and possible problems and open questions are unveiled.

The first discussion addresses the population transfer to the ground state. It is
indeed not obvious whether pumping into the absolute ground state is possible as it
involves driving a ∆K = 3 transition. This transition is forbidden but can occur in
polar symmetric top molecules of the point group C3v due to a centrifugal distortion
mechanism. This mechanism was already described by Watson in 1971 [Wat71]. The
strength of these transitions depends on the individual molecular parameters and thus
must be investigated individually [Oka76]. ∆K = 3 transitions were experimentally
found in several molecules as for example CH3D [Ols72] or NH3 [Lau76] indicating that
suitable transitions can be found. In particular, the long storage times allow the driving
of very weak transitions.

Trapping molecules at mK temperatures in the rotational ground state is e.g. pos-
sible with optical or microwave traps [DeM04]. Whether a MW or an optical trap is
preferable depends on several aspects but the key issue is to achieve an efficient transfer
of the molecules. Optical dipole traps are widely used to trap ultracold atoms [Gri00].
The trapping volumes are typically small, which is an advantage for evaporative or
sympathetic cooling as high densities are needed. However, it is difficult to efficiently
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load particles with initially low densities into dipole traps, and therfore a compression
of the ensemble is be needed. The problem that arises is the high density of rotational
excited molecules which could lead to rapid trap losses due to inelastic collisions.

MW traps offer a larger trapping volume and could for example be loaded via a
fountain [Bet08, Tar13]. The MW fields can be switched on when the molecules laun-
ched from the fountain pass by, leading to pulsed loading of the MW trap. Continuous
loading of the trap can be achieved with a spontaneous decay event which reduces the
energy via a Sisyphus process and transfers the population into a trappable state. This
process was demonstrated for Cr atoms [Fal11, Vol13] and for loading of CaF [Lu14]
or NH [Rie11] molecules into a magnetic trap.

The success of evaporative or sympathetic cooling depends in general on the ratio
of elastic to inelastic collisions. Evaporative cooling of 1Σ-type molecules trapped in-
side a MW trap has been theoretically studied in [Avd09]. They find that MW traps
can provide successful evaporative cooling. The elastic and inelastic scattering rates of
electrically trapped CH3Cl molecules in the |0; 1, 1, 1〉 state was theoretically investiga-
ted by M. Kajita [Kaj04]. In particular, the ratio of the two rates was calculated for
bosonic and fermionic symmetric top molecules as a function of temperature, showing
promising results for fermions. However, for bosons the ratio of inelastic to elastic colli-
sions even increases for lower temperatures. A study of collisions of ultracold rubidium
atoms and cold ammonia molecules unfortunately showed that the presence of electric
fields speeds up inelastic processes [Par11], which might be a general problem for sym-
pathetic cooling of symmetric top molecules with alkali atoms. Promising, however,
is the fact that collisions between CH3X (X=F,Cl,Br,I) and alkali atoms are in most
cases non-reactive at low temperatures as was calculated in [Lut14].

In conclusion, there are still many open questions on the way to a quantum degenerate
gas of polyatomic molecules. However, the overall concept of Sisyphus cooling and
rotational-state manipulation via optical pumping now brings the experimental study
of these questions into reach.
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Appendix A

Summary of experimental steps and
sequences

This appendix gives an overview of the experimental steps and sequences employed to
obtain the results discussed in this thesis.

Trap loading For almost all data presented in this thesis, the experimental parameters
are as follows: The voltage difference at the first quadrupole guide is ∆V1.Guide = 3 kV
and the voltages applied at the trap are Vµ = ±1800 V,VOffset = ±90 V and
VRing = 5400 V (compare section 3.1). The unloading quadrupole guide is set to
∆V3.Guide = 20 V to allow some molecules to reach the QMS during the loading
phase for a monitoring of the whole sequence. If no other manipulation is applied,
the molecular ensemble loaded with these parameters is expected to closely match
the rotational-state distribution calculated in section 2.1 (compare also section 4.2.4
for experimental evidence). In addition, this ensemble has a mean kinetic energy of
Ekin ≈ 390 mK×

(
3
2kB

)
[Zep12]. The only measurement, with different settings for loa-

ding (VOffset = ±450 V and VRing = 4200 V) is the MW spectrum of the J = 5↔ J = 6
rotational transitions in Fig. 5.4.

Storage During storage, a negative voltage and no voltage difference is applied at
both quadrupole guides therewith closing the trap to both sides. The voltages applied
during storage is in most cases Vµ = ±1800 V,VOffset = ±90 V and VRing = 5400 V
(compare section 3.1). Only few measurements were performed with a higher offset
voltage of VOffset = ±450 V, namely the ones shown in Fig. 3.5(b) and in Fig. 5.4.

