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Summary

The goal of this thesis is to create deeply bound Feshbach molecules in the lowest
lying triplet molecular state by STIRAP. To achieve this one has to think about
which initial quantum states we can populate and to which quantum state we can
transfer. Starting from the initial state |i〉 we need to find a suitable excited state.
In the excited molecular potential c(11Σ+

g ) (named as |e〉) we found the vibrational
state v′ = 20 via scanning the probe laser frequency over resonance. The natural
linewidth of the |i〉 → |e〉 transition is around 7.2 MHz at ν0

p = 366861.25 GHz. The
lifetime of our Feshbach molecules in the optical dipole trap (ODT) is around 1273 µs
and shows a Rabi frequency Ω1 ≈ 28 kHz for Pp = 80 µW. To find the ground state
we set the probe laser fix on the single color resonance frequency while scanning
with the Stokes laser over the |e〉 → |g〉 resonance transition frequency. Here, we
found all transitions between the v′′ = 0 and v′′ = 9 state for the a(13Σ+

u ) triplet
molecular potential. To measure the Rabi frequency of the |e〉 → |g〉 transition we
split the excited state. This is the so-called Autler-Townes splitting which is related
to the Rabi frequency of the Stokes field Ω2. As an example we show the splitting
for the v′′ = 0 vibrational state in the a(13Σ+

u ) molecular potential. The splitting
shows Ω2 = 14.11 MHz for a probe power of Pp = 300 µW and a Stokes power of
Ps = 10 mW. Additionally, the dark state spectroscopy showed a revival peak at
the two photon resonance.

With this preparation we successfully measured a population revival peak via
STIRAP (Stimulated Raman Adiabatic Passage). However, lifetime measurements
of the Feshbach molecules in the lowest triplet molecule potential a(13Σ+

u ) showed,
that the v′′ = 9 state has with τ = 2949.17 µs a longer lifetime than the lower in
energy lying v′′ = 0 state with τ = 1585.36 µs. The lifetime of the v′′ = 6 lies with
τ = 2813.61 µs in between.
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Introduction 1

1. Introduction

The interaction and collision of two particles is one of the most fundamental
circumstances described by the laws of physics. Almost all fields in science are
designed to study this simple effect. The range reaches from astronomy, where
the interacting bodies are massive planets on their orbit and their movement
through space and time towards the smallest particle and the study of matter
to answer through a more fundamental question ’what’s the world made of?’.
Physicists are trying to answer this question by starting to ask,’how does the
interaction of these two particles work’ and ’which effects can we see under certain
conditions’. On a larger interaction scale collisions of two neutron stars causes
gravitational waves [1]. On a smaller scale chemical reactions are studied with
a possible outcome to understand, control, manipulate or even suppressed this
atom-atom interaction. Moreover, studies of solid states showed nitrogen vacancy
centers in diamonds which can be observed as a singe quantum system and are
still one of the most promising candidates regarding single photon sources and
quantum computing [2]. Remaining on the atomic scale, where quantum effects
play a major role, it is therefore highly interesting to understand how molecules
are formed. Compared to atoms, molecules are more complex and interesting in
terms of interaction since they possess magnetic and electric dipole moments. Also,
the structure of a molecule itself makes it to a more useful candidate concerning
the study of fundamental laws of nature [3–5], quantum simulations [6, 7] or
many-body quantum dynamics [8, 9]. All of theses experiments were operated
after cooling down the atoms. One might ask, why is ultacold ultra-cool? In this
temperature regime it is possible to trap and capture atoms. By implication this
gives the possibilities to study a trapped, almost stationary pure quantum system.
A highlight in this regime was the creation of the first Bose-Einstein Condensate
(BEC) in 1995 with 87Rb [10], Na [11] and 7Li [12]. Years later degenerated Fermi
gases were created with 40K [13] and 6Li [14]. The study of this Fermi gases shows a
wide range of applications. Since Pauli’s exclusion principle forbids the occupation
of the same quantum state for identical particle, fermionic systems play a major
role in the studies about conductivity or neutron stars. In this limit we can consider
our gas to be ’dilute since the distance of the particles (∼ 100 nm) is much larger
than the particle (∼ 0.05 nm). Therefore, two-body interactions are major effects.
For a low energy limit this interaction range can be described with the scattering
length a (in order of tens a0 ∼ several nm). With external fields it is possible to
control the interaction strength of the ultracold gas. Here, we can, for example, use
a Feshbach resonance which occurs by applying a magnetic field [15]. From here
entering the Bardeen-Cooper-Schrieffer (BSC) regime gives us the possibility to
study superfluidity [16]. However, other experiments focuses more on the creation
of homonuclear molecules such as Cs2 [17, 18] or Rb2 [19] or heteronuclear mixtures
like 87Rb133Cs [20] or 6Li85Rb [21].



2 Introduction

All those experiments underlying the fact of acting in the ultracold regime. How do
we get our samples ultracold? A simple and well known method is laser cooling [22].
However, due to the complexity of molecules it is common to cool the atoms first
creating then the molecules in the ultracold regime. One method to produce such
molecules is the Stimulated Raman Adiabatic Passage (in short STIRAP) [23].
Here, Feshbach molecules are transfered into a deeply bound molecular state via
photoassociation.

Outline of this Thesis: The goal of this thesis is to present a method how to
generate deeply bound 6Li2 molecules via STIRAP. Since most of the setup was al-
ready built up, I refer to the thesis of the former PhD students Will Gunton [21] and
Mariusz Semczuk [24] who built the apparatus and measured detailed characteri-
zations of the MOT, ODT or other devices used for the experiment. Furthermore,
this Master Thesis appears similar to the PhD thesis of Gene Polovy, who was PhD
student in the lab of Prof. Kirk W. Madison working on the same experiment. For
a more detailed description of this topic the reader is referred to [25]. Chapter 2
gives a brief introduction of the experiment. In Section 2.1 The atomic structure of
6Li is introduced. Then, Section 2.2 gives a short introduction for the requirements
of the light for the magneto-optical trap (MOT) and the Zeeman slower. Section
2.3 introduces the photoassociation (PA) light which we are using to transfer the
population from the initial state |i〉 to the ground state |g〉. This PA lasers must
be phase coherent. We achieved developments in phase noise reduction of the laser
system which will be published soon [26]. A detailed scheme about the comb lock
can be found in [21]. Section 2.4 introduces the setup of of our optical dipole trap
(ODT). Chapter 3 gives a brief introduction about how we are going to produce
ultracold 6Li atoms by using a MOT and Zeeman slower. Also, evaporative cooling
is introduced as well as the high field and zero field imaging. Chapter 4 talks about
Feshbach resonances and Feshbach molecules. First, the basic idea is discussed and
how this resonance helps us to create Feshbach molecules. Then, we discuss the need
of a hyperfine mixture in order to produce Feshbach molecules. Then, the Feshbach
resonance for 6Li2 is characterized followed by a discussion about the experimental
realization of Feshbach molecules due to 3-body collisions. Due to experiments in
the ODT with different imaging techniques we can figure out the binding energy
of the molecules and therefore the needed ODT trap depth to create them. The
lifetime of 6Li2 Feshbach molecules in the ODT is measured as well. A set of new
quantum numbers will be introduced and the selection of the potential for PA will be
discussed. Chapter 5 is a step-by-step instruction of how we find the right molecular
states to succeed STIRAP. Therefore, we need to characterize the excited state |e〉
which we use to couple the initial state |i〉 with the ground state |g〉 of the deepest
lying triplet potential. The coupling strength are extracted by the measured states
and via a two-color and dark state measurement we can get an idea of the two pho-
ton resonance and the position of the STIRAP revival peak. This is the goal of this
thesis. Additionally, we measured the lifetime of the deeply bound molecules in the
lowest triplet molecular potential with the result, that the v′′ = 9 vibrionic state is
longer lived than the v′′ = 0 vibrionic state. This result was achieved recently and
is therefore not completely understood. However, the latest trap frequency mea-
surements of the ODT showed that our molecular gas is actually a molecular BEC.
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Further studies are running right now.
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2. Experimental Setup

Since most of the setup was already built up, most of the characterization was
already done by previous Ph.D. students. The results and discussions can be found
in the Ph.D. thesis from Will Gunton and Mariusz Semczuk [21, 24]. However,
the following sections give a short overview of the apparatus. We start with a
characterization of Lithium atoms, followed by the requirements for laser cooling
and the capturing of atoms followed by a short introduction to photoassociation.
Beside this work, there was a ’side project’ to implement a fast locking laser system
for our PA sequence. These results will be publish soon [26].

2.1. 6Li Properties

The first stage of our experiment is the creation of an ultracold quantum gas based on
the alkali metal 6Li. Therefore, understanding the properties of 6Li is fundamental.
The structure of 6Li consists 3 electrons and 3 protons with the configuration [27]

1s22s12p0 (2.1)

Since the first excited state of the ground state is a p orbital, an empty p orbital
was included to equation 2.1. We can see that 6Li has a single unpaired valence
electron in a s orbital. This corresponds to an angular momentum quantum number
l = 0 and therefore ml = 0. Since we handle just one electron the spin is given by
the spin quantum number s = 1/2 and ms = ±1/2. Combining this two angular
momenta leads to the total angular momentum quantum number j = l + s with
values from mj = |l − s| ≤ j ≤ (l + s) = −1/2, 1/2 (in integer steps). Combining
this information together the ground state can be written as [27]

2s+1lj (2.2)

which gives us for 6Li a ground state configuration of 2S1/2. The first excited
state of 6Li is a p orbital which can also be seen by the empty p orbital mentioned
in equation 2.1. The transition between the ground and excited state, meaning
22S → 22P is called the D line or D transition (see figure 2.2 left).

Due to the interaction of the intrinsic angular momentum of the valence electron
and angular momentum of its orbit we can find sub-features of the D line or transi-
tion mentioned in figure 2.2. This splitting is the so-called fine structure and exists
because of l-s coupling where j is a good quantum number and also represents our
new basis. How can this coupling be described? The orbital angular momentum
produces a magnetic dipole moment. So does the spin. Classically, this coupling
is no more than the interaction of these two dipole moments. The Hamiltonian for
this interaction looks similar to equation 2.3 [27].
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Figure 2.1.: Left: Transition between the ground state 22S and
excited state 22P of 6Li. In the ground state the single valence
electron with spin s = 1/2 is in a s orbital with quantum number
l = 0. In the excited state the valence electron with s = 1/2 jumps
into the p orbital with l = 1. Middle: Fine structure of the 6Li
transition by coupling the spin and the orbital angular momentum
s and l. The new states are given in the new basis j = l + s which
represents the quantum number for the total angular momentum.
The excited state splits into two states since j = 1/2, 3/2. The D
transition splits into two sub-transitions which are the so-called D1

and D2 transitions. Right: Hyperfine structure due to coupling of
the angular momentum j with the nuclear spin i = 1 for 6Li. Taken
and adapted from [27].

~̂H ≈ f(r)~̂L · ~̂S (2.3)

where ~̂L and ~̂S are the operator for the orbital angular momentum and the spin.
The function f(r) contains an electric potential which is produced by the inner
electrons and the nucleus and which has a radial dependency. Since Hamiltonian 2.3
couples l and s we can find a basis where j = l+ s is a good quantum number. The
ground state has a total angular momentum of j = 1/2. However, for the excited
state, the total angular momentum has two possibilities, j = 1/2, 3/2. With these
results, we can write the excited state as 2P1/2 and 2P3/2. In figure 2.2 we used a s
and l to create our ground and excited level without taking j into account. Now,
since we found two excited states dependent on j we can extend this figure (see
figure 2.2 middle).

The difference of the D1 and D2 transition is roughly 10 GHz [27]. Since the
nucleus interacts with the electron a new quantum number i for the nuclear spin
is introduced. For 6Li the nuclear spin is i = 1. The idea of coupling the nuclear
spin i to the angular momentum j is the same idea as coupling the electron spin s
to its orbital momentum l. Therefore, we create a new basis for the total angular
momentum f = j + i with values in a range of |j − i| ≤ f ≤ (j + i). For the ground
state 2S1/2 we find 2 possible quantum numbers f = 1/2, 3/2. The splitting between
this two hyperfine levels is 228 MHz [27]. For our excited state 2P1/2 we also find
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Figure 2.2.: Left: Transition between the ground state 22S1/2 and
excited state 22P3/2 of 6Li. In the ground state the quantum number
for the electronic spin quantum number is s = 1/2 and for the orbit
momentum l = 0. Exciting the ground state the valence electron
with s = 1/2 jumps into the p orbital with l = 1. The separation of
the transition is 671 nm and is also known as the D2 transition [27].
Right: Hyperfine structure of 6Li due to coupling of the electronic
spin s with the nuclear spin angular momentum i. For 6Li the
nuclear spin is i = 1. The total angular momentum is therefore
f = j + i. Taken and adapted from [27].

2 possible quantum numbers f = 1/2, 3/2. However, for the excited state 2P3/2 we
find 3 possible quantum numbers f = 1/2, 3/2, 5/2 [27]. The hyperfine splitting of
the excited state is influenced by the magnetic dipole hyperfine constant and the
electric quadrupole hyperfine constant. These hyperfine states are required for laser
cooling light as well as for creating Feshbach molecules.

