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Abstract This thesis lays the groundwork for the investigation of the Bose po-
laron in an ultracold Fermi-Bose mixture of 6Li and 133Cs atoms. The effect of
radiofrequency (rf) pulses of different lengths and temporal shapes on the energy
spectrum of the Bose polaron is investigated theoretically for a system consisting
of a single 6Li impurity in a 133Cs Bose-Einstein condensate. Experimentally, we
establish the basis for rf spectroscopy of the Bose polaron with a new setup to
create rf pulses that couple the two energetically lowest hyperfine states of 6Li.
This new setup enables us to reach Rabi frequencies of up to 13.5 kHz and to cre-
ate arbitrary temporal pulseshapes. The detection of 6Li and 133Cs with a dual-
species high-resolution imaging system is improved and analyzed. To this end,
the Doppler shift of the imaging transition due to the absorption of photons by the
lithium atoms is compensated by adapting the laser frequency during imaging.
Additionally, both of the two energetically lowest hyperfine states of 6Li can now
be imaged in one experimental realization. The imaging resolution and limiting
aberrations are determined for both species using noise correlation analysis.

Zusammenfassung Im Rahmen dieser Arbeit werden die Vorraussetzungen zur
Beobachtung des Bose Polarons in einem ultrakalten Gemisch aus fermionischen
6Li und bosonischen 133Cs Atomen geschaffen. Dazu wird der Einfluss von Ra-
diofrequenz (Rf) Pulsen verschiedener Form und Länge auf das Energiespektrum
eines einzelnen 6Li Atoms in einem Bose-Einstein Kondensat aus 133Cs Atomen
theoretisch untersucht. Experimentell ermöglicht ein neuer Aufbau zur Erzeu-
gung von Rf Pulsen, die beiden energetisch niedrigsten Hyperfeinzustände der
Lithium Atome mit Rabifrequenzen von bis zu 13.5 kHz zu koppeln und zudem
beliebige Pulsformen zu realisieren. Um beide Atomsorten hochauflösend abzu-
bilden, wird ein neues Abbildungssystem verbessert und charakterisiert. Dazu
wird die Dopplerverstimmung der Lihtium Atome durch eine lineare Änderung
der Laserfrequenz während des Abbildungsprozesses kompensiert. Ein schneller
Sprung in der Frequenz ermöglicht es zudem, die Lithium Atome in den beiden
energetisch niedrigstenHyperfeinzuständen innerhalb eines experimentellen Zy-
klus abzubilden. Die Auflösung und Aberrationen unseres Abbildungssystems
werden für beide Spezies mittels der Analyse von Korrelationen in den Absorp-
tionsbildern thermischer Atomwolken bestimmt.
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1 Introduction

The description of complex many-body systems in terms of quasi-particles has
been hugely successful in many different areas of physics [1–3]. Of particular in-
terest is the so-called polaron scenario. Here, one considers a single particle (im-
purity) immersed in a sea of many particles of a different type (bath). This prob-
lem has first been formulated by Lev Landau in the context of an electron moving
in a crystal lattice [4]. The electron attracts nearby ionic crystal cores und thus po-
larizes the crystal, which is shown in the left panel of Figure 1.1. As the electron
moves, it drags along a cloud of polarization, which changes its properties, like
its effective mass and energy, away from those of a free particle. Salomon Pekar
later coined the term "polaron" to describe the resulting quasiparticle consisting
of the electron and its surrounding polarization [5, 6]. In 1950, Herbert Fröhlich
found a simple model for this effect by describing the electron as "dressed" by
phonons, the elementary excitations of the crystal lattice [7]. Even this simple
model, however can not be solved analytically.

A very well-controlled version of the polaron can be realized in the field of ultra-
cold atomic gases, as depicted in the right panel of Figure 1.1. Here the polaron
scenario is realized with a number-imbalanced mixture. The minority atoms act
as impurities, while the majority atoms form the bath. Depending on the quan-
tum statistics of the atoms forming the bath, the corresponding quasi-particle is
either called Fermi or Bose polaron. One can show that, if a bosonic bath forms a
Bose-Einstein condensate (BEC), the system behaves like the solid-state polaron
described by Fröhlich in the case ofweak interactions [8–10]. The role of the lattice
phonons is then taken on by the Bogoliubov excitations of the BEC.

In a crystal the interactions between the impurity and the surrounding lattice sites
are always small and attractive. In ultracold gases, however, the interactions be-
tween the impurity and the bosons can be tuned arbitrarily using so-called Fesh-
bach resonances (FR) [12], making it possible to go beyond the polaron scenario
realized in solid state systems and access the regime of strong coupling between
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Chapter 1. Introduction

Figure 1.1: Visualization of the polaron scenario in solid state physics (left) and ultracold
gases (right). In the case of a crystal, the impurity is an electron that attracts
nearby lattice atoms, thus polarizing the crystal. In ultracold gases, the impu-
rity is an atom that either attracts or repels the surrounding atoms. In both
cases the effect of the interactions can be described by a quasiparticle that has
different properties from the bare impurity. Reprinted from [11] with permis-
sion. Credit: APS/Carin Cain.

the impurity and the bath. Starting with the first realization of the Fermi polaron
in ultracold gases in 2009 [13], the Fermi polaron has been under intense theoreti-
cal and experimental investigation [14], leading for example to the observation of
its ultrafast time evolution [15] and the measurement of its equation of state [16].
In contrast to the Fermi polaron, where interactions between the bath atoms are
suppressed due to the Pauli principle, the interactions between the bosons add
complexity to the Bose polaron problem. Here, correlations between the impu-
rity and two (or more) bosons can play a role. The Bose polaron has been realized
in ultracold gases for the first time in 2016 by two groups in JILA [17] and Aarhus
[18].

The energy shift of the impurity due to its interactions with the bath is commonly
measured with radiofrequency (rf)-spectroscopy. The principle of this type of
measurement is depicted in Figure 1.2. Initially the impurity atoms are prepared
in a state, here denoted |↓⟩ , that does not interact with the surrounding bosons.
By subjecting the impurities to an rf pulse, they can be transferred from the non-
interacting state |↓⟩ to a state |↑⟩ in which they interact with the bosons. An rf
spectrum is obtained by varying the detuning δ of the rf pulse and measuring
the number of atoms transferred to the interacting state. Due to the interactions
with the bath, the resonance position, i.e. the rf frequency where the number of
transferred atoms is maximal, is shifted away from its bare value ω0. The sign and
magnitude of this shift depend on the impurity-boson interactions, which can be
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Chapter 1. Introduction

Figure 1.2: Principle of probing a polaron spectrum with rf spectroscopy. An rf-pulse of
the frequency ωrf couples the noninteracting state |↓⟩ to the interacting state
|↑⟩ . Due to the interactions of |↑⟩ with the bath, an attractive and repulsive
polaron branch form (shown in blue). The resonance of the transition is thus
shifted by δpol from its original value ω0. The dashed line corresponds to the
impurity-boson dimer state.

characterized by the s-wave scattering length a at low temperatures. Measuring
the energy shift for different scattering lengths, two characteristic branches show,
one below the energy of the bare transition (attractive branch), one above it (re-
pulsive branch).

Our system, consisting of a mixture of bosonic 133Cs and fermionic 6Li, is charac-
terized by a large mass ratio of the two species, which is predicted to lead to in-
teresting new effects in the Bose polaron spectrum. For example, the three-body
correlations between two bosons and one impurity give rise to the Efimov ef-
fect [19, 20]. It manifests itself in a series of loosely bound impurity-boson-boson
trimer states that exist even in a regime where no two-body bound states exist
and that exhibit a universal scaling law. Levinsen et al. [21] have investigated
the effect these Efimov states have on the properties of the Bose polaron using a
variational Ansatz based on the expansion of the wave function in terms of up to
two Bogoliubov excitations of the BEC. They found that three-body correlations
significantly lower the energy of the attractive polaron branch and can even lead
to an avoided crossing with the deepest Efimov state. Signatures of the Efimov
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Chapter 1. Introduction

effect have not been observed in previous Bose polaron experiments, however,
because the relatively small mass imbalance of the investigated mixtures (39K-39K
and 40K-87Rb) leads to shallow Efimov states. In our system the Efimov effect is
enhanced due to the large mass imbalance between the two species [22]. This has
made it possible to observe a series of Efimov states [23–25]. Sun et al. [26] have
predicted signatures of the Efimov effect in the polaron spectra of a 6Li impurity
in a 133Cs bath based on a virial expansion valid at high temperatures. These find-
ings suggest that our system is particularlywell-suited to investigate the interplay
between few- and many-body physics in the polaron scenario.

Probing the spectrum of the Bose polaron in a mixture of ultracold gases requires
advanced methods of manipulation and detection: To perform rf spectroscopy
one first needs to know how large the expected frequency shift due to the inter-
actions is. One then needs to apply precisely tailored and characterized rf pulses
to resolve this frequency shift. Here, applying pulseshapes with a low amount of
spectral leakage in the Fourier domain can prevent the polaron signal from being
masked by the signal of the bare transition. Additionally, one needs to be able
to detect small numbers of impurity atoms, making a high resolution and good
signal-to noise ratio necessary. This is especially challenging when imaging two
atomic species with different wavelengths.

This thesis reports on the realization of these methods in the existing experiment
for the preparation of ultracold 6Li -133Cs mixtures. In chapter 2 we theoretically
explore the influence of an rf pulse on the spectrum of the Bose polaron within
the framework of the truncated basis method including one excitation of the BEC.
This enables us to calculate polaron spectra even beyond linear response, i.e. for
a significant fraction of impurities transferred to the interacting state, and to com-
pare the effect of different temporal shapes of the rf pulses on the polaron spectra.
Chapter 3 contains a description and characterization of our new setup to generate
rf pulses, as well as our first experimental efforts to observe signatures of the Bose
polaron in a 6Li -133Cs mixture. Chapter 4 focuses on the analysis and improve-
ment of our dual-species high-resolution imaging setup. To this end, we improve
the signal-to-noise ratio for lithium imaging by compensating for the Doppler
shift of the atoms due to absorption of photons. We employ noise-correlation
analysis to precisely characterize the resolution and limiting aberrations of our
setup. In chapter 5 we summarize the results of this thesis and give an outlook
on future experiments.
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2 Theoretical	considerations	for	rf
spectroscopy	of	a	Bose	polaron

In recent years the Bose polaron has been under intense investigation, leading to
the development of many advanced theoretical approaches to describe its prop-
erties. For example, perturbation theory up to third order in the impurity-boson
interactions has allowed to derive analytic results for the polaron's energy and
effective mass [27]. At stronger interactions, variational theories have been very
successful in describing the properties of the Bose polaron [21, 28, 29]. Numeri-
cally exact results for the polaron ground state and effective mass have been ob-
tained using Quantum Monte-Carlo simulations [30, 31].

In this chapter we employ a variational ansatz within the truncated basis method
(TBM) to the polaron system, limiting theHilbert space of the impuritywave func-
tion to a set number of excitations of the bath. This approach has been developed
in the group ofMeera Parish and Jesper Levinsen atMonash university. In partic-
ular, the methods employed here follow closely those used in [32] to investigate
the dynamics of the Fermi polaron, in [15] to calculate the response of the Fermi
polaron in a 40K-6Li mixture to Ramsey spectroscopy, and in [21] and [29] to in-
vestigate the properties of the Bose polaron including higher-order correlations.
Here, we limit our calculations to include only one Bogoliubov excitation of the
BEC, meaning that we do not take three-body-correlations into account.

Of particular interest is the investigation of the energy shift due to the interac-
tions of the impurity with the bath, i.e. the self-energy of the polaron, which can
be measured using rf spectroscopy as introduced in chapter 1. To describe the
resulting polaron spectra theoretically, so far the spectral function of the polaron
system has been considered. However, the spectral function is probed by rf spec-
troscopy only within linear response theory. Experimentally, a large population
transfer beyond linear response is beneficial to the signal-to-noise ratio. It is still
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Chapter 2. Theoretical considerations for rf spectroscopy of a Bose polaron

an open question when linear response breaks down in the system andwhat hap-
pens to the spectrum of the Bose polaron once we go beyond the linear response
regime.

To address these open questions we extend the TBM to explicitly include effects
of the rf pulse that is used to measure polaron spectra experimentally. This will
give us information on the Rabi frequency and pulse length needed to resolve the
spectral features of the polaron at different interaction strengths. Additionally, we
investigate the linearity of the response for different parameters of the rf pulse.
As linear response theory is a prerequisite for the rf spectrum to represent the
spectral function of the system, these considerations are of great importance for
the experimental investigation of the Bose polaron. We show that our approach
reproduces the spectral function, calculated also within the TBM and broadened
appropriately, well for short rf pulses. We extend our method to include arbi-
trary temporal shapes of the rf pulses and compare spectra calculated for differ-
ent pulse shapes. We perform all calculations explicitly for the mass imbalance of
a 6Li -133Cs mixture.

2.1 Model	of	the	interactions

We consider the dynamics of a single impurity immersed in a homogeneous,
weakly interacting BEC. The impurity is modeled as a two-level system of two
hyperfine states that are coupled by an rf pulse. We assume the impurity to be
non-interacting with the BEC in in state |↓⟩ , while the interactions between the
impurity in state |↑⟩ and the BEC can be varied using a Feshbach resonance.

This is a good approximation for a cold and dilute sample of 6Li atoms in the two
lowest hyperfine states, immersed in the centre of a trapped 133Cs BEC, where the
density can be assumed constant.

The bare Hamiltonian of the system is given by

H0 =
∑
k

(
Ekβ

†
kβk + ϵkc

†
↑kc↑k + ϵkc

†
↓kc↓k + (ϵdk + ν0)d

†
kdk

)
, (2.1)

where c†↑k (c↑k) creates (annihilates) an impurity in state |↑⟩ with momentum k,
and ϵk = k2

2mLi
denotes the impurity kinetic energy. d†k (dk) creates (annihilates) a
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Chapter 2. Theoretical considerations for rf spectroscopy of a Bose polaron

closed-channel Li-Cs dimer with the momentum k, kinetic energy ϵdk = k2

2(mLi+mCs)

and binding energy ν0.

The interactions of the bosons with each other of the form

HBB = gBB

∑
p,p′,q

b†p+qb
†
p′−qbp′bp, (2.2)

with the coupling strength gBB are implicitly included in the first term of H0 via
the Bogoliubov transformation [33]

b†k = ukβ
†
k − vkβ−k (2.3)

with uk =

√(
ϵBk +µ

Ek
+ 1
)
/2 and vk =

√(
ϵBk +µ

Ek
− 1
)
/2. Here the operator β†

k (βk)
creates (annihilates) an excitation with momentum k following the dispersion re-
lation Ek =

√
ϵBk
(
ϵBk + 2µ

), where µ = 4πℏ2naB/mCs is the chemical potential for
the interspecies scattering length aB and ϵBk = k2

2mCs
is the single-particle energy.

We choose the energy of the interacting BEC without the impurity as zero.

The interaction between the impurity in state |↑⟩ and the bosons are included via
the two-channel Hamiltonian [34]

Hint = g
√
n
∑
q

d†qc↑q + g
∑
q,k ̸=0

d†qc↑q−kbk + h.c., (2.4)

where the impurity and boson scatter with the coupling strength g for relative
momenta up to a momentum cutoff Λ, forming a closed-channel molecule. The
scattering length a and effective range reff can be related to the bare model param-
eters ν0, g and Λ by computing the scattering amplitude f(k) and comparing it to
its general expansion for low energies,

f(k) =
1

a−1 − 1
2
reffk2 + ik

. (2.5)

This gives

a =
µg2

2π

1
g2 mred Λ

π
− ν0

and reff = − 8π

m2
red g

2
, (2.6)

where mred = mLi mCs
mLi+mCs

denotes the reduced mass of an impurity-boson pair. The
calculation is performed for example in [35] or the appendix of [36]. In practice,
we set the scattering length a and the range parameter R∗ = −reff/2, which fixes
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Chapter 2. Theoretical considerations for rf spectroscopy of a Bose polaron

the dimer binding energy ν0. Then we choose the momentum cutoff Λ to be as
high as necessary to achieve convergent results.

The states |↑⟩ and |↓⟩ are coupled by the rf pulse, resulting in the Hamiltonian
(within the rotating wave approximation)

Hrf =
∑
k

δ c†↓kc↓k +
Ω0

2i

∑
k

(
eiϕc†↓kc↑k + e−iϕc†↑kc↓k

)
(2.7)

where δ = ω − ω0 is the frequency detuning, Ω0 the resonant Rabi frequency and
ϕ the phase of the pulse. Since we only investigate single rf pulses here, we can
take ϕ ≡ 0.