Sisyphus cooling to 30 mK Sisyphus cooling is discussed in section 5.2.1. Sisyphus
cooling to 30 mK includes loading of the molecules and storage of the molecules while
all involved transition are driven according to the scheme in Fig. 5.5. Sisyphus cooling is
always performed with the following settings for loading and storage: ∆V1.Guide = 3 kV
for loading and the voltages applied at the trap are Vµ = ±1800 V,VOffset = ±90 V
and VRing = 5400 V (compare section 3.1). The molecular ensemble, that is produced,
is almost equally distributed between the |0; 3, 3, 3〉 and |0; 4, 3, 4〉 with some residual
population in the J = 5, 6, |K| = 3 states. In particular the population in states with
all other J, |K| quantum numbers is removed from the trapped ensemble. The final
ensemble has a mean kinetic energy of Ekin ≈ 30 mK×

(
3
2kB

)
[Zep12].

Sisyphus cooling to 150 mK Sisyphus cooling to 150 mK starts equally as Sisyphus
cooling to 30 mK but is stopped earlier resulting in a hotter ensemble, with however

73



Appendix A Summary of experimental steps and sequences

larger molecule numbers due to the shorter storage time. The population within the J =
3, 4, |K| = 3 states is almost equally distributed between the |0; 3, 3, 3〉 and |0; 4, 3, 4〉
with the population in all other J, |K| states being reduced but not yet eliminated. The
final ensemble has a mean kinetic energy of Ekin ≈ 150 mK×

(
3
2kB

)
[Zep12].

RSC Rotational-state cooling is discussed in section 5.1. Population of the J =
5, 6|K| = 3 states is transferred to J = 4, |K| = 3 via optical pumping with mini-
mal control over the final M-substate.

Sisyphus cooling + RSC The combination of Sisyphus cooling and RSC is discus-
sed in section 5.2.2. The produced ensemble is larger than an ensemble produced by
only Sisyphus cooling in terms of molecule number and has almost no contribution of
molecules in the J = 5, 6, |K| = 3 rotational states. Apart from that the achieved
temperatures and settings for Sisyphus cooling apply.

Accumulation Accumulation denotes here an optical pumping technique, that trans-
fers all molecules within the J = 3, 4, |K| = 3 state to the highest M substates |0; 3, 3, 3〉
and |0; 4, 3, 4〉 with equal population. It is implemented by driving a ∆J = 0,∆M = +1
vibrational transition from J = 3, |K| = 3 together with the rotational transitions
|0; 3, 3,M〉 ↔ |0; 4, 3,M + 1〉 (M > 0).

SSP Single-state preparation is discussed in section 5.3. Population of the |0; 3, 3, 3〉
state is transferred to |0; 4, 3, 4〉 or vice versa via optical pumping.

Cleaning Cleaning the state-purity of the ensemble is discussed in section 5.4. This
is a depletion method, that removes all the population within the J = 3, 4, 5, 6, |K| = 3
states except the M substate of interest, e.g. the state |0; 4, 3, 4〉.

State-selective depletion State-selective depletion is discussed in chapter 4. State-
selective depletion implies that the whole sequence was performed twice. In the first
run, a state-selective depletion method (e.g. MWD or IRD) is applied to a specific set
of rotational states. In the second run, no depletion at all is applied and the difference
of the signals of both measurements yields the signal of the population in chosen specific
set of states. Note that in the second run also state-selective depletion to a subset of
this specific set of rotational states can applied. This gives a signal of population that
is within this specific set of rotational states but not within the chosen subset.

Unloading and molecule detection Molecules are unloaded by switching the vol-
tages of the exit guide to a guiding configuration and are afterwards detected with
a QMS. The unloading voltage applied to the trap and the exit guide is adjusted
to the temperature of the molecular ensemble (see discussion in section 4.2.1): The
settings for unloading an ensemble motionally cooled to 30 mK is, independent of fur-
ther manipulation, always ∆V3.Guide = 300 V and the voltages applied at the trap are
Vµ = ±300 V,VOffset = ±15 V and VRing = 300 V. The settings for unloading an en-
semble motionally cooled to 150 mK is, independent of further manipulation, always
∆V3.Guide = 1400 V and the voltages applied at the trap are Vµ = ±1400 V,VOffset =
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±70 V and VRing = 1400 V. The settings for unloading motionally uncooled ensemble
is, independent of further manipulation, always ∆V3.Guide = 3 kV and the voltages
applied at the trap are Vµ = ±1800 V,VOffset = ±90 V and VRing = 3600 V(in chap-
ter 4),VRing = 4200 V(in chapter 5). The only measurement, with one different settings
for unloading (VOffset = ±450 V) is the MW spectrum of the J = 5↔ J = 6 rotational
transitions in Fig. 5.4.
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détection optique d’une inégalité de population des niveaux de quantifigation
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mich für die tolle Stimmung und seine große Hilfsbereitschaft bedanken. Von meiner
ehemaligen Kollegin, Barbara Englert, habe ich vieles über das Experiment gelernt
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