2.2. Lithium Light

The lithium light is generated on a single ’master table’. For our MOT we
use the Li D2 transition, which is the transition between the hyperfine states
f = 3/2→ f ′ = 5/2 (pump light) and the f = 1/2→ f ′ = 3/2 hyperfine transition
(repump light). Since the natural linewidth of the pump transition is more than the
hyperfine splitting of the 2P3/2, the excitation light excites all three hyperfine levels
simultaneously. The excited atom can decay to the f = 1/2 ground hyperfine level.
Therefore, a repump laser with a similar intensity is needed. In our experiment, a
Toptica DL Pro laser (master laser) offers us the required pump and repump light.
The output of the master laser after the optical isolators is around 20 mW. From
here, this light is either coupled into a 50/50 fiber splitter from Evanescent Optics,
seeding an amplifier or lead to our laser lock:
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Laser lock: We lock our master laser with absorption spectroscopy while
scanning over the D2 transition of 6Li [28–31]. The laser is locked at a frequency
50 MHz blue detuned of the pump transition. A detailed overview of the beam
paths is shown in [24].

Amplification for the experiment: The master light gets amplified by a
seeded Mitsubishi ML 101J27 laser diode which is driven at a temperature of 72oC
emitting 671 nm. Due to fiber coupling, we seed our homebuilt tapered amplifier
(TA) based on an Eagleyard EYP-TPA-0670-00500-2003-CMT02-0000 chip. The
output of the homebuilt TA shows around 100 mW and is split to generate the
MOT pump and repump beams. For the pump light, we are using a single pass
AOM to shift the frequency up by 108 MHz. Then we seed a semiconductor laser
amplifier (BoostTA) from Toptica with around 25 mW. After the TA outcoupler, we
measure around 200 mW of power. Then a double pass AOM is passed to gives us a
frequency which is 45 MHz red detuned of the pump transition. The repump light
is directly lead into a second semiconductor laser amplifier (BoostTA) from Toptica
seeded with around 25 mW. Then, the frequency is shifted by 40 MHz red of the
repump transition due to a double pass AOM. With this setting, we could achieve
around 80 mW (or higher) of pump and repump light on the experiment table.
However, the Toptica TAs showed some problems lately reducing the outcoupled
power of around 40 mW which is still enough to operate the MOT since this power
fluctuation does not affect the MOT loading time and steady-state atom number.
This and more detailed analysis of the light spectra of the TAs can be seen in [21].
Both beams are coupled into a 50 m long single-mode, polarization-maintaining
fiber separately leading to the experiment table.

Zeeman slower and imaging light: The Zeeman slower light is led directly
from the fiber splitter to our experiment table due to a 50 m long fiber. There,
the light passes a double pass AOM operated with an RF source of 63 MHz
using the first negative diffraction order which shifts the laser frequency red of
the pump transition by 76 MHz. For slowing the beam, we are using a laser
power of around 35 mW. For the absorption imaging, we are using two different
setups. The zero field imaging (ZFI) images the atomic cloud with no magnetic
field. Therefore, we are using the MOT pump light for imaging. We are using
the AOM to detune the laser light on resonance for the f = 3/2 → f

′
= 5/2

transition. For a high field image (HFI) where the magnetic field is mostly set to
B = 755 G the transition is shifted red by around 1 GHz compared to the ZFI
transition. Therefore, we are using an offset locked cavity diode laser (ECDL) [24].
This light seeds another slave laser and is led through a double pass AOM. This
double pass configuration allows us to shift the frequency by 80 MHz and allows us
to image two different 6Li spin states (later mentioned as state |1〉 and state |2〉) 2.4.

An overview about how to implement Rubidium into such a system as well as
technical details for the vacuum system, the ovens, the MOT and compensation
coils is shown in the Ph.D. thesis of Will Gunton and Mariusz Semczuk [21, 24].
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Figure 2.3.: Overview of the master laser table, the laser lock
system and the amplification to prepare the laser light for the MOT
and the Zeeman slower. A more detailed discussion is given in the
section.

2.3. PA light

For the photoassociation experiment (PA) we built a separate laser system. Phase
coherence and a narrow linewidth (less than 100 kHz) are crucial for experiments
where we transfer the population between different quantum states, for example,
dark state spectroscopy and STIRAP. Other requirements are laser and lock stability,
a well-defined polarization, high power as well as a widely tunable frequency range.
For the probe and Stokes laser we are using two continuous wave Ti:Sapphire 899
ring lasers (TS) manufactured by Coherent. The laser medium of both TS lasers
is pumped by a Coherent V18 laser which emits 532 nm. The lasers have a tuning
range of 760 nm to 820 nm. With the birefringent filter, the thin and thick etalon we
can fine tune the laser frequency. For a detailed discussion about the laser elements,
in particular, I refer to [21]. The TS light passes a double pass AOM, labeled as the
ratchet AOM. Here, the TS light is frequency shifted. It is important to say that
just one of the two TS lasers passes this ratchet AOM. Therefore, only one TS laser
is tunable in frequency during an experimental run (mostly this laser is labeled as
TS1). The second TS laser surpasses this AOM ratchet lock and emits therefore
a fixed frequency. After this stage, the light gets split. One path goes straight to
the experiment via a single mode fiber. The second path is for the lock and gets
overlapped with the comb light generating a beat note. To lock both TS we are
using a femtosecond optical frequency comb. For details, see [21]. Furthermore, we
reduced the phase noise with an AOM lock. With this setup we achieved a resolution
bandwidth of 300 Hz. The publication is currently in progress [26]. This laser lock
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|3〉 for high fields. The splitting of this states is around 1.7 MHz.
Figure from [21]

system will also be a major part in the Ph.D. thesis of Gene Polovy [25].
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2.4. Experimental Trap Setup

In our experiment we are using two overlapped lasers to apply an optical dipole trap
(ODT). A multi-longitudinal mode laser (SPI Lasers, SP-100C-0013, wavelength
1090 nm, linewidth 1 nm) forms the high power trap, which means the evaporation
starts at 100 W. The SPI ramps the trap depth exponentially down to 12 W. Here,
a transfer to the second, low power trap laser is done. The laser is a single longi-
tudinal mode laser manufactured by IPG Photonics (YLR-20-1064-LP-SF) with a
wavelength of 1064 nm and a linewidth of 10 kHz. The IPG evaporates down to a
final trapping power of 150 mW (the reason of this value will be explained later).
In the experiment both lasers traverse two arms. Each of this arms focuses down on
the MOT. The beam waist in the focus for the SPI is 45 µm whereas for the IPG it
is 35 µm [21]. The reason why we first trap with the SPI starting at 100 W is the
temperature of the Li atoms in the MOT. Therefore, a deep trap for the transfer
from the MOT to the ODT is required [21]. In addition to that, we decided to make
our experiment in the IPG since this laser shows a narrower linewidth and is also
well polarized. Furthermore, the lowest power setting for the IPG is 200 mW. There-
fore, we can tune the trap depth precisely via an AOM from Gooch and Hausego
(part number: 97-01672-11) in a single pass configuration. The AOM is driven by
110 MHz RF source and shows an efficiency of roughly 90%. The SPI and IPG are
overlapped by a dichroic beam splitter (Semrock LPD01-1064RS-25). This overlap
improves the transfer efficiency. For an overview of the setup please see figure 2.5.
Other characteristics about the ODT can be red in [21].
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Figure 2.5.: ODT setup. Beam paths are shown for the high power
dipole trap (SIP) as well as for the low power dipole trap (IPS). The
SPI and IPG are getting overlapped via a dichroc beam splitter.
This ensures us a better transfer efficiency. The dashed line by (c)
means that the beam path is raised above the experiment. The
figure is from [21]
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3. Preparation of Cold 6Li Atoms

The basic recipe for our experimental realization is that hot 6Li atoms leave an
effusive oven slowed down by a counter-propagating laser beam (Zeeman slower).
After slowing down, the atoms are captured by a MOT. This stage of the experiment
is where our ultracold quantum gas is generated. However, this is just the beginning
of our journey towards creating ultracold Feshbach molecules. After loading into the
MOT, the atoms are transfered into an ODT for evaporative cooling. Here, it is also
possible to prepare a mixture of different spin states. These steps serve to prepare
the sample. The outline of this chapter is to describe the operating principle of the
different preparation stages. The magnetic field behavior of the Zeeman slower will
be discussed. The full construction of the Zeeman slower can be found in [32]. The
next section is a short characterization of the MOT following by a short introduction
to evaporative cooling in the ODT.

At the beginning our setup was designed to capture 6Li and 85Rb atoms creating a
mixture of 6Li + 85Rb. We set our goal to create ultracold molecules via population
transfer into the ground state of a molecular potential. For the first step, we decided
to do this with 6Li atoms. Therefore, this thesis focus on the preparation and science
for 6Li. A full characterization of the Zeeman slower, MOT and ODT was done for
85Rb. The latest state was to have a 6Li + 85Rb mixture captured in a MOT. A full
discussion for this mixtures can be found in [21].

3.1. Zeeman Slower and MOT

For a short introduction, we start with an insight into the theory of a Zeeman slower
and the hyperfine transition of 6Li which we are using. The Zeeman slower beam is
counter-propagated to the hot atoms leaving the effusive oven. This physical slowing
effect occurs due to the photon scattering force Fsc [21]

Fsc =
~ωγ
2mc

· s

1 + s+
(

2δ
γ

)2 (3.1)

where m is the mass of the atom, ω the optical resonance frequency of the Zeeman
slower light, γ is the linewidth and s the saturation factor which is the ratio of
the laser intensity and the saturation intensity s = I/Isat. The detuning of the
first light from resonance includes the Doppler effect. The linewidth of an atomic
transition is in order of several MHz. When the photon recoil slows these atoms
down the resonance condition changes. Therefore, it is necessary to either tune the
laser frequency to maintain resonance or use an external magnetic field to move the
atomic states back to resonance. The detuning δ of the laser light from the atomic
resonance is
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δ = δL +
ωv

c
− µB

~
(3.2)

This equation explains that the sum of the detuning of the Zeeman slower light δL
and the Doppler shift (depending on the velocity of the atoms v) can be neglected
by the Zeeman shift depending on the magnetic moment µ and its interaction with
a magnetic field B. For δ = 0 the atom-light interaction is on resonance. The
reduction of the velocity also depends on the length of the Zeeman slower itself.
Therefore, the final velocity of the atom is

vf =
√
v2
i − 2az (3.3)

where vi is the initial velocity of the atoms, a a constant deceleration and z the
length of the Zeeman slower. To capture atoms leaving the Zeeman slower it is
required that the tube length is measured accurately. Otherwise, the slower turns
around the propagation of the particles where loading the MOT wouldn’t be possible.
The field gradient must also ensure an adiabatic slowing condition [32] which causes
a challenge when someone wants to slow down multiple species of atoms with the
same Zeeman slower [32]. In our experiment, the final magnetic field is produced
by the MOT coils. This ensures that the particles get captured in the MOT before
blooming effects occur. In general, the design of our Zeeman slower is similar to that
of the group of Hackermueller [33]. For a detailed discussion about the magnetic
field profile of our Zeeman slower, the MOT coils and loading rates for both, 6Li and
85Rb, the reader is referred to [21, 24]. Our Zeeman slower uses the Li D2 transition.
In other words we are using the transition |f = 3/2,mf = 3/2〉 → |f ′ = 5/2,m

′

f =
5/2〉. The magnetic field is large enough to disrupt the hyperfine cooling of this state,
and f is not a good quantum number. Therefore, we rewrite this transition in the
basis states of nuclear spin projection mi and the total orbital angular momentum
projection mj which are |mj = 1/2,mi = 1〉 → |m′j = 3/2,m

′
i = 1〉. For our loading

parameters we use a Zeeman slower beam detuning of −76 MHz with respect to the
|f = 3/2,mf = 3/2〉 → |f ′ = 5/2,m

′

f = 5/2〉 transition at zero field. The beam
power is 60 mW. To find the optimal settings for the Li oven temperature one needs
to strike a balance between the MOT loading time and the lifetime of the 6Li atoms
in the ODT. This measurement was done in [34]. A balance between the MOT
loading time and the ODT lifetime was achieved at a temperature of 400 oC. To
reach the degeneracy limit of our ultracold gas we need to reduce the temperature
of the atoms in the MOT by an additional factor of 103. Therefore, we transfer our
atom from the MOT into an ODT. The lifetime of the MOT is three times larger
than the lifetime of the ODT due to the trap depth [35]. A detailed discussion of
the slowing beam power and MOT loading curve can be found in [21, 24].
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Figure 3.1.: Hyperfine structure of 6Li. An external magnetic field
is tuned from 0 G to 200 G. For B = 0 G the states are |f =
3/2,mf = 3/2〉 for the ground state |g〉 and |m′f = 5/2,m

′

f = 5/2〉
for the excited state |e〉. For higher fields the coupling of j and
i breaks and the new states are |mj = 1/2,mi = 1〉 and |m′j =

3/2,m
′
i = 1〉. The picture is from [21].
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3.2. Evaporative Cooling in an Optical Dipole Trap

Optical dipole traps (ODT) are often used to confine atoms. The potential of the
ODT trap is proportional to the intensity of the beam. The trap depth is given by
the induced dipole moment ~d multiplied with the interaction field ~E [36]

Udip =
−~d · ~E

2
(3.4)

Since the beam is far from the atomic resonance it preserves the spin mixture
which allows preparing a mixture with a special spin configuration in the ODT.
Other external fields can be easily applied to the system. Trapping via an ODT also
allows evaporative cooling. With this technique, it is possible to produce degenerate
Bose and Fermi gases [37]. For a more detailed overview about ODTs the reader
is referred to [36, 38]. To apply evaporative cooling we need to transfer the atoms
from the MOT into the SPI induced laser trap [39]. This transfer happens at around
4-5 mK. It is also important to know how efficient the evaporation at the different
cooling states is. The evaporation follows the following equation [? ]:

Nf

Ni

=

(
Uf
Ui

) 1
2( 3

η−3)
(3.5)

Here Ni/f is the initial/final atom number in the dipole trap, Uf/i the initial/final
trap depth and η = U/kBT is the ratio of the trap depth and thermal energy of
the ensemble. An efficient evaporation is achieved by reaching η = 10 [37]. The
evaporation ramp of the SPI shows an exponential slope from 100 W down to 12 W.
Here, we transfer the atoms from the SPI to the IPG. From here, the IPG evaporates
exponentially down to a final trapping power of 0.14 W which corresponds to a
temperature of 200-300 nK after 2 − 3 s. This temperature was extracted from
time of flight measurements. The results can be seen in the Ph.D. thesis from
Gene Polovy which is currently in progress [25]. After the evaporation ramp ramps
down to 140 mW 40.000 atoms are remaining in the ODT. The whole evaporation
sequence takes place at 755 G. The measured evaporation curves are shown the final
evaporation stages in the IPG in figure 3.3 for HFI and in figure 3.2 for ZFI. We can
see that for the high field case at low final trapping powers the evaporation follows
the theoretical value η = 10. Therefore, we can say that our evaporation is efficient.
A more detailed interpretation of this measurement is discussed later.
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Figure 3.2.: Evaporation in the IPG for zero field imaging (ZFI). At
a certain point the atom number is decreasing. The image light for
ZFI is not resonant to any transition. The red line is the theoretical
value for η = 10. A detailed discussion is done in the next chapter.
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Figure 3.3.: Evaporation in the IPG for high field imaging (HFI)
at B = 755 G. By turning on the magnetic field the resonance of
the image image light is still given due to the hyperfine splitting.
Furthermore, the binding energy is small. The molecules break up
due to the image process and we detect atoms in the initial state
|i〉. The red line is the theoretical value for η = 10. A detailed
discussion is done in the next chapter.
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4. Ultracold 6Li2 Feshbach Molecules

Towards the goal of creating ultracold deeply bound 6Li2 Feshbach molecules one
has to ask the questions: What are Feshbach molecules? and How are we going to
create them? This chapter will answer these questions by giving an insight of the
nature of Feshbach molecules, its selection rules and the experimental technique
used to create them. For a full theoretical background of Feshbach molecules and
their collision channels, the reader is referred to section II in ’Feshbach Resonances
in Ultracold Gases’ by Cheng Chin, Rudolf Grimm, Paul Julienne and Eite
Tiesinga [15].

As described in the previous chapter we discussed how to trap our 6Li atoms in a
MOT. The next step towards creating Feshbach molecules is loading these atoms into
an optical dipole trap (ODT) and evaporative colling them down to a temperature
around 200 nK. During this cooling process, Feshbach molecules are created via
3-body collisions1.

4.1. Basic Idea of a Feshbach Resonance

The basic idea of a Feshbach resonance is to tune the energy of two colliding atoms
into resonance with a bound state of a different molecular potential by tuning the
external magnetic field. This was first studied theoretically by Herman Feshbach in
the year 1964 [40]. With this technique it is possible to manipulate the interaction
strength or/and scattering length of ultracold atoms. For a better understanding
of the physics, we start with a simple elastic two-body collision. Two particles
(in our case two 6Li atoms) flying towards each other and collide. Depending on
the separation of both collision partners, the interaction of the electronic energy
is perturbed resulting in an interaction potential represented by the blue potential
curve in figure 4.1. The so-called open channel forms the background potential
Vbg(R). The interaction potential Vcc(R), also called the closed channel, is a non-
accessible reaction channel above the scattering energy. In other words, the closed
channel represents an interaction potential of the same scattered atoms but in a
different internal state. This is shown by the green potential curve in figure 4.1 [41].

The closed channel potential Vcc(R) contains molecular bound states with energy
Ecc. If the scattering state of the two colliding atoms in the open channel with
energy E equals the energy of a bound state Ecc in the closed channel, a Feshbach
resonance occurs. One possibility to bring this energies into resonance and couple
the two particle scattering state with energy E with an excited molecular bound
state can be achieved by optical excitation. However, the optical method shows a

1The creation of Feshbach molecules via 3-body collisions works well because collisional relaxation
of 6Li2 is suppressed.
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Figure 4.1.: Model for Feshbach resonances. The background po-
tential Vbg(R) (also called open channel) is the collision potential of
two atoms A and B as a function of their spacial separation R. The
separation of both atoms is shown by the cartoon on the x-axis. The
second potential Vcc(R) is a non-accessible reaction channel which
lies above the scattering energy. A Feshbach resonance occurs when
the collision energy of two atoms E in the open channel couples
to a molecular bound state in the closed channel with energy Ec.
The coupling of the states can be evoked by tuning of an external
magnetic field which shifts Ec near to the collision energy E. For
ultracold gases the collision energy of the colliding atoms is close to
0. Taken and adapted from [15].

collisional loss due to spontaneous emission resulting in a complex scattering length.
For a deeper theoretical insight of the influence of resonant light to the scattering
length the reader is referred to [42–44]. The second way is to bring the two colliding
atoms into resonance with a bound state of the closed channel uses the Zeeman
effect. Applying an external magnetic field shifts the weakly bound closed channel
state towards the collision energy E of the open channel, and coupling of the states
via hyperfine interactions is possible. This method requires that the two channels
exhibit a different magnetic moment. Then, tuning the external magnetic field B
results into a relative movement of both interaction potentials given by ∆E = ∆µB,
respectively [15]. The scattering length a(B) is a function of the magnetic field.
Near the Feshbach resonance for s-wave collisions a(B) can be written as shown
in equation 4.1. This expression was introduced by Moerdijk et al. in the year
1995 [45].
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Figure 4.2.: Scattering length and binding energy near a Fschbach
resonance. (a) Scattering length a(B) near a Feshbach resonance
with resonance width ∆. The equation for the scattering length is
shown in 4.1. (b) Molecular state energy near a Feshbach resonance.
For a large positive scattering length a(B) a dressed molecular state
with binding energy Eb exists. Taken and adapted from [41].

a(B) = abg − abg
∆B

B −B0

(4.1)

For B →∞ the second part of equation 4.1 ∆B/(B−B0) goes to zero leading to a
scattering length of a(B) = abg. Therefore, abg can be interpreted as the background
scattering length and is independent of external magnetic influences. The distance
between the Feshbach resonance B0 and the zero crossing of the scattering length
a(B) is given by ∆B describing the width of the resonance feature. A visualization
of the scattering length a(B) is shown in figure 4.2, a).

By tuning the external magnetic field to resonance the open channel mixes with
the bound state of the closed channel. Close to the Feshbach resonance B0 we can
obtain a strong scattering length following equation 4.1. Due to this coupling, the
energy of these states are modified and they can be interpreted as ’dressed states’. A
short calculation can give some insight into this effect. We can simplify the problem
into a two-level molecular system. The dependencies of the energy of two molecular
diabatic states E1,2 and the magnetic field is [41]
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Figure 4.3.: Anti-crossing of the states. Due to coupling a dressed
state occurs. Our two colliding atoms are ’sitting’ on the edge of
the continuum. To create molecules (follow the molecular energy)
one has to decrease the magnetic field while crossing the Feshbach
resonance adiabatically. Increasing the magnetic field and crossing
the Feshbach resonance leads to an embedded bound state in the
continuum. This state can not be a stable molecular state. The
energy difference at resonance is 2Ω where Ω is the coupling strength
of the energy E+ and E−.

E1,2(B) = µ1,2(B −Bc) + Ec (4.2)

where µ1,2 corresponds to the different magnetic moment of two molecular states
labeled as 1 and 2, Bc is the magnetic field and Ec the energy where the bare states
cross. The Hamiltonian for this two-level system contains the coupling Ω and the
energy E of both states [41].

H ∼
[
E1 Ω
Ω E2 + ∆

]
(4.3)

On resonance (∆ = 0) we have the following eigenvalue problem [41][
E1 Ω
Ω E2

] [
ϕ1

ϕ2

]
= E

[
ϕ1

ϕ2

]
(4.4)

The diabatic states are described by φ1,2. The result of this eigenvalue problem is
the adiabatic energies E± which show an anti-crossing of the bare states [41] near a
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Feshbach resonance. This is a so-called dressed state. In other words, the crossing
of the energies E1,2 of the two states is prevented and get pushed apart due to their
interaction. These dressed states have energies E± and are sketched in figure 4.3.

E± =
(E1 + E2)±

√
(E1 + E2)2 + 4Ω2

2
(4.5)

E+ is the energy above and E− below the crossing of the states. The coupling of
the dressed states results in an energy difference between E+ and E− [41]

∆E = |E+ − E−| =
√

(µ1 − µ2)2(B −Bc)2 + 4Ω2 (4.6)

On resonance B = Bc, where the bare states should cross, the energy difference
is 2Ω [41].

Since coupling of two states causes repulsion, it is essential to know from which
side the bound state energy Ecc approaches the collision energy E. If the weakly
bound state energy Ecc approaches the collisional energy E from above, the coupling
pushes the new dressed colliding state downwards. The interaction is therefore
attractive and shows a negative scattering length. On the other hand, if the weakly
bound state energy Ecc approaches the collisional energy E from below, the coupling
pushes the new dressed colliding state upwards. The interaction is repulsive with a
positive scattering length. Since there is an anti-crossing of the two channels (see
figure 4.3) transforming the free atom state (continuum) into the molecular bound
state is possible by slowly changing the magnetic field from above Bc to below
Bc where the molecular state is below the continuum. The creation of Feshbach
molecules via tuning a magnetic field over a Feshbach resonance were performed
in many experiments of several groups [46–50]. To avoid confusion it is important
to mention that both energy states are molecular energy states and the different
labeling in figure 4.3 was chosen to indicate their asymmetric character respectively.
In the regime near the resonance, the dressed molecular states show a binding energy
given by equation 4.7.

Eb =
~2

2mra2
(4.7)

where mr is the reduced mass of the colliding atoms and a the scattering length.
The binding energy is dependent to the square of the magnetic field Eb ∼ (B−B0)2

which shows a quadratic behavior for a small detuning near the Feshbach resonance
B0. In this region the scattering length is large. For a large detuning from resonance,
the scattering length is getting smaller and the binding energy Eb shows a linear
character. This can be seen in figure 4.1 b). A more detailed description of this
two different binding energy regimes is discussed in ’Ultracold Feshbach Molecules’
published by Francesca Ferlaino, Steven Knoop and Rudolf Grimm [41].



24 Ultracold 6Li2 Feshbach Molecules

4.2. State Preparation - Towards a Hyperfine
Mixture |12〉

Using a Feshbach resonance offers the possibility to generate molecules. The fact
that 6Li shows a broad Feshbach resonance at a magnetic field of B ≈ 834 G
creates the possibility to study such molecules experimentally. This aspect also
makes 6Li atoms important for many-body physics studies as well as for studies
of the BEC-BCS crossover [51–53]. Besides sweeping the magnetic field over the
Feshbach resonance, Feshbach molecules can be created by 3-body collisions. This
process happens naturally during evaporative cooling. Before we can successfully
implement evaporative cooling, the 6Li atoms have to be prepared. This chapter
represents a step-by-step overview how we create molecules and which atomic states
are used.

For the 6Li ground state, as already mentioned in a previous chapter, we can
observe two hyperfine states, one for f = 1/2 and one for f = 3/2, where ~f = ~j +~i

and ~j = ~l + ~s. The hyperfine states are separated by 228 MHz [27]. Since l = 0
the hyperfine splitting depends on the spin s and nuclei i multiplied by the atomic
hyperfine constant ahf = a2S = 152.2 MHz [27]. For low magnetic fields (B < 10 G),

the so-called low field limit,~i ·~s-coupling occurs and the magnetic field perturbs the
interaction Hamiltonian. This perturbation affects the magnetic moment µe of the
electron and therefore the projection of the spin ms and the magnetic moment of
the nuclei µn and the projection mi. In total the interaction Hamiltonian [54] can
be written as shown in equation 4.8

Hint =
ahf
~2

~s ·~i+ ~B · 2µe~s− µn~i
~

(4.8)

In the low field limit hyperfine coupling (~i · ~s-coupling) dominates. The basis
of those states can be written as |f,mf〉. For high magnetic fields this coupling
is disturbed and f is not a good quantum number anymore. Here, the Zeeman
splitting is larger than the hyperfine splitting. The new basis is expressed by the
decoupled spin quantum number s, its projection ms, the nuclear quantum number
i and its projection mi written as |s,ms〉|i,mi〉. The orbital quantum number can
be neglected since l = 0 for the 6Li ground state. The eigenstates are therefore
linear combinations of both quantum numbers. The spin quantum number has the
value s = 1/2. Therefore, the projection of the spin quantum number takes the
values ms = ±1/2. For the projection of the total angular momentum we find the
sum of all projection quantum numbers mf = mi + ml + ms. We can rearrange
this equation to find an expression of the projection of the nuclear quantum number
mi = mf −ml −ms. Please note that for 6Li ml = 0. This leads to six eigenstates
labeled from |1〉 to |6〉. The eigenstates are visualized in figure 4.8 and summarized
in table 4.1. In our experiment we are using the states labeled with |1〉 and |2〉.
Both of this states have a spin projection of ms = −1/2. These two states are good
candidates since inelastic two-body collisions are suppressed due to s-wave collisions
and the projection mf is conserved. However, for high magnetic fields near the
Feshbach resonance at B ≈ 834 G the two-atom scattering state is coupled to a



4.2. State Preparation - Towards a Hyperfine Mixture |12〉 25

Magnetic Field [G]

E
n
e
rg

y
 [

M
H

z]

0 20 40 60 80 100

-200

-100

0

100

200

F = 1/2

F = 3/2

Figure 4.4.: Zeeman splitting of the two hyperfine states for the
ground state of 6Li. In the low field limit (B < 10 G) the hyperfine
term in equation 4.8 is a small perturbation. The momenta are still
coupled. For the ground state l = 0 which leads to a coupling of the
spin s and nuclear spin i and the total quantum number for the total
angular momentum f represents a good quantum number with basis
|f,mf〉. For higher magnetic fields this coupling bursts and f is not
a good quantum number anymore. The new basis is |i,mi〉|s,ms〉.
This Zeeman sub-levels are labeled as states |1〉 to |6〉, see table 4.1.

bound state. In this regime the states |1〉 = |1,−1/2〉 and |2〉 = |0,−1/2〉 generate
a stable mixture. During the whole collision process the total angular momentum
must be conserved, which means that

mN +mL +mS +mI = m
′

N +m
′

L +m
′

S +m
′

I (4.9)

where mN is the projection of the orbital angular momentum of the two body
state. Note that the quantum numbers mentioned in equation 4.9 refer to the total
quantum numbers ~X = ~xA + ~xB, where A and B describes two colliding atoms. For
a s-wave collision the quantum number of the total molecular momentum N = 0,
which also means mN = 0.