The total Hamiltonian of the polaron system under the influence of an rf-pulse is
given byH = H0+Hint+Hrf . Wewill now proceed to estimate the time evolution
of the impurity under this Hamiltonian using the TBM.

2.2 Truncated	basis	method

At very low temperatures it is a good approximation to expand the states span-
ning the Hilbert space of the polaron wave function in terms of the excitations of
the BEC. Here, we only include one Bogoliubov excitation, leading to the follow-
ing ansatz for the form of the truncated basis states:

|Φ⟩ =

α0c
†
↓0 +

∑
k ̸=0

αkc
†
↓−kβ

†
k + γ0c

†
↑0 +

∑
k ̸=0

γkc
†
↑−kβ

†
k + δ0d

†
0

 |BEC⟩ , (2.8)

where |BEC⟩ denotes the ground state of the weakly interacting BEC, given by the
condition βk |BEC⟩ = 0 for k ̸= 0, and the the weights of the different contribu-
tions ξi = {α0, αk, γ0, γk, δ0} are the variational parameters.

We find the eigenenergies and eigenstates of the HamiltonianH in the part of the
total Hilbert space that is spanned by states of the form given in Equation 2.8, i.e.
the trunkatedHilbert space. This is done in a variational approach bydetermining
the coefficients ξi via the stationary condition

∂

∂ξ∗i
⟨Ψ|H − E |Ψ⟩ = 0. (2.9)
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We obtain the five coupled linear integral equations

α0(E − δ) =
Ω0

2i
eiϕγ0 (2.10a)

αk(E − Ek − ϵk − δ) =
Ω0

2i
eiϕγk (2.10b)

γ0E = g
√
n0δ0 −

Ω0

2i
e−iϕα0 (2.10c)

γk(E − Ek − ϵk) = gukδ0 −
Ω0

2i
e−iϕαk (2.10d)

δ0(E − ν0) = g
√
n0γ0 + g

∫
k

uk γk
dk

(2π)3
, (2.10e)

that we can solve numerically for the coefficients ξi. To do this we first notice
that, because we only consider isotropic s-wave interactions, uk, αk and γk do
not depend on the orientation of k, so that we can reduce the equations to one
dimension. In particular, the integral in Equation 2.10e becomes∫

ukγk
dk

(2π)3
=

1

2π2

∫
ukγk k

2 dk. (2.11)

Now we can solve the equations in a discretized form, meaning we can choose a
grid of N points ki up to some cutoff-momentum kN ≡ Λ. This discretization is
performed using the method of Gauss-Legendre discretization.

2.3 Gauss-Legendre	discretization

In this sectionwewill briefly introduce themethod of Gauss-Legendre discretiza-
tion following Press et al. [37]. In general the most straightforward way of dis-
cretizing an integral over a function f(x) is to divide the interval of interest, say
[-1,1], into equal steps, thus approximating the area under the curve f(x) by a sum
of trapezoids: ∫ 1

−1

f(x)dx →
∑
xi

f(xi)∆x, (2.12)

where ∆x = 2
N−1

, with N the chosen number of steps on the interval [−1, 1], and
x1 = −1 , x2 = −1 + ∆x , ..., xN = 1.
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More accurate results can be obtained by giving oneself more degrees of freedom
in the discretization. This can be done by no longer demanding the abscissas xi

at which the function is evaluated to be equidistant:∫ 1

−1

f(x)dx →
∑
xi

f(xi)∆xi, (2.13)

where the∆xi is theweight of the evaluation at abscissa xi, which no longer needs
to be the same for different i.

But how do we find the abscissas and weights that give the most accurate result?
A popular approach to this question is themethod of Gaussian quadratures. Here
you demand the discretization to be exact for a set of polynomials up to order
N , which is the number of discretization points you are using, and calculate the
abscissas and weights from this condition. It can be shown that this method is
exact for polynomials up to order 2N−1. In the special case of theGauss-Legendre
discretization, the Legendre polynomials

Pn(x) =
1

2nn!

dn

dxn

(
x2 − 1

)n (2.14)

are used for determining the abscissas and weights. This method is very accurate
for functions that are well approximated by polynomials.

To apply this method to arbitrary momentum intervals [0, kN ], we use the trans-
formation

k =
2

1 + x
− 1

2

kN + 1
− 1 < x < 1. (2.15)

The abscissas ki and weights ∆ki are then calculated from the momentum cutoff
kN ≡ Λ and the number of points N , and we obtain∫

uk γk
dk

(2π)3
→ 1

2π2

N∑
i=1

ukiγki k
2
i ∆ki. (2.16)

In practice, the number of points used for calculations was chosen by starting
from a small number of points N ≈ 20 for some typical set of parameters and
then increasing the number of points until convergence was obtained.

By numerically solving the five equations Equation 2.10 in discretized form, we
diagonalize the projection of the total Hamiltonian on the truncatedHilbert space.
We obtain 2N+3 eigenenergiesEj and eigenvectors |Φj⟩ of the form Equation 2.8.
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These are our starting point to calculate the time evolution of the impurity under
the influence of both interactions with the BEC and the rf pulse.

2.4 Time	evolution

We start out with a zero momentum impurity in the non-interacting state:

|Ψ0⟩ ≡ |Ψ(t = 0)⟩ = c†↓0 |BEC⟩ (2.17)

This assumption that the impurity initially occupies the zero momentum state is
justified for low temperatures. We calculate the wave function after it evolved
with the full Hamiltonian H = H0 + Hint + Hrf for a given time t, by using the
approximate eigenvectors and eigenenergies obtained by solving Equation 2.10:

|Ψ(t)⟩ = e−iHt |Ψ0⟩

≈
∑
j

e−iEjt |Φj⟩ ⟨Φj|Ψ0⟩ (2.18)

This way, we obtain the probability of the impurity to be in the interacting state
|↑⟩ after a time t:

⟨Ψ(t)|n↑|Ψ(t)⟩ ≈
∑
ij

⟨Ψ0|Φi⟩ eiEit ⟨Φi|n↑|Φj⟩ e−iEjt ⟨Φj|Ψ0⟩

=
∑
ij

e−i(Ej−Ei)t γj∗
0 γi

0

γi∗
0 γ

j
0 +

∑
k ̸=0

γi∗
k γ

j
k

 ,

(2.19)

where we have used n↑ = c†↑0c↑0 +
∑
k

c†↑kc↑k.

To calculate the polaron spectrum at a given interaction strength, we vary the de-
tuning δ of the rf pulse. For each value of δ we diagonalize the Hamiltonian and
calculate the probability n↑ of the impurity to be in state |↑⟩ according to Equa-
tion 2.19.

We can generalize these results for rf pulses of arbitrary temporal shape. In this
case, we sample the now time-dependent Rabi frequency Ω(t) at n equidistant
points. This gives a set of n Hamiltonians that only differ in the Rabi frequency.
We then diagonalize every Hamiltonian within the TBM exactly as above. We
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propagate the wavefunction for a time∆t = τ/nwith each of the nHamiltonians,
where τ is the pulse length:

|Ψ(t)⟩ = e−iHn∆t... e−iH1∆t |Ψ0⟩ . (2.20)

This way, we obtain for the time-evolution of the probability to be in |↑⟩ :

⟨Ψ(t)|n↑|Ψ(t)⟩ = ⟨Ψ0| eiH1∆t... eiHn∆t n↑ e−iHn∆t... e−iH1∆t |Ψ0⟩

=
∑
j1...jn

∑
i1...in

⟨Ψ0|Φ(1)
j1
⟩ eiE

(1)
j1

∆t ⟨Φ(1)
j1
|Φ(2)

j2
⟩ eiE

(2)
j2

∆t... ⟨Φ(n)
jn

|n↑|Φ(n)
in

⟩

× e−iE
(n)
in

∆t ⟨Φ(n)
in

|Φ(n−1)
in−1

⟩ ... ⟨Φ(1)
i1
|Ψ0⟩ .

(2.21)

Starting from Equation 2.21, we can sample n↑ for different pulse lengths τ , or
obtain spectra by varying δ, as before. In the following section we compare the
spectra obtained in this way both to spectra obtained with a constant Rabi fre-
quency, and to the spectral function A(δ). The spectral function is obtained from
the Fourier transform of the overlap function

S(t) = ⟨Ψ0|eiH0te−iHintt|Ψ0⟩ (2.22)

within linear response theory:

A(δ) = ℜ
∞∫
0

dt
π
eiδtS(t). (2.23)

A proof for this well-known relation can be found for example in Appendix B
of [38]. We also investigate the breakdown of linearity in the repulsive polaron
branch by looking at the system's response at long and intermediate times for
different positive frequency detunings.

The rf pulses we consider here have a temporal envelope given by

Ω(t) = Ωmax

(
0.42− 0.5 cos

(
2πt

τ

)
+ 0.08 cos

(
4πt

τ

))
0 ≤ t ≤ τ , (2.24)

Ωmax is the maximal Rabi frequency and the mean Rabi frequency experienced
by the impurities during one pulse is Ωmean = 0.42Ωmax. Pulses of this form are
called Blackman pulses. Blackman pulses are commonly used in many different
applications because of their large suppression of sidelobes in the Fourier domain
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Chapter 2. Theoretical considerations for rf spectroscopy of a Bose polaron

[39]. Wedescribe our experimental setup for generatingdifferent temporal shapes
of rf pulses and investigate the effects of using Blackman shaped pulses in chap-
ter 3. Discretizing the time dependence of the Rabi frequency in the simple way
described above, convergent results can be obtained by sampling as little as n = 9

time steps. We use n = 11 for the results below.

2.5 Results

We apply the theoretical methods outlined above to obtain explicit results for the
6Li -133Cs mixture. In our calculations, Planck's constant ℏ, the BEC density n,
and the impurity massmLi are set to one. This means that energies are calculated
in units of [E] = ℏ2n2/3

mLi
, angular frequencies correspondingly in units of [δ,Ω] =

ℏn2/3

mLi
, and times in units of [τ ] = 2πmLi

ℏn2/3 . Length scales are given in units of the
interparticle spacing n−1/3.

In our calculations, we use a value of Ωmax = 0.1 for the Rabi frequency, which
corresponds to a typical experimental value of Ωmax = 2π × 1.6 kHz for a BEC
density of n = 3.0× 1013 1

cm3 , and to a mean Rabi frequency of Ωmean = 0.042. We
set the boson-boson scattering length to aB = 0.01. A small value is chosen to
ensure Bogoliubov theory is applicable to the bath. The exact value of aB is not
expected to have a large influence on the results. For the effective range parameter
we set R∗ = 0.115. This value was estimated for the Li-Cs FR at 843G by Shimpei
Endo from the resonance of the first excited Li-Cs Efimov trimer for a BEC density
of n = 7.0× 1014 1

cm3 .

Figure 2.1 shows a comparison between the spectral response of the system af-
ter an rf pulse and the spectral function. We show results for Blackman shaped
rf pulses with Ωmax = 0.1 and different pulse lengths of τ = 5, 10 and 20. We
compare our results with the spectral function. It is calculated according to Equa-
tion 2.23, and to obtain smooth spectra the discrete points that are obtained are
broadened with a Gaussian lineshape. According to [40], for a Blackman pulse
the full-width-half-maximum of the spectral response is given by 2.2988/τ . To
make a comparison to the spectral function, we obtain the corresponding stan-
dard deviation σ of a Gaussian via σ = 2.2988

τ 2
√
2 ln2 and broaden the spectral functions

accordingly. We show results for attractive, resonant, and repulsive impurity-
boson interactions. All curves in this plot are normalized to a unit integral.

13



Chapter 2. Theoretical considerations for rf spectroscopy of a Bose polaron

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
N
or
m
ali
ze
d
sp
ec
tra

lr
es
po
ns
e a−1

LiCs = −3 Spectral functions
τ = 5

τ = 10

τ = 20

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or
m
ali
ze
d
sp
ec
tra

lr
es
po
ns
e a−1

LiCs = 0

−8 −6 −4 −2 0 2 4 6 8

Detuning δ

0.0

0.2

0.4

0.6

N
or
m
ali
ze
d
sp
ec
tra

lr
es
po
ns
e a−1

LiCs = +3

Figure 2.1: Comparison of spectra for different pulse lengths to the corresponding spec-
tral functions. Top: attractive interactions, Middle: resonant interactions, Bot-
tom: repulsive interactions. Spectra are obtained from Blackman shaped rf-
pulses with Ωmax = 0.1. Spectral functions are broadened corresponding to
the pulse lengths by convoluting with a Gaussian. The overall agreement is
very good. All curves are normalized to a unit integral.
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The agreement between the appropriately broadened spectral functions and the rf
spectra obtainedwith Blackman pulses is excellent for all the interaction strengths
that were considered. A slight underestimation of the broadening is visible in all
spectra. This can be explained by the fact that theGaussian line shape employed in
the spectral function naturally has a narrower central maximum than the Fourier
transform of a Blackman pulse. This could be resolved by broadening the spectral
function with the Fourier transform of a Blackman pulse instead of a Gaussian.

For the longest pulsewith τ = 20, amaximumof about 13% of the atoms are trans-
ferred to the interacting state for attractive interactions (a−1

LiCs = −3). At unitarity
(a−1

LiCs = 0) the maximal atom transfer is about 10%, and for repulsive interac-
tions (a−1

LiCs = 3) only 5%. Because of the relatively small atom transfer, a linear
response and thus a good agreement with the spectral function is expected for
the rf pulse employed here. In the following, we investigate how linear response
breaks down depending on the frequency detuning.

Figure 2.2 shows the fraction of atoms transferred to the interacting state |↑⟩versus
the length τ of a Blackman shaped pulse with Rabi frequencyΩmax = 0.1. We give
results for a number of detunings δ across the repulsive polaron continuum. A
similar investigation for the attractive branch does not make sense because it is
given by a δ-function within our model, which is just broadened differently for
different pulse lengths. The decrease of the broadening for longer pulses can not
yield information on the linearity of the system's response.

We can see that the slope of the response is largest directly on the repulsive po-
laron branch at δ ≈ 2 and decreases for both bigger and smaller detunings. For
very large detunings the response becomes nonlinear the fastest, and the fraction
of transferred atoms lies below that expected for linear response. This means that
for long times τ > 20 the weight in the high-frequency tail of the spectrum is
expected to decrease below what would be obtained within linear response.

Figure 2.3 shows a closeup of Figure 2.2 for τ ≤ 20, i.e. the times relevant for the
spectra shown in Figure 2.1. As expected we find an approximately linear time
dependence of the number of transferred atoms for all detunings.

15



Chapter 2. Theoretical considerations for rf spectroscopy of a Bose polaron

0 20 40 60 80 100

Pulse length τ

0.00

0.01

0.02

0.03

0.04

0.05

0.06
Fr
ac
tio
n
of
at
om

si
n
|↑
⟩

δ = 1.0

δ = 2.0

δ = 3.0

δ = 4.0

δ = 5.0

Figure 2.2: Time evolution of the impurity population in the interacting state for different
detunings along the repulsive polaron branch. The length of Blackman pulses
with Ωmax = 0.1 was varied. The response becomes nonlinear for τ ⪆ 20.
Linearity breaks downmost rapidly in the high-frequency tail of the spectrum.
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Figure 2.3: Time evolution of the impurity population in the interacting state for inter-
mediate times and different detunings along the repulsive polaron branch.
Closeup of Figure 2.2 for the timescales relevant in Figure 2.1. Here the re-
sponse is linear for all detunings. The slope is highest directly on the repulsive
branch at δ ≈ 2 and decreases for both higher and lower detunings.
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Figure 2.4: Comparison of the spectrum for a long Blackman pulse (blue solid line) and
the corresponding spectral function (black dashed line) at unitarity (a−1

LiCs = 0).
The spectrum is calculated for a Blackman pulse with Rabi frequency Ωmax =
0.1 and pulse length τ = 40. This corresponds to a maximal population trans-
fer of 35%. Small bumps in the spectrum are a sign of bad convergence. The
spectrum is very similar to the spectral function even though the response of
the system is no longer linear for this pulse.

Figure 2.4 shows a spectrum at unitarity for a longer Blackman pulse of τ = 40

at unitarity. These parameters correspond to a maximal transfer of 35% of the
atoms to the interacting state. Even for a pulse this long, where the response is no
longer expected to be linear, the spectrum is quite similar to the spectral function,
with slight deviations in the repulsive polaron branch. The small bumps in the
spectrum are numerical artifacts due to insufficient number of pointsN in the dis-
cretization. Our results suggest that spectra remain close to the spectral function
even for significant population transfer. However, further investigations with
higher number of points and for longer times at different interaction strengths
are necessary.

We can employ the generalization of the system's time-evolution to time-dependent
Rabi frequencies to compare polaron spectra obtained fromdifferent pulse shapes.
Figure 2.5 shows a comparison for spectra obtainedusing rectangular pulses (pulses
with a constant Rabi frequency Ωmean = Ωmax) and Blackman pulses for differ-
ent impurity-boson interaction strengths. All spectra are calculated for pulses of
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length τ = 10 and the same mean Rabi frequency Ωmean = 0.042 for comparabil-
ity. The spectra for both methods behave exactly as expected for all interaction
strengths considered: The spectra show the same features in both cases, but for
the ones calculated with rectangular pulses we find narrower central maxima of
the polaron branches at the expense of spectral leakage (sidelobes). This shows
that our generalization to time-dependent Rabi frequencies works well and can
be used in the future to model the effect different pulse shapes have on the po-
laron spectrum, or to test if a certain pulse with a given shape, length and Rabi
frequency is suited to resolve the spectral features of interest for some given ex-
perimental conditions.

To conclude, we have investigated the effect of rf pulses with different lengths
and temporal shapes on the time evolution of the system consisting of a single
6Li impurity (modeled as a two-level system) in a weakly interacting 133Cs BEC.
For short times one recovers the system's (broadened) spectral function for at-
tractive, resonant and repulsive impurity-boson interactions. We are now able to
investigate the spectral response of the system beyond the linear regime, which
is convenient as a large fraction of transferred atoms leads to a good signal-to-
noise ratio experimentally. We analyzed the time-dependence of the response
for different detunings along the repulsive polaron branch and found that linear-
ity breaks down first for very large detunings. Extending our approach to time-
dependent Rabi frequencies enabled us to compare polaron spectra for different
pulse shapes. In principle one could calculate spectra for even longer pulses with
an atom transfer close to unity. This would require longer computing times as
convergence is not obtained in the large frequency tail of the spectrum for the
number of points used here.

In the next chapter we introduce our experimental approach to rf spectroscopy
of the Bose polaron. We introduce and characterize our setup to create pulses
with arbitrary temporal pulse shapes. We also present our first attempt to see a
polaron signal, and draw conclusions for future experiments.
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Figure 2.5: Comparison between polaron spectra for Blackman (red) and rectangular
(black) pulses for different interaction strengths. Top: attractive interactions,
Middle: resonant interactions, Bottom: repulsive interactions. All spectra are
taken for the same pulse length τ = 10 and the same mean Rabi frequency
Ωmean = 0.042. The spectra calculated for Blackman pulses show broader
spectral features and no sidelobes.
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3 Radiofrequency	spectroscopy

Electrical andmagnetic fields of different frequencies are commonly used to probe
and manipulate ultracold atoms in their ultrahigh-vacuum environment. For ex-
ample, we canmake use of optical absorption to determine the shape of the atomic
sample and the number of atoms (see chapter 4). Another very successful prob-
ing technique in the field of ultracold atoms is radiofrequency (rf) spectroscopy.
Here, fields with frequencies in the kHz to GHz regime are employed to measure
the energies of atomic transitions and manipulate the state the atoms are in. Be-
cause the employed frequencies are so small, the atomic recoil upon absorption
or emission is negligible and only the internal state of the atom is changed.

Some examples of how rf spectroscopy has been employed in the field of ultracold
atoms aremeasuring themean-field energy shift due to interactions in a Fermi sea
of 6Li atoms [41], the binding energy of dimer states [42], and the energy shift due
to interactions of one atomic species with another, like in recent polaron experi-
ments [17, 18]. It is also commonly used in ultracold atom labs for magnetic field
calibration, because from a measurement of a hyperfine transition frequency the
external magnetic field can be inferred. A good introductory summary on rf spec-
troscopy in ultracold Fermi gases can be found in [43].

In this chapter we start out by introducing a simple semiclassical model for the
interaction of 6Li atoms with static and oscillating magnetic fields. Then we in-
troduce and characterize our new setup to create rf pulses. This includes a new
amplifier that increases the power of the field the atoms interact with. We also
implemented the possibility to create arbitrary temporal pulse shapes.

20



Chapter 3. Radiofrequency spectroscopy

3.1 Interaction	of 6Li	with	magnetic	fields

6Li has a nuclear magnetic moment I = 1 and a spin S = 1/2. The ground state
has no angular momentum L, and thus J = S. The resulting magnetic moment
interacts with a static external field via magnetic dipole interaction. This leads to
the Zeeman energy shift

E = −µB = gFµBmFB, (3.1)

with gF the gyromagnetic ratio, µB the Bohr magneton and mF the projection of
themagneticmoment on the quantization axis given by the external field. As long
as this energy is small compared to the hyperfine interaction, I and S couple to the
total atomic angular momentum F . For high magnetic fields, however, the nu-
clear magnetic moment and the total angular momentum decouple. This is called
the Paschen-Back effect, which takes place already at relatively low fields above
≈ 50G for 6Li . In our experiments we usually work with fields ranging from a
few hundred to a thousandGauss, so I and S are always decoupled. Nevertheless
we label the energy states of 6Li with the quantum numbers at zero field, |F, mF ⟩.
In our experiments we prepare and manipulate the two lowest hyperfine states
of 6Li , namely |↓⟩ =|F = 1/2, mF = +1/2⟩ and |↑⟩ = |F = 1/2, mF = −1/2⟩. Their
energies for magnetic fields of up to 1000G are plotted in Figure 3.1, using the an-
alytical Breit-Rabi Formula with atomic constants taken from [44]. The splitting
between the two states is ∆E ≈ h× 75MHz and changes only weakly with the
magnetic field in the experimentally relevant field range.

Now consider what happens if the external field is no longer static but takes on
the oscillatory form B = B0 cos(ωt)ex. This semi-classical approach was first
performed by Rabi in 1937 [45], here we follow standard textbooks like [46, 47].

If the external field is close to resonance with the relevant transition |↑⟩ → |↓⟩,
it is a good approximation to treat the 6Li atom as a two-level system with the
Hamiltonian Ĥ0 = E1 |↓⟩ ⟨↓|+ E2 |↑⟩ ⟨↑| .

Treating the magnetic dipole Hamiltonian

Ĥ1(t) = −µB (3.2)
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Figure 3.1: Level diagram of the ground state of 6Li . The energies are plotted accord-
ing to the Breit-Rabi formula. The two energetically lowest hyperfine states
|↓⟩ =|F = 1/2, mF = +1/2⟩ and |↑⟩ =|F = 1/2, mF = −1/2⟩ are coupled by rf
pulses in our experiments. A magnetic field of 1G corresponds to 10−4 T.

as a perturbation, we can expand the atomic wavefunction in terms of the eigen-
states of the unperturbed Hamiltonian:

Ψ(r, t) = c1(t) e−iE1/ℏ |↓⟩+ c2(t) e−iE2/ℏ |↑⟩ (3.3)

and use it to solve the time-dependent Schrödinger equation

iℏ
∂Ψ

∂t
= (Ĥ0 + Ĥ1)Ψ. (3.4)

We obtain the two coupled differential equations

iċ1(t) =
Ω0

2
(ei(ω−ω0) + e−i(ω+ω0)) c2(t) (3.5)

iċ2(t) =
Ω∗

0

2
(ei(ω+ω0) + e−i(ω−ω0)) c1(t), (3.6)

where the Rabi frequency

Ω0 = −⟨↓|µB |↑⟩
ℏ

(3.7)
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Figure 3.2: Rabi oscillations between the two lowest hyperfine states of 6Li . The error
bars correspond to the standard error of the mean. From the sinusoidal fit we
obtain a resonant Rabi frequency of Ω0 = 2π × (2.3428 ± 0.0001) kHz and a
contrast of 1.00± 0.01.

is defined and ω0 = (E1 −E1)/ℏ ≈ 2π× 75MHz is the resonance frequency of the
transition. Close to resonance the terms oscillating with ω + ω0 can be neglected
(rotating wave approximation). Differentiating the second line and inserting the
first one we arrive at

c̈2(t) + i(ω − ω0) ċ2(t)−
∣∣∣∣Ω2
∣∣∣∣2 c2(t) = 0 (3.8)

For the initial conditions c2(0) = 1 and c1(0) = 0 we can obtain the probability of
a single atom to be in state |↓⟩ as

∣∣c1(t)∣∣2 = Ω2
0

Ω2
sin2

(
Ωt

2

)
, (3.9)

where Ω =
√

Ω2
0 + (ω − ω0)2 is the generalized Rabi frequency. Correspondingly,

the probability to be in |↑⟩ is
∣∣c2(t)∣∣2 = 1− Ω2

0

Ω2
sin2

(
Ωt

2

)
. (3.10)

Thus, the population oscillates in time between the two states under the influ-
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ence of an external field and we can use a π-pulse, i.e. a resonant pulse of length
τ = π/Ω0, to transfer all atoms from |↑⟩ to |↓⟩ or vice versa.

We measure Rabi oscillations in our experiment by preparing a sample of 6Li
atoms selectively in the state |↑⟩ and applying a resonant rf pulse of varying length.
Wemeasure the number of atoms remaining in the state |↑⟩ via high-field absorp-
tion imaging. Typical results are shown in Figure 3.2. From a sinusoidal fit of
the data the resonant Rabi frequency Ω0 can be extracted, which is relevant for
choosing appropriate pulselengths to manipulate the atoms.

3.2 New	setup	for	generating	rf-pulses

We can see from Equation 3.9 that a high resonant Rabi frequency allows us to
drive the rf transition with short pulses. To increase the achievable Rabi fre-
quency, a new rf amplifier was implemented and characterized in the scope of
this thesis. We use the ZHL-100W-52+ fromMini Circuits. In addition to its high
output power of up to 100W, it tolerates backreflections from the antenna. We
measure the achieved Rabi frequency for different output powers to characterize
the new amplifier. The results are shown in Figure 3.3. As the Rabi frequency
is proportional to the field amplitude (see Equation 3.7), it is proportional to the
square root of the power P . In the experiment, we set the power x in dBm which
relates to the power P in mW as

P (mW) = 10
x(dBm)

10 . (3.11)

As the Rabi frequency depends on the power as Ω0 ∼
√
P , we obtain

Ω0(x) = (2.381± 0.009)× 10
x(dBm)
2×10 (3.12)

for the calibration in dependence of the power x in dBm. We plot the Rabi fre-
quency on a logarithmic scale to obtain a linear dependence. With the new am-
plifier we can achieve a maximal Rabi frequency of Ω = 2π× 13.5 kHz, enabling
us to create π-pulses as short as 37 µs.

To protect the antenna from overheating and the amplifier from too high input
powers, we build in an interlock systembased on anArduinoUno. We also imple-
ment a possibility to create arbitrary temporal shapes of the rf pulses. A schematic
drawing of the complete electronic setup used to create rf pulses is shown in Fig-
ure 3.4.
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Figure 3.3: Calibration of the Rabi frequency obtained with the new amplifier. A maxi-
mum Rabi frequency of Ω = 2π×13.5 kHz can be reached. Error bars corre-
spond to the error of the fit used to extract the Rabi frequency. The solid line
is a fit to the data according to Equation 3.12.

3.2.1 Interlock	system

The components used in our interlock system are shown schematically in the right
part of Figure 3.4. About 1% (20.5dB) of the rf signal is branched off using a
directional coupler (Mini Circuits ZX30-20-4) and fed to a power detector (Mini
Circuits ZX47-55+). The Arduino can then calculate the power before and after
the amplifier from the output of the power detector using a calibration. It controls
a switch enabling it to switch off the rf power before the amplifier if either the
amplifier or the antenna are in risk of being damaged. To protect the amplifier,
it is not possible to send an amplitude of higher than 0dBm to it. To prevent the
antenna from overheating, pulses with a power over 15W are only allowed to be
1000ms long, and pulses with a power over 72W only 200ms. Additionally, the
temperature T of the antenna is modeled in each step by

Tnew = Told + P/C∆t− h (Told − T0), (3.13)

where the heat capacityC is estimated from the spatial dimensions of the antenna,
the heat dissipation h was estimated based on measurements performed in [48],
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Figure 3.4: Electronic setup for generating rf pulses. Arbitrary pulseshapes can be created
by mixing the rf signal with a function generated by the logic box. An inter-
lock system based on an Arduino Uno protects the amplifier from too high
inputs and prevents overheating of the antenna. In addition to the compo-
nents shown here an attenuator can be used before the amplifier to exploit the
full dynamic range of the logic box.

and the starting temperature is set to T0 = 20 °C. The signal is turned off if the
modeled temperature reaches 40 °C. These precautions are necessary because the
antenna is positioned inside the vacuum chamber and thus can only dissipate heat
back along the cables or through radiation.

3.2.2 Pulse	shaping

Previously, rf spectroscopy onLi could only be performedusing rectangular pulses
in our experiment. The pulse amplitude was determined by the output level of
the rf generator and the length was given by a TTL signal from the logic box.
Turning the rf signal on and off to create a rectangular pulse in time is equivalent
to multiplying it with a function

w(t) =

1 for 0 ≤ t ≤ τ

0 else
, (3.14)

where τ is the length of the pulse.

This is the simplest example of a so-calledwindowor apodization function, which
is generally defined as a function that has zero value outside a chosen interval.
Window functions can have an arbitrary shape and can be used to smoothly bring
another function down to zero at the edges of an interval. Restricting a simple
sample function like in our case cos(ωt) temporally, causes spectral content to
shift away from ω, which is commonly referred to as spectral leakage.
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In our polaron measurements we want to resolve a weak resonance that is ex-
pected only a few hundred Hz away from the bare resonance transition. The
Fourier transform of a rectangular pulse has very pronounced sidelobes com-
pared to other pulse shapes, which makes it hard to observe small features in the
vicinity of stronger resonances. However, there are other temporal pulse shapes
with less spectral leakage. To exploit this in our measurements, we mix the out-
put of the rf generator with an arbitrary function generated by the logic box. In
particular we explored the option to create a so-called Blackman pulse [39], given
by

w(t) = 0.42− 0.5 cos
(
2πt

τ

)
+ 0.08 cos

(
4πt

τ

)
0 ≤ t ≤ τ. (3.15)

Shaping the rf signal in this way supresses the first sidelobes by -57 dB with re-
spect to the central maximum in the spectral response, compared to only -13 dB
suppression for a rectangular pulse. As a downside, the width of the central max-
imum increases by a factor of about three for the Blackman pulse. In general, a
compromise between supression of sidelobes and broadening of the signal has
to be found while considering the spectral features one wants to observe (cf. the
theoretical discussion in chapter 2).

By shaping the rf pulse, we create a time dependent Rabi frequency Ω(t). This
means the atoms are subjected to a mean Rabi frequency

Ωmean =
∫

Ω(t)dt/τ , (3.16)

which will be smaller by a factor of 0.42 than the corresponding Rabi frequency
for a rectangular pulse with the same maximal Rabi frequency and pulse length
τ , because of the smaller pulse area.

In Figure 3.5 the frequency of a rf pulse of length 0.64ms was varied to create a
spectrum of the |↑⟩ → |↓⟩ transition of 6Li . The first spectrum was taken with a
rectangular 3π pulse and the second onewith a Blackman shaped π pulse, because
the equal length of the pulses in both cases enables us to directly compare the
widths of the central maxima in the spectra. As expected the central maximum
is broader in the spectrum taken with the Blackman pulse. On the other hand it
can clearly be seen from the spectra that strong suppression of sidelobes has been
achieved.
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Figure 3.5: Rf spectra of the |↑⟩ → |↓⟩ transition of 6Li . Top: Spectrum taken with rf
pulses of square temporal shape. Bottom: Spectrum taken with rf pulses of
Blackman temporal shape. Sidelobes are strongly suppressed at the expense
of a broader central maximum. In both measurements the peak amplitude be-
fore the amplifier corresponded to a power of −15 dBm and the length of the
pulse was 64ms, corresponding to a 3π pulse for the square pulse measure-
ment and π pulse for the Blackman pulse measurement. Error bars in both
spectra correspond to the error of the mean.
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Figure 3.6: Characterization of the electronics used for pulse shaping. Left: Characteri-
zation of losses in the mixer. The linear range of the mixer extends to about
0 dBm. Right: Rabi frequency calibration. The maximal achieved Rabi fre-
quency is limited to Ω ≈ 2π×3.6 kHz by nonlinear losses in the mixer.

We fit the first spectrumwith the spectral function given by Equation 3.10, scaled
by the total number of atoms N0:

N(ω) = N0

1− Ω2
0

(
sin (Ω τ/2

)
Ω

)2
 , (3.17)

with Ω =
√
Ω2

0 + (ω − ω0)2 the generalized Rabi frequency and ω0 the resonance
frequency.