Furthermore, for 2-body collisions, the spin angular momentum projection is con-
served, which dictates the dominant rule of this kind of collisions. Underlying this
rule only the states |1〉, |2〉 and |3〉 are going to produce stable mixtures [55]. How-
ever, assuming a collision of the states |1〉 with |3〉 ends up as a product of state
|2〉 and |2〉 plus an additional energy corresponding to a change of angular momen-
tum since the energy difference of these states are not equal. Or in other words
E1 + E3 → E2 + E2 + ∆E. A collision of the states |1〉 with |2〉, however, ends up
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State High Field |mi,ms〉 Low Field |f,mf〉
|1〉 |1,−1/2〉 |1/2, 1/2〉
|2〉 |0,−1/2〉 |1/2,−1/2〉
|3〉 | − 1,−1/2〉 |3/2,−3/2〉
|4〉 | − 1, 1/2〉 |3/2,−1/2〉
|5〉 |0, 1/2〉 |3/2, 1/2〉
|6〉 |1, 1/2〉 |3/2, 3/2〉

Table 4.1.: Zeeman sub-levels of the ground state of 6Li. This
states occur for a high magnetic field B > 10 G. In the low field
limit the basis is |f,mf〉. For high fields the basis is |i,mi〉|s,ms〉.
Note that the electronic spin is s = 1/2 with ms = ±1/2 and the
nuclear spin is i = 1 with mi = −1, 0, 1.

with the same product of the state. For a fully mathematical expression, we can
write this two states as [54].

|1〉 = sin Θ+|1/2, 0〉 − cos Θ+| − 1/2, 1〉 (4.10)

|2〉 = sin Θ−|1/2,−1〉 − cos Θ−| − 1/2, 0〉 (4.11)

with

sin Θ± =
1√

1 + (Q± +R±)/2
(4.12)

Q± =
(µN + 2µe)B

ahf
± 1

2
(4.13)

R± =
√

(Q±)2 + 2 (4.14)

For zero magnetic field (B = 0) sin Θ+ = cos Θ− =
√

1/3 and sin Θ− = cos Θ+ =√
2/3. However, for high magnetic field sin Θ± = 0 and cos Θ± = 1. Equation 4.8

was the interaction Hamiltonian for one atom. We can extend this equation for
two non-interacting atoms [54, 56]. Therefore we introduce the total electronic spin
~S = ~s1 + ~s2 and total nuclear spin ~I = ~i1 + ~i2 [54].

Hint =
ahf
~2

(~s1
~i1 + ~s2

~i2) + ~B
2µe~S − µN ~I

~
(4.15)

Since 6Li atoms are Fermions, the two atom scattering states is asymmetric under
exchange of the atoms and the open channel of the hyperfine mixture |12〉 is [54]

|12〉 =
1√
2

(|1〉1|2〉2 − |2〉1|1〉2) (4.16)

The total spin of the molecule is given by ~S = ~s1 + ~s2 = 0, 1 which means,
that the collisional state has singlet (S = 0) and triplet (S = 1) character. The
scattering state mentioned in 4.16 can be rewritten in the |S,mS; I,mI〉 basis which
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diagonalize the second term of the interaction Hamiltonian in equation 4.15 [21, 54].
The quantum numbers mS and mI represents the projection of the total electronic
and total nuclear spin to the quantized axis in direction of the magnetic field [54].

|12〉B = sin Θ+ sin Θ−|1, 1; 1,−1〉 (4.17)

+ sin Θ+ cos Θ−

(√
1

3
|0, 0; 0, 0〉 −

√
2

3
|0, 0; 2, 0〉

)
(4.18)

+ cos Θ+ sin Θ−

(√
1

3
|0, 0; 0, 0〉+

√
1

6
|0, 0; 2, 0〉 −

√
1

2
|1, 0; 1, 0〉

)
(4.19)

+ cos Θ+ cos Θ−|1,−1; 1, 1〉 (4.20)

Already mentioned above we can make following assumptions for zero magnetic
field (B = 0 G) sin Θ+ = cos Θ− =

√
1/3 and sin Θ− = cos Θ+ =

√
2/3 which leads

to [54]

|12〉B=0 =

√
2

9
(|1, 1; 1,−1〉+ |1,−1; 1, 1〉 − |1, 0; 1, 0〉) +

√
1

3
|0, 0; 0, 0〉 (4.21)

From this equation we can extract the singlet state with S = 0, mS = 0 and
the triplet state S = 1, mS = −1, 0, 1. At high magnetic fields (near the Feshbach
resonance) mS and mI are good quantum numbers and the hyperfine part of the
Hamiltonian 4.8 is just a small perturbation. Referring to equations 4.12 we can see
that sin Θ± → 0. The spin mixture 4.17 shows then a pure triplet character [54].

|12〉800≤B≤900 = |1,−1; 1, 1〉 (4.22)

near the Feshbach resonance of B ≈ 834 G energy of the open channel is near the
vibrational molecular bound state energy v = 38 of the closed channel which has
singlet character. This results in a broad Feshbach resonance shown in figure 4.5.
The overlap of the wave functions describes the coupling of the open and closed
channel which is given by the matrix element of the singlet and triplet state of the
hyperfine Hamiltonian [54]

〈0, 0; 0, 0|Hhf |1,−1; 1, 1〉 (4.23)

Furthermore, it is interesting to mention that a simple square-well method can
model Feshbach resonances in an analytical solvable way. This model also gives
some information about the resonance strength sres and defines Feshbach resonances
as ’narrow’ when they are closed channel dominated and ’broad’ if they are open
channel dominated. For a more detailed theoretical description of this model the
reader is referred to [15, 21, 57].
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4.3. Feshbach resonances in 6Li

The previous two sections gave a short theoretical overview of Feshbach resonances.
It is interesting to know that 6Li has a very broad Feshbach resonance at a magnetic
field of around 834 G. Houbiers first predicted this field strength in ’Elastic and
inelastic collisions of 6Li atoms in magnetic and optical traps’ published in 1998 [58].
The width ∆B of the Feshbach resonance at B ≈ 834 G is several hundreds Gauss.
An experimental proof for this broad resonance is given by Bourdel [59] and is shown
in figure 4.5.

6Li is a Fermion, which means that s-wave scattering occurs only for atoms in
distinguishable hyperfine states [15]. For a collision with an orbital quantum number
l > 0 a potential barrier must be overcome. For ultracold gases, the thermal energy
can be below the potential barrier, for example for a p-wave. This ensures that only
s-wave collisions can occur. For p-wave scattering another Feshbach resonance for a
|12〉 hyperfine 6Li mixture was found near B0 ≈ 185 G [15]. Another narrow s-wave
Feshbach resonance was discovered near a magnetic field of ∼ 540 G with a width of
∼ 100 mG. For an experimental discussion of this narrow Feshbach resonance, the
reader is referred to Stecker [50] since our experiment focuses on the broad resonance
at ∼ 834 G invariably.
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Figure 4.5.: Broad Feshbach resonance in 6Li. To see is the scat-
tering length vs. the magnetic field. Taken and adapted from [59].

A valid question is why does 6Li have two Feshbach resonances for s-wave colli-
sions? Here we can point out that the two atomic scattering state is a triplet state
since ms = −1/2. The singlet potential, however, forms the closed channel. For
the singlet potential, the highest vibrational state is the v = 38 and couples to the
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two atom scattering state. The total nuclear spin of two colliding atoms results into
I = 0, 1, 2. Since the singlet state has an anti-symmetric character the nuclear spin
wave function has to be symmetric. Therefore, the spin singlet cannot be combined
with I = 1, which has an antisymmetric character. For the total angular momentum
we have therefore two possibilities, F = 0, mF = 0 and F = 2, mF = 0. These two
hyperfine states are the reason for the two Feshbach resonances. The reason for its
width is the near threshold resonance which lies slightly above zero energy [60]. For
a fully experimental description of the broad resonance I refer to Abraham, ’Triplet
s-wave resonance in 6Li collisions and scattering lengths of 6Li and 7Li’ published in
1997 [60].

As a summary, table 4.2 provides properties for a s-wave scattering (l = 0) of our
|12〉 mixture used in the experiment for both Feshbach resonances, B ≈ 834 G and
B ≈ 543 G.

channel B0 [G] ∆B [G] abg/a0

|12〉 834.1 -300 -1405
|12〉 543.2 0.1 60

Table 4.2.: S-wave Feshbach resonance properties for a hyperine
mixture of 6Li of the states |1〉 and |2〉. Numbers are from [15]
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4.4. Experimental realization of Feshbach Molecules

In our experiment we generate Feshbach molecules without sweeping the magnetic
field over the resonance but by evaporating the gas near the resonance. Most of our
experiments are done at a magnetic field of B = 755 G. This value is still within
the width of the broad resonance at B ≈ 834 G. One might ask how do we create
these molecules when we are off-resonance? To answer this question I would refer
again to figure 4.2 and 4.5. The information we get out of both figures, is, that at a
field of B = 755 G the binding energy Eb is small and the scattering length a(755)
is large.

Due to energy and momentum conservation it is not possible for two atoms to
collide and ’stick’ together. This behavior is also visualized in figure 4.1.

a) b)

Figure 4.6.: Picture of a two- and three-body collision. a) Two-
body collision of two atoms in the |1〉 and |2〉 state. Due to conser-
vation of energy the collision energy remains in the system and both
atom carry away the same energy as they had before the collision.
b) Three-body collision of two atoms in the |1〉 state and one atom
in the |2〉 state.

To end up into a molecular bound state we therefore need a third particle which
carries the binding energy away while conserving the momentum. A classical picture
is imaged in 4.6 b). Here, three atoms, two in the |1〉 (each labeled with the subscript
1) and one in the |2〉 state (labeled with the subscript 2) colliding together (3-body
collision). The energies before and after the collision are

E1 + E1 + E2 → EFM + E
′

1 (4.24)

Due to energy conservation two atoms of two different species are bound as a
Feshbach molecule whereas the third atom remains unbound and carries away the
kinetic energy. EFM describes the energy of the Feshbach molecule in the state
|12〉FM . In the later chapters of this thesis this sate is described as the initial state
|i〉. The reason why we end up with a Feshbach molecule can be described with the
help of figure 4.2, b). Our magnetic field B = 755 G is near the Feshbach resonance
where our binding energy Eb is larger than on resonance. If the thermal energy
Eth of the atoms is smaller than the binding energy, kBT < Eb, we start to form
molecules. From here, we proceed to generate deeply bound molecules for different
vibrational quantum levels v.
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How do we know that we produced Feshbach molecules in our system? We capture
around 2·107 6Li atoms in our MOT. Then, we transfer them into the ODT where we
evaporate down to a final trapping power of 150 mW. This number is not arbitrary
but can be found experimentally. Therefore, we ramp the trap depth down at
B = 755 G and take an absorption picture of the remaining atoms in the ODT.
The picture can be taken without a magnetic field which we call ’zero field imaging’
(ZFI) or with a magnetic field present called ’high field imaging’ (HFI). The result
of a final trapping power scan (scan of the ODT trap depth) is shown in figure 4.7.
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Figure 4.7.: Imaged atoms in the initial state |i〉 after evaporation.
The decreasing slope of the zero field images (ZFI) is an indicator
that Feshbach molecules are formed due to three body collisions.
For images taken with an magnetic field near the Feshbach reso-
nance B = 755 G (HFI) we are able to see atoms. A more detailed
discussion can be found in this chapter.