For the spectrum taken with the Blackman pulse, we use the Fourier transform
[40] of the pulseshape for fitting:

N(ω) = N0

(
1− (0.84− 0.36a2(Ω/2π)2) sin(aΩ)

(1− a2(Ω/2π)2) (1− 4a2(Ω/2π)2) aΩ

)
. (3.18)

In this case Ω =
√

Ω2mean + (ω − ω0)2 is the temporal mean of the generalized Rabi
frequency, and a = τ/2 denotes half the pulselength.

Figure 3.6 shows characterization measurements of the electronics used for puls-
eshaping as shown in Figure 3.4. From the left panel it is obvious that the mixer
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Figure 3.7: Rf pulse with Blackman shaped temporal envelope. The upper envelope of a
0.5ms long rf-pulse was fitted with the Blackman window function given in
Equation 3.15 as a cross-check to ensure the correct shape is created.

(Mini Circuits ZFM-4) introduces strong, nonlinear losses above an input power
of about 0 dBm. For lower power the losses in themixer are constant at about 5 dB.
As before we use an attenuator to exploit the dynamic range of the experimental
control. Taking into account the losses in the mixer, we implement a 10 dB atten-
uator before the mixer. In the right panel we show a Rabi frequency-calbration
similar to that in Figure 3.3, only this time we use the full setup shown in Fig-
ure 3.4 to create Blackman pulses. Here, we do not see the expected exponential
growth of the Rabi frequency, and our maximal achievable Rabi frequency is lim-
ited to Ω ≈ 2π×3.6 kHz. This is a lot less than the maximal value of 13.5 kHz
we obtained previously and thus we have to conclude that the achievable Rabi
frequency is severely limited by the losses in the mixer.

To ensure that the shape of the pulse we create is not distorted, we have to limit
the amplitude of the pulse envelope to a value of 0.3V. For this case wemeasured
the signal after the mixer for the maximal input power of 10 dBm and fitted the
expected Blackman shape to its envelope. The results are shown in Figure 3.7.
We find from the fit that the temporal shape of the pulse is well described by a
Blackman pulse.
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To summarize, we have introduced and characterized a new rf setup to drive tran-
sitions between the two lowest hyperfine states of 6Li . A new amplifier makes it
possible to reach Rabi frequencies of up to 13.5 kHz. Additionally we have imple-
mented the possibility to create arbitrary temporal pulseshapes. We have shaped
our pulses with a Blackman window and showed that this leads to a significant
suppression of sidelobes compared to a spectrum taken with rectangular pulses.
In the next section we will focus on the application of rf spectroscopy to a mix-
ture of 6Li and 133Cs as a first attempt to measure a polaronic energy shift in our
system.

3.3 Rf	spectroscopy	on	a 6Li-133Cs	mixture

After characterizing our new rf setup and the effect different pulse shapes have
on the bare |↑⟩ → |↓⟩ transition of 6Li , we now discuss rf spectrosocpy on a dilute
lithium sample interactingwith a thermal cloud of cesium atoms as a first attempt
to create and probe the Bose polaron scenario in our experiment.

We create a mixture of 7× 103 lithium and 6× 103 cesium atoms at a temperature
of 100 nK. Our trapping and cooling scheme to create this ultracold mixture is
described in detail in earlier theses from our group [49–51]. We perform experi-
ments close to the Li|↓⟩ -Cs FR at 843G (see blue shaded region in Figure 3.8). Here
the interactions of lithium atoms in the |↑⟩ state with cesium are very small over
the whole magnetic field range of the FR, bringing it close to the ideal scenario of
an initial impurity state that is noninteracting. We thus prepare lithium initially
in the state |↑⟩ , and perform rf spectroscopy by coupling it to the interacting state
|↓⟩ with pulses of varying detuning δ, as schematically shown in Figure 1.2.

We calculate peak densities of n0,Li = 5× 1010 cm−3 and n0,Cs = 3× 1011 cm−3 for
our samples. As the cesium density is almost an order of magnitude larger than
the lithium density we can neglect interactions between the lithium impurities.
For our densities and temperature we arrive at T/TC ≈ 4 and T/TF ≈ 2, where TC
is the critical temperature of cesium and TF is the Fermi temperature of lithium,
meaning that both gases are far from quantum degeneracy.
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Figure 3.8: 6Li -133Cs and 133Cs -133Cs scattering lengths at high magnetic fields. The
blue shaded region shows the Li|↓⟩ ⊕ Cs|3,+3⟩ FR used for our first polaron
try. The green shaded region shows a Li|↑⟩ ⊕ Cs|3,+3⟩ FR at a magnetic field
where the Cs-Cs scattering length has a zero crossing, thus enabling the cre-
ation of a cesium BEC at small positive scattering lengths. Scattering lengths
taken from [52–56].
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Figure 3.9: Rf-spectrum of lithium atoms interacting with a thermal gas of cesium atoms.
The measurement is performed at a magnetic field of 844.20G. The arrow
marks the predictedmean-field energy shift of the polaron of about 0.280 kHz.
The spectrum was taken using Blackman shaped pulses of 19.2ms duration.

A first rf spectrum is shown in Figure 3.9. We performed the measurement at a
magnetic field of 844.20G, corresponding to an impurity-boson scattering length
of aLiCs ≈ −1300 a0. We estimate the polaron self-energy by its mean field value

Emf =
2πℏ2nCsaLiCs

mred

(3.19)

and obtain a value of Emf = h × 280Hz for our experimental conditions. To
resolve this shift away from the bare transition in our spectrum, we need to ap-
ply an rf pulse that is longer than about 12ms. On the other hand, the length of
our measurement is limited by three-body losses of cesium, which we estimate
to happen on a timescale of 50ms. We thus perform spectroscopy with a pulse
length of 19.2ms, which corresponds to a 9π pulse. We use Blackman pulses to
suppress sidelobes in the spectrum that could mask the polaron signal. We ob-
serve the expected maximum of the lithium population in the interacting state at
the frequency of the bare transition, but no enhancement of the population close
to the expected value of the polaron signal.
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Our failure to see a polaron signal in our spectra, also at different scattering lengths,
could have several reasons:

• Spatial overlap of the clouds. By trapping both lithium and cesium in the
same optical dipole trap with a wavelength of 1070 nm, we obtain a trap
depth ULi for lithium that is about four times larger than the trap depth for
cesium UCs. This leads to a larger density distribution of the lithium atoms
compared to the cesium atoms. Additionally, the large mass difference be-
tween the two species leads to a difference in the vertical position of the
clouds that is not fully compensated in our current trapping scheme. If not
all of the impurity atoms interact with the bosons, this reduces the spectral
weight of the polaron branches. By mapping out a Li-Cs FR prior to our rf
measurements, we were able to confirm that the two clouds had some over-
lap, but quantifying this requires very precise knowledge of the trapping
potentials. The spatial overlap might have been so small that the number of
lithium atoms transferred to the interacting state at the polaron energy was
below the detection limit of our imaging system.

• Inhomogeneous density distribution. The spatial variation of the cesium
density leads to a variation of the polaron energy, which in turn broadens
the polaron signal in the rf spectrum. This could be overcome by creating a
homogeneous cesium gas. Here the biggest challenge would be to achieve a
homogeneous distribution in the vertical direction, due to the strong influ-
ence of gravity. A BEC of 87Rb atoms in a uniformpotential has already been
realized [57]. A simpler solution in our case is to immerse a small number
of Li atoms in the central region of the Cs gas, where the variations of the
density are small.

• Cs BEC and rf parameters. Although predictions for the polaron spectrum
in Li-Cs at high temperatures have been made based on a virial expansion
[26], it is not clear what happens to the spectral response when driving long
rf pulses of several π. First steps to investigate this in the zero temperature
limit have been discussed in chapter 2. The creation of a weakly interacting
Cs BEC will not only bring our system closer to the original analogy with
solid-state physics, i.e. the picture of an impurity dressed by Bogoliubov ex-
citations, but the higher density of about 1013 − 1014 cm−3 will also increase
the polaron energy, thus enabling us to probe the system with shorter rf
pulses. The code developed in the scope of this thesis can serve as a guide as
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to which rf parameters are best to observe the polaron spectrum for a given
BEC density and set of interactions. So far, a cesium BEC has only been ob-
tained at low magnetic fields and without simultaneously trapping lithium
atoms in our experiment [54, 58]. The Li|↑⟩ -Cs FR at 889G, highlighted
in green in Figure 3.8, lies close to a zero-crossing of the cesium scattering
length. This means we could choose the lithium state |↑⟩ as the interacting
state, and probe the spectral response of the system for different interaction
strengths between the impurity and the Cs BEC.
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4 Improved	high-resolution	imaging	of
6Li	and 133Cs

The experimental realization of the Bose polaron sets high requirements on the
detection of 6Li and 133Cs atoms: Firstly, we need a good resolution to resolve
a cesium BEC, which typically has a small size of only few tens of micrometers
[59]. Secondly, we need to be able to detect even very small numbers of lithium
atoms accurately, making a good signal-to-noise ratio necessary. In the following
analysis we show that we can fulfill both of these requirements with our new
dual-species imaging system.

This chapter starts out with a short introduction to absorption imaging, followed
by an overview over the imaging setup. We then analyze the noise contributions
for lithium imaging, and find constraints on the imaging parameters. We im-
prove the signal-to-noise ratio by compensating for the Doppler frequency shift
of the atoms due to absorption of photons from the imaging beam. Additionally,
we implement imaging of both hyperfine states within the same experimental re-
alization. In the final part of this chapter we perform noise correlation analysis
for both lithium and cesium imaging. This way we obtain information about the
dominant types of aberrations and the resolution of our imaging system.

4.1 Introduction	to	absorption	imaging

In this section we give a brief overview on the standard absorption imaging tech-
nique [60] employed in our experiment to measure the density distributions of
lithium and cesium. Absorption imaging is based on the illumination of an atomic
cloud with coherent and (near-)resonant light. The light scattered from the atoms
interferes destructively with the incident light, creating a shadow of the cloud.
This shadow can be imaged onto a camera and is used to extract the density of
the cloud, integrated along the direction of beam propagation.
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We can describe the absorption of the laser beam by the atom cloud using the
Lambert-Beer law:

Idet(x, y) = I0(x, y) e−
∫
σ(z)n(r)dz, (4.1)

where the z-dependence of the absorption cross-section is due to correcting for
saturation:

σ(z) =
σ0

1 + I(z)
Isat

+
(
2∆
Γ

)2 . (4.2)

Here Isat = π
3
hcΓ
λ2 is the saturation intensity of the atomic transition with Γ the

natural linewidth and σ0 =
3λ
2π
the resonant absorption cross-section for the wave-

length λ.

The transmission

T (x, y) =
Idet(x, y)
I0(x, y)

= e−
∫
σ(z)n(r)dz (4.3)

is obtained in praxis by taking an absorption image A together with a reference
image R that does not contain the atomic cloud. A dark image D is subtracted
from both images to avoid the influence of dark counts and stray light. Then, the
absorption image is divided by the reference image to obtain the transmission

T (x, y) =
A(x, y)−D(x, y)

R(x, y)−D(x, y)
. (4.4)

For negligible saturation and near-resonant light σ(z) ≈ σ0 and thus we can easily
obtain the integrated column density:

n2D(x, y) ≈ − 1

σ0

ln (T (x, y)) . (4.5)

The absorption is also often characterized by the optical density (OD), which is
given by

OD = − ln(T (x, y)) =
∫

σ(z)n(r)dz ≈ σ0 n2D(x, y), (4.6)

where in the last step the same approximation as above has been made. The peak
optical density and the total atom number can then be obtained by fitting an ap-
propriate distribution function to the two-dimensional density profile.
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The ability to reconstruct these quantities from the images is limited by the reso-
lution, which characterizes the smallest length scale at which objects can still be
separated in the images, and the achievable signal-to-noise ratio (SNR). We ana-
lyze and improve both of these qualities in our vertical high-resolution imaging
system during the remainder of this chapter. For a better understanding, we give
a short overview over the imaging setup in the following, before focusing on the
SNR for imaging lithium atoms.

4.2 Imaging	setup

We image cesium atoms on the 62S1/2 → 62P3/2 transition with a wavelength of
about 852 nm and lithium atoms on the 22S1/2 → 22P3/2 transition with a wave-
length of 671 nm. For both species two lasers are available, one for imaging at
zero external magnetic field, and one that compensates for the frequency shift of
the imaging transition at high magnetic fields of several hundred Gauss. A de-
scription of the laser systems can be found in [49], and a detailed description of
high-field imaging of cesium in [61] and of lithium in [62].

In this chapter we focus on the characterization and improvement of our setup
for vertical high-resolution imaging of lithium and cesium atoms, which was de-
signed and built up by Carmen Renner and is described in detail in her thesis [59].
Here we only give a brief overview for completeness.

The shadow of the cloud is imaged on the chip of a CCD camera by two achro-
matic lenses in a 4f -configuration. The first lens has a focal length of 100mmand a
diameter of 30mm, limited by spatial constraints of the experiment. The first lens
sets the numerical aperture (NA) of the system to 0.15. The second lens has a focal
length of 750mm. Achromatic lenses have been chosen specifically to minimize
the chromatic shift of the imaging focus between our wavelengths of 671 nm for
lithium and 852 nm for cesium, with a remaining shift of about 4mm. The setup
is designed to give a magnification of 7.5. A magnification of about 7.2 has been
measured before the implementation of the setup. By comparing the measured
atom numbers to the atom numbers measured with our horizontal imaging sys-
tem, we obtained a visual field of one camera pixel at the position of the atoms of
Lpix =1.86 µm, which corresponds to a magnification of 13.00/1.86 = 6.99, which
is close to the design value.
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Figure 4.1: Drawing of the beam path for vertical dual-species imaging. The different
beams for imaging both lithium and cesium at low and high magnetic fields
are overlapped. The clouds are imaged onto a CCD camera by two achromatic
lenses in 4f -configuration. The imaging light is separated from theMOT light
by a mirror mounted on a translation stage. Image taken from [59].

The imaging beams are separated from the MOT beams by a two-inch mirror
mounted on a translation stage, that is moved into the beam path to create aMOT
and out of the beam path for imaging. This is necessary because the polarization
needed for creating a cesiumMOT and for imaging cesium at highmagnetic fields
is the same, making it impossible to separate the beams using a polarizing beam
splitter. The full setup including the achromatic lenses used for imaging and the
translation stage for beam separation is shown in Figure 4.1.

We use the iKon-M 934 fromAndor Technology with a BEX2-DD coating because
of its high quantum efficiency of about 79% for 671 nm and 77% for 852 nm. Its
chip has 1024×1024 pixelswith a size of 13µm×13µm. Some characteristics of the
camera, like the readout noise and the dark current, have been investigated pre-
viously in [63]. The Andor's fast kinetics mode enables us to image both species
in one experimental cycle. Therefore, we position two razorblades so that only
the top 204 rows of pixels on the chip are illuminated. After illumination the col-
lected charges are shifted down on the chip and a new image can be taken about
1 to 1.5ms after the first one. This way four images can be taken in fast succession
before having to read out the chip. In practice, we take the absorption and refer-
ence images for both lithium and cesium before reading out the chip and taking
the dark images.
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4.3 Improving	the	signal-to-noise	ratio	for 6Li

To be able to accurately detect even small numbers of 6Li atoms in future polaron
measurements, we need to know the dominant sources of noise in our images and
find optimal imaging parameters. To this end we start out with a measurement
of the photon transfer curve for imaging with 671 nm and proceed by finding
theoretical limits on the imaging parameters for our setup. We then introduce a
way to compensate for theDoppler detuning of the atoms, and image both lithium
spin states in the same experimental realization, by fast changes in the frequency
of the imaging light.

4.3.1 Photon	transfer	curve

A well-established method to analyze the noise introduced in the imaging pro-
cess is the so-called photon transfer curve [64]. The photon transfer curve can be
used to measure the gain, dark counts and well depth of a CCD camera. Most
importantly, it gives us information on the dominant noise contributions in our
images. A photon transfer curve commonly refers to a plot of the variance of the
camera counts over the mean of the counts. The mean number of counts can ei-
ther be varied by changing the light intensity or the illumination time. We opt for
the latter, because we have only limited laser intensity available in our imaging
setup.

In the following we briefly introduce different types of noise contributions, rele-
vant at different signal levels, going from low to high signal:

• Dark current. Evenwithout any incident photons, electrons are excited ther-
mally in the CCD chip and contribute to the signal. As we operate our cam-
era at very low temperatures below −70 °C, this contribution is very low. It
has been measured previously to be less than four electrons per pixel and
second under these conditions [63], and can thus be neglected in the further
discussion.

• Camera readout noise. As the charges collected on the chip are shifted for
readout, additional noise is created depending on the shift speed. This has
been measured to be about 12 electrons per pixel for the horizontal shift
speed of 3MHz we use, and thus also very small.
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• Photon shot noise. This type of noise is not caused by the camera but is
inherent in the quantized nature of the photons themselves. As we expect
the photons in our laser beam of coherent light to follow Poisson statistics,
we expect a noise contribution with a variance σ2 that is proportional to the
number of counts Ne− itself:

σ2
PSN ∼ Ne− (4.7)

• Fixed pattern noise. This type of noise originates from the difference in sen-
sitivity between the individual pixels on the CCD chip, also called photore-
sponse nonuniformity. This type of noise leads to a variance that is propor-
tional to the square of the signal:

σ2
FPN ∼ N2

e− (4.8)

• Full well. As the pixels of the CCD can only accumulate a limited number
of electrons, the variation of counts decreases rapidly above this point. For
our camera, the pixel well depth is 16 bit, which corresponds to a maximum
of 65 536 electrons per pixel.

We obtain the photon transfer curve shown in Figure 4.2 by taking 100 images
each for different exposure times between 0 and 300 µs. From each image we sub-
tract a background image taken with the same exposure time, but without illumi-
nating the chip to remove the influence of background light on the experimental
table and dark counts. We analyze the images in a small central region of 10× 10

pixels, to eliminate effects due to a possible nonuniform illumination of the chip.
We normalize all images to the same mean intensity within that area. To avoid
effects of fixed pattern noise, we do not evaluate the variance of the counts within
one image, but instead take the variance of the counts of a single pixel over the
100 different realizations. To gain more statistics, we do this for each pixel within
our region. The error bars correspond to the error of the mean over the different
pixels. We perform our measurements at a gain of four, as this is the setting used
in the experiment. This means that we expect a linear curve with slope 1/4 in the
intermediate regime that is dominated by photon shot noise.

We fit our data according to

σ2(Ne−) = A+BNe− + C N2
e− , (4.9)
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Figure 4.2: Photon transfer curve for imagingwith 671 nm. The curvewas taken for a gain
of four, which corresponds to the value used in the experiment. Themean and
variance of counts were evaluated for single pixels over 100 realizations of
constant imaging time. A strong quadratic contribution in the noise indicates
that we are not limited by photon shot noise, but by shot-to-shot intensity
fluctuations. Error bars correspond to the standard error of the mean over 100
pixels.

and obtain A = 578 ± 146, B = 0.32 ± 0.26, C = (8.48 ± 0.65) × 10−4. The con-
stant and linear term have very high uncertainty. The quality of the fit could in
principle be improved by taking more data points at small imaging times. How-
ever, in our case we observed strong intensity fluctuations between the images.
This means that if one takes data for imaging times close together, the mean val-
ues for different imaging times overlap, making it meaningless to sort and evalu-
ate the images according to the imaging time. The fact that the constant offset A
lies above the values expected for dark current and readout noise indicates that
there is some stray light impinging on the camera chip. As a background image
is removed, stray light does not contribute to the mean of the counts, but does
of course still contribute to the variance. The value of B corresponds to the ex-
pected value for photon shot noise of 1/4 within its uncertainty. However, the
large value of C makes clear that we are currently not limited by photon shot
noise but by a quadratic contribution to the noise. This is due to intensity fluctu-
ations of∼ 10%we observed in the experiment, which are caused by the AOM in
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Figure 4.3: Signal-to-noise ratio based on the fit to the photon transfer curve for 671 nm in
Figure 4.2. The signal-to-noise ratio increases strongly up to a few thousand
counts and then saturates.

the optical setup. A similar quadratic dependence has also been found in [64] and
has been attributed to fluctuations of the camera gain from pixel to pixel. While
this effect would also give rise to a quadratic term, we do not expect it to play a
role in our measurements since the CCD camera only has one amplifier common
to all pixels.

From our measured photon transfer curve we can extract the signal to noise ra-
tio, given by the mean number of counts, divided by its standard error (obtained
from the variance), in dependence of the mean number of counts. The result is
shown in Figure 4.3. We see that it is advantageous to image with a few thousand
counts. Above that, the SNR is limited by the quadratic term in Equation 4.9. Note
that the SNR could be further limited by atom number fluctuations [64], which is
not investigated here. The necessary counts to achieve a good SNR can in princi-
ple be obtained either by choosing a sufficient intensity or imaging time. At our
current intensity we need to image for about 100 µs to obtain about 2000 counts.
However, in practice there are effects that limit the imaging time for a given in-
tensity. The limits on the parameters for imaging lithium in our system, and how
to circumvent them, will be discussed in the following.
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4.3.2 Optimal	imaging	parameters	for 6Li

The imaging parameters for lithium are limited by two effects: First, when the
atoms absorb a photon from the laser beam, they obtain a momentum kick, lead-
ing to the recoil velocity vrec = ℏk

m
with k = 2π

λ
. In our case of imaging lithium

atoms with a wavelength of 671 nm, the recoil velocity is given by vrec = 9.89 cm
s .

As the atoms scatter more and more photons, their resonance frequency changes
due to the Doppler shift. Their scattering cross-section is reduced until eventually
they become off-resonant. In practice this means that we underestimate the num-
ber of atoms ifwe scatter toomanyphotons during the imaging process. The other
limitation is given by the randomwalk the atoms perform due to the spontaneous
emission of photons, which can lead to blurring of the images. In the followingwe
quantify the constraints these effects impose on the imaging conditions, applying
the approach in [65] to our system. We find constraints on the imaging time in de-
pendence of the saturation parameter s ≡ I

Isat
. For the 22S1/2 → 22P3/2 transition

we employ for imaging lithium, the saturation intensity is given by Isat = 2.54 mW
cm2

and the natural linewidth by Γ = 2π× 5.87MHz [44]. Similar limitations as those
derived here apply in principle also to the imaging of cesium, however they are
much less restrictive because a cesium atom acquires a smaller recoil velocity of
vrec = 0.35 cms when absorbing or emitting an imaging photon due to its larger
mass. Therefore we limit our considerations to the case of lithium here.

Random	walk	condition The size of the visual field for one camera pixel at the
position of the atoms isLpix ≈ 1.86 µm in our system. In order for the randomwalk
of the atoms to not blur the images, we demand that they should stay within an
area of L2

pix during the duration of the imaging pulse:

δrrec(t, s) < Lpix, (4.10)

where δrrec(t, s) is the displacement due to the random walk. It can be described
by

δrrec(t, s) =

t∫
0

√
⟨v2N⟩(t′, s)dt′ (4.11)

with the velocity ⟨v2N⟩(t, s) = 2
3
v2recNsc(t, s) [47, 60]. Here Nsc(t, s) = Rsc(s) t de-

notes the number of scattered photons for the constant resonant scattering rate
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Rsc(s) =
Γ
2

s
1+s

during the time t. Inserting these quantities into Equation 4.10 we
obtain a condition for the imaging time t in dependence of the saturation param-
eter s

t <
3

22/3

(
mλ

h
Lpix

√
1

Γ

1 + s

s

)2/3

. (4.12)

Doppler	condition The scattering rate for an ensemble of two-level atoms, in-
cluding a detuning ∆ of the radiation from the atomic transition, is given by

Rsc(s,∆) =
Γ

2

s

1 + 4
(
∆
Γ

)2
+ s

. (4.13)

TheDoppler shift due to the velocity acquired by absorbingNsc(t, s) photonswith
the resonant frequency ν0 leads to the detuning

∆(t, s) = 2π Nsc(t, s) ν0
vrec
c

. (4.14)

Its influence on the scattering rate is negligible if(
∆(t, s)

Γ

)2

< 1 + s. (4.15)

Then, we can assume a constant scattering rate as before and arrive at the condi-
tion

t <
mλ2

2πh

(1 + s)3/2

s
. (4.16)

Both of the conditions Equation 4.12 andEquation 4.16 are visualized in Figure 4.4.
The green area shows the range of allowed imaging conditions according to these
constraints. The dashed vertical line indicates our current intensity of I ≈ 0.1Isat.
With this intensity we have to image for about 100 µs to achieve a good SNR,
which places us far beyond both the Doppler and random walk limit. One so-
lution would be to increase the intensity and image for very short times of only
a few microseconds. However, the approximations made in Equation 4.5 and
Equation 4.6 to extract the column density and OD from the transmission, are
only valid for small intensities. For higher intensities no such approximation can
be made and the extraction of the column density and OD is more involved be-
cause it depends on the value of the intensity before and after the cloud relative
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Figure 4.4: Limitations on the imaging conditions for 6Li . The imaging time and inten-
sity are limited by the Doppler detuning of the atoms due to absorption and
their random walk due to the spontaneous emission of imaging photons. The
dashed, vertical line corresponds to our current intensity of I ≈ 0.1 Isat. The
green shaded area shows the range of allowed imaging conditions.

to the effective saturation intensity, which differs from Isat due to polarization ef-
fects and deviations of the atomic transition from a two-level system [66]. These
relative intensities can be obtained by measuring the momentum transferred to
the atoms during imaging [67]. Absorption imaging with high intensities I ≫ Isat
has been developed to image very dense atomic clouds [66], because in this case
low absorption imaging yields a very low number of transmitted photons and
thus bad signal-to-noise ratio. Apart from avoiding limitations due to the ran-
dom walk and Doppler detuning, high-intensity absorption imaging also has the
advantage of being robust against small intensity and frequency variations. Using
a combination of high-intensity imaging and post-processing, detection of about
300 atoms with an uncertainty of less than 4 atoms has been achieved [68].

Currently the laser power available for imaging prevents us to implement high-
intensity absorption imaging. However, at our current intensity we can compen-
sate for the Doppler shift by dynamically changing the laser frequency during
imaging. This will enable us to image for longer times without underestimating
the atom number, thus improving the signal-to-noise ratio.
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4.3.3 Compensation	of	Doppler	shift

So far, we have not explicitly considered how the cross-section and the scattering
rate reduce over time due to the Doppler effect. Because each absorbed photon
leads to a detuning, which in turn increases the average time until the next photon
is absorbed, the detuning and scattering rate are interdependent. This can be seen
explicitly in the differential equation

v′(t) = vrecRsc(t) = vrec
Γ

2

s

1 + s+ 4
(

k v(t)
Γ

)2 , (4.17)

which we can solve numerically for the initial condition v(t = 0) = 0. Here we
have inserted the Doppler detuning Equation 4.14 with v(t) ≡ Nsc(t) vrec, and we
use s = 0.1 according to the approximate intensity in our experiment. We can then
insert the time-dependent velocity v(t) to obtain the time-dependent scattering
rate Rsc(t) or cross-section σ(t). Of course, if we image for a certain time τ , our
measured atomnumber andODwill correspond to themean cross-section during
that time:

σeff(τ) =

τ∫
0

σ(t)dt/τ (4.18)

A similar approach has been applied in [69]. We show the decrease of the mea-
sured peak OD of a cloud of thermal 6Li atoms with increasing imaging time in
Figure 4.5. As the OD is proportional to the cross-section close to resonance and
for low intensities (cf. Equation 4.6), we simply rescale our theoretical curve for
σeff(τ) by a factor to mach the measured OD.We see a clear decrease in OD that is
well described by ourmodel of theDoppler detuning. The decrease is already sig-
nificant for imaging times of several tens of microseconds. However, to achieve a
good SNR, we need to image at least for about 100 µs (see subsection 4.3.1), which
leads to a large underestimation of the atom number.

One way to solve this problem is to dynamically adapt the frequency of the imag-
ing laser to stay on resonancewith the atoms as they are accelerated. If we assume
that the atoms stay close to resonance at all times, they experience constant accel-
eration a = Rsc(s,∆ = 0) vrec. This means that we have to change the laser fre-
quency linearly with time to compensate for the Doppler detuning. As the atoms
are accelerated in the direction of the beam, the laser has to become blue-detuned
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Figure 4.5: Reduction of measured peak optical density (OD) with increasing imaging
time due to the Doppler shift. The solid line shows the theoretically expected
decrease according to Equation 4.17.

from the original transition frequency. We can now easily calculate which change
in frequency is necessary to keep the scattering rate constant at the resonant value
Rsc(s,∆ = 0) = Γ

2
s

1+s
. We obtain the condition

dν
dt = ν0

a

c
= ν0Rsc(s,∆ = 0)

vrec
c

, (4.19)

and plot it in Figure 4.6 in dependence of the saturation parameter s. The dashed
vertical line marks our experimental conditions as before. We obtain a necessary
frequency change of 0.247GHz/ms for our intensity. We achieve this frequency
change experimentally by applying a current ramp to the laser diode. This is
done by applying a voltage to the DC Mod input of a Toptica DL Pro 671, our
lithium high-field imaging laser. We calibrate the dependence of the change in
frequency on the applied voltage by observing the frequency change of the laser's
beat lock signal for a number of known voltages. A RIGOL DG4102 frequency
generator is programmed remotely to create the voltage ramps. The program
is fully implemented in the LabView control of the experiment. The frequency
generator is operated in burstmode, meaning that a sequence can be programmed
once, and is given out when the frequency generator receives a trigger from the
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Figure 4.6: Change in laser detuning necessary to compensate for the Doppler shift of the
lithium atoms. As the atoms absorb photons, they are accelerated in the direc-
tion of the beam. A linear frequency shift of the imaging laser away from the
original atomic transition can be used to stay resonant with the atoms. At our
current intensity of I ≈ 0.1 Isat, as indicated by the dashed line, a frequency
change of about 0.247GHz/ms is necessary.

logic box. This means that, after optimizing the imaging sequence, no time is lost
on programming the frequency generator.

For a chosen imaging time, the height of the frequency ramp is obtained by start-
ing out from the calculated value of about 0.247GHz/ms and then scanning the
temporal change of the applied voltage to optimize for the maximal number of
atoms detected. A schematic diagram of the frequency changes during the full
sequence, together with typical values for the relevant timings and frequencies,
is shown in Figure 4.7.

We use this possibility to control the laser frequency in a fast and precise way to
also implement the imaging of both of the lowest hyperfine states of 6Li in one
experimental run. All we need for this, is a fast frequency jump that corresponds
to the energy difference of the two states of∼76MHz, depending on themagnetic
field (see Figure 3.1), and an additional pulse of light in the imaging sequence.

Figure 4.8 shows the results of imaging for different times with compensation of
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Figure 4.7: Typical changes of the laser frequency during high-field imaging of 6Li . The
Doppler shift of the atoms during imaging is compensated by a linear change
of the frequency. Both of the two lowest hyperfine states can be imagedwithin
one experimental realization by quickly changing the laser frequency by about
76MHz. Drawing not to scale.

the Doppler shift as described above. For each imaging time, the maximal de-
tectable OD is plotted. The OD decreases linearly with increasing imaging time.
This is because the random walk of the atoms leads to a spread of their velocity
distribution,meaning that for longer times less atoms can be addressed resonantly
by the laser. Even though the OD decreases much slower than without the com-
pensation of the Doppler shift (compare Figure 4.5), we still underestimate it by
about 23% when comparing the measured value at an imaging time of 100 µs to
the extrapolated value at zero imaging time. The linear decrease of the OD can be
easily taken into account in the evaluation procedure by experimental calibration
and calculating back to the original OD.

On resonance, we expect to scatter about 1.6photons/µs , leading to an accelera-
tion of a = 0.17µm/µs2. This means that the atoms move in the direction of the
beam by about∆z ≈ 1

2
at2 = 850 µm for an imaging time of 100 µs. As the Rayleigh

length of the imaging beam is only 38 µm, the atoms are accelerated out of focus
during imaging. This is another reason to image with higher intensity for shorter
times, as then the distance traveled by the atoms is much smaller.

Taking all the effects discussed here into account, it would be beneficial to im-
age with an intermediate intensity of I ≈ Isat , as described in [70]. The higher
intensity would enable us to image at shorter times of ∼10 µs, meaning that the
influence of the random walk on our images would be much less severe and the
atoms would not be accelerated out of the imaging focus. For much higher inten-
sities I ≫ Isat the cloud would be rendered transparent to the imaging light due
to the saturation, which would reduce the SNR when imaging a dilute gas like in

50



Chapter 4. Improved high-resolution imaging of 6Li and 133Cs

0 50 100 150 200 250

Imaging time (µs)

0.50

0.75

1.00

1.25

1.50

1.75

2.00
OD

Figure 4.8: Reduction of measured peak optical density with increasing imaging time for
compensated Doppler detuning. Despite the optimal frequency shift of the
laser, the random walk of the atoms leads to a spread in their velocity distri-
bution, meaning that not all atoms stay resonant. The grey dashed line shows
to the expected dependence without compensation of the Doppler shift (cf.
Figure 4.5).

our case. At an intermediate intensity I ≈ Isat, however, this is not yet the case
and thus it is possible to obtain a high SNR without being limited by the random
walk of the atoms or their acceleration along the beam.