To understand the result in figure 4.7 we should know the difference between HFI
and ZFI. Imaging at zero field means imaging without the presence of the magnetic
field (B = 0 G). In other words, the magnetic field ramps down to zero before taking
the absorption image. We image on the MOT pump transition f = 1/2 →2 P3/2.
This excitation from the ground to the 2P3/2 state hits all hyperfine manifolds (f =
1/2, 3/2, 5/2) since the natural linewidth of the transition is larger than the hyperfine
splitting. Due to the decay back to the ground state a repump beam is necessary.
While ramping the magnetic field down, the Feshbach molecules stay at the same
energy. The MOT light is not resonant to these molecular transitions. As a result we
see the atom number in the ODT dropping for trap depths where Eth < Eb. For HFI
the magnetic field is kept at B = 755 G. Here, we are driving hyperfine transitions
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from the 2S1/2 ground state to the 2P3/2 excited state. The ground state splits into
three levels corresponding to |mj = −1/2,mi = 0,±1〉. This states were introduced
previously as |1〉, |2〉 and |3〉. We excite this states to the m

′
j = −3/2 manifold

of the excited state. This state splits into three states |m′j = −3/2,mi = 0,±1〉.
Even though the separation of the m

′
j = −3/2 manifold is much smaller than the

natural linewidth, the selection rules ∆mj = 0,±1 and ∆mi = 0 allows just one
specific transition for each state |1〉, |2〉 and |3〉. This also means that the binding
energy Eb at a magnetic field near the Feshbach resonance is small. This allows the
molecules to absorb the same light as the atoms. When these molecules absorb the
imaging light, they get excited and the molecular binding breaks. This enables us to
image atoms which were molecules before. The measurement in 4.7 shows the final
trapping power when we start to form molecules (where Eth ≈ Eb) which happens
around a trapping power of 1 W. Since our molecules have a temperature of 200-
300 nK at 150 mW trapping power we can estimate the binding energy to roughly
2.5-3 µK at 1 W trapping power (liner dependence). At a trapping power of 150 mW
almost all atoms are paired as Feshbach molecules. The binding energy is plotted
in figure 4.2. The next step was to measure the lifetime. Due to collision effects,
we can determine the loss in our ODT after evaporation. To measure the lifetime
of the molecules after evaporation a holding time was introduced and scanned. The
data is shown in figure 4.8.
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Figure 4.8.: Lifetime of Feshbach molecules in the ODT. Wit an
exponential fit (red line) we can extract the lifetime τ = 16045 ms.
The trap power of the ODT was 150 mW which corresponds to a
temperature of roughly 200-300 nK.

We used an exponential fit to extract the lifetime of the molecules which are in
order of several seconds.
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4.5. Quantum Numbers and Selection Rules of the
6Li2 Bound Molecular State

This section gives an introduction to the quantum numbers, properties of the
molecule states and the selection rules for the 6Li2 molecule. 6Li2 is a homo nu-
clear diatomic molecule and has therefore a linear characteristic. Hund’s coupling
features 5 different cases, labeled from (a) to (e), which are describing different
possibilities to couple the spin and orbital momenta of a molecule and characterize
it. Compared to atoms, molecules perform rotations and vibrations which has an
impact to the molecular energy states and leads also to an additional set of quantum
numbers. In this section we will focus on the most relevant Hund’s coupling cases
(a) and (b). A more detailed discussion can be found in [21, 61].

4.5.1. Hund’s Coupling Case (a)

J

N

L
S

A B

Figure 4.9.: Hund’s Coupling Case (a). Taken and adapted
from [61]

For small interaction between the rotation of the molecule and the movement of
the electrons Hund’s coupling case (a) is valid. Here, the total electronic angular

momentum ~L = ~l1 +~l2 and the total spin ~S = ~s1 +~s2 are coupled to the internuclear
axis individually and this is stronger compared to the ~L~S coupling. The ~L and ~S
projections on the internuclear axis are labeled by Λ and Σ. Their projections along
a quantized axis are denoted by mL and mS. The possible quantum numbers are as
follow [21]:

Λ = |mL|, Λ = 0, 1, 2, 3, ..., L (4.25)

Σ = |mS|, Σ = S, S − 1, S − 2, ...,−S (4.26)

The vector ~Ω = ~Λ + ~Σ points along the internuclear axis and represents its pro-
jection of the total electronic angular momentum. With this assumption the total
angular momentum of the molecule 2 can be written as [21]

2excluding the nuclear spin
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~J = ~N + ~Ω (4.27)

where ~N is the rotational angular momentum of the nuclei. Note that ~N points
perpendicular to the molecular axis. For Hund’s coupling case (a) the set of good
quantum numbers is therefore (n, J , S, Λ, Σ , Ω). The quantum number n represents
all electronic and vibrational states [21].

4.5.2. Hund’s Coupling Case (b)
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K

Figure 4.10.: Hund’s Coupling Case (b). Taken and adapted
from [61]

The main aspect in Hund’s Coupling case (b) is that the coupling of the spin ~S to

the internuclear axis is not valid anymore. The spin-orbit coupling ~L~S is therefore
weak or even non-existent (for Λ = 0). In comparison to Hund’s Coupling case (a)
this means that there is no projection Σ and Ω. These are no longer good quantum
numbers. Instead, we find the angular momentum ~K which is a combination of
the rotational angular momentum of the nuclei ~N and the projection of ~L on the
internuclear axis labeled as Λ, so [21]

~K = ~N + ~Λ (4.28)

The total angular momentum is

~J = ~S + ~K (4.29)

The set of good quantum numbers consists (n, K, J , Λ). Again, n represents all
electronic and vibrational states [21].
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4.5.3. State Selection and Preparation for Photoassociation

Similar to atoms the molecular potential cures are labeled as follow

2S+1Λ
+/−
Ω,(g/u) (4.30)

here, ~S is the total electronic spin quantum number. Equivalent to the orbital
momentum L for atoms this quantum number for molecules is called Λ. The idea
is the same. If Λ = 0 the state is called Σ (not to be confused with the Σ in
Hund’s rule discussion). Additional to the atomic potentials, molecular potentials
are preceded by a letter. The ground singlet state has a preceded X, where A is
the next state where an optical transition is possible from the ground singlet state
(followed by B and so on...). Other states which are not accessible from the singlet
ground state (like triplet states) are labeled with a lower-case like a, b, c, .... The
parity of the electronic wave function is represented by the superscript +/− due
to reflexions regarding the internuclear axis. The symmetry of the molecular wave
function itself is represented by the subscript u/g where u (ungerade) means an odd
and g (gerade) an even parity. For a further discussion of the rotational levels of the
molecule and its symmetries I refer to [21, 61, 62]. An interesting point is that the
two-atom scattering state at 0 G is a superposition of the singlet and triplet state.
Therefore it is possible to access both, the singlet and triplet potential in the excited
state by the absorption of a photon [21]. The values for the excited molecular states
for 6Li are noted in table 4.3.

Potential A(11Σ+
u ) [G] c(13Σ+

g ) B(11Πu) C(21Σ+
g ) b(13Πu)

v 29-35 20-26 0-4 0-4 32-38

Table 4.3.: Vibrational states accessible to us given our Ti:Sapphire
lasers of the excited molecular 6Li2 potentials. This states are mainly
used for our photoassociation and STIRAP experiment described
later in this thesis. Numbers from [21]

For the selection rules of an electric dipole transition we can summarize

Quantum Number Selection Rule
parity g ↔ u
N ∆N = ±1
S ∆S = 0
I ∆I = 0
J ∆J = 0,±1
F ∆F = 0,±1
mF ∆mF = 0,±1

Table 4.4.: Selection rules for Σ→ Σ transitions for 6Li2. Numbers
from [21]

A discussion for molecular selection can be red in [21].
2
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Figure 4.11.: 6Li2 potentials. This potentials are accessible for
our photoassociation experiments and STIRAP sequence. The blue
(triplet potential) and black (singlet potential) curve are showing
the potential of our initial state |i〉. For the triplet spectroscopy and
later for STIRAP we use an excited state |e〉 in the red potential
curve (triplet). Taken and adapted from [21]
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5. Photoassociation and
Spectroscopy of Ultracold 2Li6
Molecules

The goal of this masters project is to create deeply bound ground state ultracold
Feshbach molecules. To achieve this one has to think about which initial quantum
states we can populate and to which quantum state we can transfer. In this work, we
investigate the transfer of molecules from an initial Feshbach molecular state |i〉 into
the lowest triplet potential, labeled with |g〉. Molecules exhibit hyperfine structure
in the ground state [63] as well as in the excited state [64]. Therefore it is crucial to
know about the structures, properties and energies of these quantum states. For the
excited state, it would be good to ensure a direct coupling to the lowest hyperfine
state |g〉 without any intermediate steps [65]. The fact that the hyperfine splitting
of the excited state can be smaller than the linewidth of the excitation laser leads to
another challenge. Here, coupling of several hyperfine levels occurs. This can affect
the efficiency which is required for STIRAP due to different coupling abilities of those
hyperfine states [23, 66–68]. To enable a coherent coupling for the states |i〉 and
|g〉 via coupling to the excited state |e〉 the hyperfine structure must be resolvable
and known. A detailed characterization of the used triplet molecular potentials is
discussed in [21]. One limitation of the transition |i〉 → |e〉 is the knowledge of the
transition frequency with a precision of the natural linewidth (around 10 MHz). The
excitation of molecules into an excited molecular potential via laser light is called
photoassociation. Photoassociation experiments where a cold 6Li2 was captured into
a MOT were already successfully implemented [69, 70]. However, the temperature
of the atomic gas in those experiments was in the order of mK. In this regime
limitations caused by the Doppler broadening occurs in order of tens of MHz which
is larger than the natural linewidth.

In our experiment, we implemented photoassociation after evaporative cooling of
our atom ensemble down to hundreds of nK in an ODT. The Doppler broadening is
in a regime of hundreds of kHz which is compared to the natural linewidth smaller
by a factor of ∼ 100. The outline of this chapter is to do spectroscopy of the states.
The transition frequencies were already roughly known. In the iteration of this
chapter we will discuss spectroscopy step-by-step:

1. Single Color Spectroscopy (SC): Spectroscopy, to find and characterize the
transition from the ground molecular state |g〉 to the excited molecular state
|e〉. For our study of we focus on the excited molecular state with rotational
state N ′ = 1 and the vibrational state v′ = 20 of the c(11Σ+

g ) triplet potential.

2. Two Color Spectroscopy (TC): Spectroscopy, to find a lower or the lowest
molecular state. We call this the |e〉 → |g〉 transition. Here, the ground state
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Figure 5.1.: Three level system with molecular potentials. The long
lived initial state |i〉 contains both, free colliding atoms or Feshbach
molecule pair. |e〉 represents the intermediate or excited molecular
state, |g〉 the ground molecular state. The pump field ω1 couples the
states |i〉 and |e〉 with a strength Ω1 and a single photon detuning δ.
The Stokes field ω2 couples the states |e〉 and |g〉 with the strength
Ω2 and a two photon detuning ∆− δ.

|g〉 is in the lowest triplet potential a(13Σ+
u ). The rotational state can be

N ′′ = 0, 2. We chose the N = 0 state to operate.

3. Autler-Townes Splitting (AT): Due to the energy splitting of the excited
molecular state |e〉 we can extract the Rabi frequency of the |e〉 → |g〉 tran-
sition. This is done with the excited triplet potential c(11Σ+

g ) and v′ = 20
(corresponding to |e〉) and the lowest triplet potential a(13Σ+

u ) (corresponding
to |g〉).

4. Dark State Spectroscopy (DS): The dark sate revival peak gives us insight
of the population transfer for the states |i〉 → |g〉. The position of the revival
peak is a good starting point to introduce STIRAP. Moreover, the hight of the
revival peak is linked to the Rabi frequency of the sates. The excited state
potential is again the c(11Σ+

g ) triplet potential and v′ = 20 and the lowest
triplet potential is a(13Σ+

u ). A dark state spectroscopy is just possible when
the two photon detuning is zero and the excitation light is coherent.
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For the state selection it is essential that a good Franck-Condon overlap of the
states is given. This principle describes the theory of the transition between vibra-
tional states (also called vibronic transitions). If two wave functions of two different
vibrational states overlap significantly the transition is more likely. Therefore, we
chose the v′ = 20 state since this state showed the largest Franck-Condon overlap.
Xuan Li calculated the values and as far as we know never published. However, we
measured the Rabi-frequency of the v′ = 21 state and confirmed a lower coupling
strength compared to the v′ = 20 state. For a more detailed discussion about the
Franck-Condon factor, the reader is referred to to [71].

Our experimental setup contains two Ti:Sapphire lasers, a probe and a Stokes
laser (labeled TS1 and TS2) with Ω1, ω1 and Ω2, ω2. The transitions are shown in
figure 5.1 and an overview of the setup can be extracted from the previous chapter.
In general, this two lasers couple to an excited molecular state |e〉. For a good review
about a general concept of photoassociation, the reader is referred to [72]. Depending
on the magnetic field strength out initial state |i〉 is either a two atom scattering
state (B = 0 G) or a Feshbach molecular state (B ∼ 834 G). Our evaporative
cooling is done at B = 755 G which is still within the range of the broad Feshbach
resonance around ∼ 834 G. With this settings, we want to produce ultracold 6Li2
triplet dimers by STIRAP. The vibrational states we characterized in the lowest
triplet potential a(13Σ+

u ) are in the range of v′′ = 0 to 9.



40 Photoassociation and Spectroscopy of Ultracold 2Li6 Molecules

5.1. Single Color Spectroscopy

Finding the excited molecular state |e〉 of the c(11Σ+
g ) potential with v′ = 20 is the

first step towards a controlled population transfer into a ground molecular quantum
state. Therefore, we perform a single color scan for identification and localization
of the excited state. In a single color experiment, we simply detune the probe laser
TS1 and scan over a region where the resonance is expected. Since the calculated
resonance frequency is not accurate, a wide range scan is necessary. The result
can be seen in figure 5.2. Populating the excited molecular state |e〉 will cause
loss due to spontaneous emission. Since our imaging technique only allows us to
image the initial state |i〉 we see atom loss in the form of a dip near a resonance.
Due to interferences while imaging, an unstable dipole trap, air fluctuations and
also misalignments and temperature fluctuations the detected atom number is not
stable. The step size of 25 MHz was chosen arbitrarily. Compared to the natural
linewidth of tens of MHz we assume to be in the frame of hitting most resonances
which are widened by power broadening.

For 6Li2 we expect to see 27 states and therefore 27 absorption peaks. Though
having a closer look to figure 5.2 we see six absorption dips. There are multiple
reasons why we do not see 27 dips. One of them can be power broadening (40 mW)
or high exposure time (10 µs) of the excitation laser. Both effects lead to a much
more broaden resonance feature and therefore making other transitions closed by
unresolvable. The second reason can be the step size of 25 MHz for scanning the
pump frequency. Consequently, we might have missed some of the narrower states
with a width of ¡ 25 MHz. A third reason might be that selection rules prevents
driving several transitions. By probing this transition we ’jump’ between Σ states,
where the selection rule for the rotational quantum number shows ∆N = ±1. The
initial molecular quantum state has N = 0 which means that the rotational level of
the excited molecular potential must have N ′ = 1.

Since our measurement shows multiple resonances to chose we should ask the
question, which state is the best? Using an excited molecular state that is close to
another state could be a problem for STIRAP because of associated de-coherence
mechanisms. We should therefore aim to find a state that is far away from other
states unless we can rotate the polarization to ’switch off’ the undesired states close
by. In fact, the narrow adsorption dips in figure 5.2 occurs when the polarization of
the probe beam was set to 45 degrees. With this polarization our light contains of
σ+, σ− and π light. So any transitions which don’t infringe the selection rules can
be driven. When the same scan was done with pure π light, the narrow absorption
features vanished. Another point we have to consider for STIRAP is that the states
have to be coupled strongly. Therefore, we concentrate on the broadest feature
which is the first manifold in figure 5.2. For a better resolution of the broader
feature, we dropped the pump laser power to 150 µW, and the step size was chosen
to be 3 MHz. With this settings, we could resolve three different states which were
covered by the power broadening effect within the broad manifold, see figure 5.3.
This states corresponds to J ′ = 0, 1, 2. Since the left manifold (J = 1) is ∼125 MHz
apart from the other two feature, this transition could be a good candidate. To
prove that this is a single state an even narrower scan with a lower probe power and
exposure time was done. This figure is not shown in this thesis. However, it proved
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Figure 5.2.: Single-color scan to the v′ = 20 state of the c(11Σ+
g )

triplet molecular potential. The result shows the number of the
remaining Feshbach molecules in the initial state |i〉 for different
TS1 frequencies. When the frequency of the pump beam ω1 hits
the single-color transition frequency |i〉 → |e〉 we obbserve loss in
the number of our atoms in the initial state |i〉. The polarization of
the probe beam was set to 45 degrees with respect to the magnetic
field direction to simultaneously get σ+, σ− and π light. The probe
power was set to 40 mW with an exposure time of 10 µs. The final
trapping power of the ODT was 150 mW and the scan had a step
size of 25 MHz. The magnetic field was set to B = 755 G.

that there is just one absorption dip at the resonance frequency for the |i〉 → |e〉
transition at roughly 366761.354 GHz.

To measure the natural linewidth of this feature we set out probe laser (TS1) to
an intensity where we achieve half loss in atom number on resonance. This intensity
setting is just a ’rule of thumb’ and has historical roots which are connected to the
limits of the old image processor regarding signal to noise ratio and fit accuracy.
We found a pump power of Pp = 105 µW. With this settings, we can distinguish
a natural linewidth of ∼ 7 MHz (FWHM of the Gaussian fit) shown in figure 5.4.
The next step was to measure the lifetime of our molecules in the excited molec-
ular potential. Therefore, we set the pump laser fix on resonance and excited the
molecules from the initial molecular state |i〉 to |e〉. There, we switch off the pump
light adding a waiting time before measuring the atom number. It is important to
mention that the exposure time is chosen relatively high (1000 µs) to decrease the
power even more. This ensures again a sequence which is not perturbed by Doppler
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Figure 5.3.: Narrow single-color scan of the broad feature at
366861354 MHz seen in figure 5.2 with reduced power. The excited
state |e〉 is the v′ = 20 state. While detuning the pump frequency
ω1 three transitions were resolved. Since the electronic spin pro-
jection for these states is the same as the initial state (S = 1 and
MS = −1), and since the nuclear spin projection does not change,
the dips correspond to different MN projections of the rotational
quantum number (N = 1) of the molecule.

broadening. The remaining atom number in the initial state |i〉 shows an exponen-
tial decay. Via an exponential fit, we extracted a molecular excited state lifetime of
τ = 1272.93 µs. The result of this measurement is shown in figure 5.5.

Concerning the coupling strength, we can calculate the Rabi-frequency for the
|i〉 → |e〉 transition. We can model the absorption lines with following equation [73–
75].

N = N0 exp

(
−tirrΩ2

1

γ

γ2 + 4∆2
p

)
(5.1)

In this equation the initial number of Feshbach molecules is given by N0, the
linewidth of the excited state γ, the irradiation/ holding time tirr, the detuning of
the pump light ∆p and the Rabi-frequency Ω1. In general the lifetime of the excited
state is given by τex = 1/γ. In our lifetime experiment we kept the laser frequency on
resonance which means that ∆p = 0. With this assumption equation 5.1 simplifies
to the exponential decay
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N = N0 exp

(
−tirr

Ω2
1

γ

)
(5.2)
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Figure 5.4.: Result of the single-color scan to the v′ =20 state of
the ’c’ potential. This corresponds to the left most dip in figure 5.3.
The resonance of the |i〉 → |e〉 transition was hit by scanning the
pump frequency ω1 at ν0

P = 366861.252 GHz. With this settings we
achieved around half loss of the atoms by exciting them to |e〉 on
resonance. The natural line width is 7.2 MHz. The probe power was
set to Pp = 80 µW and an exposure time was 1000 µs at B = 755 G.
The final ODT power was 150 mW.

Comparing equation 5.2 with the exponential decay of a state we can state out
that τ = γ/Ω2

1. This expression is valid as long as τ >> τex [74]. Furthermore, by
comparing we can find

exp

(
− t
τ

)
= exp

(
Ω2

1

γ

)
(5.3)

Ω1 =

√
γ

τ
=

√
2πFWHMSC

τ
(5.4)

where γ = 2πFWHMSC and FWHMSC is the FWHM of the single color dip
shown in figure 5.4. With equation 5.3 we can obtain a Rabi-frequency of Ω1 ≈
28 kHz for a probe power of Pp = 80 µW and an exposure time of 1000 µs at
B = 755 G.
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Figure 5.5.: Number of Feshbach molecules remaining after expos-
ing them to light from TS1 at the resonance frequency from the
initial state to the v = 20 state of the ’c’ potential (the resonance
corresponds to the dip in figure 5.4. This lifetime provides the Rabi
frequency for the transition. The exponential fit gives an approxi-
mate value of the lifetime τ = 1474.81 µs of the initial state |i〉
. The probe power was set to Pp = 80 µW, the final ODT power
was 150 mW.
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5.2. Two Color Spectroscopy

The goal of the two color spectroscopy is to find a molecular ground state |g〉. This
state is either in the lowest lying triplet a(13Σ+

u ) molecular potential. To characterize
the transition of this state a second laser called Stokes laser (TS2) is introduced.
For this experiment the frequency of the pump laser is held fix on the single color
transition frequency |i〉 → |e〉. The Stokes laser is detuned and scans over the
expected transition frequency |e〉 → |g〉. The selected power of the Stokes light Ps is
much higher compared to the pump light. Furthermore, the Stokes laser the power
of the Stokes laser is selected much higher than the pump laser. Therefore, the
coupling of the |e〉 → |g〉 states is much higher than the coupling of the |i〉 → |e〉
states. Which means that Ω2 >> γe >> Ω1. The strong interaction of two states
leads to an energy splitting (dressed state). The resonant coupling and prevention
of absorption of an excited state are well known under the name electromagnetically
induced transparency (in short EIT) [73]. Studies in this field made pioneering
studies like light speed reduction to 17 m per second (slow light) [76]. A theoretical
discussion of this effect can be found in [73] based on a three-level system. This
theoretical work can also be used for the two-photon spectroscopy we are introducing
in this chapter. The Hamiltonian in the rotating frame picture can be described as
follows.

H =
~
2

[
0 Ω2

Ω2 2δ

]
(5.5)

where Ω2 is the Rabi-frequency for the |e〉 → |g〉 transition and δ is the detuning
of the Stokes light. The eigenstates of this Hamiltonian are

|+〉 = sinψ|g〉+ cosψ|e〉 (5.6)

|−〉 = cosψ|g〉 − sinψ|e〉 (5.7)

with eigenenergies

E± =
δ ±

√
δ2 + Ω2

2

2
(5.8)

If the Stokes field hits the transition frequency δ = 0, an energy split of E± =
±Ω2/2 for the excited molecular state occurs (dressed state). We are using this
splitting to find the ground molecular state. The idea is to excite molecules from
the initial molecular state |i〉 to the excited molecular state |e〉. As described in the
section before this leads to loss. Applying the Stokes laser splits excited molecular
state |e〉 when it hits the resonance frequency for the transition. In this case, the
frequency of the probe laser is no longer on resonance with respect to the |i〉 → |e〉
transition. The loss of the molecules is suppressed and we detect atoms in the
initial molecular state |i〉. The rotational quantum number for the excited state is
N ′ = 1. For the lowest lying triplet a(13Σ+

u ) molecular potential, just the states
with a rotational quantum number of N ′′ = 0, 2 are accessible. The results for the
v′′ = 6 state is shown in figure 5.6. The two color resonance frequency for the
v′ = 20 → v′′ = 6 transition is 367898.764 GHz. This resonance frequency can
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be used to find the STIRAP revival. However, a much better resolved two-photon
resonance peak can be measured with a dark state measurement 1.
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Figure 5.6.: Number of Feshbach molecules after exposing them
to two laser fields: the frequency of the pump laser ω1 is held fixed
at the resonance between the Feshbach molecules and the v′ = 20
state while the Stokes frequency ω2 is scanned over the |g〉 → |e〉
transition. Here |g〉 is the v′′ = 6 state of the ’a’ potential. When ω2

is on resonance, the loss of Feshbach molecules induced by the pump
field is suppressed and the number of Feshbach molecules remaining
is large. The two color resonance frequency is ν0

S = 367898.764 GHz
with a FWHM of 19.8 MHz.

1Please note, that two color spectroscopy was not node for every state. The dark state measure-
ments shows a much more accurate result in terms of two photon resonance. Therefore, this
section contains a measurement for the v′′ = 6 state
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5.3. Autler-Townes Splitting

The Autler-Townes splitting is a simple method to measure the coupling strength
of the Stokes field Ω2. Characteristic is the double peak structure which was first
observed by Autler and Townes [77]. This splitting is also an indicator for the two-
photon coherence. The measurement can be done by setting the Stokes laser to a fix
resonance of the |g〉 → |e〉 transition. The probe laser is detuned and scans over the
|i〉 → |e〉 transition. Hitting the resonance transition with the probe laser the excited
state splits up (as described in the previous chapter). Therefore, the Hamiltonian of
this system is comparable to equation 5.5. The splitting of the states is ∆E = ~Ω2.
This splitting is show in figure 5.7 for the v′′ = 0 state of the a(13Σ+

u ) molecular
potential. For evaluation the following fit function is used [73, 75].

N = N0exp

(
−tintΩ2

1

4γδ2 + Γeff (Ω
2
2 + Γeffγ)

|Ω2
2 + (γ + 2i∆P )(Γeff + 2iδ)|2

)
(5.9)

In this equation tirr represents the irradiation time. A decay term due to deco-
herences between the transfer from |i〉 → |g〉 labeled as Γeff was added phenomeno-
logically. With this equation all three level couplings can be described and shows
also the line shapes. This fit method gives us also a value for the Rabi-frequency Ω2

which can be directly seen by the splitting of the two states. For the v′′ = 0 sate in
the a(13Σ+

u ) potential we find a Ω2(v′′ = 0) = 14.11 MHz.
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Figure 5.7.: The number of Feshbach molecules observed after ex-
posing them to two laser fields: the frequency of the Stokes laser ω2

is fixed to the |g〉 → |e〉 transition (here |g〉 is the v′′ = 0 state in
the a(13Σ+

u ) potential and |e〉 is the v′ = 20 state in the c(11Σ+
g )

potential) while the pump laser ω1 was scanned over the single color
resonance |i〉 → |e〉. Two loss dips are observed instead of a single
loss dip because the excited state is split by the Stokes field. This
Autler-Townes splitting between the two dips indicates the coupling
strength of the Stokes laser, and we extract the Rabi frequency for
the Stokes field Ω2 from the Autler-Townes splitting. The power
setting was Pp = 300 µW, Ps = 10 mW with an exposure time of
40 µS and a final ODT trapping power of 150 mW at B = 755 G.