To summarize, we have analyzed the signal-to-noise ratio for imaging lithium in
dependence of the camera counts. We find that we aremainly limited by intensity
fluctuations due to the AOM in our optical setup, and that it is beneficial to image
with at least 2000 counts, which corresponds to an imaging time of 100 µs at our
current intensity of 0.1 Isat. However, the Doppler shift and the random walk
of the atoms limit the imaging time in dependence of the imaging intensity. At
our current intensity, we find that we need to violate both the Doppler condition
and the randomwalk condition to achieve a good signal-to-noise ratio. While the
random walk of the atoms only leads to blurring of the images, we showed that
the Doppler effect leads to a severe underestimation of the atom number, even
for imaging times of few tens of microseconds. We compensate for the Doppler
shift by dynamically changing the laser frequency during the imaging process,
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making it possible to image at longer imaging times without underestimating the
atom number. This way we can detect as little as few hundred atoms, which will
be helpful to measure a polaron signal even if only a small fraction of lithium
atoms is transferred to the interacting hyperfine state. In the following we further
analyze the performance of our imaging system for both lithium and cesium.

4.4 Noise	correlation	analysis

Since its implementation into themain experiment, the imaging system described
in section 4.2 had not been characterized. It was designed to have a resolution of
1.17 µm for cesium and 0.92 µm for lithium (standard deviation of a Gaussian fit
to the point spread function). This is of the same order of magnitude as the size
of a cesium BEC, which is expected to be about 60 × 9µm in our setup [59]. As
we will need to resolve this in future polaron measurements, good alignment of
the imaging system is crucial. In the scope of this thesis we carefully realigned
all components of the imaging setup and characterize its performance. The reso-
lution of an imaging system is usually measured by imaging a point-like object,
like a pinhole, and characterizing the spread of its image. However, in our exper-
iment we do not have access to the object plane of our system, because it is inside
the vacuum chamber. However, using the method of noise correlation analysis
developed in [71], we can characterize the performance of our imaging system
without the need for a point-like object. This method relies on the analyzation of
correlations imprinted on the images of thermal atomic clouds, which are easily
available in the experiment. The key quantity extracted with this method is the
point spread function, which we will introduce in the following, before giving an
overview over the method and the results for our system.

4.4.1 The	point	spread	function

To describe an optical system, the general aim is to find a relationship between
the field distribution in the object plane, f(x, y), and detector plane, g(x, y), where
the field is assumed to propagate in z direction:

f(x, y)
?−→ g(x′, y′) (4.20)
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In the experiment, we detect only the light intensity, but as we image with coher-
ent light, we still need to consider the propagation of the electrical field through
the optical system. This can be conveniently achieved using Fourier optics. By
decomposing the field into plane waves, i.e.

f(x, y) =

∫∫
F (νx, νy) e−i2π(νxx+νyy) dνxdνy, (4.21)

with the spatial frequencies νx and νy, we can reduce the light propagation to
the propagation of plane waves and the superposition principle. This is a conse-
quence of the linearity of the Helmholtz equation.

Assuming the plane waves are transformed linearly by our imaging system, we
can characterize it with the so-called response function H(νx, νy), which is the
power spectrum of the field:

G(νx, νy) = H(νx, νy)F (νx, νy), (4.22)

where G(νx, νy) is the Fourier transform of the field in the detector plane. Equiv-
alently, we can characterize the optical system by the Fourier transform of the re-
sponse function, the point spread function psf. The Fourier convolution law tells
us that the multiplication in Fourier space becomes a convolution in real space:

g(x′, y′) =

∫∫
f(x, y) psf(x− x′, y − y′)dxdy (4.23)

We can see immediately that g(x, y) = f(x, y) if the psf reduces to a delta-function,
i.e. psf = δ(x − x′, y − y′). Because real optical systems accept only a finite range
of spatial components of F (νx, νy) due to the finite size of their components, the
convolution with the psf will broaden the image of each point in the object plane.
This process introduces an additional length scale to the image, below which ob-
ject details cannot be resolved. By setting f(x, y) = δ(x−x′, y−y′) in Equation 4.23,
we also see that the image of a point will be the psf.

The psf is given by the Fourier transform of the exit pupil and phase [72]:

psf(r) = FT
[
p(kr + a) eiΦ(kr+a)

]
︸ ︷︷ ︸

H

, (4.24)

withΦ the phase aberrations, p the effective exit pupil anda a shift of the exit pupil
away from the optical axis. Here, kr = r

λd
denotes the coordinates in the plane
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of the exit pupil, with λ the wavelength of the imaging light and d the distance
between the exit pupil and the detector. Note that the size of the exit pupil is not
necessarily determined by the size of the last optical element of the system, but by
the aperture that limits the transversal size of the propagating beam the most.

We can already see at this point that the quality and resolution of any imaging
system is limited by two distinct factors:

• The finite size of the optical elements limits the acceptance of transversal
modes. For any number of optical elements we can in principle think of a
system for which the exit pupil is maximal and uniformly illuminated, and
no aberrations are present. We call this system diffraction limited, because
its psf is governed by the diffraction at the rims of the optical elements. In
the diffraction limited system, the image of a point would contract back to
a point if all transversal modes were present.

• In any real system, aberrations will be present. These distortions of the
wavefront can arise from imperfect optical elements or misalignment. We
call an optical system whose resolution is limited by its imaging errors aber-
ration limited.

In the following we analyse the performance of our imaging system starting out
from the power spectrum of the intensityM , which is the absolute square of the
power spectrum of the fieldH . We use the power spectrum to analyze dominant
aberrations and to reconstruct the absolute value of the point spread function.

4.4.2 Overview	over	the	method

We have shown that either one of the power spectrum or the point spread func-
tion can be used to describe an optical setup completely. Usually the psf is em-
ployed because its width gives easy access to the resolution. It can in principle
be measured by imaging a point-like object such as a single atom, ion, or a small
BEC. However, often a point-like object is not available in the object plane of the
imaging system. Autocorrelation analysis of a thermal cloud, as performed here,
is a convenient way to extract the psf in situ without the need for a small object
inside the vacuum chamber and with minimal experimental effort. This method
has been developed in [71]. Here we only give the main results and refer to the
original work for details and derivations. Instead, we focus on the underlying
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Figure 4.9: Principle of the noise correlation analysis method. For image acquisition the
cloud is illuminated by a light field Einc, creating the field distribution E0

around the object plane, which is transformed by the imaging system to the
field distribution Edet at the detector. By analyzing the averaged autocorre-
lations of a thermal cloud of atoms, a subset of aberration parameters can be
obtained from a fit to the power spectrum. These can be used to reconstruct
the system's point spread function. The method yields information on the
aberrations present in the system and its resolution. Figure taken from [71].
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principles of noise correlation analysis and the results obtained for our system.
Reference [73] is a review on different applications of noise correlation analysis.

The reconstruction of the psf is based on absorption images of a thermal cloud
of atoms, which are fast and easy to obtain in our experiment. We can extract
information about our imaging system from the correlations in these images be-
cause the length scale imprinted by the imaging process separates well from the
inherent length scales of the cloud:

• The density correlations δn of the gas are imprinted on the light field used
for imaging. The typical correlation length in a thermal gas is given by the
thermal de Broglie wavelength

λdB =
h√

2πmkBT
(4.25)

for a gas of atoms with massm and temperature T . The order of magnitude
is ∼ 0.1 µm for a typical temperature of 10 µK.

• The resolution limit of our imaging system is given by thewidth of the point
spread function. This is on the order of ∼ 1-10 µm for both species.

• The density distribution of the gas is non-uniform due to the initial confine-
ment in a harmonic trap. The envelopes of our atomic clouds after expan-
sions are on the order of ∼ 100 µm.

This means that atomic correlations are much smaller than all other length scales,
and any correlations we measure are due to the finite resolution of our imaging
system. This is the most important prerequisite for employing autocorrelation
analysis to characterize an imaging setup. The density variation of the cloud is in
turn on a much larger length scale that is also not relevant for this analysis. For a
different parameter regime, one can of course also extract the atomic correlations
of a cold gas from autocorrelation analysis, see e.g. [74, 75].

Figure 4.9 depicts the main steps involved in the analysis: The image of a thermal
atomic cloud is recorded via absorption imaging. Equation 4.23 shows that the
imaging process can be described by a convolution with the psf, which is initially
unknown. All information about our imaging system is already contained in these
images and is extracted subsequently. From the discrete Fourier transform of the
averaged autocorrelations in our images, we obtain the power spectrum. It gives
the response of the imaging system to correlations at different spatial frequencies.
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From the power spectrumwe can immediately gain qualitative information about
the pupil positionwith respect to the optical axis and dominant phase aberrations.
This information is quantified by fitting the power spectrum, using Zernike poly-
nomials as a basis, and reconstructing the point spread function from the fitting
parameters. This way, we obtain the contributions of different types of aberra-
tions and we can obtain the resolution of our imaging system from the width of
the reconstructed point spread function.

In the following, we go through the different steps of the analysis, giving themost
important equations aswe go along, anddiscuss the results obtained for our imag-
ing system. As our imaging system is designed to image both 6Li and 133Cs atoms,
we perform the analysis for both species. As themethod is the same in both cases,
we show only the results from the analysis of 133Cs whenever images are shown
purely to illustrate the method.

4.4.3 Calculation	of	power	spectrum

In practice, we start out with 200 absorption images Ai of a dilute thermal cloud
of either Cs or Li atoms. For each run also a reference image Ri without the cloud
and a dark image Di without any imaging light is taken. We immediately sub-
tract the dark image from both the absorption and reference image to remove the
influence of stray light and obtainA′

i = Ai−Di andR′
i = Ri−Di. The top panel of

Figure 4.10 shows the average of absorption image over reverence image, ⟨A′
i/R

′
i⟩.

The black rectangle marks the area chosen to compute the power spectrum. Im-
ages for lithium look similar and are omitted here.

The power spectrum, which is the absolute square of the Fourier transform of the
autocorrelation, is given by

M(kr) =
⟨∣∣FT [Idet(r)− ⟨Idet(r)⟩]

∣∣2⟩ , (4.26)

where ⟨...⟩ is used to denote the average over many realizations, and the average
of the intensity is subtracted to obtain only the correlations due to the noise. I
we didn't subtract the mean intensity, we would expect to see a Gaussian feature
very close to the center of the power spectrum due to the cloud envelope.

We perform fringe removal on our absorption images, to avoid contributions of
fringes in the power spectrum. This can be done by constructing an optimal ref-
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Figure 4.10: Post-processed images for Cs. Top: Average of absorption image over refer-
ence image of a thermalCs cloud. Bottom: Typical image after fringe removal
and subtraction of the mean intensity. Some spatially correlated noise is vis-
ible at the position of the cloud, while the background seems uncorrelated,
except for some remaining fringes. In both images the black rectangle marks
the region chosen for calculating the power spectrum.

erence image for each image from the weighted average over all other reference
images using the algorithm described in [76]. In our case, because we are not in-
terested in possible correlations due to the cloud envelope, we use this step to
also subtract the mean intensity according to Equation 4.26: Instead of construct-
ing the optimal reference image from the reference images, we construct it from
the absorption images themselves. This is a convenient way to remove fringes
and subtract the mean intensity at the same time. The lower panel of Figure 4.10
shows a typical image after removing the mean intensity in this way. While the
camera noise in the background of the image has a correlation length of one pixel,
the noise at the position of the cloud (marked by the black rectangle) is spatially
correlated over longer distances. While this images shows much less fringes than
before fringe removal, as shown in the upper panel, some fringes remain visi-
ble. The fringe removal is performed for A′

i and R′
i independently. Afterwards

we compute the power spectrumMA for the corrected absorption image andMR

for the same region of interest in the corrected reference image. Then we use the
differenceM = MA −MR for further analysis.

The power spectrum takes the form

M(kr) ∼
⟨ ∣∣∣FT

[
δn(r)

]∣∣∣2⟩ ∣∣∣∣∣FT

[
ℜ
(
psf(r) e−iΦ(a)

)]∣∣∣∣∣
2

(4.27)
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As the Fourier transform here reverts the Fourier transform connecting the psf

and the pupil function in Equation 4.24, we can gain access to pupil mismatch
and phase aberrations:

M(kr) ∼ p(a+ kr)
2 + p(a− kr)

2 + 2 p(a+ kr) p(a− kr)

× cos (Φ(a+ kr) + Φ(a− kr)− 2Φ(a)
)
,

(4.28)

with p(kr) the illumination of the exit pupil, which can have a shift a away from
the optical axis. Φ denotes phase aberrations that lead to amplitude modulations
of the power spectrum in the intersection of the shifted pupil and its π-rotated
counterpart. We fit the pupil and phase contributions to the power spectrum
independently. The pupil is modeled by two intersecting circles based on the
spherical symmetry of the optical elements in our system.

The resulting power spectra are shown in Figure 4.11. Large structures in the
image correspond to small structures in the power spectrum. The very bright
central few pixels are due to the length scale of the region of interest chosen in
the original image. They are masked for subsequent analysis. We show in green
the theoretical size of the power spectrum for a diffraction limited system, which
is calculated from the respective wavelength, the magnification, and the NA. The
power spectrum for lithium is larger than that for cesium because of the smaller
wavelength used for imaging.

Both spectra show a high level of similarity, which suggests that no strong chro-
matic aberrations are present which would affect the imaging of the different
species differently. From our fitting of the pupil contour it is clear that there is
a small vertical shift of the pupil away from the optical axis. However this is only
about 3% of the vertical pupil radius and should not lead to large effect in our
images. We can also immediately see that our resolution is not too far away from
the diffraction limit: In horizontal direction the measured radius of the power
spectrum is 15% (26%) smaller than theoretically expected, in vertical direction
15% (20%) for cesium (lithium). For an aberration free imaging system we would
expect a homogeneous power spectrum up to the pupil border. Any phase aber-
rations lead to a modulation of the intensity in the intersection of the pupil and
its π rotated, shifted counterpart. Here, for both lithium and cesium a spherical
ring structure close to the center of the spectrum is visible. This could be a sign
of spherical aberrations. We also see an intensity decrease when going outwards
from the center, which might be a sign of defocus. The dot-like structures with
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(a) Cesium
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(b) Lithium

Figure 4.11: Power spectra for cesium (top) and lithium (bottom). In both images the
green circle shows the contour of the expected power spectrum for a diffrac-
tion limited imaging system. Red circles correspond to the measured exit
pupil. Both spectra show similar features. See main text for discussion.
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π/2 symmetry that are visible in both spectra, for Cs as a reduction of intensity, for
Li as an increased intensity, is an artefact from the power spectrum of the back-
ground. This could be due to the remaining fringes visible in Figure 4.10, which
show variations on the same length scale as the noise.

In the following we reconstruct the point spread function from a fit to the power
spectrum to obtain quantitative information about the leading order aberrations
and the resolution of our system for both wavelengths.

4.4.4 Quantitative	analysis	and	reconstruction	of	the	psf

The phase contributions are fitted using Zernike polynomials Z(j), which form an
othogonal basis set assuming an elliptical pupil: Φ(kr + a) =

∑
j

AjZ
(j)(kr + a).

Combinations of the low-order Zernike polynomials can be connected to different
types of phase aberrations. This way it is possible to gain information about the
types of dominant aberrations in the system from the fit to the power spectrum.

In practice we perform the fitting in two steps: In the first step we chose initial
parameters manually and include polynomials of up to j = 28 in the fit, in the
second step we use the result of the first fit as initial parameters and include poly-
nomials up to j = 45. The results of the second fit are shown in Figure 4.12 for
cesium. The fit for lithium looks very similar and is omitted here. The power spec-
trum is shown in the left panel. The central four pixels are masked because we
want to exclude the effect of the final ROI from our analysis. The central panel
shows the fit to the power spectrum and the right panel the residual of this fit.
We see that the central plateau that falls off towards the edges of the spectrum is
very well captured by the fit. The dominant rings close to the center of the spec-
trum, however, could not be fitted. These might be due to higher-order spherical
aberrations, as there is no length scale in the absorption images that would fit the
size and structure of the rings. Spherical aberrations have been observed in our
imaging system even before implementation into the main experiment, and were
attributed to the properties of the achromatic lenses [59]. It is possible to con-
nect combinations of these low-order Zernike polynomials to some fundamental
phase aberrations. This means that from the fitting parameters Aj quantitative
information about the dominant types of aberrations can be gained.
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(a) data (b)model (c) residual

Figure 4.12: Fit to the power spectrum for Cs. The central peak corresponds to the size of
the region of interest and ismasked for the analysis. The decrease of intensity
towards the edges of the spectrum is well modeled, while the dominant rings
close to the center are not fitted. We ascribe these structures to higher-order
spherical aberrations.