5.4. Dark State Spectroscopy 49

5.4. Dark State Spectroscopy

STIRAP is a method to transfer the population between different quantum states.
This states may have the same parity and are therefore dipole forbidden transitions.
Many groups successfully implemented this technique for homonuclear molecules
like [18, 19, 78]. In our case we produced 6Li2 molecules in the triplet potential
a(13Σ+

u ) due to population transfer to the lowest triplet state |g〉. In the previous
chapters, we successfully achieved two-color spectroscopy which is the base for dark
state spectroscopy. With this spectroscopy, we can extract a sharp two-photon
resonance peak. Another advantage is that the resonance relies only on the energy
difference between the two lasers, TS1 and TS2. Therefore, it is relatively insensitive
to single photon detunings. The uncertainty of the frequency between the two locked
TS is in order of several kHz [21]. For the dark state, we are using a square pulse
sequence. For the population transfer we can assume that our wave function is a
superposition of both coherent states, |i〉 and |g〉, multiplied by an amplitude cx
where x describes the different states [21].

|ψ〉 = ci|i〉+ cg|g〉 (5.10)

The transfer to the excited state |e〉 should be avoided. The excited state shows
loss mechanism. In terms of keeping the population this state should not be popu-
lates. However, the probability of populating the excited state |e〉 is as followed [79]:

A = 〈e|~d · ~ε|ψ〉 = ci〈e|d|i〉εi + cg〈e|d|g〉εg (5.11)

= ciΩ1 + cgΩ2 (5.12)

In equation 5.12 we see the coupling of the states |i〉 and |e〉 due to the Rabi
frequency of the probe field Ω1 as well as the coupling of the |e〉 and |g〉 states
induced by the Rabi frequency of the Stokes field Ω2. At a specific point in time,
we can set the amplitudes A = 0 which results in a ’dark’ state [79].

cg = −Ω1

Ω2

ci (5.13)

For the time evolution of this state we must think that the amplitudes, as well as
the Rabi frequencies, can evolve in time.

A(t) = cie
−iEit

~ Ω1e
−iω1t + cge

−iEgt
~ Ω2e

−iω2t (5.14)

It is important to mention that Ei and Eg describing the energies of the state |i〉
and |g〉 and ωP/S are the optical frequencies of the pump and Stokes field. Again,
in order to consider the states as ’dark’ we set A(t) = 0 [79].

cg = −ci ·
e
−iEit

~ Ω1e
−iω1t

e
−iEgt

~ Ω2e−iω2t
(5.15)

It is easy to see that to consider the states as ’dark’, the exponents must be the
same at all times [79].
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−iEit
~
− iω1t =

−iEgt
~
− iω2t (5.16)

ωg − ωi =
Ei − Eg

~
(5.17)

which is the two-photon resonance [79].
The interaction of the atomic system with the external laser field is described by

the Hamiltonian matrix H(t). The rotating-wave approximation (RWA) allows us
to neglect fast oscillations. The Hamiltonian matrix H(t) in the RWA can therefore
be written as [79]:

H =
~
2

 0 Ω1(t) 0
Ω1(t) 2∆ Ω2(t)

0 Ω2(t) 2δ

 (5.18)

with the Rabi frequency ΩP/S(t) =
−di,jεp/s(t)

~ and δ = ∆P − ∆S. Note, that
the phenomenological decay rates are neglected. The Hamiltonian is written in the
dressed picture of the atom. The condition of the population transfer is that the
single photon detuning and two photon detuning are zero, ∆ = δ = 0. Therefore,
we can calculate three eigenstates [79]

|i+〉 =
1√
2

(sin Θ|i〉+ |e〉+ cos Θ|g〉) (5.19)

|i0〉 = cos Θ|i〉+ sin Θ|g〉 (5.20)

|i−〉 =
1√
2

(sin Θ|i〉 − |e〉+ cos Θ|g〉) (5.21)

In this section we focus on the dark state which is given by |i0〉 = cosΘ|i〉+sinΘ|g〉.
As a side note, the two remaining states are the so-called ’bright states’. The
eigenenergy for the dark state is E0 = 0. If we take a closer look at equation 5.21 we
see that it is independent of the excited state. The interpretation of this eigenstate
gives us a direct connection from the initial atomic or Feshbach state |i〉 to the
molecular ground state |g〉. Furthermore, we define the mixing angle Θ [79].

tanΘ =
sin Θ

cos Θ
=

Ω1

Ω2

(5.22)

With this expression, we can rewrite and normalize equation 5.21.

|Dark〉 = |i0〉 =
Ω2|i〉 − Ω1|g〉√

Ω2
1 + Ω2

2

(5.23)

The bright state is a superposition of the eigenstates |i+〉 and |i−〉. We can write
the bright state as follows [21]:

|Bright〉 =
1

2
(|i+〉+ |i−〉) =

Ω1|i〉+ Ω2|g〉√
Ω2

1 + Ω2
2

(5.24)
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For the experimental realization the probe and Stokes lasers are turned on at the
same time. The pulses are rectangular, where the Stokes field is turned off slightly
before (µs) the probe field. The result is that the initial state |i〉 is projected on the
bright and dark state. If the field is turned off, the population is projected back to
the initial state |i〉. With the expectation value we can calculate the hight of the
revival peak.

|〈i|Dark〉|2 × |〈Dark|i〉|2 =
Ω4

2

(Ω2
1 + Ω2

2)2
(5.25)

From this equation we can see that the coupling strength Ω2 plays a major role.
For a narrow dark state feature we have to satisfy the requirement Ω2 >> γe. This
also prevents us from acting in the Autler-Townes regime where a doublet due to
the excited state splitting would appear. Furthermore, to suppress loss Ω2 >> Ω1.
A dark state measurement for the v′′ = 0 is shown in figure 5.8
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Figure 5.8.: The number of Feshbach molecules observed after ex-
posing them to two laser fields: the frequency of the Stokes laser
ω2 is fixed to the |g〉 → |e〉 transition (here |g〉 is the ′′ = 0 state
in the a(13Σ+

u ) potential and |e〉 is the v′ = 20 state in the c(11Σ+
g )

potential) while the pump laser ω1 was scanned over the single color
resonance |i〉 → |e〉. The probe power is set to Pp = 100 mW and
the Stokes power is Ps = 10 mW. The data was taken at B = 755 G
and a final ODT trapping power of 150 mW.
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6. STIRAP of Ultracold Feshbach
Molecules

The final step in this thesis is to produce ultracold Feshbach molecules in the lowest
triplet potential. Due to spectroscopy, we characterize the vibrionic states. Now,
the next challenge for is to control the population transfer of quantum states. Or in
other words, we want to populate the ground state of the lowest triplet potential.
The so-called Stimulated Raman Adiabatic Raman Passage (STIRAP) allows an
efficient and selective population transfer between quantum states without loss due
to spontaneous emission. The idea is to couple two discrete quantum states (|i〉 and
|g〉) via an intermediate/excited state |e〉, which is usually a radiatively decaying
state. Note, that the direct population transfer is forbidden due to selection rules
(see the previous chapter). However, using the excited state for coupling, it won’t
get populated in the STIRAP sequence. Therefore, spontaneous emission from the
excited state is suppressed and, ideally, no loss in the population should be seen.
Due to this reason the lifetime of the excited state |e〉 can be short and the STIRAP
efficiency should not be affected. The method of a coherent population transfer is
already known for two decades [23, 80]. First acquisitions of transferring molecules
between different vibrational states in molecular beam experiments were proposed
in [81, 82]. An important point to realize STIRAP is the adiabatic condition, which
is discussed later in this chapter. Other to this, a theoretical treatment will be
discussed in the following section. Later, a successfully implemented experimental
measurement is shown and evaluated for the v′′ = 0 and v′′ = 9 state of the ’a’
triplet potential. Additionally, lifetime measurements for the deeply bound Feshbach
molecules were taken showing an interesting behavior.
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6.1. Theory behind STIRAP - The 3-Level Model

S

P

Figure 6.1.: Three level linkage of quantum states. The initial state
|i〉 and the intermediate/excited state |e〉 are coupled via the P -field
(pump laser). The intermediate/excited state |e〉 and the ground
state |g〉 are coupled through the S-field (Stokes laser). (a) Λ link-
age: The single photon detuning ∆ is the detuning of the P-field
∆P . Therefore, the two photon detuning δ is the difference both,
the pump and Stokes detuning ∆P − ∆S. The optical frequencies
we found after spectroscopy are for v′ = 20, v′′ = 9: probe laser fre-
quency 366861.2522 GHz, Stokes laser frequency: 366885.6354 GHz.
For v′′ = 0 we find a Stokes laser frequency of 375836.0223 GHz.

The simplest description of the STIRAP process is the population transfer of three
quantum states. More precisely, the speech is about the transfer of the population
from the initial quantum state |i〉 to a target quantum state (or ground state) |g〉.
Since the direct population transfer from |i〉 to |g〉 is forbidden due to selection rules
coupling requires an intermediate quantum state or excited state |e〉. Coupling those
three states, the so-called 3-level system, can be achieved by to coherent laser, the
pump (P) and Stokes (S) laser. In the following, we are using the Λ scheme to
describe our system.

The time-dependent Schroedinger equation describes the dynamics of this atomic
3-level system.

i~
d

dt
Ψ(t) = H(t)Ψ(t) (6.1)

In equation 6.1 the interaction of the atomic system with the external laser field
is described by the Hamiltonian matrix H(t). The rotating-wave approximation
(RWA) allows us to neglect fast oscillations. The Hamiltonian matrix H(t) in the
RWA can therefore be written as [79]:

H =
~
2

 0 Ω1(t) 0
Ω1(t) 2∆ Ω2(t)

0 Ω2(t) 2δ

 (6.2)
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with the Rabi frequencies for the pump and Stokes field Ω1 and Ω2

Ω1/2(t) =
−di,jε1/2(t)

~
(6.3)

and the single and two color detuning δ = ∆1−∆2. The dipole transition moments
for the transition |i〉 → |e〉 is given by die and for the transition |e〉 → |g〉 by deg.
In the RWA the optical frequencies ω1 and ω2 are the frequencies of the electric
fields P and S. It is important to mention that their amplitudes in the RWA are
given by ε1 and ε2 which are slowly variating. As already mentioned the excited
state |e〉 underlies spontaneous emission. This can be described in equation 6.2 by
adding phenomenological off-diagonal terms which are imaginary and not stated in
this thesis. There is a probability that the population loss from the excited state |e〉
decays into another quantum state, for example, |i〉 or |g〉. This transitions are no
coherent transitions and thus not desirable for STIRAP. For a study of incoherences
in the STIRAP process, please have a look at reference [74]. The energies can be
written concerning the detuning [66].

~∆P = Ee − Ei − ~ω1 (6.4)

~∆S = Ee − Eg − ~ω2 (6.5)

For STIRAP it is necessary that the two photon detuning δ = 0. This means that
the two single photon detuning for the |i〉 → |e〉 and |e〉 → |g〉 transitions are equal
∆1 = ∆2. The eigenstates of the Hamiltonian 6.2 are given by

|a0〉 = cos Θ(t)|i〉 − sin Θ(t)|g〉 (6.6)

|a+〉 = sin Θ(t) sinφ(t)|i〉+ cosφ(t)|e〉+ cos Θ(t) sinφ(t)|g〉 (6.7)

|a−〉 = sin Θ(t) sinφ(t)|i〉 − cosφ(t)|e〉+ cos Θ(t) sinφ(t)|g〉 (6.8)

We can see that equation 6.7 and 6.8 contain every state. Therefore, these eigen-
states are going to populate the excited state |e〉. However, our goal is to transfer
the population without any loss. Therefore, the only solution we are interested in
is shown in equation 6.6. This solution shows no connection to the excited state
|e〉 and is therefore immune against spontaneous emission. Similar to the previous
chapter, this solution is the so-called ’dark state’ or ’coherent population trapping’
state [79]. And here we need to do things differently to the Two-Color spectroscopy
we did in the previous chapter. Here, we need to ensure that the set of eigenstates
changes slowly. This ensures that the whole quantum system remains in the dark
state adiabatically following the |i〉 → |g〉 transition. This can be understood with
the mixing angle which relates the ratio of the Rabi-frequencies to a time-dependent
angle Θ(t) [79].

tan Θ(t) =
Ω1(t)

Ω2(t)
=

sin Θ(t)

cos Θ(t)
(6.9)

The behavior of the population during the STIRAP sequence is shown in figure 6.2
d). At the beginning of the STIRAP sequence the population is in the initial state |i〉
which means for equation 6.6 that sin Θ(t) must vanish. This happens for Θ(t) = 0
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and concluding Ω1(t)/Ω2(t) = 0. By the end of the sequence the population should
end in the ground state |g〉. With the same thoughts we find that Ω2/Ω1 = 0 and
Θ(t) = π/2 [79]. The evolution of the mixing angle is shown in figure 6.2 c). To
achieve this a counterintuitive pulse sequence is necessary, which means that the
first laser which couples two states is the Stokes laser with coupling strength Ω2

which is imaged in 6.2 a). How the states behave can be seen by the time evolution
of their energies ε:

ε±(t) =
1

2

[
∆±

√
∆2 + Ωeff (t)2

]
(6.10)

Ωeff (t) =
√

Ω2
1 + Ω2

2 (6.11)

We can see that for zero detuning ∆ = 0 and large or very short times Ωeff = 0 the
energy is zero. If the Rabi-frequencies Ω1(t) and/or Ω2(t) are nonzero, Ωeff (t) 6= 0
and an energy splitting of ε± occurs. This splitting is related to the Autler-Townes
splitting which was discussed previously. The energy of the dark state ε0 stays zero
though. We can assume that at the beginning ε0 is related to the initial state |i〉.
By the end of the sequence, ε0 is related to the ground state |g〉. The behavior of
the energies is shown in figure 6.2 b). To get a zero eigenvalue, it is crucial that
the two-photon resonance δ = 0. For any other detunings we start to populate the
excited state |e〉 which leads to loss of population [83].
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6.2. The Adiabatic Approximation

There are certain conditions for an adiabatic evolution during STIRAP, or in other
words, there are conditions for the state vector to follow the dark state. Several
conditions to achieve an adiabatic evolution are described for example in [68, 84]. If
the evolution is not adiabatic, then the state will not follow the dark state perfectly
and will coupled to the bright state leading to a loss of molecules through sponta-
neous emission. When we assume that the population is completely in the initial
state |1〉, a complete population transfer is given under the following condition:

Ω1(t)

Ω2(t)
→ 0 for t→ −∞ (6.12)

Ω2(t)

Ω1(t)
→ 0 for t→ +∞ (6.13)

In the experiment this means that the Stokes laser with the Rabi-frequency Ω2(t)
must be turned on before the probe laser starts to interact with the system, which
means Ω2(t) 6= 0 and Ω1(t) = 0 for t → −∞. For t → +∞ the Stokes laser must
be turned off before the probe laser. In other words Ω2(t) = 0 and Ω1(t)¬0. This
is the counterintuitive pulse sequence which was already mentioned in the previous
section. The local adiabatic condition is as follows [84]

Ωeff (t) >> |Θ̇(t)| = |Ω2(t)Ω̇1(t)− Ω1(t)Ω̇2(t)|
Ω1(t)2 + Ω2(t)2

(6.14)

This means that the change of the mixing angle Θ̇(t) (which was introduced in
the previous section) should be smaller compared to the splitting of the eigenvalues
Ωeff (t) which prevents a non adiabatic coupling [84]. This condition is local since it
must be valid during the whole population transfer sequence [79]. The integration
over the time of the Rabi-frequencies gives us the pulse area A and therefore the
global adiabatic condition [79]

A =

∫ ∞
−∞

Ωeff (t)dt (6.15)

Comparing this to the local adiabatic condition in equation 6.14 we can rewrite
the integral for A. Using the mixing angle instead [79].

A >>
π

2
(6.16)

Now, we can assume that every part of the pulse area A has a peak Rabi-frequency
Ωmax. The minimal pulse area Amin depends on the transfer efficiency and the pulse
shape itself. With this assumptions, we can multiply with the pulse duration T and
find [79]

Amin > ΩmaxT (6.17)

A rule of thumb is to have a pulse area of Amin ' 10. This factor ensures an
efficient population transfer [79]. The two lasers must be mutually phase coherent
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during the pulse sequence, that is for a time given by T . If our Rabi-frequencies
are not large, then T must be long in order for the STIRAP pulse to be adiabatic.
But if T is longer than the phase coherence time of the lasers, then this leads to
a problem since phase jumps of the lasers also transfer population out of the dark
state.

6.3. STIRAP Experiment and Lifetime of Ultracold
Feshbach Molecules

Having the right pulse sequence is mandatory to succeed STIRAP. Or in other words,
the evolution of the pulse sequence must be adiabatic. Loss can be eliminated when
the excited state |e〉 is not populated. Which means that the state vector ψ(t)
must be aligned to the dark state |a0〉 for all times. Fulfilling this requirement we
introduced a Gaussian pulses sequence. As showed in figure 6.2 the whole pulse
sequence can be divided into 5 sections [79].

1. S induced Autler-Townes phase: At the beginning of the sequence we find our
population in the state |i〉. However, the Stokes laser is turned on adiabatically
first while the pump laser is still off. This is known as the counterintuitive
pulse order. The effect is that the S field couples the |g〉 → |e〉 transition with
a strength of the Rabi frequency ΩS(t). This coupling splits the excited state
|e〉 while the population is remaining in state |i〉 is untouched yet. In terms
of Rabi frequencies this means that |ΩS(t)| > 0 while ΩP (t) = 0 or in other
words |ΩS(t)| >> |ΩP (t)|. This can be achieved when the mixing angle Θ = 0.
The state vector is still equal to ψi or |i〉.

2. S induced CPT phase: At the peak of the S field (strong S field) the P field
is turned on adiabatically. At this stage the P pulse is still much weaker than
the S pulse. In terms of Rabi frequencies this means that |ΩS(t)| >> |ΩP (t)|
but |ΩS(t)| 6= 0 6= |ΩP (t)|. Due to this fact the excited state is still divided
which suppress the population transition from |i〉 → |e〉. One can also describe
this effect that destructive interference cancels out the transition rate. Since
the pulses are adiabatic the state vector can still be described as ψi or |i〉.

3. Adiabatic passage phase: The S field starts to decrease while the P field is
constantly increasing. However, at this stage, both fields are considered as
strong. Presumably, the Rabi frequencies of both fields are equal |ΩS(t)| =
|ΩP (t)| and both fields coupling to each other. The mixing angle changes from
0 towards π/2. Since the state vector changes from ψi or |i〉 towards −ψg or
−|g〉 it shows a linear combination of both states.

4. P induced CPT phase: The P field strong compared to the S field. In terms of
Rabi frequencies this means that |ΩP (t)| >> |ΩS(t)| but |ΩP (t)| 6= 0 6= |ΩS(t)|.
Therefore, the much stronger P field couples the |i〉 → |e〉 transition and
splits the excited state |e〉 (Autler-Townes splitting) and suppress population
transfer of the weakly coupled |g〉 → |e〉 transition. Therefore, the state vector
can be described as −ψg or |g〉.
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5. P induced Autler-Townes phase: The Stokes laser is turned off while the pump
laser is at its maximum. Due to a strong coupling of the |g〉 → |e〉 transition
the Autler-Townes splitting of the excited state |e〉 is at its maximum. The
population are remaining in state |e〉 and are ’isolated’ from any other transi-
tions. In terms of Rabi frequencies this means that |ΩP (t)| > 0 while ΩS(t) = 0
or in other words |ΩP (t)| >> |ΩS(t)|. The mixing angle Θ = π/2. The state
vector is equal to ψg or |g〉.

These 5 steps are describing a one-way STIRAP sequence. However, since our
experimental setup allows us to image the initial state |i〉, we need to initialize this
pulse sequence twice to transfer the population back to the initial state |i〉. In our
experiment we scan the pump detuning ∆P over the resonance frequency of the
|i〉 → |e〉 transition. After successfully initializing a STIRAP round trip we can
image the initial state for every detuning resulting in a high atomic or molecular
revival in case of hitting the resonance frequency ∆1 = 0. As an example we see
this revival peaks in figure 6.31 for the v′′ = 6 rotational state. By comparing the
number of atoms or molecules in the initial state |i〉 with and without executing the
STIRAP pulse sequence we gain a STIRAP round-trip efficiency of roughly 70 %.
Additionally, we measured the lifetime of our deeply bound molecules for all the
rotational stages between v′′ = 0 and v′′ = 9. An example is shown in figure 6.4.
To measure the lifetime we enlarged the time between the make and unmake pulse
sequence. By imaging the initial state |i〉 we note a loss in atom number. We assume
a two body loss and therefore we could use an exponential function to fit the data.
One interesting thing is that the v′′ = 9 state shows a longer lifetime (τ = 2949.17 µs)
than the v′′ = 0 (τ = 1585.36 µs) state, which is unexpected. Note, that the v′′ = 6
state is right in between of both values with τ = 2813.61 µs. Currently, we are
about to study this phenomenon. To ensure, that we are not handling a BEC we
measured the trap frequency of the ODT recently. The ODT trap frequency is
related to the temperature of the sample. Also, it allows us to measure the density
of our sample, which wasn’t done at an earlier experimental stage, yet. However,
this measurements showed, that we are far under the critical temperature Tc and
therefore into the BEC regime. The same lifetime measurements should be done
with higher temperatures. This can be easily implemented via tuning the magnetic
field down and decreasing the ODT trap depth. So at the stage where this data was
measured we assumed to have a diluted gas but created a deeply bound molecular
BEC in the lowest triplet state instead.

1The dataset for the v′′ = 6 state is shown since this data set was compete. The idea is the same
for the v′′ = 0 and v′′ = 9 state
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Figure 6.2.: STIRAP experiment for two Gaussian pulses tuned
on the single-photon resonance ∆P = ∆S = 0. The whole STIRAP
procedure can be segmented into five different regimes (see numbers
1-5, separated by the dotted lines). (a) Time evolution of the Rabi
frequencies for the pump (P) and Stokes (S) field ΩP (t) and ΩS(t).
Both Rabi-frequencies are equal and have therefore the same peak
value Ω0. The pulse sequence counterintuitive in that the Stokes field
turned on before the pump field. (b) Adiabatic time dependence of
the Eigenvalues ε0(t), ε±(t). (c) Time evolution of the mixing angle
Θ(t). (d) Time dependence population behavior Pi, Pe, Pg for the
three different quantum states described by the three-level system.
Adapted from [79].
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Figure 6.3.: Number of Feshbach molecules after exposing them to
a STIRAP pulse sequence that moves them into the ground state
and back to the Feshbach molecule state as a function of the two
photon detuning. The |e〉 state was the v = 20 level of the c(11Σ+

g )
potential and the |g〉 was the v′′ = 6 level of the a(13Σ+

u ) potential.
The frequency of the probe field νp was scanned by ±1 MHz around
the single-photon resonance frequency ν0

p = 366861.25.
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Figure 6.4.: Lifetime for molecules in the v′′ = 6 level of the ’a’
state. Shown is the number of Feshbach molecules after exposing
them to a STIRAP pulse sequence that moves them into the v′′ = 6
level of the ’a’ state where they are held for a variable time and
then transformed back to the Feshbach molecule state as a function
of the hold time. The |e〉 state was the v′ = 20 level of the c(11Σ+

g )
potential and the |g〉 was the v′′ = 6 level of the a(13Σ+

u ) potential.
The lifetime data is the average of 4 measurements. The exponential
fit extracts a lifetime of τ = 2813.61 µs 2.
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7. Conclusion & Outlook

With the photoassociation method we succeeded in converting a population of Li
Feshbach dimers from a weakly bound Feshbach molecular state to a deeply bound
molecular state. This transition was driven by a 2-photon coupling of the two
states through a third state and then adiabatically altering the quantum state by
controlling the Raman laser powers (a process known as Stimulated Raman adiabatic
passage, STIRAP [23, 81]). Before the implementation of the STIRAP method we
characterized the used quantum states. Starting from the collision channel 2S1/2 +
2S1/2 which forms our initial state |i〉 and have singlet and triplet character 1. This
gives us the freedom to successfully make deeply bound molecules with singlet or
triplet character. Both experiments were successfully done. However, in this thesis
we set the focus on molecules with triplet character. The excited triplet molecular
potential a(13Σ+

u ), especially the vibrational state v′ = 20, shows a good Franck-
Condon overlap and forms from now on our excited state |e〉. The natural linewidth
of the |i〉 → |e〉 transition is in order of 7 MHz. The transition frequency of these
states is ν0

p = 366861.25 GHz with a Rabi-frequency of Ω1 ≈ 28 kHz for Pp = 80 µW.
The lifetime of the Feshbach molecules in |e〉 is τ = 1273 µs. To create deeply bound
Feshbach molecules we need to find a ground state which can be found via two-color
spectroscopy. We found every vibrionic state between v′′ = 0 and 9, named as the
ground state |g〉 of the lowest lying triplet potential a(13Σ+

u ). The Autler-Townes
splitting of the excited state |e〉 gave us an information about the Rabi-frequency
Ω2 ≈ 14 MHz for the |e〉 → |g〉 transition and a Stokes power of Ps = 10 mW. For a
more detailed characterization of the two photon resonance we successfully showed a
dark state revival. This revival peak gives us an insight of the coupling of the states
as well as the detuning of the two-photon transition and coherence of the excitation
lasers.

This characterization of the used quantum states lead to successfully transfer
the population from the initial state |i〉 to the ground state |g〉 of the lowest lying
triplet molecular potential a(13Σ+

u ). Therefore, we generated deeply bond triplet
molecules. Additional lifetime measurements of these molecules in the ground state
showed, that the v′′ = 9 state is longer lived than the v′′ = 0 state. We found a
lifetime of 2949.17 µs for the v′′ = 9 state, and 1585.36 µs for the v′′ = 0 state.
This phenomenon is not fully understand and is part of our current studies. On
top of this an ODT trap frequency and time of flight measurement gave us insight
about the temperature of the sample lately. With a sample temperature of around
200-300 nK we already crossed the critical temperature for a BEC. Therefore, all the
measurements in this thesis are the results of a molecular BEC. One of the following

1Since 6Li shows a broad Feshbach resonance around B = 834 G, all of our experiments were done
with a static magnetic field of B = 755 G. The value was used since the transition frequencies
were already known to a precision of 1-2 GHz. In this regime the scattering length is still large
since the width of the broad Feshbach resonance is ∼ 300 G.
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steps is to reproduce this measurements with a higher temperature which gives us
a diluted quantum gas.

In general this thesis shows that Feshbach resonances play an important role in
such experiments since they allow for the inter-atomic interactions to be controlled
by the application of a magnetic field [85]. A long term goal is to create an ensemble
of deeply bound RbLi molecules (Bose-Fermi paring) which can have both a magnetic
and an electric dipole moment. The combination of these two ingredients of these
molecules allows for a wider variety of many-body systems to be realized than with
just the cold atoms. We can also think about studying the interaction of Fermi
gases (sea of 6Li atoms) with impurities provided by a dilute bosonic gas like 87Rb.
This system might help to study the Kondo effect [86], a many-body phenomenon
of electronic conduction with magnetic impurities. In the Kondo effect, scattering
of conduction electrons with the impurity leads to a spin dependent interaction and
can modify the dependence of the resistivity at low temperatures. There are many
outstanding questions and ideas about this effect including the properties and nature
of the Kondo screening cloud (as proposed by Ian Affleck [87].
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