Out of the phase aberrations modeled by our fit, we find that defocus and first
order spherical aberrations are dominating. The corresponding aberration pa-
rameters are Ad = −0.16 (Ad = −0.25) and Asph = −0.13 (Asph = −0.11) for
lithium (cesium). Some defocus is of course expected because of the chromatic
shift, i.e. the difference in the focus positions of our two wavelengths, which is
expected to be ∼4mm by design. However, if this was the main source of de-
focus in our measurements and our camera was positioned in between the two
foci for lithium and cesium, we would obtain opposite signs in the corresponding
aberration parameters for lithium and cesium. We repeated the noise correlation
analysis at different positions of the camera, but no improvement of the defocus
or the overall resolution could be achieved. This indicates that we are already
quite close to the optimal camera position, and the remaining defocus stems from
the relative position of the lenses in the setup. The spherical aberrations we find
are most likely inherent to the lenses, as achromatic lenses had to be chosen and
those don't have good aspheric properties.

In a final step, the point spread function is obtained from the fit according to Equa-
tion 4.27. Reconstructing the psf from the aberration parameters in this way has
the advantage that a direct comparison to the optimal, diffraction limited system
is possible. In contrast to the power spectrum, which was given in the (inverse)
image coordinates, we calculate the psf in the coordinates of the object plane, so
we can compare its size to the size of the objects we want to resolve. Figure 4.13
shows a vertical and horizontal cut through the reconstructed psf in comparison
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to the psf for the diffraction limited case. Results for both imaging of 6Li and 133Cs
are shown. The psf s for both species are very similar, which is expected because
the similarity of their power spectra does not indicate a large difference between
the aberrations for the twowavelengths. The difference in the width of the curves
is due to the different wavelengths. The cuts in both directions look exactly the
same. It is obvious that the maximum of the reconstructed psf is only about two
thirds as high as theoretically possible. While the width of the central maximum
is only slightly increased compared to the diffraction limited case, we can see that
outside of the central maximum the psf doesn't go down to zero between the side-
lobes. This shift of spectral weight away from the central maximum of the psf is
due to the aberrations discussed above and limits the resolution.

To quantify the resolution of our systemwe use a criterion that is inspired by how
you would determine the resolution after measuring the point spread function
by imaging a small object: We fit a two-dimensional Gaussian to the absolute
square of the psf and give its standard deviation σpsf. For comparison we also
give the standard deviation σdiffr for the diffraction limited case. The measured
value differs from the theoretical limit by about 21% for lithium and about 13% for
cesium. A common criterion to compare the aberration limited and the diffraction
limited psf is the Strehl ratio, which quantifies the spectral weight in the central
peak by comparison of the maxima and is given by

Strehl ratio =

∣∣Maximum of measured psf
∣∣2∣∣Maximum of diffraction limited psf

∣∣2 . (4.29)

For a system close to the diffraction limit we would expect a value of ∼ 0.8 − 1.
Our values of 0.49 (for cesium) and 0.43 (for lithium) show that we are not limited
by diffraction at this point and there is still room for improvement. However, the
obtained resolution is already quite good, especially considering the challenges
that imaging with two very different wavelengths imposes on the design and im-
plementation of a high-resolution imaging system.

Species λ (nm) σpsf (µm) σdiffr (µm) Strehl ratio
133Cs 852 1.35 1.17 0.49
6Li 671 1.16 0.92 0.43
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Figure 4.13: Horizontal and vertical cut through the point spread function for cesium
(top) and lithium (bottom). The reconstructed point spread functions are
shown in blue, while the red curves show the ideal, diffraction limited case.
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To summarize, we have realigned our setup for vertical imaging and character-
ized its performance using the method of noise correlation analysis developed in
[71]. Results were obtained for both the imaging of cesium at 852 nm and lithium
at 671 nm. We find that the imaging properties for the different atomic species
are very similar, and a high resolution can be obtained for both. With our cur-
rent resolution we will easily be able to resolve even a small BEC. The resolution
is limited by defocus and spherical aberrations. To some degree both of these
are inherent in the design of the setup for two wavelengths. This is because the
achromatic lenses implemented are not aspheric and, despite their achromatic
properties, a small remaining chromatic shift of ∼4mm between the foci for the
two wavelengths is expected. We suggest to repeat the analysis performed here
in regular intervals to keep track of possible changes, and realign if necessary.
This is feasible because the measurements can be performed with minimal exper-
imental effort, and key numbers like the dominant aberration parameters or the
resolution are easy to compare.

In this chapter we have started out by giving a short introduction to absorption
imaging in general and to our particular setup for imaging both lithium and ce-
sium along the vertical direction. We then focused on the imaging of lithium and
characterized the noise inherent in the imaging process. We found that it is ben-
eficial to image at a high number of counts, which corresponds to long imaging
times above 100 µs at our intensity. However, the imaging time is limited by the
blurring of the images due to the random walk of the atoms and the underesti-
mation of the atom number due to the detuning introduced by the Doppler shift.
We were able to compensate for the latter by dynamically changing the laser fre-
quency during imaging. This enables us to image for longer times, thus achieving
a higher SNR. Further improvements could be made by imaging with a higher
intensity on the order of the saturation intensity at shorter times of few microsec-
onds. However, this would require significantly more laser power than currently
available. We further analyzed the performance of our imaging system using a
method based on the analyzation of correlations in the images of thermal atomic
clouds. We find very similar imaging conditions for lithium and cesium and ex-
cellent resolution for both. As we are now able to image very small numbers of
lithium atoms and, with a resolution in the micrometer regime, are able to resolve
small structures like a cesium BEC, we are well equipped to detect signatures of
the Bose polaron in our system.
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5 Conclusion	and	Outlook

In this thesis we have reported on major steps towards the investigation of the
Bose polaron in a highlymass-imbalancedmixture of ultracold 6Li and 133Cs atoms.
After giving a brief introduction to the polaron scenario, we started out in chap-
ter 2 by explicitly including the effect of the rf pulse in the time evolution of the
system consisting of a single 6Li impurity in aweakly interacting 133Cs BEC. Previ-
ously only the spectral function of the polaron systemhad been considered, which
can be calculated from the Fourier transform of the overlap of the polaron state
with the bare impurity within linear response theory. Including the coupling of
the polaron states by the rf pulse made it possible to investigate the spectral re-
sponse of the system even beyond linear response, i.e. for a significant population
of the interacting state. This is relevant because in the experiment, transferring a
large fraction of atoms to the interacting state yields a good signal-to-noise ra-
tio in the detection. We compared our results for short rf pulses with the spec-
tral function and find excellent agreement for attractive, resonant and repulsive
impurity-boson interactions. We analyzed the time-dependence of the response
for different detunings along the repulsive polaron branch and found that lin-
earity breaks down first for very large detunings. Some first results for longer rf
pulses and amaximal atom transfer to the interacting state of 35% indicate that the
spectral response of the system might stay close to the spectral function even be-
yond linear response, but further analysis is necessary. Extending our approach
to time-dependent Rabi frequencies enabled us to compare polaron spectra for
different pulse shapes. The code developed in the scope of this thesis can serve as
a guideline to choose suitable rf pulses for the spectroscopy of the Bose polaron
at our experiment in the future. The results from this chapter were obtained in
collaboration with Meera Parish and Jesper Levinsen at Monash University, em-
ploying methods previously developed in their group.

In chapter 3 we introduced our experimental approach to rf spectroscopy of the
Bose polaron. We drive transitions between the two energetically lowest hyper-
fine states of 6Li, which serve as the non-interacting and interacting impurity state
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in our experiment. The implementation of a new amplifier enables us to reach
Rabi frequencies up to Ω = 2π× 13.5 kHz. An interlock system based on an Ar-
duino Uno prevents the rf antenna, which is placed inside the vacuum chamber,
from overheating when high powers are applied. It also protects the amplifier
fromdamage due to too input high powers. A precise calibration of the new setup
allows us to manipulate the state of the atoms in a controlled way with pulses of
different powers and lengths. Additionally, we have implemented the possibility
to create rf pulses with arbitrarily shaped temporal envelopes. We showed that
choosing Blackman-shaped pulses is useful to suppress side lobes in the spectra.
This is of importance when expecting small polaron energies, since they can eas-
ily be masked by the side lobes of the bare transition's spectral response. We also
present our first attempt tomeasure signatures of the Bose polaron by performing
rf spectroscopy on a dilute lithium cloud interacting with a thermal gas of cesium
atoms.

In order to be able to accurately detect even a small number of lithium atoms, and
to resolve a cesium BEC in the future, we characterize and improve our new dual-
species high-resolution imaging setup in chapter 4. To this end, we improve the
signal-to-noise ratio for imaging lithium atoms. We start out by measuring the
noise inherent in the imaging process in a photon transfer curve, and find that it
is beneficial to obtain at least 2000 counts per pixel on average, which requires an
imaging time of 100 µs at our current intensity of I ≈ 0.1 Isat. The biggest source
of noise are currently fluctuations of the imaging intensity due to the AOM in our
setup. When choosing appropriate imaging parameters, we need to consider two
additional physical effects that can limit the quality of our images: The random
walk the atoms perform due to spontaneously emitting photons in all directions
leads to a blurring of the density distribution for long times. The absorption of
imaging photons accelerates the atoms along the beam, leading to a Doppler shift
in their transition frequency. This effect can lead to an underestimation of the
atom number if the atoms become off-resonant during imaging. For both of these
effects we derive constraints on the imaging time in dependence of the intensity.
At our current intensity we need to violate both conditions to image at a good
signal-to-noise ratio. However, we can compensate for the Doppler shift by lin-
early increasing the laser frequency during imaging. This way, the underestima-
tion of the atom number is less severe and can be accounted for by calibration.
We also implement the possibility to image both of the two energetically lowest
lithium spin states within the same experimental realization using a fast jump of
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the laser frequency of about 76MHz. Further improvements could be obtained
in the future by imaging with a higher intensity of I ≈ Isat for shorter times of
∼10 µs.

We apply the method of noise correlation analysis developed in [71] to analyze
the performance of our imaging system after a complete realignment of its com-
ponents. This method is based on the analysis of the correlations in images of
thermal atomic clouds. As the natural correlation length of a thermal gas lies far
below the resolution limit of typical imaging systems, any measured correlations
are imprinted by the imaging system and give access to its properties. Results
were obtained for both the imaging of cesiumat 852 nmand lithiumat 671 nm. We
find that the imaging properties for the different atomic species are very similar,
and a high resolution of 1.35 µm (1.16 µm), according to the standard deviation of
a Gaussian fit to the point spread function, can be obtained for cesium (lithium).
With our current resolution we will easily be able to resolve the density distri-
bution of even a small BEC. The resolution is limited by defocus and spherical
aberrations. To some degree both of these are inherent in the design of the setup
for two wavelengths. This is because the achromatic lenses implemented are not
aspheric and, despite their achromatic properties, a small remaining chromatic
shift of ∼4mm between the foci for the two wavelengths is expected. Repeat-
ing the analysis performed here in regular intervals will allow us to keep track of
possible changes in our imaging system, and realign if necessary.

As a next step in our experiment, we are aiming to create a cesium BEC and im-
merse lithium atoms in it. In comparison to the cesium densities in our current
thermal cloud, we expect up to two orders of magnitude higher densities in a
BEC. This will lead to larger energy shifts in the polaron spectrum, which in turn
allows us to probe the system with shorter rf pulses. Creation of the BEC close
to the zero-crossing of the Cs-Cs scattering length at a magnetic field of 880G
would enable us to use the Li-Cs FR at 889G to vary the interactions between the
impurities and the BEC. A cesium BEC has been created previously in our exper-
iment at low magnetic fields of 21G [54, 58], however, without simultaneously
trapping lithium atoms. Simultaneous quantum degeneracy of 6Li and 133Cs has
recently been reported by DeSalvo et al. [77]. They were able to confine a small
number of lithium atoms inside a cesium BEC bymoderate attractive interspecies
interactions. This trapping scheme leads to a perfect overlap of the two species,
even at very low temperatures. On the other hand, relying on the lithium-cesium
interactions for trapping, limits their tuneability in experiments.
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Additionally, we are aiming to realize optimal trapping conditions of our two
atomic species to realize the Bose polaron scenario. Here, two points are of im-
portance. Firstly, all of the lithium atoms should interact with the cesium atoms.
Secondly, all lithium atoms should probe the same cesium density, because an in-
homogeneous density distribution of the bath broadens the polaron signal. Both
of these criteria could bemet by trapping a few thousand lithium atoms in a small
micro-trap with a waist of a few micrometers. This trap could then be positioned
in the center of amuch larger cesium cloudwhere the density variations are small.
In order to not disturb the cesium bath with the micro-trap, the tune-out wave-
length of cesium at 880 nm could be used.

These next steps, together with the experimental improvements and theoretical
considerations presented in this thesis, will make it possible to investigate the
Bose polaron and its connection with Efimov physics in our experiment.

69



References

[1] E. Dagotto. ``Correlated electrons in high-temperature superconductors''.
In: Rev. Mod. Phys. 66.3 (1994), pp. 763–840.

[2] M. E. Gershenson, V. Podzorov, and A. F. Morpurgo. ``Colloquium: Elec-
tronic transport in single-crystal organic transistors''. In:Rev.Mod. Phys. 78.3
(2006), pp. 973–989.

[3] N.Mannella, W. L. Yang, X. J. Zhou, H. Zheng, J. F. Mitchell, J. Zaanen, T. P.
Devereaux,N.Nagaosa, Z.Hussain, andZ. X. Shen. ``Nodal quasiparticle in
pseudogapped colossal magnetoresistivemanganites''. In:Nature 438.04273
(2005).

[4] L. D. Landau. ``Über die Bewegung der Elektronen im Kristallgitter''. In:
Phys. Z. Sowjetunion 3 (1933).

[5] S. Pekar. ``Autolocalization of the electron in an inertially polarizable di-
electric medium''. In: Zhurnal Eksp. I Teor. Fiz. 16.4 (1946), pp. 341–348.

[6] S. I. Pekar. ``Local quantum states of an electron in an ideal ionic crystal''.
In: J. Phys. USSR 10 (1946), p. 341.

[7] H. Fröhlich, H. Pelzer, and S. Zienau. ``Properties of Slow Electrons in Polar
Materials''. In: London, Edinburgh, Dublin Philos. Mag. J. Sci. 41.314 (1950),
pp. 221–242.

[8] F. M. Cucchietti and E. Timmermans. ``Strong-coupling polarons in dilute
gas Bose-Einstein condensates''. In: Phys. Rev. Lett. 96.210401 (2006).

[9] K. Sacha and E. Timmermans. ``Self-localized impurities embedded in a
one-dimensional Bose-Einstein condensate and their quantum fluctuations''.
In: Phys. Rev. A 73.063604 (2006).

[10] J. Tempere, W. Casteels, M. K. Oberthaler, S. Knoop, E. Timmermans, and
J. T. Devreese. ``Feynman path-integral treatment of the BEC-impurity po-
laron''. In: Phys. Rev. B 80.184504 (2009).

[11] F. Chevy. ``Viewpoint: Bose Polarons that Strongly Interact''. In: Physics
(College. Park. Md). 9.86 (2016).

[12] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga. ``Feshbach resonances in
ultracold gases''. In: Rev. Mod. Phys. 82.1225 (2010).

[13] A. Schirotzek, C. H. Wu, A. Sommer, and M. W. Zwierlein. ``Observation
of Fermi Polarons in a Tunable Fermi Liquid of Ultracold Atoms''. In: Phys.
Rev. Lett. 102.230402 (2009).

70



References

[14] P. Massignan, M. Zaccanti, and G. M. Bruun. ``Polarons, dressed molecules
and itinerant ferromagnetism in ultracold Fermi gases.'' In: Rep. Prog. Phys.
77.034401 (2014).

[15] M. Cetina et al. ``Ultrafast many-body interferometry of impurities coupled
to a Fermi sea''. In: Science (80-. ). 354.6308 (2016).

[16] N. Navon, S. Nascimbene, F. Chevy, and C. Salomon. ``The Equation of
State of a Low-Temperature Fermi Gas with Tunable Interactions''. In: Sci-
ence (80-. ). 328 (2010), pp. 729–732.

[17] Mi. G. Hu, M. J. Van De Graaff, D. Kedar, J.P. Corson, E. A. Cornell, and
D. S. Jin. ``Bose Polarons in the Strongly Interacting Regime''. In: Phys. Rev.
Lett. 117.055301 (2016).

[18] N. B. Jørgensen, L. Wacker, K. T. Skalmstang, M. M. Parish, J. Levinsen,
R. S. Christensen, G. M. Bruun, and J. J. Arlt. ``Observation of Attractive
and Repulsive Polarons in a Bose-Einstein Condensate''. In: Phys. Rev. Lett.
117.055302 (2016).

[19] J. Ulmanis, S. Häfner, E. D. Kuhnle, and M. Weidemüller. ``Heteronuclear
EfimovResonances inUltracoldQuantumGases''. In:Natl. Sci. Rev. 3.2 (2016),
pp. 174–188.

[20] Pascal Naidon and Shimpei Endo. ``Efimov physics: A review''. In: Reports
Prog. Phys. 80.5 (2017), p. 056001.

[21] J. Levinsen, M. M. Parish, and G. M. Bruun. ``Impurity in a Bose-Einstein
Condensate and the Efimov Effect''. In: Phys. Rev. Lett. 115.125302 (2015).

[22] J. P. D'Incao and B. D. Esry. ``Enhancing the observability of the Efimov
effect in ultracold atomic gasmixtures''. In: Phys. Rev. A 73.030703(R) (2006).

[23] R. Pires, J. Ulmanis, S. Häfner, M. Repp, A. Arias, E. D. Kuhnle, andM.Wei-
demüller. ``Observation of Efimov resonances in a mixture with extreme
mass imbalance''. In: Phys. Rev. Lett. 112.25 (2014).

[24] S.-K. Tung, K. Jiménez-García, J. Johansen, C. V. Parker, and C. Chin. ``Ge-
ometric Scaling of Efimov States in a ⁶Li-¹³³Cs Mixture''. In: Phys. Rev. Lett.
113.240402 (2014).

[25] B. Huang, L. A. Sidorenkov, and R. Grimm. ``Observation of the Second
Triatomic Resonance in Efimov's Scenario''. In: Phys. Rev. Lett. 112.190401
(2014).

[26] M. Sun, H. Zhai, and X. Cui. ``Visualizing the Efimov Correlation in Bose
Polarons''. In: Phys. Rev. Lett. 119.013401 (2017).

[27] R. S. Christensen, J. Levinsen, and G. M. Bruun. ``Quasiparticle Properties
of a Mobile Impurity in a Bose-Einstein Condensate''. In: Phys. Rev. Lett.
115.160401 (2015).

[28] W. Li and S. Das Sarma. ``Variational study of polarons in Bose-Einstein
condensates''. In: Phys. Rev. A 90.013618 (2014).

71



References

[29] S. M. Yoshida, S. Endo, J. Levinsen, and M. M. Parish. ``Universality of an
impurity in a Bose-Einstein condensate''. In: Phys. Rev. X 8.011024 (2018).

[30] L. A.Peña Ardila and S. Giorgini. ``Impurity in a Bose-Einstein condensate:
Study of the attractive and repulsive branch using quantum Monte Carlo
methods''. In: Phys. Rev. A 92.033612 (2015).

[31] L. A. Peña Ardila and S. Giorgini. ``Bose polaron problem: Effect of mass
imbalance on binding energy''. In: Phys. Rev. A 94.063640 (2016).

[32] M. M. Parish and J. Levinsen. ``Quantum dynamics of impurities coupled
to a Fermi sea''. In: Phys. Rev. B 94.184303 (2016).

[33] N Bogoliubov. ``On the theory of superfluidity''. In: J. Phys. 11.1 (1947).
[34] E. Timmermans, P. Tommasini, M. Hussein, and A. Kerman. ``Feshbach

resonances in atomic Bose–Einstein condensates''. In: Phys. Rep. 315 (1999),
pp. 199–230.

[35] G. M. Bruun and C. J. Pethick. ``An effective theory of Feshbach resonances
and many-body properties of Fermi gases''. In: Phys. Rev. Lett. 92.140404
(2004).

[36] J. Levinsen and D.S. Petrov. ``Atom-dimer and dimer-dimer scattering in
fermionic mixtures near a narrow Feshbach resonance''. In: Eur. Phys. J. D
65.1-2 (2011).

[37] W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P. Flannery. Numerical
Recipes in C. 2nd ed. Cambridge University Press.

[38] R. Schmidt, Mi. Knap, D. A. Ivanov, J. S. You, M. Cetina, and E. Demler.
``Universal many-body response of heavy impurities coupled to a Fermi
sea: A review of recent progress''. In: Reports Prog. Phys. 81.024401 (2018).

[39] R. B. Blackman and J. W. Tukey. The Measurement of Power Spectra From the
Point of View of Communications Engineering. New York: Dover Publications,
1958.

[40] Eric W. Weisstein. ``Blackman Function''. In:MathWorld-AWolframWeb Re-
sour. ().

[41] S. Gupta, Z. Hadzibabic, M. W. Zwierlein, C. A. Stan, K. Dieckmann, C. H.
Schunck, E. G. M. Van Kempen, B. J. Verhaar, and W. Ketterle. ``Radio-
frequency spectroscopy of ultracold fermions''. In: Science (80-. ). 300 (2003),
pp. 1723–1726.

[42] C. A. Regal, Chr. Ticknor, J. L. Bohn, and D. S. Jin. ``Creation of ultracold
molecules from a Fermi gas of atoms''. In: Nature 424.6944 (2003).

[43] W. Ketterle and M. W. Zwierlein. ``Making, probing and understanding
ultracold Fermi gases''. In: Ultra-cold Fermi Gases, Course CLXIV, Proc. Int.
Sch. Phys. "Enrico Fermi". Ed. by M. Inguscio, W. Ketterle, and C. Salomon.
Amsterdam: IOS press, 2008, pp. 247–422.

[44] M. E. Gehm. ``Properties of ⁶Li''. In: Prep. an Opt. Degenerate Fermi Gas ⁶Li
Find. Route to Degeneracy. PhD Thesis: Duke University, 2003.

72



References

[45] I. I. Rabi. ``Space quantization in a gyrating magnetic field''. In: Phys. Rev.
51.8 (1937), pp. 652–654.

[46] M. Fox. Quantum Optics. Oxford University Press, 2006.
[47] C. J. Foot. Atomic Physics. Oxford University Press, 2005.
[48] S. Heupts. ``A new radio frequency setup to manipulate spin mixtures of

fermionic atoms''. Bachelor thesis. Heidelberg University, 2011.
[49] M.Repp. ``Interspecies FeshbachResonances in anUltracold,Optically Trap-

ped Bose-Fermi Mixture of Cesium and Lithium''. PhD thesis. University of
Heidelberg, 2013.

[50] J. Ulmanis. ``Universality and non-universality in the heteronuclear Efimov
scenario with large mass imbalance''. PhD thesis. University of Heidelberg,
2015.

[51] S. Häfner. ``From two-body to many-body physics in an ultracold Bose-
Fermi mixture of Li and Cs atoms''. PhD thesis. University of Heidelberg,
2017.

[52] M. Repp, R. Pires, J. Ulmanis, R. Heck, E. D. Kuhnle, M. Weidemüller, and
E. Tiemann. ``Observation of interspecies ⁶Li-¹³³Cs Feshbach resonances''.
In: Phys. Rev. A 87.010701(R) (2013).

[53] S. K. Tung, C. Parker, J. Johansen, C. Chin, Y. Wang, and P. S. Julienne.
``Ultracold mixtures of atomic ⁶Li and ¹³³Cs with tunable interactions''. In:
Phys. Rev. A 87.010702(R) (2013).

[54] R. Pires, M. Repp, J. Ulmanis, E. D. Kuhnle, M. Weidemüller, T. G. Tiecke,
C. H. Greene, B. P. Ruzic, J. L. Bohn, and E. Tiemann. ``Analyzing Feshbach
resonances: A ⁶Li - ¹³³Cs case study''. In: Phys. Rev. A 90.012710 (2014).

[55] J. Ulmanis, S. Häfner, R. Pires, E. D. Kuhnle, M. Weidemüller, and E. Tie-
mann. ``Universality of weakly bound dimers and Efimov trimers close to
Li–Cs Feshbach resonances''. In: New J. Phys. 17.055009 (2015).

[56] M. Berninger, A. Zenesini, B. Huang, W. Harm, H. C. Nägerl, F. Ferlaino,
R. Grimm, P. S. Julienne, and Jeremy M. Hutson. ``Feshbach resonances,
weakly bound molecular states, and coupled-channel potentials for cesium
at high magnetic fields''. In: Phys. Rev. A 87.032517 (2013).

[57] A. L. Gaunt, T. F. Schmidutz, I. Gotlibovych, R. P. Smith, and Z.Hadzibabic.
``Bose-Einstein Condensation of Atoms in a Uniform Potential''. In: Phys.
Rev. Lett. 110.200406 (2013).

[58] A. Arias. ``A reservoir optical dipole trap for creating a Bose-Einstein con-
densate of ¹³³Cs''. Diploma Thesis. University of Heidelberg, 2014.

[59] C. L. Renner. ``Design and characterization of a dual-wavelength high-reso-
lution imaging system''. Wissenschaftliche Arbeit (Staatsexamen). Univer-
sity of Heidelberg, 2014.

73



References

[60] W. Ketterle, D. S. Durfee, and D. M. Stamper-Kurn. ``Making, probing and
understanding Bose-Einstein condensates''. In: Proc. Int. Sch. Phys. ‘‘Enrico
Fermi''. Ed. by C. Inguscio, S. Stringari, and C. E.Wieman. Amsterdam: IOS
press, 1999.

[61] A. Schoenhals. ``Imaging of ultracoldCesium atoms at highmagnetic field''.
Master Thesis. University of Heidelberg, 2013.

[62] R. Heck. ``All-Optical Formation of an Ultracold Gas of Fermionic Lithium
Close to Quantum Degeneracy''. Master Thesis. University of Heidelberg,
2012.

[63] R. Eberhard. ``Imaging of a degenerate gas of ultracold Lithium atoms''.
Bachelor Thesis. University of Heidelberg, 2016.

[64] V.Gavryusev. ``Imaging of Rydberg Impurities in anUltracoldAtomicGas''.
PhD thesis. University of Heidelberg, 2016.

[65] M. Horikoshi, A. Ito, T. Ikemachi, Y. Aratake, M. Kuwata-Gonokami, and
M. Koashi. ``Appropriate probe condition for absorption imaging of ultra-
cold ⁶Li atoms''. In: J.Phys.Soc. Jpn. 86.104301 (2017).

[66] G. Reinaudi, T. Lahaye, Z. Wang, and D. Guery-Odelin. ``Strong saturation
absorption imaging of dense clouds of ultracold atoms''. In: Opt. Lett. 32.21
(2007), pp. 3143–3145.

[67] K. Hueck, N. Luick, L. Sobirey, J. Siegl, T. Lompe, H. Moritz, L.W. Clark,
and C. Chin. ``Calibrating High Intensity Absorption Imaging of Ultracold
Atoms''. In: Opt. Express 25.8 (2017), pp. 8670–8679.

[68] W. Muessel, H. Strobel, M. Joos, E. Nicklas, I. Stroescu, J. Tomkovič, D. B.
Hume, and M. K. Oberthaler. ``Optimized absorption imaging of meso-
scopic atomic clouds''. In: Appl. Phys. B 113.1 (2013), pp. 69–73.

[69] G. O. Konstantinidis, M. Pappa, G. Wikström, P. Condylis, D. Sahagun, M.
Baker, O. Morizot, and W. von Klitzing. ``Atom number calibration in ab-
sorption imaging at very small atom numbers''. In: Cent. Eur. J. Phys. 10.5
(2012), pp. 1054–1058.

[70] M. Neidig. ``Many-Body Pairing in a Two-Dimensional Fermi Gas''. PhD
thesis. University of Heidelberg, 2017.

[71] S. Helmrich. ``Improving optical resolution by noise correlation analysis''.
Master Thesis. University of Heidelberg, 2013.

[72] B.E.A. Saleh and M.C. Teich. Fundamentals of Photonics. Hoboken, New Jer-
sey: Wiley, 2007.

[73] S. Fölling. ``QuantumNoiseCorrelationExperimentswithUltracoldAtoms''.
In:Quantum gas Exp. - Explor. many-body states. Ed. by P. Törmä and K. Sen-
gstock. Imperial College Press, 2014.

[74] C. L. Hung, X. Zhang, L. C. Ha, S. K. Tung, N. Gemelke, and C. Chin. ``Ex-
tracting density-density correlations from in situ images of atomic quantum
gases''. In: New J. Phys. 13.075019 (2011).

74



References

[75] S. Fölling, F. Gerbier, A. Widera, O. Mandel, T. Gericke, and I. Bloch. ``Spa-
tial quantum noise interferometry in expanding ultracold atom clouds''. In:
Nature 434 (2005), pp. 481–484.

[76] C. F. Ockeloen, A. F. Tauschinsky, R. J. C. Spreeuw, and S. Whitlock. ``De-
tection of small atom numbers through image processing''. In: Phys. Rev. A
82.061606(R) (2010).

[77] B. J. DeSalvo, K. Patel, J. Johansen, and C. Chin. ``Observation of a Degener-
ate Fermi Gas Trapped by a Bose-Einstein Condensate''. In: Phys. Rev. Lett.
119.233401 (2017).

75



Acknowledgements

First of all I would like to thank Matthias Weidemüller for the great time I had
in his group, his supervision and continuous support, and for giving me many
opportunities to travel.

I thank Meera Parish and Jesper Levinsen for hosting me at Monash for four
weeks, for giving me such an interesting project to work on, and for always find-
ing the time to discuss with me and help me with any problems. I'd also like to
thank Shimpei Endo for being patient and generous with his time when explain-
ing the basics of his work to me, and Emma Laird for her support when my code
wasn't working, and for our afternoon coffees in the sun.

I amvery grateful for the support of BingZhu,who always took the time to discuss
and help me with my projects.

I'd also like to thank the formermixtures PhD students Juris Ulmanis and Stephan
Häfner, for teachingme a lot about physics and about the experiment, fromwhen
I started my bachelor thesis with themmore than two years ago up to now. Juris,
thank you for showing me how to properly set up things in the lab (it involves
lots of labels), and for teachingme that thingswill work if you just don't make any
mistakes. Stephan, thank you for absolutely always helping me whenever I got
stuck on a problem during the last two years, even when you were busy writing
your thesis. "Danke Stephan!"

It was a great pleasure to work with Binh Tran and Manuel Gerken, the current
mixtures PhD students. Binh, I really enjoyedworking on the polaron project and
I learned a lot from you. Thank you for your patience to keep trying when things
in the lab just didn't seem to work, and for letting me take on some responsibil-
ity when running the experiment. Manuel, thank you for your ability to solve
(almost) every problem in the lab by trying out lots of different things, for your
sense of humor, and for often helping me with my projects.



I'd also like to thankmy fellowmixtures studentsMarkusNeiczer, JonasMatthies,
and Shiyuan Ma for many discussions and great kicker games.

I am grateful to Stephan Helmrich for helping me to understand his method of
noise correlation analysis, for being exceptionally patient with my many ques-
tions about it, and for valuable feedback on the corresponding chapter of this
thesis.

I thank Gerhard Zürn for helpful discussions on the imaging of lithium atoms.



Statement	of	Authorship

I herewith declare that this thesis was solely composed by myself and that it con-
stitutes my own work unless otherwise acknowledged in the text. I confirm that
any quotes, arguments or concepts developed by another author and all sources
of information are referenced throughout the thesis. This work has not been ac-
cepted in any previous application for a degree.

Heidelberg, April 18, 2018
Melina Filzinger


	Introduction
	Theoretical considerations for rf spectroscopy of a Bose polaron
	Model of the interactions
	Truncated basis method
	Gauss-Legendre discretization
	Time evolution
	Results

	Radiofrequency spectroscopy
	Interaction of 6Li with magnetic fields
	New setup for generating rf-pulses
	Interlock system
	Pulse shaping

	Rf spectroscopy on a 6Li-133Cs mixture

	Improved high-resolution imaging of 6Li and 133Cs
	Introduction to absorption imaging
	Imaging setup
	Improving the signal-to-noise ratio for 6Li
	Photon transfer curve
	Optimal imaging parameters for 6Li
	Compensation of Doppler shift

	Noise correlation analysis
	The point spread function
	Overview over the method
	Calculation of power spectrum
	Quantitative analysis and reconstruction of the psf


	Conclusion and Outlook
	References

